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ABSTRACT: C−N-coupled heterobiaryls were synthesized by sequential N−H functionalization reactions: stereoselective
rhodium-catalyzed N−H insertion, followed by regioselective palladium-catalyzed C−H amination. Because of the good substrate
scope and excellent selectivity, the developed method presents a novel approach for the synthesis of heterobiaryls, which are
potent antibiotics.

Nitrogen-containing heterocycles such as pyrroles, indoles,
and carbazoles are very common structural units in

biologically active natural and unnatural compounds as well as in
other functional materials.1 Similar to monomeric heterocycles,
heterobiaryls are interesting not only because they have unique
structures but also because they exhibit a wide range of biological
activities (e.g., antitumor, antibiotic, psychotropic, anti-inflam-
matory, and antihistaminic activities).2−5 Since the 1990s,
naturally occurring C−N-coupled heterobiaryls have consis-
tently received increasing attention. Furukawa et al. have
reported the isolation of the biscarbazole alkaloid murrastifo-
line-A from the root bark of Murraya euchrestifolia Hayata
(Figure 1).3 One of the C−N-coupled bispyrrole antibiotics,

marinopyrrole-A, was discovered and synthesized in 2008.4 A
series of bisindole alkaloids isolated from blue-green alga 25
Rivularia firma were also reported.5

Although natural products such as bis(heterobiaryls) have
inspired the development of numerous amination reactions,
studies of N-aryl-linked heterocycles are still limited.2 Moreover,
in most cases, the synthetic routes to such heterocycles are
complicated because they require the use of prefunctionalized

starting materials for the Ullmann reaction or the Buchwald−
Hartwig amination. Therefore, the development of a method to
synthesize C−N-bonded heterobiaryls in a straightforward
manner from simple, easily available precursors is invaluable,
especially for the discovery of new antibiotics.
Our laboratory and other research groups have reported

reactions of rhodium(II) azavinyl carbene, which is generated
from 1-sulfonyl-1,2,3-triazole, with N-containing heterocycles.6

Given the recent interest in the characteristics exhibited by this
carbene species, we envisioned their application to synthesize
C−N-coupled heterobiaryls (Scheme 1). Building on the

modified N−H insertion of rhodium(II) azavinyl carbene
(Scheme 1, step b),6e,7 a unified approach facilitated by
regioselective C−H amination (step a)8 would yield C−N-
coupled carbazole−indoles 3.
Although electrophilic reactions are predominant between

carbenes and pyrroles (indoles),6b,9 the desired N−H insertion
between 1-sulfonyl-1,2,3-triazoles 1 and 9H-carbazole using 0.5
mol % of Rh2(oct)4 as the catalyst at 80 °C was successfully
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Figure 1. C−N-coupled heterobiaryl natural products.

Scheme 1. Synthetic Strategy for Unnatural C−N-Bonded
Heterobiaryls
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accomplished, affording products in good to excellent yield
(Scheme 2).

Figure 2 shows the single-crystal analysis of the carbazolated
enamide 2; a geometrical single isomer, (Z)-form, was observed.

As listed in Scheme 2, a number of carbazoles, includingmono-
and disubstituted carbazoles, efficiently underwent N−H
insertion with 1, affording 2a−2d (89−98%). Notably, by
using nonsymmetrical carbazoles, atropisomers of products 2b
and 2cwere formed because of the constricted rotation about the
C−N axis.10,11 We also examined the scope of 1-sulfonyl-1,2,3-
triazoles; various functional groups were tolerated under the

reaction conditions. Even by varying the electronic and steric
character of the R1 substituent in 1, no effect was observed on the
reaction efficiency of 2e−2l (83−92%). Moreover, a substrate
containing a heterocyclic group afforded the corresponding
product 2m (81%) in comparable yield. Furthermore, for a
substrate containing an N1-aliphatic sulfonyl group, the reaction
proceeded with the formation of 2p in excellent yield (96%).
To complete the synthetic method of C−N-coupled

heterobiaryls, we initiated our investigation of the regioselective
Pd(II)-catalyzed C−H amination of the obtained product 2.
While remarkable progress has been made in the synthesis of
indoles by transition-metal-catalyzed C−H amination, regiose-
lective synthetic routes from enamines, rather than anilines, have
been rarely explored (Figure 3, a).12 Furthermore, the desired

reaction is more challenging because regioselective cyclization
requires an anti-orientation between carbazoles and the N-
sulfonyl amino group, which is achieved by the palladium-
catalyzed isomerization of the enamine double bond.
Preliminary studies show that the performance of the oxidant

was crucial in the intramolecular C−H amination of 2a (Table
1).10 While a number of oxidants such as PhI(OAc)2, K2S2O8,

and BQ were less effective, Ag2CO3 (1.2 equiv) was compatible
and gave the desired C−N-coupled carbazole−indole 3a in 33%
yield (entries 1−4, respectively). Unexpectedly, the yield rather
decreased for the reaction using more than 2.0 equiv of Ag2CO3
(entry 5). With further oxidant system screening, the addition of
Ag2CO3−CuOAc (0.5 equiv each) was observed to improve the
yield to 66% (entry 7). Moreover, the best yield of the desired
product was obtained with the use of 0.5 equiv of Ag2CO3 and 1.2
equiv of CuOAc as the co-oxidant system (entry 8). Using an
excess of CuOAc was another alternative for attaining full
conversion (entry 9).

Scheme 2. Stereoselective N−H Insertion Reactionsa,b

aReaction conditions: 1-sulfonyl-1,2,3-triazole (1, 1.2 equiv), carbazole
(0.2 mmol), Rh2(oct)4 (0.5 mol %), and 1,2-DCE (0.5 mL) at 80 °C
for 12 h. bIsolated yield.

Figure 2. (a) Crystal structure of N-carbazolated enamide. (b) Dihedral
angle between carbazole and enamide is 103.3°.

Figure 3. Possible C−H amination strategies of indole.

Table 1. Optimization of Reaction Conditionsa

entry oxidant (equiv) co-oxidant (equiv) yieldb (%)

1 PhI(OAc)2 (1.2) <1
2 K2S2O8 (1.2) 15
3 BQ (1.2) 10
4 Ag2CO3 (1.2) 33
5 Ag2CO3 (2.0) <1
6 Ag2CO3 (0.5) Cu2O (0.5) 47
7 Ag2CO3 (0.5) CuOAc (0.5) 66
8 Ag2CO3 (0.5) CuOAc (1.2) 85
9 CuOAc (3.0) 86

aReaction conditions: 2a (0.2 mmol), 10 mol % of Pd(OAc)2, and
oxidant and toluene (2.0 mL) at 120 °C for 17 h. b1H NMR yields of
3a using CH2Br2 as the internal standard.
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Having established the optimized conditions, we decided to
test the scope of 2 to obtain various C−N-coupled carbazole−
indoles (Scheme 3). A substrate bearing substituted carbazole

underwent C−H amination smoothly to afford the correspond-
ing heterobiaryl 3b in good yield (75%). Varying the electronic
character (i.e., electron-donating and electron-withdrawing
groups) on 2 did not significantly influence the reaction; as a
result, the desired products 3c and 3d were obtained in 83 and
80% yields, respectively. Notably, high regioselectivity was
observed even though the reaction was conducted with
substrates having the R1 substituent at the meta position under
the optimized conditions, affording 3e and 3f. We were also
pleased to observe that a series of substrates 2 bearing different
electronic substituents on the sulfonyl group readily underwent
the reaction to afford products 3g−3i in high yields of 65−90%.
Moreover, aliphatic sulfonyl groups were also tolerated, affording
3j and 3k, albeit in low yield.

In summary, C−N-coupled heterobiaryls are efficiently
synthesized by sequential N−H functionalization reactions.
Various 9H-carbazoles underwent insertion into the rhodium(II)
azavinyl carbene species in a stereoselective manner to afford
(Z)-ene-1,2-diamine, which cyclizes to indole by palladium-
catalyzed C−H amination. Owing to the compatibility of this
method with various substrates, the novel construction of
unprecedented C−N-coupled heterobiaryls is possible.
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