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Abstract-Feeding experiments in Cu2 +- treated red clover seedlings have demonstrate that *4C-labelled iso~avones 
formononetin, ?,3’-dihydroxy-4‘-methoxyisoflavone, ?-~ydroxy-3’,~-methylenedioxyisoflavone and 7,2’-dihydroxy- 
4’,5’-methylenedioxyisoflavone are all good precursors of the pterocarpan phytoalexin maackiain (incorporations 
1.8-7.6%). These compounds represent a logical biosynthetic sequence for elaboration of the substitution pattern of 
maackiain. 

INTRODUCTION 

~methy~homopter~rpin (medicarpin~ (1) is perhaps 
the most common of the isoflavonoid phytoalexins 
produced by leguminous plants when their tissues are 
challenged by a variety of biotic or abiotic agents [l, 21. 
Frequently, isoflavans having the same oxygenation 
pattern as demethylhomopter~rpin are also produced. 
Less frequently, a second pterucarpan, maa~kiain (2) 
is synthesized simultaneously with (1) on such treatment. 
The ability of plants to synthesize this chemically more 
‘advanced’ pterocarpan has been used in the taxonomic 
classification of various TrigoneUu species [3]. 

The biosynthesis of (6aR, 1 lard-demethylhomoptero- 
carpin has been investigated by feeding experiments in 
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chemically-treated seedlings of red clover (Trifofium 
pratense) [4, 51, lucerne (~edicugo cat&) [6J and fenu- 
greek ~~~0o~e~~~ ~oe~~~~~~-g~~e~u~~ C73. In all of these 
plants, a biosynthetic pathway from ~,~,4-trihydroxy- 
chalcone (3) via formononetin (7) and 7,2’-dihydroxy-4’- 
methoxyisoflavone (8) appears to be operative. Iso- 
flavone (8) is then probably reduced., firstly to 7,2’- 
dihydroxy-4’-methoxyisoflavanone (16) and then to the 
corresponding isoflavanol. This reductive sequence is 
stereospecific [?I. The isoflavanol then cyclizes to yield 
the pterocarpan, and an intermediate carbonium ion 
(17), or its mesomeric counterpart, has been postulated 
[63. Support for the intermediacy of this carbonium 
ion has come from feeding experiments in M. s~~juff [6], 
where demethylhomoptero~rpin and the isoflavan vesti- 
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to1 are interconvertible, although they appear to be 
synthesized simultaneously from such a common inter- 
mediate. The pathway to (6aR, llaR)-maackiain (2) in 

red clover, however, branches from that to demethyl- 
homopterocarpin, probably at formononetin. This iso- 
flavone is well-incorporated, as is 2’.4’,4_trihydroxy- 
chalcone (3) [4]. Other compounds tested, vi7. (8), 
(16) and (I’), were not incorporated to any significant 
extent IS]. 

To investigate further the biosynthetic pathway to 
maackiain, further labelled isoflavones have been syn- 
thesized and tested as precursors of this pttrocarpan 
phytoalexin in Cu2 ’ -treatd red clover seedlings. 

RESULTS 

From the results obtained in the study of demethyl- 
homopterocarpin biosynthesis, it is reasonable to suggest 
that maackiain may be derived by a reductive sequence 
from 7,2’-di hydroxy-4’,5’-methylenedioxyisoflavone (9). 
The substitution pattern of this isloflavone must be built 
up from the 7-hydroxy-4’-methoxy of formononetin, 
which is readily, incorporated into maackiain. Since 
7,2’-dihydroxy-4’-methoxyisoflavone is not incorporated. 
7,3’-dihydroxy-4’-methoxyisoflavone (3’- hydroxyfor- 
mononetin or calycosin) (10) is a likely intermediate in 
the pathway immediately after the branch-point. From 
this isoflavone, two routes might exist for elaborating 
the substitution pattern of (9): cyclisation of the 3’- 
hydroxy-4’-methoxy of (10) to a methylenedioxy group, 
yielding 7-hydroxy-3’,4’-methylenedioxyisoflavone ($- 
baptigenin) (ll), followed by 2’-hydroxylation, or ai- 
ternatively, 2’-hydroxylation of (10) followed by forma- 
tion of the methylenedioxy group, thus involving 
7,2’,5’-trihydroxy-4’-methoxyisoflavone (12) as an inter- 
mediate (Scheme I). 

Compounds tested as biosynthetic precursors of 
maackiain were 7,3’-dihydroxy-4’-methoxyisoflavone- 
[carhonyl-“Cl (10). 7-hydroxy-3’,4’-methylenedioxyiso- 
flavone-[l*urbonyl- 14C] (11) and 7,2’-dihydroxy-4’S’- 
methylenedioxyisoflavone-[rarhonyl-’4C] (9). Formono- 
netin-[methyl- 14C] was fed in a parallel experiment as a 
standard. The facile oxidation of 7,2’,5’-trihydroxy-4’- 

methoxyisoflavone (12) to the corresponding p-benzo- 
quinone precluded its use in feeding experiments. 

These compounds were synthesized from resaceto- 
phenonc-[ carho,zyl- 14C] prepared by Hoesch reaction 
of resorcinol with acetonitrile-[l-‘*CT. Although an 
excess of labelled acctonitrile was necessary for good 
yields, this reaction proved to IX a more reliable route 
to labellcd resacetophenone than Friedel-Crafts syn- 
theses using acetic anhydride or acetyl chloride pre- 
vlously employed [8, 93. re;~ctions whtch can sometimes 
fail for no readily apparent reason. Monobenzylatlon 01 
resacetophenone-[c*a&onJ+‘4C] yielded 4’-benzyloxy-2’- 
hydroxyacetophenone-[c,arbo,zr:f-’4C], which was con- 
densed in basic solution with 3-benzyloxy-4-methoxy- 
benzaldehyde, piperonal, or 2-benzyloxy-4,5-methylene- 
dioxybenzaldehyde to give a series of [~rhon~l-‘~C]- 
labelled chalcones, 3,4’-dibenzyloxy-2’-hydroxy-4-meth- 
oxychalcone (4), 4’-benzyloxy-2’-hydroxy-3,4-methylene- 
dioxychalconc (5). and 2,4’-dibenzyloxy-2’-hydroxy-4,5- 
methylencdioxychalcone (6), rcspectivcly. These chal- 
cones, as their acetates, were oxidized with thallium 
nitrate [IO] to give the corresponding isoflavones, 7,3’- 
dibenzyloxy-4’-methoxyisoflavone(l3),7-benzyloxy-3’.4’- 
methylenedioxyisoflavone (14) and 7,2’-dibenzyloxy-4’.5’- 
methylenedioxyisoflavonc (15). The L(*urhonyLL4C]- 
labelled isoflavoncs (lo), (11) and (9) were obtained by 
debenzylation of these compounds using HC)Ac-HCI. 

The labelled isoflavones ((*a 0.5 mg) were separately 
administered as their Na salts in phosphate buffer to 
batches of 4-day-old dark-grown red clover seedlings 
which had been treated with aqueous CuCl, for 8 hr, as 
described previously [4]. After a feeding period of 16 hr 
in the dark, the seedlings were worked up, and the 
pterocarpanphytoalcxinsdcnlethylhonlopterocarpinand 
maackiain were isolated together from the extract. The 
maackiain content was established by UV [4], then the 
fraction was diluted with synthetic { k)-maackiain 
carrier. The samples were counted after methylation and 
purification to constant specific activity. The demethyl- 
homopterocarpin content of the extract was not studied 
further in these experiments. The results of these com- 
parative feeding experiments are summarized in Table 1. 
The incorporation figures indicate that all four iso- 
llavones were very good precursors of maackiain. 
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Scheme I. Possible routes for elaboration of the 2’-hydroxy4’. 5’-mcthylenedioxy substitution pattern In isollavones. 



Isoflavonc precursors of the pterocarpan phytoalexin maackiain in Tr$hun pratense 1753 

DISCUSSION 

The four isoflavones tested represent a logical 
biosyntheticsequenceforelaboratingthe2’-hydroxy-4’,5’- 
methylen~di~xy grouping from a 4’-methoxy substituent. 
All compounds were very good precursors of maackiain, 
and it thus seems fikely that all could be involved in the 
biosynthesis of this pterocarpan. Ideally, one would 
expect to see a steady increase in incorporation/reducti~n 
in dilution value as the compound tested became biosyn- 
thetically nearer to the final product. Under the conditions 
used, the incorporation of 7,2’-dihydroxy-~,5’~methyl- 
enedioxyisoflavone, although extremely good for a 
whole-plant biosynthetic experiment, is somewhat 
lower than might be expected if it is an inter- 
mediate between ?-hydroxy-3’,~-methylenedioxyisoflav- 
one and maackiain. An incorporation some three to four 
times larger might have been predicted. Simple biosyn- 
thetic feeding ex~riments are far from ideal, however, 
and the incorporation of any particular compound can 
be drastically reduced by poor transport and/or rapid 
turnover, Such may be the case in the present experi- 
ments. An alternative possibility is that a ‘metabolic 
grid’ [l l] of isoflavones, and their reduction products 
isoflavanones and isoflavanols is operative. If this is so, 
there may be no unique route from formononetin to 
maackiain, although some pathway may be ‘preferred’. 
A ‘metabolic grid’ in isoflavonoid biosynthesis has been 
implicated in the production of the coumestan coumestrol 
in PhaseoIus UUT~US [12], and our studies [ 131 in Me&- 
cage sutiva have also demonstrated that such a situation 
exists for the biosynthesis of pterocarpan, isoflavan 
and coumestan metabolites. Further studies are required 
to establish the function of a ‘metabolic grid’ in 7: 
pratense. Although 7,2’,5’-trihydroxy-4’-methoxyisoflav- 
one could not be tested as a precursor of maackiain in 
these experiments, its role as an intermediate seems 
unlikely since such an excellent incorporation of 7- 
hydroxy-3’,4’-merhylenedioxylsoff .ivone ($-baptigenin) 
was observed. Nevertheless, it ~nnot be excluded com- 
pletely since it could perhaps be involved in a more 
complex form of ‘metabolic grid’. 

By analogy with these results, logical suggestions can 
be made about the biosynthetic pathway involved in 
rotenoid formation. Feeding experiments [8] have 
established that formononetin and 7-hydroxy-2’,4’,5’- 
t~methoxyisoflavone are good precursors of amorphi- 
genin (8’-hydroxyrotenone) in Amorpha fruticosa, roten- 
one itself being an intermediate. The elaboration of the 
~,~,5’-trimethoxy system could arise by a number of 
pathways, but the most likely would now seem to be the 
route: formononetin + 7,3’,dihydroxy-4’-methoxyiso- 
flavone -+ 7- hydroxy-3’,4’-dimet hoxyisoflavone + 7,2’ - 
dihydroxy~~,~‘“dimethoxyisoflavone -+ 7- hydroxy- 2’,4’- 
5’-trimethoxyisoflavone. These suggestions require ex- 
perimental verification. 

The production of maackiain us u ~~~~oufe~i~ in 
leguminous plants is almost always accompanied by 
synthesis of demethylhomopterocarpin [2, 3, 141. One 
reported exception is in Pisum satiuum where maackiain 
is produced in small quantities along with the structurally 
similar pisatin [ 151. This seemingly obligatory co-occur- 
rence of the methylenedioxy-pterocarpan with its meth- 
oxy analogue is unusual since the branch-point to these 
two compounds lies so far back on the biosynthetic path- 
way, at formononetin, which is most probably the first- 

Table I. In#r~ration of labelled isoflavonas into maackiain in 
??ijbiium protense seedlings* 

Compound fed 
Sp. act. Dilu- Incorp. 

maacki~n tion ( “‘2) 
(dpm/mM) 

Formononetint 2.76 x IO’ 43 1.8 
7,3’-~ihydr~xy~- 

methoxyisoflavone$ 1.63 x 106 37 2.2 
7-Hydroxy-3’,4’- 

methylenedioxyisoflavonef 6.80 x IO6 9.0 7.6 
7,2~-~ihydroxy~,~- 

methylenedioxyisoflavonet 1.47 x 10” 40 2.8 

* Four-day old, CuCl 
16 hr. t [methyl-14Cf; 

inducer applied for 8 hr, feeding period 
$ [c-~rh~~~t-i4~]. 

formed iso~avonoid intermediate [4, 81. Also unusual is 

the lack of reports of, for example, isoflavan phytoalexins 
related to maackiain, since demethylhomopterocarpin 
frequently co-occurs with isoflavans having the same 
substitution pattern. This may, however, reflect the ready 
metabolism of maackiain and its derivatives, particularly 
in fungus-infected plants [ 161, 

A very recent paper [ 171 reports the presence of 
calycosin and $-baptigenin in Trij~lium pratense. This 
lends considerable support to the proposed biosynthetic 
pathway. 

EXPERIMENTAL 

General. The growing of plant material, feeding techniques, 
isolation and purification of metabalites, and counting of radio- 
active samples were as previously descriW [4], except that 2 g 
batches of seeds were germinated for each feeding. TLC was 
carried out using 0.5mm layers of Si gel (Merck Kiesel gel 
GF,,,,) in the solvent systems: A, C,H,; B. C,H,-EtOAc, 20: 1; 
C, CHCl,-iso-PrOH, 10: I ; D, C&H,- EtOAc -MeOH, 6:4: 1; 
E, C,H -Et~A~-MeOH-~trol (~8~=~ 6:4: 1:3; F, C,H,- 
EtOH, 82:8. Me,CO (Analar) was used for elution of TLC 
zones. The synthesis of formononetin-[melh!,I-‘4C] has been 
reported [S]. 

Resucerophenone-[carbonyl-‘*Cf. A~tonit~le-~l~‘4~] (1 
mCi, sp. act. 9.7 mCi/mM) and freshly-distilled (from P,O.J 
acetonitrile (0.9 ml) was added to a 2-necked flask provided with 
a magnetic stirrer and CaCI, guard-tube, containing freshly- 
sublimed resorcinol (1 g), Na-dried Et,0 (4.5 ml) and dry 
ZnCl, (2 g). Dry HCI gas was passed through the stirred mixture 
at 0” for 2.5 hr. and the resulting viscous pale orange soln was 
left m the stoppered flask at 0” for 2 days. Et,0 was decanted 
off from the white solid ketimine hydrochloride produced, 
which was washed with dry Et,0 (3 x 2 ml). H,O (20ml) 
was added to the solid, and the mixture was heated at 95” with 
stirring for 2 hr, then cooled at 0” for 16 hr. The precipitate of 
resacetophenone-[carbon_$‘4CJ was filtered off and dried. 
Yield 872 mg. 

~-Benz~Iox~-2’-h~drox~acefophennne-[carbonyt-14C]. Res- 
acetoph~none-~~Qf~o~~~-**C] (800 mg), BzC1 (665 mg), dry 
K,CO, (2 g) and dry KI (0.1 g) in dry DMF (25 ml) were stirred 
at 80” for 2 hr. The mixture was poured into H,O, and the 
precipitate filtered 09 washed and recrystallized from MeOH. 
Yield 880 mg, mp 103105” (lit [is] Ill”), sp. act. 6.09 x 10’ 
dpm/mM. 

3.4’-Diben~yIo~y-2’-hyd~0~~-4-methoxyc~u~co~e-~carbonyl~ 
IC). 4’-Benzyloxy-2’-hydroxyacetophenone-[cur6onyl-’4C] 
f 100 mg) and 3-~~loxy-~methoxy~n~ldehyde (150 mg) 
were dissolved in warm EtOH (5 ml), and KOH (2 g) in H,O 
(2 ml) was added. The soln was stlrred for 16 hr at room temp., 
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then neutralized with dil. HCl. The suspension was extracted 
with CH,Cl, (2 x 50 ml), the combined extracts washed with 
H,O and evapd. The residue was purified by TLC (solvent A) 
to grve 3,4’-dibenzyloxy-2’-hydroxy4methoxychalcone-[car- 
bon$14C] (100 mg). Inactive material, crystd. CHCI, MeOLi 
had mp 165 167”, lit IlO] 166-168”. 

7,3’-Dihunz~lox~-4’-~ct~~xyisu~?~u~~~-r~rbonyl-‘4C]. The 
above chalconc was acetylated (dry Py-Ac,O, room temp. 16 hr) 
and the reaction mixture poured into H,O, neutralized with dil. 
HCI, and extracted with CH,CI, (2 x 50ml). The extracts 
were washed with dil. HCl (2 x 50 ml), then Hz0 (2 x 50 ml). 
evapd and dried. The acetate, without further purtficatron, was 
drssolved in MeOH (50 ml) and stirred at room temp. for 16 hr 
wtth TI~NO,),..W,O (024 go. Sohcl KOti to.4 g) IV:IS then 
added, and the mixture strrred for a further 1 hr. After neutraliza- 
tion tirth cone HCI, dil. HCl (lo’;,,, 3 ml) was added. and the 
mrxturc heated under rcflux for 2 hr, then filtered hot. The 
filtrate was coned under red. pres., diluted with H,O and 
extracted with CH,CI, (2 x). The CH,CI, extract was washed 
with H,O. evapd, then purified by TLC (solvent B) to give 
7,3’-dibcnzyloxy_4’-methoxyiso~avone-~rarhon~l-‘*C] (36 mg). 
Inactive material. crystd MeOH had mp 129-130’, lit [lo] 
132- 134’. 

7,3’-Uihydroxv-4’-~~f~ux~j~~~~u~~~~~-[carbonyl-‘4C]. The 
above isoflavone was heated at X0’ for 3 hr with HOAc (80 ml) 
and cone HCI (20 ml). The mrxture was poured into H,O, ex- 
tracted with EtOAc (2 x 100 ml), and the extracts washed with 
aq. NaHCO,,then H,O.andcvapd.The product. 7.3’-dihydroxy- 
4’-mcthoxyisoflavone-[ctirIJ~~rr~/-14C], was isolated by TLC 
(solvent C) and purified to constant sp. act. (6.01 x 10’ dpm/ 
mM) by TLC (solvents D, E and F). Yield 14 mg. Inactive 
material (crystd aq. MeOH) had mp 249-251c, lit [ 19] 245-247’ . 

7-H~dro~~-3’.4’-~~~~~~~cfl~~~~)x~js~~uc~~~~~-~car~nyl-tAC] and 
7,2’-dih~drox~~-4’.5’-murhgl~n~~rf~oxyis~~~lu~~n~~-[carbonyl- “C]. 
‘I’hesc were prepared by routes analogous to that described 
above. 4’-Benzyloxy-2’-hydroxyacctophenone-real 
(IOl~mg)~sascondcnscd~~thp~pcron;~lr17Omg~or7-hc~~~~loxL-_l.- 
5-mcthylenetlloxgben/.~ldeh~dc (190mg’I to give rcspectivcly 4’- 
ben~y!oh;v-3’-h~droxv-.~,4-mcthvlcncdioxychalcone-~trrrho~z~/- 
“Cl I IOjmg). r&-i 172-174 Icx CH2CI, %ieOH). lit [20] 174 
I75 ‘. and 2,4’-dlhcn/~ioxy-2’-hydroxy-4,S-methylc~~edioxych~~l- 
cone-[c*rrrhon_t I- 14C] (XOmg), mp 196 19X (ex HOAc). lit [21] 
20 I 20;. I‘hesc ch;iIco~le~. ;ttr their acc‘tatcs wcrc trcited with 
‘I’lfNO,), .3H,O (240 and 130 mg, respectively) and yielded 7- 
benxyloxy-3’,4’-mcthylcnedrclxyisoffavonc-r~arhon~(-14C:~ (25 
mg). mp 166-167‘ (cx MeOH), and 7,Z -dibcn7yloxy-4’,5’- 
methylencdioxyrsoflavone-[carhongl-’*C] (37 rng). nrp 146 
147” (CX MeOH). lit [IO] 152.-154 . Debcnzylation produced 7- 
hydroxy-.?‘.4’-methylenedioxy~~oflavone-r~.*~~~~~~.~-14C] (12 mg). 

mp 289 290-’ (ex MeOH). lit [19] 291 292 ‘. and 7,2’-dihydroxy- 
4’.5’-methylcnedioxyisoflavone-[carhon~~/-’4C] (I 5 mg), mp 247 - 
250” (cx aq. McOH). lit [IO] 246 24X’. 
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