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Neglected sulfur(vi) pharmacophores in drug
discovery: exploration of novel chemical space
by the interplay of drug design and method

Historically, sulfoximines, sulfondiimines and sulfonimidamides have been neglected pharmacophores in
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Sulfones 1 and sulfonamides 2 are important pharmacophores
found in many drugs on the market (Scheme 1). In contrast,
the corresponding aza analogues, sulfoximines' 3, sulfondi-
imines 4 and sulfonimidamides 5, have received little interest
in medicinal chemistry until recently. The infrequent take-up
of these sulfur(vi) functional groups in drug discovery is sur-
prising since they offer very interesting properties, such as
high stability, favorable physicochemical properties, multiple
hydrogen-bond acceptor/donor functionalities and structural
diversity. Possible reasons for the neglected use of these func-
tional groups are the lack of commercial availability, limited
synthetic methods for their preparation and an incomplete
understanding of their properties relevant to medicinal
chemistry.

The long-standing interest at Bayer AG in these neglected
sulfur(vi) pharmacophores stems from the pan-CDK inhibitor
project from the oncology section. In this approach, the potent
sulfonamide ZK 304709 was selected as the clinical candidate
due to its promising preclinical overall profile (Scheme 2).
However, a dose-escalation study in patients was terminated
due to dose-limited absorption at high doses of ZK 304709
which was mainly attributed to its limited aqueous solubility
of only 8 mg L™". Moreover, ZK 304709 was found to accumu-
late in the erythrocytes of patients due to an off-target activity
against carbonic anhydrases (CAs), a finding which has been
discussed as a parameter contributing to the observed interpa-
tient variability of exposure.” The revised project aims there-
fore focused on two key aspects in the follow-up program: first,
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drug discovery even though they offer very interesting properties. This highlight shares the key learnings
of various lead optimization approaches at Bayer AG that have successfully utilized these neglected sulfur(vi)
functional groups to deliver multiple clinical candidates. In this context, the key synthetic methods utilized
for the synthetic preparation of these unusual compounds will be outlined.

the limited absorption at high dose was to be addressed by
reducing dose size via significant improvement of antitumor
potency, as well as increased aqueous solubility; second, the
follow-up compound was to be devoid of CA inhibitory
properties.’

With respect to the off-target activity, it was established that
N-unsubstituted arenesulfonamides can interact with a zinc
cation in the active center of the CA binding pocket. In-house
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Scheme 1 General structures of sulfones 1, sulfonamides 2, and aza
analogues sulfoximines 3, sulfondiimines 4 and sulfonimidamides 5.
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Scheme 2 Structures and key properties of the pan-CDK inhibitors ZK
304709, sulfoximine model compound 6 and roniciclib.
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Scheme 3 General properties of the sulfoximine group.*®

modelling studies supported the hypothesis that the sulfon-
amide group of ZK 304709 is crucial for the activity against CAs,
and various structural modifications of ZK 304709 were evalu-
ated with the goal of eliminating the off-target activity without
compromising the activity against CDKs. One idea was to
exchange the sulfonamide group, which mediates the inter-
action with CAs, for a new functional group. In this context,
the coincidental finding of a review article on the sulfoximine
group® aroused an interest in this unusual pharmacophore.
Sulfoximines are isoelectronic with sulfones but the introduc-
nitrogen creates asymmetry (Scheme 3).
Sulfoximines are stable compounds and the nitrogen offers an
additional point for substitution. The nitrogen is also basic
enough to allow metal ion coordination or salt formation. The
heteroatoms bound to the sulfur are hydrogen-bond acceptors
and, in the case of NH sulfoximines (R® = H), the group has
dual hydrogen-bond donor/acceptor functionality. Moreover,
structurally simple sulfoximines are readily soluble in protic
solvents.”> Due to these promising properties, the sulfoximine
group was introduced into the lead structure, even though
there was hardly any precedence for use of the sulfoximine
group in medicinal chemistry at that time.

Sulfoximine model compound 6 was prepared by imination
of the corresponding sulfoxide with hydrazoic acid, generated
in situ from sodium azide and concentrated sulfuric acid. This
traditional method for the preparation of sulfoximines’ has
yielded the desired products in many literature examples;
however, since hydrazoic acid is not only toxic but also poten-
tially explosive, the preparation of model compound 6 was
only performed on a very small scale. Nevertheless, sulfoxi-
mine 6 indeed revealed activity against CDKs in vitro, but no
activity against CAs (Scheme 2). Moreover, model compound 6
also demonstrated high hydrolytic and metabolic stability
in vitro and was used as a starting point for further lead optim-
ization. These efforts ultimately led to the discovery of ronici-
clib, which was the most potent pan-CDK inhibitor of the
project (Scheme 2). However, the synthesis of the sulfoximine
roniciclib on a larger scale remained an issue since the tra-
ditional hydrazoic acid method could not be utilized due to
safety concerns. Fortunately, a then novel synthetic method
developed by Okamura and Bolm® could be readily applied.
This rhodium-catalyzed process relies on commercially avail-
able chemicals and was used to convert sulfoxide 8 into sulfox-
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Scheme 4 Synthesis of key sulfoximine building block 9 by rhodium-
catalyzed imination of sulfoxide 8. Reagents and conditions: (a) HslOg,
FeCls, MeCN, rt, 76%; (b) CF3C(O)NH,, PhI(OAc),, MgO, [Rho(OAc)4l,
DCM, rt, 78%.

imine 9 in good yield without safety concerns on a multigram
scale (Scheme 4). Notably, Bolm’s imination method® was an
important factor in the decision to continue the sulfoxmine
project at Bayer AG since this key advance would allow the
safe, scaled up production of potential sulfoximine clinical
candidates.

With this new synthetic approach to prepare larger quan-
tities at hand, roniciclib was finally evaluated in various xeno-
graft models and revealed high antitumor efficacy with good
tolerability.” The required therapeutic dose of roniciclib in
mice is about 50-fold lower than that of ZK 304709. Moreover,
the aqueous solubility of roniciclib of 182 mg L™" is more than
20-fold higher than that of the former clinical candidate.
Furthermore, roniciclib does not inhibit CAs and does not
accumulate in erythrocytes. Roniciclib also revealed excellent
PK in humans in phase I trials but phase II studies were termi-
nated due to a safety signal.'®

Nonetheless, selective inhibition of exclusively transcrip-
tion-regulating CDK9 is a promising new approach in cancer
therapy. Selective CDK9 inhibition results in rapid depletion of
short-lived mRNA transcripts of important survival proteins,
such as Mcl-1. Lead structure BAY-958 (LDC 526) revealed good
in vitro activity against CDK9, along with very high kinase
selectivity, surprisingly even within the CDK family
(Scheme 5)."' BAY-958 also exhibited good antiproliferative
activity and metabolic stability in vitro. On the other hand,
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Scheme 5 Structures and key properties of the selective CDK9 inhibi-
tors BAY-958 (LDC 526) and atuveciclib.
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BAY-958 has limited aqueous solubility, moderate permeability
and high efflux which results in low oral bioavailability (e.g:, in
rats). Lead optimization efforts finally led to the discovery of
the benzyl sulfoximine atuveciclib, which shows similar
potency and selectivity as BAY-958 in vitro, but much improved
aqueous solubility, improved permeability and reduced efflux,
resulting in a much improved bioavailability in animals.
Moreover, the switch from the sulfonamide to the sulfoximine
removed a potential CYP induction liability.

The initial synthesis of atuveciclib'' also relied on the
sequential oxidation/imination of a suitable thioether, which
gave good yields (Scheme 6).

However, such a sequential oxidation/imination strategy
can have two drawbacks. First, the syntheses tend to be quite
long since they often require the preparation of the initial
thioether and then the employment of a suitable protecting
group at the sulfoximine nitrogen. Second, if more complex
thioethers are used, for instance those containing additional
heteroatoms, oxidation/imination procedures can result in low
yields or even fail completely.'> Therefore, a new synthetic
approach was envisaged based on a pre-formed sulfoximine
building block, avoiding oxidation/imination reactions.
Subsequently, the first examples of intermolecular a-arylations
of dimethyl sulfoximine were achieved by employing the
p-methoxybenzyl (PMB)-protected derivative 11 in a palladium-
catalyzed cross-coupling reaction with aryl halides."*'? As an
application, a much shorter synthesis of atuveciclib was devel-
oped which relies on this palladium-catalyzed a-arylation reac-
tion as a key step (Scheme 7).

Phase 1 trials of atuveciclib were recently terminated due to
a strategic decision. However, daily oral administration of atu-
veciclib also resulted in neutropenia as a dose-limiting toxicity
in patients. To improve tolerability, the aim then became the
identification of a selective CDK9 inhibitor suitable for inter-
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Scheme 6 Synthesis of key sulfoximine building block 10 in the initial
preparation of atuveciclib. Reagents and conditions: (a) NaSMe, EtOH,
—15 °C to rt, crude; (b) HslOg, FeCls, MeCN, rt, 70%; (c) CFsC(O)NH,, Phl
(OAc)z, MgO, [Rhy(OAc)4l, DCM, rt, 99%; (d) K,COsz, MeOH, rt, 79%; (e)
CIC(O)OEt, pyridine, 0 °C to rt, crude; (f) TiCls, THF, rt, crude.
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Scheme 7 Synthesis of key sulfoximine building block 12 in the
improved preparation of atuveciclib, by palladium-catalyzed «-arylation
of PMB-protected dimethyl sulfoximine 11. Reagents and conditions: (a)
Pd(OAc), (5 mol%), Xantphos (10 mol%), LiOtBu, CPME, 110 °C; (b) HCl,
rt, 33% yield over two steps.
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Scheme 8 Structures and key properties of the selective CDK9 inhibi-
tors BAY-332, sulfondiimine 13 and BAY 1251152. ® High ATP conditions.

mittent i.v. application. The lead structure of the follow-up
project, BAY-332, exhibited good CDK9 inhibitory activity and
selectivity against CDK2 in vitro (Scheme 8). However, aqueous
solubility of BAY-332 was not sufficient to enable formulation
of the predicted therapeutic dose in humans for i.v. appli-
cation in patients. Since solubility was a key optimization para-
meter in this approach, which proved to be difficult to
address, the properties of the corresponding sulfondiimine
analogue 13 were then considered, with the hope that the
introduction of an additional nitrogen at the sulfur could
further improve solubility. Moreover, no chiral separation of
enantiomers would be required in the case of achiral sulfondi-
imine 13. Matched analogue 13 revealed reduced activity
against CDKO9 in vitro by a factor of three, but similar selectivity
against CDK2, and significantly improved aqueous solubility.**
Moreover, sulfoximine BAY-332 and matched sulfondiimine 13
displayed comparable metabolic stability in rat hepatocytes
in vitro. In a subsequent rat PK study in vivo, an increased
volume of distribution (V) and increased blood clearance
(CLp) of analogue 13 were recorded. Increased CL; was not
considered to be an issue in this approach, since the target
profile were compounds with a short half-life to evaluate the
effects on tolerability.

The major drawback in the sulfondiimine compound series
was the synthesis of the test compounds. Again, a then novel
procedure reported by Bolm and co-workers"™ was successfully
applied to prepare small quantities of test compounds
(Scheme 9)."* However, the initial imination of the thioethers
(e.g., compound 14) was achieved by the action of O-(2,4,6-tri-
methylbenzenesulfonyl )hydroxylamine (MSH), which is also
potentially explosive, and therefore large-scale synthesis of sul-
fondiimines for extended in vivo testing remains an issue.
Whilst the sulfondiimine group is a very interesting pharmaco-
phore from the perspective of medicinal chemistry, new and
safe synthetic methods are needed to further explore its
potential.

Nevertheless, extensive scaffold modifications finally led to
the discovery of the modified benzyl sulfoximine BAY 1251152
(Scheme 8).'® Based on a (pyridin-2-ylamino)pyridine scaffold,
BAY 1251152 showed significantly improved in vitro potency

Org. Chem. Front, 2019, 6, 1319-1324 | 1321
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Scheme 9 Formation of the sulfondiimine group in the preparation of
NaHDMS, NCS, Na,COs, DMF, rt, 19%.

and kinase selectivity, even within the CDK family. In various
xenograft models, BAY 1251152 displayed high antitumor
efficacy after once weekly i.v. administration. High, pH-depen-
dent aqueous solubility of BAY 1251152 along with its low pre-
dicted therapeutic dose in humans finally enabled the formu-
lation of this highly selective CDK9 inhibitor for i.v. adminis-
tration in patients. BAY 1251152 is currently being evaluated in
clinical phase I trials of once weekly i.v. administration in
patients (NCT02635672; NCT02745743).

Interest in the sulfoximine group as a versatile pharmaco-
phore in drug discovery has increased substantially in recent
years, as evidenced by a significant increase in life science
patent applications incorporating sulfoximine compounds and
novel sulfoximines reported as clinical candidates."” The sul-
foximine group has been evaluated as a pharmacophore in a
variety of molecular settings and indications with diverse ratio-
nales. In particular, the switch from sulfones and sulfon-
amides to sulfoximines has elicited much interest. In a recent
study, a series of matched sulfoximine analogues of marketed
drugs and advanced clinical candidates were prepared to inves-
tigate the effects of the replacement of suitable non-sulfur-
based functional groups, such as amines, by sulfoximines.>
Based on the rationale that under physiological conditions,
most amines, which are ubiquitous in life science approaches,
are predominantly protonated, it was thought that the tetra-
hedral sulfoximine group could be utilized as a structural
alternative with a differentiated pharmacological profile.
Sulfoximine analogue 16 of the marketed PDE5 inhibitor var-
denafil, for instance, was shown to be basically equipotent in
an in vitro PDE5 enzyme assay (Scheme 10). The thermo-
dynamic aqueous solubility of vardenafil at pH 6.5 is higher
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Scheme 10 Structures and key properties of the PDE5 inhibitors varde-
nafil and sulfoximine analogue 16.
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than that of analogue 16, which displayed a significantly
reduced log D. Sulfoximine 16 also showed improved in vitro
stability in rat hepatocytes, but in the Caco2 screening assay,
analogue 16 exhibited a very low permeability coefficient (P,pp,
A-B) of <1 nm s " and a high efflux ratio of >200. Overall,
however, very promising results were recorded in this study of
sulfoximine analogues of marketed drugs and advanced clini-
cal candidates, suggesting that the sulfoximine moiety should
be added to the medicinal chemist’s toolbox.>

The sulfonamide group 2 has proven a very important
pharmacophore which is found in many approved drugs and
clinical candidates. In contrast, the corresponding aza ana-
logues, known as sulfonimidamides 5, have been neglected even
though they also seem to offer very interesting properties.
Similar to sulfoximines 3, the introduction of an additional
nitrogen atom to the sulfonamide group 2 induces asymmetry
and offers an additional point for substitution. Moreover, the
sulfonimidamide group 5 offers multiple possibilities of hydro-
gen-bond donor/acceptor functionalities (Scheme 11). So far,
there are only very few examples of sulfonimidamides in drug
discovery, as recently highlighted by Arvidsson and co-workers.'®

Similar to sulfoximines 3 about 15 years ago, it can be
speculated that the use of the sulfonimidamide group 5 has
been hampered by limited synthetic methods, limited com-
mercial availability and an incomplete understanding of the
properties of sulfonimidamides relevant to medicinal chem-
istry. Since the synthetic methodology for the preparation of
sulfoximines 3 has progressed significantly over the years, it
was thought that perhaps these methods could be applied to
the synthesis of sulfonimidamides 5. Against this background,
a then new publication from Bull, Luisi and co-workers'® on
the synthesis of NH sulfoximines 3 (R*> = H) by NH transfer to
sulfoxides using ammonium carbamate and (diacetoxyiodo)
benzene provided inspiration. The reported method is easy to

nucleophilic and basic nitrogen:

tautomeric H
3 structures 3
R_N\\ % 2 = R_N\ 'IO Rz
Rl“" ‘l}l/ R1\““ N7

asymmetric sulfur: i- enolizable proton
often configurationally stable

Scheme 11 General properties of the sulfonimidamide group.ma
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Scheme 12 One-pot synthesis of NH sulfonimidamides 5 by NH trans-
fer to sulfinamides 17.

use, has a broad scope and no safety concerns. Thus, it was
speculated whether or not these reaction conditions could also
be utilized for the synthesis of sulfonimidamides 5. Indeed, a
series of unprotected tertiary sulfonimidamides was prepared
in good to excellent yield in a one-pot transformation from
tertiary sulfinamides 17 via NH transfer using ammonium car-
bamate and (diacetoxyiodo)benzene in methanol (Scheme 12).
A wide range of functional groups was tolerated and initial
results indicated that the NH transfer is stereospecific.>”

With a new method to prepare NH sulfonimidamides 5 in
hand, it was thought to utilize the NH group as an additional
point for substitution. Again, the idea was to make use of the
prior experience gained from the synthesis of sulfoximines. It
was assumed that the reactivity of NH sulfonimidamides 5 in
cross-coupling reactions should be similar to that of NH sul-
foximines 3, and thus reaction conditions that had been suc-
cessfully used for the decoration of sulfoximines 3 were
applied to NH sulfonimidamide model compound 5a
(Scheme 13) to prepare an unprecedented set of structurally
diverse sulfonimidamides.>" The N-functionalization reactions
of model compound 5a included arylation, alkylation,
trifluoromethylation, cyanation, sulfonylation, alkoxycarbonyl-
ation and aminocarbonylation. Subsequent in vitro studies of
selected, structurally diverse N-functionalized sulfonimida-
mides 5b did not reveal any intrinsic flaw of the sulfonimida-
mide group with respect to its application as a versatile phar-
macophore in drug discovery.

In conclusion, the neglected sulfur(vi) pharmacophores sul-
foximines 3, sulfondiimines 4 and sulfonimidamides 5 offer
very interesting properties and drug design options to the
medicinal chemist, who today is confronted with biological
targets of increased complexity. In this class of sulfur-based
functional groups, the sulfoximine group 3 has had a pioneer-
ing role, exemplified by at least four sulfoximine compounds
(roniciclib, atuveciclib, BAY 1251152, AZD6738) selected for
clinical evaluation in recent years. Moreover, a significant and

. R
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Oo N H methods
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©/ N E—— - O >45 examples
5a 5b

R = Anyl, Alkyl, Allyl, Propargyl, CF,, CN, S(O),R’, C(O)OR", C(O)NHR!

Scheme 13 N-Functionalization of NH sulfonimidamide model com-
pound 5a.
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ever-increasing number of sulfoximines featured in scientific
articles and life science patent applications, as well as com-
mercially available sulfoximine building blocks, serve to high-
light the increased acceptance of the sulfoximine group by the
drug discovery community. Notably, the development of sig-
nificantly improved methodologies for the synthesis of sulfox-
imines 3 was an important trigger for this encouraging develop-
ment. In contrast, scattered literature reports do suggest that
the sulfondiimine group 4 could be another versatile pharmaco-
phore in drug discovery; however, the development of safe
synthetic methods for sulfondiimine preparation is needed to
progress this neglected compound class. The sulfonimidamide
group 5 has been the subject of a growing interest in medicinal
chemistry recently. In the last two years, a few other groups
have outlined interesting, novel synthetic approaches to sulfo-
nimidamides'®»?? but, as far as I am aware, a sulfonimid-
amide candidate for clinical testing has yet to be disclosed.
Recent in vitro studies have not revealed any intrinsic flaw of
the sulfonimidamide group regarding properties relevant to
medicinal chemistry and the Bayer AG group has thus started
to utilize the highly complex and structurally diverse sulfon-
imidamide group 5 in their drug discovery efforts.
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