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Herein, we demonstrate two complementary strategies for the
syntheses of sulfonyl fluorides using sulfonic acids and their salts.
One strategy involves the conversion of sulfonic acid sodium salts to
sulfonyl fluorides using thionyl fluoride in 90-99% yields in one
hour. Lessons learned from the mechanism of this reaction also have
enabled a complementary deoxyfluorination of sulfonic acids using
Xtalfluor-E® — a bench stable solid — allowing for the conversion of
both aryl and alkyl sulfonic acids and salts to sulfonyl fluorides in
41-94% yields. Notably, using Xtalfluor-E® enabled milder condi-
tions and the use of both sulfonic acids and their sodium salts.

Sulfonyl fluorides have been widely adopted as a novel set of click
reagents since their introduction by Sharpless in 2014." The
functional group is valuable due to its widespread applications
in polymer chemistry, surface modifications, catalysis,” and as
precursors in the formation of additional sulfur(vi) species.”” In
addition to its impact on synthesis, sulfonyl fluorides have found
important applications as biological probes and protein
inhibitors.” Their high desirability across many scientific fields
has instigated a robust development of synthetic strategies to
access sulfonyl fluorides, including from sulfonamides,> thiols
and disulfides,® sulfonyl hydrazides,” sulfinic acids,” Grignard
reagents,® arynes,’ aryl halides,"® carboxylic acids,"* and diazo-
nium salts.”> Despite these innovations, an underexplored
synthetic approach to sulfonyl fluorides has been to employ
sulfonic acids. This strategy enables access to sulfonyl fluorides
from stable, readily accessible S(vi) compounds without involving
oxidation, reactive intermediates, or specialized compounds like
sulfonamides or hydrazides.>” Current strategies toward the con-
version of sulfonic acids to sulfonyl fluorides require two- step
processes involving the in situ formation of sulfonyl chlorides
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(Scheme 1). Recent advances using this approach include a one-
pot, two-step protocol, forming the sulfonyl chloride using
trichloroacetonitrile'® or cyanuric chloride' before Cl™/F~ halo-
gen exchange. While an improvement over the two-pot procedures,
these strategies either are restricted to aryl sulfonic acids or require
long reaction times (24 h). Furthermore, neither method was
successful when using with electron poor substrates.

An alternative deoxyfluorination approach that uses a
reagent to both activate the sulfonic acid and provide a fluoride
source would enable the direct access of sulfonyl fluorides from
sulfonic acids and salts in a single step (Scheme 1). Efforts
toward this direct deoxyfluorination strategy have been limited.
Recently, 1,1,2,2-tetrafluoroethyl-N,N-dimethylamine'®>  has
been employed with only a single substrate, and a method that
uses carbonyl fluoride® as the reactive intermediate was only
demonstrated with five substrates. Liskamp and coworkers
have also demonstrated the ability of amino sulfur(iv) fluorides,
including DAST, Xtalfluor-E®, and Xtalfluor-M® to access a few
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Scheme 1 Strategies to access sulfonyl fluorides from sulfonic acids.
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sulfonyl fluoride inhibitors. However, yields were limited, and
the reactions required heating reaction solutions at reflux contain-
ing HF and sulfonic acids over long reaction times."” Collectively,
these examples highlight the challenges of using sulfonic acids to
make sulfonyl fluorides via deoxyfluorination, and the need for
new methodologies. Herein, we demonstrate two complementary
strategies toward sulfonyl fluorides directly from sulfonic acids
and their salts using mild reaction conditions.

We began our investigation by exploring the use of thionyl
fluoride — SOF, - in the deoxyfluorination of sulfonate salts.
Thionyl fluoride has recently been reported in a rapid deoxy-
fluorination of carboxylic acids to form the corresponding acyl
fluorides."® Notably, thionyl fluoride is believed to activate
carboxylic acids via acyl fluorosulfinate intermediates, facilitating
rapid conversion to the corresponding acyl fluoride. Importantly,
thionyl fluoride gas can be generated in situ in the amounts
needed using readily available bench-stable reagents. We
hypothesized that thionyl fluoride could also be used to activate
more challenging sulfonic acid derivatives toward sulfonyl
fluorides.

Our studies began by treating pyridinium p-toluenesulfonic
acid with a solution of thionyl fluoride in acetonitrile due to the
solvent’s previously reported effectiveness in the deoxyfluorination
of carboxylic acids (Table 1, entry 1)."* No product was detected,
and 4-methylbenzenesulfonic anhydride was observed as the
exclusive product. Changing the reaction solvent to DMF in order
to access similar intermediates reported in the COF,-mediated
synthesis of sulfonic acids'® led to no reaction at 80 °C (entry 2),
but the desired product was formed in 48% yield when the
reaction was heated to 115 °C (entry 3). Elevating the temperature
further to 130 °C increased the formation of 3b to 92% yield.
Increasing the amount of thionyl fluoride to 3 equivalents afforded
the desired sulfonyl fluoride (3a) in 98% yield in only 1 hour (entry
5). Sodium salt derivatives, which represent the most accessible
source of sulfonic acids, generally afforded low yields (entry 6). To
increase the yield, BF;-OEt, was added as it has been shown to
increase the electrophilicity of sulfur(iv) reagents.'® Gratifyingly, 3a
was formed in quantitative yields by '°’F NMR in 1 hour (entry 7).>°

Table 1 Optimization of thionyl fluoride mediated deoxyfluorination

o 0 i o 0
\V/ SOF,, additive \/
Y/ ® 2 N
/©/ X T, solvent, 1 h /©/ F
4a 3a
Entry X Additive Solvent T (°C) SOF, equiv.” Yield (%)
1 Pyridinium — MeCN 80 2 o’
2 Pyridinium — DMF 80 2 0
3 Pyridinium — DMF 115 2 48
4 Pyridinium — DMF 130 2 92
5 Pyridinium — DMF 130 3 98
6 Na — DMF 130 3 25
7 Na BF;OEt, DMF 130 3 99

Yields determined by 'F NMR spectroscopy at 0.25 mmol. “ Equivalents
of thionyl fluoride gas dissolved in DMF. ? Only 4-methylbenzenesulfonic
anhydride was detected by "H NMR spectroscopy.
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With our optimized protocol in hand, the substrate scope
was investigated with a range of aromatic and aliphatic acids
(Table 2). Alkyl substitution had no effect on the reaction, with
3a-3c all proceeding in near-quantitative yield. Similarly, the
reaction was largely insensitive to electron rich and electron
poor phenyl derivatives (3d-3g) Notably, this is the highest
reported yield for 4-nitro derivative (3g) by any method without
direct halogen exchange from sulfonyl chloride.*" Naphthylsul-
fonyl fluoride 3h was also synthesized in quantitative yield.
Pyridine sulfuryl fluoride 3i was only synthesized in 14% '°F
NMR yield, and significant quantities of the respective sulfonic
acid anhydride were observed. Similarly, sulfuryl fluoride deri-
vative 3j could not be synthesized by this method.

Significantly, we found our optimized protocol could also be
applied to the synthesis of aliphatic substrates with products
3k-31 produced in >92% yield, as determined by ’F NMR
spectroscopy. There are also few methods to make short chain
sulfonyl fluorides with ease without going from a sulfonyl
chloride. This method shows a higher yield for pentyl derivative
3k compared to the only existing method for this substrate.™

We next investigated the role of DMF in our optimized
reaction. Heating a solution of thionyl fluoride dissolved in
DMF to 130 °C resulted in the formation of FSO, ", indicated by
a signal at +36 ppm by '°F NMR spectroscopy.>” The presence of

Table 2 Thionyl fluoride-mediated deoxyfluorination of sulfonic acids

SOF, (3 equiv.)
AL BF3OEt, (2equiv) 9,0
~Svo G)x RSNE
4 DMF, 130°C 3
1h
Aromatic
\\S// O\\S//O O\\S/P \//
o &)
3a 3b 3c 3d
94% (98%) 94% 98% 99%
C{\// \\//o

QP
cl o
3e

o Ve
S\F S\F
O,N” :
39

80%2

3f

3i 3j :
(14%)? 0%)2 '
[ Unsuccessful Substrates JI
Aliphatic
o 0
Y C{\S//O N
NN ~E
F F
™
3k 31 O 3m

90%® 95%2

Isolated yields of sulfonyl fluorides are reported using a 0.5 mmol of
sulfonic acid sodium salt. '°F NMR yields are reported in brackets.
“ Isolated yields are reported using 0.5 mmol of pyridinium sulfonic
acid. ? Yield adjusted for 91% due to residual diethyl ether content.

This journal is © The Royal Society of Chemistry 2023
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Scheme 2 Working mechanistic models.

FSO,  confirmed that deoxygenation of DMF was occurring
within our reaction system forming either compound 5 or 7
(Scheme 2a).

Conversely, heating a solution of thionyl fluoride dissolved
in chlorobenzene - a solvent with sufficiently high polarity and
a boiling point comparable to DMF - to 130 °C in the presence
of pyridinium p-toluene sulfonic acid afforded no detectable
product by ">F NMR spectroscopy, and only anhydride 9 was
detected (Scheme 2b). The similarly poor product yield using
acetonitrile in the initial reaction optimisation (Table 1, entry
1), in which 9 was the exclusive product, suggest that inter-
mediate 8 (Scheme 2b) is selectively formed in the absence of
DMTF. Another equivalent of a sulfonate salt can then react with
the S(iv) center of intermediate 8, reforming 8, or it reacts with
the S(vi) center to form sulfonic anhydride 9.

When DMF is used as a solvent, it reacts with SOF, to
presumingly form intermediate 5 (see ESIt). Intermediate 5,
or Vilsmeier-like intermediate 7 may then react with the
sulfonic acid in solution to form a DMF-activated sulfonic acid
before subsequently reacting with free fluoride to afford the
desired sulfonyl fluoride (Scheme 2a).

We were intrigued by intermediate 7 given its similarity in
structure to the non-gaseous, deoxyfluorinating agents
Xtalfluor-E® (10) and Xtalfluor-M® (a morpholine derivative
of Xtalfluor-E®).* We hypothesized that a sulfonate could add to
Xtalfluor-E® (10) generating a species akin to 6 (intermediate 11)
that could undergo addition of fluoride to give a sulfonyl fluoride
3. (Scheme 2c). Although the reagents were previously reported to
form sulfonyl fluorides using harsh reaction conditions, we were
optimistic that using the Xtalfluor salts under our optimized
protocol may afford a more practical method.

Using our previous protocol with Xtalfluor-E®, sulfonyl fluor-
ide (4a) was successfully formed in 80% yield using pyridinium

This journal is © The Royal Society of Chemistry 2023
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Table 3 XtalFluor-E/M®™ acid sources

0\\ //O Xtalfluor salt, additive C{\ //O

s_© S
X

4a 3a

T, solvent, 1h

Entry X Additive Solvent T (°C) Xtalfluor salt Yield” (%)
1 Pyridinium — DMF 130 E 80
2 Pyridinium — MeCN 1t E 92
3 H® Pyridine MeCN 50 E 30
4 Na NaF MeCN 50 E 91
5 Na NaF MeCN 50 M 92

“Yields determined by '°F NMR spectroscopy at 0.25 mmol. ? The
monohydrate of the acid was used.

acid and DMF as a solvent (Table 3, entry 1). Notably, the yields
improved to 92% when the reaction was performed at room
temperature in acetonitrile (entry 2), which offers a milder
approach to previously reported methods."” Similar to our reac-
tion trials with thionyl fluoride, the yields of 4a were significantly
reduced when sulfonic acid sodium salts were tested (entry 3);
however, the addition of sodium fluoride and an increased
temperature circumvented this issue and led to the formation
of 3a in 92% yield in under 1 hour (entry 4). The reaction was
equally efficient when Xtalfluor-M® was utilized (entry 5).
However, we continued our study using Xtalfluor-E® due to its
lower cost.**

Xtalfluor-E® was successful with all the tested aromatic
sulfonic acids, affording similar yields to thionyl fluoride
(between 42 and 100%) by 'F NMR spectroscopy (Table 4).
The reaction was more sensitive to electronic effects compared
to the thionyl fluoride-mediated approach, where electronically
rich systems (e.g. 3a, f) afforded up to quantitative yields by '°F
NMR spectroscopy. Conversely, electronically poor substrates,
such as 3g and 3n, required longer reaction times. The com-
paratively lower isolated yield of 3g is due to its poor solubility
in MeCN. Additionally, most alkyl and some benzyl substrates
required extended reaction times. Unlike thionyl fluoride, hetero-
atomic substrate 30 was tolerated well under the optimized
conditions, affording 71% isolated yield. We next tested aliphatic
substrate pentanesulfonic acid (3k). However, pentene was
identified as the major product.”® Longer-chain aliphatic sub-
strates, such as 31, prevented the formation of the discovered
alkenes, affording excellent isolated yields in 94% with extended
reaction times.

Compared to existing methods, the Xtalfluor-E® deoxyfluorina-
tion of aromatic sulfonic acids under our optimized conditions
displayed milder reaction conditions in expedited timeframes.
Furthermore, the salts are easy to access, store and handle. This
method provides an excellent alternative route to access versatile
sulfonyl fluoride moieties.

Overall, we have demonstrated two separate methods for
accessing sulfonyl fluorides utilizing the sulfur (iv) oxidation in
sulfur fluoride reagents thionyl fluoride and Xtalfluor-E®.
Thionyl fluoride was found to be highly effective in the deoxy-
fluorination of both aliphatic and aromatic substrates, where
further investigations found the successful reaction was a result

Chem. Commun., 2023, 59, 555-558 | 557
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Table 4 Xtalfluor-E®-mediated deoxyfluorination of sulfonic acids and
sulfonate salts

0p . kel

NaF, Pyridine (1 equiv.) 0 0
N4 + N - -, \\S//
1 BF.
R” ™ONaH S % MecN(25M),50°C, 1hr R~ F
FOF
Aromatic
o 0
o\\ //o O\\ //O \\S// o\\ Y
/©/ N ©/5\F /©/ N /©/ S ]
[¢] O cl
3a 3b 3d 3e
63% (95%) 73% 78% 82%

RV AV AV RV
o ON FsC
3f 3g 3h 3n
66% 41%2 80% 89%°
O\\//O o O 0 OyN
S S NY o 0 o 0
SEOQw S N N\
< N F S s’
N H F F
3o 3p 3q 3r
70% 42%2 82%° 64%
Br. e
O\\ //O ; Aliphatic o o
S<p i \Y;
NG G\
3s ! F
71%2 ' 3l

Isolated yields of sulfonyl fluorides are reported using a 0.250 mmol of
sulfonic acid or sulfonate salt. Pyridine was used with all sulfonic acids
and NaF was used with all sulfonate salts (see ESI). "°F NMR yields are
reported in brackets. Some reactions were run for extended periods,
either “16 hours, 23 hours, or ¢8 hours.

®

of a novel DMF-activated intermediate. The use of Xtalfluor-E
was subsequently demonstrated to offer competitively high
yields in the conversion of aromatic sulfonic acids across a
diverse array of electronically rich and poor substrates. This
alternative method offers an additional approach to access
sulfonyl fluorides using a solid, bench-stable reagent with
significantly milder conditions and ease-of-handling compared
to thionyl fluoride and current reported methods.
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