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ABSTRACT

An efficient synthetic methodology was developed to assemble 1-azaanthraquinones from N-propargylaminoquinones by copper(II)-promoted
sequential 6-endo-dig chlorocyclization and oxidative aromatization. The approach can be extended to preprare chlorinated alkaloids such as
cleistophine and sampangine. A possible mechanism involving carbon�carbon bond formation triggered by regioselective electrophilic
activation and carbon�chlorine bond formation via reductive elimination was proposed.

1-Azaanthraquinone belongs to a featured scaffold em-
bedded in naturally occurring alkaloids such as cleisto-
phine, sampangine, and amphimedine.1 The pronounced
biological activities of these alkaloids together with their
analogs have attracted considerable attention, and differ-
ent methodologies have been developed to elaborate the
tricyclic skeleton. To date, a strategy based on an aza-
Diels�Alder reaction starting from 1-azabutadiene and
quinone hasbeengenerally employed even though intrinsic
limitations are still encountered.2Our recent exploration in
electrophilic cyclization made us recognize the benign

nucleophilicity of aminoquinones.3 Since the incorpora-
tion of a chlorine atom on the azaanthraquinone ring
shouldpotentially expand the scopeof a structure�activity
relationship investigation,4 a strategy involving chlorocy-
clization of N-propargylaminoquinone was envisioned to
assemble a 1-azaanthraquinone framework (Scheme 1).

Scheme 1. Chlorocyclization Strategy
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Chlorocyclization has emerged as a powerful tool for the
construction of carbocycles and heterocycles. A combination
of a divalent palladium catalyst with superstoichiometric
amounts of lithium chloride or cupric chloride has been
predominantly employed.5,6 The process is proposed to
start from a chloropalladation of carbon�carbonmultiple
bonds followed by an insertion to a C�Pd bond and end
with β-elimination or oxidative cleavage. However, recent
studies demonstrate that some chlorocyclization involving
allene and alkyne substrates tethered with O-, N-nucleo-
philes can be implemented on treatment with cupric chlor-
ide without any palladium catalyst, delivering chlorinated
heterocycles such as butenolides,7 isobenzofuran-1-
ones,8 isochromen-1-ones,9 1,3-oxazines,10 indoles,11 and
isoquinolines.12 The documented examples encourage us to
investigate the chlorocyclization of N-propargylaminoqui-
nones, a class of 1,5-enyne bearing an enamine nucleophile.
We initiated the study by choosing N-propargylamino-

quinone 1a as substrate (Table 1). After establishing
palladium acetate as a catalyst, a variety of conditions
were screened. No anticipated chlorocyclization was ob-
served in the presence of excess lithium chloride either at
room temperature or under heating conditions (Table 1,
entries 1�2). When cupric chloride was used instead, the
desired azaanthraquinone 2a was achieved in 51% yield
(Table 1, entry 3). The structure of 2a was confirmed by
X-ray crystallographic analysis13 (Figure 1). The yield
changed little when the amount of cupric chloride de-
creased from 4 to 3 equiv (Table 1, entry 4). To probe
the solvent effect, several solvents including DMA, aceto-
nitrile, 1,2-dichloroethane, and nitromethane were tested,
and it was found that the best yield was accessed in
nitromethane (Table 1, entries 5�8). Switching the catalyst
to palladium chloride was almost not detrimental to the
yield (Table 1, entry 9). A combination of palladium
chloride and ferric chloride proved to be futile, which drove
us to further examine the role of cupric chloride (Table 1,
entry 10). Control experiments showed that the transforma-
tion can be accomplished in higher efficiency only by cupric
chloride (Table 1, entry 11), and the amount of cupric
chloride can be reduced to 1 equiv without compromising
the yield under a prolonged reaction time (Table 1, entry

12). A parallel experiment revealed that ferric chloride did
not promote the transformation (Table 1, entry 13).

Table 1. Optimization of Reaction Conditions

entry conditiona yield (%)b

1 5 mol % Pd(OAc)2, 4.0 equiv of LiCl,

HOAc, rt, 4 h

0

2 5 mol % Pd(OAc)2, 4.0 equiv of LiCl,

HOAc, 80 �C, 4 h

0c

3 5 mol % Pd(OAc)2, 4.0 equiv of CuCl2,

HOAc, 80 �C, 1 h

51

4 5 mol % Pd(OAc)2, 3.0 equiv of CuCl2,

HOAc, 80 �C, 1 h

50

5 5 mol % Pd(OAc)2, 3.0 equiv of CuCl2,

DMA, 80 �C, 4 h

17

6 5 mol % Pd(OAc)2, 3.0 equiv of CuCl2,

CH3CN, 80 �C, 1 h

60

7 5 mol % Pd(OAc)2, 3.0 equiv of CuCl2,

(CH2Cl)2, 80 �C, 1 h

60

8 5 mol % Pd(OAc)2, 3.0 equiv of CuCl2,

CH3NO2, 80 �C, 1 h

66

9 5 mol % PdCl2, 3.0 equiv of CuCl2, CH3NO2,

80 �C, 1 h

62

10 5 mol % PdCl2, 3.0 equiv of FeCl3, CH3NO2,

80 �C, 4 h

0

11 3.0 equiv of CuCl2, CH3NO2, 80 �C, 1 h 85

12 1.0 equiv of CuCl2, CH3NO2, 80 �C, 4 h 86

13 3.0 equiv of FeCl3, CH3NO2, 80 �C, 4 h 0

aThe reaction concentration is 0.05 M. b Isolated yield. cConsump-
tion of the substrate happened.

Figure 1. X-ray crystal structure of 1-azaanthraquinone 2a.
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With the optimal conditions in hand, the scope of the
chlorocyclization was next explored. A variety of N-pro-
pargylaminoquinones with aryl groups attached to the
alkyne moiety were first examined. Aminoquinone 1b

underwent the sequential chlorocyclization and oxidative
aromatization similarly to afford the 4-phenyl substituted
azaanthraquinone in 83% yield (Table 2, entry 1). In
comparison, electron-withdrawing groups (2-Br, 4-Cl,
4-NO2) on the phenyl ring were disadvantageous to the
conversion; the corresponding 1-azaanthraquinones 2c�2e

were isolated in decreased yields ranging from 42% to 66%
(Table 2, entries 2�4). An electron-donating group (4-
MeO) on the ring did not facilate the transformation due
to a competitive formation of 3-unsubstituted azaanthra-
quinone (Table 2, entry 5). On the other hand, when
N-propargylaminoquinones derived from aliphatic propar-
gylamines were performed, the 4-methyl, 4-propyl, and
4-butyl substituted 3-chloro-1-azaanthraquinones were ob-
tained in relatively higher yields (Table 2, entries 6�11). It is
worth mentioning that the approach not only can be
extended to prepare tricyclic alkaloid derivatives such as

3-chlorocleistophine 2g, 8-methoxy-3-chlorocleistophine
2h, and 5-hydroxy-3-chlorocleistophine 2i but also serves
as a key step to synthesize 3-chlorosampangine (Scheme 2).
Furthermore, the protocol can be applied to generate
2-alkylated 1-azaanthraquinones 2k�2l, which are difficult
to obtain in the aza-Diels�Alder annulation. In addition,
when aminoquinone 1m containing a terminal alkynemoiety
was employed, the yield dropped to 58% (Table 2, entry 12).

A possible mechanism is outlined as follows (Scheme 3).
Cupric chloride selectively activates the triple bond by

Table 2. Copper(II)-Promoted Chlorocyclization and Oxidative Aromatization of N-Propargylaminoquinonesa

aThe concentration is 0.05 M. b 3-Unsubstituted azaanthraquinone was isolated.

Scheme 2. Sampangine Assembly from Methylated 1-Azaan-
thraquinone
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coordination, and then an intramolecular nucleophilic
attack takes place in a 6-endo manner accompanied by
the formationof a carbon�carbonbond.Theorganocopper-
(II) intermediate undergoes a reductive elimination to afford
the chlorinated dihydroazaanthraquinone, which transforms
to theazaanthraquinonebyoxidativearomatization (patha).
An alternative reductive elimination pathway to generate
the dihydroazaanthraquinone from an organocopper(III)
intermediate cannot be excluded since the conversion from
Cu(II) species to Cu(III) has been detected under certain
oxidative conditions (path b).14

A domino process involving 6-endo-dig chlorocycli-
zation and intramolecular condensation to construct

8H-benzo[c]pyrido[4,3,2-mn]acridin-8-one proved to be
practical. As exemplified in Scheme 4, the pentacyclic
heterocycle was obtained in moderate yield starting
from N-propargylaminoquinone 4.

In conclusion, an efficient approach has been devel-
oped to assemble 1-azaanthraquinones by employing
a cupric chloride promoted 6-endo-dig chlorocycliza-
tion followed by oxidative aromatization. The protocol
features mild conditions and benign functional
group compatibility, which also allows for the con-
struction of tetracyclic and pentacyclic heterocycles.
Further applications of this transformation especially
in the preparation of pyridoacridine alkaloids are
underway.
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Scheme 3. Proposed Mechanism

Scheme 4. Domino Cyclization ofN-Propargylaminoquinone 4
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