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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.!!l
Molecules bearing sulfonyl fluorides are employed as protease inhibitors, covalent pro-
tein modifiers, covalent protein inhibitors as well as biological probes.2l More recently,
sulfonyl fluorides were used in polyethylene terephthalate (PET), potential '*F-labelled
biomarkers,®l polymerization,¥ and sulfur (VI) exchange (SuFEx) “click chemistry” !
(Scheme 1). Arysulfonyl fluorides have also been used as fluorinating agents through
deoxyfluorination of alcohols. Il The strong nature of the S-F bond confers to sulfonyl
fluorides considerable stability in comparison to other sulfonyl halides. Indeed, to some
extent, they are stable toward hydrolysis, "] resistant to reduction,® and resistant to bond
cleavage under transition-metal catalysis.l?l Despite their interest, methods for the syn-
thesis of sulfonyl fluorides remain limited. The goal of this mini-review is to highlight the
existing methodologies to access to such compounds
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Scheme 1. A selection of arylsulfonyl fluorides with significant biological value.
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1. Direct Arylsulfonyl Fluoride Synthesis Reactions

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

1.1. 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 proce-
dure 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).l'9 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 EtsN as base in iPrOH at 75
°C for 24 h. Afterwards, treatment of the reaction media with 1.5 equivalents of NFSI
(N-Fluorobenzenesulfonimide) led to the desired sulfonyl fluoride (Scheme 2, a). Worth
noting, 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 base, the conversion of several
bromopyridine derivatives was achieved in moderate to very good yields. The authors
assume that steric hindrance of the base is playing 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 2, b).
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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 fluo-
rides were obtained in very good to excellent yields upon treatment with NFSI (Scheme

2, 0).
a) DABSO (0.6 equiv.)
PdCl,(AmPhos), (5 mol%)
Et3N (3.0 equiv.) % @ NFSI (1.5 equiv.)
Ar—Br > S_O NH3R, Ar—SO,F
(04 mmol) iPrOH Ar/ \O rt, 3h
75°C, 24 h 1

Selected examples

©/SOZF /©/802F /©/SOZF /©/802F /©/SOZF
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.F
O Iy < 19
Cl /N N
Me
1f, 67% 19, 78% 1h, 56% 1i, 70%

b)
DABSO (1.0 equiv.)
PdCly(AmPhos), (5 mol%)

Br SO,F
RQ/ Cy,NMe (3.0 equiv.) o 4 NFSI (1.5 equiv.) RQ/
X. - NHaRs X, 2

I
X iPrOH Ar/S\O@

rt, 3 h X
(0.4 mmol) 110°C, yW, 1 h 2
X=NorC
Selected examples Boc..
P oC N/\
— — N
MeO,C~ N~ NC” N 07 N N N
Me
2a, 53% 2b, 32% 2c, 42% 2d, 51% 2e, 46%
c)
DABSO (1.0 equiv.) o ® NFSI (1.5 equiv.)
R-MgBr > _S_O MgBr > R-SO,F
THF Ar (6) rt,3h
(2.0 mmol) rt, 45 min 3

Selected examples

SO,F SO,F SO,F SO,F Me SO,F s SO,F
wr
Cl F

3a, 66% 3b, 72% 3¢, 93% 3d, 64% 3e, 73% 3f, 78%

Scheme 2. Sulfonyl fluorides synthesis from aryl bromide or Grignard reagents.

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 3, a). Next, aryl sulfonyl fluoride 4 reacts with the N-Boc-L-lysine
methyl ester to form the sulfonamide 5. Under the same line, the halogenated tetramer 6
gave its corresponding sulfonyl fluoride 7 with good yield (Scheme 3, b).
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a) 1) DABSO (0.6 equiv.)
PdCly(AmPhos), (5 mol%)

o o
NHBoc EtsN (3.0 equiv.) NHBoc
MGOJ\E/ iPrOH, 75°C, 16 h MGOJ\(

\©\ 2) NFSI (1.5 equiv.) \©\
X ", 3h SO,F

(0.4 mmol) 4

X=Br, 61%
X=1,73%

0
N-Boo-L-Lys-OMe I NHBoc

iPr,NEt H
4 \©\
DMSO H
100°C, 15 h N COMe
2\
0o NHBoc
5 84%
b
) (0] Me
BocHN\/\/\')J\N)\H/N |
o 1) DABSO (0.6 equiv.)

MeO,C
o2 PdCl,(AmPhos), (5 mol%)

Et;N (3.0 equiv.)
iPrOH, 75°C, 16 h

Q  Me 2) NFSI (1.5 equiv.)
BOCHNWN/H(N SO.F r,3h
TR ! NH /©/
BZC/ (@) )
oy

M902C

7, 65%
Scheme 3. Synthesis of amino acid and peptidic sulfonyl fluorides.

Shortly after, the group of Ball reported the synthesis of arylsulfonyl fluorides using
aryl iodides as starting materials in conjunction with DABSO.!"1 The reactions were car-
ried out in the presence of Pd(OAc): (0.05 equiv.)/CataCXium A
(di-adamantylalkylphosphine or PAd2Bu) (0.08 equiv.) as precatalyst, EtsN, 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 elec-
tron-withdrawing and donating groups were converted smoothly to their corresponding
aryl sulfonyl fluorides, giving products in good to excellent yields (Scheme 4). The
authors demonstrated also that aryl sulfonyl fluorides react with several nucleophiles
yielding the corresponding sulfones in very good to excellent yields.
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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

2) Selectfluor (2.0 equiv.) MeCN, 23°C, 2 h 8

Selected examples

SO,F SO,F SO,F
/[ j Me /©/
MeO,C \H/©/ cl
o}

8a, 93% 8b, 67% 8c, 55%

/©/802F /©/802F SO,F SO,F
MeO FOzs TSO/©/ Ph/©/

8d, 45% 8e, 57% 8f, 77% 89, 69%
SO,F SO,F SO.F
O (s
OMe O
OMe
8h, 62% 8i, 45% 8j, 72% 8k, 59%

Scheme 4. Pd-Catalyzed fluorosulfonylation of aryl iodides.

1.2. Sulfonyl fluorides synthesis from arynes

The use of sulfuryl fluoride SO2F: for the synthesis of aryl sulfonyl fluorides was
reported by the group of Kim.l'2 They performed a multicomponent reaction (MCR)
involving the in-situ generation of aryne precursors from (trimethylsilyl) phenyl
trifluoromethanesulfonate, secondary amines and SO2F.. 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 temper-
atures were used as shown in (Scheme 5). For instance, high yields were obtained with
alkylarylamines with a reaction temperature of -10 °C (Scheme 5, a). The o-dialkylamino
substituted benzenesulfonyl fluorides were obtained in good yields when reactions
involving dialkylamines were conducted at room temperature (25 °C) (Scheme 5, b). Fi-
nally, reactions involving diarylamines were conducted at -30 °C and reduced yields
were obtained due to the decreased activity at low temperatures (Scheme 5, c).
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183 SO,F; (1 atm) R
™S KF (3.0 equiv.) N1
184 18-crown-6 (3.0 equiv. o
| OO - oy
% oTf THF, -10°C or 25°C or -30°C, 24 h SO,F
186
9
187 e a) Alkylarylamines ------------------ooooooooo oo
188 Selected examples T=-10°C
189 \rN ~_N AN Ph._N
190
191
9a, 81% 9b, 84% 9¢, 93% 9d, 70%
192 i e ~hn hn
N N ' N
OO L, O
Me
194 CFy R
195 o}
196 9e, 75% 9f, 89% 99, 77% 9h, 90%
197  mmmmmmmemseesseoseeooeooeooooooo b) Dialkylamines ----------------------o-oooooooooo
Selected examples T =25°C
198 By o o e
199 YNW/ AN o~ N PR NP
200 i 290 i 840 0 0
9i, 82% 9j, 81% 9k, 76% 9, 75%
201 mmmmmmmmseseemoeosseeeooooooooo c) Diarylamines----------------m--oonemmnoooooooon
Selected examples T =-30°C
202 i i e
N N N
MeO OMe Br Br
204 9m, 45% 9N, 41% 90, 40%
205 Scheme 5. Multi-component fluorosulfurylation of arynes.
206 The authors proposed the following mechanism (Scheme 6): upon generation of
207 the aryne B with the fluoride anion, a nucleophilic attack of the amine leads to the in-
208 termediate C. The latter reacts with SO2F: via hydrogen bonding with the ammonium
209 intermediate (enhancing the electrophilic character of SO2F2) to finally give the desired
210 product E after the loss of HF.
211 F.{%H R% H-.
s ™S © NHR,R, ©/’l'\R1 SO,F, (9) ©/5‘~R1 TR oo
—_— R ————— _— > //s//
213 oTf - - 0"
14 A B c D
215
Protonation
216
218 H SO,F
F E
219
220 Scheme 6. Proposed mechanism for the multi-component fluorosulfurylation of arynes.

221
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a)

1.3. Sulfonyl fluorides synthesis from Grignard reagents

By using also SO:2F, 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 Gri-
gnard reagents.[¥l The reactions were performed in THF at room temperature and the
desired compounds were obtained in moderate to good yields.

Regarding the scope of fluorosulfurylation of substituted phenylmagnesium bro-
mide reagents, substrates bearing halogen including para-F or Cl were effective in mod-
erate to very good yields. Aryl magnesium bromides substituted with electron-donating
groups were smoothly converted to the desired product 10d, 10f-10h. The
arylmagnesium bromide substituted with two trifluoromethyl substituents 10i is slug-
gish toward the transformation. Alkylmagnesium bromides were also used as substrates
in this procedure, methylsulfonyl fluoride 10k was obtained in synthetically useful yield
of 48%.

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

SO,F, (4.6 equiv.)

R-MgX R-SO,F
(1.0 equiv.) THF,23°C,1h 10
X =BrorCl

Selected examples

10a, 77%

10b 78% R=Me, 10d,56% X =0, 10f 68%
I,10c,59% R =Ph,10e,64% X =S, 109, 64%

SO,F SO,F
\©/ /H\/SOZF Me—SO,F

10h, 52% 10i, 18% 10j, 64% 10k, 48%
b
) MIX'" S0,F, (4.6 equiv.) SOF
THF, 23°C, 1 h
(1.0 equiv.) 11
X = Br, Cl or LiCIP
Selected examples

S S S

11a, 59% 11b, 61% 11c, 57%

SO,F
NN SOF \\ 2 )
Z cl \ d

11d,

44% 11e, 48% 11f, 32%

Scheme 7. Fluorosulfurylation using various Grignard reagents.



Catalysts 2021, 11, x FOR PEER REVIEW 8 of21

265 1.4. Sulfonyl fluorides synthesis from aryldiazonium salts
266 Recently, the group of Liu and Chen disclosed a new copper-based method for
267 converting a large series of aryldiazonium salts to arylsulfonyl fluorides in the presence
268 of DABSO and KHF.[14]
269 The reactions were carried out in MeCN in the presence of catalytic amounts of
270 CuCl2 (20 mol %) and 6,6'-dimethyl-2,2"-dipyridyl (dmbp) (20 mol%) at room tempera-
271 ture. Aryldiazonium salts were converted to the desired arylsulfonyl fluorides analogues
272 in good yields. Both electron rich as well as electron poor arenes were converted in
273 moderate to good yields. Furthermore, a quite large number of functionalities were tol-
274 erated under the reaction conditions. Indeed, aryldiazonium salts bearing amide 12e ,
275 ester 12f, ketone 12i, as well as cyano 12j groups were smoothly converted to their cor-
276 responding arylsulfonyl fluoride products. Additionally, the authors demonstrated that
277 various heteroaryldiazonium salts could also be used under the reaction conditions
278 (Scheme 8).
279 To further demonstrate the versatility of the methodology, product 12b was syn-
280 thesized on gram scale with a good reaction outcome.
281
282 CuCl, (20 mol%)
283 dmbp (20 mol%)
Ar—N,BF, + DABSO + KHF, Ar—SO,F
284 (0.4 equiv.) (1.0 equiv.) (5.0 equiv.) MeCN (0.2 M), rt, 12h 12
285
286 Selected examples
287 ©/802F /©/802F SO,F /©/SOZF
288 RO C|/©/ MeOCHN
22(9) 12a, 57% FF{{ - '\P"ﬁ g: 562://: 12d, 49% 12e, 68%
291 MeO,C SOF  MeO,C._~_ SOF SO,F
292 U U\
203 N g~ ~CO,Me
CO,Me
294 12f, 45% 129, 41% 12h, 41%
295
SO,F SO,F H o
296 /©/ N N
297 Me\n/©/ R | ?\1/ d \©\
7
298 © 121 650 SO.F
299 12i, 61% e C(CF:,':)’& 1’2‘2 55/;% 121, 48%
300
301 Scheme 8. Synthesis of arylsulfonyl fluorides via copper-catalyzed fluorosulfonylation of various aryldiazonium salts.
302 The authors proposed two plausible mechanisms. In the one hand, aryldiazonium
303 salt A easily generates the aryl radical through reduction by Cu(l) species via a single
304 electron transfer (SET) process. The aryl radical is quickly trapped by SOz to produce the
305 resulting relatively stabilized arylsulfonyl radical [ArSO2']. Afterwards a
306 Sandmeyer-type reaction is occurring by transferring a chloride to the arylsulfonyl radi-
307 cal to form ArSO:Cl and regenerates the Cu(l). Finally, a fluorine/chlorine exchange is
308 tacking place to generate the desired product B (Scheme 9, path A).
309 In the other hand, aryldiazonium salt A easily generates the aryl radical through
310 activation with DABSO and is quickly trapped by SO: under the reaction conditions to

311 produce the resulting relatively stabilized arylsulfonyl radical [ArSO2*], which can



312
313
314

315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335

336
337

338
339
340
341
342
343
344
345
346
347

Catalysts 2021, 11, x FOR PEER REVIEW 90f21

combine with the fluorine anion offered by KHF: to give the radical anion [ArSOzF-*]. 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).

. .
Path A N,BF, © §02
9y N
A [ﬁj
|
H,N HN o o)

HaN ) \ \ B
Cu DABSO Cu-Cl Cu
H,N Cl H,N H,N Cl
O\\S,:O CI/F exchange O\‘S’:O o_,0
F 5 Cl \Sf
F 9
B
Path B
at| o. ,/O
Y

Scheme 9. Proposed mechanism for the synthesis of arylesulfonyl fluorides via copper-catalyzed fluorosulfonylation of
aryldiazonium.

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 fluorinating agent.['> 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 giving the corre-
sponding 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). This later reacts with sodium metabisulfite to form the
sulfonyl radical. The desired compound is formed after reaction with Selectfluor.
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Nazszos (1 5-3 eqUiV.)

+ — .
N N, BF, Selectfluor (2 equiv.) N SO,F
Ry MeOH =
70°C,9h
13
Selected examples
SO,F SO,F So,F B'
Me t-Bu Br
13a, 66% 13b, 70% 13c, 63% 13d, 52%
SO,F SO,F SOzF
O,N ”
13e, 60% 13f, 51% 139, 77%
SO,F
2 - SOF MeO,C
HO |
MeO” N~ FO,S
o 2
13h, 62% 13i, 63% 13}, 35% 13k, 53%

Proposed mechanism

.
N, BF,
O —
348

349 Scheme 10. Fluorosulfonylation of aryldiazonium salts.
350 A step further, the direct use of commercially available anilines as starting materials
351 for the synthesis of arylsulfonyl fluorides has also been undertaken. The authors
352 demonstrated that a one-pot two-step procedure could take place for the generation of
353 the diazonium salt followed by the synthesis of the desired product with a moderate re-
354 action outcome (Scheme 11).
Aqueous HBF, 50% Na,S,05
(2 equiv.) _ (1.5 -3 equiv.)
~NHz  +BUONO (2 equiv.) “ ﬁz BF, Selectfluor (2 equiv.) - SOF
R{E::]/, R R
% EtOH = MeOH %
0°C,1h 70°C,9h
14a, R=p-Me 60%
255 14b, R=p-NO, 56%
356 Scheme 11. One-pot synthesis of sulfonyl fluorides from anilines.
357 Very recently, we demonstrated that aryl sulfonyl fluorides could be obtained under
358 visible-light metal-free procedures by using cyanoarenes as organophotocatalysts.[1]
359 Indeed, the association of diazonium salts with DABSO in the presence or not of an ex-
360 ternal fluoride source (KHF2) allows the access to a wide variety of arylsulfonyl fluorides
361 with moderate to very good yields (Scheme 12). The reactions were performed in MeCN
362 as solvent at room temperature under blue LED irradiation. Both electron withdrawing
363 and electron donating groups were tolerated under the reaction conditions (15a-15d and
364 15i-151). Interestingly, the reaction in the presence of halogen substituents gave the de-
365 sired products in synthetically useful yields (15e-15h). To some extent, heterocyclic

366 compounds 15m and 15n were also tolerated under this protocol. More interestingly, the
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367 complex molecular structure of the estrone derivative 150 was smoothly converted to the
368 corresponding arylsulfonyl fluoride.

PC3 (2 mol%)
DABSO (0.5 equiv.)

| Ph P
+ - |
®N28F4 KHF (5 equiv.) @SOZFE NC CN
R+ i
& MeCN (2 ml) & | Ph. _Ph
PN \

Py
=|=

Blue LED, rt, 16 h

PC3 : 3DPAFIPN

Selected examples

MeO
/©/SOQF SOQF /©/SOQF SOZF
Me MeO ©/

15a, 59% (70%)  15b, 69% (80%) 15¢, 60% (72%)  15d, 55% (64%)

/©/802F /©/802F /©/302F /©/802F
F cl Br [

15e, (50%) 15f, 39% (49%) 15g, 38% (47%)  15h, 36% (45%)
SO,F
\H/©/ SOzF ©/SOZ 802F
O,N” i FsC” i
15| 38% (46%)  15j, 51% (65%) 15k, 38% (48%) 151, 54% (76%)

o LT o
FO,S

369 15m, (40%) 15n, 31% (42%) 150, 42% (50%)
370 Scheme 12. Visible-light synthesis of arysulfonyl fluorides.
371 In order to shed the light on the mechanism, several techniques were combined.
372 Luminescence quenching allows to confirm the reduction of the diazonium salt. Quan-
373 tum yield measurement allows to confirm the stepwise nature of the mechanism. More-
374 over, EPR spectroscopy confirmed the formation of aryl radical formed through SET
375 transfer from the exited photocatalyst to the diazonium salt and the corresponding ad-
376 duct was obtained with N-tert-butyl-a-phenylnitrone (PBN) as a radical trapping agent.
377 Also, perfoming the same reaction with DABSO allows to confirm the presence of the
378 ArSO: radical and this adduct was also observed with PBN. Finally, density functional
379 theory (DFT) calculations allow us to confirm the presence of a sulfonium intermediate
380 formed through radical-radical coupling between ArSO: radical and DABCO+ generated
381 through reduction of PC+ to regenerate the catalyst at its ground state (Scheme 13).

382
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0.0 \\S/\/

BF4

[ej J
) ﬁ\ T
LN

+ -
/©/N28F4

Scheme 13. Proposed mechanism for the visible-light synthesis of arysulfonyl fluorides.

2. 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 to the
desired compounds. Herein, indirect methodologies are outlined.

2.1. Sulfonyl fluorides synthesis from arylsulfonyl chlorides

The most known methodology makes use of arylsulfonyl chlorides as starting ma-
terials.[5»171In 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 reac-
tion takes place at room temperature in the presence of 18-crown-6 ether catalyst,
sulfonyl chlorides and excess of potassium fluoride in acetonitrile. Sulfonyl chlorides
undergo fluorine substitution with excellent reaction outcomes. The methodology also
encompasses alkyl sulfonyl chlorides and the desired products are obtained with an ex-
cellent yield (16d-16e) (Scheme 14).
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18-crown-6 (0.6 - 3 mol%)
KF (1.2 - 2 equiv.)

ACN
rt, 4 h 16

16a, 92% 16b, quant. 16¢, 100%
SO,F
©/\302F MeSO,F OO
NS
401 16d, 89% 16e, 84% 16f, 100%
402 Scheme 14. Conversion of sulfonyl chlorides to sulfonyl fluorides.
403 Sharpless and co-workers also used sulfonyl chlorides as starting materials for the
404 formation of sulfonyl fluorides derrivatives.>! The reactions were carried out in presence
405 of saturated aqueous solution of KFHF in acetonitrile which produces a biphasic mixture
406 (THF or CH2Cl2) at room temperature.
407 A wide variety of electron-donating and electron-withdrawing functional groups
408 gave the desired products in excellent yields. Also, a large functional group tolerance
409 was observed including carboxylic acid 17e, nitro 17b and cyano 17c groups (Scheme 15).
410 The presence of an unsaturated alkene is also tolerated (17g) and finally aliphatic sub-
411 strate 17h was converted with an excellent yield.
KFHF (saturated
aqueous solution)
R-S0O,CI R-SO5F
ACN (biphasic)
rt, 2-4 h 17
Selected examples
SO,F SO.F CN
OO G
Br 02N
17a, 98% 17b, 97% 17¢c, 93%
SO,F SO,F
F3C HO,C
17d, 98% 17e, 90% 17f, 98%
/\/©/ o P
M602C X K)
412 179, 93% 17h, 98%

413 Scheme 15. Sulfonyl fluorides synthesis from sulfonyl chlorides.
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2.2. 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.I'®! Selecfluor was used as fluorinating agent and the reactions
were performed in water at 60°C.

The reaction scope encompasses a large panel of starting materials including elec-
tron-donating and electron-withdrawing substituents with moderate to excellent reaction
outcomes. Aliphatic substrates were also effective under the reaction conditions. The re-
action was also scaled-up, 1.86 gram 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).

O NH; % Selectfluor (1.3 equiv.)
R- S NH or R-S-Na > R-SO,F
o) H,0 (1 mL), 60°C
Y1 Y2 18
Selected examples
SO,F /©/802F /©/302F /©/302F
/O/ iPr MeO F
18a 20b 20¢ 20d
(Y1, 94%) (Y1, 91%) Y1, 87%) (Y1, 81%)
(Y2, 94%) (Y2, 88%) ¢ (Y2, 79%)
O O
2
F;CO
20e 20f 20g 20h
(Y1, 69%) (Y1, 76%) (Y1, 53%) (Y1, 95%)
(Y2, 61%) (Y2, 69%) (Y2, 54%) ?
MeOCHN \
20i 20j 20K 201
(Y1,62%) (Y1, 77%) (Y1, 82%) (Y1, 96%)
(Y2, 63%) (Y2, 76%) 1 oen (Y2, 85%)

Scheme 16. Synthesis of sulfonyl fluorides from sulfonyl hydrazides or sodium aryl sulfinates.

2.3. Sulfonyl fluorides synthesis from thiols and disulfides

Hallstrom and Wright reported a new method using heteroaromatic thiols as start-
ing material for the synthesis of heteroaromatic sulfonyl fluorides.'”l Heteroaromatic
thiols are oxidized with aqueous sodium hypochlorite to obtain the corresponding
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456 sulfonyl chlorides, then KHF: is added to perform a CI-F exchange forming the sulfonyl
457 fluoride products.
458 The authors have shown that a wide variety of heteroaromatic thiols, even in the
459 presence of electron-donating groups, are tolerated under these conditions including
460 pyrimidine 19a and 19d, pyridine 19b, benzothiazole 19¢ and pyridazine 19e (Scheme
461 17).
462 NaOCI (3.6 equiv.)
163 N_ _SH KHF, (10.0 equiv.) N. _SO,F
Y -0
464 N BuysNHSO, (1.0 equiv.) 2N
CH,CI,/H,0O
465 212112 19
466 e
Selected examples
467
N._ _SO,F SO,F s
N
O (L s
469 =N =N N
270 19a, 73% 19b, 70% 19c, 42%
471
NYSOZF N _SO,F
472 NS
_N L
473 MeO
474 19d, 79% 19e, 73%
475
476 Scheme 17. Synthesis of heteroaryl sulfonyl fluorides from heteroaryl thiols.
477
478 Later, the group of Kirihara used disulfides as starting materials for the synthesis of
479 arylsulfonyl fluorides. Selectfluor was used in high amount (6.5 equiv.) as both the oxi-
480 dant and the electrophilic source of fluorine. 2l
481 The reaction was performed in a refluxed mixture of MeCN-water (10:1). This reac-
482 tion tolerates the presence of electron-donating groups and the desired products were
483 formed in good to excellent yields (20a-20d). In contrast, electron-withdrawing disulfides
484 were not tolerated. Also, aliphatic disulfides were used as substrates to form sulfonyl
485 fluorides in good to excellent yields (20e and 20f) (Scheme 18).
486 Selectfluor (6.5 equiv.)
SR 2 R-SO,F
487 ROS
MeCN/H,O (10:1) 20
488 reflux, 1-3 h
489 Selected examples
490 SO,F SO,F SO,.F
sSalisuiie
492 Me MeO
193 20a, 69% 20b, 86% 20c, 77%
SO.F SO, F
494 2
/©/ T s0,F
495 cl 8
496 20d, 96% 20e, 60% 20f, 91%
497 Scheme 18. Synthesis of sulfonyl fluorides from disulfides
498
499 Recently, the group of Noél disclosed an electrochemical approach for the synthesis

500 of sulfonyl fluorides.?"' This method makes use of thiols or disulfides as starting materi-
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als, KF (5.0 equiv.) as the source of fluorine and support electrolyte and pyridine (1.0
equiv.) at room temperature in a mixture of MeCN/HCI aq (1:1). The reagents were in-
troduced 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 with-
drawing groups 21a-21g, 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-21m. Aliphatic substrates were also
converted to their corresponding desired products although in slightly lower yields
21n-21q. Interestingly, the authors were able to apply this protocol to cysteine 21r
(Scheme 19).

Undivided cell
_ Graphite (+) / Fe (-)
R-SH 20 mA, rt
Or ( ) R-SO,F
KF (5.0 equiv.
/S\ /R
RS Pyridine (1.0 equiv.) 21

MeCN / HCloq 1M (1:1 viv)

CO,Me

SO,F SO,F SO, F
O ow or I
Me
F4C

21b, ortho, 87%

21a, 85% 21c, meta, 68% 21e, 88% 211, 61%

21d, para, 63%
SO,F

SO,F SO,F SO,F
o o O S
X AcHN

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

_N

SO,F N SO,F CO-M
T S
N” 1 AcHN” SO

210, n=1, 36%

21m, 85% 21n, 65% 21p, n=2, 39% 21r, 35%

21q,n=7, 51%

Scheme 19. Synthesis of sulfonyl fluorides from thiols or disulfides.

Several versatile organic reactions were performed thanks to electrochemical
transformations which are known for their powerful mode of activation.??l This
electrochemical method allows to oxidize thiols and disulfides without addition of ex-
ternal 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. 22281 This methodology is able to
overcome certain challenges allowing this transformation to take place. Among these
challenges, 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.[24
Pyridine is playing both the role of electron mediator and of a phase-transfer catalyst to
transfer fluorine to the organic phase.

Various experiments have been carried out to obtain information on 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
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548 In the presence of hydrochloric acid and pyridine, the KF is transferred into the or-
549 ganic phase to react with the disulfides obtained from the oxidation of thiols through
550 single electron transfer (SET) process. Then, after two consecutive oxidation steps the
551 desired sulfonyl fluorides are formed (scheme 20).
552
553 .
O\\ _0 Organic phase
554 R™¢  Sulfonyl fluoride
555 -
SET ICl)
556
N r-S~g  Sulfinyl fluoride
557 vas
558 SET\ s
““~g Sulfenyl fluoride
550 = RTF ulfeny! fluori
560 SlEr
561
562 - g SH
563 SET
564 e m SRy <
565 1|
566 I
Aqueous phase
()
568 NG
" H*
H
569 \
KF
570 H SET
571 | N | b H /
/ [tl/ 2
N _
Cl
572 |l|
573 Graphite Stainless steel
Anode (+) Cathode (-)
574
575 Scheme 20. Proposed mechanism for the electrochemical formation of sulfonyl fluorides from
576 thiols or disulfides.
577
578 2.4. Sulfonyl fluorides synthesis from sulfonates and sulfonic acids
579 Recently, the group of Qin and Sun used sulfonic acids and sulfonates as starting
580 substrates to synthesize sulfonyl fluorides in a one-pot two-step procedure.l?’l This
581 method makes use of cyanuric chloride as a source of chlorine and KHF: as a source of
582 fluorine. This method is based on the formation of sulfonyl chlorides using cyanuric
583 chloride in the presence of 5 mol% of catalyst (Tetrabutylammonium bromide TBAB or
584 tetramethylammonium chloride TMAC) at 60°C in acetonitrile. Then, KHF: is added to
585 exchange chlorine with fluorine and form the sulfonyl fluoride products.
586 Various sodium sulfonate substrates including electron-donating (22b and 22c),
587 electron-withdrawing (22e), aromatic (22f and 22g) and aliphatic (22h and 22i) com-
588 pounds were tolerated with this method yielding the desired products in moderate to

589 good yields (Scheme 21, a).
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To test the effectiveness of this protocol, the authors examined a series of sulfonates
containing several cations (Scheme 21, b). 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 result-
ing 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 good yield 23d

(Scheme 21, ¢).
Cl TBAB (5mol%)
PR MeCN (0.2M), 60°C, 12 h
a) R-SONa + NN R-SO,F
PN then KHF, (3.0 equiv.) 29
cl N™ Cl acetone (0.2M), rt, 12 h

Selected examples

SO,F SO,F SOF C ~SOF
C - C HO

22a, 72% 22b, 85% 22c, 90% 22d, 64%
SO,F SO.F
SO,F 2
SCE oL
NO,
22e,45%  22f, 93% 229, 64% 22h, n =3, 68%
22i,n=7,83%
Cl TBAB (5mol%)
P MeCN (0.2M), 60°C, 12 h
b) Ar—SOzn Ln"+ N7SN Ar—SO,F

' then KHF i
pZ en 5 (3.0 equiv.)
Y3 CI” 'N” "Cl acetone (0.2M), rt, 12 h

Selected examples

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

S04 SOs SO,

2

Y3e (22b, 15%) Y3f (22b, 11% Y3g (22b, 2%
cl TMAC (5mol%)
P MeCN (0.2M), 60°C, 12h
c) Ar—SO3Na + N7 N » Ar—SO,F
L then KHF (3.0 equiv.) 23

CI” 'N" "Cl " 5cetone (0.2M), rt, 12 h

Selected examples

HO ! l

23a, 70% 23b, 85% 23c, 62% 23d, 74%
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Scheme 21. Synthesis of sulfonyl fluorides from sulfonates or sulfonic acids.

2.5. Sulfonyl fluorides synthesis from sulfonamides

Very recently, the group of Cornella reported a direct method for the synthesis of
sulfonyl fluorides from sulfonamides.?l The method consists of forming sulfonyl chlo-
rides from sulfonamides through activation with a pyrylium tetrafluoroborate (Pyry-BF4)
and MgClz, and the subsequent in-situ conversion to sulfonyl fluorides by addition of KF.
The reactions were performed in MeCN at 60°C and the desired compounds including
aromatic as well as aliphatic starting materials were obtained with moderate to very
good yields. The high chemoselectivity of Pyry-BFs 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, b).

\ .
| . Br, (1:5eauiv)
R“SOzNHZ O R”SOzF
MgCl, (1.5 equiv.)
KF (6.0 equiv.) 24
MeCN, 60°C

then H,O quench at rt

Selected examples

MeO F3C MeOOC

24a, 86% 24b, 95% 24c, 72% 24d, 85%
SO,F SO,F SO,F SOzF
jopdopioar™
Br HO NO, H
24e, 84% 24f, 70% 249, 59% 24h, 72%

---------------------- Alkyl sulfonamides-----------------------

Me._SO,F SO.F Me._SO,F
Me—SO,F hd \va 2 T

Me © Me
24i, 90% 24j, 57% 24k, 40% 241, <5%

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

SO,F
0.0 /©/
\ // N\
N cl

N
H
Me

Hydrochlorothiazide Celecoxib
24n, 43% 240, 90%
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Scheme 22. Synthesis of sulfonyl fluorides from sulfonamides.

3. Conclusion

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. This various works offers 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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