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The Twisted Side Chain of Antillatoxin is Important for Potent
Toxicity: Total Synthesis and Biological Evaluation of Antillatoxin and

Analogues**
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Voltage-gated sodium channels (VGSC) are transmembrane
proteins which initiate action potentials in nerve, muscle, and
other electrically excitable cells, thereby playing a central role
in neurotransmission.!"!” VGSC modulators are therefore
useful research tools for neuroscience, as well as therapeutic
agents for neurological disorders.?! Its six distinct specific
binding sites are classified with respect to the binding
characteristics of the molecules.”!

Antillatoxin (1, Scheme 1), a cyclic peptide and potent
toxin, was isolated from the marine cyanobacterium Lyngbya
majuscula.™ Tt has been shown to act as a VGSC activator
and to bind to a hitherto unknown site of the protein distinct
from other known binding sites."! The specific functional
properties of 1 confer it with the potential as a new tool for
investigating the VGSC functions.

One of the characteristic structural features of antillatoxin
is a 9-tert-butyl-6,8-dimethyl-6,8-diene unit attached to C5 of
the cyclic peptide backbone. We speculated that the unique
three-dimensional shape of the lipophilic side chain may play
an important role in allosteric activation of the channels
through hydrophobic interactions. Herein we report total
syntheses of 1 and three side-chain analogues, which were
used to uncover the structural basis for the importance of the
side chain in the neurotoxicity of 1.

We planned to devise a unified strategy for synthesizing 1
and its analogues with distinct side chains (Scheme 1).
Therefore, the diene was envisioned to be appended to the
common intermediate 21 through C7-C8 bond formation by a
Suzuki-Miyaura coupling reaction.”’ This synthetic scheme
would allow us to access a variety of side chain modified
analogues by varying the final reaction. As an initial phase in
the study of the structure-activity relationship at an atomic
level, we designed the C8-demethyl antillatoxin 2 to inves-
tigate the impact of one methyl substitution. Deletion of the
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CHj; group (C15) would specifically modify the conformation
of the 6,8-diene without changing the overall shape and the
chemical properties of 1.

The synthesis of 1 and 2 started from an anti-selective
asymmetric aldol reaction!® between aldehyde 4 and silyl
enol ether 5 to set the two stereocenters at C4 and C5. The
resulting adduct 6 (96% ee) was recrystallized to give an
enantiopure material. After protection of the secondary
alcohol of 6 as a TES ether, ester 7 was reduced to the
primary alcohol 8. One-carbon homologation from 8 to 10,
through tosylate 9, and subsequent DIBAL-H reduction of
the nitrile afforded aldehyde 11. Next, a Mannich reaction of
11 at C3 installed the requisite exo-methylene moiety to
provide 12,1% which was reduced to alcohol 13 using DIBAL-
H. The primary alcohol of 13 was in turn converted into the
highly unstable allylic triflate, which was displaced in situ by
the carbanion generated from methylthiomethylphenyl sul-
fone,!'"! leading to 14. Finally, TBAF treatment of TES ether
14 produced fragment 15, the right half of antillatoxin and its
analogues.

Coupling of the fragment 16,°! the left half of the
molecule, with 15 using EDC-HCl and DMAP resulted in
the formation of ester 17, and the next two steps efficiently
transformed the phenylsulfonyl methylthiomethyl group at
Cl1 of 17 into the thioester of 19. Chemoselective mCPBA
oxidation of sulfide 17 generated sulfoxide 18, which under-
went a Pummerer reaction by the action of trifluoroacetic
anhydride and 2,6-di-tert-butyl-pyridine in toluene.'’”’ The
reaction led to thioester 19 after PhSH attack on the resultant
trifluoroacetate with concomitant ejection of phenyl sulfinic
acid.® In the sequence going from 14 to 18, the use of the C1-
acetal structure as a thioester surrogate was particularly
important for the success of the synthesis, because premature
formation of an sp” carbon center at C1 allowed the C3/C12
exo olefin to isomerize into a C2/C3 conjugated olefin under
the conditions used.

After removal of the Boc group of 19 under acidic
conditions, thioester 20 was effectively activated by silver
nitrate in the presence of HOAt and iPr,NEt to give the
common intermediate 21 through a high yielding macro-
lactam formation.

The two boronic esters 22!'*! and 23 were then coupled
with vinyl iodide 21 using a reagent combination of
[PACL(dppf)], Ph;As, and Cs,CO;,™! giving rise to antilla-
toxin 1 and its C8-demethylated analogue 2, respectively.
Hence, a unified synthetic route to the antillatoxin structures
was successfully developed.
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Scheme 1. Total synthesis and cytotoxicity of antillatoxin 1 and the side chain modified analogues. Reagents and conditions: a) 5 (1.2 equiv),
Zr(OtBu), (0.1 equiv), (R)-3,3"-l,-binol (0.12 equiv), nPrOH (0.8 equiv), H,0 (0.2 equiv), toluene, 0°C, 80% (83 % de, 96 % ee); recrystallization
from AcOEt, 89% (>99% ee); b) TESCI, imidazole, DMF, RT, 100%; c) DIBAL-H, CH,Cl,, —78°C, 100%; d) TsCl, pyridine, RT, 94%; e) NaCN,
DMSO, 45°C, 94 %, f) DIBAL-H, CH,Cl,, —78°C; g) pyrrolidine, propionic acid, aq HCHO, iPrOH, 45°C, 82% (2 steps); h) DIBAL-H, CH,Cl,,
—78°C, 87%; i) TF,0, 2,6-lutidine, 4 A M.S., CH,Cl,, —78°C then PhSO,CH,SMe, NaH, DMF, —78°C to —50°C, 69%; j) TBAF, THF, 0°C, 96%;

k) 16 (2.0 equiv), EDC-HCI, DMAP, CH,Cl,, RT, 83 %; |) mCPBA, CH,Cl,, —78°C to —20°C; m) (CF;CO),0, 2,6-di-tert-butylpyridine, toluene,
—78°C to —40°C, then PhSH, —40°C, 67% (2 steps); n) CF;COOH/CH,Cl,=1:5, RT; o) AgNO,, HOAt, iPr,NEt, DMF, 0°C, 719% (2 steps); p) 22
(4.0 equiv), [PdCl,(dppf)-CH,Cl,] (0.25 equiv), Ph;As (0.5 equiv), Cs,COs, THF, RT, 78%; q) 23 (4.0 equiv), [PdCl,(dppf)-CH,Cl,] (0.25 equiv), Ph;As
(0.5 equiv), Cs,CO;, THF, RT, 92%; r) H,, 20% Pd(OH),/C, benzene, RT, 72%. binol =2,2-dihydroxy-1,1-binaphthyl, mCPBA = meta-chloroperben-
zoic acid, DIBAL-H =diisobutylaluminum hydride, DMF = N,N-dimethylformamide, DMAP = 4-dimethylaminopyridine, DMSO = dimethylsulfoxide,
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dppf=1,1"-bis(diphenylphosphino)ferrocene, EDC = 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, HOAt = 1-hydroxy-7-azabenzotriazole,
M.S.=molecular sieves, TBAF =tetra-n-butylammonium fluoride, TES =triethylsilyl, THF =tetrahydrofuran, Tf=trifluoromethanesulfonyl,

TMS =trimethylsilyl, Ts = para-toluenesulfonyl.

The biological activities of 1, 2, and 21 as VGSC activators
were evaluated by a neurotoxicity assay using Neuro 2a
mouse neuroblastoma cells, which express VGSCs on their
membrane (Scheme 1).1 In sharp contrast to potent toxicity
of the parent natural product 1 (ECs, =45 nm), vinyl iodide 21
exhibited more than 2000-fold weaker activity (ECs,>
100000 nMm), indicating the significance of the bulky fert-
butyl-substituted group at C7. Most interestingly, the C8-
demethylated analogue 2 was found to be approximately 250
times less toxic than 1 (ECs,=11000 nM), even though the
dienes of 1 and 2 had the similar steric bulk. This result clearly
shows that the methyl substituent at C8 has a decisive role in
the potent neurotoxicity of antillatoxin.

To gain insight into the relationship between the assay
data and the conformational behavior of the molecules,
detailed NMR analyses of 1 and 2 were carried out (Figure 1).
The 'HNMR chemical shifts for the core of 2 were in
excellent agreement with those of 1.1l Thus, the structure of
the macrolactam core of 2 was virtually identical to that of 1,
and deletion of the CH; group (C15) had no influence over
the specific conformation of the macrocycle. In contrast, the
conformations of the side-chains of 1 and 2 were different
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Figure 1. NOE and *J,,,, coupling data of the diene moieties of
antillatoxin (1), 8-demethyl-antillatoxin (2), and 8-demethyl-8,9-dihydro-
antillatoxin (3). The side chains are shown in green (1), magenta (2),
and cyan (3).

based on the '"H NMR chemical shifts as well as */;;;; and NOE
data (Figure 1). The C8-demethylated antillatoxin 2 shows a
NOE only between the hydrogen atoms on C9 and C7
(designated C9—H and C7—H), and the value of */;;; between
C7-H and C8—H was measured as 10.3 Hz. Both of these
findings indicated that the conjugated diene moiety of 2
adopts a planar s-tfrans conformation around the C7-C8 bond
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as a single stable isomer, and thus that the C6=C7—C8=C9
torsion angle (¢) should be approximately 180°. In contrast,
the diene of antillatoxin 1 apparently deviates from the planar
conjugated conformation, since C9—H of 1 is in spatial
proximity not only to C7—H in a 1,3-relationship, but also to
the C14—H in a 1,5-relationship, based on the NOE data.

To clarify the conformational preference of the dienes of 1
and 2, ab initio calculations were carried out using model
structures at the RHF/6-31G** level (Figure 2a).'*! The C6=
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Figure 2. a) Ab initio conformation energy profiles of the ¢ [C6=C7—
C8=C9] dihedral angles of 1, 2, and 3. b) The optimized geometries for
the most stable conformations are presented in stick model (1: 57°, 2:
181°, 3: 248°). The second most stable conformations are also shown
for 1 (296°, 3.2 kJmol™') and 3 (117°, 0.54 k| mol™").

C7—C8=C9 torsion angle (¢) was varied from 0° to 360° and
the energy was minimized using MMFF!'" prior to the MO
calculations, while the coordinates of the macrolactam core
(shown in gray in Figure 2a) were fixed as the energy
minimized conformation of 1 which satisfied the NMR data.
The diene moiety of C8-demethylated 2 was found to exhibit
a single most-stable s-frans conformation (¢ =181°), which
agreed with the results of the NOE experiment, while the
diene of 1 was found to have a distinctive energy profile. The
high energy of the s-trans conformation (¢ = 180°) of 1 would
be explained by a greater destabilization energy from the
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steric interactions between the CH; groups (C14 and C15) in a
1,3-relationship compared to the stabilizing conjugation
energy gained from the planar conformation.'! Instead, the
diene of 1 has two stable twisted conformations (¢ =57° and
296°), in which C9—H is proximal to both C7—H and C14—H,
as shown in the NOE data. Importantly, the three-dimen-
sional orientation of the bulky fert-butyl group in these two
conformations of 1 is significantly different from that of 2.1'"

Based on the NMR and simulation data for 1 and 2, we
hypothesized that the twisted shape of the fert-butyl-substi-
tuted diene of 1 was critical in the allosteric activation of the
sodium channel, resulting in neurotoxicity.

This hypothesis was additionally corroborated by the
synthesis and biological evaluation of analogue 3. It had
tetrahedral sp® carbon atoms at C8 and C9 in place of the
planar sp® carbon atoms of 2, and is therefore expected to
provide more rotational freedom around the C8-C9 bond
(Scheme 1). Chemoselective hydrogenation of the C8-C9
double bond of triene 2 was accomplished using Pd(OH),/C
under a hydrogen atmosphere in benzene, giving rise to
8-demethyl-8,9-dihydro-antillatoxin 3. Whereas the 'H NMR
spectrum of the cyclic peptide core of 3 indicated that the
molecular topology of the cycle of 1 and 2 is preserved,'® 3
showed NOEs between C9—H and both C7—H and C14—H,
suggesting a twisted conformation of the side chain (Figure 1).
Nonplanar gauche conformations with ¢ = 117° and 248° were
found to be the two most stable conformations based on
ab initio calculations (Figure 2b). Notably, the shapes of these
two conformations of 3 are similar to those of 1 at 57° and
298°. Compound 3, possessing the saturated twisted side
chain, indeed exhibited approximately 10 times stronger
neurotoxicity than the planar demethyl compound 2 (ECs, =
1200 nM, Scheme 1). Therefore, we were able to regain the
biological activity for 3 only by introducing two hydrogen
atoms at C8 and C9 of 2.

In summary, we achieved the unified total synthesis of
antillatoxin 1 and several analogues. Use of a phenylsulfonyl
methylthiomethyl group as a thioester surrogate and the
introduction of carbon chains by Suzuki-Miyaura coupling
reaction at the last stage are two key features of this synthesis.
Structural and biological studies of 1, 2, 3, and 21 revealed
that the twisted shape of the tert-butyl-substituted diene
groups plays a critical role in the potent neurotoxicity of 1.
Our strategy for total synthesis is expected to generate other
new antillatoxin analogues having a variety of structures at
the lipophilic side chain without changing the overall
molecular topology of the macrolactam core. Additional
manipulation of the side-chain structure of 1 is currently
underway in our group with the aim of developing useful
molecular probes for modulating the structures and functions
of VGSCs.

Received: October 20, 2009
Published online: December 8, 2009

Keywords: biological activity - conformation analysis -
natural products - structure—activity relationships -
total synthesis

www.angewandte.org

Chemie

33


http://www.angewandte.org

Communications

332

[1] W. A. Catterall, Neuron 2000, 26, 13 -25.

[2] a)J.J. Clare, S.N. Tate, M. Nobbs, M. A. Romanos, Drug
Discovery Today 2000, 5, 506—-520; b) A. Al-Sabi, J. McArthur,
V. Ostroumov, R. J. French, Mar. Drugs 2006, 4, 157-192.

[3] a) S.-Y. Wang, G. K. Wang, Cell. Signalling 2003, 15, 151-159;
b) W. A. Catterall, S. Cestele, V. Yarov-Yarovoy, F. H. Yu, K.
Konoki, T. Scheuer, Toxicon 2007, 49, 124 -141.

[4] J. Orjala, D. G. Nagle, V. Hsu, W. H. Gerwick, J. Am. Chem. Soc.
1995, 117, 8281 —8282.

[5] The first proposed NMR-based structure (4S,5R)-1 was revised

to be (4R,5R)-1 by Shioiri and co-workers through total

syntheses of the isomers: a) F. Yokokawa, H. Fujiwara, T.

Shioiri, Tetrahedron Lett. 1999, 40, 1915 - 1916; Total synthesis of

(48,55)-, (4S,5R)-, (4R,5S)- and (4R,5R)-1: b) F. Yokokawa, H.

Fujiwara, T. Shioiri, Tetrahedron 2000, 56, 1759-1775; Total

synthesis of (45,5R)-1: ¢) F. Yokokawa, T. Shioiri, J. Org. Chem.

1998, 63, 8638-8639; d)J. D. White, R. Hanselmann, D.J.

Wardrop, J. Am. Chem. Soc. 1999, 121, 1106-1107; Total

synthesis of (4S5,55)- and (4R,5R)-1: e¢) K.-C. Lee, T.-P. Loh,

Chem. Commun. 2006, 4209 -4211.

Gerwick, Murray, and co-workers reported the extensive

biological studies of antillatoxin as well as the SAR studies of

(48,55)-, (4S,5R)-, (4R,5S)- and (4R,5R)-1; a) F. W. Berman,

W. H. Gerwick, T. F. Murray, Toxicon 1999, 37, 1645-1648;

b) W. L. Li, E W. Berman, T. Okino, F. Yokokawa, T. Shioiri,

W. H. Gerwick, T. F. Murray, Proc. Natl. Acad. Sci. USA 2001,

98, 7599-7604; c) W.1. Li, B.L. Marquez, T. Okino, F.

[6

—_

Yokokawa, T. Shioiri, W. H. Gerwick, T.F. Murray, J. Nat.
Prod. 2004, 67, 559-568; d) Z. Cao, J. George, W. H. Gerwick,
D. G. Baden, J. D. Rainier, T. F. Murray, J. Pharmacol. Exp. Ther.
2008, 326, 604 -613.
[7] N. Miyaura, A. Suzuki, Chem. Rev. 1995, 95, 2457 -2483.
[8] a) H. Ishitani, Y. Yamashita, H. Shimizu, S. Kobayashi, J. Am.
Chem. Soc. 2000, 122, 5403 -5404; b) S. Kobayashi, K. Mori, T.
Wakabayashi, S. Yasuda, K. Hanada, J. Org. Chem. 2001, 66,
5580-5584.
[9] R.Baker,J. L. Castro, J. Chem. Soc. Perkin Trans. 11990, 47 —65.
[10] A. Erkkild, P. M. Pihko, J. Org. Chem. 2006, 71, 2538 -2541.
[11] K. Ogura, N. Yahata, M. Minoguchi, K. Ohtsuki, K. Takahashi,
H. Iida, J. Org. Chem. 1986, 51, 508 -512.

[12] M. Hirama, H. Hioki, S. 1t6, Tetrahedron Lett. 1988, 29, 3125 -
3128.

[13] Other work-up conditions to liberate the thioester from the
orthoester (e.g. aqueous NaHCO;) resulted in lower yields.

[14] C.E. Tucker, J. Davidson, P. Knochel, J. Org. Chem. 1992, 57,
3482 -3485.

[15] C.R.Johnson, M. P. Braun, J. Am. Chem. Soc. 1993, 115,11014 -
11015.

[16] See the Supporting Information for details.

[17] T. A. Halgren, J. Comput. Chem. 1999, 20, 730-748, and
references therein.

[18] H. Guo, M. Karplus, J. Mol. Struct. 1992, 260, 347 -393.

[19] Only one of the two twisted conformations could be important
for the biological activity, and its determination necessitates
additional SAR studies.

www.angewandte.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2010, 49, 329332


http://dx.doi.org/10.1016/S0896-6273(00)81133-2
http://dx.doi.org/10.1016/S1359-6446(00)01570-1
http://dx.doi.org/10.1016/S1359-6446(00)01570-1
http://dx.doi.org/10.3390/md403157
http://dx.doi.org/10.1016/S0898-6568(02)00085-2
http://dx.doi.org/10.1016/j.toxicon.2006.09.022
http://dx.doi.org/10.1021/ja00136a031
http://dx.doi.org/10.1021/ja00136a031
http://dx.doi.org/10.1016/S0040-4039(99)00042-8
http://dx.doi.org/10.1016/S0040-4020(00)00081-8
http://dx.doi.org/10.1021/jo981744m
http://dx.doi.org/10.1021/jo981744m
http://dx.doi.org/10.1021/ja983334l
http://dx.doi.org/10.1039/b608193m
http://dx.doi.org/10.1016/S0041-0101(99)00108-7
http://dx.doi.org/10.1073/pnas.121085898
http://dx.doi.org/10.1073/pnas.121085898
http://dx.doi.org/10.1021/np0303409
http://dx.doi.org/10.1021/np0303409
http://dx.doi.org/10.1124/jpet.108.138230
http://dx.doi.org/10.1124/jpet.108.138230
http://dx.doi.org/10.1021/cr00039a007
http://dx.doi.org/10.1021/ja9943389
http://dx.doi.org/10.1021/ja9943389
http://dx.doi.org/10.1021/jo0158128
http://dx.doi.org/10.1021/jo0158128
http://dx.doi.org/10.1039/p19900000047
http://dx.doi.org/10.1021/jo052529q
http://dx.doi.org/10.1021/jo00354a020
http://dx.doi.org/10.1016/0040-4039(88)85103-7
http://dx.doi.org/10.1016/0040-4039(88)85103-7
http://dx.doi.org/10.1021/jo00038a044
http://dx.doi.org/10.1021/jo00038a044
http://dx.doi.org/10.1021/ja00076a079
http://dx.doi.org/10.1021/ja00076a079
http://dx.doi.org/10.1002/(SICI)1096-987X(199905)20:7%3C730::AID-JCC8%3E3.0.CO;2-T
http://www.angewandte.org

