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ABSTRACT

A straightforward manufacture strategy is proposed to obtain an efficient and robust palladium-alumina
(Pd®/AL,03) cermet monolithic catalyst, specifically designed to perform safe microwave assisted organic
synthesis (MAOS). In this approach, a cermet catalyst with high surface area, controlled composition and
adapted shape and dimensions to a microwave reactor vessel is generated via 3D printing technology and
sintering. The resulting catalyst has been explored in heterogeneous Suzuki, Sonogashira, Stille and Heck
cross-coupling reactions, in MAOS. The PdC catalyst is permanently active, stable, without leaching and
can be recycled and reused at least 200 reaction cycles. The generation of hot spots, sparking or haz-
ardous discharges is controlled by the effective immobilization of the palladium in the monolithic
structure during the reaction. The palladium content is forming part of both the internal and external
structure, providing greater mechanical resistance and catalytic activity with respect to the basic ceramic
material (alumina).

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Palladium-catalyzed cross-coupling reactions (PCCCRs) are one
of the greatest milestones in organic chemistry. Particularly the
procedures described by Suzuki-Miyaura, Sonogashira, Stille or
Heck are good examples of this paradigm [1,2], although they all
follow different reaction mechanisms. Rapid progress in hetero-
geneous Pd catalysts for cross-coupling reactions have been real-
ized for the synthesis of compounds for pharmaceutical and
chemical industries [3]. The three pillars of heterogeneous catal-
ysis are activity, selectivity and stability. Consequently, it is well
established that an ideal heterogeneous catalyst should has high
geometric surface area that allow incorporation of high active
catalytic sites, mechanical robustness, thermal stability, control
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loading, negligible leaching, recyclability and any loss of activity by
poisoning or deactivation. All these limitations often result in a
significant decrease in catalytic activity. Efficient catalyst will
clearly require the combination of diverse strategies considering
different aspects, such as thermal, mechanical and chemical
related with the stability and morphology of the catalyst.
Monolithic catalysts are structures comprising functional
interconnected microchannels with a regular three-dimensional
structure. They can replace conventional catalysts (homogeneous
catalysts) and chemical reactors as well as helping to overcome
different problems posed by traditional systems. Monolith reactors
were initially developed in mid 1970s for the automotive industry
to remove NO, CO and hydrocarbons through gas-solid reactions in
engine emission converters. In solution phase chemistry, the
monoliths have many advantages over heterogeneous powdery
catalytic systems (polymeric reagents, nanoparticles, in general,
supported reagents) and traditional packed-bed reactors, such as
high transport rates of heat and mass per unit pressure drop, small
transverse temperature gradients ease of scale-up and work-up
(avoiding filtration processes) [4,5]. When a monolithic catalyst
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is considered as an alternative to a fixed-bed reactor packed with
commercially available catalyst particles, a straightforward pro-
totyping and development program is needed to produce the
monolithic catalyst.

Beyond the importance of the catalyst itself in organic re-
actions, microwave heating has several applications in almost
every field of chemistry, due to the advantages that this technol-
ogy offers compared to traditional heating methods. Microwave
assisted organic synthesis (MAOS) has rapidly gained acceptance
as a valuable tool for accelerating drug discovery and development
processes [6]. Advantages of microwave heating over conventional
heating stem mainly from its ability to interact with the material
at the molecular level. Heat losses (conductive and convective)
associated with traditional heating methods are negligible with
microwave heating [7,8]. However, this synthetic methodology is
not without risks. In the case of catalysts with metal loadings,
microwave-metal discharge could trigger hot-spot formation, local
microplasmas and arcing at metal sites, generating hazardous
conditions in the presence of flammable solvents and/or gas [9].
These phenomena can cause sparkling or flame inside the mi-
crowave reactor. Explosions could occur, for example, in the case
of homogeneous PCCCRs using common palladium reagents. These
processes are particularly critical at points in the reactor where
metal palladium deposits become embedded in the reactor wall in
the absence of solvent and therefore under the direct action of
microwave radiation [10]. The sparkling phenomena in metal-
solvent mixtures has been reviewed by Kappe [11] and co-
workers supporting the data reported by Hulshof [12] who ob-
serves that arcing phenomena is basically linked to large metal
particles. Consequently, an effective immobilization of palladium
species on a monolithic catalyst must be taken to avoid metal
leaching, hot-spots formation, sparkling and electric discharges in
PCCCRs under MAOS.

Cermet is a composite material made up of ceramic materials
and metals. Cermets are used to combine the high temperature
and abrasion tolerance qualities of ceramics with the malleability
of metals. The combination of a heterogeneous cermet-type
catalyst with the microwave heating tool has many advantages.
Most of the solid catalysts highly absorb microwave irradiation
thus they can be considered as an internal heat source. In fact, a
way in which microwaves can be selective is by heating a certain
part of the catalyst better than the rest. For instance, low-dielectric
loss materials such as alumina loaded with microwave active
metal (Fe, Pt, Mo or Pd). The microwave active material will heat
to very high temperatures leading to selective overheating of
metallic sites that cause increased reaction rates [13]. For Mars van
Krevelen mechanism [14], where the catalyst surface itself is an
active form of the reaction, forming a thin layer of metal-reactant
(metal-oxide, metal-sulfide etc.) on the surface, microwave heat-
ing causes selective acceleration of primary reaction step, resulting
in increased overall rate of reaction [15].

Most cermet manufacturing processes are based on powder
metallurgy techniques. Metal and ceramic powders are mixed
and ground together in a ball mill or an attrition mill. A lubricant
or humectant is often added to facilitate shaping operations. In
many cases, after grinding, a suspension is prepared with the raw
materials, which is atomized to obtain fine, homogeneous and
spherical particles. The pieces are formed by compacting the
powder by cold pressing, cold isostatic pressing, or hot isostatic
pressing. Except in the latter case, the pieces already formed are
thermally processed for sintering at high temperatures in
continuous or discontinuous furnaces, with or without controlled
atmospheres, depending on the case. Numerous studies have
been performed using a support material where the active metal
phase is incorporated by impregnation [16—18], absorption [19],
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deposition-precipitation [20], ion exchange [21] and encapsula-
tion [22,23] process. Some of these methods are usually followed
by a thermal or chemical treatment to activate the metal. How-
ever, these strategies have their own limitations in terms of
design, loading and mechanical/thermal stability.

A highly promising technique for the fabrication of structured
catalyst is the 3D printing, an additive manufacturing technique
[24,25]. It has been widely used to generate complex-shaped
structures with controlled composition and architecture. This
approach is based on the extrusion of ink through a nozzle,
which can be deposited over a substrate in a layer-by-layer
sequence. Owing to the spatial resolution that can be achieved,
this technique can be extended to a broad range of technological
applications ranging from optoelectronics [26—29], catalysis
[30—33], to biomaterials [34—36]. These functional structures can
be fabricated using different materials such as metals, ceramics,
metal oxides, hydrogels, and composites. The ability to fabricate
3D structures with micrometer resolutions at both meso- and
micro-scale depends basically on the rheological behaviour inks
and printing parameters. In this respect, the control over these
features is fundamental to allow the development of 3D struc-
tures with controlled composition, architecture, and specific
properties.

In previous works of our research group, we have carried out
the manufacture of monoliths using 3D-printing technology,
following different strategies such as robocasting and sintering for
the manufacture of composite materials based on alumina and
copper oxide [30]. In other works, the surface functionalization of
SiO, monoliths was carried out by silanization and metalation
[37], coating with polyimide-palladium composite on the surface
[38] as well as incorporation of metallic catalytic species on the
surface using the strong electrostatic adsorption technique [39]. To
our knowledge, there are no examples of monolithic cermet-type
catalysts, manufactured by 3D-printing, tailored to a microwave
reactor-vessel. In this work, we present the design and fabrication
of the first Pd°/Al,03 cermet monolithic catalyst [40] specifically
designed to fit in a microwave reactor. The catalyst can be rapidly
prepared via combination of 3D printing (direct ink writing
technique) and subsequent thermal treatment, without any other
type of surface treatment after sintering. The catalyst, with 3D
structured morphology and long-term stability, was used as an
efficient, extremely robust and safe catalyst for Suzuki, Stille,
Sonogashira and Heck palladium catalyzed cross-coupling re-
actions assisted by microwave heating.

2. Experimental section
2.1. Ink synthesis

The ink is synthetized using a protocol similar to that previously
described [30]. Briefly, 5 g of PdCl, (on a stoichiometric basics,
99.9%, Alfa Aesar) was dissolved in 14 mL of deionized (DI) water.
Then 50 g of Al,03 powder (mean particle size 0.5 um and real
density of 3.96 g/mL, Almatis GmbH, Germany) was added into the
PdCl; solution, and mixing in a planetary mixer (ARE-250, Thinky,
USA) at 2000 rpm for 2 min. After, 0.065 g of (hydroxypropyl)
methyl cellulose (HPMC, viscosity 2600—5600 cP, Sigma-Aldrich)
was added to the suspension, followed by through mixing at
2000 rpm for 2 min. After 1 h equilibrium, the resulting suspension
was gelled by adding 0.13 mL of polyethylenimine (PEI, Mw = 2000,
Sigma-Aldrich), and was again homogenized in the planetary mixer
at 2000 rpm for 2 min. This mixing process is repeated until to
obtain the desired homogeneity. The final printable ink was
composed of 5.6 wt% of Pd (relative to the ceramic content) and a
ceramic concentration of about 45 vol%.
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2.2. Fabrication of Pd°/Al,03 catalyst

A robotic deposition apparatus (Model A3200, Aerotech Inc.,
USA) was used to fabricate the catalyst sample. The ink was loaded
into the syringe (3 mL, Nordson EFD Inc., Japan), which is attached
by a nozzle tip (410 um diameter size, Nordson EFD Inc.). An air
dispenser (Performus VII attached to HP7x, Nordson EFD Inc.) is
used to control the ink flow rate. The ink was extruded (Direct Ink
Writing) under pressures ranging from of 7—10 bar at a speed of
3—5 mm/s. Catalytic structures were designed using CAD software
(Robocad 3.4, 3D Inks, USA), with cylindrical shape (diameter
10 mm and height 5 mm), and open square pores of 590 x 590 pum.
After drying at room temperature, the samples were sintered in air
at 1500 °C for 2 h with a ramp rate of 10 °C/min.

2.3. Characterization of Pd%/Al,03 catalyst

The surface morphology and microstructure of the samples were
characterized using scanning electron microscopy (SEM, JEOL 6400,
JEOL Corporation, Japan) and stereomicroscope (OlympusSZX12,
Olympus, Japan). The surface elemental analysis of sintered samples
was measured using energy dispersive X-ray spectrometer (EDS,
AZTEC[Xact, Oxford, UK). The crystal structure of samples was
monitored by a Siemens D5000 diffractometer (Siemens, Germany)
with CuKe. radiation (A = 0.15418 nm). Data was collected in the
range of 20—90° (26) with a step size of 0.05°. The palladium content
in the monolith catalyst was determined by inductively coupled
plasma-optical emission spectroscopy (ICP-OES, Varian Liberty
200). Temperature programmed reduction (TPR): The reducible
species formed during the calcination step were determined by this
technique using an Autosorb 1C-TCD equipped with a thermal
conductivity detector. The monolith was loaded in U shaped quartz
tube and heated from room temperature to 473 K for 1 h in Ar stream
(30 mLN/min). The sample was then cooled down to 313 Kand the Ar
was replaced by a 5 vol % Ha/Ar gas stream (45 mLN/min). The
sample was heated from 313 K to 673 K, at a ramp rate of 10 K/min.
CO chemisorption (CO—C): The metal dispersion was measured by
CO pulse chemisorption using an AutoChem II 2920 apparatus
equipped with a TCD detector. The analysis started by heating the
catalysts sample from room temperature to 673 K at 10 K/min under
40 mLN/min of 5 vol % Hy/Ar flow. Then, the sample was kept under
50 mL/min of helium for 30 min and cooled down to 308 K. Finally,
when the detection baseline was stable, CO pulse chemisorption
started. The dosage was repeated every 2 min until equal peaks were
detected or 20 dosages were carried out. Metal dispersion was
determined by assuming a stoichiometric ratio of Pd/CO = 1. For
surface analysis, X-ray photoelectron spectroscopy (XPS) was car-
ried out using a Physical Electronics PHI 5700 spectrometer with
nonmonochromatic Mg Ko radiation (300 W, 15 kV,1253.6 eV) as the
excitation source. High-resolution XPS spectra were recorded at a
given take-off angle of 45° by a concentric hemispherical energy
electron analyzer, operating in the constant pass energy mode at
29.35 eV, using a 720 um diameter analysis area. Adventitious car-
bon at 284.8 eV has been used for charge referencing. Images of Pd
nanoparticles dispersed in the ceramic matrix were acquired using a
Gemini-500 Field-Emission Scanning Electron Microscope (FESEM)
operating at 20 kV using a back-scattering AsB detector with a size
resolution of +0.5 nm. Selected images were analyzed by counting
more than 100 particles using Image] software.

2.4. Catalytic evaluation
All reactions were performed in a CEM/DISCOVER SP-D-Closed

Vessel Microwave apparatus. lodoarenes, 5-haloisatins, alkenes,
alkynes, boronic acids and organotin reagents were purchased from
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Aldrich and Alfa Aesar [(4-methoxicarbonyl)phenylboronic acid)].
All reactions were monitored by TLC with 2.5 mm Merck silica gel
GF 254 strips and the purified compounds showed a single spot.
Detection of compounds was performed by UV light and/or iodine
vapor. Purification of isolated products was carried out by prepar-
ative TLC using silica gel plates. The synthesized compounds were
characterized by spectroscopic and analytical data. The NMR
spectra were recorded on Bruker AM 300 MHz ('H) and XM500
spectrometers. Chemical shifts are given as § values against tetra-
methylsilane as internal standard and J values are given in Hz.
Proton and carbon nuclear magnetic resonance spectra ('"H NMR)
were recorded in CDCls. Melting points were determined on a
Gallenkamp melting point apparatus and are uncorrected. Mass
spectra were obtained on a Varian MAT-711 instrument. High res-
olution mass spectra (HR-MS) were obtained on an Autospec
Micromass spectrometer.

General procedures for PCCCRs: All reactions were performed
using the 3D printed Pd°/Al,O3 cermet monolithic catalyst [total
content of Pd on monolithic surface: 1.1 mg; it means 1.1% mmol Pd
on the reaction]. No magnetic bar was used in these experiments
although they are compatible in these procedures.

2.4.1. Suzuki reactions

In a capped microwave reactor vessel (13 mm internal diam-
eter), provided with the 3D-printed Pd°/Al,03 cermet catalyst were
dissolved the corresponding haloarene (0.98 mmol), NapCO3
(2.94 mmol) and the boronic acid (1.07 mmol) in a mixture of
iPrOH/H,0 (2:1 ratio, 5 mL). The mixture was heated at 120 °C
under microwave irradiation (200 W) for 20 min. Once the reaction
finished, the catalyst was removed from the vial, sonicated, washed
with water (5 mL), MeOH (5 mL) and acetone (5 mL) and dried
under vacuum for 30 min for reuse. The mixture was washed with
water and extracted in AcOEt. The organic phase was dried with
anhydrous Na;SO4 and evaporated at room temperature on a rotary
evaporator. The resulting solid was recrystalized by isopropanol to
give the final products compounds 2a-e (entries 2a-d)].

2.4.2. Sonogashira reactions

In a microwave reactor vessel (13 mm internal diameter), pro-
vided with the 3D-printed Pd®/Al,03 cermet catalyst were dis-
solved the corresponding iodoarene (0.98 mmol), TEA (2.94 mmol)
and the alkyne (1.07 mmol) in iPrOH (5 mL). The mixture was
heated at 120 °C in a microwave reactor (200 W) for 30 min. Once
the reaction was finalized, the catalyst was removed from the vial,
sonicated, washed with water (5 mL), MeOH (5 mL) and acetone
(5 mL) and dried under vacuum for 30 min for reuse. The mixture
was washed with water and extracted in AcOEt. The organic phase
was dried with anhydrous Na;SO4 and evaporated at room tem-
perature on a rotary evaporator. The mixture was purified by pre-
parative TLC (AcOEt/Hexane) to give compounds 2f-i.

2.4.3. Heck reactions

In a microwave reactor vessel (13 mm internal diameter), pro-
vided with the 3D-printed Pd®/Al,03 cermet catalyst were dissolved
the corresponding iodoarene (0.98 mmol), TEA (2.94 mmol) and the
alkyne (1.07 mmol) in MeCN (5 mL). The mixture was heated at
120 °Cin a microwave reactor (300 W) for 20 min. Once the reaction
was finalized, the catalyst was removed from the vial, sonicated,
washed with water (5 mL), MeOH (5 mL) and acetone (5 mL) and
dried under vacuum for 30 min for reuse. The mixture was washed
with water and extracted in AcOEt. The organic phase was dried with
anhydrous Na;SO4 and evaporated at room temperature on a rotary
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evaporator. The mixture was purified by preparative TLC (AcOEt/
Hexane) to give compounds 2j, d, k, 1.

2.4.4. Stille reactions

In a microwave reactor vessel (13 mm internal diameter), pro-
vided with the 3D-printed Pd°/Al,O3 cermet catalyst were dis-
solved the corresponding iodoarene (0.98 mmol) and the
corresponding organostannane (1.07 mmol), in MeCN (5 mL). The
mixture was heated at 120 °C in a microwave reactor (200 W) for
20 min. Once the reaction was finalized, the catalyst was removed
from the vial, sonicated, washed with water (5 mL), MeOH (5 mL)
and acetone (5 mL) and dried under vacuum for 30 min for reuse.
The mixture was washed with water and extracted in AcOEt. The
organic phase was dried with anhydrous Na;SO4 and evaporated at
room temperature on a rotary evaporator. The mixture was purified
by preparative TLC (AcOEt/Hexane) to give compounds 2a, e, f, m,
n

3. Results and discussion

Activity, selectivity and stability of a monolithic catalyst could be
positively affected during microwave-assisted heterogeneous
catalysis. Consequently, in this work we set as specific objectives:
the design of a cermet type monolith catalyst provided with an
appropriate design (presence of interconnected channels) (1),
simple and direct manufacturing (2), catalytic efficiency (3),
chemical and mechanical robustness (4), as well as almost unlim-
ited reusability and safety in MAOS (5). We present here a direct
manufacturing process based on 3D-printing (direct ink writing,
DIW) of catalytic inks based on a-alumina and palladium species
and subsequent sintering of the monolith, to obtain a cermet type
monolith Pd®/AL0s.

3.1. Design of the monolithic structure and the composition of the
Pd%Al,03 cermet

Monolithic catalyst design: The shape and size of the monolith,
to adapt it to a certain reactor, can be modulated by 3D printing, so
this technology is ideal in prototyping processes. As can be seen in
Figs. 1b,d and 3b,c, the shape of the catalyst is adjusted to the shape
and dimensions of the microwave vessel. For this reason, a slightly
flattened cylindrical shape structure was designed, adapted to the
bottom of the vessel.

Regarding the composition of the final product, it is important to
highlight that the material described here contains metallic species
both inside the filaments of the structure and on the surface as Pd°
and not as PdO (oxide). Therefore, the material obtained in this
work is a true cermet: metal (0)-ceramic composite, so this
monolith is particularly efficient in palladium-catalyzed cross-
coupling reactions (Suzuki, Stille, Sonogashira, Heck).

Alumina-based ceramics (Al,03) have excellent physical and
chemical properties. In addition, they have good mechanical
resistance and thermal stability [41]. However, their high Young's
modulus values make the applications somewhat limited due to
their high brittleness, as they are not easily deformed. Conse-
quently, alumina ceramics are very sensitive to minimal defects in
their microstructure, which acts as a crack initiation point [42,43].
Nevertheless, ceramic materials can improve their fracture tough-
ness by homogeneous incorporation of fine particles of ductile
metals in the matrix. Different reinforcement metal amounts of
A1203/A1 [44], A1203/Cl' [45], A1203/CU [46], A1203/Ni [47], A1203/M0
[48], Al,03/Ti aluminide [49] and Al,03/NizAl [50] have been re-
ported. Many of these composites are synthesized using powder
techniques. These techniques start from a mixture of powders from
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a high-energy mechanical grinding, and later they are subjected to
a pressing process, and finally they are sintered at a certain time
and temperature, giving rise to the composite material [51].
Therefore, the robustness of the monolithic material improves with
the incorporation of the metallic component in the composition of
the internal matrix of the filaments. It is well known that cermet
experiences a decrease in their hardness and elasticity module in
comparison with the material base. However, his fracture tough-
ness increases. Consequently, these factors contribute to the new
composite better tolerating the generation of cracks when the
material is working under conditions of high loads and friction [51].

3.2. Preparation and Characterization of Pd°/Al,03 catalyst

The synthesis of the monolithic catalyst is very direct and simple
since it is a process of 3D-printing and sintering, which is carried
out without any other type of surface treatment. Specifically, we
first developed an aqueous colloidal Pd/Al,03 ink with tailored
rheological properties for 3D printing that contains moderate Pd
loading (5.6 wt%). Al,03 has been used as matrix due to its excellent
thermal and mechanical properties [52], which leads to obtain a
catalyst with remarkably stability. After an appropriate ink syn-
thesis, a 3D structure with high geometric surface area and open
square pores was fabricated, followed by thermal annealing at
1500 °C for 2 h to obtain a catalyst with thermal/mechanical
integrity. A detailed physico-chemical characterization for the
catalyst was carried out by optical, scanning electron microscopy
(SEM), EDS, and X-ray diffraction (XRD) techniques, and it was
evaluated as catalyst in Suzuki, copper-free Sonogashira, Stille and
Heck cross-coupling reactions under microwave heating condi-
tions. The proposed strategy can be extended to other metals,
opening new opportunities in the design and synthesis of efficient
metal catalyst. Fig. 1 shows the physical parameters and different
images of the 3D Pd°/Al,03 catalyst. This structure was prepared
using colloidal Pd/Al,O3 ink, where the stabilization of Pd in the
sample combines chemical and physical strategies. In the first step,
concentrated colloidal ink was prepared by using a Pd*2 precursor
(PdCl,) that was absorbed into the Al,03 particles through elec-
trostatic interactions in an aqueous solution under stirring. Content
of Pd could be adjusted in this step by varying the amount of the
metal precursor. Particularly, we created ink with a weight per-
centage of 5.6 wt% Pd to achieve sufficient reinforcement in the
internal structure, as well as a minimum palladium content on the
surface, necessary for catalysis to occur. Then, a non-ionic
(hydroxypropyl)methyl cellulose (HPMC) and a cationic poly-
ethylenimine (PEI) were added to impart the desired rheological
properties to the ink. Subsequently, the obtained ink was used to
fabricate the Pd/Al,Os catalyst by 3D printing technique. This
catalyst was designed with well-controlled morphology using CAD
software, where the size and shape is proportional to the micro-
wave reaction vessel. Finally, as discussed above, the resulting
sample was sintered at 1500 °C for 2 h to form a catalyst with
remarkable mechanical and structural properties, which are
strongly related with the catalytic activity. Note that the thermal
treatment was selected, in order to achieve a catalyst with excellent
mechanical properties and a specific oxidation state (0) of Pd. At a
lower temperature, the catalyst could be easily cracked when the
reactions will be carried out under shaking and microwave heating
conditions. During the sintering process, no reducing atmosphere
was used to get Pd® in the cermet. As shown in Fig. 1b—i, the sin-
tered sample present a uniform shape, network structure, and a
homogeneous surface without cracks. Fig. 1c shows the sintered
structure with interconnected square pores. The cross-sectional
image in Fig. le confirms the multilayer and interconnected
morphology of the final catalyst. The advantages of choosing this
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(a) Physical properties

Catalytic system Pd/Al,O,
Nature of ceramic | a-Al,O;
Active phase Pd
Geometry support | Woodpile
simple cubic
Channel geometry | Square
Height support 0.5cm
Diameter support 0.8cm
Geometric surface | 33.2 cm?/cm’
area (GSA)
Wall thickness 291 um
Pore size 424 um

(d)

3D uniform

structured catalyst
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(c)

+ Square pajes -

n

Fig. 1. (a) Physical parameters of the sintered sample. (b) Optical microscopy images of the sample surface after sintering and (c) interconnected square pores. (d) Photograph
showing the Pd°/AL,0; catalyst fabricated with cylinder geometric shape. (e) Optical microscopy cross-sectional image. The inset is a rod with a width of 291 pm. (f) High-
magnification SEM image, showing the microporosity on the cross section (internal section). (g, h) SEM images of the smooth external surface of the monolith. (i) SEM image
of the filament cross section, showing different appearance between smooth (outer) and rough surface (inner section).

morphology are the formation of high surface area to volume ratio,
which enhances the number of active sites for catalytic reactions.
Noticeably, the sintered structure is mechanically robust to tolerate
long-term and repeated reaction cycles. As expected, the colour of
catalyst changed after sintering from light-grey (dried sample) to
more black (sintered sample), suggesting an efficient reduction of
Pd*? into Pd®, probably as a consequence of the presence of poly-
ethylenimine (PEI), in the catalytic ink, acting as a palladium
reducing agent. In addition, moderate diffusion out of the Pd metal
through the substrate was observed after sintering, suggesting a
significant metal immobilization in the sample. Particularly, the
results of the chemical analysis obtained by ICP-OES indicate that
metallic content (Pd wt%) is around 1.66 wt% for the sample after
sintering. Furthermore, the optimum sintering temperature results
in a catalyst with a geometric surface area (surface area-to-volume
ratio) of 33.2 cm?/cm?, according to the dimensions the external
dimensions of structure.

A smooth surface was further confirmed by the magnified SEM
image (Fig. 1g and h). The cross section of the monolith (view of the
inner cross section of the metal-ceramic composite) is shown in
Figs. 1f, i and 2a, where the two materials (metal and ceramic) are
observed. In addition, from this image it cannot be observed any
segregation or precipitation of the Pd at the grain boundary region,

demonstrating that Pd metal was well integrated within the Al,03
matrix.

The qualitative and quantitative distribution of palladium on the
monolith surface were experimentally confirmed by the SEM, EDS
and mapping, XRD, TPR and CO—C. Fig. 2a shows the surface SEM
image of the Pd®/Al,05 filament, and Fig. 2b represents its spectrum
in two different regions. The results, together with the EDS-
mapping results (Fig. 2c), reveal that the Pd element is evenly
distributed throughout the monolith structure. This outer Pd con-
tent is available for the catalytic reactions. The presence of Pd is
confirmed in the two regions (inner and outer sections) by the EDS.

These results demonstrated that Pd could be efficiently loaded
on the ceramic network with an excellent confinement into the
Al>O3 matrix after the sintering process. In addition, FESEM images
at higher resolution allow to observe that Pd is dispersed along the
ceramic matrix surface but also inside their pores in the form of
nanoparticles. These appear in the form of aggregates/clusters with
a mean size of ca. 185 + 50 nm (Fig. 2f—h). This agglomeration can
result from the sintering of adjacent Pd ions distributed along the
matrix during the thermal reduction process due to the absence of
any stabilizer to allow control of nucleation and growth. In addi-
tion, the clusters seem to be formed by particles/crystallites of
lower size. Inspection of selected areas in the acquired images
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Fig. 2. (a) SEM and EDS spectrum of the Pd?/Al,05 catalyst surface and internal phase (cross section in detail). (b) Semiquantitative EDS-calculations of the monolith (outer and
inner composition). (c) SEM image and EDS elemental mapping of the catalyst, showing the homogeneous distribution of O, Al and Pd. Scale bar 500 um. (d) XRD pattern of the
calcined Pd°/AL,05 powders. (e) XPS spectra of the monolithic surface catalyst. (f~h) High-resolution FESEM images of Pd nanoparticles dispersed in the ceramic Al,03; matrix
collected with an AsB detector (backscattering electrons) at 20 kV.
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PR

Fig. 3. (a) Recyclability of the four procedures in the first 200 reaction cycles (catalyst used interchangeably in the four different processes). (b, c) Reactor vessel and reaction
mixture (Example: Suzuki, synthesis of compound 2d) before microwave heating. (d) Reaction mix completed, after microwave treatment. The final products crystallize in the

reactor vial, after cooling.

provides approximate values of the crystallites composing the
particle agglomerates of ca. 40 + 5 nm.

X-ray diffraction analysis was performed to verify the presence
of the Pd on the sample (Fig. 2d). The XRD pattern of the sample
shows characteristic peaks of two different phases corresponding
to a-Aly03 (JCPDS No. 05—0712) and Pd (JCPDS No. 05—0681). In
particular, the peaks observed at 26 values of 40.11°, 46.64°, 68.19°,
82.05° and 86.4° correspond to (111), (200), (220), (311) and (222)
planes of the Pd metal, respectively. These peaks are sharp and well
defined, which indicates that the metallic Pd has a high degree of
crystallinity. Clearly, there are not obvious diffraction peaks that
could be associated to crystalline palladium oxide species or Pd—Al
alloys, indicating that the introduction of Pd into the Al,O3 not
generate Pd complexes during the chosen thermal treatment.
Finally, the reduction properties of the monolith were measured by
TPR. The obtained TPR profile was flat suggesting that most of the
palladium species incorporated was already reduced. Results of the
CO chemisorption showed a metal (Pd) dispersion of 0.192% on the
surface, which is sufficient and beneficial to carry out MAOS safely.
To evaluate the oxidation state of the palladium in the Pd/Al;03
catalyst, XPS was utilized. The high-resolution XPS spectrum
(Fig. 2e) reveals the existence of Pd®, where it showed double peaks
with bending energies at 335.5 and 340.8 eV, which correspond to
Pd®, Pd 3d5/2 and Pd 3d3/2, respectively. These results combined
with the XRD spectra (Fig. 2d) confirm the presence of Pd® on the
outer surface of the catalyst.

3.3. Catalytic evaluation of Pd%/Al,03 cermet catalyst in PCCCRs

3.3.1. Catalytic evaluation in Suzuki, Sonogashira, Stille and Heck
reactions

These four reactions follow different mechanisms for the for-
mation of carbon-carbon bonds and have been extensively used in
organic chemistry. However, the reaction conditions of homoge-
neous catalysis are not always extrapolated to heterogeneous
catalysis. This fact makes it necessary to carry out an exhaustive
screening of the reaction conditions for a new catalytic material. The
first studies of the catalytic activity of the monolithic catalyst
adapted to the microwave vial (Fig. 3b and c) focused on the
following issues: performing PCCCRs in secure MAOS, obtaining
selectivity and high yields for the four transformations studied
(Suzuki, Sonogashira, Stille and Heck); check for possible palladium

leaching on the monolith surface under different reaction conditions
(alkenes, alkynes, boronic acids, stannanes, bases and solvents) at
high temperature and the reusability of the monolithic catalyst in
MAQOS. The results of catalytic activity for the four protocols are
shown in Table 1. In all reactions, taking into account the total
amount of palladium detected on the monolith surface [(0.192% Pd
on surface, it means 1,1 mg on the surface (standard monolith
weight: 600 mg)], the reactions worked well using 0.98 mmol of
starting substrates [4-iodobenzene (1a), 4-iodotoluene (1b), 4-
iodoanisole (1c) as well as 5-haloisatins such as 1-benzyl-5-
iodoindoline-2,3-dione (1d) and 1-benzyl-5-bromoindoline-2,3-
dione (1e)] and the corresponding coupling partner (boronic acid,
alkyne, alkene or stannane) in four different protocols. For the
Suzuki reaction, standard conditions were explored using inorganic
bases such as sodium carbonate in hydroalcoholic mixtures. The best
results were achieved using 3 equiv of base (Na;CO3) and iPrOH/H;0
(2:1 ratio) as a solvent mixture, under microwave heating, 200 W at
120 °C, for 20 min, rendering almost quantitative yields. No collat-
eral products were detected during the reactions. Therefore, the
selectivity towards the desired products 2a-e was excellent. As can
be observed in Fig. 3d, reaction products frequently crystallize in the
microwave vial when the mixture has cooled. The monolith is easily
removable from the microwave reactor for reuse after washing and
sonication. It is important to point out that during the optimization
process of the Suzuki reaction conditions, the presence of two
phases is a critical issue for the efficiency of the catalyst. The correct
dissolution of all the reagents in a suitable hydroalcoholic phase is
required. In this sense, the iPrOH/H,0 mixture proved to be effective
for these transformations. iPrOH is stable under normal conditions
of use and is completely soluble in water.
The TOF values (Table 1) were calculated using the formula:

TOF = mol product / [time (min) x mol catalyst]

TOF values range from 100 to 450h-1, suitable for a sintered
catalyst and comparable to other types of palladium-based pow-
dery catalysts. The reactivity of the CERMET catalyst under con-
ventional heating conditions is quite similar, although the final
yield of the reactions decreases somewhat, especially the bromo-
derivatives. Reaction times are longer too. Other "pseudo hetero-
geneous” powdery catalysts such as palladium on charcoal give a
similar result under conventional heating conditions but are
effective for a limited number of cycles. Therefore, under
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Table 1
Suzuki, Sonogashira, Heck and Stille reactions using 3D-Pd°/Al,05 cermet.
Suzuki
Ro-B(OH),

3D-Pd(0)-Al,03 monolith
- %
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= 2D-Pd0)-Al05 monolith |
R = 5-iodoisati
. TEA, iPrOH/H,0 fodoisatin

2 f-i R = 5-bromoisatin

MW, 120°C
R = CH,OH, C(OH)-Ph, Ph

R,—SnBujg
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Suzuki
R2-B(OH),
3D-Pd(0)-Al,05 monolith
Ar-R Na,COj iPrOH/H,0
2a-e MW, 120°C
R = Ph, 4-COOEt-Ph, 4-CN-Ph, CH,=CHPh

Sonogashira
=R,

Ar-X

Stille
R,—SnBug
3D-Pd(0)-Al,05 monolith Ar-R
MW, MeCN, 120°C

2m-n

R = Ph, CHy=CH,, CH==CH-Ph, 2-thieny!
Heck

\—q

2

Ar—=— R 3D-Pd(0)-Al,05 monolith R=H,CHs, OCHs | 3p.pd(0)-Al,0, monolith Ar/\/R
244 TEA, iPrOH/H,0 2:2'?"'53_“"‘_ MW, TEA, MeCN, 120°C 21
= = 5-bromoisatin |
R = CH,0OH, C(OH)-Ph, Ph MW, 120°C R=Ph, COOMe
Compound Aryl halide (1a—e) Boronic acid/Alkyne Time (min) Yield® (%), TOF(h)
Stannane/Alkene
b.g
2m C ‘ /\SHBU3 10 80”%, 450/
2f 30 90°¢, 95', 179
O e
2a 30 92"¢, 90", 181/
O w0
2e o 20 98¢, 97", 154’
o
0
2e o 20 95"¢, 951, 173
er Me;Sn
- ~)
./
2n o /@ 20 95"¢, 951, 148’
1
0
2n o /@ 20 93b¢, 921, 170/
\Oiézo (Bu)sSn 5
./
2 Isolated yield. All reactions were carried out in a microwave reactor vessel and a 3D-Pd®/Al,03 monolithic cermet (1% mol Pd).
b o
200W, 120 °C.
¢ Suzuki conditions: iodoarene or haloisatin (0.98 mmol), Na,CO3 (2.94 mmol), boronic acid (1.07 mmol), iPrOH/H,0.
4 Sonogashira conditions: iodoarene or haloisatin (0.98 mmol), TEA (2.94 mmol), alkyne (1.07 mmol), iPrOH/H,0.
e

f 300w, 120 °C.

& Stille conditions: iodoarene or haloisatin (0.98 mmol), stannane (1.07 mmol), MeCN.

" Yield after 30 cycles.

! Yield after 200 cycles.
1 TOF = mol product/[ t (h) x mol catalyst].

microwave heating conditions, the cermet behaved with good
performance and, what is not less important: safe reaction condi-
tions, without risk of explosion due to the presence of palladium
inside the reactor. Therefore, this catalyst could be used in even
more challenging reactions in which MAOS is especially required.

In Sonogashira reactions, the best conditions for the copper-
free coupling between iodoarene or haloisatin derivatives with
simple terminal alkynes were studied. The best results were ob-
tained using triethylamine (TEA) as base and iPrOH/H,0 as sol-
vents (200 W, 120 °C). As shown in Table 1, the reactions were
performed in 20 min and with high yields. Finally, Heck and Stille
reactions were carried out using acetonitrile (MeCN) as a suitable
solvent for these transformations, with short reaction times, at
120 °C. Organostannanes react efficiently using standard

Heck conditions: iodoarene or haloisatin (0.98 mmol), alkene (1.07 mmol), TEA (2.94 mmol), MeCN.

conditions (20W, 120 °C), in 10—30 min. In the case of Heck re-
actions, an increase in power (300W) was necessary to complete
the reactions. The catalyst can carry out every reaction described
here without the need to incorporate the magnetic stirrer into the
microwave reactor. In this way, the reactants flow through the
catalyst channels through the simple action of microwave energy
(Fig. 3b). The work-up is very simple since no filtration process is
necessary. The monolithic catalysts prepared and used in this
work were reused, indistinctly in the four procedures, for hun-
dreds of times without appreciable loss of catalytic activity. In
addition, the catalyst was completely safe under microwave
heating conditions. No sparkling or arcing phenomena were
detected during these experiments. Fig. 3a shows the recyclability
diagram for the first six cycles for each transformation, taking as
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model reactions those aimed at obtaining compounds 2a (Suzuki
or Stille), 2e (Sonogashira), or 2h (Heck). This fact, together with
the strong mechanical resistance offered by the catalyst (without
fractures, scratches, breaks or surface poisoning) define this
cermet system as a true “long-life catalytic material”.

3.3.2. Evaluation of leaching. Hot filtration test and ICP results

To determine if the monolithic catalyst works through a true
heterogeneous catalysis, several studies were carried out. On the one
hand, the Inductive Coupling Plasma (ICP/OES) results, measured in
the reaction crudes (Suzuki, Sonogashira, Heck or Stille), showed
that the Pd concentration in the reaction solution was less than the
detection limit (i.e., 50 ppb) which corresponds to less than 0.02% of
the starting Pd-amount (see S4 supplementary material). Secondly,
the overwhelming reusability discussed above (each monolithic
catalyst can work for hundreds of times in different reaction sol-
vents) shown by the catalyst demonstrates the excellent possible
applicability of this device in parallel drug synthesis (in which the
presence of traces of metal is absolutely avoided). Third, the graph
corresponding to the CO chemisorption made after carrying out
numerous catalysis experiments was identical to the initial one (see
S3 supplementary information), so it can be considered that the
dispersion of the metal on the surface remains constant after
numerous reaction cycles. Finally, hot filtration tests (HFT) (see S4,
supplementary material) were performed for the four methods.
Every experiment showed the absence of catalysis when the
monolith is removed from the reaction mixture. The results of these
tests indicated that the metal leaching is negligible or undetectable
under the applied reaction conditions.

3.3.3. Mechanical properties of the catalysts: robustness and
mechanical strength

In addition to the factors related to chemical resistance discussed
above, it is worth highlighting the great mechanical robustness,
demonstrated by the total absence of fractures on the surface after
200 reaction cycles (see tables S3, supplementary material). It is
important to point out that, although the exact determination of the
mechanical properties of the monolith is not an objective for this
work, we have compared the robustness of the Pd°/Al,05 cermet
catalyst with other previously reported catalysts*3-4? that contain
palladium on the monolith surface but do not present palladium
content throughout its internal structure. This comparison has been
made based on the presence of fractures on the catalyst surface and
the maximum number of times each monolith can be reused in so-
lution phase cross coupling reactions. These studies indicate that
cermet is much more resistant, robust and durable than catalysts
that do not have internal metal content, due to a much lower degree
of internal crystallinity than monoliths internally composed of pure
Al,03 or SiO;. (see table S3 in supplementary material).

4. Conclusions

In summary, we have developed a strategy for the fabrication of
an efficient and robust PdO/A1203 cermet catalyst for use in safe
Suzuki, Sonogashira, Stille and Heck protocols in microwave assis-
ted cross-coupling reactions. Combining 3D printing technology
and thermal annealing, it is possible to obtain a monolithic catalyst
with open square pores, high geometric surface area of 33.2 cm?/
cm?, uniform Pd loading after sintering of 1.66 wt% and increased
robustness related to pure ceramic monoliths. EDS and mapping
analysis confirmed the homogeneous distribution of Pd metal on
the structure surface. Due to the synergistic effects of the metal-
oxide interfaces, the monolithic catalyst is highly efficient and
extremely robust in organic mixtures with aqueous solvents and
high temperatures and Pd leaching was completely undetected by

Materials Today Chemistry 27 (2023) 101355

HFT or ICP/OES. The versatility of our fabrication approach provides
an efficient strategy for the development of safe microwave-
assisted cross-coupling reactions in the presence of a metal cata-
lyst. In addition, the immobilized Pd catalyst could be easily
washed, reused and applied safely as a “long-life catalytic device” in
200 different cross coupling reaction experiments without arcing
phenomena, catalyst deactivation, surface poisoning or structural
damage.
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