


tolerance. Later, a merged gold/photoredox strategy promoting the
two-electron redox cycle with the help of photocatalysts and ArN_X
was developed. All these strategies were not amenable for the use of
aryl halides and hence their use remains forbidden in the gold-cata-
lyzed cross-coupling reactions.

Scheme 1: Cross-coupling reactivity in gold catalysis

At this point, the technique of “ligand design” was essential to
achieving the traditional oxidative addition of aryl halides to gold ()).
An earlier report by Maseras and Echavarren revealed the possibility
of oxidative addition of Ar-X onto Au(l) cationic complexes with mono-
dentate ligands (2a or R,P). Soon after, Amgoune, Bourissou and
coworkers reported the development of bulky carborane diphosphine
DPCb ligand (2b) for oxidative addition of aryl iodides onto the Au(l)
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catalyst. Though an efficient oxidative addition of aryl iodides was
conceived, the downstream elementary steps to achieve crosscou-
pling reactions were not reported. Further, in 2018, McGrady, Bower,
and Russell disclosed the oxidative addition of aryl iodides by utilizing
a three-coordinate bipyridyl Au(l) complex 2¢, accompanied by trans-
metalation with arylzinc followed by reductive elimination furnishing
biaryls. The catalytic process, however, was not realised because the
gold(l) species formed after the reductive elimination turned out to
be instinctively unstable. Later, Bourissou, Amgoune and coworkers
demonstrated that the oxidative addition of aryl iodides and bromides
onto Au(l) under optimum conditions could be facilitated by employing
the (P,N)-ligand MeDalPhos 2d. This enabled the first rational design
of an Au(l)/Au(lll) catalytic cycle involving the oxidative addition of
aryl halide, C(sp?)—-H auration, and reductive elimination sequence
achieving C—H arylation of electron-rich arenes. The importance of
the hemilabile amine group in the ligand was manifested in lowering
the activation barrier for the oxidative addition and stabilizing the
resulting Au(lll)—aryl complex by coordination. A brief overview of the
gold-catalyzed cross-coupling reactions of aryl halides has been
discussed here.

The first report on gold-catalyzed cross-coupling reactions

describes the reaction of aryl halides 3a with electron-rich arenes 3b
by utilizing MeDalPhos ligand.”® As per DFT studies, the Au(l)/Au(lll)

March 2023 | 43



i | R
! : N
R R .' fo NMe,
— ; | = i
| e Y (X
R S R | ! W PAd;
: = J
: ; i 2d
2a N-heterocyclic 2bDPCb :
Cabene |  +=BH | 2cBipyridyl Au(l) | MeDalPhos
' ' Complex '

Scheme 2: Ligands developed for oxidative addition of aryl
halides onto Au(l) species

catalytic cycle initiated by the Csp?-X oxidative addition, Csp?-H
auration and finally reductive elimination to afford the product 3c. The
hemilability of the amino group in the ligand is found to be crucial as
it stabilizes the intermediate Au(lll) species 3d (Scheme 3). Recently,
exploring similar transformations, Shibata’s group envisaged the
design and synthesis of a new class of NHC ligands L1 which is
tethered with sulfoxide moiety as a hemilabile handle. Utilizing this
ligand, they investigated the arylation of arenes 3b with aryl iodides
3a (Scheme 3).

MeO Me
Conditions
Ar—X  + OMe —— = Ar OMe
3a
MR ah MeO 5,
Bourissou's Report (2017) Shibata's Report (2022)
MeDalPhos L1 0 PTol
Pr =3
NMEz
(X s
PAd, =
cat. MeDalPhosAuC! Pr

AgSbFs, KaPO,
DCB/MeOH, 7T5°C, 2 h
X =1, Br, upto 99% yield

cat. L1AuCI, AgBF .
DCE/MeOH, 75 °C, 20 h
X =1; upto 62% yield

5] &

=] =]

P o N SbFg C 0O BF4
¥

A M 3d A N 3e

Scheme 3: Gold catalyzed C-C cross coupling reactions

In 2020, Topczewski’s group disclosed a gold-catalyzed decar-
boxylative cross-coupling reaction of aryl carboxylates 4a with
iodoarenes 4b in high yields (Scheme 4). This methodology could
overcome the site selectivity limitations which were common in pre-
viously reported gold-catalysed oxidative arylations. Next year, the
same group reported extensive mechanistic investigation including
stoichiometric experiments with Au(lll) complexes, kinetic analysis,
and density functional theory calculations which suggested that the
reaction proceeded via Au(l)/Au(lll) catalysis. Further, these studies
indicated that Au(lll)-aryl complex 4d formed via a turnover-limiting
oxidative addition with an off-cycle resting state 4e.

Bourissou’s group illustrated the direct catalytic arylation of indoles
5a utilizing hemilabile (P,N)-ligand MeDalPhos to afford C3-arylated
indoles 5b (Scheme 5).1°"" The methodology is tolerant of unprotected
indoles and a wide range of functional groups such as OMe, NO,, Br,
CO,Me, Bpin, OTf etc.
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Scheme 4: Gold-catalyzed decarboxylative cross-coupling of
iodoarenes
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Scheme 5: Gold-catalyzed direct arylation of indoles with aryl
iodides

The C(sp?)-N cross-coupling reactions in gold catalysis has
remained elusive until Ribas’s research group reported the reaction
of amines 6a with aryl iodides. However, this cross-coupling reaction
requires a preinstalled directing group which limit its synthetic utility.
Our group and Bourissou’s group independently reported gold-cata-
lyzed C(sp?)-N cross-coupling reaction of aryl iodides with amines 6a,
affording a broad range of C(sp?)-N cross-coupled products 6b in
good yields (Scheme 6). It is demonstrated that the approach could
be expanded to the synthesis of indolinones and carbazoles.

E ®
1 1 ]
,R cat [Au]' J.R ' mj ex
H—M + Ar—I —®» Aral t \AI:.I.T’
LY 2 % 2 :
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Patil's Report (2019)

Bourissou's Report (2020)

cat. MeDalPhosAuCI
Agx, DTBP
DCB/IMeOH, 756 °C, 2 h
R' and R? = H, alkyl.
Ts, pTol, Ar; X = OTf
upto 99% yield

cat. MeDalPhosAuCl
AgX, MeOH
75°C, 2 h, R" and R?
= H, alkyl, Ar; X = SbF4
upto 99% yield

Scheme 6: Gold-catalyzed C(sp?-N cross-coupling reactions
of aryl iodides with amines

Lu/Hammond and coworkers disclosed gold-catalyzed C-SCF/
SeCF, cross-coupling reaction of aryliodides 7a with AgSCF,./
Me,NSeCF, to afford the products 7b and 7c in high yields (Scheme
7). In case of trifluoromethylthiolation (Scheme 7, Path b), mecha-
nistic investigations suggest that MeDalPhosAuCl is activated by
AgSCF, to generate the inert MeDalPhosAuSCF, complex which
after activation with AgSbF, produce 7d which is responsible for
the oxidative addition with organohalides 7a. On the other hand,
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trifluoromethylselenolation (Scheme 7, Path a) works via activation
of MeDalPhosAuCl by AgSbF,. The reaction exhibits large substrate
scope and is scalable for the late-stage functionalization of various
bioactive materials such as fenofibric acid, nimesulide, empagliflozin
etc.

cal. MeDalPhosAuCl

AgSCF, AgSbF,
A=l & or » Ar=SCF; or Ar=SeCF,
7a  Me,NSeCF; DCE 70°C,1-24 h 7b 7e

upto 99% yeld

method is highlighted through the synthesis of various medicinally
relevant biaryl sulfones.
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Scheme 7: Gold-catalyzed C-S/C-Se cross-coupling reactions

IIn 2018, Spokoyny’s group reported the chemoselective approach
employing Au(lll) organometallic complexes 8d to accomplish
cysteine arylation (C-S cross-coupling) of unprotected peptides and
proteins (Scheme 8). These cationic Au(lll) aryl derivatives reacted
with glutathione 8a fairly rapidly (<5 minutes) and can withstand a
wide variety of pH conditions, thus, expanding the bioconjugation
scope. Further, computational mechanistic investigations by Zhang
and Dong revealed a two-step mechanism involving: (a) Au(lll) thiolate
formation following HCI elimination and (b) the rate-limiting reductive
C-S elimination from the 4-coordinate thiolate intermediate 8c. The
thiophilicity of gold and the enhanced acidic nature of the SH could be
the reason for observed S-arylation over N- and O-arylation. Building
on the mechanistic insights of arylation, Spokoyny and co-workers
disclosed the construction of hybrid conjugates such as macrocyclic
stapled peptides and bicyclic peptides. Moreover, they have synthe-
sized peptide-functionalized multivalent nanoclusters via cysteine
S-arylation employing Au(lll) aryl complexes as catalysts.

Ar E L o
SH [Au(i)] & a
H agueous solution H : L—.ﬁlu—Ar HN—3-
K - :
A’{N . buffer, pH, < 5 min F‘!N £ sy i,
H 8 upto >99% yield H o i NH
8a Ar-X 8b I
Glutathione H 0
®
L
(" Im L NMe;
i Y ( ™ @
A L PAd,
DPCB: X =1

MeDalPhos: X = CI, | MeDalPhos

DPCb: « = BH

Scheme 8: Gold-catalyzed arylation of cysteine

Very recently, our group has demonstrated gold catalyzed C(sp?)-S
cross-coupling reactions of aryl iodides with arylsulfonyl hydrazides
to provide biaryl sulfones in good yields (Scheme 9). The utility of this
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Scheme 9: Gold-catalyzed C(sp?)-S cross-coupling reactions of
aryl iodides with arylsulfonyl hydrazides

Transition-metal-catalyzed functionalization of C-C multiple
bonds has evolved as an important chemical transformation owing
to its inherent ability to streamline the construction of complex
molecular scaffolds. One of the most crucial transformations of
this class is the 1,2-functionalization of alkenes, and Pd, Ni, Cu
complexes are generally used as catalysts for these processes.
Integration of novel cross-coupling reactivity with traditional
activation chemistry of gold catalysts resulted in new reactivity that
could be used for 1,2-difunctionalization of alkenes (Scheme 10).
In the following section, a brief summary of the reports published
on 1,2-difunctionalization of alkenes in gold catalysis is discussed.

1,2-Diunctionalization Reaction of C-C Multiple Bonds

\J;q‘ Aﬂb

Scheme 10: Interplay mode in gold catalysis for 1,2
difunctionalization of C-C multiple bonds

lIn 2020, our group investigated gold-catalyzed three-component
1,2-oxyarylation reactions of alkenes (Scheme 11a). Under the opti-
mized reaction conditions, several oxygen-based nucleophiles such
as methanol, ethanol, isopropanol, cyclohexanol, and even water
worked well affording expected products 11¢ in moderate to high
yields. In the same year, Bourissou'’s research group also published
1,2-oxy and -aminoarylation reactions of alkenes for the synthesis
of various oxa- or aza-cyclic derivatives 11d (Scheme 11 b). In the
same ling, the reaction’s scope was further broadened by Shi and
co-workers as they used p-nitroaniline and 1,3,5-trimethoxybenzenes
as external nucleophiles.
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Scheme 11: Gold-catalyzed oxyarylation or aminoarylation of
alkenes

In 2020, our group reported a “redox-neutral interplay mode” of
gold catalysis for achieving 1,2-difunctionalization reactions of C-C
multiple bonds by tailoring the two reactivity modes of gold catalysis,
namely cross-coupling reactivity and carbophilic activation ability
(Scheme 12). The synthetic potential of this method was established
by disclosing the first example of gold-catalyzed 1,2-diarylation of
alkenes 12a. In comparison to previous transition metal catalysis
methodologies, the reaction avoided direct Ar-Ar coupling and Heck-
type side products.

Recently, our group demonstrated gold-catalyzed 1,2-aminoaryl-
ation of alkenes 13a using external amines as a coupling partners
(Scheme 13). The comprehensive optimization studies demonstrated
that C-N cross-coupling reactions could be suppressed by using the

cat.
XM MeDalPhosAuCl X
AgSbF,
i L,.. (“ A 28ng
K.PO,, DCE 3
120 Al 70°C,24h 126 L, 6
X=0,CH,, NTs  upto 97% yield Ar

Scheme 12: Gold-catalyzed 1,2-diarylation of alkenes
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Scheme 13: Gold-catalyzed enantioselective
1,2-difunctionalization of alkenes

optimum quantity of base. The reaction proceeds via Au(lll)-t com-
plex intermediate 13d and often requires electron-deficient aromatic
halides to provide the products 13b. Recently, our group reported
an example of enantioselective Au(l)/Au(lll) redox catalysis enabled
by the chiral hemilabile (P,N)-ligand which we named as ChetPhos
(Scheme 13). The importance of this strategy is established by
gold-catalyzed enantioselective 1,2-oxyarylation and 1,2-aminoar-
ylation of alkenes 13a employing Ad-ChetPhosAuCl catalyst. The
strong trans influence of phosphorus (cf 13d) is the key to directing
the alkene coordination adjacent to the nitrogen center; as a result,
the nucleophilic attack on the alkene is governed by the C_-symmetric
chiral motif present around nitrogen. Very recently, Shi and cowork-
ers also reported enantioselective 1,2-aminoarylation of alkenes by
utilizing C,-symmetric pyrrolidine or piperidine based chiral hemilabile
P,N-ligands.

Conclusion and Future Outlook

In this article, we have highlighted the gold-catalyzed cross-cou-
pling reactions of aryl iodides under ligand-enabled Au(l)/Au(lll) catal-
ysis. It is also demonstrated that a variety of 1,2-difunctionalization
reactions of C-C multiple bonds can be developed by combining two
reactivity modes, carbophilic activation and Au(l)/Au(lll) catalysis. The
future challenges for this chemistry could include the utilization of aryl
bromide/chloride and pseudohalides as coupling partners.
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