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Abstract—Substituted 7-methyl-2H,5H-pyrano[4,3-b]pyran-5-ones and related heterocycles 3 were synthesized through an efficient
domino Knoevenagel condensation/6p-electron electrocyclization. In vitro antiproliferative/cytotoxic activity evaluation was per-
formed with human SH-SY5Y neuroblastoma cells and revealed IC50 values ranging from 6.7 to >200 lM. The compound that
was most cytotoxic to the neuroblastoma cells, that is, 2-isobutyl-3-isopropyl-7-methyl-2H,5H-pyrano[4,3-b]pyran-5-one (3a), also
exhibited necrotic effects on the human IPC melanoma cells.
� 2006 Elsevier Ltd. All rights reserved.
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In several papers Omura et al. have reported on the iso-
lation of a number of compounds with novel structural
features from the culture broth of Aspergillus fumiga-
tus.1 The structure elucidation of the new natural prod-
ucts that were named pyripyropenes A–R revealed that
they are characterized by a decahydro-2H,11H-naph-
tho[2,1-b]pyrano[3,4-e]pyran-11-one skeleton. The com-
pounds with up to eight stereogenic centers differ only in
respect to the presence or absence of functional groups
at C-3, C-4, C-6, and C-12. The investigation of their
biological activity identified pyripyropenes to be the
most potent naturally occurring, biologically available
inhibitors of acyl-CoA:cholesterol acyltransferase
(ACAT).1 The inhibition of ACAT, the enzyme respon-
sible for intracellular esterification of cholesterol, repre-
sents a promising new approach to the prevention of
atherosclerosis.2 Related natural products like arisugac-
ins and territrems have been reported to possess impor-
tant biological activities, for example, inhibition of
acetylcholinesterase.3

In this context the investigation of the biological activity
of simple model compounds is of particular interest.
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While it was found that tricyclic compounds with a
tetrahydro-1H,7H-pyrano[4,3-b] [1] benzopyran-1-one
skeleton exhibit both in vitro and in vivo cytotoxic
activity,4 the comparative investigation of the biological
activity of bicyclic 2H,5H-pyrano[4,3-b]pyran-5-ones
with varying substituents at C-2, C-3, and C-7 remains
to be done yet. For this purpose we have synthesized a
small library of novel mono-, di-, and trisubstituted
7-methyl-2H,5H-pyrano[4,3-b]pyran-5-ones 3 by an
efficient domino Knoevenagel condensation/6p-electron
electrocyclization reaction. The compounds were then
evaluated for their in vitro antiproliferative/cytotoxic
activity using human SH-SY5Y neuroblastoma and
IPC melanoma cells.
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7-Methyl-2H,5H-pyrano[4,3-b]pyran-5-ones and related
heterocycles 3 can be synthesized in a domino process5

by reaction of a,b-unsaturated aldehyde 1 with 4-hy-
droxy-6-methyl-2H-pyran-2-one (2).6
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Table 1. Synthesis of heterocycles 3 by domino Knoevenagel conden-

sation/6p-electron electrocyclization of a,b-unsaturated aldehydes 1

with 4-hydroxy-6-methyl-2H-pyran-2-one (2)

Entry Compound 1 Reaction

time (h)

Compound 3a Yield

(%)b

1 a 25 a 84

2 b 25 b 28

3 c 20 c 28

4 d 22 d 57

5 e 15 e 93

6 f 4 f 96

7 g 6 g 84

8 h 7 h 63

9 i 1 i 73

10 j 8 j 63

11 k 2 k 76

12 l 2 l 94

a All new products (3a–l) were fully characterized by 1H NMR, 13C

NMR, gCOSY, DPFGNOE, gHSQC, gHMBC, MS, IR, UV spec-

troscopy, and combustion analysis.
b Yields refer to analytically pure compounds.
In the presence of an amino acid such as LL-proline or
an amine such as piperidine a Knoevenagel condensa-
tion7 occurs, first yielding a 1-oxatriene. Usually, the
1-oxatriene formed cannot be isolated, but subse-
quently reacts in a 6p-electron electrocyclic ring clo-
sure reaction8 giving the heterocycle 3. In a number
of cases the yields of the heterocycles 3 could be
improved by performing a two-step transformation.
Following this protocol the pyrone 2 is reacted with
a preformed a,b-unsaturated iminium salt available
by reaction of the a,b-unsaturated aldehyde 1 with
piperidine/Ac2O.9 The heterocycles can also be ob-
tained in a single synthetic operation if the reaction
of the pyrone 2 with the a,b-unsaturated aldehyde 1
is performed in a sealed tube in the presence of pipe-
ridinium acetate.9a

We found that the heterocycles 3 can be most efficiently
synthesized in one step by direct reaction of 1.0 equiv
aldehyde 1 with 1.1 equiv pyrone 2 in the presence of
an amine or an amino acid and a dehydrating agent.
The best results were obtained using b-alanine and calci-
um sulfate in boiling ethyl acetate.10 Under these reac-
tion conditions 2-isopropyl-5-methyl-2-hexenal (1a),
b-cyclocitral (1b), safranal (1c), 2-methyl-3-(2-furyl)-
propenal (1d), (-)-myrtenal (1e), (E)-2-undecenal (1f),
5-methyl-2-phenyl-2-hexenal (1g), 2-methyl-1-cyclohex-
ene-1-carboxaldehyde (1h), (E)-2-methyl-2-butenal (1i),
1-cyclopentene-1-carboxaldehyde (1j), (E)-2-pentenal
(1k), and citral (1l) were reacted with 4-hydroxy-6-meth-
yl-2H-pyran-2-one (2) to give a small library of
7-methyl-2H,5H-pyrano[4,3-b]pyran-5-ones and related
heterocycles 3.10,11 These compounds could be ob-
tained at reaction times ranging from 1 to 25 h and
yields from 28% to 96% depending on the structure
of the a,b-unsaturated aldehyde 1. Reactions of steri-
cally hindered aldehydes like b-cyclocitral (1b) (Table
1, Entry 2) and safranal (1c) (Table 1, Entry 3) result-
ed in low yields and long reaction times. All the other
heterocycles 3 could be obtained in good to very good
yields (57–96%). The reactions can be accelerated by
working under microwave conditions.12 Thus we were
able to synthesize not only the tricyclic compounds
3b,c,e,h,j but also the bicyclic ones (3a,d,f,g,i,k,l) with
different substituents at C-2 and C-3 for the
evaluation of their in vitro antiproliferative/cytotoxic
activities.
O

O

O

O

O

O

( )
7

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

3k

3f

3i

3d

3l

3a

3g

3j

3e

3c

O

O

O

3b

O

O

O

3h
Cells were cultured and the bioassay conducted as
described by Rösner et al. with just minor modifica-
tions.13,14 Each compound was tested in four replicates
per dose and its relative antiproliferative/cytotoxic activ-
ity expressed as the mean percent inhibition of prolifer-
ation according to the following equation:

x¼ðmean control prolif : ind:Þ�ðmean treated prolif : ind:Þ
ðmean control prolif : ind:Þ

�100%:

Data are presented in Table 2. IC50 values (concentra-
tions required for inhibiting cellular proliferation by
50%) were determined graphically.



Table 2. Antiproliferative/cytotoxic activities of compounds 3a–l on the human SH-SY5Y neuroblastoma cell line in vitro

Compound 3 Mean % inhibition of proliferation ± SEa Cytotoxicity IC50 (lM)

50 lg/mL 25 lg/mL 12.5 lg/mL 6.25 lg/mL 3.13 lg/mL 1.56 lg/mL

a 95.71 (±8.7) 96.64 (±7.9) 94.00 (±1.9) 93.79 (±1.9) 87.46 (±3.2) 38.48 (±6.6) 6.7

b 75.12 (±13.8) 74.16 (±12.6) 72.91 (±12.7) 18.42 (±11.1) 1.11 (±7.7) 8.34 (±5.9) 31

c 84.79 (±10.0) 79.85 (±9.5) 51.91 (±14.1) 16.95 (±4.3) 6.01 (±4.4) n.d. 47

d 64.44 (±12.0) 64.26 (±11.3) 50.65 (±15.5) 30.91 (±9.7) 21.61 (±8.2) n.d. 49

e 84.13 (±11.4) 67.78 (±13.5) 24.38 (±15.9) n.d. n.d. n.d. 70

f 83.28 (±11.0) 60.12 (±12.9) 21.07 (±5.6) n.d. n.d. n.d. 76

g 81.68 (±12.1) 45.74 (±13.5) 14.59 (±7.9) n.d. n.d. n.d. 93

h 60.58 (±10.0) 11.40 (±6.7) 1.18 (±10.8) n.d. n.d. n.d. 185

i 53.82 (±13.5) 43.79 (±14.0) n.d. n.d. n.d. n.d. 200

j 51.19 (±9.8) 14.92 (±12.7) 19.27 (±12.1) n.d. n.d. n.d. 252

k 43.70 (±15.8) 4.95 (±6.0) 3.62 (±5.2) n.d. n.d. n.d. >200

l 37.41 (±11.8) 30.39 (±9.7) n.d. n.d. n.d. n.d. >200

a Values are given as means of four experiments, standard error is provided in parentheses (n.d., not determined).
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The present work studied the effects of modifying the
functionalities associated with positions C-2 and C-3
in the 7-methyl-2H,5H-pyrano[4,3-b]pyran-5-one skele-
ton on the proliferation of human SH-SY5Y neuroblas-
toma cells in vitro. From the antiproliferation/
cytotoxicity data presented in Table 2 it is evident that
a modification of the substituents at these two positions
dramatically altered the cytotoxic potencies of the mol-
ecules as revealed by the wide range in IC50 values vary-
ing from 6.7 lM for compound 3a to >200 lM for
compounds 3j–l.

Compounds 3a and 3b which inhibited proliferation of
human SH-SY5Y neuroblastoma cells at concentrations
Figure 1. Different cytotoxicities of the related compounds 3a, 3b, and 3k. Hu

and H) were treated with 12.5 lg/mL (fin. conc.) of the compounds for 3 h. (A

(C) Compound 3b, about 50% of the cells have lost adhesion and are rounde

shrunken and rounded, and contain large vesicles. (G) Untreated IPC contro

are rounded, many of them necrotic. The bars correspond to 30 lm (D), 20
lower than 12.5 lg/mL induced a rounded morphology
in the cells with subsequent detachment from the extra-
cellular matrix (Fig. 1C and D). The compound with the
most potent cytotoxic effects on the neuroblastoma cells
was 2-isobutyl-3-isopropyl-7-methyl-2H,5H-pyrano[4,3-
b]pyran-5-one (3a) with an IC50 value of 6.7lM. This
compound also produced rounding, loss of adhesion,
and necrosis in human IPC melanoma cells at 12.5 lg/
mL (Fig. 1 H).

Similar antiadhesion/cytotoxicity effects on the neuro-
blastoma cells in vitro have been reported for some nat-
ural products, for example, dibenzyltrisulphide and
organophosphate insecticides.15
man SH-SY5Y neuroblastoma cells (A–F) and IPC melanoma cells (G

and E) Untreated SH-SY5Y control cells. (B) Compound 3k, no effect.

d. (D and F) Compound 3a, almost all cells have lost adhesion, appear

l cells. (H) Compound 3a, the majority of cells have lost adhesion and

lm (F), and 40 lm (H), respectively.
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The above-mentioned cell biological effects appear to be
similar to those associated with the phosphorylation of
tyrosine amino acid residues in the integrin binding do-
main of some cancer cells.16 The control cells and those
treated with non-cytotoxic compounds remain attached
to the extracellular matrix of the bottom while prolifer-
ating (Fig. 1A and E).

In summary, it can be concluded that cytotoxic activity
is not only exhibited—as has already been known—by
the tricyclic tetrahydro-1H,7H-pyrano[4,3-b][1]benzopy-
ran-1-ones, but also by the bicyclic 2H,5H-pyrano[4,3-
b]pyran-5-ones. Here, we can see that the nature of the
substituents at C-2 and C-3 has a strong influence on
the cytotoxicity of the 2H,5H-pyrano[4,3-b]pyran-5-
ones. This is why we propose to undertake further syn-
thetic modifications at positions C-2 and C-3 in the
2H,5H-pyrano[4,3-b]pyran-5-one skeleton in order to
synthesize more potent cytotoxic molecules for antican-
cer evaluation.
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