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This article profiles 13 newly approved nitrogen-containing heterocyclic drugs by the U.S. Food and Drug
Administration (FDA) in 2023. These drugs target a variety of therapeutic areas including proteinuria in patients
with IgA nephropathy, migraine in adults, Rett syndrome, PI3KS syndrome, vasomotor symptoms, alopecia
areata, acute myeloid leukemia, postpartum depression, myelofibrosis, and various cancer and tumor types. The
molecular structures of these approved drugs feature common aromatic heterocyclic compounds such as pyrrole,

imidazole, pyrazole, isoxazole, pyridine, and pyrimidine, as well as aliphatic heterocyclic compounds like
caprolactam, piperazine, and piperidine. Some compounds also contain multiple heteroatoms like 1,2,4-thiadia-
zole and 1,2,4-triazole. The article provides a comprehensive overview of the bioactivity spectrum, medicinal
chemistry discovery, and synthetic methods for each compound.

1. Introduction

Nitrogen-containing heterocyclic compounds are cyclic compounds
that consist of both carbon and nitrogen atoms. Examples of these
compounds include pyrrole, imidazole, and pyrazole, all of which
contain nitrogen heteroatoms. These nitrogen heterocycles are
commonly found in nature, with many natural products and pharma-
ceutical molecules belonging to this category. They exhibit various
pharmaceutical activities such as anti-inflammatory [1], antibacterial
[2], and anti-cancer properties [3]. Additionally, nitrogen heterocyclic
compounds are extensively used in pesticides like insecticides [4],
acaricides [5], and herbicides [6]. An analysis of US FDA-approved
drugs by Vitaku et al. [7], revealed that 59 % of small molecule drugs
contain nitrogen heterocycles. These compounds are often utilized as
anti-tumor agents [8], kinase inhibitors [9], anti-diabetic drugs [10],
anti-convulsants [11], anti-inflammatory agents [1,12], antibacterials
[13,14], and antidepressants [15]. Compounds discussed in this study
include (Fig. 1) Jayprica™ (1), Filspari™ (2), Zavzpret™ (3),
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Daybue™ (4), Joenja™ (5), Veozah™ (6), Litfulo™ (7). Vanflyta™
(8). Zurzuvae™ (9), Sohonos™ (10), Ojjaara™ (11), Truqap™
(12). Ogsiveo™ (13). Most compounds are used to treat a variety of
tumors and cancers (1, 8, 12, 13). Other therapeutic disorders include
proteinuria in patients with IgA nephropathy (2), migraine in adults (3),
Rett syndrome (4), PI3KS syndrome (5), vasodilatory symptoms (6),
pemphigus vulgaris (7), postpartum depression (9), progressive ossi-
fying fibrous dysplasia (10), myelofibrosis with anemia in adults (11).

2. Pirtobrutinib (Jayprica™)

Pirtobrutinib (1, LOXO-305), a highly selective non-covalent
reversible Bruton’s tyrosine kinase (BTK) inhibitor developed by Loxo
Oncology [16].The first-generation BTK inhibitor Ibrutinib, approved in
2013, is the most commonly used single drug for MCL. Ibrutinib, along
with subsequent BTK inhibitors such as zanubrutinib, tirabrutinib, and
orelabrutinib, are covalent BTK inhibitors that exert anti-tumor effects
by irreversibly binding to C481 of BTK. Long-term use of these inhibitors

E-mail addresses: weiminhe@usc.edu.cn (W. He), tangss_submit@163.com (S. Tang), pengmarina@126.com (J. Peng).

https://doi.org/10.1016/j.ejmech.2024.116838

Received 21 June 2024; Received in revised form 1 September 2024; Accepted 3 September 2024

Available online 6 September 2024
0223-5234/© 2024 Published by Elsevier Masson SAS.


mailto:weiminhe@usc.edu.cn
mailto:tangss_submit@163.com
mailto:pengmarina@126.com
www.sciencedirect.com/science/journal/02235234
https://www.elsevier.com/locate/ejmech
https://doi.org/10.1016/j.ejmech.2024.116838
https://doi.org/10.1016/j.ejmech.2024.116838

W. Luo et al.

may lead to mutations at the C481 site. Pirtobrutinib (1) demonstrates
similar potency against both wild-type (WT) and C481 mutant BTK.
Research by Aishath S Naeem’s team indicates that LOXO-305 and
ibrutinib have comparable inhibitory activities against wild-type BTK in
WT BTK HEK cells, with ICsq values of 5.69 nmol/L and 3.33 nmol/L for
phospho-BTK inhibition, respectively. Furthermore, LOX0-305 inhibits
phospho-BTK in btk-c481s expressed HEK293 cells with an ICs value of
21.2 nmol/L [17].

A Phase 1/2 study of pitobrutinib (1) demonstrated an absolute
bioavailability of 85.5 % following a single oral dose of 200 mg. In vitro
studies indicate that pitobrutinib (1) is metabolized primarily through
direct glucuronidation via CYP3A4, UGT1A8, and UGT1A9. The drug
exhibits an effective half-life of approximately 19 h and a mean apparent
clearance rate of 2.02 L/h [18]. The most commonly reported adverse
reactions included decreased neutrophil count (41 %), decreased
platelet count (27 %), and diarrhea (20 %). Pitobrutinib (1) demon-
strates greater selectivity for BTK compared to previous-generation BTK
inhibitors and binds to the receptor non-covalently. This characteristic
makes it a valuable option for treating B-cell malignancies that have
become resistant to earlier BTK inhibitors. Pirtobrutinib (1) was
approved in the USA in January 2023, with the trade name Jayprica™,
which was used for the treatment of adults with relapsed and refractory
mantle cell lymphoma (MCL) [19].

The synthesis pathway of pirtobrutinib (1) is exclusively docu-
mented in patents, with Loxo Oncology being the first to propose it [20].
Initially, [(15)-2,2,2-trifluoro-1-methyl-ethyl]benzoyl hydrazide is uti-
lized as the starting material to synthesize [(15)-2,2,2-trifluoro-1-methyl
base-ethyl]hydrazine. Subsequently, 5-fluoro-2-metoxybenz-oic. acid is
employed as the starting material in a two-step acid chloride reaction
followed by a one-step amide reaction to yield the intermediate N-[4-(2,
2-cyano-hydroxy-Vinyl)phenyl]lmethyl]-5fluoro-2-methoxy-benzamide.
This intermediate und-ergoes cyclization with hydrazine and final hy-
drolysis of the nitrile group to produce pirtobrutinib (1). Although this
route is used for pirtobrutinib (1) synthesis, it is lengthy with low yields.
In 2023, Beijing Kanglisheng Pharmaceutical Technology Development
Co., Ltd. introduced a high-yield preparation route for pirtobrutinib (1).
In the reaction scheme depicted in Scheme 1 [21]. First, 4-formylbenzoic
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acid methyl ester (14) was stirred with hydroxylamine hydrochloride at
room temperature for 2 h to produce 4-oximinomethylbenzoic acid
methyl ester 15. Subsequently, 15 was treated with sodium hydroxide
and 5 % Pd/C in React at room temperature for 3 h under 5-10 atm to
yield 4-aminomethylbenzoic acid 16. Compound 16 was then reacted
with malononitrile to form the intermediate 2-(4-(aminomethyl)ben-
zoyl)malononitrile 17. This intermediate underwent an acylation reac-
tion with 5-fluoro-2-methoxybenzoic acid (18) at 40-50 °C to produce
intermediate 19, which was further reacted with [(1S5)-2,2,2-tri-
fluoro-1-methyl-Ethyl]hydrazine hydrochloride (20) at 55-60 °C for 14
h to undergo a cyclization reaction, resulting in the formation of inter-
mediate 21. Finally, the nitrile group of 21 was hydrolyzed with
methanesulfonic acid to yield pirtobrutinib (1).

3. Sparsentan (Filspari™)

Sparsentan (2, RE-021) is an oral dual endothelin-angiotensin (ETA)
receptor antagonist developed by Travere Therapeutics [22]. It consists
of biphenyl C, isoxazole sulfonamide and an imidazole-4-one moiety.
Research indicates that the isoxazole sulfonamide positioned at C; of the
biphenyl core plays a crucial role in ETA receptor activity [23]. Addi-
tionally, all AT; receptor antagonists feature a hydrogen bond donor
heterocycle at C4 of the biphenyl core (Fig. 2). The Bristol-Myers Squibb
Pharmaceutical Research Institute utilized key structural elements from
the AT; receptor antagonist (1a, irbesartan) and the biphenyl sulfon-
amide ETA receptor antagonist (1b) to create a scaffold with potent
antagonist activity for both receptors. This new compound, 1c (Fig. 2),
was developed by adding a lactam fragment at the 2' position of the
scaffold. 1c demonstrated strong dual-receptor antagonist activity (AT;
K; = 10 nmol/L and ETa K; = 1.9 nmol/L) but had low oral bioavail-
ability in dogs and monkeys. Subsequent SAR studies on 1c led to the
discovery of sparsentan (2) [24], achieved by replacing the lactam
fragment with an ethoxymethyl group at the 2’ position. Sparsentan (2)
showed improved oral bioavailability (AT; K; = 0.8 nmol/L and ETp K;
= 9.3 nmol/L) and dose-dependent antagonistic effects on the Ang
[I-induced pressor response.

At steady state with a dosage of 400 mg once daily, the geometric
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Fig. 1. Nitrogen-containing heterocyclic drugs approved by the US FDA in 2023.
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Fig. 2. Structures of 1a, 1b and 1c.

mean values for sparsentan (2) were as follows: maximum concentration
(Cmax) 6.47 pg/mlL, plasma concentration-time curve 63.6 pg h/mL,
apparent volume of distribution 61.4 L, and half-life 9.6 h. Sparsentan
(2) is predominantly metabolized by CYP3A. In the PROTECT trial
involving patients with immunoglobulin A (IgA) nephropathy, the most
common adverse reactions to sparsentan (2) included peripheral edema
(14 %), hypotension (14 %), and dizziness (13 %) [25]. In comparison to
other medications, sparsentan (2) produces a synergistic antihyperten-
sive effect by integrating the essential elements of AT1R and ETAR
antagonism. Furthermore, it is the sole non-immunosuppressive drug
approved for the treatment of IgA nephropathy. Sparsentan (2) was
approved in the USA in February 2023, with the trade name Filspari™,
which was used for reducing proteinuria in adult patients with primary
IgA nephropathy at risk for rapid disease progression [26].

The synthesis of sparsentan (2) was outlined in Scheme 2 by Travere
Therapeutics [24], starting with 4-bromo-3-methylbenzonitrile (22) as
the primary material. The process involved treating 4-bromo-3-methyl-
benzonitrile with N-bromosuccinimide to yield bromide 23, followed by
a reaction with sodium ethoxide in ethanol to form ethoxymethyl 24.
Subsequently, DIBAL was used to reduce the nitrile in 24 to aldehyde 25,
which was then coupled with MOM-protected boronic acid 26 using

palladium tetraphenylphosphine as a catalyst to produce biphenyl 27.
The aldehyde in 27 was further reduced with sodium borohydride in
tetrahydrofuran, tetrabromide to yield bromine 28. The bromine in 28
reacted with the amino group of imidazolinone 29, followed by treat-
ment with aqueous hydrochloric acid. Subsequent deprotection of the
MOM group led to sparsentan (2).

4. Zavegepant (Zavzpret™)

Zavegepant (3, BMS-742413) is a third-generation small molecule
calcitonin gene-related peptide (CGRP) receptor antagonist developed
by Pfizer for the prevention and treatment of chronic and episodic
migraine [27]. Initially discovered by the Bristol-Myers Squibb R&D
Center, zavegepant (3) contains 1H-indazole and 1-(piperidin-4-yl)
piperazine heterocycles (Fig. 1). zavegepant (3) is a compound derived
from the high-affinity CGRP receptor antagonist 2a (BMS-694153).
Dihydroquinazolinone in 2a (BMS-694153) was found oxidative sta-
bility in aqueous solution that was accelerated by light and to cause
nasal irritation and olfactory epithelial atrophy in rodent toxicity
studies. subsequently, Bristol-Myers Squibb [28] made modifications to
enhance its stability, replacing the methylene group in 3,
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Scheme 2. Synthesis of Sparsentan (2).

4-dihydroquinazolin-2(1H)-one 2a (position 4) with an ethylene isostere
giving a quinolin-2(1H)-one core 2b from which zavegepant (3) was
built (Fig. 3). This compound demonstrated a concentration-dependent
inhibitory effect on the binding of [**°I]CGRP to the human CGRP re-
ceptor on SK-N-MC cell membranes, with an average K; of 23 + 2 pM
[29].

Zavegepant (3) administered as a nasal spray is absorbed rapidly,
achieving peak blood concentrations approximately 30 min after a sin-
gle 10 mg dose. The absolute bioavailability of intranasal zavegepant (3)
is approximately 5 %. In vitro studies indicate that zavegepant (3) is
primarily metabolized by CYP3A4, with a lesser contribution from
CYP2D6. Data from Phase III trials (NCT04571060) revealed that the
most common adverse reactions among patients treated with zavege-
pant (3) included dysgeusia (18 %, encompassing both dysgeusia and
geriatric), nausea (4 %), and nasal discomfort (3 %) [30]. In comparison
to other medications, zavegepant (3) deviates from the conventional
oral administration route by acting directly on the nasal mucosa. This
allows for rapid onset of action while avoiding systemic side effects.
Zavegepant (3) was approved in the USA in March 2023, with the trade
name Zavzpret™, which was used for the treatment of migraine in
adults, with or without aura [31].

The synthesis method of zavegepant (3) is depicted in Scheme 3 [28].
N-boc-4-piperidone (30) underwent the Horner-Emmons reaction with
trimethylphosphine acetate to yield an acyl group-containing interme-
diate 31, which was subsequently catalyzed by palladium on carbon.

2a: hCGRP K;=0.013 nM

The unsaturated double bond was then reduced through hydrogenation,
and the resulting intermediate 32 was treated with LDA to form an enol
ester. This enol ester was then reacted with 2-nitrobenzaldehyde 33 to
produce nitroalcohol 34 as a diastereomeric mixture. The nitro group of
intermediate 34 was further reduced using iron in acetic acid to obtain
intermediate 35, which was then subjected to treatment with hydrogen
chloride in dioxane to yield the desired quinolone 36. Intermediate 36
was effectively coupled with compound 37 using N, N'-disuccinimidyl
carbonate to produce intermediate 38 [32,33]. Subsequently, interme-
diate 38 was hydrolyzed in a lithium hydroxide solution to obtain car-
boxylic acid 39. Following this, intermediate 39 was coupled with
1-(1-methylpiperidin-4-yl)piperazine (40) using TBTU to finally syn-
thesize zavegepant (3).

5. Trofinetide (DAYBUE™)

Trofinetide (4, NNZ-2566), developed by Neuren Pharmaceuticals
and Acadia Pharmaceuticals, is utilized for the treatment of the rare Rett
syndrome in children. Rett syndrome is a complex neurodevelopmental
disorder primarily caused by loss-of-function mutations in the X-linked
gene methylated cpgbinding protein 2 (MECP2) [34-36]. Trofinetide (4)
is an orally available small molecule synthetic
glycine-proline-glutamate (GPE) analog containing a pyrrolidine het-
erocycle. GPE is an N-terminal tripeptide endogenously cleaved from
insulin-like growth factor-1 in the brain, and is neuroprotective against
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Fig. 3. Structures of 2a and 2b and zavegepant (3).
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hypoxic-ischemic brain injury and neurodegenerative diseases [37,38].
Phase 2 studies of trofinetide (4) demonstrated that 6 weeks of treatment
with trofinetide (200 mg/kg twice daily (BID)) was generally well
tolerated and provided statistically significant (P < 0.05) improvements
on surface measures of efficacy as assessed by caregivers and clinicians
compared to placebo [39].

pharmacokinetics of oral trofinetide (4) were linear, exhibiting no time-
or dose-dependent effects. Peak concentrations were achieved 2-3 h
after oral administration of trofinetide (4), with absorption rates
exceeding 84 % following a 12,000 mg dose. The apparent volume of
distribution of trofinetide (4) in healthy adults after oral dosing is
approximately 80 L. In this population, the effective elimination half-life

Phase 1 studies of tofinetide (4) [40] showed that the of oral trofinetide (4) is around 1.5 h. Trofinetide (4) is primarily
CH
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Scheme 4. Synthesis of Trofinetide (4).
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excreted in the urine as an unchanged drug, accounting for approxi-
mately 80 % of the administered dose. In the phase 3 study
(NCT04181723) [41], diarrhea was a common treatment-emergent
adverse event, occurring in 80.6 % of participants. Trofinetide (4) was
approved by the US FDA in March 2023 under the trade name Daybue™
for the treatment of Rett syndrome in adults and children aged 2 years
and older [42].

The synthesis of trofinetide (4) is depicted in Scheme 4 and detailed
in Neuren Pharmaceuticals’ patent [43]. Starting with
benzyloxycarbonyl-glycine (41), an esterification reaction with
N-hydroxysuccinimide in isopropyl alcohol yielded intermediate 42.
Subsequent ammonolysis reaction with 43 in dichloromethane pro-
duced intermediates 44. These intermediates were activated by Oxy-
maPure and EDC-HCI, followed by acylation with TMA silylated
glutamic acid to form intermediate 45. Finally, intermediate 45 un-
derwent hydrogenation with Pd/C and was then spray-dried to yield
trofinetide (4).

6. Leniolisib (Joenja™)

Leniolisib (5, CDZ173) was initially identified by Novartis as a potent
and selective inhibitor of PI3KS [44]. It features a core structure of 5, 6,
7, 8-tetrahydropyridine[4, 3-d]pyrimidine (THPP) with a pyridine
alkoxy substituent (Fig. 1). Structure-activity relationship (SAR) studies
[45] revealed that replacing quinazoline 3a (HT-logP = 2.7) with THPP
skeleton 3b (HT-logP = 0.7) significantly decreased its lipophilicity
(Fig. 4). The introduction of the pyridine alkoxy substituent into the
THPP core enhances PI3KS activity in the cell and therefore preserves its
structure. Moreover, the addition of a CFs group at the 3-position of
methoxypyridine increased the potency of PI3KS by fivefold, with an
ICsp value of 11 nmol/L. Leniolisib (5) exhibits ICs¢ (pmol/L) values of
0.244, 0.424, 2.23, and 0.011 against PI3Ka, PI3Kp, PI3Ky, and PI3KS3,
respectively.

The Chax and area under the curve (AUC) values for lenolisib (5)
increased proportionally across the 20-140 mg twice-daily dosing
range. Following both single and multiple ascending doses of lenolisib
(5), Cmax was attained approximately 1 h post-dose. Lenolisib (5) was
extensively metabolized by the liver, primarily through CYP3A4, with
lesser contributions from CYP3A5, CYP1A2, and CYP2D6 [46]. Data
from the Phase II/III study (NCT02435173) [47] indicated that the most
common adverse reactions in the lenolisib (5) group included headache
(24 %), sinusitis (19 %), and atopic dermatitis (14 %). Compared to the
reliance on antibiotics and immunoglobulin replacement therapy,
leniolisib (5), as the first oral targeted therapy, offers advantages such as
good efficacy and minimal side effects. Leniolisib (5) was approved in
the USA in March 2023, with the trade name Joenja™, which was used
for the treatment of activated PI3K& syndrome (APDS) in adult and
pediatric patients aged 12 years and above [48].

The synthesis of leniolisib (5) was first reported in a Novartis patent
[49]. In the reaction scheme depicted in Fig. 5. Initially, starting ma-
terials such as 6-benzyl-4-chloro-5, 6, 7, 8-tetrahydropyrido[4, 3-d]py-
rimidi-ne (4a), (S)-3-aminopyrrolidine-1, tert-butyl formate (4b),
5-bromo-2-methoxy-3-(trifluorome-thy)pyridine (4e), and propionyl
chloride (4h) were used in a 5-step reaction to produce leniolisib (5).
However, this method was found to be time-consuming and resulted in
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lower overall yield. Subsequently, Kangli Company [50] improved the
synthesis of leniolisib (5) by utilizing 4-chloro-5, 6, 7, 8-tetrahydropyr-
ido[4, 3-d]pyrimidine (46) as a raw material (Scheme 5). N-arylation of
46 and 47 at 100 °C yielded intermediate 48 in 60 % yield, which was
then reacted with (S)-1-(3-aminopyrrolidin-1-yl)propan-1-one (49) at
120 °C for 24 h to obtain leniolisib (5) with 76 % yield.

7. Fezolinetant (Veozah™)

Fezolinetant (6, ESN-364) is an oral, small molecule neurokinin 3
receptor (NK3R) antagonist developed by Astellas Pharma Inc. NK3R is a
key regulatory component of the hypothalamic-pituitary-gonadal (HPG)
axis, where its activation actively regulates gonadotropin-releasing
hormone (GnRH) pulse frequency [51]. Fezolinetant (6) is composed
of an N-acyltriazolepiperazine core domain, a methylthiadiazole ring,
and a monofluorinated phenyl fragment (Fig. 1). Structure-activity
relationship (SAR) studies conducted by Hamid R. Hoveyda [52]
demonstrated fezolinetant’s potency against human NK3R (Ki = 21.8
nmol/L). Furthermore, fezolinetant (6) exhibits more than 450-fold
selectivity for human NK3R over NK1 and NK2 receptors [53].

The Cphax and AUC increased linearly with escalating doses in healthy
females receiving fezolinetant (6) at 20-60 mg once daily. The median
time to reach Cpax was 1.5 h, and the mean apparent volume of distri-
bution was 189 L. The effective half-life for alleviating vasomotor
symptoms (VMS) in women was 9.6 h. Fezolinetant (6) is primarily
metabolized by cytochrome P450 (CYP) 1A2, with CYP2C9 and
CYP2C19 contributing to a lesser extent. A safety study of fezolinetant
(6) in the treatment of menopausal vasodilatory symptoms indicated
that the most common treatment-emergent adverse event was headache,
occurring in 9.0 % of participants [54]. In comparison to hormonal
therapies, fezolinetant (6) represents the world’s first non-hormonal
targeted treatment for VMS. It is associated with fewer and less severe
side effects, offers a broader range of applications, and provides signif-
icant therapeutic advantages. Fezolinetant (6) got its first approval by
the US FDA in May 2023 under the trade name Veozah™ for the treat-
ment of moderate to severe VMS or hot flashes caused by menopause
[55].

The synthesis of fezolinetant (6) developed by the Hoveyda droup is
illustrated in Scheme 6 [56]. The synthesis started with the use of acid
50 with the methyl esterifying reagent diazomethane to produce ester
51. 51 was reacted with hydrazine to produce the key intermediate
hydrazide 52. The amino group of the feedstock ketopiperazine (53) was
then protected by DMB (54) to give intermediate 55, which was reacted
with freshly prepared triethylhydrazinium fluoroborate for 1 h to give
the imino ether 56, 56 Stirring with the key intermediate hydrazide 52
at 55 °C-70 °C for 6 h-8 h afforded intermediate 57, which following
removal of the DMB group gave intermediate 58. Finally, intermediate
58 was acylated with 4-fluorobenzoyl chloride (59) at 0 °C to afford
fezolinetant (6).

8. Ritlecitinib (Litfulo™)
Ritlecitinib (7) a potent oral JAK3 kinase inhibitor developed by

Pfizer, is currently in development for the treatment of alopecia areata
[57], vitiligo [58], ulcerative colitis [59], and Crohn’s disease [60].

N
MeO.__N CT%
Nz | HN' 5
F
F SN

F

SN
=

Leniolisib (5)

Fig. 4. Structures of 3a, 3b and leniolisib (5).
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Ritlecitinib (7) features two (R) configuration tertiary carbon centers,
along with pyrrolopyrimidine and piperidine rings (Fig. 1). Pfizer’s
structure-activity relationship (SAR) studies have shown that ritlecitinib
(7) is a highly specific JAK3 inhibitor (ICs9 = 33 nmol/L) with minimal
activity against other JAK enzymes at a concentration of 1 mM ATP.
X-ray crystallography has revealed its covalent binding to Cys-909.27
(ICsp = 51 nmol/L) and its efficacy in human whole blood assay
(IL-15 stimulated HWB assay ICso = 197 nmol/L) [61]. Structural
modifications, such as changing the configuration from R, Rto S, S (5¢)
or R, S (5a, 5b), or altering the methyl position (5d), have been shown to
reduce their activity (Fig. 6).

The AUC and the Cyax of ritlecitinib (7) increased in an approxi-
mately dose-proportional manner up to 200 mg, achieving steady state
in approximately 4 days. Cpax Was reached within 1 h after the oral
administration. The absolute oral bioavailability of ritlecitinib (7) is
approximately 64 % [62]. Ritlecitinib (7) undergoes multiple metabolic
pathways, including those mediated by glutathione S-transferase (GST),
specifically GST A1/3, M1/3/5, P1, S1, T2, Z1, and microsomal GST

of Leniolisib (5).

1/2/3, as well as cytochrome P450 (CYP) enzymes, including CYP1A2,
CYP2C8, CYP2C9, and CYP3A. Interim results from the ALLEGRO-LT
study [63] indicated that the most common treatment-emergent
adverse event (AE) in patients with pemphigus vulgaris treated with
ritlecitinib (7) was headache, occurring in 16 % of patients. The ad-
vantages of ritlecitinib (7) over other non-selective JAK inhibitors
include the avoidance of cholesterol and liver enzyme elevations asso-
ciated with the inhibition of JAK1/JAK2, as well as the prevention of
thrombocytopenia and anemia resulting from JAK2 inhibition. Ritleci-
tinib (7) was approved in the USA in March 2023, with the trade name
Litfulo™, which was used for the treatment of severe alopecia areata in
adults and adolescents over 12 years old [64].

The synthesis of ritlecitinib (7), as illustrated in Scheme 7, was
developed by Pfizer [61]. Using 6-methylpyridin-3-amine (60) as the
starting material. Initially, the amino group was protected as the Boc
derivative in an aqueous solution of tetrahydrofuran and ammonium
chloride, utilizing both phases of ethanol to yield intermediate 61. The
subsequent reduction of the pyridine ring was conducted using 5 %
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Fig. 6. Structures of 5a, 5b, 5¢ and 5d.

Rh/C as a catalyst in a solvent mixture of 9:1 ethanol/acetic acid,
resulting in intermediate 62, which was obtained as a cis/trans diaste-
reomeric mixture in a ratio of 2.8:1. A slow addition of intermediate 62
to an ethanolic solution of (R)-2-(3,5-dinitroanilino)-2-phenylacetic acid
at 70 °C produced intermediate 63. The reaction of 63 with aqueous
NaOH in MTBE yielded cis-64. Treatment of cis-64 with benzyl chlor-
oformate in the presence of NaHCOs3 afforded intermediate 65. The
placement of 65 in excess HCl in methanol, using isopropyl acetate as
the solvent, facilitated the removal of the N-Boc group, resulting in in-
termediate 66. Intermediate 66 was then reacted with 67 in a 5:1 (v/v)
mixture of water and MIBK under biphasic SyAr reaction conditions to
produce intermediate 68. A reduction reaction involving 68, utilizing
10 % Pd(OH)2/C as a catalyst and water as the solvent at 80 °C under a
hydrogen pressure of 50 psi, yielded intermediate 69. The subsequent
acylation of 69 with 3-chloropropionyl chloride in a tetrahydrofuran/-
water solvent system resulted in intermediate 70. Finally, intermediate
70 was reacted with NaOH at 20 °C for approximately 20 h to obtain
ritlecitinib (7).

9. Quizartinib (Vanflyta™)

Quizartinib (8, AC220) is a FLT3 gene inhibitor developed by Daiichi
Sankyo for treating patients with FLT3-ITD acute myeloid leukemia
(AML) [65]. AML is a heterogeneous hematopoietic progenitor cell
cancer [66]. Quizartinib (8) consists of an imidazole benzothiazole ring
and a 2-morpholinoethoxy group (Fig. 1). Structure-activity relationship

(SAR) [67] studies indicate that the 2-morpholinoethoxy group at po-
sition 7 of the imidazole benzothiazole ring exhibits the most favorable
performance, with a binding constant of 1.6 nmol/L and an ICsg of 0.56
nmol/L in MV4-11 cells. The presence of 2-(piperidin-1-yl)ethoxy (6a)
and 3-morpholinopropoxy groups (6b) led to decreased activity, with
ICso (nmol/L)values of 0.88 and 0.79, respectively [68] (Fig. 7). Hu et al.
research revealed that quizartinib (8) targets FLT3 (ITD/WT) with an
ICsp value of (1.1/4.2) nmol/L, demonstrating 10 times higher selec-
tivity for FLT3 compared to KIT, PDGFRa, PDGFRp, RET, and CSF-1R
[69].

Quizartinib (8) exposure, as measured by Cyax and AUC, increased in
a dose-dependent manner within the dosage range of 30-60 mg. Qui-
zartinib (8) is primarily metabolized by CYP3A4 [70]. In a phase III
study (NCT02668653) [71], the most frequently observed grade 3 or 4
adverse events included febrile neutropenia, hypokalemia, and pneu-
monia. Quizartinib (8) is an oral, selective second-generation type II
FLT3 inhibitor. In comparison to first-generation, non-specific FLT3
inhibitors, it exhibits reduced off-target toxicity, enhanced efficacy, and
greater specificity. Quizartinib (8) was approved by the US FDA in July
2023 under the trade name Vanflyta™ for the treatment of newly
diagnosed AML in adult patients with FLT3-ITD positive test results
[72].

The synthesis method of quizartinib (8) developed by Daiichi Sankyo
is illustrated in Scheme 8 [67]. Initially, 2-amino-6-hydroxybenzothia-
zole (71) and 2-bromo-4-nitroacetophenone (72) underwent conden-
sation in refluxing ethanol, leading to the formation of intermediate 73.
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Finally, 76 was coupled with 5-tert-butylisoxazole-3-isocyanate (77) in
toluene at 120 °C to obtain quizartinib (8).

The intermediate 73 was reacted with 4-(2-chloroethyl)morpholine
hydrochloride (74) to form the ether 75 in the presence of DMF and
K2COs. The nitro group of 75 was then reduced with iron powder and
ammonium chloride in ethanol to yield the corresponding amine 76.



W. Luo et al.

European Journal of Medicinal Chemistry 279 (2024) 116838

0] OH
Br
/N cl
H N—</N /(j)b N d /- HCI
N oH O,N 72 | S / 74
TEen e .
71 EtOH, reflux N 73 DMF, K,CO3, 90°C
46% yield O,N
O "N o0 O >N o0
_/ N
N Fe, NH,CI, EtOH N o _
| »-5S _ | )-8 NCO
N 69% yield N 77
75 76 o
O,N HoN toluene, 120°C
— 41% yield
O "N o)
_/

N
o
O\ o} N
W N)J\N
H H 8

Scheme 8. Synthesis of Quizartinib (8).

10. Zuranolone (zurzuvae™)

Zuranolone (9) is an oral neuroactive steroid and positive allosteric
modulator of the gamma-aminobutyric acid alpha (GABA) receptor
[73]. GABA is the main inhibitory neurotransmitter in the central ner-
vous system (CNS) and plays a key role in maintaining the balance of
neuronal activity in the brain [74]. Zuranolone (9) is composed of a
progesterone scaffold with a pyrazole fragment (Fig. 1). SAR studies
reported by Botella et al. [75] has indicated that the addition of a spe-
cific heterocyclic ring at the C-21 position of the progesterone structure
enhances its suitability for oral administration while maintaining its
modulatory effect on the GABA receptor. Initially, the inclusion of a
triazole ring (7a) (Fig. 8) was found to enhance its interaction with
GABA receptors, but subsequent analysis revealed some suboptimal
cross-reactivity at certain sites. Ultimately, the incorporation of a 4-cya-
nopyrazole heterocycle was identified to exhibit improved functional
activity on alp2y2 (ECsp 375 nmol/L) and a4p38 (ECsp 299 nmol/L)
GABA receptors.

In the dose range of 30-60 mg (1.2 times the maximum recom-
mended dose), the Cpax and the AUC of zuranolone (9) increased in an
approximately dose-proportional manner. Zuranolone (9) reaches its
Cmax 5-6 h after oral administration. It is highly bound to plasma pro-
teins (>99.5 %), and the volume of distribution following oral admin-
istration exceeds 500 mL [76]. Zuranolone (9) is primarily metabolized

by CYP3A4. Double-blind phase III clinical trials [77] have demon-
strated that the most common treatment-emergent adverse events
(TEAEs) were headache (14.2 %) and somnolence (11.9 %). Zuranolone
(9), as the second drug approved for the treatment of postpartum
depression (PPD), offers the advantages of oral administration in
outpatient settings and a rapid onset of action when compared to the
previously established drug, brexanolone. Zuranolone (9) was approved
by the US FDA in August 2023 under the trade name zurzuvae™ for the
treatment of postpartum depression in adults [78].

The synthesis method of Zuranolone (9), developed by Sage Thera-
peutics and Biogen, is illustrated in Scheme 9 [75]. Starting with raw
material 78, hydrogenation with palladium in tetrahydrofuran and
concentrated hydrobromic acid yielded intermediate 79. Subsequently,
the aluminum-based ligand MAD facilitated a methyl Grignard addition
on the ketone, introducing 3p-methyl with excellent stereo and regio-
selectivity to obtain intermediate 80. Homologated methyl ketone 83
was prepared from ketone 80 via Wittig reaction followed by hydro-
boration/oxidation to alkene 81 to afford alcohol 82 which was subse-
quently oxidized using PCC. Addition of bromine dropwise to
intermediate 83 in an HBr solution facilitated alpha bromination of the
ketone, yielding intermediate 84. Finally, intermediate 84 underwent a
reaction with ethyl 1H-pyridine-azole-4-carbonitrile (85) and KyCO3 in
THF to obtain Zuranolone (9).

Zuranolone (9)

Fig. 8. Structures of 7a and zuranolone (9).
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Scheme 9. Synthesis of Zuranolone (9).

11. Palovarotene (Sohonos™)

Palovarotene (10) is an oral selective retinoic acid receptor (RAR)
gamma agonist developed by Ipsen to reduce the formation of hetero-
topic ossification (HO) in patients with fibrodysplasia ossificans pro-
gressiva (FOP). FOP is a rare autosomal dominant disorder caused by
mutations in the ACVR1/ALK2 gene encoding activin, a receptor type I/
activin-like kinase 2 [79], characterized by cartilage formation in liga-
ments, joints, muscles, and tendons [80,81]. Individuals with FOP have
a reduced life expectancy, with an average of about 56 years. By binding
to RARy, palovarotene (10) inhibits bone morphogenetic protein and
SMAD 1/5/8 signaling. Interfering with these pathways can prevent
cartilage formation, ultimately allowing HO to occur by enabling normal
muscle tissue repair or regeneration [82].

The pharmacokinetics of palovarotene are linear and dose-
proportional across the dose range of 0.02-50 mg. Patients with fibro-
dysplasia ossificans progressiva (FOP) reach the maximum concentra-
tion of palovarotene (10) 3 h after dosing. In vitro studies indicate that
palovarotene binds to proteins with a mean binding rate of 99.0 %. It is
extensively metabolized by CYP3A4, with lesser contributions from

AICI;
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>&/ﬁ( ©\/

cl *

86 | ClI Br 87% yield
87

= ("

CYP2C8 and CYP2C19. Caution is advised when administering pal-
ovarotene (10) to patients with moderate hepatic impairment. Phase II
and III studies revealed that the most common adverse reaction associ-
ated with palovarotene (10) is dry skin, reported in 78 % of patients
[83]. Palovarotene (10) was approved by the U.S. FDA in August 2023
under the trade name Sohonos™ for reducing novel cancers in adults
and children with FOP in women 8 years and older and men 10 years and
older, by reducing ossification volume.

The synthesis of Palovarotene (10) was initially documented by
Roche in a patent, depicted in Scheme 10 [84]. The process began with
the Friedel-Crafts alkylation reaction between 2,5-dichloro-2,5-dime-
thylhexane (86) and 2-bromotoluene 87, yielding intermediate 88.
Lithium halogen exchange on 88 and formyl transfer using piperidine
formamide 89, gave aldehyde 90. Compound 90 was then subjected to a
Wittig reaction to generate alkene 92. This in turn underwent radical
bromination to form benzyl bromide 93, which was further reacted with
Pyrazole in an Sy2 fashion to yield intermediate 94. Finally, saponifi-
cation of ester of 94 provided Palovarotene (10).
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Scheme 10. Synthesis of Palovarotene (10).
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12. Momelotinib (Ojjaara™)

Momelotinib (11) is an oral inhibitor of Janus kinase 1 and 2 (JAK1/
JAK2) [85] and activin A receptor type I (ACVR1) developed by Gilead
Sciences, Inc. It is specifically designed to treat myelofibrosis (MF), a
progressive, chronic, Philadelphia chromosome-negative myeloprolif-
erative malignancy associated with activation of the Janus kinase, signal
transduction, and activation of transcription (JAK-STAT) pathway [86,
87]. Momelotinib (11) consists of a phenylaminopyrimidine core het-
erocycle and a morpholine fragment. The compound demonstrates
potent inhibitory activity against JAK1 (ICso = 11 nmol/L) and JAK2
(ICsp = 18 nmol/L). A structure-activity relationship (SAR) study con-
ducted by Burns et al. revealed the crucial role of the morpholine frag-
ment in the compound’s inhibitory effects. Replacement of the
morpholine fragment with piperazine (8a) or thiomorpholine (8b)
resulted in decreased inhibitory activity (Fig. 9) [88].

Momelotinib (11) exposure (Cp,ax and AUC) was dose proportional in
the 100-300 mg dose range. At steady state, the mean Cpax of mome-
lotinib (11) administered at a dose of 200 mg once daily was 479 ng/mL,
with a mean apparent volume of distribution of 984 L. Additionally, the
plasma protein binding of momelotinib (11) was approximately 91 % in
healthy volunteers [89]. Momelotinib (11) is metabolized in the liver by
several cytochrome P450 (CYP) enzymes, including CYP3A4 (36 %),
CYP2C8 (19 %), CYP2C9 (17 %), CYP2C19 (19 %), and CYP1A2 (9 %).
The phase III MOMENTUM trial [90] revealed that the most common
fatal adverse reaction associated with momelotinib (11) was viral
infection, occurring in 5 % of cases. Compared to earlier JAK inhibitors,
momelotinib (11) is the first treatment approved for patients with
MF-related anemia, effectively alleviating systemic symptoms and
splenomegaly. Momelotinib (11) was approved by the US FDA in
September 2023 under the trade name Ojjaara™ for the treatment of
adults with moderate to high risk MF-related anemia, including primary
MF or secondary MF (polycythemia vera and essential thrombocythe-
mia) [91].

The synthesis of momelotinib (11) was initially described in a patent
by YM BioCsiences, illustrated in Scheme 11. As expected, the Suzuki
cross-coupling reaction between boronic acid 96 and dichloropyr-
imidine 95 gave selectively the 4-aryl substituted pyrimidine derivative
97. The remaining chlorine atom in pyrimidine intermediate 97 was
subjected to a nucleophilic aromatic substitution reaction with 4-mor-
pholino-aniline affording intermediate 99. The cyano group of inter-
mediate 99 was then hydrolyzed using LiOH to form carboxylic acid
100. Intermediate 100 was activated with HOBt and underwent an
acylation reaction with 2-aminoacetonitrile to ultimately generate
momelotinib (11).

13. Capivasertib (Trugap™)

Capivasertib (12, AZD5363) is an oral, small molecule pan-Akt in-
hibitor developed by AstraZeneca for the treatment of various cancers,
including breast [92] and prostate [93] cancer. Capivasertib (12) is a
chiral compound featuring a tertiary carbon center with S-configuration,

IC50 (JAK2) = 41 nmol/L

European Journal of Medicinal Chemistry 279 (2024) 116838

a pyrrolo-pyrimidine heterocycle, and a piperidine fragment (Fig. 1).
Benzylamide (9a) (Fig. 10) has been identified as an orally bioavailable
Akt inhibitor, with reported ICsy values of 13 nmol/L for Aktl, 66
nmol/L for Akt2, and 57 nmol/L for Akt3, with the ICsq value for
MDAMBA468 cell line is 328 nmol/L [94]. AstraZeneca conducted SAR
studies on Benzylamide (9a) and discovered that amide o-alkyl substi-
tution can enhance lipophilicity. The ethanol S-enantiomer has been
identified as a promising substituent, which facilitated the development
of capivasertib (12). Capivasertib (12) exhibits potent pan-Akt enzyme
inhibitory effects, with ICsy values of 3 nmol/L for Aktl, 8 nmol/L for
Akt2, and 8 nmol/L for Akt3, along with the ICsy value for MDAMB468
cell line is 89 nmol/L [95].

Capivasertib (12) exposure (Cpax and AUC) is approximately dose
proportional in the 80-800 mg dose range [96]. The Cpax typically
reached approximately 1-2 h post-dosing, with an absolute bioavail-
ability of 29 %. The half-life of capivasertib (12) is 8.3 h. The meta-
bolism of the drug is primarily mediated by CYP3A4 and UGT2B7. Data
from the Phase III CAPItello-291 trial [92] indicated that the most
common adverse events observed in the capivasertib (12) + fluvastatin
group included diarrhea (incidence 72.4 %), rash (38.0 %), nausea
(34.6 %), fatigue (20.8 %), and vomiting (20.6 %). Compared to ful-
vestrant alone, the combination of capivasertib (12) and fulvestrant
exhibits a significant effect on patients with HER2-negative advanced
breast cancer, markedly extending both the median progression-free
survival (PFS) and overall survival (OS) of these patients. Capivasertib
(12), under the trade name Trugap™, was initially approved in the US
FDA in November 2023 for the treatment of hormone receptor
(HR)-positive, human epidermal growth factor 2 (HER2)-negative,
locally advanced, or metastatic breast cancer when used in combination
with fulvestrant [97].

The synthesis of capivasertib (12) was originally reported by Astra-
Zeneca [95]. As depicted in Scheme 12, (S)-3-amino-3-(4-chlorophenyl)
propanoic acid (101) was reduced with BHs, yielding the desired pri-
mary amine 102. In parallel, 4-chloro-7H-pyrrolo[2,3-d]pyrimidine
(103) was subjected to a nucleophic aromatic substitution with 104 in
the presence of sodium carbonate to produce carboxylic acid derivative
105. This was then coupled with primary amine 102, in DMF using EDC
and HOBT to form amide 106. Finally, the Boc protecting group was
removed from intermediate 106 under acidic conditions to yield cap-
ivasertib (12).

14. Nirogacestat (Ogsiveo™)

Nirogacestat (13, PF-03084014) is an oral, selective, reversible small
molecule y-secretase inhibitor [98] developed by SpringWorks Thera-
peutics, Inc. It is a chiral compound that contains a diamino-imidazole
core heterocycle and a difluorotetralin fragment (Fig. 1). Prior to the
discovery of PF-03084014, Pfizer synthesized a series of
diamino-imidazole y-secretase inhibitors, with 10a (Fig. 11) being the
most representative [99]. The ICs¢ for reducing amyloid-p (Ap) in
whole-cell assay of H4 APPg,, cells is 0.4 nmol/L, while the ICsy for
reducing Af in cell-free assay of human HeLa cells is 1.1 nmol/L.

O

ICs (JAK2) = 69 nmol/L

Fig. 9. Structures of 8a and 8b.
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However, a single acute dose in vivo (guinea pigs) demonstrated a
dose-dependent reduction in brain and plasma Af levels, with high
plasma concentrations required for the brain Ap-lowering effect nega-
tively impacting the therapeutic index. Pfizer’s subsequent SAR study on
10a revealed that the introduction of the difluorotetralin group could
reduce P-gp-mediated efflux, leading to the discovery of compound
nirogacestat (13), which has a whole cell assay of H4 APPg,, cells ICs( of
1.2 nmol/L [100]. Nirogacestat (13) effectively reduced Ap levels in the
brain, cerebrospinal fluid, and plasma in a dose-responsive manner,
while also mitigating Af and Notch-related side effects.

In adult patients with desmoid tumors, the median time to reach Cpax
was 1.5 h, while the time to achieve steady state was approximately 6
days. The mean Cp,x was recorded at 508 ng/mL, and the mean AUC
was 3370 ng h/mlL, with an absolute bioavailability of 19 %. Nir-
ogacestat (13) is predominantly metabolized through N-dealkylation via
CYP3A4 (accounting for 85 % of metabolism), along with contributions
from other metabolic pathways involving CYP3A4, CYP2C19, CYP2C9,
and CYP2D6. Phase III data from NCT03785964 [98] showed that the
most common adverse events (AEs) were diarrhea (84 %), ovarian
toxicity (in females of reproductive potential; 75 %). Prior to the advent

13

of pharmacological treatments, desmoid tumors were primarily
managed through surgical intervention; however, the recurrence rate
following surgical resection was as high as 77 %. The introduction of
nirogacestat (13) has transformed this landscape, and it is now endorsed
as a first-line treatment option in the National Comprehensive Cancer
Network (NCCN) guidelines. Nirogacestat (13) was approved in the US
FDA in November 2023 under the trade name Ogsiveo™ for adult pa-
tients with progressive desmoid tumors requiring systemic treatment
[101].

The synthesis of nirogacestat (13) was originally reported by Pfizer
[100]. In the process outlined in Scheme 13, the ester group in
substituted nitroimidazole 107 was initially reduced to an aldehyde,
followed by reductive alkylation with tert-butylamine to yield
substituted nitroimidazole derivative 108. Subsequent hydrogenation of
4-nitroimidazole on Pd/C led to the formation of the key
diamino-imidazole intermediate 109. Concurrently, the Friedel-Crafts
reaction of 2-(2, 4-difluorophenyl)acetyl chloride (110) with ethylene
produces tetralone 111. A reductive alkylation reaction between tetra-
lone 111 and (S)- norvaline t-butyl ester resulted in a diastereomeric
mixture of amines, from which the desired diastereoisomer 112 was
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separated using chiral HPLC. Acid catalysis was employed to hydrolyze
ESTER intermediate 112 into acid 113. The carboxyl group of inter-
mediate 113 underwent condensation with aminoimidazole 109, via
activation by TPTU, ultimately yielding nirogacestat (13).

15. Conclusions and outlook

This article provides a comprehensive review of 13 newly developed
nitrogen-containing heterocyclic drugs. These drugs include heterocy-
clic moieties such as pyridine (5), isoxazole (2, 8), piperidine (3, 7),
pyrrolidine (4, 5), and morpholine (8, 11), pyrazole (1, 3, 9, 10),
imidazole (8, 13), piperazine (3, 12), pyrazine (5, 11, 12), triazole (6),
and bisheterocyclic pyrrolo[2,3-d]pyrimidine (7, 12). Among the small
molecule drugs containing nitrogen heterocycles approved by FDA in
the last 10 years, pyridine, piperidine occupy the first and second place,
followed by pyrrolidine, piperazine, pyrimidine, indole respectively.
Another noteworthy trend is the emergence of a large number of fused
nitrogen heterocycles, which are mainly used for the treatment of can-
cer. With advancements in synthetic methods for nitrogen-containing
compounds, the continued growth of nitrogen-containing heterocyclic
drugs is anticipated.

Notably, over 50 % of the new drugs approved are chiral compounds
like Jayprica™, Joenja™, Veozah™, Litfulo™, Zurzuvae™, Trugap™,
and Ogsiveo™. In the development of drugs, the conformation of chiral
compounds greatly affects the therapeutic effect. However, the synthesis
process of chiral compounds can be more complicated, which poses a
challenge for us to select drugs for development in the future. Another
area that needs attention is the toxicity of some drugs to special pop-
ulations, such as the ovarian toxicity of the new drug nirogacestat (13),
which poses another challenge to researchers subsequent to the devel-
opment of safer and more effective nitrogen-containing heterocyclic
compounds.
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