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The complex and elegant architecture of the zoanthamine
alkaloids has captivated synthetic chemists for well over a
decade.[1,2] Although numerous research groups have pub-
lished efforts toward the zoanthamines,[1] the only completed
synthesis of any member of this class was that of norzoanth-
amine byMiyashita et al. which appeared in 2004[3] (Figure 1).

The zoanthamines exhibit a host of biological activities
highlighted by the anti-osteoporotic activity of norzoanth-
amine hydrochloride.[4] Our interest in the zoanthamines was
piqued by zoanthenol (1),[5] the sole family member possess-
ing an aromatic A ring. Zoanthenol retains the major
stereochemical challenges of the zoanthamines, while offering
the opportunity to explore unique retrosynthetic possibilities.
Herein, we describe an unusual SN’ cyclization to form the
carbocyclic core of zoanthenol. An asymmetric stereoselec-
tive route to this core structure is enabled by asymmetric
alkylation methodology recently developed in our laborato-
ries.[6]

With seven rings and nine stereocenters confined to a 30-
carbon framework, zoanthenol is a densely functionalized,
topographically complex target molecule. The C ring poses

the greatest stereochemical challenge with five contiguous
stereocenters, three of which are all-carbon quaternary
centers. Our overarching strategy was to generate one
quaternary center in an enantioselective fashion and then
derive the remaining stereocenters diastereoselectively.
Another design feature was to convergently unite the A and
C rings by a two-carbon tether and subsequently forge the
B ring. We planned to introduce all the functionality of the
heterocyclic C1 to C8 fragment in a single operation (i.e., 2!
3+ 4 ; Scheme 1). Previous work by the Kobayashi and
Williams groups demonstrated that the complicated hemi-
aminals forming the DEFG rings are thermodynamically
favored.[7] Thus, the DEFG heterocycles could be retrosyn-
thetically unraveled to give triketone 2 (Scheme 1). Discon-
nection of the C8�C9 bond and removal of the methyl groups
at C9 and C19 affords ketone 3 and enone 4. We envisioned
the cleavage of the tricyclic core structure 3 by scission of the
C12�C13 bond employing an intramolecular conjugate addi-
tion of the A ring into a C ring enone (i.e., 5).[8] We reasoned
that this type of intramolecular Friedel–Crafts reaction would
require a highly electron-rich arene for effective cyclization;
therefore, oxygenation was incorporated at C16 of enone 5 to
increase the nucleophilicity of the A ring. Enone 5 could arise
from 1,2-addition of Grignard reagent 6 to enal 7, which in
turn could be derived from ketoester 8, ultimately available
by enantioselective decarboxylative allylation of b-ketoester
9.

In order to determine the feasibility of the 6-exo conjugate
addition, the target enal was synthesized as a racemate
(Scheme 2). Known dimethyl ketone 10[9] was deprotonated
and alkylated to give ketoester 8 in excellent yield as a
mixture of diastereomers. Deprotonation of methyl ketone 8
and quenching with PhNTf2 afforded enol triflate 11. After
significant optimization to accommodate the steric challenges
of the substrate, an efficient one-step reductive carbonylation
of triflate 11 was developed. Treatment of triflate 11 under an
atmosphere of CO with Pd(OAc)2, 1,4-bis(dicyclohexylphos-
phino)butane as a ligand, and TES-H as a reducing agent
afforded the desired enal 7 in good yield. To our knowledge,
this is the first time that such a hindered vinyl triflate was
carbonylated directly to the enal oxidation state. Addition of
Grignard reagent 6[10] to enal 7 produced allylic alcohol 12 in
high yield and diastereoselectivity. Use of methylene chloride
as a cosolvent for the addition reaction was critical, resulting
in the formation of the anti diastereomer as the sole product,
as confirmed by X-ray crystallography of the corresponding
lactone (i.e., 16, Figure 2).[10]

With the A and C rings joined, we could begin to
investigate the 6-exo cyclization by exposing allylic alcohol 12
to TFA at reflux (Scheme 3). We anticipated that loss of

Figure 1. Selected members of the zoanthus family of alkaloids.
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protecting groups and olefin migration would afford enone
13, which would undergo 6-exo conjugate addition to form
keto-alcohol 14. To our delight, the 1H NMR spectrum of the
major product contains a single aromatic C�H as well as two

isolated aliphatic CH3 signals, indicating
that the reaction generated a product
containing the two desired quaternary
centers. However, the spectrum also con-
tains an olefinic resonance. Upon stand-
ing in CDCl3, the major product (15)
formed crystals suitable for X-ray diffrac-
tion. Interestingly, cyclization of allylic
alcohol 12 had occurred, but by 6-endo SN’
cyclization to give acid 15.[11,12] Addition-
ally, the solid-state structure confirmed
the anti disposition of the methyl groups
at C12 and C22 in 15.

The SN’ Friedel–Crafts reaction to
produce carboxylic acid 15 achieved the
important goal of generating the quater-
nary stereocenter at C12 with the desired
relative configuration. To better under-
stand the reaction pathway, we evaluated
a number of parameters. The choice of
acid in the reaction is crucial, as trifluoro-
acetic acid was unique in promoting SN’
cyclization. Both stronger acids (e.g.,
triflic acid) and weaker acids (e.g., acetic
acid) failed to produce tricycle 15. Even
the dilution of neat TFA with methylene
chloride, benzene, or acetic acid caused
the cyclization to fail.

Interestingly, both lactone 16 and
allylic acetate 17 underwent cyclization in TFA to give
acid 15 with similar yields and diastereoselectivities
(Figure 2).[13] Furthermore, C16 desoxy arene 18 failed
to generate any cyclized products, confirming the
importance of the nucleophilicity imparted by oxygen-
ation at C16. Finally, the C20 epimers of the substrates
do not readily undergo cyclization. The unique ability of
TFA to mediate the reaction suggests that its properties
as a strong acid and a dehydrating agent are important
to the reaction mechanism. The selectivity of the system
indicates that all three substrates (12, 16, and 17) may
proceed through an intermediate lactone (i.e., allylic

Figure 2. Other cyclization substrates.

Scheme 1. Retrosynthetic analysis of zoanthenol (1). Boc= tert-butyloxycarbonyl, TBS= tert-
butyldimethylsilyl.

Scheme 2. Preparation of the cyclization substrate. c-Hex= cyclohexyl,
DMA= -N,N-dimethylacetamide, HMDS=hexamethyldisilazane, HMPA=
hexamethyl phosphoramide, Tf= trifluromethanesulfonyl, TES= triethylsilyl.
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alcohol 12 and acetate 17 may be converted to the lactone in
situ), and that the reactions proceed by a partially concerted
displacement relying on the directing ability of a carboxylate
leaving group and not via a full allylic cation.

With an efficient route in hand to construct a
zoanthenol carbocyclic ring system containing two
of the three quaternary stereocenters, we turned
our attention to the completion of our proposed
intermediate 3. Following diazomethane-mediated
esterification, deoxygenation of the C16 phenol
was accomplished by formation of aryl triflate 19
and subsequent treatment with [PdCl2(PPh3)2] and
formic acid (Scheme 4).[14]

Owing to our serendipitous discovery of the SN’
reaction, we had not anticipated the reoxygenation
of the olefin in our retrosynthetic planning. As
such, significant experimentation was required to
find a synthetic strategy to convert the D20,21 double
bond of ketoester 20 into the desired C20 ketone.[15]

The X-ray structure in Scheme 3 illustrates the
pseudo-axial orientation of the methyl groups
surrounding the olefin, which partially block the p

bond and hinder the approach of typical oxidants.
Thus, we chose to pursue an alternative, intra-

molecular method of olefin oxygenation. Our
approach began with saponification of ketoester
20 followed by ketalization (Scheme 4). Treatment
of the crude product with KI, I2, and base gave
iodolactone 21 in 85% yield over three steps after
recrystallization. Lactone methanolysis under basic
conditions afforded smooth conversion to epoxide
22. Hydride migration from C20 was accomplished
by heating epoxide 22 in toluene with MgCl2,

[16]

providing clean conversion to rearranged ketoester

23 in 73% yield. Treatment of ketoester 23 with p-toluene-
sulfonic acid produced diketone 3, which was characterized by
X-ray crystallography. The solid-state structure confirmed the
desired stereochemistry at C21 from the hydride shift.

Although racemic material was useful for exploratory
studies, our goal from the outset was an asymmetric synthesis
of zoanthenol. Toward this end, we were delighted to find that
our recently developed asymmetric decarboxylative allylation
methodology[6] was a reliable and efficient method to produce
a-quaternary ketone (�)-24 in excellent yield and high
enantioselectivity on 25-mmol scale (Scheme 5). Oxidative
olefin cleavage and esterification gave tert-butyl ester (+)-25
in 51% yield over two steps. Subsequent methylation
provided a good yield of methyl ketoester 8, an intermediate
in our C-ring synthesis (vide supra), allowing entry into a
catalytic enantioselective synthesis of zoanthenol.

In conclusion, a concise method for the construction of the
zoanthenol carbocyclic skeleton was developed. The synthesis
is highlighted by an unusual diastereoselective SN’ cyclization
of allylic alcohol 12 producing tricycle 15 bearing all-carbon-
substituted quaternary centers at C12 and C22 in the desired
anti configuration. This key step is flanked in our route by a
number of interesting observations and discoveries. Most
notably, we demonstrate an unusual palladium-catalyzed
formylation of a hindered vinyl triflate, a highly diastereose-
lective Grignard addition to a congested enal, and the
incorporation of the C20 ketone by use of the pendant C24
carboxylate by means of iodolactonization and subsequent

Scheme 4. Functionalization of the zoanthenol tricyclic core. DPPP=propane-1,3-
diylbis(diphenylphosphine), Tol= toluene, Ts= toluenesulfonyl.

Scheme 3. 6-endo SN’ cyclization of the B ring. TBAF= tetrabutylammo-
nium fluoride.
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epoxide rearrangement. Finally, application of our catalytic
asymmetric decarboxylative alkylation methodology allows
ready access to an enantioselective synthesis of zoanthenol.
Our ongoing efforts to advance an enantioenriched tricyclic
core to zoanthenol will be reported in due course.
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Scheme 5. Catalytic asymmetric alkylation for the enantioselective syn-
thesis of ketoester (+)-8. dba=dibenzylideneacetone, DMAP=4-dime-
thylaminopyridine.
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