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The fusicoccanes are representative of a family of terpenes
that feature a fused 5-8-5 carbocyclic skeleton.[1] Substances
exhibiting this structural motif have been isolated from a
variety of sources including the wax secretions of scale insects,
fungi, liverworts, and more recently, from higher plants.
Fusicoccanes,[2] cotylenins,[3] and fusicoplagins[4] are diterpe-
noid examples, whereas the ophiobolins[5] and ceroplastols[6]

are sesterterpenes. Fusicoccins and cotylenins exhibit signifi-
cant phytohormonal activities associated with the activation
of plasma membrane H+-ATPase, and fusicoccin-binding
proteins are considered to be key elements in intracellular
signal transduction pathways.[7] The putative biogenesis of this
tricyclic framework is described by a p-cation cyclization to
form an eleven-membered ring, and further transannular
events from a [9.3.0]cyclotetradecane precursor lead to
fusicoccanes as exemplified by fusicoauritone (1)
(Scheme 1).[8] The initial carbocyclization of geranylgeranyl
pyrophosphate yields the dolabellanes, a widely distributed

class of marine natural products, by means of hydration or
elimination from cation 2.[9] In fact, 3,7-dolabelladienes are
key biogenic precursors to fusicoccanes and neodolabellanes
as well as the dolastanes (clavularanes), a class of 5-7-6
tricyclic marine terpenes.[10] Interestingly, marine sources
produce relatively few examples of secondary metabolites
bearing the 5-8-5 skeleton.[11]

Recognizing the central importance of the dolabellane
nucleus in the biosynthesis of several families of diterpenes,
we have examined strategies for its preparation,[12] and our
efforts have described stereocontrolled transannular reac-
tions to dolastanes and relevant rearrangement products.[13]

Recently, synthesis studies toward dolabellane and dolastane
diterpenes have been reviewed.[14] A convergent strategy
toward the fusicoccanes has been described in a body of work
by Kato, Takeshita, and co-workers, culminating in the total
synthesis of (�)-cotylenol.[15] Kishi et al. [16] and Boeckman
et al. [17] have independently developed syntheses of ophio-
bolin C and (� )-ceroplastol I, respectively, and distinctive
routes for the synthesis of epoxydictymene have also been
reported.[18] Unabated interest in the synthesis of the
dicyclopenta[a,d]cyclooctane ring system continues.[19]

Herein, we communicate the successful application of our
retrosynthetic hypothesis (Scheme 1), which features forma-
tion of an eleven-membered ring by means of an intra-
molecular alkylation from 3 for utilization of the Nazarov
reaction[20] of dolabelladienone 4 to provide a 5-8-5 tricyclic
skeleton as the basis for an effective total synthesis of
fusicoauritone (1).

Preparation of the appropriately functionalized cyclo-
pentane of 1 required elaboration of three contiguous
stereogenic sites (C10, C11, and C14). This task was under-
taken (Scheme 2) beginning with optically active cyclopen-
tenyl alcohol 5[21] by Claisen rearrangement of the Johnson
orthoester. The sigmatropic process occurred with high
stereoselectivity,[22] and hydride reduction with subsequent
protection gave 7 (MEM=CH2OCH2CH2OCH3). Hydrobo-
ration of the exocyclic olefin 7 led to a primary alcohol that
proved to be a single diastereomer at C10, and low-temper-
ature Swern oxidation[23] gave an aldehyde that was directly
utilized without chromatographic purification to avoid epi-
merization. Our efforts to extend the alkyl chain and
introduce the remote stereocenter at C7 were rewarded by
further studies of the Claisen rearrangement. Towards this
end, (Z)-propenyllithium was prepared according to the
Whitesides procedure,[24] and nucleophilic addition with crude
aldehyde in ether at �50 8C afforded approximately a 6:1
mixture of Z-allylic alcohols (82% yield). Upon chromato-
graphic separation, the major product 8 was obtained in 65%
yield.[25]

Scheme 1. Merging concepts of biosynthesis with a retrosynthetic
design toward 1. PP=pyrophosphate.
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Treatment of 8 with triethylorthoacetate in the presence
of catalytic propanoic acid at 145 8C produced a facile Claisen
rearrangement, and direct hydride reduction of the resulting
ethyl ester gave alcohol 9 as a single diastereomer (70% for
two steps).[26] Subsequent reduction of the E double bond in 9
proved to be a challenging problem. A variety of hydro-
genation catalysts led to products of double-bond migration.
Rhodium on alumina efficiently transformed 9 into the
corresponding olefin with an endocyclic (C10–C14) tetrasub-
stituted double bond. Other techniques, such as the use of
diimide were totally ineffective. Fortunately, a dissolving-
metal reduction using sodium in a concentrated solution of
HMPA and tert-butyl alcohol[27] cleanly yielded the saturated
alcohol 10 (97%) for straightforward conversion to the
desired sulfone 12.

To effect carbocyclization of the eleven-membered
[9.3.0]tetradecane system, we utilized modifications of the
Julia condensation.[12] Thus, primary alcohol 13 was prepared
by deprotection of 12 (HBF4; aq. MeOH (85%)), and
oxidation followed by Wittig olefination gave the ester 15
with the E double bond (Scheme 3). Conversion to the
aldehydic sulfone 16 was followed by rapid addition into a
vigorously stirred solution of sodium tert-amylate (0.15m in
benzene at 35 8C). The gold-colored solution was stirred for
an additional one to two minutes and quenched with glacial
acetic acid leading to the b-hydroxysulfones 17 (d.r. 5:1) in
yields ranging from 73% to 82% with the recovery of
additional amounts of enal 16 (12%). The major cyclization
product proved to be the trans-b-hydroxysulfone,[28] although
this stereochemistry was inconsequential for our studies.
Transformation of 17 to an appropriate divinylketone sub-
strate required an initial Swern oxidation[23] yielding the

corresponding a-sulfonylketones (5:1 ratio). However, the
dehydroelimination of the a-sulfonyl substituent was not
feasible. On the other hand, oxidation of the resulting enolate
of this system with Davis oxaziridine[29] directly produced
diketone 18 (85%). Although enolic tautomerization is not
evident in the 1H NMR spectroscopic data of 18, treatment
with BF3 etherate catalyzed formation of the putative
divinylketone intermediate for facile Nazarov cyclization,
yielding a-hydroxycyclopentenone 19.[30] Characterization of
19 with extensive NMR data, using nOe difference experi-
ments, confirmed the all-syn stereochemistry of HA, HB, and
HC as well as the relationship of the bridgehead methyl group
(at C11) and the newly created a-methylketone.[31]

To effect ring contraction of the dolabelladiene precursor
through the Nazarov cyclization with control of enone
regiochemistry as presented in 1, we chose to examine the
less substituted divinylketone substrate 23.[32] As illustrated in
Scheme 4, phenylselenation of a-sulfonyl ketone 20 (major
product from 17, Scheme 3) gave 21 for immediate oxidation,

Scheme 2. Reagents and conditions: a) (EtO)3CCH3, H3CCH2COOH
(cat.), 145 8C, 79%, then LiAlH4, Et2O, 0 8C, 95%; b) MEM-Cl, iPr2NEt,
DMAP, CH2Cl2, 92%; c) BH3·THF, 0 8C, then aq. H2O2, NaOH, 75%;
d) (COCl)2, DMSO, CH2Cl2 at �78 8C, then Et3N at �50 8C, 99%;
e) (Z)-1-propenyllithium, Et2O, �50 8C, 65%; f) (EtO)3CCH3,
H3CCH2COOH (cat.), 145 8C; then LiBH4, MeOH, 70%; g) Na0,
HMPA, tBuOH, 97%; h) TsCl, Et3N, DMAP, CH2Cl2, 89%; i) NaI,
H3CCOC2H5, reflux, then NaO2SC6H4CH3, DMF, 70 8C, 93%.
DMAP=N,N-dimethylaminopyridine, DMSO=dimethyl sulfoxide,
HMPA=hexamethylphosphoramide, Ts= toluene-4-sulfonyl,
DMF=N,N-dimethylformamide.

Scheme 3. Reagents and conditions: a) (COCl)2, DMSO, �78 8C, then
Et3N; b) (carbethoxyethylidene)triphenylphosphorane, CH2Cl2, 22 8C,
96%; c) DIBAL, CH2Cl2, �78 8C, then PCC, CH2Cl2, 86%; d) 15 was
added to benzene, sodium t-amylate, 35 8C, 5 min, reaction was then
quenched with HOAc, 73%; e) (COCl2), DMSO, �78 8C, then Et3N,
followed by KOtBu, THF, 2-[(p-chlorophenyl)sulfonyl]-3-(p-chlorophen-
yl)oxaziridine, �78 8C, 85%; f) BF3·Et2O, ClCH2CH2Cl, reflux, 77%.
DIBAL=diisobutylaluminum hydride, PCC=pyridinium chlorochro-
mate.

Scheme 4. Reagents and conditions: a) NaHMDS, THF, �78 8C,
PhSeCl, 0 8C, then aq. H2O2, 98%; b) DIBAL, �78 8C, 95%; c) sodium
naphthalide, THF, �78 8C, 1 min, then MnO2, PhH, 70%; d) TsOH
(cat.), ClCH2CH2Cl, 92%; e) tBuOCl, aq. acetone, 40%; f) air oxida-
tion; g) CH2Cl2; aq. NaHSO3 (95%). HMDS=1,1,1,3,3,3-hexamethyl-
disilazane.
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yielding exclusively the a,b-unsaturated sulfone 22 with E
configuration.[33] This electron-deficient system exhibited
diminished reactivity under Lewis acid catalyzed Nazarov
conditions. A three-step sequence effected replacement of the
sulfonyl group with a hydrogen atom. Carbonyl reduction
gave solely the b alcohol,[34] and desulfonylation with sodium
naphthalide at �78 8C in THF selectively occurred with
retention of double-bond geometry. Mild allylic oxidation
provided the Z enone of 23 as indicated by the vicinal
coupling constant (JAB= 10.7 Hz) in the

1H NMR spectrum.
Finally, treatment of 23 under protic or Lewis acid conditions
resulted in a smooth Nazarov reaction to 24 (and its C6
epimer).[35] Upon standing for several days, chloroform
solutions of 24 yielded colorless crystals, which were unam-
biguously identified by X-ray crystallography as the hydro-
peroxide 25,[36] and subsequent reduction with sodium hydro-
gen sulfite gave 1. Autoxidation of 24 was postulated to occur
by enolization and capture of the conjugated enol by
dissolved oxygen. This slow, serendipitous reaction to 25
was not pursued as a viable synthetic conversion. Completion
of the total synthesis of fusicoauritone was more efficiently
rendered by direct oxidation of a mixture of 24 and its C6
epimer with tert-butylhypochlorite in aqueous acetone pro-
viding a 40% yield of synthetic 1, which proved to be identical
to the natural substance in all respects (optical rotation data
and spectroscopic characterizations).[37]
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