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1 Introduction

Carbon-hydrogen bond is one of the most fundamental chemical bonds in organic
molecules. The direct conversion of C—H bond into C—X (X =C, N, O, S, etc.) bond,
termed C—H bond functionalization, which is regarded as the “Holy Grail” in chem-
istry, has been emergent as an efficient approach for the construction of complex
molecules because of the atom and step economy [1-10]. Both aromatic compounds
and olefins, such as phenol, toluene, and ethylene, which represent the most abun-
dant chemical feedstocks, contain a mass of the C(sp?)—H bond. Furthermore, the
carbon-carbon double bond, which possesses the sp? carbon, is the most important
scaffold in organic synthesis and is prevalent in bioactive compounds, drugs, dyes,
functional materials, and fine chemicals. Thus, the development of new reaction
methodologies of C(sp?)—H bond functionalization is highly desirable in which it is
avital issue to control the functionalization of specific one among many C—H bonds.

For a long time in history, gold is regarded as a symbol of wealth because gold
is very stable and cannot be used in chemical reactions. However, during the past
two decades, gold catalysis has attracted much attention for the discovery of novel
organic transformations by the n-activation of unsaturated carbon-carbon bonds
due to the excellent carbophilic n-acidic and catalytic activities of both gold(I)
or gold(III) complexes [11-18]. Gold complexes can also catalyze the C—H bond
functionalization. In 2000, Hashmi and coworkers developed the intermolecular
C(sp>)—H bond functionalization of arenes with olefins [19]. In 2004, He and
coworkers developed the gold(IlI)-catalyzed C(sp?)—H bond functionalization of
arenes with primary alcohol sulfonate esters in which they present the pathway of
the formation of phenylgold(III) species via C—H bond activation [20]. Compared
to the other commonly used transition metals, e.g. palladium, rhodium, and
ruthenium, in C—H bond functionalization reaction, which generally need the
extra installation of directing groups to achieve the site-selectivity via coordination
with the metal catalysts, gold catalysts are used in an “undirected” approach.
Recently, gold catalysts exhibit more and more specific reactivity in C(sp?)—H bond

Handbook of CH-Functionalization, First Edition. Edited by Debabrata Maiti.
© 2023 WILEY-VCH GmbH.
DOI: 10.1002/9783527834242.chf0097

d '/600J49 ZVZEBLZSEBLB/Z00T OT

Jwouy

0T 0T/I0p/W00" KB

1PUOD PUe SWR L 84} 385 *[2202/2T/20] Uo ARIqIT8uIUO AB1IM * AB11M - uIneBo N apne peueyRN Ad Z600J0"ZrZES:

2l o

pue

P

85UB017 SUOLIWIOD BAIER.D 3|l jdde aus Aq pausenob 8.8 SSPILE YO ‘88N JO S3|nI 10} ARIqIT 8UIUO A3]IM Uo



2

Gold-Catalyzed C(sp?)—H Bond Functionalization

functionalization, because many parameters, such as ligands, counter anions, and
additives, can be tuned to control the chemo- and site-selectivities in gold catalysis.
In this article, we focus on C(sp?)—H bond functionalization via gold catalysis. We
cover the milestones and the recent advance in this research field and show the
different chemo- and site-selectivities under various reaction conditions.

2 Gold-Catalyzed Intramolecular C(sp?)—H
Functionalization

Fused hetero- and carbocycles are important motifs found in numerous natural
products, bioactive molecules, functional materials, and so on. Thus, the potential
usage of these structures has greatly motivated scientists to aim at the development
of novel, efficient, economical, and selective synthetic approaches for the construc-
tion of these compounds. In this regard, gold-catalyzed intramolecular C(sp?)—H
functionalization reaction between aromatic rings and electrophiles is one of the
most straightforward strategies to access these scaffolds. Over the past two decades,
spectacular achievements have been reached in this field of Au-catalyzed C—H
bond functionalization process.

Gold complexes, which normally played the role as = Lewis acid, have excellent
and specific abilities to activate the unsaturated carbon-carbon bonds. Then,
the activated unsaturated C—C bonds, especially the alkynyl and allenyl, can
undergo the addition of aromatic rings, which might include rearrangement
reactions. In 2009, Banwell et al. reported the gold-catalyzed aromatic C(sp?)—H
bond of phenyl rings with intramolecular terminal alkynyl groups, delivering
various important fused heterocyclic motifs. As shown in Scheme 1, in most cases,
the six-membered-ring products 2 were the major products via the 6-endo-dig
cyclization catalyzed by JohnPhosAu(CH;CN)SbF;. In some cases, the benzofurans
3 were obtained via the tandem [3,3]-Claisen rearrangement/5-exo-dig cyclization
reactions of aryl propargyl ethers. In the formation of benzofurans 3, ortho-allenyl
phenols 1d or the corresponding phenolic anions were the important intermediates,
which could be stabilized by the electron-withdrawing substituents on the phenyl
ring through resonance. Thus, benzofurans 3 were obtained as the major products
using aryl propargyl ethers with the strong electron-withdrawing groups, such as
CO,Me and NO,, at the ortho-position of the oxygen atom as the substrates [21].
In 2011, Stratakis and coworkers disclosed that the [3,3]-Claisen rearrangement
could be hindered by switching the JohnPhos gold complex to Ph,PAUNTf,, yielding
exclusively 2H-chromenes 2 [22].

Thus, this gold-catalyzed highly regioselective cyclization of phenyl rings had
become an efficient strategy to construct various benzoheterocyclic compounds,
such as coumarin and quinine, by tuning the gold catalysts and the alkynyl-
containing benzene substrates, which had been reported by Arcadi, Banwell,
Goggiamani, and other researchers (Scheme 2) [23-34]. Besides the commonly
used homogeneous gold complexes, heterogeneous gold catalysts were also used in
this transformation. In 2013, Litinas group disclosed that the gold nanoparticles,
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Banwell and coworkers [21]

X -0 JohnPhosAuMeCNSbFg (1-5 mol%) X_-0 o
R T DCM, 1-48 h R m R g Me
s % d/
HI X=0, NTs, NNs andior
1 R=p-Me, p-OMe 2 3

3,4-di-OMe, 0-CO,Me, 0-NO,

JohnPhosAuMeCNSbFg
. X_-0
Z
u Au
1b
—H*

Scheme 1 Gold-catalyzed cyclization reaction via C(sp?)—H functionalization.

which were supported on TiO, and Al,O;, were efficient catalysts to convert
N-propargyl anilines and coumarins into the corresponding quinolines and
fused pyridocoumarins 9 under mild conditions [26]. Wegner et al. developed
an Au-catalyzed domino cyclization/oxidative coupling reaction by combining
HAuCl, and tert-butyl hydroperoxide (TBHP) as the catalysts. In this reaction, the
gold catalyst performed two different functions via the catalytic cycle between Au(I)
and Au(IIl), affording a series of dicoumarins 12 [29]. In addition, gold-catalyzed
intramolecular hydrogen arylation also exhibits huge potential in natural product
synthesis [33, 35-37].

Besides the O- and N-containing heterocycles, P-containing heterocycles could
also be reached by this method [38—40]. In 2021, the synthesis of phosphorus atom
containing benzo six-membered heterocycles 14 was reported by Pirat, Virieux, and
coworkers (Scheme 3a) [38]. In this reaction, the regioselective 6-endo-dig cycliza-
tion of P-containing phenyl alkynes 13 was promoted by PPh;AuCl and triflate acid
under the activation of microwave. Meanwhile, Kamikawa group reported the syn-
thesis of P-containing seven-membered rings 16 from 2-ethynyl triaryl quaternary
phosphonium salts 15 under the catalysis of IPrAuCl/AgOTf with triflate acid as
the promoter (Scheme 3b). The 6-exo-dig product 17 was preferred using terminal
alkynes [39].
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18 Examples, up to 99% yield 40 Examples, up to 98% vyield 17 Examples, up to 99% yield
Arcadi et al. [23] Banwell and coworkers [24] Goggiamani, lazzetti, and coworkers [25]
with JohnPhosAuMeCNSbFg with Echavarren’s gold (1) with JohnPhosAuMeCNSbFg
3
A R!
r,,,*\ N
v N
P 1 R2
[OANe] , R ,}‘ o
R R
9 10 1
14 Examples, up to 98% yield 25 Examples, up to 99% yield 10 Examples, 90-99% yield
Litinas and coworkers [26] Vadola and coworkers [27] Goggiamani, lazzetti, and coworkers [28]
with AuTiO, or Au/Al,O4 with XPhosAuMeCNSbFg with JohnPhosAuMeCNSbFg
O (S
SbF,
tBu\ 6 oy SbFg
fBu\P—AﬁD—NCMe Oy ~p—AP-NCMe
1 ipr 1 ,
(< (N
9 Examples, up to 67% yield Pr
Wegner et al. [29] Echavarren’s gold(l) XPhosAuMeCNSbFg

with HAuCI, and tBuOOH (5 equiv)

Scheme 2 Gold-catalyzed 6-endo-dig cyclization. Source: Adapted from Arcadi et al. [23],

Cervi et al. [24], Arcadi et al. [25], Symeonidis et al. [26], Vacala et al. [27], Arcadi et al. [28],
Wegner et al. [29], Nevado and Echavarren [30], Xiao et al. [31], Moran-Poladura et al. [32],

Jiang et al. [33], Yin et al. [34].

Allene is another functional group, which can be activated by gold catalysts sim-
ilar to alkyne. When alkynyl was replaced with allenyl in the substrates containing
phenyl rings, hydroarylation could also take place with the catalysis of gold to con-
struct benzocyclic motifs (Scheme 4) [41-44]. In 2007, Fujii, Ohno, and coworkers
developed a gold-catalyzed hydroarylation reaction of allenic phenol and aniline
derivatives catalyzed by gold, producing various chromene and dihydroquinoline
scaffolds 20 and 21 under mild conditions [41]. In 2013, Alcaide and Almendros
disclosed a gold-catalyzed chemo- and regioselective 9-endo carbocyclization to con-
struct fused tricyclic p-lactams 22 through introducing a long linker between the

phenyl and the allenyl groups [43].

The gold-catalyzed C—H bond arylation is an efficient method to obtain ben-
zocyclic compounds. In 2016, Lloyd-Jones and coworkers reported gold-catalyzed
intramolecular C(sp?)—H bond arylation of arenes with arylsilanes, generating
annelated biaryls 24 with five- to nine-membered rings under mild conditions

(Scheme 5) [45].
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(a) Pirat and coworkers [38]:

e 1\1
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Ph3PAuCI (2.5 mol%)
TfOH (3 equiv)

R2—=—P-Ph 1,2-DCE, 160 °C
o) p-Wave
13 16 Examples, up to 99% yield 14
(b) Kamikawa and coworkers [39] R R
R ~“OTf R?
“R
1
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IPrAuCI (5 mol%)
~ AgOTf (5 mol%) s 16
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Scheme 3 Synthesis of P-containing heterocycles via Gold-catalyzed cyclization.
Source: Hariri et al. [38], Tsurusaki et al. [39].
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Fujii, Ohno, and coworkers [41] coworkers [43]

with PPh,AUNT?,

Scheme 4 Gold-catalyzed hydroarylation reaction of allenes. Source: Adapted from
Watanabe et al. [41], Alcaide et al. [43].
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6 | Gold-Catalyzed C(sp?)—H Bond Functionalization

Lloyd-Jones and coworkers [45]

thtAuBr5 (1 mol%) via: [Au]
— >
Phl(OAc), (1.1 equiv) @ T @
CHCly/MeOH, 27 °C 6-10
SiMe, H tht: tetrahydrothiophene 1@
23 24 25
36 Examples

52-95% yield

Scheme 5 Gold-catalyzed intramolecular C(sp?)—H bond arylation. Source: Corrie et al.
[45]/American Chemical Society.

The site-selectivity of the aromatic C(sp?)—H bond could be controlled by the
reaction conditions, when the gold-catalyzed intramolecular hydroarylation could
result in two C(sp?)—H bond functionalization products for the unsymmetric
phenyl ring. In 2016, a regiodivergent cyclization reaction was reported by Jiang
et al. by tuning the gold catalysts (Scheme 6). In this reaction, the authors proposed
that the electronic property and steric hindrance of the gold catalyst were vital for
the site-selectivity. When the electron-deficient phosphite ligand (2,4-"BuC,H,0),P
was used, the electrophilicity of the gold center was increased, which could be
easily trapped by the lone-pair electrons of substituted amino group, resulting in the
ortho-selective C(sp?)—H! bond functionalization product 27. Moreover, when the
bulky and electron-abundant phosphine ligand XPhos was used, the electrophilicity
of the gold center was lowered, delivering the para-selective C(sp*)—H? bond
functionalization product 28 [46].

This approach is also suitable for C(sp?)—H bonds of other aromatic rings.
In 2016, Li, Zhang, and coworkers reported a gold-catalyzed hydroarylation
reaction using ortho-alkynylferrocene derivatives 29 to synthesis a novel series of
naphthoferrocene derivatives 30 (Scheme 7a) [47]. Urbano and Carreno achieved
the asymmetric version using the substrates with terminal alkynyl 31 in the
presence of the chiral phosphine ligand (R)-DTBM-Segphos 33 (Scheme 7b)
[48]. In 2021, Zhang’s group reported an asymmetric hydroarylation reaction of
ortho-alkynylferrocene derivatives 34 to build axial and planar chiralities together.
Under the catalysis of a novel TY-Phos-derived gold complex 36, the product 35 was
obtained with high yield and high diastereo- and enantioselectivity (Scheme 7c) [49].

Similarly, heterocyclic aromatic compounds, such as indole and furan, are also
suitable for gold-activated hydroarylation due to their nucleophilicity. The normal
reaction pathways are shown in Scheme 8a. However, how to control the regios-
electivity was vital in organic synthesis. In 2005, Echavarren group reported the
first regiodivergent cyclization of indole-based alkyne 43 by tuning the gold cat-
alysts. The 8-endo product 42 could be obtained in the presence of AuCl,, while
the high-hindrance Au(I) complex resulted in the 7-exo product 44 (Scheme 8b)
[50]. Later, the same group also reported the gold-catalyzed intramolecular reaction
of indoles with alkynes, giving the indole-fused annulated compounds that ranged
from six- to eight-membered rings [51, 52].
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(a) Zhang and coworkers [47]:

IPrAuSbFg (1 mol%)
Fe DCM (0.1 M), rt i Fe
28 Examples, 96-99% yield

29 30

(b) Urbano, Carreno, and coworkers [48]:

A
R' (R)-DTMB-SegPhos(AuCl), (10 mol%) ()

o
.9
o PAr,
o) PAr,
g
o

Ar=2,5-Bu,-2-OMeCgH,
)-DTMB-SegPhos

: AgSbFg (20 mol%) :
Fe / Toluene, 0 °C Fe
V.= / 10 Examples £

31 74-90% yield, up to 93% ee 32

(Sc, Rs)-Au(TY5)CI (5 mol%)
NaBAr" (6 mol%)

DCM (0.1 M), 0 °C

Up to 99% ee

Up to 93% vyield f >
More than 41 Examples

0,
o

R
N'S ‘tBu

H
P'Bu,AUCI

(Sc,Rs)-Au(TY5)CI

Scheme 7 Gold-catalyzed intramolecular 6-endo-dig cyclization of ferrocene. Source:
(@) Zhang et al. [47]/John Wiley & Sons, (b) Urbano et al. [48], (c) Zhang et al. [49].
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Scheme 8 Gold-catalyzed aromatic C—H functionalization of heterocycles with alkynes.

Source: (b) Echavarren et al. [50].
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The similar cyclization was observed by replacing the alkynyl group with allenic
group. Moreover, this reaction could construct a new chiral center. In 2017, Zhang’s
group reported an efficient approach to synthesize chiral tetrahydrocarboline 46
via indole-based N-allenamides 45 (Scheme 9). This method was achieved using
the gold catalyst and a type of novel designed phosphine ligand PC-Phos. The pro-
tecting group on N-allenamides was crucial to the control of chirality due to steric
hindrance. Excellent stereoselectivity was reached when the easily removable pro-
tecting group, such as 2,4,6-iPr,C,H,SO, and 2,4,6-Me;C,H,SO,, was used. The
enantioselective desymmetrization of N-allenamides also worked, which gave the
tetrahydrocarboline 46d containing two chiral centers. Gram-scale synthesis was
also carried out smoothly. Furthermore, the products could be easily turned into
the key intermediates of several natural products, which exhibited the application
potential of this transformation [53].

In 2012, Hashmi group presented a 1,2-acyl amino-transfer mode in this
indole-alkyne cyclization. As shown in Scheme 10, when the spiro intermediate 52
was generated via 6-endo-dig cyclization of indolyl alkyne 49, the resonance species
53 (53’) was formed via aromatization of the indole ring. Then, the Friedel-Crafts
reaction occurred at the 2-position of indole, giving the final product 50 [54].

The linker could also be installed on the 1-position of indole, which could
afford the corresponding 6,9-dihydro-pyrido[1,2-a]-1H-indole core (Scheme 11)
[54, 55]. In 2010, Barluenga et al. reported gold-catalyzed cycloisomerization
of 1-(2,3-butadienyl)-1H-indole derivatives 55 via 6-endo allene hydroarylation,
giving various isolable pyrido [1,2-a]-1H-indole derivatives 56 (Scheme 11a) [55].
In 2021, Ma and coworkers developed a gold-catalyzed intramolecular cycloi-
somerization of N-1,3-disubstituted allenyl indoles, delivering a series of
functionalized 6,9-dihydro-pyrido[1,2-a]-1H-indoles directly. In this reaction, the
chiral 6,9-dihydro-pyrido[1,2-a]-1H-indoles could be obtained with high yields
and ee values via the transfer of the axial chirality to the central chirality
(Scheme 11b) [56].

Furthermore, the C4 position-occupied indole could also undergo the similar
cycloisomerization reaction. In 2013, Van der Eycken’s group disclosed that
the indoles-installed alkynyl amide on the C4 position 63 could undergo the
C3-selective C(sp?)—H functionalization via 8-endo-dig cyclization in the presence
of IPrAuCl/AgNTf,, affording the corresponding tricyclic azocino-[c,d]indolone
core 64. However, in the presence of In(OTf),, another regioselective tricyclic
azepino-[c,d]indolone product 65 was obtained via 7-exo-dig cyclization (Scheme 12)
[57]. In addition, this type of reaction can also be extended to other heterocyclic com-
pounds including pyrrole and furan, providing a new strategy for the construction
of heterocyclic bioactive molecules [58-62].

The aromatic C(sp?)—H functionalization was also achieved by the active
intermediate from the alkynyl group. In 2009, Liu and Zhang reported a
gold-catalyzed cycloisomerization of ortho-alkynyl phenyl enones 66 to produce
the benzo[a]-fluorenol 67 in good efficiency. In the proposed mechanism,
the second cyclization of phenyl ring was due to the formation of alkenyl

9
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Ar
=
SPhosAUNTY, (5 mol%) N NMe
Air, toluene, 80 °C N 0
R

50
49 Me 10 Examples
61-98% yield

© N
\/\ |||_ P— Au]+
6-endo-dig
N [Au]
51
Me [Au]
N [AU] A
o) /
Ar
fH
R
52

Hashmi et al. [54]:

[Au] Ar
=
i N-Me
N
N \_/ R O+

R

Scheme 10 Gold-catalyzed C—H functionalization of indoles via 1,2-acyl amino transfer.
Source: Hashmi et al. [54]/John Wiley & Sons.

cation 69 which was generated via the gold-catalyzed alkyne—carbonyl coupling
(Scheme 13) [63].

Besides the aromatic rings, the C(sp?)—H bond functionalization of alkenes was
also realized by gold catalysis. In 2012, Zhang disclosed a gold-catalyzed intramolec-
ular C(sp?)—H functionalization of enynyl azide 71. The key intermediate was
the a-imino gold carbene 78, which was generated via the cyclization of azide in
the presence of gold catalyst. The intermediate 78 could be easily converted to
get 2,3-dihydro-1H-pyrrolizines 72 through the apparent electrocyclic ring closure
(Scheme 14) [64].

The formation of this gold carbene intermediate containing diene-type motifs was
also through the intermolecular reaction of alkynes with oxidants. In 2012, Liu’s
group reported a method to build furan derivatives 83 via the 3-en-1-ynamides 80
and 8-methylquinoline oxide 81 catalyzed by gold (Scheme 15a) [65]. In this reac-
tion, gold-stabilized allylic cation intermediate 82 was important, which underwent

11
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12 | Gold-Catalyzed C(sp?)—H Bond Functionalization

(a) Barluenga et al. [55]: © N,

tBu,(o-biphenyl)PAUNTY, (5 mol%) [ 'BU\ o
RmH R! Toluene B”‘F'—A.u—NCMe
N\\/ via: H 1
N \\/ R
[A

55 .
“[Au] ) tBuy(o-biphenyl)PAUNTf,

(b) Ma and coworkers [56]:

R3 IPrAuCI (3 mol%)
o
i N y AgSbFg (3 mol%) (R)-58
N R4 CHCl3, 0 °C, N, 19 Examples
\\/ Up to 99% ee, up to 93% yield
(Ra)-57
96-99% ee
(Ra)-57 (R)-58
IPrAuSbFg

Protodeauration

60 61
1,2-H shift

Scheme 11 (C2-selective C—H functionalization of indoles with allenes. Source: (a)
Barluenga et al. [55]/John Wiley & Sons, (b) Jiang et al. [56]/Royal Society of Chemistry.

Eycken and coworkers [57]: In(OT), catalyzed
RUQ . o R o

RHN '\ . N :

IPrAuCI (10 mol%) \ ' :

J\ AgNT?, (10 mi%) 5 Re | RHN e

1,2-DCE, 100 °C, 8 h Q E N\ E

8-endo-dig : N

64 N 65 e

8 Examples R® | 9 Examples ;

40-81% yield 169-89%yield .

Scheme 12 (3-selective C(sp?)—H functionalization via 8-endo-dig cyclization.
Source: Kumar et al. [57]/Royal Society of Chemistry.

the oxa-Nazarov cyclization to construct the furan products 83. In 2016, Ye and
coworkers replaced 8-methylquinoline oxide 81 with azides 85 subject to the similar
substrates 84. 2-Aminopyrrole derivative 87 was obtained from the a-imino gold car-
bene intermediate 86 via the similar gold-carbene formation/Nazarov-type cycliza-
tion (Scheme 15b) [66].
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Gold-Catalyzed Intermolecular C(sp?)—H Functionalization

Liu and Zhang [63]:

R? R R?
R —( AUCl5 (5 mol%) O
mcoph AgOTH (15 mol%) . .
R N DCE, rt
N 4 Examples, 50-73% yield HO i
66

R1
67

66 67
AAU”' or H*

.
R — o-Aul

\

py) )
o3
I

R

Friedel-Crafts R1
cyclization 70
_H+

Scheme 13  Gold-catalyzed cycloisomerization of (0-alkynyl)phenyl enones. Source: Liu
and Zhang [63]/John Wiley & Sons.

3 Gold-Catalyzed Intermolecular C(sp?)—H
Functionalization

Compared to the intramolecular reaction, the intermolecular version is more dif-
ficult. In general, the intermolecular reaction needs the substrates to have more
reactivity. Furthermore, the site-selectivity of C(sp?)—H bond is more challenging.

3.1 Carbon-Heteroatom Bond Formation

In 2009, Wang’s group reported a bromination reaction of aromatic C(sp?)—H bond
of phenyl rings with N-bromosuccinimide (NBS) under the catalysis of HAuCl,.
This reaction could take place under mild condition in high efficiency with good
para-selectivity, producing a series of bromobenzene derivatives. Although good
yield was observed for the reaction of toluene, the regioselectivities of the ortho-
and para-position were not good (Scheme 16) [67].

In 2014, DeBoef’s group reported an efficient method to synthesize aniline deriva-
tives via site-selective C—H bond amination. The combination of Cy;PAuCl and the

13
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16 | Gold-Catalyzed C(sp?)—H Bond Functionalization

Wang and coworkers [67]:

1 ||3r R!
R 0N HAUCI, (10 mol%)
R? ¥ vo o-Xylene, 80 °C R?
H ylene, Br
88 NBS 89-97
Me
O o ot ot G
Br Br w Br Br Br
>99% vyield >99% vyield, o:;p=1:2 >99% yield 93% yield >99% yield
(j Q O ot O
Trace
82% yleld >99% yleld >99% yleld 80% yleld

Scheme 16 Gold-catalyzed aromatic C(sp?)—H bromination. Source: Mo et al. [67].

oxidant PhI(OAc), could promote the C—H bond functionalization of arenes with
phthalimide to access a variety of substituted anilines in good yields. The proposed
mechanism suggests that the position of electrophilic aromatic metalation will deter-
mine the regioselectivity of the amination (Scheme 17) [68].

DeBoef and coworkers [68]:

Phl(OAc), (4 equiv) R
CysPAUCI (10 mol%) o :@\
100 °C, 24 h NPhth

100-103
Me
b NPhth NPhth NPhth NPhth
100 101 102 103
90% yield 67% yield 27% yield 70% yield
a:b=1:30 omp=1:2:9 omp=0:0:1 omp=0:1:4

Scheme 17 Gold-catalyzed aromatic C(sp?)—H amination. Source: Marchetti et al.
[68]/American Chemical Society.

In 2011, Wang’s group reported the acetoxylation of electron-rich arenes under the
catalysis of AuCl, using iodobenzene diacetate as the acetoxylation reagent, deliver-
ing the corresponding products 105 in good yield (Scheme 18a) [69]. Later, Toullec
and Michelet disclosed the Ph;PAuCl-catalyzed acyloxylation of nonactivated hin-
dered aromatic rings with di(acetoxy)iodobenzene as the oxidant (Scheme 18b) [70].
In this reaction, the acyloxyl groups were from the corresponding carboxyl acid as
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Gold-Catalyzed Intermolecular C(sp?)—H Functionalization

the solvent. The catalytic cycle between Au(I) and Au(III) was the key issue for the
success of these two reactions.

(a) Wang and coworkers [69]:

Me Me

Phi(OAc), (1.0 equiv)
@H AUCI, (2 mol%) /@OAC
Me Me 1,2-DCE, 110 °C, 12 h Me Me
104 105
(b) Toullec, Michelet, and coworker [70]: 75% yield
Me Me
H Phl(OAc), (1.3 equiv) o R
PhsPAUCI (2 mol%) \ﬂ/
RCOOH 106 O
Me Me 110 OC, 3-16 h Me Me
104 107

32-80% yield

Scheme 18 Gold-catalyzed C(sp?)—H acetoxylation reaction. Source: (a) Qiu et al.
[69]/American Chemical Society. (b) Pradal et al. [70]/American Chemical Society.

In 2010, Larrosa’s group achieved C(sp?)—H functionalization of electron-deficient
arenes 108 using stoichiometric gold complexes to construct the C—Au bond. The
Au(I) complexes strongly coordinate to the = bond of arenes, followed by the c-bond
metathesis (SBM) to form the final Au-containing arenes 109. The large primary
kinetic isotope experiment (KIE) of 5 indicates that the C—H bond activation step
in the reaction occurs during the rate-determining step (Scheme 19) [71].

3.2 Carbon-Carbon Bond Formation

3.2.1 C(sp?)—C(sp) Bond Formation

Alkynes are well known as versatile building blocks and important functional groups
for the molecules of value in biochemistry and material science. The alkynylation
reactions of C(sp?)—H bond enable the construction of alkynyl-containing conju-
gated systems, such as enynes and aromatic alkynes, which attract wide interest of
chemists. A neutral benziodoxolone-derived alkynylation reagent containing hyper-
valent iodine (1-[(triisopropylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one, TIPS-EBX)
was developed by Waser’s group in 2009. Under the catalysis of AuCl, TIPS-EBX
became an ideal alkynylation reagent for electron-rich and heterocyclic aromatics.
In 2009, Waser reported the C(sp?)—H bond alkynylation of indoles and pyrroles
112 with TIPS-EBX in the presence of AuCl, affording the corresponding products
113 in good to excellent yields with excellent regioselectivity (Scheme 20a) [72].
Later, the same group developed the direct alkynylation of thiophene derivatives
catalyzed by gold with the trifluoroacetic acid (TFA) as an additive at room tem-
perature (Scheme 20b) [73]. All the regioselectivities were high, which occurred at
the most electron-rich position. Then, they also developed a highly para-selective
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18 | Gold-Catalyzed C(sp?)—H Bond Functionalization

Larrosa and coworkers [71]:

LAuCI (1.0 equiv) Aul
R R Ag,0 (0.75 equiv) R R
| A K>CO3 (1.75 equiv), PivOH (2.5 equiv) | A
[ DMF, 50 °C, 2 h [
R1 R1
108 109
AuP'Bug AuP'Bug AuP'Bus AuP'Etg AuPPh
F F F i F ON f NO, F F F F
F F F
F F F
109a 109b 109¢c 109d 109e
99% yield 99% yield 83% yield 98% yield 72% yield
L
AU N
K 8 X - Au'—)l( HX
I g LA Au'L
110 11 109
n-coordination 8-bond metathesis

Scheme 19 The formation of C—Au bond via C(sp?)—H functionalization. Source: Lu et al.
[71]/American Chemical Society.

C(sp?)—H bond alkynylation of aniline derivatives (Scheme 20c) [74]. Besides these
heteroatom-containing aromatics, Tolnai, Novak, and coworkers reported a similar
C(sp>)—H bond alkynylation of azulenes with TIPS-EBX with good regioselectivity
in 2017, which was an alternative for the traditional cross-coupling reaction [75].

Furthermore, many research works showed that the regioselectivities of
C(sp>)—H bond alkynylation under gold catalysts were different with the same
reaction under other noble metal catalysts. Bolm discovered that the site-selective
alkynylation of indole at the C3 position occurred in the presence of AuCl in
mixer mills, while the C2-selective product 119b was obtained catalyzed by Rh
complex (Scheme 21a) [76]. Li realized a regiodivergent (C5 or C6) C(sp?)—H bond
alkynylation of 2-pyridones under Au(I) and Rh(III) catalysis (Scheme 21b) [77].
Patil reported a site-divergent C(sp?)—H bond alkynylation of isoquinolones under
the catalysis of gold and rhodium complexes, providing a facile access to either C-4-
or C-8-alkynylated isoquinolones (Scheme 21c) [78].

The terminal alkynes could also be used as the alkynylation reagent. In 2010,
Nevado and coworker realized the first C(sp?)—H bond alkynylation of electron-rich
arenes 125 with terminal alkynes 126 in the presence of gold catalyst with PhI(OAc),
as the oxidant. In this reaction, both C(sp?)—H and C(sp)—H bonds were activated
together. This transformation provides an efficient protocol for the synthesis of aro-
matic propiolates difficult to prepare by other methods (Scheme 22) [79].

The C(sp*)—H bond alkynylation also occurs at the alkenyl group under
gold catalysis. In 2018, Hashmi’s group achieved the C(sp?)—H alkynylation
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Gold-Catalyzed Intermolecular C(sp?)—H Functionalization | 19

(a) C(sp?)-H alkynylation of indoles: Waser and coworkers [72]:

TIPS
RIS ‘/ Re AuCI (5 mol%) F{
yl—ﬁ/ "E,,0,23°C
N TIPS-EBX TIPS
RZ
112 113a 93-48% yield 113b
24 Examples
(b) C(sp?)-H alkynylation of thiophenes: Waser and coworker [73]:
TIPS
R R2 AuCl (5 mol%) %
ﬂ "CHiCN, 23°C
S TIPS-EBX TIPS
114 115a 115b
83-48% yield
21 Examples
(c) C(sp?)—H alkynylation of anilliens: Waser and coworker [74]:
R1
I
N
RT g RN o TIPS —=—1—0
R2 N AuCI (5 mol%) >
IPrOH, rt—60 °C X s 0
H TIPS-EBX 17
116 15 Examples TIPS-EBX
Up to 73% yield

Scheme 20 Gold-catalyzed C(sp?)—H alkynylation with TIPS-EBX. Source: (a) Brand et al.
[72]/John Wiley & Sons, (b) Brand and Waser [73]/John Wiley & Sons, (c) Brand and Waser
[74]/American Chemical Society.

of cyclopropene 127 via dual gold/silver catalysis. Furthermore, the mechanis-
tic investigation suggested that this reaction pathway was different from the
previous C(sp?)—H alkynylation via gold only. As shown in Scheme 23, this
reaction included two catalytic cycles. At the beginning, the active gold species
130 is generated by ligand exchange, followed by oxidative addition to give
alkynylgold(III) complex 132. Then, the alkoxyl is transferred from Au to Ag
to form silver complex 137, which undergoes C—H activation to generate the
cyclopropenyl silver species 135. The cyclopropenyl gold 134 is formed via the
transmetalation group, which forms the alkynylated cyclopropane product 129
and regenerates the active (Phen)AuL 130 by reductive elimination (Scheme 23)
[80].

Later, Hashmi and coworkers developed gold-catalyzed C(sp*)—H bond alkyny-
lation reaction to synthesize tetra-substituted 1,3-enyne 139 from noncyclic olefins
138 with the same hypervalent iodine reagent 128. The similar Au(I)/Au(III)
catalytic cycle was involved in this transformation. This reaction expanded
the gold-catalyzed C(sp>)—H bond alkynylation to synthesize multisubstituted
olefins due to the mild conditions and good functional group compatibility
(Scheme 24) [81].
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Gold-Catalyzed Intermolecular C(sp?)—H Functionalization

Nevado and coworker [79]:

OMe R
OMe PhPAUCI (5 mol%) =
H Phl(OAc), (1.5 equiv)
+ H—=—R NaHCOj, (1.0 equiv) MeO OMe
MeO OMe 1,2-DCE, 90 °C, 12 h 127
125 126 23 Examples
Up to 75% yield

Scheme 22 Gold-catalyzed C(sp2)—H alkynylation of electron-rich arenes with terminal

alkynes. Source: Haro et al. [79]/American Chemical Society.

Hashmi and coworkers [80]:

RS —=——1—0 PPh;AUNTf, (5 mol%) R'0,C __ CO,R!

1 1
R10,C A COR™ CF, AGNTY, (5 mol%)
2 CF3 1,10-Phenanthroline (25%) — R2
H R CHZCN, Ny, 1t Z

3
25 Examples, up to 92% yield R

,,,,,,,, Ter MM
N
N + N
ot
A 4—\
___----- (Phen)AgNTY, 3/ 0, ~CFs m
136 R CFy Au
‘ I
. 132 R3 == I—O
S FsC CFs CF,
©)<OAQ(Phen) CF,
: 7N
137 N_+ N 131
; Ag cycle Au, Ag cycle
1 127 = L
\ R* 133
‘\ 129
128
. (Phen)Ag N + N HoN .+ N
Au
1
N R L
"I s--.. (Phen)AgNTY, R 130
136
134

Scheme 23  C(sp?)—H alkynylation of cyclopropenes via the cooperative gold/silver
catalysis. Source: Yang et al. [80]/John Wiley & Sons.

Hashmi and coworkers [81]:

R
R “NH
. = |—0 PPhaAUNTY, (5 mol%)
NH e CF, 1.10-Phenanthroline (20%) R WG
R! J\l/ oF, CHLCN, 50 °C
H 26 Examples, 47-92% yield | |
2
138 128 139 R

Scheme 24 Gold-catalyzed C(sp?)—H alkynylation of enamines. Source: Han et al.
[81]/American Chemical Society.
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Gold-Catalyzed C(sp?)—H Bond Functionalization

In 2021, Xie reported C(sp?)—H bond functionalization of cyclopropene via binu-
clear gold complexes, including C—H alkylation, halogenation, and allylation prod-
ucts. In this work, the ligands were important for the formation of different reductive
elimination products (Scheme 25) [82].

Xie and coworkers [82]:

L
1 R2 R'_R? R'__R?
R R A/uI A\\u' +
+ X-R3 @——— s
R H X=Br, | R R R |
140 141 142 143
— 2
Ar_ /—\ Ar N /N N \
_P P. D
Ar7 1 "Ar P P [e)
Au Au Xy I X
! ! | Au  Au ll Ph—P_ _,P-Ph
Cl Cl _N CIJI (IZIN Pz Ph Au Au Ph
Ar=4'C|CBH4 Cl Cl
144 145 146

via:
R'__R? R'__R? R'_R? /\

5 L L
R R A R I I—Alu”—AluII — R4
N R4 R1 R1
142a 142b 15 R2 R2

C-H allylation ~ C—H alkynylation =~ C—H iodination R R
with 144 with 145 with 146 L 147 .

Scheme 25 (C(sp?)—H bond functionalization of cyclopropene via binuclear gold
complexes. Source: Liu et al. [82]/Springer Nature.

3.2.2 C(sp?)—C(sp?) Bond Formation

An indirect strategy to realize the intermolecular C(sp>)—H bond alkenylation is
via a sequential reaction, which includes the coupling reaction of aromatic rings
and alkynes as well as the intramolecular hydroarylation [73-86]. In 2013, Liu, Xu,
and coworkers reported a gold-catalyzed C(sp?)—H bond alkenylation of indole
148 and enyne 149 via tandem intermolecular Michael addition and intramolecular
hydroarylation reaction (Scheme 26a) [83]. Van der Eycken and coworkers
constructed the similar indole-fused rings via the tandem Ugi four-component
reaction/cyclization (Scheme 26b) [84].

The direct intermolecular hydroarylation reactions of aromatic compounds and
alkynes are more efficient than the indirect version [85-93]. In 2019, Hashmi
and coworkers used IPrAuCl-NaBArF as a catalyst to achieve a highly chemo-
and site-selective C(sp?)—H bond alkenylation of phenol 158 to obtain various
derivatives of Z-chlorovinyl phenol 160 (Scheme 27a) [88]. Reetz’s group reported
a regiodivergent C(sp?)—H hydroarylation between electron-rich aromatics and
electron-rich alkyne 161 and electron-poor alkyne 162 (Scheme 27b) [89]. He and
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Gold-Catalyzed Intermolecular C(sp?)—H Functionalization

coworkers also developed an efficient AuCl,/3AgOTf-catalyzed hydroarylation
reaction of arenes with electron-deficient alkynes [90].

Another strategy to achieve the C(sp?)—H bond functionalization is the formation
of gold-carbene intermediate. Several regioselective C(sp?>)—H bond alkenylations,
whose products could be controlled by substrates, had been achieved successively
via gold-carbene intermediates from alkynes with anthranils 169 (Scheme 28)
[94-97]. In these reactions, the a-imino gold-carbenes 171 were produced via
the nucleophilic attacking of anthranil 169 to gold-activated alkynyl group and
the rearrangement shown in Scheme 28. If the ortho-aryl C—H bond insertion
occurred, various 7-formyl indoles 172 could be afforded via path a [94]. If the
phenyl groups on ynamides were electron-rich phenyl rings, the domino C—H bond
insertion/aldol reaction occurred, affording the fused 6H-indolo[2,3-b]quinoline
frameworks 174 [95]. Hashmi reported the similar tandem cyclization using the
N-benzyl ynamides, affording a series of quinoline-fused polyazaheterocycles
173 [96].

In 2015, Ye disclosed that the gold-catalyzed reaction of ynamides 175 and
azides 176/178 was an efficient strategy for the formation of a-imino gold-carbene.
Based on this gold-carbene intermediates, versatile 2-aminoindoles 179 and
3-amino-fp-carbolines 177 were synthesized in good to excellent yields with excel-
lent site-selectivity. In addition, the authors proposed the mechanistic rationale for
the regioselectivity, which was also strongly supported by density functional theory
(DFT) computations (Scheme 29) [98].

Biaryl, which is another important motif in pharmaceuticals, agrochemicals,
and organic materials, could be obtained by the gold-catalyzed intermolecular
C(sp?)—H bond arylation of aromatic compounds (Scheme 30) [98-102]. In 2012,
Lloyd-Jones, Russell, and coworker developed the gold-catalyzed C—H bond
arylation of arenes with arylsilanes [99]. In 2017, Nevado and coworkers disclosed
a gold-catalyzed oxidative cross-coupling of arenes with aryl boronates [102]. In
general, the catalytic cycle can be initiated by the transmetalation of [Au] to form an
arylgold(I) complex 183. Then, this intermediate 183 can be oxidized by the oxidant
ArI(OAc), to afford the bis(acetate)arylgold(III) complex 184. The C—H bond acti-
vation of the arene 181 occurs by an S;Ar process to generate a bis(aryl)gold-(III)
species 185, which undergoes the subsequent reductive elimination to produce the
final heterocoupling product 182 and regenerates the gold(I) catalyst. Alternatively,
the oxidation of gold(I) to gold(II) might occur before transmetalation in some
cases [100].

Compared to the coupling reaction using aryl metal reagent 180, the double C—H
bond activation is more atom economical in organic synthesis. In 2008, Tse and
coworkers reported a gold-catalyzed oxidative coupling of arenes using PhI(OAc),
as the oxidant [103, 104].

However, only homocoupling products were obtained in this reaction, which
limited the utilization of this strategy. In 2015, Larrosa and coworkers developed
an efficient gold-catalyzed oxidative cross-coupling of arenes via double C—H
activation, which simplified the preparation of biaryls because this protocol did not
need directing groups or a large excess of one of arenes (Scheme 31a) [105]. The
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Gold-Catalyzed Intermolecular C(sp?)—H Functionalization

Lu, Ye, and coworkers [98]

R2
R N
s N-Ms IPrAuNTf, (5 molf’/o) M Ny —R 178 (2 equiv) R!
R = AgOAc(i-Tequ) NS IPrAuNTS, (5 mol%) N
LN #ANS.DEC.6ICT T Tre 4AMS,DEC ¢ @ N R
be )T ms o RpGEen T,
\77 N B4 179
17 Examples Boc 14 Examples
65-99% yield 176 (1.5 equiv) 77-89% yield

Scheme 29 Gold-catalyzed C(sp?)—H alkenylations of ynamides and azides.
Source: Shu et al. [98].

Lloyd-Jones, Russell, and coworker [99]: M = Si
Nevado and coworkers [102]: M =B

82 [Au] 180
Reductive Transmetalation
elimination
?Ac

183
185
- bond Arl(OAC),
activation
CI)Ac
@ (l)A @ Oxidation
181 c
184

Scheme 30 Gold-catalyzed intermolecular C(sp?)—H arylation via cross-coupling reaction.
Source: Ball et al. [99], and Hofer et al. [102].
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28 | Gold-Catalyzed C(sp?)—H Bond Functionalization

(a) Larrosa and coworkers [105]
PPhsAuUCI (5 mol%)

AgOPiv (35 mol%)
DMSO (0.5 equiv) . .
@) e
_@ PBX (1.5 equiv) @ @
186 187 1,4-Dioxane, 110 °C

F Q R CeFs
C6F5 Me CGFS _

TIPS TIPS Me
188
31 Examples 188a 188b 188¢c 188d
25-85% yield 73% yield 55% yield 63% yield 64% yield
(b) Xie, Li, Zhu, and coworkers [106]:
F R?
2 1
1 N DMSAUCI (5 mol%) NP y
NZ RH . . AgOAc (20 mol%) N7 N\
N % * \ PIDA (1.5 equiv) R F
F 1,4-Dioxane, 100 °C 191
189 190 DMS = Dimethylsulfide 38 Examples
=CN 45-96% yield

191

AcO DMSAuUOAc
. . Reductive /
AU-AT glimination #7189

q N
N, \ Au N
RN OAc |:'g
/ 194 189a Agl
_|
3 190a
o}
C-H g
activation Au cycle 3 Ag cycle H
5 190
Cl)Ac S
AcO —Aull- ArF \ |
\ Ag

.
H H Ar" — |
T AN
R N
N Oxidation R
193 R PIDA 192

Scheme 31 Gold-catalyzed oxidative cross-coupling of arenes. Source: (@) Cambeiro et al.
[105]. (b) Li et al. [106].

excellent selectivity is because this cross-coupling needs one electron-rich arene
and one electron-poor arene containing a relatively acidic C—H bond. In 2018, Xie
and coworkers developed a highly selective double C—H bond functionalization
between pyrazoles 189 and fluoroarenes 190 under the cooperative catalysis of
Au/Ag bimetals. The mechanistic insight proved that silver salts were not only
the halogen scavenger for gold complex but also an important catalytic species in
reaction pathway, which is different from the previously reported Au(I)/Au(III)
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Gold-Catalyzed Intermolecular C(sp?)—H Functionalization

catalytic mode. The authors proposed that Ag(I) was the actual catalytic species
for the C—H bond activation of electron-poor arene 190 to generate arylsilver
intermediate 190a via a concerted metalation-deprotonation (CMD) process. The
AcOAu-pyrazole complex 189a was formed via ligand exchange, which would go
through transmetalation to form two aryl gold species 192. Then, the oxidation of
Au(I) species 192 by PIDA afforded the formation of an Au(IIl) intermediate 193,
followed by the C—H activation of N-phenylpyrazole via electrophilic aromatic
substitution (SgAr) mechanism. Finally, the reductive elimination from the tricoor-
dinate Au(IIl) intermediate 194 gave the biaryl products 191 and regenerated the
gold catalyst. The proposed reaction pathway was proved by experimental and DFT
theoretical studies (Scheme 31b) [106].

3.2.3 C(sp?)—C(sp®) Bond Formation
The classical Friedel-Crafts alkylation of aromatic compounds is the most important
reaction to construct C(sp?)—C(sp?®) bond via intermolecular C(sp?)—H functional-
ization. However, the substrate scope is limited, and the site-selectivity is not good
for this classical approach. Thus, the development of novel methodology, such as
gold-catalyzed reaction, is highly desirable. In 2007, Li developed an intermolecular
C(sp>)—H functionalization of mesitylene or 1,3,5-trimethoxybenzene 195 using
allene 196 as an electrophile via gold catalyst to afford allyl benzene derivatives
(Scheme 32a) [107]. The regioselectivity of allene is at the y-position, while the
site-selectivities of the mono-substituted aromatics were not good. Moreover, the
yields decreased drastically to even no reaction for unactivated arenes. Beller’s
group achieved an HAuCl,-catalyzed site-selective para-C(sp?)—H benzylation
of arenes 198 with benzyl acetate 199. This reaction performed outstanding
regioselectivity in most substrates. However, for some challenging substrates,
such as toluene and anisole, there still were about 13% ortho-benzylation prod-
ucts (Scheme 32b) [108]. In 2014, Bertrand developed a novel hemilabile cyclic
(alkyl)(amino)carbene (CAAC), which was an efficient ligand for gold complex. The
(CAAC)AuCI/KB(C4Fs), showed high catalytic activity for the hydroarylation of
N,N-dimethylaniline 201 with alkene 202 with high selectivity (Scheme 32c) [109].
Although many kinds of electrophiles have been utilized in the C(sp?>)—H func-
tionalization of arenes, the site-selectivity remains a challenging issue. The highly
selective para-C(sp?)—H functionalization of arenes is still rare, despite that the
directing-group-assisted strategy is already successful for ortho- and meta-selective
C(sp>)—H bond functionalization. In 2014, Liu, Zhang, and coworkers developed
an elegant gold-catalyzed para-C(sp>)—H functionalization of phenols 158 and
anilines 208 with diazo compounds 204 (Scheme 33) [110]. The reaction featured
fast reaction rate, high chemo- and site-selectivity, excellent yield, and mild
condition. The phosphine ligand (2,4-'Bu,C,H,0),P is crucial in this reaction.
When other phosphine ligands were used for gold complex, the O—H insertion
product 207 was observed, which is the well-known product for previously reported
works using other commonly used metal catalysts. Besides, no ortho-C(sp*)—H
functionalization was observed in this reaction. Gram-scale reaction could be
easily carried out when the loading of gold catalyst was decreased to 0.5mol%,
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30 | Gold-Catalyzed C(sp?)—H Bond Functionalization

(a) Li and coworker [107]:

=
N Ph AUCIy/AgOTF (5 mol%) i
| R <H Dioxane, 105 °C, 18 h —
R R
195 196 197
Me
sas oo T O
Me Me Me MeO
197a 197b 197¢c No reaction
70% yield 40% yield 55% yield
(b) Beller and coworkers [108]: R
R1 O,
/@[ . )M\e HAuUCI, (10 moi %) Ph e
" Re AcO Ph 0-Xylene, 80 °C Ve
200
198 199 plo ratio > 99 : 1
OMe
Me Me Me — O« _Me
Ph % Ph S Ph Me Ph \>_/7/
Me Me Me Me
200a 200b 200c 200d
op=14:86 op=13:87 op<1:99 87% yield
52% yield 99% vyield 99% vyield
(c) Bertrand and coworkers [109]:
, R Ph (pryNHC)AUCI (5 mol%) R E
RaN —_— KB(CF5)4 (5 mol%) |\\ ‘R
| \ Benzene, 135 °C Ph P>
H =
201 202
24 Examples, up to 99% yield
Me Et

I ) [e)
N Me
Me b
An An = 4-OMeCgH, X
Me uCl

203a 203b 203¢c
93% yield 96% yield 63% yield (pryNHC)AuCI

Scheme 32 Gold-catalyzed intermolecular aromatic C—H bond alkylation of arenes.
Source: (a) Skouta et al. [107]. (b) Mertins et al. [108]. (c) Hu et al. [109].

and this protocol was also successfully applied to the late-stage modifications of
natural products and pharmaceutical molecules because of the mild condition and
high functional group compatibility. The reaction mechanism was also studied
by experiments and DFT calculation [111]. Later, the supramolecularly regulated
gold(I) catalysts were prepared and worked for this reaction [112]. Furthermore,
the ortho-selective C(sp?)—H functionalization of phenols with diazo compounds

was also achieved by Liu, Zhang, and coworkers in 2016 [113].
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Gold-Catalyzed C(sp?)—H Bond Functionalization

Shi and coworkers reported a similar gold-catalyzed C(sp?)—H functionalization
of electron-rich arenes (Scheme 34a) [114]. In 2018, Sun disclosed a gold-catalyzed
C—H bond functionalization of benzofurans 212 in which the ligands were
crucial for chemoselectivity (Scheme 34b) [115]. Later, Sun reported a novel
sequential C5-selective C(sp?)—H functionalization/oxidative aromatization for the
synthesis of C5-alkylated indole derivatives 217 via gold catalyst (Scheme 34c) [116].

(a) para-Selective functionalization: Lan, Shi, and coworkers [114]

R
R N,
Py (2,4-'BuCgH30)3PAUCI/AgNTf, Ar
H +  Ar” TCO,R! R
R? DCM, rt CO2R1
210 204 211
Ph
OMe OMe CO,Me Me
CO,Me
Ph \D/ Ph \(©/ N\ @M z
CO,Me CO,Me N O Ph
211a 211b 211c 211d
86% yield 80% yield 90% yield 80% yield
(b) C2-selective functionalization of benzofurans: Sun and coworkers [115]
R? . R? (2,4-'BuCgH30)3PAUCI  R2 ,
@EHC%R IPrAu(PhCN)BAI" ®H AgSbFg O
204 204
Y CHCly, 1t 0 DCM, t o A
213 212
13 Examples, 52—-87% yield 15 Examples, 45-83% yield
(c) C5-selective functionalization of indolines: Sun and coworkers [116] ;
1 COsR
5 tBuXPhosAuCl COR 5
5 R AgNTf, Ar RS MnO,  Ar R
6 N 201 N 90 °C, DCE N
7 I \ \
PG PG PG
215 216
22 Examples, 42-90% yield 22 Examples, 33-83% yield
(d) Chemo selective reaction of indoles: Sun and coworkers [117] ,
R'0,C
R COR! H oY\
~R N R4 R R
AgNTf, 2 SPhosAuCl/AgBF,
“som s * y %[ ] 3
N DCM, 1t R CO,R N DCE, rt N
R R R
221 219 218
21 Examples, 41-92% yield 18 Examples, 31-85% yield
o= BAIF Bu Cy
N YN ‘Bu~p—Au—Cl Cy~p—Au—Cl
® Pr—. _ MeO - _
NCPh Pr MeO
IPrAu(PhCN)BArF {BuPhosAuCl SPhosAuCl

Scheme 34 Gold-catalyzed site-selective C(sp?)—H functionalization with diazo
compounds. Source: (a) Lan, Shi, and coworkers [114], (b) Sun and coworkers [115], (c) Sun
and coworkers [116], (d) Sun and coworkers [117].
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Gold-Catalyzed Intermolecular C(sp?)—H Functionalization

In 2019, the same group developed a catalyst-controlled chemodivergent C(sp?)—H
bond alkylation or cyclopropanation of indoles with vinyl diazo compounds via
gold or silver catalysts (Scheme 34d) [117].

Koenigs and coworkers reported a series of gold-catalyzed C(sp?*)—H functional-
izations of nitrogen-containing aromatic rings in high site-selectivity (Scheme 35)
[118-122].

In 2019, Liu, Zhang, and coworkers developed a gold-catalyzed site-divergent
C(sp>)—H functionalization of naphthols 228 controlled by ligands and anions.
The site-selectivity could be tuned by the coordinating states between the gold
complexes and the hydroxyl group. For 2-naphthol, the C1-selective C(sp?)—H bond
alkylation product 232 was obtained under the catalysis of JohnPhosAuCl/AgOTf
(Scheme 36) [123]. Interesting, Nemoto disclosed the tandem C—H functionaliza-
tion/lactonization of 2-naphthols via Ph;PAuCl/AgSbF, [124].

Compared to the electron-rich aromatic compounds, the neutral arenes, such
as benzene and toluene, are the challenging substrates for the site-selective
C(sp?)—H bond functionalization, because they lack nucleophilicity, and substi-
tuted alkyls on phenyl rings normally do not have the interaction with catalysts.
The reactions of toluene derivatives with diazo compounds catalyzed by tran-
sition metals, e.g. rhodium, copper, and iron, were well known, leading the
Buchner reaction, benzylic C(sp*)—H bond insertion, and nonselective C(sp?)—H
functionalization (Scheme 37a). In 2011, Diaz-Requejo, Pérez, and coworkers
reported IPrAuBr;-catalyzed chemoselective aromatic C—H bond alkylation of
alkyl-substituted benzenes using the methodology of carbene transfer. However,
the regioselectivity was not good [125]. In 2017, Liu and Zhang achieved the highly
chemo- and regioselective para-C—H functionalization of benzene derivatives with
diazo compounds catalyzed by (2,4-'Bu,C¢H;0); PAUPhCNSbF,’. The introduction
of trifluoroethyl group to diazo ester could enhance the electrophilicity of the
gold-carbene intermediate. This reaction featured broad substrate scope, which
included monoalkyl benzenes, benzene, and monohalogen benzene (Scheme 37b)
[126]. Furthermore, it also worked to switch the electron-withdrawing group from
ester to phenyl ring catalyzed by gold, which was efficient to synthesis the product
installed with complex alcohols, such as sugar and menthol (Scheme 37¢) [127].

These C—H bond functionalizations are useful to construct the complex cyclic
molecules via tandem reaction. In 2015, Liu, Zhang, and coworkers developed a
gold-catalyzed tandem C—H bond functionalization/aldol reaction to construct
indanol and tetrahydronaphthalenol derivatives 241. If the chiral phosphine ligand
was used, the asymmetric catalysis worked, giving the chiral products in moderate
enantioselectivity (Scheme 38a) [128]. Later, due to the specific catalytic activities
to alkynes of gold catalysts, Liu, Zhang, and coworkers disclosed an efficient
domino C—H functionalization/5-endo-dig cyclization of alkynyl diazoesters
242 with various arenes, delivering a series of indene derivatives 243 in highly
chemo- and site-selective manner (Scheme 38b) [129]. In 2020, the same authors
developed an intermolecular [4+ 1] spiroannulation reaction via chemo- and
site-selective C(sp*)—H functionalization/dearomatization of phenol derivatives
with ortho-alkynylaryl-a-diazoesters 244 under gold(I) catalysts (Scheme 38c) [130].
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Summary and Perspective

Liu, Zhang, and coworkers [123]:

via: -
_=AulP
HO -~ @ IPrAUCI (5 mol%) OH Ar
H NaBArg (5 mol%) )
CI (Y o
228a ortho-selectivity
OH 229

52-88% vyield, 19 Examples

H
s O ¢
228 H OO

JohnPhosAuCl (5 mol%)

via: AgOTF (5 mol%)
A CO,R?
OHV}\ THF, 1t ' 2

para-selectivity 230
OO P 58-95% yield, 22 Examples
(E) 2280
H

Ar.__CO,R?
H JohnPhosAuCl (5 mol%) oH
OH AgOTF (5 mol%)
204 +
oy

231 232
81-99% yield, 11 Examples

Scheme 36 Gold-catalyzed regio-divergent C(sp?)—H functionalization of naphthols.
Source: Yu et al. [123].

As shown in Scheme 38d, the intermediate 246 was formed via the C—H bond
functionalization. If R! is not H, the alkynyl could be used with gold strongly, and
the 5-endo-dig carbocyclization occurred very fast, furnishing the indane product
243. If R! is H, the enol group of 246 was easily converted to the ester group, which
favored the dearomatization cyclization to afford the spiro product 245.

In 2019, Patil, Baik, and coworkers reported a novel strategy to synthesize
3-substituted chromone derivatives 251 via gold-catalyzed C(sp?)—H bond alky-
lation of enaminones with diazo compounds. The combined experimental and
computational mechanistic investigations showed that the ortho-hydroxyl group
served as a directing group to assist the C(sp?)—H bond alkylation (Scheme 39) [131].

4 Summary and Perspective

In this article, we have described the gold-catalyzed C(sp?)—H bond functional-
ization of aromatic compounds and olefins from historical landmarks to recent
advances. Over the past two decades, much progress has been made to directly
convert the C—H bond to C—X bonds, including carbon—carbon, carbon-halogen,
and carbon-oxygen bonds, under the catalysis of gold. Moreover, it is not required
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36 | Gold-Catalyzed C(sp?)—H Bond Functionalization

(a) The well-known reaction without gold catalysts

Me X
Me N R |
2 Me — 1 _—
L Rh, Fe, Ag, Cu N CO,R
+ RCOR —— > | . 1
) — R~ "CO,R
33 Buchner product C(sp®)—H C(sp?)—H
(mixture)
234 235 236

(b) Gold-catalyzed para-C—H functionalization with trifluoroethyl diazoesters: Liu, Zhang, and coworkers [126]:

M
)Nf (2,4-'BuCgH30)5PAU(PhCN)SbF (5 mol%) °
Ar” "CO,CH,CFg Toluene, rt Ar
237 para-selective CO,CH,CF,
238

Up to 99% yield

| OTIPS 31 Examples
[ 1
O CO,CH,CF3 O CO,CH,CFy OzCHzCFS
FC cl FaC

238c
238a 238b X =H or halogen
72% yield 87% yield 62-83% yield

(c) para-C—H functionalization with EWG-substituted aryl diazoesters: Liu, Zhang, and coworkers [127]:

y Me
N PhsPPAUOTY (5 mol%) GWE— |

CO,CH,4 Toluene, r1 X
EWG para-selective COMe

204/

239
Up to 98% vyield, 28 Examples

Me Me Me
(0]
OBz O
H
D oS, ol
0 8 - 0
CI BzO ; OB
Cl : Z Z Cl OKO

6Bz
239a 239b 239c
89% (1.12:1dr) 89% (1.01: 1dr) 85% (1.37 :1dr)

Scheme 37 Gold-catalyzed para-C(sp?)—H of non-active arenes. Source: (b) Ma et al. [126].

(c) Ma et al. [127].

to install the extra directing group on the substrates for achieving the high
selectivity. The strategy features good functional group tolerance, high reaction
efficiency, and excellent chemo-, regio-, and stereoselectivity, which has already
become a useful synthetic tool for the construction of a broad variety of com-
plex molecules and late-stage functionalization of bioactive compounds and

drugs.
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Summary and Perspective

(a) Tandem C—H functionalization/aldol reaction: Liu, Zhang, and coworkers [128]
2 Ar

" R COR!
H o )'\J‘\z (2,4-BUCgH;0)5PAUNTT, (5 mol%) OH
3
o ' pe AT COR' DOM. 1t RO h R
241
240 Upto>20:1dr
Up to 67% ee

46-89% yield

(b) Tandem C—H functionalization/5-endo-dig cyclization: Liu, Zhang, and coworkers [129]

N2
COz2Me OOR PhPAUOTT (5 mol%) O
DCM, rt
X H 10minto2h CO,Me
g CL
242
24

3
23 Example, up to 97% yield

R =H, alkyl

LAUCI (5 mol%)
245
23 Examples, upto 8 : 1 dr

N, H
COMe 4 OH NaBArg (5 mol%)
LT
X
244
Up to 84% yield

(d) Chemoselectivity

Ar Ar .
CO,Me
2 R1LH 0 R'-H
’ Rt -~ —_—
\OMe
S
247 AUt AlL R
¢ 246
243 245

Scheme 38 Gold-catalyzed tandem reactions involving C(sp?)—H functionalization.
Source: (a) Liu, Zhang, and coworkers [128], (b) Liu, Zhang, and coworkers [129], (c) Liu,
Zhang, and coworkers [130].

Baik, Patil, and coworkers [131]:
N

via:
9 A EWG 225 QN 2

NMe, XPhosAuCl (5 mol%) EWG Z NMe,
R AgOTf (5 mol%) R | Ar\, AL
T heE 60 o fo f
Ho
251 "0

OH DCE, 60 °C
250 30 Examples, 40-89% yield L 292 EWG

Scheme 39 Gold-catalyzed C(sp?)—H alkylation of enamines. Source: Bagle et al. [131].
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Gold-Catalyzed C(sp?)—H Bond Functionalization

However, the utilization of gold catalysis for C(sp?)—H bond functionalization is
still at its infancy, and several breakthrough fronts should gain momentum in the
future: (i) Enantioselectivity. Only a few gold-catalyzed enantioselective C(sp?)—H
bond functionalizations were reported. The development of more chiral ligands and
the cooperative catalysis of gold and other chiral catalysts might address this issue.
(ii) Substrate scope. For the intermolecular C(sp?)—H bond functionalization, the
site-selectivity of arenes is normally according to the electronic effects of the sub-
stituted groups on phenyl rings. It is important and useful to achieve more regio-
divergent reaction by tuning the gold catalysts. Overall, we believe that the unique
catalytic activity of gold complexes should offer new opportunities for the develop-
ment of new organic transformations based on C(sp?)—H bond functionalization.
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