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Mechanochemically mediated electrosynthesis: unveiling a new
pathway for redox reactions under mechanochemical conditions

A sustainable synthetic strategy that integrates
mechanochemistry and electrochemistry using a custom two-
electrode mechano-electrochemical cell (MEC). This system
enables electrochemically driven organic reactions under slurry
conditions with precise potential control during milling. The
developed strategy facilitates aromatic bromide reduction and
sulfonamide synthesis, offering improved yields, reduced solvent
use, and faster reactions. This work highlights the potential of
mechano-electrochemistry as a green and scalable method for
challenging organic transformations, especially for substrates
with limited solubility, with broad implications for academic and
industrial applications.
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Mechanochemically mediated electrosynthesis:
unveiling a new pathway for redox reactions under
mechanochemical conditions+

Mennatullah M. Mokhtar, “2* Tom Heppler and James Mack =/ *

Mechanochemistry has emerged as a powerful technique for conducting chemical transformations under
minimal or solvent-free conditions, aligning with the global motivation for green protocols.
Simultaneously, electrochemically-driven organic reactions have experienced a resurgence, leveraging
electricity as a substitute for hazardous oxidants and reductants. While extensive research has focused on
understanding both mechanochemistry and electrochemistry, less attention has been devoted to the use
of an external power source in combination with mechanochemistry. Here, we explore the synergy
between mechanochemistry and electrochemistry as a sustainable technique for organic transformations.
We introduce a uniquely designed two-electrode mechano-electrochemical cell (MEC) connected to an
external power source. Mechano-electrochemistry allows for precise control of applied potential during
milling under minimal solvent conditions. Our investigation aims to unravel the impact of milling on elec-
trochemically driven reactions and understand the parameters required to control electrochemically
driven reactions under milling conditions. We present the design and optimization of the MEC, consider-
ing factors like electrode material, size, solvent volume, interelectrode gap, and milling motion. The devel-
oped MEC demonstrates its effectiveness in electrochemically reducing aromatic bromides and perform-
ing electrochemical oxidative coupling for sulfonamide synthesis with minimal solvent loading under
milling conditions. This technique highlights the feasibility of performing mechanochemically mediated
electrochemical reactions for substrates with low solubility, potentially leading to reduced solvent use,
improved yields, and faster reaction times. The integration of electrochemistry and mechanochemistry
paves the way for exploring mechanochemically mediated-electrochemistry as a powerful and sustainable
tool for organic reactions, with implications for both academic research and industrial applications.

1. By using less solvent and less chemical reagents our approach will advance the fields of green chemistry.

2. We utilized green chemistry metrics to assess the mechano-electrochemical synthesis of sulfonamides, comparing our method to previously reported

approaches. Our novel process achieves a comparable yield, maintains excellent atom economy, and significantly reduces process mass intensity (PMI)—by

51 ¢ g~ compared to the electrochemical batch reactor approach and 30 g g™* relative to the microflow cell approach.
3. This study demonstrates a substantial improvement in mass efficiency for sulfonamide synthesis over previously reported methods. Notably, our work

showcases the potential of conducting mechanochemically mediated electrochemical reactions with minimal solvent use. This eco-friendly and gentle syn-

thetic methodology paves the way for a more sustainable future in organic synthesis. We envision that the innovative design and application of mechano-

electrochemical cells will inspire further research, expanding the scope and applicability of this approach across diverse organic and inorganic

transformations.

Department of Chemistry, University of Cincinnati, 301 Clifton Court, Cincinnati,
Ohio 45221-0172, USA. E-mail: mackje@ucmail.uc.edu

Introduction

The field of synthetic organic chemistry has witnessed a sig-
nificant paradigm shift with the emergence of green chem-
istry, which prioritizes the development of environmentally
benign processes." A key focus in designing new synthetic

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/ methodologies is to mitigate the adverse impacts on human
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health and the environment. This growing emphasis on
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sustainable and eco-friendly techniques has given rise to
mechanochemistry as a contemporary alternative to traditional
solution-based chemistry, particularly for conducting synthetic
transformations with minimal solvent usage.
Mechanochemistry has garnered substantial interest across
various chemistry domains, including polymer synthesis,’
cocrystal preparation,’ metal-organic frameworks,*” mechan-
oenzymatic synthesis,”” mechanoredox,*®> and transition
metal catalysis.’*'* Contrary to the perception that mechano-
chemistry primarily aims to enhance environmental friendli-
ness by minimizing solvent usage, it is increasingly recognized
as a valuable tool for research and exploration.
Mechanochemical processes exhibit unique reaction selectivity
and reactivity not observed in traditional methods, enabling
the discovery of novel products and processes that may be
unattainable through conventional solution-based
approaches.'® Moreover, mechanochemistry facilitates reac-
tions involving reactants with low solubility, a challenging task
in solution-based setups, and allows for shorter reaction times
and more convenient setups for synthetic transformations."®

The expansion of research on synthetic mechanochemical
reactions aligns with the resurgence of organic electro-
chemistry as another green and sustainable methodology for
organic transformations. Organic electrochemistry offers
advantages such as precise control over electrode potential,
mild reaction compound synthesis."’ > Unlike traditional
methods requiring stoichiometric reagents, electrochemical
processes operate with smaller quantities, reducing the overall
environmental impact.”*® However, organic electrosynthesis
presents challenges, including the selection of suitable sol-
vents and electrolytes,"®>® diffusion issues impacting reaction
success,”” and potential problems like electrode fouling or
degradation, reducing efficiency.”®*° Standardization of equip-
ment and expertise in electrochemistry among the synthetic
organic community is lacking, hindering widespread adop-
tion.?® Several strategies have explored the convergence of
mechanochemistry and electrochemistry, including electric
discharge assisted mechanical milling (EDAMM) utilizing low-
current discharge impulses for diverse synthetic pathways.’
Another method showcasing the mechanoredox approach
involves the combination of dielectric barrier discharge
plasma (DBDP) with milling, demonstrating its potential for
applications in alloy synthesis and energy storage
materials.'®*! conditions, reduced waste generation, improved
safety, and access to unique reaction pathways for complex
organic.

However, both approaches primarily focus on inorganic
chemical transformations. An innovative technique involves
the use of piezoelectric materials in mechanochemical reac-
tions, leveraging their ability to induce polarization under
mechanochemical conditions.® Despite its success, certain
limitations are associated with this approach. The homo-
geneous nature of this method diminishes the efficiency of the
piezoelectric material under mechanical force, thereby
affecting the overall efficiency of redox chemistry.>> Moreover,
the widespread use of BaTiO; as a piezoelectric material,*?
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which contains the toxic metal barium, raises environmental
concerns. The generation of an AC signal from piezoelectric
material also hampers its efficacy in chemical reactions, ren-
dering it more suitable for irreversible reactions.>” Under the
influence of mechanical forces, piezoelectric materials
undergo division and random orientation, providing access to
all modes of compression.”” This particular characteristic can
present challenges for materials in which the developed poten-
tial may have different signs, complicating the fine-tuning of
redox reactions. The precise control of mechanical force for
activating the piezoelectric material and tuning the redox
chemistry requires further investigation. The feasibility of
establishing a galvanic system within mechanochemistry using
metal vessels was explored.'’ In this approach, a metal vial,
accompanied by various metal powders or foils, was utilized
along with ionized water to investigate the potential for elec-
tron transfer from the metal to organic substrates, resembling
a galvanic cell. However, attempts to fine-tune metal combi-
nations to reduce organic substrates inadvertently led to elec-
tron transfer from metal to water. Notably, water demonstrated
a lower oxidation potential compared to the organic species,
resulting in the generation of H, gas and subsequent hydro-
genation of organic compounds. These investigations have
sparked further interest in delving deeper into the intersection
of mechanochemistry and electrochemistry. Despite the chal-
lenges mentioned, the integration of electrochemistry and
mechanochemistry shows great potential as an approach for
conducting sustainable and environmentally friendly pro-
cesses in organic chemistry. In this report, we delve into the
synergy of mechanochemistry and electrochemistry using a
uniquely designed two-electrode mechano-electrochemical cell
(MEC) connected to an external power source (Fig. 1B). Our
investigation aims to unravel the impact of milling on the per-
formance of electrochemical reactions under conditions with
limited solvent loading and understanding the parameters
required to control the electrochemically driven reactions
under mechanochemical conditions. This approach not only
reduces overall reaction waste but also avoids the use of toxic
redox agents, shortens reaction times, and ensures mild reac-
tion conditions.}

iAlthough the combination of mechanical activation with other energetic
sources—such as thermal, photochemical, and in this case, electrochemical—
has been demonstrated in the literature, a question arose during the review
process of this manuscript: is this process truly mechanochemical energetically,
or is it simply mechanomixing? We appreciate this comment as it prompted us
to consider whether we could distinguish between these two effects. While the
majority of the energy in the system is derived from an electrical source, we
believe, based on our results, that some mechanochemical energy is necessary
to achieve the desired outcomes. This raises an important question: can a reac-
tion be considered mechanochemical if the majority of the energy does not orig-
inate from mechanical impacts? We believe this is a topic for further exploration
within the scientific community, and there is a need for better tools to deter-
mine the contribution of energy from each source. Therefore, we have chosen to
describe the process as “mechanochemically assisted” to differentiate it from a
purely mechanochemical reaction.
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Fig. 1

Illustration of mechanochemistry, electrochemistry and mechanochemically mediated electrochemistry: electrochemical cell (a) is repro-

duced from ref. 36 with permission from American Chemical Society, Electrochemical cell (b), and (c) are reproduced from ref. 37 with permission

from John Wiley and Sons.

Results and discussion
Mechano-electrochemical cell design

The conventional electrochemical setup involves a glass cell
with electrodes immersed in an electrolyte solution (Fig. 1C).
While effective for various electrochemical syntheses, this con-
figuration is incompatible with the milling conditions required
for mechanochemical reactions due to glass’s inherent fragi-
lity. Similarly, the typical mechanochemical setup employs a
metal vial (often stainless steel) with a ball bearing for reactant
mixing (Fig. 1A). However, this metal vial is unsuitable for use
in traditional electrochemical cells as a single electrode.
Consequently, a modification and integration of these tra-
ditionally used setups in both mechanochemistry and electro-
chemistry were necessary to enable the execution of an electro-
chemical reaction under mechanochemical conditions. We
developed a two-electrode mechano-electrochemical cell
(MEC). This innovative design could be securely held within a
Spex 8000 mixer mill and connected to an external power
source, enabling a mechanochemically mediated-electro-
chemical reaction. The iterative process of designing and opti-
mizing the MEC has led to the development of different MEC
designs, which we thoroughly investigated for electrochemical
reactions. These distinctive designs provided valuable insights
into the essential parameters and factors required for MEC
design (see ESIT for detailed information about the designs).
The current MEC’s electrode system consists of a stainless-
steel vial serving as the first electrode (Fig. 2A). This vial fea-
tures a threaded hole in its body for attaching a vent to prevent

10108 | Green Chem., 2025, 27, 10106-10116

Fig. 2 Mechano-electrochemical cell design (MEC): (A) MEC (1) stain-
less steel vial, Delrin cap, and graphite rod, (B) MEC (1) assembled cell,
(C) MEC (2) with a flat graphite disc, (D) MEC (3) with a T-shaped graph-
ite electrode, (E) MEC (2) with a graphite disc with gaps within O-ring
(Left), and MEC (2) with a graphite disc with O-ring with no gaps (right).

This journal is © The Royal Society of Chemistry 2025
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pressure build up and leaks. Stainless steel was chosen for its
cost-effectiveness and ease of machining. A blind threaded
hole is featured at the bottom of the stainless-steel vial allows
for the secure attachment of a crimp terminal, ensuring a
robust connection during the milling process. This setup
ensures a robust connection, preventing wire disconnection
during the milling process. The second electrode is a graphite
rod positioned in a slot within a Delrin cap, where the graphite
rod is parallel to the wall of the stainless-steel vial (Fig. 2A and
B). The Delrin cap’s side integrates a threaded groove accom-
modating a set screw, this set screw is used to tighten the
graphite rod securely in position within the Delrin cap. This
design offers the parallel alignment, decreasing the interelec-
trode gap, in addition to the advantage of enclosing the graph-
ite within the stainless-steel vial, minimizing porosity-related
leakage concerns, and facilitating prolonged reaction dur-
ations. Based on the knowledge gained from these designs, we
selected the benzophenone reduction to the diphenylmethanol
as a model reaction to evaluate the functionality and viability
of our design.

The selection of benzophenone 1 reduction as a model
reaction was driven by an important consideration: when the
potential of the working electrode is tuned to match benzophe-
none’s reduction potential, electron transfer occurs, generating
a characteristic deep blue colored benzophenone ketyl radical,
subsequent hydration of this radical produces diphenylmetha-
nol 2.**

This visually apparent color change serves as a reliable indi-
cator of the reaction’s initiation, effectively circumventing the
need for a reference electrode. Which presented a challenge in
precisely measuring the redox potential of the substrate in the
current design. Furthermore, incorporating a reference elec-
trode would introduce unwanted complexity to the mechano-
electrochemical cell (MEC) design.

This strategic choice bypassed design limitations and estab-
lished a platform for investigating the mechanochemical and
the electrochemical aspects of the synthetic processes.
Drawing from insights gained from previous design iterations
detailed in the ESI,{ we acknowledge the critical importance of
various factors such as electrode material, size, solvent volume
to electrode ratio, interelectrode gap, and electrode contact.
Particularly when aiming to minimize solvent usage in the
system and explore the influence of mechanochemistry on
reducing solvent for electrochemically driven reactions, it
becomes essential to synchronize solvent motion with the ball
mill motion. This alignment ensures continuous contact
among the electrodes, preventing splashing that could lead to
a loss of electrode contact. In consideration of these factors in
the current MEC design which has a two-electrode undivided
cell system, the volume separating the two electrodes serves as
the area for motion during the mechano-electrochemically
driven reaction. Integrating a membrane to separate the
counter and working electrodes presents design challenges.
Using the MEC-1 design (Fig. 2A), we investigated the impact
of milling frequency on the electrochemical reaction. We
initially conducted the reaction in a solution-based system (i =

This journal is © The Royal Society of Chemistry 2025
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50 uL mg ') by filling 90% of the stainless-steel vial’s internal
volume with solvent, totaling 8 mL. Without a milling ball, the
milling motion alone was sufficient for mixing and mass trans-
port. We conducted the reaction with varying the milling fre-
quencies yielded intriguing results (Fig. 3). When we con-
ducted the electrochemical reaction in a static system (0 Hz), it
achieved a commendable 73% conversion, this result confirms
efficient electrode contact.

Surprisingly, milling at 1 Hz produced an excellent 88%
conversion, this suggests that low milling frequency facilitates
the diffusion of electroactive species towards the electrode,
and enhances the conversion rate. However, further increase
in the milling frequency to 4 Hz and 13 Hz resulted in a sub-
stantial drop in conversion, reaching only 39% and 43%
respectively. In contrast, elevating the frequency to 9 Hz, 17
Hz, 20 Hz, and 23 Hz exhibited a less pronounced decrease in
conversion compared to 1 Hz. These findings indicate that
while moderate milling can enhance mass transport and
improve conversion; excessive agitation can disrupt the elec-
trode-electrolyte interface and hinder the reaction. As the fre-
quency increases, the electrode has limited time to maintain
contact with the region featuring a small interelectrode gap.
This results in a brief contact time, impacting the reaction
rate. We aimed to investigate the feasibility of solvent-mini-

o §§&£; OH
+)C ()55
—_—

NBuU4PFg (75 mol%)
8 mL ACN/EtOH (4:1 viv)
RT 2 hr

1 2
100
80
'c
R
2
g
c 60
5]
)
S
40 |-
20 1 1 1 1 J
0 5 10 15 20 25

[Milling Frequency (Hz)]

Fig. 3 Screening the impact of milling frequency on the mechano-
chemically mediated-electrochemical reduction of benzophenone using
MEC-1. (0.9 mmol scale, 160 mg of 1), 90 mol% TBAPF6, 5 = 50 pL mg™~™.
V=-45V.

Green Chem., 2025, 27,10106-10116 | 10109
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mized and solvent-free electrochemical reactions under
milling conditions, we conducted experiments with varying 7
(solvent-to-substrate ratio) which is used to assess the nature
of the fluid used in the MEC-1 design. When the electro-
chemical reaction is conducted without adding any solvent
(n = 0 pL mg™"), it did not result in the formation of any
product and the observed current was negligible, (Table 1,
entry 1), the milling of the neat reaction at 17 Hz did not
result in the formation of any product, (Table 1, entry 2) this
result confirms the electrochemical nature of the reaction.
Increasing the solvent volume to assess the feasibility of
mechanochemical-assisted electrochemical reactions under
liquid assisted grinding (LAG) conditions did not yield any
product, and the minimal current observed indicated high re-
sistance due to insufficient conductive media or absence of
electrode contact (Table 1, entries 3 and 4). A minimum
solvent volume of 2 mL (y = 12.5 pL mg™"') was required for
product formation and observable current, indicating a solu-
tion-based reaction. When the MEC-1 design was operated in a
horizontal position at 0 Hz, a reduced product was observed
with only 5% conversion (Table 1, entry 5) however when the
milling frequency increased to 17 Hz with horizontal position
with (7 = 12.5 pL mg™"). (Table 1, entry 6), while milling can
enhance mass transfer in some systems, our results indicate
that higher milling frequencies in this specific case did not
improve the diffusion of electroactive species towards the
working electrode. Instead, the increased agitation led to
intensified splashing, disrupting the electrode contact and
resulting in a noticeable decrease in observed current and
product formation. When the MEC-1 was shifted to a vertical
orientation without milling, resembling the parallel plate
alignhment used in previous organic electrosynthesis studies,®
it yielded a moderately successful conversion of 49% (Table 1,
entry 7). The decrease in conversion in the horizontal orien-
tation with 2 mL of solvent volume can be attributed to the
non-uniform interelectrode gap in the current design. The gap
between the stainless-steel vial base and the graphite rod elec-
trode bottom is smaller than the gap along the sidewalls,
causing the solvent to spread more towards the wider gap
areas. This reduces electrode contact and increases resistance,

Table 1 Screening the impact of the MEC (1) alignments (0.9 mmol
scale, 160 mg of 1, 5 = 12.5 L mg™)

[ x%f oH
(+C )s.S
- | | = NBu4PFg ( 75 mol%) - | | =
X ~F 2 mL ACN/EIOH (4:1 viv) X ~F
1 RT--1 hr 2
Milling Cell Conversion 2
Entry 7 [pL mg™] frequency [Hz] alignment [%]
1 0 (neat) 0 Horizontal 0
2 0 (neat) 17 Horizontal 0
3 1 (LAG) 0 Horizontal 0
4 1 (LAG) 17 Horizontal 0
5 12.5 (solution) 0 Horizontal 5
6 12.5 17 Horizontal 0
7 12.5 0 Vertical 49
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leading to a slower reaction rate compared to the vertical orien-
tation. Furthermore, real-time current monitoring during
milling reactions revealed significant current fluctuations at a
low threshold, this emphasizes the importance of maintaining
a minimum consistent electrode contact throughout the
experiment. This is crucial when minimizing solvent usage
and investigating the role of mechanochemistry in electro-
chemical reactions. A modification to the MEC-1 design was
required to keep the solvent flow aligned with the motion of
the ball mill. This co-alignment ensured the solvent continu-
ally maintains contact with the electrodes, preventing splash-
ing that could disrupt electrode contact and potentially halt
the reaction entirely.

To address the design limitations of the previous MEC-1,
we replaced the graphite rod electrode with a flat graphite disc
electrode (MEC-2, Fig. 2C). The disc is positioned within a
Delrin cap, secured in place using a Delrin O-ring. The Delrin
cap features a threaded groove for a set screw to securely fasten
the graphite disc. The shift from a graphite rod to a graphite
disc electrode offers several advantages. First, it allows for the
exploration of solvent minimization without the concern of
non-uniform interelectrode gap, which were problematic in
the MEC-2 design. Second, the disc geometry and position
facilitate consistent electrode contact during milling, enabling
a more direct evaluation of the milling impact on the electro-
chemical reaction. The vial’s milling motion ensures that the
reaction mixture continuously aids in the diffusion of active
species to the electrochemical sites on the graphite disc
electrode.

To investigate the effect of solvent minimization using
MEC-2, we varied the » value (solvent-to-substrate ratio) and
monitored the conversion at 4 Hz. At a value of 40 pL mg™*
and 4 Hz, the solution-based electrochemical reaction
achieved an 88% conversion (Table 2, entry 1). When the
solvent volume was reduced to 1 mL (5 = 20 uL. mg™ "), the con-
version decreased to 77% (Table 2, entry 2), this result
suggested that lowering the electrode surface exposure to the

Table 2 Screening the minimization of solvent volume MEC-2
(0.27 mmol scale, 50 mg of 1)

o %@f on
w N\ ss
- T
0 O NBuPFg (75 mol%) O O

X mL ACN/EtOH (3:1 viv)
RT--2 hr

1 2
Voltage  Milling frequency  Conversion 2

Entty n[pLmg™]  [V] [Hz] [%]

1 40 (Solution)  —6.0 4 88

2 20 (Solution)  —6.7 4 77

3 10 (Slurry) -7.0 4 55

4 10 (Slurry) —7.4 0 43

5 5 (Slurry) -8.1 4 0

6 5 (Slurry) -10.0 4 0

7° 5 (Slurry) -10.0 4 0

“3/16" stainless steeel ball was included.

This journal is © The Royal Society of Chemistry 2025
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electroactive species affects the reaction rate. Notably, further
reducing the solvent to 0.5 mL (7 = 10 pL mg™") resulted in a
slurry-like reaction mixture and a lower conversion rate of
55%. (Table 2, entry 3) For comparison, running the same
reaction at 0.5 mL without milling (0 Hz), even with applying a
higher voltage, it produced a lower conversion (Table 2, entry
4). This suggests that milling aids in maintaining electrode
contact and sustaining the reaction rate. However, when the
solvent load was reduced to 0.25 mL (y = 5 pL mg™ "), there was
negligible current and no product formation (Table 2, entry 5).
These results indicate that reducing the solvent volume limits
the electrode’s exposure to electroactive species, negatively
affecting the necessary threshold for electrode contact, increas-
ing resistance, and consequently slowing the reaction rate.
Even when applying the maximum voltage available from the
potentiostat to overcome system resistance, no reduced
product was observed (Table 2, entry 6). This result confirms
that increasing the applied voltage cannot compensate for the
limitations imposed by insufficient solvent volume. The negli-
gible current observed at low 5 values suggests difficulties in
ion flow, which cannot be adequately detected or controlled
due to the limited power -capabilities of the system.
Additionally, milling the reaction at 4 Hz under maximum
voltage with a stainless-steel ball did not mitigate the loss of
electrode connection at low solvent volumes or improve the
diffusion of electroactive species to the electrode (Table 2,
entry 7). A significant reproducibility challenge arose during
our investigation with MEC-2, When we replaced the Delrin
cap and graphite disc, and the Delrin O-ring with new com-
ponents. Upon further inspection, we discovered that the orig-
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inal Delrin O-ring had specific gaps that exposed parts of the
electrodes, allowing for a reduced interelectrode gap and facili-
tating electrochemical reactions by providing active areas for
the electroactive species in the solvent (Fig. 2E). In contrast,
the new O-ring lacked these gaps, effectively blocking the elec-
troactive region and increasing the resistance of the electro-
chemical reaction (Fig. 2E). To address this challenge, we
replaced the flat graphite electrode with a T-shaped graphite
electrode for subsequent investigations (MEC-3, Fig. 2D). The
T-shaped electrode has a larger surface area positioned parallel
to the walls of the stainless-steel vial, maximizing the elec-
trode—-electrolyte interface and enhancing mass transport of
electroactive species during milling. This larger surface area
increases the probability of these species diffusing to the
working electrode, potentially improving the reaction rate by
reducing the interelectrode gap. Additionally, the T-shaped
electrode design resolves the reproducibility issues and elimin-
ates the O-ring’s influence on the reaction.

Mechano-electroreduction of brominated aromatic
compounds

To evaluate the feasibility of mechanochemically mediated
electrochemistry for substrates with limited solubility, we
screened several compounds to identify one that would pre-
cipitate from the solvent mixture. 4-Bromobenzophenone 3
was selected due to its precipitation behaviour when water was
added to acetonitrile, providing an opportunity to investigate
the effect of milling on its reduction (Scheme 1). With the
MEC-3 design in place, we initially investigated the threshold
for solvent minimization in the mechanochemically mediated

®

(+)C (-)S.8
NBu.PF (25 mol%)

1mLACN 1.5 mL ACN/H,0

&) o) OH OH
o
1.5 mL ACN/H:0 (3:1 viv) Br

RT-2 hr

After at 4 Hz

1 2 4

% Conversion
w
o

20
10 I I I
o LI

0 4 9 17

Milling Frequency (Hz)

Scheme 1 Screening the impact of milling on substrate with moderate solubility (0.9 mmol scale, 240 mg of 3, 5 = 6.25 pL. mg~2, current applied =

—100 mA).
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electrochemical reduction of 3. Using an # value of 6.25 pL
mg ', which produced a slurry-like mixture, we observed the
formation of the reduced product. However, further reduction
of the solvent loading to neat conditions # value 0 pL mg™"
compromised the conversion, and no current was detected.
Next, we explored the electroreduction of 3 at varying milling
frequencies using a Spex 8000 mixer. A constant current of
—100 mA was applied between a T-shaped graphite anode and
a stainless-steel cathode in a total solvent volume of 1.5 mL.
The highest conversion 49% to the desired product 1 was
achieved at a milling frequency of 4 Hz. Interestingly, increas-
ing the milling frequency to 9 Hz and 13 Hz resulted in lower
conversions of 26% and 28%, respectively (Scheme 1). This
suggests that milling intensity does not directly correlate with
conversion efficiency. A small amount of product 1 4% was
detected without milling at 0 Hz. (Table 3, entry 2) To elucidate
the interplay between mechanical and electrical factors, a
control experiment was conducted at 4 Hz without applying
current (Table 3, entry 1). After 2 hours, no product formation
was observed, confirming the electrochemical nature of the
reaction. Upon applying current and milling at 4 Hz, the reac-
tion resulted in 64% product conversion (Table 3, entry 3),
demonstrating the significant enhancement achieved through
milling. This result highlights how milling improves the
efficiency of the electroreduction process, especially under
solvent-minimized conditions. The crucial role of mechano-
chemistry in enhancing mixing and facilitating the transform-
ation in slurry-based systems underscores the need for a com-
bined mechanochemical and electrochemical approach. These
findings confirm the critical importance of coupling mechano-
chemistry with electrochemistry to ensure successful reaction
progression. The absence of either element significantly
hinders product formation. To gain further insight into this
system, we evaluated the impact of milling balls on mass trans-
port and mixing under slurry conditions (Table 3, entry 4). The
presence of two balls did not improve conversion. This suggest
that our system does not require the ball to enhance mixing or
diffusion of the electroactive species to the electrode. While
milling balls are typically useful for enhancing mixing in sol-
ventless mechanochemical reactions via impacts and col-

Table 3 Screening the driving parameter for the reaction and the
impact of using milling balls using MEC3 (0.9 mmol scale, 240 mg of 3,
n=6.25pL mg™)

9 x&,‘f [ OH
II I II HC ©)ss
Br

NBu,PFg (25 mol%)
1.5 mL ACN/EtOH (3:1 Vi)

3 RT--2 hr- 100mA 1 4
Milling
n frequency  Current  Milling  Conversion

Entry [pLmg™'] [Hz] [mA] ball [1,4] [%)]
1 6.25 4 — 2 0
2 6.25 0 —100 2 4
3 6.25 4 —100 2 64
4 6.25 4 —100 0 65
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lisions, they are less critical in our electrochemical setup. In
the current approach, the interelectrode gap distance and elec-
trode surface area are the key factors driving the reaction.
Without sufficient electrode contact, product formation would
not occur. Although milling balls could aid when analyte
species have difficulty reaching the electrode surface, this is
not the case in our system. The analyte species in the slurry
system are already in direct contact with the working electrode
within the interelectrode gap space assisted by the milling
process. Subsequently, we investigated the applicability of this
mechano-electrochemical reduction to various bromo-substi-
tuted aryl substrates using the same setup and conditions
(Scheme 2). Gratifyingly, electron-deficient aryl bromides
underwent successful conversion to the desired products with
high yields under the optimized conditions. Other aromatic
substrates were also amenable to the reaction, albeit with
somewhat lower conversion rates (Scheme 2).

The observed variation in conversion rates might be attribu-
ted to the substrates’ higher reduction potentials or potentially
lower rates of electron transfer at the electrode surface due to
their reduced solubility. Further research is warranted to fully
elucidate the role of substrate solubility in these electro-
chemical reactions. Understanding the limitations of electron
transfer to solid substrates is crucial. Even in scenarios where
the substrate is surrounded by a conductive solution and sub-
jected to mechanical force, intermixing the conductive solu-
tion with the insoluble organic compound might enhance its
contact with the electrode material. This improved contact
could consequently facilitate a more efficient electron transfer
process. The underlying factor determining this phenomenon
is yet to be conclusively identified. It is uncertain whether the
constraint is rooted in the inherent physical characteristics of
the substrates, necessitating the solubility of organic sub-
strates in electrolyte solutions. Alternatively, it may be attribu-
ted to the elevated resistance encountered during electron
transfer to solid substances, demanding higher voltages and
detection capabilities beyond the norm provided by commer-

Q

R R
91% )s.s
Br 1.5 mL ACN/Hz0 (3:1 v/v)
NBu4PF, (25 mol%)
4 Hz-RT- 2 hr
49 61
o) o
: CN
1 5 6
36
o
Br. Br
sadmtHces
7 8 9

Scheme 2 Screening different brominated aromatic compounds for
the mechano-electroreduction (0.9 mmol scale reaction, voltage
applied = —4.8 V).
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cially available power sources or the limitation of the electro-
chemical window of available solvent to conduct electro-
chemical reactions at high voltages.

Mechano-electrosynthesis of sulfonamides

To investigate the potential of mechanochemically mediated
electrochemistry for the synthesis of sulfonamides, we drew
inspiration from recent advances in electrochemically driven
thiol-amine couplings.*>*® Building on these findings, we
explored the electrochemically driven oxidative coupling of
thiols and amines under minimal solvent conditions, lever-
aging mechanochemical techniques to achieve faster reaction
times. Sulfonamides hold a significant value in the pharma-
ceutical industry, motivating our focus on their synthesis. We
focused our efforts on optimizing their synthesis.
Cyclohexylamine 11, a commercially available primary amine,
was selected for initial screening with thiophenol as the thiol
substrate. Although the desired sulfonamide 12 was success-
fully formed, subsequent cleavage led to the formation of ben-
zenesulfonamide as a byproduct (see ESI Table S5t for further
details). To address this cleavage issue, we shifted to a second-
ary amine, morpholine 13, due to its commercial availability
and stability. We evaluated the reaction between morpholine
and thiophenol at varying milling frequencies (Fig. 4). The
results demonstrated comparable yields of the desired sulfona-
mide 14 across all frequencies, suggesting that milling fre-
quency had minimal influence under these specific reaction
conditions.

SH o)
S

H

10 13

100 -

0 1 4

Milling Frequency (Hz)

Q. O

N
@ cégw ss 357 \
ACN/0.3 M HCI(3:1 viv) ©/ @

NBU,PF, (10 mol%)
(2mL) -RT-3 hr

14

B o)) [es]
o o [=]
I T I

% Conversion

N
o
|

Fig. 4 Screening the impact of milling frequency on the electro-
chemical oxidative coupling of thiophenol and morpholine (1 mmol
scale reaction, 110 mg of 10, 5 = 8.3 L. mg™%, voltage applied = —3.4 V).
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Prior to exploring substrate scope, we optimized reaction
conditions by studying the influence of both acid type and
concentration (Fig. 5). Notably, the absence of acid using de-
ionized water as a solvent resulted in a moderate conversion of
47% to the desired product 14. Upon optimizing the hydro-
chloric acid (HCI) concentration, a significant improvement in
yield was noted, with a peak conversion of 76% at 0.57 M HCL
However, further increase in the acid concentration 5.7 M led
to a dramatic decrease in conversion 27%, this result is likely
due to product hydrolysis. Further testing of different acids at
the optimized HCI concentration (0.57 M) revealed that both
toluene sulfonic acid and acetic acid provided lower conver-
sions compared to HCI (Fig. 5).

Next, we examined the optimal amount of excess amine
required. Incremental increases in amine equivalents yielded
comparable results, with 1.7 equivalents achieving the highest
conversion. This optimized approach significantly reduced
reaction times compared to conventional electrochemically
driven batch techniques reported in the literature.*>*® To
demonstrate the approach’s versatility, we applied it to a
variety of aromatic thiols and amines (Scheme 3). Initially,
piperidine was tested with various aromatic thiols under the
optimized conditions. Thiophenols with electron-withdrawing
substituents such as the chlorosubstituted thiophenol
favoured sulfonamide 19 formation, while the trifluoromethyl-
substituted thiophenol 20 exhibited a significantly lower con-
version 20%. Interestingly, the methoxy substituted thiophenol
21 yielded comparable results to its methyl-substituted
counterpart 22. Furthermore, the applicability of primary and
secondary amines was investigated. Notably, Secondary amines
such as morpholine and piperidine gave higher conversions,

SH o)

o, 0O
[ j ) cé ;(-) S \\S/<
+ R A — N
N

ACN/X(3:1 viv)

e et
10 13 14
80
70—
60—

9% Conversion
N
T

H20 0.3 M HCI 0.57M HCI 5.7 M HCI

Acid

P-TsOH Acetic acid

Fig. 5 Optimizing the conditions for mechano-electrochemical oxi-
dative coupling of thiols and amines (1 mmol scale reaction, 110 mg of
10, # = 8.3 uL mg™?, voltage applied = —3.4 V).
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Scheme 3 Screening different thiols, and amines for the mechano-
electrosynthesis of sulphonamide (1 mmol scale reaction, 1 mmol thiol,
voltage applied = —3.4 V).

resulting in sulfonamides 14 and 15, respectively. In contrast,
pyrrolidine and diethylamine led to moderate conversions,
forming sulfonamides 16 and 17. While primary amines con-
sistently showed lower conversions, with products like sulfona-
mides 12 and 18 predominantly undergoing cleavage of the
alkyl group, producing benzenesulfonamide and other bypro-
ducts (see ESI, Table S5 for detailst).

A noteworthy observation emerged when evaluating the per-
formance of the graphite electrode after multiple uses. The
mechanochemically mediated electrochemical reaction of thio-
phenol and piperidine has encountered a dramatic drop in
conversion from (82%) to (34%) after repeated reactions. This
suggests a potential alteration in the graphite electrode
surface, possibly due to repeated use in multiple reactions.
This finding highlights the potential finite lifespan of the
graphite electrode in the current approach. Future investi-
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gations should explore surface changes occurring in the graph-
ite electrode during the milling process.

Green chemistry metrics

In pursuit of a more sustainable approach, we aimed to
develop a greener synthesis of sulfonamides by replacing toxic
reagents with electrons, minimizing solvent use, reducing reac-
tion times, and improving overall efficiency. While reaction
yield is a commonly used metric in comparing methodologies,
it offers a limited perspective on the environmental impact, it
solely focuses on the conversion of the limiting reactant
without considering factors like solvent use and waste.

To address this, several green chemistry metrics have been
developed in recent years, providing a more comprehensive
tool for evaluating the environmental impact and efficiency of
chemical processes. We present comparative data highlighting
the green credentials of our method, demonstrating its poten-
tial to advance green chemistry practices and achieve environ-
mental improvement over previously reported approaches.?
We compared our method to previously reported approaches
for sulfonamide synthesis.*® One earlier method (Table 4,
route A) employed a batch reactor with electrochemical acti-
vation, using thiophenol and cyclohexylamine in the presence
of tetramethylammonium tetrafluoroborate, acetonitrile, and
0.3 M HCI. Although this method achieved a 55% yield with a
high atom economy (AE) of 100% and a reaction mass
efficiency (RME) of 51%, it required a lengthy 24-hour reaction
time and excessive solvent use, resulting in a high process
mass intensity (PMI) of 68 g g™ (excluding workup volumes).
This highlights the method’s inefficiency in terms of solvent
consumption. Another reported method (Table 4, route B)
used a microflow electrochemical cell, which achieved a higher
yield of 80% and a shorter reaction time. However, it also
suffered from excessive solvent usage, reflected in a PMI of
47 ¢ ¢”" and a reduced RME of 34%. However, achieved a
higher reaction yield and a shorter reaction time. In contrast,
our novel approach significantly reduces solvent consumption
and achieves the desired transformation in a short timeframe
(2 h). (Table 4, route C) Although the RME shows a slight
decrease of 4.6% compared to the electrochemical batch
reactor approach. This reduction in RME value is due to the

Table 4 Quantitative metrics for previous and current approaches for sulfonamide synthesis (1 mmol scale reaction, 110 mg of 10)

A
SH ~_NH, X\ o, 0 M
« Y ° -
©/ L\/ Q (:5\\‘ }«/-/y/ss ©/ N
B N\
10 11 1*](\'7’/(455 12
[
Yield AE RME PMI S&R PMI solv PMI aq PMI route
—1 —1 —1 —1
Route Cell type [%] [%] [%] [gg7] [gg™] (gg™] [gg™]
A’ Electrochemical cell (batch) 55 100 51 2 46 19 68
B*® Microflow electrocell 80 100 34 3 31 13 47
C Mechano-electrochemical cell 50 100 46 3 10 4 17
(batch)
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slight decrease in the amount of product formed compared to
the previous reported approach. The most significant advan-
tage of our method lies in the dramatically reduced solvent
consumption. The PMI (without workup) for our novel
approach is a mere 17 g g~ ', representing a remarkable
enhancement in mass efficiency due to 75% solvent reduction
over the batch reactor method and 64% reduction over the
microflow cell approach (see ESI Table S6t for details on the
green metrics calculations).

Our approach offers several key advantages over previously
reported methods. First, it significantly enhances mass
efficiency, as demonstrated by the substantially lower PMI.
Second, the reaction time is dramatically reduced to just
2 hours. Third, unlike previous methods, our approach does
not require complete solubility of the substrate in the reaction
solvent, which expands its applicability to a wider range of
substrates and potential compounds. These features collec-
tively demonstrate the potential of our method to advance
green chemistry practices while maintaining or improving on
key performance metrics.

Conclusions

Mechanochemistry has emerged as a powerful technique for
promoting chemical transformations under minimal or
solvent-free conditions, aligning with global efforts to develop
environmentally friendly chemical processes. In parallel, elec-
trochemically driven organic reactions have gained renewed
attention, utilizing electricity as a clean alternative to hazar-
dous oxidants and reductants. While the individual potential
of mechanochemistry and electrochemistry is well-documen-
ted, fewer studies have explored their convergence.

In this work, we introduced an innovative mechanochemi-
cally assisted electrochemical approach, combining a mechan-
ochemical setup with an external electrochemical power
source. This novel design allows for the tuning of electro-
chemical potential under milling conditions, thereby expand-
ing the scope of organic substrates that can be transformed.
The optimization of the cell required careful consideration of
various parameters, including electrode materials, solvent
volume-to-electrode ratio, interelectrode gap, and the path of
the milling motion. The developed cell demonstrated effective
electrochemical reduction in slurry-based media, making it
particularly advantageous for substrates with limited solubi-
lity. This approach highlights the potential for achieving
higher reaction yields with minimal solvent usage, furthering
the green chemistry agenda.

Our study underscores the critical role of mechanical action
in facilitating product formation in slurry/paste-based electro-
chemical reactions. However, it also raises a fundamental
question for the mechanochemical community: should a
mechanochemical reaction be defined strictly as one driven
solely by mechanical activation, or can reactions initiated by
other energy sources—thermal, photochemical, or electro-
chemical—but facilitated by ball milling or mechanical

This journal is © The Royal Society of Chemistry 2025
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mixing, still be considered mechanochemical? If not, how
should such processes be classified, especially when they
cannot be performed through conventional means? As high-
lighted by the article’s reviewer, the distinction between
mechanochemical activation and mechanical-assisted ther-
mally, electrochemically, or photochemically driven transform-
ations warrants further discussion.

To assess the sustainability of our approach, we employed
green chemistry metrics to compare the mechano-electro-
chemical synthesis of sulfonamides to previously reported
methods. Our novel process achieves comparable yields, excel-
lent atom economy, and significantly reduces process mass
intensity (PMI)—by 51 g g~ compared to the electrochemical
batch reactor approach and 30 g g™ relative to the microflow
cell approach. This notable reduction in PMI is primarily due
to minimized solvent consumption, further underscoring the
sustainability of our method.

This study demonstrates a substantial improvement in
mass efficiency for sulfonamide synthesis over conventional
electrochemical methods. Furthermore, it provides a frame-
work for mechanochemically-assisted electrochemical reac-
tions as a viable green synthetic strategy. We anticipate that
the innovative design and application of mechano-electro-
chemical cells will drive further research, expanding their
scope and refining the classification of mechanochemically
assisted transformations in chemical synthesis.
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