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Abstmci-Fding of cinnamic acid-[COGH-*4c] and mevalonic acid-[4-r%] to roots of Pimpinelln mugna 
and degradation of the labelled fin-ocoumarins show that the coumarin part of the furocoumarin skeleton is 
formed from cimrami c acid, whereas the two extra-carbons of the furan ring originate from C-4 and C-5 of 
mevalonic acid. The furan ring thus is likely to be formed by isoprenylation of a coumarin pmcursor followed 
by cyclixation and loss of a 3-carbon unit. Comparison of the spechic activities of the furocoumarms isolated 
from the two experiments indicates that the hydroxylation pattern is established before isoprenylation occurs. 
A tentative scheme for furocotmnuin formation is discussed. Some evidence is presented that furocoumarins 
in Pimpinella magna are cxcn%ion products which are accumulated extracellularly. 

RECENTLY, we presented evidence that the coumarin skeleton of furocoumarins is formed 
from cinnamic acid.r The results indicated that para-hydroxylation of the cinnamic acid 
precursor precedes ortho-hydroxylation, since umbelliferone was a far better precursor than 
cinnamic acid, whereas coumarin gave only very poor incorporation. This is in agreement with 
the findings of Brown,2-4 who showed that the formation of coumarin itself and of 7sxy- 
genated coumarin s involves different pathways, the branch point being the hydroxylation of 
cinnamic acid. No experimental data are available regarding the origin of the two extra 
carbon atoms of the furan ring. Although a number of other mechanisms has been put 
forward,s~6 the co -occurrence of simple furocoumarins, isopropyl-furocoumarins and iso- 
prenylated coumarins,7 strongly suggests the possibility that the furan ring originates from 
carbons 1 and 2 of an isoprene residue or from carbons 5 and 4 of mevalonic acid respective- 
ly.*’ 88 We now wish to report results which confirm the incorporation of cimuuuic acid and 
clarify the origin of the two extra carbon atoms of the furan ring. They also allow some 
conclusions regarding the pathway of furocoumarin formation. 

RESULTS 

The roots of Pimpinella magna used in the present experiments had an unexpectedly high 
furocoumarin content (6 per cent of the dry weight of the roots, compared to about O-2 per 

* Dedicated to Prof. Dr. K. Mothes on the occasion of his 65th birthday. 
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2 S. A. BROWN, Science l37,977 (1962). 
3 S. A. BROWN, Phytochem. 2,137 (1963). 
4 S. A. BROWN, Lloydia, 26,211(1%3). 
5 E. SPXTH, Ber. Deut. Ckem. Ges. 7OA, 83 (1937). 
6 T. A. GH~SSMAN and E. m Botan. Rev. 18,229 (1952). 
7 W. KARRIX, Konstitution and Vorkommen der organiscken Pfanzenstoffe. Birkhiu~ser Verlag, Base1 (1958). 
* R. ANEJA, S. K. Muxxamx and T. R SEMADRI, Tetrahedron 4,256 (1958). 
sp A. J. BIRCH and H. SMITH, Chem. Sot. Spec. Publ. No. 12,1(1958). 
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cent in material used for earlier work). The furocoumarins are found almost exclusively in the 
root and a simple experiment shows that they are not evenly distributed in the root but are 
concentrated in a certain structure, theresin canals. On cutting a root. little droplets of a milk> 
liquid appear on the cut surface. Under an u.v. lamp these droplets show an intense brownish- 
yellow fluorescence, whereas the surrounding tissue is non-fluorescent. Thin-layer chromato- 
graphy shows this liquid to be extremely rich in furocoumarim. It has the same spectrum of 
furocoumarins as the ether extract of the whole root. 

The labelled compounds (Table 1) were fed via capillary tubes into the cut surface of a root. 
After 14 days the root was separated, dried and extracted with ether. The individual cou- 
marins (Tables 1 and 3) were isolated by chromatography on columns of silica gel, sublimation 
and crystallisation (see Experimental). 

TABLE 1. INCORPORATION OF CIWAMIC MID-[COOH-~~] AND hlE\ 4~0x1~ AUD-[~-IJC] INTO FUROCOIIMNUNS 

IN ROOTS OF Pi?IlpiiW//U fnagtlcr 

Dry root Total furo- Total activltym lncor- 
Compound Amount and material coumarin furocoumarins poration 

Expenment fed activity fed (gJ w (dpm* y 10-d) I “J 
_ _____-_-_ __.-.. - ---- __--. _ - ..-_.__ ._ . _. ._ _ _.. 

COOH 1 Cinnamic acid- 30 pmoles; 8.1 PC: 
[COOH-‘T] 1.18x 107dpm 

2 D.L-mevalonic- 30 pmoles; 9.0 PC: 
acid-[4-W] 2.0 x 107 dpm 

* Disintegrations per mmute, 

29.5 1.87 30 1.7 

17.3 0.79 9.9 0.5 

Experiment 1 (Table 1) confirms our earlier finding that cinnamic acid is incorporated 
into the furocoumarins. The incorporation obtained in this experiment is 5 times higher than 
that reported previously.’ The reason probably is that the amount of precursor per g of plant 
material in this experiment was lower than previously. In order to establish the direct con- 
version of cinnamic acid to furocoumarins, a degradation was performed. Spondin from 
experiment 1 was degraded as shown in Fig. 1. 

-- 
0 

* (‘C);I(‘-I, 

X7 4 dpm, pmole 83.6 dpm:~rnole WO dpm, j~riwlc 

FIG. 1. DEGRADATION OF SPHONDIN TO SHOW LOCATION OF RADIOACTIVITY FROM CINNAMIC ACID 

[COOH-W]. 

The CO* obtained from C-2 of sphondin had about 90 per cent of the specific activity of 
the starting material. Thus, most of the radioactivity was located at C-2 of the furocoumarin 
as is to be expected for the direct incorporation of cinnamic acid-[COOHJ4C]. 

Table 1 also shows that mevalonic acid-[4J4C] is incorporated into the furocoumarins. 
For comparison with cinnamic acid the incorporation value for mevalonic acid should be 
multiplied by 2, since only one of the optical isomers administered to the plant is biologicall> 
active. 



On tbe biosynthesis of furocoumarins in PimpindIa mugna 163 

To determine the location of the isotope in the furocoumarins isolated in Experiment 2, a 
degradation was attempted. All the “V would be expected to be in position 5’, if the furanring 
is indeed formed from C-4 and C-5 of mevalonic acid. A number of reactions was tried with- 
out success. Oxidation with hydrogen peroxide in alkali9 gave yields of furan-2,3dicarboxylic 
acid which were too low for our purposes. Dichromate in acetic acidlo gave the expected 
coumarin-aldehyde in the case of bergapten, but did not oxidize pimpinellin, which was the 
only furocoumarin isolated in a quantity sufficient for degradation. Oxidation with dichro- 
mate in acetic acid and sulfuric acid, 11*12 which is supposed to cleave out carbon atom 5’, 
leaving a coumarin-carboxylic acid, did indeed give an acidic material which according to 
thin-layer chromatography and U.V. spectrum consisted mainly of a coumarin compound. 
Lack of material, however, prevented further evaluation of this reaction. Ozonization of 
furocoumarins may either cleave only the furan ring or both the furan and the lactone ring. 
Brokke and Christensen13 obtained a coumarin aldehyde from xanthotoxin, but an m-phthal- 
aldehyde from 5-bromo-xanthotoxin. Nevertheless, ozonization was chosen as the degrad- 
ation method for the labelled pimpinellin. The product of the reaction was identified as 
2,Cdihydroxy-5,6-dimethoxy-m-phthalaldehyde by U.V. and mass-spectra. Thus, both rings 
had been cleaved (Fig. 2). 

r 4 

37.6 dpm/pmole 4-O + 0.9 dpm/pmole 

FIG. 2. DEGRADATION OF SPHONDIN TO SHOW LOCA~ON OF AmmY FROM MEVALoNATE-[‘&l%]. 

The reaction involves removal of carbon atoms 2, 3 and 5’. Since the pimpinellin had a 
constant specific radioactivity and the dialdehyde had only 11 per cent of the original specific 
activity, most of the 14C of the pimpinellin must be located in C-2, C-3 and/or C-5’. As shown 
before, the coumarin portion of the molecule, which includes C-2 and C-3, arises from cin- 
namic acid. A specific incorporation of C-4 of mevalonic acid into C-l or C-2 of cinnamic 
acid is highly unlikely. Thus, we conclude that C-4 of mevalonic acid indeed labels C-5’ of the 
furocoumarins. 

It seemed possible to obtain some information about the pathway of furocoumarin form- 
ation by comparing the specific activities of the different furocoumarins after feeding cinnamic 
acid and mevalonic acid. We therefore isolated and purified all the single furocoumarins from 
these two experiments. The results are given in Table 2 in terms of specific activity, relative 
specific activity (highest spc. act. - - 100) and dilution. The dilution values are rather high 
because of the very large pools of furocoumarins present in the plant. 

9 E. SPXTH and L. KAHovEc, Ber. Deut. Chem. Ges. 66,1146 (1933). 
10 A. SCH~~G, N. BADRAN and N. A. STARKOWSKY, J. Am. Chem. Sot. 77,1019 (1955). 
11 A. Cr-u- and S. S. Mm, J. Am. Chem. Sot. 71,606 (1949). 
12 E. A. ABU-MUSTAFA and M. B. E. FAYEZ, J. Org. Chem. 26,161(1%1). 
13 M. E. BROKKE and B. E. CH-m, J. Org. Chem. 23,589 (1958). 
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TABLF 2. SPECIFIC ACTI~I~IEF. RELATIVE SPCCI~IC’ ACTI~III~S 4%~ “C-VlLUTiO\,s OF IUROCOllhl4RI\\ 

Compound 

Sp. act. (dpm:l~mole) 
a ----- --- ----- ; 

Cmnamlc Mevalomc 
Xld acid 

Sphondm x74 43.6 
kobergapten 31.3 264 
Bergapten 31.x 71 
Plmpinelhn II 3 37.6 
lsoplmpinellm 214 204 

Rel. sp. act. . 
.-_ ._. -- --- _.-_ 
Cmnamic Mr\alomc 

xld Xld 

-- 

1 ‘C dllutwn 
-... - __:_ ._.- -- _ 
Cinnamic hlc~dlotllc 

Xld acki 

100 IIMI 6500 15.100 
36 ho 19.000 ?5.000 
3h 17 ix.700 89.200 
I3 X6 52.500 I7.500 
2s 46 ‘7.Ioo 33,cwx) 

* Highest sp. act.= 100. 

DISCUSSION 

The results clarify the origin of the carbon skeleton of the furocoumarins. Thus, the 
coumarin portion is formed from cinnamic acid. while the furan rmg originates from an 
isoprenoid residue. probably by isoprenylation of the aromatic ring folloned by cyclization 
and loss of a 3-carbon isopropyl side chain (Fig. 3). Seshadris has previously pointed to the 

common occurrence in nature of a furan ring joined to an aromatic ring. Besides the furo- 
coumarins this type of structure is also found in the furochromanes (e.g. khellol). furoflavoneb 
(e.g.pinnatin),rotenoids(.g.elliptone)andinthefuroquinolinealkaloids(e.g.dictamni~~c~.~ I4 
The derivation of the furan ring demonstrated here for the furocoumarins I\ thus wry like]! 
a general pathway which is followed in the formation of all the abo\,e-mentioned compound>. 

It is interesting to consider the general mechanism of furocoumarin biosynthesis, espew 
ally the sequence of the individual steps. In general. the formation of the furoc~wmarin~ 

I4 H. G. BUT. Er&misw tier Alkolordchertrie hip IOM. Ahademie-Verlag, Berlm ( It)61 I 
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could take place via the ortho-glucosides of the corresponding coumaric acids. By analogy to 
the biosynthesis of simple coumarins 4 the whole sequence of reactions would then take place 
at the stage of the corresponding cinnamic acids rather than at the coumarin stage. Such a 
mechanism would be favoured by the observation of Stoll et al. Is that psoralen in the seeds of 
Coronilla glauca is mainly present as the ortho-glucoside of the corresponding fiuocoumarinic 
acid. On the other hand, it is obvious from our observations that in Pimpinella the furo- 
coumarins are mainly present as such and not as glucosides. 

In view of the good incorporation of umbelliferone into furocoumarins,’ an alternate 
pathway involving this compound as a common precursor should be visualized. Umbelli- 
ferone itself might be formed via the umbellinic acid ortho glucoside.l’j Evidence for umbelli- 
ferone being a precursor of a more hydroxylated coumarin has been obtained by Kind1 and 
Billek l7 in the case of 7-hydroxy-8-methoxycoumarin (hydrangetin 16). 

It is striking that, with a very few exceptions, all the furocoumarins have the furan ring 
attached to position 6,7 or 7,8 of the coumarin system, the oxygen being in position 7. This 
would be explained most easily by the assumption that umbelliferone is the compound which 
is isoprenylated, and that the further hydroxylations and alkylations take place after this step. 
However, the results given in Table 2 clearly show that this is not the case. If, starting from 
umbelliferone, isoprenylation would precede the further hydroxylations, one would expect 
the relative specific activities of the various furocoumarins to be the same in the cinnamic acid 
as in the mevalonic acid experiment, since all the reactions which create the differences between 
the products would occur after the introduction of the isotope in both cases. 

The results point to the alternative whereby the hydroxylation and methylation pattern is 
established first and isoprenylation then occurs as the last step. Since, however, the 7- 
hydroxyl group must be protected from methylation in order to allow furan ring formation, 
it is likely that umbelliferone is first converted to the 7-glucoside and this compound is the 
substrate for further hydroxylations and methylations. The common occurrence of coumarins 
having a glucosyloxy group in position 7 (e.g. skimmin, cichoriin, scopolin, daphnin), the 
ready conversion of umbelliferone into a glycoside in Melilotus oficinalis l8 and the formation 
of scopoletin from cichoriin in tobacco l9 are good indications for such a pathway. The sugar 
would be removed at a later stage to allow furan ring formation to take place. 

The hydroxylation pattern of the furocoumarins found in Pimpinella can be derived by a 
combination of three types of reactions : 

1. A hydroxylation of umbelliferone ortho to the hydroxyl group and para to the 
lactone oxygen. 

2. A hydroxylation in position 5 (“second ortho hydroxylation”). 
3. Opening of the lactone ring and recyclization in the opposite direction. 

An observation in favour of this scheme is that xanthotoxin, the only member of all the pos- 
sible mono- and dimethoxylated furocoumarins of this type which cannot be formed by these 
reactions, is not found in Pimpinella.’ The data given in Table 2 would suggest that reaction 1 
occurs more readily than reaction 2, since in the cinnamic acid experiment sphondin has a much 
higher specific activity than bergapten and isobergapten. Alternatively sphondin could be 

15 A. SKKL, A. PIZEIRA and F. RENZ, Helv. Chim. Acta, 33,1637 (1950). 
16 S. A. BROWN, G. H. N. TOWERS and D. O-EN, Phytochem. 3,469 (1964). 
17 H. KINDL and G. BILL.EK, Monarch. Chetn. 95,1044 (1964). 
I* F. WEYCXND, H. SIMON, H. G. Floss and U. Mm Z. iVaturfirsch, lSb, 765 (1960). 
19 L. J. DEW and W. STEPKA, Arch. Biochem. Blophys. 100,91 (1963). 
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formed by a different pathway than the other compounds, involving ferulic acid as an intcr- 
mediate. As expected, bergapten and isobergapten have the same specific activity in the 
cinnamic acid experiment, whereas the values for pimpinellin and isopimpinellin are lower. 
Since the specific activity of pimpinellin is lower than that of its isomer it would appear as if 
reaction 3 occurs obligatorily together with reaction 2. but the difference may be too small to 
allow such a conclusion uith certainty. 

The data from the me\alonic acid esperiment are easily explained in terms of two para- 
meters, i.e. the relative rate of isoprenylation at positions 6 and 8 and. to some extent. the 
availability of substrate for isoprenylation. The angular furocoumarins a11 hale a higher 
specific activity than the linear ones. indicating a preferential isoprenllation at position 8. 
This is most pronounced with the pair bergapten-isobergapten, where \ve have a true com- 
petition for the same precursor. 

On the basis of these results ne would like to propose the biosynthetic scheme gibcn in 
Fig. 4. It should, however, be emphasized that this scheme at the present time is highly 
speculative and that further information is needed to check its validity. 

Regardingthephysiological significance ofthefurocoumarins in Piwpinellrr. it is interesting 
to note that these compounds arc accumulated extracellularly in the resin canals of the root. 
Pimpinella roots are known to have a rather low lignin content. The formation of ftlro- 
coumarins thus may represent an alternative to lipnification. 

Labeled Precursorr 
METHODS 

Cinnamic acid-[COOH-14C] was prepared from sodium acetate-[COOH-14C] by a Perkin 
synthesis as modified by Bacharach et at.‘” Dr.-Mevalonic acid-[4-‘V] was synthesized 
according to Cornforth CI al.” The dibenzyl-ethylenediaminc salt \cas fed 10 the plant. 

Feeding Experhen ts 

The plant employed was Pbrpinetta ntugna. the roots of which according to Baerheim- 
Svendsen ?’ contain the furocoumarins pimpinellin. isopimpinellin, bergapten. isobergapten 
andsphondin. Thesolutionsoftheprecursors.30~mole(8~1pc)ofcinnamicacid-[COOH-”‘C] 
in 0.3 of O-1 N NaOH and 30 /imole (9.0 IX) of mevalonic acid-[C’%I’] salt in0.3 ml of water. 
were sucked into a number of melting point capillaries, Hhich \\erc then stuck into the cut 
surface of a root which had been cut at the lo\%er end. The caplllariec were \\ashed se\cral 
times with small quantities of water and then removed. The roots \tere Mrapped in Met \oil 
and the plants were kept for 14 days in a hood. The roots acre then separated from the aerial 
parts and dried to give 29.5 and 17.3 g dry material in the cinnamic acid and the mekalonic acid 
experiment respectively. Analysis for radioactii ity showed that them ws essential]> no 
translocation ofprecur~r to the aerial parts (less than 5 per cent of the administered radio- 
activity). 

Isolarion nnd Pur@-atiorr of fhc Fmxvrunarins 

The dry root material wus powdered in a small blender and rxtractcd continuously 1% ith 
cthcr for three days. The ether extract has washed m ith Na?CO, solution to remove unreactrd 

x G. BWH,\RJICH and F. BR~CAN. J. .41z. (%cn~ SC. 50, 3333 (1928). 
x J. Vv’. CORVFOR?H, R. M. COR~IORTH. A. PFI rt~. M. (i. HUR-.IW and G. POPJAR. Trtrchlro~~ 5, 311 

(1959). 
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precursory material. It was then dried, concentrated to a small volume and chromatographed 
on a column of silica gel (Merck. activated for 30 min at 110.) of 4 cm diameter and 30 cm 
length with ether: benzene I : I. Fractions of 5 ml were collected and the elution was followed 
by TLC on silica gel G in the same solvent. The fractions were combined to ohtain three 
samples. The first consisted of pimpinellin and isobergapten, the second contained a mixture 
of all live furocoumarins and the last one consisted of sphondin. Pimpinellin and isohergapten 
were separated by treating the dry residue from the lirst sample with a small portion of ether. 
which only dissolved pimpinellin. lsobergapten was then purifed by sublimation md pim- 
pinellin by recrystallization from ethanol and sublimation. Sphondin \{a\ isolated from the 
last sample by recrystallization from ethanol and sublimation. 

In order to isolate isopimpinellin and hergapten. the second sample of the column was 
subjected to the same separation again. The fractions containing main]) isopimpinellin and 
bergapten were combined and subjected to a third chromatography 011 a column of aluminum 
oxide. which was eluted first with benzene followed by benzene containing 1 ‘I,, of methanol.” 
lsopimpinellin and bergapten were purified from the corresponding fractions by sublimation. 
The identity of the isolated compounds was confirmed by chromatogrnphic and mixed 
melting point comparison with authentic samples. 

When possible. the radiochemical purity was checked by either charcoal treatment and 
recrystallization from ethanol. using a large quantity of charcoal, or by the following proced- 
ure: The furocoumarin was dissolved in methanolic KOH with slight warming. water waf 
added and the solution extracted sever31 times with ether. The ether extract was discarded 
and the aqueous phase was acidified with HCI and heated on the steam-bath for a few minutes. 
It was then extracted with ether and the ether in turn washed with sodium bicarbonate 
solution and evaporated to dryness. The residue was crystallized from ethanol. 

The isolated compounds had the following specific radioactivities. Cinnamic acid experi- 
ment: isobergapten 31.3 dpm (disintegrationsper min) ;jLmole: pimpinellin I l-3 dpm.!pmole: 
unchanged by purification via the acid: bergapten 31.11 dpm/pmole: i\opimpinellin 21.9 
dpmj~mole; unchanged by recrystallization: sphondin. 87.3 dpm!ymolc: unchanged by 
conversion to sphondinic acid methyl ether. Mevalonic acid experiment: isobergapten 26.4 
dpm/pmole; pimpinellin. 37.6 dpmlpmole; unchanged by purification 1 ia the acid ; bergapten. 
7.4 dpm/pmole. unchanged by recrystallization: isopimpinellin 20.0 dpm,‘jcmole. unchanged 
by recrystallization: sphondin. 43.6 dpmiflmole. unchanged by purification via the acid. 

Fifty mg of sphondin were dissolved in 2.5 ml of acetone and refluled with O-5 ml of dts- 
tilled dimethyl sulfate and 2.5 ml of 20 O0 KOH. After 30 min the same quantities of dimethyl- 
sulfate and KOH were added again and refluxing was continued foranother 2 hr. Water was 
added and the acetone was evaporated. After two washings with ether. the aqueous phase was 
acidified and the methyl ether (40 mg) of sphondinic acid was collected by filtration. A 35-111g 
aliquot of this acid were decarboxylated by refluxing with 100 mg of copper powder in 3 ml of 
quinoline and the CO? was condensed in a spiral trap cooled with liquid oxygen. Its quantity 
w’as determined manometrically and its radioactivity by ga+phase counting.-” 

Degradation c! f Phpinellill 

Twenty mg of pimpinellin dissolved in 3 ml of dry methylene chloride were ozonized for 
I *5 min (approximately 1 mmole O,:minI. The solution was added to 20 mg of zinc dust in 
x H. SIMON. H. DANILL and J. F. KLIH~. hems. Chm 71.303 (19V~. H. SIWIS and F.&HTHOI.I), .4tom~rrt- 

schnfr 7.498 ( 1962~ 
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15 ml of 30 % aq. acetic acid and kept at room temperature for 15 hr with occasional shaking. 
The methylene chloride was then removed on a steam-bath and the solution was fltered 
and cooled in the refrigerator overnight. The product (2.7 mg) was collected by iiltration. It 
had a melting point of 124’* 24 and gave a single spot on thin-layer chromatography in several 
solvents. The U.V. spectrum showed maxima at 224,252, and 303 rnp, the mass-spectrum gave 
a molecular weight of 226. With 2,4dinitrophenylhydrazine, a precipitate was obtained 
which consisted of two components, the major one being insoluble in ethanol and having a 
m.p. over 295” and the minor component being ethanol-soluble. 

Determination of Radioactivity 

Radioactivities were determined by gas-phase counting in a proportional counting tube 
according to the method of Simon 23 or by liquid scintillation counting in a Tri-carb scintil- 
lation counter using internal standards. 
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