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Abstract: Deuteration methods are described for the synthesis of new stable deuterium labeled
isoflavonoids, 18.3' 5 ledaidzein da 12 3 §' . DND.1l_formaononatin dh (272 8 & TNl hinchanin
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[6.8,3',5-Dy]dihydrodaidzein 5a, [3,6,8,3,5'-Ds]-dihydrodaidzein 5b, [3,2',3',5',6-Ds]-dihydrogenistein
5c and [2,4,8,10-D4]-coumestrol 6, using D3PO4*BF3/D,0 as a deuteration reagent. Positions of

deuterium labels and isotopic purities were determined by NMR and mass spectrometry. The relative ease
of H/D exchan ge at the various aromatic sites is discussed. © 1999 Elsevier Science Ltd. All rights reserved
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INTRODUCTION

The interest in stable isotope labeled standards has arisen from the widespread application of mass
spectrometry as a specific detection tool in biomedical, pharmacological and environmental analysis. An expedient
access to these compounds is of critical importance as they are only rarely commercially available. 13C would be
an optimal label to be used in an internal standard since it cannot be exchanged to !2C under ordinary

circumstances, and total or partial synthesis using highly expensive reagents is required. 15N labels are seldom
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mpounds such as carboxylic acids that contain functional
groups prone to facile oxygen exchange reactions.! Reactive phenolic compounds may undergo 160/180 -
exchange, but the conditions are quite harsh, yields are low and protection is needed.? Deuteration remains the
most important exchange reaction to obtain stable isotope labeled compounds. Since in many applications several
labels are necessary (vide infra) no other stable isotope can compete with deuterium in terms of expediency and
reagent cost. On the negative side however certain C-D labels may be easily exchanged back to C-H.

Many early articles concerning hydrogen isotope exchange reactions deal with hydrogen-tritium exchange.

Preparatively the requirements for deuteration compared to tritiation differ significantly. Since the radioactivity of

T can be measured nrecicelv usine onlv emall nronortion of the isotonic label. exchanoe conditions that introduce
1 €an pe measured preciscly using only small proportion of the 1solopic label, exchange conditions that mtroguce
lahale 1 1aszr vinld are cniffiniont Tn dantariiim lahalad ey yindg tha inanrnnratinn ~fF lahale 10 mnanitarad ey lage
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J

SCHS]IIVC analyucal tecnmques SO [ne 1mr0uucuor1 01 IIlUlLlplC ldDLlS is gene erail y UCSlff:d.3
Ideally the chemical and physicochemical behaviour should be identical for both the labeled standard and

analyte to ensure low variability and high precision in quantitative mass spectrometry. For use as an internal

0040-4020/99/% - see front matter © 1999 Elsevier Science Ltd. All rights reserved.
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standard in quantitative MS, no unlabeled species must be present and the isotope labels must remain stable under
the analyticai conditions employed.! Working with polyhydroxy aromatics, it is desirable that the reference
compound contains three to five stable D atoms since the unlabeled compound, TMS-derivatized for GC, will
show fairly intense m+1 and m+2 ions in its mass spectrum owing to the high number of carbon and silicon
atoms in the molecule. Thus several D atoms are required to shift the peaks of the reference compound to higher
m/z values free of interference from the peaks of the analyte. Derivatization using (CD3)3Si ethers is not

applicable since silyloxy groups will not survive the various extraction and purification procedures o
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CEUINTS, panicCuiainy soy, various :»ccua bean

ruits and berries.® Epidemiological studies reveal that foodstuffs containing

"h

sprouts, mushrooms, vegetables,
isofiavonoids may reduce the risk of certain hormone-dependent cancers.” After the intake of isoflavonoids in
various foods they are modified by intestinal bacteria in humans to biologically active, hormone-like substances.
The weakly estrogenic polyphenols formed influence sex hormone production, metabolism and biological
activity, intracellular enzymes, protein synthesis, growth factor action, malignant cell proliferation, cell
differentiation, cell adhesion, and angiogenesis in such a way as to make them strong candidates for natural

cancer protective compounds.®

standards for the quantitation of isoflavonoid phytoestrogens. However, an isotope dilution technique using
deuterated analogs of the compounds to be measured would be much preferred because the solubility, chemical
behaviour and GC characteristics would then remain unaltered. To this end, an isotope dilution gas
chromatographic mass spectrometric method in the selected ion monitoring mode (ID/GC/MS/SIM) was
developed,59 using synthetic deuterated internal standards for the correction of losses during the analytical
procedure. Each compound to be measured has a corresponding stable deuterated internal reference in this
method. This allows a very specific, sensitive, accurate and reproducible determination of isoflavonoids.

Previously, a total synthesis of 3',5'-Dy-formononetin (7-hydroxy-4'-methoxyisoflavone) from deuterated

henzaldehude ag con  ronorted 10 We ave reported the synthesis of [6.8.3'.5'-Dy4l-equol
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dihydroxyisoflavone) and [6,8,3',5'-Dg4j-genistein (5,7,4'-trihydroxyisofiavone) using CF3COOD as the
reagent®12 . We also found that [6,8,3',5'-D4]-genistein may rather easily lose the deuterium labels at the highly
activated 6- and 8-positions.%13 In a preliminary communication, we described a procedure involving
perdeuteration using D3PO4-BF3/D,0 followed by selective dedeuteration for the synthesis of the isotopically
stable [2',3',5',6'-D4]-genistein 4d.14 The other reagents we have tested for the deuteration of isoflavonoids,
D3P04,° D;0-BF3:Et;0,15 D;0-BF316 and CH3COOD/D,0/K,PtClsl7 are much less effective and do not
completely deuterate even the most activated protons in genistein 1d. CF3COOD is good reagent for activated
isoflavonoids!3 but the 2'- and 6'-protons of 4'- hydroxylsoﬂavonmds resist exchange

acid — boron trifluoride complex!3-2C for the synthesis of isotopicaily pure polydeutero isofiavonoids. As the
method involves H-D exchanges within the target isoflavonoid framework, problems inherent in multi-step total

synthesis using deuterated starting materials are avoided. We also comment on the relative ease of H-D exchange
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RESULTS AND DISCUSSION

In the deuteration procedure the protons of phenolic hydroxy groups are first replaced by deuterons by
mixing the isoflavone with acetone — D20 and evaporating the solvents. This serves to remove the phenolic
protons from the equilibrium mixture prior to the exchange reaction proper. In the final aqueous work-up, protic
phenol groups are reinstated. The deuteration reagent is prepared by adding D20 (8 eq) to dry P2Os (1 eq) at 0 C

and saturating the resulting deuterated phosphoric acid with BF3 gas. The D3PO4*BF3/D20 reagent is added to the
JRGTRPRL I TS TS T ST o o PN smdae avalitaian AF atemancsmharia smAschiiea
predeuterated isoflavonoid and the reaction mixture is stirred under exclusion of atmospheric moisture

The anhydrous i:1 trideuterophosphoric acid — boron trifluoride compiex has been proposed o have ihe
structure [P(OH)4]+[(OH)2P(OBF3)2]-.2! As we use about 8 equivalents of D20, to obtain a less viscous and

easier to handle reagent, the exact structure of our complex is uncertain.
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Scheme. Deuteration of daidzein 1a and dihydrodaidzein 2a.

Daidzein 1a and formononetin 1b are deuterated chemo- and regioselectively to D3-products (4a and 4b) at
le). The 6-position remains unchanged under these conditions even though the deuteration
of dxhydrodaldzeln 2a nges the D4 produ t Sa where also the 6—p051t10 n has been exchanged Inspeclmn of the
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observati \rlguw 1). In daidzein ti
than the §-substitution intermediate (B). in contrast, the 6-substitution intermediate
lower by 8.8 kcal/mol compared to D. In daidzein the 8-substitution intermediate (B) has aromatic stabilizaiion

which is absent in the corresponding structure of dihydrodaidzein.
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Figure 1. Proton exchange intermediates of daidzein and dihydrodaidzein.

At 55°C also the less activated C-2' and C-6' sites of biochanin A 1c, genistein 1d and dihydrogenistein 2¢
an be exchanged to deuteriums. After complete deuteration the labile deuterium atoms at the highly activated

ositions D-6 and D-8 can be selectively removed by acid treatment!4 to give the stable deutero compounds. The

N
r
2'- and 6'-positions in daidzein 1a and formononetin 1b are not exchanged at 55 °C, even with many repetitions.
Thus a hydroxyl group at position 5 promotes the exchange at 2'- and 6'-positions (Figure 2). Under more severe
conditions (7 days at 100 °C in an autoclave) the 6,8,2',3',5',6'-protons of daidzein can be exchanged to
deuterons. <<
+
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4a-d 5a-c 6
Isoflavonoid Reaction time TrC Substituents in product Yield/
days/no. of runs isotopic
purity (%)
la 7,4'-OH 3n 20 4a 7,4'-OH, 8,3',5-D 98/93a
1b 7-OH, 4'-OMe 3/1 20 4b 7-OH, 4'-OMe, 8,3',5'-D 96/91
1c¢ 5,7-OH, 4'-OMe 3/4 40 4c 5,7-OH, 4'-OMe, 2',3',5',6'-D 10/70b
id 5,7,4-OH 3/3 55 4d 5,7,4'-OH, 2.3,5.6'-D 91794¢
2a 7,4'-OH 3/2 20 5a 7,4'-OH, 6,8,3',5'-D 74 /94
2a 74'-OH 372 55 Sb 7,4'-OH, 3,6,8,3',5'-D 82/93
2¢ 5,7,4'-OH 4/3 55 S¢ 5,7,4'-OH, 3,2',3',5',6'-D 60 / 664
3 3,9-OH 4/1 55 6 3,9-OH, 2,4,8,10-D 95/92
4 less than 1% excha n at C-2'(C-6") was observed by MS even after 4 runs.
b biochanin A 1¢/4 emethylated during the reaction to genistein 1d/4d. At 90 % conversion, deuteration
at C-2' and C-6' of 1c/1d is on]y 70 % complete.
¢ synthesis of stable D4-genistein.!4
d product is a mixture of Ds/D4-dihydrogenistein (66/33; partial loss of the C-3 label on ring A dedeuteration)

The sites of deuteration were determined from the 'H- and 13C-NMR spectra by comparison with those of
undeuterated compounds. D-carrying carbon atoms appear as low intensity triplets in the proton noise decoupled
spectra as compared to the intensive singlets in spectra of undeuterated compounds. Previous studies do not agree
n.23 Usir ing GHMBC (gradient selected heteronuclear multiple

in assigning the 3- and 1'-carbon atoms of daidzei

............ & Wik J7 alll L4l UVl ..-ﬁ.-.... vl gzelr

bond correlatxon) we have ascertained that C-1' appears at & 122.5 and C-3 at & 123.4, based on the observed
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reen C-1 hetwean O and T
Luupuugb between C-1 oet

ween C-3 and H-2
not been assngned previously. We report here the correlation of the carbon atoms of coumestrol with the !3C &
values with the exception of the the three pairs C-7/C-1, C-10a/C-9 and C-3/C-11a which cannot be resolved even
with GHMBC.

The isotopic purity of the products were determined from the mass spectra of trimethylsilylated products to
avoid M-1 losses from phenolic hydroxyls. Since TMS-derivatized isoflavones usually have M-15 (M-CH3) as
the base peak and M-16 is very weak, isotopic purities are easily and reliably calculated from this region. Thus the

fragmentation involving the loss of 2'-H from isoflavones24 will not interfere cither.
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The order of exchan I hydrogens has been determined from different deuteration and dedeuieration
experiments by following the progress of the reaction by NMR. The reactivity order for daidzein 1a and
formononetin 1b is 8>3'(5")>6>2'(6")>>2,5, and for biochanin A 1c¢ and genistein 1d 8>6>3'(5')>2'(6')>2.
Biochanin A 1c¢/4¢ is partly demethylated during the deuteration by the very acidic D3PO4BF3 to genistein
1d/4d and thus the yield is poor. For dihydrodaidzein 2a the reactivity order is 6>8>3'(5')>3>2'(6")>5>2, for
dihydrogenistein 2¢ 6,8>3>3'(5")>2'(6')>2 and for coumestrol 3 4,10>2,8>1,7. The Mulliken charges

calculated with the semiempirica] AMI method (see Figure 3) reveal that the order of reactivity in electrophilic

substitutions for daidzein is 8>3'(5")>6>2'(6") and for genistein 8>6>3'(5")>2'(6") which is exactly the same as
Quservpd avnerimentally  Alcen the relative nnreactivity of G-nncitinn nf daidzain caomnared tn Ronncitinan {cpe
¥ s Vl\y\"llllvllwl] 4 MOV MIVv dAviUAll Y ulll\/“\tllvl\:} wvi v FVDAL‘UAK i AMAILREACELL WALIAPG VAL WU [ 4 ORLIUIRR \OW

above) is manifested in the charges. Thus it may be concluded that the different reactivities in electrophilic
hydrogen exchange are mainly caused by the electron density at the exchange site.

HO. X! o HO. ¢ o ..

R -0.02 3 0.01
11 17, 11 1 e
0.22 024 029 \F 025

0.07

0 , - OH O oH

The new deuterium labeled isoflavonoids can be reliably used as reference compounds and introduced at the
beginning of the analytical procedure, since the deuterium labels are securely bound and will survive the various
isolation, purification and derivatization steps. For example, the isolation procedure® involves a hydrolysis step
with 2 M HCI at 100° for 2.5 h followed by neutralisation with 10 M NaOH. The ID/GC/MS/SIM method has
now been used for the quantitation of isoflavonoids in human urine,25 plasma,26 feces,27 saliva, breast aspirate,

prostatic fluid28 and foodstuffs such as legumes,2? seeds,* tea and coffee.30

EXPERIMENTAY
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General

All compounds, characterized by H, 13C and 2D (GHMBC) NMR, LRMS and HRMS, were homogenous by
TLC. Melting points were determined in open capillary tubes with an Electrothermal apparatus, and are
uncorrected. NMR spectra were recorded on a Varian GEMINI 2000 and Varian Innova 300 WB spectrometers.
SiMes was used as an internal standard. Chemical shifts are given in & and J values in Hz, In the !3C-NMR
spectra the shifts given for the C-D triplets are those corresponding to the central peak and are marked by "D".
Mass spectra were obtained with a JEOL JMS SX102 mass spectrometer operating at 70 eV. Samples were

introduced by a direct inlet probe. Isotopic purities are calculated from the mass spectra of silylated compounds.

The mass spectrometry samples were silylated using N,0-bis(trimethylsilyDtrifluoroacetamide and pyridine. The
YTV cnrartra swara rannrdad with a (TCARV SF TTV_VISN cnectanhatnamater TT wae eondneted with arcle
vy ay\/\,ua CIU 1VLULUCU WML 4 MM L Jie W Y Y LDTINLIN OPVLLUPIIVIVILIVIVL LAAL YV QS VULIUW WAL VY UL AYAvA Wi

silica gel 60 F254 plates; Merck silica gel 60 Fps4 PLC

a=]

lates were used for preparative thick-layer

chromatography (PLC). Coumestrol was from Kodak and DO (99.9 atom %) from Sigma. Daidzein 4 1d
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and biochanin A was prepared from the corresponding
deoxybenzoin, obtained by the Hoesch condensation3? and cyclization.33 Genistein was demethylated from
biochanin A,3* and dihydrodaidzein and dihydrogenistein were obtained by the reduction of the corresponding

isoflavone.35

General Procedure for Deuteration of Isoflavonoids

_________ groups in an isoflavonoid was first conducted by adding the corresponding
isoflavonoid (0.1 o) to acetone {1 mD and deuterium oxide (1 mD). The mixture was then ated for S minutes at
4 i v WANE W X b} WO wilVLIV \L LALA,I GV MW MLWVLIMILL VALY i llll} A Lllw IIMNALWE W YT@aAD Miwil IwdiwAL Ul o LIUD
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gas at room temperature. The resulting complex (4 mil) was added to the predeuterated isoflavonoid and the
reaction mixture was stirred under anhydrous conditions (reaction time and temperature, Table). After deuteration
the cooled mixture was poured into ice water (200 ml) and the product was extracted with EtOAc, the extracts
were washed with water (until neutral), dried (Na2SO4) and evaporated. The deuteration procedure was repeated
if necessary. Unstable hexadeutero biochanin A and heptadeutero dihydrogenistein were directly dedeuterated to
the stable derivatives.

8.7, 5-H), 8.29 (1H, s, 2 7-OH); 8¢ [(CD3);S0] 101.8 (C-8)D,
114.6 (C-3', -59D, 115.0 (C-6), 116.6 (C-4a), 122.5 (C-1, 123.4 (C-3), 127.2 (C-5), 129.9 (C-2', -6"),
152.8 (C-2), 157.0 (C-4"), 157.4 (C-8a), 162.4 (C-7), 174.7 (C-4); m/z (EI) 258 (36%), 257 (M*+, 100), 256
(53), 228 (4), 200 (4), 138 (37), 128 (6), 120 (18), 109 (4), 91(4) (Found: M+, 257.0765. C;5sH704D3 requires
M, 257.0767).

[8,3',5-D3]-Formononetin {7-hydroxy-3-(4-methoxyphenyl-3,5-D3)-4H- l-hgnzopvr_n-d-ong-S-D} 4h
Rarructallizatinn fram +tOVH caue white nrugtale mn 284 (75 O nr n,\= r\rnr\nhnnof;r\\36' B+t /nm
UL yorasiiLanuUll IO DU pdve Wi Wiy siaiy, iy 409 (400 Uil (FiuiinununiCun 7 7, Avqpax \ LA/ il

EN 7o N7 nn NY 711 1NNy, S l'fl“ \ C‘ﬁ"l £ 08 F11T TT\ T E£1 LT s X} s LY TTY 7200 711
QUL 4/ UL (11 1UU); OH [(LU3)20U1 070 ( .01 \4nfl, S, £- 4l O-11), /.70 (111,

P
Fu
o0
— 00
o
.

(C-3, —5')“, 115.1 (C—6), 116.6 (C-4a), 123.1 (C—l ), 1242 (C—3), 127.2 (C-5), 129.9 (C-2', -6"), 153.1 (C-
2), 157.4 (C-8a), 158.8 (C-4"), 162.5 (C-7), 174.6 (C-4); m/z (EI) 272 (32%), 271 (M*, 100), 270 (35), 256
(12), 228 (6), 134 (36), 128 (3), 119 (8), 109 (3), 91(8) (Found: M+, 271.0919. C16HgO4D3 requires M,
271.0923).

[2'3'5'6-D4]-Biochanin A {3,7-dihydroxy-3-(4-methoxyphenyl-2,3,5,6-Dy)-4H-1-benzopyran-4-one}
d

4¢. The crude product, [6,8,2'3'5',6'-Dgl- -biochanin A, was refluxed in 1% CH3iCOCI/MeOH (20 ml) for 30
main amAd manead inta ira watar Tha Naonradnat wae filtarad nrified wiat T C (CHCIA MaOH Q1) and
i alild PUUICU U L waltd, 110 1747 PIVUULL W ao vl b, pUiIiivd widd: L LA (edilijiiviviosai, J.03) diie
U P ) FtOH giving cohlen e To v W11 AT2 0N FATA & 18 O £hve T Winalnmin AVIT-
recrystalizea rom dqucou\ |00 glVlllb WIIILC CTySldls, IIIP £11-410 U l4l4.0-410 L 1O P-uikldiii n)=7,
Amax (BtOH)Ynm 211 (g 22 600), 262 (39 200); 8y (Dg-acetone) 3.84 (3H, s, 4'-OMe), 6.30 (1H, s, 6-H), 6.4
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T o QI T ERAMALT o Y armAd A TIN Q91 F1LT o A I S M, nanatemal &8 7T /OVMAN OA £ 7779 OV NON
{11k, 3, O7L1), 7.JU (V.U 11, 5, £~ alll U -I1), 0.41 \111, >, 4~I1), OC (g alCluLIC) OJ.7 (UNIC), 74.0 (L~0), 77.7
(C-6), 106.2 (C-4a), 114.2 (C-3', -5)D, 123.8 (C-19), 124.1 (C-3), 130.7 (C-2', -6)P, 154.6 (C-2), 159.1 (C-

8a), 160.6 (C-4"), 164.0 (C-5), 165.1 (C-7), 181.6 (C-4) m/z (EI) 289 (36%), 288 (M+, 100), 287 (49), 286
(14), 273 (10), 259 (5), 152 (10), 136 (22), 135 (16) (Found: M*, 288.0945. C;6HgOsD4 requires M,
288.0936).

[6,8,3',5"-Dy4]-Dihydrodaidzein {2,3-dihydro-7-hydroxy-3-(4-hydroxyphenyl-3,5-D3)-4H-1-benzopyran-
4-one-6,8-D3} 5a. The crude product was purified by refluxing 5 min with activated carbon in EtOH, then by
PLC (CH,Cl-EtQAc, 7:2) and recrystallized from PriOH/H,0O giving white crystal tals, mp 254 °C (250 °C for Dg-

dihydrodaidzein)35; Amax (EtOH)/nm 278 (£ 31 500), 312 (17 200); &y (Dg-acetone) 3.86 (1H t, J 6.6, 3-H),
4.62 (2H, d, J 6.6, 2-H), 7.14 (2H, s, 2'- and 6'-H), 7.75 (1H, s, 5-H); 8¢ (D¢-acetone) 51.7 (C-3), 72.6 (C-

2), 103.0 (C-8)D, 111.5 (C-6)D, 115.3 (C-4a), 116.0 (C-3' -5YD, 127.9 (C-1), 130.0 (C-5), 130.4 (C-2', -6,
157.4 (C-4"), 164.3 (C-8a), 165.0 (C-7), 191.1 (C-4); m/z (EI) 261 (12%), 260 (M*, 28), 259 (10), 140 (27),
139 (100), 138 (33), 123(11), 122 (42), 121(10), 110 (4), 93 (7), (Found: M+, 260.0991. C;5sHgO4D4 requires
M, 260.0986).

[3.6,8,3",5'-Ds5]-Dihydrodaidzein {2,3-dihydro-3-D-7-hydroxy-3-(4-hydroxyphenyl-3,5-D3)-4H-1-benzo-
pyran-4-one-6,8-D3} S§b. The crude product was purified with PLC (CH,Cly-EtOAc, 7:2) and recrystallized
from PriOH/H,0 giving white crystals, mp 252-253 °C (250 °C for Dg-dihydrodaidzein)35 ; Agax (EtOH)Y/nm 277
(g 30 700), 313 (16 900); 8y (D¢-acetone) 4.62 (2H, s, 2-H), 7.14 (2H, s, 2'- and 6'-H), 7.75 (1H, s, 5-H); 8¢
(Dg-acetone) 51.2 (C-3)P, 72.6 (C-2), 102.9 (C-8)P, 111.2 (C-6)P, 115.4 (C-4a), 116.4 (C-3' -5)P, 127.9 (C-
1), 130.1 (C-5), 130.5 (C-2, -6"), 157.5 (C-4"), 164.6 (C-8a), 165.0 (C-7), 191.2 (C-4); m/z (EI) 262 (15%),
261 (M™, 20), 260 (8), 140 (28), 139 (100), 138 (17), 124 (17), 123 (24), 122 (9), 110 (5), 94 (S5), (Found:
M+, 261.1058. Cy5H704Ds5 requires M, 261.1049).

[3,2',3',5',6'-Ds]-Dihydrogenistein  {2,3-dihydro-3-D-3,7-dihydroxy-3-(4-hydroxyphenyl-2,3,5,6-Dy)-
4H-1-benzopyran-4-one} 5¢. The crude product, [3,6,8,2',3',5',6'-D7]-dihydrogenistein, was refluxed in 1%
CH3;COCI/MeOH (10 ml) for 30 min and poured into ice water. The Ds-product was filtered, purified with PLC

fiw W 5T vy
o

(O HACIA_FH Apr o Y=Yal cta o evanelaratnne giving white rructale 1catanis muritv A b ™MTN

LN a2 ng, aii CllyotdiiiZe 11 HCAQIIC/ QUUWVULIC BIVILLE WK Clyosials, 10ULWOPIL pulity OO 70, iy

°C (220 °C for Dp-di =335 TN /. 71 2 AN, S My
U (44U "L 10T UO‘Ulll)’UlUngllblblll} - 1 2 Uw), OH (WG~

; Amax (EtOH)/nm 214 (e 28 400), 225 (25 500), 292 (2
acetone) 4.00 (0.68H, t, 3-H), 4.60 (2H, s, 2-H), 5.96 (2H, s, 6- and 8-H); 8¢ (Dg-acetone) 50.4 (C-3)P, 72.0
(C-2), 95.7 (C-8), 97.1 (C-6), 103.0 (C-4a), 115.9 (C-3' -59D, 127.3 (C-1"), 130.2 (C-2', -6")D, 157.7 (C-
4, 164.2 (C-5), 165.8 (C-8a), 168.0 (C-7), 197.7 (C-4); m/z (EL) 278 (13%), 277 (M, 35), 276 (21), 154
(32), 153 (100), 152 (8), 125 (22), 124 (17), (Found: M+, 277.0994. C15sH705Ds requires M, 277.0998).

[2,4,8,10-Dy4]-Coumestrol {3,9-dihydroxy-2,4,8,10-D4-6H-benzofurof3,2-c][ I Jbenzopyran-6-one] 6.
Recrystallization from EtOH gave pale brown crystals, mp 385-386 °C (decomp.) (385 °C for Dg-coumestrol)3%;

Amax (EtOH)nm 237 (£ 33 100), 345 (26 000): 8y [(CD3)2S0] 7.70 (1H, s, 7-H), 7.85 (1H, s, 1-H), 10.05
(1 s O 1072 (1H s OBY 8~ [(CD:)-S0108.3 (C-10D. 102.0 (C-63). 102.8 (C-4\D 1 1 (C-11h)
LiLd, Oy, WJil), LU 74 111, Dy, W1, U([ J\MWLr/4 /0N ] 200 (VW T1V ), TVLY (WTVG), AVEU (T, 1V 3 \\WT 11U,
nnnnnn oD PRSP o T e TN AN & 1 1A MM I 1N 1AL 18 AN VEE Y nnd 1L 0 7186 TN~ o 1 M
113.7 (L-4, -8)Y, 114.0 (L-0D), 1200 and 122.0 (L-/ and L-1), 154.0 {L-44), 137.7 and 130.¥ (L-1U4a and .-
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QY 1§76 and 180 § (.2 and C_11aY 141 1 (0K /e (BN 272 FAYCN D779 (AA+ 1NN 3771 719N AAA O\ N1C
ZJy AU Al 1 JT. 0 (D alll mhda), 1010 \C-U), TTWZ\LL) 2id\R870), L1 \IVLT, 1WU), 411 (10}, 244 (YY), 210
fAY 128 7Y 19 79\ fEavivscde MM+ A TYNLIA 0. X0 N T, enmziinas RA A™A NLAAN
), 130 /), 144 (O (I'OUIIA. V17, 472.U054%. U 51140U5174 TEQUITES M, £/2.U0LD)
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