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Abstract

Chromatographic fractionations of the toluene extract of the heartwood of Excoecaria parvifolia collected in Australia resulted in the
isolation of 12 beyerane diterpenes (1–12), and the triterpene, lupeol. Four of the isolated diterpenoids (5–7 and 12) have unusual struc-
tures: ent-3-oxa-beyer-15-en-2-one, (5); ent-15,16-epoxy-2-hydroxy-19-norbeyer-1,4-dien-3-one (6); methyl ent-2,4-seco-15,16-epoxy-4-
oxo-3,19-dinorbeyer-15-en-2-oate (7); and ent-2,17-dihydroxy-19-norbeyer-1,4,15-trien-3-one (12). The structures were established by
spectroscopic analyses, NMR data comparisons with similar diterpenes, and chemical correlations. All the diterpenes are assumed to
have the same absolute configuration as the co-occurring (+)-stachenol (4). Diosphenol 2 and nor-lactone 5 exhibited significant potency
in bioassays for cytotoxic activity against leukemia cells (L1210). Plausible biosynthetic pathways are proposed to explain the origin of
the diterpene metabolites.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The Excoecaria genus in the family Euphorbiaceae is
comprised of about 40 species, which are distributed
throughout tropical Africa, Asia, and northwestern Austra-
lia (Wills, 1973; Wiriyachitra et al., 1985). Many plants in
this genus are recognized as skin irritants and tumor pro-
moters (Erickson et al., 1995). The most widely reported
species is the mangrove, Excoecaria agallocha L. the latex
and leaves of which may cause blindness, and have long
been used as fish poison and poison arrow heads (Ohigashi
et al., 1974). The bark and wood of Excoecaria plants have
been applied in Thai medicine as a remedy against flatulence
(Karalai et al., 1994). In Sri Lanka, the smoke of the burn-
ing wood is used in treatment of leprosy, while the root
pounded with ginger is an embrocation for swelling hands
0031-9422/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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and feet (Jayaweera, 1980). E. parvifolia J. Muell., an ende-
mic species of the wet–dry savannah of northern Australia
also known as the Gutta percha tree, has not yet been chem-
ically investigated (Maguire and Saenger, 2000).

In this paper, we describe the isolation and structure
determination of four novel diterpenoids (5–7 and 12,
Fig. 1), as well as the partial synthesis of the first three.
In addition, the wide-spread triterpene alcohol lupeol
(Burns et al., 2000) and the following known ent-diterpe-
noids were isolated by chromatographic means: stachenone
(1) (Baarschers et al., 1962), nor-dienone 2, nor-keto ester
3, stachenol (4) (Chalmers et al., 1977; Munkombwe
et al., 1997), dihydroxy dienone 8, keto acid 9, rhizophorin
C (10), and the 6 epimer of 8 (11). The beyerene diosphe-
nols 2, 8, and 11 were previously isolated from the heart-
wood of the South African species Spirostachys africana
(syn. E. africana) (Munkombwe et al., 1997). The nor-keto
acid 9 and its methyl ester (3), prepared from 9 and dia-
zomethane, were subsequently reported in a later investiga-
tion of Spirostachys africana (Munkombwe et al., 1998).
Keto ester 3 is herein isolated as a natural product for
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Fig. 1. ent-Beyerane diterpenes isolated from Excoecaria parvifolia in order of increasing polarity on silica gel.
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the first time. 17-Hydroxystachenone (rhizophorin C, 10)
has been recently isolated from the roots of Rhizophora

mucronata and fully characterized (Anjaneyulu et al.,
2002). In addition, diterpenes (1-12) and the triterpene
alcohol lupeol were tested for their cytotoxic activity
against L1210 (mouse leukemia cell line).
Table 1
13C NMR Spectroscopic data (d in ppm) and assignments for diterpenes 1,
3, 5, 6, and 7 (125 MHz, CDCl3)

Carbon 1 3 5 6 7

1 38.1 42.0 44.9 123.7 42.3
2 34.6 172.6 171.0 144.7 172.0
3 217.9 – 181.4 –
4 47.9 212.8 85.9 126.7 212.2
5 56.0 45.1 52.4 165.7 48.2
6 20.6 20.4 20.1 26.2 19.3
7 36.9 35.8 36.1 39.6 35.1
8 48.9 49.0 48.8 45.2 46.4
9 52.1 56.6 50.1 53.3 51.3

10 37.0 39.7 36.7 43.5 39.6
11 21.2 23.3 22.7 21.2 22.8
12 33.1 33.0 32.7 33.6 31.4
13 43.9 43.9 43.9 44.4 44.0
14 61.1 60.9 60.8 35.0 38.9
15 134.7 137.4 137.8 59.9 55.9
16 137.1 134.3 133.6 55.1 54.4
17 25.0 24.9 25.2 21.6 21.3
18 26.3 31.6 33.2 10.7 31.4
19 22.1 24.9 – –
20 14.7 17.7 15.4 22.3 18.5
OCH3 – – – 56.1
2. Results and discussion

2.1. Isolation, structure determinations, and chemical

correlations

The powdered heartwood of E. parvifolia was exhaus-
tively extracted with toluene, and after solvent evapora-
tion, the residue was fractionated by column
chromatography on silica gel using a gradient of hexane–
ethyl acetate as eluent. Further purification by column
chromatography and/or TLC resulted in the isolation of
the four new diterpenoids, 5–7 and 12, and eight known
ent-beyer-15-ene derivatives (1–4 and 8–11) (Fig. 1), along
with the triterpene alcohol, lupeol. The known compounds
were identified following analyses of 1H NMR, 13C NMR,
and MS data, and by comparisons with reported spectro-
scopic data. In addition, the measured optical rotation
½a�25

D þ 33:6 (CHCl3, c 0.25) for the ent-beyerane alcohol
stachenol (4) agrees with the literature ½a�25

D þ 32:0 (Munk-
ombwe et al., 1997).

Nor lactone 5, obtained as colorless needles (m.p. 119–
120 �C), possesses the molecular formula of C19H28O2

according to its HREIMS molecular ion peak observed
at m/z 288.20849. The IR spectrum displays a strong d-lac-
tonic absorption at 1727 cm�1 and a diagnostic bending
frequency for a cis disubstituted double bond at
748 cm�1. The 1H NMR spectrum exhibits a pair of dou-
blets at d 5.67 and 5.53 (1H each, J = 5.6 Hz, H-15 and
H-16), very similar to those previously assigned to the D-
ring double bond of the known ent-beyer-15-enes, stache-
none (1) and stachenol (4). In addition, sharp singlets for
four angular methyls were observed at d 0.89, 1.03, 1.35
and 1.43 ppm, the three furthest downfield of which match
very well with those recently assigned to an ent-kaurane
diterpenoid having an A-ring lactone (1.44, 1.35 and
1.16 ppm) (Kono et al., 2004). Furthermore, the positions
of the three A-ring methyl signals at 0.89 (C-20 Me), 1.35
(C-19 Me) and 1.43 (C-18 Me) ppm are in excellent agree-
ment with those previously reported for agallochin E (0.89,
1.32 and 1.43 ppm), a similar A-ring lactone diterpenoid
isolated from E. agallocha (Anjaneyulu and Rao, 2000).

The 13C NMR spectrum of the lactone component
(Table 1) shows separate peaks for 19 carbons that were
identified as 4 CH3, 6 CH2, 4 CH, and 5 quaternary car-
bons from a DEPT spectrum. The quaternary carbon peak
assigned to C-4 bearing the two methyl groups appears at
dc 85.9 ppm and therefore suggests an oxygen substituent



548 M.H. Grace et al. / Phytochemistry 68 (2007) 546–553
at this position. The 13C NMR spectrum also shows a char-
acteristic carbonyl peak for a six-membered ring lactone at
dc 170.9 ppm (Pretsch et al., 1976), and vinylic carbons at
137.8 and 133.6 ppm (C-15 and C-16). In addition to these
diagnostic peaks, the A-ring methyl signals at 33.2 (C-18
Me), 24.9 (C-19 Me) and 15.4 (C-20 Me) ppm are in good
agreement with those published for agallochin E (32.5, 24.3
and 16.2 ppm) (Anjaneyulu and Rao, 2000). These consid-
erations provided the basis for tentative assignment of
structure 5 to this diterpene, i.e. 3-oxa-beyer-15-en-2-one.

The lactone structure 5 was confirmed by partial
synthesis from the co-occurring keto acid 9 (Scheme 1).
Thus, reaction of 9 with two equivalents of MeLi in THF
at low temperature (Kametani et al., 1988) followed by
mild aq. acidic work up afforded a d-lactone shown to be
identical with the isolated nor-diterpene. Evidently, the
d-hydroxy acid intermediate underwent spontaneous lact-
onization under the acidic conditions of the hydrolysis.
The 1H and 13C NMR spectra and data of the synthetic
and isolated lactone 5 are in total agreement, thereby ver-
ifying the structure assignment.

The component eluted after lactone 5 was also obtained
as a white crystalline solid (m.p. 144–145� C). The HRE-
SIMS shows m/z 301.1807 [M + H]+ corresponding to
C19H25O3. The IR spectrum displays peaks at 3376, 1625,
1237 and 847 cm�1 assigned to hydroxyl, carbonyl and
epoxide functionalities, respectively. The 1H NMR spec-
trum is very similar to that of known diosphenol 2

(Munkombwe et al., 1997), except for the lack of signals
corresponding to the olefinic protons. Instead, a new pair
of doublets at a higher field d 3.59 (1H, J = 4.0 Hz) and
3.16 (1H, J = 4.0 Hz) was observed. These NMR
spectroscopic data are in good agreement with those
reported for excoecarin E (ent-15,16-epoxybeyeran-3-one)
(Konishi et al., 2000) and its 3a-hydroxy relative (Konishi
et al., 2003), both having an 15,16-epoxy moiety, and
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Scheme 1. Semisynthesis of diterpenoids 3, 5, 6 and 7.
recently isolated from E. agallocha. Careful analysis of
the 13C NMR spectrum of the diterpene in the present
work clearly indicated that the peaks corresponding to
the olefinic carbons C-15 and C-16 at 138.3 and
133.1 ppm had been replaced by two new peaks at 59.9
and 55.1 ppm, characteristic of the ent-15,16-epoxybeyer-
anes (Konishi et al., 2000). Proof for diosphenol epoxide
structure 6 was obtained by epoxidation of nor-trienone
2 with m-chloroperoxybenzoic acid (Scheme 1). The 1H
NMR spectrum of the resulting epoxide was superimpos-
able upon that of the isolated diterpene.

The next component in order of elution (7) was obtained
as a clear oil that was shown by HRESIMS (m/z 321.2068
[M + H]+) to have the molecular formula C19H28O4. The
IR spectrum shows peaks for two carbonyl groups at
1731 and 1707 cm�1 assigned to ester and ketone carbonyl
groups and two bands characteristic of an epoxide (1209
and 849 cm�1). The 1H NMR spectroscopic data were
almost identical to those previously reported for keto ester
3 (Munkombwe et al., 1998). Characteristic 1H NMR sig-
nals for this new diterpene at 3.66 (s, OMe), 2.97 (dd,
J = 2.8 and 12.8 Hz, H-5), 2.38 and 2.30 (ABdd,
J = 14.4 Hz, CH2CO2Me), 2.23 (s, C-18 Me) and 1.03 (s,
C-17 Me) are in excellent agreement with those reported
for keto ester 3. Notable however was the absence of the
pair of doublets diagnostic for an ent-beyer-15-ene diter-
pene. Instead, a new pair of doublets at 3.42 and
3.05 ppm (1 H each, J = 3.5 Hz, H-15 and H-16) similar
to that mentioned above for diosphenol epoxide 6, and
characteristic for the D-ring epoxide, was observed. These
inferences were confirmed as before by epoxidation of keto
ester 3 with m-chloroperoxybenzoic acid to the exo epoxide
7 (Scheme 1) which proved to be identical to the isolated
diterpene 7, i.e. methyl ent-2,4-seco-15,16-epoxy-4-oxo-
3,19-dinorbeyer-15-en-2-oate.

The keto ester structure 3 assigned to the third compo-
nent was proven by means of partial synthesis from keto
acid 9 (Scheme 2). Thus, esterification using Amberlyst
15 as the acid catalyst in methanol at room temperature
provided methyl ester 3 without any evidence of epimeriza-
tion at C-5, even after the 5-7 days required to achieve
complete conversion (Petrini et al., 1988). After 22 h, the
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Scheme 2. Semisynthesis of tricyclic terpenoid 3. Reagents and conditions:
(a) Amberlyst 15, MeOH, rt.
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composition of products was as follows: keto acid 9 (36%),
methyl ester 3 (24%), and a new compound identified as the
isomeric lactone ether 14 (28%), which was obtained as an
inseparable 5:2 mixture of C-4 epimers. The third compo-
nent presumably arises from methanolysis of the cyclic lac-
tol or pseudoacid 13, a common tautomeric form of open
chain d-keto acids (Jones, 1963). When the reaction time
was increased to 48 h, no starting keto acid was detected,
and the product mixture was composed of a 5:2 mixture
of 14 and keto ester 3. The expectation that the pseudo
ester is less stable than the normal keto ester 3 was corrob-
orated by submitting the former (14) to the action of
Amberlyst 15 in MeOH. After 72 h at room temperature,
keto ester 3 was formed in quantitative yield (Scheme 2).

The 1H NMR spectra and data for the keto ester sample
obtained by esterification were identical to those of the iso-
lated diterpene 3, and furthermore the data coincide with
the recently reported literature values (Munkombwe
et al., 1998). The 13C NMR signals for the synthetic and
isolated diterpenes are also identical, and most of the data
agree with the literature values (Table 1). However, we
observe substantially larger chemical shifts for the ester
and ketone carbonyl carbons (172.6 and 212.8 ppm) than
the shifts reported previously (167.8 and 157.9 ppm). The
higher values obtained in this work agree well with the
13C NMR spectroscopic data for the carbonyl carbons of
epoxide 7 (172.0 and 212.2 ppm) and keto acid 9 (176.7
and 216.1) ppm.

The most polar diterpene isolated (12) was obtained as a
colorless oil that was shown to possess the molecular for-
mula C19H24O3 according to its HREIMS molecular ion
peak observed at m/z 301.1801 [M + 1]+. The IR spectrum
displays stretching absorptions at 3586 and 1618 cm�1 for
hydroxyl and ketone carbonyl groups, respectively. The
1H NMR spectrum indicates the presence of a ring A
hydroxydienone with characteristic peaks at 6.42 (OH),
6.28 (H-1), 1.99 (C-18 Me) and the C-20 angular methyl
at 1.11 ppm, identical to those reported for the parent dio-
sphenol 2 (6.42, 6.28, 1.99 and 1.11) (Munkombwe et al.,
1997). Furthermore, the absence of one angular Me (C
17) singlet and the appearance of an AB doublet of dou-
blets at 3.59 and 3.50 ppm (ABdd, J = 10.5 Hz) indicated
that oxidation of diosphenol 2 at C-17 took place giving
a 17-hydroxy derivative. These values are in good agree-
ment with those observed for 17-hydroxystachenone (10)
(Anjaneyulu et al., 2002). Accordingly, the novel structure
12 is assigned to this diterpene, ent-2,17-dihydroxy-19-nor-
beyer-1,4,15-trien-3-one.

Tentative 13C NMR assignments for beyerane diterpenes
5, 6 and 7 (Table 1) were made by comparison with those for
similar compounds and by DEPT spectra. Thus, the 13C
NMR signals of lactone 5 were assigned by comparisons
with those for similar diterpenes with a ring A lactone such
as agallochin E (Anjaneyulu and Rao, 2000) and an ent-kau-
rane diterpenoid lactone recently isolated from rice leaves
(Kono et al., 2004). Assignments for the B, C and D ring car-
bons were made by careful comparisons with the reported
13C NMR spectroscopic data and assignments for stachenol
(4) (Chalmers et al., 1977 and Munkombwe et al., 1997).
Comparison of the 13C NMR signals for compounds 6

and 7 with those previously established for diosphenol 2

and methyl ester 3 (Munkombwe et al., 1997 and Munkom-
bwe et al., 1998) provided the grounds for assignments. The
epoxy moiety of the ring D was assigned by comparisons
with the relevant parts of other ring D epoxy diterpenoids
such as excoecarin E (Konishi et al., 2000).

2.2. Proposals for biosynthetic pathways to E. diterpenes

It seems reasonable to propose that the all of diterpenes
isolated from E. parvifolia are derived from stachenol (4)
and stachenone (1) by oxidative reactions occurring on
rings A and D. Since the absolute configuration of (+)-
stachenol has been determined by optical rotatory disper-
sion measurements and chemical correlations (Baarschers
et al., 1962; Jefferies et al., 1973), all of the compounds iso-
lated in the present work are assumed to belong to the ent
family of diterpenes.

Ring A oxidized derivatives of polycyclic diterpenes
occur widely in the heartwood and oleoresin of plants
(Connolly and Hill, 1991; Buckingham, 1994), and the pat-
tern of ent-beyerane metabolites observed in this work is
similar to those previously noted (Baarschers et al., 1962;
Bakker et al., 1972; Munkombwe et al., 1998). In the fol-
lowing discussion, we consider briefly plausible biosyn-
thetic pathways to these compounds.

The biosynthesis of ent-beyerene, and related tetracyclic
diterpene hydrocarbons, is proposed to occur in two stages
by reactions similar to those on the pathway to ent-kaurene:
proton-initiated cyclization of (E,E,E)-geranylgeranyl
diphosphate (GGPP) to ent-copalyl diphosphate (CPP)
and then conversion to beyerene by vinyl bridging cycliza-
tion of an ent-pimarenyl carbocation intermediate (West,
1983; MacMillan and Beale, 1999; Davis and Croteau,
2000). The frequent occurrence of this hydrocarbon in
plants is consistent with a scheme requiring enzymatic
hydroxylation at C3 to form stachenol. However, the com-
mon presence of the 3a-hydroxyl functionality in beyerane
and kaurane diterpenes suggests the alternative possibility
that the substrate for the cyclase might be (R)-14,15-epoxy
GGPP (15), which is known to be efficiently cyclized to
the 3a-hydroxy derivative of ent-kaurene by a crude enzyme
extract having kaurene synthase activity (Coates et al.,
1976). In fact, a recent publication concerning phenalinolac-
tone biosynthesis cited genetic evidence indicating that these
3a-hydroxy isoagathane (isocopalane) diterpene derivatives
arise by cyclization of epoxyGGPP (Dürr et al., 2006). A
biosynthetic pathway to stachenol via cyclizations of epox-
yGGPP and 3a-hydroxy CPP (16) is shown in Scheme 3.

The common hydroxylation of the C19 methyl groups
and conversion to the corresponding carboxylic acids
affords a plausible rationale for the biosynthesis of 19-
nor-diterpenes by decarboxylation at the level of the b-keto
acids. Similar oxidation of the known beyerane diosphenol
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17 (Baarschers et al., 1962) to b-keto acid 18 followed by
oxidative decarboxylation constitutes a reasonable path-
way to hydroxydienone 2 as shown in Scheme 4. Alterna-
tively, 2 might arise more directly by retro-aldol
fragmentation of the related b-keto alcohol intermediate
with loss of formaldehyde.

The A ring lactone established for norbeyerane 5 is
rather unusual, albeit precedented in naturally occurring
diterpenes (Anjaneyulu and Rao, 2000; Kono et al.,
2004). One biosynthetic scheme to create the lactone would
involve a ring contraction by a benzilic acid rearrangement
of diosphenol 17 in its 2,3-dione form to a-hydroxy acid 19

followed by oxidative cleavage to A-nor beyeranone 20 and
subsequent enzymatic Bayer-Villiger oxidation to insert the
endocyclic oxygen (Scheme 5). Precedent exists for the first
two steps in the occurrence of related A-nor metabolites
derived from manoyl oxide (Grant and Carman, 1962;
Grant et al., 1969) as well as an A-nor beyeran-3,12-dione
(Sakai and Nakagawa, 1988). A-Nor beyerenes 19 and 20

are in fact known compounds prepared from diosphenol
17 by analogous chemical reactions (Baarschers et al.,
1962). The oxidation of menthone and camphor to the
respective ring-enlarged lactones in the catabolism of these
monoterpene ketones in plants provides relevant analogy
for the biological equivalent of the Bayer-Villiger oxidation
(Croteau, 1987).
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Two alternative biosynthetic pathways to nor-lactone 5

should be mentioned. Oxidative cleavage of the A ring of
disphenol 17 to the known 2,3-seco diacid 21 (Munkom-
bwe et al., 1998) followed by oxidative decarboxylation
of the C3 carboxyl group with lactone formation would
give rise to 5 (Scheme 5). Another possibility would be oxi-
dative deformylation of the corresponding aldehyde acid
22, in analogy with the transformations that occur to form
the A-ring bridged lactones in gibberellins GA9 and GA20

(MacMillan, 1997; Hedden et al., 2002).

2.3. Bioassay experiments

The 12 isolated diterpenes 1–12 were tested against L1210
(mouse leukemia cell line) but only compounds 2 and 5

showed significant cytotoxic activity (100% growth inhibi-
tion at 30 and 10 lg/mL respectively). All other diterpenoids
displayed mild activity resulting in 100% growth inhibition
at a concentration range of 60–80 lg/mL. The triterpenoid
lupeol was completely inactive at the highest concentration.

2.4. Conclusion

The structures of the 12 beyerane diterpenes isolated
from E. parvifolia heartwood from northwestern Australia
were elucidated by spectroscopic analyses and correlations,
and were verified in some cases by semisyntheses. These
beyerane metabolites are thought to arise by various oxida-
tive reactions occurring on rings A and D of stachenol 4,
and all are therefore related in absolute configuration to
the ent-beyerane family of diterpenes. Biosynthetic propos-
als are presented to rationalize the A-ring oxy functionality
by initial enzymatic cyclization of epoxyGGPP to stache-
nol, by b-keto acid decarboxylations, and by enzymatic
Bayer-Villiger oxidation or oxidative decarboxylation to
form the rare A-ring lactone 5. Nor diterpenes 2 and 5 hav-
ing tetracyclic structures, polar oxygen functionalities
localized in the A rings, and ring D double bonds exhibited
significant cytotoxicity in L1210 mouse leukemia cell
bioassays.
3. Experimental

3.1. General aspects

Fractions from column chromatography and the pro-
gress of reactions described were analyzed by TLC using
silica gel 60 F254 250 lm precoated-plates and visualized
with anisaldehyde spray reagent on heating at 105 �C
(Stahl, 1969). See Grace et al., 2006, Supplementary Infor-
mation for additional information.

3.2. Plant material

E. parvifolia heartwood was supplied and identified by
Dr. Eugene Dimitriadis, Xyloaustralis, 44 Hamono RD.,
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Neerim, Vic. 3831, Australia. The plant was collected in
northwestern Australia in 2003.

3.3. Extraction and isolation

The dried, milled heartwood (50 g) was extracted at
room temperature by soaking overnight in toluene
(3 · 1 L). Filtration and evaporation of the solvent by
rotary evaporation (40 �C) gave a brownish oily residue
(4.5 g). This toluene extract (4.3 g) was loaded onto a silica
gel column (50 · 2.5 cm) and was eluted first with hexane
and then with EtOAc–hexane mixtures of increasing polar-
ity (1–50%), while collecting 38 · 100-mL fractions.
According to TLC analyses, fractions of similar composi-
tion were pooled together, evaporated to dryness, and kept
in the freezer for further fractionation. A combination of
fractions showing similar spots provided six main frac-
tions: 1–9 (1.28 g, 0–10% EtOAc in hexane), 10–14
(0.443 g, 15% EtOAc in hexane), 15–19 (0.314 g, 15%
EtOAc in hexane), 20–23 (0.371 g, 20% EtOAc in hexane),
24–31 (0.545 g, 25–30% EtOAc in hexane), and 32–38
(0.248 g, 40–50% EtOAc in hexane), respectively. These
combined fractions were separated further on silica gel col-
umns as described above with varying solvent ratios.

Combined fractions 1–9 (1.28 g) afforded 1 (285 mg,
eluted with 2% EtOAc in hexane), 2 (406 mg, eluted with
3% EtOAc in hexane), and 3 (30.8 mg, eluted with 3%
EtOAc in hexane and purified further by preparative
TLC; benzene–EtOAc 9:1). Column chromatography of
fractions 10–14 (0.443 g) furnished an additional amount
of 2 (115.0 mg), lupeol (5.0 mg, eluted with 6% EtOAc in
hexane) and 4 (20.0 mg, eluted with 6% EtOAc in hexane).
The latter two compounds were purified by TLC using
2% EtOAc in hexane.

Column chromatography of fractions 15–19 (0.314 g)
followed by repeated TLC (CHCl3–MeOH 19:1, multiple
developments) afforded diterpenes 5 (1.9 mg), 6 (1.1 mg),
7 (1.2. mg) and 8 (11.0 mg). Fractions 20–23 (0.371 g) affor-
ded an additional amount of 8 (20.0 mg eluted with 15%
EtOAc in hexane) and large amounts of keto acid 9

(270 mg, eluted with 20% EtOAc in hexane). Fractions
24–31 (0.545 g) provided a further quantity of 9 (150.0 mg),
in addition to three minor compounds (10, 11 and 12).
Purification by repeated preparative TLC (CH2Cl2) affor-
ded 10 (1.8 mg), 11, (0.9 mg), and 12 (0.7 mg), respectively.

3.4. Known diterpenoids

The physical properties and spectra determined for the
known diterpenes isolated, and the sources of comparison
data from the literature are presented below. Physical
and/or spectral data are given when the data are not avail-
able in the literature.

Stachenone (1): colorless oil (Lit.; needles, m.p. 35–36.5 �
C), IR and 1H NMR (Baarschers et al., 1962; Hanson,
1970); 13C NMR (Table 1). EI MS m/z (rel. int.): 286
[M]+ (100), 271 (10), 159 (25), 147 (40), 135 (87). Diosphenol
2: colorless crystals, m.p. 121–123 �C (lit.; 125–126 �C); IR,
1H NMR, 13C NMR and MS (Munkombwe et al., 1997). 4-

Keto ester (3): see below. Stachenol (4): white solid,
½a�25

D þ 33:6 (CHCl3, c 0.25) (Lit.; +32.0, CHCl3), 1H
NMR, 13C NMR and MS (Munkombwe et al., 1997). 6-

Hydroxy diosphenol 8: white solid, 1H NMR, 13C NMR
and MS (Munkombwe et al., 1997). 4-Keto acid (9): color-
less oil, IR, 1H NMR, 13C NMR and MS (Munkombwe
et al., 1998). Rhizophorin C (10): white solid, HREIMS m/
z 303.2325 (calc. for C20H31O2 303.2324) [M + 1]+; IR,
1H NMR, 13C NMR and MS (Anjaneyulu et al., 2002). 6-

Hydroxy diosphenol 11: clear oil, IR, 1H NMR, 13C NMR
and MS (Munkombwe et al., 1998).

3.5. Methyl ent-2,4-seco-4-oxo-3,19-dinorbeyer-15-en-2-oate

(3)

A suspension of natural 4-keto acid 9 (32.0 mg,
0.11 mmol) and Amberlyst 15 (75.0 mg) in 2.5 mL of
MeOH was stirred at room temperature for 1 week. Solids
were filtered, and the filtrate was evaporated with a stream
of N2. Purification by silica gel chromatography using 10%
EtOAc/hexane as eluent gave 20.0 mg (60 % yield) of
methyl ester 3. Similarly, keto acid 9 (5.3 mg, 0.018 mmol)
was allowed to react for 48 h with MeOH (1.5 mL) in the
presence of Amberlyst 15 (10.0 mg) to give, after prepara-
tive TLC (10% EtOAc/hexane), methyl ester 3 (1.4 mg,
25%) and the isomeric lactone ether 14 (3.5 mg, 63%) as
a 5:2 mixture of C-4 epimers. Data for compound 14: 1H
NMR (500 MHz, CDCl3) d 5.69 (d, J = 6.0 Hz, H-15,
major isomer), 5.67 (d, J = 6.0 Hz, H-15, minor isomer),
5.53 (d, J = 6.0 Hz, H-16, minor isomer), 5.51 (d,
J = 6.0 Hz, H-16, major isomer), 3.37 (s, OCH3, minor iso-
mer), 3.36 (s, OCH3, major isomer), 2.62 (d, J = 17.0 Hz,
H-1 0, minor isomer), 2.61 (d, J = 17.0 Hz, H-1 0, major iso-
mer), 1.99 (dd, J = 17.0 1. Hz, H-1, minor isomer), 1.97
(dd, J = 17.0, 1.0 Hz, H-1, major isomer), 1.56 (s, Me-18,
major isomer), 1.48 (s, Me-18, minor isomer), 1.02 (s,
Me-17, minor isomer), 1.01 (s, Me-17, major isomer),
0.93 (d, J = 1 Hz, Me-20, major isomer), 0.85 (d,
J = 1 Hz, Me-20, minor isomer).

A suspension of pseudo ester 14 (4.1 mg, 0.013 mmol)
and Amberlyst 15 (10.0 mg) in 1.5 mL of MeOH was stir-
red at room temperature for 72. h. Work up as described
above gave 4.0 mg (quant.) of compound 3: colorless oil
[a]D +3.5 (CHCl3, c 1.5) (Lit., �2.6, CHCl3, c 0.0232);
IR, 1H NMR, and MS (Munkombwe et al., 1998); 13C
NMR (Table 1).

3.6. ent-3-Oxa-beyer-15-en-2-one (5)

White crystals; m.p. 119–120� C; ½a�25
D � 19:7 (CHCl3, c

0.8); UV (CH3OH) kmax nm (log e) 261 (2.24) nm; IR mmax

(CHCl3) 2924, 2850, 1727 (CO), 748 cm�1; 1H NMR
(500 MHz, CDCl3) d: 5.67 (d, J = 6.0 Hz, H-15), 5.53 (d,
J = 6.0 Hz, H-16), 2.61 (d, J = 16.5 Hz, H-1 0), 1.89 (dd,
J = 16.5, 0.5 Hz, H-1), 1.72 (dt, J = 13.5, 2.5 Hz, 1H),
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1.54 (d, J = 12.5, 1H), 1.42 (s, Me-18 or Me-19), 135 (s,
Me-19 or Me-18), 1.06 (d, J = 9.5 Hz, H-14a), 1.02 (s,
Me-17). 0.88 (d, J = 1 Hz, Me-20); 13C NMR: see Table
1; HREIMS m/z 288.20849 (calc. for C19H28O2

288.2089); EIMS m/z (rel. int.): 288 [M]+ (44), 273 (12),
220 (16), 205 (48), 188 (100), 159 (30), 133 (40), 105 (28),
84 (50).

To a well-stirred solution of natural keto acid 9

(31.3 mg, 0.11 mmol, 85 % pure by 1H NMR analysis) in
2 mL of THF was added dropwise MeLi (1.6 M in Et2O,
142 lL, 0.23 mmol, 2.1 equiv.) at �50 �C under an atmo-
sphere of N2. After the addition, the resulting solution
was stirred at �10 � C for 1 h and then at room tempera-
ture for 2 h. The reaction was quenched by addition of
1 mL of 10% aq. HCl. The two-phase mixture was stirred
at room temperature for 30 min and then extracted with
EtOAc (3 · 2 mL). Purification by flash chromatography
on silica gel using a gradient of 10–20% EtOAc/hexane
gave pure compound 5 (10.8 mg, 35 % yield) as a white
crystalline solid. The 1H and 13C NMR spectra were iden-
tical with those previously obtained for the natural lactone.

3.7. ent-15,16-Epoxy-2-hydroxy-19-norbeyer-1,4-dien-3-one

(6)

To a well-stirred solution of natural diosphenol 9

(8.8 mg, 0.03 mmol) in 2 mL of dry CH2Cl2 was added 3-
chloroperoxybenzoic acid (mCPBA, 77% peroxy content,
34.1 mg, 0.152 mmol) at 0 � C. After 2.5 h, H2O (3 mL)
was added, and the resulting mixture extracted with Et2O
(3 · 2 mL). The ethereal extracts were washed with 5%
NaOH (3 · 1 mL) and dried (Na2SO4). Purification by pre-
parative TLC on silica gel using CH2Cl2 as the developing
solvent gave compound 6 (9.3 mg, quant.) as a white solid:
m.p. 144–145 �C; ½a�25

D � 6:5 (CHCl3, c 0.5); UV (CH3OH)
kmax (log e) 261 (3.34) nm; IR mmax (CHCl3) 3376 (OH),
2945, 2868, 1625 (CO), 1237 and 847 cm�1; 1H NMR
(500 MHz, CDCl3) d: 6.43 (s, OH), 6.26 (s, H-1), 3.59 (d,
J = 3.0 Hz, H-15), 3.16 (d, J = 3.0 Hz, H-16), 2.86 (dt,
J = 13.5, 3.5 Hz, 1H). 2.46 (ddd, J = 14.5, 13.5, 3.5 Hz,
1H), 2.11 (ddd, J = 13.5, 4.5, 3.5 Hz, 1H), 2.00 (d,
J = 1.0 Hz, Me-18), 1.86 (ddd J = 13.5, 12.5, 3.5 Hz, 1H),
1.79 (m, 1H), 1.73 (m, 1H), 1.39 (ddd, J =13.5, 12.5,
5.0 Hz, 1H),1.32 (dd, J = 13.5, 3.5 Hz, 1H), 1.27 (s, Me-
20), 1.24 (dd, J = 11.0, 3.0 Hz, H-14e), 1.06 (s, Me-17),
0.49 (d, J = 11.0 Hz, H-14a); 13C NMR: see Table 1; HRE-
SIMS m/z 301.1807 (calc. for C19H25O3 301.1804)
[M + 1]+; ESIMS m/z (rel. int.): 301 [M + 1]+ (30), 283
(8), 151 (100). The 1H NMR spectrum was identical with
that previously obtained for the natural epoxide.

3.8. Methyl ent-2,4-seco-15,16-epoxy-4-oxo-3,19-

dinorbeyer-15-en-2-oate (7)

Natural methyl ester 3 (6.7 mg, 0.02 mmol) was epoxi-
dized as previously described for 6 to afford epoxide 7

(6.2 mg, 88%) as a clear oil: ½a�25
D � 11:3 (CHCl3, c 0.4);
UV (CH3OH) kmax (log e) 208 (2.46), 260 (0.67), 322
(0.17) nm; IR mmax (CHCl3) 2950, 2869, 1731 (ester CO),
1707 (ketone CO) 1181 and 849 cm�1; 1H NMR
(400 MHz, CDCl3) d: 3.66 (s, OMe), 3.42 (d, J = 3.2 Hz,
H-15), 3.01 (d, J = 3.2 Hz, H-16), 2.97 (dd, J = 12.0,
3.2 Hz, H-5), 2.38 (d, J = 14.4 Hz, H-1 0), 2.30 (d,
J = 14.4 Hz, H-1 0), 2.23 (s, Me-18), 1.90–1.23 (m, 9 H),
1.18 (dd, J = 10.8, 2.4 Hz, H-14e), 1.14 (s, Me-20), 1.03
(s, Me-17), 0.58 (d, J = 10.8 Hz, H-14a); 13C NMR: see
Table 1; HRESIMS m/z 321.2068 (calc. for C19H29O4

321.2066) [M + 1]; ESIMS m/z (rel. int.): 321 [M + 1]+

(80), 303 (9), 289 (100), 271 (8), 217 (5). The 1H NMR spec-
trum was identical with that previously obtained for the
natural epoxide.

3.9. ent-2,17-Dihydroxy-19-norbeyer-1,4,15-trien-3-one

(12)

Colorless oil: ½a�25
D � 2:9 (CHCl3, c 0.09); UV (CH3OH)

kmax (log e) 262 (2.45) nm; IR mmax (CHCl3) 3586 (OH),
2950, 2883, 1618 (CO) 1021 cm�1; 1H NMR (500 MHz,
CDCl3) d: 6.42 (s, OH), 6.28 (s, H-1), 6.03 (d, J = 6.0 Hz,
H-15), 5.78 (d, J = 6.0 Hz, H-16), 3.59 (d, J = 10.5 Hz,
H-17 0), 3.50 (d, J = 10.5 Hz, H-17), 2.81 (dt, J = 13.0,
3.5 Hz, 1H). 2.37 (ddd, J = 14.5, 13.5, 3.5 Hz, 1H), 2.30
(m, 1H), 1.99 (s, C-18 Me), 1.90 (dt, J = 13.0, 4.5 Hz,
1H), 1.76 (dd J = 10.0, 3.0 Hz, H-14e), 1.12 (s, Me-20),
0.97 (d, J = 10.0 Hz, H-14a); HRESIMS m/z 301.1801
(calc. for C19H25O3 301.1804) [M + 1]; ESIMS m/z (rel.
int.): 301 [M + 1]+ (10), 151 (100).

3.10. In vitro L1210 mouse leukemia assay

The assays were performed according to Grace et al.,
2006. The only difference was that the tested concentrations
were 80, 60, 40, 20, 10 and 1.0 lg/mL.
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