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This review profiles twelve fluorine-containing drugs approved by the US Food and Drug Administration
(FDA) for the clinic in 2023. These small molecule drugs represent such therapeutic areas as cancer, neu-
romuscular disorder, immunodeficiency, virology, and infectious diseases. Medicinal chemistry discovery,
biological activity, and synthetic routes have been discussed for each drug. Also, new trends in structural
positioning, functionality, and degree of fluorination are discussed. Besides fluorination, the importance
of amino acid residues and chirality in the design of new pharmaceuticals is highlighted.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Since the approval of fludrocortisone [1,2], the first fluorine-
containing pharmaceutical, synthesis, and biological evaluation of
fluorinated compounds has been one of the most fast-growing
field of multidisciplinary research [3-20]. It is rather remarkable
that fluorine-containing compounds now constitute around a quar-
ter of small molecule drugs in the pharmaceutical market [21-38].
Furthermore, fluorinated derivatives are usually found among the
most prescribed and top-selling drugs [39,40]. Fluorine-editing
and fluorine-scans are now routine stages in drug development,
having a significant influence on organic synthesis and medicinal
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chemistry. Practitioners in these fields are increasingly turning
their focus towards innovative approaches to incorporating fluorine
and fluorine-containing motifs into organic chemistry scaffolds.

In the past five years, more than fifty fluorine-containing
small molecule drugs were approved by FDA for the treatment of
several kinds of diseases. In 2018, seventeen fluorine-containing
drugs were approved, which feature twelve aromatic fluorine, six
aromatic CF3, and one aliphatic CF, substitutions [27]. These drugs
were used for the treatment of chronic immune thrombocytopenia,
melanoma, intra-abdominal infections, lung cancer, breast cancer,
influenza, smallpox infections, chemotherapy-induced nausea and
vomiting, (human immunodeficiency virus) HIV, malarial, pain
associated with endometriosis, prostate cancer, cystic fibrosis
and myeloid leukemia. In 2019, eleven fluorine-containing drugs
were approved [28], which feature five aromatic fluorine, three
aromatic CF3, three aliphatic CF3, and one aromatic CF30 sub-
stituents. These drugs were approved for the therapeutic areas,
such as schizophrenia, migraine, multiple sclerosis, insomnia,
rheumatoid arthritis, anti-tuberculosis, breast cancer, lymphoma
kinase inhibitor, and serotonin receptor antagonist. In 2020, thir-
teen fluorine-containing small molecule drugs were approved

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. Structures of fluorine-containing drugs approved for the clinic in 2023.

[41], and the fluorine-containing substituents include eleven
aromatic fluorine, one aromatic CF3, one aliphatic CHF, and one
CF, groups. These drugs were developed for the treatment of
Cushing’s disease, neurofibromatosis, myelodysplastic syndromes,
lung cancer, advanced gastrointestinal stromal tumor, migraine,
Alzheimer’s disease, myelodysplastic syndromes, and hereditary
angioedema attacks. In 2021, nine new fluorine-containing drugs
were approved. These small molecular drugs feature eight aro-
matic fluorine, one aliphatic CHF, one aromatic CFs, one aliphatic
CF3, and one CCIF, groups. The therapeutic areas of these fluorine-
containing drugs include multiple myeloma, lymphoma, HIV,
chronic heart failure, chronic myeloid leukemia, anti-neutrophil
cytoplasmic antibodies (ANCA)-associated vasculitis, migraines,
von Hippel-Lindau disease, and non-small cell lung cancer [42].
In 2022, four new fluorine-containing drugs were approved
[35], which feature three aromatic fluorine, two aliphatic CF,,
one alkenyl CF groups, one aromatic CF3, and two aliphatic CF;
substituents. The therapeutic areas included non-small cell lung
cancer, HIV, recurrent vulvovaginal candidiasis, helicobacter pylori
(Hp) infection. As presented above, there are some interesting
trends in the drugs containing fluoro/fluoroalkyl groups. Aromatic
fluorine is most used moiety in these drugs, and a high percentage
of the related drugs were observed each year. Also, several kinds
of aliphatic fluoro groups have been introduced into the drugs in
very recent years, including CHF, CF,, CCIF,, and so on. On the
other hand, an increased proportion of chiral fluorinated drugs
were approved in enantiomerically pure form, and even the chiral
C-F center (belzutifan) was observed in 2021.

To help synthetic organic chemists to navigate their choice of
targets and methodological approaches, we continue to provide
timely updates on the newly approved drugs appearing on the
pharmaceutical market [41,42]. The goal of this review article is
to profile twelve fluorine-containing drugs 1-12 introduced to the
market by the FDA during the current year (Fig. 1). In partic-
ular, we will present Jayprica™ (Pirtobrutinib) (1), Skyclarys™
(Omaveloxolone) (2), Joenja™ (Leniolisib) (3), Miebo™ (Perfluo-
rohexyloctane) (4), Veozah™ (Fezolinetant) (5), Paxlovid™ (Nir-
matrelvir and Ritonavir) (6), Xdemvy™ (Lotilaner) (7), Augtyro™
(Repotrectinib) (8), Ogsiveo™ (Nirogacestat) (9), Welireg™ (Belzu-
tifan) (10), Iwilfin™ (Eflornithine) (11), and Zoryve™ (Roflumilast)

(12). Where it is possible, we will discuss the mode of biological
activity, emphasizing the role of fluorine substitution in the de-
velopment of a given drug. The total synthesis of these drugs and
methods used for the introduction of fluorine will be discussed.

2. Jaypirca™ (Pirtobrutinib)

Pirtobrutinib (1) is a highly selective, non-covalent (reversible),
orally bioavailable Bruton’s tyrosine kinase (BTK) inhibitor (Fig. 2)
[43] developed by Eli Lilly. BTK plays a critical role in the develop-
ment, activation, and survival of B cells [43]. B cells belong to the
lymphocyte subtype of white cells and are responsible for produc-
ing antibodies, but uncontrolled growth of B cells can lead to can-
cer. Pirtobrutinib (1) inhibits BTK in a different manner compared
to the previously approved BTK inhibitor ibrutinib (13) which co-
valently and irreversibly binds to the C481 residue in the kinase
domain of BTK [44]. Therefore, pirtobrutinib (1) is effective for the
treatment of ibrutinib-resistant chronic lymphocytic leukemia that
develops due to C481 kinase domain mutations [45]. Chemically,
pirtobrutinib (1) is based on the aminopyrazole carboxamide ring
designed to replace the 4-aminopyrazolopyrimidine core of ibru-
tinib (13). The pyrazole ring serves as an ATP analog competi-
tively binding to the ATP binding site of BTK and facilitating the
proper conformation for effective inhibition. The covalent binding
region of ibrutinib (13) was changed to a non-covalently bonded
CF3-substituted ethyl group. The FDA approved pirtobrutinib (1) in
January 2023 for the treatment of adult patients with relapsed or
refractory mantle cell lymphoma (MCL) after at least two lines of
systemic therapy, including a BTK inhibitor [46-48].
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Fig. 2. Structure of pirtobrutinib (1) and ibrutinib (13), a clinically approved BTK
inhibitor.
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Scheme 1. Synthesis of pirtobrutinib (1).

The synthesis of pirtobrutinib (1) developed by Loxo On-
cology was shown in Scheme 1 [49]. Chlorination of 5-fluoro-
2-methoxybenzoic acid (14) with thionyl chloride gave the
corresponding acid chloride 15, which then reacted with 4-
(aminomethyl)benzoic acid (16) to provide amido acid 17. Chlo-
rination of amido acid 17 with thionyl chloride followed by con-
densation of the resulting acid chloride 18 without isolation with
malononitrile in the presence of trimethylamine (TEA) in acetoni-
trile at —10 °C gave 2-(hydroxymethylene)malononitrile deriva-
tive 19. Subsequent O-methylation of 19 with trimethyl orthofor-
mate at 95°C led to 2-(methoxymethylene)malononitrile deriva-
tive 20 in 64% yield. Next, the cycloaddition reaction of compound
20 with (5)-(2,2,2-trifluoro-1-methyl)ethylhydrazine hydrochloride
(21) in the presence of Et3N in EtOH provided 5-aminopyrazole-
4-carbonitrile 22 in 83% yield and excellent enantiomeric purity
(99.7% ee). The 5-aminopyrazole-4-carbonitrile 22 underwent hy-
drolysis by treatment with methanesulfonic acid (MsOH) in H,O at
55°C to give pirtobrutinib (1) in 84% yield as a white solid.

3. Skyclarys™ (Omaveloxolone)

Omaveloxolone (2) is an orally active antioxidative transcrip-
tion factor Nrf2 activator which was developed by Reata Phar-
maceuticals Inc. (Fig. 3) [50]. Nrf2 is the principal regulator of
the phase II cellular antioxidant response and plays an impor-
tant role in neuroprotection and detoxification [51]. Under physi-
ological conditions, Nrf2 is sequestered in the cytosol by binding
to protein Keapl and is subsequently ubiquitinated and degraded
[52]. Oxidative stress prevents ubiquitination and allows Nrf2 to

2-cyano-3,12-dioxoolean-1,9-
dien-28-oic acid (CDDO) (24)

Fig. 3. Structure of covalent Keap1 binders.

translocate to the nucleus. Thus, this can activate the genes con-
taining an antioxidant response element (ARE). Omaveloxolone (2),
the related triterpenoids bardoxolone methyl 23 and 2-cyano-3,12-
dioxoolean-1,9-dien-28-oic acid (CDDO) 24 bearing a cyanoenone
moiety, which can covalently and reversibly bind to protein KEAP1
to inhibit ubiquitination and proteasomal degradation of Nrf2
[52,53]. Among triterpenoids, omaveloxolone (2) containing a 1,1-
difluoroethylamide moiety was reported as one of the most po-
tent compounds inducing ARE activity over 16-fold at 62.5 nmol/L
in an Nrf2-GST-ARE luciferase reporter assay [54]. Omaveloxolone
(2) was approved by the FDA in February 2023 as the first treat-
ment for Friedreich’s ataxia, a rare inherited, degenerative disease
that damages the nervous system, resulting in uncoordinated mus-
cle movement, poor balance, difficulty walking, changes in speech
and swallowing [55,56].

Synthesis of omaveloxolone (2) developed by Reata Pharma-
ceuticals was based on using CDDO (24) as the starting material
(Scheme 2) [57]. CDDO (24), in turn, originated in 11 steps from
the natural product oleanolic acid (25) with a 29% overall yield
[58]. Conversion of carboxylic acid 24 using diphenylphosphoryl
azide (DPPA) in the presence of triethylamine at room temperature
provided the corresponding acyl azides 26 in 94% yield. Further
Curtius rearrangement of acyl azide 26 by heating in anhydrous
benzene afforded isocyanate 27, which was directly hydrolyzed by
treatment with HCl in MeCM at room temperature to produce
the corresponding amine 28 with retention of (R)-configuration.
Omaveloxolone (2) was synthesized through peptidic coupling re-
actions between amine 28 and 2,2-difluoropropanoic acid. The re-
action was performed using pre-activation of the carboxylic group
with dicyclohexylcarbodiimide (DCC) and the desired omavelox-
olone (2) was obtained in 73% yield from CDDO (24) over four
steps.

4. Joenja™ (Leniolisib)

Leniolisib (3), also named CDZ173, was discovered by No-
vartis and developed by Pharming Group as a selective small
molecule phosphoinositide 3-kinase-delta (PI3K§) inhibitor for
the treatment of immunodeficiency disease [59-61]. As shown
in Fig. 4, leniolisib (3) is a chiral compound, which features a
key 5,6,7,8-tetrahydropyrido[4,3-d]-pyrimidine bicyclic fragment, a
(S)—3-aminopyrrolidine moiety and a trifluoromethylated pyridine.
Leniolisib (3) could suppress the hyperactivated PI3K§ via selec-
tive inhibition of the p110§ subunit of PI3K. Leniolisib (3) showed
good inhibitory activity against PI3K with the cellular ICsy of
1.67 pmol/L, 2.25 pmol/L and 0.056 pmol/L for PI3Kce, PI3Kg, and
PI3K§ respectively. In particular, leniolisib (3) showed a good cel-
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lular selectivity against PI3Ké with about thirty-fold over PI3Ka
[59,62]. The structure-activity relationship (SAR) study by Novar-
tis disclosed that the trifluoromethyl group played an important
role in the activity. Compared with the non-fluorinated compound
29, introduction of a trifluoromethyl group to the methoxypyri-
dine moiety led to a four-fold increased PI3K§ potency (29,
IC59 =0.246 pmol/L) [59]. Furthermore, Leniolisib features accept-
able hydrophilicity, good solubility, and metabolic stability, as well
as favorable membrane permeability. Based on the findings from
Phase II/III clinical trial, leniolisib (3) received its first approval by
the FDA in March 2023 with the name Joenja™ for use in the
treatment of activated phosphoinositide 3-kinase delta syndrome
(APDS) in adult and pediatric patients of 12 years of age and older
[63].

Novartis developed a synthetic strategy for the preparation
of leniolisib (3), which used a tetrahydropyrido[4,3-d]pyrimidine
heterocyclic compound 32 as the key intermediate (Scheme 3)
[59,60,64,65]. First, the assembly of the fused pyrimidine cy-
cle was conducted via a cyclization reaction of methyl 1-benzyl-
4-oxopiperidine-3-carboxylate (30) with acetic acid methanimi-
damide in the presence of sodium methoxide. Then, the gen-
erated intermediate 31 was treated with phosphorus oxychlo-
ride (POCl3) with triethylamine as a base in toluene at 100
°C giving the chlorinated tetrahydropyrido[4,3-d]pyrimidine in-
termediate 32 in 58% yield [60]. Substitution reaction of the
intermediate 32 by Boc-protected (S)—3-aminopyrrolidine 33 in
a sealed vial at 120 °C delivered the chiral compound 34.
This step introduced the desired chiral carbon center with (S)-
configuration into leniolisib (3). Compound 34 underwent a
Pd-catalyzed benzyl deprotection reaction in the presence of
ammonium formate resulting in the fused heterocycle com-
pound 35. Then, Pd-catalyzed coupling reaction of compound
35 with 5-bromo-2-methoxy-3-(trifluoromethyl)pyridine (36) by
using 2-(di-tert-butylphosphino)—2’-(N,N-dimethylamino)biphenyl
(tBuDavePhos) as a ligand successfully installed the trifluoromethy-
lated pyridine into the fused heterocycle core. Finally, removing the
Boc group of compound 37 via treatment with trifluoroacetic acid
(TFA) in dichloromethane and followed by acylation with propionyl
chloride afforded the desired leniolisib (3) in 76% yield [59].

5. Miebo™ (Perfluorohexyloctane ophthalmic solution)

Perfluorohexyloctane (4), also named NOV03, was developed by
Novaliq and Bausch + Lomb Corporation. It was used as an inves-
tigational, proprietary, water-free, single-component preservative-
free eye drop to reduce tear evaporation at the ocular surface [66-
70]. As shown in Fig. 1, perfluorohexyloctane (4) is a partially
fluorinated linear alkane, which contains a perfluorohexyl moiety
and an eight-carbon saturated alkyl species. Usually, perfluoroalkyl
compound is regarded as an important component of fluorophors
and the introduction of fluorine atoms can increase the lipophilic-
ity of the molecules [71]. Perfluorohexyloctane could form a mono-
layer at the air-liquid interface of the tear film which led to the
reducing of water evaporation. Novaliq designed a series of semi-
fluorinated alkanes with different lengths of perfluoroalkyl chains
and saturated alkyl chains. The related SAR studies led to the dis-
covery of perfluorohexyloctane (4) [67,68]. Based on the results of
the phase trial, perfluorohexyloctane ophthalmic solution was ap-
proved by the FDA in May 2023 with the trade name Miebo™
specifically for the treatment of the signs and symptoms of dry eye
disease.

The synthesis of perfluorohexyloctane (4) was shown in
Scheme 4. Its synthesis in organic solvent could be achieved
via a radical addition of perfluoroalkyl radicals to carbon-
carbon unsaturated bonds. In 2010, Postigo and co-authors re-
ported a (Mes3Si);SiH-promoted radical perfluoroalkylation reac-
tion of oct-1-ene with different perfluoroalkyl sources [72]. Us-
ing 1,1,1,2,2,3,3,4,4,5,5,6,6-tridecafluoro-6-iodohexane as a source in
the presence of oxygen at 20 °C generated perfluorohexyloctane (4)
with 74% yield after 36 h. Also, 1,11,2,2,3,3,4,4,5,5,6,6-tridecafluoro-
6-bromohexane was used as substrate in the presence of 1,1’-
azobis(cyclohexanecarbonitrile) (ACCN) at 70 °C afforded the de-
sired perfluorohexyloctane (4) in 65% yield after 3 h (Scheme 4).

6. Veozah™ (Fezolinetant)

Fezolinetant (5) was discovered by Euroscreen S.A. as an oral,
small molecule, neurokinin 3 receptor (NK3R) antagonist for the
treatment of sex-hormone disorders [73-75]. Fezolinetant (5) is
a chiral compound featuring a triazolopiperazine core, a 1,2,4-
thiadiazole unit, and a 4-fluorobenzoyl group (Fig. 5). The in vitro
SAR studies disclosed that fluorine substituent on the phenyl ring
plays an important role, and fezolinetant (5) was the best one over-
all in the hERG (human ether-a-go-go-related gene) and CYP (cy-
tochrome P450) safety profile. For example, the logD; 4 was 3.0 and
hERG IC5q was 8 pumol/L for compound 39. Replacing the thienyl
substituent by a fluoro group resulted in reduced lipophilicity
(AlogD74=—1.5) and improved over 12-fold hERG ICsq (fezoline-
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tant (5), logD74 =15, hERG IC59 =>100 pmol/L). Also, the com-
pounds with no substituent (40) and chloro (41) on phenyl were
evaluated and no improved hERG ICsy was observed compared
with fezolinetant (5) [74,75]. Fezolinetant is being developed by
Astellas Pharma Inc. and currently has emerged as a novel ther-
apeutic strategy. Fezolinetant can obviously reduce the frequency
and severity of vasomotor symptoms (VMS) and shows fewer side
effects. In May 2023, fezolinetant (Veozah™) received its first ap-
proval by the FDA as a first-in-class non-hormonal treatment of
moderate to severe VMS or menopausal hot flashes [76,77].

The preparative route for the synthesis of fezolinetant (5) de-
veloped by Euroscreen S.A. was illustrated in Scheme 5 with the
formation of the fused triazolopiperazine 46 via cyclodehydration
of piperazinoimidate and 1,2,4-thiadiazole-5-carbohydrazide 42 as
a key step [74,75]. The desired (R)-carbon center in fezolinetan (5)
was introduced via the use of (R)—3-methylpiperazin-2-one (43)
as the starting material. The 1,2,4-thiadiazole-5-carbohydrazide
intermediate 42 was obtained in 64% yield via the reaction

o
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Scheme 5. Synthesis of fezolinetan (4).

between ethyl 3-methyl-1,2,4-thiadiazole-5-carboxylate and hy-
drazine in ethanol at room temperature. On the other hand, re-
duction amination of (R)—3-methylpiperazin-2-one (43) and 2,4-
dimethoxybenzaldehyde with sodium triacetoxyborohydride as a
reductive reagent in the presence of acetic acid under nitrogen at-
mosphere afforded the 2,4-dimethoxybenzyl protected intermedi-
ate 44 [78]. By using Meerwein reagent (Et3OBF4) and a mild base
Na,COs, the piperazin-2-one 44 was converted into the piperazi-
noimidate intermediate 45 in 68% yield and 98.8% ee. It should
be mentioned that the use of buffered Meerwein conditions could
minimize racemization during this step [74]. Subsequently, the
piperazinoimidate underwent a cyclodehydration reaction with the
1,2,4-thiadiazole-5-carbohydrazide intermediate 42 at 70 °C for 8 h
giving the fused triazolopiperazine 46 in 80% yield. Removal of the
protecting 2,4-dimethoxybenzyl group via the treatment with TFA
at 0 °C gave the free amine 47 in >99% yield, which was used for
the reaction with 4-fluorobenzoyl chloride at room temperature to
achieve the formation of fezolinetan (5) in 97% yield.

7. Paxlovid™ (Nirmatrelvir, ritonavir)

Paxlovid is an oral antiviral drug containing nirmatrelvir (6A)
and ritonavir (6B). It was developed by Pfizer and received FDA
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approval in May 2023 for the treatment of mild-to-moderate cases
of coronavirus disease in patients who are at high risk for progres-
sion to severe COVID-19 [79]. Nirmatrelvir (6A), originally called
PF-07321332, as a protease inhibitor, disrupts the viral life cycle by
targeting the SARS-CoV-2 main protease (MP™). This inhibition is
crucial for preventing the virus from multiplying. Importantly, the
low off-target activity of nirmatrelvir (6A) is beneficial for reduc-
ing potential side effects associated with affecting human proteins
[80,81]. Ritonavir (6B), in this combination treatment, serves a dual
purpose. First, as a human HIV protease inhibitor, it contributes to
the antiviral effect. Second, ritonavir (6B) acts as a pharmacoki-
netic enhancer by inhibiting CYP3A4, an enzyme involved in drug
metabolism. By slowing down the metabolism of nirmatrelvir, ri-
tonavir helps to increase its bioavailability and prolong its pres-
ence in the body. This mechanism allows for higher concentrations
of nirmatrelvir, enhancing its efficacy in combating the SARS-CoV-2
virus [82,83]. The combination of nirmatrelvir and ritonavir, as de-
scribed, illustrates a targeted and synergistic approach to inhibiting
viral replication and treating early COVID-19 infections, with the
potential to prevent the progression to more severe symptoms.

Nirmatrelvir (6A) is described as a protein mimetic tripeptide,
and it evolved from SAR studies on lufotrelvir (48) and a dipeptide
of boceprevir (49) (Fig. 6) [84]. The pyrrolidine amino acid frag-
ment from lufotrelvir (48) and the dipeptide fragment from bo-
ceprevir (49) contributed to the foundational structure of nirma-
trelvir. The phosphate prodrug functionality present in lufotrelvir
was replaced with a cyano group in nirmatrelvir. This modifica-
tion likely affects the compound’s pharmacokinetics and bioavail-
ability. Exploratory studies for boceprevir revealed that the incor-
poration of the gem-dimethyl cyclopropyl proline moiety increased
the potency of the molecule. This finding was likely influential in
the design of nirmatrelvir for treating SARS-CoV-2. The strategy
of incorporating a bicyclic amino acid, similar to what was used
in boceprevir exploratory studies, was employed to identify po-
tent molecules for treating SARS-CoV-2. This suggests a rational
design approach based on known structural features that enhance
antiviral activity. Also, nirmatrelvir (6A) features a trifluoromethyl
group, which is important for the bioactivity disclosed by the SAR
studies. The enzymatic ICsq, cellular ECsg, and antiviral EC5q val-
ues of MP™ inhibitory activity for nirmatrelvir (6A) were 66 nmol/L,
3.4 pmol/L, and 1.3 pmol/L, respectively. However, changing triflu-
oromethyl to tert-butyl (50) led to an eleven-fold decrease in in-
hibitory activity (enzymatic ICsy =720 nmol/L) [85].

The synthesis of nirmatrelvir (6A) and several other analogs
was described in patents of Pfizer [86,87]. The synthesis started
with the conversion of Boc-protected trans-4-hydroxy-L-proline
benzylester 51 to methanesulfonate 52 with the use of methane-
sulfonyl chloride (MsCl), N,N-dimethylpyridin-4-amine (DMAP) and

Chinese Chemical Letters 35 (2024) 109780

trimethylamine. Methanesulfonate 52 reacted with PhSeSePh gen-
erating 4-(phenylselanyl)pyrrolidine 53 under reflux. Then, oxi-
dation of 4-(phenylselanyl)pyrrolidine 53 followed by elimination
of the hydroxy group delivered the alkene intermediate 54. The
resulting alkene 54 underwent a cyclopropanation reaction with
2,2-dichloropropane catalyzed by (2-t-BuPDI)CoBr, in the pres-
ence of ZnBr, and Zn yielding a bicyclic compound 55 that was
then converted to compound 56 after removal of Boc protecting
group under acidic conditions. Subsequently, coupling of 56 with
(8)-3,3-dimethyl-2-(2,2,2-trifluoroacetamido)butanoic acid by us-
ing 2-(7-azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hex-
afluorophosphate (HATU) in the presence of 4-methylmorpholine
(NMM) and DMAP afforded CFs-containg compound 57. Deprotec-
tion of the benzyl group of ester 57 and followed by coupling with
(S)—2-amino-3-((S)—2-oxopyrrolidin-3-yl)propanenitrile resulted in
nirmatrelvir (6A) with approximately total 17% yield for the multi-
step synthesis (Scheme 6) [88].

8. Xdemvy™ (Lotilaner)

A series of reported antiparasiticides contain the isoxazoline
moiety such as fluralaner, afoxolaner, and sarolaner [89,90]. Several
research groups have reported that isoxazoline derivatives can act
as specific blockers of y-aminobutyric acid gated chloride (GABACI)
ion channels and glutamate-gated chloride (GluCl) channels in in-
sects [91]. Isoxazolines, including lotilaner, have been widely as
veterinary medicines for the treatment of flea and tick infesta-
tions in animals. Lotilaner (7), developed by Tarsus Pharmaceuti-
cals Inc. and received FDA approval in July 2023, is an antipar-
asitic agent (ectoparasiticide) for the treatment of Demodex ble-
pharitis. Demodex mites that cause blepharitis are the ectopara-
sites which mostly live in hair follicles and oil glands on the face,
neck, or chest in humans. Blepharitis is an inflammatory disease of
the eyelid that causes redness and eye irritation. Besides Demodex
blepharitis, lotilaner could also be used for the control of flea al-
lergy dermatitis (FAD) [92-95]. Credelio Plus is a combination of
lotilaner and milbemycin oxime used for the treatment of parasitic
infections in animals [96,97].

Lotilaner (7) acts as a non-competitive antagonist of GABACI,
selectively targeting mites without inhibiting mammalian GABA-
mediated chloride channels at the recommended human oph-
thalmic dose as it does not bind to the same therapeutic target in
mammals [98]. Similar to fluralaner (58), lotilaner contains a chi-
ral center with two enantiomers (Fig. 7). Only the S-enantiomer of
lotilaner (7) is active, while the R-enantiomer exhibits low biologi-
cal activity. Inhibition of GABACI by lotilaner (7) causes a paralytic
action in the target organism, leading to death. This mechanism
is effective for treating conditions such as blepharitis, meibomian
gland dysfunction, and Lyme disease [99]. Investigations were con-
ducted to explore if the mode of action and binding sites of loti-
laner (7) were similar to GABACI blockers like dieldrin or fipronil.

The preparation of lotilaner (7) used 2,2,2-trifluoro-1-(3,4,5-
trichlorophenyl)ethan-1-one as the starting material, which re-
acted with 1-(5-bromo-4-methylthiophen-2-yl)ethan-1-one with
tert-butyl methyl ether (TBME) as solvent in the presence of Et3N
to give the intermediate 59 [100]. Then, compound 59 under-
went a cyclization reaction with NH,OH in the presence of NaOH
leading to the formation of isoxazole intermediate 60. The car-
boxylic group was introduced via reaction with EtMgCl in THF un-
der a carbon dioxide atmosphere. Chiral separation was used via
the formation of salt 62 by using (R)—1-(p-tolyl)ethan-1-amine,
which was treated with HCl to provide the chiral intermediate
61 with (S)-configuration. Finally, the acid 61 was converted into
acyl chloride and then directly reacted with 2-amino-N-(2,2,2-
trifluoroethyl)acetamide in the presence of trimethylamine afford-
ing the corresponding lotilaner (7) (Scheme 7).
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9. Augtyro™ (Repotrectinib)

Repotrectinib (TPX-0005) (8) (Fig. 1) is a next-generation ty-
rosine kinase inhibitor (TRKI). It shows high inhibitory activity
against proto-oncogene tyrosine-protein kinase ROS (ROS1) and
the tropomyosin receptor tyrosine kinases (TRKs) TRKA, TRKB, and
TRKC. Repotrectinib (8) is an anti-cancer drug and is used for
the treatment of non-small cell lung cancer. Repotrectinib (8) was
approved by the FDA for medical use in the United States in
November 2023 under the brand name Augtyro [101,102]. Struc-
turally, repotrectinib (8) is a macrocyclic lactam featuring fused
heteroaromatic and benzene rings connected via amino and 1,2-
hydroxyamino residues bearing two stereogenic carbons. Fluori-
nation in repotrectinib (8) is represented by a single aromatic
fluorine, located in para-position to the ether oxygen atom. This
pattern of fluorination is commonly used to prevent oxidative
metabolic degradation of aromatic moieties [26].

One of the key intermediates in the preparation of repotrectinib
(8) is chloropyrazolo[1,5-a]pyrimidine 64 (Scheme 8). The proce-
dure started with the condensation of ethyl 5-amino-1H-pyrazole-
4-carboxylate with (E)-ethyl 3-ethoxyacrylate to furnish ethyl
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4,5-dihydro-5-oxopyrazolo[1,5-a]pyrimidine-3-carboxylate (63). Its
conversion to 64 via chlorination aromatization was performed us-
ing POCl3 in MeOH at 100 °C [103,104].

The second key intermediate in the synthesis of repotrec-
tinib (8) is 2-((R)—1-aminoethyl)—4-fluorophenol (67) (Scheme
8). A convenient approach for its synthesis involves the appli-
cation of tert-butanesulfinamide [105,106] as a chiral auxiliary.
Sulfinyl imine 65, prepared from 5-fluoro-2-hydroxybenzaldehyde
and tert-butanesulfinamide, reacted with MeMgBr to furnish addi-
tion product 66 with excellent diastereoselectivity (>95% de). Pu-
rification and deprotection of intermediate 66 under usual acidic
conditions [107] gave the target free amine 67 in enantiomerically
pure form. Then, aromatic nucleophilic substitution of the chlorine
atom in 64 by the amino group in 67 under forcing condition at
129 °C using DIPEA [108] as a base [103,104] afforded compound
68. The resulting compound 68 was further reacted with commer-
cially available tert-butyl (R)-(2-hydroxypropyl)carbamate (69) to
form the corresponding ester 70. Deprotection of the ester faction
in 70 and N-Boc group in product 71, under the correspondingly
basic and acidic conditions, gave rise to product 72 as a triple hy-
drochloric salt. Finally, cyclization of compound 72 via a peptide
bond-forming reaction using pentafluorophenyl diphenylphosphi-
nate (FDPP) as a coupling agent provided the desired repotrectinib
(8) [109].

Here we would like to mention another approach to the in-
termediate 67 via a catalytic enantioselective reductive amina-
tion [110]. As shown in Scheme 9, the target product (R)—67 was
prepared from 1-(5-fluoro-2-hydroxyphenyl)ethan-1-one using Ru-
chelated phosphine ligand 73 as a catalyst and NH4OAc a source
of nitrogen and H, as a reducing reagent. The reaction was re-
produced on a 20 g scale with respectable stereochemical outcome.

S,
|/Br

WI\ HCI (1 mol/L) wl\

toluene

Me 62

Me

Scheme 7. Synthesis of lotilaner (7).
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Unfortunately, the claimed enantioselectivity was not undoubtedly
confirmed by the necessary in such cases SDE study [111]. One
could take a note that fluorine-containing chiral amines [112], and
o-phenylethylamines [113] usually show quite an exceptional mag-
nitude of SDE under the conditions of achiral column chromatog-
raphy.

10. Ogsiveo™ (Nirogacestat)

Nirogacestat (9), also named PF-3084014, was discovered and
reported by Pfizer Phama in 2011 [114]. Nirogacestat was devel-
oped as an y-secretase inhibitor that blocks proteolytic activation
of the Notch receptor [114-117]. As shown in Fig. 8, nirogacestat is
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Fig. 8. Structures of nirogacestat (9) and its analogs.

a chiral compound with two (S)-carbon centers. It contains three
key structural units, including difluorinated tetralin, L-norvaline,
and amino imidazole species. Careful SAR studies disclose that
the fluoro substituent plays a key role in the activity of re-
ducing AB. Compared with non-fluorinated compound 74 (CFA
IC59 =85.7 nmol/L), introducing one fluorine atom at the tetralin
ring led to about five-fold potency improvement in the cell free
assay (compound 75, CFA ICsy=19.3 nmol/L). Notably, compound
76 featuring a difluorinated tetralin unit showed further improved
activity with WCA ICsg value of 5.4nmol/L and CFA ICsq value of
4.1 nmol/L [114]. Further SAR studies via replacing the pyrollidine
species by 2,2-dimethylpropan-1-amine brought a better activity
(WCA 1C50=1.2nmol/L), which was thus selected for clinical
development. Nirogacestat (9) was developed by SpringWorks
Therapeutics, and got its approval by the FDA with the trade
name Ogsiveo™ in November 2023 for the treatment of desmoid
tumors based on results from the Phase Il DeFi trial. In particular,
nirogacestat (9) was used for adults with progressing desmoid
tumors who require systemic treatment.

Pfizer Phama developed a synthetic method for the prepara-
tion of nirogacestat (9), which used chiral fluorinated tetralin-
containing amino acid 79 and amino imidazole 84 as the two
key intermediates (Scheme 10) [114,118]. Friedel-Crafts acyla-
tion of 2,4-difluorophenyl acetyl chloride with ethylene in the
presence of AlCl; in dichloromethane afforded 6,8-difluoro-3,4-
dihydronaphthalen-2(1H)-one (77). Then, reduction amination of
the ketone 77 with L-norvaline t-butyl ester by using Na(OAc);BH
as a reductive reagent generated a mixture of racemic 78, which
was subjected to chiral HPLC separation affording the chiral 78
with (§,S) absolute confirmation. After treatment by hydrochloride,
the t-butyl ester was converted into amino acid 79.

Another intermediate 84 was synthesized starting with nitroim-
idazole 80. Reduction of the ester group of nitroimidazole 80 by
diisobutyl aluminium hydride (DIBAL) at —30 °C provided the cor-
responding aldehyde 81, which underwent a condensation reac-
tion with 2,2-dimethylpropan-1-amine in the presence of 4A MS
to give the imine 82. Imine 82 was then reduced by Na(OAc);BH
delivering nitroimidazole featuring secondary amino group 83.
Subsequently, hydrogenation of the nitroimidazole 83 with 10%
Pd/C as a catalyst in methanol at 20 °C provided the aminoim-
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Scheme 10. Synthesis of nirogacestat (9).

nirogacestat (9)

idazole intermediate 84. Finally, condensation reaction of amino
acid 79 and aminoimidazole intermediate 84 in the presence of
0-(1,2-dihydro-2-oxo-pyridyl)—1,1,3,3-tetramethyluronium tetraflu-
oroborate (TPTU), DIPEA to furnish the desired nirogacestat (9).

11. Welireg™ (Belzutifan)

Belzutifan (PT2977) was developed by Peloton Therapeutics and
Merck & Co. as a small molecule hypoxia-inducible factor (HIF)—2«
inhibitor for the treatment of solid tumors, including clear cell re-
nal cell carcinoma (ccRCC) and von Hippel-Lindau (VHL) disease-
associated RCC [119-122]. As shown in Fig. 9, belzutifan (10) is
a chiral molecule containing three continuous chiral carbon cen-
ters with (15,25,3R) configuration. It is a diaryl ether with a fluori-
nated phenyl moiety and a difluorinated indanol fragment. The SAR
studies via testing in the SPA binding assay and HIF-2« luciferase
assay in 786-0 cells by Peloton Therapeutics have disclosed that
the inhibitory activity of belzutifan is much better than its non-
fluorinated analogs [122]. For example, compound 85 with no flu-
orine atom on the indanol ring showed the SPA ICsy value of 0.16
pmol/L and the luciferase ECsy of 0.93 pmol/L. Compound 86 with
a gem-difluoro moiety showed a 13-fold increase in potency (SPA
IC59 =0.012 pmol/L). Furthermore, changing the germinal difluoro
group to the vicinal difluoro group led to a 17-fold increase in po-
tency in SPA assay and a more than 80-fold increase in potency in
luciferase assay (belzutifan (10), SPA IC5q =0.009 pmol/L, luciferase
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Fig. 9. Structures of belzutifan (10) and its analogs.
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ECso of 0.011 pmol/L). In December 2023, belzutifan (Welireg™)
was approved by the FDA for the treatment of advanced renal cell
carcinoma. It should be mentioned that it received its first approval
from the FDA in August 2021 for the treatment of patients with
certain types of VHL disease-associated tumors [123].

The synthesis of belzutifan (10) was presented in Scheme 11,
which used 3-fluoro-5-((7-(methylsulfonyl)—1-oxo0-2,3-dihydro-1H-
inden-4-yl)oxy)benzonitrile (95) as a key intermediate and in-
volved construction of the continuous three chiral carbon cen-
ters as the key steps [124]. The synthesis of the key diaryl
ether intermediate 95 started from the acylation of 4-fluorophenol
with 3-chloropropanoyl chloride in the presence of trimethy-
lamine. The resulting ester was heated with AICl3 via a Friedel-
Crafts reaction generating the 4-fluoro-7-hydroxy indanone. The
indanone reacted with N,N-dimethylthiocarbamoyl chloride with
1,4-diazabicyclo[2.2.2]octane (DABCO) as a base leading to the
formation O-arylcarbamate 88 in 87% yield, which underwent a
Newman-Kwart rearrangement affording the aryl shift compound
89 in 97% yield. Then, hydrolysis of the intermediate 89 under the
basic conditions followed by methylation with Mel as a methyl
source gave the intermediate 90 in 80% yield. Subsequently, oxida-
tion of indanone 90 by using oxone as an oxidant at room temper-
ature produced the sulfone intermediate 91 in 97% yield. Then, the
ketone group of compound 91 was protected by ethylene glycol in
the presence of TsOH, and the resulting ketal 92 underwent a SyAr
substitution reaction by sodium hydroxide at 80 °C to provide the
ketal phenol 93 in 91% yield. Ketal phenol 93 underwent a sub-
stitution reaction with 3,5-difluorobenzonitrile in the presence of
Cs,C0O3 and N-methylpyrrolidone (NMP) affording the desired di-
aryl ether intermediate 94 in 64% yield. The intermediate 94 was
treated with pyridinium p-toluenesulfonate (PPTS) for 5 h affording
the key intermediate 95 in 77% yield.

Then, the continuous chiral centers were installed on the di-
aryl ether intermediate 95 (Scheme 12). Fluorination of «-position
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Scheme 12. Synthesis of belzutifan (10).

of ketone via refluxing with SelectFluor in methanol afforded
compound 96 in 86% yield. Asymmetric hydrogenation of com-
pound 96 gave alcohol 97, which reacted with acetic anhy-
dride generating the corresponding protected acetate 98 in cis-
and trans-diastereomers. The cis- and trans-diastereomers could
be separated by silica gel column resulting in the pure cis-
isomer (1S5,2R)-98 in 60% yield. Subsequently, benzylic bromi-
nation of compound 98 by N-bromosuccinimide (NBS) initi-
ated by 2,2’-azobis(2-methylpropionitrile) (AIBN) at 80 °C pro-
vided compound 99. Treatment of compound 99 with AgClO4
in 1,2-dimethoxyethane (DME) and water at 70 °C produced
the alcohol 100. Then, alcohol 100 was subjected to a de-
oxyfluorination with N,N-diethylaminosulfur trifluoride (DAST) in
dichloromethane resulting in the difluoro compounds with cis- and
trans-diastereomers, which could be separated by silica gel column
to successfully construct the three continuous chiral center with
(15,25,3R) configuration (101) in 43% yield. Finally, deprotection of
the acetyl group in the presence of aqueous LiOH furnished the
desired belzutifan (10) in a 39% yield.

12. Iwilfin™ (Eflornithine)

Eflornithine (a-difluoromethylornithine, DFMO, MDL-71728,
Iwilfin™) was developed by US WorldMeds as an ornithine decar-
boxylase inhibitor [125,126], which was used specifically to reduce
the relapse risk in adult and pediatric patients with high-risk neu-
roblastoma (HRNB) who have demonstrated at least a partial re-
sponse to prior therapy. Eflornithine (11) is a white to off-white,
odorless solid, which contains an amino acid fragment and a key
difluoromethyl moiety at the «-position (Fig. 10). The chemistry
structure of eflornithine (11) contains a chiral carbon center, how-
ever, it was used as a racemic mixture with D/L-isomers. Notably,
Ashton and co-authors reported a chiral chromatographic method
for the isolation of pure chiral isomer on a semi-preparative mil-
ligram scale [127]. The bioactive studies on catalytic irreversible
inhibition of Mammalian ornithine decarboxylase (ODC) disclosed
that the difluoromethyl group is essential for the inhibition pro-
cess [128]. Eflornithine (11) showed the most efficient inhibitory

(o}
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Fig. 10. Structures of eflornithine (11) and its analogs.
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Scheme 13. Synthesis of eflornithine (11).

activity compared with the other analogs featuring cyano or chloro
substituent (102 and 103). Eflornithine (11) received its approval
by the FDA in December 2023 for the treatment of high-risk neu-
roblastoma. It should be mentioned that eflornithine also has been
used for the treatment of human African trypanosomiasis (HAT)
caused by the parasite Trypanosoma brucei [129-131]. Also, eflor-
nithine was approved by the FDA for the treatment of gambiense
sleeping sickness in 1990 [129].

The synthetic route for the preparation of eflornithine (11) was
presented in Scheme 13, which used N-(diphenylmethylene)glycine
ethyl ester 104 as the starting material [132]. First, a substitution
reaction between N-(diphenylmethylene)glycine ethyl ester and 3-
chloropropionitrile with potassium carbonate as a base in acetoni-
trile at 80 °C afforded «-cyanoalkyl glycine ester 105. Then, a di-
fluoromethyl group was installed to compound 105 via reaction
with Freon-22 in the presence of NaOtBu with 70% yield of the
two steps. Subsequently, treatment of the intermediate 106 with
aqueous HCl in methyl tert-butyl ether (MTBE) provided the free
amine 107 in 93% yield, which was subjected to a Pt/C-catalyzed
reduction in which the cyano group was transferred into the amino
group. Finally, hydrolysis of the ester group of 108 under acidic
conditions at 110 °C provided the desired eflornithine (11) in 88%
yield.

13. Zoryve™ (Roflumilast)

Roflumilast (APTA 2217, B9302-107, BY 217, BYK 20869) was
developed by Altana Pharma (formerly Byk Gulden) as a se-
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Scheme 14. Synthesis of roflumilast (12).

lective phosphodiesterase 4 (PDE4) inhibitor [133-136]. It is an
anti-inflammatory molecule and is used for the treatment of
chronic obstructive pulmonary disease (COPD) [137-139]. The
chemical name of roflumilast (12) is 3-(cyclopropylmethoxy)-
N-(3,5-dichloropyridin-4-yl)—4-(difluoromethoxy)benzamide. It
contains a benzamide fragment, a pyridine moiety, and a diflu-
oromethoxyl group. BYK Gulden carried out the SAR studies and
a series of fluoroalkoxy-substituted benzamides were prepared
for the evaluation of phosphodiesterase 4 inhibition activity. The
results led to the compound of roflumilast (12) [140].

In February 2011, roflumilast (Daliresp™) received its approval
from the FDA for the treatment of chronic obstructive [133]. Also,
roflumilast (12) with the trade name Zoryve was approved by the
FDA in July 2022 by the company Arcutis Biotherapeutics for the
treatment of plaque psoriasis in patients 6 years of age or older.
In December 2023, Zoryve foam was approved by the FDA again
for the treatment of seborrheic dermatitis in individuals 9 years of
age and older.

The synthesis of roflumilast (12) has been reported by several
groups [141-143], and one convenient method for its prepara-
tion was presented in Scheme 14 with 4-difluoromethoxy-3-
hydroxybenzaldehyde (109) as the starting material [144]. The di-
fluoromethoxy substituted benzaldehyde 109 was obtained from a
direct difluoromethylation reaction of 3,4-dihydroxybenzaldehyde
with sodium chlorodifluoroacetate at 120 °C [145]. Then, a cyclo-
propylmethyl was introduced to another hydroxyl group via the
reaction of the intermediate 109 with (bromomethyl)cyclopropane
in the presence of K,CO3 and KI under reflux for 12h. Subse-
quently, treatment of aldehyde 110 by sodium chlorite for 5h
afforded benzoic acid 111 in 99% yield. Then, reflux of benzoic
acid 111 with SOCI, in toluene for 3h afforded the benzoyl
chloride 112, which was directly subjected to the reaction with
3,5-dichloropyridin-4-amine under the basic conditions generating
the desired roflumilast (12) in 99% yield.

14. Conclusions and outlook

In this year, the FDA approved fifty-five new drugs, among
which there were thirty-two small-molecule drugs. In particular,
twelve small molecules featuring various types of fluorinations
were approved this year. These include Jayprica™ (Pirtobrutinib)
(1), Skyclarys™ (Omaveloxolone) (2), Joenja™ (Leniolisib) (3),
Miebo™ (Perfluorohexyloctane) (4), Veozah™ (Fezolinetant) (5),
Paxlovid™ (Nirmatrelvir and Ritonavir) (6), Xdemvy™ (Lotilaner)
(7), Augtyro™ (Repotrectinib) (8), Ogsiveo™ (Nirogacestat) (9),
Welireg™ (Belzutifan) (10), Iwilfin™ (Eflornithine) (11), and
Zoryve™ (Roflumilast) (12). These drugs represent such thera-
peutic areas as cancer (1, 8, 9), neuromuscular disorder (2, 5),
immunodeficiency (3), virology (6) and infectious diseases (7). As
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compared with the previous years, one can notice an increase in
a relative proportion of molecules bearing multiple fluorine atoms
(1-4, 6, 7, 9-12), while compounds 5 and 8 feature a most com-
mon type of a single aromatic fluorine. Another important trend
observed in these approved drugs is that most of these compounds
are chiral possessing up to seven stereogenic carbons. Taking into
account the FDA requirements for application of chiral drugs,
continuous improvements in asymmetric synthesis and charac-
terization of chiral fluorine-containing compounds are of critical
importance. In this regard, special attention should be given
to a study of the self-disproportionation of enantiomers (SDE),
a non-linear behavior of enantiomerically enriched compounds
[146-149]. These properties of chiral drugs are an important public
safety issue, requiring an additional level of scrutiny in preparation
of fluorine-containing drug manufacture [150,151].

Nowadays, fluorine-scans and fluorine-editing are fully embed-
ded activities in medicinal chemistry research, projecting a major
impact on contemporary organic chemistry. Therefore, one can ex-
pect a continuous increase in the number of fluorinated drugs on
the pharmaceutical market in the years to come.
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