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More than half of drugs are chiral compounds with their chirality determining their molecular interactions,

ecofriendly environmental safety and efficacy. Overall nearly 90% of chiral compounds are marketed as

racemates consisting of an equimolar mixture of two enantiomers. Despite having identical chemical

structure and bonding, racemates function differently when exposed to chiral environments and

demonstrate notable variances in biological properties such as pharmacology, toxicology, metabolism

and pharmacokinetics, etc. Advancements in asymmetric synthesis in recent years have led to

considerable interest in the development of single enantiomers of chiral drug molecules for medicinal

chemistry settings. In this review, we want to compile examples of chiral medicines approved by the FDA

in the years 2022 and 2023 with an emphasis on their synthesis along with information on chiral

induction as well as enantiomeric excess.
1 Introduction

Chirality inuences a drug's binding affinity and interactions
with its target, hence dening its pharmacology. As a result, in
1992, the Food and Drug Administration (FDA) established a set
of criteria for the pharmaceutical evolution of single enantio-
mers and racemates.1 Since then, the majority of medications
on the market have been chiral, but the number of single-
enantiomer and single-diastereomer pharmaceuticals has
steadily increased.2,3 Fig. 1 depicts examples of chiral FDA-
approved medications, as well as current clinical trial disclo-
sures. Atropisomerism is an important system of chirality that
results from a partial bond rotation, typically inside a sp2–sp2.
The FDA-approved small-molecule medicines since 2011 signi-
ed that 30% of these molecules include at least one atropiso-
meric axis.4 Natural products contain a higher sp3 fraction
(Fsp3) and more chiral centers than many drug-like small
compounds that have been created so far. It has been proposed
that improved drug-like qualities, such as greater solubility5 and
fewer off-target hits (reduced promiscuity), are positively
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correlated with a higher degree of Fsp3, which is dened as the
proportion of sp3-hybridized carbons.6,7 Fully sp2 compounds
can occasionally have a high 3D character; a high Fsp3 number
does not always correspond to an increased 3D shape.
Fig. 1 Few examples of FDA-approved chiral small-molecule drugs.
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Fig. 2 The total number of biologic (blue) and small molecule (orange)
NTEs approved by the FDA between 2020 and 2022.

Fig. 3 Methods of asymmetric synthesis.
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Single enantiomers have gained popularity in recent
decades. In 2015, the FDA approved lesinurad as Zurampic to
treat hyperuricaemia in gout patients. It was also proposed that
(−)-lesinurad could be a more effective activity for hyper-
uricaemia than racemate. Additionally, the FDA authorized
stiripentol in 2018. When used concurrently, it also inhibits the
metabolism of other anticonvulsant medications. The R(+)-
enantiomer of stiripentol (I) was discovered to be 2.4 times
more potent than the S(−)-enantiomer of stiripentol (II), with
the racemate's potency falling between the two enantiomers
(Fig. 1). On the contrary, several FDA-approved racemic medi-
cines outperform single enantiomers. The FDA approved ami-
sulpride under the brand name Barhemsys in 2020 for the
treatment of nausea and vomiting following surgery. The S(−)-
enantiomer of amisulpride (I) is 40 times more efficient for the
D2 receptor than the R(+)-enantiomer of amisulpride (II), but II
is 50 times more potent for the 5-HT7 receptor. As a result, the
racemic version of amisulpride has a poly-pharmaceutical
potential benet over its single enantiomers.8 Therefore,
structure–activity relationship studies (SAR) along with chiral
synthesis is of furthermost importance and anticipated to ease
therapeutic activity of lead compounds. With the changes of
chirality, structure of the compound will be changed. As a result
of that the mode of action of particular compound will vary
accordingly. Thus, chirality is paramount to determine the
structure of the compounds.

Nature is handed. The complexity of life arises owing to the
handedness of nature. Attempts to mimic the biologically active
molecules in the lab are difficult, as living things are made up of
sugars (mostly D-) and amino acids (mostly L-) that are chiral.
Chiral chemistry was discovered in 1848 by French chemist
Louis Pasteur.9 The pharmaceutical industry took almost
a century to understand the importance of chiral molecules in
human existence, agriculture, and the medicinal eld. Chirality
has a signicant inuence on the design and synthesis of
medicines, as the database shows that about 50% of drugs
launched so far contain stereochemical elements. The presence
of chirality in receptors and enzymes demands stereoselective
interaction of drug molecules. Employment of single enantio-
mers inmedical treatment has brought asymmetric synthesis as
a major theme in drug discovery.

One of the rst utilized drug for the morning sickness of
a pregnant women was Thalidomide. This drug was used for few
years aer that it was removed from the market due to its
detrimental effect on fetal development. Here, the scenario was
different, one of the enantiomers (R) of Thalidomide was
actively potent for health, while other one (S-enantiomer) was
less potent for that particular action. Recently, this drug has
been introduced again and it works effectively to cure severe
diseases, like cancer, specically the multiple myeloma. It is so
obvious that chirality act as a paramount role in the binding
interaction and affinity between drug and its target. Since, then
most of the marketed drugs are single enantiomer rather
mixture of enantiomer.

Asymmetric synthesis has recently attracted signicant
interest across the global pharmaceutical market as it facilitates
scalable and efficient routes to the synthesis of potent drug
33430 | RSC Adv., 2024, 14, 33429–33448
candidates (Fig. 2). Asymmetric synthesis can be approached in
three ways: (1) chiral pool synthesis: synthesis from inexpensive
and naturally available chiral substrates such as sugars and
amino acids (2) chiral resolution: resolving the racemic mixture
to produce a single enantiomer by adopting chiral chromato-
graphic techniques (3) enantioselective induction: asymmetric
induction achieved by employing chiral auxiliary, chiral cata-
lyst, or chiral reagent (Fig. 3).10

2 Pharmaceutical approvals and
chirality

During past decades, the total drugs were approved by FDA was
mentioned in Table 1. FDA approved 37 new drugs in the year of
2022, 55 drugs in the year 2023 and almost 30 drugs in the year
of 2024. The brand names, active ingredients, indications, and
therapeutic area of some of the chiral drugs approved by the
FDA in the years 2022, 2023 and 2024 (Fig. 4–6) were summa-
rized and presented in Tables 2–4.12,13

2.1 Chiral drugs and schematic route

Chiral drugs are very important in pharmaceutical drug delivery
system. Here some of the drugs were developed by research
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Few examples of structure of chiral drugs approved by FDA in 2000–2021.

Table 1 The total numbers of FDA approved achiral, single enantiomer, and racemic NMEs from 2002–2022 11

Year

Achiral Single enantiomer Racemate

Total no.No. % No. % No. %

2003–2012 68 32 120 57 23 11 211
2013–2022 105 38 163 59 10 3.6 278
2002–2022 180 36 291 58 35 6.9 506
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groups and approved by FDA before 2022–2023. Feldman and
co-workers reported that aer treating A85 with the chiral
substrate A86 in chloroform, the secondary product was
produced. This product then underwent condensation aided by
acetic acid and base-promoted Fmoc-deprotection, ultimately
forming the cyclized intermediate Remimazolam A87 in three
stages.14 Yamashita and co-workers mentioned, the decarbox-
ylic reaction yields the chiral intermediate in the complete
synthesis of oliceridine, which is then separated chirally by
SFC.15 Chiral HPLC osilodrostat separation of the intermediate
directly results in drug formation was reported by Zhang and co-
workers.16 El-Kattan and co-workers explained about the
synthesizing berotralstat in its pure enantiomeric form using
supercritical uid chromatography,17 using the same process as
avapritinib, Ohsawa and co-workers, reported a method for the
synthesis of enantiopure avapritinib is produced in a 68% yield
using the chiral resolution process using supercritical uid
chromatographic separation of the intermediate.18

2.1.1 Oteseconazole (Vivjoa™). Mycovia oteseconazole (a
uorine-rich polyheterocyclic anti-fungal drug molecule) sold
under the brand name Vivjoa is used for the treatment of
recurrent vulvovaginal candidiasis (RVVC), an infection caused
by vulvovaginal candidiasis in women with no reproductive
potential in the years 2016 and 2022.19,20 Hoekstra William and
co-workers reported a method for the synthesis of
© 2024 The Author(s). Published by the Royal Society of Chemistry
oteseconazole. The total synthesis of oteseconazole is carried
out in 7 steps. Oteseconazole is obtained by chiral resolution. It
is afforded in its pure enantiomeric form via resolution meth-
odology by adding the racemic mixture of the fragment OTES-7
with di-p-toluoyl-L-tartaric acid (L-DPTTA) with the solvent
mixture of isopropanol and acetonitrile. The yield of the overall
product 91% and enantiomeric excess was 60–90% ee (Scheme
1).21

2.1.2 Daridorexant (Quviviq™). Daridorexant was devel-
oped by Idorsia Pharmaceuticals. It is an orexin receptor
antagonist that is clinically used to treat insomnia in adult
patients with difficulties of sleep concern.22,23 The total
synthesis of daridorexant is performed in 5 steps, starting from
the commercially available chiral substrate 2-methyl-L-proline
hydrochloride DARI-1 (Scheme 2).24 The amino group in 2-
methyl-L-proline was protected with Boc2O and condensed with
6-chloro-2,3-diaminotoluene DARI-3, which furnishes amide
DARI-4. The amide cyclizes intramolecularly at 100 °C to
provide DARI-5, which is deprotected and further condensed
with 5-methoxy-2-(2H-1,2,3-triazol-2-yl) benzoic acid DARI-7 to
give daridorexant (yield 63%) with enantiomeric excess of 90%
ee. The chirality is installed in the molecule from the chiral
proline derivative.

2.1.3 Abrocitinib (Cibinqo™). Abrocitinib (containing
sulfonamide moiety) is a Janus kinase inhibitor improved by
RSC Adv., 2024, 14, 33429–33448 | 33431
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Fig. 5 Structure of chiral drugs approved by FDA in 2022.
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Pzer. It is used in the treatment of eczema (atopic dermatitis)
in adult patients.25,26 Curtius rearrangement of 3-
oxocyclobutane-1-carboxylic acid ABRO-1 with phenylmethanol
ABRO-2 gives intermediate ABRO-3, which is condensed with
methylamine in acetic acid to give imine. The imine is stereo-
selectively reduced using NaBH4 to provide the chiral fragment
ABRO-4. Nucleophilic aromatic substitution of pyrimidine
derivative ABRO-5 with ABRO-4 followed by dechlorination and
hydrolysis gives ABRO-7, which is sulfonated using propane-1-
sulfonyl chloride to give abrocitinib with yield of 74% (99%
ee). The single stereogenic center in abrocitinib is induced
during the reduction step (Scheme 3).27
33432 | RSC Adv., 2024, 14, 33429–33448
2.1.4 Futibatinib (Lytgobi™). Futibatinib (a uorine and
nitrogen aromatic heterocycle-rich drug molecule) developed by
Taiho Pharmaceuticals is a permanent inhibitor of the bro-
blast growth factor receptor (FGFR) used in the aid of intra-
hepatic cholangiocarcinoma.28 The synthesis of futibatinib can
be done in 2 steps, starting from the chiral substrate FUTI-1,
which undergoes Sonogashira coupling with L-ethynyl-3,5-
dimethoxybenzene FUTI-2 to give the chiral fragment FUTI-3,
which upon the treatment with 3-chloropropionyl chloride
FUTI-4 furnishes futibatinib (75% yield, 96.24% ee). The single
chiral carbon in futibatinib is obtained when the coupling
reaction was conducted (Scheme 4).29
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Structure of chiral drugs approved by FDA in 2023.
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2.1.5 Adagrasib (Krazati™). Adagrasib, developed by Mir-
ati, is an inhibitor of KRAS that is applied for the treatment of
metastatic or KRAS G12C-mutated locally modern non-small
cell lung cancer in adults mostly one prior systemic.30,31 The
© 2024 The Author(s). Published by the Royal Society of Chemistry
total synthesis of adagrasib is carried out in 10 steps with a yield
of 89%. There are two chiral centers in the adagrasib molecule.
The rst chiral center was introduced by Buchwald coupling (S)-
(1-methylpyrrolidin-2-yl) methanol ADAG-4 (a proline-based
RSC Adv., 2024, 14, 33429–33448 | 33433
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Table 2 List of chiral drugs approved by FDA in 2022

Medicine name Active chemical Therapeutic area Indication/use

Vivjoa Oteseconazole Infections To treat recurrent vulvovaginal candidiasis
Quviviq Daridorexant Central nervous system To treat insomnia
Cibinqo Abrocitinib Dermatology To treat atopic dermatitis
Lytgobi Futibatinib Cancer To treat intrahepatic cholangiocarcinoma
Krazati Adagrasib Cancer To treat non-small cell lung cancer
Sunlenca Lenacapavir Infections To treat HIV-1 virus
Rezlidhia Olutasidenib Haematology To treat relapsed or refractory acute myeloid leukemia
Camzyos Mavacamten Cardiology To treat obstructive hypertrophic cardiomyopathy
Ztalmy Ganaxolone Central nervous system To treat seizures in people with CDD

Table 3 List of chiral drugs approved by FDA in 2023

Medicine name Active chemical Therapeutic area Indication/use

Xacduro Sulbactam Infections To treat bacterial pneumonia
Veozah Fezolinetant Central nervous system To treat vasomotor symptoms
Daybue Tronetide Central nervous system To treat rett syndrome
Truqap Capivasertib Cancer To treat HR positive, HER2 negative breast cancer
Joenja Leniolisib Immunology To treat APDS
Litfulo Ritlecitinib Dermatology To treat alopecia areata
Fabhalta Iptacopan Immunology To treat PNH
Orserdu Elacestrant Cancer To treat breast cancer
Ogsiveo Nirogacestat Dermatology To treat progressive systemic brosis
Jaypirca Pirtobrutinib Central nervous sysem To aliment relapsed or refractory mantle cell
Zavzpret Zavegepant Nuerology To treat migraines
Velsipity Etrasimod Gastroenterology To aliment moderately to severely active ulcerative colitis in adults
Augtyro Repotrectinib Cancer To treat ROS1-positive non-small cell lung cancer

Table 4 List of chiral drugs approved by FDA in 2024

Medicine name Active chemical Therapeutic area

Tryvio Aprocitentan To treat hypertension
Rezdiffra Resmetirom To treat noncirrhotic, non-alcoholic steatohepatitis with moderate to severe liver scarring
Tevimbra Tislelizumab-jsgr To aliment undetectable or metastatic esophageal squamous cell carcinoma
Letybo letibotulinumtoxinA-wlbg To temporarily improve the appearance of moderate-to-severe glabellar lines
Exblifep Cefepime, enmetazobactam To treat complicated urinary tract infections
Zelsuvmi Berdazimer To treat molluscum contagiosum
Lumisight Pegulicianine To treat optical imaging agent for the detection of cancerous tissue
Zevtera Ceobiprole

medocaril sodium
To treat denite bloodstream infections, bacterial skin and related
to tissue infections, and community-acquired bacterial pneumonia

Voydeya Danicopan To treat extravascular hemolysis with paroxysmal nocturnal hemoglobinuria
Vafseo Vadadustat To treat anemia due to chronic kidney disease
Winrevair Sotatercept-csrk To treat pulmonary arterial hypertension
Duvyzat Givinostat To treat Duchenne muscular dystrophy in individuals aged 6 years and older
Iqirvo Elabranor To treat primary biliary cholangitis in combination with ursodeoxycholic acid
Rytelo Imetelstat To treat low- to intermediate-1 risk myelodysplastic syndromes
Imdelltra Tarlatamab-dlle To treat extensive stage small cell lung cancer
Xolremdi Mavorixafor To treat WHIM syndrome (warts, hypogammaglobulinemia, infections and myelokathexis)
Ojemda Tovorafenib To treat relapsed or refractory pediatric low-grade glioma
Anktiva Nogapendekin alfa

inbakicept-pmln
To treat bladder cancer

Nemluvio Nemolizumab-ilto To treat prurigo nodularis
Yorvipath Palopegteriparatide To treat hypoparathyroidism
Voranigo Vorasidenib To treat grade 2 astrocytoma or oligodendroglioma
Leqselvi Deuruxolitinib To treat severe alopecia areata
Kisunla Donanemab-azbt To treat Alzheimer's disease
Ohtuvayre Ensifentrine To treat chronic obstructive pulmonary disease
Piasky Crovalimab-akkz To treat paroxysmal nocturnal hemoglobinuria
Sofdra Sofpironium To treat primary axillary hyperhidrosis
Lazcluze Lazertinib To treat non-small cell lung cancer
Niktimvo Axatilimab-csfr To treat chronic gra-versus-host disease (cGVHD)
Livdelzi Seladelpar To treat primary biliary cholangitis (PBC)

33434 | RSC Adv., 2024, 14, 33429–33448 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of oteseconazole.
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chiral amino alcohol) with ADAG-3. The second chiral center
was introduced by coupling the chiral fragment ADAG-11 with
(S)-2-(piperazin-2-yl) acetonitrile ADAG-12 to produce an inter-
mediate ADAG-13 with two chiral centers (Scheme 5).32,33

2.1.6 Lenacapavir (Sunlenca™). Lenacapavir (a uorine
and nitrogen aromatic heterocycles-rich drug molecule) devel-
oped by Gilead Sciences is an antiretroviral for treating HIV It is
a rst-line drug that blocks HIV-1 capsid protein and interfering
with replication of HIV-1 virus.34,35 The total synthesis of lena-
capavir (yield 92%) is carried out in 12 steps chiral resolution of
racemic LENA-1 intermediate with (R)-2-hydroxy-2-phenylacetic
acid LENA-2 generates single enantiomer salt LENA-3. Sonoga-
shira coupling of LENA-3 and 3-methyl-3-(methylsulfonyl) but-1-
yne LENA-4 produces the chiral alkyne LENA-5, which on
condensation with the carboxylicacid LENA-6 under basic
conditions to provide the chiral amide intermediate LENA-7
with three stereocenter (Scheme 6).36

2.1.7 Olutasidenib (Rezlidhia™). Rigel pharmaceuticals
and forma therapeutics developed olutasidenib (a uorine and
nitrogen aromatic heterocyclic drug molecule), is a potential
inhibitor of isocitrate dehydrogenase-1 (IDH1). It is used in the
treatment of relapsed or refractory acute myeloid leukemia
(AML) in adult patients with susceptible IDH1 mutation.37,38 N-
oxidation followed by acylation of 5-uoropicolinonitrile OLUT-
1 gives acetate OLUT-3, which is hydrolysed and tautomerized
© 2024 The Author(s). Published by the Royal Society of Chemistry
under basic conditions to provide pyridone OLUT-4. N-methyl-
ation with methyl iodide followed by condensation of OLUT-4
with chiral amine OLUT-6 affords olutasidenib with yield of
74% and 99% ee (Scheme 7). Chirality in olutasidenib is
reproduced from the chiral fragment OLUT-6 (Scheme 7).39

2.1.8 Mavacamten (Camzyos™). MyoKardia, Inc. devel-
oped mavacamten (a uorine and nitrogen aromatic
heterocycle-rich drug molecule), an effective cardiac myosin
inhibitor and also used for the treatment of obstructive hyper-
trophic cardiomyopathy (OHCM) in adult patients.40,41

Condensation of isopropylamine MAVA-1 with trimethylcilyl
isocyanate MAVA-2, followed by the cyclization with dimethyl
malonate, gives MAVA-3, and MAVA-5. In the end, the coupling
reaction of MAVA-5 with (S)-a-methylbenzylamine MAVA-6 in
dioxane at 90 °C furnishes expected product mavacamten (yield
69%) with a stereocenter transferred from the chiral amine unit
(Scheme 8).42

2.1.9 Ganaxolone (Ztalmy™). Developed by Marinus,
ganaxolone is a steroid molecule for the treatment of seizures in
people with cyclin-dependent kinase-like 5 deciency disorder
(CDD).43,44 Pregnenolone GANA-1, a chiral starting material, on
reduction followed by subsequent oxidation gives diketone
GANA-3. Epoxidation of GANA-3 followed by NaI-promoted ring-
opening produces ganaxolone in good yield of 90% (Scheme
9).45
RSC Adv., 2024, 14, 33429–33448 | 33435

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05694a


Scheme 2 Synthesis of daridorexant.
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2.1.10 Sulbactam/durlobactam (Xacduro™). Xacduro was
developed by Entasis Therapeutics, Inc. It is marketed for the
treatment of bacterial pneumonia caused by the acinetobacter
baumannii–calcoaceticus complex.46 Xacduro consists of sul-
bactam and durlobactam. Sulbactam eliminates acinetobacter
baumannii, while durlobactam protects Sulbactam from the
enzymes produced by acinetobacter baumannii.47 The total
synthesis of sulbactam is conducted in 3 steps, starting from the
commercially available chiral substrate 6-aminopenicilanic acid
(6-APA) SULB-1. Sulbactam is obtained in 88% yield (Scheme
10).48

2.1.11 Fezolinetant (Veozah™). Fezolinetant, developed by
Euroscreen Srl/Ogeda SA, which is applied for the treatment of
moderate to severe vasomotor symptoms (hot ashes and night
sweats) caused by menopause in women.49 Fezolinetant was
synthesized from chiral piperazinone FEZO-1, which is alky-
lated under buffered Meerwein conditions to give tetrahy-
dropyrazine, which is further cyclized and followed by
condensation with 4-uorobenzoyl chloride FEZO-3 to give the
desired molecule with yield of 97% (Scheme 11).50 The chiral
33436 | RSC Adv., 2024, 14, 33429–33448
center in the drug molecule was reected from the chiral
starting material.

2.1.12 Tronetide (Daybue™). Tronetide, developed by
the Walter Reed Army Institute of Research, a tripeptide also
referred to as glycine-proline-glutamate (GPE), is used for the
treatment of Rett syndrome, an X-linked neurodevelopmental
method analysed by several cognitive, motor, and autonomic
nervous system manifestations.51 The total synthesis of tro-
netide starts with the simple, commercially available (S)-2-
methylpyrrolidine-2-carboxylic acid TROF-1. TROF-1 was acyl-
ated and condensed with methanol to afford the corresponding
methyl ester. The amino group in the proline was further
reaction with (benzyloxy)carbonyl glycine TROF-2 and hydro-
lyzed under alkaline protocol afforded acid TROF-3. Conden-
sation of TROF-3 with dibenzyl L-glutamate 4-
methylbenzenesulfonate TROF-4 results in new peptide bond
formation. Deprotection of benzyl group in the amide TROF-5
under palladium-carbon catalytic hydrogenation conditions
gives tronetide (yield 86%). Tronetide has two chiral centers,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Synthesis of futibatinib.

Scheme 3 Synthesis of abrocitinib.
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one from the proline molecule and the other from the gluta-
mate derivate (Scheme 12).52

2.1.13 Capivasertib (Truqap™). Astra Zeneca Pharmaceu-
tical Co. Ltd developed capivasertib, which is used in combi-
nation with fulvestrant (Faslodex™) to treat hormone receptor
(HR) positive, human epidermal growth factor receptor-2-
negative (HER2) breast cancer with metastatic disease in adult
patients.53 The protocol of synthesizing capivasertib is illus-
trated in Scheme 13.54 The chiral amino acid CAPI-1 was
reduced to amino alcohol. Amino groups of the alcohol
condense further with carboxylic acid CAPI-2 to obtain amide
© 2024 The Author(s). Published by the Royal Society of Chemistry
CAPI-3. Deprotection of CAPI-3 in acidic medium gives the
corresponding amine. Nucleophilic aromatic substitution of 4-
chloropyrimidine CAPI-4 with the chiral amine gives cap-
ivasertib with enantiomeric excess 100% ee. The stereocenter
was introduced at the initial stage of synthesis by the chiral
amino acid.

2.1.14 Leniolisib (Joenja™). Novartis Pharma AG devel-
oped leniolisib for the treatment of activated phosphoinositide
3-kinase delta syndrome (APDS), an immunodeciency disorder
that results from mutations in the gene responsible for encod-
ing phosphotidylinsitol-3-kinase.55,56 Nucleophilic aromatic
RSC Adv., 2024, 14, 33429–33448 | 33437
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Scheme 5 Synthesis of adagrasib.
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substitution of LENI-2 with chiral N-Boc-(S)-aminopyrrolidine
LENI-1 and removal of benzyl protecting group under palla-
dium hydroxide/carbon give. LENI-3, which is coupled with 5-
bromo-2-methoxy-3-(triuoromethyl) pyridine LENI-4 gives
LENI-5. LENI-5 was deprotected under acidic conditions and
acylated to give leniolisib (76% yield, 95% ee) (Scheme 14).57

The chirality is induced into the molecule from the chiral
substrate.

2.1.15 Ritlecitinib (Litfulo™). Ritlecitinib, produced by
Pzer, in the treatment of alopecia areata (severe hair loss). It is
a potent kinase inhibitor, acting on Janus kinase and tyrosine
kinase. The following scheme shows one of the methods to
33438 | RSC Adv., 2024, 14, 33429–33448
synthesize ritlecitinib.58,59 Boc-protected 5-amino-2-
methylpyridine RITL-2 underwent hydrogenation to produce
piperidine RITL-3, whose nitrogen is shielded using CbzCl. Now
the diastereoisomeric mixture of RITL-4 is subjected to Chiral
SFC. Chiral SFC separates the mixture of diastereoisomers, to
produce RITL-5 (rac-cis). The Boc protecting group in RITL-5 is
removed under acidic conditions and further subjected to
a nucleophilic aromatic substitution reaction with pyrimidine
RITL-6 to produce RITL-7. The Cbz protecting group was
removed from RITL-7 and reaction of amidation with acryloyl
chloride. Chiral SFC is employed again to obtain the L-isomer of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 6 Synthesis of lenacapavir.
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Scheme 7 Synthesis of olutasidenib.

Scheme 8 Synthesis of mavacamten.

Scheme 9 Synthesis of ganaxolone.

33440 | RSC Adv., 2024, 14, 33429–33448 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 10 Synthesis of sulbactam.

Scheme 11 Synthesis of fezolinetant.

Scheme 12 Synthesis of trofinetide.
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ritlecitinib with low yield of 17% and enantiomeric excess of
99.98% ee (Scheme 15).60

2.1.16 Iptacopan (Fabhalta™). Novartis AG of Switzerland
developed iptacopan, a small-molecule complement factor B
inhibitor, which is used for the treatment of paroxysmal
nocturnal hemoglobinuria (PNH).61,62 The total synthesis of
© 2024 The Author(s). Published by the Royal Society of Chemistry
iptacopan is a 12-step process that begins with the reaction of 4-
bromobenzonitrile IPTA-1 with 4-methoxypyridine IPTA-2. The
key step in the asymmetric synthesis of iptacopan is the chiral
resolution of intermediate IPTA-3 to produce chiral fragment
IPTA-4, which was condensed with IPTA-5 to obtain IPTA-6.
Ester hydrolysis followed by N-deprotection of IPTA-6 under
RSC Adv., 2024, 14, 33429–33448 | 33441
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Scheme 13 Synthesis of capivasertib.

Scheme 14 Synthesis of leniolisib.
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alkaline conditions produces iptacopan (38% yield, 99% ee)
(Scheme 16).63

2.1.17 Elacestrant (Orserdu™). Elacestrant created by Eisai
Co., Ltd is a selective estrogen receptor degrader (SERD) that is
approved for the treatment of breast cancer.64,65 The synthesis of
elacestrant is a 15-step process started with demethylation of
ester ELAC-1 (Scheme 17).66 Elacestrant is a drug molecule with
a single chiral center with enantiomeric excess of 99% ee. The
chiral center is introduced by resolution of the ester fragement
ELAC-2 using a chiral chromatographic column.

2.1.18 Nirogacestat (Ogsiveo™). Nirogacestat (which
contains a diuorophenyl moiety) was developed by Pzer Inc.
and is a selective, noncompetitive inhibitor of g-secretase which
is exploited under adult patients with progressive systemic
brosis.67 The synthesis of nirogacestat begins with the reduc-
tion of the ester part of NIRO-1 to give aldehyde, which is
33442 | RSC Adv., 2024, 14, 33429–33448
condensed further with 2,2-dimethylpropan-1-amine NIRO-2 to
afford amine NIRO-3. The reduction of the nitro group of NIRO-
3 gave amine NIRO-4, which was subjected to condensation
with chiral carboxylic acid NIRO-5 to give amide nirogacestat
(Scheme 18).68 The single chiral center is introduced during the
amide coupling reaction.

2.1.19 Pirtobrutinib (Jaypirca™). Pirtobrutinib (which
contains the CF3 group and F-phenyl moiety) developed by Eli
Lilly is Bruton's tyrosine kinase (BTK) inhibitor to treat relapsed
or refractory mantle cell lymphoma (MCL) in adult patients.69 In
the asymmetric synthesis of pirtobrutinib, the chirality is ach-
ieved by cyclization of PIRT-1 with chiral fragment PIRT-2 in the
presence of TEA to furnish pyrazole PIRT-3, which was later
hydrolyzed in the presence of methanesulfonic acid (MsOH) to
give pirtobrutinib in good yield 84% (Scheme 19).70
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 15 Synthesis of ritlecitinib.

Scheme 16 Synthesis of iptacopan.

Scheme 17 Synthesis of elacestrant.
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Scheme 18 Synthesis of nirogacestat.

Scheme 19 Synthesis of pirtobrutinib.
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2.1.20 Lotilaner (Xdemvy™). Tarsus Pharmaceuticals, Inc.
developed lotilaner in the treatment of Demodex blepharitis
(inammation of the eyelid) caused by tiny parasitic mites living
in the hair follicles.71 Chiral chromatographic separation of
racemic intermediate LOTI-1 gives the chiral lotilaner in a three-
step process (yield 74% and 95% ee) (Scheme 20).72
Scheme 20 Synthesis of lotilaner.

33444 | RSC Adv., 2024, 14, 33429–33448
2.1.21 Zavegepant (Zavzpret™). Bristol Myers Squibb
Coworkers developed zavegepant, which is a calcitonin gene-
related peptide receptor antagonist in the treatment of acute
treatment of migraines.73,74 A convenient method for the syn-
thesises of zavegepant was disclosed in 2013 which is an 8-step
process. Chirality is induced during the coupling reaction of
ZAVE-1 and ZAVE-2 with N,N0-succinimidyl carbonate (DSC),
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 21 Synthesis of zavegepant.
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where ZAVE-2 is transformed into the chiral urea derivative.
Zavegepant (yield 78% and 99.9% ee) is synthesized in consec-
utive path from the intermediate derivative, ZAVE-3 (Scheme
21)75

3 Conclusion

The fundamental pillar of drug discovery and development is
chirality evidenced by the fact that the majority of clinically
employed drugs are chiral. It has been clear that the individual
enantiomers are clinically more potent and can have consider-
able advantages in safety and efficacy compared to racemates.
Since single enantiomer outperform racemates, this leads to the
development of single isomer as drugs. The past ten years
(2013–2023) have not seen a complete decline in the approval of
racemic drugs. But some of the novel racemates that the FDA
and/or EMA approved during this period were either analogues
of well-known medications or had been marketed for several
decades abroad. The undened stereocenter that is involved in
therapeutic activity is absent from all four of the remaining
cases. There are no longer any novel medications on the market
with unknown stereocenters that are therapeutically signicant.
This research highlights how crucial stereoselective synthetic
procedures and characterization methods are in the context of
modern pharmaceutical manufacture. However, it's important
to consider the prospect of selling innovative drugs as
racemates.

Asymmetric synthesis serves a way to induce chirality in the
drug molecule. The technological advancement in asymmetric
synthesis and analytical separation techniques encourage the
synthesis of chiral drugs in a single enantiomeric form. Over the
last ten years, the traditional chiral swap method has vanished.
In general, this is regarded as an excellent progression because
© 2024 The Author(s). Published by the Royal Society of Chemistry
there is no proof that the patient has beneted from it.
Combining chiral swapping with drug repurposing has become
popular.76,77 A limitation/challenges of these FDA approve
molecules: (1) chiral medicines serve a signicant role in
modern medicine, however getting pure enantiomers from
racemic combinations might offer difficulties. (2) This signi-
cant search approach recognizes that axial chirality caused by
atropisomerism has the potential to be missed, particularly,
Class II atropisomers. The important Class III atropisomers are
anticipated to be easily detected, whereas Class I compounds
are not considered chiral. In addition to offering various
benets, this combination strategy circumvents the drawbacks
of the traditional chiral switch approach. As of right now, this
method has only been used to sell two pharmaceuticals. By
using this strategy more extensively, it may be possible to create
medicinally useful drugs more quickly.
Abbreviation
AML
 Acute myeloid leukemia

6-APA
 6-Aminopenicilanic acid

APDS
 Activated phosphoinositide 3-kinase d syndrome

BINAP
 2-Diphenylphosphinosnaphthyl

Boc
 t-Butyloxy carbonyl

BTK
 Bruton's tyrosine kinase

Cbz
 Benzyloxycarbony

CDD
 Cyclin-dependent kinase-like 5 deciency disorder

DCM
 Dichloro methane

DIBAL-
H

Diisobutylaluminium hydride
DIPEA
 N,N-diisopropylethylamine

DMA
 Dimethylacetamide
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DMF
33446 | R
N,N-dimethyl formamide

DPPA
 Diphenylphosphoryl azide

DSC
 N,N0-succinimidyl carbonate

FDA
 U.S. Food and Drug Administration

FGFR
 Fibroblast growth factor receptor

GPE
 Glycine–proline–glutamate

HATU
 Hexauorophosphate azabenotriazole tetramethyl

uranium

HER2
 Human epidermal growth factor receptor 2

HIV
 Human immunodeciency virus

HR
 Hormone receptor

IDH1
 Isocitrate dehydrogenase-1

MCL
 Mantle cell lymphoma

MsOH
 Methanesulfonic acid

MTBE
 Methyl t-butyl ether

OHCM
 Obstructive hypertrophic cardiomyopathy

PI3Kd
 Phosphotidylinsitol-3-kinase d
TBAF
 Tetrabutylammonium uoride

TBTU
 O-(benzotriazol-1-yl)-N,N,N0,N0-tetramethyluronium

tetrauoroborate

TEA
 Triethylamine

TEMPO
 2,2,6,6-Tetramethylperidinooxyl

TFA
 Triuoroacetic acid

THF
 Tetrahydrofuran

SERD
 Selective estrogen receptor degrader
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