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Laulimalide: Potent Anti-Tumor Agent

(-)-Laulimalide

isolaulimalide

* First isolated in 1988 from Spongia mycofijiensis

e Structure initially determined by NMR

» X-ray confirmation of absolute configuration in 1996
* IC,, = 10-50 uM in several lines of cancer cells

* Active against multi-drug resistant cell line

* Promotes tubulin polymerization

Quinoa, E.; Kakou, Y.; Crews, P. J. J. Org. Chemn. 1988, 53, 3642
Jefford, C.; Bernardinelli, G.; Tanaka, J.; Higa, T. Tetrahedron Lett. 1996, 37, 159.
Mooberry, S. et. Al. Cancer Res. 1999, 59, 653.



Ghosh: Retrosynthesis

Julia olefination

(-)-Laulimalide

Ghosh, A.; Wang, Y. J. Am. Chem. Soc. 2000, 122, 11027



Ghosh: C,-C,, Fragment

_ 1) MsC, Et;N ) 1) DIBAL - OH
: 0 z o :
Ph_O_A_OH _ 2)NaCN, DMSO, 60°C Ph O ALCN 2~ _B[()-lpcl, Ph\/O\/\/I\/\
95 % -100°C
70 % cl
96:4dr /\ﬂ/
o)
EtN
76 %
y
BnO 1) DIBAL; CSA, EtOH o
R  C5A, Cla(PCya)sRu=ChPh ] O)J\/
2) K-10 BnO ) — Bno A~
SSSDTBS 4

72 %
3) NaBH,4, MeOH
4) TBSCI, inidazole

40 %, 4 steps

Ghosh, A.;Wang, Y. J. Am. Chem. Soc, 2000, 122, 11027
Ghosh, A.; Wang, Y. Tetrahedron Lett 2000, 41, 2319



1) Li, NH3
2) I, PPhg, imidazole

96 %

Red-Al

1) MOMCI, DIPEA

1) PhCOCI, Et3N, DMAP
2) DDQ

2) Na(Hg), Na;HPO,

HO

OTBS 3) DMSO, (COCl), 72 %, 3 steps
DIPEA oTBS

69 %, 3 steps OPMB

Ghosh, A.; Wang, Y. J. Am. Chem. Soc. 2000, 122, 11027
Ghosh, A.; Wang, Y. Tetrahedron Lett. 2000, 471, 2319



Ghosh: C,,-C,, Fragment

o CuCN KH, 18-crown-6 o
THPO™ ™ ~  THPO OH - THPO A
H Bng{ ANABr
: quant.
PhSO,CHjg, "BuLli, .
HMPA, -789C 94 %
94 1) Cla(PCy3),Ru=CHPh
2) CSA, MeOH
81 %
PhOZS\/Y\OTHP
OH H 1)DMSO, (COCI), H g
Br— NG o 2) CBry, PPhy HO =
1) NaH, PMBCI - P
2) CSA, MeOH Br Z 67 %
3) DMSO, (COCl),
77 %
0

s

Ghosh, A.; Wang, Y. J. Am. Chem. Soc. 2000, 122, 11027
Ghosh, A.; Wang, Y. Tetrahedron Lett. 2000, 41, 4705



Ghosh: C,,-C,, Fragment Cont.

d O
Br— Q "BuLi, -78°C
B s PhOzs\/\|)J\H -
oq 64 %
@Mg 18:14dr
MeO

1) Dess-Martin [O]
2) L-Selectride -78°C

70 %, 2 steps
1) Red-Al

2) CF3CO,H

3) CSA, OMe

MeO

58 %, 3 steps

Ghosh, A.; Wang, Y. J. Am. Chem. Soc. 2000, 122, 11027
Ghosh, A.; Wang, Y. Tetrahedron Lett. 2000, 41, 4705




Ghosh: Completion

H 1)"BuLi -78°C
OMOM 2) Ac,0, EtzN, DMAP

OTBS  3) Na(Hg), NayHPO,, MeOH
34 %, 3 steps

1) (CF3CH,0),P(0)CH,COoH
Cl3CgH,COC!. DIPEA, DMAP
2) AcOH, H,0
99 %

1) Dess-Martin [O]
2) KoCOg, 18-crown-6

68 %

/OCHZCFS
2:1 trans: cis R= (\ ﬁ\OCHQCF;;
O O

hv, Et,O

1) PPTS, BuOH
2) (+)-DET, 'BuOOH
Ti{OPr),

30 steps longest linear
47 total steps

0.2% yield

2 chiral reagents 84 % 111 gs: trans
3 chiral pool materials

3) DDQ
14 %

Ghosh, A.; Wang, Y. J. Am. Chem. Soc. 2000, 122, 11027



Paterson: Retrosynthesis

Mitsunobu

Horner-Wadsworth
Emmons

OTBDPS OPMB

Paterson, I.; De Savi, C.; Tudge, M. Org. Lett. 2001, 3, 3149



Paterson: C,,-C,, Fragment

(-)-Laulimalide

|
‘\\N\C r/o
TBSO OMe [:[ jmo/ Cli

H 4 AMS
1%, >97:3 er

1)EtsSiH, BF3 OEt,
2)HCI, MeOH

72 %

v T

(COCI),

DMSO, EtzN Z

Paterson, .; De Savi, C.; Tudge, M. Org. Lett. 2001, 3, 3149



Paterson: C,.-C,, Fragment

1) TBSCI, imidazole .
OH  2) PMBOC(=NH)CCl, oTBs 1) Dess-Martin [O] OTBS

Meozc/\) TIOH (\) - Meo\n/\/\)

A

- 2) (MeO),P(0O)CH,CO,Me :
3) LiAlH, OH OPMB /-Przl;lEt, LiCl, MeCN e} OPMB
85 % 3 steps 81 % 2 steps

OIII
I

1) DIBAL
2) TBDPSCI, imidazole
3) p- TsOH, EtOH

75 % 3 steps

1) Swern
9 2) MeMgCl OH
N g 43) Swern AN -
OTBDPS OPMB 62 % OTBDPS OPMB

Paterson, I.; De Savi, C.; Tudge, M. Org. Lett. 2001, 3, 3149



Paterson: C,;-C,, Fragment

O

X

OTBDPS OPMB

1) (c-Hex),BCl, EtzN -78°C ; H,O,

2) MeCl, Et3N
87 % 2 steps

—_—

Zn(BH,),, -40°C
100 %, >98:2 dr

1) TBSOTI, 2,6-lutidine
2)TBAF, AcOH

H

A S =
3)Dess-Martin [O] OTBDPS OPMB
74 %, 3 steps

Paterson, I.; De Savi, C.; Tudge, M. Org. Lett. 2001, 3, 3149



Paterson: C,-C,, Fragment

(-)-Laulimalide

(CF3Chy0),P(0)CHaCooMe

H
18-¢6, KHMDS, -78°C 1) KoCOj3, MeOH 3 Os_OMe

2) Dess-Martin [O]

92 %, 10:1 ZE 75 % 2 steps

(MeO),P(0)CH,C(O)Me
DBU, LiCl, MeCN

91 %

Me,Zn, Ni(acac),

99 %, 62:38 dr

Paterson, |.; De Savi, C.; Tudge, M. Org. Lett. 2001, 3, 3149



Paterson: Macrocycle

(+)-'ngBC|, EtsN
-780C; H,0,

86 % 81:19 dr

TBSOTY, 2,6-lutidine
-78%¢C
88%

OTBS

1)DIBAL, -78°C
2) Dess-Martin [O]

3) NaC|02, NagHPO4
Me>C=CHMe, t-BuOH
4) DDQ
61 %, 4 steps

DEAD, PPhg
68 %

OTBS

1) Zn, Pbly, CHals, TiCiy -10°C
2) HF, pyr

77 %, 2 steps

3:1dr

Paterson, |.; De Savi, C.; Tudge, M. Org. Lett. 2001, 3, 3149



Paterson: Completion

(+)- DIPT, Ti(Oi-Pr),
TBHP, -27°C

73 %

(-)-Laulimalide

» 27 steps longest linear
* 36 total steps

* 2.9% yield

* 3 chiral reagents

e 2 chiral pool materials

Paterson, |.; De Savi, C.; Tudge, M. Org. Lett. 2001, 3, 3149



Mulzer: Retrosynthesis

allyl transfer

StiII-Gennari/

coupling

Horner-Wadsworth-Emmons

OMOM

x 6.0 O
F3CH,CO. T

FsCH,CO-R
o)

o cro oH COE
+ \\‘\\
o >l __opums 5
HO,C

Enev, V.; Kaehlig, H.; Mulzer, J. J. Am. Chem. Soc. 2001, 123, 10764



Mulzer: C,-C,, Fragment

CO,E CONMe;

A
A
AN

COE COEt 1) Dess-Martin [O] " T)EwLNA BoH

. BH3 MGQS Ho EIO OII,
ot ‘\\\\ ", 2 T OH,
99 % ’ j 2) (-)-IpcgB-allyi ) Ts )/

o EtO._OFEt
HOC 84 % | J/ |
>z

90 %
Grubb's Ru
87 %
CONMe,
GONMe; CONMe,
) 1) NaBH, ~*  TBSOCH=CH,
TESO O o o \
VU 2)TESCI, pyridine LiCIO EtO.,_ O
91 % 4 2
N H A 92 % U
NN
1) MeLi, -75°C
2) KHMDS,
PhNTf,
72%
oTf
1)Pd(PPhg),, LiCl TMS
TMSCH,MgBr

2) K,CO4

TESO (ONGRE o) o
\/\Ej 3) Dess-Martin [O] m
™ 85 % H ™

Enev, V.; Kaehlig, H.; Mulzer, J. J. Am. Chem. Soc. 2001, 123, 10764



Mulzer: C,;~-C,, Fragment

1) TBDPSCI, imidazole

Y —— 0
EtO,C——H 2) DIBAL, -78°C
DA opue ng E BF3 Et,0 PMBO/\E:\CO Ho/\Z/\/OTHP
.7 t O Et . =
-75;J°CI o 2 8) dihydropyran, TsOH OTBDPS
100 % 4) DDQ

85 %, 4 steps
1) SOg, pyridine, TEA
2) NaClO,, KHaPO4

3) CHoN,
O,
§ 0 MeP(O)(OMe), . 80 %
Meo~P S MBuLi, -78°C
MeO - X OTHP oo «
OTBDPS : N oTHP
91 % OTBDPS
80 %
NaBH4, CeCI3
MeOH
67 %
1) MOMCI, DIPEA H ?MOM
2) HCI, MeOH
3) Red-Al

76 %, 3 steps

Dorling, K.; Ohler, E.; Mulzer, J. Tetrahedron Lett. 2000, 41, 6323



Mulzer: Macrocyclization

1) Dess-Martin [O]
2) (R,R)-2,4-pentanediol,
montmorillonite K-10

MOM
w9

3) TBAF
4) (CF3CH,0),P(0)CH,COCI

-78°C

O O
F3sCH5CO. T
F3CHQCO’
76 %, 4 steps

KHMDS, -78°C

T™S
EtAICI,
- ™S
-50°C
82 % N
\ O \‘\\‘
H x

Enev, V.; Kaehlig, H.; Mulzer, J. J. Am. Chem. Soc. 2001, 123, 10764
Mulzer, J.; Ohler, E.; Enev, V.; Hanbauer, M. Adv. Synth. Catal. 2002, 344, 573



Mulzer: Completion

OMOM OMOM
0 X = 1) Dess-Martin [O] o 2
z z 2) TsOH

72 %

Me,BBr
-78°C
96 %

(+)DIPT, BuOOH
Ti(OPr)4

-20°C

70 %, (30 % recoverd SM)

19 steps longest linear
39 total steps

21% yield

2 chiral reagents

3 chiral pool materials

Enev, V; Kaehlig, H.; Mulzer, J. J. Am. Chem. Soc. 2001, 123, 10764
Mulzer, J.; Ohler, E. Angew. Chem. Int. Ed. 2001, 40, 3842



Nelson: Retrosynthesis

aldol
Bu00 OTBS
H H
R I O\ _~_H
‘\\\\ /> + =
/ N OPMB O
Yamaguchi S\2' stannane . .
macrolactonization ag dition grignard addition
0)
j\/ RCHO \]\—OK Nu O OH
R' E——
Br Al(I) R Nu R

Nelson, S.; Cheung, W.; Kassick, A.; Hilifiker, M. J. Am. Chem. Soc. 2002, 124, 13654



Nelson: Catalytic AAC

. Bn .
IP ’, | 1
r,, N Pr
N—AI—N.
‘ l Tf 0] .
o M Me 0 RCHO 0 Nu: O OH
Rl
Br/u\/ DIEA -50°C /& \ R N”)J\I/LR
H R @ R
R R' yield, % er cis:trans
BnOCH, H 91 96:4 —
C1 0H21 H 91 95:5 _—
BnOH,C—— H 86 96: 4 —
BnOCH, Me 78 97:3 88:12
Me——— Me 90 95:5 99:1
4-(NO,)CgH4 Me 90 99: 1 99:1

Nelson, S.; Peelen, T.; Wan, Z. J. Am. Chem. Soc. 1999, 121, 9742
Nelson, S.; Wan, Z. Org. Lett. 2000, 2, 1883.



, B
'Pr., i P
r,, N r
N—AI—N. 1)MeLAICI
4 [ 2 O OTBDPS
o Tf Me Tt 0, (MeO)MeNH,C! H DIBAL 0] (:)TBDPS
L 9 MEON" e ‘
Br MeCHO, DIEA \jo 2)TBDPSCLimidazole o 94% N Me
-78°C 77 % i Bn |
P’/ | !
92 %, >99:1 er f SN Pr
N—AI—N.
T Me T
MeCHOBr, DIEA
-50°C 86 %, 97:3 dr
¥
Q 1) BH3 SMes
y )Mi/?\TBDPS AT O Me OTBDPS  MeMgdr,Cubr N o oraDPS
Me 3 ~ :
)‘Pru,, En pr MO Me — 80% " Me
N—AI—N.
Tt Me
MeCHOBr, DIEA
-500C
77 %, 92:8 dr

Nelson, S.; Cheung, W.; Kassick, A.; Hilifiker, M. J. Am. Chem. Soc. 2002, 124, 13654



Nelson:C,-C,, Fragment

O OTBDPS
N, _Li

N .«Me
H
o} H’/J\ o} 1) NaBH,4, CeClg

\tjo Me OTBDPS ' - .
A A then Am-15 2) Ac,0, EtsN, DMAP

Me 0 3) BuyNF
657C 0 4) PDC
62 % 81 %
1BUO,C
"Bu,Sn
BusSnOTf
80 %

Nelson, S.; Cheung, W_; Kassick, A.; Hilifiker, M. J. Am. Chem. Soc. 2002, 124, 13654
Zipp, G.; Hilifiker, M.; Nelson, S. Org. Lett. 2002, 4, 1823



Nelson:C,;-C,, Fragment

o 1) (MeO)MeNH,C,

\]\_lo Me,AICI

., OTBDPS  5\pMBO(C=NH)CCls,
TfOH
72 %

CHO 1 ) [(')'IPC]ZB\/K

. >
Br
SnBug 2) KHMDS, _~~-

92 %
99: 1 er

TBDPSO/\/\H/N\OMe

| DIBAL

: — TBDPSO” Y
PMBO O PMBO O

1) PhgPCHCO,Et

2) DIBAL

3) TrCl, 2,6-lutidine
62 % 4 steps

1) TBAF
/\/\/\/
TBDPSO = oTr

2) Dess-Martin [O] :
93 % PMBO

1)10 mol % Schrock Mo H
o |
2) NIS
78 %, 2 steps A
1) TBSCI

2) HCOOH, MeNO,

3) Dess-Martin [O]
84 %, 3 steps

OPMB

98 %, >95: 5 syn: anti

Nelson, S.; Cheung, W.; Kassick, A.; Hilifiker, M. J. Am. Chem. Soc. 2002, 124, 13654




Nelson: Coupling

Ph Ph

~
\‘ R

NC NS
ArO-S ? SO.Ar

Br
iPro,NEt, -78°C

1) TBSCI, imidazole

2) DDQ

3)TMSOT,
2,6-di-'butylpyridine

4) pH 5 buffer

84 %, 5 steps

Nelson, S.; Cheung, W.; Kassick, A.; Hilifiker, M. J. Am. Chem. Soc. 2002, 124, 13654



Nelson: Completion

2,4,6-Cl3CgH,COCI,
iPer Et,

4-pyrolidinopyridine
93 %

1) Hp, Pd-CaCO3
2) CHaly, Zn, TiCly
3) HF, pyridine

\ 85 %, 3 steps

(+)- DIPT, Ti(Oi-Pr),
TBHP, -27°C

62 %

(-)-Laulimalide 25 steps longest linear
43 total steps
5.8% yield
7 chiral reagents
0 chiral pool materials

Nelson, S.; Cheung, W.; Kassick, A.; Hilifiker, M. J. Am. Chem. Soc. 2002, 124, 13654



Comparison of Syntheses

Longest Linear
Total Steps
Yield

Chiral Reagent

Chiral Pool

Ghosh
30 steps
47 steps
0.2%

2

3

Paterson

277 steps
36 steps
2.9 %

3

2

(-)-Laulimalide

Mulzer
19 steps
39 steps
21 %

2

3

Nelson
25 steps
43 steps
5.8 %

7

0




