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ABSTRACT

A convergent synthesis of the CDEF-tetracyclic region of pectenotoxin-2 (PTX-2) is described. The synthetic pathway derives from a head-to-tail
union of 2 equiv of linalool to establish a stereodefined DEF-tricyclic aldehyde. Subsequent coupling with a “northern” fragment enolate, followed
by a tandem Sharpless epoxidation/cyclization, delivers the C10�C26 polycyclic region of the natural product.

Actin is among the most abundant proteins in eukar-
yotic cells, and its ability to reversibly assemble into long

and flexible filaments controls cell shape, movement, cell

division, and adherens junctions between cells. The actin

network also provides an essential scaffold for critical

enzymes and signaling complexes and is necessary for

tumor cell migration, invasion, metastasis, and tumor

angiogenesis. Marine-derived natural products have de-

fined a rich source of smallmolecules capable of destabiliz-

ing F-actin (i.e., reidispongiolide A, kabiramide C, scyto-

phycin C, swinholide A, aplyronine A, and bistramide).1

Within this subset, the pectenotoxins represent a particu-

larly novel class, with regard to both their exquisite mole-

cular complexity and theirmechanismof action.2Themost

potent of this class, pectenotoxin-2 (PTX-2; Figure 1A),

has recently been demonstrated to destabilize F-actin and

be selectively cytotoxic top53mutant andp53(�) cancers.3

Figure 1. Introduction to the pectenotoxins.

(1) (a) Allingham, J. S.; Klenchin, V. A.; Rayment, I. Cell. Mol. Life
Sci. 2006, 63, 2119–2134. (b) Fenteany, G.; Zhu, S. Curr. Top. Med.
Chem. 2003, 3, 593–616.

(2) (a)Yasumoto, T.;Murate,M.;Oshima,Y.; Sano,M.;Matsumoto,
G.K.; Clardy, J.Tetrahedron 1985, 41, 1019–1025. (b) Sasaki,K.;Wright,
J. L. C.; Yasumoto, T. J. Org. Chem. 1998, 63, 2475–2480.

(3) (a) Chae, H.-D.; Choi, T.-S.; Kim, B.-M.; Hung, J. H.; Bang,
Y.-J.; Shin, D. Y. Oncogene 2005, 24, 4813–4819. (b) Shin, D. Y.; Kim,
G. Y.; Kim, N. D.; Jung, J. H.; Kim, S. K.; Hang, H. S.; Choi, Y. H.
Oncol. Rep. 2008, 19, 517–526.



Org. Lett., Vol. 13, No. 9, 2011 2385

While demonstrating attractive anticancer properties, the
development of these marine-derived natural products as
potential therapeutics remains in its infancy due primarily
to their low natural abundance. Here, we describe our
initial foray into the chemistry of PTX-2 that has culmi-
nated in a convergent entry to the CDEF tetracyclic
heterocycle.
To prioritize our efforts directed toward a chemical

synthesis of PTX-2, we began with an analysis of its com-
plex with G-actin (Figure 1B) and the limited structure�
activity relationships established for the pectenotoxin
family.4 In short, the C- and H-rings play important roles
in binding, while the AB spiroketal appears to serve as a
scaffolding element to ensure proper orientation of these
subunits.Not surprisingly, this role is significantly affected
by the C7 stereochemistry, with the C7(R) isomers demon-
stratingmarkedly enhanced activities.5 The oxidation state
of C43 also plays an important role in modulating the
cytotoxicity of the pectenotoxins; apparently, there exists
insufficient molecular features on G-actin to accommo-
date higher oxidation states at C43.5 In sum, these struc-
tural studies provide insight into the roles that each region
of the natural product play in binding toG-actin: The AB-
ring system and the 1,3-diene appear to play scaffolding
roles to properly orient the CDEF- and GH-subunits for
binding. Because of the central role that the CDEF-tetra-
cycle plays and its presence in all knownpectenotoxins, our
initial chemical studies focused on this subunit.6,7

As highlighted in Scheme 1, theCDEF tetracyclic region
of PTX-2 (1) is quite complex and is composed of stereo-
chemically distinct tetrahydrofurans, a central bridged
bicyclic acetal, and three tertiary ethers. To date, a variety
of approaches to this system have been reported that
embrace chemistry spanning hydrazone alkylation, car-
bonyl addition, Julia olefination, and aldol chemistry.

Additionally, a strategy reported by Roush targeted con-
vergent assembly of this subunit via annulation of the
C- and F-rings about a central DE-ring precursor.7a

We opted to pursue a strategy to tetracycle 2 that was
distinct from these previously described approaches, em-
bracing metal-mediated site-selective and stereoselective
coupling of a suitably functionalized TMS-alkyne 3 with
a tricyclic aldehyde 4. Overall, reductive cross-coupling
followed by stereoselective epoxidation and acid-catalyzed
ring closure was targeted as a general convergent annula-
tion strategy for union of a functionalized DEF-tricycle
with the “northern” C1�C14 subunit. The requisite cou-
pling partner 4 was then reasoned to be accessible by
oxidative functionalization of 5, itself derived from a
head-to-tail dimerization of commercially available lina-
lool in a fashion to forge the C20�C21 bond.
Weprepared coupling partners 8 and 10 from linalool by

a simple sequence of robust functional group manipula-
tions. As depicted in Scheme 2A, vinyl iodide 8 was gene-
rated through the following sequence: (1) TES protection,

Scheme 1. Synthetic Strategy for a Model CDEF-Tetracycle
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(2) site-selective oxidative cleavage of the trisubstituted
alkene,8 (3) alkynylation,9 and (4) hydrozirconation/
iodination.10 As illustrated in Scheme 2B, a slightly differ-
ent sequence of robust reactions was employed to access
coupling partner 10: (1) TBS protection, (2) site-selective
oxidative cleavageof the trisubstituted alkene,8 (3) diastereo-
selective R-hydroxylation under the MacMillan/McQuade
conditions (dr g 20:1),11 (4) reduction, and (5) acetonide
formation.

As depicted in Scheme 3, the assembly of the tricyclic
acetal 4 was accomplished by a simple six-step sequence.
First, hydroboration/Suzuki coupling12 defined a robust
means of coupling the linalool derivatives 8 and 10. After
careful purification, Shi epoxidation13 of 5 provided 11 in
59% yield (dr g 20:1). Desilylation with TBAF, followed
by treatment with HCl in CHCl3 resulted in cyclization
to deliver the stereodefined tetrahydrofuran 12 in 86%
yield. Finally, a simple three-step sequence was used to
advance this intermediate to the functionalized aldehyde 4:
(1) oxidation to the ketone, (2) acid-promoted desilylation
of the tertiary TBS ether with concomitant formation of
the bicyclic acetal,14 and (3) oxidation to theC15 aldehyde.

With a robust route to the polycyclic acetal 4, we turned
our attention to the synthesis of a suitably functionalized
enyne to be employed as a C-ring precursor. As illustrated
in Scheme 4, we selected to employ a simple model for the
“northern” fragment. Conversion of the readily available
allylic alcohol 13 to the stereodefined allylic chloride 14was
possible by a two-step sequence consisting of the nucleo-
philic addition of 2-propenylmagnesiumbromide, followed
by NbCl5-mediated chlorination (E:Z g 20:1),15 and cou-
plingwithTMS-acetylene (CuI,K2CO3,TBAI,CH3CN).16

With ample precedent supporting the compatibility of
functinoalized enynes with Ti-mediated reductive cross-
coupling chemistry,17 fragment assemblywas pursuedwith

Scheme 2. Preparation of Linalool-Derived Coupling Partners

Scheme 3. Convergent Coupling en Route to a DEF-Tricycle

Scheme 4. Synthesis of C-Ring Fragment Precursor
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Sato’s regioselectiveTMS-alkyne�aldehyde reductive cross-
coupling reaction.18 Unfortunately, all attempts to accom-
plish the Ti-mediated coupling between enyne 14 and
aldehyde 4 led to complex product mixtures. While other
procedures for reductive cross-coupling of alkynes with
aldehydes are well-established,19 available methods typi-
cally do not deliver the regioisomeric product that was
required in this PTX-2 synthesis campaign.
In the search for a suitable nucleophile to join a “northern”

fragment of PTX-2 with the DEF-tricyclic aldehyde 4, we
turned our attention towell-established aldol chemistry.20As

illustrated in Scheme 5, allylic alcohol 1521 was converted to
the stereodefined imide 16 by a straightforward three-step
sequence: (1) Johnson ortho-ester Claisen rearrangement
(E:Z g 20:1), (2) saponification, and (3) imide formation.
To our delight, Bu2BOTf-mediated stereoselective aldol re-
action between 16 and 4 proceeded with high levels of
stereoselection (dr g20:1) and delivered, after desilylation
(CAS, MeOH), the functionalized diol 17 in 73% yield.
Subsequent Sharpless epoxidation22 led to a metastable
intermediate that promptly cyclized in situ to furnish the
stereodefined C-ring and the fully functionalized CDEF-
tetracycle of PTX-2 (18) in 53% yield (dr g 20:1).
In summary, we have defined a synthetic pathway to the

CDEF-tetracycle of pectenotoxin 2-(1). The route is highly
convergent and delivers the stereochemically dense C10�
C26 heterocyclic core by the stepwise construction of two
C�C bonds: (1) union of two simple linalool derivatives
through forging theC20�C21bond, and (2) appending the
“northern” fragment by C14�C15 bond formation, and
oxidative cyclization. Overall, the sequence proceeds in 16
linear steps from linalool (24 total steps) and requires only
11 chromatographic operations. Further, the strategic im-
plication of employing linalool for the entire C15�C26
segment (4) that encorporates two stereodefined tertiary
ethers is significant and offers a facile means to gain access
to this complex segment of the natural product.
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Scheme 5. Generation of a CDEF-Tetracycle
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