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illing environment on the copper-
catalysed mechanochemical synthesis of
tolbutamide†

Kathleen Floyd, a Lori Gonnet, b Tomislav Friščić *b and James Batteas *ac

We provide a systematic investigation of the role of atmospheric oxygen and choice of milling assembly (i.e.,

the milling jar and ball materials) on a prototypical medicinal mechanochemistry reaction: the copper-

catalysed coupling of isocyanate and sulfonamide to form the sulfonylurea tolbutamide. Using in-house

developed equipment for work under controlled-atmosphere milling conditions, we reveal that the

reaction is in fact catalysed by Cu(II) species, with the conventionally used CuCl acting as a pre-catalyst,

which becomes activated via aerobic oxidation during milling. Unexpectedly, the choice of milling jar

material was found to have a profound effect on the coupling, with aluminium jars effectively “shutting

down” reactivity, most likely by preventing CuCl oxidation. Hence, opposite to direct mechanocatalysis,

a term used to describe reactions promoted by the milling jar or ball material, this observation reveals

the possibility of direct mechanoinhibition – i.e., the inhibition of a mechanochemical reaction by the jar.

These results highlight the importance of systematic investigations of both the milling assembly, as well

as atmosphere, in understanding and controlling organic mechanochemical transformations.
1. Introduction

Mechanochemical reactions, typically conducted by manual
grinding, ball-milling, screw extrusion or other types of
mechanical impact and shear,1–4 have emerged as a versatile,
general route for conducting solventless synthesis. Mechano-
chemistry offers excellent atom economy,5,6 reduced energy
consumption,7,8 and expanded scope of chemical reactivity due
to the lack of solubility constraints9,10 and altered reaction
energy landscapes.11,12 So far, mechanochemical methods have
been used towards a wide range of targets, from advanced
materials such as metal–organic and covalent-organic frame-
works (MOFs, COFs),13–16 electrides,17 and pharmaceutical
solids, to active pharmaceutical ingredients (APIs).18–20 Despite
growing interest, the mechanisms underlying mechanochem-
ical reactions remain poorly understood, and an area of active
investigation. This is particularly true for catalysis under
mechanochemical conditions, where research has been mainly
on catalyst choice and presence of additives,21–26 with much less
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focus on other parameters of the mechanochemical environ-
ment, such as the materials of milling assemblies (jars, balls),
humidity, atmosphere, etc.27–30 This contrasts the elds of
inorganic and coordination mechanosynthesis, where effects of
humidity, as well as the participation of milling vessel materials
in reactions, are well documented.31–33 The need to develop an
understanding of how the milling assembly could affect catal-
ysis is evident from the recently established phenomenon of
direct mechanocatalysis, where the milling balls and/or jar
material is found to catalyse reactions either by design or
inadvertently.34–36

Here we provide a systematic analysis of how the choice of
milling assembly and atmosphere affect the well-known copper-
catalysed mechanochemical coupling of a sulfonamide with an
isocyanate to form the API tolbutamide (see Fig. 1a).20,37–40 This
reaction was chosen as it is an excellent model of API mecha-
nosynthesis. For example, it was recently used for systematic
exploration of the effect of the amount of liquid additive
(measured as the h-parameter: the ratio of liquid volume to the
weight of reacting substances13–16) in liquid-assisted reactions
by ball milling and resonant acoustic mixing.41–43 While the
mechanochemical milling reaction, whose development was
based on an earlier reported synthesis in N,N-dimethylforma-
mide (DMF) solution by Cervelló and Sastre,44 was previously
found to be catalysed by the addition of either Cu(I) or Cu(II)
salts, or even metallic copper, the true catalytic species under
mechanochemical conditions has remained unknown.

By systematically controlling the oxygen content in the
atmosphere within the milling jars (see Fig. 1b), we
RSC Mechanochem., 2024, 1, 289–295 | 289
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Fig. 1 (a) Scheme for the herein studied mechanochemical catalytic
reaction. In-house developed equipment for milling under controlled
atmosphere: (b) the laboratory set-up; (c) sketch (left), three-dimen-
sional (3D) diagram (right) for the air-tight milling jars, and associated
KF toggle locking clamp mechanism (bottom); (d)–(f) photographs
illustrating the assembly and locking of the air-tight milling jars. For
examples of equipment developed previously for work under gas flow,
or analysing gases coming out of a mill, see ref. 16.
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demonstrate that the true catalytic species in this reaction37,38

appears to be Cu(II). Moreover, the reaction with CuCl as the
pre-catalyst exhibits surprising sensitivity to the choice of
milling assembly. Whereby the use of in-house manufactured
aluminium (Al) -based milling jars lead to the complete
“switching off” of the reaction, with the Al metal preventing
aerobic oxidative activation of the CuCl. This opposition of the
milling process to catalyse the reaction, we refer to as direct
mechanoinhibition. This contrasts the established phenom-
enon of mechanocatalysis where the milling material acts as
a reaction catalyst.34,45–49 Lastly, with Cu(II) being identied as
the active catalyst in the reaction, we also explored the effects of
catalyst loading on the reaction yield. These studies provide
a guide to future systematic investigations of milling environ-
ments of other reactions.
2. Materials and methods

Chemicals were purchased from Alfa Aesar, Thermo Scientic,
or Sigma Aldrich and used without further purication (see
Section 1 of the ESI† for further details).
290 | RSC Mechanochem., 2024, 1, 289–295
2.1. Powder X-ray diffraction

Powder X-ray diffraction patterns were collected using a Bruker
D8 Endeavor diffractometer at room temperature (using Cu-Ka
radiation, with a xed divergence slit 0.6 mm, sample to anti-air
scatter slit distance of 1 mm, LynxEye XE-T detector and PSD
opening of 4°) in the two-theta range 5–60° with a step size and
time of 0.02° and 1 s respectively. Basic analysis was carried out
using the Bruker Diffrac. EVA soware.
2.2. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) data were obtained
using a Kratos X-ray Photoelectron Spectrometer – Axis Ultra
DLD (detection limit: 0.1 to 1 atomic %) outtted with
a specialized ROX interface (U.S. Patent Application Serial No.
14/445,650 led July 29, 2014) for transfer of air sensitive
samples from a sealed glove box to the surface analysis
chamber. Spectra were processed and t with a Shirley Back-
ground and Gaussian–Lorentzian 70 : 30 line-shape using
CasaXPS soware.
2.3. Nuclear magnetic resonance
1H NMR spectra were obtained with a Bruker Advance Neo 400
instrument equipped with a 400 MHz Ascend magnet, an
automated tuning 5 mm broadband iProbe, and a 60 position
SampleXpress sample changer. 13C NMR spectra for product
verication were obtained on a Bruker Avance III console
equipped with a 500 MHz Oxford magnet, an automated tuning
5 mm 1H/13C/15N cold probe, and a 24 position SampleCase
sample changer. Reaction tracking in solution was obtained on
a Bruker Avance Neo 500 instrument equipped with a 500 MHz
Ascend magnet, an automated tuning 5 mm broadband iProbe,
and a 16 position SampleXpress Lite sample changer.
2.4. Liquid chromatography mass spectrometry

Electrospray ionization (ESI) was obtained on a Thermo Scien-
tic QE Focus instrument for product verication (see Section 4
of the ESI†).
2.5. Custom milling jars

2.5.1. Milling jars of different materials. Trials employed
the following milling materials: 316 stainless steel (SS) milling
jars (15 mm diameter SS balls or 12.7 mm diameter polytetra-
uoroethylene (PTFE) balls), PTFEmilling jars (15mmdiameter
SS balls or 12.7 mm PTFE balls), and Multipurpose 6061 Al
milling jars (12.7 mm PTFE balls). Milling jars made of different
materials were machined in house with 25 mL internal volume.
For material suppliers see Section 2.1 of the ESI.†

2.5.2. Milling jars with KF compression seal. In order to
enable milling under strictly controlled atmospheres we used
in-house designed air-tight milling jars manufactured from 316
SS (see Fig. 1b–f, see also Section 2.2 of the ESI†). The jars are
equipped with KF-25 ange vacuum joints which can be sealed
with a KF-25 toggle clamp and locking pin (see Fig. 1b–f, see
also Section 2.2 of the ESI†).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.6. Reactions under controlled atmospheres with varying
oxygen content‡

2.6.1. General procedure for CuCl experiments. Tolbuta-
mide syntheses with CuCl were performed in a Retsch MM400
mixer mill operating at a frequency of 30 Hz using custom SS KF
compression seal jars (see Fig. 1b–f, see also Section 2.2 of the
ESI†). Immediately before each experiment, milling jars and
balls were cleaned with SS wool using Alconox Detergent
cleaning concentrate and water, rinsed under EtOH, and dried
under streaming N2 (g). In a typical experiment, a stainless-steel
ball (15 mm diameter, weight ∼13.4 grams),§ a mixture of p-
toluenesulfonamide (214 mg, 1.25 mmol), n-butyl isocyanate
(140.8 mL, 1.25 mmol), CuCl (6–7 mg, 5 mol%), and in LAG trials
only nitromethane (86.0 mL, h = 0.25 mL mg−1) were placed into
custom stainless-steel jars. The jars were purged with 20 psi in
a Captair Pyramid Portable Glove Bag with mixtures of nitrogen
and dried air (see Fig. 1a). An Omega RH82 hygrometer reading
of 0.1% was used to conrm when purging was complete. The
content of oxygen (in vol%) was measured using a Forensics
NIST calibrated gas monitor (AQ-ODP5-281U). Upon purging,
jars were sealed, placed in the Retsch MM400, and the reaction
mixtures ball-milled for 2 h.

Aer the reaction, a small amount of crude product (5–25
mg) was collected from multiple jar regions and dissolved in
DMSO-d6. The isolated product samples were pipetted through
a lter pipette to remove CuCl metal contaminant and 1H NMR
spectrum of the crude mixture was measured for yield deter-
mination. Reaction in DMSO-d6 did not proceed signicantly in
an NMR tube when employing pure CuCl as a catalyst. However,
reaction in DMSO-d6 was found to proceed to a limited extent in
an NMR tube when employing CuCl2 as a catalyst. To ensure the
accuracy of NMR for yield determination, reaction in solution
was tracked in an NMR tube using identical amounts of the
reagents as employed in the mechanochemical reaction to
establish an upper bound for reaction in solution (see Section
3.1 of the ESI†).

2.6.2. General procedure for CuCl2 experiments. The reac-
tions with CuCl2 were run under N2 or dry air using an identical
procedure to that above, but simply substituting the catalyst
that was employed (CuCl2, 6–8 mg, 5 mol%). Reaction in DMSO-
d6 was found to proceed to a limited extent in an NMR tube
when employing CuCl2 as a catalyst. Again, to ensure the
accuracy of NMR for yield determination, reaction in solution
was tracked in an NMR tube using identical amounts of the
reagents as employed in the mechanochemical reaction to
establish an upper bound for reaction in solution (see Section
3.1 of the ESI†).

2.6.3. PXRD analysis. Following a previously described
procedure, a total of 7.5 mL of water and Na2H2EDTA$2H2O
(50 mg, 0.17 mol) were added to the remaining crude reaction
mixture and milled for 10 min.37,38 The product was separated
‡ Throughout the manuscript stainless steel is abbreviated as SS,
polytetrauoroethylene as PTFE, and bulk aluminium metal as Al.

§ Previous reports on LAG synthesis of tolbutamide used 10 mL volume SS jars
with a single SS ball of 10 mm diameter and reported polymorph 1 and
polymorph 2 formation.37,38

© 2024 The Author(s). Published by the Royal Society of Chemistry
by vacuum ltration, rinsed using 80 mL of nanopure H2O (18.2
MU cm, Barnstead) and dried in a Accutemp AT09 vacuum oven
at 700 mmHg over P4O10 at 25 °C overnight. Puried product
was dissolved in DMSO-d6. The sample for analysis was passed
through a lter pipette and 1H NMR spectrum of the puried
product recorded (see Sections 4 and 5 of the ESI†). Based on
PXRD analysis, in almost all cases, only polymorph 1 of tolbu-
tamide was observed; see Sections 8 and 9 of the ESI†).50
2.7. Reactions under dry air with different milling
materials‡

The same procedures used in 2.6 were employed here, except
now, the syntheses were run in a series of different milling jars
under dried air or N2 (g) using either CuCl (6–7 mg, 5 mol%) or
CuCl2 (6–8 mg, 5 mol%). Briey, jars were loaded with the
reagents, purged under the desired atmosphere, and sealed
tightly with paralm (for the PTFE and the Al jars) or with KF
toggle clamps for the SS jars. The milling assemblies used
included: (1) SS milling jars (15 mm SS balls weight ∼13.4
grams or 12.7 mm PTFE balls ∼2.3 grams); (2) PTFE milling jars
(15 mm SS balls ∼13.4 grams or 12.7 mm PTFE balls ∼2.3
grams); § and (3) Al milling jars (12.7 mm PTFE balls ∼2.3
grams). Then, NMR of the crude product was taken for yield
determination and the remaining product was puried and
analysed by PXRD.
3. Results and discussion

The synthesis of tolbutamide has been reported to readily
provide 60–80% yields upon milling with different copper salts
without any atmosphere control.37,38 Surprisingly, our attempts
to conduct the reaction under a dry N2 atmosphere gave
conversions of 0–5% by either neat milling or LAG. Deliberate
addition of 1–30 mL water into the reaction mixture did not
improve conversion, indicating that using an air-free environ-
ment, regardless of the presence of moisture, was deleterious
for the reaction. Indeed, running the reaction under dried air
led to improved conversions (∼80% for LAG, ∼50% for neat
milling).

These observations suggested that oxygen plays a critical role
for this copper-catalysed coupling. This was further validated by
developing a system for the precise mixing of dried air and N2

gases, enabling a systematic study of the effect of atmospheric
oxygen content on tolbutamide formation. Recording reaction
conversion at gas phase O2 amounts of 0.00 (i.e., pure N2), 0.057,
0.10, 0.14, and 0.22 mmol (calculated assuming ideal gas
conditions frommeasured O2 percentages of 0.0, 5.5, 10.0, 13.7,
and 20.9% respectively) revealed a clear dependence of tolbu-
tamide formation on oxygen amount (see Fig. 2). For each
oxygen level, conversion was calculated as an average of four
separate measurements.

Conversion was found to increase with oxygen content. This
trend was more reliable for reactions using LAG, while for neat
milling, the variation in yield was much more signicant across
the repeated measurements for each oxygen concentration. The
high variability of the conversion in neat milling reactions,
RSC Mechanochem., 2024, 1, 289–295 | 291
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Fig. 2 Conversion of the copper-catalysed sulfonamide-isocyanate
coupling to form tolbutamide as a function of atmospheric oxygen
content measured is shown as a box andwhiskers plot. Each data point
is the average of four repeated experiments shown as starred points at
the respective yields observed. Bars show lowest and highest yield
observed at each oxygen concentration (see Section 3.2 of the ESI† for
more details). See Section 3.1 of the ESI† for an important cautionary
note regarding yield determination by NMR.

Fig. 3 X-ray photoelectron spectra of the Cu 2p3/2 signal with fit for
Cu(I) and Cu(II) regions for samples milled in: (a) dry air and (b) dry
nitrogen. It was not possible to distinguish between CuCl and other
potentially formed other copper(I) species, such as Cu2O, due to
similar binding energies in the Cu 2p3/2 region. CuCl2 is distinct in
binding energy from CuO and is clearly identified. Photographs of the
reactions performed by milling with CuCl in dry air using: (c) Al and (d)
PTFE jars. Note: the broad feature between 938–946 eV is a shake-up
feature associated with Cu(II).
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compared to LAG, suggests that the presence of a liquid additive
enables more efficient mixing of the sample with a gas. Such
a result is consistent with previous reports that adding a small
amount of a liquid to a mechanochemical mixture enables
greater powder owability, promoting mixing.51

The observed effect of oxygen on tolbutamide formation was
not previously reported and suggests either the need for pre-
oxidation or disproportionation of the CuCl catalytic additive
into Cu(II) or that the coupling reaction is inherently based on
a redox process. In order to distinguish between these two
possibilities, the reaction was repeated in the presence of dry
brown anhydrous CuCl2 (5 mol%) as the catalyst (see Section
2.7). In contrast to previous trials with CuCl, reaction under dry
N2 atmosphere now led to 73% conversion by LAG, and 75% by
neat milling within 2 hours.

These observations suggest that the catalytic species in
tolbutamide synthesis is Cu(II) based, and that the role of
atmospheric oxygen in CuCl-based reactions is to convert CuCl
to catalytically active Cu(II). Thus, as the oxygen amount
increases relative to the amount of Cu(I), the yield of the reac-
tion increases. Given we were using 0.0625 mmol CuCl, we
tested the reaction with mol ratios of O2 to Cu(I) of 0 : 1, 0.9 : 1,
1.6 : 1, 2.2 : 1, and 3.5 : 1 corresponding to 0, 0.057, 0.1, 0.14, and
0.22 mmol O2 (see Fig. 2). Thus, sufficient conversion of copper
to the active form for restored reactivity occurs when 3.5
equivalents of oxygen is added roughly corresponding to the
amount available in dry air.

The claim for Cu(II) as the active catalyst is further supported
by X-ray photoelectron spectroscopy (see Fig. 3a and b) of the
crude reaction mixture for the initially CuCl-containing LAG
process, performed under either dry air or N2. Analysis by XPS
(see Fig. 3a and b) reveals that Cu(I) is in excess when the
reaction is run under nitrogen, while Cu(II) is in excess when the
292 | RSC Mechanochem., 2024, 1, 289–295
reaction is run in dry air (see also Section 7 of the ESI†). Overall,
these observations strongly indicate Cu(II) as the catalytic
species, with commonly used CuCl actually acting as a pre-
catalyst. It is worth noting that Cu metal likely undergoes
a similar oxidation process when driving the reaction mecha-
nocatalytically as in previous reports with brass.37

Current studies exploring the surface chemistry of the
copper and the phenomenon of mechanocatalysis with this
established methodology are underway in our labs using Cu
milling balls.

Next, we evaluated the potential effect of the milling
assembly material on the reaction, by milling with different
combinations of steel, PTFE, and Al jars with SS or PTFE balls.
Aer milling in dry air (see Table 1 and Section 2.1 of the ESI†)
the reaction conversions were generally higher with CuCl2 as
the catalytic additive, consistent with the observation that CuCl
requires prior oxidation to Cu(II). This is particularly evident in
the slower neat milling reactions, where conversions generally
© 2024 The Author(s). Published by the Royal Society of Chemistry
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lie in the range of 40–50% with CuCl (exempting the reaction in
PTFE jar with a SS ball), and in the 75–85% range with CuCl2.

A striking result of screening different milling assembly
materials under dry air conditions is the complete loss of
reactivity (with CuCl as the catalyst), when using the Al-based
jars with PTFE balls (see Table 1). Here, 0% conversions were
obtained whether milling neat, or under LAG conditions, or in
air that was not dried (45% relative humidity). The loss of
reactivity is not due to the use of PTFE balls, as switching to SS
or PTFE jars readily gave tolbutamide even with PTFE balls.
Tentatively, we explain the deactivation of the reaction by the jar
Al metal hindering the oxidation of CuCl. This is supported by
the appearance of reaction mixtures containing CuCl, which,
when Al jars were used, remained white (see Fig. 3c, also Section
6 of the ESI†). This is supported by the appearance of reaction
mixtures containing CuCl, which, when Al jars were used,
remained white (see Fig. 3c, also Section 6 of the ESI†). In
contrast, the corresponding reaction mixtures in all other cases
turned yellow-green, consistent with oxidation of CuCl (see
Fig. 3d, also Section 6 of the ESI†). Furthermore, reaction with
CuCl2 in Al jars provided 72% conversion by LAG and 76%
conversion by neat milling. Identication of Cu(II) as the cata-
lytic species provides the rst solid, although preliminary, hints
towards a mechanism for this reaction. It seems likely that
Cu(II) could facilitate the reaction by coordination to the
sulfonamide reactant and, potentially, N–H bond insertion.

We hypothesize three potential mechanisms for aluminium
mechanoinhibition. The rst possibility is that aluminium
metal acts as an oxygen scavenger forming Al2O3 in situ when
the native oxide is stripped from the metal surface by the
milling process (Al(0) + O2 / Al2O3, DG = −1582 kJ mol−1),
thus preventing the Cu(I) from reacting with available oxygen to
oxidize to Cu(II).52 The observation of a greyish tinge to the
mixture suggesting aluminium wear in the product and the
Table 1 Conversion to tolbutamide (in %) upon LAG or neat milling in
dry air using jars and balls made from different materials, using CuCl or
CuCl2 as the catalytic additivea

Additive Jar Ballb

Conversion (%)

LAG Neat milling

CuCl SS SS 80 50
CuCl SS PTFE 82 43
CuCl PTFE SS 78 90
CuCl PTFE PTFE 64 40
CuCl Al PTFE 0c 0c

CuCl2 SS SS 73 75
CuCl2 SS PTFE 79 85
CuCl2 PTFE SS 65 80
CuCl2 PTFE PTFE 77 82
CuCl2 Al PTFE 72 76

a LAG reactions were conducted in presence of nitromethane (h = 0.25
mL mg−1) as the liquid additive. b SS balls of 15 mm diameter (weight
∼13.4 grams) were used, while PTFE balls had a diameter of 12.7 mm
(weight ∼2.3 grams). c 0% conversion was also observed when the
reactions were conducted in atmospheres that were not dried. See
Section 3.1 of the ESI for an important cautionary note regarding yield
determination by NMR.

© 2024 The Author(s). Published by the Royal Society of Chemistry
large Gibbs free energy for this transformation supports this
theory. Amorphous aluminium oxide formed in the milling
process could also be acting to stabilize the Cu(I) state; thus
disfavouring oxidization to Cu(II) as shown recently by Jia et al.53

An alternative theory would be the reduction of oxidized copper
by aluminium directly (DG = −636 kJ mol−1 for Al(0) + Cu(I) /
Al(III) + Cu(0) andDG=−1168 kJ mol−1 for Al(0) + Cu(II)/ Al(III)
+ Cu(0)).54,55 On this theory, stainless steel does not show a cor-
responding mechanoinhibition effect due to the small Gibbs
free energy for Cu reduction with Fe (DG = −151 kJ mol−1 for
Fe(0) + Cu(II)/ Fe(II) + Cu(0) and DG=−15 kJ mol−1 for Fe(0) +
Cu(I) / Fe(II) + Cu(0)).54,55 Investigations to elucidate which
phenomenon are occurring are currently underway.

To further explore the effect of catalyst choice, a variety of
metal(II) chlorides were examined under controlled dry air
atmosphere (see Table 2). Reactions were run with 5 mol% of
potential catalyst in SS jars with SS balls according to the
established procedure. Product yield with all these explored
alternative metal chlorides was found to be poor, which is in
accordance with previous reports, never exceeding 10%.37,38

In the interest of promoting atom economy,5,56 the effect of
CuCl2 catalyst loading and reaction time on product yield was
examined. Using CuCl2 as the catalytic additive permitted
reaction yields ranging from 60–85% within 30 minutes. For
exploration of the effect of catalyst loading, however, we decided
to maintain a 2 hours reaction time as the observed yield is less
reproducible trial to trial with shorter reaction time. By
employing Cu(II) directly, catalyst loading was readily reduced
from 5 mol% to 1 mol% (see Fig. 4 and Section 10 of the ESI†),
which is signicantly lower than in previous reports. Moreover,
at similar reaction times, low yields were observed using CuCl2
in DMSO-d6 solution at room temperature; revealing the
mechanochemical reaction is more efficient (see Section 3.1 of
ESI†). An interesting note was the increase in conversion by
∼10% upon reducing the loading of the catalytic additive (see
Fig. 4). We suspect excess CuCl2 plays a similar role to a bulk
inert additive, and hampers diffusion of reactants generally
slowing product formation. Investigations along these lines are
underway.

As a nal feature of interest, it is worth noting that while LAG
generally leads to better reaction repeatability when employing
Table 2 Conversion to tolbutamide (in %) upon LAG or neat milling in
SS jars with SS balls under dry air using a metal (II) chloride as the
catalytic additivea

Catalyst

Conversion (%)

LAG Neat milling

CaCl2$2H2O 0.0 0.0
MnCl2$4H2O 0.0 0.0
CoCl2 3.3 0.0
NiCl2 2.5 2.8
CuCl2 71 76
ZnCl2 8.2 6.0
CdCl2$H2O 0.0 0.0

a LAG reactions were conducted in presence of nitromethane (h = 0.25
mL mg−1) as the liquid additive.
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Fig. 4 Conversion of the copper-catalysed sulfonamide-isocyanate
coupling to form tolbutamide under dry air in SS jars with SS balls as
a function of catalyst loading in neat grinding conditions (see Section
10 of the ESI† for similar trials with LAG). Each data point is the average
of three repeated experiments and error is shown as standard devia-
tion. Lines are intended to guide the eye. See Section 3.1 of the ESI† for
a cautionary note regarding yield determination by NMR.
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the traditional CuCl catalyst (see Fig. 2), this phenomenon does
not translate to the true CuCl2 catalyst system. When employing
CuCl2 in LAG conditions (see Fig. 3, 4, and Section 10 of the ESI†),
conversions are statistically identical to the reaction when per-
formed in neat conditions with similar standard deviations to
neat trials. This aligns with previous results showing similar
conversions between neat CuCl2 and LAG CuCl.37 These ndings
suggest that, while LAG generally increases conversion mecha-
nochemically, it is not benecial in this reaction system. Thus,
atom economy can likely be increased by avoiding LAG reagents
for these transformations in future.
4. Conclusions

In summary, we have provided a systematic overview of
parameters related to the milling assembly and atmosphere,
which permitted the identication of Cu(II) as the most likely
catalytic species in the mechanochemical model reaction of
tolbutamide synthesis. This outcome indicates that typically
used CuCl likely plays the role of a pre-catalyst, which becomes
activated through aerobic oxidation. By employing CuCl2,
catalyst loading can be reduced signicantly. Moreover,
screening of different materials for milling jars and balls also
revealed what appears to be the rst example of a catalytic
mechanochemical reaction being shut down by the choice of
a particular milling jar material. Specically, milling in an Al jar
led to complete inhibition of the coupling reaction, in the
presence of either dry or humid air, which is tentatively attrib-
uted to preventing aerobic oxidation of CuCl pre-catalyst. We
term such behavior direct mechanoinhibition, highlighting it
as the opposite of the now well-established direct mechanoca-
talysis phenomenon. Direct mechanoinhibition demonstrates
the ability to tune mechanochemical milling surfaces not only
to promote reactivity34–36,57 but also to switch off reactions. It was
also shown that excess catalyst in a mechanochemical reaction
294 | RSC Mechanochem., 2024, 1, 289–295
can reduce reaction efficiency; a phenomenon we are actively
exploring. These results illustrate how focusing on mechano-
chemical reaction parameters other than catalyst and/or addi-
tive choice can lead to important conclusions even in well-
established reaction systems, and we hope they will encourage
further systematic studies of mechanocatalysis.
Author contributions

Author contributions to this work according to CRediT stand-
ardised contribution descriptions are as follows: Kathleen Floyd
(conceptualization, data curation, formal analysis, investigation,
methodology, visualization, validation, writing-original dra,
writing-review and editing), Lori Gonett (conceptualization,
formal analysis, methodology, writing-review & editing), Tomi-
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3 T. Frǐsčić, C. Mottillo and H. M. Titi, Angew. Chem., Int. Ed.,
2020, 59, 1018–1029.

4 V. Martinez, T. Stolar, B. Karadeniz, I. Brekalo and
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K. Nagapudi and T. Frǐsčić, Angew. Chem., Int. Ed., 2022, 61,
e202115030.

42 S. Reichle, M. Felderhoff and F. Schüth, Angew. Chem., Int.
Ed., 2021, 60, 26385–26389.

43 F. Puccetti, T. Rinesch, S. Suljić, K. Rahimi, A. Herrmann
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