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1. Introduction

Catalytic processes that lead to carbon-carbon bond formation in
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Heterogeneous catalysis by ultra-small bimetallic
nanoparticles surpassing homogeneous catalysis
for carbon—carbon bond forming reactions+

) 2 Alexander J. Richard,® Amr A. Ibrahim, ©°

Nazgol Norouzi,{* Mrinmoy K. Das, 2

Palladium catalyzed cross-coupling reactions represent a significant advancement in contemporary
organic synthesis as these reactions are of strategic importance in the area of pharmaceutical drug dis-
covery and development. Supported palladium-based catalysts are highly sought-after in carbon—-carbon
bond forming catalytic processes to ensure catalyst recovery and reuse while preventing product con-
tamination. This paper reports the development of heterogeneous Pd-based bimetallic catalysts sup-
ported on fumed silica that have high activity and selectivity matching those of homogeneous catalysts,
eliminating the catalyst's leaching and sintering and allowing efficient recycling of the catalysts. Palladium
and base metal (Cu, Ni or Co) contents of less than 1.0 wt% loading are deposited on a mesoporous
fumed silica support (surface area SAger = 350 m? g™%) using strong electrostatic adsorption (SEA) yielding
homogeneously alloyed nanoparticles with an average size of 1.3 nm. All bimetallic catalysts were found
to be highly active toward Suzuki cross-coupling (SCC) reactions with superior activity and stability for the
CuPd/SiO, catalyst. A low CuPd/SiO, loading (Pd: 0.3 mol%) completes the conversion of bromobenzene
and phenylboronic acid to biphenyl in 30 minutes under ambient conditions in water/ethanol solvent. In
contrast, monometallic Pd/SiO, (Pd: 0.3 mol%) completes the same reaction in three hours under the
same conditions. The combination of Pd with the base metals helps in retaining the Pd° status by charge
donation from the base metals to Pd, thus lowering the activation energy of the aryl halide oxidative
addition step. Along with its exceptional activity, CuPd/SiO, exhibits excellent recycling performance with
a turnover frequency (TOF) of 280 000 h™' under microwave reaction conditions at 60 °C. Our study
demonstrates that SEA is an excellent synthetic strategy for depositing ultra-small Pd-based bimetallic
nanoparticles on porous silica for SCC. This avenue not only provides highly active and sintering-resistant
catalysts but also significantly lowers Pd contents in the catalysts without compromising catalytic activity,
making the catalysts very practical for large-scale applications.

molecules.'™® This area of catalysis has increased the accessi-
bility for molecules of greater chemical complexity, particularly
the field of pharmaceutical drug discovery and

are vital for advancements in contemporary organic chemistry
as these reactions are of strategic importance in the synthesis
of complex organics and the assembly of highly functionalized
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development.”® Many reactions such as Suzuki, Miyaura,
Heck, Negishi, Sonogashira, and others are extensively used in
the assembly of active pharmaceutical ingredients (APIs) and
are typically performed under palladium catalyzed homo-
geneous catalysis utilizing ligands and complex solvent
systems to enhance activity and selectivity.' ™

In spite of their high catalytic activity, homogeneous palla-
dium catalysts still face several challenges that hinder their
wide and effective use in industrial processes.'® Among these
challenges are high solubility which precludes catalyst recovery
and reuse, product contamination, and high cost.”'® One of
the major issues, particularly in pharmaceutical applications
where this chemistry is extensively used, is residual metal con-
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tamination in the reaction products since palladium com-
pounds can be highly toxic.”'" Moreover, the difficulty associ-
ated with both metal and ligand recycling makes API appli-
cations very costly."*

To address these challenges, there has been great interest
in designing cost-effective heterogeneous catalysts to allow for
catalyst isolation and recycling without compromising catalytic
activity.”'>'? Given the indispensable role of the Suzuki cross-
coupling (SCC) reaction in organic synthesis and its simplicity
and effectiveness, intense efforts have been directed toward
the development of cost-effective heterogeneous catalysts.’
However, the heterogeneous catalysis mechanism is still a
matter of debate."* It has been reported that catalytic events
can take place at the metal surface in specific defect/edge sites
of Pd nanoparticles or catalytically competent Pd species
leached into the solution. The leached species can later pre-
cipitate over the support, and this process is affected by
various factors such as temperature, nature of the support,
and nature of the base.””™” The precipitation problem can
result in larger colloidal particles and extensively restructure
the nanoparticles."® The dissolution mechanism by itself can
proceed through small Pd (0) clusters'” or surface detachment
induced by the oxidative addition of aryl halide. The latter
usually results in Pd(u) complexes, which further undergo an
in situ reduction forming catalytically active Pd(0) species.'*°

One of the most pursued approaches has been the synthesis
of highly dispersed and supported metal nanoparticles (NPs)
with controlled size, morphology, and composition.*! By con-
trolling these parameters and careful selection of the support,
such catalysts have the potential to rival their homogeneous
counterparts in terms of activity and stability.”>>* Although
considerable advances have been made in this area, only very
few catalysts have activity comparable to established homo-
geneous catalysts.*>*” Thus, there is an urgent need for
highly active heterogeneous catalysts for SCC reactions. The
requirements for a superior catalyst are: the high activity of a
ligated homogeneous catalyst and the recyclability of a hetero-
geneous catalyst.

Palladium is the most active metal utilized at both the lab-
oratory and industrial scales for cross-coupling reactions with
ligated Pd complexes being the major player in homogeneous
catalytic processes. Such complexes rely on in situ reduction of
Pd(u) to Pd(0) to initiate the catalytic cycle via oxidative
addition of aryl halides in SCC.**®?° Although the use of the
supported Pd metal in cross-coupling catalysis dates back to
the 1970s, often elevated temperatures and pressure are
required for these reactions.’”*! To alleviate these undesired
reaction conditions, a variety of synthetic strategies such as
decreasing Pd NP size, use of unique supports, and electronic
modification of Pd NPs by other metals were targeted.
Although base metals, mainly nickel, copper and iron, have
been reported to catalyze various steps of the cross-coupling
reaction, these catalysts are deemed inferior to Pd NPs.**7°
Very interestingly, alloying these metals with Pd affords bi-
metallic nanoparticles with superior catalytic properties com-
pared to their monometallic counterparts because of the
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ability of base metals to donate charge to the Pd centers.**®
It is accepted that base metals increase the electron density on
Pd in bimetallic alloys, thereby lowering the activation energy
of the oxidative addition step of SCC. Alloying with base
metals not only enhances the catalytic activity of Pd catalysts
but also makes them more cost-effective because the Pd
content is significantly reduced. To further advance these bi-
metallic catalysts and make them viable, precise control over
NP size and dispersity, tunable chemical composition, and
strong interaction with the support to prevent metal leaching
and NP sintering are needed. In this regard, strong electro-
static adsorption (SEA) is uniquely suited for achieving all
these desirable features.**™*' Catalyst supports are also very
important in stabilizing metal nanoparticles against agglom-
eration and several supports were tested in SCC such as acti-
vated carbon,” graphene oxide,*> reduced and partially
reduced graphene oxide,>****™*” carbon nanotubes,*® poly-
mers,*® metal organic frameworks,>® and silica.”*>* The latter
is commercially available, has high porosity, high physico-
chemical stability, and a well-established surface chemistry
which make it an excellent candidate for SCC catalyst design
and scale up.

Herein, we demonstrate the effective use of co-SEA in the
preparation of ultra-small bimetallic nanoparticles from Pd
and base metals Cu, Ni and Co and report their remarkable
catalytic activity in SCC reactions. The catalytic activity of the
catalysts and the effect of alloying base metals with Pd toward
SCC were investigated and it was shown that the CuPd/SiO,
catalyst is superior to Pd/SiO, and the other bimetallic nano-
particle catalysts achieving full bromobenzene conversion to
biphenyl using benzeneboronic acid in 30 minutes at room
temperature as opposed to three hours under the same con-
ditions for the monometallic Pd/SiO, catalyst. Studying the
recyclability and activity toward different derivatives confirm
the outstanding catalytic performance and stability of the bi-
metallic CuPd/SiO, catalyst. High turnover frequencies for all
the catalysts are comparable to or surpass those of homo-
geneous catalysts, especially the CuPd/SiO, catalyst with a
turnover frequency of 280000 h™", attesting to the superior
activity of the newly developed heterogeneous catalysts.

2. Experimental section

2.1. Materials and preparation of silica supported bimetallic
nanoparticles

Amorphous fumed silicon(iv) oxide (Alfa Aesar, surface area
350 m> g') was used without any further modification.
Copper(u) nitrate trihydrate (Sigma Aldrich, 98.0-103%), nickel
(1) nitrate hexahydrate (Alfa Aesar, 98%), cobalt(ur) nitrate
hexahydrate (J.T. Baker, 99.1%), and tetraamminepalladium(u)
nitrate solution in 10 wt% H,O (Sigma Aldrich) were used for
metal loading. 2000 ppm stock solutions of base metal salts
were prepared using 5 N NH; (aq). The total volume of the
solution used for the SEA studies was calculated to yield a
surface loading of 1000 m*> 1™ (eqn (S1), ESIt). The intended

This journal is © The Royal Society of Chemistry 2020
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weight loading of the metal stock solution was pipetted into
the support solution and stirred for 30 min to allow the
adsorption of the cationic metal precursor on the support. The
solution containing deposited metal salts on the surface of
fumed silica is centrifuged in water and then in EtOH to
replenish the basic solution. All samples were air-dried over-
night under ambient conditions followed by drying in an oven
for four hours at 120 °C. After drying, the samples were
reduced under a flow of H, (5% in Ar) at 400 °C in a tube
furnace for one hour.

2.2. Instrumentation

Inductively coupled plasma optical emission spectrometry
(ICP-OES) was used to measure the bulk composition of the
metals. Temperature programmed reduction (TPR) profiles
were measured using a Micromeritics AutoChem II instrument
coupled with a thermal conductivity detector (TCD) in a quartz
u-tube to examine the reduction temperatures of the metals.
Powder X-ray diffraction (PXRD) was examined with X-ray diffr-
action patterns collected at room temperature using a
PANalytical X'Pert PRO Multipurpose Diffractometer (MPD).
The samples were mounted on a zero-background sample
holder measured in transmission mode using Ni-filtered Cu
Ko radiation (operated at 40 kV, 45 mA; 4 = 0.15418 nm), and
the diffraction angle ranging from 10° to 80° with a step size
of 0.07878° and a rate of 4.67° per min. X-ray photoelectron
spectroscopy (XPS) analysis was performed using a PHI
VersaProbe III Scanning XPS Microprobe employing a mono-
chromatic, micro-focused, scanning X-ray source equipped
with a hemispherical analyzer and an argon gun. The samples
for XPS measurements were prepared by pressing the speci-
men into a piece of double-sided tape, which was then
mounted onto the sample holder. During XPS analysis, a com-
bination of a low-energy electron flood gun and an Ar ion
flood gun was utilized for charge compensation. For some
samples, the Ar gun was also used to sputter ~10 nm from the
top of the samples with a rate of 2 nm min~" before perform-
ing XPS analysis. The binding energy scale was calibrated by
setting the Si 2p peak at 103.5 eV. The XPS results were ana-
lyzed with the CasaXPS software (v4.84). High Resolution
Transmission Electron Microscopy (HR-TEM) was performed
using a FEI Titan TEM 300 kV equipped with a Gatan 794
Multi-Scan Camera, a HAADF-STEM detector. The samples
were dropcast on carbon-coated grids (Ted Pella, Inc.) and left
to dry over night at room temperature. The captured images
were processed using Image]J software. A gas chromatography -
flame ionization detector (GC-FID) has been used to analyze
the SCC reactants and products. An Agilent 6890N GC system
equipped with an Agilent J&W GC HP-5MS capillary column
was used in conjunction with an FID detector.

2.3. Suzuki cross-coupling reactions under ambient
conditions

The Pd-supported catalyst (Pd: 0.96 pmol, 0.3 mol%) was
added to and dispersed in a glass vial with 2 ml of ethanol
and 2 ml of deionized (DI) water. Bromobenzene (50 mg,
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0.32 mmol, 1 equiv.) along with benzeneboronic acid (47 mg,
0.38 mmol, 1.2 equiv.), and potassium carbonate (133 mg,
0.96 mmol, 3 equiv.) were added to the solution. The reaction
was performed under room temperature and atmospheric
pressure conditions with continuous stirring until completion
or after 3 hours. For the duration of the reaction, small ali-
quots were collected at regular intervals to monitor product
formation. The biphenyl product was extracted with ethyl
acetate via centrifugation and the progression of the reaction
was monitored using a GC-FID. Product yields (%) were deter-
mined by GC-MS analysis using the formula: [(product peak
area)/(bromo-reactant peak area + product peak area)] x 100.

2.4. Suzuki cross-coupling reactions under microwave
reaction conditions

The Pd-supported catalysts (Pd: 0.96 pmol, 0.3 mol%) were
added to and dispersed in a microwave reaction vessel with
2 ml of ethanol and 2 ml of DI water. Bromobenzene (50 mg,
0.32 mmol, 1 equiv.) along with benzeneboronic acid (47 mg,
0.38 mmol, 1.2 equiv.), and potassium carbonate (133 mg,
0.96 mmol, 3 equiv.) were added to the solution. The vessel
was sealed and heated at 60 °C for 5 min under MWI (CEM
Discover Microwave, 300 W, 2.45 MHz). During the reaction,
aliquots were collected and the reaction yield was monitored
as described above. SCC reactions for different derivatives of
the reactants and the recyclability of the catalyst were studied
under MWI reaction conditions. For catalyst recycling, after
the reaction was completed, the catalyst was collected by cen-
trifugation, washed thoroughly three times with DI water and
three times with ethanol, and then dried at 80 °C overnight.
The dried catalyst was used for the consecutive run as
described above. A small aliquot of the sample was collected
after each run for analysis with a GC-FID to monitor the con-
version. After each run, a small amount of the spent catalyst
was used for ICP, XRD and XPS analyses.

2.5. Suzuki cross-coupling reactions in an oil bath at 60 °C

The CuPd/SiO, catalyst (Pd: 0.96 pmol, 0.3 mol%) was dis-
persed in a glass vial with 2 ml of ethanol and 2 ml of de-
ionized (DI) water and the vial was then placed in the 60 °C oil
bath. After the solution temperature reaches 60 °C, bromoben-
zene (50 mg, 0.32 mmol, 1 equiv.) was added to the solution
along with benzeneboronic acid (47 mg, 0.38 mmol, 1.2 equiv.)
and stirred for 30 seconds to ensure a homogeneous mixture.
Finally, potassium carbonate (133 mg, 0.96 mmol, 3 equiv.)
was added to the solution to start the reaction. During the
reaction, small aliquots were collected every minute and the
biphenyl product was extracted using ethyl acetate and cen-
trifugation and analyzed using GC-FID and GC-MS.

2.6. NMR analysis of the reaction products

Upon completion of the Suzuki cross coupling reactions under
MW reaction conditions, the reaction mixture was mixed with
75 ml of CH,Cl, in a 125 ml separatory funnel. Then, the
organic layers were combined and dried in a vacuum at 80 °C
to obtain the solid product. The products were then washed

Nanoscale, 2020, 12, 19191-19202 | 19193
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with hexane by centrifugation. The solid products were kept
under vacuum for further characterization studies. NMR ana-
lysis was performed by mixing ~50 mg of the solid to 750 pl of
CDCl;. "H NMR spectra were recorded using a Bruker NanoBay
AVANCE III 400 MHz NMR spectrometer.

3. Results and discussion

3.1. Preparation and characterization of the catalysts

Given the effectiveness and versatility of co-SEA in the prepa-
ration of bimetallic nanoparticles,®**' we have used this
method to prepare silica-supported Pd bimetallic catalysts con-
taining Cu, Ni and Co. The SEA and co-SEA reaction sche-
matics are shown in Scheme 1 below, and the process is illus-
trated schematically in Fig. S1 (ESIt). The fumed silica used in
this study has a point of zero charge (PZC) of 3.6 in line with
other silica supports reported in the literature.>***>> The SEA
process was initiated by dispersing the silica support in DI
water and then the pH of the solution was adjusted to 11.8
using 5 N NH; (aq) to optimize electrostatic adsorption of
metal complexes.>® As the pH increases, the native hydroxyl
groups of the surface become deprotonated. It is worth men-
tioning that addition of an excess amount of base results in
lower adsorption because metal precursors are shielded from
the surface charge due to high ionic strength which according
to kinetic studies diminishes the adsorption equilibrium con-
stant and results in a phenomenon known as the double-layer
screening effect.”*® High pH values above 12 are also known
to disintegrate silica supports. While the silica solution is con-
tinuously stirred, the intended weight loading of the metal
stock solution is pipetted into the support solution, allowing
the cationic metal precursor to adsorb, and then the solution
is further stirred for 30 minutes. Following the deposition, the
solution is centrifuged to replenish the basic solution, the
sample is air-dried overnight, oven dried at 120 °C for four
hours and then reduced under a flow of 5% H, (in Ar) at
400 °C for one hour using a tube furnace. Four monometallic
catalysts were prepared by SEA, namely Cu/SiO,, Co/SiO,, Ni/
SiO,, and Pd/SiO,. The co-SEA was used to synthesize bi-
metallic catalysts, where positively charged precursor ions of
the two metals are introduced into the solution simul-
taneously. These ions participate in competitive physical

NH;3 (o), PH = 11.8 @ @ @
4Fs Do

Negatively charged surface

Fumed SiO, Support

Scheme 1 Schematic illustration of the SEA and Co-SEA reaction.
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adsorption on the silica surface. To investigate the impact of
base metal alloying on catalytic activity, three bimetallic cata-
lysts were synthesized by co-SEA: CuPd/SiO,, NiPd/SiO, and
CoPd/SiO,. Furthermore, the most active catalyst CuPd/SiO,
was optimized by varying the Pd content in the Cu matrix:
0.5Cu1Pd/SiO,, 1Cu0.5Pd/SiO,, and 2CulPd/SiO,. Although
the latter catalyst has a similar Cu/Pd ratio to 1Cu0.5Pd/SiO,, it
was prepared with the intention to maximize catalyst loading
by saturating the surface of the support (complete monolayer
coverage) by adsorption of [Cu(NH;),]* and [Pd(NH;),]*" com-
plexes. As such, this comparison could help in identifying the
minimum amount of Pd needed for optimum catalytic activity.

3.2. Characterization

For mono and bimetallic catalysts, the comparison between
targeted weight loading and the final bulk composition of
each metal in wt% was measured by ICP-OES. The close agree-
ment between intended wt% and bulk composition for the bi-
metallic catalysts suggests that the simultaneous adsorption of
metal ions during co-SEA is not affected by their different com-
petitive adsorption at a low weight loading of 1 wt% (Table 1
and Table S1, ESIf). The amount of metal adsorbed on the
surface of the support by the SEA method depends on its
surface area known as adsorption density (umol m™2).>® This
defines the maximum ability of metal adsorption (umol) on
the support surface area (m®). Other studies have also con-
cluded that in similar bimetallic complexes, for a complete
monolayer coverage, a maximum adsorption of 1.0 to 1.3 pmol
m™> can be achieved.>® According to ICP analysis, it is clear
that for all the catalysts more than 85% of the metals were
adsorbed on the support surface. In comparison with the
monometallic catalysts, metal adsorption in bimetallic cata-
lysts also maintains a close correlation between the targeted
and the actual weight loading according to the ICP data.

TPR was performed and the bimetallic samples were com-
pared with their monometallic counterparts. The TPR profile
of monometallic Pd/SiO, shows a reduction peak at 190 °C
(Fig. 1a) and Cu/SiO, shows a peak at 250 °C with a broad
shoulder starting at 480 °C (Fig. 1a). It is expected that Cu**
was reduced to metallic Cu® directly and there is no transient
stage. The presence of complexes with higher reduction temp-
eratures attests to their stronger interaction with the support.®
For the bimetallic catalyst CuPd/SiO,, a sharp peak at 190 °C

[PA(NH,) 1> -
Pl
: L : H,, 400 °C ‘. - ®
e "% * -«
T s o L T
[c'f(N”ﬂ']i CuPd/si0,
(PA(NHy) 2 ININHs): NiPd/si0,
PR - CoPA/SIO,
(&3 & Hj, 400 °C &o*
-y
[ g ® -
© CoSEA N B
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Table 1 Bulk composition of metals for mono and bimetallic catalysts measured by ICP-OES (BM represents base metal)

Targeted weight Adsorbed metal Actual weight
loading (wt%) (%) loading (wWt%)
Catalyst BM Pd BM Pd BM Pd Catalyst denomination
Cu/Sio, 1 — 99 — 0.99 — 0.99 Cu
Co/SiO, 1 — 86 — 0.86 — 0.86 Co
Ni/SiO, 1 — 99 — 0.99 — 0.99 Ni
Pd/Sio, — 1 — 94 — 0.94 0.94 Pd
CuPd/SiO, 1 1 97 97 0.97 0.97 0.97 Cu 0.97 Pd
CoPd/SiO, 1 1 88 87 0.88 0.87 0.88 Co 0.87 Pd
NiPd/SiO, 1 1 85 86 0.85 0.86 0.85 Ni 0.86 Pd
(a) (b) (c)
3 3 3
& s s
[=] [=] o
2 . o ) 5 .
——Pd/sio, = ——PdIsio, = —— PdIsio,
—— cussio, Ni/SIO, corsio,
CuPd/siO, ——NiPdISiO, CoPd/SiO,
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800

Temperature (°C)

Temperature (°C)

Temperature (°C)

Fig. 1 TPR patterns of (a) Pd/SiO,, Cu/SiO,, and CuPd/SiO,, (b) Pd/SiO,, Ni/SiO,, and NiPd/SiO,, and (c) Pd/SiO,, Co/SiO,, and CoPd/SiO,.

and a smaller peak at 365 °C are present. The first peak can be
assigned to the reduction of CuPd alloyed NPs, and the
second, a much smaller peak, corresponds to the metallic Cu
reduction shoulder with an ~100 °C shift toward lower
reduction temperatures. This shift is due to the hydrogen spil-
lover from Pd species to the remaining unreduced Cu confirm-
ing the close proximity of Pd and Cu atoms on the support
surface (Fig. 1a).>* The TPR profile of Ni/SiO, shows a broad
peak centered at 510 °C corresponding to the reduction of the
Ni complex (Fig. 1b). In contrast, NiPd/SiO, shows two sharp
peaks at 170 °C and 315 °C corresponding to the reduction of
bimetallic alloyed NiPd complexes and the shifted monometal-
lic Ni complexes, respectively (Fig. 1b). The TPR profile of
CoPd/SiO, (Fig. 1c) also shows two peaks, a sharp peak at
178 °C and a small peak at 328 °C, while the monometallic
catalyst Co/SiO, also has two peaks but at much higher temp-
eratures of 463 °C and 775 °C (Fig. 1c These peaks can be
assigned to the reduction of Co®>" to Co>" and another due to
the reduction of Co*>* to metallic Co®.>” Low metal loading for
Co causes these two peaks to merge. The reduction tempera-
tures for the bimetallic catalyst CoPd/SiO, follows the same
pattern as that of the other bimetallic samples (Fig. 1c).
Overall, the TPR profiles of bimetallic nanoparticle catalysts
exhibit temperature shifts induced by the presence of Pd in
close proximity to the base metal as well as the effect of hydro-
gen spillover on the reduction temperatures which validate the
intimacy of the alloyed nanoparticles.

The XRD patterns of the mono and bimetallic catalysts are
shown in Fig. 2a. There are no distinguishable metal character-

This journal is © The Royal Society of Chemistry 2020

istic peaks present for any of the catalysts. The hump present
at ~22° for all the samples is characteristic of the amorphous
structure of SiO,.>>>® The absence of any other peaks indicates
the absence of crystalline materials and the formation of ultra-
small particles with no signs of particle aggregation as typi-
cally XRD has a 2-2.5 nm size limit.>* XRD analysis was also
performed on recycled CuPd/SiO, as shown in Fig. 2b. The
SiO, amorphous hump at ~22° is prominent for all the
recycled samples, and no other distinguishable peaks are
noticed; a very small hump starts to appear at ~40° from the
3rd run of the recycled catalyst. This hump is correlated to the
Pd (111) plane.®®® The small and broad nature of the peak
instead of a sharp peak may suggest that while the metallic
nanoparticles start to aggregate in the recycled catalyst, the
size of the particle is still smaller than 2.5 nm. The particle
size is further discussed with the TEM and STEM results. For
the CuPd/SiO, catalyst, the absence of the Pd XRD small hump
until after the 3rd recycling implies that CuPd alloying is
playing a role in preventing Pd from aggregating.

XPS has also been performed on all of the catalysts. The
surface composition of silicon and oxygen is reported in
Table S2 (ESIf). The silica support shows a single peak at
103.5 eV for the Si 2p spectra (Fig. S2bt), and a single peak at
532.9 for O 1s spectra (Fig. S2¢7).®> The fitted/assigned peaks
for Si and O and their corresponding elemental composition
(at%), reported in Fig. S2,T suggest that exposure to the 5 N
ammonium hydroxide solution does not affect the chemical
composition of the surface of silica. The deconvolution of the
Cu 2p3, spectra shows a single peak at 933.1 eV for the mono-

Nanoscale, 2020, 12,19191-19202 | 19195
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catalysts (R2—R7).

metallic sample, Cu/SiO,, and a single peak at 933.2 eV for the
bimetallic catalyst CuPd/SiO,. This 0.1 eV shift for the bi-
metallic sample corresponds to the alloying of the two metal
species (Fig. S2d¥). It is also known that any small shift from
metallic copper with a binding energy of 932.8°"°> may also be
induced by surface oxidation. Copper(i) oxide and copper(i)
oxide have a binding energy of 933.0 and 933.5 eV respectively,
making the differentiation between the metallic species and
the Cu" challenging.®® XPS is considered to be a surface-sensi-
tive method, consequently for all samples, low contents of the
metals and their ultra-small particle size result in low intensi-
ties. In the case of Co 2pj3), spectra, the monometallic catalyst
Co/Si0O, has a very weak peak at 783.0 eV, which has the closest
correlation to Co**.*”®® No peaks in the Co 2p spectra for the
bimetallic sample can be detected (Fig. S2ff). Deconvolution
of Ni 2p3/, spectra shows a peak at 856.2 eV and a satellite
hump at 861.8 eV for the monometallic Ni/SiO, (Fig. S2ef).
The bimetallic catalyst, NiPd/SiO,, shows a peak at 856.5 eV
and a satellite peak at 861.7 €V can also be fitted (Fig. S2et).®’
The 0.3 eV shift for the bimetallic sample in comparison with
Ni/SiO, indicates a minor shift in the electron cloud distri-
bution for the NiPd alloy, suggesting that Ni atoms do not con-
tribute significantly to the desired Pd° state essential for cata-
lytic activity. As the comparison between the transition metal
species in bimetallic samples suggests, the deconvoluted Cu
spectra for those samples more closely correlates with metallic
Cu, which can be play a significant role in the catalytic activity
of the cross-coupling reactions. The deconvolution of Pd 3d
spectra in Fig. S2gt characterized by spin-orbital splitting (Pd
3ds/, and Pd 3ds),) shows two peaks at 335.6 eV and 340.3 eV
for the bimetallic CuPd/SiO, catalyst which can both be
assigned to the Pd° state;”° 336.1 eV and 341.9 eV are the
corresponding peaks for CoPd/SiO,, and 336.1 eV and 341.2 eV
are the corresponding peaks for NiPd/SiO,. Interestingly, the
Pd atoms in the CuPd/SiO, catalyst (Fig. S2gf) have average
binding energies closer to the metallic Pd at 334.8-335.4 eV
and 340.1-340.7 eV.’>’®”" Chemical shifts in the range of
0.4-0.7 can also be traced back to the strong interaction
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(@) XRD patterns of all mono and bimetallic catalysts. (b) XRD patterns of pristine CuPd/SiO, (blue, bottom) and consecutive recycling test

1.7° 1t has also

between the Pd 3p core level and the base meta
been reported that Cu may strongly modify the Pd valence
shell through electrons being injected into the sp orbital.”® On
the other hand, the binding energy of Pd atoms alloyed with
Co and Ni correlates better with the Pd** species with a
binding energy of 336.7 eV, which can be traced back to
possible surface oxidation or shifts in electron cloud distri-
bution; either would affect the catalytic activity of these cata-
lysts.”” In the case of monometallic catalyst Pd/SiO,, a peak at
336.3 eV and a peak at 341.6 eV can be deconvoluted
(Fig. S2gf). The positive shift toward higher energies and a
closer correlation with Pd*>" binding energy highlights the
important role base metals play in keeping the catalytically
active Pd at the zero oxidation state upon introduction into the
reaction solution and during catalyst handling after reduction
with hydrogen.

To study the effects of each cross-coupling experiment on
CuPd/SiO,, the catalysts after the 3rd and 6th run were chosen
to investigate the changes in the intimacy of the alloy and
their binding energies. Deconvolution of Cu 2p spectra, for
both the 3rd and 6th experiment, shows a single peak at 933.2
eV (Fig. S2d+t). This finding indicates that copper atoms main-
tain their integrity without going through any surface changes.
In the case of the Pd 3d spectra (Fig. S2g7), the 3rd run peaks
at 336.0 eV and 341.1 eV are deconvoluted, and the 6th run
peaks at 336.7 eV and 341.6 eV indicate a shift towards higher
binding energies suggesting that the Pd atoms are becoming
more positively charged (Fig. S2g). The formation of Pd(u)
complexes is traced back to the surface detachment induced
by the oxidative addition of aryl halide, which further undergo
an in situ reduction forming the catalytically active Pd(0)
species.'®?® Well-alloyed CuPd catalysts can enhance the
in situ reduction and further improve the ability to achieve full
conversion in the cross-coupling reaction even after the 6th re-
cycling run.

HRTEM and STEM images were analyzed to determine the
metal nanoparticle size and distribution. It is clear from the
particle size analysis that all catalysts have active metal particle

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 HRTEM, STEM, and the corresponding lattice spacing of (a) Pd/SiO,, (b) CuPd/SiO,, (c) NiPd/SiO, and (d) CoPd/SiO,.

sizes in the 0.7-2.3 nm range (Fig. 3). The particle size distri-
bution (Fig. S3, ESI{) is narrow for all the catalysts. Of particu-
lar interest is that the addition of a transition metal along with
Pd did not change the particle size significantly. This control
over nanoparticle’s size stems from the fact that SEA limits the
surface coverage of the support to a monolayer of metal ions
and upon reduction of the physically adsorbed precursors,
large nanoparticles are more difficult and less likely to form.
This finding is in agreement with the absence of any peaks in
the XRD patterns as even small particles can result in broad
peaks with very low intensity and that only becomes apparent
after a few consecutive recycling experiments. Smaller particles
also have a higher exposed surface area per particle, which
should result in a higher catalytic activity compared to bigger
particles.

STEM analysis of the CuPd/SiO, catalyst studied for recycl-
ability was performed on the 3rd and 6th recycling runs to

This journal is © The Royal Society of Chemistry 2020

examine the integrity of the catalyst and any changes that
might take place on average particle size (Fig. S4, ESI{). The
particle size analysis shows that there is almost no change in
the average particle size during the recycling runs which indi-
cates a strong catalyst-support interaction and the superior
sustainability of a well alloyed CuPd catalyst. The strong inter-
action with the silica support achieved by the co-SEA method
protects the active metal particles from sintering.

3.3. Suzuki cross-coupling catalytic performance

The developed monometallic and bimetallic catalysts were
studied for SCC reactions at room temperature (RT) as
depicted in Fig. 4. Among all catalysts, CuPd/SiO, exhibits
superior activity reaching a bromobenzene conversion of 35%
after one minute and a full conversion in only 30 min under
ambient conditions (Fig. 4b). This catalyst surpasses all the
other bimetallic catalysts and the monometallic Pd catalyst,
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Fig. 4 (a) Cross-coupling reactions between bromobenzene and benzeneboronic acid. (b) Bromobenzene conversion results by the mono and bi-

metallic nanoparticle catalysts. (c) Bromobenzene conversion results by different Pd contents in Cu nanoparticle catalysts.

which reaches full conversion after three hours. The second-
best catalyst, NiPd/SiO,, reaches a conversion of 18% after one
minute and a full conversion in 90 min (Fig. 4b). On the other
hand, dilution of Pd in a Co matrix (CoPd/SiO,) does not seem
to enhance the catalytic activity when compared to the other
bimetallic catalysts and has a similar activity to that of the Pd/
SiO, catalyst where full conversion to the biphenyl product is
reached in three hours (Fig. 4b). The catalysts composed of the
monometallic base metals (Ni/SiO,, Co/SiO, and Cu/SiO,) were
found to be inactive towards the SCC reaction at RT (Fig. 4b
and c).

The superior activity of the CuPd alloyed catalyst encour-
aged us to investigate the impact of the Cu: Pd ratio on cata-
lytic activity. These catalysts defined using the targeted metal
loading and the actual loading determined from the ICP
measurements are listed in Table S1 (ESIT). To study the effect
of Pd dilution in the Cu matrix, 0.5Cu-1Pd/SiO,, 1Cu-0.5Pd/
SiO, and 2Cu-1Pd/SiO, catalysts were synthesized. Even
though 2Cu-1Pd/SiO, has a similar Cu/Pd ratio to 1Cu-0.5Pd/
SiO,, this catalyst was prepared by saturating the support
surface with metal ions for complete monolayer coverage for-
mation.?® The bromobenzene conversion yields from the SCC
reaction show that the dilution of 1 wt% Pd in various Cu load-
ings of 0.5, 1 to 2 wt%, in the 0.5Cu-1Pd/SiO,, CuPd/SiO, and
2Cu-1Pd/SiO, catalysts, respectively, has almost no effect on
the overall catalytic activities, with all the catalysts achieving
100% conversion in 30 min (Fig. 4c). Lowering the loading of
Pd in the 1Cu-0.5Pd/SiO, catalyst results in full conversion in
almost 90 min as compared to 30 min for the CuPd/SiO, cata-
lyst. A control test was also performed in which homo-coupling
of bromobenzene by Pd/SiO, and CuPd/SiO, catalysts were
investigated. Both catalysts yielded zero conversion of the sub-

19198 | Nanoscale, 2020, 12, 19191-19202

strate to biphenyl, which attests to the excellent chemo-
selectivity of the catalysts.

3.4. Catalyst recycling under microwave assisted reactions

Recyclability of the catalyst is a very important criterion for
large-scale applications. The ability to recycle the best perform-
ing catalyst, CuPd/SiO,, was investigated under MWI at 60 °C
for five minutes and compared with the monometallic catalyst
Pd/SiO,. The CuPd/SiO, catalyst shows an excellent recyclabil-
ity with a bromobenzene conversion of 100% achieved for
seven consecutive runs (Table 2). On the other hand, the
recycled Pd/SiO, catalyst under similar conditions exhibits a
small steady drop-in activity upon cycling, where the conver-
sion drops to 93% and 89% by the 3rd and 6th runs, respect-
ively (Table S2, ESI¥).

In order to confirm that the activity of the CuPd/SiO, cata-
lyst is not influenced by MWI, the Suzuki cross coupling reac-
tion was also performed in an oil bath at 60 °C for comparison
with the MWI reaction at 60 °C. As shown in Fig. S5 (ESI{), the

Table 2 Recyclability of the CuPd/SiO, catalyst for the Suzuki cross-
coupling reaction

Run Conversion (%) Run Conversion (%)
1 100 5 100

2 100 6 100

3 100 7 100

4 100

Conditions: 0.3 mol% Pd, 0.32 mmol bromobenzene, 0.38 mmol
phenylboronic acid, 1 mmol K,CO;. Microwave irradiation: 300 W,
60 °C, 5 min reaction time.

This journal is © The Royal Society of Chemistry 2020
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CuPd/SiO, catalyst shows a full conversion of bromobenzene
to the biphenyl product in 4 min, thus confirming that micro-
wave irradiation has no effect on the superior activity of the
catalyst (except for the heating effect).

The excellent catalytic activity of the current catalysts can be
traced back to nanoparticles’ size, narrow size distribution,
homogeneous particle distribution on the support, and base
metal alloying which appears to be crucial in inhibiting the
oxidation of Pd and providing catalyst stability during consecu-
tive recyclability runs. The superior catalytic activity of CuPd/
SiO, even after successive runs suggests that the catalyst main-
tains remarkable activity indicating high stability against sin-
tering and deactivation. The stability of the catalyst was
probed by studying the surface morphology, particle size and
chemical composition of the recycled catalyst by using XRD,
HRTEM and XPS, respectively. The XRD patterns for the
recycled catalyst after each run are almost identical to those
for the pristine catalyst with a new very broad peak at ~40° cor-
related to the Pd(111) plane which appears after the 3rd re-
cycling run of the CuPd/SiO, catalyst (Fig. 2b). STEM analysis
of the particle size (Fig. S4, ESIT) shows no significant change
in the average particle size during the recycling runs indicating
a strong catalyst-support interaction. XPS measurements after
the 3rd and 6th recycling runs suggest that the chemical
nature of the CuPd alloy is maintained after the runs (Fig. S2
and Table S3 ESIf). ICP measurements on the Pd/SiO, and
CuPd/SiO, catalysts after each run of the recycling experiments
(Tables S4 and S5, ESIT) show that for the Pd/SiO, catalyst only
3 wt% of Pd has leached away throughout the entire five re-
cycling runs (Table S47). Also, the CuPd/SiO, catalyst does not
lose much Pd (4 wt%) throughout the first four recycling runs
(Table S51). The amount of leached Pd increases to 11% and
26% by the end of the 5th and 7th recycling runs, respectively
(Table S5t). In contrast, 19% of Cu is leached from the surface
after the first run, and then during the following consecutive
runs, the amount of Cu does not change significantly
(Table S5%). The loss of Cu during the first run may be
explained by the leaching of some weakly adsorbed Cu par-
ticles on the surface of the support resulting in a sudden
decrease in the Cu concentration from 0.97 wt% to 0.78 wt%
after the first run. However, as the Cu remains consistent
throughout the rest of the recyclability runs (about 0.76 wt%),
it can be assumed that the rest of the Cu was adsorbed
strongly and thus the amount of Cu does not change much
during the consecutive runs. The observation of 100% reaction
conversion by the CuPd/SiO, catalyst in spite of the 26 wt%
and 23 wt% leaching of Pd and Cu, respectively after the seven
consecutive runs suggests that the actual active site of the bi-
metallic catalyst has an optimum composition of ~0.75Cu-
0.75Pd and the excess Cu and Pd particles are probably weakly
adsorbed on the silica surface and therefore do not contribute
significantly to the catalytic activity. On the other hand, the
negligible amount of Pd leaching from the Pd/SiO, catalyst
(3 wt% after the 5th run, Table S4t) rules out leaching as the
primary cause for small catalyst deactivation (91% reaction
conversion after the 5th run, Table S27).

This journal is © The Royal Society of Chemistry 2020
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In order to check the leaching of active catalyst species into
solution, the Cu and Pd concentrations in the solution were
determined by ICP-MS after the removal of the spent CuPd/
SiO, catalyst by hot filtration from the reaction solution. The
ICP-MS data (Table S6, ESIt) clearly show no leaching of Pd or
Cu throughout the seven consecutive recyclability runs each
resulting in 100% conversion of bromobenzene to the biphe-
nyl product (Table 2). The very small Pd and Cu concentrations
(less than 8 ppb, Table S67) in the reaction solution after the
consecutive reaction runs support the complete heterogeneity
of the CuPd/SiO, catalyst. Further evidence for the hetero-
geneous catalytic mechanism is the failure to observe reactivity
after the removal of the CuPd/SiO, catalyst from the reaction
medium.

The superior catalytic activity of the CuPd/SiO, catalyst in
comparison with NiPd/SiO, and CoPd/SiO, catalysts can be
explained by the electronic properties of each system and the
expected synergistic effects of the metals involved in the bi-
metallic catalysts. According to the XPS studies, Cu in the Cu-
Pd alloy helps maintain Pd in the unoxidized state (Pd°),
whereas deconvoluted Pd spectra of Ni-Pd and Co-Pd alloys
reveal that binding energies shifted toward Pd*" (Fig. S2, ESIT).
It is worth noting that DFT calculations of the bimetallic
catalysts suggest the presence of an emerging enhanced elec-
tronic structure factor upon base metal doping which
increases electron density on Pd, thereby facilitating the oxi-
dative addition of the aryl halide which is the rate limiting
step in SCC.>**°

For all of the SCC reactions performed under RT and MWI
conditions, the Pd content is normalized to 0.3 mol% Pd.
With this catalyst concentration, all the CuPd/SiO,, NiPd/SiO,,
CoPd/SiO,, and Pd/SiO, catalysts show 100% reaction conver-
sion within five minutes of MWI at 60 °C. Further reduction in
the catalyst’s concentration provides insight into the reactivity
of these catalysts (Fig. S6, ESIT). Lowering Pd content from
0.3 mol% to 0.03 mol% results in bromobenzene conversions
of 100%, 97%, 99%, and 97% within five minutes of MWI at
60 °C for the CuPd/SiO,, NiPd/SiO,, CoPd/SiO,, and Pd/SiO,
catalysts, respectively. At 0.01 mol% (0.003 mol%) under the
same reaction conditions, bromobenzene conversions are 97%
(70%), 76% (70%), 90% (61%), and 80% (52%) for the CuPd/
SiO,, NiPd/SiO,, CoPd/SiO,, and Pd/SiO, catalysts, respectively
(Fig. S6 and Table S7, ESIf). These results demonstrate the
remarkable catalytic activity of the CuPd/SiO,, NiPd/SiO,,
CoPd/SiO,, and Pd/SiO, catalysts at the lowest catalyst concen-
tration ever used in a SCC reaction (0.003 Pd mol%) which
result in turnover frequencies (TOFs) of 280000 h™,
248000 h™, 240 000 h™, and 208 000 h™", respectively. To our
knowledge, these are the highest TOFs observed in a micro-
wave-assisted Suzuki cross coupling reaction by the supported
Pd nanoparticle catalysts."™

To generalize the above results, the range of catalytic utility
in SCC reactions for the preparation of other biphenyl pro-
ducts containing a broader range of functionalities was investi-
gated. For these experiments, we chose to use the CuPd/SiO,
catalyst exclusively due to its superior catalytic activity demon-
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Table 3 Suzuki cross-coupling reactions of selected aryl halides and aryl boronic acids catalyzed by the CuPd/SiO, Catalyst

Aryl bromide Aryl boronic acid

Br B(OH),
1T

Benzo[d][1,3]dioxol-5-ylboronic acid

Q

NC

4-bromobenzonitrile

Br : _B(OH),
MeO

(4-methoxyphenyl)boronic acid

Br B(OH),
ST

Benzo[d][1,3]dioxol-5-ylboronic acid

Br /©/B(OH)2
NC MezN

4-bromobenzonitrile

Q

MeO
1-bromo-4-
methoxybenzene

Q

MeO
1-bromo-4-
methoxybenzene

Q

(4-(dimethylamino)phenyl)boronic
acid

Br /©/B(OH
MezN

(4-(dimethylamino)phenyl)boronic
acid

X

4-bromobenzaldehyde

2

/©/B(OH)2
eO

(4-methoxyphenyl)boronic acid

Cl B(OH),
(0]

1-chloro-4-nitrobenzene

OoN
1-bromo-4-
nitrobenzene

Q

(4-carbamoylphenyl)boronic acid

Product Yield (%)
0\ 96%
/‘/“O
4-(benzol. d][l ,3]dioxol-5-yl)benzonitrile
"O o™
MeO
4,4'-dimethoxy-1,1'-biphenyl
O"\ 72%
’/‘l () 0
MeO
5-(4-methoxyphenyl)benzo[d][1,3]dioxole
4‘-(dimethylam1no) [1,1'-biphenyl]-4-
carbonitrile
Y‘/‘Owez .
4'- (dlmethylamlno) [1,1'-biphenyl]-4
carbaldehyde
/‘/‘/! OMe 94%
O,N I
4-methoxy-4'"-nitro-1 1‘-biphenyl
34%

OZN./‘)LO

4'-nitro-[1,1'-biphenyl]-4-carboxamide

Aryl bromide (0.32 mmol, 1 equiv.), arylboronic acid (0.38 mmol, 1.2 equiv.), potassium carbonate (133 mg, 0.96 mmol, 3 equiv.), and CuPd
(10.5 mg, 0.3 mol% Pd) in 4 mL (1 v: 1 v H,O-EtOH) was heated at 60 °C (MWI) for 5 min. Product yield (%) was determined by GC-MS analysis.
All products were characterized by "H NMR spectra as shown in Table S8 (ESIt).

strated in our prior studies. As illustrated in Table 3, the reac-
tion was carried out in the presence of 0.3 Pd mol%, and pot-
assium carbonate (3 equiv.) using H,O : EtOH (1: 1) as environ-
mentally benign solvents. The reactions are heated under
microwave irradiation at 60 °C for five minutes. As shown in
Table 3, a broad range of aryl bromide containing electron
donating and electron withdrawing groups (nitrile, aldehyde

19200 | Nanoscale, 2020, 12, 19191-19202

and nitro) can be effectively incorporated into the coupling
products. In addition, phenyl boronic acids bearing useful
functionality such as 4-dimethylamino also led to a good yield
of SCC products. Finally, even a more difficult substrate such
as aryl chloride 1-chloro-4-nitrobenzene was able to undergo
Suzuki coupling with 4-carbamoylphenyl boronic acid
although in only 34% yield.

This journal is © The Royal Society of Chemistry 2020
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4. Conclusions

A facile, general, reproducible and highly applicable synthetic
technique based on strong electrostatic adsorption has been
developed for the synthesis of ultra-small bimetallic alloy
nanoparticle catalysts supported on high surface area fumed
silica for Suzuki cross-coupling reactions. Through this
approach, a very low content of the precious metal Pd is
alloyed with low content inexpensive base metals (Cu, Ni and
Co). TPR patterns of the bimetallic catalysts and their mono-
metallic counterparts confirm the formation of supported
alloyed nanoparticles. The absence of characteristic metal
peaks in the XRD patterns taken together with the HRTEM
images show an average particle size of 1.3 nm. The formation
of this ultra-small nanoparticle increases the efficiency of Pd
atoms for catalytic activities. Among the three bimetallic cata-
lysts (CuPd/SiO,, NiPd/SiO, and CoPd/SiO,), the CuPd/SiO,
catalyst exhibits superior activity and unprecedented recyclabil-
ity. Under room temperature and atmospheric pressure con-
ditions, this catalyst reaches complete bromobenzene conver-
sion to the biphenyl product in 30 min, while the NiPd/SiO,
catalyst performs the same reaction under similar conditions
in 90 min. The monometallic Pd/SiO, and the bimetallic
CoPd/SiO, catalysts reach full conversion to the biphenyl
product under similar reaction conditions after three hours.
The performance of the CuPd/SiO, catalyst for the cross-coup-
ling of bromobenzene and phenylboronic acid derivatives also
yields high conversion values. The CuPd/SiO, catalyst is highly
recyclable, while maintaining the highest catalytic activity
(100% conversion). The catalyst exhibits an unprecedented
turnover frequency of 280000 h™" in the microwave assisted
Suzuki reaction at 60 °C that surpasses the performance of
other supported Pd catalysts. The superior performance of the
CuPd/SiO, catalyst is attributed to the CuPd alloying which
helps in maintaining Pd at the desired catalytic status of Pd°
better than the other bimetallic catalysts. We believe that the
facile formation of these ultra-small alloy nanoparticles and
their superior catalytic activity would give rise to a new gene-
ration of highly efficient heterogeneous catalysts that are com-
parable to the best homogeneous Pd catalysts for the Suzuki
cross-coupling reactions.
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