Chapter 4
Pharmaceuticals

Jiao Jiao and Yasushi Nishihara

Abstract This chapter describes the design and development of biologically
active compounds using cross-coupling reactions as key steps. These biologically
active compounds are of both academic and industrial importance. Drug candi-
dates can be prepared from easily available substrates in a few steps through cross-
coupling—underscoring the versatility, effectiveness, functional group tolerance,
and mild reaction conditions of the cross-coupling methods. Due to these advan-
tages, palladium-catalyzed cross-coupling reactions are being utilized in the
industrial production of pharmaceuticals.
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4.1 Introduction

Owing to many pioneering chemists’ unremitting efforts, recent innovations have
replaced earlier protocols to achieve milder, broader, and more efficient catalytic
methods for carbon—carbon bond formations [1-11]. The cross-coupling protocols
are appropriately considered to be the cornerstones for the synthesis of pharma-
ceuticals. These reactions provide new entries into pharmaceutical ingredients of
continuously increasing complexity. Transition-metal catalysts such as Ni, Cu, Rh,
and Ru have been substantially developed in the synthesis of drugs or their precursors
[12-16]; however, Pd catalysis, with its high activity and mild reaction conditions,
has considerable potential in large-scale applications for pharmaceuticals.
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4.2 Suzuki-Miyaura Coupling

The most representative coupling for the synthesis of pharmaceuticals is the Su-
zuki—-Miyaura coupling, which has been widely studied in the past decade. One of
the earliest examples of industrial-scale Suzuki—-Miyaura coupling in pharma-
ceuticals was reported in 1999 [17], which described the synthetic pathway of SB-
245570, a candidate for the treatment of depression (Scheme 4.1). This synthesis
was efficient and inexpensive. The Pd/C-catalyzed Suzuki—-Miyaura coupling
provided access to the desired product, and reaction in MeOH/H,O gave an
improved product yield with a residual Pd level of <6 ppm.
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Scheme 4.1 A synthetic route to SB-245570

Cameron et al. published the preparation of a GABAA R,/; agonist for the
treatment of generalized anxiety disorder (Scheme 4.2) [18]. The biaryl system
was assembled from the palladium-catalyzed Suzuki—Miyaura coupling of an aryl
bromide with an arylboronic acid. The arylboronic acid was prepared via ortho-
lithiation of 4-chlorofluorobenzene with lithium 2,2,6,6-tetramethylpiperidine,
followed by a B[O(i-Pr)]; quench and acidic workup [19, 20].
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Scheme 4.2 A synthetic route to a GABAA Ry/3-agonist
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3-Amino-2-phenylpiperidines are important pharmacophores because of their
role as potent, non-peptidic NK1 receptor antagonists such as CP-99,994 and
GR203040 (Fig. 4.1).
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Fig. 4.1 3-Amino-2-phenylpiperidine derivatives

Caron and co-workers have reported Suzuki—-Miyaura coupling to prepare 3-
amino-2-phenylpyridine, a key intermediate in the preparation of 3-amino-2-
phenylpiperidine [21]. The in situ protection of 3-amino-2-chloropyridine with
benzaldehyde, followed by Suzuki—Miyaura coupling with phenylboronic acid and
the subsequent acidic hydrolysis provides 3-amino-2-phenylpyridine (1) in a sin-
gle, high-yielding step from inexpensive and commercially available starting
materials (Scheme 4.3).
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Scheme 4.3 Synthesis of 3-amino-2-phenylpyridine (1)

Jensen has described the synthesis of a GABA R, 3-selective allosteric mod-
ulator 2, a potential treatment for central nervous system conditions, in high yield
by Suzuki-Miyaura coupling of imidazopyrimidine with 3-pyridylboronic acid
(Scheme 4.4) [22]. This synthetic method highlights the versatility of Pd-catalyzed
Suzuki—Miyaura coupling.
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Scheme 4.4 Synthesis of a GABA, R, 3-selective allosteric modulator 2

Itami and Yoshida have described a sequence of double Mizoroki—Heck reac-
tions of the vinylboronate pinacol ester with aryl halides, followed by Suzuki-
Miyaura coupling of the generated f3,f-diarylvinylboronates with alkyl halides
(Scheme 4.5) [23], to very efficiently produce pharmaceutically important 1,1-
diaryl-1-alkenes 3 (Fig. 4.2). In the Pd-catalyzed Suzuki—Miyaura coupling step,
the use of bulky electron-rich ligands such as P'Bu,Me and PCy5Bu was found to
be very effective.
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Scheme 4.5 Synthesis of 1,1-diaryl-1-alkenes 3
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Fig. 4.2 Examples of pharmaceutically important 1,1-diaryl-1-alkenes
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A versatile methodology for the synthesis of 4-aminoquinoline derivatives 4
(antimalarial drugs) using C(sp?)-C(sp?) Suzuki—Miyaura cross-coupling reactions
as key steps is presented in Scheme 4.6 [24]. These methodologies provided the
novel synthesis of a variety of aryl- and alkyl-substituted 4-aminoquinoline ana-
logs by a general protocol, which allowed the convenient introduction of diversity
using Suzuki—Miyaura couplings between aryl bromides and commercially

available arylboronic acids.
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Scheme 4.6 Synthesis of 4-aminoquinoline derivatives 4

A versatile and direct synthesis of multi-substituted olefins has been developed
by the regioselective formation of zirconacyclopentenes, followed by Pd-catalyzed
cross-coupling and sequential Suzuki—-Miyaura coupling with various aryl iodides
(Scheme 4.7) [25]. (Z2)-Tamoxifen, a widely used treatment for all stages of breast
cancer, can be successfully synthesized via this methodology with high regio- and
stereoselectivities (>99 %).
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Scheme 4.7 Synthesis of (Z)-tamoxifen

Wehn has demonstrated a novel approach to the synthesis of the substituted 5-
amino- and 3-amino-1,2,4-thiadiazoles beginning from a common precursor
(Scheme 4.8). Derivatization by palladium-catalyzed Suzuki—-Miyaura coupling
enables an efficient supply of analogs around this pharmaceutically relevant core
(Fig. 4.3) [26].
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Scheme 4.8 Synthesis of the substituted 5-amino- and 3-amino-1,2,4-thiadiazoles
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Fig. 4.3 Representative amino-1,2,3-thiadiazoles in natural products and potential
pharmaceuticals

Saadeh has reported a one-pot synthesis of several 5-aryl-1-methyl-4-nitroim-
idazoles 5, which exhibit potent lethality against Entamoeba histolytica and
Giardia intestinalis, through Suzuki-Miyaura coupling between 5-chloro-1-
methyl-4-nitroimidazole and a variety of arylboronic acids (Scheme 4.9) [27].

O.N Pd(PPhg),Cly (3 mol%)
N — TBAB, K
CI ™\ R H,0, 75-80 °C, 5-8 h
| 57-75%
CHs R = H, 4-Me, 4-OMe,
4°F, 4-Cl, 3-C 5

Scheme 4.9 A one-pot synthesis of 5-aryl-1-methyl-4-nitroimidazoles 5
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Jiang and Prasad have used this methodology in the synthesis of a phospho-
diesterase-4 inhibitor 6 for the treatment of chronic obstructive pulmonary disease
and asthma (Scheme 4.10) [28]. The desired drug substance 6 was obtained in
58 % yield. After recrystallization using 10 % water in acetonitrile, less than 1 %
of the cis-isomer remained. The remaining 1 % of undesired cis-isomer was lar-
gely isomerized to the trans-isomer using phosphorus oxychloride at 110 °C.
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Scheme 4.10 Synthesis of a phosphodiesterase-4 inhibitor 6

Vanelle has reported a synthetic pathway for diarylquinazolines 7, which display
significant pharmaceutical potential, starting from 4,7-dichloro 2-(2-methylprop-1-
enyl)-6-nitroquinazoline and using microwave-promoted chemoselective Suzuki—
Miyaura cross-coupling reactions (Scheme 4.11) [29].
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Scheme 4.11 A synthetic route to diarylquinazolines 7

Very recently, Lee investigated a new catalytic system based on the palladium-
amido-N-heterocyclic carbenes for Suzuki—Miyaura coupling reactions of het-
eroaryl bromides and chlorides with 4-pyridylboronic acids to produce a precursor
of milrinone (Scheme 4.12) [30].
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Scheme 4.12 A synthetic route to a precursor of milrinone

Also, Qian recently designed and synthesized a series of 5 non-amino aromatic-
substituted naphthalimides 8 from naphthalic anhydride by three steps, including
bromination, amination, and Pd(PPhjz),-catalyzed Suzuki—-Miyaura coupling
(Scheme 4.13) [31]. Compared with the current state-of-the-art antitumor agent,
amonafide, these new naphthalimide derivatives not only exhibited better antitu-
mor activity against HeLa and P388D1 cancer cell lines in vitro, but they also may
have fewer side effects.
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Scheme 4.13 A synthetic route to substituted naphthalimides 8

Zeni has reported the palladium-catalyzed Suzuki—Miyaura coupling reactions
of a variety of arylboronic acids with 4-iodo-2,3-dihydroselenophene derivatives
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to afford 4,5-diaryl-2,3-dihydroselenophenes 9 (Scheme 4.14) [32]. The sub-
sequent dehydrogenation of these 4,5-diaryl-2,3-dihydroselenophenes 9 were
activated by DDQ, and the corresponding 2,3-diarylselenophenes were obtained in
good yields. The 2,3-diarylselenophenes were found to be effective in counter-
acting lipid and protein oxidation as well as scavenging 2,2'-azino-bis(3-ethyl-
benzothiazoline-6-sulphonic acid (ABTS) radicals. These findings indicate that
2,3-diarylselenophenes are prototypes for future drug development programs to
treat disorders involving reactive oxygen species.
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3-F3CCqHg, 3-O,NCgH,, 3-MeCOCgH,

Scheme 4.14 4,5-Diaryl-2,3-dihydroselenophenes 9

Boranes and boronic esters can also be efficiently employed, rather than the
boronic acids, as the coupling partners with aryl or alkyl halides [33-38]. Lipton
has reported the large-scale synthesis of 10, a potential central nervous system
drug candidate. The key step was the Suzuki-Miyaura coupling reaction of
methyl-3-bromophenylsulfone and diethyl-3-pyridylborane (Scheme 4.15) [39].
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—_—
- - N
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Scheme 4.15 Suzuki-Miyaura coupling reaction of methyl-3-bromophenylsulfone and diethyl-
3-pyridylborane
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4.3 Negishi Coupling

Negishi coupling, another widely applied synthetic pathway for building carbon—
carbon bonds in pharmaceuticals, has also undergone extensive advancements in
the past decade [40—42]. Chemists such as Knochel [43] and Uchiyama [44, 45]
have developed milder reaction conditions for the preparation of organozinc
reagents bearing sensitive functional groups such as alcohols and aldehydes. These
new methods should find broad applications in the synthesis of complex
molecules.

Ku and coworkers incorporated Negishi coupling in the scalable synthesis of A-
224817.0 1A, a non-steroidal ligand for the glucocorticoid receptor, which can be
used for the treatment of inflammatory diseases and with fewer side effects than
the preceding therapeutic agents. The synthesis was accomplished in a few steps,
starting from 1,3-dimethoxybenzene. The biaryl intermediate was prepared by an
optimized high-yield and high-throughput Negishi protocol (Scheme 4.16) [46].
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NO,

)
e
OMe Me
N
H Me
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Scheme 4.16 A synthetic route to A-224817.0 1A

Scott has described the synthesis of AG-28262 11, a promising VEGFR kinase
inhibitor (Scheme 4.17) [47]. The precursor of this molecule was achieved via Pd-
catalyzed Negishi coupling. This procedure was repeated for a total of seven
batches; the crude product was purified to provide a total of 1.5 kg of 11 with
>95 % purity in a 63 % overall yield.
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Scheme 4.17 A synthetic route to AG-28262
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Pannecoucke has developed a highly stereo-specific synthesis of (E)- or (Z)-a-
fluoro-o, f-unsaturated ketones via a kinetically controlled Negishi coupling,
providing easy and general access to valuable fluorinated intermediates for phar-

maceuticals and peptide mimics (Scheme 4.18) [48].
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Scheme 4.18 Synthesis of (E)- or (Z)-a-fluoro-o,f-unsaturated ketones

Liu and Xiang assembled adapalene (Differin®), a synthetic retinoid for the
topical treatment of acne, psoriasis, and photoaging, via the ZnCl,-mediated
Negishi coupling of a Grignard reagent and an aryl bromide (Scheme 4.19) [49].
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Scheme 4.19 A synthetic route to adapalene (Differin®)

A scalable synthetic route to [4,7']bis-isoquinolinyl-1-yl-(2-ert-butyl-pyrimi-
dine-5-yl)amine, an inhibitor of B-Raf kinase, was described by Binziger and
Yusuff (Scheme 4.20) [50]. The key step in this synthesis is the Pd-catalyzed
Negishi coupling of 4-bromo-1-chloroisoquinoline with trifluoromethanesulfonic
acid isoquinoline-7-yl ester to yield the molecule 12. This cross-coupled inter-
mediate was transformed to the desired drug by an amination reaction with 2-ferz-
butyl-5-aminopyrimidine in the presence of NaH. Special care had to be taken to
ensure complete removal of traces of Zn and Pd from the final drug substance.

TfO N
Cl Cl Pz Cl

SN e e SN PA(PPhg), (<1 mol%) O SN
2 THF, 70 °C, 10 min & THF, 25 °C, 0.5 h =
Br then 0 °C, 35 min Zncl 79% O
N
12

Scheme 4.20 A synthetic route to [4,7’ |bis-isoquinolinyl-1-yl- (2-tert-butyl-pyrimidine-5-yl)amine
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Pérez-Balado has developed a practical and scalable synthesis of 2-chloro-5-
(pyridin-2-yl)pyrimidine 13, an intermediate to a selective PDE-V inhibitor
(Scheme 4.21) [51]. Negishi cross-coupling between the in situ prepared 2-pyr-
idylzinc chloride and 5-iodo-2-chloropyrimidine, catalyzed by Pd(PPhj3),, can
afford the product 13 in one step.

I X
\(N\/)N\CI

‘ =N 1) HexLi, -65°C N Pd(PPhs)s (2 mol%)
_ TR
A >y 2 ZnChin THF | _ THE, t, 1 h
-45°C tort ZnCl 80-90%
o]

N=— N=
IO

H -
PDE-V inhibitor
RWJ387273
o) R301249

Scheme 4.21 Synthesis of 2-chloro-5-(pyridin-2-yl)pyrimidine 13

Knochel has demonstrated that the acidic hydrogens of amines, alcohols, and
phenols are compatible with Negishi cross-coupling conditions and do not require
the use of protecting groups (Scheme 4.22) [52]. The reaction conditions use
Buchwald’s S-PHOS, which allows general Pd-catalyzed Negishi cross-coupling
of functionalized alkyl, aryl, heteroaryl, and benzylic zinc reagents with aryl
halides bearing amide or sulfonamide functionalities in spite of their acidic
hydrogens.

o} o o]
Br <:> /< Pd(OAc), (1 mol%) R_@_/(
NHR?2 S-PHOS (2 mol%) NHR,

R'-znX 81-97%
_ RezX
THF, 25 °C, 2 h
I@NHSOzAr R1—®NH502Ar
R' = akyl, aryl, heteroaryl, benzylic 75-95%

R2 = H, akyl, aryl, benzyl

PCyZ
MeO O OMe

Scheme 4.22 Negishi cross-coupling compatible with acidic hydrogens

S-PHOS =
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Furthermore, many antiarrhythmic agents (Bristol-Myers Squibb) have been
prepared by Knochel et al. in 92-97 % yields by the direct Negishi coupling of
aromatic and heteroaromatic zinc reagents under standard conditions (Scheme 4.23).

OMe

EEO ZnBr- LiCl N)TZ”' "LiCIH
|
ey L :
NH  Pd(OAc); (1 mol%) Pd(OAc), (1 mol%) OMe NH
O H S-PHOS (2 mol%) NH  S-PHOS (2 mol%)
- H _— N
Br

EEO
THF, 25°C THF, 25°C \ |
O Bu 92% - 97% Moo N7 B

EE = 1-ethoxyethyl

Scheme 4.23 A synthetic route to antiarrhythmic agents (Bristol-Myers Squibb)

In addition, sodium channel blockers 14 (Merck) were synthesized from the
corresponding primary amide and zinc reagents in 94-97 % yield (Scheme 4.24).

S S 0
Br ’ />\Br Br /NH
N o NH,
89%
ZnCl- LiCl
R
Pd(OAc), (2 mol%) 0
S-PHOS (4 mol%)
NH,

94-97%
R = Cl, CF3, OCFs3

14

Scheme 4.24 A synthetic route to sodium channel blockers 14

Kwak has developed an efficient and convenient Negishi coupling protocol for
the preparation of 3-aryl-2,2-dimethylpropanoates 15, providing easy access to key
pharmaceutical intermediates that would otherwise require multi-step syntheses
using conventional enolate chemistry (Scheme 4.25) [53].

| OMe Zn-Cu couple %KOMe

_ |

o) toluene, DMA I/an-*O
110°C,6h
)
¥
Br ‘ N
Pd(PPh3)s (3 mol%) P OMe
70°C, 22 h o
93% 15

Scheme 4.25 A synthetic route to 3-aryl-2,2-dimethylpropanoates 15
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Kennedy-Smith and Sweeney have reported the synthesis of non-nucleoside
reverse transcriptase inhibitors (NNRTIs), which are important components of
antiretroviral therapy for the treatment of HIV infection [54]. A pyridone com-
pound, which was found to strongly inhibit the polymerase activity of wild-type
HIV reverse transcriptase, was successfully synthesized from compound 16
(Scheme 4.26). Negishi coupling was involved as one of the key steps to install the
acetic acid functionality, giving rise to intermediate 17.

Q jiYOCHS © \(:(ooHs

0
) cizn I ‘eu cl
NC 0o

Cl
NC NG e}
X OCH3
Pd(P'BU:;)Z ‘ =~ _NH
N
dioxane, 25 °C = e al “C@
Cl OH
(e}

(2)TFA, DCM, 25 °C
74%

Scheme 4.26 A synthetic route to an HIV reverse transcriptase

4.4 Migita-Kosugi-Stille Coupling

The Migita-Kosugi-Stille Coupling has not been widely used in the large-scale
manufacturing of pharmaceuticals. This is mainly due to the toxicity of the or-
ganotin reagents and the difficulty of purging tin-containing by-products from drug
intermediates and active pharmaceutical ingredients. Despite these issues, many
organotin reagents used for Migita-Kosugi-Stille Coupling are widely available,
stable to air and moisture, and compatible with a variety of functional groups.

Ragan has incorporated the Migita-Kosugi-Stille Coupling of imidazolylst-
annane and iodothienopyridine into the synthesis of a VEGFR kinase inhibitor 18,
a compound with promising antitumor activity (Scheme 4.27) [55]. An exhaustive
survey of coupling reactions revealed this Migita—Kosugi—Stille approach to be the
only robust and scalable method for the coupling of the imidazole and thieno-
pyridine rings.
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Scheme 4.27 A synthetic route to a VEGFR kinase inhibitor 18

Gundersen has reported the synthesis of 6-benzofuryl- and styrylpurines 19, in
which Migita-Kosugi-Stille coupling was involved as a synthetic strategy to
achieve the target molecules with regioselectivity (Scheme 4.28) [56]. Several of
these compounds displayed profound antimycobacterial activity with low toxicity
toward mammalian cells.

cl cl R
NE Y NP N R-SnBuj AN
)\\ ISy s I Pd[P(2-Furyl)s]s (3 mol%) )N\ B}
cImNT N o N7 N 50 °C, DMF o SN N
OCHj,3 19 K©\OCH3
sy,
2 “LLH/\/Ph

78% 77%

Scheme 4.28 Synthesis of 6-benzofuryl- and styrylpurines 19

Wada developed cesium-fluoride-promoted Migita-Kosugi-Stille Coupling
reactions of vinyl triflates with an alkenylstannane bearing an electron-with-
drawing group. These methodologies were then adopted for the preparation of the
9Z-retinoic acid (9CRA) analogs (known metabolites of vitamin A and ligands of
the retinoid X receptor) having a 2-substituted benzo[b]furan [57]. Treatment of 2-
substituted 3-iodobenzofurans (derived from 2-alkynyl-1-(1-ethoxyethoxy)ben-
zenes) with the alkenylstannane in the presence of cesium fluoride, copper iodide,
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and with Pd(PPhs), as the catalyst, afforded the coupled products 20 in good yield
without isomerization of the double bonds (Scheme 4.29).

Pd(PPhs), (10 mol%)

|
N BusSn™ Cul (20 mol%)
R S CsF
o DMF, 40 °C
N 89%

R = H, n-Pr, 1-cyclohexenyl
Ph, 2-thienyl, 3-thienyl COEt

9CRA

Scheme 4.29 Synthesis of the 9Z-retinoic acid (9CRA) analogs 20

Gao has recently described an improved synthesis of precursors for the positron
emission tomography (PET) radioligands ['*F]XTRA and ['®*F]AZAN, involving a
key Migita-Kosugi-Stille Coupling step, followed by deprotection of a Boc group
and N-methylation sequences (Scheme 4.30) [58].

SnMejz

‘ N Br
N
Pd(PPhg)4
Ag,0
—
DMF
73%

SnMeg
Pd(PPhg),
e

toluene
77%

['8F]AZAN

Scheme 4.30 Synthesis of precursors for ['®F]XTRA and ['®*F]AZAN

4.5 Kumada-Tamao-Corriu Coupling

Because of the high reactivity of Grignard reagents relative to other organome-
tallic species, the scope of Kumada-Tamao-Corriu Coupling for the large-scale
synthesis of pharmaceuticals has been limited. Long has reported the coupling
reaction of 2-bromopyridine and arylmagnesium bromide to prepare a biaryl



102 J. Jiao and Y. Nishihara

/@/MgBr
(MeO),HC

| A NiClz(dppp) (1 mol%) Z |
~ NS
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74

|
N
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O Bn o}

atazanavir (Reyataz)

Scheme 4.31 A synthetic route to the HIV protease inhibitor atazanavir (Reyataz®)

compound, an intermediate in the synthetic route to the HIV protease inhibitor
atazanavir (Reyataz®), as shown in Scheme 4.31 [59].

Manley has employed Kumada-Tamao-Corriu Coupling of 4-chloropyridine and
arylmagnesium bromide to prepare a biaryl compound, followed by further reactions
to prepare compound 21, an inhibitor of the phosphodiesterase-4D isoenzyme that
could potentially be used in the treatment of asthma (Scheme 4.32) [60].

MgBr

MeO
CR@ NiClo(dppp) (0.1 mol%) —_—
=N THF/toluene \ \
35-40 °C, 4 h =N

74%

Scheme 4.32 A synthetic route to an inhibitor 21 of the phosphodiesterase 4D isoenzyme

Marzoni and Varney applied the methylation of an aryl iodide under Kumada-
Tamao-Corriu Coupling conditions for their improved synthesis of compound 22.
This is an intermediate to a thymidylate synthase inhibitor 23 which has potential
for the treatment of cancer (Scheme 4.33) [61].

PdCla(PPhg) (1 mol%)
OO MeMgBr (2.3equiv) OO OO
THF/toluene
NH 26 °C to "near-reflux” [ j

© 58% MeHN

Scheme 4.33 Synthesis of an intermediate to a thymidylate synthase inhibitor 22
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4.6 Sonogashira—Hagihara Coupling

Prasad has developed an elegant process for the one-pot coupling of an aryl
bromide and a heteroaryl bromide via stepwise Sonogashira-Hagihara reactions
with an acetylene linker masked as 2-methyl-3-butyn-2-ol for the synthesis of an
antimitotic agent 24 (Scheme 4.34) [62].

OH
PdCl, (4.0 mol%)
OMe PPhg (2.4 mol%) OMe OMe
Cul (1.0 mol%) n-BusNBr
i-ProNH toluene/H,0
—_— -
toluene, 78 °C, 13 h then 50% S
o X OH ag. NaOH oM N
OMe OMe reflux e

Et

OMe OMe
Br SN O
N/) Et Et
X ——> OMe
R O® Y
N/ N/)
24

Scheme 4.34 A synthetic route to an antimitotic agent 24

Hartner developed a series of Sonogashira—Hagihara coupling reactions, in
which various alkynes were coupled with 2,5-dibromopyridine at both bromo
positions, for the preparation of key intermediates to oy fl3 antagonists 25
(Scheme 4.35) [63]. These are potential agents for the treatment for osteoporosis.

= “NHcHo

5 PACIy(PPhg), (1.0 mol%) X Br

N Cul (1.1 mol%) | P

| : = N
Br N MeCN, rt, overnight
75% o
OH
OH
4 Me
é Me
PdCl,(PPhs), (1.5 mol%) N

Cul (1.1 mol%) |

MeCN, 70 °C, 17 h = N
OH

Scheme 4.35 A synthetic route to o'V f; antagonists 25



104 J. Jiao and Y. Nishihara

Ripin has described the synthesis of the anti-cancer agent (CP-724, 714) 26 on a
multi-kilogram-scale using several different synthetic routes (Scheme 4.36) [64].
Applications of the Sonogashira—Hagihara and Mizoroki—Heck couplings to this
synthesis have been investigated, seeking a safe, environmentally benign, and
robust process for the production of this drug candidate.

o]
meo. L o Me
Me NH
o e 0
N =
\@L ‘ HN Me
HN Me

BR, \

J
—
P N 26
7
T T 29%
BOCHN 3 steps
/\ Vo
Pd(PPh3)2Cla (2 mol%) 0~
Cul (2 mol%), i-ProNH /N
HN Me
THF, 65 °C, 18 h BOCHN" §
73% /)N
N

Scheme 4.36 Synthesis of the anti-cancer agent (CP-724,714) 26

Peng has developed the synthesis of a series of 3-arylethynyltriazolyl ribonu-
cleosides 27 via a microwave-assisted Sonogashira—Hagihara coupling reaction
(Scheme 4.37); these products show promise vis-a-vis anti-cancer activity on the
drug-resistant pancreatic cancer cell line MiaPaCa-2. The Sonogashira—Hagihara
coupling reactions between the 3-bromo-triazole nucleoside and various alkynes
were followed by ammonolysis to give the deprotected nucleosides 27 [65].

R R
\ N\
Br. R—= N N
N o  Pd(PPhg), (5 mols) N e ho. N M. 0
AcO_ N} Cul (10 mol%), Et;N AcO N N
N ) OMe™————= 0 NH,
O OMe CH3CN, MW, 100 °C, 30 min 60-86%
52-79% HO  OH
AcO OAc AcO  OAc
27
b ) b ke e O
(Me, Pr, Bu) (Cl, F) (OMe) (CF3)

Me\zh}\ @ N Qg-i Og*

Scheme 4.37 Synthesis of a series of 3-arylethynyltriazolyl ribonucleosides 27
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Yu and coworkers commenced a synthetic route to the TRPV1 receptor
antagonist 28 with Sonogashira—Hagihara coupling of an aryl chloride and tzerz-
butylacetylene (Scheme 4.38) [66]. In general, aryl chlorides exhibit poor reac-
tivity in the Pd-catalyzed Sonogashira—Hagihara coupling reactions (See Chap. 7);
however, an aryl chloride activated by the electron-withdrawing trifluoromethyl
and nitrile groups smoothly couples with very low catalyst loading, using the
sterically hindered and electron-rich DavePhos as the ligand [67].

——1t-Bu
CN Pda(dba)s (0.25 molo %) oN +Bu 0
cl Davephos (1.0 mol%) = )k
= HN™ N
Cul (0.50 mol%) H
—_—
Et,N, 65 °C,4h (if\\'\' CF4
CF3 95% CFs N
Me
28

PCyZ

Davephos =
NMe,

Scheme 4.38 A synthetic route to the TRPV1 receptor antagonist 28

Berliner has developed a Sonogashira—Hagihara reaction of propyne gas and
iodoresorcinol for the synthesis of 4-hydroxy-2-methylbenzofuran 29, a core
intermediate to several compounds of pharmaceutical interest (Scheme 4.39) [68].

Me—
MeO,C OH  PdCI,(PPhg), (5 mol%) MeO,C OH MeO,C o
\Qi Cul (5 mol%) . mMe
' DIPEA, DMAC X
OH 35°C,20 h OH Me OH
68% 29

Scheme 4.39 Synthesis of 4-hydroxy-2-methylbenzofuran 29;

4.7 Summary

Palladium-catalyzed cross-coupling is clearly a powerful tool to synthesize phar-
maceuticals not only for academic research but also for industrial applications.
This chapter has demonstrated the versatility of these reactions. In the design and
synthesis of biologically active molecules, serious consideration must be given to
important factors such as: reactivity of functional groups, stereo- and regioselec-
tivity, toxicity of potential residual contaminants, and efficiency of yield. These are
all aspects in which the aforementioned cross-coupling models provide
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exceptional and innovative opportunities for the modern process chemist. In
addition, considering the myriad of advancements seen in the past decade, many
new discoveries should soon offer even more practical and reliable methods of
cross-coupling for the large-scale manufacturing of pharmaceuticals.

References

1. Li JJ, Gribble GW (2000) Palladium in heterocyclic chemistry. A Guide for the Synthetic
Chemist. Pergamon Amsterdam, The Netherlands

2. Miyaura N (2001) Organoboron compounds. Top Curr Chem 219:11-59

3. Hassan J, Sévignon M, Gozzi C, Schulz E, Lemaire M (2002) Aryl—aryl bond formation one
century after the discovery of the Ullmann reaction. Chem Rev 102:1359-1470

4. Littke A, Fu GC (2002) Palladium-catalyzed coupling reactions of aryl chlorides. Angew
Chem Int Ed 41:4176-4211

5. King AO, Yasuda N (2004) Palladium-catalyzed cross-coupling reactions in the synthesis of
pharmaceuticals. Topics Organomet Chem 6:205-245

6. Nicolaou KC, Bulger PG, Sarlah D (2005) Palladium-catalyzed cross-coupling reactions in
total synthesis. Angew Chem Int Ed 44:4442-4489

7. Marion N, Nolan SP (2008) Well-defined N-heterocyclic carbenes—palladium (II)
precatalysts for cross-coupling reactions. Acc Chem Res 41:1440-1449

8. Fu GC (2008) The development of versatile methods for palladium-catalyzed coupling
reactions of aryl electrophiles through the use of P(t-Bu)3 and PCy3 as ligands. Acc Chem
Res 41:1555-1564

9. Cahiez G, Moyeux A (2010) Cobalt-catalyzed cross-coupling reactions. Chem Rev
110:1435-1462

10. Vo TC, Mitchell TA, Bode JW (2011) Expanded substrate scope and improved reactivity of
ether-forming cross-coupling reactions of organotrifluoroborates and acetals. ] Am Chem Soc
133:14082-14089

11. Bai Y, Zeng J, Cai S, Liu X (2011) Palladium-catalyzed direct cross-coupling reaction of
glycals with activated alkenes. Org Lett 13:4394-4397

12. Naso F, Babudr F, Farinola GM (1999) Organometallic chemistry directed towards the
synthesis of electroactive materials: stereoselective routes to extended polyconjugated
systems. Pure Appl Chem 71:1485-1492

13. Schlummer B, Scholz U (2004) Palladium-catalyzed C = N and C = O coupling—a practical
guide from an industrial vantage point. Adv Synth Catal 346:1599-1626

14. Blaser HU, Indolese A, Naud F, Nettekoven U, Schnyder A (2004) Industrial R&D on
catalytic C = C and C = N coupling reactions: a personal account on goals, approaches and
results. Adv Synth Catal 346:1583-1598

15. Buchwald SL, Mauger C, Mignani G, Scholz U (2006) Industrial-scale palladium-catalyzed
coupling of aryl halides and amines—a personal account. Adv Synth Catal 348:23-39

16. Torborg C, Beller M (2009) Recent applications of palladium-catalyzed coupling reactions in
the pharmaceutical, agrochemical, and fine chemical industries. Adv Synth Catal 351:3027—
3043

17. Ennis DS, McManus J, Wood-Kaczmar W, Richardson J, Smith GE, Carstairs A (1999)
Multikilogram-scale synthesis of a biphenyl carboxylic acid derivative using a Pd/C-
mediated Suzuki coupling approach. Org Process Res Dev 3:248-252

18. Cameron M, Foster BS, Lynch JE, Shi Y, Dolling UH (2006) The expedient synthesis of 4,2'-
difluoro-5'-(7-trifluoromethyl-imidazo[ 1,2-a]pyrimidin-3-yl)biphenyl-2-carbonitrile, a
GABA o2/3 agonist. Org Process Res Dev 10:398-402



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Pharmaceuticals 107

Snieckus V (1990) Directed ortho metalation. Tertiary amide and o-carbamate directors in
synthetic strategies for polysubstituted aromatics. Chem Rev 90:879-933

Kalinin AV, Bower JF, Riebel P, Snieckus V (1999) The directed ortho metalation—Ullmann
connection. A new Cu(I)-catalyzed variant for the synthesis of substituted diaryl ethers. J Org
Chem 64:2986-2987

Caron S, Massett SS, Bogle DE, Castaldi MJ, Braish TF (2001) An efficient and cost-
effective synthesis of 2-phenyl-3-aminopyridine. Org Process Res Dev 5:254-256

Jensen MS, Hoerrner RS, Li W, Nelson DP, Javadi GJ, Dormer PG, Cai D, Larsen RD (2005)
Efficient synthesis of a GABAA 02,3-selective allosteric modulator via a sequential Pd-
catalyzed cross-coupling approach. J Org Chem 70:6034-6039

Tonogaki K, Soga K, Itami K, Yoshida J (2005) Versatile synthesis of 1,1- diaryl-1-alkenes
using vinylboronate ester as a platform. Synlett, 1802—1804

Paunescu E, Matuszak N, Melnyk P (2007) Suzuki-Miyaura cross-coupling reaction as the
key step for the synthesis of some new 4-aryl and alkyl substituted analogues of amodiaquine
and amopyroquine. Tetrahedron 63:12791-12810

Nishihara Y, Miyasaka M, Okamoto M, Takahashi H, Inoue E, Tanemura K, Takagi K (2007)
Zirconocene-mediated highly regio- and stereoselective synthesis of multisubstituted olefins
starting from 1-alkynylboronates. ] Am Chem Soc 129:12634-12635

Wehn PM, Harrington PE, Eksterowicz JE (2009) Facile synthesis of substituted 5-amino-
and 3-amino-1,2,4-thiadiazoles from a common precursor. Org Lett 11:5666-5669

Saadeh HA, Mosleh IM, El-Abadelah MM (2009) New synthesis and antiparasitic activity of
model 5-aryl-1-methyl-4-nitroimidazoles. Molecules 14:2758-2767

Jiang X, Lee G, Villhauer EB, Prasad K, Prashad M (2010) A scalable synthesis of a 1,7-
naphthyridine derivative, a PDE-4 inhibitor. Org Process Res Dev 14:883-889

Kabri Y, Verhaeghe P, Gellis A, Vanelle P (2010) Regioselective Suzuki-Miyaura reaction:
application to the microwave-promoted synthesis of 4,7-diarylquinazolines. Molecules
15:2949-2961

Kumar MR, Park K, Lee S (2010) Synthesis of amido-N-imidazolium salts and their
applications as ligands in Suzuki-Miyaura reactions: coupling of hetero-aromatic halides and
the synthesis of milrinone and irbesartan. Adv Synth Catal 352:3255-3266

Xie L, Cui J, Qian X, Xu Y, Liu J, Xu R (2011) 5-Non-amino aromatic substituted
naphthalimides as potential antitumor agents: synthesis via Suzuki reaction, antiproliferative
activity, and DNA-binding behavior. Bioorg Med Chem 19:961-967

Schumacher RF, Rosdrio AR, Souza Ana.CG, Acker CI, Nogueira CW, Zeni G (2011) The
potential antioxidant activity of 2,3-dihydroselenophene, a prototype drug of 4-aryl-2,3-
dihydroselenophenes. Bioorg Med Chem 19:1418-1425

Urawa Y, Miyazawa M, Ozeki N, Ogura K (2003) A novel methodology for efficient removal
of residual palladium from a product of the Suzuki—Miyaura coupling with polymer-
supported ethylenediamine derivatives. Org Process Res Dev 7:191-195

Keen SP, Cowden CJ, Bishop BC, Brands KMJ, Davies AJ, Dolling UH, Lieberman DR,
Stewart GW (2005) Practical asymmetric synthesis of a non-peptidic av3 antagonist. J Org
Chem 70:1771-1779

Allwein SP, McWilliams JC, Secord EA, Mowrey DR, Nelson TD, Kress MH (2006)
Efficient synthesis of chiral phenethylamines: preparation, asymmetric hydrogenation, and
mild deprotection of ene-trifluoroacetamides. Tetrahedron Lett 47:6409-6412

Ager DJ, Anderson K, Oblinger E, Shi Y, VanderRoest J, (2007) An epoxidation approach to
a chiral lactone: application of the Shi epoxidation. J Org Process Res Dev 11:44-51
Menzel K, Machrouhi F, Bodenstein M, Alorati A, Cowden C, Gibson AW, Bishop B,
Ikemoto N, Nelson TD, Kress MH, Frantz DE (2009) Process development of a potent
bradykinin 1 antagonist. Org Process Res Dev 13:519-524

Whiting M, Harwood K, Hossner F, Turner PG, Wilkinson MC (2010) Selection and
development of the manufacturing route for EP1 antagonist GSK269984B. Org Process Res
Dev 14:820-831



108 J. Jiao and Y. Nishihara

39. Lipton MF, Mauragis MA, Maloney MT, Veley MF, VanderBor DW, Newby JJ, Appell RB,
Daugs ED (2003) The synthesis of OSU 6162: efficient, large-scale implementation of a
Suzuki coupling. Org Process Res Dev 7:385-392

40. Negishi E, King AO, Okukado N (1977) Selective carbon—carbon bond formation via
transition metal catalysis. 3. A highly selective synthesis of unsymmetrical biaryls and
diarylmethanes by the nickel- or palladium-catalyzed reaction of aryl- and benzylzinc
derivatives with aryl halides. J Org Chem 42:1821-1823

41. King AO, Okukado N, Negishi E (1977) Highly general stereo-, regio-, and chemo-selective
synthesis of terminal and internal conjugated enynes by the Pd-catalysed reaction of
alkynylzinc reagents with alkenyl halides. J Chem Soc Chem Commun, 683-684

42. Phapale VB, Cardenas DJ (2009) Nickel-catalysed Negishi cross-coupling reactions: scope
and mechanisms. Chem Soc Rev 38:1598-1607

43. Krasovskiy A, Malakhov V, Gavryushin A, Knochel P (2006) Efficient synthesis of
functionalized organozinc compounds by the direct insertion of zinc into organic iodides and
bromides. Angew Chem Int Ed 45:6040-6044

44. Uchiyama M, Furuyama T, Kobayashi M, Matsumoto Y, Tanaka K (2006) Toward a
protecting-group-free halogen metal exchange reaction: practical, chemoselective metalation
of functionalized aromatic halides using dianion- type zincate, tBu4ZnLi2. ] Am Chem Soc
128:8404-8405

45. Furuyama T, Yonehara M, Arimoto S, Kobayashi M, Matsumoto Y, Uchiyama M (2008)
Development of highly chemoselective bulky zincate complex, ‘BusZnLis: design, structure,
and practical applications in small-/macromolecular synthesis. Chem Eur J 14:10348-14356

46. Ku Y, Grieme T, Raje P, Sharma P, Morton HE, Rozema M, King SA (2003) A practical and
scaleable synthesis of A-224817.0, a novel nonsteroidal ligand for the glucocorticoid
receptor. J Org Chem 68:3238-3240

47. Scott RW, Neville SN, Urbina A, Camp D, Stankovic N (2006) Development of a scalable
synthesis to VEGFR inhibitor AG-28262. Org Process Res Dev 10:296-303

48. Dutheuil G, Paturel C, Lei X, Couve-Bonnaire S, Pannecoucke X (2006) First stereospecific
synthesis of (E)- or (Z)-a-fluoroenones via a kinetically controlled Negishi coupling reaction.
J Org Chem 71:4316-4319

49. Liu Z, Xiang J (2006) A High yield and pilot-scale process for the preparation of adapalene.
Org Process Res Dev 10:285-288

50. Denni-Dischert D, Marterer W, Bénziger M, Yusuff N, Batt D, Ramsey T, Geng P, Michael
W, Wang R, Taplin F Jr, Versace R, Cesarz D, Perez LB (2006) The Synthesis of a novel
inhibitor of B-Raf kinase. Org Process Res Dev 10:70-77

51. Pérez-Balado C, Willemsens A, Ormerod D, Aelterman W, Mertens N (2007) Development
of a concise scaleable synthesis of 2-chloro-5-(pyridin-2-yl) pyrimidine via a Negishi cross-
coupling. Org Process Res Dev 11:237-240

52. Manolikakes G, Dong MZ, Mayr H, Li J, Knochel P (2009) Negishi cross-couplings
compatible with unprotected amide functions. Chem Eur J 15:1324-1328

53. Kwak Y, Kanter AD, Wang B, Liu Y (2009) Efficient and convenient preparation of 3-aryl-
2,2-dimethylpropanoates via Negishi coupling. Chem Commun, 2145-2147

54. Kennedy-Smith JJ, Arora N, Billedeau JR, Fretland J, Hang J, Heilek GM, Harris SF,
Hirschfeld D, Javanbakht H, Li Y, Liang W, Roetz R, Smith M, Su GP, Suh JM, Villaserior
AG, Wu J, Yasuda D, Klumpp K, Sweeney ZK (2010) Synthesis and biological activity of
new pyridone diaryl ether non-nucleoside inhibitors of HIV-1 reverse transcriptase. Med
Chem Commun 1:79-83

55. Ragan JA, Raggon JW, Hill PD, Jones BP, McDermott RE, Munchhof MJ, Marx MA,
Casavant JM, Cooper BA, Doty JL, Lu Y (2003) Cross-coupling methods for the large-scale
preparation of an imidazole-thienopyridine: synthesis of [2-(3-methyl-3H-imidazol-4-yl)-
b]pyridin-7-yl]-(2-methyl-1H-indol-5-yl)-amine. Org Process Res Dev 7:676-683

56. Brendvang M, Bakken V, Gundersen L (2009) Synthesis, structure, and antimycobacterial
activity of 6-[1(3H)-isobenzofuranylidenemethyl]purines and analogs. Bioorg Med Chem
17:6512-6516



57.

58.

59.

60.

61

62.

63.

64.

65.

66.

67.

68.

Pharmaceuticals 109

Okitsu T, Nakazawa D, Nakagawa K, Okano T, Wada A (2010) Synthesis and biological
evaluation of 9Z-retinoic acid analogs having 2-substituted benzo[b]furan. Chem Pharm Bull
58:418-422

Gao Y, Wang H, Mease RC, Pomper MG, Horti AG (2010) Improved syntheses of precursors
for PET radioligands [18F]XTRA and [18F]JAZAN. Tetrahedron Lett 51:5333-5335

Fan X, Song Y, Long Y (2008) An efficient and practical synthesis of the HIV protease
inhibitor atazanavir via a highly diastereoselective reduction approach. Org Process Res Dev
12:69-75

Manley PW, Acemoglu M, Marterer W, Pachinger W (2003) Large-scale Negishi coupling as
applied to the synthesis of PDE472, an inhibitor of phosphodiesterase type 4D. Org Process
Res Dev 7:436-445

. Marzoni G, Varney MD (1997) An improved large-scale synthesis of benz[cd]indol-2(1H)-

one and 5-methylbenz[cd]indol-2(1H)-one. Org Process Res Dev 1:81-84

Konigsberger K, Chen G, Wu R, Girgis MJ, Prasad K, Repic O, Blacklock TJ (2003) A
practical synthesis of 6-[2-(2,5-dimethoxyphenyl)ethyl]-4-ethylquinazoline and the art of
removing palladium from the products of Pd-catalyzed reactions. Org Process Res Dev
7:733-742

Hartner FW, Hsiao Y, Eng KK, Rivera NR, Palucki M, Tan L, Yasuda N, Hughes DL,
Weissman S, Zewge D, King T, Tschaen D, Volante RP (2004) Methods for the synthesis of
5,6,7,8-tetrahydro-1,8-naphthyridine fragments for avf; integrin antagonists. J Org Chem
69:8723-8730

Ripin DHB, Bourassa DE, Brandt T, Castaldi MJ, Frost HN, Hawkins J, Johnson PJ, Massett
SS, Neumann K, Phillips J, Raggon JW, Rose PR, Rutherford JL, Sitter B, Stewart AM III,
Vetelino MG, Wei L (2005) Evaluation of kilogram-scale Sonogashira, Suzuki, and Heck
coupling routes to oncology candidate CP-724,714. Org Process Res Dev 9:440-450

Xia Y, Liu Y, Wan J, Wang M, Rocchi P, Qu F, Iovanna JL, Peng L (2009) Novel triazole
ribonucleoside down-regulates heat shock protein 27 and induces potent anticancer activity
on drug-resistant pancreatic cancer. J] Med Chem 52:6083-6096

Yu S, Haight A, Kotecki B, Wang L, Lukin K, Hill DR (2009) Synthesis of a TRPV1 receptor
antagonist. J Org Chem 74:9539-9542

Old DW, Wolfe JP, Buchwald SL (1998) A highly active catalyst for palladium-catalyzed
cross-coupling reactions: Room-temperature Suzuki couplings and amination of unactivated
aryl chlorides. J Am Chem Soc 120:9722-9723

Berliner MA, Cordi EM, Dunetz JR, Price KE (2010) Sonogashira reactions with propyne:
Facile synthesis of 4-hydroxy-2-methylbenzofurans from iodoresorcinols. Org Process Res
Dev 14:180-187



	4 Pharmaceuticals
	Abstract
	4.1…Introduction
	4.2…Suzuki--Miyaura Coupling
	4.3…Negishi Coupling
	4.4…Migita-Kosugi-Stille Coupling
	4.5…Kumada-Tamao-Corriu Coupling
	4.6…Sonogashira--Hagihara Coupling
	4.7…Summary
	References


