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Abstract. The synthesis of novel mammalian metabolites of dietary isoflavones, dihy-
drodaidzein (4’,7-dihydroxyisoflavanone) 7,2 dihydrogenistein (4',5,7-trihydroxy-
isoflavanone) 9, 6'-hydroxy-O-demethylangolensin [1-(2,4,6-trihydroxyphenyl)-2-(4-
hydroxyphenyl)propan-1-one] 70, and cis- and trans-4',7-dihydroxyisoflavan-4-ols 11,
12is described, and their characteristics by physical and chemical constants given for

the first time.

[P.S.E.B.M. 1998, Vol 217]

ing isoflavonoid phytoestrogens may reduce the risk

of certain hormone-dependent cancers such as breast,
prostate and colon cancer (1-8). Vegetarian and semiveg-
etarian diets, especially in some developing and Asian coun-
tries, are rich in plant isoflavonoids (9). Legumes (soy, len-
tils, various peas, beans, etc.), whole grains, vegetables,
fruits, and berries are important ingredients responsible for
the isoflavonoid content in those diets. Soy foods, in par-
ticular, associated with a reduced risk of breast and prostate
cancers in Japan (3), provide significant amounts of isofla-
vones to the human diet. Various soy foods may contain
approximately 0.1 mg-300 mg of isoflavones/100g. Soy-
milk and soynuts, examples of nonfermented soy foods,
have two to three times more isoflavones than fermented
soy foods such as tempeh, bean paste, miso, and fermented
beancurd (10). The major isoflavones in soybeans are the
acylated isoflavone glycosides genistin, daidzin, and glyci-
tin and their aglycones, genistein (4',5,7-trihydroxy-
isoflavone) I and daidzein (4',7-dihydroxyisoflavone) 2 and
glycitein (4',7-dihydroxy-6-methoxyisoflavone). Other
common isoflavones in edible plants are biochanin A (5,7-

Epidemiological studies reveal that foodstuffs contain-
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dihydroxy-4'-methoxyisoflavone) and formononetin (7-
hydroxy-4'-methoxyisoflavone) 3 (11, 12).

Daidzein, formononetin, genistein, and biochanin A
possess estrogenic activity (12). This biological effect was
first identified in sheep (13), later in cattle (14), and is now
implicated in humans. These phytoestrogen isoflavones
seem to affect hormone production and metabolism as well
as cancer cell growth by a number of mechanisms that make
them candidates for a protective role with regard to breast
and prostate cancers particularly (1, 2, 5, 15-19). Since the
detection and identification of isoflavonoid phytoestrogens
in animals and humans, many studies on their biological
role in health and disease have been carried out, and several
reviews on the topic have appeared (1, 4, 12, 15-17, 20, 21).

The metabolism of the major plant isoflavones geni-
stein I, daidzein 2, biochanin A, and formononetin 3 has
been studied in domestic animals such as sheep (13, 22-24),
cattle (14, 24-26), horses (27), poultry (28-30) and dogs
(31). There are also a few studies on subhuman primates
(32-35), but the metabolism of these dietary isoflavones in
man is not well known.

Most of the studies on the metabolism of phytoestrogen
isoflavones have concerned sheep. Formononetin 3, a major
isoflavone in legume fodder (e.g., clover), is demethylated
to daidzein 2 in the rumen. Daidzein 2 is reduced to equol
4, which is resistant to further breakdown (23, 36, 37). In
sheep, more than 80% of ingested formononetin 3 may ul-
timately be absorbed into the bloodstream as equol (4',7-
dihydroxyisoflavan) 4. Much of this is rapidly transformed
to a water soluble metabolite in the liver and excreted in the
urine, but some invariably persists in the blood plasma ei-
ther in ‘‘free’” form or as a sulfoconjugate, exerting a harm-
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ful and prolonged influence on the female reproductive
cycle (23, 36). Alternative minor pathways of formononetin
3 degradation lead to 4'-O-methylequol (7-hydroxy-4'-
methoxyisoflavan) 5 and O-demethylangolensin [1-(2,4-
dihydroxyphenyl)-2-(4-hydroxyphenyl)propan-1-one] 6
(5%-20%), both of which are estrogenic (13, 23), equol 4
and genistein / (20) being the most potent estrogens of the
phytoestrogens. Biochanin A is demethylated to genistein 7,
which is degraded to the biologically inactive para-
ethylphenol and 2,4,6-trihydroxybenzoic acid in the rumen
(13).

The dietary isoflavones, genistein /, daidzein 2, and the
metabolites equol 4 and O-demethylangolensin 6 and their
conjugates (38) have been isolated from the urine of mac-
robiotics, vegetarians, and also of omnivorous people con-
suming their everyday food (16, 20, 39). Formononetin 3
(40), and glycitein (4',7-dihydroxy-6-methoxy-isoflavone)
(41) have also been isolated from human urine. By a sen-
sitive isotope dilution gas chromatography—-mass spectro-
metric method (id-gc-ms) genistein /, daidzein 2, equol 4,
and O-demethylangolensin 6 have been detected also in
human feces (42) and plasma (43-45).

A metabolic pathway for dietary isoflavones in man has
been proposed (1) on the basis of the isolation and identi-
fication of isoflavonoid phytoestrogens from human urine.
The metabolism of isoflavones in humans seems to be simi-
lar to that in animals in general. In human (both male and
female) ingestion, phytoestrogens are modified by intestinal
bacteria, absorbed from the gastrointestinal tract, and then
they undergo hepatic metabolism (1). Formononetin 3 un-
dergoes demethylation, yielding daidzein 2, which is re-
duced to the isoflavan equol 4. Further degradation of equol
appears not to occur, and most of the absorbed equol is
conjugated in the liver with glucuronic acid before being
excreted in the urine (1). Adlercreutz et al. have isolated and
identified equol 4 (18), 4'-O-methylequol 5 (1, 17, 40),
3',7-dihydroxyisoflavan (46), dihydrodaidzein (also called
Intermediate O) 7 (1, 17, 40), and O-demethylangolensin 6
(47) as metabolites of daidzein 2 and/or formononetin 3 by
using authentic synthetic reference compounds (Fig. 1).
Four of these can now be quantitatively measured by id-gc-
ms selected ion monitoring (sim) techniques and isotope
dilution mass spectrometry using deuterated internal stan-
dards (17, 39, 48). Another potential metabolite of daidzein
2, named Intermediate E &8, has also been detected (1, 17,
40) and tentatively identified as 4',7-dihydroxyisoflav-2-
ene, but full verification awaits a chemical synthesis of the
compound. Very recently five new potential metabolites of
dietary isoflavones were reported by Kelly et al. in addition
to genistein I, daidzein 2, glycitein and the isoflavonoid
metabolites equol 4, dihydrodaidzein 7 and O-
demethylangolensin 6, from the urine of Caucasian people
who were on a soy flour diet (41). The urine samples were
analysed by gc-ms, suggesting two potential metabolites of
genistein I, dihydrogenistein 9 and 6'-hydroxy-O-
demethylangolensin /0 (Fig. 2). It was confirmed that daid-
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Figure 1. The proposed metabolic pathway of dietary plant isofla-
vonoids daidzein 2 and formononetin 3 in humans.

zein 2 is reduced to dihydrodaidzein 7, and suggested that
the latter is further reduced to two tetrahydrodaidzeins (4',7-
dihydroxyisoflavan-4-ols) 11, 12, which differ only in their
stereochemistry, and to dehydro-O-demethylangolensin 7d.
The tentative identification of the five new potential me-
tabolites was mainly based on mass spectral evidence owing
to the lack of authentic reference compounds. In a subse-
quent paper by the same group, certain microscale syntheses
of the potential metabolites were reported with very little
experimental detail and no nuclear magnetic (nmr), infrared
(ir), or ultraviolet (uv) spectroscopic characterization of the
compounds in product mixtures (49). We now report unam-
biguous chemical synthesis of these human endogenous me-
tabolites of the dietary isoflavones daidzein and genistein,
and present their characterization by 'H, '*C nmr, ir, ms,
and uv.

Materials and Methods

M.p.s were determined in open capillary tubes with an
Electrothermal apparatus (Electrothermal Engineering Ltd.,
Essex, UK) and are uncorrected. Ir spectra were recorded on
a FTIR Biorad FTS-7 instrument (Biorad Corp., Hercules,
CA) on KBr disks. 'H- and '>C-nmr spectra were recorded
on a Varian GEMINI-200 FT NMR spectrometer (Varian
Instruments, Palo Alto, CA) using the standard "H/**C dual
probe (chemical shifts in ppm). J values are given in Hz.
Lrms and hrms spectra were obtained with a JEOL JMS
SX102 mass spectrometer operating at 70 eV. Samples were
introduced at 120°-150°C by a direct inlet probe. The mass
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Dihydrogenistein 9

spectrum of TMS-enolether of dihydrodaidzein 7b was ob-
tained with a Hewlett-Packard gc-ms (5890/5972) instru-
ment (Palo Alto, CA) equipped with a HP 1 (12 m, 0.2 mm
i.d.) silica capillary column with a film thickness of 0.33
pm. The carrier gas was helium at a flow rate of 1 ml/min.
The column temperature was programmed from 197°C-
280°C at 10°C/min scanning over the mass range 50-700.
The injector temperature was 250°C and detector tempera-
ture 280°C. Injections were made in the splitless mode. Cis-
and trans-4’,7-dihydroxyisoflavan-4-ols 71, 12 were sepa-
rated on an hplc instrument Isco Model 2350 (Lincoln, NE),
equipped with a Shimadzu (Tokyo, Japan) SDP-6A spec-
trophotometric detector monitoring adsorption at 220 nm
and a Shimadzu C-R6A integrator. The sample was filtered
through a Millex LCR 0.45 pum cartridge (Millipore) and
injected via a Rheodyne (Cotati, CA) Model 7125 sample
injector with a 1-ml loop. A semipreparative column was a
C,g-Silasorb 250 x 10 mm i.d., 15 wm. Mobile phase
(MeOH-H,0, 5: 6) was delivered at a flow rate of 9 ml/min.
The methanol used was hplc grade and water filtered
through a 0.45 pwm membrane filter (Millipore). TMS ethers
of cis- and trans-4',7-dihydroxyisoflavan-4-ols 11a, 12a
were separated by gc-ms analysis using a JEOL JMS SX102
mass spectrometer (Tokyo, Japan) and a Hewlett-Packard
5890A gas chromatograph equipped with SE 54 (15 m, 0.32
pm id.) capillary column. The column temperature was
programmed from 100°C-240°C at 10°C/min. The injector
temperature was 250°C, and the detector temperature was
300°C. The UV spectra were recorded with a CARY SE
UV-VIS-NIR spectrophotometer (Varian Australia Pty Ltd.,
Mulgrave, Victoria, Australia). Tlc was conducted on
Merck (Merck KGaA, Darmstadt, Germany) silica gel 60
F,s4 plates, and Merck silica gel 60 (0.040 mm~0.063 mm,
230-400 mesh) was used for flash chromatography. Tetra-
hydrofuran (THF) was dried by distilling over CaH, before
use.

Dihydrodaidzein 7. Daidzein 7 (0.255 g, 1 mmol)
was dissolved in methanol (20 ml) and 0.255 g 10% Pd/C
and ammonium formate (0.252 g, 4 mmol) were added un-
der argon. After refluxing for 2 hr, the reaction mixture was
cooled, the Pd/C filtered off, the solvent evaporated, and the
crude product was recrystallized from CH,CL,-EtOAc to

Figure 2. The proposed metabolic path-
way for genistein 7 in humans.

6°-Hydroxy-O -demethylangolensin 10

give 7 (0.211 g, 82%), m.p. 250°C (lit. (50) 250-1°C); ir
Vonax 3262 (OH) 1658 cm™ (CO); 'H nmr (dg-acetone); &
3.86 (t, 1H, H-3), 4.62 (d, 2H, H-2, J = 6.7), 6.41 (d, 1H,
H-8,J = 2.3), 6.57 (dd, 1H, H-6, J = 8.8 and 2.3), 6.80 (d,
2H,H-3'5',J = 8.2),7.15(d, 2H, H-2',6',J = 8.2),7.75
(d, 1H, H-5, J = 8.7); 13C nmr (d,-DMSO0), 8 50.03 (C-3),
71.15 (C-2), 102.16 (C-8), 110.52 (C-6), 113.52 (C-4a),
115.09 (C-3',5"), 126.08 (C-1"), 128.92 (C-5), 129.49 (C-
2',6'), 156.38 (C-4'), 162.97 (C-8a), 164.34 (C-7) and
190.50 (C-4); N, (94% EtOH)/nm 214 (e 21900), 278
(13600) and 313 (7850); m/z 256 (M*, 22%), 137 (100), 120
(35), 108 (5), and 91 (7); (Found: M*, 256.0744. C{sH,,0,
requires M, 256.0736).

Dihydrogenistein 9. Genistein / was reduced as de-
scribed above and purified by a flash filtration giving 9 as
white crystals (0.154 g, 60%), m.p. 220°C (lit. (51) 217-
18°C); ir v, 3440, 3152 (OH) 1645 cm™ (CO);'H nmr
(dg-acetone); 8 3.97 (t, 1H, H-3), 4.60 (d, 2H, H-2, J = 5.8),
5.95 (s, 2H, H-6,8), 6.82 (d, 2H, H-3',5', J = 6.6), 7.20 (d,
2H, H-2',6', J = 6.6); '*C nmr (dg-acetone); § 50.91 (C-3),
72.15 (C-2), 95.59 (C-8), 96.94 (C-6), 103.21 (C-4a),
116.31 (C-3',5"), 127.40 (C-1'), 130.61 (C-2',6"), 157.78
(C-4"), 164.25 (C-5), 165.73 (C-8a), 167.35 (C-7), 197.86
(C-4); Npax (94% EtOH)/nm 214 (e 24900) and 292
(18300); m/z 272 (M*, 41%), 252 (10), 235 (5), 153 (100),
and 120 (35); (Found: M™, 272.0691. C,5H,,05 requires M,
272.0685).

4,4’ 7-tris-(trimethylsilyloxy)isoflav-3-ene 7b.
Dihydrodaidzein 7 (0.066 g, 0.26 mmol) was dissolved in
pyridine (5 ml) and BSTFA (1 ml). The reaction mixture
was stirred at 60°C for 1 hr, and LDA in dry THF (0.39 ml,
0.34 M) and BSTFA (1 ml) were added. After 2.5 hr the
reaction mixture was poured into water, neutralized with 2M
HCI and extracted with ether. The ether phase was washed
with diluted HCI and dried with Na,SO,. After evaporation
the crude product was crystallized from n-hexane to give 7b
(0.060 g, 50%), m.p. 120°C; "H nmr (dg-acetone); § 0.07 (s,
6H, 2 x Si-CHj), 0.00 (s, 15H, 5 x Si-CH,), 0.26 (s, 6H, 2
x Si-CH;), 4.94 (s, 2H, H-2), 6.28 (d, 1H, H-8, J = 2.3),
6.42 (dd, 1H, H-6, J = 2.3 and 8.3), 6.84 (d, 2H, H-3',5',
J = 8.7),7.18 (d, 1H, H-5, J = 8.3), 7.35 (d, 2H, H-2",6',
J = 8.7); °C nmr (dg-acetone); & 1.50 (Si-CHj;), 70.07
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(C-2), 103.35 (C-3), 108.97 (C-8), 110.94 (C-6), 116.10
(C-4a), 120.79 (C-3',5"), 124.96 (C-5), 128.54 (C-1"),
130.94 (C-2',6"), 142.33 (C-4), 154.86 (C-4'), 157.65 (C-7)
and 159.71 (C-8a); m/z 473 (41%), 472 (M*, 97), 471 (100),
457 (31), 383 (21), 307 (11), 281 (22), 209 (9), 191 (10),
and 73 (87). (Found: M*, 472.1923. C,,H;¢0,Si, requires
M, 472.1921).

6'-Hydroxy-O-demethylangolensin 10. A solu-
tion of genistein / (0.2 g, 0.7 mmol) in THF (10 ml) was
added over 30 min to a stirred slurry of lithium aluminium
hydride (0.15 g, 4 mmol) in refluxing THF (5 ml). Reflux-
ing was continued for 2.5 hr, the reaction mixture was
cooled and poured into an icy NH,Cl (sat.) solution. The
mixture was neutralized with 2M HCI and some water
added and extracted with EtOAc. The extract was washed
with water, dried over Na,SO, and evaporated. The residue
(0.2 g, 100%) was purified by flash chromatography, eluent
CH,Cl,-EtOAc 1:1 v/v. Crystallization from benzene gave
reddish crystals of 10 (0.132 g, 66%), m.p. 99°C; ir v,
3379 (OH), 2978, 2936, 1632 cm™' (CO); 'H nmr (d,-
acetone); 8 1.39 (d, 3H, 3-H, J = 6.9), 5.25 (q, 1H, 2-H, J
= 6.9), 5.89 (s, 2H, 3',5'-H), 6.70 (d, 2H, 3",5"-H, J =
8.6),7.15 (d, 2H, 2",6"-H, J = 8.6); '*C nmr (d,-acetone);
3 19.86 (C-3), 49.34 (C-2), 95.92 (C-3",5"), 104.79 (C-1"),
115.85 (C-3",5"), 129.95 (C-2",6"), 134.11 (C-1"), 156.87
(C-4"), 165.65 (C-2',6',4") and 207.32 (C-1); A\, (94%
EtOH)/nm 224 (& 7990) and 294 (6440); m/z 274 (M*, 8%),
272 (25), 257 (10), 153 (100), and 121 (22) (Found: M*,
274.0835. C,sH,,05 requires M, 274.0841).

Cis- and trans-4',7-dihydroxyisoflavan-4-ols
11, 12. Dihydrodaidzein 7 (0.150 g, 0.59 mmol) in THF
(12 ml) was added slowly to a solution of LiBH, (0.089 g,
40 mmol) in THF (6 ml) in an ice bath under argon. The
reaction was monitored by tlc and after 27 hr at r.t., the
reaction was quenched by pouring the reaction mixture cau-
tiously into a cold saturated NH,Cl solution, extracted with
EtOAc, dried with Na,SO,, and evaporated giving a mix-
ture of two isomers in a 7:3 ratio (0.14 g, 94%). The isomers
were separated by preparative HPLC.
Cis-4' 7-dihydroxyisoflavan-4-ol 11 m.p. 167°C (dec.); 'H
nmr (dg-acetone); 8 3.12 (dt, 1H, H-3,J, = 12.4,J, = 3.2),
3.89 (d, 1H, 4-OH, J = 4.8), 4.13 (ddd, 1H, H-2; equato-
rial, J = 10.3&3.7&1.3), 4.51 (dd, 1H, H-2, axial, J =
10.3&12.1), 4.64 (br t, 1H, H-4, J = 4.0), 6.29 (d, 1H, H-8,
J = 24), 639 (dd, 1H, H-6, J = 8.2&2.4), 6.79 (d, 2H,
H-3'5',J = 8.4),7.07 (d, 1H, H-5, J = 8.2), 7.19 (d, 2H,
H-2'6', J = 8.4); >C nmr (dg-acetone); & 44.74 (C-3),
65.30 (C-2), 67.26 (C-4), 103.30 (C-8), 108.81 (C-6),
115.85 (C-3",5"), 118.31 (C-4a), 130.58 (C-2',6"), 130.87
(C-1"), 132.33 (C-5), 156.04 (C-4'), 157.12 (C-7), and
159.18 (C-8a); N\, (94% EtOH)/nm 199 (e 68200), 224s
(19700) and 280 (4850); m/z 240 (M*-H,0, 90%), 239
(100), 223 (7), 210 (5), 181 (5), 165 (5), 147 (15), 120 (18),
and 71 (10). 258 (M) was detected at 19 eV. (Found: M*,
258.0874. C,sH,,0, requires M, 258.0892).

Trans-4',7-dihydroxyisoflavan-4-ol 12 m.p. 124°C

(dec.); "H nmr (dg-acetone); 8 3.00 (dt, 1H, H-3, J, = 4.0,
J, = 12),4.18 (dd, 1H, H-2, axial, J = 7.9 and 10.5), 4.25
(dd, 1H, H-2, equatorial, J = 11.0 and 4.0) 4.77 (br t, 1H,
H-4,J = 6.4), 6.25 (d, 1H, H-8, J = 2.4), 6.42 (dd, 1H,
H-6,J = 8.4 and 2.4), 6.72 (d, 2H, H-3',5', J = 8.6), 7.16
(d, 2H, H-2',6', J = 8.6), 7.26 (d, 1H, H-5, J = 8.4); °C
nmr (dg-acetone); & 47.22 (C-3), 68.87 (C-2), 69.26 (C-4),
103.06 (C-8), 109.13 (C-6), 116.08 (C-3',5"), 118.47 (C-
4a), 129.93 (C-2',6"), 130.81 (C-5), 131.71 (C-1"), 156.33
(C-4"), 157.17 (C-7), and 158.71 (C-8a); A, (94% EtOH)/
nm 199 (e 44600), 225s (14100), and 280 (3550); m/z 258
(M*, 2%), 254 (8), 240 (M*-H, 0, 90), 239 (100), 238 (62),
226 (7), 210 (27), 197 (5), 181 (18), 165 (8), 147 (14), and
120 (15). (Found: M*, 258.0901. C,sH,,0, requires M,
258.0892).

Cis-4',7-di(trimethylsilyloxy)isoflavan-4-ol la
Cis-4',7-dihydroxyisoflavan-4-ol 11 was silylated as re-
ported (41).

tg 11'04"; miz 474 (M*, 2%), 385 (20), 384 (37), 309 (75),
307 (45), 294 (17), 282 (18), 268 (22), 267 (100), and 75
(55).

Trans-4',7-di(trimethylsilyloxy)isoflavan-4-ol 12a
Trans-4',7-dihydroxyisoflavan-4-ol 12 was silylated as re-
ported (41).

tg 10'52" miz 474 (M™, 2%), 385 (18), 384 (45), 383 (28),
309 (100), 307 (59), 294 (29), 268 (20), 267 (83), and 75
(66).

Cis- and trans-4',7-bis-(dimethyl-tert-butylsilyloxy)isofla-
van-4-ols 11b, 12b Dihydrodaidzein 7 (0.92 g, 3.6 mmol)
was silylated by stirring with fert-butyldimethylchlorosilane
(1.35 g, 9 mmol) and imidazole (0.61g, 9 mmol) in dry
N,N-dimethylformamide (10 ml). After 36 hr at r.t. the mix-
ture was poured in water and extracted with ether. After
evaporation 4',7-bis-(dimethyl-tert-butylsilyloxy)isoflavan-
4-one was obtained in quantitative yield (1.74 g). This com-
pound (0.100 g, 0.2 mmol) in THF (6 ml) was added to a
solution of LiBH, (0.009 g, 0.4 mmol) in THF (15 ml)
under argon at 0°C. After 22 hr at r.t., the reaction mixture
was poured into a cold saturated NH,Cl solution, extracted
with CH,Cl,, dried with Na,SO,, and evaporated to furnish
a solid mixture of cis- and trans-4',7-di(dimethyl-tert-
butylsilyloxy)isoflavan-4-ols (in a ratio of 7:3) (0.096 g,
96%). Flash chromatography (eluting with hexane-acetone
7:4) gave pure cis-4',7-bis-(dimethyl-ter:-
butylsilyloxy)isoflavan-4-ol 116 (0.032 g), m.p. 110°C; R;
= 0.72 (hexane-acetone 7:4); 'H nmr (CDCl,); & 0.21 (s,
12H, 4 x CH,3), 1.00 (s, 18H, 6 x CH;), 3.23-3.30 (dt, 1H,
H-3,J = 3.1 and 11.9), 4.23-4.31 (dd, 1H, H-2, J = 3.6
and 10.3), 4.49-4.60 (dd, 1H, H-2, J = 10.5), 4.70 (d, 1H,
H-4,J = 2.3),6.41 (d, 1H, H-8,J = 2.4), 6.47 (d, 1H, H-6,
J = 2.5 and 8.2), 6.85 (d, 2H, H-3',5’, J = 8.5), 7.17 (dd,
3H, H-2",6',5, J = 1.6 and 8.4); '*C nmr (CDCL,);  -4.41
(Si-CHj;), 18.19 (C-(CH,)5), 25.66 (3 x CHy), 43.52 (C-3),
64.10 (C-2), 66.82 (C-4), 107.84 (C-8), 113.28 (C-6),
116.89 (C-4a), 120.37 (C-3',5"), 129.24 (C-2',6"), 130.23
(C-17), 131.19 (C-5), 154.99 (C-7,4"), and 157.02 (C-8a);
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miz 486 (M*, 10%), 470 (18), 469 (25), 468 (60), 309 (35),
307 (20), 235 (23), 234 (100), 177 (45), and 75 (42), and
pure trans-4',7-bis-(dimethyl-ferz-butylsilyloxy)isoflavan-
4-ol 12b (0.013 g), m.p. 88°C; R; = 0.61 (hexane-acetone
7:4); 'H nmr (CDClL); 8 0.19 (s, 12H, 4 x CH,), 0.98 (s,
18H, 6 x CH,), 3.00-3.14 (m, 1H, H-3), 4.14-4.38 (m, 2H,
H-2),4.86 (d, 1H,H-4,J = 7.7),6.35 (d, 1H, H-8, J = 2.4),
6.48 (dd, 1H, H-6, J = 2.3 and 8.4), 6.82 (d, 2H, H-3',5',
J = 8.6),7.10 (d, 2H, H-2',6', J = 8.6), 7.30 (d, 1H, H-5,
J = 84); C nmr (CDCly); 3 4.42 (Si-CH;), 18.20 (C-
(CHs)3), 25.65 (3 x CH,), 46.46 (C-3), 68.27 (C-2), 69.35
(C-4), 107.57 (C-8), 113.44 (C-6), 117.85 (C-4a), 120.38
(C-3",5"),128.88 (C-1',2',6"), 131.13 (C-5), 155.01 (C-7.4")
and 156.48 (C-8a); m/z 486 (M", 2%), 470 (18), 469 (41),
468 (100), 467 (17), 309 (32), 307 (18), 177 (14), 75 (27),
57 (30).

Results

Having developed an easy access to a number of iso-
flavones by a one-pot reaction starting from the appropriate
phenol and an arylacetic acid (52, 53), our syntheses of the
potential metabolites were designed on functional group
changes in the isoflavone structures.

Since the hydrogenation of isoflavones with palladized
charcoal (Pd/C) and hydrogen gave predominantly isofla-
vans, a milder hydrogenation method was used. The hydro-
gen transfer reduction (54) of daidzein 2 with ammonium
formate in refluxing methanol over 10% Pd/C produced
dihydrodaidzein 7 in 82% yield. The same method was
applied successfully to genistein /, giving dihydrogenistein
9 in high purity.

6'-Hydroxy-O-demethylangolensin /0 was prepared
from genistein / by the reduction and alkaline cleavage of
the C ring with lithium aluminum hydride. The two stereo-
isomers of tetrahydrodaidzein 77, 12 were synthesized by

Dihydrodaidzein7
l BSTFA, py

reducing dihydrodaidzein 7 with excess lithium borohydride
in THF to furnish a mixture of cis- and trans-4',7-
dihydroxyisoflavan-4-ols 11, 12 in a 7:3 ratio. The slight
difference in their R; values made them detectable by tlc,
but this was not enough to allow separation by plc or flash
chromatography. Thus the cis- and trans-isoflavan-4-ols 11,
12 were isolated by preparative hplc using an RP 18 column
and MeOH-H,0 elution. However, flash chromatography
was used successfully in the separation of the cis and trans
products /1b, 12b after the LiBH, reduction of the bis-
dimethyl-tert-butylsilyl protected dihydrodaidzein. We also
derivatized cis- and trans-isoflavan-4-ols as their TMS-
ethers 7/a, 12a and detected their mass spectra by gc-ms.

The chemical structures of cis- and trans-4',7-
dihydroxyisoflavan-4-ols are assigned by their 200 MHz 'H
nmr spectra. The chemical shift of H-3 in cis-4',7-
dihydroxyisoflavan-4-0l appears as a doublet of triplets at
3.12 ppm, the coupling constant of the doublet being 12.4
Hz and 3.2 Hz for the triplet. In the trans isomer H-3 is
assigned at 3.00 ppm with J;, = 4.0 and J, = 7.2 as ex-
pected. The geminal protons at C-2 in the cis isomer pro-
duce an AB quartet (J, p = 10.3 Hz, Jyy 5353 = 3.7 with
long range coupling Jy 3554 = 1.3, confirmed by long-
range HETCOR) at 4.13 and 4.51 ppm. In the trans isomer
the long-range coupling is not seen, and the doublet of
doublets for the axial H-2, is observed at 4.18 with Jg; 5, 1.3
= 7.9 and Jy 5, o = 10.5 Hz, and a doublet of doublets
for H-25 equatorial at 4.25 with Jy 55153 = 4.0 and Jy.
28,H-2« = 11.0 Hz. The proton of C-4 in both isomers gives
a broadish signal with poorly resolved peaks due to cou-
pling with the geminal hydroxy group.

Discussion

Kelly et al. (41, 49) reported of three peaks in their
gc-ms analysis, two at MU 26.65, MU 27.11 assigned as

Figure 3. Silylation of dihydrodaidzein
7 by BSTFA in pyridine.
OTMS

7c

l desilylation
OH

7d
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keto 7a and enol 7b forms of silylated dihydrodaidzein 7,
and the third at MU 25.92 (M™ 472, base peak m/z 281)
referred to as dehydro-O-demethylangolensin 7c¢ (Fig. 3).
Also Woodward (55) has reported of more than one com-
pound in analysing the bis-trimethylsilyltrifluoroacetamide
(BSTFA) silylated dihydrodaidzein 7 in gc-ms. We have not
previously observed keto-enol tautomerization of dihydro-
daidzein 7, but we have not used BSTFA and pyridine for
derivatization like Kelly and co-workers (41, 49). We rou-
tinely silylate the isoflavonoid samples by 200 pl of pyri-
dine/hexamethyldisilazane/trimethylchlorosilane (9:3:1 v/v/
v) at room temperature overnight, and this procedure fur-
nishes the desired silylated ketonic product 7a in
quantitative yield. When silylated with BSTFA and pyri-
dine, dihydrodaidzein 7 indeed gave three products. Two of
the products showed a molecular ion 72 mass unit heavier
than the expected dihydrodaidzein bis-TMS ether 7a, indi-
cating the incorporation of an additional TMS group. This
and the fragmentation patterns in ms spectra suggest that the
three compounds are the bis-trimethylsilyl ether of isofla-
vanone (the keto form) 7a, the tris-TMS ether of isoflav-3-
en-4-ol (the enol form) 7b and the tris-TMS-ether of 1-(2,4-
dihydroxyphenyl)-2-(4-hydroxyphenyl)prop-2-ene-1-one
7c, a ring cleavage product. The latter, always the minor
product, is characterized by the two singlets of the methy-
lene protons at 5.25 and 5.89 ppm in 'H-nmr (d,-DMSO).
Kelly et al. (41, 49) suggested that this minor ring opened
product that they called dehydro-O-demethylangolensin 7d
is a metabolite of daidzein 2. However it seems to be, par-
ticularly in this conjunction, a silylation artefact (7d) and
not a metabolite of dietary isoflavones.

To confirm the structure of 4,4’,7-tris-(trimethyl-
silyloxy)isoflav-3-ene (the enol form) 7b it was synthesized
by enolization of dihydrodaidzein 7 using lithium diisopro-
pylamide (LDA) followed by silylation. All characteristics
of this compound were identical to those of 7b obtained by
BSTFA silylation of dihydrodaidzein.

It has been shown that genistein / is metabolized to
equol 4 in fowl (56). With the advent of highly specific and
sensitive methods for the determination of the isoflavo-
noids, including the use of mass spectroscopy, it is inevi-
table that other phytoestrogens in the biosynthetic pathway
to equol 4 will be identified in human biological fluids as
well. It has been revealed that there are differences between
individuals regarding the human metabolism of plant iso-
flavonoids. Studies of administration of soy protein have
revealed that in some subjects equol 4 is not formed despite
a challenge from a soy protein diet (36, 41). Also a diet with
a high level of fermentative activity may well affect the
isoflavonoid metabolism. The identification of genistein 7,
daidzein 2, equol 4, and O-demethylangolensin 6 in feces
(42) has shown that ingested isoflavonoids are excreted not
only through urine but also through the bile. Daidzein 2 and
the isoflavonoid phytoestrogen metabolites equol 4, 4'-O-
methylequol 5, 3,7'-dihydroxyisoflavan and O-demethyl-
angolensin 6 are also present in cow’s milk, and humans

may be exposed to these mammalian metabolites also
through the diet (39, 40). It is important to recognize that the
overall consumption of isoflavonoid phytoestrogens in
foods may be high, therefore a prolonged exposure may
have notable biological effects. The clarification of the me-
tabolism of isoflavonoid phytoestrogens in humans thus re-
mains an important task.
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