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ABSTRACT: Total synthesis of (±)-gracilioether F was
achieved via a pivotal reductive cleavage of 1,2-dioxane from
allenic ester in 11 steps. The key 1,2-dioxane species, derived
from singlet oxygen and a diene, could be used as a common
precursor for a stereocontrolled formation of the crucial 1,4-
diol through a reductive cleavage.

Ever since the first isolation of the initial secondary
metabolite, plakortin, by Faulkner in 1978 from sponges

of the genus Plakortis,1 many new family members of the
Plakortin polyketides have been continuously characterized and
reported. These compounds are characterized with rich
chemical diversity and potential biological activities. To date,
an impressive number of these marine sponge-derived natural
products are known2 as shown in Figure 1. Among these

compounds, gracilioether A was isolated from the deep-sea
sponge Agelas gracilis collected in southern Japan in 2009,
showing antimalarial activity against Plasmodium falciparum
with an IC50 value of 0.5−10 μg/mL.2a Subsequently,
gracilioether F (1) was isolated from marine sponge
Plakinastrella mamillaris in 2012,2b together with gracilioethers
E, G, H, I, and K, recently isolated from marine sponges of the
genera Plakortis, Plakinastrella, and Agelas.2,3 A number of these
family members demonstrate significant antimalarial and

antifungal properties, as well as pregnane-X-receptor (PXR)
agonistic efficacies, moderate inhibition of Leishmaniasis major.3

Sponges of the genus Plakortis series are well-known for their
ability to produce cyclic peroxides and related metabolites, such
as gracilioethers A and H.2,3 Therefore, in consideration that
gracilioether A and gracilioether F (1) were isolated from
marine sponges of the genera Plakortis, Plakinastrella, and
Agelas, together with other gracilioethers, as shown in Figure 2,
we reasoned that 1,2-dioxane species 2 could serve as a
common precursor toward total syntheses of gracilioether
members in a plausible biomimetic manner. As such, 1,2-
dioxane species 2 could be readily transformed into an 1,4-diol,
an actual synthetic precursor, for the realization of

Received: January 18, 2016

Figure 1. Selected members of gracilioether family.

Figure 2. Plausible biogenetic pathway for gracilioethers.
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gracilioethers (E, F, G, H, I, and K) via a reductive cleavage.
Thus, their stereochemical homology observed for the
gracilioethers family could suggest a plausible common
biogenetic pathway as depicted in Figure 2.
To our best knowledge, this intriguing molecular architecture

with 1,2-dioxane has rarely been reported for synthetic
approaches toward gracilioether A and its family members
total synthesis.4−6 The low natural abundance of these
gracilioethers combined with their unprecedented molecular
architectures and impressive biological properties prompted us
to undertake their scalable total synthesis. As a continuation of
our program involving the synthesis of polyketides family,7

herein, we present a concise approach toward the total
synthesis of gracilioether F (1) through a flexible synthetic
strategy which we believe may be applied to the completion of
other members of these structurally intriguing gracilioether
family.
Inspired by our proposed biogenetic pathway, we lay out the

retrosynthetic route for gracilioether F as demonstrated in
Scheme 1. As can be seen, all gracilioethers share either a

unique 1,2-dioxane moiety fused with cyclopenta[b]furan-2-one
or a fused unusual tricyclic core. Therefore, according to the
aforementioned biogenetic pathway, we envisioned that 1,2-
dioxane 2 (Scheme 1) could serve as a crucial intermediate to
access total synthesis of gracilioether F.1−6 Thus, 1,2-dioxane
could then undergo a reductive cleavage to install stereospecifi-
cally a desired diol 3 with hydroxyl groups at C-2 and C-8 for
completing the synthesis of gracilioether F. The critical step for
constructing the 1,2-dioxane skeleton relevant to that of
gracilioether A could come from an endo-Diels−Alder cyclo-
addition between the diene precursor 4 and singlet oxygen.8

The diene precursor 4 could be generated through an
intramolecular Heck reaction9 and iodine-mediated lactoniza-
tion10 from available allenic ester 5.
As demonstrated in Scheme 2, our synthetic step toward

diene 4 commenced with an iodine-mediated cyclization of
allenic ester 5 in MeCN/H2O to form butenolide 6.10 Then,
upon γ-alkylation of butenolide 6 using silver-mediated
coupling between silyloxyfuran intermediate and 2-bromometh-
yl-1-butene in the presence of LiHMDS and TIPSCl,11

compound 7 was obtained in 30% yield (48% based on
recovered starting material) over two steps. During this process,
some relevant α-alkylation product was also formed, probably
due to the steric hindrance caused by the ethyl group on the C-
4 position. Then, regioselective hydroboration of terminal
olefin in 7 followed by oxidative workup gave the
corresponding alcohol 8 with a pair of inseparable diaster-
eoisomers.12 However, upon conversion of alcohol 8 into
aldehydes 9a and 9b using Dess-Martin periodinane,13

aldehydes 9a and 9b were successfully purified using column

chromatography on silica gel in 23% and 59% yield,
respectively. The structure of 9a was also indirectly confirmed
by an X-ray crystallographic analysis of 16. Aldehyde 9a was
therefore proven to be our desired precursor. Upon treatment
of the undesired aldehyde 9b with a catalytic amount of DBU
in CH2Cl2, aldehyde 9a was afforded through an epimerization
of aldehyde 9b in an overall 45% yield after several cycles
(9a:9b = 1:1.9; 28% for each operation, 81% brsm).
With aldehyde 9a secured, we then focused on the synthesis

of the pivotal 1,2-dioxane moiety, which would also pave the
way toward the peroxide part in the gracilioether family, as well
as toward our desired diol species 3. Aldehyde 9a was subjected
to a classic Wittig olefination14 to give alkene 10 in 75% yield
(Scheme 3). However, we failed to obtain the relevant peroxide

compound via the Diels−Alder cyclization between a similar
diene lactone derived from lactone 10 and singlet oxygen,
presumably due to the electron-deficient nature of the diene
lactone. Therefore, in order to render the diene precursor more
electron-rich, partial reduction of lactone 10 with DIBAL-H
followed by BF3·Et2O and Et3SiH

15 gave dihydrofuran 11 in
90%. Then, 11 underwent an intramolecular Heck reaction in
the presence of Pd(OAc)2, forming diene 12 in 91% yield.16

Subsequently, the [4 + 2] cyclization of diene 12 was achieved
under an atmosphere of molecular oxygen at 0−5 °C under
sun-lamp irradiation to exclusively afford peroxide 13 in a
moderate yield.17 The stereoselectivity is probably due to the
special concave structure of diene 12. Moreover, bubbling of
pure oxygen to the reaction mixture effected the formation of
1,2-dioxane moiety 13 within 2−3 h. It is noteworthy that the
reaction temperature is very sensitive for the formation of 1,2-
dioxane moiety 13. Thus, the reaction was sluggish if the

Scheme 1. Retrosynthetic Analysis towards Gracilioether F

Scheme 2. Synthesis of Aldehyde 9a

Scheme 3. Synthesis of 14
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reaction was carried out at below 0 °C, and the peroxide 13
decomposed readily at a temperature over 10 °C in the
presence of sun-lamp irradiation. Due to the decomposition of
1,2-dioxane 13, we used 13 without further purification in the
next step. A further mild diimide reduction18 of the double
bond in crude 1,2-dioxane 13 afforded 14 in 41% yield over two
chemical operations.
As shown in Scheme 4, according to the proposed biogenetic

pathway, we turned our attention toward the total synthesis of

gracilioether F. Peroxide 14 was then treated with zinc in acetic
acid to generate 1,4-diol 15 in an excellent yield through a
proposed reductive cleavage of the O−O bond in 14. This
transformation was proven to be an efficient and practical
pathway to provide 1,4-diol 15 with the desired hydroxyl
groups for the gracilioether family, matching with their desired
stereochemical homology. Moreover, upon selective protection
of the primary alcohol in 15, compound 16 was obtained in
89% yield. After many trials, compound 16 gave eventually
satisfactory single crystals from CH2Cl2. Gratifyingly, an X-ray
diffraction study convincingly showed that the molecular
structure of compound 16 contained a desired stereochemistry
consistent with that of gracilioether F. Afterward, we set out to
complete the total synthesis of gracilioether F (1). Although
considerable attempts were devoted to form the lactone moiety
using either in situ generated RuO4 (RuCl3·6H2O/NaIO4)

19 or
PCC20 and other oxidative protocols (CrO3/py),

21 synthetic
gracilioether F was still not observed. Gratifyingly, when 1,4-
diol 15 was subjected to an excess of CrO3 in a hot aqueous
mixture of Ac2O and AcOH, gracilioether F (1) was provided
in 60% yield. This protocol was also employed by Carreira in
his total synthesis of (±)-gracilioether F (1).2 The spectro-
scopic data, including MS, IR, and NMR, are in full agreement
with those of the naturally occurring and synthetic gracilioether
F (1) reported by Zampella,2b Carreira,4 and Brown.6

In summary, we have first illustrated a synthetic pathway
toward the total synthesis of (±)-gracilioether F (1) via a
reductive cleavage of the 1,2-dioxane moiety, starting from
readily available allenic ester 5 in 11 steps. The key 1,2-dioxane
species (13, 14), derived from the [4 + 2] cyclization of singlet
oxygen with a diene, should be useful as common synthetic
precursors for the total synthesis of other gracilioethers. The
rapid stereocontrolled access to the crucial 1,4-diol moiety 15
was secured by strategic application of a reductive cleavage of
1,2-dioxane 14. Notably, with efficient completion of the total
synthesis of gracilioether F (1) by this concise pathway, we
believe that other members of the Plakortin polyketides could
also be likewise obtained.
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