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Although alkynes are one of the smallest functional groups, they are among the most versatile building
blocks for organic chemistry, with applications ranging from biochemistry to material sciences.
Alkynylation reactions have traditionally relied on the use of acetylenes as nucleophiles. The discovery
and development of ethynyl hypervalent iodine reagents have allowed to greatly expand the transfer of
alkynes as electrophilic synthons. In this feature article the progress in the field since 2018 will be
presented. After a short introduction on alkynylation reactions and hypervalent iodine reagents, the
developments in the synthesis of alkynyl hypervalent iodine reagents will be discussed. Their recent use
in base-mediated and transition-metal catalyzed alkynylations will be described. Progress in radical-
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1. Introduction and context

Alkynes are highly versatile functional groups in organic chem-
istry, which also have found applications in applied fields such
as biochemistry and material sciences."”” Among the main
transformations that alkynes can undergo, the 1,3-dipolar
cycloaddition with organic azides, also known as Huisgen
cycloaddition or “Click Chemistry”, is of the utmost impor-
tance and was recognized with the Nobel prize in 2022.% The
high interest of the scientific community in alkynes has led to
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based alkynylations and atom-economical transformations will then be presented.

constant efforts to develop new flexible and efficient strategies
to access them.

Traditionally, most methods to access alkynes by transfer of
a triple bond relied on the deprotonation of terminal alkynes
generating nucleophilic acetylide intermediates that could then
react with electrophiles (Scheme 1A). For instance, it is a
method of choice to access propargylic alcohols or amines.®’
Alternatively, acetylides can be involved in cross-coupling reac-
tions such as the Sonogashira coupling,® the Glaser dimeriza-
tion or the Cadiot-Chodkiewicz reaction.” While terminal
alkynes are intrinsically nucleophilic, their reactivity can be
reversed by installing an electron-withdrawing leaving group at
an extremity (Scheme 1B).'° Initially, haloalkynes have been
investigated in transition-metal catalyzed carbon-carbon and
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A) Nucleophilic alkynylation strategies
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Scheme 1 Nucleophilic and electrophilic alkynylation strategies.

heteroatom-carbon couplings.'" Later, alkynyl sulfones have
emerged as valuable partners for the alkynylation of nucleo-
philic radicals.'® The in situ oxidation of terminal alkynes has
been also investigated but initially relied on toxic and highly
reactive oxidants, which limited the application of these
strategies.’® Since the discovery of the exceptional reactivity
of the hypervalent bond, hypervalent iodine reagents have
attracted the interest of synthetic chemists.”*™" In particular,
alkynyl iodonium salts and ethynylbenziodoxolone (EBX)
reagents have been particularly prolific as electrophilic alkyne
synthons.?>™

The peculiar reactivity of hypervalent iodine reagents arises
from the 3-center-4-electron bond or hypervalent bond,
which is longer, more polarized and weaker than a standard
covalent bond leading to a higher electrophilic reactivity
(Scheme 2A).%?” Although the concept of hypervalency is still
debated,”®° it has been largely accepted to describe the
unusual properties of hypercoordinated main-group elements.
In recent years, most efforts have focused on cyclic hypervalent
iodine reagents due to their higher stability (Scheme 2B).*!
The additional stabilization has been proposed to arise from
locking the iodine atom in an iodoheterocycle leading to an
enhanced orbital overlapping.*> Moreover, the confinement of
the oxygen lone pairs out of the 3c-4e plane disfavors the
reductive elimination between the axial ligands.**
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Scheme 2 Hypervalent iodine bond and enhanced stability of cyclic
reagents.

Although iodonium salts were initially investigated for the
alkynylation of nucleophiles, their instability limited their
wider application.*** Since 2009, bench stable EBX reagents
have emerged as powerful electrophilic alkyne synthons in
metal-free and metal-catalyzed alkynylation of transient radicals,
heteroatom and carbon-centered nucleophiles.*'**® The purpose of
this feature article is to present the progress in the field since our
last reviews in 2018°*® up to October 2022. The development
of alkynyl hypervalent iodine reagents will first be described
(Chapter 2). Then base-mediated (Chapter 3) and transition-
metal mediated (Chapter 4) alkynylation reactions will be pre-
sented. Finally radical-based transfer of acetylenes (Chapter 5) and
atom-economical transformations (Chapter 6) will be discussed.

2. Development of alkynyl hypervalent
iodine reagents

Since the discovery of EBX reagents by the Ochiai group, efforts
have focused on improving their synthesis.>” Zhdankin and
coworkers reported a first general two-step procedure to access
alkyl-, aryl- or silyl-substituted EBX reagents via hydroxybenzio-
doxole (2) (Scheme 3A).%® Following a renewed interest for these
reagents, the Olofsson group developed a one-pot two-step
procedure converting 2-iodobenzoic acid (1) into EBX reagents
using pinacol alkynylboronates such as 5 (Scheme 3B).*° Inter-
estingly this strategy could also be employed to access alkynyl
iodonium salts. Our group later reported a similar protocol
but using commercially available terminal alkyne 6 for the
synthesis of TIPS-EBX (4a) on multigram scale (Scheme 3C).*
However, lower yields were obtained with alkyl or aryl substi-
tuted alkynes with this protocol and the Olofsson or Zhdankin
protocols are usually preferred to synthesize them.

In 2022, our group disclosed a new procedure to access a
broad variety of alkyl-, aryl- or silyl-substituted EBX reagents

This journal is © The Royal Society of Chemistry 2023
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o
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(6, 1.4 equiv.) TIPS————I1——0
DCE/TFE 1:1,40 °C, 12 h
81% yield (10 g scale) o)
TIPS-EBX
4a
Scheme 3 Improvements in the synthesis of EBX reagents (illustrated

with TIPS-EBX (4a)).

TsO—I—0 TIPS———BF3K Tps———|—o0
(8, 1.25 equiv.)
o)
MeCN, rt, 1 h
TsO-BX 4a
7 93% yield

99% purity
Scheme 4 Synthesis of TIPS-EBX (4a) from TsO-Bx (7).

starting from TsO-BX (7) and more stable alkynyltrifluorobo-
rates 8 (Scheme 4).*' The transformation tolerated a variety of
solvents, did not require any additive and produced EBX
reagents in high purity without purification, which allowed to
directly apply them for the functionalization of different
nucleophiles.

Interestingly, Itoh, Tada and coworkers reported the synth-
esis of ethynylbenziodoxolone (4c) as a self-assembled double-
layered honeycomb complex with MeCN, which allowed to
isolate the otherwise highly unstable reagent (Scheme 5).*?
Reagent 4c was then successfully used for the N-ethynylation
of various sulfonamides and amino-acids. However, to avoid
degradation of the reagent, all the reactions were run in
the dark.

In 2021, Kang, Chen and coworkers reported the first
synthesis of spirocyclic alkynyl hypervalent iodine reagents

*1/3 MeCN
TMS——I——0O 1MNaHCOzaq. H——I1——0O
(13 equiv.)
o MeCN, rt, dark 0
5 min
4b 4c

68% yield (1.2 g)
Scheme 5 Synthesis of EBX-MeCN complex 4c.

This journal is © The Royal Society of Chemistry 2023
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Me
(1.5 equiv.)
Cs,CO;3 (3.0 equiv.)
DCE, rt,2-6 h

21 examples, 66-96% yield
R' = arylor TIPS

R?R® = H, halide, Me, NO,
R* = alkyl, allyl, benzyl

Scheme 6 Synthesis of spirocyclic alkynyl hypervalent iodine reagents.

(Scheme 6).** Instead of reacting with the alkyne to form
ynamides or vinylbenziodoxolone reagents,** under basic con-
ditions, N-(oxy)-2-bromo-2-methylpropanamides reacted with
the carbonyl group leading to spirocyclic reagents in good to
excellent yields. These reagents could then be applied to
the synthesis of benzoxazepine derivatives and diynes. Later,
the spirocyclic reagents were used to access aryl ethers and
thioethers.*>*¢

With the aim of synthesizing a-alkynyl amino acid deriva-
tives, our group developed a new class of reagents: ethynylben-
ziodazolone (EBZ) bearing an amide instead of a carboxylic
acid in the iodoheterocycle (Scheme 7). The reagents were
readily accessed via a one-pot two-step procedure from the
corresponding iodobenzamide and either terminal or TMS-
substituted alkynes. The developed regents exhibited similar
reactivity as standard EBX reagents in alkynylation of
B-ketoesters, thiols or indoles.

As EBX reagents offer only limited possibilities for reactivity
fine-tuning via structure modification, our group developed
new N-heterocyclic reagents with increased structural flexibility
(Scheme 8).*® For instance, we could synthesize mono- (10) and
bis-protected (11) amidine based reagents as well as ethynyl-
benziodazole reagent (12) from 2-iodobenzonitrile. Through a
collaboration with the Magnier group we could also access a
racemic and an enantiopure sulfoximine based reagent (13).
Unfortunately, they exhibited lower reactivity than the bench-
mark TIPS-EBX reagent (4a) in the reactions tested to date.
More recently, the Nachtsheim group developed N-hetero-
aromatic alkynyl reagents.*®

p-TsOH (1.0 equiv.)

EW EW
I HN™ ¢ mCPBA (1.1 equiv.) R2——|— N~ G
TFE/DCE (1:1) 0.6 M
7 Wi © then R2————R?® 7 Wt ©
P 40 °C, overnight ~
R®=Hor TMS EBZ

22 examples, 16-96% yield
EWG = Ac, SO,R
R'= H, 4-Me, 3,4-OMe
R2 = SiR3, aryl, alkyl

Scheme 7 Synthesis of ethynylbenziodazolone (EBZ) reagents.
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TIPS-H,Ts-EBZI (10)
17% yield over 4 steps

TIPS———

TIPS-Ts-EBZI (11)
31% yield over 6 steps

|——NTs TIPS———

[
+ 5—CF
S\\ 3

TIPS-CF5-EBS (13)
44% yield over 4 steps

TIPS-Ts-EBz (12)
48% vyield over 3 steps

Scheme 8 N-Heterocyclic alkynyl hypervalent iodine reagents devel-
oped in the Waser group.

3. Base mediated alkynylation
reactions

3.1. Alkynylation of C-nucleophiles

Since their first applications in electrophilic alkynylation of
enolates,”®>' hypervalent iodine reagents have been widely
used to install alkynes on the a-position of carbonyls, especially
in total synthesis.”®>® In addition, the Bisai group recently
reported a transition-metal free alkynylation of 2-oxindoles
using EBX reagents.”® Using thiourea phosphonium salt cata-
lysts, Wu and coworkers could develop an asymmetric alkynyla-
tion of azlactones and thiazolones leading to precursors of
quaternary a-amino acids (Scheme 9).°

In addition, the Teodoro and Silva reported a protocol to
access a-alkynyl B-substituted ketones by trapping an enolate,
generated via Michael addition, with EBX reagents.®

In 2020, the Kalek group disclosed a N-heterocyclic carbene
(NHC) catalyzed alkynylation of aromatic aldehydes with iodo-
nium salts leading to ynones in moderate to excellent yields
(Scheme 10).°* **C-labelling experiments and computational
mechanistic studies revealed that the reaction might proceed
via direct substitution at the o-acetylenic carbon. This report
represented the first example in which this mechanism was
significantly favored for a C-centered nucleophile compared to
the typically prevalent pathway involving initial attack at the
B-position. Such addition would lead to a vinylidene carbene,
which upon 1,2-shift would provide the product as originally
proposed by the Ochiai group.®®

R2-EBX (1.2 equiv.), cat. (5 mol%)

o K3PO4+3H,0 (2.0 equiv.) o 0
R1\H< toluene, 0 °C, 10-48 h R2 —.‘.\A
X — X
N= CF, N:<
Ar 36 examples Af
X=0,8 51-89% yield
CF3 27-86% ee
PPh,CH,Ar| R' = benzyl, alkyl
Ar = 3,5-(CH3)y-CgHa or 3,5-(t-Bu)y-CgHs | RZ =H. aryl

Scheme 9 Asymmetric alkynylation of azlactones and thiazolones.
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toluene, -40 °C, 24 h

(0]
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27 examples
31-96% vyield

N 5
7 ). o : Nu N
AEb | ol g
AL : CoTe T
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Mes

Substitution at o-C favored Typically prevalent pathway via B-C

Scheme 10 NHC-catalyzed synthesis of ynones.

M. Waser and coworkers developed a transition-metal free
Cadiot-Chodkiewicz coupling of terminal alkynes and EBX
reagents leading to unsymmetrical 1,3-diynes.®* Gold-catalysis
had previously been shown to be able to promote this trans-
formation as well.®*™”

3.2. Alkynylation of N-nucleophiles

The formation of N-Csp bonds has attracted a lot of attention
in the last decades due to the high versatility of ynamides.®®”°
Hypervalent iodine reagents have emerged as valuable tools
especially for nitrogen nucleophiles reacting poorly in copper-
catalyzed alkynylation transformations. Li, Zhang and co-
workers recently reported a metal-free synthesis of ynamides
with in situ generated alkynyl iodonium salts from PIDA (15)
and dibenzylsulfonimide (Scheme 11).”

Building upon their previous works on the formation of
heterocycles with EBX reagents,”””* Wen and coworkers devel-
oped a TBAF-mediated synthesis of benzofuran derivatives
from N-phenoxyamides and TIPS-EBX (4a) (Scheme 12).”* When
R” is an alkyl, in situ formed H-EBX (4¢) would be trapped by the
N-phenoxyamide to form ynamide II after 1,2-hydride shift
from intermediate I. [3,3]-Rearrangement followed by cycliza-
tion would lead to benzofurans. In contrast, when R” is an aryl
and in presence of a Na,CO;, vinylidene carbene I would
undergo carbene insertion on the aryl ring followed by [3,3]-
rearrangement, Michael addition and cyclization.

N(SO,Ph),
aco—1—orc | Il
HN(SO,Ph), (1.5 equiv.)
+ ~
| . DME, 40 °C, 8 h | X
PIDA (15) R gaN(SO Ph) /\/R
(4.0 equiv.) £ 272 10 examples
Ar——"10 32-64% yield
Ph R =Me, OR, F, CI

Scheme 11 Ynamide synthesis with in situ generated alkynyl iodonium
salts.

This journal is © The Royal Society of Chemistry 2023
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oY [3.3] 0o "5 y
<N r>=
v v

Scheme 12 Synthesis of
N-phenoxyamides.

benzofuran derivatives from EBX and

3.3. Alkynylation of S-nucleophiles and application to the
functionalization of biomolecules

Alkynyl sulfoxides are valuable building blocks in organic
chemistry with unique reactivities. However the lack of robust
procedures to synthesize them has limited their wider applica-
tions. In 2019, our group disclosed a new method to access
alkynyl sulfoxides from EBX reagents and sulfenate anions
formed in situ via a retro-Michael reaction (Scheme 13).”” This
protocol allowed to avoid the use of strong oxidants often
leading to overoxidation, as well as nucleophilic alkyne derivatives,
which could react with the products through 1,4-additions.
Owing to their high reactivity and biocompatibility, hyper-
valent iodine reagents have recently emerged as powerful tools
for the functionalization of biomolecules.”® In the last decade,
our group has extensively studied the alkynylation of thiols and
especially of cysteines with the goal to functionalize bio-
molecules.””””® Interestingly, our group showed that depending
on the reaction conditions vinylbenziodoxolone (VBX) for-
mation could also occur, which led to the development of a
“doubly orthogonal” labeling of peptides with EBX reagents.®

R2-EBX (0.9 equiv.)
t-BuOK (1.05 equiv.)

=0

H (o}

|1
)\/S\
t-BuO,C R’

|
S
R2/

17 examples, 37-91% yield
R = alkyl, (hetero)aryl
R? = TIPS, TBDPS, t-Bu

Toluene, -40 °C, 3-4 h

via 0
/\*_ 11
@S\ 1
R

retro-Michael {t—BuOQC

Scheme 13 Metal-free synthesis of alkynyl sulfoxides.

This journal is © The Royal Society of Chemistry 2023
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TMS—

Scheme 14 Ethynylation of cysteine residues with EBX 4d and 4e.

Moreover, in 2020, in collaboration with the Adibekian and
Chaubet groups, we reported a method to ethynylate cysteine
residues on peptides and proteins in vitro and in living cells
(Scheme 14).%' It was found that under slightly basic buffer
conditions TMS-EBX reagents JW-RT-01 (4d) and JW-RT-03 (4e)
would be desilylated in situ generating the corresponding highly
reactive H-EBX reagents that could be trapped by cysteine residues.
JW-RT-03 could efficiently alkynylate cysteines in both HeLa lysates
in vitro and in living cells, showing that this reagent could be used
for cysteine proteomic profiling. TMS-EBX (4b) was also evaluated
for the bioconjugation of the bioactive antibody trastuzumab and
showed promising reactivity.

Later, our group developed amphiphilic EBX-reagents 4f and
4g for the lipidation of cysteine residues (Scheme 15).%> The
introduction of a sulfonate group on the aromatic ring favored
water solubility. Peptides up to 18 amino acids as well as His-Cys-
Ubiquitin could be alkynylated in buffer and the modified pep-
tides showed increased lipophilicity. Using TFA, the thioalkynes
could be converted into thioesters, which could be cleaved in the
presence of hydroxylamine regenerating the initial peptides.

Leveraging the exquisite selectivity for cysteine alkynylation
with EBX reagents, our group developed bifunctional reagents
4h-1, which could be used for i,i + 4 and i,i + 7 cysteine-cysteine
and cysteine-lysine stapling of peptides (Scheme 16).%°
Depending on the linker, changes in helicity were observed. A
stapled peptide derived from the p53 protein showed increased
helicity and binding affinity to MDM2 protein, a known cancer
target and native binder to the p53 protein.

Building upon their work on the fluorination of thio-
alkynes,** O’Hagan, Biihl and coworkers synthesized fluorovinyl

R———|—0
SH Tris buffer s .
¢ H=7480 \
. % é (p ) ? é AN .
SOM TFA, 1t
M =K, Na l 5 h
R = TIPS (4f)
R = Cy4Hyo (40) R=TIPS s
KF, 1 M NH,0H WAR

37°C,14h
R = Cq4Hpg
1M NH,0H
rt, 4 h

Scheme 15 Lipophilization of peptides
reagents 4f and 4g.

in water using ampbhiphilic
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Si
N X/ \
j
F—1—o0 7 N\_—
X= CF; ;;
CFs 07 >0C4Fs ©

4
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< ::2
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Scheme 16 Cys—Cys and Cys—Lys stapling using bifunctional EBX
reagents.

OH

ATP W \/\s&

Me Meo 16

Scheme 17 Fluorovinyl thioether acetyl coenzyme A analogue 16.

thioether acetyl coenzyme A analogue 16 (Scheme 17).*° The
fluorovinyl thioether moiety was obtained by alkynylation of a
thiol using TMS-EBX (4b) followed by treatment of the obtained
thioalkyne with AgF/I,/triethylamine. The compound was shown
to be a potent inhibitor of citrate synthase (K; = 4.3 uM).

In collaboration with the Matile group, several cyclic hyper-
valent iodine reagents were investigated as irreversible covalent
inhibitors of thiol-mediated uptake. Although some showed pro-
mising activity, they usually exhibited early onset of toxicity.*

4. Transition-metal mediated
alkynylation reactions

4.1. Alkynylation of metal-complexes

In 2019, the Hashmi group investigated the role of the trans-
influence of ligands on the oxidative addition of ethynylben-
ziodoxole (EBx) reagents to gold(i) complexes (Scheme 18).%”
The oxidative addition was initiated by the formation of a
n-interaction complex I between the alkyne and the gold
catalyst. Mechanistic studies showed that the lower the
o-donating ability of the ligands was, the higher the rate of
oxidative addition was. The increase in oxidative addition rate
was attributed to an enhanced accessibility of gold(r) inter-
mediate for the oxidizing reagent with less c-donating ligands.

1594 | Chem. Commun., 2023, 59, 1589-1604
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R XN PPhy NTH, [R

" NY 1=
:k: : /A\uf\ A R'= H, CI, OMe,
= ‘N \ / Ph, Me, Ac
|
R X 1l
Scheme 18 Oxidative addition of EBx reagents to gold() complexes.
RZ-EBX (1.3 equiv.), K,CO3 (1.5 equiv.)
Cul (0.1 equiv.), 17 or 18 (0.2 or 0.1 equiv.) Ts
TS EtOH, 25 °C, 3 h, Ar ,1‘
HN “R!
“R! > RZ/
Vi
M
Ph 7~ CHE ; X x 35 examples
N | RITSN & 23-94% yield
| (6] 1=
17 18 X ) R'=alkyl, aryl,
0 N o R amino acids
PH | RZ=alkyl, aryl, silyl
S 1
OMe
Scheme 19 Copper-catalyzed ynamide synthesis with EBX reagents.
4.2. N-Csp bond formation

In 2021, Itoh, Tada and coworkers reported a copper-catalyzed
N-alkynylation of sulfonamides with EBX reagents at room
temperature (Scheme 19).%® Interestingly, the transformation
was amenable to the alkynylation of the N-terminus of amino-
acids and dipeptides. Moreover, mechanistic studies suggested
that an electron-rich ligand, such as 17 or 18, and a protic
solvent were required to reach high efficiency and promote the
formation of oxidative addition intermediate I, allowing
alkynes with bulky substituents to be used and preventing
homodimerization.

While amides have been largely studied in alkynylation
reactions, examples with hydrazides are scarce. The most
popular method relied on the addition of acetylides on sym-
metrical diazodicarboxylates under strongly basic conditions.®
In 2022, our group reported a milder procedure for the direct
alkynylation of hydrazides using copper-catalysis (Scheme 20).%°
This method allowed to access functionalized azapeptide deriva-
tives in moderate to excellent yields, tolerating a broad range of
functional groups.

4.3. Aryl-Csp bond formation

Over the last two decades, the combination of hypervalent
iodine reagents with gold,”" and other transition-metals has
allowed the functionalization of a broad range of substrates.”!
For example, the Hashmi group reported a bimetallic gold-
silver catalytic system for the synthesis of 3-alkynyl benzofurans
from phenols and EBx reagents (Scheme 21).°> Mechanistic

This journal is © The Royal Society of Chemistry 2023
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Scheme 20 Copper-catalyzed alkynylation of azadipeptide derivatives.

R?-EBx (2.2 equiv.)

_ PPh,AUCIAgNTY, (5 R®
RC | mol%) Vi
X phen (20 mol%) / AN
MeCN, 45 °C, open flask ., \
H —
& Phen R o TR
A

g
S\ NTf
PhsP—Au'—-CI*
active catalyst

40 examples, 45-96% yield
R' = (hetero)aryl, CFs, carbonyl,
CN, halide, NO,, SO,R, OMe
R2 = alkyl, (hetero)aryl
Scheme 21 Synthesis of 3-alkynyl benzofurans with a bimetallic Au—Ag
catalyst.

studies, suggested that a bimetallic Au-Ag catalyst promoted a
tandem ortho C(sp®)-H alkynylation/oxyalkynylation reaction
by leveraging the exceptional redox property and carbophilic
n-acidity of gold. Based on a similar approach, Hashmi and
coworkers also developed tandem C(sp®)-H alkynylation/
oxyalkynylation reactions to access tetra-substituted furans
from acceptor-substituted carbonyl compounds and indoli-
zines from ortho-substituted pyridine derivatives.®>**

In order to ensure high regioselectivity in C-H bond func-
tionalizations the use of directing groups (DG) has become very
popular, including in alkynylation transformations.’> Rohokale
and coworkers developed an iridium-catalyzed ortho alkynyla-
tion of (hetero)aryls using TIPS-EBX (4a) and arylquinazolin-4-
ones as directing groups (Scheme 22).°° Interestingly, switching
the solvent for DCE and increasing the temperature to 70 °C
allowed to access dialkynylated compounds in moderate to
excellent yields.

Alternatively, Xia, Zhang and coworkers developed a formal
regiodivergent alkynylation of 1-arylpyrazolones (Scheme 23).°”
With NH-free pyrazolone (A), a rhodium catalyst promoted a

TIPS-EBX (4a, 1.2 equiv.)

[IrCl,Cp*1, (5 mol%) DG TIPS
AgSbFg (10 mol%)
MeOH, rt,16h  R2- |
X

26 examples, 62-91% yield

R' = Me, OMe, halide, NO,

R2 = Me, OMe, halide, CF
(hetero)aryl

Scheme 22 Arylquinazolin-4-ones directed alkynylation of (hetero)aryls.
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directed ortho C-H alkynylation via the proposed rhodacycle
intermediate I. On the other hand, pyrazolones with alkylated
nitrogen underwent C4-alkynylation under gold-catalysis via
the proposed intermediate II (B). The authors suggested that
the regioselectivity was determined by the nature of the sub-
strate (alkylated pyrazolone or not) and the choice of metal
catalyst.

A similar reactivity had been previously observed for the C-H
alkynylation of N-methylisoquinolones.”® Computations showed
that the difference of mechanism could also be explained by the
dual reactivity of TIPS-EBX (4a) (Scheme 24).%° With the rhodium
catalyst it behaved as a Br@nsted base, via I, favoring a base-
assisted concerted metalation-deprotonation (CMD) mechanism
for the C8-H bond activation. In contrast, under gold-catalysis the
iodine(m) center acted as a Lewis acid, via II, to activate the alkyne.
The computations suggested that in this case steric hindrance,
rather than electronic effects, directed the regiochemistry of the
reaction.

Hypervalent iodine reagents have been also widely used for
the functionalization of heterocycles.'*® Since our initial report
on the alkynylation of indoles and pyrroles with EBX reagents
using gold-catalysis,'®" several researchers investigated this
transformation. For instance, the Liu group reported in
2018 a Ru(u)-catalyzed C2-alkynylation of indoles using pyrimi-
dine as a directing group.'”® Using ball milling, Bolm and
coworkers developed solventless alkynylations of indoles
with either Rh(m)-(C2-selective) or Au(i)-catalysis(C2 or C3
selective).'®® The mechanochemical conditions allowed to
reduce the reaction time and the catalyst loading without
requiring additional heating, still maintaining excellent func-
tional group tolerance. Dai, Bai, Ma and coworkers developed a

vial RZ?-EBX (1.2 equiv.)

OCOAr§|+ _
o Na,COs3 (1.5 equiv.)
R3———Rh-Cp*
Sét P [RhCI,Cp*], (4 mol%) DG R2
N\N@ AgSbF, (16 mol%) =
N
%4 DCE, 80 °C, Ny, 12 h R1_:
=
20 examples, 35-91% yield
Me A) R' = Me, t-Bu, halide,
/A/:< OMe, CN, CF,
2=
o N ~R2 Rc=H
R3 = t-Bu, silyl
N
R4t
= B)
TIPS-EBX (4a, 1.2 equiv.) TIPS
) pyridine (1.2 equiv.)
- viall 4 AuCI (5 mol%)
R3
/ n-Bu,0, 80 °C, Ny, 14 h
X—pa(
— Me 15 examples, 53-82% yield
0 R' = Me, t-Bu, halide,
/N/N\Rz OMe, CN, CFj
| Ar N R2=H, Me, Et, n-Pr

Scheme 23 Regiodivergent alkynylation of 1-arylpyrazolones.
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TIPS-EBX as Brgnsted base TIPS-EBX as Lewis acid
Scheme 24 Dual reactivity of TIPS-EBX (4a) with Rh and Au catalysts.

directed C2-alkynylation of indoles and used the triple bond as
a handle for further functionalization.'®* Using AucClI for the C2
or C3-alkynylation of pyrroles, Furuta, Ishida and coworkers
could access functionalized BODIPY dyes with distinctive
spectroscopic properties.'®

4.4. Alkene-Csp bond formation

Building upon their previous works on synergistic gold-amine
catalysis for the a-functionalization of carbonyls,'*® the Huang
group developed a procedure to access isolable diyneamines
using gold catalysis (Scheme 25).'°” The high conjugation of
the n-system might explain why the corresponding ynones were
not isolated. The alkynylation of enamines was also studied by
the Hashmi group to access tetra-substituted 1,3-enynes from
acceptor-substituted enamines.*®®

In 2019, Hashmi and coworkers disclosed a dual gold/silver-
catalyzed direct alkynylation of cyclopropenes with ethynyl-
benziodoxole reagents (Scheme 26).'%

Extensive mechanistic studies suggested that gold was involved
in oxidative addition on EBx reagents leading to intermediate I.
Ligand e