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Cis-Stilbene Derived Furopyranones
Show Potent Antiproliferative
Activity by Inducing G2/M Arrest

Cyril A. Fuhrer,® Eric Griter,® Stephan Ruetz,™ and
Robert Haner*?

Stilbenoids, including resveratrol (1, Figure 1) and combretasta-
tin A-4 (2), have been shown to be potent inhibitors of prolif-
eration and to induce apoptosis in human cancer cell lines.""
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Figure 1. The naturally occurring stilbenoids resveratrol (1) and combretastatin A-4 (2) as well as the synthetic fu-

ropyranones 3 and 4, of which compound 3 contains a cis-stilbenoid moiety.

Resveratrol (1) and its analogues are commonly found in vari-
ous plants including grapes, berries, and peanuts. Many of
these naturally occurring stilbenoids exhibit a variety of phar-
maceutically interesting biological properties, such as a protec-
tive role in atherosclerosis and coronary heart disease, anti-in-
flammatory and antioxidant effects, as well as chemopreven-
tive effects in carcinogenesis.>® Although a detailed knowl-
edge of the mode of action for the antiproliferative effects is
still elusive, several reports indicate that inhibition of cell
growth is a consequence of interference with cell-cycle pro-
gression, and induction of apoptosis.? Several structural as-
pects, such as the nature of the arylic substituents and geo-
metrical isomerism were shown to have a significant influence
on the inhibitory effects®'? The cis-stilbenoid
combretastatin A-4 (2) is a natural product isolated from the
South African bush willow tree Combretum caffrum and strong-
ly inhibits the polymerization of tubulin by binding to the col-
chicine-binding site.”'*'® The natural compound 2 also exerts
potent cytotoxicity against a variety of human cancer cells in-
cluding multidrug-resistant (MDR) cancer cell lines. As a result
of its high biological activity combretastatin A-4 (2) serves as a
starting point for the development of new antitubulin agents
with a potential for cancer treatment #3172
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We recently reported the synthesis of 3a,7a-dihydro-3H,4H-
furo[3,4-clpyran-1-ones by a stereoselective, intramolecular
hetero Diels-Alder reaction, including compounds of type 3.
These compounds contain the cis-stilbene motif. In light of the
clinical relevance of this class of compounds, we examined
their effect on tumour cell growth. Herein, we report the inhib-
itory activities of this class of cyclic stilbenoid analogues and
their influence on the cell cycle progression in A549 and KB31
cell lines.

The bicyclic derivatives 3 and 4 were synthesized as previ-
ously reported.”” Both types of compounds are accessible
through an intramolecular hetero Diels-Alder reaction leading
to single product diastereomers. In preliminary studies, com-
pounds of type 3 showed anti-
proliferative activity in KB31
cells, whereas derivatives of
type 4 lacking the cis-stilbene
motif were inactive. To gain
more insight in the relevance of
the cis-stilbene moiety, further
derivatives were synthesized to
conduct a more detailed struc-
ture-activity relationship study.
The synthesis of derivatives was
carried out by considering the
following questions: 1) to what
extent does the stilbene motif influence the biological activity
and 2) is the bicyclic structure required for the biological effect
observed? To answer these questions, we undertook, on the
one hand, the synthesis of derivatives of the parent structure 3
lacking one of the two phenyl substituents at the double bond
of the dihydropyrane moiety. On the other hand, the bicyclic
structure was further transformed into monocyclic compounds.
To achieve the latter, the bicyclic compound 3d was converted
into  monocyclic derivatives by ring opening aminolysis
(Scheme 1). Thus, treatment with benzyl, butyl, isobutyl, or
propyl amine in refluxing toluene in the presence of 2-hydrox-
ypyridine?® gave the four monocyclic derivatives 5a-d. Treat-
ment under the same conditions without a transacylation cata-
lyst failed to give the ring-opened amides. The relative config-
uration of 5a was verified by X-ray analysis.””!

To establish the importance of the cis-stilbenoid motif, sever-
al C(7)-desphenyl derivatives were synthesised (Scheme 2).
Their preparation involved a route similar to the one used for
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(+/-)-3d

(+/-)-5a R = benzyl
b R =butyl
€ R =isobutyl
d R = propyl

Scheme 1. Aminolysis of the y-lactone ring of furo[3,4-clpyranone 3d. a) Tol-
uene, 2-hydroxypyridine, R*-NH,, reflux, 20 h [yields: 47 % (5a); 48% (5b);
52% (5¢); 84% (5d)].
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Scheme 2. Synthesis of furo[3,4-clpyranones lacking the stilbene motif.
a) Pivaloyl chloride, triethylamine, DMAP, 1,2-dichloroethane, 0°C; b) o-
xylene, reflux, 24-48 h (for yields see Table 1).

the synthesis of compounds 3 and 4.%” Starting from the allylic
alcohols 6 and the y-oxo-butenoic acids 7, the corresponding
esters 8 were prepared via the
mixed anhydride using pivaloyl

The stereoselectivity of the hetero Diels—Alder reaction lead-
ing to products 9 varied greatly, depending on the substitution
pattern of the allyl moiety of esters 8. Whereas the previously
reported reaction leading to compounds 3 and 4 provided a
cis-configuration of the two rings only,?” cis/trans ratios ob-
tained in products 9a-f varied between 97:3 and 34:66 (see
Table 1). This indicates that the substituent at position C7 has
a significant influence on the relative configuration of the
formed products. The results obtained do not allow general
conclusions to be drawn on the governing aspects of the ste-
reochemical course. The relative configurations of compounds
cis-9¢, cis-9 f, and trans-9 f were confirmed by X-ray analysis.

The biological activity of the obtained compounds were de-
termined using the YO-PRO apoptosis/viability assay®**" in
two different cell lines (A549: human nonsmall cell lung
cancer, and KB31: human cervix carcinoma). The IC,, values in-
dicating the antiproliferative activity of the synthesised com-
pounds are shown in Table 2. The structure-activity profile is

chloride. Esters 8 were subse- Table 1. Preparation of (4)-3a,7a-dihydro-3H,4H-furo[3,4-clpyran-1-ones 9a-f by intramolecular hetero Diels—
quently transformed into the fu- Alder reaction of o,f-unsaturated y-ketoesters.
ropyranones 9 through an intra- Rl R2 R R compd. 8 compd. 9
molecular hetero Diels—Alder re- (% yield) (% yield)® cis/trans ratio
a.ctlon. Th.e cycllsa'Flon was car- H Ch o NO, 8a (63) 9a (55) 028
ried out in refluxing o-xylene. H CeHs NO, H 8b (67) 9b (46) 42:58
Yields of isolated products H CeHs H H 8¢ (80) 9¢ (39) 37:63
varied between 40 and 70% CH, CH, H NO, 8d (58) 9d (66) 36:64
. CH, CH, NO, H 8e (69) 9e (44) 97:3
(see Tab'e_ 1), which is accept- |y, CH, H H 8f(92) 9f (73) 34:66
able in view of the relatively
h . L. [a] Combined isolated yield of cis- and trans-isomers.
arsh reaction conditions.
Table 2. Antiproliferative activity of the synthesised compounds in A549 and KB31 cell lines.
RW RZ R3 RA RS |C50 [H’M][al
A549 KB31
3a CH, CH, H H 18.72+0.89 17.69+3.34
3b CH, CH, F F 14.77 £3.26 13.18+3.28
3¢ H CeHs H H 1067 +1.36 8.541+1.78
3d H CeHs F F 8.78£2.54 7274158
4a CH, CH, >20 >20
4b H CeHs >20 >20
5a benzyl n.t® >20
5b butyl nt® 15.8540.30
5¢ isobutyl 11.76 +1.68 10.41+£0.26
5d propyl 14.73+0.64 12.324+0.93
93" H CHs H NO, >20 >20
9b' H CHs NO, H >20 >20
9c H CeHs H H >20 >20
9d CH, CH, H NO, >20 >20
9e¥ CH, CH, NO, H >20 >20
9 ¢ CH, CH, H H >20 >20
[a] ICs, values were determined as described previously.*” [b] Not tested. [c] Cis- and trans-isomers were tested separately and were both found to be inac-
tive. [d] Only the cis-isomer was tested.

442

www.chemmedchem.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemMedChem 2007, 2, 441 - 444


www.chemmedchem.org

very similar for both cell lines.  a) DMSO control b) 20 um 3d
The bicyclic compounds 3a-d 485 220
containing the  cis-stilbene ]
motif were active in the assay 353—2 176
with 1C;, values in the range of ]
7-20 pm. Compounds 3¢ and . y 1321
3d showed the highest anti- g 4 1424 % " 20 3 |
proliferative activity. Absence of 3
194 3 88 3

one or both of the phenyl sub- E
stituents at the enol—ether ]
double bond leads to loss of 97“; e
antiproliferative activity (com- 1 .
pounds of type 4 and 9). This 0 Lpprrr ...."m-rm-m-m-r 0, Wi L
clearly establishes the impor- Plintegral 4.0 Plintegral 4.0
tance of the cis-stilbene motif.
Furthermore, aminolysis of the
lactone ring of the most active &' o p-Spmad
compound (3d) also reduces 1905 2155
the activity partly (in the case :
of 5b, 5¢, and 5d) or com- 1823 172';
pletely (5a). This shows that : ]
the bicyclic nature of the struc- 2 114'; £ 129'5
ture also contributes to the ac- 3 74 2 3 E 3 7 4 2 3 b
tivity. 76 3 86

Recent reports describe that - :
stilbenoids show potent inhibi- 38_3 43_5
tion of cell growth in different E :
cancer cell lines™™  The OE _ 05 ! h
nature of the substituents and Raiiis o integral ,:0 o e integral 41‘.0

conformational aspects were
shown to significantly influence
the regulatory effects the com-
pounds exert on the cell cycle.
Thus, replacement of the hy-
droxy-groups of resveratrol by methoxy-groups greatly enhan-
ces the inhibition of A549 cell growth.” In addition, combre-
tastatin and its analogues, which contain a cis-orientation,
show a pronounced increase in activity, with an ICs, value up
to 100 times lower than that of the trans-configured resvera-
trol.©''? To gain further information on the effect of the de-
scribed compounds on the cell cycle progression, a cell cycle
analysis was performed with the two most active compounds
3c and 3d (Figure 2 and Supporting Information). As shown in
Figure 2 for 3d, a 24 h treatment of KB31 cells leads to a sig-
nificant and dose dependent cell cycle arrest. At the highest
concentration tested (20 um), the population of cells in the G2-
phase increases from 20% to 40% (Table 3). Similar results
were also obtained with A549 cells (see Supporting Informa-
tion), suggesting a similar effect on cell cycle progression in
both cell lines. These findings are in good agreement with
published reports. Whereas resveratrol causes A549 cells to be
blocked in the S phase,™ cis-configured analogues seem to
have a different mode of action leading to G2/M arrest.>®"2?
Interestingly, the cell viability tests show that both compounds,
3c and 3d, induce apoptosis in KB31 cells whereas no pro-
grammed cell death was observed in A549 cells (see Support-
ing Information). It is at present unclear whether the underly-
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Figure 2. Cell cycle analysis (Laser Scanning Cytometry) after treatment of KB31 cells with compound 3d for 24 h;
concentrations as indicated. a) to d) correspond with Table 3.

Table 3. Cell cycle distribution (KB31 cells) after treatment with com-
pound 3d.”!

Treatment subG1 G1 S G2/M
(Region 4)® (Region 1) (Region 2)® (Region 3)®
a) DMSO control 1.60% 71.50% 7.30% 20.00%
b) 20 um 3d 3.30% 48.60% 9.10% 40.60%
c) 10um 3d 21.20% 40.30% 12.30% 29.30%
d) 5upum 3d 1.60 % 61.20% 22.60% 16.20%

[a] Determined by Laser Scanning Cytometry after treatment with various
concentrations of 3d for 24 h. [b] Regions 1-4 correlate with Figure 2.

ing mechanism of action of these compounds is the same as
the one reported for combretatstatin analogues.

In conclusion, we have described a new type of bicyclic scaf-
fold containing the cis-stilbene motif. The derivatives show
biological activity by arresting cell cycle progression at the G2/
M transition. The presence of the cis-stilbene motif was shown
to be critical for biological activity. Further modification of the
described compounds with substituents that have been shown
to critically influence the biological activity of cis-stilbenoids®®?
is currently underway.
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