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ABSTRACT

A synthesis of a pectenotoxin 4 C1 −C15 segment is reported. Suitable C1 −C7 and C8−C15 segments were prepared, coupled, converted to
I and the C3-hydroxy variant, and then cyclized. Key findings include the stereoselective conversion of the allene to the corresponding
spirodiepoxide, oxidative cleavage of the p-methoxybenzyl ether, and cyclization of the spirodiepoxide to spiroketal II.

Here we report studies that culminated in the preparation of
a C1-C15 segment of pectenotoxin 4 (PTX-4) using the
spirodiepoxide (SDE) functional group. Nucleophilic addition
to SDEs gives vicinal triads composed of hydroxyl, ketone,
and a syn-substituted substituent (e.g.,6f7, Figure 1B).1

Although addition of carbon nucleophiles to SDEs would
give densely functionalizedR-hydroxy ketone motifs related
to polyketides (e.g., erythromycin1,2), intramolecular addition
of oxygen nucleophiles would give highly functionalized
cyclic ethers and related ring systems present in a myriad of
biomedically relevant substances, including the pectenotoxin
class of natural products.3

The pectenotoxins (PTXs) have recently been the focus
of intense research,4 and one total synthesis has appeared.5,6

PTX-4 (Figure 1A) is a 34-membered macrolide that houses
seven oxygen-containing ring systems and 19 stereocenters.
This target represents a challenging problem to synthesis.
In principle, SDEs can provide access to the three tetrahy-

drofurans of PTX-4 flanked by oxygenated substituents and
thereby facilitate the synthesis of this and related targets.

Among the potential strategies for accessing the C1-C15
portion of PTX-4, we were intrigued by the possibility of
forming the A-B spiroketal ring system by way of an
intramolecular ketone addition to a SDE followed by trapping
the oxocarbenium ion with the resident alcohol (2f4f7,
Figure 1B). Alternatively, the A-B spiroketal could form
by lactol-initiated SDE opening (2f5f7).7 The stereochem-
ical outcome of each potential pathway notwithstanding, for
this study we were aware that isomerization to the more
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stable spiroketal, which matches the structure of PTX-4,
would be readily achieved by the action of Brønsted acid.5b,8

Although the data presented do not allow one to discern the
operative pathway, the preparation of suitable target systems
and their oxidative cyclization is summarized in Schemes
1-4.

The C1-C7 fragment was prepared as shown in Scheme
1. Known syn-aldol product89 was reduced with lithium
borohydride followed by PMP acetal formation, DIBAL
reduction, and then TBDPS protection to afford alkene12
in 58% yield over four steps. Rigorous purification of9-11
was hampered by the presence of inseparable byproducts.
However, 12 was readily purified and obtained in good
overall yield (87% average per step). Although ozonolysis
of related systems is documented,10 Lemieux-Johnson11

oxidation of12 proved to be superior for this substrate and
furnished13 (88%).

The synthesis of the C8-C15 fragment (20, Scheme 2)
began with silyl protection of known alkyne diol14.12

Weinreb amide17 was synthesized from commercially
availableâ-hydroxy ester16 by TBS protection and then

application of the Merck conditions13 (83%, two steps).
Alkynylation of 17 with 15 (90%) gave the expected
alkynone, which upon reduction14 gave the corresponding
alkynol 19 (99%, >95:5 ee by Mosher ester analysis).
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Figure 1. Pectenotoxin 4.

Scheme 1. Synthesis of the C1-C7 Fragment

Scheme 2. Synthesis of the C8-C15 Fragment
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Conversion of the propargyl alcohol to the mesylate and then
to allene20 proceeded in excellent yield (96%).

At this stage, we turned our attention to the critical issue
of allene oxidation (Scheme 3). For20, we expected the first

oxidation to take place on the more highly substituted double
bond. The diastereoselectivity of this oxidation was expected
to be high for steric reasons (20f21). The increased
reactivity of the allene oxide relative to that of an allene
may render the second oxidation less selective than the first.
Consequently, we enlisted a bulky substituent at C-14 to
control the facial selectivity of allene oxide oxidation.15 We
reasoned that the allene oxide would avoid the destabilizing
syn-pentane interactions expected in conformers closely
related to 21 and would prefer to populate conformers
approximated by structure22. The oxidant should prefer an
approach from the top face of the double bond because the
neopentyl group would disfavor attack from the bottom (22,
see arrows). In the event, exposure of20 to a solution of
dimethyldioxirane (DMDO) in chloroform16 gave predomi-
nantly a single spirodiepoxide to which we assign structure
23 (>5:117).

With routes to fragments13 and20 secured and with the
supportive evidence that allenes of type20 would oxidize
selectively, we proceeded with the synthesis and study of
allene28 (Scheme 4). The primary TBS group of20 was
removed (f24, 94%), and the resultant hydroxyl was
converted to iodide25 (91%).18 Although anions derived

from â-allenyl iodides are known to undergo cyclization,19

their potential addition to aldehydes seemed reasonable on
the basis of a recent report by Brummond.20 Accordingly,
lithium halogen exchange of25 followed by addition of
aldehyde13under rigorously dry and oxygen-free conditions
gave γ-hydroxy allene 26 in 52% yield. Dess-Martin
oxidation (85%) and subsequent PMB removal with DDQ
(81%) gave28.21

Upon DMDO oxidation in CHCl3, 28 gave a product
mixture that upon careful examination included the desired
bicycle as well as isomeric compounds. A separate experi-
ment established that oxidation of28 followed by addition
of water in THF gave predominantly the corresponding diol
(not shown). Treatment of the diol with TsOH gave29
(68%22). Upon further evaluation, we arrived at a single-
flask procedure for the conversion of28 to 29, wherein
addition of MeOH to the DMDO oxidation, followed by
addition of acid at room temperature, smoothly converted
allene28 to spiroketal29 (89%, dr 7:1).
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evidence for the lactol isomer was observed.1H NMR analysis shows a
multiplet at 2.5 ppm corresponding to four protons, indicative of two
methylenes flanking a ketone.13C shows no signals in the 100-110 ppm
region otherwise expected for a quaternary lactol carbon. Instead, a peak
at 210 ppm, indicative of a ketone, is observed.

(22) Two isomers were apparent in a ratio of 7:1.

Scheme 3. Stereoselectivity of Allene20 Oxidation

Scheme 4. Assembly of C1-C15 and Cyclization
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The product ratio is consistent with our earlier observations
for the oxidation of allene20 to 23. Thus, the first oxidation
at the more substituted double bond of the allene is highly
selective (>20:1) and the oxidation of the second bond is,
in this case, 7:1.17b,23 Acid-induced isomerization is known
to give the doubly anomeric spiroketal corresponding to29
in acyclic PTX-type systems.5b,8 Comparison of key signals
in the13C NMR with the PTXs and similar systems supports
this assignment.24

Whereas the ability to control allene epoxidation and to
predict SDE cyclization has enabled a short synthesis of29,
our final experiment constitutes an even more direct route
to the target. We noted previously the rapid cleavage of PMB
ethers in the presence of DMDO, particularly in chloroform.25

We therefore sought to effect the direct conversion of27 to

29and found that treament of27under the conditions shown
effected its conversion to the targeted spiroketal in 72% yield,
which, as before, was obtained as a mixture of two isomers
(7:1). Thus, in an excellent overall yield, the following
occurred: the PMB group was removed, the allene was
selectively converted to a SDE (and thereby two stereocenters
were introduced), the SDE was opened to give the C12
tertiary hydroxyl and the C11 carbonyl, and the A-B
spiroketal was assembled.
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(23) Trace quantities of a third compound were also observed. The A-B
spiroketal shown corresponds to the spiroketal of PTX-4 and related
compounds (see refs 5b, 9, and 24) which readily forms selectively under
acidic conditions. That the minor isomer is not the diastereomeric A-B
spiroketal cannot be ruled out. Hence, we conservatively estimate the
selectivity at this center as>10:1.
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with the alternative spiroketal configuration do not (∆δ ) 2.3-3.9 ppm);
see refs 3f, 5b, and 8.
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