Zaragozic Acids: Strategy and
Discovery In Total Synthesis

Eric A. Voight
February 28th, 2002



Introduction

Zaragozic Acid A/
Squalestatin S1: o Rlo,// OH Zaragozic Acid C: o

Rl — Me/\'/\'/\)lre{

Me Me Hozl(O:
OAc HOZC

e
3 OAc

R2 = \,fj/\H)\/\Ph ° OH %OZH R? = ?’J/\)\”Ph
Me

R2 M

*In 1991 and 1992, research groups at Merck,! Glaxo,? and Tokyo Noko
University/Mitsubishi Kasei Corporation3 independently reported isolation
of the zaragozic acids (squal estatins).

All but five of the >40 known zaragozic acids (squalestatins) differ only in R! or R?,
containing a common 4,6, 7-trihydroxy-2,8-dioxabicyclo[ 3.2.1] octane-3,4,5-
tricarboxylic acid core.

1) (@) Bergstrom, J.D.; Kurtz, M.M.; et. a. Proc. Natl. Acad. Sci. USA 1993, 90, 80. (b) Hensens, O.D.;
Dufresne, C.; et. a. Tetrahedron Lett. 1993, 34, 399.

2) (a) Dawson, M.J.; Farthing, J.E.; et. al. J. Antibiot. 1992, 45, 639. (b) Sidebottom, P.J.; Highcock, R.M.;
et. a. J. Antibiot. 1992, 45, 648.

3) Hasumi, K.; Tachikawa, K.; et. al. J. Antibiot. 1993, 46, 689.
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*The zaragozic acids are potent and novel cholesterol biosynthesis inhibitorsin that
they act as presqual ene pyrophosphate mimics to inhibit squalene synthase.

*This potential for treatment of hypercholesterolemia combined with promising
antifungal and antitumor activities have led to intense interest in the total
synthesis of the zaragozic acids and simplified analogs.

1) Koert, U. Angew. Chem. Int. Ed. 1995, 34, 773-778.
2) Nadin, A.; Nicolaou, K.C. Angew. Chem. Int. Ed. 1996, 35, 1622-1656.
3) Jotterand, N.; Vogel, P. Curr. Org. Chem. 2001, 5, 637-661.
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Asymmetric Dihydroxylation
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Completion of the Total Synthesis
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Completion of the Total Synthesis
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Total Synthesis Summary
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Armstrong, A.; Barsanti, P.A.; Jones, L.H.; Ahmed, G. J. Org. Chem. 2000, 65, 7020-7032.
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Total Synthesis Summary
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Carreira’s Retrosynthetic Analysis
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Carbonyl Addition
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Chain Extension
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Ketalization/Functionalization
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Carreira, E.M.; Du Bois, J.D. J. Am. Chem. Soc. 1995, 117, 8106-8125.
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Ketalization/Functionalization
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Q MeSO,NH, HO, OH Me
Ph ~ O 4 ~_Ph
- - (DHQD),PHAL - -
OBn O OPiv acetone/t BUOH/H,0 OBn OH O OPiv
32 (1.7:1 dr) 33
1) HCI/MeOH HQ OH .
(85% from32)  TBSQ PV
2) TBSCI, DMAP g F1
Et,N, CH,Cl, Me
(74%) 34 “OTBS

Carreira, E.M.; Du Bois, J.D. J. Am. Chem. Soc. 1995, 117, 8106-8125.



Ketalization/Functionalization

Et
OsO,/NMO  Et HO

MeSO,NH, HO OH Me
» O g ~__Ph
(DHQD),PHAL > :
acetone/t BUOH/H,O OBn OH O  OPiv
(1.7:1 dr) 33
1) HCl/MeOH HQ OH . 1) PivCl, DMAP, DCE (97%)
(85% from32)  TBSO - OPiv 2) Hy, Pd(OH),-C,
» )
2) TBSCI, DMAP . Ph Pd-CaCO3, EtOH (99%)
Et;N, CH,Cl, 3) Swern (96%)
(74%) 34 OTBS

Carreira, E.M.; Du Bois, J.D. J. Am. Chem. Soc. 1995, 117, 8106-8125.



Ketalization/Functionalization

Et
OsO,/NMO  Et HO

1) HCI/MeOH 1) PivCl, DMAP, DCE (97%)
(85% from 32)

2) H,, Pd(OH),-C,

>

2) TBSCI, DMAP Pd-CaCOs, EtOH (99%)
EtsN, CH,CI, Me 3) Swern (96%)
(74%) 34 OTBS

1) TMS———Li

Et,O, MesN (6.1:1 dr)
2) AgNO;,, 2,6-lut.

‘V

(61% overall)

3) DIBALH, CH,Cl,/PhCH,
(84%)

Carreira, E.M.; Du Bois, J.D. J. Am. Chem. Soc. 1995, 117, 8106-8125.

MeSO,NH, ol § Me
» O ‘4 ~
(DHQD),PHAL = =
acetone/t BUOH/H,O OBn OH O  OPiv
(1.7:1 dr) 33

Ph




Completion of the Total Synthesis

HO OH AcO OAC

TBSO H 1) Ac,0, DMAP, CH,Cl, (94%) O Ac
o 2) Hy, Pd-C, pyr \ o oh
O 3 >N 03
S

/i 3) HFepyr, THF/pyr (64% overall) Me
OTBS 4) Dess-Martin, CH,Cl,/pyr (93%) OH - O

Carreira, E.M.; Du Bois, J.D. J. Am. Chem. Soc. 1995, 117, 8106-8125.



Completion of the Total Synthesis

AcQ OAC

1) Acz0, DMAP, CH,Cl, (94%) AC
2) Hy, Pd-C, pyr
) Hz py AN 3 Ph
3) HFepyr, THF/pyr (64% overall) 9 0 Me
4) Dess-Martin, CH,Cly/pyr (93%) OH 37
AcQ OAc
1) 03, CH2C|2/MGOH “ AcC
2) NaClO,, NaH, POy~~~
» t(BuO,C 9) Ph
THF/H,0 tBuO,C O 3
3)iPrHN.__NiPr, CH,Cl> OH COxtBu Me
tBu\f (72% overall) 38

Carreira, E.M.; Du Bois, J.D. J. Am. Chem. Soc. 1995, 117, 8106-8125.



Completion of the Total Synthesis

AcO, OAC

1) Ac,0, DMAP, CH,CI, (94%) 0 Ac
2) H,, Pd-C, pyr \
» . \O 5 Ph
Me 3) HFepyr, THF/pyr (64% overall) 9 Me
OH ~OTBS 4) Dess-Martin, CH,Cl,/pyr (93%) oH O
36 37
1) O, CH,Cl,/MeOH B9, e 1) K,CO4, MeOH (90%)
2) NaClO,, NaH2P04,\)\ 2) Boc,0, CH,Cl,, EtzN
THF/H,0 tBuO,C ) CN@N (82%)
3)iPrHN.__NiPr, CH,Cl, oy CO2tBu Me =
Y (72% overall) 38 (>20:1; 3:1 with DMAP)

tBuO

Carreira, E.M.; Du Bois, J.D. J. Am. Chem. Soc. 1995, 117, 8106-8125.



Completion of the Total Synthesis

AcO, OAC

1) Ac,0, DMAP, CH,Cl, (94%) 0 AcC
2) H,, Pd-C, pyr \
» . \O 5 Ph
Me 3) HFepyr, THF/pyr (64% overall) 9 Me
OH ~OTBS 4) Dess-Martin, CH,Cl,/pyr (93%) oH O
36 37
1) O, CH,Cl,/MeOH AEY, RC 1) K,CO3, MeOH (90%)
2) NaClO,, NaH2P04,\)\ 2) Boc,0, CH,Cl,, EtzN
THF/H,0 tBuO,C O 3 CN—@N (82%)
3)iPrHN__NiPr, CH,Cl, oy CO2tBu Me =
Y (72% overall) 38 (>20:1; 3:1 with DMAP)
tBuO

1) ROH, DCC, DMAP
CH,Cl, (78%)

» HO,C Bh
0 2) TFA, CH,Cl, (100%) HO,C o3
Me co,H Me
oy SORIED R = Ph N A oH O
39 Me Zaragozic Acid C

Carreira, E.M.; Du Bois, J.D. J. Am. Chem. Soc. 1995, 117, 8106-8125.



Total Synthesis Summary

O

i 32 steps
@) >
0
HO 0.73% overall
D-erythronic
y-lactone
O
Me / ¢
HOL0 Ph
) ) HO,C @)
Zaragozic Acid C CO,H Me

OH

Carreira, E.M.; Du Bois, J.D. J. Am. Chem. Soc. 1995, 117, 8106-8125.



Heathcock’s Retrosynthetic Analysis

“ Ac

Me Me
HOC—-0 Ph
Zaragozic Acid A/Squalestatin S1 HOC O Me

o COoH

CIZCeN

1) Stoermer, D.; Caron, S.; Heathcock, C.H. J. Org. Chem. 1996, 61, 9115-9125.
2) Caron, S.; Stoermer, D.; Mapp, A.K.; Heathcock, C.H. J. Org. Chem. 1996, 61, 9126-9134.



Heathcock’s Retrosynthetic Analysis

Me Me A
HO,C Ph
Zaragozic Acid A/Squalestatin S1 HOC O Me
CO,H

OH

Ow
-]
o
-0

HO

OBn
TBDPSO~ 41

1) Stoermer, D.; Caron, S.; Heathcock, C.H. J. Org. Chem. 1996, 61, 9115-9125.
2) Caron, S.; Stoermer, D.; Mapp, A.K.; Heathcock, C.H. J. Org. Chem. 1996, 61, 9126-9134.



Heathcock’s Approach

HO 5 steps Q
HO Q - QBN
HO >
HOO Me (48% overall) O

1) Stoermer, D.; Caron, S.; Heathcock, C.H. J. Org. Chem. 1996, 61, 9115-9125.
2) Caron, S.; Stoermer, D.; Mapp, A.K.; Heathcock, C.H. J. Org. Chem. 1996, 61, 9126-9134.



First Carbonyl Addition

HO

5 steps
HO Q >
HO =
HOOM o (48% overall)
@)
OBn
Ho/1Q

OBn
TBDPSO~ 41

o) 1) Me,(i PrO)SiCH,MgClI, THF
ﬁ% 2) H,O,, MeOH/THF, NaHCO4
.O -
G 3) TBDPSCI, imid, DMF

40 ©Bn (92% overall)

1) Stoermer, D.; Caron, S.; Heathcock, C.H. J. Org. Chem. 1996, 61, 9115-9125.
2) Caron, S.; Stoermer, D.; Mapp, A.K.; Heathcock, C.H. J. Org. Chem. 1996, 61, 9126-9134.



First Carbonyl Addition

HO > S 0 1) Me,(i PrO)SiCH,MgCl, THF
Hoﬁ o ﬁ% 2) H,0,, MeOH/THF, NaHCO4
HO > >
HO 18% overall O 3) TBDPSCI, imid, DMF
Oome (18% ) 40 ©OBn (92% overall)
1) TFA, Ac,O BnG,
2) NaOMe, MeOH TBDPSO
OBn -
HO 3) acetone, PTSA
4) PCC, m.s., CH,CI,
+appso- 41 OBN (77% overall) 7L

1) Stoermer, D.; Caron, S.; Heathcock, C.H. J. Org. Chem. 1996, 61, 9115-9125.
2) Caron, S.; Stoermer, D.; Mapp, A.K.; Heathcock, C.H. J. Org. Chem. 1996, 61, 9126-9134.



Second Carbonyl Addition

BnQ, OBn BnQ OBn

TBDPSO 1) H,C=CHCH,CH,CeCl,, THF TBDPSO \&/\/
- _
2) HCI, THF/H,O (74% overall) TSN
7/\0 42 43

1) Stoermer, D.; Caron, S.; Heathcock, C.H. J. Org. Chem. 1996, 61, 9115-9125.
2) Caron, S.; Stoermer, D.; Mapp, A.K.; Heathcock, C.H. J. Org. Chem. 1996, 61, 9126-9134.



Second Carbonyl Addition

BnO OBn BI’]Q OBnN

UEBEEY 1) H,C=CHCH,CH,CeCl,, THF TBDPSO\&/\/
O = =
5 2) HCI, THF/H,O (74% overall) HOX 9]
7&0 42 43

1) DMSO, TFAA, BnQ  OBn
EtsN, CH,Cl, TBDPSQ

////

2) t BuLi; CH,O, THF
(49% overall + 32% 43) o)

1) Stoermer, D.; Caron, S.; Heathcock, C.H. J. Org. Chem. 1996, 61, 9115-9125.
2) Caron, S.; Stoermer, D.; Mapp, A.K.; Heathcock, C.H. J. Org. Chem. 1996, 61, 9126-9134.



Second Carbonyl Addition

BnO  OBn BnQ OBn
TBDPSO \ 1) H,C=CHCH,CH,CeCl,, THF TBDPSO \&/\/
L ) /
o~ © 2) HCI, THF/H,O (74% overall) HON 25
7Lo 42 43
1) DMSO, TFAA, Eley OBn 1) TBSCI, imid, DMF
Et,N, CH,Cl, TBDPSO 2) H,C=CHMgBr, CeCl,

)

'

3) TBAF, THF

2) t BuLi; CH,O, THF
(86% overall)

(49% overall + 32% 43) o

BnQ OBn
TBDPSO

1) Stoermer, D.; Caron, S.; Heathcock, C.H. J. Org. Chem. 1996, 61, 9115-9125.
2) Caron, S.; Stoermer, D.; Mapp, A.K.; Heathcock, C.H. J. Org. Chem. 1996, 61, 9126-9134.



Completion of the Total Synthesis

BnQ OBn HQ OH
TBDPSO 12 steps /
> _  tBuO.C

>

OMe

tBuO,C )
0 OMe
HO - (12% overall) HO CO,tBu
O Compound
Me/\l/\l/\)J\O/
10 steps Me /
—_—
_>>

(27% overall)

Zaragozic Acid A/Squalestatin S1

1) Stoermer, D.; Caron, S.; Heathcock, C.H. J. Org. Chem. 1996, 61, 9115-9125.
2) Caron, S.; Stoermer, D.; Mapp, A.K.; Heathcock, C.H. J. Org. Chem. 1996, 61, 9126-9134.



Total Synthesis Summary

HO
HO% 41 steps
HO -
HO 0.34% overall

OMe
O
IV'eAI/\I/\)LQ & OAcC
Me Me 1
Zaragozic Acid A/Squalestatin S1 HO,C O Me
oy CO2H

1) Stoermer, D.; Caron, S.; Heathcock, C.H. J. Org. Chem. 1996, 61, 9115-9125.
2) Caron, S.; Stoermer, D.; Mapp, A.K.; Heathcock, C.H. J. Org. Chem. 1996, 61, 9126-9134.



Outline

o Dihydroxylation Strategy
o Carbonyl Addition Strategy
o Tartrate-Derived Aldol Strategy

» Evans
» Hoshimoto

e Acetal [1,2] Wittig Rearrangement Strategy



Evans’ Retrosynthetic Analysis

z “ 7 AcC
Me 10 5 1
ARHE O 4' Ph
HO,C—~ X0
Zaragozic Acid C 9 CO5H Me

OH 3

PMB

Ph
Me

Evans, D.A.; Barrow, J.C.; Leighton, J.L.; Robichaud, A.J.; Sefkow, M. J. Am. Chem. Soc. 1994, 116,
12111-12112.



Evans’ Retrosynthetic Analysis

- // 7 AC
Me 10
5 1
HOC X0 4 Ph
. . HOZC 3 @)
Zaragozic Acid C 9 CO,H Me

Ph \ tBUO,C | PMB

Me

Evans, D.A.; Barrow, J.C.; Leighton, J.L.; Robichaud, A.J.; Sefkow, M. J. Am. Chem. Soc. 1994, 116,
12111-12112.



Evans’ Retrosynthetic Analysis

- // 7 AC
Me 10
5 1
19,7 X0 4 Ph
. . HOZC 3 @)
Zaragozic Acid C 9 CO,H Me

Ph \ tBUO,C | PMB

Me

Evans, D.A.; Barrow, J.C.; Leighton, J.L.; Robichaud, A.J.; Sefkow, M. J. Am. Chem. Soc. 1994, 116,
12111-12112.



Evans’ Retrosynthetic Analysis

OBn

H A X>_-Ph

O OTBS

Evans, D.A.; Barrow, J.C.; Leighton, J.L.; Robichaud, A.J.; Sefkow, M. J. Am. Chem. Soc. 1994, 116,
12111-12112.



Tartrate-Derived Aldol

1) Bu,BOTHf, Et3N, CH,Cl;
Me jv PhCH=CHCHO (96%) TBS
OBn >
N 7
= 2) TBSOTH, 2,6-lut., CH,Cl, H Ph
0 g 3) LiBH4, MeOH/THF OBN
0]
47 4) Swern (92% overall) A8

Evans, D.A.; Barrow, J.C.; Leighton, J.L.; Robichaud, A.J.; Sefkow, M. J. Am. Chem. Soc. 1994, 116,
12111-12112.



Tartrate-Derived Aldol

1) Bu,BOTHf, Et3N, CH,Cl,
Me PhCH=CHCHO (96%) TBS
. OBn -
P /& 2) TBSOTf, 2,6-lut., CH,Cl, H = Ph
0 g 3) LiBH,, MeOH/THF OBnN
0
47 4) Swern (92% overall) A8
CO,tBU 1) I:><0Me, PTSA, ,, ~COstBu

oMe PhH (85%) [::><
i o0 X _-OtBu

HO™ “co By 2) LIHMDS, TMSCI, THF (97%)
49 50 TMSO

Evans, D.A.; Barrow, J.C.; Leighton, J.L.; Robichaud, A.J.; Sefkow, M. J. Am. Chem. Soc. 1994, 116,
12111-12112.



Tartrate-Derived Aldol

1) Bu,BOTf, EtsN, CH,Cl,
Me LOB” PhCH=CHCHO (96%) O TBS
N >
P /& 2) TBSOTTf, 2,6-lut., CH.Cl, H 7 Ph
O o 3) LiBH4, MeOH/THF OBn
V)
47 4) Swern (92% overall) 48
(iPrO)TiCls,

+ >

CH,Cl, (76%)

copteu D[ )<OMe, PTSA, o ACO2BU

OMe PhH (85%) E><’
B O \\_-OtBu

HOI
HO CO,tBU 2) LIHMDS, TMSCI, THF (97%)
49 50 TMSO

OztBU
Olul C-)Bn
- Ph
PN NN

tBuO2C 51 oT1BS
51

Evans, D.A.; Barrow, J.C.; Leighton, J.L.; Robichaud, A.J.; Sefkow, M. J. Am. Chem. Soc. 1994, 116,
12111-12112.



Tartrate-Derived Aldol

Me O 1) Bu,BOTf, Et3N, CH,Cl,
= 0
N J__oen PRCH=CHCHO (96%) o OTBS
P 2) TBSOTY, 2,6-lut, CH,Cl, W o
0™ ™o 3) LiBH4, MeOH/THF I
47 4) Swern (92% overall) 48
(iPrO)TiCls,
+ )
CHCl, (76%)
CO,tBu 1)E><0M6,PTSA, oy

OMe PhH (85%) E><’
»
O X\ _-OtBu

HO:I:
HO™ Nco,tBu  2) LIHMDS, TMSCI, THF (97%)
49 50 TMSO

COztBU

o O8N 1) Dess-Martin, CH>Cl, (94%)
o0~ - X Ph g

= 2) H,C=CHMgB,
B 2
(BUOC 61 oTBS CH.Clo/THF (76%)

51

Evans, D.A.; Barrow, J.C.; Leighton, J.L.; Robichaud, A.J.; Sefkow, M. J. Am. Chem. Soc. 1994, 116,
12111-12112.



Tartrate-Derived Aldol

Evans, D.A.; Barrow, J.C.; Leighton, J.L.; Robichaud, A.J.; Sefkow, M. J. Am. Chem. Soc. 1994, 116,
12111-12112.



Tartrate-Derived Aldol

M
tBUOzc 0
o TBSO OBn
@
tBuOﬁ_NIS Ph/ yH Nu
50 48
E+
v \
tBUOC o, By TBSO, HQ_OBN
’O»O / @
Nu
\ﬂ;O F/H H
E Ph

Evans, D.A.; Barrow, J.C.; Leighton, J.L.; Robichaud, A.J.; Sefkow, M. J. Am. Chem. Soc. 1994, 116,
12111-12112.



Tartrate-Derived Aldol

M
UOZ . .
@ TBSQ, <%iBn (iPrO)TiCls,
o)
. HH Ny CHaClo (76%)
OTMS
OztBU
E+ Olll C-)Bn
Y Y O< = : X Ph
tBUO,C =,
tBUOZCCOZtBU TBSQ, HO oBn 2~ OH OTBS
/OQ — #@Nu — 51
o H T
E Ph

Evans, D.A.; Barrow, J.C.; Leighton, J.L.; Robichaud, A.J.; Sefkow, M. J. Am. Chem. Soc. 1994, 116,
12111-12112.



Tartrate-Derived Aldol

M
tBUOzC 0 ] _
@ TBSO, dbign (iPrO)TiCls,
tBuO HH ‘NUu CH2C|2(76%)
OTMS 48
OztBU
E+ OII| Cz)Bn
| LS o
tBuO,C ~,, -
t BUO2C i, TBSO 0Bn 2~ OH OTBS
’O§© — 51
@)
E

850, T B, 5;?

Evans, D.A.; Barrow, J.C.; Leighton, J.L.; Robichaud, A.J.; Sefkow, M. J. Am. Chem. Soc. 1994, 116,
12111-12112.




Functionalization

1) 0sO,, NMO,
t BUOH/THF/H, O

2) Pb(OAc),, PhH
3) TPAP, NMO, m.s.
CH,CI, (84% overall) CO,tBu

Evans, D.A.; Barrow, J.C.; Leighton, J.L.; Robichaud, A.J.; Sefkow, M. J. Am. Chem. Soc. 1994, 116,
12111-12112.



Functionalization

1) 0sO,, NMO,
t BUOH/THF/H, O

2) Pb(OAc),, PhH
3) TPAP, NMO, m.s.
CH,CI, (84% overall) CO,tBu

1) O3, pyr, CH,Cl,; Me,S
2) NaClO,, NaH,PO4,~.~_, CH,Cl,

3)iPrHNYNiPr, CH,Cl, (91% overall)

t BuO

Evans, D.A.; Barrow, J.C.; Leighton, J.L.; Robichaud, A.J.; Sefkow, M. J. Am. Chem. Soc. 1994, 116,
12111-12112.



Functionalization

1) 0sO,, NMO,
t BUOH/THF/H, O

2) Pb(OAc),, PhH
3) TPAP, NMO, m.s.
CH,CI, (84% overall) CO,tBu

1) Os, pyr, CH,Cl,; Me,S
2) NaClO,, NaH,PO4,~.~_, CH,Cl,

3)iPrHN\|¢NiPr, CH,Cl, (91% overall)

t BuO

1) t BuLi,QPMB hexane/Et,O
| g Ph(73%)
Me

2) DDQ, CH,Cl,/H,O
3) Ac,0, DMAP, pyr/PhH
(90% overall)

Evans, D.A.; Barrow, J.C.; Leighton, J.L.; Robichaud, A.J.; Sefkow, M. J. Am. Chem. Soc. 1994, 116,
12111-12112.



Completion of the Total Synthesis

1) CH,CL/TFA/H,O

-

Ph 2)iPrHN.__NiPr , CH,Cl,
tBu\f(SZ% overall)

Bn OTBS
O’o AcC
tBUOZC ®) Ph
tBuO,C @)
Me
OH CO,tBu
56

Evans, D.A.; Barrow, J.C.; Leighton, J.L.; Robichaud, A.J.; Sefkow, M. J. Am. Chem. Soc. 1994, 116,
12111-12112.



Completion of the Total Synthesis

1) CH,Cl,/TFA/H,O

-

Ph 2)iPrHN.__NiPr , CH,ClI,
\((52% overall)

1) H,, Pd/C, AcOH/ MeOH (96%)
2) ROH, DCC, DMAP, CH,Cl, (82%)

3) TBAF, THF (99%)

4) TFA, CH,CI, (99%)
= Ph N fj

Zaragozic Acid C

Evans, D.A.; Barrow, J.C.; Leighton, J.L.; Robichaud, A.J.; Sefkow, M. J. Am. Chem. Soc. 1994, 116,
12111-12112.



Total Synthesis Summary

Me O
NJVOBn 22 steps

Ph O/& 10% overall
O
47
@
Ph/vW\)LQ OH
N OAcC
Me
HO,C 0 Ph
: : HO,C O
Zaragozic Acid C OH CO,H Me

Evans, D.A.; Barrow, J.C.; Leighton, J.L.; Robichaud, A.J.; Sefkow, M. J. Am. Chem. Soc. 1994, 116,
12111-12112.



Hashimoto’s Tartrate-Derived Aldol

8 step»s . OBn
D-tartaric acid >
> 0—X_-O0TMS

57 MeS

Sn(OTf),, EtCN

+ Et g
Et (83%, 1.6:1 dr @ C5)
10 steps QJ(
. 0

L-tartaric acid X . EtO,C
- \’_(\(
58 ©

OMEM

59

Sato, H.; Nakamura, S.; Watanabe, N.; Hashimoto, S. Synlett 1997, 451-454.



Hashimoto’s Tartrate-Derived Aldol

8 step»s ", OBN
D-tartaric acid >
> 0—X_-O0TMS

57 MeS

Sn(OTf),, EtCN

) =

Et (83%, 1.6:1 dr @ C5)
o%

10 steps
L-tartaric acid ——— EtOZC\ﬂ/\(
58 © OMEM
9 steps
_—_—

>

(49% overall)

59

Sato, H.; Nakamura, S.; Watanabe, N.; Hashimoto, S. Synlett 1997, 451-454.



Chain Extension/Ketalization

t Me t
CO,MeT" Et . : CO,MeT  Et
Ou, /2 1) nBulLi, THE Ph O, 2
N ULk I =
0 0 OBn . 0= 0 Bn
Meo%g: S - 2) Dess-Martin, CH,Cl, Meo%)f:
EtO,C oTMs ™SO0 (79% overall) EtO,C 5 Ph
3) H,, Pd/C, EtOAc (87%
60 ) 2 / ' C ( 0) p= TMS 61 Me

Sato, H.; Nakamura, S.; Watanabe, N.; Hashimoto, S. Synlett 1997, 451-454.



Chain Extension/Ketalization

@) OBn

t Me t
COZMe Et ) = COZMe Et
' \Qi 1) nBuli, THWPh ><Ow/ o
> @)

O -z - Bn
MeO,C 3 - 2) Dess-Martin, CH,Cl, MeO,C 3
Et%)zc OTMS ~O (79% overall) Et%)zC & Ph
3) H,, Pd/C, EtOAc (87%
60 ) 2 / ' C ( 0) p= TMS 61 Me
HO, OH -
TFA/H,0 ’ n
> EtO,C
Ph
(68%) MeO,C 0 e

OH CO,Me 62

Sato, H.; Nakamura, S.; Watanabe, N.; Hashimoto, S. Synlett 1997, 451-454.



Chain Extension/Ketalization

OBn

2) Dess-Martin, CH,Cl,
(79% overall)
3) H,, Pd/C, EtOAc (87%)

Zaragozic Acid C

Sato, H.; Nakamura, S.; Watanabe, N.; Hashimoto, S. Synlett 1997, 451-454.



Total Synthesis Summary

HO,C

4

IOH 32 steps
HO.C OH ~1% overall
2

L-tartaric acid

PhW\/\/\)LQ OH
- OAcC
Me
HO,C @) Ph
_ _ HO,C O
Zaragozic Acid C CO,H Me

OH

Sato, H.; Nakamura, S.; Watanabe, N.; Hashimoto, S. Synlett 1997, 451-454.



Outline

o Dihydroxylation Strategy

o Carbonyl Addition Strategy

o Tartrate-Derived Aldol Strategy

o Acetal [1,2] Wittig Rearrangement
Strategy
» Tomooka



Tomooka’s Retrosynthetic Analysis

OPMB

Ph

Tomooka, K.; Kikuchi, M.; Igawa, K.; Suzuki, M.; Keong, P.-H.; Nadai, T. Angew. Chem. Int. Ed.
2000, 39, 4502-4505.



Tomooka’s Retrosynthetic Analysis

O

Me/\l/Y\)J\Q OH
“, OAcC

Me Me 10 5/

1
o %9 | Sco,H Me
Zaragozic Acid A/Squalestatin S1 =~ OH 38
OBn TBSQ OTBS
tBuO,C OPMB
4 I
——— O( ™0 O ~+ \/\”)\l/\Ph
0O CO,tBu
TBDPS CO,tBu

TMS TBSQ OTBS

N
E O =~ _ .~ /OBn

-0

/-

TBDPS
Tomooka, K.; Kikuchi, M.; Igawa, K.; Suzuki, M.; Keong, P.-H.; Nadai, T. Angew. Chem. Int. Ed.
2000, 39, 4502-4505.



Tomooka’s Retrosynthetic Analysis

OPMB

Ph

TMS TBSQ OTBS

AN __d OBn TBSQ  OTBS
o i
/OBn

EO —
/- 0o
TBDPS

Tomooka, K.; Kikuchi, M.; Igawa, K.; Suzuki, M.; Keong, P.-H.; Nadai, T. Angew. Chem. Int. Ed.
2000, 39, 4502-4505.



Zaragozic Acid A Total Synthesis

HQ  OH TBSQ  OTBS

5 steps o
N
HO iy > ®) i Et,O (75%)

O O
L-arabinose 63

Tomooka, K.; Kikuchi, M.; Igawa, K.; Suzuki, M.; Keong, P.-H.; Nadai, T. Angew. Chem. Int. Ed.
2000, 39, 4502-4505.



Zaragozic Acid A Total Synthesis

HjUOH 5 steps TBSEUOTBS L
OH >>> OBn I |
HO™ Ny "7 0Ny " Et,0 (75%)
L-arabinose 63
o

TBSO OTBS

4
T™MS TBDPS

montmorillonite
K10, m.s., CH2C|2
(55%)

TBDPS

Tomooka, K.; Kikuchi, M.; Igawa, K.; Suzuki, M.; Keong, P.-H.; Nadai, T. Angew. Chem. Int. Ed.

2000, 39, 4502-4505.



Zaragozic Acid A Total Synthesis

TBSQ ~ OTBS TBSQ ~ OTBS
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Tomooka, K.; Kikuchi, M.; Igawa, K.; Suzuki, M.; Keong, P.-H.; Nadai, T. Angew. Chem. Int. Ed.
2000, 39, 4502-4505.



Zaragozic Acid A Total Synthesis
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Tomooka, K.; Kikuchi, M.; Igawa, K.; Suzuki, M.; Keong, P.-H.; Nadai, T. Angew. Chem. Int. Ed.
2000, 39, 4502-4505.



Zaragozic Acid A Total Synthesis

1) Red-Al, Et,O (83%)
2) O3, MeOH: DMS

3) H,C=CHMgBr, PhCHjs
(49% overall)

TBDPS 66

Tomooka, K.; Kikuchi, M.; Igawa, K.; Suzuki, M.; Keong, P.-H.; Nadai, T. Angew. Chem. Int. Ed.
2000, 39, 4502-4505.



Zaragozic Acid A Total Synthesis

1) Red-Al, Et,O (83%)
2) O3, MeOH: DMS

3) H,C=CHMgBr, PhCHjs
(49% overall)

TBDPS 66

16 steps
)

S

(19% overall)

Tomooka, K.; Kikuchi, M.; Igawa, K.; Suzuki, M.; Keong, P.-H.; Nadai, T. Angew. Chem. Int. Ed.
2000, 39, 4502-4505.



Zaragozic Acid A Total Synthesis

1) Red-Al, Et,O (83%)
2) O3, MeOH; DMS

3) H,C=CHMgBr, PhCH,
(49% overall)

Me Me
HO,C
HO,C

Me
OH CO,H

Zaragozic Acid A/Squalestatin S1

Tomooka, K.; Kikuchi, M.; Igawa, K.; Suzuki, M.; Keong, P.-H.; Nadai, T. Angew. Chem. Int. Ed.
2000, 39, 4502-4505.



Total Synthesis Summary

HQ  OH

36 steps
. OH »
HO" g o ~0.3% overall

L-arabinose

Zaragozic Acid A/Squalestatin S1

Tomooka, K.; Kikuchi, M.; Igawa, K.; Suzuki, M.; Keong, P.-H.; Nadai, T. Angew. Chem. Int. Ed.
2000, 39, 4502-4505.



Summary of Total Syntheses

'« Dihydroxylation Strategy
» Nicolaou (35 steps, 0.003%)
» Anderson (23 steps, 0.21%)

o Carbonyl Addition Strategy
» Carreira (32 steps, 0.73%)
» Heathcock (41 steps, 0.34%)

o Tartrate-Derived Aldol Strategy
» Evans (22 steps, 10%)
» Hashimoto (32 steps, ~0.1%)

o Acetal [1,2] Wittig Rearrangement Strategy
» Tomooka (36 steps, ~0.3%)



Conclusions

o Several distinct synthetic strategies have provided
access to the densely oxygenated Zaragozic Acid
natural products.

e Only the syntheses of Evans, Heathcock, and
Tomooka produced each new stereocenter with high
selectivity.

o Evans’ total synthesis of Zaragozic Acid C has proved
the most efficient to date (22 steps, 10% overall yield).
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