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ABSTRACT

Lewis acid Zn(OTf) 2-catalyzed tandem annulations of isonitriles and allenic esters which lead to efficient and flexible syntheses of a range of
biologically significant maleimides and carbazoles and related compounds are reported. A mechanistic rationale is proposed to account for
the observed reactivity.

The maleimide and carbazole cores are privileged natural
product motifs1 that are endowed with a wide variety of
useful biological activities.2 Those compounds, both naturally
occurring and synthetic, are subjects of intensive investiga-
tions in recent years because they serve as important leads
in identifying novel molecular identities. For example,
pyrrolocarbazole1 and its analogues are potent PARP-1
[poly(ADP-ribose) polymerase-1] inhibitors;3 disubstituted
maleimide2 is a highly effective inhibitor of GSK3;4 and
compounds3 represent a larger group of indolocarbazoles
with potent inhibitory effects on MLK1/3 (Figure 1).5

Clearly, high-throughput screenings of the biological pro-
files of these compounds and further studies on their detailed

structure-activity relationships with regard to their interac-
tions with protein targets first demand the development of
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Figure 1. Biologically active maleimides and carbazoles.
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efficient and modular synthetic methods that would allow
for the creation of large libraries of these diverse molecular
structures.6 Although many documented synthetic protocols
are targeted on the preparation of these pharmaceutically in-
teresting heterocycles,7 they generally required lengthy steps
and lack the modularity that is essential for rapid library
construction.

Herein, we report Lewis acid Zn(OTf)2-catalyzed cascade
processes8 initiated from isonitrile9 A and allenic ester10 B
that lead to rapid syntheses of substituted maleimidesC and
carbazole derivativesD in a sequential manner under mild
conditions (Scheme 1).

The original impetus for this research came from an
earlier observation that maleimide6 could be obtained
in 31% yield when isonitrile4 reacted with allenic ester
511 in THF at 50 °C in the presence of 20 mol % of
Zn(OTf)2.12 We subsequently carried out a systematic opti-
mization and found that the yield of6 could be eventually
improved to 83% by using a mixed solvent of THF and H2O
(10:1) with only a catalytic amount of Zn(OTf)2 (3 mol %)
(Scheme 2).

To explore the scope of the above reaction, six additional
examples with both electron-withdrawing and electron-
donating groups on the phenyl ring were also tested, and
delightfully, all yielded analogous products in yields ranging
from 56% to 85% (Table 1).

A mechanistic proposal was advanced in Figure 2. We
envisaged that isonitrileE would act as a nucleophile to
attack the central, sp-hybrid carbon of alleneF activated by
the Lewis acidic Zn(OTf)2, and the resultant intermediateG

would then undergo a facile intramolecular cyclization to
afford imine H. With aromatization as a driving force,H
could undergo a facile[1,5]-H shift to give furanI.13

Oxidation of theR-position of the furan ring by molecular
oxygen14 and subsequent collapse of the resultant orthofor-
mateK in the presence of H2O would transformI into L,
which finally ring closes to yield the productM.15

To support the proposed mechanistic sequences, DFT
computational modeling was conducted on the stepH f I,
and it was found that the [1,5]-H shift was significantly
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Scheme 1. Zn(OTf)2-Catalyzed Isonitrile-Allenic Ester
Cascade Reaction Leading to Maleimide and Carbazole

Scheme 2. One-Pot Synthesis of Maleimide6

Figure 2. Plausible mechanistic proposal.

Table 1. Syntheses of Compounds6b-6ga

a Reagents and conditions: allene (0.6 mmol), isonitrile (0.5 mmol),
Zn(OTf)2 (5.5 mg, 0.015 mmol) in THF (8 mL) and H2O (0.8 mL) at 50
°C for 24 h.bIsolated yield.
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energetically favorable.16 Furthermore, employment of the
d6-dimethyl deuterated allene substrate led to the correspond-
ing product in which one deuterium was lost from these
positions. It merits a note that direct condensation processes
of allenes and isonitriles are very rare in the literature.17 The
Lewis acid catalyzed cascades involving these versatile
substrates we uncovered here should therefore have useful
synthetic and mechanistic implications.

We next directed our attention to delineating the scope
and generality of this new synthetic methodology. The facile
formation of6 suggested that our method might be especially
useful for making a novel type of cycloalkylaryl-disubstituted
maleimideIII 7i-k such as structuresC, which may undergo
a direct aminolysis to affordIV by treatment ofIII with
NH3 with regard to its easily cleavable 4-nitrophenylamine
group. We further envisioned that the formed maleimides
III should undergo photoinduced in situ 6π-electrocyclic ring
closure,18 followed by oxidative aromatization, to yield
productsV, which could then be readily converted into
type-D structuresVI upon aminolysis (Table 2).

To that end, allenic estersI (n ) 1-3) were prepared,
and their reactivities under the above-mentioned conditions
were examined. To our delight, they all afforded the
corresponding products7-12and13-18smoothly in good

to excellent yields (Table 2), and the structure of9 was
confirmed by X-ray crystallography.

To generate biologically more robust pyrrolo- and indolo-
carbazoles, indole-fused allenic estersVII (n ) 1-3) were
also made (Table 3) and then subjected to Zn(OTf)2-mediated

maleimide formation (VIII), aminolysis (IX), and photoin-
duced oxidative 6π-electrocyclization (X) to give their
corresponding products19-21,22-24,1, and25 and26,
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Table 2. Syntheses of Compounds7-18a

a Reagents and conditions: see Supporting Information for details on
the syntheses of7-18.bIsolated yield.cStructure was confirmed by X-ray
study.

Table 3. Syntheses of Compounds1 and19-26a

a Reagents and conditions: (a) allene (0.6 mmol), isonitrile (0.5 mmol),
Zn(OTf)2 (5.5 mg, 0.015 mmol) in THF (8 mL) and H2O (0.8 mL) at 50
°C for 24 h; (b)VIII in a saturated solution of NH3 in MeOH (8 mL) at 25
°C for 2 h; (c)IX (0.5 mmol) and I2 (635 mg, 2.5 mmol) in PhH (100 mL)
underhV at 25°C for 1.5 h.bIsolated yield.
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respectively, in good yields, indicating that the methodology
is quite general in assembling structurally diverse hetero-
cycles (Table 3). Moreover, the approach provided a concise
total synthesis of PARP-1 inhibitor1 that has an IC50 as low
as 36 nM.3

In an initial effort to investigate kinase inhibition of these
synthesized compounds, we set out to profile five representa-
tive structures against a panel of kinases covering the entire
human kinome.19

We have chosen6e′,6b′, 11, 12, and16 which represent
the key scaffolds of the synthesized maleimides. As shown
in Figure 3, these five compounds demonstrated distinct

inhibition profiles against the panel when tested at the 10
µM level, with compound12 being weakly responsive,
compound16 being moderately active, and compound6b′
being the most potent yet less selective. Compounds6e′and
11predominantly hit one kinase, and compound6b′ inhibits
one kinase strongly (at about 90% inhibition) but four other
kinases at medium levels. The hitmap compiled in Figure 3
overall suggests that their biological profiles are quite
different.

In summary, we have developed Lewis acid Zn(OTf)2-
catalyzed tandem annulations of isonitriles and allenic esters
that enable efficient and flexible syntheses of a range of
structurally interesting and biologically active maleimides
and carbazoles and related molecules. The substrates em-
ployed in these processes are readily available; the reaction
conditions are exceptionally mild; and the generated com-
pounds are amenable for further structural modifications. This
method is therefore of considerable value in combinatorial
chemistry, diversity-oriented synthesis, drug discovery, and
natural products synthesis. Efforts along this line are currently
underway in our laboratories.
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Figure 3. Biological profiles of five representative compounds
against a panel of kinases.
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