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Direct transition metal-catalyzed functionalization of C-H bonds
in heterocycles serves as a powerful tool for organic synthesis. This
approach offers the possibility for catalytic transformation of
unreactive C-H bonds into diverse functionalities, as opposed to
the traditional cross-coupling methods, employing heterocyclic
halides or organometallic derivatives. In particular, direct arylation
and vinylation of heterocycles has already gained widespread
acceptance within the synthetic community, because of its capacity
to utilize simpler and cheaper precursors for the construction of
complex frameworks.1 In the last two decades, this area was rapidly
growing and new types of transition metal-catalyzed direct intra-
and intermolecular reactions of electron-rich1-3 and electron-
defficient4 heterocycles, as well as simple arenes,4 have been
developed (eq 1). These C-C bond forming reactions involve C-H
arylation, heteroarylation, and vinylation. Although the majority
of these methods are based on the employment of palladium
catalysis in both Pd(0/II)2-4 and Pd(II/IV)5 modes, methods
involving rhodium,6 platinum,7 and gold8 complexes have also been
reported. Despite the vast structural complexity of the products that
existing methods for direct C-H functionalization of heterocycles
offer (eq 1), they are still limited to sp2-sp2 carbon-carbon bond-
forming reactions. Herein, we report the direct palladium-catalyzed
sp2-sp carbon-carbon bond-forming reaction of electron-rich
heterocycles with alkynyl halides. This conceptually new approach
provides straightforward and efficient access to diverse alkynyl
heterocycles (eq 2).

It is well-established that speciesi serve as key electrophilic
intermediates in Pd-catalyzed arylation/vinylation of electron-rich
heterocycles.2 It is also known that the similar intermediateW, which
forms upon oxidative addition of palladium into alkynylhalides,
effectively serves as an electrophilic component in Stille9 and
Suzuki10 cross-coupling reactions with the corresponding stannyl-
and boryl- heterocycles. We hypothesized that, analogously toi,
electrophilic speciesW may also undergo reaction with nonfunc-
tionalized electron-rich heterocycles.11

To test the above hypothesis, we examined a number of electron-
rich N-fused heterocycles1 in reaction with alkynyl halides2 (eq
3). After certain optimization work, we found that1, indeed, in
the presence of 3 mol % of PdCl2(PPh3)2 and 2 equiv. of KOAc in

toluene underwent smooth coupling reaction with bromoalkynes2
(eq 3, Table 1). Remarkably, this direct alkynylation reaction

Table 1. Pd-catalyzed Alkynylation of N-Fused Heterocycles
(eq 3)

a Isolated yields, NMR yields are in brackets.b Trace amount of products
were detected with iodo- and chloroalkynes (see Supporting Information
for details).c Yield based on recovery of starting material.12
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appeared to be quite general with respect to the electron-rich
N-fused13 heterocyclic core.14 Thus, unsubstituted- (entries 1-2)

and ester-containing indolizines (entries 3-5), pyrrolo-isoquinoline
(entries 6-10), densely substituted pyrroloxazole (entry 11), and
pyrroloquinoline (entries 13-17) were smoothly alkynylated to give
the corresponding alkynyl heterocycles3 in good to very high
yields. Notably, bis-pyrrolo-pyrimidine underwent double fold
alkynylation with excess alkynyl bromide to furnish3l in reasonable
overall yield (entry 12). This alkynylation reaction also demon-
strated a remarkable tolerance toward functional groups at the
bromoalkyne2.15 Indeed, bromoalkynes possessing alkyl, aryl,
alkenyl, TMS, and ester groups, were nearly equally efficient in
direct alkynylation (Table 1). It should be mentioned that, in contast
to bromoalkynes, their chloro and iodo counterparts were much
less efficient in alkynylation, providing only trace amounts of
alkynylated indolizine3c (entry 3) and quinoline3m (entry 13).16

We propose that the direct Pd-catalyzed C-H alkynylation of
electron-rich heterocycles operates via an electrophilic substitution
pathway, analogous to that previously postulated for the palladium-
(0)-catalyzed arylation of electron-rich heterocycles (Scheme 1).2

The mechanism involves a nucleophilic attack of the most electron-
rich C-3 position of heterocycle1 at alkynylpalladium intermediate
W to form iminium intermediate4. Deprotonation of the latter
furnishes the PdII intermediate5, which upon reductive elimination
produces alkynyl heterocycle3. The electrophilic nature of the
process is supported by a minor kinetic isotope effect of 1.15
observed in alkynylation of the D-labeled indolizine6 (eq 4).16 This
KIE value is in the range of those reported by us2b and others2c,d in
the Pd-catalyzed arylation of electron-rich heterocycles proceeding
via an electrophilic pathway.17

In summary, we developed a mild and effective method for the
direct palladium-catalyzed C-H alkynylation of electron-rich
heterocycles, including indolizine, pyrroloquinoline, pyrroloiso-
quinoline, pyrrolooxazole, and bis-pyrrolo-pyrimidine. It was shown
that a variety of functional groups at bromoalkyne, such as alkyl,

alkenyl, aryl, silyl, and ester, were perfectly tolerated in this
alkynylation reaction. This conceptually new method for sp2-sp
carbon-carbon bond-formation in heterocycles was proposed to
proceed via electrophilic substitution motif.
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