

  catalysts-11-00830




catalysts-11-00830







Catalysts 2021, 11(7), 830; doi:10.3390/catal11070830




Review



Synthetic Routes to Arylsulfonyl Fluorides



Aida Chelagha, Dan Louvel, Alexis Taponard[image: Orcid], Rodolphe Berthelon and Anis Tlili *[image: Orcid]





Institute of Chemistry and Biochemistry (ICBMS–UMR CNRS 5246) University Lyon, Université Lyon 1, CNRS, CPE-Lyon, INSA43 Bd du 11 Novembre 1918, 69622 Villeurbanne, France









*



Correspondence: anis.tlili@univ-lyon1.fr; Tel.: +33-04-72-44-85-28







Academic Editor: Jean-Marc Campagne



Received: 22 June 2021 / Accepted: 6 July 2021 / Published: 8 July 2021



Abstract

:

The goal of this mini-review is to shed the light on the existing methodologies to access arylsulfonyl fluorides. Today, a plethora of methods making use of a different pool of starting materials and in the presence of catalyst or under catalyst free conditions are disclosed in the literature.
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1. Introduction


Arylsulfonyl fluorides are of prime interest in modern organofluorine chemistry. In fact, RSO2F molecules are finding a plethora of applications in life science technologies [1,2,3,4,5,6]. Molecules bearing sulfonyl fluorides are employed as protease inhibitors, covalent protein modifiers and covalent protein inhibitors, as well as biological probes [7,8,9,10,11]. More recently, sulfonyl fluorides have been used in polyethylene terephthalate (PET), potential 18F-labelled biomarkers [12,13], polymerization [14,15,16] and sulfur (VI) exchange (SuFEx) “click chemistry” [17,18,19,20] (Scheme 1). Arysulfonyl fluorides have also been used as fluorinating agents through the deoxyfluorination of alcohols [21,22]. The strong nature of the S–F bond confers to sulfonyl fluoride’s considerable stability in comparison to other sulfonyl halides. Indeed, to some extent, they are stable towards hydrolysis [23,24,25,26], resistant to reduction [27] and resistant to bond cleavage under transition–metal catalysis [28]. Despite the interest, methods for the synthesis of sulfonyl fluorides remain limited. The goal of this mini-review is to highlight the existing methodologies to access such compounds.




2. Direct Arylsulfonyl Fluoride Synthesis Reactions


The direct formation of the C-SO2F bond constitutes the most elegant approach. Indeed, it allows straightforward access to arylsulfonyl fluorides, which constitutes an attractive option in late-stage functionalization. For this purpose, several research groups recently developed different strategies to address this challenge. Overviews of the most efficient methods are summarized herein.



2.1. Sulfonyl Fluorides Synthesis from Aryl Halides


The first example for the synthesis of arylulfonyl fluorides was reported by the groups of Willis and Bagley. The developed methodology is a one-pot two-step procedure in which sulfinates are in-situ formed through cross coupling between aryl bromide derivatives and DABSO (1,4-diazabicyclo [2.2.2] octane bis(sulfur dioxide) adduct) [29]. The commercially available PdCl2(AmPhos)2 (AmPhos: di-tert-butyl(4-dimethylaminophenyl)phosphine) was used as the active catalyst (5 mol%) and the reactions were performed in the presence of Et3N as the base in iPrOH at 75 °C for 24 h. Afterwards, treatment of the reaction media with 1.5 equivalent of NFSI (N-Fluorobenzenesulfonimide) led to the desired sulfonyl fluoride (Scheme 2a). It is worth noting that the reaction conditions tolerate the presence of several functional groups, and a wide variety of electron-donating and electron-withdrawing starting aryl bromides were converted to the desired products in good to excellent yields.



Furthermore, the authors turned their attention to the study of the reactions starting with heterocyclic compounds. Unfortunately, only very low yields were observed when the previous conditions were applied. In order to foster the reaction outcome, the authors demonstrated that upon microwave irradiation at 110 °C and by using N,N-Dicyclohexylmethylamine (Cy2NMe) as the base, the conversion of several bromopyridine derivatives was achieved in moderate to very good yields. The authors assume that the steric hindrance of the base plays a key role in decreasing the homocoupling process of the starting aryl bromide as well as the rapid generation of the active palladium (0) catalyst (Scheme 2b).



It should be noted that a palladium-free procedure was also disclosed by using Grignard reagents in conjunction with DABSO in THF at room temperature. In that case, sulfinates were also formed as intermediates and the corresponding arylesulfonyl fluorides were obtained in very good to excellent yields upon treatment with NFSI (Scheme 2c).



In order to further demonstrate the versatility of the developed methodology, the authors proved its applicability to N-Boc-L-4-halophenylalanine methyl to generate the sulfonyl fluoride analogue 4 with good yields, starting from both bromide and iodide substrate (Scheme 3a). Next, aryl sulfonyl fluoride 4 reacts with the N-Boc-L-lysine methyl ester to form the sulfonamide 5. Along the same lines, the halogenated tetramer 6 produced its corresponding sulfonyl fluoride 7 with good yield (Scheme 3b).



Shortly after, the group of Ball reported the synthesis of arylsulfonyl fluorides using aryl iodides as starting materials in conjunction with DABSO [30]. The reactions were carried out in the presence of Pd(OAc)2 (0.05 equiv.)/CataCXium A (di-adamantylalkylphosphine or PAd2Bu) (0.08 equiv.) as a precatalyst, Et3N, and iPrOH at 75 °C for 16 h. In this method, Selectfluor was used for the formation of the desired product from the sulfinate. Regarding the scope, aryl iodides bearing both electron-withdrawing and donating groups were converted smoothly to their corresponding aryl sulfonyl fluorides, producing products in good to excellent yields (Scheme 4). The authors also demonstrated that aryl sulfonyl fluorides react with several nucleophiles yielding the corresponding sulfones in very good to excellent yields.




2.2. Sulfonyl Fluorides Synthesis from Arynes


The use of sulfuryl fluoride SO2F2 for the synthesis of aryl sulfonyl fluorides was reported by the group of Kim [31]. They performed a multicomponent reaction (MCR) involving the in-situ generation of aryne precursors from (trimethylsilyl) phenyl trifluoromethanesulfonate, secondary amines and SO2F2. This methodology allows the straightforward synthesis of 2-dialkyl-, 2-alkylaryl-, or 2-diarylamino-substituted arylesulfonyl fluoride derivatives.



Depending on the substituents of the secondary amines, different reaction temperatures were used as shown in (Scheme 5). For instance, high yields were obtained with alkylarylamines with a reaction temperature of −10 °C (Scheme 5a). The o-dialkylamino substituted benzenesulfonyl fluorides were obtained in good yields when reactions involving dialkylamines were conducted at room temperature (25 °C) (Scheme 5b). Finally, reactions involving diarylamines were conducted at −30 °C and reduced yields were obtained due to the decreased activity at low temperatures (Scheme 5c).



The authors proposed the following mechanism (Scheme 6): upon the generation of the aryne B with the fluoride anion, a nucleophilic attack of the amine leads to the intermediate C. The latter reacts with SO2F2 via hydrogen bonding with the ammonium intermediate (enhancing the electrophilic character of SO2F2) to finally produce the desired product E after the loss of HF.




2.3. Sulfonyl Fluorides Synthesis from Grignard Reagents


By also using SO2F2, the groups of Sammis and Ball disclosed a new method for the direct synthesis of sulfonyl fluorides by making use of alkyl, aryl and heteroaryl Grignard reagents [32]. The reactions were performed in THF at room temperature and the desired compounds were obtained in moderate to good yields.



Regarding the scope of the fluorosulfurylation of substituted phenylmagnesium bromide reagents, substrates bearing halogen, including para-F or Cl, were effective in moderate to very good yields. Aryl magnesium bromides substituted with electron-donating groups were smoothly converted to the desired products, 10d and 10f–10h. The arylmagnesium bromide, substituted with two trifluoromethyl substituents 10i, is sluggish toward the transformation.



The authors have also proved that this protocol encompasses heteroaryl sulfonyl fluoride derivatives (Scheme 7b). Indeed, thiophene and thiazole, as well as pyridine derivatives, were converted to their corresponding products with moderate to good reaction outcomes.




2.4. Sulfonyl Fluorides Synthesis from Aryldiazonium Salts


Recently, the group of Liu and Chen disclosed a new copper-based method for converting a large series of aryldiazonium salts to arylsulfonyl fluorides in the presence of DABSO and KHF2 [33].



The reactions were carried out in MeCN in the presence of catalytic amounts of CuCl2 (20 mol%) and 6,6′-dimethyl-2,2′-dipyridyl (dmbp) (20 mol%) at room temperature. Aryldiazonium salts were converted to the desired arylsulfonyl fluoride analogues in good yields. Both electron rich and electron poor arenes were converted in moderate to good yields. Furthermore, quite a large number of functionalities were tolerated under the reaction conditions. Indeed, aryldiazonium salts bearing amide 12e, ester 12f and ketone 12i, as well as cyano 12j groups, were smoothly converted to their corresponding arylsulfonyl fluoride products. Additionally, the authors demonstrated that various heteroaryldiazonium salts could also be used under the reaction conditions (Scheme 8).



To further demonstrate the versatility of the methodology, product 12b was synthesized on the gram scale with a good reaction outcome.



The authors proposed two plausible mechanisms. On the one hand, aryldiazonium salt A easily generates the aryl radical through reduction by Cu(I) species via a single electron transfer (SET) process. The aryl radical is quickly trapped by SO2 to produce the resulting relatively stabilized arylsulfonyl radical [ArSO2•]. Afterwards, a Sandmeyer-type reaction occurs by transferring a chloride to the arylsulfonyl radical to form ArSO2Cl and regenerates the Cu(I). Finally, a fluorine/chlorine exchange takes place to generate the desired product B (Scheme 9, path A).



On the other hand, aryldiazonium salt A easily generates the aryl radical through activation with DABSO and is quickly trapped by SO2 under the reaction conditions to produce the resulting relatively stabilized arylsulfonyl radical [ArSO2•], which can combine with the fluorine anion offered by KHF2 to give the radical anion [ArSO2F−•]. The radical anion could be responsible for the reduction of the aryldiazonium salt A through SET, generating a new aryl radical and the desired product B (Scheme 9, path B).



More recently, Weng and co-workers reported a copper-free fluorosulfonylation of aryldiazonium salts using sodium metabisulfite as the source of sulfur dioxide and Selectfluor as the fluorinating agent [34]. The reaction was performed in MeOH at 70 °C. The aryldiazonium tetrafluoroborates bearing either electron-donating or withdrawing groups were obtained with good yields. Interestingly, this protocol was applied to diazonium salts derived from a neratinib (anticancer) intermediate, producing the corresponding sulfonyl fluorides 13k in a synthetically useful yield. Radical scavenger and radical clock experiment suggested the formation of aryl radical in this transformation as a key intermediate (Scheme 10). The latter reacts with sodium metabisulfite to form the sulfonyl radical. The desired compound is formed after reaction with Selectfluor.



A step further; the direct use of commercially available anilines as starting materials for the synthesis of arylsulfonyl fluorides has also been undertaken. The authors demonstrated that a one-pot two-step procedure could take place for the generation of the diazonium salt followed by the synthesis of the desired product with a moderate reaction outcome (Scheme 11).



Very recently, we demonstrated that aryl sulfonyl fluorides could be obtained under visible-light metal-free procedures by using cyanoarenes as organophotocatalysts [35,36,37,38,39,40]. Indeed, the association of diazonium salts with DABSO in the presence or not of an external fluoride source (KHF2) allows access to a wide variety of arylsulfonyl fluorides with moderate to very good yields (Scheme 12). The reactions were performed in MeCN as a solvent at room temperature under blue LED irradiation. Both electron withdrawing and electron donating groups were tolerated under the reaction conditions (15a–15d and 15i–15l). Interestingly, the reaction in the presence of halogen substituents gave the desired products in synthetically useful yields (15e–15h). To some extent, heterocyclic compounds 15m and 15n were also tolerated under this protocol. More interestingly, the complex molecular structure of the estrone derivative 15o was smoothly converted to the corresponding arylsulfonyl fluoride.



In order to shed the light on the mechanism, several techniques were combined. Luminescence quenching allows the confirmation of the reduction of the diazonium salt. Quantum yield measurement allows the confirmation of the stepwise nature of the mechanism. Moreover, EPR spectroscopy confirmed the formation of aryl radical formed through single electron transfer from the exited photocatalyst to the diazonium salt, and the corresponding adduct was obtained with N-tert-butyl-α-phenylnitrone (PBN) as a radical trapping agent. Performing the same reaction with DABSO also allows the confirmation of the presence of the ArSO2 radical and this adduct was also observed with PBN. Finally, density functional theory (DFT) calculations allow us to confirm the presence of a sulfonium intermediate formed through radical–radical coupling between ArSO2 radical and DABCO.+ generated through the reduction of PC.+ to regenerate the catalyst at its ground state (Scheme 13).





3. Indirect Arylesulfonyl Fluoride Synthesis Reactions


In addition to direct synthetic strategies, indirect methodologies are an alternative for the synthesis of arylsulfonyl fluorides and are well described in the literature. They actually complete the toolbox, offering a variety of retrosynthetic options to access the desired compounds. Herein, indirect methodologies are outlined.



3.1. Sulfonyl Fluorides Synthesis from Arylsulfonyl Chlorides


The best known methodology makes use of arylsulfonyl chlorides as the starting materials [17,41,42]. In 1977, Bianchi and co-workers reported an easy and simple method for the synthesis of sulfonyl fluorides using 18-crown-6 ether and potassium fluoride. The reaction takes place at room temperature in the presence of the 18-crown-6 ether catalyst, sulfonyl chlorides and an excess of potassium fluoride in acetonitrile. Sulfonyl chlorides undergo fluorine substitution with excellent reaction outcomes (Scheme 14).



Sharpless and co-workers also used sulfonyl chlorides as starting materials for the formation of sulfonyl fluorides derivatives [17]. The reactions were carried out in the presence of saturated aqueous solution of KFHF in acetonitrile, which produces a biphasic mixture (THF or CH2Cl2) at room temperature.



A wide variety of electron-donating and electron-withdrawing functional groups gave the desired products in excellent yields. A large functional group tolerance was also observed, including carboxylic acid 17e, nitro 17b and cyano 17c groups. The presence of an unsaturated alkene is also tolerated 17f (Scheme 15).




3.2. Sulfonyl Fluorides Synthesis from Sulfonyl Hydrazides and Sodium Arylsulfinates


Tang and Wang have developed a simple and effective fluorination method using sulfonyl hydrazide in water without additives or catalysts to obtain sulfonyl fluorides in good to excellent yields [43]. Selecfluor was used as a fluorinating agent and the reactions were performed in water at 60 °C.



The reaction scope encompasses a large panel of starting materials including electron-donating and electron-withdrawing substituents with moderate to excellent reaction outcomes. Aliphatic substrates were also effective under the reaction conditions. The reaction was also scaled-up, 1.86 g of compound 18a was obtained in 88% yield (Scheme 16).



Furthermore, the authors have shown that the use of sodium arylsulfinates as starting materials under the same reaction conditions is also effective for the formation of arylesulfonyl fluorides with similar yields to those obtained with sulfonyl hydrazides (Scheme 16).



The radical inhibitor (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO) inhibits the reaction, thus favoring a radical mechanism (Scheme 16).




3.3. Sulfonyl Fluorides Synthesis from Thiols and Disulfides


Hallstrom and Wright reported a new method using heteroaromatic thiols as a starting material for the synthesis of heteroaromatic sulfonyl fluorides [44]. Heteroaromatic thiols are oxidized with aqueous sodium hypochlorite to obtain the corresponding sulfonyl chlorides, then KHF2 is added to perform a Cl–F exchange, forming the sulfonyl fluoride products.



The authors have shown that a wide variety of heteroaromatic thiols, even in the presence of electron-donating groups, are tolerated under these conditions, including pyrimidine 19a and 19c, pyridine 19b and pyridazine 19d (Scheme 17).



Later, the group of Kirihara used disulfides as starting materials for the synthesis of arylsulfonyl fluorides. Selectfluor was used in high amounts (6.5 equiv.) as both the oxidant and the electrophilic source of fluorine [45].



The reaction was performed in a refluxed mixture of MeCN–water (10:1). This reaction tolerates the presence of electron-donating groups and the desired products were formed in good to excellent yields (20a–20d). In contrast, electron-withdrawing disulfides were not tolerated (Scheme 18).



Recently, the group of Noël disclosed an electrochemical approach for the synthesis of sulfonyl fluorides [46]. This method makes use of thiols or disulfides as starting materials, with KF (5.0 equiv.) as the source of fluorine and supports electrolyte and pyridine (1.0 equiv.) at room temperature in a mixture of MeCN/HCl aq (1:1). The reagents were introduced into an undivided cell with a graphite anode and a stainless-steel cathode. The current was set at 20 mA, or constant voltage (3.2 V).



This electrochemical method tolerates substrates with electron-donating and withdrawing groups 21a–21g and halogen 21h–21i, as well as protected amines 21j. The desired compounds were obtained with moderate to excellent reaction outcomes. Furthermore, heterocyclic thiols were also successfully applied 21k–21l (Scheme 19).



Several versatile organic reactions were performed thanks to electrochemical transformations, which are known for their powerful mode of activation [47,48,49]. This electrochemical method allows the oxidization of thiols and disulfides without the addition of external oxidants, which makes this chemistry more in line with the current environmental concerns. Compared to conventional thermal methods, the parameters of the electrochemical approach can be easily adjusted [47,50,51]. This methodology is able to overcome certain challenges, allowing this transformation to take place. These challenges include the low solubility of potassium fluoride in organic solvents and the difficulty of forming the S–F bond by combining a nucleophilic fluorinated reagent with thiols [52,53,54]. Pyridine plays the role of both electron mediator and of a phase–transfer catalyst to transfer fluorine to the organic phase.



Various experiments have been carried out to obtain information about the reaction mechanism. In particular, kinetic experiments have revealed a rapid conversion of thiols into disulfides, and the addition of radical scavengers confirms the presence of radical intermediates.



In the presence of hydrochloric acid and pyridine, the KF is transferred into the organic phase to react with the disulfides obtained from the oxidation of thiols through the single electron transfer (SET) process. Then, after two consecutive oxidation steps, the desired sulfonyl fluorides are formed (Scheme 20).




3.4. Sulfonyl Fluorides Synthesis from Sulfonates and Sulfonic Acids


Recently, the group of Qin and Sun used sulfonic acids and sulfonates as starting substrates to synthesize sulfonyl fluorides in a one-pot two-step procedure [55]. This method makes use of cyanuric chloride, as a source of chlorine, and KHF2, as a source of fluorine. This method is based on the formation of sulfonyl chlorides using cyanuric chloride in the presence of 5 mol% of a catalyst (Tetrabutylammonium bromide TBAB or tetramethylammonium chloride TMAC) at 60 °C in acetonitrile. Then, KHF2 is added to exchange chlorine with fluorine and form the sulfonyl fluoride products.



Various sodium sulfonate substrates, including electron-donating (22b and 22c), electron-withdrawing (22e) and aromatic (22f and 22g) compounds, were tolerated with this method, yielding the desired products in moderate to good yields (Scheme 21a).



To test the effectiveness of this protocol, the authors examined a series of sulfonates containing several cations (Scheme 21b). The monovalent sulfonate salts Y3a–Y3d were easily converted to the corresponding sulfonyl fluorides with moderate to good yields. However, the sulfonate salts of the divalent metals Y3e–Y3g reacted only slightly, resulting in poor yields. To widen the range of the substrates, they started from sulfonic acids as starting reagents using TMAC as catalyst instead of TBAB. A series of aryl sulfonic acids carrying electron-donating groups (23b and 23c) were obtained with moderate to good yields. Naphthalene-2-sulfonyl fluoride was also obtained with a good yield 23d (Scheme 21c).




3.5. Sulfonyl Fluorides Synthesis from Sulfonamides


Very recently, the group of Cornella reported a direct method for the synthesis of sulfonyl fluorides from sulfonamides [56]. The method consists of forming sulfonyl chlorides from sulfonamides through activation with a pyrylium tetrafluoroborate (Pyry-BF4) and MgCl2, and the subsequent in-situ conversion to sulfonyl fluorides by the addition of KF. The reactions were performed in MeCN at 60 °C and the desired compounds were obtained with moderate to very good yields. The high chemoselectivity of Pyry-BF4 towards amino groups allows the formation of sulfonyl fluorides in complex structures. This was proven by examining a wide variety of complex sulfonamides containing various functionalities (Scheme 22).





4. Conclusions


Arylsulfonyl fluorides are attracting considerable attention in modern organic chemistry due to their wide range of applications. Thus, developing new synthetic strategies towards the incorporation of the sulfonyl fluoride moiety is of high interest. We have described herein the existing methods to access fluorosulfonylated compounds using either direct or indirect methodologies. These various works offer different and versatile approaches to form such compounds, tolerating a large variety of functional groups. The easy access to the starting material/catalysts of the developed methodology will definitely foster the emergence of new applications.
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Scheme 1. A selection of arylsulfonyl fluorides with significant biological value. 
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Scheme 2. Sulfonyl fluorides synthesis from aryl bromide or Grignard reagents. 
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Scheme 3. Synthesis of amino acid and peptidic sulfonyl fluorides. 
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Scheme 4. Pd-Catalyzed fluorosulfonylation of aryl iodides. 
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Scheme 5. Multi-component fluorosulfurylation of arynes. 
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Scheme 6. Proposed mechanism for the multi-component fluorosulfurylation of arynes. 






Scheme 6. Proposed mechanism for the multi-component fluorosulfurylation of arynes.



[image: Catalysts 11 00830 sch006]







[image: Catalysts 11 00830 sch007 550] 





Scheme 7. Fluorosulfurylation using various Grignard reagents. 
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Scheme 8. Synthesis of arylsulfonyl fluorides via copper-catalyzed fluorosulfonylation of various aryldiazonium salts. 
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Scheme 9. Proposed mechanism for the synthesis of arylesulfonyl fluorides via copper-catalyzed fluorosulfonylation of aryldiazonium. 
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Scheme 10. Fluorosulfonylation of aryldiazonium salts. 
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Scheme 11. One-pot synthesis of sulfonyl fluorides from anilines. 
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Scheme 12. Visible-light synthesis of arysulfonyl fluorides. 
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Scheme 13. Proposed mechanism for the visible-light synthesis of arysulfonyl fluorides. 
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Scheme 14. Conversion of sulfonyl chlorides to sulfonyl fluorides. 
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Scheme 15. Sulfonyl fluorides synthesis from sulfonyl chlorides. 
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Scheme 16. Synthesis of sulfonyl fluorides from sulfonyl hydrazides or sodium aryl sulfinates. 
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Scheme 17. Synthesis of heteroaryl sulfonyl fluorides from heteroaryl thiols. 
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Scheme 18. Synthesis of sulfonyl fluorides from disulfides. 
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Scheme 19. Synthesis of sulfonyl fluorides from thiols or disulfides. 
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Scheme 20. Proposed mechanism for the electrochemical formation of sulfonyl fluorides from thiols or disulfides. 
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Scheme 21. Synthesis of sulfonyl fluorides from sulfonates or sulfonic acids. 
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Scheme 22. Synthesis of sulfonyl fluorides from sulfonamides. 






Scheme 22. Synthesis of sulfonyl fluorides from sulfonamides.



[image: Catalysts 11 00830 sch022]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
a) ox _SOFa(46 oauv)

R-M R-SOF
(10equv) THF.23°C.1h 10
X=BrorCl
Seloctod oxamples -

SOF F SOF SOF
o O O

100,77% X=F.100.78% R=Me, 10d, 56% . 101, 68%
X=Cl10c,59% R=Ph 10e/64% X=S, 109, 64%

/élwi FiC. SOF

Fs
10h, 52% 10i, 18%
" @/W SO (46 equiv) @50’
THE,23°C. 1h
(1.0 equiv) 1
Selected examples
N-SOF N S0
11a,59% 11b, 61% 1Mc, 57%
N(j,so,r Q/so,r ) -
L
~ a »

1d, 4% e, 48% 16, 32%





media/file4.png
a) DABSO (0.6 equiv.)

PdCl,(AmPhos), (S mol%) -
Et4N (3.0 equiv.) o) NFSI (1.5 equiv.)
Ar—Br 2 - S. O (?\IH R ] » Ar—SO,F
(0.4 mmol) iPrOH Ar”> N0 373 n 3h
' 75°C, 24 h L . 1
Selected examples
oo o o O
Ph MeO MeS T™MS
1a, 53% 1b, 84% 1c, 66% 1d, 82% 1e, 76%
0
SO,F SO,F Me N SO,F MeO,C SO
7
IO < 191
Cl N N
Me
1, 67% 19, 78% 1h  56% 1, 70%
b)
DABSO (1.0 equiv.)
gr PdCl(AmPhos); (S mol%) - SO,F
R m’ Cy,NMe (3.0 equiv.) g. ® NFSI (15 equiv) R Q’
- > x
Xx? iProH ar->20® NHaRs n,3h i
(0.4 mmol) 110.0, |.IW. 1h - = 2
X=NorC
Selected examples Boc
/L/\/rSOZF Jf-\/rso;,F msog iUsozs K/" \I/\)/
MeO,C Nx
2a, 53% 2b, 32% 2¢c, 42% 2d, 51% 2e, 46%
c) " -
DABSO (1.0 equiv.) 0 ® NFSI (1.5 equiv.)
Ar-MgBr - = Ar=SO
THF a-S02 M t, 3 h 2
(2.0 mmol) . 45 min L - 3
Selected examples

/©/502F O/SOZF U\SOZF Me SO,F S SO,F
AT o O

3a, 72% 3b, 93% 3c, 64% 3d, 73% 3e, 78%





media/file39.jpg
Organic phase

Sulfonyl fluoride

Aqueous phase

3

Graphite Stainless steel
Anode (+) Cathode (-)





media/file18.png
Path A

s0;
N
&
HaM ci HaM HaMN cl S04
cu’ DABSO Cu-ClI Cu’
HsN Cl HaN HaN Cl

Gﬁsﬂp CIF exchange G,}E,#D v o 0
Fo- Cl| - g
AR (] NOA

\\S".-'
F 0,0
“F
B






media/file21.jpg
Aqueous HBF 4 50% Na;S,05

(2 equiv) - (153 equiv.)

14a, R=p-Me 60%
14b, R=p-NO, 56%





media/file44.png
| 3

BF. (1.5 equiv.)

b
Ar—502MNHz = Ar—5i:F
MgClz (1.5 equiv.)
KF (6.0 equiv.) 24
MeCN, 60°C

then H:O quench at rt

Selected examples

MeO FsC MeQOC

24a 86% 24b, 95% 24c, 72% 24d, 85%

S':"gF SDEF SD?F SDEF
O O e
Br HO NO; N

24e 54% 24f 70% 249, 59% 24h, 72%

Gilbenclamide precursor (x)-Sulpiride
24m, 80% 24m, 80%

S0-F
WA N -
I\ 1

N
H
Me

Hydrochlorothiazide Celecoxib
24n, 43% 240, 90%





media/file26.png
2,
S

/\\
Z, O

Z

F4

AN

BF3

/©/SOZF





media/file7.jpg
1) Pd(OAc), (0.05 equiv.), DABSO (1.2 equiv.)
Et3N (3.0 equiv.), P(Ad);Bu (0.08 equiv.)
iPrOH, 75°C, 16 h

Selected examples
/©/sozr= SO,F SOF
" ol
MeO,C ej(©/ cl
8a, 93% 8b,67% 8¢, 55%
jopNeslsalon
60 FO,8 Ts0 Ph
8d, 45% 8e,57% 8, 77% 89,69%

SO,F sozr SOF
sozr
OMe
Owe

8h, 62% 8i, 45% 8j, 72% 8k, 59%





media/file28.png
18-crown-6 (0.6 - 3 mol%)
KF (1.2 - 2 equiv.)

Ar_SOZC| - Ar_SOZF
ACN
rt, 4 h 16
Selected examples SO,F
S . P®
16a, 92% 16b, quant. 16¢, 100% N

16d, 100%





media/file10.png
S0,F, (1 atm)

: R
KF {3.0 equiv.) L
TMS - N
18-crown-6 (3.0 equiv. -
Ly - wen il
OTf THF, -10°C or 25°C or -30°C, 24 h SO.F
9
------------------------- a) Alkylarylamines -----------------oioooon-
Selected examples T=-10°C
TO O 70 O
9a, 81% 9b, 84% 9c, 93% 9d, 70%
eLa eI sWons!
e Fa R
0
e, 75% 9f, 89% 99, 77% 9h, 90%
-------------------------- b) Dialkylamines -----------ccccomnaannaann

Selected examples T=25"C

[l i []
] 1 [ ]

\r.N\I/ ﬁ”ﬁ E‘“D-“'""\.-“H N Ph._N._._Fh
9i, 82% 9j, 81% 9k, 76% 9, 75%

--------------------------- c) Diarylamines - - === ===--=ccmnmmnmmnnnnnnn
Sa!er:!ed exampras T =_30°C

o0 OO, OO,

9m, 45% 9n, 41% 90, 40%





media/file11.jpg
lp.m...-m l
QNM, NRR;
H C :so,r

3 E





media/file6.png
a)

1) DABSO (0.6 equiv.)

0 PACL(AmPhos)s (5 mol%) 0
NHBoc EtzN (3.0 equiv.) NHBoc
MEDJ\? iPrOH. 75°C. 16 h ME‘)JI\K

\© 2)NFSI (15 equiv) \©\
X n3h SO,F

(0.4 mmol) 4

X=Br 61%
A=173%

N-Boc-L-Lys-OMe DJLVNHBm:

. iPraNEt :
DMSO \©\ s
100°C. 15 h ,S:NM’CDEME
0" 0 NHBoc
5, B4%
b)
BocHN ?
BzC' g
1) DABSO (0.6 equiv.)
’ MeD;_.C PdCl:{AmPhos)z (5 mol%)

Et:N (3.0 equiv.)
IPrOH, 75°C, 16 h

0  Me

2YNFSI{1.5 equiv.)
BocHN \/\/\HI\HJ\“, 3 SD;F i, 3h
BzcN" o” NH g

MED;_-C

I 65%





media/file36.png
Selectfluor (6.5 equiv.)
Ar,SMS,Ar = 2 Ar—SO-F

MeCN/H,0 (10:1) 20
reflux, 1-3 h

Selected examples

Me MeO Cl

20a, 69% 20b, 86% 20c, 77% 20d, 96%






media/file15.jpg
CuCl (20 mol%)

«dmbp (20 mol%)
A-NBF, + DABSO + KHF, —STPOMW) . o,
(04equiv) (10equiv) (50equiv) MeCN(02M).rt 12h 12

Selected examples

©/501F QSO;F @/SOZF Q,SO,F
RO cl MeOCHN

R =Me, 12b, 66%

120,57% Qb iac s 124.49% 126, 68%
MeO,C SOF  MeO,C._~ SO:F SOF
18 IaS
N 57 ~COMe
0:Me
121, 45% 129, 41% 12h, 41%

SOF /©,sozr o
s ol
SOF

R=CN, 12j, 65%

12i,61% R=C(Ph)s, 12k, 53%

121, 48%





nav.xhtml


  catalysts-11-00830


  
    		
      catalysts-11-00830
    


  




  





media/file2.png
i N O
H2N’Sﬁ( 50 F18
NO, N 0 2
N, I i
: " SOZF OHC

SO,F Ho ©OH

S-fluorosulfonylbenzoyl 5'-adenosine

BA)

Kinase inhibitor
Radiolabelling reagent

/@ o FO,S H,N /N\”/NHZ
FO,S N;N. 9 N
_—
. @sojH Z
N

HO,C

2-nitrcbenzenesulfonyl fluoride

Antibiotics

SF-Py-yne

Covalent azo dye

HoN

4-(2-aminoethyl) benzenesulfonyl fluoride

Covalent probe

HCI* H,N

Pefabloc

Irreversible serine protease inhibitor
Serine protease inhibitor

['®F] 4-formylbenzenesulfonyl flucride

(['"®F] FBSF)
Radiolabelling reagent

NTSN
HoN
FO,S

GAH inhibitor

©/\802F

Phenyl methylsulfonyl fluoride

Serine protease inhibitor





media/file23.jpg
NoBFy

Selectod examples

w

15, 59% (70%)

o
.

150, (50%)

o
.DYCr
Y

151, 38% (46%)

FDJSS:)

15m, (40%)

PC3 (2 mol%)

DABSO (05 equiv) S
KHF, (5 equiv) SOF{ e,
oo~ |
Blue LED, , 16h 1Py P

i R,

MO

t SO Sof j SOF

15b,69% (B0%)  16c,60% (72%)  15d, 5% (64%)

)@,SO;F st /©/$01F
cr B i

151,30% (49%)  159,38%(@T%)  15h, 36%(45%)

ozr i soF sof

15],51% (65%) 15k 38% (48%) 181, 54% (76%)

16n, 31% (42%) 150, 42% (50%)





media/file24.png
PC3 (2 mol%)
DABSO (0.5 equiv.)

; Ph.-Ph
-+ — ]
iy N N> BF4 KHF, (5 equiv.) _ | N SozFi NC CN
' MeCN (2 mL) R iPh -
Blue LED, 1, 16 h ; N N”
. Ph Ph
15 ' PC3: 3DPAFIPN
Selected examples
MeO
o o O o
Me MeO ©/
15a, 59% (70%) 15b, 69% (80%) 15¢, 60% (72%) 15d, 55% (64%)
/©/802F /©/802F /©/802F /©/802F
F Cl Br |
15e, (50%) 15f, 39% (49%) 159, 38% (47%) 15h, 36% (45%)
SO,F
O,N F,C
15- 38% (46%) 15j, 51% (65%) 15k, 38% (48%) 151, 54% (76%)

FO,S /(j)k
FO,S

15m, (40%) 15n, 31% (42%) 150, 42% (50%)





media/file29.jpg
KFHF (saturated
aqueous solution)

Ar—S0,Cl

ACN (biphasic)
1, 2-4 h ”

Selected examples

SO,F soF SN
O S
Br O;N

17a, 98% 17b, 97% 17c, 93%

FsC HO,C x

MeO,C’
17d, 98% 17e, 90% 17f, 93%





media/file1.jpg
i )
o e '@A’)KCL o
§ OH "SOF OHC”

SO,F HO
R o
— e

sl

HoC

"
oo

o
wen A

4(2-aminoetiy) benzenesulony fuorde.
(ReBSF)

‘Serine protease inhibitor

Radiolabeling reagent

FOS. HoN__N__NH,
o
/\Q\,Oérh

SFPyme

Covalentprobe

N>

Pefabloc

sarine protease inhibitor

/9] 4fomyenzenestifony fuoride
I FasF)

Radiolabeling reagent

o
o
Fos8
GAH inhitor

©/\sczr

Phenyl methysufony uoride
(PusF)

Serine protease inhibitor





media/file12.png
Rz, Rz,

@E;MS F [@] NHRR; @z’ﬂﬂ, SO:F2 (9) ©/H~R1 R
. = - _:-__S
Tf ] _ °

A B C D

l Protonation J
CENF’“RE @NR‘lRE
H S0.F

F E






media/file9.jpg
SO,F (1 atm)
KF (3.0 equiv)

™S ¥
@( mp—" 18-crown-6 (3.0 equiv)
ot THF, -10°C or 25°C or -30°C. 24 h

9a,81% 9b, 84% 9c, 93% 9d, 70%
EChAsT L sHen ot
M Fs R
9e, 75% 9, 89% 99.77% 9h, 90%
- b) Dialkylamines
Selected examples. T=25C

P AT T
9i, 82% 9j,81% 9k, 76% 91, 75%

- ©) Diarylamines -
30°C

o0 O, OO,

9m, 45% 9n, 41% 90, 40%

lected examples.






media/file42.png
Cl TBAB (5mol%)

)\ MeCN (0.2M), 60°C, 12 h
a) R—SO3Na + N| ~N »> R_SOZF
c N/ cl then KHF, (3.0 equiv.) 29
acetone (0.2M), rt, 12 h
Selected examples
HO
22a, 712%  22b, 85% 22¢, 90% 22d, 64%
SO,F SO.F
SO,F 2
“ A -SOF
NO,
22e, 45% 22f, 93% 22q, 64% 22h, n = 3, 68%
22i,n=7,83%
Cl TBAB (5mol%)
)\ MeCN (0.2M), 60°C, 12 h
b) Ar—SOzn Ln"+ NI \)N\ » Ar—SO,F
Z then KHF, (3.0 equiv.)
Y3 Cl N Cl acetone (0.2M), rt, 12 h 22b
Selected examples

Y3a (22b, 85%) Y3b (22b, 50%) Y3c (22b, 95%) Y3d (22b, 84%)

Y3e (22b, 15% Y3f (22b, 11%) Y3g (22b, 2%
Cl TMAC (5mol%)
)\ MeCN (0.2M), 60°C, 12h
c) Ar—SO3Na + N” N » Ar—SO,F
Mo then KHF,, (3.0 equiv.) 3

Cl N Cl acetone (0.2M), rt, 12 h

23a, 70% 23b, 85% 23c, 62% 23d, 74%





media/file38.png
Undivided cell

B Graphite (+)/ Fe (-)
Ar—sH 20 mA, rt
Or F (50 ) ) - AI'_SDEF
S__Ar (5.0 equiv.
Ar- S Pyridine (1.0 equiv.) 21

MeCN / HCl,, 1M (1:1 V/v)

CO,Me

SOsF
T WY e (™
Me
F,C

21b, ortho, 87%
21a, 85% 21c, meta, 68% 21e, 88% 211, 61%
21d, para, 63%

SO,F

SO5F SO5F SO-F
oo o
X AcHN

21g, X=F, 61%
21h, X= Cl, 62% 21j, 19% 21k, 74% 211, 52%
21i, X =Br, 58%





media/file17.jpg
v N o
O !
x )
"™ W do:
"6 oaBso. - éwci T
HN O T b N C
© o oxnange | O
B i o
©






media/file30.png
KFHF (saturated
aqueous solution)

Ar_SOZC| > Ar_SOZF
ACN (biphasic)
t, 2-4 h 17
Selected examples
SO,F soF N
Br OzN
17a, 98% 17b, 97% 17¢c, 93%
F3C HO,C MeO,C™ X

17d, 98% 17e, 90% 17f, 93%





media/file35.jpg
Selectfluor (6.5 equiv.)
ArS g A ————————— = 2Ar-SOF
MeCN/H,0 (10:1) 2
reflux, 1-3 h

Selected examples

(jsozt: /©/sozr= /©/502F D/SOZF
Me MeO cl

20a, 69% 20b, 86% 20c, 77% 20d, 96%





media/file27.jpg
18-crown-6 (0.6 - 3 mol%)
KF (1.2 - 2 equiv.)

Ar—S0,Cl Ar—SO,F
ACN
t4h 16
Selected examples SOZF
16a, 92% 16b, quant. 16c, 100%

16d, 100%





media/file3.jpg
DABSO (06 equiv)

[l i
e 2 g0 o a-sos
T 5
“Seiectod exampies B
wa )O,W 0 Qsc; ani
.
PR G
Somiisoniine L&
.
mé
s % g s o
0
pasa, ,
£ Tomeisan . [ 9 o ] wsasew g Y™
b PioH PN wn #
rirs
T ‘]Cr .
el U
3
DABSO (10 equiv ) % e NFS! (1.5 equiv)
. g THF ;u‘g‘oe fead n3n . ]
(2.0 mmol) .45 min 3

Sected examies

Foafvaivadaculoey

30.72% 9% 3c64% 30, 73% 30,78%





media/file22.png
Aqueous HBF,4 50% Na,S,05

(2 equiv.) . (1.5 - 3 equiv.)
N NH, BuONO (2 equiv.) . N N, BF, Selectfluor (2 equnv.)‘ N SO,F
R EtOH RO/ MeOH R
0°C,1h 70°C,9h

14a, R=p-Me 60%
14b, R=p-NO, 56%





media/file19.jpg
NagS;05 (1.5 - 3 equiv.)

N, BF, Selectfluor (2 equiv.) SO,F
R R©/
MeOH

70°C,9h
Selected examples
Br
SO.F SOF SOF
Me’ t-BU’ Br’
13a,66% 13b,70% 13¢, 63% 13d, 52%
SOF SOF SOF
ISAENG IS N OIS o
N FsC )
13¢,60% 136,51% 139, 77% <l
SO,F o
2 N SOF  MeOLC( s
o ) T v
! MeO” N FO,S -
13h, 62% 13i, 63% 13j, 35% 13k, 53%

Proposed mechanism

NasS:0: NaiS:Oy \u, e Ve \\/

o U T o





media/file40.png
Q.0

Ar” Sulfonyl fluonde

O

ar->~p  Sulfinyl fluoride

Ar->~F  Sulfenyl fluoride

Organic phase

Graphite
Anode (+)

Aqueous phase

H-I-

H,

Stainless steel
Cathode (-)





media/file33.jpg
NaOClI (3.6 equiv.)

KHF; (10.0 equiv.) xS SO;F
L _x BuNHSO, (1.0 equiv.) k/x
CH,ChLIH0 10

Selected examples

(N/Ysogr Crsozr \N s
MeO” ~F

19a, 73% 19b, 70% 19c, 79% 19d, 73%





media/file32.png
O NH, O Selectfluor (1.3 equiv.)
Ar—S-NH ~ or Ar—§-Na > Ar—SO,F
H,0 (1 mL), 60°C

Selected examples

/© 1Pr Me( F

18a 20b ”0c 20d
(Y1, 94%) (Y1, 91%) Y1 87%) (Y1, 81%)
(Y2, 94%) (Y2, 88%) , O1/0 (Y2, 79%)

SO,F SO,F SO,F QSOEF

20e 20f 20g 20h
(Y1, 69%) (Y1, 76%) (Y1, 53%) (Y1,62%)
(Y2, 61%) (Y2, 69%) (Y2, 54%) (Y2, 63%)

20i 20k
(Y1, 77%) (Y1, 96%)
(Y2, 76%) (Y2, 85%)

20j
(Y1, 82%)





media/file14.png
a) SOF, (4.6 equiv.)

R-MgX R-50.F
(1.0 equiv.) THF, 23°C, 1h 10
X = Bror Cl
Selected examples

X (4 MexX

10a 77 X=F 10b 78% R=Me, 10d 56% X =0, 10f 68%
TR X =01 10¢,59% R =Ph, 10e, 64% X =5, 10g, 64%

SO.F  FiC. ; SO,F
CF,

10h, 52% 10i, 18%
b
J @ng SOLF> (46 equiv) @/SDEF
THF, 23°C, 1h
(1.0 equiv.) 1
X = Br, Clor LiCP
Selected examples
@/SQEF @,SOEF 1 - 00sF
S S S
11a, 59% 11b, 61%
S0-F
I 5
= Cl

11d, 44% e, 48% 111, 32%





media/file41.jpg
@ TBAB (Smafk)
T weon@mn e 20

5 Resom .y &

oo e G0 P
.
oalvale et o8

Too"el o

e man

@ ros8 s
T meonoan 6 2n

o w-somire WS w-sos

e O GO0y g

Y awWa e an

P AP ar e
Lo o] [

o 220 15%) otz 11%) oo 2z, 24)

THAG Gty
ek (0 80C, 120

nsof
Wk GOsm) g
O acaons 02,1 120

pre—

oo





media/file37.jpg
Undivided cell

Graphite (+)/ Fe (-
o Pt
o~ A-SOF
T i KF (5.0 equiv.)
ATS Pyridine (1.0 equiv.) 2
MeCN / HCl,q 1M (1:1 viv)

coMe

SO,F SOF SO,F
7wy o T
FsC

21b, ortho, 87%
21a, 85% 21c, meta, 68% 21e, 88% 211,61%
21d, para, 63%

/©/502F /©/502F NYSOZF NYSOQF
X AcHN L/

F.61%

Cl, 62% 21j, 19% 21k, 74% 211, 52%

r, 58%





media/file16.png
CuCl, (20 mol%)

0 mol%
Ar—N.BF, + DABSO + KHF; dmbp (20 mol%) Ar—SO,F

(0.4 equiv) (1.0 equiv) (5.0 equiv) MeCN (0.2 M), . 12 h

Selected examples

@SD;F /@I/SDEF SDEF @SDEF
RO i : MeOCHN

R =Me, 12b, 66%

12a,57% 5 _pp'12c 56% 12d, 49% 12e, 68%
MeO,C SO,F MeO,C. =, -SOF S0zF
1S Ty 3
N S CO:Me
COMe
121, 45% 129, 41% 12h, 41%

SO.F @/SDEF
- n T
SO-F

R =CN, 12}, 65%

12i, 61% R = C(Ph)s, 12k, 53%

121, 48%





media/file20.png
Na,S,05 (1.5 - 3 equiv.)

[:jLz _BF4 Selectfluor (2 equiv.) SO,F
g R
£ >

70°C, 9h
13
Selected examples
Br
SO5F SO,F SO5F
O O O A
Me -Bu Br
13a, 66% 13b, 70% 13c, 63% 13d, 52%
SO,F SO,F SO,F
O,N ”
13e, 60% 13f, 51% 139, 77% Cl
SO,F O
2 \ SO,F MeOC__ g
|
Y JWENve
N FO,S S
13h, 62% 13i, 63% 13j, 35% 13k, 53%
Proposed mechanism
NazS205  NazS:03 \\ /, Me3NF MesN'

o o U o





media/file5.jpg
a) 1) DABSO (0.6 equiv.)
o PdCh(AmPhos), (5 mol%)

EtN (3.0 equiv)

M-OJ\’N"B“ iPIOH, 75°C, 16 h

2)NFSI (15 equiv)
" n3h

04 mmol)
NBocLlysOMe wJ\/NHBac
P H
- O
100°C, 15 ;
% \/\/\Nrnsoc
5.80%
. 0 We
aamw\/\/\)ku)\g
1) DABSO (06 equiv)
w0’ PeCl(AmPhos) (5 mol%)
EUN (30 cquiv)
IO, 75°C. 16 h
S 2)NFSI (15 cquiv)
s~ L T 5 st
gc™ T O o
Me0,C” "





media/file31.jpg
9 NH, ] Selectfluor (1.3 equiv.)

A-8-NH ~ or Ai-§-Na —————————» Ar=SO,f
o 6 H;0 (1 ml), 60°C

Y2

18

Selected examples

)©/SOZF /©/801F /©/502F /©/502F

18a

20b 20d

(Y1, 94%) (¥1,91%) (Y1, 81%)
(2] 94%) (v2, 88%) o (2 79%)

SOF SOF SOF /©/502F
F1C0/©/ J©/ O/ eOCHN

20e 20f 20g 20h
(Y1, 69%) (Y1, 76%) (Y1, 53%) (Y1,62%)
(Y2, 61%) (Y2, 69%)

(Y2, 54%) (Y2, 63%)

gsozF SoF SO;F
\

20i 20) 20k

(Y2, 85%)





media/file25.jpg





media/file0.png





media/file8.png
1) Pd(OAc), (0.05 equiv.), DABSO (1.2 equiv.)
Et;N (3.0 equiv.), P(Ad),Bu (0.08 equiv.)
IPrOH, 75°C, 16 h

Selected examples

S0,F SO,F SO5F
,[ j Me /©/
MeO,C m/©/ Cl

8a, 93% 8b, 67% 8¢, 55%
SO,F SO,F SO,F SO,F
I‘v’IeD/@/ FOES/©/ /©/ /©/
8d, 45% 8e, 57% 8f 77% 8g, 69%

SO.F SO,F SOF
o O
OMe Q
OMe

8h 62% 8i. 45% 8j 72% 8k, 59%





media/file43.jpg
) G, (15equy)

&
A-SONH; = m-sOF
Mg (15 equiv)

KF (60 equi) 2
MecN, 60°C

then H0 quench att

Aqy sultonamides -

Setected exampies

SO /OSO:F @,sozr /@,so.r
B & gel% b0 &

a g% b 9% 24eT2% 204 85%

SO:F SOF SO:F e
LT T e
Br HO' NO; N

denan  20T0%  209.59% 200, 72%

-2~ Latestage sufony| fuoride syrihesis -+~

omeo /\/@5"’ N o
S b

L
S
e
sor e
.
— e

24n, 43% 240, 90%





media/file34.png
MaOCl (3.6 equiv.)

H KHF- (10.0 equiv.
_‘.ﬂ:':u:m S E{ g ) :-_Kxc‘:“r(EDEF
L _x Bu,NHSO, (1.0 equiv.) X
CH,Cl/H.0
X=NorC FrEE 19

Selected examples
|

YSD JF CrSDEF
L N MeQ™ ~F

19a, 73% 19b, 70% 19¢, 79% 19d, 73%

N S0:F






