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extrusion: a mechanochemical approach†
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and Shreerang V. Joshi *

We report a continuous, solvent-free method for aldimine synthesis using single-screw extrusion (SSE) that

achieves high yields with water as the sole byproduct. Under optimized conditions, SSE delivered aldimines

in high to near-quantitative yields (>99% for selected derivatives) across diverse substrate classes including

cyclohexanol amines, L-phenylalaninate methyl esters and ethylenediamine-derived bis-aldimines without

requiring product purification. Furthermore, an optimized process is demonstrated, with a throughput rate

of 6740 g day−1, corresponding to a space-time yield of 1716 kg m−3 day−1. The extrusion process

outperformed mechanochemical grinding and batch methods in efficiency and crystallinity, as evidenced

by the DSC endothermic peak. The synthesized compounds were characterized using various analytical

tools like IR, GC-MS, NMR, single crystal XRD and HRMS. By leveraging mechanochemistry in

a continuous flow system, SSE provides a simple yet powerful platform that significantly expands the

possibilities for sustainable organic synthesis.
Introduction

Imines, characterized by their C]N functional group, are
valuable intermediates in pharmaceuticals, materials science
and catalysis.1–8 They play a crucial role in drug development,9

advanced polymer synthesis,10 dye production11 and the fabri-
cation of metal complexes12 and nanomaterials.13 Given their
broad applications, the development of efficient and sustain-
able synthetic methods is an important research priority.
Traditional imine synthesis involves the condensation of
amines and aldehydes in organic solvents, oen requiring
extended reaction times, catalysts or dehydrating agents, which
raise concerns about hazardous solvent use, waste generation
and process inefficiency.14

Greener alternatives such as grinding,15 ultrasound irradia-
tion,16 organocatalysis,17 enzyme catalysis,18 photocatalysis19

and micellar catalysis20 have been explored; however, their
practical application is oen hindered by narrow substrate
compatibility and scalability limitations.

Mechanochemistry has emerged as a powerful tool for
solvent-free synthesis, offering a greener and more sustainable
alternative to conventional solution-based methods, utilizing
mechanical energy to drive chemical reactions without the need
for hazardous solvents.21 By applying grinding, compression, or
and Technology, Institute of Chemical
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shear forces, mechanochemical methods reduce waste and
energy consumption, aligning with green chemistry principles.22

However, signicant challenges remain, particularly in reac-
tion control, reproducibility and scalability, limiting mecha-
nochemistry's industrial adoption.23 Mortar-and-pestle grinding,
though simple and accessible, suffers from low energy input,
inconsistent mixing and poor reproducibility, oen leading to
incomplete reactions and prolonged processing times.24 Planetary
ball milling offers higher energy input and better mixing but
introduces uncontrolled heat generation, causing temperature
uctuations, side reactions and reduced selectivity.25 While
strategies like cryomilling and thermal regulation exist, they add
cost and complexity, making them impractical for large-scale
use.26 Moreover, the batch-mode operation of ball milling
restricts scalability, highlighting the need for continuous mech-
anochemical methods better suited for industrial workows.27

To overcome scalability issues, researchers have explored
continuous mechanochemical techniques such as extrusion-
based approaches, which offer precise reaction control,
improved reproducibility and scalability. Twin-screw extrusion
(TSE) has gained attention as an advanced mechanochemical
method, originally developed for polymer processing,28 phar-
maceuticals29 and the food industry.30 Unlike batch-based
methods, TSE operates continuously, enabling efficient mix-
ing, controlled shear forces, and precise temperature regulation
throughout the reaction process. This adaptability has made
TSE particularly valuable for solvent-free organic synthesis,31

including pharmaceutical co-crystals,32 metal–organic frame-
works (MOFs)33 and deep eutectic solvents (DESs).34 Deborah E.
Crawford and coworkers reported the rst imine synthesis
RSC Mechanochem., 2025, 2, 573–583 | 573
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Scheme 1 A prototypical reaction of benzaldehyde 1a with 4-trans-
amino cyclohexanol 2a yielding an aldimine in a batch process 3a.
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using twin-screw extrusion (TSE) by reacting 4,40-oxydianiline
with ortho-vanillin under optimized conditions (120 °C, 55 rpm,
feed rate: 0.79 g min−1) to achieve high yields without requiring
post-synthetic purication.35 These ndings establish TSE as
a powerful alternative to traditional mechanochemical
methods, offering enhanced scalability, improved reaction
efficiency, and precise process control.

While TSE offers scalability and precise reaction control, its
high cost and complexity limit accessibility.36 To address these
challenges, single-screw extrusion (SSE) has emerged as a cost-
effective alternative for continuous, solvent-free organic
synthesis. While SSE has been widely utilized in polymer pro-
cessing, its potential in mechanochemical organic synthesis
remains relatively underexplored.37 Similar to TSE, SSE enables
precise control over reaction parameters such as temperature,
screw speed and residence time, but with lower operational costs
and energy requirements which makes SSE an attractive option
for sustainable chemical manufacturing, particularly in resource-
limited settings or for processes requiring straightforward scal-
ability.38 In a pioneering study, Kulkarni and co-workers designed
a jacketed single-screw reactor capable of operating across
a temperature range of 0 °C to 160 °C and varying rotation speeds.
The reactor's design features a Teon screw housed within
a condenser-type glass container, allowing for precise tempera-
ture control and visual monitoring of reactions.39 This versatile
platform facilitated various organic transformations under
minimal or solvent-free conditions, thereby enhancing the effi-
ciency and environmental friendliness of these processes.

Despite these advantages, SSE remains signicantly under-
explored for many organic reactions and other solvent-sensitive
transformations. The lack of widespread adoption is primarily
due to limited research on its mechanistic aspects, process
optimization strategies and scalability beyond small laboratory-
scale demonstrations. As interest in mechanochemistry keeps
growing, SSE could become a practical, scalable and energy
efficient alternative to traditional synthetic methods. Future
studies focusing on optimizing screw design and energy input
could further enhance its applicability, paving the way for SSE to
be integrated into industrial-scale green synthesis.40

This study aims to bridge existing gaps by systematically
investigating the potential of single-screw extrusion (SSE) for
solvent-free imine synthesis. Optimizing temperature, screw
speed and feed rate delivers near-quantitative yields without
solvents or catalysts. Additionally, the versatility of SSE is explored
by synthesizing imines from diverse amine substrates, including
cyclic amino alcohols, amino esters and diamines, to expand the
scope of this methodology. By leveraging SSE's advantages in
scalability, energy efficiency and precise reaction control, this
study expands the scope of mechanochemistry for continuous
organic synthesis. Demonstrating its viability for high-yield,
solvent-free imine production, SSE presents a transformative
approach for sustainable and industrially scalable synthesis.

Results and discussion

The imine bond formation was systematically investigated
using benzaldehyde and 4-trans-amino cyclohexanol as model
574 | RSC Mechanochem., 2025, 2, 573–583
substrates to address this. Initial optimization studies were
conducted without the use of catalysts or a Dean–Stark appa-
ratus, instead focusing on the inuence of solvents with varying
polarities. Additionally, deep eutectic solvents (DES's) were
employed to assess their impact on the reaction. This method
aimed to prioritize simplicity, sustainability and reproduc-
ibility, striving to establish a versatile and efficient approach
that aligns seamlessly with the principles of green chemistry
(Scheme 1).41

Table 1 clearly demonstrates that reactions carried out in
conventional solvents under reux conditions consistently yield
moderate results (Table 1, entries 1–10). Among these, meth-
anol provided the highest yield (Table 1, entry 2). Using aqueous
solvent systems, such as water, water : methanol and water :
ethanol mixtures, slightly improved the yield (Table 1, entries
11–13). This improvement is likely due to the enhanced polarity
of the medium and the increased solubility of reactants, which
facilitated the reaction.

To explore greener alternatives and potentially improve
efficiency, deep eutectic solvents (DES's) were employed (Table
1, entries 15–19). The synthesis of choline chloride-based DES's
was carried out following the procedure described in the re-
ported methods.42 However, these DES's did not signicantly
enhance the yield. The marginally improved yields in some
cases could be attributed to their ability to create a hydrogen-
bonded network, which might aid in stabilizing the transition
state during imine formation.43 However, in this case, the
overall performance of DES's did not exceed that of traditional
or aqueous systems.

Remarkably, conducting the reaction under neat conditions
yielded superior results (Table 1, entries 20–22). At 80 °C, the
reaction achieved a maximum yield within 30 minutes (Table 1,
entry 22). Encouraged by the exceptional performance under
neat conditions, further optimization studies were carried out
to maximize the yield (Scheme 2).

The reaction was initially optimized under solvent-free
conditions. In the initial phase, the reaction was conducted at
room temperature. The conversion of aldehyde to aldimine was
measured aer the completion of the reaction using Gas
Chromatography-Mass Spectrometry (GC-MS) analysis.
Following every 10 minutes of the reaction time, thin layer
chromatography (TLC) analysis was performed, which yielded
no discernible results. Then, aer 60 minutes of the reaction
time, a trace amount of white solid formed, which was negli-
gible to isolate. GC-MS analysis showed that benzaldehyde was
le in the reaction. The molar ratio of aldehyde to amine was
adjusted to 1 : 1.2, and the reaction conditions were optimized.
Still, there was no improvement in the reaction, so the molar
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Yields obtained in the batch processa

Entry Solvent/DES Reaction temperature/°C Reaction time (h) Yieldb (%)

1 EtOH Reux 3.5 31
2 MeOH Reux 3 34
3 Et2O Reux 3.2 NR
4 EtOAc Reux 3 37
5 IPA Reux 4 25
6 DMSO 120 12 40
7 Toluene 100 4 NRc

8 CH2Cl2 Reux 3.5 Trace
9 MeCN Reux 3.2 24
10 CHCl3 Reux 2 Trace
11 H2O 60 1.5 41
12 H2O : EtOH (1 : 1) 60 1.5 32
13 H2O :MeOH (1 : 1) 60 1.5 39
14 H2O : IPA (1 : 1) 60 1.5 22
15 ChCl : urea (1 : 2) 80 2 NRc

16 ChCl : citric acid (1 : 1) 80 2 30
17 ChCl : citric acid (1 : 2) 100 1.5 34
18 ChCl : ethylene glycol (1 : 2) 80 1 22
19 ChCl : glycerol 80 1 Trace
20 Neat 60 0.45 44
21 Neat 70 0.30 50
22 Neat 80 0.30 54

a Reaction conditions: 1a (1.0 equiv.) and 2a (1.0 equiv.) were stirred in a 10 ml round bottom ask with the solvent (5 mL). b Isolated yields for 3a.
c No reaction.

Scheme 2 Investigation of 1a and 2a to yield 3a under neat conditions.
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ratio was changed to 1 : 1.5. The trace amount of product yields
observed at room temperatures suggests that the activation
energy required for the reaction is insufficient under such
conditions (Table 2, entries 1–3). In the next trial, the reaction
temperature was increased to 60 °C, starting with 1 : 1.2 molar
Table 2 Screening of reaction parameters in a batch processa

Entry
Molar ratio of
reactants 1a : 2a (equiv.)

Reaction
temperature (°C)

Time
(min)

Yieldb

(%)

1 1 : 1 RT 60 Trace
2 1 : 1.2 RT 60 Trace
3 1 : 1.5 RT 60 Trace
4 1 : 1.2 60 30 51
5 1 : 1.5 60 30 52
6 1 : 1.2 90 30 60
7 1 : 1.2 100 30 64
8 1 : 1.2 110 30 69
9 1 : 1.2 120 30 43

a Reaction conditions: solvent free stirring of 1a and 2a in a 10 ml round
bottom ask and heated using an oil bath. b Isolated yields for 3a.

© 2025 The Author(s). Published by the Royal Society of Chemistry
ratio, and within 30 minutes, the reaction was completed. The
rst trial succeeded with a signicant isolated yield of the imine
product (Table 2, entry 4). To evaluate the stability of the desired
product in the characterization solvent, proton NMR spectra
were recorded immediately aer dissolution in CDCl3 and
monitored over time. Proton NMR analysis conrmed the
formation of the imine product, as evidenced by the disap-
pearance of the aldehyde proton and the appearance of a new
imine proton at d 8.33 ppm. Additionally, aromatic protons were
observed in the range of d 7.40–7.73 ppm, while aliphatic
protons appeared at d 1.39–3.75 ppm. The rst trial resulted in
a signicant isolated yield of the imine product (Table 2, entry
4). No signicant changes in chemical shis, peak intensities,
or the formation of additional byproducts were observed within
the typical timeframe of spectral acquisition, indicating that the
imine product remains stable in CDCl3 under the experimental
conditions (Fig. 1).

Optimization began by considering reaction parameters
such as temperature, time and the molar ratio of amine. From
the previous trial, it was observed that imine formation
appeared at the reaction temperature of 60 °C; this time, the
molar ratio was increased to 1 : 1.5, keeping the temperature
constant to observe any changes in the reaction. However, there
was no major change in the yield of the product. Therefore, the
molar ratio was reduced to 1 : 1.2, and the reaction temperature
was raised. To standardize the reaction time and obtain the
maximum yield, 30 minutes of reaction time was chosen, with
reaction monitoring every 10 minutes to ensure complete
conversion of the aldehyde to aldimine. The reaction tempera-
ture was set to 90 °C, aiming for a better yield than the previous
RSC Mechanochem., 2025, 2, 573–583 | 575
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Fig. 1 1H-NMR of crude product 3a in CDCl3.

Table 3 Mechanochemical approach to cyclohexanol imines using
a mortar and pestle grinding methoda

Entry R1 Time (min) Yieldb (%)

1 1a, H 25 3a, 72
2 1b, 2F 20 3b, 75
3 1c, 4F 20 3c, 68
4 1d, 4CN 18 3d, 77
5 1e, OMe 30 3e, 54

a Reaction conditions: reactions were carried out using neat grinding,
1a–e (1.0 equiv.) and 2a (1.2 equiv.) at room temperature. b Isolated
yields.
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batch. Surprisingly, within 10 minutes, a new spot appeared,
although the starting material was still present in the reaction.
This indicates that temperature is a key factor for this reaction.
An isolated yield comparable to previous experiments was
achieved (Table 2, entry 6). This study showed that an increase
above room temperature was sufficient to facilitate this reaction
concerning reaction time. The optimization studies progressed
with a systematic increase in reaction temperature, ultimately
reaching 120 °C. It was observed that the efficiency of the
reaction improved signicantly at a certain temperature, high-
lighting it as the most favourable condition for the process
(Table 2, entry 8). However, it is important to note that a further
increase in temperature led to a marked decrease in yield, likely
due to thermal degradation of the aldimine product, as indi-
cated by the signicant drop at 120 °C (Table 2, entry 9).

Given the results achieved under neat conditions, the impact
of grinding with a mortar and pestle, which utilizes the
mechanical energy generated to drive chemical trans-
formations, was further explored.44 To assess the feasibility and
efficacy of this approach, four different benzaldehyde
substrates, including benzaldehyde 1a, were chosen for
grinding under solvent-free conditions using a mortar and
pestle. The reaction was optimized by maintaining a 1 : 1.2
molar ratio of aldehyde to amine, ensuring effective mixing and
maximising the yield at room temperature (Scheme 3).
Scheme 3 Scope of the synthesis of cyclohexanol aldimine using the
grinding method.

576 | RSC Mechanochem., 2025, 2, 573–583
Benzaldehyde (1a) worked well, completing the reaction in
25 minutes and producing a good yield (Table 3, entry 1). In
contrast, 2-uorobenzaldehyde (1b) reacted in a shorter time of
20 minutes while producing a yield marginally higher than that
of (1a) (Table 3, entry 2). It is believed that the uorine atom at
the ortho position enhances the electrophilicity of the carbonyl
group through its moderate electron-withdrawing effect, facili-
tating nucleophilic attack by the amine group. Similarly, 4-u-
orobenzaldehyde (1c) completed the reaction within 20
minutes, producing a yield slightly lower than that of 1b. This
difference can be attributed to the para position of the uorine
atom, which exerts a less pronounced inductive effect compared
to the ortho position, affecting the electrophilic nature of the
aldehyde (Table 3, entry 3).

The highest yield was observed with 4-cyanobenzaldehyde
(1d) (Table 3, entry 4), which completed the reaction in less than
20 minutes. The strong electron-withdrawing nature of the
cyano group signicantly increases the aldehyde's electrophi-
licity, thereby accelerating imine bond formation. Conversely, 4-
methoxybenzaldehyde (1e), due to its electron-donating
methoxy group, displayed the slowest reaction time which
took 30 minutes and yielded less product as compared to the
other substrates. This behaviour can be attributed to the
resonance-donating effect of the methoxy group, which
decreases the electrophilic nature of the aldehyde, making it
less reactive in the condensation process (Table 3, entry 5). This
reduction in reactivity can be explained by the electron-
donating resonance effect, which reduces the electrophilic
character of the aldehyde group.45

The grinding method demonstrated satisfactory results
(Table 3) for small-scale mechanochemical synthesis with
cyclohexanol aldimines; however, it is essential to address the
challenges related to scalability and yield optimization. As
a result, mechanochemical synthesis using a single-screw hot
melt extruder was chosen, as it allows for ne-tuning of
temperature and residence time, which are critical for driving
product formation to completion. The continuous mixing
provided by the extruder also ensures that the reactants remain
in close contact, enhancing reaction efficiency and promoting
uniform heat distribution (Scheme 4).46

The mechanochemical synthesis of 3a via single-screw hot
melt extrusion was systematically investigated at varying
temperatures (32–140 °C) and screw speeds (45–90 rpm). Key
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Synthesis of a cyclohexanol aldimine in a single screw hot
melt extruder.
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parameters such as residence time, feed rate, product
throughput and space time yield (STY) were quantied to eval-
uate the process efficiency (Table 4). The extruder's modular
design comprising feed, conveying, mixing and metering zone
enabled precise control over reaction conditions, aligning with
advancements in continuous mechanochemical synthesis.47

The rst trial was conducted at room temperature with a screw
speed of 90 rpm, where the mixture of 2a (56.5 mmol, 6.51 g)
and 1a (47 mmol, 5 g) was manually fed into the extruder over
a 7-minute period through the feeding zone (feed rate 1.644
g min−1, residence time: 6 min); anticipating that the frictional
heat generated by the screw speed would initiate the reaction.
However, minimal product formation (2.48 g, 26% yield) was
observed, indicating that the frictional heat generated by
mechanical shearing alone was insufficient to drive the reaction
to completion (Table 4, entry 1). This nding is consistent with
prior studies emphasizing the necessity of supplemental
thermal energy in mechanochemical reactions involving low-
melting-point substrates.22 Increasing the barrel temperature
to 60 °C signicantly improved the product yield (3.82 g, 40%
yield) while maintaining a residence time of 6 minutes and
a feed rate of 1.92 g min−1 (Table 4, entry 2). Further elevation to
90 °C enhanced conversion efficiency, reducing the residence
time to 5 minutes (feed rate: 2.30 g min−1) and yielding 8.50 g
(89% yield) of the desired product (Table 4, entry 3). The highest
yield of 97% was obtained at 100 °C, where the residence time
was about 3–4 minutes with a feed rate of 3.29 g min−1, sug-
gesting that this temperature provided the optimal activation
energy for imine formation (Table 4, entry 4). This temperature
provided the optimal activation energy for imine formation
without causing product degradation, despite being signi-
cantly lower than the melting points of 2a (110–115 °C) and 1a
(176–178 °C). However, a sudden decrease in yield was observed
due to the formation of a semisolid mixture when the temper-
ature was increased to 110 °C (Table 4, entry 5) which is likely
Table 4 Optimization of single screw extruder parameters in the extrus

Entry
Temperature
(°C)

Residence time
(min)

F
(

1 32 6.0 1
2 60 6.0 2
3 90 5.0 2
4 100 3.5 2
5 110 4.0 2

a Reaction conditions: 2a (56.5 mmol, 6.51 g) (1.2 equiv.), 1a (47 mmol, 5 g
specied.

© 2025 The Author(s). Published by the Royal Society of Chemistry
attributable to thermal degradation of the product. The corre-
sponding space-time yield, i.e., the amount of product mass per
unit extruder volume (STY) further supports these ndings, with
the highest STY of 644.34 kg m−3 day−1 achieved at 100 °C
(Table 4, entry 4). This value demonstrates the efficiency of the
extruder in achieving high throughput under optimized
conditions without any further post-purication {note: the
reaction mass was carefully handled during sampling. Before
each analysis, the reaction mass was allowed to cool and then
washed thoroughly with cold distilled water. The washed and
dried reactionmass was subsequently subjected tomonitoring}.

Thermal studies by differential scanning calorimetry (DSC)

The DSC thermograms of compound 3a revealed some differ-
ences in crystallinity and thermal behavior based on the
synthesis methods, providing insight into the inuence of
preparation techniques on sample properties (Fig. 2).

The thermogram for 3a0S1, synthesized via the single screw
extrusion (SSE) method, displayed a sharp endothermic peak at
approximately 92 °C (Fig. 2A). This indicates a high degree of
crystallinity and suggests that the SSE method effectively
promotes uniform mixing and controlled synthesis conditions,
which in turn enhances the thermal stability of the compound.

On the other hand, the thermogram for 3aa0-S2, prepared
using the mortar and pestle grinding method, exhibited a sharp
endothermic peak at 92.2 °C, but with an additional, broader
thermal feature between 100 and 120 °C (Fig. 2B). The presence
of this broader thermal region points to structural heteroge-
neity, possibly due to minor impurities, amorphous regions or
secondary thermal events.48,49 This suggests that the grinding
method, although effective to an extent, may not provide the
same level of uniformity and structural precision as the SSE
method.

These observations show that the extrusion method
produces more stable and crystalline compounds, offering
superior control over the synthesis process. The marked
difference in the thermal proles between the two methods
highlights the critical role of preparation techniques in shaping
the thermal properties and crystallinity of the materials. Over-
all, the SSE method stands out as an optimal choice for ther-
mally stable and uniform products, particularly in solvent-free
mechanochemical processes.50

With the optimized conditions established for the aldimine
synthesis of 3a using single-screw hot melt extrusion, the scope
iona of 2a with 1a

eed rate
g min−1)

Product throughput
(g min−1)

Space-time yield
(kg m−3 day−1)

.64 0.413 100.80

.30 0.636 155.23

.88 1.70 414.92

.30 2.64 644.34

.30 1.935 472.27

) (1.0 equiv.), single screw extruder, screw speed: 90 rpm, temperature as

RSC Mechanochem., 2025, 2, 573–583 | 577
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Fig. 2 (A and B) DSC thermograms of 3a from the extrusion and
grinding methods, respectively.

Scheme 5 Scope of cyclohexanol imine synthesis using SSE. Reaction
conditions: aldehyde 1 (5 g, 1.0 equiv.), trans-4-aminocyclohexanol 2a
(1.2 equiv.), single screw extruder, 90 rpm, 100 °C. Yields reported are
isolated yields. a Extrusion temperature: 110 °C, b 120 °C, c 130 °C,
d 140 °C. e 1.5 equiv. amine.
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of the reaction was extended to benzaldehyde derivatives
bearing electron-withdrawing as well as electron-donating
substituents (Scheme 5). A slight excess of amine (extra 0.2
equiv.) was used in each case to achieve favourable yields.
Notably, substrates with electron-withdrawing groups exhibited
enhanced reactivity, whereas those with electron-donating
groups showed slightly reduced efficiency. As shown in
Scheme 5, aldimines derived from ortho- and para-substituted
electron-withdrawing groups (3b–3d) exhibited excellent yields
with a shorter residence time (Table 5). Temperature played
a crucial role in reaction outcomes. For instance, 3e, which
provided 89% yield at 100 °C (residence time 4 min), showed
improved efficiency at 110 °C, reaching 92% with a reduced
residence time of 3 minutes. Similarly, compound 3f exhibited
a 95% yield at 100 °C, which increased to near-quantitative
conversion (>99%) at 110 °C with a residence time of 3 min.
This trend continued with 3g, where incremental temperature
increases further enhanced product formation (see Fig. 3 for the
ORTEP diagram of 3g). Conversely, 3h required a higher barrel
temperature of 130 °C to attain optimal yields, despite an initial
moderate yield of 92% at 100 °C. Bulky and sterically hindered
substrates, such as 3j, beneted from increased barrel
temperature and an excess of amine (extra 0.5 equiv.), with
yields increasing from 85% at 100 °C to 91% at 140 °C. Likewise,
578 | RSC Mechanochem., 2025, 2, 573–583
3k showed enhanced reactivity at elevated temperatures,
increasing from 91% at 100 °C to 96% at 120 °C (Scheme 5).

Encouraged by the successful synthesis of aldimines from
cyclohexanol amines, the investigation was extended to a more
challenging amine substrate L-phenylalaninate methyl ester,
a liquid amine synthesized from L-phenylalanine (Scheme 6).51

Building on the successful aldimine synthesis using 2a, the
reaction scope was expanded to include methyl L-phenyl-
alaninate (2b), a liquid amino ester derivative of L-phenylala-
nine. Initial attempts to perform the reaction as a liquid–liquid
system revealed signicant challenges. Upon premixing the two
liquid reactants 4-methylbenzaldehyde and 2b, a solid forma-
tion was observed. This led to the formation of lumps, which
hindered mixing and resulted in inhomogeneous reaction
conditions. The solidication also made it difficult to maintain
a consistent ow of reactants, further complicating the process.
To address these issues, the reaction was attempted in the
extruder using a syringe pump to feed the liquid reactants.
However, this approach also proved problematic. Despite the
controlled feeding of reactants, poor mixing and inefficient
reaction conditions were observed, leading to suboptimal
yields. To overcome this challenge, sodium chloride (NaCl) was
introduced as a solid additive. NaCl acted as a process aid,
improving the ow properties of the reaction mixture and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Process parameters for cyclohexanol imine synthesis via single screw extrusiona

Product
Temperature
(°C)

Residence time
(min)

Feed rate
(g min−1)

Product throughput
(g min−1)

Space time yield
(kg m−3 day−1)

3a 100 3.5 2.30 2.64 644.34
3b 100 3 1.76 2.91 710.64
3c 100 4 1.76 2.12 517.63
3d 100 4.5 2.05 1.86 453.56
3e 110 3.3 1.68 2.39 583.64
3f 110 3 1.91 2.72 664.68
3g 110 3–3.5 1.09 2.53 528.82
3h 130 5 1.60 1.35 329.49
3i 100 3.5 1.98 2.27 554.24
3j 140 5 0.97 1.51 368.14
3k 120 2.5–3 1.18 3.11 633.22

a For each extrusion the screw speed was 90 rpm. Further discussion is presented in the ESI.

Scheme 6 Scope of phenylalaninate imine synthesis using SSE.
Reaction conditions: aldehyde 1 (5 g, 1.0 equiv.), methyl L-phenyl-
alaninate 2b (1.2 equiv.), single screw extruder, 70 rpm, 100 °C. Yields
reported are isolated yields. [x] 10 g NaCl was premixed with amine.
a Extrusion temperature: 110 °C, b 120 °C.

Scheme 7 Scope of di-imine synthesis using SSE. Reaction condi-
tions: ethylene diamine 2g (2 g, 1.0 equiv.), aldehyde 1 (2.0 equiv.),
single screw extruder, 80 rpm, 100 °C. Yields reported are isolated
yields. [x] 5 g NaCl was premixed with amine. a Extrusion temperature:
110 °C, b 120 °C.
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preventing the formation of lumps. The amine (2b) was pre-
mixed with NaCl to ensure homogeneous distribution before
being combined with 4-methylbenzaldehyde. This mixture was
then fed into the extruder, at a screw speed of 70 rpm where the
presence of NaCl facilitated smoother ow and better mixing,
even as the reaction proceeded to form the solid product (feed
rate: 1.99 g min−1) (Scheme 7).

The reaction of 4-methylbenzaldehyde and 2b at 100 °C
afforded the desired product 4a with an isolated yield of 90%
and a residence time of 5 minutes. Elevating the barrel
temperature to 110 °C further optimized the process, with an
isolated yield of 92% and a space-time yield (STY) of 525.36 kg
m−3 day−1 (see Fig. 4 for the ORTEP diagram of 4a). In contrast,
synthesizing 4b proved more challenging. Consistent with
previous reactions, sodium chloride (NaCl) was employed as an
additive to facilitate the process. At a barrel temperature of 100 °
C, the reaction yielded 86%, while increasing the temperature to
110 °C improved the yield to 87%. Further optimization at 120 °
© 2025 The Author(s). Published by the Royal Society of Chemistry
C resulted in a yield of 89%. Notably, 4c and 4d exhibited
excellent reactivity. For 4c, a barrel temperature of 100 °C was
sufficient to achieve a high yield of 96% with a residence time of
4 minutes and a feed rate of 2.64 g min−1. In the case of 4d,
a barrel temperature of 100 °C afforded a yield of 93% (resi-
dence time: 4 minutes), while increasing the temperature to
110 °C further enhanced the yield to 97% with a reduced resi-
dence time of 3 minutes. The improved reactivity of 4d at
elevated temperatures is consistent with the enhanced electro-
philicity imparted by the electron-withdrawing substituents
(Table 6).

The scope of extrusion-based imine synthesis was expanded
to include the preparation of di-imines using single-screw
extrusion (SSE) at a screw speed of 80 rpm. Ethylene diamine
RSC Mechanochem., 2025, 2, 573–583 | 579
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Table 6 Process parameters for phenylalaninate imine synthesis via single screw extrusiona

Product
Temperature
(°C)

Residence time
(min)

Feed rate
(g min−1)

Product throughput
(g min−1)

Space time yield
(kg m−3 day−1)

4a 110 5 1.99 2.15 525.36
4b 120 3 2.15 3.24 791.19
4c 100 4 2.64 2.66 652.88
4d 110 3 2.53 2.60 848.14

a For each extrusion the screw speed was 70 rpm. Further discussion is presented in the ESI.

Table 7 Process parameters for di-imine synthesis via single screw extrusiona

Product
Temperature
(°C)

Residence time
(min)

Feed rate
(g min−1)

Product throughput
(g min−1)

Space time yield
(kg m−3 day−1)

5a 100 3 2.86 4.33 1059.32
5b 110 2 3.08 4.68 1716.61
5c 110 3.5 1.34 2.69 656.68
5d 120 3 1.69 2.88 705.76
5e 140 3 2.14 3.04 745.42
5f 120 3 2.41 2.56 874.58

a For each extrusion the screw speed was 80 rpm. Further discussion is presented in the ESI.
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(2c) served as the amine substrate under optimized reaction
conditions. Yields exceeding 99% were achieved in most cases,
with residence times ranging from 2 to 4 minutes. For the
synthesis of 5a, ethylene diamine (33.27 mmol, 1.0 equiv.)
adsorbed with NaCl and 2-bromobenzaldehyde (66.55 mmol,
2.0 equiv.) were manually fed into the extruder over 5 minutes
(feed rate: 2.86 g min−1, residence time: 3 minutes), which
afforded the desired di-imine product with an isolated yield of
>99% which had a throughput rate of 4.33 g min−1 which is 6.24
kg day−1. A slight drop in yield was observed for 5a when the
barrel temperature was increased from 100 °C to 110 °C. In the
case of 5b, a barrel temperature of 100 °C provided an isolated
yield of 94% (residence time: 3 minutes), while increasing the
temperature to 110 °C improved the yield to >99% (residence
Fig. 3 ORTEP diagram for compound 3g. Displacement ellipsoids are
drawn at the 30% probability level and H atoms are shown as small
spheres of arbitrary radius.

580 | RSC Mechanochem., 2025, 2, 573–583
time: 2 minutes). Under the current extrusion conditions,
a potential throughput of 6.74 kg day−1 could be achieved,
suggesting the feasibility of scaling up this process to industrial
levels. Products 5c–5e exhibited yields of 93–97% at barrel
temperatures between 100 °C and 140 °C, with shorter resi-
dence times of 3–4 minutes. The synthesis of 5f required careful
optimization of reaction conditions. At 100 °C, the isolated yield
was 95% (residence time: 5 minutes, feed rate: 2.41 g min−1).
Increasing the temperature to 110 °C enhanced the yield to 96%
(residence time: 4 minutes), and further elevation to 120 °C
resulted in a yield of >99% (residence time: 3 minutes). Overall,
the efficiency of di-imine synthesis was inuenced by the
Fig. 4 ORTEP drawing for 4a. Displacement ellipsoids are drawn at the
30% probability level and H atoms are shown as small spheres of
arbitrary radius.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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functional groups attached to the substrates, with electron-
withdrawing groups demonstrating enhanced reactivity and
yields (Table 7).
Conclusion

This study successfully demonstrated the one-pot synthesis of
aldimines via single-screw extrusion (SSE), offering a sustain-
able, solvent-free mechanochemical approach. By optimizing
key parameters such as temperature, screw speed, and feed rate,
the method achieved high to near-quantitative yields (>99% for
selected derivatives) across diverse substrates, including cyclo-
hexanol amines, L-phenylalaninate methyl esters and
ethylenediamine-derived bis-aldimines. The SSE process out-
performed traditional batch methods and mechanochemical
grinding in terms of efficiency and crystallinity as evidenced by
sharper DSC endothermic peaks and scalability, with
a remarkable throughput rate of 6.74 kg day−1 and a space-time
yield of 1716 kg m−3 day−1. The versatility of SSE was high-
lighted by its ability to accommodate substrates with both
electron-withdrawing and electron-donating groups, with the
former exhibiting enhanced reactivity. Challenges such as
inhomogeneous mixing in liquid–liquid systems were
addressed using solid additives like NaCl, further underscoring
the adaptability of SSE.

In conclusion, SSE represents a scalable, efficient and envi-
ronmentally friendly alternative to conventional imine
synthesis methods. Its potential extends beyond aldimines,
offering a platform for diverse mechanochemical trans-
formations in pharmaceutical and materials science applica-
tions. Future work could explore screw design modications
and broader substrate scopes to further enhance its industrial
applicability.
Perspectives

While this study establishes single-screw extrusion (SSE) as an
efficient platform for solvent-free aldimine synthesis, several
promising research directions emerge from our ndings. First,
the demonstrated role of the NaCl additive in enhancing liquid
amine reactivity suggests new opportunities for developing
optimized solid-phase catalysts or ionic additives to further
improve reaction selectivity and efficiency.

A systematic study by Lu et al. on the role of acids and
hydrogen bond acceptors in enamine equilibria highlights how
additives can profoundly inuence reaction pathways.52 This
insight is particularly relevant for our mechanochemical
system, where competing reaction pathways remain to be fully
elucidated. Systematic investigation of these pathways under
SSE conditions could provide a fundamental understanding of
mechanochemical enamine equilibria. Furthermore, expanding
the substrate scope to include sterically hindered amines and
bifunctional substrates may unlock novel applications in
pharmaceutical synthesis and functional materials develop-
ment. We are currently pursuing these directions through
carefully designed experimental studies.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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