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ABSTRACT: The first total syntheses of (−)-isowondonin A
and (−)-isowondonin B, which are unusual imidazole marine
alkaloids, has been accomplished through the development of
methods for the selective formation of styryl sulfate group and
regioselective alkylation of the imidazole. Application of the
Noyori asymmetric hydrogenation of ketones allows the
asymmetric synthesis. These results in conjunction with ECD
calculations led to the determination of the absolute
configuration of isowondonins.

From an association of the sponges Poecillatra wondoensis
and Jaspis sp., four bis(dihydroxystyrenyl)imidazole marine

alkaloids (1−4, Figure 1) were isolated by one of us and named

wondonins and isowondonins according to the configuration of
the styryl double bond.1 These marine alkaloids are structurally
unique by virtue of their dimeric dihydroxystyrenyl skeleton
with a five-membered acetal ring and an embedded styryl
sulfate moiety. The planar structure was determined by various
spectroscopic methods. However, the relative and absolute
stereochemistry of C1 and C2 could not be determined because
of the lack of reliable NOE correlations.
The family of wondonins exhibit interesting biological

activities, including antiangiogenic activity.1,2 For example,
wondonins inhibited the tube formation of human umbilical
vein endothelial cells induced by bFGF or hypoxia without
overt cytotoxicity,1a,2 which are unique and useful character-
istics for the development of new angiogenesis inhibitors with
fewer side effects and less toxicity. Because of their unique
biological and structural properties, wondonins have high
potential to become a new class of antiangiogenic therapeutic

agents. However, these natural products, like others, have many
hurdles to clear. One challenge is the very restricted availability
of the natural source. Chemical synthesis is the most likely
solution for securing materials for further biological inves-
tigations. Herein we present the first total synthesis and
determination of the relative and absolute stereochemistry of
isowondonins (1 and 2).
Because jaspisins 53 and the unnamed natural product 6

(Figure 1) were also identified during the process of isolating
1−4,1b the wondonin family may originate biosynthetically
from 6, which in turn is formed from jaspisins 5. According to
this plausible biosynthetic pathway, our synthetic route to
isowondonins was planned as shown in Scheme 1. with the
preparation of dimeric dihydroxystyrene 7 from styryl sulfate 8
in the early stage of the synthesis, followed by its combination
with histamine moiety 9.
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Figure 1. Structures of isowondonins (1 and 2), wondonins (3 and 4),
and other styryl sulfate natural products.

Scheme 1. Retrosynthetic Analysis of Isowondonins (1, 2)
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One of the major synthetic challenges afforded by members
of the wondonin family includes the preparation of the styryl
sulfate moiety. Although several natural products with a styryl
or vinyl sulfate moiety have been reported,3,4 synthetic methods
to access these functional groups are very limited and suffer
from low yields.5 The available method for the preparation of
vinyl sulfate is based on the use of an elimination reaction to
form a vinyl residue from an α-chloro O-sulfated substrate5c or
a cyclic sulfate.5a,b The application of this elimination method
to the total synthesis would compel the introduction of the
vinyl sulfate moiety at a late synthetic stage because of its
instability and high polarity. This strategy may cause several
difficulties during the total synthesis, including intensive and
careful manipulation of protecting groups. Therefore, we chose
an early-stage introduction of the styryl sulfate in a protected
form followed by removal of the protecting group for sulfate at
the end of the synthesis.
Our total synthesis started with an investigation of methods

for the efficient and stereoselective formation of the styryl
sulfate group. Inspired by the facile synthesis of vinyl tosylates
or vinyl triflates from the corresponding carbonyl compounds
via enol intermediates,6 we envisioned that trapping of the
enolate from α-aryl aldehyde 11 (Table 1) with a suitable

sulfating agent would afford the desired styryl sulfate in a
protected form. As a protecting group for sulfate, we chose a
2,2,2-trifluoroethyl (TFE) group because sulfate esters with this
protecting group are sufficiently stable under a variety of
conditions to allow multistep synthesis with it.7 Attempts at
transforming α-aryl aldehyde 11 into styryl sulfate 12 were not
successful8 until sulfuryl imidazolium salt 139 was employed as
the sulfating agent. When DBU was used as a base in THF at
−90 °C, the desired styryl sulfate 12 was obtained in high yield
in a ratio of 6:1 favoring the Z isomer. The Z:E geometric
selectivity was dependent on the reaction temperature, as
summarized in Table 1.8

The obtained cis-styryl sulfate 12 was taken forward to the
natural products. First, the silyl protecting groups of 12 were
removed with TBAF to yield 14 (Scheme 2). For the
asymmetric synthesis with catechol 14 or its monoprotected
derivatives, we initially focused on the installation of the chiral
center at the C1 acetal position during the formation of a
dimeric dihydroxystyrenyl skeleton. However, because of the
lack of availability of such asymmetric reactions, these attempts
were not successful. Thus, dimeric dihydroxystyrene 16 was
prepared in racemic form by condensation with α,α-
dibromoketone 15 in the presence of Cs2CO3 at 50 °C.10 It

is noteworthy that the vinyl sulfate group decomposed when
the reaction temperature exceeded 50 °C.
In order to establish the absolute configuration at C2, the

ketone of 16 was subjected to the action of Noyori’s (R,R)-
RhTsDPEN catalyst 17 under transfer hydrogenation con-
ditions.11 The corresponding alcohol 18 was obtained in 99%
yield in a ratio of 19:1 in favor of the S configuration at C2.12 At
this stage, the two diastereomers resulting from mixed
stereochemistry at C1 were inseparable. Therefore, we
proceeded with the mixture of diastereomers.
Having obtained the dimeric dihydroxystyrenyl skeleton, we

next explored the introduction of the histamine moiety at C2
(Scheme 3). The C2 hydroxyl group of 18 was converted to a
bromide under Appel conditions13 to yield 19. The substitution
reaction of 19 with N-Boc-protected histamine 20 in CH3CN at
40 °C afforded a mixture of regioisomeric products in a 1:1
ratio due to the tautomeric equilibrium of the imidazole ring.8

Addition of base to the reaction mixture caused the
decomposition of 19. To overcome the regioselectivity
problem, we investigated directing groups that could differ-
entiate the two nitrogen atoms in the imidazole ring and could
be easily removed after the reaction. After some efforts, we
determined that an iodine group at the 5′-position was suitable
for this purpose. When the substitution reaction was performed
with iodinated histamine 2114 in CH3CN at 40 °C for 60 h,
compound 22 was obtained as the only detectable regioisomer
(31% yield, 83% brsm). At a higher temperature, the vinyl
sulfate moiety decomposed, and a complex mixture was
obtained. To understand the obtained regioselectivity, a DFT
study was performed. The calculated “relative nucleophilicity”15

values of the two nitrogens in 21 differed considerably (N1′ =
3.5, N3′ = 0.7) compared with those of the two nitrogens in 20
(N1′ = 0.3, N3′ = 0.5).16

Separation of the diastereomers of 22 was possible using
Prep-HPLC. The separated diastereomers 22a and 22b both
showed a negative optical rotation. The enantiomeric purities of
22a and 22b, as determined by chiral HPLC analysis, were
found to be 87 and 86% ee, respectively. These percentages
correspond to a ratio of 19:1, which indicated the conservation
of the enantiomeric purity at C2 in the two successive
substitution reactions (18 → 22).
To finish the total synthesis with 22a, the iodine-directing

group was removed with NaBH4, and the N-Boc and PMB
protecting groups were simultaneously removed using trifluoro-
acetic acid to afford 23a in 74% yield over the two steps. The

Table 1. Synthesis of Styryl Sulfate 12a

entry base (equiv) temp time (h) yield (%)b Z:E

1 TEA (4) rt 13 31 1:1
2 DIPEA (4) rt 16 36 1:1
3 DBU (2) rt 0.5 93 1:1
4 DBU (2) 0 °C 0.5 90 2:1
5 DBU (2) −90 °C 0.5 92 6:1

aReactions were run with 13 (4 equiv) at a substrate concentration of
0.1 M. bIsolated yields.

Scheme 2. Synthesis of Dimeric Dihydroxystyrenyl
Compound 18
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N,N-dimethylation of the primary amine function in 23a was
achieved by treatment with formalin and NaBH(OAc)3. Finally,
the TFE protecting group of the sulfate was removed using
NaN3 in DMF9 to afford isowondonin in 67% yield over the
two steps. The synthetic isowondonin obtained from 22a
exhibited a negative optical rotation {[α]D

20 −4.2 (c 0.72,
CH3OH)}, and its NMR spectra were in good agreement with
those of isowondonin A (1). For the synthesis of isowondonin
from 22b, we used the same sequence of reactions as applied to
the synthesis of 1 from 22a. The isowondonin obtained from
22b also exhibited a negative rotation {[α]D

20 −4.5 (c 0.65,
CH3OH)}, and the spectra were identical to those of
isowondonin B (2). The reported optical rotations of
isowondonins A and B are both negative ({[α]D

20 −4.0 (c
0.72, CH3OH)} and {[α]D

20 −3.7 (c 0.65, CH3OH)}). These
observations suggested that isowondonins A and B possess an S
configuration at C2 and are epimers at the C1 acetal position.
After determining the C2 configuration of the isowondonins,

electronic circular dichroism (ECD) spectroscopy was used to
define the configuration of C1.17 Because the experimental
ECD spectrum of isowondonins was not suitable, the ECD
analysis was performed using compound 23. Theoretical
calculations of the ECD spectrum were conducted for all four
possible enantiomers of 23a and 23b using time-dependent

DFT at the B3LYP/SVP level in methanol. As shown in Figure
2, the calculated ECD spectrum of the (1S,2S) isomer exhibited

good agreement with the experimental spectrum of (−)-23a in
methanol, and the spectrum of the (1R,2S) isomer was in good
agreement with the experimental curve of (−)-23b.18 There-
fore, the stereochemistry of isowondonins A and B was
assigned as shown in Scheme 3.
In summary, we have completed the first total synthesis of

bis(dihydroxystyrenyl)imidazole marine alkaloids. The biomi-
metic synthesis of isowondonins was achieved using a
convergent strategy. Key aspects of the synthesis include the
selective formation of styryl sulfate in a protected form and the
regioselective alkylation of the iodinated imidazole. Noyori’s
asymmetric hydrogenation was employed to install the
stereocenter at C2. In combination with the asymmetric
synthesis, ECD calculations enabled us to determine the
stereochemistry of the isowondonins.
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