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Abstract | The advent of sulfur(VI)-fluoride exchange (SuFEx) processes as 
transformations with click-like reactivity has invigorated research into electrophilic 
species featuring a sulfur-fluorine bond. Amongst these, sulfonyl fluorides have 
emerged as the work-horse functional group, with diverse applications being reported. 
Sulfonyl fluorides are used as electrophilic warheads by both medicinal chemists and 
chemical biologists. The balance of reactivity and stability that is so attractive for these 
applications, particularly the resistance of sulfonyl fluorides to hydrolysis under 
physiological conditions, has provided opportunities for synthetic chemists. New 
synthetic approaches that start with sulfur-containing substrates include the activation 
of sulfonamides using pyrilium salts, the deoxygenation of sulfonic acids, and the 
electrochemical oxidation of thiols. Employing non-sulfur containing substrates has led 
to the development of transition-metal-catalysed processes based on palladium, copper 
and nickel, as well as the use of SO2F2 gas as an electrophilic hub. Selectively 
manipulating molecules that already contain a sulfonyl fluoride group has also proven 
to be a popular tactic, with metal-catalysed processes again at the fore. Finally, coaxing 
sulfonyl fluorides to engage with nucleophiles, when required, and under suitable 
reaction conditions, has led to new activation methods. This review provides an 
overview of the challenges in the efficient synthesis and manipulation of these 
intriguing functional groups. 
 
Introduction 

Sulfonyl fluorides have a century of history behind them, with the first sulfonyl 
fluoride being synthesised by treating toluene with fluorosulfonic acid in 1921, by 
workers at Oderberger Chemischen Werke, a German chemical company1. The 1921 
date was disclosed by Steinkopf, in his 1927 account, in which he documents a personal 
communication from Oderberger Chemischen Werke. The Steinkopf account discusses 
the preparation and reactivity of arylsulfonyl fluorides, records their resistance to 
hydrolysis and oxidation, and draws comparisons with sulfonyl chlorides1. The report 



also notes the discovery of bactericidal effects of sulfonyl fluoride-substituted benzoic 
acids towards Bacillus subtilis and lactic acid bacteria by Pribram and Zike. Despite 
these early encouraging reports regarding the use of sulfonyl fluorides in biochemistry, 
these molecules did not attract significant interest from organic chemists. However, 
Sharpless’s 2014 publication2, in which sulfur(VI)-fluoride exchange (SuFEx) was 
declared to be the next “click” reaction, has transformed the landscape for research into 
and around sulfonyl fluorides. 

 
� Properties of sulfonyl fluorides 

Sulfonyl fluorides are often compared with the analogous sulfonyl chlorides. While 
sulfonyl chlorides are excellent electrophiles, the fluoride variant only reacts with 
nucleophiles under specific conditions1,3,4. Such a difference in reactivity is also 
observed between sulfuryl fluoride (SO2F2) and sulfuryl chloride (SO2Cl2); the fluoride 
analogue is inert towards hydrolysis even when heated at 150 °C in a sealed tube, while 
the chloride reacts rapidly with water to give hydrogen chloride and sulfuric acid5. The 
stability and inertness of sulfonyl fluorides can be attributed to the exceptional strength 
of a S–F bond. As exemplified by sulfuryl chloride fluoride (SO2ClF), the homolytic 
bond dissociation energy of S–F bond (84 ± 10 kcal mol−1) is significantly higher than 
that of S–Cl bond (43 ± 10 kcal mol−1)6, which suggests the ClO2S– F bond is much 
stronger than the FO2S–Cl bond. A similar trend is observed when comparing the S–F 
bonds (81 ± 2 kcal mol−1) in SO2F2 with the S–Cl bonds (46 ± 4 kcal mol−1) in 
SO2Cl26,7 (FIG. 1B). 
 

The high oxidation state (VI) of sulfur in sulfonyl fluorides also contributes to their 
inertness, as sulfur centres with lower oxidation states, e.g. S(II) and S(IV), are more 
prone to substitution, hydrolysis or decomposition5. For example, sulfuryl fluoride 
(SO2F2) is soluble in water and only slowly undergoes hydrolysis, unless in basic 
solution8-10; thionyl fluoride (SOF2), however, hydrolyses readily to give hydrogen 
fluoride and sulfur dioxide5. The shorter S–F bond length in SO2F2 (1.530 Å) compared 
to that in SOF2 (1.583 Å) suggests the S– F bonds in the S(VI) compound are stronger. 
As a result of their high oxidation state and the presence of a strong S–F bond, sulfonyl 
fluorides are more stable than sulfinyl or sulfenyl fluorides, as well as sulfonyl chlorides. 

 
 

� Reactivities of sulfonyl fluorides 
When comparing the reactivities of sulfonyl fluorides and chlorides, one of the 

major differences is their hydrolytic stability and tolerance to aqueous acids9,10. While 
sulfonyl chlorides are useful synthetic intermediates for accessing varied sulfonyl-



containing functional groups, their hydrolysis and decomposition remain a key 
constraint. On the other hand, the stability of sulfonyl fluorides under aqueous 
conditions is often exploited in their application to synthetic chemistry11-14 and 
chemical biology15-21. In fact, water plays an important role in controlling the “on-and-
off” reactivity of sulfonyl fluorides, through stabilisation of fluoride when expelled as 
a leaving group. As the most electronegative element, fluorine forms some of the 
strongest hydrogen bonds22. For example, the hydrogen bond energy in bifluoride 
(FHF−) is measured as 39 kcal mol−1, which is comparable to a single covalent bond23. 
Therefore, through the formation of F– HX hydrogen bonding, fluoride can be stabilised 
in the presence of water. This stabilisation provides the enthalpic driving force for 
nucleophilic substitution – the exchange – of fluoride. In other words, the “on-water” 
reaction switches on the otherwise inert sulfonyl fluoride to substitution (FIG. 1C). 
Using a similar strategy, Lewis acids have also been demonstrated to facilitate the 
nucleophilic substitution of sulfonyl fluorides24,25, and have played a significant role in 
the development of SuFEx click chemistry (see later section). 

 
A further important difference between sulfonyl fluorides and chlorides in organic 

reactions, is the former’s resistance to reduction. With sulfonyl chlorides, nucleophilic 
attack at the chlorine centre results in the formation of a sulfonyl radical, or SO2 
extrusion2,26,27. Such reductions often lead to undesirable sulfinate esters or chlorinated 
(instead of sulfonylated) side products. In contrast, nucleophilic attack at the fluorine 
centre of sulfonyl fluorides is uncommon. For instance, in the Friedel-Crafts reaction 
of p-xylene using AlCl3 (eq 1, FIG. 1D), reaction with methanesulfonyl chloride 
delivers the chlorinated product 2,5-dimethylchlorobenzene in 70% yield; conversely, 
the sulfonylated product 1,4-dimethyl-2-(methylsulfonyl)benzene is obtained in 91% 
yield when methanesulfonyl fluoride is used. Reactions with a lithium enolate provide 
another example (eq 2); benzenesulfonyl chloride gives the α-chloroketone in 91% 
yield, while using benzenesulfonyl fluoride delivers the sulfonylated product28. These 
examples highlight the advantages of using sulfonyl fluorides over sulfonyl chlorides 
as sulfonylation reagents. 



 
Fig. 1 | Background of sulfonyl fluoride functional group. A | A timeline showing the historical 

development of sulfonyl fluoride chemistry. B | Demonstration of the exceptional strength of S–F bonds 

as illustrated by the homolytic bond dissociation energies of S–Cl and S–F bonds of selected sulfuryl 

halides6,7. C | The presence of water activates sulfonyl fluorides towards nucleophilic substitution 

through hydrogen bonding2. D | Comparison of the reactivity between sulfonyl chlorides and fluorides28. 
 
 
Synthesis of sulfonyl fluorides 
� Fluorosulfonylation 

The first synthesis of sulfonyl fluorides reported by Steinkopf was achieved by 
treating aromatic hydrocarbons with fluorosulfonic acid1. Fluorosulfonic acid was also 
reacted with benzenesulfonyl chloride to yield the corresponding fluoride (eq 1, FIG. 2). 
With the risks associated with the preparation and handling of this acid, and the 
necessity of using metallic apparatus due to its glass-etching properties, chemists were 
indifferent to this process. Sulfonyl fluorides remained rather inaccessible until the 
discovery of the more convenient chloride-fluoride exchange method, developed by 
Davies and Dick4. 

 
Recently, in 2019, Kim and Kwon reported the fluorosulfonylation of arynes using 

gaseous sulfuryl fluoride (SO2F2)29. Later in the year, Ball and Sammis reported the 



combination of SO2F2 and Grignard reagents30 (eq 2). Both of these methods involve 
the ex-situ generation of SO2F2 gas. In 2020, Moses and coworkers described the 
preparation of alkynylsulfonyl fluorides using lithiated terminal alkynes and 
fluorosulfonic acid anhydride ((FO2S)2O)31. Despite the avoidance of using gaseous 
reagent, fluorosulfonic acid anhydride is highly toxic, and volatile, making it a less-
than-ideal reagent for modern chemical synthesis32. Lately, Liao presented a single-
electron version of fluorosulfonylation, in which fluorosulfonyl radicals were generated 
from sulfuryl chloride fluoride (FSO2Cl) under mild photoredox conditions and trapped 
with olefins, forming various alkenylsulfonyl fluorides33 (eq 3). 

 
 
� Substitution and halogen exchange 

The classic approach for sulfonyl fluoride synthesis is through the chloride-fluoride 
exchange on a sulfonyl chloride substrate. Initially reported by Davies and Dick in 1931, 
arylsulfonyl chlorides were refluxed in aqueous potassium fluoride solution to yield the 
corresponding sulfonyl fluorides4. It was found that the presence of water was crucial 
for the reaction, since p-toluenesulfonyl chloride remained unreacted after 5 days of 
heating in refluxing benzene with dry zinc fluoride, but the addition of water resulted 
in complete conversion within an hour. Given the insolubility of sulfonyl chlorides in 
water, hydrolysis to sulfonates was common, especially for high-melting sulfonyl 
chlorides4. Therefore, later syntheses adopted a biphasic approach which involved 
refluxing a water-organic mixture34,35. This method was further extended to aliphatic 
sulfonyl fluorides by the same laboratory in 193235, and an anhydrous procedure was 
also described for water-sensitive substrates, which involved heating the neat mixture 
of sulfonyl chlorides and zinc fluoride in a platinum flask. While the use of metallic 
apparatus was costly, and heating a neat mixture to reflux was potentially dangerous, 
phase-transfer catalysis approaches were introduced as an alternative. In 1977, Bianchi 
and Cate reported the use of 18-crown-6 and potassium fluoride, in acetonitrile, to 
convert sulfonyl chlorides into the corresponding fluorides, and demonstrated good 
yields for water-sensitive substrates36 (eq 4). The “naked” fluoride was considered to 
be more basic and nucleophilic, hence promoting the chloride-fluoride exchange to take 
place at ambient temperature. 

 
Due to the strong driving force for the formation of H–F hydrogen bonds, the 

presence of the bifluoride anion (F–H–F)− along with fluoride is almost inevitable, 
particularly in aqueous and acidic medium23,37. Following Dick’s discovery, the 
combination of potassium fluoride and hydrofluoric acid was used by Beaman and 
Robins for the preparation of purinesulfonyl fluorides in 196138. Potassium bifluoride 



(KHF2), a safer alternative to HF/KF, was used by Brown in 197239 (eq 4). Sharpless in 
2014 advocated for the use of aqueous KHF2 for the chloride-fluoride exchange. The 
“on-water” biphasic synthesis using saturated aqueous KHF2 solution delivered aryl 
and alkyl sulfonyl fluorides in excellent yields, representing a robust and reliable 
method of sulfonyl fluoride synthesis2,40. 

 
While sulfonyl chlorides are reactive substrates for nucleophilic substitution, the 

high reactivity also leads to challenges in their preparation and storage, hence limiting 
their availability. Pentafluorophenyl (PFP) sulfonate esters were introduced by Caddick 
as an alternative to sulfonyl chlorides41,42. With pentafluorophenolate being a good 
leaving group, these activated sulfonate esters are susceptible to nucleophilic 
substitution. In 2018, Vedovato and Willis showed that the PFP sulfonate ester of p-
bromobenzene could be substituted by fluoride ion using KF in methanol, producing 
the corresponding sulfonyl fluoride in 78% yield43 (eq 5). 

 
 
� Oxidative chlorination-fluorination 

While some simple sulfonyl chlorides are commercially available, more complex 
sulfonyl chlorides often require on-site preparation. Even so, isolation can still be 
challenging, as hydrolysis and decomposition during work-up and purification is 
common. Hence, the in-situ generation of reactive sulfonyl chlorides, followed by 
quenching with fluoride, has been developed as a solution. A common way to access 
sulfonyl chlorides is by the oxidative chlorination of thiols, which was first described 
in the early twentieth century44-46. Using this approach, Beaman and Robins reported 
the synthesis of heterocyclic compounds carrying sulfonyl fluorides in 1961, which was 
achieved by treating a methanolic solution of mercaptopurines with KF, aqueous 
hydrofluoric acid and chlorine gas at 0 °C38. The method was later improved by Brown 
and Hoskins for the preparation of pyrimidine sulfonyl fluorides, where KHF2 was 
employed in place of hydrofluoric acid39. In 2006, Wright and Hallstrom developed a 
more general synthesis of sulfonyl fluorides from heteroaryl thiols using bleach 
(aqueous NaOCl) and KHF247 (eq 6). Lately, Cornella has reported the preparation of 
arylsulfonyl fluorides from sulfenyl phthalimides, by treatment with an excess of 
trichloroisocyanuric acid and KF48 (eq 7). 
 
 
� Deoxychlorination-fluorination 

Another approach for the in-situ generation of sulfonyl chlorides is through the 
deoxychlorination of sulfonic acids and their conjugate bases. Aryl sulfonic acids are 



easily accessible through the direct sulfonylation of arenes, and have the benefit of 
being more stable than sulfonyl chlorides. Kim and Jang reported a one-pot procedure 
for sulfonyl fluoride synthesis using trichloroacetonitrile (Cl3CCN) and PPh3 for the 
deoxychlorination, and tetrabutylammonium tetra(tert-butyl alcohol) coordinated 
fluoride [TBAF(t-BuOH)4], a fluoride source with good solubility in organic solvent 
and low hygroscopicity, for subsequent fluorination49 (eq 8). A similar strategy was 
adopted by Qin, who reported the combination of cyanuric chloride, catalytic TBAB 
and KHF2 using various sulfonate salts and sulfonic acids as substrates50 (eq 9). 
 
 
� Deaminochlorination-fluorination 
 Cornella and Gómez-Palomino recently reported the formation of sulfonyl 
chlorides from primary sulfonamides, using a pyrylium salt and magnesium chloride51. 
This synthesis was extended to sulfonyl fluorides through the addition of potassium 
fluoride52 (eq 10). As sulfonamides are common functional groups found in 
pharmaceuticals and agrochemicals, this transformation enables the late-stage 
derivatisation of primary sulfonamides into “clickable” sulfonyl fluorides, and will 
likely see applications in drug discovery. 
 
 
� Deoxyfluorination 

While the aforementioned methods either proceed through in-situ generated 
sulfonyl chloride intermediates, or sulfonyl chloride alternatives, a more straight-
forward approach of deoxyfluorination was reported by Casida53 and Liskamp54 in 2003 
and 2009, respectively. These syntheses made use of diethylaminosulfur trifluoride 
(DAST) as the deoxyfluorinating agent and directly converted sodium sulfonate salts 
into the corresponding sulfonyl fluorides (eq 11).  
 
 
� Oxidative fluorination 

Aside from deoxyfluorination, another approach which avoids sulfonyl chloride 
intermediates, oxidative fluorination, was adopted by Kirihara in 2011 and 2014, using 
Selectfluor with thiols or disulfides substrates55,56 (eq 12). However, the use of super-
stoichiometric amounts (6.5–7.5 equiv) of the costly reagent Selectfluor was not 
attractive, particularly for large-scale preparation. In an elegant solution to this 
challenge, in 2019 the Noël laboratory reported the first electrochemical synthesis of 
sulfonyl fluorides. Their approach converted thiols or disulfides into sulfonyl fluorides 
using anodic oxidation and cheap KF as the fluoride source57. In addition to the 



oxidation of S(II) compounds (e.g. thiols and disulfides), oxidative fluorination of 
sulfinate salts has been achieved using Selectfluor (eq 13). This was first reported in 
1996 by Banks58, who also developed the Selectfluor reagent. This approach was later 
adopted by Willis, Ball, Moses and others to oxidatively fluorinate aryl or alkynyl 
sulfinates generated in- situ31,59-62. 
 
 
� Transition-metal catalysis 

With the advances in using sulfur dioxide surrogates in transition-metal-catalysed 
sulfonylative cross-coupling pioneered by the Willis63-66 and Toste67 groups in recent 
years, Willis and Ball separately reported the preparation of (hetero)aryl sulfonyl 
fluorides in 2017 through the palladium-catalysed sulfination of aryl bromides or 
iodides, followed by electrophilic fluorination using Selectfluor or the cheaper N-
fluorobenzenesulfonimide (NFSI)61,62. This strategy was further extended to 
(hetero)aryl boronic acid substrates through the employment of a copper(I)68 or 
nickel(II)69 catalysis. Alkenyl triflates could also be converted into sulfonyl fluorides 
using palladium catalysis70 (eq 14). In 2020, Chen and Liu reported the Sandmeyer-
type fluorosulfonylation using arenediazonium salts, a copper(II) catalyst, DABSO (a 
SO2 surrogate) and KHF2, which is an inexpensive nucleophilic fluoride source71 
(eq 15). Later, it was found similar reactivity could be achieved with copper-free 
methods72-74, or by the use of an organic photoredox catalyst75. An attractive feature of 
these methods is that they commence with non sulfur-containing substrates, and instead 
introduce the sulfonyl (– SO2 –) unit from SO2 surrogates. Several of the methods use 
(hetero)aryl halides as substrates, which enjoy wide commercial availability. The 
catalytic processes often only require mild conditions without the use of strong 
oxidising agents, acids or bases, hence allowing good functional group tolerance.  

 
 
 



 
Fig. 2 | Different established routes to the preparation of sulfonyl fluorides. 
 
Derivatization of sulfonyl fluorides 

One of the key features that make sulfonyl fluorides so attractive is their 
controllable reactivity. Exploiting sulfonyl fluorides in chemoselective manipulations 
is a key area of research, including the development of new sulfur(VI)-fluoride 
exchange (SuFEx) reactions, and the development of bi- or multi-functional sulfonyl 
fluoride reagents which enable the straightforward installation of the sulfonyl fluoride 
functional group. 
 
� SuFEx reactions 

In 1976, Hall reported the first reaction between alkoxytrimethylsilanes and 
benzenesulfonyl fluoride to form sulfonate esters76. The neat reaction was mediated by 
tetra-n-butylammonium fluoride (TBAF) and required excessive reaction times of up 
to three weeks. Gembus reported a similar, yet much more efficient reaction between 
tosyl fluoride and silyl ethers catalysed by DBU in 200877. It was proposed that an 
activated sulfonyl ammonium fluoride salt intermediate was involved upon the 
substitution by the tertiary base, which would then activate the silyl ethers to form 
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sulfonate esters (FIG. 3A). The DBU-catalysed reaction represents a classical example 
of the SuFEx reaction, and the scope was later expanded by Sharpless and Qin using 
various β-aryl ethenesulfonyl fluorides and TBS ethers78. 

 
In 2014, Sharpless published a thorough review on “SuFEx”, where he proposed 

such reactivity would be the next candidate for click chemistry2. The key feature of 
sulfur(VI)-fluoride compounds is their stability owing to the strong S–F bonds. On the 
other hand, the electronegativity of fluorine enables the formation of strong hydrogen 
bonds with acids or protic solvents, or bonding with silicon to form some of the 
strongest covalent single bonds. The formation of these strong interactions provides an 
enthalpic driving force for the substitution (or exchange) of fluoride79,80, hence 
derivatizing the otherwise inert sulfur(VI)-fluorides, and has been referred to as 
“sleeping beauty” reactivity81. In an alternative approach to the preparation of sulfonate 
esters, Ball showed that using Cs2CO3 as base promoted the addition of alcohols to 
sulfonyl fluorides62. The substitution by amines to form sulfonamides represents 
another common SuFEx transformation (FIG. 3B). This was initially achieved using 
amines as solvent, as reported by Hyatt in 197982. Moroz and Mykhailiuk compared the 
preparation of sulfonamides from sulfonyl fluorides and chlorides in 2014, with 
triethylamine added as base and acetonitrile used as solvent11. The role of 
complementary base in the SuFEx reactions was later studied by Tonner in 202083. 
Recently, activation of various sulfur(VI) fluorides using a Lewis acid (calcium 
triflimide, Ca(NTf2)2), amines and DABCO has been reported by Ball, and represents 
a more efficient transformation to sulfonamides and related compounds24,25. 
Alternatively, sulfonamidation could also be achieved between sulfonyl fluorides and 
primary or secondary amines through organocatalysis, using 1 mol% of 
1-hydroxybenzotriazole (HOBt) as catalyst and 1,1,3,3-tetramethyldisiloxane (TMDS) 
as an additive, as reported by Li and co-workers84. 

 
Other common examples of SuFEx reactions with sulfonyl fluorides include the 

DBU-catalysed synthesis of sulfonyl azides with trimethylsilyl azide (TMSN3) 
(FIG. 3C)85, and the bifluoride-mediated synthesis of trifluoromethylsulfones (triflones) 
using trifluoromethyltrimethylsilane (TMSCF3) (FIG. 3D)86. Sulfonyl fluorides can 
also react with carbon nucleophiles for the formation of sulfones, through the 
electrophilic substitution of arenes87, or by the nucleophilic substitution by 
organometallic reagents which would otherwise be challenging using sulfonyl chlorides 
due to competing chlorination (FIG. 3E)28,88-90. Furthermore, a halogen exchange 
(Halex) reaction enables the conversion of sulfonyl fluorides into reactive sulfonyl 
chlorides, albeit requiring harsh reaction conditions using AlCl3 in refluxing DCE 



(FIG. 3F)91. Sammis and Ball have recently reviewed catalytic methods for sulfonyl 
fluoride derivatisation92.  

 

 
Fig. 3 | Accessing various sulfonyl-containing functional groups from sulfonyl fluorides through 

SuFEx. A | The DBU-catalysed reactions between sulfonyl fluorides and silyl ethers to form sulfonate 

esters mark the classical example of SuFEx reaction, driven by the formation of strong Si–F bonds62,77. 

B | Sulfonamides could be formed by the substitution on sulfonyl fluorides using excess amines82, 

mediated by additional tertiary amine (Et3N)11,83, Lewis acid (Ca(NTf2)2)24,25, or the organic catalyst 1-

hydroxybenzotriazole (HOBt) with 1,1,3,3-tetramethyldisiloxane (TMDS) as additive84. C&D | 

Sulfonylazides85 and trifluoromethylsulfones (triflones)86 were formed through SuFEx using 

trimethylsilyl azide and trimethyl(trifluoromethyl)silane, respectively. E | Sulfones were derived from 

sulfonyl fluorides through electrophilic aromatic substitution or reactions with organometallic 

reagents87,89. F | The halogen-exchange (Halex) reaction of sulfonyl fluorides delivered sulfonyl 

chlorides using AlCl391. 
 



 
 
� Multifunctional sulfonyl fluoride reagents 
 To facilitate the introduction of sulfonyl fluoride functional groups, a number of 
bifunctional reagents bearing both a sulfonyl fluoride and a second reactive site have 
been developed. With the mature development of transition-metal-catalysed reactions, 
aryl halides have been widely exploited as cross-coupling substrates. Sulfonyl fluoride-
substituted aryl halides have been used in most of the common palladium-catalysed 
coupling reactions (FIG. 4A), including the Suzuki-Miyaura reaction with boronic 
acids93,94, Negishi cross-coupling with diethylzinc94, Stille coupling with organotin 
reagents95, and Sonogashira coupling reactions using terminal alkynes96. All of these 
approaches employ “electrophilic” sulfonyl fluoride fragments. In 2020, Lou and Willis 
reversed the polarity of these coupling reactions and reported the syntheses of sulfonyl 
fluoride-substituted boronic acids and their use in Suzuki-Miyaura reactions 
(FIG. 4B)97; a Rh(I)-catalysed conjugate addition with cyclohexanone was also 
presented97. 
 

Ethenesulfonyl fluoride (ESF), one of the simplest examples of a bifunctional 
alkenylsulfonyl fluoride, was first documented by Hedrick in 1953. In this report 
Hedrick anticipated it to be “a new polymerisable fluorine compound for making 
plastics with improved properties”98. Over a quarter of a century later, in 1979, Hyatt 
and co-workers reported the use of ESF in the fluorosulfonylethylation of anilines to 
form sulfonamides, which led to the preparation of a series of azo dyes82. Enamine 
cycloaddition, Diels-Alder reaction, and sultam formation with ESF were also 
described. Hyatt stated in 1979 that “Although ESF has been known for a number of 
years, the chemistry of this interesting difunctional compound has been little 
investigated.” This statement held true for many years, until Sharpless’ review on the 
SuFEx “click” reactions was published in 20142. Since then99, Sharpless and others 
have reported the use of ESF for the incorporation of sulfonyl fluorides through 
conjugate addition reactions2,82,100, palladium-catalysed Heck-type couplings using aryl 
iodides101, diazonium salts78, or boronic acids102, palladium-catalysed nondirected C– H 
alkenylation103, rhodium(III)-catalysed directed C– H activation104-106, and a copper(I)-
catalysed three-component carbene transfer reaction for the construction of indolizine-
related heterocycles107 (FIG. 4C). Recently, the photo-catalysed 
fluorosulfonylethylations of aryl iodides108 or N-hydroxyphthalimide esters109 have also 
been reported, with Hantzsch ester being used as the reductant, and a manganese 
complex or eosin Y disodium salt as the photocatalyst, respectively. Enantioselective 
Michael additions to ESF was also been realised110, with a 2021 example from Zhang 



and Yan using a quinine derived squaramide as catalyst111. These reactions showcase 
the versatility of ESF for the introduction of the sulfonyl fluoride functional group onto 
target molecules. The bifunctional character of ESF has been exploited by Lupton112, 
Qin113,114 and Arvidsson102,115, with β-arylethenesulfonyl fluorides being used to 
prepare a range of heterocycles, such as sultams and sultones. 

 
A major drawback of ESF is the structural limitation that it imposes, in which only 

an ethyl or ethylene linker is added alongside the sulfonyl fluoride group. Health and 
safety concerns are also associated with the preparation and the usage of ESF, as it has 
been reported to be highly toxic (oral LD50 is 50 mg/kg for rats and 10 mg/kg for mice) 
and a severe lachrymator, and its preparation from 2-chloroethanesulfonyl chloride, 
which is also toxic, lachrymatory and corrosive, is undesirable. 
 

Derivatives of ESF have also been studied2,116-120. Bromination of the alkene 
produced 1,2-dibromoethane-1-sulfonyl fluoride (DESF), and subsequent elimination 
yielded 1-bromoethene-1-sulfonyl fluoride (BESF)117,118. BESF can undergo 
1,3-dipolar cycloaddition with nitrile oxides to form 5-fluorosulfonyl isoxazoles119, or 
with azides to form 4-fluorosulfonyl triazoles118 (FIG. 4D). The conjugate addition of 
amine nucleophiles to BESF was also reported117, and when primary amines were 
employed, the resulting 2-amino-1-bromo-ethanesulfonyl fluoride could further cyclise 
to form 4-bromo-β-sultams. Recently, the Moses group presented a collection of 
alkynylsulfonyl fluorides (SASF) (FIG. 4E)31. 1,3- and 1,5-dipolar cycloadditions, as 
well as the Diels-Alder reactions using these compounds were described, delivering a 
variety of sulfonyl fluoride-substituted heterocycles and bridged bicyclic compounds. 
Qin has reported but-3-ene-1,3-disulfonyl difluoride (BDF) as a trifunctional reagent to 
rapidly access sultams and sulfonamides121, as well as the synthesis of α-halo-1,3-
dienylsulfonyl fluorides, which are potent substrates for palladium-catalysed coupling 
reactions122. Functionalised, saturated ESF-derivatives have also been reported. Qin 
showed that 2-azidoethane-1-sulfonyl fluoride (ASF) is a useful bifunctional reagent 
that features two distinct “clickable” functional groups (FIG. 4F)123. Reaction of ASF 
with terminal alkynes using Cu-catalysis provides triazoles, while the addition of 
amines proceeds via SuFEx reactivity to deliver sulfonamides. Isocyanide-substituted 
variants have also been reported and have been exploited in 4-component Ugi reactions 
to provide a-amino amide substituted sulfonyl fluorides (FIG. 4G)124. In 2019 and 2021, 
the Willis and Liao laboratories reported the synthesis of structurally diverse 
alkenylsulfonyl fluorides, respectively33,70. These compounds offer multiple reaction 
sites for orthogonal functionalization, and are rich in sp3-hybridised carbon atoms, 
which is of topical interest in the drug discovery and medicinal chemistry communities. 



 
 
� Orthogonal functionalisation 

 The aforementioned transition-metal-catalysed cross-coupling reactions using 
fluorosulfonylaryl halides or boronic acids, the Heck-type couplings, and the conjugate 
addition with ESF, represent useful and robust approaches to efficiently install the 
sulfonyl fluoride “click” handle. The sulfonyl fluoride unit is necessarily inert under 
these reaction conditions. The sulfonyl fluoride group is also tolerant to a variety of 
other transition-metal-catalysed reactions, such as copper-catalysed Ullmann coupling3, 
iridium(I)-catalysed C–H borylation96, palladium-catalysed asymmetric 
hydrophosphination125, rhodium(I)-catalysed conjugate addition97,126,127, rhodium(II)-
catalysed carbene-mediated cycloaddition128, and rhodium(III)-catalysed C–H 
activation104,105. Notably, arylsulfonyl fluorides can undergo directed ortho-lithiation 
using lithium diisopropyl amide (LDA), with the resulting aryl lithium trapped in-situ 
by chlorotrimethylsilane (TMSCl) or triisopropylborate (B(Oi-Pr)3)97,129. In a 2018 
review, Chinthakindi and Arvidsson documented the tolerance of sulfonyl fluorides 
towards a large collection of reaction conditions12.  
 

The emergence of more complex, multi-functionalized sulfonyl fluoride reagents 
has led to studies exploring orthogonal functionalization (FIG. 4H)70. For example, 
cyclic alkenylsulfonyl fluorides can participate selectively in the SuFEx-like formation 
of sulfonate esters and sulfonamides, the conjugate addition of thiols and thiophenols, 
and the palladium-catalysed hydrogenation of the alkenyl unit. Notably, a remote Boc-
protected secondary amine could be deprotected, and the free amine combined with 
electrophiles, with the sulfonyl fluoride and activated olefin remaining intact. The 
amine could also couple with an amino acid, biotin or fluorescein. A benzyl-protected 
variant was transformed through a one-pot debenzylation-acylation sequence to install 
a terminal alkyne, which could then undergo an orthogonal copper(I)-catalysed alkyne-
azide cycloaddition (CuAAC) “click” reaction. 

 



 
Fig. 4 | Multifunctional sulfonyl fluoride reagents and their applications. The thermodynamic 

stability and good tolerance to a range of reaction conditions enable sulfonyl fluorides with multiple 

reactive sites to be modular reagents to deliver the “clickable” sulfonyl fluoride group. A | (Hetero)aryl 

halides substituted with sulfonyl fluorides were capable electrophilic substrates in transition-metal 

catalysed coupling reactions93-96. B | Sulfonyl fluoride-substituted arylboronic acids were developed as 

nucleophilic reagents in Suzuki-Miyaura cross-coupling reactions and rhodium-catalysed conjugate 

addition97. C | Ethenesulfonyl fluoride (ESF) as a versatile reagent to deliver the sulfonyl fluoride motif 

with an ethyl or ethylene linkage, catalysed by acid82, base2,100, transition metals78,101-107, or through 

photoredox processes108,109. ESF is also the progenitor to related sulfonyl fluoride reagents, such as 



DESF117, BESF117-119 and BDF121. D | 1-Bromoethene-1-sulfonyl fluoride (BESF) could undergo 1,3-

dipolar cycloadditions, or react with amine nucleophiles through conjugate addition. Further cyclisation 

took place when primary amine was employed to form 4-bromo-β-sultams117. E | 1-Substituted 

alkynylsulfonyl fluorides are competent in engaging dipolar cycloadditions or Diels-Alder reactions to 

generate a range of sulfonyl fluoride-substituted heterocycles31. F | 2-Azidoethane-1-sulfonyl fluoride 

(ASF) provides for cycloaddition chemistry at the azide group, and SuFEx reactivity at the sulfonyl 

fluoride to provide two separately clickable reaction sites123. G | Isocyanide-substituted sulfonyl fluorides 

have been prepared, and when combined with carboxylic acids, aldehydes, and amines, undergo Ugi 4-

component reactions124. H | Alkenylsulfonyl fluorides containing multiple reaction warheads could 

undergo selective and orthogonal transformations, including SuFEx reaction at S, conjugate addition at 

β-C, Pd-catalysed hydrogenation, dealkylation-propargyloxycarbonylation of benzylamine for 

subsequent copper(I)-catalysed alkyne-azide cycloaddition (CuAAC), Boc deprotection, and various 

amine functionalisation in the presence of other electrophilic handles70. 

 
Applications of sulfonyl fluorides 
 The controllable reactivity of sulfonyl fluorides enables multiple different uses. In 
the following section, the applications of sulfonyl fluorides in dye chemistry, organic 
synthesis, material chemistry, chemical biology, radiochemistry and electrochemistry 
will be discussed. 
 
� Sulfonyl fluorides in azo dyes 

In the first report on sulfonyl fluorides by Steinkopf in 1927, he described the 
preparations and the properties of azo dyes that contain sulfonyl fluoride groups.1 Due 
to their tolerance to acid and resistance to reduction and substitution, nitro-substituted 
arylsulfonyl fluorides could survive the reduction to anilines, and subsequent 
diazotisation. Sulfonyl fluorides have continued to play a role in azo dye chemistry.3,130 
Of note, in 1979, Hyatt reported the use of ethenesulfonyl fluoride in the preparation of 
azo dyes, and their downstream transformation into different sulfonyl derivatives.82 
 
 
� Sulfonyl fluorides in organic synthesis 

The SuFEx reactivity of sulfonyl fluorides enables them to act as electrophilic 
precursors to a variety of sulfonyl-containing functional groups, such as sulfones, 
sulfonamides, sulfonate esters, and sulfonyl azides131,132. The controlled inertness of 
sulfonyl fluorides allows the group to be pre-installed at an early stage of multi-step 
sequences, with the reactivity often exploited late in a synthesis. For example, electron-
deficient sulfonyl fluorides can be combined with alcohols, phenols or silyl ethers to 
deliver activated sulfonate esters133, which are good leaving groups for substitution or 



elimination reactions, and are competent electrophilic substrates for a broader range of 
transition-metal-catalysed reactions134-136. For instance, nonafluorobutanesulfonyl 
fluoride (NfF or PBSF) reacts with phenols or enols readily to form aryl or alkenyl 
nonaflates (– ONf) (FIG. 5A). When aliphatic alcohols are employed, the lability of 
resulting nonaflates allows subsequent substitution by the F− generated from the 
sulfonyl fluoride, producing alkyl fluorides as the final products (FIG. 5A)137-139. In the 
presence of base, the elimination of NfOH is also possible, forming olefin products138. 
Likewise, 2-pyridinesulfonyl fluoride (PyFluor) efficiently converts primary and 
secondary alcohols to the corresponding fluorides, and has been developed as a potent 
deoxyfluorinating agent139,140. Furthermore, (fluorosulfonyl)difluoroacetate derivatives 
are used for the in-situ generation of difluorocarbene through the elimination of CO2, 
SO2 and fluoride (FIG. 5B)141-144. Recently, the copper(I)-catalysed desulfonylation of 
arylethenesulfonyl fluorides and alkenyl sulfones was reported by Qin and co-workers 
(FIG. 5C)145. This chemistry gives access to terminal alkenes, and as such allows the 
addition of ESF-units, achievable in many ways, to be considered as the addition of 
terminal alkenes. 
 
 
� SuFEx in materials chemistry  
 With the “click” chemistry features of SuFEx reactions justified by their 
robustness and reliability, the SuFEx reactions between sulfonyl fluorides and silyl 
ethers have seen applications in material chemistry, ranging from upstream 
polymerisation, to downstream surface modifications. Whilst polyester is one of the 
most used polymers in modern life, its sulfa-analogue, polysulfonate, is rarely reported 
in literature and has few industrial applications. Early reports on the preparation of 
polysulfonates date to the 1960s, and use disulfonyl chlorides and diphenol 
monomers146,147. Unfortunately, the unselective reactivity, such as the reduction and 
hydrolysis of sulfonyl chlorides, limits the preparation and use of these materials. The 
introduction of SuFEx reactions for polymerisations148 has allowed the preparation of 
polysulfonates, and the related polysulfates, to become more practical. Initially 
catalysed by DBU, the polymerisation between silyl ethers and sulfonyl fluorides (for 
polysulfonates) or fluorosulfates (for polysulfates) was later improved using bifluoride 
salts as catalysts (FIG. 5D)149,150. The volatile fluorosilanes generated as the major by-
products in these reactions can be easily removed, hence simplifying the purification 
processes. SuFEx chemistry has also led to the recent preparation of polysulfamide, a 
sulfa-analogue to polyamide, achieved using diamines, bis(sulfamoyl fluoride) 
monomers and DBU or pyridine as catalyst151. 

 



Beyond polymer synthesis, sulfonyl fluorides and SuFEx chemistry have also been 
used for the modification of polymers and surfaces. The general strategy exploits the 
inertness of sulfonyl fluorides towards free radicals, and requires the preinstallation of 
sulfonyl fluorides into appropriate monomers. Following radical polymerisation, the 
sulfonyl fluorides undergo reaction with silyl ethers, allowing access to derivatives of 
the original polymers (FIG. 5E)152,153. Similar strategies can also be applied to surface 
modification. For instance, Locklin used silicon wafers printed with 
poly(pentafluorophenyl acrylate), and modified the surface through the sequential 
replacement of the acrylate with a sulfonyl fluoride-bearing reagent, followed by 
SuFEx reactions with silyl ethers154. Zuilhof demonstrated the tethering of sulfonyl 
fluorides using ESF and a second click handle onto aluminum oxide surface. The 
subsequent SuFEx reaction with amines was shown to be orthogonal to the CuAAC and 
strain-promoted cyclooctyne quinone cycloaddition (SPOCQ) click reactions, hence 
opening up opportunities for potential diversification of different solid surfaces and 
materials155. Recently, SuFEx chemistry has been used for the surface modification of 
polyvinyl chloride (PVC) (FIG. 5F)156, cellulose acetate157, and metal-organic 
frameworks (MOF)158. It was also shown that the fabrication of multi-layered polymer 
films through SuFEx reactions of sulfonyl fluorides and silyl ethers was possible159. 
The reviews from Locklin160 and Dong161 cover this area in detail. Furthermore, 4-(2-
aminoethyl)benzenesulfonyl fluoride (AEBSF) hydrochloride was reported to improve 
the crystallisation quality and phase stability of formamidinium lead iodide (FAPbI3) 
perovskite, which is used in solar cells, thus increasing the power conversion efficiency 
of the FAPbI3-based photovoltaic162. In 2021, Hillesheim and Mirjafari reported a series 
of sulfonyl fluoride-containing task-specific ionic liquids (ILs), which demonstrated 
good thermodynamic stability against hydrolysis and thermolysis, and could be 
prepared in multigram scale with minimal purification163. Given the established 
biocompatibility of sulfonyl fluorides, the preparation of ILs of this type which also 
incorporate components of active pharmaceutical ingredients are expected to find 
biological applications. 

 



 
 
Fig. 5 | Applications of sulfonyl fluorides in organic synthesis (A–C) and materials chemistry (D–

F). A | Electron-deficient sulfonyl fluorides react with alcohols to form sulfonate esters, as exemplified 

by nonafluorobutanesulfonyl fluoride (NfF)133,139. Nonaflates derived from aliphatic alcohols are prone 



to further substitution by fluoride to produce alkyl fluorides as the end products. B | Difluorocarbene was 

generated from (fluorosulfonyl)difluoroacetate derivatives through the elimination of CO2, SO2 and 

fluoride, driven by the increased entropy. The resulting carbene provides di- or trifluoromethylated 

products141. C | Arylethenesulfonyl fluorides could undergo desulfonylation using copper catalysis to 

produce terminal olefins145. D | Co-polymerisation between bis-sulfonyl fluoride monomer (A) and bis-

silyl ether monomer (B) through SuFEx catalysed by bifluoride salts148-150. E | Post-polymerisation 

modification of polymers with pendent sulfonyl fluoride handles for other chemical 

transformations152,153. F | Surface modification as exemplified by polyvinyl chloride (PVC), through the 

irradiation of UV light to a mixture of PBSF – a sulfonyl fluoride-containing benzophenone derivative, 

functionalised silyl ether and catalytic TBD on PVC surface156. The thus modified surface demonstrated 

different properties or was capable for further functionalisation. 

 
 
� SuFEx in chemical biology 

Hydrolytic stability represents the key feature of sulfonyl fluorides’ uses in 
chemical biology, where aqueous or semi-aqueous media are often used to mimic 
physiological conditions. This stability also ensures that the sulfonyl fluoride group 
remains unreactive until appropriate activation is achieved, such as in the binding 
pocket of a protein16. These sites are often rich in hydrogen bond donors and acceptors, 
which can both activate the fluoride and position the electrophilic sulfonyl fluoride in 
close special proximity to nucleophilic residues, hence facilitating the sulfonylation of 
proteins81. Indeed, sulfonyl fluorides have long been considered biologically significant, 
as early reports documented potent bactericide and insecticide activities1. Myers and 
Kemp reported the inhibition of esterases by a series of sulfonyl fluorides in 1954164, 
and Fahrney and Gold extended this work during the years 1963–196518,165,166. In 
particular, phenylmethanesulfonyl fluoride (PMSF) was found to sulfonylate serine 
residue in the active site of chymotrypsin (FIG. 6A)166. In addition, in 1967, Baker and 
Lourens used sulfonyl fluorides for the irreversible inhibition of dihydrofolic reductases, 
with the site of covalent attachment being outside the enzyme active site167. Since then, 
substrate-derived protein inhibitors carrying sulfonyl fluoride warheads have been 
developed that target different nucleophilic residues15,168. For example, 4-(2-
aminoethyl)benzenesulfonyl fluoride (AEBSF)19 was reported as an irreversible 
inhibitor for serine protease, and has been commonly used for the preparation of cell 
lysates, and 5’-p-fluorosulfonylbenzoyl adenosine (FSBA) targets the lysine residue of 
ATP-binding kinases169,170. 

 
The use of bifunctional molecular probes in selective protein marking, extraction, 

and functional investigation is well established171. By incorporating a second reactive 



functional group, sulfonyl fluorides can serve as activity-based protein probes, with the 
“reporter site” being capable for further transformation (FIG. 6B)17,21,172,173. For 
instance, DAS1 resembles AEBSF in its affinity for serine proteases, and carries a 
pendant terminal alkyne as a “click” handle for the copper(I)-catalysed alkyne-azide 
cycloaddition17,174. A 2020 review by Jones and Kelly analysed the rational design of 
sulfonyl fluoride probes and their applications in identifying substrate binding sites175. 
Recent advancement in SuFEx click chemistry has enabled the use of sulfonyl fluorides 
beyond studying protein-small molecule bindings. For instance, sulfonyl fluorides, 
sugars, iminosugars, and calix[4]arene have been combined in the synthesis of 
(imino)sugar clusters (FIG. 6C)176; and the bifunctional sulfonyl fluoride NHSF was 
used to crosslink peptides (FIG. 6D)177. Applications in this area have been reviewed 
by Moses13. 
 

 
Fig. 6 | Applications of sulfonyl fluorides in chemical biology. A | Selected examples of sulfonyl 

fluoride-containing molecules that were used as protein inhibitors19,166,169,170. B | Bifunctional sulfonyl 

fluoride-based molecular probes covalently bound to target proteins through SuFEx with nucleophilic 

residues inside either the substrate binding site or other part of the proteins, and the reporter site could 

then interact with a second reagent to identify the labelled protein for further analysis or isolation17,172. 

C | Formation of sugar cluster between sulfonyl fluorides and amine warheads through SuFEx176. 

D | Bifunctional sulfonyl fluoride NHSF was capable to form a cross-linkage within a protein complex, 

which facilitated the structural analysis of target proteins177. 



 
� Fluorine-18 radioactive labelling 

With advances in the use of positron emission tomography (PET) for medical 
imaging, fluorine-18 (18F) has become the most popular radioisotope for labelling due 
to its favourable physical and chemical properties178. With a half-life of only 
109.7 minutes, 18F-radiolabelling processes have to be efficient and specific. In practise, 
this often means short reaction times, high radiochemical yields and easy purification. 
Two main approaches are adopted for 18F-labelling – direct [18F]fluorination of the 
target molecules, and reaction of the target molecules with a prosthetic compound 
carrying a radioactive fluorine-18179. 

 
Conventionally, [18F]fluorination is achieved using anhydrous [18F]fluoride and a 

phase transfer catalyst, where toxic crown ethers or cryptands such as Kryptofix 2.2.2 
(K222) are often employed. Given that [18F]fluoride is produced in [18O]water, the 
otherwise unreactive [18F]fluoride has to be rigorously dried by repeated azeotropic 
distillations, which requires specialised apparatus and is time-consuming. Exploiting 
the water resistance and the robust “on-water” synthesis of sulfonyl fluorides, Inkster 
and co-workers designed a series of bifunctional [18F]benzenesulfonyl fluoride 
derivatives as prosthetic compounds for potential radiolabelling (FIG. 7A)180. The 
syntheses of these [18F]sulfonyl fluorides by-passed the laborious drying steps, avoided 
the use of toxic cryptands, and only required 15 min of reaction time. Optimisation of 
the radiosynthesis of [18F]sulfonyl fluorides was later conducted by Fraser, with the 
reaction time being shortened to as little as 23 sec. They were also able to demonstrate 
the stability of the radiolabelled sulfonyl fluorides to the presence of water and other 
nucleophilic functional groups (FIG. 7B)181. The preparation of [18F]sulfonyl fluorides 
using Magnetic Droplet Microfluidics (MDM) platform was discussed by Wang and 
van Dam182. 
 

The radiosynthesis of the fluorinating reagent [18F]PyFluor has been reported 
(FIG. 7C)140, and was applied to the deoxy-radiofluorination of a protected D-
gluopyranose and gave promising results. In 2018, Zhou and Chu described the 
preparation of [18F]tosyl fluoride and its use for [18F]fluorination via nucleophilic 
aromatic substitution183. These two approaches potentially allow access to radiolabelled 
biomolecules that are challenging using conventional methods184,185. 
 

As ethenesulfonyl fluoride (ESF) has emerged as a key reagent in SuFEx chemistry, 
Fraser considered the radiolabelled [18F]ESF as a potent prosthetic reagent for 
bioconjugation. He demonstrated the radiolabelling of various amino acids through 



conjugate addition in 2018186, and showed that [18F]ESF could be stored on inert silica 
cartridges for convenient shipment between laboratories and medical facilities. Later, 
the same laboratory reported the [18F]fluorination using [18F]ESF in the presence of 
tetraethylammonium bicarbonate (Et4NHCO3), where [18F]ESF was hydrolysed to 
generate an active [18F]fluoride capable for substitution under “wet” conditions187. The 
use of sulfur(VI)-fluoride compounds in PET radiochemistry has been reviewed by 
Pascali188. 
 
 
� Lithium-ion batteries 

It has been established that sulfonyl-containing compounds play important roles in 
lithium-ion batteries189. For example, sulfones are capable solvents with outstanding 
electrochemical stability under high voltage conditions, using lithium sulfonimide salts 
as electrolytes results in a protective-film forming on electrodes190, and sulfuryl fluoride 
has been used as the cathode in Li-sulfuryl fluoride cells,191 or as an additive to enhance 
the cycling life of Li-ion batteries192. 

 
In 2012, Angell and co-workers described the use of methanesulfonyl fluoride as a 

solvent in high voltage lithium cells. The methanesulfonyl fluoride-based electrolyte 
has the benefit of low viscosity, and thus enhanced conductivity.193 It was also shown 
to form a solid electrolyte interface at a graphite electrode, hence improving cell 
performance194. A recent report by Xing and Li showed that using p-toluenesulfonyl 
fluoride as an additive enhanced the cyclic performance (the turnover number) of 
lithium ion batteries using a Ni-rich cathode195. As the sulfonyl fluoride was susceptible 
to both the deep oxidation and reduction in the cell, it formed a protective interphase 
film on both the graphite anode and the Ni-rich cathode. Such passivation reduces the 
impedance on the electrode/electrolyte interphase, the decomposition of electrolyte, 
and the dissolution of metal ions from the cathode, and therefore maintains the integrity 
of the cell when cycling at high voltage195. Shao-Horn, Johnson and Li, have used the 
closely related dimethylsulfamoyl fluoride and lithium bis(fluorosulfonyl)imide as the 
solvent and salt, respectively, to form a “full fluorosulfonyl” electrolyte for 4 V class 
lithium-metal batteries, and achieved excellent coulombic efficiency and good retention 
of cell capacity196. Sulfonyl fluorides have also been used as intermediates for the 
synthesis of lithium sulfonimides for use as electrolytes in Li-ion batteries197, and Jin 
has reported the use of a perfluorinated sulfonyl fluoride as a precursor to lithium 
perfluorinated sulfonyl dicyanomethide (Li-PFSD), which is used for the preparation 
of perfluorinated ionomer membranes and electrolytes198. 



 

Fig. 7 | Applications of sulfonyl fluorides in [18F]radiolabeling. A | Selected examples of fluorine-18-

labelled prosthetic compounds for delivering the radioactive 18F to target molecules180. B | The efficient 

radiosynthesis of [18F]sulfonyl fluorides within minutes181. C | Reported examples of [18F]sulfonyl 

fluorides acting as [18F]radiolabeling agents to deliver 18F through deoxyfluorination140, nucleophilic 

aromatic substitution (SNAr)183, fluorosulfonylethylation186, or nucleophilic substitution187. 

 
 
Outlook for sulfonyl fluoride chemistry 
� Synthesis of sulfonyl fluorides 

There are many challenges and opportunities remaining in the context of sulfonyl 
fluoride synthesis. SO2F2 and fluorosulfonic acid anhydride represent synthetic 
equivalents for the “SO2F+” synthon, but the highly reactive nature of pre-formed 
organometallic reagents, such as Grignard reagents and organolithium reagents, has 
limited their use with these building blocks. However, SO2F2 has been used extensively 
in reactions with alcohols and amines for the preparation of fluorosulfates (R–O–SO2F) 



and sulfamoyl fluorides (R–NR’–SO2F), respectively. Although SO2F2 performs well 
in these chemistries, that the reagent is a gas limits the uptake of these methods, as the 
required laboratory equipment may not be available, or there may be local regulations 
in place restricting the use of gaseous reagents. This has led to the development of solid 
“SO2F+” surrogates, such as [4-(acetylamino)phenyl]imidodisulfuryl difluoride 
(AISF)199 and fluorosulfuryl imidazolium salts151,200. These bench-stable reagents, 
however, have yet to see successful use with carbon nucleophiles to form sulfonyl 
fluorides. It can be anticipated that new reagents equivalent to the “SO2F+” synthon will 
emerge, and that new chemistries exploiting the existing reagents, but that realise 
sulfonyl fluorides will be developed. Only a single example of the FSO2 radical being 
used for sulfonyl fluoride synthesis has been reported33. In this case the radical was 
generated from ClSO2F, which is again a gaseous reagent and is subject to the same 
limitations as SO2F2. Advances in the development of new reagents for, or methods to 
generate, the FSO2 radical can be expected. 

 
The Late Stage Functionalisation (LSF) of complex molecules, often 

pharmaceuticals, has emerged as a popular tactic to access new bioactive molecules201. 
Given the plethora of functional groups that are often encountered in such approaches, 
the key reactions need to operate under mild reaction conditions and be tolerant of 
multiple Lewis basic sites. Catalytic reactions are often popular choices in these 
circumstances, and as such the development of new catalytic methods for the 
introduction of sulfonyl fluoride groups, perhaps exploiting C–H functionalisation, 
would allow applications to LSF. The direct installation of sulfonyl fluoride groups 
from C–H functionalisation has yet to be achieved. 
 
 
� Sulfonyl fluorides and emerging synthesis technologies 

The use of flow chemistry techniques is one strategy to allow the safe handling of 
toxic or highly reactive reagents. Gases are often included in these categories202. For 
example, Ley and co-workers have shown that sulfur dioxide can be used effectively 
using flow apparatus203. Application of these methods to gases such as SO2F2 and 
ClSO2F would add to the methods available for sulfonyl fluoride synthesis. 
Electrochemistry is an emerging technology in organic synthesis, and has recently been 
exploited by Noël for the preparation of sulfonyl fluorides by the oxidative fluorination 
of thiols. However, the use of electrochemistry to generate “linking” reactive 
intermediates appropriate for sulfonyl fluoride synthesis, has not been reported.    

 
Although sulfonyl fluorides have been employed as the key reagents in a machine 



learning approach to the fluorination of alcohols, these machine learning techniques 
have not been applied to sulfonyl fluoride preparation139. 
 
 
� Related S(VI)-functional groups 

Sulfonyl fluorides are undoubtedly the core functional group in most applications 
of SuFEx chemistry. However, a number of related functional groups are emerging that 
possess complementary reactivity, or offer alternative methods for introduction. 
Included here are groups such as fluorosulfates (RO– SO2– F), sulfamoyl fluorides 
(R2N– SO2– F), and sulfonimidoyl fluorides (R–S(O)(NR’)– F)16,204-210. The latter group 
features a stereogenic sulfur atom, and as such offers opportunities for the development 
of diastereo- and enantioselective syntheses, as well as the exploitation of these chiral 
centres in selective reactions with nucleophiles. The employment of thionyl 
tetrafluoride (SOF4) for synthesis has also enabled access to a range of novel sulfur(VI) 
fluoride functional groups, such as iminosulfur oxydifluorides (S(O)(NR)F2) and 
sulfuramidimidoyl fluorides (R2N–S(O)(NR’)–F)211-213. As discussed above, the 
reliance on a gaseous precursor might be expected to slow the use of these groups. 
 
 
Conclusion 

It is the characteristic reactivity of sulfonyl fluorides, and in particular, how this 
can be exploited in approaching biological challenges, that has led to this functional 
group becoming such a popular synthetic target. This in turn has led to a host of new 
synthetic strategies, which range from “updates” of classical syntheses, to procedures 
that exploit the most up-to-date synthetic technologies. Efforts to enhance, or retard, 
this characteristic reactivity have similarly led to inventive new synthetic methods. The 
embrace of SuFEx concepts by synthetic chemists and chemical biologists can be 
expected to provide an increasing number of tools to advance these fields. 
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