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Functionalized aryl and heteroaryl alkynes are highly valuable classes of compounds widely
used in contemporary organic synthesis and materials science. Such compounds are
commonly formed by a Sonogashira cross-coupling reaction between a hetero(aryl) halide
and a terminal alkyne. However, there has been growing interest in the development of a
complementary strategy, an “inverse Sonogashira coupling” involving the direct
alkynylation of unreactive C—H bonds with readily available alkynyl halides. A historical
outline of the development of this transformation promoted or catalyzed by various main-
group and transition metals is depicted in Scheme 1.

The first practical example of this type of alkynylation of an aromatic heterocycle, the
sydnone derivative 1, was disclosed by Kalinin et al. in 1992.[1] This formal direct
alkynylation involved the use of a stoichiometric amount of Cu' to generate the
organocopper intermediate 2, which underwent palladium(0)-catalyzed cross-coupling with
alkynyl bromides 3 to give alkynyl sydnones 4 [Eq. (1)].

Later, Trofimov and co-workers, who introduced the term “inverse Sonogashira coupling”,
reported that a variety of
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pyrroles and indoles 5 underwent alkynylation promoted by greater than stoichiometric
amounts of Al,03 to give C2-alkynylated pyrroles and C3-alkynylated indoles in good
yields [Eq. (2)].12] This reaction is specific to electron-deficient alkynyl ketones and esters 6,
as it features the trans addition of nucleophilic heterocycles 5 to Michael acceptors 6,
followed by a subsequent dehydrobromination to form 8. Besides Al,03, other main-group
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metal oxide active surfaces, such as BaO and ZnO,[2b] and K,COj efficiently promoted this
transformation.
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In 2002, Yamaguchi and co-workers reported the first example of a catalytic direct
alkynylation of aromatic compounds: phenols 9 (X = O) were coupled with the chloroalkyne
10 in the presence of a catalytic amount of the main-group-metal salt GaClz and the bases
nBuLi and 2,6-di(tert-butyl)-4-methylpyridine (DtBMP) [Eq. (3); Bn = benzyl].[3] A
variety of alkynyl phenols 12 (X = O), including halosubstituted derivatives, were accessed
in this way with exclusive ortho selectivity. The authors proposed that this reaction occurs
via the vinyl-gallium intermediate 11 generated upon the carbogallation of 10 with gallium
phenoxide; a subsequent  elimination yielded 12. Later, the same group adopted this
chemistry for a direct alkynylation of N-benzylanilines 9 (X = NBn).[30]

(2)
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(3)

This field did not experience major growth, however, until 2007, when the first example of a
transition-metal-catalyzed direct alkynylation of electron-rich N-fused heterocycles was
reported by our research group (Scheme 2).[41 We showed that in the presence of a
palladium catalyst, indolizine, pyrroloquinoline, pyrroloisoquinoline, and pyrrolooxazole
cores 13 were highly efficiently and regioselectively alkynylated with bromoalkynes 3
containing a broad range of substituents. The crucial conceptual advance was the recognition
that the reactivity of the alkynyl-palladium intermediate 15, generated through the oxidative
addition of Pd® into the C—Br bond of 3, resembled that of the aryl—palladium species 15,
which is known to participate in the arylation of indolizines through an electrophilic
mechanism[®] (of the type 13—16—17; Scheme 2).

Subsequently, Gu and Wang applied this chemistry to the direct palladium-catalyzed
regioselective C3 alkynylation of indoles 18 with various aryl- and alkenyl-substituted
alkynyl bromides 3 [Eq. (4)].[8] An electrophilic mechanism was also suggested in this case
by the authors for the alkynylation reaction.
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Further benefits of the use of transition metals were revealed by Chatani and co-workers in
an alkynylation of anilides that is complementary to the transformation described by
Yamaguchi and co-workers[3] (Scheme 3).17] Thus, a variety of anilides 20 underwent the
palladium(l1)-catalyzed

R2 /= H  10% [Pd(PPhs),Cl,)
m NaOAc (2 equiv) (}J
18 l‘ivl 3 (3 equiv)
R! THF, 50°C
11 examples
53-95%

(4)

directed ortho alkynylation to furnish aryl alkynes 22 in moderate to high yields. The
authors proposed that the reaction proceeded by the ortho palladation of 20 with an
electrophilic palladium catalyst to give palladacycle 23; the palladation was enhanced by the
requisite addition of a silver salt. Next, two possibilities were envisioned. The first, similar
to the proposal of Yamaguchi and co-workers,31 involved carbopalladation (—25), followed
by trans p elimination. An alternative path featured the Pd!'//Pd!V cycle: the oxidative
addition of 21 to 23 was followed by reductive elimination from 24. Importantly, since no
PdO species was involved in the catalytic cycle, halogen substituents (Cl, Br) could be
present. Thus, subsequent elaboration of the products by standard cross-coupling reactions is
possible.

Recently, nickel(0)- and copper(l)-catalyzed variations of the inverse Sonogashira reaction
of azoles 26 with different alkynyl bromides 3 were reported by Miura and co-workers(®!
and Besseliévre and Piguell® [Eq. (5); cod =1,5-cyclooctadiene, dppbz =1,2-
bis(diphenylphosphanyl)benzene, dpephos = bis(2-(diphenylphosphanyl)phenyl) ether].
These reactions proceeded in moderate to high yields with an array of azole cores [see Eq.
(5)]- Mechanistically, the direct alkynylation developed by Miura and co-workers proceeds
through a catalytic version of the formal cross-coupling reaction described by Kalinin et al.
[see Eq. (1)]. The alkynyl-nickel intermediate formed by the oxidative addition of the Ni®
catalyst to 3 undergoes a transmetalation/reductive elimination sequence with a heteroaryl
copper or lithium species 1,128l which is generated in situ through the metalation of 26.
Independently, Besseliévre and Piguell®] postulated the same heteroaryl—-copper intermediate
I, the subsequent transformation of which was proposed to involve a Cu'/Cu'! cycle
resembling the Pd'//Pd'V cycle proposed by Chatani and coworkers.[”]

Gold is a recent addition by Waser and co-workers to the arsenal of transition-metal
catalysts employed in the inverse Sonogashira reaction.[1% Unprecedented functional-group
tolerance and mild reaction conditions were demonstrated
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A8 5% [Ni(cod),], 5% dppbz, (5% Cul), PhMe, reflux
B:®l 15% CuBrSMe,, 15% dpephos, dioxane, 120 °C
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X=0, S, NPh

(5)

in the gold(l)-catalyzed alkynylation of indole (C3) and pyrrole (C2) cores 28 with the
recyclable hypervalent alkynyl iodine reagent 29 [Eq. (6)]. The observed regioselectivity of
alkynylation could be overruled by blocking the C3 (C2) position of the indole (pyrrole), or
by the introduction of a bulky triisopropylsilyl (TIPS) group at the pyrrole N atom. Several
mechanistic hypotheses featuring trans addition/elimination and Au'/Au'"! catalytic cycles
were suggested by the authors for this reaction.
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c- ST
- 'y ‘-j\\ |y indoles:
{---'{R/Im%‘ é lL 16 examples
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. 1 . \lcoquv) o
N
28 | 5% AuCI RN R? pyrroles:
R? Et,0, RT o S 8 examples
“':__.f N a8-79%
31 N Tmes
Rr?

(6)

In summary, recent findings in the field of direct alkynylation reactions open up new
exciting opportunities for the functionalization of C—H bonds. Although the development of
more general and efficient catalytic systems and the expansion of the scope of this reaction
are still highly wanted, the current advances augur the continuing growing interest in and
broad application of this method in synthesis.
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Scheme 1.
Development of the direct alkynylation of (hetero)arenes.
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Scheme 2.
Palladium-catalyzed alkynylation of N-fused heterocycles. TMS = trimethylsilyl.
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Scheme 3.
Direct alkynylation of anilides. Tf = trifluoromethanesulfonyl, TIPS = triisopropylsilyl.
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