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INFAMOUS MARINE BIOTOXINS
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domoic acid (1958) tetrodotoxin (1964) saxitoxin (1975)

[Amnesic Shellfish Poisoning, ASP] [Tetrodotoxin Poisoning, TP] [Paralytic Shellfish Poisoning, PSP]

Me

- é H
OH Me
okadaic acid (1981)

Fugu (Puffer fish) [Diarrhetic Shellfish Poisoning, DSP]




PALYTOXIN

Palythoa coral HO,
Me OH Me OH ~

OMNJV va;

v Isolation, structure
P.J. Scheuer,
R.E. Moore,
Y. Hirata,
Kishi [1971-1982]

 Synthesis palytoxin
Kishi et al [1994]
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Karenia brevis

brevetoxin A




POLYETHER MARINE BIOTOXINS
SYNTHESIZED TO DATE, 2008, |

CHO

G S
Y i e

Karenia brevis OH

brevetoxin B
[Nicolaou et al., 1995]
[Nakata et al., 2004]

CHO
CHO

hemibrevetoxin

[Nicolaou et al., 1992]
[Yamamoto et al., 1995, 2007]
[Nakata et al., 1996]

[Mori et al. (formal), 1997]
[Rainier et al. (formal), 2001]
[Nelson et al. (formal), 2001] O

[Holton et al., 2003] brevetoxin A
[Fujiwara et al. (formal), 2004] [Nicolaou et al., 1998]




® K. C. Nicolaou, NIH Grant Application
No. GM31398, received Feb. 24, 1982.

® K. C. Nicolaou, Angew. Chem., Int. Ed. Engl.
1996, 35, 589.

CHO

CHO




THE NAKANISHI HYPOTHESIS FOR THE
BIOSYNTHESIS OF BREVETOXIN B [1985]

® K. Nakanishi, Toxicon 1985, 23, 473. HO,

® K. Nakanishi, et al, J. Am. Chem. Soc.
1989, 7111, 6234.

CHO




THE 6-ENDO EPOXIDE OPENING METHOD FOR
CYCLIC ETHER FORMATION (NICOLAOU et al.,1985)

path b

CSA (cat.)

6-endo| (65 %) a_ OH 5-exo
Qif\b/l@
i H H

® Hydroxy epoxide




THE HYDROXY DITHIOKETAL CYCLIZATION METHOD
FOR CYCLIC ETHER FORMATION (NICOLAOU et al.,1986)

- @ -
EtS NCS, AgNO; Et—S)
EtS .. \ o)
oH SiO,, 3AMS Zn(OTH),, on
2,6-lut. EtSH
Vi 5% e
Me L Me | Me
® Thionium species
Ph3SnH, mCPBA,;
AIBN (cat.) AlMes3
h— —é
(95 %) H (80 %)

Me




THE DITHIONOLACTONE BRIDGING METHOD FOR
CYCLIC ETHER FORMATION (NICOLAQOU et al.,1986)

Na naphthalenide

H
I;I nBU3an,
H ’ AIBN (cat.)
! (99 %)




THE THIONOLACTONE ADDITION/REDUCTION METHOD
FOR CYCLIC ETHER FORMATION (NICOLAOU et al.,1987)

&
Me @ Mel | (83 %)

® Ring rapture

Ph3;SnH, AIBN (cat.)

—

(90 %)




THE HYDROXY MICHAEL ADDITION METHOD FOR
CYCLIC ETHER FORMATION (NICOLAOU et al.,1989)

OTBDPS
TBDPSO 5
BrII_P R
)
®chair-like transition state (‘ O
ensures trans junction MeO.C™ Xy |
PO H

H

MGOQC OBn
H o H

OTBDPS (92 %)
TBDPSO” I~




7 ‘f 4N THE HYDROXY KETONE REDUCTIVE CYCLIZATION METHOD
[/4% FOR CYCLIC ETHER FORMATION (NICOLAOU et al.1989) |k

a: Nicolaou et al., 1989

Et;SiH, TMSOTf

—

(88 %)
(4:1 trans:cis)

b: P.A. Evans et al., 2003

OTES O Et;SiH, BiBr; (cat.)
Ph
Me (95 %)
c: Sasaki et al., 2007
OH o OH

H Me

~OBN et siH, TMsOTF R

—)
(83 %)

OBn OBn

~0Bn




THE ESTER METHYLENATION/METATHESIS METHOD FOR
CYCLIC ETHER FORMATION (NICOLAOU et al.,1996)

Ti—Cp
Cp

see also: G. C. Fu, R. H. Grubbs, J. Am. Chem. Soc. 1992, 114, 5426; G. C. Fu, S. T. Nguyen, R. H. Grubbs, J. Am. Chem.
Soc. 1993, 115, 9856.



SYNTHESIS OF MAITOTOXIN JKL MODEL SYSTEM
(NICOLAOU et al.,1996)

Cp. Me
Ti_ Al
Cp/ Me
THF, 25 °C

—_—>

OBn OBn

BHj3; then
NaOH, H202

—

(89 %)

OBn
maitotoxin model system




SYNTHESIS OF MAITOTOXIN UVW MODEL SYSTEM
(NICOLAOU et al.,1996)

r H

Cp, Me NJ..OTBS
o *
Cp Me
THF, 25 °C
(36 %) | 40°C
H OTBS
E Et;SiH, TFA N
(80 %)

maitotoxin model system H




THE TWO-STEP METHYLENATION/METATHESIS METHOD
FOR CYCLIC ETHER FORMATION (CLARK et al.,1997)

CHzBl'z, H
Et Zn, TiCly, . O ~Et Schrock cat. H Et
TMEDA; —_—
(80 %) ) (72 %)
A H
® Takai olefination iPr iPr
N Ph
(CF5)MeCO-Mog Ko
(CF3),MeCO i
(PhsP)sRhCI Schrock catalyst

H

(cat.)
\/\ Schrock cat. DABCO (cat )
(61 %) (61 %)

see also: G. C. Fu, R. H. Grubbs, J. Am. Chem. Soc. 1992, 114, 5426; G. C. Fu, S. T. Nguyen, R. H. Grubbs, J. Am. Chem.
Soc. 1993, 115, 9856.



7+ &Y THE VINYL PHOSPHATE/CROSS-COUPLING METHODS FOR CYCLIC (I8

i

ETHER FORMATION (NICOLAOU et al., 1997, SASAKI et al., 1999)

a: Nicolaou et al., 1997

\

KHMDS,
O (PhO),POCI

(90 %)

PivO

Me

b: Sasaki et al., 1999

OMOM
H
9-BBN

BnO OTBS

: BnO
OBn

\ nBu3Sn/\
LiCl
OPO(OPh), Pd(PPhj), (cat.)
PivO
) (81 %)
Me’
H —o0Bn
(PhO),0PO
| OBn
OMOM
H H OMOM
Pd(PPhg3), (cat.), H H H OBn
BQ) | |ag. NaHCO, 0
OBn
CI&A)
: Bl BnO O
OBn

[
OBn TBS




THE THERMALLY-INDUCED HYDROXY POLYEPOXIDE
OPENING IN WATER FOR CYCLIC ETHER FORMATION
(JAMISON and VILOTIJEVIC, 2007)

H
TBSO Li, liq. NH4
Z  _ >

Me

H

i) Shi epoxidation | (35 %, 3 steps)
i) TBAF (3:1dr)

H

HZO, 70 oC Me (H\O
€ (53 %) P \
H
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i

[6-endo hydroxy
epoxide opening]

OBn

[thionolactone
functionalization]

CHO

[thionolactone
functionalization]




SYNTHESIS OF THE DEFG DOMAIN OF BREVETOXIN B
(NICOLAOU etal., 19995) |

[6-endo epoxide

Ph*" opening] ‘ :U
[from 2-deoxy-D-ribose] [6-endo epoxide
Me opening]

o)

J

Me —
[lactonization/

triflate formation]

[lactonization/
triflate formation]

OBn




SYNTHESIS OF THE CDEFG DOMAIN OF BREVETOXIN B
(NICOLAOU et al., 1995) Ii

Me
TBSO: _CHO

) J

PivO

[Nozaki-Hiyama—Kishi coupling] Me

[hydroxy Michael
cyclization]




(NICOLAOU et al., 1995) Il

Me Me H
v(\ ] f 0. F i ,OBn
HO E E s é
[6-endo epoxide
opening]




SYNTHESIS OF THE IJK DOMAIN OF BREVETOXIN B
(NICOLAOU et al., 1995) IV

OAc MeO,C (\ M OBn MeO,C H M OBn
it ____) ““ [hyd_rox_y Michael
AcO TBDPSO cyclization] TBDPSO a o H
D-mannose TBDPSO TBDPSO
pentaacetate

OTBS opn [6-endo
EtS H M H Me epoxide
: : : : opening]

EtS
OHC

TBDPSO TBDPSO

MeO,C




COMPLETION OF THE TOTAL SYNTHESIS OF
BREVETOXIN B (NICOLAOU et al., 1995) V

OTBS
Me

[hydroxy dithioketal
cyclization/ reduction]

brevetoxin B




SYNTHESIS OF THE BCDE DOMAIN OF
BREVETOXIN A (NICOLAOU et al., 1998) |

[double
lactonization/  Me Me
vinyl phosphate S
OTBS formation]

(PhO),0PO OPO(GPh),

[stannylation]

[lactonization/
vinyl phosphate
formation]




SYNTHESIS OF THE BCDE DOMAIN OF
BREVETOXIN A (NICOLAOU et al., 1998) I

[vinyl phosphate/
Stille coupling]




SYNTHESIS OF THE HIJ DOMAIN OF
BREVETOXIN A (NICOLAOU etal., 1998) IlI

(\ Gl [6-endo epoxide
— HO opening]

OTBDPS OTBDPS

[6-endo epoxide
y 9B opening]

U
OTBDPS OTBDPS




SYNTHESIS OF THE GHIJ DOMAIN OF
BREVETOXIN A (NICOLAOU etal., 1998) IV

OTBS

® o OTBS
Ph*" " Pphy| ii;;:r’
Ph“" “ee,

[Wittig coupling] ’

OTBDPS : OTBDPS

[hydroxy dithioketal
cyclization/methylation]

OTBDPS OTBDPS




COMPLETION OF THE TOTAL SYNTHESIS OF
BREVETOXIN A (NICOLAOU et al., 1998) V

o)
Me Me n OHC  H OTBS

TBDPSO

. " [Horner-Wittig/dithioketal
cyclization/reduction]

[lactonization]

CHO

brevetoxin A




POLYETHER MARINE BIOTOXINS
SYNTHESIZED TO DATE, 2008, I

gambierol H q
[Sasaki et al., 2002] Me brevengl
[Yamamoto et al., 2003] [Sasaki et al., 2006]

[Rainier et al., 2005]

ciguatoxin 3C
[Hirama et al., 2001]

gymnocin A
[Sasaki et al., 2003]
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PROPOSED STRUCTURE OF MAITOTOXIN

OH

® Most potent marine neurotoxin known

Na03SO0.,,, 5 i _OH
e ooa :
Me Me - »OH Y
| 0000 YOO E

HO' Y i O
= H =

HO
Me ; OH HO H H

“OH OH - O
o, el u o))
M"e - - - . E O "OH
N HoX S . H H OH
v OH H 4T O 3 “OH

OH Me Me A .-‘ H’ O '. u H Me H Me
OOROSE
Mey -, Me" VO Me H
Me Me' O ] H Me = . .
HO.,. H €Ny ® The largest and most toxic non-proteinoic
- o ¥ natural product known to Man

e I':-I I;I ) = = O==

0 = J J . Z, ()

eeee B MW ® Produced by the dinoflagellate
O 0

Me- Me Me H Gambierdiscus toxicus

® C64H256068SoNa, [MW 3422 Da] ® | D5y=50ng/Kg, 1 mg can kill a million mice

® Activates voltage-dependent Ca ion
® 32 rings, 98 stereogenic centers channels




MAITOTOXIN STRUCTURE-1
H

9 H H H OH
HO NaO;;SO,,. . O O i OH
5
L Me ‘, Me H OH | J K | H S5 e
Me Me ~ e = = e = o
o-X B o E|F A-A A HRA: H L o
. 0 . (7 OH ‘\OH
. A =~0": Ifl ® I-:-I g O':'-1 OH HO * & H i
NaO3SO HO H OH OH HO OH
HO OH H
Me ‘e HQ H O =
on H M OHH H ‘ L 0]
Hol,' - o] -e - O = '
Me - "OH

OH Me Me H H o a T
BOS0E

Me e, X M
Me Me, o of? e

HO,,, H H HO OH

H H H_H H : :

g G gk AH Na0sS0,, A '

Go00¢ '

F B H
o 0 R”:

Me~ Me Me H - HHHHOHH
revised structure with C-51 and C-52
stereocenters inverted

[Gallimore and Spencer, 2006]

originally proposed maitotoxin structure
[Yasumoto, Tachibana, Kishi, 1996]




PROPOSED BIOSYNTHESIS OF MAITOTOXIN
[NAKANISHI/GALLIMORE-SPENCER]

| ® anomaly?
® polyepoxide
cyclization HO l on
A__»OH
cascade MO, e Ve o A\‘ rosffouods [w H
Me Me A . HO "
*’( \/ '('( = (‘)H ° M ‘ ~OH
(- \/ {J ‘OH
NaO;SO OH OH OH

(0]
Me

““OH 0
HO,,

”\J“\/V i

=

OH Me Me 5 (\ /\ Ve e
Me
e 5 Me V*Y( Me
o ‘Me Me .‘(: s
o f f ® biosynthetic precursor?

OH
T ool
Me Me Me maitotoxin




MAITOTOXIN STRUCTURE-3

[Gallimore and Spencer] [alternative biosynthesis, KCN and MOF]

proposed

 prefabricat
biosynthesis prefabrication

' of ring K

Ty

HO R"
originally proposed JKLMNO domain of maitotoxin




C-48 to C-55

,ul

4 I I
39 41 43 45 47 49 53 55K 57 % 59 61

Originally proposed G-K domain
Average difference (C-48 to C-55) = 0.78 ppm
Maximum difference = 2.1 ppm

b & & NV o v 2 o0 ®

® SPARTAN 06
computer
program

® Difference of

calculated Revised structure with C-51 and C-52 (JIK
13 . evised structure wi -9 and C-
C chemical ring junction) reversed

shifts from Average difference (C-48 to C-55) = 3.03 ppm
eXperimentaI Maximum difference = 7.5 ppm

values

A N o v & O o

(11— I .

| & I ~~~~~ I rr l r I vvvv T
43 45 47 %49 53

(0]
Revised structure with stereocenters C-50 to

C-55 reversed
Average difference (C-48 to C-55) = 2.89 ppm

Maximum difference = 5.0 ppm

o & & LV o v » 0 o

K. C. Nicolaou, M. O. Frederick. Angew. Chem. Int. Ed. 2007.



MAITOTOXIN STRUCTURE-3

maitotoxin
structure

® relatively large Ad
values are due to
the absence of a
sulfate and
presence of
cyclohexyl
substituent

Synthetic GHIJK domain
Average difference (C-43 to C-53) = 0.08 ppm

Maximum difference = 0.3 ppm

8

ppm

® & & D o v & 0O

C-43 to C-53

maitotoxin
structure

® originally proposed
stereochemistry of
JK junction (C51-
C52) most likely
correct




MAITOTOXIN-4: THE FURAN WAY

hydroxy ynone cyclization
H? PR OH/ y Yy y

HO oH HWE olefination

Vinyl triflate/ .-—‘OH
Suzuki coupling/ w
cyclization HO, O3

"' OMe
ﬂ £°0 "OH Osp?

H H
- OH
OBn H H S H _H
3 s S : .
t . OTBDPS A
/\/@ PIVO H 'OTBS BnO H :
BnO . 2 P hCH 594
H OBn OBn
9, 9, 9

i




GENERAL METHOD FOR TETRAHYDROPYRAN SYNTHESIS
FROM FURANS-THE NOYORI REDUCTION/ACHMATOWICZ
REARRANGEMENT METHOD (NICOLAOUET AL., 2007)

iPr

Ph Ts
('D nBuLi @ OH
( 7 RI cat Me
_—? R2
FURAN \Q)L HCO,H/Et;
i @ Noyori reduction @ NBS/H,0
- @ Achmatowicz rearrangement

TETRAHYDROPYRAN

Noyori, R., et al. J. Am. Chem. Soc. 1996, 118, 2521.
Achmatowicz, O. et al. Carbohydr. Res. 1977, 55, 165.




SILVER-PROMOTED, HYDROXY YNONE CYCLIZATION
METHOD FOR CYCLIC ETHER FORMATION
(NICOLAOU et al., 2007)

Age
é
R
® hydroxy ynone
H OH e.g. reduction,
T A OH hydroboration
: dihydroxylation, etc.
R %
H H
® substituted polyether ®pyranone

see also: C. Wang, C. J. Forsyth, Org. Lett. 2006, 8, 2997; K. C. Nicolaou, K. P. Cole,
M. O. Frederick, R. J. Aversa, R. M. Denton, Angew. Chem. Int. Ed. 2007, 46, 8875.



MAITOTOXIN. CONSTRUCTION OF THE G RING SYSTEM

PivO HO BnO
PivO O 1. Noyori cat., HCO,H, Et5N ®

TR O A
\ / OBnN (86%, ee > 95%)
[Noyori reduction] BaeETE | I e
rearrangement] H,O

BnO 3. Et3SiH, BF3°Et,0 H _OH

OPIv BnO OPiv
(60%, 2 steps)
o)

PMBO OTES




MAITOTOXIN. CONSTRUCTION OF THE J RING SYSTEM

O OH

o ®
1. Noyori cat., HCO5H, Et;N
# .
OPiv OPiv

(89%, ee > 95%)
[Noyori reduction]
2. NBS/H,O

[Achmatowicz 3. PivCl, DMAP
rearrangement] | (62%, 2 steps)

H HY
PivO/\/j@)‘\H - | OPiv
, & PivO
PivO” Y~ ™OTBS
OBn




MAITOTOXIN. CONSTRUCTION OF THE
LM AND NO RING SYSTEMS

@) 1. Noyori cat., OH 2. NBS, H,O

HCO2H, EtzN 2 3. PivCl
d —é
(98%, ee > 95%) (65%, 2 steps)
OPiv [Noyori reduction] OPiv [Achmatowicz
rearrangement]

4. 6-endo epoxide opening
(80%)

A H |
ONAP :
H H
ONAP
TBDPSO OBn
H H -

TBDPSO OBn




MAITOTOXIN.
CONSTRUCTION OF THE JKLM RING SYSTEM

' H
1. nBuLi : O
WH —— 2 D PV o b
- 3. aq. HF, CH5;CN ’
PivO OTBS . 3 OBn

OBn (71%, 3 steps) :

g
OBn

[hydroxy ynone | 4. AgOTf

cyclization] 5. TBDPSCI
(88%, 2 steps)

OH 6. NaBH,, OPiv
CeCI3 0O
7. TESCI H

8. DIBAL-H

OBn (98%, 3 steps) PIVO

681 ™ oreDPs GBn




MAITOTOXIN.
CONSTRUCTION OF THE IJKLM RING SYSTEM

bal " H H—BH, den M oTBDPS
R—L; i H 2. TEMPO cat.,
W, PhI(OACc),
\TKZQOTES 3. TESCI, imid.
OTES ! (74%, 2 steps)

4. PhNTH,,

OBn & KHMDS

(89%)

&gi M orepps




MAITOTOXIN.
CONSTRUCTION OF THE GHIJKLM RING SYSTEM

[vinyl triflate/
Suzuki coupling]

OBn
TfO 4 1. A, 9-BBN; KHCOg3;
OB pro” SPHOS, Pd(OAc),
&g M orsops (72%)

OBn

PMBO,, A, OTES
BnO™ i; N

A

0 2. BH3*THF
(79%, 2 steps) 3. DMP

>I

H,B—H

4. TsOH,
MeOH  pygo,

5. TMSOTT, -
Et,SiH

7o) (95%, 2 steps)
oeh OR [hydroxy ketone
cyclization]

6. TESCI, imid.[CR=H
(96%) R=TES




MAITOTOXIN.
CONSTRUCTION OF THE GHIJKLMNO RING SYSTEM

BnO OTES
iH H H _HF

1. Swern [O] TESO.,,,
OTES 2. HWE coupling, A

H
H

(74%, 2 steps)

3. (S)-CBS,
BH3 THF
(79%)

wOH

4. m-CPBA

(55%)




MAITOTOXIN.
SYNTHESIS OF THE GHIJKLMNO DOMAIN

BnO . OTES
1.DMP TESO., A :
(99%, 2 steps) d H & H 4 WOH
"wOH 0
“OBn Z “OBn
n i OBn
(86%) | 3. MeyNHB(OAC);3
HO OH BnO OTES

4. TBAF  TESO,,

oH 9. Hp Pd(OH),




MAITOTOXIN-15

maitotoxin structure

®relatively large A6 values are due to the
absence of a sulfate on ring G and the

absence of ring P
®originally proposed stereochemistry of JK OH
junction (C51-C52) most likely correct

maitotoxin structure

8

°

4
Ad 2

0 —y — b — S —— =y -—-—-—-—'—
ppm

-2

4

6 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75

-8

® average Ad for C42-C73 = 0.09 ppm ® largest A for C42-C73 = 0.4 ppm
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® Lipophilic




@ Cell exterior @ C,-Cg, domain
[hydrophylic, 24 hydroxyl
and 2 sulfate groups]

@ Hydrophilic environment

X g

\,,'Q

If
D \

Q Cell surface

Q Cell membrane

J Lipophilic environment

Ring F’ 15
y
C142_> { /_ 0082_C142 domain

N N/
%

=

/™ [lipophilic, 3 hydroxyl groups]

<,

4

Adapted from, M. Murata et al. Bull. Chem. Soc. Japan, 2008, 81, 307.

Q Cell interior




Adapted from, M. Murata et al. Bull. Chem. Soc. Japan, 2008, 81, 307.

@ a-Helix pitch, d, = 5.40 A

@ Average O—O distance between same-side ether oxygen
atoms within the brevetoxin B ladder, d,_o= 5. 15A

» » ' 4
v v | 4
H) H H

T : @ C,—H--0 hydrogen bond
: : : @ N—H--0 hydrogen bond

CHO

@ Polyether ladder and a-Helix
@ Brevetoxin B H-bonding complementarity
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Thank you for visiting our website. Qur laboratories are situated in the picturesque town of La Jolla, California,
and our research is focused on the chemistry, biology, and medicine of natural and designed molecules. The
structures below this text represent some of the most intriguing naturally occurring molecules synthesized in our
laboratories in recent years. More can be found in the accomplishments section and in the publications listed. In
addition to research, we are deeply committed to the education and training of a new generation of men and
women in the chemical sciences. The group has published several instructive books, including the advanced and
widely used textbooks Classics in Total Synthesis (K.C. Nicolaou and Erik J. Sorensen, Wiley-VCH, 1996),
Classics in Total Synthesis II (K.C. Nicolaou and Scott A. Snyder, Wiley-VCH, 2003), and Molecules That
Changed The World (K.C.Nicolaou and T. Montagnon, Wiley-VCH, 2008).
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