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Abstract—Ageratriol is biosynthesized from agerol through a diepoxide derivative. Mevalonic acid

incorporation revealed that the formation of the

isopropenylic double bond is not stereospecific.

INTRODUCTION

In previous papers [1,2] we put forward the
hypothesis that ageratriol 3, the main sesquiter-
pene [1,3] of Achillea ageratum, may be derived
from (4 )-germacrene A (4) by means of two bio-
genetic sequences which were supported by the
discovery in the same plant of agerol 1 [4] and
subsequently confirmed in vitro [2], namely:
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RESULTS AND DISCUSSION

Although both biosynthetic processes (Scheme
1) thus appear possible, and although it has not
as yet proved possible to isolate agerol diepoxide
2.* as a first approach to the biosynthesis of ager-
atriol we tried path A, treating cut stems of A.
ageratum both with labelled agerol and with its
labelled diepoxide.

The radiochemical labelling of agerol 1 was
effected by oxidation of 1 and subsequent reduc-
tiont with NaB3H,. [9-3H]-agerol was fed to cut

* According to TLC analysis of the crude CHCl; extract, the
diepoxide 2 may be present in the plant, although in very
small amounts.

+ Reduction leads to a configuration of C-9 identical to that
of the natural product (see Experimental).

stems of the plant in full flower, then, after 8 days,
the plants were extracted with CHCl,. After dilu-
tion with unlabelled agerol diepoxide and agera-
triol, the constituents were separated by repeated
preparative TLC and purified by crystallization.
The incorporations are given in Table 1.

The trapping of labelled agerol diepoxide
enables one to conclude that path A (Scheme 1)
of ageratriol biosynthesis is operative in the plant.
Indeed, in a parallel experiment in which [13—
*H]-agerol diepoxide, obtained by ozonolysis of
2 and subsequent Wittig reaction with *H-
labelled methyltriphenylphosphonium iodide, was
directly administered, there was a significantly
greater incorporation in ageratriol (Table 1).

The labelling sites were demonstrated by the
following series of reactions. The labelled agerol
diepoxide from [9->H]-agerol feeding was oxi-
dized with CrO; in Me,CO (Jones) at 0° to
ketone 5, which retains only 149 of the original
radioactivity. The labelled ageratriol from the
same experiment was acetylated, completely hyd-
rogenated, saponified [1] and then oxidized with
CrO; in acetone to the triketone 6, which retains
only 17% of radioactivity. The limited retention
of radioactivity in 5 and 6 is probably due to
randomization; on the other hand it was not
possible to check the specificity of the labelling on
the precursor 1, because the corresponding
ketone proved unstable (see Experimental) and 6
was destroyed by base treatment. Finally, the
[13-*H]-ageratriol from [13-*HJ-agerol diepox-
ide feeding was acetylated, ozonized to 7 and the
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Table 1. Incorporations and distribution of radioactivity in Achillea ageratum
Sp. act. 10°, dpm/mM
(Radioactivity, %)
Natural products Degradation products ’
Precursor 1 2 3 5 6 7 8 9 CH,O CHI, Inc.. %
163 23 0-006
(100) (14)
[9-3HT-agerol (1)
33 56 0-002
(100) (17)
[13-*H]-agerol 69 07 61 0014
diepoxide (2} (100) (10 (88)
150 129 138 21 0-046
(100) (86) (12) (14)
37 31 48 59 0010
(£+)-[2-'*C]-MVA (100) (84) (13) (e
10-5 89 1-7 0-004
{100} (85) (16)
225 167 0-042
(100) (74)
(+)-[2-*H]-MVA 97 75 0012
(100) (77)
42 31 0-004
(100) (73)

formaldehyde recovered as the dimedone deriva-
tive (88%, of radioactivity).
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These findings prove that the sequence envis-
aged by us and confirmed in vitro by the base-
promoted transformation of 2 into ageratriol is
operative in the plant. However, the possibility
that other biosynthetic sequences (c.g. that of
photo-oxygenation, path B of Scheme 1) are in-
volved, certainly cannot be excluded; there is
ample precedence for the occurrence of more than
one biosynthetic pathway to a natural product.

In view of the presence in the ageratriol mole-
cule of the isopropenylic group, for which a lack
of biosynthetic ideatity in the methyl and methyl-

* The results obtained for agerol and agerol diepoxide agree
with those of some degradations of labelled ageratriol 3 from
[2-'*C]-MVA and [2- ‘H] MVA. Very selective degradations
were not possible; 27% (*H) of the total rdledCl]\/lty incor-
porated is localized at positions 9, 1 and 5 and 16°%, ('*C)
at carbon atoms 13, 14 and 15 (see Experimental). On the
basis of the biogenetic theories and of the previous findings
the most of this radioactivity is likely to be localized at posi-
tions 9 and 13, respectively.

ene groups has often been found, we fed [2-'*C]-
MVA to cut stems of A. ageratum. The incorpor-
ations are listed in Table 1; the distribution of
labelling in the C-12 and C-13 positions of agerol
(14 and 129, resp.) and agerol diepoxide (16 and
13°%, resp.) was determined by conversion of 1
and 2 into norketone 8 and subsequent haloform
reaction. In a parallel experiment in which [2-
SH]-MVA was fed as precursor, the percentage
of radioactivity in the C-9 position of agerol 1
(26%) and its diepoxide 2 (23%,) was determined
by chemical transformation into 9 [5] and 5§, re-
spectively.

CHL3
(.,ﬁ.maw
(2)

+ CH,0
(9)

Assuming that the methyl and methylenic
groups were fully equilibrated, the calculated
values for C-12, C-13 and C-9 would have been
167,167 (**C)and 21-4°; (*H), respectively* : these
values are in good agreement with those found.
As in the case of other biosynthetic processes. the
incorporations of labelled MVA has thus revealed
a lack of biosynthetic identity for C-12 and C-13.



Biosynthesis of ageratriol

This equilibration, which is also observed in the
biosynthesis of indole alkaloids [6] some iridoids
[7] and sesquiterpenes [8], could not have pre-
dicted from current biogenetic theories. In the
case of the sesquiterpenes of A. ageratum, this
equilibration could occur during the cyclization
of farnesol to the germacranic structure.

EXPERIMENTAL

Mp’s were determined with a Mel-Temp apparatus and are
uncorrected. NMR spectra were recorded at 60 MHz, with
TMS as internal standard, chemical shifts have been recorded
in § values. All radioactive compounds were counted in a
scintillation counter (Packard 314EX-2) with the samples dis-
solved in Instagel (Packard, 10 mi); the relative efficiencies
were obtained by counting 3H- and '*C-toluene as internal
standards.

Feeding procedure. The stems of Achillea ageratum from Sar-
dinia (Italy) were cut under water [9] and immersed in the
ag. soln containing the labelled precursor and Tween 80. After
8 days the stems were extracted with CHCl; and the inactive
materials added to the crude extracts.

Synthesis of [9-*H]-agerol. Ac,O (0-8 ml) was added drop-
wise to agerol 1 (140 mg) in dry DMSO* (3-2 ml) and the
mixture allowed to stand for 12 hr at room temp. After extrac-
tion with n-hexane (3 x 8 ml) and evaporation of the solvent,
the residue (92 mg) was dissolved in ag. MeOH (95%, 4 ml)
and treated with excess NaBH,. Usual work-up afforded the
alcohol 1 which was purified by preparative TLC and final
distillation (44 mg), [«]3°+ 11-4° (¢ 2 MeOH). The IR and
NMR spectra were identical with those of an authentic sample
[4].

The above procedure was repeated using NaB*H, (0-6 Ci/
mM), obtaining [9-3H]-agerol (6 x 10° dpm/mM).

Incorporation of [9-3Hl-agerol. After feeding (8 mg, 0-3 x
10° dpm), the crude CHCl; extract of the stems was diluted
with inactive agerol diepoxide and ageratriol (30 and 50 mg,
respectively). Pure labelled compounds were isolated by pre-
parative TLC and purified by crystallization.

The agerol diepoxide (27 mg, 16:3 x 10* dpm/mM, 0-006%,
inc.) was subjected to Jones oxidation at 0°. The crude ketone
5 was purified by preparative TLC and crystallization (diiso-
propyl ether), (20 mg 23 x 10* dpm/mM), mp 191-3°, [«]3°
~64:4° (¢ 04 MeOH). IR (nujol): 1710 cm™' NMR (CDCl,):
1-37, 1-62 (3H each, s, Me—C-0), 1-80 (3H, s, Me—-C=), 29-33

o

(2H, m, HACL—\C) and 4-8 & (2H, br. s, CH,=C). (Found:
C, 71-83; H, 894. C,sH,,0; requires: C, 71-96; H, 886%).

The ageratriol (46 mg, 3-3 x 10* dpm/mM, 0-002%, inc.) was
acetylated, hydrogenated and then saponified to hexahydro-
ageratriol [1], which was subjected to Jones oxidation. The
triketone 6 (mp 40-42°; IR (nujol): 1700 cm™!, NMR
(CDCl;): 0-8-1-256 (12H, Me-C), was purified by repeated pre-
parative TLC (18 mg, 0-56 x 10* dpm/mM). (Found: C, 71-60;
H, 9-39. C,sH,,0; requires: C, 71-39; H, 9:58%,).

Synthesis of [13->H}-agerol diepoxide. The agerol diepoxide
2 (246 mg) in CH,Cl, (20 ml) was ozonized (at —70°) in the
presence of tetracyanoethylene (TCNE) (107 mg). Usual work-

* More than 20 standard oxidation procedures failed to give
the expected ketone.
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up afforded the crude ketone 8 which was purified by prepara-
tive TLC and crystallization {diisopropyl ether) (120 mg), mp
186-8°; IR (nujol): 3450 and 1710 ecm™!; NMR (CDCl,):
127 (3H, s, Me-C-0O); 133 (3H, s, Mef(cf)vO), 224

/
(3H. 5. Me-C=0), 2:65 (1H, d(J 85 Hz), H—C_—\C), 293
0

(1H, d J 97 Hz), H—C{———\C) and 3-25 6 (1H, dd, H-C-0).
(Found: C, 66:02; H, 8-84. C,,H,,0, requires: C, 66:11; H.
8:72%).

Dry DMSO (03 ml) was added dropwise to NaH (28 mg,
80%, oily dispersion), previously washed with n-pentane under
N,, then the mixture warmed at 75-80° for 40 min. After
cooling to 0°, (C¢Hs);PC*H,I (378 mg, 3 x 107 dpm/mM) in
DMSO (I ml) was added dropwise. The red solution was
stirred for 10 min, the ketone 8 (58 mg) added and the
mixture allowed to stand at room temp. for 5 hr under
stirring. After addition of water (5 ml), extraction with Et,O
and evaporation of the solvent afforded the crude [13-*H]-
agerol diepoxide 2 which was purified by preparative TLC and
crystallization (29 mg, mp 186°; 44 x 107 dpm/mM) identified
by mmp, IR and NMR spectra [2].

Incorporation of [13-—*HJ-agerol diepoxide. After dilution
with inactive material (100 mg), the ageratriol (3) (96 mg, 69 x
10° dpm, 0-014% inc.) from the feeding experiment using [13-
3H]-2 (109 mg, 19 x 107 dpm) as precursor was acetylated
and then ozonized in the presence of TCNE. The formalde-
hyde, recovered as dimedone derivative (6:1 x 10° dpm/mM),
was separated (preparative TLC) from the triketone 7 (0-7 x
10° dpm/mM), bp 130-2°/0-05 mm; IR (film): 1730-1700, 1250
cm™'; NMR (CDCly); 208 (3H, 5, Me-COO), 2:10 (6H, 5, Me—
COO0), 222 (3H, s, Me-C=0) and 46-56 ¢ (3H, m, H-C-O).
(Found: C, 5643; H, 611. C,3gH,,0, requires: C, 56-24; H,
629%).

Incorporation of sodium (£)-[2-'*Cl-mevalonate (26 x
107 dpm). Inactive agerol (1), agerol diepoxide (2) and agera-
triol (3) (101, 92 and 131 mg, respectively) were added to the
crude CHCI; extract before preparative TLC separation. (a)
The labelled agerol (1) (87 mg, 15 x 10* dpm/mM, 0-046%;
inc.) was transformed into the diepoxide 2 and then ozonized.
The formaldehyde was recovered as dimedone-derivative (12
mg, 1-8 x 10* dpm/mM); the ketone 8 (48 mg, 129 x 10*
dpm/mM) was treated with I,JOH™ [10] and the CHI; re-
covered (9 mg, 2'1 x 10* dpm/mM). (b) The labelled agerol
diepoxide (2) (89 mg, 3-7 x 10* dpm/mM, 0:010% inc) was
ozonized in the presence of TCNE and the formaldehyde
separated as dimedone derivative (17 mg, 048 x 10* dpm/
mM) from the ketone 8 (61 mg, 3-1 x 10* dpm/mM). 8 was
then treated with 1,/OH™ and the CHI4 recovered (13 mg,
0-59 x 10* dpm/mM). (c) The labelled ageratriol (3) (124 mg,
105 x 10* dpm/mM, 0-004%, inc.) was acetylated and then
ozonized in the presence of TCNE. The formaldehyde-dime-
done compound (19 mg, 0-17 x 10* dpm/mM) and the trike-
tone 7 (88 mg, 0:89 x 10* dpm/mM) were separated by pre-
parative TLC and further purified by crystallization and distil-
lation, respectively.

Incorporation of sodium (+)-[2-*H]-mevalonate (0-8 x 10°
dpm). (a) After diln, the labelled agerol (1) (22:5 x 10* dpm/
mM) was transformed into f-elemen-9f-ol, then hydrogenated
and oxidated to 9 [5] (167 x 10* dpm/mM). (b) After diln,
the labelled agerol diepoxide (2) (9-7 x 10* dpm/mM) was oxi-
dated, as previously described, to the ketone 5 (75 x 10* dpmy/
mM). (¢) After diln, the labelled ageratriol (3) (42 x 10* dpm/
mM) was acetylated, hydrogenated, saponified [1] and then
oxidated, as previously described, to 6, which was isolated
and purified by preparative TLC (3:1 x 10* dpm/mM).
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