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nthesis of aza-saccharins via
anionic [1,4] Fries-type rearrangement of aryl
sulfonimidoyl fluorides
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Karolina Kwapien, a Richard J. Lewis, a John J. Murphy, a Marta Passamonti, a

Lena M. von Sydow, a Victor Spelling, c Ioannis Asproudis, b

Malvika Sardana, c Claudia Gatti, d Hikaru Seki, a Thomas Lemaitre, a

Radvile Juskaite, a Ranganath Gopalakrishnan, a Stuart J. Francis, a

Cristina Gardelli, a Per-Ola Norrby e and Werngard Czechtizky a

A regioselective synthesis of aromatic and aliphatic aza-saccharins as cyclic sulfonimidamide derivatives is

reported, starting from easily accessible aryl sulfonimidoyl fluorides and primary or secondary amines with

broad functional group tolerance. The transformation is enabled by electron-withdrawing substituents and

proceeds through an anionic [1,4] Fries-type rearrangement at cryogenic temperature, initiated by KHMDS-

mediated ortho-deprotonation and rapid carbonyl migration. Mechanistic investigations indicate the

formation of aryl sulfonimidoyl fluoridate anions, a distinct and previously unexplored motif in S(VI) and

SuFEx chemistry. The involvement of these low-temperature-persistent intermediates is supported by

cryogenic 19F/15N NMR studies of a 15N-labeled substrate, interception by acylation to give a stable

adduct whose structure was confirmed by X-ray diffraction, and complementary DFT calculations

indicating that the fluoridate anion is a viable low-energy intermediate. Regioselectivity follows

predictable electronics-driven trends governed by meta-substituents, while selective aza-saccharin

formation can be modulated by base choice and reagent addition order. Notably, the fluoridate anions

are configurationally stable at sulfur, as demonstrated in a representative example, and subsequent

amination via in situ SuFEx capture proceeds stereospecifically with inversion at sulfur. This synthetic

method provides a mechanistically defined and stereocontrolled entry to chiral aza-saccharins with

potential relevance to medicinal chemistry, agrochemical discovery and related disciplines.
Introduction

Within the pharmaceutical industry, medicinal chemists are
confronted with the continuous task of improving the proper-
ties of bioactive compounds while simultaneously balancing
efficacy with safety and tolerability. In their pursuit, a promising
class of compounds known as sulfonimidamides has emerged
as bioisosteric substitutes for widely used sulfonamides, thanks
to their favorable blend of physicochemical and
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pharmacokinetic characteristics.1–3 These features have posi-
tioned sulfonimidamides as compelling motifs for addressing
limitations associated with established sulfur(VI)-based scaf-
folds and for enabling therapeutic innovation. As a result, sul-
fonimidamides have attracted signicant attention, leading to
multiple patents since 2018 that highlight their utilization as
inhibitors for NLRP-,4 STING-,5 and LXR-related disorders,6 and
their potential for pesticidal applications.7

In the realm of sulfonimidamides, an additional level of
structural complexity can be achieved through rigidication in
the form of cyclic analogs. Among these structures, aza-
saccharins stand out as three-dimensional heterocycles with
amine exit vectors positioned out of the plane, offering oppor-
tunities for diversication. Despite this promise, general
synthetic access to aza-saccharins remains limited in the open
literature. To date, our laboratories have disclosed the single
general method for their synthesis relying on the ring closure of
tert-butyldimethylsilyl-protected (TBS-protected) acyclic aryl
sulfonimidamides onto a pre-installed ester moiety in ortho-
position (Scheme 1A).8 According to our survey of the literature,
Chem. Sci.
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Scheme 1 Methods for the synthesis of aza-saccharins and
applications.

Table 1 Optimization of reaction conditions for aza-saccharin
formationa

Entry Deviation from standard conditions LCMS yield 3a, [4a] (%)b

1 None >99 {89}c, [n.d.]
2 MTBEd 81, [7]
3 Sulfonimidoyl chloride Degradation
4 Moc 68 {52}c, [n.d.]
5 KHMDS (2.00 equiv.) added last 6, [92]
6 LiHMDS (2.00 equiv.) 2, [95]
7 NaHMDS (2.00 equiv.) 91, [n.d.]
8 KHMDS (1.50 equiv.) 82, [n.d.]
9 KHMDS (2.50 equiv.) 84, [n.d.]

a Reaction conditions: sulfonimidoyl uoride 1a (75.0 mmol, 1 equiv.),
KHMDS (150 mmol, 2.00 equiv.), THF, −78 °C, 15 min; 2-
aminopyrimidine (2a, 90.0 mmol, 1.20 equiv.), THF, −78 °C, 22 °C,
15 min. b LCMS yield of Entry 1 veried via NMR experiment with
1,3,5-trimethoxybenzene as internal standard. c Isolated yield on a 400
mmol scale. d KHMDS (1 M in THF) used. n.d. = not detected.
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View Article Online
this methodology was subsequently applied in 2020 patent
disclosures, which describe the only additional examples of aza-
saccharins, encompassing over 50 compounds evaluated as
NLRP3 modulators (Scheme 1B).9,10 Given our interest in aza-
saccharins for fragment-based hit nding and to broaden the
synthetic access to this compound class, we developed an
orthogonal strategy for the synthesis of aza-saccharins that
employs an anionic [1,4] Fries-type rearrangement11,12 of aryl
sulfonimidoyl uorides, followed by sulfur(VI) uoride exchange
(SuFEx) chemistry.1u,13 The transformation proceeds via cryo-
genically stable aryl sulfonimidoyl uoridate anions, which, to
the best of our knowledge, have not been previously reported as
intermediates or reactive motifs in SuFEx processes, and are
intercepted in situ by amines to effect ring closure (Scheme 1C).
The involvement of these uoridate anions is supported by
cryogenic 19F/15N NMR studies of a15N-labeled substrate, acyl-
ation trapping with X-ray characterization of a resulting adduct,
and complementary computational simulations. In this study,
we describe the regioselective synthesis of substituted aza-
saccharins with its applicability to stereospecic protocols
using easily accessible tert-butyloxycarbonyl-protected (Boc-
protected) aryl sulfonimidoyl uorides and amines with broad
functional group tolerance.

Results and discussion
Reaction optimization

During our investigation into the formation of acyclic sulfoni-
midamides, we discovered a novel reactivity pattern upon the
addition of potassium bis(trimethylsilyl)amide (KHMDS) to
a solution containing sulfonimidoyl uoride 1a and 2-amino-
pyrimidine (2a), resulting in the concomitant formation of aza-
saccharin 3a and acyclic sulfonimidamide 4a. We hypothesized
Chem. Sci.
that favorable aza-saccharin formation could be facilitated by
KHMDS pre-activation (KPA) of sulfonimidoyl uoride 1a,
which induces an anionic [1,4] Fries-type rearrangement to an
ester analogue in ortho-position,14 akin to our previously
established route (Scheme 1A), prior to the addition of amine.
Under optimized reaction conditions, the treatment of sulfo-
nimidoyl uoride 1a (1 equiv.) with KHMDS (2.00 equiv.) at
−78 °C, followed by the addition of 2-aminopyrimidine (2a, 1.20
equiv.), resulted in quantitative conversion and high isolated
yield of aza-saccharin 3a (Table 1, Entry 1).15 Deviations from
the optimized conditions revealed pronounced sensitivity to
solvent, substrate structure, protecting group, reagent addition
order, as well as base identity and equivalents. Among the
ethers examined, tetrahydrofuran (THF) proved most effective,
whereas methyl tert-butyl ether (MTBE) gave the lowest LCMS
yield (Entry 2).16 Furthermore, the sulfonimidoyl chloride
analogue of sulfonimidoyl uoride 1a failed to furnish detect-
able aza-saccharin 3a and instead led to substrate degradation
(Entry 3).17 In contrast, the methoxycarbonyl-protected (Moc-
protected) aryl sulfonimidoyl uoride still afforded the corre-
sponding aza-saccharin 3a, albeit with diminished LCMS and
isolated yields accompanied by increased side product forma-
tion (Entry 4).18 When KHMDS was added in the presence of
amine 2a, preferential formation of acyclic sulfonimidamide 4a
was observed (Entry 5). Interestingly, silazide bases with more
Lewis-acidic counterions, such as lithium bis(trimethylsilyl)
© 2026 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
amide (LiHMDS) or sodium bis(trimethylsilyl)amide
(NaHMDS),19,20 were found to be less reliable in the pre-
activation of sulfonimidoyl uoride 1a (Entries 6 and 7).
While the origin of this counterion dependence is not fully
established, it may reect differences in ion pairing, aggrega-
tion and/or metal–substrate coordination of alkali-metal sila-
zides under cryogenic conditions.21 Collectively, the strong
dependence on reagent addition order and on the alkali-metal
silazide employed provides a practical handle to control the
chemoselectivity in the synthesis of aza-saccharins and acyclic
sulfonimidamides. Finally, the optimized amount of KHMDS
proved essential for achieving ideal results in aza-saccharin
synthesis (compare Entries 1, 8 and 9).22

Substrate scope

The synthetic application of this chemistry to aza-saccharin
formation was investigated using aryl sulfonimidoyl uorides
and their corresponding aza-saccharins (Scheme 2), while
heteroaryl analogues were not examined. Various inductive
electron-withdrawing substituents in the meta-position relative
to the sulfonimidoyl uoride moiety were compatible, and
provided aza-saccharins 3 with complete (3b–3g) or high
regioselectivity (3h : 3h0 = 92 : 8). Notably, cyclization in these
substrates occurred at the sterically more demanding reaction
site. Electron-withdrawing substituents in the para-position
yielded aza-saccharins 3i–3k in fair yields, while ortho- and
Scheme 2 aza-Saccharin formation: scope of aryl sulfonimidoyl fluorid
KHMDS (800 mmol, 2.00 equiv.), THF, −78 °C, 15 min; 4-Me-6-Ph-pyrim
aKPA: −78 °C, 4 h. bKPA: −50 °C, 15 min. cKPA: −30 °C, 30 min. Va
Displacement ellipsoids are drawn at the 50% probability level. Hydroge
(below LCMS detection limit in reaction mixture).

© 2026 The Author(s). Published by the Royal Society of Chemistry
unsubstituted aza-saccharins 3l, 3m required higher tempera-
tures due to less efficient KPA in the corresponding sulfonimi-
doyl uorides under standard conditions.

The use of bis-meta-substituted sulfonimidoyl uorides
enabled the synthesis of the corresponding aza-saccharins 3n–
3r, and allowed mapping of relative cyclization trends based on
observed regioselectivities inuenced by substituents in the
meta-position. The KPA of sulfonimidoyl uorides appears to be
governed by both inductive effects and polarization contrib-
uting to acidication, and potential stabilization of carbanions
via negative hyperconjugation (vide infra).23 Leading to
a productivity trend for substituents in the aza-saccharin
synthesis of F > SOFNBoc > Cl ∼ Br ∼ CN > CF3 > H,20,24,25

these observations align better with the reactivity and regio-
selectivity patterns observed in the deprotonation of substituted
arenes using strong potassium bases,26 yet complementary to
the directed ortho-metalation with chelating lithium reagents.27

A limitation of the methodology was observed for aryl sul-
fonimidoyl uorides bearing electron-donating substituents or
extended p-systems. Under standard conditions, the 4-methoxy
and 2-naphthyl derivatives failed to afford aza-saccharins 3s, 3t,
respectively.20,28 These results indicate that reactivity under the
current KPA conditions may require substrate-specic reop-
timization, beyond the temperature adjustment used for less
activated aryl sulfonimidoyl uorides (aza-saccharins 3l, 3m).
es. Reaction conditions: sulfonimidoyl fluoride 1 (400 mmol, 1 equiv.),
idine-2-amine (2b, 480 mmol, 1.20 equiv.), THF, −78 °C, 22 °C, 15 min.
lues correspond to isolated yields for the mixture of regioisomers.
n atoms and minor parts are omitted for clarity. n.d. = not detected

Chem. Sci.
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The substrate scope exploration encompassing a wide range
of amines and other nitrogen nucleophiles is presented in
Scheme 3. 6-membered and 5-membered primary aromatic
amines bearing heteroatom-substituted and sterically hindered
motifs were tolerated to provide the corresponding aza-
saccharins 3a, 3u–3ab in 54−90% yields. Of particular signi-
cance, the synthesis of aza-saccharin 3a could be readily
accomplished on a 2.00 mmol scale without compromising the
efficiency of the reaction. Importantly, this transformation di-
splayed high functional group tolerance to enable direct access
to functionalized aza-saccharins 3ac–3ah, even in the presence
of acidic a-protons relative to the silazide base added, such as
demonstrated in ketone- 3ai, lactam- 3aj, sulfone- 3ak, and
phosphine oxide-containing aza-saccharin 3al. The successful
formation of aza-saccharin 3am in 40% yield additionally
expands the applicability of this methodology to secondary
aromatic amines as reaction partners.

Initially, aliphatic amines compromised the desired aza-
saccharin formation. During the KPA of sulfonimidoyl uo-
rides, the silazide anion functioned exclusively as a base.
However, at temperatures above −78 °C, it additionally
Scheme 3 aza-Saccharin formation: scope of amines and nitrogen nuc
equiv.), KHMDS (800 mmol, 2.00 equiv.), THF, −78 °C, 15 min; amine 2 (48
amine 2 (800 mmol, 2.00 equiv.). bNitrogen nucleophiles investigated
addition: 0 °C, 15 min. dKHMDS as NH2 surrogate: 40 °C, 2 h. Values corre
probability level. Hydrogen atoms and minor parts are omitted for clarity

Chem. Sci.
displayed dual reactivity and acted as a nucleophile in the SuFEx
reaction, leading to competition with aliphatic amines due to
similar nucleophilicity in contrast to aromatic amines. To
mitigate side product formation, a modied protocol was
developed by increasing the amount of aliphatic amine added
(2.00 equiv., Scheme 3). This modication proved effective,
resulting in the synthesis of aza-saccharins 3an–3at in 20−53%
yields.29 The free amino analogue aza-saccharin 3au was ob-
tained in 56% yield using KHMDS directly as an NH2 surrogate.
This orthogonal approach would allow access to additional
regioisomers of the previously reported NLRP3 modulators
when combined with the isocyanate-based modication
described above (cf. Schemes 1B and 2). Furthermore, the
successful isolation of aza-saccharin 3av, utilizing morpholine
as a reaction partner, demonstrates the applicability of this
synthetic protocol to secondary aliphatic amines.

In addition to aromatic and aliphatic amines, a set of other
nitrogen nucleophiles was evaluated under the standard
conditions. A representative hydrazine and sulfonamide did not
furnish the corresponding aza-saccharins 3aw, 3ax, and instead
led to notable side product formation. Selected mono-aza
leophiles. Reaction conditions: sulfonimidoyl fluoride 1a (400 mmol, 1
0 mmol, 1.20 equiv.), THF, −78 °C, 22 °C, 15 min. aFor aliphatic amines:
on a 100 mmol scale with LCMS conversions reported. cAfter amine
spond to isolated yields. Displacement ellipsoids are drawn at the 50%
. n.d. = not detected (below LCMS detection limit in reaction mixture).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Summary of mechanistic experiments for the formation of aza-saccharins. Reaction conditions: sulfonimidoyl fluoride (1 equiv.),
KHMDS (2.00 equiv.), THF, −78 °C; 2-aminopyridine (2c, 1.20 equiv.), 4-Me-6-Ph-pyrimidine-2-amine (2b, 1.20 equiv.) or acyl chloride (6.00
equiv.), THF,−78 °C, 22 °C, 15 min. aReaction profile for the KPA of unlabeled sulfonimidoyl fluoride 1awas computed at the M06-2X/def2-TZVP
level of theory with implicit solvent model (COSMO) for the treatment of THF. The relative Gibbs free energies DDG195 are calculated at 195 K.
Values correspond to isolated yields. Displacement ellipsoids are drawn at the 30% and 50% probability level. Hydrogen atoms and minor parts
are omitted for clarity.
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heterocycles delivered minor amounts of the pyrrole and indole
aza-saccharins 3ay, 3az, which could not be isolated, suggesting
that these scaffolds may become accessible with further opti-
mization.30 The remaining N–H heteroaromatic nucleophiles
tested were unreactive toward aza-saccharins 3ba–3bd, indi-
cating that hydrolysis, observed during LCMS analysis rather
than under experimental conditions, predominantly accounted
for most reactions.20,31 Taken together, these observations
underscore a limitation of the current protocol for these classes
of nitrogen nucleophiles.

Mechanistic studies

A set of mechanistic experiments was conducted to support our
mechanistic rationale in the KPA of aryl sulfonimidoyl uorides
© 2026 The Author(s). Published by the Royal Society of Chemistry
prior to the addition of amines. Based on the observed regio-
selectivities and substituent-dependent reactivity trends, we
postulated that inductive electron-withdrawing groups acidify
the ortho-hydrogen atom adjacent to the sulfonimidoyl uoride
moiety, leading to the formation of the carbanionic interme-
diate 5a upon deprotonation with KHMDS (Scheme 4A).32,33

Rapid [1,4] Fries-type rearrangement via carbonyl migration
within carbanion 5a would yield cryogenically stable aryl sul-
fonimidoyl uoridate anion 6a, whose presence was supported
by distinct 19F NMR (d 112 ppm) and 15N NMR (d 165 ppm)
shis in cryogenic NMR experiments utilizing 15N-labeled sul-
fonimidoyl uoride 1a-15N. Treatment of intermediate 6a-15N
with 2-aminopyridine (2c) provided aza-saccharin 3u-15N via
SuFEx reaction and cyclization with full incorporation of the
Chem. Sci.

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc00432f


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
9/

20
26

 1
2:

55
:0

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
15N-atom at the endocyclic position, whereas trapping of unla-
beled intermediate 6a with acetyl chloride resulted in a clean N-
acylation affording sulfonimidoyl uoride 7a (compare with X-
ray crystal structure of crystalline sulfonimidoyl uoride 7b).20

Moderately acidic hydrogen atoms at benzylic positions
ortho to the sulfonimidoyl uoride were suspected to compete
with deprotonation at the desired ortho-position, suppressing
aza-saccharin formation (e.g., ortho-tolyl, Scheme 4B). Among
the substituents investigated, only a meta-uoro substituent of
sulfonimidoyl uoride 8a was acidifying enough to allow
successful and selective aza-saccharin 9a formation while
potentially stabilizing the deprotonated sulfonimidoyl uoride
8a via negative hyperconjugation.23d,e Conversely, reactions
involving the cyano and the unsubstituted derivative favored
deprotonation at the benzylic position,12d forming sulnamide/
sulfonimidamide dimers 10b, 10c, respectively, as a mixture of
stereoisomers.34

Kinetic isotope effect (KIE) experiments via intramolecular
competition revealed a normal KIE in para-uoro sulfonimidoyl
uoride 11a–d toward aza-saccharin 12a–d (Scheme 4Ca, kH/kD
= 2.2). Its magnitude is consistent with a kinetically controlled,
effectively irreversible deprotonation (carbon-hydrogen/
deuterium bond cleavage) occurring in an asynchronous, rate-
determining transition state followed by a rapid carbonyl
migration.35 In contrast, bis-meta-dichloro sulfonimidoyl uo-
ride 11b–d exhibited an inverse KIE (Scheme 4Cb, kH/kD = 0.62)
attributable to a pre-equilibrium isotope effect (EIE), in which
a fast, reversible deprotonation precedes slower carbonyl
migration, and therefore reecting thermodynamic isotope
partitioning in this pre-equilibrium rather than intrinsic bond
cleavage kinetics. Consistent with these observations, density
functional theory (DFT) calculations supported the
substitution-dependent shi in the selectivity-determining step
between meta- and para-substituted sulfonimidoyl uorides.20

Additional evidence includes hydrogen/deuterium scrambling
at the para-position of bis-meta-dichloro sulfonimidoyl uoride
11c-d, indicating dynamic KPA behavior and sensitivity to
substituent acidication (Scheme 4Cb). The coexistence of an
inverse KIE together with deuterium exchange at nominally
nonreactive carbon-hydrogen sites for meta-substituted sulfo-
nimidoyl uorides implies an increased barrier to carbonyl
migration relative to ortho-deprotonation, rendering the
deprotonation step reversible (compare the reaction prole for
sulfonimidoyl uoride 1a, Scheme 4A).36

During the exploration of chiral information preservation at
the sulfur atom, stereoisomerically pure sulfonimidoyl uoride
13SR (d.e. > 99.0%, e.e. > 99.0%, (S)-conguration at sulfur
atom) afforded the corresponding aza-saccharin 14RR (d.e. >
90.6%, e.e. > 99.0%) without any erosion of optical activity of the
benzylic stereogenic center (Scheme 4D).20 More importantly,
upon KPA of sulfonimidoyl uoride 13SR, SuFEx capture by 2-
aminopyrimidine (2a) occurred with inversion of the stereo-
genic center at the sulfur atom,37 and therefore highlighted the
suitability of this transformation for stereospecic protocols.
Minor losses in stereoinformation can be attributed to the
degenerative nucleophilic attack of solvated uoride ions orig-
inating from the released potassium uoride.13c All results
Chem. Sci.
obtained from the cryogenic NMR spectroscopy, trapping
experiment (Scheme 4A) and the stereospecic route (Scheme
4D) collectively validate the uoro substituent being attached
and thus chiral information at the sulfur atom being conserved
throughout the entire KPA of sulfonimidoyl uorides, further
expanding the utilization of this synthetic methodology.

Conclusions

In conclusion, we have developed a regioselective method for
the synthesis of aza-saccharins from aryl sulfonimidoyl uo-
rides and amines. This transformation displays broad applica-
bility, accommodating electronically diverse substrates bearing
inductive electron-withdrawing substituents as well as a range
of amine partners, while maintaining high functional group
tolerance. Mechanistic studies are consistent with an anionic
[1,4] Fries-type rearrangement under strongly basic conditions,
in which regioselective ortho-deprotonation is followed by rapid
carbonyl migration to low-temperature-persistent aryl sulfoni-
midoyl uoridate anions, revealing a distinct and previously
unexplored mode of reactivity in S(VI) and SuFEx chemistry. The
involvement of these uoridate anions is supported by cryo-
genic 19F/15N NMR studies of a 15N-labeled substrate, inter-
ception by acylation with X-ray characterization of the resulting
adduct, and complementary computational analysis. Notably,
chiral information at the sulfur center is preserved during the
rearrangement, and subsequent SuFEx-based amination
proceeds stereospecically with inversion at sulfur, enabling
a controlled and predictable route to stereodened aza-
saccharins.

Overall, this work expands the synthetic and mechanistic
understanding of sulfonimidoyl uorides and establishes
a reliable entry to functionalized aza-saccharins. Future studies
will assess whether the present methodology can be extended to
heteroaryl sulfonimidoyl uorides and their corresponding aza-
saccharins, as well as to carbon- and oxygen-based nucleo-
philes. Concurrently, ongoing work in our laboratories is
focused on investigating the physicochemical and pharmaco-
kinetic properties of aza-saccharins and evaluating their
potential as bioisosteric replacements for sulfonamides in
medicinal chemistry, agrochemistry, and related disciplines.
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