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Fungi-derived and microbial terpenoids, distinctive by the pres-
ence of medium rings in their structures, are important synthetic
targets.! Recently, the attention of several groups has focused on
guanacastepenes, a family of diterpenoids isolated from endophilic
fungi growing on the branches of the Daphnopsis americana tree
(Guanacaste Conservation Area, Costa Rica).? The first identified rep-
resentative of this family, guanacastepene A (1, Fig. 1), has a tricyclic
structure with linearly fused five-, seven- and six-membered rings.
The ‘northern’ region of this molecule is highly polar while the oppo-
site side is hydrophobic and bears two quaternary carbon atoms, and
anisopropyl group. More recently, structurally closely related terpe-
noids named heptemerones, including heptemerone G (2) were iso-
lated from a broth of a submerged culture of Coprinus heptemerus.?

Interest in guanacastepene and heptemerone synthesis has
been stimulated by their fascinating structures and biological
activity. The crude fermentation extracts of fungi from Daphnopsis
as well as isolated guanacastepene A were found to be highly ac-
tive against certain malicious antibiotic-resistant bacteria.?"
Although the biological activity profile of guanacastepene A is
encumbered with a detrimental side effect (lysis of human red
blood cells), a new class of structures has been revealed for chem-
ical and pharmacological exploration.

The first total synthesis of guanacastepene A (1) was reported
by Danishefsky and co-workers.* The synthesis of 1 has also been
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accomplished by Shipe and Sorensen’® and formal total syntheses
were reported by Hanna,® Snider,” and Mehta et al.® Guanacaste-
pene C was synthesized by Mehta et al.® guanacastepene N by
Overman and co-workers,? and guanacastepene E by Trauner and
co-workers.'° To date, only one representative of the heptemerone
family, heptemerone B, has been synthesized.!® Several approaches
to advanced intermediates for guanacastepene synthesis have also
been developed.'!!?
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Figure 1. Structures of guanacastepene A, heptemerone G and the key synthetic
intermediates.
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Scheme 1. Highlights of the proposed scheme for the synthesis of 4.

We now report the first total synthesis of heptemerone G (2)
and, en route, a new synthetic approach to compound 3 (which
is a guanacastepene A precursor in the Danishefsky synthesis),
via the versatile tricyclic intermediate 4.

The main features of the proposed synthetic route to 4 are
shown in Scheme 1. The bicyclic intermediate 5, readily prepared
from 2-methylcyclopent-2-en-1-one, allylmagnesium bromide,
and pivaloyloxymethyl vinyl ketone was the connection point to
our earlier work."® It was envisioned that the hydroxy-epoxide
function in 5 will be used, after protection of the oxo group at C-
14, to install the oxo group at C-3 and the allyl group at C-8. The
intermediate 6 would then be dehydrogenated and the product
subjected to methylation to afford 7. Danishefsky** and Mehta'*
have shown that methylation of similar o,B-unsaturated ketones
introduces the methyl group in a trans-orientation with respect
to the angular methyl group. The allyl and oxo groups in the inter-
mediate 7 were designed to serve as bridgeheads for forming ring C
via the keto-ester 8. Further transformations of 4 into 2 and 3 will
require diastereoselective reduction of the keto group (C-5) and
other functional group interconversions.

The alcohol 5,'? on treatment with p-tosyl chloride in pyridine,
gave the corresponding tosylate which, without purification, was
subjected to Finkelstein exchange and the resulting unstable iodide
9 (Scheme 2) was reduced immediately with zinc in absolute eth-
anol'® to give alkene 10. Careful acetylation of 10 with acetic anhy-
dride and DMAP in dichloromethane gave the acetate 11
contaminated with (presumably) its cis-azulene epimer (10% by
'H NMR). All attempts to protect the keto group in 10 or 11 by
reaction with ethylene glycol under standard conditions (acid cat-
alyst, benzene, reflux with water removal) led to the formation of
mixtures of products. After considerable experimentation, we
found that treatment of a suspension of 11 in ethylene glycol with

Scheme 2. Synthesis of methylidene ketone 13. Reagents and conditions: (a) (1) p-
TsCl, pyridine, 0°C, 6 h, (2) Nal, acetone, reflux, 20 min; (b) Zn, absolute EtOH,
reflux, 1 h, 92% from 5; (c) Ac,0, DMAP cat., CH,Cl,, rt, 89%; (d) (1) ethylene glycol,
p-TsOH cat., (MeO)3CH, rt; (2) KOH, MeOH, 96%; (e) MnO,, Et;0, rt, 84%.

Scheme 3. Construction of the required stereogenic center at C-8. Reagents and
conditions: (a) CH,=CHMgBr, Cul, HMPA, TMSCI, THF, —78 °C to rt, 30 min; (b)
BuyNF-3H,0, THF, rt, 15 min, 92% from 13; (c) (1) LDA, THF, hexanes, —78 °C then
MesSiCl, —78 °C to rt, (2) PhSeCl, CH,Cl,, Py, —78 °C to rt, 73%; (d) m-CPBA, NaHCOs3,
CH,Cl,, —78 °C, 30 min and then EtsN, satd aq Na,S0s, rt, 20 h, 89%; (e) LHMDS, THF,
0°C, 2 h and then HMPA, Mel, —20 °C, 1 h, 98%.

p-toluenesulfonic acid as the catalyst and methyl orthoformate as
the water scavenger, at room temperature, afforded the corre-
sponding ethylene ketal. Hydrolysis of the crude ester then gave
the hydroxy-ketal 12. Manganese dioxide oxidation'® of 12 fur-
nished the methylidene ketone 13 and the latter was used imme-
diately in the next step.

Copper-assisted conjugate addition of vinylmagnesium bro-
mide to enone 13 (Scheme 3) in the presence of TMSCI**!7 gave
the silyl enol ether 14 which was subsequently treated with tetra-
butylammonium fluoride to afford ketone 15 as a single epimer
(the configuration at C-8 is of no consequence for the synthesis).
The ‘kinetic’ lithium enolate was then generated from 15 using
LDA and trapped with TMSCI. The trimethylsilyl derivative was
then transformed!'® into the phenylselenide 16 and subsequently
into the enone 17. The lithium enolate generated from 17 and
LHMDS was treated with an excess of methyl iodide in the pres-
ence of HMPA. A single product was obtained in 98% yield, which
was at least 99% pure by HPLC. The structure 18 was assigned to
this product.*d”'* Computational studies on the stereochemistry
of the methylation of 17 and its 1,2-dihydro-analog have been re-
ported previously.!®

19 20, R = CH,OH
21, R= CHO ©)

Scheme 4. Synthesis of the tricyclic intermediate 4. Reagents and conditions: (a)
(1) NaBH4-CeCl3-7H,0, MeOH, (2) Et3SiCl, imidazole, DMAP, CH,Cl,, 16 h, 90% from
18; (b) 9-BBN, THF, 0 °C to rt and then aq NaOH, H,0,, 0 °C to rt, 97%; (c) TPAP,
NMO, 4 A MS, CH,Cl,, rt, 95%; (d) (1) CH3CO,t-Bu, LDA, THF, hexanes, —78 °C to rt,
(2) BuyNF-3H,0, THF, rt, 0.5 h, 91% from 21; (e) Dess-Martin periodinane, NaHCOs,
CH,Cl,, rt, 15 min and then Na,SO3; (f) EtONa, EtOH, rt, 2.5 h, 80% from 22.
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Scheme 5. Transformations of the core carbocyclic systems. Reagents and conditions: (a) LiAlH,, THF, —93 °C, chromatography, 77%; (b) LiAlH4, THF, rt, 0.5 h; (c) PhI(OAc),,
TEMPO, CH,Cl,, rt, 60-70% from 23; (d) Ac,0, DMAP, EtsN, CH,Cl,, rt; 94%; (e) acetone, PPTS (cat.), rt, 94%; (f) acetone, p-TSA, rt, 95%.

Ketone 18 was reduced applying the Luche protocol,?° and the
resulting alcohol was protected as its triethylsilyl ether to give 19
(Scheme 4). The terminal double bond in 19 was then subjected to
hydroboration-oxidation to afford alcohol 20. Oxidation of 20 with
tetra-n-propylammonium perruthenate (TPAP)-NMO?! gave the
aldehyde 21. Addition of lithium tert-butyl acetate®’ (generated
from tert-butyl acetate and LDA in THF at —78 °C) to 21 afforded an
adduct that was desilylated without purification. The mixture of
diols 22 so obtained was oxidized with freshly prepared Dess-Mar-
tin periodinane®® to give dione 8 that decomposed on attempted iso-
lation. However, when crude 8 was treated with sodium ethoxide in
absolute ethanol, the tricyclic derivative 4 was formed smoothly
(80% yield from diol 22). It was pleasing to obtain this intermediate
as beautiful crystals (mp 145-146 °C, hexane), after struggling
through several stages with unstable oily intermediates.

The keto group in keto-ester 4 could be reduced selectively
using several reducing agents to afford a readily separable mixture
of alcohol 23 (Scheme 5) and its 5a-epimer. Lithium aluminum hy-
dride in THF at -93 °C was the most favorable providing 23 in 77%
yield (6.5:1 isomer ratio).

The hydroxy ester 23 was further reduced with LiAIH4 at room
temperature into the diol 24 which was oxidized selectively with
PhI(OAc),-TEMPO (2,2,6,6-tetramethyl-1-pyridinyloxyl) following
the procedure developed by Danishefsky et al. for a related diol.*d2*
The hydroxy-aldehyde 25 obtained in 60-70% yield was acetylated
with acetic anhydride in the presence of DMAP and triethylamine
to give acetate 26. Finally, removal of the ketal protecting group
afforded heptemerone G (2). The HRMS, 'H NMR (500 MHz, CDCl5),
IR and UV spectra confirmed the structure. The 'H NMR spectrum
(500 MHz) in DMSO-dg at 100 °C showed signals in full agreement
with the reported data for heptemerone G.>? Interestingly, the syn-
thetic material showed well-resolved signals in the "H NMR spec-
trum at room temperature.?> However, broadening of some signals
was observed in its '3C NMR spectrum, presumably due to the con-
formational flexibility of this compound.?*3? No spectrum of the nat-
ural compound was available for a direct comparison.

To complete the formal synthesis of guanacastepene A (1), diol
24 was dissolved in acetone and treated with a catalytic amount of
p-toluenesulfonic acid. Compound 3 was obtained (crystalline so-
lid, 95% yield) showing the expected HRMS spectrum and 'H, and
13C NMR spectra (500 and 125 MHz, respectively) in agreement
with the reported spectra.*

In summary, a versatile intermediate 4 for the synthesis of tri-
cyclic 5-7-6 diterpenoids has been synthesized from 2-methylcy-
clopent-2-en-1-one in thirty three steps and in a 5.2% overall
yield. This intermediate was employed in the first total synthesis
of (+)-heptemerone G (2) and in a synthesis of the (+)-guanacaste-
pene precursor 3. Key features of the synthesis include an efficient
new synthetic sequence for annulation of the 2-methylcyclopent-
2-en-1-one fragment, an early introduction of the keto group at
C-14, a Wharton-type reduction of hydroxy-epoxide 5 into the
allylic alcohol 10, protection of enolizable ketone 11 under mild

conditions and a diastereoselective alkylation of the ‘kinetic’ eno-
late generated from 17.
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