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Treatment of an equimolar mixture of stilbene 7 and cin-
namyl alcohol 8 with silver carbonate in acetone-benzene
afforded a ca. 2 : 1: 2 : 1 mixture of the stilbenolignan (+)-
aiphanol (1) and congeners 2-4 each of which show signifi-
cant anti-angiogenic and COX-2 inhibitory properties.

Kinghorn and co-workers have recently reported ! the bioassay-
guided isolation of the stilbenolignan (—)-aiphanol (1) from the
seeds of Aiphanes aculeata Willd. (Arecaceae) collected in Peru.
The compound not only possesses the unprecedented stilbeno-
lignan skeleton in which a stilbene unit is connected to a phenyl-
propane unit via a dioxane bridge but it also shows potent
inhibition of cyclooxygenase-1 and -2 (COX-1 and -2) with ICj,
values of 1.9 and 9.9 uM, respectively. Since compounds exhib-
iting COX-2 activity can also act as anti-angiogenic agents
(i.e. they inhibit the growth of blood vessels)** and because
certain dihydrobenzofuran lignans have recently been shown*
to function in the latter mode we became interested in develop-
ing simple syntheses of compound 1 and various congeners
with a view to establishing preliminary structure—activity
profiles for this novel type of natural product. In this con-
nection we now describe a simple and convergent (but non-
selective) route to (*)-aiphanol [(*)-1] and the regio- and/or
stereo-isomeric systems 2-4. Preliminary biological evaluations
of compounds 1-4, and certain substructures as COX-2 and
angiogenesis inhibitors are also reported herein.

The synthetic route employed in obtaining the racemic
modifications of compounds 1-4 is shown in Scheme 1. Thus,
the previously reported® and readily available ylide 5 was
reacted with the known* benzaldehyde 6 to give, after an
extractive work up and a fluoride ion treatment which resulted
in two-fold desilylation of the primary product, the stilbene
piceatannol (itself a natural product®) in 67% yield (mp 232—
234 °C; 1it.® mp 229 °C). Following Stermitz’s modification’
of the classic procedures developed by Merlini et al.,® silver
carbonate-promoted oxidative coupling of compound 7 with
commercially available sinapyl alcohol (8) gavea ca.2:1:2:1
mixture of compounds 1-4 (67% combined yield)® which could
be separated into its component parts via HPLC (Fig. 1). The
most mobile and second most abundant component, F1,
proved to be rac-aiphanol [(*)-1] as judged by comparison of
the derived 'H and *C NMR spectral data with those reported !
for the natural product. The major product, F3, is most likely
the regio-isomeric system 3 which is assigned as such by virtue
of the observation of a vicinal coupling of 8.1 Hz between H2
and H3 (the equivalent coupling in rac-aiphanol is the same)
suggesting a trans-relationship between the aryl and hydroxy-
methyl substituents on the newly formed dioxane ring. In
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compounds 2 and 4, arising from fractions F2 and F4, respect-
ively, J,; = 2.6-2.7 Hz suggesting a cis-relationship between
these same groupings. The similarities in the *C NMR spectral
data (Fig. 2) derived from compounds 1 and 2 suggest they
possess the same regiochemical relationships between the
styrene, hydroxymethyl and aryl moieties in terms of their
positions of attachment to the 1,4-benzodioxin core. In prin-
ciple the use of horseradish peroxidase to promote oxidative
coupling of compounds 7 and 8 could deliver (—)-aiphanol
selectively but related experiments by Fukuyama et al.® suggest
that the enantiomeric excesses likely to be observed in such
processes would be very modest indeed.

For the sake of establishing more comprehensive structure—
activity relationships within the aiphanol “class”, compound
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Scheme 1  Reagents and conditions: (i) THF, 18 °C, 18 h then HCl (aq.);
(ii)) TBAF (4 mole equiv.), THF, 0 °C, 5 min; (iii) Ag,CO; (1 mole
equiv.), 1 : 2 v/v acetone-benzene, 60 °C, 18 h.
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Fig. 1 HPLC trace derived from analysis of the reaction mixture
obtained on oxidative coupling of compounds 7 and 8 with silver
carbonate (see Experimental section for details).

9 (71%), embodying the 1,4-benzodioxin core plus the
appended aryl and hydroxymethyl substituents of aiphanol,
was prepared (as a ca. 1 : 1 and chromatographically insepar-
able mixture of cis- and trans-isomers) by oxidative coupling
of 3,4-dihydroxybenzaldehye with sinapyl alcohol. The
absence of any of the regio-isomeric coupling products in this
reaction is consistent with earlier work™ where it has been
noted that the presence of an aldehyde moiety in the 4-position
on the catechol residue results in a completely regioselective

conversion.
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With serviceable quantities of lignans 1-4 as well as con-
geners 7 and 9 available via the pathways described above,
biological evaluations could be carried out. Assessment of
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compounds 1-4 as inhibitors of COX-1 and -2 was conducted
in vitro under conditions defined previously'® and the results
presented in Table 1. Interestingly, ()-aiphanol is a significant
inhibitor of COX-2 but only a modest inhibitor of COX-1. This
appears to be the reverse of the situation observed for the
naturally occurring (—)-form and suggests that (+)-aiphanol
could be a more potent COX-2 inhibitor. Whilst definitive
comment on this matter must await the preparation and testing
of (+)-1, it is worth noting that the enantiomeric forms of other
chiral ligands have been shown!! to vary in their COX-1 and
-2 inhibitory properties. The anti-angiogenic properties of
compounds 1-4, 7 and 9 were determined in an in vitro angio-
genesis assay using rat aorta rather than human placental blood
vessel fragments > and the results shown in Table 2 indicate that
rac-aiphanol [(%)-1] completely inhibited blood vessel growth at
100 ug mL™" while isomers 2 and 4 behaved similarly. Com-
pound 3 proved a lot less active as did “substructure” 9. Inter-
estingly, piceatannol (7) was almost as active as rac-aiphanol
thus further emphasizing the pharmaceutical potential of
hydroxystilbenes.™ It is also worth noting that compounds 1-3
and 7 are all more active, at the 100 ug mL " level, than PI-88, a
polysulfated oligosaccharide which exhibits anti-angiogenic
properties and is now in clinical development as an agent for the
treatment of certain cancers.'

Table 1 COX-1/2 inhibitory properties of compounds (£)-1-4¢
Compound 1C,, for COX-1/uM 1C,, for COX-2/uM
1 7.3 0.17
2 6.3 9.5
3 9.0 41°
4 7.7 7.7

“ Assays conducted according to the method of Dannhardt et al'
%% Inhibition at 10 uM concentration.

Experimental

Compounds 1-4

A magnetically stirred solution of stilbene 7 (94 mg, 0.38 mmol)
and alcohol 8 (81 mg, 0.38 mmol) in benzene—acetone (30 mL
of a 2 : 1 v/v mixture) was heated at 60 °C for 0.25 h then
treated, in one portion, with silver carbonate (107 mg, 0.38
mmol). The resulting mixture was heated at 60 °C for 18 h then
cooled and the precipitate removed by filtration. The filtrate
was then concentrated under reduced pressure to give a brown
gum. Subjection of this material to flash chromatography
(silica, 8 : 2 v/v ethyl acetate-hexane elution) yielded, after
concentration of the appropriate fractions (R, 0.35), 108 mg of
a brown solid comprising a ca. 2 : 1 : 2 : 1 mixture of com-
pounds 1-4. Subjection of this material to HPLC (using a 300
X 10 mm 5 pm C18 Alltech Alltima column, 50 : 49.9 : 0.1 v/v/v
water-methanol-acetic acid elution, solvent flow rate of 5 mL
min~!, UV peak detection at 325 nm) afforded four fractions
(F1-F4 — see Fig. 1).

Concentration of F1 (R, 15.06 min) under reduced pressure
gave (f)-aiphanol (1) (30 mg, 17%) as a brown solid, mp 162—
164 °C. v, (KBr)lem™ 3370, 1595, 1505, 1463, 1270, 1115;
Jy (300 MHz, CD;COCD;) 7.14 (1H, d, J 2.1), 7.09 (1H, dd,
J 8.5 and 2.1), 7.02 (1H, d, J 16.2), 6.94 (1H, d, J 16.2), 6.90
(1H, d, J 8.4), 6.84 (2H, s), 6.55 (2H, d, J 2.1), 6.28 (1H, br t,
J2.1),4.97 (1H, d, J 8.1), 4.14 (1H, m), 3.86 (6H, s), 3.78 (1H,
m), 3.53 (1H, m); o (75 MHz, CD;COCD;) 159.2, 148.4, 144.7,
144.1, 140.2, 136.9, 131.5, 128.3, 127.8, 127.7, 120.5, 117.4,
115.0, 105.7, 105.4, 102.6, 79.4, 77.2, 61.6, 56.5; m/z 452.1471
(M**, C,5H,,04 requires 452.1471, 58%), 255 (13), 210 (40), 167
(100), 73 (35).

Concentration of F2 (R, 16.65 min) under reduced pressure
gave compound 2 (20 mg, 12%) as a brown solid, mp 162-164 °C.
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Fig. 2 Stacked-plot presentation of the 75 MHz *C NMR spectra of compounds (+)-1-4 (CD;COCD; as solvent).

Table 2 Anti-angiogenic properties of compounds (+)-1-4, 7 and 9 as
determined in a rat aorta assay.”

Inhibition of vessel Inhibition of vessel

Compound  growth at 100 uyg mL ™" (%)  growth at 10 ug mL ™" (%)
1 100 42
2 99 25
3 50 38
4 96 32
7 80 34
9 57 35
PI-88 62 30

“ Assays conducted according to the method of Parish e al.'*

Vmax (KBr)/em™" 3339, 1596, 1505, 1463, 1272, 1117; 6y (300
MHz, CD,COCD;) 7.17 (1H, d, J 2.1), 7.11 (1H, dd, J 8.5 and
2.2), 7.03 (1H, d, J 16.2), 6.95 (1H, d, J 15.2), 6.91 (1H, d,
J 8.4), 6.79 (2H, s), 6.56 (2H, d, J 2.1), 6.28 (1H, br t, J 2.2),
5.29(1H,d, J2.7),4.54 (1H, m), 3.81 (6H, s), 3.65 (1H, m), 3.54
(1H, m); ¢ (75 MHz, CD;COCD;) 159.2, 148.4, 144.2, 142.5,
140.2, 136.4, 131.8, 128.3, 127.9, 127.4, 120.8, 118.1, 115.2,
105.5, 104.6, 102.6, 78.7, 76.4, 59.3, 56.5; m/z 452.1473 (M™",
C,sH,,04 requires 452.1471, 50%), 346 (19), 255 (15), 199 (45),
167 (100), 151 (84), 73 (71).

Concentration of F3 (R, 21.36 min) under reduced pressure
gave compound 3 (32 mg, 19%) as a brown solid, mp 161-163
°C. Vmax (KBr)/em™" 3386, 1594, 1505, 1463, 1270, 1216, 1114;
Jy (300 MHz, CD,COCDy) 7.13 (1H, d, J 1.9), 7.08 (1H, dd,
J 84 and 1.9), 7.03 (1H, d, J 16.2), 6.94 (1H, d, J 16.2), 6.89
(1H, d, J 8.4), 6.83 (2H, s), 6.56 (2H, d, J 2.1), 6.29 (1H, br t,
J2.1),4.97 (1H, d, J 8.1), 4.15 (1H, m), 3.86 (6H, s), 3.75 (1H,
dd, J12.0 and 4.1), 3.53 (1H, dd, J 12.0 and 4.1); 6 (75 MHz,
CD,;COCD;) 159.2, 148.4, 144.4, 144.3, 140.1, 136.9, 131.7,
128.3, 127.7, 127.7, 120.2, 117.6, 114.9, 105.7, 105.4, 102.6,
79.2, 77.3, 61.6, 56.4; m/z 452.1475 (M*", C,sH,,O4 requires
452.1471, 35%), 346 (15), 241 (32), 210 (42), 167 (100), 151 (47),
73 (44).

Concentration of F4 (R, 23.89 min) under reduced pressure
gave compound 4 (22 mg, 14%) as a brown solid, mp 161-163
°C. Vpax (KBr)/lem ™ 3351, 1594, 1505, 1462, 1269, 1115; 65 (300
MHz, CD,COCD;) 7.15 (1H, d, J 2.1), 7.10 (1H, dd, J 8.4 and
2.1), 7.03 (1H, d, J 16.4), 6.95 (1H, d, J 16.4), 6.92 (1H, d,
J 8.2), 6.78 (2H, s), 6.56 (2H, d, J 2.1), 6.29 (1H, br t, J 2.1),
5.29 (1H, d, J 2.6), 4.54 (1H, m), 3.81 (6H, s), 3.65 (1H, dd,
J 12.0 and 3.9), 3.49 (1H, dd, J 12.0 and 3.9); é. (75 MHz,
CD;COCD;) 159.2, 148.4, 143.8, 142.9, 140.2, 136.4, 131.9,
128.3, 127.9, 127.4, 120.6, 117.7, 115.5, 105.4, 104.6, 102.6,
78.5, 76.5, 59.2, 56.4; m/z 452.1469 (M*", C,sH,,0y requires
452.1471, 30%), 434 (13), 346 (5), 210 (26), 167 (65), 100 (100),
73 (65).

Acknowledgements

We thank the Institute of Advanced Studies (IAS) and CSIRO
Molecular Science for financial support. Mr Tony Herlt is
warmly acknowledged for his skilful assistance with HPLC
studies. MGB is the grateful recipient of an Alexander von
Humboldt Research Award which enabled visits to Germany
in 2001-2002 and during this time the collaboration with
Professor Dannhardt was established. AB and CP are
supported by an NHMRC Program grant.

References

1 D. Lee, M. Cuendet, J. S. Vigo, J. G. Graham, F. Cabieses, H. H. S.
Fong, J. M. Pezzuto and A. D. Kinghorn, Org. Lett., 2001, 3, 2169.

2 For an up-to-date review on angiogenesis modulation in cancer
research see: M. Cristofanilli, C. Charnsangavej and G. N.
Hortobagyi, Nat. Rev., Drug Discovery, 2002, 1, 415.

3 For discussions of the mechanisms of inhibition of angiogenesis by
COX-2 inhibitors see: (a¢) M. K. Jones, H. Wang, B. M. Peskar,
E. Levin, R. M. Itani, I. J. Sarfeh and A. S. Tarnawski, Nat. Med.,
1999, 5, 1418; (b) O. Dormond, A. Foletti, C. Paroz and C. Riiegg,
Nat. Med.,2001,7, 1041.

4 S. Apers, D. Paper, J. Biirgermeister, S. Baronikova, S. Van Dyck,
G. Lemiére, A. Vlietinck and L. Peters, J Nat. Prod., 2002, 65,
718.

5 (@) E. Reimann, Liebigs Ann. Chem., 1971, 750, 109; () J. P. Steyn-
berg, D. Ferreira and D. G. Roux, J. Chem. Soc., Perkin Trans. 1,
1987, 1705.

6 S. H. Harper, A. D. Kemp, W. E. G. Underwood and R. V. M.
Campbell, J. Chem. Soc. C, 1969, 1109.

7 (@) N. R. Guz and F. R. Stermitz, J. Nat. Prod., 2000, 63, 1140; (b)
N. R. Guz, F. R. Stermitz, J. B. Johnson, T. D. Beeson, S. Willen,
J.-F. Hsiang and K. Lewis, J Med. Chem., 2001, 44, 261.

8 L. Merlini, A. Zanarotti, A. Pelter, M. P. Rochefort and R. Hénsel,
J. Chem. Soc., Perkin Trans. 1, 1980, 775.

9 For a discussion of the pathway by which this potentially bio-
mimetic coupling might occur see: H. Takahashi, K. Matsumoto,
M. Ueda, Y. Miyake and Y. Fukuyama, Heterocycles, 2002, 56, 245.

10 (a) G. Dannhardt and M. Lehr, J. Pharm. Pharmacol., 1992, 44, 419
(COX-1).; (b) G. Dannhardt and H. Ulbrich, Inflammation Res.,
2002, 50, 262; (COX-2).

11 (@) R. G. Kurumbail, A. Stevens, J. K. Gierse, J. J. McDonald,
R. A. Stegeman, J. Y. Pak, D. Gildehaus, J. M. Miyashiro, T. D.
Penning, K. Seibert, P. C. Isakson and W. C. Stallings, Nature, 1996,
384, 644; (b) M. R. Panara, A. Greco, G. Santini, M. G. Sciulli,
M. T. Rotondo, R. Padovano, M. di Giamberardino, F. Cipollone,
F. Cuccurullo, C. Patrono and P. Patrignani, Br. J. Pharmocol., 1995,
116, 2429.

12 (@) C. R. Parish, C. Freeman, K. J. Brown, D. J. Francis and
W. B. Cowden, Cancer Res., 1999, 59, 3433; (b) K. J. Brown,
S. F. Maynes, A. Bezos, D. J. Maguire, M. D. Ford and C. R. Parish,
Lab. Invest., 1996, 75, 539.

13 Hyroxystilbenes, in Rompp Encyclopedia Natural Products, eds.
W. Steglich, B. Fugmann and S. Lang-Fugmann, Georg Thieme
Verlag, Stuttgart, 2000, p. 304.

14 V. Ferro and P. Devine, Chem. Aust., 2001, 68(10), 18.

Org. Biomol. Chem., 2003,1, 2427-2429

2429




