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ABSTRACT: A sustainable, mechanochemical procedure for the synthesis of
sulfur(VI) fluorides starting from readily available sulfur(VI) 2-methylimidazoles as
stable S(VI) precursors has been developed. The transformation proceeds with
potassium bifluoride (KHF2) as the fluorine source in the presence of acetic acid
(AcOH) in a mixer mill under solvent-free conditions. The corresponding sulfonyl,
sulfonimidoyl, and sulfoxyl fluorides are formed in good to excellent yields.
Compared with the solution-based counterpart, the reaction times are shorter. This
environmentally benign mechanochemical approach exhibits significant ecological
advantages and requires less resources for the optimized purification by simple silica
plug filtration.
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■ INTRODUCTION
Organosulfur motifs are embedded in many natural products
and constitute the core of many pharmacophores and
agrochemicals.1−6 Because of their great importance, much
effort has been devoted toward their syntheses. Examples of N-
containing organosulfur derivatives include sulfoximines and
sulfonimidamides, which have various unique features, such as
chemical and metabolic stabilities, good hydrophilicity, and
hydrogen bond donor and acceptor capabilities.7−19

Over the past decade, the interest in synthetic mechano-
chemistry has grown immensely.20−36 In fact, mechanochem-
istry can help to reduce the amount of solvent, shorten the
reaction time, and overcome solubility restrictions to provide
an environmentally benign and efficient synthetic methodology
with intrinsic sustainability.31 Additionally, alternative reaction
pathways and diverging selectivities can be achieved by
mechanochemically induced reactions.21,36 In light of the
abovementioned benefits of mechanochemical protocols and
the general importance of organosulfur skeletons, we felt
encouraged to continue our efforts in merging both fields.
Recently, we reported several studies in which sustainable
mechanochemical methodologies in sulfur chemistry were
applied. These studies have enabled us to synthesize a wide
range of sulfur-containing compounds from a very different
perspective.37−46

Since Sharpless and co-workers introduced the concept of
“sulfur−fluoride exchange” (SuFEx) chemistry in 2014,47

sulfur(VI) fluorides have received considerable attention in
the field of synthetic and medicinal chemistry.47−59 A variety of
preparative applications was reported, including the use of
sulfur(VI) fluorides as fluorinating and 18F-radiolabeling

agents.48−54 In medicinal chemistry, SuFEx applications
include protease inhibition, protein labeling, and drug target
discovery.55,56 In addition, polymerizations have been
reported.57−59 In light of these important breakthroughs, our
recent report on the synthesis of sulfur(VI) fluorides from
sulfonyl imidazoles60 made us wonder if this solution-based
process could also be performed under more environmentally
benign solvent-free conditions. To our delight, we can now
report an unprecedented mechanochemical approach to the
aforementioned products, which proceeds under very mild
conditions in a mixer mill with potassium bifluoride (KHF2) as
a safe and inexpensive fluoride source in the presence of simple
acetic acid (AcOH).

■ RESULTS AND DISCUSSION
Preliminary tests were performed by milling 1-(p-toluenesul-
fonyl)-2-methylimidazole (1a) (0.2 mmol) with potassium
bifluoride (3.0 equiv) and acetic acid (3.0 equiv) in a
polytetrafluoroethylene (PTFE)-jar (V = 20 mL) with one
PTFE-coated stainless steel milling ball (9 mm Ø) in a mixer
mill at a frequency of 25 Hz for 60 min. This reaction led to
only trace amounts of the expected product 2a. The same
result was observed when acetic acid was replaced by citric acid
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(3.0 equiv; for more details see the Supporting Information).
With 3.0 equiv of tartaric acid, a sticky off-white gum that was
difficult to handle during workup was obtained. The addition
of silica gel or acidified silica with sulfuric acid (indented to
serve as a grinding auxiliary) hampered the product formation,
as well, and none of 2a was observed. Assuming that the low
yields were related to the relatively high volatility of product
2a, the starting material was switched from 1a to 1-
(mesitylsulfonyl)-2-methylimidazole (1b). Confirming our
hypothesis, sulfonyl fluoride 2b was obtained in 78% yield.
This result was achieved by the milling of 1b (0.227 mmol)
with potassium bifluoride (2.6 equiv) and acetic acid (2.6
equiv) at a frequency of 25 Hz for only 90 min in the same
PTFE milling device as described before (Table 1, entry 1).

The addition of a small amount of silica gel (200 mg for a
0.2 mmol scale reaction) to the crude product mixture after 90
min and continuing the milling for an additional period of 5
min led to 2b in a comparable yield (Table 1, entry 2). This
variation of the original protocol proved helpful for product
extraction and purification, as well as quenching the excess of
KHF2 and the formed HF. Replacement of the acetic acid by
citric acid had a detrimental effect on the reaction outcome
and provided 2b in only 14% yield (Table 1, entry 3). In this
experiment, an insoluble gumlike crude mixture was obtained
after the milling process, which suggests a polymerization of
the reaction partners. When both the amount of KHF2 and the
one of AcOH were reduced from 2.6 equiv to 1.4 equiv, the
yield of 2b dropped to 70% (Table 1, entry 4). Further
variations (Table 1, entries 5 and 6) showed that under those
conditions a combination of 1.4 equiv of KHF2 and 1.8 equiv
of AcOH was optimal, which led to 2b in 79% yield.

Next, the impact of the ball material was tested. To our
delight, the yield of 2b increased to 85% when the initially used
PTFE-coated stainless steel milling ball was substituted by an
Yttrium-stabilized ZrO2 ball (10 mm Ø) (Table 1, entry 7).
This result suggested that the density of the ball material
affected the product formation. Almost the same yield of 2b
(82%) was obtained when 30 ZrO2 balls of 5 mm diameter
were applied (Table 1, entry 8). By staying with the single
ZrO2 ball and varying the reagent amounts, it was revealed that
a 1.4 and 2.5 equiv combination of KHF2 and AcOH,
respectively, was optimal, which provided 2b in 93% yield after
milling at a frequency of 25 Hz for 90 min (Table 1, entries 7,
9, and 10).

Under the optimized conditions (Table 1, entry 9), the
substrate scope was investigated (Scheme 1). A variety of
sulfonyl and sulfonimidoyl imidazoles afforded the correspond-
ing fluorinated products 2a−o in moderate to excellent yields.
For example, substrates with S-aryl groups led to products 2a−
h in yields ranging from 71% to 93% (Scheme 1, top). Neither
steric nor electronic factors induced by aryl substituents
significantly affected the reaction outcome. Considering the
high product volatility, the good yields of 3-fluoro and 3-
chloro-4-fluoro-substituted derivatives 2d (72%) and 2e
(81%), respectively, are noteworthy. For the same reason,
the preparation of aliphatic sulfonyl fluorides (Scheme 1,
middle) required a very careful workup. If that point was taken
into account, benzyl sulfonyl fluoride (2i) and n-butyl sulfonyl
fluoride (2j) were obtained in yields of 74% and 87%,
respectively. Isopropyl sulfonyl fluoride (2k) and methyl
sulfonyl fluoride (2l) could also be prepared, although the
yields (25% and 10%) remained poor, presumably also in this
case, because of their high volatility. In addition, in the last
three products (2j−l), remaining solvent impurities could not
fully be removed.

Transformations of sulfonimidoyl imidazoles to their
corresponding fluorides worked well, too. In these reactions,
which were demonstrated by the preparation of 2m−o, the
milling time had to be increased to 2 × 90 min, and the reagent
quantities were increased to 2.0 equiv of KHF2 and 3.0 equiv of
AcOH (Scheme 1, bottom). Through the application of these
modified reaction conditions, N-tosylated sulfonimidoyl
fluorides 2m and 2n were obtained in 66% and 69% yield,
respectively. For 2n, 30% of the unreacted starting material was
easily recovered by silica plug filtration. Because of the mild
reactive medium, the acid-labile N-Boc group was retained in
the preparation of sulfonimidoyl fluoride 2o, which was
isolated in 69% yield.

Compared with our previously reported method,60 this
protocol displays a number of advantages. First, the
mechanochemical activation allows the reaction to proceed
in the absence of any solvents or grinding auxiliary, thereby
yielding the fluorinated products in good to high yields.
Second, the reaction times are significantly shorter (90 min)
than those of the solvent-based protocol. Third, the product
purification method was optimized, and only very small
quantities of solvent and silica are required, which further
increases the sustainability and reduces the environmental
impact of the method.

We aimed at an extension of the mechanochemical
fluorination protocol to the synthesis of sulfoxyl fluorides 4,
and the required sulfoxyl imidazole precursors 3a−k were
prepared in a single step from 1,1-sulfonylbis(2-methylimida-

Table 1. Optimization of the Mechanochemical Formation
of Sulfonyl Fluoride 2ba

entry
KHF2

(equiv) acid (equiv)
deviation from standard

conditions
yield of 2b

(%)b

1 2.6 AcOH (2.6) 78
2c 2.6 AcOH (2.6) 78
3 2.6 citric acid

(2.6)
14

4c 1.4 AcOH (1.4) 70
5c 1.8 AcOH (1.8) 78
6c 1.4 AcOH (1.8) 79
7c 1.4 AcOH (1.8) 1 Y-ZrO2 ball (10 mm)d 85
8c 1.4 AcOH (1.8) 30 Y-ZrO2 balls (5 mm)d 82
9c 1.4 AcOH (2.5) 1 Y-ZrO2 ball (10 mm)d 93
10c 1.2 AcOH (1.8) 1 Y-ZrO2 ball (10 mm)d 87
aReaction conditions: 1b (0.227 mmol), KHF2, and the additive were
placed in a PTFE jar (V = 20 mL) with one PTFE-coated stainless
steel milling ball (9 mm Ø). The milling container was placed in the
fume hood before the acid was added and then promptly closed.
(Caution: HF may be formed by adding the acid to KHF2!) Then, the
reaction mixture was milled at 25 Hz for 90 min. bYield after silica
plug filtration. cSilica gel addition after reaction completion and
additional milling for 5 min. dUse of a Y-ZrO2- instead of PTFE-
coated milling ball.
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zole) (for experimental details, see the Supporting Informa-
tion).

As summarized in Table 2, with 3a as the model substrate,
none of the expected product 4a was formed under the
previously optimized conditions for the preparation of sulfonyl
fluorides (Table 1, entry 9). Variations of the amounts of
KHF2 and AcOH also did not lead to a mechanochemical
fluorination of 3a to provide 4a in a ball mill (Table 2, entry 2;
for details and the full optimization study, see the Supporting
Information). Hence, we turned our attention to a
mechanochemical transformation under elevated temper-
ature.61−67 For those experiments, a stainless steel jar was
used. First, a “heat and beat” strategy65−67 was attempted that
included a preheating of the milling vessel (T = 100 °C) prior
to the milling and a repetition of this heat/beat cycle. The two
experiments differed in the repetition number (1 versus 4) of
the heat/beat cycle at a temperature of 100 °C and the
reaction time [Table 2, entries 3 (60 min) and 4 (120 min)].
Under those conditions, sulfoxyl fluoride 4a was formed, but
the yield remained poor (38%). A better result (50% of 4a)
was achieved when a mixture of 3a, KHF2 (2.0 equiv), and
AcOH (3.0 equiv) was milled in a stainless steel jar with one
stainless steel ball (10 mm Ø) at a frequency of 25 Hz for 60
min at a temperature of roughly 80 °C (Table 2, entry 5). For
the instrumental setup, we followed a protocol by Ito, Kubota,
and co-workers61 by using an adjustable heatgun with a preset

temperature of 150 °C, which was fixed at a distance of ca. 1
cm from the jar (for the experimental details, see the
Supporting Information). Performing an analogous experiment
at a preset temperature of 250 °C with a milling frequency of
30 Hz and extending the reaction time from the previously
used 60 to 90 min improved the product formation and finally
allowed for the isolation of 4a in 65% yield (Table 2, entry 6).

Using the newly optimized conditions, sulfoxyl fluorides 4
could be synthesized in moderate to good yields (Scheme 2).
For example, if the S-aryloxy group was 4-substituted, the
yields of the resulting products (4a−e) ranged from 39 to 81%.
Surprisingly, a tert-butyl group in this position was not
tolerated, and 4f could not be obtained at all. Considering that
the best yield (81%) was achieved in the formation of
methoxy-substituted 4b, electron-donating groups appeared to
be beneficial. Although the yield of 4e was only moderate
(39%), it was remarkable that the 4-amino group was tolerated.
Substrates 3 with S-3,4-dimethylphenyloxy and S-3-iodophe-
nyloxy substituents reacted well, too, to provide the
corresponding products in yields of 66% (for 4g) and 45%
(for 4h), respectively. Finally, S-naphthyloxy derivatives 3i-k
were applied, and also in these cases, the expected sulfoxyl
fluorides were obtained, although the yields remained
moderate for all three products (4i, 24%; 4j, 49%; and 4k,
49%). Presumably because of the required elevated temper-
ature of the mechanosynthesis protocol, several unidentified

Scheme 1. Mechanochemical Syntheses of Sulfonyl and Sulfonimidoyl Fluoride 2

aYield corrected because of remaining solvent impurities. bModified conditions: 2 × 90 min milling at 25 Hz with 2.0 equiv of KHF2 and 3.0 equiv
of AcOH. cRecovered starting material 1n: 30%.
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side products were observed, and thus, flash column
chromatography was necessary for product isolation and
purification. Although the synthesis of sulfoxyl fluorides was
accomplished under solvent-free mechanochemical conditions,
the solution-based protocol remains the favorable method-
ology in terms of higher product yields of these compounds.60

■ CONCLUSIONS
We developed a mechanochemical synthesis of sulfur(VI)
fluorides using a mixer mill. A wide range of sulfonyl 2-
methylimidazoles were converted to the corresponding
sulfonyl fluorides in moderate to good yields. Under slightly
modified conditions, sulfonimidoyl and sulfoxyl fluorides are
accessible, too. We are convinced that this green and

sustainable method for the synthesis of sulfur(VI) fluorides
will be appreciated by both academia and industry.

Details of general procedures, solution-based studies,
and calculations of E-factors (PDF)
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Table 2. Optimization of the Mechanochemical Synthesis of
Sulfoxyl Fluoride 4aa

entry
KHF2

(equiv)
AcOH
(equiv)

deviation from
standard conditions

T
(min)

yield of 4a
(%)b

1 1.4 2.5 90 0
2 2.0 3.0 90 0
3c 1.4 2.5 1 × 100 °C (heat and

beat)
60 trace

4c 1.4 2.5 4 × 100 °C (heat and
beat)

120 38

5c 2.0 3.0 150 °C (preset
heatgun)

60 50

6c 2.0 3.0 250 °C (preset
heatgun), 30 Hz

90 65

aReaction conditions: 3a (0.2 mmol) and KHF2 was added into a
PTFE jar (V = 20 mL) with one Y-ZrO2 milling ball (10 mm Ø). The
milling container was placed in the fume hood before the acid was
added and then promptly closed. (Caution: HF may be formed by
adding the acid to KHF2!) The mixture was milled at 25 Hz for the
corresponding time period. bAfter column chromatography. cUse of a
stainless steel (SS) jar (V = 10 mL) and one SS milling ball (10 mm
Ø); for further experimental details, see the Supporting Information.

Scheme 2. Mechanochemical Formations of Sulfoxyl Fluorides 4
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