Success Story Sy ekt o
The Halichondrin and E 7389

1986 Halichondrin B is a macrocyclic polyether initially isolated from

the sponge Halichondria okadai received in 1986.

1992 1t was accepted for preclinical development by NCI in 1992 after
it was found to be highly cytotoxic in murine leukemia cells. Difficulty in
collecting sufficient material for developmental studies slowed the

progress of this interesting material.

1998 The drug received a new lease on life with the development of a
complete synthetic method in 1998 by Dr. Yoshito Kishi of Harvard
University and the discovery that its activity resides in the macrocyclic
lactone C1-C38 moiety. The way was now open for development of a
simplified synthetic analog. Researchers at Eisai Research Institute, who
licensed the synthetic technology from Harvard, accomplished the
synthesis of the resulting drug, E7389. E7389 was presented to the DDG
for preclinical development in 1998.

E7389, like its parent natural compound, is classified as a tubulin
depolymerizer, and it shows activity at least equal to the naturally
oceurring chemical. Tt acts to disrupt the polymerization of the
microtubules necessary in mitosis. This general characteristic places

7389 in the group of drugs that includes Vinca alkaloids, dolastatins,

cryptophycin, and so forth, but its tubulin interactions appear to be unique,
and it was found to have greater activity against lung and breast tumors in

animal studies than either the parent halichondrin B or paclitaxel.

2002 £7389 entered phase [ clinical trials in 2009 global phase I study

results show E7389 meets primary endpoint of overall survival. E7389 is
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(This text was cited from NCI homepage;
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1. Introduction

-Isolated from the sponges Halichondria okadai (Hirata and Uemura,
1986), Axinella species (Pettit et al., 1991), and Lissodendoryx
species (Litaudon et al., 1997)

-posesess an unusual steucture;
2,6,9-trioxatricyclo[3.3.2.0]decane ring system, as well as
a 22-membered macrolactone ring, two exocyclic olefins, and an
array of polyoxygenated pyran and furan rings

- Only 12.5mg of Halichondrin B was isolated from 600kg of wet sponge

w e] . 3
/Jk H i, Norhalichondrin B - showed the impressive biological activity:;
A0 IC5q 0of 0.093 ng /ml against B-16 melanoma cells

- noncompetitive inhibitors of vinca alkaloids that occupy the vinca-  binding domain on tubulin, suppress the growth of
microtubules, and inhibit polymerization, thereby inducing cell cycle arrest and apoptosis

- Synthesized by Kishi and co-workers first in 1992, second by Phillips and co-workers in 2009.

Synthetic work by Burke, byYonemitsu and Horita, and by Salmon but none of them have yet to report the completition of
the synthesis.

2. Total Synthesis of Norhalichondrin B by Kishi and Co-workers

Total Synthesis of Halichondrin B and Norhalichondrin
B

: ; Thomas D. Aicher, Keith R. Buszek, Francis G, Fang,
na- . i
A Ground-Breaking Piece of Work Craig J. Forsyth, Sun Ho Jung, Yoshito Kishi,*

Michael C, Matelich, Paul M. Scola, Denice M, Spero, and
Suk Kyoon Yoon

J. Am. Chem. Soc. 1992, 114, 3162-3164

2-1. The Kishi's Strategy
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2-2. C1-C13 Subunit Synthesis
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2-4. C27-C38 Subunit Synthesis
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2-6. Subunit Couplings and Completionof the Synthesis

i TBSO 0l OPMB ™ OPMB 850 0. OPMB
}_f\/\ow eSO oty TBSO e}

L=
O
151

> 4
513

A H ac UM
CiCh, 05% NiCly o0 OME (jd 1.LAH, E‘ac’- 99% g
e THF-DMF (5:1) 1 80°C LA 2. 99’%‘""‘*‘;:’
H g 83% (2 steps) L o CH:Chy. 54%
/] OPy . Oy f\/
9 % 97 }

1o 010 i _
W] TH s TES o B i opme YRS
™ N | Dess-Ma EN, TCBC, THF
Teso 18507 o sty thain fiter 8ad
B R-Hz OTBS  CHLCL, 85% : otes  addio
i o oot [E————
; ' 2,0DQ, CHoCly, DMAR, Phivie
O e b s ok
£0% | £-BUDH. 65% (ot
oH 3. 1, LIOH, THE, 86% a1
HE .
Tﬁso\/I‘j:/I PNBO
TBSO” "0
HTH oT8s HO
1. TBAF, THF 1, TBSOT, ELN, 93%
. 2. PETS, CHACl 2. KGOy, MeOH, 93%
"y 3. PNBzCI, pyr
64% (3 steps)

101 —

1. Duss-Martin
pariadinane
Z 28, CrCl
L%
b
3, Dess-Mantin
panadinane

6O% {3 slepsh



3. The Discovary and Development of E7389

2: Right Halt of i
Hatichondrin B i,

3; E7389

Figure 2. E7389-induced formation of
tubulin aggregates as determined by electron
microscopy. A, no drug, microtubules with
no significant aggregated tubulin, B, 1 pmol/L
E7389, the number of microtubules de-
creased and there were large numbers of
aggregates of globular tubulin subunits
tarrows). C, 3.3 pmoliL E7389, globular
aggrogates and sheets (not shown) ware
present.
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Figure 16, Tetrahydropyran and tetrahydrofuran analogues.

On completion of the total synthesis of halichondrin B, norhalichondrin B, and
homohalichondrin B, we asked the late Dr. Suffness at the National Cancer
Institute (NCI) and Dr. Littlefield at Eisai Research Institute (ERI) to test the in
Vitro and in ViVo antitumor activities of the totally synthetic halichondrins as
well as several synthetic intermediates. The results were sensational:

| theirexperiments clearly demonstrated

that the antitumor activities of

halichondrin B reside in the right portion of the molecule. With this crucial

information, a massive drug discovery
in two exceptlonal drug candidates, on
late stages of phase Il clinical trials.

effort was undertaken by ERI, resulting
e (E7389) of which is currentiy in the

Kishi ef al J. AM. CHEM. SOC. 2009, 131, 15663615641

E7389(generic name; eribulin)

product halichondrin B

- a synthetic macrocyclic ketone analogue of the marine sponge natural

- ended clinical trials and now in their final stage to be approved shortly

-inhibits tumor cell proliferation in association with G2-M arrest.
It binds to tubulin and inhibits microtubule polymerization(Figure2)
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4. Further Improvement by Kishi and Co-workers

Aithoggh Kishi and co-worker achieved total synthesis of Halicondrin B in 1991, they have continued to refine their
chemistry toward Halichondrin and E7389. These improvements include:

5-1. Catalytic Asymmetric Nozaki- Hiyama Kishi Reaction

5-2. A Mild Preparation of Vinyliodides from Vinylsilanes

5-3. Effective Procedure for Slective Ammonolisis of Monosubstituted Oxiranes

5-4. Operationally Simple and Efficient Workup Procedure for TBAF-Mediated Desilylation
5-5. Refine Approach to a Number of Fragments

4-1. Catalytic Asymmetric Nozaki- Hiyama Kishi Reaction
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Figure 1. Chiral ligands for Ni/Cr-mediated couplings.
- the coupling rate with Zr(Cp)2Cls is significantly faster than that with TMS-CI
;effective for regenerating
it is now possible to achieve the Cr-mediated coupling reactions
\_ in the presence of 1 mol % of the Cr catalyst )




Toolbox Approach to the Search for Effective Ligands for
Catalytic Asymmetric Cr-Mediated Coupling Reactions

J. AM. CHEM. SOC. 2009, 131, 1538715343

development of a ligand-search strategy
applicable to a broad range of substrates
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Dramatic Improvement in Catalyst Loadings and Molar Ratios of Coupling
Partners for Ni/Cr-Mediated Coupling Reactions: Heterobimetallic Catalysts % cHEM 506« oL 131, 0. . 2000

Scheme 1. Ni/Cr-Mediated Coupling Reaction and Probable

Reactive Intermediates Problem;

H*

4
]
1
R! Bt ! - the formation of dimer(byproduct); keep a low ratio of Ni to Cr salts
"§ + R-?'SHO .___2_.. _§—GH ...... oq 1 :
| i “m ' - asligiht exess(typically 1.5 equiv) of an alkenyl halide is needed to
1 ensure complete consumption of an aldehyde
it Higo) . ‘ \, mz-o\,ix v
&3 man B .y , - both problems are connected with the efficiency of

: at . : the alkenyl-group transfer from nickel to chromium,

- ! i.e., reaction of alkenyl Ni(ll) halide to give alkenyl Cr(ll1) halide
. . rather than iv.
W L L R R R R R S R R R S e e B R B S

To enhance the transmetalation
- Place Ni and Cr metals in close proximity;

55

ta: A=Ph{Ce

a ligand bearing two ligation sites, onecomplexed specifically to Cr and the other to Ni. 1b: A=Me

CMe
‘VQ\ Scheme 2. Proposed Struciure of the Catalyst 1a-CrCI/NiClL* }N NH
B = 1
Me OmSmQ
BH E] A -~ e A B e
e O 1. preton C/
. il g My e T 3 NCLOMP
. 7 2. Crél, ~de” e
. C‘/C \Salv
; }"‘J_Ji ‘f’; o R4 _aa-c:(u} Rmhies 20eCr(lE) Gomplex |
@
S 'b i B =
3 T proton
¥4, d lae sponga/
% g MGCN
2.Grel H
1a Crefii—N
X-ray siructure of 1a=NiCly Toalopek | e /Cr. Soly &
ol .
= 1L AICLNLINCL Complox =

Table 1. Catalytic Asymmatric NUCr-Mediated Coupling Reactions

e e AT “(A) Cr(lly and Cr(ll}) complexes derived from sulfonamide 2a (R =
e e et A
oo

PhC1,-3.5). (B) Cr(IlI} complex derived from tethered sulfonamide 1a (R
= PhCly-3,5). Solv represents the fifth and sixth neutral ligands for the
Cx(IT) and Ce(IlT) complexes, respectively.

N T ‘Tmn
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P gl (9
sy el Curs® S [CHML iy T 8 5 o i i
w5 he  Table 2. Catalytic Asymmetric NUCr-Mediated Gouplings of 6 with  Seheme 3. C26--G27 and G19--C20 Bond Formations
2 ol 1 M 08 10 396 <t ~D (0% i i i ¥ iCl?
2 Ut (08 dams o SCob il Representative Aldehydes Using the Antipode of 1a-CrCl/NICly
o 2 M 03 Wk 97 <3~ I0B C26-C27 Bond Formation
5 M 1 Mg 0% O3S 8T ~3 ~0 f0R
i i 1 {hs 08 1420 ! - 5. g
7 o1 M1 G i ,Z'i’ :: .nu s'i*?l Mmm CL Mz;\ec 0\ Meq SOPh
© oy o2 Ml 03 ~S :
38 o1 s on wem % G0 i b6 M CHG HO CHd Bzo\j\
ll‘

“Coupling conilions employed for enlries 17 eatalystMu (2
CuisKZICLEp); (12 equivkLiCl 05 or 20 equivkMeCNiL
Couplings in ealrkes K and 9 were conducted under the previously
ostablished conditions.™  Chromatagraphically homogeneous 7 was
isofaied in SH0% yield Tor entries 1=7. 9% for entry 9. and 43% for
catry §. For detaily, soe e Supporting Information, * Catalyst loading
ol %), " Mofar ratio of 5 and 6. “Times for SGKKI00%: conversica,
s estimaiod by TLC ¢ Prxduct distibution estinuned from HNMR
spectra of crude prodnets. | Enantionsetic ratio estinusted from T NMR
spectra of Mosher esters derived. from T, ¢ Becae 3 owas nol
completely sohibla fn MeCN at Utis conceniion. & 31 mixture of
MeCN and THF was wsed, *The product distribution wis studied when
S was completely consumed (3 h). ' Coupling was stopped when § was
complecly constinied {4 hi

CHO

4{502%

(08.'4 w%yem f=b.20e2; Bbvsyleie- \ncu 5 caﬁn,udd t0. a.aa B!‘)‘.y\rks
&1) a1 = 1851} 26

“ Coupling conditions: see Table 1. Numbers in parentheses indicate
(1) ~50%/~100% conversion time (h) with 2 mol % catalyst loading,
except for 10 {1 mol %), (2} isolated yield, and (3) stercoselectivity,
respectively. Because of the high volatility of 11. it was lechnically
difficult to estimate the ~50% conversion time and yield.

—
Beh‘ghtful Results "

- even with 1 mol % catalyst loading,
the coupling progressed to completion in MeCN, furnishing the
coupled product in >90% yield (entries 1-3)

- only a small amount of dimer 8 (€3%) was observed; thus, the coupling
reached completion even with a 1:1 molar ratio of 5 and 6

(entries 1, 2, 4, and 6).

- the asymmetric induction by 1a,b- CrCI2/NiCI2 was practically identical
with that by the corresponding previous Cr catalysts derived from
(S)-suifonamides 2a,b (entries 1-5 vs entry 9).

- the coupling rate was slightly higher at a substrate concentration of
0.8 M than at 0.4 M, but no significant difference was noticed in the
coupling yields (entry 1 vs entry 2).

|

(1.'3 #q)

£, cat. asymen. NVG-oouping with
Grcatalyst (3 mol %) prepared from
1a-NiCl,: 86% yield; 19:1 dr
2. ELSIHTMSOTE
5% yield; slerecspocific

Ty

r
e

OH

C19-C20 Bonsd Formation

MeQ /{h(}; P

(10ea) |z
CHO U
1. gat. asymem. Nir-coupling with Gr-catalyst Al Mo

{2 mol %) prepared from the antipode of

1
r L, 0.
1arNiCH,: 91% yield: 191 ar "oy O
2. KH, 18-crown-6: B8% yioid
p oo "“

14 opy
()

17 (1.1 eq}



cf.their first synthesis of C1-C13 subunit synthesis

- . " i recovered startind material or decimation of the substrate
mo LI QU,F;\‘ by highly reactive iodinating reagents, e.g., ICI, IBr, and IBF4E
~ s, L"w
o 13 fug 5.8
12 g 7087 Tetrahedron Leers. Vol, 33, No. 12, pp. 15531556, 1972

(h) 1. Dess-Marti pent161CHH Cla T 2, : - gl L :
J e RaE e et a method which utilizes an electrophilic iodine source with

1215/ BuLifEr20/-78 °C, followed by treatment with the aldchyde at -78 °C
4. n-BuaSnH/AIBNfolucne/80 °C

3. AgNO3 (6

5. womycamr o Nighl reactivity but does not generate too reactive

cquivi/HMDS (7 equiv)fHyO-ELOH (14)/RT.
sume sy step bl

1
1

)

1

1

1

1

1

1

| o, iin B oM
i b

[ wu/ﬁ Tﬁ

) Hug 157 '
' s
|

|

1

1

1

|

|

1

i

'

intermediate was needed.

Tetrahedron Letttes, Vol 37, No. 48, pp. B647.8650, 1996 i . - B ] W S
M oT8s H oTBS Yiald in MaCh/ = Yicka in MeCN/
A (] Z 0 o Enre: B Eoy: B
TMS 1 i 1t n-hexyl TO% (2.8:1) 75% (2.8:1) 1-c i?-h“y‘ B0% (1.21) 0% (1.2:1)
| oo e o SR mE me  pEeaes e
s O;} 0TBS e {E'Il} 2CN = 0; 0TBS o shonyl  B5% (11 95% (1:0) o henyl  95% (01} oss.{oh;
r 4 - 1 14 o 4 % {0: :
oTBS mv'e’d OTBS ph'::\f;ﬂ 50% (1.0} 8% (1:0) 5 amﬁ 81% (01} 0% (o)
i 2 with bulkier allylic carbons, better overall retention
of olefin geometry; scheme2
. H i il 1 . 9 il " T H - .
B Siblated allylic acohet-vinylatangs C: Asyiated alyle akonalvinvisianes  CfS-Selectivity; scheme3
RSO, ™S TBSD | Moy ™S NS wco—f i o Tns M __ ACo—"
e M by TSk NS TR I/\F “f f jn/ﬂ
R A A R B i i Yiekd in MaCN/ fd Yield in MeCN/
Yield in MeCN/ Yield in MeCN (E/Z) CIMaCN (ER) Nt Ac
iR eRge Sel GROVER 1 Duom aE0E gl 1S B 38 Sie3
7 1 78% (B:1) 6c  H 73% (2:1) 78% (2:1) 1068 24MeQ)Pl  30% (120)  31% (1:20 1066 2, | X %
Tt mCuHs  65% (£0) 82% (1:0) Te nCubgg  10% (10) To(ro) el AMeOEn G Gan  eOER el e ohe see
Scheme 2 Scheme 3
i 1 Ms? Tus Ay s n 'fr‘“'(-\ " =
— ‘g_vﬂ —— ,\({-\" b ‘LT‘E‘..'".S.T.“— H—(f‘n b ‘m,.."(—\.
g " LA S
( HAJ s n " -
TMS —» .
N . Lo By
MeCN: AH TS g e a_?%'(" h_{,nu » o H S
= MLH — BTN T) ™ == " s == o = — '
Mot i A} b T . 1

- the resultant 1,2-aminoalcohols 2 can react with the starting material 1, to yield the corresponding secondary amines 4.

A i e

-slow conversion

Scheme 2
Reagents and conditions:

Tuble I. Efect of ndditive and concentration on product distribution

A Tetrahedron Letters 48 (2007) 89678971

(a) EtOH saturated with NH3, o ~.OTBS

MsOH (5 equiv), [C] = 40 mM, 1a

rt, 3.5 days, 93% yield. 1 Nii, sat in EIOH

Additve
HO HN HO ]
“ﬂ‘x/j\n « HOLA g+ R,g,ﬂ\,)\ﬂ
2a kL 4a
= {CHOTES

Entry Additive Concentration fmM) Temperaoure* Ratio 2axda
1 Yh(OT w20 (0.1 equiv) 160 0 1W00:12
2 YHOT s nH,0 (0.1 equivy 80 0 100:11
la YHOTHynH0 (0.1 equiv) 40 70 00:3
3k i 100:8
4 YB{OT 0 (0.1 equivy 20 10 100:2
5 Se(O1f) (0.5 equiv) 20 7w 100:4
62 MsOH (5 equiv) 30 0 100:8
6b 1t 1
Ta MsOH (5 equiv) 40 0 [00:2
b 1t H00:3
8a MsOH (5§ equiv) 20 0 H0:1.8
&b ki H00:2
9 MsOH (3 equiv) 40 1t H00:4.5
0 MsOH (| equiv) 40 4] H0:5
131 NH,CI {5 equiv) 40 0 100:3
12 NH;0A¢ (5 equiv) 40 70 100:6
t3a No additive 40 0 100:4
I3b 1t 100:8

*Reaction time at 70°C and at rt was 10h and 82 b, respectively,



4-4. Operationally Simple and Efficient Workup Procedure for

TBAF-Mediated Desilylation

HoaHE e

ROTENN m
[ :

H

followed by  resin based l.m s}
O Dowex, CaCOj, device s
then filtration
and guaporation

96% overall yield;
No aqueous-phase
exiraction used.

1a (R=TBS)

Scheme 3. Overall Transformation

{n-BulsNF {excess)

Vol. 9, No. 4
" 723-726
O‘“S()m {@xcess)

n-BulNF  » (n-BulNO-R <+ TBSF

CaCO; (exvess)

(D-S0sN(-BuY + HOR + H,0 + GOt} + Cafyf}) + TBSF

Filtration;
evaperation

OR§

Scheme 4. Application of This TBAF Workup Method to the
Advanced Synthetic Stage in Both the Halichondrin B and
E7389 Series

0

OR
TBAFITHF, lon-exchange “Meo

deprotected COﬁound of 1a(tetra -ol) is highly water soluble:

Aqueous-phase extraction is not ideal.

 {ae
f | e
oot ” $af

Figure 1. (a) Amberlite IRA 400 (OMe) column (diameter = 5 mm). (b)
Rexyn 101 (H") column (diameter = 5 mm). (¢) Basic Al,O; (Baker) filter
(diameter = 5 mm) with glass wool dividers. (d) Septum. (¢) Teflon
connector tube. (f) Teflon tubing. Pump: FMI QG30. For a 40 mg-scale
experiment, approximately 0.4 cm® of Amberlite IRA 400, 0.4 ecm’® of Rexyn
101, and 0.1 em® of alumina were placed in each column. The total volume
of solvent was ca. 4 mL { ¢ = ca. 0.01 M) and the flow-rate was ca. 2 mL
per min.

Table 1. Substrates Used to Test the Feasibility and Efficiency

el RO of the TBAF Workup Pratocol®
ot e |
Rov“‘}”"ﬁ"}"o 50_\//\”% entry SUbstrate (R=TBSY equivof crude — removed
RO i Y product(R=H)  TBAF yield (%)° TBAF (%)°
H'“c:i: “S’L“Tig“‘i“ I?F\F i ;HF‘ followed by ao O, OMe
2aamdda:R=H “ is work-up procedure 1 - 5 8 11 993
Deprotected Enone RO OR
A ' a5 {R = H OR
rROA o A, Liencmsiings - 0., OMe
: | rasin based device -\i
£7389 Series v 2 RO® oR 8 110 29.5
ib R=TES
2band3b:R=H OR
RO O _.OMe
3 i “oR 8 107 99.5
QR
3ab (R =H) Rofj;():‘.‘\,me
4 (b o, 8 106 995
-xsTBAF; deprotection L) | o
-CaCOg3; HF scavenger(CaF is insoluble in THF)
-acidic ion-exchange resin; Michael adition and acetal formation GR e 5
—— polycyclic ketal 5 m./\)\(\/ 4 95 99.5
CR
OR
6 Q 8 110 99.6
OR
OR

7 ©/k/°R 3 103 29.8

3 Reaction conditions employed for desilylation: substrate (1 equiv),
TBAF (3—8 equsv), THF, rt or heat, 4—28 &i; CaCO3;, DOWEX 50WX8-
400 (used as supplied), MeOH, rt, 1 b *Based on the weight obtained after
filtration and evaporation. “Estimated from 'H NMR spectra of the crude
compound. Product was volatile.



4-5. Refined Approach to a Number of Fragments
4--5-1. C1-C13 Subunit Synthesis

Kishi's C1-C13 Subunit Synthesis

2-2. First generation(1987); 31 steps, 4% overall
yield( ref. (34))
5-1-1. Second generation(1992);16 steps(ref. (35))

5-1-2. Third generation(1996); 12 steps, 11% overall
yield(ref. (37))

4-5-1-1. Kishi's Second Generation Approach to the C1-C13 Subunit

@ g 1. acetonice Fgad

HO,
. 1

7 ,:\, H

OoH . g

o 0“H OH iﬂb LI('\—\G (:PmncH,}z HO Rhﬂ(Pth),, B o‘ﬁ
N * Heah Tsor e {0,
OH ™~OH  MeOCH,PPhCI )Yo o] 2%0 DMAP, o X( i ><

111

116 kit 5&%. 8 steps

1. NalOy tesom, M0
2. Uy a7 ‘28t
1.1% NICL/CICl, 2.0y
3. FeCly, $i0, 3. GHly, GrCly
H

118 Bu

4-5-1-2. Kishi's Third Generation Approach to the C1-C13 Subunit

DMe »"\r‘*cogm
QH 9k - 1.Qs0u MO, A2
OH  “cat stm )O 1. DIBAL, -78 °G 35, 05‘,

2 MBDCH;PF'“;CI
jo DMAP CH;Cl; s.'ngle isomer
MoO,C MeO,C
AcO 0 1. AcGH, 80 (: 1. AcOH/H,0ITFA 85 °C 0.
Trton B(OMs) H TNy on . ben TBSOTT, 2kt WL % on
e ————— %
8,% O T 2% NGOl 2, NIS, MeCN, CICH,CN iy
>C> single isomer !"“TMS hiso <j S RS0 ey
™S se% i
123 126 23
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