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Pd-functionalized polydopamine-coated
polyurethane foam: a readily prepared and
highly reusable structured catalyst for selective

alkyne semi-hydrogenation and Suzuki coupling

under airt
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A polyurethane foam (PUF) was coated with a thin layer of polydopamine (PDA), and Pd strongly anchored

onto PDA via simple immersion of PDA@PUF in a hydro-alcoholic solution of Pd(NHz)4Cl,-H,O at room

temperature under air to afford a Pd@PDA@PUF foam. XPS showed the absence of initial reduction of palla-

dium despite the redox properties of PDA, and HR-SEM and SEM-EDX suggested a coordination of evenly

dispersed Pd(i) ions by the catechol moieties of the PDA layer, thus resulting in a single atom-type dis-

persion of the active phase. The “dip-and-play” catalytic pattern of Pd@PDA@PUF and high dispersion of Pd
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Introduction

Continuous processes based on structured catalytic supports
(SCSs) have gained widespread application in industry.
Structured supports possess a large surface-to-volume ratio,
and enable efficient mass transfers along with a small pressure
drop. The high voidage and open structure along with the
macroscopic shape allow the intimate mixing of the reagents,
and the high accessibility of the reactants to the active sites,
while avoiding tedious separation of the products from the
catalyst." Open cell foams account for a large proportion
among the variety of SCSs. Of ceramic or metallic constitution,
these host architectures are ideal supports for catalytically
active metallic nanoparticles (NPs).>* However, the prepa-
ration of these foams from polymeric foams serving as tem-
plates requires multiple energy- and material-intensive steps,
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on the surface guaranteed high activity, selectivity and reusability in alkyne semi-hydrogenation and in
Suzuki coupling under air without prior reduction procedures. Self-enhancing properties, observed in re-
cycling and control experiments, were explained by XPS as the chelated Pd(i) ions were gradually reduced
to isolated coordinated Pd(0) atoms under hydrogenation or Suzuki coupling reaction conditions.

including physisorption processes for the deposition of the
catalytic phase on the support surface.® Furthermore, these
expensive structures have several drawbacks: (i) their high
rigidity brings out micro-cracks and makes them more brittle,
(ii) the presence of many randomly distributed closed cells sig-
nificantly reduces the reproducibility of the reactions, and (iii)
numerous chemical treatments in highly corrosive media are
often necessary for recovering the catalyst adsorbed on the
foam before landfill disposal.’

Open cell polyurethane foam (PUF), as a kind of commer-
cially available, inexpensive, mechanically flexible, and easily
engineered material,’ presenting the same structural pro-
perties as ceramic and metallic foams, represents an interest-
ing alternative to the latter. The absence of microporosity to
deposit an active phase is however a challenge to overcome.
Inspired by the mussel-like adhesive principle,” some of us
recently reported the successful coating of PUF with an
adhesive layer of polydopamine (PDA) by simple immersion in
a buffered aqueous solution of dopamine, its further
functionalization with both inorganic and molecular catalysts,
and its application in catalysis or dye degradation.®* PDA’s
strongly adhesive properties ensured the robust anchoring of
the catalysts, leading to high activity and stability over a large
number of cycling tests and to the absence of catalyst leaching
in the liquid medium. The high versatility of PDA, which can

This journal is © The Royal Society of Chemistry 2023
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interact with virtually any kind of surface and can be easily
functionalized, is the critical point. The catechol and amine
functions of PDA indeed confer both strong adhesion pro-
perties and the possibility of surface modification by means of
different chemical interactions, ranging from weak dispersion
forces to covalent bonds, such as hydrogen bonding, n—r stack-
ing, coordination bonds, and Michael-type addition (via
internal imine group formation).*®

The semi-hydrogenation of alkynes to alkenes is of para-
mount importance both in industrial and in organic synthetic
domains,'®"” but the selective production of olefins from
alkynes requires catalysts that are able to both hydrogenate the
triple bond and hamper overhydrogenation toward alkanes. In
addition, these catalysts should limit the undesired double
bond isomerization."® In this respect, supported Pd nano-
particle-based catalysts'®>* are among the best candidates in
terms of activity, but they often suffer from moderate selecti-
vity.”* Typical approaches to improve it*® rely on the modifi-
cation of the Pd nanoparticles (NPs) by the addition of N-, P-,
or S-containing ligands,**® their use in combination with
nanomicelles,”® or ‘doping’ with a less active metal.>*?3' A
classic example in this domain is the famous Lindlar catalyst,
in which Pd/CaCO; is partially poisoned by the addition of Pb
and quinoline. However, the use of Pb requires a precise
control of its location with respect to the Pd active phase and
represents a serious limitation for the eco-sustainable use of
the Lindlar catalyst. A more recent approach relies on the strat-
egy of active site isolation, which includes the development of
single atom-based catalysts.*>*> These attractive strategies
with, in some cases, selectivity up to 99% and reuse up to 10
times may however be not so valuable if one cannot scale up
the process for industrial implementation in a practical and
highly operable manner with cost competitiveness and in an
eco-friendly mode. For instance, Lu et al.>* reported an unsup-
ported nanoporous palladium (PdNPore) while Kuwahara
et al.** introduced a yolk-shell nanostructured composite com-
posed of Pd nanoparticles (NPs), aminopolymers, and poly
(ethylenimine) (PEI) confined in hollow silica spheres, and
Shen et al*® recently described a two-dimensionality (2D)
enhanced interface-confined effect that led to a strong inter-
action between Pb species and ultrathin 2D palladium
nanosheets (Pd NSs). These various catalysts exhibited high
conversion and chemoselectivity in semi-hydrogenation of
phenylacetylene and other alkynes as well as superior recycl-
ability ensuring catalyst reuse for several times. However, the
adopted catalyst designs are tedious, time-consuming and
energy-intensive. A simpler and easier to scale-up catalyst pro-
duction strategy is thus still desirable but remains challenging.

This challenge prompted us to consider palladium-driven
heterogeneous catalysis with PDA-coated open cell poly-
urethane foam (PDA@PUF) as a non-innocent support for the
semi-hydrogenation of alkynes and possibly other organic
transformations. Indeed, polydopamine is known to act as an
efficient chelating agent towards a variety of metals, such as
Ag', Au*, Pd*, P salts, etc.,*®®” forming stable complexes,
and moreover to be able to reduce these metal ions thanks to
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the reductive properties of the catechol moieties. Accordingly,
the generation of such PDA-supported palladium complexes
can be regarded as an “open gate” for the convenient and
rapid preparation of heterogeneous Pd(0) catalysts. Inspired by
this concept, catalytic composites based on polydopamine-
supported palladium have been successfully prepared and
applied in ammonia borane hydrolysis, various cross-coup-
lings and nitroarene transfer hydrogenation,*®™*° providing
this topic a promising future.

In this context, we put forward an effective and straight-
forward approach for the preparation of Pd-functionalized
polydopamine-coated polyurethane foam starting from a com-
mercial PUF, dopamine, and [Pd(NH;),]Cl,-H,O. The whole
process leaves no doubt that the preparation of the macro-
scopic catalytic object is unprecedently facile and efficient
with only two successive operations of dipping, stirring and
rinsing at room temperature. This simple route lowers the
threshold for catalyst preparation by several orders of magni-
tude compared to current site isolation strategies.
Furthermore, the catalytic performance of the resulting
Pd@PDA@PUF catalytic material in a “dip-and-play” mode
reaches a high standard in efficiency, versatility and stability.
Thus, the as-prepared catalyst displays high catalytic perform-
ance in the selective semi-hydrogenation of various alkynes as
well as in Suzuki coupling reactions, and moreover shows
remarkable stability for 15 cycling tests. Noteworthily, the XPS,
HR-SEM and SEM-EDX data suggest an initial chelation of the
Pd(u) salt by the catechol/o-quinone moieties of the PDA layer,
which would result in a “single atom” nature of the active
phase that would be at the origin of PA@PDA@PUF’s high
alkene selectivity in alkyne hydrogenation catalysis.
Furthermore, in the absence of the necessity of a prior
reduction procedure to generate an active phase, self-enhan-
cing catalytic properties have been observed along the re-
cycling experiments, both in the semi-hydrogenation reactions
and in the Suzuki couplings under air. These were explained
by XPS that showed a progressive reduction of the immobilized
Pd(u) salt to an active Pd(0) phase along the catalytic tests.

Experimental section
Materials and methods

Unless otherwise stated, all reagents and solvents were used as
provided by commercial suppliers without any further purifi-
cation or treatment. Polyurethane open cell foam (20 pores per
inch, TCL 40100 soft white reticulated) was given by
FoamPartner. Dopamine hydrochloride (008896) and 1,2-
diphenylethyne (95% - 464554) were purchased from
Fluorochem. Tris base (99.9+% - T1503), styrene (99% -
24086-9), 4-bromotoluene (98% — B82200), trans-stilbene (96%
- 13993-9), heptane (99% - 650536) and [PdCl,(NH;),]-H,O
(>299.9% - 323438) were purchased from Sigma-Aldrich.
1-Heptyne (99% - A11130), ethyl phenylpropiolate (98% -
L00603), 2-methyl-3-butyn-2-ol (98% - L07593), phenyl-
acetylene (98% - A12139), benzeneboronic acid (98% -
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A14257), 4-bromobenzonitrile (98% - A10914), 1-bromo-4-tert-
butylbenzene (97% - A15924), 4-bromobenzotrifluoride (99% -
A15942), methyl 2-bromobenzoate (99% - A12435) and 2-bro-
mobiphenyl (98% - B21840) were purchased from Alfa Aesar.
Bromobenzene (99% - 106682500), 4-bromoanisole (98% -
106630050) and 2-bromonaphthalene (99% - 179710250) were
purchased from Acros Organics. Chlorobenzene (>98% -
C1948), 4-phenyl-1-butene (>98% - P0161), 4-phenyl-1-butyne
(P0358), 4-octyne (>99% - 00127), cis-4-octene (>95% — 00135),
3-hexyne (>97% - H0430), 4-octane (>97% - 00022), 2-methyl-
3-buten-2-ol (>97% - M0178), trans-3-hexene (>99% — H0399),
trans-4-octene (>99% - 00136), cis-3-hexene (>97% - H0398),
ethyl (E)-cinnamate (>99% - C0359) and 3-bromo-4-methoxy-
toluene (>97% - B3032) were provided by TCL Ethyl 3-phenyl-
propanoate (98% - 56675) was provided by Fluka. Ethyl 3-phe-
nylpropionate (98% - 11885.51) and cis-stilbene (97% -
13277.85) were obtained from Janssen. 18.2 MQ deionized
water (TOC < 1 ppb), supplied by a Q20 Millipore system, was
used for the preparation of aqueous solutions and washing
procedures with water. Purifications by column chromato-
graphy were carried out with Macherey silica gel (Kielselgel 60).
TraceMetal grade HCl 37% (Fisher Chemical) and Rotipuran
Supra HNO; 69% (Roth) were used for the ICP-AES analyses.
Element standards were purchased from CPI international.

High-resolution scanning electron microscopy (HR-SEM)
analyses were carried out on a high-resolution JEOL JSM-7900F
SEM-FEG working at 2-7 kV accelerated voltage and at a dis-
tance of 6 to 10 mm. Images were obtained with a secondary
electron detector. In some cases, samples were coated with a
fine layer of carbon (ca. 10 nm) using a Balzer SCF004 coater
to ensure good electric conduction for EDX analyses. EDX ana-
lyses were carried out at a 7 kV accelerated voltage using a
QUANTAX energy dispersive spectrometer equipped with two
Bruker XFlash6-30 detectors.

X-ray photoelectron spectroscopy (XPS) was carried out in an
ultrahigh vacuum (UHV) spectrometer equipped with a
RESOLVE 120 MCD5 hemispherical electron analyzer and a
dual anode Al Ko X-ray source (1486.6 eV). Survey and high-
resolution spectra were recorded in constant pass energy mode
(100 and 20 eV, respectively). Binding energies were calibrated
by referring to the C 1s peak at 284.4 eV. Shirley-type back-
ground subtraction and fitting of the spectra were done with the
software package Casa XPS vs. 2.3. High resolution XPS peaks
deconvolution was accomplished with mixed Gaussian-
Lorentzian curves minimizing the mean squared error. The Pd
3d peak was fitted using two doublets (i.e. Pd° and Pd") repre-
senting metallic and oxidized Pd species. Asymmetric and sym-
metric peak shapes were used to fit the metallic and oxidized
Pd components, respectively. For the fitting of the C 1s peaks,
five components were used corresponding to the various chemi-
cal states of the C atoms in the PDA support layer.

Inductively coupled plasma-atomic emission spectrometry
(ICP-AES) measurements were performed by the Plateforme
Analytique des Inorganiques of the Institut Pluridisciplinaire
Hubert Curien (UMR CNRS 7178), Strasbourg, France. For Pd
loading determination, Pd@PDA@PUF samples were minera-
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lized with aqua regia (2 mL HCl, 1 mL HNO;) at 185 °C for
50 minutes under pressure (Multiwave ECO, Anton Paar). A
blank test was carried out in parallel under the same con-
ditions. Pd quantification in the clear obtained solutions was
carried out by ICP-AES (Varian 720ES) at two wavelengths:
340.458 nm and 360.955 nm.

Powder X-ray diffraction (PXRD) measurements were carried
out on a Bruker D-8 Advance diffractometer equipped with a
Vantec detector (Cu Ka radiation) working at 45 kV and 40 mA.
X-ray diffractograms were recorded in the 10-80° 26 region at
room temperature in air, using a step size and step time of
0.05° and 80 s, respectively.

Gas chromatographic (GC) analyses were performed on a
GC Agilent with FID detectors using an Agilent HP1 column
(30 m, 0.35 mm, 0.25 pm), with hydrogen as the gas carrier
and with tetradecane as the internal standard. The retention
times and GC responses in terms of area versus concentration
of the reagents and products were calibrated using pure com-
ponents diluted in an acetone solution at various concen-
trations. The conversion and product distribution were calcu-
lated from the GC results.

NMR spectra were recorded at 298 K on a Bruker Avance III
HD 400 MHz spectrometer operating at 400.13 MHz for 'H
and at 100.61 MHz for *C. The chemical shifts are referenced
to the residual deuterated or '*C solvent peaks. Chemical
shifts (6) and coupling constants (J) are expressed in ppm and
Hz, respectively (see the ESIt).

Open cell polyurethane foam (PUF) coating with
polydopamine (PDA)

The process was adapted from our published procedure.®
Dopamine hydrochloride (2 mg mL™) was dissolved in an
aqueous solution (500 mL) of Tris base (10 mM) buffered to
pH 8.5 with aqueous HCl (1 M). Four cubic samples of PUF
(ca. 2 cm x 2 cm x 2 cm) were immersed in the stirred solution
for 17 h at room temperature. The solution turned quickly
orange, then slowly black. The resulting PDA-coated foam
(PDA@PUF) was then taken out of the solution, dried in an
oven at 80 °C for 1.5 h, washed in vigorously stirred water (3 x
10 min in 500 mL) and dried again in an oven at 80 °C.

Functionalization of PDA@PUF with [PdCl,(NH;),]-H,O

A cubic sample of PDA@PUF (ca. 2 cm x 2 cm X 2 cm) was
washed in vigorously stirred (725 rpm) H,O/EtOH (1:5)
(120 mL) at room temperature for 1 h, and air-dried prior to
functionalization.

The cubic sample of PDA@PUF was then immersed in a
solution of [Pd(NH;),Cl,]-H,O (20 mg, 0.076 mmol) in H,O/
EtOH (1:5) (120 mL) at room temperature. After 19 h of stir-
ring at 725 rpm, the resulting Pd-functionalized foam,
Pd@PDA@PUF, was removed from the reaction medium,
washed in vigorously stirred water (3 x 120 mL) and ethanol (2
% 100 mL), and then dried in an oven at 80 °C for 1 h.

Pd@PDA@PUF was characterized by HR-SEM (Fig. 2),
SEM-EDX (Fig. 3 and S1t), XPS (Fig. 4 and S21), XRD (Fig. S31),
TGA (Fig. S41) and ICP-AES revealing a mean Pd content of
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2.437 + 0.323 g kg~" (0.244 + 0.032 wt%) assessed from the
analysis of six samples.

General procedure for the catalytic alkyne-to-alkene
hydrogenation with PdA@PDA@PUF

A stirring bar and a cubic sample of Pd@PDA@PUF of ca.
8 cm®, whose mass was adjusted in relation to its Pd content
established by ICP-AES to reach a Pd loading of 7 pmol, were
introduced in a Schlenk tube. Ethanol (20 mL) was then added
to immerse the foam totally, and H, was bubbled through the
solution at room temperature for 30 min under a constant flow
rate (13 mL min~"). Afterwards, the selected alkyne (1.52, 3 or
6 mmol) (Pd content: 0.46, 0.23 or 0.12 mol% vs. substrate)
was added in one portion by syringe to the stirred solution
(625 rpm), and T, reaction time was set. During the reaction
course, H, was fed under ambient conditions (room tempera-
ture and atmospheric pressure) at a constant flow rate (2 or
13 mL min~"). The reaction was kinetically monitored by regu-
larly sampling the reaction medium, and analysing the
removed aliquots (50 pL) by GC or "H NMR. The aliquots were
diluted with acetone or ethanol (3 mL) for GC analysis or dried
under high vacuum and re-dissolved in a deuterated solvent
(CDCl, or (CD;),CO) for "H NMR spectroscopy.

General procedure for the Suzuki cross-coupling of aryl
bromides and phenylboronic acid with PdA@PDA@PUF under
aerobic conditions

A stirring bar and a cubic sample of PdA@PDA@PUF of ca.
8 cm®, whose mass was adjusted in relation to its Pd content
established by ICP-AES to reach a Pd loading of 7 pmol, were
introduced in a tube in a similar fashion to the hydrogenation
experiments. Ethanol/water (1:1) (8 mL) was then added to
immerse the foam. This was followed by the addition of
phenylboronic acid (0.6 or 3.6 mmol), K,CO; (0.75 or
4.5 mmol), and aryl bromide (0.5 or 3 mmol) (Pd content: 1.4
or 0.23 mol% vs. aryl bromide). The reaction mixture was then
heated under stirring (625 rpm) by putting the tube in an oil
bath at 65 °C. After 4 h, the reaction medium was poured into
water (2 mL) and the product was extracted with ethyl acetate
(2 x 10 mL). The combined extracts were then washed with
brine (10 mL) and dried over anhydrous MgSO,. At this point,
an aliquot was removed by syringe to determine the conversion
of aryl bromide by GC analysis, and the solvent was removed
under reduced pressure. The crude material was then purified
by column chromatography over silica with petroleum ether/
ethyl acetate (20:1) as eluent to give the desired product,
whose identity was confirmed by 'H and '*C NMR in CDCl,.

Pd@PDA@PUF recovery and reuse in successive semi-
hydrogenation and Suzuki reaction

The above-described general procedures for the catalytic
alkyne-to-alkene hydrogenation and Suzuki coupling were per-
formed using phenylacetylene (3 mmol) and a H, flow rate of
13 mL min~" for the semi-hydrogenation, and bromobenzene
(3 mmol) and phenylboronic acid (3.6 mmol) for the Suzuki
coupling, and a single cubic sample of PA@PDA@PUF of ca.
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8 cm® (270 mg, 0.276 wt% Pd, ie.: 7.00 x 107> mmol) as the
catalyst for 15 successive runs. Five initial runs of semi-hydro-
genation were conducted, then five runs of Suzuki coupling,
then again 5 final runs of semi-hydrogenation. After each
semi-hydrogenation run, the PdA@PDA®@PUF foam was washed
by immersing it in EtOH (20 mL x 3) in an ultrasonic bath (80
W, 50/60 Hz) at 25 °C for 10 min, and dried under vacuum.
After each Suzuki run, the Pd@PDA@PUF foam was first
washed with H,O (10 mL x 1) and ethyl acetate (10 mL x 2)
(collecting all washing liquors and adding them to the reaction
mixture for analysis), then washed with EtOH (10 mL x 3) in
an ultrasonic bath (80 W, 50/60 Hz) at 25 °C for 10 min, and
dried under vacuum.

Control experiments

Stop-and-go experiment for the semi-hydrogenation of
4-octyne with PA@PDA@PUF. In this control experiment con-
ducted for highlighting the absence of Pd leaching into the
liquid medium, the above-described general procedure for the
catalytic alkyne-to-alkene hydrogenations was performed using
4-octyne (3 mmol) as the substrate, a H, flow rate of 13 mL
min~", and a cubic sample of PA@PDA@PUF of ca. 8 cm?,
whose mass was adjusted in relation to its Pd content estab-
lished by ICP-AES to have a Pd loading of 7 pmol, as the cata-
lyst, except that, after 0.5 h of reaction, the PdA@PDA@PUF
foam was removed from the reaction medium for 1 h. Then,
Pd@PDA®@PUF was reintroduced in the reacting vessel for
0.5 h, removed again for 1 h, then reintroduced a last time for
0.5 h, and finally removed definitively. During the whole
process, H, was constantly fed into the medium to maintain
its concentration constant. The course of the reaction was
monitored by sampling the reaction medium at 7 = 0.5, 1.5, 2,
3, 3.5 and 4.5 h, and analysing the removed aliquots (50 pL) by
GC after dilution in acetone (3 mL).

Alkyne vs. alkene competing hydrogenation with
Pd@PDA@PUF. In this experiment conducted for highlighting
the excellent selectivity in the semi-hydrogenation of 3-hexyne
to (Z)-3-hexene, the above-described general procedure for the
catalytic alkyne-to-alkene hydrogenation was performed using
a H, flow rate of 13 mL min ™', a cubic sample of
Pd@PDA@PUF of ca. 8 cm®, whose mass was adjusted in
relation to its Pd content established by ICP-AES to have a Pd
loading of 7 pmol, and a 60:40 mixture of 3-hexyne
(1.8 mmol) and (Z)-2-hexene (1.2 mmol), as reagents at T,. The
course of the reaction was monitored by regularly sampling
the reaction medium and analysing the removed aliquots
(50 pL) by GC after dilution in acetone (3 mL).

Phenylacetylene-to-styrene ~ hydrogenation  with  [Pd
(NH;),CL]-H,O. In this experiment conducted for comparing
the activity of PA@PDA@PUF with that of the unsupported
catalyst precursor, [Pd(NH;),Cl,]-H,O (1.8 mg, 7.0 pmol) was
added to ethanol (20 mL) and H, was bubbled at room temp-
erature for 30 min under a flow rate of 13 mL min™".
Afterwards, phenylacetylene (3 mmol) (Pd content: 0.23 mol%
vs. substrate) was added in one portion by syringe to the
stirred solvent (625 rpm), and T, reaction time was set. During
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the reaction course, H, was fed under ambient conditions
(room temperature and atmospheric pressure) at a constant
flow rate (13 mL min~"). The course of the reaction was moni-
tored by sampling the reaction medium at 7= 1 h and analys-
ing the removed aliquot (50 pL) by GC after dilution in acetone
(3 mL); 91% phenylacetylene conversion with 95% styrene
selectivity was observed.

Results and discussion
Preparation and characterization of PdA@PDA@PUF

The PdA@PDA@PUF material was readily prepared by following
a two-step dipping procedure involving: (i) the coating of a
thin layer of PDA on a cubic sample of PUF by simple immer-
sion in an aqueous solution of dopamine at room temperature
buffered to pH of 8.5, typical of a marine environment, fol-
lowed by washing with water,”" (ii) the subsequent immer-
sion of the resulting PDA@PUF foam into a well stirred hydro-
alcoholic solution of [Pd(NH3),Cl,]-H,O (0.63 mM) at room
temperature for 19 h (Fig. 1), followed by thorough washing
with water and ethanol. The successful anchoring of Pd on the
foam surface was confirmed by ICP-AES, XPS and SEM-EDX
(vide infra).

It is noteworthy that due to the easily engineered nature of
PUF, the size and shape of the PdA@PDA®@PUF can be easily
tuned by simple cutting to produce catalysts in the form of
cubes, cylinders or thin threads, that can fit any reactor’s
dimension and shape. This property should greatly facilitate
the scale-up of the process for an industrial implementation.
In this study, we used cubic samples of 2 cm x 2 cm x 2 cm for
the semi-hydrogenation reactions in order to insert the foam
into our 100 mL Schlenk tube tightly and ensure that the
needle conveying H, could reach the bottom of the flask
without compressing the foam and causing structural defor-
mation (Fig. S51).

ICP-AES  measurements on several samples of
Pd@PDA®@PUF revealed a mean Pd loading of 2.437 + 0.323 g
kg™ (0.244 + 0.032 wt%). High-resolution scanning electron
microscopy (HR-SEM) images of the as-synthesized
Pd@PDA®@PUF are displayed in Fig. 2. Low magnification
images (top) show that the PDA was coated on the whole
surface of PUF as a rough film at the macroscopic level, while
higher magnification images (bottom) reveal that the rough

[PdCI,(NH;),]-H,0
(20 mg, 0.63 mM)

EtOH/H,O (5:1) (120 mL)
RT/19h /725 rpm

PDA@PUF
8 cm?3

Pd@PDA@PUF

Fig. 1 Functionalization of PDA@PUF by a simple one-step dipping pro-
cedure in a hydro-alcoholic solution containing a Pd salt.
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film structure is constituted by numerous scattered polymer
aggregates typical of PDA coating on a PUF.>° No Pd particles
could be identified, suggesting a relatively small size for the
latter or, more likely, a molecular nature of the immobilized
palladium species as the catechol moieties of the PDA layer
may simply act as a chelating ligand substituting two chloride
or NH; ligands of [Pd(NH;),Cl,]-H,0,">*" which could result
in a single atom-type distribution of Pd over the surface. No
TEM characterization could however be carried out to confirm
or reject this assumption. The elastic character of the PUF host
substrate indeed prevented it to be cut into thin slices for
observation, even after a freezing step in liquid N, had been
attempted to enhance its rigidity.

SEM micrographs combined with energy dispersive X-ray
spectroscopy (EDX) revealed a quasi-uniform distribution of
Pd over the foam surface (Fig. 3), without apparent aggregates
or segregation areas, ensuring a relatively good structural hom-
ogeneity of the material. Without surprise, a similarly homo-
geneous distribution of C, O and N was also observed, high-
lighting the homogeneous PDA coating on PUF (Fig. S17). It is
noteworthy that no Cl was detected and that the mapping of
the O atoms coincides almost perfectly with that of Pd (Fig. 3),
further highlighting a possible simple coordination of the Pd
complex by the catechol moieties.

X-ray photoelectron spectroscopy (XPS) was performed to
obtain information on the oxidation state of Pd as well as on
the nature of its interaction with the PDA layer. In agreement
with the results of EDX spectroscopy, the XPS survey scan spec-
trum of the as-synthesized PA@PDA@PUF indicated the pres-
ence of elements O, N, Pd and C (Fig. S2At). The high-resolu-
tion Pd 3d XPS core level region (Fig. 4) could be clearly attrib-
uted to Pd(u) species with a binding energy of the 3d5/, peak at
337.2 eV (Fig. 4A). In contrast to the standard redox potential
of PDA that lies at about +0.3 V/NHE while that of the Pd*"/Pd°
redox couple lies at +0.99 V/NHE** and with some literature
precedents, such as the immobilization of K,PdCl, on PDA-
coated cotton microfiber which resulted in the partial
reduction of Pd(u) salt to Pd(0) NPs,*® but in agreement with
other reports where no reduction of Pd(u) to Pd(0) upon immo-
bilization of a Pd salt on PDA was observed,** the PDA layer
coated on PUF seems here to initially serve as a pure adhesive
layer without reduction of the Pd(u) precursor. Again, this
highlights a possible simple coordination of the Pd(u) species
by the catechol moieties of the PDA layer.

XRD failed to show evident diffraction peaks corresponding
to palladium phases for the as-synthesized Pd@PDA@PUF
(Fig. S371), most likely because of the low palladium loading on
the support (0.244 + 0.032 wt%), but probably also because of
the small size of the palladium particles or molecular species.
For the sake of completeness, thermogravimetric analysis
(TGA) of PUF, PDA@PUF and the as-synthesized
Pd@PDA®@PUF materials was also recorded. The polymeric
materials all presented similar results (Fig. S4t), thereby
showing the absence of obvious variations of the material com-
position which was in agreement with the low loadings of PDA
and Pd onto pristine PUF.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 HR-SEM images with different magnifications of the as-synthesized Pd@PDA@PUF.

Semi-hydrogenation of alkynes

Pd@PDA@PUF (0.244 + 0.032 wt%), in the form of cubic
samples of ca. 8 cm® whose masses were adjusted in relation
to their Pd content to have a Pd loading of 7 pmol, was investi-
gated as the catalyst for the selective semi-hydrogenation of ali-
phatic, aromatic, terminal and internal alkynes (0.076 to 0.3
M, giving Pd loadings of 0.46 to 0.12 mol%) in ethanol at
room temperature under a constant flow rate of H, (2 to 13 mL
min~') into the solution to maintain its concentration con-
stant during the whole duration of the catalytic processes.
Semi-hydrogenation of phenylacetylene. The semi-hydrogen-
ation of phenylacetylene (PA) to styrene (ST) is of great signifi-
cance as this aromatic alkyne is an unwanted component of
the gaseous reagent steams used in polystyrene production
plants, whose removal is compulsory to avoid the deactivation
and poisoning of the polymerization catalysts.>® PA was thus
selected as a model substrate for our initial studies.
Optimization studies (see the ESI{) conducted with this
substrate at various concentrations (0.076 to 0.3 M) and under
various H, flow rates (2 to 13 mL min~") allowed us to estab-

This journal is © The Royal Society of Chemistry 2023

lish an optimal H, flow rate of 13 mL min~" and alkyne con-
centration of 0.3 M (Pd loading of 0.12 mol%). Under these
optimized conditions, the selectivity for ST as high as 95% at
98% conversion could be observed after 4.25 h of reaction,
giving a TON of 776 (expressed as the number of (mol of PA
converted to ST)/(molpq)) and a TOF of 183 h™" (Fig. 5). Using
an initial PA concentration of 0.15 M (Pd loading of
0.23 mol%) under otherwise similar conditions, led to a com-
parable TOF (188 h™") and ST selectivity (95% at 91% conver-
sion) but of course to a lower TON (376) (Table S1 and
Fig. S61). Satisfyingly, in both cases, ethylbenzene (EB) started
to be produced appreciably only after the full conversion of PA
into ST. Such results may be explained by the fact that PA dis-
plays high adsorption properties on Pd@PDA®@PUF, which
could prevent ST to be adsorbed before all PA was consumed.
The formation rate of EB is indeed almost similar to that of
ST, which tends to show that the two successive hydrogenation
reactions are initiated on similar active sites.

For comparison, the catalysis based on the unsupported
precursor, [Pd(NH;3),Cl,]-H,O (0.23 mol% Pd), was investigated
under similar conditions: PA (3 mmol), EtOH (20 mL), RT, H,
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Fig. 3 Elemental mapping of Pd and O obtained by SEM-EDX spectroscopy on the as-synthesized Pd@PDA@PUF and corresponding EDX

spectrum.
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Fig. 4 High resolution XPS spectra of the Pd 3d core level region of  0.12 mol%), EtOH (20 mL), H, flow rate (13 mL min~%), room tempera-
Pd@PDA@PUF: (A) as-synthesized, (B) spent (after 15 cycling tests). ture, 625 rpm.
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(13 mL min™"). 91% PA conversion with 95% ST selectivity was
observed after 1 h of reaction (TON = 376, TOF = 376 h™"),
which is just twice as fast as what was observed with
Pd@PDA@PUF under the same conditions (vide supra and
Table S17%). This shows that PDA@PUF, as a support, retained
the selectivity of the homogeneous Pd catalyst, which is very
rare,*> while rendering it easily recyclable (vide infra) in con-
trast to the latter, which yielded a suspension of a black solid
at the end of the hydrogenation reaction (Fig. S71), most likely
Pd(0) particles.

These interesting results prompted us to compare the cata-
lytic performance of our easily prepared PdA@PDA@PUF cata-
lyst with state-of-the-art Pd-systems. As can be seen in Table 1,
Pd@PDA@PUF compares well with or even outperforms, in
terms of reaction conditions, selectivity and/or TON, many
catalytic systems, whose preparation typically implies much
more complex synthetic paths aimed at the fine tailoring of
the active phases (entries 2-10) or at the production of highly
dispersed, size- and shape-controlled nanocomposites (entries
9-12) up to single atom catalysts (entries 13-15). The only
notable exception is the graphdiyne-supported Pd single-atom
catalyst Pd5-GDY, which can achieve TON as high as 12586
with an exceptional selectivity of 99.3 (entry 14). However, the
latter necessitates a tedious synthetic process compared to
Pd@PDA®@PUF, which precludes its use on an industrial scale.

Semi-hydrogenation of other alkynes. Next, the catalytic
activity of PA@PDA®@PUF was evaluated in other alkyne semi-
hydrogenation reactions, including those of terminal and
internal aliphatic alkynes as well as aromatic and functiona-
lized alkynes. Satisfyingly, under similar conditions than those

View Article Online

Paper

used for PA’s hydrogenation, they all provided excellent conver-
sions with good to excellent alkene selectivity, showing
Pd@PDA@PUF’s versatility in the wide field of heterogeneous
semi-hydrogenation processes (Table 2).

More specifically, excellent results were obtained for all
investigated terminal alkynes (1-heptyne, 4-phenyl-1-butyne,
2-methylbut-3-yn-2-ol) with alkene selectivity ranging from 94
to 98% at conversions of 97 to 99% (Table 2, entries 1, 3 and
4), and over-hydrogenation to the corresponding alkane or

Table 2 Semi-hydrogenation of various alkynes catalyzed by
Pd@PDA@PUF®
Time Conv.?  Alkene sel.”
Entry  Substrate (h) (%) (%) ZJE ratio”
1 PO 1.8 97 98 —
2¢ P 3.3 >99 99 —
3 @_/—: 1.8 97 96 —
4 Ho>_: 1.3 99 94 —
5 — 1.5 >99 99 1/07
6 H 1.5 >99 99 37/1
7 =) 3 98 85 16/1
7/1

8 O _ 40( 4 99 88
- OEt

“?Reaction conditions: alkyne (3 mmol), PA@PUF@PDA (8 cm?®, Pd:
0.23 mol%g EtOH (20 mL), room temperature H, flow (13 mL min™?),
625 rpm. Determined by GC or 'H NMR. ‘Reaction conducted at
10 °C. “No (E)-3-hexene detected by GC.

Table 1 Liquid-phase hydrogenation catalysts for the selective PA-to-ST reduction

Entry Catalyst Solvent T (K) P (bar) ¢t (min) Conv.” (%) Select.” (%) TON?
1 Pd@PDA@PUF* EtOH 298 1 255 98 95 776
2% %-9pd/c? EtOH 298 1 55 98 96 165
3 SiOZ®CuFeZO4—Pde n-Hexane — 1 150 98 98 224
4% Pd-Pb NSs’ EtOH 313 4 30 100 95.8 549
548 Pd/Ag@Ce0,-1.5° EtOH 313 15 720 97 99 9.6
6" Lindlar cat. (Aldrich)* n-Hexane — 1 150 82 92 176
7% Lindlar cat. (NHU Co.)’ EtOH 303 1 270 5 >99 309
80 Lindlar cat. (TCI)J CH;CN 303 1 60 86 99 327
9% Pd/mpg-C;N, EtOH 303 1 85 100 94 1037
10°° MWCNTs-Fe,;0,-Cu,0-Pd’ CH,CN 303 1 90 100 98 377
11°* PyC,,S-Pd/VC™ CH,Cl, 303 1 300 98 94 980
12* Pd + PEI(L)@HSS" MeOH/1,4-dioxane 303 1 240 97 87 169
13°2 Pd%-GDY® EtOH 298 2 120 100 99.3 12 586
14%3 Pd, 15Cu,5/AL, 07 n-Hexane 298 6.9 480 90 94 —
15°* Pd,/SBA-15@N-C? EtOH 323 1 10 96 93 893

“PA conversion and ST selectivity determined by GC analysis.

b Turnover number exgressed as (rnol of PA converted to ST)/(molpd)
in the catalytic material (and in the reaction medlum) 0.244 wt% (0.12 mol%).

“Pd loading
Pd loading in the catalytic material (and in the reaction

medium): 0.924 wt% (0.57 mol%). ° Pd loading in the catalytic material (and in the reaction medium): 4.15 wt% (0.43 mol%) /Pd loading in the
catalytic material (and in the reaction medium): 2.6 wt% (0.175 mol%).  Pd loading in the catalytic material (and in the reaction medium):
8 wt% (10 mol%). " Pd loading in the catalytic material (and in the reaction medium): 5 wt% (O 43 mol%). ' Pd loading in the catalytic materlal
(and in the reaction medium): 1 wt% (O 016 mol%).” Pd loading in the catalytic materlal (and in the reaction medium): 5 wt% (0.26 mol%). ¥ Pd
loading in the catalytic material (and in the reaction medium): 5.64 wt% (0.091 mol%). ' Pd loading in the catalytic material (and in the reaction
medium): 1.67 wt% (0.26 mol%). ™ Pd loading in the catalytic material (and in the reaction medium): 1 wt% (0.094 mol%). " Pd loading (in the
reaction medium): (0.5 mol%). ° Pd loading in the catalytic material (and in the reaction medium): 0.42 wt% (0.0079 mol%). # Pd loading in the
catalytic material: 0.18 at%. ¢ Pd loading in the catalytic material (and in the reaction medium): 0.12 wt% (0.1 mol%).
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double-bond isomerization being only appreciable after full
alkyne consumption (Fig. 6A-D). In the case of 1-heptyne, the
alkene selectivity could even be increased to 99% at full alkyne
conversion by lowering the reaction temperature to 10 °C
(entry 2 and Fig. 6B).

The semi-hydrogenation of aliphatic internal alkynes such
as 3-hexyne and 4-octyne proved even more selective with
selectivity as high as 99% to the (Z)-alkene at full alkyne con-
version (Table 2, entries 5 and 6). Most impressively, this
selectivity was maintained at very high levels even several
hours after all the alkyne had been consumed as isomerization
to the (E)-alkene or over-hydrogenation to the fully saturated

Pd@PDA@PUF (8 cm?)
_ 0.23 mol% Pd
/—=
R H. (13 mL/min)
015 M EtOH (20 mL)/ 25 or 10 °C

625 rpm

100+

80 -

60 -

40-

20

Conversion / Selectivity (%)

10 15 20
Reaction time (h)

100
80—‘
60—.
40 -

20

0-

Conversion / Selectivity (%)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 40 4.5
Reaction time (h)
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hydrocarbon proved to be very slow (Fig. 7A and B). To further
highlight the aptitude of PdA@PDA®@PUF to selectively hydro-
genate 3-hexyne to (Z)-3-hexene, we performed a competitive
experiment starting from a mixture of 60% 3-hexyne and 40%
(2)-3-hexene. During the first 50 min of the catalytic test, we
observed a totally selective conversion of the alkyne to (2)-3-
hexene without any appreciable competition of the hydrogen-
ation of the latter to hexane. Remarkably, Pd@PDA@PUF
maintained complete chemoselectivity even after complete
consumption of 3-hexyne (after ca. 50 min) (Fig. 7C). Such a
gain of selectivity compared to the semi-hydrogenation of
terminal alkynes (vide supra) might be attributed, on one side,

+ R~ + R.z,

;

g w
;

80 -

60 -

40-

20

Conversion / Selectivity (%)

100+

80 -

60 -

40-

20

Conversion / Selectivity (%)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Reaction time (h)

Fig. 6 Hydrogenation with Pd@PDA@PUF of 1-heptyne at 25 °C (A), 1-heptyne at 10 °C (B), 4-phenyl-1-butyne at 25 °C (C), 2-methylbut-3-yn-2-ol
at 25 °C (D); black squares: alkyne conversion; red circles, 1-alkene selectivity; blue triangles: alkane selectivity; pink triangle: 1-alkene isomerization
products. Reaction conditions: alkyne (3 mmol), Pd (7 x 10~° mmol, 0.23 mol%), EtOH (20 mL), H, flow rate (13 mL min™), 25 or 10 °C, 625 rpm.
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Fig. 7 Hydrogenation with Pd@PDA@PUF (8 cm®) of 3-hexyne (A), 4-octyne (B), a 60 : 40 mixture of 3-hexyne and (2)-3-hexene (C); black squares:
alkyne conversion (A and B) or content (C); red circles, (Z)-alkene selectivity (A and B) or content (C); blue triangles: alkane selectivity; pink triangle:
(E)-alkene selectivity. Reaction conditions: alkyne (3 mmol) (A and B) or alkyne (1.8 mmol) and alkene (1.2 mmol) (C), Pd (7 x 10~° mmol, 0.23 mol%),

EtOH (20 mL), H, flow rate (13 mL min™2), 25 °C, 625 rpm.

to the less favourable double-bond isomerization of the result-
ing alkene, and on the other side, to the increased steric hin-
drance around the double bond, which renders its further
hydrogenation to the alkane harder.

In the case of the bulky aromatic alkyne 1,2-diphenylacety-
lene, the alkene selectivity (Z/E ratio of 16 :1) was only 85% at
full alkyne conversion (Table 2, entry 7), as 1,2-diphenylethane
started to form from the beginning of the reaction.
Furthermore, (E)-1,2-diphenylethylene detected in
amounts varying between 10 and 5% throughout the whole
process, while the amount of (2)-1,2-diphenylethylene varied
between 85 and 80% during the first 3 h before diminishing
gradually when all the starting alkyne had been consumed,
i.e., after 3 h reaction (Fig. 8). Such a result might be attributed
to the aromatic rings, which could provide easier access to the

was

This journal is © The Royal Society of Chemistry 2023

double-bond after the initial alkyne-to-alkene hydrogenation
through n-m-interaction with the PDA layer,"> compared to
saturated alkenes which readily decoordinate after the initial
alkyne-to-alkene hydrogenation.

Finally, in the case of ethyl-3-phenylpropynoate (Table 2,
entry 8), it is worth noting that the ester functionality was not
affected by the hydrogenation, but similar to what was
observed with 1,2-diphenylacetylene, full consumption of the
alkyne took a longer time (4 h) than with aliphatic alkynes or
PA, and non-negligible amounts of the alkane (12%) and (E)-
alkene (in a 1:7 ratio with the Z-isomer) were observed at this
point.*>

Among all the studied substrates, aliphatic alkynes clearly
give higher alkene selectivity than aromatic alkynes, particu-
larly in the case of symmetric internal alkynes with which

Green Chem., 2023, 25, 264-279 | 273
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Fig. 8 Hydrogenation with Pd@aPDA@PUF (8 cm®) of 1,2-diphenylacetylene; black squares: alkyne conversion; red circles, (Z)-alkene selectivity;
blue triangles: alkane selectivity; pink triangle: (E)-alkene selectivity. Reaction conditions: 1,2-diphenylacetylene (3 mmol), Pd (7 x 10~ mmol,

0.23 mol%), EtOH (20 mL), H, flow rate (13 mL min™Y), 25 °C, 625 rpm.

over-hydrogenation to alkanes is hardly observed, even after
prolonged reaction times. In agreement with the HR-SEM and
SEM-EDX data, which suggest a very small size of the immobi-
lized Pd species, a possible explanation of Pd@PDA@PUF
high alkene selectivity may be related to the possible chelation
of Pd(u) ions by the catechol moieties of the PDA layer, which
would result in a “single atom”-type dispersion of the active
phase.

Suzuki coupling of aryl bromides and phenylboronic acid
under mild aerobic conditions

The Pd-catalyzed Suzuki cross-coupling, as one of the most
powerful method for the construction of biaryl compounds, is
extensively utilized in the synthesis of natural products or
pharmaceuticals, as well as in the preparation of organic
electronics.>®™® It thus aroused our curiosity to check whether
our catalyst system was efficient in catalyzing this type of
reactions.

Initial studies focused on the coupling under air of phenyl-
boronic acid with chloro- or bromobenzene in EtOH/H,O
(1:1) (8 mL) at 65 °C in the presence of K,COj; as the base and
cubic samples of PA@PDA@PUF (0.244 + 0.032 wt%) of ca.
8 cm? as the catalytic material, whose masses were adjusted to
have a Pd loading of 7 pmol, i.e.: of 1.4 or 0.23 mol% depend-
ing on the amount of aryl bromide (0.5 or 3.0 mmol).

With a catalytic loading of 1.4 mol% Pd, only 20% conver-
sion of chlorobenzene to biphenyl was observed after 23 h of
reaction (Table 3, entry 1). However, when bromobenzene was
used instead of chlorobenzene, 88% conversion to biphenyl
was observed after 3 h and 96% after 4 h (entries 2 and 3).
Satisfyingly, a similar conversion was observed after the same
reaction time when increasing the amount of bromobenzene
6-fold (conversely diminishing the Pd loading to 0.23 mol%),
thus making it possible to reach a TON of 426 and a TOF of

274 | Green Chem., 2023, 25, 264-279

Table 3 Optimization of the Suzuki coupling with Pd@PDA@PUF?

g

Pd@PDA@PUF (8 cm?)

©,x (:(B(on)2 1.4 or 0.23 mol% Pd
+ >
K,COj (1.5 equiv.)

®

1.2 equiv. EtOH /H,0 (1:1), 65 °C
Entry X  Pdloading (mol%) Time(h) Conv.”(%) TOF (h™)
1 Cl 14 23 20 0.62
2 Br 1.4 3 88 21
3 Br 1.4 4 96 17
4 Br 0.23 4 98 107

?Reaction conditions: halobenzene (0.5-3 mmol), phenylboronic acid
(0.6-3.6 mmol), K,CO; (0.75-4.5 mmol), PA@PUF@PDA (8 cm?®, Pd:
1.4-0.23 mol%), EtOH/H,0 (1:1) (8 mL), 65 °C, 625 rpm.
b Determined by GC or NMR.

107 h™" (entry 4). In this case also, PA@PDA@PUF displayed a
high catalytic efficiency without any pre-activation procedures,
and moreover, under aerobic conditions in aqueous medium
in the absence of a phosphine ligand.**

With these optimized conditions in hand, we then briefly
examined the scope of the coupling reaction by varying the
nature of the aryl bromide (Fig. 9). The reaction proceeded
with high efficiency for all five para-substituted bromobenzene
substrates examined, whether they bore electron-donating or
electron-withdrawing groups, and isolated yields ranging from
90 to 97% were obtained after 4 h reaction. The reaction of
2-bromonaphtalene with phenylboronic acid, in contrast,
resulted in a slightly lower activity with 83% isolated yield after
4 h of reaction. The sterically crowded 2-bromobiphenyl and
3-bromo-4-methoxytoluene were coupled efficiently, giving iso-
lated yields of 86 and 94%, respectively. Finally, the ortho-
ester-substituted aryl bromide, methyl 2-bromobenzoate, gave
the expected biaryl compound in 64% isolated yield after 4 h

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 Scope of the Pd@PDA@PUF-catalyzed Suzuki cross-coupling.

of reaction. These results show that both sensitive functional-
ities and sterically crowded substrates are well tolerated by
Pd@PDA@PUF.

Catalyst recycling, leaching test and evidence of progressive Pd
(u) reduction

Reusability, a criterion of great significance in evaluating
heterogeneous catalytic systems operated in the liquid-phase
medium, is normally measured as the relative activity of the
catalyst maintained in successive runs of a given catalytic reac-
tion. In the case of powdered catalyst, the product-catalyst sep-
aration is generally carried out via physical methods, such as
filtration or centrifugation. Such methods are tedious in practi-
cal use and time-consuming, along with problems linked to
catalyst loss. The macroscopic catalyst used in the present
work allows one to operate the product-catalyst separation in a
much easier way as the catalyst can be just taken out from the

reaction medium followed by a short washing step to remove
the adsorbed liquid on its surface before reuse.

To shed more light on the recycling properties of
Pd@PDA®@PUF, 15 consecutive catalytic runs were conducted
with a single cubic sample of PA@PDA@PUF (8 cm®, Pd:
7 pmol, i.e.: 0.23 mol% for all reactions as 3 mmol of substrate
were used in each case), consisting of 5 runs of semi-hydrogen-
ation of PA, followed by 5 runs of Suzuki coupling of bromo-
benzene with phenylboronic acid, and then again 5 runs of PA
semi-hydrogenation (Fig. 10).

During the first 5 runs of semi-hydrogenation, the time
necessary to consume nearly all PA decreased from 3.5 h in
run 1 to 2 h in run 5, while the ST selectivity was maintained
at 91 + 1%, thereby suggesting a gradual improvement of the
catalytic activity of PA@PDA@PUF over these first 5 runs. The
next 5 runs of Suzuki coupling each resulted in 97.5 + 1.5%
conversion in 4 h of reaction, showing no apparent variation

Z B(OH),
@// Pd@PDA@PUF ©/\ — @’ 2 B _Pd@PDA@PUF N Z Pd@PDA@PUF @/\
T s
i _ 99 99 1 99 99 99 99 99
<100 100 o8 98 % = B 2 2 2.
2 80 80 80
=
3
£ 60- 60- 60-
%)
g 40 40 40 -
@
$ 20 20 20
<
38
0- 0- 0-
1 2 3 4 5 6 7 8 9 10 11 12 13 15
35h  25h  25h 2h 2h 16h  16h  16h  16h  16h
Runs Runs Runs

Fig. 10 Conversion and selectivity measured over the 15 successive runs of semi-hydrogenation of phenylacetylene (runs 1 to 5 and 11 to 15) and
Suzuki coupling of bromobenzene with phenylboronic acid (runs 6 to 10) catalysed by a single cubic sample of Pd@PDA@PUF (8 cm?, Pd: 7 pmol).
Hydrogenation conditions: phenylacetylene (3 mmol), EtOH (20 mL), H, flow rate (13 mL min~?), 25 °C, 625 rpm. Suzuki coupling’s conditions: bro-
mobenzene (3 mmol), phenylboronic acid (3.6 mmol), K,COs3 (4.5 mmol), EtOH/H,0O (1:1) (8 mL), 65 °C.
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of catalytic activity. Finally, the 5 last runs of semi-hydrogen-
ation demonstrated the extremely high stability of the foam-
based catalyst, as both the reaction rate and the selectivity
remained unchanged for the whole set of tests with 99% con-
version and 93% + 1% of ST selectivity after 1.6 h of reaction
for run 11 to 15. Noteworthily, 45 mmol of substrate (PA and
bromobenzene) was efficiently converted over these 15 runs
with just 7 pmol of Pd, which corresponds to a Pd loading
0.0156 mol% if one takes into consideration the total amount
of converted substrates.

It must be highlighted here that despite the fact that
Pd@PDA®@PUF experienced 65 °C for 4 h in a basic environ-
ment during the coupling reactions and that it was washed
with water and organic solvents (ethanol and ethyl acetate) in
an ultrasonic bath after each coupling reaction, the activity in
the subsequent semi-hydrogenation tests (i.e.: runs 11 to 15)
did not drop, but even slightly increased. A determining
requirement to establish whether PA@PDA®@PUF was compe-
tent in accomplishing such a recycling experiment was that
the catalyst could endure prolonged rinsing steps like ultra-
sonic bath washings. To our delight, PdA@PDA®@PUF achieved
this goal, maintaining both high conversion and selectivity
from the beginning to the end. PUF (structured -catalytic
support), PDA (adhesive layer), and Pd precursor (active
species), after a facile combination, thus constitute a very
stable heterogeneous structured catalyst for both semi-hydro-
genation and Suzuki coupling reactions. Even more satisfy-
ingly, the performance of semi-hydrogenation catalysis showed
an interesting development during the first runs of catalysis
due, most probably, to the progressive reduction of the
immobilized Pd, as shown by XPS analyses (vide infra).

ICP-AES analyses of the Pd content of both foams after these
15 cycling tests and the reaction medium confirmed the robust
anchoring of Pd. No Pd was indeed detected in the reaction
solution after the first run of semi-hydrogenation reaction,
although the most important catalyst leaching is typically
expected during the first run. Moreover, the Pd content of the
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A

(342.2 eV,Pd™)

Intensity (a.u.)

I
(335.2 eV,Pd°)

I
(340.2 eV,Pd°)

346 344 342 340 338 336 334 332
Binding energy (eV)

View Article Online

Green Chemistry

Pd@PDA@PUF foam after the cycling tests showed only negli-
gible deviation (2.205 mg g~') compared to the value measured
for the as-synthesized foam (2.758 mg g~ "). This absence or
quasi-absence of leaching was further demonstrated by a stop-
and-go experiment that was carried out for the hydrogenation of
4-octyne with a fresh PA@PDA@PUF foam. The latter indeed
showed the quenching of the reaction as soon as
Pd@PDA@PUF was removed from the reaction medium, and
the restart of the reaction when the foam was re-immersed
(Fig. S87).

Furthermore, the surface of the spent catalyst after these 15
cycling tests remained remarkably similar compared to that of
the as-synthesized Pd@PDA@PUF foam, as revealed by
HR-SEM (Fig. S9f). In particular, high magnification images
still show numerous scattered polymer aggregates typical of
PDA coating, and again, no Pd particles could be identified.
This further suggests an initial simple coordination of the Pd
() ions, and moreover shows the absence of mobility of the
active phase even after reduction to Pd(0). Accordingly, SEM
micrographs combined with EDX spectroscopy again showed a
quasi-uniform distribution of C, O, N and Pd without notable
aggregates or segregations area (Fig. S107).

To gain more information about the absence of need for
pre-catalysis time-and-energy consuming reduction pro-
cedures and the possible reduction of the immobilized Pd(u)
species under the catalytic conditions, XPS measurements
were performed: (i) on the PA@PDA@PUF foam that had
been used for the cycling tests (Fig. 4B), and (ii) on foams
that had been used for a single run of semi-hydrogenation of
PA or of Suzuki coupling of bromobenzene and phenyl-
boronic acid (Fig. 11). In contrast to what was observed for
the as-synthesized foam (Fig. 4A), only Pd(0) was observed on
the spent Pd@PDA@PUF foam after 15 catalytic runs of
alkyne hydrogenation and Suzuki coupling (Fig. 4B).
Remarkably, this zero-oxidation state could be observed even
after letting the foam standing in air for weeks, revealing a
stabilizing effect of the PDA layer through surface interaction
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Fig. 11 High-resolution XPS spectra of the Pd 3d core level region of Pd@PDA@PUF: (A) after one run of semi-hydrogenation of phenylacetylene,
(B) after one run of Suzuki coupling of bromobenzene and phenylboronic acid.
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Fig. 12 High-resolution XPS spectra of the C 1s core level region of Pd@PDA@PUF: (A) as-synthesized, (B) spent (after 15 cycling tests).

with the anchored metal (vide infra). It is noteworthy,
however, that this full reduction of the immobilized Pd(u)
species to Pd(0) is not the result of a ‘one-shot-process’. Thus,
as can be seen in Fig. 11, Pd(u) was only partially reduced to
Pd(0) after a single catalytic run, either in semi-hydrogenation
or Suzuki coupling. This result explains the observed activity
of the as-synthesized Pd@PDA@PUF without prior reduction,
the reaction mixtures being sufficiently reductive to activate
the PA@PDA@PUF catalytic material, as well as the gradual
improvement of the catalytic activity of Pd@PDA@PUF
observed over the first 5 runs of the cycling tests and in the
optimization study (Fig. S6T). Furthermore, it is worth men-
tioning that the Pd(u) immobilized species was reduced at
varying degrees depending on the nature of the reaction.
Thus, approximately 25% Pd (i) was reduced to Pd(0) after one
run of the semi-hydrogenation reaction® while ca. 57% Pd(0)
was formed after one Suzuki coupling, suggesting (i) that the
Suzuki coupling reaction medium was more reductive than
the alkyne hydrogenation one, and (ii) that a classical Pd(0)/
Pd(1) mechanism® was occurring, even though the cross-
coupling was carried out in an open vessel under air.
Furthermore, the easy reduction of Pd(u) to Pd(0) observed in
our experiments may be attributed, at least in part, to the
small dimension, or even the coordinated ion state, of the
active phase. Indeed, for larger Pd nanoparticles, the
reduction could be more tedious at low temperature due to
the slow diffusion of oxygen out and of dihydrogen in,
throughout the oxide particle.

The high-resolution XPS spectra of the C 1s core level
region (Fig. 12) of the as-synthesized and spent
Pd@PDA®@PUF catalyst after 15 cycling tests suggest a non-
innocent behaviour of the PDA layer. In the C 1s spectrum of
the pristine PA@PUF@PDA foam, four peaks at 284.4, 285.8
eV, 287.2 eV and 289.2 eV can be assigned to the C=C, C-
C/C-N/C-O, C=0, and O-C=O groups of polydopamine,
respectively (Fig. 12A).*> The C 1s spectrum of the spent
foam shows the same four peaks, but their intensity varied

This journal is © The Royal Society of Chemistry 2023

significantly compared to that of the as-synthesized catalyst,
due to a probable reductive alteration of the catechol/
o-quinone ratio of the PDA layer. Specifically, the area of the
C=C peak increased by 15% while that of the C=O peak
decreased by 8%, which suggests that a non-negligible pro-
portion of o-quinone-like groups has been reduced to cate-
chols after the 15 cycling tests. We suspect that this partial
reduction of the PDA layer helps to prevent the re-oxidation
of Pd(0) to Pd(un) when the foam is exposed to air (vide supra),
and explain the formidable stability of the Pd@PDA@PUF
catalyst over time.

Conclusion

In summary, we have developed an effective and general strat-
egy to readily prepare PA@PDA@PUF foam that can operate as
a versatile and highly reliable heterogeneous catalyst without a
prior-reduction procedure. The PA@PDA@PUF foam was pre-
pared by a simple dip-coating protocol of PDA-coated PUF in a
hydro-alcoholic solution of Pd(NH;),Cl,-H,O at room tempera-
ture, and this easy-to-make composite acts as an efficient and
reusable heterogeneous catalyst for the semi-hydrogenation of
alkynes under 1 atm H, at ambient temperature, giving
remarkably high alkene selectivity (up to 99%) at full alkyne
conversion, as well as for the Suzuki coupling of aryl bromides
under aerobic conditions.

Moreover, the PdA@PDA@PUF catalyst is extremely stable
and showed decay neither in activity nor in selectivity when
running the hydrogenation and coupling reactions for 15
cycles altogether with thorough washing procedures in an
ultrasonic bath between each catalytic run. The as-recovered
catalyst even displayed improved catalytic performance due to
both the progressive in situ reduction of the Pd(i) immobilized
species into Pd(0), as demonstrated by XPS studies, and the
strong interaction between Pd and the non-innocent adhesive
PDA layer, which prevents re-oxidation of the Pd active phase
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during air exposure between two cycling tests, as well as Pd
leaching into the medium.

Furthermore, the very small size of the Pd species, as
shown by HR-SEM and SEM-EDX studies, suggests an initial
simple coordination of the Pd(u) ions by the catechol moieties
of the PDA layer. The resulting “single atom”-type dispersion
of the active phase and the absence of aggregation of the
reduced Pd over time may be the reason for the very high
selectivity observed in alkyne semi-hydrogenation.

The easy-to-engineer character of the size and shape of the
Pd@PDA@PUF catalyst and its efficient mass transfer and
transport properties, are expected to enable relatively easy
scale-up procedures and adaptation to continuous flow pro-
cesses, and studies in this direction are currently underway in
our laboratories.

All in all, we believe this “dip-and-play” catalytic mode and
easy adaptation to any kind of reactor will stimulate the design
of new generations of heterogeneous catalysts and processes,
and open the gate for a wider range of applications by virtue of
its unprecedently facile preparation and excellent catalytic and
reusable performance.
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