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The Eribulin Story

Eribulin Mesylate
(Halaven)

Halichondria okadai
Isolation 1986

Kishi completed the first
total synthesis in 1992

discovered in
2004

Bauer, A. Top. Heterocycl. Chem. 2006, 44, 209-270. Hirata, Y.; Uemura, D. Pure & Appl. Chem. 1986 2
58, 701-710.



Halichondrin B

|C5, of 0.0093 ng/mL in B-16 melanoma cell cytotoxicity assay

Bauer, A. Top. Heterocycl. Chem. 2006, 44, 209-270. 3



Halichondrin B

31 Stereocenters

Bauer, A. Top. Heterocycl. Chem. 2006, 44, 209-270. 4



Halichondrin B

2,6,9-trioxatricyclo[3.3.2.0]decane ring system

Bauer, A. Top. Heterocycl. Chem. 2006, 44, 209-270. 5



Halichondrin B

22-Membered Macrocycle

Bauer, A. Top. Heterocycl. Chem. 2006, 44, 209-270. 6



Halichondrin B

Two Spiro-Ketal Formations

Bauer, A. Top. Heterocycl. Chem. 2006, 44, 209-270. 7



Kishi Total Synthesis of Halichondrin B

Highly Convergent
Chiral Pool Strategy
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D-glucose diacetonide

Nozaki-Hiyama-Kishi Reaction

OH OH

MeO H

OH O
L-arabinose

Aicher, T. D.; Buszek, K. R.; Fand, F. G; Forsyth, C. J.; Jung, S. H.; Kishi, Y. J. Am. Chem. Soc. 1992,
114, 3162-3164. 8



Kishi Total Synthesis of Halichondrin B

1. EtSH, HCI 1. ACOH, H,0, 94%
¢ 1. KOtBu 1129,
OH OH 2. Acetone, H* >( ty " 2 LA, - >< t 2. TBSCI, imid., 94%

3.1, NaHCO3, HQO

OH O acetone, 0 °C
4. Ac,O, pyr. DMAP,
94% (2 steps)
/\/TMS 1. 9-BBN; H,0,, NaOH 1. Swern
BE. EL.O 0 2. MMTrCl, EtsN o 2. TsOH, 97%
O OAc MeCN 0°C  TBSO™ ™ — 3.K,CO3 MeOH, 1gcn”"" 3. Tebbe Olefination
- Adhdl > OMMTr >
90% AcO 71% (3 steps) HO 4. PivCl, pyr., DMAP
AcO ° 5. TBAF, 91% (2 steps)
Named Reaction? 6. DMP
o o o |
I 1. [(Ph3P)CuH]s, wet PhH, 93% MsO
H MeO “Me ' 2. NaBH,4, MeOH, 0°C, 70% 3
Hun. O OMe > 5 3. Ms,0, EtsN, DMAP, 96% Me
© }_7,\/\0Piv NaH, THF, 0°C, 59% )/\74\’\ > . O
OPiv )/\)A\’\ .
OPiv
Fragment 1

Aicher, T. D.; Buszek, K. R.; Fand, F. G; Forsyth, C. J.; Jung, S. H.; Kishi, Y. J. Am. Chem. Soc. 1992,
114, 3162-3164. 9



Kishi Total Synthesis of Halichondrin B

, 1. 1M NaOH
1. TBSCI, imid., DMF 0 1. SMSF%’FTBSC' 2. 15, KI, NaHCO,
’ . , ’ (0] Me
o 2 BnBrNaH, THF, DMF Et)LO 0 78°C 1o 0°C 1 otz 3. nBuSnH, AIBN,
HO ) > [BAR THE > | 2PhH,refux Et O/j/\j/\COOH PhH, reflux
HO 4 O O BnO Named Reaction? BnO Y N\F 92% (5 steps)
O _Et
OH g gy \g/
Et3N, DMAP, CH,Cl,
M 1 e, v 1. MeSH; BF ;0Et,, 92%
Me 1. DIBAL; MeOH H Ye 44% (2 steps) - MeSH; BF30ELt,, 92%
Ho/j/\cﬁl\/g: 2. p-TSA, H,0, MeOH Tfo/jpr 2. DIBAL; 1M HCI 2. TBSCI, Et;N, 80%
(o) - OMe
~0 3. T,0, pyr., CH,Cl,, BnO =0 3. NaBH,4, MeOH 3. |5, NaHCO3, acetone,
BnO H -4§°C y 2z H 0°C, 81% (2 steps) H20, 91%
4.H,, Pd(OH),/C
MeOH, 97%
1. NH
N Me
H Me ~ COgMe H: ClsC” ~OPMB
TBSO 0 A 1% NiCl,/Cr,Cl, TBSO 03 OH BF ;OEty, CH,Cl, OPMB
\/j/\I\CHO THF.84% « 0°C, 96% m
TBSO OTBS NHK Reaction TBSO oTBS 2. HF, pyr.

COsMe 3. (MeO),CMe,, PPTS
4. TBAF, THF, methyl
acrylate, 0°C, 80%

Fragment 2

COzMe

1. PPTS, MeOH, 95%

2. TBSOTY, Et3N, 0°C, 87%
3. LiAlHy, Et,0, 0°C, 95%
4.DMP, 93%
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H=:H
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TBSO
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Aicher, T. D.; Buszek, K. R.; Fand, F. G; Forsyth, C. J.; Jung, S. H.; Kishi, Y. J. Am. Chem. Soc. 1992,
114, 3162-3164.
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Kishi Total Synthesis of Halichondrin B

o 1. Swern Oxidation HO OMe
OH 2. NaBH, 98% (2 steps) HO 1. H,SO4 H,,0, 60°C 1. BnBr, NaH, TBAI,
o/ 3.BnBr,NaH 4 2. MeOH, AcCl, reflux HO 0 DMF, 95%
H > 0 >
H 09  4.HCI, MeOH, H,0 H 5 81% (2 steps) BnO 2. A~ TMS
\1— 5. MsCl, pyr. BnO O OH OH TMSOTf, MeCN
6. KOAc, DMF, 145°C | 0°C, 80%
7. NaOMe, MeOH
63% (5 steps) coO 2Me
CO,Me
HO 1. Swern Oxidation
\/\ 2. PhsPCHCO,Me, CH,Cl, 1. BzCl, pyr. CH,Cl,, o
AcO : o 88% (2 steps) .~ 0 0°C, 89% " -
ACO 3. NaOMe, MeOH, MeOAc; /©/ (OMe), 0
i _ o,
OAc OAc Triton-B, MeOH, 72% OH OH MeO
PPTS, 4AMS
o,
PhH, 62% MeO
CO,Me
Me
02 1. nBu,SnH, AIBN, COMe
N 1. Swern Oxidation, 87% S/\ PhMe, 80°C, 72% S/\
(0] 3 2.1 ——TMS 0O 2. |2, CH20|2, H
O  0.01% NiCl,/CrCl,, 80% 0°C, 99% -
TBSO 3. AgNO,, EtOH, H,0, 97% TBSO H 3. TBSOT, EtaN,
TBSO 4 TBSG CH,Cl,, 99%

1. Li/NH3, -78°C
2. Ac,0, EtsN,

1. Triton-B, MeOH,
PhH, MeOAc
2. PPTS, MeOH, 99%

3. TBSOTTf, Et3N, 96%
4. NaOME, MeOH,
MeOAc, 90%

Fragment 3

91% (2 steps
o ( |o)>

3. 9-BBN: H,0,,
NaOH, 75%

Aicher, T. D.; Buszek, K. R.; Fand, F. G; Forsyth, C. J.; Jung, S. H.; Kishi, Y. J. Am. Chem. Soc. 1992,

114, 3162-3164.
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Kishi Total Synthesis of Halichondrin B

1. Me,LiCu, TMSCI,

TMS

>

THE, 95% 1. TBSCI, imid., CH,Cl,, 94% M
o A e 0, 0°C —}—Q Me 2. KF, PMB-Br, THF, 92% ij\/'i/\ NaH, THF, 4°C, 83%
> - O\/\./'\/\OH »HO - OTBS
OH 3. PivCl, pyr., DMAP
WLO H CH,Cly,, 92% (2 steps)
o = —/L
\/\/ O%/ Q 0 1. TFA, CH,Cl,
1. Hy, Pd/CaCO3, O ~3 2.80% AcOH
nBuLi, BF ;0Et, : quinoline, 98% 60% (3 steps)
>
THF, -78°C _ 2. tBUOOH, Vo(acac)y, PMBO" 3. TBSOTY, EtsN
89% OPV xylene CH,Cly, 92%
OPiv
OPiv . TBSO
1. LiAIH,, Et,0, 84% TBSO 1. AGNO3, HMDS, aq EtOH X
2.DMP TBSO, Me  2.nBusSnH, AIBN, PhMe, 80°C
/ >
3. PMBO, TBSO,, 3. 15, CH,Cl,
= TMS 4.DMP, 82% (4 steps)
Me 1 TBSO
Li TMS

Et,0, -78°C, 90%

Fragment 4

Aicher, T. D.; Buszek, K. R.; Fand, F. G; Forsyth, C. J.; Jung, S. H.; Kishi, Y. J. Am. Chem. Soc. 1992,

114, 3162-3164.
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Kishi Total Synthesis of Halichondrin B

Fragment 2 Me
H

L
al
L

Me

0 H opPmB TBSO

H

L

TBSO TBSO
TBSO"-~">0 1 0.5% NiCl,/C
. 2 rC|2
HORTH | THF
+ H
NHK Reaction
MsO !

p‘\’\OPiv

Fragment 1

- _OPMB TBSO

tn, O
“Me }J/\A OPiv
“, ()

Me Fragment 3
H=: H
o ; CO,Me

1. KH, DME, 80°C, TBSO=
53% (2 steps)

2. LiAIH4, Et50, 0°C, 98%

3. DMP, 94%

>

0.1% NiCl,/CrCl,
DMF, 80%
NHK Reaction

CO,Me

TBSO
TBSO

1. DMP, 85%
2.DDQ, tBuOH,
CHLCl,, pH 7, 66%

—-
3. LiOH, THF, H,0, 96%
4. O ClI

Cl

Cl Cl
EtsN, THF; DMAP

81%
Named Reaction?

Aicher, T. D.; Buszek, K. R.; Fand, F. G; Forsyth, C. J.; Jung, S. H.; Kishi, Y. J. Am. Chem. Soc. 1992,

114, 3162-3164.
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Kishi Total Synthesis of Halichondrin B

O 5 HO

HO
HO

HO
PPTS, CH,Cl,

TBAF, THF

OTBS ———>»
64% (2 steps)

pyr. CH20|2

2. TBSOTY, EtsN, CH,Cly, 93%
3. K,CO3, MeOH, 93%
4.DMP

Fragment 4

TBSO

0.1% NiCl,/CrCl, TBSO,,

5 DMF TBSO,,

NHK Reaction

Aicher, T. D.; Buszek, K. R.; Fand, F. G; Forsyth, C. J.; Jung, S. H.; Kishi, Y. J. Am. Chem. Soc. 1992,

114, 3162-3164.
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Kishi Total Synthesis of Halichondrin B

1. DMP, 60% (2 steps)

>
HO

2. TBAF, DMF HO

HO,

I\)A

. DDQ, tBuOH, CH,Cl,, pH 7
. CSA, CH,Cl,, 60% (3 steps)

Halichondrin B

L

L
i n
I

Aicher, T. D.; Buszek, K. R.; Fand, F. G; Forsyth, C. J.; Jung, S. H.; Kishi, Y. J. Am. Chem. Soc. 1992,
114, 3162-3164.
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Eastern Fragment Discovery

O HO

HO
HO

HO

:

TBSO  OHC
\Me TBSO*:

0.1% NiCl,/CrCl, TBSO,,

5 DMF TBSO,,

NHK Reaction

PPTS, CH,CI
OH , 2vi2
OTBS TBAF, THF
64% (2 steps)
1.
2.
3.
4.
Y
Fragment 4 H H I\-:/IeU

pyr. CH20|2

TBSOTF, EtsN, CH,Cly, 93%
K,COg, MeOH, 93%

DMP

!
Aicher, T. D.; Buszek, K. R.; Fand, F. G; Forsyth, C. J.; Jung, S. H.; Kishi, Y. J. Am. Chem. Soc. 1992,

114, 3162-3164.
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Discovery of the Eastern Fragment’'s Activity

NAAAAAAANN

QMe

SN Me A O, : MeO,
Halichondrin B ' , HO R
) HO 07" g \A o”
\)\ ’

E7389 (4)
Compound DLD-1 IC,, nM U937 1Cy,, Oh, nM U937 1Cys, 10h, nM Reversibility Ratio Fold Resistance
HB 0.74 +£0.03 8 25 3 2.8
1 3.4+0.40 9 220 24 12
2 1.8+ 0.00 10 300 30 10
3 0.67 £0.09 2 15 8 6.2
4 13.0+0.20 10 10 1 15

Zheng, W.; Seletsky, B. M.; Palme, M. H.; Lydon, P. J.; Singer, L. A.; Chase, C. E. Lemelin, C. A;; Shen, Y.; David, H.; Tremblay, L.;
Towle, M. J.; Salvato, K. A.; Wels, B. F.; Aalfs, K. K.; Kishi, Y.; Littlefield, B. A.; Yu, M. J. Bioorg. Med. Chem. Lett. 2004, 14, 5551-5554. 17



First Generation Process Synthesis of Eribulin Mesylate by Eisai

N

Meo“l}l 0
Me Me OTBS

Liu, K. K.-C.; Sakya, S. M.; O’'Donnell, C. J.; Flick, A. C.; Ding, H. X. Biorg. Med. Chem. 2012, 20, 18
1155-1174.



First Generation Process Synthesis of Eribulin Mesylate by Eisai

1. Hy, Pd/C, THF, 75% T™MS
P 1. Acetone, H,SO O\F 2. DIBAL-H, PhMe, OH 1. KHMDS, THF, 94% o
O . , 12904 o o v, F 2. BnBr, KOtBu, THF, 95%
o OH - o o] -40°C, 80% - . -
\ 1e) 2. SO,Cl,, pyr., MeCN e} 0
hg H 79% (2 steps) of H 3. TMSCH,MgCl, THF, 90%
o)
. o BnO  SO,Ph 1. TMSI, MeCN, PhMe, 60°C
BnO 12 QZDCTIE&]VIQ2D/OMAP BnQ: OH 1. Recryst. iPrOH/Hex, 71% i 2. BuyNCl, NaBH(OAc)3
(‘\/Eo " PhMe. 95% ’ BzO (j’ 2.DMSO0, (CI3CCO)20, EtsN BzO DME, PhMe, 85°C,
111 ) i >
_ *, P O 4
=/ o) o>< 3. A~ TMS {OBZO e N LHNMDS,dPQSOZtMe,?PhMe OBz 2. gzcog,t M%O(I-)I,'_l 50°C
i i o, ame eaction? . Recryst. nbu
TiCl3(QiPr), PhMe, 83% 57% (5 stops)
SO,Ph
HO  SOPh 1. C(OMe)Me, MeQ, 2" 1. HCl, MeOH MeO  SO.Ph
E H,SO,, acetone ) 2. TBSCI, imid. DMF 3
HO » /N ] » | TBSO H
/o, 2.NaOBu, Mel, THE 07"~ 3.0 Lindlar cat, H, /o,
OH N o 4. Recryst. heptane oTBS o)
x 68% (5 steps)
Fragment 1

Named Reaction?

Liu, K. K.-C.; Sakya, S. M.; O’'Donnell, C. J.; Flick, A. C.; Ding, H. X. Biorg. Med. Chem. 2012, 20,
1155-1174. Austad, B. C.; Benayoud, F.; Calkins, T. L; et. al. Syn. Lett. 2013, 24, 327-332.
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First Generation Process Synthesis of Eribulin Mesylate by Eisai

Fragment 2a

1. Diethylmalonate, NaOEt 1. Mel, LHMDS, PhMe, o
EtOH 65°C o) THF, -78°C, 68% o 1. 0s04, NMO, CH,Cl, Voo
O/,, - ’ - Q / ;MeONN X - e ‘N \O
LS~ , MgCl,, DMF, 125°C : 2.NH(OMe)Me, AlMes Me Me OTBS 2.NalO,, THF, 93% Me Me OTBS
71% (2 steps) PhMe, CH,CI,, 0°C
3. TBSCI, DMF, 20°C,

53% (2 steps)

OH OH imi OTs
0 1. Amberlyst-15,H,0 /“\)\/\/ SMB Chromatography‘ Jl\/_\/\/ 1. TBSCI, imid., DMF . /”\/_\/\/
<//7 > o OH > o OH Br OTBS

” jr\/B 45% (2 steps) 2. TsCl, DMAP, CH,Cl,, 78%
;

Sn, HBr, H,0, 35°C Fragment 2b

45 /0 (2 Steps)
o /H
.
N

Fragment 2a

(0] NHMs OMe
MeO . Me N 0

N X ON . .

Ve te OTBS © CrCly, NiCly, EtsN, THF ~ 1BSQ 1.iProH, Si,0  1BSQ 1. ﬁm"PDf:_sg!}éet'oT_';goc
HoN(CH2)oNH, 48% (2 steps) Me OTBS - -
+ e
H 0,
OTs Asymmetric NHK 2. MeMgCl, THF, ° § ES{&PQ,OH‘ Mt('a OHéggk
H Reaction -20°C, 88% . eparation, (]
Br OTBS oTBS

Fragment 2b

OH ot 1. PivCl, Collidie, DMAP MsO ot
CH.,ClI,, 0°C, 859
“Me OH 2Ll 0°C. 85% - “Me OPiv
2. MsCl, EtsN, THF,
0°C, 97%

Fragment 2

Liu, K. K.-C.; Sakya, S. M.; O’'Donnell, C. J.; Flick, A. C.; Ding, H. X. Biorg. Med. Chem. 2012, 20, 20
1155-1174. Austad, B. C.; Benayoud, F.; Calkins, T. L; et. al. Syn. Lett. 2013, 24, 327-332.



First Generation Process Synthesis of Eribulin Mesylate by Eisai

0]

Ho AcO,
1. é HO— O ‘O . HO, "0 H oA 1-MeOLTYTN
Oy-0 H p-TSA, PhMe, O PhgPCH,OMeCl MeQ 0 1. OsO4, NMO, acetone, AcO Sl T™S
{_<OH reflux, 84% o0 0O KOtBu %o H,0, 0°C to 5°C, 52% OAc BF 30Ety, MeCN
HO > > 3 b P . 3 o . S
OH “op 2.DIBAL-H, PhMe THF 2. Ac,0, AcOH, ZnCl,, - HO%%
THF, -15°C, 99% 81% @ 35°C to 40°C, 84% Me3N
THF, MeOAc
38% (2 steps)

Y

1. AcOH, H,0, 90°C, 71%
2. TBSOTf, 2,6-lutidine
MTBE, 0°C to RT, 74%

L
Y

0 A OH
0 Br.
2.
O o

NiCly, CrCl,, DMSO

3. NIS, PhMe, MeCN, TBSCI, 90%
4. DIBAL-H, PhMe, -75°C, 93%

MeCN, 65% (2 steps) Me Fragment 3
tBu tBu
OH
0.5-1 wt%
3,5-di-tert-butyl-4-hydroxy-toluene
(BHT)
!
Liu, K. K.-C.; Sakya, S. M.; O’'Donnell, C. J.; Flick, A. C.; Ding, H. X. Biorg. Med. Chem. 2012, 20, 1155-1174. 21

Chase, C. E.; Fang, F. G.; Lewis, B. M.; Wilkie, G. D.; Schnaderbeck, M. J. Zhu, X. Syn. Lett. 2013, 24, 323-326.



First Generation Process Synthesis of Eribulin Mesylate by Eisai

Fragment 3

Fragment 1
O,B
MeO SO.Ph N ""'<
< N MeQ SO,Ph
TBSO :
/o, NHMs TBSO  u -
otBs O Me —/ o~ o
_ 8 1. KHMDS, THF, -14°C OTBS
+ CrCly, NiCly, THF, EtgN TBSO HO 72% (2 steps) nBuLl, THF,-78°C
MsO OTf ’ MsO > -
NHK Reacti 0
. _ eaction “mo  OPiv 2 DIBAL-H, CH,Cl, “Me OH 84 %
“Me OPiv -78°C, 92%
O
Fragment 2 (0]
H oK OTBS H :><
MeO  SOoPh ¥ I
2 NHMs

TBSO TBSO
— 07, 0oTBS 1. DMP, CH,Cl,, 90% CrCly, NiCly, EtaN, THF
OTBS > >
o] 2. Smly, MeOH, THF 70%
i -78°C, 85%

MeQ

1. Ts,0, collidine, pyr.
CH,Cl,, -20°C
2.NH4OH, IPA, RT

1. Swern Oxidation, 91%
2. TBAF, imid. HCI, THF

3. MeSO3H, NH40OH, 15°C
84% (3 steps)

3. PPTS, CH,Cl,, 79% (2 steps)

Eribulin Mesylate
(Halaven)

Liu, K. K.-C.; Sakya, S. M.; O’'Donnell, C. J.; Flick, A. C.; Ding, H. X. Biorg. Med. Chem. 2012, 20, 22
1155-1174. Austad, B. C.; Clakins,nT. L.; Chase, C. E. Fang, F. G.; et. al. Syn. Lett. 2013, 24, 333-337.



Deuterium Studies

MeO SOzph MeO SOQPh
MeQ  SOzPh ; (\/')vo
; TBSO . TBSO e D
TBSO, /""'(f 5 BuLi \‘( 0™, 2.0 eq nBulLi, L{ 0",
0", 7 %q.n uLi, OTBS 0°C; D,O > OTBS
OTBS -40°C; D,O » No Deuteration 0] o)
i o “Me OH - “Me ©OD
)\)i"'/‘: 8 e e
Meo—_ H 1. > -
TBSO (\/,) 4
\—-,/ O, 2.0 eq nBulLi, OTBS 0
0oTBS + THF, -78°C o 0 i “ate OH
O " ','Me OH 1, O
w k ‘Me OH m, O
‘n,, (@)

Austad, B. C.; Clakins,nT. L.; Chase, C. E. Fang, F. G.; et. al. Syn. Lett. 2013, 24, 333-337. 23



First Generation Process Synthesis of Eribulin Mesylate by Eisai

A%

NHMs
Me

CrCly, NiCly, EtsN, THF

1. DMP, CH,Cl,, 90%

2. Smly, MeOH, THF
-78°C, 85%

70%

1. Ts,0, collidine, pyr.
CH,Cl,, -20°C
2.NH4OH, IPA, RT

1. Swern Oxidation, 91%
2. TBAF, imid. HCI, THF

[

Y

3. MeSO3H, NH4OH, 15°C
84% (3 steps)

3. PPTS, CH,CI,, 79% (2 steps)

Eribulin Mesylate
(Halaven)

Liu, K. K.-C.; Sakya, S. M.; O’'Donnell, C. J.; Flick, A. C.; Ding, H. X. Biorg. Med. Chem. 2012, 20,
1155-1174.
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Summary

H2N UL
30 years \—/

| > OH
MsOH

Eribulin Mesylate
(Halaven)

Questions?
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