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ABSTRACT

Bisaminal cyclization in the zoanthamine alkaloid system was strongly affected by the stereochemistry of the C4 methyl. While cyclization of the
(4S)-methyl precursor gave only a bisaminal compound, cyclization of the (4R)-methyl isomer produced both spiroketal and bisaminal products.

Zoanthamine alkaloids are attractive target molecules
from a synthetic point of view because of their structural
complexity and potent biological activity (Figure 1).1

Indeed, extensive synthetic studies have been carried out
toward the synthesis of norzoanthamine (1), zoanthamine
(2), and zoanthenol (3) over the past few years.2 The total
synthesis of norzoanthamine was accomplished by Miya-
shita/Tanino and our group.3,4a,4b One of the most chal-
lenging problems in the synthesis of zoanthamine alkaloids
is the formation of the pentacyclic core (CDEFG ring),
which possesses eight chiral centers including three qua-
ternary carbons and two aminal moieties. In 1998, we
reported the first entry for the construction of the fully
functionalized pentacyclic bisaminal core (Scheme 1).5a�c

Namely, treatment of aminohydroxy diketocarboxylic
acid 4a with 2 N HCl in THF produced monoaminal 5,
and subsequent hydrogenolysis of the Cbz group resulted in
simultaneous aminal formation to afford bisaminal 6.5a,b

We also developed a one-step transformation of Boc-pro-
tected precursor 4b to specifically generate pentacyclic

Figure 1. Zoanthamine alkaloids.
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bisaminal 6 by heating in aqueous acetic acid.5c This
methodology proved to be applicable to the final step in
the total synthesis of zoanthamine alkaloids.3,4a,5,6

Although the formation of pentacyclic bisaminal 6 is the
result of a thermodynamically favored process, we became
interested in the factors that lead to selective bisaminal
formation fromamong themanyother possible cyclization
products. All naturally occurring zoanthamine alkaloids
possess a (4S)-methyl group. We reasoned that the stereo-
chemistry of the C4-methyl might affect the mode of
cyclization.
Herein, we report the effect of the stereochemistry of the

C4 methyl group in terms of the cyclization with three
precursors; (4S)- and (4R)-methyl isomers and a demethyl
derivative.

Our strategy for the preparation of three precursors
7a�c is outlined in Scheme 2. The cyclization precursors
could be obtained by Horner�Wadsworth�Emmons
(HWE) reaction of aldehyde 8 and corresponding

ketophosphonates 10a�c (prepared from lactones
11a�c).7,8 Aldehyde 8 could be prepared from the bicyclic
enone (�)-99 by introducing a methyl group followed by
the regioselective cleavage of the cyclopentanone ring
(Scheme 3).
Treatment of enone (�)-9 with Gilman reagent and

subsequent in situ trapping of the enolate by addition of
TESCl and HMPA provided the silyl enol ether as a single
diastereomer. Reduction of the remaining carbonylgroup
withLiAlH4, followedbydesilylationwithTBAFafforded
ketone 12 in 92%overall yield from (�)-9. After protection
of the resulting hydroxyl group as BOM ether, a regiose-
lective silyl enol etherification of cyclopentanone 13 was
examined. Selective deprotonation using a strong base,
such as LDA, proved unsuccessful.
However, we were delighted to find that treatment of 13

with TBSOTf and NEt3 in CH2Cl2 at �78 �C led to the
isolation of desired silyl enol ether14 in 96%yield.Wenext
attempted an oxidative cleavage of silyl enol ether 14.
Direct cleavage (ozone) or Rubottom-type oxidation of

14 (m-CPBA, DMDO, PIDA, Davis oxaziridine, or
MoOPH) was unsuccessful because of the low yields.10�12

Treatment of 14 with OsO4 and NMO in acetone gave
R-hydroxy ketone 15, albeit in moderate yield.13 Hydroxy
ketone 15 was then successfully converted to β-keto alde-
hyde 8, which can serve as a common intermediate for the
preparation of cyclization precursors 7a�c.
We next attempted HWE reaction of 8 with ketopho-

sphonate 10c (Scheme 4). Under normal conditions,14

the yield of 17cwas very low because of the predominant
deformylation affording 19 through intermediate 18.
After extensive experiments, we found that the addition
of HMPA15 or DMPU dramatically improved the yield
of 17c. This remarkable effect might be attributed to a
facile elimination of diethyl phosphate from intermedi-
ate 18 in aprotic polar solvents. Other enones, 17a and
17b, were also prepared in good yield. Enones (17a�c)
were subjected to a catalytic hydrogenation followed
by alkaline hydrolysis to obtain cyclization precursors
7a�c.
With three cyclization precursors in hand, we next

examined a tandem cyclization under different acidic con-
ditions. The conditions we examined were as follows:
(Conditions A) AcOH�H2O at 60 �C for 6 h, then

Scheme 1. Construction of Pentacyclic Bisaminal Core

Scheme 2. Synthetic Strategy for Cyclization Precursors 7a�c
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Na2SO4, at rt for 20 h; (conditions B) 2NHCl aq at rt for 4
h; (conditions C) AcOH�H2O at 100 �C for 9 h, then
Na2SO4 at rt for 3 h; (conditionsD)AcOH�H2Oat 100 �C
for 24 h, then Na2SO4 at rt for 12 h. The results are
summarized in Table 1. When cyclization precursors
(7a�c) were subjected to conditions A and B, monoam-
inals (20a�c) and spiroketals (21a�c) were subsequently
isolated. It should be noted that the ratio of monoaminal/
spiroketal was highly dependent on the stereochemistry
of C4-methyl. In the case of (4S)-methyl derivative 7a,
monoaminal 20a was isolated as a major isomer. By
contrast, spiroketal 21b was a major product for (4R)-
methyl derivative 7b. The results of demethyl derivative
7c were intermediate between those of 7a and 7b.
Because the N-Boc group remain protected under these
conditions, monoaminals 20a�c did not undergo bisaminal
formation.
Cyclization precursors (7a�c) were next heated in aqu-

eous AcOH (conditions C and D). The N-Boc group was
cleaved inAcOH�H2O at 100 �Caswe already developed,
and initially formedmonoaminals were transformed to the
corresponding bisaminals 6a�c in moderate to high yields

depending on the substrates. Thus, bisaminal 6a was
obtained in high yield from (4S)-methyl isomer 7a after
9 h (entry 7). In contrast, (4R)-methyl isomer 7b was
transformed to bisaminal 6b very slowly (entries 8 and
11), and spiroketal 22b remained evenafter 24h. Structures
of these products were fully established by 1H NMR, 13C
NMR, and HRMS spectra (Figure 2).
These results are best explained in a qualitative

manner as follows: Formation of monoaminal 20a,
rather than spiroketal 21a, can be understood by con-
sidering the axial orientation of C4-methyl in spiroke-
tal 21a. In a similar manner, monoaminal 20b seems to
be thermodynamically less favorable by the nonbond-
ing interaction caused by axial C4-Me. The C4-methyl
group occupies an equatorial position in spiroketal 21b,
and 21b does not undergo a facile recyclization to
bisaminal 6b through monoaminal. In the case of C4-
demethyl derivative, both monoaminal 20c and spiro-
ketal 21c do not suffer from nonbonding interactions.
Therefore, spiroketal 21c was readily transformed to
the thermodynamically favorable bisaminal 6c via
monoaminal 20c under conditions C.

Scheme 3. Synthesis of Cyclization Precursors 7a�c

Scheme 4. HWE Reaction of Ketoaldehyde 8

Figure 2. Structure of bisaminal, monoaminal, and spiroketal.
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In conclusion, we reveal that the mode of cyclization is
dependent on the stereochemistry at the C4 methyl in
zoanthamine alkaloids.
In addition, we also developed a straightforward and

efficient route to cyclization precursor 7 from ketoal-
dehyde 8 by the Horner�Wadsworth�Emmons reac-
tion in the presence of DMPU. A synthetic study of
zoanthamine using the present methodology is cur-
rently underway.
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Table 1. Cyclization of 7a�c

yield (%)

entry conditiona precursor bisaminal 6 monoaminal 20 spiroketal 21 spiroketal 22

1 A 7a 58 14

2 A 7b 10 51

3 A 7c 48 19

4 B 7a 77

5 B 7b 32 44

6 B 7c 33 35

7 C 7a 90

8 C 7b 31 47

9 C 7c 65

10 D 7a 95

11 D 7b 62 27

12 D 7c 74

aConditionsA:AcOH�H2Oat 60 �C for 6 h, thenNa2SO4 at rt for 24 h. Conditions B: 2NHCl aq at rt for 4 h. Conditions C:AcOH�H2Oat 100 �C
for 9 h, then Na2SO4 at rt for 3 h. Conditions D: AcOH�H2O at 100 �C for 24 h, then Na2SO4 at rt for 12 h.


