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INTRODUCTION

General Evolution of a Synthetic Route

Discovery Phase “expedient” -
(Medicinal Chemistry): the
identification and synthesis of a

viable drug candidate

Development Phase “practical” -
- first kg for safety and early
clinical studies. Typically uses the

Med Chem route as a starting point

- pilot plant scale “efficient”

production, 100’s of kg

Marketing Phase “optimal” -
factory scale for commercialization,
1000’s of kg

Chem. Rev. 2006, 106, 3002.

1)
2)
3)
4)
5)

Issues:

Rationale for changing a synthetic route
can be assessed based on the SELECT
criteria:

SAFETY
ENVIRONMENT
LEGAL
ECONOMICS
CONTROL
THROUGHPUT

SAFETY: «if a route cannot be scaled up safely,
then it should not be scaled up at all”

thermal runaway

Gas evolution

Explosive or shock sensitive materials
Highly corrosive materials

Acute toxicity

Chronic toxicity

Genotoxicity

Pyrophoric/flammable materials



SYNTHESIS OF LYRICA (pregabalin)

~N

Pfizer (2004): nerve pain
and epilepsy medication

NH>

OH
Sales 2007 - $1.8 billion

Off patent - 2018

Lyrica
(pregabalin)

« Y

Original synthesis: Silverman and
Andruszkiewicz, 1989 C&E News, 86(10), pg. 60

NO,
Q DBU, CHaNO- Q
x _
OEt - OEt
it 48 h
72%
H,, pdiC
AcOH
it 2-4 h
NH, NH,
L 6N HCl 2
reflux, 2 h
OH OEt
86%

racemic

Pregabalin was soon licensed to Parke-Davis
(later acquired by Pfizer)

o 1) SOCI,, CHCl5
reﬂux
HO 2)aux n-Buli \ ,f
THF,-78°C -

Me 4%
i) LDA, THF, -78 °C

i Br/\rr{}Bn

Evans diastereoselective alkylation

OH

1) LIOH-H>0;
THF, 0°C
2) BHy'SMe, \_,"
CO,Bn THF,0°C  pK CO0,Bn
53% (>95% ee)
1) TsCl, Pyr. 0 °C
2) NaN5, DMSO, 68 °C
Na NH,
Pd/C K(\l/ N;;/\r
—h.
C0,Bn Hy (50 psi)
THF-HCI CoH | o

33%



Evans diastereoselective alkylation = a very powerful | tool for asymmetric synthesis

O

IS SPUNTTUNES 5 SR A

— O

\—5/ %ways Z! \—§/major

Li. \v Cleavage of the chiral auxiliary
O/ I @
Jj\ N /K/ R carbonyl more \l/® \

‘ =R K' :;ng,'.\éz I tgr%?dz less reactive center
R-X

The additon of the enolate to the LiBH, ou LAH R OH
electrophile occurs on the less sterically \?
hindered face, that is to say, on the R
opposite side to the R? group of the chiral

@)
i LIOOH R \
auxiliary. > OH

Rl
O

HN(OMe)Me
e

N(OMe)Me

Rl
Evans, D.A. et coll. J. Am. Chem. Soc. 1982, 104, 1737 and lecture of René Grée




SYNTHESIS OF LYRICA (pregabalin)

Modified Discovery Route:

pommmmmmm— e 0 1) SOCl, CHCl

i 0 ! reflux
! )‘L i HO 2}1 n-BulLi
i 07 "NH i \_f
g _/ ; THF,0°C
L oPh Me |
I LI i) LD&%@
ii} Br @
[}
OH 1) LIOH-H,0,
. < THF.0%C
° 2) CICO,Et "\_1"
0 CDEIBU NaBHJ” THF " COszu
5%
1) TsCl, Pyr. 0 °C - Final neutral hydrogenation
2) NaN;, DMSO - Overall yield improved to 33%

- Used to prepare 100’s kg

1) Hydrolysis ' \
After extensive optimization: average
2) H,, PdIC, 55% , . ,

CO,'Bu COH 90% vield per step, but still 10 linear
steps and 6x the desired cost
factor...not good enough!

\. J




SYNTHESIS OF LYRICA (pregabalin)

Manufacture route

COzEt CO,Et
n- Pr2NH
CHO Et —— > Et =~
 ACOH 02 EtOH €02 -
~ recycling
EtO,C" COzEt NaOEt, Tol
Lipolase (8 mol%) 110 C
pH 7.0 (racemization)
150 nM Ca(OAc) »
3 M in substrate
CO,Et COyEt COyEt
1- KOH - HZO reflux
COzH COzNa p: COzEt
2- Ni sponge (H 2) 80 85T CN
>99% ee 85-90% ee

99.5% purity
99.75% ee

Org. Proc. Res. Dev. 2008, 12, 392.

not isolated

40-45% overall yield after one recycle

*All reaction run in aqueous media

*Ratio of kg waste/kg pregabalin produced
Classical resolution route 86:1
Chemoenzymaticroute 17:1

*Solvent use per 1000 kg pregabalin
Classical resolution route 50,042 kg
Chemoenzymatic route 6230 kg




SYNTHESIS OF PRILOSEC-NEXIUM (omeprazole-esomeprazole)

4 )
jout
MeO \—Q’Me
Prilosec Me OMe
\_ (omeprazole) Y.

First synthesis

\(j/ 2 steps \(I

I
X
/@:NHZ Et0” “SK
—_——
MeO NH-> Me

J. Med. Chem. 1992, 35, 1049.

H
N Me X Me
L=
0 N N
Cl

N
/@[ )—S  N=
MeO N \—g\:%*Me

Astra Zeneca (1985)

Proton pomp inhibitor used in the treatment of gastric
reflux disease

Sales 2007 = $5 billion

Off patent in 2014

: preparation in racemic form

NO, OMe
HNOs Me |\ Me Na/meon Me |\ Me
—_—
p p
o®© o®©
iACZO, 100 C
OMe

sSocCl,

Mefj/\/

base

NaOH, EtOH, H,O
reflux, 2 h, 70%

mCPBA /@[ )~
CHcly  Me© \_g\:%,
racemic Me

Me OMe OMe



SYNTHESIS OF PRILOSEC-NEXIUM (omeprazole-esomeprazole)

Improvement : omeprazole to esomeprazole

1987 - Prilosec found to display significantly varying efficacy depending on rate of metabolism
of patient.

Program launch to find a compound with increased bioavailability that won't be cleared by the
liver so quickly to give "slow metabolizers"a chance

1989-1994 - 30 scientists and several hundred compounds later...four candidates are identified

Only one compound survives pharmacokinetics, efficacy and safety assessments..

esomeprazole, the S-enantiomer of omeprazole. OH
O 5

T e

O

H

N ,,O 1- HCHO N ,p

N/>_S N= 2- SOCl, N/>_ N=

MeO Me —————— > MeO Me
\ 7 3- (R)-mandelic acid \ 7

omeprazole Me oMe  NaOH, BuyNHSO, 38% Me OMe
P CHCl3, H0, reflux

1- separation of diastereomers
(preparative HPLC)

First development campain — 40 kg of omeprazole was converted to 500 g of pure 2- NaOH, MeOH, H,0, 1t
esomeprazole enantiomer 3- MgCly, H,0

H

- 6 weeks to perform first 3 steps on 250-500 L pilot scale 'O

- provided 5.5 kg of unresolved mandelate /S N=

- and only 430 injections on a 15¢cmx100cm HPLC column later.... MeO N \—g\:/?*Me
Next supply requirement was for 5 kg and would have required 60,000 L of eluant to esomeprazole

Me OMe
support the HPLC separation



SYNTHESIS OF PRILOSEC-NEXIUM (omeprazole-esomeprazole)

Improvement : omeprazole to esomeprazole

Formation of the sulfoxide by using of the Kagan's oxidation (Sharpless oxidation modified)

X

H
N Ph” “OOH e
!
/lij;[ »—5 N= 10 mol % (-)-DET ,->_
MeO N Me _ = MeO Me
\ 7 5 mol % Ti(O'Pr), \ /'

Mé OMe ProNEt Me OMe
H-0O, toluene

92% vyield I::> 74% vyield
94% ee 99 9% ee

route steps from sulfur manufacture of esomeprazole
(5 kg in plant)

medicinal route 6 14 weeks
new route 1 2 weeks




SYNTHESIS OF LIPITOR (atorvastatin calcium)

Lipitor
\ (atorvastatin calcium) /

Pfizer (1997): treatment of
hypercholesterolemia via
inhibition of cholesterol
biosynthesis

Sales 2007 - § 12.7 billion
Off Patent - 2011

Chiral side chain : 220 ton / year

Me

cholesterol

Cholesterol: a very important biological molecule
-most cholesterol is not dietary, it is synthesized
internally.
-cholesterol is bound to lipoproteins and transported
through blood.
-2 kinds of lipoproteins:

-high density lipoprotein (HDL): "good"

- low density lipoprotein (LDL): "bad"

V

atherosclerosis

v

coronary heart disease & other cardiovascular diseases

v

One of the leading causes of death in the world today/

9



SYNTHESIS OF LIPITOR (atorvastatin calcium)

A solution: the suppression of the cholesterol biosynthesis

Cholesterol

HMG-CoA-Synthetase

=25 steps

SCoA

HMG-CoA

2 NADPH + 2H*
HMG-CoA-Reductase | Rate
Limiting
2 NADP* + HSCoA Step

inhibition

OH OH

L

0" 0

Mevalonic Acid

10



SYNTHESIS OF LIPITOR (atorvastatin calcium)

The story of statins drugs

Timeline | History of the statins

ical trigls with
statin resumea

of oo

very fewy atverse

Penicillium
citrinum |::>
600L of culture filtrate
23 mg mevastatin Pravacol u
i evacor, 1987
(compactin) (pravastatin) .
Sankyo-BMS (1989) k (lovastatin)

J

Potent inhibitors of HMG-CoA reductase

Zocor, 1988
(simvastatin)

11



SYNTHESIS OF LIPITOR (atorvastatin calcium)

The synthesis of atorvastatin lactone

o O
O (0] CI
Me NHPh
H2N 1- Et3N CHZCIZ 0T So‘
Br S —— \ /
Et3N, CH3CN, rt 2 NaOH Me Ac,0,90 T
CO,Et CO,Et HO,C o CONHPh
HO. o 1- HCI, EtOH, reflux
COzMe COxMe 2- TsOH, acetone-H ,0
HO HO
(e} (@] CHO
1- Bu3B, NaBH, )l\/ll\ e
Me Me Me
N THF N NaH
4; - B —
Me 110 °C \ / Me 2 NaOH, H,0, \ /' Me  thenBuLi, THF Me
CONHPh Ph CONHPh Ph CONHPh
atorvastation lactone racemic
racemic
IC50 = 0.025 mM

Separation of enantiomers
(resolution via diastereomeric esters synthesis)

H H
(0] NYPh Q. N Ph
HO Me HO, Me
HO HOL,,
h

Me Me N Me N Me 1. HPLC separation
—> + —_——————>»

\ /[ Me \ / Me 2- NaOH

3-Hg0*

CONHPh Ph CONHPh Ph CONHPh
4-Tol, 110 C
atorvastation lactone
racemic

(+)- atorvastatin lactone
IC50 = 0.007 pM

CONHPh
HO, o) HO.,, o)
T !
( Me Me
N N N
\ / Me \ / Me
Ph

CONHPh

Ph  CONHPh

(-)- atorvastatin lactone
IC50 = 0.44 uM

12



SYNTHESIS OF LIPITOR (atorvastatin calcium)

The enantioselective synthesis of atorvastatin lactone (labor approach)

@ ,B” © g/

r\©\ cone CH30H Ph O 1 /
—»
i-Pr Et3 ipy TSOH, Tol
0

COzMe
1- NBS, DMF
2- nBuLi, THF, PhNC O
Ho © Ph_ 1- LDA, MgBr 5, -78 T 3- H50"
OH ez
HO, o\)< o
( o™
(+)- atorvastatin lactone Me Ot Bu Ph Ph
> 99% ee
( bee) \ / 2- Et3B, NaBH, \ / 2- NaOMe, MeOH, 0 T \ /
CoNmpn o H202 NaOH CONHPh CONHPh

4-Tol, 110 °C

12 linear steps

3 columns and 1 recrystallization
Low temperature steps

Low yields

Low yielding final purification

mmmm) Poor potential for kg scale

13



SYNTHESIS OF LIPITOR (atorvastatin calcium)

The enantioselective synthesis of atorvastatin calcium: the solution

Synthesis of Paal-Knorr precursor 1 .

F
Ph O
CHO
——— L .
PhHN B-alanine, AcOH PhHN i-Pr
hexane, 85% heat @] CONHFPh
. 0,
Synthesis of Paal-Knorr precursor 2 80%
OH OH OH
HO 0, o H,0,, CaCOs HO\)\/COZK HBr, HOAC Br\)\g/COEMe
— K2CO4 z CH3;0H
HO OH Br
OH
isoascorbic acid Hs
Pd/iC
OLi
OH O o] i OH OH
3 equiv }'\Orgu NaCN
NC\M/U\ I — NC\)\/COEMe - ———— Br\)\/ CO;Me
0Bu THF DMSO
5% 60% over 3 steps
1) NaBH,, Et;BOMe
CH;0H, -90°C
MeO OMe
MeSO3H
0 H,, Ra-Ni O><O 0]
NC\)\/l\/”\ o /\)\/'\/u\
OIBU CHSOH, 50 psi HQN O'rBU
95%
65% yield
=>360:1 dr

=99 5% ee



SYNTHESIS OF LIPITOR (atorvastatin calcium)

The enantioselective synthesis of atorvastatin calcium : the solution (2)

o

HO \T"'.-"“"'#O
seg

sl
N

Lovastatin

Compactin {mevastatin}

—IC;\I_,.’-\ =0 HODG™ ™y

s o) - - ::l_| _||"
I i
\ SR T N e e
= o o b et
T‘ A A eon T N
L P,
Atorvastatin J

Fluvastatin k

[ [l
i oH Ol
CO0H ; ; »J\ .-'\e_/!'a_,fl"\_,- COOH
B!
I—,,:B-{JS. HJ"A"N | e
0 &,
Cerivastatin Rosuwvastatin

Figure 3 | Structures of the statine. Compactin and lovastatin are natural products. Pravastatin
iz derived from compactin by biotransformation, and simvastatin is a semisyrthetic denvative of
|ovastatin. All other statine shown are totally synthefic.

8]

i-Pr
CONHPh

XJ\OH (1 equiv) F

1:41 tol-hept THE
reflux, 75%

NaOH

1) HCI, CH50H:;
2) Ca(QAc)

HO

HO
O
DX

Lipitor

CO,Bu

NHFh

CO5 1/2Ca?*

NH

O

15



SYNTHESIS OF TAMIFLU (oseltamivir phosphate)

\

[M

o;@coza
AcHN”

~

NH».H3PO,4

Osetalmivir Phosphate

Tamiflu )

Roche (1995)

Anti-viral drug to slow the spread of

the Influenza virus
Sales 2009 = 2.7 billion €

Review = Chem. Rev, 2009, 109, 4398

structure of neuraminidase with
its substrat, the sialic acid

H o LCH
HO "1COoH
OH

AcHN -
OH

sialic acid
(N-acetylneuraminic acid)

# towards the drug design

16



SYNTHESIS OF TAMIFLU (oseltamivir phosphate)

Inhibition of the viral neuraminidase

Neuraminidase activity

’ _/./—Budd}ng virus
fr, )

Neuraminidase cleaves receptor

/Hemagglutinin

J

Release of
Receptor =
containing — § new virions
sialic acid

Neuraminidase

Neuraminidase inhibitor

I, I ¢ 2 )
/ i | Neuraminidase
“ Q;‘ inhibitors
Receptor ) : . a 1
containing ——S& Y T
sialic acid : \ J Ne vii  Halted -
o3¢ - fevien . _SIERERN
0 Pt “replication -
Cell ‘
membrane \

17



SYNTHESIS OF TAMIFLU (oseltamivir phosphate)

Enzymatic mechanism of the viral neuraminidase

Enz Enz

En
Enz Enz | Enz ‘
5 1 [t
O/H O/H O/H
co; Q Q O Q
0 ®
R 0 O-R! = R X CO, —_ o) Co,
ACHN AcHN R 4~
HO HO AcHN

z

O. _pl
\ITD’ \@ sialosyl cation I?:
Enz Enz Enz
Enz Enz

° ' Q
— - R O CO, —_— R (8/\ o R e O-H
=~ AcHN ACHN ’v AcHN

HO OH HO o H HO Hog
H [ J |
glycosyl-enzyme $ : sialosyl cation L\D" Enz
Enz Enz

OH ‘o

HO
R= HOM‘V@; —O = virus Rl= HOD»O o OH
OH

18



SYNTHESIS OF TAMIFLU (oseltamivir phosphate)

Oseltamivir : structure design

Goal of the design :

v establishment of a competitive inhibitor of the sialic acid

v preparation of an analogue of the fransition state

O
ASplSl%O ©

O HO

\ G|U277/§O

transition state

G) ®

Tyraoe

HZNyN —>

“Argazs

Oseltamivir

estérase

= <\gH

~

J

m) on
HO i

AcHN

S|aI|c Acud

(1969)

)

Q/cozEt
ACHN” ™

NHa.H3PO4

Oseltamivir Phosphate

\ (1995) )

CO,H
OH

HyN

DANA
(1974)

AcHN

Zanamivir
(1989)

CO,H
m) .

T

NH

19



SYNTHESIS OF TAMIFLU (oseltamivir phosphate)

Oseltamivir phosphate: the first synthesis

1) MOMCI, DIPEA

PhsP, DEAD

HO,,, CO,H HO., @,coghne
HO™ THF, 0°Ctort, 150 o

CHzClz, reflux, 3.5 h
a7,

2) NaMNsz, NH4Cl

Y

MDMD,_‘(?,CDQMG

OH 779, MeOH/H,0, reflux, 15 h N3
LE]
(~)-shikimic acid 86%
1) MsCl, TEA 1) NaNg, NHsCl, DMF  Ho,, CO.Me
CHyCls, 0 °C, 15 min ~ MOMO.,, COoMe 70 °C, 21 h ' T on é;’ TE,GJE,TME':‘T ah
99% 77% s ——
- - 2) MsCI, TEA
2) PhaP, THF, 0 °C, 3 h i 2) HCl, MeCH AN™ = GHEGE?- 0°Ciort 22h
then TEA%EED. r, 12 h Fé;rwh Na 869 over 2 steps

COsMe 1) BFg#OEtL;, 3-pentanol

Me

e

1) PhyP, THF/H,0
50 °C, 10 h

Me

ve .

= 2) Ac0, F?h?glﬁ:ll pyridine AcHN A 2) KOH, THF AcHN 2
ﬂz 69% m!fer 2 steps O\ rt 40 min O\
N3 COgMe  then Dowex S0WX8 HoN' COgH

14 steps
15% overall yield

20



SYNTHESIS OF TAMIFLU (oseltamivir phosphate)

Oseltamivir phosphate: the Roche synthesis

i) EtOH, SOCI, TMSOTf
HO,, CO,H CO,Et
||) pentan-3-one, TsOH BH3 Me,S
HO' |||) MsCl, EtsN e
OH 80%

(-) acide shikimique

KHCO3, EtOH aq O/«SCOzEt NaNg, NHCl O, . COEt
—_—
e
: EtOH aq

96% & HO

N3 10/1

/\(\

Q/coza

/Q/C(DzEt

PMe3 COZEt j) NaN3 NH,CI, DMF O, CO2Et j) H2 Ra-Ni, ,EtOH /(©/C02Et
97% @/ II) ACZO AcHN II) H3PO4 AcHN

N3 71-75% NH,.H3PO,

(74% de pureté)

21% overall yield, 10 steps
industrial synthesis

minor drawback : the sourcing (shikimic acid)
major drawback : the use of azide chemistry

21



SYNTHESIS OF GLIVEC (imatinib)

a

Me
No N
T
~N
_, %ﬁf
N 5

\

Gleevec
{imatinib mesylate)

i)
()

N

J

Cancer Res.2002, 62, 4236.

Novartis (2001)

Treatment of Chronic Myeloid Leukemia (CML)

First protein kinase inhibitor to reach the market
Selective inhibitor for a hybrid tyrosine kinase (Bcr-Abl)
Sales 2007 = $3 billion

Off patent in 2015

lle 360

22



SYNTHESIS OF GLIVEC (imatinib)

Glivec development timeline

1890 - Lead compound
identified in a screen for
inhibitors of PKC.

May 2001 —
Approved by the
FDA for CML.

10896 — In vivo activity shown
in BCR-ABL -transformed
cells in syngeneic mice.

June 1998 —
First patient with
CML treated.

June 2000 —

Phase |l trizls
initiated.

November 2004 —
Aporoved in
Europe and Japan
for CML.

Clinical development

1992 — First batch

of Glivec synthesized.

Typical development timeline

Discovery
_ Typically -8 years

Clinical

development
\  Typically ~7 years

June 1999 — February 2001 — | | Febraary 2002 —
Phase || trials NDA submitted | | Approved by the
initiated. to FDA for CML. | | FDA for GIST.

The clinical development was particularly rapid, as
can be seen by comparison with the typical drug
discovery and development times

23



SYNTHESIS OF GLIVEC (imatinib)

Glivec : structure design

The phenylaminopyrimidine structure identified N
- as Protein Kinase C (a serine-theonine kinase) inhibitor, E/\\r \©
- by random screening of compound libraries. Z

oo Py @%m;

inhibition of PKC inhibits Tyrosine Kinase
(IC 50 = 50 pM)
Conformational
blocker
N
| N\j’
| N C Z N C Z N
IC 50 =50 uM IC50=0.1uM Imatinib
(Glivec)
-spacer inserted to
-increase activity vs tyrosine avoid aniline structure
Kinases (\N -piperazine increases
-no activity against serine- NS = activity, selectivity
HsC and water solubility

threonine kinases

Nature Review Drug Discovery.2002, 1, 493.
24



SYNTHESIS OF GLIVEC (imatinib)

Glivec : Zimmermann's route (1993)

Me

H Me
Hf\l|_|(21;:I I(E:’[SH HoN N
N - I _
reflux, 21 h NH
NO, -PrOH
Me NaOH, reflux
[ N
_N 12 h
Me
1) Na, MeOH, rt | 0
toluene, HCO5Et
2) HNMe,, toluene, rt Z
3) HOAC |
=N Me
[
[Nj
Ve N
N
Me
ok ()
| %[/ N Cl
=N 0
HN =
- | Pyr. 24 h
= N 9]
Gleevec

{imatinib mesylate)

Me
N N
T 1)
=N
. NO-
|
> N

Ha, Pd/C
THF

Me
N_ N
T 1)
=N
~ NH,
N

25



SYNTHESIS OF GLIVEC (imatinib)

Glivec : Loiseleur’'s route (2003) - use cross-coupling reaction

Nx"
Oy H Q \

1-methylpiperazine

i Br [j

methanol N
F’gg,og h;l[:,th trimethylaluminium =
COOMe , COOMe toluene, Ar - HN |
] 70% 10 40 °C, 30 min = 12
75% 0
Br ’ +
_| NH;
NN
NH, N/ N
11

13

sodium fert.-butylate, rac-BINAP, Pd,(dba),CHCI,

Ar, xylene, reflux, & h
72%

- imatinib base

Buchwald-Hartwig cross-coupling reaction
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