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1. INTRODUCTION

1.1. Multidisciplinary Impact of Fluorine on Chemical
Industry

Fluoroorganic chemistry has become essential in the evolution
of many different but interconnected research fields. These
include the development of new materials with a broad range of
applications as represented by photovoltaic solar cells,' ™ or
diagnostic tools such as positron emission tomo§raphy (PET)
that employs radiotracers labeled with '*F nuclei.”” In addition,
the high sensitivity of "F in nuclear magnetic resonance
(NMR) experiments makes this nucleus ideal for biological
studies,”” requiring the previous preparation of fluorine-
containing amino acids®™"" and their further incorporation
into proteins.'”~"> A closely related diagnostic technique is '°F
magnetic resonance imaging (MRI)," usually relying on the
design and synthesis of polyfluorinated (fluorous) molecules.'”
Furthermore, fluorous reagents, catalysts, and supports also
enable the application of synthetic methodologies in a more
efficient manner that allows recovering and recycling of
valuable materials."®™*°

Nevertheless, the highest impact of fluorine in the
biochemical sciences is undoubtedly associated with the
development of agrochemicals’”** and, most importantly, in
medicinal chemistry.”* > Thus, selective fluorination of
bioactive molecules is a well-established strategy in the design
of new drugs to increase pharmaceutical effectiveness, biological
half-life, and bioabsorption.”” *° This becomes noticeable in
the continuous increase of the number of fluorinated drugs
already approved or drug candidates entering clinical trials. As a
result, some of the best performing, top-selling drugs on the
current pharmaceutical market contain fluorine atoms in their
structures (see section 1.2).

The benefit of introducing fluorine atoms or fluoroalkyl
groups into organic compounds is a consequence of the
alteration of their physicochemical characteristics, which in
some cases are substantially modified in comparison to their
nonfluorinated counterparts. For instance, the modulation of
the acidity and lipophilicity, as well as the control of
conformational bias, can be achieved by rational substitution
of hydrogen atoms or functional groups by fluorine, and
ultimately this may result in an improvement of the biological
and/or pharmacological properties. Another useful approach is
the blocking of potential oxidation sites in order to prevent
undesired metabolic pathways, exemplified in the replacement
of methyl-arene substituents by trifluoromethyl. Even if there is
a certain degree of predictability when designing bioactive
fluoroorganic compounds, medicinal chemists still need to
synthesize a large number of derivatives through a trial and
error process until the desired molecule is finally reached. In
addition, the access to a desired fluorine-containing molecule
might not be straightforward because of synthetic reasons, as
we briefly discuss in section 1.3, and sometimes the choice of a
given drug candidate results from a delicate balance between
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optimal bioactivity and synthetic availability. A more extended
discussion on these issues would overlap with already published
monographs,”’ ~*° and readers are also referred to two very
recent review articles that try to bring light into these
questions.z'l’32

As a continuation of our previous projects in this field,**~>*
we focus herein on a new collection of 51 fluorine-containing
molecules that either were approved after 2011 by the
corresponding agencies or still are in clinical development.
These compounds cover a large number of therapeutic areas,
and on this occasion, we decided to classify them according to
the number of fluorine atoms or fluorinated moieties. In each
case, the structures and modes of action of these new drugs are
revised, with a particular focus on the role of fluorine in the
biological and pharmaceutical properties, when appropriate.
Finally, representative synthetic routes are highlighted.
1.2. Fluorine in Pharmaceuticals

Since the first approval in 1955 by the U.S. Food and Drug
Administration (FDA) of a fluorine-containing drug, the steroid
fludrocortisone (1),° nearly 150 fluorinated molecules have
succeeded in reaching the market (Figure 1). In 2010 it was

Figure 1. Structure of fludrocortisone (1).

calculated that about 20% of administered drugs contained
fluorine atoms or fluoroalkyl groups.”® However, the current
trend is increasing from 20% to about 30% for all new approved
drugs (excluding biopharmaceutical products), in the most
recent years. These fluorinated drugs cover all possible
therapeutic areas, possess a broad structural diversity, and,
despite the limited connectivity of fluorine atoms compared to
other heteroatoms, the variety of fluorinated moieties is
noteworthy.”” According to a recent survey, several fluorine-
containing drugs are among the most-prescribed and/or
profitable in the U.S. pharmaceutical market.”*** Some of
them are featured in this section.

Statins are a group of 3-hydroxy-3-methylglutaryl CoA
(HMG-CoA) reductase inhibitors for the treatment of
hypercholesterolemia. A member of this family, rosuvastatin
(trade name: Crestor, 2), became the fourth best-selling ($5.2
billion) and the 13th most prescribed drug in 2013 (Figure
2).*° In fact, rosuvastatin surpassed another prominent member
of the statins, atorvastatin (trade name: Lipitor, 3), which was
the most profitable drug ever until its patent expiration in 2011.
However, atorvastatin is still the 16th most prescribed drug in
several generic forms."’

Another successful fluorine-containing drug is fluticasone
propionate (4), which in combination with salmeterol (trade
name: Advair Diskus) is an oral inhaler for the treatment of
asthma, being in sixth place in both prescription and sales rate
($5.0 billion) (Figure 3). Fluticasone propionate is a
trifluorinated derivative of fludrocortisone (1) acting as a
selective agonist of the glucocorticoid receptor, also adminis-
tered for treating several other inflammatory disorders.*

DOI: 10.1021/acs.chemrev.5b00392
Chem. Rev. 2016, 116, 422—518


http://dx.doi.org/10.1021/acs.chemrev.5b00392

Chemical Reviews

i-Pr OH OH
N CO,H
MeO,S< )\ =
N N
Me
F
2
i-Pr OH OH

/\/'\)\/Coz"1

PhHNO,C—¢ N

Ph

3

Figure 2. Structures of rosuvastatin (2) and atorvastatin (3).

Figure 3. Structure of fluticasone propionate (4).

Nowadays, triple combination therapy has become the
standard treatment for human immunodeficiency virus (HIV)
infection. The most successful of these combinations contains
two fluorinated drugs, emtricitabine (5) and efavirenz (6),
along with tenofovir under the trade name Atripla ($2.8 billion
in sales, 14th place of all pharmaceuticals) (Figure 4).
Emtricitabine and efavirenz are nucleoside and non-nucleoside
inhibitors of HIV type 1 reverse transcriptase, the enzyme
responsible for the virus replication.*’
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Figure 4. Structures of emtricitabine (5) and efavirenz (6).

Sitagliptin (7) is an antidiabetic drug belonging to the group
of gliptins or inhibitors of dipeptidyl peptidase 4 (DPP-4) (see
sections 2.22 and 3.1) (Figure S). Sitagliptin phosphate (trade
name: Januvia) was the first of this class of compounds

F F
NH;

Figure 5. Structure of sitagliptin (7).
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approved for the treatment of diabetes mellitus type 2, making
it the 15th most sold drug ($2.8 billion).*™*

Finally, the 21st fluorine-containing drug in sales ($2.2
billion) is celecoxib (trade name: Celebrex, 8), a nonsteroidal
anti-inflammatory drug that is used to reduce pain in several
indications, including arthritis and related disorders (Figure 6).
The mechanism of action of celecoxib is the blocking of
prostaglandin synthesis by selective inhibition of cyclo-oxygen-
ase-2 (COX-2)."

Figure 6. Structure of celecoxib (8).

1.3. Synergy between Fluorine Bioscience and
Methodology Development

The remarkable success of the fluorine-containing drugs
discussed above provides an enormous motivation for chemists
to discover new methods for preparation of organofluorine
compounds. This interest in synthetic methods incorporating
fluorine into organic molecules is at an all-time high, ever,
showing tremendous ingenuity and breaking all records in
number of publications and citations.**~>" In this chapter, we
highlight several most recent breakthroughs in the method-
ology development for preparation of selectively fluorinated
organic compounds.

Retrospectively, the access to simple fluorinated building
blocks was far from straightforward and usually required
tedious multistep processes. However, medicinal chemists now
have a much wider arsenal of available synthetic protocols, with
the benefit of being employed in late stages of a synthetic route
without affecting already existing functional groups.”> Fur-
thermore, recently developed fluorination and trifluoromethy-
lation methods are designed with the ultimate goal of being
further implemented in industrial processes.>

A vast majority of the molecules highlighted in this review
contain aromatic rings substituted with one or more fluorine
atoms and/or trifluoromethyl groups. In contrast, pharmaceut-
icals possessing fluorine in aliphatic chains are represented only
by solithromycin (section 2.12), sofosbubir (section 2.13),
clevudine (section 2.14), ledipasvir (section 3.4), telotristat
ethyl (section 5.3), bitopertin (section 7.3), and odanacatib
(section 7.5). Although all drugs selected herein were
developed in the last years, this statistical conclusion can be
extrapolated to the overall number of fluorinated drugs
previously in development.

Early examples of direct monofluorination of aromatic rings
include the Balz—Schiemann reaction for converting anilines
into fluoroarenes (see sections 2.10, 2.15, and 2.18).”* On the
other hand, the nucleophilic displacement of aryl halides can
take place with several fluoride sources, although for best results
it necessitates the use of anhydrous fluoride anion.”> Never-
theless, a number of metal-catalyzed methods are now available,
usually operating under milder reaction conditions and
compatible with a range of functional groups.”*™>* An
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illustrative example is the pioneering work on ortho-directing
electrophilic fluorination of pyridylarenes 9 under Pd(II)
catalysis (Scheme 1).°” Alternatively, aryl triflates 11 have
been converted into aryl fluorides 12 by nucleophilic
fluorination with CsF in the presence of catalytic Pd(II)
complexes.”’

Scheme 1. Monofluorination of Aromatic Rings
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Regarding trifluoromethylations at sp” carbons, the use of the
Ruppert—Prakash reagent (Me;SiCF;) for nucleophilic sub-
stitution of aryl halides is a classic protocol (see sections 5.6
and 7.6),°>* usually in the presence of stoichiometric amounts
of metal salts although catalytic methods have been recently
reported.”® Otherwise, electrophilic trifluoromethylations are
possible under a variety of conditions, in the presence of
Umemoto’s”* or Togni’s family of reagents’>*° among others
(Figure 7). However, these methods suffer from the use of

0O Me Me
sy > (L5
$ - I\ I\
CF3 B':4 CF3 CF3
13 14 15

Figure 7. Structures of Umemoto’s (13) and Togni’s (14 and 15)
reagents.

relatively high cost reagents and somewhat harsh reaction
conditions, and therefore a number of alternative synthetic
protocols have appeared in recent years. Among them, C—H
activation of arenes 16 by reaction with CF;SO,Cl under
photoredox catalysis is an efficient way of accessing
trifluoromethylbenzenes 12, although mixtures of re§ioisomeric
products are unavoidably obtained (Scheme 2).°” Another
source of CF; radical is the Langlois reagent (CF;SO,Na) that
was used to prepare a number of trifluoromethyl heterocyclic
systems such as pyridines 18.%°
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Scheme 2. Radical Trifluoromethylations of Aromatic and
Heteroaromatic Rings
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| > (1-2 mol %) FBC\®
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- —R
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Quite a hectic activity in this field of trifluoromethylation has
already exhausted all available sources of trifluoromethyl radical
focusing the current research on refining reaction conditions
and improving chemo/regioselectivity. Therefore, it is very
important to mention the most recent discovery of a new
reagent capable of generating a trifluoromethyl radical.
Perfluoro-3-ethyl-2,4-dimethyl-3-pentyl radical 19%” is a rather
unconventional source of the CF; radical and initiated various
radical polymerization processes.”’~’> Most importantly, for
the subject of this review, it worked quite well for radical
trifluoromethylation of various simple aromatic compounds
showing generally better chemical yields and regioselectivity as
compared with the conventional reagents (Scheme 3).7

Scheme 3. Structure and Reactivity of Perfluoroalkyl Radical
Reagent 19

F3C i

CFs
i 19)
FoC F
|\ FCF3FCF3 FsC |\
Do N
Z (CH,Cl)y, 90 °C Z
16 (52-94%) 12

Meanwhile, important examples of fluorination at sp*
carbons are deoxofluorination reactions that convert alcohols
into alkyl fluorides, mostly using R,N-SF; reagents such as
(diethylamino)sulfur trifluoride (DAST, 20) (see sections 2.13
and 7.5) or bis(2-methoxyethyl)aminosulfur trifluoride
(Deoxo-Fluor, 21) (see section 3.4) (Figure 8).”* Deoxo-
fluorinations also serve to prepare difluoroalkanes from the
corresponding carbonyl derivatives. Alternatively, electrophilic
fluorinations have been carried out with reagents such as N-

Me/\ll\l/\Me Meo\/\m/\/OMe
SF SF,
20 21
cl
Q\S//O Q)S/P _N/+_
_s._ st i
Ph”> N Ph [/N+\7 2 BF,
F F
22 23

Figure 8. Structures of DAST (20), Deoxo-Fluor (21), NFSI (22),
and Selectfluor (23).
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fluorobenzenesulfonamide (NFSI, 22) (see sections 2.12 and
3.4) or 1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]-
octane bis(tetrafluoroborate) (Selectfluor, 23) (see sections
2.12 and 2.14).”°

The above reactions usually entail the achievement of full
stereocontrol as an additional challenge.76 While most of those
examples usually work well in a diastereoselective manner when
starting from chiral substrates, a number of enantioselective
protocols have been reported in recent years. For instance,
organocatalytic methods provide access to a-fluorocarbonyl
derivatives 25 by electrophilic fluorination of aldehydes 24 with
NFSI (22) in the presence of chiral catalysts in good to
excellent enantiomeric excesses (ee’s) (Scheme 4).”” "

Scheme 4. Enantioselective a-Fluorination of Aldehydes

NFSI (22) R<_-CHO
R._-CHO _—
catalyst F
24 25
F3C,
(e
OTMS
catalyst: N o Me
PO i
Ph N Me
FsC H

(55-95%, ee: 91-97%) (40-97%, ee: 86-96%)

Conversely, an important example of enantioselective
catalytic a-trifluoromethylation of aldehydes employed CF;l
as a source of trifluoromethyl radical, in the presence of a
metallic photocatalyst, a chiral organocatalyst, and visible light
using a regular household bulb, to afford a-CF;-substituted
aldehydes 26 in very good ee’s (Scheme 5).%

Scheme 5. Enantioselective a-Trifluoromethylation of

Aldehydes
CF3l, hv
[Ir(bpy)2(dtb-bpy)]-PFe

0,
R_CHO (0.5 mol%) R\‘/CHO
Me CF3
24 Os N 26
j: D nt-Bu (20 mol%)
Me H

(61-86%, ee: 90-99%)

The synthesis of a-(trifltuoromethyl)amines is routinely
performed by means of nucleophilic additions to chiral CF;-
imines (see section 7.5).°" In this context, one of quite
successful findings is (S)- or (R)-N-tert-butylsulfinyl-3,3,3-
trifluoroacetaldimine 27 (Scheme 6).**7%* In molecule 27 the
triftuoromethyl®> ™" and tert-butylsulfinyl®*~"° groups are two
strongly stereocontrolling substituents usually providing
excellent stereochemical outcome of nucleophilic additions
across the C=N double bond. Compound 27 is readily
available in both (S) and (R) enantiomeric forms, and can be
prepared on a large scale.”’ The research reported so far on the
chemistry of imine 27 quite convincingly demonstrates that it
can be used as an extraordinary general reagent for installation
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Scheme 6. Synthetic Applications of Reagent 27

)OJ\/(":\Fs HoNg  NH,
R NH, Ar’ CF,
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of the f3,4,f-trifluoro-a-(amino)ethyl pharmacophoric [CF;—
CH(NH,)—] group into biologically relevant organic com-
pounds. Among the successful applications of chiral imine 27
are the following nucleophilic additions: in situ decarbox-
ylatively generated enolates (compounds 28),”* ketone-derived
Li enolates (29),”*7%° decarboxylatively generated Schiff base
C-nucleophiles (30),”” Li nucleophiles derived from various
heterocyclic compounds (31),”*~'"! including indoles (32),'°*
glycine Schiff bases (33),'""'"* a-hydroxy ester derived
nucleophile (34),'"” malonic acid derivatives (35),'%*'%”
Friedel—Crafts reactions (36),'” aza-Baylis—Hillman reactions
(37),'” dialkyl phosphites (38),'" dialkyl methylphospho-
nates (39),"'""'* and other.""*~"'® As pointed out above, all
these reactions occur with synthetically useful stereochemical
outcome and can be readily scaled up.'"”

Reactions of fluoro-enolates with electrophilic species, such
as imines or carbonyl compounds, is one of the most valuable
and generalized approaches for preparation of a variety of
polyfunctional fluorine-containing derivatives of high pharma-
ceutical potential. Most of the research in this area is based on
the application of difluoroenoxysilanes 40 (Scheme 7)."'*~"*°
However, compounds 40 are quite expensive and difficult to
make on a large scale. Thus, the practical potential of greatly
biologically valuable derivatives of type 41—44 and related
compounds was rather unavailable for drug development.
Therefore, the discovery of the detrifluoroacetylative in situ
generation of fluoro-enolates 47 can be regarded as a truly
methodological breakthrough in recent years.'”' Mechanisti-
cally, it is based on haloform-type reaction'**”"*° of perfluoro-
carbonyl compounds 45'*~"*? and can be conducted under
very mild conditions. The reaction types reported so far are
Mannich,*'™"** aldol,"**~"** and halogenation139 reactions.
The Mannich and aldol additions can be quite successfully
performed in an asymmetric sense using stoichiometric or

DOI: 10.1021/acs.chemrev.5b00392
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Scheme 7. Detrifluoroacetylative in Situ Generation of
Fluoro-Enolates 47
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catalytic mode. Furthermore, the detrifluoroacetylative gen-
eration of fluoro-enolates 47 features remarkable substrate
generality, yields, and stereochemical outcome, the character-
istics that bode well with widespread applications of this
approach.

The methodological achievements highlighted herein are
rather arbitrary, but they provide a realistic snapshot of
incredible scope and extraordinary quality of the research
activity in the field of organofluorine chemistry. All these new
methods will soon be subjected to the ultimate test of practical
application for preparation of fluorine-containing pharmaceut-
icals. In the following sections, we profile 51 compounds,
critically highlighting, where it is possible, the source of fluorine
and the methodological choices in light of the past and current
developments.

2. COMPOUNDS CONTAINING ONE FLUORINE ATOM

2.1. Afatinib and Dacomitinib

Afatinib (BIBW2992, 49) was developed by Boehringer
Ingelheim for the potential treatment of non-small-cell lung
cancer (NSCLC) and other solid tumors,"*>'*" while a closely
related molecule, dacomitinib (PF-299804, 50), was selected by
Pfizer for the same indication (Figure 9)."** In July 2013,
afatinib was approved by the FDA for NSCLC treatment, and
was then launched in the United States in October 2013 with
the trade name Gilotrif. Eventually, the European Commission,
Health Canada, Mexico, Japan, and Taiwan have also approved
afatinib. In contrast, dacomitinib is still progressing through
phase III clinical trials.

Both afatinib and dacomitinib are oral irreversible inhibitors
of the ErbB family or receptor tyrosine kinases, including the
epidermal growth factor receptor (EGFR) and the human
epidermal growth factor receptor (HER2). They derived from
the previously launched EGFR inhibitor gefitinib (51), with
which they share the 6,7-disubstituted quinazoline core as well
as the fluorinated aniline fragment. In fact, previous work
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Figure 9. Structures of afatinib (49), dacomitinib (50), and gefitinib
(51).

showed that the 3’-Cl substituent would bind to a lipophilic
pocket in the ATP binding domain and notably the 4'-F
substituent would afford lon%er in vivo half-lives by slowing
down the rate of metabolism. *'**

The development of afatinib started from the hit compounds
52 and 53, which were designed to form covalent bonds
through their Michael acceptor moiety with the sulfhydryl
group of Cys-773 in EGFR for irreversibly blocking EGFR
autophosphorylation (Scheme 8).'* Modeling analyses of

Scheme 8. Discovery of Afatinib (49)
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\j
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F
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former reversible inhibitors demonstrated that both the 6- and
7-positions of the quinazoline ring emerged out of the ATP
binding pocket toward the solvent,'** while the 6-substituted
side chain was 2-fold closer to Cys-773 than the 7-substituted
side chain, showing a much faster alkylation rate.'** The aniline
ring was modified as in gefitinib, and further alterations of the
Michael acceptor fragment resulted in 1-methylacrylamide 54,
but this compound exhibited a complete loss of irreversible
inhibition of EGFR, whereas the 2-methylacrylamide $§
reduced the enzyme alkylation rate with only partial
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Scheme 9. Synthetic Route to Afatinib (49)
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Scheme 10. Synthetic Route to Dacomitinib (50)
F N F N
i~ o ) )
N ZN
HO \©i 0N 7 ON
58, NaBH;CN . 67) CI N\©:m
MeO AcOH, i-PrOH MeO MeCN F NaOMe
OMe (94%) OMe (78%) MeOH
MeO
(73%)
65 66 OMe
68
MeO N\j MeO N\j
G (71 H,, Ra-Ni
N cocl
g \CE MeOH \©:
(100%)
(100%)
70 69
MeO N\j
MeO N
\W
@ 9
\C[ (89%) M \C[CI
50 F
irreversibility."*” Meanwhile, incorporation of a dimethylamino demonstrated by several techniques including X-ray analysis

group at the amide chain as in 56 not only accelerated the
alkylation of the sulfhydryl group with the Michael acceptor
through a cyclic catalytic mechanism, but also improved the
oral bioavailability by enhancing the solubility under physio-
logical conditions.'**'*’ Finally, structure optimization by
introduction of soluble groups at the 7-position of the
quinazoline led to the discovery of afatinib (49). The existence
of a covalent bond between afatinib and EGFR has been

150
and mass spectrometry.

Afatinib was synthesized as shown in Scheme 9. The source
of fluorine was 3-chloro-4-fluoroaniline (58), which is
commercially available in multikilogram amounts and also
accessible by nitration and fluorination of 1,2-dichloroben-
zene."”' Quinazolinone 57 was heated in the presence of
POCI,, followed by addition of aniline 58 to afford amine 59.
Nucleophilic substitution of 59 with benzenesulfinic acid
sodium salt gave sulfone 60, which was treated with (S)-3-
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hydroxytetrahydrofuran (61) and KOt-Bu to provide aryl ether
62. After hydrogenation of the nitro group, condensation of
aniline 63 with diethylphosphonoacetic acid yielded amide 64,
and final Horner—Wadsworth—Emmons olefination with
dimethylaminoacetaldehyde (prepared from the corresponding
diethyl acetal) produced afatinib (49).">>

Conversely, dacomitinib was prepared as depicted in Scheme
10. Reductive amination of substituted benzaldehyde 65 with
aniline 58 afforded secondary amine 66, which was treated with
quinazoline 67 to yield tertiary amine 68. Substitution of a
fluorine atom in 68 by a methoxy group with NaOMe provided
69, which was hydrogenated with Raney nickel as catalyst to
give intermediate 70. Next, unsaturated amide 72 was prepared
by coupling of 70 with acid chloride 71, and finally the target
molecule dacomitinib (50) was obtained by debenzylation of
amide 72 in TFA.">’

2.2. Trametinib

The RAS/RAF/MEK/ERK mitogen-activated protein kinase
(MAPK) pathway is a complex signaling network involving a
family of protein kinases that regulates many essential cellular
processes, including cell proliferation, survival, differentiation,
motility, apoptosis, and angiogenesis. However, abnormalities
in some of its components may lead to the development of
many human malignancies.'** It was demonstrated that BRAF
may be the most important activator associated with melanoma,
and BRAF-mutated cell lines are extremely sensitive to MEK
inhibition. Therefore, the inhibition of MEK is a promising
therapeutic strategy for melanoma patients with activating
mutations involving the MAPK pathway.'*®

The first MEK inhibitor, trametinib (GSK1120212, 73), was
approved by the FDA in May 2013 for the treatment of patients
with unresectable or metastatic melanoma with BRAF'6?E/K
mutations (Figure 10). In January 2014, the combination of

F |

Xr jos
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Figure 10. Structures of trametinib (73) and lead compound 74.

trametinib and dabrafenib (see section 4.1) was granted
accelerated approval in the United States for the same
indications. Marketed as the DMSO-solvate form (trade
name: Mekinist), trametinib was originally discovered by
Japan Tobacco and then developed and launched by
GlaxoSmithKline. It is a potent orally bioavailable allosteric
ATP noncompetitive inhibitor of both MEK 1 and MEK 2
protein kinases.'*® In addition, trametinib may also inhibit the
activation of MEK by preferentially inhibiting phosphorylation
at Ser-217 to impact normal dual phosphorylation of MEK,
leading to a mainly monophosphorylated protein at Ser-221."%

The lead compound (74) of trametinib was originally
discovered from a high-throughput screening as a pl15™K
inducer for inhibiting the cyclin-dependent kinase (CDK) 4/
6."°® SAR studies demonstrated that the introduction of one
fluorine atom at the 2-position of the aniline moiety improved
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the antitumor potency by 4-fold and led to a small increase in
hydrophobicity. Besides, the presence of sterically demanding
substituents such as iodine in the 4-position increased the
potency by nearly 500-fold, compared with the compounds
without para-substituents. The introduction of the 3'-
acetamido group contributed to the better bioavailability and
potency. Moreover, the liposolubility was greatly reduced by
replacement of the phenyl group by a cyclopropyl ring on the
pyrimidinedione."*”

The synthesis of trametinib started from 2-fluoro-4-iodo-1-
isocyanatobenzene (75), which was combined with cyclo-
propylamine and then reacted with malonic acid to give the
cyclization product 77 (Scheme 11). Compound 77 was
chlorinated by treatment with POCI; to give intermediate 78,
although the regioselectivity was not reported. Replacement of
the chlorine with methylamine afforded compound 79.
Reaction of 79 with diethyl methylmalonate led to cyclization
product 80, which underwent a substitution reaction through
the corresponding triflate 81 to furnish nitrobenzene 82. Under
weakly basic conditions, the isomeric nitrobenzene 83 was
formed via an intramolecular rearrangement. Finally, the nitro
group was converted to amine 84 that was acetylated to yield
trametinib (73)."*’

2.3. Olaparib

Olaparib (AZD-2281, KU-59436, 85) was discovered by
KuDOS Pharmaceuticals and later developed by AstraZeneca
for the potential treatment of BRCA-mutated ovarian and
breast cancer as a monotherapy, as well as other tumors such as
gastric, prostate, and non-small-cell lung cancer (NSCLC)
when combined with DNA-damaging agents (Figure 11). As
one of the leads of numerous poly(ADP-ribose) polymerase
(PARP) inhibitors, olaparib exhibited potent activity in a cell-
based assay (potentiation factor at S0% growth inhibition, PFy,
= 25.8) with good pharmacokinetic and physicochemical
properties for oral administration.'*”'®" Regulatory filing
submission for gBRCAm platinum-sensitive recurrent (PSR)
ovarian cancer in the United States was successful, and FDA
approval for olaparib (trade name: Lynparza) was granted in
December 2014.'%

The discovery process of olaparib was envisaged from the hit
compound 86, obtained from high-throughput screening of the
Maybridge collection, showing low-micromolar inhibitory
potency against human PARP-1 (ICs, = 0.771 uM) (Scheme
12). Preliminary structure-guided modifications around the
meta-substituents of the benzyl moiety, supported by the
homology model of chicken PARP-1, resulted in a diverse
library of anilides as PARP-1 inhibitors with enhanced potency,
among which propionanilide derivative 87 exhibited the most
potent PARP-1 inhibition (IC;, = 10 nM). However, it
displayed poor pharmacokinetic properties with high clearance
rate in vitro in mouse hepatic microsomes (CL =12 mL/min/
g), which might be caused by the metabolic instability of the
pendant anilide moiety.'®’ Interestingly, reversal of this possible
metabolic point to give the corresponding amide 88 exhibited a
significantly improved metabolic stability in vitro with retained
inhibitory potency (CL < 1 mL/min/g, ICs, = S0 nM). Further
structural elaborations of the amide moiety, based on the above
observation, led to the disclosure of compound 89, which
exhibited good inhibitory potency at both the enzyme level and
the cellular level (PARP-1: ICy, = 9 nM, PFg, = 2.4). Notably,
introduction of fluorine at the para-position of the benzyl group
significantly enhanced cellular activity, while maintaining
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Scheme 11. Synthetic Route to Trametinib (73)
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interactions between fluorine and the C-3 carbonyl could
NH possibly confine the conformational rotation and lower the
O _N molecular entropy, which consequently enhanced the perme-
ability of the fluorine-substituted derivative. Finally, the
N/\ pharmacokinetic screen of distal nitrogen substituted deriva-
tives led to the discovery of olaparib (85) with excellent
potency and im ?roved oral availability (PARP-1: ICy, = S nM,
PF,, = 25.8)."°
Figure 11. Structure of olaparib (85). The synthetic route to olaparib is illustrated in Scheme 13.
Treatment of 2-formylbenzoic acid (91) with dimethyl
Scheme 12. Discovery of Olaparib (85) phosphite and NaOMe afforded phosphonate 92, which
underwent Horner—Wadsworth—Emmons olefination with

9 f fluoro-substituted benzaldehyde 93'% to give 94 as a mixture
O \ O NH of geometrical isomers. Hydrolysis of the nitrile group in 94
N N _N under basic conditions, followed by ring rearrangement with

R

hydrazine hydrate, yielded benzoic acid 95, which was
86

condensed with cyclopropyl(piperazin-1-yl)methanone (96)
in the presence of HBTU and i-Pr,NEt (Hiinig’s base)'’
87 R = NHCOEt afford the targeted product olaparib (85).'%
88 R = CONHEt A metal-free protocol for the production of carbon monoxide

l from carbon dioxide has been successfully applied to the

carbonylative coupling of late-stage intermediate 97 with
piperazine 96 to afford olaparib (85) in excellent yield (Scheme

NH

7 T 14). The process occurred in a two-chamber vessel connected
O NH O NH with a glass tube to allow gas transfer and is amenable for
P ZN o preparing '*C-labeled olaparib using readily available *CO, as

— starting material.'*®

NH
O Q% O U 2.4. Cabozantinib
X

zZ -

0]
F Cabozantinib (XL-104, 98) was developed by Exelisis as a
85 0 89X =H multitargeted tyrosine kinase (such as MET, VEGFR2, RET,
90 X =F Kit, and Flt3) inhibitor, for the oral treatment of metastatic
medullary thyroid cancer (MTC) (Figure 12).'%~'"* Although
prescribing information on cabozantinib carried a boxed
potency at the enzyme (90, PARP-1: ICs, = 7 nM, PFg, = warning highlighting the risks of perforations and fistulas and
12.6).'°* Researchers postulated that the repulsive electrostatic severe, sometimes fatal hemorrhage, it was finally approved in
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Scheme 13. Synthetic Route to Olaparib (85)

CN

(MeO),POH
@ECOzH NaOMe
[ O
(89%) PO(OMe),  (96%,
91 92 EiZ: 3:1)
O (6]
NH 1) 13 N NaOH O o)
~-N CN
2) NH,NHy Hy0 \
O COH (77%) O F
F 94
HN
NH
(96) /N
HBTU, /-PerEt
85

Scheme 14. Preparation of Olaparib (85) via
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Figure 12. Structure of cabozantinib (98).

the United States in November 2012 and in the EU in March
2014 (trade name: Cometriq). A number of clinical trials for
several types of cancer are also in process.

Cabozantinib was synthesized as shown in Scheme 15.
Quinolinol 99 was heated with POCI; to give chloroquinoline
100, which was substituted with 4-aminophenol to afford
aniline 101. Conversely, cyclopropane-1,1-dicarboxylic acid
(102) was stirred with SOCI, and Et;N, followed by treatment
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Scheme 15. Synthetic Route to Cabozantinib (98)
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with 4-fluoroaniline (103) to yield amide 104. Activation of
104 as its corresponding acid chloride with (COCI), and
subsequent condensation with aniline 101 provided the target
molecule cabozantinib (98)."7>'73

2.5. Cediranib and Brivanib Alaninate

Cediranib (AZD2171, 105) was developed by AstraZeneca as
an orally bioavailable inhibitor of pan-vascular endothelial
growth factor (pan-VEGF) receptor tyrosine kinase for the
potential treatment of cancer (Figure 13)."”*7'7® A phase II/III
study for non-small-cell lung cancer (NSCLC) commenced in
November 2005 although it was discontinued for toxicity
imbalances in February 2008, and a phase II trial for gastric
cancer was initiated in January 2012 in Japan. In December
2010, the FDA awarded orphan drug status to cediranib for
glioblastoma treatment.

Me 0
106

Figure 13. Structures of cediranib (105) and brivanib alaninate (106).
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The fluorinated indole ring of cediranib is also found in
another anticancer drug, brivanib alaninate (BMS-582664,
106), which was reported by Bristol-Myers Squibb as an orally
active dual inhibitor of the VEGFR-2 (KDR) and FGF receptor
tyrosine kinases.'”” Currently, phase III trials for hepatocellular
carcinoma (HCC) are ongoing.

The scaffold of cediranib derived from a series of
quinazoline-based inhibitors of receptor tyrosine kinases with
potent inhibitory activities against EGFR, as in gefitinib
discussed earlier (see section 2.1). After replacing the aniline
moiety found in gefitinib by a substituted indolol fragment, the
corresponding compound exhibited good inhibitory potency
against VEGFR. Incorporation of fluorine at the 4’-position of
the indole rin§ would further improve the in vitro inhibition of
VEGER. 787

In the case of brivanib alaninate, the hit compound 107,
which also derived from gefitinib, demonstrated relatively good
potency against EGFR (ICs, = 100 nM) (Scheme 16). After

Scheme 16. Discovery of Brivanib Alaninate (106)
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replacing the substituents of the aniline ring, the inhibition of
EGFR in the corresponding compound 108 was reduced to
some extent, but in contrast the inhibition of VEGFR-2 was
considerably improved (EGFR: IC, = 346 nM, VEGFR-2: IC,,
= 66 nM)."*® This inhibitory activity was preserved, when an
ester moiety was incorporated at the C-6 position, but the
resulting derivative 109 showed facile glucuronidation at the
phenolic oxygen. Introduction of a basic amino group on the C-
6 substituent decreased the rate of glucuronidation, but
compound 110 failed to ?rovide the desired in vivo
pharmacokinetic properties."®’ To overcome the metabolic
instability, the phenol fragment was replaced by an indole to
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give compound 111 (VEGFR-2: ICy, = 78 nM). Notably, the
fluorine-substituted indole moiety in 112 achieved a 4-fold
increase in potency against VEGFR-2 (ICs, = 17 nM). Further
SAR studies at the C-6 position led to the discovery of brivanib
(BMS-540215, 113) in the consideration of its relatively low
inhibition activity of hERG and cytochrome P450 (CYP)
enzyme CYP3A4 (VEGFR-2: ICy, = 25 nM, hGER: IC, = 18
UM, CYP3A4: ICy, = 18 uM).'®” Finally, the (S)-Ala-
substituted prodrug brivanib alaninate (106) was designed to
improve the aqueous solubility, exhibitin% favorable CYP profile
and excellent pharmaceutical properties.

The synthesis of the fluoroindole moiety common in both
cediranib and brivanib alaninate was performed from 1,2,3-
trifluoro-4-nitrobenzene (114)'* by nucleophilic substitution
with ethyl 3-oxobutanoate followed by decarboxylation reaction
under acidic conditions (Scheme 17). The resulting arylpropa-

Scheme 17. Synthesis of Fluorinated Indole 117
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none 118 further underwent another SyAr reaction by heating
with LiOH and benzyl alcohol to yield benzyl ether 116. The
intermediate indole 117 was next prepared by hydrogenation
an;:lmsequential annulation using ammonium formate and Pd/
C.

The quinazoline core of cediranib was constructed from
phenol 118 that was first protected as its benzyl ether 119,
followed by nitration to give nitrobenzene 120 (Scheme 18).
Hydrogenation of 120 using Pt/C provided aniline 121, which
was heated with ammonium formate in DMF to yield
quinazolinone 122. Chlorination of 122 with POCI; furnished
quinazoline 123, and subsequent nucleophilic substitution with
indole intermediate 117 gave indole ether 124. Deprotection of
intermediate 124 provided phenol 125, which was heated with
ammonjum salt 126 to afford the target product cediranib
(10s)."”

Brivanib alaninate was synthesized as shown in Scheme 19.
The pericyclic reaction between methyl but-2-enoate (127) and
toluenesulfonylmethyl isocyanide (TosMIC) under basic
conditions and subsequent acylation by treatment with AICI,
and CCL;COCI afforded pyrrole 128. The pyrrolotriazine
nucleus was constructed by N-amination of pyrrole 128 with
diphenyl phosphoryl hydroxylamine and subsequent annulation
reaction by heating with formamide to render 129. Treatment
of 129 with POCI; afforded chloroimidate 130 that was
transformed into aromatic ether 131 by nucleophilic sub-
stitution with indole 117. Addition of MeMgBr to 131 yielded
tertiary alcohol 132, which was oxidized by treatment with
H,0, to afford pyrrolotriazinol 133. Base-catalyzed epoxide
opening of (R)-(+)-propylene oxide by reaction with 133 gave
brivanib (113), which underwent condensation reaction with
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Scheme 18. Synthetic Route to Cediranib (105)
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suitably protected alanine to vyield the prodrug brivanib F
alaninate (106) after removal of the Cbz group.'””™®!
N
2.6. Idelalisib /)\ .
N * Me
Idelalisib (GS-1101, CAL-101, 134), the first oral selective HNw N
inhibitor of phosphatidylinositol 3-kinase p110& (PI3KS) (ICs, | N
= 2.5 nM), was approved by the FDA on July 23, 2014, for the N O N
treatment of three types of relapsed blood cancer: chronic YN
lymphocytic leukemia (CLL), follicular B-cell lymphoma (FL), 134

and small lymphocytic lymphoma (SLL) (Figure 14)."** The
combination of idelalisib and rituximab, an anti-CD20 antibody,
was approved for the treatment of patients with relapsed CLL,
which apparently increased progression free survival time,
compared with treatment with rituximab monotherapy and a
placebo. For patients with FL or SLL, idelalisib is used for those
who have already received two or more systemic therapies.'*’
Moreover, it has also been given accelerated approval to the
treatment of patients with relapsed follicular B-cell non-
Hodgkin lymphoma (NHL) and relapsed SLL who have

Figure 14. Structure of idelalisib (134).

received at least two preferential therapies."*® Idelalisib was
discovered by Calistoga Pharmaceuticals, and later developed
and marketed by Gilead Sciences (trade name: Zydelig).
Idelalisib plays a highly selective role in inhibiting the o
isoform of class I phosphatidylinositol 3-kinase, and hence it
can effectively block the PI3K5/Akt/mTOR signaling pathway
and promote cell death.'®” This inhibition takes place by
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reversible and noncovalent binding to PI3KS, by opening a
hydrophobic pocket at the ATP-binding site in which the
fluoroquinazolinone moiety accommodates as demonstrated by
X-ray analysis of an idelalisib—PI3KS complex.'®® Also,
idelalisib can interfere with BCR signal pathway (including
MEK and ERK phosphorylation) and reduction of chemokine
secretion (CCL2, CCL3, CCL4, and CCL22) by malignant B
cells, which in turn attracts accessory cells, such as T cells, to
the effect tissue immune microenvironment.'® Compared with
compounds where fluorine is on the 4-position or fluorine is
replaced by chlorine, idelalisib exhibits a better selectivity
toward PI3K5."

The synthesis of idelalisib was initiated from commercially
available 2-fluoro-6-nitrobenzoic acid (135) (Scheme 20).""!

Scheme 20. Synthetic Route to Idelalisib (134)
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First, reaction of the acid chloride derived from 135 with
aniline afforded amide 136, which was next coupled with N-
Boc-(S)-2-aminobutyric acid to obtain chiral imide 137. The
Zn/AcOH catalytic system promoted the reduction of the nitro
group and a subsequent cyclization reaction leading to
intermediate 138. Finally, after removal of the N-Boc protecting
group, idelalisib (134) was successfully prepared by substitution
with 6-bromopurine.'”

2.7. Edivoxetine

Edivoxetine (LY-2216684, 140) is an oral second-generation,
highly selective, and potent norepinephrine reuptake inhibitor
(NERI) for the potential treatment of psychiatric indications,
including attention deficit hyperactivity disorder (ADHD)'””
and adjunctive therapy of major depressive disorder (MDD)
(Figure 15)."”* Edivoxetine was developed by Eli Lilly and Co.
and advanced to phase III clinical trials in the above
indications."”® However, in December 2013 edivoxetine failed
to meet its primary end point in phase III MDD trials and its
development was discontinued, although an ongoing trial
assessing the long-term maintenance effect of the drug would
continue to completion.
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140

Figure 15. Structure of edivoxetine (140).

Early compounds in the development of edivoxetine were
potent inhibitors of a-methyl-m-tyrosine (a-MMT)-induced
norepinephrine depletion in vivo, but significant toxicity issues
were revealed during a 3-month dog toxicology study. Further
optimization around the phenyl group led to edivoxetine with
K; values of 15.6 and 5050 nM against norepinephrine and 5-
HT uptake, respectively. In the dog, the oral bioavailability of
edivoxetine is 88%, the half-life is 4 h with a good exposure in
vivo (AUC = 793 ng-h/mL). 196 In addition, edivoxetine dose-
dependently displaced the NET-specific PET ligand in rhesus
monkeys. Phase I studies indicate that edivoxetine is safe and
well tolerated in healthy volunteers."”” The absorption of
edivoxetine was rapid with an average time to reach maximum
plasma concentration (C,,,) of 2 h. Edivoxetine is extensively
metabolized, predominantly via the cytochrome P450 (CYP)
enzyme CYP2D6 and CYP3A4. Following a single dose oral
administration of edivoxetine, renal or hepatic impairment
patients did not appear to influence overall subject toler-
ability."”®

Preparation of edivoxetine started from the cyclocondensa-
tion between 2-(benzylamino)ethanol (141) and 2-chloroacry-
lonitrile (142) in the presence of KOt-Bu (Scheme 21). The
resulting morpholinocarbonitrile 143 was then converted to

Scheme 21. Synthetic Route to Edivoxetine (140)
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ester 144 by acidic treatment. Condensation of 144 and N,O-
dimethylhydroxylamine in the presence of trimethylaluminum
led to racemic Weinreb amide rac-145. This compound was
resolved by chiral HPLC to give the desired (S)-enantiomer.
Reaction of 145 with the Grignard reagent derived from 1-
chlorotetrahydropyran (146) gave intermediate 147 in good
yield. The next reaction with another Grignard reagent,
prepared from 2-(bromomethyl)-4-fluoro-1-methoxybenzene
(148), afforded tertiary alcohol 149. Finally, N-debenzylation
with H, over Pd/C gave edivoxetine hydrochloride (140-
HCI) 199

2.8. Blonanserin

Blonanserin (AD-5423, 150) is a relatively selective antagonist
of serotonin 5-HT,, and dopamine D, receptors, resulting in a
novel oral atypical antipsychotic drug (APD) 1nd1cated for the
treatment of schizophrenia in adults (Figure 16).”"" Blonanser-
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Figure 16. Structure of blonanserin (150).

in was developed and launched by Dainippon Sumitomo
Pharma and approved in Japan (2008) and Korea (2009).*%!
Because of its reasonably selective pharmacological properties,
blonanserin displayed the advantages of low risk of excessive
sedation, few adverse side effects, and a lower possibility of
prompting orthostatic hypotension compared to other atypical
APDs.”%” Clinical trials conducted in Japan have indicated that
blonanserin is well tolerated and effective in the treatment of
both positive and negative symptoms of schlzophrema 203
Blonanserin can also treat delirium in the intensive care unit.”
Sales for blonanserin (trade name: Lonasen) stated by
Dainippon Sumitomo Pharma for 2012 were $133.8 million,
indicating a year to year increase of 9.2% in 2011.

Blonanserin is derived from an earlier series of 4-phenyl-2-(1-
piperazinyl)pyridines, being selected as the most promising
candidate because of its in vitro binding affinity to a variety of
potentially important receptors. Relatively high binding affinity
for serotonin SHT,, and dopamine D, receptors in rat has been
shown, with K; values of 3.98 and 14.8 nM, respectively.”"’
Thus, blonanserin has a binding affinity for the dopamine D,
receptor that is similar to that of haloperidol (K; = 8.79 nM),
but superior to that of clozapine (K, = 149 nM), whereas the
binding affinity for SHT, receptor is better than that of
clozapine (K; = 8.66 nM) and much greater than that of
haloperidol (K; = 26.8 nM). Blonanserin exhibits a low binding
affinity for the adrenergic a; receptor and virtually none for the
D, receptor. Furthermore, the binding affinity for S-HT), $-
HT3, adrenergic a,, adrenergic f, histamine H;, muscarinic, and
GABA receptors is low.”"

The absorption of blonanserin is rapid after oral admin-
istration in healthy volunteers, with a time to reach peak plasma
concentration of around 1.5 h. It is readily absorbed and its
metabolism proceeds through the cytochrome P450 enzyme
CYP3A4, being further eliminated mainly by the urine (59%)
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and feces (30%) as metabolites.””® Many metabolites of

blonanserin were detected and identified in animal pharmaco-
kinetic studies. For instance, all stereoisomers of the two major
hydroxyl metabolites of blonanserin in humans, 7-hydroxylated
blonanserin (151) and 8-hydroxylated blonanserin (152),
displayed a lower binding affinity to the D, and SHT,,
receptors than that of blonanserin itself (Figure 17).27

(\NAMe (\N/\
A o
HO | Z | Z
F F
151 152

Figure 17. Structures of the major metabolites of blonanserin,
compounds 151 and 152.

Blonanserin was synthesized in a simple three-step process as
shown in Scheme 22. First, 4-fluorobenzoylacetonitrile (153)

Scheme 22. Synthetic Route to Blonanserin (150)
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was condensed with cyclooctanone (154) by heating in
polyphosphoric acid (PPA) to afford compound 155, which
was converted into the corresponding 2-chloro derivative 156
by treatment with phenylphosphonic dichloride. Finally,
substitution of 156 with N-ethylpiperazine (157) afforded the
target compound blonanserin (150).*%7*%

2.9. Vorapaxar

Vorapaxar (SCH 530348, 158) is an oral platelet thrombin
receptor antagonist developed by Schering-Plough (now Merck
& Co.) for the treatment of thrombosis (Figure 18).”%”*'" After
completion of phase III clinical trials for acute coronary
syndrome (ACS) and secondary prevention of cardiovascular
events, vorapaxar (trade name: Zontivity) received approval by
the FDA in May 2014. Generally, oral administration of
vorapaxar was well tolerated in clinical trials and did not cause
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158

Figure 18. Structure of vorapaxar (158).

thrombolysis in myocardial infarction (TIMI) bleeding, when
combined with aspirin or clopidogrel.”""

The thrombin receptor, also known as protease-activated
receptor-1 (PAR-1), is the most potent cell surface inducer of
platelet activation.”’” Vorapaxar is a synthetic tricyclic 3-
phenylpyridine analogue of natural product himbacine (159)
(Scheme 23).*'* SCH 205831 (160) and compound 161 were
also based on the structure of ent-himbacine, being high-affinity,
orally active, low-molecular-weight non-peptide competitive
PAR-1 antagonists, with excellent oral efficacy in an ex vivo
platelet aggregation model in cynomolgus monkeys.”'**'®
However, compound 161 generated a metabolite 162, which
is a 7,8-dihydroxy derivative. A series of novel himbacine
derivatives 163 was next developed in order to change the
metabolic pathway of compound 161, by incog}orating
heteroatoms into the C-ring of the tricyclic motif.”'® Finally,
the introduction of a fluorine atom in the phenyl ring increased
the potency leading to the discovery of vorapaxar (158).”"

Vorapaxar is a highly selective, virtually irreversible PAR-1
antagonist, displaying an oral antiplatelet effect in a cynomolgus
monkey model of agonist-induced ex vivo platelet aggregation,
after oral administration at 0.1 mg/kg, and complete inhibition
(100%) of platelet aggregation for 24 h. Vorapaxar was selective
against PAR-2 and PAR-4 showing an excellent pharmacoki-
netic profile, with a half-life of 6.2 h, and an oral bioavailability
of 62% in the cynomolgus monkey model. The crystal structure
of human PAR-1 in complex with vorapaxar has been reported.
Vorapaxar binds to the extracellular surface of PAR-1 through
the fluorophenyl ring that 7—n stacks with the side chain of
Phe-271, and the pyridine also makes a hydrogen bond with the
side chain of Tyr-337.”"*

The synthetic route to vorapaxar is illustrated in Scheme 24.
Bromoalkene 164 was subjected to a Heck reaction with methyl
acrylate to give the corresponding acid 165 after ethyl ester
hydrolysis. Condensation of dienoic acid 165 and chiral allylic
alcohol 166 in the presence of N,N'-dicyclohexylcarbodiimide
(DCC) and 4-pyrrolidinopyridine (PPY) afforded triene 167,
which underwent a fully diastereoselective intramolecular
Diels—Alder cycloaddition followed by base-mediated epime-
rization of the a-carbonyl proton to afford tricyclic lactone 168
containing four newly created stereogenic centers. Two
consecutive hydrogenations in compound 168 reduced the
double bond and removed the benzyl ester moiety, and the
resulting acid 169 was transformed into aldehyde 170 by
reduction of the corresponding acid chloride with n-Bu;SnH
under palladium catalysis. Next, Horner—Wadsworth—Emmons
olefination with pyridyl phosphonate 171 produced (E)-alkene
172. Triflate 173 was easily accessed from 172 and was used in
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Scheme 23. Discovery of Vorapaxar (158)
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the subsequent Suzuki cross-coupling with 3-fluorophenylbor-
onic acid (174) to furnish intermediate 175. Removal of the
cyclic acetal in 175 led to ketone 176, and its further reaction
with ammonia followed by reduction with NaBH;CN produced
a mixture of diastereomeric primary amines albeit in low yield.
After chromatographic separation, the major amine 177 was
finally transformed into vorapaxar (158) by reaction with ethyl
chloroformate.”">*"”

2.10. Tedizolid Phosphate

In June 2014, the FDA approved tedizolid phosphate (trade
name: Sivextro, 178), the prodrug of tedizolid, for both
intravenous and oral treatment of acute bacterial skin and skin
structure infections (ABSSSI) caused by certain susceptible
bacteria, such as Staphylococcus aureus (including methicillin-
resistant strains (MRSA) and methicillin-susceptible strains),
various Streptococcus species, and Enterococcus faecalis (Figure
19). Tedizolid (also known as torezolid) is a second-generation
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Scheme 24. Synthetic Route to Vorapaxar (158)
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Figure 19. Structures of tedizolid phosphate (178), linezolid (179),
and eperezolid (180).
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oxazolidinone antibiotic developed by Cubist Pharmaceuticals
(following acquisition of Trius Therapeutics) and Dong-A
Pharmaceutical, in partnertship with Bayer. Similar to linezolid
(179), the first oxazolidinone launched in 2000, tedizolid
inhibits the formation of the 70S initiation complex by binding
the S0S subunit of ribosome at a site close to the 30S subunit,
therefore blocking the early step of protein synthesis. This
unique mechanism makes it difficult to develop cross-resistance
with other classes of antibiotics.”"”

Structurally, the drug follows the typical A—B ring system of
previous oxazolidinone derivatives like linezolid (179) and
eperezolid (180). This 3-fluorophenyloxazolidinone backbone
was initially identified by Upjohn Co. since eperezolid was
found as the best lead compound to balance the antibacterial
activity, pharmacokinetics, aqueous solubility, and synthetic
convenience compared to its nonfluorinated and 3,5-difluor-
ophenyl congeners.”””**' Replacement of the morpholino
group of linezolid by a methyl tetrazole substituted pyridine
conferred superior activities against several antibiotic resistant
strains, which may be attributed to the additional interactions of
the tetrazole and the pyridine with the binding pocket. Besides,
the activity varied with the substituted forms of the tetrazole
and the position of the methyl group.””” According to SAR
studies on the S-position of the oxazolidinone, the 5-
hydroxymethyl derivative (tedizolid) was chosen as a candidate

DOI: 10.1021/acs.chemrev.5b00392
Chem. Rev. 2016, 116, 422—518


http://dx.doi.org/10.1021/acs.chemrev.5b00392

Chemical Reviews

Scheme 25. Synthetic Route to Tedizolid Phosphate (178)

SN Br SN Br
Xy B CuCN,NaCN X B NaN;, NH,CI | Mel, NaOH |
B N DMF, 150°C o™ N DMF, 110°C  HN, DMF Me~N,
=N N=N
(70%) (85%) N (45%)
181 182 183 184
o)
o) N0
CbzCl H ] }:)‘/OH
F\©/NH2 NaHCO; F\©/N\Cbz Me  (187) 0 F\©/N
THF n-BuLi, THF CF3COzAg
185 (85%) 186 (70%) 188 lo, MeCN
(94%)
OYO OH o}
N\)-/ 184, LiCl Yo OH }:)‘/OH
PACI,(PPhy), F N\)-/ (n-BusSn), FD/N
NMP, 120 °C j@/ PdCl,(PPh
N : n-BusSn 2(PPha),
> (26%) 190 61%) 189
N=N 191
o)
Q 1) NaOMe
t-Bu >—
g\ (192) N A\-O~,OtBU  MeOH, CHCl;
t-BuO” N(i-Pr), 11 ~0t-Bu
2) TFA, CH,Cl,
tetrazole, THF, CH,Cl,
- . N
then m-CPBA Me\N\ S Me\N‘ S
(71%) =N 178

for its higher potency, longer half-life, activity against linezolid-
resistant strains, and low risk of causing new resistance. A
prodrug strategy was also utilized and led to tedizolid
phosphate (178) with promising aqueous solubility (>50 mg/
mL in deionized H,0), pharmacokinetic properties (oral
bioavailability: F > 90%), and improved in vivo efficacy
compared to linezolid.***

The first convergent route to tedizolid phosphate used 2,5-
dibromopyridine (181) and 3-fluoroaniline (185) as starting
materials (Scheme 25). Pyridine 181 reacted with CuCN and
NaCN in refluxing DMF to afford 182, which upon
cycloaddition with sodium azide under high temperature
provided tetrazole 183. Methylation of 183 with iodomethane
following isolation with silica-gel column chromatography gave
the desired 2-methyltetrazolylpyridine 184, as well as its 1-
methyl regioisomer in almost equimolecular amount. Con-
versely, Cbz-protected fluoroaniline 186 was directly converted
into S-hydroxymethyl oxazolidinone 188 by reacting with (R)-
glycidyl butyrate (187) and n-BuLi. Iodination of 188 followed
by palladium-catalyzed reaction with hexabutylditin afforded
the tributylstannyl derivative 190. Then, the two intermediates,
184 and 190, were cross-coupled via a Stille reaction that gave
tedizolid (191). Reaction of alcohol 191 with phosphamidite
192 in the presence of tetrazole followed by oxidation with m-
CPBA furnished phosphoric acid di-tert-butyl ester derivative
193, and final treatment with NaOMe generated the desired
compound tedizolid phosphate (178).7*%***

To avoid the toxicity of residues from tin-based couplings,
Trius Therapeutics disclosed another process in which the
pyridinyl phenyl moiety was synthesized through a Suzuki
coupling. Starting from 4-bromo-3-fluoroaniline (194), Cbz-
protected aniline 195 was thus prepared (Scheme 26). Reaction
of 195 with triisopropyl borate and n-BuLi and subsequent
hydrolysis with 20% aqueous NH,CI gave boronic acid 196.
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Scheme 26. Process Preparation of Tedizolid Phosphate
(178)
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Accordingly, Suzuki coupling between 196 and 184 provided
intermediate 197. The oxazolidinone ring was then constructed
by using LHMDS and DMPU in the reaction of 197 with chiral
glycidyl ester 187 to give tedizolid (191) in good yield. Finally,
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treatment of 191 with Et;N and POCI; in THF and quenching
with water furnished phosphate 178.”*

A cheap and convenient route to prepare fluorine-containing
aniline 185 from m-aminoacetanilide hydrochloride (198) was
described through diazotization followed by fluorination and
hydrolysis (Scheme 27).”*° In addition, substrate 194 can be
obtained in over 95% yield by bromination of 185 with NBS in
DME.**’

Scheme 27. Preparation of Fluorine-Containing Anilines 185
and 194
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2.11. Zabofloxacin

Dong Wha Pharmaceuticals, together with IASO Pharma
(formerly Pacific Beach BioSciences), developed zabofloxacin
(DW-224a, 201), an oral antibacterial fluoronaphthyridone
DNA gyrase and topoisomerase IV inhibitor, for the potential
treatment of bacterial respiratory tract infections (Figure
20).”*® The drug has entered a phase III trial for the treatment

F N CO,H
MeQ | P2 |
<7y
HN
201

Figure 20. Structure of zabofloxacin (201).

of acute bacterial exacerbation of chronic obstructive
pulmonary disease (COPD) in South Korea and a phase II
trial for pneumonia in the United States.

As a new member of fluoroquinolone antibiotics, zabo-
floxacin is also a typical fluorine-containing drug. Since the C-6
fluorine is quite crucial for both high DNA gyrase complex
binding activity and great bacterial cell penetration of this class
of antibiotics, nearly all of the newly invented quinolones keep
this C-6 fluorine substituent in place.”*”**" To meet the needs
for compounds with enhanced activities against Gram-positive
bacteria and quinolone-resistant strains, researchers introduced
a novel 2,6-diazaspiro[3.4]octane (with an alkoxyimino group
on it) to the 7-position of a traditional naphthyridine scaffold
and discovered the unique structure of zabofloxacin (201),>*"
which displays a higher antibiotic potency, wider spectrum,
better safety, and limited adverse events than the marketed
drugs of the same class.””>***

Scheme 28 shows an available synthetic route to zabo-
floxacin. Pyrrolidinone 202 was hydroxymethylated with
formaldehyde to afford alcohol 203, which reacted with O-
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methylhydroxylamine to give the corresponding oxime 204.
Then, alcohol protection and ester reduction yielded the
hydroxymethyl derivative 206, which was treated with NaNj; to
afford azide 207. The reaction of 207 with MsCl provided
mesylate 208, which upon reduction with hydrogen and Raney
nickel gave amine 209. The subsequent annulation occurred in
the presence of DBU and gave the 2,6-diazaspiro[3.4]octane
derivative 210. Protection with Boc,O and selective hydro-
genolysis over Pd/C furnished the monoprotected diamine
212, which condensed with naphthyridinone 213 to give 214 in
good yield. Finally, the target molecule zabofloxazin (201) was
obtained by deprotection of 214 with TFA.*'

A four-step, one-pot reaction using a single solvent was
disclosed for preparation of the fluorine-containing intermedi-
ate 213 (Scheme 29). Starting from ethyl 3-(2,6-dichloro-5-
fluoropyridin-3-yl)-3-oxo-propanoate (215),”** reaction with
triethyl orthoformate and acetic acid in toluene afforded
derivative 216, which was then condensed with cyclopropyl-
amine. The resulting enamine 217 was cyclized using 40%
aqueous tetrabutylammonium hydroxide and 10 N NaOH to
give 218, followed by hydrolysis with concentrated HCI to
afford intermediate 213 in high purity and excellent overall
yield after simple washings of the collected solid compound.”*®

2.12. Solithromycin

Solithromycin (CEM-101, OP-1068, 219) developed by
Cempra Pharmaceuticals (under license from Optimer
Pharmaceuticals) is the first fluoroketolide antibiotic that has
progressed to phase III clinical trials as oral and intravenous
formulation for the treatment of moderate to moderately severe
community-acquired bacterial pneumonia (CABP) (Figure
21).>*° The drug blocks protein synthesis and thus prevents
bacterial growth and reproduction by reversibly binding to the
50S subunit of the bacterial ribosome. Solithromycin has
proven activity against macrolide-resistant strains, because it
binds to three regions on the bacterial ribosome, unlike one or
two sites for current macrolides.””’

Traditional macrolides, such as erythromycin (220), are
characterized by a 14-atom macrolactone ring containing two
sugar moieties, namely cladinose and desosamine at the C-3
and C-$ positions, respectively. Efforts to overcome macrolide
resistances led to the discovery of ketolides, which have a C-3
keto group and a C-11,12 alkyl-aryl side chain, being the
marketed drug telithromycin (221) a representative example.”*®
To optimize domain II binding and antibacterial activity, a
series of ketolides possessing a 1,2,3-triazole were designed, and
solithromycin (219), also featuring a C-2 fluorine substituent
and an aminophenyl-1,2,3-triazolylbutyl-11,12-carbamate side
chain, entered further development.239 The structure of
solithromycin complexed to the E. coli ribosome revealed the
proximity (2.7 A) of the C-2 fluorine to the N-1 of C2611,
which may lead to a tighter binding of the compound to
ribosome in which A2058 has been dimethylated by Erm
methyltransferase. Compared with its nonfluorinated analogue,
solithromycin exerts superior inhibition against growth of
streptococci carrying the Erm methyltransferase gene, which is
thought to be the main cause of macrolide resistance.””’

The initial route to solithromycin adopted the antibiotic
clarithromycin (222) as starting material (Scheme 30).
Reaction of 222 with Ac,0 provided the corresponding
diacetyl derivative which was treated with 1,1-carbonyldiimida-
zole (CDI) and NaH to give intermediate 223. Cyclization of
223 with 4-aminobutanol produced alcohol 224, which
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Scheme 28. Synthetic Route to Zabofloxacin (201)
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underwent tosylation with TsCl and further substitution with
NaNj to produce azide 225. After hydrolysis of the cladinose
fragment, the resulting alcohol was converted into ketone 226
by Swern oxidation. Then, regioselective electrophilic fluorina-
tion was performed with Selectfluor (23) in the presence of
KOt-Bu. After deacetylation to fluoro-azide derivative 227, the
target compound solithromycin (219) was finally accessed via a
copper-cata Zzed azide—alkyne cycloaddition with 3-ethynylani-
line (228).%77%*

An improved synthetic process involved the protection of
222 with benzoic anhydride, and the subsequent reaction with
CDI and DBU to afford 229 (Scheme 31). Cyclization with 4-
azidobutylamine (230) [obtained in turn from 1,4-dibromobu-
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tane (234) by substitution with NaN; and Staudinger
reduction'****"*** with PPh;] gave 11,12-cyclic carbamate
231. Acidic hydrolysis of 231 was followed by oxidation of the
C-3 hydroxyl group with Dess—Martin periodinane (DMP) to
yield ketone 232. Fluorination at the C-2 position was
accomplished using NFSI (22) and KOt-Bu to afford fluoro-
azide 233. Cycloaddition between 228 and 233 in the presence
of Cul followed by deprotection in refluxing MeOH provided
solithromycin (219).7***

2.13. Sofosbuvir

Hepatitis C is an infectious disease of the liver which is
estimated to affect 130—150 million people worldwide.”*
Infection by hepatitis C virus (HCV) is the most common
chronic blood-borne infection in the United States, where
approximately 2.7 million persons are chronically infected and
8000—10000 annual deaths are attributed to HCV infection.”*’
Furthermore, chronic infection by HCV greatly increases the
risk of hepatic carcinoma. The current standard treatment for
hepatitis C is pegylated interferon combined with ribavirin.”*’
However, the viral response rate of this treatment is assessed in
only less than 50% of the patients infected with the genotype 1
virus.”** Over the past decade, ribonucleoside analogues
containing a 2'-C-methyl substituent were identified as potent
and selective inhibitors of NSSB polymerase of the HCV
replication complex.”** For instance, 2’-deoxy-2'-fluoro-2'-C-
methylcytidine (PSI-6130, 236) was initially selected for clinical
development based on its superior profile,”” and currently its
diisobutyroyl prodrug mericitabine (RG7128, 237) is in phase
IIb clinical trials for hepatitis C in Hoffmann La Roche (Figure
22)" A similar investigational, nonfluorinated molecule is
valopicitabine (NM283, 238).>"

Scientists at Pharmasset were further interested in developing
a second generation of agents with improved potency and
pharmacokinetic properties. Metabolism studies showed that
PSI-6130 (236), as well as its monophosphate 240, could be
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Figure 21. Structures of solithromycin (219), erythromycin (220),
and telithromycin (221).

deaminated to the uridine derivatives 241 and 242, respectively,
and the latter subsequently anabolized to the triphosphate 243
by uridine—cytidine monophosphate kinase (YMPK) and
nucleoside diphosphate kinase (NDPK) (Scheme 32).*>® This
uridine triphosphate 243 displayed a long intracellular half-life.
However, earlier studies had shown that compound 241 was
inactive in the HCV replicon assay indicating the lack of
deoxyuridine kinase activity.”* Therefore, in order to
accomplish the delivery of high liver concentrations of the
desired triphosphate 243, many prodrugs of the mono-
phosphate 242 were examined.

In this context, the phosphoramidate prodrugs enhanced the
potency of the nucleoside in vivo, because of an increase of the
intracellular concentration of the active compound.”>> This
type of prodrug provided suitable pharmacokinetic properties
for in vivo absorption and liver targeting characteristics. Once
in the liver, the phosphoramidate was metabolized to the
monophosphate nucleotide through a cascade of steps starting
with the cleavage of the amino acid ester by esterases. After a
screening of suitable phosphoramidate derivatives, sofosbuvir
(PS1-7977, 239) was selected as a second generation nucleoside
inhibitor of HCV NS5B RNA-dependent RNA polymerase.”>”
Sofosbuvir (trade name: Sovaldi) was discovered by Pharmasset
and developed by Gilead Sciences in the United States, being
approved by the FDA on December 2013 and by the European
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Commission on January 2014.>*® Sofosbuvir is also used as a

combination therapy with ledipasvir, an NSSA inhibitor, which
also has potency against HCV genotypes 1a and 1b (see section
34).

Synthetic approaches to sofosbuvir were based on the prior
preparation of PSI-6130 (236). One of the key issues for its
synthesis was the stereoselective functionalization of the C-2’
position in order to generate a tetrasubstituted center having
2'-C-methyl and 2'-fluoro substituents. The discovery synthesis
of 236 was rather straightforward using cytidine (244) as
starting material (Scheme 33). Cytidine was first transformed
into its 2'-C-methyl arabinoside analogue 248 in six conven-
tional steps. Then, fluorination of the C-2’ tertiary alcohol in
248 with DAST (20) gave the desired product 249 with
inversion of the configuration. However, the yield of 249 was
very low due to the accompanying formation of byproducts
(250 and 251) by elimination and hydrolysis, and the need of
chromatographic separation of this mixture represented an
additional problem for the scale-up of this protocol. PSI-6130
(236) was finally accessed by removal of the benzoyl protecting
groups in 249.7°

Thus, an alternative synthesis of the benzoylated cytidine
precursor 249 from inexpensive D-xylose was developed. The
intermediate methyl furanoside 252, obtained from p-xylose
according to literature methods,”” was oxidized with NaOCl/
TEMPO to the ketone 253 followed by stereoselective
methylation to give the desired 3,5-di-O-benzyl-2-C-methyl-$-
p-arabinofuranoside (254) (Scheme 34). Fluorination was
again carried out using DAST (20) to give the desired
fluorinated product 255 albeit in only 19% vyield after
purification by silica gel chromatography. The benzyl groups
were replaced with benzoyl groups by transfer hydrogenolysis
followed by treatment with benzoyl chloride to afford 257 in
good vyield. Furanoside 257 was then converted into the key
intermediate 259 via cleavage of the methyl furanoside moiety
and subsequent benzoylation. Vorbriiggen condensation with
silylated N*-benzoylcytosine 260 in the presence of SnCl,
afforded the desired product 249 along with its @-anomer 2-
epi-249. The pure f-anomer 249 was obtained by silica gel
chromatography in 37% yield from the crude mixture.”*®

Another synthesis of the sugar moiety of sofosbuvir was
disclosed starting from the protected derivative of D-
erythronolactone 261 (Scheme 3S). Compound 261 was
converted into 3,4-O-isopropylidene-2-C-methyl-p-arabino-1,5-
lactone (262) by successive addition of MeMgBr and NaCN,
followed by hydrolysis and in situ lactonization. Next, the
corresponding triflate 263 was reacted with tris-
(dimethylamino)sulfur trimethylsilyl difluoride (TASF) to
carry out fluoride displacement, and further, acetonide
deprotection, and in situ lactone rearrangement led to 2-
deoxy-2-fluoro-2-C-methyl-p-1,4-ribonolactone (265) as the
major product. Treatment of 265 with benzoyl chloride
afforded the key intermediate 267.7*

More recently, a more practical synthesis of PSI-6130 (236)
was reported using commercially available isopropylidene-p-
glyceraldehyde (268) as starting material (Scheme 36). Wittig
reaction of 268 with commercially available
(carbethoxyethylidene)triphenylmethylphosphorane proceeded
with high E/Z selectivity (97:3 ratio). The intermediate
pentenoate ester was used for the next dihydroxylation step
without purification to afford diol 269 as a pure p-isomer after
aqueous workup and recrystallization, thus avoiding chromato-
graphic techniques. Sharpless AD-mix-f efliciently catalyzed
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Scheme 30. Synthetic Route to Solithromycin (219)
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this dihydroxylation in good yield and stereoselectivity, but the
most practical conditions, found after extensive studies,
involved the much cheaper KMnO, reagent. The secondary
C-3 hydroxyl group of diol 269 could be selectively
benzoylated, thus allowing for a selective fluorination of the
C-2 tertiary alcohol with DAST (20); however, the yield of the
fluorination step dropped dramatically when the process was
scaled up, and concurrently this approach required multiple
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chromatographic separations. Cyclic sulfates derived from 2,3-
dihydroxyesters experienced the ring opening by substitution at
the C-2 position with high selectivity.”®’ As a result, an
alternative approach involved cyclic sulfate 270, which was
prepared from 269 using a two-step process, namely cyclic
sulfite formation with SOCI, and then oxidization to the cyclic
sulfate with catalytic TEMPO and NaOCI. Although 270 could
be directly prepared from diol 269 with SO,Cl,, the former
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Figure 22. Structures of 2’-C-methyl nucleoside analogues 236—238
and sofosbuvir (239).

Scheme 32. Metabolism of 236 to Both the Active
Triphosphate 243 and the Inactive Nucleoside 241
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method gave higher and more reproducible yields. After an
aqueous workup, 270 could be used without further
purification. Then, a number of nucleophilic fluorinating
reagents and conditions were examined, and tetraethylammo-
nium fluoride hydrate was selected as the reagent of choice,
since no regioisomer resulting from fluorination at the C-3
position could be observed. The reaction mixture was used
directly in the next step, and hence hydrolysis of the sulfate
followed by lactonization afforded compound 271, which was
next benzoylated to give the key intermediate 267. Reduction
of the lactone ring in 267 with lithium aluminum tri-tert-butoxy
hydride gave a mixture of anomeric lactols (2:1 ratio), and for
the subsequent coupling with cytosine reagent 260, the derived
acetate 272 was best employed leading to intermediate 249 as a
4:1 ratio of f/a anomers. After workup, the pure f-anomer
crystallized from a methanol solution. As mentioned before, the
final deprotection of 249 to PSI-6130 (236) was carried out by
treatment with methanolic ammonia.”®'

The initial synthesis of sofosbuvir was accomplished from
249 (the precursor of 236) by preparing first the uridine
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derivative 273 followed by removal of the benzoyl protecting
groups using an ammonolysis reaction (Scheme 37). The
resulting compound 274 was next reacted with the
chlorophosphoramidate 275 (prepared from alanine isopropyl
ester and phosphorodichloridate) to afford a 1:1 mixture of the
diastereomers of sofosbuvir at the phosphorus atom. The active
isomer of sofosbuvir has (Sp) configuration, and was isolated by
sequential crystallization (CH,CL,/i-Pr,0, CH,Cl,) from the
diastereomeric mixture.”*®

However, the above crystallization approach was not efficient
for the industrial production of sofosbuvir, because half of the
advanced intermediate 274 was consumed in the last step of the
synthesis, when preparing a diastereomeric mixture. Therefore,
an effort to develop a more convergent diastereoselective
synthesis of sofosbuvir was undertaken through the inter-
mediacy of a diastereomerically pure phosphoramidate reagent.
Thus, a stable phosphoramidate sufficiently reactive to allow
ester bond formation with a nucleophilic 5'-OH group was
required, while maintaining intact the desired phenolic
phosphate ester. Eventually, pentafluorophenyl phosphorami-
dating reagent 277 was found to be suitable for the synthesis of
sofosbuvir (Scheme 38). The optically pure reagent 277 was
readily prepared by reacting phenyl dichlorophosphate and (S)-
alanine isopropyl ester (276) in the presence of triethylamine,
followed by addition of pentafluorophenol to give a mixture of
diastereomers. Crystallization of the mixture from EtOAc/
hexane led to the isolation of the (Sp) isomer with a
diastereomeric excess greater than 98.0%. A multigram
synthesis of sofosbuvir was then carried out by addition of t-
BuMgCl to uridine 274 followed by reagent 277. Aqueous
workup followed by two crystallizations afforded sofosbuvir
(239) as 2 99.8% pure crystalline material with a diastereomeric
excess of 99.7%.>%

2.14. Clevudine

Clevudine or 2’-fluoro-S-methyl-f-L-arabinofuranosyluracil (r-
FMAU, 278) is an antiviral drug with an inhibitory effect on
DNA polymerase for the treatment of chronic hepatitis B
(Figure 23).>% It was approved in South Korea and Philippines,
and marketed by Bukwang Pharmaceuticals in South Korea and
by HI-Eisai in Philippines under the trade names Levovir and
Revovir, respectively. The approval in South Korea was revoked
due to considerable resistance and some myopathy cases in
patients.”****> However, the Korean FDA scrutinized all of the
safety data including muscle-related symptoms and then
decided that clevudine could be marketed, because its
associated myopathy is not life-threatening and is reversible,
when the patient is taken off the drug.”*®

As with other nucleoside reverse transcriptase inhibitors
(NRTIs), clevudine, as a triphosphate, directly inhibits DNA
synthesis of hepatitis B virus (HBV).>” It is noteworthy that, in
contrast to many other known nucleoside analogues, clevudine
is not considered a chain terminator due to the presence of the
3’-OH group, and the inhibition of viral polymerase activity is
likely attained without being incorporated into viral DNA.***
Furthermore, clevudine is not incorporated into DNA by the
Epstein—Barr virus or cellular DNA polymerases, indicating it
does not serve as a substrate for DNA synthesis by the
polymerases.”*”*”" Since clevudine inhibits HBV replication
through a fundamentally different mechanism from that of
other nucleoside analogues, a synergistic inhibitory effect was
observed when combined with other NRTIs.””" Recently, the
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Scheme 33. Initial Synthesis of PSI-6130 (236)
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combination therapy of low-dose clevudine and adefovir is

. 266
under evaluation.”

HBYV is known to be a major cause of chronic liver disease
leading to cirrhosis and hepatocellular carcinoma. Although safe
and effective vaccines are available for prevention of HBV
infection, hundreds of millions of people worldwide are still
chronically infected with HBV. Current treatments for chronic
HBV infection include pegylated o-interferon and NRTIs.
However, interferon therapy is effective only in a limited
number of patients and it is associated with side effects. On the
other hand, five NRTIs have been approved by the FDA for
HBV treatment, including lamivudine (279), telbivudine (280),
entecavir (281), adefovir dipivoxil (282), and tenofovir
disoproxil fumarate (283) (Figure 24).”’>*”* NRTIs suppress
HBV replication in most patients, but are not curative,
requiring potentially lifelong treatment that may be associated
with drug resistance and toxicity. Interestingly, clevudine (278)
as well as compounds 279 and 280 are L-nucleosides,””*
therefore, they do not interfere with the mitochondrial
functions and showed no bone marrow toxicity up to 100
In addition, it has been reported that clevudine

UM in vitro.””®

did not show significant virus rebound after cessation of the
drug treatment.”’**”

Originally, clevudine was prepared from L-ribose adapting a
synthetic method previously developed for p-FMAU.*”®
L-ribose was not easily obtained in large amounts, its
preparation from readily available L-xylose was also described.
Thus, 1,2-O-isopropylidene-a-L-xylofuranose (285) was synthe-
sized from L-xylose (284), and selectively protected at the S-
OH with BzCl to give compound 286 (Scheme 39). Among
various oxidation reagents, pyridinium dichromate (PDC) gave
the best yield of ketone 287. This ketone was stereoselectively
reduced with NaBH, to the desired ribose derivative 288,
apparently due to the stereoelectronic effects of the 1,2-O-
isopropylidene group. Compound 288 was then benzoylated to
give the dibenzoyl ribose derivative 289, which was successively
treated with HCI, BzCl, and then Ac,O in acidic media without
isolation of intermediates to render the protected ribose 290 as
a crystalline product. Treatment of 290 with saturated
hydrogen chloride in CH,Cl, followed by hydrolysis and
accompanying benzoyl group transfer gave 291, which was
treated with SO,Cl, and imidazole to afford the imidazolyl

Since

and
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Scheme 3S. Synthesis of Fluorine-Containing Sugar Moiety
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Scheme 36. Practical Synthesis of PSI-6130 (236)
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sulfonate 292. Fluorination of the sulfonate derivative 292 was
achieved with KHF, and 48% HF/H,0 to give the key
intermediate, 1,3,5-tri-O-benzoyl-2-fluoro-a-L-arabinofuranose
(293). Bromination of 293 with HBr/AcOH produced
bromo derivative 294, which was coupled with silylated
thymine 295 without any catalyst to give mainly the desired
P-anomer 296 along with only a trace amount of the @-anomer,
which was easily removed by silica gel column chromatography
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Scheme 37. Initial Synthetic Route to Sofosbuvir (239)
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Figure 23. Structure of clevudine (278).

or recrystallization. Clevudine (278) was obtained by
deprotection of 296 with methanolic ammonia.””

Despite the success of the synthesis described above, it
required rather lengthy steps and expensive L-xylose as starting
material. Therefore, a more economical process was developed
for the large-scale synthesis of clevudine, this time starting from
L-arabinose, which is one of the most readily available L-
monosaccharides. First, L-arabinose (297) was treated with
BnOH and HCI to give benzyl f-L-arabinoside (298) (Scheme
40). The 3- and 4-OH groups of 298 were protected as an
acetonide, and the resulting compound was then oxidized with
PDC. The intermediate ketone 299 was selectively reduced
with NaBH, to give the protected L-ribose intermediate 300.
Compound 300 was transformed into ribofuranose 301 by
deprotection with TFA and successive treatment with HCI,
pyridine, and BzCl. Finally, acetylation of 301 produced
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Figure 24. Structures of FDA-approved nucleoside reverse tran-
scriptase inhibitors against HBV 279—283.

synthetic intermediate 290, whose conversion into clevudine
(278) was performed essentially in the same manner with the
previously disclosed synthesis, although the crucial fluorination
step was conducted with triethylamine trihydrofluoride, a
readil}zfﬂavailable and relatively noncorrosive fluorinating
agent.”"”

Scheme 40. Improved Synthesis of Intermediate 290
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An alternative synthesis of clevudine was also reported using
the electrophilic fluorination of a double bond as the key step.
Acetylated bromo sugar 302 was synthesized from L-arabinose
(297) according to a literature method (Scheme 41).”%
Compound 302 was unstable at room temperature and
therefore used immediately for the next step. Treatment of
302 with Zn dust in the presence of NaOAc and CuSO,-5H,0
gave L-arabinal 303. Although there were several reports on the
fluorination of Dp-arabinal, Selectfluor (23) was used on this
occasion to give fluorinated sugar 304. Deacetylation of 304
was performed quantitatively with NaOMe in MeOH, and was
followed by treatment of 305 with H,SO, in MeOH to give
306 as a 3:1 mixture of @- and S-anomers. Benzoylation of
crude 306 followed by purification by flash chromatography
afforded furanoside 307. Coupling of methyl glycoside 307
with silylated thymine base 295 was carried out according to

Scheme 39. Synthetic Route to Clevudine (278)
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Scheme 41. Alternative Synthesis of Clevudine (278)
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the standard protocol to give the known presursor 296.
Debenzoylation of 296 was achieved with n-butylamine in
refluxing MeOH to furnish clevudine (278). Although this
method provided advantages in terms of number of steps, the
lack of crystalline synthetic intermediates in most of the
synthetic route makes this approach less feasible for
implementation on an industrial scale, in comparison to the
other reported methods.”®’

2.15. Elvitegravir

Inhibitors of human immunodeficiency virus (HIV) integrase
play a central role in the insertion of viral DNA into the
genome of host cells via DNA processing and strand transfer.”*”
This enzyme is essential for viral replication and therefore
became a crucial target for anti-HIV drugs.”®’ After numerous
attempts to develop integrase inhibitors, raltegravir (308) was
developed by Merck and approved by the FDA for therapeutic
use as the first HIV integrase inhibitor (Figure 25).** Soon
after, elvitegravir (GS-9137, 309) was developed by Japan
Tobacco (JT) and licensed to Gilead Sciences in the United
States as a novel inhibitor of HIV type 1 (HIV-1) integrase
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Figure 25. Structures of raltegravir (308) and elvitegravir (309).
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(trade name: Vitekta). Elvitegravir was approved by the FDA in
2012 for use in adult patients starting HIV treatment for the
first time as part of the fixed dose combination with two
nucleoside reverse transcriptase inhibitors, emtricitabine and
tenofovir disopropoxil fumarate, alon% with cytochrome P450
inhibitor cobicistat acting as booster.”

During the development of raltegravir (308), the diketo acid
class of compounds had been most aggressively 1nvest1gated
because of their remarkable antiretroviral activities.” Thus, the
y-ketone, a-enol, and carboxylic acid moieties were believed to
be essential for the inhibitory activity, and the 4-carbamoyl-5-
hydroxy-6-pyrimidinone fragment as in raltegravir was identi-
fied as a bioisostere of the keto—enol acid pharmaco-
phore.****”?% 1t was then discovered that the carboxylic
acid in the keto—enol acid motif could be replaced by a
pyridine ring.”®” In the meantime, several structures of novel
quinolone HIV-1 integrase inhibitors having a monoketo acid
motif had been discovered.”*”*”” Thus, quinolone 310 had an
ICs, of 1.6 uM in the strand transfer assay (Figure 26).
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Figure 26. Evolution of the quinolone motif to elvitegravir (309).

Interestingly, introducing fluorine and chlorine atoms at the C-
2 and C-3 positions, respectively, of the phenyl ring, as in
derivative 311, improved the inhibition of strand transfer (ICs,
= 44 nM), while antiviral activity was also observed (ECg, =
805 nM). Compound 312 bearing a hydroxyethyl group at the
1-position of the quinolone was 1.8-fold more potent for strand
transfer inhibition (ICsy = 24 nM), and showed about 11-fold
stronger antiviral activity (ECs, = 76 nM) than 311.
Introduction of a methoxy group at the C-7 position of the
quinolone ring afforded 313, which showed a significant
improvement of its inhibition of strand transfer (ICg, = 9.1
nM) and of antiviral activity (ECs, = 17 nM). Compound 314
bearing an (S)-configured isopropyl group at the C-1 position
of the hydroxyethyl moiety was about 3-fold more potent at
inhibiting strand transfer (IC5, = 8.2 nM) and about 10-fold
stronger at inhibiting HIV replication (ECgy = 7.5 nM) than
312, whereas the enantiomeric (R)-configured derivative could
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not enhance the inhibitory activity. A combined effect of both
methoxy group at the C-7 position of the quinolone ring and
(S)-isopropyl group at the C-1 position of the hydroxyethyl
moiety improved the antiviral activity (ECy, = 0.9 nM)
resulting in a novel qulnolone compound elvitegravir (309), as
a potent integrase inhibitor.””"

The medicinal chemistry route to elvitegravir was performed
starting from 2,4-difluorobenzene carboxylic acid (315)
(Scheme 42). Regioselective iodination of 315 was carried

Scheme 42. Medicinal Chemistry Route to Elvitegravir (309)
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out using N-iodosuccinimide (NIS) in H,SO, to give 316, and
its derived acid chloride was next reacted with ethyl 3-
(dimethylamino)acrylate to yield acrylate 317. Addition of (S)-
valinol to 317 and subsequent base-mediated ring closure
afforded quinolone 318. After protection of the hydroxyl group
in 318 as its corresponding TBS ether 319, Negishi coupling
with organozinc reagent 320 led to the key intermediate
quinolone 321. Final methoxylation of 321 was followed by
hydrolysis to render elvitegravir (309).”*

Compound 315 could be prepared starting from 2,4-
dinitrotoluene (322) using two procedures (Scheme 43). The
first one proceeded by reduction of both nitro groups in 322
followed by fluorination under Balz—Schiemann conditions to
give 323, and further oxidation with potassium permanganate
produced 315.””” The second process for the synthesis of 315
consisted of prior oxidation of 322 to carboxylic acid 324
followed by fluorination with NaF in DMSO.””?

3-Chloro-2-fluorobenzyl bromide (327) was prepared by
selective fluorination*”* of 2,3-dichlorobenzaldehyde (325) and
reduction with NaBH, followed by bromination (Scheme

448

Scheme 43. Preparation Methods of 2,4-Difluorobenzoic
Acid (315)

) Fe, HCI KMnO,
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/2 NaNo2 HCI
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O2N NO2
X 218
Me
322 N\ KMnO, \©[
H20, pyr Co,H DMSO
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44).?* The zinc bromide reagent 320 needed for the
subsequent Negishi coupling was prepared by reaction of

Scheme 44. Preparation of Organozinc Reagent 320
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benzyl bromide 327 with Zn powder in the presence of 1,2-
dibromoethane and TMSCI and used for the coupling as a
THEF solution.”®

More recently, a practical process for the synthesis of
elvitegravir was disclosed starting from 2,4-dibromo-5-methox-
yanisole (328) (Scheme 45). Compound 328 was converted
into the Grignard reagent 329, which was treated with 3-chloro-
2-fluoro-benzaldehyde (326). In situ formation of a new
Grignard reagent and subsequent reaction with carbon dioxide
formed acid 331 in a one-pot process from 328. After removal
of the benzylic hydroxyl group of 331 by treatment with Et;SiH
and TFA, the resulting acid 332 was amidated with CDI, which
was then reacted with potassium monoethylmalonate to give
the ketoester derivative 333. Treatment of compound 333 with
Me,NCH(OMe), gave 334, which was then reacted without
isolation with (S)-valinol to form 335, after protection of the
alcohol with bis(trimethylsilyl)acetamide. Cyclization of 335
followed by hydrolysis gave elvitegravir (309).>”
2.16. Riociguat

Riociguat (BAY-63-2521, 336) is a novel potent soluble
guanylate cyclase (sGC) stimulator for the oral treatment of
pulmonary hypertension (Figure 27).*”” sGC is a crucial signal-
transduction enzyme, which is activated by nitric oxide (NO).
Riociguat affects the binding and action of NO to sGC in two
ways, independently and in synergy, leading to an increased
generation of cyclic guanosine monophosphate (cGMP), which
in turn promotes vascular endothelial function improvement.
Riociguat was developed and launched by Bayer Health Care
Pharmaceuticals (trade name: Adempas), being the first and
only FDA-approved drug for the treatment of adults with
persistent/recurrent chronic thromboembolic pulmonary hy-
pertension (CTEPH).
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Scheme 45. Practical Synthesis of Elvitegravir (309)
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Figure 27. Structure of riociguat (336). 337 338
Lificiguat (YC-1, 337), the first NO-independent sGC l
stimulator, was investigated in the mid-1990s (Scheme F
46).”® Using the benzylindazole scaffold of lificiguat, chemical F
optimization by researchers at Bayer provided compounds with /@
a pyrazolopyridinyl pyrimidine core, such as BAY-41-2272 N Na—N,
(338)*”” and BAY-41-8543 (339).>” These compounds were | N\N | AN
potent sGC stimulators, with ICy, values of 0.1—0.3 uM in F~4 -
isolated rabbit aorta and mininum effective doses of 0.3—1 mg/ J~N N "\‘
kg in spontaneously hypertensive rats. However, these N NH )QX\NHz
compounds were not developed further, as 338 induced and H == 2 HaNo
inhibited cytochrome P450 (CYP) isoenzymes, and 339 had an 2% N~co,Me <\\>
unfavorable pharmacokinetic profile characterized by high Me o
clearance and nondose-linear exposure.301 To overcome these 336 339

disadvantages, a wide range of derivatives of compounds 338
and 339 were investigated, varying the substituent at the C-5
position of the pyrimidine core. Finally, Bayer selected the 4,6-
diamine-N-methzrlcarbamate derivative riociguat (336) as the
lead compound.’*

The synthetic procedure for riociguat started from 2-
fluorobenzyl hydrazine (340) and the sodium salt of ethyl
cyanopyruvate (341) to yield the aminopyrazole intermediate
342, which was cyclocondensed with 3-dimethylaminoacrolein

449

(343) in the presence of TFA to build the pyrazolopyridine
core in compound 344 (Scheme 47). Transformation of the 3-
carboxylate group into a nitrile via amide formation was
accomplished using standard procedures. Next, Pinner reaction
of the cyano group in 346 produced amidine 347. The coupling
of this intermediate to phenylazomalononitrile (348) in the
presence of sodium methoxide produced pyrimidine 349, and
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Scheme 47. Synthetic Route to Riociguat (336)
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further hydrogenation of the azo group using Raney nickel clinical trials, this area will still be of great interest to the
furnished the corresponding triaminopyrimidine 350. The $- pharmaceutical companies in the next few years.**’
amino group was selectively converted into a carbamate moiety The scaffold of setipiprant originated from the hit compound

with methyl chloroformate, followed by N-methylation with 353 (ICs, = 0.5 uM), discovered from high-throughput-
iodomethane/lithium hexamethyldisilazide (LiHMDS) to yield screening (HTS) studies (Scheme 48).°7°*° Since early SAR

riociguat (336).™" efforts on 353 did not produce any breakthrough in improving
2.17. Setipiprant the bioavailability or replacing the structural alerts (such as the
As a G-protein-coupled receptor for prostaglandin D2 (PGD2), a,f-unsaturated nitrile and the N-aryl amide), a scaffold
CRTh2 was shown to play a critical role in allergic hopping strategy was adopted that led to compound 354
inflammation.>*® Setipiprant (ACT-129968, 352), a potent, (ICs, = 430 nM), in which the tetrahydropyridoindole core
selective and orally active CRTh2 antagonist, was developed by mimics the low energy (s-cis) conformation of the diene in

Actelion for the treatment of asthma and seasonal allergic
rhinitis (Figure 28).”"* The drug inhibits the effects of PGD2 in Scheme 48. Discovery of Setipiprant (352)

Q ‘ o Q\Br
F H NI scaffold 3\\ Ph
N — hopping N H
\
NK N

\ CN \
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CO.H
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Figure 28. Structure of setipiprant (352).

\ optimization

inflammation and therefore blocks the amplification and . ] ‘ ).
maintenance of allergic reactions.’® However, in 2012 the N O optimization N, n
company terminated the development of setipiprant and \ D \

N

switched attention to a more potent follow-up molecule,
because the efficacy observed in previous studies was not

confirmed in phase IIb and III trials. Although at least seven COH COH
CRTh2 antagonists worldwide have been discontinued from 352 355
450 DOI: 10.1021/acs.chemrev.5b00392
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compound 353 and retains the planarity of the molecule. The
new scaffold was synthetically accessible, without adding
stereogenic centers. The replacement of the phenylamino
moiety by a phenyl group greatly enhanced the affinity and
provided the new lead compound 355 (ICg, = 17 nM). Further
optimization was concentrated in potency and oral bioavail-
ability. Thus, introduction of substituents such as chlorine,
methyl, fluorine, or trifluoromethyl at the C-8 position of the
indole unit was well tolerated, while C-6 substitutions were less
favorable. Given that the introduction of fluorine in para-
position to the indole nitrogen is a commonly used
modification for CRTh2 antagonists,””” setipiprant (352, ICs,
= 6 nM) with a C-8-substituted fluorine atom and a naphthoyl
group was finally chosen as a candidate due to its well-balanced
overall properties.””* A study showed that setipiprant under-
went moderate metabolism in humans and the tetrahydropyr-
idoindole core remained intact in its two major metabolites,”'’
so it is quite plausible to consider that the fluorine atom might
block the site of oxidative metabolism on the indole unit of the
molecule.

The five-step synthesis of setipiprant reported by Actelion
commenced from 8-fluoro-2,3,4,5-tetrahydro-2H-pyrido[4,3-
blindole hydrochloride (356) (Scheme 49). N-Boc-protected

Scheme 49. Synthetic Route to Setipiprant (352)
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derivative 357 was treated with ethyl bromoacetate in the
presence of potassium carbonate to give 358. Deprotection of
the Boc group was followed by coupling with 1-naphthoyl
chloride (359) to provide amide 360. Finally, saponification of
the ethyl ester and subsquuent chromatographic purification
provided setipiprant (352).°%*

Although commercially available, the fluorine-containing
starting material 356 can be prepared from 4-fluoro-substituted
arylhydrazine 361 and 4-piperidone (362) by means of a
thermally driven Fischer reaction (Scheme 50).”""

2.18. Vonoprazan

Current proton pump inhibitors (PPIs), namely substituted
pyridylmethylsulfinyl benzimidazole prodrugs, are a widely used
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Scheme 50. Preparation of Fluorinated
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therapy for acid-related diseases.”'” However, several aspects of

these drugs might be improved, such as a faster onset of
pharmacological action, suppression of nighttime acid secretion,
and removal of cytochrome P450 (CYP2C19) polymorphism
effect.”>*"? Vonoprazan (364) is a new selective potassium-
competitive acid blocker (P-CAB) invented by Takeda, being
developed as its fumarate (TAK-438) for the oral treatment of
acid-related diseases (Figure 29).*"* The drug inhibits the
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Figure 29. Structures of vonoprazan (364) and other pyrrole
derivatives 365 and 367.

binding of potassium ion to H',K'-ATPase with slow
reversibility, thus suppressing gastric acid secretion with a
more strong and more sustainable effect than existing P-CABs
and PPIs.” "7 Besides, its action is unaffected by acid
secretion and its metabolism is independent of CYP2C19.%"¢
Based on favorable results obtained from phase III trials,
vonoprazan fumarate (trade name: Takecab) was approved in
Japan in December 2014 for several indications including
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gastric ulcer, duodenal ulcer, erosive esophagitis, and
Helicobacter pylori eradication.®"®

The discovery of vonoprazan is the result of a pursuit for
more potent gastric antisecretory agents without the limitations
of PPIs. Researchers at Takeda drew attention to the
potassium-competitive inhibition of H*,K*-ATPase and identi-
fied novel pyrrole derivatives 365 and 366 by screening a low-
molecular-weight compound library.>"” SAR studies based on
compound 366 led to the new lead 367, which had promisin:
activity (IC5, = 30 nM) and physicochemical properties.’
Further modifications were focused on log D and ligand-
lipophilicity efficiency (LLE) values of the compounds. The
binding model of H,K*-ATPase with compound 367 suggested
a small polar space near the arylsulfonyl group that can interact
with the neighboring residues of the enzyme, which was
confirmed by the potency and LLE benefit (7.1) of the 3-
pyridylsulfonyl group. Investigation about effects of substitu-
tions on the phenyl ring started with the fluoro derivatives.
Compared with other derivatives, the 2-fluoro compound
vonoprazan (364, ICy, = 19 nM) exhibited the highest LLE
(7.3) and optimal inhibitory activity in vivo, while replacing the
2-fluoro by other substituents (chloro, methyl, trifluoromethyl,
cyano, or hydroxymethyl) failed to make more substantial
improvements.”'* Subsequent homologous modeling revealed
the proximity of the positively charged N-methylamino group
to the negatively charged group of Glu-795 and hydrogen
bonds between the sulfonyl oxygens with the hydroxyl of Tyr-
799, which may account for the slow dissociation rate of
vonoprazan.”'

The synthetic route to vonoprazan disclosed by Takeda is
depicted in Scheme S1. Bromination of 2’-fluoroacetophenone
(368) provided 369, which was condensed with ethyl
cyanoacetate under basic conditions to give 2-fluorophenyl
derivative 370 in high yield. The central pyrrole ring was
constructed by intramolecular cyclization of 370 using HCI to
give 2-chloropyrrole derivative 371, followed by reduction with
H, over Pd/C to afford dechlorinated pyrrole 372. The ester
group of 372 was reduced to the corresponding alcohol with
DIBAL, and then converted to a formyl group with TPAP and
NMO to furnish aldehyde 373. On the other hand, the pyridine
building block 375 was obtained in good yield by chlorination
of sulfonic acid 374 and subsequent acidification. Next, the
pyrrole derivative 373 was treated with sodium hydride in THF
and then sulfonylated with 375 with the aid of 15-crown-$ to
give sulfonamide 376. The methylaminomethyl moiety was
formed by reductive amination of the formyl group with
methylamine and sodium tetrahydroborate, and the desired
product vonoprazan was isolated in crystalline form as its
fumarate.” #**!

The starting material 368 employed in the above route is
commercially available, but can be also prepared from the
corresponding aniline 377 via a conventional Balz—Schiemann
reaction. An optimized one-pot process was conducted by using
nitrosonium tetrafluoroborate and furnished 368 through the
intermediate diazonium salt 378 (Scheme 52).>** Moreover, a
cost-effective method in the solid phase for the synthesis of 368
was also described. Thus, aniline 377 was diazotized and then
immobilized on an N-benzylaminomethyl-functionalized poly-
styrene resin (379) to give resin-bonded triazene 380. After
derivatization of the resin, the fluorination step was carried out
with tetrafluoroboric acid diethyl ether in the presence of
perfluorohexane.***
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Scheme 51. Synthetic Route to Vonoprazan (364)
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2.19. Ulimorelin

Ulimorelin (TZP-101, 381) is an intravenous ghrelin receptor
(GRLN) agonist developed by Tranzyme and Norgine for the
treatment of postoperative ileus (POI) and gastroparesis
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(Figure 30).** The drug selectively activates GRLN with
favorable potency, thus promoting gastric emptying in diabetic

O
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Figure 30. Structures of ulimorelin (381) and hit compound 382.

gastroparesis, alleviating the associated nausea and vomiting as
well as reducing POI in a colectomy.”” Unlike ghrelin,
ulimorelin exerts a prokinetic effect without eliciting growth

hormone (GH) release.”** However, Tranzyme stopped all the
new drug application (NDA) activities of ulimorelin in 2012,
since no statistical differences between the drug and placebo
groups were observed in two previous phase III trials in POL**’
The company then turned to the oral GRLN agonist TZP-102,
which unfortunately failed its phase IIb trial and was also
aborted afterward.”*

The discovery of ulimorelin resulted from intensive
medicinal chemistry efforts that started from the identification
of the potent GRLN agonist 382 (K; = 86 nM, ECy, = 134
nM), although showing poor pharmacokinetic properties, from
a high-throughput screening of Tranzyme Pharma’s macrocycle
library. Structurally, this type of compound contained a
peptidomimetic macrocycle, wherein a tether portion linked
the tripeptide moiety from head to tail. The macrocyclic ring
was crucial for the GRLN potency, and the double bond at the
tether portion was reduced to avoid potential metabolic
liability. More optimization guided by conformational design
led to the structure of ulimorelin (381), which possesses
enhanced potency (K, = 16 nM, ECy, = 29 nM) and suitable
PK profiles (F = 24%).”**

SAR studies demonstrated that (S)-cyclopropylglycine ((S)-
Cpg) and N-Me-(R)-Ala were preferred as AA; and AA,,
respectively. As to AA; phenyl ring substitutions enhanced
potency and ligand lipophilicity efficiency (LLE) of the
compounds, which may be attributed to the improved direct
receptor interaction, and 4-fluoro-(R)-Phe was finally chosen
according to the LLE trend (4-F > 4-H > 4-Cl). Notably, the
fluorophenyl substitution strategy was also employed for
investigating the electronic properties of the tether portion.

Scheme 53. Solution-Phase Synthesis of Ulimorelin (381)
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Thus, structural studies demonstrated the presence of an
intramolecular hydrogen bond between the NH group of AA;
and the tether phenoxy oxygen, and the transfer of fluorine
from the p-benzylic (R,) to the p-phenoxy position (R;) caused
about 22-fold decline of the potency, because the electron
withdrawing Rs-fluoro may lower the basicity of the oxygen,
weaken the H-bond, and hence reduce the conformational
rigidity of the molecule. Although displaying higher potency
and better PK properties in rats, the R,-fluoro derivative of
ulimorelin failed to show satisfied PK profiles in monkeys.
Moreover, it was proposed that a combination of the electronic
effect of the cyclopropyl side chain at AA; and the steric
shielding effect of the (R)-Me substituent at the R, position
stabilized the aforementioned H-bond to offer additional
rigidity, accounting for the PK cooperative effect of these two
groups on ulimorelin.”**

Ulimorelin was initially obtained through a linear route on
solid phase for medicinal chemistry research.”** Thereafter, a
convergent procedure in solution was established, with amide
coupling, deprotection, and macrolactamization as the key
steps. The starting materials were four major building blocks,
namely chiral ether 383, (R)-Cpg (385), 4-fluoro-(R)-Phe
(389), and N-Boc-N-Me-(R)-Ala (391) (Scheme 53). First, the
AA|—tether fragment was constructed by N-alkylation of
bromide 384 with amino ester 386 to produce intermediate
387 that was further transformed into 388. Conversely, amino
ester 390 was reacted with 391 using 6-CI-HOBt and EDCI as
coupling reagents to produce AA,—AA; dipeptide 392 after Boc
deprotection. Then, condensation of fragments 388 and 392
proceeded uneventfully to afford acyclic derivative 393. After
removal of the protecting groups at the amino and carboxyl
termini, macrocyclization was carried out in the presence of 3-
(diethoxyphosphoryloxy)-1,2,3-benzotriazin-4(3H)-one
(DEPBT, 394) and i-Pr,NEt to display optimal yield and
diastereomeric purity, and ulimorelin (381) was finally
obtained by silica gel chromatographic purification.*”***”

Alternatively, alkylation of the fert-butyl ester of (R)-Cpg
(395) with tether material 383 generated compound 396,
which was hydrolyzed to give 397 (Scheme 54). Without N-
Boc-protection, fragment 397 was directly coupled with
dipeptide 392 to provide acyclic precursor 398. Prior to the
macrocyclization step, both Cbz and benzyl groups in 398 were
removed in one step by means of catalytic hydrogenation, thus
successfully reducing the impurities derived from the Boc-
deprotection step. Moreover, double crystallization procedures
were adopted to purify the desired product for scale-up
production, leading to the hydrated HCI salt of ulimorelin in
good yield.*****

4-Fluoro-(R)-Phe (389) is commercially available but
relatively expensive. A favorable upstream material for the
preparation of 389 is 4-fluorobenzaldehyde (400), which in
turn can be obtained by halogen-exchange fluorination of 4-
chlorobenzaldehyde (399) with KF in the presence of
tetraphenylphosphonium bromide and 18-crown-6 (or poly-
ethylene glycol dimethyl ether) (Scheme 55).”°7*** The
reaction of 400 with hippuric acid (N-benzoylglycine) provided
racemic N-benzoylamino acid 401,>* and eventually the
optically pure amino acid is accessible by enzymatic
resolution.”***> Alternatively, asymmetric synthesis is another

approach for preparing 4-fluoro-(R)-Phe (389) from
400,33673%

It should be emphasized that, in the development of

ulimorelin, as well as in the discussed above idelalisib, the
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Scheme 54. Scale-Up Procedure for Ulimorelin (381)
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Scheme 55. Preparation of 4-Fluoro-(R)-Phe (389)
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unnatural, tailor-made®*” amino acids play a rather crucial role.
Their cost and availability are very important for successful
structural optimization and overall cost structure. These issues
are being addressed by the development of novel asymmetric
approaches featuring operationally convenient conditions,
simple reaction sequences, yet excellent stereochemical out-
341-351 . . A .

come. In particular, chemical dynamic kinetic resolution
of unprotected a-amino acids’>>*** and (S)/(R)-interconver-
. . . 1.354—356 .

sion of natural amino acids present some particularly

practical solutions.
2.20. Ripasudil

Ripasudil (402), originally discovered at D. Western Ther-
apeutics Institute (DWTI), was developed by Kowa Co. as an
eyedrop formulation for the potential treatment of glaucoma
and ocular hypertension (OH) (Figure 31). As a potent and
selective Rho kinase (ROCK) inhibitor, ripasudil has neuro-
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Figure 31. Structures of ripasudil (402), fasudil (403), and H-1152P
(404).

protective effects,*” and can reduce the intraocular pressure
(IOP) by increasing the outflow of aqueous humor. %% This
unique mechanism of action suggests a promising prospect of
ripasudil both as monotherag and in combination with
marketed antiglaucoma drugs.”” Several phase III trials of
the drug have been completed. In October 2013, Kowa
submitted an application for approval of ripasudil hydrochloride
dihydrate (K-118, trade name: Glanatec) in Japan for glaucoma
and ocular hypertension, which was finally granted in
September 2014.>%

Ripasudil (402, IC,, = 0.03 uM) was developed from fasudil
(403, IC5, = 0.50 uM),*®" the first protein kinase inhibitor
approved for treatment of glaucoma and ocular hypertension in
Japan.*** Both of them belong to the family of isoquinoline-
sulfonamide derivatives. Early modifications of 403 (K; = 0.35
uM) generated H-1152P (404, K, = 1.6 nM),**® which showed
a 200-fold higher affinity than 403 for ROCK, but only 2- to S-
fold for protein kinase A (PKA).*** According to the structure
of the complex between H-1152P and ROCK, the C-4 methyl
of the isoquinoline moiety limits the number of available low
energy conformations and thus reduces the entropic cost
during protein binding. In addition, the two extra methyl
groups increase the van der Waals contacts with the protein.*®®
An SAR study demonstrated that a methyl group is preferred at
the C-2’ position of the 1,4-diazepane ring for its contribution
to ROCK specificity, and the (S)-conformation displayed more
potency.’® The isoquinoline C-4 position was also crucial.
Later research on the derivatives of 403 found that the
incorporation of a fluorine atom at this position significantly
improved the pharmacological action, which finally led to the
discovery of ripasudil (402).*°" The crystal structure of
ripasudil indicated a slight skew of the isoquinoline plane,
which may be attributed to the strain induced by the bulky
substituent on the sulfonyl group.’*

Ripasudil was first synthesized using a convergent route from
commercially available (S)-2-aminopropanol (405) as depicted
in Scheme 56. The chiral 1,4-diazepane ring was constructed
through a series of protection steps and N-alkylation with 3-
aminopropan-1-ol (408) leading to acyclic precursor 410,
followed by intramolecular cyclization conducted with sodium
hydride to give 411. Removal of the Cbz protecting group
afforded 412, and its sulfonylamidation with 4-fluoroisoquino-
line-S-sulfonyl chloride (413) in the presence of triethylamine
and final deprotection using TFA furnished ripasudil (402).*"

Alternatively, a multikilogram production process of ripasudil
was also reported through a linear route avoiding most of the
protection and deprotection steps required in the aforemen-
tioned synthetic protocol. Thus, sulfonylamidation of amino
alcohol 405 with the hydrochloride salt of fluorine-containing
isoquinoline 413 first provided 414 (Scheme 57). After
mesylation and in situ N-alkylation with 3-aminopropan-1-ol
(408), the product was purified using oxalic acid to give the salt
41S. Basification and subsequent intramolecular Mitsunobu
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Scheme 56. Convergent Synthetic Route to Ripasudil (402)
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Scheme 57. Linear Synthetic Route to Ripasudil (402)
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reaction closed the diazepane cycle, and ripasudil was finally
obtained as its hydrochloride dihydrate salt after treatment with
concentrated HCL**'

More recently, a practical method for the multikilogram
production of ripasudil and its precursor 412 was developed. N-
Nosylation of amino alcohol 405 followed by O-mesylation
afforded the protected derivative 417, which was then coupled
with 408 to give 418 in good yield (Scheme 58). Fukuyama—
Mitsunobu cyclization of 418 led to diazepane 419, which was
protected as its N-Boc derivative 420. Next, removal of the
nosyl group in 420 was conducted with thiophenol and
potassium carbonate to afford intermediate 412. Finally,
sulfonamide formation by reaction between 412 and 413
yielded the protected form of ripasudil 421 that was
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Scheme 58. Improved Multikilogram-Scale Synthesis of 412
and Ripasudil (402)
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transformed into the salt 402-HCI-2H,O by acidic hydrol-
. 368,369
ysis.
The expensive fluorinated isoquinoline 413 can be prepared
by one-pot regioselective chlorosulfonylation of 4-fluoroisoqui-
noline (422) (Scheme S59). Treatment with concentrated

Scheme 59. Preparation of Intermediate 413 by
Regioselective Chlorosulfonylation

conc. H2804
acetone _N-H,S0,
(99%)
423

1) SOCl,
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dr>99:0.4)

413-HCl

so3
HO,S F
@j

SO3H

sulfuric acid in acetone yielded 4-fluoroisoquinoline sulfate
(423), which was reacted with sulfur trioxide and then SOCIL,,
and finally the pure salt 413-HCI was isolated as crystals by
using 4 N HCI/EtOAc.*®

2.21. Canagliflozin and Ipragliflozin

Sodium glucose cotransporter-2 (SGLT2) is the major pathway
of glucose reabsorption in the kidney.””® Approximately 90% of
renal glucose reabsorption is facilitated by SGLT2 in the S1
segment of the proximal tubules of the kidney, whereas the
remaining 10% is assisted by SGLT1 in the distal S3 segment of
the proximal tubules.”’" Inhibition of SGLT-2 decreases renal
glucose reabsorption in the nephron, thus increasing urinary

456

glucose excretion (UGE) and decreasing elevated circulating
glucose levels in patients with type 2 diabetes mellitus
(T2DM), which is a distinct mechanism of action that reduces
blood glucose levels independently of insulin secretion.’””
Therefore, inhibition of SGLT2 has become an important
therapeutic target for treating T2DM.””?

Canagliflozin (JNJ-28431754, 426) was developed and
launched by Johnson & Johnson in collaboration with
Mitsubishi Tanabe Pharma as an orally active potent and
highly specific SGLT-2 inhibitor (Figure 32).”"* On the other

427

Figure 32. Structures of canagliflozin (426) and ipragliflozin (427).

hand, ipragliflozin (ASP-1941, 427) was developed by Astellas
Pharm and Kotobuki Pharmaceutical for the same goal.””> Both
inhibitors share an aryl C-glucoside fragment linked to a
thiophene or benzothiophene moiety, also containing a fluorine
atom, even if located on different positions of the scaffold.
Canagliflozin (trade name: Invokana) was FDA-approved on
April 2013 for the treatment of adult patients with T2DM,
whereas ipragliflozin (trade name: Suglat) recelved approval in
Japan on January 2014 for the same indication.””® Kotobuki is
also investigating ipragliflozin for the potential treatment of
nonalcoholic steatohepatitis.

The structure of both canagliflozin and ipragliflozin derived
from phlorizin (428), a natural nonselective O-glucoside
SGLT?2 inhibitor (Scheme 60).*”” Mitsubishi Tanabe Pharma
disclosed the first-generation of O-glucoside SGLT2 inhibitors,
including T-109SA (429) and T-1095 (430), that were
designed to be more resistant to disaccharidases and more
specific to SGLT?2 than phlorizin.””® To overcome degradation
and attain sufficient stability, the second-generation SGLT2
inhibitors, such as 431, adopted a phenyl C-glucoside structure.
Researchers found that the linkage connecting the aromatic
rings B and C could improve the activity, when it was at meta-
position to the glycoside of the benzene ring B. In addition, the
C-glucoside inhibitors had much better bioavailability and
metabolic stability.”’” The synthesis and structure—activity
relationships (SARs) of C-glucosides bearing various hetero-
aromatics as SGLT?2 inhibitors were next explored, although
replacing the central benzene ring with various heterocycles
caused a decrease in SGLT?2 inhibitory activity. However,
insertion of heteroaromatics instead of the terminal benzene
ring, as in structure 432, proved to be a viable strategy,
eventually leading to the discovery of canagliflozin (426)
containing a thiophene rln§ as the most promising candidate of
all the inhibitors studied.”™® In a parallel research, benzothio-
phene derivative 433 was also a potent and selective SGLT2
inhibitor, and its further optimization culminated in the
discovery of ipragliflozin (427). The fluorine substituent in
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Scheme 60. Discovery of Canagliflozin (426) and Ipragliflozin (427)
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Scheme 61. Initial Synthesis of Canagliflozin (426)
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ipragliflozin enhanced SGLT2 inhibitory activity and selectivity
against SGLT1 compared to the lead compound 433.”"

Canagliflozin reduced glycosylated hemoglobin (HbA,.)
levels in a dose-dependent manner.”®" The pharmacokinetics
of canagliflozin are disturbed by renal function, with little
reducing in renal clearance detected. No effect of renal
impairment on the maximum concentration was observed.
Renal impairment decreased the capability of canagliflozin to
stimulate UGE.”*” During phase III studies of T2DM patients
on a diversity of antihyperglycemic agents, canagliflozin
significantly enhanced glycemic control, decreased body weight
and blood pressure (BP), and was usually well tolerated with a
low risk of hypoglycaemia.***

On the other hand, the safety, tolerability, pharmacokinetic,
and pharmacodynamic profiles of ipragliflozin demonstrated
that this novel SGLT?2 inhibitor was absorbed rapidly, taking
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approximately 1 h to reach the maximum concentration, and
the area under the concentration—time curve and maximum
ipragliflozin concentration at steady state displayed dose
linearity.”**~** Ipragliflozin displayed a good pharmacokinetic
profile, long halflife (3.61 h), and excellent bioavailability
(71.7%) in rats.

The initial synthesis of canagliflozin is illustrated in Scheme
61. Thiophene aglycon 437 was accessed by Friedel—Crafts
acylation of 2-(4-fluorophenyl)thiophene (43S) with S-bromo-
2-methylbenzoyl chloride (434), followed by deoxygenation of
ketone 436 with Et;SiH and BF;-OEt,. The aryllithium reagent
derived from 437 was reacted with 2,3,4,6-tetra-O-(trimethyl-
silyl)-f-p-gluconolactone (438) to afford C-glucoside 439 after
in situ silyl deprotection with MeSO;H. Finally, reduction of
the methyl ether linkage using again a combination of Et;SiH
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and BF;-OEt, produced the target compound canagliflozin
(426).%%°

Ipragliflozin was also synthesized using a similar approach
relying on aryllithium additions followed by deoxygenation
steps. First, lithiation of benzothiophene (441) and subsequent
addition to S-bromo-2-fluorobenzaldehyde (440) yielded the
corresponding alcohol, which was reduced with Et;SiH and
BF;-OFEt, to give aglycon 442 (Scheme 62). Next, lithium—

Scheme 62. Synthetic Route to Ipragliflozin (427)
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halogen exchange in 442, further addition to benzyl-protected
gluconolactone 443, and, once again, Et;SiH-mediated
deoxygenation furnished compound 444. Successive removal
of the benzyl groups in 19 afforded ipragliflozin (427).>”

A stereoselective method for the asymmetric synthesis of f-
arylated glycosides has been also applied to the preparation of
canagliflozin. Thus, lithiation of aryl iodide 445 using n-BuLi
was followed by transmetalation with ZnBr,—LiBr to the
reactive intermediate 447 (Scheme 63). Coupling of 447 with
glycosyl bromide 448 afforded the tetrapivaloyl derivative of
canagliflozin 449, which was finally deprotected with NaOMe
to the target product.”®’ Very recently, a similar approach relied
on the transmetalation of lithium reagent 446 with AICl; and
the further reaction of the resulting arylalane with a suitable 1,6-
anhydroglucose derivative, ultimately leading to a new synthesis
of canagliflozin.”****

2.22. Trelagliptin

Dipeptidyl peptidase IV (DPP IV) is responsible for the
degradation of the incretin peptide hormones, such as
glucagon-like peptide-1 (GLP-1) and glucose-dependent
insulinotropic polypeptide (GIP), to regulate blood glucose
levels. Inhibition of DPP IV is a promising new approach for
the treatment of type 2 diabetes mellitus (T2DM). Several
classes of DPP IV inhibitors have been developed in recent
years, and some of them received approval in the last
years.””"™>** In this context, Takeda has developed trelagliptin
(SYR-472, 450) as a novel highly potent and selective DPP IV
inhibitor, for the gotential once-weekly oral treatment of
T2DM (Figure 33).”” Trelagliptin shares its pyrimidinedione-
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Scheme 63. Alternative Approach to Canagliflozin (426)
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Figure 33. Structures of trelagliptin (450) and alogliptin (451).

based scaffold with the nonfluorinated analogue alogliptin
(451), a previously marketed antidiabetes drug also developed
by Takeda. Trelagliptin improved glycemic control and was
well tolerated in Japanese patients with T2DM in phase II
studies. Once-weekly or longer acting oral antidiabetic therapies
are not currently available for T2DM, and therefore trelagliptin
could provide clinicians and patients with an alternative oral
antidiabetic therapy.””* In March 2014, the efficacy and safety
of once-weekly administration with trelagliptin in T2DM
patients was confirmed in phase III clinical trials in Japan,
indicating that the once-weekly treatment with trelagliptin
showed similar efficacy and safety to alogliptin once daily.
Compared with placebo, both active groups had significantly
reduced HbA, levels at the end of the treatment, and the
frequency of adverse events was similar between active
groups.”” Very recently (March 2015), the Japanese authorities
approved the use of trelagliptin succinate (trade name: Zafatek)
for treating T2DM.

Trelagliptin exhibited high DPP IV inhibitory activity with an
IC;, value of 4 nM and was significantly selective for DPP IV
against DPP VIII (>25000-fold). Both trelagliptin and
alogliptin display similar binding modes with the DPP IV
active sites. The fluorocyanobenzyl moiety occupies the
hydrophobic S1 pocket and interacts with Arg-12S. The
amino group forms a salt bridge and hydrogen bonding
interactions with Glu-205, Glu-206, and Tyr-662, respectively.
Nevertheless, the introduction of the fluorine atom in the
phenyl ring improved the inhibitory activity against DPP IV
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and lengthened the half-life. Trelagliptin exhibited good
pharmacokinetic properties in dogs and monkeys with half-
lives of 4.8 and 6.2 h, respectively. It enhanced glucose
tolerance and postprandial plasma insulin concentrations in
Zucker rats. Trelagliptin significantly reduced the HbAlc
concentrations in a dose-dependent manner.

The synthetic route to trelagliptin is depicted in Scheme 64.
6-Chloro-3-methyluracil (452) was used a key starting material

Scheme 64. Synthetic Route to Trelagliptin (450)

0 F:
Me- J\ _KeCOs j\
POy ouso Me-
Br (60%)
452 453 C'
454
oNH
HIO' 2
j\ (455)
NaHCO:;
WNH2
o O EtOH, 100 °C
81%)

450

which upon N-benzylation with 2-(bromomethyl)-S-fluoroben-
zonitrile (453) gave compound 454, which was further reacted

with (R)-3-aminopiperidine (455) to afford trelagliptin
(450) 393,396

3. COMPOUNDS CONTAINING TWO FLUORINE
ATOMS

3.1. Omarigliptin

Omuarigliptin (MK-3102, 456) is a novel potent, selective, and
long-acting dipeptidyl peptidase IV (DPP IV) inhibitor for the
potential once-weekly oral treatment of type 2 diabetes mellitus
(T2DM). (Figure 34).°” Omarigliptin (trade name: Marizev)
was developed by Merck & Co., and very recently (September

2015) received approval from the Japanese authorities.’”*

F

Figure 34. Structure of omarigliptin (456).

Sitagliptin (7)*” was the first commercialized DPP IV
inhibitor, approved by the FDA on Oct 17, 2006 (Scheme
65).** In order to prolong the half-life of sitagliptin, which is
amenable for once-weekly dosing, several classes of novel DPP
IV inhibitors have been developed.””*** The cyclohexylamine
derivative 457, which is a structurally distinct rigid analogue of
sitagliptin, is also a potent and selective DPP IV inhibitor.**"
However, it blocks the human potassium channel hERG
(human ether-a-go-go related gene) at low micromolar
concentrations below the desired standard (ICs, > 30

459

uM),*? resulting in QTc¢ prologation in a cardiovascular dog
model (CV-dog). The corresponding tetrahydropyran analogue
458 has reduced basicity compared to the cyclohexylamine
analogue 457 and, as a result, improved hERG selectivity.
Compound 459 has excellent DPP IV inhibition activity and
high hERG selectivity; however, it was unstable and led to
observed undesirable circulating compound in both rats and
dogs. Several attempts were made to improve the metabolic
stability, and pyrrolopyrazole analogue 460 was found to be
stable and no oxidation product was observed, when dosed in
rats and dogs.*” Introduction of a methylsulfonyl group led to
omarigliptin (456), showing excellent DPP IV inhibitory
activity with high hERG selectivity. Omarigliptin exhibited an
attractive pharmacokinetic profile suitable for once-weekly
dosing in humans. High oral bioavailability (rat, ~100; dog,
~100) and exposure [rat, 47.8 uM-h/(mg/kg); dog, 54.0 uM-
h/(mg/kg)] was accompanied by a long half-life in rat and dog
much better than sitagliptin (7). The X-ray crystal structure of
fluoroomarigliptin (derivative containing the original 2,4,5-
trifluorophenyl fragment) binded to DPP IV showed that the 2-
F atom forms a hydrogen bond with the side chain of Arg-125,
whereas the NH, group forms salt bridges with Glu-205 and
Glu-206, and the pyrrolopyrazole moiety of omarigliptin is 7—7z
stacked against the side chain of Phe-357.*"

The preparation of omarigliptin was designed through the
prior access to pyrrolopyrazole intermediate 466 (Scheme 66).
Commercially available Boc-protected ketone 461 was heated
with neat N,N-dimethylformamide dimethyl acetal to form
enamine 462, which was subsequently heated with hydrazine
and dehydrated by treatment with HCI. After neutralization, the
free base pyrrolopyrazole 463 was obtained. Reprotection of
the pyrrole nitrogen in 463 as its Boc derivative formed
compound 464, and its further condensation with methane-
sulfonyl chloride afforded a mixture of sulfonylated re-
gioisomers. Final deprotection of 465 using benzenesulfonic
acid produced the target methylsulfonylpyrrolopyrazole inter-
mediate 466.”

The rest of the synthetic route to omarigliptin is outlined in
Scheme 67. Condensation of difluorinated aldehyde 467 with
nitromethane provided nitroalcohol 468, followed by oxidation
with Dess—Martin periodinane (DMP) to form nitroketone
469. Heating 469 with 3-iodo-2-(iodomethyl)-prop-1-ene
afforded pyran 470, which was reduced by sodium borohydride
to give a 2:1 mixture of cis and trans diastereoisomers. After
separation by column chromatography, the nitro group in the
major product 471 was reduced using zinc and HC], and the
resulting amine was protected as its Boc derivative. The racemic
material was separated by chiral HPLC to give enantiomerically
pure compound 472. Oxidation of 472 with OsO,, followed by
cleavage of the diol intermediate with NalO,, afforded ketone
473. Reductive amination of tetrahydropyranone 473 with
methylsulfonylpyrrolopyrazole 466 in the presence of NaBH-
(OAc); and removal of the Boc group using H,SO, afforded
omarigliptin (456) after neutralization and recrystallization.™”

3.2. Isavuconazole

Invasive fungal infections (IFIs) are a leading cause of illness
and death in immunocompromised patients. Despite correct
antifungal treatment with available agents, the morbidity and
mortality rates of patients remain unacceptably high, especially
due to the emergence of new pathogenic fungal species.
Therefore, the development of new antifungal agents is still an
urgent need.** Isavuconazole (BAL-4815, RO-0094815, 474)
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Scheme 65. Discovery of Omarigliptin (456)
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Scheme 66. Synthesis of Pyrrolopyrazole Fragment 466
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was developed by Basilea Pharmaceutica, a spin-off from Roche,
in collaboration with Astellas as an inhibitor of sterol 14-a-
demethylase involved in the biosynthesis of ergosterol, for the
potential treatment of severe invasive and life-threatening
fungal infections by disruption of fungal membrane structure
and function (Figure 35).*7*” Isavuconazole is administered
as a prodrug, isavuconazonium (BAL-8557, RO-0098557, 475),
consisting of a triazolium sulfate salt. Very recently (March
2015), isavuconazonium (trade name: Cresemba) received
approval by the FDA for the treatment of invasive aspergillosis
and mucormycosis, while it is still in several clinical trials for
other rare fungal infections.*”®

Isavuconazonium is water-soluble and can be rapidly and
almost completely (>99%) metabolized by plasma esterase into
the active drug isavuconazole after oral or intravenous
administration.*”*'® Isavuconazole is widely distributed into
tissues, with high protein binding and slow elimination. In an
early study, the pharmacokinetic profile of isavuconazole has
been evaluated in phase I trials in healthy volunteers with 100,
200, or 400 mg of isavuconazole. Peak plasma concentrations of
isavuconazole were reached at 1.8—3 h after oral admin-
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Scheme 67. Synthetic Route to Omarigliptin (456)
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istration; the C,, ranged from 1.4S to 5.57 ug/mL (dose-
dependent). Its AUC value increased slightly more than
proportionally to the dose, and t,,, was very long (up to 56—
77 h) with detectable drug seen in plasma up to 16 days
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Figure 3S. Structures of isavuconazole (474) and its prodrug
isavuconazonium (475).

postdose, consistent with a high volume distribution and low
systemic clearance.*>*'"*'* Meanwhile, no significant food
effect has been found with oral administration of isavuconazole,
but it should not be administered with other medications which
strongly inhibit the enzyme CYP3A4 due to the effect on
plasma concentration.*””

Isavuconazole is a novel broad-spectrum triazole agent that
was developed to overcome some of the inherent limitations of
current drugs including itraconazole and fluconazole. It
demonstrated an excellent potency against a large number of
clinically important invasive fungal pathogens, such as Candida
spp., Aspergillus, Cryptococcus, and potentially the Mucorales. In
vitro studies have illustrated that isavuconazole has promising
antifungal activity against 118 isolates of Aspergillus species,
such as A. fumigatus, A. terreus, A. flavus, and A. niger, including

strains that were resistant to itraconazole, caspofungin, or
amphotericin B. Isavuconazole was also evaluated against 296
clinical isolates of Candida spp. from bloodstream infections in
vitro. Comparing the in vitro activity with fluconazole,
itraconazole, voriconazole, and amphotericin B indicated that
isavuconazole has good activity against all Candida species,
including those that were inherently less susceptible to
fluconazole (such as C. glabrata and C. krusei). Considering
the minimum inhibitory concentrations (MIC) values, the
activity of isavuconazole was comparable to that of amphoter-
icin B, itraconazole, and voriconazole and superior to that of
fluconazole.*' #1413

As shown in Scheme 68, isavuconazole could be prepared
from commercially available chiral starting material (R)-methyl
lactate (476). First, reacting 476 with morpholine gave amide
477, which was further protected as its TPH derivative 478.
Addition of the Grignard reagent 479 prepared from 2-bromo-
1,4-difluorobenzene afforded ketone 480, which was subjected
to a Corey—Chaykovsky epoxidation leading to a mixture of
diastereomeric oxiranes 481. Ring-opening in 481 with 1,2,4-
triazole led to alcohol 482, and after removal of the TPH group
the diastereomeric mixture was separated by column
chromatography. Next, intramolecular displacement on the
mesylate derived from 483 produced oxirane 484, and its
nucleophilic ring-opening with TMSCN yielded chiral
cyanohydrin 48S5. The latter compound was reacted with
diethyl dithiophosphate to afford the corresponding thioamide
486, and finally reaction with 2-bromo-4'-cyanoacetophenone
(487) formed the thiazole ring to produce the target product

) 414,415
isavuconazole (474).

3.3. Dolutegravir

The discovery of integrase inhibitors as a new class of human
immunodeficiency virus (HIV) inhibitors has become crucial
for the development of new antiretroviral drugs over the last
two decades, and hence acquired immune deficiency syndrome
(AIDS) is now becoming a manageable chronic disease. Based

Scheme 68. Synthetic Route to Isavuconazole (474)
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on the pharmacophore, numerous two-metal chelating scaffolds
were pursued, and successful examples of this approach include
raltegravir (308) as well as elvitegravir (309), which have been
approved as integrase inhibitors by the FDA (see section
2.15).*° While both raltegravir and elvitegravir are valued
components for combination therapy, they have some
limitations and leave room for further improvements. For
example, raltegravir requires a high dose of 400 mg twice
daily."'” In addition, three major mutation pathways result in
substantial loss of potency of raltegravir and thereby render it
ineffective against these viruses." "% On the other hand,
treatment with elvitegravir also showed slightly different
resistance modes.*”® One big advantage of elvitegravir over
raltegravir is the option for once-daily dosing. However, this
requires the use of a pharmacokinetic boosting agent such as
ritonavir or cobicistat to inhibit cytochrome P450
(CYP3A4).*" In this context, Shionogi and GlaxoSmithKline
(GSK) started their studies aiming at the development of more
potent integrase inhibitors, which would allow once-daily doses
(<100 mg) without the need for pharmacokinetic boosting, and
a lack of cross-resistance to existing agents.422 As a result,
dolutegravir (S/GSK1349572, 488) was approved by the FDA
in 2013 as the third integrase inhibitor for HIV treatment
(trade name: Tivicay) (Figure 36).

F 0 H
O
N Z "N
/@AH //\l!l/
F O
OH O Me
488

Figure 36. Structure of dolutegravir (488).

At the beginning of the study, compound 489 showed
remarkable antiviral potency against wild-type HIV-1 virus with
encouraging pharmacokinetic profiles from just the minimum
pharmacophore elements consisting of a 2-(methoxycarbonyl)-
3-hydroxy-4-pyridone moiety as a basic chelating unit and an
N-(4-fluorobenzyl)carboxamide fragment to occupy the hydro-
phobic site (Figure 37).*** Since 489 has an ester group at the
C2 position to coordinate with a metal (Mg*") cofactor in the
active site of the enzyme, amide modifications of 489 were
expected to be useful. However, the potencies of the amide
derivatives were remarkably reduced in both enzymatic and
antiviral assays. Then, antiviral profiles of bicyclic and tricyclic
series were examined.*”* Bicyclic derivative 490 slightly
improved antiviral potencies against wild type HIV-1 virus
compared to the initial compound 489. After a series of tricyclic
analogues were synthesized, compound 491 showed high
antiviral potencies against wild-type virus and excellent
selectivity over cytotoxicity in addition to efficacy against
Q148 K mutation which was the remaining issue left for
monocyclic lead compound 489. Although the virological
advances of 491 were significant, these data were based on the
racemic mixture. Therefore, the enantiomers (R)-491 and (S)-
491 were isolated by chiral chromatographic separation of the
O-benzyl protected precursor and subsequent deprotection via
hydrogenolysis. It was anticipated that the hemiaminal stability
of 491 would be an issue, but no interconversion was observed
with the purified enantiomers. Notably, (R)-491 and (S)-491
had almost identical antiviral activities but significantly different
protein binding shifts against the Q148 K mutation with the
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Figure 37. Evolution of the carbamoyl pyridone series to dolutegravir
(488).

(S)-derivative having only a small potency change. These
results led to S/GSK1265744 (492) and dolutegravir (488) by
adding a chiral substituent into the system in a stereocontrolled
manner and by changing the 4-fluorobenzyl group by 2,4-
difluorobenzyl, since the latter was slightly more potent overall
with a similar pharmacokinetic profile.”® Both the six-
membered-ring derivative 488 and the five-membered-ring
derivative 492 showed high potency, robust low-dose once-
daily pharmacokinetics and associated clinical efficacy, and
eventually were selected as clinical candidates. Furthermore,
both compounds would not require the codosing of a
pharmacokinetic enhancer.

The medicinal chemistry route to dolutegravir was carried
out starting with commercially available maltol (493), which
was protected as its benzyl ether followed by treatment with
ammonia to provide pyridone intermediate 494 (Scheme 69).
Bromination at the C-S position of 494 was performed with
NBS and was followed by Pd-catalyzed carbonylation of
bromide 495 to give methyl ester 496. Transformation of the
2-methyl group in 496 into 2-hydroxymethyl was carried out by
protection of the 4-OH group with Ac,O, oxidation of the
pyridine nitrogen with m-CPBA, and finally rearrangement of
the resultant N-oxide 498 in Ac,O to give the hydroxymethyl
compound 499 after selective removal of the acetyl group with
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Scheme 69. Medicinal Chemistry Route to Dolutegravir (488)
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Scheme 70. Improved Synthesis of Dolutegravir (488)
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NaOMe. Next, the amide coupling of 499 with 2,4- After purification of the major diastereomer 508 by silica gel

difluorobenzylamine (500) afforded 501, and the OH group
was oxidized in a stepwise manner to produce the
corresponding carboxylic acid 503 via aldehyde 502. Methyl
ester formation was performed by condensation of 503 with
MeOH in the presence of EDCI/HOBt to give intermediate
504. Further N-allylation of 504 and oxidative cleavage of 505
with OsO, and NalO, gave the corresponding acetaldehyde
intermediate 506. Condensation of 506 with (R)-3-amino-
butanol (507) took place in a microwave reaction apparatus at
140 °C for 25 min to give a 20:1 mixture of tricyclic derivatives.
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chromatography, deprotection of the benzyl group was
conducted under hydrogenolysis conditions to afford dolute-
gravir (488). Its relative and absolute stereochemistry was
confirmed by single crystal X-ray analysis of the corresponding

+ galg 424425

A more convergent synthesis of dolutegravir also started
from maltol. Thus, the anion of O-Bn-maltol was reacted with
benzaldehyde to produce intermediate 509, followed by
dehydration to give the styryl pyrone 510 in good yield
(Scheme 70). Double bond cleavage in 510 was followed by
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further oxidation with NaClO, to give carboxylic acid S511.
Compound 511 was then reacted with 3-aminopropane-1,2-
diol to convert the pyrone ring to the pyridone 512. After
esterification of 512, oxidative cleavage of diol 513 was
achieved in good yield to give the desired aldehyde 514. The
condensation reaction of aldehyde 514 with (R)-3-amino-
butanol (507) afforded the chiral key intermediate 515, which
upon bromination with NBS led to compound 516. Pd-
catalyzed carbonylation with 2,4-difluorobenzylamine (500)
and subsequent deprotection of the benzyl group provided the
desired product, dolutegravir (488). 126,427

Although the process shown in Scheme 70 improved much
the original synthetic route, it still required lengthy steps and
expensive reagents. A more concise and practical process for
the synthesis of precursor S08 was reported later (Scheme 71).

Scheme 71. Practical Synthesis of Dolutegravir Precursor
508
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Thus, commercially available methyl chloroacetoacetate (517)
was reacted with benzyl alcohol in the presence of sodium tert-
pentoxide to give 518. Condensation of 518 with dimethylfor-
mamide dimethyl acetal followed by treatment with dimethyl
oxalate provided the pyrone intermediate 520. Displacement of
the oxygen of the pyrone ring was carried out with
aminoacetaldehyde dimethyl acetal to give the pyridone
derivative 521. After hydrolysis of the acetal, the resulting
aldehyde was reacted with (R)-3-aminobutanol (507) to
provide the intermediate 522. Amidation with 2,4-difluor-
obenzylamine (500) afforded the precursor 508, which could
be transformed into dolutegravir (488) in excellent yield."**
An alternative and attractive route to dolutegravir was also
disclosed using a similar methodology, although the overall
yield was somewhat lower. Condensation of ethyl acetoacetate
(523) with dimethylformamide dimethyl acetal followed by
treatment of 524 with lithium hexamethyldisilazide and ethyl
oxalyl chloride provided pyrone 525 (Scheme 72). Again,
conversion of the pyrone ring into a pyridone derivative was
carried out by reaction with aminoacetaldehyde dimethyl acetal
to give compound 526. After bromination with NBS, acetal 527
was subjected to acidic hydrolysis and the resulting aldehyde
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Scheme 72. Alternative Synthesis of Dolutegravir (488)
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528 was reacted with (R)-3-aminobutanol (507) to provide
intermediate 529. The bromine atom was next substituted with
potassium trimethylsilanolate to give 530, which was
condensed with 2,4-difluorobenzylamine (500) to give
dolutegravir (488). C:

The key starting material, 2,4-difluorobenzylamine (500),
can be prepared from 2,4-difluorobenzonitrile ($36) by transfer
hydrogenation using a Ru catalyst in butanol (Scheme 73).**
On the other hand, there are several known methods to
produce nitrile 536. One of the best ways involves the
cyanation of 1-chloro-2,4-difluorobenzene (534),"° which in
turn is readily available by chlorination of 2,4-difluoronitro-
benzene (533)*" or oxidative chlorination of difluorobenzene
(535).%7
3.4. Ledipasvir

Ledipasvir (GS-588S, 539) is an NSSA inhibitor that has the
potential to be of utility in combination with direct acting
antiviral agents (DAAs) of complementary mechanism in all-
oral therapy for the treatment of hepatitis C virus (HCV)
infection (Figure 38).">* Ledipasvir was developed by Gilead
Sciences and very recently (October 2014) received approval
by the FDA coformulated with sofosbuvir (239) (see section
2.13) in a single tablet administered once daily (trade name:
Harvoni) without interferon and ribavirin (RBV).

As described in section 2.13, the standard care for treating
HCV genotype 1 (GT1) infection (both GT1a and GT1b as
major subtypes) consisted of weekly pegylated interferon alfa
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Scheme 73. Synthesis of 2 4-Diﬂuorobenzylamine (500)
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Figure 38. Structure of ledipasvir (539).

(PEG) injections and twice-daily oral RBV for 24 or 48 weeks
(duration based on response-guided therapy).”*® However, this
treatment is accompanied by considerable toxicity including flu-
like symptoms, depression, and anemia.”* Triple therapy
containing PEG/RBV combined with the recently approved
protease inhibitors telaprevir or boceprevir has improved the
GT1 HCV sustained virologic response (SVR) rates to 66—
79% for treatment of naive patients, but with increased
toxicities including rash or anemia.**> Therefore, extensive
studies to identify safe oral drugs have been carried out for
combination treatment of HCV infection. Research programs
on NSSA inhibitors, as well as the inhibitors of NS3 protease
and NS5B polymerase, were initiated at Bristol-Myers Squibb
(BMS) with the goal of identifying an agent that could allow
combination usage with DAAs having complementary mech-
anisms to achieve high SVR rates with a short-term treatment.
The enzymatic activity of NSSA protein is still unknown, and
the precise function of this remarkably enigmatic protein in
virus replication and host cell modulation remains unclear.**
However, the potential of NSSA as a target for HCV drug
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discovery attracted attention with the disclosure of the clinical
efficacy of NSSA inhibitors. BMS-858 (540) was found by
extensive screening of the GT1b replicon assay as a selective
HCV inhibitor that targeted the NSSA protein (Figure 39).%7
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Figure 39. Evolution of NSSa inhibitors at BMS.

Enormous screening efforts led to dimeric series, which
provided potent GT1b-active proline stilbenediamine diamide
inhibitors, such as BMS-346 (541), discovered from the
monomer series,”’* and highly potent GT1a- and GT Ib-active
bis-imidazole biphenyl inhibitors including daclatasvir (542)
(BMS-790052, GT1a; ECgy = S0 pM), which achieved clinical
proof-of-concept for the NSSA mechanism.”*”*** Daclatasvir is
currently being studied in an ongoing phase III trial, where it is
being investigated as part of an all-oral 3DAA regimen with
other BMS investigational agents.

Scientists at Gilead Sciences found that an unsymmetrical
core, having benzimidazole and imidazole fragments, showed a
potent inhibitory effect after pursuing a number of symmetrical
bis-benzimidazole cores.*** Furthermore, in the unsymmetrical
series, the fused central naphthyl ring afforded higher potency
than in the symmetrical series. The importance of the
lipophilicity in the linker was demonstrated by phenyl-alkyne
inhibitors, and notably, the biphenyl inhibitor 543 provided the
highest level of potency among many central connectors
(Figure 40).**' This prompted the study of constraint of the
biphenyl to form tricyclic fused-ring systems, such as 544—547.
Initial SAR of central fused tricycles was carried out in a
symmetric bis-imidazole series to obviate tricycle desymmetri-
zation and simplify the synthesis. Fluorene ring-linked inhibitor
544 suffered a mild loss in potency relative to biphenyl 543,
and posed stability concerns, because the fluorene ring system
readily underwent autoxidation upon standing. The oxidation
product, fluorenone 545, lost significant potency. Blocking the
oxidation site with gem-dimethyl compound 546 caused even
more loss of potency, giving some information that significant
steric bulk of the fused linker is not well tolerated. Then, it was
postulated that a smaller, lipophilic blocking group, such as a
difluoromethylene group, might provide an optimal connector.
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Figure 40. Discovery of ledipasvir (539).
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This important difluoromethylene modification was directly
introduced in the imidazole/benzimidazole series of interest.
Use of the difluoromethylene connector produced the most
potent inhibitor in the optimized unsymmetrical series,
difluorofluorene 547. The pharmacokinetics of 543 and 547
were measured in rats and dogs, and both inhibitors showed
similar good half-lives in plasma, low systemic clearance (CL),
and moderate volumes of distribution (Vss). Interestingly, the
modest oral bioavailability (11%) of biphenyl inhibitor 543 was
improved to over 35% in difluorofluorene $47. Therefore,
incorporation of a gem-difluoro moiety in compound 547
provided combined improvements in potency and bioavail-
ability. Then, modifications of terminal groups were evaluated
in the symmetric bis-imidazole system. It is worthy to note that
[2.2.1]azabicyclic ring derivative 548 possessed a long half-life
of 3 h in dog.

After finding the favorable pharmacokinetic properties of the
[2.2.1]azabicyclic ring system in 548, further studies were
carried out to understand the SAR of the azabicyclic ring
system in the context of an unsymmetrical core. The more
synthetically accessible imidazole—biphenyl—benzimidazole
core was chosen for this study. Eventually, they discovered
matched and mismatched sets where the potency is remarkably
better, when the [2.2.1]azabicyclic ring system is paired with
the benzimidazole in compound 549. Importantly, the
extended pharmacokinetic half-life that the [2.2.1]azabicyclic
ring system provided in symmetrical core inhibitor 548 was
translated into unsymmetrical core inhibitor 549; the plasma
half-lives both in rat and in dog were improved in 549 over
those of pyrrolidine analogue 543 having the same core. To
improve the potency of 549, biphenyl was replaced by
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difluorofluorene, affording inhibitor 550. During the final
optimization, replacement of the pyrrolidine in 550 by a
spirocyclopropyl pyrrolidine afforded ledipasvir (539), the
most potent inhibitor in the series. Ledipasvir has GT1a and
GT1b ECs values of 31 and 4 pM, respectively, and shows
remarkable hlgh E tency' and good pharmacokinetics and no
adverse effect.”””**' Ledipasvir was selected for clinical
development in the treatment of HCV infection with a long
half-life suitable for once-daily dosing.

In the initial synthesis of ledipasvir, difluorofluorene 552 was
prepared by treatment of 2,7-dibromofluorenone (551) with
Deoxo-Fluor (21) in good yield (Scheme 74). Stille coupling
between 552 and tributyl-(1-ethoxyvinyl)-stannane provided an
enol ether that was converted to bromoketone 553 upon
treatment with NBS. Alkylation of Cbz-spirocyclopropyl-
proline (554a) with 553 gave keto-ester 5§55, which was
cyclized to imidazole 556 upon heating in the presence of
ammonium acetate. After deprotection of the Cbz group with
HBr/AcOH, compound 556 was coupled with Moc-Val-OH to
give intermediate 557. Suzuki coupling of 557 with boronate
558 afforded 559 in good yield, which led to the desired
ledipasivir (539) after deprotection of the Boc group followed
by a second peptide coupling with Moc-Val-OH.*™*'

One of the key intermediates, the tailor-made amino acid
spirocyclic proline 554a, was prepared from N-Boc-hydrox-
yproline (560) via oxidation and Wittig reaction followed by
replacement of protecting group in 562 and then modified
Simmons—Smith cyclopropanation and hydrolysis (Scheme
75).%** Although N-Boc-4-methylene proline methyl ester is
readily synthesized from 4-ketoproline methyl ester, the
corresponding Wittig reaction afforded a racemic product
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Scheme 74. Initial Synthesis of Ledipasvir (539)
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Scheme 75. Synthesis of Spirocyclopropyl Proline 554a
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under the strong basic conditions. *3 For this reason, the Wittig
reaction was carried out using 4-keto-proline in its acidic
form.*** The key importance of unnatural, tailor-made amino
acids for drug design has been already highlighted in section
2.19.

Another key intermediate, boronate 558, was prepared by
condensation of 2-amino-4-bromoaniline with [2.2.1]azabicylic
carboxylic acid $70, which was synthesized via aza-Diels—Alder
reaction of the optically active imine 566 with cyclopentadiene
using a literature method (Scheme 76).**>**

In the previously discussed process, the fluorination of
fluorenone 551 required an excess amount of neat Deoxo-Fluor
(21) at elevated temperatures. Since reagent 21 is thermally
unstable,**¢ it might not be suitable for an industrial scale
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Scheme 76. Synthesis of [2.2.1]Azabicylic Intermediate $58
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synthesis. The use of an organotin reagent should also be
avoided from an environmental point of view. Furthermore,
due to the lack of selectivity in the Stille reaction, the above
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Scheme 77. Improved Synthesis of Ledipasvir (539)
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route was considered unattractive. At that point, an alternative
synthesis was developed. In this novel process, fluorene 573
was difluorinated by treatment with KHMDS in the presence of
NESI (22)** to give 574 (Scheme 77). The iodine atom in
574 was selectively transmetalated by reaction with i-PrMgCl
and converted to a single chloroketone 575 by quenching the
Grignard species W1th the Weinreb amide, 2-chloro-N-methoxy-
N-methylacetamide.**® N-Boc-spirocyclopropyl proline 554b
was alkylated with 575, and the resulting ketoester 576 was
condensed to imidazole 577 upon heating with ammonium
acetate. Compound 577 was subjected to the Suzuki-coupling
reaction with boronate 558 using Pd(OAc),/PPh, as catalyst,
providing late-stage intermediate $78. Finally, Boc removal
with HCl/dioxane followed by peptide coupling at both ends of
the molecule with Moc-Val-OH afforded ledipasvir (539).
Thus, the group of Gilead Sciences successfully avoided a risk
of using bis(2methoxyethyl)-aminosulfur trifluoride and could
overcome the low efficiency of the Stille coupling. This
synthesis represents the first report on the base-promoted
difluorination of the 9-position of a fluorene ring system
utilizing an electrophilic source of fluorine.**” Crucial to the
success of the process was premixing the substrate and N-
fluorobenzenesulfonimide, as well as the slow addition of base
to this mixture. Additionally, the base and the fluorinating
reagent are inert toward each other, and the difluorinated
product is formed in high yield without isolation of the
monofluorofluorene.**

4. COMPOUNDS CONTAINING THREE FLUORINE
ATOMS

4.1. Dabrafenib

Dabrafenib (GSK-2118436, 579) was developed by GlaxoS-
mithKline (GSK) as a small-molecule oral inhibitor of the
mutant kinase BRAF (Figure 41)."° By July 2013, dabrafenib
(trade name: Tafinlar) had been launched in the United States
for unresectable or metastatic melanoma with BRAF'6'%E
mutation as detected by an FDA-approved test, and the
combined use of dabrabenib and trametinib was also approved
for the same indication as discussed earlier (see section 2.2).
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Figure 41. Structure of dabrafenib (579).

Furthermore, development is ongoing in other cancer
indications, including non-small-cell lung cancer (NSCLC),
colorectal cancer, and papillary thyroid cancer.

The discovery process of dabrafenib is depicted in Scheme
78. The hit compound 580, identified from the oncology-
directed kinase programs of GSK, exhibited good inhibitory
activity against a BRAFY*F enzyme assay, while it lost potency
in mechanistic or antiproliferative cellular assays (BRAFY*'%:
ICy = 9 nM; pERK: ECy = >10000 nM; SKMEL28: ECy, =
5316 nM). After replacing the rigid imidazopyridine by a
smaller thiazole core, the corresponding compound 581
displayed increased cellular potency (pERK: ECg, = 580 nM;
SKMEL28: ECs, = 2753 nM).*' Modifications of the
benzamide fragment revealed that the sulfonamide analogue
582 further improved both cellular assays, and a fluorine scan in
the phenyl ring demonstrated that the difluorinated derivative
583 exhibited improved metabolic stability with potent cellular
activities. However, these series of compounds showed poor
bioavailability with high clearance in nonrodent species. The
tetrahydroisoquinoline moiety was removed in order to
decrease the molecular weight and reduce the metabolic sites,
although this resulted in a reduction of potency. The inhibitory
activity was restored with the replacement of the isopropyl
substituent by a tert-butyl group. Compared with the des-fluoro
analogue 584, the fluoro-substituted derivative dabrafenib
(579) displayed dramatically improved pharmacokinetic
properties with low clearance (BRAF'®E: ICy, = 0.7 nM;
PERK: ECyy = 4 nM; SKMEL28: ECy) = 3 nM, Clg, = 18 h,
Clpog = 4 h).*°

Dabrafenib was synthesized as shown in Scheme 79.
Condensation of aniline 586 with benzenesulfonyl chloride
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Scheme 78. Discovery of Dabrafenib (579)
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585 afforded sulfamide 587, which underwent nucleophilic
substitution with the lithium anion derived from 2-chloro-4-
methylpyrimidine to give acetophenone 588. Bromination of
588 with NBS yielded intermediate 589, followed by in situ
annulation with dimethylpropanethioamide that provided the
cyclized thiazole 590, which was then heated with ammonia to
afford the targeted molecule dabrafenib (579).%°

4.2. Cobimetinib

Since the KRAS and BRAF activating mutations in the ERK/
MAP kinase pathway could contribute to the aberrant
regulation of cell proliferation, differentiation, survival,
migration, and angiogenesis, MEK inhibitors have been a very
effective anticancer therapy.">* Cobimetinib (GDC-0973, XL-
518, 591) is a potent and highly selective allosteric inhibitor of
MEK1/2 (biochemical ICs, = 4.2 nmol/L against MEK1) for
the oral treatment of solid tumors, including melanoma (Figure
42).%* Cobimetinib (trade name: Cotellic) was developed by

H H
N

591

Figure 42. Structure of cobimetinib (591).

Exelisis and Genentech (a member of the Roche group), and is
currently undergoing oncology clinical trials both as a single
agent and in combination with vemurafenib or GDC-0941, a
class 1 PI3K inhibitor,** receiving approval for the first
combination in November 2015 in both the United States and
the EU.

Cobimetinib came from the structure optimization of PD-
03259012 (592), which was a derivative of the first MEK
inhibitor, CI-1040 (593) (Figure 43). Obviously, the diphenyl-
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Figure 43. Structures of PD-03259012 (592) and CI-1040 (593).

amine part was the necessary pharmacophore in both cases.
The introduction of fluorine at the 4-position of the B-ring

Scheme 79. Synthetic Route to Dabrafenib (579)
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improved the potency by 26-fold due to a dipolar interaction
with the Ser-212 amide backbone hydrogen in the MEKI
structure.*>* Another fluorine atom on the B-ring also
performed a potency-enhancing effect by 3-fold. On the other
hand, substitution of chlorine by fluorine at the ortho-position
of the A-ring in 592 gave at least 35-fold increase in colon 26
cell MEK inhibition. Besides, the fluorine on the A-ring and the
(R)-(—)-dihydroxypropyl side chain in PD-03259012 showed a
dramatic synergistic effect for both in vitro potency and ADME
profiles.”

However, the clinical application of PD-03259012 (592) was
limited, because of its metabolic instability and neurological
side effects. Specifically, the elimination of the hydroxamate
ester reduced the sustained duration of eflicacy suitable for
daily dosing. Moreover, the blood—brain barrier (BBB)
penetration of 592 or its active metabolite suppressed the
MAPK pathway in brain tissue, subsequently leading to
neurological side effects related to ataxia, confusion, and
syncope. To avoid these disadvantages, metabolically stable
carboxamide and aminoethanol fragments were introduced to
form an extra hydrogen bond with residues Asp-190 and Asn-
195 to afford optimal contact with ATP y-phosphate in the
catalytic loop region of MEKI. Additionally, a piperidine ring
was the ideal choice for an N-substituent to balance the cellular
potency and oral exposure. Ultimately, the (S)-piperidin-2-yl
isomer cobimetinib (591) performed over 10-fold more
potency than the (R)-isomer and exhibited subnanomolar
biochemical and cellular activity. Due to the limited brain
exposure of cobimetinib and its metabolite, the risk of
neurological side effects was fortunately reduced by minimizing
MAPK pathway inhibition.**®

The diaryalmino core of cobimetinib was easily prepared by
coupling of 2-fluoro-4-iodoaniline (594) with 2,34-trifluor-
obenzoic acid (595) to afford acid 596, which was subsequently
converted to the corresponding benzoyl fluoride 598 with
cyanuric fluoride (597) (Scheme 80).%¢

Scheme 80. Synthesis of Trifluorinated Acid Fluoride 598

- i GOH F ‘ GOH
NH, LHMDS /@/
| F HE F
F F
594 595 596

F
Sy

0. F N
597
T )l\/)\( )
N F N F
| F pyr, CH.Cl,
; (
598

97%)

The rest of the medicinal chemistry route to cobimetinib is
shown in Scheme 81. Azetidin-3-ol (599) was transformed into
its Cbz-protected derivative 600 and then converted to the
corresponding ketone 601 by Swern oxidation. Nucleophilic
addition of the lithium carbanion of N-Boc-piperidine (603)*”
to ketone 601 afforded rac-604. Next, this racemic alcohol was
resolved by reaction with (R)-(—)-a-methoxy-a-trifluorome-
thylphenylacetyl chloride (605) followed by chromatographic
separation and removal of the chiral auxiliary to yield the (S)-
isomer of 604. Removal of the Cbz protecting group in the
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Scheme 81. Synthetic Route to Cobimetinib (591)
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presence of Pd/C and hydrogen followed by condensation with
benzoyl fluoride 598 provided amide 607. Ultimately,
cobimetinib (591) was easily formed by Boc deprotection.**®

5. COMPOUNDS CONTAINING ONE
TRIFLUOROMETHYL GROUP

5.1. Radotinib and Ponatinib

Since imatinib, the first generation Bcr-Abl tyrosine kinase
inhibitor, was launched in 2001, Bcr-Abl tyrosine kinase has
become an attractive target for the treatment of chronic
myelogenous leukemia (CML). However, due to the
emergence of clones expressing mutant forms of the Bcr-Abl
kinase, second-generation Bcr-Abl tyrosine inhibitors have been
developed to address the unmet medical need related to
imatinib intolerance and imatinib resistance, with nilotinib
(608) being an emblematic example (Figure 44)."° In this
context, radotinib (IY-5511, 609), developed and launched by
Il-yang, was approved in Korea as a second-generation oral Bcr-
Abl tyrosine kinase inhibitor in January 2012 (trade name:
Supect). Radotinib is used as a second-line treatment for
patients with Philadelphia chromosome-positive chronic
myeloid leukemia (Ph+ CML), who are refractory to existing
drugs, such as imatinib, nilotinib, and dasatinib. Furthermore,
phase III trials for radotinib as a first-line treatment have been
conducted by Il-yang since February 2012. On the other hand,
ponatinib (610) was developed by ARIAD Pharmaceuticals as
the lead in a series of oral pan-Ber-Abl/Src protein inhibitors.
In January 2013, ponatinib (trade name: Iclusig) was launched
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Figure 44. Structures of nilotinib (608), radotinib (609), and
ponatinib (610).

in the United States for previously treated CML and
Philadelphia chromosome-positive acute lymphoblastic leuke-
mia (Ph+ ALL). In July 2013, ponatinib was approved in
Europe for resistant or intolerant CML and Ph+ ALL.
Radotinib specifically inhibits both Bcr-Abl fusion protein
(ICso = 34 nM against wild-type Bcr-Abll kinase), an abnormal
enzyme expressed in Ph+ CML cells, and platelet-derived
growth factor receptor (PDGFRa, ICs, = 75.5 nM; PDGFRS,

ICs, = 130 nM), a tyrosine kinase receptor overexpressed in
many tumor cell types."”” Structurally, radotinib (609) is
similar to nilotinib (608) as shown in Figure 44. In fact, the
only difference is the replacement of the pyridine ring by a
pyrazine. The trifluoromethyl group contributes to interactions
with the hydrophobic pocket of allosteric binding region of Ber-
Abl by van der Waals interactions, thus further enhancing the
selectivity and activity.**’

Conversely, the discovery of ponatinib started from the hit
compound 612, designed as a novel “DFG-out” targeted Abl
inhibitor, that was derived from the dual Src/Abl inhibitor
AP23464 (611)*" combined with the privileged DFG-out
targeting structural fragment from nilotinib (608) (Scheme
82).%> “DFG” represents three amino acids (aspartic acid,
phenylalanine, and glycine) in the ATP pocket of kinases. The
so-called “DFG-out” state is an unactivated conformation of
kinases where the phenylalanine of the DFG motif flips “out”
toward the solvent, blocking access of ATP and creating a new
allosteric pocket. It is worth mentioning that this series of
compounds exhibited modest potency against Ber-Abl™"! in
both biochemical and cell-based assays (AbI™!!: ICy, = 478
nM; AbI™'! Ba/F3: ICy, = 422 nM), while nilotinib was
completely inactive against this mutant, which might result in
drug resistance in the treatment of CML.**> Removal of the
cyclopropanamine moiety to give compound 613 retained the
potency against Bcr-Abl™*"*". Docking analyses of AbI™'!
kinase demonstrated that the less sterically demanding vinyl
linkage of compounds 612 and 613 relieved the steric clash
observed in the docking of nilotinib, thus indicating that the
replacement of the vinyl linkage by the rigid and rod-shaped
acetylenyl linkage would further reduce the undesirable steric
repulsion with the mutant kinase. Compared with compound
613 (AbI™SL ICy, = 386 nM), the chemically and
pharmacologically more stable acetylenic analogue 614

Scheme 82. Discovery of Ponatinib (610)
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exhibited 3-fold more potency against Abl™*'*' kinase (AbI™"":
ICs, = 102 nM; AbI™"' Ba/F3: ICs, = 471 nM). The
solubilizing piperazine fragment was incorporated into 615 to
improve cell permeability and reduce lipophilicity, resulting in a
dramatic increase of cellular potency (AbI™™": ICy, = 56 nM;
AbI™"! Ba/F3: ICy, = 26 nM). Finally, further optimization of
lipophilicity with diverse heterocyclic templates led to the
discovery of ponatinib (610) (AbI™*™": IC, = 40 nM; AbI™'!
Ba/F3: IC;, = 8.8 nM). Notably, replacement of the
trifluoromethyl group by either chlorine or cyclopropyl in
compounds 616 and 617, respectively, remarkably reduced
cellular potency against mutant T31SI, which indicated the
importance of the CF; moiety in the inhibition of Abl kinase.***

Radotinib was easily prepared by a three-step procedure as
shown in Scheme 83. Enamino ketone 619 was obtained by

Scheme 83. Three-Step Synthesis of Radotinib (609)

Za
Né\lfﬁ\Me N;\lﬁﬁ\/\w Me

N N

Me,NCH(OMe),
EtsN, 110 °C

Me
(81%)
618
619 Ve
NH
H
NN CO,Et P D\
N HN" N CO,Et
S Sl L -
=N "HNO3 (620)
Me i
2 NaOH, i-PrOH
|
N%) 621
622 NeeN QA
% | T ﬂ” NN
HoN NN 7 Me \\<
z N 609
KOt-Bu, THF N
(85%)

Claisen condensation of 2-acetylpyrazine (618) with N,N-
dimethylformamide dimethylacetal. Then, ketone 619 was
reacted with commercially available guanidine nitrate 620 to
give aminopyridine 621 under basic conditions. Finally,
radotinib (609) was accessed by amide formation between
621 and aniline 622.°%*

Despite its commercial availability, aniline 622 can also be
prepared through an Ullmann-type coupling reaction between
aryl iodide 623 and 4-methyl-1H-imidazole (624) (Scheme
84). Polyethylene glycol was used as a cosolvent together with
acetonitrile to improve the solubility of the reagents affording a
clear reaction solution. Activation of the copper catalyst with
4,7-dimethoxy-1,10-phenanthroline not only allowed the
reaction to proceed in a higher yield than using copper(I)
iodide and ethylene diamine, but avoided the possible
isomerization of imidazole 624 during the reaction, and
ultimately led to a single regioisomer 625. Finally, the nitro
group was easily reduced in the presence of SnCl,-2H,0 to give
aniline 622.*%

Ponatinib was synthesized using compound 630 as a key
fluorinated building block (Scheme 85). The preparation of
fragment 630 has been achieved using four different
approaches. First, bromination of toluene 626 yielded
(bromomethyl)benzene 627, followed by substitution with 1-
methylpiperazine (628) and reduction of nitrobenzene 629 to
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Scheme 84. Ullmann-Type Reaction as Key Step in the
Synthesis of Intermediate 622
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provide the intermediate 630.** Alternatively, condensation of
benzoic acid 631 with 628 gave amide 632, which underwent
sequential reduction of the nitro group and the amide
functionality to afford compound 630.*” Another strategy
was based on the prior protection of aniline 634 and
subsequent bromination of toluene 635 to render
(bromomethyl)benzene 636, followed bgr substitution with
628 and deprotection to give 630.*°° Finally, cyanide
substitution of bromobenzene 638 provided benzonitrile 639,
followed by reduction with DIBAL-H and reductive amination
of benzaldehyde 640 with 628 to yield building block 630.

Another key structural fragment of ponatinib, namely alkyne
643, was obtained from heterocyclic bromide 641 via
Sonogashira coupling by treatment with Pd(PPh;),Cl,, Cul,
and ethynyltrimethylsilane to afford 642, followed by TBAF-
mediated deprotection (Scheme 86). The last remaining
fragment, benzoic acid 644, was first transformed into its
derived acid chloride and then condensed with aniline 630 to
yield 645, which was then coupled with ethyne 643 through
another Sonogashira-type reaction to afford ponatinib (610). ot

5.2. Tasquinimod

Tasquinimod (ABR-215050, 646) is a second-generation oral
quinoline-3-carboxamide antiangiogenic agent for the treatment
of castration-resistant prostate cancer, which was developed by
Active Biotech and Ipsen and is currently in phase III trials
(Figure 45).%9? Tasquinimod demonstrated a significant
improvement in patient progression-free survival (PFS)
compared with those receiving placebo (median 7.9 months
versus 3.3 months, HR 0.57; P = 0.0042) in phase II trials."”°
Tasquinimod is a dual inhibitor of S100A9/TLR4 in MDSCs
and HDAC4/N-CoR/HDAC3 deacetylation of hypoxia-indu-
cible factor 1-a (HIF1-c) in both endothelial and tumor cells,
which effectively leads to a significant upregulation in the
expression of thrombospondin-1 (TSP-1) and down-regulation
of HIF-1a and vascular endothelial growth factor (VEGF), and
hence influencing tumor microenvironment to overcome
tumor-associated immunosuppression and inhibiting angio-
genesis, metastasis, and tumor grow’ch.471’47

Structurally, tasquinimod is a derivative of the first-
generation quinoline-3-carboxamide analogue linomide (647),
being 30- to 60-fold more potent than linomide in inhibiting
tumor growth in vivo.*”? Unfortunately, the phase III trial of
linomide had to be discontinued, because of its unknown and
unacceptable toxicity. However, preclinical studies in the
Beagle-dog model indicated that linomide could induce a
dose-dependent proinflammatory reaction, observed as an
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Scheme 8S. Synthetic Approaches to Triﬂuoromethyl-Containing Fragment 630
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Figure 45. Structures of tasquinimod (646) and linomide (647).

increase of white blood cell (WBC) count and erythrocyte
sedimentation rate (ESR). Insertion of the -electron-with-
drawing and stereochemically demanding474_476 trifluorometh-
yl group at the para-position of the N-phenyl ring in
tasquinimod prevented metabolic demethylation of the

473

quinolinone moiety, thus decreasing the proinflammatory
activities.*””

The synthesis of tasquinimod was performed employing
commercially available 2-amino-6-methoxybenzonitrile (648)
as the starting material (Scheme 87). The corresponding

Scheme 87. Synthetic Route to Tasquinimod (646)
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anthranilic acid (649) was prepared by hydrolysis of
benzonitrile 648, and then treated with phosgene to give
isatoic anhydride 650. After N-methylation of 650 with
iodomethane in the presence of sodium hydride, condensation
of 651 with ethyl malonate gave 3-quinolinecarboxylic ester
derivative 652. Finally, tasquinimod (646) was easily achieved

by amide formation with N-methyl-4-(triftuoromethyl)aniline
(653).7°
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5.3. Telotristat Ethyl

Telotristat ethyl (LX-1032, LX-1606, 654), an oral small-
molecule tryptophan hydroxylase (TPH) inhibitor for the
potential treatment of carcinoid syndrome, is in phase III
clinical trials under the development of Lexicon Pharmaceut-
icals (Figure 46). Moreover, the FDA granted telotristat ethyl
orphan drug status for carcinoid syndrome in March 2012.

Figure 46. Structures of telotristat ethyl (654) and telotristat (655).

Carcinoid syndrome is believed to be partially caused by
increased levels of serotonin (S-hydroxytryptamine, S-HT).
Therefore, telotristat ethyl suitably reduces the production of 5-
HT by inhibiting TPH, the rate-limiting enzyme in the

conversion of tryptophan to S-HT. Actually, S-HT is a very
essential inhibitory neurotransmitter in the CNS, and hence the
molecule was designed in order to avoid crossing the blood—
brain barrier (BBB)."”” Telotristat ethyl is the ethyl ester
prodrug of telotristat (655), containing a polar a-amino acid
fragment to effectively avoid its penetrating the BBB and
affecting CNS S5-HT synthesis. In fact, Lexicon has claimed
several telotristat salts to improve its oral bioavailability,
including telotristat besylate and telotristat etiprate, being the
latter one the salt form used on the clinical trials.**’

From the SAR investigation of different TPH inhibitors, it
was concluded that the L-phenylalanine fragment was necessary
for the in vitro TPH inhibition potency, whereas substituted
phenyl rings or replacement by other heterocycles reduced the
activity against TPH. The X-ray data revealed that the -
phenylalanine moiety formed three hydrogen-bond interac-
tions, one with the carbonyl oxygen of Thr-265 and the other
two with bridging water molecules. On the other hand, the
phenyl ring constructed hydrophobic interactions with Pro-268
and His-272. Moreover, the pyrimidine core formed an edge-
to-face 7—x interaction with Phe-313, and the 2-amino group
built a hydrogen-bond interaction with a water molecule.”®'
Furthermore, the presence of the trifluoromethyl group
effectively improved the activity in the cell-based assay
compared to its nonfluorinated derivative.***

The synthesis of telotristat ethyl is outlined in Scheme 88.
Coupling of fluoride 656 and pyrazole 657 in the presence of
KOt-Bu afforded intermediate 658 (along with 17% of the
pyrazole regioisomer). Then, the trifluoroacetyl group was
introduced via addition of the Grignard derived from 658 to

Scheme 88. Synthetic Route to Telotristat Ethyl (654)
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ethyl trifluoroacetate, followed by asymmetric reduction of
ketone 659 induced by (R,R)-TsDPEN (660) under Ir(III)
catalysis to yield (R)-trifluoroethanol 661 with excellent yield
and enantioselectivity (>99% ee). The other fragment of
telotristat ethyl was accessed from (S)-Boc-Tyr-OMe (662)
that was first initially converted into its triflate derivative 663.
Pd-mediated coupling with bis(pinacolato)diboron (572)
afforded boronate 664, and then hydrolysis of the methyl
ester produced the corresponding carboxylic acid 665. Suzuki
coupling of acid 665 and pyrimidine 666 catalyzed by
dihydrogen di-u-chlorodichlorobis(dicyclohexylphosphinito-
kp)dipalladate(2—) (POPd6) furnished compound 667.
Then, based-promoted SyAr reaction between the two main
fragments, (R)-trifluoroethanol 661 and chloride 667, led to
668 and final esterification and removal of the Boc protecting
group gave the target product telotristat ethyl (654).**

5.4. Buparlisib

Buparlisib (NVP-BKM-120, 669) was developed by Novartis
for the potential treatment of solid and hematological tumors,
including endometrial carcinoma, glioblastoma, prostate cancer,
breast cancer, melanoma, and myelofibrosis (Figure 47). As a

)

Fs | SN
| N N/)\N/\
P K/O

HNT N

669
Figure 47. Structure of buparlisib (669).

pan class I phosphoinositide 3-kinase (PI3K)"** inhibitor,
buparlisib shows pro-apoptotic and antiangiogenic activity, and
is rapidly absorbed and bioavailable after administration.*****°
Buparlisib is currently on several clinical trials, including a phase
IOI trial in combination with fulvestrant for advanced or
metastatic breast cancer patients, and a phase II trial in
combination with paclitaxel for metastatic head and neck
cancer.

As shown in Scheme 89, buparlisib derived from the
structure of the former PI3K inhibitor 670 (PI3Ka: ICg, =
0.056 uM), which was discovered from a solid phase
combinatorial library of 2,4,6-trisubstituted pyrimiclines.487
While compound 670 exhibited potent in vitro activities, the
in vivo potential was limited due to the presence of the phenol
moiety (F = 9%, t,, = 21 min, AUC,, = 0.12 uM-h). For
example, after replacement of the OH group by a
trifluoromethyl group, the resulting compound 671 was 60-
fold less active but showed improved rat PK profile (F = 71%,
ti, = 218 min, AUC,, = 23 uM-h).**® According to the
cocrystal structure of compound 670 in PI3Ky,"” a variety of
heterocycles at the pyrimidine C-6 position were screened in
order to mimic the phenol binding interaction with Asp-841
and Tyr-867, eventually leading to the discovery of the potent
PI3K inhibitor 672 with a better oral bioavailability (PI3Ka:
ICy < 0.002 uM, F = 89%, AUC,,,; = 9 uM-h). However, high
rodent CL values of compound 672 prevented its further
development (CL = 79 mL/min/kg). Further modifications on
the C-6 position showed that aminopyridine-substituted
compounds exhibited a markedly reduced rat CL value, while
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Scheme 89. Discovery of Buparlisib (669)
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their compromised biochemical potency could be improved by
introduction of electron withdrawing groups such as CN, C],
and CF; at the C-4’ position. Among these series of
compounds, the trifluoromethyl compound 673 showed the
best PK properties with excellent PI3Ka inhibitory activity
(PI3Ka: ICyy = 0.021 4M, CL = 8 mL/min/kg, AUC,, = 114
uM-h). Finally, in order to increase the aqueous solubility and
Caco-2 permeability, buparlisib (669) was discovered by
replacing the aminoquinoline at the C-4 position by a second
morpholine ring.**’

Buparlisib was synthesized as shown in Scheme 90.
Bromination of pyridine 674 with NBS afforded bromopyridine
675, which underwent a Miyaura borylation reaction with
bis(pinacolato)diboron (572) in the presence of KOAc as base
and Pd(dppf),Cl,-CH,Cl, as catalyst to produce boronate 676.
On the other hand, dimorpholine-pyrimidine 678 was obtained
by nucleophilic substitution of 2,4,6-trichloropyrimidine (677)
with morpholine. Then, Suzuki coupling of boronate 676 and
chloropyrimidine 678 provided buparlisib (669) using the
combinigigon of Pd(dppf),Cl,-CH,Cl, as catalyst and Na,CO4
as base.

5.5. Enobosarm

The androgen receptor (AR) is essential for the maintenance of
the function of several organs including primary and secondary
sexual organs, skeletal muscle, and bone, making it a desirable
therapeutic target. Selective androgen receptor modulators
(SARMs) bind to the AR and show osteo- and myo-anabolic
biological effects, and do not stimulate growth on prostate and
other secondary sexual organs. Therefore, SARMs provide ideal
therapeutic opportunities in numerous disorders associated
with muscle wasting, osteoporosis, cancer cachexia, or end-stage
renal disease and hypogonadism.**”*”" Enobosarm (GTx-024,
MK-2866, 679) was developed by GTx (initially in
collaboration with Merck) as a SARM for the potential
treatment of disorders associated with muscle wasting and
osteoporosis (Figure 48). At present, enobosarm (trade name:
Ostarine) is in phase III clinical trials for cachexia and phase II
for metastatic breast cancer and sarcopenia and testosterone
defficiency.

As shown in Scheme 91, enobosarm is an aryl propionamide
that originated from bicalutamide (680), which was unexpect-
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Scheme 90. Synthetic Route to Buparlisib (669)
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Figure 48. Structure of enobosarm (679).

edly discovered with the ability to fully stimulate in vitro AR-
dependent transcriptional activation.””® Replacement of the
sulfonyl linker and the p-fluoro substituent of bicalutamide by a
thioether linker and an acetamide group, respectively, gave the
early lead compound thioacetolutamide (681) with an
improved in vitro agonist activity.492’493 However, the
thioether-linked compound 681 suffered from the lack of the
expected pharmacological activity in vivo, owing to metabolic
oxidation of the thioether group to the corresponding sulfoxide
or sulfone with little or no agonistic potency. Further
optimization consisted of the replacement of the thioether
moiety by an ether bond leading to the discovery of two new
key lead compounds, S-1 (682) and S-4 (also known as GTx-
007 and andarine, 683), with high affinity for the androgen
receptor, tissue selectivity in animal models, and an improved
PK profile,”"***> which indicated that these com ounds
would be good candidates for further development.*””

Based on the established SAR and metabolic profiles, the
second generation of aryl propionamides was subsequently
developed, in which the ether bond was kept to maintain the
agonist activity, and different substituents were introduced into
the two aromatic rings in order to obtain different intrinsic
activities and ameliorate the metabolic profiles. Among the
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Hif?ofo
680 Ki=11nM
UL LT
BOW SN
3
N Me OH
681 Ki=4.9 nM
682R=F 683 R =NHCOMe
Ki=6.1 nM Ki= 4.0 nM
t1/2=4.0 h t1/2=3.7h

AUC® = 24+4 ug-h/mL
CL =4.0+0.5 mL/min/Kg

|
05O

AUC» = 6.0 £1.6 ng-h/mL
CL =1.52 +0.12 mL/min/Kg

F3C 2
Hme' oH
679 Ki=3.8nM
t1/2 =6.0h

AUC®» =127 + 27 ug-h/mL
CL = 1.4 £ 0.3 mL/min/Kg

resulting compounds, enobosarm (679), with two cyano groups
and one trifluoromethyl group, eliminated the metabolically
labile sites of previous analogues and held the tissue-selective
bioactivity. Since the cyano group did not undergo reduction as
the nitro group does, the t,,, of enobosarm in rat was
prolonged to 6 h. *1 The lower CL value (1.4 + 0.3 mL/min/
kg) and the highest AUC,, value (127 # 27 ugh/mL)
indicated that enobosarm may have the most promising in vivo
bioactivities. In fact, enobosarm showed the most potent in vivo
androgenic and anabolic activity of any AR nonsteroidal agonist
determined to date. Nonlinear regression analysis of dose—
response relationships for enobosarm showed that the EDg,
values were 0.12 + 0.05, 0.39 + 0.15, and 0.03 + 0.01 mg/day
in prostate, seminal vesicles, and levator ani muscle,
respectively.*””

Enobosarm was prepared via an asymmetric process
according to Scheme 92. The key chiral intermediate (R)-3-
bromo-2-hydroxy-2-methylpropionic acid (688) was synthe-
sized from (R)-proline (684) and methacryloyl chloride (685)
through several simple operations including condensation,
bromination, and removal of the chiral auxiliary using 24% HBr
solution. Then, activation of 688 with SOCI, and further
condensation with 4-amino-2-(trifluoromethyl)benzonitrile
(639) gave amide 689, and final ether formation by reaction
with 4-cyanophenol afforded enobosarm (679) isolated as a
colorless solid.*”®
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Scheme 92. Synthetic Route to Enobosarm (679)
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5.6. Siponimod

Novartis is developing siponimod (BAF-312, 690) as a next-
generation sphingosine-1-phosphate receptor (S1P) modulator
for treating multiple sclerosis (MS) and related disorders
(Figure 49).*? As a potent and selective S1P, /s agonist (ECy =

N
HOZCL ID\F/N 0

Me Me

CF3

690

Figure 49. Structure of siponimod (690).

0.39 and 0.98 nM, respectively) with relatively fast washout, the
drug elicits a significant but rapidly reversible suppression of
lymphocyte trafficking by internalizing the S1P; receptor.””’
Results of an adaptive dose-ranging phase II study suggested an
up to 80% reduction of brain MRI lesions and a significant
reduction of annualized relapse rate in relapsin %—remlttmg MS
by taking siponimod compared to placebo.’”” In November
2013, siponimod was granted orphan designation by the U.S.
FDA for the treatment of polymyositis. Siponimod is currently
undergoing a phase III clinical trial in secondary progressive
MS and a phase II trial in polymyositis as an oral formulation.

Structurally, siponimod contains an alkoxyimino function
bridging a hydrophilic head and a hydrophobic tail. It was
discovered through a de novo design, based on the structure of
fingolimod (691), an oral S1P agonist launched by Novartis in
2010 (Scheme 93).%° Flngohmod is metabolized in vivo to its
phosphate derivative 692 to exert the immunosuppressive
effect. To achieve selectivity against S1P; and avoid SIP;-
induced bradycardia, more rigidity was introduced into the
molecule by replacing the n-octyl chain by substituted
benzyloxy oximes. On the other hand, various amino carboxylic
acids were employed to mimic the amino phosphate moiety in
692, avoiding nonspecific binding to lipoproteins in tissues and
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Scheme 93. Discovery of Siponimod (690)
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pointed to the new lead 693 for further optimization.

According to molecular modeling studies, compound 693
binds to S1P, through the amino carboxylic acid head by means
of several strong electrostatic interactions, while the biphenyl
tail is located into a large hydrophobic cavity of the protein.
Substitution at the C-1 position of the A ring with fluorine or a
trifluoromethyl group was detrimental in the biological activity
of the resulting molecules due to much less efficient
interactions with the receptor. Although introduction of a
fluorine atom at C-2 enhanced the potency by forming an extra
hydrophobic interaction, the presence of a bulkier CF; in the
C-2 position greatly improved the nonpolar interactions with
residues Leu-276 and Leu-272, also compelling the biphenyl
moiety to adopt a near-perpendicular conformation with
improved van der Waals interactions. SAR studies also showed
that a cyclohexyl group as the B ring greatly enhanced the S1P,
activity, and the insertion of an ethyl group at the C-2 position
of the C ring conferred weaker agonism at S1P;. Ultimately,
optimal combinations of hydrophilic headgroup and hydro-
phobic tail led to the discovery of siponimod (690).*”

The first synthetic route to siponimod used commercially
available acetophenone 694 and trifluoromethylbenzene 698 as
starting building blocks (Scheme 94). Benzylic bromination of
694 with NBS and AIBN and further reaction with CaCOj;
afforded primary alcohol 695. Next, Suzuki coupling of 695
with dibutyl vinylboronate gave olefin 696, which was
hydrogenated over Pd/C to give saturated ketone 697. On
the other hand, trifluoromethyl-containing derivative 698 was
first condensed with ethyl N-hydroxyethanimidoate (699) to
give 700, and then coupled with cyclohexyl magnesium
chloride in the presence of ZnCl, and Pd(+Bu,P), to provide
alkoxyamine precursor 701. Hydrolysis of 701 with HCl and in
situ condensation with fragment 697 afforded (E)-imine 702,
and then oxidation with MnO, followed by reductive amination
with azetidine-3-carboxylic acid (703) furnished siponimod
(690). 499303506

A different synthesis of intermediate 697 commenced with
the diazotization of 4-amino-3-ethylbenzonitrile (704)
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Scheme 94. Synthetic Route to Siponimod (690)
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(Scheme 95). The resulting diazonium chloride 705 then
reacted with formaldoxime trimer hydrochloride (706) in the

Scheme 95. Alternative Synthesis of Intermediate 697
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presence of CuSO,; Na,SO; and NaOAc, and was
subsequently treated with HCI to afford aldehyde 707. The
corresponding alcohol 708 was accessed by reduction of 707
with NaBH,, and then reacted with MeMgBr in refluxing THF,
followed by hydrolysis with HCI to provide the desired ketone
697.°%

Novartis has disclosed alternative approaches (without
chemical yield) for the large-scale production of intermediate
701, by coupling the phenyl and cyclohexyl rings prior to the
condensation with imidoate 699. Thus, Grignard reaction
between 1-bromo-2-(trifluoromethyl)benzene (709) and cyclo-
hexanone followed by dehydration using H,SO, and hydro-
genation over Pd/C provided cyclohexane derivative 712
(Scheme 96). Bromination of 712 with 1,3-dibromo-5,5-
dimethylhydantoin (DBDH) and H,SO, gave bromobenzene

Scheme 96. Alternative Processes for Preparing Intermediate 701
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713, which was metalated with i-PrMgCl and n-BuLi and
carboxylated with CO, to give acid 714. Reduction with LiAIH,
and subsequent bromination with HBr and Ac,O furnished
benzyl bromide derivative 716, which then reacted with 699 to
yield intermediate 701. Alternatively, compound 714 also was
prepared from acid 717 in two steps involving Suzuki coupling
with 1-cyclohexen-1-ylboronic acid (718) and subsequent
hydrogenation over Pd/C. Similarly, toluene derivative 720
was converted into cyclohexane 722, which upon bromination
with NBS and AIBN afforded benzyl bromide derivative 716.>"

Several approaches have been considered to access the
readily available fluorine containing material 709. Introduction
of a trifluomethyl group into bromobenzene (723) by using
CF, sources like trifluoroacetic anhydride,”®® CFI,°* or
CF,TeCF;’'? led to 709 in moderate yields (Scheme 97).

Scheme 97. Preparation of Fluorine-Containing Building
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Additionally, 2-bromobenzoic acid (724) reacted with SF, and
HF at 190 °C to furnish 709.°"" Moreover, 709 can also be
synthesized via a two-step, one-pot reaction from triazene 725
(derived from the corresponding aniline) and the Ruppert—
Prakash reagent (Me;SiCF;) as CF; source. Thus, 725 was first
treated with methyl iodide and then reacted with Me;SiCF; in
the presence of Cul and KE.>"

5.7. Teriflunomide

Sanofi has developed and launched the oral immunomodulator
teriftunomide (A77 1726, 726) for the treatment of relapsing
forms of multiple sclerosis (MS) (Figure 50). As a primary
metabolite of the rheumatoid arthritis drug leflunomide (727),
teriflunomide potently inhibits the mitochondrial enzyme
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X
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CN N=
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Figure 50. Structures of teriflunomide (726) and leflunomide (727).
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dihydroorotate dehydrogenase (DHODH) and blocks the
fourth step of de novo pyrimidine biosynthesis, therefore
suppressing the proliferation of human B and T cells.’"”
Teriflunomide was approved by the FDA in September 2012
and was launched in the United States shortly afterward. In
August 2013 the drug was approved in the EU, and by
November 2013, it had been licensed in other six countries
worldwide. Sales for the marketed drug (trade name: Aubagio)
in 2014 were up 160.8% from 2013, reaching $487 million.

In the 1970s Hoechst Marion Roussel AG disclosed a series
of S-methylisoxazole-4-carboxylic ac1d anilides possessing
antiphlogistic and analgesic actions.”’* Subsequent investiga-
tions displayed that derivatives with a trifluoromethyl group at
the 4-position of the phenyl ring outperform the other
compounds in activity, therapeutic range, and pattern of action,
which led to the discovery of leflunomide (727).>' In vivo, the
isoxazole moiety of leflunomide is rapidly converted to a (Z)-
enol as in teriflunomide (726) whose target for action was
identified as DHODH.’'® Crystal structures of human
DHODH in complex with teriflunomide revealed that the
binding site of the drug is located in a tunnel leading to the
flavin mononucleotide (FMN) binding cavity inside the
enzyme. The hydrophilic head forms hydrogen bonds with
Arg-136 (mediated by a water molecule) and Tyr-356, while
the 4-(trifluoromethyl)phenyl moiety is involved in multiple
hydrophobic interactions with residues in the tunnel.”"”

The earliest synthetic route to teriflunomide involved
condensation of S-methylisoxazole-4-carbonyl chloride (729)
(obtained from acid 728 by chlorination) with 4-
(trifluoromethyl)aniline (730) to give the prodrug 727, and
the isoxazole ring was then opened by using NaOH in refluxing
MeOH to furnish the target molecule teriflunomide (726)
(Scheme 98).°'® In a similar, more recent example, acid 728

Scheme 98. Synthesis of Teriflunomide (726) through
Isoxazole Ring-Opening
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was first treated with CDI without solvent and then coupled
with 4-(trifluoromethyl)aniline hydrochloride (730-HCl), and
finally concentrated HCl was employed to open the ring and
afford 726.°"

Alternatively, teriflunomide was prepared from ethyl
cyanoacetate (731) or cyanoacetic acid (732) (Scheme 99).
Ethyl cyanoacetate (731) condensed with aniline 730 at 180 °C
to give amide 733, which was treated with NaH and then
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Scheme 99. Alternative Synthesis of Teriflunomide (726)
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condensed with acetyl chloride to provide teriflunomide
(726).°*° On the other hand, reaction of cyanoacetic acid
(732) with aniline 730 in the presence of 1,3—diisoproPylcar—
bodiimide (DCI) also yielded the key intermediate 733.””" For
improved yield and purity, amide 733 reacted with acetic
anhydride in the presence of dimethylditetradecylammonium
bromide and NaOH to afford 726 in 91% yield (HPLC purity
99.0%).°%*

For scale-up purposes, a convenient process free of
chromatographic purifications consisted in the preparation of
(Z)-enol ester 734 from ethyl cyanoacetate (731) and acetic
anhydride using K,COj; as base (Scheme 100). Compound 734
was next coupled with aniline 730 in refluxing xylene to give
teriflunomide (726).°*

Scheme 100. Two-Step Preparation of Teriflunomide (726)
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Later on, a route using ethyl acetoacetate (735) and aniline
730 as starting materials was developed (Scheme 101).

Scheme 101. Synthesis of Teriflunomide (726) from Ethyl
Acetoacetate (735)

(735)
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Condensation of 730 and 735 in refluxing xylenes provided
acetoamidate 736, followed by bromination with H,0,, KBr,
and concentrated HCI to give bromide 737. Then, displace-
ment with cyanide furnished teriflunomide (726). However,
column chromatografhy was required to purify the products of
the first two steps.””

More recently, a new method for preparing amide 733 was
disclosed. Cyanoacetic anhydride (738) was prepared from
cyanoacetic acid (732) in refluxing toluene or by reaction with
P,O;, and then condensed with aniline 730 in the presence of
H,S0, to afford amide 733 (Scheme 102). Finally, conven-
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tional condensation with acetyl chloride led to teriflunomide
(726).°*

Scheme 102. A New Approach to Amide 733 and
Teriflunomide (726)
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4-(Trifluoromethyl)aniline (730) can be accessed by
fluorination of 4-trichloromethylphenylisocyanate (741) with
HF, followed by treatment with water (Scheme 103).°*° The

Scheme 103. Preparation of 4-(Trifluoromethyl)aniline
(730)

NHz  (cl,c0),cO NCO NCO
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precursor 741 can be smoothly obtained by chlorination of
toluene derivative 740 initiated by ultraviolet radiation,”*” while
isocyanate 740 can be prepared in good yield by treating readily
available 4-methylaniline (739) with triphosgene in the
presence of tetra-n-butylurea.’*”

5.8. Pradigastat

Inhibitors of diacylglycerol acyl transferase-1 (DGAT1) are
promising candidates for treating a wide variety of metabolic
disorders,”>”**" among then familial chylomicronemia syn-
drome (FCS), an uncommon genetic disease that may lead to
pancreatitis due to high levels of triglycerides in blood.
Pradigastat (LCQ-908, 742), developed by Novartis, is a
potent and specific orally available DGAT1 inhibitor, which is
currently in phase III clinical trials for treating FCS (Figure 51).

“"NcoLH

FsC N

N

Iz

742

Figure S1. Structure of pradigastat (742).

Preclinical models indicated that pradigastat could decrease
hyperglycemia, modulate dyslipidemia, and reduce body weight
. 551 Lo . ;
gain.”” The development for other indications is ongoing,
including nonalcoholic fatty liver disease (NAFLD), diabetes,
hypertriglyceridemia, and hepatitis C virus (HCV) infection.>**
Clinical studies indicated that pradigastat decreases triglyceride
levels in patients with FCS, decreases chylomicron secretion,
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Scheme 104. Synthetic Route to Pradigastat (742)
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and prevents postprandial triglyceride elevation in humans.’*

In March 2011, the FDA awarded pradigastat orphan status for
FCS.

DGAT! is found mainly in the gastrointestinal (GI) tract,
and hence its selective inhibition would diminish the
requirements for plasma exposure in vivo. The design of
pradigastat derived from a previous series of DGAT]1 inhibitors
with a benzimidazole carboxamide structure, which were
studied to reduce plasma exposure in vivo after oral
administration.”** It was assumed that the trifluoromethyl
moiety would increase the metabolic stability and modulate the
physicochemical properties of the molecule. Furthermore, in
vivo data exhibited by pradigastat showed its efficiency in
postprandial plasma triglyceride (PPTG) assays in monkey and
dog at 1 mg/kg dose.

The only synthesis of pradigastat described thus far is shown
in Scheme 104, although reaction yields were not reported.
Horner—Wadsworth—Emmons olefination of ketone 743
produced enoate 744, and further hydrogenation afforded a
mixture of trans- and cis-cyclohexane isomers, which were
separated by chromatography. The trans-isomer 745 was
transformed into triflate 746, which upon reaction with
bis(pinacolato)diboron (572) gave boronate 747. Suzuki
coupling between 747 and 2,5-dibromopyridine (748) formed
intermediate 749, which was further coupled with 6-
(trifluoromethyl)pyridin-3-amine (750) under Buchwald—
Hartwig conditions to yield compound 751. Finally, base-
mediated ester hydrolysis and acidification furnished the target
compound pradigastat (742).7**°%

5.9. Delamanid
Tuberculosis (TB) is an infectious disease caused by

Mycobacterium tuberculosis that primarily affects the lungs and
is still a leading cause of death worldwide. Approximately 32%
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of the world population is infected with TB bacillus, being the
infection by human immunodeficiency virus (HIV) one of the
major reasons for the current expansion of TB. Especially the
emergence of multidrug-resistant strains of M. tuberculosis that
are resistant to the two major first-line drugs, rifampicin and
isonicotinic acid hydrazide, has further deteriorated the current
situation. Therefore, it is very urgent to develop new and
potent antituberculosis drugs with low toxicity that are effective
against both drug-susceptible and drug-resistant strains of M.
tuberculosis. Delamanid (OPC-67683, 752), developed by
Otsuka Pharmaceutical, is a nitroimidazo-oxazole derivative
that acts by inhibiting the biosynthesis of mycobacterial cell
wall components, methoxy mycolic acid, and ketomycolic acid,
for the treatment of multidrug resistant tuberculosis (MDR-
TB) infection (Figure 52).*°7>** Currently, delamanid (trade
name: Deltyba) is approved in Japan and the EU for use as part
of an appropriate combination regimen in adults with MDR-TB

SRS

infection.™

Me\ /©/ OCF3
N YT o
/(/)—o
N

Figure 52. Structure of delamanid (752).

O=N 752

Delamanid is a prodrug that requires a bioreduction of its
nitro moiety by the deazaflavin dependent nitroreductase to
afford the reactive metabolite, which lileky plays a vital role in
the inhibition of mycolic acid production for the treatment of
tuberculosis.****** The structural design of delamanid was
initiated from bicyclic compound CGI-17341 (753), which was
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discovered at Ciba-Geigy showing favorable in vitro activity and
in vivo efficacy against tuberculosis, although its mutagenicity
prevented its further development (Scheme 105).°*" Another

Scheme 105. Discovery of Delamanid (752)
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bicyclic compound, nitroimidazopyran PA-824 (754), contain-
ing a trifluoromethoxy group, was subsequently developed by
PathoGenesis Corp., demonstrating potent activity against
MDR M. tuberculosis and favorable oral activity in animal
infection models.>*"*** Based on these findings, researchers at
Otsuka Pharmaceutical studied the substitution patterns at the
C-2 position of 6-nitro-2,3-dihydroimidazo[2,1-b]oxazoles in
order to enhance antituberculosis activity and eliminate
mutagenicity, initially leading to derivatives 755—760 that did
not exert mutagenicity. For instance, introduction of fluorine

atoms as in compounds 758 and 759 resulted in a loss of in
vitro activity, but they exhibited more potent in vivo eflicacy
than unsubstituted analogue 75S5. A hydrophilic piperidine
group was also tested in order to improve the bioavailability,
but compound 760 showed a poor efficacy in vitro and in vivo.
However, further inclusion of lipophilic phenoxy groups to the
C-4 position of the piperidine ring (compounds 761 and 762)
increased antituberculosis activity. In particular, the introduc-
tion of a trifluoromethoxy moiety in delamanid (752) afforded
the highest in vitro and in vivo antibacterial activity against
drug-susceptible and drug-resistant strains of M. tuberculosis
among all synthesized compounds.***

In addition, delamanid demonstrated a high and dose-
dependent activity against intracellular M. tuberculosis H37Rv,
with activity superior to the first-line drug rifampicin.
Administration of delamanid in combination with rifampicin
and pyrazinamide also exhibited a much faster eradication (by
at least 2 months) of viable TB bacilli in the lung, in
comparison to the use of rifampicin/pyrazinamide alone. More
important, delamanid did not affect the activity of liver
microsome enzymes, indicating that it could be used in
combination with some antiretroviral drugs.”** After oral
administration, the C,, of delamanid for the different dosage
groups was observed at 4—35 h. Its exposure did not increase in
a dose-dependent fashion, needing 10—14 days to reach the
steady state concentration.****

Delamanid was synthesized according to the strategy
depicted in Scheme 106. First, compound 765 was prepared
from the starting materials TPH-protected phenol 763 and 4-
(4-(trifluoromethoxy)phenoxy)piperidine (764) via a simple
palladium-catalyzed Buchwald—Hartwig coupling followed by
deprotection with pyridinium p-toluenesulfonate (PPTS). On
the other hand, imidazole 766 was reacted with chiral epoxide
767 in the presence of Et;N to give intermediate 768, which
was further converted into diol 769 by hydrolysis of the p-
nitrobenzoate moiety. Diol 769 was selectively activated as its
primary mesylate 770 and then further transformed into the
key (R)-epoxide 771 by reaction with DBU. Finally,
nucleophilic ring-opening of 771 by reaction with the sodium

Scheme 106. Synthetic Route to Delamanid (752)
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phenoxide derived from 765 and in situ ring-closure afforded
the target product delamanid (752).>*

6. COMPOUNDS CONTAINING TWO
TRIFLUOROMETHYL GROUPS

6.1. Netupitant and Rolapitant

The neurokinin-1 (NK;) receptor is a G-protein coupled
receptor widely found in the mammalian central and peripheral
nervous system.”** The endogenous ligand of NK; receptor is
substance P, a neuropeptide composed of 11 amino acids that
induces vomiting by binding to NK; receptor.”’ Therefore,
NK; receptor antagonists may prevent the vomiting reflex by
blocking the action of substance P existing in the vomiting
center of the brainstem. As a result, these antagonists have an
important therapeutic value in treating chemotherapy-induced
nausea and vomiting (CINV) or postoperative nausea and
vomiting (PONV) in patients with cancer,”**** as well as in a
large number of both central and peripheral diseases, such as
pain and migraine, mood and anxiety levels, etc.”>’”>>?
Remarkably, a 3,5-bis(trifluoromethyl)phenyl moiety is shared
in a number of structurally unrelated series of NK; receptor
antagonists such as aprepitant (772), developed by Merck,
which was approved by the FDA for the treatment of CINV in
2003 (Figure 53).553 More recently, netupitant (R-1124, Ro-7-
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Figure 53. Structures of aprepitant (772), netupitant (773), and
rolapitant (774).

3189, 773) was originally discovered by Roche as a highly
selective NK| receptor antagonist for the potential treatment of
CINV and overactive bladder, and subsequently licensed to
Helsinn Healthcare. In 2010, the phase III trials for netupitant
were initiated for treating CINV, and its combination with
palonosetron, a 5-HT; receptor antagonist approved in 2008,
received authorization by the FDA on October 10, 2014 (trade
name: Akynzeo) to treat nausea and vomiting in patients
undergoing cancer chemotherapy.”*

Similarly, rolapitant (SCH-619734, 774) is an oral NK;
receptor antagonist for the potential prevention of CINV/
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PONV and the treatment of cough.”>***® Rolapitant originated
from Schering-Plough, but was licensed successively to OPKO
Health and Tesaro Inc. In October 2012, Tesaro initiated a
phase III trial to assess the safety and efficacy of rolapitant
administered in patients receiving highly emetogenic chemo-
therapy. The final phase III study was finished in June 2014,
followed by submitting an NDA to the FDA for the treatment
of CINV. Rolapitant (trade name: Varubi) was recently
(September 2015) approved by the FDA.>’

The discovery of netupitant at Roche began from the lead
compound 778, obtained through a screening of their corporate
compound library, and displaying a moderate affinity at the
human NK; receptor (Scheme 107). In the initial optimization,

Scheme 107. Discovery of Netupitant (773)
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the isoxazole moiety was replaced by a simple benzene ring, and
the potentially toxic N-(4-pyridyl)-hydrazone was also sub-
stituted by an amide fragment containing the familiar 3,5-
bis(trifluoromethyl)phenyl group to allow a better penetration
of the blood—brain barrier (BBB), affording compound 776.
Further modifications focused on the linker between both
aromatic subunits, and hence replacement of the N-methyl
carboxamide of 776 by the inverse amide linker led to a similar
potent binding affinity in compound 777. The final
optimization preserved the fluorinated part of the molecule,
and consisted of the introduction of heterocycles into the biaryl
scaffold. In this manner, a significant increase in binding affinity
against the NK; receptor was observed in compounds 778—
780 and netupitant (773). Moreover, these compounds were
highly selective (more than 100-fold) in their binding toward
NK, and NKj; subtype receptors, and in vivo excellent oral
antagonist activities were also accomplished in studies in
gerbils.>>

Meanwhile, rolapitant was initially developed by a Schering-
Plough (now Merck) group during the search for NK; receptor
antagonists, such as racemic 2,2-disubstituted piperidine 781
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(Scheme 108).>*” Another active lead compound 782 was
designed from 781 by keeping the 3,5-bis(trifluoromethyl)-

Scheme 108. Discovery of Rolapitant (774)
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phenyl group and introducing a chiral carbon center.*® Further
SAR investigation from compound 782 was undertaken in
order to improve its overall biological profile, and their efforts
provided a series of potent, orally active NK; antagonists
represented by compound 783. However, detailed studies
found that 783 could be metabolized to deacetylation product
784, which is susceptible to produce phospholipidosis by
attaching its diamino function to the lipid bilayer. Therefore, a
cyclization strategy was pursued to circumvent this undesirable
adverse effect, generatlng bicyclic lactam structures such as L-
00400882 (785)g6 and rolapitant (774),°°* the latter showing
a high affinity in vitro for the human NK; receptor, as well as
high selectivity (>1000-fold) over the human NK, and NK,

subtypes. In addition, rolapitant has high CNS penetrance, with
an exceptionally long t,,, of approximately 180 h after oral
administration. Furthermore, its efficacy in various animal
models of emesis was demonstrated.”®*

The initial synthesis of netupitant, achieved during its early
development at Roche, utilized 2-chloro-S-nitropyridine (786)
as the starting material (Scheme 109). Nucleophilic sub-
stitution in 786 with N-methylpiperazine (787) afforded 788,
which was further hydrogenated to aminopyridine 789. After
protection of the amino group, regioselective deprotonation
and trapping with iodine produced 791. Next, Suzuki cross-
coupling with o-tolylboronic acid furnished biaryl derivative
792. The amide protecting group was then removed and the
carbamate 794 was next formed by reaction of 793 with
trimethyl orthoformate. Reduction of 794 yielded methylamine
795, and final amide bond formation by reaction with acid
chloride 796 led to netupitant (773).>%

However, the above synthesis had some weaknesses that
precluded its implementation on a larger scale, namely the low
temperature (—78 °C) required in the lithiation of intermediate
790, and the relatively expensive o-tolylboronic acid as the
Suzuki coupling substrate. Therefore, an alternative route was
pursued that could provide larger quantities of netupitant for
clinical evaluation. As shown in Scheme 110, tert-butylamide
798 was prepared using 6-chloronicotinic acid (797) as the
starting material. The 4-aryl substituent of the pyridine ring was
introduced by 1,4-addition of o-tolylmagnesium chloride
followed by dihydropyridine oxidation mediated by DDQ.
Then, the resulting intermediate 799 was coupled with
piperazine 787 to afford amide 800 after deprotection with
MeSO;H. Compound 800 was subjected to a Hofmann
rearrangement with in situ generated sodium hypobromite to
form the corresponding methyl carbamate 794, which was
reduced with excess Red-Al to the methylamine 795. As before,
coupling of 795 with acid chloride 796 gave the target product
netupitant (773).°%*

An efficient synthesis of bis(trifluoromethyl)-containing acid
chloride 796 was described starting from 1-bromo-3,5-bis-
(trifluoromethyl)benzene (801) (Scheme 111). The Grignard

Scheme 109. Medicinal Chemistry Route to Netupitant (773)
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Scheme 110. Improved Synthesis of Netupitant (773)
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Scheme 111. Preparation of Acid Chloride 796
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reagent derived from 801 reacted with acetone, and the
resulting intermediate 802 was then carbonylated at high
pressure to afford carboxylic acid 803. Finally, acid chloride
formation furnished 796.°%*

Still, the use of the relatively expensive nicotinic acid 797 was
circumvented in an advanced synthetic approach using readily
available starting materials. Thus, 2-methylbenzaldehyde (804)
was reacted with methyl cyanoacetate to produce ester 80S,
which was mixed with pyridinium salt 807 (in situ prepared
from pyridine and 2-chloroacetamide (806)) to give
intermediate 808 that evolved to the isolable pyridinium
inner salt 809 in high yield (Scheme 112). Removal of the
pyridinium moiety with POCI; afforded dichloropyridine 810.
Displacement of one chlorine atom by morpholine 787
proceeded with high regioselectivity, and finally removal of
the remaining chlorine in 811 by hydrogenation and hydrolysis
of the nitrile function furnished amide intermediate 800.°%

The only synthesis of rolapitant described thus far is depicted
in Scheme 113. Chiral oxazolidinone 812 was alkylated with
bromide 813 to produce compound 814. Reduction to lactol
815 was followed by a Wittig reaction with phosphonium salt
816 to afford olefin 817. Double bond hydrogenation and acid-
mediated cyclization led to enamide 818, which was converted
into ketone 819 by hydroboration and subsequent Swern
oxidation. Next, reaction of 819 with ammonium carbonate and
potassium cyanide yielded hydantoin 820, and its hydrolysis
furnished cyclic amino acid 821. Reduction to amino alcohol
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Scheme 112. Process Synthesis of Intermediate 800
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822 was carried out by activation with triphosgene and further
reaction with LiBH,, and then 822 was oxidized and subjected
to a Horner—Wadsworth—Emmons olefination to give enoate
823. Finally, hydrogenation and lactam formation gave rise to a
mixture of spirocyclic compounds, from which rolapltant (774)
was isolated by separation on a chiral stationary phase.**> Due
to the multistep character of this synthetic route, some
modifications have been further disclosed based on the key
intermediate 818, which shorten the synthetic steps, lessen
undesirable isomers, and improve the chemical yields.****%”

6.2. Evacetrapib

Cholesteryl ester transfer protein (CETP) is a glycoprotein that
regulates the equilibrium between plasma lipoprotein particles,
high-density lipoprotein (HDL), and low-density lipoprotein/
very-low-density lipoprotein (LDL/VLDL) by facilitating the
transfer of cholesteryl ester and triglycerides. Plasma CETP
mass and activity are elevated in cardiovascular disease (CVD)
patients, resulting in decreased HDL and increased LDL.>®*
However, epidemiological studies suggest that both high LDL-
cholesterol (LDL-C) levels and low HDL-cholesterol (HDL-C)
levels are positive predictors of CVD. Therefore, CETP
inhibitors are gaining substantial research interest for the
treatment of coronary heart disease.’®” Evacetrapib
(LY2484595, 824), a novel benzazepine-based CETP inhibitor,
was developed by Eli Lilly for the potential treatment of
hypercholesterolemia and dyslipidemia, and to prevent
atherosclerosis (Figure 54).”””>"" Phase III trials of evacetrapib
are still in progress for the indications of high-risk CVD.
Torcetrapib (825) was the first CETP inhibitor (in vivo ICq,
=13 & 2.7 nM) that underwent large phase III trials supported
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Scheme 113. Synthetic Route to Rolapitant (774)
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Figure 54. Structure of evacetrapib (824). 1
Me, Me,
by Pfizer, and gave researchers at Eli Lilly the ideas for N—N CFs \N‘N
1 ’
structural transformations in the search for new inhibitors Ne N . /\k
. N ) CF3
(Scheme 114). They attempted the heterocyclic replacement of Me N™ °N
the 4-carbamate of torcetrapib, and the resulting 2-methylte- CF3 FaC Ny
.traz.olAe. analogue 826 exhibited a significant potency of CETP N | _ CF,
inhibition (plasma CETP ICy, = 13 nM). Tetrahydronaph- Me | N
thyridine analogues were also part of the investigation, and the y EtO,C  Me
most potent compound was the (2R,4S)-enantiomer 827, with 827
the same substitution pattern as in 826, and displaying a CETP a2a OO

ICsy of 23 nM in plasma. Subsequently, the tetrahydronaph-
thyridine core was replaced by a benzazepine system, where the
substituents were optimized for potency and bioavailability to
ultimately provide evacetrapib (824, IC5, = 26 nM).”””
Noticeably, the trifluoromethyl groups in evacetrapib that
enhanced significantly the potency were inherited from
torcetrapib. In addition, evacetrapib circumvented some of
the side effects associated with the use of torcetrapib, essentially
an increase in blood pressure, because of adrenal synthesis of
aldosterone or cortisol.”

Eli Lilly’s preparation of evacetrapib is illustrated in Scheme
115. The crucial steps of the synthesis involved the highly
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effective construction of the three chiral centers. Boc protection
of the commercially available 2-amino-3,5-dimethylbenzoic acid
(828) was followed by methyl esterification to obtain 829,
which was alkylated with ethyl 4-bromobutyrate to give
intermediate 830. Dieckmann condensation of 830 afforded a
mixture of methyl and ethyl ketoesters 831 that were
decarboxylated in acidic media to get seven-membered ring
bearing compound 832. After protection of the amino group
with benzyl chloroformate, construction of the first chiral
center started from the condensation of intermediate 833 and
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Scheme 115. Synthetic Route to Evacetrapib (824)

Me CO,H  1)Boc,O,NaOH  Me CO,Me Me CO,Me
\@[ dioxane \@E Br(CH,)3CO,Et \@[
> AN
NHz  2) (Me0),S0, NHBoc  Cs,CO3 DMF N CO,Et KOt-Bu
Me Me Me Boc THF
828 829 830
CO,R
. CbzCl, NaHCO5 _Hoa Me
NN"‘{ 834) 2-Me-THF i-PrOH, H,0 N
N NH2 Me Cbz Me H -HCl Me Boc
PPTS, PhMe 833 832 831 (R = Me, Et)
F3
Me, Me, Me, Me, CF
NN NN NN ®7) NN ’
Ns )\N N+ )\NH N+ )\NH Br N+ )\N
N N H,, (S)-BINAP CFs N
Me + Me = —> Me Me
IrCl2(COD)z NaOt-Bu, DMF CFs
||\1 [\Ij PhMe, A ||\1
Me Chbz Me Cbz (ee: 88.7%) Me Cbz Me Cbz
835a 835b 836 838
Me, OHC,,
N:N»\N 1 (840) Ve
Me CO,Me N »\
CF3 NaBH(OAc);, MeCN N HCO2NHy, Pd/C
N 2) NaOH, EtOH, H,0 MeOH
Me /,
g 3) AcOH
g2a  CO2H 839

S-amino-2-methyltetrazole (834) to give two different inter-
mediates, imine 835a and enamine 835b. A mixture of both
substrates was then subjected to an asymmetric hydrogenation
using (S)-BINAP as chiral auxiliary to get chiral amine 836 in
moderate enantiomeric excess. The introduction of the
bis(trifluoromethyl)-containing fragment was achieved by
alkylation of 836 with bromide 837, and then the protecting
group was removed to yield compound 839. It should be noted
that an alternative approach may involve using 3,5-bis-
(trifluoromethyl)benzylamine, which can be conveniently
prepared by biomimetic transamination.””> The remaining
prochiral centers both derived from the raw material, methyl
trans-4-formylcyclohexanecarboxylate (840), which was reacted
with 839 through a reductive amination reaction, and finally
evacetrapib (824) was easily accessed by converting the ester
group to a carboxylic acid.””* More recently, a hydrogenative
reductive amination protocol for the coupling of 839 and 840
was described, avoiding the use of the relatively expensive
NaBH(OAc); and minimizing the risk of eplmerlzatlon of
aldehyde 840 by addition of a small amount of water.’

7. COMPOUNDS CONTAINING BOTH
TRIFLUOROMETHYL GROUPS AND FLUORINE
ATOMS

7.1. Enzalutamide

Androgen-deprivation therapy (ADT) has been the basic
treatment for advanced and metastatic prostate adenocarcino-
ma since the 1940s. Although the disease is initially sensitive to

ADT, clinical resistance will eventually arise after using first-
generation androgen receptor (AR) antagonists, such as
bicalutamide (680) (see section S5.5), leading to metastatic
castration-resistant prostate cancer (mCRPC) due to AR
overexpression, AR mutation, and upregulation of the enzymes
associated with androgen biosynthesis (Figure 55).%7° Since the
AR signaling remains active in patients with mCRPC, a great
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Figure 5S. Structures of bicalutamide (680), RU 59063 (841), and
enzalutamide (842).
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deal of effort was invested in screening derivatives of the
nonsteroidal AR antagonist RU 59063 (841), that culminated
in the discovery of enzalutamide (MDV3100, 842), a novel oral
AR signaling competitive antagonist with no agonism
activity.””” Enzalutamide was developed by Medivation in
collaboration with Astellas, and received approval by the FDA
in September 2012 indicated for patients with mCRPC who
have been previously treated with docetaxel.””® Sales of the
marketed drug (trade name: Xtandi) reached $71.5 million in
2012.

Structurally, 1,3-diarylthiohydantoin analogues with electron-
withdrawing groups attached directly to the phenyl ring, such as
an N-methylamide, can effectively avoid oxidative metabolism
in order to increase the serum concentration. The introduction
of a fluorine atom at the 3-position of the phenyl ring not only
enhanced the antitumor activity (ICs, = 122 nM), but also gave
a better pharmacokinetic (PK) profile, compared with
bicalutamide (ICs, = 1000 nM).>””

Enzalutamide demonstrated a significant improvement in
patient overall survival (OS) compared with those receiving
placebo (median 18.4 months versus 13.6 months, HR 0.63; P
< 0.001).>* The potent antitumor activity of enzalutamide
probably results from its multifold mechanisms in the AR
signaling pathway. First of all, enzalutamide shows higher
affinity to AR compared with testosterone and the first-
generation AR antagonists, and also inhibits AR-testosterone
nuclear translocation and DNA transcription. In addition,
enzalutamide induces a conformational change of AR to impair
the binding to DNA and cofactor recruitment, resulting in
apoptosis of prostate cancer cells.”®"

The initial medicinal chemistry route to enzalutamide relied
on the late condensation of isothiocyanate 843 and benzamide
848 to form the thiohydantoin ring (Scheme 116).
Isothiocyanate 843 was easily obtained by reacting benzonitrile
639 with thiophosgene. On the other hand, benzamide 848 was
prepared from commercially available 2-fluoro-4-nitrotoluene
(844), which was initially oxidized to carboxylic acid 845. The
corresponding acid chloride reacted with methylamine to afford
benzamide 846, and then the nitro group was reduced to give
aniline 847. Subsequent condensation with acetone cyanohy-
drin was followed by final coupling between 843 and 848 to
furnish enzalutamide (842).””°

An improved, multigram synthesis of enzalutamide was
performed using a similar approach starting from 4-bromo-2-
fluorocarboxylic acid (849) (Scheme 117). The derived
benzamide 850 reacted with aminoisobutyric acid using
copper(I) catalysis to yield acid 851, which was subsequently
esterified and finally converted into enzalutamide (842) by
reaction with trifluoromethyl-containing isothiocyanate 843.°**

7.2. Regorafenib

Regorafenib (BAY 73-4506, 853), as a novel oral multikinase
inhibitor, was developed and launched by Bayer in collabo-
ration with Onyx Pharmaceuticals for the potential treatment of
metastatic colorectal cancer (CRC) (Figure 56).°%°%
Regorafenib (trade name: Stivarga) was approved for metastatic
CRC and gastrointestinal stromal tumor (GIST) in the United
States and the EU in 2013. This drug was also launched in
Japan for unresectable, advanced/recurrent CRC in May 2013.
In addition, regorafenib has been in phase III clinical trials since
May 2013 as a second-line therapy in advanced hepatocellular
carcinoma (HCC).

Scheme 116. Medicinal Chemistry Route to Enzalutamide
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Scheme 117. Scaled-Up Process to Enzalutamide (842)
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Figure 56. Structure of regorafenib (853).
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Regorafenib is a monofluorinated derivative of the previously
marketed anticancer drug sorafenib (859) (Scheme 118). The

Scheme 118. Discovery of Regorafenib (853)
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structural design of both sorafenib and regorafenib started from
the hit compound 854, identified from high-throughput
screening by Bayer and Onyx Pharmaceuticals, exhibiting
moderate inhibition against Raf-1 kinase (Raf-1: ICs, = 17
UM).>** A series of urea derivatives were synthesized by means
of a combinatorial chemistry approach to explore the SAR
preliminarily, which led to the identification of derivatives 855
and 856 with improved potency (Raf-1: ICs, = 1.1 and 0.23
UM, respectively).”*® While the essential pyridine fragment was
retained, a phenyl ring was introduced instead of the isoxazole
moiety for further facile modification to afford compound 857
with slightly decreased potency (Raf-1: ICyy = 0.87 uM).>" 1t
was noteworthy that the inhibitory potency was considerably
improved by replacement of the fert-butyl group in 857 by
substituents, such as a trifluoromethyl group, to give compound
858 (Raf-1: IC, = 0.46 uM). Further elaboration at rings A
and C led to the discovery of sorafenib (859), followed by the
incorporation of fluorine at the ring B to afford regorafenib
(853). Interestingly, regorafenib demonstrated a better
pharmacological potency compared with sorafenib, but with a
similar but distinct in vitro inhibitory profile.”*****

Regorafenib was synthesized as shown in Scheme 119.
Picolinic acid (860) was heated in the presence of the Vilsmeier
reagent, and the corresponding acyl chloride was treated
directly with methylamine to provide 861 without additional
purification. Substitution of 861 with iminophenol 862
(prepared from the corresponding aniline) in the presence of
potassium tert-butoxide gave intermediate 863, and final
reaction with isocyanate 864 formed the urea function of
regorafenib (853).”*’

7.3. Bitopertin

Bitopertin (RG1678, 865) was developed by Roche and its
subsidiary Chugai for the potential treatment of schizophrenia,
including negative symptoms and suboptimally controlled
positive symptoms (Figure 57).””° As an oral small molecule
glycine transporter-1 (GlyT1) inhibitor,””' administration of
bitopertin could enhance N-methyl-p-aspartate (NMDA)
receptor activity by elevating extracellular levels of glycine in

489

Scheme 119. Synthetic Route to Regorafenib (853)
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Figure 57. Structure of bitopertin (865).

the brain.>"* By November 2010, a global phase III program

had been initiated in the United States, including three trials in
patients with suboptimally controlled positive symptoms and
three in patients with negative symptoms with all patients
already stable on antipsychotic therapy.

The discovery of bitopertin originated from benzoylpiper-
azine hit 866, identified as one of non-amino-acid chemotypes
of GlyT1 inhibitors by screening of the Roche compound
collection, and showing a selectivity higher than 300-fold
against the type 2 isoform with a potent inhibitory activity
(GlyT1: ECq, = 0.015 uM; GlyT2: ECyy = 4.8 uM) (Scheme
120).>”* However, the nitro group in compound 866 had to be
removed, because of potentially serious safety issues.””* After
replacements with various groups, potent activity was only
obtained with the introduction of polar electron-withdrawing
groups at position 4, such as methylsulfone 867 (GlyT1: ECq,
= 0.07 uM). Further modifications at position 2 of the benzoyl
motif and position 4’ of piperazine-benzene led to the discovery
of the cyclopropylmethylenoxy analogue 868, which exhibited
high in vitro potency and good physicochemical properties
[GlyT1: ECy, = 0.016 M, ¢ Log P = 1.83, aqueous solubility
31 ug/mL (pH 6.5), membrane permeability Pe(PAMPA) 3.2].
However, compound 868 could cause heart problems, due to a
pronounced inhibitory activity measured at the hERG channel
(ICsy = 0.6 uM) and demonstrated suboptimal CNS
penetration (brain/plasma = 0.10).>”* During the investigations
of a series of alkoxy residues at the position 2, shorter
substituents, such as isopropyloxy or trifluoroisopropyloxy in
derivatives 869 and 870, respectively, significantly decreased
hERG inhibitory activity (869: ICy, = 3.3 uM; 870: IC, = 3.0
uM). Compared with the methyl group, the trifluoromethyl
group in compound 870 slightly improved CNS penetration
(brain/plasma = 0.25).°°° After detailed SARs at position 4’ of
the aniline moiety, trifluoromethyl derivative 871, which
maintained high affinity (GlyT1: ECs, = 0.013 uM), proved
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Scheme 120. Discovery of Bitopertin (865)
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to be more favorable than nitrile analogue 870, because of
superior CNS penetration (brain/plasma = 1.15) and
significantly lower inhibitory activity at the hERG channel
(ICso = 6.9 uM). The hERG selectivity profiles were further
improved by exchanging the N-phenyl ring of 871 by
heteroaromatic systems for increased polarity and reduced
lipophilicity. During the modifications, pyridine derivative rac-
865 showed exceptional hERG selectivity (IC5, = 20 uM)
combined with very good CNS penetration and in vivo
potency, while its (S)-enantiomer 865 (bitopertin) demon-
strated more favorable profiles than the (R)-enantiomer (865:
GlyT1: ECy, = 0.030 #M; hERG: ICy, = 17 uM, brain/plasma
= 0.50).590°%

The synthetic route of bitopertin is illustrated in Scheme 121.
Pyridine-piperazine 874 was prepared via nucleophilic sub-
stitution of pyridine 872 with N-Boc-piperazine (873) and
sequential cleavage of the Boc group with TFA. Correspond-
ingly, 2-fluorobenzoic acid (875) was heated with chlorosul-
fonic acid to give chlorosulfonyl benzene 876, which was
transformed into the corresponding sulfinobenzoic acid 877
under reductive conditions. Treatment of 877 with Mel and
Na,COj; yielded methylsulfonylbenzene 878, which was then
hydrolyzed by LiOH. The resulting fluorobenzene 879 was
heated with (S)-alcohol 880 under basic conditions to afford
the trifluoromethyl analogue 881, which underwent condensa-
tion with piperazine 874 to furnish bitopertin (865) by
treatment with O-(benzotriazol-1-y1)-N,N,N’,N’-tetramethy-

luronium tetrafluoroborate (TBTU) and Hiinig’s base.””

7.4. Elagolix

Elagolix (NBI-56418, ABT-620, 882) was developed by
Neurocrine Biosciences in collaboration with AbbVie for the
potential treatment of hormone-dependent diseases, such as
endometriosis and uterine fibroids (Figure 58).>”” As an oral
bioavailable nonpeptidic gonadotropin releasing hormone
(GnRH) receptor antagonist, elagolix may provide flexibility
for a greater control over the degree of pituitary suppression

compared to current treatments consisting of peptide
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Scheme 121. Synthetic Route to Bitopertin (865)
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Figure $8. Structure of elagolix (882).

depots.””® Several phase III trials for endometriosis have been
conducted, and an NDA filing is expected in 2016.

As shown in Scheme 122, the scaffold of elagolix derived
from the structure of potent antagonists of human GnRH
receptor, such as pyrazolopyrimidone 883729 and imidazo-
lopyrimidone 884.°°' Structure—activity relationship (SAR)
results showed that a large portion of compound 884 might not
be necessary for binding, and thus a series of much smaller
monocyclic compounds, especially with uracil core structures,
were synthesized.””>~*"* While uracil compounds with tertiary
amines, such as 885 (K, = 0.5 nM), maintained excellent
potency against the human GnRH receptor,””® their major
metabolites, such as the N-dealkylation products, possessed low
binding affinity. In order to reduce the oxidative cleavage of C—
N bonds and improve the oral bioavailability, the benzylic
moiety was moved from the nitrogen to the stereogenic carbon
of the 2-aminoethyl side chain, which led to the discovery of
the orally active antagonist NBI-42902 (886, K, = 0.56 nM;
C =737 ng/mL, AUC = 2392 ng/mL-h at a 10 mg/kg dose,

= 16°/) % However, this drug candidate may raise potential
rlsk of drug—drug interaction for its high CYP3A4 inhibition
(CYP3A4: IC;, = 0.70 uM),*”” which was relieved by

DOI: 10.1021/acs.chemrev.5b00392
Chem. Rev. 2016, 116, 422—518


http://dx.doi.org/10.1021/acs.chemrev.5b00392

Chemical Reviews

Scheme 122. Discovery of Elagolix (882)
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incorporating a carboxylic acid function as in compound 887
(hGnRH-R IP: ICq, = 27 nM; CYP3A4: ICg, = 135 uM).
Detailed SAR studies revealed that the binding affinity of these
compounds could be further improved, when one of the two
fluorine groups at the 1-benzyl group was replaced by a bulkier
substituent, such as a trifluoromethyl group. The corresponding
structure, elagolix (882, hGnRH-R IP: ICy, = 1.5 nM;
CYP3A4: ICsy = 56 uM), was 18-fold more potent and had
higher plasma concentrations than the parent compound
887.%

The synthetic route to elagolix is illustrated in Scheme 123.
Benzylamine 888 and urea were refluxed in HCl/water solution
to form the benzyl urea 889, which was cyclized with diketene
by treatment with TMSCI and Nal. The resulting uracil 890
was brominated in acetic acid to give 891, which was alkylated
at the N-3 position with N-Boc-(S)-2-amino-1-phenylethanol
(892) under Mitsunobu conditions (PPh,/di-tert-butyl azodi-
carboxylate, DBAD). Next, bromouracil 893 underwent a
Suzuki cross-coupling with benzeneboronic acid 894. After
removal of the Boc group, alkylation of amine 895 with ethyl 4-
bromobutyrate followed by ester hydrolysis afforded elagolix
(882) 597
7.5. Odanacatib

Odanacatib (MK-0822, 896) was developed by Merck & Co.
for the potential oral once-weekly treatment of osteoporosis in
postmenopausal women, as a selective inhibitor of cathepsin K
(Cat K) that leads to an increase in bone mineral density
(BMD) (Figure 59).°” In September 2007, a phase III clinical
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Figure 59. Structure of odanacatib (896).
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trial evaluating fracture risk in postmenopausal osteoporosis
was initiated; in July 2012, the trial was stopped early following
a data review, which found that the trial had met its primary
end point. However, in February 2013, the company concluded
that review of additional data from an ongoing extension study
was warranted, and would delay regulatory filing until 2014.
As shown in Scheme 124, odanacatib derived from the
structure of the former Cat K inhibitor L-006235 (897). X-ray
crystallography of compound 897 with Cat K showed that the

Scheme 123. Synthetic Route to Elagolix (882)
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Scheme 124. Discovery of Odanacatib (896)
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P1—-P2 amide bond forms only one hydrogen bond with Gly-
66, while the N—H and the carbonyl project into solution.®”” At
this point, it was envisioned to replace the P1—P2 amide by a
trifluoromethyl group, since the CH(CF;)—NH—CH backbone
angle is close to 120° and a C—CF; bond is markedly isopolar
with the carbonyl, maintaining a neutral NH group.’'’ The
resulting compound 898 (ICs, = 5.0 nM) was less active than
the corresponding amide derivative (IC, = 0.4 nM), which
could be explained by the steric clash between the CF; group
and the cyclohexyl ring, indicating that only a single substituent
would be tolerated at P2.°"" The later SAR research on the
scaffold of (S)-1-(biphenyl-4-yl1)-2,2,2-trifluoro-ethanamine led
to the discovery of L-873724 (899, ICs, = 0.2 nM), of which
metabolic liabilities (t;,, = 2 h) prevented its further

development.”'” Subsequent blocking of the key metabolic

sites with fluorine resulted in the identification of odanacatib
(896, ICs, = 0.2 nM, t,,, = 18 h). The pharmacokinetics of
odanacatib, which was evaluated in several preclinical species,
showed that the half-lives were long in all species and its oral
bioavailability was highly dependent on vehicle, dosage, and
sample preparation.

Odanacatib was first synthesized as shown in Scheme 125.
Reduction of the aspartic acid derivative 900 and treatment
with tosic anhydride afforded cyclic carbamate 901. Methyl
Grignard addition to the benzyl ester followed by fluorination
with DAST provided fluoride 902, which was hydrolyzed with
barium hydroxide to fluorinated amino alcohol 903 in
quantitative yield. After silylation of alcohol 903 with TBSCI
to facilitate isolation, condensation with trifluoroacetaldehyde
hemiacetal gave imine 904, followed by addition of
bromophenyllithium and desilylation giving rise to trifluor-
oethylamine 905 as a 10:1 mixture of (S,S) and (RS)
diastereomers. Oxidation of alcohol 905 with periodic acid
led to the carboxylic acid 906 in >99% diastereomeric excess
after recrystallization. Amide formation with 1-aminocyclopro-
panecarbonitrile hydrochloride (907) gave amide 908, which
was coupled with boronic acid 909 and then oxidized with
hydrogen peroxide to afford odanacatib (896).°"

In the above route, the critical step was the construction of
the trifluoromethyl-containing stereocenter, and this inspired a
large amount of work at Merck®'*®'® and academ-
j” PP H7O167619 £ the synthesis of chiral trifluoromethyl-
amines that culminated in an advanced, chromatography-free
preparation method of odanacatib. Thus, reduction of
trifluoromethyl ketone 910 in the presence of a chiral
oxazaborolidine proceeded in high enantioselectivity (Scheme
126). The resulting alcohol 911 was activated as its triflate
derivative 912 and subjected to a nucleophilic substitution with
amino ester 913 to form intermediate 914 as a mixture of
diastereomers as a consequence of a small racemization of the
CF; substituent. The ensuing Suzuki cross-coupling was
performed with sulfone-derived boronic acid 915, and was

Scheme 125. Synthetic Route to Odanacatib (896)
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Scheme 126. Improved Synthesis of Odanacatib (896)
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followed by in situ hydrolysis of the ester group with LiOH.
Final amide bond formation between carboxylic acid 916 and
amine 907 afforded odacanatlb (896) in high optical purity
after recrystallization.®”

7.6. Anacetrapib

Merck & Co. developed anacetrapib (MK-0859, 917), a small
oxazolidinone molecule, as a treatment for atherosclerosis,
hypercholesterolemia, and mixed dyslipidemia (Figure 60). As
an oral selective cholesterol ester transfer protein (CETP)
inhibitor, anacetrapib increases high-density lipoprotein choles-
terol (HDL-C) and apolipoprotein Al, while reduces low-
density lipoprotein cholesterol (LDL- C) and apolipoprotein
B.”*' From April 2008 several phase III clinical trials have been
conducted, and an NDA filing in the United States is expected

F
e

MeO

M
FsC ©
o§(N Me
0
CFs
917

Figure 60. Structure of anacetrapib (917).
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after 2015. Results from the clinical trials anticipated that
anacetrapib had no effect on blood pressure or plasma
aldosterone, in contrast to g)revmusly discontinued CETP
inhibitors, such as torcetrapib.

Similarly as in the case of evacetrapib (see section 6.2), the
structure of anacetrapib derived from the CETP inhibitor
described by Pfizer torcetrapib (825) (Scheme 127).

Scheme 127. Discovery of Anacetrapib (917)
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Researchers at Merck envisioned that opening the tetrahy-
droquinoline ring of torcetrapib would result in molecules, such
as 918, more synthetically accessible because of the lack of
stereocenters. In this regard, the most active molecules in this
series contained a 2,5-disubstituted phenyl ring as in compound
919, since those substituents were oriented in a comparable
manner as the pendant groups of torcetrapib.”® The next
strategy consisted in the restriction of the conformational
flexibility through cyclization of the carbamate moiety into an
oxazolidinone ring. However, the inhibitory activity of the
corresponding racemic compound 920 was much lower
compared to the open-chain derivative 919. In contrast, the
regioisomeric, optically active oxazolidinone 921 resulted in a
much more potent inhibitor.” o4 Ultimately, the inhibition of
CETP and the pharmacokinetic properties were improved by
incorporation of fluorine into the anisole ring, as well as adding
a methyl substituent into the oxazolidinone, leading to the
discovery of anacetrapib (917).°>° It should be mentioned that
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inclusion of other small substituents in place of the CF; group
located in the central aromatic ring preserved the in vitro
activity, but the in vivo properties of those analogues were
poorer compared to anacetrapib.’*® In fact, the oral absorption
of anacetrapib in humans is low to moderate, being further
metabolized by a CYP3A4-catalyzed oxidative pathway and
excreted through the biliary—fecal route.”””%** Interestingly,
anacetrapib is orally bioavailable although it contravenes some
rules that are considered as mandatory for drugability, such as
molecular weight and permeability.**”

Anacetrapib was synthesized through a convergent route that
sequentially linked the different subunits of the molecule. For
the synthesis of the oxazolidinone-containing moiety, N-Cbz-
Ala-OH (922) was converted into its derived Weinreb amide
923, which was successively treated with i-PrMgCl and the
Grignard reagent 924 (prepared in turn from the correspond-
ing iodobenzene) to yield ketone 925 (Scheme 128). Next,
silane-mediated diastereoselective reduction of ketone 925
afforded syn-alcohol 926, and further cyclization, by reaction
with aqueous NaOH, gave cis-oxazolidinone 927.°*°

Scheme 128. Synthesis of Oxazolidinone-Containing
Fragment 927
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PhMeZS|H CF3
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MeOH, THF

(68% from 925)

927

Correspondingly, addition of MeMgBr to acetophenone 928
gave tertiary alcohol 929, and elimination reaction to styrene
930 was carried out by treatment with MsCl (Scheme 129).
Direct formation of 930 was also feasible via a Wittig reaction
of acetophenone 928 with the ylide derived from methyl-
triphenylphosphonium bromide. Hydrogenation of alkene 930
over Pd/C and further regioselective iodination of the aromatic
ring furnished iodide 931, which was transformed into boronic
acid 932 by metalation with n-BuLi and trapping with trimethyl
borate.®”

The central aromatic ring of anacetrapib originated from
benzonitrile 933, which was hydrolyzed to carboxylic acid 934
with KOH (Scheme 130). This acid was next reduced with
borane to give alcohol 935 and then brominated to compound
936. Alkylation of oxazolidinone 927 with bromide 936
afforded intermediate 937, and Suzuki cross-coupling with
boronic acid 932 completed the synthesis of anacetrapib
(917) 625

The access to the biaryl core of anacetrapib has also been
described via a ruthenium-catalyzed arylation reaction as the
key step. Starting from 1-bromo-2,4-difluorobenzene (938), a
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Scheme 129. Synthesis of Fluorine-Containing Boronic Acid
932
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Scheme 130. Synthetic Route to Anacetrapib (917)
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highly regioselective substitution with KOMe afforded anisole
derivative 939, followed by a Friedel—Crafts acylation to give
acetophenone 940 (Scheme 131). The acetyl group was
transformed into isopropyl by addition of MeMgBr to ketone
940 and then tetramethyldisiloxane-assisted deoxygenation of
tertiary alcohol 941 produced fragment 942. The second
aromatic ring was elaborated from 3-(trifluoromethyl)-
benzonitrile (943) by conversion into oxazoline 944. Next,
coupling between 942 and 944 proceeded in very high yield to
furnish biaryl derivative 945. It is interesting to note that the
success of the reaction depended on the amount of an impurity,
y-butyrolactone, found on the solvent employed, N-methyl-2-
pyrrolidone (NMP). Therefore, potassium acetate was
employed as additive to ensure the reproducibility of the
reaction. Finally, alcohol 946 was obtained from 945 by
opening the oxazoline ring with methyl chloroformate and in
situ reduction of the N-acylcarbamate intermediate. Overall, the
synthetic route was easily scalable and did not need any
chromatographic purification.®*’
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Scheme 131. Scaled-Up Synthesis of the Biaryl Fragment 946
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Finally, a catalytic asymmetric nitroaldol reaction served to
build the chiral oxazolidinone core of anacetrapib. Thus,
aldehyde 947 was reacted with nitroethane in the presence of a
heterobimetallic (Nd—Na) catalyst containing chiral ligand 948
(Scheme 132). Most importantly, this catalytic system worked

Scheme 132. Enantioselective Synthesis of Anacetrapib

(917)
EtNO,, 948
. OH
I CHO  NdOy5(0i-Pr)13/5
\Q/ NaHMDS, THF ' NO>
Baytubes C70P Me
! (98%, dr: 96:4, ee: 95%)
947

ZT

Me;SiCF3, Cucl O
1,10-phenanthroline

o Phenarirerne
KOt-Bu, DMF
(78%)

1) Zn, 4 NHCI
< Myene CPME
2) (C14C0),CO
0 -Pr,NEt, CH,Cl,

(70%)
950
MeO F MeO F
O Me O Me
U

FaC FaC
o (951) 8 N
O%( Me
NaHMDS, DMF, THF o
(84%)
CFs
| B 1
Me,

T
(@]
=
022\(
zx
:I
m
0
= T
w
NS

much better, when confined into a carbon nanotube network,
and hence nitroalcohol 949 was obtained in excellent yield and
enantiomeric excess. This also allowed reusing the catalyst after
a simple filtration of the crude mixture. From compound 949,
reduction of the nitro group with zinc and HCl in cyclopentyl
methyl ether (CPME) was followed by reaction with
triphosgene to access oxazolidinone 950. Next, displacement
of both iodine atoms with the Ruppert—Prakash reagent
(Me,SiCF;) led to intermediate 927, and its further alkylation
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with benzyl chloride 951 (derived from alcohol 946) provided
anacetrapib (917). 631

7.7. Darapladib

Lipoprotein-associated phospholipase A2 (Lp-PLA,) is recog-
nized as a pro-atherogenic enzyme regulating lipid metabolism
and inflammatory response. It is responsible for the hydrolysis
of oxidized low density lipoprotein (LDL) into lysophospha-
tidylcholine (lyso-PtdCho) and oxidized nonesterified fatty
acids (oxNEFAs), which play essential roles in atherogenesis.’**
The design of selective inhibitors of Lp-PLA, over other types
of phospholipases may provide useful drug candidates for the
treatment of inflammatory diseases.”>* Darapladib (SB-480848,
952), under development by GlaxoSmithKline (GSK), is an
oral selective inhibitor of Lp-PLA, used for the treatment of
atherosclerosis, coronary artery disease (CAD), and diabetic
macular edema (DME) by the mechanism of tar ngtmg the
active-site serine residue of Lp-PLA, (Figure 61).*" Phase III
clinical trials of darapladib are now in progress for the first two
indications, while the trials of DME are still in phase IL

9
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N ~"N-Me
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Figure 61. Structures of darapladib (952) and SB-435495 (953).

During the course of the optimization of pyrimidinone
derivatives as inhibitors of Lp-PLA,, such as SB-435495 (953,
ICy, = 0.06 nM, permeability = 0.017 cm/h), initial SAR
analysis proved that the substituents larger than fluoro on the S-
benzyl group caused a marked reduction in potency.®* On the
other hand, a 4-substituted biphenyl fragment was an essential
contributor for whole-cell activity, although mostly two
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Scheme 133. Synthetic Route to Darapladib (952)
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different substituents on the biphenyl, CF; or Cl, were
investigated.”** In general, a trifluoromethyl substituent gave
molecules with a superior cytochrome P450 (CYP450) profile
(lesser risk of potential drug—drug 1nteract10ns), compared to
compounds containing a chlorine atom.”’” The structure of
darapladib (952) finally emerged by simplification of the
pyrimidinone core, replacing the S-substituent by a fused
cyclopentane ring, and resulting in somewhat lower inhibitory
activity (ICgo = 0.25 nM) but with enhanced permeability (0.10
cm/h), whereas the corresponding cyclohexyl analogue showed
a weak CYP450 interaction with the key isozymes 2D6 and
3A4.%%

The synthetic route to darapladib developed by GSK is
outlined in Scheme 133. Starting from the Suzuki coupling
between 4-bromobenzaldehyde (954) and 4-(trifluoromethyl)-
benzeneboronic acid (955), biaryl derivative 956 was obtained.
Intermediate 957 was next prepared from aldehyde 956
through a reductive amination reaction with N,N-diethylethy-
lenediamine. The second main fragment, pyrimidinone 963,
derived from the condensation between 2-(ethoxycarbonyl)-
cyclopentanone (958) and thiourea, followed by benzylation of
the thiol with 4-fluorobenzyl chloride (960). The subsequent
alkylation of 961 with tert-butyl iodoacetate formed ester 962,
which was converted into carboxylic acid 963 by ester
deprotection with TFA. The completion of the synthesis of
darapladib (952) involved the easy formation of the amide
bond between intermediates 957 and 963.7°%%

More recently, another process for the preparation of
pyrimidinone compounds was applied to the synthesis of
intermediate 963 (Scheme 134). 2-(Methoxycarbonyl)-
cyclopentanone (964) reacted with the sodium salt of glycine,
and without isolation enamino ester 965 was treated with
sodium thiocyanate and TMSCI to give thiopyrimidinone 966.
Further N-alkylation of 966 with benzyl chloride 960 furnished
darapladib precursor 963.°*°

Although 4-(trifluoromethyl)benzeneboronic acid (955) is a
commercial reagent, it was also accessed using a convenient and
highly efficient one-pot method for the synthesis of function-
alized arylboronic acids. The aryl Grignard reagent 968 was
prepared from the readily available 1-bromo-4-
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Scheme 134. Improved Preparation Method of Intermediate
963
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(trifluoromethyl)benzene (967) by metal/halogen exchange
or by direct insertion of magnesium into the C—Br bond
(Scheme 135). Boronic acid 955 was thus obtained after in situ
reaction of Grignard 968 with trimethyl borate.”*!

Scheme 135. One-Pot Access to 4-
(Trifluoromethyl)benzeneboronic Acid (955)

Mg, LiCl
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8. SUMMARY OF THERAPEUTIC AREAS AND DRUG
INDICATIONS

As suggested by one of the reviewers, we provide here a table
summarizing the types of diseases and compounds profiled in
this review (Table 1). We believe it could be very useful for a
quick overview of the biological activities targeted by the new
types of fluorine-containing drugs.
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Table 1. List of Therapeutic Areas, Indications, Mechanisms of Action, and Legal Status of the Drugs or Drug Candidates

therapeutic area

oncology

central nervous
system

cardiovascular
system

infectious
diseases

respiratory
system

immunology

indication

non-small-cell lung cancer

melanoma

ovarian cancer

medullary thyroid cancer
hepatocellular carcinoma

chronic lymphocytic leukemia, follicular B-cell lymphoma,
and small lymphocytic lymphoma

Philadelphia chromosome-positive chronic myeloid leukemia

castration-resistant prostate cancer

carcinoid syndrome

breast cancer

cancer cachexia

metastatic colorectal cancer and advanced gastrointestinal

stromal tumor

attention deficit hyperactivity disorder and major depressive
disorder

schizophrenia

chemotherapy-induced nausea and vomiting

acute coronary syndrome

cardiovascular disease

atherosclerosis and coronary artery disease

acute bacterial skin and skin structure infections

chronic obstructive pulmonary disease and pneumonia
community-acquired bacterial pneumonia

hepatitis C

hepatitis B

HIV infection

invasive aspergillosis and mucomycosis
multidrug resistant tuberculosis
pulmonary hypertension

asthma and seasonal allergic rinitis

multiple sclerosis

mechanism of action

tyrosine kinase inhibitor

tyrosine kinase inhibitor

poly ADP ribose polymerase
inhibitor
tyrosine kinase inhibitor

tyrosine kinase inhibitor

phosphatidylinositol 3-kinase
inhibitor

tyrosine kinase inhibitor

hypoxia-inducible factor 1-a
inhibitor

androgen receptor antagonist

tryptophan hydroxylase
inhibitor

phosphatidylinositol 3-kinase
inhibitor

selective androgen receptor
modulator

tyrosine kinase inhibitor

norepinephrine reuptake
inhibitor

serotonin and dopamine
receptors antagonist

glycine transporter-1 inhibitor

NK, receptor antagonist

thrombin receptor antagonist

cholesteryl ester transfer protein
inhibitor

lipoprotein-associated
phospholipase A2 inhibitor

binding to 50S subunit of
ribosome

DNA gyrase and topoisomerase
IV inhibitor

binding to 50S subunit of
ribosome

RNA polymerase inhibitor
NSSA protein inhibitor
DNA polymerase inhibitor

HIV integrase inhibitor

sterol 14-a-demethylase
inhibitor

inhibitor of mycolic acid
synthesis

stimulator of soluble guanylate
cyclase

prostaglandin D, receptor
antagonist

sphingosine-1-phosphate
receptor modulator
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compound

afatinib (49)

dacomitinib (50)
cediranib (105)
trametinib (73)
dabrafenib (579)

cobimetinib
(591)
olaparib (85)

cabozantinib (98)

brivanib alaninate
(106)

idelalisib (134)

radotinib (609)
ponatinib (610)

tasquinimod
(646)

enzalutamide
(842)

telotristat ethyl
(654)

buparlisib (669)

enobosarm (679)
regorafenib (853)
edivoxetine (140)

blonanserin
(150)

bitopertin (865)
netupitant (773)
rolapitant (774)
vorapaxar (158)

evacetrapib (824)

anacetrapib (917)
darapladib (952)

tedizolid
phosphate
(178

zabofloxacin
(201)

solithromycin
(219)

sofosbuvir (239)
ledipasvir (539)
clevudine (278)

elvitegravir (309)

dolutegravir
(488

isavuconazole
(474)
delamanid (752)
riociguat (336)
setipiprant (352)

siponimod (690)

status

approved (U.S., EU, and

Japan)
phase III
discontinued”
approved (U.S.)
approved (U.S.)
approved (U.S. and EU)

approved (U.S. and EU)

approved (U.S.)
phase III

approved (U.S.)

approved (South Korea)
approved (U.S. and EU)
phase III

approved (U.S.)

phase III

phase III

phase III

approved (U.S., EU, and
Japan)

discontinued

approved (Japan and
South Korea)

phase III

approved (U.S.)

approved (U.S.)
approved (U.S.)

phase III

phase IIT
phase III

approved (U.S.)

phase II-III
phase III

approved (U.S. and EU)
approved (U.S.)

approved (South Korea
and Philippines)

approved (U.S.)
approved (U.S. and EU)

approved (U.S.)
approved

EU and Japan)
approved (U.S.)

discontinued

phase III
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Table 1. continued

therapeutic area indication

gastrointestinal
tract

gastric ulcer, duodenal ulcer, and erosive esophagitis

postoperative ileus and gastroparesis
eye care
diabetes

glaucoma and ocular hypertension
type 2 diabetes mellitus

endocrine system familial chylomicronemia syndrome

obstetrics/ endometriosis
gynecology

musculoskeletal osteoporosis

“Cediranib is currently in phase II trials for other indications.

mechanism of action compound status

proton pump inhibitor vonoprazan approved (Japan)

(364)
ulimorelin (381)
ripasudil (402)

canagliflozin

discontinued
approved (Japan)
approved (U.S.)

ghrelin receptor antagonist
rho kinase inhibitor

sodium glucose cotransporter-2

inhibitor (426)
ipragliflozin approved (Japan)

(427)
dipeptidyl peptidase IV inhibitor trelagliptin (450) approved (Japan)
omarigliptin approved (Japan)

(456)

dihydroorotate dehydrogenase terifluonomide approved (U.S. and EU)

inhibitor (726)

diacylglycerol acyl transferase-1  pradigastat (742)  phase III
inhibitor

gonadotropin releasing elagolix (882) phase III
hormone receptor antagonist

cathepsin K inhibitor odanacatib (896)  phase III

9. CONCLUSIONS

In the last 10 years, the amount of fluorine-containing drugs
covers 27% of all approved small molecule drugs (excluding
biopharmaceuticals), and this percentage has increased to 36%
in the last 3 years. Most importantly, about 40% of the new
chemical entities entering phase III trials in 2012 and 2013 (no
data for 2014) are fluoroorganic compounds. This review
profiles 51 fluorine-containing drugs that were either just
recently approved (after 2011), or are currently in the latest
(phase II/III) stages of clinical studies. Taken in conjunction
with our previous projects,33_35 the present work provides a
complete and most comprehensive treatment of ~100 fluorine-
containing pharmaceuticals—the fastest growing area of current
chemical/medicinal/clinical sciences with extraordinary social
impact. In fact, while from 2001 to 2011 there were ~40 new
fluorine-containing drugs introduced to the pharmaceutical
market, during the past few years (2011—2013) we have
witnessed ~60 new structures, most, if not all, of which will be
in medicinal use anytime soon. This trend presents a 150%
growth, a truly unparalleled socioscientific fact that still has to
be rationalized. There is also a growing perception that, in
principle, any given drug molecule can be improved by
introducing fluorine. This assumption is strongly supported
by the current data showing that fluorine substitution can be
reliably used to increase the drug biological stability by blocking
metabolically labile positions. Most likely, these trends on
increasing number of fluorine-containing drugs will continue to
hold in the future.

For each and every drug profiled in this review we did our
best to find and discuss the chemical source of fluorine, the
modes of biological action, and the difference in pharmaceutical
properties between fluorinated and fluorine-free compounds.
However, in most cases, including other projects,33_35 we
noticed a lack of relevant data on the metabolism of fluorine-
containing molecules. One should keep in mind that fluorine
(fluoride) is xenobiotic from the standpoint of biological
evolution, and does not play virtually any role in the living
processes. Accordingly, we believe that it is very important to
highlight that effects of water-soluble/organic fluorine on the
biosphere in general, and processes essential to human life and
health, have never been systematically studied. Considering the
trends discussed here, as well as similarly essential and ever-

growing impacts of fluorine on the design and development of
modern agrochemicals,N’22 the obvious lack of research into
the biological metabolism of fluorinated compounds is rather
alarming. Therefore, the modern pharmaceutical and agro-
chemical industries vs human fluoride overload seems to be a
timely and vital area of research to ensure that fluorine-
containing organics do not cause any adverse long-term effects.

Another critical issue we would like to highlight in these
conclusions is a persistent unawareness of the research
community in the phenomenon of self-disproportionation of
enantiomers (SDE).*>*** SDE is virtually always observed in
the case of nonracemic compounds and causes a spontaneous
separation of racemate from the excess enantiomer under
totally achiral conditions. Many routinely used conditions in
laboratory practice include achiral chromatography,®**~**
evaporation/distillation,*****” and drying compounds in a
vacuum.’**~%** The growing amount of data on SDE
undoubtedly suggests that fluorine is a uniquely SDE-enabling
element and fluorine-containing compounds are particularly
prone to the SDE under any physicochemical phase
transitions.®>>~®° Thus, fluorine and fluorine-containing
groups have strongly polarizing effects on chemical bonds
leading to enhanced intermolecular homo/heterochiral inter-
actions (dipole—dipole or H-bonding) and therefore high
magnitude of the SDE. A general problem associated with the
ignorance about the SDE is an incorrect determination of the
enantiomeric purity of a drug sample and can cause marketing a
compound of less than specified enantiomeric purity. Of course,
these problems can be avoided if appropriate precautions are
made including the SDE test.

Having pointed out some overlooked aspects of current
research, we would like to emphasize the greater importance of
fluorine. It is rather obvious that the pronounced success of
fluorine-containing drugs has to do with their superior potency
and therapeutic value, even though introduction of fluorine
renders drugs more expensive. Therefore, the development of
fluoroorganic methodology should be encouraged by the
science funding agencies, which so far have miserably failed
to do so. However, we are confident that this review, providing
an outlook on the structural types of current and future
pharmaceuticals, will further encourage creative ingenuity and
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research focused on discovering better fluorine methodology
for overall benefits of our society.
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