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4 ABSTRACT: Sulfonyl fluorides have found increasing applications as functional molecules in chemistry and biology. We herein
5 report a copper-catalyzed atom-economical access to two categories of sulfonyl fluorides through a radical relay strategy in the
6 presence of an SO2 surrogate. The aliphatic C(sp3)−H bond in N-fluoro-N-alkyl sulfonamides reacted via a 1,5-hydrogen atom
7 transfer (HAT) process, affording alkanesulfonyl fluorides with a proximal amino group. On the other hand, utilizing substrates
8 containing a proper C�C double bond resulted in intramolecular olefin aminofluorosulfonylation, allowing the synthesis of
9 fluorosulfonyl-functionalized pyrrolidines and piperidines via atom-transfer radical addition (ATRA). Both reaction systems
10 proceeded under mild conditions, requiring no additional fluorine source. Experimental and computational studies suggest that S−F
11 coupling is likely achieved through an intramolecular radical-rebound pathway. By taking advantage of the SuFEx chemistry and
12 multifunctionality of the products, the method is applicable to the late-stage modification of bioactive compounds, drug ligation
13 chemistry, and organic synthesis.
14 KEYWORDS: fluorosulfonylation, fluorine atom transfer, amino alkanesulfonyl fluorides, SuFEx reactions, copper catalysis

15 Sulfonyl fluorides (RSO2F) exhibit a unique and attractive
16 balance between reactivity and stability, justifying their
17 privileged function in both chemistry and biology.1 Since the
18 discovery of “Sulfur(VI) Fluoride Exchange” (SuFEx), also
19 known as the second-generation “click chemistry,” by Sharpless
20 and co-workers in 2014,2 the application of sulfonyl fluorides
21 has been increasingly extended to organic synthesis,3 drug

s1 22 discovery,4 chemical probes,5 and material science6 (Scheme
s1 23 1A). However, the common synthetic approach to sulfonyl

24 fluoride through the Cl/F exchange suffers from significant
25 limitations due to the relative instability of many parent
26 sulfonyl chlorides.7 The growing demand for diversified FSO2-
27 containing structures calls for the development of more
28 practical and convenient methodologies in this field.8

29 State-of-the-art synthetic strategies can be classified into
30 three categories (Scheme 1B). (a) The products are
31 synthesized via radical fluorosulfonylation of olefins under
32 photoredox or electrochemical conditions using FSO2Cl and
33 analogous reagents such as imidazolium sulfonyl fluoride salts.9

34 However, this method ultimately necessitates the utilization of

35volatile toxic chemicals (FSO2Cl and SO2F2). (b) Alter-
36natively, sulfur(II) precursors such as thiols, disulfides, sulfenyl
37phthalimides, or arylphosphorothiolates10 can undergo oxida-
38tive fluorination, with KF being a fluoride source. The
39limitation of substrates and excessive oxidant usage hinder its
40further development. (c) A three-component method involving
41radical coupling of sulfur dioxide (SO2) represents an attractive
42strategy. The three-component coupling between a carbon-
43based radical precursor, SO2, and a fluorine source is
44advantageous owing to the flexibility and ready availability of
45the reagents, especially with the emergence of “solid SO2”
46surrogates, such as 1,4-diazoniabicyclo[2.2.2]octane-1,4-disul-
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47 finate (DABSO), K2S2O5, Na2S2O4, and Na2S2O5.
11,12 The

48 abundance of carbon-based radical precursors in both sp2 and
49 sp3 categories7d further highlights the significance of this

50protocol. In fact, the most straightforward protocol for
51synthesizing alkanesulfonyl fluorides is the direct fluorosulfo-
52nylation of C(sp3)−H bonds. Nevertheless, because of the

Scheme 1. Synthesis and Application of Amino-Tethered Sulfonyl Fluorides: (A) Selected Examples of Amino-Tethered
Sulfonyl Fluorides; (B) State-of-the-Art Strategies for Direct Fluorosulfonylation; (C) Common Methods of Functionalization
of C(sp3)−H Bond via Hofmann−Lo ̈ffler−Freytag (HLF) Reaction from N-fluoroamines; and (D) Direct Fluorosulfonylation
Strategy through Chemoselective Fluorine Transfer (This Work) and Its Applications in Organic Synthesis and Drug Ligation
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53 strong dissociation energy of C(sp3)−H bonds and challenges
54 in controlling chemo- and regioselectivities,13 this highly
55 interesting strategy remains underexplored.
56 On the other hand, amino groups are ubiquitous in
57 pharmaceuticals, and a diverse array of functional groups can
58 be introduced by the manipulation of amines.14 Therefore,
59 compounds with both amino and fluorosulfonyl functionalities
60 undoubtedly possess an advantage as potent reagents for
61 various purposes (Scheme 1A). In this context, the Hofmann−
62 Löffler−Freytag (HLF) reaction provides significant insights,15
63 where a nitrogen radical undergoes 1,5-HAT to give a carbon-
64 based radical through a six-membered ring transition state.
65 This radical-triggered site-selective C(sp3)−H functionaliza-
66 tion of N-fluorosulfonamides has been extensively studied for
67 constructing carbon−carbon and carbon−heteroatom bonds.16

68 We rationalized that by incorporating SO2 as a radical acceptor
69 and employing an intramolecular fluorine-atom transfer, we
70 could establish a unified protocol to access amino-function-
71 alized alkanesulfonyl fluorides in high chemo- and regiose-
72 lectivities. While conceptually feasible, the implementation of
73 this protocol remains challenging due to the potential
74 competing reactions of N-fluorosulfonamide substrates that
75 could lead to side products including nitrogen-containing
76 heterocycles, unfluorinated sulfonamides, imines, and desatu-
77 rated alkyl amines.17 In addition, the chemoselectivity of the
78 fluorine-atom transfer process needs to be improved as well. In
79 most cases of N-directed C(sp3)−H bond functionalization
80 using N-fluoroamides,16 the fluorine atom typically partici-
81 pated as a disposable group that is not integrated into the
82 product (Scheme 1C), as in HLF reactions. Cook and co-
83 workers18 and Ye and co-workers19 recently reported N-
84 fluoroamide-directed C(sp3)−H bond fluorination under
85 Fe(II) and Co(II) catalysis, respectively. These few examples
86 of intramolecular fluorine-atom transfer suggest that the key to
87 our successful synthesis lies in streamlining multiple elemen-
88 tary steps including N-centered radical formation, the radical
89 relay process, SO2 insertion, and fluorine-atom transfer without

90any premature capture of radical intermediates. Herein, we
91present an efficient strategy to access amine- and aza-
92heterocycle-tethered sulfonyl fluorides (Scheme 1D). In the
93presence of a Cu(II) catalyst and DABSO, two classes of
94alkanesulfonyl fluorides with additional functionalities have
95been afforded under universal reaction conditions. The
96resulting multifunctional products were successfully employed
97for late-stage modification of bioactive molecules and drug
98ligation through SuFEx reactions.
99We commenced our studies on direct fluorosulfonylation
100with N-fluoro-N-heptyl-4-methylbenzenesulfonamide (1a) for
101our proof-of-concept studies. In view of the recent progress in
102metal-catalyzed HLF reactions,16 the reaction was initially
103conducted with CuCl as the catalyst and with 2,9-dimethyl-
1041,10-phenanthroline (L1) as the ligand. DABSO was
105designated as the SO2 surrogate in dichloroethane (DCE) at
106 t160 °C (Table 1, entry 1). The target δ-fluorosulfonylation
107product 2a was obtained in 26% yield. Various copper salts and
108ligands were then evaluated (entries 2−4, also see Table S1 in
109the Supporting Information). CuCl2-bipyridyl provided an
110improved yield of the desired product (entry 4, 46%). Notably,
111similar yields were obtained at room temperature (entry 6). A
112series of single or mixed solvents were next assessed (entries
1137−10; also see Table S3 in the Supporting Information), and
114product 2a was obtained in 63% yield when CHCl3 was used
115as the solvent. In contrast, a sluggish reaction occurred in
116ethereal or other polar solvents. Interestingly, the reaction yield
117was not affected when the reaction time was shortened to 4 h
118(entry 10).
119With the optimized conditions in hand, we next examined
120 t2the generality of this protocol (Table 2). The reaction
121exhibited remarkable compatibility with diverse linear and
122branched N-fluorosulfonamides, and several noteworthy
123observations were made. (1) N-Fluorosulfonamides bearing
124linear carbon chains of more than four CH2 units afforded the
125δ-fluorosulfonylation products in comparable yields (2b−2d,
12642−51%), indicating that the length of the alkyl chain had

Table 1. Optimization of Conditions for the Preparation of Amino-Substituted Alkanesulfonyl Fluoridesa

entries cat ligand T/°C solvent yield of 2a (%)b

1 CuCl L1 60 DCE 26
2 CuCl2 L1 60 DCE 35
3 CuCl2 L2 60 DCE 38
4 CuCl2 L3 60 DCE 46
5 CuCl2 L3 r.t. DCE 50
6 CuCl2 L3 r.t. DCE 50
7 CuCl2 L3 r.t. DMSO trace
8 CuCl2 L3 r.t. THF trace
9 CuCl2 L3 r.t. CHCl3 57
10c CuCl2 L3 r.t. CHCl3 63

aReactions were carried out with 1a (0.1 mmol) and “SO2” (DABSO, 0.15 mmol), in 2 mL solvent under N2 atmosphere.
bYields were determined

by 19F NMR analysis using (trifluoromethyl)benzene (Ph−CF3) as an internal standard. cReaction time: 4 h.
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127 minimal influence on the reaction performance. (2) Enhanced
128 efficiency was observed when an α-substituent was present.
129 Introduction of an alkyl (1f−1i) or aryl (1j−1o) group to the
130 α-position afforded the sulfonyl fluorides with apparently
131 higher yields (2f−2o, 77−96%) because the steric bulky
132 substituents at α-position suppressed the formation of side
133 products. (3) The β and γ substituents exerted distinct effects
134 on the chemoselectivity. While a single methyl group at the β
135 or γ position had only a marginal impact on the reaction
136 outcome (2u, 2w), bulkier groups such as gem-dimethyl (1r,
137 1s) and ethyl (1t) groups at the β position caused a substantial
138 increase of reaction efficiency (2r−2t, 85−91%). However, the
139 substrate with a β-phenyl group reacted with only moderate
140 yield (2p) due to the counteractive effect of cyclization
141 preference. A similar trend was observed for the substrates
142 containing a phenyl or alkenyl substituent attached to ε-carbon
143 (2aa, 2ab). (4) Efficient fluorosulfonylation of C(sp3)−H bond
144 within a cyclopentyl or cyclohexyl moiety was also achieved
145 (2x and 2y, 69% and 46%, respectively) in excellent trans-
146 selectivity (>20:1 dr), as a result of the steric repulsions
147 between FSO2 and the vicinal methylene group. In contrast,
148 minimal stereoselectivity was observed when the C−H site was
149 embedded in a seven-membered ring (2z). (5) The

150fluorosulfonylation of terminal C−H bonds is highly sensitive
151to the substitution pattern. While no desired products were
152obtained in the absence of any substituent, the introduction of
153methyl groups at the α, β, or γ position led to the isolation of
154the products in acceptable yields (2e, 2q, and 2v). Notably, N-
155fluorosulfonamide with gem-dimethyl at both α and γ positions
156(1ac) gave an almost quantitative yield of the sulfonyl fluoride
157product 2ac. In this case, the reaction yields were only slightly
158affected by the different sulfonamide-protecting groups (1ad−
1591ae).
160Experimental and computational studies have been
161performed to gain mechanistic insights into this fluorosulfo-
162 f1nylation system (Figure 1). Introduction of 2,2,6,6-tetrameth-
163yl-1-piperidinoxyl (TEMPO) completely inhibited the reaction
164(Figure 1A-(1)), suggesting the intermediacy of organic
165radicals. More convincing evidence were obtained from the
166radical clock reaction (Figure 1A-(2)). In the radical clock
167reaction, only the ring-open sulfonyl fluoride product 2ag was
168detected (54% yield), suggesting that the C-to-C radical relay
169is more rapid than the SO2 trapping of the primary
170cyclopropylmethyl radical (1.3 × 108 s−1).20 The radical-
171trapping studies using 1,1-diphenylethene further supported
172the intermediacy of the N-centered and S-centered radicals

Table 2. Reaction Scope of the Direct Fluorosulfonylationa

aReaction conditions: 1 (0.1 mmol), “SO2” (DABSO, 0.15 mmol), CuCl2 (0.02 mol), bpy (0.02 mol) in 2 mL CHCl3 at r.t. for 4 h under N2.
Yields were determined by 19F NMR analysis using Ph−CF3 as an internal standard; isolated yields are shown in parentheses. bReaction ran at 40
°C for 24 h.
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173 (Figure 1A-(3)). Regarding the S−F bond formation event,
174 two possible pathways have been considered, namely, the
175 “intramolecular radical rebound” pathway21 (black arrow in
176 Figure 1B) and the intermolecular fluorine-atom transfer
177 (FAT) pathway22 (green arrow in Figure 1B). Our DFT
178 studies revealed that the former pathway carries an activation
179 barrier as low as 4.9 kcal/mol, whereas the latter one was
180 identified with a much higher barrier (18.9 kcal/mol, Figure
181 1B). This result is consistent with the related reports by Cook
182 and co-workers18b and is also in line with our crossover
183 experimental findings (see the Supporting Information, Figure
184 S1). Notably, no 1,5-fluorine-atom transfer product was
185 detected under the standard conditions, suggesting a
186 significantly greater level of complexity in the fluorine-atom
187 transfer process compared to Cook’s previous work.18a

188 Based on the experimental evidence and DFT calculations,
f2 189 we propose a plausible mechanism (Figure 2). Initially. the

190 Cu(II) complex is reduced to Cu(I) chloride A in the presence
191 of DABSO, which subsequently reacts with N-fluorosulfony-
192 lamide 1 via single-electron transfer to generate amidyl radical
193 and Cu(II)-F species (B). Through a six-membered ring
194 transition state, carbon-centered radical C is formed via
195 intramolecular 1,5-HAT, followed by the capture of SO2
196 affording S-centered radical intermediate D.23 Finally, the
197 fluorine transfer proceeds through an intramolecular radical
198 rebound pathway leading to S−F bond formation, affording

Figure 1. Mechanistic Studies: (A) Experimental mechanism studies. (B) DFT (B3LYP(D3BJ)/Def2-TZVPP//Def2-SVP) study for the pathway
of fluorine transfer. Computational comparisons of F atom transfer from the Cu−F (black arrow) vs the substrate N−F (green arrow) to the
sulfonyl radical. RC represents the reactant complex, TS represents the transition state, and PC represents the product complex.

Figure 2. Proposed mechanism.
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199 the desired product 2. Throughout this process, fluorine-atom
200 transfer exhibits high chemoselectivity.
201 To better explore the N-radical to C-radical formation, we
202 envisioned another related system by aminofluorosulfonylation
203 of olefins through atom-transfer radical addition (ATRA),24

t3 204 affording β-amino-substituted sulfonyl fluorides (Table 3).
205 This task presents challenges since previous studies have
206 shown that additional fluorine sources are usually essential.24a

207 Gratifyingly, the same reaction conditions were fully
208 applicable, and the desired aminofluorosulfonylation product
209 (4a) was obtained in a nearly quantitative yield from the two-
210 component reaction. In this case, the product was generated by
211 5-exo-dig cyclization of the N-radical to give a C-radical.
212 Exploration of the substrate scope began with dialkyl-
213 substituted N-fluoro-alkenylsulfonamides (3b−3e). The cor-
214 responding aminofluorosulfonylation products were obtained
215 in excellent yields (92−99%). Notably, tertiary N-fluorosulfo-
216 namides 3e were quantitatively transformed to β-amino-
217 substituted sulfonyl fluoride 4e without any loss in regio- or

218chemoselectivity. While the 1,1-disubstituted alkene 3f was
219converted to the sulfonyl fluoride 4f only in 36% yield due to
220the steric hindrance around the reactive site, the N-alkenyl
221sulfonamides with an internal alkene or cyclic alkenes afforded
222the corresponding products in high yields and excellent
223diastereoselectivities (4h−4j). The trans disposition of FSO2
224and the amino group in 4h was confirmed by X-ray
225crystallography (CCDC 2314148). Interestingly, 3,3-diallyl
226substrates (3k and 3l) also underwent aminofluorosulfonyla-
227tion of one C�C double bond in moderate yields (56 and
22858%, respectively), with the other terminal olefin untouched.
229Finally, we tested the reactivity of 5-hexen-1-amine substrates,
230and both the 6-exo-dig cyclization products (4m and 4n) were
231obtained in moderate yields.
232Our direct fluorosulfonylation protocol demonstrated good
233 s2synthetic values (Scheme 2). Two reactions were readily
234scalable to a multimillimole scale, producing the desired
235products in 70 and 45% yields for 2ac and 2a, respectively
236(Scheme 2A). Additionally, this methodology enables the late-

Table 3. Reaction Scope of the Aminofluorosulfonylation of Olefinsa

aReaction conditions: 3 (0.1 mmol), “SO2” (DABSO, 0.15 mmol), CuCl2 (0.02 mol), bpy (0.02 mol) in 2 mL CHCl3 at r.t. for 4 h under N2.
Yields were determined by 19F NMR analysis using Ph−CF3 as an internal standard; isolated yields are shown in parentheses.
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Scheme 2. Diverse Synthetic Applications of the Fluorosulfonylation System: (A) Scale-up Reactions; (B) Drug Ligation
through SuFEx Reactions; (C) Further Functionalization of the Amino Site; and (D) Deprotection of N-Sulfonyl Products.a

aReaction conditions of further functionalization of the amino site: (a) 2a, NaH (1.5 equiv), in DMF at 0 °C to r.t. for 12 h; (b) 2a, styrene (1.0
equiv), N-iodosuccinimide (1.0 equiv) in DMC, irradiation at 520 nm under N2, at r.t. for 4 h; (c) 2a, NaSCN (5 equiv) in MeCN at 70 °C for 24
h; (d) 2a, R-C6H4C(O)Cl (2.0 equiv), DMAP (10 mol %), Et3N (2.0 equiv) in DCM at r.t. for 12 h; (e) 2a, methacryloyl chloride (2.0 equiv),
DMAP (10 mol %). Et3N (2.0 equiv) in DCM at r.t. for 12 h; (f) 17, Na2NO2 (2.0 equiv), NaHCO3 (2.0 equiv), K2S2O8 (2.0 equiv) in MeCN at
120 °C for 18 h; (g) 2a, 3-bromoprop-1-yne (1.2 equiv), K2CO3 (2.0 equiv) in DMF at 0 °C to r.t. for 16 h; (h) 19, PhI (2.5 equiv), Pd(PPh3)2Cl2
(2 mol %), CuI (4 mol %), Et3N (6.0 equiv) in THF at r.t. for 12 h; (i) 19, BnN3 (1.2 equiv), CuI (2 mol %), 2,6-lutidine (1.0 equiv) in H2O/
CH3CN at r.t. for 24 h. (j) 21 (1.0 equiv), Acetaminophen (2.0 equiv), Cs2CO3 (2.0 equiv) in MeCN at r.t. for 24 h. All yields are isolated yields.
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237 stage modification of biologically active molecules by the facile
238 manipulation of the FSO2 moiety. For example, pyrrolidin-2-yl-
239 substituted sulfonyl fluoride carrying a Celecoxib structure was
240 synthesized in 75% yield (55% yield for a scale-up reaction).
241 Furthermore, the FSO2 group within the molecule exhibits
242 inherent reactivity toward nucleophiles and allows the ligation
243 of two drugs via SuFEx reactions. Scheme 2B illustrates the
244 successful connection of Celecoxib with drugs containing
245 phenolic hydroxyl groups such as Vitamin E (7), Estrone (8),
246 Paracetamol (9), and Ezetimibe (10) and drugs containing
247 amino groups such as simple aniline (11) and 3,4-di-O-
248 methyldopamin (12) under mild conditions. The sulfonyl
249 fluoride products in Table 2 are also distinguished by the
250 presence of a reactive amino site, which enables further
251 functionalization to deliver a wide range of value-added
252 chemicals. Versatile reactivity of 2a is demonstrated in Scheme
253 2C. Treatment with NaH led to an intramolecular SuFEx
254 reaction, producing a six-member sultam 13 in quantitative
255 yield. It is worth noting that analogous cyclic sulfonamides
256 were found as drug molecules for treating Parkinson’s or
257 Alzheimer’s disease.25 Furthermore, when a mixture of 2a, N-
258 iodosuccinimide (NIS), and olefin was irradiated with green
259 LED light (λ = 520 nm),14d iodoamination product 14 was
260 obtained in high yield. Interestingly, the benzylic iodides could
261 be further transformed through nucleophilic substitution
262 reactions. For instance, treatment of 14 with NaSCN resulted
263 in the formation of sulfonyl fluoride containing a 1,2-amino
264 thiocyanato motif (15) in 57% yield. In addition, treatment of
265 2a with acid chloride afforded a series of corresponding amide
266 (16) without any self-cyclization product being detected. This
267 late-stage functionalization protocol also allowed for the
268 introduction of olefin (17) into SuFEx hubs, which
269 demonstrates broad prospects in chemical probe development
270 and organic synthesis.26 Similarly, compound 19 containing an
271 N-2-propyn-1-yl group can be simply synthesized from the
272 reaction of 2a with propargyl bromide. The alkynyl group in
273 this molecule can integrate alkyne−azide “click” reaction and
274 SuFEx “click” reaction (1,2,3-triazole 21 was formed through
275 alkyne−azide “click” reaction of 19 with (azidomethyl)-
276 benzene,27 which underwent a subsequent SuFEx “click”
277 reaction with acetaminophen affording 22). It also underwent
278 Sonogashira coupling to give compound 20 in 72% yield. Last
279 of all, the sulfonyl fluoride products in Tables 2 and 3 were
280 subjected to treatment with strong acids, such as HBr, resulting
281 in the cleavage of sulfonamides while preserving the integrity
282 of FSO2 groups (Scheme 2D). The resulting deprotected
283 amine 25 can be further functionalized for the synthesis of
284 high-value compounds such as amides carrying the FSO2
285 moiety (26).
286 In conclusion, we realized for the first time the direct
287 fluorosulfonylation of N-fluorosulfonamide substrates through
288 chemoselective intramolecular fluorine-atom transfer. Two
289 reaction systems have been developed. On one hand, N-
290 fluoro-N-alkylsulfonamide substrates reacted via a 1,5-HAT
291 process en route to site-selective fluorosulfonylation of
292 aliphatic C(sp3)−H bonds, affording diverse alkanesulfonyl
293 fluorides with a reactive amino substituent. On the other hand,
294 aminofluorosulfonylation of C�C double bonds has been
295 achieved for N-fluorosulfonamides bearing a proximal olefin,
296 allowing high-yielding synthesis of pyrrolidin-2-yl- and
297 piperidin-2-yl-substituted sulfonyl fluorides. Mechanistic inves-
298 tigations confirmed a radical relay process in these trans-
299 formations, and the fluorine transfer proceeds through an

300intramolecular radical rebound pathway involving a Cu(II)−F
301intermediate. This methodology not only demonstrated its
302potential applications in late-stage modification of bioactive
303molecules but also showcased compatibility with SuFEx
304reactions for drug ligation purposes. Furthermore, various
305newly developed amino-substituted alkanesulfonyl fluorides
306can be readily transformed into highly valuable aliphatic
307sulfonyl fluorides, thereby offering promising opportunities for
308drug design, as well as facilitating organic syntheses.

309■ ASSOCIATED CONTENT
310*sı Supporting Information
311The Supporting Information is available free of charge at
312https://pubs.acs.org/doi/10.1021/acscatal.4c00116.
313Crystallographic data for 2ac (CIF)
314Crystallographic data for 4c (CIF)
315Crystallographic data for 4d (CIF)
316Crystallographic data for 4h (CIF)
317Experimental procedures and methods, mechanistic
318study details, synthesis of the substrates, and spectro-
319scopic data for the new compounds (PDF)

320Accession Codes
321Deposition numbers 2296341, 2314147, 2314148, and
3222314149 contain the supplementary crystallographic data for
323this paper. These data are provided free of charge by the joint
324Cambridge Crystallographic Data Centre and Fachinforma-
325tionszentrum Karlsruhe Access Structures service.

326■ AUTHOR INFORMATION
327Corresponding Authors
328Xingwei Li − Institute of Frontier Chemistry, School of
329Chemistry and Chemical Engineering, Shandong University,
330Qingdao 266237, P. R. China; School of Chemistry and
331Chemical Engineering, Shaanxi Normal University, Xi’an
332710062, P. R. China; orcid.org/0000-0002-1153-1558;
333Email: lixw@snnu.edu.cn
334Lin Wang − Institute of Frontier Chemistry, School of
335Chemistry and Chemical Engineering, Shandong University,
336Qingdao 266237, P. R. China; Email: linwang@sdu.edu.cn

337Authors
338Shuting Qu − Institute of Frontier Chemistry, School of
339Chemistry and Chemical Engineering, Shandong University,
340Qingdao 266237, P. R. China
341Xiao-Xi Li − Institute of Frontier Chemistry, School of
342Chemistry and Chemical Engineering, Shandong University,
343Qingdao 266237, P. R. China; orcid.org/0000-0002-
3443593-7536
345Complete contact information is available at:
346https://pubs.acs.org/10.1021/acscatal.4c00116

347Notes
348The authors declare no competing financial interest.

349■ ACKNOWLEDGMENTS
350Financial support for this work was provided by the National
351Natural Science Foundation of China (22201162 and
35222371175), Science Foundation for Outstanding Young
353Scholars of Shandong Province (No. 2022HWYQ-0057), and
354the Qilu Young Scholars Program of Shandong University.
355This work is dedicated to Prof. Dr. Xiaoyan Li on the occasion
356of her 60th birthday.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.4c00116
ACS Catal. XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/10.1021/acscatal.4c00116?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acscatal.4c00116/suppl_file/cs4c00116_si_001.cif
https://pubs.acs.org/doi/suppl/10.1021/acscatal.4c00116/suppl_file/cs4c00116_si_002.cif
https://pubs.acs.org/doi/suppl/10.1021/acscatal.4c00116/suppl_file/cs4c00116_si_003.cif
https://pubs.acs.org/doi/suppl/10.1021/acscatal.4c00116/suppl_file/cs4c00116_si_004.cif
https://pubs.acs.org/doi/suppl/10.1021/acscatal.4c00116/suppl_file/cs4c00116_si_005.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xingwei+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1153-1558
mailto:lixw@snnu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lin+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:linwang@sdu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuting+Qu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao-Xi+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3593-7536
https://orcid.org/0000-0002-3593-7536
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.4c00116?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


357 ■ REFERENCES
(1)358 (a) Saraswat, S. K.; Seemaladinne, R.; Abdullah, M. N.; Zaini,

359 H.; Ahmad, N.; Ahmad, N.; Vessally, E. Aryl Fluorosulfates: Powerful
360 and Versatile Partners in Cross-Coupling Reactions. RSC Adv. 2023,
361 13, 13642−13654. (b) Guan, C.; Qi, H.; Han, L.; Zhang, G.; Ding, C.
362 (Hetero)aryl Fluorosulfates (ArOSO2F): Good Coupling Partners in
363 Transition−Metal−Catalyzed Reactions. Adv. Synth. Catal. 2023, 365,
364 4068−4085. (c) Deng, X.; Zhu, X. Recent Advances of S−18F
365 Radiochemistry for Positron Emission Tomography. ACS omega
366 2023, 8, 37720−37730. (d) Cuesta, A.; Taunton, J. Lysine-Targeted
367 Inhibitors and Chemoproteomic Probes. Annu. Rev. Biochem. 2019,
368 88, 365−381. (e) Narayanan, A.; Jones, L. H. Sulfonyl Fluorides as
369 Privileged Warheads in Chemical Biology. Chem. Sci. 2015, 6, 2650−
370 2659. (f) Aberlin, M. E.; Bunton, C. A. Spontaneous Hydrolysis of
371 Sulfonyl Fluorides. J. Org. Chem. 1970, 35, 1825−1828.

(2)372 Dong, J.; Krasnova, L.; Finn, M.; Sharpless, K. B. Sulfur (VI)
373 Fluoride Exchange (SuFEx): Another Good Reaction for Click
374 Chemistry. Angew. Chem., Int. Ed. 2014, 53, 9430−9448.

(3)375 (a) Magre, M.; Ni, S.; Cornella, J. (Hetero)aryl−SVI Fluorides:
376 Synthetic Development and Opportunities. Angew. Chem., Int. Ed.
377 2022, 61, No. e202200904. (b) Lou, T. S.-B.; Willis, M. C. Sulfonyl
378 Fluorides as Targets and Substrates in the Development of New
379 Synthetic Methods. Nat. Rev. Chem. 2022, 6, 146−162. (c) Zhong, T.;
380 Chen, Z.; Yi, J.; Lu, G.; Weng, J. Recent Progress in the Synthesis of
381 Sulfonyl Fluorides for SuFEx Click Chemistry. Chin. Chem. Lett. 2021,
382 32, 2736−2750. (d) Lee, C.; Cook, A. J.; Elisabeth, J. E.; Friede, N.
383 C.; Sammis, G. M.; Ball, N. D. The Emerging Applications of Sulfur
384 (VI) Fluorides in Catalysis. ACS Catal. 2021, 11, 6578−6589.
385 (e) Jiang, Y.; Fang, W.-Y.; Rakesh, K.; Qin, H.-L. Copper-Catalyzed
386 Mild Desulfonylation of Vinyl Sulfonyl Molecules. Org. Chem. Front.
387 2020, 7, 1696−1702. (f) Nielsen, M. K.; Ahneman, D. T.; Riera, O.;
388 Doyle, A. G. Deoxyfluorination with Sulfonyl Fluorides: Navigating
389 Reaction Space with Machine Learning. J. Am. Chem. Soc. 2018, 140,
390 5004−5008. (g) Fattah, T. A.; Saeed, A.; Albericio, F. Recent
391 Advances towards Sulfur (VI) Fluoride Exchange (SuFEx) Click
392 Chemistry. J. Fluorine Chem. 2018, 213, 87−112.

(4)393 (a) Zhang, Z.; Zhang, S.-L.; Wu, C.; Li, H.-H.; Zha, L.; Shi, J.;
394 Liu, X.; Qin, H.-L.; Tang, W. Sulfur-Fluoride Exchange (SuFEx)-
395 Enabled Lead Discovery of AChE Inhibitors by Fragment Linking
396 Strategies. Eur. J. Med. Chem. 2023, 257, No. 115502. (b) Lucas, S.
397 W.; Qin, R. Z.; Rakesh, K. P.; Sharath Kumar, K. S.; Qin, H.-L.
398 Chemical and Biology of Sulfur Fluoride Exchange (SuFEx) Click
399 Chemistry for Drug Discovery. Bioorg. Chem. 2023, 130, No. 106227.
400 (c) Huang, H.; Jones, L. H. Covalent Drug Discovery Using Sulfur
401 (VI) Fluoride Exchange Warheads. Expert Opin Drug Discov 2023, 18,
402 725−735. (d) Kitamura, S.; Zheng, Q.; Woehl, J. L.; Solania, A.;
403 Chen, E.; Dillon, N.; Hull, M. V.; Kotaniguchi, M.; Cappiello, J. R.;
404 Kitamura, S.; Nizet, V.; Sharpless, K. B.; Wolan, D. W. Sulfur (VI)
405 Fluoride Exchange (SuFEx)-Enabled High-Throughput Medicinal
406 Chemistry. J. Am. Chem. Soc. 2020, 142, 10899−10904. (e) Barrow,
407 A. S.; Smedley, C. J.; Zheng, Q.; Li, S.; Dong, J.; Moses, J. E. The
408 Growing Applications of SuFEx Click Chemistry. Chem. Soc. Rev.
409 2019, 48, 4731−4758. (f) Mortenson, D. E.; Brighty, G. J.; Plate, L.;
410 Bare, G.; Chen, W.; Li, S.; Wang, H.; Cravatt, B. F.; Forli, S.; Powers,
411 E. T.; Sharpless, K. B.; Wilson, I. A.; Kelly, J. W. Inverse Drug
412 Discovery” Strategy to Identify Proteins That are Targeted by Latent
413 Electrophiles as Exemplified by Aryl Fluorosulfates. J. Am. Chem. Soc.
414 2018, 140, 200−210. (g) Liu, Z.; Li, J.; Li, S.; Li, G.; Sharpless, K. B.;
415 Wu, P. SuFEx Click Chemistry Enabled Late-Stage Drug Function-
416 alization. J. Am. Chem. Soc. 2018, 140, 2919−2925.

(5)417 (a) Jones, L. H.; Kelly, J. W. Structure-Based Design and
418 Analysis of SuFEx Chemical Probes. RSC Med. Chem. 2020, 11, 10−
419 17. (b) Zhao, Q.; Ouyang, X.; Wan, X.; Gajiwala, K. S.; Kath, J. C.;
420 Jones, L. H.; Burlingame, A. L.; Taunton, J. Broad-Spectrum Kinase
421 Profiling in Live Cells with Lysine-Targeted Sulfonyl Fluoride Probes.
422 J. Am. Chem. Soc. 2017, 139, 680−685. (c) Fadeyi, O.; Parikh, M. D.;
423 Chen, M. Z.; Kyne, R. E., Jr; Taylor, A. P.; O’Doherty, I.; Kaiser, S. E.;
424 Barbas, S.; Niessen, S.; Shi, M.; Weinrich, S. L.; Kath, J. C.; Jones, L.
425 H.; Robinson, R. P. Chemoselective Preparation of Clickable Aryl

426Sulfonyl Fluoride Monomers: A Toolbox of Highly Functionalized
427Intermediates for Chemical Biology Probe Synthesis. Chembiochem
4282016, 17, 1925−1930.

(6) 429(a) Wu, J. W.; Kulow, R. W.; Redding, M. J.; Fine, A. J.;
430Grayson, S. M.; Michaudel, Q. Synthesis of Degradable Polysulfa-
431mides via Sulfur (VI) Fluoride Exchange Click Polymerization of AB-
432Type Monomers. ACS Polymers Au 2023, 3, 259−266. (b) Kulow, R.
433W.; Wu, J. W.; Kim, C.; Michaudel, Q. Synthesis of Unsymmetrical
434Sulfamides and Polysulfamides via SuFEx Click Chemistry. Chem. Sci.
4352020, 11, 7807−7812. (c) Park, S.; Song, H.; Ko, N.; Kim, C.; Kim,
436K.; Lee, E. SuFEx in Metal−Organic Frameworks: Versatile
437Postsynthetic Modification Tool. ACS Appl. Mater. Interfaces 2018,
43810, 33785−33789. (d) Wang, H.; Zhou, F.; Ren, G.; Zheng, Q.;
439Chen, H.; Gao, B.; Klivansky, L.; Liu, Y.; Wu, B.; Xu, Q.; Lu, J.;
440Sharpless, K. B.; Wu, P. SuFEx-Based Polysulfonate Formation from
441Ethenesulfonyl Fluoride−Amine Adducts. Angew. Chem., Int. Ed.
4422017, 56, 11203−11208. (e) Gao, B.; Zhang, L.; Zheng, Q.; Zhou, F.;
443Klivansky, L. M.; Lu, J.; Liu, Y.; Dong, J.; Wu, P.; Sharpless, K. B.
444Bifluoride-Catalysed Sulfur (VI) Fluoride Exchange Reaction for the
445Synthesis of Polysulfates and Polysulfonates. Nat. Chem. 2017, 9,
4461083−1088. (f) Yatvin, J.; Brooks, K.; Locklin, J. SuFEx on the
447Surface: A Flexible Platform for Postpolymerization Modification of
448Polymer Brushes. Angew. Chem., Int. Ed. 2015, 54, 13370−13373.
449(g) Dong, J.; Sharpless, K. B.; Kwisnek, L.; Oakdale, J. S.; Fokin, V. V.
450SuFEx-Based Synthesis of Polysulfates. Angew. Chem., Int. Ed. 2014,
45153, 9466−9470.

(7) 452(a) Wu, X.; Gao, B. Hydrosulfonylation of Unactivated Alkenes
453and Alkynes by Halogen-Atom Transfer (XAT) Cleavage of SVI − F
454Bond. Org. Lett. 2023, 25, 8722−8726. (b) Wu, X.; Zhang, W.; Sun,
455G.; Zou, X.; Sang, X.; He, Y.; Gao, B. Turning Sulfonyl and
456Sulfonimidoyl Fluoride Electrophiles into Sulfur(VI) Radicals for
457Alkene Ligation. Nat. Commun. 2023, 14, 5168. (c) Song, X.; He, Y.;
458Wang, B.; Peng, S.; Pan, X.; Wei, M.; Liu, Q.; Qin, H.-L.; Tang, H.
459Synthesis of Aryl Sulfonyl Fluorides from Aryl Sulfonyl Chlorides
460Using Sulfuryl Fluoride (SO2F2) as Fluoride Provider. Tetrahedron
4612022, 108, No. 132657. (d) Bui, T. T.; Tran, V. H.; Kim, H. K.
462Visible-Light-Mediated Synthesis of Sulfonyl Fluorides from Arylazo
463Sulfones. Adv. Synth. Catal. 2022, 364, 341−347. (e) Bianchi, T. A.;
464Cate, L. A. Phase Transfer Catalysis. Preparation of Aliphatic and
465Aromatic Sulfonyl Fluorides. J. Org. Chem. 1977, 42, 2031−2032.
466(f) Davies, W.; Dick, J. H. CCLXXXVI. − Aromatic Sulphonyl
467Fluorides. A Convenient Method of Preparation. J. Chem. Soc. 1931,
4680, 2104−2109.

(8) 469(a) Zeng, D.; Deng, W.-P.; Jiang, X. Advances in the
470Construction of Diverse SuFEx Linkers. Natl. Sci. Rev. 2023, 10,
471nwad123. (b) Barata-Vallejo, S.; Yerien, D. E.; Postigo, A. Synthetic
472Strategies for Fluorosulfonylated Compounds: Application to Click
473Chemistry Reactions. Catal. Sci. Technol. 2023, 13, 2597−2617.

(9) 474(a) Yang, N.; Mao, C.; Zhang, H.; Wang, P.; Li, S.; Xie, L.; Liao,
475S. FSO2 Radical-Initiated Tandem Addition Reaction of Two
476Different Olefins: A Facile Access to Multifunctional Aliphatic
477Sulfonyl Fluorides. Org. Lett. 2023, 25, 4478−4482. (b) Shi, S.;
478Zhao, X.; Chen, D.; Luo, J.; Liao, S.; Huang, S. C(Sp3)−H
479Fluorosulfonylvinylation/Aza-Michael Addition Approach to FSO2-
480Functionalized Tetrahydropyridines. Org. Chem. Front. 2023, 10,
4813805−3810. (c) Feng, Q.; He, T.; Qian, S.; Xu, P.; Liao, S.; Huang, S.
482Electroreductive Hydroxy Fluorosulfonylation of Alkenes. Nat.
483Commun. 2023, 14, 8278. (d) Zhang, W.; Li, H.; Li, X.; Zou, Z.;
484Huang, M.; Liu, J.; Wang, X.; Ni, S.; Pan, Y.; Wang, Y. A Practical
485Fluorosulfonylating Platform via Photocatalytic Imidazolium-Based
486SO2F Radical Reagent. Nat. Commun. 2022, 13, 3515. (e) Wang, P.;
487Zhang, H.; Zhao, M.; Ji, S.; Lin, L.; Yang, N.; Nie, X.; Song, J.; Liao, S.
488Radical Hydro-Fluorosulfonylation of Unactivated Alkenes and
489Alkynes. Angew. Chem., Int. Ed. 2022, 61, No. e202207684.
490(f) Wang, P.; Zhang, H.; Nie, X.; Xu, T.; Liao, S. Photoredox
491Catalytic Radical Fluorosulfonylation of Olefins Enabled by a Bench-
492Stable Redox-Active Fluorosulfonyl Radical Precursor. Nat. Commun.
4932022, 13, 3370.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.4c00116
ACS Catal. XXXX, XXX, XXX−XXX

I

https://doi.org/10.1039/D3RA01791E
https://doi.org/10.1039/D3RA01791E
https://doi.org/10.1002/adsc.202301024
https://doi.org/10.1002/adsc.202301024
https://doi.org/10.1021/acsomega.3c05594?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acsomega.3c05594?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1146/annurev-biochem-061516-044805
https://doi.org/10.1146/annurev-biochem-061516-044805
https://doi.org/10.1039/C5SC00408J
https://doi.org/10.1039/C5SC00408J
https://doi.org/10.1021/jo00831a024?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jo00831a024?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1002/anie.201309399
https://doi.org/10.1002/anie.201309399
https://doi.org/10.1002/anie.201309399
https://doi.org/10.1002/anie.202200904
https://doi.org/10.1002/anie.202200904
https://doi.org/10.1038/s41570-021-00352-8
https://doi.org/10.1038/s41570-021-00352-8
https://doi.org/10.1038/s41570-021-00352-8
https://doi.org/10.1016/j.cclet.2021.03.035
https://doi.org/10.1016/j.cclet.2021.03.035
https://doi.org/10.1021/acscatal.1c01201?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acscatal.1c01201?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1039/D0QO00468E
https://doi.org/10.1039/D0QO00468E
https://doi.org/10.1021/jacs.8b01523?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jacs.8b01523?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1016/j.jfluchem.2018.07.008
https://doi.org/10.1016/j.jfluchem.2018.07.008
https://doi.org/10.1016/j.jfluchem.2018.07.008
https://doi.org/10.1016/j.ejmech.2023.115502
https://doi.org/10.1016/j.ejmech.2023.115502
https://doi.org/10.1016/j.ejmech.2023.115502
https://doi.org/10.1016/j.bioorg.2022.106227
https://doi.org/10.1016/j.bioorg.2022.106227
https://doi.org/10.1080/17460441.2023.2218642
https://doi.org/10.1080/17460441.2023.2218642
https://doi.org/10.1021/jacs.9b13652?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jacs.9b13652?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jacs.9b13652?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1039/C8CS00960K
https://doi.org/10.1039/C8CS00960K
https://doi.org/10.1021/jacs.7b08366?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jacs.7b08366?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jacs.7b08366?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jacs.7b12788?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jacs.7b12788?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1039/C9MD00542K
https://doi.org/10.1039/C9MD00542K
https://doi.org/10.1021/jacs.6b08536?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jacs.6b08536?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1002/cbic.201600427
https://doi.org/10.1002/cbic.201600427
https://doi.org/10.1002/cbic.201600427
https://doi.org/10.1021/acspolymersau.2c00060?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acspolymersau.2c00060?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acspolymersau.2c00060?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1039/D0SC03606D
https://doi.org/10.1039/D0SC03606D
https://doi.org/10.1021/acsami.8b14065?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acsami.8b14065?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1002/anie.201701160
https://doi.org/10.1002/anie.201701160
https://doi.org/10.1038/nchem.2796
https://doi.org/10.1038/nchem.2796
https://doi.org/10.1002/anie.201506253
https://doi.org/10.1002/anie.201506253
https://doi.org/10.1002/anie.201506253
https://doi.org/10.1002/anie.201403758
https://doi.org/10.1021/acs.orglett.3c03628?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c03628?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c03628?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1038/s41467-023-40615-0
https://doi.org/10.1038/s41467-023-40615-0
https://doi.org/10.1038/s41467-023-40615-0
https://doi.org/10.1016/j.tet.2022.132657
https://doi.org/10.1016/j.tet.2022.132657
https://doi.org/10.1002/adsc.202100951
https://doi.org/10.1002/adsc.202100951
https://doi.org/10.1021/jo00431a054?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jo00431a054?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1039/JR9310002104
https://doi.org/10.1039/JR9310002104
https://doi.org/10.1093/nsr/nwad123
https://doi.org/10.1093/nsr/nwad123
https://doi.org/10.1039/D2CY01998A
https://doi.org/10.1039/D2CY01998A
https://doi.org/10.1039/D2CY01998A
https://doi.org/10.1021/acs.orglett.3c01491?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c01491?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c01491?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1039/D3QO00639E
https://doi.org/10.1039/D3QO00639E
https://doi.org/10.1039/D3QO00639E
https://doi.org/10.1038/s41467-023-44029-w
https://doi.org/10.1038/s41467-022-31296-2
https://doi.org/10.1038/s41467-022-31296-2
https://doi.org/10.1038/s41467-022-31296-2
https://doi.org/10.1002/anie.202207684
https://doi.org/10.1002/anie.202207684
https://doi.org/10.1038/s41467-022-31089-7
https://doi.org/10.1038/s41467-022-31089-7
https://doi.org/10.1038/s41467-022-31089-7
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.4c00116?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


(10)494 (a) Wang, L.; Ni, S.; Cornella, J. Validation of Arylphosphor-
495 othiolates as Convergent Substrates for Ar-SF4Cl and Ar-SF5
496 Synthesis. Synthesis 2021, 53, 4308−4312. (b) Wang, L.; Cornella,
497 J. A Unified Strategy for Arylsulfur (VI) Fluorides from Aryl Halides:
498 Access to Ar-SOF3 Compounds. Angew. Chem., Int. Ed. 2020, 59,
499 23510−23515. (c) Laudadio, G.; Bartolomeu, A. D. A.; Verwijlen, L.
500 M. H. M.; Cao, Y.; de Oliveira, K. T.; Noël, T. Sulfonyl Fluoride
501 Synthesis through Electrochemical Oxidative Coupling of Thiols and
502 Potassium Fluoride. J. Am. Chem. Soc. 2019, 141, 11832−11836.

(11)503 (a) Hashtroudi, M. S.; Vavsari, V. F.; Balalaie, S. DABSO as a
504 SO2 Gas Surrogate in the Synthesis of Organic Structures. Org.
505 Biomol. Chem. 2022, 20, 2149−2163. (b) Andrews, J. A.; Willis, M. C.
506 DABSO − a Reagent to Revolutionize Organosulfur Chemistry.
507 Synthesis 2022, 54, 1695−1707. (c) Emmett, E. J.; Willis, M. C. The
508 Development and Application of Sulfur Dioxide Surrogates in
509 Synthetic Organic Chemistry. Asian J. Org. Chem. 2015, 4, 602−
510 611. (d) Woolven, H.; González-Rodríguez, C.; Marco, I.; Thompson,
511 A. L.; Willis, M. C. DABCO-Bis(sulfur dioxide), DABSO, as a
512 Convenient Source of Sulfur Dioxide for Organic Synthesis: Utility in
513 Sulfonamide and Sulfamide Preparation. Org. Lett. 2011, 13, 4876−
514 4878. (e) Zhang, J.; Wang, X.; Wang, P.; Fang, J.; Li, S.; Wu, J. SO2-
515 Insertion Induced Enantioselective Oxysulfonylation to Access β-
516 Chiral Sulfones with Quaternary Carbon Stereocenters. Sci. China:
517 Chem. 2023, 66, 1−6. (f) Sui, J. L.; Fan, J. H.; Xiong, B. Q.; Tang, K.
518 W.; Liu, Y. Oxidative Cascade Sulfonylation/Cyclisation of N-
519 Propargylindoles with Hantzsch Esters via Sulfur Dioxide Insertion.
520 Adv. Synth. Catal. 2023, 365, 1989−1994. (g) Zhang, C.; Tang, Z.;
521 Qiu, Y.; Tang, J.; Ye, S.; Li, Z.; Wu, J. Access to Axially Chiral
522 Styrenes via a Photoinduced Asymmetric Radical Reaction Involving a
523 Sulfur Dioxide Insertion. Chem. Catalysis 2022, 2, 164−177.

(12)524 (a) Ou, C.; Cai, Y.; Ma, Y.; Zhang, H.; Ma, X.; Liu, C. Aliphatic
525 Sulfonyl Fluoride Synthesis via Decarboxylative Fluorosulfonylation
526 of Hypervalent Iodine(III) Carboxylates. Org. Lett. 2023, 25, 6751−
527 6756. (b) Yi, J.-T.; Zhou, X.; Chen, Q.-L.; Chen, Z.-D.; Lu, G.; Weng,
528 J. Copper-Catalyzed Direct Decarboxylative Fluorosulfonylation of
529 Aliphatic Carboxylic Acids. Chem. Commun. 2022, 58, 9409−9412.
530 (c) Ma, Z.; Liu, Y.; Ma, X.; Hu, X.; Guo, Y.; Chen, Q.-Y.; Liu, C.
531 Aliphatic Sulfonyl Fluoride Synthesis via Reductive Decarboxylative
532 Fluorosulfonylation of Aliphatic Carboxylic Acid NHPI Esters. Org.
533 Chem. Front. 2022, 9, 1115−1120. (d) Chen, Z.-D.; Zhou, X.; Yi, J.-
534 T.; Diao, H.-J.; Chen, Q.-L.; Lu, G.; Weng, J. Catalytic
535 Decarboxylative Fluorosulfonylation Enabled by Energy-Transfer-
536 Mediated Photocatalysis. Org. Lett. 2022, 24, 2474−2478. (e) Magre,
537 M.; Cornella, J. Redox-Neutral Organometallic Elementary Steps at
538 Bismuth: Catalytic Synthesis of Aryl Sulfonyl Fluorides. J. Am. Chem.
539 Soc. 2021, 143, 21497−21502. (f) Louvel, D.; Chelagha, A.; Rouillon,
540 J.; Payard, P. A.; Khrouz, L.; Monnereau, C.; Tlili, A. Metal-Free
541 Visible-Light Synthesis of Arylsulfonyl Fluorides: Scope and
542 Mechanism. Chem. - Eur. J. 2021, 27, 8704−8708. (g) Liu, Y.; Yu,
543 D.; Guo, Y.; Xiao, J.-C.; Chen, Q.-Y.; Liu, C. Arenesulfonyl Fluoride
544 Synthesis via Copper-Catalyzed Fluorosulfonylation of Arenediazo-
545 nium Salts. Org. Lett. 2020, 22, 2281−2286. (h) Liu, S.; Huang, Y.;
546 Xu, X.-H.; Qing, F.-L. Fluorosulfonylation of Arenediazonium
547 Tetrafluoroborates with Na2S2O5 and N-fluorobenzenesulfonimide.
548 J. Fluorine Chem. 2020, 240, No. 109653. (i) Davies, A. T.; Curto, J.
549 M.; Bagley, S. W.; Willis, M. C. One-Pot Palladium-Catalyzed
550 Synthesis of Sulfonyl Fluorides from Aryl Bromides. Chem. Sci. 2017,
551 8, 1233−1237.

(13)552 (a) Font, M.; Gulías, M.; Mascareñas, J. L. Transition-Metal-
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631Catalyzed N−F Bond Activation for Uniform Intramolecular C−H

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.4c00116
ACS Catal. XXXX, XXX, XXX−XXX

J

https://doi.org/10.1055/s-0040-1706039
https://doi.org/10.1055/s-0040-1706039
https://doi.org/10.1055/s-0040-1706039
https://doi.org/10.1002/anie.202009699
https://doi.org/10.1002/anie.202009699
https://doi.org/10.1021/jacs.9b06126?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jacs.9b06126?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jacs.9b06126?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1055/s-0040-1719864
https://doi.org/10.1002/ajoc.201500103
https://doi.org/10.1002/ajoc.201500103
https://doi.org/10.1002/ajoc.201500103
https://doi.org/10.1021/ol201957n?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ol201957n?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ol201957n?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1007/s11426-023-1814-2
https://doi.org/10.1007/s11426-023-1814-2
https://doi.org/10.1007/s11426-023-1814-2
https://doi.org/10.1002/adsc.202300402
https://doi.org/10.1002/adsc.202300402
https://doi.org/10.1016/j.checat.2021.12.008
https://doi.org/10.1016/j.checat.2021.12.008
https://doi.org/10.1016/j.checat.2021.12.008
https://doi.org/10.1021/acs.orglett.3c02652?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c02652?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c02652?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1039/D2CC03221J
https://doi.org/10.1039/D2CC03221J
https://doi.org/10.1039/D1QO01655E
https://doi.org/10.1039/D1QO01655E
https://doi.org/10.1021/acs.orglett.2c00459?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c00459?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c00459?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jacs.1c11463?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jacs.1c11463?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1002/chem.202101056
https://doi.org/10.1002/chem.202101056
https://doi.org/10.1002/chem.202101056
https://doi.org/10.1021/acs.orglett.0c00484?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c00484?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c00484?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1016/j.jfluchem.2020.109653
https://doi.org/10.1016/j.jfluchem.2020.109653
https://doi.org/10.1039/C6SC03924C
https://doi.org/10.1039/C6SC03924C
https://doi.org/10.1002/anie.202112848
https://doi.org/10.1002/anie.202112848
https://doi.org/10.1002/tcr.201800093
https://doi.org/10.1002/tcr.201800093
https://doi.org/10.1039/C4QO00207E
https://doi.org/10.1039/C4QO00207E
https://doi.org/10.1039/C4QO00207E
https://doi.org/10.1021/acs.joc.3c00788?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.joc.3c00788?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.joc.3c00788?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1016/j.isci.2023.107009
https://doi.org/10.1016/j.isci.2023.107009
https://doi.org/10.1016/j.isci.2023.107009
https://doi.org/10.1021/acs.joc.3c00296?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.joc.3c00296?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1039/D3QO00268C
https://doi.org/10.1039/D3QO00268C
https://doi.org/10.1039/D3QO00268C
https://doi.org/10.1038/s41467-022-32084-8
https://doi.org/10.1038/s41467-022-32084-8
https://doi.org/10.1002/chem.202103402
https://doi.org/10.1002/chem.202103402
https://doi.org/10.1002/chem.202103402
https://doi.org/10.1021/acs.orglett.1c03549?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c03549?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c03549?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c02035?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c02035?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1055/s-0040-1707136
https://doi.org/10.1055/s-0040-1707136
https://doi.org/10.1021/acs.orglett.8b03274?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b03274?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1002/chem.201602202
https://doi.org/10.1002/chem.201602202
https://doi.org/10.1002/chem.201602202
https://doi.org/10.1021/acs.chemrev.6b00512?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00512?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1002/adsc.202300718
https://doi.org/10.1002/adsc.202300718
https://doi.org/10.3390/molecules28166127
https://doi.org/10.3390/molecules28166127
https://doi.org/10.1039/D0CS00774A
https://doi.org/10.1039/D0CS00774A
https://doi.org/10.1039/D0CS00774A
https://doi.org/10.1021/acs.joc.2c02461?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.joc.2c02461?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1038/s41467-022-33996-1
https://doi.org/10.1038/s41467-022-33996-1
https://doi.org/10.1021/acs.orglett.1c01443?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c01443?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c01443?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c01443?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c02564?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c02564?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c02564?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b04542?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b04542?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1038/s41467-020-15167-2
https://doi.org/10.1038/s41467-020-15167-2
https://doi.org/10.1038/s41467-019-08741-w
https://doi.org/10.1038/s41467-019-08741-w
https://doi.org/10.1038/s41467-019-08741-w
https://doi.org/10.1016/j.chempr.2021.10.022
https://doi.org/10.1016/j.chempr.2021.10.022
https://doi.org/10.1002/anie.201902716
https://doi.org/10.1002/anie.201902716
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.4c00116?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


632 Amination Yielding Pyrrolidines and Piperidines. Angew. Chem., Int.
633 Ed. 2019, 58, 8912−8916.

(18)634 (a) Pinter, E. N.; Bingham, J. E.; AbuSalim, D. I.; Cook, S. P.
635 N-Directed Fluorination of Unactivated Csp3−H Bonds. Chem. Sci.
636 2020, 11, 1102−1106. (b) Groendyke, B. J.; AbuSalim, D. I.; Cook, S.
637 P. Iron-Catalyzed, Fluoroamide-Directed C−H Fluorination. J. Am.
638 Chem. Soc. 2016, 138, 12771−12774.

(19)639 Guo, P.; Li, Y.; Zhang, X.-G.; Han, J.-F.; Yu, Y.; Zhu, J.; Ye, K.-
640 Y. Redox Neutral Radical-Relay Cobalt Catalysis Toward C−H
641 Fluorination and Amination. Org. Lett. 2020, 22, 3601−3606.

(20)642 Griller, D.; Ingold, K. U. Free-Radical Clocks. Acc. Chem. Res.
643 1980, 13, 317−323.

(21)644 (a) Mai, B. K.; Neris, N. M.; Yang, Y.; Liu, P. C−N Bond
645 Forming Radical Rebound is the Enantioselectivity-Determining Step
646 in P411-Catalyzed Enantioselective C(sp3)−H Amination: A
647 Combined Computational and Experimental Investigation. J. Am.
648 Chem. Soc. 2022, 144, 11215−11225. (b) Zhang, W.; Wang, F.;
649 McCann, S. D.; Wang, D.; Chen, P.; Stahl, S. S.; Liu, G.
650 Enantioselective Cyanation of Benzylic C−H Bonds via Copper-
651 Catalyzed Radical Relay. Science 2016, 353, 1014−1018. (c) Da Silva,
652 J. C.; Pennifold, R. C.; Harvey, J. N.; Rocha, W. R. A Radical Rebound
653 Mechanism for the Methane Oxidation Reaction Promoted by the
654 Dicopper Center of a pMMO Enzyme: A Computational Perspective.
655 Dalton Trans. 2016, 45, 2492−2504.

(22)656 Jiang, H.; Studer, A. Amidyl Radicals by Oxidation of α-Amido-
657 oxy Acids: Transition-Metal-Free Amidofluorination of Unactivated
658 Alkenes. Angew. Chem., Int. Ed. 2018, 57, 10707−10711.

(23)659 (a) Chen, Z. D.; Zhou, X.; Yi, J. T.; Diao, H. J.; Chen, Q. L.;
660 Lu, G.; Weng, J. Catalytic Decarboxylative Fluorosulfonylation
661 Enabled by Energy-Transfer-Mediated Photocatalysis. Org. Lett.
662 2022, 24, 2474−2478. (b) Sarver, P. J.; Bissonnette, N. B.;
663 Macmillan, D. W. C. Decatungstate-Catalyzed C(sp3)−H Sulfinyla-
664 tion: Rapid Access to Diverse Organosulfur Functionality. J. Am.
665 Chem. Soc. 2021, 143, 9737−9743. (c) Liu, Y.; Wang, Q.-L.; Chen, Z.;
666 Li, H.; Xiong, B.-Q.; Zhang, P.-L.; Tang, K.-W. Visible-Light
667 Photoredox-Catalyzed Dual C−C Bond Cleavage: Synthesis of 2-
668 Cyanoalkylsulfonylated 3,4-Dihydronaphthalenes through the Inser-
669 tion of Sulfur Dioxide. Chem. Commun. 2020, 56, 3011−3014.
670 (d) Chen, Z.; Zhou, Q.; Wang, Q.-L.; Chen, P.; Xiong, B.-Q.; Liang,
671 Y.; Tang, K.-W.; Liu, Y. Iron-Mediated Cyanoalkylsulfonylation
672 /Arylation of Active Alkenes with Cycloketone Oxime Derivatives
673 via Sulfur Dioxide Insertion. Adv. Synth. Catal. 2020, 362, 3004−
674 3010. (e) He, F. S.; Gong, X.; Rojsitthisak, P.; Wu, J. Direct C-H
675 Methylsulfonylation of Alkenes with the Insertion of Sulfur Dioxide. J.
676 Org. Chem. 2019, 84, 13159−13163. (f) Gomes, G. D. P.; Wimmer,
677 A.; Smith, J. M.; König, B.; Alabugin, I. V. CO2 or SO2: Should It
678 Stay, or Should It Go? J. Org. Chem. 2019, 84, 6232−6243. (g) Liu,
679 C.; Liu, Y.; Lin, Q.-Z.; Xiao, Z.-W.; Zheng, C.-G.; Guo, Y.; Chen, Q.-
680 Y. Zinc-Mediated Intermolecular Reductive Radical Fluoroalkylfluor-
681 osulfonylation of Unsaturated Carbon-Carbon Bonds with Perfluor-
682 oalkylbromides, DABSO and N-Fluorobenzenesulfonimide. Chem. -
683 Eur. J. 2019, 25, 1824−1828. (h) Mao, R.; Yuan, Z.; Li, Y.; Wu, J. N-
684 Radical-Initiated Cyclization through Insertion of Sulfur Dioxide
685 under Photoinduced Catalyst-Free Conditions. Chem. - Eur. J. 2017,
686 23, 8176−8179.

(24)687 (a) Zhong, T.; Yi, J.-T.; Chen, Z.-D.; Zhuang, Q.-C.; Li, Y.-Z.;
688 Lu, G.; Weng, J. Photoredox-Catalyzed Aminofluorosulfonylation of
689 Unactivated Olefins. Chem. Sci. 2021, 12, 9359−9365. (b) Zhang, Y.;
690 Yin, Z.; Wu, X.-F. Copper-Catalyzed Carbonylative Synthesis of β-
691 Homoprolines from N-Fluoro-Sulfonamides. Org. Lett. 2020, 22,
692 1889−1893. (c) Ji, Y.-X.; Li, J.; Li, C.-M.; Qu, S.; Zhang, B.
693 Manganese-Catalyzed N−F Bond Activation for Hydroamination and
694 Carboamination of Alkenes. Org. Lett. 2021, 23, 207−212.
695 (d) Erchinger, J. E.; Hoogesteger, R.; Laskar, R.; Dutta, S.;
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