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Preface

Armed with a vast amount of knowledge acquired at school, along with a degree
in chemistry, you are starting your career in the pharmaceutical industry. You may be
working in medicinal chemistry, process chemistry, or radiochemistry. This new
endeavor may seem daunting, especially when you consider that you may need to be
proficient in areas in which you have not been prepared. This manuscript will illustrate
how chemistry, biology, pharmacokinetics, and a host of other disciplines all come
together to produce successful new medicines. In order to achieve that goal, we have
compiled a collection of fourteen representative categories of drugs that we have
carefully chosen from among the best-selling drugs. We have provided an introduction to
each drug including a historical perspective, and background to the biology,
pharmacology, pharmacokinetics, and drug metabolism followed by a detailed account of
the synthesis. The targeted audience goes beyond individuals new to the pharmaceutical
industry; many veterans of the industry may well find something new in this text. There
are a few points we felt worth reiterating. For example:

a). The advent of new synthetic methodology enables chemists to synthesize
drugs in a more convergent and more efficient fashion, a theme seen over and over again
in this monograph. Consequently, literature awareness is essential for the chemist in the
pharmaceutical industry.

b). Knowing the history of successful drugs and understanding their attributes is
very important and the lessons learned can be applied to current programs in drug
discovery. A tremendous amount of knowledge has accumulated over the last few
decades. Attributes of a successful drug include appropriate potency, selectivity,
bioavailability, and physiochemical properties.

¢). Serendipity in the drug industry also plays an important role. On the other
hand, opportunity favors prepared minds. Many examples can be found in this
manuscript. For example, Viagra®, currently used for erectile dysfunction (ED), was
initially developed as a PDE5 inhibitor for hypertension. Likewise, Rogaine®, currently
used topically for hair growth, was first synthesized as a potassium channel opener, also

for hypertension. Propecia®, currently used orally for hair growth, was originally



VI

prepared as a testosterone-5a-reductase inhibitor for the treatment of benign prostatic
hyperplasia (BPH). Therefore, one should be cognizant during the clinical trials; even
failure for the initially intended therapeutic indication does not necessarily equate the end
of a drug as long as it has been proven to be safe.

d). Another point that medicinal chemists often overlook (sometimes justifiably)
is that the synthesis of the drug should be eventually amenable to cost-effective scale-up
to make it economically viable. This is where process chemists play an important role.
In the subsequent chapters, we have incorporated process synthesis routes when the
information was available.

We are grateful to Professor David L. Van Vranken at University of California at
Irvine, who read the manuscript and offered many valuable comments and suggestions.
We are also indebted to Dr. Alan J. Kraker, Dr. Lorna H. Mitchell, Dr. Derek A. Pflum,
Dr. Stephen Cho, Larry Bratton, and William C. Patt for proofreading portions of the

manuscript.

Jie Jack Li

Douglas S. Johnson

March 2004
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Chapter 1. Antithrombotics:
Ticlopidine (Ticlid®) and Clopidogrel (Plavix®)

% USAN" Ticlopidine hydrochloride
a N Trade Name: Ticlid ®
S Castaigne S. A.

oHCI Launched: 1979
M.W. 263.6
1
|
O%/O cl USAN: Clopidogrel sulfate

o

Trade Name: Plavix®
Sanofi/Bristol-Myers Sqgibb
Launched: 1993

s
S

*H,S0, M.W. 321.8
2
§1.1 Introduction'™®
o |
cl Yo
a N @
s S
HCI #H,S0,
1, Ticlopidine 2, Clopidogretl

Fig. 1. Evolution of ticlopidine (2) to clopidogrel (1).

The process of thrombosis involves the aggregation of platelets, resulting in a pro-
coagulation state in the blood that may form a blood clot in the vascolature. Both
ticlopidine (1) and clopidogrel (2) inhibit platelet aggregation induced by adenosine
diphosphate (ADP), a platelet activator that is released from red blood cells, activated
platelets, and damaged endothelial cells. ADP also induces platelet adhesion.

Ticlopidine (1) is an older drug, launched in 1979, whereas clopidogrel (2), launched in
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1993, has achieved with great commercial success. Like its predecessor ticlopidine (1),
clopidogrel (2) is an ADP-dependent platelet aggregation inhibitor. The mechanisms of
action for both ticlopidine (1) and clopidogrel (2) are the same — through the antagonism
of the P2Y12 purinergic receptor and prevention of binding of ADP to the P2Y12
receptor. However, both ticlopidine (1) and clopidogrel (2) are not active in vitro, but are
activated in vivo by cytochrome P450-mediated hepatic metabolism. Remarkably, the
identity of the active metabolite 5 of clopidogrel (2) was unknown until 1999, when it
was 1solated after exposure of clopidogrel (2) or 2-oxo-clopidogrel (4) to human hepatic
microsomes. It is noteworthy that ticlopidine (1) and clopidogrel (2) do not share a
common active metabolite.

Due to the aforementioned metabolic activation, an induction pertod 1s required
for the metabolism-based threshold buildup when patients start to take clopidogrel (2);

therefore, it may take some time for the effect to manifest.

|
o %
cytochrome E
= N
S

4, 2-oxo-clopidogrel
inactive in vitro

{

o

o)
o
S

2, clopidogrel
Inactive i vitro

0.0

{

cytochrome ¢l

AN
P450 HOzCA/O\I
HS

5, active metaboiite
active in vitro

.

Fig. 2. In vivo metabolism of clopidogrel (1).
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§1.2 Syntheses of ticlopidine (1)'**

Jy N 3 a

HC!, 90°C, 8 h, 80%
6 7

oo O @“@

K2CO3, EtOH, reflux

8
Ct
Z N CH CN
S reflux
10 9

NaBH4
Scheme 1. Synthesis of ticlopidine (1).

In one route, ticlopidine (1) was assembled via Sn2 displacement of 2-
chlorobenzyl chloride (9) with 4,5,6,7-tetrahydro-thieno[3,2-c]pyridine (8).'*'! The
nucleophile 8 was synthesized by heating 2-thiophen-2-yl-ethylamine (6) with 1,3-
dioxolane in the presence of concentrated hydrochloric acid.'” 1,3-Dioxolone gave better
yields than with formaldehyde, paraformaldehyde and 1,3,5-trioxane. The interesting
transformation 6 — 8 first involved the formation of the corresponding Mannich base 7,
which then underwent a Pictet—Spengler type reaction to afford the ring-closure product
8. It was of interest to note that a possible intramolecular aminomethylation did not take

place.
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Another route toward tclopidine (1) involved an Sn2 displacement of 2-
chlorobenzyl chloride (9) by thieno[3,2-c]pyndine (10) to produce thieno[3,2-
clpyridimum chlonide 11. Subsequent reduction of the pyridinium salt (11) using NaBH,

then delivered ticlopidine (1).'?

§1.3  Syntheses of Clopidogrel (2)'*"

0
© OHCl CH50H, HCI ¢l SOCI,, reflux
HO reflux, 5h, 84% O 83%
12 13
0 <|3 Vi NH 0 CI) ol
Ct | 8
S
KyCOa, DMF, 90°C, 4 1, 45% 'S
14 (£)-2
cl Os_OH
OHC CHBrs, dioxane, KOH Cl CH4OH, H,SO,
- Br P
H,0, 0°C, 18 h, 63% reflux, 4 h
15
| oLb
NH
0O ¢ % . cl
S
NaHCOs, 80°C, 6 h, 88% S
16 ()2

Scheme 2. The Sanofi syntheses of racemic (x)-clopidogrel (2).

The original Sanofi synthesis of ()-clopidogrel (2) began with the formation of
the methyl ester 13. Thus methyl mandelate 13 was prepared by refluxing chlorinated

mandelic acid 12 with methanol in the presence of concentrated HCL."> Chlorination of
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13 using thionyl chloride gave methyl «-chloro-(2-chlorophenyl)acetate (14). Sn2
displacement of 14 with thieno([3,2-c]pyridine (8) then delivered (+)-clopidogrel (2).

Alternatively, «-bromo-(2-chlorophenyl)acetic acid (15) was prepared by
treatment of 2-chlorobenzaldehyde with tribromomethane in dioxane with an aqueous
solution of potassium hydroxide.'"* Formation of methyl ester 16 was followed by an Sx2
displacement by thieno[3,2-c]pyridine (8) to afford ) an 88% yield of (z)-clopidogrel (2
in two steps.

One of the disadvantages of the synthetic route delineated in Scheme 1 is the use
of 2-thiophen-2-yl-ethylamine (6), whose preparation was not only difficult, but also
expensive. Recently, RPG Life Science revealed their one-pot synthesis of ticlopidine
and (+)-clopidogrel that did not require the use of 2-thiophen-2-yl-ethylamine 6)."° (2-
Chlorobenzyl)-(2-thiophen-2-yl-ethyl)-amine hydrochloride (17) was prepared according
to US 4127580 and US 5204469. Refluxing 17 with paraformaldehyde 1n tert-butanol
with the aid of 37% concentrated HCI gave ticlopidine (1). Likewise, refluxing 18 with
paraformaldehyde in iso-propanol with the aid of 37% concentrated HCl gave (z)-

clopidogrel (2).

reflux, 5 h, 90% o HCI
1, ticlopidine

c@ N ol
® (CH,O)s, 37% HCI, t-BUOH mﬁ
74 f HzN/\© S
s
17

|

o ' 0O
rso, °NC ¢ cl

® (CH0)3, 98% H,S0,, 1-PrOH N
S reflux, 6 h, 80% S
o H,SO

18 2 4
2, clopidogrel

Scheme 3. The RPG synthesis of ticlopidine (1) and (£)-clopidogrel (2).

Interestingly, only the enantiomerically pure (+)-clopidogrel (2) exhibits platelet

aggregation inhibiting activity, while the (-)-(2) is inactive.!® Moreover, the inactive =)-
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(2) isomer is 40 times less well tolerated between the two enantiomers. Therefore, it is
evidently advantageous to administer (+)-clopidogrel (2). With regard to the
enantiomerically pure (+)-clopidogrel (2), it was originally obtained from resolution of
the racemic clopidogrel (2) or through intermediates that were derived via resolution.
For instance,'’ racemic clopidogrel (2) was treated with levorotary camphor-10-sulfonic
acid in acetone to afford a salt 19, which was recrystallized from acetone to generate (+)-

clopidogrel (2).

o] *O o g) ‘0 cl
HO4S
N 3 o} NH
g a0 847
S acetone
(2 19
l
%
rec 4 N
rystallization J
S
acetone oH,S0,

(+)-2, clopidogrel

Scheme 4. The Sanofi synthesis of enantiomerically pure (+)-clopidogrel (2).

One Sanofi synthesis of enantiomerically pure (+)-clopidogrel (2) unlized
optically pure (R)-(2-chloro-phenyl)-hydroxy-acetic acid (20), a mandelic acid derivative,
available from a chiral pool.18 After formation of methyl ester 21, tosylation of (R)-21
using toluene sulfony! chloride led to o-tolenesulfonate ester 22. Subsequently, the Sx2
displacement of 22 with thieno[3,2-c]pyridine (8) then constructed (+)-clopidogrel (2).
Another Sanofi synthesis of enantiomerically pure (+)-clopidogrel (2) took advantage of
resolution of racemic a-amino acid 23 to access (S)-23."° The methyl ester 24 was
prepared by treatment of (S)-23 with thionyl chlonde and methanol. Subsequent Sy2

displacement of (2-thienyl)-ethyl para-toluene-sulfonate (25) assembled amine 26.
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Finally, ring-closure was achieved by heating 26 with paraformaldehyde in formic acid at

reflux to give (+)-clopidogrel (2).

HO,C ClI 0. i
CHLOH, H2804 TsCl, LiCIOy, pyr.
reflc 2, 94 HO CICH,CH,CI, 5 h, 85%
(A)-20 (R)-21
| o] cl)
NH X
(@) (0] cl % 8 2
S N
30% KzCOs, CHQC'Z S
H,0, 70°C, 3.5 h, 45%
(R)-22 2 5 (S)-2, clopidogrel
HO,C ]
L C HOsS
HoN
H20, reflux, resolution
23 (S)-23
0 é Y OTs
SOCl,, CHzOH X ¢l % 25
- . ] S
o HoN o
-20 to -8°C CH,Cly, EtOAc, 80°C, 58%
then rt 48 h
24
oLd
l e
OYO cl HCO,H, paraformaldehyde (/i}‘l :
; |
aa HN@ 50°C, 20 min., 54% s
S 2 (S)-2, clopidogrel

Scheme 5. Asymmetric synthesis of (+)-clopidogrel (2).
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st

COgH N~ o
1. SOCl, s-BuLy, toluene, -78 °C
2. HzNC(CHs)ZcHon - [~} 0,
3 SOC, then C,Clg, ~40 °C to rt, 60%
27 28
No® 1 Mel ~N 2 NHCI, it CHO
e Cl
cl Ci
2. NaBH,, EtOH, rt ©/
29 30 31
/ NH CN Ci
8 l
HCI, MeOH, rt
: )
acetone cyanohydrnn S quant.
MgSQ,, 45°C, toluene, 31% 32
oLd
HoN 0] al Cl
1. 2 eq. H,S0Q,, MeOH, reflux
a0 &= {a>
. | 2. HpSOy, EL,0, t S
33 (£)-2

Scheme 6. The Sanofi synthesis of labeled (x)-clopidogrel (1).

A synthesis of labeled (+)-clopidogrel (2) has been described.?’ The synthesis
commenced with the commercially available [benzene-U-'3C]—benzoic acid (27).
Treating the acid chloride of 27 with 2-amino-2-methyl-propan-1-ol gave the
corresponding amide, which was subsequently treated with thionyl chloride to afford
oxazaline 28. Applying Myers’ oxazoline-directed ortho-lithiation methodology, 28 was
exposed to s-butyllithium and then quenched with hexachloroethane to give chloride 29

1n 60% yield after separation of unreacted starting material 28. Methylation of oxazoline
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29 was followed by reduction of the resulting iminium intermediate to give trimethyl-
oxazolidine 30. Acidic hydrolysis of the cyclic hemiaminal functionality on 30 then
produced [benzene—U—13C]-2-chlorobenzaldehyde (31). A Strecker reaction on aldehyde
31 with 4,5,6,7-tetrahydro-thieno[3,2-c]pyridine (8) in the presence of acetone
cyanohydrin and MgSOy in toluene assembled nitrile 32. While saponification of 32
resulted in predominantly a retro-Strecker reaction, hydrochloric acid-promoted
hydrolysis gave primary amide 33 in quantitative yield. Finally, methanolysis and salt
formation proceeded uneventfully to deliver [benzene-U-l3C]-(i)-clopidogrel (2). The
overall yield for this sequence from [benzene-U-13C]-benzoic acid (27) to [benzene-U-
13C]-(:)-clopldogrel (2) was 7%.
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Chapter 2. Anti-inflammatory Cyclooxygenase-2 Selective Inhibitors:
Celecoxib (Celebrex®) and Rofecoxib (Vioxx®)

Me
©Y> USAN: Celecoxib
N CFy Trade Name: Celebrex®
N Pfizer
Q Launched: 1998
O, \ M.W. 381.37
TN

S
HN O

O USAN Rofecoxib
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Merck

O Launched. 1999
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‘0

§2.1 Background

= - COQH
_ . Me
arachidonic acid

COX-1 COX-2

O“‘ — COQH
|
O = Me
OH
prostagiandin Hz (PGHy)
PGDy ¢&——= PGH, ——— TxAp

71N

PGl,
PGE, PGE s

Fig. 1. The arachidonic acid cascade.
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The arachidonic acid cascade (Fig. 1) plays an important role in the inflammation
process. Inhibition of prostaglandin production, especially that of PGG,, PGH; and
PGE,, has been a fertile approach for the discovery of anti-inflammatory drugs. A
plethora of conventional anti-inflammatory, analgesic and anti-pyretic agents, known as
non-steroidal anti-inflammatory drugs (NSAIDs), are widely used for managing
inflammatory disorders such as osteoarthritis (OA) and rheumatoid arthritis (RA). The
most prevalent categories of NSAIDs include salicylates as represented by aspirin (3),
arylacetic acids as exemplified by indomethacin (4), and aryl propionic acid such as
ibuprofen (5) and naproxen (6). All of the conventional NSAIDs are inhibitors of the
COX enzymes. This enzyme catalyzes the transformation of arachidonic acid to

prostaglandin Hy.

CO,H
MeO Me.__CO,H Me.__COzH

0 ] N—Me
X \ ()
Me 0

CO,H ° O
o -
Cl Me OMe

3, aspinn 4, indomethacin 5, ibuprofen 6, naproxen

In 1991, a novel isoform of cyclooxygenase in the arachidonic acid/prostaglandin
pathway was discovered.'™ This inducible enzyme associated with the inflammatory
process was named cyclooxygenase II (COX-2) or prostaglandin G/H synthase II. COX-
2 1s localized mainly in inflammatory cells and tissues, and becomes up-regulated during
the acute inflammatory response; whereas COX-1 is mainly responsible for the
production of homeostatic prostaglandins which are associated with gastrointestinal
ulceration, perforation and hemorrhage. Therefore, it was envisioned that a COX-2
selective inhibitor would be beneficial in inhibiting prostaglandin production for reducing
the adverse gastrointestinal and hematologic side effects. Celecoxib (1) and rofecoxib
(2), both marketed in 1999, are both COX-2 selective inhibitors that are effective anti-
inflammatory agents that exhibit significantly reduced gastrointestinal side effects. Their

selectivities and some pharmacokinetics parameters are highlighted in Table 1 and Table
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2, respectively. The data are not a direct comparison because they were taken from two

separate publications,”™

COX-2 COX-1 Ratio COX-2 COX-1 Ratio
whole blood | whole blood whole cell | whole cell

Celecoxib 0.04 15 350
®°

Rofecoxib 0.6 10 17 0.01 4.7 470
@’

Indomethacin 0.5 0.2 0.4 0.03 0.02 0.7
@’

Table 1. Cyclooxygenase inhibitory activities of celecoxib (1), rofecoxib (2) and

indomethacin (4), ICsp (UM).

Coax | Tmax T2 AUC F% V/F CL/F Vs
ng/mL | hr hr ng*hr/mL L L/hr L
Celecoxib 705 2.8 11.2 429 277
o°
Rofecoxib | 207 2-3 3286 93 86-91
@y +111 +843

Table 2. Some pharmacokinetics parameters of celecoxib (1) and rofecoxib (2).

§2.2 Synthesis of Celecoxib

With regard to the synthesis of celecoxib (1), several routes were described in the
1995 patent by G. D. Searle®” As shown in Scheme 1, dione 7 was prepared by the
Claisen condensation of 4-methylacetophenone with ethyl trifluoroacetate in the presence
of NaOMe 1n methanol under reflux. Subsequent diarylpyrazole formation from the

condensation of dione 7 and 4-sulfonamidophenylhydrazine hydrochloride then delivered
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celecoxib (1). The corresponding chlorophenylpyrazolyl analog 9 (SC-236) was potent
(ICso = 0.01 uM for COX-2), selective (ICso = 17.8 uM for COX-1), and efficacious.
However, the plasma haif-life was unacceptably long. The plasma half-life for celecoxib
(1) was 10-12 hours, which was unacceptably long. Replacement of the chlorine atom
with the methyl group accelerated the metabolism to the benzoic acid via the in vivo

oxidation process.

0
O NaOMe, MeOH
Me + £ /lk
0" "CF3  refiux, 24 h, 94%
Me
cl

Me

O O
CF3
7
Me
(0] \©ﬁ/y
= =

HzN—g‘QN—NHZOHCl \Q\WCFs N »)—CF3

'o' H ~N =N
i( Yo
EtOH, reflux, 46% o\\s C j O\\SC

H,N" O H,N" O
8 1 9

Scheme 1. Synthesis of celecoxib (1).
§2.3 Syntheses of Rofecoxib

In the original patent published by Merck in 1995,% rofecoxib (2) was synthesized
in three steps from the known 4-(methylthio)acetophenone (10), prepared from the
Friedel-Crafts acylation of thioanisole. As depicted in Scheme 2, oxidation of sulfide 10
using an excess of magnesium monoperoxyphthalate hexahydrate (MMPP, an
inexpensive, safe and commercially available surrogate for m-CPBA) gave rise to sulfone
11, which was subsequently brominated with bromine and AlCl; to afford 2-bromo-1-(4-
(methylsulfonyl)phenyl)ethanone (12).° After recrystallization from 1:1 EtOAc/hexane,
the pure phenylacyl bromide 12 was then cyclo-condensed with phenylacetic acid under

the influence of 1,8-diazabicyclo{5.4.0Jundec-7-ene (DBU) to deliver rofecoxib (2) in
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58% yield. It is assumed that the ketoester from the initial esterification underwent an

intramolecular Claisen condensation to furnish furanone 2.

O
(o) e
% CHCly, - 5°C
VoS MeOH, CH,Cl, Me/s\b \
10 11

(0] CO2H
o« ) p
o]
\\S 1.1 eq. Et3N, 3 eq. DBU O
Me” b 0

CH4CN, 0°C, 58% X
me” \\O

12 2

Scheme 2. The original synthesis using a cyclo-condensation strategy.

Subsequently, several variants of the synthesis were patented in 1996 and 1997,

respectively.'®!!

In one approach, a Suzuki coupling strategy was employed for the
installation of the second aryl group.10 Under the action of Et3;N, phenylacetic acid and
bromoacetate underwent an Sx2 reaction to afford diester 13 in excellent yield (Scheme
3). Phenyl tetronic acid 14 was obtained by treating diester 13 with a strong base such as
KOz-Bu. Triflate 15, generated from tetronic acid 14, could be directly coupled with 4-
methylthio-phenylboronic acid (17) to give furanone 18 [Pd(Ph;P),, toluene, Na,COs,
EtOH, 60 °C, 70% yield]. Alternatively, triflate 15 was transformed to bromide 16,
which was subjected to the Suzuki coupling with boronic acid 17 in 90% yield. Boronic
acid 17, in turn, was prepared from 4-methylthio-phenylbromide via a halogen-metal
exchange and quenching with B(Oi-Pr);. Finally, oxone oxidation of diarylfuranone 18

using the phase-transfer catalyst BusNBr furnished rofecoxib (2).
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EtyN, THF 0

0
CO.H . OEt
+ Br O
@J OEt  g0°C, 94% /\(o(
13
KOt-Bu, HO#-Bu Qﬁ THO, BN,
| © CH ci
0, ) 2\12;
70°C, 1 h, 72% "o
14 15

LiBr, acetone O MeS~®—B(OH)2

| 0 Pd(PhsP)s, tol., NayCOs,

0 o,
50°C, 90% Br H,0, 60°C, 9 h, 80%
16 17
QWi
OV
o oxone, Bu,NBr L o
CH,Cly, H,0 O
»
PN
eS Me® O
18 2

Scheme 3. The Suzuki coupling approach.

In a laboratory-scale synthesis of rofecoxib (2), a ruthenium-catalyzed
lactonization of diarylacetylene 19 gave rise to 2 regioselectively (Scheme 4.1
Diarylacetylene 19, on the other hand, was prepared by utilizing a Castro—Stephens
reaction of p-iodophenyl methyl sulfone and copper(I) phenylacetylene in pyridine under
reflux.'> In another case, Fallis and coworkers synthesized butenolide 1n 2 using a

magnesium-mediated  carbometallation reaction.' Therefore, treatment of
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phenylpropargyl alcohol with 4-methylthiophenylmagnesium chloride followed by

oxidation with m-CPBA afforded 2 in quantitative yield.

) SV,

V4 CO (100 atm), Rhy(CO)1, | ©
EtsN, THF, H,0, 100°C, 5 h O
%% O 3 2 %
Me” \\O Me” \\O
19 2

MeSQMgCI | O
= PhH, 80°C, 19 h O
OH 0

then m-CPBA, 99% g

Scheme 4. The rhuthenium-catalyzed and magnesium-mediated furanone formation.

Interestingly, the synthesis of rofecoxib (2) on a process-scale'* is reminiscent of
the original route.®  Thus Friedel-Crafts acylation of thioanisole was performed
employing the AlCl;/CH3COCI complex in o-dichlorobenzene (0-DCB) to furnish 4-
(methylthio)acetophenone (10). Without further purification, tan o-dichlorobenzene
solution of 10 from the workup was subjected to oxidation using H>O, and a catalytic
amount of tungstate 1n the presence of ALIQUAT (tricaprylmethy! ammonium chloride, a
phase-transfer catalyst) to produce keto-sulfone 11. The direct bromination of 11 using
Br,/HOACc initiated with HBr then provided bromoketone 12. Addition of 12 to a
solution of sodium phenylactate, prepared in situ by reaction of phenylacetic acid with
NaOH at 40°C, effected rapid coupling to give ketoester 20. Ketoester 20 was
subsequently treated with diisopropylamine at 45°C 1n the same reaction vessel to deliver

the desired rofecoxib (2).
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o}
/@ CHscOCL A|C|3 H202, 5 mol% N82W04
Me
MeS oDCB. -5°C /©)\ Aliquat 336, 0-DCB, 86-90%
’ MeS
10
0 0 COzNa
Me Brs, HOAC Br < >
% 2 0
/S 87% \\S DMF, 40°C
Me \\O ey
0]
11 12

0 oW,
00 +ProNH, DMF | ©
Q, _—
Me/S(\O 0

45°C, 78%
N
Me/s\\O
20 2

Scheme 5. Process-scale synthesis of rofecoxib (2).

The two COX-2 selective inhibitors, celecoxib (1) and rofecoxib (2), marketed in
1999 and 2000, respectively, have quickly become blockbuster drugs (with annual sales
of more than one billion dollars) for the treatment of osteoarthritis (OA) and rheumatoid
arthritis (RA). Many backups and competition drugs are sure to follow. Excitingly,

some COX-2 selective inhibitors have been shown to inhibit cancer growth as well.””
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Chapter 3. H/K*-ATPase Inhibitors: Esomeprazole (Nexium®)

N0 N R o N
HaC Q:%é\/QEO/CHs HsC />—S | Z O/CH3 Mgz+
Cg N ~0 N
CHa ChHs
1 2 2
USAN: Omeprazole USAN. Esomeprazole
Trade Name. Priiosec® Trade Name Nexium®
AstraZeneca AstraZeneca
Launched: 1985 Launched: 2001
M.W. 345 21 M.W. 713.13

§3.1 Introduction

Hydrochloric acid (HCI), as the gastric acid, 1s a major constituent of the
secretions of the gastrointestinal tract. It is essential to the food digestion process.
However, excessive secretion of HCl will damage the mucosa and subsequently the
submucosa, producing ulceration of the gastrointestinal tract, especially the stomach and
duodenum. Thus maintaining the equilibrium between HCI and the acid-neutralizing
mucus is important for the gastric system. Two types of drugs are utilized for
neutralizing the excess acid produced in the GI tract: the first type are antacid salts, such
as CaCOs;, NaHCO;, and AIPO, whose mode of action is a simple acid-base
neutralization; while the second type are inhibitors of acid production. The latter 1s
evidently superior to the former due to lesser side effects. The inhibitor approach has
produced many block-buster drugs that have revolutionized the pharmaceutical industry.

Examples include H»-blockers such as cimetidine (3) and ranitidine (4).
H
4 Lo s L
~N !
HaC \/@\/SV\N n-CHa <N S\/\m m,CHs
H H H

3 4
Fig. 1. Cimetidine (3) and ranitidine (4).
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Omeprazole (1), introduced in 1988, was the first H'/K*-ATPase 1nhibitor, also
known as a proton pump inhibitor (PPI), which was marketed as a treatment for gastric
ulcers. It functions by preventing acid production in the mucosa. Omeprazole was the
best-selling drug for several years until 1ts patent expiration in 2001. The mechanism of
action of omeprazole (1), the ‘“omeprazole cycle”, is shown in Scheme 1.2
Consequently, protonation of 1 takes place slowly when it encounters the acidic medium
in the gastric chamber. The protonated intermediate 5 then undergoes an intramolecular
nucleophilic cyclization n a 5-exo-dig fashion where the pyridine moiety serves as the
nucleophile to furnish benzoimidazoline 6. A reversible ring opening of 6 then delivers
sulfenic acid 7, which serves as an electrophile in a 6-exo-trig ring-closure to afford the
reactive intermediate 8 after dehydration. The pyndinium sulfydryl 8 is a very good
electrophile, and is readily attacked by the cysteine residue of the enzyme H'/K*-ATPase.
Therefore, omeprazole (1) behaves more like a pro-drug because pyridinium sulfydryl 8

is the actual inhibitory species.

N o N o
- @9

p N/?f

HSC\O N H* (slow) HsC\O ®f ‘\

NZ I CH3 e N2 CH3 -
1 Y O/CH:; 5 NS O/CHs
CHs CHg

HQ

1 s
HaCngy = @ N N=NCHy e
H S ) N/
6 Y 7 0-CHs
HaC

CH3 =
~CH
e OT%
H s Enzyme JEnzyme

e 8

H S CHa CH

&iﬁ_ o = N *oH
7 \ 4 —_—
74 / 3 —_— 1

HaCu @iN/ N@_ o />—N® N (@]

0 HyCr N -
CH
8 8 9 CH3

Scheme 1. Bioactivation of omeprazole — the “omeprazole cycle”.
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Esomeprazole (2) 1s the (§)-enantiomer of racemic omeprazole (1). The former
has better pharmacokinetics and pharmacodynamics than the latter and therefore
possesses higher efficacy in controlling acid secretion and has a more ideal therapeutic

profile.

§3.2 Synthesis of Esomeprazole

The synthesis of esomeprazole (2) is illustrated below.

~
~

SOCl, N
| D l cl

~

N
NP ~OH
10 1

Pyridylmethyl chloride 11 was obtained by direct chlorination of alcohol 10 using
thionyl chloride® The hydroxymethyl-pyridine 10, in turn, was synthesized from 3,5-
dimethylpynidine in 6 steps utilizing a Boekelheide reaction® that transformed the 2-

methylpyridine-N-oxide to the corresponding hydroxymethyl-pyridine 10.
~o

ZYZ T

S
HsC N CH3
1
@[NHz /\O)J\SK /@[ \fI/CI
SH N
H3C\O H3C\O

NH, NaOH/H,0, EtOH
12 13 reflux, 2 h, 70%

H CHg
N '\l' ~ m-CPBA, CHCl3
HaCngy N’>—S Z o CHs 1
CHs
14

5°C, 10 min 95%

Methoxyphenylene diamine 12 was treated with potassium ethylxanthate to afford

benzimidazole-thiol 13. The coupling of thiol 13 and chloromethyl-pyridine 11 was then
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facilitated by treatment with NaOH in refluxing EtOH/H,O. Subsequently, the oxidation
of resulting sulfide 14 was easily carned out using m-CPBA in CHCI; to deliver
omeprazole (1).

An improved transformation of 14 to 1 was patented in 1991.7 The invention
involved carrying out the m-CPBA oxidation of 1 in CH,Cl; at a substantially higher pH
of 8.0 to 8.6 using KHCO; as the buffer. The reaction mixture was subsequently
extracted with aqueous NaOH. The separated aqueous phase was then treated with an
alkyl formate (e.g. methylformate), maintaining the pH > 9, allowing omeprazole (1) to
crystallize. Another improved sulfide oxidation was patented in 2000 using EtOAc as the

solvent.®
§3.2.1 Separation using HPLC

The small-scale synthesis of esomeprazole (2) was conveniently accomplished via
an HPLC separation of the omeprazole (1) enantiomers.” For large-scale separations, it
can be achieved by a reverse phase HPLC of the two stereoisomers of a diastereomeric
muxture of an alkylated omeprazole where the alkyl group serves as a chiral auxiliary.'®"!
In order to install the requisite chiral auxiliary, a “handle” was required for tethering.
This was easily installed by treating 1 with formaldehyde, followed by chlorination with
thionyl chloride to afford chloromethylbenzimidazole 15. Subsequently, treatment of 15
with (R)-(-)-mandelic acid (16) in the presence of NaOH under phase transfer catalysis
conditions gave ester 17 as a mixture of two diastereomers. The pair of diastereomers
was then separated by reverse phase HPLC to render the pure diastereomer 17a.
Removal of the (R)-(~)-mandelic acid chiral auxiliary was achieved by a brief exposure
of ester 17a to a NaOH solution. Finally, magnesium salt formation using MgCl, then

delivered esomeprazole (2).

0
cl Ph
r CH Ho)]\r
1. CHz0 N 9 NI\ 3 L 16
1 /@ )—S N CH,
2.80C, HCq N 0 NaOH, Bu,NHSO,

15 CHs CHCly/Ho0, reflux, 38%
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Q :Q o M
s ;7/\ph
reverse phase N// 0 NI o CHs
HSC\O %Sdg M mpLC G N/>—s\)\/;[o/CHS
172 CMe

1. NaOH, MeOH/H,0, rt, 10 min, 77% o4
HaC ’>_
2. MgCly, H,0, 86% 3o
§3.2.2 Asymmetric oxidation of the sulfide

The advent of asymmetric synthesis methodology has had a tremendous impact
on both academia and industry. For example, the Sharpless epoxidation has become a
staple in the construction of chiral building blocks. In this particular case,’*"
asymmetric oxidation of the sulfide 14 was accomplished by employing a caralytic
amount of chiral ligand, D-(—)-diethyl tartrate to fashion sulfoxide 18 in 99.99% ce.
Conversion of 18 to the corresponding magnesium salt 2 was then easily accomplished
by treatment with MgCl,. This method was apparently more advantageous than the
HPLC separation method which involves the use of one equivalent of chiral auxiliary.

The asymmetric oxidation approach is also more amenable to the large-scale process.
1.2 equiv cumene peroxide H
10 mol% D-(-)-diethyl tartrate N p N
I
14 />—S l AN ~-CHa
H3C\ N O
5 mol% Ti(OrPr),, HN(Pr), 0

50°C, 74%, > 99.9% ee 18
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§3.2.3 Biooxidation

Oxidation of the sulfide 14 can also be carried out via biooxidation,'* as
biotransformations have become recognized as a viable method for chemical
transformations due to their environmentally friendly conditions. Thus, sulfide 14 was
incubated with a variety of microorganisms in 50 mM Na,HPO, buffer, pH 7.6 with 5-10
g/L dry cell weight and a substrate concentration of 1 g/I.. The cells were incubated with
the sulfide 14 on a rotary shaker at 28°C for 18-20 h. The screening process gave
enantiomerically enriched 18 with ee from 56-99%. In particular, Penicillium
frequentans BPFC 386, Penicillium frequentans BPFC 585 and Brevibacterium
paraffinophagus ATCC 21494 all resulted in > 99% ee.

Penicillium
H
N r\f Ny frequentans
S CH 18
Hac\o/@,\?_ 70 eprcass

Similarly, sulfides 19 and 21 were biooxidized to the corresponding
enantiomerically enriched sulfoxides, (-)-pantoprazole 20 and (-)-lansoprazole 22,
respectively. These biotransformation processes are still at the exploratory stage. The
concentration of the substrate is generally minute — in the ppm range. As a result, this

method 1s not suitable for large-scale processes.

H
) . KI
FoHC. /©[N’>_ S ot F2HC,,

\CHS

H
N NP NS
LCH)CFs — S P CHCFs
N 0~ N
Hy »  CHs
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Chapter 4. Protein-tyrosine Kinase Inhibitors:
Imatinib (Gleevec®) and Gefitinib (Iressa®)

CH3SO3H 9”3

USAN. Imatinib Mesylate
Trade Name: Gleevec®
= N
Novartis
YQ) Launched: 2001
M W 493.6 (parent)

F
/@ USAN: Gefitinib
O/\ HN ¢/ Trade Name: Iressa®

AstraZeneca
N o}
K/ ~N N Launched: 2003
\O N/) M.W. 446.9

§4.1 Introduction to Gleevec® ™

Chronic myeloid leukemia (CML) is a rare but life-threatening cancer related to marrow.
It 1s a hematologic stem cell disorder caused by an acquired abnormality 1in the DNA of
the stem cells in bone marrow. One of the treatment options is bone marrow transplant.
Not only is a matching donor needed, but the procedure is highly risky. Other treatments
of CML involve chemotherapy such as Ara-C (an intravenous drug), hydroxyurea (oral
chemotherapy), and nterferon (administered by daily injection). Gleevec® represents a
new paradigm in cancer therapy. It revolutionized the treatment of CML and
gastrointestinal stromal tumors (GIST) patients as an oral drug with relatively fewer and
more tolerable side effects in comparison to Ara-C, hydroxyurea, and interferon.
Gleevec® (imatinib mesylate, 1) is a protein kinase inhibitor, the first marketed drug
whose mechanism of action (MOA) is through inhibition of a protein kinase, functioning
as a signal transduction inhibitor (STI). The FDA of the United States approved this drug
in a record time of 2.5 months for the treatment of CML in May 2001. In 2002, it

received approval from the FDA as the first-line treatment of CML and for the indication



30 Contemporary Drug Synthesis

of GIST.

Protein kinase inhibitors belong to a class of chemotherapy that disrupts the signal
transduction system within the cell. On the contrary, protein kinases modulate
intracellular signal transduction by catalyzing the phosphorylation of specific proteins. In
contrast, protein phosphatases function through dephosphorylation of proteins to
modulate biological activities. Many cellular processes are the results of the interplay
between phosphorylation by protein kinases and dephosphorylation by protein
phosphatases. Therefore, protein kinase inhibition is an area for therapeutic intervention
against a variety of diseases such as cancer, inflammatory disorders and diabetes. It is
worth noting that although there are over 5000 protein kinases in human, there are but
only a few phosphatases. Interestingly, most kinase inhibitors are flat aromatic

compounds that mimic the adenine portion of ATP (3).

8

for PKC activation

Phosphorylation by protein kinase

Croon o,
w

Dephosphorylation By protein phosphatase

ATP ADP
NH, NH;
\N ~
% N
AL < 1
2QQ NN o o NTON
-0-P—P—P-0 o) -0-P-0-P-0 o
0.0.0. o o
OH OH OH OH
3,ATP
4, ADP

Fig. 1. The function of protein kinases {ADP (4), adenosine diphosphate; ATP (3),

adenosine triphosphate].
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Protein kinases can be classified according to the amino acid residue that is
phosphorylated in the cellular process. Consequently, there are tyrosine-specific kinases
and serine/threonine kinases. Tyrosine kinases are a family of tightly regulated enzymes,
and the aberrant activation of various members of this family is one of the hallmarks of
cancer. Tyrosine phosphorylation has been linked to multiple cell growth and
differentiation pathways. Imatinib mesylate (1) is a tyrosine kinase inhibitor (TKI). An
important characteristic of imatinib mesylate (1) is that it is an ATP-competitive inhibitor.
It binds at the ATP binding site and blocks ATP binding thereby inhibiting kinase
activities.

Phenylaminopyrimidine 5 was initially identified from a random screening as a
PKC-o inhibitor with an ICsq of approximately 1 uM. It did not inhibit Abl (an abnormal
protein tyrosine kinase) and PDGFR (platelet-derived growth factor receptor, a kinase).
Intensive SAR studies involving more than 300 analogs eventually led to imatinib
mesylate (1). Significantly, the introduction of the “flag-methyl group” at the 6-position
of the phenyl ring (highlighted in Figure 2) abolished the activity against PKC-o.. In the
end, 1 was obtained as a selective Bcr-Abl-tyrosine kinase inhibitor. Bcr-Abl 1s an
abnormal protein tyrosine kinase produced by the specific chromosomal abnormality
called the Philadelphia chromosome. This chromosome is a marker for chronic myeloid
leukemia (CML). In addition, the drug also inhibits a third tyrosine kinase receptor, the
c-kit receptor that is associated with GIST.

{: @ N % @Yd

Fig. 2. Evolution of the screening lead 5 to imatinib mesylate (1).

The enzymatic in vitro test of 1 against v-Abl-tyrosine kinase showed that it is a

potent inhibitor with an ICsp = 38 nM. However, in cell, the ICs; is only 250 nM for the
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inhibition of the autophosphorylation of v-Abl. Nonetheless, what makes 1 an efficient
drug is its excellent bioavailability (98% in human), which allows for once daily oral
treatment. Additional pharmacokinetics parameters of imatinib mesylate (1) for human

are listed in Table 1.

Craax Tonax Tip AUCo.24
ug/L hr hr ug*hr /L
Imatinib mesylate (1) 3925 0.5-3.0 10-23 59535
600 mg p. o.

Table 1. Pharmacokinetics parameters of imatinib mesylate (1).

§4.2 Synthesis of imatinib mesylate®™!

The 12-step synthesis of imatinib mesylate (1) in the manufacturing process was
accomplished by Novartis in an astonishingly short time. The synthesis began with a
condensation reaction between 6 and ethyl formate. Deprotonation of the methyl group
on 3-acetylpyridine (6) using freshly prepared sodium methoxide afforded an enolate.
Condensation of the enolate with ethyl formate was followed by exchange with
dimethylamine to produce  3-dimethylamino-1-(3-pyridyl)-2-propen-1-one (7).
Alternatively, 7 could be prepared from the condensation of 6 and NN-
dimethylformamide dimethylacetal [(MeO)2CHN(Me)2].6’7 On the contrary, nitration of
2-amino-toluene (8) gave 2-amino-4-nitrotoluene nitrate, with the nitro group serving as a
masked amine group. Refluxing 2-amino-4-nitrotoluene nitrate with cyamide furnished
2-amino-5-nitrophenylguanidine (9). Subsequently, formation of pyrimidine 10 was
achieved from condensation of 3-dimethylamino-enone 6 and guanidine 9 in the presence

of NaOH in refluxing isopropanol.g’9

Palladium-catalyzed hydrogenation in THF of
nitrophenylpyrimidine 10 unmasked the nitro group to provide aminophenylpyrimidine
11. Amide formation was accomplished by treatment of aniline 11 with 4-(4-
methypiperazinomethyl)-benzoyl chloride (12) to deliver 1. Finally, the mesylate of 1

was readily accessed by the addition of one equivalent of methanesulfonic acid.'!!
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= o
i 2. HNMe,, Tol., 25°C, 045 h ~ |
XN 3. HOACc, Tol., reflux, 1 h N
6 7
H CH3
CH H,oN N
N 1.85% HNOg, EOH "
NH
2 NH,CN/H,0, reflux, 25 h
NO,
8 9
CHs
NaOH, +PIOH _ © 10% Pd/C
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Scheme 1. Synthesis of imatinib mesylate (1).
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§4.3 Introduction to Iressa®?

Epidermal growth factor 1s a tyrosine kinase. Epidermal growth factor receptor
(EGFR) is a member of the erbB family. Genetech’s monoclonal antibody, trastuzumab
(Herceptin®) targets the Her-2/neu (erbB2) receptor. Her-2 stands for human epidermal
growth factor receptor-2, whereas neu is the short form of neurological tumors.
Herceptin®, representing a revolutionary treatment for metastatic breast cancer, was
approved by the FDA in 1989. Iressa® (gefitinib, 2) is an epidermal growth factor
receptor (EGFR) tyrosine kinase inhibitor (TKI). It works by disrupting molecular
signals that turn normal cells into tumors. As such, 1t does not damage healthy cells or
cause side effects as harsh as those associated with standard chemotherapy treatments.

Iressa® (2) won FDA approval early in 2003.

o) in vivo
- N 0 y e -
=+
~o N/) metabolism | ) - | N P

F F
HN” : :Cl o™ HN : :CI
Y 0
Oz 1 N e ~ AU 2 "
|
\O N N/) \O N N/)
16 2

Fig. 3. Evolution of 13 to Tressa® ).

4-Anilinoquinazoline 13 was one of the older EGFR-TKI. Despite 1ts potency
(ICso = 5 nM), 1ts half-life in mice is only 1 h. The major metabolizing pathways are
oxidation of 13 to phenol 14 and benzyl alcohol 15. Blocking the two metabolizing sites
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afforded 4-anilinoquinazoline 16, which has a half-life of 3 h in mice. Upon further
optimization of the molecule with a basic 6-alkyl side chain, gefitinib (2) was obtained
with improvement of in vivo activities as well as physical properties, which in turn
afforded a favorable pharmacokinetics attribute that allows a once-daily oral dosing.

Iressa® (gefitinib, 2) is a reversible inhibitor, thus mechanistically it is possible to
excert less toxicity in comparison to similar irreversible inhibitors, which bond to the
protein covalently. Gefitinib (2) is also quite selective. It is at least 100-fold selective
against other tyrosine kinases such as erbB-2, KDR, c-flt or serine/threonine kinases such
as PKC, MEK-1, and ERK-2.

§4.4  Synthesis of gefitinib®*!

The AstraZeneca synthesis of Iressa® (gefitimib, 2) began with selective mono-
demethylation of 6,7-dimethoxy-3H-quinazolin-4-one (17) using L-methionine (18) in
methanesulfonic acid to afford phenol 19. Acetylation of 19 gave acetate 20 1n 75% yield
in 2 steps. Chlorination of the quinazolin-4-one using thionyl chloride with the aid of a
catalytic amount of DMF provided chloro-quinazoline 21. The subsequent SnAr
displacement of 21 with 3-chloro-4-fluoroaniline (22) assembled 23. Deprotection of the
acetate using methanolic ammonia gave the key intermediate, phenol 24. Finally,

alkylation of 24 with alkyl chloride 25 using K,CO3 in DMF then delivered gefitinib (2).

(0]

0 HOMS\

B 0 0,
/Oﬁkjm NH, 18 HO " Ac0, pyr 100°C
~o N” )

MeSO3H, reflux, 5 h ~0 N 2h, 75% 2 steps
7
! 19
F
AcO. NH SOzcl, cat DMF AcO N H2N Cl
~0 N/) 90°C, 4 h ~o N/) +PrOH, 90°C, 5 h
20 56% 2 steps

21
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F el
" /©[CI NH,OH/H;0/MeOH N o
HO
AcO N 100°C, 1.5 h, 95% mﬁl
~ /) \o N/

(0] N

7™ eHe o™ HN/©:;

LN ci 25
SN~ ‘K/

K»COa, DMF, 90°C, 5 h, 55% o | /)

In conclusion, the conquest of cancer treatment in human history has come a long
way. In the 1950s, mustard gas was found to alkylate white blood cells preferentially,
heralding the modern era of chemotherapy. Since then, 5-FU, taxol, methoxotrexate,
temoxefen, and many more chemotherapeutic drugs have been discovered, enriching the
arsenal of cancer treatment. Unfortunately, they destroy not only the cancer cells, but
damage the normal cells as well, imparting toxic side effects. Gleevec® and Iressa® as
small molecular drugs, along with Herceptin® as a biologic, are so-called “‘smart drugs”.
They target only the oncogenes such as Ber-Abl and Her-2/neu without interrupting the
healthy cells. They marked the beginning of a very exciting age of discovery of “magic

bullet” cancer drugs.



§4.3

10.

11.

12.
13.
14.
15.
16.

17.
18.
15.

Chapter 4. Protein-tyrosine Kinase Inhibitors: Gleevec® and Iressa® 37

References

Traxler, P.; Bold, G.; Buchdunger, E.; Caravatti, G.; Furet, P.; Manley, P.;
O’Reilly, T.; Wood, J.; Zimmermann, J. Med. Res. Rev. 2001, 21, 499-512.
Dumas, J. Expert Opinion on Therapeutic Patents 2001, 11, 405-429.

de Bree, F.; Sorbera, L. A.; Fernéndez, R.; Castaner, J. Drugs Fut. 2001, 26,
545-552.

Kumar, C. C.; Madison, V. Expert Opinion on Emerging Drugs 2001, 6,
1765-1774.

Lyseng-Williamson, K.; Jarvis, B. Drugs 2001, 61, 303-315.

Zimmermann, J.; Buchdunger, E.; Mett, H.; Meyer, T.; Lydon, N. B. Bioorg.
Med. Chem. Lett. 1997, 7, 187-192.

Zimmermann, J. US 5521184 (1996).

Torley, L. W.; Johnson, B. B.; Dusza, J. P. EP 0233461 (1987).

Dusza, J. P.; Albright, J. D. US 4281000 (1981).

Druker, B. J.; Talpaz, M.; Resta, D. J.; Peng, B.; Buchdunger, E.; Ford, J. M_;
Lydon, N. B.; Kantarjian, H.; Capdeville, R.; Ohno-Jones, S.; Sawyers, C. L. N.
Engl. J. Med. 2001, 344, 1031.

Druker, B. J.; Sawyers, C. L.; Kantarjian, H.; Resta, D. I.; Reese, S. F.; Ford, J.
M.; Capdeville, R.; Talpaz, M. N. Engl. J. Med. 2001, 344, 1038—1042.

Iressa, Crardiello, F. Drugs, 2000, 60, 25-32.

Baselga, J.; Averbuch, S. D. Drugs, 2000, 60, 33—40.

Adjei, A. A. Drugs Fut. 2001, 26, 1087-1092.

Levin, M.; D’Souza, N.; Castaiier, J. Drugs Fut. 2002, 27, 339-345.

Ranson, M.; Mansoor, W.; Jayson, G. Expert Review of Anticancer Therapy 2002,
2,161-168.

Culy, C. R; Faulds, D. Drugs 2002, 62, 2249-50.

Herbst, R. S. Expert Opinion on Investigational Drugs 2002, 11, 837-849.
Laird, A. D.; Cherrington, J. M. Expert Opinion on Investigational Drugs 2003,
12, 51-64.



38

21

Contemporary Drug Synthesis

Gibson, K. H. WO 96/33980 (1996).

Barker, A. J.; Gibson, K. H.; Grundy, W.; Godfrey, A. A.; Barlow, J. J.; Healy,
M. P.; Woodburn, J. R.; Ashton, S. E.; Curry, B. J.; Scarlett, L.; Henthorn, L.;
Richards, L. Bioorg. Med. Chem. Lert. 2001, 11, 1911-1914.



Contemporary Drug Synthesis. Jie-Jack Li, Douglas S. Johnson, Drago R. Sliskovic, Bruce D. Roth
Copyright © 2004 John Wiley & Sons, Inc.
ISBN: 0-471-21480-9

Chapter 5. Non-sedating Antihistamines 39

Chapter 5. Non-sedating Antihistamines

4 { Ci
= ) i Z \ Cl' USAN: Desloratadine
N USAN: Lorat.adlne' o Sy Trade Name* Clarinex®
Trade Name: Claritin Schering-Plough Corp.
Schering-Plough Corp. Launched: 2002
1
j‘\ Launched 1989 N 2 MW.310.8
oA o M.W. 3829 H
O USAN: Fexofenadine
oHCI Trade Name: Allegra®
HO N 3 Aventis
Launched. 1996
O COH MW 501.7 (parent)
HO
o]
O USAN Cetinzine dihydrochloride
«2HCI Trade Name Zyrtec®
N N 4 Pfizer Inc./UCB S. A.
N~/ o) Launched: 1996
O \—COQH M.W. 388.9 (parent)
§5.1 Introduction'™
NH,
N
4 \
N 5, histamine
H

Antihistamines are antagonists of histamine receptors that displace histamine
competitively from its receptors and block the effects of histamine. Histamine receptors,
m turn, are G-protemn-coupled receptors (GPCRs) that contain the typical seven-
transmembrane loop motif. Other common GPCRs include calcium channel receptors,

andrenergic o, dopamine D, serotonin 5-HT, and muscarinic receptors. They have
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traditionally been productive targets for drug discovery. Histamine receptor inhibitors
alone include several blockbuster drugs such as famotidine (for ulcers), ranitidine (for
ulcers), loratadine (for allergies), fexofenadine (for allergies), and cetirizine (for allegies).
Moreover, many drugs such as fenoldopam, captopril, prazosin that serve as dopamine,
serotonin, angiotensin and adrenergic receptor antagonists are marketed. Indeed,
nowadays, GPCR inhibitors account for 20% of the top 50 best selling drugs and greater
than 50% of all drugs marketed today.

The use of antihistamines can be traced back to the beginning of 1940s. The
applications of the first-generation antihistamines were limited since they cause
significant adverse effects such as sedation, memory impairment and psychomotor
dysfunction. The second-generation antihistamines have significantly fewer central
nervous system (CNS) adverse effects because they penetrate the blood-brain barner

much less extensively.

§5.2 Synthesis of loratadine (1)4"6 and desloratadine (2)7‘10

The evolution of azatadine (6) to loratadine (1) and desloratadine (2) is an
excellent example that shows that a minor change 1n the molecular structure can have an
enormous 1mpact on the pharmacological profile. In 1973, Schering—-Plough launched
their first-generation antihistamine azatadine (6, Optimine®). Like all first-generation
antihistamines, azatadine (6) was found to penetrate the blood-brain barrier and cause
severe drowsiness. Simple treatment of 6 with ethyl chloroformate results in dechloro-
loratadine (7), which 1s nearly devoid of the sedating CNS effects. However, the
systemic clearance of 7 takes place rapidly, with an effective duration of only 6-8 hrs.
On the other hand, addition of the 8-chloro-substituent gave loratadine (1), which
provides at least 50% protection for up to 18 h when tested at 0.25 and 0.5 mg/Kg doses.
Thus, a once daily regimen is amenable. Furthermore, loratadine (1) is four times more
potent than dechloro-loratadine 7. In addition, loratadine (1) displays little activity at
acetylcholine or adrenergic receptors and is inactive in animal models for assessing

anticholinergic effects at doses up to 320 mg/Kg.
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6, azatadine 7, dechloroloratadine
N
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o o/\
1, loratadine 2, desloratadine

Fig. 1. Evolution of azatadine (6) to loratadine (1) and desloratadine (2).

The synthesis of azatadine (6) was patented in 1967. Although the imitial
discovery syntheses of loratadine (1) and desloratadine (2) were lengthy, the process
chemists came up with an elegant synthesis as shown in Scheme 1.4°% At first, the Ritter
reaction of 2-cyano-3-methylpyridine (10) with terz-butanol was carried out at 75 °C with
the aid of concentrated sulfuric acid to afford fert-butyl carboxamide 11 (the interesting
mechanism of the Ritter reaction involves a nucleophilic attack of the nitrogen atom on
the nitrile group to the terr-butyl cation). Subsequent deprotonation of the methyl group
on 11 using two equivalents of n-Buli was followed by addition of catalytic amount of
sodium bromide and then m-chlorobenzyl chloride to give adduct 12. The catalytic
sodium bromide underwent a Finklestein reaction with m-chlorobenzyl chlonde to afford
m-chlorobenzyl bromide, which 1s a better electrophile for the Sx2 reaction. Refluxing
12 with POC]; for 3 h transformed the rert-butyl carboxamide back to the nitnile group to
give 13. Addition of N-methyl-piperidyl magnesium chloride (14) to the nitrile group of
13 gave the corresponding imine magnesium bromide, which was hydrolyzed to deliver
ketone 15. Cyclization of 15 using an excess super acid composed of HF and BF; led to

cycloheptene 16 in 92% yield. Concurrent demethylation and carbamate 1 formation
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took place when 16 was treated with ethyl chloroformate at 80°C. Hydrolysis of

loratadine (1) was then carried out using KOH 1in refluxing H,O/EtOH to deliver

desloratadine (2).

=
o~ CHg  1BUOH cone. B804 || ' n-Buli, THF, —40°C, cat. NaBr
| N
|
SNTCN 70-75°C, 75 min., 97% HN\'< Cl/\©/c
10 1
_ ci o
oo POCH, reflux (P a
N N N
3h,89.4% N7 CN

HN\'< 12 13

=
NS ‘ 0]
BrMg N— 14 N HF/BF4
THF, 45-50°C, 45 min. 15 92%

then 2N HCI, rt, 1 h, 89% N

cl
cl 7\
O)\O/\ N KOH, H,O/EtOH
EtsN, tol. 80°C 1 reflux, 27 h, 91%
25h,72.5% ;‘\
o070

Scheme 1. Synthesis of loratadine (1) and desloratadine (2).

Alternatively, as shown in Scheme 2, the von Braun reaction of 16 using
cyanogen bromide produced the N-cyanopiperidine 17. Acidic hydrolysis of 17 in
refluxing glacial acetic acid containing concentrated HCI then provided desloratadine (2)

in 93% yield.
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i \ Cl
&CN PAH N conc HCI, HOAc
r, 20 h, 89% reflux, 20 h, 93%
N
EN 17

Scheme 2. An alternative synthesis of desloratadine (2).
§5.3  Synthesis of fexofenadine (3)“_19

In 1994, terfenadine (18, Seldane®) was the world’s leading non-sedating
antihistamine. However, it was found to prolong the QT. interval in the ECG which was
indicative of serious ventricular arthythmia, torsades de pointes, especially when 1t was
taken concomitantly with drugs known to alter hepatic oxidative metabolism such as
erythromycin, ketoconazole and macrolide antibiotics. The drug-drug interactions stem
from the fact that these drugs are all metabolized by the same cytochrome P450
isoenzyme, CYP3A4. On the contrary, fexofenadine (3), the major metabolite of
terfenadine (18), 1s devoid of the QT elongation problem and has less propensity to
cause drug-drug interactions. Therefore, terfenadine (18) can be considered a pro-drug of
fexofenadine (3). It is advantageous to administer fexofenadine (3) rather than
terfenadine (18) because the liver does not have to be burdened with the metabolism
process of 18. In a rare move, the FDA worked closely with the manufacturer to replace

terfenadine (18) with fexofenadine (3).

o «HC
N
P450
CO,H
HO

18 3
Fig. 2. Metabolism of terfenadine (18) to fexofenadine (3).
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Scheme 3. The original synthesis of fexofenadine (3).
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The synthesis of fexofenadine (3) by Merrell Dow commenced by preparation of
o, 0-dimethylphenethyl acetate (21).14 Reduction of a,0-dimethylbenzyl acetic acid (19)
led to o, a-dimethylbenzyl alcohol, which was subsequently acetylated to 21 using acetic
anhydride. Alternatively, 21 could be assembled by a Friedel-Crafts reaction using
benzene and 2-methyl-2-propenyl acetate (20) 1n one step. An additional Friedel-Crafts
reaction of 21 with w-chlorobutyryl chloride (22) was mediated by one equivalent of
AlCl; to produce adduct 23. The Sn2 displacement of the chlonde on 23 by o,0-
diphenethyl-4-piperidinemethanol (24, vide infra) was aided by addition of a catalytic
amount of KI via the Finkelstein reaction mechanism to give 25. Removal of the acetate
protection was easily achieved using basic hydrolysis to afford neopentyl alcohol 26.
Oxidation of 26 using the Swern oxidation followed by oxidation with KMnO, gave the
corresponding carboxylic acid 27. The transformation 26 — 27 was also accomplished
using either HsIOg/RuCl3*5SH,O 1n CHCI/CH3CN or Kj;S;0s/RuCl;*5H,0.  Finally,
reduction of ketone 27 then delivered fexofenadine (3). It is worth mentioning that
asymmetric reduction of 27 was also carried out using either (+) or (—)-B-chloro-
diisopinocamphenylborane, leading to the (R)- and (S)-isomers, respectively.

In 1994, the Just group at McGill University published their version of
fexofenadine (3) synthesis.'”” Methyl esterification of 4-bromophenylacetic acid (28)
using 2.2 equivalents of Me3SiCl in methanol was followed by double methylation of the
benzylic carbon using 2.2 equivalents of Mel using NaH in THF to give 29. The crucial
convergency was achieved by the Sonogashira reaction of 29 and 3-butyne-1-ol catalyzed
by (Ph3P)sPd/CuBr; in refluxing Et;N to produce 30. A simple mesylation of 30 led to
mesylate 31, which was subjected to an Sn2 reaction with piperidine 24 to assemble
adduct 32. The mercury-catalyzed hydration of alkyne 24 afforded benzylic ketone 33,
which was reduced by NaBH, to deliver fexofenadine (3) after hydrolysis of the methyl
ester.

The aforementioned synthetic route is evidently efficient. However, the use of

mercury(II) oxide precludes it from being used as an industrial production route.



46 Contemporary Drug Synthesis

1 MeOH, MezSICl, rt, 15 h, quant.
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Scheme 4. The McGill synthesis of fexofenadine (3) involving a Sonogashira reaction.

In 1996, a group from Sandoz (now part of Novartis) reported their synthesis of
fexofenadine (3).!” Cbz protection of commercially available ethyl piperidine-4-
carboxylate (34) was achieved using N-(benzyloxycarbonyloxy)succinimide to afford 35.

Treatment of 35 with three equivalents phenyl magnesium bromide led to tertiary alcohol
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36, which was then unmasked to give diphenylpiperidin-4-ylmethanol (24) via
hydrogenolysis. Alkylation of 24 with alkyl chloride 37 was facilitated by KI via the
Finkelstein reaction to produce dioxolane 38 which was unmasked to aldehyde 39 via
acidic hydrolysis. Finally, addition of the organolithium reagent, denived from phenyl
bromide 40 using one equivalent of NaH and two equivalent of 7-BuL, to aldehyde 39

delivered fexofenadine (3).

Eﬁ >
N-CbZ  PhMgBr, THF

_—_—

EIOzC . EtsN, THF, rt, 89% EtO,C 35 —20°C. 73%
4 »
.Cbz cl 0}
N 5% Pd/C, Hy NH /m
Ph Ph ©
EtOH, rt, 88% %
HO™ L HOT, 54 NaHCOs, Ki DMF, 94%
36
O o, NN
N/\/\\/ 66% ag. HOAC N CHO
Ph>‘)© o\) Ph
0, 0,
HO™L, a8 105°C,93%  HO" L 39

CORH
CO2H

NaH, THF, ri, then
+-Buli, -72°C, 60%

Ph 3

Scheme 5. The Sandoz synthesis of fexofenadine (3).
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§5.4  Synthesis of cetirizine (4)**2*

Hydroxyzine (41, Fig. 3) has been used as a diphenylmethane-type of tranquilizer
since the 1960s. In humans, hydroxyzine (41) is metabolized into cetirizine (4, 2-[2-[[4-
[(4-chlorophenyl)phenylmethyl}-1]piperazinyljethoxyl-acetic acid) via an oxidation
process mediated by the CYP3A4 enzyme system. Cetirizine (4) is a specific and long-
acting histamine H,-receptor antagomist, that is associated with a significantly lower
incidence of sedation than hydroxyzine (41). Looking at the structures of 4 versus 41, the
only difference is a carboxylic acid versus an alcohol. Therefore, it is reasonable to
speculate that the increased polarity of cetirizine (4) may be responsible for lowering the
blood-brain barrier penetration. Another attribute that contributes to fewer CNS effects
for cetirizine (4) 1s that it 1s more selective for histamine H;-receptors in comparison with
other nonhistamine G-protein-coupled receptors (GPCRs) including calcium channel

receptors, andrenergic «;, dopamine D,, serotorin 5-HT, receptors and muscarinic

receptors.”*?!
O /—-\ in vivo O
./ 0 oxidation /L o
Y Y oo
41 4

Fig. 3. Evolution of hydroxyzine (41) to cetirizine (4).

In term of pharmacokinetics, cetirizine (4) is rapidly absorbed, reaching a peak
plasma concentration of 257 pg/L within 1 h of administration at a dose of 10 mg 1n
healthy volunteers. The AUC is 2.87 mg/L with this dose.

The initially patented synthesis of cetirizine (4) by UBC S. A. in Belgium was an

extension of the hydroxyzine (41) synthesis. 2>

Gngnard addition to p-
chlorobenzaldehyde gave (4-chloro-phenyl)-phenyl-methanol, which was easily

brominated using PBr3 in benzene to give 4-chlorodiphenylmethyl bromide 42).2 s\2
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displacement of the bromide using N-ethoxycarbonylpiperizine was carried out 1n the
presence of Na,COs in refluxing xylene. Hydrolysis using KOH in EtOH afforded
pipenizine 43.” An additional Sx2 displacement of 2-chloroethanol by 43 then gave
alcohol 44, which was subsequently coupled with sodium chloroacetate, followed by bis-
HCl salt formation and recrystallization with 2-butanone to deliver cetirizine

dihydrochloride (4).24 Alternatively, 4 could be assembled from 43 and the entire side-

chain [(2-chloroethoxy)-acetic acid derivative] as one fragment.”

cl
I W,
1. PhMgBr, Et,0
2. PBry, PhH Br
c
a2
cl

o]
\on

o

BN N

\_/
o\

Et3N, tol., reflux

N NH
/ 12 h, 96.8 %

W

0]

c'\/U\ONa

37% HCI/H,0

+BuOK, +-BuOH
70-80°C, 55.5%

then recrystalized
from 2-butanone
88%

1 NayCOg, xylene, reflux, 10 h
2. KOH, EtOH, reflux, 20 h
77 2% 2 steps

Cl

Y

N N
o s
44
Cl
O « 2HCI
N N
/ —\_o
i
4

Scheme 6. The UBC synthesis of cetirizine dihydrochloride (4).

Since cetirizine dihydrochloride (4) is a mixture of two enantiomers, they have

been separated and tested individually.

The levorotatory enantiomer of cetirizine

displays a better pharmacological profile than the racemic muxture, and is currently
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marketed as Xyzal™ i Europe.

Meanwhile, several asymmetric syntheses to the
levorotatory enantiomer have appeared in the literature.”*%

1. n-BuLi, TMEDA, THF, -78°C, 45 min 0
z ) 2. CuBr Me,S, THF, -78°C, 30 min. s
|
CrCo), 3 PCICeH,COCI, THF, ~78°Cto rt Ci
18 h, 78% Cr(CO)s
45 46

e ]

: 1. HBF 4 E1,0, CH,Cl,, ~60°C
N\B'o a7 @ O 2.5
Bu Cl

equiv. 49, CH,Cl,,~60°C, 86%

Cr(CO HN N
catecholborane, tol., 99% (GO _/ —\—O
48 49  \—CO,n-Bu
Cl
N/ \N 1. pyndine, reflux, 92%
— _/ _\——O
\—CO,n-Bu 2.2MHCI, 50°C, 4 h, 86%
\|_7/
' 50
Cr(CO)3
cl

\—CO,H
(5)-4

Scheme 7. The Corey asymmetric synthesis of (S)-cetirizine dihydrochloride, (S)-4.
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cat. [[CH3(CH5)6CO,]-RN);

B ~OH & Nag COE - g ~O~-CO:E
CH,Cl,, 80% 51
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CHO 0 Ti(OEt),, THF N"S~ By
cl oN™EBU 000 5 g5%
52 Cl 53
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-10°C, > 65% 22°C, > 98% Cl
cl 55
54
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2. 30% HBr, AcOH, 4-HOPRCO,H, 75% NI
(5)-43
cl
1.51 O N/_\N.ZHCl
2 HCI, H,0
oy ' o
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Scheme 8. The Sepracor synthesis of (S)-cetirizine dihydrochlonde, (S)-4.

The first described synthesis of the enantiomeric cetirizine employed resolution of
a (+)-chlorobenzhydrylamine as the salt with tartaric acid.?® Later, an asymmetric
synthesis was reported by the Corey group in 1996 (Scheme 7). The pivotal step
mvolved a chiral oxazaborolidine (CBS)-catalyzed reduction of an unsymmetrical

chlorobenzophenone with a m-chromium tricarbonyl group serving as an effective
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stereocontroller.”’”  Therefore, lithiation of benzene chromium tricarbonyl (45) was
followed by treatment with CuBr-Me,S to yield the corresponding organocopper reagent,
which was then treated with 4-chlorobenzoyl chlonde to give benzophenone 46 in 78%
yield. Addition of a toluene solution of ketone 46 to 0.15 equivalent of oxazaborolidine
47 and 2 equivalents of catechlborane afforded alcohol 48 in 99% yield and 98% ee. In a
Nicholas reaction-like transformation, optically pure chromium tricarbonyl-benzylic
alcohol 48 underwent a Sy1 reaction with retention of configuration. The configurational
stability was achieved because the carbocation intermediate was stabilized by Cr(CO);.
Thus, 1n the presence of 2 equivalents of tetrafluoroboric acid-diethyl ether complex, 48
was treated with piperizine 49 to assemble adduct 50. De-metallation by refluxing
piperizine 49 in pyridine was followed by hydrolysis to deliver (§)-cetirizine
dihydrochloride (4).

Although this synthesis is evidently efficient, the use of the heavy atom, Cr,
precludes it from industrial production purposes.

In the Sepracor synthesis of chiral cetirizine dihydrochloride (4), the linear side-
chain as bromide 51 was assembled via rhodium octanoate-mediated ether formation
from 2-bromoethanol and ethyl diazoacetate (Scheme 8). Condensation of 4-
chlorobenzaldehyde with chiral auxiliary (R)-z-butyl sulfinamide (52) in the presence of
Lewis acid, tetracthoxytitanium led to (R)-sulfinimine 53. Addition of phenyl
magnesium bromide to 53 gave rise to a 91 : 9 mixture of two diastereomers where the
major diasteromer 54 was isolated 1n greater than 65% yield. Mild hydrolysis conditions
were applied to remove the chiral auxihiary by exposing 54 to 2 N HCI in methanol to
provide (S)-amine 55. Bisalkylation of (S)-amine 55§ with dichloride 56 was followed by
subsequent hydrolysis to remove the tosyl amine protecting group to afford (S)-43.
Alkylation of (S)-piperizine 43 with bromude 51 produced (S)-cetirizine ethyl ester,
which was then hydrolyzed to deliver (S)-cetirizine dihydrochloride, (S)-4.
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Chapter 6. Cosmeceuticals:
Isotretinoin (Accutane®), Tazoratene (Tazorac®),
Minoxidil (Rogaine®), and Finasteride (Propecia®)

NIRRT

w

OH

YNH

[
HoN_ N

USAN lIsotretinoin
Trade Name: Accutane®
Hoffman-La Roche
Launched 1982

M.W. 300.44

USAN: Tazarotene
Trade Name: Tazorac®
Allergan

Launched 1996

M.W. 351.47

USAN Minoxidil

Trade Name: Rogaine®
Upjohn/Pharmacia
Launched 1986

M W. 209.25

USAN: Finasteride
Trade Name* Propecia®
Merck

Launched: 1997

M.W. 372.54

Cosmeceuticals are substances that are applied to skin or hair but do not modify

its structure and function.! One aspect that differentiates cosmeceuticals from cosmetics

is that most, if not all, of them originate from bona fide medicinal chemistry programs.

In this chapter, four representative cosmeceuticals are discussed: isotretinoin (1) and

tazarotene (2) for acne; and minoxidil (3) and finasteride (4) for hair growth,

respectively. Ironically, in spite of their market successes, neither minoxidil nor
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finasteride were initially discovered for their marketed use. Minoxidil was first
synthesized as a potassium channel opener (KCO) for the treatment of hypertension,
while finasteride was originally prepared as a testosterone-5a-reductase inhibitor for the
treatment of benign prostatic hyperplasia (BPH).

§6.1 Isotretinoin (Accutane®)

§6.1.1 Introduction®™®

R X OH Mmetabolism NIRRT
CO,H

5, vitamin A 1, isotretinoin
(2-cis-vitamin A acid)

in vivo TR
- COH
metabolism
0]

6, 4-oxo-isotretinoin

Fig. L. Isotretinoin (1), a metabolite of vitamin A (5).

Isotretinoin (1, Accutane®), which is also known as 2-cis-vitamin A acid or 13-
cis-retinoic acid is a naturally occurring metabolite of vitamin A (5, Fig. 1). It is an
orally active drug for the treatment of severe refractory acne that functions by reducing
sebaceous gland size and sebum production. In vivoe studies in hamsters show that
isotretinoin (1) causes atrophy of the sebaceous component of the flank organ by a
mechanism not involving androgen inhibition. The major metabolite in the systemic
circulation 1n man following oral administration is 4-oxo-isotretinoin (6).

Isotretinoin (1) works extremely well for severe acne, and is efficacious for 75%
of all patients. However, like all oral retenoids, isotretinoin (1) has a spectrum of
toxicity. Most prevalent of all is its profound teratogenic properties. The risk of a major
congenital abnormality in the first trimester 1n pregnant women is 1ncreased by 25-fold.

Therefore, it is mandatory for women of child-bearing potential who are taking
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isotretinoin (1) to avoid pregnancy. Another reported side effect of isotretinoin (1) is
depression. Thus, patients should be carefully monitored with regard to mood change

during administration of this drug.

§6.1.2 Synthesis of isotretinoin’®

PhgPeHBr B
X" "0H XX " PPhg
EtOH

7
= Pt
OHC  COH HO™ g0
9 £l

1.8 N NaOEt, EtOH NIRRT
8+9 002H

-30t0 -10°Ctort

, isotretinoin
2- cts-vntamln A acid)

CO.H Ip, hv, Et,0

-

t, 3 min., 91%

10, 2-cis-4-cis-vitamin A acid

Scheme 1. Synthesis of isotretinoin (1).

As shown in Scheme 1, isotretinoin (1) was first synthesized by Garbers et al. in
1968 utilizing a key Wittig condensation.” Phosphonium salt 8 was prepared from direct
treatment of vinyl B-ionol 7 with triphenylphosphonium bromide (Ph;PeHBr) in ethanol.
Subsequent addition of an excess of sodium ethoxide to 8 was followed by an ethanol

solution of cis-B-formyl crotonic acid (9) to produce isotretinoin (1, 2-cis-vitamin A acid,
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or 13-cis-retinoic acid) and 2-cis-4-cis-vitamin A acid (10) in a 1:6 ratio. During the
reaction, 9 was isomerized from hydroxybutenolide 9’ within 30 min. by treatment with
ethanolic sodium ethoxide. Although the Wittig condensation gave the undesired 2-cis-4-
cis-vitamin A acid (10) as the major product, it was conveniently converted to
isotretinoin (1) via photoisomerization. Thus, a solution of 10 and iodine in ether was set
aside at room temperature for 3 min in diffuse light to provide the isomerized isotretinoin

(1) in 91% yield as orange red needles.

. - _ 2.0 N KOH, i-PrOH
NONPen S -

0”0 -30°C, 1.5 h, 91.5%

+ X
CO,H

1, isotretinoin
(2-cis-vitamin A acid)

10, 2-cis-4-cis-vitamin A acid

PANO3, PPhg, EtgN

10 1
CH3CN, 50°C, 1 h, 85.7%

Scheme 2. The Hoffmann-La Roche synthesis of isotretinoin (1).

In a 1985 patent by Hoffmann-La Roche, the Wittig condensation was also the
crucial step in assembling isotretinoin (1, Scheme 2).2 Under the optimized conditions,
1.03 equivalents of phosphonium salt 8 was condensed with 1 equivalent of
hydroxybutenolide 9’ in the presence of 1.25 equivalents of 2 N KOH in isopropanol at
-30°C for 1 to 1.5 h. The product (91.5% total yield) consisted of 75.9% of 2-cis-4-cis-
vitamin A acid (10) and 16.7% of isotretinoin (1). Without separation, the mixture of 10
and 1 was subjected to palladium-catalyzed isomerization conditions: the mixture was
heated at 50°C for 1 h in acetonitrile in the presence of 0.10 mol% of palladium(II)

nitrate, four equivalents (based on palladium nitrate) of triphenylphosphine and 2
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equivalents (also based on palladium nitrate) of triethylamimne. As a consequence,

isotretinoin (1) was obtained in 85.7% yield.

§6.2 Tazarotene (Tazorac®)

§6.2.1 Introduction®®

Systemically administered retinoids such as isotretinoin (1, Accutane®) have
several disadvantages such as a relatively narrow therapeutic index and a variety of toxic
effects including teratogemcity. Topically administered retinoids may avoid some of
those drawbacks. For instance, tazarotene (2, Tazorac®) is a topical receptor-selective
retenoid that normalizes differentiation and proliferation of keratinocytes. Its major
metabolite, tazarotenic acid (11), binds to retinoic acid receptors (RARs) with high
affinity.

Tazarotene (2) 1s a prodrug. A prodrug is defined as a pharmacologically inactive
chemical derivative of a drug molecule that requires a transformation within the body in
order to release the active drug. In this particular case, the ethyl ester moiety 1s readily
hydrolyzed by an esterase on skin to release the active metabolite, tazarotenic acid (11).
Tazarotene (2) has a half-life of 2-18 min. and is rapidly cleared on skin.

The pharmacokinetics and metabolism of tazarotene (2) is especially worth
noting. Topical gel application provides the direct delivery of tazarotene into the skin.
Ten hours after a topical application of 0.1% tazarotene gel to the skin, approximately
4-6% of the dose resides 1n the stratum corneum and 2% of the dose is distributed to the

viable epidermis and dermis."”

As depicted in Scheme 3, both tazarotene (2) and
tazarotenic acid (11) undergo further metabolism to their corresponding sulfoxides 12
and 13, respectively. Sulfoxides 12 and 13, in turn, are even further oxidized to sulfones
14 and 15, respectively. These very polar metabolites do not accumulate in adipose
tissue, but are rapidly eliminated via both urinary and fecal pathways with a terminal
half-life of approximately 18 h. A lesson learned here is that installation of a sulfide
moiety promotes clearance because it is oxidized to polar metabolites that are rapidly

cleared. As the consequence, the systemic exposure is mimimized. Percutaneous

absorption of tazarotene (2) led to a plasma concentration below 1 pg/l.. The systemic



60 Contemporary Drug Synthesis

bioavailability of tazarotene (2) is thus low, approximately 1% after single and multiple

topical applications to healthy skin.

(e]
o™ = [ OH
X,
hydrolysis Z N
S 11, tazarotenic acid

S 2, tazarotene

oxidation oxidation
(0] 0
= O/\ = OH
7 hydrolysis 7
3 12 $ 13
0 0
oxidation oxidation
0 o
= o P OH
. |
7 N \N
Z hydrolysis é
O/IS\b 1 d/s\\o 15

Scheme 3. Known metabolic pathways of tazarotene (2)."

Since mini-pig skin is similar to human skin particularly as it pertains to
percutaneous absorption, the percutaneous absorption of tazarotene (2) has been carried

out using mini-pigs."* In muni-pigs, high topical doses of tazarotene (2) produced only
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reversible local irritation, while lower doses were well tolerated topically. More
importantly, after one year of chronic dosing in mini-pigs there were no systemic toxic

effects observed even at the highest possible dose which was limited by topical imtation.

§6.2.2 Synthesis of Tazarotene's™

P,0s, 85% HgPO,
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HS NaOH reflux PhH, reflux, 20 h s | =

acetone, 40 h
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0 0 LDA, THF, -78°C, 1 h P
)kc CI(O)P(OEt),, ~78°Cto 1t, 3.75 h 2
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SnCly, PhH, 1t, 12 h S then LDA, -78°Cto it, 10 h S
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7" nBuli, THF A
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Scheme 4. The Allergan synthesis of tazarotene (2).
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The key operation of the Allergan synthesis of tazarotene (2) 1s a Negishi
coupling of alkynylzinc chloride 22 with o-chloropyridine 21 (Scheme 4)."*"® Thus
sulfide 16 was assembled via an Sn2 displacement of 1-bromo-3-methyl-but-2-ene with
thiophenol with the aide of NaOH. Strong acid-promoted cyclization of 16 was achieved
using P,Os/H3POy4 to afford 4,4-dimethylthiochroman (17). A Friedel-Crafts acylation of
17 was carried out using acety! chloride in the presence of stannic chloride to produce
methyl ketone 18. Transformation of methyl ketone 18 to terminal alkyne 19 was then
accomplished via the formation of an enol phosphate intermediate. On the other hand,
DCC-mediated esterification of 6-chloronicotinic acid (20) led to formation of -
chloropyridine 21. With two key intermediates, 21 and 19, in hand, alkynylzinc chloride
22 was generated in situ by treatment of terminal alkyne 19 with n-BuLi followed by
addition of ZnCl,. Subsequently, the Negishi coupling of 22 with a-chloropyndine 21

using Pd(Ph;P), as the catalyst delivered tazarotene (2).

§6.3 Minoxidil (Rogaine®)

§6.3.1 Introduction'® 26

on i

R HaN._N__NH HoNo_ N NH;

i 7\1/ metabolism | \f |

= \ N =N
N N - N

23, U-7720 3, minoxidil (U-10858)

2 ,4-diamino-8-diallyamino-5-triazine

Fig. 2. Evolution of U-7720 (23) to minoxidil (3).

N',N'-Diallyl-pynmidine-2,4,6-triamine, U-7720 (23) was 1nitially, developed as a
potent antihypertensive agent. Later, its metabolite minoxidil (3) was found to be
efficacious as both an antthypertensive orally and for hair growth topically. The systemic

and local side effects of topical minoxidil (3) are essentially non-existent.
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Minoxidil (3), 2,4-diamino-6-piperidinopyrimidine-3-oxide, is a potassium
channel opener (KCO). It is a prodrug and is activated via sulfation in vivo. It was
mntially prepared as a potent vasodilator for the treatment of severe hypertension. When
admunistered orally, a reversible hypertrichosis (excess hair growth) of the face, arms,
and legs takes place in approximately 80% of the patients. However, side effects from
the systemic administration of the drug include pigmentation and coarsening of facial
features, fluid retention, tachycardia, nausea, fatigue, dyspnea, and gynecomastia. In
contrast, there have been few reported side effects from the topical application of
minoxidil (3). In a study, the percutaneous absorption and excretion of both a 1% and
5% solution of minoxidil (3) labeled with *C was investigated. While the urinary
excretion of radioactivity was low, ranging from 1.6% to 3.9% of applied dose, no fecal
radioactivity was detected.* The majority of the recovery of the radioactivity was on the
skin surface, scalp and pillow case washes and ranged from 41% to 45% of applied dose.
No adverse reactions or notable abnormalities were noted 1n the subjects during the
studies. Although minoxidil (3) is poorly absorbed through the skin, systemic doses in
the range of 2.4% to 5.4% mg/day can be expected if application is made to the entire

scalp.
§6.3.2 Synthesis of minoxidil*” >

The 1nitial patent describing the Upjohn synthesis of minoxidil (2) was 1ssued in
1972 (Scheme 5).2” The synthesis began with the assembly of phenoxypyrimidine 25
from the SnAr displacement of 4-chloropyrimidine-2,6-diamine (24) with 24-
dichlorophenol. The aryl ether installed here serves as a leaving group in the last step,
and is more tolerant of the enswing oxidation step. Therefore, oxidation of
phenoxypyrimidine 25 gave 6-amino-4-(2,4-dichlorophenoxy)-2-imino-2H-pyrimidin-1-
ol (26), whch was then condensed with piperidine 1n sealed tube at 250 °C to deliver
minoxidil (3).
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Cl
HoN N NH, Y
| Y Ci OH Cl 1.6 equiv. m-CPBA
. O@

EtOH, 44.7%
Ct KOH, 150°C, 3 h

Cl
24 25

OH
N N___NH \f
! \f pipendine
=N o
0 sealed tube
250°C,25h
26 Cl

Scheme 5. The first Upjohn synthesis of minoxidil @).7

3, minoxidil

The second patent by Upjohn describes an improved route, obviating the use of
the sealed tube reactor (Scheme 6). Therefore, 6-amino-4-chloro-2-imino-2H-pyrimidin-
1-ol (28) was prepared from the oxidation of 4-chloro-pyrimidine-2,6-diamine (27). The
crude product was extracted with boiling acetonitrile to give pure 28 in 44.7% yield.
Refluxing 28 with excess of piperidine for 1.5 h then afforded minoxidil (3) after

extraction with boiling acetonitrile.

OH

' w&
HoN_ _N_ _NH, HoN N\(NH
N
| Y 1.6 equiv. m-CPBA | plpertdlne
ZN ~N
EtOH, 44.7% cl reflux 89%
Cl

3, minoxidtl

Scheme 6. The second Upjohn synthesis of minoxidil (3).%

These two syntheses have one theme in common — they all involve modification
of a pre-existing pyrimidine N-oxide. However, the third Upjohn synthesis of minoxicil

(3), on the other hand, entails the cyclization of a linear intermediate 33 as the key
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operation (Scheme 7).” To this end, cyanoacetamide 30 was produced from the
condensation of ethyl cyanoacetate (29) with piperidine. O-Methylation of
cyanoacetamide 30 was accomplished using either methyl fluorosulfonate or
tnmethyloxonium fluroborate to give enol ether 31. Subsequent treatment of 31 with
cyanamide in an alcoholic solvent then led to cyanoiminopropionitrile 32. When 32 was
treated with hydroxylamine hydrochloride, it is reasonable to assume that it attacks the
more electron-deficient N-cyano group rather than the relatively electron-rich aliphatic
nitrile group. As a consequence, minoxidil (3) was obtained in approximately 48% yield
1n 2 steps presumably via linear intermediate 33.

In comparison to the chloro N-oxide routes, the third route is superior because it
gives higher overall yield, requires less chromatography, and is substantially more

economical.

o HN )

0
NC
NC N T \)pr

Me308F4, KgCOg

CH,Cly, 1, 24 h, 43%

29 30
o SN
NC\/\N HoNCN, EtOH NC\)kN
ST
31 32
_ on - oH
N NH HoN N NH
HoNOHeHCI, K,COj, EtOH NC 4 2 | ¥
50°C, 15 h, 48%, 2 steps N (Nj
33 3, minoxidil

Scheme 7. The third Upjohn synthesis of minoxidil (3).%
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§6.4 Finasteride (Propecia®)

§6.4.1 Introduction®*3?

The correlation between male pattern baldness and the androgens has been long
established. For instance, prepubertal gonadectomy of males prevents recessioin of scalp
hair. However, the approach to stop and reverse male pattern baldness using systemic
antiandrogens (androgen blockade, or androgen receptor antagonism) has not been
pursued because of the feminizing effect and interference with male sexual functions. On
the other hand, the functions of intracellular androgen receptor and Sa-reductase include
regulation of hormone action in androgen-sensitive cells. So-Reductase converts

testosterone (T, 34) to a more potent androgen, 5a-dihydrotestosterone (DHT, 35).

OH

5a-reductase

34, testosterone 35, Sa-dihydrotestosterone

Fig.3. Testosterone (34) and Sa-dihydrotestosterone (35).

Finasteride (4), an azasteroid, was originally developed as a specific competitive
nhibitor of So-reductase for the therapeutic indication of benign prostatic hyperplasia
(BPH) with trade name as Proscar®. It has no binding affinity for androgen receptor sites
and finasteride (4) itself possesses no androgenic, anti-androgenic, or other steroid
hormone-related properties. Therefore, one significant property of finasteride (4) is
lowering levels of DHT without interfering with testosterone (34) levels. Merck used
balding male and female monkeys, stumptail macaques (Macaca arctoides), to test the
effects of finastende (4, Propecia®) on hair growth, hair cycle stage, and serum
testosterone and dihydrotestosterone.”” Before that, Upjohn also used balding stumptail
macaques to study the effects of oral finasteride (4) alone or 1n combination with topical
minoxidil (3).> It was found that finasteride (4) increased the hair weight for four of five

monkeys, and it was more efficacious in combination with minoxidil (3). In clinical



Chapter 6. Cosmeceuticals: Accutane®, Tazorac®, Rogaine®, and Propecia® 67

trials, thanks to the excellent bioavailability (average 63% 1n humans) of finasteride (4),
it is efficacious at a dose of 5 mg/day for androgenic alopecia.“'35 It was found that
finasteride (4) lowers levels of DHT without interfering with T levels on scalp skin.

In a study of the metabolism of finasteride (4) using both healthy volunteers and
rat heptic microsomes, five major metabolites were identified as w-hydroxy finasteride

(36), 60,w-dihydroxy finasteride (37), finasteride-w-oic acid (38), its corresponding

36-38

methyl ester 39, and 6c-OH finasteride (40), respectively.

H H
39, R = CHj

Fig.4. Five major metabolites of finasteride (4).

§6.4.2 Synthesis of finasteride®

In a Merck patent published 1n 1988,*" the synthesis of finasteride (4) utilized 3-
oxo-4-etien-20-oic acid 41 as a starting point. Periodate olefin cleavage of 41 was
achieved using NalO, and KMnO, to give dioic acid 42. Ring closure with ammonia at
high temperature afforded ene lactam 43, which was selectively hydrogenated using a
platinum catalyst to afford 5a-4-azasteroid 44. Amide 45 was then assembled from a

coupling of acid 44 and r-butyl amine using a combination of DCC and 1-
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hydroxybenztriazole. Finally, dehydrogenation of 45 was carried out using

benzeneseleninic anhydride in refluxing chlorobenzene to fashion finasteride (4).

NalQ,, KMnO,, NaCO,3

t-BuCH, H,0, reflux, 1 h

H
0L 4
42
NHg, HOCH,CH,OH Hy, PO,
180°C, 15 min. 60°C, 3 h

al-

DCC, HOBt, CH,Cl,

(PhSe0),0

CiPh, reflux, 2 h

Scheme 5. The Merck synthesis of finasteride (4).

The interesting transformation 45 — 4 was also accomplished by refluxing 45
with DDQ (2,3-dichloro-5,6-dicyano-1,4-benzoquinone) and BSTFA [bis(trimethylsilyl)-

trifluoroacetamide] in dioxane.*” NMR spectroscopy studies suggested the following
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mechanistic pathway: O-Silyl imidate 46 was produced under the reaction conditions at
room temperature. Nucleophilic addition of 46 to DDQ led to adduct 47, which was
subsequently silylated to another O-silyl imidate 48. At clevated temperature, O-silyl
imdate 48 expelled 4,5-dichloro-3,6-bis-trimethylsilanyloxy-phthalonitrile (49) to give

dehydrogenated lactam, finasteride (4). The conversion seems to be general for similar

Al-azasteroids.

DDQ, BSTFA, dioxane

110°C, 18 h, 85%

Cl
Ci OTMS

TMSO CN

48
Scheme 6. DDQ-BSTFA-mediated dehydrogenation of azasteroid §.

Furthermore, the transformation 44 — 45 was carried out using an acylimidazole
intermediate to give an excellent yield of the observed product.** Thus, acylimidazole 50
was prepared, via the action of carbonylimidazole in THF, as a stable crystalline
compound. Subsequently, #-butylaminomagnesium bromide was produced by treatment
of r-butylamine with ethylmagnesium bromide. Finally, refluxing the mixture of
acylimidazole 50 and s-butylaminomagnesium bromide in THF for 18 h gave the amide
45.
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(0]

A
/N N7\
<N\/) [;l}

THF, > 95% yield

HgN‘é

EtMgBr, THF, reflux, 18 h, 96%

Scheme 7. Amide synthesis via acylimidazole intermediate.

In order to quantitatively determine the level of finasteride at the picogram level
in human plasma using 1sotope-dilution gas chromatography mass spectrometry, Guarna
et al. synthesized 5,6,6-[*Hs]finasteride (55).* Known intermediate 44 was exchanged
with deuterated water and then deuterated acetic acid to give intermediate 51, which was
hydrogenated in siru with 3 atm “H, to produce Ds-aza-steroid 52. DDQ-BSTFA-
mediated dehydrogenation of aza-steroid 52 afforded dehydrogenated lactam S3.
Activation of the carboxylic acid was realized by the subsequent treatment of 53 with
2,2’-dithiopyridine and triphenylphospine 1n toluene to give the thioester 54. Reaction

between 54 and z-butylamine then led to 5,6,6-[*H;finasteride (55).

2 2
1 2H20, 16 h H2, PtOQ, CH3COQ H

—_— - :
2. CHyCO,%H, 3h 60°C, 48 h, 90%
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DDQ, BSTFA,dioxane

25°C, 4 h, 110°C, 18 h, 70%

D3 = 64.2%, D, = 30.96

t-BuNH,, THF G A Dy = 4.57%, Dy = 0.45%
o 0”7 "N:
43% 5Pa% Dy/Dj = 0.007
55, Ds-finasterde
Scheme 8. Synthesis of Ds-finasteride 55.
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Chapter 7. Antibacterials:
Ciprofloxacin (Cipr0®), and Linezolid (Zyv0x®)

E Q COH USAN: Ciprofloxacin
| 2 Trade Name: Cipro®
Bayer
\)N N Launched: 1983
HN A MW 331 34
1
O>~ USAN: Linezold
/N 0 y Trade Name: Zyvox®
o N N\/k/N\n/ Pharmacia
F 0o Launched: 2000
2 M.W. 337.35

Alexander Fleming discovered penicillin (3) in 1928 in England. However, it was not
made commercially until 1941 when Florey and Chain devised the process that helped
the American pharmaceutical industry to manufacture penicillin via deep-tank
fermentation. Florey, Chain and Fleming shared the Nobel Prize in medicine in 1945. In
1932, Fritz Mietzsch and Josef Klarer at I. G. Farben in Germany synthesized Prontosil®,
2’4’diaminoazobenzene-4-sulfonamide (4). Gerhard Domagk, also at 1. G. Farben,
discovered 4, the “sulfa drug” as an antibacterial against pneumonia and meningitis. He
is remembered for having won the Nobel Prize for medicine in 1939 in addition to having
cured his first patient, his daughter, using Prontosil®. That event heralded the beginning
of the modern antibacterial era.

The arsenal of antibacterials available for the treatment of infectious diseases has
expanded exponentially since then. Currently, as illustrated in Fig. 1, the repertoire
includes the B-lactams (e.g. 3); sulfa drugs (e.g. 4); macrolides (e.g. 5, erythromycin A),

nitrofuran drugs (e.g. 6, furazolidone), and many aminoglycosides.
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3, penicillin 4, Prontosil
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0 OH 6, Furazolidone

5, Erythromycin A

Fig. 1. Representative antibacterials.

§7.1 Ciprofloxacin (Cipro®)

§7.1.1 Introduction to ciprofloxacin (1)*”’

A very important category of antibacterial agents 1s the quinolones. In 1962,
nalidixic acid (7) was first introduced by Lesher into clinical practice for urinary tract
infections because it was excreted via urine in high concentration. Shortly after that, the
quinolone antibacterials flourished, rendering thousands of 4-quinolones as represented
by cimoxacin (8) and pipemidic acid (9). Quinolones 7-9 are considered as the first-
generation quinolone antibacterials for their moderate activities against susceptible
bacteria and poor pharmacokinetic (PK) properties. They possess oral activity against
Gram-negative bacteria but suffer as a class in their inability to affect Gram-positive
strains. Furthermore, the bioavailabilties are too low to treat systemic infections such as
pneumonia and skin infections.

In the early 1980s, fluorinated quinolone antibactenals were discovered to possess
better activity and PK properties (longer half lives and better oral efficacy). These so-

called second-generation quinolone antibacterials are exemplified by norfloxacin (10),
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perfloxacin (11) and ciprofloxacin (1). They display a broader spectrum of antibacterial
activity, increased potency, decreased potential for resistance and less toxicity. They
have become the first line of attack for the clinical treatment of a variety of infectious
diseases in contemporary medicine. In this chapter, ciprofloxacin (1) is chosen as an
example to highlight the quinolone antibacterials partially because of its stardom in the
wake of the bio-terrorism threat. It 1s worth mentioning that the third-generation of
quinolone antibacterials are still being actively investigated because of the rapid
development of resistance by bacteria towards existing antibacterial drugs. Examples of
the third generation of quinolone antibacterials include fleroxacin (12), sparfloxacin (13)
and tosufloxacin (14). They are endowed with sufficiently long half-lives to enable a

once daily regimen, along with enhanced activities against a variety of bacteria.

First-generation quinolones

o) 0 0
_ COH 0 CO.H N7 CO,H
S < 1 N I
N" N 0 N (\N N“ N
- - HN -

7, Nalidixic acid 8, Cinoxacin 9, Pipemidic acid

Second-generation quinolones

F i OH F i COzH F i CO:H

10, Norfloxacin 11, Pefloxacin 1, Ciprofloxacin
Third-generation quinolones 0
F~ CO,H
NH, O NS
F. COxH F. CO,H N” N7 TN

|
/QFNK/F WFX NF2 0

12, Fleroxacin 13, Sparfloxacin 14, Tosufloxacin
Fig. 2. Representative quinolone antibacterials.
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Like all fluoroquinolone antibacterials, ciprofloxacin (1) targets bacterial DNA
gyrase (a.k.a. DNA topoisomerase II) and DNA topoisomerase 1V, an essential bacterial
enzyme. DNA gyrase 1s a tetramer, composed of two A-subunits and two B-subumits,
which catalyzes the supercoiling of cellular DNA by a nicking, pass-through, and re-
sealing process. Ciprofloxacin (1) binds to the A-subunits and inhibits DNA gyrase,
inducing cleavage of the DNA backbone, thus exerting the antibacterial effect.
Ciprofloxacin (1) 1s one of the most potent fluoroquinolone antibacterials in vitro. It has
good activity, conferred by the piperazinyl substituent at C;, against Gram-negative
pathogens (Escherichia coli, Klebsiella pneumoniae, P. rettheri, Enterobacter cloacae,
and Pseudomonas aeruginosa) but is generally weaker against Gram-positive organisms.
Ciprofloxacin (1) has MICs (minimal inhibition concentrations) against
enterobacteriaceae ranging from 0.008 to 2.0 mg/L.

Anthrax is a bacterium that when inhaled, the spores travel to the lung and start
disseminating and producing toxins, which can be lethal if left untreated. Ciprofloxacin
¢))] (Cipro®) is approved by FDA for the treatment of anthrax. Indeed, a 60-day regiment
is effective to treat the inhaled form of anthrax after an individual has been exposed.
However, it is not the only antibiotic to treat an anthrax infection. Tetracyclines such as
deoxycycline and B-lactams such as penicillin work as well, although the older antibiotics
are more prone to drug-resistance because they have been used for longer time. On the
other hand, widespread use of Cipro® must be discouraged because it will accelerate the
development of drug-resistance and obviates the effect.

In terms of pharmacokinetics, 70-80% of orally administered ciprofloxacin (1) 1s
absorbed by the GI tract. It takes 0.5—-1.0 h to reach a peak concentration, with a terminal
half-iife of 3.0-4.0 h. After oral administration, absorption was sufficient, and the
absolute bioavailability varied between 63% to 77%.

Like all fluoroquinolone antibacterials, ciprofloxacin (1) causes articular damage
in juvenile ammals. Consequently, it is not recommended for children or pregnant
women. Nonetheless, more data have emerged for its pediatric applications thanks to 1ts

high antibacterial effectiveness and convenience in oral administration.
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§7.1.2 Synthesis of ciprofloxacin (1)*°

o CH,(CO,Et 0
F@(J\CI __2_(_2_.)2_> F;@fJ\KCOZEt cat. p-TolSOzH
MgOE, EtOH H,0, 82% 2 steps
Ci Cl 9 cl cl COgEt 2 o P

50-60°C, 45 min.

15 16
o 0
F CO,Et  HC(OEt);, A0 choza HaN—<]
cl Ci reflux, 2 h ci Cl “NOEt  EtOH, 1h, 92%, 2 steps
17 18
0
O COE F CO,Et

=
F S K,COq, DMF T
CI NN
cl HN 140-145°C, 2 h

8 A
90%

19 20
0
. CO.H I\
| HN  NH
cat conc. H,SO, /
cl N 1
HOAC/H,0, 1.5 h, reflux A DMSO, 140°C, 2 h, 78%
93%
21

Scheme 1. The Bayer synthesis of ciprofloxacin (1).

The Bayer synthesis of ciprofloxacin (1) patented in 1981 utilized 2,4-dichloro-5-
fluorobenzoyl chloride (15) as the starting material. With the aide of magnesium
ethoxide, condensation of acid chloride 15 and diethyl malonate assembled ketone 16,
which was subsequently decarboxylated using tosylic acid to form ethyl 2,4-dichloro-5-
fluorobenzoylacetate (17) in 82% vyield in two steps from 15. A Dieckman-like

condensation of 17 with ethyl orthoformate was carried out in refluxing acetic anhydride
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to afford ethylacrylate 18. When 18 was treated with cyclopropyl amine in ethanol, a
Michael addition was followed by the subsequent expulsion of the ethoxy group to give
enamine 19 with the stereochemistry as drawn. Under the influence of a base such as
K,CO;, NaH or KH, an intramolecular SyAr reaction of 19 took place to give the
cyclized quinolone 20. Hydrolysis of the ethyl ester on 20 was accomplished using
catalytic concentrated sulfuric acid in a refluxing 1:1 acetic acid/H,O mixture. Finally, a
chemoselective SyAr displacement of the resulting 6-fluro-7-chloroquinolone 21 with
piperizine took place exclusively at the 7-chloro position to deliver ciprofloxacin (1).
The chemoselectivity is a result of the activation effect of the carbonyl group at the para-
position.

This synthesis is a good example where advantages have been taken of the regio-

and chemoselectivity of the haloarenes for SyAr displacement reactions.

HoN
2 ;@f NaNO,, Heo® \N,’Nﬂ anhydrous HF
cl cl o

HNMe, Cl then 130-140°C
29 23

Fj@f Cly, 110-160°C F /I CCly 95% H,S0,
cl Cl c "l

UV irradiation
24 25

o . 0
FﬁJ\OH SOCl, :©ka|
26

15

Scheme 2. The Bayer synthesis of 2,4-dichloro-5-fluorobenzoyl chlonde (15).

On the other hand, 2.4-dichloro-5-fluorobenzoyl chioride (15) employed 1n
Scheme 1 was prepared from a more readily available commercial source, 2,4-dichloro-5-
methylphenylamine (22). Diazotization of aniline 22 and treatment with dimethylamine

formed triazene 23. When triazene 23 was dissolved in excess anhydrous HF, the
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corresponding 2,4-dichloro-5-methylphenyl diazonium fluoride was generated along with
the release of dimethylamine. Without isolation, the aryl diazonium fluoride was heated
at 130 to 140 °C to afford 3-fluorotoluene 24. UV-imtiated chlorination of 24 then gave
rise to trichloromethylbenzene 285, which was easily hydrolyzed with 95% sulfuric acid to
form benzoic acid 26. Acid 26 was then converted to the acid chloride 15 with thionyl

chloride.

J CO o
Br 5 steps ’
- Y _— OH
O 28.6% yreld CO 8 = Q/\

27 28 28
Scheme 3. Preparation of the anchor, tetrabenzolaq,c,g,i]-fluorene (28, Tbf).

A solid phase organic synthesis (SPOS) of ciprofloxacin (1) using a Wang resin
was reported in 1996 by a group at Edinburgh."’ More interestingly, the same group
described an solid/solution phase synthesis of ciprofloxacin (1) using
tetrabenzo[a,c,g,i]fluorene (28, Tbf) as an anchor.'*™® The synthesis took advantage of
the affinity of 28 with charcoal. Although all the reactions were carried out in solution
phase, the purification was simply accomplished via absorption/desorption process
mediated by switching between a polar solvent and a non-polar solvent. Thus, as
llustrated in Scheme 3, tetrabenzola,c,g.7}-fluorene (28) was prepared from 9-
bromophenanthrene (27) in 5 steps and 28.6% total yield. Meanwhile, B-keto-ester 31
was assembled from potassium ethyl malonate (29) and triflurobenzoyl chloride 30.
Trans-esterification of 31 with alcohol 28 was aided by DMAP in refluxing toluene to
form the Tbf-keto ester 32. Treatment of 32 with N,N-dimethylformamide diethyl acetal
afforded the enamine 33, which was converted to another enamine 34. Due to the
instability of enamines 33 and 34, the reactions were carried out in situ and converted to

quinolone 35 with the aide of tetramethylguanidine (TMG). The SnyAr of 35 with
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piperazine led to adduct 36, which upon treatment with 90% aqueous TFA then released

ciprofloxacin (1) in 57% yield.

0 ©
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EtOMOK 2.1,16 h, 94% cico F £ F
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0 F F 31
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28, DMAP, toluene @/\o S F Me,NCH(OMe),

=
reflux, 40 h, 70% F F THF, 11,24 h

32

O

O O 0 E
@/\o l ~F cyclopropylamine G/\O/Lm

~ Ap THF, 1t, 20 h HN™ F F

| | A J

33 34

0 0
TMG, THF, refiux, 20 h O/\o)m P piperazine, pyndine
67%, 3 steps N F refiux, 6 h, 76%

35 A

o 0
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Scheme 4. The Edinburgh solid/solution phase organic synthesis of ciprofloxacin (1).
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The aforementioned process has the advantage of being a homogeneous solution

synthesis as well as the advantage of the heterogeneous purification.

§7.2 Linezolid (Zyvox®)

§7.2.1 Introduction to linezolid (2)'*%

The genesis of linezolid (2) began in 1978 when a DuPont patent described a
novel oxazolidinone antibacterial agent S$-6123 (37). This compound and two
subsequently optimized drug candidates DuP 721 and DuP 105 did not materialize as
marketed drugs due to unacceptable toxicity. Inspired by this innovation, scientists at
Upjohn further developed this class of compounds via intensive SAR studies, obtaining
linezolid (2), a compound with favorable pharmacological, pharmacokinetic, and safety

profiles.

o) o)
0 an o
H2N~#A©-N>:/OK/OH = O\JN‘QN\/K/H\(
o)
F F 2 o

37 (S-6132)

Linezolid (2) is the first marketed member of a novel class of oxazolidinone
antibacterial agents. Its mechanism of action (MOA) is via inhibition of the initial phase
of bacterial protein synthesis. Due to this unique MOA, there has been no reported cross-
resistance between oxazolidinones and other protein-synthesis inhibitors. Linezolid (2)
has inhibitory activity against a broad range of Gram-positive bacteria, including
methicillin-resistant Staphylococcus aureus (MRSA), glycopeptide-intermediate S.
aureus (GISA), vancomycin-resistant enterococci (VRE) and penicillin-resistant
Streptococcus pneumoniae. Linezolid (2) also shows activity against certain anaerobes,
including Clostridium perfringens, C. difficile, Peptostreptococcus spp. And Bacteroid
fragilis.

Linezolid (2) has a desirable pharmacokinetics profile. Its mean absolute

bioavailability is about 100% and its peak plasma concentrations (Cpmayx) are achieved in 1
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to 2 hours (fmax). The drug has a steady-state volume of distribution (V) of 40-50 L and
is moderately (31%) bound to plasma proteins. In addition, the tissue penetration of
linezolid (2) is considered excellent in skin, soft tissue, lung, heart, intestine, liver, urine,
kidney and cerebal synovial fluid (CSF).

In terms of metabolism, linezolid (2) 1s primarily metabolized by the oxidation of
the morpholine ring, giving rise to two inactive metabolites, although the P450 enzyme
system does not appear to be involved in the drug’s metabolism. However, drug
metabolism only accounts for less than 10% of the administered drug because the rest 1s
recovered mostly in urine (80-85%) and feces (7-12%). The total clearance (CL) and
renal clearance (CLg) of linezolid (2) are 7.2 and 3 L/h (120 and 50 mL/min),
respectively. Finally, the elimination half-life (t;2) is 4.5 to 5.5 hours at steady-state or

after a single dose.

§7.2.2 Synthesis of linezolid (2)**

The Upjohn synthesis of linezolid (2) began with an SxAr displacement of 3,4-
difluoronitrobenzene (38) with morpholine. The 4-fluoro substituent was regioselectively
displaced due to the activating effect of the para nitro substitution. The resulting adduct
39 was conveniently reduced to aniline 40 via hydrogenation. After protection of 40 with
benzyl chloroformate, the resulting carbamate 41 became the precursor for installing the
key oxazolin-2-one moiety. To this end, carbamate 41 was treated with n-BulLi, followed
addition of (R)-glycidyl butyrate (42) to assemble the oxazolin-2-one 43.
Mechanistically for this interesting reaction, the anionic nitrogen nucleophile presumably
attacks the epoxide from the less hindered site to give an alkoxide. The resulting
alkoxide then closes the ring to give the oxazolin-2-one with the pendant butyrate.
Subsequently, the expelled benzyloxyl anion underwent a nucleophilic substitution of the
butyrate to deliver oxazolin-2-one 43.

With oxazolin-2-one 43 in hand, simple functional group transformations ensued.
Thus, mesylation of 43 using methylsufonyl chloride gave mesylate 44, which was

followed by an Sn2 displacement with NaNj to produce azide 45. Reduction of the
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resulting azide 45 and subsequent acylation was accomplished in one pot to fashion
linezolid (2).

0 NH /—\ NH,OC(O)H, 10% Pd/C
F‘QNOQ N @_ J ,10%
-PrsNH, EtOAc, THF, MeOH, rt, 3h

F reflux, 4 h
38 39
O
’ M N / \
Q 0 Ph d N—QNJ\O/\Ph
NaHCOQ3, acetone, ¢ H
o]
w0 H0, 0°C, 1.5 h a1
O 42
3o
0 MeSOZCl, EtaN
n-BuLi, THF, ~78°C, 2h v CH,Cly, 1, 45 min

0]
NaNs, DMF T\ »*O
;:> \/\/OMS O\_/N §:> N\/K/NS
85 °C, ovemight e
45

1. Hg, 10% Pd/C, EtOAc, 22 h / \ ; ) H
N
2. Ac,0, pyr.,2.5h
Scheme 5. The Upjohn synthesis of linezolid (2).

In a more proficient process chemistry synthesis and in lieu of (R)-glycidyl

butyrate (42), transformation of carbamate 41 to linezolid (2) was also achieved by the
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using (S)-N-[2-(acetyloxy)-3-chloropropyl]acetamide (46).29 Therefore, chloride 46 was
prepared from the corresponding amino alcohol and acetic anhydride. Treatment of
carbamate 41 with LiO#-Bu in DMF-MeOH was followed by addition of chloride 46 to
give linezolid (2) in 72.1% yield. This route is five steps fewer than the original one

depicted in Scheme 5.

DMF, MeOH, LiOt-Bu, 72.1%

0
0
7\ o N\ o H
O N N~ 07 “Ph 5 o N NN
_/ FQ H o o _< —/ F: 7(1)/
ol L(—NH 2
46 —

o]

Scheme 6. An expedient route to linezolid (2).
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§8.1 Background'

Schizophrenia is a mental disorder that 1s characterized by positive symptoms

such as delusions, hallucinations and disorganized speech/behavior and negative

symptoms including apathy, withdrawal, lack of pleasure and impaired attention.! Other



90 Contemporary Drug Synthesis

symptom dimensions include depressive/anxious symptoms and aggressive symptoms
such as hostility, verbal and physical abusiveness and impulsiveness.

The first conventional antipsychotic, chloropromazine (6a), was introduced in
1952. It was designed as an antihistamine, but was serendipitously discovered to possess
antipsychotic properties. Subsequently, chloropromazine was shown to be a potent
dopamine D, antagonist (K, = 3 nM) with other pharmacologic properties that were
thought to cause the unwanted side-effects. Haloperidol (6b) was developed as a more
potent and selective D, antagonist. D,-receptor blockade in the mesolimbic pathway is
believed to reduce the positive symptoms of schizophrema. Indeed, haloperidol 1s quite
effective against the positive systems; however, it is ineffective in treating the negative
symptoms and neurocognitive deficits of schizophrenia. In addition, administration of
the drug typically causes extrapyramidal side-effects (EPS) including Parkinsonian
symptoms, akathisia, dyskinesia and dystonia. Thus, the D;-receptor antagonism of the
conventional antipsychotics mediates not only their therapeutic effects, but also some of
their side-effects. With the discovery of the newer atypical antipsychotics, the older
conventional antipsychotics are no longer used for first-line therapy, but can still be

effective as second-line or add-on treatments.

6a, Chloropromazine 6b, Haloperidol

Clozapine (7) is considered the first atypical antipsychotic. Atypical
antipsychotics, sometimes called serotonin-dopamine antagonists (SDAs), have reduced
EPS compared with conventional antipsychotics and are also believed to reduce negative,
cognitive and affective symptoms of schizophrenia more effectively. All atypical
antipsychotics are potent antagonists of serotomin 5-HTa and dopamine D, receptors;
however, they also act on many other receptors including multiple serotonin receptors (5-

HT14a, 5-HTignp, 5-HToe, 5-HT;, 5-HTe, 5-HT5), the noradrenergic system (; and ),
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the cholinergic system (M;) and the histamine receptors (H;). The challenge remains to
determine which of these secondary pharmacologic properties may be synergistic leading
to improved efficacy, and which are undesired and account for the side-effects. It is
generally accepted that an atypical antipsychotic should combine a minimum of 5-HT4
antagonism with D5 antagonism in order to provide increased efficacy with fewer side-
effects.? Serotonin—dopamine antagonists, but not conventional antipsychotics
(dopamine antagonist without 5-HT,4 antagonism), increase dopamine release in the
mesocortical pathway. This provides a possible explanation for the improved efficacy of
atypical antipsychotics in the treatment of negative symptoms of schizophrenia.
Furthermore, 5-HT,4 antagonism in the nigrostriatal pathway is believed to reduce EPS
and tardive dyskinesia because dopamine release from this pathway is regulated by
serotonin.  If serotonin is not present at its 5-HTa-receptor on the nigrostriatal
dopaminergic neuron, then dopamine 1s released.

Clozapine (7) was removed from the market in 1975 because of a drug-associated
agranulocytosis, a potentially fatal blood disorder that results in lowered white-cell
counts, which occured in approximately 2-3% of patients. Additonal side-effects of
clozapine therapy include sedation (H;), weight gain (5-HTac) and orthostatic
hypotension (a;). Clozapine was reintroduced in 1990 and 1s now relegated as a second-
line treatment with extensive monitoring of the patient’s blood cell count. However, over
the years it has demonstrated efficacy against treatment-resistant schizophrenia and some

still consider it to be the gold standard for treatment-refractory patients.
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7, Clozapine (Clozari®) 8, Zotepine (Zolept1|®) 9, Sertindole (Serlect®)
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Risperidone (1), olanzapine (2)6, quetiapine (3)7 and ziprasidone (4)B are currently
considered as the four first-line therapeutics for psychosis and will be highlighted in
detail in this chapter. The newest antipsychotic to make its way to the market is
aripiprazole (5).° It has a slightly different mechamism of action from the atypicals in that
it is a Dy partial agonist rather than a full antagonist. Each of these drugs has a unique
pharmacological and clinical profile; therefore, the clinician must balance the benefits
and risk factors for each patient in deterruming which drug to prescribe.”™

Risperidone (1) has high affinity for Dy, 5S-HT,¢ and ¢y receptors and a very high
affinity for the 5-HT,o receptor. Risperidone is the most likely of the atypical
antipsychotics to cause prolactin increases, but has a lower weight gain liability than
olanzapine or quetiapine. Risperidone has a relatively narrow therapeutic window since
doses above 6 mg/day cause EPS in a dose-dependent manner.

Olanzapine (2) 1s a close analog of clozapine where one of the benzene rings of
the tricyclic nucleus is replaced with a thiophene ring. Olanzapine has high affinity for
the 5-HT34, 5-HT2c, H; and M, receptors and moderate affinity for the D, and oy
receptors. Olanzapine is associated with high levels of weight gain (second only to
clozapine). Olanzapine also causes some EPS at higher doses.

Quetiapine (3) has the lowest affinity for the D; and 5-HT;, receptors among the
atypicals; therefore, relatively high doses are required for maximal efficacy. Quetiapine
causes significant weight gain, but less than that of olanzapine. Other side-effects
include sedation, dizziness and hypotension.

Ziprasidone (4) has high affinity for the D, receptor, but even higher affinity for
5-HT,, and 5-HT,c receptors. Unlike other atypical antipsychotics, ziprasidone also has
potent 5-HTg/ip antagonist and 5-HT,;, partial agonist activity, as well as moderate
SRI/NRI activity. This receptor profile suggests that ziprasidone may be useful in
relieving some of the depressive/anxious symptoms of schizophrenia. Ziprasidone has
moderate affinity for the H; and o receptors and negligible affinity for the M; receptor.
Ziprasidone is more likely to increase the QTc interval than other atypical antipsychotics,
but it appears to have the lowest liability for bodyweight gain.

Zotepine (8) and sertindole (9) also belong to this class of atypical antipsychotics;

however, they are used less frequently. Zotepine was introduced 1n Japan in 1982 and
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was approved for use in the United Kingdom in 1998, however it is still not approved 1n
the United States. It has been associated with an increased risk of drug-induced
convulsive seizures as well as significant weight gain, which has Iimited 1its use.
Sertindole was introduced by Abbott in 1996 and was shown to be efficacious for the
treatment of the positive and negative symptoms of schizophrenia. However, sertindole
has recently been withdrawn from the market because it causes significant prolongation
of the QTc interval, which may lead to a ventricular arrhythmia known as forsades des
pointes.

Aripiprazole (5) is a D; partial agonist with an intrinsic activity of approximately
30%.° Therefore, it acts as an agonist on pre-synaptic autoreceptors, which have a high
receptor reserve, and as an antagonist on D, post-synaptic receptors, where significant
levels of endogenous dopamine exist and there is no receptor reserve.’® The intrinsic
activity of 30% for aripiprazole prevents D» blockade from rising above 70%, which is
above the 65% D, occupancy needed for a clinical response but below the 80% D
occupancy where EPS 1s observed. Consistent with this partial agonist mechanism, EPS
was not observed with aripiprazole even when striatal D, receptor occupancy values
where above 90%.!! Aripiprazole can be considered atypical since it is also an antagonist
at 5-HT,4 receptors. It 1s also a partial agonist at 5-HT; 4 receptors which may provide
some benefit against some of the negative symptoms of schizophrenia. Preliminary
clinical studies have demonstrated that aripiprazole is well tolerated and does not
significantly induce EPS, weight gain, QT prolongation or increase plasma prolactin
levels. It remains to be seen how effective aripiprazole will be in larger patient
populations.

Much remains to be discovered about the underlying pathophysiology of
schizophrenia and there is still a great need for medicinal chemists to develop more
selective drugs that are devoid of clinically limiting side-effects and also address the
cognitive 1mpairment symptoms.
§8.2  Synthesis of risperidone (1)

The U.S. patent covering risperidone was issued to Janssen in 1989 and the

disclosed synthesis is shown in Scheme 1. The right-hand fragment of risperidone was
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prepared by refluxing 2-aminopyridine with 2-acetylbutyrolactone in the presence of
POCl;.  Subsequent hydrogenation in acetic acid provided tetrahydropyrido[l,2-
a]pyrimidinone 10 along with some dechlorinated by-product. The synthesis of the left-
hand arylpiperidine was initiated by Friedel-Crafts acylation of 1,3-difluorobenzene with
the acid chloride 11 to give 12. The acetyl group of 12 was hydrolyzed with aqueous
HCl. The resulting benzoylpiperidine was treated with hydroxylamine in refluxing
ethanol to give oxime 13, which cyclized to 1,2-benzisoxazole 14 when subjected to
refluxing aqueous KOH. The two fragments were joined by alkylation of piperidine 14
with alkyl chloride 10 using Na,COs and KI in DMF. The product was recrystallized
from DMF/i-PrOH to give risperidone (1) in 46% yield.

(@]
HZN H2, Pd/C Me N/
10

AcOH

/@ 6N HCI, reflux
2) NHZOH EtOH
refiux

AC A|C|3, CH,Cl,

36% 83%
KOH/H,0 NagCO3 Ki ’O)\O
reflux DMF, 85 °C
62% NH  recrystallized from Q
DMF/+PrOH

46%

Scheme 1. The Janssen synthesis of risperidone (1).

A group from Spain patented a similar synthesis of risperidone (1) using similar
synthetic transformations but in a different sequence (Scheme 2). Reaction of 2-
aminopyridine with 2-acetylbutyrolactone in polyphosphoric acid at 160 °C afforded
alcohol 15, which was hydrogenated to 16 and then converted to chlorde 10 with thionyl
chloride. Benzoyl pipendine 19 was prepared 1n a similar manner as in Scheme 1. In

contrast to Scheme 1, 19 was alkylated with 10 prior to conversion to the 1,2-
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benzisoxazole to provide 20 in 63% yield. The benzisoxazole was formed in the final

step to afford risperidone (1).

)Ké Q PPA, 160 °C HO\/\AH\)\/) Hs, P/C
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17 COEt  AICI; 68% F 18 N\COZEt O
N32C03, Ki
1) NHoOH, EtOH, retlux, 76%
T CHiCN 1

reflux, 63% 2) KOH/H,0, retlux, 79%

Scheme 2. The Spanish synthesis of nspendone Q).

Recently, a group from RPG Life Sciences in India reported a supposedly
improved synthesis of rispenidone (Scheme 3). Hydrogenation of 21 in aqueous HCI,
promoted an efficient reduction without any dechlorination by-products. Furthermore,
the subsequent alkylation of 14 with 10 was carried out under aqueous conditions in the
presence of an inorganic base such as Na,CO;. It was hypothesized that the increased
solubility of the inorganic base in the aqueous medium allows for more effective
neutralization of the acid by-product (HC1), leading to less degradation of risperidone (1)
resulting in higher yields and purity.

O O 14
C’\/fj\N Xy Hz (25 psi), Pa/C C'\/\AHkN NapCOs, H,0
Me | NZ N aq. HCl, 25-40°C Me | N//O re?:gsgtglljged
21 83% 10 from DMF

66-72%
Scheme 3. The RPG synthesis of risperidone (1).
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Teva Pharmaceutical Industries recently published a patent claiming the
preparation of several novel crystal forms (polymorphs) of risperidone (1), namely, forms
A, B and E (Scheme 4). The crystal form can have a large impact on the pharmaceutical
properties of a drug. For instance, the solubility of the different polymorphs may vary
dramatically. Compound 1 was prepared by refluxing 10 and 14 in isopropanol in the
presence of Na,COs and KI for 9 hours. Recrystallization from isopropanol or acetone
provided high-purity risperidone form A in 60-63% yield. These reaction and
recrystallization conditions avoid the use of DMF, which is difficult to remove.
Risperidone form B could be formed by recrystallization from CHCls/cyclohexane or by
dissolving 1 in aqueous HCI and adding aqueous Na,COj to facilitate precipitation. Form

E could be prepared by dissolving 1 in isopropanol and then adding water to facilitate

precipitation.
0 (@] N32C03, Kl
A cl N i-PrOH (9 h) or CHaCN (17 h)
1
i . | //Q 80 °C

NH Me” N recrystallized from

14 10 +PrOH or acetone
60-63%

Scheme 4. The Teva synthesis of risperidone (1).

§8.3  Synthesis of olanzapine (2>

Chakrabarti and coworkers at Eli Lilly in the United Kingdom have reported the
initial discovery and synthesis of olanzapine (Schemes 5 and,6). The thiophene 22 was
synthesized by adding a DMF solution of malononitrile to a mixture of sulfur,
propionaldehyde and triethylamine in DMF. The anion of amino thiophene 22 underwent
a nucleophilic aromatic substitution with 2-fluocronitrobenzene to provide 23. The mitro
group was reduced with stannous chloride and the resulting aniline cyclized with the
cyano group to form amidine 24. Finally, a mixture of N-methylpiperazine and 24 were

refluxed 1n DMSO/toluene to afford olanzapine (2).
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2
CN
sulfur
HoN"SNg~“Me  NaH, THF N /|

EtsN DMF . H
62% 22 68% 23 7 Me
Me
SnCl Q
e
HCI, EtOH DMSO/Toluene @[

48% from 23 N 4 )

H S Me

2

Scheme 5. The Eli Lilly synthesis of olanzapine (2).

NO,
MeOzC> )O]\ MeO,C @
suffur

C —

—
EtoN DMF HNT g "Me  “Nan, THF
70% 25 56%
NOzo _ome NHzo OMe
@ Ha, 10% Pd/C
N a EtOH, EtOAC
s
2ss Me
N'Me ,Me

HN\) NH2 TiClg, anisole
TiCly, anisole CL 150;2?10 °C

100°C,1h
59% from 26

Scheme 6. An alternate synthesis of olanzapine (2).

Alternatively, substituting malononitrile with methyl cyanoacetate in the
thiophene forming reaction gave 25 with a carbomethoxy group at the 3 position of the
thiophene (Scheme 6). Compound 25 was reacted with 2-fluoronitrobenzene as in

Scheme 5 to form 26 and hydrogenation of the nitro group provided 27. The crude
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diamino ester was reacted with N-methylpiperazine in the presence of TiCly at 100 °C for
! h to give the intermediate amide 28, which was heated under reflux for 48 hours to
effect ring closure to deliver 2.

Cen at the Shanghai Institute of Pharmaceutical Industry has recently published a
synthesis of olanzapine (Scheme 7). The thiophene 22 was treated with 2-
chloronitrobenzene 1n the presence of lithium hydroxide to give 23. Reduction of the
nitro group and subsequent ring closure gave 24. Addition of piperazine to the amidine

24 followed by methylation provided olanzapine (2) in an overall yield of 29%.

NO,
/ \ Cl SnCl2-2H20
HoN Mo ————Z— /]
S7  Me

s LIOH, DMF N 82%
23

N 1 ﬁ
o i
- L
N 2) HCO,H, HCHO
H S7 Me DMSO e
24 68% H S Me

Scheme 7. The Shanghai Institute synthesis of olanzapine (2).

Several patents have recently published that claim the preparation of several
different hydrates and polymorphic crystal forms of olanzapine. Dr. Reddy’s
Laboratories has recently disclosed the preparation of the monohydrate and the dihydrate
of olanzapine. A mixture of 24 and N-methylpiperazine was refluxed in DMSO and
toluene and then cooled (Scheme 8). Water was added and the precipitate was filtered
and washed with water. The resulting solid was placed under vacuum at 30 to 50 °C to
give the monohydrate or at ambient temperature to give the dihydrate. Recrystallization
of crude olanzapine or one of its hydrates from CH,Cl, provided crystal form 1, whereas

recrystallization from EtOAc provides crystal form 2.
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Me
Me (\N CH.CI
2Ll
NJ —<"< crystal form-1
X 11 <) "
DMSO/Toluene @ / ) EtOi_» crystal form-2
N

reflux, 5-20 h

S~ "Me
2

Scheme 8. Dr. Reddy’s synthesis of olanzapine (2).
§8.4 Synthesis of quetiapine fumarate 3)**

The initial synthesis of quetiapine was disclosed by Warawa and Migler in a
patent issued to ICI (now AstraZeneca) in 1987 (Scheme 9). The
dihydrodibenzothiazepinone 31 was prepared according to the method of Schmutz.
Displacement of the chloro group of o-chloronitrobenzene with thiophenoxide followed
by hydrogenation of the nitro group using Raney-Nickel gave amline 29. Isocyanate 30
was formed by treating 29 with phosgene in toluene. Ring closure to the core tricyclic
structure 31 was effected by refluxing 30 in H,SO,. Imino chlonde 32 was formed by
treating 31 with phosphorous oxychloride in the presence of dimethylaniline. A mixture
of 32 and 1-(2-hydroxyethoxy)ethylpiperazine was refluxed in xylenes to afford

quetiapine which was converted to the fumarate sait 3.

@C' 1) PhSH, NaOH, EtOH @[SPh COCl,
NO, 2) Hp, Ra-Ni, EtOH NH, toluene C[NCO
0 )
_Ha80,,100°C C[ _POCly, PhNMe, @[
reflux, 93% crude N=
32 Cl

S
HN
1) K/j‘l\/\o/\/OH C[ _ HOLC.
N

xylene, reflux then NaOH N"» COH
2) fumaric acid, EtOH 3 Q——N
78%

O™\_on

Scheme 9. The initial AstraZeneca synthesis of quetiapine fumarate (3).
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Barker and Copeland have reported a slightly modified process for the preparation
of 3 (Scheme 10). 29 was reacted with phenylchloroformate to give carbamate 33. The
ring closure was affected by heating 33 in polyphosphoric acid at 100 °C to provide 31.
The imino chloride 32, formed as in Scheme 9, was treated with piperazine in refluxing
toluene to give 34. The piperazine 34 was then alkylated with 2-chloroethoxyethanol in

the presence of Nal and Na,COs to afford quetiapine, which was isolated as the fumarate

j)\
SPh 1) pho” >cl, Toluene, 5°C ©:s OPh PPA, 100 °C
NH 2) aq. NaOH, aq NayCOj3 N/&O 87%
2 o
29 90% 33 H

@( _POCl, PhNMe,
reﬂux 93% crude Toluene reflux

88%
S
1) Ci{CH3)20(CH3),0H
N82003, Nal
NMP, n-PrOH, refiux

’5 2) fumaric acid, EtOH
3 K,
HCl

salt 3.

78%

Scheme 10. The second AstraZeneca synthesis of quetiapine fumarate (3).

A company in Budapest recently reported an alternative synthesis of quetiapine
aimed to provide a more economical process (Scheme 11). They sought to avoid the use
of imino chloride 32 as an intermediate, because it is rather unstable and is easily
hydrolyzed. The carbamate 33 was reacted with 1-(2-hydroxyethyl)piperazine to give
crystalline 35 1n 95% yield. The hydroxyethylpiperazine 35 was refluxed in thionyl
chloride to provide crystalline chloroethylpiperazine 36 as the hydrochloride salt.
Compound 36 was treated with phosphorous oxychloride and phosphorus pentoxide at

reflux and 37 was isolated as a crystalline solid from diisopropyl ether in 75% yield.
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Sodium metal was dissolved 1n ethylene glycol and a solution of 37 in toluene was added.
The mixture was heated at 100 °C and a 98% yield of the free base 3 was obtained. The
free base was treated with fumaric acid in ethanol and 3 was 1solated as the crystalline

fumarate salt in 85% yield.

© © /_JOH

S
©: N _\—OH SOCl
H/go Toluene, reflux reflux

95% 90%

33

cl
N HCI 1) Na, HO(CH,);0H
S Q _POCls, POs ’» Toluene, 100 °C, 98%
N reflux, 75% k’

2) fumaric acid, EtOH, 85%
N
@]
36 Cl

Scheme 11. The Budapest synthesis of quetiapine fumarate (3).

35-42

§8.5 Synthesis of ziprasidone (4)

The first synthesis of ziprasidone was disclosed by Lowe and Nagel in a patent
issued to Pfizer in 1989. Initially, the left-hand fragment of ziprasidone, 3-
benzisothiazolylpiperazine (40), was prepared according to the method of Yevich and
coworkers (Scheme 12). The amide 38 was treated with phosphorous oxychlonde to give
3-chloro-1,2-benzisothiazole (39). Compound 39 was then reacted with molten

piperazine at 125 °C to provide piperazine 40 in 68% yield.

HN S~
5 POCI s, 10e O )
NH 3 N NH N/\
DMF, 70 °C ¢ Timee LA
3s © 39 © 68% 40

Scheme 12. Synthesis of 3-(1,2-benzisothiazolyl)piperazine (40).

The synthetic route 1n Scheme 12 was not suitable for pilot plant scale-up so the

Pfizer process group improved the synthesis as shown in Scheme 13. Reaction of
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disulfide 41 with excess anhydrous piperazine in the presence of DMSO (2.2 equiv) and a
small amount of isopropanol at 120 °C for 24 hours afforded piperazine 40 in 80% yield.
DMSO was added to reoxidize the liberated 2-mercaptobenzomtrile back to the starting
disulfide 41, therefore product yields include utilization of both halves of the symmetrical
disulfide 41. The reaction proceeds through trapping of the initial sulfenamide
intermediate with an additional equivalent of piperazine to give the benzamidine
intermediate 42. Intermediate 42 then cyclizes with elimination of piperazine to give 3-

(1,2-benzisothiazolyl)piperazine (40).

NC ; HNY HNT™Y
10 eq K/N\
K/ /© +
DMSO -PrOH
120°C, 24 h
75-80%
DMSO

HNT™Y
| S

- N/ﬁ — 40
NH

Scheme 13. The Pfizer process synthesis of 3-(1,2-benzisothiazolyl)piperazine (40).

The synthesis of the right-hand fragment of ziprasidone started with a Wolff-
Kishner reduction of 1satin 43 to give the oxindole 44 (Scheme 14). Friedel-Crafts
acylation with chloroacetyl chloride afforded aryl ketone 45, which was reduced with
triethylsilane in trifluoroacetic acid to the phenethyl chloride 46. The two fragments
were joined by alkylation of 40 with 46 m the presence of Nal and Na,CO; to give
ziprasidone (4) in low yield. The yield of the coupling step was improved dramatically

when the reaction was conducted in water (Scheme 15).
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O O

mo NH,NH, m CI\/U\CI c
cl H = AICla, CS, ol N 0
43 99% a5 H
S~N
|
1) ®/KN/\
EtSH,TFA m a0 L_NH
) 4
94 % N32C03, Nal
isoamyl alcohol, reflux
2) HCI, Et,0
20%

Scheme 14. Synthesis of ziprasidone (4).

HCl
i
cl 1) 40, Na,COs, H,0 C?/K N/\ Hz0
mo reflux, 14 h, 86% LN
N
¢ H 2)07 M ag. HC, 65 °C 4 mo
46 o

Scheme 15. Improved coupling conditions for the synthesis of ziprasidone (4).

The Pfizer process group has also developed two alternative syntheses of
ziprasidone (Schemes 16 and 17). The first synthesis began with the nitration of 2,5-
dichlorotoluene to give 48 in 56% yield. Compound 48 was refluxed with r-butoxy-
bis(dimethylamino)methane to give the enamine 49. Piperazine 40 was reacted with
enamine 49 in acetic acid to afford the coupled piperazinyl enamine which was reduced
with sodium tn'acetoxyboréhydn'de to provide 50. Dimethymalonate was added to the o-
chloromtrobenzene 50 1n the presence of potassium hydroxide to give 51 in moderate
yield. Alternatively, use of the more acidic reagent methyl cyanoacetate under the same
conditions resulted in a 82% yield of the adduct, which was treated with hydrochloric
acid to give 52. Malonate 51 was hydrolyzed and decarboxylated in aqueous
hydrochloric acid to provide 52. The acid 52 was estenified and the nitro group was
reduced with sodium hydrosulfite with concomitant ring closure to provide ziprasidone

@.



104 Contemporary Drug Synthesis

: o
HsC I HeC cl Me,N cl
D/ HNOs, HpS0; j@ MeoN" ~NMe, 2 \/ﬁ
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@)\ S‘N
40 K/NH MeQ,C._ CO-Me
k,N
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Q)\ /\N z 3N HCI /\N
COMe  reflux COH
51 95% 52
cl NO; cl NO,

S~N
1) SO,CI, MeOH, f i)
reflux, 94% N/\l
2) NaHSO3, THF, LN
EtOH, H,0, o
reflux, 40% 4 cl N

| )
N C
®/\N<)\x K Kg;/NM%’:‘; °C, 829 QAO
Cl , , . 82% N c
50 \/t@[ 2) conc HCI 52 \/D\/\ OzH
(o] NO, Cl NO,

Scheme 16. An alternate Pfizer process synthesis of ziprasidone (4).

A second alternative synthesis of 4 is highlighted in Scheme 17. Enamine 49 was
treated with aqueous oxalic acid to give the imminium salt, which was readily hydrolyzed
under the reaction conditions to give aldehyde 53. Reductive amination of 53 with Boc-
piperazine afforded 54 in excellent yield. The sodium enolate of dimethyl malonate was
added to 54 to give 55 in 48% yield. Refluxing 55 m hydrochloric acid resulted in
removal of the Boc protecting group and hydrolysis of the methyl esters followed by a
decarboxylation to give the mono-acid, which was converted back to the methyl ester

(56) with thionyl chloride in methanol. Piperazine 56 was added to triflate 58, prepared
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from 38, in the presence of triethylamine to afford 59 in low yield. The nitro group was
then reduced with sodium hydrosulfite, which also resulted in ring closure as i Scheme

16 to provide ziprasidone (4).

Boc\N
MezN\/ji:[Cl oxalic acid _ OHC I :[ c N
cl No, CHeCle H0 cl NO, NaBH(OAc)s, AcOH
49 53 CHgClz, 98%

Boc-
* "() BOC\N/\ CO,Me

N cl MeO,C._ COzMe N
\/:©: NaH, NMP, 57 °C CO,Me
54 ¢l NO, 48% 5 4 NO,

S

AN @N

1) BN HCI, reflux N COLMe 58 Y7t
2) SO,C!, MeOH, reflux 56 —_—
ol NO, THF, EtgN

0,
67% 25%

S-N

\
N
@2\ N NaHSOs
COMe ——— 4
59 THF, EtOH, H,0
Cl NO, reflux, 40%

S\NH Tf,0, pyndine S/‘N
ag O 58 OTf

Scheme 17. Another Pfizer process synthesis of ziprasidone (4).

Pfizer has also prepared both *H- and C-Jabelled ziprasidone (Schemes 18 and
19) to determine 1ts metabolism and tissue distnibution. It was envisioned that tritium
could be introduced in the last step of the synthesis utilizing the selective replacement of
a bromine atom on the benzisothiazole ring. Therefore, the synthesis began with the
bromination of 39 using bromine in acetic acid with FeCl; catalysis. The dibrominated

regioisomer 60 was isolated by liqmd chromatography in 18% yield and reacted with
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piperazine in refluxing diglyme to give 61. Alkylation of piperazine 61 with the alkyl
chloride 46 from Scheme 14 in aqueous Na,CO; afforded brominated ziprasidone (62) in
excellent yield. 62 was treated with tritium gas using 10% Pd/BaSO, in THF for 6 hours
resulting in a 53% conversion to 63, which was isolated by preparative HPLC. Further
exposure to the reaction conditions led to some dechlorination of the oxindole portion of

the molecule.

Br
HN s
S\ Bra FeCly . Q Lo N
¢ aon N S ~
cl 1Ca°/ ¢ diglyme, retlux K/NH
]
* 60 Br 68% o1

ci Br. SN
0 |
46 N N
ExYalieae
Na2003, Hzo

115 °C, 18h
89%

62
\
34,, 10% Pd/BaSO, N/\
LN
63

THF
53% conversion

N
0~
o] u
0
Ci ”
Scheme 18. Synthesis of tritium-labelled ziprasidone (63).

Preparation of the '“C-labelled compound 65 was accomplished in a manner
analogous to Scheme 14. Friedel-Crafts acylation of 44 was conducted with [2-YC)-
chloroacetyl chloride under aluminum trichloride catalysis to give the radiolabelled
intermediate 64 (48 mCi/mmol). The carbonyl group of 64 was reduced with
triethylsilane and the resulting alkyl chloride was reacted with piperazine 40 to provide
14C-labelled ziprasidone (65). The HCI salt of 65 was formed resulting in a final

compound with a specific activity of 9.6 mCi/mmol.
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44 CI\)\C' \*/:ij\Foé C))\K/N\/t@(%o

TAICl, CS,
73% c N

Scheme 19. Synthesis of 1C-labelled ziprasidone (65).
§8.6 Synthesis of aripiprazole (5%

Bristol-Myers Squibb in partnership with Otsuka has recently marketed
aripiprazole for the treatment of schizophrenia. The synthesis (Scheme 20) begins with
acylation of 3-methoxyaniline followed by Friedel-Crafts ring closure to give
quinolinone 67. Hydrogenation provides dihydroquinolinone 68, which is treated with
1,4-dibromobutane in the presence of K,CO; to afford 69. Compound 69 was treated

with Nal and then alkylated with 2,3-dichlorophenylpiperazine to give aripiprazole (5).

)J\/\ /@i A[Cls
He EtsN, CHCl “chiorobenzene
m Ha, Pd/C, AcOH m BB
HO N~ Sg  EtOCHCHOH g NS0 K,COg HzO

H H
67 68 reﬂlé)é,o/f h
o) N/\
OO, L S B
Br.
N N“SO0  Nal, Et:N, CHiCN o LN~~~ m
69 reflux, 35 h 0 N0
81% 5

Scheme 20. The Otsuka synthesis of aripiprazole (5).

The 2,3-dichloro-4-hydroxyphenyl derivative of aripiprazole was prepared to
confirm the structure of a primary metabolite of aripiprazole (Scheme 21). The synthesis
began with the protection of 4-bromo-2,3-dichlorophenol as its benzyl ether 71.
Palladium-catalyzed amination of 71 with piperazine proceeded regioselectively in

excellent yield. Alkylation of the piperazine 72 with 69 in the presence of K,CO; and
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Nal, followed by removal of the benzyl group with concentrated HCI in acetic acid
afforded the aripiprazole metabolite 73.
&) BnO
HOJQ\ B0l KeCOs Bn0:©\ zmol"/bgzr\(l:ba)s :Q\
c Br 1%“61; c BT g mol% (R)BINAP “ @

75' 7? +-BuONa, PhCHg
94%

H
1) 69, Nal, K.CO3 ©
DMF, 20% o N/\ HCl
2) conc. HCI, AcOH | N

84% o o \/\73/\0 N"o

Scheme 21. Synthesis of the 4-hydroxyphenyl metabolite of aripiprazole.
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Chapter 9. Atorvastatin Calcium (Lipitor®)

USAN: atorvastatin calcium
Trade Name: Lipitor ®
Company: Pfizer

Approval: 1996

M.W 1155.37

§9.1 Backgroundl’2

Drugs that inhibit the enzyme HMG-CoA reductase (HMGR), the rate-

limiting enzyme in cholesterol biosynthesis have become the standard of care for

treatment of hypercholesterolemia due to the efficacy, safety and long-term benefits

demonstrated in clinical trials employing these agents.' Currently, there are six

compounds from this class that have been approved for marketing in the United

States by the U.S. Food and Drug Administration. Three of these, lovastatin (2)
marketed as MEVACOR®, simvastatin (3) marketed as ZOCOR®, pravastatin (4)

marketed as PRAVACHOL®, are naturally occurring fungal metabolites or their

semi-synthetic derivatives. The other three, fluvasratin (5) marketed as LESCOL®,
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2, R=H, lovastatin (MEVACOR®)
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3. R=CHg,simvastatin (ZOCOR®)

4, pravastatin (PRAVACOL®)

5, fluvastatin (LESCOL®)

COzNa
HO.
HO,
F. Z
7
N§rN
NHSO,CHs

6, rosuvastatin (CRESTOR®)

cOo,”

1, atorvastatin calcium
(LIPITOR®)

Figure 1. Marketed HMG-CoA reductase inhibitors.
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atorvastatin calcium (1) marketed as LIPITOR® and rosuvastatin (6) marketed as
CRESTOR®, are totally synthetic inhibitors. The fungal metabolites are complex
hexahydronaphthalenes that are synthesized by fermentation. Fluvastatin, the first
totally synthetic HMGR 1nhibitor was developed and is marketed as a racemic

mixture.’

Atorvastatin calcium was the first totally synthetic HMGR inhibitor to be
developed and marketed as a single enantiomer, requiring considerable process
development and physical infrastructure, especially in the area of low-temperature

reactions.

§9.2 Synthesis of Racemic Atorvastatin®~’

Because the art of enantioselective drug synthesis was still in the early stages
of development in the 1980s, especially on the scale required for a complex
commercial process, many of the early synthetic routes produced racemic material.
The first synthesis of atorvastatin was a small-scale synthesis by Parke-Davis
discovery chemistry, utilizing a racemic synthesis followed by separation of
diastereomers (Scheme 1). Although several methods had been used previously to
synthesize the central pyrrole ring of related, less highly substituted pyrrole HMGR
inhibitors 1n discovery chemistry, synthesis of the penta-substituted pyrrole ring of
atorvastatin was first accomplished by the 3 + 2 cycloaddition reaction of an
acetylenic amide with an a-amido acid. Thus, alkylation of the ethylene glycol acetal
of 3-amino-1-propanal (8) with a-bromoester 7 afforded «a-amino acid ester 9.
Reaction of compound 9 with isobutyryl chloride followed by hydrolysis of the ethyl
ester provided the a-amido acid substrate 10 required for the 3 + 2 cycloaddition
reaction. Heating 10 in acetic anhydride in the presence of excess 3-phenyl-
propynoic acid phenylamide (11) afforded the 3 + 2 cycloaddition adduct 12,
presumably through addition of the acetylene to the oxazolone intermediate derived
from 10, followed by extrusion of COz.4 As in similar 3 + 2 cycloadditions, the
reaction was highly regioselective, forming essentially only one of the two possible
regioisomeric products (12)3* The masked aldehyde in 12 was most efficiently
unveiled 1n a two-step, one-pot procedure by first converting 12 to the diethyl acetal,

followed by acid hydrolysis to aldehyde 13. Reaction of 13 with the
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Scheme 1. Racemic synthesis of atorvastatin lactone 16.
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dianion of methyl acetoacetate under the conditions of Weiler® introduced all of the
carbons required for the mevalonolactone as well as the 5-hydroxyl, although this
center was introduced in a racemic fashion. Application of the diasteroselective
reduction procedure of Narasaka and Pai® employing n-BusB and NaBH, at low
temperature (-78 °C) produced the 3,5-diol as a 9:1 mixture of the desired syn to the
undesired anti-diol. Hydrolysis of the ester followed by lactonization in refluxing
toluene produced the racemic lactone of atorvastatin as a 9:1 mixture of trans/cis
diastereoisomers in an overall yield of 66% from 14. One recrystallization of 16
raised this ratio to >97:3 trans/cis. Separation of the two enantiomers was
accomplished by preparation of the diastereomenc (R)-a-methylbenzyl amides,
separation by HPLC, hydrolysis and re-lactonization to produce 94% optically pure
(+)-16 (Scheme 2), a procedure used effectively to separate an analogous pair of
HMGR inhibitors by Lynch, et. al.”

H H
(o] NYPh o} NYPh
HO. 0 HO. CHs HO,, CHg
\Cof HO HO.,,
: Ph
\ \_/ \ /)
O CONHPh O CONHPh i CONHPh
16
HO o} HO,,, o}
T !
1) HPLC separation H
2) NaOH E ( .
» O N O
3) HzO* \ \

N
/
4) reflux, toluene
O CONHPh O CONHPh
(+)-16 (-)-16

Scheme 2. Separation of the enantiomers of 16.
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§9.3 Enantioselective Syntheses of Atorvastatin Calciam®™"’

Having identified the (+)-sterecisomer as the biologically active isomer,
several independent enantioselective syntheses of this stereoisomer were developed.
The initial synthesis developed in discovery chemistry employed the
diastereoselective aldol condensation pioneered by Braun® as the key component.
Thus, treatment of aldehyde 13 from the racemic synthesis with the magnesium
enolate of (S)-(+)-2-acetoxy-1,1,2-triphenylethanol at —70 °C, afforded 17 in 60%
yield as a 97:3 muxture of the R,S:S,S-diastereomers by HPLC (Scheme 3). Ester
exchange employing sodium methoxide provided the methyl ester in quantitative
yield. Reaction of this ester with three equivalents of lithio-z-butylacetate at —40 °C
afforded the nearly enantiomerically pure z-butyl ester analog of racemic 14 in 75%

yield.

i HO
1) o\_/kf,: Ph

: OH
CHO Ph HO O)\':hph
H 2) LDA, MgBry, -78 °C o
F Q ! 60%, 97%ee F Q N
N/ \

O CONHPHh

13

1) NaOCHj
oL K
E
2) }\Ot-Bu Q \N/

3) Et4B, NaBH4
4) HyO,, NaOH CONHPh
5) toluene, reflux

(+)-16, >99%ee

Scheme 3. Asymmetric synthesis of (+)-16.
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Conversion of this intermediate to enantiomencally pure (+)-16 could be effected
employing the same reaction sequence used to convert 14 to 16 in Scheme I.
Fortuitously, the d[-pair crystallized out of ethyl acetate-hexanes and >99%
enatiomerically pure (+)-16 could be isolated from the mother liquors as a foamy solid.
Although this route was successful in producing gram quantties of
enantiomencally pure (+)-16, because of the linear nature of this route, the number of
low-temperature reactions involved and the relatively low yields in some of the final
steps (especially the final purification), its potential for scale-up to provide the kilogram
quantities needed for further development was low. Thus, for the synthesis to be
economically viable, an entirely different approach was taken by the Parke-Davis

chemical development group of Butler, er. al>°

Et
N*
PhCHO I >
o o B-alanine o F HO™ % S
PhHN —_— N + o
AcOH CHO A, 80%
hexane
18 85% CONHPh
19
EtO.__OFEt
O OFt g/
F O 0 HZN/\)\oEt F Q N
1 equiv. pivalic acid \_/

THF, reflux, 43%

CONHPh O CONHPh

21 22
Scheme 4. Paal-Knorr synthesis of penta-substituted pyrrole 22.

A critical component of this effort was an extensive investigation of the classical
Paal-Knorr pyrrole synthesw“ that finally resulted in a successful cyclodehydration in a
model system when a full equivalent of pivalic acid was used as catalyst (Scheme 4).
Thus condensation of commercially available isobutyrylacetamlide 18 with benzaldehyde

in the presence of P-alanine and acetic acid afforded the enone 19 in 85% yield.
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Treatment of this enone with 4-fluorobenzaldehyde under the conditions of Stetter,
utihzing N-cthylthiazolium catalyst 20 under anhydrous conditions produced the highly
substituted 1,4-diketone 21 in 80% yield. Treatment of diketone 21 with the diethyl
acetal of 3-amino-propanal under the carefully controlled conditions described above (1
equivalent of pivalic acid) afforded penta-substitued pyrrole 22 in 43% yield and, very
significantly, demonstrated that a totally convergent synthesis was possible. With this
result in hand, 1t became possible to envision a route in which a fully elaborated side-
chain could be combined with the appropriate 1,4-diketone (i.e. 21), to assemble the
entire molecule in one operation.

To this end, several routes passing through the known (S)-methyl-4-bromo-3-
hydroxybutyrate 26,'* an intermediate used i prior syntheses of HMGRIs, were
developed. This key intermediate was derived most efficiently from isoascorbic acid as
shown in Scheme 5.* Protection of 26 as the r-butyl-dimethylsilylether, followed by
conversion to the nitrile provided an advanced intermediate (27) that could be taken in

several directions.

OH
HO OH HBr, HOAC OH
0] HoO,, CaCOj3 s )
R CHsOH Br CO,CH
—  —» HO CO-K 3 2CH3
OH OH Br
Isoascorbic acid, 23 24 25

on 1) t-BuMe,SiCI S

H,, Pd-C imidazole, 4-DMAP TBDM

— Br\/s'\/COZCH3 = NC._A_COxCH,
2) NaCN, DMSO R

26 27

Scheme 5. Synthesis of (5)-methyl-4-bromo-3-hydroxybutyrate derivatives.

Thus, as shown 1n Scheme 6, sodium hydroxide mediated hydrolysis of 27 and
chain extention by activation with N,N-carbonyldiimidazole followed by reaction with

the magnesium salt of potassium r-butyl malonate and acidification followed by
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deprotection with buffered fluoride afforded the &-hydroxy-f3-ketoester 28. Selective
reduction of the ketone 1n 28 employing NaBH, and Et,BOMe, a slight modification of

the procedure used previously, gave the syn-1,3-diol."

Protection of the diol as the
acetomde produced the nicely crystalline nitrile 29 in 65% yield and with
diastereoselectivity in the range of 100:1. One recrystallization improved this ratio to >
350:1. Reduction of the nitrile with molybdenum-doped Raney-Nickel catalyst then
afforded the desired side-chain (30) with outstanding enantiomeric excess (>99.5%)

(Scheme 6).°

OTBDMS 1) NaOH

OH O
NC\)R\/COZCHs > NC\/L\/U\/COZCHa

2) CDI, Mg(0,CCH,CO,tBU),
27 3) BuyNF, HOAc, THE 28

CH3OH, -90 °C
2) (CHg)2C(OCHg)2

1) NaBH,, Et,BOMe
CH3SO3H

N X

Ho, Ra-Nj, o 0

o 0
-~ Ne A _cocH;
HZN/\)R\/RK/C%CHS CHsOH, 50 PSi RTOR
30 ° 29, 65%

Scheme 6. Enantiospecific synthesis of side-chain 30.

An alternate, shorter route was also developed which involved reaction of the
alcohol derived from 27 with 3—4 equivalents of lithium #-butyl acetate to afford an
excellent 75-80% yield of hydroxyketone 31 without the need for prior protection of the
alcohol and with no detectable reaction with the nitrile (Scheme 7). Although these
routes still involved a low-temperature reduction, both could be scaled to kilogram

quantlties.9
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OH OH O
3 equiv. LICH2CO.t-Bu
NC._J\_CO.CH, A e m ne A cogtau
A 75% A
31

Scheme 7. Alternate side-chain synthesis.

A third route developed by this group started with the commercially available
alcohol 32,14 a compound which has also been the subject of considerable process
development due to its use as a common intermediate in the synthesis of several HMGR
inhibitors.””™"7 Conversion of 32 to the 4-halo or 4-nitrobenzenesulfonate 33 followed by
displacement with sodium cyanide provided 34 in 90% yield, which is the z-butyl-ester
analog of 29. It was noted that this procedure was most scaleable employing the 4-
chlorobenzenesulfonate 33a due to the instability of the 4-bromo and 4-nitro-analogs to
aqueous hydrolysis. Ra-Ni reduction as before provided the fully elaborated side-chain

35 as the z-butyl ester (Scheme 8).

> 4X-PhSOLCI >

o0 EtsN, CHoClo | o o
o A _X_cotsy — 25
AR

—O\/RK/RK/COQP Bu

32 33a, X=C!
33b, X=Br
33¢, X=NO,

=0

O=wx:

NaCN
DMSO
90%

OXO - 2Rt O><o
HZN/\/I?K/HK/COZt-BU CH4OH, 50 PSI NC\)H\)R\/COZt'BU

95%
35 34

Scheme 8. Synthesis of side-chain 35 as the z-butyl ester.

With the fully functionalized, stereochemically pure side-chain 35 and the fully

substituted diketone 21 in hand, these were reacted under very carefully defined
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conditions (1 equiv. pivalic acid, 1:4:1 toluene-heptane-THF) to afford a 75% y:eld of
pyrrole 36 (Scheme 9). Deprotection and formation of the hemi-calcium salt produced
stereochemically pure atorvastatin calcium 1n a convergent, high-yielding and

commercially viable manner. '

/}/ © COzt-BU
o)

CONHPh

21 1 equiv. pivalic acid E
> N
+ 1:4.1 toluene-heptane-THF Q $ )
>< reflux, 75%
o 0 O CONHPh
A~ _coztBu
HoN A~"R 2

6

3

35

— — Ca?*
HO, co,
HO.
1) HCI, MeOH then NaOH E
2) Ca(OAc), Q N
W/
O ONHPh
— - 2

1, Atorvastatin calcium

Scheme 9. Convergent, enantiospecific synthesis of atorvastatin calcium (1).
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$10.1 Background

There are two major types of depression: major depressive disorder (MDD) and
bipolar or manic-depressive illness. Both disorders are characterized by changes in mood
as the primary clinical manifestation. Major depression is characterized by feelings of
intense sadness and despair with little drive for socialization or communication. Physical
changes such as insomnia, anorexia and sexual dysfunction can also occur.’ Mama is
characterized by excessive elation, irritability, insomnia, hyperactivity and impaired
judgment. It may effect as much as 1% of the U.S. populatlon.2

Major depressive disorder is among the most common psychiatric disorders 1n the
United States, with an estimated 12-month prevalence of approximately 10% 1n the

general population, and a prevalence of 12.9% and 7.7% in women and men,
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respectively. In terms of disease burden, as measured by Disability Adjusted Life Years
(DALYS), MDD ranks as the fourth most costly illness in the world with esttmated
annual costs of depression in the United States amounting to approximately $43.7
billion.”

The exact causes of depression are not known. However, in the 1950s, it was
observed that in addition to its other pharmacological properties, reserpine, a Rauwolfia
alkaloid, induced a depressive state in normal patients and also depleted levels of the
neurotransmutters, norepinephrine and serotonin. This single observation led to the
hypothesis that the biological basis of major mood disorders may include abnormal
monoamine neurotransmission.””  Substances such as norepinephrine, serotonin and
dopamine mediate neurotransmission. These substances are released from presynaptic
neurons, cross the synaptic gap and interact with receptors on the postsynaptic cells. The
synthesis, transmission and processing of these neurotransmitters provide a number of
points of intervention through which a pharmacological agent may affect this
transmission. Thus manipulation of neurotransmission has been the mainstay of
antidepressant therapy for over half a century.

Several interventions are possible including 1) inhibiting enzymes that synthesize
neurotransmitters, 2) preventing neurotransmutter storage in synaptic vesicles, 3) blocking
the release of the neurotransmitter into the synaptic gap, 4) inhibiting neurotransmitter
degradation, 5) blocking neurotransmitter reuptake, 6) agonism or antagonism of the
postsynaptic receptor, 7) inhibiting signal transduction within the postsynaptic cell.
Pharmacological agents have been identified that affect all of these processes, however,
the mainstays of antidepressant therapy have been agents that affect neurotransmitter
degradation and reuptake.

The first generation of antidepressants, MAO (monoamine oxidase) inhibitors,
inhibited neurotransmitter degradation by inhibiting monoamine deoxidase, a flavin
contaiming enzyme, found in the mitochondria of neurons and other cell types, that
oxidatively deaminates naturally occurring sympathomimetic monoamines, such as
norepinephrine, dopamine, and serotonin within the presynapse. In 1952, isoniazid and
its isopropyl derivative, iproniazid (1), were developed for the treatment of tuberculosis,

where it was subsequently found that these agents had a mood enhancing effect on
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tubercular patients. Elevation of mood is assumed to result from the accumulation of
amines such as norepinephrine and serotonin in the central nervous system (CNS). It was
later found that both were MAO 1nhibitors and their use in the treatment of depressed
patients was a major milestone in modern psychiatry.6 However, severe hepatoxicity was
observed with iproniazid (1), and it was withdrawn from the U.S. market 1n 1961.

The tranquillizing properties of chlorpromazine (2), a conventional antipsychotic,
have been known since the mid 1950s. Its discovery 1gnited a flurry of research into the
search for close analogs that could be used in the treatment of a variety of psychiatric
illnesses. A compound, imipramine (3), structurally related to chlorpromazine (2) and
originally synthesized as an antihistamine, was subsequently shown to have pronounced
antidepressant activity.® The introduction of this drug, Toframl®, 1n 1958 ushered in the
use of the tricyclic antidepressants (TCAs), whose mechanism of action is the inhibition
of the reuptake of the biogenic amines.” When a neurotransmitter is released from a cell,
it has only a short period of time to relay its signal before it is metabolized, via MAOQ, or
is reabsorbed into the cell. All of the TCAs potentiate the actions of norepinephrine,
serotonin and, to a lesser extent, dopamine. However, the potency and selectivity for
inhibition of the uptake of norepinephrine, serotonin and dopamine vary greatly among
the agents. Even though these agents are efficacious in their management of depression,
they do have significant side-effects and toxicities (flushing, sweating, orthostatic
hypotension, constipatiori) due to o-adrenergic blocking activity. All the TCAs are
especially toxic in overdose, producing cardiac effects and seizures. These unwanted
side-effects imit compliance, with as few as 1 in 17 patients completing a therapeutic-

dosing regimen.”

o \H\”J\ C[z]@m O N Q
W L

iproniazid, 1 Chlorpromazine, 2 Imipramine, 3
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The search for less toxic reuptake inhibitors led to the development of second-
generation antidepressant agents known as the selective serotonin reuptake inhibitors
(SSRIs). These agents differ from the older TCAs in that they selectively inhibit the
reuptake of serotonin into the presynaptic nerve terminals, and therefore enhance synaptic
concentrations of serotonin and facilitate serotonergic transmission. This increased
neurotransmission and elevated synaptic levels of serotonin alleviate the symptoms and
possibly the aetiology of depression. Relative to the TCAs they have a favorable side-
effect profile and are much safer in overdose. However, they are generally not more
efficacious than the TCAs; they exhibit a marked delay in onset of action and they have
their own set of side-effects resulting from the non-selective stimulation of serotonergic
receptor sites.””

The most widely known SSRIs are fluoxetine hydrochloride (4, Prozac®, Lilly),
sertraline hydrochloride (8, Zoloft®, Pfizer) and paroxetine hydrochloride (6, Paxii®,
GSK). Fluoxetine (4, Prozac®) was the first SSRI approved and effected a revolutionary
change 1n the treatment of depression. In 2000, 1t was the most widely prescribed
antidepressant drug in the United States with worldwide sales of $2.58B. Sertraline (5,
Zoloft®) has been available in the United States since 1992 and had worldwide sales of
$2.14B in 2000. Compared to fluoxetine (4), it has a shorter duration of action and fewer
CNS activating side-effects such as nervousness and anxiety. Paroxetine (6, Paxil®)
generated worldwide sales of $2.35B in 2000 and has a relatively benign side-effect

profile, which favors 1ts use with elderly patients.

§10.2 Synthesis of fluoxetine hydrochloride (4)

Fluoxetine (4) is marketed as a racemate. Both enantiomers display similar
activity both in vitro (K1 of the (R)-(+)-enantiomer 1s 21 nM and the Ki of the (S)-(-)-
enantiomer 1s 33 nM) and in vivo.!® However, it is (S)-fluoxetine that 1s the predominant
therapeutic enantiomer since it is eliminated more slowly that the (R)-enantiomer.
However, recent debate has argued that the prolonged duration of action of the (S)-
enantiomer contributes to the major side-effects of the drug."

Molloy and Schmiegel described the original synthetic route to fluoxetine (4)

(Scheme 1).'* Mannich reaction of acetophenone (7) yielded the aminoketone 8.
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Subsequent reduction of the prochiral ketone with diborane in THF and chlorination of
the resulting secondary alcohol 9 provided a reactive benzylic chloride that underwent
subsequent nucleophilic displacement with 4-trifluoromethylphenoxide to give 10. Von
Braun degradation of the N,N-dimethyl amine in 10, via the N-cyano intermediate 11,

gave racemic fluoxetine (4).

o) OH

0
CH,0, NHMe, N~ _BaHe THF N~
| > |
7
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1) HCl gas in
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2) p'CFa'C5H4'OH
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N’CN toluene ©)\/\,T|/
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1

0 KOH,
N~ water, glycoi
H
4

Scheme 1. The original synthesis of fluoxetine (4).

There has been much focused research on the enantioselective synthesis of both
enantiomers of fluoxetine (4). Robertson er al. reported the first enantioselective
synthesis of a fluoxetine enantiomer (Scheme 2).”° In this synthesis, the asymmetry was
introduced in the first step via an asymmetric reduction of 3-chloropropylphenyl ketone
(12) using dusopinocamphenylchloroborane.'® The (S)-alcohol 13 was obtained with an
enantiomeric ratio of 96:4 (S:R). Treatment of 13 with Nal and aqueous methylamine
introduced the amine functionality to give 14. The alkoxide of 14 was added to 4-
fluorobenzotrifluoride to give (S)-fluoxetine ((S)-4) with an enantiomernic ratio of 96:4
(S:R), thus indicating that no racemization had occurred during the synthesis. The
principal drawback of this method is that it could only be used to provide the (S)-
enantiomer. The authors utilized classical resolution methods employing D-and L-

mandelic acid salts to give the (R)-enantiomer.m‘14
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cl chloroborane c — i
2. MeNHg, THF/HZO
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©)\/\NHMe %
2.
14 FOCFa NHMe

(5)-4
Scheme 2. Asymmetric synthesis of (S)-fluoxetine ((§)-4).

Corey and Reichard described a more efficient synthesis of the fluoxetine
enantiomers.”® This synthesis features a catalytic reduction of prochiral ketone 12 to
install the correct absolute stereochemistry at C-3. In this respect this method 1s very
similar to the one previously described by Robertson et al'® However, the major
advantage of the Corey procedure is that the reduction utilizes chiral enzyme-like
catalysts to induce the correct stereochemustry and both enantiomers of the catalyst are

available (15 and 16).

Ph
H Pen H kPh
wer
o IS
N\B\’ N\B\/
CHj CHa
15 16

In a closely related reaction, asymmetric reduction of 3-(N-benzyl-N-
methylamino)propiophenone using H, [Rh(COD)CI]; and the chiral phosphine (2S,4S-
(1-(N-methyl-carbamoyl)-4-(dicyclohex ylphosphino)-2-[diphenylphosphino)methyl ]-
pyrrolidine ((25,45)-MCCPM), followed by debenzylation and addition of the alcohol to
1-chloro-4-(trifluoromethyl)benzene gave (R)-fluoxetine (4-(R)).16

Many other methods utilizing a three-carbon-chain segment have been employed

in the syntheses of the fluoxetine enantiomers. Chirality has been established by

17,18 19-22

enzymatic reduction, lipase mediated enzymatic resolution, oxidative kinetic
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resolution,” Sharpless asymmetric hydroxylation,24 asymmetric carbonyl-ene reaction®

and a stereospecific ruthenium-catalyzed allylic alkylation.”®

0

PR " 0OH

a 18
Ph""0H o
17 o 1. Red-Al, DME -
b P

pr” L on 2. MsCl, TEA n OMs

19 20
OH 1. NaH, DMA
MeNH2 ’ /'\/\ (s)_4
THF/H,O0  Ph NHMe

2,
21 CIOC%

a. T(OiPr)4, L-(+)-dusopropyitartrate, +BuOOH
b. T(OPr)4, D-(-)-dusopropyltartrate, +-BuOOH

Scheme 3. Sharpless asymmetric epoxidation route to the fluoxetine enantiomers.

Work continues on the discovery of a general route to the enantiomers that should
be adaptable to the efficient preparation of each of the fluoxetine enantiomers. The first
such synthesis was described by Sharpless and Gao (Scheme 3).” This method utilized
the asymmetric epoxidation of cinnamyl alcohol and subsequent regioselective reduction
of the resulting chiral epoxide with ‘Red-Al’. Asymmetric epoxidation of cinnamyl
alcohol (17) yielded either chiral epoxy alcohol 18 or 19 dependent upon the specific
choice of epoxidation catalyst. (S)-Fluoxetine required the use of D-(—)-diisopropyl
tartrate, while the (R)-enantiomer required L-(+)-diisopropyl tartrate. Chiral epoxide 19
was regioselectively reduced with ‘Red-Al’ to give the 1,3-diol. Selective mesylation of
the primary alcohol with one equivalent of mesyl chloride provided the sulfonate 20,
which was then displaced with methylamine in aqueous THF to give 21. Subsequent
generation of the alkoxide followed by treatment with p-chlorobenzotrifluoride gave (S)-
fluoxetine ((S)-4) in an overall yield of 49%. The (R)-(+)-enantiomer ((R)-4) was

prepared in a simmlar manner from chiral epoxide 18.
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Scheme 4. Synthesis of (§)-fluoxetine from iodoester 22.

Interestingly, all of the aforementioned syntheses involve the formation of a 3-
hydroxy-3-phenyl substituted propylamine or closely related derivative. Devine et al.
have described a highly stereoselective coupling reaction between racemc o-haloacids
and aryloxides mediated by a pyrrolidine derived (S)-lactamide auxiliary (Scheme 42
Todoester 22 was readily synthesized from the bromoacid and the chiral auxihary. This
then underwent a highly stereoselective reaction with the lithium alkoxide 23 to give the
coupled product 24 as a 98:2 mixture of diastereomers, which was further purified by
recrystallization of the corresponding hydrochloride salt. Reduction with LiAlH4 in THF
gave the alcohol 25, which was converted to the nitrile 26 via the corresponding triflate.
Nitrile 26 was readily reduced with borane 1n refluxing THF to the primary amine 27. N-
methylation was accomplished by first forming the carbamate under Schotten-Baumann
conditions. Reduction of the carbamate followed by acidification gave (S)-(-)-fluoxetine
((S)-4) in 37% overall yield.
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§10.3 Synthesis of sertraline hydrochloride (5)

Early studies from the Pfizer laboratories had revealed that compounds from a
series of trans-1-amino-4-phenyl-tetralins possessed potent norepinephrine (NE) uptake
blocking activity. The activity was highly specific for the (1R, 45)-enantiomer and was
confined to the trans derivatives. The corresponding (15, 4R)-enantiomer was much less
active and the diastereomeric cis racemates were inactive at blocking NE uptake. It was
subsequently shown that many compounds from the diastereomeric cis series were
unexpectedly potent and selective inhibitors of serotonin (5-HT) uptake, thus
differentiating these compounds from the trans compounds. One of these compounds,
sertraline (5), was originally discovered as a racemic mixture. Resolution showed that
the (+)-enantiomer was several times more selective for 5-HT uptake blocking activity
than the (-)-isomer. The (+)-enantiomer was subsequently shown to possess the 1n vivo
behavioral effects expected of a potent and selective 5-HT blocker. Thus, as opposed to

fluoxetine (4), sertraline (5) is a single enantiomer with the cis-(1S5, 4S) absolute

configuration.?>!

CO,H

0 |

t
O O . [CO?E 1-BuO", t-BuOH O O
cl COEL cl
Cl
s © 29

CO,H

pe
1. HBr, HOAC 1. SOCly, toluene O O
2. Hp, 5% Pd-C, EtOAC O O 2 AlCl3, CS, cl
Cl cl
30 Ci 31
MeHN MeHN
1 MeNH,, TiCl, ‘ 1 fractional crystallization ‘
2 Hp, 10% Pd-C O O 2 Resolve with O O
Cl D-(-)-mandelic acid Cl
Cl

5 Cl

5 + Isomers

Scheme 5. Onginal Pfizer synthesis of sertraline (5).
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The onginal synthesis of sertraline utilized the Stobbe reaction to couple the
benzophenone 28 and diethylsuccinate to yield the mono acid 29 (Scheme 5). This was
then hydrolyzed and decarboxylated under strongly acidic conditions to yield the but-3-
enoic acid which was reduced with hydrogen over a palladium catalyst to give the 4,4-
diarylbutanoic acid 30. Treatment with thionyl chloride gave the acid chloride, which
cyclized, under Friedel-Crafts conditions, onto the more reactive aryl ring to yield the
tetralone 31. Condensation with methylamine in the presence of titanium tetrachloride,
followed by catalytic reduction of the resulting imine gave a 70:30 mixture of cis and
trans amines. The cis form was punfied as its hydrochloride salt by fractional
crystallization and it was subsequently resolved with D-(-)-mandelic acid to give (+)-
(18,45)-sertraline (5).%

Tetralone 31 could also be synthesized much more efficiently by employing a
chemoselective ketone reduction of 32 to give the lactone 33. A double Friedel-Crafts
alkylation/acylation sequence employing a variety of Lewis or protic acids and benzene
gave the tetralone 31 directly. Triflic acid and HF produced the highest yields of

tetralone, presumably through the intermediacy of the diaryl acid 34 (Scheme 6).2%

CO.H
O

NaBH,4, NaOH O HF, benzene

0 _— .
Cl 33 C
32 C
- =
COzH

e Ol I
Cl Cl

i 34 Cl 31 Cl

Scheme 6. Synthesis of tetralone 31 via a double Friedel-Crafts reaction sequence.
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Quallich and Woodall described the first asymmetric synthesis utilizing a catalytic
enantioselective reduction of the ketoester 35 with (S)-terahydro-1-methyl-3,3-diphenyl-
1H,3H-pyrrolo[1,2-¢][1,3,2]oxazaborole (CBS) to give the desired hydroxyester 36 (90%
ee). After mesylation, Sy2 displacement with a higher-order cuprate derived from copper
cyanide gave the diaryl z-butyl ester 37 with good chirality transfer. Intramolecular

Friedel-Crafts cyclization gave the tetralone 31 in 90% ee (Scheme 7

0 0
H
H
© Ot-Bu ONOPBU 1. MsCl, TEA
CBS, BHy : - .
—_ 2. PhpCuCNLI,
Cl Cl
Cl 35 Cl 36
0
YU 98
Ot-Bu  CF3SO;H

Cl Cl

Scheme 7. Enantioselective synthesis of tetralone 31.

The intramolecular C-H insertion reaction of phenyldiazoacetates on
cyclohexadiene, utilizing the catalyst Rh,(S-DOSP)s, leads to the asymmetric synthesis of
diarylacetates (Scheme 8). Utilizing the phenyldiazoacetate 38 and cyclohexadiene, the
C-H 1nsertion product 39 was produced in 59% yield and 99% ee. Oxidative
aromatization of 39 with DDQ followed by catalytic hydrogenation gave the diarylester
40 in 96% ee. Ester hydrolysis followed by intramolecular Friedel-Crafts gave the
tetralone 31 (96% ee) and represents a formal synthesis of sertraline (5).35 Later studies

utilized the catalyst on a pyridine functionalized highly cross-linked polystyrene resin.
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Scheme 8. Enantioselective C-H insertion route to tetralone 31.

In another catalytic asymmetric synthesis, addition of the carbene generated from
the diazoester 41 1n the presence of the rhodium catalyst 42 to styrene gave the
cyclopropane 43 in 94% ee. Oxidative degradation to the malonic acid monoester and
methylation gave the dimethyl ester 44. Homoconjugative addition of the cuprate 45 (Ar
= 3,4-dichlorophenyl) gave the malonic ester 46, which was subsequently hydrolyzed and
decarboxylated to give the 4,4-diarylbutyric acid 40 (see Scheme 8). Cyclization of this

acid occurred smoothly upon reaction with chlorosulfonic acid to give the tetralone 31 in

100% ee (Scheme 9).37
" Q\C%)ﬂhz
@\/ + i Bu)CgH4SO
~(t-Bu
= = OMe p-( 6H4S02
a1 MNe

pentane

1. KMnOy, NalOy4 1 HCI

-BuOH/H0 COxMe 45, Ar,CuLi,CN - CoM —_— 3
cCoMe T 2Me 2 CISOgH
2. MEQSO4, KgCOg <

Me,CO H

Scheme 9. Enantioselective cyclopropanation route to tetralone 31.
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Lautens and Rovis developed a general strategy to the enantioselective synthesis
of the tetrahydronaphthalene core found in sertraline and a number of other bioactive
molecules. They found that oxabenzonorbornenes undergo highly enantioselective
reductive ring opening 1 the presence of Ni(COD),/(S)-BINAP and DIBAL-H. Thus
oxabenzonorbomene (47) underwent this nickel catalyzed hydroalumination reaction to
give the dihydronaphthalenol 48 in 91% ee. Protection of the alcohol and bromination
provided a dibromide, that was not isolated, but was subsequently treated with DBU to
give the vinyl bromide 49. This was then subjected to a palladium catalyzed Stille cross-
coupling with the requisite arylstannane to yield 50. Later studies by the same authors
utilized a Suzuki coupling with the requisite arylboronic acid to yield 50. After
deprotection, a selective reduction of alcohol 51 using hydrogen gas and Crabtree’s
catalyst ([Ir(COD)pyPCy;]PFg) gave alcohol 52 as a 28:1 mixture of diastereomers.
Oxidation to the ketone 31 using manganese dioxide represented the completion of the

formal synthesis of sertraline (5) (Scheme 10).38’39

o)
% NI(COD),
(S)-BINAP
47

DIBAL-H 48

1 TBDPSCI, imid , DMAP
2 Brp then DBU

8-9

OTBDPS
OTBDPS

OH
’O (3,4-0iC)CeHaSnMe; ’O TBAF ’O
SOt

((MeCN)-PdCl,, AsPhy

Br
49 C

i Ci

OH 0
52
Ci
Cl

[Ir(COD)py-PCy3]PFg H
3
(o]
Cl
Scheme 10. Asymmetric synthesis of tetralone 31 utilizing an enantioselective Ni-

catalyzed ring-opening of oxabenzonorbomenes.
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§10.4 Synthesis of paroxetine hydrochloride (6)

Paroxetine hydrochloride (6) is an enantiomerically pure (-)-trans-3.4-
disubstituted pipenidine. The first synthesis of paroxetine (6) utilized an intermediate that
allowed the ready separation of the cis- and trans-1somers each in racemic form (Scheme
11). Treatment of arecoline (53) with 4-fluorophenyl magnesium bromide gave a
mixture of the trans- and cis-aryl piperidines 54 and 55. The cis-isomer 55 could be
1solated pure by equilibration with NaOMe. The trans-isomer was available only by
separation of the original mixture. The cis-isomer 55 was hydrolyzed with aqueous HCI
and the resulting acid was treated with thionyl chloride to give 56. Acid chloride 56 was
reacted with (-)-menthol to give the menthol ester 57 and the corresponding diastereomer,
which was separated by fractional distillation. The (-)-cis-isomer was hydrolyzed under
acidic conditions and reduced to the carbinol 5§8. Chlorination and treatment with sodium
3,4-methylenedioxyphenoxide (sesamol) gave 59. Demethylation could be achieved
under mild conditions by treatment with vinylchloroformate to yield the vinylurethane
60. This was hydrochlorinated with HCl gas to vyield the corresponding
chloroethylurethane, which was subsequently hydrolyzed in refluxing methanol to yield
cis-6 (Scheme 11).% Engelstoft and Hansen have developed a much more efficient
demethylation method using cyanogen bromide and LiAlH,.*' The trans-1somer 54 could

be converted to paroxetine (6) in a similar fashion.
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Scheme 11. Synthesis of cis-paroxetine.

In a closely related asymmetric reaction, the required absolute stereochemistry at
C-4 was established via a Michael addition of a cuprate reagent to a dihydropiperidinone
(Scheme 12).** The stereochemistry at C-3 was introduced in the form of piperidinone
61, a compound readily available from (S)-glutamic acid. Protection of both the amino
and alcohol functionalities was achieved using standard reaction conditions to give 62.

Introduction of the A’-double bond was accomplished via phenylselenation of the lithium
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enolate of 62, followed by treatment with hydrogen peroxide to yield the Michael
acceptor 63. Conjugate addition of the 4-fluorophenyl cuprate reagent in the presence of
TMSCI gave 64 1n >96% de. Reduction of the ketone functionality followed by
deprotection of the alcohol gave 65. SN coupling between alcohol 65 and piperonyl

chloride in basic DMSO gave the N-Boc protected paroxetine analog 66.

OH OTBDPS : OTBDPS
K w 1 HMDS, n-Buli, Z N

S ) [ ead > [

0 i N

N 2. n-BuLi, DABCO, O 07N
H Boc,0 Boc 2 H02 Boc
61 62 63
F F
BrM F
™e < > 1. BHg-S(CHa)p
OTBDPS , —one “OH
CuBr-S(CHg), : 2. TBAF ‘
CHa)3SICI
(CH3)3S1 N N
Boc 64 Boc 65
CI
KOH, DMSO

Boc 66
Scheme 12. Synthesis of paroxetine analog 66.

Amat and co-workers have described an enantiodivergent synthesis of both (+)-
and (-)-paroxetine (Scheme 13).** Thus, treatment of (R)-phenylglycinol and methyl 5-
oxopentanaote gave an 85:15 mixture of bicyclic lactams c¢is-67 and trans-68, which can
be separated by chromatography or by equilibration to give the trans-isomer 68. The
requisite o,B-unsaturated lactam 70 was produced by sequential treatment of trans-68
with LHMDS, methylchloroformate and phenylselenium bromide followed by ozonolysis

of the resulting selenide 69. Conjugate addition of the requisite arylcyanocuprate gave 71
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and 72 in a 97:3 ratio of diastereomers. Alane reduction of 71 cleaved the oxazolidine
ring and reduced the ester and lactam carbonyl groups to give the enantiopure rrans-
piperidine 73. Hydrogenolysis provided alcohol 74, which was mesylated and treated
with the sodium salt of sesamol to afford 75, which on treatment with TFA gave (+)-

paroxetine (6).
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+ CHO U i U
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LHMDS, CICO,Me o NF—\O Os o) NF’\O 4-F-PhCu(CN)Li
PhSeBr MeOZCj/Y\)/ MeO,C .
SePh 69 70
Ph,,ﬁ Ph, Ph,,. om

O

DO
MeO,C

—
0 _N._,0 AICl3, LIAIH, N

+ H—"
b MeOZC“ b :

©71 ©72 ©73
F F F

Boc I?oc
N N
Ho, Pd(OH)o-C HQ\/(J 1. MsCl . TFA (+)6
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Scheme 13. Asymmetric synthesis of (+)-paroxetine (6).

There have been a number of syntheses where the requisite stereochemistry has

been introduced by the asymmetnic desymmetrization of a variety of glutaric acid analogs
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(Scheme 14).** The bis ester 76 was produced by reaction of p-fluorobenzaldehyde with
ethyl acetoacetate and NaOH followed by esterification. Pig liver esterase (PLE)
mediated enzymatic hydrolysis gave the monomethyl glutaric acid 77 in 86% yield with
an ee of 95%. Deprotonation of the acid followed by reduction with LiBH4 gave a
boronate intermediate, which was alkylated and then quenched with methanol to give the
8-hydroxy ester 78. Alcohol 78 was mesylated and treated with benzylamine to give the
aminoester, which cyclized to give the lactam 79. Acylation gave 80, which was reduced
with LiAlH, to give the key aminoalcohol 81. Etherification with sesamol gave 82 and
subsequent hydrogenolysis of the benzyl group gave (—)-paroxetine (6) (Scheme 14).%
Interestingly, closely related aminoalcohols have been resolved by lipase-catalyzed

esterification using commercially available cyclic anhydrides as acyl donors.*
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PLE @ 1. LIH, THF then LiIBH, @
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F F
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N~ O N™ ~0
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F 79 e
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1. MsCl, Et3N, toluene /@: \ LErOH, AcOH, _-PrOH, AOH_ () 6
oH 2.sesamol, NaH, DMF RN 2. HCl
N
Bn 81 Bn 82

Scheme 14. Synthesis of (-)-paroxetine using an asymmetrie desymmetrization of a

glutaric ester via enzymatie hydrolysis.
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A similar sequence was reported where the asymmetry was introduced by the
reaction of meso-3-substituted glutaric anhydrides and (S)-methylbenzylamines to give
diastereomeric hemiamides that could be separated by recrystallization.*®  The
asymmetric desymmetrization of certain 4-aryl substituted glutanmides has also been
accomplished with high levels of selectivity (up to 97% ee) by enolization with a chiral
bis-lithium amide base. The selectivity of the reaction was shown to be the result of
asymmetric enolization, followed by a kinetic resolution.”’

Several other methods have been utilized to produce the aminoalcohol 81. A ring
expanston of prolinol 84 (derived from pyroglutamic acid (83) in eight steps) gave the tri-
substituted chloropipenidine 85. Dechlorination of 85 was accomplished under reductive

radical conditions to give the aminoester 86, which was reduced to the aminoalcohol 81,

thus completing the formal synthesis of (-)-paroxetine (6) (Scheme 15).%

MsCI then TEA
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HOC Sy 0 =
H

83
F F F
Cl, WCOgBu  n-BusSnH, AIBN COoBu  LAH, o
N N N
L, 8 L 8 L 8
Ph Ph Ph

Scheme 15. Formal synthesis of (-)-paroxetine via piperidine 81.

Beak and co-workers have also produced the key alcohol intermediate 74 by the
sparteine-mediated lithiation and conjugate addition of allylamines to nitroalkenes to give
Z-enecarbamates in good yields with high enantio- and diastereoselectivty (Scheme 16).*
Thus treatment of the allylamine 87 with n-Buli in the presence of (—)-sparteine

followed by conjugate addition to nitroalkene 88 gave the desired enecarbamate 89 in
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83% yield as a single diastereomer. Hydrolysis and reduction of the corresponding
aldehyde gave the nitro alcohol 90 in 88% yield. Reduction of the nitro functionality by
transfer hydrogenation and subsequent Boc-protection gave 91 in 95% yield. Cyclization
and deprotection gave alcohol 74 in 83% yield, which could be carried on to give (-)-

paroxetine (6).

TIPSO
O,N
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—————————
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2 3. TBAF
90 91
F F
F
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OH 3 TFA
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Scheme 16. Synthesis of (-)-paroxetine utilizing a sparteine-mediated lithiation and

conjugate addition reaction.
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Chapter 11. Anti-obesity: Orlistat (Xenical®)

wNHCHO USAN: Orlistat

Trade Name: Xenical®
Hoffmann-La Roche

o0 o Launched: 1999
o M.W. 523.79

§11.1 Introduction'

Obesity is the second leading cause of death in the United States, behind only smoking.
An individual with body mass index (BMI) greater than or equal to 30 kg/m? is
considered obese, whereas an individual with body mass index (BMI) ranging from 27 to
30 kg/m? is overweight. Obesity 1s implicated with a gamut of health issues including
diabetes (80% of type II diabetics are obese), hypertension, dyslipidemia, gallstones and
respiratory diseases. Nowadays, obesity is increasingly becoming a serious socio-
economical problem. The estimated direct annual health cost associated with obesity is
$70 billion, while the total overall cost to the United States economy has been estimated
to be over $140 billion. In the United States, more than 50% of the adult population is
overweight, and almost 1/4 of the population is considered to be obese (BMI greater than
or equal to 30). The incidence of obesity 1s increasing in the U.S. at a 3% cumulative
annual growth rate. While the vast majority of obesity occurs in the US and Europe, the
prevalence of obesity is also increasing in Japan. The prevalence of obesity 1n adults is
10%—25% 1n most countries of Western Europe.

Historically, thyroid hormone was inappropriately prescribed for weight loss.
Fenfluramine hydrochloride (2, Pondimin®) by Wyeth was approved by the FDA in
1973, whereas dexfenfluramine hydrochloride (3, Redux®) also by Wyeth was approved
by the FDA in 1976 as appetite depressants. The major anti-obesity effects of 2 are
produced from the (R)-stereoisomer, which is a serotonin reuptake inhibitor and releasing
agent. Its mechanism of action (MOA) 1s through modulation of the serotonin level

allowing the patient to achieve a sense of satiety without actually consuming a large
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amount of food. In 1972, phentermine hydrochloride (3, Fastin®), also by Wyeth, was
approved by the FDA as an anorexic. Phentermine (3) functions as an andrenergic agent.
None of these aforementioned drugs (2—4) gained tremendous notoriety until 1992, when
a group at University of Rochester led by Michael Weintraub reported' ™ that the
combination of fenfluramine (2) and phentermine (3) with different mechanisms of action
sigmficantly helped weight-loss. After the publication of that study, between 1994 and
1997, the off-label use of fenfluramine (2) with phentermine (3), popularly known as
Fen—Phen, became widely over-prescribed. Unfortunately, Fen—Phen was found to cause
regurgitant heart valve damage and primary pulmonary hypertension (PPH). As a
consequence, the manufacturer voluntarily withdrew those drugs off the market in 1997.
Currently, one anoretic drug that is on the market 1s Abbott’s sibutramine (4, Meridia®),
whose MOA is also through serotonin and noradrealine reuptake inhibition (SNRI). It

was approved by FDA in 1997 and million of prescriptions have been written since then.

" H
N N_~
oY Y
) (R)-2
FsC al PUN
3 a

Fig. 1.

In 1987, scientists at Hoffmann-La Roche described their discovery of lipstatin
(5), a secondary metabolite isolated from Strptomyces toxytricini, and demonstrated that
it is a potent inhibitor of pancreatic lipase.*  Simple hydrogenation of 5 formed
terahydrolipstatin (1,USAN, orlistat) which possesses comparable biological activity but
is more stable than 5.>¢ Orhstat (1, Xenical®) works through pancreatic lipase inhibition.

Pancreatic lipase is the key enzyme of dietary triglyceride absorption, exerting its activity
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at the water-lipid interphase, in conjunction with bile salts and co-lipase. Xenical® (1)
was approved 1n June 1999. Millions of prescriptions have been written for this agent
since launch. The PB-lactone moiety was found to be required for the pancreatic lipase

inhibitory activities as the ring-opened product was essentially void of the activities.

“NHCHO

«NHCHO

~NHCHO Lipase
/—Ser
1 » ;i
0“0 o :
/\/\/\/\/\/-\n“‘
NHCHO
6 % Lipase

Ser
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The mechanism of action (MOA) of orlistat (1) hinged upon the §-lactone moiety,
which forms a covalent bond to the nucleophilic hydroxyl group of serine on pancreatic
lipase. Conventional weight-reducing strategies have focused largely on controlling the
energy intake, but there 1s doubt as to the long-term efficacy of these approaches.
Reducing the absorption of dietary fat by lipase inhibition using Xemical® (1) holds great
promise as an antiobesity strategy — covalent inhibition of human pancreatic lipase

(HPL). ™!

§11.2 Synthesis of orlistat'>%

One of the early syntheses of orlistat (1) by Hoffmann-La Roche utilized the
Mukaiyama aldol reaction as the key convergent step.lz’13 Therefore, in the presence of
TiCly, aldehyde 7 was condensed with ketene silyl acetal 8 containing a chiral auxihary
to assemble ester 9 as the major diastereomer in a 3:1 ratio. After removal of the amino
alcohol chiral auxiliary via hydrolysis, the o-hydroxyl acid 10 was converted to f3-lactone
11 through the intermediacy of the mixed anhydride. The benzyl ether on 11 was
unmasked via hydrogenation and the (§)-N-formylleucine side-chain was installed using

the Mitsunobu conditions to fashion orlistat (1).

OBn Ph  OSi(CHa)s TiCls, CHZCly
CHO + (CHg)N s ACHg)sCHy —
CHy(CHy)sg TN o A (CHSOHs ~78°C, 40%
7 o8
OBhOH O Ph OBn OH
z : KOH ~ CO.H
CHs(CHp)1g o/\l/ N(CH) _O_’MG_OH_. CH3(CHo)1g 2
(CH5)sCH3 reflux, 3 h, 64% {CHy)sCHg
10
9
O 1. 10% Pd/C, THF, 17 h, 70%
PhSOQCI, pyr (:)Bn OLi 1
A~ 2 -N-formylleucine, PhgP
0°C, 24h, 61% CHa(CHa)ig” (CHz)5CH3 fDSéAD, THI):’, 7%

11

Scheme 1. The 1nitial Hoffmann-La Roche discovery synthesis.
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In 1988, an improved synthesis of orlistat (1) was reported by the Hoffmann-La
Roche discovery chemistry.'* The scheme involved a pivotal B-lactone 14. In the
approach, an aldol condensation of aldehyde 7 with the dianion generated from octanoic
acid and two equivalents of LDA. After tosylic acid-facilitated lactonization and Jones
oxidation, the resultant lactone 14/14° was hydrogenated to establish two additional chiral
centers. A battery of somewhat tedious protections and deprotections transformed 15 to
B-lactone 19 via the intermediacy of 16, 17, and 18. Six additional steps then converted
(-lactone 19 to orlistat (1). This route may provide better overall yield in comparison to
the previous scheme. However, too many protections and deprotections render this

approach less elegant and not very practical for large-scale process.

2
CH3(CH2)10)\/CHO 1. LDA, THF, -78°C CHs(CHz)1g L .
7 2 Hyp, 10% Pd/C, THF 13 (CH2)sCH,
CH3(CH2) 1040~ -0
1. p-TsOH, CHCl,, overnight m ——
2. Jones reagent, acetone, 1 h 14 I (CHy)sCH;
CH3(CHa)104,0- 20
CH3(CH o)
3(CHa)1o o H,, P1,, acetons KI
= CH,)sCH
. (CH2)SCH3 84% 15 OH ( 2)5 3
14 OH
NH
OH OBn
BnO/LkCCIa H 1. KOH, dioxane, 5 h
CHa(CHy) COH
TR0 2 BnBr, THF, HMPA, 60%
CF3SO3H, CHoCly CHaCH, nBr PA, 60%

2 h, 680% 16
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OH OBn @ THPO  OBn

: 0 COzBn
CHa(CHa)1g co:En CHa(CHzlio 2
47 (CH2)50H3 p-TSOH, CH2C|2, 73% 18 (CHZ)SCHS
0
1. Hp, 10% PO/C, THF, 4 h THPO O
2. PhSOLCI, pyr, 0°C, 24, 55%  CHa(CHaw™ ™" N (CHaICHs
19

Scheme 2. The second Hoffmann-La Roche synthesis.

As the search for a better route for the orlistat (1) synthesis continued, Hoffmann-
La Roche published a process with a better overall yield in 1991."> The sodium anion of
cyclopentadiene was alkylated with hexyl 1odide and the product underwent an
asymmetric hydroboration using (+)-diisopinocampheyborane to give, after hydrogen
peroxide oxidation, alcohol 20 in 65% yield and 96% ee. The Mitsunobu reaction of 20
with benzoic acid inverted the configuration of the alcohol. Hydrolysis of the benzoate
gave rise to the corresponding diastereomer 21. Subsequently, a hydroxyl group-directed
m-CPBA oxidation of 21 provided the corresponding epoxide, which was protection as
silyl ether 22. Due to the steric hindrance imparted by the hexyl group, a regioselective
organocuprate addition of the undecanyl group gave the epoxide ring opened product 23.
A Swern oxidation of 23 was followed by desilylation to afford ketone 24. Very
fortunately, the Baeyer—Villiger oxidation of 24 produced a single 8-lactone 25. A string
of protection and deprotection maneuvers of 25 gave o-hydroxyl acid 27 via the
intermediacy of 26. Upon exposure of 26 with benzenesulfonyl chloride, p-lactone was
formed, which was hydrogenolyzed to give 27. Conventional manipulations of 27

delivered orlistat (1).

@ Na/CgHial @—csw 5 1 PhCOZH, DEAD, PPhg, 72% Q,cema

(+)-(ECleBH OH 2 §%KOH/MeOH,50°C, 3, 62%  OH

20 21




Chapter 11. Anti-obesity: Orlistat (Xenical®)

155
o)
1. m-CPBA, CH,Cly, 73% (C11Hzs)2CUCNILL
CeHy3
2. tBuMe,SICl, imidazole, DMF, 83% Et,0, ~20°C, 2 h, 68%
OSiMe,t-Bu
22
o
OH 1 (COC, DMSO ¢ 4y
CiyHoge, CeHis then EtsN, 89% vyt CeHia m-CPBA
2 HF,71% CH,Cly, 73%
OSiMe,t-Bu OH
23 24
CyiHaz.,, OO OBn OSiMe,t-Bu
Hres. 1. -BuMe,SICt, imidazole, DMF, 90% ;\/:\rcozsn
Ci4Hzs
CsHis 2. KOH, BnBr, dioxane, 81% CeHia
OH 3. CI3CCNH(OBN), CF3SO3H, 71%
25

26
1. HF, CH4CN, 94%

OBn OH 1. PhSO,Cl 69%
z z CO.H . o Ut, Pyr o
Cnst/\/Y 2
2. NaOH, EtOH/H,0, CeHia 2. Hp, 10% Pd/C, THF, 95%
50°C, 4 h, 99%
27
NHCHO
O 1. N-Cbz-Leu, DCC, 85%
A 2.Ha, 10% P&/C, THF 0“0 0
CryHg” CeMia 3. AcOCHO, THF, 72% A
Cy4Hzg ' CeH13
27 1
Scheme 3. The third Hoffmann-La Roche synthesis.

Thanks to the biological activities and 1ts interesting B-lactone moiety, the
synthesis of orlistat (1) also attracted a significant amount of attention from academia.

More than ten papers have been published since 1989.'°% Herein only a few key
examples involving novel methodology are highlighted.
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Kociefiski’s group assembled the f-lactone segment utilizing a Lewis acid-
catalyzed [2 + 2] cycloaddition strategy.'® In the presence of a catalytic amount of boron
trifluvoride etherate, the [2 + 2] cycloaddition between aldehyde 28 and
trimethylsilylketene 29 took place rapidly and cleanly to give a mixture of diastereomers
of B-lactone 30. After a delicate desilylation and a flash chromatography, the desired

diastereomer 31 was obtained 1n 55% yield.

0Bn O 0 BF4*OEt,, Et,0
Ci1Hzg H MegSi” “CgHia  ~15°C105°C, 3 h, 83%
28 29
o) 1 1.1 eq. TBAF, THF 0

OBn O - 80°C, 1 min. 84% 0Bn O:E
/l\ W CSH13 /l\

Criftzs \ H SiMeg 2. SI0; column, 55% Cribs Cottis
30 31

On the other hand, the Hanessian group carried out the key operation 1n their
synthesis of orlistat (1) using a Lewis acid-promoted allylsilane addition to aldehyde
27.1° Thus, in the presence of titanium tetrachloride, aldehydes 28 and (E)-
(trimethylsilyl)-2-nonene gave a muxture of diastereomers 33 as major product in an
approximately 1:1 ratio. The two diasteromers were separated via flash chromatography
and carried on separately. The undesired diastereomer was converted to the correct one
by taking advantage of a tactic involving an enolate formation using LDA followed by
acetic acid quench. Evidently, this is not a very efficient route due to the lack of

diastereoselectivity of the key operatton.

%9 Cp,TiCly, CH,Cly, TIC QBn OH

CoHig X" 8iMe, “P2!ill2, LRI, Till, 2
Cq1Hag H g8 8 Cq1Ha3 =
-78°C, 1 h, 79% CeHi3

33

28 32
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The Ghosh group devised an ingenious approach involving a pivotal ring-closing
metathesis (RCM) step.> As shown below, ester-diene 34 was easily assembled from the
corresponding alcohol and acryloyl chlonide. The ring-closing metathesis was
accomplished using Grubbs’ catalyst to produce lactone 35. Epoxidation of 3§ using
alkaline hydrogen peroxide afforded 36 in good selectivity. Further conventional

manipulation of epoxide then delivered orlistat (1) via the intermediacy of diol 37.

j\ IS 10 Moi% (PCys),CloRu=CHPh fj
P 070" "CyyHaa
34

“Ci1Hz2s 0.3 eq. TI(OFPr),, CH,Clp, 40°C, 93%
35

0.
H202, NaOH

—_—mm—-

23°C, 90%

'e)
T
e}
T
e

——

07 0" “CiHpy . CrtHas

é

OH

36 37

Most recently in 2003, McLeod’s group obtained the B-lactone motif of orlistat
(1) using a bromolactonization reaction.? B,y-Unsaturated acid 38 was prepared from a
diene-ester, hexadeca-2,4-dienoic acid methyl ester. McLeod er al discovered that
conducting the bromolactonization in methanol and 10% aqueous sodium bicarbonate

solution afforded predominantly trans-39, which was then transformed to orlistat (1).

OH 0O 3eq.Bry in CCly, O
: CH,Cl,, NaHCO, OH O
Cy1Has = OH s
CeHia r, 20 s, quant. CriMag Ceftra
de, 5:1

38 39
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§12.1 Introduction'™
Migraine headache is commonly characterized by intense, throbbing pain that is often
aggravated by movement. Associated symptoms may mclude nausea and increased
sensitivity to light and sound. Migraines are very common in the general population and
affect 18% of women and 6% of men with approximately 35 attacks per year.
Nonsteroidal anti-inflammatory drugs (NSAIDS) such as, aspirin, acetaminophen,
ibuprofen, and naproxen may be effective in relieving mild migraine pain, but do not
work in the majority of migraine patients.' Ergot alkaloids have been used for over a
century for the treatment of migraines. FErgotamine is a powerful vasoconstrictor,
however its effects are long lasting and are not specific to the cranial vessels, which leads
to side-effects. Long after the discovery of the ergots, 1t was recognized that their
beneficial effects resulted from activation of 5-HT-like receptors, specifically 5-HT1g/1p
receptors. This led to the development of sumatriptan (1), a selective 5-HT1g1p agonist,
as the first specific antimigraine medication. It is believed that 5-HT g/ agonists
(triptans) elicit their antimigraine action by selective vasoconstriction of excessively
dilated intracranial, extracerebral arteries and/or inhibiting the release of inflammatory
neuropeptides from perivascular trigeminal sensory neurons.> It has been suggested that
5-HTg receptor activation results in vasoconstriction of intracranial vessels, while
inhibition of neuropeptide release is mediated via the 5-HTp receptor. Selective 5-HTp
agonists have recently been identified and are being studied to determine the relative
importance of these receptor-mediated events on the antimigraine activity.4

Sumatriptan has proved to be an effective antimigraine drug, however 1t has
several limitations including low bioavailability, short half-life, and a high headache
recurrence rate. Since the introduction of sumatniptan (1), several second-generation
triptans have entered the marketplace, including zolmitriptan (2), naratriptan (3),
rizatriptan (4), almotriptan (5), frovatriptan (6) and eletriptan (7).5’6 The second-
generation triptans generally have improved pharmacokinetics, higher oral bioavailability
and a longer plasma half-life (Table 1). There are subtle differences with each of the
triptans with respect to efficacy, speed of onset of action, duration of action, headache
recurrence rate, side-effects, and convenience of administration. Therefore, the selection

of the most appropriate antimigraine drug will depend on the characterization of the
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patient’s migraine by peak intensity, time to peak intensity, extent of disability and the

extent to which the patient experiences headache recurrence and triptan related side-

effects.
Triptan Oral bioavailability (%) | ti (h) Approved doses (mg)
Sumatniptan (1) 15 2 25, 50, 100
Zolmitriptan (2) 40-48 2.5-3 25,5
Naratriptan (3) 63-74 5-6.3 1,25
Rizatriptan (4) 45 2-3 5,10
Almotriptan (5) 80 3.2-3.7 6.25, 12.5
Frovatriptan (6) 24-30 25 2.5
Eletriptan (7) 50 3.6-5.5 20, 40, 80

Table 1. Pharmacokinetics of the triptans.

§12.2 Synthesis of sumatriptan (1)""2

Sumatriptan (1, GR-43175) was discovered at Glaxo 1n the United Kingdom and
the synthesis is outlined in Scheme 1.”® The synthesis began with hydrogenation of N-
methyl-4-nitrobenzenemethanesulphonamide (8) to give 9. Compound 9 was treated
with sodium nitrite to give a diazonium salt, which was reduced with tin chloride to give
the hydrazine 10. Condensation of 10 with 4,4-dimethoxy-N,N-dimethylbutylamine in
aqueous HC] provided the hydrazone 1la. Compound 1la was treated with
polyphosphate ester (PPE) 1n refluxing chloroform to affect the Fischer indole reaction
resulting in the formation of sumatriptan (1) in 30% yield. The mechanism of the Fischer
indole reaction 1s believed to be isomerization of the hydrazone from an imine to an
enamne followed by [3,3] sigmatropic rearrangement and ring closure with loss of
ammonia to form the indole. The low yield is partially a result of the formation of by-
products such as 13 and 14 due to the nucleophilic nature of the indole product.
Hydrazine 10 was also condensed with several other functionalized dimethyl acetals to
give hydrazones 11b-11d. Fischer indolization of these hydrazones afforded indoles

12b-12d, which were also converted to sumatriptan (see Schemes 3 and 4).
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MeHN. MeHN.
6/S‘g\©\ Hp, PA/C o,,S\g\©\ 1) NaNO,, aq. HCI, 0 °C
NO, EtOH, ag HCI NH

o > 2) SnClg, conc. HCIH, 0 °C

8 quant 9 64%
MeHN. & Hel /OKMG/\ MeHN.
N MeO R A
0o N 2 T, 00 N ~_R
H H,0, ag HCl, RT N
10

R = CH,NMe,, quant. (11a)
R = CHCl, 67% (11b)

R = CHNO,, 87% (11¢)

R =CN, 94% (11d)

R
R = CHyNMeg, 30% (1, Sumatriptan)
___PPE__  MeHN. {  R=CHCI(12b)
CHClj, reflux 3o R = CH3NO,, 38% (12¢)
approx 5 min ” R = CN, 58% (12d)

Scheme 1. The Glaxo synthesis of sumatriptan (1).
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The condensation forming the hydrazone and the rearrangement can also be
accomplished in a one-pot procedure as is shown in Scheme 2.9 A mixture of N-
protected hydrazine 15 and the acetal were treated with a catalytic amount of HCI in
glacial acetic acid at 75 °C to give indole 16 in 50% yield. This convergent Fischer
indole synthesis involves hydrolysis of the dimethylacetal, hydrazone formation and
Fischer cyclization. By-products like 13 were avoided due to N-protection of the
sulphonamide group, however by-product 14 was still observed. Protecting the
sulphonamide group also simphfied chromatographic purification. Lastly, the N-

ethoxycarbonyl group 1n 16 was removed by hydrolysis to give sumatriptan (1).
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(|302Et 9 OMe (I:oza oxalate
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P D O oo A A R Teor o |
eOH,

00 n-NHz  AcOH, HCI (g) ofe} N AN

H 75°C, 20 min 16 H

15 2) oxalic acid, EtOH
50%

Scheme 2. Synthesis of sumatriptan (1) using a N-sulphonamude protecting group

strategy.

Indole 12b, prepared by Fischer indolization of 11b (Scheme 1), was also
converted to sumatriptan (1) according to Scheme 3. The dimethylamino group was
incorporated via a two-step procedure. First, aminolysis of 12b with ammomnia provided
the aminoethyl compound 17, albeit in low yield. Then reductive alkylation of 17 with

formaldehyde in the presence of NaBH, gave sumitriptan (1).

H cl MeHN. NH,
Me N:,s\\/\CEC NH,OH //s\\/\(:[\c\ formalin, NaBH,
00 N MeOH, 90 °C co N MeOH, H,0

H 9 H
12b 14% from 11b 17 97%

Scheme 3. The synthesis of sumatriptan (1) from 12b.

2-Cyanomethylindole 12d also proved to be a versatile intermediate toward the
synthesis of sumatriptan (Scheme 4).78 Hydrogenation of the cyano group of 12d n the
presence of dimethylamine provided sumitriptan (1) directly, which was isolated as the
hemisuccinate salt. Alternatively, the cyano group of 12d was hydrolyzed to the
carboxylic acid (18) and then transformed 1nto the dimethyl amide 19. Finally, the amuide
was reduced with LiAlH, to afford sumatriptan (1). Although this 1s a longer synthesis of

1, the intermediate 18 allows for the preparation of various tryptamine analogs.
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CN
MeHN\ 1) H2, Pd/C, MezNH
Py \ EtOH/MeOH 1
H 2) suceinic acid, EtOH/MeOH hemisuccinate
12d 47%
CN COOH
MeHN. MeHN_ 1, NH
s A KOH, H,0, EtOH oy A CDI, Mey
N reflux, 16 h N THF, RT, 16 h
- O
124 " 72% 18 H 5%
NM92
MaHN O LIAIH, THF
N ol S
o N reflux, 4 h
H 74%
19

Scheme 4. Synthesis of sumatriptan (1) from 12d.

0
MeHN. MeHN.
6’3‘?@ N LA 5P 613\\;\@\ y HC), EOH
N T ESH e N~ "gph

N EtOH, H,0 N 5°Cto RT,3h
10 5°C, 14 h 20 46%
79%
SPh
MeHN_ 1) oxalyl chioride
Meiths \ ~fahh EtOH //S\\/\©f\> THF, AT
) e — .
oo N reflux, 16 h 00 N 2) MeNH
21 H 80% 22 M approx. 50%
o NMe,
MeHN, ) LIAIH,
A N\ —_—
oo N THF
75%
23 M

Scheme 5. An alternative synthesis of sumatriptan (1).

An alternative synthesis from the Glaxo patents involves Friedel-Crafts acylation
of the 3-position of the indole intermediate 22 (Scheme 5).% Reaction of hydrazine 10
with (phenylthio)acetaldehyde gave hydrazone 20, which was subjected to the Fischer
indole reaction to give 3-thiophenylindole 21. It is noteworthy that this Fischer
cyclization took place at room temperature because most require heat. Reductive

desulfurization of 21 using Raney nickel provided indole 22. Acylation of the 3-position
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of the indole nucleous with oxalyl chlonde followed by treatment with dimethylamine
gave the a-ketoamide 23. Finally, reduction of the dicarbonyl moiety was effected by
L1AlH, to afford sumitriptan (1).

Knoll has recently published a more stream-lined and optimized synthesis of
sumatriptan (1) using very simlar methodology to that described above (Scheme 6).°
The hydrogenation, diazonium formation and reduction of the diazonium salt to form 10
can be carried out as a one-pot reaction. In this scenario, nitro compound 8 was
hydrogenated in aqueous HCI and the palladium catalyst was removed by filtration. The
filtrate was cooled to -5 °C and sodium nitrate was added to form the diazonium salt.
The reaction solution was then transferred to a solution of sodium dithionite in aqueous
NaOH and isopropanol to give hydrazine 10. The use of sodium dithionite is an
improvement over stannous chloride since 1t is a cheaper reducing agent with less
environmental problems. Hydrazine hydrochloride 10 was treated with 4-chlorobutanal
dimethyl acetal in ethanol and aqueous HCI to give the intermediate hydrazone. Sodium
hydrogenphosphate was added and the reaction mixture was refluxed to produce 17. This
reaction is known as the Grandberg version of the Fischer indole synthesis and involves
displacement of the chloro group with the ammonia released during the formation of the
indole ring. Reaction of tryptamine 17 with formaldehyde and NaBH, in the presence of
a buffer provided sumatriptan (1). The Knoll patent states that triptans 2-5 and 7 can be

prepared in a similar manner.

1) Ha, 5% Pd/C, aq. HCI

MeHN..
) ,,S\\/\©\ 50°C, 2h MeHN. ¢ Hel
00 NO, 2 NaNOy, conc. HCI, -5 °C (5“\;\@ NH,

8 3) NayS,0,, ag. NaOH, +PrOH, -5 °C 10 H
77%
1) OMe
Vo0 Cl MehN.g { N2 37% aq. HCHO, NaBH, 1
ZANY
EtOH, aq HCI, RT oo N MeOH, NasHPO,, H,0, RT
2) NagHPOQ,, reflux, 4 h H (buffer reaction pH 8 to 10)
53% 17 87%

Scheme 6. Knoll synthesis of sumatriptan (1).
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A group from Hungary has synthesized sumatnptan (1) utilizing a Japp-
Klingemann reaction/decarboxylation strategy (Scheme 7."' Compound 24 was
diazotized with sodium nitrite to give the diazonium salt 25, which underwent a Japp-
Klingemann reaction with ethyl 2-(3-dimethylaminopropyl)-3-oxobutanoate in the
presence of sodium acetate to give hydrazone 26. Fischer cyclization of 26 proceeded
smoothly when treated with acetic acid and HCI gas at ambient temperature. One of the
advantages of this strategy is that the 2-carboethoxy substituted indole 27 is not subject to
electrophilic attack and by-products like 13 and 14 can be avoided. The ethyl ester of 27
was hydrolyzed and the resulting acid 28 was decarboxylated by heating at 200 °C in

quinoline with copper powder to give 1.

]
?OgEt ?OaEt /‘H/\/\
AL NaNO, L Me NMe,
Me™ 8’ _ ) . CO,Et
00 conc HCI, H,O 00 +Cl
NH, 0°C NsN NaOAc (rxn at pH 3-4)
24 25 010 50°C
72%
CO,Et NMe, NMe,
| CO,Et
N 72
Me //S\\/\©\ AcOH, HCI (g) _N.
co NS RT, 24 h MRy N-co,Et
H CoEt 80% N
26 27
NMeg
KOH H Cu powder
——————— oINS —— e e e . 1
MeOH, H,O Me” S AN CO,H quincline
RT, 24 h 00 N 190-200 °C, 1 h
90% g M 80%

Scheme 7. Synthesis of sumatriptan (1) using the Japp-Klingemann reaction.
§12.3 Synthesis of zolmitriptan (2)">'

Zolmitriptan (2, BW-311C90) was discovered by Wellcome in the United
Kingdom and then transferred to AstraZeneca upon the acquisition of Wellcome by
Glaxo (now GlaxoSmithKline). The synthesis began with 4-nitro-L-phenylalanine (29),
which was converted to the methyl ester and then reduced with NaBH, to give the amino

alcohol (Scheme 8).">'* Oxazolidinone 30 was formed by treating the amino alcohol
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with phosgene. The nitro group of 30 was hydrogenated and the resulting aniline was
diazotized and reduced with stannous chloride to afford hydrazine 31. Fischer
cyclization of the hydrochloride salt of 31 with 4-chlorobutanal diethyl acetal in
ethanol/water provided tryptamine 32 in low yield. Dimethylation of 32 using reductive
amination conditions afforded zolmitriptan (2). Altemnatively, Fischer cyclization of the
hydrochloride salt of 31 with 4,4-diethoxy-N,N-dimethylbutylamine in refluxing acetic
acid directly yielded zolmitriptan (2) (Scheme 9).'*

HoN 1) SOCly, MeOH, -10 °C to RT, 99% ﬁ
o m 2) NaBH,, E1OH/H,0, reflux, 46% o= f@\
NO 0 NO

> 3) phosgene, aq. KOH, toluene, 0 °C
29 36% 30

2
1) Ha, 10% Pd/C H OFt
EtOH, EtOAc, aq HCI, 97% O%Nf\@ HCI Eto)\/\/C]
2) NaNO,, aq. HCI, 0 °C 0 N NH2 EtOH, HoO
then SnCl,, conc HCI, 0 °C 31 H reflux, 2 h
23% over 2 steps

H NH NMe
N 2 HCHO, NaCNBH 2
o A\ CHO, NaCNBHg \
io N MeOH, AcOH, RT <o N
H 31% H
32 2

Scheme 8. The Wellcome synthesis of zolmitriptan (2).

)\/\/NMe N NMe,
=~ f@ * o< )
o

AcOH, H,0, reflux, 4.5 h
24%

Iz

Scheme 9. An alternative synthesis of zolmitriptan (2).

The yield of the Fischer indole reaction was improved dramatically by employing
3-cyanopropanal diethylacetal as the “aldehyde” coupling partner (Scheme 10).'* Thus
the hydrazone 33 was formed by reacting the hydrochloride salt of 31 with the
diethylacetal in aqueous HClL. The hydrazone 33 was treated with polyphosphate ester in
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refluxing chloroform to give the cyanomethyl indole 34 in 77% yield. Finally,
hydrogenation of the cyano group of 34 in the presence of dimethylamine provided

zolmitriptan (2) in a single step.

HCH H
N
O=< N EtO)\/\CN O=< f\@\ ]
(0] ~NHa N N
31 H ag. HC|, RT o N N
93% 33
H CN
S oS O_‘\/N A\ Hy, 10% Pd/C
CHClj, reflux
203m|n 0 N Me,NH, EtOH
77% 34 H 21%

Scheme 10. Synthesis of zolmitriptan (2) from cyano intermediate 33.

AstraZeneca has recently reported a “one-pot” synthesis of zolmitriptan on a
multi-kilogram scale (Scheme 11)."* Methyl 4-nitro-(L)-phenylalaninate hydrochlorde
(35) was neutralized with Na,COj; and treated with n-butyl chloroformate. The mixture
was extracted with ethyl acetate and the resulting ethyl acetate solution of the butyl
carbamate product was used directly in the subsequent hydrogenation reaction.
Hydrogenation of the nitro group using 5% Pd/C provided the corresponding aniline.
The ethyl acetate was distilled from the reaction and replaced with butanol. The butanol
solution was then treated with NaBH, to reduce the methyl ester to the corresponding
alcohol. The excess NaBH,; was quenched with aqueous HCI and the mixture was
basified with ammonia. The butanol layer was separated and treated with sodium
methoxide at 85 °C to give the oxazolidinone 36. The reaction mixture was cooled to 5
°C to give a precipitate and 36 was isolated by filtration. Compound 36 was dissolved in
aqueous HCI and treated with aqueous NaNQO,. The resulting diazonium salt solution
was added to an aqueous solution of sodium sulphite to give the corresponding hydrazine.
Next 4,4-diethoxy-N,N-dimethylbutylamine was added and the mixture was refluxed for
4 hours. The reaction was quenched and extracted with ethyl acetate to give the crude
product, which was recrystallized from 10% ethanol in ethyl acetate to give pure

Zolmitriptan (2).
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The patent does not give yields except to say that the final product (2) 1s formed
in high yield. This synthesis only requires the isolation of one intermediate (36) and does
not require any punfication until the recrystallization of the final product (2).
Furthermore, this route avoids the use of hazardous reagents such as phosgene and tin

chloride (see Scheme 8).

N HCI 1) NapCOj3, Ha0, EtOAc then CICO,n-Bu H
2 j/\©\ 2) Hy, 5% Pd/C, EtOAc, n-BuOH, 30-50 °C o=( :r\@\
MeO,C NO, 3 NaBH,, n-BuOH, 35 °C 07 NHy
o,
35 4) NaOMe, MeOH, n-BuOH, 85 °C 1solated as solid
3) OEt H
1) NaNO,, ag HCI, 0 °C Eto)\/\/NMez O=<N A NMe;
2) sodium suiphite, H,0, reflux, 3h o N
°C 10 60 © 4) recrystallize from H
0°CloB0°C 10% EtOH/EtOAC 2
Scheme 11. AstraZeneca “one-pot” synthesis of zolmitriptan (2).
§12.4 Synthesis of naratriptan (3)17’20
?Ae
0 0
1) O:CN—Me N R
. MeHN"S~F
KOH, MeOH Pd(OAC),, {o-tolyl)P
r: reflux, 17 h Br. A 2 8 -
N 2 W, PO, aq HC EtaN, CHaCN, 100-110 °C
37 N sealed vessel
EtOH/H,0 60
57% 38 °

Me Me
/ /
N N
O\\élo Ha, 10% Pd/C O\\S/P
- .
MeHN X DMF, EtOH, Het  MeHN N
N 74% N
39 H 3 H

Scheme 12. Glaxo synthesis of naratriptan (3).
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Naratriptan (3, GR-85548) was discovered at Glaxo 1n the United Kingdom as a
follow-on to sumatriptan (1) and the synthesis is shown in Scheme 12."”7 Reaction of 5-
bromoindole (37) with N-methyl-4-piperidone in refluxing methanolic KOH gave a N-
methyl-tetrahydropyridinyl substituted indole, which was hydrogenated immediately
using 5% platinum oxide on carbon to give N-methylpiperidine 38. Heck reaction of 38
with N-methylvinylsulfonamide at 100-110 °C in a sealed reaction vessel provided 39.

Hydrogenation of 39 1n ethanolic HCI and DMF afforded naratriptan (3).

Me
/
N Y

.Me
o J:)N ) Menn
m o Pd(OAc)z, (o-tolyl)sP

Br
N
H KOH, IMS N EtsN, DMF, 85 °C, 4 h
37 reflux, 18 h N 2) HCI
94% (1 kg scale) 40 89% (700 g scale)
?Ae I/Vle
HCI N HCI N
H,, 10% Pd/
“s"O g DM:’ H°o° M C(;H Y
P = , A0, Mée -
MeHN 24 h MeHN N
0,
a1 u 90% (500 g scale) 3 H

Scheme 13. Large-scale synthesis of naratriptan (3).

More recently, a patent application from Glaxo was published detailing a process
for the synthesis of naratriptan on a large scale (Scheme 13)."® The route is very similar
to the synthesis shown in Scheme 12, except one step was removed and the other steps
were optimized leading to an efficient synthesis of 3. Instead of hydrogenating
compound 40, it was subjected to the Heck reaction with N-methylvinylsulfonamide and
diene 41 was isolated as the hydrochloride salt in 89% yield. Both double bonds of diene
41 were hydrogenated to give naratriptan hydrochloride (3) as white crystals in 71% yield
after recrystallization from hot water. An alternative preparation of intermediate 41 from
40 is shown in Scheme 14. Bromoindole 40 was lithiated with butyl lithium and then

reacted with DMF to provide aldehyde 42. The anion of N-methylmethylsulfonamide
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was added to aldehyde 42 and the product was dehydrated under acidic or basic
conditions to give 41. Diene 41 could then be converted to naratriptan (3), as shown in

Scheme 13.

X " [
N N N
= =/ 1) MeSO,NHMe, Q0 =
-Bull -

Br. n-BuLt OHC A n-Buli MeHN S =z N\

then DMF N 2) dehydration N

H (acid or base) 41 H

40 42

Scheme 14. Alternative preparation of intermediate 41.

Naratriptan was also prepared using the Fischer indole reaction (Scheme 15).7
Thus hydrazine 43 was condensed with N-methyl-4-piperidineacetaldehyde in aqueous
HCI to form hydrazone 44. Fischer indolization was effected by treating 44 with
polyphosphate ester in refluxing CHCI; to provide naratriptan (3) in low yield. Higher
yields may be attainable with the use of milder Fischer cyclization conditions (i.e. acetic

acid or aqueous HCl).

M
i e

Q.0 N

e QL0
MeHN" .S PPE

NH, MekN \/\O\ CHCl, refl
N 2 OHC a, reflux
43 H . N,N\
44 H

8 min
aq HCI
RT,2d 7% over 2 steps

Scheme 15. Synthesis of naratriptan (3) using the Fischer indole reaction.

The synthesis of a '*C-labelled version of naratriptan (3b) is highlighted in
Scheme 16.° The indole ring of naratriptan hydrochloride (3) was oxidatively cleaved
using sodium periodate to give ketoformanilide 45. Cyanation of 45 with potassium
[*Cleyanide in aqueous ethanol gave the intermediate amidine 46, which was reduced
directly with NaBH, in acetic acid to afford 4C.1abelled naratriptan (3b), which was
isolated as the hydrochloride salt.
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Me
N
3 NalO,, aq. MeOH Q.0 K*CN, ag. EtOH
HCH RT,67h MeHN’S 0] RT,4h
76%
H
45 NHCHO
— _ Me
Me HCl [/
\
N
1) NaBH,, AcOH, THF; 0 0
Q0 uench with HCI N4
-4 OH a MeHN"> N
MeHN 2) HCI, MeOH *
Y/ . NH2 N
85% H
L 46 _ 3b

Scheme 16. Synthesis of '“C-labelled naratriptan (3b).

§12.5 Synthesis of rizatriptan (4)*'™

Rizatriptan (4, MK-0462) was discovered by Merck in the United Kingdom. It 1s
an analog of sumatniptan (1) where the N-methylsulfonamide group has been replaced
with a 1,2,4-triazole. The synthesis begins with reaction of the sodium anion of 1,2,4-
triazole with 4-nitrobenzyl bromide followed by hydrogenation of the nitro group to give
47 (Scheme 17).21’22 Compound 47 was converted to the diazonium salt and then reduced
with stannous chloride to afford hydrazine 48. Application of the Grandberg version of
the Fischer indole synthesis between hydrazine 48 and 4-chlorobutanal dimethyl acetal in
ethanol and aqueous HCI provided indole 49 in a single step (also see Scheme 6).
Reductive alkylation of tryptamine 49 with formaldehyde in the presence of NaCNBH;
afforded rizatriptan (4). N,N-dimethyltryptamine 4 can also be formed directly from
hydrazine 48 by treatment with 4-(N,N-dimethylamino)butanol dimethyl acetal 1n
refluxing 4% H>SO;. The low yield of these Fischer indole reactions is partially due to

the instability of the benzyl triazole moiety to the reaction conditions.
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N,
1y ¢ _/NH
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OMe
</ HCI )\/\/NMez N~ NMe,

J NH2 MeO </ N N

4°/o H2$O4 Nﬂ' N

reflux, 2 h 4 H
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Scheme 17. Merck synthesis of rizatriptan (4).

A similar, but better yielding synthesis of 4 from Merck is presented in Scheme
182  4-Amino-1,24-triazole was alkylated with 4-nitrobenzyl bromide by simply
refluxing the mixture 1n 1sopropanol to give 50 in excellent yield. The aminotriazole 50
was deaminated with NaNQO; in aqueous HCl and the nitro group was reduced with
ammonium formate catalyzed by 10% Pd/C to deliver 47 in an improved yield over the
route shown in Scheme 17. Diazotization of 47, reduction of the diazonium salt with
sodium sulphite and Fischer indolization of the resulting hydrazine with 4-(N,N-
dimethylamino)butanol dimethyl acetal was performed in a single step to afford

rizatriptan (4) in 45% yield.
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N,
N AN 1) NaNO,, aq HC!, 0 °C to RT
Br/\©\ HoN <N ) 97%
NO, +PrOH reflux | N+ gg NO2 ™) iCO,NH., 10% Pd/C, MeOH
95% 99%
800 g scale
1) NaNO,, aq HCl, 0°C
</N\N 2) NazSOs, Hs0, 70 °C
=l 4
N NH, 3 OMe
47 2 NM
MeO B2

H5S80,, 90 °C, 45 min
"one-pot”, 45% yield

Scheme 18. Synthesis of rizatriptan (4) starting from 4-amino-1,2,4-triazole.

N.. N | TES——=
¢ ) icl,caco; ¢ 9,"'/\©i \—OTES
N NHo  MeOH, H,0 N NH,  2mol% Pd(OAc)s NasCOs
47 91% 51 DMF, 100 °C
1) MsCl, EtgN,
OR o
NN 2N HCI N-n THF, -20 °C 4
¢ N—TEg ———— ¢ ) benzoat
- N MeOH, RT ‘W= N 2) 40% aq Me NH,  benzoate
§2a R=H H 75% from 51 53 H warrr;tsg/fT
52b R=TES 3) benzoic acid,
+PrOH, ~PrOAc
96%

Scheme 19. Synthesis of rizatriptan (4) via Pd-catalyzed coupling of an iodoaniline and

an alkyne.

The Merck process group in Rahway has developed two syntheses of rizatriptan
(4) utilizing palladium catalyzed indolization reactions (Schemes 19 and 20).24"26 Both
routes start from the iodoaniline 51, which was prepared by reaction of 47 with iodine

monochloride in the presence of CaCO;.M‘25

Palladium catalyzed coupling of iodoaniline
51 with bis-triethylsilyl protected butynol in the presence of Na,COj; provided a mixture
of indoles 52a and 52b. This mixture was desilylated with aqueous HCI in MeOH to
furnish the tryptophol 83 in 75% yield from 51. Protection of the alkyne prevented
coupling at the terminal carbon of the alkyne and tnethylsilyl (TES) was found to be

optimal because it offered the correct balance between reactivity (rate of coupling) and
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stability. Notably, this palladium catalyzed process does not require the use of triphenyl
phospine, tetrabutyl ammonium chloride or lithum chloride. The alcohol 53 was
converted to the mesylate and then treated directly with 40% dimethylamine to afford 4,
which was purified by forming the benzoate salt.

The second route involves the palladium catalyzed coupling of iodoaniline 51
with the acyl silane 54 1n the presence of DABCO to give the 2-trimethylsilyl indole 557
The acyl silane 54 was prepared by alkylation of 1,3-dithianyl-trimethylsilane with (3-
bromopropyl)-dimethylamine to give 56, followed by removal of the dithioacetal with
mercuric oxide and mercuric chloride. Finally, desilylation of 55 m aqueous HCI and

methanol afforded rizatriptan (4).

/lOJ\/\/
NMe2
!
</r\LN T™S 54 N NMe,
=l ¢ N N—g
N NH,  2mol% Pd(OAc),, DABCO = N
51 DMF, 105 °C H
(\ MeOH, RT 4 R<H
S.__S
B NM T m HgO, HgCl»
I WME T™MS S><S/\/NMe 54
n-BuLi, THF T™S 2 CH4CN, H,0
-78°Cto RT 56

Scheme 20. Synthesis of rizatriptan (4) via Pd-catalyzed coupling of iodoaniline 51 and

acyl silane 54.

§12.6 Synthesis of almotriptan (5)**'

Almotriptan (5, LAS-31416) was discovered and developed by Almirall in Spain.
The U.S. marketing rights were licensed to Pharmacia and then to Janssen. The synthesis
commenced with the reaction of (p-mtrophenyl)-methanesulfonyl chloride (5§7) with
pyrrolidine, followed by hydrogenation of the mitro group to give amiline 58 (Scheme
21).2® The hydrazine 59 was prepared by diazotization of 58 followed by reduction of the
resulting diazonium salt with stannous chloride. Hydrazine 59 was treated with 4-

chlorobutanal diethyl acetal in aqueous HCl and hydrazone 60 precipitated and was
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isolated by filtration. Treatment of the crude hydrazone 60 with aqueous HCI buffered to
pH 5 with Na,HPO, promoted the Grandberg modification of the Fischer indole synthesis
whereby the alkyl chloride underwent aminolysis under the reaction conditions to afford
the tryptamine 61 in reasonable yield. Reductive alkylation of 61 with formaldehyde in

the presence of NaBH, provided almotriptan (5).

Ciw ; GNH C
as\z?@\ ) Nag- 1) NaNO,, aq HCl, -20 °C
—_— )
NO 2) Hp, Ra-Ni 00 NH, 2 SnClz conc HCI,-20°C

2

57 58 2 82%
! e

~g HCI NJ

- 2
59 N aq. HCl, MeOH, RT, 1 h NS
60

aq NayHPO,, ag. HCI @ NH, __HCHO, NaBH,

MeOH, reflux, overnight >S! A MeOH, H,0, 15 °C

(buffer reaction to pH 5) lols) 88%

58% N
61

Scheme 21. Synthesis of almotriptan (5) using the Grandberg modification of the Fischer

indole reaction.

Almotriptan has also been synthesized via decarboxylation of the carboxylic acid
intermediate 65, but a detailed preparation of 65 was not provided n the patent literature
(Scheme 22).* The patent indicates that the carboxy indole 65 was prepared according
to the method of Gonzalez.®® Thus, (2-oxo-tetrahydro-3-furanyl)-glyoxylic acid ethyl
ester (62) was heated in aqueous H,SO, to give 2-ox0-5-hydroxypentanoic acid in situ,
which was treated with hydrazine 59 to produce hydrazone 63. Fischer cyclization of 63
using HCI gas in DMF gave the lactone 64, which was converted to carboxylic acid 65.
Decarboxylation of 65 was catalyzed by cuprous oxide in qunoline at 190 °C to afford

almotriptan (5).29
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o 9 o
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Oé)L #~ 100°C,6h \/\/U\CozH aq DMF (pH 7)
62
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N 56%
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Scheme  22. Synthesis  of  almotriptan (5§) employing a  Fischer

indolization/decarboxylation strategy.
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then MepNH-HCI, EtgN 00 N
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Scheme 23. Synthesis of almotriptan (8) using an intramolecular Heck reaction.

Lastly, a formal synthesis of almotriptan (5) has been published by the Bosch
group in Spain using an mtramolecular Heck approach (Scheme 23). Jodination of
aniline 58 with bis(pyridine)iodomum() tetrafluoroborate followed by reaction with
trifluoroacetic anhydride (TFAA) gave the o-iodotrifluoroacetamlide 66. Alkylation of

66 with methyl 4-bromocrotonate afforded 67, which underwent palladium catalyzed
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Heck cyclization with concomitant deprotection of the trifluoroacetyl group to form the
indoleacetic methyl ester 68. Compound 68 was hydrolyzed and then treated with PCls
followed by dimethylamine to give the amide 69, which was reduced with LiAlH, to
afford almotriptan (5).

§12.7 Synthesis of frovatriptan (6)°>>*

Frovatriptan (6, SB-209509/VML-251), initially discovered by SmuithKline
Beecham, was licensed to Vanguard Medica/Vernalis for development. The marketing
rights for frovatriptan have subsequently been licensed to Elan in the United States.
Frovatriptan is a conformationally-restrained analog of the selective 5-HT, agonust 5-
carbamoyltryptamine (5-CT). The key step in the syntheses involve Fischer reaction of
4-cyanophenylhydrazine (70) or 4-carboxamidophenylhydrazine (79) with an

appropriately substituted cyclohexanone (Schemes 24-26).3>%
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Scheme 24. Synthesis of optically pure frovatriptan ((R)-6) utilizing 4-

benzoyloxycyclohexanone in the Fischer indole cyclization.

Reaction of  4-cyanophenylhydrazine hydrochloride (70) with  4-

benzoyloxycyclohexanone in refluxing acetic acid furnished the Fischer indole product
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and the benzoy! group was removed by hydrolysis to give 71 (Scheme 24).3%% The
hydroxy group of 71 was converted to the tosylate (72) in poor yield and then displaced
with methylamine to afford 73. Following protection of the amine with di-zert-butyl
dicarbonate, the cyano group of 73 was converted to the carboxamide using hydrogen
peroxide in the presence of sodium hydroxide. Racemic frovatriptan (rac-6) was
prepared by removal of the Boc group or enantiomerically pure frovatriptan ((R)-6) was
prepared by first separating the enantiomers by chiral HPLC followed by removal of the
Boc protecting group. The optical resolution can also be performed with the
benzoyloxycarbonyl protected derivative of rac-6.

A more convergent synthesis of frovatriptan using the methylamino-substituted
cyclohexanone equivalent 75 is shown in Scheme 2533 The mono-ketal of 14-
cyclohexanedione (74) was treated with methylamine 1n ethanol and then hydrogenated
to give 75 as an oil, which was converted to the hydrochloride salt. The hydrazine of 76,
formed in situ by treatment with sodium nitrite followed by reduction of the diazonium
salt with sodium dithiomte, was reacted with 75 and additional concentrated HCI at 70 °C

to deliver racemic frovatriptan (rac-6).
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Scheme 25. Convergent “one-pot” synthesis of racemic frovatriptan from 75 and 76.

Scheme 26 describes a convergent synthesis of des-methyl frovatriptan ((R)-
81).32‘33 4-Aminocyclohexanol  hydrochloride  was  reacted with  N-
carboethoxyphthalimide to form 4-phthalimido cyclohexanol (77), which was oxidized
with PCC to provide cyclohexanone 78. Fischer indolization of hydrazine 79 with 78 in

refluxing acetic acid yielded 80. The phthalimide was removed by treatment with
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hydrazine to furnish the versatile amine intermediate 81. The enantiomers of 81 were
resolved by recrystallization of a diastereomeric salt or by chiral HPLC separation of the
tert-butyl carbamate of 81 to give (R)-81, which was converted to frovatriptan ((R)-6)

according to Scheme 27.
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Scheme 26. Synthesis of amine intermediate 81 utilizing 4-phthalimido cyclohexanone

(78) 1n the Fischer indole cyclization.

Reductive amination of benzaldehyde with (R)-81 provided the corresponding
benzyl amine, which was reductively alkylated with formaldehyde to give 82 (Scheme
2773 Compound 82 was debenzylated by hydrogenation in the presence of Pearlman’s
catalyst to afford frovatriptan ((R)-6). Alternatively, monomethylation of amine (R)-81
was affected by treatment with carbon disulfide and dicyclohexylcarbodiimide in
pyridine to provide isothiocyanate 83, which was reduced with sodium borohydride to
give (R)-6.
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Scheme 27. Synthesis of optically pure frovatriptan ((R)-6) via methylation of

intermediate 81.

§12.8 Synthesis of eletriptan (7)35‘38
Eletriptan (7, UK-116044) is a conformationally restricted analog of sumatriptan

(1) and was discovered at Pfizer in the United ngdom.35

5-Bromoindole (37) was
acylated at the 3-position by reacting the magnesium salt of 37 with N-
benzyloxycarbonyl-D-proline acid chloride (84) to form 85 in 50% yield. A process
improvement for this step was recently published in the patent literature.’® In this
procedure, ethylmagnesium bromide (1M in methyl ferz-butyl ether) and a solution of 84
in CH,Cl, were added simultaneously to a solution of 37 in CH,Cl, over 2 to 3 hours on
opposite sides of the reaction vessel while maintaining the reaction temperature between
10-15 °C. This reaction was conducted on a multi-kilogram scale and crystalline 85 was
1solated in 82% vyield. The carbonyls in 85 were exhaustively reduced with LiAlH, to
give the N-methylpyrrolidinylmethyl indole 86. Cross-coupling of bromoindole 86 with
phenylvinyl sulfone was accomplished under Heck conditions to produce 87. Finally, the

vinyl sulfone moiety was hydrogenated to afford eletriptan (7).
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Scheme 28. Pfizer synthesis of eletriptan (7).
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Scheme 29. Improved synthesis of eletriptan (7) using a Heck strategy.

An improved process for the preparation of eletriptan (7) is shown in Scheme
29.3%%7 A problem with the synthesis in Scheme 28 was that intermediate 87 was prone
to dimerization, where the indole nitrogen of 87 added to the vinyl sulfone of another

molecule. The formation of this impurity reduced the yield and complicated the
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purification. Therefore, indole 86 was protected with an acetyl group and then subjected
to the Heck coupling with phenylvinyl sulfone to give 88, which was no longer prone to
dimerization. The reactive double bond 1n 88 was reduced by catalytic hydrogenation

and the acetyl group was removed by hydrolysis to give eletriptan (7) of high purity in

good yield.
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Scheme 30. Synthesis of the triptan core 94 using an intramolecular Heck reaction.

An alternative strategy for the preparation of the triptan core of eletriptan is
shown in Scheme 30.% Wittig reaction of 89 with
(carbethox ymethylene)triphenylphosphorane was initially conducted at -78 °C and
warmed to RT to minimize possible racemization. The resultant o, B-unsaturated ester 90
was reduced with diisobutylaluminum hydride to give allylic alcohol 91. The coupling
partner 92 was prepared by bromination of an appropriately substituted aniline followed
by reaction with trifluorcacetic anhydride. The triflucroacetyl amide 92 was then
coupled with alcohol 91 under Mitsunobu conditions to deliver the cyclization substrate

93, which underwent an intramolecular Heck cyclization to furrush triptan 94.
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Chapter 13. PDE S Inhibitors for Erectile Dysfunction:
Sildenafil (Viagra®), Vardenafil (Levitra®), and Tadalafil (Cialis®)

USAN Sidenafil Citrate
Trade Name: Viagra®
Company: Pfizer
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USAN: Vardenafil hydrochioride USAN" Tadalafil
Trade Name Levitra® Trade Name: Cialis®
Company: Bayer/GlaxoSmithKline Company: lcos/El Liily
Launched:2003 Launched:2003
M.W. 488.60 M.W. 389.40

§13.1 Introduction'

Sildenafil (1) 1s a selective inhibitor of cyclic guanosine monophosphate (cGMP)-
specific phosphodiesterase type 5 (PDES). It was initially developed for the treatment of
hypertension.l’2 Levels of ¢cGMP are controlled by phosphodiesterases, which convert
c¢GMP into GMP (Figure 1). It was believed that a PDE inhibitor would prevent the
breakdown of cGMP and the subsequent increase in cGMP concentration would allow
smooth muscle cells in the kidney and blood vessels to relax, thus lowering blood
pressure. Compounds were obtained that were quite selective for PDES5, however, 1t was
shown that PDES 1s absent from the kidney so the focus of the project was switched to

the treatment of angina by ncreasing blood flow to the muscles of the heart.!? Initial
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clinical tnals were disappointing, as the pharmacodynamic endpoints were not realized.
However, some patients reported penile erections as a side-effect and the focus of the
project changed to the treatment of male impotence.l’3 At about this time, the role of
nitric oxide in controlling erectile function was emerging. Sexual sttmulation leads to the
release of nitric oxide within the blood vessels of the penis, where it stimulates guanylate
cyclase to increase cGMP levels in the corpus cavernosum.>*'® This increase in cGMP
causes smooth muscle relaxation, which increases blood flow to the penis and an erection
results (Figure 1). It turns out there are high levels of PDES in the corpus cavernosum of
the penis, which is able to degrade cGMP and cause termination of the erection. Nitric
oxide production may be impaired in patients suffering from erectile dysfunction, leading
to low levels of cGMP, which can be quickly degraded by PDES. Inhibition of PDES by
sildenafil (1) slows the breakdown of cGMP, allowing for higher concentrations to build

up in the corpus cavernosum leading to an erection.

Nitric Oxide

Guanylate Cyclase

0 o]

N
L YO8

/k\ N HoN N N Increased levels of cGMP
HoN" N 2 N . leads to smooth muscle
or GTP relaxation which results in
-O5PO lo} b o an erection
\
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OH OH o0

o
GMP cGMP

PDE

Sildenafit
Figure 1. Role of nitric oxide, cGMP, phosphodiesterase and sildenafil m erectile

function.
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Sildenafil (1)*®, the first effective oral treatment for erectile dysfunction, was
introduced in 1998 and generated revenues of more than 1.7 billion dollars in 2002. Two
more PDES inhibitors, vardenafil (2)7‘8 and tadalafil (3)9, have recently entered the
marketplace. They differ slightly in their potency, selectivity, pharmacokinetics, onset of
action, duration of action and side-effect profile (Table 1). Vardenafil is the most potent
at PDES, but has the lowest oral bioavailability. Sildenafil and vardenafil are only about
10- and 15-fold selective against PDE6, respectively, but are very selective against
PDEI11 (> 700-fold). In contrast, tadalafil is very selective against PDE6 (> 100-fold),
but 1s only about 10-fold selective against PDE11. Some of these differences can now be
rationalized, since the crystal structures of 1-3 have been solved in the catalytic domain
of human PDES5."" Sildenafil and vardenafil have a similar half-life of about 4 hours,

however, tadalafil’s half-life 1s much longer at 17.5 hours.

L PDES ICsp tin Oral bioavailability | Approved doses
PDES inhibitor (M) ) (%) (mg)
Sildenafil (1) 3.6-6.6 3-5(3.8) 41 25, 50, 100
Vardenafil (2) 0.7 4-54.7) 15 25,5,10,20
Tadalafil (3) 2-6.7 17.5 NA 5,10, 20

Table 1. Potency and pharmacokinetics of PDES inhibitors 1-3.*"

§13.2 Discovery and Synthesis of Sildenafi}>*!>16

Sildenafil (1, UK-92480) was discovered at Pfizer in the United Kingdom. The
starting point for the design of sildenafil was zaprinast, one of the few known inhibitors
of PDE at the time (Table 2, entry 1).> Changing the core template to a
pyrazolopyrimidinone provided a 10-fold boost in potency for PDE 5 with improved
selectivity (entry 2). Increasing the length of the R; substituent from methyl to propyl
provided another 10-fold enhancement in potency (entry 3). Many R, groups were
tolerated but sulfonarides were chosen because they reduced the lipophilicity and
increased the solubility of the compound. The N-methyl piperazine sulfonamide gave the
best combination of potency (3.6 nM) and physical properties (log D 2.7) (entry 4).
Sildenafil 1s only about 10 times more selective for PDE 5 than PDE 6 (from bovine

retina), which may account for some of the visual side-effects that have been observed.
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Table 2. SAR summary leading to the discovery of sildenafil (1).

The synthesis of sildenafil started with the reaction of 2-pentanone and
diethyloxalate 1n the presence of sodium ethoxide to give diketoester 4 (Scheme 1).'>'?
Condensation of 4 with hydrazine afforded the pyrrazole 5. Selective methylation of the
1-pyrrazole nitrogen with dimethylsulfate followed by hydrolysis of the ester gave 6.
The 4-position of the pyrrazole was nitrated with a mixture of fuming nitric acid and
sulfuric acid and the amide was formed by treatment of the acid with thionyl chloride
followed by ammonium hydroxide to furnish 7. The nitro group was reduced with tin
dichloride dihydrate in refluxing ethanol to give the requisite amine, which was acylated
with 2-ethoxybenzoyl chlonde using triethylamine and dimethylaminopyridine as base in
dichloromethane. The resulting benzamido carboxamide 8 was cyclized to the
pyrazolo[4,3-d]pyrimidin-7-one 9, using aqueous sodium hydroxide and hydrogen
peroxide in ethanol under reflux. Subsequently, 9 was selectively sulfonated para to the
ethoxy group with chlorosulfonic acid to yield the sulfony! chloride which was reacted

with 1-methyl piperazine in ethanol to provide sildenafil (1).

0]

O O NHQNHQ H 1 M92304, ,Me
ot EtO N 90°C,79% o |
Me H0 | N 2 Naon, HyO, LN
0 62% 80 °C, 71%

a 5 n-Pr 6 nPr
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Scheme 1. Pfizer medicinal chemistry synthesis of sildenafil (1).

The medicinal chemistry route was not optimal for commercial manufacturing
because the synthesis was completely linear and low yielding (11 steps, 4.2% overall
yield from 2-pentanone). The Pfizer process group has developed a similar but more
convergent and higher yielding synthesis of sildenafil (Scheme 2).' The
chlorosulfonation was conducted early in the synthests on 2-ethoxy benzoic acid thus
avoiding potential toxic intermediates in the final step as in the initial discovery route.
Addition of 1-methyl piperazine to the sulfonyl chlonide was initially performed in the
presence of triethylamine, however this method provided the hydrochloride-triethylamine
double salt of 10, which was very insoluble and was difficult to use in subsequent steps.
This salt could be transformed to 10 by treatment with water. An improved method
employed 1 equivalent of sodium hydroxide to give 10 directly. Hydrogenation of 7 and
acylation of the resulting amine with the activated acid of 10 were performed 1n one step
to deliver the amide 11 in 90% yield. All the reactions were conducted using ethyl
acetate as solvent, which dramatically simplified the process and allowed for efficient
solvent recovery. The final cyclization was conducted using potassium -butoxide in

refluxing #-butanol to provide sildenafil (1) of clinical quality directly from the reaction
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with no further purification. The commercial route was further optimized to minimize
waste and maximize solvent recovery. Pfizer was awarded the Crystal Faraday Award
for Green Chemical Technology by the Institute of Chemical Engineers 1n recognition of

the environmentally-friendly manufacturing of sildenafil.
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Scheme 2. Commercial synthesis of sildenafil (1).
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§13.3 Synthesis of Vardenafil'’
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Scheme 3. Bayer synthesis of vardenafil (2).

Vardenafil (2, Bay-38-9456) was discovered at Bayer in Germany and is being
co-marketed with GlaxoSmithKline. The structure of vardenafil (2) looks very similar to
sildenafil (1), except 2 contains a slightly different purine-isostenc imudazo[S,1-
1,2 4]triazin-4(3H)-one heterocyclic core. The synthesis shown m Scheme 3!
commenced with the alkylation of 2-hydroxybenzomtrile with ethyl bromide, followed
by addition of ammonia to the mitrile functionality using AIMeCINH,, generated in situ
by reacting ammonium chloride with trimethylaluminium, to give amidine 12.

Meanwhile, D,L-alanine was acylated with butyryl chlonde to provide 14, which
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underwent a Dakin-West reaction with ethyl oxalyl chloride to furnish the intermediate
a-oxoamuno ester 15. A solution of crude 15 in ethanol was added to
carboximidohydrazide 13, formed in situ by addition of hydrazine hydrate to amidine 12
in ethanol, and the mixture was heated at 70 °C for 4 hours to give the condensation
product 16. Intermediate 16 was cyclized to the imidazotriazinone 17 using phosphorous
oxychloride. Compound 17 was formed in 28% yield from 12 and 14, when
mtermediates 13, 15, and 16 were taken to the next step without purification. Reaction of
17 with chlorosulfonic acid provided the sulfonyl chloride 18, which was treated with N-

ethylpiperazine to furnish vardenafil (2).

EtO O EtO EtO N’OH
NH S0,Cly CN  NH,OH-HCI ' Hp, Pd/C 12
[ j p T [ j —_— NH, oote acd
toluene EtsN, ~PrOH 2 acetic acid
85-95 °C s 50-60°C  196kg
19
O Me O Me

[13] + [15] Scheme 3 EtO HN/K”)\NH POCl, EtO HN/U\%N

SN o S
©/kN o)\L acetyl chloride @AN \<\\
16 Me 17

Me
90-160 kg
0]
Me 1) SO5Cl,, DMF
EtO HN = N
conc H,S0, / 2) HN  N-Et
e \N’“ﬁ \— 2-rol
° 3) conc. HCI 25kg
Me acetone, H,0O
SOsH 20 89%
195 kg

Scheme 4. Bayer large scale synthesis of vardenafil (2).

A modified synthesis of vardenafil (2) on a multi-kilogram scale has recently been
reported by a group from Bayer (Scheme 4).'° Benzamidine 12 was prepared in a
different manner than described in Scheme 3, because it is difficult to use
trimethylaluminium on a large scale. Thus, 2-ethoxybenzamide was dehydrated with
thionyl chloride to give 2-ethoxybenzonitrile, which was treated with hydroxyl amine

hydrochloride to afford the N-hydroxybenzamidine 19. Catalytic hydrogenation of 19



Chapter 13. Sildenafil (Viagra®), Vardenafil (Levitra®), and Tadalafil (Cialis®) 197

provided benzamidine 12 on a 136 kilogram scale. Intermediate 15 was condensed with
the imidohydrazide intermediate 13 1n a similar manner as described 1n Scheme 3 to give
16. Compound 16 was cyclized using phosphorous oxychloride or acety! chlonde to
deliver 17 in quantities ranging from 90 to 160 kilograms. Compound 17 was sulfonated
with H,SO4 to furnish the sulfonic acid 20 on a 195 kilogram scale. Treatment of 20 with
thionyl chloride and DMF provided the sulfonyl chloride, which was reacted with N-
ethylpiperazine 1n the same pot to give 26 kilograms of vardenafil (2) in 93% yield. The

hydrochloride salt of 2 was prepared using concentrated HCI in acetone and water.

§13.4 Synthesis of Tadalafil*' 2

1 I
CHO \ 8
COpMe O 7Y oMe % OMe
D NH H NH N . NH
2 o separate Isomers Ho S
-0 O by recrystaliization

\ =

N

H TFA, CH2C|2 (0] (o]

21 4°C, 5 days -0 -0
22 cis 1Isomer (42%) 22

23 trans 1somer (28%)

O
o ove Q\‘Q L
Cl/U\/C' l Y\ o _MeNH,

EtsN, CH,Cl, : MeOH
0°C, 30 min 50°C
93% o 66% fo)
-0 0
24 3

Scheme 5. ICOS synthesis of tadalafil (3).

Tadalafil (3, IC-351) was discovered at ICOS and is being developed and
marketed as a joint venture with Eli Lilly. D-tryptophan methyl ester (21) was condensed
with piperonal by means of trifluoroacetic acid and the C2 carbon of the indole adds to
the resulting iminium ion to give a mixture of cis -carboline 22 and trans isomer 23
(Scheme 5).21

crystallization in 42% yield. Compound 22 was acylated with chloroacetyl chloride to

The desired cis isomer 22 can be isolated by chromatography or
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provide 24, which was cyclized with methylamine in methanol to deliver tadalafil (3).
The undesired trans B-carboline 23 can be equilibrated to give the cis isomer 22 by

treatment with aqueous HCI at 60 °C for 36 hours (Scheme 6).

i i
v O S v
NH N HCI, HyO N NH

N
H H — _ 3
60°C, 36 h
O 80%
Q 0
-0 -0
23 22
Scheme 6. Equilibration of trans isomer 23 to cis isomer 22.
oo 0 ;
COsMe Qj/\ J\OMe Qj/\ OMe
HN HN.__S
NH, H ° Lawesson's N
N Hel o reagent
N 0 DME, 60 °C
EtsN, CH,Cl 0 67% o
21 3N, 2vl2
100% % o/ % o/
o}
%“‘JLOMe 0
1) Mel, CH,Cl,, reflux NN NH CI)I\/CI oy MeNH:
2) NaBH,, MeOH, -78 °C : NaHCOs, CHCl3 MeOH
62% 0°C, 1h 50 °C
o 84% 66%
-0
22

Scheme 7. Alternate cyclization strategy to f8-carboline 22.

An alternate step-wise cyclization strategy to form f-carboline 22 is shown m
Scheme 7.2' Acylation of D-tryptophan (21) with piperonyloyl chlonde afforded amide
25, which was converted to thioamide 26 with Lawesson’s reagent. Thioamide 26 was
treated with methyl iodide in refluxing CH,Cl; to give a o-thiomethylimmonium ion,

which was trapped by the intramolecular addition of indole. The thiomethyl group was
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then eliminated and the resulting cyclic imine intermediate was reduced with sodium

borohydride predominately from the least hindered face to deliver the cis carboline 22.

Compound 22 was then acylated with chloroacetyl chloride and cychzed with

methyamine as in Scheme 5 to give tadalafil (3).
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HO/EQ)\/N‘(CHZ)SO(CHZ),'Ph
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®
2 CO.H

OH
USAN: Fluticasone propionate USAN:- Salmeterol xinafoate
Trade Name- Flovent® or Flonase® Trade Name: Serevent®
GlaxoSmithKline GlaxoSmithKline
U.S. Approval: 1994 U S. Approval' 1994
M W. 500.57 M.W. 415,57 (parent)

USAN" Montelukast sodium
Trade Name: Singulair®
Merck

U.S. Approval: 1998

M.W. 608.17

§14.1 Introduction

Asthma is a chronic inflammatory condition characterized by bronchial hyper-
responsiveness and reversible airway obstruction. Cytokine release from a variety of cell
types such as eosinophils, lymphocytes and other inflammatory cells produces epithelial
sloughing, plasma protein extravasation from the tracheobronchial microcirculation and
airway remodeling.™ Bronchial mucosal inflammation is present in all patients. The
primary goal of asthma management is to maintain control of the disease process by

reducing symptoms and improving lung function.
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The pharmacological control of asthma can be achieved in most patients with
chromones and inhaled glucocorticoids. Corticosteroids are considered the mainstay of
asthma therapy. The introduction of inhaled preparations made this class of drugs the
most suitable for the treatment of asthmatic patients. They alleviate the major symptoms
of the disease by reducing airway reactivity while restoring the integnty of the airways.
The mechanism of action of these agents is not well understood. The clinical efficacy of
these agents is probably the result of their inhibitory effect on leukocyte recruitment into
the airways. However, therapeutic doses of oral glucocorticoids are associated with a
wide range of adverse effects such as Cushing’s syndrome, altered lipid and bone
metabolism, bone erosions and vascular effects. Glucocorticoids such as
beclomethasone dipropionate have significant bioavailability and when one considers the
surface area of the tracheobronchial mucosa, significant plasma levels and systemic side-
effects occur at therapeutic doses. Plasma levels of cortisone are reduced and the
hypothalamic-pituitary-adrenal axis is suppressed. However, the onset of osteoporosis
and reduced bone growth in children is by far the most serious adverse event. The
solution to the high bioavailability of these agents was the development of fluticasone
propionate (1), a prodrug that results in much lower oral bioavailability.?

The [32-adrenergic agomists are the most prescribed class of drugs for the
treatment of asthma. They are preferred both for the rapid relief of symptoms and for the
level of bronchodilation achieved in patients with bronchial asthma. These drugs
produce their effects through stimulation of specific 2-adrenergic receptors located in
the plasma membrane, resulting in alterations in adenylyl cyclase and elevations 1n
intracellular AMP. Cyclic AMP is responsible for the relaxation of smooth muscle with
bronchodilation in the bronchi and a reduction in mucus viscosity. Long-acting 2-
adrenergic agonists, such as salmeterol xinafoate (2), are very lipophilic and have a high
affinity for the receptor by a different mechanism. However, these treatments also suffer
from a variety of side-effects. The widespread distribution of B2-adrenergic receptors
results 1n a number of undesired responses when these agents are absorbed into the
systemic circulation. Tremor is the most common side-effect and results from
stimulation of the [2-receptor in skeletal muscle. The most serious side-effects are

cardiac in nature (increased heart rate, tachyarrhythmias) that result from stimulation of
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the B2-receptor in the heart. Most of these side-effects disappear with long-term use and
do not have any long-term health consequences.’

The newest therapy available for the treatment of asthma arises from the
recognition of the role of the leukotrienes (LTs) in the initiation and propagation of
airway inflammation. The evidence to support the role of leukotrienes 1n bronchial
asthma includes: a) cells known to be involved in asthma produce LTs; b) cysteinyl LTs
(LTC4, LTD, and LTE,) cause airway abnormalities and mimic those seen in asthma; c)
the production of LTs is increased in the airways of people with asthma. The
leukotrienes exert their effects through G protein coupled receptors (GPCRs) regulating a
signal transduction pathway that ultimately causes calcium release from the cells. There
are two classes of leukotnene receptors, BLT; receptors and CysLT receptors 1 and 2. It
18 these latter receptors that mediate the actions of the cysteinyl leukotrienes 1n asthma.
The first generation of CysLT receptor antagonists were neither potent nor selective. The
second generation of antagonists is approximately 200 times more potent than the first
generation. Montelukast sodium (3) 1s a prime example of this class and is typified by

high intrinsic potency, good oral bioavailability and long duration of action.*

§14.2 Synthesis of fluticasone propionate (1)

The first inhaled glucocorticoid, beclomethasone dipropionate, revolutionized
asthma therapy, when it was found that topical delivery to the lung resulted in reduced
systemic side-effects (adrenal suppression, oseteoporosis and growth inhibition) typically
seen with oral steroid treatments. Interestingly, a further reduction 1n systemic exposure
was achieved with the introduction of fluticasone propionate (1). The evolution of this
drug stemmed from observations with the steroid 17-carboxylates that showed that these
esters were active topically when esterified, while the parent acids were inactive. Thus it
was realized that enzymatic hydrolysis of the ester would lead to systemic deactivation.
SAR studies led to a series of carbothioates, which were very active in vivo when
topically applied to rodents, but were inactive after oral administration. It was shown that
fluticasone propionate (1) underwent first pass metabolism in the liver to the

corresponding inactive 17f-carboxylic acid (la) (Scheme 1). This observation was
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confirmed by experiments that showed it was rapidly metabolized by mouse, rat or dog

liver homogenates.5

Scheme 1. Metabolic deactivation of fluticasone propionate (1) in the liver.

The synthesis of fluticasone propionate (1) utilizes commercially available
flumethasone (4) (Scheme 2). Oxidation of 4 with periodic acid gave the etianic acid 55,
whose imidazolide when treated with hydrogen sulfide gas gave the carbothioic acid 6.
Treatment with excess propionyl chloride followed by aminolysis of the mixed anhydride
with diethylamine gave 7. Alkylation with bromochloromethane gave the chloromethyl
carbothioate 8, which was converted to the 1o0domethyl ester 9 by treatment with sodium
iodide. Conversion to fluticasone (1) was accomplished by treatment with silver fluoride
in acetonitrile. Alternatively, fluticasone (1) was also prepared directly from the

potassium salt of carbothioic acid 7 using bromofluoromethane.”
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CDI, DMF
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BrCH,ClI
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6 7\ BrCHyF
KoCO3, DMF

acetone

Scheme 2. Synthesis of fluticasone propionate (1) from flumethasone (4).
§14.3 Synthesis of salmeterol xinafoate (2)

Salmeterol xinafoate (2) is marketed as a racemic drug under the trade name,
Serevent® by GlaxoSmithKline. Furthermore, the combination of salmeterol xinafoate
(2) and fluticasone propionate (1) was approved 1n the U.S. in 2000 and is marketed as
Advair®. The original racemic synthesis of salmeterol appeared in the patent literature
and started with alkylation of 4-phenyl-l-butanol (10) with an excess of 1,6-
dibromohexane in the presence of sodium hydride to give the bromoether 11 (Scheme
3).3% Alkylation of the phenethanolamine 12 with bromoether 11 using potassium iodide
and triethylamine 1in DMF provided salmeterol (2). Treatment of 2 with 1-hydroxy-2-
naphthoic acid in methanol gave the corresponding xinafoate salt. The synthesis of 12
was accomplished starting from the acyl salicyclic acid 13. Bromination gave the acyl
bromide 14, which was reacted with benzylamine followed by LiAlHy4 reduction to yield

the corresponding alcohol 15. Finally, debenzylation of 15 provided 12.1°
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Br(CHy;)gBr
Ph(CHa)sOH ———22— = Ph(CHp)sO(CH,)sBr
NaH, THF
10 11
OH o
NH
HO 2 H\
; HO (CH,)6O(CH2)4Ph
HO 2
HO 2
KI, TEA, DMF
0 o
MeO,C o _Br2__ MeOC gr | PCHaNH,
2. LiAH,
HO HO
13 14
OH OH
HOA/Q)\/NHBn Hy, PA/C HO/jij)\/NHz
HO HO
15 12

Scheme 3. Original synthesis of salmeterol xinafoate (2).

Ruoho and Rong have described a shorter route to salmeterol (Scheme 4).11

Friedel-Crafts acylation of salicylaldehyde (16) with bromoacetyl bromide in the

presence of aluminum chloride gave the acetophenone 17. Alkylation of amine 18 with

bromoacetyl 17 in refluxing acetonitrile gave the ketone 19. Reduction of 19 with

sodium borohydride in methanol followed by catalytic hydrogenolysis of the benzyl

group over 10% Pd/C gave salmeterol (2).
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o)
OHC@ BrCH,COC! OHC:Q)\/B’ Ph(CHa)40(CHo)gNHBN (18)
HO AIC|3, CH2012 HO CH3CN
16 17

O Bn

[
OHC NS (CHy)O(CHa) P 1. NaBH,
2 H,, Pd/C
HO 19

Scheme 4. Synthesis of salmeterol (2) from salicylaldehyde.

There has been considerable interest in the enantiomers of salmeterol (2).
Salmeterol (2) is a long acting, potent 2 adrenoreceptor agonist. The (R)-enantiomer is
more potent than the (S)-enantiomer, however, it has been recently claimed that the (5)-
enantiomer has a higher selectivity for B2 receptors and thus exhibited fewer side-effects
than the (R)-enantiomer or the racemate.'?

The onginal racemic patents described the use of resolution to give a chiral
oxirane, such as 25, as an intermediate or the use of a chiral auxiliary (20) to produce the
salmeterol enantiomers. Alkylation of chiral amine 20 with 2-benzyloxy-5-(2-bromo-
acetyl)-benzoic acid methyl ester, followed by diastereoselective reduction of the ketone
with lithium borohydride furnished intermediate 21 after chromatographic separation of
the diasteromers. Removal of the benzyl group and the chiral auxihary was
accomplished by catalytic hydrogenolysis to give (R)-salmeterol (2) as shown i Scheme
589

Procopiou et al. have also employed a chiral auxiliary mediated diastereoselective
reduction using NaBH;-CaCl, as the reducing agent.”> This method was subsequently
apphed to an enantioselective synthesis of (R)-salmeterol (2) using a sequence of
supported agents and scavenging agents and employing CaCl, and a borohydride
exchange resin (BER).14
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)
OH .
MeO,C Br Ph 1. DME, iProNEt
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(CH)gO(CHo)4Ph 3 Chromatography

20
OH
NP
N p
HO ~N(CHROCH)Ph T2 PYC
BnO 21

Scheme 5. Synthesis of the salmeterol enantiomers using a chiral auxiliary.

Helquist et al. described the first enantioselective synthesis'> of either enantiomer
using an asymmetric borane reduction catalyzed by the chiral oxazaborolidine catalysts
developed by Corey (Scheme 6).'® Treatment of the bromoketone 22 with borane and a
catalytic amount of (R)-oxazaborolidine catalyst (23) gave the bromohydrin 24 in
quantitative yield and > 94% ee. The (S)-catalyst can be employed to give (S)-salmeterol
(2). Treatment of the bromohydrin 24 with a sodium hydride suspension in THF gave the
epoxide 25 with an optical purity > 95%. This was then treated with the amine 18 1n a
regioselective ning opening to give the alcohol 26 in > 94% ee. Reduction of the ester

with LiAlH4 and hydrogenolysis of the benzyl protecting groups gave (R)-salmetero} (2).
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Scheme 6. Enantioselective synthesis of (R)-salmeterol (2).

Biotransformation pathways have also been used to establish this chiral center
(Scheme 7). The bromoacetophenone 27 was mixed with sodium laurel sulfate and
added to a microbial culture of Rhodotorula rubra to produce enantiomerically pure
alcohol 28 with 95% ee that was eventually converted to (R)-salmeterol (2).17 In a
similar transformation, the azidoketone 29 was enantioselectively reduced, using the
microorganism Pichia angusta, to the alcohol 30 with > 98% ee that was eventually

converted to (S)-salmeterol (2).18

o OH
Br Br
HO/EQ)J\/ Rhodoturula rubra H O/jg)\/
BnO BnO
27 28
0 OH
o A//Lj)l\/ N3 Pichia angusta o /j@/y N3
7 ~0 ; O
29 30

Scheme 7. Enzymatic enantioselecuive reduction to give salmeterol intermediates.
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§14.4 Synthesis of montelukast sodium (3)

Montelukast sodium (3) has the (R) absolute configuration and its synthesis was
first described by Labelle e al.”*® The synthesis of the side-chain commenced with
reduction of the diester 31 followed by monobenzoylation of the resulting diol to give 32
(Scheme 8). Alcohol 32 was mesylated and then displaced with cyanide to give the
nitrile 33. Cyanide hydrolysis and esterification gave 34, which was again mesylated and
displaced with AcSCs in DMF to give 35. Deprotection using hydrazine gave the thiol
side-chain 36.

OH
D<002Et 1 LIAH, 1. MsCl, TEA
COEt 2 BzCl, py 2. NaCN, DMSO
31 32 0Bz
CN COQMe
1. KOH/EtOH/H0
2. CHoN,
COMe CO,Me
1. MsCl, TEA NH,NH,
2. AcSCs, DMF
35 SAc 36 SH

Scheme 8. Synthesis of the montelukast side-chain 36.

The synthesis of the montelukast core and coupling of the thiol side-chain 36 to
complete the synthesis of 3 is shown in Scheme 9.°?' Quinoline 37 was reacted with
isophthalaldehyde in refluxing acetic anhydride to provide 38.* Vinylmagnesium
bromide was added to aldehyde 38 to give the allylic alcohol 39, which underwent a
palladium catalyzed cross-coupling with methyl 2-bromobenzoate in the presence of
lithium chloride to give 40. The ketoester 40 was enantioselectively reduced using the

Corey reduction followed by addition of methyl magnesium bromide to the ester to afford
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the key chiral alcohol 41.° The secondary alcohol was protected as the -
butyldimethylsilyl (TBS) ether and the tertiary alcohol as the THP ether to give 42. The
TBS protecting group was removed and the alcohol was converted to the mesylate 43.
Thiol 36 was added to mesylate 43 in the presence of cesium carbonate to give the
advanced ester intermediate 44. Deprotection, ester hydrolysis and salt formation gave

montelukast sodium (3).

¢HO CHO
¢ e cl N O g
P OHC X toluene/THF
o]
- Ac;0, 125 °C O _

Br

O CO,Me
Nayr> Pd(OAC),, LIOAC-2H,0,  ©

c
O 2 39 LiCI, DMF, 95 °C

1 TBSC!, imid., DMF/CH,C,
2. DHP, PhyPBr, CH,Cly

1. Corey reduction
2. MeMgBr toluene, THF

1. PPTS, MeOH

OTHP 2. LIOWTHF/H,0
3 NaOH, EtOH

Scheme 9. Synthesis of montelukast (3).



212

Contemporary Drug Synthesis

§14.5 References

1.

o

S

10.

11.
12.
13.

14.

15.

16.

17.

18.

19.

Holgate, S. Thorax, 1993, 48, 103-109.

Bousquet, J.; Chanez, P.; Lacoste, J. Y.; et al. Allergy, 1992, 47, 3-11.

Oliverra, E.; Martin, R. J.; Martin, V. Drugs of Today, 1998, 34, 203-223.
Balkan, A.; Berk, B. Curr. Med. Chem. 2003, 2, 9-18.

Phillipps, G. H. Am. Rev. Respir. Med. 1990, 84 (Suppl. A), 19-23.

Kertesz, D. J.; Marx, M. J. Org. Chem. 1986, 51, 2315-2328.

Phillipps, G. H.; Bailey, E. I.; Bain, B. M.; Borella, R. A.; Buckton, J. B.; Clark,
J. C.; Doherty, A. E.; English, A. F.; Fazakerley, H.; Laing, S. B.; Lane-Allman,
E.; Robinson, J. D.; Sandford, P. E.; Sharratt, P. J.; Steeples, 1. P.; Stonehouse, R.
D.; Williamson, C. W. J. Med. Chem. 1994, 37, 3717-3729.

Skidmore, 1. F.; Lunts, L. H. C; Finch, H.; Naylor, A. US 4992474 (1991).
Evans, B. EP 0422889 A2 (1990).

Collin, D. T.; Hartley, D.; Jack, D.; Lunts, L. H. C.; Press, J. C.; Ritchie, A. C.;
Toon, P. J. Med. Chem. 1970, 13, 674—680.

Rong, Y.; Ruoho, A. E. Syath. Commun. 1999, 29, 2155-2162.

Jerusi, T. P. WO 99/13867 (1999).

Bream, R. N.; Ley, S. V,; McDermott, B.; Procopiou, P. A. J. Chem. Soc. Perkin
Trans. 1, 2002, 2237-2242,

Bream, R. N.; Ley, S. V.; Procopiou, P. A. Org. Lett. 2002, 4, 3793-3796.

Hett, R.; Stare, R.; Helquist, P. Tetrahedron Let:. 1994, 35, 9375-9378.

Corey, E. J.; Bakshi, R. K.; Shibata, S. J. Am. Chem. Soc. 1987, 109, 5551-5553.
Goswami, J.; Bezbaruah, R. L.; Goswami, A.; Borthakur, N. Tetrahedron
Asymmetry, 2001, 12, 3343-3348.

Procopiou, P. A.; Morton, G. E.; Todd, M.; Webb, G. Tetrahedron Asymmetry,
2001, 72, 2005-2008.

Labelle, M.; Belley, M.; Gareau, Y.; Gauthier, J. Y.; Guay, D.; Gordon, R.;
Grossman, S. G.; Jones, T. R.; Leblanc, Y.; McAuliffe, M.; McFarlane, C.;
Masson, P.; Metters, K. M.; Ouimet, N.; Patrick, D. H.; Peichuta, H.; Rochette,



20.

2L

22.

Chapter 14. Antiasthmatics 213

C.; Sawyer, N.; Xiang, Y. B.; Pickett, C. B.; Ford-Hutchinson, A. W.; Zamboni,
R.J.; Young, R. N. Bioorg. Med. Chem. Lert. 1995, 5, 283-288.

Labelle, M.; Prasit, P.; Belley, M.; Blouin, M.; Champion, E.; Charette, L.;
Deluca, J. G.; Dufresne, R.; et al. Bioorg. Med. Chem. Lett. 1992, 2, 1141-1146.
Belly, M. L; Leger, S.; Labelle, M.; Roy, P.; Xiang, Y. B.; Guay, D. US 5565473
(1996).

Young, R. N.; Zamboni, R.; Leger, S. US 4851409 (1989).



Contemporary Drug Synthesis. Jie-Jack Li, Douglas S. Johnson, Drago R. Sliskovic, Bruce D. Roth
Copyright © 2004 John Wiley & Sons, Inc.
ISBN: 0-471-21480-9

214 Subject Index

Subject Index asymmetric oxidation of sulfides, 25

atorvastatin calcium, 102-124

A atypical antipsychotics, 89-111
Abilify®, 107-108 ATP, 30

Accutane®, 55 ATP-competitive inhibitor, 31
acetaminophen, 162 atrophy of the sebaceous component, 56
acne, 56 autophosphorylation, 32

acylimdazole, 69 Axert®, 177-180

adenosine diphosphate (ADP), 1 azasteroid, 66

adenosine triphosphate (ATP), 30 azatadine, 40

ADP-dependent platelet aggregation inhibitor, 2

adrenal suppression, 203 B

[2-adrenergic agonists, 202 bacterial protein synthesis, 83

alane reduction, 141 Baeyer—Villiger oxidation, 154
aldol condensation, 118 Bay-38-9456, 194

ALIQUAT, 17 Bcr-Abl-tyrosine kimase inhibitor, 31
Auegra®, 39 beclomethasone dipropionate, 202
almotriptan, 177-180 benign prostatic hyperplasia, 56
Amerge®, 171-174 bioactivation, 22

amnomethylation, 3 biooxidation, 26

andrenergic o, 39 bipolar, 125

andrenergic agent, 150 BLT,; receptors, 203

anorexic, 150 BMI, 149

anorexia, 125 body mass index, 149

anthrax, 78 Boekelheide reaction, 23
antiandrogen, 66 BPH, 56

antasthmatics, 201-210 Brevibacterium paraffinophagus ATCC 21494, 26
antibacterials, 75-87 bromolactonization, 157
antidepressants, 125-147 bronchial hyper-responsiveness, 201
anthypertensive agent, 62 bronchral mucosal inflammation, 201
anti-obesity, 149-159 bronchodilation, 202
antithrombotics, 1-10 BSTFA, 68

arachidonic acid cascade, 11-12 butenolide, 16

Ara-C, 29

aripiprazole, 92, 107-108 C

articular damage, 78 calcium channel receptors, 39

aryl propionic acid, 12 captopril, 40

asptrin, 162 carbometallation, 16



carbonylimidazole, 69
carbothioates, 203
Castro—-Stephens reaction, 16
CBS, 51, 136
Celebrex®, 11-20
synthesis, 13-14
celecoxib, 11-20
synthesis, 13-14
cerebal synovial fluid, 84
cetirizine, 40
synthesis, 48-52
cGMP, 189
Cham, 75
chemoselectivity, 80
chiral auxiliary, 24
chlornation, 81
chloropromazine, 90, 127
chromones, 202
chronic myeloid leukemia, 29, 31
cholmmergic system, 91
Cialis®, 197-198
cimetidine, 21
Cipro®, 76-83
ciprofloxacin, 76-83
Claisen condensation, 13
Clarmex®, 39
Claritin®, 39
clopidogrel, 1-10
synthesis, 4-9
clozapine, 90
CML, 29

cognitive impairment symptoms, 93

conventional antipsychotic, 90
convulsive seizures, 93

corpus cavernosum, 190
cortisone, 202

corticosteroids, 202
COX-1,11

COX-2, 11
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Crabtree’s catalyst, 137

Crestor®, 104

cross-resistance, 83

CSF, 84

Cushing’s syndrome, 202

CYP3A4, 43,48

cychic guanosine monophosphate, 189
S-exo-dig cyclization, 22

|2 + 2] cycloaddition, 156

cyclooxygenase-2 Selective Inhibitors, 11-20
cysLT receptors, 203

cysteinyl LTs, 203

cytochrome P450-mediated hepatic metabolism, 2

cytokine release, 201

D

D;-finasteride, 71

D, partial agonist, 93
DAG, 30

DBU, 14

DDQ, 68

debenzylation, 204
dechloro-loratadine, 40
deep-tank fermentation, 75
dehydrogenation, 70
deoxycycline, 78
dephosphorylation, 30
dermis, 59

desloratadine, 40
dexfenfluramine hydrochloride, 149
diarylpyrazole, 13
Dieckman-like condensation, 79
D-(—)-diethy] tartrate, 25
1,3-dioxolone, 3

DNA gyrase, 78

DNA topoisomerase II, 78
Domagk, Gerhard, 75
dopamine D,, 39, 89-93

duodenum, 21
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dyshipidemia, 149 Flovent®, 203-204
E fluoxetine hydrochloride, 128-132
ECG, 43 fluticasone propionate, 203-204
EGFR, 34 fluvastatin, 103
EGFR-TKI, 34 Friedel-Crafts acylation, 14, 17, 45, 62, 94, 106,
eletriptan, 183-185 134, 136, 166
enterobacteriaceae, 78 Frova®, 180-183
eosinophuls, 201 frovatriptan, 180-183
epithehal sloughing, 201 5-FU, 36
epidermal growth factor receptor (RGFR), 34 fumarate, 99
epidermus, 59 furazohidone, 75
EPS, 90
erectile dysfunction, 189-200 G
ergot alkalods, 162 gastrointestinal stromal tumors, 29, 31
ergotamine, 162 gefitimb, 29-38
ERK-2, 35 synthesis, 35-36
erythromycin, 75 Geodon®, 101-107
esomeprazole, 21-27 GIST, 29, 31

synthesis, 23-26 Gleevec®, 29-38
esterase, 39 synthesis, 32-35
esterification, 15 glucocorticoids, 202
etianic acid, 204 GPCRs, 39
extrapyramidal side-effects, 90 G-protein-coupled receptors, 39

Gram-negative bacteria, 76

g motidme, 40 Grandberg version of the Fischer indole synthesis,
Fastin®, 150 167,178

fenfluramme hydrochlonde, 149 growth inhibition, 203

fenoldopam, 40 Grignard addition, 48

Fen-Phen. 150 Grubbs’ catalyst, 157

fexofenadine. 40 guanylate cyclase, 190

synthesis, 43-47
H

H,-blockers, 21

finasteride, 55

Finklestein reaction, 41, 45
Fascher indole, 163-185 halogen-metal exchange, 15
Heck reaction, 172, 179, 183, 185
Her-2, 34

Her-2/neu (erbB2) receptor, 34

flag-methy} group, 31
Fleming, Alexander, 75
fleroxacin, 77

®
Florey, 75 Herceptin®, 34



histamine receptors, 91

histamine H;-receptor antagonist, 48
H'/K*-ATPase Inhibitor, 21-27
HMG-CoA reductase, 103

HMGR, 103

HMGRIs, 120

homeostatic prostaglandins, 12

5-HTpnp receptors agonists, 162

human epidermal growth factor receptor-2, 34

hydrogenation, 84
hydroxyurea, 29
hydroxyzine, 48
hypercholesterolemia, 113
hypertension, 56
hypertrichosis, 63

hypothalamic-pituitary-adrenal axis, 202

1
buprofen, 12, 162
1C-351, 197
imipramine, 127
imatinib mesylate, 29-38
synthesis, 32-35
Imtrex®, 163-168
indomethacin, 12
induction period, 2
insomnia, 125
nterferon, 29
intraceliular AMP, 202
mtramolecular Claisen condensatton, 15
proniazid, 126
Iressa®, 29-38
synthesis, 35-36
1somazid, 126

1sotretinon, 55

J

Japp-Klingemann reaction, 168
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K

KCO, 56, 63
keratinocytes, 59
Klarer, Josef, 75

L

B-lactams, 75

{-lactone, 151
(-)-lansoprazole, 26
leukocyte recruitment, 202
Lescol®, 103

Lesher, 76

Levitra®, 194-197
leukotrienes, 203
levorotatory enantiomer, 49
linezolid, 83-87

Lipttor®, 102-124
Iipstatin, 151

loratadine, 40

lovastatin, 103

LTs, 203

LTC,, 203

LTD,, 203

LTE,, 203

lymphocytes, 201

M

macrolides, 75

magic bullet, 36

magnesium monoperoxyphthalate hexahydrate, 14
major depressive disorder, 125
Mannich reaction, 128

MAGO, 29, 83, 126

Maxalt®, 174-177

MDD, 125

mechanism of action, 29, 83, 126
MEK-1, 35

Mendia®, 150
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metabolic pathways, 60

methoxotrexate, 36 o

methylformate, 24 OA, 12,18

Mevacor®, 103 olanzapine, 96-99
Michael addition, 80, 139 omeprazole, 22

MICs, 78 omeprazole cycle, 22
Mietzsch, Fritz, 75 oncogenes, 36
migraine, 161-187 Optimine®, 40

minimal inhibition concentrations, 78 Orhistat®, 149-159
minoxodil, 55 osteoarthritis, 12, 18
Mitsunobu conditions, 152, 154, 185 oseteoporosis, 202, 203
MMPP, 14 oxalidinone antibactenal, 83
monoamine oxidase inhibitors, 126 oxazaborolidine, 51
monteleukast sodium, 208-209 2-oxo-clopidogrel, 2
muscarinic receptors, 39 oxidation, 24

mustard gas, 36 ozonolysis, 141

Mpyers’ oxazoline-directed ortho-hthiation, 8

P

N P2Y 12 purinergic receptor, 2
nalidixic acid, 76 Paal-Knorr pyrrole synthesis, 119
naproxen, 12, 162 pancreatic lipase mhibition, 150
naratriptan, 171-174 (-)-pantoprazole, 26
Negishi coupling, 62 paraformaldehyde, 5
neuropeptides, 162 paroxetine hydrochloride, 138-144
Nexium®, 21-27 Paxil®, 138-144

synthesis, 23-26 PDES5 nhibitors, 189-200
Nicholas reaction, 52 PDGFR, 31
nigrostriatal dopaminergic neuron, 91 penicillin, 75
nigrostriatal pathway, 91 Pencillium frequentans BPFC 585, 26
nitric oxide, 190 Penicillum frequer;mns BPFC 386, 26
nitrofuran drugs, 75 penile erections, 190
non-sedating antihistamines, 39-54 penta-substituted pyrroles, 119
non-sterordal anti-inflammatory drugs, 12, 162 perfloxacin, 77
noradrenergic system, 90 periodate olefin cleavage, 67
norepimephrine, 126 perivascular trigeminal sensory neurons, 162
norfloxacin, 76 PGD2, 11
NSAIDS, 12, 162 PGE2, 11

PGF2q, 11
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PGI2, 11

PGHI, 11

PGH2, 11

phase-transfer catalyst, 15, 24
phentermine hydrochloride, 150
Philadelphia chromosome, 31
phosphodiesterase 1nhibitors, 189-200
phosphonium salt, 57
phosphorylation, 30
photoisomerization, 58
Pictet—Spengler reaction, 3

pig liver esterase, 142

pipenizine, 49

PKC-a. 31

PKC, 35

plasma protein extravasation, 201
platelet, 1

platelet aggregation inhibiting activity, 5
platelet-derived growth factor receptor (PDGFR), 31
Plavix®, 1-10

PLE, 142

Pondimim®, 149

potassium channel opener, 56, 63
PPI, 22

PPH, 150

Pravachol®, 103

pravastatin, 103

prazosin, 40

presynaptic neurons, 126
pre-synaptic autoreceptors, 93
primary pulmonary hypertension, 150
prochiral ketone, 130
pro-coagulation, 1

prodrug, 22, 59, 202

prolactin, 92

Prontosil®, 75

Propecia®, 55

Proscar®, 66

prostaglandin G/H synthase II, 12

prostaglandins, 11

protem kinases, 30

protein phosphatases, 30
protein-tyrosine Kinase Inhibitors, 29-38
proton pump nhibitor, 22

Prozac®, 128-133
pyrazolopyrimidinone, 191

Q

quetiapine Fumarate, 99-101
quinolone
first-generation, 77
second-generation, 77
third-generation, 77
QT elongation, 43
QT, interval, 43, 92, 93

R

RA, 12,18

ramtidine, 21, 40

Raney nickel, 99, 121, 122
RARs, 59

rauwolfia alkaloid, 126
RCM, 157

Redux®, 149

Relpax®, 183-185
reserpine, 126

resolution, 6

retenoids, 56

retinoic acid receptors, 59
retro-Strecker reaction, 9
reversible airrway obstruction, 201
rheumatoud arthritis, 12, 18
rhodium octanoate, 52
6-exo-rig ring-closure, 22
ring-closing metathesis, 157
Risperdal®, 93-96
nisperidone, 93-96

Ritter reaction, 41
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rizatriptan, 174-177
rofecoxib, 11-20
synthesis, 14-18
Rogaine®, 55
rosuvastatin, 104

ruthenium-catalyzed lactonization, 16

S
S-6123, 83
salmetrol xinafoate, 204-208
sapomfication, 9
schizophrenia, 89-111
positive symptoms, 89
negative symptoms, 89
Schotten-Baumann conditions, 133
SDAs, 90
Seldane®, 43
selective serotonin reuptake inhibitors, 128
Serevent®, 204-208
serine/threonine kinases, 31
Scroqucl®, 99-101
serotonin 5-HT,, 39, 126
serotonin-dopamine antagonists, 90
serotonin and noradrenaline reuptake 1nhibition, 150
sertindole, 92
sertraline hydrochlonde, 132-138
Sharpless asymmetric hydroxylation, 131
Sharpless expoxidation, 25
sibutramine, 150
signal transduction 1nhibitor, 29
{3, 3] sigmatropic rearrangement, 163
sildenafil, 191-194
sumvastatin, 103
Singulair®, 208-209
smooth muscle, 202
smooth muscle cells, 189
S~2 displacement, 3, 4, 5, 6, 62
SyAr displacement. 35, 63, 80

SNRI, 150

solid phase organic synthesis, 81
Sonogashira reaction, 47
sparfloxacin, 77
(—)-sparteine, 144
SPOS, 81

SSRIs, 128

steroid 17-carboxylates, 203
Stetter reaction, 120
Stille cross coupling, 137
Stobbe reaction, 134
STI 29

stratum corneum, 59
Strecker reaction, 9
sturmptail macaques, 66
submucosa, 21

sulfa drug, 75
sumatriptan, 163-168
supercoiling, 78

Suzuki coupling, 15, 137
Swern oxidation, 154

synaptic vesicles, 126

T

tachyarrhythmias, 202
tadalafil, 197-198
tardive dyskinesia, 91
taxol, 36

Tazorac®, 55
tazoratene, 55
tazarotenic acid, 59
TCAs, 127
temoxefen, 36
testosterone, 66
testosterone-Sa-reductase, 56
tetracyclines, 78
tetralone, 134

tetramethylguamdine, 81
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teratogenic properties, 56 w
tetronic acid, 15 Wang resin, 81
2-thiophen-2-yl-ethylamine, 3, 5 Wittig reaction, 57, 185
thrombosts, 1 Wolff-Kishner reduction, 102
thyroid hormone, 149
Tichd®, 1-10 §emcal®, 149-159
ticlopidine, 1-10 Xyzal, 50

synthesis, 3-4
TKI, 31 2
TMG, 81

zaprinast, 191-192

€ 12
Tofranil®, 127 iprasidone, 101-107

tracheobronchial microcirculation, 201 Zocor®, 103

tracheobronhial mucosa, 202 zolmuriptan, 168-171

Zoloft®, 132-138
Zomig®, 168-171

trastuzumab, 34

treatment-refractory patients, 91
triazene, 80 zotepine, 92
tricyclic antidepressants, 127

triptans, 161-187

zoxazoleamine, 321
Zyprexa®, 96-99
Zyrtec®, 39
Zyvox®, 83-87

tyrosine kinase inhibitor, 31
tyrosine-specific kinases, 31
tuberculosis, 126

TxA2, 11

U
U-7720, 62

ulceration, 21

A%
v-Abl-tyrosine kinase, 31-32
vardenafil, 194-197
vasodilator, 63
vascolature, 1
angra®, 191-194
Vioxx®, 11-20

synthesis, 14-18
visual side effects, 191

Von Braun degradation, 129





