
Chemical
Science

EDGE ARTICLE
Synthesis and fu
Department of Chemistry, University of O

Oxford, OX1 3TA, UK. E-mail: michael.willi

† Electronic supplementary information (
characterisation data, including
https://doi.org/10.1039/d5sc02420j

Cite this: DOI: 10.1039/d5sc02420j

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 31st March 2025
Accepted 3rd June 2025

DOI: 10.1039/d5sc02420j

rsc.li/chemical-science

© 2025 The Author(s). Published b
nctionalization of vinyl
sulfonimidamides and their potential as
electrophilic warheads†

Yu Tung Wong, Charles Bell and Michael C. Willis *

Covalent inhibitor design is dominated by the use of electrophilic acrylamide warheads. One limitation of

acrylamides is that there are limited opportunities to modify their electrophilicity, and hence reactivity, by

simple structural changes. Here we show that vinyl sulfonimidamides are effective electophilic groups

for reaction with both sulfur- and nitrogen-based biologically relevant nucleophiles. The parent N–H

vinyl sulfonimidamides are prepared in a single step from an aryl-ONSO reagent, a vinyl organometallic,

and an appropriate amine. Imidic N-functionalisation is straightforward, providing a collection of

electrophilic fragments of varied reactivity. We demonstrate that the electrophilicity of these new

reagents can be modulated by choice of the imidic N-substituent, and when this is used in combination

with alkene substituents, allows for a reactivity range both above and below that of the parent acrylamide.
Introduction

Covalent inhibitors are small molecules that inactivate their
target through formation of a covalent linkage. Despite offering
the advantages of high potency, long residence time, and
decreased drug resistance rate,1 these inhibitors have for
decades been typically avoided due to potential off-target effects
and toxicity concerns. To address these drawbacks, approaches
that target non-catalytic nucleophiles in proteins were estab-
lished, and through rational design of the noncovalent back-
bone of the inhibitor, maximal inhibition could be achieved
while minimising toxicity due to off-target effects.2 These
advances have led to signicant new and renewed interest in
developing covalent drugs.2 One of the biggest advantages of
covalent drugs is that they can target proteins that were
considered as ‘undruggable’ due to shallow binding pockets.
However, through covalent bond formation, success in target-
ing these proteins has been achieved.3 A recent example is
KRAS(G12C), a protein that was considered as undruggable
until the recent development of the small molecule inhibitors
sotorasib and adagrasib.4

Of the 10 000+ covalent inhibitors present in the Covalent
Inhibitor Database,5 over 50% are classied as having a mech-
anism of action as Michael addition. Within this group, acryl-
amides are the most popular Michael acceptors used, and are
the reactive warhead in 15 approved drugs and 50 reported
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covalent inhibitors,5b including ibrutinib and afatinib (Fig. 1a),
which are both listed as essential medicines by the World
Health Organization.6 Acrylamide based drugs exhibit a wide
range of biological effects, including anticancer,7 antiviral,8

antibacterial,9 anti-inammatory,10 anti-fungal,11 and antidia-
betic activities.12

Despite the success enjoyed with acrylamides as warheads in
covalent inhibitors, the structure of the acrylamide group
means that there are only limited opportunities to modify their
reactivity from simple structural changes. Related to this, the
Fig. 1 (a) Examples of covalent warheads. (b) Acrylamides, sulfondii-
midoyl fluorides, and vinyl sulfonimidamides. (c) This work: synthesis,
functionalisation and reactivity of vinyl sulfonimidamides.
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Scheme 1 Synthesis of N–H- and N-functionalised sulfonimidamides
from BiPhONSO. Conditions for N–H sulfonimidamides: BiPhONSO
(1.0 equiv.), alkenyl Grignard (1.0 equiv.), THF, −78 °C, 3 min then
amine (1.2–1.5 equiv.), −78 °C to 0 °C, 7 min. Functionalization of
vinylsulfonimidamides: 1.0 equiv. of sulfonimidamide was used in all
cases. aEt3N (1.5 equiv.), E+ (1.1–1.5 equiv.), THF, 0 °C to rt, 2–20 h;
bpyridine (1.5–1.8 equiv.), E+ (1.1–1.5 equiv.), THF, 0 °C to rt, 3–16 h;
cKHMDS (2.0 equiv.), E+ (0–1.5 equiv.), DMSO, rt, 2 h; dp-tolyl boronic
acid (2.3 equiv.), Cu(MeCN)4BF4 (15 mol%), DMF, rt, O2, 24 h; eNaH (1.2
equiv.), MsCl (1.1 equiv.), THF, 0 °C to rt, 18 h.
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effects on altering the amidic nitrogen substituent, as well as
introducing a- or b-substituents on the alkene, on the reactivity
of acrylamides with cysteine or glutathione (GSH) nucleophiles
have been reported.13 Of note in this regard is the KRAS inhib-
itor adagrasib, featuring a 2-uoro-substituted acrylamide unit,
which was introduced to minimise GSH metabolism and
improve bioavailability.14

Vinyl sulfonamides have recently been explored as alterna-
tives to acrylamide warheads in covalent inhibitors. These
groups are generally more electrophilic, which provides poten-
tial advantages for targeting non-catalytic amino acid residues,
including cysteines15 and lysines.16 Their application has
emerged in antibody–drug conjugates, chemical probes, and
monovalent degraders, with the molecule ML 1–50 being
a representative example (Fig. 1a).17 As with acrylamides,
control of reactivity in vinyl sulfonamides is limited to variation
of the amidic N-substituent and/or substitution of the alkene.
Despite the prevalence of sulfonamides in more than 70
approved drugs,18 their mono-aza analogues, sulfonimida-
mides, have been far less explored,19 although they are now
common in the medicinal chemistry patent literature.20 Poten-
tial advantages of these motifs include the presence of a ster-
eogenic center at sulfur,19 and that the imidic nitrogen atom is
both basic and nucleophilic, thus providing opportunities for
functionalization and the potential to tune the physicochemical
and biological properties of these molecules.

In a recent study we were able to demonstrate that selection
of the imidic N-substituent in a series of sulfondiimidoyl uo-
rides had a marked effect on reactivity with nucleophiles at the
sulfur centre (Fig. 1b),21 and similar trends have also been seen
with sulfonimidoyl uorides.22 Having shown the importance of
imidic N-substituents on reactivity at sulfur, we speculated that
we could translate this concept to vinyl sulfonimidamides, and
control reactivity at the b-carbon (Fig. 1b). These new reagents
would thus possess a unique additional vector to modulate
reactivity and physicochemical properties compared to known
warheads such as acrylamides. In addition, the stereogenic
center at sulfur could also be expected to impart selectivity with
chiral nucleophiles. There are a handful of alkenyl sulfonimi-
damides in the literature,23 with the rst vinyl example reported
by our laboratory in 2020.24 Additionally, a small collection of
vinyl sulfonimidamides has been prepared by Bull and Arm-
strong using a sequence starting from b-alkoxydisuldes;25

these studies showcased the chemical and stereochemical
stability of vinyl sulfonimidamides, although no reactivity
studies were performed. The stability of sulfonimidamides in
general, has been touched on in several publications.19,26

Results and discussion

Using a slightly modied procedure to the earlier method re-
ported by our laboratory,24a vinyl sulfonimidamides 2 were
prepared in one-pot using a combination of the commercially
available hydroxysulnylamine BiPhONSO (1),27 vinyl-
magnesium bromide, and a range of amines (Scheme 1),
allowing the rapid assembly of the desired N–H
sulfonimidamides, with modular installation of the amidic N-
Chem. Sci.
unit. With a series of N–H sulfonimidamides in hand, fuinc-
tionalisation of the imidic N–H was achieved in a straightfor-
ward way. For example, treatment of morpholine derivative (2a)
with base and an appropriate electrophile provided access to
a variety of N-functionalised products including acyl (3a–b),
carbonate (3c), urea (3d), sulfonyl (3e), cyano (3f) and alkyl (3g–
3h) sulfonimidamides. A Cu-mediated Chan–Lam coupling was
used to access N-aryl derivative (3j).28 Access to the N-tert-butyl
derivative 3i required an alternative route proceeding from tert-
butylsulnylamine.29 Primary aniline derived compounds (2c–
2d) were more challenging to functionalise, with the presence of
two potential reactive N-atoms resulting in lower yields. Of note,
when a mixture of geometrical isomers of b-methyl substituted
sulfonimidamide (2h) was subjected to basic conditions, only
the (E)-isomer of the product was obtained when using 1-bro-
mobutane as the electrophile (4f). A similar isomerisation could
be exploited to obtain geometrically pure (E)-2h; simply treating
the geometrical mixture of 2h with KHMDS for 2 h at room
temperature allowed the (E)-isomer to be obtained in 60% yield.
Related base-catalysed geometric isomerisations have previ-
ously been described for suldes, sulfoxides and sulfones, but
has yet to be reported for sulfonimidamides.30 With a single
isomer of 2h obtained, functionalisation of the imidic nitrogen
© 2025 The Author(s). Published by the Royal Society of Chemistry



Scheme 3 Conjugate addition reaction of vinyl sulfonimidamides 2–3
with amino acid derivatives. Reaction conditions: cysteine: Boc-(L)-
Cys-OMe (1.0 equiv.), Et3N (1.0 equiv.), MeCN, rt, 16 h; lysine: Boc-(L)-
Lys-OMe-HCl (1.0 equiv.), Et3N (2.0 equiv.), MeCN, rt, 16 h; serine:
Boc-(L)-Ser-OMe (1.0 equiv.), Et3N (1.0 equiv.), MeCN, rt, 16 h. Isolated
yields reported. aEt3N (0.2 equiv.) was used; byield for double addition
product.
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was possible through treatment with triethylamine and either
acetyl chloride (4d) or methanesulfonyl chloride (4e), with no
isomerisation observed.

With a broad range of N-functionalised sulfonimidamides
available, reactivity studies toward conjugate addition of sulfur-
based nucleophiles were carried out using 1-dodecanethiol
(Scheme 2).31 The inuence of the nitrogen substituent was
pronounced in these reactions, with yields ranging from 7–84%
for the vinyl examples. As had been previously observed with
acrylamides, the 13C NMR shis of the terminal vinyl-carbon
provides a reasonable prediction of reactivity.13b This is typi-
ed by N-sulfonyl sulfonimidamide 3e, which gave the highest
yield of 84%. N-Butyl example 7f is an outlier in these reactions,
with greatly enhanced reactivity observed under these reaction
conditions, and we speculate that this may be due to the
enhanced basicity of the imidic nitrogen. As expected, a-methyl
substituted sulfonimidamides (7g, 7h) showed attenuated
reactivity (2–6%), and this is in agreement with previous studies
on substituted acrylamides.13c To benchmark the reactivity of
these new N-functionalised sulfonimidamides, competition
reactions were performed in the presence of an acrylamide
analogue, 4-acryloylmorpholine (8, 1.0 equiv.). Importantly, in
these cases the yield of the obtained sulfonimidamide addition
product was consistent (yields in parenthesis, 7a, 7c and 7f),
demonstrating the enhanced reactivity of this functionality
relative to acrylamides.

We next examined the reactivity of vinyl sulfonimidamides
against a series of protected amino acid derivatives, using the
imidic N–H, N-Ms and N-n-Bu analogues as the electrophilic
components (Scheme 3a).16 As expected, reactivity with the
cysteine derivative was similar to that observed with the simple
thiol, with the N-Ms substrate 3e, providing the corresponding
addition product in high yield (9b, 89%). The N-n-Bu (3g)
substrate was comparable (86%), while the N–H substrate 2a
showed a lower reactivity (54%). These reactions gave consistent
results when performed with stoichiometric or sub-
stoichiometric quantities of triethylamine (0.2 equiv., yields in
parenthesis). Vinyl sulfonimidamides also reacted readily with
a lysine derivative; the N-Ms substrate (3e) providing the adduct
in an excellent 98% yield (98%), while the N–H (2a) and N-n-
Scheme 2 Conjugate addition reactions of alkenyl sulfonimidamides
3 with 1-dodecanethiol (full details in ESI†). aIn the presence of 1.0
equiv. of acrylamide 8.

© 2025 The Author(s). Published by the Royal Society of Chemistry
butyl (3g) examples resulted in mixtures of mono- (10a and 10c)
and bis-addition products. All of the substrates were unreactive
towards Boc-(L)-Ser-OMe, with no desired products being
observed (11) and only starting material remaining.

Given the reactivity observed with the cysteine and lysine
derivatives, we next performed a series of competition experi-
ments to probe this further. The same three vinyl sulfonimi-
damide derivatives (2a, 3e, 3g) were combined with a 1 : 1
mixture of protected cysteine and lysine nucleophiles and the
yields of the conjugate addition products were measured
(Scheme 3b). The N–H substrate reacted preferentially with the
cysteine derivative (70%), with only a small amount (8%) of the
lysine adduct being isolated. The more electrophilic N-Ms
substrate still formed the cysteine adduct as the major product,
but the proportion of the lysine adduct was increased to 25%.
Finally, the N-Bu sulfonimidamide displayed good selectivity for
cysteine, with only 7% of the lysine adduct being formed.

The reactivity of the vinyl sulfonimidamides was next
examined under biologically relevant conditions using gluta-
thione (GSH) as the nucleophile at pH 7.3 (Scheme 4).32 The
half-life (t1/2) was determined using 1H NMR analysis, with the
disappearance of the vinyl group monitored as a function of
time (full experimental details are provided in the ESI†). Control
experiments using acrylamide 8 and sulfonimidamide 2a
conrmed only GSH-dependent reactivity. Due to the rapid
reaction rates, the half-life for the majority of substrates was
calculated using second-order kinetics. However, the half-life of
unfunctionalized a-Me and b-Me-substituted sulfonimidamide
derivatives were determined with pseudo-rst-order kinetics
using six equivalents of glutathione. In order to benchmark the
reactivity of the vinyl sulfonimidamides using these reaction
conditions, 4-acryloylmorpholine 8 and vinyl sulfonamide 12
Chem. Sci.



Scheme 4 Kinetic studies of vinyl sulfonimidamides with glutathione. a6.0 equiv. GSH used.
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were included as substrates. The half-life measured for the
reaction of GSH and 4-acryloylmorpholine 8 (3.91 h) under
these conditions is faster than that reported by Bauer and co-
workers33 (13.8 h, 1 mM electrophile, 10 mM GSH, 70 mM
phosphate buffer (pH = 7.4), 30% MeCN at 37 °C) and this is
likely due to the differences in experimental parameters.

The unfunctionalized N–H sulfonimidamide 2a has a half-
life of 576 seconds, showcasing the vastly enhanced reactivity
compared with the acrylamide analogue (8, 14 091 seconds),
although this is slower than the corresponding sulfonamide
(12, 238 seconds). Incorporating an electron-withdrawing group
on the imidic nitrogen atom of the sulfonimidamides results in
signicant increases in reactivity; in all cases, reactions with
GSH exhibit extremely fast kinetics with half-life measurements
of <1 minute. This rate of sulfonimidamide conjugation
compares favourably even to the fastest cysteine conjugation
reactions reported, such as those using iodoacetamide, mal-
eimide or chlorooxime electrophiles.34 The half-life for mesy-
lated derivative 3e was too fast to be determined. Reactivity of
the acylated sulfonimidamide 3a could be measured, with
a half-life of 1.01 seconds, which to the best of our knowledge is
the shortest half-life recorded in reaction with GSH,33 show-
casing the enhanced reactivity of these Michael-type acceptors.
Both carbamate 3c (t1/2 = 4.22 s) and urea 3d (t1/2 = 28.8 s)
demonstrated signicantly enhanced reactivities compared to
that of the sulfonamide 12. For sulfonimidamides bearing N-
electron-withdrawing groups, there was a positive correlation
between the rate of reaction and increase in the b-carbon 13C
NMR shi (see ESI†). The exceptionally high reactivity of these
compounds with sulfur-based nucleophiles suggests potential
Chem. Sci.
application in quantication of cysteine in proteomic studies
and the labelling of peptides.35

Substrates featuring electron donating N-alkyl groups were
also studied. Reaction of N-n-butyl substituted sulfonimida-
mide 3g proceeded at a comparably slower rate (t1/2 = 162 s),
although this is still enhanced relative to sulfonamide 12.
Substrate 3i, featuring the electron-donating and sterically
demanding tert-butyl substituent, showed reduced reactivity (t1/
2 = 403 s). N-Aryl derivative 3j had similar reaction kinetics (t1/2
= 532 s) compared to the N–H derivative 2a. The ESI† contains
data for additional N-substituted vinyl sulfonimidamides (Table
S3†).

Birkholz and co-workers have shown that substituents on the
alkene of acrylamides affects reaction rates with GSH.13d We
examined this in the context of a- and b-methylated alkenyl
sulfonimidamide derivatives with varying imidic N-substitu-
ents. Analogous to acrylamides, methyl substitution at the a-
position (4a–c) greatly reduced reactivity with GSH relative to
the unsubstituted vinyl derivatives. For example, N-Ms (4b, t1/2
= 249 s), N-Ac (4a, t1/2 = 4680 s) and N-n-Bu (4c, t1/2 = 11 023 s)
derivatives all reacted orders of magnitude slower than their
vinyl counterparts, and are more comparable to sulfonamide
and acrylamide warheads in terms of reactivity. As expected,
methyl substitution at the b-position (4d–f) similarly reduces
the rate of reaction with GSH (t1/2 = 218 to 9307 s). This can be
attributed to a combination of increased steric hindrance at the
site of nucleophilic addition and deactivation of the electro-
phile through hyperconjugation. In all examples, the b-methyl
sulfonimidamides are more reactive than a-methyl derivatives.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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The nal parameter explored was the effect of the amidic N-
substituent on reactivity. N-Methylanisidine derived sulfoni-
midamides (5a–c) showed reactivity similar to the correspond-
ing morpholine derivatives in their reactions with GSH.
However, primary anisidine derived sulfonimidamides (6) dis-
played reduced reactivity relative to tertiary sulfonimidamides
(5). The order of reactivities based on imidic N-substitution was
also altered for this class of substrates; Ac > Ms > Et > NH. This
lower reactivity (and scrambling of substituent effects) is in
contrast to what has been observed using acrylamide sub-
strates,13a and is likely due to tautomeric isomerisation that is
observed with N-aryl sulfonimidamides.
Conclusions

We have shown that vinyl sulfonimidamides are available in
a single step, and that their conversion to a variety of imidic N-
functionalised products is straightforward. These new electro-
philic fragments show good reactivity with both cysteine and
lysine derived nucleophiles. Kinetic analysis of their reactions
with glutathione demonstrates exceptional reactivity, relative to
the corresponding sulfonamide and acrylamide derivatives, and
that this reactivity is dependent on the identity of the imidic N-
substituent. By tuning the imidic N-substituent in combination
with alkene substitution, it is possible to achieve reactivity
either above or below that of the corresponding acrylamides.
Given the wide range of reactivities that are possible, combined
with their modular assembly, we anticipate that vinyl sulfoni-
midamides should be of broad utility in medicinal and polymer
applications.
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