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Abstract: Pharmaceutical-aligned research endeavors
continue to diversify, including via the installation of
new chemical functionality and non-classical bioisosteres
within drug design. With this, an equally high demand
emerges for the direct installation of isotopic substitu-
ents into these scaffolds within drug discovery pro-
grammes, as isotopologues are essential for the elucida-
tion of the biological efficacy and metabolic fate of the
active pharmaceutical ingredient (API). The sulfoximine
functional group has recently become established as a
high-value unit in this context; however, general and
effective methods for the synthesis of deuterium (2H, D)
and tritium (3H, T) labelled analogues have remained
elusive. Herein, we disclose the design and development
of the first iridium-catalyzed sulfoximine-directed hydro-
gen isotope exchange (HIE) systems that permit the
site-selective integration of a distinguishing atomic label
at aromatic C(sp2)� H and more challenging C(sp3)� H
moieties. Moreover, we exemplify the broad applicabil-
ity of these methods within a spectrum of molecular
settings, as well as in the late-stage generation of
isotopically-enriched complex bioactive architectures.

Introduction

Modern medicinal chemistry has focused heavily on
creating new molecular structures to find solutions for
important biological targets that have been challenging to
address.[1] With the pharmaceutical properties of bioactive
molecules intimately related to the functionality em-
bedded within their structural architectures, strategic
leveraging of the redox states of the sulfur atom has been
employed to access numerous functional groups that allow
the modulation of the biological activity of drug candi-
dates with minimal adverse impact on the physicochemical
profile.[2] More specifically, sulfur(VI) groups are fre-
quently employed as pharmacophores within drug discov-
ery campaigns and are highly represented in this domain;
more specifically, greater than 90 therapeutics approved
by the US Food and Drug Administration (FDA)
overall,[3] and 32% of small-molecule drugs approved in
2022, possess this compound class.[4]

Among these motifs, sulfoximines, mono-aza ana-
logues of sulfones, have gathered heightened importance
(Figure 1A).[5] The utility of such sulfoximine-containing
structures derives from their diverse structural potential
and versatile nature, as the additional vector the nitrogen
atom provides can enable exploration of unmapped
chemical space. Additionally, the stereocontrolled syn-
thesis of sulfoximine fragments can deliver configuration-
ally and conformationally stable compounds, whilst also
benefiting from unique additional properties such as
hydrogen-bond donor/acceptor modes, high metabolic
stability, and favorable solubility in protic solvents (Fig-
ure 1B).[6] With these properties brought recently to light,
the pharmaceutical value of such structures has been
realised for the enhancement of physicochemical and
pharmacokinetic properties of drug molecules.[7]

To support the progress of emerging drug candidates,
an understanding of their biological fate is of fundamental
importance.[8] Associated with this, deuterium- and triti-
um-labelled compounds have become invaluable tools for
in vitro and in vivo studies, due to these isotopologues
closely reflecting the biological activity of the parent C� H
containing analogue.[9] Therefore, the installation of such
an isotopic unit provides a distinguishing label that can be
exploited for the direct tracing and quantification of a
compound’s metabolic profile. In addition to this, more
recently, the isosteric replacement of protium for deute-
rium has been extensively investigated for the fine-tuning
of the pharmaceutical properties of drug candidates
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themselves.[10] In any case, drug molecules highly enriched
with deuterium are employed in toxicological, metabo-
lism, and pharmacokinetic studies, where they are em-
ployed as internal standards for quantitative mass spec-
trometry-based analysis (LC–MS/MS).[11] This enables the
timely evaluation of promising candidates, in attempts to
combat the high attrition rates associated with early drug
development.[12] With regards tritium, molecules with
high-specific activity are vital research tools in the in vivo
visualisation of drugs, as well as in nanomolar receptor-
ligand binding assays.[9,13]

Aligned with such applications as those described
above, transition metal-catalyzed hydrogen isotope ex-
change (HIE) has emerged as a leading technology for the
preparation of deuterium- or tritium-containing organic
molecules.[14] In particular, iridium-catalyzed HIE meth-
odologies have enabled isotopic incorporation at aromatic
and heteroaromatic C(sp2)� H sites located ortho to a
suitable directing group (DG), with deuterium (D2) and
tritium gas (T2) employed as the sole isotopic source.[15]

Within this field, a suite of iridium(I) carbene complexes
has been developed in our laboratories, which are tailored
towards the rapid late-stage generation of selectively
labelled compounds, and facilitated by an extensive array
of directing groups (Scheme 1C).[16–19] Other state-of-the-
art methods include those devised by the Chirik[20] and
MacMillan[21] groups, which provide orthogonal and com-
plementary strategies. The former introduces tritium at
the most sterically accessible C(sp2)� H bond, meanwhile
the latter facilitates exchange with high site selectivity
adjacent to tertiary amine units. Work from our own
group has aimed to establish methods that can satisfy the
broadest applicability, mainly through programming our
iridium catalyst range to engage with emerging pharma-
ceutically-relevant functionality as directing groups, whilst
also expanding our functionalization strategies beyond the
C(sp2)� H ortho-position to provide a highly enabling
catalytic platform for HIE. Related to this, our systems
have recently been expanded to deliver directed labelling
into more challenging C(sp3)� H bonds,[22] and we have
also reported the first direct catalytic method for formyl-
selective deuterium labeling on aromatic aldehydes.[23]

Aligned with all of this, within pharmaceutical studies, the
site of the label can be of appreciable importance, with
the susceptibility of the C(sp2/sp3)� D/T moieties them-
selves to undergo protium exchange under physiological
conditions being a further key consideration.[8d] Indeed,
for application within de novo deuterated drug design,
HIE methods must be both site-selective and capable of
delivering robust and reliably labelled products.[10]

Based on all of this, we envisioned that the iridium(I)
catalyst methods established within our laboratory could
be further expanded, through a synergistic experimen-
tally- and computationally-guided approach, to deliver
previously unprecedented HIE methods for application
with a collection of pharmaceutically-relevant sulfoximine
architectures. In line with our previous studies, we sought
to develop an ortho-directed labelling strategy mediated
via the sulfoximine functional group. Extending from this,
we postulated that through computational analysis of the
catalytic cycle, we could develop a method for the
straightforward prediction of the regioselectivity of the
HIE process within densely functionalized complex mole-
cules, thus serving to accelerate the synthesis of both
deuterated and tritiated materials. Moreover, as part of
this overarching study we also uncovered a novel C� H
activation pathway at more challenging to label C(sp3)� H
centers located at the S-methyl position of the sulfoximine
unit. Collectively, we report catalytic labelling protocols
which offer one convenient synthetic method to forge

Figure 1. A Representative examples of pharmaceutically relevant
sulfoximines. B Medicinal relevance & unique physicochemical proper-
ties of sulfoximines. C This work: ortho- and S-methyl directed HIE of
sulfoximines.

Angewandte
ChemieResearch Article

Angew. Chem. Int. Ed. 2024, e202417179 (2 of 11) © 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202417179 by N

H
S E

ducation for Scotland N
E

S, E
dinburgh C

entral O
ffice, W

iley O
nline L

ibrary on [26/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



C� D and C� T bonds within both C(sp2)- and C(sp3)-rich
sulfoximine-containing compounds for the first time (Fig-
ure 1C).

Results and Discussion

To begin, our studies focused on the commercially
available, and air- and moisture-stable, [Ir(COD)(PPh3)-
(IMes)]BArF complex 1 for mechanistic and computa-
tional analysis concerned with the desired ortho-directed
C� H functionalization reaction. We envisioned that the
core catalytic cycle shown in Scheme 1A, as previously
formulated in our laboratories,[16b] and building on a
mechanism previously proposed by Heys,[24] could be
applicable to sulfoximine substrates. The cycle starts with
in situ activation of pre-catalyst 1 with D2 gas, driving
extrusion of d4-cyclooctane and affording the bis-solvated
active catalyst I. From here, complexation of the nitrogen
atom within sulfoximine 2, and engagement with the
ortho-C(sp2)� H site via formation of an agostic interac-
tion, would generate the coordination complex (CC) II.
This substrate bound species could subsequently undergo
site-selective C� H activation through a σ-complex assisted
metathesis (σ-CAM) process[25] to provide the 5-mem-
bered metallocyclic intermediate (5-mmi) species III.
Following this, hydride fluxionality would deliver the
deuterium atom cis to the σ-aryl ligand, from which a
reverse dual redox process could ensue, allowing libera-
tion of the desired functionalized C(sp2)� D neutron-
enriched product [2H]-2, with substrate turn-over regener-
ating iridium complex I.

Considering this mechanistic sequence, based on
precedent from our laboratory, we anticipated that the
substrate binding event could be central to a successful
HIE process. More specifically, having considered the
required balance between co-ordination and dissociation
events for productive catalysis, we have previously
utilized substrate binding energy as a guiding principle for
both catalyst and associated reaction system design,
alongside the provision of mechanistic insight.[16b,f,17,18a,26,27]

Therefore, as a prelude to experimentally exploring the
reactivity of the sulfoximine unit, we employed the
computationally-derived binding energy[28] to assess the
affinity between the substrate and iridium(III) catalyst
within the coordination complex motif present in inter-
mediate II. Accordingly, we calculated and compared the
binding energy of the readily labelled acetophenone 5 to
that of sulfur(VI) directing groups, as shown in Sche-
me 1A. In stark contrast to the ketone-directing substrate
5, the sulfur-based compounds sulfone 3 and sulfonamide
4 possess a tetrahedral molecular geometry and distinct
chemical compositions that inevitably lead to lower and
insufficient binding energies to allow for productive label-
ling within this system[26,27] (� 21.4 and � 25.9 kcalmol� 1,
respectively, as compared with � 28.3 kcalmol� 1 for aceto-
phenone). Indeed, with regards our sulfone- and sulfona-
mide-directed HIE approaches, it is necessary to adopt
more accessible iridium-based coordination spheres.[26.27]

In contrast to these sulfur-directing groups, theoretical
analysis suggested a more favorable binding energy value
of � 29.4 kcalmol� 1 for sulfoximine substrate 2. To further
support this potentially positive prediction of HIE capa-
bility, additional density functional theory (DFT) calcu-

Scheme 1. Pre-catalyst selection and optimization process. A Putative
mechanism for ortho-directed HIE & catalyst selection process. Binding
energies calculated at the 6-311G(d,p) level of theory. *Protium
equivalents used in these calculations. B Catalyst HIE reactivity.
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lations revealed that the transition state for C� H activa-
tion, interconnecting intermediates II and III, was seem-
ingly facile for sulfoximine 2 at 22.5 kcalmol� 1 (see the
Supporting Information for the fully calculated potential
energy surface (PES)). It should also be noted that further
computational analysis was carried out to evaluate the
binding energies of sulfoximine 2 with varying iridium
catalyst types from our laboratories, with complex 1
remaining optimal (see the Supporting Information for
full details).

Encouraged by our theoretical insights, the deutera-
tion of sulfoximine 6 using iridium(I) (PPh3/IMes) pre-
catalyst 1 was selected as our prototypical system
(Scheme 1B). Our initial experiment involved a time
study, with a reaction system composed of 2.5 mol%
metal-complex loading and an atmosphere of D2 delivered
by balloon at 25 °C in DCM. Pleasingly, an isotopic
labelling level of 73% was delivered in only 5 minutes
and, with further extension of the reaction time to
20 minutes and beyond, a plateau at 96% incorporation
was observed. Notably, our study underscored the impor-
tance of reaction time, as at around the 2 hour point the
S-methyl position also engaged in the less reactive C-
(sp3)� H activation and exchange, albeit to only a minimal
degree. From the collected data, we envisioned that a
1 hour reaction time had the potential to provide a
regioselective procedure for the incorporation of deute-
rium at the ortho-C(sp2)� H positions.

Based on the initial outputs with our pre-catalyst 1, a
solvent scope study was conducted, which confirmed a
strong performance of our developing HIE protocol
across a spectrum of reaction media (Scheme 2). More
specifically, model substrate 6 was applied with excellent
levels of C(sp2)� H incorporation (�82%D) obtained
across 11 solvents. Accompanying deuteration of 5%D
and 6%D at the S-methyl position was also witnessed
with solvents IPA and 2-MeTHF, respectively. This broad
solvent applicability highlights the potential compatibility
of this method with emerging sulfoximine derivatives
possessing a range of solubility profiles.

Next, we evaluated the generality of the labelling
process with a range of N� H containing sulfoximines.
Pleasingly, parent sulfoximine 2 was readily deuterated to
deliver [2H]-2 (93%D). Using the same substrate, and
taking advantage of how solvent affects labelling at the S-
methyl position, the reaction conditions were adjusted by
elevating catalyst loading, reaction time, and temperature
in 2-MeTHF to enable the synthesis of a highly deuterated
analogue of 2 (C(sp2)� H 93%D and C(sp3)� H 77%D).
Following this, under the standard mild original condi-
tions, we accomplished modular access to all ortho-
deuterated methyl-substituted permutations of the arene
ring ([2H]-7–9, 78–96%D), with a greater bias for the
sterically unhindered site within [2H]-8 being observed.
Arenes bearing useful synthetic features, 10 and 11, or a
key pharmacophore, 12, were readily applicable within
this transformation ([2H]-10; 96%D; [2H]-11, 87%D; and
[2H]-12, 95%D, respectively), with the former compounds
primed for downstream manipulation. Moreover, elec-

tron-rich aromatic rings proved to be excellent substrates,
with high degrees of deuterium exchange achieved within
products [2H]-13 and [2H]-14, the latter performing most
efficiently using EtOH as the reaction medium. Notably,
when the para-substituted substrate 14 was subjected to
an extended reaction time of 4 hours, the ethanol solvent
appears to function as a protium source to fuel the
backward exchange process, in turn, limiting access to the
desired deuterated product ([2H]-14, 90%D in 1 h, versus
78%D in 4 h); also see the Supporting Information for
additional insight. Substrate 15, containing a sterically
demanding ortho-bromo functionality, proceeded
smoothly (94%D), and the unhindered position in 16 was
exclusively labelled (91%D). In contrast to this, 17 was
found to label across both steric environments (96%D at
both ortho-positions). The 2-naphthyl sulfoximine, 18,
also saw good levels of incorporation at the two ortho-
sites, whereas the diphenyl system led to excellent 95%
labelling over the four available ortho-positions ([2H]-19).
Next, we investigated the relationship between structural
derivatisation of the S-methyl position and the perform-
ance of our labelling system (19–23). In relation to this,
we were particularly pleased to uncover that the substrate
appended with an iso-propyl group proximal to the
directing group proceeded efficiently ([2H]-20, 97%D),
however, systematic addition of a further methyl group,
with tert-butyl derivative 21, did lower the isotopic
incorporation to 68%D. Deuterium was also successfully
installed within systems possessing a cyclopropyl S-sub-
stituent and a fused-bicyclic scaffold ([2H]-22 and [2H]-23,
95%D and 98%D, respectively). Finally as related to
N� H sulfoximines, incorporation was also efficiently
realised within the furan heteroarene system ([2H]-24,
97%).

As shown in Scheme 2, the developed catalytic method
was also fully translatable to sulfonimidamides, with
regioselective enrichment maintained in the presence of
adjacent pharmacophoric saturated heterocycles, morpho-
line ([2H]-25, 95%D) and piperazine ([2H]-26, 96%D).
Following this, we extended our protocol to applications
with N-functionalized sulfoximines, as this handle
presents the opportunity for the fine-tuning of pharmaco-
kinetic and physiochemical properties within emerging
drug units. Accordingly, a small-library of N-functional-
ized sulfoximines were labelled (27–35), with N-ethylated
and saturated heterocyclic cores compatible under
standard conditions ([2H]-27 and [2H]-28, 90%D and
97%D, respectively). Further substitution within the N-
group inhibited the process in some cases; however,
catalytic activity could be reinstated through reducing
steric hindrance around the ligand coordination sphere.
More specifically, reducing the percent buried volume (%
Vbur)

[29] of the iridium complex through rational replace-
ment of the auxiliary PPh3 ligand with PMe2Ph (28.1
versus 23.2%Vbur within intermediate II, respectively)
afforded product [2H]-29 with 96% ortho-deuteration,
alongside minimal S-methyl labelling. With regards com-
peting functionalization, dependent on the catalyst and
reaction conditions, varying levels of C(sp2) and C(sp3)
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labelling were achieved with substrate 30, with control of
(C(sp2)� H) selectivity possible when lowered levels of
catalyst 1 were employed.

Even further elaborated sulfoximine structures 31–35
were proficient under the developed catalyst system, with
generally excellent C(sp2)� H labelling levels achievable
with either parent PPh3 catalyst, 1, or the PMe2Ph

complex, 36. As detailed in Scheme 2, even electronically
diverse N-arylated sulfoximines 33–35 proved to be
effective substrates, with both C(sp2)� H and C(sp3)� H
sites undergoing H/D exchange in concomitant fashion. A
regioselective process could not be achieved with these
three latter substrates; nonetheless, such highly deuter-
ated derivatives are often desired as suitably labelled

Scheme 2. Evaluation of the scope associated with the ortho-directed C� H activation sequence. All reactions were performed on a 0.1075 mmol
scale with 2.5 mol% of pre-catalyst 1 under an atmosphere of deuterium introduced via balloon, and in DCM (0.043 M) at 25 °C over 1 h; isotopic
incorporation within the isolated products is recorded as an average of, at least, two separate runs. aReaction conducted with 5 mol% of pre-
catalyst 1 in 2-MeTHF at 50 °C over 16 h. bEthanol was used as the solvent. cEthanol used as the solvent over a reaction time of 4 hours.
dIncorporation was determined from the crude reaction mixture. e[Ir(COD)(PMe2Ph)(IMes)]BArF complex 36 (2.5 mol%) was employed at 30 °C.
fReaction performed at 30 °C over 30 minutes. gReaction performed at 30 °C using 1 mol% of pre-catalyst 1. h[Ir(COD)(PMe2Ph)(IMes)]BArF 36
(2.5 mol%) was employed at 30 °C over 4 hours. i[Ir(COD)(PMe2Ph)(IMes)]BArF complex 36 (2.5 mol%) was employed. jReaction time was
extended to 4 hours.
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substrates within the early stage ADME domain.[9,11] To
further understand these N-arylated substrates, the rates
for the respective labelling pathways (C(sp2) versus C-
(sp3)) were measured and found to be highly competitive
at 4.99×10� 4 s� 1 and 4.24×10� 4 s� 1, respectively, for the
reaction of 33, explaining the challenge faced here with
regards labelling selectivity (see the Supporting Informa-
tion for full details).

When considering polyfunctionalized substrates, the
ability to successfully predict the positional placement of
isotopic substituents within such complex molecules has
the potential to expedite the synthesis of selectively
enriched materials. Related to this, a recent report from
Derdau and co-workers[30] outlined a general directing
group scale using DFT calculations that identified the
iridium-substrate coordination complex (CC; cf. II in
Scheme 1A) as the species primarily responsible for the
regiochemical outcome of a HIE reaction. This approach
delivered accurate predictions for simple substrates and
was then extended to a number of more complex
pharmaceutical examples. However, the theoretical in-
sight from this earlier study was linked directly to the
monosubstituted arenes from which the directing group
scale was constructed. We thus looked to build on this
work through consideration of the binding energies
associated with the possible CCs within specific polyfunc-
tionalized molecules. It was envisaged that application of
this more direct approach would, consequently, result in
more accurate predictions, accounting for both the
location of the coordinating groups and the innate
electronics of the arene to be labelled.

As such, we conducted intramolecular competition
reactions on a series of bifunctional sulfoximine contain-
ing molecules (37–40), under standard conditions, along-
side computing the optimized geometries of their respec-
tive CCs in silico (Scheme 3A). The competing directing
groups are arranged by increasing calculated binding
energy left to right. Experimentally, the sulfoximine
moiety facilitated excellent levels of labelling regioselec-
tivity for this reaction type, when considering a non-
heteroaromatic competing directing group, with exclusive
incorporation witnessed in the face of nitro 37, ester 38,
and ketone 39 functional handles. Importantly, the
derived binding energies strongly aligned with the exper-
imental outcomes, with the sulfoximine moiety’s greater
affinity for the cationic metal-center dominating the out-
come of the arene functionalization process. In contrast,
the planar pyridine group was revealed to be the stronger
directing unit; nonetheless, a notable 28%D enrichment
was also observed ortho to the sulfoximine. Further
calculations confirmed that no correlation exists between
other salient steps within the catalytic cycle and the
relative positional enrichment (see the Supporting Infor-
mation for further details).

To highlight the translatability and late-stage function-
alization potential of our ortho-directed C� H exchange
protocol to structures of more elevated levels of complex-
ity, we targeted the direct labelling of pharmaceutically
relevant scaffolds. Accordingly, we targeted deuterated

and tritiated analogues of the cancer drug BAY1000394
(Roniciclib) 42[7c,31] as the structural configuration of the
functional groups within this molecule present a poten-
tially competitive environment for HIE, thus providing an
opportunity for regiochemical outcome prediction. As
outlined in Schemes 3B and 3C, the aromatic ring
embedded within the core of the molecule can undergo
C� H activation through the sulfoximine or pyrimidine
groups, via a 5-mmi or, normally more energy
intensive,[16b] 6-mmi pathway, respectively. Thus, we
endeavored to fully compute the anticipated intermedi-
ates along the reaction coordinate for both directing
functionalities and compared the associated energies of
each to allow a prediction of the isotopic labelling
regioselectivity under our developed conditions. The
computational findings indicated that both complexation
events were energetically more favorable than the bis-
solvated complex IntI. Relative to the pyrimidine bound
species IntII

Py, the sulfoximine conformer IntII
S(VI) was

revealed to be energetically more favorable (IntII
S(VI):

� 16.0 kcalmol� 1 versus IntII
Py: � 14.0 kcalmol� 1), with the

same IntII
S(VI) species also possessing a superior binding

energy (� 35.4 kcalmol� 1 versus � 33.9 kcalmol� 1 for In-
tII

Py). Following formation of the functional group bound
intermediates, the subsequent sulfoximine directed C� H
activation transition state was also found to be more facile
(ΔGTSI

S(VI) 21.0 kcalmol� 1), with the analogous activation
of the ortho-bond adjacent to the pyrimidine computed to
be less susceptible to metallocycle formation (ΔGTSI

Py

22.5 kcalmol� 1). These results indicate a dual favorability
for the sulfoximine-directed labelling pathway, with the
associated potential for BAY1000394 to be selectively
labelled in a single step without the requirement for de
novo synthesis. Accordingly, we performed the deuterium
labelling experiment prior to translation to the more
intricate tritiation procedure. As shown in Scheme 3C, a
substantial bias was observed for the sulfoximine directed
pathway at 50 °C ([2H]-42, 91%D versus 9%D adjacent
to the pyrimidine unit). From this result, we tuned the
reaction set up and conditions accordingly, and, in direct
alignment with our computational outputs, 42 underwent
near-precision tritium labelling adjacent to the sulfox-
imine unit, delivering a high specific activity of
29.7 Cimmol� 1 ([3H]-42) under sub-atmospheric pressure
of T2 (0.4 atm). Associated with this, it is notable that the
prepared radioactive product surpasses the generally
accepted requirements for a high specific activity API to
possess, at least, an isotopic enrichment of 15 Cimmol� 1

(0.5 tritiums/molecule).[21]

Following on from this, we extended our substrate
scope further whereby the sulfonimidamide analogue of
the antihistamine, Loratadine, 43[32] underwent extremely
efficient C� D bond formation in the presence of pyridine
and alkene functionalities (97%D). Collectively, these
examples demonstrate the clear applicability of the
developed C(sp2)� H labelling strategy to drug-discovery
settings, as well as the synergy between our computational
predictive studies and the experimental outcomes.
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Although substituted homoarenes are the most preva-
lent ring system found in pharmaceuticals, featuring in
almost 50% of all globally marketed small-molecule
drugs,[33] the replacement of this motif with C(sp3)-
hybridized bioisosteres in drug candidates can lead to
superior pharmacokinetic properties while retaining bio-
logical activity.[34] With this in mind, we set out to develop
a labelling strategy for sulfoximine-containing scaffolds
that circumvent the requirement for C(sp2)-character

within the immediate vicinity of the directing group.
Given the statistical link between the inherent ratio of sp2

to sp3 bond content within a given API and clinical
success,[35] coupled with the prevalence of S-methyl
sulfoximine motifs, we recognized the opportunity to
exploit our earlier C(sp3)� H activation mode observa-
tions. It was envisaged that the successful development of
such a protocol could have appreciable impact in the drug
discovery domain, forgoing the need for protracted

Scheme 3. A Prediction of isotope positional placement. Computational studies were utilized for predictions. Experimental results were conducted
under standard labelling conditions as described in Scheme 2. B Computational study of BAY1000394. Calculation of binding energies, transitions
states, and intermediates along the reaction coordinate were used to predict the regioselectivity of the HIE reaction of BAY1000394. C Late-stage
labelling of pharmaceuticals. Reaction conditions: aPre-catalyst 1 (2.5 mol%), substrate 42 (0.0179 mmol), an atmosphere of deuterium introduced
via balloon, EtOAc (0.018 M), 50 °C, 16 h. bPre-catalyst 1 (20 mol%), substrate 42 (1.97 mmol), tritium gas (0.4 atm), 1,2-DCE (0.00328 M), 25 °C,
1 h 40 min. cPre-catalyst 1 (2.5 mol%), substrate 43 (0.0538 mmol), an atmosphere of deuterium introduced via balloon, DCM (0.043 M), 25 °C,
1 h. Binding energies were calculated at the 6-311G(d,p) level of theory.
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synthetic sequences that necessitate the use of hazardous
isotopically-labelled alkylating agents. To address this
challenge, we hypothesized that complex 1 would act as a
basis for the identification of a pre-catalyst more suited to
this transformation. Appreciating the difficulty associated
with the activation of C(sp3)� H bonds, we considered the
introduction of electron-donating substituents on both the
phosphine and N-heterocyclic carbene (NHC) compo-
nents of the catalyst to support C� H activation, whilst
maintaining the steric profile of the ligands to drive
product formation,[16a,b] an event that can present chal-
lenges within iridium catalysis.[36] Using the [Ir(COD)-
(PnBu3)(IMes)]BArF pre-catalyst 44, a selection of sulfox-
imine architectures were successfully labelled at the S-
methyl position, under re-optimized conditions, to provide
products with good to excellent enrichments (Scheme 4).
Related to this, one-carbon homologation of the sulfox-
imine functional group from the arene fragment was well-
tolerated ([2H]-45 and [2H]-46, 89%D and 91%D,
respectively), albeit with the fluoro-containing structure
46 still incurring some directed labelling on the aromatic
ring. Moreover, the further distancing or complete remov-
al of C(sp2)-character was shown to be unproblematic
([2H]-47 and [2H]-48, 87%D and 58%D, respectively).
The increase in steric bulk that results from the replace-
ment of the S-methyl with the S-ethyl unit in 49 appears
to indicate that methylene C(sp3)� H labelling is more
challenging, with multiple labelling pathways now becom-
ing viable. Specifically, the methylene positions adjacent
to the sulfoximine as well as the arene ring were now
labelling to modest levels. Finally, we performed the late-
stage HIE of a protected and sulfoximine-containing
derivative of the biomolecule, L–Methionine, 50, which is

completely absent of C(sp2)-character and where a good
57%D enrichment was achieved under the standard
conditions described in Scheme 4. At this stage, while
further studies are on-going, our working hypothesis is
that a sterically-driven metalation process delivers selec-
tive labelling reactivity preferentially at the S-methyl
moiety within the substrates investigated.

Conclusions

We have established effective catalytic methods that offer
efficient access to highly deuterated and tritiated sulfox-
imine-containing compounds. Our selection of an appropri-
ate HIE catalyst was guided by the implementation of DFT
calculations, specifically investigating individual binding
energies within the central coordination complex intermedi-
ate. Furthermore, this overall approach has also allowed the
prediction and delivery of labelling regioselectivity of arenes
within polyfunctionalized molecules and more elaborated
pharmaceuticals. Leading on from our ortho-directed ap-
proach, we have also developed complementary catalytic
methods for the introduction of hydrogen isotopes into
saturated hydrocarbon frameworks, which permit the expe-
dient synthesis of sulfoximines labelled at C(sp3)� H sites.
The translational synthetic potential of each protocol was
further exemplified through the efficient HIE of bioactive
molecules and an amino-acid derivative, with the over-
arching method showing tolerance to the presence of
transition-metal-sensitive moieties such as alcohols, amines,
esters, halides, heterocycles, and olefins. We anticipate that
adoption of these catalytic systems will enable the synthesis
of research tools that will accelerate the understanding of

Scheme 4. Evaluation of reaction scope associated with the sulfoximine-directed S-alkyl C� H activation sequence. All reactions were performed on
a 0.1075 mmol scale with complex 44 (5 mol%) under an atmosphere of deuterium introduced via balloon, in DCM (0.043 M) at 30 °C over 16 h;
isotopic incorporation within the isolated products is recorded as an average of, at least, two separate runs. aIncorporation was determined from
the crude reaction mixture. bReaction was conducted at 40 °C.
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the biological performance of drug candidates and, con-
sequently, support the approval of sulfoximine-containing
therapeutics.
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Selective Deuteration and Tritiation of Phar-
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We report highly effective iridium-cata-
lyzed methods for the installation of
hydrogen isotopes into pharmaceuti-
cally-relevant sulfoximine-containing
structures that can be conducted selec-
tively via exchange at C(sp2)- and C(sp3)-

centers. The utility of this catalytic plat-
form has also been demonstrated
through the late-stage and single step
generation of labelled bioactive architec-
tures and biomolecules.

Angewandte
ChemieResearch Article

Angew. Chem. Int. Ed. 2024, e202417179 © 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202417179 by N

H
S E

ducation for Scotland N
E

S, E
dinburgh C

entral O
ffice, W

iley O
nline L

ibrary on [26/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	Selective Deuteration and Tritiation of Pharmaceutically Relevant Sulfoximines
	Introduction
	Results and Discussion
	Conclusions
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Data Availability Statement


