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Abstract-The biosynthesis of dehydrotremetone in Eupatorium rugosum has been investigated by feeding 
radioactive precursors to intact plants. The carbon atoms of acetate-[I-‘4C] and acetate-[2-14C] were identified 
in dehydrotremetone by degradation of the molecule. From the pattern of labeling it was concluded that the 
acetophenone moiety was derived from acetate via the polyacetate pathway. From the incorporation of meva- 
lonate it appeared that the furan ring and its side chain were formed from an isoprenoid compound. Potential 
aromatic intermediates were chemically synthesized and also fed to plants but only tremetone was found to be 
efficiently incorporated into dehydrotremetone. Neither 4-hydroxyacetophenone nor 4-hydroxy_3[isopenten-(2)- 
yl]-acetophenone were efficiently incorporated into dehydrotremetone. 

INTRODUCTION 

THE PROPOSED biosynthesis of dehydrotremetone (1) and tremetone (2), the toxic principles 

in snakeroot, is by isoprenylation of acetophenone.’ The acetophenone moiety in turn can 
conceivably be formed by cyclization of a polyketide chain derived from the condensation 
of acetyl-CoA and malonyl-CoA. However, Bu’Lock rt al.* have shown that a number 
of benzofurans isolated from Stereurn suhpileutur~ are not derived via a polyacetate but 
from aromatic amino acids or shikimic acid by side chain degradation. 

This paper reports on the elucidation of the biosynthetic route in Eupatorium rugosum 
leading to the acetophenone moieties of 1 and 2. 

RESULTS AND DISCUSSION 

Distribution of dehydrotremetone in E. rugosum 

Initially various parts of E. rugosum plants, grown under controlled conditions in the 
greenhouse, were assayed for 1. The highest amount occurred in the leaves of the plant 
(Table 1). Significantly less was found in the stem tissue with only trace amouns in the 
roots and seeds. The roots, however. contained significant amounts of eupariochromene 
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(6-acetyl-7-hydroxy-2,2-dimethylchromene) (2 mg,/g fr. wt) and ripariochromerie (6-acetyl- 

7-hydroxy-8-methoxy-7,2-dimethylchromene3) ( I.9 mg: g fr. wtL4 Furthermore, it appmred 
that the concentration of I increased as the plant matured. 

Incorporation qf tracrr cornpourds 

The results of several experiments, in which 2-month-old plants were fed with radioac- 
tive compounds, are summarized in Tables 2-4. In Table 2 precursors, which were 
expected to be incorporated into the acetophenone moiety of 1 were tested. Either acetate- 
[ I-‘4C] or acetate-[2-14C] was found to be much more effL5ently incorporated into I than 
the aromatic acids phenylalanine and tyrosine. Cinnamic acid a potential precursor of the 
C,-C, unit in 1, by decarboxylation followed by r.-oxidation. was a very poor precursor 
(Table 2). The utilization of acetate for the synthesis of 1 may be due to the selective incor- 
poration ofacetate into the furan ring and its side chain. Lvith an aromatic precursor being 
utilized for the acetophcnone moiety. This hypothesis. however. seemed unlikely because 
of the poor incorporation of the labeled aromatic compounds listed in Table I. Further- 
more, the degradation studies of 1 synthesized from either acetate-[l-‘“C] or acetate-[2- 
14C] (Table 3) also tended to eliminate this mechanism. 

TAUL~ 2. ~NU~KI’ORA~I-ION Ok I’OSSIHLI I’KI.(‘I KSOKS I\ r0 IIt. I~KOTKI.MI rOhL 

Precursor 
sp. act. 

(jICi,‘pmol) 

Dehydrotremetone 
sp. act Incorporation 

(jrC1 /cmol) (“,,I 

Acetate-[l-‘4C] 
Acetate-[2-‘V] 
Phenylalanine-[2-‘4C] 
Tyrosine-[3-‘4C] 
Cmnamic acid-[3-14C] 
Glycine-[2-“V] 

Origin of ucetoplzenorw portion of’del24dlotrcr?l~,t(~llt~ 

An indication that the acetophenone moiety of 1 is derived either from a C, C_> precur- 
sor or from acetate can be obtained from the distribution of the radioactivity from the 
carbon atoms of acetate in the compound (Table 3). With acetate-[I-“Cl as the precur- 
sor and the acctophcnone moiety being derived via a polyketide precursor. carbon atoms 
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10,6,7a, and 4 of 1 (Scheme 1) should be labeled. Carbon atom 10 was isolated as benzoic 
acid (10) and its radioactivity was found to be in agreement with the calculated value 
(Table 3). Furthermore, only trace amounts of radioactivity are found in carbon atoms 
11, 5, 7 and 3a. However. if acetate-[2-14C] is used, then carbon atoms 11, 5, 7, and 3a 
of 1 should be labeled. Carbon atom 11 was isolated as iodoform (Scheme 1) and its 
radioactivity was found to be in agreement with the calculated value (Table 3). Positions 
5,7 and 3a were isolated together as tribromonitromethane (Scheme 1) and also contained 
radioactivity close to the theoretical value (Table 3). In addition, only a small amount of 
radioactivity was located in carbon atom 10. The observed radioactivity associated with 
compound I1 and 8 showed the biggest deviation from the calculated 

b ti ti 

(11 (2) (3) 

value (Table 3). 

0 

However this was not entirely unexpected since it appeared that 1 was derived from acetate 
via two separate pathways, the aromatic portion via a polyacetate and part of the furan 
ring and its side chain via the isoprenoid pathway. Therefore, a slightly different utilization 
of acetate as precursor in the two pathways could account for these discrepancies. 

ph++J-&/ =I I 
KIMhOe COOH 

0 - Ph' 

(91 (10) 

1 Phli 

t6j HO% (7) 8 (81 

Scheme 1. D~CRAL)ATION OF I)EHYI)ROTREMETONF:(~). 

Although attempted several times, it was not possible to accumulate sufficient radioac- 
tive 1 from either phenylalanine-[2-‘4C] tyrosine-[3-14C] or cinnamic acid-[3-14C] to 
carry out degradative studies. Nevertheless, if the radioactive acetate fed to the plants was 
incorporated via the shikimic acid pathway considerably more randomization of the 
labeled carboxyl- or methyl-carbon of acetate in 1 would have been expected. 

.Origin offuran ring and its side chain 

This portion of 1 has been postulated to be derived from an isoprenoid unit’s’ and, 
therefore, a number of isoprenoid compounds or compounds which can be converted to 
isoprene units were fed to plants. As is usually observed in intact plant feeding experiments 
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MVA and the two pyrophosphorylated isoprene compounds IPP and DMAPP were poor 
substrates (Table 4). In the latter two compounds the poor incorporation is most probably 
caused by impermeability. The same might also be true for MVA. However. it has been 
shown that sucrose can stimulate incorporation of MVA into mono- and sesquiterpenes’ 
and the increase is thought to be due to an increased supply of energy at the site of MVA 
utilization. MVA incorporation into I was stimulated by sucrose (Table 3), however Shyd- 
roxy-&methyl-glutaric acid. a precursor of MVA in the isoprenoid pathway, was found 
to be more efficiently incorporated into 1. 

T.41H.l. ?. ~ISTRIBI’TIO’. Ok “c TIIOM AC 1.14 Il.-[! -‘“(‘I AXI) A(‘t.TATI -[‘-I “c] IK I~l.~1~1~1~01‘KI;MI:TONII 

- 

Acetate-[I-‘%‘] ketate-[?-“%.I 
Calculated? Found ~‘alculated~ Found 

Compound PosItion* (dpm~~mol) (dpn.‘~tmol) (dpm jtmol) (dpm,‘/tmol) 
___ 

1 ‘A I I I56.0 104~0 
5 All II 156.0 154-o hY.7 908 

Iodoform II 0 0.4 I4.S I TO 
6 All I Sh-0 1564 IOJ-0 104~0 

7 .411~13 I 56.0 153.2 XY.7 Y2.h 

Formaldehyde 13 0 I ,4 14,x 12.6 
8 Al I- Il.13 1564 146. I 7-M 67.7 

Jodoform I I.13 0 4.4 Il.8 15.11 
10 I 0 lb 21.4 0 2.6 
II 3 to II 175 I 16.3 54.2 43.3 
I Ail 41-2 72.x 

11 3 to I I 34% 74.0 4-6 33.5 
Bromopicrin 0 0~04 I o-3 6.2 

* Refers to Scheme I. 
+ The calculated values were based on isolated dchydrotremetonc \\ith the assumption that the acetophenone 

portion of the compound was derived via the polqacetate pathway and the furan portton from an lsoprenoid 
compound. 

T.4rn.l. 4. I”~~~RP~RATI()\ OF wtw:wIn PRFn;IcsoKs l\ro i)I.t~\ i>RowI kn ‘row 
_ 

Dehydrotremetonc 

Sp. act Amount fed sp. act. Incorporation 
Compounds (/LCi ‘umol) (ItCi) (IKi ~nnol) (“0) 

___.- 

~)r.-Mcvalonate-[?-‘3C] IO.3 10 0 0 
i)L-Mccalonatc-[‘-“Cl 

+ Sucrose* 10.3 30 7cl x 10 J OM I P 

r,L-3-Hydroxy-3-methyl- 
glutarlc acid-[l-‘dC] I -6 4 0.44 Y IO . 04Xt 

Isopentcnyl pyrophos- 
phate-[I-“C] OW 5 0.5 x 10~‘ 0~0008 

Dimethylallyl pyro- 
phosphate-[I-‘V] 0. I 4 5 o-3 x IO - OQOO4 

* IO /Imoles of sucrose. 
i Corrected for one isomer. 

When 1. synthesized from MVA-[2-1SC] was degtaded to I I, only 6.4’,!,, of the radioacti- 
vity originally found in 1 was recovered in Il. This indicated that MVA gives rise preferen- 
tially to the furan ring and its side chain in dehydrotremctonc. 
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Utilization ofpotential aromatic intermediates 

It has been inferred that in the pathway leading to dehydrotremetone, 4-hydroxy-aceto- 
phenone (4) is alkylated by a pyrophosphorylated isoprenoid to give 4-hydroxy-3(iso- 
penten-(2)-yl)acetophenone (3) which undergoes cyclization to tremetone, followed by oxi- 
dation to dehydrotremetone. Compounds 2,3 and 4 were tritiated and fed to young plants. 
The radioactivity of the isolated dehydrotremetone upon recrystallization to constant spe- 
cific activity showed that 2 was efficiently incorporated (Table 5). However the dilution 
of the radioactivity of 2 was found to be rather high (6.2 x 105) for a one step precursor- 
product relationship. On the other hand, in view of the significant amounts of 2 in E. rugo- 
sum plants this dilution of specific radioactivity appeared to be reasonable. Nevertheless 
from these results it was not possible to establish that tremetone is a precursor of dehydro- 
tremetone or if both compounds were derived from a common intermediate. 

TABLE 5. INCORPORATION OFPOTENTIALAROMATIC INTERMEDIATESINTODD~HYDROTREMETONE 

Dehydrotremetone 
Sp. act. Amount fed Sp. act. Incorporation 

Compound Wi/~moU Wi) Wi/~moU (%I 

4-Hydroxyacetophenone 26.1 9.0 0.11 x lo-4 0.04 

4-Hydroxy-3[isopenten-(2)-y]] 
acetophenone 4.07 50.3 0.06 x 10m4 0.004 

Tremetone 8.0 4.0 0.13 X 10-4 0.11 

Compound 3 showed little incorporation into dehydrotremetone (Table 5) and repeated 
attempts failed to locate 3 in extracts of the plants. From this, together with the dilution 
factor of 3 (6.8 x lo”), it appeared either that compound 3 is not a direct precursor of 
dehydrotremetone or that it was impossible for the compound to overcome membrane im- 
permeabilities and reach the site of the synthesis of dehydrotremetone. 

Although the incorporation of 4 into dehydrotremetone was 10 times more than 3, its 
specific activity was much more diluted (2.4 x 10”) than this compound. Again the pres- 
ence of 4 in the ketone fraction obtained from the plants extract could not be verified. 
Therefore, excluding possible problems in crossing membranes, compound 4 appeared not 
to be a precursor of dehydrotremetone. 

Conclusion 

The results obtained with feeding experiments confirmed that dehydrotremetone is 
formed biosynthetically from acetate via a polyketide intermediate which gives rise to the 
acetophenone moiety and from an isoprenoid unit which gives rise to the furan ring and 
its side chain. Disregarding permeability problems, it appeared that neither 4-hydroxy- 
3[isopenten-(2)-yl] acetophenone nor 4-hydroxyacetophenone are efficient precursors of 
the compound. Consequently the proposed biosynthetic route leading from a polyacetate 
intermediate to an acetophenone compound, followed by alkylation of an aromatic inter- 
mediate, appeared unlikely. Although tremetone was efficiently incorporated into dehyd- 
rotremetone and could be considered a precursor of this compound, the synthesis of both 
compounds from a common intermediate cannot be excluded. 
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until the reaction mixture remained dark in color. The reaction was maintained at 60’ for 10 min. Thereafter 
a drop of loo/, NaOH was added, decolorizing the soln, followed by lOm1 of H,O. which precipitated CHI,. 
The iodoform was sublimed and recrystallized from 95% EtOH. The remaining alkaline reaction mixture was 
acidified with IO’/, HN0,3. decolorized with IO’,{, NaZSZO,, and extracted 3 x with Et20 (IO ml). After removing 
most of the solvent 5 was purifcd by chromatography on silica gel (I x IO cm) using MeOH-C,,H,, (I :49) and 
yielded IO mg after recrqstalliration from benzene. M.p. 157’(sublimation). L!V. IR. PMR and MS were in agree- 
ment with structure 5. 2-(l-H~rlros~-I-r~1~th~1-ethanol~l)-5-ucetyfhe~1,-o~it~an (6): to a soln of 30 mg of 1 was added 
50 mg of 0~0,. which was stirred in the dark for 12 hr then hydrolyzed with 10 ml of aq. KOH (5 g/125 ml) 
and mannitol (300 mg) and 6 extracted with CHC13.‘2 Yield: 2S mg after recrystallization from benzene. M.p.: 
117-l 19”, UV. IR, PMR and MS were in agreement with structure 6. Since all the carbons of 1 were recovered 
in 6, this reaction was used as a radioactive purity test of 1. 

2.5-Diacrt).lhPrl~ofurall (7) to 68 mg of 6 in 2 ml of dioxane-H,O (1: I), 200 mg of NaIO, was added.” After 
2 hr at 20 Et,0 extraction yielded 7, which after recrystallization from MeOH weighed 30 mg. M.p.: l45- l45<, 
UV, IR, PMR and MS were in agreement with structure 7. The aq reaction mixture was added to a filtered soln 
of 100 mg of dimedone in 10 ml of HZO. -After 2 hr at 20” formalin dimedone was collected and recrystallized 
from 75”/;; MeOH. Its IR (KBr) was identical to that of authentic formalin dimedone. 2,5-Dicarbo.u~lbell~~furan 
(8) 7 was subjected to the iodoform reaction and CHI, isolated as above. Attempts to isolate 8 failed, its sp. 
act. was therefore obtained by difference from 7 and CHI,. Ben~oic acid (10): 1 (100 mg) in dry Et,0 was added 
to a phenyllithium soln, prepared by the addition of 0.3 ml of bromobenzene to 30 mg Li in 2 ml of dry EtzO, 
at 20’.13 After 5 hr at 20’. H20 was added and 9 extracted with EtzO. which was purified on silica gel (I x 10 cm) 
andelution with C,,H,. After crystallization from C,H,. 9 was retluxed with KMnO, (410 mg) in Hz0 for 16 hr. 
10 was extracted with Et,0 after acidification and sublimed. Its IR was identical compared with that of an auth- 
entic sample. 2-HL‘d,o.~)-5-ctcetl’lbenzaIdeh~~de (11): 1 (100 mg) in 3 ml of 75% dioxane in Hz0 was treated with 
0.1 ml of CjHsN, 0.2 ml of cyclohexane containing 20 mg of OsO.+ and 100 mg of NaIO,, and stirred for 3 days 
in the dark at 2oi. The reaction mixture was distilled and the residue applied to a silica gel column (I x IO cm), 
which was eluted with MeOH-C,H, (l:49). The first compound eluted was found to be 7. The second band 
consisted of 11. It was recrystallized from C,H, and IR, PMR and MS were in agreement with structure 11. 
Brornopicrilt: 11 (15 mg) was oxidized for I2 hr with 50 mg of KMnO, in IO ml of H:,O at 20”. After acidification, 
the mixture was extracted with Et,O, the solvent evaporated and the residue treated at 0’ with 0.3 ml of a mixture 
of cone HN03 and cone H,SO, (1: I). The reaction was stirred for 2 hr at 0”. thereafter 0.3 ml of cone HN03 
was added and the reaction mixture was heated at 100” for 1 hr. Picric acidi was extracted with Et,0 after 
the addition of ice H,O. The isolated picric acid behaved identically to authentic picric acid on silica gel TLC 
using CHZC12-MeOH-NH40H (80: 20: 3). A soln of picric acid and Ba(OH), (0.2 g) in H,O was cooled to 0” 
and treated dropwise with 0.18 ml of Br, and 1 g of Ba(OH), in 10 ml of H,O. The soln was stirred at 0” for 
I hr. Bromopicrin was isolated by steam distillation and Et?0 extraction of the distillate. 
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