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Synthesis and structure–activity relationships of
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Abstract—1,5-Diazaanthraquinone derivatives were synthesized employing single and double hetero Diels–Alder strategies. Their in
vitro antitumour activity was assayed using three cell lines. Some of these compounds, specially those bearing methyl or ethyl groups
at the C-3,7 positions or chloro at C-4 and methyl at C-7, showed IC50 values in the 10�8 M range for human lung carcinoma and
human melanoma, which makes them attractive candidates for further development as anticancer agents.
� 2004 Elsevier Ltd. All rights reserved.
Natural products containing a 9,10-anthracenedione
substructure are an important class of antitumour
compounds. They include the anthracyclines,1 the plu-
ramycins2 and some of the enediyne antibiotics.3 Iso-
steric substitution of one or more carbons of the
benzene rings by nitrogen atoms should afford com-
pounds with geometries similar to those of the parent
compounds, but with increased affinity for DNA due to
the presence of sites suitable for hydrogen bonding or
ionic interactions. Also, the electron-withdrawing
properties of the heterocyclic rings would facilitate the
formation of DNA-damaging anion–radicals.4 For these
reasons, the preparation of azaanthraquinones as po-
tential antitumour agents is an active field of research.5

The considerations outlined above would apply partic-
ularly well to azaanthraquinone natural products, such
as the Annonaceae alkaloid cleistopholine.6;7 The 1,
5-diazaanthraquinone system seemed particularly inter-
esting to us because of the presence of its imino deriv-
atives as structural fragments of several marine natural
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products with potent antitumour activity. Compounds
belonging to the pyridoacridine class of alkaloids,8 such
as ascididemin,9 eilatin10 and 1, are representative
examples (Fig. 1). The latter compound is a regioisomer
of meridine that was initially synthesized in the course
of our research into analogues of the pyridoacridine
alkaloids,11 but it has also been recently isolated from
Figure 1. Structure of the natural azaanthraquinone cleistopholine and

some marine natural products with 1,5-diazaquinonimine substruc-

tures.
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Figure 2. Structure of the compounds studied in this work.
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the sponge Biemna fortis (perhaps as an artifact) and
shown to induce multipolar neuritogenesis at micro-
molar levels.12 Because tumour cells often retain differ-
entiation capabilities, substances able to inhibit cellular
differentiation may exhibit selective cytotoxicity against
tumour cells and are therefore considered as good
anticancer candidates.

Derivatives of the 1,5-diazaanthraquinone system
have received very little synthetic attention,13 and their
antitumour activity is almost unexplored.14 We have
previously studied compounds 2a (R2;3;7 ¼H; R4 ¼ o-
NO2C6H4; R8 ¼OH) and 2b (R2;3;7 ¼H; R4 ¼ o-
NO2C6H4; R8 ¼Cl), which we obtained as synthetic
intermediates of 1. Although compound 2a lacked
interest, 2b showed a potent and selective activity for
some solid tumours (human lung carcinoma and human
melanoma), which warranted further investigation,15

but unfortunately this compound showed a very short
half-life in attempted in vivo studies. In an effort to
improve the properties of 2b and to systematically
establish the potential usefulness of 1,5-diazaanthra-
quinones as a new class of antitumour agents, we
describe here the preparation and in vitro antitumour
activity of two series of derivatives of the 1,5-diazaan-
thracene-9,10-dione system, with general structure 2,
together with the comparison of some of these data with
the ones obtained for their regioisomers derived from
the 1,8-diazaanthracene-9,10-dione system (compounds
3) (Fig. 2).
Scheme 1. Reagents and conditions: (i) CHCl3, rt, 1 min; (ii) (ClCH2)2, 85 �
From the synthetic point of view, we reasoned that the
use of a strategy based on double hetero Diels–Alder
reactions16 would allow a very fast and straightforward
preparation of symmetrically substituted derivatives
of the 1,5-diazaanthraquinone system. Although the
double hetero Diels–Alder reactions of 2,6-dib-
romobenzoquinone have been used for the synthesis of
1,8-diazaanthraquinones,17 a similar reaction of 2,5-di-
bromobenzoquinone was unknown.18 To study the fea-
sibility of this strategy, 2,5-dibromobenzoquinone 4 was
prepared by oxidation of the corresponding hydroqui-
none with cerium ammonium nitrate.19 Reaction of this
quinone with 1-dimethylamino-1-azadienes 520 pro-
ceeded almost instantly at room temperature through an
efficient cascade of three reactions (Diels–Alder/HBr
elimination/Me2NH elimination) that gave 68–89%
overall yields of the fully aromatic compounds 2.21

Alternatively, one of them (2d, R3;7 ¼CH3, R4;8 ¼H)
was prepared in 89% yield by cycloaddition of the
known13b 3-methyl-6-chloroquinoline-5,8-quinone 6 to
methacrolein dimethylhydrazone 5b21 followed by
spontaneous aromatization (Scheme 1a). This finding
paved the way for the synthesis of unsymmetrically
substituted derivatives of the 1,5-diazaanthraquinone
system by this route, which will be our next goal in this
project.

It is interesting to note that the behaviour of quinone 4
towards 4-substituted 1-dimethylamino-1-azadienes was
different to the one previously observed for 2,6-di-
bromobenzoquinone, which gave compounds 7 that re-
quired pyrolytic conditions to force their aromatization
to 3.17 This difference can be attributed to steric com-
pression between the carbonyl at C-10 and the substit-
uents at the 4 and 5 positions of compounds 3, which
presumably hampers the dimethylamine elimination
step, a problem that does not exist in their regioisomers
2 (Scheme 1b).

4-Chloro-1,5-diazaanthracene-9,10-dione derivatives with
a closer relationship to 2b were prepared as shown in
C, 30 min; (iii) CH2Cl2 or CHCl3, rt, 1 min; (iv) 110 �C, 0.1 torr, 2 h.



Scheme 2. Reagents and conditions: (i) CH3CN–Et2O, rt, 16 h; (ii)

CH3CN–Et2O, rt, 22 h; (iii) 110 �C, 0.1 torr, 2 h; (iv) HCl 2 M, THF–

H2O, 80 �C, 30 min.

Table 1. Cytotoxic activity of compounds 2 and 3 (in brackets) dis-

solved in 1:9 DMSO/MeOH in several cultured cell linesa (IC50, lM)

Compound A-549 HT-29 MEL-28

2a 7.20 7.20 7.20

2b 0.03 0.27 0.03

2c (3c) 4.80 (4.80) 4.80 (5.70) 4.80 (4.80)

2d (3d) 0.04 (0.21) 0.42 (0.50) 0.04 (0.21)

2e (3e) 0.19 (0.45) 1.88 (1.88) 0.38 (0.79)

2f (3f) 0.50 (2.10) 1.00 (2.10) 1.00 (2.10)

2g (3g) 3.40 (8.50) 3.40 (8.50) 3.40 (8.50)

2h 0.03 0.04 0.03

2i 0.19 1.93 0.19

2j 0.37 0.93 0.37

2k 4.49 17.97 17.97

9 0.33 1.93 0.33

Adriamycin 0.01 0.09 0.03

a A-549: Human lung carcinoma (ATCC CCL-185); HT-29: Human

colon carcinoma (ATCC HTB-38); MEL-28: Human melanoma

(ATCC HTB-72).
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Scheme 2. Treatment of quinone 822 with 3-methyl-1-
dimethylamino-1-azadiene gave directly the aromatized
derivative 2h. On the other hand, the use of 4-substi-
tuted 1-dimethylamino-1-azadienes such as crotonalde-
hyde dimethylhydrazone led to the 1-dimethylamino-
1,4-dihydro derivative 9, which was aromatized by
elimination of dimethylamine under thermal conditions
to give compound 2i. As in the case of compounds 3, the
need to force the aromatization presumably arises from
the steric compression due to the combined presence of
the C-4 chlorine and C-8 methyl substituents in the
planar compound 2i. In a parallel experiment, treatment
of 9 with dilute HCl led to its aromatization with con-
comitant displacement of the chlorine atom at C-4 by
the liberated dimethylamine, affording compound 2j.
Finally, the antitumour activity of the previously
described23 compound 2k was also measured in order to
provide information about the influence of substituents
at C-2 in the activity of 1,5-diazaanthraquinones.

Table 1 summarizes the cytotoxic activities of com-
pounds 2, compared with those of some of the regio-
isomeric 1,8-diazaanthraquinones 3. Data obtained in
the same assay for adriamycin, one of the most com-
monly used anti-cancer drugs worldwide and com-
pounds 2a and 2b11 are also included for reference
purposes. The IC50 values contained in Table 1 were
obtained using a literature procedure.24

Examination of the data in Table 1 leads to several
pieces of information about structure–activity relation-
ships. Although the unsubstituted compound 2c showed
poor activity, some of the di-, tri- and tetraalkyl deriv-
atives studied had very potent activities, and were also
selective for some solid tumours. Some of the most
promising alkyl derivatives were compounds 2d and 2e,
bearing small alkyl chains at C-3 and C-7 and specially
the dimethyl derivative 2d, which exhibited IC50 values
in the 10�8 M range for human lung carcinoma and
human melanoma. Compound 2f, the analogue of 2d
bearing the same chains at C-4 and C-8 and also the
tetrasubstituted compound 2g, were less active. The very
low activity found for 2k proves that substituents at C-2
(and presumably at C-6) must be avoided.

Comparison of compounds 2c–g with their regioisomers
derived from 1,8-diazaanthraquinone (3c–g, data in
brackets) shows that the latter are less active towards the
lung and melanoma tumours.25 The chloro-substituted
compounds were also very interesting, with the 4-chloro-
7-methyl derivative 2h being more active, although less
selective, than 2d. The C-8 substituted analogue of 2h
(compound 2i) was less active, in agreement with the
conclusions obtained for the dialkyl series. A dimethyl-
amino group at C-4, found in compound 2j, is detri-
mental to activity. This observation, together with the
low activity found for compound 2a, bearing a hydroxy
group at the equivalent C-8 position, suggests that
electron-releasing substituents at C-4 and C-8 must be
avoided. The 5-dimethylamino-5,8-dihydro compound 9
showed similar properties to its aromatic counterpart
(compound 2j).

In conclusion, 1,5-diazaanthraquinones are a very
interesting class of antitumour compounds, particularly
for some types of solid tumours. Further studies on their
structure–activity relationships are in progress in our
laboratories.
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