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Evaluation of Diene Hierarchies for
Diels ±Alder Reactions En Route to
Xestocyclamine A: Elaboration of an Ansa
Bridge by B-Alkyl Suzuki Macrocyclization**
Alexandre Gagnon and Samuel J. Danishefsky*

Xestocyclamine A (1), a polycyclic alkaloid isolated from
Xestospongia sp. (a marine sponge collected from the Milne
Bay province of Papua, New Guinea)[1] is an inhibitor of
PKC� (PKC� protein kinase C).[2] Compounds that exhibit
this type of activity are of biomedical interest. They may be
used, in principle, to intervene in a precise manner in the
complex chemistry-based communication network that gov-
erns the life of a cell through signal transduction.[3] The long-
term hope, not yet demonstrated, is that of using specific
PKC-directed agents as drugs in the treatment of cancer or
other diseases of established mechanism.[4]

In terms of its molecular architecture, xestocyclamine A (1)
belongs to a broad family of natural products that share a
common biogenetic motif.[5] The group includes the manza-
mines,[6a] the keramiphidins,[6b] the halicyclamines,[6c] the
haliclamines,[6d] the ingenamines,[6e] and the ingamines.[6f] From
the perspective of the science of synthesis,[7] xestocyclamine
presents challenges of some moment. One soon takes note of
its interesting 1,4-ethylene-bridged 2,7-diazadecalin matrix,
which is further enveloped by two ansa bridges that connect
Na with C4 and Nb with C6 (Scheme 1). Herein, we report on
progress directed to reaching xestocyclamine by total synthesis.

While a variety of options for progressing toward our goal
merited consideration, we were particularly disposed toward
routes that would make recourse to theB-alkyl Suzuki reaction
(see below)[8] for the establishment of one or even both ansa
bridges. In our judgment, this method can fill an important
niche in the establishment of olefinic linkages in complex
structures with high stereocontrol. We viewed the xestocylamine
project as providing an opportunity to learn more about the
reach of the B-alkyl Suzuki reaction in organic synthesis.

The matrix of xestocyclamine A consists of an azadecalin
moiety with an additional aminomethylene bridge that joins
C2 and C5. We first concerned ourselves with building this
matrix in a concise way. Once the core was synthesized, we
would address the matter of inserting the aminomethylene-
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Scheme 1. Strategy for the synthesis of Xestocyclamine A. F, F�� unspe-
cified functionality.

based bridge (Scheme 1). Both these subgoals would be attained
in a way that allowed the ansa bridges to be stitched together.

The synthesis commenced with the conversion of the
known enantiomerically pure (R)-5-hydroxy-2-oxopiperidine
(2)[9] into its derivative 3 (Scheme 2). The introduction of a
dienophilic double bond into system 3 became the next
subgoal. Phenylselenylation of 3 followed by oxidative
elimination gave 4.[10] Precedented iodination[11] followed by
Stille coupling[12] allowed the smooth conversion of 4 into 5.
We hoped to establish the cis-fused azadecalin matrix with a
Diels ±Alder reaction by using dienophile 5.
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Scheme 2. Reagents and Conditions : a) TBDPSCl, imidazole, DMF, room
temperature, 100%; b) nBuLi, THF, 0 �C, then TsCl, DMAP, 0 �C�RT,
84%; c) LDA, THF, �78 �C, then PhSeCl, �50 �C, 65%; d)mCPBA,
CH2Cl2, 85%; e) I2, pyridine, CCl4, room temperature, 93%; f) 3-iodoprop-
1-ene, Cl2Pd(PPh3)2, toluene, reflux, 69%. TBDPS� tert-butyldiphenyl-
silyl; DMF�N,N-dimethylformamide; Ts�para-toluenesulfonyl; DMAP�
4-N,N-dimethylaminopyridine; LDA� lithium diisopropylamide;
mCPBA�meta-chloroperoxybenzoic acid; PMB� para-methoxybenzyl.

It is necessary to digress briefly to set our study in its
appropriate context. We recall two relevant instances from
the literature in which a 3-substituted 5,6-dihydro-�-pyridone
functioned as a dienophile in cycloadditions with 1,3-dioxy-
genated dienes. Thus, dienophile 6, which has an activating
carbomethoxy group at C3 of the dihydropyridone, reacts
with diene 7[13] (which we introduced in 1974) in refluxing
benzene to give 9 in moderate yield. Similarly, dienophile 8,
which has an additional �-siloxy group, also undergoes
cycloaddition, albeit in a lower yield [Eq. (1)].[14]
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Indeed, an earlier foray of our laboratory directed at
xestocylamine, commenced with a Diels ±Alder reaction of
dienophile 10 with diene 11 to give 12 [Eq. (2)].[15] Although
the carbomethoxy group undoubtedly activated the 5,6-
dihydropyridone-based dienophile, we were unable to achieve
reductive chain extension of the methyl ester grouping
(corresponding to C26 of 1).[15]

Based on these early experiments, we felt that to have a
chance to eventually reach 1, it would be critical to include
an appropriate alkenyl group at C3 of the dienophile of
the dihydropyridone (i.e. the carbon atom destined to
become C6 of 1). Accordingly, we sought to explore the
value of 13 in this context. It was clear that 13 would not be as
active as 10 in terms of its dienophilicity.[16] However, a
compound such as 14 (P, R� unspecified), which has an
angular alkenyl, would be a suitable precursor for our target
[Eq. (3)].

An encouraging precedent that showed that the Diels ±
Alder cycloaddition (even with a dienophile of type 13) might
be viable for our work was reported by Nakagawa and co-
workers, who demonstrated that 15 does, in fact, undergo
cycloaddition with diene 7 [Eq. (4)].[17] Although this reaction
gave a disappointing yield, we felt that the allyl group in our
projected substrate 13 would be less deactivating to Diels ±
Alder reaction than the branched, highly substituted alanyl
derivative at C3 in 15.

We were therefore quite surprised that 5 did not undergo
cycloaddition with either diene 7[13] or diene 11 under a variety
of forcing conditions. We suspect that 5 (13) is less reactive
than 15 because of the deactivating effect of the highly
hindered electron-withdrawing siloxy group at C5.[18] We
therefore turned to the use of the Rawal ±Kozmin diene
(17)[19] for cycloaddition with 5 (Scheme 3). Previous
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Scheme 3. Reagents and Conditions : a) benzene, reflux, 98%; b) HCl
(aq., 2.1�), THF, room temperature, 76%; c) Et3N, TMSOTf, CH2Cl2, 0 �C,
100%. TMSOTf� trimethylsilyl trifluoromethanesulfonate; TBDMS�
tert-butyldimethylsilyl.

experiments from Rawal and co-workers
had shown that 17 is more reactive than 7 in
Diels ±Alder reactions.[20] Happily, cyclo-
addition did occur in refluxing benzene to
afford exclusively the endo adduct 18,
which was treated with acid to afford 19.
Thus, the three critical stereogenic centers

(corresponding to C9, C1, and C6 of the target structure) had
been established in enantiomerically pure form. Moreover,
the diene 20, projected for the next cycloaddition, could be
readily generated.

Our initial plan to advance from 20 involved a variation of
the imino Diels ±Alder reaction reported by Cava et al. and
Krow et al. (21� 22�23) [Eq. (5)].[21] Unfortunately, several

attempts at the cycloaddition of 20 with 22 (generated in situ)
did not give rise to 24. A key reaction for the carbon�carbon
bond formation at the future C2 involved a method that we
introduced in 1976.[22] Reaction of 20 with Eschenmoser×s salt
(CH2NMe2I, 25)[23] did occur at room temperature
(Scheme 4). Attempts to purify the presumed adduct 26 by
silica-gel chromatography led to �-methyleneketone 27. In the
long term, it may well be possible to realize the proposed
Diels ±Alder reaction by fine-tuning the resident groups on
the diene and on the azadienophile. However, we decided to
proceed via 27.

For this purpose, the commercially available amino alcohol
28 was converted in a series of straightforward steps into 29.
The two desired Michael additions[24] of 29 to 27 (Scheme 5,
(1) and (2)) afforded 30 (65%). Unfortunately, but not
unexpectedly, the stereoisomeric isoquinuclidone 31 was also
formed (25%). Presumably, the formation of 30 and 31
reflects the lack of full �- or �-diastereofacial control in the
proton transfer to C2 (with respect to 1) in the intermolec-
ular (first) Michael addition step, which joins 29 to
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Scheme 4. Reagents and Conditions: a) CH2NMe2I (25), CH2Cl2; b) SiO2,
85% over 2 steps.

27. Reduction of the keto function of 30 occurred stereo-
specifically to produce 32. The stage was now set to test the
applicability of the B-alkyl Suzuki reaction to close the first
ansa bridge. Regiospecific hydroboration of 32 at the terminal
vinyl group and subsequent intramolecular coupling led to 33
(60%). The alcohol function was oxidized with Dess ±Martin
periodinane to provide 34.[25]

In summary, the appropriate sequencing of three classic
reactions, that is, 1) a Diels ±Alder cycloaddition (5�
17),[19, 20] 2) an enoxysilane version of the Mannich reaction
(20�26),[22] and 3) a bridging annulation comprised of two
Michael additions (27� 29),[26] set the stage for the increas-
ingly powerful B-alkyl Suzuki methodology for macrocycliza-
tion (32�33). To reach xestocyclamine A (1), another ansa
bridge between C4 (with respect to 1) and the nitrogen atom

of the A ring must be formed. Moreover, a quality total
synthesis will require greater stereochemical control in the
formation of 30. These aims are currently under investigation
in our laboratory.
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Synthesis of �-Methylene-�-butyrolactones:
Ru-Catalyzed Cyclocarbonylation of Allenyl
Aldehydes and Allenyl Ketones**
Suk-Ku Kang,* Kwang-Jin Kim, and Young-Taek Hong

Recently, Buchwald and co-workers[1] as well as Crowe et
al.[2] independently described new titanium-mediated and
-catalyzed hetero-Pauson ±Khand reactions, which involved
the [2� 2� 1] cycloaddition of �-unsaturated ketones and
aldehydes with carbon monoxide to form fused bicyclic �-
butyrolactones (Scheme 1). Although titanium catalysis of

Scheme 1. [2� 2� 1] Cycloaddition of �-unsaturated ketones and alde-
hydes with CO to form fused bicyclic �-butyrolactones. Ts� toluene-4-
sulfonyl.

this process has proven to be efficient, the strength of the
early transition metal�oxygen bond makes the catalytic
sequence difficult when titanium reagents are used. A
solution to this potential problem was provided by Murai
and co-workers,[3] who demonstrated that the late transition
metal reagent [Ru3(CO)12] smoothly catalyzes [2� 2� 1]
cycloadditions of substituted �-alkynyl aldehydes, with carbon
monoxide to form fused �,�-unsaturated �-butyrolactones.

To the best of our knowledge, late transition metal
catalyzed hetero-Pauson ±Khand reactions of simple allenyl
aldehydes and ketones have not yet been reported. Further-
more, this methodology has not been applied to the synthesis
of �-methylene-�-butyrolactones, a ring system found in
numerous, biologically active natural products.[4, 5] Hetero-
Pauson ±Khand carbonylative cyclizations of �-allenyl alde-
hydes and ketones would serve as a direct entry into this
family of compounds. We describe herein the preliminary
results of an investigation into the latter and demonstrate that
ruthenium-catalyzed [2� 2� 1] cycloadditions of allenyl al-
dehydes and ketones with carbon monoxide serve as an
efficient and direct route to �-methylene-�-butyrolactones
(Scheme 2).[6±8]
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