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Tetrodotoxin: Background
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Certain varieties of puffer fish, especially the tora fugu, or tiger puffer (S. rubripes)
and the closely related ma fugu, or common puffer (S. porphyreus), are highly
prized as comestibles in Japan. The indulgence of the taste is fraught with some
peril, since the livers and ovaries of the fish contain a powerful poison. The
presence of this poison has been known through its effects since antiquity, but its
labile nature and its extremely low concentration in its natural milieu made the
isolation of the toxic principle extraordinarily difficult. Yokoo first succeeded in
isolating the crystalline poisonous principle-now known as tetrodotoxin-on fourteen
years ago (1950), and shortly thereafter Tsuda and Kawamura independently

achieved its isolation in its pure state.
R. B. Woodward

Woodward, R. B. Pure. Appl. Chem. 1964, 9, 49-74



Tetrodotoxin: Physical Characteristics
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4,9-anhydo-Tetrodotoxin Tetrodotoxin

» White crystalline solid

* Darkens above 220 °C, without melting

* Insoluble in all solvents except acids

* Weak base (pKa = 8.7)

* Exhibits no UV spectrum

* One of the most toxic compounds among
poisons with low MW.

* Toxicity due to the blockage of sodium ion influx
through sodium channel protiens.



Isolation Procedure

Ovaries of Spheroides rubripes
(100 kg)
| Water
| o
Residue Extract
| Boiled and filtered

Filtrate Precipitate
(200 L.; ca. 10 mg/l.)
Amberlite IRC-50 (ammonium type)
10%; acetic acid

Active fraction Non-active fraction
(101; 100-200 mg/l.)

pH 8-9 with ammonia ag.
7 Active charcoal (Norit A)
Supernatant Charcoal
~ | dil. acetic acid
|
Residue Eluates
(1L.; 1-2g.)
| ammonia
Crystalline ppt.
(1-2g

Fia, 1. Diagram of the isolation procedure.



General Retrosynthetic Analysis

00
0o 0 guanidine ortho ester
HOS - -
OH synthesis formation
HO OH — —
HN ~NH OH
HN @
Tetrodotoxin “tetrodoamine” cyclohexane

skeleton

Key Synthetic Challenges:

* Selection of acid labile protecting groups due to base senstivity of TTX

* Construction of the tetrasubstituted stereocenters C6 and C8a

* Introduction of the C8a amine

* Preventing epimerization at C9 and B-elimination of the hydroxyl at C5

* Determination of stereochemistry using coupling constants of vicinal
hydrogens



Kishi’s Retrosynthetic Analysis - Racemic

ortho ester
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Kishi, Y., et. al. Tetrahedron Lett. 1970, 59, 5127
Kishi, Y, et. al. Tetrahedron Lett. 1970, 59, 5129
Kishi, Y., et. al. J. Am Chem. Soc. 1972, 94,9217
Kishi, Y., et. al. J. Am Chem. Soc. 1972, 94,9219



Synthesis of the Cyclohexane Skeleton:
Diels-Alder and Beckmann Rearrangement .,

OHC

o
CH;3 butadiene CIOSO,CH;
> R
H3C SnClj, CH3CN, EL.N
l heat ’
N ©
HO (83%)
boiling
beckmann H,O
rearrangement (61%)
m-CPBA NaBH,
- -
MeOH
(96%)
o)
chromic
anhydride HO/\/OH Ho, CHs
— —_» O |
pyridine BF; Et,0 (cat.) </0 N
o v
(90%) (100%) AR ©

HC(4a) and HC(5)

J=35
Kishi, Y., et. al. Tetrahedron Lett. 1970, 59, 5127

Kishi, Y., et. al. Tetrahedron Lett. 1970, 59, 5129



Synthesis of the Cyclohexane Skeleton:
Installation of the C8 Stereocenter
and Introduction of the C11 Alcohol

O
1) SGOQ' 1
CH; 1. AI[OCH(CHs3),]s CH; 180 oC H, CH,OH
g o
2. Ac,0 7°H 2) NaBH, 2 H
MeOH &oAc/E OAc
(95% in 2 steps) (100% in 2 steps)
m-CPBA o
90 oC (95%)
1. Aco0 °
1. CH3C(OEY)3, . AC0,
EtOH m,gHZOAc pyridine H., 6,,,3“20”
o (o)
2. Acs0, H 2.CFaCOH, {_§ /Y 7H
pyridine H,0, 70 oC Ac ||_| OAc
3. ACQO,
pyridine

(80% in 3 steps)

C(8)H and C(7)H H; C(8)H and C(7)H
A diheral angle 90 diheral angle 30
J=0Hz J=6Hz

Kishi, Y., et. al. J. Am Chem. Soc. 1972, 94,9217



Synthesis of the Cyclohexane Skeleton:
Introduction of the C9 Hydroxyl

1) o-dichlorobenzene 2) m-CPBA
— r
reflux CH,Cl,
KoCO3

Kishi, Y., et. al. J. Am Chem. Soc. 1972, 94,9217



Stereoselective Synthesis of the
Lactone Ring

m-CPBA AcOK/AcOH
— ——————
- . 900C,2h
AcO | OAc (100%)
Ac
HC(12) = 4.60 ppm
AcO,)2
4
HNmu
Ac’
0 Ac,0,
Aco_ 0 JL_ CSA (cat.) AcO™9
AcOu, —OAc 100 °C
877 - -~
: OAc
NH OAc (100%) (100%)
H\
Ac
AcO (o) o
AcOny, —OAc
44 ' OAc
a !NH OH

Ac
Kishi, Y., et. al. J. Am Chem. Soc. 1972, 94,9217
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o)
AcO_ 0O 1) Et;0 BF,
AcOu, ~OAc 290-300 °C Na,CO;
OAc . >
NH ] hiah vacuum then AcOH/H,O
jNH OAc g work-up
Ac
(92%)
A NAc 120 oC
12h
EtS” “SEt
NH, 0
MeOH/CH,Cl, AcNH, AcO. 0 F—o
- - / —0OAc
150 oC
(100%) 60 min I OAc
N OAc
(20% 2 steps) EtS
NHAc
e
o)
!
‘ AcO_.0

Determination of
C9 configuration

W-coupling
OAc

8 Jg4a=1Hz Jog=0Hz
H CI)Ac S4a %8

NG

Kishi, Y., et. al. J. Am Chem. Soc. 1972, 94,9219



Completion of the Synthesis of DL-Tetrodotoxin
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AcO_ .0
) />0

Q@_O ac 1) 0sO, THF
seere—-

~-OAc 2) Nalo,
HNf| OAC THF/H,0
then ethylene

NHAc glycol

AcO (.) OA
H (o4
) ~L—OAc
HoN N OAc
NHAc

0O
NH4OH,
MeOH/H,0 HOL 750 .,
—»
HO OH
HNVNH OH
HN@

Kishi, Y., et. al. J. Am Chem. Soc. 1972, 94,9219



Summary of Kishi’s Total Synthesis

Diels-Alder 0© Baeyer-
10 Villiger
HO OAO)H/ ] 4 Q1
=
N, A /ear Diels-Alder 10 % HyC @
NH OH 9 gaYy~ /
V |N 3
H,N HO”
® Beckmann hAc ©
Rearrangement EtS” “SEt

32 Total steps

C8a and C4a: diastereoselective Diels-Alder rxn.
C8 and C5: stereospecific, substrate controlled hydride reductions.
C6: stereospecific, substrate controlled epoxidation

C7: carboxylate attack onto epoxide
C9: stereospecific, substrate controlled epoxidation of enol ether

* Use of an unusual Diels-Alder dienophile containing an oxime.
* High degree of substrate control in creating stereocenters
* Development of a novel procedure to synthesize a guanidine moiety



Isobe’s Retrosynthetic Analysis - Asymmetric

dihydroxylation , ~ €poxide

guanidine w. opening
synthesis /
— 7OR
OR
HN@
tetrodotoxin tetrodamine
OR OR
Aldol hydride
— Condensation RO reduction RO
3 LG
RO™" OR OR
<& RO & )N:I o
hydride /o\n/cma 0”7 CCh
reduction NH
Overman
ﬂ hydoxylation Rearrangement
R Claisen Sonogashira
’>r‘// Rearrangement coupllng
CH; OAc
RO 1y, ,~ Ro/’l,, RO/ ‘0 \ 83. o, \\OAC
Ro / \
o QE L, = o= "
OAc
acetylene R
OR hydtl};tlon hydrlde 2-acetoxy-tri-O-
reduction acetyl-D-glucal

Isobe, M., Ohyabu, T, Nishikawa, T. J. Am Chem. Soc. 2003, 125, 8798



Synthesis of the Cyclohexane Skeleton:
Sonogashira Coupling and Claisen

Rearrangement
OH 1) TBS-CI, Et3N,
0. wOi-Pr DMF, (77%) oTes _
_— O \WOFPr
NS IIIOH 2) SOspy, A
Et;N-DMSO o
(93%)
0TBS
K-CO3 (o) \\\Oi-PI'
-+
0-DCB 4a "0
o
150 °C “ )\CH;:,
(94%) ™S

1) 1, OTBS
pyr.-CH,Cli, O WOFPr
D —————
2) NaBH,, X-"""0H
CeCly(H,0), ,
MeOH
(85% 2 steps) =—TMS
Pd(OAc),,
PPh;, Cul,
EtN, PhH

(99%)

/I]\ OTBS

H3C™ "OMe 0. OFPr
-

P
PPTS/THF OH

(89%) | |

O
PPTS = < NH 0—-5:

Isobe, M., Ohyabu, T, Nishikawa, T. J. Am Chem. Soc. 2003, 125, 8798



Synthesis of the Cyclohexane Skeleton:
Introduction of the C5 and C11 Hydroxyl

Groups
OTBS — OTBS OTBS
O \WOFPr WOHPY O OFPr
1) TBS-OTY, 3) TBAF, 1) S0P
WNF Et;N THF-H,0 5 WNF s-Pyr.
Ll s b2 ] | em evanso
Et;N-DMSO
e Sof|  auma, oo o| Pmeonso Lol
KHCOj, BS e
™S (98% in 4 steps)
2) MOM-CI
i-PI'zNEt
3) NaBH,, (84% 3 steps)
MOM = methoxymethyl CeCl;(H,0),
MeOH
OTBS OTBS
3 0. \OFPr 1) TBDPS-CI, - OiPr 1) mCPBA
imid./DMF »
B20 43/ - ‘H}‘ cho3 NOESY M5
5 N\
11 | | 2) BzCl, J& 2) Amberlyst15 :
|- gps DMAP, Py. o I THF-H,O '
(81%) (74%) OH mom
J/=10.5Hz

Conformation of A and possible
Interactions with m-CPBA

(b)
Isobe, M., Ohyabu, T, Nishikawa, T. J. Am Chem. Soc. 2003, 125, 8798



Synthesis of the Cyclohexane Skeleton:
Acetylene Hydration and Intramolecular

4
s OHC
Aldol Condensation
OTBS OTBS
O wOFPr H,S0, 1) TBS-OTH, 0. \OMe
4 MeOH Et3N, lutidine 4
BzOS5 e~ ! BzO 5 =
and then 2) TBS-CI o
6] . ]
o ll HgO (cat) imid. DMF OTMS
OTBDPS (82%) OTBDPS
A
1) TBAF
_ . THF-H,0 (74% 4 steps)
Proof of the Configuration 2) Cl,CCOCI,
at the C-5 position DMAP, Py.
J=2.0Hz _ OTBS
J=10.5Hz J=9Hz 0. OMe
BzO da Z
0
OTBDPS
B

Isobe, M., Ohyabu, T, Nishikawa, T. J. Am Chem. Soc. 2003, 125, 8798



Synthesis of the Cyclohexane Skeleton:.
Exoolefin Synthesis

1) NaBHy,,
OTBS CeCl3(H,0), OAc
0 \OMe MeOH 1) CSA 0. .\OMe
(92%) MeOH
BzO Z > BzO =
2) BOM-CI, i-Pr,NEt 2) Acy0, ,,
o DMAP, CH,Cl, DMAP, Py ‘OBOM
OTBDPS OTBDPS (95% 3 steps) OTBDPS
A
1) HgO, PPTS
acetone-H,O
(88% 3 cycles)
: . BOM = CH,0CH,Ph
Proof of the Configuration CSA = camphorsulfonic acid 2) Mg(OEt),
at the C-8 position EtOAc-MeOH
(87% 3 cycles) \J
NOESY HsC
o—CHs OH
5 1) NaBH,,
4 OH MeOH, rt 0. .OH
BzO Y2 - BzO =
@ 2) Me,C(OMe);
1 1 ”IOBOM CSA, acetone I’IOBOM
OTBDPS 3) PPTS, MeOH OTBDPS

(93% in 3 steps)

Isobe, M., Ohyabu, T, Nishikawa, T. J. Am Chem. Soc. 2003, 125, 8798



Introduction of the Nitrogen Functionality:
Overman Rearrangement
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=
&
A° &
Il

CH,Cl, o .
ylene
Me oTBS o ol e
HsC CCly HiC
CH
o—CHs HN)\O 3,3-shift o—CHs
o DBU, o
on 2B% 982 cocl,
3
BzO P . H H {4 X BzO ’ND
CH,Cl,  TBDPSO "7
“0BOM ,)"bOBOM “OBOM
OTBDPS 07< OTBDPS
A K2CO3
J=0Hz OH xylene H;C o]

OBz reflux OJ(CHs )\—CCI .
Proof of H N h \ ™
configuration TBDPSO BzO Z

O fA ’/,’ ',OOBOM 1,3-shift

K (87%) “oBOM
OTBDPS

Isobe, M., Ohyabu, T, Nishikawa, T. J. Am Chem. Soc. 2003, 125, 8798



Introduction of the Nitrogen Functionality:
Intramolecular Conjugate Addition

HsC 1) DIBAL-H HyC 1) CI3CCONCO
o—-CHs 2) TEMPO, NCS 0—CHs )cﬁ c,
2v12
(0] OH > O —_———
3) NaClO,, NaH,PO,, COMe
BzO ~ Me,C=CHMe, H,0 HOY2e 2) EsN,
4) TMS-CHN, MeOH
/g ‘s
“oBOM (78% 4 steps) ‘OBOM (99% 2 steps)
OTBDPS OTBDPS
Me
Me BuOK,
TEMPO = N-O e THF (90%)
Me -78 oCto-150C
HsC Me o) 0
o—\-CHs L o
1) Boc,0, Et;N, 0" "NH ; "
Boc DMAP, THF HAN r THF H
Ho 2 Ni?MMT’ -— Ac ~———— TBDPSO CO.Me
[ 2) LiOH, MeOH, >, OBOM 2) MMTr-Cl “%,0BOM
8 /OBOM (CH,Cl),-H,0 o P Pyr. 0
CH
OH (84% 2 steps) HeC CHs HC CHs

MMTr = p-methoxyphenyldiphenylmethyl
C(CgH5)2CeHy-p-OCH;

Isobe, M., Ohyabu, T, Nishikawa, T. J. Am Chem. Soc. 2003, 125, 8798



Stereoselective Synthesis of the
Lactone Ring

1) mCPBA
:‘:ﬁ”c';‘))“’ 1) Ac,0, DMSO
2vi2 2) NaBH,, MeOH
> -
2) BzCl, Et3N, 3) Ac,0, Py,
CH,Cl DMAP

(93% in 3 steps) (92% in 3 steps)

o)

1) TFA, MeOH .
(85% in 2 steps)
IBX = ©:‘<,o 2) IBX, DMSO 6
1o
o HO
o)
AcO (o]
Hae HOYY  |_oB: Aco /0O NaCIO,
3ko ¥ OR + H3C 6/)7°82 NaH,PO, HsC>(
H5C o NH 6H )(0 | OR M =CHM H3C
| H,C O NH OH e,C=CHMe
Boc Boc

All attempts at hydroxylation
of C-9 failed

Isobe, M., Ohyabu, T, Nishikawa, T. J. Am Chem. Soc. 2003, 125, 8798



Stereoselective Synthesis of the
Lactone Ring

DBU, 0-DCB o
130 °C AcO 7™0
——— H,C 6,/ 5982 ————» H;C
OR o
H,C O NH N HC O
— Boc .

1) OsO4, NMO
acetone-H,0O

steric hinderence of
backside approach

OH
Ao 0 AcO
NaBH,, ol 0 HO? 0" B
g  opz 2 IBX,DMSO 6,)7082
H;C 6 )(o OR
-~ 0 OR -~ H.e o NH
H,C O ? oH
(quant.) 3 g:cOH (68% in 3 steps) Boc

Long range W-coupling
between H-9 and H-4a

Conformation of Enol
precursor leading to Z-
enolate

Isobe, M., Ohyabu, T, Nishikawa, T. J. Am Chem. Soc. 2003, 125, 8798



Et3N, Py.
then Ac,0, DMAP

reaction temp. must be
below 15 oC to prevent
epimerization at C-9

OBz OBz

1) NalO,

MeOH, H,0 Ac02ZH 0_OBZ

OAc

o (o}
AcO HY 0B,
HO OAc <

HN HO

NH oAc 2) TFA, MeOH
BocN

|
HO NH OAc
(90% in 2 steps)

BocN NHBoc

NH. Boc,0

e1/2 HzSO4 ———-
e

HN™ “SM NaOH, CH,Cl,

BocN

OBz
1) H,, Pd(OH),-C o
MeOH AcO- HY
H3C o \el 7OBZ
2) Ac,0, DMAP, nt7 4 OAe
H,C O NH
Py. 3 NH OAc
Boc
1) TFA, MeOH
2) CAN
MeOH-H,0
%m
OBz
3) HgCly, o
EtzN, DMF AcO- HO_OBZ
B =]
HO ﬁl OAc
NHB
°¢ Ho NH, OAc
BocN SMe
(53% in 3 steps)
NHBoc
SMe

Isobe, M., Ohyabu, T, Nishikawa, T. J. Am Chem. Soc. 2003, 125, 8798



Completion of the Total Synthesis

OBz OBz OBz
1) 4 M HCI 0750
AcO o H Q_ THF AcO o H _0_. 3) Ac,0, Et3N, AcO —-OBz
0Bz ———— OBz Py. MeO
—_—
HO OAc MeO OAc 0 OAc
HN 2) 4 M HCI HN Ac—N N OAc
NH GAc dioxane YNH OAc (50% in 3 steps) Ac—l‘ Ac
BocN MeOH H 2N®
2) Et;N, .
MeOH, H,0 (85%)

HN_ N [ _
OH 07RO HO
4 Nr 2% TFA-d/D,0 H OH
2 @ -
N OH N OH

15% 4,9-anhydrotetrodotoxin

H2N ® HoN @
+
0© _ .
4,9-anhydro-4-epitetrodotoxin 4-methoxytetrodotoxin
HO S /KO
-OH 4 : 1 mixture

HO OH
HN)//N OH [0]2%p = +1 (c 0.08, 0.05 N ACOH-H,0) (+/-2)

HN' @
65% tetrodotoxin

Isobe, M., Ohyabu, T, Nishikawa, T. J. Am Chem. Soc. 2003, 125, 8798



Summary of Isobe’s Total Synthesis

_ Sonagashira OH

claisen 0o coupling 010.Oi-Pr
rearrangement 4

\{i Idol cond 2 NP,

5 aldol condensation
HO 4 /8 : 8a
4a al g 7
HN)/NH OH . lp /U\SO
H.N® \'\ H3sC” g "OMe

. T™S 11
intramolecular

conjugate addn.
of a carbamate

69 Total steps

C4a: Claisen rearrangement
C5: epoxidation of an enol ether and inversion
C6: stereospecific, substrate controlled epoxidation
C7: intramolecular enolate attack on epoxide
C8: Stereospecific, substrate controlled hydride reduction
C8a: intramolecular conjugate addition of a carbamate
C9: stereospecific, substrate controlled hydride reduction

» 25 steps involved in protection group manipulations.
» Required many steps to make Overman rearrangement precursor
which was unsuccessful.



Du Bois’ Retrosynthetic Analysis - Asymmetric

vsi S addition lactone
ozonolysis 0 / formation

OR

stereospecific
C-H amination

. hydride ﬂ
Rh-Catalyzed allylic reduction
C-H insertion oxidation

0,
RO“|'H  hydrogenation
olefination cuprate
addition
diazomethane RO OR RO
addition N, N OR
NG ro Yy OR 6 __OR
) —— ) o - —— >
[~ Ald R3O
HO” g CO,R ol
addition

Hinman, A. and DuBois, J. J. Am. Chem. Soc. 2003, 125, 11510



Synthesis of the Cyclohexane Skeleton:
Aldol Addition and Rh-Catalyzed C-H

Insertion
Me
Me 1) DIBAL, Enolate
0)<0 n-Buli, , Enol
R .. R H
2 oTBS THF _ H IR _
H H o —>» =
8 2) NaOAc, THF H OH
Me,N" 0 OTBS OTBS
o O
Bn O,U\)QH],OBn
o]
R :fl’FPd'c’ 3) +BuCOClI
OTBS (88%) Et;N, THF
- -—
2) (COCI),, (85% in 3 steps)
DMF (cat.)
then CH2N2

(60-70%)
\\ Me

Rh,(HNCOCPh;), )<Me
(1.5 mol%) o

Hinman, A. and DuBois, J. J. Am. Chem. Soc. 2003, 125, 11510



Synthesis of the Cyclohexane Skeleton:
Installation of the C8a and C9 Stereocenters
and Introduction of the C5 Alcohol ere

Me Me
°)<o
W NH3 BH3
OTBS '
MeOH/CH,Cl,
———-

Ph,Se,, PhlO,

CsHsN, CgHsCl,

100 oC
-

(70%)

PivO"g “CONMe,

1) H, (1200 psi),
Rh-C (5 mol%)
CF;CO,H/MeOH

—

2) p-TsOH, THF
MeO_ OMe

Me>< Me

(77% in 2 steps)

3) Me,NH, THF (n-PryN)RuO, (cat.)
(83%) NMO, 4 AMS

(94%)

Me NMO = (%j

Me
Zn, TiCl, o)< /N
CH2|25 e 0 Me
PbClI, (cat)
- —
(72%)

Hinman, A. and DuBois, J. J. Am. Chem. Soc. 2003, 125, 11510



Completion of the Cyclohexane Skeleton
And Synthesis of the Lactone Ring

Me
Me
o

Me
Me
0J§0
N0

~"""H
OC(O)NH,,

MeS0,Cl,
CsHsN, DCE

(86%)

Me

1) H,C=CHMgB},
Cul, THF

0,4, then NaBH4,
CH2C|2, MeOH

(83%)

Oom

C(O)NH,

Hinman, A. and DuBois, J. J. Am. Chem. Soc. 2003, 125, 11510

2) +-BuNH, BHj,
DCE

e

(77% in 2 steps)
MezNOZC ”opiv

1) +-BuCO.H,
CgHsCl, 200 oC .
789 2
2) NaOMe, (78% in 2 steps)
THF/MeOH
Me
CI3;CC(O)NCO )<Me
CH,CI,, Zn, o
MeOH
-———————
(93%)




Rh-Catalyzed C-H Insertion Reaction for the Oxidative
Conversion of Carbamates to Oxazolidinones

1. R=H 3
a
E» 2: R=CONH, 86% yield

CCI;C(O)NCO; MeOH, K,CO,
5 mol% [Rh,(OAc),, PhI(OAC),,
MgO, CH,Cl,, 40 °C, 12 hr

Catalystll  Yield

oo

Product

o]

0.
1 P \g/NHZ HN ’40 B 74
Ph

O__NH HN—/(
2 @U Y E:(l:ro B 776
o]
[}

Entry Substrate

3 MeY\OJ\NHz MGIHN/(o A 83
Me Me
0 H
4 O o~ Q"‘(O A 77
NHz ",_.0
B 79
O H o
SNV SO
2 ‘1’/0
B 84

CH; racemic
Me z o) NH, product
\/(S)\/ \n/
4 O
[Rhy(O:CR}4] _ i
Phi(OAC),, MgO )
o enantiomerically
pure
ey
Me:/\/ ]
Me e
5 10 20 30
t/min —

Figure 1. Cyclization of 4 into 5. Gas chromatograms of the oxazolidinone
5 from racemic (top) and optically pure (bottom) carbamate 4.

Reaction proceeds with retention of configuration,
consistent with nitrene or nitrenoid intermediate.

8]
Oy NH _
Y ? catalyst O/”\NH Ta:7f
o —_— } ; [Rho(OAc)s] 2:1
L, Ph Y
MeOZ%; Ph:\(dzg@z legzc pn  [Rho(tpa)] 126
6 7al78

Rh catalyst is mediating the C-N insertion, a free
carbamoylnitrene is not the active oxidant.



Completion of the Total Synthesis:
Introduction of the Nitrogen and Guanidine Moiety

Me Me ha(HNCOCF3)4 Me Me
oX (10 mol%) 1) NaSePh, X
ko) Phi(OAc), MgO, THF, DMF O
PhH, 0 oC (77%)
-
(77%) 2) m-CPBA,
CsHsN, DCE
55 0C
(92%)
BOCZO, Et3N,
DMAP, THF l
K2COs,
H0, 110 oC THF/MeOH
- -
(95%)

(84% in 2 steps)

HgCl,, EtsN,
MeCN/CH,Cl, 0®
NBoc 03, CH,Cl,/MeOH Ho O
EtS” “NHBoc Me2S g 4 o
(80%) then aq CF;CO,H VNH OH NH OH
(65%) HN® HZN@

1:1
Hinman, A. and DuBois, J. J. Am. Chem. Soc. 2003, 125, 11510



Summary of Du Bois’ Total Synthesis

Oo Rh-catalyzed Me
C-H insertion 0+Me

aldol addition 5 H OTBS
; 6
"o 4 o Me,N 7 O
e
HND W EtS.__NHBoc @9
- 8a OBn

stereospecific NBoc BnO"4a~" g

C-H amination o}

22 Total steps

C6 and C7: chiral starting material
C8: Diastereoselective aldol addition rxn.
C8a and C9: Stereoselective, substrate controlled hydrogenation
C4a: Stereoselective, substrate controlled protonation after conjugate addn.
C5: Stereoselective, subtrated controlled hydride reduction

* Utilized C-H functionalization for key steps, allowing
for a short and concise synthesis
* Very few protecting group manipulation steps (5)

Hinman, A. and DuBois, J. J. Am. Chem. Soc. 2003, 125, 11510



