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Abstract: Research on gold catalysis has flourished over
the last 20 years, and gold catalysts are now acknowledged
as the “best choice” for a range of organic transformations.
Gold complexes have emerged as promising candidates for
this use in recent years because of their high reactivity,
which enables them to induce a broad range of transfor-
mations under mild conditions. Extensive demonstrations
have showcased the extraordinary efficiency of synthe-
sizing complex organic compounds from the basic starting
components. In addition to its traditional applications in
catalysis, gold catalysis has expanded to include the total
synthesis of natural compounds, which is a complex and
demanding undertaking. The class of molecules known as
carbo- and heterocycles, which is arguably the most impor-
tant, has a significant impact on the synthesis of agrochem-
icals and pharmaceuticals among the numerous additional
products made possible by the novel procedures pioneered.
The main topic of this review is how to use Au salts in
homogeneous catalysis to create cyclization processes for
small heterocyclic and carbocyclic systems. This study gives
an overview of most of the books and articles written after
2013 that discuss making three- and four-membered carbo-
and heterocyclic rings with gold as a catalyst. We have made
every effort to include all outstanding reports on this sub-
ject; nonetheless, we apologize for any omissions.
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1 Introduction

Gold possesses unique characteristics that set it apart from
other elements. The inherent inertness and exceptional
resistance to oxidation and chemical attack of bulk metals
have historically been considered undesirable qualities for
catalytic purposes. Gold, being the metallic element with
the highest electronegativity, exhibits a nearly equivalent
value to carbon on the Pauling scale, measuring 2.54. The
formation of hydrolytically stable and strongly covalent
Au-C bonds is seen. In contrast to other noble metals,
the delay in conducting investigations into the organome-
tallic chemistry of this particular metal can be attributed to
this factor [1]. Significant transformations have occurred at
present.

Gold has a unique place in the Periodic Table because
it tends to behave like main group elements when it has an
oxidation state of +1 and a fully occupied d-shell. It is more
likely for the compound to form linear complexes with
two-coordinate ligands and much less likely to interact
with donor ligands that are positioned in a way that is
against the molecular axis [2]. In contrast to compounds
of gold in the oxidation state of +I, those in the +III oxidation
state possess all the characteristic properties of a transition
metal. Furthermore, they primarily adopt the square-planar
coordination geometry, which is commonly observed in
other heavy metal ions with a d® electron configuration.
Furthermore, there are significant variations in both the
chemical and structural features.

Biologically active natural and synthetic substances,
medications, and agrochemicals often contain carbo- and
heterocycles as structural architectures. Furthermore, these
structural components may play a significant role in organic
synthesis as synthons [3-7]. There are a lot of very good
ways to make different carbo- and heterocyclic systems,
but we are always looking for new ways that use easy-to-
find starting materials, require fewer steps for transforma-
tion and purification, and are very selective in terms of
chemo-, regio-, and stereoselectivity [8]. Gold catalysis has
led to the creation of amazing, highly inventive, and ahead
of the competition methods that can be used to make a wide
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range of chemical changes that are needed to make carbo-
and heterocyclic compounds from basic starting materials.
Several books and reviews on this field of study have been
released in recent years [9-11].

2 Small-sized ring systems

The ubiquitous themes of three- and four-membered rings
throughout medicinal chemistry and nature have capti-
vated chemists ever since their discovery. Nevertheless,
the construction of small rings often poses significant chal-
lenges due to energy considerations. Chemists have since
demonstrated a significant level of interest in the charac-
teristics and structural organization of these extensively
stretched carbocycles and their derivatives [12-15]. As a
result, significant endeavors have been undertaken over
the course of time to obtain entry to diverse minor com-
pounds [16] and to examine the distinctive patterns of
reactivity exhibited by these molecules.

Due to the inherent strain caused by their 60° C-C bond
angles, which deviate from the typical 109.5° Csp3-Csp3
bond angles found in conventional alkanes, three-mem-
bered rings often exhibit reactivity that is comparable to
alkenes rather than alkanes [17,18]. The techniques used to
construct medium- or large-sized rings are very different
from those used to assemble severely strained little rings
due to uphill thermodynamics.

3 Synthesis of three-membered
ring systems

3.1 Gold-catalyzed diazo compound-
mediated cyclopropanation

The strategy involving metal-catalyzed carbene transfer
from diazo compounds is widely recognized as the most
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thoroughly investigated approach for the synthesis of acceptor
or donor—acceptor cyclopropanes. Metal complexes, such as
Au(y) catalysts, can facilitate the transition [19]. Over the past 15
years, several Au(i) complexes have been employed to facil-
itate carbene transfer processes towards diverse nucleo-
philes [20].

As of 2019, Pérez et al. revealed that ethylene 1, which
is thought to be the basic alkene, can go through cyclopro-
panation when it meets ethyl diazoacetate (EDA) 2 and an
NHC-Au(1) catalyst [21]. The reaction between 1 and 2 at
room temperature is catalyzed by IPrAuCl in the presence
of one equivalent of NaBArF,, producing 3 with yields of
around 70% (based on EDA) (Scheme 1). This is the first
instance of ethylene being directly cyclopropanated using
this technology, with notable conversions.

Using diazooxindoles 4 and a-CH,F and CF,H styrenes
5, Cao et al. created a very selective cyclopropanation [22]
to obtain 3-spirocyclopropyl oxindoles 6 (Scheme 2) with
vicinal all-carbon stereocenters. These are interesting com-
pounds for medical research or could be used to make dif-
ferent kinds of fluorinated spirocyclopropanes [23]. They
demonstrate that the formation of C-F---H-X interactions
between fluorinated solvents and reactive intermediates
may significantly aid the reaction.

This study offers an unparalleled understanding of the
role of fluorinated organic solvents in augmenting the reac-
tivity of organic reactions while also presenting supplemen-
tary proof for the presence of C-F---H-X interactions.

Liu et al. explained the process of producing spirocy-
clopropyl oxindoles 9 using a gold() catalyst by reacting
1,2,4-substituted dienes 7 with diazooxindoles 8 (Scheme 3)
[24]. The authors investigated a unique rearrangement
of these spirocyclopropyl oxindoles 9, resulting in the
formation of 3-(cyclopenta-1,3-dien-1-ylmethyl)oxindoles
11 as the product with the same gold catalyst. The reported
products 11 of this rearrangement are generated through
a thorough cleavage of the cyclopropane ring of spirocyclo-
propyl oxindoles 9 via a formal methyl C-H insertion
at a C(3)-oxindole ring. Based on experimental results, the
authors ruled out the possibility of a reversible gold-

IPrAuCl/NaBAr,

\

+ N,CHCOOEt

CH,Cl Ny, 14 h
1 2

/\
_COOEt N _N
3, 70%
IPr

Scheme 1: Gold-catalyzed cyclopropanation of ethylene with EDA.
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Scheme 2: Gold(1)-mediated enantioselective cyclopropanation using diazooxindoles.

cyclopropanation pathway. In contrast, they proposed the
formation of intricate pairs involving gold enolates and 1-
methylen-2,3,4-cyclopentadienyl cations, leading to a 1,5-eno-
late shift.

The majority of the time, throughout the cyclopropa-
nation process, small quantities of minor products such as
3-(4-phenylcyclopenta-2,4-dien-1-yl)indolin-2-one derivatives
(<10%) were produced, posing challenges in purification
using column chromatography.

Zhang et al. [25] reported on the synthesis of densely
substituted cyclopropanes 14 (Scheme 4). The authors obtained
good yields and great enantioselectivity and diastereoselec-
tivity by using o-diazoarylacetate compounds 13 to help with
the enantioselective cyclopropanation of enamides 12. The
reaction exhibited high efficiency when applied to internal
or terminal enamides, yielding the desired products in satisfac-
tory quantities with remarkable levels of enantioselectivity
(up to 98% ee) and diastereoselectivity, particularly when
employing a chiral binol-derived phosphoramidite-gold(r)
complex. The present methodology offers a clear and fea-
sible approach for the synthesis of chiral cyclopropylamines
possessing consecutive stereogenic centers, a structural
feature of utmost importance in the fields of biological

investigation and pharmaceutical advancement. The uti-
lization of Carreira ligand 15 [26] in the process led to the
synthesis of a broad spectrum of densely substituted
donor—acceptor cyclopropanes, exhibiting significant degrees
of diastereo- and enantioselectivity.

3.2 Gold-catalyzed cyclopropanation by
cycloisomerization of unsaturated
systems

3.2.1 Cyclopropanation through cycloisomerization of
enynes

Gold complexes are a kind of carbophilic i acid that have
been intentionally designed to have the capability to acti-
vate various C-C bonds [27-43]. This includes bonds pre-
sent in alkynes, alkenes, and allenes. Extensive research
has been conducted on the gold-catalyzed cycloisomeriza-
tions of enynes within the timeframe of the twenty-first
century [44-66]. Au(1) can undergo interaction with an
enyne, resulting in the formation of n*complexes

Ar N
\Q/ . @E/SZO (OPh)3PAUCI/AGOTF
. /PN CH,Ch, 1t, 1-2
1 R3 R,

7 8

Ar
R
1 H \
(OPh)3PAUCI/AgOTF N\
DCE,60 °C 1-2 h N ©
Rz
R, 11
Ar
7 N\
R/~
3 ’,\l o)
10 R,

Scheme 3: Gold(1)-mediated diastereoselective cyclopropanation using diazooxindoles and dienes.
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15,Y =3,5-(CF3)2-CGH3

Scheme 4: Au-catalyzed enantioselective cyclopropanation of enamides using a-diazoarylacetate.

R2
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\ 1: o] R1R1 _ \\O
IPrAuCI/AgNTf,
X + RZ)H
\—\\_ N, CHClp, 1.5-5h Ar
Ar
H
16 17 18, 21 examples
Yield 56-94%; Z/E 2:1 to <1:20

Scheme 5: Gold-catalyzed cycloisomerization of 1,6-enynes using diazo ketone.

involving either the double bond or the triple bond [67,68].
The n*alkyne gold complex has a smaller lowest unoccu-
pied molecular orbital, which makes it more vulnerable to
nucleophilic attack. Consequently, this results in a heigh-
tened affinity for alkynes over alkenes, a phenomenon
commonly referred to as alkynophilicity [69].

3.2.1.1 Cyclopropanation via cycloisomerization of 1,6-
enynes
Liu and co-workers reported the cyclization of aryl diazo
ketones 17 and 1,6-enynes 16 by gold catalysis, which offers
easy access to 3-cyclopropyl-2-en-1-one derivatives 18. The
reaction was initiated through the creation of 5-exo-dig
cyclopropyl gold carbenes from 1,6-enynes. As shown in
Scheme 5 [70], aryl diazo ketones subsequently trapped
these carbenes.
Fensterbank (year) documented the process of cycloi-
somerization of O-tethered 1,6-enynes 19 using gold catalysis.
This reaction resulted in the formation of a four-membered

ring [71] inside the molecular structure. An important stage is
to expand the Wagner—Meerwein rearrangement onto inter-
mediate carbene center 20. Good yields of the corresponding
cyclopropane-fused tricyclic systems with a dihydropyran
moiety 21 were achieved (Scheme 6).

In 2020, Michelet et al. presented a robust method for
the rapid synthesis of 3/6-membered moderately volatile
enol ethers 23 with distinct olfactive characteristics. In
this method, oxygen-tethered enynes 22 were cycloisome-
rized with the help of gold, as shown in Scheme 7 [72]. The
fact that the reaction is feasible and can use a 0.04 mol%
catalyst loading on a 25 g scale in mild conditions is proof
of its viability. The olfactory characteristics of a library of
synthetic bicyclic compounds were investigated. Depending
on the substituents, these compounds’ odor characteristics
can vary greatly. Some of them have aromas that are like
some well-known synthetic perfumes, such as rhubafuran,
hexalon, and hyacinth body. Various research groups have
utilized diverse ligands in their investigations, exploring the
gold-catalyzed cycloisomerization of enynes and producing

) IPrAuCI/AgSbFg

n or ) AuL”*
—R A

g R 1 [(JohnPhos)Au(NCMe)]SbF g R4
2
CH,Cly, it, 1-48 h 0 R4
\ R
R4 R 3

Rs 2

19 21, 15 examples; Yield 12-99% 20

Scheme 6: Cycloisomerization of O-tethered 1,6-enynes via gold catalysis.
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Scheme 7: Gold-catalyzed bicyclic scent synthesis via cycloisomerization of oxygen-tethered enynes.

analogous cyclopropane-fused six-membered heterocyclic
products [73-76].

According to Calleja et al. (Scheme 8) [77], 1,6-enyne 24
undergoes a cyclization/1,5-OR migration/cyclopropanation
reaction under gold catalysis to produce a tricyclic mole-
cule 25. Given that racemization does not occur in the cas-
cade reaction, it is not possible for propargyl carbocations to
form. To synthesize (+)-schisanwilsonene A with better
enantiomeric purity, this has been used to prepare impor-
tant intermediates. Based on density functional theory (DFT)
calculations, the 1,5-OR migration seems to move stepwise

through a cyclic intermediate 26 after the first cyclization,
even though the cleavage occurs through a low barrier.
Karunakar et al. have recently devised a method for
accessing the tetrahydrobenzo[h]cyclopropalc]-chromenes
28 through the cycloisomerization of 1,6-ene-diynes 27 cat-
alyzed by gold (Scheme 9) [78]. Regioselective yields of
<92% tetrahydrobenzochromenes fused with cyclopropane
were achieved. Three new C-C bonds were successively
produced in one pot during this atom-economic biological
transition. The reaction progresses through cycloisomeri-
zation of enyne with gold, producing the gold carbene

[(JohnPhos)Au(NCMe)]SbF ¢

Y

CHXCly, rt, 4-40 min

’/

RO
25, 12 examples 26
Yield 14-87%
Scheme 8: Sequential cyclization, migration, and cyclopropanation in dienynes.
n
/?‘u—NCMe
O/Y\R4 t-Bu—P—t-Bu
RN it
BN « R MeCN, 80 °C, 12 h
A
R, LAuSbFg
27 28, 26 examples
Yield:72-94%

>

Scheme 9: Au-catalyzed tandem cycloisomerization and 6-endo-dig cyclization of ene-diynes.
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Scheme 10: Enantioconvergent cycloisomerization and kinetic resolution of 1,5-enynes catalyzed by Au(m).

intermediate 27/1,2-hydride shift/deauration/6-endo-dig
cyclization.

3.2.1.2 Cyclopropanation via cycloisomerization of
1,5-enynes

The enantioconvergent direct 1,5-enyne 29 cycloisomeriza-
tion and kinetic resolution [79] are part of a new Au(um)-
catalyzed process shown in Scheme 10. The reaction also
creates 1,5-enynes 31 that are optically more abundant and
highly enantioenriched bicyclo[3.1.0]-hexenes 30 at all con-
version levels without causing any racemization or sym-
metrization. Primarily, this finding provides proof for the
exceptional capability of Au(m) complexes in enantioselec-
tive catalysis. It is also the first time that a very selective
enantioselective conversion has been made possible by a
carefully studied cationic Au(m) catalyst.

Davies synthesized tetracyclic compounds 33 by a C-H
insertion or cyclization cascade of N-homoallyl ynamides 32,
catalyzed by Au(picolinate)Cl,. The generation of N-homoallyl
ynamides 32 resulted in considerable diastereoselectivity in
most cases (Scheme 11) [80].

The reaction is likely to occur along the gold ketenimi-
nium 34 pathways, which involves [1,5] hydride transfer to
create benzylic cation 35. A 4n electrocyclic ring closure
(4m ERC) process can result in the formation of the gold
complex 36, and cyclopropanation can complete the cas-
cade reaction.

Wei et al. have developed a cycloisomerization reac-
tion using Au(1) catalysts to convert easily accessible 1,5-
enynes 37 with a cyclopropane ring into biscyclopropane
38. This reaction has demonstrated moderate to good
yields, as reported in Scheme 12 [81]. Through the manip-
ulation of temperature and the choice of gold() catalyst, it

/\(RZ

"Ry [Aupicolinate)c & Rz
/ = 1 [Au(picolinate)Cl ] ¢
r N,
Lo toluene LR
) 20-120 ° .3-24 h R40R3

OR; 0-120 °C, 0.3
Ra
32 33, 21 examples; yield 49-98%

N = k
N. Aul [Aul
= "Ms U _C*® Ms N
72 ® @ -N.
Mk - s 2 M
...... -
gR H N-or
R R OR R
34 I
[Aul [Au] H
AN 4n ERC | =5 N\Ms
-—---- Ms
N / “H ® H
- H “
Rgg! Ms R OR OR
R
36 — 35 -

Scheme 11: The C-H insertion/cyclization cascade of N-allyl ynamides catalyzed by gold.
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CH,Ch, 0°C, 12-18 h
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\
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dr: >22/1

Scheme 12: Au(1)-mediated cycloisomerization of cyclopropyl 1,5-enynes.

is possible to selectively synthesize three different pro-
ducts that possess an ortho substituent. The required pro-
ducts are made by changing the key intermediate, tricyclic
cyclobutene. This is done by first applying a standard enyne
cycloisomerization reaction to the 1,5-enyne substrate.

3.2.2 Cyclopropanation through cycloisomerization of
allenynes

The production of 1-naphthylcyclopropane-fused benzohe-
terocycle derivatives 41 was observed by Ohno’s group via
the reaction of benzoheterocycles 40 with benzene-teth-
ered 5-allenynes 39, as depicted in Scheme 13a and b
[82]. In this transition, benzofuran 40 engages in an attack
on the vinyl cation 42 that was formed earlier. The attack
takes place at either the 2-position or 3-position of benzo-
furan 40. When the ring closes, aromatization and proto-
deauration occur, and the heterocycle is in the axial posi-
tion that is least affected by steric hindrance. This yields
either (E)-43 or (2)-43. This process ultimately leads to the
production of the regioselective product 41a.

3.2.3 Cycloisomerization of diynes via migration of 1,2-
and 1,3-acyloxy groups

The tandem cycloisomerization, or 1,2-OAc shift, of trienynes
44, which incorporates a propargylic ester, was reported by
the Gagosz group. This reaction was catalyzed by Au().
Because of this, divinyl cyclopropanes 45 were made, and
these then went through a thermal Cope rearrangement that
created a complex polycyclic structure 46 (Scheme 14) [83].

By reacting styrene 47 with propargyl ester 48 as a
model reaction, Reiersglmoen et al. reported employing
Bis(pyridine)Au(m) complexes as catalysts for the synthesis
of vinyl cyclopropanes 49 (Scheme 15) [84]. They confirmed
that the catalytic activity of Au(m) is critically dependent
on the electron density of the pyridine ligands. It appears
that one pyridine must dissolve to produce the active species
because ligands that have electron-withdrawing groups are
noticeably more active. The use of °N NMR (nuclear magnetic
resonance) data confirmed the discovery. Furthermore, the
application of DFT modeling elucidated that the energy asso-
ciated with the pivotal transition state was contingent upon
the electron density present on the nitrogen atom of the

(0]
/ Ar o He
= Ar= =
_ S [(BrettPhos)Au(NTf,)] 4

~C7 CH,Cly, 0 °C - rt

2-36h
39 40 41, 15 examples 21-91%

(a)

39a 42

. ey
Ph 0
2 P
s ; H
=~ AuL AuL
AuL
43

%
el

4a

(b)

Scheme 13: (a) Gold(1)-catalyzed 5-allenynes cycloisomerization to 1-naphthylcyclopropane systems and (b) possible reaction mechanism.
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Scheme 14: Tandem Au(1) catalyst cycloisomerization/cope rearrangement.

pyridine ligand. The same research group investigated the
impact of various nitrogen ligands coordinated to gold salts
in the cyclopropanation reaction involving styrene and pro-
pargyl ester [85,86].

Beginning with simple starting materials, ester-teth-
ered terminal 1,6-diyne 50 and an alkene 51, the Hashmi
group disclosed a unique synthesis method for producing
cyclopropylnaphthalene derivatives 52 (Scheme 16a) [87].

_ OAc (I)
NV
N Aucat |
+ —_—
(@) Ph
| CH2Clh, 5h Wﬂﬁ OAc
49, 100% conversion
4 48 trans:cis - 23:77

Scheme 15: Au(1)-catalyzed enantioselective styrene cyclopropanation with propargylic esters.

OAc
OAc R OAc
2 PicAuClz or AuCl OO
% R‘]%R
4 1,2-DCE, t, 1-90 h R R
s Rs3 1 A 2 /
R R4 (AUl
50 51 52, 13 examples 53
Yield: 65-87%
(a)
OAc OAc
S PicAuClz or AuCl
S Ts 1,2-DCE, rt, 1-90 h
A W) \/
AN TsN
54 55, yield :49%

(b)

Scheme 16: (a) Intermolecular cyclopropanation of 1,6-diynes using gold catalysis and alkene. (b) Intramolecular cyclopropanation of 1,6-diynes

pendant with alkenes.
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[(JohnPhos)Au(NTf )]

1,2-DCE, 4 AMS
80 °C, 24-72 h

57, 29 examples
yield-41-91%

tetracycloundecene compounds 57. We made these chemi-
cals by a series of steps that included an Au(i)-catalyzed
tandem 1,3-acyloxy migration and double cyclopropanation
of 1-ene-4,9-diyne and 1-ene-4,10-diyne esters 56 (Scheme
17) [90].

Scheme 17: Sequential tandem 1,3-migration and dual cyclopropanation
in 1-ene-4,n-diyne esters.

3.3 Cyclopropanation by an oxygen-transfer
agent via the oxidation of alkynes

0 Q  cHo
W= [Au(SPhos)ICIAGNTf, é:

— R1_N R4
RN R pn,so, 1,2DCE 2 R
\_&R 60°C, 28 h Ro

4
58 Rj3 59, 10 examples
yield-56-87%

Yeom and Shin showed that oxidative cyclopropanation of
1,6-enynes 58 with a propiolamide moiety attached could
occur inside the molecule, creating cyclopropane carbox-
aldehydes 59 (shown in Scheme 18) [91]. In oxidative cyclo-

Scheme 18: Intramolecular cyclization for cyclopropane formation in 1,6-
enynes.

A gold-catalyzed process involving the reaction of pro-
pargyl esters with a tethered alkynylphenyl group pro-
duced key intermediate naphthylcarbene complexes 53.
Following the formation of the unusual carbene complex
by a 1,2-carboxylate shift, an alkyne insertion produces a
new naphthylcarbene complex. The next step is cyclopro-
panation with an alkene additive to capture this new com-
plex. A smooth reaction inside the molecule of 1,6-diyne 54
attached to an alkene part also made the required cyclo-
propylnaphthalene derivatives 55 with a moderate yield
(Scheme 16b). Notably, no competing enyne cyclization
was seen, suggesting that the naphthyl carbenoid forms
quickly. The research teams led by Oh [88] and Hashmi
[89] delved into the significant role of gold carbenoids
(formed by 1,2-carboxylate shift) in the cycloisomerization
reaction of propargylic esters connected to alkyne motifs,
aiming to produce naphthylene derivatives.

In a study conducted by Rao, Chan, and colleagues,
the authors detail the synthesis of tetracyclodecene and

propanation, substrates containing terminal alkynes were
initially utilized to produce cyclopropane carboxaldehydes,
which possessed unique applications because of their alde-
hyde functionality. Diphenyl sulfoxide worked well as an
oxidant for this kind of substrate, as opposed to pyridine-
N-oxides, and this has been shown to have a broad univers-
ality about alkenes.

The Zhang group reported a catalytic asymmetric oxi-
dative cyclopropanation of 1,6-enynes 60 in 2014. Because
of this reaction, densely functionalized bicyclo[3.1.0]hex-
anes 63 were made, which had a lot of enantioselectivity
(Scheme 19 [92]). A highly effective gold() complex with
cationic properties was successfully synthesized, utilizing
ligand 62. To facilitate the reaction, 8-methylquinoline
N-oxide 61 was selected as the external oxidizing agent.

Ji et al. [93] developed a method for the enantioselec-
tive oxidative cyclization of 1,5-enynes 64, resulting in
the formation of cyclopropane fused bicyclic derivatives
65 (Scheme 20). In order to achieve effective enantiocon-
trol, a hemilabile P,N-ligand [94,95] 66 containing a C2-
symmetric piperidine ring was strategically developed.
According to the existing literature, it has been suggested
that piperidine offers a favorable chiral environment as a
result of its capacity to coordinate with the metal center’s

Y
o)
Y= r N OO 5 Ph>”m
S, ] I160)AuCAgSbFe .
PN
N CHoClp, -15 °C /
Rah - ' ' o
5 \ R, Me O 10-96 h Ry &, M OO Ph)\
Y
63, 24 examples _
60 61 yield: 55-92%; 72-96% ee 62, =3,5(CF3);-CeH3 |

Scheme 19: Asymmetric gold-catalyzed oxidative cyclopropanation of 1,6-enyne.
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Scheme 20: Asymmetric Au-catalyzed oxidative cyclopropanation in 1,5-enynes.

nitrogen atom and provide steric shielding. This helps miti-
gate the high reactivity of the highly electrophilic a-oxo gold
carbene intermediate [96,97]. The approach performed by the
Echavarren research team has been previously applied to
produce enantioenriched 1,5-enyne 64, which was then uti-
lized in the overall synthesis of (-)-nardoaristolone B 67 [98].

Employing a conformationally rigid P,N-bidentate ligand
70, Zhang and colleagues reported a highly efficient three-
step intramolecular cyclopropanation of alkyne tethered
enals 68 to bicyclic or tricyclic functionalized cyclopropyl
ketones 69 (Scheme 21) [99]. The reaction was completed
with largely good yields. When considering step economy
and operational safety, this reaction exhibits favorable
comparisons to similar approaches that rely on the diazo
approach.

The first-ever gold-catalyzed oxidative cyclopropana-
tion of N-allyl ynamides 71 was reported by Li et al. The
catalyst used in this process was [(IMes)AuCl]/AgBF4, and
the oxidant employed was pyridine N-oxide 72. This reac-
tion yielded diverse variants of 3-aza-bicyclo[3.1.0]hexan-2-
one 73 (Scheme 22) [100]. Mechanistic studies were con-
ducted to investigate the potential participation of the
a-oxo gold carbene as an intermediary. The results of these

tests indicated that the a-oxo gold carbene is not involved,
hence suggesting that the alkene attacks the electrophilic
B-oxypyridinium vinyl gold(1) species 74.

Because of overoxidation, the oxidative cyclization of
ynamides with aromatic substituents rich in electrons at
the alkynes terminal was not tolerable. By utilizing various
reaction circumstances, Davis and his team were able to
solve this concern (Scheme 23) [101]. Diketone 76 was made
when N-allylynamides 75 with a tosyl substituent con-
nected to nitrogen went through oxidative cyclization in
1,2-DCE. The cyclopropanation product 77 in nitromethane,
on the other hand, was made by oxidative cyclization of
N-allylynamides 75, which had a mesyl substituent con-
nected to nitrogen. An instance of Au(r)-catalyzed yne-yna-
mide with pendant alkene undergoing cascade reactions
involving cyclization, oxidation, and intramolecular cyclo-
propanation was recently reported by the Hashmi group
utilizing diphenyl sulfoxide [102].

This study by Davies and his team showed how N-benzyl
ynamides 78 react with oxygen in a Buchner-type way.
This reaction creates [5.3.0] azabicycles 79" (Scheme 24)
[101]. The NMR technique effectively demonstrated the pre-
sence of a dynamic equilibrium between cyloheptatriene

o) g \
R10 ~ X [(57)AuCI/NaBAr ¢ ﬁx N
+ ¥ PAd
, | + 'T'/ 1,2-DCE, 15100 O == Rs 2
R;/v’ Rs Me O " Ry 70
69, 21 examples
68 61 yield: 49-95%

Scheme 21: Gold-catalyzed synthesis of bi- and tricyclic cyclopropyl ketones through oxidative cyclizations.
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Scheme 22: Gold-catalyzed oxidative cyclopropanation of N-allylynamides.

and norcaradiene. The synthesis of Polycycle 80 involved
the utilization of a Diels—Alder reaction to capture the nor-
caradiene tautomer 79b, resulting in its formation. Conver-
sely, the norcaradiene product 79a was obtained exclu-
sively. It is easy to obtain benzyl propargyl ethers, which
were used successfully by Ji and Zhang in their study to
make a gold-catalyzed oxidative cyclization report of a
similar nature [103].

Zhang and others described a method to mix mole-
cules called intermolecular cyclopropanation. They used
2-(tert-butyl)-6-chloro pyridine N-oxide as an outside oxidant
to make a-0xo gold carbene from sulfonyl alkyne moiety 81
(Scheme 25) [104]. At first, carbene 84 is made when the
carbon atom next to the alkyne group undergoes oxidation
at the B position. A plausible chemical mechanism and this
synthesis support the expected regioselectivity. Episulfone
85 would result from a Friedel-Crafts-style attack on the
highly electrophilic carbene center, and it would fragment
into a-oxo gold carbene 86 through SO, extrusion. It is
important to highlight that the oxidation of an internal
aryl alkyne is the exclusive approach to generating the
resulting carbene as the lesser regioisomer.

The study focused on styrenes that were electronically
unbiased, and a surplus of these styrenes, ten times greater

than the required amount, was employed. Reactants with a
significant electron density, such as 4-methoxystyrene or
ethyl vinyl ether, were considered unfavorable. Instead of
utilizing cyclopropane, the solvent a-methylstyrene resulted
in the formation of a (3 + 2) cycloaddition product.

3.4 Oxidative cyclopropanation of alkynes
with nitrogen-transfer agents

The first cyclopropanation that made cyclopropane-fused
indanimines 90 (Scheme 26) was reported by Liu and col-
leagues [105]. They used a-imino gold carbene intermediates
from earlier research on the oxidative cyclopropanation of
1,5-enynes 87 [106]. The application of iminopyridinium
ylides, specifically compound 89, as nucleophilic nitrenoids
is observed. The nitrenoids discussed here are nitrogen-
based compounds that share similarities with pyridine N-
oxides. Pyridine N-oxides are frequently used as oxidizing
agents in the field of a-oxo gold carbenes.

The delivery of cyclopropane-fused indoloquinolines
92 was reported by Ohno et al. through the reaction of
(azido)-ynamides 91 with tethered alkenes, as depicted in
Scheme 27 [107]. The o-imino gold carbene 93 played a

OMe

Q\\IR

N o

Io; [(IMes)AuCI]/ AgBF4

59, MsOH | |

1,2-DCE, tt, 4 h \J
OMe RN

76,89%,R =Ts 75

OMe
O
[(Xphos)AuNT5 RN
2-Carboxymethylpyridine
N-oxide H

CH3NO3, 80 °C, 5 h
77,85%, R = Ms

Scheme 23: Oxidation of electron-rich ynamides by gold catalyst.
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Scheme 24: Intramolecular oxidative cyclopropanation of N-benzyl ynamides.

critical role in the transformation of the ynamide. This was
done by the azide attack inside the molecules, which
caused the loss of nitrogen and the cyclopropanation of
the alkene that was present around.

As part of their study, Hashmi et al. showed that adding
external nitrene transfer reagents made a-imino gold car-
benes more useful for intramolecular cyclopropanations of
ynamides 94. By cutting N-S and attacking gold-activated
ynamides across molecules, they made a-imino gold car-
benes 97 using N-arylsulfilimines 95 (Scheme 28) [108].
The compound 3-azabicyclo[3.1.0] is of hexan-2-imines 96
and can be synthesized with high yields by employing var-
ious methods [109], including the utilization of a tethered
alkene as one of the approaches. For the effective progression

of the reaction, an electron-withdrawing group is attached to
the arene of the sulfilimines, and a temperature of 80°C is
necessary. Furthermore, it has been discovered that Au(mr)
catalysts with Lewis acidity demonstrate superior efficiency
in comparison to Au(y) catalysts.

After that, the Hashmi group showed that ynamides 94
could turn into 99 under milder conditions by using
different nucleophilic nitrenoids, namely anthranils 98
(Scheme 29) [110].

In this instance, the reaction might continue at room
temperature with a catalytic quantity of NaAuCl, dihy-
drate. A related work with a-imino gold carbenes is worth
mentioning, as it allowed the creation of bicyclic com-
pounds fused with cyclopropane in certain situations [111].

Ar
Ri Ro Oxidant R
1, o2
/ + 7 _LOPOAUNTI) r
o’/S\\o AT PhCF3 4A MS R; © .
60 OC, 12 h Oxidant
83, 8 examples
81 82 Yield: 51-83%
R4 N N
AuL AuL
Y Ry R,
S0 -0, 5
R
84 85 86

Scheme 25: Gold-catalyzed intermolecular oxidative cyclopropanation.
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Scheme 26: Gold-catalyzed intramolecular cyclopropanation of 1,5-enynes with iminopyridinium ylides.
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Scheme 27: Intramolecular cyclopropanation of azidoynamides.

3.5 Gold-mediated synthesis of
cyclopropanes containing heteroatom

Additionally, heterocyclic 3-membered rings such as azir-
idines and epoxides were produced under gold(1) catalysis
in several mechanistic contexts.

The group demonstrated that reacting 3-hydroxyben-
zofurans 101 with 2H-azirines 102 under gold catalysis gen-
erates aziridines 103 (Scheme 30) [112].

In their important work, Sahani and Liu provided a
full explanation of the intermolecular (4 + 2) cycloaddition
reaction involving benzisoxazoles 105 and electron-poor
alkynes 104, specifically propiolates. The use of gold cata-
lysis in this process led to the formation of tetrahydroqui-
nolines 107, which possess an epoxide ring. This reaction is
illustrated in Scheme 31 [113].

Hashmi’s group used electron-rich alkynyl amines in a
similar manner [114]. This led to the construction of a novel
switchable approach that allowed for the synthesis of

quinoline epoxides (containing an Au(m) complex) or 6-
acylindoles (containing an Au() complex) from the same
two substrates by selecting the appropriate gold catalyst.

4 Gold-catalyzed formation of four-
membered rings

Zhang [115] stated that Au(1) catalysis was used to make the
first indoline-fused cyclobutanes. Subsequently, the region
has experienced substantial development because of the
recognition and implementation of a remarkable array of
gold(1)-catalyzed methodologies, the majority of which rely
on sequential [2 + 2] cycloadditions and ring expansions
[27-34,116-126]. The utilization of these novel methodolo-
gies enables the atom-efficient synthesis of a wide range of
molecules, encompassing both simple ring structures and
complex frameworks seen in natural substances.

EWG
Ri Y-
I R, N wrioawcy
N\i + | toluene, 80 °C
R,0,S” R4 R™ R R = Ph, Me
94 95 4h

Rs
GWE R
|\\ R4 ¢ j/R“
s (j%
SO,R,
96, 24 examples Sosz
Yield: 61-97%

Scheme 28: Intermolecular cyclopropanation of ynamides using sulfilimines.
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Scheme 29: Anthranil-mediated intramolecular cyclopropanation of ynamides.
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Scheme 30: Synthesis of aziridines from 2H-azirines via gold catalysis.

4.1 Formation of four-membered rings via
cyclopropyl ring expansion

The Echavarren group has reported a diastereoselective Au
(D-catalyzed cascade transformation. In this process, a
cyclopropyl group is changed into a cyclobutane through
a series of chemical reactions that include ring expansion,
enyne cyclization, and Prins cyclization. In particular, the
change is made to cyclopropyl 1,6-enynes 109, which creates
tricyclic compounds with a decahydrocyclobuta[a]pentalene
skeleton 110. These compounds exhibit a syn/anti/syn rela-
tionship. Following this, the tricyclic compounds are changed
into the natural product Repraesentin F 111 in six steps
(Scheme 32) [127].

The tricyclic core [128] belonging to the protoilludanes
family was successfully obtained by a one-step process
utilizing a closely comparable Au(i)-catalyzed allene-vinyl-
cyclopropane cycloisomerization.

Shi et al. [81] documented the cycloisomerization of 1,5-
enynes 112, which were tethered with a cyclopropyl group,
using divergent gold(r) catalysis (Scheme 33). Cyclobutane-fused

1,4-cyclohexadienes 114 were synthesized in cases where the
aryl group did not possess ortho-substitution, as depicted in
Scheme 33a. The ortho-substitution of the aryl group facilitated
the generation of a switchable protocol. Under controlled tem-
perature conditions, three unique polycyclic scaffolds were
synthesized using a suitable gold catalyst. The scaffolds encom-
pass spiro compound 116, fused-cyclobutane-conjugated cyclo-
hexadiene 115, and tricyclic cyclobutene 117. The synthesis was
carried out according to Scheme 33b-d, respectively. Both
labeling investigations and computational analysis were
employed to demonstrate that the ortho-substituent effect
played a crucial role in determining the transformation of
the common biscyclopropane Au() carbene intermediate
113 into different products.

The Gagne group reported cyclic 1,5-dienes 118 under-
going Cope rearrangement and cyclopropane ring expan-
sion under gold(1) catalysis to synthesize tricyclic com-
pounds 119 (Scheme 34) [129].

The enantioselective cycloisomerization/ring expan-
sion procedure for cyclopropylidene-containing 1,5-enynes
120 was found by the Gagne research team. This process
led to the formation of enantioenriched bicycle [4.2.0]
octanes 122 with an enantiomeric excess of up to 70%
(Scheme 35, right) [130]. The same group of researchers
later found that aldehydes could effectively capture Au(i)-
stabilized allyl cation intermediates 121, which led to the for-
mation of oxo-carbenium cations. The cations we talked
about earlier went through Friedel-Crafts annulation, which
created polycyclic structures 123 through a cascade reaction
with high diastereoselectivity (shown in Scheme 35, left) [131].

Rs Rs o) ? o HN™
o AONZN (PhO)SPAUCHAGSBFs  (1F Rz ? 5
R2 — R1 + (0] | | o 2
~ ° = “
N 1,2-DCE, 80 °C, 3-12 h N R4 N R l
9 H RO R
107, 10 examples AuL*
104 105 Yield: 45-90% 108 106

Scheme 31: Oxirane synthesis from benzisoxazoles under Au-catalysis.
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Scheme 33: Gold-catalyzed transformation of 1,5-enynes with cyclopropyl
(c) biscyclopropane; (d) tricyclic cyclobutene derivatives.

Carreira has successfully devised a process character-
ized by a high degree of diastereocontrol that enables the
synthesis of cyclobutane derivatives 125 by the employ-
ment of Au(1)-catalyzed cyclo-isomerization of cyclic cyclo-
propylidene 1,5-enynes 124 in conjunction with a terminal
alkyne. Harziane diterpenoid 126 (Scheme 36) was obtained
through a series of 16 consecutive transformations, starting
with the initial cyclobutane precursor [132].

Bh LAu_ Ph
[(Ph3P)Au(NTf2)]
AR AT YL N
Ph  CHxCh, 1t, 12 h
¥
118 119, 88% 118'

Scheme 34: Cycloisomerization of cyclopropylidene-tethered frameworks.

group into (a) cyclobutane-fused 1,4-cyclohexadiene; (b) 1,3-cyclohexadiene;

The Shi group made a bhig discovery about how ortho-
substituents affect the phenyl group (R1) in the reaction
between (propargyloxy)arenemethylenecyclopropanes 127
and an Au() catalyst that attracts electrons, specifically
[(p-CF5C¢H4)sPAUCL. This reaction exhibited chemodivergent
results, as seen in Scheme 37 [133]. There have been obser-
vations in chemical reactions that when bulky substituents
like t-Bu and t-Am are used, the methylene cyclopropane
group moves instead of expanding. This leads to the creation
of bicyclic products 129, as depicted in Scheme 37 on the
left. Methoxy (MeO), halogens, or methyl (Me) groups are
thought to be non-bulky and can help the ring become
bigger and the propargyl group moves around. Au(1) facil-
itates the catalytic process, which results in the synthesis of
2,3-dihydrobenzofuran cyclobutane fused allene derivatives
131. The reaction is visually represented in Scheme 37, situ-
ated on the right-hand side.



16 —— Kasi Ganesh Kadiyala et al.

DE GRUYTER

? [(PhaP)AU(NTF2)]
X _
| Rs  CHyCh,-35°C, 10h
A 120
R |
0 :
123, 18 examples r/ ¥
Yield: 48-91%
LAu
Ar
121

[((R,R)-iPr-DuPhos)(AuCl )
AgNTfy, CH3NO2, 0°C,4 h

Ar

122, 9 examples
Yield: 76-96%

1,2-H shift 28-70% ee

Scheme 35: Au(1)-Catalyzed synthesis of cyclobutane fused systems.
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Scheme 36: Cycloisomerization of cyclopropylidenel,5-enynes.

In addition, Shi effectively developed a regiodivergent
catalytic cyclization/ring opening sequence (Scheme 38) uti-
lizing alkynylamide-tethered alkylidenecyclopropanes 132
[134]. In this case, the gold() catalysts utilized resulted in
the formation of two unique types of fused 4-membered
rings, namely cyclobutenes 134 and cyclobutanes 135. The

cationic Au(r) catalyst’s ligand and counteranion were dis-
covered to be significant factors in the distribution of the
product. Cyclobutenes 134 were the only compounds pro-
duced when [(PhsP)AuCl] was employed in conjunction with
AgOTf (Scheme 38, left). Cyclobutanes 135 was the lone pro-
duct, however, because of using JohnPhos as a ligand with

R
128, 8 examples
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R4 =t-Bu and -Am
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R4 = Me, OMe, F, ClI, Br

Scheme 37: Regiodivergent cycloisomerization of cyclopropylidene 1,7-enynes catalyzed by Au().
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Scheme 38: Cycloisomerizations of ynamide-cyclopropylidene 1,7-enyne.
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Scheme 39: Enantioselective gold(1)-catalyzed cycloisomerization of
cyclopropylidene 1,6-enynes.

the BArF, counteranion (Scheme 38, right). It is possible for
a Friedel-Crafts annulation to create spiropolycyclic cyclo-
butanes 135 from the Au(p)-stabilized carbocation 133 after
the ring has grown. When intermediate 133 is deprotonated,
cyclobutene 134 is obtained as an alternative.

Li and Yu used cyclopropylidene 1,6-enynes 136 as a
starting point for the synthesis of azepine-fused cyclobutanes
137. As shown in Scheme 39 [135], a series of steps involving
Au(n-catalyzed cyclization, C—C cleavage, and Wagner—Meer-
wein rearrangement were necessary to achieve the result.
The authors found that in this instance, the influence of
both the counterion and the solvent enhanced enantioinduc-
tion. It was shown that AgShFs, toluene, and [(R)-4-MeO-3,5-(t-
Bu),-MeOBIPHEP)(AuCl),] can improve the enantioselectivity
of cyclobutane products 137 by as much as 99% ee. Noting the
creation of spirocyclic molecule 137’ during the reaction is
very important because it shows great chemoselectivity, espe-
cially when aryl groups lacking electrons are connected to the
cyclopropylidene moiety.

Shi et al. reported a novel method of generating gold(1)
carbenes based on vinylidenecyclopropanes’ ambiphilic
properties. A vinylidene cyclopropane, like 138, is activated

by gold() to produce cyclopropyl gold() intermediate 139,
which then expands the ring to form Au() carbene 140
(Scheme 40) [136].

When this method was used, the pendant alkene part of
vinylidenecyclopropane-enes of type 138 underwent cyclo-
propanation by temporary Au() carbenes 140°. Therefore,
3, 4-, and 8-membered fused rings 141 (Scheme 40, left)
were constructed in a single step [136]. Vinylidenecyclopro-
pane-enes were the only ones that worked as substrates
because they only bound to aromatic rings without ortho
substitution. The researchers came up with new methods to
achieve this. The Au(1) carbene that was made in the reac-
tion mixture was very important in a process called intra-
molecular C(sp*)-H insertion. This resulted in the successful
synthesis of the required fused cyclobutane products, denoted
as 142. This was achieved by strategically modifying the pen-
dant chain of vinylidene cyclopropanes, as depicted in Scheme
40 (right) [137].

4.2 Gold(r)-catalyzed 1,3-acyloxy migration
in propargylic carboxylates

The challenge associated with the 1,3-acyloxy migration of
1,3-diarylpropargyl carboxylates under the influence of a
gold() catalyst has been ascribed to the formation of
uncharacterized amalgamations. In the context of the inter-
molecular synthesis of cyclobutanes 144b catalyzed by Au(),
as described by Shi et al.,, they developed a silver-free pro-
cess that demonstrates both chemo- and regioselectivity.
This methodology was employed to investigate the charac-
teristics of the various products, as depicted in Scheme 41
[138]. Here, the intermolecular [2 + 2] cycloaddition between
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Scheme 40: Cycloisomerization of vinylidenecyclopropanes coupled with O-allyl and benzyl moieties.

the in situ-produced allenes 143’ is catalyzed by gold(). Only
14-enyne 144a was produced when silver was present
(Scheme 41). On the other hand, depending on the catalyst
selected and the carboxylate moiety’s substitution pattern,
cyclobutane isomer 144b may be produced as the main
product in a silver-free environment.

Fiksdahl recently reported an isolated case of this reac-
tivity in the context of [2 + 2 + 2] cyclotrimerizations cata-
lyzed by Au(r) [139].

In the context of a computational modeling investiga-
tion on the structural properties of acyclic diaminocarbene
ligands, an accompanying enantioselective reaction was
performed. The goal of this reaction was to change indolyl
substrates 145, which have a propargyl ester part, into com-
plex tetracyclic scaffolds 146 (shown in Scheme 42) [140].

It is easier to tell the difference between enantiomers

the alkyne moiety. In contrast, complex 148 demonstrates
an inverse impact. In general, it can be observed that com-
plex 147 exhibits superior enantioselectivity and yields
compared to those of complex 148.

4.3 Gold(1)-catalyzed [2 + 2]-cycloaddition
between allenes and alkenes

The efficacy of 3-(Propa-1,2-dien-1-yl)oxazolidin-2-one 149
as a suitable two-carbon partner in a full regio- and stereo-
controlled intramolecular [2 + 2] cycloaddition with alkenes
150 has been established by Lépez et al. As shown in
Scheme 43, the presence of gold acts as a catalyst to facil-
itate this reaction. The formation of trans isomer 152 is
independent of the alkene 150's structure. The proposed

when gold catalyst 147 is used with bigger alkyl groups on mechanism entails a sequential cationic pathway
t-Bu Tol O PivQ OPj

- Ph P Y opiv

o~ o [(Ph3P)Au(N-methyl benzotriazole)]OTf Ph \ P>
+ Tol 7 Ph

T°')\ CHaCh. 161 Tol™ N pp?t Tol Tol*
Ph Ph OPiv Tol
143 O>; 144a 144b 144c
Q
-Bu C=
Ph>: Tol
143'

Scheme 41: Au(1)-mediated intermolecular 1,3-acyloxy shift followed by [2 + 2] cycloaddition.
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complexes.

characterized by the formation of cationic intermediates.
The regioselectivity of the reaction is determined by the
nucleophilic attack of the alkene on a second cationic inter-
mediate 151. This attack favors the creation of a more
stable benzylic or iminium cation [141]. An important dis-
covery was made by Chen et al. about the catalytic proper-
ties of the chiral bis-1,2,3-triazol-5-ylidene diAu(1) complex
153 in a recent study. This complex has amazing catalytic
properties that the researchers used to show how it can
help make cyclobutanes selectively using a [2 + 2] cycload-
dition process [142]. This ligand can be used with a wider
range of substrates, such as different allenamide and
alkene chemical counterparts.

The asymmetric Au(i)-catalyzed cycloadditions of N-alle-
nylsulfonamides 155 and 3-styrylindoles 154 were reported
by Zhang and colleagues (Scheme 44) [143]. Here, it was
discovered that the N-substituents’ electrical characteristics
were responsible for switching the cycloaddition mode. The
[4 + 2] cycloaddition reaction leading to the formation of
tetrahydrocarbazole scaffolds 157 (Scheme 44, left) was
facilitated by substituents with electron deficiency. Conver-
sely, the [2 + 2] cycloaddition reaction resulting in the synth-
esis of 3-cyclobutylindole 156 (Scheme 44, right) was favored
by substituents with electron-donating properties.

Interestingly, it was discovered that employing the
identical chiral phosphoramidite gold(i) catalyst allowed

N!/\O
lc( Wg LAUCI/AgSbF g,
I 149 CH,Cl,, -15 °C, 12 h
+ R2
&%&
R3
150 L= [23{(tBu)2C H:0lPAC

° ClAu
o/[<N OO NON
L Rs |
- o
>R
Ry 2 CIAH
152 Yield: 33-96% 153, Ar = p-MeOCH, |

Scheme 43: Gold-catalyzed allenamide-alkene [2 + 2] cycloaddition.
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Scheme 44: Enantioselective [2 + 2] and [4 + 2] cycloaddition of 3-styrylindoles with allenamides.

for diastereo- and highlyenantioselectivity in both routes.
After that, a new method was created using a chiral Au(y)
monophosphine catalyst to make the [2 + 2] cycloaddition
process possible with N-allenyl oxazolidinone as the elec-
trophilic reactant [144].

The Bandini group devised Scheme 45, an asymmetric
technique for the dearomative [2 + 2] cycloaddition of 1,2-
substituted indoles 160 and allenamides 161 [145,146]. To

obtain very good chemo-, diastereo-, and enantioselec-
tivity in the production of indolincyclobutanes 162, an
electron-rich phosphine-based gold catalyst had to be
used. In a previous paper, the same research group
showed that indoles could selectively become C3-functio-
nalized when they were exposed to an extremely electro-
philic Au(y) catalyst, which is like the scaffolds used in this
study [147].

i R, [JohnPhosAu(NCMe)SbF6
A / AgOTf “\)
\ r 7 CH,Cly, 0°C, 5 h T
N ) R
R4 R1 2
160 161 162, 35 examples
Yield: 8-96%; 64-99% ee

Scheme 45: Enantioselective gold()-catalyzed [2 + 2] cycloaddition of indoles with allenes.
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Scheme 46: Cycloisomerization of trimethylsilyl-modified 1,6-ene-ynamide.

4.4 Gold(1)-catalyzed [2 + 2]-cycloadditions
between alkynes and alkenes

Numerous studies have been conducted on the alkene-
alkyne system to produce cyclobutanes, cyclobutenes, and
cyclobutanones by intra- and intermolecular [2 + 2] cycload-
dition [61]. With 1,6- [148-157], 1,7- [158-161], 1,8- [155,162,163],
and 1,9-enynes [163] as substrates, many bicycles with four
carbon rings have been formed. It was necessary to employ
bulky phosphines, primarily biarylphosphines, as ligands
for the majority of these unsaturated systems. Additionally,
there have been documented instances of multiple situa-
tions involving the inclusion of macrocycles with ring sizes
ranging from 9 to 15 members [164,165].

The access to cyclobutanones 166 is facilitated by the
gold-catalyzed cycloisomerization of substituted 1,6-ene-
ynamides 163, as described by Cossy [150,153] and Yeh
(Scheme 46) [157]. This process involves the hydrolysis of
the first formed cyclobutenes to obtain the desired cyclo-
butanones. The proposed mechanism for the formation of
trimethylsilylanol involves the protonation of the double
bond in the intermediate compound 164, which is a cyclo-
butene replaced with trimethylsilyl groups. This protona-
tion event then triggers the removal of the trimethylsilyl

group. The lack of rapid protosilylation in the presence of
AuCl can be attributed to the behavior of trimethylsilyl-
ynamides. The presence of H,0 leads to the transformation
of component 165 into cyclobutanone 166.

Furthermore, the formation of 6,6-diarylbicyclo[3.2.0]
heptanes 169, which possess a quaternary core, is success-
fully accomplished by the utilization of a sequential gold-
catalyzed cycloaddition/hydroarylation procedure invol-
ving 7-aryl-1,6-enynes 167. By using an arene 168 with a
high electron density as the nucleophile, Scheme 47 [156]
can perform the reaction. Many mono-, di-, and trisubsti-
tuted arenes have gone through this change, which creates
diastereoisomer combinations in an endo/exo configura-
tion. The ratios of these combinations vary from 1:7 to 25:1.

It is possible to selectively make substituted cyclobu-
tenes by using Au() as an intermolecular catalyst in a [2 +
2] cycloaddition reaction with aromatic or aliphatic alkenes
and terminal electron-rich alkynes. Kinetic measurements
and DFT calculations support the mechanistic proposal.
These results back up the idea that the rate-determining
phase involves an associative ligand exchange between
the gold-bound alkyne and the alkene. Additionally, the
early intermediates are believed to be cyclopropyl Au(y) car-
benes. The scope of the reaction includes reactions involving

R ——Ar 5 Rs
5 R, Ry [(CyJohnPhos)AuClI] R4
R3 . AngFG R
Ry T \ : Rs
2 g, Re Rs CH,Cl, 1, 1.5 h Rs
R1 169, 15 exampl
R, ) ples
167 168 Yield: 64-88%

Scheme 47: Sequential gold-catalyzed [2 + 2] enynes’ cycloaddition and hydroarylation.
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Scheme 48: Gold-catalyzed regioselective [2 + 2] 1,3-butadiyne cycloaddition with alkenes.

alkenes 171 and 1,3-butadiynes 172. When the highly substi-
tuted carbon of the alkene and the secondary carbon of the
alkyne come into contact with each other, a chemoselective
[2 + 2] cycloaddition reaction takes place. The only way this
reaction can occur is through the terminal alkyne, which
makes alkynyl cyclobutenes 172 (shown in Scheme 48) [166].

Similarly, alkenes 173 can combine with the equivalent
1,3-enynes 174 to produce 1-vinyl-3-substituted cyclobu-
tenes 175 (Scheme 49) [167].

Recently, it was reported that the [2 + 2] cycloaddition
of unactivated monosubstituted alkenes 177 with chlor-
oethynyls 176 has very good selectivity in certain regions.
With 1,2-disubstituted unactivated alkenes, the reaction is
essentially stereo-specific (Scheme 50) [168]. The fact that
the 1-chlorocyclobutene derivatives 178 worked well as
substrates in cross-coupling reactions shows that they are
useful for making new things.

They used a gold catalyst with a Josiphos ligand and a
[BAr,F]™ counterion to show enantioselectivity for the first
time. This catalyst was applied to di- and trisubstituted
alkenes ranging from 180 to limit the formation of digold
species, as seen in Scheme 51 [169]. The utilization of this
technology in the enantioselective total synthesis of Rum-
phellaone A, a terpenoid known for its cytotoxicity against
human tumor cells, is of particular significance as it involves
a sequence of nine steps.

Sparr et al. conducted an experimental investigation
on the novel atropisomeric teraryl monophosphine ligand,
Joyaphos, employing the same methodology as described in
the study of Castrogiovanni et al. [170]. The study’s results
show that using (Sa)-Ph,JoyaphosAuCl and Cy,JoyaphosAuCl

with AgSbF6 can help the reaction occur, even though the
yields aren’t very high and the enantioselectivity isn’t
very good.

In a recent study, Echavarren et al. conducted research
on the enantioselective synthesis of hushinone, a norses-
quiterpenoid present in the essential oils obtained from
Betula pubescens buds. The synthesis involved a series of
16 steps, resulting in a yield of around 1.1%. Additionally,
they also successfully synthesized Rumphellaone A in 12
steps, achieving an approximate yield of 8% [165]. To
synthesize the cyclobutene part 183, the 1,10-enyne 182
needs to bhe diastereoselectively [2 + 2] macrocyclized
with the help of Au(1) catalysis (Scheme 52).

Xu et al. have developed a convergent approach uti-
lizing pinacol rearrangement and Au()-catalyzed [2 + 2]
enyne 184 cycloaddition. This method enables the forma-
tion of the central bridging tricyclic BCD ring system found
in norditerpenoid alkaloids, specifically Racemulsonine
(Scheme 53) [160].

4.5 Gold(r)-mediated alkyne [2 + 2]-
cycloadditions

With gold catalysis, 1,n-diynes have not been utilized nearly
as frequently as 1,n-enynes. Every scenario given involves
the formal [2 + 2] cycloaddition-mediated evolution of an
allene molecule from its initial production.

Gold can be used as a catalyst to convert 1,7-diyn-3,6-
bis(propargyl) carbonates 187 into functionalized naphtho
[blcyclobutenes 188 with great stereoselectivity. The double

R3 F R1
v Re [BuXPhosAu(MeCN)]BAr", W&
= R
Ro . O R CH,Cl, 1t, 12 - 19 h R, 5
R»] R5 R3 R6
173 174 175, 31 examples
Yield: 14-98%

Scheme 49: Gold-catalyzed chemoselective alkene-diyne [2 + 2] cycloaddition.
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Scheme 50: Gold-catalyzed [2 + 2] cycloaddition of chloroalkynes with unactivated alkenes.
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Scheme 51: Enantioselective [2 + 2] cycloaddition between trisubstituted alkenes and terminal alkynes.

3,3-rearrangement that forms bis(allenyl)carbonate 189 in
the cascade sequence. The naphthyl derivative 190, which
is produced via a 6m-electrocyclic reaction and can be
thought of as a highly stabilized biradical 191, is then fol-
lowed by cyclobutenyl dicarbonate 192 when it sponta-
neously cyclizes (Scheme 54) [171]. At last, 188 is obtained
through a decarbonylative cyclization (pathway A). On the
other hand, approach B suggests that the allenic group
attacks the gold-activated allene with a nucleophilic attack
inside the molecule, which creates oxocarbenium.
Alternatively, the intramolecular gold-catalyzed cycloi-
somerization of stable alkylidene tethered diynes 194 can
be utilized to facilitate the production of cyclobutene-fused
azepines 195. A viable mechanism, shown in Scheme 55,
has been developed based on the findings obtained from
the 1H NMR investigation. A single pair of electrons on the
nitrogen atom facilitates a 6-endo-dig attack, which is how

the reaction starts. This attack results in the nucleophilic
addition of an alkene to an activated alkyne.

An allylic cation, 197, is produced by cleavage of the
C-N bond, 196, and then demetallation to form the allene,
198. Finally, the activation of the vicinal alkyne [172]
causes a [2 + 2] cycloaddition with the former allene.

Chan et al. investigated the cycloisomerization of 1,6-
diyne esters 199 through 1,3-migration[2 + 2]-cycloaddition.
This reaction resulted in the selective formation of bicyclo
[3.2.0]hepta-1,5-dienes 200 (Scheme 56) [173].

4.6 Heteroatom-incorporating 4-membered
ring synthesis

The approach to creating 4-membered rings, including O
and N atoms, was devised by Zhang. This was achieved by

S

F

. [(IPNAUNCPh)|[BAr,F]

CH,Ch, 1t, 24 h
Me Me
7
182 Me 183, 75%
9:1dr

Rumphellaone A

Hushinone

Scheme 52: Crucial step strategy for the total syntheses of hushinone and rumellaone A.
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Scheme 53: Synthesis of the bridged tricyclic BCD ring system core.
utilizing the intramolecular insertion capacity of a-oxo A viable approach for the synthesis of oxetan-3-ones

gold carbenes into N-H and O-H bonds. The carbenes dis- [175], 202, and 204 was devised by utilizing propargylic
cussed in this study are generated from alkynes via a gold()- alcohols 201 [176] that are easily available. The synthesis
catalyzed intermolecular oxidation process [174]. was conducted under ambient air conditions, employing
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Scheme 54: Gold-catalyzed diyne [2 + 2] cycloaddition for naphtho[b]cyclobutene formation.
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Scheme 55: [2 + 2] Gold-catalyzed Diyne cycloaddition to cyclobutene-fused azepines.
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Scheme 56: Synthesis of alkylidencyclobutenes by [2 + 2] Diynes

cycloaddition.

pyridine N-oxides as oxidizing agents and catalytic quan-
tities of Au(1) complexes, as illustrated in Scheme 57 [177].
To mitigate potential side reactions arising from the gen-
eration of propargylic cations in an acidic environment, it
was necessary to include an electron-withdrawing group at
the alkyne terminus of tertiary propargylic alcohol sub-

strates 203.

The disclosed technique (Scheme 58) was employed to
successfully synthesize a drug discovery library of 419 spir-
ocyclic oxetane-piperidine scaffolds. These scaffolds are
considered significant motifs in the field of medicinal
chemistry [178-180].

Zhang et al. utilized a similar methodology in order to
synthesize 208 from N-tert-butylsulfonyl propargylamines
[181]. The requirement for acidic additives when working
with secondary propargyl amine substrates was eliminated
by utilizing a large Buchwald ligand and an electron-defi-
cient, obstructed pyridine N-oxide, hence improving com-
patibility with functional groups.

Based on the previous research conducted by Ye
et al. [181], a tripartite approach was developed to effi-
ciently synthesize azetidin-3-ones 208 using readily avail-
able propargylic alcohols 207 (as shown in Scheme 59)
[182]. A convenient and practical method for the synthesis
of diverse azetidin-3-ones involves the oxidative cyclization

MeOOC
[(CyJohnPhos)Au(NTf,) \(j/ Q
OH .
)\ Oxidant NG Br
R X\ Tf,NHor MsOH, 12-DCE  R; o)
201 r, 34 h 202, 9 examples Oxidant
Yield: 57-81%
oH [(IPHAU(NTF,) o COOEt
Oxidant
Ry TENH, 120cE - RZT7 o
R3 2 R3
COOEt  40-60 °C, 2224 h
203 204, 8 examples Oxidant
Yield: 72-92%

Scheme 57:

Gold(1)-catalyzed formation of oxetan-3-ones via oxidative synthesis.
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Scheme 58: Efficient gold(r)-catalyzed production of oxetane-piperidine system at scale.
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Scheme 59: Au(1)-catalyzed formation of azetidin-3-ones via oxidative synthesis.

of N-tosyl propargylamines with gold as the catalyst. Sev-
eral other sulfonyl-protecting groups were found to be sui-
table for use in this process.

5 Conclusion

Over the past 20 years, Au() catalysis has emerged as a
highly effective strategy for achieving rapid and efficient
synthesis of complex molecules through single-step reac-
tions. The first step in a series of changes that occur when
Au(1) m-bonds are activated is the formation of Au() car-
bene intermediates. These intermediate compounds often
undergo reactions either within the molecule or between
molecules to form carbocycles consisting of three or four
carbon atoms. This approach has been extensively utilized
to formulate a variety of techniques that effectively enable
the precise and streamlined fabrication of diminutive rings.
One of the primary obstacles in this domain pertains to the
establishment of adaptable procedures that are not depen-
dent on overly complex or specialist beginning materials.
It is imperative to prevent the inclusion of undesirable
functional groups in the resultant reaction products.
Because these reactions involve a lot of complicated mole-
cules, small changes to the substrate substitution pattern or
reaction conditions can often lead to very different results.
There are also still problems with making enantioselective
versions of some transformations, even though there have
been big steps forward in the field of asymmetric Au()
catalysis in the last 10 years. Utilizing Au(1)-catalyzed
intermolecular interactions can result in the synthesis of
enantioenriched three- or four-membered rings. However,

it is worth noting that these reactions remain infrequent
and often exhibit a significant dependence on the specific
substrates employed.
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