
Academic Editor: Hiroto Yoshida

Received: 26 September 2025

Revised: 29 October 2025

Accepted: 18 November 2025

Published: 1 December 2025

Citation: Vafaeezadeh, M.; Rajabi, F.;

Qiu, X.; Tummeley, M.A.M.;

Hausbrandt, P.; Schaefer, S.; Ouissa, A.;

Demchenko, A.; L’huillier, J.;

Schünemann, V.; et al. Synergy in

Sonogashira Cross-Coupling

Reactions with a Magnetic Janus-Type

Catalyst. Catalysts 2025, 15, 1123.

https://doi.org/10.3390/

catal15121123

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Synergy in Sonogashira Cross-Coupling Reactions with a
Magnetic Janus-Type Catalyst
Majid Vafaeezadeh 1,* , Fatemeh Rajabi 1,2 , Xuanya Qiu 1, Marco A. M. Tummeley 3 , Paul Hausbrandt 3 ,
Sven Schaefer 1, Alina Ouissa 1, Anna Demchenko 4, Johannes L’huillier 4, Volker Schünemann 3,
Wolfgang Kleist 1 and Werner R. Thiel 1,*

1 Fachbereich Chemie, RPTU Kaiserslautern-Landau, Erwin-Schrödinger-Str. 54,
67663 Kaiserslautern, Germany; f_rajabi@pnu.ac.ir (F.R.)

2 Department of Science, Payame Noor University, P.O. Box 19395-4697, Tehran 19569, Iran
3 Fachbereich Physik, RPTU Kaiserslautern-Landau, Erwin-Schrödinger-Str. 46,

67663 Kaiserslautern, Germany
4 Institut für Oberflächen-und Schichttechnik IFOS GmbH, Trippstadter-Str. 120,

67663 Kaiserslautern, Germany
* Correspondence: majidvafaeezadeh@yahoo.com (M.V.); thiel@chemie.uni-kl.de (W.R.T.)

Abstract

This work describes the straightforward synthesis of a novel heterogeneous palladium
catalyst immobilized on magnetic Janus-type silica particles coated with an amphiphilic
ionic liquid (IL) layer. The material was prepared via a one-pot process wherein TEOS
(tetraethoxysilane) and a bis(triethoxysilane) IL precursor are combined to form hollow
shells. The IL motifs are selectively located on the outer surface of the hollow particles
and serve as centers for the immobilization of palladium species on the material’s surface.
The outer surface also hosts magnetic nanoparticles in close proximity to the palladium
sites. Thanks to the uniform coverage of the surface with the amphiphilic IL functionality,
the material exhibits a well-balanced wettability with reaction components of different
polarities. The catalyst’s activity was tested in the Sonogashira cross-coupling reaction
of terminal acetylenes and iodobenzene derivatives in water as the solvent. The results
show that the mixed palladium–iron oxide catalyst exhibits higher activity than materials
containing either immobilized palladium or iron oxide alone, suggesting a synergistic
effect in this reaction. Additionally, the reaction proceeds well in the absence of expensive
organic ligands and commonly employed additives such as copper co-catalysts or phase
transfer catalysts. Furthermore, the material was also used in the oxidative Sonogashira
coupling reaction of phenylboronic acid and phenylacetylene. The catalyst can be easily
separated using an external magnet and can be reused several times. The feasibility of
producing diphenylacetylene on a gram scale via the Sonogashira cross-coupling reaction
was also investigated.

Keywords: Sonogashira coupling reaction; synergistic catalysis; C(sp2)–C(sp) bond formation;
oxidative Sonogashira reaction; Janus-type catalyst

1. Introduction
Immobilizing metal complexes on insoluble supports is an effective way to improve

the sustainability of catalytic reactions [1–3]. Unlike homogeneous catalysts, which are
often difficult to recover from reaction mixtures, heterogeneous catalysts can be easily

Catalysts 2025, 15, 1123 https://doi.org/10.3390/catal15121123

https://doi.org/10.3390/catal15121123
https://doi.org/10.3390/catal15121123
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0003-1439-3354
https://orcid.org/0000-0001-9759-9109
https://orcid.org/0009-0003-4327-8467
https://orcid.org/0009-0004-6902-1202
https://orcid.org/0000-0002-9364-9946
https://orcid.org/0000-0001-5283-2368
https://doi.org/10.3390/catal15121123
https://www.mdpi.com/article/10.3390/catal15121123?type=check_update&version=1


Catalysts 2025, 15, 1123 2 of 21

separated by filtration, centrifugation, or magnetic attraction [4–6]. This significantly re-
duces contamination with toxic metal impurities. Therefore, the immobilization of such
catalysts on the surface of insoluble and inert supports [7,8] appears to be advantageous
from both economic and environmental perspectives. Organic polymers [9–12] and meso-
porous (organo) silica materials [13–26] are two major groups of support materials that
have been widely used to prepare various types of immobilized catalysts, even in large
amounts. Despite the advantages of immobilized catalysts, there are some limitations, such
as lower reaction rates compared to homogeneous catalysts and sometimes problems with
the reproducibility of the reactions. Therefore, ongoing efforts to improve the efficiency of
heterogeneous catalysts are important.

Two recent and successful examples in this context are Janus-type [27–41] and atom-
sized heterogeneous metal catalysts [42–45]. These catalysts have led to promising advances
in several chemical transformations, particularly due to their adaptability to different
reaction media. For example, Pickering emulsions can be effectively stabilized using
only small amounts of Janus-type materials [46,47]. Nevertheless, despite many positive
features of Janus-type materials, they still suffer from complex synthesis routes and the use
of expensive reagents.

Hollow nano- and micro-architectures are another class of materials with intriguing
catalytic properties [48]. The void space within these compounds provides versatile prop-
erties such as an improved selectivity for chemical reactions (by manipulating the porosity
of the shell) or a multi-functionalization of the material with catalytically active species, as
well as organic groups to adjust the surface polarity for various organic reactions. However,
hollow (Janus) catalysts are generally considered difficult to prepare, and there has been
limited progress towards their large-scale synthesis. We have recently reported a one-pot
process for preparing Janus organic–inorganic hybrid hollow particles that avoids these
drawbacks. Using a relatively simple “hollow particle strategy”, we have synthesized a
series of Janus-type catalysts, which have shown high efficiency and excellent compatibility
with a wide range of reaction media [34,35,40,41]. The process results in particles whose
inner surface is covered with hydrophobic organosilica moieties, while their outer surface is
covered with hydrophilic organosilica IL moieties [49]. While the crushed hollow particles
exhibit interesting properties in the formation of Pickering emulsions, the robust intact,
IL-functionalized hollow microstructure Janus particles themselves are promising candi-
dates for use in heterogeneous catalysis [50]. Unlike conventional dense silica particles,
such organic–inorganic hybrid hollow particles have a lower density and can therefore
be better dispersed in the reaction medium. Due to the direct effect of the immobilized
IL on the polarity and functionality of the material, it can act as a suitable partner for
the electrostatic immobilization of other compounds, as an NHC (N-heterocyclic carbene)
ligand for catalytically active metal sites, and/or as a stabilizer for nanoparticles on the
surface [23,51]. Therefore, we consider hollow shell IL-functionalized Janus particles to be
ideal supports for heterogeneous catalysts. However, apart from some reports on organic
polymer compounds [52–54], applications of other hollow Janus-type particles, such as
silica-based ones, have not yet been adequately developed. Combining such a material
with paramagnetic nanoparticles immobilized on its surface greatly simplifies material
recovery through magnetic separation with a minimized loss of material [4–6,55–59].

The Sonogashira cross-coupling reaction is a powerful and versatile tool for C–C bond
formation and has therefore found widespread application [60–66]. There have been reports
of Sonogashira reactions conducted in aqueous media, but these require additives, such as
copper co-catalysts, toxic co-solvents, expensive and oxygen-sensitive phosphine ligands, or
molecular phase transfer catalysts [67–76], which increase the cost of the process and have a
negative environmental impact. Furthermore, using copper compounds as co-catalysts can
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lead to the formation of undesirable homocoupling products from the acetylene substrates
via Glaser coupling [77–79]. Consequently, the most widely used protocols for Sonogashira
reactions still rely on homogeneous palladium catalysts and expensive ligands in organic
solvents [80–88]. To develop the Sonogashira coupling reaction in a more economical and
less hazardous way, Bolm and co-workers investigated palladium-free protocols using
iron [89] and copper catalysts [90] in the presence of diamine ligands. They demonstrated
that the selection of ligands and metal precursors remarkably impacts the efficiency of
the reaction. However, these systems require relatively high reaction temperatures [89,90]
and/or longer reaction times [89].

There is clear potential to further optimize this important chemical transformation in
terms of sustainability. For example, Verpoort and co-workers have developed a visible-
light-induced Sonogashira protocol involving a mesoporous polyazobenzene–palladium(II)
composite [67] that enables the coupling of a wide variety of substrates in water.

In this study, we report on the synthesis of a heterogeneous Sonogashira coupling
catalyst consisting of immobilized palladium species on hollow and magnetic Janus-type
silica particles. Not only do magnetic iron oxide particles facilitate an easy catalyst sep-
aration, they also enhance the catalytic activity of palladium, as previously reported in
the literature [91–93]. Despite the cooperativity between the iron oxide particles and the
palladium species during the reaction, the unique properties of the hollow Janus-type silica
particles are also crucial for achieving high catalytic activity in water. This is the first time
that a heterogeneous catalyst has been used for an oxidative Sonogashira cross-coupling
reaction—an alternative to the classical Sonogashira reaction—between phenylacetylene
and phenylboronic acid.

2. Results
The preparation of catalyst 2 is shown schematically in Figure 1. First, hollow Janus-

type silica spheres with a uniformly distributed imidazolinium-based IL layer on their
external surface were prepared [49]. [PdCl4]2− was then immobilized on these particles
by refluxing them with PdCl2 in an acetonitrile solution [94], resulting in the formation
of material 1. A stable anchoring of the surface functionalities was achieved through a
combination of covalent bonds (the immobilized IL ligand) and electrostatic interactions
(the [PdCl4]2− immobilization). The latter also ensured good dispersion of the palladium on
the particles’ outer surface. Material 1 was dispersed in ethanol and added to an ethanolic
suspension of iron oxide nanoparticles prepared by a well-established method that has
been published by our group some years ago [55]. Finally, the solvent was evaporated and
the material was dried to yield catalyst 2 as a grey powder (see the Section 3 for details).

Comparing the solid-state CP-MAS 13C NMR spectrum of material 1 with the high-
resolution 13C NMR spectrum of the IL precursor (Figure 2) shows that the immobilized
organic ligand remains stable during preparation. All resonances observed in the solid-
state spectrum are also present in the corresponding high-resolution spectrum. Notably,
a single resonance at around 160 ppm (7 and 7′) indicates the preservation of the imi-
dazolinium ring. The relative intensities of the ethoxy resonances have decreased due
to the condensation reactions occurring between the IL precursor and the surface. As
expected, based on the reaction conditions, the solid-state 13C NMR spectrum shows no
indication of N-heterocyclic carbene species formation. In the solid-state 29Si CP-MAS
NMR spectrum of material 1 (Figure S1 in the Supporting Information), the signals at about
−102 and −111 ppm are assigned to Si(OSi)3OH (Q3) and Si(OSi)4 (Q4) species in the silica
material framework, while additional signals at about −55 and −60 ppm are assigned to
C-Si(OSi)2OH (T2) and C-Si(OSi)3 (T3) species, demonstrating the preservation of the C-Si
bonds of the linker units.
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Figure 1. Synthesis of the hollow mesoporous silica Janus catalyst 2 modified with IL groups,
palladium (II) species, and γ-Fe2O3 (•) nanoparticles.

 

Figure 2. A comparison of (a) the solid-state CP-MAS 13C NMR spectrum of material 1 and (b) the
high-resolution 13C NMR spectrum of the IL precursor recorded in CDCl3.
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Figure 3 shows the powder X-ray diffraction (PXRD) pattern of catalyst 2. This
demonstrates the crystalline nature of the iron oxide particles, which remain unchanged
after their immobilization on the surface of the Janus hollow silica particles. The positions
and the relative intensities of all the iron oxide particle reflections (mainly γ-Fe2O3) are in
perfect agreement with previous reports [55,59]. More intense and narrower reflections
were observed here, corresponding to somewhat larger crystallites. The diameter of the iron
oxide crystallites was calculated to be about 12.5 nm using the Debye–Scherrer equation.
The broad reflection around 2θ = 23◦ is due to amorphous silica [95].

 

Figure 3. PXRD pattern of catalyst 2; all reflections are assigned to γ-Fe2O3 unless otherwise stated.

The N2 physisorption isotherms of material 1 exhibit type-IV profiles with the char-
acteristic H4-type hysteresis loop of mesoporous materials. Catalyst 2 shows a similar
isotherm with minor deviations (Figure 4) [96]. Based on these findings, the specific sur-
face area (SBET) and pore volume of material 1 were calculated to be 220 m2·g−1 and
0.24 cm3·g−1, respectively. For catalyst 2, these values are reduced to 35 m2·g−1 and
0.1 cm3·g−1, respectively.

According to the BJH data, the average pore diameter of material 1 is 2.6 nm, while that
of catalyst 2 is 9.1 nm. The decrease in the specific surface area and the pore volume, and
the simultaneous increase in the average pore diameter can be explained by the preferential
occupation of some small-diameter pores (or pore entrances) by nanosized iron oxide
nanoparticles (see Figure 1). Accordingly, the observed “average” pore diameter in catalyst
2 is higher than that in material 1.

The morphology of the prepared materials was investigated using SEM analysis.
Figure S2 (in the Supporting Information) shows that the pristine hollow silica particles
with no IL functionalities have a smooth surface, whereas the outer surface of material 1
(Figure 5a) and catalyst 2 (Figure 5b) is rough, indicating the deposition of the IL on the
hollow Janus-type silica particles [49].
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Figure 4. N2 adsorption–desorption isotherms of material 1 and catalyst 2.

 

Figure 5. SEM images of (a) material 1 and (b) catalyst 2. (c) TEM image of catalyst 2. (d) TEM
elemental mapping of the selected area of the outer surface of catalyst 2 for (e) carbon (C), (f) chlorine
(Cl), and (g) iron (Fe). Scale bars: (a,b) 1 µm, (c) 100 nm, and (d–g) 20 nm.
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It is worth noting that the iron oxide nanoparticles are too small to be detected by the
SEM analysis. Details of the elemental composition of the surface of catalyst 2 were obtained
using EDX elemental mapping in combination with the SEM analysis (see Figure S3 in
the Supporting Information). The EDX analysis reveals the presence of all the constituent
elements of the IL as well as of the immobilized metal-derived species. However, the
corresponding iron peak has a relatively low intensity in this analysis. One possible
explanation for this observation is the penetration of the dispersed nanosized iron oxide
into the interstices of the uneven surface of the catalyst, which hinders proper detection
by “surface scanning” during EDX analysis. Transmission electron microscope (TEM)
elemental mapping images reveal the catalyst’s hollow geometry (Figure 5c), displaying
the distribution of the selected metallic and non-metallic elements across its surface. The
amount of palladium is too low to be detected here. However, elemental analysis using
atomic absorption spectroscopy revealed the presence of 1.2 wt.% of palladium and 10 wt.%
of iron in catalyst 2.

Further structural information on the palladium species, present on material 1 and
catalyst 2, was obtained by recording X-ray absorption spectra at the palladium K edge
(24.350 keV). The samples were prepared as pellets and measured at room temperature in
transmission mode. Compared to the Pd foil reference, the increased white line intensities
already indicate that palladium is present in an oxidized state for both materials (Figure 6).
Furthermore, the oscillatory patterns of both materials are almost identical, suggesting that
the local environments around the palladium centres are very similar.

 
Figure 6. Normalized X-ray absorption spectra at the Pd K-edge for material 1 and catalyst 2
compared to the Pd reference foil.

To gain a better understanding, the EXAFS (extended X-ray absorption fine structure)
data were fitted using a single scattering path of Pd–Cl based on a PdCl42− model. Figure 7
shows the k-, R-, and q-space along with the corresponding fit results for both materials.
The data confirm that the EXAFS features are nearly identical, indicating that there are
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no significant structural differences in the direct Pd environment of the two materials.
The coordination number (N) for the Pd–Cl path was determined to be 3.79 ± 0.26 for
material 1 and 3.84 ± 0.21 for material 2 (Table 1), which is consistent with the square
planar coordination in PdCl42−. The fitted Pd–Cl interatomic distances (Table 1) were
2.31 ± 0.001 Å for material 1 and 2.31 ± 0.005 Å for material 2, respectively. These values
match the reference value of 2.31 Å. Including an additional Pd–Pd path did not significantly
improve the fit: This confirmed the absence of metallic palladium clusters or nanoparticles
in both samples. In summary, these results suggest that the coordination sphere of material
1 remained unchanged upon conversion into material 2.

 

Figure 7. Comparison of the experimentally obtained spectra at the Pd K-edge and the corresponding
best fit results (red) of material 1 (black, (A–C)) and catalyst 2 (black, (D–F)) based on a PdCl42−

model. EXAFS spectra (A,D), Fourier-transformed EXAFS spectra (B,E), and the back transformation
thereof (C,F).

Table 1. Coordination numbers and experimental interatomic distances for materials 1 and catalyst 2
by EXAFS analysis, compared to expected distances for a PdCl42− fit model.

Sample Scattering Path Number of
Backscatterers (NBS) Rexpected [Å] Rexperimental [Å] σ2

Material 1 [a] Pd–Cl 3.79 ± 0.26 2.32 2.31 ± 0.001 0.0040 ± 0.0004
Catalyst 2 [b] Pd–Cl 3.84 ± 0.21 2.32 2.31 ± 0.005 0.0038 ± 0.0003

[a] S0
2 = 0.847; ∆E0 = 1.08 ± 0.77 eV; X2

red = 19.30; R = 0.010; N(path) = 1; N(par) = 4; k-range: 3–12; R-range: 1–2.7.
[b] S0

2 = 0.847; ∆E0 = −1.24 ± 0.62 eV; X2
red = 16.22; R = 0.005; N(path) = 1; N(par) = 4; k-range: 3–12; R-range: 1–2.7.

Mössbauer spectroscopy was used as a complementary method to elucidate the nature
of the iron sites in the immobilized iron nanoparticles (without palladium, see Figure S4
and Table S1 in the Supporting Information) and in catalyst 2 (Figure 8). The results showed
no difference in the signals of the two samples. As magnetically split Mössbauer spectra
were observed at room temperature with no superparamagnetic doublets, the iron oxide
nanoparticles must be at least approximately 15 nm in diameter. This is slightly larger,
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but still consistent, with the result obtained from the XRD analysis (12.5 nm, calculated
using the Debye–Scherrer equation). The analysis of the Mössbauer spectrum using three
magnetic sextets indicates that the composition of the iron oxide particles in catalyst 2 is
approximately 62% maghemite (γ-Fe2O3) and 38% magnetite (Fe2+Fe3+

2O4) [97].

 
Figure 8. Mössbauer spectrum of catalyst 2 recorded at room temperature. The red line is the sum
of the components 1, 2, and 3. Component 1 has an isomer shift of δ = 0.37 mms−1, no quadrupole
splitting, and a magnetic hyperfine field of Bhf = 49.6 T. This component dominates the spectrum
with a relative area of 62%. The line widths Γ of the symmetric sextet are 0.80, 0.60, and 0.45 mms−1.
Component 2 displays an isomer shift of δ = 0.65 mms−1 and a magnetic hyperfine field of Bhf = 45.3 T
and accounts for 23% of the simulated spectrum. Line widths Γ have been taken as 0.50, 0.45, and
0.40 mms−1. Component 3 has δ = 0.31 mms−1, Bhf = 49.1 T, and a relative area of 11% with Γ taken
as 0.50, 0.45, and 0.40 mms−1. These parameters are typical for magnetite with components 2 and 3
representing its B and A sites, respectively.

Having clarified the detailed structural identity, we investigated the activity of catalyst
2 in the Sonogashira cross-coupling reaction in water. To test our hypothesis regarding
the presence of cooperativity between iron and palladium, we compared the activities of
catalyst 2, material 1, and a sample containing pure iron oxide (γ-Fe2O3) nanoparticles
immobilized on hollow silica particles for the coupling of phenylacetylene and iodobenzene
(see Table 2, entries 1–3). The best result was obtained with the bimetallic catalyst 2
(Table 2, entry 1), which showed almost complete conversion of the starting material. The
reaction with the non-magnetic material 1 proceeded with lower activity (Table 2, entry
2), and no significant conversion was observed when immobilized iron oxide on hollow
silica nanoparticles was used as the catalyst. It is worth noting that the use of α-Fe2O3

nanoparticles as a catalyst for the Sonogashira coupling reaction in ethylene glycol at 150 ◦C
has previously been reported in the literature [98].

Based on EXAFS and Mössbauer spectroscopy, there is no direct interaction between
palladium and iron. Therefore, the nature of the observed synergy in catalytic activity is
presumably not related to the presence of bimetallic Pd–Fe species. However, the active
palladium and iron species may cooperate separately during the reaction, although the
exact mechanism of this phenomenon is yet unclear. One plausible explanation for the
reaction mechanism is that iron sites, present around oxygen vacancies of the iron oxide
nanoparticles [99], assist in activating iodobenzene [100], and consequently accelerate the
Sonogashira cross-coupling reaction [101–104]. A general proposed reaction mechanism
is shown in Figure 9. Mechanistically, the copper-free Sonogashira coupling proceeds
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through the same oxidative addition, transmetalation, and reductive elimination steps as
the traditional version, but the terminal alkyne is directly activated by palladium rather
than by copper.

Table 2. Comparison of the activity of various catalysts in the Sonogashira coupling of iodobenzene
with phenylacetylene in water.

Entry Catalyst Yield (%) [a, b]

1 2 85
2 1 [c] 68
3 Silica particles/γ-Fe2O3 Trace
4 SiO2-IL/Pd-γ-Fe2O3 [d] 54
5 Crushed 2 87

6 Janus
nanosheets/Pd-γ-Fe2O3 [e] 88

[a] Reaction conditions: iodobenzene (1 mmol), phenylacetylene (1 mmol), catalyst (30 mg, unless otherwise
stated), H2O (5 mL), Et3N (3 mmol), 17 h at 65 ◦C. [b] For isolated yields, a ±5% deviation can be considered. [c]
23 mg of the catalyst was used. [d] Commercial SiO2 was used as the support. [e] Janus nanosheets: Crushed
hollow particles with ethyl groups on the inner and IL/Pd-γ-Fe2O3 functionalities on the outer surface. This
Janus bifunctional material was prepared according to ref. [48].

 

Figure 9. A general proposed mechanism for the Sonogashira coupling reaction.

Next, commercial, dense silica gel particles were modified with the IL, palladium,
and γ-Fe2O3 as described above and used as the catalyst. We found that the yield of
diphenylacetylene was significantly lower (Table 2, entry 4), which demonstrates the crucial
role of the hollow material architecture of catalyst 2 in the reaction. Crushed particles of
catalyst 2 (i.e., Janus nanosheets, Table 2, entry 5) do not exhibit superior activity for the
Sonogashira cross-coupling reaction. In a final experiment, we used Janus nanosheets with
hydrophobic bridging ethyl groups on the inner surface and IL/Pd-γ-Fe2O3 functionalities
on the outer surface. This material is more hydrophobic on the inner surface than catalyst
2, but despite being more complicated to synthesize, it only slightly improved the yield of
the coupling product by a few percent (Table 2, entry 6). Further attempts to improve the
reaction outcome focused on varying the base. K2CO3 (2 equiv.) and pyrrolidine (3 equiv.)
gave 14% and 67% of diphenylacetylene, respectively. Increasing the reaction temperature
to 85 ◦C reduced the yield of diphenylacetylene to 74%, probably due to the formation of
some by-products. Furthermore, no improvement in yield was obtained by carrying out
the reaction under an inert nitrogen atmosphere (86%).

Figure 10 summarizes the results of our investigation into the scope of catalyst 2 in
C(sp2)–C(sp) bond formation through the Sonogashira cross-coupling reaction in water. A
wide range of substrates could successfully be converted to the corresponding products
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with high yields, including aryl iodides featuring electron-withdrawing and electron-
donating groups, even in the ortho position of the phenyl ring. Additionally, the reaction of
1,3-diiodobenzene and the heterocyclic compound 4-iodopyridine with phenylacetylene
afforded the corresponding products in excellent yields. Reactions of iodobenzene with
the substituted phenylacetylene, 4-ethynyltoluene, and with the generally less reactive
aliphatic compound 1-heptyne gave yields of 96% and 95%, respectively. Attempts to use
bromobenzenes and phenyltriflate as the substrates were unsuccessful, due to the significant
difference in activity between iodo- and bromobenzene compounds in this reaction.

 

Figure 10. Scope of the Sonogashira cross-coupling reaction of various substrates over catalyst 2 in
water. Reaction conditions: Aryl iodide (1 mmol), acetylene derivatives (1 mmol), catalyst 2 (30 mg,
containing 1.2 wt.% Pd), Et3N (3 mmol), and H2O (5 mL). [a] Yield determined by 1H NMR since
the product could not be separated from the unreacted starting material. For isolated yields, a ±5%
deviation can be considered.

Exemplarily, catalyst recovery experiments were carried out for the Sonogashira cross-
coupling of iodobenzene and phenylacetylene in water (Figure 11). At the end of each
reaction cycle, catalyst 2 could easily be separated using an external magnet and reused for
four runs without significant loss of activity. Encouraged by the facile magnetic separation
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of catalyst 2, we investigated a gram-scale synthesis of diphenylacetylene using 20 mmol of
each substrate. The result showed a yield of 96% (3.43 g of diphenylacetylene, see Figure S5
in the Supporting Information).

 

Figure 11. Recycling of catalyst 2 for the Sonogashira cross-coupling of iodobenzene and phenylacety-
lene; yields from 1st to 4th run are given; reaction conditions: iodobenzene (4 mmol), phenylacetylene
(4 mmol), catalyst 2 (120 mg, containing 1.2 wt.% Pd), Et3N (12 mmol), and H2O (20 mL). For isolated
yields, a ±5% deviation can be considered.

It should be noted that an equimolar ratio of the starting materials was used in
all cases, and an excess of one of the reactants was not necessary here. The scope and
efficiency of catalyst 2 were further studied for an oxidative Sonogashira cross-coupling
reaction. Here, two nucleophiles are coupled in the presence of metallic catalysts [104–110].
For the oxidative Sonogashira reaction, mainly homogeneous gold catalysts are used
in combination with phosphine ligands [105,106,108,109] or Selectfluor® [105,106,108] to
oxidize gold(I) to gold(III) species. As an alternative, a method based on Pd(OAc)2 in
combination with Ag2O has been published, but this was only applicable to electron-poor
terminal alkynes [107].

Our initial attempts to react phenylboronic acid and phenylacetylene in an aqueous so-
lution, as described in Figure 10, gave no noticeable product, even when 1 equiv. of silver(I)
oxide (Ag2O) was used. Interestingly, the reaction proceeded efficiently in acetonitrile
under mild thermal conditions, yielding 95% of diphenylacetylene (Figure 12).

 
Figure 12. Oxidative Sonogashira cross-coupling of phenylboronic acid and phenylacetylene with
catalyst 2. Reaction conditions: Phenylboronic acid (1.2 mmol), phenylacetylene (1 mmol), catalyst
2 (30 mg, containing 1.2 wt.% Pd), Et3N (3 mmol), Ag2O (1.5 mmol), CH3CN (5 mL). For isolated
yields, a ±5% deviation can be considered.

The efficiency of catalyst 2 in the oxidative Sonogashira cross-coupling reaction is
compared with results published in the literature (Table 3). Unlike the classical Sonogashira
reaction, the oxidative Sonogashira cross-coupling has not yet been well developed. Homo-
geneous gold complexes, such as the very expensive JohnPhos AuCl (Table 3, entry 5), are
often employed in this reaction. It was found that catalyst 2 is highly active compared to
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other systems. The other advantages of catalyst 2 are a simple protocol and a low reaction
temperature. To the best of our knowledge, this is the first example of a magnetically
separable heterogeneous palladium catalyst being used for the oxidative Sonogashira
cross-coupling reaction.

Table 3. Comparison of the oxidative Sonogashira cross-coupling catalyzed by catalyst 2 with
literature results.

Entry Catalyst Substrates Additives Solvent/Base Temp. (◦C) Time
(h)

Yield
(%) Ref.

1 2 phenylboronic acid/
phenylacetylene Ag2O CH3CN/Et3N 40 17 97 this work

2 Ph3PAuCl
phenylboronic acid/

4-
fluorophenylacetylene

Selectfluor® CH3OH/K2CO3 r.t. 18 87 [104]

3 Ph3PAuCl phenylboronic acid/
propargyl tosylamide

Selectfluor®/
AgBF4

CH3CN/Et3N r.t. 12 75 [107]

4 Pd(OAc)2
phenylboronic acid/

ethyl propiolate Ag2O CH3CN/K2CO3 70 12 71 [106]

5 JohnPhos
(AuCl)[a]

phenylboronic acid/
propiolic acid AgSbF6

dichloroethane/– r.t. 14 61 [108]

[a] Chlorido[(1,1′-biphenyl-2-yl)di-tert-butylphosphine]gold(I).

3. Materials and Methods
3.1. General Information and Instruments

All chemicals and solvents were purchased from chemical suppliers and used without
further purification. Dry pentane was used to purify the ionic liquid precursor. Solid-state
13C and 29Si CP-MAS NMR spectra were measured on a 500 MHz BRUKER Avance III
spectrometer (BRUKER BioSpin GmbH, Rheinstetten, Germany) with a 4 mm tube under
cross-polarization conditions and a spinning frequency of 11,000 Hz for both carbon and
silicon nuclei and with scan numbers of 20,000 (13C) and 2500 (29Si). High-resolution 1H
and 13C NMR analyses were carried out on 400 MHz BRUKER DPX spectrometers. The
SEM analysis was performed on a JSM-6490LA JEOL instrument (JEOL Germany GmbH,
Freising, Germany) as well as a Zeiss Supra 40 VP instrument (Carl Zeiss AG, Oberkochen,
Germany). EDX was performed using a Thermo Scientific Noran System Six (Thermo Fisher
Scientific Inc., Waltham, MA, USA) with a resolution of 130 eV. Transmission electron micro-
scope (TEM) images were obtained by using a JEOL 2010 device in analytical design (JEOL
Ltd., Tokyo, Japan) with a LaB6 cathode, operating at 197 kV. The instrument was equipped
with a Gatan imaging filter “863 GIF Tridiem” (Gatan Inc., Pleasanton, CA, USA). TEM
imaging was performed in the energy-filtered mode (EFTEM). The “Digital Micrograph 3”
software (Gatan Inc., Pleasanton, CA, USA) was used for acquisition and analysis of TEM
images. Elemental analyses were performed with an Elementar Vario Micro Cube device
(Elementar Analysensysteme GmbH, Langenselbold, Germany). Nitrogen physisorption
measurements were performed on a BELSORP MAX from Microtrac Retzsch (Microtrac
Retzsch GmbH, Haan, Germany) with sample activation in vacuum for 20 h at 130 ◦C prior
to the measurement. Data evaluation was carried out using the BEL Master version 7.3.2.0
software. XRD analysis was performed with a Siemens D 5005 powder diffractometer with
CuKα radiation in the 2θ range from 4◦ to 80◦ with a step width of 2θ = 0.04◦ and an accu-
mulation time of 10 s for step 1. The iron oxide nanoparticles were prepared according to
our established protocol [55]. The bis(triethoxysilane)-containing ionic liquid (IL) precursor
was prepared according to our previously described method [49]. XAS experiments were
performed at the PETRA III extension beamline P65 at Deutsches Elektronen-Synchrotron
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(DESY) in Hamburg, Germany, with an energy range of 4–44 keV. Measurements were
performed at the Pd K-edge (24,350 eV) using a Si(311) C-type double crystal monochro-
mator and a beam current of 100 mA with a ring energy of 6.08 GeV. The samples were
placed in glass capillaries without dilution, and spectra were recorded as continuous scans
in both fluorescence and transmission modes at ambient temperature and pressure in the
range of −150 to 1000 eV around the edge in 180 s. Evaluation was performed using the
Demeter software package (Institut Laue-Langevin, Grenoble, France) on the fluorescence
data of the individual samples. Mössbauer spectra were recorded in transmission mode
at room temperature with no external magnetic field. The source of Mössbauer radiation
was a radioactive 57Co electrodeposited in a Rh matrix with an activity of 56 MBq at the
time of measurements. The source was mounted on a Mössbauer drive performing the
constant acceleration mode. Γ-Quanta transmitted through the sample were detected with
a proportional counter connected to a multichannel analyzer using 512 channels in the time-
scale mode. All devices were from WissEl GmbH (Wissenschaftliche Elektronik GmbH,
Starnberg, Germany). The powder samples were prepared in a sample holder 3D-printed
using an optically transparent copolyester (Ultimaker CPE+-Filament). The software used
for calculating the Mössbauer spectra was a Microsoft Excel plug-in, vinda [111]. Magnetic
sextets with Lorentzian line shape were used for the analysis. The line widths Γ are given
as full widths at half maximum (FWHM). The quadrupole splitting (QS) was taken as zero
in all cases.

3.2. Synthesis of the Functionalized Silica Particles

0.644 g (1.77 mmol) of cetyltrimethylammonium bromide (CTAB), 215.6 mL of H2O,
and 0.45 mL of aqueous ammonia solution (25% by weight) were added to a 500 mL flask,
and the mixture was stirred at room temperature for 10 min. The second flask, containing
a solution of 0.5 mL of n-decane and 102 g of ethanol, was then added to the first flask.
This mixture was stirred for 10 min and then was placed in an ultrasonic bath for 15 min at
35 ◦C. Next, 19.2 mmol (4.00 g, 4.26 mL) of tetraethylorthosilicate (TEOS) was added to
this solution, and the mixture was stirred at 700 rpm at 35 ◦C for 60 min. Then, 2 mmol
(1.03 g) of the IL derivative was diluted in 1 mL of ethanol, and the solution was added
dropwise to this mixture, while continuing the stirring for 23 h at the same temperature. At
the end of the reaction, the white solid was collected by centrifugation (2 min at 5000 rpm)
and was washed several times with ethanol. The CTAB surfactant was removed according
to the previously reported procedure [41,49], and the material was then dried in an oven
at 80 ◦C for 18 h to yield 2.06 g of a pale-yellow powder. Elemental analysis: C: 11.14%,
H: 2.93%, N: 2.22%. For the crushed particles (Table 1, entry 5), the material was crushed
according to the procedure described in ref. [49].

3.3. Procedure for the Preparation of Material 1 [94]

1.0 g of hollow silica particles was dispersed in 40 mL of acetonitrile, and the sus-
pension was placed in an ultrasonic bath at room temperature for 10 min. A solution of
PdCl2 (80 mg) in acetonitrile (40 mL) was then added dropwise to the dispersed hollow
particle suspension. The mixture was stirred for 24 h at the reflux temperature (82 ◦C). At
the end of the reaction, the mixture was cooled to room temperature, then the particles
were separated by centrifuge, washed with acetonitrile (4 × 10 mL), and dried in an oven
at 80 ◦C for 18 h to yield 1.0 g of a light brown powder. Elemental analysis: C: 11.19%, H:
3.51%, N: 2.00%.

3.4. Synthesis of Catalyst 2

0.50 g of the hollow silica-Pd material 1 was dispersed in 30 mL of ethanol, and
the suspension was placed in an ultrasonic bath at room temperature for 10 min. Then,
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0.15 g of the maghemite (γ-Fe2O3) was completely dispersed in 20 mL of ethanol under
ultrasonic conditions. The ethanolic suspension of γ-Fe2O3 was then added dropwise
to the stirred suspension of the silica–Pd material in ethanol. The mixture was stirred at
room temperature for 2 h, followed by evaporation of the solvent in a rotary evaporator
to yield 0.64 g of dry gray powder. Elemental analysis: C: 13.10%, H: 2.51%, N: 1.62%, Pd:
1.19 wt.%, and Fe: 10.04 wt.%.

3.5. Procedure for the Sonogashira Cross-Coupling Reaction

In a 10 mL flask, 30 mg of catalyst 2 was dispersed in 5 mL of H2O and sonicated
for 10 min in an ultrasonic bath. Then, 1 mmol aryl iodide, 3 mmol (0.42 mL, 0.3 g)
triethylamine, and 1 mmol of the acetylene derivative were added to the flask, and the
resulting mixture was stirred for the appropriate time and at the given temperature. At the
end of the reaction, it was cooled to room temperature, extracted with Et2O (3 × 10 mL),
and the combined organic phase was dried over anhydrous MgSO4. The solvent was then
removed under vacuum, and the residue was purified by silica gel column chromatography
using n-hexane/ethyl acetate as the eluent to yield the pure product.

3.6. Procedure for the Oxidative Sonogashira Cross-Coupling Reaction

In a 10 mL flask, 30 mg of catalyst 2 was dispersed in 5 mL of CH3CN and then
sonicated for 10 min in an ultrasonic bath. Then, 1 mmol (0.1 g) of phenylacetylene,
1.2 mmol (146 mg) of phenylboronic acid, 1.2 mmol (348 mg) of Ag2O, and 3 mmol (0.42 mL,
0.3 g) of triethylamine were added to the flask, and the resulting mixture was stirred for
17 h at 40 ◦C. At the end of the reaction, the mixture was cooled to room temperature and
extracted with Et2O (3 × 10 mL). The combined organic phase was dried over anhydrous
MgSO4. Then, the solvent was removed under vacuum, and the residue was purified by
silica gel column chromatography using n-hexane as the eluent to give the pure product.

3.7. Recycling Experiment

In a 25 mL flask, 120 mg of catalyst 2 was dispersed in 20 mL of H2O and sonicated
for 10 min in an ultrasonic bath. Then, 4 mmol of iodobenzene, 12 mmol of triethylamine,
and 4 mmol of the acetylene derivative were added to the flask, and the resulting mixture
was stirred at the appropriate time and temperature. At the end of each reaction cycle, the
flask was cooled to room temperature. The catalyst was then isolated in the flask by using
an external magnet. The solution was decanted into a 100 mL flask. The remaining catalyst
was further washed with Et2O (3 × 20 mL), and the combined organic solution was dried
over anhydrous MgSO4. The solvent was then removed under vacuum, and the residue
was purified by silica gel column chromatography using n-hexane/ethyl acetate as eluent
to give the pure product.

4. Conclusions
This study describes the synthesis of a magnetically separable palladium catalyst,

decorated on Janus-type hollow silica particles, for the Sonogashira cross-coupling reaction.
The catalyst exhibits high activity, which can be attributed to the following material proper-
ties: (i) a certain degree of cooperativity between the palladium and iron oxide sites in the
reaction, (ii) a uniform and site-isolated distribution of palladium within the ionic liquid
layer that prevents agglomeration of the active species, (iii) the unique structure of the
hollow particles, particularly their low density that promotes efficient dispersion within
the reaction mixture, and (iv) the accessibility of the active species on the outer surface
of the hollow silica particles that exhibit well-balanced surface wettability. As discussed,
the anisotropic “Janus architecture” does not significantly contribute to achieving high
catalytic activity.
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Unlike previous reports, which required the Sonogashira reaction to be carried out
under anhydrous conditions [112,113] or in an inert atmosphere [104,114,115], our catalytic
system is highly compatible with both water and air and can operate at near-ambient
temperatures. The catalyst also exhibits exceptional activity in the oxidative Sonogashira
cross-coupling reaction, opening up new avenues for the development of cost-effective,
eco-friendly heterogeneous catalysts for this process. To the best of our knowledge, this is
the first example of a catalytic application of periodic mesoporous silica Janus particles in a
carbon-carbon bond formation reaction.

This work provides valuable insights into the rational design of water-compatible,
bimetallic, heterogeneous catalysts. These catalysts offer additional benefits such as ease
of separation and potential for large-scale synthesis. Furthermore, it promotes the de-
velopment of efficient catalytic systems by facilitating synergy between active species in
Janus-type materials. Employing this type of catalyst in various coupling reactions, as well
as tuning its activity toward less reactive substrates, emerges as one of the major upcoming
challenges of this work. Further topological surface analyses of the catalyst are currently
being conducted in our research group.

Supplementary Materials: The supporting information for this article can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal15121123/s1. Figure S1. Solid-state 29Si CP-MAS NMR
spectrum of material 1; Figure S2. The SEM image of the pristine hollow silica particles with no IL
functionalities; Figure S3. EDX elemental mapping of catalyst 2 in combination with the SEM analysis;
Figure S4. HR-TEM elemental mapping of catalyst 2; Figure S5. HR-TEM images of compound
2; Figure S6. HR-TEM images of compound 2; selected regions for elemental mapping; Figure S7.
Mössbauer spectrum of material 1. The solid lines are simulations with the parameters given in
Table S1; Table S1: Mössbauer parameters as obtained from the analysis of the Mössbauer spectrum
shown in Figures S5 and S6; Figure S8. Separation of the catalyst using an external magnet. Small
amounts of the catalyst, which are on the flask are also washed with distilled water during the
catalyst collection; Figure S9. 1H NMR in CDCl3; Figure S10. 13C NMR in CDCl3; Figure S11. 1H
NMR in CDCl3; Figure S12. 13C NMR in CDCl3; Figure S13. 1H NMR in CDCl3; Figure S14. 13C
NMR in CDCl3; Figure S15. 1H NMR in CDCl3; Figure S16. 13C NMR in CDCl3; Figure S17. 1H
NMR in CDCl3; Figure S18. 13C NMR in CDCl3; Figure S19. 1H NMR in CDCl3 (mixture with
unreacted 1-Iodo-4-nitrobenzene); Figure S20. 13C NMR in CDCl3 (mixture with unreacted 1-Iodo-4-
nitrobenzene); Figure S21. 1H NMR in CDCl3; Figure S22. 13C NMR in CDCl3; Figure S23. 1H NMR
in CDCl3; Figure S24. 13C NMR in CDCl3; Figure S25. 1H NMR in CDCl3; Figure S26. 13C NMR
in CDCl3; Figure S27. 1H NMR in CDCl3; Figure S28. 13C NMR in CDCl3; Figure S29. 1H NMR in
CDCl3; Figure S30. 13C NMR in CDCl3; Figure S31. 1H NMR in CDCl3; Figure S32. 13C NMR in
CDCl3; Figure S33. 1H NMR in CDCl3 (mixture with unreacted 1-iodo-4-nitrobenzene); Figure S34.
13C NMR in CDCl3 (mixture with unreacted 1-iodo-4-nitrobenzene).
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