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ohydroxamic acid formation
through mechanochemical solid-state activation

Muhammad Irfan,† Pietro Caboni, Andrea Porcheddu *
and Francesco Basoccu †

Sulfohydroxamic acids (–SO2–NHOH), including classical Piloty's acid derivatives, are key NO/HNO donors

and valuable building blocks, but their synthesis still relies on hazardous hydroxylamine solutions and

solvent-intensive protocols. Here, we report a simple, solvent-free mechanochemical route based on

milling sulfonyl chlorides with hydroxylamine hydrochloride in the presence of an inorganic base.

Magnesium oxide (MgO) emerges as an ideal promoter, combining sufficient basicity with low

nucleophilicity to release hydroxylamine in situ while preserving both the sulfonyl chloride and the

sulfohydroxamic product. Under optimised conditions, a broad range of aromatic sulfonyl chlorides

bearing electron-donating and electron-withdrawing substituents are converted into the corresponding

sulfohydroxamic acids. The method efficiently produces sulfohydroxamic acids with yields ranging from

18% to 81% under mild conditions and is adaptable to standard milling equipment, enabling scalable

synthesis. The protocol can be readily extended to O- and N,O-substituted hydroxylamine derivatives by

using appropriately functionalized hydroxylamine salts. This mechanochemical strategy drastically

reduces solvent consumption and streamlines work-up, providing a safer, cleaner, and scalable approach

to sulfohydroxamic acids and their NO-donor analogues.
Introduction

Sulfohydroxamic acids constitute a unique and enduring class
of compounds that have achieved signicant status at the
conuence of synthetic, medicinal, and biological chemistry.1–6

Their structural motif, dened by the N–O–S linkage, imparts
a remarkable combination of stability and reactivity, facilitating
their participation in diverse chemical transformations and
controlled decomposition into bioactive nitrogen species.6–10

The prototypical member of this family, benzenesulfo-
hydroxamic acid, commonly known as Piloty's acid, was rst
reported by Oskar Piloty in the late 19th century.11 His
groundbreaking research not only introduced a novel func-
tional group into the chemist's repertoire but also provided
a straightforward synthetic framework that remains the primary
method for producing these derivatives over a century later.
Piloty's initial synthesis, which involved reacting a sulfonyl
chloride dissolved in methanol with an aqueous solution of
hydroxylamine, was sophisticated and effective. This trans-
formation elucidates the fundamental reactivity of sulfonyl
electrophiles with nitrogen nucleophiles, culminating in
a stable N–O–S linkage amenable to further manipulation under
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mild conditions. The simplicity and broad applicability of this
method have facilitated its swi adoption and adaptation, cat-
alysing extensive research into the reactivity and coordination
behavior of sulfohydroxamic acids and their derivatives
(Fig. 1).12–16 Over the subsequent decades, this class of
compounds has become integral to both synthetic methodology
and biological chemistry, owing to their ability to serve as
donors of reactive nitrogen species, such as nitric oxide (NO)
and nitroxyl (HNO).13,17–19

The biological signicance of these two species is profound.
Nitric oxide, a small, diffusible free radical, is integral to
numerous physiological processes, including vasodilation,
neurotransmission, and immune modulation.20 Consequently,
the controlled release of NO from chemical precursors, such as
sulfohydroxamic acids, has attracted sustained interest from
medicinal chemists seeking reliable and tunable NO donors for
Fig. 1 Different uses of sulfohydroxamic acids in scientific fields.
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therapeutic and diagnostic applications. In contrast, the one-
electron-reduced form of NO, HNO, demonstrates a distinct
and complementary reactivity prole, particularly in redox and
metalloprotein chemistry.20–22

Sulfohydroxamic acids capable of generating either NO or
HNO under mild conditions have thus emerged as potent
chemical tools for investigating biological redox processes and
as versatile intermediates for the synthesis of nitrogen-
containing compounds.18

Despite its enduring signicance, the synthesis of sulfo-
hydroxamic acids has undergone minimal evolution since
Piloty's era.8,13,23,24 The traditional solution-phase conversion of
sulfonyl chlorides with hydroxylamine remains the predomi-
nant methodology; however, it suffers from several inherent
limitations. The high reactivity and limited stability of both
reagents and products frequently result in competing side
reactions, leading to reduced yields and complex purication
processes.25–27 Furthermore, hydroxylamine presents signicant
safety concerns owing to its volatility, toxicity, and propensity
for explosive decomposition, particularly in concentrated or
heated solutions.28–32 These hazards are amplied when reac-
tions are scaled up, posing challenges to industrial applica-
tions.32 Even contemporary modications of the original
method, such as those utilizing mixed solvent systems (e.g.,
MeOH–H2O–THF) and solid bases like magnesium oxide, have
not completely overcome these challenges. They continue to
rely on substantial volumes of organic solvents, generate
considerable waste, and necessitate the careful handling of
hazardous reagents, all of which contravene the principles of
green and sustainable chemistry.33–35

In response to these challenges, mechanochemistry has
emerged as a highly promising alternative platform for the
synthesis of sulfohydroxamic acids. Mechanochemistry is
characterized by the utilization of mechanical energy, typically
through grinding, milling, or shearing, to drive chemical reac-
tions, signifying a genuine shi in synthetic philosophy.36–41

Unlike conventional solution-based approaches, mechano-
chemical methods operate under solvent-free or solvent-
minimized conditions, signicantly reducing chemical waste
generation and enhancing the overall process safety.42–49 Beyond
these ecological advantages, mechanochemical reactions oen
exhibit accelerated reaction rates, improved selectivity, and
distinct mechanistic behaviours compared to their solution-
phase counterparts. In numerous instances, novel products or
reactivity patterns emerge that are otherwise inaccessible in
traditional media, highlighting the fundamentally unique solid-
state environment.8,50–56

Mechanochemistry has already demonstrated a trans-
formative impact in diverse elds, including organic synthesis,
coordination chemistry, and materials science.57–63 Its advan-
tages, such as minimal solvent use, simplied work-up, and
oen superior atom economy, render it particularly attractive
for the preparation of sensitive or unstable compounds. These
features are especially valuable in the context of sulfohydro-
xamic acids due to the inherent instability of both hydroxyl-
amine and sulfohydroxamic intermediates under aqueous or
alcoholic conditions, which suggests that a solvent-free or solid-
RSC Mechanochem.
assisted approach could signicantly enhance both safety and
efficiency. Furthermore, the mechanical activation of sulfonyl
chlorides in the presence of solid hydroxylamine salts offers the
prospect of controlled and selective conversion under mild
conditions, eliminating the need for hazardous liquid reagents
and cumbersome solvent systems.

Building on our previous work on the synthesis of hydroxa-
mic acids, we sought to extend this methodology to the prepa-
ration of the corresponding sulfonic derivatives by identifying
an alternative to carbonyl diimidazole (CDI).36 The use of CDI
proved unsuccessful, as the higher acidity of sulfonic acids,
together with the intrinsic instability of the sulfonyl interme-
diate, resulted in no productive activation and led to the
exclusive recovery of the starting material. Therefore, we opted
for the direct milling of sulfonyl chlorides with hydroxylamine
hydrochloride in the presence of a benign inorganic base, such
as magnesium oxide, which enables the clean and selective
formation of sulfohydroxamic acids at room temperature.
Importantly, this method not only enhances laboratory safety
and practicality but also exemplies how mechanochemical
activation can fundamentally reshape established reactivities.
By bridging Piloty's pioneering work on sulfohydroxamic acids
with the principles of contemporary green chemistry, the
present methodology redenes a century-old reaction through
the lens of safety and environmental stewardship. The results
underscore the capacity of solid-state reactivity to deliver prac-
tical, scalable, and inherently safer synthetic routes to valuable
NO-donor compounds, thereby advancing both synthetic
methodology and medicinal chemistry applications.

Results and discussion

The initial approach for synthesizing sulfohydroxamic acids
involved using equimolar quantities of p-tosyl chloride (1j) and
hydroxylamine hydrochloride as the hydroxylamine source.
Various bases were assessed under neat conditions; however,
the reactivity was notably limited when only one equivalent of
the base was employed (Table 1, entries 1–5). To overcome this
limitation, a liquid component was incorporated into the
reaction mixture. This adjustment resulted in a signicant
enhancement in the formation of target sulfohydroxamic acid 2j
(Table 1, entries 6–7), although an undened impurity was also
detected under these conditions. We postulated that this
byproduct may arise from secondary transformations of nascent
sulfohydroxamic acid, indicative of its inherent reactivity.64

To enhance process efficiency, the methodology was rened
by increasing the equivalents of both hydroxylamine hydro-
chloride and the base. This modication led to a signicant
improvement in the conversion to 2j (Table 1, entries 8 and 9).
Notably, doubling the amount of the base further increased the
reactivity, achieving a conversion rate of 65% (Table 1, entry 10).
However, subsequent efforts to optimize the outcome, such as
using three equivalents of hydroxylamine and base along with
extended reaction times of up to 3 h, did not yield additional
improvements in conversion (Table 1, entries 11–14). Collec-
tively, these ndings suggest that the most efficient conditions
are attained with two equivalents of hydroxylamine
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimization of the synthesis of 2ja

Entry p-Tosyl chloride (eq.) NH2OH$HCl (eq.) Base Base (eq.) LAG Time (h) 2j (%)

1 1 1 NaHCO3 1 — 2 14%
2 1 1 Na2CO3 1 — 2 27%
3 1 1 NaOH 1 — 2 11%
4 1 1 Na3PO4 1 — 2 29%
5 1 1 MgO 1 — 2 25%
6 1 1 Na2CO3 1 MeOH 2 40%
7 1 1 Na3PO4 1 H2O 2 27%
8 1 2 Na2CO3 2 MeOH 2 51%
9 1 2 MgO 2 — 2 49%
10 1 2 MgO 4 — 2 65%
11 1 3 Mg(OH)2 3 — 2 66%
12 1 3 MgO 3 — 2 68%
13 1 3 Li2CO3 3 iPrOH 3 63%
14 1 3 MgO 3 — 3 66%

a The reactions were performed on a 1.0 mmol scale using a Retsch MM500 ball milling machine. The conversion rates were calculated using 1H-
NMR analysis. The amount of liquid additive had an h of 0.3 mL mg−1, which represents the ratio of the liquid volume to the weight of the reaction
mixture.
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hydrochloride and four equivalents of MgO, balancing reactivity
and process simplicity. These optimized parameters were
adopted as standard conditions for subsequent investigations.

With the optimized conditions established, we proceeded to
evaluate the generality and robustness of the protocol by
extending its application to a wide array of sulfonyl chlorides,
thereby facilitating the synthesis of a diverse library of sulfo-
hydroxamic acids (Scheme 1). The methodology demonstrated
considerable versatility, accommodating a broad range of
substituents with notable efficiencies. Substrates containing
halogen substituents exhibited consistently good reactivity,
allowing these moieties to be to potentially used as valuable
handles for subsequent synthetic elaboration. Conversely, the
incorporation of either electron-withdrawing groups or
electron-donating groups adversely affected the reaction
outcome, indicating that, instead of specic electronic balance,
other factors such as the rheology of the mixture might nega-
tively affect the protocol. Notably, substrates containing an
additional aromatic ring were particularly suitable for the
transformation, as the extended conjugation appeared to facil-
itate the reaction pathway, resulting in the production of the
corresponding sulfohydroxamic acids in commendable yields.
In addition to synthesizing primary sulfohydroxamic acids, we
further broadened the method's applicability to encompass the
synthesis of structurally diverse derivatives featuring alkyl
substituents on either the oxygen or nitrogen atoms. This was
accomplished by substituting hydroxylamine hydrochloride
with appropriately functionalized hydroxylamine derivatives,
© 2026 The Author(s). Published by the Royal Society of Chemistry
pre-installed with the desired substituents on the hydroxyl-
amine scaffold (Scheme 1).

This strategic modication of the original protocol facili-
tated the efficient preparation of a diverse range of O- and N, O-
substituted sulfohydroxamic acids, exemplied by O-benzyl-
hydroxylamine hydrochloride and N, O-dimethyl-
hydroxylamine hydrochloride. Notably, the overall efficiency of
the process was markedly enhanced, which was attributed to
both the increased stability of the resulting scaffolds and the
absence of collateral pathways that affect the formation of the
nal product. The ability to access a diverse range of sulfo-
hydroxamic acid derivatives not only illustrates the versatility of
the methodology but also highlights its potential utility in the
synthesis of tailored molecules relevant to both synthetic and
medicinal chemistry applications. For completeness, the
synthesis of 2j was also performed on a gram scale, resulting in
the nal 60% conversion of the starting material to the corre-
sponding sulfohydroxamic acid.

To examine the reactionmechanism, it is essential to analyse
the characteristics of this process under mechanochemical
conditions. The transformation occurs through two sequential
steps: an acid–base reaction between hydroxylamine hydro-
chloride and the chosen base, followed by the nucleophilic
attack of the liberated hydroxylamine on the sulfonyl chloride
(Scheme 2).

The selection of the base and the potential inclusion of
a liquid additive signicantly impact the transformation
outcome.65 Sulfonyl chlorides and the resultant
RSC Mechanochem.
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Scheme 1 Scope of sulfohydroxamic acids without further functionalization of the nitrogen and oxygen atoms. The reactions were performed
on a 1.0 mmol scale using a Retsch MM500 ball milling machine. The yields refer to the pure isolated compounds. aThe reaction was run on
a 0.5 mmol scale.
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sulfohydroxamic acids are inherently sensitive to nucleophilic
species and strongly basic environments. Consequently, inap-
propriate conditions can readily compromise the stability of
both the starting material and product, leading to degradation
pathways or competing side reactions. Therefore, the selected
base (and, if applicable, the liquid additive) must meet a crucial
dual criterion: it must possess sufficient basicity to effectively
deprotonate hydroxylamine hydrochloride, thereby enabling
the in situ release of free hydroxylamine within the milling jar to
initiate the reaction. To exclude the formation of gaseous
hydroxylamine or volatile by-products, the mass loss during
milling of hydroxylamine hydrochloride and magnesium oxide
was analysed (see the SI for details). Under the optimized
conditions, no signicant mass loss was detected, indicating
that free hydroxylamine predominantly operates without
developing any gaseous species. Although the reaction mixture
remained macroscopically solid at the end of milling,
RSC Mechanochem.
a transient liquid phase arising from the low melting point of
the free base (33 °C) cannot be completely ruled out. Concur-
rently, it must not exhibit excessive reactivity to avoid undesir-
able interactions with sulfonyl chloride or alterations to the
newly formed sulfohydroxamic acid.

Among all the bases examined, magnesium oxide (MgO)
emerged as the most reliable promoter, uniquely combining
adequate Brønsted basicity with a mild nucleophilic prole.
Under neat solvent-free milling conditions, MgO enables the
controlled in situ liberation of hydroxylamine from its hydro-
chloride salt, while simultaneously maintaining a reaction
environment that preserves as much as possible both the
integrity of the sulfonyl chloride and the stability of the newly
formed sulfohydroxamic acid (Fig. 2, a further analysis of the
stability of sulfonyl chlorides can be found in the SI). Beyond its
fundamental chemical role, the solid-state characteristics of
MgO, including its high surface area, heterogeneous
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 General reaction mechanism concerning the release of gaseous hydroxylamine and its reaction with sulfonyl chloride present in the
reaction environment.

Fig. 2 General steps regarding the mechanochemical process.
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distribution of basic sites, and mechanical robustness, are
ideally suited for mechanochemical activation.66,67

Notably, alternative bases either failed to initiate the reaction
or induced undesirable side processes, underscoring the uni-
que dual functionality of MgO as both a mild base and a struc-
tural moderator of the milling medium.

Lastly, the green metrics of the mechanochemical method-
ology were calculated, revealing an improvement in process
mass intensity (PMI) of more than 20% (see the SI for additional
details). Furthermore, the elimination of toxic volatile organic
compounds (VOCs), such as THF, further enhances the overall
safety of the process.
Conclusions

This study establishes mechanochemistry as a robust, user-
friendly, and inherently safe method for synthesizing sulfo-
hydroxamic acids. The straightforward, solvent-free milling of
sulfonyl chlorides with hydroxylamine hydrochloride in the
presence of a benign inorganic base, such as MgO, facilitates
the production of target compounds under mild conditions.
This approach avoids hazardous, waste-intensive organic
solvents and simplies the workup.

In addition to operational simplicity, mechanochemical
activation directly addresses the persistent challenges in this
area of chemistry. This reduces the handling risks associated
with volatile hydroxylamines and mitigates the instability of
sensitive substrates and products, which are oen problematic
under solution conditions. Consequently, this method
enhances practical access to sulfohydroxamic scaffolds, which
are signicant in both synthetic and medicinal chemistry
applications.

Overall, these ndings position mechanochemistry as
a versatile and sustainable platform for the preparation of
sulfohydroxamic acids, aligning with green chemistry princi-
ples by combining safety, efficiency, and environmental
sustainability. We anticipate that this approach will be readily
© 2026 The Author(s). Published by the Royal Society of Chemistry
applicable to a diverse range of sulfonyl chloride frameworks
and related N-functionalization reactions. Furthermore, scaling
up using contemporary enabling technologies, such as RAM or
extrusion, is expected to facilitate its adoption in research and
development.
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