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The design of highly active and structurally well-defined
catalysts has become a crucial issue for heterogeneous
catalysed reactions while reducing the amount of catalyst
employed. Beside conventional synthetic routes, the employ-
ment of polynuclear transition metal complexes as catalysts or
catalyst precursors has progressively intercepted a growing
interest. These well-defined species promise to deliver catalytic
systems where a strict control on the nuclearity allows to
improve the catalytic performance while reducing the active
phase loading. This study describes the development of a
highly active and reusable palladium-based catalyst on alumina
(Pdg/Al,O;) for Suzuki cross-coupling reactions. An octanuclear

Introduction

During the last decades, transition metal nanoparticles and
clusters have attracted great attention in catalysis and materials
science as witnessed by the numerous studies and applications
involving these nanomaterials."™ Heterogeneous catalysis, in
particular, has benefited of these new findings due to an
increasing number of new metal based catalysts being studied
at the academic level®” but also with notable industrial

tiara-like palladium complex was selected as active phase
precursor to give isolated Pd-clusters of ca. 1 nm in size on
Al,O;. The catalyst was thoroughly characterised by several
complementary techniques to assess its structural and chemical
nature. The high specific activity of the catalyst has allowed to
carry out the cross-coupling reaction in 30 min using only
0.12 mol% of Pd loading under very mild and green reaction
conditions. Screening of various substrates and selectivity tests,
combined with recycling and benchmarking experiments, have
been used to highlight the great potentialities of this new Pdg/
Al,O; catalyst.

applications.® Lately, solid phase catalysts have emerged as
excellent materials in the activation of organic molecules with
different degrees of complexity.'*'"

Heterogeneous palladium catalysts based on nanoparticles
(NPs) and clusters have already been employed in various
chemical transformations.>'¥ During the last decades they
have also been described as valuable alternatives to homoge-
neous palladium complexes, typically as promoters of key
organic processes such as cross-coupling™™® and C—H bond
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activation reactions.* Their application in cross-coupling has
considerably boosted the industrial synthesis of fine chemicals,
such as active pharmaceutical ingredients, natural products and
advanced organic materials.”'* In spite of significant and
technological improvements in the field, fundamental research
in this area is still actively sought due to its huge impact in the
evolution of synthetic organic chemistry, particularly in the
terms of design and development of more efficient and
sustainable catalysts and reactions set-up.

Heterogeneous palladium catalysts anchored on different
supports, inorganic and/or carbonaceous, have been used in
cross-coupling  reactions  with  remarkable  result.**>*
Photocatalytic®*>* and in-flow cross-couplings setups®*** have
also been developed as alternative solutions to classical
homogeneous protocols. Despite extensive studies on various
palladium sources as well as the development of new active-
phase supports, heterogeneous cross-coupling reactions cata-
lyzed by solid-phase palladium species still suffer various issues
linked to the loss of activity (i.e., metal leaching) that have
seriously limited the exploitation of these catalysts on a proof-
of-concept ground.3”

Tiara-like complexes, first reported in 1964,5® are a class of
organometallic compounds consisting in polynuclear transition
metal species doubly bridged by thiolate molecules in a ring
closed fashion.®#*? These complexes are considered very
promising catalysts or catalyst precursors due to a relatively
small and strictly defined number of metal atoms composing
the structure. Indeed, tiara-like nickel complexes have been
employed as electrocatalysts, with remarkable results, for
hydrogen evolution“” and oxygen evolution reactions™" as well
as photocatalytic hydrogen evolution by water splitting.“**¥ A
series of tiara-like platinum complexes have been reduced in
hydrogen atmosphere affording metal clusters used in the
catalytic styrene hydrogenation.*” However, despite the great
potential of these metal complexes, only a limited number of
studies have been carried out on their use as catalysts, or
catalyst precursors, because of their relatively low activity and
the complexity in removing thiolate ligands to provide more
reactive, unprotected, metal clusters.

Herein, the precise atomicity of an octanuclear tiara-like
palladium complex protected by methyl thioglycolate ligands
(Pdg(SCH,COOMe),() is exploited to prepare unprotected palla-
dium clusters with a relatively narrow sized Pd NPs distribution
featured by enhanced catalytic activity in the Suzuki cross-
coupling reaction. The palladium complex was prepared
following an already known synthetic strategy thus making use
of conventional methods for the synthesis of organometallic
complexes.” The complex was thoroughly characterised to
confirm its structure before being anchored on alumina by an
UV treatment and undergoing reduction at high temperature to
get Pdg/Al,O; as the final species. The as-prepared Pdg/Al,O;
catalyst was thoroughly characterized to determine the mean
clusters size, the metal oxidation state and the catalyst
composition. Afterwards, the heterogeneous system was tested
for the Suzuki cross-coupling of model arylboronic acids with
aryl halides under very mild experimental conditions (50°C and
30 min reaction time) in a mixture of ethanol/water as a green
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chemical environment for the process. The scope of the
reaction was widely expanded using various meta- and para-
substituted aryl halides to generate the corresponding sub-
stituted biphenyls which are highly valuable scaffolds for the
synthesis of small molecule drugs. The Pdg/Al,O; catalyst has
shown remarkable performance in the process with a very low
palladium loading of 0.12 mol %. Moreover, its superior robust-
ness and durability compared to related palladium nano-
particles/clusters of the state-of-the-art,*” paves the way to the
potential exploitation of our Pdg/Al,O; catalyst within further
catalytic transformations.

Results and Discussion
Synthesis of the catalyst

Pdg/Al,O; catalyst has been prepared according to Scheme 1,
following the literature procedure for the isolation of the tiara-
like species Pdg(SCH,COOMe),s. According to the literature, Pd
thiolate complexes imply the formation of monomeric yellow
coloured Pd(SR), species” that, in presence of a suitable base,
initiate self-condensations to give small linear oligomers
forming stable ring closed complexes with an orange/red colour
in solution (inset Scheme 1). The nuclearity of the final complex
depends on the thiol ligand used in the complexation.

The purity of the crystalline product was confirmed by 'H
NMR™ with the spectrum displaying two signals at 3.33 and
3.23 ppm due to the methylene groups along with two signals
at 3.96 and 3.77 ppm due to the methoxy fragments (Figure S1).
These two sets of signals are attributed to the axial and
equatorial methoxycarbonylmethylene arms of the cyclic com-
plex. This assignment is consistent with previous NMR charac-
terizations of related species, such as the cyclic hexameric Pd
thiolate complexes.*®*! Furthermore, a comparative single
crystal X-ray diffraction analysis carried out on isolated complex
crystals (Figure S2) allowed to confirm its ultimate nature
(Table S1)."*' The crystallised complex was then deposited onto
Al,O; through an irradiation/deposition process using UV light
(Figure 1A). The deposition was accomplished with the aim at
preparing a catalyst with a nominal Pd loading of 0.2 wt.%. The
exact amount of the Pd-active phase was confirmed afterwards
by Inductively Coupled Plasma — Optical Emission Spectroscopy

DIPEA /
— S ;
n-PrOH B R\
4 ah i’d R = CH,COOMe pd
b Y: 94% ‘R
i -8 o~
R-53-R R /s
J R ’R B
Pd—s. s
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Scheme 1. Synthetic scheme for the Pdg(SCH,COOMe),; complex preparation
and colour progression of the reaction (inset).
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Figure 1. Representative images of the irradiation/deposition process (A)
and reduction step performed in H,/Ar on the pre-reduced catalyst (B).

(ICP-OES) analysis and it was fixed in the 0.13-0.17 wt.% (see
Experimental section). It is already known that thiols and
sulfides can undergo radical sulfur-carbon bond cleavage under
UV light.”? This reactivity was then exploited to prepare PdS
clusters from the Pdg(SCH,COOMe),, complex upon UV irradi-
ation, followed by its adsorption on alumina by ion-dipole
interaction. Without UV irradiation, the thiolate complex failed
to adsorb on the support because of the hydrophobicity
imparted by the organic ligands. Moreover, we found that the
choice of the support was pivotal in avoiding aggregation of
the palladium species during deposition, with AlLO; being
identified as the optimal choice. After UV irradiation, a slight
colour change of both the suspension and the alumina was
observed (Figure 1A). The last step in the preparation of the
catalyst consisted in the reduction of the Al,0;-adsorbed PdS
clusters under H, atmosphere. Mild temperature conditions
have been selected for this stage as to limit the occurrence of
sintering phenomena of the Pd-active phase, hence maximizing
the advantage of the utilization of well-defined molecular
precursors in the preparation of narrowed sized Pd-clusters. The
pre-catalyst, after being dried under vacuum, was finely crushed
and treated in a H,/Ar flow at 300°C for 15 h to afford a grey
brownish powder hereinafter referred to as Pdg/Al,O; (Fig-
ure 1B).

Catalyst characterization

To confirm the effective removal of the organic ligands during
all the sample treatments, infrared (IR) analysis was performed
on both the UV-irradiated and reduced catalyst (Figure S3). IR
spectra confirmed that Pdg(SCH,COOMe), ¢ adsorbed on Al,O; in
a molecular form. UV irradiation resulted in the removal of C—H
bond while reduction at 300°C under H, atmosphere com-
pleted the removal of residual organic moieties from the
precursor.

X-ray photoelectron spectroscopy (XPS) analyses was carried
out on the catalyst to investigate the evolution of Pd and S
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during the preparation path. Survey spectra for the UV-
irradiated and reduced catalysts are shown in Figure S4. The Pd
3d spectrum typically falls in the 325 to 350 eV energy region
but its very low content hampered a clear signal detection in
the survey spectra. High resolution XPS spectra on the UV-
irradiated catalyst (Figure 2A) display signatures (336.3 eV, 3d*%
341.6 eV, 3d*?) that are typical of Pd®* suggesting its presence
in the form of palladium sulfide. This was also confirmed by the
analysis on sulfur. Indeed, XPS spectra display binding energies
at 164.0 eV (2p*?) and 164.0 eV (2p"?) that are consistent with
the presence of PdS."" As expected, the spectra of the Pdy/
Al,O; catalyst after reduction treatment in H, (Figure 2B) high-
light the presence of metallic Pd (335.6 eV, 3d*% 341.1 eV, 3d*?)
while sulfur appears below the detection limit, suggesting the
removal of sulfur ligands to a larger extent.

X-ray Absorption Fine Structure (XAFS) measurements have
additionally been performed on catalysts and pre-catalysts
[Pdg(SCH,COOMe),s complex, Pdg(SCH,COOMe),; impregnated
on Al,Os;, UV-irradiated and the reduced catalyst (Pdg/Al,O5)] as
to get more insights on the Pd coordination environment. The
obtained results are reported in Figure 3A, 3B and Table S2. As
expected, for the Pdg(SCH,COOMe),; complex only Pd—S was
observed in the first coordination shell: fixing the coordination
number (CN) to 4, a distance of 0.2328 nm is obtained, which
was in good agreement with the average Pd—S bond length
determined from single crystal structure of the tiara-like
complex. The same values were obtained also for the impreg-
nated complex, confirming the retention of the
Pd4(SCH,COOMe),, molecular structure after adsorption on the
support.
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Figure 2. High resolution XPS spectra for the UV-irradiated catalyst (A) and
the reduced Pdg/Al,O; (B) in the Pd and S binding energies ranges.
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Figure 3. Fitted EXAFS (A) and Fourier transform (B) spectra of the Pd species

The pre-catalyst after the UV irradiation process still displays
the presence of sulphur bound to palladium although at a
slightly reduced distance (0.2313 nm). This suggests a small
reassessment of the Pd clusters on the alumina support after
the cleavage of the organic chains. A marked change in the Pd
environment was instead observed after the reduction of the
catalyst in H, atmosphere. Pd—S contribution to Extended XAFS
(EXAFS) signal strongly decreases, showing a CN=0.9 and
suggesting the removal of S from the material, in agreement
with XPS analysis. Pd—O and Pd—Pd distances also appear in the
fitting of EXAFS data. The Pd—O presence was related to the
interaction of Pd clusters with the oxygen atoms of the support
(CN=2.1). However, the presence of palladium oxide cannot be
excluded as the absorption of oxygen increases while decreas-
ing the size of Pd NCs. Most notably, the low CN for Pd—Pd (0.2)
is a clear indication of the small size of the metal clusters that
remain anchored to the ALO; surface after the pre-catalyst
reduction.

To confirm these results, samples obtained after organic
fragments removal have been analysed by High-angle annular
dark-field Scanning Transmission Electron Microscopy (HAADF-
STEM) to evaluate the size and composition of Pd clusters
(Figure 4). The representative STEM images of the UV-irradiated
and reduced Pdg/Al,O; samples show that alumina particles are
composed of crystallites of 10-20 nm, with well-defined shapes
and high crystallinity (Figure 4A and 4D). Together with large
Al,O; particles, a few small particles can be observed as brighter
spots with size around 1-2 nm (Figure 4B and 4D). The Energy-
dispersive X-ray Spectroscopy (EDS) analysis on these particles
shows a weak, but clear, signal related to Pd, indicating that the
bright spots represent the Pd-containing clusters derived from
the Pdg(SCH,COOMe),q complex (Figure 4C and 4F). Notably,
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Figure 4. Representative images from HAADF-STEM characterization of the

UV irradiated (left) and reduced (right) Pdg/Al,O; materials: general view (A,
D), high magnification images (B, E), EDS analysis of the bright spots (C, F).
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EDS signal is quite low and always present with intense signals
from Al and O deriving from the support. It must be underlined
that, in both the cases, the signal for S is not clearly detectable
due to the very low amount under the electron beam.

Before testing the Pdg/Al,O; catalyst, its textural properties
have been investigated by physisorption analysis. The N,
physisorption isotherms reported in Figure S5 indicate that no
significant changes to textural properties of the materials take
place after deposition of Pdg(SCH,COOMe),, complex, UV
irradiation and H, reduction, showing high surface area and
pore volume (Table S3) comparable to those of pristine Al,O,
calcined at 900°C. Hysteresis loops and BJH analysis show, for
all the samples, the presence of an extensive mesoporous
system with a maximum of pore size distribution centred at
28 nm (Figure S6).

Suzuki cross-coupling reactions

The investigation of Pdg/Al,O; activity in the Suzuki cross-
coupling required a preliminary optimization of the reaction
conditions with reference to a detailed screening of the solvent,
base, temperature and reaction time. The coupling of bromo-
benzene with phenylboronic acid was selected as the model
reaction. A target temperature value of 50°C for 30 min of
reaction time were fixed as starting operative conditions while
screening the nature of solvent and base. Initially, K,CO; was
used as a reference base for the solvent screening.

As displayed in Table 1, the use of water as solvent resulted
into poor reactants conversion. Although water is generally
considered as a good solvent for the dispersion stability of
supported catalysts, the limited solubility of organic reactants
together with their moderate diffusion towards the catalytic
sites gave very poor conversions only. On the other hand, pure

Table 1. Solvents screening for the optimisation of the Suzuki coupling.

Pdg/Al,05 0.2% Pd wt 10 mg
B(OH
©/ B, ©/ (OH)2 K2CO3 0.66 mmol
Solvent O

0.15 mmol 0.22 mmol :f(?m(.;
Entry Solvent Yield [%]®
1 H,0 45
2 EtOH 40.7
3 MeOH 24.3
4 EtOH/H,0 1/1 >99
5 MeCN 2.7
6 THF traces
7 1,4-dioxane traces
8 Acetone 2.2
9 Toluene 7.7
10 DMF 25
1 DMSO traces

alcohols such as EtOH and MeOH provided cross-coupling
products only in moderate yield (40.7% and 24.3% respec-
tively). Notably, the use of water/ethanol mixture (1:1 v/v)
resulted in a very high yield (>999%) towards the biphenyl
product. The high miscibility of the two solvents resulted in a
synergistic and positive combination of their solvent effects.”?
The use of other organic solvents resulted again in very low
yields; in particular, using THF, 1,4-dioxane or DMSO resulted in
negligible reactants conversions only.

After the optimal solvent mixture was identified, different
inorganic and organic bases were screened (Table 2). Inorganic
bases were screened displaying from poor to discrete con-
version yields. With respect to K,CO,, other related inorganics
salts such as Cs,CO; and Na,CO; gave acceptable yields, 40.7 %
and 60.4% respectively, while phosphates, K;PO, and Na;PO,,
performed slightly worse. The superior yield obtained with
carbonate bases can be ascribed to their suitable properties in
shifting the acid-base equilibrium between organoboronic acid
and organoborate toward the second one which is the real
partner in the transmetalation with palladium. In addition, a
counterion effect can be attributed to K™ for the proper
stabilization of the R—B(OH);~ organoborate species.”® On the
other hand, low activity was observed with the use of
bicarbonates and hydroxides with conversions laying on
moderate values comprises between 11.1% and 15 %. Similarly,
organic bases, such as amines gave poor or very low product
yields. Hence, K,CO; resulted the best performing base for the
process allowing to achieve almost quantitative reagents
conversion.

[a] Based on the biphenyl product and determined by GC-MS with
benzophenone as internal standard.

Table 2. Screening of different bases for the optimization of the Suzuki
coupling.
o gyt M 0
EtOH/H,0 1/1 O
0.15 mmol 0.22 mmol 50 °C
30 min
Entry Base Yield [%]*
1 none 0
2 K,CO; >99
3 Cs,CO, 40.7
4 Na,CO, 60.4
5 KHCO, 1.1
6 NaHCO, 11.6
7 K;PO, 434
8 Na,PO, 249
9 KOH 123
10 NaOH 15
11 DMAP traces
12 DABCO 346
13 DIPEA 73
14 TEA 13
[a] Based on the biphenyl product and determined by GC-MS with
benzophenone as internal standard.
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Attempts to further optimize the reaction conditions gave
no significant improvements with respect to the initial set-up.
Reactions performed at room temperature (25°C) resulted in
lower yields down to 43.9% within the same reaction time. A
similar trend was also observed when the reaction time was
reduced from 30 min to 20 min. A conversion yield of 75% was
recorded while maintaining all other experimental parameters
unchanged. After these considerations, the temperature of
50°C and reaction time of 30 min were kept as optimal
parameters for running the cross-coupling reactions efficiently.
A last screening test was performed under inert atmosphere
(Ar) which delivered a 70% vyield in product. This result was in
agreement with literature data suggesting a rate enhancement
in the presence of oxygen when using solid palladium. Oxygen
favours PdO formation, which has higher solubility in aqueous
media, thus favouring highly active Pd ionic species in
solution.®? The selectivity of the reaction was assessed by
means of model homocoupling experiments. These catalytic
tests were performed using one of the two reactants only for
getting the coupling product: bromobenzene or phenylboronic
acid (Scheme S1). At the optimised reaction conditions, bromo-
benzene afforded the homocoupling product only in traces
while phenylboronic acid gave biphenyl with 2.2% conversion.
These results suggest a very high selectivity of the catalyst in
promoting only the cross-coupling reaction with a high
discrimination towards the homocoupling side product. To
support the high activity of the Pdg/Al,O; catalyst at this low Pd
loading, a crucial control experiment was also performed. Along
the years various studies have reported metal-free cross-
coupling reactions that were afterwards recognised to be the
result of data misinterpretation.”* % It is well known that cross-
coupling reactions need a metal catalyst to proceed and when
the metal is not provided on purpose, alleged metal-free cross-
coupling reactions take place as the result of metal contam-
inants in the reagents.

In order to rule out the presence of possible palladium
contaminations in the reactants or in the base, a catalytic test
was additionally performed employing the bare Al,O; support
without the Pdg clusters. As expected, the test failed pointing
out no conversion of reactants into cross-coupling products
and hence attributing the observed catalytic activity to the Pdg/
Al,O; catalyst only. Furthermore, to highlight the importance of
the reduction step in delivering an active catalyst, a test was
performed with the UV irradiated material: in this case GC-MS
analysis of the crude reaction mixture allowed to determine a
negligible 4% yield of biphenyl.

The scope of the reaction was expanded to a series of
substituted bromoarenes to give the corresponding products as
illustrated in Scheme 2. The yields refer to isolated products
after purification of the crude mixture by flash chromatography.
Para-substituted bromoarenes were mostly employed because
of their availability, while ortho-substituted bromoarenes were
not considered for the scope: a preliminary test on 2-
bromobenzaldehyde gave only traces of the product. Concern-
ing the functional group (FG) tolerance, the catalyst behaved
remarkably well, displaying to be suitable for cross-coupling
reactions on substrates bearing functional groups of different
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Scheme 2. Reaction scope on substituted bromoarenes (reaction conditions:
Pdg/Al,O; 10 mg, bromoarene 0.15 mmol, phenylboronic acid 0.22 mmol,
K,CO; 0.66 mmol, H,O/EtOH 1/1 2 mL, 50°C, 30 min).

nature. Alkyl FGs were well tolerated in the catalysis providing
the corresponding products 3a-3 e from excellent to quantita-
tive yield (from 87% to 99%). Aromatic substituents on the
bromoarene gave products 3f and 3g in high yield while the
biphenyl product from the coupling of 2-bromo-6-meth-
oxynaphtalene and phenylboronic acid (31) was isolated in 80%
yield. Hydroxy and methoxy FGs both in meta and para also
resulted in the expected products 3h, 3i and 3j, 3k
respectively, with good yield while bromoaniline derivatives
delivered products 3n and 3o in quantitative yield. Remarkably,
bromoarenes containing electron-withdrawing groups dis-
played good reactivity although they are known to reduce the
kinetics of the oxidative addition step in Pd catalysed cross-
coupling reactions. Bromoarenes with electron-withdrawing
FGs gave products in high to remarkably high yield such as 4-
trifluoromethylbiphenyl 3q (99%), 4-phenylbenzonitrile 3s
(96 %), 4-phenylbenzaldehyde 3 u (98 %) or 4-biphenylcarboxylic
acid 3x (97 %). Overall, the catalyst demonstrated its excellent
performance in the process by promoting the cross-coupling
process in combination with several different meta- and para-
substituted substrates under mild experimental conditions.
Additional tests were carried out to compare the perform-
ance of Pdg/AlLO; with respect to classical systems of the state-
of-the-art such as the commercial Pd/C 10% and Pd/Al,O;
prepared by impregnation/reduction of K,PdCl, (0.2 wt.% Pd)
following the same conditions applied to the preparation of
Pdg/Al,O;. All comparative catalytic tests were performed with
0.12 mol % of Pd whatever the nature of the selected catalyst at
work and results are summarised on Table 3. The commercial
Pd/C displayed only moderate activity (7.4 % conversion) toward
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Table 3. Activity benchmarking with a commercial Pd catalyst and a lab
standard Pd/Al,O; using 0.12 mol % of Pd.

Catalyst (0.12 mol% Pd)
@Br . ©/B(OH)2 K,CO3 0.66 mmol O
EtOH/H,0 1/1 O
0.15 mmol 0.22 mmol 50 °C
30 min

Entry Catalyst Yield [%]®
1 Pdy/ALLO; 0.2%wt >99
2 Pd/C 10% wt 74
3 Pd/ALO; 0.2%wt 24

[a] Based on the biphenyl product and determined by GC-MS with

benzophenone as internal standard.

the Suzuki coupling under the same experimental conditions
used with Pdg/Al,O;; the benchmark Pd/AlLO, afforded up to
24% yield which was higher with respect to Pd/C but still not
comparable with that of the Pdy/Al,O,. Additional comparative
outcomes of Pdg/Al,O; with other related systems from the
literature are summarised in Table S4 for the sake of complete-
ness.

To properly assess the usefulness of a heterogeneous
catalyst and to better estimate its potentialities, reusability and
robustness tests are mandatory. It is widely accepted that cross-
coupling reactions promoted by solid phase palladium species
proceeds through a cocktail-type mechanism.®” This latter
based on the dissolution and re-deposition of active species
such as single atoms, clusters and NPs. Therefore, the overall
catalyst performance needs to be assessed in the light of its
ability to control the occurrence of metal atoms agglomeration
during the re-deposition step. Recycling tests can offer useful
hints on the stability of the catalytic material. Catalytic data
reported in Figure 5 present the conversion yield to biphenyl in
the cross-coupling of bromobenzene and phenylboronic acid

Yield %

1 2 3 4 5 6 7 8 9 10
Cycle number

Figure 5. Recycling tests for the Pdg/Al,O; catalyst used in the Suzuki cross-
coupling reaction (reaction conditions: Pdg/Al,O; 10 mg, bromoarene

0.15 mmol, phenylboronic acid 0.22 mmol, K,CO; 0.66 mmol, H,0/EtOH 1/1
2 mlL, 50°C, 30 min).
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promoted by Pdg/Al,O; recycled within 10 consecutive experi-
ments. The ability of the catalyst in promoting the reaction with
high yield (between 96% and 99%) was maintained almost
unchanged within six consecutive catalytic runs. Afterwards,
conversion decreased slightly down to 87 % and 89% for the 9"
and 10" recycling test, respectively. It can be inferred that the
high activity maintained throughout many recycling runs is the
consequence of a negligible leaching of the catalyst active
phase. This was corroborated by ICP-OES analysis of the
reaction medium after filtration. The analysis showed a Pd
concentration lower the limit of detection (LOD) of the instru-
ment (10 ppb). This amount corresponds roughly to a maximum
value of 0.5% of the total number of Pd atoms introduced into
the reaction vial. This fraction is not negligible but, considering
that the Pd signal cannot be distinguished from the signal
noise, it is reasonable to assume that the leached Pd at the end
of the catalytic process was in a limited amount.

Nevertheless, EXAFS analysis of the Pdg/Al,0,, after the 1*
and 10" recycling (Figure S7, Table S5) has unveiled a signifi-
cant agglomeration of the Pd active phase in the successively
re-used catalyst. The data obtained for the recovered catalyst
after the 1% recycle showed a minor increase of the Pd—Pd CN
(2.8) and of the Pd—S CN (2.7) accompanied by a decrease of
the Pd—O CN (0.4). After 10" recycling runs, the Pd—Pd CN
increased to 6.5, Pd—S CN reduced to 1.1 and the Pd-O
contribution disappeared, suggesting the presence of bigger
clusters/particles. In accordance with these spectroscopic
evidence, HAADF-STEM characterization of the sample after the
1* recycling test showed the presence of aggregates of Pd-
containing particles (Figure S8A and S8B). EDS mapping clearly
revealed the concomitance of Pd and S signals (Figure S8C and
S8D). After the 10™ recycling test, larger particles were observed
(Figure S9A and S9B), with EDS mapping confirming the
concomitance of Pd and S. Notably, the EDS mapping (Fig-
ure S9C and S9D) of the used catalyst has shown the
appearance of a clear peak related to K, as a residue of the base
(K,CO;) employed throughout the catalytic tests.

All these data taken together support the fast dissolution of
Pd species in the reaction media followed by their re-deposition
as metallic Pd to deliver supported clusters on Al,O; without
compromising the overall catalyst activity in a longer period of
use.

Conclusions

In conclusion, a palladium polynuclear complex was exploited
for the design of a highly active and robust solid phase catalyst
for Suzuki cross-couplings. Catalyst and pre-catalyst were
thoroughly characterized by different techniques throughout all
preparation steps. Electron microscopy analyses gave insight on
the dispersion of palladium clusters on the Al,O; support, while
XPS and EXAFS investigations contributed to determining the
composition and structural evolution of the palladium clusters.
The high activity and selectivity of the isolated Pdg/Al,O,
catalyst were assessed by extensive tests and control experi-
ments. The performance of Pdg/Al,O; has allowed to widen the
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scope of the reaction by including several bromoarenes bearing
electron-withdrawing and electron-donating  substituents,
hence demonstrating the flexibility of this catalyst at work. All
tested substrates were converted to the corresponding sub-
stituted biphenyls in excellent yields, under very mild reaction
conditions and with the use of green solvents mixture. The
superior performance of the Pdg/Al,O; in the process was
confirmed by comparing it with benchmark Pd/Al,O; systems of
the state-of-the-art. Lastly, the stability of Pdg/Al,O; was
evaluated by repeated recycling tests (up to 10 successive re-
use), during which cross-coupling conversions systematically
ranked to high values. This study based on Suzuki cross-
coupling reactions illustrates the potentialities of this new Pd
catalyst obtained from a polynuclear tiara-like complex. Overall,
the new procedure described in the paper to the preparation of
solid phase catalysts featured by a narrow distribution of small
metal clusters, contributes to add new insights and solutions
towards the design of well-defined supported metal clusters
and their successive employment in green catalytic processes.

Experimental Section

Materials: All reagents employed were supplied by Merck and Alfa
Aesar and used without purification, unless where indicated.
Solvents were purchased from Merck and VWR. Deuterated solvents
were bought from Merck and Cambridge Isotope Laboratories.
AlL,O; Puralox TH100/150 was supplied by Sasol. Reactions were
monitored by TLC on Merck silica gel plates (0.25 mm) and
visualized by UV light, KMnO, stain or Ce,(MoO,); stain solutions.
Flash chromatography was performed on Normasil silica gel 60°
40-63 pum purchased from VWR. All the glassware employed for the
preparation of the materials and for the catalytic tests was cleaned
with aqua regia (HCI/HNO; 3/1 v/v) and rinsed with MilliQ water
before use.

Synthesis of the tiara-like complex Pdg(SCH,COOMe),s: The syn-
thesis of the tiara-like complex Pdg(SCH,COOMe),s was performed
following the literature precedents and described hereafter for the
sake of completeness.” Briefly, PdCl, (50 mg, 0.28 mmol) was firstly
finely dispersed in 0.5 mL n-propanol with the aid of a sonication
bath for 5min. The as-obtained PdCl, dispersion was added
dropwise, at room temperature, to a 4 mL scintillation screw
capped glass vial, equipped with stirring bar, containing a 0.5 mL n-
propanol solution prepared by using 51 uL of methyl thioglycolate
(0.57 mmol) and 96 uL  N,N-diisopropylethylamine  (DIPEA)
(0.56 mmol). The reaction mixture was vigorously stirred at room
temperature for 4 h before being filtered on a Gooch funnel with a
type IV porosity frit. The yellow solid obtained from the filtration
was thoroughly washed with methanol directly on the funnel to
remove the excess thiol and DIPEA. The Pdg(SCH,COOMe),q
complex was finally collected off the frit with DCM and it was finally
crystallised by diffusion of n-pentane vapours in DCM at 4°C for
3 days. Orange-yellow plate shaped crystals and their aggregates in
lumps were obtained in 94% vyield on Pd basis (84 mg,
0.033 mmol). 'H NMR (400 MHz, CDCl,) & (ppm): 3.96 (s, 24 H), 3.77
(s, 24 H), 3.33 (s, 16 H), 3.23 (s, 16 H).

Pdg4(SCH,COOMe),, irradiation/deposition over Al,O;: The deposi-
tion of the Pdg(SCH,COOME),; complex was performed as described
hereafter: Alumina (100 mg) was firstly dispersed in 17 mL of
inhibitor free THF with the aid of a sonication bath for 10 min and
vigorously stirred in a 20 mL screw-capped tube-shaped vial.
Subsequently, 1 mg of Pdg(SCH,COOMe),, dissolved in 3 mL THF
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was added dropwise to the suspension and stirred for 10 min
further. The amount of Pd complex to be deposited was fixed in
order to achieve a final 0.2 wt.% Pd loading. The suspension was
then irradiated with UV light (450 W halogen lamp) for 30 min
under stirring to decompose the ligands and favour the adsorption
of Pd-S clusters onto the support. After irradiation, the suspension
was filtered on a 0.45 pm PVDF filter disk and the solid material was
dried at 60°C under vacuum overnight. The as-obtained pre-
catalyst was finely crushed to get a tiny powder before undergoing
any further treatment.

Reduction to Pdg/Al,O;: The dried pre-catalyst was introduced in a
tube-shaped quartz reactor equipped with a quartz inlet tube,
screw-sealed together between rubber gaskets, and connected to
H,/Ar gas line. The reactor was then purged with Ar gas for 30 min
and placed in a pit furnace where it was heated at 300°C (5°Cmin~"
ramp) for 15 h under H,/Ar flow (3% H,, 100 mLmin™"). After this
reduction step, the catalyst was collected for characterization and
catalytic tests. The powder was stored in glass vials in air
atmosphere. The exact amount of Pd-loading was determined
afterwards via ICP-OES analysis.

Synthesis of benchmark catalyst Pd/Al,O; 0.2 wt.%: A benchmark
Pd/Al,O; catalyst was prepared by impregnation of a commercially
available palladium salt to the support followed by reduction under
the same conditions outlined above for Pdg/Al,O;. Briefly, 1g of
Al,O; was dispersed in 200 mL H,0 in a 250 mL round bottom flask
and stirred vigorously. To the suspension, a freshly prepared
K,PdCl, (6.1 mg) solution in 10 mL H,O was added dropwise and
left to stir for 12 h. The suspension was then centrifuged at
6000 rpm for 10 min and dried in vacuum at 60°C overnight. The
as-obtained pre-catalyst was finely crushed in a mortar and reduced
in a tube-shaped quartz reactor at 300°C (5°Cmin~' ramp) for 15 h
under Hy/Ar flow (3% H, 100 mLmin~"). As for the Pdg/Al,O;
catalyst, the exact Pd-loading was fixed afterwards via ICP-OES
analysis.

Suzuki cross-coupling reaction: Unless otherwise stated, all
catalytic tests were performed under air atmosphere as follows:
10 mg Pdg/Al,O; (0.2% Pd wt), arylboronic acid (0.22 mmol) and
K,CO; (0.66 mmol) were introduced in a 10 mL screw-capped tube-
shaped vial, equipped with a stirring bar. Subsequently, 2 mL
ethanol/water (1/1 v/v ratio) were added and stirred at room
temperature. After 2 min, aryl halide (0.15 mmol) was added to the
reaction mixture, the vial was sealed and placed in a preheated
water bath at 50°C for 30 min under vigorous stirring. After 30 min
the vial was cooled to room temperature and the solution extracted
with EtOAc (2x5 mL). The organic extracts were washed with water
(5mL) and brine (10 mL) before being dried over Na,SO,. After
filtration and solvent removal, the product was purified by flash
chromatography in n-Hex/EtOAc to yield the desired product.
Reactions were analysed by quantitative GC-MS using a calibration
curve with internal standard (benzophenone). All reaction crude
products were analysed prior to extraction and purification steps.

Characterization: For TEM analysis, a small amount of the dry
catalyst powders was deposited onto a holey carbon film supported
on a 300-mesh nickel grid. The samples were then characterized
using high-resolution transmission electron microscopy (HRTEM)
and scanning transmission electron microscopy-high angle annular
dark field (STEM-HAADF) with a Talos F200X instrument. The STEM-
HAADF technique is highly sensitive to the atomic number of the
elements, with the intensity roughly proportional to the square of
the atomic number (Z2), allowing for the distinction of small
nanoparticles supported on lighter materials. Additionally, elemen-
tal mapping was performed using energy dispersive X-ray spectro-
scopy (EDX) to investigate the distribution of elements. EDX
mappings were acquired with a beam current of 200 pA and a
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dwell time of 128 ps per pixel. To enhance the visual quality of the
obtained elemental maps, a Gaussian blur filter with a value of 0.8
was applied using Velox software. The images were analysed using
ImageJ 1.52a software.

Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-
OES) analyses were performed using an Optima 8000 Spectrometer
equipped with a S10 autosampler (PerkinElmer, USA). All the
catalyst samples were previously treated with aqua regia solution
(1 mL) for 3 h to dissolve the palladium clusters, afterwards, the
same solution was diluted 1:10 and filtered on PTFE 0.22 um filter
disk to remove undissolved ALO;. The total palladium concen-
tration was quantified after instrument calibration, performed by
diluting the multistandard solution for ICP analysis (Periodic Table
MIX2, Merck). All standards (range: 0-10.0 mg/L) were prepared by
acidifying to 10% with aqua regia to compensate for the matrix
effect. The limit of detection at the operative wavelength
(340.458 nm) was 0.05 mg/L. The precision of the measurements
expressed as repeatability (as RSD%) for the analysis was always
less than 5%.

Textural properties were analysed by N, physisorption at liquid
nitrogen temperature using a Micrometrics ASAP 2020 automatic
analyser. All the NPs were degassed at 300°C for 12 h at 10 umHg.
The specific surface area was obtained by applying the Brunauer—
Emmett-Teller (BET) method equation. Pore size distribution was
determined applying the Barrett, Joyner, Halenda (BJH) method
equation to the desorption branch of the isotherms.

The X-ray photoelectron spectroscopy (XPS) measurements were
performed in an ultrahigh vacuum (UHV) spectrometer equipped
with a RESOLVE 120 MCD5 hemispherical electron analyser. The Al
Ko hv=1486.6 eV dual anode X-ray source was used as incident
radiation. The constant pass energy mode was used to record both
survey and high-resolution spectra, with pass energies 100 and
20 eV, respectively.

Single crystal XRD data were recorded at the CRISTAL beamline at
SOLEIL synchrotron using a monochromatic beam (40x40 pm?) with
an energy of 18466 eV. A Rayonix SX165 detector was employed to
acquire reflection in the range 1.354 <0< 38.666. During acquis-
ition of the data, the single crystal of Pdy(SCH,COOMe),; was
maintained at low temperature with a flow of N, from evaporation
from liquid nitrogen.

X-ray absorption spectra (named here pX both for normalized linear
absorption coefficient or fluorescence vyield), in the near edge
(XANES) and extended (EXAFS) energy ranges, were measured at
the SAMBA beamline of Synchrotron SOLEIL. Ex-situ samples were
mixed with transparent BN powder and formed into pellets for the
analysis. Spectra of samples at the Pd K edge were collected by
measuring the Ka emission of Pd with a pixelated (6x6) Ge detector
(Mirion) with DxMap digital signal processors (XIA). Dead time
correction was applied on the basis of the calibrated estimate from
DxpMap DSP cards by XIA Ltd. Data on standard materials were
measured in transmission mode. EXAFS data analysis was carried
out with theoretical standards from Feff 8455 and with the
Demeter software for data handling (Athena) and fitting (Artemis).
All fits were carried out in R-space (30<k<140nm™ ; 0.125<r<
0.30 nm; EXAFS data have been k* weighted). The amplitude
reduction factor (S,%) was estimated by fitting the EXAFS signal of a
Pd metallic foil and its value was fixed to 0.875.

IR spectra were recorded in attenuated total reflectance (ATR)
mode on a Shimadzu IRAffinity-1S spectrophotometer equipped
with a QATR 10 accessory.

Nuclear magnetic resonance (NMR) spectra were recorded on a
Varian 400 spectrometer operating at 400 MHz for proton. The NMR
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spectra have been processed by means of MestReNova software. 'H
NMR spectra were referenced to the residual protons in the
deuterated solvent. *C NMR spectra were referenced to the solvent
chemical shift. Chemical shifts (3) are reported in ppm and the
multiplicity of each signal is identified by the conventional
abbreviations: s for singlet, d for doublet, t for triplet, q for quartet,
dd for doublet of doublets, dt for doublet of triplets, m for
multiplet, br for broad peak. Coupling constants (J) are reported in
Hertz (Hz).

GC-MS analyses were performed on an Agilent 7890 GC gas
chromatograph equipped with an Agilent 5975 C mass spectrom-
eter and mounting a J&D DB-225m column (60 m, 0.25 mm ID,
0.25 um film) and using He as carrier. The conversion percentage in
the catalytic tests was determined by interpolation of the product
and internals standard peak area ratios in a calibration curve built
with standard concentrations of biphenyl and benzophenone.

Supporting Information

The Supporting Information includes single crystal XRD, IR,
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