History and Biology of Tetrodotoxin

1909, 1950, 1964, 1972, 2003, 2008, Sato
Tahara: Yokoo: Woodward, Tsuda, Kishi: Isobe, Du Bois 2017, Fukuyama
Crude toxin (ca. 0.2—4 % Crystalline form  Goto, and Mosher: Total synthesis of Asymmetric 2020, Yokoshima
pure) from globefish TTX from the liver 3D structure ()-TTX synthesis of (-)- 2022, Trauner
ovaries, and named it and ovaries of confirmed TTX 2023, Qi
‘tetrodotoxin’ Sphoeroides rubripes.

TTX’s interconversion in water

H\N
HN=

anhydrotetrodotoxm tetrodotoxin lactone type

Tabie 1: Mammalian isoforms of Na, a-subunits.

Isoform TTX Primary Disease link™
o L. I1C4 [nm] localization
TTX’s bioactivity:
. TTX-srsitive
Block voltage gated sodium channels(VGSC) Na, 1.1 5 gEse NS H Heart Enilepsy i
impede neuronal communication Na,iz 738 CNS Epilepsy
Na,1.3 z gE-4a Embryonic CM S Merve injury
May1.4 4504 Skeletal muscle Myotonias [l T /)
Mayl.6 38654 DRG.HCMS CM5 disorders
Na,1.7 558044 DRG Fain sensation
. . . . . s TTX-registant
TTX’s potential apphcatlon in clinic: ' o Nayl.s ——T Pt e
1. Anesthetic (No cardiovascularside effects, synergistic effect) Na,1.8 13308 DRG Pain sensation
. 17, 8 3 1
2. Cancer (combate cancer, release acute pain) Nald  sdeof i e v
3. Drug addiction (alleviatean acute heroin withdrawal effect) [al THes 15t represenis only = padial st of assocuted disense staes.

[b] CM5: Central nervous system. fc] DRG: Dorsal oot ganglion.
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1. Kishi's work, 1972 Tetrahedron Lett., 59, 5127-5132 (1970) 22. AcOH

J. Am. Chem. Soc., 94, 9219-9221 (1972)

EtO” = neighboring group participation

« Masterpiece of synthetic chemistry
= All regio- and stereoselective manipulations are substrate-controlled
« No silyl ether protection at that time

o o
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23. m-CPBA

Baeyer-Villiger
oxidation

10. ethylene

o
glycol, BF;*Et,0 )\

26. 300 °C, high
o vacuum
13. Se0,, 180 °C

14. NaBH,
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20. o-dichlorobenzen N, 18 HC(OEY),, CsA, CHLOAC 35. BFs, TFA ANH 1.7 “Y=CH0AC 37" N iy
reflux EtO 0 19. Ac,0, pyr. fo) ~ . . S Y
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2. Isobe's work, first generation, 2003
J. Am. Chem. Soc. 125, 8798-8805 (2003)
Angew. Chem. Int. Ed. 43, 4782-4785 (2004)
« more than 72 steps In total, 39 steps of 2nd gen. Chem. Asian J. 1, 125-135 (2006)
« Use suger as a chiral unit H
« Overmann rearrangement to form tertiary amine E
OAc
o, Br 1.i-ProH, QAC
A PR " -
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W gy i 1
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. ‘ \ O 1
]
7. =—TMs X"l g X104 |
Pd(OAc),, |
H
Cul, PPhy, Et;N — o
H 2
N\ L/
oTes oTes = oTBS .
I OMe ., Me T™MS !
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OBOM deacetylaton

32. NaBH,
33, Me,C(OMe),
34. PPTS

OH
coccl
, 3 DBU, CCI,CN BzO
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57. Et;N, MeOH
35. DIBAL-H 3N,
36. NCS, TEMPO o‘"l‘/ OJ( HOH 2 deacylation Aco QB2
OH 37. NaCIO o 39. CI,CONCO o] - 28, BzD|, Et;N 59. Pd/C 7
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. -
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2. Isobe's work, second generation, 2004 oJ( o—k 'k
0 0 o
coccl, coccl Y
T HN' o coccl,
1. Bry, BN o OAc NH_Z 27. KMnO,, NalO, 28. H,0,, NaHCO, HIHN. o
, _—
o o
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coccl, 9 KCO;, [ O OH g N “
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I*I«IH Xy ) ="y 3 H H e OAc 3 OTES
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HK
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1
1
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o é/ i
18. TESOTY { 0 ;
19. SeO, H CDCCI3 16. LIAIH{O-1Bu);, LiBr ! anhydrotetrodotoxin tetrodotoxin
20. NaBH, A 17. NaBH,, CeCl, = :
- - '
4L NHcoccl, |
:
OH OTES Me™ Y "OH Me o) 5
OH |
7% © ‘ cel
! 3
coccl, - Y
21. TESOTS :
22. m-CPBA 24. TMS N2z i TEsOOTES N Mg
o !
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. :
_— = Y | .
25.Ac0,pyr.  1EsO  OTES ' :
26. TBAF ; 9,
TESO (R=TES) (4:1) :Nu 5
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3. Du Bois's work, 2003

J. Am. Chem. Soc. 125, 11510 -11511 (2003)

« Rhodium-catalyzed C-H bond activation
« Three rings in one step at final stage

Me
1 2 ?:;23;" Ve TsOH Me Me—~—o :
. (MeO),CMe,, Ts 4. DIBAL-H, BuLi
HO o 3.TBSCI Meg\j\j\ 5. (Ill), NaOAc o
Y NMe, H
HO oTBS

OH OPiv

11. Rh-C, H,, TFA

isomerization of
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Me M Me
Me),\o O_J( ®  13.Me,NH Mej\o
d : o 14. TPAP, NMO d :

15, Zn, TiCl, CHyl,
_———-
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Me o
21. CI,CC(O)NCO 7\0

d 22.0,, then NaBH, o =
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S~ //
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o]
BHON
OBn
(1
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o =} 8. (COCl),, DMF
then CH,N,
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OTBS
Me— o :

9. Rhy(HNCOCPh,),d
o P M ——
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Me Me

Me Me
e
o =

16. Ph,Se,, PhlO,
R S

W

wOPiv (o) wOPiv |
CONMe, CONMe,
MgBr
17, — cul
18. t-BUNH,-BH, i
Me i
Me Me MEME
Mey\ o k
© 19, -BUCOOH, 200°C 4 e 0
H 20. NaOMe 1
L wH
] HO MOPiV |
‘OH CONMe,

24. Rhy(HNCOCF;),, PIDA o :

-
stereospecific
Rh-nitrene

C-H insertion

12/09/2023
Me Me
Me Me Me Me
Me Me
%g O‘ko 25. NaSePh >LQ OFK

26. m-CPBA, pyr.O,_ =

WNH +NH
(o] o]
= =

27. (Boc),0, Et;N
28. K,CO;, MeOH

Me M Me
Mevl\ o _k
(o]
29.H,0,110°C g = 0o
.wNHBoc
“OH

N5-C4 amination
C;-0OH, C,,-COOR orthoesterfication
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' O’J(OH /P O’PCHO
4. Sato's work, 2008 oRD %R0 2 oRO
/MCHC': 23. NaN;, 15-crown-5 f\#j:%-\/ /\MM
- —_
J. Org. Chem. 73, 1234 -1242 (2008) ) o OTBDPS O S OTBDPS o o OTBDPS
Bull. Chem. Soc. Jpn, 83, 279-287(2010) ; )r ﬂ’ h’
) R = MOM R = MOM R = MOM
« D-glucose as chiral source
« 15 steps to form the cyclohexane ring 24, TMSCN
« Epoxide opening with azide and form tertiary amine 25. Me,C{OMe),, P,O5
1. Me,C(OMe) oMon 28, PdC M 26. DiBAL-H oJ( e
. Me, e)s . ! CN
HO 2.PDC ; w (c:;BA >< i 0\ NBoc 29 TBAF 27. Jones reagent ORP
HO 0 3. PPh,PCH,Br a0H (aq.) : N
HO ' 3 3 6 NaH, BnBr 0. NHBOC
OH“OH H NHBoc o ° 4 OTBDPS
Bo cHN OTBDPS ﬂ'
D-glucose R = MOM
31.PCC
7. AcOH 32. 4N HCI
8. NalQ, | 33 TFA
9. MeNO,, NaOMe ! ! e
NO, 10. MsCl, Et;N i oo 0
CH(SPh), NO, OH
o 34. 4% AcOH (aq.)
o o
11, CHy(SPh),, BuLi X OOHO H wNH, o' OH NH,
BnO S + - o ‘N ] NH @
d.r.=10:1 NA
BnO [e] HO NH
Y BnO i . . HO Jy HO
o i anhydrotetrodotoxin {-)-tetrodotoxin
12. AcOH (aq.) :
- reflux Second generation formal synthesis
2
CHEPN)2 13 NaHCO,, MeoH 1?: ESBS,L'TECN ogig 5, TMSCH,MgC| ?hf’f&?ﬁw OAc
o] 14. Me,C(OMe),, PTSA , 18 TBDPSCI NO, | 6. 60% ACCH ) 11. Me,C(OMe),, PTSA
BnO 15. CH,(OMe),, P,0 > ? 7. Pivel, pyr. Pivo 12. TFAA, DMSO \
OH 2( €)2 P20s gno Phs SPh BnO oreops | P ° 8. Me,C(OMe),, P05 13. K,CO;, Ac,0 <
BnO OH intramolecular aldo! OBn OMe —————————— = MOMO _ 3 MOMOw «n0OMe
R = MOM R = MOM o—=—/
& “oen 7( ~ ©Bn
:I?er?%,npﬁltjzg: 4 steps from D-glucose o
o 5 14. Hg(OAc),, AcOH
Nef reaction | Ferrier rearrangement
OTBDPS 19. BH3-THF
o5roS o o 20 PdOH),(C, H, o 20. TBAF
/\MCH% <22 LOA CleCh, M oao ° 21. TBOPSCH
OMO iy
L& OTBDPS o m O *—— pMoMow- . -«——  MOMOw:

15. Pd(OH),/C, H,
16. Me,C(OMe),, PTSA
17. TMSCH,MgCI

18. TBSCI, imidazole

h-« o OTBDPS OTBDPS o—— |
R = MOM ﬂ—' TR=MOM R MOM 7& Z 0
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5. Fukuyama's work, 2017

Angew. Chem. Int. ed. 56, 1649 -1552 (2017)

= enzymatic deasymmetration

« overmann rearrangement to form tertiary amine

« Yamaguchi macrolactonization

o H c_)Ac
1. QTMS 2. lipase PS IM Amano
= TMS ' > TMS '
NaBH,, CeCl,
H H £
o] o OH
3. TBSCI
4. K,CO,, MeOH
6. n-BuzSnCH,0MoM, |5 PDC
07L Momo n-BuLi o
H .0 8. PTSA. Acetone, H |.0 7. 0s0y4, NMO, H
&~ o ; then Jones reagent «on quinuclidine |
1
™S : ———— TMS 7 ™S 0
o " “oH .
H £ o H &
o oTBS 0, oTBS
» Mg
9. TMSCH,COOEt, LDA N .

10. o-dichlorobenzene, 160 °C
11. DIBAL-H

°7k
12. Cl,C(0)NCO

13. ,OTBS
@ o 13. TFAA, DIPEA, TsN  EtMgBr
then -BuOLi o] =
—_—
o] o 16. Pd/C, H,
OH “‘NHBoc

14. 0s0,, Pb(OAc),

Lo}

)\‘o r-Buo’J\a‘. Nu

17. CsF, MeCN
18. TMSCI

19. MeSO,NeNaCl
20. AcOH

[3+2] cycloaddition

&

oo, 30. TMSI, MeCN NCbz
"NHBoc NHCbz
OMe o OME
HH 3. Csz NHCbz ﬂ’o
SMe
32. TFA, H,0
HgCl, o
%o o 33. PdIC, H,
OH
o o
(o] OH O ’H NH2 o OH NH2
N © NHT @ -
HO
OH on HO
anhydrotetrodotoxin (-)-tetrodotoxin
€]
o o
WL OH
NCbz o
Oo\o [] I — o oH©o H NH o OH NH,
“NH- ~NHCbz —™ 2 HO NH ®
OMe — NH
HO

HO

22. BnBr, K,CO,
23. NiCly, NaBH,, AllocCl

28. Pd/C, H,

29

Cl

o]

CI)LO/\/

AllocCl

25. Pd(PPh,),, PhSiH,
26. NaNO,, HCI
°>( 27. PPTS, MeC(OMe),

4,9-anhydro-11-norTTX-6(R)-ol 11-norTTX-6(R)-ol
some TTX congeners were also synthesized




Hu Lab Group Meeting

Tetrodotoxin Synthesis

Chen Peng

6. Yokoshima's work, 2020

Angew. Chem. Int. ed. 59, 6253 -6257 (2020)

« Diels-Alder reaction with O,
« Curtius rearrangement to form tertiary amine
* Rhodium catlyzed turning alkyne into cyanide

OH I
meo_ _o_ | 11,PPh,  MeO O .«
U 2. Me,C(OMe), 3 Zn-powder C 4.Ph,PCH,Br | °
. —_— 5 S
HO™ " ~oH o Y OH ou-' 5. Grubbs 1 © 5
OH J(O ": then oxi. )<
D-mannoside
6. pry. I,
7. TMS
10. NaHMDS, BnB QTes PA(PPho)., Cul
. Na , BnBr
then TBAF o B3O
11. LIHMDS, TMSCI  H,,| : O..,
- ow .,,’”\OMe -q—
R 9. L-selectride o
™S 7Lo,.‘ "'OH\TMS

12. LDA, Comins reagent
13. n-Bu;SnCH,0Bn, Pd(PPh;),

OBn

15. Ti(Oi-Pr),, TBHP
16. DMP
17. L-selectride

14. O,, hv, rose bengal
then Zn, AcOH

18. Ac,0, pyr.
19. TBAF

OBn
23. DPPA, Et;N, 20. Lindlar cat. H,
PhMe, reflux 21. O3, MeOH
then AllocOH 22. NaClo,
B -
OAc 24, Pd(PPh,),
NH, PhSiH,

o “,

OBn

curtius rearrangement

Cul, TMSN,,
DMF/MeOH
—_—

12/09/2023

1) [Rh(COD)Cl],,
CH,CHNOH
2) PIDA

R
HX
R H R———=Cu
Ns. _NH
N HN;;T TMSN; + MeOH
TMSOMe
R————-H R Cu
N, _NH
N Y. Yamamoto, Eur. J. Org. Chem. 18, 3789-3791, 2004
/\ Ny
R—=i=—H
! N
Ag* .,.“r
N H - NN
H R\ N N~ -HN
/ N; T H \\E (N /J% —2 »R—=N
|| — N R” >NH
+ R [Ag] CH,N
) Ag\/ B
/—\ N, 4 N,

N. Jiao, Angew. Chem. Int. Ed. 52, 6677-6680, 2013
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CbzN___NHCbz OBn i
OEn ! R-CONH,
2 sme : e T
AcO : [Rh(COD)CI], N *+ N=C-R
H HgCl, 5
2 ]
omnn %, OAC 26 HCI, THF !
| “NH, !
7&0@ oBn e
: H LnRh--N=C—R
' N |:
LnRK, Sc—R N—GH
‘o 4
H
CH,
NChz = ‘/
LnRh--NH
| -CH,CN H /rLO/C‘R Lee, Org. Lett. 11, 5598-5601, 2009
CH,
28. DMP !
o o
. oBn o OBn
AcOACO[ H Nchz —»  AcphcD N,H NCbz
N
' =N BnoO NH
o on HO
H,0 30. Et;N, MeOH i
31. Hy, PdIC ;
o !
o
OH
0
o OH NH,
NH7 @
NH
HO
oy HO
tetrodotoxin

10
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7. Trauner's work, 2022

Science, 377, 411-415, 2022

« one pot [3+2] cascade reaction to introduce tertiary amine precursor
« ruthenium double-catlyzed cycloisomerization and ketohydroxylation
* 11% overall yield in 22 steps

1. Bu,SnO, BnBr

2. TFAA, DMSO

3. TMSCH,MqgCl, MeO O .~
then SOCI,, pyr. 0 4. DIBAL-H

X o
HOD\OJ\Ph > BnO OJ\Ph

MeO (o] w
~SoH
BnO OBn

5.0s0,
S] 6. Me,C(OMe),,
OMe + CHNO, then Imidazole, I,
o

7. t-BuLi,

then MeNo, MeO

BnO

then MsCl,
Et;N
elimination
e © o
NO, ph O\N,O
= 8. PMBOH e -Bu
“ BuLi  |PMBO ~ then Boc,0 PMBO
oxa-Michael
BnO g OBn Bno o OBn Bno
O"%
0
nitronate
HN-O -0
\\ 10. BF ;#Et,0 N
HO o ETITER HO !
H Li———TMS
- H
- -
BnO ey OBN then TBAF BnO OBn

undesired configuration
o’% o+

1

i Boc

O HN—C X “N-Q

HO 11. (Boc),0 o 15. Sml,
H 12.DDQ R H  16.TBSCI
BnO” 7 YOBN 13. K,CO5, MeOH 7 “OH
14. PTSA, Me,C(OMe), o
- -

17. CpRu(PPh,),CI

o PPh;, n-Bu,NPF,
OH N-hydroxysuccinimide
i then oxone P | |
NHBoc <€—— NHBOC| g——— oH®
NHBoc
o o]
! 0 o e
)r oTBS X oTBS S
ﬂ’ OTBS
18. TMSOTT,
2,6-lutidine
19. TBAF

CH 20. TMSCI, then

F—" .

NH: chzN._ _NHCbz NHBoC

o
ﬁ’ HO™ N
Boc

e}
OH g OH o
H NH, H* NH,
N -
N =~ ~NH
o
ﬁ/o H desired configuration }
' ©
(X&) o
OH
H = °o OHO H o
NH, + o O
/ 2 |A,||-:|2
NNf ® NHF
HO HO NH
OH HO

OH
(-)-tetrodotoxin

anhydrotetrodotoxin

1
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) | X X
8. Qi's work, 2023 | 0 OH 07\, |oH
PMB40 © PMB40O
10.26434/chemrxiv-2023-7 6wl N + N
« chiral auxiliary assisted Diels-Alder reaction o H 0 OTBDPS
« Sml,-mediated epoxide opening i Xo OTBDPS )(0
o three rings construction in the last SteF’ desired configuration undesired configuration
1 H 15
OH " .
1. EDCI, (s)-camphan_lc acid 4, 0s0,, NMO | A |
2. maleic anhydride, .'—prSH then PTSA, MeZC(OMe)j 17.Nno,
l' y exo only - \ then NaBH,
d.r. > 201 51% Yield
75% b.r.s.m.
o H
Siface Re face
Disfavoured Favoured

6. K,CO;, MeOH
7.1 PPhy g

19. RuCl,, Nalo,
20. Pd/C, then

Ny —

OH 18.IBX then PPTS o><
Me,C(OMe), PMB+O O

5. EDCI, NHPI

" then Ru(bpy)Cly,
TEMPO, blue light
Hantzsch ester

“

o IH OMe chzN.__NHCbz
OH Q Y d
SMe
8. Smly, Et;N
or Smiy, then LiAIH, . o ©
<) o TFAH,0
o OH 60 °C
. o)
0>(OH : oM 'H%NHz * O OH NH,
H O 9.TBDPSCI o~ op i N @ NH7 @ =
H  10.2n, AcOH H © 11. DEAD | Ho Ho N
= o ——— H : OH oy HO
O\N p OTEDPS anhydrotetrodotoxin {-)-tetrodotoxin
\ o]

HOJ\/O'\ \

14. CH,Cl,, LDA

o >( 12. 0s0,, NMO >(
then Me,C(OM
then PMBBr 0 3 07y o en Me,C(OMe), 9. o~ oH

15. NaN,, DMSO 13. DMP )—'o o)
a H
o H OTBDPS OTBDPS

H

12



