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Tamiflu

e Influenza
— Seasonal ., CO,Et
— Avian

_ : AcHN®
Swine NH, sH5PO,

. . Oseltamivir Ph hat
 Discovered at Gilead 1995 bl SRL L LIE

— Codeveloped with Roche
— Launched by Roche 1999

* 50 million people treated TR U dampresor
— $2.1 billion in 2006
— $564 million in 2008
— Predicted sales increase of 531%
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Ose/tam/wr Phosphate

« Orally active neurammldase |nh|b|tor
— Competitive inhibitor towards sialic acid
— Designed as analogue of oxocarbonium intermed. | *™ {50,

0., CO,Et

— Prevents viral release and spread of disease Oseltamivir Phosphate
OH OH OH
, CO,H il @ OH
HO™ ™ ‘LO/\(-'O\R neuramndase  HOT " CO2 HO/\) O com
o AcHN AcHN OH
R = glycloprotein sialic acid

* Dose: 75 mg twice daily for 5 days
« 2010- production at 400 million packs per year
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SyntheS/s of Tam/flu

* Nearly 30 publlshed syntheses of molecule or
iIntermediates

 First Synthesis by Gilead

* A process Route by Hoffmann-La Roche
* Inexpensive Route by Shibasaki

« Shortest Synthesis by Trost

« Highest Yielding Synthesis by Hayashi
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First Synthesis- Gilead

1) MOMCI, DIPEA
HO., CO:H HO.,, COMe  CH,Cly, reflux, 3.5 h MOMO:, CO:Me
PhyP, DEAD ©/ 97% . .
HO" THF, 0 Ctort, 1.5 h \ 2) NaNg, NH,CI HO
OH 77% O MeOH/H,0, reflux, 15 h N3
86%

(—)-shikimic acid

1) MsClI, TEA 1) NaN3, NH,CI, DMF  Ho,, CO,Me 1) TrCl. TEA
CH,Cly, 0 °C, 15 min  MOMO,, COMe 70 ¢, 21h ' CH,C 0 G o 1 3 h
99% 77% >
> >~ HoN - 2) MsClI, TEA
2) PhgP, THF, 0 °C, 3 h HN 2) HCI, MeOH N CH,Clp, 0 °Cto rt, 22 h
then TEA, H,O, rt, 12 h rt, 4 h 3 86% over 2 steps
78% 99 %
Me Me
1) PhgP, THF/H,O
CO,Me 1) BF3¢OEty, 3-pentanol MeJ\ ) 503 °C,10 h 2 Mev\l\
TrN©/ 0.2h . ©Q S0% - °
E 2) Ac0, r?l\{llgi, pyridine AcHN ~ 2) KOH, THF AcHN ~
N3 69% over 2 steps . rt40 min \
Ng" CO,Me then Do;v5e°>< S0WX8 HN® CO,H
14 steps

15% overall yield
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First Synthesis- Gilead

« Demonstrated on milligram scale as candidate molecule

« Uses shikimic acid as starting material
— Isolated from Chinese star anise
— Cannot be synthesized economically

« Uses azide chemistry (twice!)

Ambrosini 6 - CU Synthesis Lit Group - Tamiflu




Process Synthesis- Hoffmann-La Roche

HO., COLH
' oy SOCI,, EOH, reflux, 35 h Me><0~, COLL _ o Ac. gh“gig'ég E.é, 30 min
o 97% - Mo N\ 82% .
- A e
(=)-shikimic acid " 95% 98%

1) allyl amine, MgBr,eOEt,

M 1) EtzSiH, TiCl
“o. COEt CHyCly 32 °C.2h Me™ > "Me MTBEMeCN 91 Me” " “Me
' 87%, 32:1 o, CO,Et 55 ;%/1 6h o., CO,Et
o 2) NaHCOj, H,O/EtOH ©/ ° -
Me 65 °C, 2.5 h N 2) 10% Pd/C HO™
OMs 80% o ethanolamine
EtOH, reflux, 3 h NH,

77%

1) PhCHO, MTBE

reflux, 2 h 1)Ac,0, AcOH, MeSO3H
2) MsCl, TEA MTBE. 0 °C to rt, 14 h Me™ Y "Me

Me” Y Me
0°C,25h . o, CO,Et 83% O, CO,Et
3) allyl amine O/ — Q/
110 °C, 15 h, 3.5 bar H,N _ 2) 10% Pd/C, ethanolamine AGHN

: EtOH, reflux, 3 h
4) HCI, H,0 = : 3h :
80% over 4 steps HN 3) ?85?3\/52:@% C NH,eH3;PO,

35% from epoxide
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Process Synthesis- Hoffmann-La Roche

Me/\l/\Me Me/Y\Me Me/Y\Me

5 COLEt , ., CO,Et
5 ) PHCHO ., CO,Et ec)
HO™ MJSOE HO™ “TEAeHCI MsO"
NH, - N “

Ph Ph

Me/ﬁ/\Me Me/\/\ Me

_~_NH; O, CO,Et 0., CO,Et
_ + /\/prh - 5
- MsO™

NH, HN

Me” > Me
NH o, CO,Et O., CO,Et
. ~ O/ i HCI /@ 2
Ph SN | H0 HNT7
HNJ HN\)
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Process Synthesis- Hoffmann-La Roche

« 35% from epoxide
« Azide-free
« Avoids chromatography

« Uses shikimic acid as starting material
« Only demonstrated on multigram scale
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OTMS Ba(O-iPr), (2.5 mol%) OH

CO,Me ligand (2.5 mol%), CsF 1) 2M NaOH, MeOH
= + J/ THF, 20 °C, 36-96 h ~COMe 60 °C, 10 h -
M then 1M HCI 2) DPPA, TEA
N o0 91% COMe THF, 0 °C, 21 h
5:1 dr, 95% ee 95% over 2 steps
58 g scale
AcO.__CN
//(O % 1) CF3CO3H
CN
1) tBuOH, 80 °C, 13 h @) \ 3Ush,
) - T NAc [Pd,(dba)s]*CHCl5 (2 mol%) «NHAC " Na,HPO, urea/H,0,
2) Ac,O, TEA, DMAP dppf (4 mol%) AcO CHxCly, 4 °C, 2 h
CHZC|2, rt, 25 h > C ﬁ\‘\\ NHBOC >
80% over 2 steps NHBoc PhM8e5,0(/30 C NC &y 2) K,CO3, EtOH
after recrystallization ° r,5h
1) DEAD, PhsP
p-nitrobenzoic acid
OH THF, -20 °C, 1.5h
: then LiOH, EtOH .NAc 1) BF3#OEt,, 3-pentanol

.NHAC ot R ; Tamiflu
m 65% over 3 steps /@ ) TiOA °(; 15Hm||3no N 12 steps
2 , then HgPO4 16% overall yield
EtO,C NHBoc 2) DIAD. MePPh, TEA o\ NHBoc 73% e

CHyCl,, 4 °C, 10 min

76% s
F
m S
Ph™ :
O OH OH
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Sh/basak/

OTMS

<COMe oo i

CO,Me 0-

O OH OH
MeO,C Fo-FUjiCAPO
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Shibasaki

* 16% yield in 12 steps

« Commercially available starting materials
 Introduces chirality in first step

« Scalable

* Uses azide chemistry
« High temperature Curtius rearrangment
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Shortest Route- Trost

o TMS _~ %

O,
NTMS SES
O

[M3-C3HsPdCl),] (2.5 mol%)

A 7.5 mol%, THF, 40 °C @ PhSSO,Ph, KHMDS @SPh
o) then TSOH.HZO PhthN\“ "ICOZEt THF, -78 °C to rt PhthN“\ COZEt

O EtOH, reflux 94%
84%, 98% ee

1) BF30OEt,

Cat. (2 mol%), SESNH,  SESN 3-pentanol, 75 °C
mCPBA, NaHCOj3, 0 °C @\ PhI(O,CCMeg),, MgO 65% .
then DBU, toluene, 60 °C PhCl, 0 °C to rt 2) DMAP, pyridine, Ac,0O
85% PhthN CO,Et osor PhthN COEt < ZN 1on G 1 h
84%

Me/\fMe Me/\o/\Me

5 1) TBAF, THF, it AcuN. -

° Fam /"\ __ CHs
SES;\' 95% _ ‘i._ :;, \__/ B CH,
Ac 2) NHoNH,, EtOH b = 0 J.
HoN CO,Et »—NH HN—4 =0

PhthN™ CO,Et 68 °C = - ey 9\
quantitative 8 steps § )-PPhPhp— \> HiC o R 2 St
i — = LT 3
30% overall yield (RRM3 o=¢ /\
HyC TN )
A 14 Gy 7
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Shortest Route- Trost

— ey = O
PhthN' "“CO,Et

NH(PG), = NHBoc,, NHCbz,, NH(CHO),, phthalimide

%
0 ( o~ o
NTMS ~—"

o)

Ambrosini 14 - CU Synthesis Lit Group - Tamiflu




Shortest Route- Trost

« 30% yield

« 8 steps

* Novel Pd-catalyzed deracemization of lactone
* No azide chemistry

 Microwave
« Hydrazine
« Scale?
« Cost?
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Highest Yield- Hayashi

(OE1),P(O)
N OTMS

Ph
O"'éph 5 mol % T

CO,Et

CSZCO3, 0 OC, 3h

Me

STol
o)

p-TolSH — Me

Py

M H
© I moc H
O O + 1 CICH,CO,H (20 mol%)

D\\\COZE’[
tBUOzC

NO CHyCly, rt, 40 min then evaporate EtOH, -15 °C -
Me 2 EtOH, rt, 15 min 36 h o
2
¢ A
one-po 70%
chromatographed
Me
STol
(COCl),, DMF (cat) LAl .
TFA, CHyClp, 2 CHyCly, 1 h NaN; 5 O, A\~ CORE
then evaporate then evaporate H,O/acetone Ng I
0 °C, 20 min : no purification
O NO,
one-pot B
Me
AcOH, Ac,O NH; ([o,,, CO,Et
rt, 49 h . Zn, TMSCI . then K2COS . Me 82% from A
then evaporate EtOH, 70 °C,2h  EtOH, 6 h AcHN -
NH,
one-pot
P C
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H/ghest Yield- Hayashi

Ph
O eph 5 mol %

Me H N OTMS
v& tBuO,C H
O o0 4 1 CICH,COZH (20 mol%) -
CH,Clo, rt, 40 min
Ve NO,
Me

5:1 syn:anti
syn: 99% ee

B
t “O"‘C anti 87% ee

Me

Me
’)i @] (OEt)gP(O)\[rcozEt ([ /[
O.
5 H 0., CO,Et X CO,Et
Me Cs2C03,0 °C, 3 h Me 2 M OO/ 2
e
tBuO,C then evaporate tBuO,C *

NO EtOH, rt, 15 min tBuO,C -
SR R:S=5:1 55
Me
OH I\/l(a/\O/\NIe CO,Et
0 CO,Et 2
+
Me PONEO: ¥ 560 COLE
NO, P(O)(EtO),
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e 5/% YIeld

« 9 steps in 3 reaction pots

* Only one chromatography step
* Inexpensive starting materials

« Uses azide chemistry
- Scale?
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Summary

« 1995: Gilead

— medicinal chemistry route
— 15% yield in 14 steps

« 2001: Hoffmann-La Roche

— Optimized route to key epoxide, no azide chemistry
« 2009- Shibasaki

— New Diels-Alder methodology

— 16% yield in 12 steps
« 2008- Trost

— Shortest synthesis: 30% yield in 8 steps

2009- Hayashi
— Highest yield: 57% in 3 reaction pots
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* Review: J. Magano, Chem. Rev. ASAP.

« V. Farina, J.D. Brown, Angew. Chem. Int. Ed. 2006, 45, 7330.
« C.U.Kim, etal.,, J. Am. Chem. Soc. 1997, 119, 681.

« M. Federspiel, et al., Org. Process Res. Dev. 1999, 3, 266.

« M. Karpf, R. Trussardi, J. Org. Chem. 2001, 66, 2044.

« M. Shibasaki, et al., Angew. Chem. Int. Ed. 2009, 48, 1070.

« B.M. Trost, T. Zhang, Angew. Chem. Int. Ed. 2008, 47, 3759.

« H. Ishikawa, T. Suzuki, Y. Hayashi, Angew. Chem. Int. Ed. 2009, 48,
1304.
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