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Scalable mechanochemical synthesis of amides
using bead milling technology

Pietro Caboni, a,b Andrea Porcheddu, b Sándor B. Ötvös *a,c and
C. Oliver Kappe *a,c

Amide bonds are among the most ubiquitous linkages in pharmaceuticals, agrochemicals, and materials,

yet their synthesis is still dominated by solvent-intensive protocols. Mechanochemistry offers a sustainable

alternative, but its scalability has remained a critical challenge. Here we demonstrate that amide bond for-

mation can be translated into an industrially relevant process using a standard agitator bead mill. Through

systematic optimization, we achieved efficient amidations over a broad substrate scope under liquid-

assisted grinding with only minimal ethyl acetate. A 20-fold scale-up delivered productivities of up to

2.89 kg h−1, without excess reagents, added base, or bulk solvent, substantially reducing waste. The use of

commercially available equipment that is available from lab to manufacturing-scale establishes bead

milling as a practical, and environmentally responsible platform for scalable amide synthesis.

Green foundation
1. Our work advances green chemistry by establishing bead milling as a sustainable platform for mechanochemical amide bond formation offering high
efficiency and straightforward scalability.
2. Key green chemistry advantages include: (i) efficient reactions without the need for excess reagents or added base; (ii) short reaction times under liquid-
assisted grinding conditions using minimal amounts of ethyl acetate, an environmentally benign additive; (iii) high-yielding amidations across a broad sub-
strate scope (isolated yields up to 96%); (iv) successful scale-up achieving productivities of up to 2.89 kg h−1; (v) product isolation without the use of organic
solvents, relying solely on water for purification; and (vi) minimal waste generation (E-factors as low as 1.5 and process mass intensities as low as 2.5).
3. Further research will focus on exploiting larger-scale bead milling reactors to facilitate continuous mechanochemical amide synthesis with on-demand
batch sizes suitable for sustainable pharmaceutical manufacturing.

Introduction

Amide bonds are vital structural motifs due to their excep-
tional stability and bioavailability, making them essential in
both natural and synthetic biologically active molecules, par-
ticularly in pharmaceuticals.1 Despite their central role in syn-
thesis, conventional strategies for amide bond formation typi-
cally depend on hazardous solvents, large quantities of toxic
coupling reagents, and additional bases or auxiliaries.2 As a
result, amidation remains one of the most environmentally
burdensome transformations in organic chemistry. Among
these drawbacks, the reliance on problematic solvents such as

N,N-dimethylformamide (DMF) and N-methyl-2-pyrrolidone
(NMP) is especially concerning.3 Due to their well-documented
health hazards and environmental persistence, these solvents
are increasingly subject to strict regulatory limitations,4 under-
scoring the pressing need for greener and safer alternatives.

A promising strategy involves replacing organic solvents
with water, often in combination with surfactants or other
enabling additives. This strategy provides significant environ-
mental, safety, and economic benefits, as highlighted in
numerous recent studies.5 However, the process water together
with the surface-active additives ultimately ends up as waste,
necessitating complex wastewater treatment or disposal proto-
cols.6 In contrast, mechanochemistry techniques employ
mechanical force to initiate chemical reactions under comple-
tely solvent-free or solvent-minimized conditions,7 thereby
further reducing waste generation and environmental impact.8

The earliest documented example of mechanochemical
amide bond formation dates back to 2009, when Lamaty and
co-workers reported the solvent-free synthesis of di- and tripep-
tides via the reaction of urethane-protected α-amino acid
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N-carboxyanhydride derivatives with amino esters, driven
solely by mechanical forces.9 Since this pioneering study, the
field has rapidly expanded, and numerous protocols have
emerged. These include amidation of esters, direct couplings
of carboxylic acids with amines, reactions involving carbox-
yanhydrides, peptide assembly through fragment conden-
sation or protected amino acid couplings, and even mechan-
oenzymatic strategies for oligopeptide synthesis.10 Notably,
mechanochemical amidation has been extensively applied to
the synthesis of various active pharmaceutical ingredients
(APIs), and other biologically relevant structures.11 Initially,
such transformations were carried out using small-scale
milling devices, such as mixer or planetary ball mills, which
apply mechanical force through the movement of grinding
balls.10b–d,f–j,11a,d–f These instruments typically produce
material on a gram scale, while larger scale versions remain
scarce, particularly for applications in synthetic chemistry.
More recently, mechanochemical amidations have been
demonstrated using extruders, which continuously force
reagent mixtures through confined spaces, applying shear and
compression forces.10a,e,11b,c Unlike ball milling, reactive
extrusion enables continuous operation and offers flexible
production up to manufacturing scale, although experience
with its implementation in commercial settings remains very
limited.12 While adopting reactive extrusion as a scale-up
strategy for ball milling might appear practical, translating
conditions from ball mills to extruders is often not straight-
forward, due to substantial technical differences and the fun-
damentally distinct operating parameters that define them
(e.g., ball size/weight and milling frequency vs. screw configur-
ation and speed).12

In mechanochemical transformations, small amounts of
liquid additives, typically organic solvents, are often employed
to enhance or control both reactivity and processability.13 This
approach, known as liquid-assisted grinding (LAG), can
improve mixing, facilitate mass transfer, and accelerate reac-
tion rates through complex interactions.14 In many cases, the
use of LAG additives has proven essential in fine-tuning
mechanochemical amidations that are not optimal under neat
grinding conditions.10b–e,g–i,11a–c

Another related approach that shows considerable promise
for the mechanochemical activation of chemical transform-
ations is bead milling.15 This technique employs a large
number of microbeads in a grinding chamber agitated by
intensive rotation, thereby delivering high energy input.
Compared with ball mills, a key advantage of bead mills is
their straightforward scalability and flexibility to operate in
either continuous or batch mode. Traditionally, bead milling
has been applied to particle size reduction in areas such as
pigment dispersion, pharmaceutical and nutritional proces-
sing, mineral grinding, and nanoparticle fabrication.16 Despite
these well-established applications, and in contrast to their
apparent technical resemblance to small-scale ball mills, the
potential of bead mills to promote mechanochemical trans-
formations has only recently begun to be explored. Reported
applications include, Beckmann rearrangements, nitrations

using a bench-stable nitrating reagent, synthesis of deep eutec-
tic solvents and also biomass valorization.17

Given the critical importance of scalable, solvent-mini-
mized approaches to amide bond formation, we set out to
investigate bead milling as a potential enabling technology,
which to date has not been applied to mechanochemical ami-
dations. For this purpose, we employed a commercially avail-
able agitator bead mill, the Dyno®-Mill Research Lab, which
features a proprietary high-speed grinding system capable of
delivering intense mechanical energy.18 We anticipated that
this laboratory-scale device could serve as a proof of concept
for promoting mechanochemical amide couplings via bead
milling, while the commercial availability of industrial-scale
versions of the same system supports the feasibility of further
scale-up without significant modifications to process
characteristics.19

Results and discussion

The amidation of 4-hydroxyphenylacetic acid (2) with 3,5-di-
methylaniline (1) was chosen as a model reaction for process
optimization. This transformation affords amide 3, an
advanced intermediate of efaproxiral, a radiation-sensitizing
agent developed primarily for cancer treatment.20 1-Ethyl-3-(3-
(dimethylamino)propyl)-carbodiimide hydrochloride (EDC·HCl)
was used as coupling agent, as its water solubility allows for
easy removal of the urea byproduct thus facilitating product
isolation without any organic solvent needed.5c The carboxylic
acid, the aniline derivative, and the coupling agent were used
in equimolar amounts to maximize atom economy and sim-
plify work-up and purification. Among these components, 3,5-
dimethylaniline was the only liquid, while both the carboxylic
acid and coupling agent were solids.

The Dyno®-Mill Research Lab employs bead milling
technology to deliver high energy input, ensuring efficient
mechanochemical reactions (Fig. 1; see also Fig. S1 in the
SI).17,18 It features a cylindrical silicon carbide grinding
chamber and a specialized rotational grinding system, the
Dyno®-Accelerator, mounted on a rotating shaft. The reaction
mixture is continuously fed into the chamber via a feed screw,
where it combines with a large number of miniature grinding
beads (∅ 0.05–1.0 mm). The high rotational speed of the accel-
erator imparts motion to the grinding beads and creates a

Fig. 1 Experimental setup for amide coupling in the Dyno®-Mill
Research Lab reactor.
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multitude of impacts, providing mechanochemical activation
via shock, pressure, shear, friction, impact, and torsion, while
constantly renewing the surface of the reactants. Additionally,
strong turbulence further promotes excellent mixing and
effective mass transfer within the reactor zone. The fast
rotational movement continuously drives the reaction mixture
toward the reactor outlet, where a sieve plate retains the grind-
ing beads. The system can be operated either in continuous
single-pass mode or in recirculation mode, the latter achieved
by redirecting the outlet flow back to the inlet funnel.

Owing to their excellent mechanical properties and excep-
tional hardness (Mohs scale 9), yttria-stabilized zirconia beads
(ZrO2/Y2O3; ∅ 0.8 mm) were selected as the grinding medium.
The bead filling level in the grinding chamber was maintained
at 60 v/v%, and the reactor was operated in continuous flow
single-pass mode at accelerator speeds of 1500–6000 rpm on a
50 mmol scale. Under these conditions, the entire reaction
mixture was discharged from the reactor within 5–6 min,
allowing for short processing times and rapid parameter
optimization.

We initiated our study by evaluating the reaction in the
presence of added bases. Guided by our earlier findings,5c pyri-
dine was first tested, affording a promising 83% yield at 50 °C
and an accelerator speed of 3800 rpm (Table 1, entry 1).
Recognizing that small quantities of liquid additives can facili-
tate mechanochemical processes, we next explored LAG con-
ditions using a small amount of EtOH (η = 0.5 μL mg−1), a
solvent broadly compatible with the reagents.21 Remarkably,
the addition of EtOH improved the yield to 97% while allowing

the reaction to proceed efficiently at room temperature (25 °C;
Table 1, entry 2). In contrast, replacing pyridine with triethyl-
amine (TEA) gave a significantly lower yield of 57% (Table 1,
entry 3). Notably, potassium hydroxide, a cost-effective and
non-toxic alternative to pyridine, delivered a yield of 83%
(Table 1, entry 4).

However, when EtOH was used as the LAG additive, ester
formation was observed as a side reaction in some of the
experiments. This prompted us to explore ethyl acetate (EtOAc)
as an alternative.10c,h,i,11a,b To our delight, EtOAc performed
very well, affording a yield of 84% under the same conditions
as EtOH, but without the need for any added base (Table 1,
entry 5). Eliminating the base is very beneficial, not only
because of the toxicity of pyridine, but it also improves the
overall atom economy of the transformation. When increasing
the reaction scale from 50 mmol to 200 mmol, a practically
identical yield was obtained (Table 1, entry 5 vs. entry 6), pro-
viding encouraging preliminary evidence for the scalability of
the process. To fine-tune the amount of mechanical energy
input, we next investigated the effect of Dyno®-Accelerator
rotation speed. As expected, increasing the agitator speed to
the maximum of 6000 rpm led to a higher yield (95%),
whereas reducing it to 1500 rpm resulted in a substantial drop
to 51% (Table 1, entry 5 vs. entries 7 and 8). These results
clearly underscore the crucial role of mechanical energy in this
process. Despite the very good result at 6000 rpm rotation
speed, we selected 3800 rpm for further experimentation to
avoid running the system at its maximum performance.

The amount of LAG additive proved to be a critical para-
meter. Compared to the initially applied 0.5 μL mg−1 (Table 1,
entry 5), reducing the amount to 0.34 μL mg−1 improved the
outcome, delivering an excellent yield of 96% under otherwise
identical conditions (Table 1, entry 9). However, a further
reduction to 0.25 μL mg−1 proved suboptimal, resulting in a
lower yield of 82% (Table 1, entry 10). Finally, DMSO and
2MeTHF were also tested as alternative LAG additives.
Interestingly, DMSO caused a pronounced decrease in yield to
29%, whereas 2MeTHF performed comparably to EtOAc
(Table 1, entries 11 and 12). Given its lower cost and more
favorable environmental profile,22 EtOAc was chosen as the
LAG additive for subsequent process development.

A series of control experiments were next performed to
evaluate the impact of mechanochemical activation in com-
parison with conventional mixing strategies. As a baseline, a
control experiment was conducted by combining equimolar
amounts of aniline 1, carboxylic acid 2, and EDC·HCl with
EtOAc (η = 0.34 μL mg−1) in a flask, which was left to stand at
25 °C for 5 min without mixing or agitation. As expected, this
resulted in a low yield of 15% (Table 2, entry 1). In contrast,
manually stirring the same reaction mixture with a spatula for
5 min at 25 °C increased the yield to 51% (Table 2, entry 2). A
comparable result was obtained when the mixture was agitated
using a horizontal shaker (Table 2, entry 3). To further investi-
gate the influence of mechanochemical conditions on the
model reaction, the same procedure was next carried out using
a mixer ball mill (Retsch MM400) operating at 30 Hz for the

Table 1 Parameter optimization in the bead mill

#a,b

LAG

Basec

Rotor
speed
[rpm]

Scale
(mmol)

T
[°C]

Yieldd

[%]Solvent
η
[μL mg−1]

1e — — Pyridine 3800 50 50 83
2 EtOH 0.5 Pyridine 3800 50 25 97
3 EtOH 0.5 TEA 3800 50 25 57
4 EtOH 0.5 KOH 3800 50 25 83
5 EtOAc 0.5 — 3800 50 25 84
6 EtOAc 0.5 — 3800 200 25 86
7 EtOAc 0.5 — 6000 50 25 95
8 EtOAc 0.5 — 1500 50 25 51
9 EtOAc 0.34 — 3800 50 25 96
10 EtOAc 0.25 — 3800 50 25 82
11 DMSO 0.34 — 3800 50 25 29
12 2MeTHF 0.34 — 3800 50 25 97

a Reactions were performed in continuous flow single-pass mode using
the Dyno®-Mill Research Lab reactor. b In all experiments, 187 g of
ZrO2/Y2O3 beads were used, corresponding to a reactor filling degree of
60 v/v%. c 1.0 equiv. of base. dDetermined by HPLC-UV at 215 nm.
e Sticky reaction mixture, complex to remove from the reactor.
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same duration. Highlighting the effectiveness of mechano-
chemical activation, this resulted in a yield of 75%, outper-
forming conventional agitation but falling somewhat short
compared to the bead mill (Table 2, entry 4 vs. entries 2, 3 and
5). To better assess the alignment between these mechano-
chemical approaches, several experiments initially performed
in the Dyno®-Mill during parameter optimization (Table 2)
were repeated in the mixer ball mill. The observed trends
under varying conditions were highly consistent, although
yields from ball milling were generally slightly lower (see
Table S1 in the SI), likely due to the higher mechanical energy
input provided by the bead mill. These findings indicate that
reaction conditions are readily transferable between these
setups across different scales. Moreover, the enhanced energy
input in bead milling may allow for shorter reaction times,
although ball milling parameters such as frequency, ball size,
and material were not fully optimized in this study. Bead
milling thus emerges as a promising scale-up strategy, combin-
ing the efficacy of traditional ball milling with the advantages
of continuous operation in systems like the Dyno®-Mill.

To demonstrate the scope and generality of the process, a
series of amidations involving various carboxylic acids and
amines was performed in the Dyno®-Mill reactor (Scheme 1).
All experiments were carried out at the 50 mmol scale under the
previously optimized conditions using continuous flow single-
pass mode. A range of amines was reacted with 4-hydroxypheny-
lacetic acid (2) as the common coupling partner. Aniline deriva-
tives with diverse substitution patterns, as well as 1-naphthyla-
mine, delivered the corresponding amides (3–7) in yields
ranging from 78% to 96%. Among these, the sterically hindered
2,6-dimethylaniline exhibited the lowest reactivity, yielding 78%
of the product (5). Secondary amines such as dibenzylamine
and N-methylaniline were also well tolerated, furnishing tertiary
amides 8 and 9 in 79% and 94% yields, respectively.
Benzylamine similarly reacted smoothly, providing amide 10 in
79% yield. Unlike most of the amines explored, 1-naphthyla-
mine and 3,4-dimethoxyaniline are solids; therefore, their ami-
dation with 4-hydroxyphenylacetic acid involved exclusively solid
components apart from the LAG additive. The scope of car-

boxylic acid derivatives was evaluated using 3,5-dimethylaniline
(1) as the coupling partner. Benzoic acid and its substituted
derivatives gave the corresponding amides (11–13) in good
yields of up to 89%. Heteroaromatic carboxylic acids, such as
thiophene-2-carboxylic acid and isonicotinic acid also reacted
efficiently, affording amides 14 and 15 in excellent yields of
85% and 91%, respectively. The process also proved effective for
the amidation of substituted phenylacetic acid derivatives as
well as 2-phenoxyacetic acid, furnishing amides 16–18 in yields
of up to 88%. Notably, the amide products were isolated at
≥90% purity without the use of any organic solvents, following a
straightforward work-up procedure involving precipitation with
cold water, filtration, washing with water, and drying. This not
only minimizes environmental impact but also highlights the
practicality of the method, underscoring its potential to be
extended to larger-scale syntheses under sustainable conditions.

Finally, to assess the scalability of the process, we con-
ducted scale-up experiments using two model reactions: the
amidation of 4-hydroxyphenylacetic acid (2) with either 3,5-di-
methylaniline (1) or 3,4-dimethoxyaniline (Scheme 2). The
latter reaction involved only solid reagents and EtOAc as a LAG
additive, whereas 3,5-dimethylaniline in the first reaction is a
liquid (see SI for photographs taken during the experiments).
Both reactions were performed on a 1.0 mol scale, represent-
ing a 20-fold increase compared to the initial 50 mmol experi-

Table 2 Control experiments

# Experimental conditions Yielda [%]

1b Non-mixed control reaction 15
2b Mixed with a spatula in a beaker 51
3b Agitated using a horizontal shaker 50
4b Performed in a mixer ball millc 75
5 Performed in Dyno®-Mill (Table 2, entry 9) 96

aDetermined by HPLC-UV at 215 nm. b 1.0 mmol scale. cUsing a
Retsch MM400 mixer mill operating at 30 Hz with ∅ 0.4 cm stainless
steel balls (×20).

Scheme 1 Exploring the substrate scope of mechanochemical amida-
tions. (Reactions were performed in continuous flow single-pass mode
using the Dyno®-Mill Research Lab reactor. In all experiments, 187 g of
ZrO2/Y2O3 beads were used, corresponding to a reactor filling degree of
60 v/v%. Reported values refer to isolated product yields.)
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ments. Reaction conditions were directly taken from the small-
scale experiments, with the sole modification being the use of
recirculation mode to accommodate the larger reagent quan-
tities within the comparatively limited reactor volume. The
accelerator speed was maintained at 3800 rpm, and recircula-
tion was continued for 5 min to match the reaction time of the
small-scale experiments. Gratifyingly, the 1.0 mol reactions
delivered yields comparable to those obtained at the smaller
scale (94% and 81% for amides 3 and 6, Scheme 2A and B,
respectively. Within just 5 min, the experiments furnished
240.5 g and 232.7 g of amide products 3 and 6, respectively fol-
lowing precipitation, filtration, washing with water, and
drying. These results correspond to productivities of 2.89 kg
h−1 and 2.79 kg h−1, and space–time yields (STY) of 36.1 kg
(L h)−1 and 34.1 kg (L h)−1, respectively. Importantly, the con-
sistency of results from model reactions with both solid–liquid
and solid–solid mixtures demonstrate that process efficiency is
not governed by the rheological properties of the mixture,
underscoring the robustness and broad applicability of the
methodology.

Importantly, these reactions proceeded without requiring
reagent excess, added bases, or large volumes of organic sol-
vents, thereby minimizing waste generation. This is reflected
in the low E-factors of 1.5 and 1.7 and the corresponding
process mass intensities (PMIs) of 2.5 and 2.8 for the synthesis
of amides 3 and 6, respectively (Table 3). The calculated reac-
tion mass efficiency (RME), atom economy (AE), and optimum
efficiency (OE) further highlight the environmental credentials
of the methodology.23 For amide 3, the green metrics were
directly compared with those obtained in our previously
reported slurry flow process employing water as the reaction
medium and hydroxypropyl methylcellulose (HPMC) as an

enabling additive.5c The superior performance of the Dyno(R)-
Mill protocol, reflected by lower E-factor and PMI values
together with improved RME, AE, and OE, can be attributed to
the elimination of pyridine and HPMC, both major contribu-
tors to waste in the slurry process. Additionally, the markedly
higher productivity achieved under mechanochemical con-
ditions constitutes a further significant advantage.

Conclusions

In summary, we have established a robust and scalable
mechanochemical protocol for amide bond formation using
bead milling in a Dyno®-Mill Research Lab reactor. Employing
EDC·HCl as the coupling agent under strictly equimolar con-
ditions, the reactions proceeded efficiently without reagent
excess or additional base, addressing important limitations of
conventional amidations. The process was further enhanced
under LAG conditions, with EtOAc identified as the optimal
additive owing to its high efficacy, low toxicity, and favorable
environmental profile. Crucially, product isolation required no
organic solvents, relying solely on precipitation, filtration, and
washing with water. This simplified downstream processing
not only reduced environmental impact but also underscores
the practicality of the protocol for larger-scale operations.
Optimization of key mechanochemical parameters (accelerator
speed, additive volume) enabled high-yielding amidations
across a broad substrate scope, highlighting the versatility of
the method. Control experiments in a mixer ball mill demon-
strated strong consistency across platforms and scales provid-
ing compelling evidence that bead milling offers a viable route
for translating and scaling ball milling methodologies. Using
optimized conditions, a 20-fold scale-up was successfully
achieved, delivering productivities up to 2.89 kg h−1 with
minimal waste, as reflected in low E-factor and PMI values.
Importantly, continuous operation was demonstrated up to
the 200 mmol scale in single-pass mode, while the 1.0 mol
scale was realized in recirculation mode, with further scalabil-
ity anticipated in larger reactors.

Taken together, these results establish bead milling as a
sustainable and industrially relevant platform for continuous
amide bond formation, combining high efficiency, minimal
waste generation, and straightforward scalability. Ongoing
studies are directed toward exploiting larger-scale bead milling
reactors to enable fully continuous mechanochemical amida-
tions with on-demand batch sizes suitable for pharmaceutical
and fine chemical manufacturing.

Scheme 2 Scale-up experiments in the Dyno®-Mill Research Lab
reactor. (Reactions were performed in recirculation mode. 187 g of
ZrO2/Y2O3 beads were used corresponding to a reactor filling degree of
60 v/v%.)

Table 3 Comparison of green metrics for amidations

Product Experimental conditions E-Factor PMI RME AE OE

Amide 3 Mechanochemistry, according to Scheme 2A 1.5 2.5 51.7 54.9 94.2
Amide 6 Mechanochemistry, according to Scheme 2B 1.7 2.8 46.8 57.8 81.0
Amide 3 Chemistry in water with HPMC (ref. 5c) 2.6 3.6 37.6 46.9 80.2
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Experimental section

Experiments were carried out using a Dyno®-Mill Research
Lab agitator bead mill (WAB-GROUP®, Switzerland), equipped
with an 80 mL grinding chamber featuring the proprietary
Dyno®-Accelerator rotational grinding system.18 The chamber
was loaded with 187 g of ZrO2/Y2O3 grinding beads (∅
0.8 mm), corresponding to a reactor filling degree of 60% v/v.
The reaction mixture was fed via a feed screw. Temperature
control was maintained using an external thermostat (Ministat
240, Huber, Germany), with a 9 : 1 water/ethylene glycol
mixture as the cooling medium.

For reactions at 50 mmol and 200 mmol scales, the reactor
was operated in continuous flow single-pass mode at rotation
speeds of 1500, 3800, or 6000 rpm. Scale-up experiments at the
1.0 mol scale were conducted in recirculation mode at a
rotation speed of 3800 rpm. In the smaller scale experiments,
the carboxylic acid component and EDC·HCl were introduced
into the inlet hopper along with the LAG additive, followed by
the corresponding amine derivative. For the 1.0 mol scale
experiments, 4-hydroxyphenylacetic acid (2) and EDC·HCl were
premixed with EtOAc (LAG additive) in a beaker until a
uniform paste was formed, then transferred to the inlet
hopper. The respective aniline derivative was subsequently
added, then recirculation was maintained for 5 min while
maintaining the reactor temperature at 25 °C.

After completion, the crude amide products were isolated
by precipitation with cold water, followed by filtration under
reduced pressure, washing with water and drying. For HPLC
analysis, samples were diluted with 1 mL of MeCN prior to
injection. The isolated compounds were characterized by 1H
and 13C NMR spectroscopy and HRMS.
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