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Mechanochemistry

Mechanochemical Iron-Catalyzed Nitrene Transfer Reactions: Direct
Synthesis of N-Acyl Sulfonimidamides from Sulfinamides and
Dioxazolones

Shulei Pan, Florian F. Mulks,* Peng Wu, Kari Rissanen, and Carsten Bolm*

Abstract: A mechanochemical synthesis of sulfonimida-
mides by iron(II)-catalyzed exogenous ligand-free N-
acyl nitrene transfer to sulfinamides is reported. The
one-step method tolerates a wide range of sulfinamides
with various substituents under solvent-free ambient
conditions. Compared to its solution-phase counterpart,
this mechanochemical approach shows better conversion
and chemoselectivity. Mechanistic investigations by ESI-
MS revealed the generation of crucial nitrene iron
intermediates.

Sulfonimidamides are monoaza analogs of sulfonamides,
which have garnered significant attention in medicinal
chemistry due to their unique pharmacophore.[1,2] N-acylated
derivatives exhibit biological activities across diverse medi-
cal domains. Examples include an analog to the anticancer
agent tasisulam,[3] an innovative saccharin aza-bioisostere,[4]

and a sodium channel inhibitor[5] (Scheme 1A). Arvidsson
and Pemberton independently demonstrated that N-acylated
sulfonimidamides can be regarded as carboxylic acid bio-
isosteres with tunable biological and physiochemical
properties.[1d,6] If the imino moiety of the sulfonimidamide is
shielded by a protecting group, the remaining amino
substituent can selectively be functionalized through
arylation,[7] acylation,[1d,8] and nitrene transfer reaction.[9]

These structural alternations significantly broaden the
accessible chemical space in sulfur(VI) chemistry and permit
novel applications of such compounds in medicinal
chemistry.

Most acylated sulfonimidamides are prepared by a
traditional, well-established protocol [Scheme 1B, previous

work, (a)].[10] It starts from a sulfinamide, which is acylated
by deprotonation with nBuLi and subsequent treatment of
the resulting anion with a carboxylic chloride or an
anhydride. Oxidation of the acylated intermediate with a
potent electrophilic chlorinating agent such as tBuOCl or
NCS provides an N-acyl sulfonimidoyl chloride, which upon
substitution of the halo group with an ammonia source
yields the desired acylated sulfonimidamide. This approach
requires stringent and inert reaction conditions due to the
high reactivity of nBuLi and the susceptibility of the
sulfonimidoyl halo intermediate to hydrolysis and decom-
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Scheme 1. A) Basic structure of N-acylated sulfonimidamides and
examples of bioactive sulfonimidamides, B) synthesis of sulfonimida-
mides in a traditional and the newly discovered mechanochemical way.
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position. An alternative method for the preparation of N-
acylated sulfonimidamides makes use of N-TBS (N-tert-
butyldimethylsilyl) or N-unsubstituted precursors which are
reacted with acyl donors [Scheme 1B, previous work, (b)].[11]

These approaches are straightforward but require multistep
preparations of the starting materials, rendering these
methods less efficient and limiting their applicability.

Nitrene transfer has emerged as a highly effective
approach for synthesizing sulfilimines and sulfoximines
through sulfur imidation from their respective low-valence
sulfide and sulfoxide precursors.[12] Surprisingly, this strategy
has only scarcely been applied for the conversion of
sulfinamides to sulfonimidamides.[13] If so, stoichiometric
amounts of hypervalent iodine reagents were mostly used as
oxidants. An alternative was reported in 2021 by Dinér and
co-workers, who developed a light-promoted nitrene-involv-
ing strategy for such transformations.[14] Although syntheti-
cally appealing, the applicability of this method remained
limited due to the use of toxic and explosive azides as
nitrene precursors and the requirement of a fluorinated
organic solvent and inert reaction conditions. Realizing
these severe restrictions in current protocols, we initiated a
search for practical and safe sulfinamides imidations to give
sulfonimidamides. Dioxazolones, which are well-established,
stable acyl nitrene precursors with numerous applications in
related sulfur imidations[15] and C� H-bond amidations,[16]

were identified as attractive reagents. In addition, we set the
goal to search for a simple and non-precious metal catalyst
to be applied under mechanochemical conditions, which we
envisaged to have two additional advantages over existing
technologies: First, being able to avoid a solvent and,
second, reaching a higher efficiency with improved
sustainability.[17–19] As a results of this endeavor, we now
report an iron-catalyzed mechanochemical approach to
sulfonimidamides from sulfinamides and dioxazolones under
ambient conditions in air (Scheme 1B, bottom).

The investigation was initiated with N-benzyl-4-meth-
oxybenzenesulfinamide (1a) and 3-phenyl-1,4,2-dioxazol-5-
one (2a) as representative starting materials. Table 1
summarizes the results of the optimization study. The first
experiments were conducted with a range of iron catalysts in
the presence of silica as grinding auxiliary in a 10 mL
stainless steel jar with a 10 mm stainless steel ball in a mixer
mill at 25 Hz for 60 min (Table 1, entries 1–6). FeCl2, as an
inexpensive iron(II) catalyst, was the best among all the
catalysts that were tested, giving product 3aa in 42 % yield
(as determined from the crude product by 1H NMR
spectroscopy using an internal standard). Extending the
milling time from 60 min to 90 min or 120 min slightly
increased the yields (Table 1, entries 7 and 8). Applying
Al2O3 instead of silica in this reaction and milling for 90 min
affording 3aa in a significantly increased yield (74%,
Table 1, entry 9). When 1.2 or 1.5 equivalents of 2a were
used, product 3aa was obtained in 76 % yield. Decreasing or
increasing the amount of Al2O3 resulted in a decrease in
yield for 3aa to 67 % and 36 %, respectively (Table 1,
entries 12 and 13). Subsequently, the amount of FeCl2 was
screened, and the yield of 3aa slightly increased to 78%
with 20 mol % of FeCl2 (Table 1, entry 15). Inspired by

recent observations,[20] Al2O3 was substituted by talcum in
the next set of experiments, and to our delight, a positive
effect was observed here too. Now, after milling at 25 Hz for
120 min 3aa was obtained in 88 % yield (Table 1, entry 17).
Performing the reaction under argon atmosphere did not
improve the yield, showing the insensitivity of the reaction
to air (Table 1, entry 18). A control experiment without the
iron catalyst confirmed its central role, giving no tractable
yield (Table 1, entry 19). Without the addition of an
additive, the yield of 3aa dropped sharply to 17 % (Table 1,
entry 20).

To compare the conversion and the chemoselectivity of
the reaction in the ball mill and in solution, a series of
control experiments was carried out (for details, see the
Supporting Information). As mentioned before, 3aa was
obtained as single product in 88 % yield under the optimized
mechanochemical conditions (Table 1, entry 17). In contrast,
performing the same reaction in toluene or DCM led to low
yields of 3aa (8 % and 6%, respectively), and as byproduct,
thiosulfonate PMP-SO2-S-PMP (4)[21] was formed in 4% and
6%, respectively (Table S1, entries 1 and 2). No product
formation occurred in MeCN (Table S1, entry 3). Extending
the reaction time from 2 h to 24 h and raising the ambient
reaction temperature to 60 °C increased the yield of 3aa to

Table 1: Optimization of the reaction conditions.[a]

Entry Catalyst Milling conditions Additive Yield of 3aa [%][b]

1 FeCl2 25 Hz, 60 min silica 42
2 Fe(OTf)2 25 Hz, 60 min silica 13
3[c] FeIIPc 25 Hz, 60 min silica trace
4 Fe(acac)2 25 Hz, 60 min silica –
5 FeBr2 25 Hz, 60 min silica 36
6 FeCl3 25 Hz, 60 min silica 14
7 FeCl2 25 Hz, 90 min silica 45
8 FeCl2 25 Hz, 120 min silica 46
9 FeCl2 25 Hz, 90 min Al2O3 74
10[d] FeCl2 25 Hz, 90 min Al2O3 76
11[e] FeCl2 25 Hz, 90 min Al2O3 76
12[d,f ] FeCl2 25 Hz, 90 min Al2O3 67
13[d,g] FeCl2 25 Hz, 90 min Al2O3 36
14[d,h] FeCl2 25 Hz, 90 min Al2O3 58
15[d,i] FeCl2 25 Hz, 90 min Al2O3 78
16[d,i] FeCl2 25 Hz, 90 min talcum 83
17[d,i] FeCl2 25 Hz, 120min talcum 88(75)[j]

18[d,i,k] FeCl2 25 Hz, 120 min talcum 86
19[d,i] - 25 Hz, 90 min talcum –
20[d,i] FeCl2 25 Hz, 90 min – 17

[a] Reaction conditions: Into a stainless steel jar (10 mL) with one
stainless steel ball (Ø: 10 mm), 1a (0.2 mmol), 2a (0.2 mmol), the
metal catalyst (10 mol%), and the additive (60 mg) were added under
air and milled at 25 Hz for 60–120 min. [b] Determined by 1H NMR
analysis using CH2Br2 as internal standard. [c] FeIIPc= Iron(II) phthalo-
cyanine. [d] Use of 1.2 equiv. of 2a. [e] Use of 1.5 equiv. of 2a. [f ] Use
of 30 mg of additive. [g] Use of 90 mg of additive. [h] Use of 5 mol%
of FeCl2. [i] Use of 20 mol% of FeCl2 [j] After isolation by column
chromatography. [k] Under argon atmosphere.
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27 % at best. At the same time, more of byproduct 4 was
formed (Table S1, entries 4–6). In toluene, talcum did not
promote the reaction (Table S1, entry 7). From these results
it is evident that the mechanochemical conditions employed
here are beneficial for both conversion and chemoselectivity
when compared to its solution-based counterpart.

Next, the scope of the reaction was investigated under
the optimized mechanochemical conditions. The results are
shown in Scheme 2. First, various N-substituted sulfinamides
1 were reacted with dioxazolone 2a. S-Aryl N-benzyl
sulfinamides with a range of para-substituents on the arene
tolerated well, providing the corresponding products 3aa–ha
in yields ranging from 42% to 75%. Generally, sulfinamides
with electron-donating groups (1a–d) gave slightly higher
yields than those bearing electron-withdrawing substituents
(1e–h). S-2-Naphthyl- and S-cyclohexyl sulfinamides reacted
smoothly with 2a, affording 3 ia and 3ja in 47% and 49%
yield, respectively. The molecular structure of 3 ja in the
solid state was confirmed by single-crystal X-ray diffraction
and is depicted in Scheme 2. When the N-benzyl group of
sulfinamide was substituted with methyl, methoxy, and
chloro in para-position of the arene, the corresponding
products 3ka–ma were isolated in yields of 57–76 %. N-
Cyclohexyl, tert-butyl, and benzhydryl sulfinamides were all

suitable substrates, leading to 3na, 3oa, and 3pa in yields of
87 %, 72%, and 80%, respectively.

Compared with N-alkyl sulfinamides, N-phenyl sulfina-
mide 1q was less reactive, providing the corresponding
product 3qa in only 30 % yield. Noteworthy, N,N-disubsti-
tuted sulfinamides (1r and 1s) gave the expected products
(3ra and 3sa) in only trace amounts, revealing the necessity
of the proton on the nitrogen of the sulfinamide. An
upscaling was demonstrated by performing the imidation of
1a on a 1 mmol scale, leading to 3aa in 70 % yield.

Next, various dioxazolones 2 were examined in reactions
with sulfinamide 1a (Scheme 3). In general, the imidations
proceeded well with aryl-substituted dioxazolones 2 bearing
both electron-donating and electron-withdrawing groups at
the para-position on the arene, providing the corresponding
products 3ab–ag in yields of 32–73 %. Among them,
substrate 2c having a para-methoxy group gave the best
result (3ac, 73 % yield), while 2g with a para-nitro
substituent afforded product 3ag in only 32% yield.
Comparing the yields of the products with methyl groups at
different positions of aryl ring revealed a significant impact
of steric effects. Dioxazolones with a methyl group at the
para and meta-position reacted smoothly, giving products
3ab and 3ai in 64 % and 66 % yield, respectively, while 2h
being substituted at the ortho-position gave 3ah in only
13 % yield even after an extended reaction time (4 h).
Applying thiofuranyl-substituted dioxazolone 2j in the
imidation of 1a provided 3aj in 62% yield. Contrasting
those positive results, alkyl-substituted dioxazolones proved
less suitable. Thus, cyclohexyl-substituted dioxazolone 2k
gave 3ak in only 29 % yield, and 2 l with a tert-butyl
substituent did not react with sulfinamide 1a, probably due
to steric hindrance.

The applicability of N-unsubstituted (primary) sulfina-
mides 5 was explored on a 0.5 mmol scale (Scheme 4). The
results revealed that electron-rich aromatic sulfinamides (5b
and 5c) gave somewhat higher yields than their electron-
deficient counterparts (5d, 5e, and 5f), which paralleled the

Scheme 2. Substrate scope of substituted sulfinamides 1a–s. Reaction
conditions: Into a stainless steel jar (10 mL) with one stainless steel
ball (Ø:10 mm, weight: ca. 3.5 g), 1 (0.2 mmol), 2a (0.24 mmol), FeCl2
(20 mol%), and talcum (60 mg) were added, and the mixture was
milled at 25 Hz for 2 h. [a] The reaction was conducted on a 1.0 mmol
scale.

Scheme 3. Substrate scope of dioxazolones 2b–l. Reaction conditions:
Into a stainless steel jar (10 mL) with one stainless steel ball
(Ø:10 mm, weight: ca. 3.5 g), 1a (0.2 mmol), 2 (0.24 mmol), FeCl2
(20 mol%), and talcum (60 mg) were added, and the mixture was
milled at 25 Hz for 2 h. [a] Milled for 4 h.
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trend observed for the N-substituted analogs. Taking that
into account, the reaction time was extended (from 2 h to
4 h), when electron-poor substrates were applied. S-Thiofur-
anyl sulfinamide was a suitable substrate too, providing 6ga
in 55% yield. Finally, imidations of 5b with other dioxazo-
lones were investigated. In general, all reactions worked
well, with dioxazolones substituted with a para- or a meta-
methyl on the phenyl ring (2b and 2 i) leading to slightly
higher yields than the para-chloro- and their para-
trifluoromethyl-substituted counterparts 2d and 2e, respec-
tively. Thiofuranyl-based dioxazolone 2j reacted smoothly
also, affording 6bj in 67% yield after milling for 4 h.

The synthetic utility of the synthesized sulfonimidamides
was demonstrated through subsequent transformations, as
depicted in Scheme 5. Upon treatment with 10 M aq. HCl in
MeOH at 80 °C, both N-Bn-protected sulfonimidamide 3aa
and NH2-sulfonimidamide 6ba converted to sulfonamides in
yields of 72 % for 7 and 69 % for 8 (Scheme 5, top and
middle). Apparently, these conditions led to hydrolysis, and
the N-benzoyl imino groups of the sulfonimidamides were
substituted by oxygen. Methylation of 3aa with methyl
iodide afforded intermediate 9, which could be deprotected
with an HCl solution (4 M in dioxane), to give the desired

sp2-NH sulfonimidamide 10 in 52% yield (Scheme 5,
bottom). This transformation offers an approach to expand-
ing the structural diversity of sulfonimidamides in organic
synthesis.

To gain mechanistic insight in this mechanochemical
imidation reaction, radical scavenging experiments and ESI-
MS analyses with substrates 1a and 2a were carried out (for
further details, see the Supporting Information). Only minor
yield reductions for 3aa were observed upon addition of
either 1 or 2 equiv. of radical scavenger 2,6-di-tert-butyl-4-
methyl phenol (BHT), which suggested the absence of
relevant radicals in this transformation. Important inter-
mediates were detected by ESI-MS in reactions that were
interrupted after 1 min. Particularly noteworthy is the
detection of intermediates C/D and E/F. On the basis of
previous work[15,16] and the aforementioned observation, two
possible pathways can be proposed (Scheme 6). In pathway
a, two molecules of sulfinamide 1a coordinate to iron(II)
chloride to produce intermediate A, followed by the
formation of B and B’ upon loss of HCl. Intermediate B’
then reacts with dioxazolone 2a to give acyl nitrene iron
complex C by extrusion of CO2. Subsequently, D is formed
by intramolecular nitrene transfer of C (from iron to sulfur),
which finally releases product 3aa and closes the catalytic
cycle in the presence of 1a. Ligand scrambling explains the

Scheme 4. Substrate scope of primary sulfinamides 5 with a range of
dioxazolones 2. Reaction conditions: Into a stainless steel jar (10 mL)
with one stainless steel ball (Ø:10 mm, weight: ca. 3.5 g), 5
(0.5 mmol), 2 (0.6 mmol), FeCl2 (20 mol%), and talcum (150 mg) were
added, and the mixture was milled at 25 Hz for the given time.
[a] Milled for 2 h. [b] Milled for 3 h. [c] Milled for 4 h.

Scheme 5. Product transformations. Scheme 6. Proposed mechanistic pathways.
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formation of intermediates E/F. In pathway b, intermediate
D undergoes a second imidization process involving another
molecule of dioxazolone 2a to afford E, which gives the
intermediate F by a subsequent intramolecular nitrene
transfer. Finally, 3aa is produced in the presence of 1a. In
both pathways, the initial formation of intermediate B
explains the requirement of a proton on the sulfinamide
nitrogen, which is consistent with the experimental result
that N,N-disubstituted sulfinamides (1r and 1s) did not react
smoothly. Besides, the loss of HCl in this process provides
an explanation of the lower conversion and chemoselectivity
of the solution-based reactions: trapping HCl in the solvent
cage may hamper the formation of intermediate C and favor
the formation of the observed byproduct 4.[21]

In summary, we present a mechanochemical synthesis of
acylated sulfonimidamides by iron(II)-catalyzed nitrene
transfer to sulfinamides. The method accommodates a wide
range of sulfinamides bearing diverse substituents. Notably,
this one-step, solvent-free procedure can be performed
under ambient air conditions. Compared to its more conven-
tional solvent-based counterpart, this mechanochemical
approach exhibits impoved reactivity and chemoselectivity,
revealing the potential of mechanochemistry as a promising
technique for efficient and sustainable synthesis. Hydrolysis
of sulfonimidamides under acidic conditions affords sulfona-
mides. Methylation and subsequent deprotection can lead to
structurally diverse and synthetically valuable N-unsubsti-
tuted sulfonimidamides. Mechanistic investigations suggest
the formation of iron nitrene intermediates.
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