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ABSTRACT

The stereoselective, expedient assembly of the key functionalized isotwistane (bridged tricyclo[4.3.1.03,7]decane) system, 5/6/6 ring, with contiguous
quaternary stereocenters in Lycopodium alkaloid palhinine A and its analogues via an intramolecular Diels�Alder strategy is described.

TheLycopodium alkaloids1 are unique heterocyclic mol-
ecules possessing high structural diversity and significant
pharmaceutical potential, and many of them have at-
tracted great interest from biogenetic and synthetic points
of view.2 As a novel C16N-type Lycopodium alkaloid
recently isolated from Palhinhaea cernua L. by Long,
Wang et al.,3 palhinine A (Figure 1) with a structure

partially related to the fawcettimine-type alkaloids1e is
featured by a unique 5/6/6/9 tetracyclic ring system con-
taining an unusual bridged carbon�carbon bond between
C-4 and C-16, which was elucidated by comprehensive
spectroscopic methods and confirmed further by single-
crystal X-ray diffraction analysis. Such a fused-bridged

Figure 1. Diverse ring systems in representative major classes of
Lycopodium alkaloids.
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polycyclic structure of palhinine A is architecturally un-
precedented in Lycopodium alkaloids, and its topological
molecular skeleton having five stereogenic centers, two of
which (C-4 andC-12) are quaternary, is characterized with
a functionalized isotwistane nucleus4�10 (rings B/C/D,
tricyclo[4.3.1.03,7]decane), providing an interesting and
challenging target for the synthetic community.
Very recently, an elegant strategy for the stepwise con-

structionof the related isotwistane corehasbeendeveloped
by Xie, She et al.11 on the basis of tandem oxidative
dearomatization/intramolecular Diels�Alder reaction
(rings C and D)12 and the later-stage 5-exo-trig radical
cyclization4 (ring B). However, the direct assembly of this
kind of functionalized isotwistane ring system with con-
tiguous quaternary stereocenters from a monocyclic

precursor8�10 is yet to be explored in the synthetic study
of palhinine A. Herein, we report our preliminary efforts
toward the expedient and straightforward access to the
densely functionalized isotwistane framework by using an
intramolecular Diels�Alder strategy.8,9,13

Retrosynthetically, the isotwistane A (Scheme 1)
constitutes the key building block for the synthesis of
palhinine A and its analogues. Logically, its nine-
membered azonane ring could be conceived by a pro-
tocol involving the hydroboration�oxidation and amina-
tion from the synthonA1 or the chemoselective allylation,
olefinic oxidative cleavage, and amination from the
synthon A2. The crucial tricyclic core in A1 and A2

could be formally envisioned by intramolecular
Diels�Alder cycloaddition of the rationally designed
B1 and B2, which could be properly derived from
the readily available substituted cyclohexenone C.
It should be noted that the key stereoselective intra-
molecular Diels�Alder strategy proposed here would
synthetically rationalize the present disconnection,
providing an alternative consideration for the straight-
forward reestablishment of the isotwistane framework
of palhinine A as well as its structurally related mole-
cules. The proposed disconnection approach from the
bridged tricyclic core A2 to triene synthon B2might be
more synthetically interesting due to the elaborated
installation of oxygen functional groups requisite for
the synthetic study of palhinine A.
Initially to address the feasibility of the efficient con-

struction of functionally simplified tricyclic isotwistane
core A1 from C (Scheme 1), we started with known
enone 1

14 (Scheme 2). Disubstituted cyclohexenone 2 was

Scheme 1. Retrosynthetic Analysis of Palhinine A
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accessed in two steps using an alkylation Stork�Danheiser
approach.15 The olefinic ketone (()-3 bearing the all-
carbon quaternary center was accessed by Sakurai
allylation16 in 68% yield. With (()-3 in hand, the regio-
selective R,β-dehydrogenation of ketone was conducted
by using the combined protocol involving the kinetic
deprotonation�silylation of (()-3 and the subsequent
hypervalent iodine-mediated oxidation17 of the resulting
crude silyl enol ether, delivering the desired enone (()-4 in
37% yield over two steps. Treatment of enone (()-4 with
TMSCl in the presence of NEt3 andDMF at 90 �C resulted
in formation of a silyl enol ether. The resulting diene
was directly subjected to a thermally promoted (150 �C)
intramolecular Diels�Alder reaction. This approach af-
forded the desired isotwistane core (()-A1 in 60% yield
over two steps, proceeding through transition state TS-1

followed by in situ hydrolysis during column chromato-
graphy on silica gel. The relative stereochemistry of tricyc-
lic isotwistane (()-A1 was unambiguously confirmed by
X-ray crystallographic analysis of (()-5 (Figure 2),18

which was obtained in four steps (reduction, silyl protec-
tion, hydroboration�oxidation, and iodination) from
(()-A1.19

Based on the above-mentioned positive results for the
simplified cycloaddition model (B1fA1, Scheme 1), a
synthetic pathway for establishing fully functionalized
isotwistane synthon A2 (Scheme 1) was then explored.
The synthesis commencedwith Sakurai allylation16 of read-
ily available enone 620 (Scheme 3), and the disubstituted

ketone (()-721 was obtained in 82% yield. With (()-7 in
hand, osmium-catalyzed dihydroxylation followed by
NaIO4-mediated oxidative cleavage22 afforded aldehyde

Figure 2. X-ray crystallographic analysis of (()-5.

Scheme 2. Synthesis of Tricyclic Synthon (()-A1

Scheme 3. Synthesis of Tricyclic Synthon (()-A2
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(()-8 in 83% yield. Subsequently, the nickel-catalyzed
Nozaki�Hiyama�Kishi reaction23 was used to chemo-
selectively couple (()-8 and tert-butyldimethylsilyl 2-iodo-
allyl ether (CH2dC(I);CH2O;TBS),24 affording the
desired allylic alcohol (()-9 in 76% yield. Following the
TBSprotection of (()-9, the enone (()-11was formed from
(()-10 through the kinetic enolization�silylation and Pd-
(OAc)2-mediated Saegusa�Ito oxidation.25 Upon treat-
ment of (()-11 with the previously optimized conditions
for thermodynamic silyl enol etherification, the resulting
silyl ether diene underwent the key intramolecular Diels�
Alder cycloaddition via energetically favorable TS-2 at
180 �C, followed by in situ hydrolysis during column
chromatography on silica gel, giving two separable diaster-
eoisomers (()-12a and (()-12b in a combined yield of 65%.
The stereochemical assignment of the more polar (()-12a
and the less polar (()-12b was further made using X-ray
crystallographyof (()-13 (Figure 3).18Thiswas achievedby

one-step derivatization of (()-12b (hydrogenolysis followed
by in situ ketalization).19 Finally, the removal of TBS
protection of (()-12a and (()-12b, followed by Swern
oxidation,26 accomplished the expedient stereoselective
synthesis of (()-A2, which is a synthetically important
building block for the study of the total synthesis of
palhinine A.
In conclusion, a straightforward synthetic strategy

based on the rationally designed intramolecular Diels�
Alder reaction has been developed for the efficient assem-
bly of a multifunctionalized isotwistane ring system with
contiguous all-carbon quaternary centers in Lycopodium
alkaloid palhinine A and its deoxy analogue. Of our two
approaches, the 10-step synthetic route involving (()-A2
will be particularly interesting for the synthesis of palhinine
A, due to not only the flexibility of installation of func-
tional groups requisite for its total synthesis but also the
feasibility of asymmetric synthesis using the known chiral
synthon.21 Presently, the synthetic study of palhinine A
using this strategy is actively under investigation in our
laboratory.
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Figure 3. X-ray crystallographic analysis of (()-13.
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