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a b s t r a c t

A simple approach towards the pyrido[1,2-a:3,4-b0]diindole system via the reaction of indigo with methy-
lene active compounds was used for the syntheses of the marine alkaloids 6-oxofascaplysin, fascaplysin,
and their derivatives. It was also demonstrated that the reaction with ketones led to indigo decomposi-
tion and the formation of isatin derivatives. The derivative of fascaplysin with a phenyl substituent at C-7
demonstrated 2–3 times greater inhibitory activity against selected cancer cell lines than fascaplysin.

� 2018 Elsevier Ltd. All rights reserved.

Introduction

The 12H-pyrido[1,2-a:3,4-b0]diindole ring system (1, Fig. 1)
forms the framework of several marine alkaloids, such as fas-
caplysin, homofascaplysins A-C, and their brominated analogues.1

The red pigment fascaplysin (2), isolated in 1988 from the sponge
Fascaplysinopsis sp., is the most investigated representative alka-
loid.2 This compound exhibits a broad range of bioactivities includ-
ing antibacterial, antifungal, antiviral, HIV-1-RT, p56 tyrosine
kinase, and antimalarial properties, as well as suppressing the pro-
liferation of numerous cancer cell lines.3 In addition, fascaplysin
inhibits the growth of S180 cell-implanted tumors and possesses
anti-angiogenesis properties.4,5 The mechanisms of action include
the selective inhibition of cyclin-dependent kinase 4, which regu-
lates the G0–G1/S checkpoint of the cell cycle, the intercalation of
DNA, and the induction of apoptosis, in part, as a result of the acti-
vation of the TRAIL signaling pathway by upregulating DR5 expres-
sion.6–8 Recent research has shown that selective CDK4/6
inhibitors not only induce tumour cell cycle arrest, but also pro-
mote anti-tumour immunity.9 Besides its antitumor properties,
fascaplysin triggers cell shrinkage and phospholipid scrambling

of the erythrocyte cell membrane, an effect at least in part due to
Ca2+ entry, oxidative stress and ceramide abundance.10 It also
could be used as a P-gp inhibitor for the development of anti-Alz-
heimer agents and as a ‘‘balanced agonist” of the opioid receptor
with a signaling profile that resembles endorphins.11,12

These facts demonstrate the significant potential of fascaplysin
and related compounds for therapeutic assays. Recently, a novel
representative of these alkaloids named 6–oxofascaplysin (3) was
isolated from the Australian marine sponge Hyrtios sp.13 The
absence of some correlations in the HMBC spectra led the authors
to utilise DFT NMR calculations to support their structural assign-
ment. Herein, we report the development of a simple approach for
the first synthesis of 6-oxofascaplysin and selected derivatives. A
one-step transformation of 6-oxofascaplysin and its derivatives
into fascaplysin and its derivatives which are inaccessible by other
methods was also demonstrated.

Fascaplysin and its naturally occurring analogues have been
synthesized by several groups and more than ten syntheses have
been reported to date.14 However, none can be considered effective
for the synthesis of 6-oxofascaplysin. At the same time, condensa-
tion of the well-known dye indigo with a malonic ester in the pres-
ence of base followed by subsequent hydrolysis and
decarboxylation of the obtained product 4a would represent a
simple approach towards 6-oxofascaplysin 3. The obtainment of
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mixtures of highly functionalized pyrazino[1,2-a:4,3-a‘]diindole,
pyrido[1,2-a:3,4-b‘]diindole and benzo[b]indolo[1,2-h]naph-
thyridine heterocyclic systems via the base-induced propargyla-
tion of indigo was previously reported.15 Compound 4a was
previously obtained in 1923–1924 along with the product of con-
densation with ethyl phenylacetate in order to confirm the struc-
ture of indigo (Fig. 1).16,17 Recently, compound 4b and series of
related compounds were obtained by the condensation of selected
arylacetic chlorides with N,N-diacetylindigo, a more soluble
derivative of indigo.18

Results and discussion

Our work began with the optimization of the preparation of
compound 4a using unsubstituted indigo as a starting material
(Scheme 1). After preliminary experiments, sodium hydroxide
was replaced by sodium hydride and DMF was used instead of
nitrobenzene. For subsequent hydrolysis and decarboxylation
reactions, compound 4a was heated at reflux in 40% hydrobromic
acid for two hours. A single compound was isolated with spectral
characteristics which were identical to those of natural 6-oxofas-
caplysin. The overall yield of the target compound was 70%.

After the successful synthesis of 6-oxofascaplysin 3, the con-
densation reaction was applied to acetoacetic, cyanoacetic, pheny-
lacetic and nitroacetic esters. In most cases, the condensation was
successful with yields ranging from 50 to 88% (4b–d).19 However,
when nitroacetic ester was used the reaction did not occur.

Unfortunately, the poor solubility of 6-oxofascaplysin and its
derivatives 4a–d in both water and organic solvents such as DMSO
and DMF prevented an investigation of their bioactivities. At the
same time, it can be expected that the reaction of indigo and a wide
range of ketones should allow the preparation of fascaplysin
derivatives with substitution at the C-6 and C-7 positions (Fig. 1).
Due to that fact, the reaction of indigo with acetophenone as a
model compound was investigated. According to the spectral data,
this resulted in a mixture of Z-, and E-isomers of compound 5a

(Scheme 2). The E-isomer was unstable and spontaneously con-
verted into the Z-isomer. The reaction of more reactive dimedone
resulted in the formation of a mixture of indigo decomposition
product 5b and its tautomers with 85% total yield (Scheme 2, see
also the ESI).

The obtained data can be easily explained within the framework
of the HSAB principle. However, when indigo reacts with ethyl
phenylacetate both variants of this reaction can be realized
depending on the conditions utilized (Scheme 3). Thus, upon the
slow addition of ethyl phenylacetate to indigo and excess sodium
hydride, the product of indigo decomposition 5c was obtained.
As indicated above for compound 5a, a mixture of geometric iso-
mers was obtained, consisting of an unstable E-isomer that sponta-
neously transformed into the Z-isomer. On the other hand when
indigo and ethyl phenylacetate were mixed in advance then heated
in the presence of NaH, the main reaction product was compound
4b. Thereby it can be assumed that the reaction of indigo with
active methylene compounds is determined by their methylene
activities that result in the prevalence of one of two different pro-
cesses: i) Michael reaction between the deprotonated methylene
active compound and the activated double bond of indigo followed
by the decomposition of indigo and formation of products 5; ii)
acylation of the nitrogen atom of indigo followed by intramolecu-
lar nucleophilic attack on the ‘‘opposite” carbonyl group with for-
mation of the heterocyclic 12H-pyrido[1,2-a:3,4-b0]diindole
system.

Since the anticipated fascaplysin derivatives with substitution
at the C-6 and C-7 positions were not obtained, it was decided to
investigate the potential application of compounds 4 as starting
materials for the preparation of fascaplysin derivatives. For the
development of this conversion, 6-oxofascaplysin was chosen as
a model compound and the formation of fascaplysin was explored
(Scheme 4). Initially lithium aluminum hydride was examined for
the reduction of the 2-pyridone fragment. The reaction of 6-oxofas-
caplysin with LiAlH4 was carried out in THF for 24 h at room tem-
perature and followed by air oxidation, resulting in a complex
mixture of compounds containing trace amounts of fascaplysin.

Fig. 1. Structures of 12H-pyrido[1,2-a:3,4-b’]diindole (1), fascaplysin (2), 6-oxofascaplysin (3), and its known derivatives.
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Scheme 1. Syntheses of 6-oxofascaplysin (3) and its derivatives (4a-d) Reagents and conditions: (a) R-CH2-COOEt (8 equiv.), NaH (4 equiv.), DMF, D, 0.5 h; (b) 40% HBr
(excess), D, 2 h.
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