
Solvent-, Ligand, and Additive-Free Sonogashira-Type
C–C Coupling by Mechanochemical Extrusion with
Chitin-Derived Catalysts
Oscar Trentin1 | Daniel Ballesteros-Plata2 | Giordano Rossi1 | Enrique Rodríguez-Castellón2 | Maurizio Selva1 |
Alvise Perosa1 | Daily Rodríguez-Padrón1,3

1Department of Molecular Science and Nanosystems, Ca’ Foscari University of Venice, Venezia Mestre, Italy | 2Department of Inorganic Chemistry,

Facultad de Ciencias, Instituto Interuniversitario de Investigación en Biorrefinerías I3B, Universidad de Málaga, Málaga, Spain | 3Section of

Chemistry for the Technology (ChemTech), Department of Industrial Engineering, University of Padova, Padova (PD), Italy

Correspondence: Alvise Perosa (alvise@unive.it) | Daily Rodríguez-Padrón (daily.rodriguezpadron@unipd.it)

Received: 15 October 2025 | Revised: 15 December 2025 | Accepted: 15 December 2025

Keywords: biomass valorization | extrusion | heterogeneous catalysis | mechanochemistry | sonogashira coupling

ABSTRACT
Mechanochemical extrusion provides a sustainable and efficient approach for the preparation of mono- and bimetallic palladium

and copper catalysts supported on nitrogen-doped carbons. In this study, palladium and copper mono- and bimetallic catalysts

were synthesized via solvent-free extrusion and thoroughly characterized by XRD, HRTEM, N2 physisorption, and XPS, revealing

uniformly dispersed nanoparticles with strong metal–support and metal–metal interactions. The catalysts were evaluated in the

model Sonogashira coupling of iodobenzene with phenylacetylene under continuous mechanochemical extrusion. The bimetallic

Pd-Cu system exhibited superior activity and selectivity, effectively suppressing side reactions, such as phenylacetylene dimer-

ization. A comprehensive parametric study, as well as analyses of substrate extent and catalyst recyclability, highlighted the

crucial role of mechanical energy in enabling these transformations. Moreover, the dimerization of phenylacetylene was sepa-

rately investigated, providing further insight into the formation of the corresponding dimer. Overall, these results demonstrate the

ability of extrusion to finely control catalyst properties, optimize catalyst-substrate interactions, and offer a sustainable, solvent-

free route to high-performance heterogeneous catalysts suitable for continuous-flow applications.

1 | Introduction

Transition-metal-catalyzed cross-coupling reactions are crucial
tools in organic synthesis, enabling the formation of carbon–carbon
and carbon-heteroatom bonds with high precision and functional
group tolerance [1–4]. Among them, the Sonogashira coupling,
which forms aryl-alkyne bonds, remains a cornerstone in
C(sp2)-C(sp) bond formation, with wide applications in materials
science, pharmaceuticals, and agrochemicals [5–9]. Despite signif-
icant advances in reaction engineering and catalyst design, the
development of greener and more scalable protocols for this trans-
formation remains a challenge, particularly with respect to catalyst
recyclability and the avoidance of toxic or resource-intensive addi-
tives [9, 10]. In recent years, efforts to render this transforma-
tion more sustainable have increasingly turned toward

solvent-free and low-waste methodologies [11–14]. In this con-
text, mechanochemistry has been increasingly explored as a
solvent-minimized, energy-efficient alternative for cross-coupling
reactions [15–19].

For example, Ito and coworkers developed a high-temperature
ball-milling protocol for the Sonogashira coupling of polyaromatic
halides, offering access to materials-oriented alkynes in excellent
yields and short reaction times [20]. This method for aryl bromides
utilized palladium(II) acetate (Pd(OAc)2, 10 mol%) in combination
with XPhos (2-dicyclohexylphosphino-2 0, 4 0, 6 0-triisopropylbiphenyl,
15 mol%) or triadamantylphosphine (Ad3P, 15 mol%) as ligand
and triethylamine (Et3N) as the base: the reaction was carried
out at 80°C for 60 min under liquid-assisted grinding conditions
(LAG, 30 Hz) with water (η = 0.40 μL mg−1) (Figure 1a).
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For aryl chlorides, instead, Pd(OAc)2 was used with BrettPhos
(2-dicyclohexylphosphino-3,6-dimethoxybiphenyl) as the ligand,
and 1,4-diazabicyclo [2.2.2]octane (DABCO) as the base
(Figure 1b). Heating was achieved using a temperature-
controlled heat gun placed above the milling jar. While the
method shows a broad substrate scope, including poorly soluble
polycyclic halides, scaling up such a setup was technically chal-
lenging due to external heating and the homogeneous nature of
the catalytic system. Ito and coworkers also developed a high-
temperature ball milling protocol for the Sonogashira coupling
of polyaromatic halides, offering access to material-oriented
alkynes in excellent yields and short reaction times [20].

Another mechanochemical protocol was developed by
Borchardt and coworkers, who reported the Sonogashira
coupling of aryl iodides using palladium milling balls as both
catalyst and grinding medium (Figure 1c) [21]. In this system,
cyclohexane (η = 0.3 μL mg−1), copper(I) iodide (CuI), DABCO,
triphenylphosphine (PPh3), and potassium carbonate (K2CO3)
were used. Despite its originality, the approach raised questions
on the reusability and cost of palladium metal as a milling
material, particularly for scale-up. Recently, electromagnetic
milling (EMM) has emerged as another mechanochemical
approach. Unlike traditional ball mills, EMM uses ferromag-
netic particles agitated by a rotating electromagnetic field.
This technique has been applied to the Sonogashira coupling
of aryl bromides using Pd(OAc)2, CuI, PPh3, K2CO3, and
DABCO, showing promising activity under solvent-free condi-
tions (Figure 1d) [22].

Unlike batch ball milling processes, twin-screw extrusion
(TSE) is a continuous-flow mechanochemical technology, able
to integrate precise temperature control, adjustable residence
times, and high material yields [15, 18, 24–28]. These features
make TSE suitable for scalable, solvent-minimized synthesis

[15, 29–31]. However, to date, extrusion has had limited applica-
tion in Sonogashira chemistry. To the best of our knowledge, the
only reported case was developed by Hastings and collaborators,
who used a copper/palladium system [Pd(OAc)2, CuI, PPh3] for
the cross-coupling of pyrazine derivatives, with K2CO3 as a base
at 115°C and 100 rpm (Figure 1e) [23].

All these mechanochemical strategies for Sonogashira coupling
present a common significant limitation due to the use of pre-
cious metal-based homogeneous catalytic systems including
external ligands that can hardly be recovered or recycled. This
is not only a bottleneck for downstream processing but also com-
promises the sustainability of the overall process.

Our group has recently demonstrated the versatility of extrusion
for diverse applications, including the synthesis of heterogeneous
catalysts, the oxidation of solid substrates such as vanillyl alco-
hol, and cross-coupling reactions such as the Suzuki-Miyaura
reaction under additive-free conditions [17, 18, 32]. These advan-
ces showcased extrusion as a green and scalable platform for
complex chemical transformations. We wish to report here a
further development of this concept based on the design of an
original and novel protocol for the Sonogashira reaction using
ligand-free, heterogeneous catalysts prepared from renewable
feedstocks. The catalysts, based on Pd and Cu, either mono-
or bimetallic, have been synthesized through extrusion using chi-
tin as the nitrogen and carbon precursor. These materials
enabled efficient cross-coupling without the need for external
ligands or additives and can be recovered and reused without sig-
nificant loss of activity (Figure 1f ). This study also provided
insight into phenylacetylene dimerization as a parallel reaction
pathway under extrusion conditions [33]. Overall, this work con-
tributed to the development of more sustainable and scalable
cross-coupling methodologies, leveraging both green catalyst
design and process intensification.

FIGURE 1 | State-of-the-art on mechanochemically assisted Sonogashira coupling. (a,b) High-temperature ball-milling protocol for the Sonogashira

coupling of polyaromatic halides, developed by Ito and coworkers [20]. (c) Sonogashira coupling of aryl iodides using palladium milling balls as both

catalyst and grinding medium, reported by Borchardt and coworkers [21]. (d) Sonogashira coupling of aryl bromides under EMM, developed by Zhang

and coworkers [22]. (e) Sonogashira coupling of pyrazine derivatives under mechanochemical extrusion, reported by Hasting and coworkers [23].

(f ) This work, Sonogashira coupling under mechanochemical extrusion, using heterogeneous chitin-based catalyst, without any additives, solvents,

or ligands.
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2 | Results and Discussion

2.1 | Synthesis and Characterization of Catalysts

The preparation of chitin-derived mono and bimetallic hetero-
geneous catalytic systems by extrusion represents a novel and
sustainable approach. This continuous, solvent-minimized
mechanochemical process has enabled the generation of robust
materials with well-dispersed active sites, while simultaneously
valorizing a renewable biopolymer as support [34–37]. In this
contribution, the catalytic materials were mainly prepared by
extrusion with metal contents ranging from 1 to 5 wt%, adapting
a protocol previously reported by our group. These catalysts
were compared with analogs obtained through conventional
methods (solution-based and impregnation strategies) [34].
The samples made by extrusion were labeled as 5%PdCu/
C–Ne, 5%Cu/C–Ne, 5%Pd/C–Ne, and 1%Pd/C–Ne (Figure 2),
while the samples prepared by impregnation and solution-
based methods were denoted as 5%Pd/C–Ni and 5%Pd/C–Ns,
respectively.

Comprehensive multitechnique structural and surface character-
ization confirmed the tailored physicochemical properties.
The following section examines the structural features of the
catalysts, their activity and selectivity in C─C bond formation,
and the crucial interplay between composition, structure, and
performance.

2.1.1 | X-Ray Diffraction (XRD) Analysis

The crystalline structure and arrangement of the materials synthe-
sized via extrusion were investigated by XRD, with the correspond-
ing diffractograms shown in Figure 3. XRD patterns of other
samples prepared by impregnation and solution methods have
been reported previously by our research group [17]. A full descrip-
tion of all diffraction features of the extruded materials is provided
in the Supporting Information. Overall, all XRD patterns exhibited
consistent features. The diffraction peaks at 39.9°, 46.5°, and 67.9°
corresponded to the (111), (200), and (220) planes of metallic Pd(0),
consistent with a face-centered cubic structure [38]. As expected,
these reflections were more pronounced in the 5 wt% Pd samples
than in the 1wt% Pd samples (see Figure 3). In the Cu-containing
samples, two copper species were identified: metallic Cu, evidenced
by diffraction peaks at 44.2° and 50.2° corresponding to the (111)
and (200) planes, and Cu2O, as indicated by the peak at 43.1°
assigned to the (200) plane. These peaks were clearly observed
in the 5%Cu/C–Ne sample [39–42].

The same reflections from Pd and Cu species were also observed in
the 5%PdCu/C–Ne bimetallic catalyst, albeit with reduced inten-
sity, thereby confirming the coexistence of Pd and Cu phases.
The relative peak intensities and widths suggested the presence

of small Pd-Cu crystallites, consistent with the formation of nano-
scale bimetallic regions [43, 44]. The broader diffraction peaks
observed for the bimetallic Pd-Cu system, despite comparable par-
ticle sizes, particularly for the Pd nanoparticles (as discussed later
in the microscopy section), could be ascribed to microstrain effects
arising from lattice distortions and compositional heterogeneity
induced by alloy formation. In addition, shoulder feature at ca.
42.1°, located between the Pd(111) reflection (39.9°) and the
Cu2O(200) and Cu(111) reflections (43.1° and 44.2°, respectively).
This shoulder most likely originated from the partial overlap of Pd
and Cu contributions, further shifted by lattice distortions due to
alloying [44]. Such asymmetry in the diffraction profile indicated
that the 5%PdCu/C–Ne catalyst was not a perfectly homogeneous
alloy but contained regions of different local composition, where
Pd-rich, Cu-rich, and oxide domains coexisted together with
alloyed crystallites.

2.1.2 | N2 Physisorption

The textural properties of the catalysts, including surface area,
pore volume, and pore size distribution, were investigated by
N2 adsorption–desorption measurements at −196°C. All materi-
als exhibited type IV isotherms with II-type hysteresis loops,
characteristic of mesoporous solids (Figure 4 and Figure S1).
Surface areas were determined using the Brunauer–Emmett-
Teller (BET) equation, while pore volume and average pore diam-
eter were calculated according to the Barrett–Joyner–Halenda
(BJH) method [45, 46]. The extruded catalysts 1%Pd/C–Ne,

FIGURE 2 | Schematic representation of synthesis of catalytic materials through a mechanochemical-assisted approach.

FIGURE 3 | XRD pattern of 5%PdCu/C–Ne, 5%Cu/C–Ne, 5%Pd/C–Ne,

and 1%Pd/C–Ne.
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5%Pd/C–Ne, 5%Cu/C–Ne, and 5%PdCu/C–Ne displayed high sur-
face areas of 466, 498, 464, and 460m2g−1, respectively, highlighting
the favorable textural properties imparted by the extrusion method
(Table S1).

These observations agree with our previous results, where a sur-
face area of 321 m2g−1 was measured for metal-free N-doped car-
bons derived from chitin [34, 47]. The incorporation of metal
nanoparticles did not adversely affect the textural properties of
the catalysts. Indeed, the incorporation of Pd and Cu was found
to increase the surface area compared to their metal-free coun-
terpart. Recent studies suggest that Pd nanoparticles on gra-
phene-like supports could induce nanohole formation in
carbon sheets, thereby enhancing the overall surface area and
textural properties [48]. Moreover, the use of extrusion protocols
further improved the surface area compared to analogous mate-
rials prepared via conventional solution-based or impregnation
methods (See Table S1). Mechanical forces applied during extru-
sion could induce defects, edge sites, and partial exfoliation in the
carbon matrix, contributing to the superior textural properties of
the extruded catalysts [18, 49–52].

The average pore diameter of approximately 4.0 nm confirmed
the mesoporous character of the obtained solids (Table S1). A
slightly larger pore size (4.9 nm) was observed for the 5%Pd/
C–Ne material, suggesting that both palladium loading and
the extrusion process could contribute to an widening of the pore
network. In contrast, the bimetallic systems displayed a slight
reduction in pore size (3.4 nm). This effect was rationalized by
the higher overall metal content (Pd + Cu), which tended to
occupy or block part of the porous structure, together with
the smaller particle size of the bimetallic domains. The latter
may enhance the likelihood of partial pore occlusion, especially
in the narrower regions of the mesoporous framework. A

comparable trend was found for pore volume: the extruded sam-
ples exhibited values around 0.49 m3g−1, increasing modestly to
0.61 m3g−1 for the 5% Pd/C–Ne material, while decreasing to
0.39 m3g−1 in the bimetallic system. These results highlighted
how the balance between metal loading, particle size, and syn-
thetic method significantly influenced the textural properties of
the materials.

2.1.3 | X-Ray Photoelectron Spectroscopy (XPS)
Analysis

The surface chemical composition of the catalysts was investi-
gated by XPS, and the corresponding spectra are reported in
Figure 5. In the main text, we report only the Pd 3d and Cu
2p regions, as these are directly relevant to the catalytic behavior;
the full XPS data set, including all additional regions, is provided
in the Supporting Information. The deconvolution analysis of the
high-resolution Pd 3d core level spectra provided detailed
insights into the chemical states of palladium species present
on the catalyst surface (Figure 5). For the 5%PdCu/C–Ne and
1%Pd/C–Ne samples, the spectra revealed four main components:
peaks at (335.6 ± 0.2) and (340.8 ± 0.2) eV corresponded to the
doublet Pd 3d5/2 – Pd 3d3/2 of metallic Pd(0), and additional peaks
at (338.3 ± 0.2) and (343.9 ± 0.2) eV that were associated with the
doublet Pd 3d5/2 – Pd 3d3/2 states of palladium bound to nitrogen
[53]. The latter contributions suggested strong electronic interac-
tions between Pd nanoparticles and the pyridinic/pyrrolic nitro-
gen functionalities of the carbon support, which are known to act
as anchoring sites [54, 55].

By contrast, the 5%Pd/C–Ne sample exhibited not only the
aforementioned Pd(0) and Pd-N components but also additional
signals at (336.2 ± 0.2) and (341.5 ± 0.2) eV (Figure S2). These
features were consistent with the presence of Pd(II) species,

FIGURE 4 | Representative N2 physisorption isotherms at −196°C of catalytic systems (A) 1%Pd/C–Ne, (B) 5%Cu/C–Ne, and (C) 5%PdCu/C–Ne.

FIGURE 5 | High resolution XPS spectra of Pd 3d region of 1%Pd/C–Ne (A), region Cu 2p region of 5%Cu/C–Ne (B), Cu 2p region of 5%PdCu/C–Ne

(C), and Pd 3d region of 5%PdCu/C–Ne (D).
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most likely in the form of surface palladium oxide. The occur-
rence of Pd(II) in this material was rationalized by considering
two factors. First, the higher Pd loading relative to the 1%Pd/
C–Ne sample could reduce the extent of Pd-N coordination,
leaving more exposed Pd atoms prone to oxidation. Second,
the absence of Cu in 5%Pd/C–Ne removed the possibility of elec-
tronic and geometric stabilization effects provided by the Pd-Cu
interaction. In the Pd-Cu bimetallic catalyst, copper could play a
protective role by altering the electronic density of palladium
and/or by preferential surface segregation, thereby mitigating
Pd oxidation. Taken together, these results indicated that both
the nitrogen content of the support and the presence of copper
significantly influenced the oxidation state distribution of Pd,
with stronger Pd-N coordination and Pd-Cu interactions
favoring the stabilization of metallic palladium over oxidized
species [56–58].

Finally, for the 5%Cu/C–Ne and 5%PdCu/C–Ne samples
(Figure 5), the high-resolution Cu 2p3/2 core level spectra, regis-
tered with a low irradiation time, present a main contribution at
(932.4 ± 0.2) eV, associated typically with both metallic Cu and
Cu(I) species [59]. A weaker signal at (935.0 ± 0.2) eV was also
observed, characteristic of Cu(II) species, most likely attributable
to surface CuO. Moreover, weak satellites around (941.0 ± 1.0)
and (944.0 ± 1.0) eV further confirmed the presence of Cu(II).
Overall, the coexistence of metallic Cu and Cu2O was consistent
with the XRD results, whereas the additional detection of CuO
suggests further surface oxidation of copper relative to the bulk
material [42].

2.1.4 | High-Resolution Transmission Electron
Microscopy (HRTEM) and Scanning Transmission
Electron Microscopy–Energy Dispersive X-Ray
Spectroscopy (STEM-EDX)

The morphological properties of the samples were further exam-
ined by HRTEM and STEM-EDX mapping (Figures 6, 7 and
Figures S3, S4). Figure 6 presents the TEM micrographs of
1%Pd/C–Ne, 5%Cu/C–Ne, and 5%PdCu/C–Ne, while a

representative TEM image of the 5%Pd/C–Ne sample is provided
in Figure S3. In all cases, quasi-spherical nanoparticles with
homogeneous morphology and uniform dispersion within the
layered carbonaceous matrix were observed.

The mean particle size of the Pd nanoparticles was ≈14.9 nm for
the 5%Pd/C–Ne sample, whereas slightly smaller Pd particles
were obtained for the 1%Pd/C–Ne (8.3 nm) and 5%PdCu/
C–Ne (9.1 nm) (Figures S4, S7). As discussed in the previous sec-
tions, this smaller size was attributed either to the lower Pd
loading, which favors stronger coordination of Pd species with
nitrogen atoms on the carbon support, or to the presence of cop-
per, which can promote alloying effects and limit Pd particle
growth [60, 61].

In the case of copper, a significant decrease in particle size was
also observed, from ca. 24.5 nm with a broad size distribution in
the monometallic Cu sample to 7.3 nm with a narrower distribu-
tion in the Pd-Cu bimetallic system (Figures S4, S7). This finding
suggested that the simultaneous presence of Pd exerted a stabi-
lizing effect, preventing extensive Cu nanoparticle growth [60].

FIGURE 6 | Representative HRTEM of 1%Pd/C–Ne, 5%Cu/C–Ne, and

5%PdCu/C–Ne.

FIGURE 7 | STEM and EDX-mapping micrographs of 5%PdCu/C–Ne, with the corresponding Pd and Cu nanoparticle size distribution.
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Finally, STEM-EDXmapping confirmed the homogeneous distri-
bution of Pd, Cu, C, N, and O across the material.

2.2 | Catalytic Activity

The catalysts prepared by extrusion were evaluated in the
Sonogashira coupling of iodobenzene and phenylacetylene.
Palladium is the most effective metal for cross-coupling reac-
tions, thanks to its ability to cycle reversibly between the 0
and 2+ oxidation states under relatively mild conditions [62–66].
However, in the specific case of the Sonogashira reaction,
a cocatalyst, typically Cu(I), is often required to activate the ter-
minal alkyne and facilitate the transmetallation step [67–69]. The
accepted classical mechanism begins with the oxidative addition
of the aryl halide to Pd(0), generating a Pd(II) intermediate. This
is followed by transmetallation, where the alkyne, activated via
coordination with the copper cocatalyst, undergoes nucleo-
philic substitution at the Pd(II) center. A final reductive elimi-
nation step then forms the new C─C bond between the
sp-hybridized carbon of the alkyne and the sp2 carbon of the
aryl group, yielding the Sonogashira product (referred to as
product 1, Scheme 1), along with regeneration of the Pd(0) spe-
cies. Concurrently, a base assists to the regeneration of the
active Cu(I) species [70].

Competing side reactions may also occur: i) product 1 can
undergo further addition with a second equivalent of
phenylacetylene, leading to product 2 (Scheme 1) [5, 71–73];
ii) iodobenzene can undergo homocoupling, forming biphenyl
(product 3, Scheme 1) [74, 75]; and iii) terminal alkynes may
dimerize (leading to the formation of product 4, Scheme 1) or
trimerize via metal-catalyzed pathways, further complicating
product distribution [76, 77]. In literature, there are cases
where product 1 interacts with a second iodobenzene to form
a new C─C bond, although, as further discussed, this product
was not observed under the mechanochemical conditions
tested herein [78].

Experiments confirmed the formation of products 1-4 whose
structures were validated by GC/MS and NMR analyses (details
are in the Supporting Information section, Figures S8–S30).

The conversion and the cross-coupling selectivity (Scc, %) were
calculated with respect to the limiting reagent (iodobenzene)
and the products 1, 2 and 3, respectively. In particular, the

Scc-i selectivity towards product i (i= 1, 2 and 3) was defined
according to the following expression

Scc− i = mol i½ = conv: iodobenzene� × 100

where mol i was the total moles of compound i (determined
by GC calibration), and conv. iodobenzene was the total
moles of iodobenzene consumed in the cross-coupling reac-
tions (Scheme 1, top).

However, to consider the formation of compound 4 that derived
from the competitive dimerization of the excess reactant (phenyl-
acetylene), the product distribution (PD, %) was introduced as
another reaction metric to describe the relative amounts of all dif-
ferent products detected in the reaction mixture. Accordingly, PDn

for product n was defined

PDn = moln½ =mol 1+ 2+ 3+ 4ð Þ� × 100

where mol n was the moles of compound n (determined by GC
calibration), and mol (1 + 2 + 3 + 4) was the total moles of all
observed products from both the cross-coupling reactions and the
phenylacetylene dimerization (Scheme 1, bottom). To avoid
redundant information and to immediately visualize the pre-
ferred reaction pathway, the iodobenzene-coupling to phenylace-
tylene-dimerization ratio (I/P, %) was calculated based on the
PDn values. This parameter was obtained by summing the
PDn contributions of all iodobenzene-coupling products (1, 2,
and 3, for the component I, %) and those corresponding to phe-
nylacetylene-dimerization (4, and, if present, 5 and 6, for the
component P, %). The resulting data are presented as stacked
bar charts shown throughout the manuscript.

2.3 | Catalyst Screening

The Sonogashira cross-coupling reaction between iodobenzene
and phenylacetylene was performed under solvent-free mechano-
chemical conditions using a twin-screw extruder. A preliminary
catalyst screening was carried out to evaluate the performance
of the synthesized materials compared with the commercial 5%
Pd/C catalyst (Figure 8A,B). In all cases, the 5%Cu/C–Ne material
was used as a cocatalyst. The extruder was charged with a manu-
ally premixed paste consisting of iodobenzene (5 mmol, 548 μL),
phenylacetylene (1.5 equiv., 778 μL), K2CO3 (3 equiv., 2.1 g),

SCHEME 1 | Iodobenzene coupling (Sonogashira cross-coupling and homo-coupling) under reactive extrusion conditions, and phenylacetylene

dimerization side-reaction.
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catalyst (1 mol%, 100mg), and cocatalyst (1.2 mol%, 120mg). The
reaction was conducted for 1 h at 115°C with a screw rotation
speed of 100 rpm based on the conditions reported by Hastings
et al. [23].

As shown in Figure 8A, the highest iodobenzene conversions
were achieved with the 5%Pd/C–Ne and 5%Pd/C–Ni catalytic
materials (98% in both cases). These catalysts exhibited higher
activity than the commercial 5%Pd/C reference (87% conversion)
and, along with the formation of 1, also promoted its further
transformation into product 2 (selectivity towards 2 was
86% and 67% for 5%Pd/C–Ne and 5%Pd/C–Ni, respectively).
Notably, only the commercial 5%Pd/C catalyst led to biphenyl
formation (product 3). This suggested that a nitrogen-doped sup-
port such as the chitin-derived one was effective in suppressing
iodobenzene homocoupling. Interestingly, the 5%Pd/C–Ns cata-
lyst showed a significantly lower conversion (77%) albeit with the
highest selectivity for product 2 (91%). We assumed that the
smaller Pd nanoparticles generated during the synthesis of this
material interacted more strongly with the support enriched in
pyridinic and pyrrolic nitrogen functionalities. These groups
could act as p-type dopants able to withdraw electron density
from the Pd nanoparticles, which thus became less nucleophilic
and less active for the oxidative addition of iodobenzene. This
hypothesis was supported by our previous study, in which charge
density redistribution was analyzed via Kelvin Probe Force
Microscopy (KPFM) [17, 79]. Additionally, once product 1 was
formed, the occurrence of alkyne–alkyne coupling with

phenylacetylene led to the formation of product 2 and impacted
overall selectivity. Notably, while there is limited literature on
tandem Sonogashira and alkyne–alkyne coupling reactions
leading to product 2, the solvent-free mechanochemical cata-
lytic system developed in this study appeared well-suited for
this transformation.

For the 1%Pd/C–Ne catalyst, although good selectivity toward
product 1 was observed, the lower number of active sites limited
iodobenzene conversion to approximately 60%. Nevertheless,
under these conditions, the productivity of this material toward
1 was higher than that of the 5%Pd counterpart, resulting in
overall good productivity levels (1.5 mol gPd

−1 h−1). Under these
conditions, phenylacetylene dimerization became more compet-
itive, resulting in the formation of up to 17% dimerization
byproducts.

To assess the role of the cocatalyst, the activity of 5%Pd/C–Ne

and 5%Cu/C–Ne was tested separately and compared with that
of a physical mixture of the two catalysts and with the 5%PdCu/
C–Ne bimetallic material (Figure 8C,D) under the conditions of
Figure 8A. The bimetallic 5%PdCu/C–Ne catalyst and the
mechanical mixture allowed near-quantitative conversion
(98%) whereas the monometallic 5%Cu/C–Ne and 5%Pd/C–Ne

catalysts achieved conversions of 27% and 51%, respectively.
The sum of the activities of the separate catalysts was lower
than that of the bimetallic 5%PdCu/C–Ne catalyst and of the
mechanical mixture, indicating a synergy between Pd and Cu
[80–84]. To further confirm Pd-Cu cooperative effects, the

FIGURE 8 | (A,B) Catalyst screening of Sonogashira reaction. (C,D) Influence of cocatalyst and synergistic effect study. A–D: iodobenzene (5 mmol),

phenylacetylene (1.5 eq.), K2CO3 (3 eq.), catalyst (1 mol%), 5%Cu/C–Ne (1.2 mol%), 115°C, 1 h, 100 rpm.
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theoretical catalytic performance of both the mechanical mix-
ture and the alloyed bimetallic system was estimated as the
additive contribution of the individual monometallic catalysts
relative to the bare support (see Equations. S1, S2). A clear syn-
ergistic effect was observed, as the experimental activity
exceeded the value predicted by this model (Figure S5).

It is also worth noticing that phenylacetylene dimerization was
favored when the catalyst was not active enough to fully promote
the Sonogashira coupling. Although the bimetallic catalyst dis-
played similar conversion levels to the mechanical mixture, it
exhibited distinct selectivity, showing a higher preference for
product 1 (selectivity of 60% instead of 14% with the mechanical
mixture) over product 2. This behavior may be attributed to a Pd-
Cu interaction within the bimetallic structure, absent in the
physical mixture. This hypothesis is supported by XRD and
HRTEM analyses (Figure 3, S4, S7), which revealed the formation
of nanoscale bimetallic regions in the Pd-Cu catalyst, along with
a pronounced decrease in copper particle size, compared to those
of the 5%Cu/C–Ne material.

2.4 | Parametric Analysis

A parametric analysis of the mechanochemical-assisted
Sonogashira process was performed by varying temperature,
reaction time, screw rotation speed, and catalyst amount. All
tests were carried out using the bimetallic 5%PdCu/C–Ne cata-
lyst, selected for its superior performance in both conversion
and selectivity toward product 1.

2.4.1 | Temperature

Experiments were run under the conditions of Figure 8, except
for the temperature which was set to vary from 80 to 115°C.
Results are shown in Figure 9A,B. A pseudolinear increase in
conversion from 8 to 98% was observed with increasing temper-
ature in the explored range. Notably, at 80°C, the Sonogashira
coupling was largely suppressed, and the dimerization of phenyl-
acetylene became the dominant reaction. The increase of the

temperature was also accompanied by the (expected) decrease
of the selectivity toward product 1 due to the onset of the
alkyne–alkyne coupling which originated product 2. Based on
these results, a temperature of 115°C was selected for the subse-
quent experiments. At this temperature, the conversion and
selectivity toward product 1 were 98% and 60%, respectively.

2.4.2 | Residence Time

Residence time is critical in any continuous-flow process, as it
directly affects catalyst-substrate contact, mixing efficiency, and,
ultimately, reaction conversion and selectivity. Experiments were
conducted under the conditions reported in Figure 8, varying the
residence time from 30 to 60min. Because the extruder reactor
used in this work was 24 cm long, fine adjustment of the residence
time without altering the applied mechanical torque (typically
around 4Nm) required operating under semi-continuous flow,
in a loop configuration. In this setup, the material exiting the
extruder was continuously recirculated to the feed zone, allowing
extended processing times while maintaining steady mechanical
and thermal conditions. Each experiment involved feeding a pre-
mixed batch of reactants and catalyst into the extruder, preheated
to 115°C and operating at 100 rpm. The reaction time was mea-
sured from the moment of feeding, and the process was repeated
until the desired residence time was reached.The results are
reported in Figures 9C,D.

At the shortest explored reaction time (30min), the Sonogashira
reaction proceedeed with a selectivity toward product 1 above
95%. The conversion, however, was limited to 25% and the phe-
nylacetylene dimerization occurred to a significant extent (48%).
We hypothesized that the dimerization process was initially
faster than the coupling because the former did not require
the oxidative addition of the aryl halide, which is often consid-
ered the rate-determining step in the Sonogashira. As the reac-
tion time increases, both the overall conversion and the product
distribution improved significantly in favor of the cross-couplings
(at 30, 45, and 60min: conversions of 25%, 43%, and 98% and
[1 + 2] amounts of 52, 60, and 90%, respectively). Prolonging

FIGURE 9 | Parametric analysis: temperature (A,B), time (C,D), rotation speed (E,F), and amount of catalyst (G,H) optimization study. Iodobenzene

(5 mmol), phenylacetylene (1.5 eq.), K2CO3 (3 eq.), 5%PdCu/C–Ne. UP: representation of iodobenzene conversion and selectivity of cross-coupling

products (1 and 2); DOWN: representation of product distribution I/P ratio, between iodobenzene-coupling products (1+ 2) and phenylacetylene dimer-

ization product (4).
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the reaction, however, brought about a progressive decrease of
the selectivity toward the Sonogashira product 1 in favor of prod-
uct 2. A qualitative time-dependent analysis of this reaction,
along with a comparison to the alkyne dimerization pathway,
is reported in the Supporting Information (Figure S6).

2.4.3 | Screw Rotation Speed

Screw rotation speed (SRP), expressed in revolutions per minute
(rpm) is a crucial parameter in mechanochemical extrusion pro-
cesses since it directly affects the torque, which is a measure of
the actual mechanochemical and the mechanical energy deliv-
ered to the reactants mixture. These aspects were confirmed also
by our parametric analysis. Experiments were run under the con-
ditions of Figure 8, by varying SPR from 50 to 100 rpm. Results
are reported in Figures 9E,F. At the lowest explored rotation
speed (50 rpm), a limited conversion (47%) was reached in line
with a poor/insufficient supply of mechanical energy to the mix-
ture. Under these conditions, compound 1 was substantially the
sole observed cross-coupling product, but the competitive dimer-
ization of phenylacetylene occurred to a large extent (39% of
product distribution, see Figure 9F). Gradually increasing the
screw speed to 100 rpm resulted in a quantitative reaction
and, at the same time, significantly favored cross-coupling over
dimerization, with product 2 becoming increasingly abundant
compared to product 1. These results were in line with the con-
version/product distribution relationship already highlighted in
Figure 8C,D.

Overall, the analysis indicated that the reaction was a thermal-
mechanochemical-assisted process, where the combined effect of
shear forces and temperature contributed to providing thermal
and mechanical energy to improve reactant contact. The latter
contact was further favored by the absence of solvent in the
extruder. Moreover, the parametric studies show that product
2 originates from the secondary transformation of product 1.
As the reaction progresses and product 1 becomes increasingly
available for further conversion, the amount of product 2 gradu-
ally rises, although product 1 remains the major component
under the optimal conditions (selectivity of 60%). This sequential
relationship explains why product 2 becomes more significant at
higher overall conversions.

2.4.4 | The Catalyst Amount

The effect of catalyst loading was evaluated by designing experi-
ments under the conditions of Figure 8, in which the amount of
5%PdCu/C–Ne was varied from 60 to 90 and 120 mg. This corre-
sponded to a Pd/Iodobenzene molar ratio of 0.6, 0.7, and 1.1 mol%,
respectively. The results are reported in Figures 9G,H. In the
explored range, doubling the catalyst loading led to a very mod-
erate increase in iodobenzene conversion, from 90 to 98%.
However, the trend of the product distribution did not differ from
that observed in Figures 8 and 9: at the lowest conversion (Pd/
iodobenzene molar ratio = 0.6 mol%), the product distribution
reflected the competition between the Sonogashira coupling
and the dimerization of phenylacetylene, with products (1 + 2)
and (4) obtained in relative amounts of 58% and 42%, respectively
(Figure 9H). Among cross-coupling derivatives, compound 1 was
the most abudant (77%). Under these conditions, it was possible
that the relative low density of active sites hindered sequential
reactions by reducing the probability for product 1 being further

coordinated by Pd and converted to 2. Increasing the catalyst
amount suppressed the dimerization pathway in favor of the
Sonogashira products (90 and 97% with Pd/Iodobenzene molar
ratio of 0.7 and 1.1 mol% respectively) with compound 1 that
was progressively transformed into compound 2. At the highest
catalyst loading tested (120mg), the 1:2 relative ratio was ca 3:2.

These results highlighted the dual role of catalyst loading in
mechanochemical extrusion reactions, where it modulated the
balance between activity and selectivity by governing the extent
of competing side reactions and promoting one cross-coupling
process over another.

As these reactions were performed using a twin-screw extruder,
essentially a continuous-flow mechanochemical reactor, produc-
tivity is also important to consider. Following multiparameter
optimization, the highest productivity of product 1 from the
Sonogashira reaction was achieved with 60 mg of catalyst, reach-
ing 1.2 mol gPd

−1 h−1 of product 1. Nevertheless, considering that
under these conditions a significant amount of dimerization
products was also formed, a more comprehensive techno-eco-
nomic assessment would be required. Under such an evaluation,
the optimal compromise could be achieved using 90 mg of
catalyst, which, although providing a lower productivity
(0.6mol gPd

−1 h−1), would facilitate the work-up, minimize the for-
mation of dimerization by-products, and still use less catalyst than
the 120mg tested in this study. Under the latter conditions, a
slightly lower productivity was observed (0.5mol gPd

−1 h−1), as sim-
ilar conversions were obtained despite the higher catalyst loading.

Overall, the parametric analysis of the investigated process led us
to conclude that the most convenient conditions for cross-cou-
pling were those indentified in Figure 8 (115°C, 1 h, 100 rpm,
120mg of bimetallic catalyst), by which the dimerization of phe-
nylacetilene was minimized and, at the same time, the cross-
coupled products 1 and 2 were obtained in a 3:2 relative ratio

2.5 | The Comparison of Mechanochemical-
Assisted Reaction to Batch Protocols under
Conventional Heating

An additional study was carried out with the aim to compare the
catalysts under the mechanochemical-assisted solvent-free
Sonogashira conditions, with the same reaction under conven-
tional batch conditions. Notably, the rheological properties of
the reaction mixture did not allow a strict comparison among
the two process modes, since solvent-free conditions could be
achieved only by the mechanochemical treatment, and not by
conventional heating. A batch procedure was therefore designed
by adjusting a protocol from a study by Barros et al., in which
different solvents were tested, with ethylene glycol identified
as the most effective [78].

Batch experiments were carried out at the same T and t (115°C, 1 h)
of mechanochemical reactions of Figure 8, using a mixture of
iodobenzene (1 mmol), phenylacetylene (1.5 eq.), and ethylene glycol
(10mL) as the solvent [78]. Two model catalysts were used: i) the
mechanical mixture of commercial 5%Pd/C with 5%Cu/C–Ne

and ii) the bimetallic 5%PdCu/C–Ne sample, and the comparison
was made with the commercial catalysts to provide a general ref-
erence and the bimetallic catalyst, which exhibited the best perfor-
mance under mechanochemical setup.

ChemSusChem, 2026 9 of 17
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In the conventional batch conditions, the catalyst obtained by the
mechanical combination [5%Pd/C+ 5%Cu/C–Ne] allowed to
achieve an almost complete conversion (97%) with a 63% selectivity
toward product 1. This experiment also showed the formation of tri-
phenylethylene (9%) derived from the hydroarylation of compound
1with a second equivalent of iodobenzene. This transformation, pre-
viously described by Barros et al., typically required the presence of a
reducing agent in the reaction medium, ethylene glycol in this case,
and was not observed under reactive extrusion conditions.

In the presence of the bimetallic 5%PdCu/C–Ne catalyst, a com-
paratively lower conversion (40%) and a higher selectivity (97%)
toward product 1 were reached.

These results highlighted that albeit commercial and ‘chitin-
derived’ catalysts prepared in this work performed similarly
under mechanochemical conditions, a different activity trend
emerged from batch reactions.

The lower conversion observed with the 5%PdCu/C–Ne in batch
was attributed to the more hydrophobic nature of the nitrogen-
doped carbon support compared to the commercial carbon,
which plausibly altered the suspension of the catalyst in polar
protic ethylene glycol (compare Figure S7), thereby modifying
the adsorption of reactants on the active sites. The moderate cat-
alytic activity of 5%PdCu/C–Ne was also plausibly responsible for
the almost exclusive formation of a single Sonogashira product 1.

2.6 | Sustainability and Process Comparison

To ensure a fair assessment of the sustainability metrics, the
extrusion protocol was compared directly with a batch reaction
performed in ethylene glycol under identical thermal conditions
(115°C, 1 h) and using the same 5%PdCu/C–Ne heterogeneous
catalyst. This approach ensures that differences in E-factor
(EF), space–time yield (STY), and specific energy consumption
(SEC) originate from the intrinsic advantages of mechanochemi-
cal processing rather than from variations in catalyst formulation
or operating temperature.

To evaluate the environmental impact and process efficiency of
the two methods, the solvent-free mechanochemical protocol
was benchmarked against the ethylene-glycol batch system. As
summarized in Table 1, the extrusion process delivered a signifi-
cantly higher net yield (59% vs. 39%), despite its lower selectivity
(60% vs. 97%), owing to the near-quantitative conversion achieved
under mechanochemical conditions (98%). From a sustainability
standpoint, the EF of the extrusion protocol was calculated as
6.6, corresponding to a 26-fold reduction relative to the batch

process (EF= 172). Notably, the batch EF was determined conser-
vatively by excluding work-up solvents, meaning that the actual
difference between the two approaches is likely even larger.

The mechanochemical method also exhibited superior process
intensification, achieving a STY of 26.2 kg L−1 h−1, ≈3.8 times
higher than that of the batch system (6.9 kg L−1 h−1). The
SEC of the extrusion process was estimated using the nominal
heating power of the ZE 12 HMI extruder (200 W), which rep-
resents a conservative upper bound for operation at 115°C (well
below the 230°C nominal reference temperature). Under these
assumptions, the extrusion route required almost 6 times less
energy than the batch reaction conducted on a conventional
heating plate (nominal 150 W), underscoring the enhanced
energy efficiency of the continuous, solvent-free approach.
Further details on the calculation of these metrics are provided
in the Supporting Information.

2.7 | Substrate Scope

The substrate scope was evaluated using various aryl halides and
terminal alkynes under the conditions of Figure 8 [115°C, 1 h,
100 rpm, aryl halide (5 mmol), alkyne (1.5 equivs.), and 3 eq.
of K2CO3 (3 equivs.)], except for the catalyst (5%PdCu/C–Ne)
the amount of which was set to 90mg to minimize side reactions,
particularly phenylacetylene dimerization. The results are
reported in the Supporting Information (Table S2).

Low to very low conversions (in the range of 5–31%) were
observed in the reactions involving 4-iodoanisole, 4-iodoaceto-
phenone, and 4-chlorobenzene, while almost quantitative trans-
formations (≥98%) of bromobenzene and bromotoluene were
reached. These markedly fluctuating results were not clearly
explained. However, a hypothesis was formulated based on
the level of torque (approximately 4 Nm) required to ensure effec-
tive reactions in a twin-screw extruder, particularly the feed rate
for C─X bond clevage in aryl halides, which is the rate-determin-
ing oxidative addition step. Torque is highly dependent on the
rheological properties of the reaction mixture; thus, altering
the total mass or composition of the mixture (e.g., by changing
substrates) can significantly affect the reaction outcome.
Morever, no conversion was observed with volatile alkynes such
as propargyl alcohol or propargyl bromide because the low boil-
ing point of these reactants limited effective interactions with the
catalyst within the extrusion barrel.

These considerations led us to conclude that the investigated
mechanochemical extrusion protocol was hardly generalizable

TABLE 1 | Sustainability comparison between Sonogashira reaction carried out under mechanochemical extrusion or under batch conditions.

Metric Mechanochemical extrusiona Batch processb Improvement

Yield (%) 59c 39d 1.5x higher

STY (kg L−1 h−1) 26.2 6.9 3.8-fold increase

EFe 6.6 172 26-fold reduction

SEC (kWh kg−1) 381 2170 5.7-fold saving
aIodobenzene (5 mmol), phenylacetylene (1.5 eq.), K2CO3 (3 eq.), 5%PdCu/C–Ne (120 mg), 115°C, 1 h, 100 rpm.
bIodobenzene (1 mmol), phenylacetylene (1.5 eq.), K2CO3 (3 eq.), 5%PdCu/C–Ne (24 mg), 115°C, 1 h, 10 mL ethylene glycol.
c98% conversion, 60% selectivity.
d40% conversion, 97% selectivity.
eCalculated considering the reaction step only.
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to diverse substrates and it rather required a case-by-case adjust-
ement of the reaction conditions/parameters. Albeit with this
limitation, the preliminary substrate scope analysis carried out
in this work showed that the product distribution shifted toward
phenylacetylene dimerization pathways when the applied torque
was not sufficiently high to promote C─X bond cleavage (Table S2,
entries 2, 3, and 6). However, when the overall conversion
remained relatively low, the selectivity toward product 1 increased
accordingly. For aryl bromides (Table S2, entries 4 and 5), higher
torque values (5–6 Nm) led to nearly complete conversion; how-
ever, this excessive mechanical energy adversely affected selectiv-
ity, significantly increasing the formation of the aryl halide
homocoupling product 3. Under these conditions, the excess phe-
nylacetylene also underwent partial cyclotrimerization, affording
product 6 (Scheme S1). When different volatile alkynes were used
(Table S2, entries 7 and 8), their rapid evaporation during process-
ing allowed iodobenzene to undergo homocoupling, leading to
substantial amounts of biphenyl (product 3, Scheme S1).

2.8 | Catalyst Recycling

Catalysts recycling was carried out under the conditions of
Figure 8, in the presence of the bimetallic 5%PdCu/C–Ne sample
(90 mg), to minimize the extent of phenylacetylene dimerization
and to operate just below full conversion (93%), while also aiming
to use the minimal effective catalyst amount. Once a first reaction
was complete, the mixture collected at the outlet of the extrusion
barrel, was washed three times with diethyl ether and acetone.
This allowed to recover both the catalyst and K2CO3 which were
dried at 70°C for 12 h, and then reused for a second reaction.

From the first to the second test, a significant drop in the catalyst
performance was observed, with the conversion of iodobenzene
decreasing from 98% to 40% (Figure 10, recycle #1, box highlighted
in yellow). Notably, the torque in the second run was low (approxi-
mately 1.0–1.5Nm), indicating a reduced input of mechanical
energy. This loss in performance was attributed tomechanical grind-
ing of K2CO3 during the first reaction, which reduced the particle
size of the base and altered the rheological properties and resistance
of the mixture inside the extruder in the subsequent run.

To test this hypothesis, the reaction mixture from the second run
was washed once with diethyl ether, three times with acetone, and
then three times with water to remove any residual K2CO3. Fresh
K2CO3 was added in the same amount (3 eq. compared to iodo-
benzene) used for the first reaction. Under these conditions, the
torque increased to values comparable to the initial test (approxi-
mately 3.5–4.0 Nm), and both the conversion, cross-coupling selec-
tivity, and product distribution were restored to initial values (cfr
test 0 and recycle #2, Figure 10). For all subsequent recycling tests,
fresh K2CO3 was used in each cycle, consistently maintaining
catalyst’s activity (recycles #3–6). Inductively Coupled Plasma-
Optical Emission Spectroscopy (ICP-OES) analyses were
performed on the fresh and spent catalysts, as well as on the
post-reaction filtrates, to assess metal leaching and catalyst stabil-
ity. The fresh material contained 4.8 wt% Pd and 4.6 wt% Cu, while
the spent catalyst recovered after six consecutive runs showed
4.6 wt% Pd and 4.2 wt% Cu. ICP-OES of the filtered reaction mix-
tures showed Pd and Cu levels below the detection limit, confirm-
ing the absence of detectable leaching and supporting the observed
recyclability of the catalyst.This behavior demonstrated the robust-
ness and stability of the catalytic system under the conditions
studied, without showing significant leaching or degradation
effects, or loss of perfomance for at least five consecutive cycles.

2.9 | Phenyl Acetylene Dimerization

During the Sonogashira reaction under extrusion conditions, the
formation of phenylacetylene dimers was consistently observed
as a side reaction [85]. Although palladium-catalyzed alkyne
dimerization is well established in solution-phase chemistry, it
is generally limited by poor selectivity, harsh reaction conditions,
and the need for special catalysts [72, 73]. In conventional solu-
tion-based protocols, the desired 1,3-diyne product is often
accompanied by a range of byproducts, including various enynes,
which can negatively affect the overall selectivity of the reaction
[86–88]. Given the limited reports of this transformation under
mechanochemical conditions, we carried out a dedicated inves-
tigation on the dimerization of phenylacetylene under solvent-
free reactive extrusion conditions (Scheme 2). Observed products

FIGURE 10 | Recyclability study of bimetallic catalyst. Iodobenzene (5 mmol), phenylacetylene (1.5 eq.), K2CO3 (3 eq.), 5%PdCu/C–Ne (90mg),

115°C, 1 h, 100 rpm. Right: representation of iodobenzene conversion and selectivity of cross-coupling products (1 and 2). Left: representation of product

distribution I/P ratio, between iodobenzene-coupling products (1+ 2) and dimerization-product (4).
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include the following: the oxidative homocoupling symmetrical
1,3-diyne 4; a head-to-head dimerization product yielding a trans-
enyne 5; and a cyclotrimerization product (product 6), which, to
the best of our knowledge, has not been previously reported under
mechanochemical conditions.

2.10 | Catalyst Screening

Initially, a catalyst screening was conducted using various synthe-
sized materials under the same conditions as the Sonogashira cou-
pling (100 rpm, 115°C, 1 h), using 7.5 mmol of phenylacetylene,
2.1 g of K2CO3 (2 eq.) and 100mg of catalyst. As expected, the
5%Cu/C–Ne catalyst failed to achieve good conversion, likely pro-
ceeding through a Glaser-type mechanism [89, 90]. Interestingly,
the screening revealed that the selectivity between the dimeriza-
tion and cyclotrimerization pathways can be modulated by tuning
the Pd loading (Figure 11). At 5 wt% Pd loading, the catalyst
prepared via reactive extrusion and the one prepared by impreg-
nation gave quantitative conversion and excellent selectivity
toward product 6 (84 and 85%, respectively). In contrast, cata-
lysts containing only 1 wt% Pd favored the formation of product
4, with selectivity of 87 and 64%, and high conversions (80 and
83%), for the extruded and impregnated materials, respectively.
Remarkably, the bimetallic 5%PdCu/C–Ne catalyst exhibited a
synergistic effect between Pd and Cu, maximizing both the con-
version and selectivity for product 4, achieving a quantitative

conversion and selectivity of 94%. In all tests, the formation
of product 5 remained minimal (only exceeding 10% with the
5%Cu/C–Ne catalyst), indicating a clear preference for defined
mechanochemical pathways under solvent-free reactive extru-
sion conditions.

2.11 | Parametric Analysis

Although the bimetallic catalyst displayed the best performance,
the 1%Pd/C–Ne material was selected for further optimization
(Figure 12) due to its higher sustainability, eliminating the need
for copper and reducing palladium usage fivefold. Despite not
reaching full conversion, this catalyst delivered a productivity
of 5.2 mol gPd

−1 h−1 for product 4, outperforming the bimetallic
system (1.4 mol gPd

−1 h−1). The effect of the rpm was first evalu-
ated at 115°C for 1 h. Increasing rpm from 100 to 150 raised the
torque from an average of 3–4 Nm, without significantly affecting
conversion, but it did markedly alter the selectivity, resulting in a
product distribution of 31, 16, and 53% for products 4, 5, and 6,
respectively.

The influence of temperature at 100 rpm was then investigated at
80°C, 100°C, and 115°C. At 80°C, the conversion remained low
(44%), accompanied by a drop in selectivity (51 and 31% for prod-
ucts 4 and 5, respectively), and also with the appearance of prod-
uct 6 (18%). This behavior was attributed to the higher torque at
lower temperatures, which enabled cyclotrimerization but
limited the overall conversion. Conversely, at 115°C the reduced
viscosity of the mixture lowered the torque and the mechano-
chemical input, but the higher temperature allowed reaching
80% conversion and 87% selectivity toward product 4. The opti-
mal conditions were found at 100°C, where the balance between
torque and temperature afforded the highest conversion (83%)
and excellent selectivity (96%) toward product 4, with the forma-
tion of product 6.

Finally, the residence time in the extruder was studied. As
already observed for the Sonogashira coupling, the phenylacety-
lene dimerization showed a short induction period: after 30 min,
the conversion reached 67% with nearly complete selectivity
toward product 4 (99%). At 60 and 90min, conversions increased
to 83 and 87%, while the selectivity remained high (96% for prod-
uct 4 in both cases).

Overall, 100 rpm, 100°C and 60 min proved to be the optimal
conditions, combining high conversion with excellent selectiv-
ity toward product 4, while avoiding the formation of unde-
sired byproducts. Under these optimized conditions, a
remarkably high productivity of 6 mol gPd

−1 h−1 was achieved
for product 4.

SCHEME 2 | Representative scheme of phenylacetylene dimerization or cyclotrimerization.

FIGURE 11 | Catalyst screening of phenylacetylene dimerization reac-

tion. Phenylacetylene (7.5 mmol.), K2CO3 (2 eq.), catalyst (100mg), 115°C,

1 h, 100 rpm.
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3 | Experimental

3.1 | Synthesis of Materials

Palladium (Pd), copper (Cu), and bimetallic Pd-Cu nanoparticles
supported on nitrogen-doped carbon (C–N) were synthesized
using different precursor loadings to achieve 1 and 5 wt% metal
contents. To obtain these loadings, 0.1 mmol and 0.5 mmol
of palladium(II) acetate (Pd(OAc)2) were used, respectively.
Following a protocol previously reported by our group, three dis-
tinct preparation methods were applied: impregnation, solution-
based synthesis, and mechanochemical extrusion [17].

3.1.1 | Impregnation Method (Pd/C–Ni)

The desired amount of metal precursor was dissolved in 15 mL
of 2-propanol, and 5 g of chitin were added. The mixture was
aged overnight at room temperature, followed by drying in a
vacuum oven at 100°C. The resulting solid was thermally treated
at 500°C for 1 h under N2 flow (10 mL/min) with a heating rate
of 5°C/min.

3.1.2 | Solution Method (Pd/C–Ns)

The metal precursor was dissolved in 60mL of 2-propanol along
with 1 g of EDTA. Then, 5 g of chitin were added, and the mixture
was refluxed under stirring at 80°C for 9 h. The suspension was
filtered, and the solid was dried overnight at 100°C and subse-
quently heated at 500°C for 1 h under N2 flow.

3.1.3 | Mechanochemical Extrusion Method (Pd/C–Ne)

This procedure involved mixing 5 g of chitin with the metal pre-
cursor and 15mL of ethylene glycol, followed by processing in a
ZE 12 HMI corotating twin-screw extruder (Three Tec, Seon,
Switzerland) at 200°C and 50 rpm. The extrudate was further
heated at 500°C for 1 h under N2 flow, using a heating rate of
5°C/min.

3.2 | Characterization Techniques

XRD patterns were recorded on a Bruker AXS D8 Advance dif-
fractometer using Cu Kα radiation and a LynxEye detector. Scans
were carried out from 2θ = 8° to 80° with a step size of 0.08°/min
to investigate the crystalline structure.

XPS measurements were performed using a VersaProbe II
(Physical Electronics) equipped with an Al Kα source (under a

vacuum of 10−7 Pa). Binding energies were calibrated against
the C 1s peak at 284.8 eV. High-resolution spectra were collected
using a hemispherical analyzer at a constant pass energy of
29.35 eV over a 200 μm analysis area. Data were processed using
the PHI ACCESS ESCA-F V6 software with Shirley background
subtraction and peak fitting using mixed Gaussian–Lorentzian
profiles. The Pd content in the catalysts was quantified using
a PerkinElmer Avio 550Max ICP-OES system.

The textural properties of the samples were analyzed at −196°C
using a Micromeritics ASAP 2000 instrument. Samples were
degassed at 120°C for 2 h prior to measurement. The specific sur-
face areas were calculated using the BET method, the pore vol-
umes were determined from the adsorption isotherms, and the
pore size distributions were estimated using the Barrett,
Joyner, and Halenda (BJH) algorithm available in the integrated
Micromeritics software.

High-resolution transmission electron microscopy (HRTEM) and
scanning transmission electron microscopy (STEM) images were
acquired with a TALOS F200x microscope, both operating at
200 kV and 200 nA. The mapping images were obtained by
EDX Super-X system with 4 X-ry detectors and a X-FEG beam.
The particle size distribution was obtained from EDX images by
the Image J software, counting between 500 and 1000 particles
selected in several different parts of each sample.

3.3 | Reaction Procedure

Mechanochemical reactions were carried out using a ZE 12 HMI
corotating twin-screw extruder (ThreeTec, Seon, Switzerland).
The instrument was equipped with a modular screw configura-
tion (diameter 12 mm, L/D= 20), consisting of conveying ele-
ments and two kneading blocks staggered at 60° and 90°,
respectively. The screw speed was set to 100 rpm unless otherwise
specified. During operation, the extruder torque typically ranged
between 1 and 6 Nm, depending on the formulation, viscosity,
and catalyst loading; under optimized Sonogashira conditions,
torque values stabilized around 3.5–4.0 Nm. The residence time
under optimized conditions was controlled by loop recirculation.
Temperature along the barrel was monitored by embedded ther-
mocouples and maintained at 115°C (±1°C) using four indepen-
dent heating zones, ensuring uniform thermal input along the
barrel during the mechanochemical process.

The reaction mixture was prepared by combining K2CO3 (3 eq.,
2.1 g), 100mg of Pd/C–Ne, 120 mg of Cu/C–Ne, 548 μL of

FIGURE 12 | Influence of rpm, temperature, and time in dimerization reaction of phenylacetylene. Phenylacetylene (7.5 mmol.), K2CO3 (2 eq.),

1%Pd/C–Ne (100mg).
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iodobenzene, and 778 μL of phenylacetylene in a beaker. This
mixture was then introduced into the twin-screw extruder.
The extruder was operated at 115°C and 100 rpm for 1 h initially.
In subsequent experiments, parameters such as rpm, reaction
time, and temperature were varied to study their effect on con-
version. The extrudate was recovered using or diethyl ether. The
dimerization reaction was carried out using the same procedure,
with the only difference being the exclusion of iodobenzene from
the reaction mixture.

Both qualitative and quantitative analyses were performed.
Conversion and selectivity were determined by GC-FID (analyses
were conducted with an Elite-624 capillary column (L= 30 m,
Ø = 0.32 mm, film thickness= 1.8 μm), and product structures
were confirmed by GC–MS, (performed with an HP5-MS capil-
lary column (L= 30 m, Ø = 0.32 mm, film thickness= 0.25 μm)
using EI (70 eV)).
1H and 13C NMR spectra were recorded on a Bruker Advance III
HD 400WB spectrometer equipped with a 4mm CP/MAS probe,
operating at 400MHz and 101MHz, respectively.

4 | Conclusions

Mechanochemical extrusion is a powerful and sustainable plat-
form for the preparation of mono- and bimetallic Pd/Cu catalysts
supported on nitrogen-doped carbons. Solvent-free extrusion
enables the formation of uniformly dispersed nanoparticles with
strong metal–support and metal–metal interactions, while pro-
ducing smaller particle sizes and larger surface areas compared
to conventional solution-based methods. Under continuous
mechanochemical flow, the bimetallic Pd-Cu catalyst exhibited
superior activity and selectivity in the Sonogashira coupling of
iodobenzene with phenylacetylene compared to a physical mix-
ture of the monometallic Pd and Cu catalysts, demonstrating a
clear synergistic effect arising from the direct contact and inti-
mate metal–metal interactions within the bimetallic material.
A detailed parametric study revealed that mechanical energy
plays a pivotal role in determining reaction outcomes and prod-
uct distribution. Mechanochemical extrusion enables transfor-
mations that are difficult to achieve under conventional batch
conditions, including the controlled formation of product 2,
which is challenging to obtain under mild solution-phase
protocols.

Looking forward, the mechanochemical extrusion approach
offers significant potential for scale-up and industrial applica-
tions, where longer extruder configurations could further
enhance residence time, mass transfer, and reaction efficiency.
The tunability of catalyst composition and distribution also
opens us opportunities to design tailored bimetallic or multime-
tallic systems for other challenging cross-coupling and C–H
functionalization reactions. Moreover, the solvent-free and
energy-efficient nature of extrusion aligns with the green chem-
istry principles, making it a promising strategy for sustainable
heterogeneous catalysis. Future studies could explore the inte-
gration of in-line monitoring techniques to further optimize
reaction conditions and provide real-time insights into mecha-
nistic pathways, ultimately advancing the development of con-
tinuous-flow mechanochemical processes for a wide range of
synthetic transformations.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Scheme S1: Schematic representation
of possible products formed by substrate scope of Table S2. Supporting
Fig. S1: N2-physisorption of 5%Pd/CNe material. Supporting Fig. S2:
High resolution XPS spectra of 1%Pd/C-Ne (A-D), 5%Pd/C-Ne (E-H),
5%Cu/C-Ne (I-L) and 5%PdCu/C-Ne (M-Q). C 1s regions (A, E, I, M);
N 1s regions (B, F, J, N); O 1s regions (C, G, K, O); Pd 3d regions (D,
H, Q); Cu 2p regions (L, P). Supporting Fig. S3: Representative
HRTEM image of the5%Pd/CNe material. For more details, full charac-
terization can be found in [17]. Supporting Fig. S4: STEM and EDX-map-
ping micrographs of 1%Pd/C-Ne and 5%Cu/C-Ne, with the corresponding
Pd and Cu nanoparticle size distribution. Supporting Fig. S5: Catalytic
performance of the different materials, including the theoretical activity.
Supporting Fig. S6: Time-dependent profiles of the Sonogashira cou-
pling and the phenylacetylene dimerization under mechanochemical
extrusion. Sonogashira: Iodobenzene (5 mmol), phenylacetylene
(1.5 eq.), K2CO3 (3 eq.), 5%PdCu/C-Ne (120 mg), 115°C, 100 rpm.
Phenylacetylene dimerization: Phenylacetylene (7.5 mmol), K2CO3

(3 eq.), 1%Pd/C-Ne (100 mg), 100°C, 100 rpm. Supporting Fig. S7:
Different dispersion of commercial carbon (left) and nitrogen-doped car-
bon derived from shrimp shells (right). Supporting Fig. S8: Mass spec-
trum (EI, 70 eV) of phenylacetylene. Supporting Fig. S9:Mass spectrum
(EI, 70 eV) of iodobenzene. Supporting Fig. S10: Mass spectrum (EI,
70 eV) of Bromobenzene. Supporting Fig. S11: Mass spectrum (EI,
70 eV) of 3-Bromotoluene. Supporting Fig. S12: Mass spectrum
(EI, 70 eV) of 4-Chlorotoluene. Supporting Fig. S13: Mass spectrum
(EI, 70 eV) of 4-Iodoanisole. Supporting Fig. S14: Mass spectrum (EI,

70 eV) of 4-Iodoacetophenone. Supporting Fig. S15: Mass spectrum
(EI, 70 eV) of Diphenylacetylene (product 1). Supporting Fig. S16:
Mass spectrum (EI, 70 eV) of Triphenylethylene. Supporting
Fig. S17: Mass spectrum (EI, 70 eV) of ((1E)-1,4-diphenylbut-1-en-3-
yn-2-yl)benzene (product 2). Supporting Fig. S18: Mass spectrum
(EI, 70 eV) of Biphenyl (product 3). Supporting Fig. S19:Mass spectrum
(EI, 70 eV) of 1,4-diphenylbutadyine (product 4). Supporting
Fig. S20: Mass spectrum (EI, 70 eV) of ((1E)-4-phenylbut-1-en-3-yn-1-
yl)benzene (product 5). Supporting Fig. S21: Mass spectrum (EI, 70
eV) of 1,2,4-Triphenylbenzene. Supporting Fig. S22: Mass spectrum
(EI, 70 eV) of 1-methyl-3-(phenylethynyl)benzene. Supporting Fig. S23:
Mass spectrum (EI, 70 eV) of 1-methoxy-4-(phenylethynyl)benzene.
Supporting Fig. S24: Mass spectrum (EI, 70 eV) of 1-(4-(phenylethynyl)
phenyl)ethenone. Supporting Fig. S25: Mass spectrum (EI, 70 eV) of
3-phenylprop-2-yn-1-ol. Supporting Fig. S26: Mass spectrum (EI, 70 eV)
of 1-methyl-3-(3-methylphenyl)benzene. Supporting Fig. S27: 1H NMR
(600 MHz, CDCl3, 298 K) of diphenylacetylene (product 1). Supporting
Fig. S28: 1HNMR (600MHz, CDCl3, 298 K) of 1,4-diphenylbutadyine (prod-
uct 4). Supporting Fig. S29: 13C NMR (600 MHz, CDCl3, 298 K) of diphe-
nylacetylene (product 1). Supporting Fig. S30: 13C NMR (600 MHz,
CDCl3, 298 K) of 1,4-diphenylbutadyine (product 4). Supporting
Table S1: Textural properties of all materials mentioned in this work.
Supporting Table S2: Substrate scope of Sonogashira cross-coupling
reaction under solvent-free mechanochemical conditions. Aryl halide
(5 mmol), Alkyne (1.5 eq.), K2CO3 (3 eq.), 5%PdCu/C-Ne (90 mg),
115°C, 1 h, 100 rpm.
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