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Abstract
4H-Pyrano-[2,3-b]naphthoquinone is a structural motif commonly found in natural products
manifesting anticancer activities. As part of a program aimed at structural simplification of
bioactive natural products utilizing multicomponent synthetic processes, we developed a
compound library based on this heterocyclic scaffold. We found that several library members
displayed low micromolar antiproliferative activity and induced apoptosis in human cancer cells.
Selected compounds showed promising activity against cancer cell lines resistant to proapoptotic
stimuli, demonstrating their potential in treating cancers with dismal prognoses.
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Although natural products have traditionally been an excellent source of new medicinal
leads, their structural complexity and poor availability greatly impede natural product-based
drug discovery.1 To address this challenge we have advocated the utilization of natural
product-mimetic scaffolds, which can be synthetically accessed in one step by utilizing
multicomponent reactions (MCR).2 for example, we showed that the stereochemically
complex structure of an important anticancer lead podophyllotoxin can be efficiently
simplified to fused dihydropyridine scaffolds, efficiently prepared with MCRs.2a–c

Compounds based on this heterocyclic scaffold retain the antitubulin mode of action of the
natural product and rival podophyllotoxin in their antiproliferative potency and apoptosis
inducing potential. Other successful applications of this approach involve the discovery of
pyranoquinolones, designed to be mimetics of pyranoquinolone alkaloids,2d,e and
topoisomerase-targeting indenopyridines inspired by the structure of camptothecin.2f,g
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In continuation of these efforts we have been investigating compounds based on the 4H-
pyrano-[2,3-b]naphthoquinone skeleton as mimetics of a diverse group of naturally
occurring pyranonaphthoquinones and their synthetic analogues with promising anticancer
activities.3 Selected examples of these natural products include pyranokunthone B from a
marine actinomycete,3a rhinacanthin O from the Asian medicinal plant Rhinocanthus
nasutus,3b α- and β-lapachones isolated from the heartwood of the trees of Bignoniaceae
family,3c among others (Fig. 1).3d,e β-Lapachone is investigated for the treatment of cancers
associated with elevated NADH quinone oxidoreductase (NQO1) levels and it is currently in
phase II clinical trials for the treatment of pancreatic cancer.4 In this paper we present a one-
step preparation of a small library of simple pyranonaphthoquinones and evaluation of these
compounds for antiproliferative and apoptosis-inducing properties in human cancer cell
lines.

As a rapid entry to the 4H-pyrano-[2,3-b]naphthoquinone skeleton, we adapted the
previously reported cyclocondensation of arylidenemalononitriles with 2-hydroxy-1,4-
naphthoquinone5 to a multicomponent process, in which the Knoevenagel intermediates are
formed in situ from malononitrile and aromatic aldehydes (Fig. 2).6 Although both 1,4- (C)
and 1,2-naphthoquinones (D) resulting from the corresponding pyran ring closures A and B
could be expected, only 1,4-products were formed. This was unambiguously established by
obtaining an X-ray crystal structure of pyranonaphthoquinone 5 (Fig. 3). In agreement with
these experimental findings is a theoretical analysis, which indicates that the predominant
formation of 1,4-naphthoquinones should be favored on the basis of both thermodynamic
and kinetic considerations. Thus, both semiempirical (PM6) and Density Functional Theory
(DFT) computations reveal the higher stability of 1,4-naphthoquinone C over its 1,2-
counterpart D (Fig. 2). In addition, the analysis of O(2) versus O(4) ambident nucleophilic
sites in the model structure E indicates an equal charge distribution between the oxygens
and a larger HOMO coefficient on O(2) favoring the attack by this oxygen (A vs B).

We found that both substituted benzaldehydes and heteroaromatic aldehydes reacted with
equal facility to give moderate to good yields of the desired products 1–23 (Table 1). In all
cases the MCR products precipitated as the reaction mixtures were allowed to cool to room
temperature and were isolated by simple filtration. A single recrystallization was sufficient
in all cases to achieve product purity of >98% as judged by NMR analysis.7,8

Analogues 1–23 were evaluated for antiproliferative activity against three cancer cell lines,
HeLa, MCF-7/AZ and Jurkat as models for human cervical and breast adenocarcinomas and
T-cell leukemia, using the MTT method.9 In addition, the same compounds were tested for
their ability to induce apoptosis in Jurkat cells in the flow cytometric Annexin-V/propidium
iodide assay10 at a concentration of 50 μM and the percentages of apoptotic cells after 24
hours of treatment are shown in the last column of Table 1. The analysis of these data
indicates that although a polar 4-HOOC-Ph analogue 17 lacks any significant anticancer
activity, most of the other library members have notable antiproliferative properties and
several compounds exhibit good apoptosis-inducing potential. The most potent compounds
appear to be 3-substituted phenyl analogues (1, 7, 14) and 3-PhO-Ph pyranonaphthoquinone
1 is clearly superior to all the other members of the library. Its antiproliferative and
apoptosis-inducing effects surpass those of α-lapachone and rival those of clinically relevant
β-lapachone, both synthesized using literature methods11 and used as positive controls. Also,
the low micromolar antiproliferative activity of 2,6-di-Cl-Ph analogue 6 toward HeLa and
MCF-7/AZ cell lines is noteworthy, although this compound fails to maintain its potency or
induce apoptosis in the Jurkat model.

Based on their promising activities pyranonaphthoquinones 1 and 6 were selected for further
testing. Glioma, melanoma, oesophageal, non-small-cell lung, and a number of other types
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of cancer known to be associated with dismal prognoses, all have the characteristic of being
intrinsically resistant to pro-apoptotic stimuli.12 Moreover, more than 90% of cancer
patients die from tumor metastases, which are incompetent in initiating the apoptotic
program as well. Thus, the rise in incidence of gliomas and melanomas has not been
paralleled by improved therapeutic options over the years. New types of drugs are, therefore,
urgently needed to combat cancers that are resistant to proapoptotic stimuli and poorly
responsive to current therapies. We selected seven human cell lines (Table 2) representing
cancers associated with dismal prognoses (U373 glioblastoma (GBM), A549 non-small-cell-
lung cancer (NSCLC), Hs683 anaplastic oligodendroglioma, OE21 oesophageal cancer,
SKMEL-28 melanoma as well as LoVo colon and PC-3 prostate cancers) and evaluated
compounds 1 and 6, together with α- and β-lapachone controls, against this challenging
panel. The results (Table 2) indicate that analogue 1 maintains its potent activity against the
cell lines in this panel. Its antiproliferative effects are superior to those of α-lapachone but
secondary to the regioisomeric β-lapachone by an order of magnitude (see the mean values
in Table 2).

In conclusion, as part of a program involving the simplification of bioactive natural products
with mimetic scaffolds accessible via one-step multicomponent synthetic processes, we
synthesized a small library of pyrano-1,4-naphthoquinones inspired by the common
occurrence of this structural motif in natural products possessing promising anticancer
activities. Several library members inhibit the proliferation of cancer cells at single-digit
micromolar concentrations and induce apoptosis in the human Jurkat leukemia model.
Particularly noteworthy is the promising activity of these compounds against human cell
lines representing cancers with dismal prognoses. Further work in this area focuses on
modifying the MCR conditions to access the analogous 1,2-naphthoquinone scaffold, which
would be mimetic of the β-lapachone-type natural products appearing to have superior
anticancer properties.
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Figure 1.
Structures of selected pyranonaphthoquinone natural products with anticancer activity and
the mimetic scaffold utilized in this work.
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Figure 2.
Mechanistic details of the MCR and computed characteristics of relevant molecules.
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Figure 3.
X-ray structure of pyranonaphthoquinone 5 (thermal ellipsoids are shown at 50%
probability, CCDC 884823).
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