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Sulfonyl fluorides (SFs) have been identified and utilized in the
realms of biology, pharmaceuticals and functional molecules
for their unique stability-reactivity balance.® Owing to the rela-
tively low reactivity toward nucleophilic substitution and the
exclusive heterolytic property, SF electrophiles are privileged
motifs in the selective covalent interaction with context-specific
amino acids or proteins for diverse applications (Fig. 1).> For
example, Murthy and co-workers disclosed that 2-nitro-
benzenesulfonyl fluoride (NBSF, Fig. 1) was effective at killing
Gram-negative bacteria, where the SF group could possibly react
with target proteins directly or via an intermediate.® By holding
a compatible electrophilicity, SFs have found remarkable utility
as covalent probes in chemical biology, which enable the effi-
cient targeting of active-site amino acid residues.>* Meanwhile,
through the reaction of SFs with active site amino acids to
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Fig. 1 Representative sulfonyl fluoride-containing molecules with
significant biological values.
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A facile cascade process for directly transforming the abundant and inexpensive sulfonates (or sulfonic
acids) to the highly valuable sulfonyl fluorides was developed. This new protocol features mild reaction
conditions using readily available and easy-to-operate reagents. A diverse set of sulfonyl fluorides was
prepared facilitating the enrichment of the sulfonyl fluoride library.

inactivate these enzymes, the corresponding SF-type protease
inhibitors could be developed.® The commonly used serine
protease inhibitors include (2-aminoethyl)benzenesulfonyl
fluoride (AEBSF, Fig. 1), of which the hydrochloride salt is called
Pefabloc®.>*¢ In addition, the diagnostic value of SF in '®F-
labelled biomarkers in positron emission tomography has
also drawn much attention, such as the application of [**F]4-
formylbenzenesulfonyl fluoride ([**F]FBSF, Fig. 1) as a radio
labeling synthon.*

Despite the versatile findings on the utility of SFs, the efforts
toward their synthesis often encountered sluggishness. The
most common method involves a chlorine-fluorine exchange of
arenesulfonyl chloride in the presence of aqueous solution of
KF’ or KHF, (ref. 8) (Scheme 1a). A more efficient system could
be achieved with phase transfer catalyst including KF and 18-
crown-6-ether in acetonitrile.” However, the generated sulfonyl
chloride intermediates as very reactive electrophiles, are easily
subjected to nucleophilic attack without selectivity thus are
considered as poor candidates in the synthetic sequence of
complex molecules. To alleviate this issue, a pd-catalysed
strategy through the insertion of SO, to Ar-X for assembly of
ArSO,F was introduced (Scheme 1b).*® As a continuation of our
search for general and practical protocols for the synthesis of
sulfonyl fluoride motifs," we attempted to use the stable and
readily available sulfonates as starting material. In fact,
a successful exploration on sulfonate as raw material has been
conducted by Sharpless and co-workers, unveiling a two-step
synthesis of SFs comprising the initial preparation of sulfonyl
chloride by reacting sulfonate with chlorosulfuric acid, and
subsequent chlorine-fluorine exchange to form S¥'-F,** whereas
the use of toxic chlorosulfuric acid inevitably raises the safety
risk. On the other hand, DAST (diethyl amino sulfur trifluoride),
XtalFluor-M (difluoro-4-morpholinylsulfoniumtetra-
fluoroborate) and related reagents were also reported for fluo-
rination reactions, however, these reagents have rarely been
successfully applied for the synthesis of sulfonyl fluorides.'>**
Comparing with DAST, KHF, is an inexpensive, stable, and
industrially applicable chemical acting as both nucleophile and
buffer for the preparation of sulfonyl fluorides.*>** Herein, we
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Scheme 1 Strategies for the assembly of sulfonyl fluorides.

report the transition-metal-free one-pot synthesis of SFs from
sulfonates in the presence of cyanuric chloride and KHF,
(Scheme 1c). Phase transfer catalyst tetra-n-butylammonium
bromide (TBAB) was selected for the transformation of sulfo-
nates, while tetramethylammonium chloride (TMAC) was used
for the case of sulfonic acid.

The preparations of SFs from sulfonate salts'®'*'* are rarely
reported and could date back to Kulka's work over sixty years
ago (or even earlier), and therein chlorosulfuric acid (occa-
sionally oxalyl chloride) is essential for the provisional forming
of $V'-Cl, followed by chlorine-fluorine transformation in
a separated step to produce SY-F. The chlorination process is
regarded as the pivotal step, which normally requires harsh
conditions. From a practical point of view, the convenient
handling of the stable and nontoxic raw materials is particularly
advantageous. Therefore, our focus is addressed on the efficient
transformations of sulfonate with readily available and easy-
handling reagents to install SF group. Cyanuric chloride (2) is
usually used as an alternative to oxalyl chloride in the Swern
oxidation," which may also be effective in the preparation of
sulfonyl chloride. To verify this hypothesis, our preliminary
study was set out for reaction condition screening (Table 1).
Various quaternary ammonium salts, such as tetrabutylammo-
nium iodide (TBAI), tetrabutylammonium acetate (TBAA), tet-
ramethylammonium chloride (TMAC) and TBAB, were tested as
catalysts for the reaction of sodium 4-methylbenzenesulfonate
(1a) with 2 in acetonitrile (entries 1-7, Table 1). The addition of
reagents was divided into two steps according to the reaction
nature. Notably, the fluorine source was introduced directly
after quenching the system to room temperature without any
additional separation or purification. The maximum HPLC
yield of 74% were observed for TBAB with a broad range of
amount (5.0% to 20%). Interestingly, when the single solvent
acetonitrile was replaced with dual-solvent of acetonitrile and
acetone (1 : 1v: v), the yield of 3a was improved to 86% (entry 8,
Table 1). In spite of the significant promotion effect of “on

water” phenomenon for bifluoride-involved fluorination

13864 | RSC Adv., 2019, 9, 13863-13867

proposed by Sharpless,*® it seems that the present system is also
feasible (the detailed study of solvent screening can be found in
ESIt). Then, a series of fluoride salts as F~ source were
screened. To be expected, potassium bifluoride showed supe-
rior activity compared to other fluoride salts (entries 8-11, Table
1), which may be attributed to the strong nucleophilicity of the
bifluoride anion [F-H-F|, but a minimum amount of 5 mol%
was required (entries 12-14, Table 1). Thus, it can be concluded
that the optimal condition refers to 5 mol% of TBAB, 3.0
equivalent of KHF,, acetonitrile/acetone (v:v 1:1), 1.1

Table 1 Reaction condition screening®

SO3Na Pe cat., CH;CN, 60 °C,12 h SO,F
* )‘\ Pz then F source, acetone,
Cl N Cl rt, 12h
1a 2 3a

Entry Cat. (mol%) F (eq.) Yield (%)
17 TBAI (20) KHF, (5.0) 12

2? TBAA (20) KHF, (5.0) 17

3b TMAC (20) KHF, (5.0) 70

4? TBAB (20) KHF, (5.0) 74

5° TBAB (10) KHF, (5.0) 74

6” TBAB (5.0) KHF, (5.0) 74

7° TBAB (3.0) KHF, (5.0) 60

8 TBAB (5.0) KHF, (5.0) 86

9 TBAB (5.0) CsF (5.0) <10
10 TBAB (5.0) KF (5.0) 82

11 TBAB (5.0) CuF, (5.0) Trace
12 TBAB (5.0) KHF, (8.0) 87

13 TBAB (5.0) KHF, (3.0) 86

14 TBAB (5.0) KHF, (2.0) 58

“ Reaction conditions: 1a (0.2 mmol), 2 (0.22 mmol, 1.1 eq.), CH;CN (1.0
mL), acetone (1.0 mL). Yields were determined by HPLC using 4-
methylbenzenesulfonyl fluoride (3a) as the external standard.
b CH,CN (2.0 mL) as the single solvent.

This journal is © The Royal Society of Chemistry 2019
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equivalent of 2 and a grading temperature system (60 °C for
chlorination step and r.t. for fluorination step).

With the optimized conditions in hand, we next examined
the substrate scope of sodium sulfonate (Table 2). To be
delighted, both the electron-donating (3a, 3¢, 3d, 3e) and
electron-withdrawing groups (3f) were tolerated with the
present strategy, however, the existence of nitro group obviously
suppressed the yield (3f, 45%). It has to be mentioned that the
arylsulfonate containing electron withdrawing groups such as
3,5-bis(methoxycarbonyl), 3-cyano and 2-trifluoromethyl failed
to generate the corresponding products (3k, 31 and 3m) under
this condition. The steric hindrance effect was not obvious,
even for trimethyl-substituted sulfonate (3d).

Naphthalene sulfonates were successfully converted to the
corresponding SFs with moderate to good yields (3g, 3h), but
the transformation of naphthalene-1-sulfonate required more
catalyst and higher reaction temperature in the chlorination
process. Importantly, the synthesized pentane-1-sulfonyl fluo-
ride (3j) was found to be an efficient inhibitor of lipoprotein
lipase.™ The potency of the inhibitors decreased as the chain
length decreased,'*'” which means nonane-1-sulfonyl fluoride
(3i) bearing a longer chain can also be a potential candidate as
lipoprotein lipase inhibitor. Moreover, the present strategy
shows superior efficiency compared with Kokotos' work'
wherein 10-fold molar excess of anhydrous sodium fluoride was
required under refluxing acetone.

To evaluate the influence of different cations for the effi-
ciency of this new protocol, a series of sulfonate salts containing
various cations were examined. As shown in Table 3, the
common sulfonate salts of monovalent potassium, lithium and
silver were smoothly converted to 3a with moderate to good
yields (1k-1m). Meanwhile, the nonmetallic sulfonate salts of

Table 2 Substrate scope screening of sodium sulfonate®

Cl TBAB (5 mol %)
CH3CN (0.2 M), 60 °C, 12 h
RSO;Na + NN RSO,F
/l _ then KHF, (3.0 eq.)
Cl N Cl acetone (0.2 M), rt, 12h
1 2 3

: SO,F : SO,F : SOF SO.F

3a, 85%

SOF SOF
/©/802F 2 SOZF
NO,

3b, 72% 3¢, 90% 3d, 94%

3e, 64%° 3f, 45% 3g, 64%°° 3h, 93%
o
~o SOF SOF SO,F
ey o T
! : & CF,
o Yo
3i, 83% 3j, 68%° 3k, N.D¢ 3,ND! 3m,N.D.¢

“ General conditions: 1 (2.0 mmol), 2 (2.2 mmol), TBAB (32.2 mg,
5 mol%), CH;CN (10 mL, 0.2 M); KHF, (468 mg, 3.0 eq.), acetone (10
mL, 0.2 M), isolated yields. ” Additional 3 h at 70 °C was required
after reacting at 60 °C for 12 h. © TBAB (128.8 mg, 20 mol%). ¢ ND =
not detected.

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

Table 3 Substrate scope screening of sulfonate salts”

al TBAB (5 mol %)
)\ CH4CN (0.2 M), 60 °C, 12 h
(ArSOg ), L NTN ArSO,F
| then KHF; (3.0 eq.)
~
cl N Cl acetone (0.2 M), rt, 12h
1 2 3

: SO,Ag

1p (3a, 95%)

/©/s03u

10 (3a, 50%)

/©/ -

1n (3a, 85%)

: SO4NH,

1q (3a, 84%) 1r (3a, 92%)

Jegitaiealidien

1s (3a, 15%P)

Zn2*

1t (3a, 11%°) 1u (3a, 2%P)

“ General conditions: 1n-1r (2.0 mmol), 2 (2.2 mmol), TBAB (32.2 mg,
5 mol%), CH;CN (10 mL, 0.2 M); KHF, (468 mg, 3.0 eq.), acetone (10
mL, 0.2 M); 1s-1u (0.2 mmol), 2 (0.44 mmol), TBAB (6.4 mg,
10 mol%), CH;CN (1 mL, 0.2 M); KHF, (93.6 mg, 6.0 eq.), acetone (1
mL, 0.2 M). In the bracket shows the corresponding product and its
isolated yield. ” Yields were determined by HPLC using 4-
methylbenzenesulfonyl fluoride (3a) as the external standard.

ammonium and tertiary ammonium, patented for internal and
external antistatic agents for non-conducting organic mate-
rials,*® were also successfully transformed to 3a with good yields
(1n, 10). Nevertheless, the sulfonate salts of divalent metals,
such as calcium, magnesium and zinc, were only slightly reac-
ted, resulting in poor yields (1p-1r). The lower yields of the
corresponding sulfonyl fluorides from the sulfonate salts of
divalent metals may be attributed to the stronger coordination
ability of the divalent salts comparing to their monovalent
conterparties,” and the stronger coordination ability is not
favourable for the preliminary formation of arylsulfonyl chlo-
rides prior to generating sulfonyl fluorides.

In our attempt to expand the substrate scope, we observed
that TBAB as catalyst was not able to give satisfactory yield of SF
from sulfonic acid under standard conditions (the detailed
catalyst screening can be found in ESIt). Upon extensive study,
we were pleased to find that the use of 5 mol% of tetramethy-
lammonium chloride (TMAC) allowed the transformation of
sulfonic acid to the corresponding sulfonyl fluorides effectively
and efficiently. As demonstrated in Table 4, a series of aryl SFs
bearing electron-donating groups were obtained with moderate
to good yields (3a-3c, 3e). The naphthalene moiety could also be
tolerated, achieving a yield of 74% (3 h). Compared with the
reported methods,**® this system shows higher efficiency and
mildness, providing a beneficial complement to the current
synthetic strategy toward the installation of SF.

In conclusion, we have developed a new transition-metal-free
one-pot method for the concise preparation of sulfonyl fluo-
rides from sulfonates or sulfonic acids. The high efficiency and
compatibility were demonstrated under mild reaction condi-
tions from readily available and easy-handling reagents. This

RSC Adv., 2019, 9, 13863-13867 | 13865
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Table 4 Substrate scope screening of sulfonic acid®

)c'\ TMAC (5 mol %)

NN CH4CN (0.2 M), 60 °C, 12 h X
pZ

then KHF, (3.0 eq.) =
acetone (0.2 M), rt., 12h

: SO.F

3b, 70%

3h, 74%

: SO,F

3a, 85%

SO,F
HO” :

3e, 62%

% General conditions: 4 (2.0 mmol), 2 (2.2 mmol), TMAC (10.9 mg,
5 mol%), CH;CN (10 mL, 0.2 M), then KHF, (468 mg, 3.0 eq.), acetone
(10 mL, 0.2 M), isolated yields.

new protocol provides a favourable alternative to the current
synthetic toolbox for the preparation of diverse SFs.
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