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ABSTRACT

The three-carbon r,r′-annulation of a sterically hindered cyclic â-keto ester can be achieved by alkynylation with 3,3-diethoxypropyne, syn
reduction of the alkyne with Co2(CO)8 and Et3SiH, and an intramolecular aldol reaction. The method is potentially useful for the synthesis of
nemorosone, hyperforin, and other polycyclic polyprenylated acylphloroglucinols.

In recent years, widespread interest in the antidepressant
activity of Hypericum perforatum(St. John’s wort) has
stimulated much investigation into metabolites from the
Guttiferae. Studies of the plants from this family have
revealed a class of compounds, the polycyclic polyprenylated
acylphloroglucinols (PPAPs), with fascinating chemical
structures and intriguing biological activities. The PPAPs
feature a highly oxygenated and densely substituted bicyclo-
[3.3.1]nonane-2,4,9-trione core to which are attached an acyl
group at C(1) or C(3) and prenyl or C10H17 side chains.1

Secondary cyclizations may involve theâ-diketone and
pendant olefinic groups, affording adamantanes, homoada-
mantanes, or pyrano-fused structures. Various PPAPs have
been found to be antibiotics against multidrug-resistantS.
aureus,2 stimulators of choline acetyltransferase,3 and inhibi-
tors of DNA topoisomerase I and II,4 tubulin depolymeri-
zation,5 and neurotransmitter reuptake.6

The combination of intriguing biological activity and
challenging structure makes the PPAPs appealing targets for
organic synthesis, but surprisingly few model studies and
no total syntheses of these compounds have appeared. The
five model studies that have appeared to date have used an
R,R′-annulation of a cyclohexanone derivative to construct
the key bicyclo[3.3.1]nonane skeleton. In their garsubellin
A model studies, Shibasaki used a complex sequence that
included C-C bond-forming addition-elimination and aldol
reactions,7 Nicolaou used a “biomimetic” selenocyclization
of a cyclic â-keto ester onto a pendant prenyl group,8 and
Stoltz used a tandem Claisen-Dieckmann reaction of ma-
lonyl dichloride.9 In their hyperforin model studies, Kraus
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used an allylation followed by Mn-mediated oxidative
cyclization,10 and, in a very creative approach, Young used
an intramolecular allene-nitrile oxide cycloaddition.11 Nico-
laou’s disconnection was unique: he annulated thegem-
dimethyl-containing ring onto an existing cyclohexanone,
whereas the others annulated theâ-diketone-containing ring
onto an existing one.

We decided to focus our own initial efforts in this area
on the type A PPAP, nemorosone (Scheme 1),1,12 because
we thought that its fairly simple structure relative to other
PPAPs would present fewer hurdles as we developed our
methodology. Our retrosynthetic analysis of nemorosone had
us mask the sensitive prenyl groups as more robust, tractable
allyl groups until the very end of the synthesis, when they
could be installed by Ru-catalyzed cross-metathesis of1 with
Me2CdCHMe.9,13 We thought that the C(3) allyl group of1
could be installed by alkylation of theâ-diketone group, the
C(4-5) bond of1 by an intramolecular aldol reaction of2,
and the C(1-2) bond of2 by alkylation of â-diketone3.
Our previous experience with synthesizing sterically con-
gested compounds by the use of CN groups14 led us to
speculate that a 1-alkynyl group could be added to C(1) of
3 without much steric impedance from the adjacentgem-
dimethyl group. In fact, the Hashimoto and Moloney groups
developed Pb(OAc)4-mediated alkynylations ofâ-keto esters
in the late 1980s,15,16 although they did not investigate
substrates so hindered as3. The C-selectivity of the Pb-
mediated alkynylations appealed to us, as did their irrevers-
ibility and neutral conditions, the latter because we did not
want any sterically compressed intermediates to fragment
by retro-Michael, -Claisen, or -Dieckmann reactions. We

decided to alkynylate3 with commercially available 3,3-
diethoxypropyne; after syn reduction of the CtC bond15 and
acetal hydrolysis to give2, the unmasked aldehyde could
then engage in an intramolecular aldol reaction at C(5).

We decided to begin our investigation with a model study
(Scheme 2). Addition of prenyl bromide to the dianion of
methyl 3-oxo-6-heptenoate17 in the presence of DMPU gave
diene 4 in 67% yield, and cyclization of4 with SnCl4
provided cyclohexanone-2-carboxylate5 in 84% yield.18 The
Pb(OAc)4-mediatedR-alkynylation of â-keto ester5 with
lithiated 3,3-diethoxypropyne failed;15 instead, the major
product was derived from oxidative dimerization of the
alkyne. However, when the corresponding tributylstannylated
alkyne was added to a mixture of5 and Pb(OAc)4, the desired
alkynylatedâ-keto ester6, which contained the two contigu-
ous quaternary centers of the PPAPs, was obtained in 48%
yield.16 Even after flash chromatography, ester6 was
contaminated with some Bu3SnX residue, but this impurity
was removed in subsequent steps.

Catalytic hydrogenation of the CtC bond of6 failed, even
at very high pressures (ca. 1000 psi). To reduce the steric
encumbrance around the alkyne, acetal6 was hydrolyzed to
the aldehyde7 in neat HCO2H in 71% yield.19 Although
hydrogenation of the CtC bond of7 proceeded with several
catalysts, reduction of the allyl and formyl groups was often
competitive, and those catalysts that did not also reduce the
allyl group caused the nascent cis enal to isomerize to the
trans isomer.

A literature survey revealed very few alternatives to
Lindlar-type hydrogenation for the syn reduction of alkynes
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Scheme 1 Scheme 2a

a (a) NaH, BuLi, DMPU, prenyl bromide, 67%. (b) SnCl4,
CH2Cl2, 84%. (c) (EtO)2CHCtCSnBu3, Pb(OAc)4, 48%. (d)
HCO2H, 71%. (e) Co2(CO)8, 87%. (f) Et3SiH, Me3SiCtCSiMe3,
94%. (g) cat. 6 N aqHCl, 72%, ca. 1:1 dr.
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in the presence of unhindered alkene and carbonyl groups.
Only one precedent stood out: an alkyne was syn hydrosi-
lylated with Et3SiH via its Co2(CO)6 complex, and terminal
alkenes in the substrate were unaffected.20 We obtained the
Co2(CO)6 complex of 7 in 87% yield, despite the steric
encumbrance around the CtC bond in7, and treatment of
the complex with excess Et3SiH in the presence of Me3SiCt
CSiMe3 gave the (E)-R-silyl enal 8 in 94% yield with
complete regio- and stereoselectivity. Furthermore, acid-
catalyzed cyclization of8 cleanly gave separable aldols9a
and9b in 72% combined yield (ca. 1:1 crude dr). The faster-
moving, crystalline diastereomer was initially proposed to
be 9a because its1H NMR spectrum showed long-range
allylic coupling between H(2) and H(4), whereas that of the
slower, liquid diastereomer did not. The assignment of the
former compound as9a was later confirmed by X-ray
crystallographic analysis. Also, a NOESY spectrum of the
latter compound showed a cross-peak between a resonance
attributed to H(4) and one attributed to H(6) or H(7),
confirming it as9b. Aldols 9 not only contain the bicyclo-
[3.3.1]nonane skeleton and all three quaternary centers of
the type A PPAPs (Figure 1), but they also contain
functionality that is suitable for elaboration into the 2-prenyl-

1,3-diketone moiety of nemorosone (Scheme 1) and several
other type A PPAPs.

To our knowledge, the conversion of5 to 9 constitutes
the first application of 3,3-diethoxypropyne toR,R′-annula-
tion, in which it acts as a synthetic equivalent tocis-â-
chloroacrolein. Undoubtedly, Shibasaki was expecting acis-
â-chloroacrylate to behave similarly when he combined it
with a 2-acylcyclohexanone,7 but in this case, reaction
occurred at theγ-position, not theR-position, of the
nucleophile, and the acrylate-derivedπ bond of the adduct
had isomerized to the trans configuration, necessitating a
lengthy, awkward, and technically difficult sequence of steps
to achieve the desired aldol reaction.

In conclusion, we have developed a short and efficient
synthetic approach to the bicyclo[3.3.1]nonane skeleton of
the PPAPs that involves a novel three-carbonR,R′-annulation
of a sterically hindered cyclicâ-keto ester with 3,3-
diethoxypropyne. The alkynylation reaction permits the
construction of the two contiguous quaternary centers of the
PPAPs in reasonable yield and without complications from
O-alkylation or retro-Michael, -Claisen, or -Dieckmann
reactions. We have also successfully applied a recently
developed syn hydrosilylation20 to the very hindered product
of this alkynylation reaction. The greatest remaining obstacle
to the synthesis of a PPAP is probably the transformation of
the 2-silyl-2-alken-1-ol moiety of9 into a 2-prenyl-1,3-
diketone. Studies along this line are underway.
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Figure 1. The polycyclic polyprenylated acylphloroglucinols
(PPAPs).
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