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ABSTRACT: A new formal [1 + 2 + 3] annulation of o-
alkenyl arylisocyanides with α, β-unsaturated ketones under
metal-, base-, and acid-free conditions is disclosed. This
domino reaction provides a general protocol for the efficient
and practical synthesis of a wide range of carbazole derivatives
from readily available starting materials in a single operation.
Furthermore, this methodology was used as the key step in a
protecting-group-free synthesis of indolocarbazole alkaloids
arcyriaflavin A and racemosin B.

Carbazole and fused carbazole frameworks are prevalent as
privileged structural motifs in a large number of

biologically active natural products,1 pharmaceuticals,2 and
functional organic materials.3 As a consequence, numerous
approaches have been developed to access these valuable
functionalized heterocycles and their fused derivatives in recent
decades.1,4 Generally, two traditional synthetic strategies are
employed to construct these scaffolds: (i) formation of one of
the benzenoid rings from substituted indole derivatives
through a Diels−Alder reaction,5 electrocyclization,6 or
benzannulation7 or (ii) formation of the central pyrrole ring
from a substituted biarene or diarylamine by the building of a
C−N8 or C−C9 bond. To improve the efficiency of carbazole
synthesis, a double annulation strategy to form two rings by a
tandem reaction has recently emerged as an efficient and
promising protocol for their preparation.10−13 For example,
Rh-catalyzed tandem annulation and [5 + 1] cycloaddition of
3-hydroxy-1,4-enyne with CO (Scheme 1a)10 has been
described. So too have Rh-catalyzed inter- and intramolecular
alkyne cyclotrimerizations (Scheme 1b),11 and hexadehydro-
Diels−Alder (HDDA) of triynes (Scheme 1c).12 Despite these
great successes, the development of efficient and general
methods for the diversity-oriented synthesis of carbazole
derivatives under environmentally benign conditions from
readily available substrates is still desirable.
Domino reactions have continuously attracted significant

attention in chemical synthesis due to the inherent advantages
of these processes in terms of synthetic efficiency and
sustainability.14 Because of their versatile reactivities, iso-
cyanides are useful building blocks in domino reactions.15

Among the various functionalized isocyanides,16 o-alkenyl

arylisocyanides, bearing additional alkene functionalities, have
proven to be valuable synthons for the construction of
indoles17 and quinolines18 via 5-exo or 6-endo cyclizations.
Recently, we reported new double annulations of o-alkenyl
arylisocyanides, where three bonds and two rings were
successively created, for the efficient synthesis of pyrrolo[3,4-
b]indoles19a and phenanthridines,19b respectively. As a
continuation of our studies on isocyanide chemistry20 and
also inspired by Zhu’s elegant formal [3 + 2 + 1] cycloaddition
of isocyanoacetates with phenylvinyl selenones and water,21 we
herein report a new formal [1 + 2 + 3] annulation of readily
available o-alkenyl arylisocyanides with α,β-unsaturated
ketones as a general strategy for the expeditious synthesis of
polyfunctionalized carbazoles in ethanol under metal-, acid-,
and base-free conditions (Scheme 1d). A new reactivity profile
of these isocyanides was thus demonstrated by the rapid
creation of two rings and three bonds under simple conditions
in a single operation. Notably, the synthetic potential of this
strategy was demonstrated by the protecting-group-free
construction of indolocarbazole alkaloids arcyriaflavin A and
racemosin B.
We commenced the study with o-alkenyl arylisocyanide 1a

and benzyliden-1,3-diketone 2a as the model substrates and
systematically screened the reaction conditions (Table 1).
Fortunately, when a mixture of 1a (0.45 mmol) and 2a (0.3
mmol) was heated at 60 °C in ethanol (1 mL) for 24 h, the
desired product, carbazole 3a (CCDC 1826091), was obtained
in 10% yield (Table 1, entry 1). To our delight, the yield of 3a
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was improved to 89% when the reaction temperature was
elevated to 100 °C (Table 1, entries 2 and 3). Increasing the
temperature to 120 °C led to a decreased yield of 3a (Table 1,
entry 4). Some selected solvents, such as methanol, 2,2,2-
trifluoroethanol, isopropanol, tert-butanol, DMF, acetonitrile,
and THF, were also examined (Supporting Information, Table
S1), and all the tested reactions gave 3a in lower yields.
With the optimal conditions identified, the scope of both the

isocyanides 1 and ketones 2 were examined, and the results are
summarized in Scheme 2. The double annulation generally
tolerates a wide range of ketones 2, and a series of
polysubstituted (3a−n and 3p−z, 3aa and 3ab), cyclo[b]fused
(3ac and 3ad), and cyclo[a]fused (3ae and 3af) carbazoles
were obtained in good to high yields. Various 3-methylene-
pentane-2,4-diones 2 bearing different R5 groups at the β-
position such as phenyl (2a), electron-rich aryls (2b−d, 2h and
2j) or electron-poor aryls (2e−g, 2i, 2k, and 2l), α- and β-
naphthyl (2m and 2n), heteroaryls (2p and 2q), a vinyl group
(2r), and an alkyl group (2s) were all effective three-carbon-
atom components, respectively. The annulation tolerates
ketones 2 with various R3 groups such as acetyl (2a−n and

2p−s), propionyl (2t), benzoyl (2u), esters (2v−y and 2ab),
and cyano groups (2z and 2aa), and with an R4 group
including methyl (2a−n, 2p−s and 2v), ethyl (2t and 2w),
propyl (2x), tert-butyl (2aa), phenyl (2u, 2y, and 2z), and ester
groups (2ab and 2ac). Furthermore, cyclo[a]- and -[b]-fused
carbazoles such as pyrimido[5,4-b]- (3ad and 3ae), chromeno-
[4,3-a]- (3af), and chromeno[2,3-a]carbazole (3ag) were
conveniently synthesized.
Subsequently, the scope of this [1 + 2 + 3] annulation was

evaluated with respect to isocyanides 1; the results are
summarized at the bottom of Scheme 2. The reaction is
tolerant of isocyanides 1 bearing various R2 groups on the

Scheme 1. Double Annulation for Carbazole Assembly

Table 1. Optimization of Reaction Conditionsa

entry solvent temp (°C) yield of 3a (%)b

1 EtOH 60 10c

2 EtOH 80 85
3 EtOH 100 89
4 EtOH 120 57

aReaction conditions: 1a (0.45 mmol), 2a (0.3 mmol), solvent (1
mL). bIsolated yields. c1a and 2a were recovered.

Scheme 2. Substrate Scope for the Formal [1 + 2 + 3]
Annulationa,b

aReaction conditions: 1 (0.45 mmol), 2a (0.3 mmol) in EtOH (1
mL) at 100 °C. bIsolated yields. c130 °C. d4 h; DBU (0.2 equiv) was
added for another 4 h. e1.642 g of 3be was obtained.
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benzene ring. Isocyanides 1b and 1e bearing an electron-
donating methyl group at both the 6- and 7-position give
higher yields of the carbazoles 3be and 3ee. Contrastingly,
isocyanides 1c, 1d, and 1f bearing electron-withdrawing groups
at both the 6- and 7-positions gave lower yields of the
carbazoles 3ce, 3de, and 3fe. When the R1 groups of the
isocyanide 1 are electron-withdrawing groups such as an ester
(1a), carbonyl (1g−i), and cyano group (1j), the reactions
afford the carbazole products (3ge−je) in high to excellent
yields. When the R1 groups of the isocyanide 1 are aryl (1k−
m) and alkyl groups (1n), the reaction affords the carbazoles
(3ke−ne) in moderate yields. In contrast, 2-isocyanostyrene
1p gives the carbazole 3pe in 92% yield probably due to less
steric hindrance. Benzo[c]carbazole 3qe was obtained in 83%
yield when 3-(2-isocyanonaphthalen-1-yl)acrylate 2q was
employed. In addition, the practicability of the present [1 +
2 + 3] annulation was demonstrated by gram-scale synthesis of
3be.
To shed light on the reaction mechanism of this domino

reaction, control experiments were performed. When iso-
cyanide 1a was treated with ketoester 2ab under the standard
conditions, the aminofuran 4 was obtained in 80% yield
(Scheme 3a). However, when 4 was heated to 130 °C for 18 h,

carbazole 3ab was obtained in 55% yield along with recovery of
4 in 37% yield (Scheme 3b). This result indicated that
aminofuran 4 is most likely an intermediate, formed by an
isocyanide-based [1 + 4] annulation.22 In addition, the reaction
of 1a and 2af gave chromeno[4,3-a]carbazole 3af in 28% yield
along with the hydroxyl carbazole 5 in 63% yield (Scheme 3c).
Transformation of 5 to 3af was achieved by the treatment with
DBU (0.2 equiv) in ethanol at 100 °C for 4 h. These results
demonstrate that 5 is also the possible intermediate, produced
by a domino aminofuran-based Diels−Alder reaction and
fragmentation sequence.23 It was well established that [1 + 4]
annulation of isocyanides with α,β-unsaturated ketones
produces 2-aminofuran derivatives.22 Meanwhile, 2-amino-
furans are reactive dienes in Padwa’s aniline and indole
syntheses.24 However, only a few examples employing an
isocyanide-based [1 + 4] annulation and intermolecular [4 +
2] cycloaddition cascade for the synthesis of anilines and 4-
aminoxanthones have recently been reported by Marcos and
co-workers.25

On the basis of the present results, and the literature
precedent,22−25 a possible mechanistic pathway is proposed
(Scheme 4, taking the reaction of isocyanide 1a with ketone 2a

as an example). First, nucleophilic attack of isocyanide 1a onto
the β-carbon of the enone 2a generates the zwitterionic
intermediate I. Then cyclization of I gives intermediate II,
which undergoes a 1,3-proton shift to afford the formal [1 + 4]
product aminofuran III.22 Next, a furan-based intramolecular
Diels−Alder reaction occurs to produce the bridged inter-
mediate IV, which is followed by subsequent C−O scission,
1.3-proton shift, and elimination of water to give the final
carbazole 3a.23,24

The synthetic potential of this domino reaction was
illustrated by the protecting-group-free synthesis of indolo-
carbazole alkaloids (Scheme 5). Arcyriaflavin A is an

indolo[2,3-a]pyrrolo[3,4-c]carbazole alkaloid2627 that serves
as a human cytomegalovirus replication inhibitor.27 As
depicted in Scheme 5a, arcyriaflavin A 9 was prepared from
isocyanide 1a and the known compound 3-(2-nitrophenyl)-2-
oxobut-3-enoate 628 in three steps. Moreover, racemosin B
possesses an interesting pentacyclic indolo[3,2-a]carbazole
framework29 and exhibits moderate neuroprotective activity
with a 5.5% increase in cell viability (10 μM).30 By using this
domino annulation as a key transformation, racemosin B 12

Scheme 3. Control Experiments

Scheme 4. Proposed Mechanism

Scheme 5. Synthesis of Arcyriaflavin A and Racemosin B
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was readily prepared from 2-isocyanostyrene 1p and
unsaturated ketoester 1031 in two steps (Scheme 5b).
In summary, an unprecedented environmentally benign

formal [1 + 2 + 3] annulation of o-alkenyl arylisocyanides with
α,β-unsaturated ketones has been developed as a general
strategy for the efficient synthesis of polyfunctionalized
carbazoles. This strategy features operational simplicity;
metal-, acid-, and base-free conditions; high chemical
efficiency; readily available starting materials; a wide substrate
scope; amenability to gram-scale synthesis, and atom and step
economy. Furthermore, the protecting-group-free synthesis of
alkaloids arcyriaflavin A and racemosin B was also accom-
plished via this [1 + 2 + 3] annulation as a key step.
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Chem., Int. Ed. 2007, 46, 1570. (c) Padwa, A.; Bur, S. K. Tetrahedron
2007, 63, 5341.
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