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Direct mechanocatalysis has arisen as a promising tool to achieve synthetic transformations by utilizing
reaction vessels and/or media made of a material capable of acting as a source of catalysis. One
common metal utilized for this purpose is copper, the surface of which is not a static environment but
rather undergoes many transformations (particularly upon exposure to water and oxygen). Here we have
utilized in-house developed equipment for work under controlled atmosphere milling, including
a composite milling jar design that enables investigating the behaviour of the copper surface in either
impact- or shear-dominated milling regimes. We exploit the unique sensitivity to Cu(i) species of the
mechanocatalytic coupling of isocyanate and sulfonamide to form the sulfonylurea diabetic drug
tolbutamide to establish methods to control the copper surface composition and reveal the factors that
influence copper transformation into different states during milling. We reveal the active catalyst formed
through direct mechanocatalysis to be a hydroxylated copper species and demonstrate that the reaction
proceeds via surface wear and subsequent catalyst formation. Any initial surface oxide is observed to be
insignificant to the overall process. The use of the composite reaction jar further revealed that wear

dominates from the end regions of the vessel, undergoing primarily impact forces. Based on these
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Accepted 5th September 2025 finding and density functional theory (DFT) calculations, we present a reaction mechanism which

explains the different yields of in situ generated Cu(OH), and a traditional CuCl, pre-catalyst. These
results highlight the importance of systematic investigations of surface characteristics for understanding
and controlling direct mechanocatalysis and demonstrate methods to realize these goals.
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processes,”® nanomaterial manufacture,’ MOF synthesis,"
waste processing,”” and mechanical alloying.*>**
In a mechanochemical reactor, energy for the chemical

1 Introduction

Mechanochemistry, the application of physical force to drive

chemical transformations, has arisen as a powerful green
synthetic methodology for chemical synthesis. By performing
reactions in a solid state rather than in solvents, mechano-
chemical syntheses can achieve enhanced product yields and
purity, exhibit decreased reaction times, and display lower
energy demands."” Examples of such reactions include drug
synthesis,*® polymer formation,® industrial gas-phase
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reaction is imparted to reagent mixtures by transducers of
mechanical energy in the form of a mortar and pestle, grinding
media such as milling balls (in the cases of planetary and
vibratory milling),"* co-rotating screws (as in twin screw extru-
sion),' or by the colliding reagents themselves (as in resonant
acoustic mixing)."” As a result, the material of the reaction vessel
often plays an important role in governing the forces experi-
enced by reagents due to the associated mechanics,'®* but the
surface chemistry associated with the vessel plays a critical, yet
frequently overlooked, role.*® For instance, the most often cited
mechanochemical reaction which yields mercury via grinding
of cinnabar in the presence of vinegar uses a copper surface on
a mortar and pestle to promote the process.*** It has even been
noted that mere fingerprints left on the jar surface can alter the
outcomes of mechanochemical transformations.*

This process of direct mechanocatalysis, which uses metal
additive surfaces (like foils, powders, or vials) as a source of
catalyst, provides an attractive alternative to using the often

© 2025 The Author(s). Published by the Royal Society of Chemistry
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expensive, synthetically-intensive, and complex organocatalytic
methods currently available.”*® Catalysts in traditional solvent-
based synthetic processes have poor recyclability (only 18
metals utilized in industry have end-of-life recycling rates over
50%), limited shelf lives, varying quality, and generally require
an inert atmosphere to achieve high conversions.”®** In
contrast, direct mechanocatalysis should, in principle, simplify
catalyst addition, and reuse, often in ambient
environments.>*® This speaks directly to the advantages of this
technique and should foster its further development. Most
studies so far focused on achieving synthetic utility, examples of
which include sulfonylurea couplings with brass balls,* cyclo-
propanation reactions with silver and copper foils in stainless
steel jars,””*"** cycloadditions of alkynes with nickel pellets,*
palladium- and/or copper-catalysed Suzuki-Miyaura, Sonoga-
shira, Buchwald-Hartwig,>>**** as well as azide-alkyne cyclo-
addition (CuAAC) reactions.” A direct mechanocatalysis
reaction protocol for twin screw extrusion was also demon-
strated by the Borchardt group, who used palladium coated
screws for continuous Suzuki-Miyaura reactions.**

In contrast, only a small number of studies attempted to
analyse what is driving the direct mechanocatalysis by looking
at surfaces and their degradation, or by identifying the catalyt-
ically active species.”>***>*¢ Despite being one of the most
utilized metals for direct mechanocatalysis, the changes to the
copper surface during the reaction remain relatively underex-
plored, with most mechanistic and detailed studies focusing on
palladium instead.”>***** Studies of copper-based direct
mechanocatalysis strategies have so far focused largely on the
Glaser and CuAAC coupling reactions, where the formation of
surface species, most likely a copper acetylide, was found to be
important for catalysis.*® Oxidized copper metal derivatives and
surface bound species have their own unique reactivities,
demonstrating significant catalytic capability for a number of
mechanochemical transformations, including sonocatalysis
(where they uniquely serve to selectively control oxidation for
biomass conversion to critical compounds under specific
atmospheres).*=*" Thus, the current treatment of the copper
metal as the catalyst in synthetic literature disguises a more
complex reality. Exploration of a number of parameters, such as
the structure and oxidation of the copper surface, identification
of catalytic species, and how these could be controlled to
improve the efficiency of direct mechanocatalysis strategies and
access their economic utility is necessary.

To address this gap, we examined the copper-catalysed
mechanochemical synthesis of sulfonyl-(thio)urea-based anti-
diabetic drugs, which serves as one of the earliest examples of
direct mechanocatalysis (as shown in Fig. 1a).*” Previous studies
demonstrated that this transformation is highly sensitive to the
copper oxidation state, atmosphere, and catalyst loading, but
how these factors affect the mechanism of the transformation
remains unclear.****> We exploit the unique sensitivities of this
reaction to probe the chemically relevant transformations of the
copper surface under a variety of atmospheric conditions to
obtain critical knowledge for mechanochemists hoping to
employ direct mechanocatalysis with copper. Specifically, we
find that the copper metal acts as a pre-catalyst for this reaction,

removal,
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Fig. 1 Recent investigations of copper-catalysed tolbutamide
synthesis showing (a) initial report with direct mechanocatalysis
[10 mm brass ball and liquid assisted grinding (LAG) with CH3zNO, (n =
0.25) or Cu powder (10 mol%, neat, 10 mm stainless steel ball) in
a 10 mL stainless steel jar, (b) recent studies of oxidation state
dependence [CuCl and CuCl, (1-5 mol%)], 25 mL stainless steel jar,
15 mm stainless steel balll, and (c) this work: examinations of copper
metal transformations in different atmospheres. All transformations
performed in a Retsch MM 400 ball mill for 2 hours at 30 Hz.

transforming in situ to catalytically active hydroxylated copper
species (herein designated as Cu(u)-OH), given the right atmo-
spheric conditions. Moreover, we report that the copper surface
characteristics can be easily tuned by pre-treatment and main-
tained in lower oxidation states by atmosphere control. The
condition of the initial copper surface is inconsequential, as
even a robust oxide layer is easily stripped away during milling,
leaving the bulk metal and the atmosphere (oxygen and water
vapour) as the predominant factors driving further catalyst
formation. We validate the identity of the catalyst through
a combination of experimental studies and DFT calculations
which reveal the mechanism of this transformation and enable
direct comparison between the direct mechanocatalysis tech-
nique and traditional copper salt catalysts.

2 Materials and Methods

Chemicals were purchased from Alfa Aesar, Thermo Scientific,
BeanTown Chemical, Strem Chemicals Inc., or Sigma Aldrich
and used without further purification (see Section 1, SI).

2.1 X-ray photoelectron spectroscopy (XPS)

XPS data were obtained using a SPECS EnviroESCA instrument
operating under traditional high vacuum pressure. Spectra were
processed and fit with peak models developed by Biesinger
et al.*® Copper samples were kept under nitrogen except when
loading them into the instrument for analysis (~1-3 min
process, an insufficient time for significant oxide formation). To
ensure that the potential effects of reduction of the copper
surface by X-rays were minimized, Cu(2p*?) and Cu LMM
(Auger electron spectrum that arises from the electronic

Chem. Sci., 2025, 16, 19830-19842 | 19831
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transitions within the L shell of an atom) spectra were recorded
first, followed by the collection of other XPS data.>

2.2 Nuclear magnetic resonance (NMR)

"H NMR spectra were obtained with either a Bruker Advance
Neo 400 instrument equipped with a 400 MHz Ascend magnet,
an automated tuning 5 mm broadband iProbe, and a 60 posi-
tion SampleXpress sample changer; a Bruker Advance Neo 500
instrument equipped with a Bruker Avance Neo console,
a 500 Hz Ascend magnet, an automated tuning 5 mm broad-
band iProbe, and a 16 position SampleXpress Lite sample
changer; or a Varian VNMR 500 equipped with a Varian VnmrS
console, a 500 Hz Oxford magnet, and 5 mm 1H [X] broadband
and [1H/19F] [X] switchable probes. The instrument was chosen
based on availability to expedite data acquisition following
reaction completion. "*C NMR spectra for product verification
were obtained on a Bruker Avance III console equipped with
a 500 MHz Oxford magnet, an automated tuning 5 mm
'H/"®C/**N cold probe, and a 24 position SampleCase sample
changer.

2.3 Inductively coupled plasma mass spectrometry (ICP-MS)

2.3.1 Instrumental conditions. A PerkinElmer NexION
300D ICP-MS equipped with a 4DXCi autosampler (Elemental
Scientific Inc., USA) was used. The ICP-MS incorporated a stan-
dard quartz torch and injector, a glass cyclonic spray chamber,
and a PFA concentric nebulizer. The instrument was optimized
prior to the analysis with a 10 ng mL ™" 1% v/v HNOj; solution
containing °Be, *°In, *°Ce, and ?**U. The nebulizer flow rate
was automatically adjusted to maximize transmission of '*’In
while keeping the CeO/Ce ratio below 3%. The Sc internal
standard solution (5 ng mL™") was added inline via a mixing
valve. The instrument parameters are given in Section 2.1 of the
SI.

2.3.2 Reagents and standard solutions. All reagents used
were of a trace-metal grade, suitable for ICP-MS analyses.
Chromium, iron, and copper -calibration solutions were
prepared from aliquots of a 10 ug mL ™" multi-element stock
solution (IV-ICPMS-71A, Inorganic Ventures, USA). Dilutions
were made with a 2% v/v HNO; solution prepared from Type I
water (Milli-Q Integral 5, Millipore SAS, France) and trace
metals grade nitric acid (Fisher Chemical, USA).

2.3.3 Methods. All sample preparation was carried out in
metal-free, 15 mL and 50 mL polypropylene (PP) centrifuge
tubes (VWR, USA). Diluent was prepared in 1 L, acid-leached
polyethylene bottles. An aliquot of approximately 35 mg of
each sample was weighed and digested in a mixture of 2 mL of
concentrated nitric acid and 0.5 mL of 35% hydrogen peroxide
with heating at 80 °C for 4 h. When no visible solids remained,
the digest was cooled to room temperature and Type I water was
added to make the final mass of each up to 35 g. The total mass
of each digest was recorded.

2.4 Liquid chromatography mass spectrometry (LC-MS)

Electrospray ionization (ESI) for product verification was ob-
tained on a Thermo Fisher Scientific QE Focus instrument.
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2.5 Custom milling jars

To enable milling under strictly controlled atmospheres, we
have previously employed in-house designed air-tight milling
jars manufactured from stainless steel (see Section 2.2, SI).*®
Briefly, these jars were machined from stainless steel and use
KF-25 flange vacuum joints, which can be sealed with a KF-25
toggle clamp and locking pin. We have also extended this
setup to enable studies isolating the catalytic material to
different jar regions by making 10 mL inserts of copper and
stainless steel that fit within the 25 mL hermetically sealable
body (see Section 2.3, SI). By mixing insert caps and cylindrical
bodies of different materials, catalytically active metal can be
isolated to different jar regions.

2.6 Milling surface preparation

Milling jars and balls made of stainless steel were cleaned with
stainless steel wool using Alconox Detergent cleaning concen-
trate and water, rinsed with nanopure H,O (18.2 MQ cm,
Barnstead) followed by EtOH, and dried under streaming N,.*®
Copper pieces were thrice submersed in aqueous citric acid
(11.1% w/v) for 3 minutes and rinsed in nanopure H,O (18.2
MQ cm, Barnstead) followed by a single rinse with 200 proof
EtOH, drying under streaming N,, and, when necessary,
oxidized under UV ozone for 45 min.** For larger bulk copper
insert pieces, a Fischer Scientific FS30D ultrasonic mixer was
utilized during the citric acid soaks to ensure complete removal
of oxide as it was observed tarnish was more difficult to remove
from these samples by simple soaking. When not in use or
following milling reactions, prepared copper surfaces were
removed from jars and kept under inert nitrogen.

2.7 Optimizing oxidation of the copper surface

For trials examining the oxidation of the copper surface,
Crossman Copperhead .177 calibre copper-coated precision
ball-bearings (hereafter abbreviated as Cu-BBs) were cleaned as
described in Section 2.6 of Materials and Methods, spread out
on a glass dish, and subjected to UV ozone treatment using
a Novascan PSD-UV: UV surface decontamination system. Cu-
BBs were removed at 15 min intervals and stored immediately
under nitrogen gas until used in reactions. Subsequently,
samples were analysed via XPS. Oxidized copper pieces for
mechanochemical reactions were exposed to UV ozone treat-
ment for 45 minutes to optimize oxide coverage.

2.8 Reactions under controlled atmosphere with Cu-BBs

For studies of copper catalysis, Crosman Copperhead .177
calibre copper-coated precision BBs (hereafter abbreviated Cu-
BBs) were chosen as a cost-effective (0.66 ¢ (USD)/Cu-BB),
readily available material for initial investigations and exami-
nations of surfaces via techniques like XPS given bulkier balls
and copper pieces are more challenging to examine. Before each
experiment, milling materials were cleaned as described in
Sections 2.6 and 2.7 of the Materials and Methods. Subse-
quently, 20 Cu-BBs (4.5 mm diameter, weight ~0.345 g per BB)
were placed into the jar or jar insert along with p-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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toluenesulfonamide (214 mg, 1.25 mmol) and n-butyl isocya-
nate (140.8 pL, 1.25 mmol). The jars were then purged with 20
psi of either dried N, gas or dried air in a Captair Pyramid
Portable Glove Bag. An Omega RHS82 hygrometer reading of
0.1% confirmed completion of purging. The concentration of O,
was measured using a Forensics NIST calibrated gas monitor.
Upon purging, jars were sealed, placed on a Retsch MM400 mill,
and milling was conducted for 2 hours at a frequency of 30 Hz.
After milling, the crude product was collected from multiple jar
regions, dissolved in DMSO-d;, passed through a filter pipette
and crude conversion was measured by "H NMR (see Section
2.2, Materials and Methods). Depending on the desired anal-
ysis, product and milled Cu-BBs could be removed under
a nitrogen atmosphere following the reaction and stored under
N, safely away from sources of oxidation. For additional notes
on product synthesis, see Section 3 of the SI. For product veri-
fication information, see Section 4 of the SI.

2.9 Tracking changes to the Cu-BB surfaces throughout the
milling process

A stainless-steel milling jar was loaded with Cu-BBs (20, 4.5 mm
diameter, weight ~0.345 g per BB) taken directly from the
manufacturer and sealed under humid atmosphere. The BBs
were milled at 20 Hz in a Retsch MM 400, removed after each
desired time period, cleaned with acetone, stored under N,, and
transferred to XPS for further analysis (see Section 2.1, Materials
and Methods).

2.10 Reactions isolating copper metal to different jar regions

Reactions isolating copper catalyst to different jar regions were
performed utilizing the system described in Section 2.5 of
Materials and Methods. Before each experiment, copper and
stainless-steel insert pieces were cleaned using citric acid as
described in Section 2.6 of Materials and Methods. Reaction
jars were loaded with a SS ball (12.7 mm, ~8.54 g), p-toluene-
sulfonamide (428 mg, 2.5 mmol), and n-butyl isocyanate (278.5
pL, 2.5 mmol). The jars were loaded under humid ambient
atmosphere and placed on a Retsch MM400 mill. Milling was
conducted for 2 h at a frequency of 30 Hz. After milling, crude
product was collected from multiple jar regions, dissolved in
DMSO-ds, passed through a filter pipette, and crude conversion
measured by '"H NMR (see Section 2.2, Materials and Methods).
Additional crude powder was removed from the vials immedi-
ately upon reaction conclusion and analysed through ICP-MS
(see Section 2.3, Materials and Methods).

2.11 Examinations of reactivity with different copper-based
catalysts in various atmospheres

Before each experiment, stainless steel 25 mL atmospherically
sealed jars were cleaned (see Sections 2.5 and 2.6, Materials and
Methods). Subsequently, reaction jars were loaded with
a stainless-steel ball (15 mm, 13.4 g), p-toluenesulfonamide
(214 mg, 1.25 mmol), n-butyl isocyanate (140.8 uL, 1.25 mmol),
and the copper-based catalyst (5 mol% loading or varies in the
case of CuO). The reactions were conducted either neat, or with
addition of water (10 pL). The jars were then either: (a) purged

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with 20 psi of dried N, gas, (b) purged with dried air in a Captair
Pyramid Portable Glove Bag, or (c) placed directly on the mill
under humid ambient atmosphere. As in Section 2.8 of Mate-
rials and Methods, complete purging or humidity was
confirmed by a hygrometer reading of 0.1% or ~30-60%,
respectively, and the concentration of O, was measured using
a Forensics NIST calibrated gas monitor. Upon purging, jars
were sealed, placed on a Retsch MM400 mill, and milling was
conducted for 2 h at a frequency of 30 Hz. After milling, the
crude product was collected from multiple jar regions, dissolved
in DMSO-d,, passed through a filter pipette, and crude conver-
sion was measured by 'H nuclear magnetic resonance spec-
troscopy (NMR) (see Section 2.2, Materials and Methods). For
additional notes on product synthesis, see Sections 3 and 4 of
the SI.

2.12 Density-functional theory (DFT) calculations on
reaction mechanism

We conducted geometry optimizations to obtain the structures
of all minima and transition states at the PBEO0+D3/6-
311+G(d,p) level of theory via Gaussian 16, Revision B.01,
Frisch, M. J. et al. Gaussian, Inc., Wallingford CT, 2016. DFT
functionals, such as PBE0,** B3LYP,***® and M06-L>*°° have all
been used in the literature to successfully explain the role of
copper(1) and copper(u) complexes in organic reactions. These
minima and transition states were then verified using frequency
calculations. In order to model the dielectric environment
within the ball-mill reactor,® we choose a dielectric constant of
& = 8.94 (phenyl isocyanate) using the Polarizable Continuum
Model (PCM) as implemented in Gaussian 16.

3 Results and discussion

Since the formation of tolbutamide is highly sensitive to the
presence of copper(u) species, it offers a unique platform to
probe the changes to the copper surface during milling (see
Fig. 1).***¢ To do this, we first learned how to characterize and
control the composition of the copper surface, and then created
surfaces of known composition and probe the changing surface
chemistry and associated overall % conversion in humid, dry,
and nitrogen atmospheres. Sensitivity of the conversion to
atmospheric conditions helped us to identify the active catalyst,
Cu(OH),. We then compared it to traditional alternatives using
experimental and computational methods, resulting in
a greater understanding of the mechanisms underlying mech-
anochemical and direct mechanocatalytic transformation.

3.1 Step 1: controlling the characteristics of the copper
surface

We began by exploring the reaction driven by stainless steel BBs
coated in copper. As the amount of copper catalyst present and
its oxidation state have been shown to be critical for the control
of reaction conversion,*¢ we first sought a method to control the
surface oxidation to ensure reactions began from the same
initial conditions. This requires a methodology to obtain copper
as both a controlled native oxide layer and as an untarnished

Chem. Sci., 2025, 16, 19830-19842 | 19833
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metal, enabling exploration from the likely initial surface states
of copper prior to reaction.>*

Initial XPS of the native Cu-BBs showed that surface oxida-
tion was inconsistent, with Cu(i) species coverage varying from
70.1 to 90.9% between samples (see Section 5, SI for spectra,
and Section 6 of the SI for verification of the experimental
insignificance of surface curvature). We note that qualitatively
the native metal Cu(2p*?) XPS satellite feature corresponds to
either Cu(OH), or CuO, depending on the sample analysed (see
Fig. 2 and Section 5, SI).** To ensure that the copper surface is
similar across the Cu-BBs used, this initial oxide layer needed to
be removed. There are a number of established methods for
removing contaminant oxidation from copper surfaces in
literature, along with many traditional household cleaning
techniques.****** We sought to determine a simple and safe
method, with a green footprint, that could be utilized easily
across different laboratories. To test cleaning options, we
cleaned cylindrical copper rods (simulating both flat and curved
surfaces studied herein and in literature) with several simple
methods to select a superior process (see Section 7, SI). It was
found that a modified technique based on the method of Aro-
maa et al. offered the best balance of oxidation removal, low
organic residue, cost, and simplicity (see Section 2.6, Materials
and Methods).** Upon cleaning, the copper was found to be
predominantly Cu(0), with minor Cu,O and trace Cu(u) species.
We further developed a method to selectively oxidize the Cu-BBs
to form a controlled layer of oxidized catalyst on the surface.
This was achieved by exposure of cleaned BBs to ozone gener-
ated under UV irradiation (see Section 2.7, Materials and
Methods). Surface coverage of 90% CuO was found to be the
optimal oxide coverage attainable and resulted after 45 min of
exposure to UV ozone (discussed in more detail in Section 8, SI)

Cu 2p3/2

Native
Copper Rod

Cleaned
Copper Rod

Cleaned
Cu BB

———

UV Ozone
Treated Cu BB
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XPS spectra of copper samples before and after cleaning and
oxidation processes are shown in Fig. 2.

3.2 Step 2: probing transformations of the copper surface
during milling

Next, we examined the role of surface oxidation on the mecha-
nocatalytic performance of the Cu-BBs in the synthesis of
tolbutamide under different atmospheric conditions as
described in Section 2.8 of the Materials and Methods. The
results of these studies are summarized in Fig. 3. When run
under nitrogen, reactions do not proceed significantly, regard-
less of the oxidation of the Cu-BB surface. In the case where the
surface is clean, these results are unsurprising, given the need
to oxidize Cu(0) for the reaction to proceed.*® The lack of reac-
tivity in the case of native and oxidized copper surfaces,
however, is surprising and suggests that surface oxide alone is
insufficient to drive the transformation, no matter how exten-
sively the surface is oxidized. This suggests that surface-bound
CuO is not the catalytically active species; rather, another Cu(u)
species is responsible for the transformation.

To address this, we explored the reactivity in dry air and
humid atmospheres. We noted that the repeatability of the
reaction varies between dry and humid air. Humid air (50-60%
RH) resulted in consistent conversions of ~70%, while in dry air
the reaction either worked well (70%), or not at all (0%), except
when using the native BB surface, where reaction was consis-
tently observed with conversions of ~70%. Efforts to rationalize
the inconsistent performance in dry air are ongoing. At present,
we note the data suggests formation of a catalytically active
species whose formation is: (1) dependent on the presence of
water, (2) dependent on prior copper oxidation, and (3) slower
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CuLMM

— Cu (0) Metal Fit
— Cu (1) Species Fit
— Cu (ll) Species Fit
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Fig. 2 X-ray photoelectron spectroscopy (XPS) measurements of Cu LMM and Cu(2p

3/2) peaks and associated fits with different copper metal

pre-treatments demonstrating capacity to control metal surface composition.
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Fig. 3 Box plots showing the mechanocatalytic performance of the
copper catalysed p-toluenesulfonamide and n-butyl isocyanate
coupling reaction with Cu-BBs of differently prepared surfaces under
different atmospheric conditions. Milling parameters: 25 mL stainless
steel hermetically sealed jars, Cu-BBs (20 count), 1.25 mmol scale,
30 Hz, 2 h.

from oxidized copper (leading to slightly lower maximum %
conversions in dry air).

This suggests a Cu(u)-OH species, such as Cu(OH),, as the
active catalyst, which might already be present in sufficient
quantities on native surfaces but would not be sufficiently
present on pre-treated copper surfaces. This supposition is
further justified in Section 3.3. In theory, some collections of
oxidized Cu BBs may have more hydroxyl or oxide coverage than
others within a given batch due to different amounts of the
metastable species on the surface. This could explain the high
variability in yield under dry air which correlates to the variation
of Cu(u)-OH available on the surface. However, this is unlikely
given the complete lack of reactivity under nitrogen which
implies oxidized surface bound species are insufficient to drive
the reaction alone and suggest that the active catalyst must
instead be continuously generated using available water and
oxygen. We suspect the reaction performs inconsistently under
dry air due to water (or hydroxyl) entering the system despite our
efforts and combining with the available oxygen to continuously
generate the Cu(u)-OH catalyst. The jars are hermetically sealed
as evidenced by leak tests and their success with N, atmosphere
trials; thus, the most likely means of inconsistent water entry
into the system is adsorption on the milling jar surfaces from
the cleaning process. We have observed this effect in other
systems and it is known that trace adsorbates can cause
significant changes to reaction outcomes.” At present, we do
not want to destroy our jars for XPS analysis or to risk changing
the underlying chemistry by heat treatment to purge the surface
of adsorbates for control experiments.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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At this juncture, we note that, within the standard deviation,
the pre-treatment of the surface was found to be inconsequen-
tial for optimizing the % conversion with similar distributions
under a humid atmosphere for all cases. These findings are in
agreement with previous trials utilizing CuCl wherein LAG
agents were shown to facilitate greater mixing of the solid
matrix with available atmospheric oxygen to promote oxidation
of the copper.** This same behaviour may be achieved by
milling in a humid environment. However, we judge that,
within the context of direct mechanocatalysis, these results
more strongly suggest a need for water to form the active cata-
lyst from bulk copper.

The CuO layer on the surface of Cu-BBs appears insufficient to
drive reactivity; rather, it likely wears from the surface to reveal
Cu (s). Available copper in the solid powder matrix is then con-
verted to a more active catalytic form. To confirm this, we
examined the changes to the surface by XPS utilizing native Cu-
BBs milled under a humid atmosphere (see Fig. 4 and Section
9, SI for controls; and Section 10, SI for additional O(1s) XPS
results). We observe that the surface of the BBs is stripped of
CuO, with the coverage changing from ~85% to ~20% within the
first 15 minutes of milling, leaving Cu,O to dominate the surface.
The Cu,O continues to wear from the surface until approximately
30 minutes of milling, after which it begins to slowly build back
up on the ball surface. The C(1s) signal suggests C-F bonds (likely
from an industrial treatment of the metal surface before Cu
deposition) slowly appearing and building up through the course
of milling, suggesting the surface continues to wear throughout
the milling process. This agrees with the general finding that the
reaction is facilitated by copper that wears off the surface and
converts to an active catalyst rather than via surface-bound
intermediates. Attempts to measure the copper wear by pre-
and post-milling of the BBs were unsuccessful due to insignifi-
cant sensitivity to mass changes, but visual dulling and “greying”
of the BBs and shiny copper metal residue were observed. We
measured the total Cu content in the reaction powder at different
time points during the 2 h reaction using ICPMS to track Cu wear
and found that copper wears off within 30 minutes of milling and
the amount of wear does not vary significantly with further
milling (see Section 11, SI). Further kinetic studies are compli-
cated by poor repeatability of the reaction at short run times (see
Section 11, SI).

As a means to control direct mechanocatalysis, we sought to
determine the location within the milling jars where copper
wear would be most prevalent during reaction, so that the
catalyst amount could in principle be tuned. This is particularly
relevant for tolbutamide synthesis, as it has been shown that
increasing catalyst amount above a certain minimal threshold
is detrimental to conversion due to a dilution effect.*® To explore
this, we designed custom milling jar inserts which facilitated
the construction of a composite milling jar, in which the
catalytically-active copper metal surface can be placed either
only at the end caps, or only in the cylindrical body of the jar
(see Fig. 5, also Section 2.5, Materials and Methods). Notably,
these two regions of the milling jar were found to undergo
different types of mechanical stress, with the end caps experi-
encing more impact, and the central part of the jar experiencing
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Fig.4 XPS surface area coverage measurements of the Cu-BBs surface (a) of Cu(2p*?) and LMM peaks and (b) C(Ls) peaks as a function of milling
time. Milling parameters: stainless steel hermetically sealed jars, Cu-BBs (20 count), 30 Hz, 2 h, ambient atmosphere.

Fig. 5 Custom milling jars for isolating copper milling media to
different jar regions showing (a) outer jar holder, (b) inserts isolating
copper to different regions, and (c) schematic of copper wearing from
different regions during the milling process. Milling parameters:
custom composite milling jars (stainless steel and copper), 15 mm
stainless steel ball, 2.5 mmol, 30 Hz, 2 h.

more shear.®® Consequently, the use of the composite milling
jar effectively permits isolation of the surface responsible for
catalytic activity in either the impact- or the shear-dominated
regime of ball-milling. Using the composite milling jar, the
reactions were performed under a humid atmosphere (see
Section 2.10, Materials and Methods). Analysis of the resulting
powder mixtures showed that placing a copper surface at the
vessel ends leads to more copper wear per unit surface area
(85.5 pg mm? g~ %), compared to the case in which a copper
surface was located in the cylindrical body of the jar (16.4 pg
mm? g~ ). Despite the significant difference in copper loss, both
reaction vessel designs led to similar conversions of ~80%,

19836 | Chem. Sci., 2025, 16, 19830-19842

likely due to sufficient excess available copper (see Section 11,
SI). This suggests that copper is more readily removed from
areas where impact forces predominantly occur and less readily
removed when undergoing more shearing forces. Furthermore,
copper loss and catalyst amount are correlated to surface area
and placement in the jar. In future work, we aim to explore this
effect further, but we note that this suggests that the design of
milling vessels to optimize catalyst endurance or wear quantity
is feasible.

3.3 Step 3: isolating Cu(u)-OH species as the surface derived
catalyst

We next turned to determining the active catalyst by investigating
different copper oxides that could form from a combination of
water, oxygen, and copper metal under different atmospheres.
The methodology is described in Section 2.11 of Materials and
Methods. A summary of the results is presented in Table 1. The
reaction has previously been performed successfully under
humid atmosphere using a number of copper based catalysts
including CuCl, CuCl,, Cu,O, CuCl,-2H,0, Cu(acetate), H,O0,
and copper nanopowder.*****® Moreover, it has been generally
observed that ligands can play a critical role in controlling the
mechanochemical reactivity of base metals.*”*

CuO was first explored using the traditional conditions from
literature for high outputs of ca. 75-80% yields (dry air, 1 mol%
loading),” but no transformation occurred. Using CuO in
a humid atmosphere and at higher catalyst loadings resulted in
only ca. 19% conversion. This is considerably lower than
conversion obtained with CuO on the Cu-BB surface in a humid
atmosphere, where conversions typically reached 70% (see
Fig. 3). Further trials adding additional water to the mixture
along with higher catalyst loadings under inert atmosphere also
led to no conversion. Overall, this suggests that CuO is not the
primary active catalyst in this transformation and most likely
plays a role of a pre-catalyst. CuO species have been shown to
reduce under mechanochemical milling in the presence of
a reducing agents such as N-heterocyclic carbenes or

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table1 Conversion to tolbutamide (in %) when using different copper
species as catalytic additive under varying atmospheric conditions

Catalyst loading

Catalyst (% mol) Atmosphere Conversion® (%)
CuCl, 5 Nitrogen 75 £ 77
CuCl, 5 Dry air 75 + 3°
Cucl, 1 Dry air 92 + 1°
CuO 1 Dry air 00
CuO 5 Humid 0+0
CuO 10 Humid 19 + 14°
CuO + 10 uL H,O 30 Nitrogen 0+0
Cu,0 5 Dry air 71+ 12
Cu,O 5 Humid 82 +3
Cu,O 5 Nitrogen 0+0
Cu,O+10 uLH,O0 5 Nitrogen 0+0
Cu(OH), 5 Nitrogen 77 £ 4
Cu(OH), 1 Dry air 52 +5
Cu-BBs (cleaned) + 10 uL H,O Nitrogen 0£0
Cu-BBs (oxidized) + 10 pL H,O Nitrogen 0+0

“ verage of two measurements. ” Results taken from ref. 46. © Average of
four measurements due to one trial with no conversion. Uncertainty is
given as one standard deviation. Reaction conditions: p-
toluenesulfonamide (214 mg, 1.25 mmol), n-butyl isocyanate (140.8
uL, 1.25 mmol), 15 mm diameter SS ball, 30 Hz, 2 h reaction time.

68—

graphite.®®*7° Similarly oxidation has been observed during
polishing and milling of copper metal in aerobic environ-
ments.”"”* Thus, it is plausible conversion of CuO back to Cu,O
or onward to other hydroxylated species is responsible for its
poor reactivity in humid atmosphere at high catalyst loadings.

Next, we turned to exploring Cu,O as the additive. Under an
inert atmosphere, the reaction did not proceed significantly,
indicating that this also is not the active catalyst species. The
reaction proceeded well, however, under a humid atmosphere,
reaching a conversion of ca. 82%. High conversion of ca. 71%
was also observed by conducting the reaction in dry air (see
Table 1). Attempts to perform the reaction in the presence of
Cu,O with added 10 pL of water under an inert atmosphere were
not successful, suggesting that oxygen is necessary to convert
Cu,0 to a catalytically active form.

In humid conditions where both oxygen and water are
present, copper is reported to undergo three stages of oxidation
involving the formation of Cu,O followed by the formation of
Cu(OH), which later converts to the more stable CuO. The first
stage consists of the formation of a Cu,O layer and OH
groups.””* It is known that water adsorbed on metal surfaces
can undergo dissociation, thereby forming surface OH groups;
oxygen enhances this process and reports differ on whether
dissociation can occur in an inert enviornment.””” These OH
groups then react with Cu atoms diffusing to the oxide-oxygen
interface to form a Cu(OH), layer.”*”® Consequently, we
turned to Cu(OH), as an option for the active catalyst. Using
a 5 mol% catalyst loading under a nitrogen atmosphere, a 77%
conversion to tolbutamide was observed (see Table 1), matching
the highest observed reactivity seen in humid atmospheres with
the Cu-BBs under direct mechanocatalysis conditions.

We attempted to capture the formation of Cu(OH), in the
reaction powder using Powder X-ray Diffraction (PXRD), Raman

© 2025 The Author(s). Published by the Royal Society of Chemistry
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spectroscopy, Fourier Transform-Infrared (FT-IR) spectroscopy,
and XPS. However, we were unable to detect the formation of
Cu(OH), species via Raman, PXRD and FTIR due to the low
amounts of the catalyst present in the solid organic matrix (~15
000 pg Cu per g powder, see Section 12, SI). While the Cu LMM
peak and satellite features in the Cu 2p** peak from XPS
resemble those obtained using reference Cu(OH), powders, due
to sample charging we were unable to acquire spectra that could
undeniably confirm its presence (See Section 13, SI for further
discussion of these results).

Nevertheless, the results presented so far support that
a hydroxylated copper species is responsible for driving the
transformation. To further determine which factors govern the
mechanochemical formation of the hydroxylated copper from
the native surface, we attempted the reaction under a nitrogen
atmosphere using cleaned Cu-BBs with an additional 10 puL of
water. No reaction was observed, indicating the presence of
oxygen is critical to form the Cu(u)-OH species. Identical results
were seen with oxidized Cu-BBs. The necessity of oxygen may be
connected to the formation of the hydroxylated layer which is
dependent on the concentration of OH groups forming from the
dissociation of water on the metal surface in the presence of
adsorbed O atoms on the Cu,O/water interface.”>”*7®

A summary of these findings and experimentally suggested
routes to the active catalyst during the reaction are shown in
Fig. 6.

3.4 Step 4. mechanism of tolbutamide formation:
comparing catalyst derived from the copper surface to
traditional salt catalyst

Having determined how to control the copper surface and its
likely transformations, we sought to cross verify these experi-
mental results through computational methods by determining
the mechanism of the transformation through DFT calculations.
We utilized Cu(OH), to compare the activity of the derived Cu(iu)-
OH species with other traditionally used copper salts such as
CuCl,. By obtaining a better understanding of the role of the
derived catalyst within the transformation and the dependence of
the reaction on copper transformation, we hoped to further
elucidate how direct mechanocatalytic techniques may differ from
using traditional copper salt catalysts. A better understanding of

0,(9) +H0 (@) &

Db
44 l

O, (9) + H,0 (9) (9)

| 0, (9) (9)

Cu(0Q) —— Cu,0 Cu(OH),
Catalytic
0,(@ & Species
H0 () &
No Further
CuO .
Reaction

Fig. 6 Pathways from the copper metal surface (either directly from
cleaned metal or copper metal revealed after initial CuO layer wear) to
the active hydroxide catalyst revealed by experimental reaction
performance under different atmospheres with different catalyst
precursors and Cu-BBs.
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the fundamentals of this transformation will also be critical to
realize kinetic studies and reaction scaleup in future work.

In our previous work, we were able to achieve up to ~90%
conversions at low catalyst loading using CuCl, (see Table 1).*¢
We noted that reactions with direct mechanocatalysis have
lower conversions in general (averaging around 75-80%
conversion). This may well be due to the dilution effect by extra
worn copper paralleling the effect of excessive catalyst loading
observed previously.*® However, there may also be an inherent
difference between the different copper-based active catalysts
as, under identical conditions, Cu(OH), has an approximately
40% lower conversion (see Table 1). Furthermore, while the
performance of CuCl, is enhanced when reducing loading from
5 mol% to 1 mol%,* Cu(OH), improves conversion upon
increasing loading from 1 mol% to 5 mol%. This data suggests
that these catalysts do not have equivalent activity, but that the
conversions are only similar at high loadings due to having
a sufficient excess of catalyst. To explore this effect and clarify
why the transformation requires oxidized copper more gener-
ally, we turned to explorations of the mechanism informed by
DFT calculations (see Section 2.12, Materials and Methods).

It has been reported that the coupling between p-toluene-
sulfonamide and n-butyl isocyanate does not occur without the
presence of a catalyst, allowing us to rule out any potential
mechanisms that could proceed independently of copper.** To
reduce the computational cost, we investigated the reaction
based on single-molecules instead of bulk surfaces. However, this
assumption should be consistent with the mechanochemical
wear of the surface. As such, we first considered the synthesis of
tolbutamide with a CuCl, catalyst. The mechanism we proposed
is depicted in Fig. 7a and is similar to a mechanism suggested by
Oda et al. on the copper-catalysed addition of alcohol to isocya-
nates.® First the n-butyl isocyanate and p-toluenesulfonamide
reactants coordinate with CuCl,. The nitrogen on p-toluene-
sulfonamide then attacks the electrophilic isocyanate carbon,
resulting in the desired linkage. The transfer of the proton from
the sulfonamide nitrogen to the isocyanate nitrogen is then

View Article Online
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facilitated by one of the chlorine ligands on CuCl,, thereby
yielding tolbutamide and regenerating our copper catalyst. Our
calculations showed that the initial coordination of CuCl, with
the nitrogen atom on the isocyanate and the oxygen on the
sulfonamide to form a tetrahedral complex is more stable than
the uncoordinated reactants by about 13.2 kcal mol . For this
reason, all free energies are relative to this tetrahedral complex.
The reaction with Cu(OH), was found to follow a similar mech-
anism. Here, after the initial coordination of the reagents to
Cu(OH),, the nucleophilic attack and deprotonation of the
sulfonamide nitrogen occurs in a concerted fashion, rather than
sequentially as was the case with CuCl,. The deprotonation of the
sulfonamide nitrogen by an OH ™ ligand rather than a Cl™ ligand
results in the formation of water, which is then deprotonated to
yield tolbutamide and reform our Cu(OH), catalyst.

These mechanisms agree with our experimental results.
Lower conversions appear characteristic of the Cu(OH), catalyst
and can be attributed to the formation of water following
deprotonation of the sulfonamide nitrogen. This leads to an
exceptionally stable intermediate (—17.7 kcal mol ') that slows
further reaction progress. By contrast, the corresponding
intermediate with CuCl, has an intermediate energy of about
14.3 keal mol . The lack of catalysis by CuO can be similarly
explained as the inability of the coordinated oxygen to facilitate
this proton transfer. While the initial deprotonation of the
sulfonamide nitrogen is possible, re-protonation of the isocya-
nate nitrogen by OH™ is extremely unlikely. We have also
considered previously reported results for ZnCl, and CaCl,,
which have been shown to occur with yields of 6% and 0%
respectively. Following the proposed mechanism for CuCl,, we
conducted DFT calculations using these catalysts. In the case of
ZnCl,, nearly every step in the mechanism was significantly
higher in energy than that for CuCl,. In the case of CaCl,, all
attempted transition state searches were unsuccessful, sug-
gesting that these points do not exist. Thus, our calculations are
in agreement with the reported lack of yield for these catalysts,
further validating the mechanism (see Section 14, SI).*¢
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4 Conclusions

In summary, we established an in-house method to control the
composition of the copper surface and applied it to Cu-BBs
which were used as an inexpensive and commercially avail-
able source of copper catalyst in the mechanochemical
synthesis of tolbutamide. In tandem with atmosphere control,
we were able to provide a systematic study on the role of the
copper surface in the reaction by exploiting our former
discovery that only copper in (II) oxidation state is catalytically
active.** We now reveal that the mechanocatalytic reaction is
catalysed by Cu(OH),, which forms in situ during the milling
process. The formation of the active catalyst is shown to be
dependent on both atmospheric oxygen and atmospheric water.
Moreover, we show that the initial state of the copper surface
(either as a native oxide or untarnished metal) is inconse-
quential to the reaction, with all significant activity happening
in copper metal below the native oxide layer that wears from the
surface and converts to Cu(OH),. Building on this, we also
investigated isolating the copper metal at different regions and
found that copper wear can be mitigated by placing the copper
in the central body of the jar rather than the ends. Reaction
conversions are inferior to that which can be achieved by direct
use of the copper(n) chloride salt at low catalyst loadings,*
highlighting the critical role of ligands before reactions can
occur and current limitations of the methodology. Furthermore,
we proposed a mechanism for the mechanochemical Cu(u)-
catalysed C-N coupling of isocyanate and sulfonamide. DFT
calculations revealed that Cu(OH), is a less ideal catalyst than
CuCl, for the reaction due to the formation of a highly stable
intermediate. We believe the methodologies presented herein
can be extended to further understand other mechanocatalytic
transformations where analysis of critical factors driving
synthetic activity remains an ongoing challenge.*”
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