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ABSTRACT

Currently, pharmaceutical chemists are focusing on investigating an increasingly wide range of
compounds as potential new drugs, including substances of natural origin and those obtained by
chemical synthesis. Due to the advancements in experimental techniques, modern science possesses
numerous tools for discovering new types of biologically active molecules. For example, the
development of chemical synthesis methods has created the possibility to reach completely new arrays
of compounds, as potential candidates for some new drugs. In this context, sulfoximines have quite
recently emerged as a promising and versatile class of organosulfur compounds with interesting
pharmacological properties. In this article, we present an overview of the key features of the
sulfoximine functional group, including its unique pharmacochemical profile, that may elevate its
potential in medicinal chemistry. We also briefly discuss examples of synthetic approaches to obtain
new derivatives containing this functional group, with particular attention to both classical and modern
synthetic protocols. Finally, selected examples of biologically active sulfoximines developed by various
research groups are highlighted, demonstrating their potential applications in drug discovery.

KEYWORDS: sulfoximine derivatives; new drug candidates; chemical space; drug discovery; organosulfur

compounds.
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1. Introduction

The rapid development of chemical synthesis methods
has created the possibility of obtaining new arrays of
compounds as potential drug candidates. An interesting group
of compounds, which in recent years has begun to attract
attention in the field of drug discovery, are sulfoximine
derivatives. Although they were first identified in 1940, for
several reasons they were disregarded as molecules with
biological potential. For example, they were wrongfully
considered unstable [1]. In the years that followed, the
pharmacological significance of sulfoximines was re-
acknowledged. This was mainly a result of investigations
undertaken, for example, by major pharmaceutical
industry, including Pfizer and AstraZeneca. These studies
have greatly contributed to the renewed interest in
sulfoximines and their potential in therapeutic applications,
shaping one of the possible new directions in medicinal
chemistry.

One of the earliest discovered sulfoximine compounds
was methionine sulfoximine (MSI) (Fig. 1). It was identified as
a toxic byproduct formed during the bleaching of wheat flour
with nitrogen trichloride (NCl;). MSI was found to produce
epileptic seizures in dogs (canine epilepsy), which might have
occurred due to the high structural similarity to glutamate. In
order to investigate the potential use of MSI in therapy, it had
to be determined beforehand whether it had some similar
biological effects to glutamine [2]. The studies have shown
that MSI is anirreversible glutamine synthetase inhibitor.
Other studies showed a weak antiseptic effect of this
compound. These discoveries have marked the beginning of
research on sulfoximines as chemically stable compounds
with potential biological activity. Simultaneously, they
became the subject of investigation in other fields related to
medicinal chemistry, such as organic synthesis, catalysis, and
peptidomimetics design [1—4].
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Fig. 1. The structure of MSI (A) and glutamine (B).

2. General properties of sulfoximines

Sulfoximines are a class of compounds characterized by a
central, tetrahedral sulfur atom bonded to a weakly basic
nitrogen, an oxygen atom, and two additional residues —
typically alkyl or aryl groups. Such an arrangement of
substituents makes the sulfur atom a stereogenic center,
giving rise to the existence of stable stereoisomers [5—7].

The simplest sulfoximine is (S-methanesulfonimidoyl)-
methane. Modifying the sulfur substituents can influence both
the acid-base properties of the sulfoximine and the
nucleophilicity of the nitrogen (Fig. 2). The nitrogen atom can
act as a hydrogen bond donor or acceptor due to its lone pair
of electrons. In addition, the presence of a weakly basic imine
nitrogen allows sulfoximines to coordinate metal ions and
form salts with strong acids, which can have pharmacological
relevance [5—7]. The high polarity and structural features of
sulfoximines contribute to their excellent solubility in protic
solvents such as water and alcohols and make them highly
functionalized, hydrophilic moieties useful for medicinal
chemistry and drug design [8—12].
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Fig. 2. A summary of the structural features
of a sulfoximine functional group and the influence
of individual elements on its chemical properties.

As shown in Fig. 3, sulfoximines share structural features
with other sulfur-functional groups: sulfones, sulfonamides,
sulfoximines, sulfonimidamides and sulfondiimines, to which
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they may be considered bioisosteric [8]. Compared to
sulfones and sulfonamides, sulfoximines offer several distinct
advantages: they enhance the solubility of compounds in
protic solvents, improve hydrogen bond donor-acceptor
characteristics, and increase both chemical and metabolic
stability. These features can be fine-tuned by applying
chemical modifications within the sulfur substituents,
making sulfoximines particularly valuable in drug discovery
[8—12]. Furthermore, cyclic sulfoximines can be formed by
connecting substituents within this functional group.
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Fig. 3. Examples of various sulfur-containing functional
groups.

3. Synthesis of NH-sulfoximines

The basic principle of the classical synthesis of
sulfoximines consists of an initial introduction of either
oxygen or nitrogen species into the sulfur atom of a sulfide
(Fig. 4A and B, respectively). As a result, an intermediary
sulfoxide (Fig. 4A) or sulfilimine (Fig. 4B) is obtained. In the
next step, either an N-R group is added to a sulfoxide or a
sulfilimine is being oxidized, which provides the final
sulfoximine [7].

However, no matter which of the two pathways is
followed, the formed sulfoximine is N-protected and requires
an additional deprotection step to provide the desired NH-
sulfoximine [7, 12—18].

Another interesting variant of the classical synthesis of
NH-sulfoximines was proposed in 2004 by Bolm and Okamura
[13]. The authors described its direct synthesis from
sulfoxides. It was a two-step process, which begins with the
reaction of trifluoroacetamide with iodobenzene diacetate
and magnesium oxide, in the presence of a rhodium catalyst.
The obtained product, N-trifluoroacetylsulfoximine, then
underwent deprotection of the sulfoximine group mediated
by potassium carbonate in methanol (Fig. 5).
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Fig. 4. Typical methods of sulfoximine synthesis by introducing either oxygen (oxidation, A) or nitrogen (amination, B) into the

sulfide in the initial step.
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Fig. 5. A method of obtaining NH-sulfoximines from sulfoxides.

The yields acquired by the proposed method were very
high, and the sulfoximines obtained in this way were
relatively pure, with almost a single product that was
readily isolated from the post-reaction mixture. Under the
proposed conditions, the imination reaction was
stereospecific and occurred with the retention of the
configuration at the sulfur stereocenter to which two
different substituents were attached. The additional
significant advantages of this synthesis were: the use of
arhodium catalyst, which shows high stability in the
presence of oxygen, and the use of Phl(OAc); as an oxidant,
which eliminated the need to use hazardous imination
reagents, such as azides and derivatives or the explosive
O-(mesitylenesulfonyl) hydroxylamine (MSH) [7, 12—18].
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Many other methods for sulfoximine synthesis have been
developed over time [13]. For example, an interesting study
conducted by Yu Din and Siu showed that NH-sulfoximines
can be obtained in a safe manner, without the need to use
metal catalysts and hazardous oxidants. The synthesis was
carried out entirely using electrolysis. The reaction involved
N-phthalimidosulfoximine as the amination reagent. The
subsequent removal of the phthalimide moiety was achieved
via a cathodic process mediated by BusNBF4. This variant of
sulfoximine  synthesis also allowed to  obtain
dialkylsulfoximines and diarylsulfoximines with high yields
and complete conversion of substrates (Fig. 6) [7, 12—18].
This example shows that alternative, more sustainable, and
safer chemistry methods may be employed in sulfoximine
synthesis.
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Fig. 6. General process of obtaining sulfoximines by electrolysis, and examples of compounds obtained by this method, together

with the respective yields.

4. Areview of biologically active sulfoximine derivatives

As  mentioned, owing to their desirable
pharmacochemical properties, sulfoximines have recently
attracted considerable attention in the field of medicinal
chemistry. Here we present several examples of successful
use of this moiety in the drug discovery process. Perhaps the
most prominent results were to date seen in the area of
kinase inhibition [19], in which sulfoximines were employed
as bioisosteres for other sulfur-containing functional groups.

4.1. Ataxia telangiectasia and Rad3-related (ATR) kinase
inhibitors

ATR kinase inhibitors contribute to the inhibition of
DNA repair pathways. In normal cells, ATR kinase is
responsible for maintaining the stability of genetic
material, but in cancer cells, where pathological,
increased proliferation of cells occurs, the process of DNA
damage and the associated replication stress occur
commonly. The idea of inhibiting repair processes in such
cells by using an ATR kinase inhibitor was therefore
considered a promising perspective for anticancer therapy
[5, 8, 10, 12, 20].

Over the years, numerous compounds targeting ATR
kinase have been evaluated both as standalone therapeutic
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agents and as potential candidates for combination
therapy. AstraZeneca emerged as a pioneering company
in this field, developing a sulfone AZ20 (Fig. 7). It was
assumed that this compound selectively inhibits ATR
kinase, thereby impairing the ability of cancer cells to
respond to stalled replication forks and DNA damage.
Although AZ20 demonstrated potential for studying ATR
kinase inhibition, it was ultimately not advanced into
clinical development due to two significant drawbacks:
limited water solubility and time-dependent inhibition
(TDI) of the CYP3A4 enzyme [8]. The poor solubility in
water was reported to reduce the compound’s oral
absorption and made subsequent formulation into a final
dosage form challenging. Structural studies showed that
the methyl sulfone groups from AZ20 are engaged in
strong intermolecular interactions, forming a tightly
packed crystal lattice. Additionally, these
centrosymmetric sulfone-sulfone interactions led to a
high melting point of 204°C, further indicating its low
solubility and poor dissolution rate. Another major
concern was AZ20’s inhibitory effect on CYP3A4, a liver
enzyme that plays a crucial role in the metabolism of
many drugs. The mentioned pharmacokinetics and safety
issues outweighed its biochemical advantages, preventing
this lead compound from progressing as a clinical drug
candidate [8, 20, 21].
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Fig. 7. The structure of ATR kinase inhibitor AZ20, which
exhibits anticancer activity — a preclinical lead developed by
AstraZeneca (currently discontinued).

To address the limitations of AZ20, researchers
attempted to modify the sulfone group, which was
associated with the mentioned poor solid-state properties
and unfavorable metabolic behavior. The introduction of
a sulfoximine group as a bioisosteric replacement was
amajor breakthrough. This significantly improved the
aqueous solubility and reduced the lipophilicity of the
resulting compound AZD6738 — later named ceralasertib
(Fig. 8), while decreasing its potential for metabolic
liabilities at the same time. Ceralasertib retained the strong
ATR kinase inhibitory activity of the parent compound and
demonstrated markedly enhanced pharmacochemical and
pharmacokinetic properties, including improved solubility
and oral bioavailability. Importantly, unlike AZ20,
ceralasertib did not exhibit significant TDI of CYP3A4,
reducing the risk of drug-drug interactions [8]. Additionally,
it showed a lower potential for cardiotoxicity, as evidenced
by reduced hERG channel activity compared to the sulfone-
based counterpart. While the melting point of ceralasertib
remained relatively high (222°C), its crystal structure was
more favorable, lacking the dense sulfone-sulfone
interactions that had contributed to AZ20’s poor solubility
[8, 20, 21]. Importantly, the sulfone-sulfoximide switch
supported better formulation potential [18, 20]. Overall,
ceralasertib was tested in various phase Il and Ill clinical
trials [22], and a phase Il study is expected to be completed
soon [23]. Therefore, the development of ceralasertib from
AZ20 to date remains one of the most prominent examples
of the benefits from the bioisosteric replacement of sulfone

by sulfoximine.
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Fig. 8. The structure of ATR kinase inhibitor ceralasertib
— a phase Il clinical trial (ongoing) candidate, which exhibits
anticancer activity and has been developed by AstraZeneca.

As the described ATR kinase inhibitors were considered
therapeutically useful, the research on AZ20 and
ceralasertib derivatives continued to advance. Scientists at
Jiangsu Hengrui Pharmaceuticals successfully cyclized the
sulfoximine fragment of AZ20. The results of this
experiment led to the formation of a novel cyclic
derivative, which has been tested in phase | clinical trials

(Fig. 9) [18, 20, 24].
[o
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Fig. 9. The structure of the cyclized AZ20 analogue with
a sulfoximine group — an ATR kinase inhibitor and a phase |
clinical trial (ongoing) candidate, which exhibits anticancer
activity and has been developed by scientists from Jiangsu
Hengrui Pharmaceuticals.

This cyclization was achieved at the early stage of the
synthesis, where a bond was formed between the sulfur
and the carbon of ethyl 2-((3-ethoxy-3-oxopropyl)sulfanyl)-
2-methylpropanoate. In the subsequent synthetic steps,
astable AZ20 analogue was obtained, which revealed
superior biological activity, both in terms of enzyme
inhibition potency and selectivity toward cancer cells
(Fig. 10) [18, 20, 24].
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Fig. 10. The ring formation leading to an example of ATR kinase inhibitor developed at Jiangsu Hengrui Pharmaceuticals.

In another attempt to improve the preclinical profile of
AZ20, scientists from the University of Texas designed its
derivative, in which the sulfoximine group was directly
connected to the aromatic core of the compound via
a nitrogen atom. The cyclized sulfoximine analogue from
Hengrui has been tested in preclinical trials and
demonstrated significantly improved biological activity
compared to other synthesized AZ20 derivatives, including
enhanced stability, cellular potency, and selectivity in DNA
repair-deficient cells (Fig. 11) [18, 20].
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Fig. 11. The structure of the analogue of AZ20 with
a sulfoximine group attached directly to the main chain
of the compound via a nitrogen atom — an ATR kinase
inhibitor and a preclinical trial (ongoing) candidate, which
exhibits anticancer activity and has been developed
by scientists from University of Texas.



4.2. Cyclin-Dependent Kinase 9 (CDK9) inhibitors

Following the clinical failure of pan-CDK kinase
inhibitors, which lacked sufficient specificity and often
caused dose-limiting toxicities, researchers at Bayer shifted
their focus to a more targeted approach — selective
inhibition of the CDK9 kinase. CDK9 is a cyclin-dependent
kinase involved in transcriptional regulation, particularly
in controlling transcription elongation via phosphorylation of
RNA polymerase Il. Because transcriptional addiction is
common in many cancers, CDK9 kinase emerged as
a promising therapeutic target, potentially suitable for the
treatment of oncological patients [8—12, 19, 24].

The first lead compound — BAY-958 (Fig. 12) —
demonstrated strong inhibitory activity against CDK9 kinase
and exhibited high selectivity over other cyclin-dependent

kinases.
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Fig. 12. Structure of BAY958, a CDK9 kinase inhibitor,
a preclinical lead, which exhibits anticancer activity and has
been developed by scientists from Bayer (currently
discontinued).

Despite its excellent pharmacodynamic properties, BAY-
958 showed poor pharmacokinetic properties, such as low
aqueous solubility in water, limited cellular permeability,
a high efflux ratio, and low oral bioavailability in rats (10%).
To overcome these limitations, further optimization efforts
were undertaken. In one attempt, the sulfonamide group of
BAY-958 was replaced with a sulfoximine group, leading to
the discovery of atuveciclib (Fig. 13).
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Fig. 13. The structure of atuveciclib — a CDK9 kinase
inhibitor, and a phase | (discontinued) clinical candidate,
which exhibits anticancer activity and has been developed by
scientists from Bayer.

Atuveciclib retained similar potency and selectivity to its
predecessor but demonstrated significant improvements
in other pharmacological properties, particularly oral
bioavailability, which increased to 54%. Additionally, the
sulfoximine modification eliminated the risk of CYP enzyme
induction observed with the sulfonamide-containing
compound BAY-958. Atuveciclib advanced to phase | clinical
trials, showing promising oral pharmacokinetics. However,
daily oral dosing led to neutropenia as a dose-limiting
toxicity, and, for strategic reasons, its development was
ultimately discontinued [8—12, 19, 24].

To expand treatment options and to improve the
therapeutic window of CDK9 kinase inhibitors, Bayer
redirected its efforts toward the development of selective
compounds suitable for intermittent intravenous (IV)
administration. This led to the discovery of BAY-332
(Fig. 14), which exhibited good activity and selectivity. Due
to these properties, phase | clinical trials were conducted in
patients with advanced cancers and leukemia, but both
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studies were discontinued early due to the occurrence of
serious adverse events, such as neutropenia, and the
absence of meaningful clinical responses. The further
attempt to replace the sulfoximine group with another
nitrogen-containing group attached to sulfur, specifically
a sulfondiimine group, failed. This was intended mostly to
improve its water solubility, however, this came at the
cost of reduced biological activity — the cellular ICso of the
analogue was approximately three times higher than that
of the original BAY-332 [8—12, 19, 24].

~

Fig. 14. The structure of BAY332 — a CDK9 kinase
inhibitor and a preclinical trial (discontinued) candidate,
which exhibits anticancer activity and has been developed
by scientists from Bayer.

Continued research resulted in the discovery of
enitociclib (Fig. 15), a compound with enhanced potency,
high selectivity, and excellent solubility. Enitociclib
demonstrated a favorable safety profile and therapeutic
window in phase | clinical trials using a once-weekly IV
dosing regimen, showing potential clinical benefit
in patients with advanced hematologic and solid tumors
[8—12, 19, 24]. Interestingly, it has a reverse absolute
configuration at the sulfur atom, when compared to its
related atuveciclib.
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Fig. 15. The structure of enitociclib — a CDK9 kinase
inhibitor and a phase | clinical (ongoing) candidate, which
exhibits anticancer activity and has been developed by
scientists from Bayer.

Encouraged by this success, researchers continued to
explore and evaluate various structural analogues of
enitociclib. To stabilize the bioactive conformation of the
compound, a series of macrocyclic derivatives was
developed. The introduction of a cyclic structure was
found to improve cell permeability, which contributed to
the enhanced antiproliferative activity of these analogues.
These macrocyclic compounds demonstrated not only
stronger antiproliferative effects but also significantly
prolonged target residence time on the CDK9 kinase,
further increasing their therapeutic potential [19, 24].
An example of such a compound is shown below (Fig. 16).
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Fig. 16. Structure of an exemplary cyclic selective CDK9
kinase inhibitor, preclinical lead which exhibits anticancer
activity, developed by scientists from Bayer.



4.3. Further research on kinase inhibitors

Despite the earlier clinical failures of pan-CDK kinase
inhibitors, there is now a renewed interest in developing such
compounds, as recent insights and new experimental
procedures offer fresh possibilities for improving their
selectivity and therapeutic potential. Scientists at Bayer are
currently working on the synthesis of a pan cyclin-dependent
kinase (CDK) inhibitor, a sulfoximine derivative with the
acronym BAY1000394 (Fig. 17). AstraZeneca, on the other
hand, continues research on ATR kinase inhibitors and is
currently working on a new ATR kinase inhibitor named AZD
6378 (Fig. 18) The structures of these molecules are shown
below [25—27].

A) H B)

Fig. 17. The structures of phase Il clinical (ongoing)
candidates, which exhibit anticancer activity: BAY1000394
(A) a pan-CDK kinase inhibitor currently developed by
scientists from Bayer, AZD 6378 (B) an ATR kinase inhibitor
currently developed by scientists from AstraZeneca.

While AstraZeneca and Bayer are recognized as leaders
in the development of sulfoximine-based kinase inhibitors,
numerous other well-known institutions and companies are
also actively contributing to advancements in this area.
For example, scientists at Pfizer have been working on the
synthesis of a protein tyrosine kinase-2 (PYK2) inhibitor (Fig.
18), which may find its application in the treatment of
osteoporosis. Numerous derivatives have been obtained in
the course of these studies, but one of them showed much
greater activity in relation to other types of compounds. In
addition, it was characterized by high bioavailability in
studies on rats, and a low-toxicity profile [25—27].
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Fig. 18. The structure of PYK2 kinase inhibitor — a phase |
(ongoing) clinical candidate, which exhibits anticancer activity
and has been currently developed by scientists from Pfizer.
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5. The potential of the sulfoximine functional group in
other therapeutic areas — further opportunities in medicinal
chemistry

The successful development of sulfoximine-containing
kinase inhibitors has encouraged researchers to expand
investigations of this functional group in drug discovery.
Current studies extend beyond kinases and include, for
example, various types of viral proteases. An example of
the application of sulfoximines in antiviral research is the
work of Lu and Vince from the department of Medicinal
Chemistry at the University of Minnesota, who synthesized
a sulfoximine derivative of a Human Immunodeficiency
Virus-1 (HIV-1) protease inhibitor (Fig. 19) [8, 28].

Fig. 19. The structure of HIV-1, a HIV protease inhibitor,
and a phase Il (ongoing) clinical candidate, which exhibits
anticancer activity and has been currently developed
by scientists from the department of Medicinal Chemistry of
University of Minnesota.

However, antiviral research is not the only area of
active investigation, as interest in sulfoximine-containing
compounds continues to grow across multiple therapeutic
fields. Ongoing efforts are evaluating sulfoximine-
containing compounds in a wide range of therapeutic
areas, including potential drug candidates targeting a
variety of conditions such as asthma, chronic obstructive
pulmonary disease  (COPD), cystic fibrosis, or
bronchiectasis.

In addition, sulfoximine-containing compounds are still
being considered for applications in oncology, especially
in chemotherapy and radiotherapy, and in metabolic
disorders, including diabetes [8, 20]. Their confirmed
ability to reduce inflammation and prevent tissue
degradation has contributed to the increasing interest
in exploring diverse therapeutic applications. It is also
interesting that investigations into environmental stability
and transformation of sulfoximine derivatives have led to
the discovery of their potential as biocidal agents for crop
protection [27]. Continued research on sulfoximines has led
to the development of libraries of compounds with
promising biological activity. Below are collected examples
of sulfoximine deriviates, divided into early and recent
discoveries, where sulfoximines are presented as bioactive
agents (Figs. 20 and 21) [8, 9, 20, 21, 27, 28].
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selective inhibitor of potential bronchodilator
y-glutamylcysteine synthetase (y-GCS) for treatment of asthma and COPD
(Cornell Research Foundation Inc.) (Godecke AG, currently
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Fig. 20. Bioactive sulfoximines — examples of early discoveries of = compounds that were published as bioactive agents,
but haven’t been approved for a therapeutic application.
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oncogenic protein synthesis, inhibitor, phase Il clinical candidate
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in ongoing trial (Boehringer Ingelheim)
(Boehringer Ingelheim)
Fig. 21. Bioactive sulfoximines — examples of latest discoveries and currently ongoing experimental research.

their roles in these fields. These issues are mostly linked to
6. Limitations and Future Directions their non-obvious chemistry. Despite the recent, significant
advances in sulfoximine synthesis, it still faces key
limitations. Many current synthetic routes, particularly
those based on C-H activation using transition-metal

As demonstrated in the previous sections, sulfoximines
have potential as tools in medicinal chemistry and drug
discovery. However, there are several factors that may limit
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catalysts like Rh(lll) or Ru(ll), are challenging and rely on
expensive, non-sustainable metals, which restricts their
large-scale application. On the other hand, more affordable
alternatives of catalysts, such as Co(lll), have shown limited
efficiency and narrower substrate compatibility [13]. Metal-
free synthesis protocols, though more sustainable, are
usually restricted to intramolecular transformations and
generally have limited success when applied to substrates
with diverse functional groups. Hence, the synthetic
feasibility of sulfoximines may be a limiting factor for their
widespread use in medicinal chemistry and in large-scale
synthesis. In addition, the presence of a sulfoximine group
with non-equal substituents results in the introduction of an
additional stereocenter into a target molecule. Since there
are not many stereoselective syntheses of sulfoximines
described, this may pose challenges in drug discovery and
development, where access to pure enantiomers is highly
desired or even necessary. Finally, although sulfoximines
are generally stable, their decomposition may also be a
concern, especially under harsh conditions or during late-
stage modifications of compounds. However, as the field of
sulfoximine chemistry is evolving, many efforts are being
made to overcome these issues [9, 12, 25, 26].

In addition to their potential chemistry-related issues, it
is important to note that not too much is known about the
long-term safety of sulfoximines in patients. Although some
of their derivatives have already been in clinics, the full
validation of e.g., their chronic toxicity, adverse effects,
drug-drug interaction potential and idiosyncratic risk will
only be possible after their approval for use in the general
population [30—32].

7. Conclusion

In this article, we have shown that sulfoximines have
aunique chemical structure and pharmacochemical
properties. We have also shown examples of how
incorporating a sulfoximine group into drug candidates can
improve, inter alia, their target selectivity, solubility, and
bioavailability. Therefore, “the sulfoximine story” is not
only a revival of an underexplored functional class but also
a chance for groundbreaking drug innovation, paving the
way for the development of safer, more effective, and
highly targeted therapies in the future.

Importantly, scientists at major pharmaceutical
companies such as Pfizer and AstraZeneca have already
recognized and demonstrated the practical viability of
sulfoximine-containing compounds in advanced clinical
trials, highlighting their growing role in pipeline
development. Looking forward, the adaptability of the
sulfoximine moiety can expand the chemical space available
for drug discovery, supporting the design of next-generation
therapeutics in various areas.

Additionally, ongoing research into asymmetric synthesis
and late-stage functionalization of sulfoximines will likely
lead to further structural diversification and fine-tuning of
biological activity.

Author Contributions: Conceptualization, M.S., M.N.
and M.D.; Writing—review and editing, M.S., M.N. and M.D.;
Visualization, M.S., M.N. and M.D.; Supervision, M.N., M.D.
All authors have read and agreed to the published version of
the manuscript.

- 111 -

Prospects in Pharmaceutical Sciences, 24(2), 104-112. https://doi.org/ 10.56782/pps.626

Funding: M.S., M.N. and M.D acknowledge support from
Narodowe Centrum Nauki (grant UMO-2022/47/B/NZ7/01411).

Conflicts of Interest: The authors declare no conflict of
interest.

References

1. Borst, M.L.G.; Ouairy, C.M.J.; Fokkema, S.C.; Cecchi,
A.; Kerckhoffs, J.M.C.A.; De Boer, V.L.; van den
Boogaard, P.J.; Bus, R.F.; Ebens, R.; van der Hulst, R.;
Knol, J.; Libbers, R.; Lion, Z.M.; Settels, B.W.; de
Wever, E.; Attia, K.A.; Sinnema, P.-J.; de Gooijer, J.M.;
Harkema, K.; Hazewinkel, M.; Snijder, S.; Pouwer, K.
Polycyclic Sulfoximines as New Scaffolds for Drug
Discovery. ACS Comb. Sci. 2018, 20(6), 335-343. DOI:
10.1021/acscombsci.7b00150

2. Manning, J.M.; Moore, S.; Rowe, W.B.; Meister, A.
Identification of L-Methionine S-Sulfoximine as the
Diastereoisomer of L-Methionine SR-Sulfoximine That
Inhibits Glutamine Synthetase. Biochemistry 1969, 8(6),
2681-2685. DOI: 10.1021/bi00834a066

3. Bailey, H.H. L-S,R-buthionine sulfoximine: Historical
development and clinical issues. Chem. Biol. Interact.
1998, 111-112, 239-254. DOI: 10.1016/S0009-
2797(97)00164-6

4, Rao, S.L.N.; Meister, A. In Vivo Formation of
Methionine Sulfoximine Phosphate, a Protein-Bound
Metabolite of Methionine Sulfoximine. Biochemistry
1972, 11(7), 1123-1127. DOI: 10.1021/bi00757a001

5. Reggelin, M.; Zur, C. Sulfoximines: Structures,
properties and synthetic applications. Synthesis (Stuttg).
2000, 2000(1), 1-64. DOI: DOI: 10.1055/s-2000-6217

6. Park, S.J.; Buschmann, H.; Bolm, C. Bioactive
sulfoximines: Syntheses and properties of Vioxx®
analogs. Bioorg. Med. Chem. Lett. 2011, 21(16),
4888-4890. DOI: 10.1016/j.bmcl.2011.06.029

7. Johnson, C.R. The Utilization of Sulfoximines and
Derivatives as Reagents for Organic Synthesis. Acc. Chem.
Res. 1973, 6(10), 341-347. DOI: 10.1021/ar50070a003

8. Mader, P.; Kattner, L. Sulfoximines as Rising Stars in
Modern Drug Discovery? Current Status and Perspective on
an Emerging Functional Group in Medicinal Chemistry.
J. Med. Chem. 2020, 63, 14243-14275. DOI:
10.1021/acs.jmedchem.0c00960

9. Frings, M.; Bolm, C.; Blum, A.; Gnamm, C. Sulfoximines
from a Medicinal Chemist’s Perspective:
Physicochemical and in vitro Parameters Relevant for
Drug Discovery. Eur. J. Med. Chem. 2017, 126, 225-245.
DOI: 10.1016/j.ejmech.2016.09.091

10. Borst, M.L.G.; Ouairy, C.M.J.; Fokkema, S.C.; Cecchi,
A.; Kerckhoffs, J.M.C.A.; De Boer, V.L.; et al. Polycyclic
Sulfoximines as New Scaffolds for Drug Discovery. ACS
Comb.  Sci. 2018, 20(6), 335-343. DOI:
10.1021/acscombsci.7b00150

11. Lucking, U. Neglected sulfur[vi] pharmacophores in
drug discovery: Exploration of novel chemical space by
the interplay of drug design and method development.
Org. Chem. Front. 2019, 6(8), 1319-1324. DOI:
10.1039/C8Q001233D

12. Sirvent, J.A.; Liicking, U. Novel Pieces for the Emerging
Picture of Sulfoximines in Drug Discovery: Synthesis and



Prospects in Pharmaceutical Sciences, 24(2), 104-112. https://doi.org/ 10.56782/pps.626

Evaluation of Sulfoximine Analogues of Marketed Drugs
and Advanced Clinical Candidates. ChemMedChem
2017, 12(7), 487-501. DOI: 10.1002/cmdc.201700044

13. Andresini, M.; Tota, A.; Degennaro, L.; Bull, J.A.;
Luisi, R. Synthesis and Transformations of NH-
Sulfoximines. Chem. Eur. J. 2021, 27(69), 17293-
17321. DOI: 10.1002/chem.202102619

14. O’Brien, P.; Phillips, D. W.; Towers, T. D. An
azetidinium ion approach to 3-aryloxy-3-aryl-1-
propanamines. Tetrahedron Lett. 2002, 43(41), 7333-
7335. DOI: 10.1016/50040-4039(02)01724-0

14. Tota, A.; Zenzola, M.; Chawner, S.J.; John-Campbell,
S.S.; Carlucci, C.; Romanazzi, G.; et al. Synthesis of
NH-sulfoximines from sulfides by chemoselective one-
pot N- and O-transfers. Chem. Commun. (Camb) 2016,
53(2), 348-351. DOI: 10.1039/c6cc08891k

15. Bizet, V.; Hendriks, C.M.M.; Bolm, C. Sulfur
imidations: Access to sulfimides and sulfoximines.
Chem. Soc. Rev. 2015, 44(11), 3378-3390. DOI:
10.1039/C5CS00208G

16. Gais, H.J. Development of new methods for
asymmetric  synthesis based on sulfoximines.
Heteroatom Chem. 2007, 18(5), 472-481. DOI:
10.1002/hc.20331

17. Okamura, H.; Bolm, C. Sulfoximines: Synthesis and
catalytic applications. Chem. Lett. 2004, 33(5), 482-
487. DOI: 10.1246/cl.2004.482

18. Lucking, U.; Kosemund, D.; Bohnke, N.; Lienau, P.;
Siemeister, G.; Denner, K.; Bohlmann, R.; Briem, H.;
Terebesi, |.; Bomer, U.; Schafer, M.; Ince, S.;
Mumberg, D.; Scholz, A.; lzumi, R.; Hwang, S.; von
Nussbaum, F; Changing for the Better: Discovery of the
Highly Potent and Selective CDK9 Inhibitor VIP152
Suitable for Once Weekly Intravenous Dosing for the
Treatment of Cancer. J. Med. Chem. 2021, 64(15),
11651-1674. DOI: 10.1021/acs.jmedchem.1c01000

19. Han, Y.; Xing, K.; Zhang, J.; Tong, T.; Shi, Y.; Cao, H.;
et al. Application of sulfoximines in medicinal chemistry
from 2013 to 2020. Eur. J. Med. Chem. 2021, 209, Art.
No: 112885. DOI: 10.1016/j.ejmech.2020.112885

20. Goldberg, F.W.; Kettle, J.G.; Xiong, J.; Lin, D.
General synthetic strategies towards N-alkyl
sulfoximine building blocks for medicinal chemistry
and the use of dimethylsulfoximine as a versatile
precursor. Tetrahedron 2014, 70(37), 6613-6622. DOI:
10.1016/j.tet.2014.06.120

21. Yano, K.; Shiotani, B. Emerging strategies for cancer
therapy by ATR inhibitors. Cancer Sci. 2023, 114(7),
2709-2721. DOI: 10.1111/cas.15845

22. AstraZeneca; A Phase lll, open-label, randomised,
multicentre study of ceralasertib plus durvalumab
versus docetaxel in patients with advanced or
metastatic non-small cell lung cancer without
actionable genomic alterations, and whose disease has
progressed on or after prior anti-PD-(L)1 therapy and
platinum-based chemotherapy (LATIFY).
ClinicalTrials.gov 2022. Available online:
https://clinicaltrials.gov/study/NCT05450692
(accessed on 25.06.2025)

- 112 -

23.

24.

25.

26.

27.

28.

29.

30.

31.

Bayer Aktiengesellschaft. Sulfoximine derivatives as
CDK9 inhibitors. WO Patent WO02021143821A1,
published 8 July 2021. Available online:
https://patentimages.storage.googleapis.com/06/11/
37/6bf766303dee6a/W02021143821A1.pdf  (accessed
on 25.06.2025)

Liicking, U. Sulfoximines: A neglected opportunity in
medicinal chemistry. Angew. Chem. Int. Ed. 2013,
52(36), 9399-9408. DOI: 10.1002/anie.201302209

Licking, U. Sulfoximines in Medicinal Chemistry:
Emerging Trends and Opportunities from the Drug
Designer’s Perspective; published 18 May 2022; DOI:
10.26434/chemrxiv-2022-g58r5.

Walker, D.P.; Zawistoski, M.P.; McGlynn, M.A.; Li,
J.C.; Kung, D.W.; Bonnette, P.C.; et al. Sulfoximine-
substituted  trifluoromethylpyrimidine analogs as
inhibitors of proline-rich tyrosine kinase 2 [PYK2] show
reduced hERG activity. Bioorg. Med. Chem. Lett. 2009,
19(12), 3253-3258. DOI: 10.1016/j.bmcl.2009.04.093

Lu, D.; Vince, R. Discovery of potent HIV-1 protease
inhibitors incorporating sulfoximine functionality.
Bioorg. Med. Chem. Lett. 2007, 17(20), 5614-
5619. DOI: 10.1016/j.bmcl.2007.07.095

Gnamm, C.; Jeanguenat, A.; Dutton, A.C.; Grimm, C.;
Kloer, D.P.; Crossthwaite, A.J. Novel diamide insecticides:
Sulfoximines, sulfonimidamides and other new
sulfonimidoyl derivatives. Bioorg. Med. Chem. Lett.
2012, 22(11), 3800-3806. DOI: 10.1016/j.bmcl.2012.03.106

Aronson, J.K.; Ferner, R.E. Joining the DoTS: new
approach to classifying adverse drug reactions. BMJ
2003, 327(7425), 1222-1225. DOI:
10.1136/bmj.327.7425.1222

Rothwell, P.M. External validity of randomised
controlled trials: “To whom do the results of this trial
apply?” Lancet 2005, 365(9453), 82-93. DOI:
10.1016/50140-6736(04)17670-8

Edwards, I.R.; Aronson, J.K. Adverse drug reactions:
definitions, diagnosis, and management. Lancet 2000,
356(9237), 1255-1259. DOI: 10.1016/50140-
6736(00)02799-9



