
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
5.

02
.2

6 
01

:5
2:

22
. 

 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
View Journal  | View Issue
Sulfur fluoride ex
aDepartment of Chemistry, Pomona College

CA, 91711, USA. E-mail: nicholas.ball@pom
bPzer Worldwide Research & Development,

USA. E-mail: thomas.puleo@pzer.com; Alis

† These authors contributed equally.

Cite this: Chem. Sci., 2025, 16, 16063

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

Received 28th May 2025
Accepted 6th August 2025

DOI: 10.1039/d5sc03893f

rsc.li/chemical-science

© 2025 The Author(s). Published by
change with carbon
pronucleophiles

Joseph R. Novicki,†*a Matthew D. Teeter,†a Neil J. Baldwin,b Christopher W. am
Ende,b Thomas R. Puleo,†*b Alistair D. Richardson†*b and Nicholas D. Ball *a

Aryl alkyl sulfones are an important class of compounds in drug discovery; thus, new methods toward their

synthesis are desirable. A general sulfur fluoride exchange (SuFEx) method to couple aryl sulfonyl fluorides

with alkyl carbon pronucleophiles to make aryl alkyl sulfones is described. The reaction was applied to

a diverse set of pronucleophiles, including esters, amides, heteroarenes, nitriles, sulfones, sulfoxides, and

sulfonamides, at room temperature under mild conditions. We highlight the application of this

transformation in parallel medicinal chemistry for the high-throughput generation of a broad array of aryl

alkyl sulfones. Lastly, we apply this method to the late-state SuFEx derivatization of a complex sulfonyl

fluoride template.
Introduction

Sulfones are sulfur(VI) compounds representing over 8% of all
sulfur-containing FDA-approved drugs.1 A subset of these
compounds are aryl alkyl sulfones, with applications ranging
from COX-2 inhibitors to anti-cancer agents (Fig. 1). Tradi-
tionally, synthetic routes to aryl alkyl sulfones proceed by add-
ing nucleophilic aryl or alkyl sulnates or thiols to halogenated
carbon electrophiles (Fig. 2a).2–8 Potential limitations of this
approach include the need for pre-functionalized carbon elec-
trophiles, the limited structural diversity available for aryl sul-
nates, and the functional group incompatibility of oxidative
conditions required when using thiols.9 Alternatively, strategies
that use sulfur electrophiles and carbon nucleophiles to access
aryl alkyl sulfones are underexplored.10,11 Direct coupling of aryl
S(VI) halides with alkyl carbon pronucleophiles offers two
diverse handles to access aryl alkyl sulfones and obviates the
need to generate pre-activated carbon electrophiles. Incorpo-
rating sp3 carbon fragments (Fsp3) is one way to improve key
physical properties of drug molecules, including solubility.12

Thus, robust methods to incorporate sp3 carbon centers into
sulfones are highly attractive.

Since the re-introduction of S(VI) uoride chemistry by
Sharpless in 2014, innovations in the eld have pushed the
frontiers of material science, chemical biology, and synthesis.13

New methods in preparing sulfonyl uorides in conjunction
with sulfur uoride exchange (SuFEx) chemistry have
, 645 North College Avenue, Claremont,

ona.edu

Groton Laboratories, Groton, CT, 06340,

tair.richardson@pzer.com

the Royal Society of Chemistry
demonstrated that sulfonyl uorides are viable synthetic
precursors for sulfonylation chemistry.14–17 Most approaches for
carbon nucleophile addition to sulfonyl uorides rely on aryl
organoboronic acids,18 aryl organomagnesium reagents,19 or
styrene reagents.20 Comparatively, there are limited instances of
SuFEx involving sulfonyl uorides and alkyl nucleophiles.21

Examples reacting aryl sulfonyl uorides and alkyl carbon
pronucleophiles are limited to allylic malonates and a few esters
(Fig. 2b),22–25 despite other pronucleophiles having pKa values in
a similar range (Fig. 2c).26 Notably, few examples of SuFEx with
alkyl esters can be found in the literature, and these reactions
must be run at low temperatures (Fig. 2b).22–24

The tempered reactivity of aryl sulfonyl uorides improves
their compatibility with Brønsted bases relative to their sulfonyl
chloride congeners.27 We reasoned that the improved stability
Fig. 1 Aryl alkyl sulfone-based drug compounds.
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Fig. 2 Strategies to synthesize aryl alkyl sulfones.

Table 1 Optimization studiesa

Entry Solvent Base Yield (%)

1 DME LiHMDS 77
2 DME NaHMDS 27
3 DME KHMDS 48
4 DME LiOtBu 0
5 DME KOtBu 0
6 Toluene LiHMDS 67
7 DMF LiHMDS 58
8 2-MeTHF LiHMDS 64
9 Dioxane LiHMDS 61
10 DMPU LiHMDS 54

a Reaction conditions: benzenesulfonyl uoride 1 (0.25 mmol, 1 equiv.),
methyl ester 2a (0.375 mmol, 1.5 equiv.), solvent (0.25 M) at 0 °C, and
base (0.50 mmol, 2 equiv.) 0 °C to r.t., 3 h. LC-MS detected products,
and yields were determined by 1H NMR spectroscopy using 1,3,5-
trimethoxybenzene as an internal standard.

16064 | Chem. Sci., 2025, 16, 16063–16069
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of sulfonyl uorides could be leveraged to expand the scope of
carbon pronucleophiles coupling partners, thereby introducing
new molecular architectures previously inaccessible using
SuFEx chemistry. Herein, we describe a unied set of reaction
conditions using LiHMDS, which effectively facilitates the
addition of various carbon pronucleophiles to aryl sulfonyl
uorides under mild conditions. Aryl alkyl sulfones are readily
accessed from alkyl esters, amides, sulfones, sulfoxides,
sulfonamides, heteroarenes, and nitriles. Next, we demonstrate
the robustness of this protocol in parallel medicinal chemistry
experiments to create a library of amide-based sulfones. Lastly,
late-stage functionalization of a drug-like compound is shown
with several pronucleophiles under these reaction conditions
(Fig. 2d).
Results and discussion

We rst subjected benzenesulfonyl uoride 1 and methyl ester
2a to LiHMDS in 1,2-dimethoxyethane (DME). Fortunately, a-
sulfone ester 3a was formed in 77% yield by 1H NMR spec-
troscopy (Table 1 and entry 1). In DME, other bases, including
KHMDS, NaHMDS, LiOtBu, and KOtBu, gave signicantly
reduced yields of 3a (Table 1 and entries 2–5). With LiHMDS
demonstrated as an efficient base, we screened several other
solvents and determined DME was the optimal solvent
explored. Notably, subjecting benzenesulfonyl chloride to the
reaction conditions did not result in any detectable formation
of 3a by LC-MS.

With optimized SuFEx conditions in hand, we next wanted
to explore if we could induce decarboxylative conditions to
convert a-sulfone ester 3a to aryl alkyl sulfone 4a. While there
Table 2 Synthesis of a-sulfone ester 3a and decarboxylation studiesa

Entry Base Equiv. Yield of 4a (%)

1 DABCO 10 97
2 LiOH 2 97
3 Quinuclidine 2 72
4 Quinuclidine 3 90
5 TBD 2 92

a Reaction conditions: 3a (0.20 mmol, 1 equiv.), DME (0.80 mL, 0.25 M),
and base (0.40–2.0 mmol), 100 °C, 16 h. LC-MS detected products, and
yields were determined by 1H NMR spectroscopy using 1,3,5-
trimethoxybenzene as an internal standard.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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are a few examples of SuFEx using sulfonyl uorides and esters
to form a-sulfone esters,22–25 cases that demonstrate decar-
boxylation of these products to form aryl alkyl sulfones are
limited to heteroaryl a-sulfone esters or a-monouorinated
sulfones.28–30 First, sulfone ester 3a was isolated using the
SuFEx reaction conditions in 55% isolated yield (Table 2).
Next, we screened a series of bases to promote decarboxylation
of 3a to form aryl alkyl sulfone 4a. DABCO (10 equiv.) provided
sulfone 4a with a 97% yield (Table 2 and entry 1).31 Other
bases, including LiOH, TBD, and quinuclidine, were effective
for decarboxylation, providing 4a in 72% to 97% yield with
only 2 to 3 equiv. of base.

Next, we investigated the scope of SuFEx of sulfonyl uorides
with esters. Gratifyingly, cyclic and acyclic esters successfully
underwent SuFEx to form a-sulfone esters 3a–3e in 13–68%
yields (Table 3). With the a-sulfone esters in hand, we wanted to
demonstrate a one-pot SuFEx/decarboxylation to form aryl alkyl
sulfones. Although several bases were effective for the decar-
boxylation of the isolated ester intermediate, we found DABCO
and quinuclidine were the most compatible for a one-pot
process.32 Using these conditions, aryl alkyl sulfones 4a–4d
were successfully prepared in 13–65% yield. Notably, the
Table 3 LiHMDS-mediated SuFEx with estersa,b

a Isolated yields. b Reaction conditions: part A (SuFEx), ArSO2F (1.0 mmol,
(1 M in THF, 1.0–2.0 mmol, 2 equiv.), 0 °C to r.t., 3 h. Part B (one pot SuFE
100 °C for 24 h. c Reaction was run on a 1 g scale. d Reaction was run wit

© 2025 The Author(s). Published by the Royal Society of Chemistry
decarboxylated sulfone yields mirrored that of the isolated a-
sulfone esters (Table 3). This is consistent with the observation
that decarboxylation from a-sulfone esters to aryl alkyl sulfones
is nearly quantitative (Table 2).

Other classes of organic compounds possess suitably acidic
alpha hydrogens and could serve as carbon pronucleophiles for
SuFEx (Fig. 2c). We envisioned that these carbon pronucleo-
philes could be utilized to expand the scope of architectures
accessible via SuFEx. Sulfones with amide moieties – amido-
sulfones – have shown promise as protein inhibitors and have
antihyperglycemic activity.33,34 Gratifyingly, cyclic and acyclic
amides successfully underwent SuFEx to generate amidosulfo-
nes 5a–5j in 16–76% yields (Table 4). SuFEx was successful with
amides with electron-rich (5c) and tertiary substitution (5f) at
the alpha carbon. The reaction is also tolerant to amides with
alkene and free amine functional groups, forming amido-
sulfones 5d and 5e in 76% and 51% yields, respectively. The
reaction works with aryl sulfonyl uorides bearing halogen
groups (5c–5f) and ortho-substitution (5e–5f), with no evidence
of competing halide substitution.

In addition to amides, alkyl heteroarenes were also demon-
strated to be effective pronucleophiles for SuFEx. Aryl alkyl
1 equiv.), methyl ester (2.0 mmol, 2 equiv.), DME (3.33 mL) and LiHMDS
x/decarboxylation), SuFEx conditions then DABCO (10 mmol, 10 equiv.),
h quinuclidine (3.0 mmol, 3 equiv.).

Chem. Sci., 2025, 16, 16063–16069 | 16065
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Table 4 LiHMDS-mediated SuFEx with carbon pronucleophilesa,b

a Reaction conditions: ArSO2F (0.50–1.0 mmol, 1 equiv.), pronucleophile (1.0–2.0 mmol, 1–2 equiv.), DME (0.3 M), and LiHMDS (1 M in THF, 1.0–
2.0 mmol, 2 equiv.), 0 °C to r.t, 3 h. b Isolated yields.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
5.

02
.2

6 
01

:5
2:

22
. 

 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
sulfones derived from alkyl benzothiazole and pyridine (5k–5n)
pronucleophiles were synthesized in 40% to 82% yields (Table
4). Nitriles were also compatible pronucleophiles, providing 5o
and 5p in 77% and 57% yield, respectively (Table 4). Lastly,
under our conditions, methyl sulfones, sulfonamides, and
sulfoxides were successful SuFEx pronucleophiles, providing
5q–5s in 47–76% yield (Table 4). This is the rst account of
amides, heteroarenes, oxidized sulfur species, and nitriles
serving as carbon pronucleophiles in SuFEx chemistry.

Parallel medicinal chemistry (PMC) is an effective tool used
in drug discovery to rapidly generate compound libraries for
structure–activity relationships (SAR) and identication of lead
compounds. Oen conducted on the micromole scale, the
reactions used for PMC require functional group tolerance and
a simple reaction setup. Additionally, PMC processes employ
automated liquid handling, HPLC purication of the nal
product, and analytical techniques for product identication,
which facilitate the efficient synthesis of numerous compounds
in a parallel or single manner.

To investigate our LiHMDS-mediated SuFEx reaction for
PMC, we decided to leverage the vast amide catalog at Pzer to
demonstrate the scope of amides as pronucleophile coupling
partners. To assess how well our reaction conditions trans-
lated to PMC, we started on a traditional 50 mmol scale using 4-
methoxybenzene sulfonyl uoride as a SuFEx coupling
partner. Amides were chosen based on the following criteria:
(1) their success rate in screens of other PMC campaigns, (2)
compatibility with LiHMDS, (3) avoidance of other acidic
hydrogens that could compete with the desired reaction, and
16066 | Chem. Sci., 2025, 16, 16063–16069
(4) their availability in the Pzer catalog. A successful hit
required product detection by LC/MS and >0.3 mg of isolable
product.35 Using a set of 15 amides, our protocol produced
amidosulfones 13a–13h with a favorable 62% success rate
(Table 5, see SI). Encouraged by these results, we next con-
ducted a broader PMC study with 17 amides and four model
sulfonyl uorides featuring halogens (Br/Cl) and electron-
withdrawing groups (CN) on the aryl group as well as
a heteroarene (quinoline). Notably, this PMC screen was con-
ducted on a 10 mmol scale, with the smaller scale testing the
method's robustness. Overall, 29 products were detected and
isolated from the screen (Table 5). 4-Bromobenzene sulfonyl
uoride had the most successful hit rate, with 11 out of 14
amides (79%) providing products 14a–14k. Success rates
decreased using 4-cyano (57%) and 3-chloro-4-methyl (43%)
substituted sulfonyl uorides (see SI). Quinoline-6-sulfonyl
uoride was the least successful SuFEx substrate with only
one isolable product (7%). Notably, three products, 16c, 17b
and 17c, were detected by LC/MS; however, the amount of
material present was insufficient to isolate. These compounds
were not counted in the success rate (Table 5). All isolable
products were characterized by LC/MS, and details regarding
successful and unsuccessful hits can be found in the SI.

Lastly, we demonstrated this method in the late-stage func-
tionalization of a complex target. First, we synthesized
a sulfonyl uoride derivative of sildenal (18).36 This template
was successfully derivatized with a methyl benzothiazole, an
alkyl amide, and a methyl ester to give products 19–22 in 40–
66% yields (Table 6). Under our DABCO decarboxylation
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 PMC studies of sulfonyl fluorides with amide pronucleophilesa,b

a Reaction conditions: for 50 mmol PMC, a stock solution of 7 (50 mmol, 1 equiv. per reaction) in DME (170 mL, per reaction) was added to 75 mmol of
pre-weighed monomer (1.5 equiv.) and cooled to 7 °C. Next, a stock solution of LiHMDS (100 mmol, 2 equiv., per reaction) in THF (100 mL per
reaction) was added, r.t. for 4 h. For 10 mmol PMC, a stock solution of ArSO2F monomers (10 mmol, 1 equiv., per reaction) in DME (59 mL, per
reaction) was added to 75 mmol of pre-weighed monomer (1.5 equiv.) at 7 °C. Next, a stock solution of LiHMDS (20 mmol, 2 equiv., per reaction)
in DME (20 mL per reaction) was added, r.t. for 3 h. b A trace amount of product was detected by LC/MS, but levels were too low for isolation.

© 2025 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2025, 16, 16063–16069 | 16067
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Table 6 Sulfone derivatives of sildenafila,b

a Reaction conditions: for SuFEX; 19–21 (0.10 mmol, 1 equiv.), pronucleophile (0.20 mmol, 2 equiv.), DME (3.3 mL) at 0 °C, then LiHMDS (1 M in
THF, 2.5–3.0mmol, 2 equiv.), 0 °C to r.t., 3 h. For decarboxylation (22); a-sulfone ester 21 (0.029mmol, 1 equiv.), DABCO (0.29mmol, 10 equiv), DME
(0.19 mL), 100 °C, 24 h. b Isolated yields.
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conditions, 21 could be converted to sulfone 22 in 53% yield.
Notably, the acidic N–H bond in the sildenal scaffold does not
interfere with this reaction.
Conclusions

In conclusion, we have developed and optimized a SuFEx
method to make aryl alkyl sulfones from a range of pronu-
cleophiles and aryl sulfonyl uorides. Alkyl esters, amides,
heteroarenes, nitriles, sulfoxides, sulfones, and sulfonamides
were demonstrated as compatible pronucleophiles. Themethod
was successfully applied to parallel medicinal chemistry
experiments, generating a diverse set of amidosulfones. Lastly,
the late-stage functionalization of a sildenal sulfonyl uoride
derivative 18 was exemplied using a methyl heteroarene,
amide, and ester. This method provides a convenient and
general approach to access aryl alkyl sulfones and establishes
carbon pronucleophiles as viable nucleophilic partners for
SuFEx.
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J. Oyarzabal and J. A. Páramo, J. Med. Chem., 2015, 58,
2941–2957.

15 S. Mahapatra, C. P. Woroch, T. W. Butler, S. N. Carneiro,
S. C. Kwan, S. R. Khasnavis, J. Gu, J. K. Dutra,
B. C. Vetelino, J. Bellenger, C. W. am Ende and N. D. Ball,
Org. Lett., 2020, 22, 4389–4394.

16 S. Kitamura, Q. Zheng, J. L. Woehl, A. Solania, E. Chen,
N. Dillon, M. V. Hull, M. Kotaniguchi, J. R. Cappiello,
S. Kitamura, V. Nizet, K. B. Sharpless and D. W. Wolan, J.
Am. Chem. Soc., 2020, 142, 10899–10904.

17 Z. Zhang, S.-L. Zhang, C. Wu, H.-H. Li, L. Zha, J. Shi, X. Liu,
H.-L. Qin andW. Tang, Eur. J. Med. Chem., 2023, 257, 115502.

18 J. Zhen, Y. Li, H. Yuan, X. Xu, X. Du, X.-Q. Li and Y. Luo, Org.
Chem. Front., 2022, 10, 404–409.

19 C. Lee, N. D. Ball and G. M. Sammis, Chem. Commun., 2019,
55, 14753–14756.

20 X. Wu, W. Zhang, G. Sun, X. Zou, X. Sang, Y. He and B. Gao,
Nat. Commun., 2023, 14, 5168.

21 C. J. Smedley, Q. Zheng, B. Gao, S. Li, A. Molino,
H. M. Duivenvoorden, B. S. Parker, D. J. D. Wilson,
K. B. Sharpless and J. E. Moses, Angew. Chem., Int. Ed.,
2019, 58, 4552–4556.

22 A. S. Kende and J. S. Mendoza, J. Org. Chem., 1990, 55, 1125–
1126.
© 2025 The Author(s). Published by the Royal Society of Chemistry
23 V. P. Sandanayaka, A. Zask, A. M. Venkatesan and J. Baker,
Tet. Lett., 2001, 42, 4605–4607.

24 V. Aranapakam, J. M. Davis, G. T. Grosu, J. Baker,
J. Ellingboe, A. Zask, J. I. Levin, V. P. Sandanayaka, M. Du,
J. S. Skotnicki, J. F. DiJoseph, A. Sung, M. A. Sharr,
L. M. Killar, T. Walter, G. Jin, R. Cowling, J. Tillett,
W. Zhao, J. McDevitt and Z. B. Xu, J. Med. Chem., 2003, 46,
2376–2396.

25 D. Craig and N. K. Slavov, Chem. Commun., 2008, 6054–6056.
26 Hans Reich’s Collection, Bordwell pKa Table, Data Organic

Chemistry, 2024, https://organicchemistrydata.org/
hansreich/resources/pka/.

27 A. V. Bogolubsky, Y. S. Moroz, P. K. Mykhailiuk, S. E. Pipko,
A. I. Konovets, I. V. Sadkova and A. Tolmachev, ACS Comb.
Sci., 2014, 16, 192–197.

28 B. M. Trost, S. T. Wrobleski, J. D. Chisholm, P. E. Harrington
and M. Jung, J. Am. Chem. Soc., 2005, 127, 13589–13597.

29 F. Larnaud, E. Pfund, B. Linclau and T. Lequeux, J. Fluor.
Chem., 2012, 134, 128–135.

30 K. Li, M. Wang and X. Jiang, CCS Chem., 2022, 4, 1526–1534.
31 A. Burtea, J. DeForest, N. Baldwin, C. Leverett and

G. M. Gallego, Chem. Commun., 2022, 58, 7435–7438.
32 For example, when 2 equiv. of LiOH was used as the base in

the one-pot process, a 14% isolated yield of 4a was obtained
(see SI for more details).

33 A. Zask, I. Jirkovsky, J. W. Nowicki andM. L. McCaleb, J. Med.
Chem., 1990, 33, 1418–1423.

34 H. Peng, Y. Cheng, N. Ni, M. Li, G. Choudhary, H. T. Chou,
C. Lu, P. C. Tai and B. Wang, ChemMedChem, 2009, 4,
1457–1468.

35 J. Bellenger, M. R. M. Koos, M. Avery, M. Bundesmann,
G. Ciszewski, B. Khunte, C. Leverett, G. Ostner, T. F. Ryder
and K. A. Farley, ACS Med. Chem. Lett., 2024, 15, 1635–1644.

36 A. T. Davies, J. M. Curto, S. W. Bagley and M. C. Willis, Chem.
Sci., 2017, 8, 1233–1237.
Chem. Sci., 2025, 16, 16063–16069 | 16069

https://organicchemistrydata.org/hansreich/resources/pka/
https://organicchemistrydata.org/hansreich/resources/pka/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc03893f

	Sulfur fluoride exchange with carbon pronucleophiles
	Sulfur fluoride exchange with carbon pronucleophiles
	Sulfur fluoride exchange with carbon pronucleophiles
	Sulfur fluoride exchange with carbon pronucleophiles
	Sulfur fluoride exchange with carbon pronucleophiles
	Sulfur fluoride exchange with carbon pronucleophiles
	Sulfur fluoride exchange with carbon pronucleophiles
	Sulfur fluoride exchange with carbon pronucleophiles


