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A rapid route to a series of naphthoquinone-fused indole derivatives via irradiation in a modified com-
mercial domestic microwave is reported. The desired products were produced in high yields and short
reaction times. The naphthoquinone-fused indole derivatives were evaluated for their pro-inflammatory
cytokines responses using lipopolysaccharide (LPS)-stimulated RAW264.7 murine macrophages. The
results showed that most of the tested compounds inhibit the production of nitric oxide (NO), prostaglan-
din (PG)E2, tumour necrosis factor (TNF)-a, interleukin (IL)-6 and IL-1b in RAW264.7 cells treated with
LPS.

� 2009 Elsevier Ltd. All rights reserved.
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Quinones are common in a variety of natural products and have
been reported to possess a broad range of biological activities
including anticancer,1–5 antibacterial,1,6–9 antimalarial,10–12 anti-
fungal9,13 and anti-inflammatory14,15 activities. Also aminonaph-
thoquinones were claimed to show promising antimalarial,
antiplatelet, anti-inflammatory and antiallergenic activities.16,17 A
number of naphthoquinones fused with heterocyclic rings have
been synthesised and it was found that the presence of a heterocy-
cle fused to the quinone moiety also played a crucial role in the
biological activity of the compounds.18,19 As part of our research
program to synthesise novel bioactive compounds, we became
interested in naphtho[2,3-d]-azepino[4,5-b]indole-9,14-dione, in
which seven-membered ring heterocyclic naphthoquinones are
fused to the indole nucleus, since indoles also possess a wide vari-
ety of biological properties. We anticipated that the combined
chemical motif of a naphthoquinone, an indole group and an aze-
pine moiety in the same molecule would markedly enhance the
anti-inflammatory activity as each compound is predominantly
seen in a wide range of anti-inflammatory agents. To the authors’
best knowledge, there is no report concerning the synthesis and
biological activities of 1,4-naphthoquinones fused through the qui-
none nucleus to the azepino-indole moiety. With the increased role
of microwave chemistry, especially when conventional methods
ll rights reserved.

wong).
require forcing conditions or prolonged reaction times, a wide vari-
ety of organic reactions can be conducted very rapidly and in high
yields. On the basis of the above consideration, we now wish to re-
port the synthesis of naphtho[2,3-d]-azepino[4,5-b]indole-9,14-
dione derivatives (Fig. 1) via microwave assisted intramolecular
cyclisation and the evaluation of pro-inflammatory activities on
lipopolysaccharide (LPS)-induced RAW264.7 cells.

The substituted aminonaphthoquinones (3) required for cycli-
sation were prepared under irradiation using a modified commer-
cial domestic microwave oven.20 Nucleophilic substitution of
naphthoquinones (1a–c) with tryptamine derivatives (2a–b) affor-
ded the corresponding substituted aminonaphthoquinones (3a–e)
in moderate to high yields21 by heating in a microwave reactor
at 850 W for 4 min.20 The palladium catalysed intermolecular reac-
tion of 3a and 3b under microwave irradiation at 850 W for 6 min
failed to yield the cyclised products. However, under the same
R1, R2= H, OMe
R3= H, CH3, C3H7, Allyl, Bn

Figure 1. General structure of naphtho[2,3-d]-azepino[4,5-b]indole-9,14-dione.
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3a; R1 = R2 = R3 = H (40% yield)
3b; R1 = R2 = H, R3 = OMe (38% yield)
3c; R1 = H, R2 = Br, R3 = H (89% yield)
3d; R1 = OMe, R2 = Br, R3 = H (53% yield)
3e; R1 = H, R2 = Br, R3 = OMe (75% yield)
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2a; R3 = H
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1a; R1 = R2 = H
1b; R1 = H, R2= Br
1c; R1 = OMe, R2 = Br 4a; R1 = R3 = H (94% yield)

4b; R1 = OMe, R3 = H (72% yield)
4c; R1 = H, R3 = OMe (49% yield)

Scheme 1. Reagents and conditions: (a) C2H5OH, microwave, 850 W, 4 min (b) 0.1 equiv Pd(OAc)2, 0.2 equiv Ph3P, 3 equiv K2CO3, microwave, 850 W, DMF, 6 min.
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5a; R1 = R3 = H, R4 = Me (96% yield)
5b; R1 = R3 = H, R4 = C3H7 (36% yield)
5c; R1= R3 = H, R4 = Allyl (50% yield)
5d; R1= R3 = H, R4 = Benzyl (43% yield)
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Scheme 2. Reagents and conditions: (a) R4X, K2CO3, microwave, 850 W, DMF,
8 min.
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reaction conditions, brominated aminonaphthoquinones (3c–e)
were cyclised to afford the indole fused seven-membered ring het-
erocyclic naphthoquinones (4a–c) (Scheme 1) in high yields unac-
companied by any reduced products.22

The effect on activity of eliminating the NH group of the aze-
pines was evaluated by selective N-alkylation of azepine moiety
4a using various alkyl halides and potassium carbonate under
microwave irradiation at 850 W for 8 min (Scheme 2). Compounds
5a–d were obtained in a short reaction time and in moderate to
high yields.23

Compounds 4a–c and 5a–d were tested in LPS (1 lg/mL)-stim-
ulated RAW264.7 macrophages. The cytotoxic effects of these com-
pounds were evaluated in the presence or absence of LPS using the
MTT assay, and cell viabilities were observed to be 58–87% for all
tested compounds with the exception of 5c for which 24% cell via-
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Figure 2. Evaluation of nitric oxide production by RAW 264.7 cells stimulated for 24 h w
heterocyclic naphthoquinones derivatives. The values are the means of at least three det
versus LPS-treated group.
bility was observed. In the measurement of NO production
stimulated by LPS (1 lg/mL), treatment of the tested compounds
(1–5 lg/mL) inhibits the production of NO in a dose-dependent
manner (Fig. 2).

The effect of the tested compounds on LPS (1 lg/mL) induced
production of PEG2 in RAW 264.7 was shown in Figure 3. The
tested compounds could dramatically inhibit the production of
PGE2 at a concentration of 5 lg/mL, however only compound 4b–
c and 5d slightly inhibited the production of PGE2 at a concentra-
tion of 1 lg/mL.

Further studies on the pro-inflammatory cytokines such as
TNF-a, IL-1b and IL-624–26 that are thought to be interlinked in a
cascade, being produced serially by macrophages during inflam-
matory response demonstrated that the tested compounds have
inhibitory effects on the production of TNF-a, IL-1b and IL-6 in
LPS-stimulated RAW 264.7 macrophages. As shown in Figures 4–
6, LPS-induced production of TNF-a was significantly inhibited
by the tested compounds in a concentration-dependent manner.
However, all of the tested compounds mildly affected the produc-
tion of IL-1b and IL-6.

In summary, syntheses of the indole-fused azepinonaphthoqui-
nones (4a–c) were achieved with an intramolecular palladium-cat-
alysed cyclisation of aminonaphthoquinones bearing an indole
nucleus as the key step. In addition, N-alkylation of the NH group
on the severn-membered rings afforded the corresponding deriva-
tives 5a–d. The indole-fused azepinonaphthoquinones (4a–c and
5a–d) were tested for their pro-imflammatory activities. Most of
the tested compounds inhibited the production of NO, PGE2,
TNF-a, IL-1b and IL-6 in macrophages stimulated with LPS
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Figure 5. Effect of heterocyclic naphthoquinones derivatives on LPS-induced IL-1b production by RAW 264.7 cells. The values are the means of at least three
determinations ± SD. Probability level (student’s t-test): *p <0.05, **p <0.01,***p <0.001 versus LPS-treated group.

blank ctrl 4a 4b 4c 5a 5b 5c 5d
0

10

20

30

40

T
N

F
-α

 (
ng

/m
L)

1 ug/mL

2.5 ug/mL

5 ug/mL

LPS (1μg/mL)

   *** 

*** 

*** 

*** 
  *** 

  ***  *** 

*** 

*** 

 *** 
   *** 

   ***    *** 

     * 
  * 

   *** 

   *    ** 
*

Figure 4. Effect of heterocyclic naphthoquinones derivatives on LPS-induced TNF-a production by RAW 264.7 cells. The values are the means of at least three
determinations ± SD. Probability level (student’s t-test): *p <0.05, **p <0.01,***p <0.001 versus LPS-treated group.
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Figure 3. Effect of heterocyclic naphthoquinones derivatives on PGE2 production in LPS-induced RAW 264.7 macrophage for 24 h. The values are the means of at least three
determinations ± SD. Probability level (student’s t-test): *p <0.05, **p <0.01,***p <0.001 versus LPS-treated group.
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in vitro. We conclude from our investigation that the series
of 1,6,7,8-tetra hexahydro-naphtho[2,3-d]-azepino[4,5-b]indole-
9,14-diones could be potential useful for the development of
anti-inflammatory agents.
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Figure 6. Effect of heterocyclic naphthoquinones derivatives on LPS-induced IL-6 production by RAW 264.7 cells. .The values are the means of at least three
determinations ± SD. Probability level (student’s t-test): *p <0.05, **p <0.01,***p <0.001 versus LPS-treated group.
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