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Trans-fused polycyclic ethers such as ciguatoxins and breve-
toxins are among the most spectacular classes of compounds
isolated from marine sources (Scheme 1).[1] These molecules

are made up of a single carbon chain locked into a ladderlike
structure with a length of 3 nm. The striking regularity with
which the oxygen atoms bridge the polycyclic framework is a
remarkable feature of these molecules. The cyclic ethers, with

sizes ranging from five- to nine-membered rings, all fuse in a
trans/syn/trans fashion.

Ciguatoxins[2] (1, Scheme 1) and brevetoxins[3] (2 and 3)
have attracted intense interest from biologists and chemists
alike because of their potent neurotoxicity and their associ-
ation with the catastrophic effects of food poisoning and red-
tide phenomena. Ciguatoxins were identified as the principle
toxins in the widespread seafood poisoning known as
ciguatera.[4] The toxins generated by the dinoflagellate
Gambierdiscus toxicus[5] are transferred through the aquatic
food chain, and ingestion of ciguateric fish by humans leads to
neurological, gastrointestinal, and cardiovascular disorders.
On the other hand, brevetoxins are potent ichthyotoxins, and
have been isolated from the dinoflagellate Karenia breve.[6]

Red tides, which are caused by blooms of Karenia breve, have
killed great numbers of fish and caused intoxication in
humans.

These toxins exert their toxicity by binding to the voltage-
sensitive sodium channels (VSSC) of excitable membranes,
causing them to open, and thereby allowing influx of sodium
ions.[7,8] The specific binding site shared by ciguatoxins and
brevetoxins was designated as site 5.[9–11] Interestingly, more
structurally complex ciguatoxins are known to possess both a
higher binding affinity to site 5 and more potent toxicities
than brevetoxins. The extremely limited supply of ciguatoxins
from the natural sources has prevented studies on structure–
activity relationships (SARs), which would help in under-
standing the structural requirements necessary for this highly
specific ligand–receptor interaction.[11–13] Thus, a synthetic
supply of ciguatoxins is urgently needed.

Recently, we achieved the first total synthesis of three
members of the ciguatoxin family, namely CTX1B, CTX3C,
and 51-hydroxyCTX3C (1), based on a unified synthetic
strategy.[14] These routes allowed us to prepare new fully
synthetic analogues of ciguatoxins for detailed SAR studies.
Here we report the total synthesis and biological evaluation of
F-ring-modified analogues of 1.

Scheme 2 illustrates the last stage of our total synthesis of
51-hydroxyCTX3C (1),[14b] one of the most toxic congeners of
the ciguatoxins. The comparably complex left ABCDE and
right HIJKLM wings were coupled through O,S-acetal
formation. The FG ring was then constructed in a stepwise
manner: radical cyclization of 5 generated the seven-mem-
bered G ring of 6, and ring-closing olefin metathesis
(RCM)[15] built the nine-membered F ring (7!8). Final
removal of the 2-naphthylmethyl (NAP) groups[16] from 8
afforded 1. This synthetic scheme offered a unique oppor-

Scheme 1. Structures of ciguatoxin 51-hydroxyCTX3C and brevetoxins.
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tunity for us to access a variety of F-ring-modified analogues
by altering a minimum sequence of reactions.

The F ring of ciguatoxins is conceivably the most impor-
tant structural element for governing the 3 nm long molecular
shape, as slight structural changes in the central portion
drastically affect the relative orientation of the two molecular
ends. To understand the function of the central fused-ring
system at an atomic level, we designed two F-ring-modified
analogues, the eight-membered-ring-containing 13 and the
open-chain O-linked 14. Specifically, the ABCDE ring and
the GHIJKLM ring systems in 13 and 14 are connected by
spacers that are conformationally distinct from the nine-
membered ring of 1.

These analogues were synthesized from the previously
reported intermediates generated in the total synthesis of 51-
hydroxyCTX3C (Scheme 2). Oxidative removal of the NAP
groups of protected tetraol 7 was realized using 2,3-dichloro-

5,6-dicyano-1,4-benzoquinone (DDQ) to generate the open
chain 14. The eight-membered compound 13 was synthesized
from the intermediate 6 through a four-step procedure. First,
reduction of ester 6with DIBAL generated primary alcohol 9.
Treatment of 9 with 2-nitrophenyl selenocyanate and tribu-
tylphosphine in THF produced selenide 10,[17] which was
oxidized with hydrogen peroxide to afford olefin 11. Finally,
an RCM reaction of 11 resulted in the successful formation of
12, DDQ-mediated deprotection of which provided the target
13.

These synthetic analogues were subjected to three levels
of biological assays: ligand–receptor interaction, in vitro cell-
based activity, and in vivo activity. Interaction of the ana-
logues with the receptor was assessed by the competitive
displacement of radiolabeled brevetoxin-3 ([3H]PbTx-3, 4,
Scheme 1) using rat brain synaptosome, according to the
protocol developed by Baden and co-workers.[9] The synthetic

Scheme 2. Total synthesis of the F-ring-modified analogues of 51-hydroxyCTX3C. AIBN=2,2’-azobisisobutyronitrile, Cy= cyclohexyl, DIBAL=diiso-
butylaluminum hydride, TMS= trimethylsilyl.
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polyethers 1, 13, and 14 were able to displace [3H]PbTx-3
from site 5 in a concentration-dependent manner (Figure 1).
As shown in Table 1, the Ki value of 51-hydroxyCTX3C (1;

64.6 pm) showed a greater affinity (16-fold) to site-5 than that
of brevetoxin-3 (3 ; 1.05 nm). To our surprise, the affinity of 13
and 14 were significantly lower (173- and 1930-fold, respec-
tively) in comparison to the natural product 1.

In agreement with the diminished affinities to the target
protein, the in vitro and in vivo toxicities of the two new
analogues were found to be markedly weaker. EC50 values,
which were evaluated using mouse neuroblastoma Neuro-2A
cells,[18] indicated that 13 and 14 were 1/31600 and 1/52100
less cytotoxic than 1, respectively. Furthermore, in contrast to
the high in vivo toxicity of 51-hydroxyCTX3C (0.31 mgkg�1),
as determined by intraperitoneal injection into mice, both 13
and 14 were not toxic to mice up to 667 mmkg�1. Clearly, the
perturbation of the F-ring structure had a detrimental effect
on all three levels of bioactivities.

It was an attractive possibility that the assay data could be
related to the overall shapes of the molecules. Accordingly, a
preliminary molecular modeling study of 1, 13, and 14 was
performed to visualize their three-dimensional structures.
Many conformers for each polyether were generated by the
Monte Carlo method, in which energy minimization was
performed with the MM2* force field (MacroModel
Ver. 8.1).[19] Next, the most stable conformers that generally
satisfied the reported spectroscopic data were chosen from
the pool of energy-minimized structures. As shown in
Figure 2A, 51-hydroxyCTX3C (1) adopts a relatively straight

conformation with a length of 3 nm and only a slight
curvature. Intriguingly, the three-dimensional orientations
of the two halves of 13 and 14 significantly deviated from that
of ciguatoxin 1 (Figure 2B). These data confirmed the
profound influence of slight modifications of the central
ring on the overall shape of the molecule.

In conclusion, we have shown that the nine-membered
F ring plays a major role in organizing the ciguatoxin
molecule into a shape suitable for potent bioactivity. The
present synthetic scheme and the bioassay data should help
launch design strategies for new fully synthetic ciguatoxin
analogues that can modulate the VSSC function in a desired
fashion. Further studies toward understanding the SARs of
ciguatoxins as well as synthesizing new ligands for site 5 are
currently underway.
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Figure 1. Inhibition of binding of the [3H]-PbTx-3 to site 5 of the
voltage-sensitive sodium channel by 51-hydroxyCTX3C (1), PbTx-3 (3),
as well as F-ring-modified analogues 13 and 14.

Table 1: Biological assays of 51-hydroxyCTX3C (1), brevetoxin-3 (3), and
F-ring-modified analogues 13 and 14.

Polyethers Receptor interaction[a]

Ki [nm]
Cytotoxicity[b]

EC50 [nm]
Acute toxicity[c]

LD50 [mgkg
�1]

1 0.0646 0.00326 0.31
3 1.05 18.6 >200[d]

13 11.2 103 >667
14 125 170 >667

[a] Dissociation constants were measured against 5.0 nm [3H]-PbTx-3.
[b] Cytotoxicity was determined as the EC50 value on mouse neuro-
blastoma cells Neuro-2A. [c] Acute toxicity was determined as the
LD50 value on intraperitoneal injected mice. [d] Ref. [11a].

Figure 2. A) Energy-minimized structure of 51-hydroxyCTX3C (1).
B) Energy-minimized structures of 1 (green), as well as F-ring-modified
analogues 13 (cyan) and 14 (magenta) with the ABCDE rings super-
imposed (MM2*, MacroModel Ver. 8.1).
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