Total Synthesis of ( x)-Frondos
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ABSTRACT

An expeditious reaction sequence featuring a microwave-assisted tandem 5-

(z)-frondosin B

exo cyclization —Claisen rearrangement process was used to

assemble the A/B ring system of frondosin B. Completion of the target natural product was achieved in 38.2% yield over an eight-step linear

sequence.

Five structurally related sesquiterpene hydroquinones, fron-
dosins A—E (Figure 1), were isolated in 1997 from the

RO O

Frondosin C Frondosin D (R = H)

Frondosin E {R = Me)

Figure 1. Frondosins A—E.

Micronesian marine spongdeysidea frondosdy Freyer et
al! Shortly thereafter, investigators at the National Cancer
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Institute extracted frondosins A and D from another sponge,
Euryspongiasp? Interestingly, this organism apparently
manufactures the two frondosins as complementary enantio-
mers with opposite optical rotations compared to those
present inDysidea frondosa.

All members of the frondosin family have been found
to exhibit biological activity as antagonists of interleukin-8
(IL-8) and inhibitors of protein kinase C in the low
micromolar rangé.Interleukin-8 is a neutrophil-activating
peptide, which is produced by several cell types in response
to inflammatory stimul® and it is now known to also play
an important role in tumor progression and metastasis in
several human cancetsncluding lung cancer®

Importantly, it was recently demonstrated that compounds
which inhibit the actions of IL-8 also inhibit HIV-1 replica-
tion.> In fact, frondosins A and D have been found to exhibit
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HIV-inhibitory activity in the National Cancer Institute’s || | N N IINNGGGEEEE
primary anti-HIV assaythrough an unknown mechanism. Scheme 1. Retrosynthetic Analysis for the Synthesis of
Structurally, the frondosins feature a unique bicyclo[5.4.0]- Frondosin B

undecane sesquiterpene core which, with the exception of

frondosin A, is part of a fused tetracyclic framework. gséﬂizdarg%f;/n
Although the bicyclo[5.4.0Jundecane /B ring system) Y
double bond

fragment is nearly identical in all members of this class, the
principal structural variation between them lies in the (+)-Frondosin B
constitution of the C—D ring fragment. MeO

The unique structural features of the frondosins coupled
with their therapeutic potential as novel anti-inflammatory,
anti-tumor, and anti-HIV agents have sparked considerable
interest in their total synthesis by several research groups.
As a result of these efforts;H)-frondosin C was recently
synthesized by Ovaska et &l.and total syntheses of 5-ex0
frondosin B have been reported by three groups: Danishefsky 13.3]
and co-workersachieved the synthesis of th&)enantiomer
of frondosin B in 0.8% overall yield over 18 steps; Trauner’s
group prepared-)-frondosin B in 7.3% overall yield over
a 20-step sequenéand Flynn et af.recently disclosed their OMe
elegant synthesis of racemic frondosin B in 32% overall yield
over a six-step sequence.

In this Communication, we wish to report a novel and could be achieved in potentially two additional StepS frdom
efficient total synthesis of)-frondosin B. The sequence through regioselectivax-methylation and subsequent O-
compares favorably with existing strategies and highlights demethylation of thepara-dimethoxy-substituted aromatic
the synthetic utility of a tandem &xo cyclization/Claisen rng.
rearrangement process, first observed by Marvell é¢ al. ~ We have recently demonstrated that the bicyclo[5.4.0]-
and developed further in our laboratory, as a convenient Undecane syste@lacking the requisitgemdimethyl moiety
general route to seven-membered ring-containing ring sys-0n the Aring is readily prepared via the cyclization/Claisen
tems®1! This methodology involves a base-catalyzed in- rearrangement strategy analogous to that shown in Scheme
tramolecular oxyanionic cyclization of appropriately substi- 1. However, considering that the more substituted
tuted 4-pentyn-1-ols, followed by in situ Claisen rearrange- Position of the cycloheptenone ring is benzylic and presum-
ment of the intermediate 2-alkylidenetetrahydrofurans. We ably more acidic, it was not obvious that this compound
anticipated th|S methodo'ogy to be particu'aﬂy We” Suited Could be regioselectively methylated at the |eSS SubStituted
for the construction of frondosin B, which incorporates a carbon. Pleasingly, it was found that on treatment with
seven-membered ring at the core of the tetracyclic ring LHMDS followed by the addition of Mel under kinetic
system. conditions,6 was smoothly converted té with complete

As shown retrosynthetically in Scheme 1, it was envisioned regio- and stereocontrol in excellent yield (Scheme 2). With
that the key bicyclo[5.4.0lundecanyl systefncould be
assembled in a single operation from alcoBplhich, in
turn, would be available through a simple coupling reaction  Scheme 2. Synthesis of a Bicyclic Ketone Model System

isomerization

a-methylation

O-demethylation

involving vinyl iodide 212 and aldehydel, prepared in a
single step from the corresponding known alcoldt.was “ 1. LHMDS “
expected that the synthesis of the benzofuran precisor H o JHR.-78%c H o
O OMe 755 to o0 °c O OMe
(6) Li, X.; Kyne, R. E.; Ovaska, T. VTetrahedron2007,63, 1899. MeO MeO
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Martinez, |.; Ovaska, T. VSynlett2004, 2579. (f) Martinez, |.; Alford, P. h in Sch 3. 0 Ivtic MeLi d
E.; Ovaska, T. VOrg. Lett.2005 7, 1133. (g) Li, X.; Kyne, R. E.; Ovaska, ~ SNOWN In Scheme 3. On exposure to catalytic MeLi an

T. V. Org. Lett.2006,8, 5153. microwave irradiation,3 was readily converted to the

Louez) Barten, D H. R Bashiardes, G.; Fourrey, JFetrahedron Letl. - gypected 67 bicyclic ring systend in 80% yield. Notably,
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2002,43, 1735. (14) Li, X.; Ovaska, T. V.J. Org. Chem2007,72, 6624.

3838 Org. Lett, Vol. 9, No. 19, 2007



Scheme 3. Synthesis of Bicyclic Keton®&

| 1. t-BuLi
Et,O, -78 °C cat. MeLi
—_— P —
2.1 PhOEt
210 °C MWI

93%

CMe 80%

1. LHMDS
THF, 78 °C

2. Mel
OMe —78°C to —60 °C
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the initially observed 3:1 diastereomer ratio could be
improved significantly (7:1) simply by exposing the mixture
to MeONa in refluxing methanol, allowing the preparation
of the desired isomer of in 70% yield from3.

Upon methylation under kinetic conditions using LHMDS
as the base, ketordewas converted to the bicyclic ketoBe
in a regiospecific manner as a single diastereomer in 92%
isolated yield. The relative stereochemistry of this key
intermediate was unequivocally established by single-crystal
X-ray analysis (Figure 2%

Figure 2. ORTEP drawing of compoun@lderived from a single-
crystal X-ray analysis (arbitrary numbering of atoms).

To install the necessary tetrasubstituted double bond at
the A/B ring junction, it was envisioned that the trisubstituted
double bond ir8 could be readily isomerized under a variety

Scheme 4. Attempted Isomerization d8 to 9

TsOH, benzene, reflux
HI, benzene, reflux

N
AN

RhClg H,0, EtOH
reflux

8 to isomerization stems, in part, from the sterically con-
gested environment near the double bond (Figure 2).

As an alternative strategy, it was envisaged that double
bond isomerization could also be achieved at the end of the
synthetic sequence following installation of the benzofuran
moiety. It was reasoned that, with the tetracyclic system in
place, the overall ring geometry would be considerably more
planar and, additionally, the formation of a more conjugated
system through a double bond shift should be energetically
favored.

As outlined in the retrosynthetic analysis (Scheme 1), it
was envisioned that formation of the key benzofuran system
could be achieved through a straightforward acid-catalyzed
intramolecular cyclization reaction involving one of the OH
groups of the benzene-1,4-diol moietydmand the proximal
B ring carbonyl carboi® However, our initial efforts to
generate the requisite benzene-1,4-diol precusgbrough
a simple deprotection reaction involving both methoxy
groups met with failure (Scheme 4). Consequently, the direct
deprotection strategy was abandoned in favor of a highly
efficient two-step sequence involving standard oxidative
demethylation of8 with ceric ammonium nitraté and
reduction of the resultinghara-quinone derivativelO by
catalytic hydrogenation (Scheme 5). Upon exposure tg BF

Scheme 5. Completion of the Total Synthesis of Frondosin B

1) Hy, PA/C
CAN " 5 min
—_—
MeCN/H,0 0 2)BF;OEL
i O CH,Cl, 0°C

96%
95% (2 steps)

1
TsOH, benzene
_—
reflux
70%

(+)-frondosin B

of conditions to provide compour@l However, all attempts

to achieve this transformation were unsuccessful, and in mostEt,O at 0 °C, the hydroquinone intermediate cyclized
cases, the starting material was recovered unchanged (Schemeadily to provide the complete frondosin B ring syst&in
4). It is reasonable to assume that the observed resistance oh 91% vyield over three steps.

(15) The crystallographic data for compouditiave been deposited with
the Cambridge Crystallographic Data Center (CCDC 656193).
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1989,62, 3752.
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The final double bond isomerization was achieved ac- family as well as other cycloheptanoid natural products are
cording to the plan simply by treatiridl with catalytic TSOH currently ongoing in our laboratories.
in refluxing benzene. In addition to the desireif){frondosin
B, the product mixture consisted of a small quantity of  Acknowledgment. This research was supported by grants
unidentified impurities; however, these were readily removed from the National Institutes of Health (NIGMS). T.V.O. also
from the desired product by standard column chromatogra- gratefully acknowledges support from the Hans and Ella
phy. Comparison of théH and 3C NMR spectra of the =~ McCollum-Vahlteich 21 endowment. The authors wish to
synthetic product with those of the naturally occurring thank Dr. Jon Bordner and Mr. lvan Samardjiev of Pfizer,
frondosin B unambiguously confirmed that the target Inc., for performing the single-crystal X-ray analysis of
structure had indeed been synthesized. compounds.

In conclusion, the total synthesis af)-frondosin B was
achieved in 38.2% overall yield over eight linear steps. The ~ Supporting Information Available: Full experimental
key operation in the sequence is the efficient formation of details, characterization data, and copie%band**C NMR
intermediate8 bearing the 67 core of frondosin B. Studies ~ SPectra for all new compounds are provided. This material
toward the total syntheses of other members of the frondosinis available free of charge via the Internet at http://pubs.acs.org.
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