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Total Synthesis of Tetrodotoxin

~Testament to the power of C-H amination~

OH .
Total synthesis:

racemic
O 0 Kishi, Y. etal. J. Am.Chem. Soc. 1972. 94, 9217.

—OH J. Am. Chem. Soc. 1972, 94. 9219.
Yoshimura, J. et al. J. Org. Chem. 2005, 70, 7496

HO I OH chiral
Isobe, M. et al. J. Am. Chem. Soc. 2003, 75, 251.

HN NH Isobe, M. et al. Angew. Chem. Int. Ed. 2004, 43, 4782.
J. Du bois et al. J. Am. Chem. Soc. 2003,125, 11510.

(-)-Tetrodotoxin (1) bioactivity: selective blocker of voltage-gated Na* ion chenels
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1. Strategy of Total Synthesis

(1) Structual features

OH ortho acid ( tetrasubstituted stereocenter
HO
HO QE«M to
—OH HO, OH
HOZZ po OH p——
HN Té—NH simplification HO,LC o
HoN* \Q/Uanidine group . @/
tetrasubstituted stereocenter

CO,H

(-)-Tetrodotoxin (1) hexasubstituted cyclohexane (2)
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(2) Strategic features

~How to construct tetrasubstituted stereocenters~

Kishi's synthesis

To achive asymetric synthesis...

Such as asymetric Diels-Alder reaction or asymetric Heck reaction are needed to construct chiral 4°
carboncenter.

Isobe's synthesis (2nd generation) 39 steps

HO

11 steps

OTES

:9

0 “
% & NHCoCClg
o 9

14 . .
s-Al
dr=151 Diels-Alder reaction

Overman rearrangement
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Du Bois's synthesis 32 steps

14 steps

2 J ;
c H aminati o)
J O* C-H amination - \[@2

Advantages of C-H insertion strategy

Easier aquisition of chiral tetrasubstituted carbon precursors:

-Stereochemistry of tetrasubstituted carboncenter 8a is originated in the hydrogeneration from convex face!!
-Stereochemistry of tetrasubstituted carboncenter 6 is originated in chiral 2° alcohol of natural product.
Complete selectivity: Carbene C-H insertion and C-H amination proceed exclusively retension.
Jt‘k\ffording highly substituted 6 membered ring easily compared with Diels-Alder reaction:
-Shorter steps? 7
Can be used in late stage:
-Reliable intramolecular reaction.
-Mild condition.
N R




2. C-H Amination Reaction

2-1 Mechanism

(1) Reaction example
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Angew. Chem. int. Ed. 2001, 40, 598.
J. Am. Chem. Soc. 2007,729, 562.

CONTENTs

1. Reaction example
Q‘S,,O R 2. How does the oxidant work?
0. 0 HN™O 3. Role of MgO
(:r\ + SR —Rhls 4. Concerted or radical?
HN""0 PhI(O,CR), 5. Rh-nitrene association in the T.S.
MgO 6. Hammett analysis
7. Summary
(2) How does the oxidant ( PhI(O,CR), ) work ? 8. Relation with carbene C-H insertion
R
e g
. a / B .
without RhyL, N "L\ - control experiment
a
¢ 2 mol% NHTces
— R
ROSO,NH, '\PhSCH\:, “NSO4R C‘ac"::\s,:zmpn * ©/\CH3 - dCHs
+ = ROSO,N=IPh S & ) CaHg e
Phi{0,C'Bu), CeHg Ph™ " "CHy 1 1 equiv 1 equiv 2 33% Me
! after 16 h, 27% 3: R=CH,CCl (I; o
6% 4: R=CH,Bu o

Me O7-Rh—

R=CH,CCl, - j&rlf:tabie by H'NMR \ ¢4 % 4.7

R=CH,'Bu : undetectable by H' NMR )

Me ]
Rhy{esp),

A7 4 > — = R-N=IPh formation is speculated.
R ICALE
(3) Role of MgO
o) ﬁ 0 R-NH, + Phi(OAc), —= R-N=IPh + 2AcOH
O. K Rh,(OAC)4 (5 mol %) ‘g
2 Phi(OAC), [reduce the catalytic activity of ha(OAc)ﬂ
~15% yield
— +2.3 equiv of MgO: 86% yield
(4) Concerted or radical ?
-chiral substrate
Rhyfespl,
ToasNHy
}M:,ou T :ﬂm retension  ——— [concerted mechanism is implied]
P:amn PRHOLCBUl, pggs 4
cfn,,m-c
g o
-radical clock study )
ki
Rhy(esp), NHTces
o, 0
che oSN, * Ph/<1/\r:ma PhI(OzC‘Bu): Ph oM,
CeHsg
. 78% no ring opening
L // k= 7x1010 51 AN
phA/\ 20°C Ph

If a C-H abstraction / radical rebound mechanism was operative, the lifetime of the putate radical would have

to be exceedingly short (ca.200 fs = 2x1013 s).
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(5) Rh-nitrene association in the C-N bond forming event

-Optically active dinuclear catalyst was employed.

9.0
2 mol% S MeH

NHTces N L,Rh 0.0
Ri,(S-bl n S
CD —= el “nSoR
TcesNH2 OMe \ Rh-]
1 equiv PhI(O,C'Bu), 72% O—Hh—
20% ee ha(Sbls), This result gives strong circumstantial support for a

metal-bound nitrene (nitrenoid) as the active
oxidant in the reaction.

(6) Hammett analysis

Rhy{esp),
~ —~ TcesNH, jJ\HTces /‘N\HToes
A H +  Ph” “CH. + = _
roEh * enio,ceu, AT CHy P cH, ©0=-073<0
10 oquiv 10 equiv CeHg, 23 °C
0.8 — —— preference for oxidation of electron-rich
B : : N y=~0.7331x + 0.1337
068 |- ........ L ,,,,,, s ,,,,, R?=0.9779 arene substrates
04 ' — cationic charge in the transition state at the
02 b R {oxidizing carboncenter ..
g o corresponding to the reactivity
= 02 )
Intramolecular reaction:
04 a-ethereal ~ 3° > benzylic >allylic > 2°>> 1°
08

-1 08 08 04 02 0 02 04 06 08 1 .
Intermolecular reaction:

oF
3° > a-ethereal L benzylic > 2° >> 1°
c.f. p-values
intramolecular C-H amination . -0.55 .
intramolecular carbene C-H insertion : -0.78 ——> similar

intermolecular carbene C-H insertion : -1.27

(7) Summary (speculation)

PhI(O,CR), RCO,H <== MgO
oxidant 2 g scavenger
L 0, .0
S R 0.0 . N0
HoNT°0 SR nitrenoid
amide PhIEN""0
iodoimine H H

the C-H bond via concerted transition state.

lr Rh-nitrene intermediate that inserts directly into] RfizL :

0.0 o o 1%
HN.S.O,R LnFlh\ ¥ io

°N

H. S+ . .

A cationic charge
R2 I S

concerted
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(8) Relation with carbene C-H insertion

This speculated mechanism and intimate certain parallels between Rh-catalyzed nitrene and carbene C-
H functionalization.

SN +
LN 1o L
A > W 5'""*_-&.--“ — il
R? /F" TU N ’F\"’ﬂ‘ S
nitrene carbene

Why does the dirhodium complex promote C-H amination ?
~Speculation using calculated carbene C-H insertion data~

E. Nakamura et al. J. Am. Chem. Soc. 2002, 124, 7181.

':c\*; Does dirhodium nitrene complex posess similar features 77

fig.1 Carbene C-H insertion mechanism

back donation

AAcoY” ¥Hco; positively
84 . / charged
Iﬁ{\) (ChHa U
l § o 4 | highly electrophilic
R pw
+0.92 9

negative charge transfer

fig.2 Dirhodium carbene complex

fig.3 LUMO of Rh-carbene complex



Rh' C . ¥,
ST H I W Rh? accepts negative charge
e W —— electrophilic carbene
> e ) (2
fig.4 Rh-Rh-C o-system fig.5 Rh-Rh-C o-system ; orbitals

Nonbonding 4d,, orbital interacts with Rh'-C o/¢™-orbitals,
which weakens the Rh'-C o-bond.

1

negatively charged e X 1263 C3Hay  positive charge

Hi . !
< © .

c.,r:}‘

7 Naics, ~

i
\ﬂu—‘a i
Part of negative ﬂ"’ k .

charge is released

fig.6 Transition state model

2-2 Scope ~Catalyst design~

In the case of tetrodotoxin...

O‘L‘ o~l—- N
O A L = OAc (Du Bois's original condition)
O>< 16 : trace

0]
O>< 10 mol% [Rhol 4]

0 J PhI(OAc),, MgO OZ 1 S9NH L = HNCOCF,
cr” O NH2 CgHe. 65 °C J 0~ 1677 %

hig Cl o)

O 17 16

Likewise, in some cases, such as intermolecular reactions or reactions of unactivated C-H bond, Du Bois's
original condition was not satisfactory. So, new catalyst systems were investigated. ..

-The dirhodium catalyst undergoes structual changes within minutes of initiating the reaction.

— Bad effect ?

— Robuster catalysts were examined, and Rhy(esp), was the most successful.
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two carboxylates are connected

U

If carboxylate shifts were to occur, the chelate effect would
disfavor complete ligand dissociation from Rh centers.

T——> increased stability > [increased reactivity !l }

Rhy{esp),
examples
1 mol%
0.0 0,0
wSo  _ooEvet S0 Rn(OCBu, 5% tivated 2° carh
. : i arbon
o PRk o Rhy{esp), 90% unactivate carbone
MgO. CH,Cl,
1 mol%
Rh.
H.N._O Aesp), HN—
P NSOR pniong,  pnANsOR : Rhy(0,C!Bu), afforded < 10%
MgO. toluene
R=CH,CCl, 79%
1 mol%
0,0 0,0
HNSNgoc  _nHetRhk S e - Rhy(0,C'Bu), afforded < 15%
Mo Ph{OAC), Mo
MgO. toluene
83%
Me. 2 mol% Me__NHSO,CH,CCY, .
catalyst catalyst yield . intermolecular reaction
I Rhy(O,C'Bu),  30%
Phl(OAc)g Rhy(esp), 71%

OMe H,NSO,CH,CCl,  OMe

-Then, in the case of tetrodotoxin, why does Rhy(HNCOCF3), exhibit good result ?
~Speculation~

-In intermolecular reaction, Rhy(HNCOCF,), afforded good result.

catalyst  %conv.s
2 mof% Rhy{OCBU); <5
catabyst NHTces 0,CCPh 10 ‘
e ohe COMe l‘;l::(&'ﬁ”@f’i)t"'éig —— generally active catalyst ?
1 equiv TcesNH, ALK SL 0 Y TR
PhI(O,C'Bu), Rh(STCRTAD), 15

Cats Rh{SBITISP), 0 —— In the analogue of Rhy(esp),
Tdeww, 7o wof case, Rhy(HNCOCF), is stable ?

“ Product conversion estirated by integration of the '"H NMR spectrum
of the unpurified reaction mixture. » Isolated yield in parenthescs.

CF;

B ANA TN
o~ H

> NH larger and softer orbital

U

/?——/?)h stronger bonding and preventing from ligand dissociation ?
0]

%/O maintaining electrophilicity of nitrene ?

ﬁg.7 ha(HNCOCF3)4
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3. Total Synthesis of Tetrodotoxin

starting material (2°)
C-H carbene insertion (3°)

H starting material
/ ,OH

aldol reaction

HO
4
HO,C 1
H N
convex face attack (2°)
CO?-H — C-H amination (3°)

convex face attack

Overview

HO

D T
el leve o

1) H202 N82CO3 OH 1) Meo,NH, MeOH

2) HCI &3 2) (MeO),CMe,, TSOH (cat.)
’ O 87% (2 steps)
HO 6] 3) silylation

D-1soascorbic acid 20 21
BuAH, "BuLi [ 221 R=NMe,

THF/Hexane | _ .23 R=H

1) Hp, Pd-C, THF, 88%

NaOAc, THF

‘d.r. >10:1
'BUCOCL. | 24:R=H
pyridine, TH 25 R = Piv

85% (3 steps)

2) (COCl),, DMF (cat.), THF:
then CH2N2. CHzclz, 63-70%

Nu
o\*o V4
(M)
H I(-IS) Rh(HNCOCPh3), (1.5 mol %)
CCly
TBSO
fig.7 Felkm-Anh model
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[ p—— ~Speculation~ CPh;
0 Atfirst... -~ \
o \
R cat : ha(OAC)4 /) 9 57" O
Ny= @- BS ; —complex mixture” ' NH
T 5
After screening of several reagents. .. Rh Rh CH_

PivO 19 o) cat. : Rhy(HNCOCPh3), ﬂ@ ﬁQ Q\

— selective production of
the target compound 18. Rho(HNCOCPh3), gives less electrophilic
intermediate, causes later transition state.

There are many reacting C-H
bonds in compound 19.

fig.8 Selectivity in C-H insertion

‘Now that bicyclic framework is obtained. ..

~Construction of stereocenters by convex face attack~

OoTBS OTBS

NH5.BH, ; o _H2(1200ps). Rh-C (5 mol %)
CH,Cl,/MeOH H,ino b/ CFCO,H/MeOH = 2.1
75% (2 steps) 'ﬂ\
/H O
H

18 26

p-TsOH, 2,2-DMP

THF
77% (2 steps)

H 27

\\, C-H amination

1) Me,NH, THE, 83%
2) cat. ("Pr4N)RuO,. NMO, 4 AMS,
CH,Cl,, 94%

3) Zn, TiCly, CHal,, cat. PbCl,.
THF, 72%

Ph,Se,, PhlO,, CsHsN,
CeHsCl, 100°C, 70% .~
/ 0
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Takai reaction (28—~ 29; 3))

Zn Zn
/ an
CHyly —— CH2 —_— CH/\ '
slow ZnX TiCl,
chy
2nx ™ ™%
CH{ X cH X
Zn + Pbx2 fast fast (X=1lorcCy X T'xn/
R or
C=0
o R’ Pl /Tuxn
o= CHy CHy
Hz/ —_— CHz\ ] R 2% ™
ZnX, + Pb PbX fast PbX
fig.9 Role of PbCl, (X=1orcCh fig.10 Reaction mechanism

CH,=CHMgBr
Cul, THF

30
kinetically controled protonation single product !!
'BulNH, BH 1) 1BuCO,H. CgHsCl, 200 °C
DCE 2) NaOMe, THF/MeOH

77% (2 steps) 78% (2 steps)




A ' Y : 3
: - T A
L
1) ClzCC(O)NCO, CHyCls:
ﬁ >< 10 mol % Rhy(HNCOCF),,
< "H

Zn. MeOH, 93%
2) 03; then N38H4. CHZCIZIMeOH, o

83%
3) MeSO,CI, CsHsN. DCE, 86% PhI{OAC);, MgO, CgHg, 65 °C. 77%
0 J : 0O
O.__NH,
Cl Y C-H amination ! Ci

33

1) NaSePh, THF/DMF, 77%
2) mCPBA, CsHsN, DCE, 55 °C. 92%

3) Boc,0. Et;N, DMAP, THF >,
4) K,CO;,. THF/MeOH, 84% (2 steps) - NHBoc

AY
M OH

/\.2

1) H,0, 110 °C, 95%
2) BocN=C(SMe)NHBoc, HgCls,
EtsN, MeCN/CH,Cl,, 80% OH

3) O3, CH,Cly/MeOH; Me,S: H(l-)IN NHOH
then aq CF3CO,H, 65%
HoN*
2 1




