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ABSTRACT: Three- and four-membered rings, widespread motifs in nature and medicinal

chemistry, have fascinated chemists ever since their discovery. However, due to energetic
considerations, small rings are often difficult to assemble. In this regard, homogeneous gold g( A
catalysis has emerged as a powerful tool to construct these highly strained carbocycles. This u
review aims to provide a comprehensive summary of all the major advances and discoveries made

in the gold-catalyzed synthesis of cyclopropanes, cyclopropenes, cyclobutanes, cyclobutenes, and

their corresponding heterocyclic or heterosubstituted analogs. f : S.i@
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1. INTRODUCTION

Cyclopropane was first synthesized by August Freund in 1882
(via Wurtz coupling of 1,3-dibromopropane), who already
proposed its correct structure,' whereas cyclobutane was first
prepared by hydrogenation of cyclobutene in 1907.” The
structure and properties of these highly strained carbocycles and
their derivatives have fascinated chemists ever since.” ® As a
result, huge efforts have been made over the years to gain access
to diverse small ring-containing molecules and to study their
special reactivity patterns.

Due to their inherent strain (60° C—C bond angles compared
to 109.5° for typical Cy—Cgp bonds), the reactivity of
cyclopropanes often resembles more closely that of alkenes
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than that of alkanes.”® Strikingly, the strain energy of

cyclobutane and cyclopropane is rather similar (Scheme
1).”~" This has been rationalized by taking both C—C and

Scheme 1. Estimated Ring Strain Energy Ranges for Selected
Cyclic Hydrocarbons
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C—H bond energy components into consideration: the total C—
C bond strain of cyclopropane is 10 kcal/mol higher than that
for cyclobutane, but this is largely compensated by the stronger
C—H bonds of cyclopropane (8 kcal/mol).'*"* Stabilizing
effects increase when substituents are placed on the backbone of
these rings.m’17

As a consequence of the uphill thermodynamics, methods for
the assembly of highly strained small rings differ significantly
from those employed to build medium or large rings. For
example, many classical methods to obtain cyclopropanes rely
on passing through hi%hly energetic intermediates, such as
carbenes or carbenoids.'”"” General strategies based on direct
ring-closing cyclizations are rare for the construction of small
rings.
1.1. The Importance of Small Rings

The importance of small rings to the scientific community goes
far beyond purely academic reasons. The cyclopropane unit is
considered a privileged motif in medicinal chemistry.”” Thus,
more than 10 cyclopropane rings can be found among the 220
drugs approved by the U.S. FDA between 2015 and 2019.”' ~**
This does not come as a surprise, since 3-membered rings appear
in a wide range of naturally occurring, biologically active
molecules (Scheme 2A).>>™*7 Although less widespread,
cyclobutanes and cyclobutenes are also present in small
molecules isolated from natural sources”* " and have been
explored as drug candidates.”’ ~** Biosynthetically, both cyclo-
propanes and cyclobutanes are commonly proposed to form by
ring closure of homoallyl cation intermediates, among other
pathways.”*™*® Furthermore, countless applications of 3-
membered®’~** and 4-membered carbocycles™ ¢ as reactive
intermediates have been developed. These strategies have been
widely applied in the context of synthetic methodology
development and natural product synthesis.*’~>°

1.2. An Overview of the Synthetic Methods to Assemble
Small Rings

The synthesis of cyclopropanes has been traditionally
approached by methodologies such as the Simmons—Smith
reaction (through metal carbenoids)®'™*® or the Johnson—
Corey—Chaykovsky reaction (also developed for the assembly
of epoxides or aziridines)*’~® or via metal carbenes through
decomposition of diazo compounds (Scheme 2B).*'~* Some
alternative methods for the synthesis of cyclopropanes involve
the use of different t};pes of ylides,64_67 free dihalocarbenes,®®
direct cyclizations,”””" ring contractions,”' " radical path-
or the Kulinkovich reaction,”™%° among others.® 78

The most classical approach for the synthesis of cyclobutanes
is the photoexcitation of alkenes, which can engage in concerted
[2 + 2] cycloaddition pathways, thermally forbidden by

https://dx.doi.org/10.1021/acs.chemrev.0c00697
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Scheme 2. Structures of Natural or Bioactive Compounds Containing Small Rings (A) and Selected Classical Approaches for the

Assembly of Cyclopropanes (B) and Cyclobutanes (C)
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symmetry (Scheme 2C).*™*" These transformations have
found a broad range of applications in organic synthesis over
the years.”®™"" Apart from direct photoexcitation pathways,””
cyclobutanes have also been assembled via formal [2 + 2]
cycloadditions with the aid of photoredox’"*
catalysis.” ™" The use of highly polarized cycloaddition
partners is a general theme in this context, but metal-catalyzed
[2 + 2] cycloadditions of unbiased alkenes and alkynes have also
been achieved.”®”” Non-cycloaddition strategies for the syn-
thesis of 4-membered rings include ring expansion,'*°~"** ring
contraction,'**'* strain release opening,'**'%” hydroalkyla-
tion,'” or hydroacylation reactions'”” among others."' "

or Lewis acid

1.3. Gold Catalysis in the Construction of Small Rings

The origins of homogeneous gold catalysis date back to 1986,
when Ito et al. described an asymmetric aldol reaction catalyzed
by a chiral ferrocenylphosphine—gold(I) complex."'” In 1987,
the first homogeneous gold-catalyzed addition of nucleophiles
to alkynes was realized by the group of Utimoto using sodium
tetrachloroaurate dihydrate.''”''* One decade later, Teles et
al.'"® and Tanaka et al.''® demonstrated the possibility of
activating alkynes using gold(I) complexes. From that point, the
field of gold(I) catalysis started to gain momentum year after
year and still today remains one of the most active areas of
research in organometallic chemistry."'”""® This comes as a
consequence of the ability of gold(I) complexes to activate 7
bonds in a very selective manner."'”~"** Its potential, attributed
partially to relativistic effects,'*® is illustrated by the wide
molecular complexity'>’~'** that can be built through the
gold(I)-catalyzed cycloisomerization of enynes (Scheme
3).185-206

Arising from complex mechanistic scenarios, the generated
cyclopropyl gold carbenes can oftentimes evolve or be trapped
to form isolable products containing 3- or 4-membered
carbocycles.'*72%

8615

Scheme 3. Fate of Cyclopropyl Gold(I) Carbenes Generated
by 1,6-Enyne Cyclization
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The discovery of novel chemical transformations catalyzed by
gold grows together with the development of new and more
active catalysts, such as highly electrophilic cationic gold(I)
complexes.””’~*'” These species can be either generated in situ
by chloride abstraction (Scheme 4, left)*''~*'* or synthesized
and handled as bench-stable solids (Scheme 4, right).*'**'?
Design and selection of the main ligand (L) allows tuning the

reactivity of the complex”'°~*** or achieving highly enantiose-

lective transformations.”**~***

Hand in hand with this explosive development, gold catalysis
has emerged a powerful and versatile tool to assemble 3- and 4-
membered rings.

https://dx.doi.org/10.1021/acs.chemrev.0c00697
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Scheme 4. Activation of Gold(I) Chloride Complexes (Left)
and Stable Cationic Gold(I) Complexes (Right)
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1.4. Scope of the Review

In this review, we cover all the major developments in the field of
small ring assembly using homogeneous gold catalysis. We
include under the denomination of “small rings” all 3- and 4-
membered carbocycles (cyclopropanes, cyclopropenes, cyclo-
butanes, and cyclobutenes) and their corresponding hetero-
cyclic or heterosubstituted analogs.

The review is divided in two major parts: the first one
discusses the synthesis of 3-membered rings, and the second one
covers the preparation of 4-membered rings. The different gold-
catalyzed transformations are organized based on the nature of
the reaction substrates employed or the reaction products
obtained in each of them. For most of the discussed reactions, a
brief selection of the scope of the methodology is presented, as
well as an overview of its mechanistic rationale when
appropriate.

For the sake of simplicity in some mechanistic schemes
throughout this review, “AuL™ is used as a surrogate of
[AuLL’]* complexes, where L’ is a relatively weak ligand such as
a bound substrate (alkyne or alkene), product, or donor solvent
molecule. However, it is important to stress that the existence of
“naked” gold(I) species “AuL*” in solution has not yet been
demonstrated.

2. CONSTRUCTION OF 3-MEMBERED RINGS
CATALYZED BY GOLD

Most of the gold(I)-catalyzed transformations that give rise to 3-
membered carbocycles are groposed to involve the intermediacy
of gold(I) carbenes.”””*** Apart from the classical decom-
position of diazo compounds,””*** different precursors of
gold(I) carbenes or carbenoids have been developed for the
assembly of 3-membered rings.”””*** A few previous reviews
have covered the gold-catalyzed synthesis of 3-membered rings
until 20162777

2.1. Decomposition of Diazo Compounds

The most common application of diazo compounds™" is their
decomposition to generate either free carbenes or metal
carbenes, through downhill release of nitrogen (Scheme
5) 24224

The resulting intermediates can take part in a wide range of
transformations, among which the assembly of 3-membered
rings, through either concerted or stepwise (2 + 1) cycloaddition
pathways, is probably the most studied one.”'"*****%* More
recently, the use of hydrazones as precursors for the in situ
generation and decomposition of diazo compounds has allowed
the development of safer })rocedures involving these potentially
hazardous reagents.”****

8616

Scheme S. Mechanistic Rationale for the Generation of Metal
Carbenes from Diazo-Compounds
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2.1.1. Gold-Catalyzed Cyclopropanation with Diazo
Compounds. The metal-catalyzed carbene transfer reaction
from diazo compounds is the best-established method for the
assembly of acceptor or donor—acceptor cyclopropanes.
Gold(I) catalysts are one type of several metal complexes that
are able to promote this transformation.”*® Some of the most
often used metals in this type of cyclopropanation of alkenes are
rhodium,**”**®* ruthenium,**°~>%* copper,253"254 cobalt,>>7%%7
and palladium.”*7%° Over the past 15 years, several gold(I)
complexes have been employed to lpromote carbene transfer
reactions to different nucleophiles.*®

Pérez and co-workers disclosed the first example of the use of
a gold(I) catalyst for a carbene transfer reaction from ethyl
diazoacetate (EDA).*®> Reaction of EDA with a large excess of
cyclooctene in the presence of [(IPr)AuCl] activated with
NaBAr', led to quantitative formation of a mixture of the
corresponding endo/exo cyclopropanes (Scheme 6). The same

Scheme 6. Gold(I)-Catalyzed Cyclopropanation of
Cyclooctene and Styrene with Ethyl Diazoacetate

N, o~ (POAUCE + NaBAY, COEt
HJ\cozEt + L (2.5 mol %)
2 neat, rt, 1 h R R2
1 (EDA) N, 3
CO,Et Z CO,Et
[ d
\/ CO,Et + X
3a 3b 3b’
endo/exo cis/trans o-/m-/p-
(99%) (40%) (60%)

reaction with styrene gave a mixture of products of cyclo-
propanation (cis/trans) and formal aryl C—H insertion (ortho-,
meta-, and para-). The generated acceptor gold(I) carbenes also
undergo C—H, N—H, or O—H insertion reactions in the
presence of alkanes,”* primary amines, or alcohols, respectively.

The same group reported the synthesis and characterization
of cationic NHC—Au(I) complexes, which in the original report
were generated in situ by chloride abstraction.”®> Such catalysts
(e.g., [(IPr)Au(MeCN)]PFy) proved to be active also in the
cyclopropanation of styrene with EDA, giving quantitative
conversion after 3 days to the products of cyclopropanation, 3b,
exclusively. These cationic complexes did not require activation
but were slower at promoting the carbene transfer process.”®*

The groups of Echavarren and Pérez studied this carbene
transfer cyclopropanation with other cationic gold(I) catalysts,
different alkenes, and donor—acceptor diazo compounds
(Scheme 7).2%°

In this work, a range of cationic gold(I) complexes bearing
phosphine, phosphite, and NHC ligands were tested, among

https://dx.doi.org/10.1021/acs.chemrev.0c00697
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Scheme 7. Cyclopropanation Catalyzed by a Cationic
Phosphine Gold(I) Complex
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which [(JohnPhos)Au(MeCN)]SbF, performed best. In
contrast to the original reports with EDA,”*” these reactions
were remarkably efficient, allowing the use 1.1 equiv of the
alkene partner while still maintaining significant yields. The
products of cyclopropanation with these carbenes were obtained
as single (trans- or exo-) diastereoisomers, followmg the general
trend for donor—acceptor metal carbenes.”*® In 2019, Pérez
reported the cyclopropanation of ethylene, the simplest alkene,
using eth l diazoacetate in the presence of an NHC—gold(I)
catalyst.”

A carbene transfer reaction from EDA was also carried out
using gold(I) complexes bearing a polyhalogenated triazapenta-
dienyl group and ethylene as ligands (7, Scheme 8). The
reaction gives good yield of cyclopropane 3b, with only 2% C—H
insertion side products.”

Scheme 8. Gold(I) Ethylene Complexes with
Triazapentadienyl Ligands in Cyclopropanation

N,
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2
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22 (69%) 7 (Ar = 2,6-Cl,C¢Hg)

Besides gold(I) complexes, bulk gold metal has also been used
to carry out similar transformations, with moderate yields and
diastereoselectivities. The size of the gold particles, together
with the morphology and composition of the metal surface,
influenced the outcome of the carbene transfer reactions. For
instance, the authors found that a freshly prepared urchin
morphology (with incorporated carbon) is less active than
smoother gold powder that is formed durlng the catalytic diazo-
transfer processes themselves (Scheme 9).”°

Corma and co-workers demonstrated the possibility of using
simple salts such as NaAuCl, or KAu(CN), in combination with
ionic liquids for the same transformations.”’” These salts rapidly

Scheme 9. Diazo—Carbene Transfer Cyclopropanation
Promoted by Metallic Gold Particles

1R2
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“Major diastereoisomer (cis/trans) depicted for each cyclopropane.
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decompose and afford Au(0) nanoparticles, which remain
stabilized in the ionic liquid and can be recovered after the
reaction. Furthermore, the same group showed that gold-
containing metal—organic frameworks (MOFs) can be
employed to promote diazo-carbene transfer cyclopropana-
tions.””' This allowed the assembly of different acceptor
cyclopropanes in moderate to good yields and moderate to
excellent diastereoselectivities.

The field moved one step further when Zhou and co-workers
reported the first general gold(I)-catalyzed enantioselective
cyclopropanation via carbene transfer using diazooxindoles 11
(Scheme 10).>”* This method proved to be superior to the ones

Scheme 10. Enantioselective Gold(I)-Catalyzed
Cyclopropanation with Diazooxindoles
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previously reported based on rhodium(II) (up to 74% ee)*’”” or
mercury(IT) catalysis (scope limited to simple styrene).””* In
this work, a monoactivated digold complex derived from a
spiroketal biphosphine (13) generated in situ was used to
prepare a range of cyclopropanes in good yields, short reaction
times, and excellent diastereo- and enantioselectivity with
styrene-type alkenes. However, the yield and enantioselectivity
dropped significantly when nonactivated alkenes such as 1-
hexene (14d) were used. More recently, the system was
expanded to the highly enantioselective cyclopropanation of
interesting mono- and dlﬂuoromethylated styrenes, affording
products such as 14e.”’

A gold(I)-catalyzed enantioselective cyclopropanation of
enamides using donor—acceptor diazo compounds was reported
by the group of Zhang (Scheme 11).>”° This transformation
used Carreira ligand””” 17 for the synthesis of a range of densely
substituted donor—acceptor cyclopropanes with high diastereo-
and enantioselectivity. The presence of an additional f-methyl
on the starting vinyl-phthalimide further improved the stereo-
selectivity of the transformation (18c,d). Remarkably, the
reaction could be carried out with a moderate excess of the
diazo-compound (1.5 equiv) on gram scale.

2.1.2. Cyclopropanation of Aromatic Rings: The
Buchner Ring Expansion. The Buchner ring expansion

https://dx.doi.org/10.1021/acs.chemrev.0c00697
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Scheme 11. Enantioselective Gold(I)-Catalyzed
Cyclopropanation of Enamides”

R

Ar 0 j 17 (5.5 mol %) i
OYKN L7 (Me;S)AUCI (5 mol %) A(COZR
2 o, .

OR AgSbFg (5 mol %) PhthN™ “Ar
.5 o CH,Cly, 1t 180

16

26 examples, 40-97% (85-98% ee)
CO,R

C@ Q,Bu
18a P N
(95%, 90% ee)
MeO

@ @

17: G = 3,5-(CF)»-CeHg

ROZC F{OZC
‘, COZR
N
18b 18¢ 18d

(79%, 90% ee) (65%, 95% ee) (61%, 97% ee)

“R = 2,6-i-Pr,C4H;. Products obtained as the depicted trans single
diastereoisomer.

reaction is used to assemble 1,3,5-cycloheptatrienes.””*™**" It

involves the cyclopropanation of an aromatic ring by a carbene
(generated from a diazo compound with the aid of light, heat, or
a metal catalyst), giving rise to a norcaradiene, which is in
equilibrium with the corresponding cycloheptatriene through a
6-electron disrotatory electrocyclic process (valence tautomer-
ism, Scheme 12).%%!

Scheme 12. Buchner Reaction

j‘i CO,Et CO,Et
H” ~CO,Et  heat, hv
+ - —_—
/:\ OF[M] \ /) -
\7 N G _
norcaradiene cycloheptatriene

The first example of gold(I)-catalyzed cyclopropanation—ring
expansion of benzene was described by the group of Pérez using
EDA and an NHC—Au(I) complex as catalyst (Scheme 13, top).
However, the main product of the reaction was 19b, due to
formal insertion of the carbene into the C—H aromatic bonds
(1:3 cyclopropanation/insertion ratio). The cyclopropanation/
insertion ratio was moderately higher (2:3) when toluene was
used instead of benzene.”®> Complementary to this reactivity,
He and co-workers reported that gold(I) complexes bearing a
terpyridine ligand (tBu,tpy) promote selectively the Buchner
ring expansion of benzene, without formal insertion, giving an
equimolar mixture of diethyl maleate/fumarate (19c) as the
only side products (Scheme 13, bottom).***

The reactivity of acceptor metal carbenes generated from
EDA was studied using gold(I) complexes bearing several NHC
ligands in addition to IPr. 283 This, together with later
reports,”**>* proved the ability of these coinage metal
carbenes to engage not only in cyclopropanation/Buchner
reactions but also in the C—H functionalization of saturated

Scheme 13. Gold(I)-Catalyzed Buchner Ring Expansion
versus C—H Insertion

CO,Et CO,Et
EDA A Lo :
@ [Au] (cat) /
neat, T (°C) CO-Et
19a 19b 19¢
2005 (Pérez)
[Au] = (IPr)AuCI (5 mol %)
+ NaBArF, (5 mol %) 25% 75% n/d
t,1h
2006 (He)
[Au] = [(Bugtpy)AuOTf 2
(8 mol %) 57% n/d 43%
80 °C

“t-Bustpy = 4,4’ ,4"-tri-tert-butyl-2,2":6’,2" -terpyridine.

hydrocarbons. Thorough mechanistic investigations on the
Buchner ring expansion versus C,2—H insertion of acceptor
metal carbenes catalyzed by Au(IS, Ag(I), and Cu(I) NHC
complexes were disclosed showing a clear correlation between
the electronics of the aromatic rin g and the ratio of Buchner/
insertion products (Scheme 14).>*

Scheme 14. Buchner versus Insertion Reaction of Acceptor
Gold(I) Carbenes

A
N 2, COoEt
“IPrAUCI (5 mol %) i CO,Et R—\ /—J
N5 NaBArF, (5 mol %) =

neat, rt 20a? 2007

1 R=CF; 80% 20%
2 R=Cl 28% 72%
3 R=H 25% 75%
4 R=Me 16% 80%
5 R =OMe 1% 99%

“Combined amount of all possible regioisomers. In all cases, the total
yield for the carbene transfer from EDA was at least 94%.

Finally, the cyclopropanation of a more extended aromatic
system, naphthalene, was also achieved by the use of EDA in the
presence of either Au(I) or Cu(I) NHC/chloride complexes
(activated with NaBAr",), the latter being the most effective and
selective (Scheme 15).°%

2.1.3. Cyclopropenation with Diazo Compounds. The
most direct approach for the synthesis of cyclopropenes is the
reaction of alkynes with metal carbenes generated from diazo
compounds, which has been developed using complexes of
different metals.”*" >

Scheme 15. Cyclopropanation of Naphthalene

NaBArF, (5 mol %)

N EDA COEt EtO,C
_—
C() IPrMCI (5 mol %) O ‘: . E\ )'

i P P4
(10equiv) 4 5 DGE, 60°C, 24 h
21a 21b?
M = Au 65% 35%
M = Cu >09% n/d

“Obtained as a mixture of the two possible regioisomers.

https://dx.doi.org/10.1021/acs.chemrev.0c00697
Chem. Rev. 2021, 121, 8613—8684


https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00697?fig=sch11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00697?fig=sch11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00697?fig=sch12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00697?fig=sch12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00697?fig=sch13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00697?fig=sch13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00697?fig=sch14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00697?fig=sch14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00697?fig=sch15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00697?fig=sch15&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00697?ref=pdf

Chemical Reviews

pubs.acs.org/CR

Cyclopropenes are known to react in the presence of
electrophilic gold(I) complexes, generating carbene intermedi-
ates (see section 2.3).””” In spite of this fact, the group of Davies
successfully developed a highly enantioselective cyclopropena-
tion of alkynes based on the use of donor—acceptor diazo
compounds via gold-catalyzed carbene transfer (Scheme 16).””°

Scheme 16. Gold(I)-Catalyzed Enantioselective
Cyclopropenation of Internal Alkynes

N, R 24 (12 mol %) MeOC AT
AgSbFg (10 mol %
Ar/u\COZMe \ ) gSbFs ( o) 1 )
R o R R
22 23 CH,Cl,, 0 °C 25
21 examples, 58-88% (84-98% ee)
MeO,C, Ph MeO,C, Ph
% x|
Ph Me oTol nBu P—AuCI
P—AuCI
25a 25b Arp
(81%, 93% ee) (75%, 93% ee)
24: Ar = 3,5-(Me),-CgHg

Br
@ MeO,C @
MeO,C_ 2 3

MeO,C, Ph
Et cl | N Me
a Me >
Me
25¢ 25d 25e

(82%, 98% ee) (83%, 89% ee) (77%, 95% ee)

This is the asymmetric version of a transformation greviously
developed by the same group using silver(I) catalysis.””” Similar
reactivity was previously achieved for less challenging terminal
alkynes by chiral rhodium(II) catalysis.””® In this work, chiral
digold phosphine complexes such as 24 were employed in
combination with AgSbF,. Internal alkynes with a broad range of
substituents (alkyl, aryl, alkenyl, and alkynyl) were cyclo-
propenated in good yields and excellent enantioselectivities.

All the examples covered in this first section illustrate how
diazo-carbene transfer reactions catalyzed by gold, along with
other metals,”*’ %" are one of the most straightforward ways of
assembling acceptor or donor—acceptor three-membered
carbocycles. However, when it comes to assembling non-
acceptor cyclopropanes via carbene intermediates, diazo
compounds are usually not the reagents of choice for several
reasons. Even though it is possible to prepare nonstabilized
diazo compounds with only H (such as poisonous™’ and
hazardous diazomethane), aryl, vinyl, or alkyl substituents,**
these are usually challenging to make, inherently unstable,
explosive in pure form,*®° difficult to store for long periods of
time,”**** and prone to diazo dimerization. For these reasons,
great attention has been given recently to the development of
alternative methods for the generation of donor metal
carbenes.””'

2.2. Retro-Cyclopropanation or Decarbenation Reactions

A general method for accessing nonacceptor carbenes relies on
retro-cyclopropanation or decarbenation reactions, in which the
driving force is the release of an unstrained unsaturated organic
fragment, usually aromatic, instead of gaseous nitrogen.302
Volger reported that tricycle 26, which is in equilibrium with its
norcaradiene tautomer 26, reacts in the presence of [Rh-
(CO),Cl], to give hexamethylbenzene quantitatively (Scheme
17A).°” Later, Gassman described the possibility of using
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Scheme 17. Retro-Cyclopropanation Reactions: Historical

Perspective
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R! R?
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. .
e (YT
— alkyl, aryl, R2
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highly electrophilic PhWCL;—EtAICl, to carry out a cyclo-
propane—alkene metathesis via retro-cyclogropanation of
simple ethylcyclopropane (Scheme 17B).***%° Furthermore,
several groups disclosed the photolytic decarbenation reaction
of phenanthrene derivatives 27 (Scheme 17C).**73%

Despite these and a few other observations,®'°™*'* the
possibility of using carbenes released by retro-cyclopropanation
in a synthetically useful manner was not clear at the time. It was
not until gold(I) catalysis was brought into play that
decarbenation reactions emerged as a general and safe
alternative to assemble nonacceptor cyclopropanes.’*”

2.2.1. Decarbenation or Retro-Buchner Reaction of
Cycloheptatrienes. The group of Echavarren disclosed the
formation of free aryl gold(I) carbenes in the context of
cycloisomerization of enynes such as 28 (Scheme 18).

Scheme 18. Retro-Buchner or Decarbenation Reaction of
Cycloheptatrienes

MeO (OMe
=——Ph o Aul
[LAULT |
P #=Ph
28 H \Ph
30
OMe lT
meo M 33 (57%) OMe
P S
| | = - h
¢—Ph Ph | Ph
g * [
H
34 (8%
(8%) Ph 31 Ll ph 32 s "

Cyclization results in the formation of electron-rich benzo-
fused norcaradienes 31, which undergo a retro-cyclopropana-
tion or decarbenation process to give naphthalene derivatives
33, while releasing free aryl carbenes 32. The presence of these
intermediates was confirmed by the formation of 34 via
cyclopropanation of another molecule of 31 (Scheme 18).”"
The group of Hashmi later proposed a retro-Buchner pathway
for the formation of a naphthalene by a gold(I)-catalyzed diyne
cycloisomerization (Scheme 19).>'* Extrusion of a carbene unit
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from benzo-fused norcaradiene 36, which results in the release
of ethylene (detected by MS), would be the driving force of the
process.

Scheme 19. Formation of Naphthalenes by Retro-
Cyclopropanation of a Benzo-fused Norcaradiene

OAc
OAc O
©§ ‘K "~

37
Mechanistically, these reactions proceed analogously to the
formation of metal carbenes by diazo decomposition (see
Scheme 5 and Scheme 20).”" Breaking the first C—C bond of

Scheme 20. Retro-Buchner or Decarbenation Reaction of
Cycloheptatrienes

R R _{ Mt
ﬁ[M]n R
— X A
O=& 0 [ o
— \\_// - CeHe electrophilic
cycloheptal_‘riene- intermediate metal carbene
norcaradiene metal carbenoid

the norcaradiene tautomer leads to a carbenoid-like Wheland
intermediate, which evolves by release of the aromatic fragment
(e.g, benzene), generating the corresponding metal carbene.
This concept, discovered though the retro-cyclopropanation
of benzo-fused norcaradienes such as 31, led to the development
of 7-aryl-1,3,5-cycloheptatrienes 38 as precursors of aryl gold(I)
carbenes, which were used to cyclopropanate a range of styrenes
and stilbenes with moderate to high diastereoselectivities
(Scheme 21).*'® This allows the easy assembly of trisubstituted
nonacceptor cyclopropanes (40a,b), which would be challeng-

Scheme 21. Aryl Cyclopropanation by Decarbenation or
Retro-Buchner Reaction

Ar Ar
1
R o [(BBuXPhos)Au(MeCN)]SbFg
| \ \ (5 mol %)
R2 R “R2
o 1,2-DCE, 120 °C, 19 h
38 39 40 (cis/trans)?
28 examples, 44-91% (28:1 to 1:4.5)
Cl
| X
%
40a (91%) 40b (62%, 1.3:1) 40c (91% NO,
E OMe

40d (82%, 16:1) 40e (74%, 28:1) 40f (77%, 1:4.5)

“Yield and cis/trans ratio between parentheses.
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ing synthetic targets by other methods involvin ng the use of
potentially dangerous aryl diazo compounds.”**** In this case,
7-aryl cycloheptatrienes are used, which can be prepared in one
step by reaction of aryl lithium or Grignard reagents with
commercially available tropylium tetrafluoroborate.

This method was extended to a broad-scope gold(I)-catalyzed
cis-vinylcyclopropanation of alkenes using 7-vinyl and 7-styryl-
1,3,5-cycloheptatrienes 41 as carbene precursors, which are
more reactive than their corresponding 7-aryl analogs (requiring
75 °g7instead of the 120 °C from the original work) (Scheme
22).

Scheme 22. Synthesis of cis-Vinylcyclopropanes

[(JohnPhos)Au(MeCN)]SbFg
(5 mol %)

EtOAc, 75°C, 24 h

R?
X

R?
=
4

+ 2R
RZ

R2
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46 examples, 44-91% (>20:1 to 1:6)

)I/A\Ei Br
Ph Z>co,Me

43a (54%, >20:1)

43b (85%, >20:1)

S &7

43d (69%, 9:1)

43c (85%, >20:1) 43e (70%, 6:1)

ﬁN

Bpas

439 (74%, 6:1)

43f (56%, >20:1)

43h (59%, 4.7:1)

A new design, based on the hypothesis that electron-donating
groups in the cycloheptatriene ring would lower the energy
required to reach the cationic Wheland-type intermediate
involved in the rate-limiting step of the decarbenation reaction,
led to the development of a second generation of more reactive
carbene precursors’'® (Scheme 23, top). Thus, 7-substituted
1,3,5-trimethyl-1,3,5-cycloheptatrienes 44 undergo the gold(I)-
catalyzed retro-Buchner reaction at 25 °C. Importantly, these
reagents allowed researchers to carry out, for the first time,
efficient decarbenation reactions catalyzed by zinc(I) salts
(such as inexpensive ZnBr,)*'® or rhodium(II) complexes
(unlocking new reactivity).’"”

This kind of vinyl gold(I) or rhodium(II) carbenes can also be
trapped efficiently by enol ethers (Scheme 24), assembling
densely substituted cyclopropyl ethers.”** Under rhodium(II)
catalysis, nonacceptor cyclopropanes 49 can be opened to give
all-E trienes, upon release of methanol.

Based on the same concept of release of an aromatic molecule,
benzo-fused norcaradienes derived from naghthalene (51) and
phenanthrene (52) were also developed.””' These persistent
cyclopropanes can be retro-cyclopropanated under gold(I)
catalysis, and the corresponding carbenes can be trapped with
alkenes to afford cyclopropanes (Scheme 25).

Besides cyclopropanation reactions, metal carbenes generated
by retro-Buchner reaction of cycloheptatrienes have been
employed to develop new formal cycloadditions”***** and C—
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Scheme 23. Second Generation of Cycloheptatrienes as
General Metal Carbene Precursors
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H/X—H insertion reactions
natural products.®'®*'%?*?
2.2.2. Gold Carbenes in Gas Phase by Retro-Cyclo-
propanation. The group of Chen reported the first the gas-
phase generation of an aryl gold(I) carbene complex. This was
accomplished by collision-induced dissociation (CID) of
phosphonium ylide gold complexes such as 55 (Scheme

26).>°7°*" These highly energetic intermediates show the

Scheme 26. Gold(I)-Carbenes by Retro-Cyclopropanation in
Gas Phase
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“[Au] = [(JohnPhos)Au(MeCN)]SbF, (5 mol %) in EtOAc at 25 °C.
[Rh]= Rh,TFA, (3 mol %) in 1,2-DCE at 25—60 °C. [Zn] = ZnBr,
(10 mol %) in 1,2-DCE at 65 °C.

Scheme 24. Au(I)- or Rh(II)-Catalyzed Cyclopropanation of

Enol Ethers
aor [Rh]b\/g [Rh]b
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65% (1:1 - MeOH
[Rh] 78% 6 50 (53%) Ph

Au] = [(JohnPhos)Au(MeCN)]SbF (5 mol %) in 1,2-DCE at the
specified temperature. “[Rh]= Rh,TFA, (5 mol %) in 1,2-DCE at the
specified temperature.

Scheme 25. Gold(I)-Catalyzed Decarbenation of Persistent
Cyclopropanes

SN RiA~ . 53

. B R

Xy [(JohnPhos)Au(MeCN)]SbFg

(5 mol %) .
1 “R2
1,2-DCE, 80-160 °C A ) A

51 (naph) 5 54 (cis/trans)
52 (phen)

— 28 examples, 44-91% (28:1 to 1:4.5)

AcO

54a (55%, 6:1) 54b (54%, 10:1)

o e

54d (88%, 1:14)

(v\ 3

naphthalene or
phenanthrene

54c¢ (54%, 5:1)

8621

A.
/\ /_\ OMe
r-NeN<ar ) N<ar K/OMe | \__ L+
e Y P
/L\ 60 ptorr Xe /u
Ph” ~PPhy+ -PPhg Ph
MeO OMe
55 56 57
(m/z = 853) (m/z = 591) (miz = 747)
B B L+ L+
PSRN
(@) Y B1 —\—,—'
5-—< >—CF3 — \\(
MeO 57 OMe CF3
58
B2 l
61 l
L+ MeQO
\=AuL* MeO L
MeO Ar —>
MeO o Ar O] U\Ar
OMe © ¢ 59
60 62

expected reactivity for gold(I) carbenes, cyclopropanating
alkenes (Scheme 26A). This process is reversible (Scheme
26B), and the same cyclopropanes can give back the original
metal carbene and alkene (pathway B1). Alternatively, a
different alkene (62) and carbene units (61) can be released
(pathway B2), resulting in an overall cross-metathesis-type
process.

2.3. Cyclopropene Opening Followed by Cyclopropanation

Cyclopropenes have also been established over the past decade
as a safe and reliable source of metal carbenes.””> Long after
cyclopropenes were discovered to be reactive under metal
catalysis,*>**” it was reported that in the presence of cationic
gold(I) complexes cyclopropenes can be opened, generating
vinyl carbenes 64 (or gold-stabilized carbocations), which can
be characterized spectroscopically (Scheme 27A)*" or trapped
by organic nucleophiles, such as alkenes, alcohols, arenes, or
carbonyl groups, among others (Scheme 27B).>7>33273%%

Analogously to other gold(I) carbene sources, cyclopropenes
react with alkenes to give cyclopropanes, as first revealed by the
groups of Lee,”** and Toste®*” (Scheme 27B,C). The opening
process promoted by gold has also been studied computation-
ally 339340

The group of Cossy reported an intramolecular approach for
the synthesis of fused cyclopropanes by gold(I)-catalyzed
disassembly of cyclopropenes. This allowed access to densely
functionalized 3-oxa- and 3-azabicyclo[4.1.0]heptanes 71 in
excellent yields and diastereoselectivities (Scheme 28, top).*"’

This method was extended to the synthesis of a diverse range
of bicyclic structures (Scheme 28, bottom), which could be
elaborated to assemble synthetically complex cyclopro-
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Scheme 27. Characterization and Reactivity of Gold(I)

Carbenes via Cyclopropenes
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Scheme 28. Cyclopropene Opening and Intramolecular
Vinylcyclopropanation of O- and N-Tethered 1,6-
Cyclopropene-enes

Me_ Me

R'  AuCl or (Ph3P)AuCl

R? (5 mol %)

CH,Cly, 0°C

71f (75%, 91:9)

71g (93%, 85:15)2 71h (88%, >95:5)

“R = TBDPS.

342,343 : - .
panes.”*>*** Following a similar strategy, Liu and co-workers

reported the cyclization of cyclopropene-enes such as 72 under
gold catalysis to assemble cyclopropanes 74 in good yields and
high E/Z ratios. The starting cyclopropenes were prepared by
rhodium(II)-catalyzed cyclopropenation of the corresponding
alkynes. Further treatment with a gold(I) complex triggers the
cyclopropene opening, generating a vinyl carbene that under-
goes intramolecular cyclopropanation (Scheme 29).>**

Scheme 29. Cyclopropane Opening and Cyclopropanation of
Benzene-Tethered 1,6-Cyclopropene-enes

H
IPrAuCl/ =
AgNTH,
(4 mol %) L*
—_—
Ph CO,Et
\ CH,Cly, rt | . 2
Ph “CO,Et 74 (91%, >20:1 E12)
72 Ph™ "COEt 143 examples more
73

Two different scenarios were explored by Tang and co-
workers using propagyl esters as the nucleophilic component
(after isomerization to the corresponding allene) (Scheme
30).>* When 1,3-disubstituted cyclopropenes 75 were

Scheme 30. Cyclopropene Opening and Substrate-
Dependent D1vergent Cyclopropanation

EtO,C
H
4 H
TsN -~
X
76 OAc

EtO,C
;o
TsN :
N | _ _
OAc ! Et0,C Eo,Et £0,Bu
76 (59%) | 77a(84%) 77b (68%) 77¢ (47%)

“Using [ (tBuXPhos)Au(OTf)] (5 mol %) in 1,2-DCE at 100 °C, with
4 A molecular sieves.

employed (R = H), the cyclopropene ring opens under gold(I)
catalysis generating vinyl carbene 79, which cyclopropanates the
proximal double bond of the allene, giving 3-azabicyclo[4.1.0]-
heptanes such as 76. On the other hand, 1,2,3-trisubstituted
cyclopropenes 75 give spirocyclic cyclopropanes 77, presumably
through cationic intermediate 80.

The vinylcyclopropanation of furans through gold(I)-
catalyzed opening of cyclopropenes results in the direct
disassembly of the correspondmg intermediates to afford
conjugated trienyl-ketones.”** In a complementary manner,
the cyclopropane intermediates can be isolated when perform-
ing the same reaction under Zn(II) catalysis.”*” In heteroge-
neous phase, gold metal particles were also employed for the
opening of 3,3- dlphenylcyclopropene and subsequent trapping
with styrene.””” Beyond cyclopropanations, many other
methods have been recently developed based on the use
cyclopropenes as carbene sources under catalysis of different
metals,***~>* but they fall out of the scope of this review.
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2.4. Enynes, Allenynes and Diynes Cycloisomerization
Terminated with Cyclopropanation

Reactions forming cyclopropyl-containing scaffolds are pre-
sented in this section divided by substrate type: enynes (1,6-
enynes, 1,5-enynes, and other kinds of enynes), allenynes and
diynes.

2.4.1. Cycloisomerization of Enynes. 2.4.1.1. 1,6-Enynes.
Gold complexes are selective carboghlllc 7 acids for the
activation of multiple C—C bonds,""”~"** such as those of
alkynes, alkenes, and allenes. Gold-catalyzed cycloisomeriza-
tions of enynes have been studied extensively since the
beginning of the XXI century.'® >°**** When interacting
with an enyne, Au(I) can form n*-complexes with either the
triple or the double bond.*****° The higher affinity for alkynes in
front of alkenes (termed alkynophilicity) is a kinetic effect driven
by the lower LUMO of the 5*-alkyne gold complex, hence its
higher propensity to undergo nucleophilic attack.”’

The cycloisomerizations of Au(I)-activated 1,6-enynes 81
lead to cyclopropyl gold carbenes 82 and 89 by S-exo-dig and 6-
endo-dig cyclizations, respectively (Scheme 31). The pathway

Scheme 31. Main Au(I)-Catalyzed Cycloisomerization
Pathways for 1,6-Enynes

Nu 0
R! R! - 1
R® R3 R® z R
V4 " V4 S 3 3
'R4 R 'R4 R
R2 R2 R2 R2 R4
83 (§2.4.1) 84 (§2.4.1) 85 (§ 2.6) 90 (§ 2.4.1)
alkene T NuHT Ox T
1,2-H shift
. L*’l
LAY L*
1 . I 1 X H
R'  5-exo-dig R'| 6-endo-dig R
z L — Z R? 4
R —=R?
R2 N\ R3 R2 R4
82 R* 81 89
H4 =H l \ Lt / l
R4
RS
4
ZCIi Z_
RZ
91
single cleavage single cleavage
- L+l 1,2-H shift R4 = Hl - AuLt
R3 R’
> R! Z
z | 88 Rz R
R2
double cleavage 93 (§ 3.2)

followed by a given enyne depends mostly on its substitution
pattern; thus S-exo-dig cyclization is kinetically favored for
terminal alkynes, while enynes with internal alkynes or
heteroatoms at the tether generally undergo 6-endo-dig
cyclizations.™****  Cyclopropyl gold carbenes have highly
delocalized structures, to which the resonance forms of
gold(1)-stabilized cyclopropylmethyl, cyclobutyl, and homoallyl
carbocations contribute to a greater or lesser extent depending
on substitution and the ancillary ligand on
0ld.?¥236:3317333,3607392 They can be trapped by alkenes, C-
nucleophiles, or oxidants affording bicyclo[3.1.0]hexanes 83,
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84, and 85, whose preparation is described in this section
(compounds 85 are covered in section 2.6 on a-oxo gold
carbenes, as they can be obtained also via alkyne oxidation
followed by cyclopropanation). Alternatively, cyclopropyl gold
carbenes 82 can evolve to dienes 87 and 88 through single
cleavage and double cleavage rearrangements, respectively. Gold
carbenes 89 lead to bicyclo[4.1.0]heptenes 90 after 1,2-H shift
and deauration. On the other hand, they could also undergo
single-cleavage rearrangements to dienes 91 or isomerize with
ring expansion to (77°-cyclobutene)Au(I) complexes 92. The
latter evolve to cyclobutenes 93 by gold decoordination (see
section 3.2) or to dienes 87 by ring opening. 1,6-Enynes with an
ester or amide tether (i.e., with a carbonyl rather than a CH, unit
between the alkyne and the heteroatom linker Z) proceed via a
diffeg%r;t mechanism to fused cyclobutene products (see section
3.2).

The first study on gold(I)-catalyzed rearrangements and
alkoxycyclizations of a variety of 1,6-e nynes was reported by the
group of Echavarren (Scheme 32). 364365 Compared to the other

Scheme 32. Au(I)-Catalyzed Cycloisomerizations of 1,6-
Enynes and Intramolecular Cyclopropanation of Dienynes

/—E .

Ts—N [ —— [(PhsP)AuCI] (2 mol %)
23°C. 15 mi TsN AsngFs or AgBF,
\ » 1o min (2 mol %), CH,Cl,

94 95 (96%)

/—E
Ts—N _— + TsN

\—< 23°C, 10 min

96

97 (68%) 98 (28%)

/—E

Ts—N TsN TsN
—_—
d 23 °C, 10 min
99 100 (78%) 101 (6%)
/—:

z —_ =

N -30t0 0°C

15-20 min
N\

102a—c 103a (Z = C(CO,Me),
103b (Z = C(SO,Ph),

103c (Z = NTs, 89%)

, 78%)
, 49%)

metal catalysts known at the time for enyne activa-
tion,' 857 206:366=379 Au(I) complexes stood out for their high
activity even at low temperatures and for their ability to trigger
different mechanisms. The alkoxycyclizations of 1,6-enynes
proceed more readily under Au(I) than Pt(II) catalysis,*>**>
and indeed lower energy barriers were computed for the S-exo-
dig and 6-endo-dig cyclizations of model enyne (E)-6-octen-1-
yne catalyzed by the [AuPH,]* fragment with respect to trans-
[Pt(H,0)CL,].”*° The high substrate dependence of the
cycloisomerization pathways for N-tethered 1,6-enynes is
evident from the selected examples reported in Scheme 32:
substrates 94 96, 99 preferentially underwent 6-endo-dig
cychzatlons, whereas dienynes 102a—c cyclized in a S-exo-
dig mode. Cyclopropyl gold carbene 104, with antiperiplanar
arrangement of the cyclopropane and metal carbene, was then
trapped by the pendant alkene affording tetracycles 103a—c as
single diastereomers. The scope of the intramolecular bis-

https://dx.doi.org/10.1021/acs.chemrev.0c00697
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cyclopropanation of dienynes was expanded, and DFT
computations indicated that the second cyclopropanation
proceeding through anti, rather than syn, gold carbene
intermediates such as 104 is kinetically and thermodynamically
more favorable.*®

Chung and co-workers reported the bis-cyclopropanation of
dienynes 108, possessing a 1,4-diene moiety, to give compounds
106 with a tetracyclo[3.3.0.0.%.0*%]octane skeleton (Scheme
33).>*> A tentative mechanism, depicted as proposed by the

Scheme 33. Au(I)-Catalyzed Intramolecular
Cyclopropanation of Cyclohexadienyl Alkynes
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11
authors, accounts also for the formation of products 109 and
111, obtained using other Au(I) complexes. The same group
later described the formal [4 + 2] cycloaddition of N-tethered
enynes with a 1,3-diene unit’** and prepared related 4-oxa-6-
azatricyclo[3.3.0.0%Joctanes by cycloisomerization of N-
tethered internal 1,6-enynes bearing an allylic alcohol.’®> O-
Tethered 1,6-enynes with an enol ether as the alkene component
delivered similarly complex cage structures.”*

The intermolecular version of these reactions was developed
trapping with external alkenes two different cyclopropyl gold
carbene intermediates (116 and 117) generated from 1,6-
enynes (Scheme 34).”*7**% Cyclopropyl gold carbene 116 can
convert to intermediate 117 in a stepwise or concerted manner,
namely via a 1,2-shift of the carbene C atom of 116 with
concomitant cleavage of the cyclopropane distal C—C bond and
double bond formation.”"* 1,3-Metallotropic shift of the Au(I)
carbene along a conjugated alkyne, followed by intramolecular
cyclopropanation by the transposed carbene, was also observed.

Additional experimental and computational investigations
revealed that the cyclopropanation of alkenes with 1,6-enynes is
a process proceeding via electrophilic cyclopropyl gold carbenes,
which can occur both in a concerted (for aliphatic, electronically
unbiased alkenes) and in a stepwise fashion (for polarized
alkenes such as styrenes or enol ethers).”******” Regardless, the
reaction remains stereospecific with respect to the alkene
geometry because the second C—C bond formation has a very
low barrier.

"l
108
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Scheme 34. Au(I)-Catalyzed Intermolecular
Cyclopropanation of 1,6-Enynes with Alkenes
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Cyclopropyl gold carbenes generated from 1,5- and 1,6
enynes were trapped also by other nucleophiles, such as
electron-rich arenes and dicarbonyl compounds (Scheme
35A).>%*%° With some exceptions, phosphite ligands directed

Scheme 35. Trapping of Cyclopropyl Gold Carbenes

Generated from 1,6-Enynes”
Nu
(:ﬁ(Ph + TSNi:§Ph

A. 2007-2008 (Echavarren)
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[(JohnPhos)Au(NCMe)]SbFg 85% (33:67); 74% (80:20)
[(IPr)Au(NCPh)]SbFg 87% (2:98); 57% (25:75)
B. 2017 (Liu) R2
Rl [(IPr)AUCI] (5 mol %) o
Rl (0] AgNTf, (5 mol %) R __
= - -
X * R%Y CH,Cl, or 1,2-DCE X Ph
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Ar H

121 (X = O, NTs) 21 examples, 56-94% 122 (Z/E 2:1 to <1:20)

a(AfO)sp = (2,4-(t-Bu)2C5H3O)3P

nucleophilic attack at the cyclopropyl carbon a in intermediate
120 yielding predominantly exocyclic alkenes 119a, whereas
more electron-donating ligands favored attack at the carbene
carbon b delivering products 119b. Later, Liu and co-workers
reported that cyclopropyl gold carbenes generated in a 5-exo-dig
fashion from 1,6-enynes can be trapped by aryl diazo ketones
(Scheme 35B).*"

Wei and Shi reported that the cycloisomerizations of N- and
O-tethered alkylidenecyclopropanes 123 deliver tricyclic
compounds 124 in high yields via the expected 6-endo-dig
pathway, as long as the alkyne is internal (Scheme 36A).>”> An
enyne with a terminal triple bond proceeded instead to dlene

https://dx.doi.org/10.1021/acs.chemrev.0c00697
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Scheme 36. Au(I)-Catalyzed Cycloisomerization of
Alkylidenecyclopropanes

[(t-BuXPhos)Au(NCMe])]SbFg ¥ —\_R
(5 mol %)
CH,Cly, rt, 15-30 h

H

A. 2012 (Wei & Shi)
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X
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B.2008 (Toste)  [(PhgP)AuCI]
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AgOTf L
Etgzg (5 mol %) EtO,C
2 X 128
“ChClp it E1OC
127 (60%)

125 via 5-exo-dig cyclization. This reactivity contrasts with the
rare 6-exo-dig cyclization previously observed by the group of
Toste for a C-tethered 1,6-enyne (Scheme 36B),””” highlighting
once again the substrate dependence of gold(I)-catalyzed enyne
cycloisomerizations. Indeed, from O- and C-tethered 1,6-
enynes, allene products have also been prepared using gold
catalysis.””*

Fensterbank and co-workers combined the cycloisomeriza-
tions of 1,6-enynes with ring expansion, preparing a range of
enol ethers 130 (Scheme 37A).*”> The key step involves a

Scheme 37. Cycloisomerization of O-Tethered 1,6-Enynes
A. 2013 (Fensterbank)

N
L EZ)": a1 [(JohnPhos)Au(NCMe)ISbFg ) ( . Aul
or [(IPr)AUCI/AGSbFg (2 mol %) Y={ _, o
o] R? R o R
\r CH,Cly, tt, 1-48 h R4
H 3 R2 R3S R2
129 (n=1,2) 15 examples, 12-99% 130 131
B. 2020 (Michelet) og.
— o [POACIQA2mol%) _
d = NaBAr; (0.1-2 mol %) ¢ R o/_>< Ph
\ \
\_Q\_R toluene, 60 °C, 2-10 h LIS |
3
132 21 examples, 44-98% 133 133a (96%, 25 g,

0.04 mol % [Au])

Wagner—Meerwein transposition onto the carbene center of
intermediate 131. The group of Michelet recently exploited the
cycloisomerization of O-tethered 1,6-enynes for the efficient
preparation of relatively volatile enol ethers with distinctive
olfactive properties (Scheme 37B).*°

All in all, the 6-endo-dig cycloisomerizations of O- and N-
tethered 1,6-enynes to products 134a, 134b, and 134c have
become standard reactions to test the performance of new gold
complexes, such as 135, 136,””° 137,%”” and 138""° (Scheme
38). Enantioselective variants have been achieved employin,
chiral mono- or dinuclear Au(I) complexes 139,*"'*
140,703404 47 405 142 906 143 407 [ 44 305 145409 146 410 and
147411 (Scheme 39). Phosphoramidite gold complex 140 was
used for the asymmetric synthesis of antidepressant candidate
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Scheme 38. Gold Complexes for Non-asymmetric
Cycloisomerizations of O- and N-Tethered 1,6-Enynes
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150,"” performing significantly better than commercially
available chiral phosphines (Scheme 39, bottom).*"”

Under gold(I) catalysis, C-tethered 1,6-enynes deliver
cyclopropane-containing products in some particular instances:
(i) upon tra zpplng the gold carbene intermediates with alkenes
intra->0%39%%2 or mtermolecularly387 298 (as discussed above);
(ii) upon reaction with carbonyl compounds,4n414 and (iii)
upon 1,5-OR migration of propargylic groups.”'> The group of
Helmchen disclosed that the addition of aldehydes and ketones
to terminal 1,6-enynes yields 2-oxabicyclo[3.1.0]hexanes 153
stereoselectively (Scheme 40).*"**'* The mechanism, sup-
ported by DFT calculations, begins with the formation of
cyclopropyl gold carbene 154 by S-exo-dig cyclization, followed
by a double-cleavage rearrangement to intermediate 155. Attack
by the carbonyl O atom, ring closure, and finally cyclopropane
formation deliver the product and regenerate the active species.

Under Au(I) catalysis, dienynes carrying a propargylic
alcohol, ether, silyl ether, or ester react by tandem S5-exo-dig
cylization/1,5- OR migration/intramolecular cyclopropanation
(Scheme 41) ® Cyclopropyl gold carbene 161 was found to
undergo 1,5-OR migration via nearly barrierless transition state
162, delivering gold-substituted allylic carbocation/a,f-unsatu-
rated gold carbene 163."'° The 1,5-OR migration was faster
than the intramolecular cyclopropanation and even of 1,2- and
1,3-acetoxy shift (see section 2.5), thus avoiding racemization of
propargylic stereocenters.

This cascade reaction was performed on enantioenriched
dienyne 164 as the key step in the synthesis of three
aromadendrane sesquiterpenes, prepared in 12—17% overall
yields from (E,E)-farnesol (Scheme 42).*'" Compounds 165
and 166 with epimeric stereocenters were obtained either by
1,5-OBn migration or intermolecular nucleophilic attack on
cyclopropyl Au(I)-carbene-like intermediate 167.

1,6-Enynes 168 followed the same reactivity pattern. In this
case, after 1,5-OR migration, intermolecular cyclopropanation
occurred (Scheme 43).57%8 From compounds 170b and
170c, first-*'® and second-generation* 16 syntheses of sesqui-
terpene (+)-schisanwilsonene A were accomplished.

https://dx.doi.org/10.1021/acs.chemrev.0c00697
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Scheme 39. Gold Complexes for Enantioselective
Cycloisomerizations of O- and N-Tethered 1,6-Enynes
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Scheme 40. Synthesis of 2-Oxabicyclo[3.1.0]hexanes
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Scheme 41. Tandem Cyclization/1,5-OR Migration/
Intramolecular Cyclopropanation of Dienynes
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A special class of 1,6-enynes with an ynamide tether and a
propargylic alcohol follows yet another pattern when treated
with gold. Thus, the group of Cossy described the AuCl-
catalyzed formation of azabicycles 173 in moderate yields,
through S-exo-dig cyclization and 1,2-H shift onto gold carbene

174 (Scheme 44).*'%*°

2.4.1.2. 1.5-Enynes. Gold-activated 1,5-enynes typically react
by S-endo-dig cyclization to give bicyclo[3.1.0]hexane systems,
as 4-exo-dig cyclization would afford strained bicyclo[2.1.0]-

pentanes.

The groups of Fiirstner”'”
reported that 3-hydroxylated 1,5-enynes such as 175 cyclo-
isomerized to bicyclo[3.1.0]hexanones 176 using Au(I)
complexes at room temperature or PtCl, upon heating (Scheme

. 421
and Malacria

45). As already noted for the alkoxycyclizations of 1,6-
enynes,’***% the use of Au(I) rather than Pt(II) catalysts
allowed the reaction to proceed under milder reaction
conditions (lower temperature and reduced catalyst loading).
The initially formed cyclopropyl Au(I) carbene 177 collapses by
1,2-hydride shift and loss of gold(I). Further studies by Gagosz
probed the generality of the transformation on 3-hydroxy, 3-
benzyloxy, and 3-acetoxy 1,5-enynes, hlghh%htmg the substrate
dependence of the reaction manifold.””* Various gold(I)
precatalysts combined with chloride scavengers are effective in
this transformation.””’ However, only one asymmetric gold-
catalyzed version has been developed to date using a planar
chiral ferrocenylphosphine gold(I) complex to induce moderate
enantioselectivity. ;

independently
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Scheme 42. Gold-Catalyzed Formation of the Tricyclic Cores
of Aromadendranes

[(JohnPhos)Au(NCMe)]SbFg

(2 mol %)
+
CH,Cl, (0.05 M) ] K
©OBn _—/_o E
165 =" 166
23°C, 5 min 60% -

A~OH (20 equiv) 21% 56%

-30 °C, 15 min

Scheme 43. Tandem Cyclization/1,5-OR Migration/

Intermolecular Cyclopropanation of 1,6-Enynes

13 examples, 33-82%

R'O [(JohnPhos)Au(NCMe)]SbFg
or [(IPr)Au(NCPh)]BArF,

or 171 (2-5 mol %)

+RY\

R3

(IMes)Au— NC—O
170a 170b (R = Ac, 48-55%)

(75%, 3.2:1 dr) 170c (R = 4-NO,CgH,, 79/0)

CH,Cl,, -30-23 °C, 15 min-18 h

Scheme 44. Cycloisomerization of 1,6-Ene-Ynamides

0 +
Ts, OH AuCiGmol%) T8 Ts L L(PH
N—= - 5 N R S\N %R
HZ&_\ R'  CHClyrnt R H
RP R H
172 6 examples, 40—-60% 173 174

Scheme 45. Gold(I)- or Pt(II)-Catalyzed Cycloisomerization
of 3-Hydroxy-1,5-enynes

[(PhsP)AUCI] (2 mol %) H H
AgSbFg (2 mol %)
CHQCIQ 20°C
Ph
(o)
Ph  PtCl, ( 5mo| %) L
toluene, 80 °C 176 (74-75%) 177

The group of Toste disclosed that Au(I) and Au(III)
complexes greatly outperformed Pt(II), Pd(II), and Ag(I)
catalysts in the cycloisomerization of 1,5-enynes 178 to
bicyclo[3.1.0]hexanes 179 (Scheme 46).**° Cyclopropanation,
which was found to be stereospecific, occurs by attack of the
alkene to the gold-activated alkyne 182 via half-chair transition
states, affording cyclopropyl gold-carbene like intermediate 183.
Then, 1,2-H shift (or alkyl shift in the case of 181a and 181b)
onto the carbene center takes place. 427,428 Similarly, Zhang and
Kozmin disclosed that the AuCl-catalyzed cycloisomerizations
of 1-siloxy-1,5-enynes afforded instead cyclohexadienes.***~**!

Transfer of chirality has been observed with certain
enantioenriched substrates.”'***> Toste and co-workers em-
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Scheme 46. Gold(I)-Catalyzed Cycloisomerization of 1,5-
Enynes

. [(PhgP)AUCI] (1-3 mol %) rR® R
N AgSbFg or AgPFg (1-3 mol %) ""'R5
R5 R1
RT ™ CH,Cly, 1t R2
178 R’ 179

10 examples, 61-99%

S S

179a (R'=H, 99%) 179c (96%)  179d (61%) 179 (96%, 97:3 dr)
179b (R' = Ph, 94%)
S Ph  [(PhsP)AUCI] (310 mol %) H
DC AgBF, (3-10 mol %) (
) Ny CHCly, 1t "HoPh
n 181a (72%, n = 1)
180 181b (66%, n = 2)
RS
R R RB RS
Q s-endo-dig o H4 1 ,2-H shift J:—y,.m
RS [
2 i
R /% R? R
LA+ R?
182 183 179

ployed a well-defined square-planar chiral Au(III) catalyst to
realize a nondynamic, yet enantioconvergent, kinetic resolutlon
of 1,5-enynes with moderate s factors (Scheme 47).*>** In

Scheme 47. Gold(III)-Catalyzed Enantioconvergent Kinetic
Resolution of 1,5-Enynes

H
185 (3 mol %) O
/C AgBF, (5 mol %)
D — H * Ar
AT N CHCls, 3 h Ar N
(+)-184 -40 °C to -20 °C 186 184

11 examples, 14-64% conv, 61-90% ee

o o

186a (40% conv, 88%
ee; s factor = 25)

186b (38% conv, 88%
ee; s factor = 48)

186¢ (35% conv, 68%
ee; s factor = 6)

RN)i?\l

MOFMOF

187 (Ar = 2,6-(i-Pr,)CgHy)

185 (Ar = 1-naphthyl)

related work, an achiral NHC—gold(III) complex, 187,
anchored into a rigid metal—organic framework to geometrically
prevent undesired decomposition via reductive elimination of
biphenylene, was active in the cycloisomerization of a model 1,5-
enyne after chloride abstraction by TIPF.**

The group of Toste also described a sequential cyclo-
isomerization/sp> C—H bond functionalization of 1,5-enynes
188 and 1,4-enallenes 190, providing all-carbon tetracycles 189
and 191 through cyclopropyl gold(I) carbene-like intermediates

https://dx.doi.org/10.1021/acs.chemrev.0c00697
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192 (Scheme 48).****” The observed inverse primary KIEs
were tentatively explained by the formation of a 6 complex

Scheme 48. Gold(I)-Catalyzed Cycloisomerization/C—H
insertion of 1,5-Enynes and 1,4-Enallenes

[(+BugP)AuCI] (2 mol %) &~~~
AgSbFg (2 mol %) ¢

NS~

R CHyCly, rt, 15-90 min

14 examples, 51-86% i
188 (n=1,2) 189 (n=1,2)
R
+
/j/\ [(t-BugP)AuCI] (2 mol %) (4 oH L
. R AgBF, (2 mol %) 192

CH,Cly, 60°C, 2 h

n

6 examples, 62-88%
190 (n=1,2)

191 (n=1,2)

between the hydrogen atom and the gold(I) center before the
hydrogen transfer event.

Gagosz, Skrydstrup and co-workers observed a mechanisti-
cally related gold-catalyzed dimerization of ynamides, leading to
tricyclic compounds 194 by a final intramolecular C—H
insertion of gold(I) carbene 195 (Scheme 49).***

Scheme 49. Gold(I)-Catalyzed Dimerization of Ynamides

[(PhaP)Au(NTf,)]
(2-5 mol %)

CH,Cl,, 40 °C
5-24 h

n 4 examples, 79-96%
193

194 (n=1,2)

Davies and co-workers reported the Au(III)-catalyzed formal
intramolecular insertions of cyclopropyl gold carbenes into
activated C(sp®)—H bonds, affording compounds 197 (Scheme
50).**” The mechanism can be rationalized invoking as the first
step the 1,5-H migration on gold keteniminium complex 198,
followed by cyclization and cyclopropanation. The alternative
initial cyclopropanation to afford 200 and subsequent C—H
insertion was considered less likely.

The initially formed gold carbenes in cyclizations of 1,5-
enynes could be trapped by external C-nucleophiles®*”**%** as
well as by pendant alkenes in a concerted reaction (Scheme 51,
top)."*' When trapped with aldehydes, in certain cases tricyclic
compounds formed by C—H insertion of the carbene into
neighboring C—H bonds (Scheme 51, bottom).***

Finally, Wei, Tang, Shi, and co-workers observed the
formation of polycyclic products containing both 3- and 4-
membered rings in the Au(I)-catalyzed cycloisomerization of
1,5-enynes conta1n1n§ a 3-cyclopropyl group (see Scheme 119D
in section 3.1.1.1). i

2.4.1.3. Other Enynes. Gold-catalyzed cycloisomerizations of
1,7- and higher enynes very rarely lead to cyclopropane-
containing products, because the initially formed cyclopropyl
gold carbene rearranges. Treatment of 1,7-enynes with Au(I)
catalysts can afford linear or cyclic 1,3-dienes,"™**** 1,4-
dienes,**® or hydroacenes,**’ depending on enyne tether and
substitution at the termini. Kumar and Waldmann observed the
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Scheme 50. Au(III)-Catalyzed C—H Insertion/Cyclization
Cascade of Ynamides

2
/\rR R2
N, [Au(picolinate)Cl,] .
(5 mol %) r N.
I [ H R!
toluene e OR?
20-120 °C, 0.3-24 h 197
21 examples, 49-98%
N, N, N
R@ ™ -, ™ /'\(:&: Ns
o) \JO pH ‘OMe Ts Ouo

197a (R = H, 93%)

197d (62%, 13:1
197b (R = F. 91%) 97d (62%, 13:1 dr)

197e (80%)

197c (R = OBn,
49%)
= 2
L= L YR
g oM “_NR'
( =N R shlft e |
\ H
H R? iR + R* 5
OR
198 R4 OR® 199 O3 F“‘

Scheme 51. Evolution of Cyclopropyl Au(I) Carbenes
Generated from 1,5-Enynes

R' [(IPr)Au(NCPh)]SbFg

(5 mol %)
CH,Cly, 1t, 1 h
202a (n =1, R' = Me, 76%)
202b (n 2,R' = H, 74%)
Et mesityl aldehyde
= [(JohnPhos)Au(NCMe)]SbFg
Z (5 mol %)
PhO,S Z CHyCly, 1t, 16 h PhO,S M
204 (43%)

formation of cyclopropyl-fused compounds 207 in very low
yields during the 8-endo-dig cyclization of 1,7-enynes 20S
(Scheme 52).*** From 1,7- and higher enynes, cyclobutenes can
be obtained via intramolecular [2 + 2] cycloadditions (see
section 3.2.1.2),"*7%% and occasionally other macrocycles.*'

Special 1,3-enynes such as ynenals and ynenones can be used

to access 2-furyl gold carbenes 210 by S-exo-dig cyclization

Scheme 52. Au(I)-Catalyzed 8-endo-dig Cyclization of 1,7-

Enynes

F{2
206 (13 examples 29-72%)

@

207a (R® = Ph, 3%)
207b (R3 CO,Et, 8%)

3
ST pnauci) (5 mol %)

AgSbFg (5 mol %)
(0] [

1,2-DCE, tt, 0.5-28 h
2056 X»

R?

RZ

https://dx.doi.org/10.1021/acs.chemrev.0c00697
Chem. Rev. 2021, 121, 8613—8684


https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00697?fig=sch48&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00697?fig=sch48&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00697?fig=sch49&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00697?fig=sch49&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00697?fig=sch50&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00697?fig=sch50&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00697?fig=sch51&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00697?fig=sch51&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00697?fig=sch52&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00697?fig=sch52&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00697?ref=pdf

Chemical Reviews

pubs.acs.org/CR

under gold(I) or gold(III) catalysis, as outlined in Scheme
53.19%5% These species can participate in several reactions,
including intramolecular cyclopropanations as described by Oh
(Scheme 53).453454

Scheme 53. Intramolecular Furanylation—Cyclopropanation
Using Ynenals and Ynenones

R/H R A
O 5-exo-dig (¢ \\+ =
| _ | > [LO
X 3 /
L* LAu ) L+
209 210a 210b
R1
AuB 19 T
Hi u rs (5 mol %) Ir ]:éo n?
toluene or hexane (v)’
5-60 ° X
G95000 A
211 (X = C(COZE‘ CMey 35 examples, 12-90% 212 R

CHy, C(CH,0B),, NTs, NPh)

A first, single example of intermolecular cyclopropanantion
using styrene for the synthesis of 214a was disclosed by Zhang
and co-workers.”> The generality and the efficiency of the
transformation were later demonstrated by the group of Zhu,
employing a combination of [(IPr)AuCl] and Selectfluor
(Scheme 54).**° A putative cationic Au(III) species [(IPr)-
AuCIF]* was deemed responsible for the high catalytic activity.

Scheme 54. Intermolecular Furanylation—Cyclopropanation
Using Ynenones

R5
O O — (10 equiv)
R* RS R2 R®
R | R2 [(IPr)AUCI] (1 ppm) c T Q
Selectfluor (10 mol %) R > R5
% o R3 R4
213 R3 1,2-DCE, 80°C, 72 h (0] 214

17 examples, 15-96%

YOA, YA YOA,

214a (R=H, 82%, 1.6:1dr) 214b (56%, 1.3:1dr)  214c (56%, 5.6:1 dr)

2.4.2. Cycloisomerization of Allenynes. Using gold
catalysis, allenes have proven to be valuable building blocks
for the synthesis of complex molecules.'**™"** Allenenes
undergo various types of carbocyclizations such as [2 + 2]
cycloadditions (see section 3.1) and other annulations."**~"*
Acetoxyallenes can be generated from propargyl carboxylates via
1,3- acylong shift and take part in several reactions (see section
2.5).457.45

Gold-catalyzed carbocyclization of allenynes can proceed
either with the allene attacking a gold-activated alkyne or vice
versa, with the triple bond attacking the activated allene and
delivering a vinyl cation. Fensterbank, Malacria, and co-workers
studied the alkyne versus allene activation in platinum- and gold-
catalyzed cycloisomerizations of hydroxylated 1,5-allenynes,
which proved to be both substrate and catalyst dependent
(Scheme 55).**° Chloride salts of Pt(II), Pt(IV), Au(I), and
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Scheme 55. Pt- or Au-Catalyzed Cyclization of 1,5-Allenynes
R

[M] 0
Z emiw A _ R (2-5mol%)
| - tol
(0] CH,Cl, oluene
reflux, 1 h —:/ reflux, 6-36 h H “R
o 215 [M]:
216 (73%) R = CH.OMe PtCl,: 80%
: sV PtCl,: 70% 217

[(PhsP)AUCI/AgSbFg AuCl: 45%

AuCly: 58%

Au(III) converted allenyne 215 to 6-methylenebicyclo [3.1.0]-
hexan-3-one 217 by attack of the allene onto a metal-activated
alkyne, while PPh;AuCl/AgSbF¢ yielded exclusively 216 by
intramolecular allene hydroalkoxylation.

The group of Ohno reported that benzene-tethered S5-
allenynes react with benzoheterocycles to églve 1-naphthyl
cyclopropane derivatives 219 (Scheme 56).* In this trans-

Scheme 56. Au(I)-Catalyzed Cyclization of 1,5-Allenynes
R'%
219

H,,,X \\
Z R2
R? T G
Ar P
R1_
15 examples, 21-91%

BrettPhos)Au NTf,)] (5
mol %)
Z

21Qa X = o 78%)
219f (85%)

CH20I2 0°C—n

219b (X = S, 21%)
219¢ (x NTs, 79%)
219d (X = NBoc, 74%)

219e (66%)

Ph

A

= 6-endo-trig
/¢ + ‘ + o]
Ph__~7 H

G o

222

formation, the initially formed vinyl cation 221 is attacked by the
2-position (or 3-position) of benzofuran, and (E)-222 or (Z)-
222, with the heterocycle in the less hindered axial position,
undergoes ring closure/aromatization/protodeauration to
afford regioselectively product 219a.

2.4.3. Cycloisomerization of Diynes. Diyne substrates
have been used in gold-catalyzed methodologies especially to
prepare S-membered or larger fused carbo- and hetero-
cycles.'””~"*” The few gold-catalyzed examples where diynes
give rise to cyclopropanes are mostly initiated by 1,2-acyloxy
migration on propargylic esters (see section 2.5). As an
exception, Zhu and co-workers reported the intermolecular
cyclopropanation of aryl gold(I) carbenes such as 228,
generated from 1,6-diynes 223 by gold-catalyzed tandem
cyclizations and aromatization (Scheme 57).*"
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Scheme 57. Au(I)-Catalyzed Intermolecular Scheme 58. 1,2- vs 1,3-Acyloxy Migration of Au-Activated
Cyclopropanation of 1,6-Diynes Propargylic Carboxylates
R? R3 R4 R4
OMe >_ ( f
- (8 equiv) * 04 O=< 1,2-acyloxy migration
PR N R' R* N O =—>= R O
f X R2 - f d f
[ [(IPr)AuClI] (5 mol %) A R?VOLIJ_IreEV\(I)é
TN AgBF, (5 mol %) . 1 R3 R? =H,
N H 5-exo-dig L /"R A R2 R®x H, H
223 CH,Cly, 1t, 4-12 h R /'7 230 231
N -
/\ ( 1,2-acyloxy migration
R2 ) (debated)
Ph RS 7
R
R4
X o] 229 \ R4
. )\ O)\O 1,3-acyloxy migration
224a (X =0, 72%, 224d (R = Ph, 73%, . 0% >0
12.5:1 dr) 5.5:1 dr) 6-endo-dig - — favoured for
224b (X = NTs, 68%, 224c (65%, 1.7:1dr)  224e (R = MeC=CH,, RZMRW R2 \ R'  R'=alkyl, aryl
1.8:1dr) 32%, 1:1 dr R3 + small R2, R3
C R3 L
(0] 232 233

Me OMe AuL
LAu* +
L ¥
5-endo-dig X4 6-exo-dig t-Bu 0
223a —» > - > H A [(PhsP)AUCI] (1 mol %)
(0 807 S0 AgSbFg (1 mol %) 0—/<
(o o) H.. — tBu
225 226 ¢
A CHzNO, 1t Ph
Ph Ph
1,3-OPiv shift only

Ph

+-H*
234 235 (76%)

L+

| S AuL
224a Ph OO - MeOH O‘ (Scheme 59): (a) complete 1 ,2-acyloxy migration, followed by
LAt alkene cyclopropanation by vinyl carbene intermediate 238; (b)
228 O 227 O

Scheme 59. Reaction Mechanisms for Enynes Bearing a

2.5. 1,2- and 1,3-Acyloxy Migration Propargylic Carboxylate
2.5.1. General Mechanistic Considerations. Propargylic =
carboxylates are prone to metal-catalyzed rearrange- R' o=
ments.**>~*%* Seminal works by Ohloff*** and Rautenstrauch**® R2 OjQO path (a) O
showed that propargyl acetates underwent 1,2-acyloxy migration N - > Rﬁ
. . . 3 stereochemical |
using ZnCl, or [PACL,(CH,CN), ], respectively. Later studies R = information lost 2R M)
focused on the use of Ru,**’~*7 Cy,*7047! Ag,470’471 pt,*7? R 233
Au,**7¥%%7 3nd Rh.*”7 In the presence of gold, propargylic 237
carboxylates can undergo either a 1,2-acyloxy migration*’*~*"® afg;’lf,”;i’; - path (c) @|-m

to deliver vinyl gold(I) carbenes 231 in a process known as - M7
Rautenstrauch—Ohloft rearran§ement or a 1,3-acyloxy migra- o)
tion™”"* via a stepwise* "™ * 3,3-sigmatropic rearrangement R& O\n, R o (c) >_R1
to afford gold-activated allenyl esters 233 (Scheme 58). 0 ©

Computations**"*** and experimental observations***~**° R® R R? X, M - H
indicate that intermediates 231 and 233 are in equilibrium, 236 R2 4Ro R 239
because the steps are reversible, so 1,2- and 1,3-acyloxy alkene-attack
migration pathways are in competition. In some cases, it was first l path (b) (b)T_ M
suggested that a net 1,3-OAc migration could result from 2 + M)
consecutive 1,2-OAc shifts.**"**> However, studies by Toste R!
and co-workers using isotopically labeled substrate 234 ruled o4 o R
out this possibility in their specific case, as no scrambling of the O - "\g
80 atom was detected (Scheme 58, bottom).*”” The 1,2-shift R2: M] R2: M
takes place preferentially for alkynes where R' is a H or electron- O™ - H

3
withdrawing group, and for substrates with a substituted PR o R* 242
propargylic C atom. The nature of the gold ligand, the presence a[M] = PICl, LAu*, AuCl
of other functional groups on the substrates and reaction ’
partners (hence downstream reactivity from 231 or 233), and
the reaction conditions also influence the preferred path- cycloisomerization, followed by 1,2-acyloxy shift onto the a-
ay. 73T cyclopropyl carbene 241; (c) an intermediate case where

In this section, the focus will be exclusively on Au-catalyzed cyclopropanation occurs on a nonplanarized vinyl gold species
rearrangements of propargylic carboxylates resulting in cyclo- 240.
propanation.””> When the cyclopropanation occurs intra- Computations with PtCl, show the different mechanistic
molecularly, that is, for enynes, three mechanisms are possible routes to be close in energy, with pathway c slightly favored.**°
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Based on these studies and experimental investigations, the same
scenario has been proposed for gold catalysis.""’~**" Partial
transfer of chirality, often observed under both Pt and Au
cataly31s with certain substrates carrying a propargylic stereo-
center,””” rules out the exclusive intermediacy of mechanism a,
since the stereochemical information at the propargylic position
Wg)l(l.)ld49b26 entirely lost, and supports instead pathways b and
c.

2.5.2. Intramolecular Cyclopropanations via 1,2-
Acyloxy Migration. During their studies on Pt(II)- and
Au(I)-catalyzed rearrangements of 3-hydroxylated 1,5-enynes,
Fiirstner and co-workers reported that propargylic acetate 243
underwent smooth transformation into compound 244 under
Au(I) catalysis (Scheme 60).>'* Methanolysis of 244 to

Scheme 60. Au(I)-Catalyzed Intramolecular
Cyclopropanations of 3-Acetoxy versus 3-Hydroxy 1,5-Enyne

AcO Ph o) Ph
R=Ac K>CO; 3:@
—_—
MeOH
RO, [(PhsP)AUCI] (2 mol %) 244 245 (74%
——Ph AgSbFg (2 mol %) overall yield)
CH,Cly, 1t Ph
O
24 < ﬁ
3 R=H

H
(§ section 2.4.1.2) 246 (75%)

[3.1.0]bicyclic ketone 245 highlighted the role of propargylic
acetates as convenient precursors of a-oxo gold carbenes upon
1,2-acetoxy migration. The group of Gagosz found that the air-
stable gold catalyst [ (Ph;P)Au(NTHf,) ] was particularly active in
this type of cycloisomerization too."””

The group of Firstner exploited the AuCl;-catalyzed
cycloisomerizations of various propargylic acetates for the
diazo-free synthesis of several carene terpenoids.”””*** The
synthetic studies established that (i) the cyclopropanation step
proceeded stereospecifically, with the alkene configuration
dictating the configuration of the cyclopropane, (i) the closer
alkene reacted preferentially (Scheme 61, top), and (iii) under
PtCl, catalysis pathways b and c were operative (see Scheme
59), since a propargylic stereocenter influenced the reaction
outcome (Scheme 61, bottom).

Similar stereochemical observations on chirality transfer were
made by Fehr and co-workers when performing Au-, Pt-, and
Cu-catalyzed enyne cycloisomerizations for the synthesis of
(=)-cubebol.*’" Similarly, the Fiirstner group realized the
asymmetric total synthesis of sesquisabinene terpenes based on
gold(I1I)-catalyzed Ohloff—Rautenstrauch-type cycloisomeriza-
tions of enantiopure enynes. A propargylic p-nitrobenzoate
group allowed a more efficient transfer of the stereochemical
information than an acetate ester (>15:1 versus 5:1 dr, Scheme
62).

Nolan and co-workers reported the Au(I)-catalyzed rear-
rangement of more complex dienynes 253 bearing an acetate
group at the fully substituted propargylic position (Scheme 63,
top) 95 Mixtures of cyclopropane-containing products were
obtained, stemming from both possible cyclopropanation of the
two alkenes and competitive 1,2- and 1,3-acetate migration. As
evidenced also by later works, the product ratio was highly
ligand-, counterion-, metal-, and solvent-dependent, with bulky
NHC ligands necessary to obtain high ratios of 256c. 196,497
Products arising from both 1,2 and 1,3-OAc migration were

Scheme 61. AuCl;- and PtCl,-Catalyzed Cycloisomerizations
in the Synthesis of Terpenoids

OAc

A

247

a) AuClg (5 mol %)

—_—

1,2-DCE, rt

b) LiAlH,, THF,
0°Ctort |

248 (60%)
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Ty
TR

epi-249

(cat:

toluene, 80 °C

79%

P1Cl, (2 mol %)

toluene, 80 °C

(2 mol %)

+
AcO H AcO HH

250a 250b

o

250a (92%)
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Scheme 62. Au(III)-Catalyzed Cycloisomerizations in the
Synthesis of Terpenoids

[(pyridine)AuCly] | o
~0_0 (10 mol %) R
" o B, A
| | Ar CHZCIZ Ar
251 252a (73%, 19:1 dr)
[(pyridine)AuClg] /I o
O._0 (10mol%) R X]\
R Y B OJKA
| | Ar CHZC|2 H r
epi-251 252b (76%, 15:1 dr)

Ar = 4-NO,CgH,

OAc /
[ ] 1204c Z
shift | +
Z || 2s3 o —— i~ L
Lau®) A
[LAUCI] (2 mol %) o AcO
AgBF, (2 mol %) 254 255
CH,Cly, rt, 5 min
=
+ / +
OAc AcO AcO
256a 256b 256¢
L=IPr 30% 12% 42% (NMR yield)
L=PPh; 50% 2% 12% (NMR yield)
OAc
I 83% h-Bu 99 %
n-Bu n -Bu
257 258 259

“[(IPr)AuCl] (2 mol %)

, AgBF,(2 mol %), CH,Cl,, rt, 10 min

observed also in the gold-catalyzed cyclization of cyclohexyl-

tethered 3-acetoxy 1,6

498
-enynes.

Thorough DFT calculations painted a complex landscape
with numerous reaction pathways of similar energy (“golden
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carousel”).“%’497 In the most likely one, initial 1,2-acetate shift
delivers vinyl gold carbene 254, which can be attacked by the
distal alkene affording 256a or undergo a second 1,2-OAc shift
delivering gold-activated allene 255 (Scheme 63, top). From this
intermediate, allene-ene cyclization and retro 1,2-OAc shift
produced 256¢. Indeed, cycloisomerizations of allenyl ester 259
provided 258 in better yield than when starting from dienyne
257 (Scheme 63, bottom). Cycloisomerization of other allenyl
esters, delivering a mixture of cyclopropane-containing prod-

ucts, were also studied.*”**”” Synthetic studies by the group of
Fehr again highlighted that 1,2-OAc and 1,3-OAc cyclo-
isomerization pathways often coexist and are catalyst-dependent
(Scheme 64)."” Indeed, cyclobutane product 262 likely arises
by [2 + 2] cycloaddition of an allenene formed in situ.””’

Scheme 64. Catalyst-Dependent 1,2- and 1,3-OAc Migrations
on 1,6-Enynes

Il (1 mol %)
_—
OA CH,Cl,
¢ oo
260 261 262
1,2-OAc shift 1,3-OAc shift
AuClz (GClisolated yield) 90% / 71% -
[(+-BuXPhos)Au(NTf,)] (GC yield) 9% 72%

The group of Gagosz described the Au(I)-catalyzed tandem
cycloisomerization/1,2-OAc shift of trienynes bearing a
propargylic ester to give divinyl cyclopropanes, which under-
went subsequent thermal Cope rearrangement.’

The Ohloff—Rautenstrauch rearrangement of 1,7- and higher
enynes was used to prepare medium-size rings. Hanna and co-
workers synthesized tricyclic compounds 264 and used them in
the synthesis of an allocolchinoid (Scheme 65A).°°* The group
of Toste later studied the substrate scope extensively (selected
examples in Scheme 65B).°”’ Fensterbank and Malacria
reported similar cycloisomerizations catalyzed by PtCl,,
AuCly, or Au(I) affording tricyclic compounds 268 as single
diastereomers (Scheme 65C).>* The higher activity of AuCl,
and Au(I) catalysts in front of PtCl, in enyne rearrangements

Scheme 65. Cycloisomerizations of 1,7- and Higher Enynes
for the Formation of Medium-Size Rings

A. 2008 (Hanna) OMe OAc
OMe OAc  [(JohnPhos)Au(NTf,)] MeO H
MeO (1 mol %) O
N CHCly, tt, 2 h MeO :
MeO N 2l T "H
264a (n =1, 90%)
263 264b (n =2, 78%)
264c (n = 3, 5%)

B. 2009 (Toste)

OR [(PX;;I;)bAFuCg G n|13| %) OR 2664 (n = 0, 10%)7
X gSbFe (5 mol %) H 266b (n = 1, 99%)®
N CHyCly, rt, 5 min 266¢ (n = 2, 99%)°

n o 266d (n = 3, 44%)?

265 afrom R = Ac, ? from R = Piv

C. 2008 (Fensterbank & Malacria)

OAc 268a (m=1,n=1, 63%)
AuCly (2 mol %) H 268b (m=2,n=2 94%)

_— > 268¢ (m =2, n = 3, 92%)

(o X CH,Cly, 1t (4L .}~ 268d (m=3,n=2 55%)
267 " 5-10 min m"HYh y 268e (m=3,n=3,16%)

8632

was observed once again, with comparable yields for products
268 obtained either in 2 h at 80 °C when employing S mol %
PtCl, or in 5—10 min if using 2 mol % gold catalysts at room
temperature. The latter reaction was carried out successfully on
a trans-cyclopentyl-tethered 1,7-enyne as the key step to access
neomeran skeletons.””’

Toste and co-workers also developed an enantioselective
version of these reactions using dinuclear gold(I) complexes
with chiral diphosphine ligands (Scheme 66).”> Mechanistic

Scheme 66. Asymmetric Synthesis of Medium-Size Rings by
Intramolecular Cyclopropanation

LAuUCI

1 2 1
R' OR LAuG) (25 mol %) R ope
X AgSbF (5 mol %) OC H
) CH3NO,, -25 °C - A\
269 270" R®
9 examples, 44-98%, 15-92% ee
LAuCI OPiv
LAuUCI
(R)-xylyl-BINAP .> .>
(R)-Difluorophos
-DTBM-Segphos
# 9P 270a 270c
(98%, 90% ee) (88% 75% ee) (44%, 85% ee)

experiments discarded a cyclopropanation-first pathway (i.e.,
path b in Scheme 59) and highlighted the fluxional (E)/(Z)-
alkene geometry of the vinyl gold(I) carbene intermediate.
2.5.3. Intermolecular Cyclopropanations via 1,2-
Acyloxy Migration. Uemura and co-workers reported the
first intermolecular cyclopropanations effected by vinyl carbene
intermediates generated from propargylic acetates using Ru, Pt,
or Au catalysis (Scheme 67).*”*** Vinyl cyclopropane 273

Scheme 67. First Gold-Catalyzed Intermolecular
Cyclopropanation via 1,2-OAc Migration

Metal OA AcO
OAc catalyst ¢ \[|
%\ + /\Ph - Ph +
A toluene )J\
271 272 273 (cis:trans) 274
(5 equiv)
[RuCly(CO)3]» (5 mol %), 60 °C, 18 h  90%, 86:14 0%
Cl3 (1 mol %), rt, 10 min 63%, 79:21 26%
PtCl, (2.5 mol %), 60 °C, 1 h 93%, 78:22 7%
GaClz (5 mol %), 60 °C, 1 h 26%, 65:35 0%

formed via 1,2-OAc migration followed by cyclopropanation,
while allenyl ester 274 resulted from competitive 1,3-OAc
migration. AuCl; showed the highest activity for both cyclo-
propanation and allene formation but with a lower product
selectivity.

Toste and co-workers developed a general Au(I)-catalyzed
cyclopropanation of a broad range of alkenes with propargyl
esters (Scheme 68).°° The reaction was stereospecific with
respect to the alkene configuration and yielded cyclopropanes
277 with moderate to excellent cis selectivity when using
styrenes, as rationalized by stereochemical models (Scheme 68,
bottom).

The intermediacy of a planar vinyl gold carbene such as 278
was supported by the complete loss of stereochemical
information when using enantioenriched propargyl acetates as

https://dx.doi.org/10.1021/acs.chemrev.0c00697
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Scheme 68. General Au-Catalyzed Alkene Cyclopropanation
Using Propargylic Esters

OR' R4 [(PhsP)AUCI] (2 mol %) R4 RS
R2 AgSbFg (2 mol %) )
%\ * RS — 2.
A R =
N R3 CH3NO,, 1t R3 1
275 276 277 OR
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14 examples, 48-84%

Ph% OAY* % PhA/k
OPiv OBz OAc
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277a 277b 277c 277d
(74%, 6:1 dr) (73%) (69%, 1.2:1dr)  (81%, 5.8:1 dr)

/Eﬁg\/ —_— Phg\/
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I
IOAC N 277e
| major
\ +
278 Ph, I
OAc —> " OAc
w
277¢’
minor

substrates. This observation, which stands in contrast with the
transfer of chirality observed in intramolecular cyclopropana-
tions (see section 2.5.2), derives from the entropic preference
for a complete intramolecular acyloxy migration before
cyclopropanation of a nontethered alkene.””® Replacing PPh,
with axially chiral bisphosphine 282 allowed the enantioselective
synthesis of vinyl cyclopropanes 281 with high cis selectivity
(Scheme 69).

This transformation has since become a benchmark reaction
to test new chiral and achiral gold complexes, such as Au(I)
complexes 283,°"7 284,°%° and 285."” Notably, catalytically
active Au(III) complexes 286,°"° 287,°" and 288°"" did not
induce any enantioselectivity, despite their chiral backbone.
Complexes 286 were effective catalysts for the intramolecular
cyclopropanation and subsequent in situ cis to trans isomer-
ization of vinyl cyclopropanes at room temperature.””” Recently,
trans bis(pyridine)gold(IIl) complexes 289 have been found to
exhibit a strain-modulated reactivity in this transformation.>"”

Toste and co-workers investigated the effect of structural
variations of the two substrates, appending an additional triple
bond to either the vinyl carbene precursor or the alkene. Using
1,3-diynes 290, they developed a styrene cyclopropanation—
hydroarylation cascade for the synthesis of benzonorcaradienes
291 (Scheme 70).>"® The proposed mechanism involves
cyclopropanation by gold(I) carbene 294, delivering cyclo-
propane intermediate 295, which can be isolated as 291". The
latter then undergoes a gold-catalyzed intramolecular hydro-
arylation.

When the triple bond was attached to the alkene, the
annulation between 1,3-enynes 298 and propargylic pivalates
afforded cis-vinyl-alkynyl-cyclopropanes, together with styrene
or fluorene products derived from their rearrangement
(illustrative examples in Scheme 71).°'* Few additional
examples of intramolecular cyclopropanations were reported
in related studies.””

Nevado and co-workers described the synthesis of cyclo-
pentenes 307 or cycloheptadienes 308 by net (3 +2) and (4 +3)
annulations, respectively, via ring-opening of vinyl cyclopropane
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Scheme 69. Enantioselective Au(I)-Catalyzed Styrene
Cyclopropanation Using Propargylic Esters
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intermediates 309 (Scheme 72A).>"> The preferred outcome
(cyclopropanation vs cyclopentane formation) of these
reactions is very sensitive to the sterics and electronics of the
substrates, particularly of the alkene partner.’’°™>'" In this
regard, the group of Fiksdahl investigated various substrate
combinations in the intermolecular cyclopropanation reaction.
It was established that vinyl esters and vinyl sulfonamides,”'® as
well as protected indoles and certain vinyl ethers,”'”*"® furnish
vinyl cyclopropanes when used in combination with propargylic
esters as gold carbene precursors (Scheme 72B). When
propargylic acetals were used instead, (3 + 2) cycloaddition
products were obtained.”'” Reacting propargylic acetals with
vinyl esters resulted instead in sequential (2 + 1) and (3 + 2)
cycloadditions, affording cyclopropyl-substituted cyclopen-
tenes.”"”

Barbazanges, Fensterbank, Goddard, Stoffelbach, and co-
workers employed vinyl gold carbenes generated from bifunc-
tional monomers 315 under Au(I) or Au(Ill) catalysts to
prepare oligomers (Scheme 73).7*°

Gold(I) carbenes 318a generated by 1,2-acyloxy shift of a
propargylic ester group can be transferred over a tethered
alkyne, generating homologated gold carbenes 318b (Scheme
74A). These intermediates, which were described by the groups
of Chan,**"*** Oh,>*® and Hashmi’** in intramolecular
reactions involving the tethered group R? can also be trapped
intermolecularly with alkenes. The first example of this kind was

https://dx.doi.org/10.1021/acs.chemrev.0c00697
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Scheme 70. Synthesis of Benzonorcaradienes by Scheme 72. (2 + 1), (3 + 2), and (4 + 3) Cycloadditions Using
Cyclopropanation—Hydroarylation Cascade Propargylic Esters as Gold Carbene Precursors
2 4 Piv/OA Piv/OA
R Ar _ - R Ri A. 2011 (Nevado) (LAUCI] (5 mol %) OPiv/OAc OPiv 31 c
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(2,4-(t-Bu),CeH30)3P 27 examples, 37-92%
15 examples, 54-90% via 309 R , 2LeM3V)3
B. 2011-2013 (Fiksdahl)
O‘ O‘ OP|v/OAc R“X Z “Ph
\ [(JohnPhos)Au(CH;CN)ISbFg 313 OFV/OAC
310 X (5 mol %)
or
or * )\H“ toluene or CHyCly, rt
OP|v/OAc 312 R4 Z
291a (71%, > 20:1) 291b (74%, > 20:1) 291¢ (90%, 10:1)  291d (60%,
2: 1) \ 314 OPiv/OAc
Isolated yields for 291+291’ and 291:291’ ratio given in parentheses A X = OAc, N(Me)Ts,
3n OEt, OTBDMS 12 examples, 44-82%

R! 1,2-acyloxy RO

Sh'ﬂ Scheme 73. Au(III)-Catalyzed Polymerization Using
Styrene—Propargylic Ester Monomers

O
/\Ph
AuCI3 (5 mol %)

R2 R2 A CHZCIZ, rt, 15 h, or
( CHiCN, 1t, 72 h
| - B
7 examples, 25—-77% 316 (n = 5-167D = 2-6)

Scheme 71. Synthesis of cis-Vinyl-alkynyl-cyclopropanes, demonstrated by Buzas and Gagosz.™** His group reported the
Styrenes, and Fluorenes formation of bicyclo[3.1.0]hexenes 325 by Au(I)-catalyzed

cycloisomerization of 1,4-enynes 324 bearing a propargylic

OPiv F|)h AuC acetate group (Scheme 75). Chirality transfer from a propargylic

. [l 5mol%) / . O stereocenter was observed (product 326, absolute configuration

A W // oPiv Ph not determined), and the products could be further transformed

297 PH Q in various 2-cycloalken-1-ones. The proposed mechanism

298 299 (cis:trans ) 300 301 %nvolves formation of gold allene comPlex 328, wbich is _attacked

25°C, 15 min 84% (161 dr) 0% 0% intramolecularly by the alkene, affording the cationic vinyl gold

-10°C,16h 9% (0:100 dr) 49% 23% species 329. Attack to the carbocation assisted by electron

o donation from gold gives c?fclopropyl gold carbepe 330,‘wh.ich

OPiv ‘ 5 /:WUO?L@ undergoes 1,2-hydride shift and protodeauration delivering

Ph)\\ + f N product 325.
N )\ CH,Cl, Rao, Chan, and co-workers built upon the reactivity of 1,4-
302 303 P 304 (91%) enynes bearing a propargylic ester to access several tetracyclic
compounds 332 (Scheme 76)°*” and phenol derivatives.”*

Malacria, Fensterbank, and Gandon and their co-workers

disclosed by the group of Chan as a mechanistic proof for the studied experimentally and computationally the Au-catalyzed

formation of 321 (Scheme 74B).>*" Following work by Hashmi cycloisomerizations of related substrate classes, namely, 1,3-

and co-workers showed that removal of the R* group at the enynes and allenynes carrying a propargylic ester group.”*”**

alkyne terminus reduced side reactions available to the carbene They developed an efficient preparation of polycyclic com-

intermediate, thus allowing intermolecular cyclopropanations to pounds 334 (Scheme 77, top), which was applied in total

be carried out with only one equivalent of alkene to obtain 1- synthesis.”*”>*" In order to suppress the formation of cyclo-

naphthyl cyclopropanes 323 in good yields (Scheme 74C).>* pentadiene side products, the internal position of the 1,3-enyne

2.5.4. Cyclopropanations via 1,3-Acyloxy Migration. framework had to be substituted (group R in Scheme 77,

1,3-Acyloxy shifts via stepwise [3,3]-sigmatropic rearrangement bottom). Several mechanistic pathways were computed, and the

are favored for propargyl acetates possessing alkyl-substituted lowest energy one was found to proceed through [3,3]-

triple bonds and deliver Au-activated allene intermediates (see sigmatropic rearrangement of propargyl acetates 333 into

section 2.5.1),"7%% which can evolve in a variety of allenyl acetates 335, followed by metalla-Nazarov reaction of

ways.'**"'** The presence of a suitably positioned tethered gold complex 337. The resulting cyclopropyl gold carbene 338
alkene allows stepwise intramolecular cyclopropanation, as then effected intramolecular cyclopropanation.
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Scheme 74. Intermolecular Cyclopropanations Using 1,6-
Diynes with a Propargylic Ester Group
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Scheme 75. Cycloisomerization of 5-En-2-yn-1-yl Acetates
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Scheme 76. Gold-Catalyzed Tandem 1,3-Migration/Double
Cyclopropanation of 1-Ene-4,n-diyne Esters
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Scheme 77. Cycloisomerization of 4-En-2-yn-1-yl Acetates
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the allene, in turn derived from the propargylic acetate (Scheme
78).>* With a trisubstituted allene, racemization via planar
allene gold complex 343 was disfavored. Conrotatory cyclization

Scheme 78. Chirality Transfer via Bent-Allene Gold
Complexes

OAc
[(JohnPhos)Au(NCCH3)ISbFg
O (2 mol %)

.30 A
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IIl
+
o H 20 R L 341 342
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- AuL* AcO” information
RO R3
325 330
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Efficient transfer of chirality was observed at low temperature
and attributed to the formation of a bent-allene gold complex 7
such as 341, which retained the stereochemical information on
8635 https://dx.doi.org/10.1021/acs.chemrev.0c00697
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gave rise to intermediate 343’ with the expected relative and
absolute configuration.

Based on the mechanisms presented above, it was
hypothesized that the same reaction would proceed directly
from vinyl allenenes, with chirality transfer in the case of
trisubstituted allenes, which was experimentally demonstrated
(Scheme 79).32%%32

Scheme 79. Cycloisomerization from Vinyl Allenenes

R? RS R2 R2
R2 \ [(PhsP)AUCI] (2 mol %)
AgSbFg (2 mol %)
R3 s > :
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bl 6 examples, 62-90%
H H : A H
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from sm with 84% ee) from sm with 91% ee)

The mechanistic intricacies of Pt- and Au-catalyzed cyclo-
isomerization of enynyl and allenynyl esters were also studied by
Cavallo, Fensterbank, Malacria, and Nolan and their co-workers,
as shown in Scheme 63.°° The two metals can catalyze
divergent reaction pathways, which was also noted in the course
of synthetic efforts toward lindenane and myliol cores: treatment
of a trans-cyclohexyl-tethered 1,5-enyne with AuCl; resulted
exclusively in 1,3-OAc migration, while also products derived
from 1,2-OAc shift were obtained using PtCl,.> 333

In summary, 1,2- and 1,3-acyloxy migrations of propargylic
ester substrates are well-established platforms for the generation
of vinyl gold carbenes and gold-activated allene intermediates,
and as such have been fruitfully employed in the cyclo-
propanation arena. Intermolecular cyclopropanations via 1,2-
acyloxy migration pathways can be performed stereo- and
enantioselectively with styrenes. Intramolecular cyclopropana-
tions via 1,2- and 1,3-acyloxy migration can leverage instead
transfer of chirality from enantioenriched substrates. However,
given the complex mechanistic scenario of this golden carousel,
catalyst- and substrate-dependent reaction outcomes remain the
norm.

2.6. Oxidation of Alkynes with Oxygen-Transfer Reagents

2.6.1. General Considerations on a-Oxo Gold Car-
benes. The gold-catalyzed oxidation of alkynes takes place with
reagents with a polar LG'—O~ bond, such as sulfoxides and
amine N-oxides (Scheme 80).%*°7>** These oxidants attack the
n-alkyne gold(I) complex in an anti fashion at the C atom better
able to accommodate the partial positive charge (e.g., positions
that are benzylic, @ to N atoms, or 3 to electron-withdrawing
groups). The initially formed vinyl gold complex 347 eliminates
the leaving group delivering transient a-oxo gold carbene
348.°* Computational and experimental gas-phase studies have
shown that these intermediates react rapidly with the expelled
pyridine to form more stable gold(I) carbenoids 349.7**%*
Attack of the pyridine to the carbene C atom or its coordination
to Au can be prevented by using acidic additives and by choosing
less nucleophilic pyridines with bulky or electron-withdrawing
substituents.

8636

Scheme 80. Formation of @-Oxo Gold Carbenes by Oxidation
of Gold-Activated Alkynes
7
A

- N\
- “N
O-N_ ro X o]
Re—R — RH)\RZ H‘m/u\RZ
L anti attack Gl ;‘ L+
346 347 348

®

N

349

This oxidation strategy provides very electrophilic a-oxo gold
carbenes from readily available alkynes,”>™>** circumventing
the use of dangerous and toxic @-diazocarbonyl precursors.
Since the group of Zhang re<ported their generation by
intermolecular alkyne oxidation,”*® a-oxo gold carbenes have
enjoyed a rich chemistry.”*>~>** When they are involved in
cyclopropanations, enynes are used in most cases as substrates.
Thus, after alkyne oxidation, cyclopropanation occurs intra-
molecularly with the pendant alkene, delivering bicyclo[3.1.0]-
hexane skeletons (Scheme 81, pathways a and b). A related

Scheme 81. Mechanisms for the Formation of
Bicyclo[3.1.0Jhexane Skeletons via Oxidation of 1,6-Enynes
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Z Ra —_— 7 RS — > 7 RS
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approach to bicyclo[3.1.0] compounds had been described by
the Toste group (Scheme 81, pathway c).>* In this case, 5-endo-
dig cyclization of 1,6-enynes of type 354 precedes oxidation of
the intermediate cyclopropyl gold carbene 355 (see section
2.4.1.1). In these oxidative cycloisomerizations, typically
sulfoxides are more eflicient oxidants than N-oxides.

Both 1,5-enynes and 1,6-enynes deliver [3.1.0] bicyclic
compounds upon oxidative intramolecular cyclopropanation
(Scheme 82). 1,6-Enynes give products 360 with exocyclic
incorporation of the oxygen atom from the oxidant, as a pendant
aldehyde or ketone, depending, respectively, on the presence of
a terminal or internal alkyne in the substrate (Scheme 82A).
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Chem. Rev. 2021, 121, 8613—8684


https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00697?fig=sch79&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00697?fig=sch79&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00697?fig=sch80&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00697?fig=sch80&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00697?fig=sch81&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00697?fig=sch81&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00697?ref=pdf

Chemical Reviews

pubs.acs.org/CR

Scheme 82. Comparison between Oxidative
Cyclopropanations of 1,5- and 1,6-Enynes
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Instead, 1,5-enynes afford compounds 363 or 366 with an
endocyclic oxidant-derived carbonyl group (Scheme 82B,C).
Regardless of the exact mechanism involved, in the majority of
the cases these gold-catalyzed oxidative cyclopropanations occur
stereospecifically with respect to the alkene configuration.

While nearly all gold-catalyzed oxidative intramolecular
cyclopropanations of enynes afford byciclo[3.1.0] compounds,
there have been two illustrative cases where bicyclo[4.1.0]
compounds formed instead (Scheme 83).

Scheme 83. Formation of Bicyclo[4.1.0] Skeletons

A. 2011 (Liu)

1,6-Enyne with Benzene Tether

[(IPHAUCI] (10 mol %)
AgNTf2 (10 mol %)

DCE 80°C,21h

368 (3 equw) 369 (61%)
B. 2011 (Zhang) 1,7-Enyne with Amide Tether
o [(IPAUCI] (5 mol %) 0Q o
»—=—pn X AgNTY, (5 mol %)
BnN + ¥ BnN
i N DCE, rt, 12 h
— - H
370 371 (2 equiv) 372 (41%)

The first example, disclosed by Liu and co-workers, consists in
the cyclization of benzene-tethered 1,6-enyne 367 usmg excess
8-methylquinoline oxide as oxidant (Scheme 83A).>>° The
second one, reported by Zhang, involves the cyclization of
amide-tethered 1,7-enyne 370, using the same oxidant and
catalytic system ([(IPr)AuCl]/AgNTf,, Scheme 83B).”>" The
lower temperature and catalyst loading of the second example
can be ascribed to the higher reactivity of the electron-deficient
alkyne, and the higher electrophilicity of the corresponding
doubly activated putative gold carbene intermediate.

2.6.2. Oxidative Intramolecular Cyclopropanations of
1,6-Enynes. Seminal work by the Toste group demonstrated
the interception of gold(I) carbene intermediates by oxidation

8637

with sulfoxides, which were generated under gold(I) catalysis
from a variety of precursors.”*” Among these, a-diazoketones,
propargylic esters, and 1,6-enynes were used. Specifically, the
first oxidative cycloisomerizations of 1,6-enynes 373 using
stoichiometric diphenylsulfoxide afforded cyclopropyl alde-
hydes 374 in good to excellent yields (Scheme 84).

Scheme 84. Oxidative Cycloisomerization of 1,6-Enynes

[(IPAUCI] (2.5-5 mol %) N
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An asymmetric version of this reaction was reported by Shi
and co-workers employing chiral NHC—gold complex 377
(Scheme 85), providing cyclopropanes 376 with moderate
enantioselectivities.™

Scheme 85. Enantioselective Oxidative Cycloisomerization
of 1,6-Enynes Using a Carbene Ligand
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Qian and Zhang described the gold-catalyzed oxidative
cyclization of amide- or ketone-tethered 1,6-enynes 378 to
prepare hetero- and carbo[3.1.0]bicyclic ketones 379 (Scheme
86).>" Similar oxidative cyclopropanations of amide- or ester-

Scheme 86. Oxidative Cyclization of 1,6-Enynes
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tethered 1,6-enynes had been reported using catalytic Pd(OAc),
and stoichiometric PhI(OAc),.>***** Yeom and Shin later
showed that this methodology could be extended to
propiolamide-derived 1,6-enynes with a terminal triple bonds,
using SPhos as Au(I) ligand and diphenyl sulfoxide as
oxidant.*®

The group of Zhang developed an enantioselective version of
the oxidative cyclization of 1,6-enynes us1ng BINOL-derived
phosphoramidite ligand 382 (Scheme 87). 53 Crucial for the

Scheme 87. Enantioselective Oxidative Cyclization of 1,6-
Enynes Using a Phosphoramidite Ligand

o) [(382)AuCI] (5 mol %) 0 R
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high enantioselectivity were the 3,3’-groups on the binaphthol
ligand backbone, the use of activated a-keto or a-amide alkynes
(as they allowed for low reaction temperatures) and the
presence of vinyl or electron-rich aromatic groups on the alkyne
terminus. Based on control experiments and on the observed
dependence of the enantioselectivity on the structure of the
oxidant, the authors proposed the intermediacy of f-vinyl-
oxyquinolinium species 383 rather than an a-oxo gold carbene.

1,6-Enynes with aromatic ketones,>>” sulfones, and sulf-
omdes558 as linkers are also viable substrates for oxidative
cycloisomerizations (Scheme 88). Davies and Grainger
observed that the sulfoxide group did not interfere with the
oxidation of the alkyne, carried out by 3,5-dichloropyridine N-

Scheme 88. Oxidative Cyclization of Alkynyl Sulfoxides
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1 + -
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oxide in the presence of bulky [(SPhos)Au(NTf,)]. Bicy-
clo[3.1.0] ketones 385 with the cyclopropyl ring on the same
side of the sulfoxide were obtained as the major or only
diastereomers.

2.6.3. Oxidative Intramolecular Cyclopropanations of
1,5-Enynes. The group of Liu reported the first oxidative
cyclization of 1,5- enynes, featurlng the proposed intermediacy
of a-oxo gold carbenes.”® Under gold catalysis and in the
presence of 8-methylquinoline N-oxide, 1,5-enynes 386 with an
aromatic or alkenyl linker provided cyclopropyl ketones 387 in
good yields (Scheme 89). While S mol % catalyst loading and

(6]
\| H
. R
H

RZ
387
17 examples, 53-89%

o o o ot

387b (

Scheme 89. Oxidative Cyclization of 1,5-Enynes
[(IPr)AuClI] (5-10 mol %)

N AgNTY, (5-10 mol %) .
o *Oi 8-methylquinoline N-oxide (34 equiv) r-*
. R2

4

<

1,2-DCE, 80 °C, 2-21 h R3

386

387a (65%) 76%) 387c (78%) 387d (61%)

short reaction times sufficed for most enynes, slightly more
forcing conditions were required for a substrate bearing an
internal alkyne and for a 1,6-enyne to afford 387d.

The exact structure of the N-oxide was shown to influence the
chemoselectivity for the reaction of 1,3-dien-5-yne substrates,”>’
delivering either products like 387c or cyclopentadienyl
aldehydes.*® This methodology was applied by the Echavarren
group to enantioenriched 1,5-enyne 388 for the total synthesis
of (—)-nardoaristolone B (391) (Scheme 90).%¢*

Scheme 90. Oxidative Cyclization of a 1,5-Enyne in the
Synthesis of (—)-Nardoaristolone B

O
= [(IPr)AU(NTf,)] (5 mol %)
3,5-dichloropyridine N-oxide (4 equiv) H
' 1,2-DCE, 80 °C, 5 h TEIN
388 389 (74%)
+
: ; ;H
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Zhang and co-workers disclosed an enantioselective version of
the oxidative cyclization of 1,5-enynes (Scheme 91).°°* The
design of hemilabile P,N- llgand563 9% 394 endowed with a C,-
symmetric piperidine ring was key to achieve good enantiocon-
trol. It was proposed that coordination of the N atom to the
metal center and steric shielding temper the high reactivity of the
very electrophilic a-oxo gold carbene intermediate 395,
while the piperidine provides a suitable chiral environment.
Previous attempts to perform this reaction using axially chiral
dlphosphlne ligands resulted in very low levels of enantiose-
lectivity.™
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Scheme 91. Enantioselective Oxidative Cyclization of 1,5-
Enynes Using a P,N-Ligand
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The groups of Zhang™®® and Nakada®® reported the
formation of complex tricyclic products starting from specific
enynes. The Zhang group reported the synthesis of bi- and
tricyclic cyclopropyl ketones 397 in 3 steps from cyclic enones
and linear enals, respectively (Scheme 92A; major diastereomers

Scheme 92. Preparation of Bi- and Tricyclic Cyclopropyl
Ketones via Oxidative Cyclizations
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shown).**® This work highlighted once again the importance of

a conformationally rigid P,N-bidentate ligand such as 398 to
tame the reactivity of a-oxo gold carbenes. Nakada described the
synthesis of similar tricyclic compounds 400 as single
diastereomers starting from dienynes 399 (Scheme 92B). 569

2.6.4. Oxidative Intramolecular Cyclopropanations of
Ynamides. Ynamides®’*™"* are easy-to-make”’*">*" electron-
rich alkynes, that after activation by Lewis-acidic transition
metals (or by Bronsted acids)®' undergo facile addition of
nucleophiles at the C,,.>** Li and co-workers described the first
gold-catalyzed oxidative cyclopropanation of N-allyl ynamides
leading to various 3-aza-bicyclo[3.1.0]hexan-2-one derivatives
402 using [(IMes)AuCl]/AgBF, as the catalyst and pyridine N-
oxide as the oxidant (Scheme 93).°** Mechanistic studies
excluded the intermediacy of an a-oxo gold carbene, pointing to
attack of the alkene onto the electrophilic #-oxypyridinium vinyl
gold(I) species 403.

Scheme 93. Oxidative Cyclopropanation of N-Allyl Ynamides
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In this protocol, electron-rich aromatic substituents at the
alkyne terminus were not tolerated because of overoxidation
(Scheme 94, top), a problem that was later solved by the group
of Davies employing different reaction conditions (Scheme 94,
bottom).”**

Tang and co-workers showed that products 407 could be
accessed from ynamides also using a Rh(I) catalyst and 3,5-
dichloropyridine N-oxide, likely via a concerted cyclopropana-

Scheme 94. Gold-Catalyzed Oxidation of Electron-rich

Ynamides
OMe
[(IMes)AuCl] (4 mol %)
AgBF, (4 mol %) o)
pyridine N-oxide (2 equiv)
OMe MsOH (1.2 equiv) Tsa 0 406 (89%)
/ 1,2-DCE, 1t, 4 h I\/
OMe
I [(XPhos)Au(NT%,)] (5 mol %)
| 2-carboxymethylpyridine N- o)
R'N oxide (1.1 equiv)
405a (R =Ts) CHgNO,,80°C,5h  MS™N 407 (85%)
405b (R = Ms) H
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tion of the pendant alkene by an @-oxo Rh(I) carbene.”® The
group of Hashmi recently reported one case of Au(I)-catalyzed
yne-ynamide cyclization/oxidation/intramolecular cyclopropa-
nation cascade using diphenyl sulfoxide.>*°

2.6.5. Oxidative Intramolecular Cyclopropanation of
Other Substrates. Gold-catalyzed oxidative cyclizations were
applied by the group of Echavarren for the synthesis of highly
fluxional molecules such as bullvalene (410) and analogues
(Scheme 95).7%7°% Several barbaralones 409 were prepared by

Scheme 96. Oxidative Intramolecular Cyclopropanation of
Benzene Rings in N-Benzyl Ynamides

302R1

\

SO,R!

[(XPhos)Au(NTf,)] (5 mol %)
2-carboxymethylpyridine
N-oxide (1.1 equiv)

CH3NO, or CHsCN
80°C, 420 h

Scheme 95. Oxidative Cyclization of 7-Ethynyl-1,3,5-
cycloheptatrienes

R1
1
// [(IPr)Au(CH3CN)]SbFg (5 mol %) R O
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17 examples, 45-97%
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R1
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Y
R1 +/
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409
LY Ts,
41 412
R Z/\/\R2

413a (51%)
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oxidative gold-catalyzed cycloisomerization of 7-ethynyl-1,3,5-
cycloheptatrienes 408. From barbaralone 409a, bullvalene 410
could be accessed in only 3 steps and overall 16% yield,
comparing favorably with previous syntheses. Most likely the
reaction takes place via oxidation of barbaralyl gold(I)
intermediates 412, rather than by alkyne oxidation, as otherwise
the opposite regioselectivity should be observed with aryl
alkynes. Moreover, the optimal reaction conditions using
diphenylsulfoxide suggest oxidation of a cyclopropyl-gold
carbene-like intermediate, in line with the seminal report by
Toste.”*” The foundations of this work were laid by a previous
study on the gold-catalyzed generatlon of fluxional barbaralyl
cations (Scheme 95, bottom).”* Barbaralyl-gold complex 412
formed from activated alkyne 411 through a formal 6-endo-dig
cyclization, which, according to calculations, actually involved
the norcaradiene tautomer. The carbene center of 412, which
was oxidized for the synthesis of barbaralone, could be trapped
by intramolecular cyclopropanation.

While all examples presented so far involve the reaction of an
a-oxo gold carbene intermediate with a pendant alkene, there
are also examples of cyclopropanation of a tethered aromatic
ring. The group of Davies reported the oxidative Buchner-type
reaction of N-benzyl Inamldes 414 to afford [5.3.0] azabicycles
415’ (Scheme 96).”*" A dynamic cyloheptatriene—norcaradiene

8640

OMe

415a (75%) 415b+415b' (79%)

416 (80%)

equilibrium was evident by NMR. Norcaradiene tautomer 415b
was trapped in a Diels—Alder reaction affording polycycle 416,
while 415a was obtained exclusively as the norcaradiene
product.

Similarly, Zhang and co-workers reported the intramolecular
cyclopropanation of benzene rings by oxidatively generated a-
oxo gold carbenes starting from benzyl propargyl ethers 417
(Scheme 97).*”° In two instances, products with an intact

Scheme 97. Oxidative Intramolecular Cyclopropanation of
Benzene Rings in Benzyl Propargyl Ethers

(0]
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(o)
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OO 2,6-dichloropyridine N-oxide (1.5 equiv) O‘
1,2-DCE, 10°C, 2 h
417a 422 (68%)
[(Me4BuXPhos)AuCl] (5 mol %)
| | NaBArF, (7.5 mol %)
8-isopropylquinoline N-oxide (1.3 equiv)
oTBS 12-DCE, 1t, 5.5 h OTBS
417b 423 (68%)

cyclopropane ring were obtained: whereas generally norcar-
adienes 418 underwent ring expansion to products 419 or 421
under basic or acidic conditions, respectively, vicinal benzo-
fused norcaradiene 422 and propellane-type norcaradiene 423
were obtained as final products.

2.6.6. Oxidative Intermolecular Cyclopropanations.
Intermolecular cyclopropanations have proven much harder to
develop. Liu and co-workers reported the first case of trapping
with styrene an a-oxo gold carbene generated by intramolecular
alkyne oxidation (Scheme 98).°”" An epoxide functionality in
the substrate acted as sacrificial alkyne oxidant to deliver gold
carbene 429, which then effected the cyclopropanation of

https://dx.doi.org/10.1021/acs.chemrev.0c00697
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Scheme 98. Trapping of an @-Oxo Gold Carbene
Intermediate by Styrene
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styrene in 81% yield. When using electron-rich alkenes such as 4-
methoxystyrene and ethyl vinyl ether, the major products were
(3 + 2)-adducts 426a and 426b, respectively.

A more general approach was described by the group of
Zhang, who generated the putative a-oxo gold carbene using an
external oxidant, 2-(tert-butyl)-6-chloropyridine N-oxide’””
(Scheme 99).>”* A plausible reaction mechanism involves at

Scheme 99. Oxidative Intermolecular Cyclopropanation of
Styrenes

[(IPr)Au(NTf,)] (5 mol %)
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2
\_I\H%ER_> R2 _2>
1 L CAuL 1 0
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432 433 434

first the formation of carbene 432 with the expected
regioselectivity, that is, oxidation at the alkyne C atom f to
the electron-withdrawing group. Friedel—Crafts-type attack
onto the very electrophilic carbene center then would afford
episulfone 433, which would fragment with SO, extrusion to a-
oxo gold carbene 434. It is worth noting that the latter carbene
would be accessible only as the minor regioisomer by the
oxidation of an internal aryl alkyne.

The alkene scope was limited to electronically unbiased
styrenes, which were used in 10-fold excess. Electron-rich
alkenes such as 4-methoxystyrene or ethyl vinyl ether were not
suitable reaction partners. When using a-methylstyrene as a
solvent, instead of the cyclopropane, a (3 + 2) cycloaddition
product was obtained. Overall, whereas intramolecular oxidative
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cyclopropanation of various enynes are well developed (see
sections 2.6.2—2.6.5), there is still room for improving the more
challenging intermolecular cyclopropanation of alkenes by
oxidatively generated a-oxo gold carbenes.

2.7. Oxidation of Alkynes with Nitrogen-Transfer Reagents

2.7.1. General Considerations on a-Imino Gold
Carbenes. In the same way as a-oxo gold carbenes can be
accessed from gold-activated alkynes by oxygen transfer using N-
oxides and sulfoxides (see section 2.6), a-imino gold carbenes
439 can be obtained employing nitrogen-based nucleophiles
437 that bear a leaving group on the N atom (Scheme
100).°747%% These reagents are also termed nucleophilic

Scheme 100. Formation of a-Imino Gold Carbenes from
Gold-Activated Alkynes
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nitrenoids,””* because they perform a net nitrene transfer to
the alkyne. Their anti addition to a gold(I) or gold(III) activated
alkyne delivers vinyl gold species 438. The regioselectivity of
addition depends on the polarization of the triple bond, that is,
the nucleophile attacks the C atom where a higher build-up of
partial positive charge occurs upon %old coordination. In the
case of highly polarized ynamides®*™"° such as 435, the
addition of the nucleophile is thus generally directed at C,.>**
Subsequent gold retrodonation triggers the expulsion of the
leaving group, affording a-imino gold carbene complex 439.

As in the case of @-oxo gold carbenes, there is still mechanistic
ambiguity on whether the competent catalytic intermediates are
vinyl gold species 438 or a-imino gold carbenes 439, particularly
because the latter have not yet been isolated nor characterized
spectroscopically.®”® In fact, since both species are electrophilic,
reaction with a nucleophilic partner can be envisa§ed either
alongside or after elimination of the leaving group.>”

All cyclopropanations reported so far using a-imino gold
carbenes 439 (or equivalent electrophilic species such as 438)
are intramolecular reactions, performed on substrates possessing
a pendant alkene in the group R' (Scheme 100, top). Among the
several nitrogen-based nucleophiles used for the generation of a-

https://dx.doi.org/10.1021/acs.chemrev.0c00697
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imino gold carbenes (Scheme 100, bottom), azides 440,°"*

iminopyridinium ylides 441,°°" sulfilimines 442,°" anthranlls
443 (benzo[cJisoxazoles or 2,1-benzoisoxazoles),’’* and
isoxazoles””” 444 have been employed to deliver cyclopropanes.
The first three reagents take advantage of the presence of
dinitrogen, pyridine, and thioethers as leaving groups,
respectively. Anthranils and isoxazoles capitalize instead on
the lability of the N—O bond.

As a final comparison between a-imino and a-oxo gold
carbenes, it can be noted that a-imino gold carbenes are less
electrophilic than their oxygen counterparts, due to the lower
electronegativity of the N atom. An obvious structural difference
is that a-imino gold carbenes allow the preparation of molecules
incorporating N rather than O atoms (most notably, N-
heterocycles).””* Moreover, an additional group (R) is
necessarily transferred together with the N atom (Scheme
100). This substituent, apart from modulating the reactivity of
the intermediate complexes, can participate in intramolecular
reactions.

2.7.2. Cyclopropanations Involving a-lmino Gold
Carbenes. The first example of intermolecular nitrene transfer
to gold-activated alkynes, reported by Zhang,*>°** popularized
the use of iminopyridinium ylides such as 452 as nucleophilic
nitrenoids. These reagents are the nitrogen analogues of
pyridine N-oxides, common oxidants in the field of a-oxo gold
carbenes.”**~>** Combining the use of iminopyridinium ylides
and their previously reported oxidative cyclopropanation of 1,5-
enynes (see Scheme 89),”*° Liu and co-workers described the
first cyclopropanation involving a-imino gold carbene inter-
mediates, yleldlng cyclopropane-fused indanimines 453
(Scheme 101).%°

Scheme 101. Intramolecular Cyclopropanation of 1,5-Enynes
Using Iminopyridinium Ylides
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Ohno and co-workers described the reaction of (azido)-
ynamides 455 with tethered alkenes to deliver cyclopropane-
fused indoloquinolines 456 (Scheme 102). 12 Intramolecular
attack of the azide onto the ynamide, followed by nitrogen loss,
delivered the key a-imino gold carbene 457, which then effected
cyclopropanation of the pendant alkene. The use of azides as
intramolecular nitrogen-transfer reagents for gold-activated
alkynes became commonplace®>°*® after the ﬁrst report by
the group of Toste for the synthesis of pyrroles.®””

Due to the very specific ynamide substrates used, however, the
generality of this approach was rather limited. Hashmi and co-
workers improved the applicability of a-imino gold carbenes in
intramolecular cyclopropanations of ynamides by using external
nitrene transfer reagents. They employed N-arylsulfilimines 459
for the formation of a-imino gold carbenes 461 through
intermolecular attack on gold-activated ynamides followed by
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Scheme 102. Intramolecular Cyclopropanation of
(Azido)ynamides
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N-S cleavage (Scheme 103). 13 The intermediates could be
trapped in a number of ways,””” including by a tethered alkene to

Scheme 103. Intramolecular Cyclopropanation of Ynamides
Using Sulfilimines
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deliver 3-azabicyclo[3.1.0]hexan-2-imines 460 in good to
excellent yields. In order for the reaction to proceed efficiently,
more Lewis acidic gold(III) rather than gold(I) catalysts were
beneficial, a temperature of 80 °C was required, and the
sulfilimines had to carry a strong electron-withdrawing group on
the arene. Sulfilimines®”” are the nitrogen counterpart of
sulfonium ylides, previously used by Maulide and co-workers
in gold-catalyzed cyclopropanations (see section 2.9.3).7°!!

The group of Hashmi later showed the possibility of obtaining
3-azabicyclo[3.1.0]hexan-2-imines 464 from ynamides under
milder conditions using alternative nucleophilic nitrenoids,
namely anthranils (Scheme 104). % The reaction in this case
could proceed with catalytic amount of NaAuCl, dihydrate at
room temperature.

It is worth mentioning a related work involving a-imino gold
carbenes, which in special cases allowed the generation of

https://dx.doi.org/10.1021/acs.chemrev.0c00697
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Scheme 104. Intramolecular Cyclopropanation of Ynamides
Using Anthranils
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cyclopropane-fused bicyclic compounds 468’ (Scheme 105).°%

Liu and co-workers studied the gold(I)-catalyzed formation of

Scheme 105. (4 + 3) Annulation of 3-En-1-ynamides with
Isoxazoles
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azepine derivatives 468 starting from 3-en-1-ynamides 466 and
isoxazoles™> 467 through a formal (4 + 3) cycloaddition
process. In the proposed mechanism, @-imino gold carbene 470,
whose resonance form can be visualized as a gold-stabilized 3-
azaheptatrienyl cation, underwent a 67 electrocyclization to
deliver compound 471, which after proton loss and proto-
deauration afforded 4H-azepine 468. Since these products
contain a triene conjugated with a ketone, their 67 electro-
cyclization to deliver 3-azanorcaradienes 468’ is thought to be
disfavored due to loss of conjugation. When the ynamides bore
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an n-butyl group in the internal alkene position, Liu and co-
workers observed the presence of the 3-azanorcaradiene 468a’
as minor isomer.

Despite this recent progress, there is still ample room to
further develop the use of @-imino gold carbenes in the realm of
cyclopropanations, as all examples reported to date are
intramolecular, non-enantioselective reactions and, with only
one exception, use activated alkynes (ynamldes)612 o1 as
substrates.

2.8. Assembly of Heteroatom-Containing 3-Membered
Rings

Gold(I) catalysis was also employed in different mechanistic
scenarios to prepare heterocyclic 3-membered rings, namely,
aziridines and epoxides.

2.8.1. Gold-Catalyzed Synthesis of Aziridines. Metal-
catalyzed nitrene transfer reactions are analogous to carbene
transfer processes. These reactions are a typical procedure to
assemble aziridines from alkenes and are often carried out under
rhodium, copper, or ruthenium catalysis, among others.”® The
first report on gold(I)-catalyzed nitrene transfer reaction for the
synthesis of aziridines was reported by the group of He (Scheme
106).”*” This reaction is proposed to proceed through PhI=

Scheme 106. Gold(I)-Catalyzed Nitrene Transfer for
Aziridine Synthesis
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“Starting from E-f-methylstyrene. bStarting from Z-fB-methylstyrene.

NNs-type nitrenoid intermediates, which are generated in situ
by combining commercially available sulfonamides with iodine-
(1II) oxidant PhI(OAc),. This is a stereoconvergent reaction, in
which both E or Z disubstituted alkenes 474 lead to the same
trans-aziridine 475, which strongly suggests a stepwise nature for
the nitrene aziridination process.

The same group showed how a similar gold-catalyzed transfer
process promoted by an iodine(III) reagent could be applied to
carry out nitrene insertions into aromatic and benzylic C—H
bonds.®’® Aziridines 478 have been also assembled by addition
of 3-hydroxybenzofurans 476 to 2H-azirines 477 catalyzed by
gold(I) complexes (Scheme 107).5%7

Heterogeneous gold catalysis has also been successfully
employed in the assembly of aziridines. For example, gold
nanoparticles were reported to transfer nitrogen from ammonia
to styrene, giving 2-phenylaziridine. ol

2.8.2. Gold-Catalyzed Synthesis of Epoxides. Under
gold catalysis, epoxides have been often used as reactive units
that can act both as electrophiles (upon Lewis-acid activation)
and as nucleophiles (attacking other functional groups activated

https://dx.doi.org/10.1021/acs.chemrev.0c00697
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Scheme 107. Aziridines from 2H-Azirines
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by gold, such as alkynes) taking part in complex tandem
processes.” " ~%*>**! However, a few cascade cyclizations that
result in the formation of epoxides based on gold catalysis have
been recently reported.

Sahani and Liu reported for the first time a gold-catalyzed
intermolecular (4 + 2) cycloaddition of electron-poor alkynes
with benzisoxazoles that results in the assembly of highly
oxygenated tetrahydroquinolines (481ab), containing an
epoxide group (Scheme 108A).>* Some of these products
undergo an epoxide rearrangement affording 4-quinolones.

Scheme 108. Formal (4 + 2) Cycloaddition of Alkynes with
Benzisoxazoles
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“Using AgSbFy as chloride scavenger.

The group of Hashmi employed a similar strategy, using
electron-rich alkynyl amines.’”* This resulted in the develop-
ment of a new switchable methodology, in which by choosing
the appropriate gold catalyst, either 6-acylindoles (with a
gold(I) complex) or quinoline epoxides such as 481c,d (with a
gold(III) complex) could be obtained from the same two
substrates (Scheme 108B).

Besides homogeneous catalysis, supported gold nanoparticles
have been reported to be active in the oxidation of alkenes by
625,626
oxygen to yield epoxides.

2.9. Miscellaneous Precursors

2.9.1. Stable Gold Carbenes via Transmetalation.
Seidel and Fiirstner reported the solid-state characterization of
a reactive gold(I) carbene, 485, which was prepared by formal
chromium-to-gold transmetalation of chromium carbonyl 484.
Besides being a historical landmark in the understanding of the
bonding model of gold(I) carbene complexes, this species was
found to react readily with styrenes to afford cyclopropanes
(Scheme 109A).°%” The same group disclosed the synthesis and

Scheme 109. Synthesis, Characterization, and Reactivity of
Metal Carbenes

A *NTf,
Ar NTf, tAr Ar_ Ar
(oo)scr=( —_ s — >
Ar  CH,Cl, -20°C
Ar
484 4862
MeO
B.
NTf,
! [Rha(tpa),]
- e OMe
O N> CH,Cl,
MeO

487

“Ar = p-Methoxyphenyl.

first X-ray characterization of analogous rhodium(II) carbenes
(488) that led to the development of a versatile method for the
preparation of gold(I) carbenes by rhodium-to-gold trans-
metalation (Scheme 109B).5%

Through careful ligand design, Borissou and co-workers
reported the isolation and solid-state characterization of a
tricoordinated a-oxo gold(I) carbene complex generated from
ethyl diazo(phenyl)acetate at —40 °C, which was competent in
the cyclopropanatlon of styrene when generated in situ from the
diazo-compound.®*® Other groups have also contributed to the
characterization of gold(I) carbenes, usm§ dlfferent strategies to
stabilize the otherwise reactive species.

2.9.2. Gold Carbenoids as Precursors of Gold Carbenes
in Solution. Metal carbenoids are organometallic species of the
type (X)(M)C(R")(R?*), where an sp® carbon atom C (for which
R' and R? can be H or organic groups) is bound to both a metal
M and a leaving group X These species can evolve or be in
equilibrium with the corresponding carbenes (M)CR'R? upon
release of the leaving group X and display analogous reactivity
patterns, such as cyclopropanation of alkenes. The most studied
type of metal carbenoid is the proposed intermediate for metal-
catalyzed diazo decomposition reactions, in which X = N, (see
section 2.1).*%%** Alternative types of gold(I) carbenoids have
been prepared and employed as carbene equivalents in gas phase
and solution.

2.9.2.1. Sulfone-Imidazolium Salt as Leaving Group in
Gold(l) Carbenoids. The group of Chen reported the synthesis

8644 https://dx.doi.org/10.1021/acs.chemrev.0c00697
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of carbenoid-type gold(I) complexes such as 489, based on their
previous work on gas phase generation of carbenes (see section
2.2.2). These complexes release SO, and a free NHC (Scheme
110, in gray) upon heating, generating free gold carbenes that

Scheme 110. High Temperature Cyclopropanation Using
Sulfone—Imidazolium Gold(I) Carbenoids

l-—\
Ar’NYN‘Ar
A pupa /()APMP
—_—
R A N"V'es 490a R = OMe (99%, 14:1 dn)
N\/I -OTf 490b R = H (5%, 12:1 dr)
489a-b

“PMP = p-Methoxyphenyl.

can be trapped by electron-rich p-methoxystyrene to afford
efficiently cis-cyclopropane 490a. A catalytic version of this
transformation was developed adding stoichiometric amounts of
an external imidazolium salt.”*>%*

2.9.2.2. Chloride as Leaving Group in Gold(l) Carbenoids.
The group of Echavarren reported an alternative type of gold(I)
carbenoid 491 bearing chloride as leaving group, which can act
as methylene carbene equivalent. These carbenoids, upon
activation with TMSOTf or AgOTH, display the typical reactivity
patterns of metal carbenes: cyclopropanation of alkenes,

dimerization, and Buchner reaction (Scheme 111A).%%7

Scheme 111. Gold Carbenes from Chloromethyl Gold(I)
Carbenoids

A.
tBu cyclopropanation,
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\ P
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Q / \ = =
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H1 O
496 (99%) Ph)\/ Ph o 1235 1230 1
495 ] M I.ﬂ
5 examples’ 87-99% | 12512.011.511.0105100 9.5 90 85 80 75 7.0 65 60
A\ J

The [(JohnPhos)AuCH,]* species has only been detected by
ESI-MS under very energetic conditions. In contrast, further
study of these complexes revealed that chloro(aryl)methylgold-
(I) carbenoids such as 493 allowed the controlled generation of
gold(I) carbenes in solution upon treatment with GaCl,, even at
cryogenic conditions. This allowed the NMR characterization of
the corresponding carbenes, which are lacking heteroatom

8645

stabilization. These carbenes undergo cyclopropanation, C—H
insertion, oxidation, and dimerization reactions under very mild
conditions (Scheme 111B).°** Similarly, Fiirstner and co-
workers reported the preparation of gold(I) difluorocarbenoid
complexes, which also react with alkenes to assemble
difluorocyclopropanes.®*”

2.9.3. Sulfonium Ylides. The group of Maulide disclosed
for the first time the use of sulfonium ylides as gold(I) carbene
equivalents that react with alkenes to form cyclopropanes.
Rather than by metal carbene formation, these cyclopropana-
tions occur via alkene activation by gold, an unusual pathway in
gold(1) catalysis.”'" Using this strategy, a highly stereoselective
intramolecular cyclopropanation was developed, allowing the
preparation of a wide range of cyclopropane-fused lactones 498

in high yields (Scheme 112).°%°

Scheme 112. Intramolecular Cyclopropanation through
Catalytic Alkene Activation with Sulfonium Ylides

0
0 0 R R/ 0
[(JohnPhos)Au(MeCN)]SbFg
R X a (5 mol %) R* X
ph S ph R3 PhMe or 1,2-DCE, 100 °C R R,
497 - PhsS 498

>35 examples, 67-99% (4:1 to 19:1 dr)
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eo— 9 Eo0—¢ Q E0— P O 5
o) % - MeO
do <§O {Ifo Mev%NBn
” B e Ve 498f
498e 498 498g 498f
(87%, >12:1)  (81%, >12:1)  (76%, >12:1) (99%, 4:1)

An asymmetrlc version of this reaction was reported by the
same group.’'® In this work, the use of a digold complex with
dimeric TADDOL phosphoramidite ligand 501 was key to the
overall enantioselectivity, in a process featuring not only a
diastereo- and enatioselective cyclopropanation but also an
initial dynamic deracemization for chiral racemic substrates
(where R? differs from H). This reaction was also found to be
regio- and stereoconvergent in terms of the position of the
alkene substituents (Scheme 113, colored in green): regardless
of the position of R? in 499, the substituent ends up in the same
position in products 500.

Maulide and co-workers also developed an intermolecular

version of this gold(I)-catalyzed cyclopropanation reaction to
afford methylenecyclopropanes 504 (Scheme 114).°”” Mecha-
nistic studies supported the hypothesis of allene activation by
gold instead of the classical “carbene generation” pathway.

2.9.4. Acetylene as Dicarbene Precursor. Recently,
Echavarren and co-workers reported the gold(I)-catalyzed
activation of acetylene, as the simplest dicarbene equivalent
(Scheme 115).°* By careful selection of the gold(I) complex,
good yields of several biscyclopropanes 508 derived from
stilbenes can be obtained. The same reaction can be carried out
in the presence of cyclooctene, giving biscyclopropane 507.
Alternatively, if the reaction is carried out in the presence of a

https://dx.doi.org/10.1021/acs.chemrev.0c00697
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Scheme 113. Asymmetric Intramolecular Cyclopropanation
with Sulfonium Ylides
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Scheme 114. Cyclopropanation of Allenamides with
Sulfonium Ylides
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mixture of alkenes, a moderate amount of cross-biscyclopropa-
nation product 509 can be obtained (Scheme 115, above). This
biscyclopropanation strategy performs best by reacting
acetylene with dienes. This is clearly illustrated by the
intramolecular biscyclopropanation of geranyl acetone with
acetylene, which affords directly natural product waitziacumi-
none (511) in one step, as a single diastereoisomer (Scheme
115, below).

3. CONSTRUCTION OF 4-MEMBERED RINGS
CATALYZED BY GOLD

3.1. Synthesis of Cyclobutanes

The first synthesis of 4-membered rings using gold(I) catalysis
was discovered in the context of the preparation of indoline-
fused cyclobutanes.”*' Since then, the implementation of an
impressive number of gold(I)-catalyzed protocols, mostly based
on ring expansions and stepwise [2 + 2] cycloadditions, has
rapidly expanded the field, 1 19-126207-210,440,450,642-645 oo

novel methods enable construction of compounds ranging from

Scheme 1185. Acetylene as Dicarbene Precursor

[(IPr)Au(MeCN)]BAIF, Ph, Fn
Ph/\/ Ph (5 mol %) M
505 CaCz, HZO Ph Ph
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OO e O

509 (19%)
+33% of 507
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507 (56%, 70:19:11 dr) 508 (86%)?
= p-tert-butylphenyl

One-step Synthesis of (+)-Waitziacuminone

o [(IP)Au(MeCN)]BAIF,
/U\/\)\/\)\ (5 mol %)
—»
CaCy, H,0
CHCly, 23°C, 24 h

511 (59%)

510 (geranyl acetone)

“Using [(tBuXPhos)AuCl]/NaBAr", (5 mol %) as catalyst.

simple rings to complex skeletons of natural products in an
atom-economical manner.

This section covers all the advances on the gold-catalyzed
synthesis of 4-membered cycles from the outset of the field. The
section will be divided by the type of ring formed and each
subsection will be structured based on mechanistic consid-
erations.

3.1.1. Gold(l)-Catalyzed Cyclopropane Ring Expan-
sions. The strain release derived from cyclopropane expansion
has been extensively used to thermo Znamlcally favor the
construction of 4-membered cycles.”*""*** Under gold(I)
catalysis, a wide range of cyclopropane-embedded frameworks
can undergo rlnég }Epansmn to efficiently assemble substituted
cyclobutanes. */o+6#5647,648

3.1.1.1. Gold(l)-Catalyzed Cycloisomerization of Cyclo-
propyl Enynes. The group of Echavarren disclosed the cascade
gold(I)-catalyzed transformation involving the ring expansion of
a cyclopropyl moiety to build a cyclobutane by the tandem
enyne cyclization/ring expansion/Prins cyclization sequence of
cyclopropyl 1,6-enynes 512 to form tricyclic compounds 513, as
mixtures of diastereoisomers (Scheme 116).°*

Scheme 116. Gold(I)-Catalyzed Cycloisomerization of
Cyclopropyl 1,6-Enynes

2 or AuCl

—_— (2-12 mol %)
Z R! HZO (3-5 mol %
\ CH,Cl,, 0°C — rt

OEt
512 513 513’

4 examples, 39-93% (1:1 to 30:1 dr)

MeO,C
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: 513a:513a’ (81%, 1:8 dr)
AuCl: 513a:513a’ (80%, 30:1 dr)°

: 513¢:513¢” (60%, 3.2:1 dr)
AuCl: 513¢:513¢” (80%, 12:1 dr)

“[(JohnPhos)Au(MeCN)]SbFq. “E/Z = 1:1. “Reaction without H,O.
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Interestingly, the diastereoselectivity varied according to the
gold(I) catalyst employed. Thus, using AuCl, cyclopropyl
gold(I) carbene 515, generated via S-exo-dig cyclization,
undergoes ring expansion to form alkenyl gold(I) complex
516. Subsequent S-exo-dig Prins cyclization and deauration
steps release tricycles 513 (Scheme 117). For cationic gold(I)

Scheme 117. Mechanistic Proposal for Gold(I)-
Cycloisomerization of Cyclopropyl 1,6-Enynes

Favored by AuCl

IL+ \L+
/—: :
V4 _ Z —_— 7
: OR
514 515 H
OR
/ Prine
: OR ~
518 1

Prins l Favored by [Au]* 517 L+
OR OR
Z ' 4
Y + 5
H G H |
513’ 513

catalysts, the cyclopropyl cation (518) resonance form is
favored, which evolves through a non-stereospecific ring
expansion to give mixtures of diastereoisomers 513" and 513
after Prins cyclization (Scheme 117).

The synthetic utility of this gold(I)-cyclization cascade was
demonstrated with the diastereoselective one-pot construction
of the tricyclic skeleton 522 of repraesentin F, which was further
converted into the natural product in 6 steps (Scheme 118A).°%°
A related gold(I)-catalyzed allene—vinylcyclopropane cyclo-
isomerization gave access to the tricyclic core of the
protoilludanes family in a single step (Scheme 118B).%*"

Scheme 118. Access to Repraesentin F and the Protoilludane
Family Core

A. Synthesis of (+)-Repraesentin F

Shi reported the divergent gold(I)-catalyzed cycloisomeriza-
tion of cyclopropyl-tethered 1,5-enynes 525 (Scheme 119).**

Scheme 119. Gold(I)-Catalyzed Cycloisomerization of
Cyclopropyl 1,5-Enynes

Al A (3 mol %) A (3 mol %) .‘ c.
CH,Cly, 0 CH,Cl,, 60 °C
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‘A A (83mol %) / \ B (3 mol %)
c:H20|2 CH,Cl,, -30 °C
529 80 %) : [(JohnPhos)Au(MeCN)]SbFg 530 (43%)

(IPr)AU(NTH,)]

When the aryl group was not ortho-substituted, cyclobutane-
fused 1,4-cyclohexadienes 527 were obtained (Scheme 119A).
The ortho-substitution of the aryl group resulted in the
development of a switchable protocol, in which, by choice of
the appropriate gold catalyst, three different polycyclic scaffolds
were obtained under temperature control, namely, spiro
compound 529, fused-cyclobutane conjugated cyclohexadiene
528, and tricyclic cyclobutene 530 (Scheme 119B,C,D,
respectively). Computational and labeling experiments pointed
to the initial formation of common biscyclopropane gold(I)
carbene intermediate 526, whose evolution toward the different
products was controlled by the ortho-substituent effect.

3.1.1.2. Gold(l)-Catalyzed Cycloisomerization of Cyclo-
propylidene Enynes. Toste and co-workers developed a
methodology to construct diastereomerically pure fused cyclo-
butanes 532 via Wagner—Meerwein skeletal rearrangement of
cyclopropylcarbinyl cations 533. These intermediates were
generated in situ from the gold(I)-catalyzed 6-exo-dig
cyclization of cyclopropylidene 1,6-enynes 531 (Scheme
120).*** Enantioenriched tetracycle $32b could be obtained in
82% ee using [((R)-Xyl-SDP)(AuCl),] as gold(I) precatalyst
(Scheme 120).

(0 5 mol %) OTBS 6 steps
EtQO J @%
TBSO 521 40°C,8h | Ly
0,
Z = C(CO,Me), 522 (72%, 7.2:1 dr) repraesentin F

B. Synthesis of the Protoilludane Family Core
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Scheme 120. Gold(I)-Catalyzed Cycloisomerization of
Cyclopropylidene 1,6-Enynes
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“Reaction using [((R)-Xyl-SDP)(AuCl),] as precatalyst.
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This work by Toste inspired several subsequent studies in
which the ring strain relief of cyclopropylidene fragments was
key for the assembly of cyclobutanes under gold(I) catalysis.
Thus, the group of Gagné reported a gold(I)-catalyzed Cope
rearrangement and cyclopropane ring enlargement of cyclic 1,5-
dienes 535 leading to tricyclic compounds 536 (Scheme
121A).°% The same group disclosed the gold(I)-catalyzed

Scheme 121. Gold(I)-Catalyzed Cycloisomerization of
Cyclopropylidene-Tethered Frameworks
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CH,Cl, 16
542 -10°Ct00°C steps harziane
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enantioselective cycloisomerization/ring-expansion sequence of
cyclopropylidene-bearing 1,5-enynes 538 that led to enantioen-
riched bicyclo[4.2.0]octanes 541 in up to 70% ee (Scheme
121B, right).”>® Mechanistically, the ring-expanding cyclo-
isomerization begins with a gold(I)-catalyzed 6-endo-dig
cyclization and subsequent cyclopropane ring expansion toward
the more stable allylic carbocation 539, which undergoes 1,2-
hydrogen shift to yield fused cyclobutane product 541. In a
follow-up report by the same group, gold(I)-stabilized allyl
cation intermediates 539 were trapped by aldehydes, leading to
oxo-carbenium cations, which suffer Friedel—Crafts annulation
to form polycyclic structures 540 in a highly diastereoselective
cascade reaction (Scheme 121B, left).®>*

Inspired by the protocol developed by the group of Gagné,
Honig and Carreira recently designed the key step of the first
total synthesis of the unnamed harziane diterpenoid $44
(Scheme 121C).%*® The target cyclobutane (543) was prepared
with high diastereocontrol via gold(I)-catalyzed cycloisomeriza-
tion of cyclic cyclopropylidene 1,5-enynes $42 bearing a
terminal alkyne. The key cyclobutane was further transformed
into harziane diterpenoid 544 in 16 steps.

Methylenecyclopropanes are known to undergo isomer-
ization to form cyclobutenes in the presence of Pt(II),°*
Pd(11),%*” and Au(1)** catalysts. The group of Shi found that

653
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treating “(propargyloxy)arenemethylenecyclopropanes 545
with an electrophilic gold(I) catalyst, [(p-CF;C4H,);PAuCl],
produced chemodivergent results, depending on the nature of
the ortho-substituents on the phenyl group (R') (Scheme
122A).%°®% Specifically, when bulky substituents, such as t-Bu and

Scheme 122. Regiodivergent Gold(I)-Catalyzed
Cycloisomerizations of Cyclopropylidene 1,7-Enynes
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[(p CF;C¢H,);PAuCl] (25 mol %) and AngF6 (2.5 mol %).
*[(DTBM- SegPhos)(AuCl),] (10 mol %), NaBAr", (20 mol %),
toluene, rt, 96 h.

t-Am are used, the methylenecyclopropane group migrates,
rather than expands, leading to the formation of bicyclic
products 548 (Scheme 122A, left). Nonbulky substituents (Me,
MeO, or halogens) favor the gold(I)-catalyzed ring expansion
and subsequent migration of the propargyl group to form 2,3-
dihydrobenzofuran cyclobutane fused allene derivatives 547
(Scheme 1224, right). The asymmetric version of this
transformation using DTBM-SegPhos ligand was also reported
with a good level of enantioinduction, but a narrow substrate
scope (Scheme 122A, right).

Shi also developed a regiodivergent gold(I)-catalyzed
cyclization/ring opening sequence from alkynylamide-tethered
alkylidenecyclopropanes 550 (Scheme 122B). In this case, two
different types of fused 4-membered rings, cyclobutanes $§53 and
cyclobutenes 552, were obtained depending on the gold(I)
catalysts employed.*” Both the ligand and the counteranion of
the cationic gold(I) catalyst were found to play an important role
in the product distribution. When [(Ph;P)AuCl] was used in
combination with AgOTH, cyclobutenes 552 were exclusively
obtained (Scheme 122B, left). Instead, the use of JohnPhos as
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ligand with BAr®,~ counteranion led to cyclobutanes 553 as the
only product (Scheme 122B, right). Using [(JohnPhos)Au-
(OTf)] as catalyst, a mixture of both carbocycles was obtained.
The regiodivergent outcome was rationalized based on the
mechanistic proposal. After ring expansion, the gold(I)-
stabilized carbocation 551 can undergo Friedel—Crafts
annulation leading to spiropolycyclic cyclobutanes 553.
Alternatively, intermediate 551 can be deprotonated affording
cyclobutenes 552.

Initial attempts to develop a gold(I)-catalyzed asymmetric
synthesis of cyclobutanes via cyclopropylmethyl cation ring
expansion were met with either only moderate levels of
enantioinduction or limited substrate scope. 653,658 1y particular,
in the context of the cycloisomerization of cyclopropylidene-
tethered 1,6-enynes, the first asymmetric variant was disclosed
by Toste (Scheme 120, 82% ee).”””

Building upon this work, the groups of Li and Yu developed a
general asymmetric synthesis of azepine-fused cyclobutanes $55
by means of a gold(I)-catalyzed cyclization/C—C cleavage/
Wagner—Meerwein rearrangement sequence from cyclopropy-
lidene 1,6-enynes 554 (Scheme 123).°°° Here, the authors

Scheme 123. Enantioselective Gold(I)-Catalyzed
Cycloisomerization of Cyclopropylidene 1,6-Enynes

;
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found that both solvent and counterion played an important role
in enhancing enantioinduction. Notably, when [((R)-4-MeO-
3,5-(+-Bu),-MeOBIPHEP) (AuCl),], AgSbFy, and toluene were
used, the enantioselectivity for cyclobutane products 555 could
be boosted up to 99% ee.

Interestingly, when electron-poor aryl groups were attached
to the cyclopropylidene moiety, the reaction delivered
spirocyclic compound $55" with complete chemoselectivity.
The same outcome had been previously reported by Shi using
1,6-enynes bearing monosubstituted cyclopropylidene frag-
ments (Scheme 36A, section 2.4.1.1).>” Using DFT calcu-
lations, the authors proposed a chemodivergent mechanism to
explain this dichotomy (Scheme 124). Here, upon 6-endo-dig
cyclization, cyclopropyl gold(I) carbene 560 can undergo either
1,2-hydrogen shift to spirocyclic compounds 559 or C—C
cleavage, followed by ring expansion and 1,2-hydrogen shift, to
azepine-fused cyclobutanes 558. The latter pathway proceeds
through carbocation 561, which therefore will be stabilized by
adjacent electron-rich aryl groups. The authors define
intermediate 561 as a “carbocation with memory of chirality”,

Scheme 124. Mechanistic Proposal for the Gold(I)-Catalyzed
Cycloisomerization of Cyclopropylidene 1,6-Enynes

+

L
Ph
558 |
/—=—"Ph 559 Ph
s P OAve &
TsN Yu - 2019 \ Shi-2012 |[TsN
Ar > H
R< =Ar-EDG Yu - 2019

(§ section 2.4.1.1)

=H, Ar-EWG
6-endo-dig

Favored by H\‘:\&q

561 ' electron-rich Ar 560

T[1,2]-H shift

Laut Ph
?52
TsN
Ar
562
ring expansion
Ph

[1,2]-H
shift

cleavage
-

through which the chirality of the initially formed cyclopropane
is transferred to the final product.

3.1.1.3. Gold(l)-Catalyzed Cycloisomerization of Vinyl-
idenecyclopropanes. Shi and co-workers disclosed a new
mode for gold(I) carbene generation based on the ambiphilic
nature of vinylidenecyclopropanes. Upon gold(I) activation, a
vinylidenecyclopropane such as 563 generates cyclopropyl
gold(I) intermediate 564, which leads to gold(I) carbene 565
by ring expansion (Scheme 125A).°

When vinylidenecyclopropane-enes of type 566 were
submitted to this procedure, the transient gold(I) carbenes
568 cyclopropanated the pendant alkene moiety, building 3-, 4-,
and 8-membered fused rings in a formal single step (Scheme
125B).°°" Only vinylidenecyclopropane-enes tethered to non-

Scheme 125. Gold(I)-Catalyzed Cycloisomerization of
Vinylidenecyclopropanes
A. Gold(l) Carbene Generation Mode Developed by Shi
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[((R) -Xyl-BINAP)Au,(MeCN),](SbF¢), (10 mol %), toluene, rt.
b[(Me,-tBuXPhos)Au(MeCN) NTf, (10 mol %). “See refs 661 and
662 for details.
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ortho-substituted aromatic rings were suitable substrates. By
carefully modifying the pendant chain of vinylidenecyclopro-
panes, they developed a novel approach in which the in situ
generated gold(I) carbene was involved in an intramolecular
C(sp®)—H insertion (Scheme 125C).°”* Here, only scaffolds
bearing p-CF; substituted aryl (569) gave the desired fused
cyclobutane products such as 570 with high diastereocontrol.
Enantioselective variants of these transformations were also
developed using bidentate chiral phosphine-supported gold(I)
catalysts (Scheme 125B,C). 061,662

3.1.1.4. Gold(l)-Catalyzed Oxo-Cyclization/Ring Expan-
sion/Cycloaddition Sequences. Zhang disclosed the gold(I)-
catalyzed intermolecular [4 + 2] annulation of alkynyl
cyclopropyl ketones 572 with dipolarophiles, such as aldehydes,
ketones, indoles, imines, and silyl ethers, to easily access
polycyclic furans.’®® In the course of their investigation, they
found that when ethyl vinyl ether was employed as dipolarophile
the reaction outcome switched to deliver a mixture of strained
bicyclic cyclobutanes (Scheme 126).°* The authors proposed

Scheme 126. Three-Component Reactions for the Synthesis
of Blcyclo 3.2.0]heptanes
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that enone 573 was initially formed by means of oxo-cyclization
and 1,3-dipolar cycloaddition. However, this acid sensitive
compound decomposed during purification, thus preventing
isolation (Scheme 126). Varying the conditions, they developed
a series of chemoselective one-pot three-component protocols
in which unstable intermediates such as 573 were treated before
purification with different nucleophiles, such as H,0, MeOH,
hydride, and allyl groups, to furnish substituted bicyclic enones
574—577 in high yield.

Liu reported the gold(III)-catalyzed cyclization of 1-epoxy-1-
alkynylcyclopropanes 579, in which the epoxide acts as a
nucleophile attacking intramolecularly the alkyne fragment
(Scheme 127A).°° When the gold(III)-catalyzed electro-
cyclization of 5§79 was performed in the presence of NBS or
NIS, the replacement of the gold(III) fragment by Br* or I* led
to halogenated products 580 in good yields and complete
diastereoselectivity (Scheme 127A, top left).°*® In addition, the
oxocyclic alcohol products 581 could engage in a [4 + 2]
cycloaddition with enones and dienes to deliver polycyclic
compounds 583 and 582, respectively, as single diaster-
eoisomers (Scheme 127A, bottom).*® Originally, it was
proposed that the gold(III)-catalyzed oxo-cyclization occurs

Scheme 127. Gold(I)-Catalyzed Cyclization of 1-Epoxy-1-
alkynylcyclopropanes
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simultaneously to a cyclopropane ring expansion, in a concerted
electrocyclization to form exocyclic alcohols 581 in a
diastereoselective manner (Scheme 127B). However, experi-
ments using enantioenriched epoxyalkynes 579 demonstrated
that the chiral information was mostly lost during the gold(III)-
catalyzed cyclization and, thus, a stepwise oxo-cyclization/ring
expansion sequence could not be discarded (Scheme 127B).

3.1.1.5. Gold(l)-Catalyzed Synthesis of Cyclobutanamines.
Ye and Yu disclosed the gold(I)-catalyzed synthesis of 2-
alkylidenecyclobutanamines 589 with complete E-selectivity,
taking place via ring enlargement of nonactivated alkynylcyclo-
propanes 587 and subsequent intermolecular sulfonamide
trapping (Scheme 128).°°” Other common Lewis Acids such
as PtCl, and Sc(OTf); led to low reactivity. Aryl- and alkyl-
alkynylcyclopropanes 587 were suitable substrates, whereas
terminal alkynes underwent ring expansmn instead. A DFT
study of this reactions was also carried out.®

Scheme 128. Gold(I)-Catalyzed Synthesis of
Cyclobutanamines
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A heterogeneous gold(I)-catalyzed version of this trans-
formation was developed using Fe;O0,@SiO,—PPh,—AuOTf
supported on magnetic nanoparticles that could be recycled up
to 10 times, maintaining a catalgftic activity comparable to the
previous homogeneous version. o9

3.1.2. Gold(l)-Catalyzed 1,3-Acyloxy Migration of
Propargylic Carboxylates. Zhang disclosed a tandem gold-
(I)-catalyzed 1,3-acyloxy migration/[2 + 2] cycloaddition
sequence from indole-tethered propargylic carboxylates to
furnish indole-fused cyclobutanes $92 with complete diaster-
eoselectivity (Scheme 129A).°*" This work is not only

Scheme 129. Intramolecular Gold(I)-Catalyzed 1,3-Acyloxy
Migration/[2 + 2] Cycloaddition Sequence
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significant for being the first example of gold(I)-catalyzed
synthesis of cyclobutanes, but also because it laid the
foundations for the, nowadays well-explored, field of gold(I)-
catalyzed [2 + 2] cycloadditions of allenes and alkenes, which
will be further detailed in section 3.1.3 of this review. The author
proposed that the initial gold(I)-catalyzed 1,3-acyloxy shift
proceeds through a 6-endo-dig oxo-cyclization to form
oxocarbenium intermediate 594, which undergoes ring opening
to carboxyallene $95 in an overall [3,3]-sigmatropic rearrange-
ment (Scheme 129B, gray square).”’”**" The in situ generated
allene can be subsequently activated by gold to participate in
further transformations. In this particular case, the indole moiety
present on the original scaffold 591 engages in a formal [2 + 2]
cycloaddition via two consecutive intramolecular trapping
events. Interestingly, the carboxyallene-indole product 592¢’
could be isolated, supporting their mechanistic proposal
(Scheme 129A). Calculations by Cavallo et al. suggested an
alternative pathway in which a gold(I) vinylidene could be

8651

formed via two sequential 1,2-acyloxy migrations (see also
section 2.5 on 1,2- and 1,3-acyloxy shift).**'

The group of Chan reported another gold(I)-catalyzed 1,3-
acyloxy shift/[2 + 2] cycloaddition sequence from 1,7-enyne
benzoates 598 (Scheme 130).°”° This transformation gave

Scheme 130. Intermolecular Gold(I)-Catalyzed [3,3]-
Rearrangement/[2 + 2] Cycloaddition Sequence of 1,7-
Enynes
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“Reaction performed in acetonitrile.

access to azabicyclo[4.2.0]oct-5-enes 599 in a regioselective and
stereoconvergent manner (Scheme 130A). In addition, the
chirality could be transferred from enantiopure substrates to the
products. Interestingly, the authors proposed a different
activation mode, in which gold coordinates preferentially to
the alkene in 1,7-allenene 602, which can be formed in situ via
1,3-acyloxy shift (Scheme 130B). This #>-(alkene)gold(I)
species 602 undergoes a subsequent stepwise [2 + 2]
cycloaddition leading to the product. The solvent and the
optimal catalyst were essential to promote the last step and
prevent the exclusive formation of the 1,7-allenene intermediate,
as occurred for 5§99a’ (Scheme 130A).

The gold(I)-catalyzed 1,3-acyloxy migration of 1,3-diary-
Ipropargyl carboxylates has been considered challenging due to
the formation of uncharacterized mixtures. While investigating
the nature of the multiple products, Shi and co-workers
developed a chemo- and regioselective silver-free protocol for
the intermolecular gold(I)-catalyzed synthesis of cyclobutanes
605b from highly reactive scaffolds 604 (Scheme 131).°”" Here,
the in situ generated allenes undergo intermolecular gold(I)-
catalyzed [2 + 2] cycloaddition between themselves. In the
presence of silver, 1,4-enyne 605a was formed exclusively
(Scheme 131). In contrast, under silver-free conditions, the
cyclobutane isomer 605b could be obtained as the major
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Scheme 131. Intermolecular Gold(I)-Catalyzed 1,3-Acyloxy
Shift/[2 + 2] Cycloaddition Sequence

t—Bu Tol o OPiv OPiv OPiv
o \__Z ~Ph Ph—\__/ ~Ph
+ . + R
)\ Ag® ol e o Tol” Tl
605a Ph 605b 605¢
va Tol Ag  Yielda (%) Yieldb (%) Yield c (%)
)OL AgOTf 63% traces traces
Bu” NO <5% 68% 12%

[(Ph3P)Au(N methyl benzotriazole)]JOTf (1 mol %), CH,Cl,, rt.
AgOTf (2 mol %).

product depending on catalyst choice and substitution pattern of
the carboxylate moiety.

An isolated example of this reactivity was recently reported by
Fiksdahl in the context of gold(I)-catalyzed [2 + 2 + 2]
cyclotrimerizations.®”*

3.1.3. Gold(l)-Catalyzed [2 + 2]-Cycloadditions of
Allenes and Alkenes. A seminal publication by Toste and
co-workers disclosed the formation fused cyclobutanes 608 via
diastereoselective [2 + 2] cycloaddition of 1,6-allenenes 607
(Scheme 132A).°” In the same work, the original racemic
protocol was expanded using [((R)-DTBM-SEGPHOS)-
(AuCl),] 609 as precatalyst to obtain cis-cyclobutanes with
excellent enantioselectivity (Scheme 132B).

The gold(I)-catalyzed [2 + 2] cycloaddition of 1,6-allenenes
607 became a benchmark reaction to explore the utility of new
chiral ligands in asymmetric gold(I) catalysis. For instance, it
was employed by Fiirstner and co-workers to study the
performance of a library of chiral phosphoramidite ligands in
gold(I) asymmetric catalysis.****°” Complex 610, with a ligand
based on an acyclic TADDOL, gave even better results than the
bidentate phosphine SEGPHOS used in the original work by
Toste (Scheme 132B, 609). In another publication by the group
of Toste, spirobiindane-derived phosphoramidite gold(I)
complex 611 was reported to mediate the asymmetric [2 + 2]
cycloaddition efficiently in terms of both catalytic activity and
enantioselectivity (Scheme 132B, 611).°”* Likewise, the group
of Marinetti developed gold(I) complex 612, bearing a
phosphahelicene ligand, which was applied to the synthesis of
enantioenriched cyclobutanes 608 (Scheme 132B, 612). 675

In the original work by Toste,””” the cis-cyclobutane 614 was
obtained from the gold(I)-catalyzed [2 + 2] cycloaddition of
both E- and Z-1,6-allenene 613 (Scheme 133A). Interestingly,
when E-1,6-allenene 613 was exposed to a gold(I) catalyst in the
presence of methanol, trans-cyclopentane 615 was formed
(Scheme 133A).°”* These preliminary mechanistic studies
pointed toward the stepwise formation of carbocationic
intermediates.

To clarify the mechanistic scenario, DFT studies were
performed on the gold(I)-catalyzed [2 + 2] cycloaddition of a
1,6-allenene usin§ a model phosphoramidite—gold(I) catalyst
(Scheme 133B).°”* This study showed that the reaction starts by
intramolecular alkene addition to the gold(I)-coordinated
allenene 617, which can occur through two competitive
pathways leading to cis- and trans-vinyl gold(I) complexes
618. In the presence of methanol, the kinetically favored
carbocation trans-618 is intermolecularly trapped by MeOH to
furnish cyclopentane trans-615 (Scheme 133B, left). In the
absence of nucleophiles, carbocations trans-618 and cis-618 are
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Scheme 132. Gold(I)-Catalyzed [2 + 2] Cycloaddition of 1,6-
Allenenes
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in equilibrium, and the later undergoes intramolecular
carbocation trapping to form the thermodynamically more
stable cis-cyclobutane 614 (Scheme 133B, right). The reverse
ring-opening from cis-614 to generate carbocation cis-618 was
not energetically feasible, as proven by experimental data
(Scheme 133A). However, in an independent work by Fiirstner,
this pathway was found to be effective during the gold(I)-

catalyzed rearrangement of cis-614 to the ring-expanded
scaffolds 616/616" (Scheme 133A).°”° Remarkably, this
reaction only takes place using NHC ligands with the
appropriate electronic properties.

Under gold(I) catalysis, larger 1,7-allenenes 619 gave variable
mixtures of 5- and 4-membered carbocycles, 620a and 620b,
respectively (Scheme 134).°77°* The product ratio was
dependent on the ligand, although the formation of cyclo-
pentene scaffolds 620a was always favored. The ligand effect on
this transformation was investigated using multivariate analysis,
concluding that the selectivity-determining step, which was
proposed to be a concerted cyclization to form both rings, was
significantly affected by the steric properties of the ligand. Based
on a detailed computational study, Liu et al. suggested that the
two fused rings were formed via a stepwise cyclization.’**

A similar regiodivergent scenario was found independently by
the groups of Toste and Mascarefias in the gold(I)-catalyzed
intermolecular cycloadditions of allenedienes 621.°””~°*' These
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Scheme 133. Experimental and Computational Mechanistic
Studies on the Gold(I)-Catalyzed [2 + 2] Cycloaddition of
1,6-Allenenes

A. Mechanistic Studies
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Scheme 135. Gold(I)-Catalyzed Cycloadditions of
Allenedienes
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“[(PhyP)AuCl] (5 mol %), §BF4 (5 mol %). °[(PhsP)Au]BF, (5
mol %). “[((PhO);P)Au]BF,. “[(NHC)AuCl] (S mol %), AgSbF (S
mol %), CH,Cl, —S °C, NHC imidazopyridine-2-ylidene
derivative. “A mixture of 616 (56% ee) and 616’ (52% ee) was
obtained from enantioenriched 613 (>99% ee).

Scheme 134. Gold(I)-Catalyzed Cycloadditions of 1,7-
Allenenes

H
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ISP ool WL L “Ph
619 7 = C(COMe) 620a (3+2) 620b (2+2)
L Yield (%) Ratio (a:b)
(p-F-Ph)sP 89% 1.2:1
tBu-Xphos  71% 26:1

substrates can undergo either (4 + 2) or (4 + 3) cycloadditions
to form 6- or 7-membered carbocycles, respectively, via a ligand-
controlled bifurcated mechanism from intermediate 623
(Scheme 135A).°7%%%* Interestingly, two specific allenedienes
evolve by means of gold(I)-catalyzed [2 + 2] cycloaddition to
release fused cyclobutanes 622 and 622 instead of forming
larger rings (Scheme 135B).°7*

Contributions by the e groups of Chen,®®* Gonzalez,*® and
Lopez and Mascarefias®®® set the foundations for the develop-
ment of the intermolecular gold(I)-catalyzed [2 + 2] cyclo-
addition of alkenes and allenes (Scheme 136). The catalytic
methods developed by these groups gave access to densely

685
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Scheme 136. Gold(I)-Catalyzed [2 + 2] Cycloaddition of
R3

Alkenes and Allenamides
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“[(JohnPhos)AuCl] (2 mol %), AgSbF¢ (2 mol %), CH,Cl,, 4 A MS,
25 °C. P[((2/4-(t-Bu),-C4H;0),P)Au(NTE)] (0.5 mol %), CH,CL,,
rt. C[(Ph3P)AuC1] (5 mol %), AgSbF¢ (2 mol %), CH,Cl,, 4 A MS, 25
°C “Norbornene (15 mol %). “Reaction without alkene partner.

T((24-(- Bu)2 C¢H;0);P)AuCl] (2 mol %), AgSbF, (2 mol %),
CH,Cl,, 4 A MS, —15 °C. 8[(JohnPhos)Au(MeCN)]SbF (5 mol %),
DCE, rt to 85 °C.

substituted cyclobutanes bearing an exocyclic Z-double bond as
single regio- and diastereoisomers. In the course of their
investigations, they found a competitive dimerization of N-
allenylsulfonamides that could be optimized to selectively obtain
cyclobutanes 626f (Scheme 136A). 084,685
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N-allenylsulfonamide and N-allenyloxazolidinone as allene
partners and electron-rich alkene counterparts, such as enol
ethers, cyclic enamines, styrene derivatives, and enamides
participated in the reactions (Scheme 136A,B).°*"%% The
use of bisalkenes led to a mixture of [2 + 2] product and N-
allenyloxazolidinone dimer.*®” Mascarefias and Lopez and co-
workers reported a follow-up work in which the alkene scope
was expanded to include N,N-dialkyl hydrazones (Scheme
136C). Platinum complexes were found to be poorer catalysts
for this transformation.®*”

Mechanistically, these gold(I)-catalyzed [2 + 2] cyclo-
additions start by the regioselective attack of the alkene to the
y-carbon of a o-type allenamide gold(I) complex (627) to
generate carbocation intermediate 628, which undergoes C—C
bond formation to complete the formal [2 + 2] cycloaddition
(Scheme 136D).%%

The group of Gonzalez disclosed the asymmetric version of
the intermolecular gold(I)-catalyzed [2 + 2] cycloaddition of
vinyl arenes and N-allenylsulfonamides (Scheme 137A),%°

Scheme 137. Asymmetric Gold(I)-Catalyzed [2 + 2]
Cycloaddition of Alkenes and Allenamides

A. 2012 (Gonzalez)
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which also represents one of the leading enantioselective
methods using allene scaffolds in gold(I) catalysis. ! Here, a
family of chiral phosphoramidite gold(I) complexes gave
excellent results in the construction of enantioenriched
cyclobutanes. Recently, Chen and co-workers found that chiral
bis-1,2,3-triazol-5-ylidene digold(I) complex 632 was also an
ideal catalyst for the enantioselective synthesis of cyclobutanes
by [2 + 2] cycloaddition.””” The use of this ligand allowed
extension of the scope to several alkene and allenamide partners
(Scheme 137B).

Zhang and co-workers reported the asymmetric gold(I)-
catalyzed cycloadditions of 3-styrylindoles 633 and N-
allenylsulfonamides 634 (Scheme 138).%%% Here, it was found
that the cycloaddition mode was switched by the electronic
properties of the N-substituents. Specifically, electron-donating
substituents favored the formation of 3-cyclobutylindole 636 via
[2 + 2] cycloaddition (Scheme 138, right), whereas electron-
poor substituents facilitated the [4 + 2] cycloaddition to form
tetrahydrocarbazole scaffolds 635 (Scheme 138, left). Remark-
ably, both pathways were found to be diastereo- and highly
enantioselective when using the same chiral phosphoramidite
gold(I) catalyst. Later, a new protocol was developed using a
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Scheme 138. Asymmetric Gold(I)-Catalyzed [2 + 2] and [4 +
2] Cycloaddition of 3-Styrylindoles and Allenamides
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monophosphine Xiang-Phos chiral gold(I) catalyst, 640, which
allowed the use of N-allenyl oxazolidinone as electrophilic
partner in the [2 + 2] cycloaddition.’”*

The group of Bandini developed an asymmetric protocol for
the gold(I)-catalyzed dearomative [2 + 2] cycloaddition of 1,2-
substituted indoles 641 and allenamides 642 (Scheme
139).°%7% The use of electron-rich phosphine-based gold

Scheme 139. Asymmetric Gold(I)-Catalyzed [2 + 2]
Cycloaddition of Indoles and Allenes

644 (1-5 mol %)

-~ ) AgOTf
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35 examples, 8-96%, 64-99% ee
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643a (95%, 93% ee) 643b (56%, 94% ee) | Ar = 3,5-t-Buy-4-(CH530)-CgH,

catalyst 644 was key to furnish indolincyclobutanes 643 with
high chemo-, diastereo-, and enantioselectivity. The same group
had previously reported that treatment of similar scaffolds with a
highly electrophilic gold(I) catalyst led to selective C3-
functionalization of indoles.””®

3.1.4. Other Strategies for the Gold(l)-Catalyzed
Synthesis of Cyclobutanes. 3.1.4.1. Gold(l)-Catalyzed
Cycloisomerization of Bisallenes. Chung and co-workers
reported the gold(I)-catalyzed cycloisomerization of 1,5-

https://dx.doi.org/10.1021/acs.chemrev.0c00697
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bisallenes 645 to form azabicyclo[3.1.1]heptanes 646, in which
the cyclobutane bears two exocyclic double bonds (Scheme
140).%” Only substituents in the proximal carbon atoms of the

Scheme 140. Gold(I)-Catalyzed Cycloisomerization of
Bisallenes
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allenes were tolerated (Scheme 140A). DFT studies were
performed to clarify the preference for the twisted head-to-head
cycloaddition over other plausible mechanistic scenarios, which
showed that the most favorable pathway begins with an initial
attack from the middle carbon in the nonactivated allene to the
internal carbon of the gold(I)-coordinated allene to generate six-
membered cyclic intermediate 648. From the latter, the
formation of the second C—C bond is facilitated by the
stabilizing interaction of the gold atom with both carbons.
3.1.4.2. Gold(l)-Catalyzed Formal (3 + 2)/(2 + 2)-
Annulation of Allylsilane with 4-Methoxybut-2-yn-1-ols. An
alternative protocol to construct strained bicyclo[3.2.0]heptane
scaffolds under gold(I) catalysis was reported by Liu et al. 698
Here, the formal intermolecular (3 + 2)/(2 + 2)-annulation of
allylsilane with 4-methoxybut-2-yn-1-ols 650 gave access to
fused cyclobutanes 651 in high yield and diastereoselectivity
(Scheme 141). Their mechanistic proposal suggests the

Scheme 141. Gold(I)-Catalyzed Formal (3 +2)/(2 + 2)-
Annulation

[(PhsP)AUCI] (5 mol %) R
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formation of 1,5-enynes 652. These intermediates can be
further activated by gold to furnish cyclobutanes by annulation
with allylsilane.
3.2. Synthesis of Cyclobutenes

3.2.1. Gold(l)-Catalyzed Cycloisomerization of Enynes.
3.2.1.1. Gold(l)-Catalyzed [2 + 2] Cycloaddition of 1,6-Enynes.
Echavarren and co-workers found that fused cyclobutenes 654a

8655

could be obtained via gold(I)-catalyzed [2 + 2] cycloaddition
only when 7-phenyl-1,6-enynes possess terminal or disubsti-
tuted alkenes, leading to 654aa and 654ab, respectively
(Scheme 142A).>"" Remarkably, bicyclo[3.2.0]hept-5-enes of

Scheme 142. Gold(I)-Catalyzed Cycloisomerization of 1,6-
Enynes
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“[(CyJohnPhos)AuCl] (2 mol %), AgSbF (2 mol %). Y[ (Ph,P)Au-
(NTf,)] (2 mol %). [(IPr)Au(PhCN)]SbF, (5 mol %).
“[(JonhPhos) Au(MeCN)]SbF (5 mol %), CH,Cl,, 80 °C.

type 654ac was formed from an alkyl-1,6-enyne bearing a
trisubstituted alkene.®”” However, these were isolated examples,
and in most of the cases, the gold(I)-catalyzed [2 + 2]
cycloaddition of 1,6-enynes competes with other skeletal
rearrangements, which prevent the selective formation of
cyclobutenes (Scheme 142B).°*****7% The ligand employed
was found to affect the regioselectivity of these trans-
formations.*”

Regarding the mechanism for the formation of cyclobutenes,
computational studies revealed that the most favorable pathway
begins with a 6-endo-dig cyclization to form cyclopropyl gold(I)
carbene 657 (Scheme 143A).%%7 This species evolves via ring
expansion toward 7>-(cyclobutene)gold(I) intermediate 658.
The final cyclobutene product was proposed to be formed
through double bond isomerization, although the transition
state for this step was not located. Interestingly, 1’-
(cyclobutene)gold(I) intermediates 658 can also open up to
form 1,3-dienes via single-cleavage rearrangement.

In several consecutive reports, Widenhoefer and co-workers
studied in detail the double bond isomerization step in the
gold(I)-catalyzed [2 + 2] cycloaddition of 7-aryl-1,6-enynes
656.”°'77% In this work, it was found that cyclobutene 662
evolves to the final product by means of a Bronsted acid-
catalyzed formal 1,3-hydrogen migration that does not involve
the intermediacy of the gold(I) catalyst (Scheme 143B).”"
Thus, after deauration, cyclobutene 662 can be rapidly
protonated leading to benzylic carbocation 663, which under-
goes a rate-determining deprotonation to give rise to the final
product. Further studies showed that the counterion, from
which the Bronsted acid is generated in situ, can influence the
skeletal rearrangement pattern, modifying the final outcome of
the reaction.””
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Scheme 143. Mechanistic Proposal for the Gold(I)-Catalyzed
[2 + 2] Cycloaddition of 7-Aryl-1,6-enynes
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Inspired by their mechanistic findings, the group of
Widenhoefer developed a protocol in which bicyclo[3.2.0]-
hept-1-ene scaffolds 667 were trapped by electron-rich arenes,

to furnish cyclobutanes of type 666 (Scheme 144).%

Scheme 144. Gold/Silver-Catalyzed [2 + 2] Cycloaddition/
Hydroarylation Sequence of 7-Aryl-1,6-enynes
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Mechanistic investigations suggest that an initial gold(I)-
catalyzed [2 + 2] cycloaddition of 7-aryl-1,6-enynes is followed
by a silver-catalyzed hydroarylation of cyclobutenes 667
(Scheme 144).7°'77%

Chung and co-workers developed a general synthesis of
cyclobutenes 670 from 1,6-enynes bearing a carbonyl group
frame (Scheme 145).°> While amide- and ester-tethered 7-aryl-
1,6-enynes gave the corresponding cyclobutenes in excellent
yield, C-tethered 1,6-enyne led to 1,3-diene 671 (Scheme
145A). The group of Shin found that when the reaction was
performed under oxygen, a tricarbonyl compound of type 672
was exclusively obtained via cycloisomerization/oxidation
sequence in a formal C—C triple bond oxygenative cleavage
outcome’”® (Scheme 145B, left).

The group of Yeh found that bicyclic lactams of type 675
could be prepared by a tandem gold(I)-catalyzed [2 + 2]
cycloaddition/oxidation sequence of 1,6-enynes 673 (Scheme
146). In some specific cases, the highly constrained cyclobutene
intermediates 674 could be isolated, and the bicyclic lactams
675 could be obtained by treatment with NMO/0s0O,.”"

3.2.1.2. Gold(l)-Catalyzed [2 + 2] Cycloaddition of Large
1,n-Enynes (n > 7). As for 1,6-enynes, the gold(I)—catalyzed
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Scheme 145. Gold(I)-Catalyzed [2 + 2] Cycloaddition of
Carbonyl-Tethered 1,6-Enynes
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Scheme 146. Gold(I)-Catalyzed [2 + 2] Cycloaddition of 1,6-
Enynes and Subsequent Oxidation
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cycloisomerization of larger 1,7-enynes can lead to a diverse
range of products via divergent mechanistic pathways. Among
them, cyclobutene-fused 6-membered carbocycles can be
obtained by means of a formal [2 + 2] cycloaddition from
very specific substrates with high regioselectivity (Scheme
147).7%°

Another example of cyclobutene synthesis from 1,7-enynes
was reported by the group of Liu.””” Here, cyclobutenes were
initially obtained as side products in the gold(I)-catalyzed [2 +

Scheme 147. Gold(I)-Catalyzed [2 + 2] Cycloaddition of 1,7-
Enynes
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2+2] cycloaddition of O-tethered 1,7-enynes with aldehydes
(Scheme 148, left). Performing the reaction in the absence of
aldehyde led to the exclusive formation of four-membered
carbocycle 680 (Scheme 148, right).

Scheme 148. Gold(I)-Catalyzed [2 + 2] Cycloaddition of 1,7-

Enynes
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AgSbF — AgSbFg
(5 mol %) - (5 mol %)
e EEE—

—_—
CH,Cly, 35 °C O—\_< CH,Cl, 35°C | I~
> o [2+2]
PH §
Ph 678 680 (90%)
679 (85%)  4idehyde
+traces of 680 yrgpning

?[(JohnPhos)AuCl] (5 mol %).

Odabachian and Gagosz developed a general [2 + 2]
cycloaddition reaction of 1,8-enynes 681 leading to carbocycles
682 bearing a bicyclo[5.2.0]nonane framework (Scheme
149A).”°° When these 1,8-enynes were treated with gold(I)

Scheme 149. Gold(I)-Catalyzed [2 + 2] Cycloaddition of 1,8-
and 1,9-Enynes
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MeO,C MeOzC PhoP  ggz PPN
681
thgagsw o o/3/ [(XPhos)AuNTf,]

684

B. 2018 (Sawamura) - 1,9-enynes 18 examples, 6-79%

C(Ar)3
(687)AuNTT, /
5 mol %)
c;;\H20|2 .i P"'\:—C(Ar)a
4 AMS, rt
MeOzC COQMG \ 687
686 (99%) C(Ans

685

Ar = 3,5-+-Buy-4-MeO-CgHy

catalysts at higher temperatures, products of fragmentation, ene
reaction, and isomerization were obtained. Inagaki found that
gold(I) complexes with uncommon Z- ‘%pe ligand also catalyze
this transformation (Scheme 149A)."” The regioselective
gold(I)-catalyzed [2 + 2] cycloaddition of 1,9-enynes 68S has
been enabled by a gold complex bearing hollow—sha}ged
triethynylphosphine ancillary ligand 687 (Scheme 149B).”"

Echavarren and co-workers developed the macrocyclization of
larger 1,n-enynes (n > 9) that leads to cyclobutene-fused
macrocycles of type 688 (Scheme 150A).”'" Besides the
essential role played by sterically hindered phosphines on
regioselectivity, the use of BAr',” counterion significantly
improved the yield.”'> Other metals, such as Pt and Ag, did
not catalyze the macrocyclization.”"" The same group applied
this reaction for the construction of the cyclobutane moiety
present in the skeleton of rumphellaone A and (+)-hushinone
from 1,10-enyne 689 (Scheme 150B).”"”

3.2.2. Gold(l)-Catalyzed [2 + 2]-Cycloaddition of
Alkynes with Alkenes. The group of Echavarren disclosed
the first intermolecular gold(I)-catalyzed [2 + 2] cycloaddition
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Scheme 150. Gold(I)-Catalyzed [2 + 2] Cycloaddition of
Large 1,n-Enynes (n > 10)

A. 2013 (Echavarren)? - 1,n-enynes (n = 10-15)

8 examples 20-71%

g&& 8

688a (20%, 4:1) 688b (25%) 688c (29%) 688d (57%, 82%°)
B. 2016 (Echavarren) Total Synthesis of Rumphellaone A and Hushinone

0] 4steps }\
0N
0 \\ c 11 steps H
. d
—0 i . \n/\\*H
_ g o
rumphellaone A hushinone
689 690 (75%, 9:1)

[ (+-BuXPhos)Au(MeCN)]SbF4 (3 mol %), CH,Cl,, 23 °C. Y[(+
BuXPhos)Au(MeCN)]BArF, (3 mol %), CH,Cl,, 23 °C. °[(IPr)Au-
(PhCN)]BArF, (3 mol %), CH,Cl,, 25 °C.

of terminal alkynes 691 with alkenes 692 to furnish nonfused

cyclobutenes 693 in a regioselective manner (Scheme 151).7"

Scheme 151. Gold(I)-Catalyzed [2 + 2] Cycloaddition
between Alkynes and Alkenes

[(BuXPhos)Au(NCMe)IX R!

. . R2 (3 mol %) . R!
H R CH,Cly, rt R R2 RA/W R3
B RS
A: X = SbFg Ro
691 692 B: X = BAIF," 693 694

A. 2010/2013 (Echavarren) - [2+2] cycloaddition

24 examples, 21-99%

p-MeCgH, m-HOCgH, %r
% PhO
693a 693b 693c 693d 693e
A: 74% A: 74% A: 74% A: 53% A: 26%
B: 86% B: 98% B:97% B: 69% B:31%

B. 2017 - ortho-effect: [2+2] vs rearrangement

S

694 pp

The use of a cationic gold(I) complex that bears a sterically
crowded phosphine ligand was essential for this reaction.”'® It
was later found that the replacement of counterion SbF¢~ by
BAr,”~ improved the yield of the cycloaddition (Scheme
151A).7"* Regarding the scope, aryl alkynes and electron-rich
di- and trisubstituted alkenes were successful reaction partners
(Scheme 151A).

Interestingly, under the same reaction conditions, ortho-
substituted aryl alkynes led also to a variable mixture of
cyclobutenes 693 and 1,3-dienes 694 (Scheme 151B).”'°
Deuteration experiments confirmed an insertion process of the
alkyne moiety between the alkene C atoms in the formation of
1,3-dienes 694.

20 examples, 3-54%

with B:

X =F: 693 (64%) + 694 (3%)
X =Cl: 693 (9%) + 694 (48%)
X = 0-CF3: 694 (36%)

X = 0-MeO: 694 (54%)
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For the competitive formation of cyclobutenes 701 and 1,3-
dienes 704, computational investigations revealed a complex
divergent scenario, highly dependent on the alkyne substituents
(Scheme 152A).”" Initially, a turnover-limiting alkene—alkyne

Scheme 152. Mechanistic Proposal for the Formation of
Cyclobutenes and 1,3-Dienes

A. Pathways for the Formation of Cyclobutenes and 1,3-Dienes

., A—e 691 L*
L ( L*
| I syn attack
‘2( — /l A e — T “ph
605 co2 696 697
Turnover-Limiting Step u anti attack
Ar
o EL‘—
Ph ._ ~Ph
701 700
favored by
ortho-Substituted aryls
Ar L
704 Ph *py 702

B. Counteranion (X°) Dependent Off-Cycle Pathway

+ Off-Cycle: Less Favored with BArF,-
L - L* 706
| X I
A—= —— A—=—Aul —=—> A———AuL
696 H* 705 Resting State

associative ligand exchange leads to 7*-(alkyne)gold(I) species
696. From this intermediate, cyclopropyl gold(I) carbenes 697
and 699, which are in equilibrium through ring opening, can be
generated via electrophilic addition to the alkene. In particular,
gold(I) carbene 699, generated by anti attack of the alkene, can
evolve through cyclopropane ring expansion to furnish 4-
membered carbocycles 701. In the case of ortho-substituted aryl
alkynes, gold(I) carbene 699 is in equilibrium via carbon
migration with carbocationic intermediate 702, which under-
goes ring opening to liberate 1,3-dienes 704 in a formal single-
cleavage skeletal rearrangement. The divergent evolution
pathways of the key cyclopropyl gold(I) carbene 699 have
similar activation energies, thus explaining the marked ortho-
effect. Kinetic and NMR investigations supported the existence
of an off-cycle pathway, in which 77>-(alkyne)gold(I) species 696
is in equilibrium, via counteranion-assisted deprotonation, with
alkynylgold(I) complexes 705, which can further react with a
cationic gold(I) complex to form o,z-digold(I) alkyne 706
(Scheme 152B).”"* The latter was found to be an unproductive
resting state of the catalytic cycle and its formation was less
favored with BAr",™ than with SbF;".

Alkenes bearing carbonyl groups react with alkynes to form 8-
oxabicyclo[3.2.1]oct-3-enes by a [2 + 2 + 2] cycloaddition
process in which two C—C bonds and one C—O bond are
formed.”"” On the other hand, 1,3-butadiynes (Scheme 153A)
and 1,3-enynes (Scheme 153B) react with alkenes to form
cyclobutenes selectively.”'® With respect to 1,3-dienes, the
reaction proceeds selectively at the most electron-rich double

bond.
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Scheme 153. Gold(I)-Catalyzed [2 + 2] Cycloaddition of 1,3-
Diynes, 1,3-Enynes, and 1,n-Dienes (n = 3,5)

A. 20172 (Echavarren) - 1,3-Diynes

16 examples, 29-99%

707a (63%) 707b (96%) 707c (92%)
B. 2018 - 1,3-Enynes and 1,n-Dienes (n = 3,5)

707d (29%)

28 examples, 14-98%

WB;ERE;

708a (71%) 708b (37%) 708c (41%) 708d (57%)

2[(1Pr)Au(PhCN)]BAr", (5 mol %), CH,CL, 23 °C. ®[(t-BuXPhos)-

Au(MeCN)]BAr", (5 mol %), CH,Cl,, 23 °C.

The asymmetric intermolecular gold(I)-catalyzed [2 + 2]
cycloaddition between allenes and alkenes is a versatile method
to build highly enantioenriched saturated 4-membered carbo-
cycles (section 3.1.3).%°*%> This becomes particularly
challenging when alkynes’'” are used in place of allenes.”**”*!
Thls apgroach has been developed using Co,”** Zn,"** Ni,**

u, 7257729 Ry, 730=733 R}y 734 pq 735 and 1736737 catalysts using
elther cyclic alkenes or alkenes substituted with electron-
withdrawing groups. In this context, Echavarren and co-workers
reported the enanatioselective gold(I)-catalyzed synthesis of
cyclobutenes by [2 + 2] cycloaddition between alkynes and
alkenes using non-C, symmetric Josiphos chiral ligands (Scheme
154).”** With these ligands, cyclobutenes 709 could be obtained
from terminal aryl alkynes and di- or trisubstituted alkenes in
good enantioselectivities (Scheme 154A).

Kinetic investigations suggested a complex mechanistic
scenario in which the turnover-limiting step switches depending
on the electronic properties of the alkene. In addition, DFT
calculations revealed that the enantio-discriminating step
consisted in the electrophilic addition of the 7>-(alkyne)gold(I)
species to the alkene. The enantiomeric discrimination arises
from unfavorable steric clashes in TSg and stabilizing face-to-
face m-stacking interactions in TSy, which decrease the free
energy of this transition state (Scheme 154B).

This methodology was applied to a concise, second-
generation”'? asymmetric synthesis of rumphellaone A (Scheme
155).”** In this new approach, the skeleton of this natural
product was obtained via enantioselective intermolecular [2 + 2]
cycloaddition between phenylacetylene and trisubstituted
alkene 712.

The groups of Gao and Zhang contributed to the field of
intermolecular gold(I)-catalyzed [2 + 2] cycloadditions using
chloroalkynes 714 instead of terminal aryl alkynes (Scheme
156).”*” This new protocol allowed the use of unactivated
mono- and disubstituted alkenes to build chlorocyclobutenes
716 in high yield with excellent levels of regioselectivity. The
authors also reported that bromoalkynes can undergo [2 + 2]
cycloaddition with cyclopentene (Scheme 156, 717). In
contrast, the group of Echavarren found that the gold(I)-
catalyzed reaction of bromoalkynes with allylsilanes led to 1,4-
enynes by formal cross-coupling via a rearrangement process.” *’

https://dx.doi.org/10.1021/acs.chemrev.0c00697
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Scheme 154. Asymmetric Gold(I)-Catalyzed [2 + 2]
Cycloaddition of Alkenes with Alkynes”

A. 2017 (Echavarren)?
p-ClCgH,

38 examples, 32-92%, 64-96% ee
m-MeOCgH,

709b

R_1I Au

(88%, 78% ee)P RS p\/Q !
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2C¢H,Cl, —20 °C. °(S,Rp)-710 (2.5 mol %), NaBAr, (2.5 mol %).

‘(R,Sp)-711 (5 mol %), NaBAr," (5 mol %).

Scheme 155. Enantioselective Total Synthesis of
Rumphellaone A

Ph—== (R 5p)-711 (5 mol %)
+ NaBAr,F (5 mol %)
_— >

H
YA 1,2-CgH4Cly 0740\
o)
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(0)
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712\ 713 (70%, 82% ee)

Scheme 156. Gold(I)-Catalyzed [2 + 2] Cycloaddition
between Haloalkynes and Alkenes

IPrAuClI (5 mol %) R X
NaBAr", (10 mol %)
——cCl + /— °
R R R DCE, 40 °C R
714 715 716

36 examples, 42-92%

Ph cl Ph Cl PhS_  Cl phs. C ! ph Br
5 i@)s : ; ;
Br

716a 716b 716d

717 (57%)
(83%)  (65%, >20:1 rr) (65%, >20:1 1r)

716¢
(77%)

3.2.3. Gold(l)-Catalyzed Cyclopropyl Ring Expansions.
The group of Liu reported a novel approach to construct
cyclobutenylketones 719 by gold(I)-catalyzed oxidative ring
expansion of cyclopropylalkynes 718 (Scheme 157).”*" Here,
the ketone functionality was introduced by diphenylsulfoxide via
regioselective intermolecular oxidation. The protocol was
expanded to unactivated cyclopropylalkynes with different
substitution patterns. However, under the same conditions,
donor—acceptor cyclopropylalkynes undergo oxidative ring
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Scheme 157. Gold(I)-Catalyzed Oxidative Ring Expansion

[(JohnPhos)AuCl] (5 mol %) O
AgNTf, (5 mol %) 1
R-—=—<] + Ph,SO - R
718 MeNO,, 100 °C 719
+
—_— 21 examples, 56-95%
via + (0]
L R L R 0 o]
\_ 1 CgH,OMe o _—
+
\OLX ) 0
720 721 R' = p-MeCgH, Ph
Oxidation/Ring Expansion 7193 (84%)  719b (92%)  719c (56%)

cleavage. Mechanistically, the reaction begins with a regiose-
lective O-attack to the p-carbon of the coordinated alkyne,
forming cyclopropyl gold(I) carbene 721 (Scheme 157). As
proposed for [2 + 2] cycloadditions,”*””°*”'° this intermediate
evolves by means of ring expansion leading to cyclobutene
products 719. The same scenario was suggested for cyclopropyl-
alkynes embedded into diyne scaffolds.”** Alternatively, the
carbene can suffer a second oxidation to furnish a diketone. This
side reaction was Brevented by careful optimization of the
reaction conditions.”*’

As depicted in Scheme 119 (section 3.1.1.1), the gold(I)-
catalyzed cycloisomerization of cyclopropyl-tethered 1,5-enynes
is a versatile transformation.*”> The product distribution is
controlled by both the reaction conditions and the ortho-effect.
In particular, when the reaction took place at —30 °C using
ortho-substituted aryl-tethered 1,5-enynes, fused cyclobutenes
were selectively obtained via a cyclization/ring expansion
sequence (Scheme 119D and 158, right). The construction of

Scheme 158. Gold(I)-Catalyzed Cycloisomerization of
Cyclopropyl 1,5-Enynes

R2
H | [(JohnPhos)AuLISbFq R? [(IPH)AU(NTE)] ’
DQ/\'L (5 mol %) / (@ mol %) i A
- —_—
N-O  CHCL, 25°C \ CH,Cly, -30 °C O
PH 0 A
723 (78%) Nop, 722 R (§section3.1.1.1) 724 (43%)

8 examples, 43-75%

fused cyclobutenes was also reported in the context of the
oxidative (2 + 2 + 1) cycloaddition of similar cycloprop;rl-
tethered 1,5-enynes and nitrosobenzenes (Scheme 158, left).”**

The group of Shi reported a temperature-controlled divergent
gold(I)-catalyzed cycloisomerization of cyclopropylidene 1,7-
enynes 725 (Scheme 159A). In contrast, no reactivity was found
in the presence of Pt(cod)Cl,.”*> Here, 2H-chromene
derivatives 726 were obtained at room temperature via
intramolecular hydroarylation. At 90 °C, the hydroarylation
was followed by a ring expansion leading to the corresponding
cyclobutenes 727. Interestingly, scaffolds with the same skeleton
and ortho-substituted aryl groups evolve through a different
pathway, affording cyclobutanes instead, as depicted in Scheme
122A (section 3.1.1.2).°°% On the other hand, 1,2-dihydroqui-
nolines containing cyclobutenes 729 were obtained as the major
product when aniline-tethered cyclopropylidene 1,7-enynes 728
were exposed to gold(I) catalysts (Scheme 159B).”* The
reaction was proposed to take place through two consecutive
cyclopropyl gold(I) carbene intermediates, but only one
expands to form the 4-membered carbocycle. In this protocol,

https://dx.doi.org/10.1021/acs.chemrev.0c00697
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Scheme 159. Gold(I)-Catalyzed Cycloisomerization of
Cyclopropylidene 1,7-Enynes

A. 2016 (Shi)
— [((Ar)sP)Au]SbFg [(IPr)Au]SbFg
(2.5 mol %) (2.5 mol %)
o e ~ DCE—gooc’
725 =pCFCets 726 (86%) 727 (83%)

IPr)Au]SbFg (2.5 mol % /T
| [(PnAU] 6 ( ) 8 examples, 46-94%

DCE, 90 °C
B. 2018 (Shi) 10 examples, 43-66%, 2:1 to 10:1
R!? [(IPr)Au]SbFg
— (10 mol %) “’
ErA O
+
DCE, 80 °C
N X
TS/\\ R = aryls Ts
728 729 730
minor product

different amounts of adduct 730, in whose formation the ring
expansion does not take place, were also detected. The product
distribution was highly dependent on the aryl substituents.

Similar alkynylamide-tethered cyclopropylidene 1,7-enynes
gave direct access to cyclobutanes and cyclobutenes in a ligand-
dependent regiodivergent process, as shown in Scheme 122B
(section 3.1.1.2).°* In this case, the mechanistic bifurcation
occurs just after the ring expansion step.

3.2.4. Gold(l)-Catalyzed 1,3-Acyloxy Migration/[2 + 2]
Cycloaddition of Diynes. The gold(I)-catalyzed 1,3-acyloxy
shift of propargylic carboxylates is a widespread approach to
generate allenes in situ that can be engaged in further
transformations, among which the construction of cyclobutenes
by subsequent [2 + 2] cycloaddition will be outlined here.

In this context, the group of Kim disclosed the gold(I)-
catalyzed cycloisomerization of 1,7-diyne pivalates 731, which
gives access to cyclobutenylketones 732 (Scheme 160). The

Scheme 160. Gold(I)-Catalyzed Cycloisomerization of 1,7-
Diyne Pivalates

PivO [(PPhg)AuCI] (5 mol %) o]
— R AgSbFg (5 mol %) R
- .
DCE, rt
n ——R?2 n R2
731 732

11 examples, 65-85%

Ph
732a (81%)

(0)
732c (83%)

732b (75%)

reaction did not proceed under Pt catalysis.”*” The authors
proposed that the propargylic pivalate fragment undergoes 1,3-
acyloxy shift followed by a [2 + 2] cycloaddition between the
alkyne and the in situ formed allene. The obtained products were
isolated upon hydrolysis. Under the same conditions, when two
1,7-diyne pivalate scaffolds were linked by a phenyl moiety,
dimeric bicycles of type 732c were obtained by a 2-fold 1,3-
acyloxy shift/[2 + 2] cycloaddition sequence. The same group

8660

broadened the scope of dimeric bicycles by using 1,7-diyne
pivalates linked by a variety of other aryl rings.”**

The group of Chan developed a gold(I)-catalyzed cyclo-
isomerization of N-tethered 1,7-diyne benzoates 733. Here,
substrates bearing terminal alkynes afforded N-heterocycle-
containing cyclobutenes 734 in a regio- and diastereoselective
manner (Scheme 161A).”* In addition, the chiral information

Scheme 161. Gold(I)-Catalyzed Cycloisomerization of 1,n-
Diyne Benzoates

A. 2012 (Chan)

10 examples, 40—-80%

Ph
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1,3-acyloxy shift

was effectively transferred from the starting diynes to the
cyclobutene products. In this protocol, internal alkynes were
essential to promote the 1,3-acyloxy migration that generates the
corrresponding allenyne intermediates (Scheme 161C). These
species undergo a stepwise [2 + 2] cycloaddition via 6-exo-dig
cyclization, followed by subsequent Prins cyclization to liberate
the cyclobutene product.

As part of their investigations on the reactivity of diyne
carboxylates, the group of Chan also developed a method for the
1,3-acyloxy migration/[2 + 2] cycloaddition sequence of 1,6-
diyne carboxylates 735 (Scheme 161B).”** Accordingly, under
gold(I) catalysis, 1,6-diynes bearing a vinyl substituent led to
cyclopentene-fused cyclobutenes 736 preferentially. In this
method, variable amounts of diketones 737 were also detected.
For cyclobutenes, the authors proposed a similar mechanistic
scenario as for 1,7—diynes,750 in which the tandem [3,3]-
rearrangement/S-exo-dig/Prins-type cyclization sequence was
the most plausible pathway (Scheme 161C).

The group of Liu reported the gold(I)-catalyzed cyclo-
isomerization of 1,7-diyne biscarboxylates 738 that gave access
to naphthocyclobutenes 739 with cis-stereoselectivity (Scheme
162).”" The authors proposed that bis(allenyl carbonates) 740
were generated via double 1,3-acyloxy shift of the propargyl
carbonates.

Sahoo and co-workers designed stable alkyne-tethered ketene
N,N-acetals 741, which, under gold(I) catalysis, underwent 1,3-
acyloxy migration to form allenes 745 in situ (Scheme 163). 752
Cyclobutene fused azepine heterocycles 742 were obtained
selectively from symmetric ketene N,N-acetals 741 (Scheme
163A). Based on NMR studies, the authors proposed that the

https://dx.doi.org/10.1021/acs.chemrev.0c00697
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Scheme 162. Gold(I)-Catalyzed Cycloisomerization of

Diynes
OOI -

15 examples, 44-87%
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Scheme 163. Gold(I)-Catalyzed Cycloisomerization of
Alkyne-Ketene N,N-Acetals
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1,3-acyloxy migration

terminal carbon of the enamine attacks the gold(I)-activated
alkyne via 6-endo-dig cyclization to form 6-membered iminium-
gold-vinyl species 744. (Scheme 163B). The 6-membered ring
intermediate rearranges leading to an allene functionality that
further engages in a formal [2 + 2] cycloaddition with the second
activated alkyne.

3.2.5. Dual Gold(l)-Catalyzed Synthesis of Cyclo-
butenes. Substrates bearing a terminal alkyne can occasionally
experience dual activation gold catalysis through the formation
of gold acetylides.”>*~"*> Although this field has been studied
extensively in the last decade, only few particular substrates have
led to cyclobutene products. This is the case for 1,6-allenyne
746, which was selectively converted into bicyclo[4.2.0]-
octadiene 747 using complex 752 via dual gold(I)-catalyzed
[2 + 2] cycloaddition (Scheme 164A).”°° For this trans-
formation, the intermediacy of digold species 748 was supported
both by deuteration experiments and computational studies. In
addition, the catalyst used was previously reported to foster this
activation mode.””””%"
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Scheme 164. Dual Gold(I)-Catalyzed Synthesis of
Cyclobutenes

A. 2016 (Fensterbank)

752 via L
5 mol %) _
¥
DCE rt L
7 days
747 (70%) 748
B. 2016 (Hashmi
( ) 2 examples, 18-48%
via L
R (2.5mol %) moI %) R!
DCE, 60°C RZ e~ *
= S Bu
749 750 751 AuL
+ _ 4 BF,~
IPr PFg O
I N P
— s PhgPAL
752 753

In another example, cyclobutenes 750 were obtained by
means of dual gold(I)-catalyzed cyclization of thiophene-
tethered diynes 749 (Scheme 164 B).”*” However, this reaction
could be applied only to two substrates, and with very low
efficiency. Other similar diynes evolved through alternative
pathways forming norbornene or fulvene derivatives. Mecha-
nistically, a 6-endo-dig cyclization was proposed to lead to
intermediate 751, which subsequently undergoes an intra-
molecular C(sp®)—H insertion to furnish cyclobutene products
750.

3.3. Synthesis of Cyclobutanones

3.3.1. Ring Expansion of Cyclopropanols. The best-
explored strategy for the synthesis of cyclobutanones using
gold(I) catalysis is the ring expansion of cyclopropanols. This
area was pioneered by the group of Toste, who disclosed a
gold(I)-catalyzed rlng expansion of 1,1-alkynylcyclopropanols
754 (Scheme 165).”°° The reaction proceeds by selective

Scheme 165. Ring Expansion of 1,1-Alkynylcyclopropanols

((-CF5CqHa)sP)AUCI / R
oY A4 AgSbF (0.5-5 mol %) 4
C CAuLt R2
o CH,Clp, 1t ¥
R' 754 755

17 examples, 61-99%

o, 1l o

755a (98%) 755b (88%) 755¢ (88%) 755d (88%)

migration of the more substituted carbon of the cyclopropane
giving alkylidene cyclobutanones 755 in excellent yields and
perfect stereoselectivity. Theoretical mechanistic studies on this
ring-expansion process were performed afterward by a different
group, and the results were in agreement with the experimental
observations.”*" It is worth highlighting that this reaction also
proceeds satisfactorily when using silyl-protected cyclopropa-
nols. Allyl ethers derived from cyclopropanol react by the
intramolecular transfer of the allyl through a [3 3]-sigmatropic
rearrangement followed by a [1,2]-allyl shift.”®
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Hashmi and co-workers reported that the treatment of a 1,1-
alkynylcyclopropanol with pyridine N-oxide in the presence of a
gold(I) catalyst leads to the formation of an a-ketocyclobuta-
none.”%® On the other hand, Trost and co-workers explored the
use of ruthenium catalysts to promote similar processes.”**

Kleinbeck and Toste reported an asymmetric variant of this
transformation using 1,1-allenylcyclopropanols to furnish 2-
allyl-cyclobutanones 757 in high yields and enantioselectivities
(Scheme 166).75°

Scheme 166. Enantioselective Ring Expansion of 1,1-
Allenylcyclopropanols

o R 758 (2.5 mol %) / o R
NaBArF, (5 mol %) \\\j/\
ZS 2N
1,2-DCE, -30 °C 757

756

13 examples, 61-99% (84-94% ee)

o) o)
(xylyl), Ph
MeO P-AuCl - W and
MeO P-AuCI
O (xyyD), % %
758 757a (76%, 91% ee)  757b (99%, 84% ce)

The same group combined these last two approaches with
photoredox catalysis to develop a gold-catalyzed arylative ring
expansion.”*® This method relies on the use of aryl diazonium
salts as a source of aryl radicals under photoredox conditions,
which leads to the generation of aryl-gold(III) intermediates
(Scheme 167). The latter promote the ring expansion of
cyclopropanols 759 or 760, giving rise to alkyl-aryl-gold(III)
species that afford, after reductive elimination, benzyl- (761) or
vinyl-cyclobutanones (762) in moderate to good yields. This
arylative ring expansion was also used to transform cyclo-
butanols into cyclopentanones.

When studying 1,1-alkenylcycloalkanols, Chen and co-
workers observed a divergent reactivity under gold(I) and
zinc(I1) catalysis.””” When treating 768 with [(Ph;P)AuCl]/
AgSbF, alkenyl cyclobutanone 769 was obtained (Scheme
168). Larger cycloalkanols also undergo this gold(I)-catalyzed
ring-expansion process. In contrast, ZnBr, catalyzes the
transformation of substrates 768 into 2,5-dihydrofurans.

Gandon, Marinetti, Voituriez, and co-workers reported an
enantioselective gold(I)-catalyzed rearrangement of cyclo-
propyl-substituted 1,6-enynes 770 into 2-oxocyclobutylcyclo-
pentanes 771 (Scheme 169),”*® reminiscent of that previously
developed by the group of Echavarren for the synthesis of
tricyclic systems (see section 3.1.1.1.).°*®° This cyclo-
isomerization proceeds in high yields, moderate to good syn/
anti selectivity, and very high enantioselectivity for both isomers.
This method was applied for the construction of the tricyclic
skeleton of natural product russujaponol D.

Vinilydene cyclopropanes are precursors of alkylidene
cyclobutanones.”® Thus, reaction of 773 with 2 equiv of a
pyridine N-oxide in the presence of [(Ph;P)AuCl]/AgSbF4
afforded cyclobutanones 775 by stepwise ring expansion and
oxidative trappin7% of the corresponding gold(I) carbene 774
(Scheme 170).””® Cyclobutanones were also found as side
products in a gold(I)-catalyzed oxidative rearrangement of
homopropargylic ethers with pyridine N-oxides to give a,f-
unsaturated carbonyl compounds.””*
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Scheme 167. Photoredox and Gold-Catalyzed Arylative Ring

Expansion
ArN,BF, (3 equiv) o
R R
[(PhsP)AuCI]
HO HO, (10 mol %) R R
C§ 5 Ar
Ru(bpy)s(PFg)2 Ar
759 760 (2.5 mol %) 761 762
or MeOH/MeCN, rt or
visible light
7 examples, 43-72%
? Pho o 0
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él photochemical
ArN,BF, 763 fo’e/
761 SET
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elimination

X
syj
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Ar- -L
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Scheme 168. Ring Expansion of a 1,1-Alkenylcyclopropanol

OH [(PhgP)AuCI)/ 0
o AgSbF (2 mol %) Phi~
Ph >
768 CHCl, 1t 769 (81%)

Scheme 169. Asymmetric Cycloisomerization of
Cyclopropyl-Substituted 1,6-Enynes

R "R 772 (3 mol %) R gt
R \ AgBF, (6 mol %) o
R ———————L
770 wet toluene, rt 2
R® OR*4 771 R R

10 examples, 74-94% (1.3:1-40:1 syn/anti, 74-99% ee)
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a u 10,
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Scheme 170. Oxidative Ring-Expansion of Vinylidene

Cyclopropanes
R! Fra R
Py -OoP N
C
i ﬁ ﬁ

RS N 12DCE L
773

14 examples, 23-95%

Ph
Ph/k i /jj Ph—\ :
o
775b (79%)

775a (

“[Au] = [(PhyP)AuCl] (5 mol %)/AgSbFs (10 mol %). "Py*~0 =
3,5-dibromopyridine N-oxide.

93%) 775¢ (23%) 775d (92%)

Shi and co-workers developed an intramolecular approach, in
which a tethered methoxy group acts as oxygen transfer agent to
the vinylidene cyclopropane. This concept was used to develop a
catalyst-controlled stereodivergent synthesis of alkylidene

cyclobutanones: [(IPr)AuCl] gave exclusively E-777, whereas
[(BrettPhos)AuCl] gave diastereoisomer Z-777 (Scheme
171).77

Scheme 171. Stereodivergent Synthesis of Alkylidene
Cyclobutanones

[(IPr)AuCl] [(BrettPhos)AuCl]
AgNTf2 AgNTf, —
>—<§ @i —> o TOW
o-Tol H0 H,0 %
E-777 (69%) (1 €auiv) (Tequiv) 7777 (79%)

3.3.2. Synthesis of Cyclobutanones by Other Methods.
Cossy and co-workers reported that the gold-catalyzed cyclo-
isomerizations of 1,6-ene-ynamides 778 possessing a terminal or
trimethylsilyl-substituted alkyne provided cyclobutanones 779
in moderate to good yields (Scheme 172).2%%% A mechanism

Scheme 172. AuCl-Catalyzed Cycloisomerization of 1,6-Ene-
ynamides

R 2 O
T | A (5 30 mol %) FNH R? R
RS, “R7 N
VA N CHZCIZ R3T Y R6 ﬁ
N4
H,O (work-up) R 779 780

778 (R = H,TMS)

9 examples, 47-77%

779a (59%) 779b (76%, 91:9 dr) TBSO BnO
1_ 779¢ (55%, 779d (55%,
All examples from R' = TMS 955 dr) 90:10 dr)

involving gold-catalyzed cycloisomerization to cyclobutenes
780 followed by hydrolysis during the workup was proposed.
The high diastereoselectivity observed with substrates bearing a
stereocenter at the position « or f§ to the N atom (779b—d) was
rationalized with chair-like transition states for the formation of
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the cyclopropyl gold carbene intemediates, in analogy with
cationic cylizations of N-acyliminium ions.

Li and co-workers disclosed that homopropargylic ethers 781
bearing electron-rich aromatic or alkenyl R' groups afforded cis-
cyclobutanones 782 in the presence of a _gold(l) catalyst and 8-
ethylquinoline N-oxide (Scheme 173).”*77* In the proposed

Scheme 173. Au(I)-Catalyzed Oxidative Rearrangement of
Homopropargylic Ethers to cis-Cyclobutanones

[(IMes)AuCI] (4 mol %)

AgSbFg (4 mol %) O

OR? ASivh - -
= 8-ethylquinoline N-oxide (1.2 equiv) J:/(
R‘J\// 1 2
MsOH (1.2 equiv) R OR
781 1,2-DCE, 40 °C, 3-9.5 h 782
14 examples, 41-70%
O
oM OMe
\ X
782a (o—OMe 41%) 782d (X = S, 44%) 782f (50%)
782b (m-OMe, 46% 782e (X =0, 56%)
782c (p—OMe 58%)
o M o RO, 0O
O G o G ¢
2 «
R? (6] R +O</ R - AuL* R
783
784 782

mechanism, a-oxo gold carbene 783 is trapped by the tethered
ether group to afford oxonium ylide 784, which rearranges in a
concerted process to cis product 782. Under acidic conditions,
the latter converts into the trans isomer.

The group of Zhang developed methods for the selective
formation of cyclobutanones 786 and cyclopentanones 787
depending on the ligand and substrate structures through the
intramolecular insertion into C(sp*)—H bonds by oxidatively
generated f-diketone-a-gold carbenes 788 (Scheme 174).”777¢

Scheme 174. Au(I)-Catalyzed Oxidative Synthesis of
Cyclobutanones

[(BrettPhos)Au(NTfy)]

(5 mol %)
R2
T v
R2
+ -
N - (2 equiv) o
R i Pr - ° R
R® R o]
R* DCE, rt, 2-72 h R*
785 786 787
14 examples, 11-92%
R2 R!
R3 © G:/[
R
L o)
788 4 786a (X = Ph, 92%)
R 786b (x n-Bu, 80%) 786d (69%)

786¢ (X = Cy, 11%)

3.4. Synthesis of Heteroatom-Containing 4-Membered
Rings

Zhang and co-workers devised the synthesis of O- and N-
containing 4-membered rings based on the propensity of a-oxo
gold carbenes, generated from alkynes bsy Au(I)-catalyzed
intermolecular oxidation (see section 2.6),>’ to effect intra-
molecular insertion into N—H and O—H bonds. A practical
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synthesis of oxetan-3-ones’’’ 790 and 792 was developed from

readily available propargylic alcohols,””® and carried out under
air using pyridine N-oxides as oxidants and catalytic amounts of
gold(I) complexes (Scheme 175).””” With tertiary propargylic

Scheme 175. Au(I)-Catalyzed Oxidative Synthesis of Oxetan-
3-ones

OH
1
RJ\\\

[(CyJohnPhos)Au(NTf,)] (5 mol %)
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R H/CO,Et #N FNTUBrEN
(0] -0
793 794a 794b 794c

alcohol substrates 791, an electron-withdrawing group had to be
installed at the alkyne terminus to avoid side reactions, arising
presumably from the formation of propargylic cations under
acidic conditions.

This method was employed for the synthesis of a drug
discovery library of 419 spirocyclic oxetane—piperidine scaffolds
(Scheme 176),”%° which are relevant motifs in medicinal
chemistry.”®""**

Scheme 176. Large-Scale Au(I)-Catalyzed Synthesis of an
Oxetane—Piperidine Building Block

CO,Et CO,Et
1) n-BulLi (3 equiv) Y
CO,Et /[(IPr)Au(Nsz)] (2.1 mol %) 0 o
ﬁ‘j (3.4 equiv) 794c (2 equiv)
_—
N THF, -70°C, 2 h N TfoNH (1.2 equiv) N
(IDbz ! 1,2-DCE, 60 °C, 24 h ébz
795 796 (77%) 130 mmol, 43 g 797 (76%)

Zhang and co-workers applied the same strategy to prepare
azetidine-3-ones 799 from N-tert-butylsulfonyl propargylamines
(Scheme 177).”%* The use of a bulky Buchwald ligand and of an
electron-poor, hindered pyridine N-oxide obviated the need for
acidic additives with secondary propargyl amine substrates,
improving functional group compatibility (products 799a,
799b). By carefully tuning the reaction conditions, azetidin-3-
ones with different substitution patterns and protecting groups
could be obtained. It was later shown that several other sulfonyl-
protecting groups were tolerated in this reaction.”** Notably, the
tert-butanesulfinamide group allowed preparation of enantioen-
riched products by employing the chemistry of Ellman.”*

Although the formation of oxetan-3-ones and thietane-3-ones
under oxidative gold catalysis has been sporadically re-
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Scheme 177. Au(I)-Catalyzed Oxidative Synthesis of
Azetidin-3-ones
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ported, the only gold-catalyzed preparative methods for

the synthesis of heteroatom-containing 4-membered rings
remain the two protocols developed by the group of Zhang.

4. OUTLOOK AND FINAL REMARKS

In less than two decades, gold(I) catalysis has emerged as one of
the most powerful tools to build molecular complexity in a single
reaction step. Many of the transformations that take place
through gold(I) 7-bond activation proceed via gold(I) carbene
intermediates, which can often evolve, inter- or intramolecularly,
to assemble three- or four-membered carbocycles. This strategy
has been widely applied to develop a plethora of methodologies
that allow the assembly of small rings efficiently and selectively.
One of the main general challenges of this field is developing
versatile methods that do not rely on the use of excessively
complex or specific starting materials, which may introduce
potentially undesired functional groups in the reaction products.
In many cases, due to the complex mechanistic scenarios of these
reactions, simple variations on the substitution pattern of the
substrates or on the reaction conditions lead to completely
different outcomes. Furthermore, even though the field of
asymmetric gold(I) catalysis has experienced significant growth
over the past ten years, the development of enantioselective
versions of certain transformations remains an important
challenge. In particular, gold(I)-catalyzed intermolecular
reactions that afford enantioenriched three- or four-membered
rings are still scarce and often highly dependent on the nature of
the substrates employed.
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