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Abstract: Sulfuryl fluoride is a gas produced on a multi-ton scale for its use as a fumigant. In the
last decades, it has gained interest in organic synthesis as a reagent with unique properties in
terms of stability and reactivity when compared to other sulfur-based reagents. Sulfuryl fluoride
has not only been used for sulfur-fluoride exchange (SuFEx) chemistry but also encountered
applications in classic organic synthesis as an efficient activator of both alcohols and phenols,
forming a triflate surrogate, namely a fluorosulfonate. A long-standing industrial collaboration in
our research group drove our work on the sulfuryl fluoride-mediated transformations that will be
highlighted below. We will first describe recent works on metal-catalyzed transformations from
aryl fluorosulfonates while emphasizing the one-pot processes from phenol derivatives. In a
second section, nucleophilic substitution reactions on polyfluoroalkyl alcohols will be discussed
and the value of polyfluoroalkyl fluorosulfonates in comparison to alternative triflate and halide

reagents will be brought to light.

Keywords: Alkylation, Fluorine, Fluorosulfonate, Nucleophilic substitution, Sulfuryl-fluoride

1. Introduction

Sulfuryl fluoride (SO,F,) is a colorless, odorless and non-
flammable gas which is 3.5 times heavier than air.""’ It was first
described in 1901 by Moissan” and subsequently developed
by Dow Chemical in the 1950s as a pest control agent. It has
been used as a fumigant for over five decades, and is a
commodity chemical produced on a multi-ton scale.”’ As a
matter of fact, it is relatively inert in its gaseous form (stable
up to 400 °C when dry).") Nevertheless, although it hydrolyzes
slowly under neutral aqueous conditions, under basic con-
ditions the process is much more rapid, providing fluoride and
fluorosulfonate anions.”’ Besides, SO,F, is a powerful neuro-
toxic gas that should be handled with care, in a well-ventilated
fumehood.

Among sulfur (VI) compounds, fluorinated ones, such as
sulfuryl fluoride or sulfonyl fluoride (i.e. RSO,F), have unique
properties. First, the S—F bond in S(VI) compounds is
exclusively cleaved in an heterolytic fashion with the release of
a fluoride anion while homolytic scission of the S—Cl bond in
S(VI) compounds is rather common.” Moreover, the meas-
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ured homolytic bond dissociation energy of SO,—F is almost
twice that of SO,—Cl (Figure 1).%% Hence, sulfonyl fluorides
are much more stable toward nucleophilic substitution,
hydrolysis and thermolysis in comparison to other sulfonyl
halides."*'" Finally, sulfur(VI) compounds are much more
stable than other sulfur-based compounds in lower oxidation
states such as the sulfur(IV) oxyhalides SOF, and SOCL,.""”
During this last decade, SO,F, has gained interest in
organic synthesis with the development of a new class of click
sulfur — fluoride (SuFEx)
Due to their unique properties, sulfonyl

reactions: the
7.13,14]

exchange
chemistry.!
fluorides have been widely adopted as electrophilic warheads in
chemical biology."”

Apart from SuFEx chemistry, different research groups,
including ours, became interested in the use of sulfuryl fluoride
for the in situ formation of fluorosulfonates from alcohols and
their use as triflate surrogate. From a practical standpoint,
SO,F, can be used directly from a gas cylinder or can be
generated ex-situ from SDI (1,1'-sulfonyldiimidazole) with KF,
after addition of TFA.'® Many reactions involving an alcohol
activation step have been developed and have already been

. 17,1 . .
reviewed recently."”'® Therefore, this personal account is not
fumigant economical

()“s”° hydrolitically stable
non:flammable FF electrophile
non-corrosive powerful neurotoxic

o\‘s’/o o\\ ’/o o\\ ,/0
FF F~ el cl” ci

BDE (S-F): 81 +2 BDE (S-F): 84 + 10

BDE (S-Cl): 43 £ 10

BDE (S-Cl): 46 + 4
(given in kcal.mol™")

Figure 1. Key properties of sulfuryl fluoride and S—X bond dissociation energy
for SO,F,, SO,CIF and SO,CL.*"
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intended to present an extensive list of SO,F,-mediated
transformations, but will instead focus on recent advances on
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industrially relevant methodologies. A long-standing industrial
collaboration led our group to work on sulfuryl fluoride-
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mediated reactions as described below. Additionally, some
methods developed by other groups and that are the most
relevant to the discussion will be presented. The first part will
be dedicated to metal-catalyzed transformations of aryl and
alkenyl fluorosulfonates, focusing on one-pot methods through
the SO,F,-activation and direct transformation of phenol
derivatives via metal-catalyzed reactions. In a second part,
nucleophilic substitution reactions using 7 situ generated
polyfluoroalkyl fluorosulfonates as electrophiles will be de-
tailed.

2. Metal-Catalyzed Transformations of Aryl &
Alkenyl Fluorosulfonates

Aryl fluorosulfonates were first described in 1927 by Steinkopf
and then in 1930 by Lange and Miller who synthesized them
from arene diazonium fluorosulfate salts."”*” Later, the
reaction of phenols with sulfuryl chloride fluoride (CISO,F)
was reported by Coffman and Cramer to access those
substrates.”” However, these methods led to low to moderate
yields and used costly starting materials and hazardous reaction
conditions. As an answer to this issue, the use of SO,F, to
synthesize aryl fluorosulfonates from phenols was first reported
in the 1970s by Firth.”>* These substrates have not been
investigated again before the 2010s with reports by Sharpless
and Ishii,”** followed by many other groups since. Aryl
fluorosulfonates have been used as aryl triflate surrogates and
have been widely adopted and applied in a large variety of
subsequent transformations. The synthesis of functionalized
aryl moieties from aryl fluorosulfonates is particularly interest-
ing as phenols are readily available and their conversion to
fluorosulfonates only requires sulfuryl fluoride and a base with

7 In

the only formed by-product being a fluoride anion.
particular, these aryl fluorosulfonates were employed in a wide
range of metal-catalyzed transformations. As a matter of fact,
palladium-catalyzed cross-couplings were developed, including
Stille,” Negishi, ™" Suzuki,”®?* Heck,”® Sonogashira™
and Buchwald-Hartwig®*** coupling reactions as well as Pd-
or Ni-catalyzed cyanation.”*?
pling of aryl fluorosulfonates was also reported by Sharpless
and co-workers.”™ Metal-catalyzed reactions involving a CO
insertion were also developed using aryl fluorosulfonates as
starting materials.”®*! Most of these metal-catalyzed trans-
formations have already been discussed in precedent reviews
and will not be detailed in this personal account."”"®* Here
we will rather discuss three of the recent methods that have

" The Ni-catalyzed homocou-

not already been included in the above-mentioned reviews.
The one-pot procedures using #7 situ phenol activation and
subsequent reaction in a metal-catalyzed transformation will be

especially highlighted.

Chem. Rec. 2023, €202300107 (4 of 15)

2.1. Synthesis of Aryl Halides

In 2023, our group reported on the ruthenium-catalyzed
synthesis of aryl halides from aryl fluorosulfonates. Aryl
halides are key building blocks in organic synthesis that can be
used in many subsequent reactions, such as the generation of
organometallic reagents™*¥ or aryl radicals,”” which are not
commonly accessible from the corresponding sulfonates. As
mentioned previously, aryl fluorosulfonates have been involved
in a large range of metal-catalyzed processes but no synthesis
of aryl halides from aryl fluorosulfonates was reported so far. It
is also the first use of ruthenium catalysis with these substrates.

The reaction optimization was conducted for the bromina-
tion reaction of aryl fluorosulfonates. Two sets of conditions
were developed to maximize the reaction efficiency with both
electron-rich and electron-poor aryl fluorosulfonates. The
amount of catalyst could be successfully reduced from
20 mol% to 10 mol% with similar efficiency but decreasing it
further to 5 mol% led to lower conversion. It should be noted
that the ruthenium catalysts used in this work are commer-
cially available to facilitate the broad adoption of this method.
Selected examples of the scope are depicted below (Scheme 1).
Yields were generally higher starting from electron-poor aryl
fluorosulfonates but electron-neutral and even electron-rich
ones could also be engaged in this transformation with
moderate to good yields using the appropriate set of
conditions.

The reaction was extended to the synthesis of aryl iodides
and aryl chlorides using lithium iodide (Lil) and sodium
chloride (NaCl) as halide sources, respectively (Scheme 2). The

Cond. A:
Cp*RuCl(cod) (10 mol%)
LiBr (5 eq.)
DMPU, 150 °C, overnight
_OSO,F > _Br
r Cond. B: Ar
1 [RuCp*(MeCN)3]PFg (10 mol%) 2
LiBr (1.5 eq.)
DMPU, 100 °C, overnight

Br Br Br
Br
OO ©/00F3
S‘CH3 Cl
2a 2 2d

2b C
Cond A: 70% Cond. B: 96%

Al

Cond. A: 42% Cond A: (63%)[!

Br Br Br

Br
\0 CF, NO,
2e 2f 2g 2h

Cond. B: 62% Cond. B: 84% Cond. B: 84%

Cond. B: (68%)!
1 mmol scale: 90%

Scheme 1. Selected examples from the substrate scope for the synthesis of aryl

bromides. [a] NMR yield determined using bromochloromethane as an

internal standard.
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Cond. A:
Cp*RuCl(cod) (10 mol%)
Lil or NaCl (5 eq.)
DMPU, 150 °C, overnight

_OSO,F X
Ar Cond. B: Ar
1 [RuCp*(MeCN)3]PFg (10 mol%) 3(X=1
Lil (1.5 eq.) 4 (X=Cl)

DMPU, 100 °C, overnight

NO, °

3a 3b 3c 3d
Cond. A: 87% Cond. B: 67% Cond. A: 73% Cond. B: 70%
Cond. B: 32% Cond. B: 33%

cl cl cl
cl

OO J : Nc©

4a 4b 4c 4d
Cond. A: 90% Cond. A: 63% Cond. A: 63% Cond. A: 51%

Scheme 2. Substrate scope for the synthesis of aryl iodides and chlorides.

reaction retained a high efficiency for the synthesis of those
aryl halides. Here again yields are generally higher with
electron-poor substrates but electron-neutral and electron-rich
ones are also tolerated leading to moderate to excellent yields.
Interestingly, aryl chlorides were not accessible for this same

transformation starting from aryl triflates.®”

2.2. Synthesis of Alkenyl Halides

The reaction developed in 2023 by our group for the synthesis
of aryl halides from aryl fluorosulfonates was extended to the
synthesis of alkenyl halides.*® While the formation of aryl
fluorosulfonates was already reported in the literature,”'>'®*)
the synthesis and use of alkenyl fluorosulfonates have not been
widely developed.”" The ruthenium-catalyzed halogenation
was reoptimized for those specific alkenyl substrates. Starting
from the conditions B used for electron-poor aryl fluorosulfo-
nates, the temperature could be decreased to room temperature
and the Ru catalyst loading lowered to 5 mol% using
tetrahydrofuran (THF) as solvent and LiX as halide sources in
all cases (i. e., iodination, bromination, chlorination).

Using these optimized conditions, a set of alkenyl halides
were obtained from the corresponding alkenyl fluorosulfonates
derived from aldehydes, cyclic ketones and acetophenone
(Scheme 3). High E/Z selectivity was generally obtained for
fluorosulfonates derived from aldehydes, the £ isomer of the
alkenyl halide being the major one even though both the
catalyst loading and the reaction time were slightly modified
for each case in order to maximize the selectivity.

This transformation is very suitable for one-pot processes,
given that the formation of fluorosulfonates only requires a
base and sulfuryl fluoride to proceed. Thus, 4-nitrophenol was

Chem. Rec. 2023, €202300107 (5 of 15)

[RUCp*(MeCN)3]PFg (x mol%)

9s0.F, LiX (1.5 eq.) o,
YR YR
1§ THF, tt, 1-16 h T
5 6

(o)
a&e
(o)
6d, X=Br,x=5,67%

6e, X=Cl,x=5,84%
6f, X=1,x=5,83%

XM
6a, X =Br,x=5, 71%, E/Z 96:4

6b, X =Cl, x=2.5, 67%, E/Z 98:2
6c, X=1,x=0.5,67%, E/Z94:4

Scheme 3. Substrate scope for the synthesis of alkenyl halides.

OH 1) SO,F; (balloon), EtzN (1 eq.) Br

DMPU, rt, 8 h

2) [RuCp*(MeCN)3]PFg (10 mol%)
LiBr (1.5 eq.)

NO, 100 °C, overnight NO,
2h, 83%
1) SO,F, (balloon), DBU (1.5 eq.)

o THF, rt, 24 h Bro

N > NN\
n-non 2) LiBr (15 eq.) n-non
[RuCp*(MeCN);]PFg (5 mol%) 69, 57%
t,1h 93/7

Scheme 4. One-pot fluorosulfonylation-halogenation reactions.

converted into its corresponding aryl bromide 2h in 83%
yield by first forming the fluorosulfonates in V,/V-dimeth-
ylpropyleneurea (DMPU) and then performing the ruthe-
nium-catalyzed transformation after removing the remaining
sulfuryl fluoride. The yield obtained in this one-pot reaction
was higher than in two steps, for which the overall yield over
the same two steps was 66%. The one-pot reaction was also
performed on undecanal, and the desired brominated product
was again obtained in a higher yield than when using the two-
step protocol (Scheme 4).

2.3. Metal-Catalyzed Phosphorylation Reaction

In 2021, three research groups independently reported the
metal-catalyzed phosphorylation of aryl fluorosulfonates.”*”¥
Guo, Cai and co-workers reported the Ni-catalyzed coupling
of secondary phosphine oxides, dialkyl phosphites and methyl
phenylphosphinate with aryl fluorosulfonates using the cheap
NiCl, catalyst in combination with XantPhos as ligand."”
Yields for this transformation were generally good to excellent.
However, in this case the telescoped fluorosulfonate formation
and coupling reaction was not exemplified.

The same year, Ma, Xu and co-workers reported the

B2 First, a

palladium-catalyzed phosphorylation of phenols.
two-pot procedure, where the aryl fluorosulfonate was isolated,
was tested and gave excellent yields overall (Scheme 5). The
authors then tried to apply a one-pot procedure during which

the fluorosulfonate would be formed in situ and then directly

© 2023 The Authors. The Chemical Record published by The Chemical Society of Japan and Wiley-VCH GmbH
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1) Fluorosulfonate formation
with TMSOH quench
2) HP(O)R; (8)
Pd(OAc); (5 mol%)
dppf (10 mol%)
DIPEA (2 eq.)

MeCN, 80 °C, 5 h

7 9
9 9 MeO,C 9 9
R~oEt - RoEt I~ "oR R~Ph
OEt | OEt T Rr Ph
Z S
NC N Ph
9a, 90% 9b, 82% 9c, 70% 9d, 91%

(84% in 2-pot) (90% in 2-pot) (83% in 2-pot) (90% in 2-pot)

Scheme 5. One-pot Pd-catalyzed phosphorylation reaction of phenols reported
by Ma, Xu and co-workers.

Two-pot procedure

[Pd]: Pd(OAc), (5 mol%)
DPEPhos (6 mol%)
K2CO3 (2 eq.)
OSO,F (o] THF, 80°C,12h

R [Ni]: NiCl,(dme) (5 mol%)
XantPhos (6 mol%)
Et3N (2 eq.), Zn (1.5 eq.) 9
DMF, 100 °C, 12 h

1) SO,F; (balloon)
EtsN (1.2 eq.)
THF, t, 6 h
D —
2) HP(O)R; (8)
Pd(OAc), (5 mol%)
10 DPEPhos (6 mol%) 9
KoCO3 (2 eq.)
80°C, 12h

(o}
1

0 Q
R~o"Bu X -omBu
O"Bu | 0"Bu
~
Ph N

9e, 86% of, 72%

e 2
R oEt R~ph
Ph Ph
Ph Ph

9g, 80% 9h, 76%

Scheme 6. Pd- and Ni-catalyzed phosphorylation reaction of phenols reported
by Ding and co-workers.

used for the Pd-catalyzed reaction without isolation. However,
these conditions gave lower yields which was attributed to the
presence of fluoride anion. Trimethylsilanol (TMSOH) was
added to the reaction mixture in order to trap the fluoride
anion forming the very volatile trimethylfluorosilane (TMSF)
which was removed by bubbling argon through the reaction
mixture. With this procedure, the one-pot synthesis could
deliver the desired phosphorylation products in similar yields
to the two-pot protocol, even on gram scale (Scheme 5).

Ding and co-workers independently reported the nickel-
and palladium-catalyzed cross-coupling of aryl fluorosulfonates
and similar phosphoryl derivatives.” Two sets of conditions
were developed, the catalytic systems being either Pd(OAc),

Chem. Rec. 2023, €202300107 (6 of 15)

and DPEPhos or NiCl,(dme) and XantPhos (Scheme 6).
Overall, palladium and nickel were similarly efficient in this
cross-coupling reaction even if in a few cases nickel showed
significantly better yields.

Here again, the reaction could be performed in one pot
starting from phenol derivatives with a slight yield loss
compared to the phosphorylation step in the two-pot
procedure (Scheme 6). Interestingly, it seems that, in this case,
the presence of fluoride anions did not affect the cross-

coupling reaction efficiency as in Ma and Xu’s report.””

2.4. Catellani Reaction

In 2019, De Borggraeve and co-workers reported the use of
aryl fluorosulfonates in Catellani-type reactions with orho-
alkylation/ipso-arylation.”” Using phosphine ligand-free con-
ditions with Pd(OAc), as the catalyst, the authors tested
different variations of aryl fluorosulfonates, alkyl halides and
aryl boronic acids (Scheme 7). The reaction worked best with
aryl fluorosulfonates bearing electron-withdrawing groups. A
model aryl fluorosulfonate was compared to the corresponding
aryl triflate, mesylate, bromide and iodide. It appeared that the
aryl fluorosulfonate and aryl triflate performed equally in this
Catellani reaction while the aryl mesylate was recovered
unconsumed. On the other hand, the aryl bromide gave a
slightly lower yield than the fluorosulfonate while the aryl
iodide afforded the desired product in low yield due to the
formation of a side product where a second molecule of aryl
iodide is coupled in place of the R® group.

Two-pot procedure
Pd(OACc); (5 mol%)

R' NBE (50 mol%) R!
OSO,F K,CO3 (6 eq. Ar
W Z 2 Br B(OH), 2CO3 (6 eq.) o
Ré— | + 7 + Ar” —_—>» R°— |
X R r X
H DMF,70°C,4h R®
11 12
Telescoped Fluorosulfonylation-Catellani reaction
R' 1) SO,F; (balloon), K,CO3 (2 eq.) R’
_ OH DMF, rt, 2 h _ Ar
R > R
H 2) R®Br (1.2 eq.), ArB(OH); (1.25 eq.) R?
1 Pd(OAc), (5 mol%) 12

NBE (50 mol%)
K,CO3 (6 eq.)
DMF,70°C,4 h

MeO.__O O OMe NO, O OMe
cl l l

78% 67%

nBu nBu

Scheme 7. Catellani reaction starting from aryl fluorosulfonate and one-pot
phenol fluorosulfonylation-Catellani reaction.
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Here also, the fluorosulfonate formation step and the
Catellani reaction could be efficiently telescoped (Scheme 7).
Thus, it is possible to directly access the product of the
Catellani reaction from a phenol derivative in a two-step one-
pot procedure.

These examples highlight that the aryl fluorosulfonate
formation from phenol and SO,F, followed by a metal-
catalyzed reaction in a one-pot process is very efficient and
attractive as it usually affords similar yields compared to the
two-step process and it is operationally simple.

3. Nucleophilic Substitution on SO,F,-Activated
Polyfluoroalkyl Alcohols

SO,F, also reacts with polyfluoroalkyl alcohols of type
RiCH,OH to form polyfluoroalkyl fluorosulfonates
(RgCH,0SO,F) in the presence of an appropriate base. As
mentioned above, fluorosulfonates can be seen as rather stable
triflate surrogates and therefore be engaged in nucleophilic
substitution reactions. In particular, they are of great interest
because many polyfluoroalkyl halides are low-boiling com-
pounds, and some of them are classified as ozone-depleting
substances (ODS), regulated by the Montreal protocol.”® The
nucleophilic substitution of polyfluoroalkyl fluorosulfonates
was first studied by Shreeve and co-workers in 1984.°”
However, in her study, amine and alcohol nucleophiles reacted
almost exclusively at the sulfur atom of trifluoroethyl
fluorosulfonate with S—F bond cleavage. When methanethiol
was used as a nucleophile a complex mixture was obtained,
with the main components being unreacted fluorosulfonate
and methyl 2,2,2-trifluoroethyl sulfide as the product of the
nucleophilic substitution in alpha position with regard to the
oxygen atom of the fluorosulfonate, i.e., the product of
triflate-like reactivity. These first results suggest that when
intending to use a polyfluoroalkyl fluorosulfonate as a triflate
surrogate, one should beware of the straightforward analogy as
reaction at the sulfur atom can also occur. Moreover, regarding
polyfluoroalkylation reactions, as reported by Hine and Brader
in 1953, the presence of fluorine atoms in alpha position with
regard to the electrophilic center significantly decreases the rate
of substitution reactions on alkyl halides.”™™ Switching from
CH,CH,Br to monofluorinated FCH,CH,Br the rate constant
of the substitution reaction of the alkyl bromide by sodium
thiophenolate in MeOH at 34.6°C was already decreased by
more than 7-fold (Scheme 8). Therefore N-polyfluoroalkyla-
tion reactions using polyfluorinated electrophilic species are
particularly challenging and thus also of great interest.

Sulfuryl fluoride and fluorinated alcohols are widely
available and economically advantageous, whereas the use of
triflates usually requires triflic anhydride, which is expensive
from an industrial point of view. Alternatively, and as
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H-CH,CH,Br + PhSNa %» PhSCH,CHy-H | = 182 + 3 x10% sec”'mol 'L
e

34.6°C
F-CH,CH,Br + PhSNa W PhSCH,CH2-F k=255 +0.2x10% sec’'mol'L
©!

Scheme 8. Comparison of the reaction rates for the nucleophilic substitution
of (fluoro)alkyl bromides by sodium thiophenolate.

mentioned above, polyfluoroalkyl halides can be used but
those are gaseous compounds, of which some are classified as
ozone-depleting substances (ODS). It should also be noted
that all the processes involving SO,F, described here do not
require strictly anhydrous conditions and the exclusion of air is
usually not necessary either.

3.1. Amino Group as Nucleophile
3.1.1. N-Polyfluoroalkylation of Alkylamines

In 2018, the group of Sammis reported the one-pot V-
fluoroalkylation of amines using sulfuryl fluoride. This method
could be applied to primary, secondary and benzylic amines.””
The fluoroalkylated products obtained with this strategy were
traditionally made from the corresponding iodides or sulfo-
nates, requiring additional synthetic steps and harsh reaction
conditions. The method was applied to polyfluoroalkylation
reactions with 2,2,2-trifluoroethanol, 2,2-difluoroethanol,
2,2,3,3,3-pentafluoropropanol and 2,2,3,3-tetrafluoropropanol
even though longer reaction times were required when
increasing the length of the fluorinated chains (Scheme 9, a).
The reaction between trifluoroethanol and SO,F, or
morpholine and SO,F, have similar rate constants as indicated

R OH
H DIPEA, SO,F, )
(a) R1N\RZ D ——— RF/\':"R
13 DMF, rt 14 R

R = CF3 or CHF,, CF,CF3, CF,CF,CF3

[o}
[o] 0/\ N H
LN cr, LN CRCR, NN CF OMe
HN___CF;
14a,67% 14b, 52% 14c, 50% 14d, 60%
Two different reactive intermediates
SO,F,
DIPEA as base
(b) R” OH R 0SO,F
SO,F,
o, 0
DBU as base Ng”
© R OH R N07> 0" R,

Scheme 9. N-Polyfluoroalkylation of alkylamines.
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by React-IR experiments. Therefore, in the standard V-
polyfluoroalkylation reaction conditions an excess of alcohol
(8eq.) was required to shut down the formation of
fluorosulfamide (—NSO,F) from the direct reaction of the
amino group with SO,F,. Besides trifluoroethyl iodide,
trifluoroethyl tosylate or trifluoroethyl mesylate were com-
pletely unreactive under their standard reaction conditions,
testifying for the interest of using fluorosulfonates. Finally, the
authors noted that when 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) was used as a base instead of N,N-diisopropylethyl-
amine (DIPEA), no reaction occurred. Indeed, it was shown
that bis-(trifluoroethyl)sulfate was exclusively formed and is
unreactive toward amine nucleophiles (Scheme9, b & ¢).
Trifluoroethyl fluorosulfonate was shown to be rather stable in
solution and, in particular, could be stored for up to one week
as a solution in dichloromethane (DCM). Finally, trifluor-
octhyl fluorosulfonate appeared to be more stable than
trifluoroethyl triflate when exposed to basic aqueous con-
ditions.

3.1.2. N-Polyfluoroalkylation of Imino-Thiazolidinones

The imino-thiazolidinone core is present in diverse biologically
active compounds, such as potential anticancer, antimicrobial,
anti-inflammatory,  anticonvulsant, and  hypertensive
agents.mo’m] In 2022, our group reported on the N-polyfluor-
oalkylation of ambident and weakly nucleophilic imino-
polyfluoroalkyl

thiazolidinones via  substitution with

fluorosulfonates.”

The main strategy to access imino-thiazolidinones is the
use of already N-alkylated thiourea synthons which are
subsequently reacted with chloroacetyl chloride.** However,
to introduce diversity on the nitrogen atom in a more efficient
manner, a direct N-polyfluoroalkylation reaction would be
much preferred. We thus focused our attention on the
development of a SO,F,-mediated method for the direct /V-
polyfluoroalkylation of imino-thiazolidinones. Because of the
poor nucleophilicity of both nitrogen atoms of imino-
thiazolidinones, the alkylation was anticipated to be signifi-
cantly hindered. In addition, the N-endocyclic (V-en) vs V-
exocyclic  (NV-ex) polyfluoroalkylation regioselectivity was
studied, giving that the substrate exhibits an ambident
reactivity.

After optimization of the reaction conditions, the targeted
N-en regioisomer was predominantly obtained using DIPEA
as base in V,N-dimethylacetamide (DMAc) at room temper-
ature for 17 hours. Besides, it is important to note that the V-
en products were always isolated as Z diastereomers
(Scheme 10).

Interestingly, DBU led to the completion of the reaction in
only 2 h with the same N-en:/V-ex ratio. This base had already
been investigated to increase the reaction rate of alkyl
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R2CH,OH (2.5 eq.)
RIN DIPEA (4 eq.) RlN Rl ~

N~ “R?
| SO,F; (balloon) |
3\)_\{” DMAc, it, 17 h s)\N/\RZ ’ S\fg
o o o

15 16, N-en (major) 17, N-ex (minor)

R = (hetero)aryl, CH,Ph, Me
R? = CH,CF3, CHyCHF 3, CH,CF,CF3, CHoCF,CHF,, i-Bu, propargyl, Me
Me0\©[0Me
N
|

Q,
A N
N S)\N/\ SJ\N’\ s)\N/\

CFs -y CFs |y CFs L CF,
0 o

<
S/IKN

[¢] (o]
16a, quant. 16b, 78% 16¢, 86% 16d, 74%
92:8 91:9 100:0 25:75 in DMAc

7:93 in toluene

©\N 16g, Rg = CF3, 86%, 85:15

/||\ 16h, Rg = CHF,, 77%, 93:7

< QL
< |
NN N

J\N,Me

§ NN s 8" N\ 16i, Re = CF,CFy, 55%, 81:19

\ { 3 \ { \_Q F16j, Re = CF,CHF,, quant., 95:5
0 0 o]

16e, 78% 16f, 93%

100:0 100:0

Scheme 10. Selected examples for the N-polyfluoroalkylation of imino-
thiazolidinone derivatives. Isolated yields and N-en:NV-ex ratios are reported.
Reproduced from ref. [62] Copyright (2022), with permission from the
American Chemical Society (ACS).

fluorosulfonates with diverse nucleophiles as we will show later

in this account.”

DBU being more expensive and toxic,
DIPEA was selected as base for the exploration of the scope.
Selected examples are depicted above to highlight the key
features and broad applicability of the method (Scheme 10).
First, it is worth mentioning that the regioselectivity of this
reaction is mainly controlled by the electronic effects of the
substituents on the aromatic ring R' attached to the exocyclic
nitrogen atom (Scheme 10). It was also brought to light that
steric effects have little or no impact on the regioselectivity of
the reaction (16a vs 16b). A nitro group in para position of
the R' phenyl ring (Scheme 10, 16¢) afforded exclusively the
N-en isomer in a good 86 % yield, highlighting once more the
strong electronic influence of the substituent on the regiose-
lectivity. Contrarily, electron-donating groups such as a meth-
oxy in ortho position led to a 36:64 ratio of regioisomers.
Adding another methoxy group in para position (Scheme 10,
16d) led to an even greater N-ex regioselectivity (25:75).
Using this same example, it was shown that switching the
solvent from DMAc to toluene led to an increased N-ex
selectivity with a 7:93 ratio. Electron-poor heterocycles like
pyridine as R' substituents in 16e yielded exclusively the N-en
product in 78 % yield. It is also remarkable that N-methylation
of 15f was accomplished in excellent yield and with full V-
endocyclic regioselectivity to afford 16f. Finally, comparing
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examples 16g to 16h, we can see that fluorinated chains
bearing a CHF, group lead to a higher N-en selectivity
compared to fully fluorinated ones (i.e., CF; or CF,CF;). This
could be due to the ability of the CHF, moiety to behave as
hydrogen bond donor with the amide thus favoring the
alkylation of the endocyclic nitrogen.

This work highlights for the first time that the SO,F,-
mediated N-polyfluoroalkylation of weakly nucleophilic nitro-
gen-containing compounds could be performed efficiently.
Furthermore, the method might be extended to other
nucleophiles as we will show in the following parts.

3.1.3. N-Polyfluoroalkylation of Sulfonamides

The sulfonamide functional group is commonly encountered
in the structure of active ingredients. In a report from 2008, it
was found that more than 110 commercialized drugs contain
at least one sulfonamide group, such as triafamone and
amprenavir, used as herbicide and HIV treatment respectively
(Scheme 11, a)."% Moreover, the metabolic stability of amino
groups attached to electron-withdrawing groups (EWG) is
greatly improved compared to their amine or aniline parent
compounds.”* Reported methods for the N-polyfluoroalky-
lation of sulfonamides generally relied on polyfluoroalkyl
halides or polyfluoroalkyl sulfonates which typically require an
additional step for their synthesis. Therefore, in 2023, our
group reported a general method for the SO,F,-mediated V-

(a) Sulfonamide groups in bioactive compounds

(o)

NH,
F R E
J\ 0 P ‘N/\(
wOH
Y
N N NH
T A LP
[o i ¢)
amprenavir, GSK
HIV treatment

OMe

triafamone, Bayer
herbicide (paddy rice)

(b) SO,F,-mediated polyfluoroalkylation of sulfonamides

Re” OH
SO, 0.0
0 0 Y 2
1:\30\ R Base _ R1’S‘N’R
R" N 64% - 95% yield L
R
18 19

R' = (Het)Ar, (Fluoro)Alkyl
R? = (Het)Ar, (Fluoro)Alkyl, SO,R, CO,R
Re = CF3, CF,H, CF,CHF,, CF,CF3

Scheme 11. Sulfonamide groups in bioactive compounds (a) and SO,F,-
mediated N-polyfluoroalkylation of sulfonamides (b).
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fluoroalkylation of sulfonamides from readily available fluori-
nated alcohols.””

Our study started by using the poorly nucleophilic
saccharin moiety (N=10.78 according to Mayr’s scale)”") as a
model substrate for the optimization of the reaction con-
ditions. This optimization mainly focused on the choice of the
base, which shows significant effect on the reaction outcome
for most SO,F,-alkylation processes reported to date.””*>¢>7%
Whereas DBU was very efficient for the MN-alkylation of

imino-thiazolidinone moieties, *?

we were surprised to see that
the same conditions gave only traces of the desired alkylated
saccharin. Replacing DBU by DIPEA and increasing the
temperature to 50 °C resulted in a great yield improvement up
to 95% with a mixture of N- and O-polyfluoroalkylation
products in a 61:39 ratio. Ultimately inorganic economic
bases were tested and K,COj; was selected in this method as it
showed higher selectivity for the N-alkylation which translates
into higher yields in the N-polyfluoroalkylation of sulfona-
mides (Scheme 11, b).

The optimal conditions were then applied to a large scope
of sulfonamides (Scheme 12). Modifications on the sulfonyl
part were well tolerated with both EDG (electron-donating
group)- and EWG-substituted benzenesufonyl derivatives as
well as the mesyl group. On the amino part, the study was
mainly focused on aniline derivatives. Here again, a large
variety of substituents were tolerated, including EDG, EWG
and sterically hindered groups with ortho substitution. The
scope was extended to various electron-rich heterocyclic amines
with good to excellent yields. However, electron-poor hetero-
cyclic amines or sulfonamides derived from alkylamines
afforded the expected products in poor yields.

3.1.4. Accessing N-Polyfluoroalkyl Anilines from N-
Polyfluoroalkylated Sulfonamides

We were then interested to see if the sulfonyl group of
sulfonamides could be cleaved to access the corresponding V-
polyfluoroalkyl anilines starting from N-polyfluoroalkylated
sulfonamides derived from anilines.”” There are already several
methods reported to access the latter compounds but, these
methods suffer from several limitations such as for example the

use of air-sensitive metal catalysts”>®"

or starting materials
that are expensive or even not commercially available.®” It
would thus be of high interest to access N-polyfluoroalkyl
anilines from easily synthesized N-polyfluoroalkylated sulfona-
mides.

For this purpose, 4-nitrobenzenesulfonamide substrates
were selected as the 4-nitrobenzenesulfonyl (nosyl) group is
easily cleaved via SyAr reaction, under mild reaction
conditions. Using thioglycolic acid as a nucleophile and
potassium carbonate as base in DMF, N-polyfluoroalkyl
anilines were efficiently obtained from N-polyfluoroalkylated

© 2023 The Authors. The Chemical Record published by The Chemical Society of Japan and Wiley-VCH GmbH

8518017 SUOWWIOD @A1ea.D 3|qeoljdde 8Ly Aq peusenob aJe sajone O ‘88N 40 Sejni 10} Arlq1T8UIUQ /8|1 UO (SUOI|PUOD-pUe-SWULIB)/W0D A 1M ATe.d 1 |BUI|UO//:SANY) SUORIPUOD PUe SWie | 8L} 89S *[£202/20/8T] U0 A%iqiT auljuo A8|IM ‘80Ul aueiyood Aq L0TO0EZ0Z 10Y/200T 0T/I0p/w0o A3 1mAreiq | puljuo//sdny Wwoiy papeo|umoq ‘0 ‘T6908ZST



Personal Account

THE CHEMICAL RECORD

RrCH,OH (2.5 eq.)

K2CO3 (4 eq.) \ 0
o SO,F, (ball 57
B \/’0 2 aloor) R N-R2
RTHN-R? DMAc, 50 °C, 17 h (
R
18 19
\\ .0

o
: \é/,

QO O QO @Q

O\\S\,,o
OO
O,N
z CF,

CO Me
19a, 68% 19b, 86% 19¢, 64% 19d, 88% 19e, 95% 19f, 77%
o, ,0 0,
20 199, Rr = CF3, 95% j /~s \‘s¢° co,Me %0  Me
‘N@c, 19h, Re = CHF, 89% / ©/ N _C( N N
on { 19i, R = CF,CFs, 78% < \0 o (=N
2 Re 19j, Rg = CF,CHF,, 46% CF, 2 CF,
19k, 85% 191, 79% 19m, 74% 19n, 85%

Scheme 12. Selected examples from the scope of N-polyfluoroalkylated sulfonamides.

Q.0 thioglycolic acid (4 eq.)
<\N_R2 K2CO; (8 €q.) HN-R?
O,N
) eF, DMF, 1t, 16 h CF,4
19 20
R ONH FsC ONH  F;C7 ONH FsC ONH  F,C” NH
\ N O
R \ .
S N-N,
\ X MeO,C Me
21 examples Me
82% to quant. 20a, 83% 20b, quant. 20c, 65% 20d, 38%

Scheme 13. Selected examples from the scope of N-polyfluoroalkylanilines.

sulfonamides. Anilines bearing either electron-donating or
electron-withdrawing groups are equally tolerated as well as
heterocyclic amines as depicted in Scheme 13.

3.1.5. N-Polyfluoroalkylation of N-Sulfonyl Carbamates —
Access to N,N-bis(polyfluoroalkyl)amines

The scope of the N-polyfluoroalkylation reaction of sulfona-
mides was also extended to N-sulfonyl carbamates with high
yields as depicted below (Scheme 14).7%

These compounds were then engaged in a second N-
polyfluoroalkylation reaction after Boc removal with TFA.
This second polyfluoroalkylation was also very efficient and
after nosyl cleavage, N,N-bis(polyfluoroalkyl)amines could be
obtained as hydrochloride salts in high yields (Scheme 14).

Chem. Rec. 2023, €202300107 (10 of 15)

3.1.6. N-Polyfluoroalkylation of Phthalimide — Accessing
Primary Polyfluoroalkylamines

The N-polyfluoroalkylation reaction of phthalimide was also
disclosed in the same article.” In this case, using DBU as base
at room temperature for 30 min was optimal to reach full
conversion and high yields (Scheme 15, a).

Four different fluorinated alcohols were tested and afforded
the products in good to quantitative yields. Phthalimide
alkylation mediated by SO,F, was also reported by Sammis
and co-workers but using only non-fluorinated alcohols.””
However, in their case, the phthalimide was used in excess
whereas we used the alcohol in slight excess and phthalimide
as limiting reagent. The reaction tolerates various primary and
benzylic alcohols but secondary alcohols led to poor results.

Then the phthalimide cleavage was performed with
hydrazine hydrate to afford primary polyfluoroalkylamines as
hydrochloride salts in excellent to quantitative yields

(Scheme 15, b).1”

3.2. Thiols & Thiophenols as Nucleophiles

Early reports from Shreeve and co-workers on the polyfluor-
oalkylation of thiols using trifluoroethyl fluorosulfonates
showed that this transformation was not very efficient. Indeed,
low conversions were observed, while the thiol nucleophile also
reacted on the sulfur atom of the fluorosulfonate, regenerating
detectable amounts of the fluoroalkyl alcohol presumably via
the S—O bond scission on the triflurorethyl fluorosulfonate.””

Therefore, in 2019, Sammis and co-workers got interested
in this reaction and reported a new SO,F,-mediated polyfluor-

oalkylation of thiols from simple polyfluorinated alcohols
(Scheme 16, 2)."?
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ReCH,OH (2.5 eq.)
Q.0 K2COj3 (5 eq.) Q.0

2
H\N—Boc SO,F; (balloon) _ \N—Boc
ON DMAG, 30 °C, 17 h ON <RF
21 22a, R = CF3, 88%
22b, Re = CHF, 91%
22¢, R = CF,CHF, 87%
22d, R¢ = CF,CF3, 86%
o} o}
0 57 " o R
I e ST e
O,N ( O,N ( , Re Rg'~
Re! Rf
23 24 25
CI CF,CHF, CI  cHF, Cl  cHF,
*H,N— *H,N— *HN—/
FsC—/ FsC— F3CF,C—
24a, 89% 24b, 90% 24c, 99%
25a, 28% (86%) 25b, 68% (85%) 25¢, 72% (92%)
cr  cF, CI" CF,CF,
*H,N— *H,N—
FsC— FsC—
24d, 94% 24e, 90%

25d, 59% (88%) 25e, 26% (83%)

Scheme 14. N-Polyfluoroalkylation of N-sulfonyl carbamates for the synthesis
of N,N-bis(polyfluoroalkyl)amines. ’F NMR yields are given in parentheses.
(i) Polyfluoroalkyl alcohol (2.5 eq.), K,CO; (4 eq.), SO,F, (balloon), DMAc,
50°C, 3 h. (ii) Thioglycolic acid (4 eq.), K,COj; (8 eq.), DMF, rt., 16 h. The
HCI salts were obtained after a liquid-liquid extraction followed by treatment
of the ethereal phase with a HCl solution in diethyl ether.

RrCH,OH (2.5 eq.)

o) DBU (4 eq.) o]
SO,F; (balloon) R
(@) NH  — N—
DMAc, 25 °C, 30 min
o) o]
26 27
[o) o] [o) o]
CF, CHF, CF,CF, CF,CHF,
N—/ N—/ N—/ N—/
[o) o o) o
27a, quant. 27b, 78% 27¢, 90% 27d, 63%
o) 1) NoH,.H,0 (1.5 eq.)
R EtOH, 70 °C, 3 h
b [ :I ::N_/ 5 NH,HCI
® 2) HCI (1 eq.) RF/_
Y .
27 28
/—NHzHCI /—NHzHCI /—NHzHCI /—NHzHCI
FiC F,HC F1CF,C F,HCF,C
28a, 83% 28b, 73% 28c, 72% 28d, quant.

Scheme 15. Scope for the phthalimide N-polyfluoroalkylation and cleavage
yielding primary N-polyfluoroalkylamines.

They discovered that when using DBU as a base during
the alcohol activation with SO,F,, a bis(polyfluoroalkyl) sulfate
reagent was formed instead of the polyfluoroalkyl fluorosulfo-
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Rg” O OH
DBU, SO,F,
(a) RSH —» RS” Re
DMF, 40 °C, 20 min
29 30

R = CF3, CF,CF3

Me
S._CF
S _CFs HO\H'S\/CF3 ~
S._CF3 3
H,N

30a, 58% 30b, 83% 30c, 76% 30d, 73%
S
L
R2 N R?
i DBU, SO,F, s, )R
(b) R'OH (:[ )—S
DMF, rt, 10 min N
-
Het
Sy ,Ph S, ,.Cl s
Het” ™t Het”™ ] Het” %Ph
30e, 81% 30f, 71% 30g, 58%, er: 99:1

Scheme 16. Selected examples of the S-(polyfluoro)alkylation of thiols,
thiophenols and benzothiazole thiols.

nate reported in all other SO,F,-mediated polyfluoroalkylation
reactions published at the time (see Scheme 9, ). This reagent
exhibits singular reactivity compared to the fluorosulfonate.
The bis(polyfluoroalkyl) sulfate was shown to react very
selectively with thiols in the presence of other nucleophilic
functional groups such as alcohol, carboxylic acid, pyridine,
aniline and alkylamine. Moreover, yields are greatly improved
for the alkylation of thiols compared to previous reports using
a fluorosulfonare.”” Last, the reaction is not sensitive to steric
hindrance nor electronic effects in the case of thiophenol
derivatives and works well in a large variety of solvents.

Competition experiments illustrate this strong selectivity of
this new reagent toward sulfur alkylation, while polyfluoroalkyl
fluorosulfonate is not selective (Scheme 17).

In 2020, Sammis and co-workers also reported the SO,F,-
mediated alkylation of benzothiazole thiol (Scheme 16, b)."”
This work differs from the one described above by the fact
that here, the alcohol is used as limiting reagent and only non-
fluorinated alcohols were tested. In this case, even secondary
alcohols were tolerated and enantiopure alcohols could be
inverted to sulfides with almost no erosion of the enantiomeric
ratio. Alkylation using non-fluorinated alcohols could also be
applied to thiophenols or 1-phenyltetrazole-5-thiol as nucleo-
philes. These were the first examples of a polyfluoroalkylation
process based on a bis(polyfluoroalkyl) sulfate as alkylating
agent. Here again, the one-pot SO,F,-mediated polyfluoroal-
kylation process shows outstanding practicability, efficiency
and robustness.
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Scheme 17. Competing experiments between a thiol and an amine as nucleophiles using trifluoroethyl fluorosulfonate (a) and bis(trifluoroethyl) sulfate (b) as

electrophilic species.

3.3. Phenols as Nucleophiles

Very recently, our group reported on the SO,F,-mediated
synthesis of polyfluoroalkyl aryl ethers from fluorinated
alcohols.™ While most previously reported, processes for the
polyfluoroalkylation of phenols require harsh conditions (high
temperature, strong base, metal catalyst), the present method
involves mild conditions and a short reaction time (30 min).
There was only one example of SO,F,-mediated alkylation of a
phenol reported by Sammis and co-workers, using a non-
fluorinated alcohol.®’ Applying these conditions to the model
substrate o-nitrophenol with trifluoroethanol as alkylating
agent led to a low conversion. The reaction conditions were
optimized by tuning the number of equivalents of each reagent
and increasing the temperature to 40°C. Moreover, the
fluorinated alcohol and the base (DBU) were added slowly via
a syringe pump while SO,F, was regularly added over the
reaction time (Scheme 18).

Different fluorinated alcohols could be used as well as a
variety of EWG-substituted phenol substrates. Phenols that are
too electronically enriched react preferentially with sulfuryl
fluoride leading mainly to the formation of the aryl fluorosul-
fonate. Non-fluorinated alcohols were also well tolerated with
a 95% yield using EtOH and most impressively 79% yield
from a secondary alcohol, namely isopropanol. As one could
expect, no product was formed from tert-butanol. Finally, the
reaction could also be scaled up to 1 g without significant yield

drop.

3.4. Carbon Nucleophiles

The use of C-nucleophiles in SO,F,-mediated alkylation
established than for the other
nucleophiles presented above, and only a few examples are

reactions is much less
known to date. As previously mentioned, in 2020, Sammis
and co-workers published the SO,F,-mediated substitution of
aliphatic alcohols with various nucleophiles.[“] Among them, a
few carbon nucleophiles were found to be compatible
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Scheme 18. Selected examples of the O-polyfluoroalkylation of phenols.

substrates. Using the same conditions that were applied to
phthalimide and benzothiazole thiol in this same report, three
activated-methylene compounds were alkylated in moderate
yields (Scheme 19, a).

In 2021, Sammis and co-workers reported an improved
scope, including those C-nucleophiles, for the one-pot SO,F,-
mediated activation and substitution of alcohols (Scheme 19,
b).® For this purpose, the formed fluorosulfonate was
converted i situ to a corresponding alkyl halide with TBAX,
and consecutively reacted with the appropriate nucleophile.
The conversion of the fluorosulfonate was fast (within 12 min)
and allowed to overcome the limitations associated with the
limited stability of non-fluorinated alkyl fluorosulfonates.
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Scheme 19. SO,F,-meditated C-alkylation of activated methylene-type nucle-
ophiles.

Under these conditions, improved yields could be obtained
with C-nucleophilic substrates that were already alkylated with
alkyl fluorosulfonates in the standard procedure. Diethyl
malonate which was unsuccessful with the previous method
could be alkylated in 54 % yield whereas compound 35 d was
obtained in a good 83 % compared to the 52 % yield with the
previous method.

However, at the present time, the scope of C-nucleophiles
in alkylations by fluorosulfonates remains extremely limited.

4. Summary and Outlook

In this account we have discussed recently developed methods
using activation by sulfuryl fluoride. Even if sulfuryl fluoride is
a toxic gas, it has the strong advantage to be non-flammable
and non-corrosive. In our research work in collaboration with
Bayer we seek robust, safe, scalable and economical method-
ologies. The activation of widely available alcohols or phenols
by means of SO,F, fulfills these criteria while these reactions
can generally be achieved in one pot with yields comparable to
those of the two-pot processes. In view of the wide availability
of phenols, the use of aryl fluorosulfonates in metal-catalyzed
reactions is highly advantageous. Regarding polyfluoroalkyla-
tion reactions described above, fluorosulfonates are an
attractive alternative to triflates, that are too expensive in an
industrial setting, but also to polyfluoroalkyl halides, several of
which are classified as ozone-depleting substances (ODS).
Moreover, except for the metal-catalyzed transformations,
most of the methodologies described in this account do not
require the use of strictly anhydrous solvents nor the exclusion
of air from the system. As shown in this account, the use of
aryl fluorosulfonates in various chemical transformations, as
well as V-, O- and S- (polyfluoro)alkylation reactions have

Chem. Rec. 2023, €202300107 (13 of 15)

been growing very fast in the last few years. Furthermore,
fluorosulfonates are versatile reagents that can be involved in a
large variety of reactions. However, the reaction of SO,F,-
activated (polyfluoro)alkyl alcohols with most C-nucleophiles
remains a challenge that should be addressed in the future.
Metal-catalyzed transformations of alkenyl fluorosulfonates are
also underdeveloped and could open access to numerous
highly valuable products. Finally, for transformations of both
aryl and alkenyl fluorosulfonates, catalysts based on non-
precious metals are highly desirable while most reported
methods to date involve the use of palladium catalysts.
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