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From Milligrams to Tons:
The Importance of Synthesis & Process Research
in the Development of New Drugs
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Why Synthesis & Process Research ?

Synthetic Strategies: Discovery Chemistry vs. S  ynthesis & Proc. Research
Diversity vs. Target Orient ation

Lead Structure

Martin Karpf Synthesis & Process Research, CoE Catalysis IASOC 2008

Prof. Ryoji Noyori
Nobel Laureate 2001

"chemical synthesis with practical elegance"

key requirements:

 absolute efficiency using perfect chemical reaction S
» 100% selectivity & 100% vyield
e economical processes » no unwanted wastes

» environmentally friendly » resource and energy-saving

"The need for efficient and practical synthesis remains one of the greatest
intellectual challenges with which chemists are faced in the 21% Century"

R. Noyori, Adv. Synth. Catal. 2001, 343, 1
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Synthesis & Process Research at Roche

"comparing" number of synthetic steps and overall yield :

Tempium ™ (Alzheimers D.) Xenical ™ (Obesity)
Lazabemide: Tetrahydrolipstatin:

Cho SWNHCHO
l P H (0]
N ~NH, - HC 0”0 (\);/(/\j
=

o S SES]
12 (2%)

Discovery Chemistry: 9 (8%)
8 (22%)

Synth. & Proc. Research: 1 (75%)

Invirase ™ (HIV) Tamiflu ™ (Influenza)
Saquinavir: Oseltamivir Phosphate:
O,R COjEt

AcHNY XS
CONH, : NH, -H,PO,

Discovery Chemistry: 25 (5%) 16 (5%)
Synth . & Proc. Research: 10 (50%) 10 (35%)

Martin Karpf Synthesis & Process Research, CoE Catalysis IASOC 2008

Tempium ™ (Lazabemide): MAO-B-Inhibitor => Alzheimer's Diseas e

N i ? i HN A cl N S
/\Ej\_’HO I\ —>» MeO I\ —>» H,N I\ —> u—» u—» m
N N N N N N N~ ~CO,H

~ 26 kg Discovery Chemistry Synthesis
Drug Discovery

R. Imhof, E. Kyburz, 9 S.tEpS 0
Patent CH 1984-4132 (1984) overall yield 2 - 8%

Synthesis Research &

Catalysis CIn Pd] SN CIn NG c
Alkynylation mu I N Cmco? \(N)\CO,I\? ~NH,
O
4 St_eps 1.1 kg oH
overall yield 58% 1kg

Synthesis Research &
M. Scalone, P. Vogt, Catalysis o
Patent EP385210 (1990) (2nd Generation Synth.): \(j\
Carbonylation l

1 Step 0.8 k
overall yield 75% © X9

Cl H"‘N\/\NHZ
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Xenical ™: Pancreatic Lipase Inhibitor => Obesity

SWNHCHO
o

(0] O
S

S S

Tetrahydrolipstatin

H, / Pd(cy'

fermentation:
SaNHCHO streptomyces
toxytricini
o}

(6]
0 <
S
S S S

Lipstatin Linoleic Acid

E.K. Weibel et al.,
J. Antibiotics 1987, 40, 1081

IASOC 2008
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Tetrahydrolipstatin: Control of Configuration
O-deprot

enantiosel. )
2C-chain cyclization &

hydrogen.

o o Owprotect. 5,  €longation 5., o C6-alkyl. ]
. = . AU, =) °
cquaMOR cqua/Rk/U\OR CiuH" R OR |
23 R

C,H

reduction / heterogeneous +
hydrogenation

S
o
C,H

23" R

V7'
Jlacton
opening

O-deprot.
Mitsunobu s
>\ NHCHO

P. Barbier, F. Schneider, U. Widmer,

Helv. Chim. Acta 1987, 70, 1412 ?_JL/\/\/
/\/\N\/\/S\\\\\‘S A

Tetrahydrolipstatin

Blactone form. Lu

IASOC 2008
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Current Technical Synthesis of Tetrahydrolipstatin
via rac.-Dihydropyrone and Optical Resolution

H,,C H

311

lauric aldehyde

C,H

6' 113

o O

-

(e]
CeHis

1) NaH / THF
2) BulLi, -10°
3)HO 799

NH

optical res.
45%

(e}

HpsC OH

23711

racemate

o
1
e
" HZSCM/I\/\')LOH

C,H

6' 113

racemate

HZ’JCII
racemate
all-cis

l 95%

OH OTHPOQO
i

1)DHP/ HY

1)BnBr/Base 2 NaOH
+

2)H" /H,0
p— H,,C 1 ONa

CGHlﬁ

racemate

PhSO,CI W NHCHO
EEoe 1 r'd';e \(j\
pyridir 0% o
o o A NHCHO
BnO (J)i H,, Pd/C OH O‘l:( \rj\ .
_—

DIPAD
B EE—
(0] (0]
CeHis ~quant. Hp3Cyf CeHis 80%
P YV Ve N

PPh,
number of steps: 8 Tetrahydrolipstatin

overall yield: 20 - 22%

Martin Karpf Synthesis & Process Research, CoE Catalysis IASOC 2008

R)-Dihydropyrone

Enantioselective Approach to the (

CH

6' 13
(¢]
Br

o O

Zn or Mg
mediated
_—

e . .
cyclization

HpaCof o

H;C%R
Hydrogenation Conditions:
[Ru(OAc) ,((R)-MeOBIPHEP)] ™= Ra"\“l 90%

50’000
(e}
(e}
HyC1® RS TOH

catalyst:
S/C:

H, pressure:
solvent:
conc:

temp:
reaction

H C)J\/ILO/

99%

40 bar 599% ee

MeOH

40 wt.-%

80C

4 10 22 h (<99.9% conv)

R. Birk, M. Karpf, K. Plintener, M. Scalone,
M. Schwindt, U. ZutterChimia 2006, 60, 561;

Org. Proc. Res. & Der007, 11, 524. o
o

number of steps: 9
overall yield: 38 - 40%

Martin Karpf Synthesis & Process Research, CoE Catalysis
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NSNS S
Tetrahydrolipstatin
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Invirase ™ (Saquinavir): HIV-Protease Inhibitor => Aids

Saquinavir
INVIRASE™

synthesis requires 21 steps: experts doubt if Roche bodgyelse will
ever be in the position to produce enough mateviahef it will ever
reach the market

Martin Karpf Synthesis & Process Research, CoE Catalysis IASOC 2008

Saquinavir: The Starting Materials

Saquinavir

CONHt-Bu

Decahydroamide

1 U
L-Asparagine Subunit /(@
S|

H,N~ COoOoH

Commercially Available Starting Materials L-Phenylalanine

Martin Karpf Synthesis & Process Research, CoE Catalysis IASOC 2008
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Discovery Chemistry Synthesis of Saquinavir

o
oo

W
CONt1Bu

Aminoalcohol
Phthaloyl Epoxide

S. Redshaw et al. :
Science 1990, 248, 358;
J. Org. Chem. 1994, 59, 3656

Martin Karpf Synthesis & Process Research, CoE Catalysis

Commercial Synthesis of Saquinavir

1) SOCI,, MeOH
2) CICOOMe, H,0

H. Hilpert et al.,
Chimia 1996, 50, 532

&

H,N""COOH

1) CH,0, HCI/ H,0
. 2) NH, dil
L-Phenylalanine

70%.

1) DCC, N-Hydroxypyridone (cat.), Acetone
2) Methanesulphonic Acid
3) Recrystallisation from Methanol

81%
1)
X
o

NEt,
EtOAC
E—
90%
2) NaOH, NaHCO,
H,0

n

AY
CONH,

L-Asparagine

CONH,  CONHt-Bu

SAQUINAVIR

B
C(ND\COOH
QuinaldicAcid

CONH,

Quinargine

Martin Karpf Synthesis & Process Research, CoE Catalysis
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- synthetic steps
- overall yield

SAQUINAVIR

- steps
- overall yield

IASOC 2008

HN (e]]

A _OH

Me0So

Al(i-PrO) 5
i-PrOH, 50°

—_—
HN™ “COOMe

n-BuLi, TMSCI
c .
e
= HN el
A o

Me0No

89%
Chlorohydrine

1) NaOH/ H,0 / Toluene
H, 150 bar, 2 EtOH, 78°. 5 hrs
Ru/ Alox H

AcOEt, 150° <

—  3» HN

1) COCl,, THF
2) t-BUNH
— 3 HN
80%

H
-85%
80-85 CONHt-Bu

Decahydroamide

CONHt-Bu

CONHt-Bu

H
CONHt-Bu
Aminoalcohol

10 (-15)
50% (x 10)
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The Synthetic-Technical Development of Invirase

o Joveral | a4+
required {o]§ 1 Ton active drug

17
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Marketed Anti-Influenza Neuraminidase Inhibitors

TAMIFLU™ (Oseltamivir Phosphate) Competitor:  GlaxoSmithKline
RELENZA™ (Zanamivir)

/Y\ -
Oy, CO,Et _ ‘s
HO I
AcHN :

HN_ NH,

NH, - H,PO, i

NH

Ro 64-0796 / oral Bioavail. ~ 80% GG-167 oral Bioavail. ~ 4%
GS-4104 ICso ~1 NM (Acid) ICs0 ~1 NM
tip ~2.6h tip ~ 18 min

Use Oral Treatment and Prevention of Influenza Use Topical Treatment of Influenza
Virus Infections (Viral Flu) Application via Disk Inhaler

Originator Gilead Sciences, California Originator Biota Holdings, Australia
Kim et al. von ltzstein, Monash University
Patent February 1995 Patent April 1990
NDA April 1999 NDA November 1998
Launch November 1999 Launch July 1999
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The Influenza Virus

Martin Karpf Synthesis & Process Research, CoE Catalysis IASOC 2008

Role of Neuraminidase in Influenza Virus Replicatio

Cleavage of terminal sialic acid end groups of the glycoproteins on the infected cell
surface allowing for the release of the newly formed viruses to infect new host cells

) Influenza

H _COH i
HON\ oy Neuraminidase HO N\ ]
HO II"O—egcoprotein > HO
AcHN? %

AcHNY® X
OH OH
N-Acetyl-Neuraminic Acid
sialic acid
H H +

-O=x,
transition state AcHN
/ W OH
HO OHL

OH

IASOC 2008
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GILEAD Drug Discovery Synthesis

9 6 steps HO,,
s

=,CO,H
KJ r —_—
—_—
~ 30%

OH
Quinic acid 16 steps / overall yield
from Quinic acid ~ 5%

1) PPhy, THF, H,0 R

2) KOH, THF, H,0 CO,Me
AcHN :

~ 70%

Basel, Switzerland

September 30, 2008

4 steps MOMO,,

HN

4 steps l
~ 80%

1) ROH
BF, OEt,, 75T
P)) Ac, ,O, DMAP

pyndme

~ 70%

coo T

OH

2000 180

Kim et al.,J. Am. Chem. Soc. 1997, 119, 681 &J. Med. Chem. 1998, 41, 2451

Martin Karpf Synthesis & Process Research, CoE Catalysis

GILEAD Process Chemistry Synthesis of Oseltamivir P

HO

H
HO, =,COH o,
) >< N\
HO o
OH OMs
(-)-Quinic acid

/\
world supply ?

NaHCO, / H,0
COEt  Eton

67%

Epoxide

IASOC 2008

hosphate

1) SO.Cl,
2) pyrrolidine
Pd(PPh,), cat. o,
3) H,SO, extr.
o"
43% cryst. OMs

safety’?'
| > HCIO, cat

HL Rohloff et al.,J. Org. Chem. 1998, 63, 4545

Martin Karpf Synthesis & Process Research, CoE Catalysis
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GILEAD Process Chemistry Synthesis of Oseltamivir P hosphate

(continued...)

W
/\oi\ CO,Et
184

=3
O

NaN,, NH,Cl [ Y™

EtOH , 65T Oy,
R ——
Ho ™ ;

N,

CO,Et MeCN , RT
—_—

Epoxide
safety of
selectivity ? )~ azide reagents

& intermediates ?
P

1) Lindlar /H , /Y\

2) H,PO, 0y,
<
80% AcHN

NaN, , NH,CI
DMF, 85T

Ac,0
pyridine (6]
-

/Y\

Oy, CO,Et CO,Et

AcHN™ X
NH, " H,PO,
Oseltamivir Phosphate

13 steps / overall yield from
(-)-Quinic acid ~ 0 - 6%

Martin Karpf Synthesis & Process Research, CoE Catalysis

Current Commercial Synthesis of Oseltamivir Phosphat

HO P co,
W
HO 3 steps

OH ~ 70 - 80%

H

" Azide "

1) Et,SiH, TiCl e

Shikimic acid 2) NaHCO; aq.

Sources:
- Extraction from Oy,
Chinese star anis ©

- Fermentation o - i
Biotechnology ~50-55%

5 steps

Epoxide
5 steps Ro 94-0792

~40 - 45% 10 steps /

(-)-Shiki

GILEAD: Rohloff et al.,J. Org. Chem. 1998, 63, 4
ROCHE : Karpf et al.,Chimia 2007, 61, 93

(-)-SA

Quinic acid

Source:

- Extraction from the
bark of Cinchona tree

35% H,N

September 30, 2008

HN,!!

“ : _CO,Et

3

Rohloff et al.,J. Org. Chem. 1998, 63, 4545

IASOC 2008

CO,Et S O, CO,Et
. B ——
= 1y
AGHN

NH, H;PO,

Oseltamivir
Phosphate

overall yield from
mic acid ~ 35%

545

: Frost, Weber et aBjotechnol. Prog. 2003, 19, 808

Current Production Capacity: 400 metric Tons/Year

Martin Karpf Synthesis & Process Research, CoE Catalysis
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Early Questions for Synthesis & Process Research

Shikimic Acid
independent
Synthesis

???

—)
—>

> AcHNY X

Azide-free

Transformation
?2?77?

M
Oy, : _CO,Et

NH, * H,PO,

Cheap Oseltamivir
Starting Phosphate

\EWCETS

Martin Karpf Synthesis & Process Research, CoE Catalysis

Epoxide

IASOC 2008

How to Replace Azide Reagents and Intermediates ?

Attempted Epoxide Ring Opening

0y, CO,Et
_—

Selection of nitrogen nucleophiles tested:

CH,CONH, CH,C(=NH)NH, NH, (NH,),SO,

o
H,NNH, - HCI EtO,CNHNHCO,Et  H,N” " ~Bn /SiMe,

(0} O

N H
\NJLN/ ( \I N
k J N N N0 NH /K/NBu,
N LNT LY

H (0]

René Trussardi

NaN(CN), CH,CN H,NCN

ML K LN
Me,Si” SiMe, NH, 2

NH,

(0]

A

e 0 WS
(0]

Problems: aromatization, decomposition, no or non-selective reaction

Martin Karpf Synthesis & Process Research, CoE Catalysis
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New Catalyst for Epoxide Ring Opening

BnNH, 2eq.
THF, 65°C

Ny ...
CO,Et  Ph,PBr, On, CO,Et 3
—_—> —
MeCN, NEt,

Chromat.

1) Pd/C, EtOH T 2)H* 1,0

NN
2 eq. THF, 65°C

MgBr , OEt, 0.2 eq./12 h, ~quant.

Martin Karpf

Synthesis & Process Research, CoE Catalysis

Oy, CO,Et

IASOC 2008

The “Allylamine Synthesis” of Oseltamivir Phosphate

1) AllyiNH ,, 2 eq.
MgBr ,-OEt,
TBME / MeCN 9:1

55T, 16 h

O//, COZEt i
—_— >
C( 2) NH,Cl / H,0

N
97%

1) 10% Pd/C, EtOH,

H,NCH,CH,OH
rflx., 3 h

,,, CO,Et 2) HyPO, , EtOH
: -
XIN 70%
NH2 H,PO,

Oseltamivir
Phosphate
overall ~ 35 - 40%

Martin Karpf

Synthesis & Process Research, CoE Catalysis

,0.2 eq.

M
OI/,
Ho ™ ;

Synthesis & Process Research, CoE Catalysis

1) 10% Pd/C, EtOH
H,NCH,CH,OH

COEL gy, 3 h

; CO,Et

"Domino"
Sequence

2)HSO 1.1 eq.

AN~ 7%
1) PhCHO, TBME, - H,O
2) MsCl, NEt, filtr.
3) AllyiNH ,, 3 eq., 111, 16 h
4) H*/ H,0
Ac,0, 1 eq.
AcOH, 10 eq.
MeSO4H, 1 eq.
TBME, 15 h, r.t.
-

80%

IASOC 2008

Dr. Martin Karpf
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The "Domino" Sequence

MsCI

PhCHO Oy, COZEt
—>
e HO\\‘ \J.l@ . HC' weor \,l@

N

Amino-alcohol \

2.0
- Ns
1) PhCHO, TBME, - H,O M

)
2) MsCl, NEt, filtr. 4
3) AllyINH ,, 3 eq., 111°C, 16 h . Biichi R
; s Autoclave MsOW

A
4 HYIH0 111°/16 h NH,

TBME
/ MsOH
O, CO,Et
H*, H,0 ﬁ HNe CO,Et
- - N Q/

CO,Et

N

: r!.lJ HN\/\

Martin Karpf Synthesis & Process Research, CoE Catalysis IASOC 2008

Amino-allylamine

Evaluation of Shikimic Acid Independent Syntheses

The Key Problems:

Efficient Induction of 3 Stereogenic Centers
Regioselective Introduction of the 1,2-Double Bond
Introduction of the 4,5-Amino Substituents
Formation of the 3-Pentylether

Conceivable Solutions and Starting Materials:

Diels-Alder Approaches

Starting from Aromatic Rings & Transformation
Ring Construction & Transformations

Starting from Chiral Pool

Martin Karpf Synthesis & Process Research, CoE Catalysis IASOC 2008
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Diels-Alder Concepts Stefan Abrecht
Open Chain:

Pyridone:

so Ph
BNN o,,,3
] <= Pho,S &&=
AcHN 4 Y5

NH %
3,4-trans Furan:

4,5
Pyrrole: rans

/
COX A
Q. S = S+ Poos
NBoc

l

NBoc

Martin Karpf Synthesis & Process Research, CoE Catalysis IASOC 2008

The Furan Diels-Alder/Nitrene-Addition Concept Stefan Abrecht

= /\COZR LiIHMDS
L = —

Znl, cat. H

N N
exo/endo = 2:1 S R N/

F. Brion, Tetrahedron Lett. 1982, 23, 5299 ’7 b N

Martin Karpf Synthesis & Process Research, CoE Catalysis IASOC 2008

Synthesis & Process Research, CoE Catalysis Dr. Martin Karpf

15



Basel, Switzerland

F. Hoffmann-La Roche Ltd

Furan Diels-Alder / Diphenylphosphoryl Azide Approa

Z>coet

1) enzymatic
resolution

R/S Chirazyme L-2

) distillation

September 30, 2008

ch

E)o 0.7 eq. @\COZEI 2
—
| ~30%
© Biocatalysis

ZnCl, 1.0 eq.
neat, 50C, 72 h
7% exo

o)
Etol

(I)Et CO,Et NaHMDS, THF
n @
o)

1) MsCI, NEt 5, CH,Cl,, T.t.

94% (crude)

62% (cryst.
6 (cryst) l 2) 3-pentanol, BF ,.OFt,, CH,Cl,

BO‘C 15h EtO

/endo ~9: 1

7N
N N,

53%

(chromat.)

X-ray of acid !

1) 20% H,SO, in EtOH

70T, 22 h

CO,Et  2) HCI/ EtOH cryst.

e

68%
(cryst.)

Martin Karpf

The Desymmetrizatio

R,0

Pyrogallol
or
derivative

Synthesis & Process Research,

CoE Catalysis

n Concept

2) 70C, 18 h

-«
CO.Et 3y NaOEt, r.t.
EtOH. 1 h

ﬁ 1) DPPA
PhO —/p\N toluene
PhO 30C

H

II
PhO—p\N N ]
PhO N Io)
+ regioisomer ~30%

X-ray of major isomer !

Allylamine

Oseltamivir Phosphate

IASOC 2008

Ulrich Zutter

cis-

hydrogenation

introduction of the amino groups

o,:©/ CO,Et
AcHN

NH, HsPO,

Martin Karpf Synthesis

and functionalization

& Process Research, CoE Catalysis

Synthesis & Process Research, CoE Catalysis

[}
desymmetrization
by enzymatic
hydronS|s

Curtius

or Hofmann
degradation

IASOC 2008

Dr. Martin Karpf
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meso -Diester Synthesis and Desymmetrization

2) NBS, DMF, 0C dppp KOAc
90% EtOH, 110, 20 h
95%

KOtB CO (10 bar)
DMSO, 50T 0.5% Pd(OAc) 2
—_—
\

H, (100 bar)
5% Ru-Alox

Biocatalysis EtOAc, 60C, 24 h
desymmetrization:

PLE, H,0 TMSCI, Nal
\CO Et pH7.5-8.0 \COZEt MeCN, 40T
quant. 97%
-98% :
COZH ee 96-98%

(+)-acid

Martin Karpf Synthesis & Process Research, CoE Catalysis IASOC 2008

The Endgame: Introducing the Amino Functions

1) (Boc) ,0

DMAP cat., r.t.
DPPA, NEt, H 2) NaH cat. M
WCO,Et CH ,Cl,, 40°C oy, WCO,Et toluene, rflx. O,,O/COZEt
X
\\O O s

81% 3) Tf,0, pyridine Tfo \

= CH,C,, - 10T =
CO H }—NH o= HNBoc
2 83%

(+)-acid
NaN,, r.t.
78%

Zutter et al.,J. Org. Chem. 2008, 73, 4895 scetone ;0

1) H,, Ra-Co

10 steps o :@COZEt 2) Ac,O/Et,N (©/ CO,Et
X <
= 0,
overall yield ~30% AN TN 3) HBr-ACOH/
£ EtOAc
NH, HsPO, 4y 11 po /EtOH HNBoc

Oseltamivir
Phosphate 83%

Martin Karpf Synthesis & Process Research, CoE Catalysis IASOC 2008
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The Oxazolidinone Shortcut

OH /_<_
0., A\ CO,E (Boc) ,0 o CO,Et
NB
A\ (o]0}
Q X OH
)—NH O* ) NaH_, , rflx.
o) o)

1) (Boc) ,0 H
DMAP cat., r.t. (

2) NaH cat. (e]
toluene, rflx.

3) Tf,O, pyridine HNBoc O
CH,Cl,, - 10T o

O

85% o

A/-co2
Ou, CO,Et NHBoc
| Tt,0 AN
1
TfO\ x o ’COZEI
HNBoc OH

Martin Karpf Synthesis & Process Research, CoE Catalysis IASOC 2008

Results of

Synthesis & Process Research on Oseltamivir Phospha

Azide-free Allylamine Synthesis:

Oy, CO,Et
o
b =
BN
o

Furan Diels-Alder Synthesis:

EtO /O =

7S

(e] CO,Et
CO,Et < /, 2
E)O . r 2 p—— D/
= |

AcHNY Y
NH, -H;PO,

Desymmetrization Approach: Oseltamivir
Phosphate

o
HO. —
—>
\Ojij — M. Karpf et al.,

Chimia 2004, 58, 621;
Chimia 2007, 61, 9<

Martin Karpf Synthesis & Process Research, CoE Catalysis IASOC 2008
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