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Squalene (1) and the (S)-2,3-monoepoxide of squalene are
precursors for the biogenesis of many 30-carbon terpenoid
natural products, including steroids and hopanoids.!! The
demonstrated cascade polycyclization nature of the biosyn-
thetic processes for these important natural products from
squalene and squalene epoxide has also revolutionized the
development of chemical synthesis strategies that are similar
to or inspired by this mode of natural product biosynthesis.”!
More recently, a variety of triterpenoid natural products
containing cyclic ethers have been discovered in marine
sources including algae and sponges.**! The biosynthetic
pathways for these compounds are envisioned to arise from
additional oxidations of squalene, accompanied by oxacycli-
zations to form the cyclic ether structures. Although consid-
erable accomplishments have been recorded in biomimetic or
bioinspired cascade cyclizations of polyalkene, polyepoxide,
and epoxyalkene cyclizations,”” the cyclization processes of
multiple epoxides with multiple alkenes have not been
extensively studied.

Such a hybrid process has been proposed® for the
biosynthesis of triterpenoids featuring cyclic ethers fused to
carbacyclic rings, including the marine triterpenoid natural
product abudinol B (2, Scheme 1). Abudinol B and several
other structurally related triterpenes have been isolated from
Ptilocaulis spiculifer, a marine sponge of the Axinellidae
family indigenous to the Red Sea waters of the Dahlak
archipelago of Eritrea.’! The 30-carbon skeleton of abudi-
nol B as well as the position of methyl substituents is
consistent with a triterpene arising from biogenetic oxidative
polycyclization of squalene (1), and also shares several
structural features with other cyclic ether triterpene natural
products.”® Although the nature of the biosynthetic poly-
cyclization process has not yet been demonstrated, Fernandez
et al. have proposed that tandem oxa- and carbacyclization of
two adjacent epoxides and both alkenes of squalene tetraep-
oxide (3) provides the hypothetical intermediate 4 containing
the fused tricyclic sector in an initial tricyclization stage,
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Scheme 1. Proposed biosynthesis for abudinol B (2).

followed by a subsequent stage featuring bicyclization of the
remaining two epoxides to afford the structure of abudi-
nol B.B°! In 2007 we reported the synthesis of ent-abudinol B
(ent-2),l"" via separate syntheses of the tricyclic and bicyclic
sectors from related but different bisepoxide cyclizations,
concluding with joining the two sectors by constructing the
tetrasubstituted alkene. Our synthesis clarified an ambiguous
stereochemical assignment for abudinol B and provided
valuable insights into the synthesis of the condensed oxe-
pane-cycloalkane sectors of 2.

Herein we describe a novel enantioselective chemical
synthesis of ent-abudinol B (ent-2) arising from a squalene-
like 29-carbon substrate (10, Scheme 2), which closely mimics
the proposed biosynthetic pathway for abudinol B.®! Com-
pound 10 and the synthetic route utilized for this compound
were designed so that two epoxides could be regioselectively
introduced by farnesol-derived bromide 6. To more effec-
tively promote the initial tricyclization cascade to the fused
tricyclic network of abudinol B as observed in the proposed
biogenetic intermediate 4, the enolsilane at C14-C15 of 10
was introduced for efficient nucleophilic termination of the
cascade cyclization. Diepoxybromide 6 was coupled with the
Brook rearrangement product of the lithium alkoxide of 9,%?
providing the enolsilane 10 exclusively as the Z isomer. The
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Scheme 2. Synthesis of squalene-like substrate 10 for biomimetic
cyclizations. Reagents and conditions: a) b-Epoxone (0.5 equiv),
Oxone, pH 10.5 buffer, DMM/MeCN/H,0. —5°C, 54%; b) K,CO;,
MeOH, 99%; c) MsCl, Et;N, —40°C, then LiBr, THF, 0°C, 60%;

d) LDA, THF, —30°C, then 8; e) NaOAc, HOAc, 84% (2 steps);

f) H,C=CHMgClI, Et,O, 0°C, then HCl, 88 %,; g) nBuLi, hexane/THF,
—78°C, then 6, 50%. DMM = dimethoxymethane.

epoxides of compounds 6 and 10 were antipodal to those
required for abudinol B, due to the ready availability of the b-
fructose-derived chiral ketone (D-Epoxone) for enantioselec-
tive epoxidation.!”)

For the first stage of biomimetic tricyclization, we found
that 1.1 equivalents of trimethylsilyl triflate," in the presence
of the bulky base 2,6-di-fert-butyl-4-methylpyridine
(DTBMP), selectively activated the terminal epoxide of 10
and effectively promoted regio- and stereoselective tandem
cyclization to provide trans,anti,trans-fused tricyclic ketone 11
as the major product (Scheme 3), consistent with concerted
antiparallel addition and an expected chairlike conformation
12.>77I The best yield of 11 (50 %, single diastereomer) was
achieved when the reaction was quenched with 1.1 equiv-
alents of tetrabutylammonium fluoride at —78°C within ten
minutes of trimethylsilyl triflate addition, whereas longer
reaction times or aqueous quench resulted in the generation
of the epimeric product at C14 (see the Supporting Informa-
tion for details), perhaps through silyloxonium ion inter-
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mediate 13. No significant by-products arising from side
reactions of the remaining diene of 10 or 11 were observed.
Compound 11 and its Cl4 epimer (not shown) were
thoroughly characterized by 'HNMR, CNMR, 'H-'H-
COSY, and NOESY spectroscopy, as well as high-resolution
mass spectrometry.

In order to explore the ultimate bicyclization of the
hypothetical biogenesis of ent-abudinol B (2) from the
enantiomer of substrate 4 under abiological conditions, the
conversion of 11 into ent-4 required methylenation of the C15
ketone and double epoxidation of the trisubstituted alkenes
of a triene intermediate. After evaluating a variety of reagents
for this olefination, we found that the classical Wittig reagent
prepared in situ from a refluxing benzene solution of
Ph;PCH,Br and KOBu"® gave good yields of the disubsti-
tuted alkene product, albeit with some epimerization at C14
prior to methylenation. Regio- and enantioselective epox-
idations!"” of the two trisubstituted alkenes was then achieved
in the presence of the disubstituted alkene by careful control
of the reaction temperature, concentration, amount of D-
Epoxone and reaction time, to provide ent-4. To the best of
our knowledge, this is the first example of Epoxone-catalyzed
regioselective epoxidation of trisubstituted alkenes in the
presence of a disubstituted alkene.

A comment on the stereochemistry of ent-4 is warranted
before describing our results on the ultimate bicyclization to
abudinol B: although the relative configuration at C14 is
consistent with the lower energy conformation for the tandem
cyclization process from 10 to 11 (Scheme 4), we were
concerned that the C14 configuration might not be consistent
with a concerted cyclization mechanism terminating with
cleavage of the C—H sigma bond at C14 resulting from orbital
alignment with the C15 alkene, when in a favorable con-
formation for cyclization onto the two epoxides. Thus we were
pleased to observe that trimethylsilyl triflate-promoted
reaction of ent-4 did provide ent-abudinol B (ent-2), albeit
in modest yield accompanied by several by-products including
the trisubstituted alkene isomer 16 and the partial cyclization
structure 17.1! The spectroscopic properties of our synthetic
product ent-2 matched the reported literature data® as well as
direct comparison with another sample of ent-2 generated in
our first-generation synthesis of ent-abudinol B, which in turn
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Scheme 3. Biomimetic tricyclization of 10 to 11, and conversion into ent-4. Reagents and conditions: a) Me;SiOTf, DTBMP, CH,Cl,, —78°C, then
Bu,NF, 50%; b) Ph;PMeBr, KO-tBu, benzene, 80°C, 30% (+ 55% C14 epimer); c) p-Epoxone (0.5 equiv), Oxone, pH 10.5 buffer, DMM/MeCN/

H,0, —5°C, 50%.
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Scheme 4. Biomimetic bicyclization of ent-4 to ent-abudinol (ent-2) and isomeric by-products. Reagents and conditions: a) Me,SiOTf, DTBMP,

CH,Cl,, —78°C, then Bu,NF.

had been previously confirmed by X-ray diffractometry of the
bis-silyl ether of ent-abudinol B." The partial cyclization
product 17, resulting from proton-elimination from C20 after
diepoxide cyclization, may arise due to the relatively low
nucleophilicity expected for the C15-C28 disubstituted
alkene. The mechanism for the tandem bicyclization process
to ent-2 and trisubstituted alkene isomer 16 is consistent with
the intermediacy of a C15 carbenium ion or ion pair, perhaps
due to the relatively poor nucleophilicity of the 1,1-disub-
stituted alkene of ent-4, which is also consistent with the
generation of partial cyclization product 17 as a significant by-
product.

In conclusion, a short total synthesis of ent-abudinol B
(ent-2) has been accomplished from a squalene-like substrate
10, following a synthetic strategy inspired by and closely
mimicking the proposed biosynthetic pathway. This synthesis
demonstrates the viability of tandem oxa- and carbacycliza-
tions of structurally complex polyepoxide—alkene substrates.
More significantly, the cyclization behavior of ent-4, which is
the enantiomer of a possible advanced biosynthetic precursor
to abudinol B, provides the first chemical evidence for the
biosynthesis pathway proposed for abudinol B and other
oxepane-containing triterpenoid marine natural products. We
speculate that isomeric compounds 16 and/or 17 may also be
present in the mixture of natural products arising from
Ptilocaulis spiculifer, which if true would provide another
point of connection between the synthetic work described
herein and natural products biosynthesis.
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