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lsoflavonoid Biosynthesis: Concerning the Aryl Migration 

Hakim A. M. Al-Ani and Paul M. Dewick’ 
Department of Pharmacy, University of Nottingham, Nottingham NG7 2RD 

Feeding experiments with 3C- or 2H-labelled precursors in CuCI,-treated red clover (Trifohm 
pratense) seedlings have demonstrated that the isoflavone formononetin (6) and the pterocarpan 
phytoalexins medicarpin (1 0) and maackiain (1 1 1 are biosynthesized from 2’,4,4’-trihydroxychalcone 
by a rearrangement process involving an intramolecular migration of the cinnamate-derived aromatic 
ring. In all three compounds, this is accompanied by retention of the chalcone’s p- hydrogen but loss of 
the a-hydrogen. During the formation of maackiain from formononetin, an NIH shift of =H as a result of 
aromatic hydroxylation ortho to the methoxy group was observed. Experiments with 7- hydroxy-4‘- 
rnethoxy[2-’H2 J isoflavanone indicate that this compound may be converted into medicarpin without 
loss of =H, thus confirming the existence of a metabolic grid of isoflavones and isoflavanones. The 
results are best explained in terms of an oxidative process in which a chalcone is converted into an 
isoflavone as the first-formed isoflavonoid derivative. 

Isoflavonoids are formed in nature from flavonoid C6’C3*C6 
precursors produced by condensation of acetate-malonate units 
onto a cinnamic acid starter molecule.’ During the biosynthesis 
of isoflavonoids however, the phenylalanine/cinnamic acid 
derived aromatic ring migrates to the adjacent carbon of the C3 
unit (Scheme 1). By the feeding of specifically 14C-labelled 
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phenylalanine, cinnamic acid, or chalcones to various plant 
systems, followed by chemical degradation of the labelled 
isoflavonoid produced, this unusual aryl migration has been 

formally demonstrated to occur during the biosynthesis of three 
of the several classes of isoflavonoids, namely isoflavones,’ 
coumestans and rote no id^.^ There is now considerable 
evidence to suggest that the modified isoflavonoid derivatives, 
e.g. coumestans, rotenoids, pterocarpans, isoflaians, are all 
derived from primary rearrangement products, probably simple 
isoflavones such as daidzein (9, formononetin (6), genistein (7) 
or biochanin A (8).5 These four isoflavones are produced from 
two chalcone/flavanone precursors only, (1)/(2) or (3)/(4), 
precursors having other substitution patterns in the migrating 
aryl being unacceptable for isoflavonoid biosynthesis. Even the 
appropriate 4-methoxy chalcones/flavanones are transformed 
into formononetin or biochanin A by processes involving 
removal of the original methyl group.6 Whether a chalcone or a 
flavanone is the more immediate precursor of isoflavonoids is 
not known with any certainty. There is some evidence from 
competitive feeding experiments that chalcones are the 
immediate precursors, but the ready enzymic isomerization of 
chalcones and flavanones leaves the problem still unresolved. 

The mechanism of the aryl migration is also completely 
unknown. Over the years, many hypotheses have been 
proposed, some based on synthetic approaches to isoflavones 
from chalcone/flavonoid intermediates,’ others being purely 
speculative. As yet, none of these fits in with the biosynthetic 
evidence available, and perhaps the true answer must await the 
isolation of the enzyme catalysing this crucial migration step. 
The enzyme(s) have a very limited distribition in nature, 
isoflavonoids being essentially restricted to the Legumino~ae.~ 
The biosynthetic evidence is that the reaction appears to be 
oxidative in nature, and the probable site of oxidation is the 
4-hydroxy of the migrating aryl. 4’-Methoxyisoflavones seem to 
acquire their methyl group by a process other than methylation 
of the 4’-hydroxyisoflavone. Thus, 2’,4,4’-trihydroxychalcone 
(1) is a good precursor of formononetin (6) whereas daidzein (5) 
is poorly utilized.’ * v l  ’ One mechanism proposed, including all 
of these features, is that of Pelter, Bradshaw, and Warren,” 
who propose a spirodienone intermediate (9) (Scheme 2), 
formed by phenolic oxidation of a chalcone, followed by 
proton- or S-adenosyl methionine-catalysed decomposition 
leading to 4’-hydroxy- or 4’-methoxy-isoflavones respectively. 
Whilst chemically reasonable, this mechanism is unfortunately 
much less attractive in terms of enzymic processes. 

It is almost 25 years since the aryl migration in the 
biosynthesis of isoflavones was demonstrated by 14C labelling 
studies.2 Any analogy with the acid-catalysed rearrangement of 
chalcone epoxides to isoflavones was ruled out since there an 
aroyl migration was observed.I3 Whilst the aryl migration is not 
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doubted, it seemed appropriate to use modern "C n.m.r. 
methods to confirm the earlier data. Acylation of resorcinol 
with [l,2-'3C2]acetyl chloride (ca. 90% at each C) gave [1,2- 
3C2]resacetophenone which on base condensation with 4- 

hydroxybenzaldehyde gave 2',4,4'-trihydroxy [ carbanyl,a- 
'3C2]chalcone (12). This chalcone (1.2 g) together with tracer 
amounts (6.25 mg) of the trihydr~xy[carbonyZ-'~C]chalcone 
was fed to 4-day-old red clover (Tr@dium pratense) seedlings 
(ex. 3 10 g seeds), previously treated with aqueous CuCl, for 8 h. 
Under these induction conditions, red clover synthesizes the 
pterocarpans (6aR,llaR)-medicarpin (10) and (6aR,llaR)- 
maackiain (1 1) as phytoalexins by a biosynthetic pathway 
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involving trihydroxychalcone (1) and formononetin (6)' 1.14* '' 
Formononetin itself is produced constitutively in red clover 
seedlings as the major phenol. After a feeding period of 16 h, 
medicarpin (58 mg), maackiain (60 mg), and formononetin (140 
mg) were isolated from the plant tissue, converted into their 
acetates, and purified to constant specific activity by t.1.c. and 
recrystallizations. Dilution values (' 4C) for formononetin, 
medicarpin and maackiain were 34.3,19.5, and 27.4 respectively, 
corresponding to specific incorporations/enrichments of 2.9, 
5.1, and 3.6% respectively. The "C n.m.r. spectra of these 
materials in each case showed only two signals that were 
flanked by 13C-13C satellites, C-3 and C-4 in the case of 
formononetin acetate (13), and C-6a and C-lla in the case of 
the pterocarpan acetates (14) and (15) (Scheme 3). The 
intensities of the satellites were in excellent agreement with the 
14C specific incorporations, after correcting for single-labelled 
species in the chalcone fed. The retention of intact 13C-13C 
linkages from the chalcone to the three isoflavonoids shows that 
the C3 chain of the chalcone is not rearranged and thus 
confirms that an aryl migration has occurred in the 
biosynthesis. 

The intramolecular nature of the aryl migration is confirmed 
for the first time by the results from a feeding experiment with 
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Scheme 3. Soioenrs: (12), (14), and (15) (CD,),CO; (13) (CD,),SO 

2',4,4'-trihydroxy[P,3,5-'H3]chalcone (21), synthesized from 
resace top henone and 4- h ydrox y uarmyf, 3,5-2 H ,] benzaldehyde. 
4-Benzyloxy~0rmyl-~H]benzaldehyde, prepared according to 
the general method of Bennett et al. l 6  via a-4-benzyloxyphenyl- 
a-morpholinoacetonitrile, was debenzylated, and then deuter- 
iated in the 3,5-positions by repeated exchange with 'H,O 
under alkaline conditions l 7  to yield the trideuteriated aldehyde. 
'H N.m.r. spectroscopy indicated the product had 93, 93, and 
95% 'H at positions 3,5, and formyl respectively. After 
condensation with resacetophenone, the ,H content of the 
resultant chalcone was unchanged. 

This chalcone (152 mg), together with a tracer amount (0.81 
mg) of ['4C]chalcone, was fed to CuC1,-induced red clover 
seedlings (ex.  30 g seeds) to yield formononetin (9.5 mg), 
medicarpin (3.0 mg) and maackiain (6.0 mg). These compounds 
were again rigorously purified as their acetates, and 14C 
counting indicated isotopic dilution values of 17, 21, and 23 
respectively. Mass spectral analysis of these products (Table 1) 
showed the presence of [2H,]-labelled molecular ions for 
formononetin and medicarpin, the calculated proportions being 
in good agreement with the 14C specific incorporations. The 
production of [2H3]isoflavonoid from [ 2H,]chalcone, labelled 
on the C3 chain and migrating aryl, demonstrates that the 
rearrangement must, therefore, be intramolecular. In both of 
these spectra, the M - 42 (loss of acetyl) peak similarly showed 
the presence of three deuterium labels. With formononetin 
acetate, a significant fragment is m/z 132 (Scheme 4) resulting 
from RDA fission. This peak again indicated the presence of 
three deuterium labels (m/z 135) in complete accord with the 
labelling pattern expected in the product, in particular the 
retention of the chalcone P-hydrogen as 2-H of the isoflavone.' 

Table 1. Incorporation of 2',4,4'-trihydro~y[~,3,5-~H,]chalcone 

Mass spectral analysis (M', %) 

Compound % 
isolated Dilution ("C) 'H, 'HI 'H, 'H, 
Formononetin 17 5.9 92.7 0 0.8 6.4 
Medicarpin 21 4.8 94.3 0.6 1.1 4.1 
Maackiain 23 4.3 95.5 0 2.4 2.1 
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Scheme 4. Major mass spectral fragments for formononetin, medicarpin 
and maackiain acetates 

Unfortunately, EI mass spectral fragmentation of pterocarpans 
gives relatively weak ions and at this level of deuterium content, 
little additional information about the labelling pattern in 
medicarpin. 

The maackiain acetate mass spectrum showed that approxi- 
mately half of the 'H-labelled molecular ions contained two 
deuterons, and the other half contained three deuterons, a result 
also reflected in the M - 42 fragment. This interesting result 
undoubtedly arises through an NIH shift of deuterium from 
C-8 of the pterocarpan to presumably C-7 as a consequence of 
the additional hydroxylation during formation of the 
methylenedioxy group. The biosynthetic pathway to maackiain 
has been demonstrated to involve hydroxylation of 
formononetin to 3'-hydroxyformonetin (17) (Scheme 5), 
formation of the methylenedioxy group via pseudobaptigenin 
(18), then 2'-hydroxylation, stepwise reduction, and cyclization. 
From empirical rules relating to the NIH shift,I9 one may 
expect migration of 'H-label on ortho hydroxylation of a 
4-methoxy system, but not on ortho hydroxylation of a 
4-hydroxylated ring. Thus, the observed NIH shift during the 
biosynthesis of maackiain from 2',4,4'-trihydroxy[P,3,5-?H,!- 
chalcone (21) {via presumably, [2,3',5'-,H3 Jformononetin 
(16)) confirms, in part, the pathway elucidated from 14C 

incorporation studies, i.e. hydroxylation of a Cmethoxy- rather 
than a 4-hydroxy-isoflavone and thus formononetin+3'- 
hydroxyformononetin (Scheme 5). 

This NIH shift was studied further by feeding [3',5'-2H,]- 
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formononetin (22) to red clover seedlings. 4-Hydroxy[3,5- 
'H,]benzaldehyde (cf. above), was methylated, then base 
condensation with 4'-O-benzylresacetophenone yielded 4'- 
benzylox y -2'- hydroxy-4-rnethoxy[3,5-' H Jchalcone (24). This 
chalcone was converted into 7-benzyloxy-4'-methoxy[3',5'- 
'H,]isoflavone (23) via Tl(NO,), oxidation 2o and the benzyl 
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group was removed by Pd(OH),-C/cyclohexene catalytic 
transfer hydrogenation ' ' to give [3',5'-,H2 Jformononetin 
containing approximately 95% 'H at each position. The 
labelled isoflavone (650 mg), toget her with [methyl- 
'4C]form~n~netin (3.1 mg) was fed as before to CuC1,-induced 
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red clover seedlings (ex. 3 10 g seeds) giving maackiain (62 mg), 
purified as its acetate. Its isotopic dilution of 47.2 corresponded, 
therefore, to a specific incorporation of 2.1%. ,H N.m.r. of this 
maackiain acetate showed two peaks at 7.08 and 6.54 p.p.m., 
corresponding therefore to ,H at 7-H and 10-H, in agreement 
with an NIH shift as predicted (see Experimental section for ‘H 
n.m.r.). The intensities of these two signals were in the ratio of 
approximately 1 : 2, correlating very well with the mass spectral 
data above, 2.1 : 4.54 : 2.1 (Table 1). 

During studies of the biosynthesis of medicarpin in CuC1,- 
treated lucerne (Medicago satiua) seedlings,22 we had noted the 
excellent incorporation of 4C-labelled formononetin, 2’,7- 
dihydroxy-4’-methoxyisoflavone (25), ( )-7-hydroxy-4‘- 
methoxyisoflavanone (26) and ( )-2’,7-dihydroxy-4’-methoxy- 
isoflavanone (27) into the pterocarpan. Incorporations of 2.1- 
6.6% were measured. If the pathway to medicarpin proceeds uia 
2’,7-dihydroxy-4’-methoxyisoflavanol (a), by analogy with 
synthetic routes to pter~carpans,~’ these high incorporation 
figures offer substantial evidence that the transformation of 
formononetin to medicarpin may be accomplished uia a 
metabolic grid of isoflavones and isoflavanones, and perhaps 
also isoflavanols (Scheme 6). In this case, there may be no 

unique pathway from (6) to (10). However, because 
isoflavanones may be oxidized to isoflavones in ~ i u o , ’ ~  the 
incorporation of 7-hydroxy-4’-methoxyisoflavanone (26) via 
formononetin (6) could not be excluded. Formononetin, (25), 
and (27) have also been shown to be excellent precursors of 
medicarpin in red clover, with incorporations of 0.62-12.8%,14 
and a metabolic grid could also exist in this plant. In further 
experiments (Table 2), high incorporations of [meth~~f-’~C]- 
labelled formononetin and ( f. )-7-hydroxy-4’-methoxy- 
isoflavanone into both pterocarpan phytoalexins were observed 
in tracer studies (ca. 0.4 mg fed to seedlings from 2 g seeds). 
However, good incorporation of the isoflavanone into 
formononetin was also noted. To establish beyond doubt the 
role of metabolic grids in isoflavonoid biosynthesis, a further 
feeding experiment using ( f. )-7-hydro~y-4’-methoxy[2-~H,]- 
isoflavanone (30) was performed. 
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I Synthesis of this compound was achieved by prolonged 
stirring of the deoxybenzoin 4-methoxybenzyl 4-benzyloxy-2- 
hydroxyphenyl ketone (32) with C2H212 (99% ,H) in dry 
a~etone-K,CO,.~~ The benzyl ether (31) was converted into the 
phenol by catalytic transfer hydrogenation. This isoflavanone 
(151 mg) together with tracer amounts (0.61 mg) of [methyl- 
‘‘C]isoflavanone was then fed to CuC1,-treated red clover 
seedlings (ex. 30 g seeds) to give, after work-up and purification, 
formononetin acetate (20 mg), medicarpin acetate (4.6 mg), and 
maackiain acetate (3.5 mg). Isotopic dilutions were 34.6, 19.6, 
and 1 13 respectively, corresponding to specific incorporations 
2.9, 5.1, and 0.9% respectively. Mass spectral analysis of these 
compounds (Table 3) showed the presence of a molecular ion 
for [2H,]formononetin acetate at a level in reasonable agree- 
ment with the specific incorporation figure, together with 
fragments at m/z 269 and 133, corresponding also to 
monodeuteriated species (Scheme 4). Medicarpin acetate 
showed molecular ions corresponding mainly to C2H,]medi- 
carpin acetate and much lower levels of C2H1]medicarpin 
acetate, the combined amounts approximating to the specific 

(10) 

Scbeme 6. 
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Table 2. Incorporation of [rnerhyl-’4C)-labelled formononetin and 
( f )-7-hydroxy-4’-methoxyisoflavanone * 

Formononetin Medicarpin Maackiain 
&&& 

Dilu- % Dilu- % Dilu- % 
Compound fed tion Incorpn. tion Incorpn. tion Incorpn. 
Formononetin 5.6 61.1 46 1.84 83 0.79 
( & )-7-Hydroxy- 
4-methoxy - 
isoflavanone 41 1 0.64 132 0.65 283 0.26 

Not corrected for possible utilization of one enantiomer 

Table 3. Incorporation of ( i- )-7-hydroxy-4-methoxy[2-2H2]iso- 
flavanone 

Massspectral analysis 
(M+,%) 

%2H P 
Compound isolated Dilution (‘*C) ’H, ’HI ’H2 
Formononetin 34.6 2.9 97.3 2.2 0.5 
Medicarpin 19.6 5.1 95.1 0.3 4.6 
Maackiain 113 0.9 

incorporation figure. Dideuteriated species also predominated 
in the M - acetyl fragment m/z 270. This result shows that 
7-hydroxy-4’-methoxyisoflavanone is converted into medicar- 
pin mainly by a route involving no loss of 2-H labels, i.e. not via 
formononetin. The proportion of the isoflavanone converted 
into formononetin and then on to medicarpin is surprisingly 
low in view of the good conversion into formononetin (Table 
2), and the excellent incorporations of formononetin into 
medicarpin (Table 2). Unfortunately, in this experiment, the 
incorporation levels into maackiain were too low to enable any 
accurate level of 2H enrichment in this pterocarpan to be 
measured by mass spectral methods. Thus, overall the 
production of [’H,]medicarpin now proves the existence of a 
metabolic grid in red clover. Based solely on incorporation data 
from this and previous  experiment^,'^ the sequence from 
formononetin to medicarpin via isoflavone (25) and iso- 
flavanone (27) would seem to be more important than that oia 
isoflavanones (26) and (27). 

Whilst the transformation of a chalcone to an isoflavone is an 
overall oxidative conversion involving loss of two hydrogen 
atoms, there is as yet no definite proof that an isoflavone is the 
first-formed product from the aryl migration process. The 
possibility that the primary product may be an isoflavanone 
has also been consideredI8 but not excluded. With the 
knowledge that 7-hydroxy-4’-methoxyisoflavanone may be 
converted into medicarpin without passing through an 
isoflavone intermediate, there exists the possibility that a-H 
of a chalcone may be retained if the sequence is chalconm 
isoflavanone-+pterocarpan. This hydrogen must be lost if 
isoflavone intermediates are involved. To test this hypothesis, 
2’,4,4’-trihydro~y[a,f3-~H,lchalcone (33) was incorporated 
into medicarpin. 
4,4’-Dibenzyloxy-2’-hydroxy[~-2H]chalcone (34) from base 

condensation of 4-benzyloxy-2’-hydroxyacetophenone with 
4-ben~yloxy~ormyZ-~H]benzaldehyde was converted into the 
isomeric 4’,7-diben~yloxy[2-~H]flavanone (35) by treatment 
with aqueous NaOAc.,’ Exchange of the protons at C-3 was 
accomplished by stirring with basic alumina in 2H20,’8 then the 
flavanone (36) was isomerized back to the [a,P-2H2]chalcone by 
ring opening with Na02H/2H20.26 Debenzylation with BBr, 26 
yielded the required 2’,4,4’-trihydroxy[a,f3-2H2]chalcone con- 

taining 94% ,H at each position. This chalcone (1.4 g) together 
with tracer [14C]chalcone (7.9 mg) was fed to induced red 
clover seedlings (ex. 310 g seeds) as previously to give 
formononetin (148 mg), medicarpin (57 mg) and maackiain (62 
mg), isolated as their acetates. Isotopic dilution values (‘“C) of 
32.5, 19.7, and 22.4 respectively corresponded to ,H 
enrichments of 3.1, 5.1, and 4.4%. 

In the 2H n.m.r. spectra for these compounds, only one peak 
was observed in each case, at 6 8.58 p.p.m. for formononetin 
acetate (corresponding to 2-H), and at 6 4.43 p.p.m. for 
medicarpin and maackiain acetates (corresponding to ,H at 
6-H-pro-R in each compound). These signals represent the 
retention of P-H from the chalcone into the isoflavone and also 
into the pterocarpans. In the pterocarpans, the location of 
deuterium is entirely in accord with previous studies ’’ in which 
[2-2H]-labelled isoflavones served as precursors of medicarpin 
in Trigonella foenum-graecum via an overall E addition of 
hydrogen to the double bond. However, for all three 
compounds, a-H from the chalcone appeared to be lost. 

This loss is most probably accounted for by the involvement 
of isoflavone intermediates and favours the biosynthetic 
transformation of a chalcone to an isoflavone as the first- 
formed isoflavonoid intermediate. Unfortunately, this negative 
result is less easy to interpret than a positive one, for the 
chalcone’s a-H could be removed by at least two other 
processes. This hydrogen is susceptible to exchange in an 
isoflavanone intermediate, although synthetic sequences with 
[3-3H]isoflavanones 28  have indicated exchange losses may 
not necessarily be large. Alternatively, an aryl migration 
mechanism involving a flavanone could, in fact, give an 
isoflavanone but with loss of the chalcone’s a-hydrogen. It is 
known that the a-hydrogen of a chalcone becomes the 3-pr0-R 
hydrogen of a (2s)-flavanone during the chalcone isomerase 
conversion 26 (Scheme 7). Consequently, this hydrogen is most 

Scheme 7. 

likely to be the one eliminated in an anti migration process. The 
results obtained in these studies indicate that the formation of 
isoflavonoids from chalcones is the result of an intramolecular 
1,2-aryl migration in which the chalcone’s P-hydrogen is 
retained, and its a-hydrogen is lost. Such results are still best 
explained in terms of an oxidative process in which an 
isoflavone is the first-formed isoflavonoid. 

Experimental 
M.p.s were determined on a Buch 510 apparatus. U.V. spectra 
were measured in EtOH solution using a Perkin-Elmer 554 
spectrometer. ‘H N.m.r. spectra were recorded at 60 MHz and 
250 MHz using Varian EM 360 and Bruker WM 250 
instruments respectively. 3C and ,H N.m.r. spectra were 
obtained using the latter instrument at 62.89 and 38.40 MHz 
respectively. All chemical shifts are relative to tetramethylsilane 
standard. Mass spectra were obtained on an A.E.I. MS 902 
instrument at 200 “C and 70 eV. T.1.c. was carried out using 0.5 
mm or 1.0 mm layers of silica gel (Merck Kieselgel GF254) on 
20 x 20 cm or 20 x 40 cm glass plates. T.1.c. zones were eluted 
with AnalaR acetone. Radioactive samples were counted in 
dioxane-based or toluene-based liquid scintillator (B.D.H.) 
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using a Tracerlab Corumatic 200 1.s. spectrometer. Efficiencies 
were determined using toluene internal standards. The 
syntheses of 2',4,4'-trihydroxy[carbonyl- l4C1chalcone (0.5 14 
mCi/rn~) , ,~  [methy/-'4C]formononetin (0.568 mCi/mM) 2 2  and 
( )-7-hydroxy-4'-methoxy[methyl-'4C]isoflavanone (0.676 
mCi/mM) 22 were carried out according to previously published 
procedures. 

Plant Material, Feeding Techniques and Isolation of Metabo- 
lites.-Seeds (3 10 g) of red clover (Trifofium pratense) "Essex 
Cert." (Dickson, Brown, and Tait, Ltd., Altrincham) were sown 
evenly onto layers of moist filter paper in six trays (46 x 56 cm) 
containing a 3 cm thickness of moist vermiculite, and 
germinated in the dark at 25 "C for 4 days. The seedlings were 
then removed and placed in two trays (46 x 56 cm) and 
sufficient aqueous CuCl, (3 x l C 3 ~ )  was added to cover the 
roots. After a period of 8 h in the dark, the inducer solution was 
removed, the seedlings washed with water, and the labelled 
precursor solution was administered to the roots. Precursors 
were fed as their sodium salts by dissolving them in aqueous 
NaOH (0.5~;  250 ml) and adding phosphate buffer ( 0 . 1 ~ ~  pH 
7.0 600 ml) and water (950 ml). The seedlings were grown on in 
the dark for 16 h, after which they were homogenized in a 
blender. The slurry and residual feeding solution was then 
poured into hot EtOH (4 l), cooled, and filtered. The tissue was 
re-extracted with hot EtOH (3 x 3 1) and the combined extracts 
evaporated to dryness. After addition of water (0.8 l), the 
solution was extracted with ether (1 x 1 1, then 4 x 0.8 1) and 
the extracts bulked and evaporated. The crude extract was 
separated by t.1.c. (hexane-thy1 acetate, 3 : 2), and bands 
corresponding to markers of formononetin and medicarpin + 
maackiain were removed and eluted (AnalaR acetone). 

The formononetin band was purified further by t.1.c. 
(chloroform-methanol, 2 : 1) and quantified by U.V. absorption 
of an EtOH solution, h,,,. 248 nm (log E 4.44).' ' The product 
was acetylated in dry pyridine (20 ml) with Ac20 (2 ml) 
overnight at room temperature. The reaction mixture was 
poured into water, extracted with ethyl acetate (3 x 50 ml), 
washed with 10% HCl (2 x 100 ml), and finally water. T.1.c. of 
the evaporated extracts (hexane-acetone, 2 : 1) afforded 
formononetin acetate, m.p. 170-171 "C (lit.,,' 169-170 "C), 
which was recrystallized ( x 5 )  to constant specific activity from 
aqueous MeOH; m/z (%) 311 (12, M +  + l), 310 (61, M + ) ,  269 
(18), 268 (loo), 267 (40), 253 (14), 132 (48), 117 (lo), and 89 (1 1); 
6, [250 MHz, (CD3),SO] 2.34 (3 H, s, OAc), 3.79 (3 H, s, OMe), 
7.04 (2 H, d, J 8.8 Hz, 3',5'-H), 7.55 (2 H, d, J 8.7 Hz, 2',6'-H), 
7.57(1 H,d, J2.1 Hz,8-H),7.34(1 H,dd, J8.6,2.1 Hz,6-H),8.19 
(1 H, d, J 8.7 Hz, 5-H), and 8.51 (1 H, s, 2-H); 6 ,  C62.89 Mz, 
(CD,),SO] 20.79 (acetyl Me), 55.10 (OMe), 11 1.29 (C-8), 113.64 
(C-3',5'), 119.90 (C-6), 121.57 (C-4a), 123.62 (C-3), 123.71 (C-1'), 

(C-8a), 159.1 1 (C-49, 168.52 (acetyl CO), and 174.67 (C-4). 
The medicarpin/maackiain fraction was purified further by 

t.1.c. (hexane-acetone, 2 : l), after which the two compounds 
were separated by gel filtration 31 (Sephadex LH-20, column 
3 x 45 cm, solvent EtOH, flow rate 60 ml/h, U.V. detector 280 
nm). Medicarpin was collected in the 270-360 ml eluate, and 
maackiain in the 410-515 ml eluate. The unresolved mixture in 
the 36-10 ml eluate was rechromatographed until complete 
separation was achieved. Fractions containing pure medicarpin 
or maackiain were separately combined and the pterocarpan 
content was determined by U.V. absorption of EtOH solutions, 
medicarpin, h,,,. 284 nm (log E 3.94); maackiain, h,,,. 308 nm 
(log E 3.87).' ' The pterocarpans were acetylated and purified as 
above to yield (-)-medicarpin acetate, m.p. 121-122 "C (lit.,32 
122-123 "C) and (-)-maackiain acetate, m.p. 177-178 "C 
(lit.,,' 176-177 "C), recrystallized ( x 5) to constant specific 
activity from aqueous MeOH. 

126.90 (C-5), 130.01 (C-2',6'), 153.98 (C-2), 154.33 (C-7), 156.02 

Medicarpin acetate: m/z (%) 313 (8, M +  + l), 312 (41, M'), 
271 (18), 270(100),269(42),255(27),and 148 (16);i3H [250MHz, 
(CD,),CO] 2.24(3 H,s,COCH,),3.66(1 H,m,6a-H), 3.70(1 H, 
m, 6-H-pro-S), 3.74 (3 H, s, OMe), 4.36 (1 H, m, 6-H-pro-R), 5.61 
(1 H,d, J6.7 Hz, lla-H), 6.40(1 H, d, J2.2 Hz, 10-H), 6.49(1 H, 

J8.3,2.2Hz,2-H),7.27(1 H,d,J8.2Hz,7-H),and 7.55(1 H,d,J 
8.4 Hz, 1-H); & C62.89 MHz, (CD,),CO] 20.91 (acetyl Me), 
40.40 (C-6a), 55.75 (OMe), 67.28 (C-6), 78.75 (C-1 la), 97.35 (C- 

6b, la), 125.83 (C-7), 132.73 (C-1), 152.83 (C-3), 157.21 (C-4a), 
161.62 (C-lOa), 162.20 (C-9), and 169.32 (acetyl CO). 

Maackiain acetate: m/z (x) 327 (8, M +  + l), 326 (41, M + ) ,  285 
(18),284(100),283(22),267(10), 162(16),and 134(11);6, [250 
MHz, (CD,),CO] 2.24 (3 H, s, COCH3), 3.65 (1 H, m, 6a-H), 
3.74 (1 H, ca. t, J9.8 Hz, 6-H-pro-S), 4.37 (1 H, ca. dd, J9.9, 3.6 
Hz, 6-H-pro-R), 5.58 (1 H,d, J6.6 Hz, lla-H), 5.91 (1 H, d, J0.9 

dd, J8.2,2.2 Hz, 8-H), 6.69 (1 H, d, J2.2 Hz,4-H), 6.83 (1 H, dd, 

lo), 107.24 (C-8), 111.32 (C-4), 116.03 (C-2), 119.18, 120.01 (C- 

Hz, OCHZO), 5.94 (1 H, d, J 0.9 Hz, OCHZO), 6.42 (1 H, S ,  10- 
H), 6.68 (1 H, d, J2.3 Hz, 4-H), 6.82 (1 H, dd, J8.4,2.3 Hz, 2-H), 
6.92 (1 H, s, 7-H), and 7.52 (1 H, d, J 8.3 Hz, 1-H); 8, C62.89 
MHz, (CD,),CO] 20.93 (acetyl Me), 41.13 (C-6a), 67.22 (C-6), 
78.78 (C-1 la), 94.06 (C-lo), 102.21 (OCH,O), 105.89 (C-7), 
11 1.35 (C-4), 116.06 (C-2), 119.15, 119.27 (C-6b, C-la), 132.71 
(C-l), 142.77 (C-8), 149.12 (C-9), 152.91 (C-3), 155.20 (C-lOa), 
157.27 (C-4a), and 169.35 (acetyl CO). 

Experiments using 30 g of red clover seeds were essentially 
scaled-down versions of the above. For tracer experiments 
using 2 g of seeds, techniques were as previously described.' 
These involved dilution of the isolated isoflavonoids with 
synthetic carrier and final purification via the methyl ethers. 

[ 1,2-' 3C2]Re~acetophenone.-Freshly sublimed resorcinol(1 
g) and [ 1,2-' 3C,]acetyl chloride (92% ' 3C at C- 1,9 1% at C-2; 
0.5 g) were stirred at room temperature with anhydrous AlC1, 
(1.2 g) in dry nitrobenzene (8.5 ml) for 24 h. After 
decomposition of the AlCl, with ice-cold 10% HC1, the mixture 
was extracted with ethyl acetate (50 ml), and this solution was 
washed with 2% NaOH (3 x 75 ml). The basic washings were 
acidified with 10% HC1, extracted with ethyl acetate (3 x 100 
mi), and the combined extracts washed with water and 
evaporated. Recrystallization of the residue from water yielded 
[ 1,2-'3C2]resacetophenone (0.9 g, 65%), identical with 
authentic material. 

2',4,4'-Trihydro~y[carbonyl,or-~ 3C2]chalcone (12).-[ 1,2- 
'3C,]Resacetophenone (0.85 g) was heated at 100 "C with 4- 
hydroxybenzaldehyde (0.7 g), EtOH (0.7 ml) and aqueous KOH 
(10 g KOH/7 ml H,O; 5.2 ml) in a stoppered flask for 1 h, then 
left at room temperature overnight. The mixture was acidified 
with concentrated HCl and the precipitate (0.88 g) filtered off 
and washed with water. Unchanged resacetophenone was 
recovered from the filtrate by extraction and t.1.c. (chloroform- 
methanol, 9: 1) and re-treated as above to yield further chalcone 
(0.42 g). The bulked product was purified by recrystallization 
from aqueous MeOH to give the required chalcone (1.21 g, 
85%), identical with authentic material; 6, C62.89 Mz, 

(C-33,118.13 (C-a), 127.41 (C-1), 131.62 (C-2,6), 133.1 1 (C-67, 
145.11 (C-p), 160.85 (C-4), 165.49 (C-27, 167.38 (C-47, and 
192.73 (CO); labelled material had satellite signals for 1 18.13 
and 192.73 ( J  22.5 Hz). 

(CD3)2CO] 103.77 (C-3'), 108.74 (C-57, 114.42 (C-l'), 116.74 

4-Hydroxy[formyl-2H]benzafdehyde.-Perchloric acid (60%; 
6 ml) was slowly added to 4-benzyloxybenzaldehyde (6.8 g) in 
morpholine (50 ml) with stirring, and the solution was heated at 
60 "C for 1 h. KCN (2.75 g) in water (6 ml) was added and the 
mixture was stirred at 90 "C for a further 1 h. Addition of ice- 
cold water (150 ml) to the cooled mixture precipitated a yellow 



J .  CHEM. SOC. PERKIN TRANS. I 1984 2837 

solid which was recrystallized from chloroform-light petroleum 
(b.p. 60-80 “C) to give a-(4-benzyloxyphenyl)-a-morpholino- 
acetonitrile (9.5 g, 96%), m.p. 136-138 “C; 8, (60 MHz, CDCl,) 
2.54 (4 H, t, J 5 Hz, NCH,CH,O), 3.75 (4 H, t, J 5 Hz, 
NCH,CH,O), 4.76 (1 H, S, CHCN), 5.10(2 H, S, CH,Ph), 7.08 (2 
H, d, J 9  Hz, 3’,5’-H), 7.41 (5  H, s, CH,fh), and 7.55 (2 H, d, J 9  
Hz, 2’,6’-H). The morpholinoacetonitrile derivative (4 g) was 
dissolved in dry DMF (60 ml) under dry, 02-free N,. The stirred 
solution was treated with sodium hydride (50% mineral oil 
suspension; 2 g) at 40 “C for 1 h to generate the yellow benzylic 
anion. Slow addition of ’H20 (99.8% ’H; 2 ml) was followed by 
acidification with thionyl chloride (5  ml). After 5 min, the 
mixture was diluted with ice-water (400 ml), extracted with 
ethyl acetate (3 x 200 ml), and washed with water. The extract 
was evaporated and the residue crystallized from chloroform- 
petroleum to yield or-(4-benzyloxyphenyl)-a-m0rpholino[a-~H]- 
acetonitrile (2.5 g). The deuteriation was then repeated to 
maximize deuterium content (ca. 95% from n.m.r.), yield 1.6 g 
(40%). This material was hydrolysed in a mixture of ~ M - H C ~  
(30 ml) and EtOH (90 ml) at 70°C for 2 h. The solution was 
concentrated, extracted with ethyl acetate (3 x 100 ml), and the 
extracts washed with water. The residue was recrystallized from 
aqueous EtOH to afford 4-ben~yloxy~ormyl-~H]benzaldehyde 
(1.05 g, 9579, which was debenzylated by heating and stirring 
with HOAc (100 ml) and concentrated HC1 (50 ml) at 70 “C 
overnight. The mixture was poured into water, extracted with 
ethyl acetate (3 x 100 ml), and the extracts washed with 
saturated aqueous NaHCO, (2 x 100 ml), and then water. 
After evaporation, the residue was purified by t.1.c. (chloro- 
form-methanol, 10: 1) to give 4-hydro~y~ormyl-~H]- 
benzaldehyde (0.42 g, 76%); IiH [60 MHz, (CD3)2CO) 9.91 (ca. 
5%, CHO residue). 

4-Hydro~y[formy1,3,5-~ H ,]benzaldehyde.-4-Hydroxy- 
V~rmyl-~Hlbenzaldehyde (0.39 g), ’H,O (2.5 ml), and Et,N 
(0.45 nil) were heated in a N,-flushed Reactivial at 100 “C for 6 
days. After cooling, the mixture was transferred to water (50 
ml), acidified with 10% HC1, and extracted with ethyl acetate 
(3 x 30 ml). The combined extracts were washed with water, 
evaporated, and dried to yield the labelled aldehyde (0.37 g). 
The exchange was then repeated, yield 0.34 g (87%); 6 ,  [60 MHz, 
(CD,),CO] 9.91 (ca. 5%, CHO residue), 6.91 (about 7%, 33-H 
residue). 

2’,4,4-Trihydroxy[~,3,5-2H,]chalcone (21).-Resaceto- 
phenone (0.24 g) and 4-hydro~y~ormy1,3,5-~H,]benzaldehyde 
(0.20 g) were heated with ethanol (0.2 ml) and aqueous KOH 
(1.5 ml) as above. The chalcone was isolated, recrystallized, and 
further purified by t.1.c. (chloroform-methanol, 7 : l), yield 0.17 
g (51%); 6 ,  [60 MHz; (CD,),CO] 7.76 (ca. 5%, P-H residue), 
6.94 (ca. 7%, 33-H residue). 

4-MethoxyC 33- ,H ,] ben~aldehyde.4-Hydroxy[3,5-~ H,]- 
benzaldehyde (prepared as above by Et,N/’H,O exchange of 
4-hydroxybenzaldehyde, 1.7 g) was stirred and heated under 
reflux with anhydrous K2C03 (7 g) and Me1 (5  ml) in dry 
acetone (40 ml) for 1.5 h. The mixture was filtered and the 
inorganic material washed with acetone. The combined filtrates 
were evaporated to give a yellow oil which was purified by t.1.c. 
[light petroleum (b.p. 60-80 “Cjethyl acetate, 9: 13, yield 1.6 g 
(84%). The product was stored under N,; 6 ,  (60 MHz, CDC13) 
6.96 (ca. 5%, 33-H residue). 

4’-Benzyloxy-2’-hydroxy-4-methoxy[ 3,5-2 H ,]chalcone 
(24).--4’-Benzyloxy-2’-hydroxyacetophenone (2 g) and 4- 
metho~y[3,5-~H,]benzaldehyde (1.5 g) were dissolved in EtOH 
(60 ml), a solution of KOH (15 g) in water (15 ml) was added, 
and the solution was stirred at room temperature overnight. 

The mixture was poured into cold water, acidified with 
concentrated HCl and extracted with ethyl acetate (3 x 100 
ml). The extracts were washed with water and evaporated. The 
residue was recrystallized from chloroform-methanol, yield 1.6 
g(54%),identical with authenticmaterial;,, 6,(60MHz, CDC13) 
6.91 (ca. 5%, 33-H residue). 

7-0-Ben~y1[3’,5‘-~H,lformononetin (23).-4’-Benzyloxy-2’- 
hydroxy-4-methoxy[3,5-2H2]chalcone (1.3 g) was acetylated in 
dry pyridine (30 ml) with Ac,O (3 ml) at room temperature 
overnight. The mixture was poured into water, extracted with 
ethyl acetate (3 x 50 ml), and the extracts washed with 10% 
HCl(2 x 100 ml) and then water. The extracts were evaporated 
to dryness to yield the chalcone acetate as a yellow oil. Without 
further purification, the acetate was dissolved with warming in 
MeOH (240 ml) and stirred at room temperature overnight with 
Tl(N0,),=3H20 (1.65 g). Solid KOH (3.3 g) was added, and the 
mixture stirred for a further 1 h. After neutralization with 
concentrated HCl, 10% HCl(27 mi) was added, and the mixture 
was heated under reflux for 2 h. The hot solution was filtered to 
remove inorganic material, and the filtrate concentrated and 
poured into water. Extraction with ethyl acetate (3 x 100 ml) 
and evaporation of the extracts afforded a residue which on 
recrystallization from MeOH gave the isoflavone (0.95 g, 7373, 
identical with authentic material;22 6, (60 MHz, CDCI,) 6.72 
(ca. 5%, 3’J-H residue). 

[3’,5’-2H2]Formononeti~ (22).-7-0-Ben~yl[3’,5’-~H,lform- 
ononetin (0.9 g) was debenzylated by stirring and heating 
under reflux with cyclohexene (10 ml) and palladium hydroxide-- 
charcoal catalyst (20%; 225 mg) in EtOH (20 ml) for 1.5 h. The 
hot mixture was filtered and the catalyst washed thoroughly 
with hot EtOH. The filtrates were evaporated and the residue 
recrystallized from MeOH to afford [3’,5’-2H2]formononetin 
(0.63 g, 9373, identical with authentic material; 6H [60 MHa 
(CD,),CO-(CD,),SO] 6.78 (ca. 5%, 3’3’-H residue). 

( & )-7-Benzylo~y-4‘-methoxy[2-~H~]isoflauanone ( 3 1 ) . 4 -  
Methoxybenzyl 4-benzyloxy-2-hydroxyphenyl ketone 3 3  (0.84 
g) was stirred and heated under reflux with anhydrous K,CO, 
(3.3 g) and C2H2]methylene iodide34 (0.59 ml) in dry acetone 
(40 ml) for 160 h. The mixture was filtered and the inorganic 
material washed with acetone. The filtrate was evaporated and 
the residue purified by t.1.c. (hexane-acetone, 4:l). The 
isoflavanone (253 mg, 29%) was obtained by recrystallization 
from MeOH; 6, (60 MHz, CDCI,) 3.78 (3 H, s, OMe), 3.84 (1 H, s, 
3-H), 4.51 (ca. 5%, 2-H residue), 5.02 (2 H, s, OCH,Ph), 6.44 (2 
H, m, 6,8-H), 6.72 (2 H, d, J 9 Hz, 3’,5’-H), 7.08 (2 H, d, J 9 Hz, 
2’,6’-H), 7.29 (5 H, s, OCH,Ph), and 7.77 (1 H, d, J 9  Hz, 5-H). 

( & ) -7-Hydr~xy-4’ -methoxy[2-~H~]~o~uuanone (30).--( & )- 
7-Benzyloxy-4’-methoxy[2-2H2]isoflavanone (253 ma) was 
debenzylated by stirring and heating under reflux with 
cyclohexene (4 ml) and Pd(OH),-C catalyst (20%; 90 mg) in 
EtOH (8 ml) for 1.5 h. The hot mixture was filtered, the catalyst 
washed with hot EtOH, and the filtrates evaporated. The 
product was obtained by t.1.c. (chloroform-isopropyl alcohol, 
10: 1) and purified by recrystallization from MeOH; yield 162 
mg (85%), m.p. 197-199 “C (lit.,,’ 197 “C), 6H [250 MHz, 
(CD,),CO] 3.76 (3 H, s, OMe), 3.89 (1 H, s, 3-H), 4.64 (ca. 5%, 2- 
H residue), 6.41 (1 H, d, J2.3 Hz, 8-H), 6.58 (1 H, dd, J 8.7,2.4 

2’,6’-H), and 7.75 (1 H, d, J 8.7 Hz, 5-H). 
Hz, 6-H), 6.90 (2 H, d, J 8.7 Hz, 3’,5’-H), 7.23 (2 H, d, J 8.5 Hz, 

( f )-4’,7-Diben~yloxy[2-~H~auanone (35).-4-Benzyloxy- 
V~rmyl-~H] benzaldehyde (4.6 g) and 4’-benzyloxy-2’-hydroxy- 
acetophenone (4.6 g) were dissolved in warm EtOH (185 ml), a 
solution of KOH (46 g) in water (46 ml) was added, and the 
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mixture was stirred at room temperature overnight. The 
chalcone was precipitated by pouring the mixture into ice- 
water and acidifying with concentrated HC1. The precipitate 
was filtered off, washed, air-dried, and recrystallized from 
chloroform-methanol, yield 6 g (72%), m.p. 140-141 "C (lit.,36 
139°C). This chalcone (5 g) was dissolved with warming in 
MeOH (2.9 l), saturated aqueous sodium acetate (250 g/500 ml; 
430 ml) was added, and the mixture was heated under reflux for 
72 h. After concentration, the mixture was extracted with ethyl 
acetate (3 x 5 0 0  ml), washed with water, and evaporated. The 
residue was separated by column chromatography on A1203 
(Woelm neutral alumina for dry column chromatography, 500 
g), eluting with MeOH to afford the flavanone (3.5 g, 70%) 
which was further purified by recrystallization from MeOH, 
m.p. 125-127 "C(lit.,18m.p. 124-126 "C);6,+(60MHz,CDC13) 
5.35 (cu. 6%, 2-H residue). 

( )-4',7'-Di6en~yfoxy[2,3-~H~~uvunone (X).--Alumina 
(Woelm 200 basic; 30 g) was stirred with 2H20  (5 ml) at room 
temperature for 1 h. 4',7-Dibenzylo~y[2-~H)flavanone (250 
mg) in benzene (30 ml) was added and the slurry stirred at room 
temperature overnight. After filtration and evaporation, the 
flavanone (235 mg, 94%) was obtained by recrystallization from 
MeOH. The procedure was then repeated. 6, (60 MHz, CDCI,) 
5.35 (ca. 6%, 2-H residue), 2.85 (cu. 8%, 3-H residue). 

2',4,4'-Trihydro~y[a,P-~H~]chafcone (33).4',7-Dibenzyl- 
0xy[2,3-~H,]flavanone (2.7 g) was dissolved in dry dioxane (72 
ml) and stirred with 5% Na02H in 2H20  (32 ml) at room 
temperature for 1 h. Ether (100 ml) was added to the reaction 
mixture and the alkali removed by washing with water. After 
evaporation of the ether, the residue was dried then 
debenzylated with BBr, (4 ml) in dry CH2C12 (270 ml) at room 
temperature for 2 h. The solvent and BBr, were evaporated, and 
water (200 ml) was added. The product was extracted with ethyl 
acetate (3 x 200 ml), washed with water, and evaporated. The 
residue was recrystallized from aqueous MeOH to yield 2',4,4'- 
trihydr~xy[a,P-~H,Jchalcone (1.51 g, 95%); 6,, [250 MHz 
(CD3)2CO] 7.71 (ca. 6%, P-H residue), 7.55 (ca. 6% a-H 
residue). 
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