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Abstract: The reactivity and selectivity of
1,3-diynes in transition-metal-catalyzed
C�H activation is exploited to quickly
assemble diverse polysubstituted bishe-
terocycles, which are highly important
but difficult to access. By using the C�H
activation/1,3-diyne strategy, we over-
came the challenges of selectivity
(chemo-, regio-, and mono-/diannula-
tion) and constructed seven kinds of
adjacent bisheterocycles through the for-
mation of four strategic bonds with high
efficiency and high selectivity.

Heterocycle synthesis is a very impor-
tant topic in natural products, materials,
and pharmaceutical chemistry.[1] Besides
single heterocycles, adjacent bishetero-
cycles, for example, 7-azaindenoisoqui-
nolines (e.g. Top1 inhibitor), 2,2’-bipyr-
idines, and the complexes of bishetero-
cycles, play similar or even more impor-
tant roles in numerous areas of chemis-
try (Scheme 1A).[2] Taking advantage of
transition-metal catalysis, homo- or
cross-coupling reactions between two
preformed heterocycles became some
of the most common ways to construct
such structures (Scheme 1B).[3] Initially,
the reaction partners were limited to

expensive haloheterocyles and sensitive heterocyclic metal
reagents. Recently, the direct C�H functionalization of
heterocycles has made their synthesis more straightforward,
obviating the need for prefunctionalization of heterocycles.[4]

Despite these advantages, these methods still have several
drawbacks, including the limited availability of heterocyclic
motifs, poor selectivity for nonsymmetrical bisheterocycles,
and low reactivity of the substrates with steric and electronic
limitations (i.e. ortho substitutions or specific functional
groups), and thus new methods are called for.[5] Herein, we
report a C�H activation/1,3-diyne strategy for the highly
selective direct synthesis of diverse bisheterocycles by RhIII

catalysis (Scheme 1C).[6] With this method, symmetrical and
nonsymmetrical bisheterocycles with the same or different
core structures were efficiently constructed in high yields and

Scheme 1. Synthesis of adjacent bisheterocycles. DG= directing group.
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with high selectivity. Moreover, the individual coupling steps
are controllable so that optional monoannulation is also
possible.

1,3-Diynes have been thoroughly investigated since the
discovery of the Glaser–Hay Reaction in 1869. They are
readily available by a number of methods[7] and widely used in
the synthesis of arenes and heteroarenes.[8] Nevertheless,
there are only a few examples of the synthesis of bishetero-
cycles from 1,3-diynes.[9] For example, the research groups of
Lee[9a,b] and Satoh and Miura[9c] independently realized the
intra- and intermolecular annulations of 1,3-diynes to gen-
erate bisheterocycles through electrophilic substitution or
decarboxylation. However, the synthesis of bisheterocycles
from 1,3-diynes through transition-metal-catalyzed C�H
activation has not yet been achieved. Inspired by our previous
work in heterocycle synthesis with RhIII catalysis,[10] we
envisioned a modular and flexible C�H activation/1,3-diyne
general strategy for the quick assembly of polysubstituted
bisheterocycles through rational design of reaction conditions
and partners, including 1,3-diynes and different kinds of easily
available substrates that are suitable for C�H activation.

From the beginning of this investigation, we observed
similarities, but also significant differences between 1,3-
diynes and monoalkynes. From the initial results, we outlined
four challenges:
1) Chemoselectivity between two alkyne motifs: In the

monoannulation stage of nonsymmetrical 1,3-diynes, it is
very challenging to realize the selective reaction with
a specific alkyne motif, especially for those with two
similar substituents.

2) Regioselectivity in each migratory insertion: Besides the
chemoselectivity, the migratory insertion step for each C�
C triple bond must be regioselective. With these controls,
highly selective annulations are expected to assemble
bisheterocycles in good yields.

3) Selectivity between mono- and diannulations: While it
might be less difficult to synthesize bisheterocycles with
the same core structure through diannulations with 1,3-
diynes (Scheme 1, C1 and C2), it is very challenging to
form nonsymmetrical bisheterocycles with different core
structures (C3 and C4). To achieve such a goal, selective
monoannulation must be realized to generate alkynylated
heterocycles as intermediates, which then undergo
another annulation to form bisheterocycles.

4) Inhibition through coordination of the bisheterocycles
with the catalyst: Many kinds of bisheterocycles are
known to coordinate well with transition metals, which
may inhibit catalysis.

With these challenges in mind, we chose the synthesis of
bisisoquinolone as the starting point because of the high
importance and ease of derivatizing isoquinolones, including
transformations to other important heterocycles (such as
isoquinolines and 3,4-dihydroisoquinolones).[11] We discov-
ered a smooth and efficient formation of bisisoquinolone 3aa
from N-(pivaloyloxy)benzamide (1a) and dialkyl diyne 2a
with excellent selectivity (Scheme 2).[12] Remarkably, the
reactions were carried out in air at 40 8C, without precautions
against moisture. Not only dialkyl diynes 2a and 2b, but also

diaryl diyne 2c showed good reactivity and selectivity with
a lower catalyst loading. More sophisticated products
(Scheme 1, C2) were addressed by changing to nonsym-
metrical diynes, which are readily obtained by the method
developed by Lei and co-workers.[7b] Again, good yields were
achieved for all combinations of the diyne substituents,
namely, dialkyl- (2d), diaryl- (2 f), and alkyl aryl diynes (2e ;
Scheme 2).

Moreover, it is highly desirable to apply this strategy to
the concise synthesis of polysubstituted 2,2’-bipyridines.[5] We
exemplified this with the reaction of 4a to generate 5aa with
excellent selectivity and an average yield of 78 % for each
annulation [Eq. (1)].[13]

Following these results, we then investigated the prepa-
ration of nonsymmetrical bisheterocycles bearing two differ-
ent core structures (Scheme 1, C3 and C4). To our delight, we
overcame the discussed challenges and realized selective
monoannulation under milder reaction conditions with a 1:1
ratio of 1a to 2 and a lower catalyst loading (Scheme 3). The
high efficiency was also demonstrated by the gram-scale
synthesis of 6a. Since alkynylated heterocycles are also
valuable compounds,[14] we verified the feasibility of this
transformation with other diynes 2. Although trace amounts

Scheme 2. Formation of bisisoquinolones. For reaction conditions, see
the Supporting Information. The structures and yields of the isolated
major isomers are shown. The ratio of the major isomer to other
isomers, based on 1H NMR spectroscopy, is given in parentheses.
[a] 4.0 mol% [{Cp*RhCl2}2] (Cp*= C5Me5). [b] 1.0 mol% [{Cp*RhCl2}2] .
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of bisisoquinolones 3 were observed in some
cases, most dialkyldiynes 2 resulted in the
generation of the corresponding alkynylated
heterocycles 6 in high yields and with excellent
regioselectivity. Moreover, the diphenyldiyne
also reacted nicely to produce 6g, albeit with
a slightly lower regioselectivity. Notably, the
nonsymmetrical diyne also afforded the desired
product 6h in a good yield with high chemo- and
regioselectivity,[15] thereby providing a great
opportunity for the generation of nonsymmet-
rical bisheterocycles (Scheme 1, C4). Impor-
tantly, both structures of 6b and 6h were
confirmed by single-crystal X-ray analysis.[16]

Using the readily prepared product 6a, we
then demonstrated multiple annulation with
many kinds of substrates (Scheme 4).[17–21] As
expected, benzamides with a functional group
(1b) or heteroarene (1c) reacted smoothly with
6a to generate nonsymmetrical bisisoquino-
lones 3 in good yields and excellent selectivity.
By using this stepwise approach, we also
demonstrated the formation of other kinds of
heterocycles, including isoquinolines,[17] pyr-
roles,[18] a-pyrones,[19] and benzoxepines,[20] as
the second core structure (Scheme 4). For
example, isoquinolone-isoquinoline 8 was gen-
erated in high efficiency when diphenylketimine
7 was used. Besides the C�H activation of
arenes, several kinds of substrates were successfully applied to
generate the corresponding five-, six-, and seven-membered
heterocycles from enamide 9, acrylic acid 11, and o-vinyl-
phenol 13 by alkenyl C�H activation.

Even more interestingly, the one-pot generation of non-
symmetrical bisheterocycles with different core structures

was also successfully realized (Scheme 1, C3). After comple-
tion of the first annulation at room temperature, oximes 4
were added in one portion and the reaction mixture was
heated at 80 8C to give the corresponding isoquinolone-
pyridines 15 in moderate to excellent yields and selectivity
(Scheme 5).[2a,12b] Besides ketone oximes, aldehyde oxime 4d
provided 15 d in a high yield.

Prompted by these results and especially the selective
monoannulation to generate 6h (Scheme 3), we moved on to
the more challenging one-pot “fully nonsymmetrical” di-
annulation (Scheme 1, C4). It is important to note that up to
16 possible isomers might be generated in this transformation.
Excitingly, we successfully addressed the selectivity problem
and directly generated the polysubstituted products 15e and
15 f in good yields and with excellent selectivity (Scheme 5).

Apart from the synthetic achievements, the inherent
selectivity of 1,3-diynes in the migratory insertion also
attracted our attention (see also the Supporting Information).
Although the selectivity of aryl alkyl alkynes and alkenyl
alkyl alkynes has been well investigated,[12–14,17–21] the selec-
tivity between the substituents of alkynes, such as alkynyl,

isoquinolonyl, phenyl, and alkyl groups, has not been studied
in C�H activation.[8] Based on our observations, the regiose-
lectivity of the migratory insertion in this study is highly
affected by the hybridization of the carbon atom and the
coordinative ability of the substituents, with the order of
preference being alkynyl and isoquinolonyl, phenyl, and

Scheme 4. Synthesis of nonsymmetrical bisheterocycles through a second annulation.
a) [{Cp*RhCl2}2] (2.5 mol%), NaOAc (0.6 equiv), MeOH, 40 8C, 8 h, air;
b) [{Cp*RhCl2}2] (2.5 mol%), Cu(OAc)2·H2O (2.0 equiv), DMF, 80 8C, 24 h, argon;
c) [Cp*Rh(MeCN)3](SbF6)2 (5.0 mol%), Cu(OAc)2·H2O (0.2 equiv), cyclohexanone,
60 8C, 24 h, O2; d) [{Cp*RhCl2}2] (2.5 mol%), Ag2CO3 (1.0 equiv), DMF, 120 8C, 24 h,
argon; e) [{Cp*RhCl2}2] (2.5 mol%), Cu(OAc)2·H2O (0.5 equiv), CH3CN, 85 8C, 24 h, air.

Scheme 3. Formation of alkynylated heterocycles. For reaction condi-
tions, see the Supporting Information. The structures and yields of the
isolated major isomers are shown. The ratio of the major isomer to
other isomers based on 1H NMR spectroscopy is given in parentheses.
[a] 1.0 mol% [{Cp*RhCl2}2] , 16 h. [b] 2.0 mol% [{Cp*RhCl2}2] ,
0.2 mmol scale.
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finally alkyl groups to remain in the position adjacent to the
heteroatom of the heterocycles [Eq. (2)].

In conclusion, we have demonstrated a versatile and
modular C�H activation/1,3-diyne general strategy for the
quick assembly of diverse bisheterocycles in high yields and
high selectivity through formation of four strategic[4p] bonds.
The rational design of reaction conditions and substrates
allowed us to overcome the great challenges of selectivity
(chemo-, regio-, and mono- versus diannulation). Thus, we
presented the formation of seven kinds of bisheterocycles in
four patterns:
1) fully symmetrical ones (Scheme 1, C1),
2) nonsymmetrical ones with the same core structures but

different substituents (C2),
3) nonsymmetrical ones with two different core structures

but with the same substituents arising from the sym-
metrical diynes (C3), and

4) fully nonsymmetrical ones with different cores and sub-
stituents (C4).

Moreover, a range of functional groups,
such as halides, alcohols, and heteroarenes
were tolerated, thus allowing further deriva-
tization of the products. Besides the great
potential applications of the C�H activation/
1,3-diyne strategy, the excellent selectivity in
the migratory insertions of 1,3-diynes
observed in these reactions could also inspire
future research.
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