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good overall yields.

New syntheses of haginin E, equol, daidzein and formononetin are described in this Letter. Through a
sequence of a Wittig reaction, O-alkylation, and another Wittig reaction, 4-benzyloxysalicylaldehyde,
which was prepared from resorcinol in two steps, was converted into the desired diene in one pot. Sub-
sequently, the prepared diene was subjected to ring-closing metathesis using Grubbs’ catalyst (II) to con-
struct the desired isoflavene intermediate. Using the prepared isoflavene, certain isoflavonoids such as
haginin E, equol, daidzein, formononetin and other related compounds were derived smoothly and in

© 2009 Elsevier Ltd. All rights reserved.

The skeletons of haginin E (1), equol (2), daidzein (3) and for-
mononetin (4) (Fig. 1) all belong to the isoflavonoid family. Be-
cause of their phytoestrogenic properties and diverse biological
activities, isoflavonoids have attracted the attention of both natural
product chemists and synthetic chemists.!

Haginin E (1) was first isolated from the stems of Lespedeza
homoloba, and was initially found to have antioxidative activity
against lipid peroxidation in the rat brain homogenate test.? In
more recent reports, 1 has been disclosed to efficiently induce
apoptosis in epithelial ovarian carcinoma cells, but has little effect
on normal tissues.> Moreover, it has been shown that 1 can inhibit
proliferation in various human cancer cells in vitro and in vivo.* 1
has become an important compound, has been registered and
named phenoxodiol, and is in phase 3 clinical trials for the treat-
ment of ovarian cancer.” Nevertheless, the total synthesis of 1
(phenoxodiol) has received no attention, except for semi-syntheses
from daidzein (3) or formononetin (4). On the other hand, equol
(2)7 is known to have a high binding affinity to estrogen receptors,
and causes direct inhibition of the growth of estrogen-dependent
breast cancer.® In addition, other bioactivities, including anti-pros-
tate cancer® and cardiovascular disease therapy,'? have also been
reported in recent studies. However, to date, only a few synthetic
methods for racemic equol have been reported, including the
hydrogenation of natural 3 or 4,!! and production via a Diels-Alder
reaction between o-quinone methides and aryl substituted enol
ethers.'? Furthermore, the racemic equol can be easily separated
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into (R-) and (S-) form by chiral column that has been studied.!'?
Other related chiral synthetic methods, including preparation via
intramolecular Buchwald etherification to generate the chroman
ring as the key intermediate,!® and synthesis from ethyl 1-(—)-lac-
tate via sequential reactions,'® have been directed at (S)-equol. In
addition, daidzein (3)'®> and formononetin (4),'® which belong to
the soy isoflavones, have also attracted attention due to their di-
verse biological activities, such as estrogenic,!” anti-breast can-
cer,'® hormone replacement theraputic!® and cancer
chemoprevention activities.2® Most of the synthetic strategies to-
wards 3 and 4 include acid-induced cyclization,?! Suzuki-Miyaura
cross-coupling,?? and other methods.?

In spite of the fact that several methods for the synthesis of hag-
inin E (1), equol (2), daidzein (3), and formononetin (4) have been
reported, some disadvantages still exist, including tedious reaction
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Figure 1. Structure of isoflavene haginin E; isoflavan equol; and isoflavones
daidzein, formononetin.
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conditions, low yields, and multistep sequences. In addition, the
lack of diversity for preparing these compounds is also a shortcom-
ing. Therefore, developing a synthetic strategy that is efficient, hav-
ing a low number of steps, and providing diverse access to these
bioactive compounds is an important goal. Herein, we disclose a
new, concise, and efficient approach to the title compounds.

Since the discovery of Grubbs’ catalyst for RCM, it has become a
powerful tool in many areas of synthetic chemistry.? Even though
some strategies for 2H-chromenes have been reported,?® the syn-
thesis of isoflavene 5 as a common intermediate for the title com-
pounds has not been disclosed. In a retro-synthetic sense (Scheme
1), compounds 1-4 could be derived from isoflavene 5 by several
discrete reactions. Compound 5, which belongs to the isoflavene
family, could be accessed by the reaction of diene 6 under RCM
conditions. The diene 6 could be prepared from the aldehyde 7 in
one pot, without isolation of the intermediates, and compound 7
could be prepared from resorcinol (8) in two steps according to
known procedures.?®

As shown in Scheme 2, 4-benzyloxysalicylic aldehyde (7), pre-
pared from resorcinol (8) in two steps in 56% yield,?® was reacted
with methylene(triphenyl)phosphorane (MTPP), which was gener-
ated from methyltriphenylphosphine bromide (MTPPB) and potas-
sium tert-butoxide at 0 °C in situ. Without work-up, the reaction
mixture was continually treated with 2-bromo-4’-methoxyaceto-
phenone to undergo O-alkylation in refluxing THF for 1 h, which
was monitored by TLC. Subsequently, the prepared intermediate,
which was not isolated, was further reacted with MTPP to undergo
another Wittig reaction to afford the desired diene 6 in a one pot
yield of 74%. The diene 6 was then subjected to RCM using Grubbs
(II) catalyst to furnish the isoflavene 5 in 82% yield.

The synthesis of haginin E, equol, daidzein and formononetin
from isoflavene intermediate 5 is depicted in Scheme 3. When iso-
flavene 5 was treated with TBAI/BCls,2” haginin E (phenoxodiol) (1)
was obtained in 79% yield. In contrast, when isoflavene 5 was trea-
ted with BCls, selective debenzylation took place to afford O-
methyl haginin E (9) as a sole product in 81% yield. Other O-
demethylation conditions such as AlCI3/EtSH, AlCl3/CH,Cl, and
AlCl5/nitrobenzene/reflux gave messy products. Treatment of iso-
flavene 5 with Pd(OH),/C and cyclohexene (Pearlman’s reagent)
in refluxing ethanol promoted O-debenzylation and reduction of
the chromene ring in one step, yielding O-methylequol 10 in 96%
yield. Finally, O-methylequol 10 was smoothly demethylated with
TBAI/BCl5%” to furnish equol (2) in 95% yield. Using the general pro-
cedure of hydroboration-oxidation, isoflavene 5 was converted
into chroman-4-ol 11 in a yield of 60%. Chroman-4-ol 11 was trea-
ted with DDQ (2,3-dichloro-5,6-dicyanobenzoquinone) in refluxing
1,4-dioxane to undergo oxidation-dehydrogenation to give isoflav-
one 12 in 78% yield. After the deprotection of isoflavone 12 with
AICI5/EtSH,?® daidzein (3) was produced in 92% yield. Moreover,
isoflavone 12 was selectively debenzylated with Pearlman’s re-
agent to give formononetin (4) in 94% yield.

All compounds (1-6, 9-12) that we have synthesized were fully
characterized and gave satisfactory spectral data,?® including IR, 'H
NMR, 3C NMR, EI-MS and HRMS or elemental analysis. In conclu-
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Scheme 2. Synthesis of isoflavene intermeditate 5. Reagents and conditions: (i) (a).
MTPPB, t-BuOK, THF, 0 °C 2 h; (b). 2-bromo-4’-methoxyacetophenone, reflux, 1 h; c.
MTPPB, t-BuOK, THF, 0 °C, 1 h. (ii) Grubbs 2nd, CH,Cl,, 40 °C, 8 h.
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Scheme 3. Synthesis of haginin E (phenoxodiol) (1), equol (2), daidzein (3) and
formononetin (4) from isoflavene intermeditate 5. Reagents and conditions: (i) BCls,
n-BuyNI, CH,Cl,, —78 °C to 0°C, 2 h; (ii) BCl3, CH,Cly, 0°C, 10 min. (iii) Pd(OH),,
EtOH, cyclohexene, reflux, 2 h; (iv) BH;-SMe;, THF, 0 °C, 4 h, then H,0, 10% NaOH,
37% H,0,, 30 min; (v) DDQ, 1,4-dioxane, reflux, 8 h; (vi) AlCls, EtSH, CH,Cl,, 0 °C,
30 min.; (vii) Pd(OH),, EtOH, cyclohexene, reflux, 1 h; (viii) AlCl3, CH,Cl,, 0°C, 1 h;
(ix) AlCl3, nitrobenzene, reflux, 1 h.

sion, we herein provide a new and efficient strategy to avoid the
production of needless waste and without the requirement of
lengthy purification processes for the preparation of diene 6, the
precursor of isoflavene 5. Furthermore, we have established a
new, practical route for the synthesis of bioactive isoflavonoids,
including haginin E (phenoxodiol) (1), equol (2), daidzein (3), for-
mononetin (4) and other related compounds from the common
isoflavene intermediate 5, which was obtained from economic
and commercially available resorcinol (8).
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Scheme 1. Retrosynthesis of haginin E (1), equol (2), daidzein (3) and formononetin (4).



S.-R. Li et al./ Tetrahedron Letters 50 (2009) 2121-2123 2123

Acknowledgements

We are grateful to NSC Taiwan (NSC 94-2113-M-037-010 and
NSC 97-2113-M-037-001) for financial support.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.tetlet.2009.02.159.

References and notes

1. (a) Boland, G. M.; Donnelly, D. M. X. Nat. Prod. Rep. 1998, 15, 241-260. and
literatures cited therein; (b) Adlercreutz, H. Lancet Oncol. 2002, 3, 364-373; (c)
Soidinsalo, O.; Wahdld, K. Steroids 2004, 69, 613-616.

2. Miyase, T.; Sano, M.; Nakai, H.; Muraoka, M.; Nakazawa, M.; Suzuki, M.;
Yoshino, K.; Nishihara, Y.; Tanai, J. Phytochemistry 1999, 52, 303-310.

3. Kamsteeg, M.; Rutherford, T.; Sapi, E.; Hanczaruk, B.; Shahabi, S.; Flick, M.;
Brown, D.; Mor, G. Oncogene 2003, 22, 2611-2620.

4. (a) Alvero, A. B.; O'Malley, D.; Brown, D.; Kelly, G.; Garg, M.; Chen, W.;
Rutherford, T.; Mor, Gil. Cancer 2006, 106, 599-608; (b) Gamble, J. R.; Xia, P.;
Hahn, C. N.; Drew, J. J.; Drogemuller, C. J.; Brown, D.; Vadas, M. A. Int. J. Cancer
2006, 118, 2412-2420; (c) Constantinou, A. I.; Husband, A. Anticancer Res. 2002,
22,2581-2585.

5. Herst, P. M.; Petersen, T.; Jerram, P.; Baty, ].; Berridge, M. V. Biochem. Pharmacol.
2007, 74, 1587-1595. and literatures cited therein.

6. (a)Liepa, A.J. Aust. J. Chem. 1981, 34, 2647-2655; (b) Heaton, A.; Kumar, N. PCT
Int. Appl. WO 2000049009 A1, 2000.; (c) Setchell, K. D. R.; Sorokin, V. D. U.S.
Pat. Appl. Publ. US 2007027329 A1, 2007.; (d) Heaton, A.; Jeoffreys, G. PCT Int.
Appl. WO 2005103025 A1, 2005.

7. Chang, Y.-C.; Nair, M. G. J. Nat. Prod. 1995, 58, 1892.

8. Ju, Y. H,; Fultz, ].; Allred, K. F.; Doerge, D. R.; Helferich, W. G. Carcinogenesis
2006, 27, 856-863.

9. Hedlund, T. E.; Johannes, W. U.; Miller, G. ]. Prostate 2003, 54, 68-78.

10. Jackman,K.A.; Woodman, O.L.; Sobey, C. G. Curr. Med. Chem. 2007, 14,2824-2830.

11. (a) Lamberton, J. A.; Suares, H.; Watson, K. G. Aust. J. Chem. 1978, 31, 455-457;
(b) Hyatt, J. A. U.S. Pat. Appl. Publ. US 2007149788 A1, 2007.; (c) Wessely, F.;
Prillinger, F. Chem. Ber. 1939, 72B, 629-633; (d) Muthyala, R. S.; Ju, Y. H.; Sheng,
S.; Williams, L. D.; Doerge, D. R.; Katzenellenbogen, B. S.; Helferich, W. G.;
Katzenellenbogen, ]. A. Bioorg. Med. Chem. 2004, 12, 1559-1567.

12. Gharpure, S. J.; Sathiyanarayanan, A. M.; Jonnalagadda, P. Tetrahedron Lett.
2008, 49, 2974-2978.

13. Heemstra, J. M.; Kerrigan, S. A.; Doerge, D. R.; Helferich, W. G.; Boulanger, W. A.
Org. Lett. 2006, 8, 5441-5443.

14. Takashima, Y.; Kobayashi, Y. Tetrahedron Lett. 2008, 49, 5156-5158.

15. (a) Hosny, M.; Rosazza, J. P. N. J. Nat. Prod. 2002, 65, 805-813; (b) Dewick, P. M.
In The Flavonoids: Advances in Research Since 1980; Harborne, ]. B., Ed.;
Chapman and Hall: New York, 1988; pp 552-570. Chapter 5.

16. (a) Hosny, M.; Rosazza, J. P. N. J. Nat. Prod. 1999, 62, 853-858; (b) Murthy, M. S.
R.; Venkata Rao, E.; Ward, R. S. Magn. Reson. Chem. 1986, 24, 225-230.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

(a) Bennetau-Pelissero, C.; Le Houérou, C.; Lamothe, V.; Le Menn, F.; Babin, P.;
Bennetau, B. J. Agric. Food Chem. 2000, 48, 305-311; (b) Le Houérou, C,;
Bennetau-Pelissero, C.; Lamothe, V.; Le Menn, F.; Babin, P.; Bennetau, B.
Tetrahedron 2000, 56, 295-301.

(a) Willard, S. T.; Frawley, L. S. Endocrine 1998, 8, 117-121; (b) Lamartiniere, C.
A. Am. J. Clin. Nutr. 2000, 71, 1705S.

Adlercreutz, H.; Mousavi, Y.; Clark, J.; Hockerstedt, K.; Hdmadldinen, E.;
Widhdld, K.; Mdkeld, T.; Hase, T. J. Steroid Biochem. Mol. Biol. 1992, 41, 331-
337.

(a) Schabath, M. B.; Hernandez, L. M.; Wu, X.; Pillow, P. C.; Spitz, M. R. J. Am.
Med. Assoc. 2005, 294, 1493-1504; (b) Monasterio, A.; Urdaci, M. C.; Pinchuk, 1.
V.; Lépez-Moratalla, N.; Martinez-Irujo, J. J. Nutr. Cancer 2004, 50, 90-100; (c)
Nagata, C.; Ueno, T.; Uchiyama, S.; Nagao, Y.; Yamamoto, S.; Shibuya, C,;
Kashiki, Y.; Shimizu, H. Nutr. Cancer. 2008, 60, 49-54; (d) Kang, N. ].; Lee, K. W.;
Rogozin, E. A.; Cho, Y.-Y.; Heo, Y.-S.; Bode, A. M.; Lee, H. J.; Dong, Z. J. Biol. Chem.
2007, 282, 32856-32866.

(a) Chang, Y.-C.; Nair, M. G.; Santell, R. C.; Helferich, W. G. J. Agric. Food Chem.
1994, 42, 1869-18671; (b) Pelter, A.; Foot, S. Synthesis 1976, 326; (c) Yeap, G.-
Y.; Yam, W.-S,; Ito, M. M.; Takahashi, Y.; Nakamura, Y.; Mahmood, W. A. K;
Boey, P.-L.; Hamid, S. A.; Gorecka, E. Liq. Cryst. 2007, 34, 649-654; (d) Wahadld,
K.; Hase, T. A. J. Chem. Soc. Perkin Trans. 1 1991, 3005-3008; (e) Jung, S.-H.; Cho,
S.-H.; The, H. D.; Lee, J.-H.; Ju, J.-H.; Kim, M.-K.; Lee, S.-H.; Ryu, J.-C.; Kim, Y. Eur.
J. Med. Chem. 2003, 38, 537-545; (f) Bass, R. ]. J. Chem. Soc., Chem. Commun.
1976, 78-79; (g) Jha, H. D.; Zilliken, F.; Breitmaier, E. Angew. Chem., Int. Ed.
1981, 20, 102-103; (h) Singh, H.; Pratap, R. Tetrahedron Lett. 2006, 47, 8161-
8163.

Felpin, F.-X.; Lory, C.; Sow, H.; Acherar, S. Tetrahedron 2007, 63, 3010-3016.
(a) Seeger, M.; Gonzalez, M.; Camara, B.; Munoz, L.; Ponce, E.; Mejias, L.;
Mascayano, C.; Vasquez, Y.; Sepulveda-Boza, S. Appl. Environ. Microbiol. 2003,
69, 5045-5050; (b) Miyazawa, M.; Takahashi, K.; Araki, H. Nat. Prod. Res. 2006,
20, 311-315; (c) Luczkiewicz, M.; Kokotkiewicz, A. Plant Sci. 2005, 169, 862—
871; (d) Miyazawa, M.; Ando, H.; Okuno, Y.; Araki, H. J. Mol. Catal., B Enzym.
2004, 27, 91-95.

(a) Huang, K. S.; Wang, E. C. Tetrahedron Lett. 2001, 42, 6155-6157; (b) Li, S. R.;
Chen, L. Y.; Tsai, . C.; Tzeng, J. Y.; Tsai, L. L.; Wang, E. C. Tetrahedron Lett. 2007,
48, 2139-2141; (c) Chen, P. Y.; Chen, H. M.; Chen, L. Y.; Tzeng, ]. Y.; Tsai, J. C.;
Chi, P. C.; Li, S. R.; Wang, E. C. Tetrahedron 2007, 63, 2824-2828; (d) Donohobe,
T. J.; Orr, A. J.; Bingham, M. Angew. Chem., Int. Ed. 2006, 45, 2664-2670. and
literatures cited therein.

(a) Chang, S.; Grubbs, R. H. J. Org. Chem. 1998, 63, 864-866; (b) Hardouin, C,;
Burgaud, L.; Valleix, A.; Doris, E. Tetrahedron Lett. 2003, 44, 435-437; (c) van
Otterlo, W. A. L.; Ngidi, E. L.; Kuzvidza, S.; Morgans, G. L.; Moleele, S. S.; de
Koning, C. B. Tetrahedron 2005, 61, 9996-10006; (d) Doodeman, R.; Rutjes, F. P.
J. T.; Hiemstra, H. Tetrahedron Lett. 2000, 41, 5979-5983; (e) van Otterlo, W. A.
L.; Ngidi, E. L.; de Koning, C. B. Tetrahedron Lett. 2003, 44, 6483-6486.

(a) Ramadas, S.; Krupadanam, G. L. D. Tetrahedron: Asymmetry 2000, 11, 3375-
3393; (b) Maslak, V.; Yan, Z.; Xia, S.; Gallucci, J.; Hadad, C. M.; Badjic, J. D. J. Am.
Chem. Soc. 2006, 128, 5887-5894.

Brooks, P. R.; Wirtz, M. C.; Vetelino, M. G.; Rescek, D. M.; Woodworth, G. F.;
Morgan, B. P.; Coe, ]. W. J. Org. Chem. 1999, 64, 9719-9721.

Node, M.; Nishide, K.; Sai, M.; Ichikawa, K.; Fuji, K.; Fujita, E. Chem. Lett. 1979, 1,
97-98.

All analytical data and experimental procedures are given as Supplementary
data.



