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The zoanthamine alkaloids, a family of marine metabolites
produced by the zoanthid Zoanthus sp., not only have a novel
array of structures with stereochemical complexity, but also
exhibit distinctive biological and pharmacological properties.
For example, norzoanthamine (1), isolated from the colonial

Norzoanthamine (1): R=H
Zoanthamine (2): R = Me

Zoanthenol (3)

zoanthid Zoanthus sp. by Uemura et al., can suppress the loss
of the weight of, and strengthen, bones in ovariectomized
mice without problematic side effects!! and thus is a promis-
ing candidate for an anti-osteoporotic drug. Furthermore,
zoanthamine (2), isolated by Rao, Faulkner and co-workers,
exhibits potent inhibitory activity toward phorbol myristate-
induced inflammation, along with powerful analgesic
effects.”! The remarkable biological properties of norzoanth-
amine and zoanthamine, combined with their novel molecular
architectures, make this family of alkaloids extremely attrac-
tive as synthetic targets.”] As part of our ongoing synthetic
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studies of the zoanthamine alkaloids, we have achieved the
first total syntheses of 14! and 2.1 These syntheses involved
a stereoselective synthesis of the crucial triene precursor
using sequential three-component coupling reactions, a key
intramolecular Diels—Alder reaction, and subsequent bis-
(amino)acetalization as the key synthetic steps.[*’l Recently,
Kobayashi and co-workers reported the second total synthesis
of 1, which involved an elegant intramolecular Diels—Alder
reaction for the construction of the AB ring system as the key
step.[s]

Having achieved the efficient chemical syntheses of
norzoanthamine and zoanthamine, we focused on the syn-
thesis of zoanthenol (3),! a member of the zoanthamine
alkaloids which is unique as it has an aromatic ring. As with
the norzoanthamine derivatives, zoanthenol has been found
to exhibit potent anti-platelet activity for human platelet
aggregation.” In spite of synthetic studies by a number of
research groups, employing a variety of distinct strategies, the
total synthesis of 3 has yet to be successfully completed.[®%
Herein, we report the first total synthesis of zoanthenol 3,
using a synthetic intermediate 11 in our synthesis of 1,1 and
the development of an efficient synthetic route from the
commercially available norzoanthamine hydrochloride
(1-HQl) to 3.

The only difference in the structures of zoanthenol and
zoanthamine is the oxidation pattern of the A ring; therefore,
we thought that 3 might be directly synthesized by oxidative
aromatization of 2. To this end, we initially examined the
viability of the transformation on the tetracyclic enone 4 as a
model substrate. Two efficient procedures were found that
successfully effected this transformation (Scheme 1). Thus,
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Scheme 1. Model studies on oxidative aromatization of the tetracyclic
enone 4. Reagents and conditions: a) For 5: CuBr,, LiBr, CH,CN, 60°C,
83 % yield. b) For 6: Yb(OTf);, Ac,0, O, (1 atm), dioxane, 70°C, 86 %
yield. Tf=trifluoromethanesulfonyl.

when enone 4 was treated with CuBr, in CH;CN in the
presence of LiBr,"!! compound 5, now containing an aromatic
ring, was obtained as a single product in 83% yield. The
stereochemical structure of § was unambiguously confirmed
using NOE measurements, which indicated that epimeriza-
tion at the C19 benzylic position did not occur at all. A second
procedure for the aromatization of 4, by treatment with Ac,0O
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and Yb(OTTf); in dioxane under an oxygen atmosphere, also
produced the aromatic acetate 6 in high yield (86%),
whereupon oxygen was found to be critical for this reaction.
Although the reaction mechanism for the latter oxidation is
not clear at present, a related air oxidation of 4-oxo0-4,5,6,7-
tetrahydroindoles with Ac,O and TsOH (4-methyl benzene-
sulfonic acid), leading to 4-acetoxyindoles, was reported
recently by Ishikawa and Saito.'?

Having established these two efficient synthetic proce-
dures using tetracyclic enone 4, we studied the oxidative
aromatization of zoanthamine and its synthetic intermediate
7 as potential routes to the total synthesis of zoanthenol
(Scheme 2). Although we investigated the reaction conditions
in detail for these transformations, particularly focusing on
the reaction temperature, solvent, and Lewis acid (e.g.

CuBr,
Zoanthamine (2) LiBr
or ——>X— Zoanthenol (3)
2-HCI
Yb(OTf);
Ac,0, O,

Zoanthamine (2)

or ——>X—— O-Acetyl zoanthenol (8)

OR Me
CuBr,
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or
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10: R=Ac

Scheme 2. Attempts toward the oxidative aromatization of zoanthamine, zoanth-
amine hydrochloride (2.-HCl), and its synthetic intermediate 7. Boc =tert-butoxycar-

bonyl.

Sc(OTf);), we were unable to obtain any of the corresponding
aromatized compounds (3, 8-10) from zoanthamine, zoanth-
amine hydrochloride (2-HCI), or their synthetic intermediate
7. When the oxidation was performed using CuBr, and LiBr,
only a trace amount of starting material was recovered;
Yb(OTf);-mediated oxidation resulted in the formation of
unidentified degradation products. Because copper salts have
been known to be coordinated by amines, we postulated that
the aminoacetal moiety in the substrates might be labile and
decompose under the reaction conditions. Therefore, we
decided not to consider this route further.

We then turned our attention to the aminoacetalization
steps in the total synthesis of norzoanthamine (1).*9 This
synthesis involved removal of the tert-butoxy carbonyl group
and formation of an iminium ion by treatment with aqueous
acetic acid, and subsequent aqueous TFA (trifluoroacetic
acid)-mediated hydrolysis of the methyl ester and lactoniza-
tion. In these reactions, the use of Brgnsted acids did not
affect the aminoacetal moiety or the ABC ring system to any
appreciable extent. Therefore, we proposed a synthetic route
for the construction of aromatic ring C using a Brgnsted acid
mediated isoaromatization™ of the bis(enone) B, by way of a
double tautomerization (Scheme 3). Bis(enone) B could be
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derived from diketone A, by a regioselective dehydrogen-
ation reaction at the C15—C16 and C18—C19 bonds. The
crucial construction of the AB ring system, culminating in the
total synthesis of zoanthenol (Scheme 3, D), would be
achieved by stereoselective introduction of a methyl group
at the C19 position.

Indeed, we were able to accomplish the first total
synthesis of 3, using our new synthetic strategy (Scheme 4),
starting from the tricyclic ketoacid 111 First, 11 was
converted into dihydronorzoanthamine (12) by treatment
with aqueous acetic acid at 100°C in 76 % yield. The crucial
precursor for the aromatization step, bis(enone) 13, was
successfully derived from 12 using the Ito—Saegusa method.[']
Thus, the treatment of 12 with LDA (8 equiv) and TMSCI
(6 equiv) in THF at —50°C regioselectively furnished trime-

thylsilyl enol ethers on the ketone functionalities
in the AB ring system; subsequent treatment of
the bis(silyl enol ether) with Pd(OAc), and CaCO,
in CH;CN afforded the desired bis(enone) 13 in
good yield. As the labile silyl enol ether in the B
ring was readily hydrolyzed by acetic acid gen-
erated in situ, addition of CaCO; was critical
during the latter reaction.’™ The key aromatiza-
tion step was successfully performed by treatment
of 13 with TFA at 50°C for 1.5 h to produce the
long-awaited aromatic compound 14, that is,
norzoanthenol." It should be noted that this is
Me  the first isolation and characterization of norzoan-
thenol (14); isolation of norzoanthenol from
natural sources has not yet been reported.

The remaining task for the total synthesis of
zoanthenol is the regio- and stereoselective intro-
duction of a methyl group onto the B ring. For this
purpose, the phenolic compound 14 was initially

T
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Scheme 3. Isoaromatization route to zoanthenol.

transformed into its TBS ether (15) in 57 % overall yield from
12. The stereoselective introduction of the methyl group at
the C19 position in the desired product (16) was successfully
performed by treatment of 15 with LDA (lithium diisopro-
pylamide; 1.5 equiv)™® in THF at —78 °C followed by addition
of Mel (20 equiv). Finally, desilylation of the TBS ether 16
with TASF (tris(dimethylamino)sulfonium difluorotrimethyl-
silicate)"”) in acetone furnished the crude zoanthenol which
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Scheme 4. Total synthesis of zoanthenol. Reagents and conditions: a) AcOH (aq.), 100°C, 76 %. b) TMSCI, LDA, THF, —50°C. c) Pd(OAc),,
CaCO;, CH;CN, 55°C. d) TFA, 50°C. e) TBSNO;, pyridine, THF, RT, 57% (4 steps). f) LDA, THF, —78°C, then Mel. g) TASF, acetone, RT, 53% (2
steps). TASF =tris(dimethylamino)sulfonium difluorotrimethylsilicate, TBS = teri-butyldimethylsilyl, TFA=trifluoroacetic acid, TMS =trimethylsilyl,

LDA = lithium diisopropylamide.

was purified by reverse-phase HPLC (MeOH/H,0, 1:1) to
give the pure zoanthenol in 53% yield in two steps. The
spectroscopic data of the synthetic compound were in agree-
ment with those of the natural product, including optical
rotation  ([a]*=+7.0degem’g'dm™  (c=0.18 gem ™,
CHCl,); natural zoanthenol:” [a]¥=+7.1 degem’g'dm™'
(¢c=0.24 gcm™, CHCl,)), IR, 'H and "*C NMR spectroscopy,
and mass spectrometry.

Although the proposed structure of 3 was successfully
verified by the present synthesis, we should point out that all
of the aromatic compounds (14-16), as well as 3, are highly
air-sensitive, probably resulting in oxidation at the benzylic
position, and ultimately decomposition. For example, approx-
imately one third of zoanthenol decomposed during the 36 h
BC NMR acquisition time in CDCl; (neutralized by basic
Al,0;), and circa 30 % of neat TBS ether 16 decomposed over
several days of refrigerated storage (—20°C). Therefore, to
minimize oxidative decomposition in air, these compounds
were handled under an argon atmosphere with studious care
taken in their isolation and purification.

We also studied an alternative synthetic approach from
commercially available norzoanthamine hydrochloride
(1-HCH™) to zoanthenol, because Uemura and co-workers
have reported the efficient conversion of the former into
(158)-15,16-dihydronorzoanthamine (17),'’! the C15 epimer
of 12, by simple catalytic hydrogenation (Scheme 5). Thus,
norzoanthamine hydrochloride was hydrogenated over Pd/C
in methanol to produce 17 (95% yield), which was trans-
formed into the TBS ether 15 by a four-step reaction
sequence, similar to that from 12 to 15, in 54% overall
yield. All of the spectral data for ether 15 was identical with
that of the compound previously synthesized from 11
(Scheme 4). In this way, we have established an alternative,
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Scheme 5. Conversion of norzoanthamine hydrochloride into zoanthe-
nol. Reagents and conditions: a) Pd/C, H, (1 atm), MeOH, RT, then
Et;N, 95%. b) TMSCI, LDA, THF, —50°C. ) Pd(OAc),, CaCO,, CH,CN,
55°C. d) TFA, 50°C. e) TBSNO;, pyridine, THF, RT, 54% (4 steps).

efficient, synthetic route from commercially available nor-
zoanthamine hydrochloride to zoanthenol. The overall yield
was 27 % in seven steps.

In conclusion, we have achieved the first total synthesis of
zoanthenol (3), which features the key TFA-promoted
isoaromatization of the bis(enone) 13 to the aromatic
compound norzoanthenol (14). We have established another
efficient synthetic route for zoanthenol, starting from com-
mercially available norzoanthamine hydrochloride (1-HCI),
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in seven steps. The chemistry described herein opens up a
completely new chemical avenue to 3, to the hitherto
unknown norzoanthenol, and to aromatic members of the
zoanthamine alkaloids and their synthetic derivatives.
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