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Abstract

Alumina-based oxides Al,O3, Al,03-ZrO; (A, B, C) and Al,03-ZrO,—Eu;03 (D) were prepared by alkoxide sol-gel method and used as
supports for palladium nanoparticles obtained by reduction of PdCl, by methanol or hydrazine. As confirmed by XRD and TEM methods, such
catalysts are composed of palladium nanoparticles well dispersed on the surface of the alumina matrix. The Suzuki coupling of 2-bromotoluene
with phenylboronic acid, used as the test reaction, revealed that the obtained catalysts were quite efficient even at 40 °C and that their catalytic
activity increased at 60 and 80 °C. Very good results (95% yield after 1 h) also were obtained when PdCl, supported on mixed oxides was used
without earlier palladium reduction. It was confirmed that under the reaction conditions, Pd(0) nanoparticles of ca. 5 nm in diameter were formed
on the support. Under the same conditions ("PrOH + H,O used as a solvent, KOH as a base), a Pd(0)/PVP colloid exhibited slightly lower catalytic

activity.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Palladium-catalyzed C—C bond formation reactions are ver-
satile tools in advanced organic synthesis [1-6]. Among these
processes, a special place is occupied by the Suzuki—-Miyaura
reaction, an efficient method for preparing unsymmetrical
biaryls from an aryl halide and boronic acid with a high tol-
erance to the presence of functional groups as the substituents
[7,8]. The biaryls are important substrates in the synthesis of
pharmaceuticals and herbicides [3].

Different palladium catalysts applied in the Suzuki-Miyaura
reaction have been described in recent review articles [9—-11].
Besides palladacycles [12] and N-heterocyclic carbene com-
plexes [13—16], palladium nanoparticles also have been consid-
ered as catalytically active in phosphorus-free systems [17-20].
In most cases, Pd/PVP [21,22] or Pd/C [23] systems are used;
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however, there also are some examples of application of oxides
as the supports for nanoparticles [24-27]. Solid supports, such
as MgO [24], KF/Al, O3 [25], Al,O3 [26], MgLa [27], and LDH
(double-layered hydroxide) [28], also have been used for palla-
dium nanoparticle immobilization. The Suzuki-Miyaura reac-
tion has been carried out mainly at rather elevated temperatures
(80-120°C) [9,29] or at long reaction times (>24 h) [30]. Little
work has been published on efficient low-temperature heteroge-
neous Suzuki couplings [23,31].

When searching for a simple phosphorus-free catalytic sys-
tem for the Suzuki-Miyaura reaction, we selected supports
composed of binary oxides of the Al,03-ZrO, type and char-
acterized by good thermal and mechanic stability [32,33]. We
modified their phase composition and the degree of surface hy-
droxylation by hydrothermal treatment to obtain the optimal
support for Pd(0) nanoparticles. In addition, we prepared the
Al,O3—ZrO; oxide containing 1% of EuyO3 and tested it as a
catalyst support. We expected to find that under the reaction
conditions, Eu** could be reduced to Eu>*, having strong re-
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Scheme 1. Suzuki coupling of 2-bromotoluene with phenylboronic acid.

ducing properties and consequently facilitating stabilization of
the catalytically active Pd(0) nanoparticles [34,35].

In this work, we obtained heterogenized palladium catalysts
through impregnation of alumina-based oxides Al,O3, Al,O3—
Zr0;, and Al,O3-ZrO—Eu,03 by an aqueous PdCl; solution.
After the impregnation, palladium was reduced with methanol
or hydrazine, and the catalysts thus obtained were tested in the
Suzuki reaction (Scheme 1) carried out at 40, 60, and 80 °C.
We also performed the Suzuki-Miyaura reactions with nonre-
duced supported PdCl, and with Pd/PVP or Pd/PVPy (PVP =
polyvinylpyrrolidone, PVPy = polyvinylpyridine).

2. Experimental
2.1. Chemical reagents and substrates

Analytical-grade methanol, 2-propanol, n-hexane, n-dode-
cane, potassium hydroxide, nitric acid, and hydrochloric acid
were purchased from POCh (Gliwice, Poland). Aluminum iso-
propoxide, zirconyl nitrate hydrate, europium nitrate, palla-
dium dichloride, 2-bromotoluene, and poly(4-vinylpyridine)
were acquired from Aldrich. Hydrazine hydrate (80%) was
purchased from Riedel-de Haén. Phenylboronic acid and
polyvinylpyrrolidone were supplied by Fluka. All of these
chemical compounds were used as received with no further pu-
rification.

2.2. Synthesis of alumina—zirconia supports

The nanostructured Al,O3—ZrO, matrix containing 10% of
zirconia was prepared in the following manner. First, 102 g
of solid aluminum isopropoxide was hydrolyzed for 15 min in
600 cm? of distilled water at 90 °C with continuous stirring. The
aluminum hydroxide, AIOOH, thus obtained was then peptized
by slow addition of an aqueous solution of zirconyl nitrate hy-
drate (6.32 g in 50 cm? of water) also containing 2.86 cm?® of
65% HNO3 (zirconium to nitrate ions ratio 1:4). The resulting
homogeneous mixture was refluxed at 90 °C for 72 h under stir-
ring. The sol was condensed by evaporation and resulting gel
was extruded in a wire form (2 mm in diameter) and dried. The
wires were calcined at 500 °C for 4 h, and then divided into two
parts, A and B. Part A was directly used as the catalyst support
(sample A); part B was hydrothermally treated. In this treat-
ment, 50 cm? of distilled water was placed on the bottom of a
1000-cm? stainless steel autoclave, and a glass vessel contain-
ing the support was introduced. The sample was not in a direct
contact with the liquid water, but only with steam in the va-
por phase. The autoclave was sealed and kept at 200 °C for 6 h.
Then the autoclave was cooled and the support thus obtained
was dried. One part of this support (sample B) was used directly
for further experiments, whereas the other (sample C) was also

calcined at 500 °C for 4 h. The alumina—zirconia with addition
of EupO3 was prepared by impregnation of the Al,03-ZrO;
sample A in an aqueous solution of Eu(NOj3)3; for 24 h. Then
the sample was dried and calcined again at 500 °C for 4 h. The
mixed oxide Al,O3—ZrO,—Eu,03 thus obtained, containing 1%
of Euy O3, was then used as the catalyst support (sample D).

2.3. Catalyst preparation procedures

2.3.1. Palladium supported on alumina-based oxides
(methanol as reducing agent)

First, 0.8 g of the Al,O3—ZrO, support (sample A, B, C, or
D) was impregnated in 10 cm? of an aqueous acidic solution
(Cyc1 = 0.09 mol/dm3 ) of PdCI, containing 25 mg of Pd. Af-
ter 72 h, the solution was decanted and the support was washed
three times with water. Next, 50 cm® of methanol was added
and refluxed for 45 min to reduce Pd(II) to Pd(0) nanoparti-
cles. During heating, the sample changed in color from brown-
orange to black. After refluxing, the catalyst thus obtained was
dried in vacuo. The amount of the supported palladium was
estimated by measuring the UV—-vis absorption spectra of the
solution that remained after the impregnation or by the ICP
method.

2.3.2. Palladium supported on alumina-based oxides
(hydrazine as reducing agent)

First, 0.8 g of the Al,O3—ZrO; support (sample A, B, C,
or D) was impregnated in 10 cm® of an aqueous acidic so-
lution (Cyc1 = 0.09 mol/dm3) of PdCI, containing 25 mg of
Pd. After 72 h, the solution was decanted, and the support was
washed three times with water. Next, 25 cm® of an aqueous so-
lution containing 0.5 cm? of NoHys-H>0 (80%) was heated to
60 °C. Once the temperature was stabilized, the support con-
taining Pd(II) was introduced to the hydrazine solution. Pd(II)
was reduced to Pd(0) nanoparticles in 1 min, but the heating was
continued for another 10 min. Finally, the catalyst thus obtained
was dried in vacuo. The amount of the supported palladium was
estimated by ICP of the solution remaining after the impregna-
tion.

2.3.3. Preparation of Pd/PVP colloid—Pd(0) nanoparticles
supported on PVP

One gram of PVP (average molecular weight, 40,000 or
10,000) was added to 20 cm® of water and intensively stirred
until the polymer was totally dissolved. Next, 1 cm> of an
aqueous solution containing 0.02 cm?® of NyHs-H,0 (80%)
was added. The solution was stirred for 20 min, then heated
to 60 °C. Once the temperature was stabilized, 3.5 cm? of an
acidic solution (Cycy; = 0.18 mol/dm3) of PdCl, containing
17.5 mg of Pd was introduced, and the mixture was stirred in-
tensively for 10 min. During stirring, the mixture changed in
color to dark brown. The colloidal suspension thus obtained
was dried completely in a rotary vacuum evaporator, yielding
a film of PVP-stabilized Pd(0) colloid containing 1.75% of Pd.
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2.3.4. Preparation of Pd(Il) supported on PVPy

One gram of poly(4-vinylpyridine) (PVPy; average molecu-
lar weight, 160,000) or 2% cross-linked poly(4-vinylpyridine)
(PVP 2% DVB) was added to 20 cm? of water and stirred
intensively for 10 min. Then 3.5 cm? of an acidic solution
(Cxc1 = 0.18 mol/ dm3) of PdCl; containing 17.5 mg of Pd was
introduced, and the mixture was stirred intensively for another
10 min. The polymer thus obtained, containing 1.75% of Pd(1I),
was filtered off and dried in vacuo.

2.3.5. Preparation of Pd(0) supported on PVPy

One gram of poly(4-vinylpyridine) (PVPy; average molecu-
lar weight, 160,000) or 2% cross-linked poly(4-vinylpyridine)
(PVP 2% DVB) was added to 20 cm? of water and stirred
intensively for 10 min. Then 1 cm?® of an aqueous solution
containing 0.02 cm? of NoHy-H,0 (80%) was added. The sus-
pension was heated to 60 °C and stirred for another 10 min.
Once the temperature was stabilized, 3.5 cm? of an acidic so-
lution (Cycy = 0.18 mol/dm3) of PdCl, containing 17.5 mg of
Pd was introduced, and the mixture was stirred intensively for
another 10 min. The polymer thus obtained, containing 1.75%
of Pd(0), was filtered off and dried in vacuo.

2.4. Suzuki—-Miyaura catalytic test reactions

The catalytic tests were carried out in a 40-cm?® Schlenk tube
with magnetic stirring. The solid reagents, phenylboronic acid
0.135 g (1.1 x 1073 mol) and potassium hydroxide 0.068 g
(1.2 x 1073 mol), were introduced first, followed by the liquids,
2-propanol or 2-propanol with water mixture (1:1) 10 cm? (used
as a solvent), 2-bromotoluene 0.120 cm? (1.0 x 1073 mol),
and n-dodecane 0.100 cm? (the internal standard). Finally, sup-
ported catalyst (2.0 x 107> mol of Pd) was added. The reactor
was sealed under nitrogen atmosphere and placed in a ther-
mostatted oil bath. The catalytic reactions were carried out for 1
or 4 h. Once the reaction was complete, the reactor was cooled
to ambient temperature and the organic components were ex-
tracted by intensive shaking for 5 min with two 5-cm> portions
of n-hexane. After extraction, a small amount of water was
added for the reactions carried out in 2-propanol, to facilitate
separation of the liquid phases. A colorless n-hexane phase was
transferred to a 10-cm> calibrated flask and analyzed by GC-
MS (Hewlett—Packard 8452A). In most cases, the experiments
were repeated 2 times and the results averaged (exact to 3%).

2.5. Support and catalyst characterization

The BET specific surface area, total pore volume, and pore
size distribution of the Al,03—ZrO, supports were determined
from the corresponding N» adsorption—desorption isotherms (at
the liquid nitrogen temperature) using a Fisons Sorptomatic
1900 automatic volumetric apparatus. Before the measure-
ments, the samples were degassed at 250°C and 10~3 Torr
vacuum for 4 h. The pore size distribution was analyzed using
the Dollimore—Heal method [36], assuming a cylindrical pore
model.

The XRD measurements were carried out with a DRON-3
diffractometer operating with the CuK« radiation line. The
crystalline phases, y-alumina, tetragonal zirconia, and mon-
oclinic zirconia, were identified by referring to JCPDS card
numbers 10-0425, 17-0923, and 37-1484, respectively. The av-
erage diameter of the supported palladium nanoparticles was
estimated from the X-ray (111) line-broadening (measured at
26 = 40.1° with a step size of 0.01°) by means of the Debye—
Scherrer equation.

The TEM measurements were carried out with a Philips CM-
20 Super Twin microscope operating with an acceleration volt-
age of 200 kV and providing a resolution of 0.24 nm. The Pd(0)
nanoparticle size distributions were determined by counting the
size of approximately 50 particles on several TEM images ob-
tained from different places on the TEM carbon grids. The size
distribution plots were fitted by means of a Gauss curve approx-
imation.

3. Results and discussion
3.1. Characteristics of alumina—zirconia supports

A TEM micrograph (Fig. 1) showing the sol precursor of
the alumina—zirconia supports demonstrates the characteristic
nanocrystalline structure of this material. The size distribution
of the rod-shaped particles was fairly uniform, with an average
width of about 5 nm and average length of about 30 nm. We
also found that the nanostructure and the morphology of the
material were preserved during the heat treatment at 500 °C.
Furthermore, the TEM obtained for sample B exposed the mor-
phology of zirconia nanocrystallites in the sample (Fig. 2). The
ZrOy formed quasi-spherical particles, which may be easily
recognized in the micrograph by characteristic lattice fringes,
corresponding to atomic plane distances of 2.8, 3.0, and 3.2 A.
The diameter of the ZrO, particles was between 4 and 8 nm.

Fig. 1. TEM micrograph showing characteristic morphology of the obtained sol
precursor (nanocrystalline pseudoboehmite in form of rod-shaped particles).
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Table 1

Textural characteristics of the alumina-based supports and palladium loadings of the obtained catalysts

Sample Support Specific surface Total pore Mean pore Pore size distribution Catalyst Pd
synthesis? area (m?/g) volume (cm3/g) ~ diameter (nm) nm % loading (wt%)®

Al;O3 Sol-gel processing 210 0.28 2.5 2-10 79.1 1.5-1.8
and calcination 0-2 20.9

Alpy03-Zr0O;5 (A) Sol-gel processing 218 0.27 2.2 2-10 75.6 1.6-1.9
and calcination 0-2 24.4

Al,O3-ZrO; (B) Sample A 202 0.24 2.0 2-10 52.8 1.4-1.7
hydrothermally treated 0-2 47.2

Al,O3-ZrO; (C) Sample B after 208 0.30 2.8 2-10 85.5 1.4-1.7
additional calcination 0-2 14.5

AlpO3-ZrO>-EuyO3 (D)  Impregnation of sample A 182 0.25 2.7 2-10 81.8 1.9-2.2
and calcination 0-2 18.2

4 See Section 2 for detailed synthesis procedures.

b Minimum and maximum values determined by UV-vis (solution after impregnation) or ICP method for a few different samples.

Fig. 2. Zirconia crystallites in the Al;03-ZrO, (B) support. The tetragonal and
monoclinic forms of ZrO; are both observed here (lattice fringes of 3.0 and
3.2 A, respectively).

The XRD phase identification of the alumina-zirconia
mixed oxides revealed characteristic signals at 37.6°, 45.8°,
and 66.6°, which are attributed to the (311), (400), and (440)
reflections of y-Al>O3, respectively. No zirconia was detected
for sample A, which might be explained by the fact that the
samples contain very small ZrO, crystallites (below the XRD
detection limit) or an amorphous ZrO, phase. It is known that
only a limited amount of zirconia (<5%) can be incorporated
into the structure of alumina to form a typical solid solution
[37], and, consequently, the rest of the ZrO, must remain in the
form of separate particles.

Besides the pattern characteristic for y-Al,O3 phase, sam-
ples B and C showed diffraction peaks at 30.2°, 50.4°, and
59.8°, identified as (111), (202), and (311) reflections of tetrag-
onal zirconia. In addition to the tetragonal ZrO; peaks, sample
B also exhibited signals at 28.2°, 31.5°, and 49.2°. These peaks

are recognized as reflections (111), (111), and (220), respec-
tively, of the monoclinic phase. The volume fraction Vj, of the
monoclinic zirconia in sample B was about 75%, and the re-
maining part was present as the tetragonal form. This value was
estimated by comparing the integral intensities of the tetrago-
nal and the monoclinic reflections, using the equation proposed
by Garvie [38] and Toraya [39]. In contrast, only the tetragonal
form was observed for sample C (calcined once again at 500 °C
after hydrothermal treatment).

The nitrogen adsorption—desorption studies revealed that the
alumina-zirconia mixed oxides were highly porous (Table 1).
The specific surface area and the pore volume were quite similar
for all of the characterized samples, but the pore size distribu-
tion differed. Thus, samples C and D contained mostly larger
pores (2—10 nm) with just a few smaller ones (0-2 nm), whereas
sample B comprised almost equal numbers of small and large
pores. Analysis of the isotherms leads to the identification of
their profiles as type IV with H2 hysteresis loops, according to
the IUPAC classification. This is typical for mesoporous mate-
rials and suggests that the pores might have uniform size and
shape.

3.2. Palladium nanoparticles on alumina—zirconia

The palladium content on alumina-based oxides was practi-
cally the same for all of the catalysts obtained (Table 1); any
slight differences could be linked to their varying textural prop-
erties. The highest palladium content was determined for the
AlpO3—ZrO,-Eu;03 (D) support. The catalysts, in the form of
immobilized Pd(0) nanoparticles, were characterized by XRD
and TEM. A typical TEM image (Fig. 3) reveals palladium
particles identified on a magnified high-resolution fragment by
characteristic lattice fringes of 2.2 A spacing, corresponding
to the (111) planes of the FCC Pd(0) structure. The nanopar-
ticles supported on alumina—zirconia were spherical, and none
showed the typical crystal outlines frequently seen in palladium
particles protected by polymers [40,41]. They were of similar
size, demonstrated no aggregation, and were nearly uniformly
dispersed on the surface of the support.
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Table 2

125

Product yields obtained in the Suzuki-Miyaura reaction of 2-bromotoluene and phenylboronic acid (40 °C, 4 h)—influence of the reducing agent, solvent and

reaction procedure

Catalyst Reducing Solvent Yield of Suzuki coupling (%)*
agent Glass reactor (Fig. 4) Schlenk tube

Pd(0)/Al,03 MeOH iprOH 36-59P 46° 78
Hydrazine iPrOH + H,0 59-65° 62¢ 64
MeOH 'PrOH + H,O - 38

Pd(0)/Al,03-ZrO, (A) MeOH iPrOH 35-57% 45¢ 49 (90)d
Hydrazine iPrOH + H,0 50-63P 57¢ 72
MeOH iPrOH + H,0 - 97

Pd(0)/Al,03-ZrO5 (C) MeOH IPrOH 9-29b 20° 69
Hydrazine 'PrOH + H,O 1 50
MeOH iPrOH + H,O - 89

Pd(0)/Al,03-ZrO»—Eu, 03 (D) Hydrazine iPrOH + H,0 26-45b 36° 65

a Reaction conditions: 2-bromotoluene 0.120 cm? (1.0 x 1073 mol), phenylboronic acid 0.135 g (1.1 x 1073 mol), KOH 0.068 g (1.2 x 1073 mol), solvent

10 em3, catalyst (2.0 x 1075 mol of Pd), 40°C, 4 h.
b Minimum and maximum yield in four experiments.
¢ Average product yield obtained in four experiments.
4 powdered catalyst.

22A°

10 nm ; s

Fig. 3. Surface of the Pd(0)/Al,O3-ZrO; (A) catalyst (synthesized using
methanol as the reducing agent) containing nearly uniformly dispersed palla-
dium nanoparticles (characteristic lattice fringes of 2.2 A).

3.3. Suzuki—Miyaura coupling reaction

The Suzuki cross-coupling reactions were carried out in 2-
propanol or 2-propanol with water mixture (1:1) at 40, 60, and
80°C using KOH as the base. Such reaction conditions were
chosen as optimal after a series of initial experiments in various
solvents and with addition of different bases. A 2-propanol—
water (1:1) mixture was found to be the best solvent; the pos-
itive affect of water can be explained by its ability to dissolve
boron side products coating the catalyst surface.

It is noteworthy that for all of the alumina-supported cata-
lysts, good or even very good results were obtained at temper-
atures as low as 40 °C. Early experiments carried out in a glass

Tube with holes

1 (containing solid
catalyst)

Schlenk tube

“” (containing liquid
reaction mixture)

o o
o

@ Stirring bar
-

Fig. 4. Schematic view of the glass reactor enabling separation of the sup-
ported catalyst from the liquid reaction mixture—the solvent that is stirred flows
through the tube containing the catalyst.

reactor consisting of a Schlenk tube with an additional internal
container holding the supported catalyst (Fig. 4) gave poorly re-
peatable results, with as much as a 20% difference in product
yields obtained under identical reaction conditions (Table 2).
The low yields obtained in the glass reactor can be explained
by the limited contact of reactants with the catalyst despite in-
tensive stirring of the solution.

Much better repeatability and higher yields of the Suzuki—
Miyaura reaction were obtained in experiments carried out in
a standard Schlenk tube. Under such conditions, some amount
of the supported catalyst underwent dispersion, which likely fa-
cilitated better contact of the substrates with active centers on
the catalyst surface. Moreover, the product yield was greater
when powdered catalyst was used in the Suzuki reaction (Ta-
ble 2).

The results presented in Table 2 demonstrate two character-
istic effects controlled by the catalyst preparation method used
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Table 3

Yields of the Suzuki—Miyaura reaction of 2-bromotoluene and phenylboronic acid carried out at various temperatures and catalyzed by Pd(0) nanoparticles (prepared
by reduction with hydrazine) supported on different solid supports (reaction time 4 h)

Catalyst Yield of Suzuki coupling (%)? Nanoparticles size (nm)®
40°C 60°C 80°C* 80°C Before After reaction at temperature
reaction 40°C 60°C 80°C

Pd(0)/Al, 03 64 98 84 96 11.7 11.4 11.8 11.6
Pd(0)/Al;03-ZrO; (A) 72 95 96 99 12.1 11.8 12.1 12.1
Pd(0)/Al,03-ZrO, (B) 91 99 99 98 11.3 10.6 11.2 11.9
Pd(0)/Al;03-ZrO; (C) 50 95 71 96 11.3 11.5 11.0 11.2
Pd(0)/Al;03-ZrO,-Eu, 03 (D) 65 93 87 99 11.7 114 11.1 12.1

a Reaction conditions: 2-bromotoluene 0.120 cm? (1.0 x 10~3 mol), phenylboronic acid 0.135 g (1.1 x 103 mol), KOH 0.068 g (1.2 x 10~ mol), 'PrOH + H,0

5+5cmd, catalyst (2.0 x 10~5 mol of Pd), 4 h.

b Estimated from the X-ray (111) line broadening measured at 26 = 40.1°.
¢ Reaction time: 1 h.

100

90—-
80—-
70
60—-
50-

40

Product yield [%]

30
20_. B pd(lIyA, 60 °C,1h
10 O Pd(0)A,80°C, 1 h

0 +————

T USRI
0 5 10

— —
15 20 25 30 35 40 45 50 55 60 65
Reaction time [min]

Fig. 5. Reaction kinetics of the Suzuki—-Miyaura coupling of 2-bromotolu-
ene with phenylboronic acid catalyzed by palladium supported on Al,O3—
ZrO; (A).

and the type of solvent applied. The average size of the Pd(0)
nanoparticles obtained by reduction of Pd(I[) with methanol
was ca. 7 nm, whereas the particles formed by reduction with
hydrazine were slightly larger (ca. 11 nm). Smaller palladium
nanoparticles are more active; however, particle size may not
be the only factor affecting catalytic activity in the Suzuki reac-
tion.

The yield of 2-methylbiphenyl obtained in the Suzuki-
Miyaura reaction increased with increasing temperature, reach-
ing >90% after 4 h at 60 and 80 °C for all of the supported
catalysts (Table 3). The kinetic studies carried out for the
Pd(0)/Al,03—ZrO; catalyst (sample A) at 80 °C demonstrated
that the reaction starts without an induction period and that the
yield gains 34% after just 5 min (Fig. 5). The product yield
determined after 1 h decreased with decreasing catalyst con-
centration, from 96% for 1 mol% of palladium to 64% for
0.125 mol% of palladium (Fig. 6). There are very attractive re-
sults, especially for a heterogeneous catalyst. The main product,
2-methylbiphenyl, was formed with high selectivity, and only
up to 3% of biphenyl (the homocoupling product) was found
in some reactions. The XRD measurements performed after the

100
] - 3 Pd(lly/A
90 60°C,1h
80 [ Pd(0)/A
80°C,1h
70 4
2 60-
= _
[} =
2 50
i2
S 40-
8
o 30
20
10 +
0 T b T L T % T ] T
2.0 1.0 0.50 0.25 0.125

Palladium [mol %]

Fig. 6. Influence of the catalyst concentration on the yield of the Suzuki cross-
coupling of 2-bromotoluene with phenylboronic acid catalyzed by palladium
supported on Al 03-ZrO, (A).

Suzuki reaction lead us to conclude that Pd(0) nanoparticle size
remained practically unchanged (about 11 nm) before and after
the reaction, independent from temperature (Table 3). Simi-
larly supported Pd(0) nanoparticles obtained by reduction with
methanol (of ca. 5 nm in diameter) also remained unchanged
during the Suzuki reaction (Fig. 8, see below).

The catalysts in the unreduced form—Pd(I) on alumina-
based oxides—turned out to be even more active than those
that were reduced before application. They produced between
88% and 100% of 2-methylbiphenyl after 4 h at 40°C. Sim-
ilar results were obtained at 60°C after just 1 h (Table 4).
XRD studies of these catalysts confirmed the presence of Pd(0)
nanoparticles ranging in size from 6.6 to 8.2 nm. This demon-
strates that the impregnated PdCl, underwent rapid reduction
in situ under the Suzuki reaction conditions, and that such pal-
ladium nanoparticles used in statu nascendi were even more
active than those prepared earlier by special reduction proce-
dures. Reduction of Pd(II) by 2-propanol used as a solvent was
quite fast and occurred almost immediately after introduction
of the catalyst [Pd(I) supported on alumina-based oxide] to the
reaction mixture.
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In addition to the above-described experiments, the Suzuki—
Miyaura reaction catalyzed by Pd(0) supported on PVP (PVP
= polivinylpyrrolidone) of two different molecular weights
(10,000 and 40,000) was carried out for comparison. The mole-
cular weight of the polymer had a significant influence on
the catalytic activity of such systems, which was higher when
the polymer of lower molecular weight was used (Table 5). The
observed differences in reactivity are most likely related to the
polymer structure, because they cannot be explained solely by
the different average sizes of the Pd(0) nanoparticles (5.5 vs
7.3 nm). It is noteworthy that the better catalyst, Pd(0)/PVP-
10,000, was only slightly less active (84%) than the alumina-
supported systems (96%) (Table 6).

To continue the studies on the polymer influence on the cat-
alytic activity, we performed several additional experiments.
Polyvinylpyridines (polyvinylpyridine, PVPy and polyvinyl-

Table 4
Results of the Suzuki-Miyaura cross-coupling reaction catalyzed by PdCl; sup-
ported on different alumina-based oxides

Yield of Suzuki
coupling (%)?

Catalyst
(initial form)

Nanoparticles size
after reaction (1‘1m)b

40°C,4h 60°C,1h 40°C,4h
Pd(II)/Al, 03 88 82 8.2
Pd(II)/AlL, 03-Zr0, (A) 95 97 7.2
Pd(I1)/Al,03-ZrO, (B) 100 99 6.6
Pd(II)/Al, 03-ZrO, (C) 98 81 7.1
Pd(II)/Al,03-ZrO2—-Euy O3 (D) 99 84 7.7

4 Reaction conditions: 2-bromotoluene 0.120 cm? (1.0 x 1073 mol), phenyl-
boronic acid 0.135 g (1.1 x 1073 mol), KOH 0.068 g (1.2 x 1073 mol),
'PrOH+ H;05+5 cm3, catalyst (2.0 x 1075 mol of PddD)).

b Estimated from the X-ray (111) line broadening measured at 20 = 40.1°.

Table 5

pyridine cross-linked with 2% of divinylbenzene, PVPy 2%
DVB) were used as the supports for Pd(I) and Pd(0) nanopar-
ticles. Both the supported catalysts containing Pd(0) appeared
to be weak and produced only 5 and 8% of product, respec-
tively at 80°C after 1 h (Table 6). Slightly better results,
12 and 20%, were obtained for the Pd(I) precursors. In ad-
dition, polyvinylpyridine was identified as a very strong in-
hibitor of the reaction catalyzed by Pd(0)/Al,03-ZrO; (A) and
Pd(II)/Al,O3-ZrO;, (A), causing a decrease in the yield from
96-97% to only 2—8%. Similar results were considered to pro-
vide evidence of solubilization of palladium during the reaction
[42]. In contrast to the literature data [43], we found that pyri-
dine also acted as an inhibitor of the Suzuki-Miyaura reaction
catalyzed by Pd(0)/Al,03-ZrO> (A) (Table 6). Similarly, PVP
polymers caused a decrease in the reaction yields; the influence
of PVP-40000 was particularly significant. In the presence of
this polymer, the yield dropped to 32% with Pd(0)/Al,03—ZrO»
(A) and to 22% with Pd(II)/Al,O3—ZrO> (A). Thus, the prod-
uct yields were much lower than obtained when Pd(0)/PVP-
40000 was used as a catalyst. An inhibiting effect of PVP
also was observed in the Suzuki—Miyaura reaction catalyzed by
Pd/PVP [22].

3.4. Palladium catalysts before and after the Suzuki reaction

It is possible to conclude from some of the TEM micro-
graphs (Fig. 7) that the palladium particles are typically lo-
cated in the pores of the alumina—zirconia support and are only
sterically constrained there. As a result, they probably are not
strongly attached to the alumina-based solid support.

Comparison of the yields of the Suzuki-Miyaura coupling at various temperatures catalyzed by Pd(0)/PVP colloids (reaction time 4 h)

Catalyst Suzuki reaction yield (%)*
(nanoparticles size) 40°C 60°C 80°C

iprOH iPrOH + H,0 iprOH iPrOH + H,0 iPrOH + H,0
Pd(0)/PVP-40000 (7.3 nm) 3 27 26 60 75
Pd(0)/PVP-10000 (5.5 nm) 55 74 77 87 90

a4 Reaction conditions: 2-bromotoluene 0.120 cm3 (1.0 x 1073 mol), phenylboronic acid 0.135 g (1.1 x 1073 mol), KOH 0.068 g (1.2 x 1073 mol), iP1rOH+H20

5+ 5cm?, catalyst (2.0 x 1035 mol of Pd).

Table 6

Influence of the additives on the catalytic activity of Pd(0) nanoparticles (obtained by reduction with hydrazine) immobilized on Al;O3—ZrO, (A) and the results of
the Suzuki—Miyaura reaction catalyzed by palladium supported on poly(4-vinylpyridine) or polyvinylpyrrolidone

Catalyst Catalytic Product yield (%)*

reaction No Additives

conditions additives - —

PVP-10000 PVP-40000 PVPy PVPy added after 5 min PVPy 2% DVB Pyridine

Pd(0)/Al,03-ZrO; (A) 80°C, 1h 96 84 32 2 37 5 78
Pd(I1)/Al, O3-ZrO; (A) 60°C, 1h 97 76 22 6 41 8 48
Pd(0)/PVPy 80°C, 1h 5 - - - - - -
Pd(0)/PVPy (2% DVB) 80°C, 1h 8 - - - - - -
Pd(1I)/PVPy 80°C, 1h 12 - - - - - -
Pd(II)/PVPy (2% DVB) 80°C,1h 20 - - - - - -
Pd(0)/PVP-40000 80°C,1h 45 - - - - - -
Pd(0)/PVP-10000 80°C, 1h 74 - - - - - -

4 Reaction conditions: 2-bromotoluene 0.120 cm3 (1.0 x 1073 mol), phenylboronic acid 0.135 g (1.1 x 1073 mol), KOH 0.068 g (1.2 x 1073 mol), iPrOH—{—Hzo

5+5cm?, catalyst (2.0 x 105 mol of Pd).
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Fig. 7. High-resolution TEM micrograph revealing a single Pd(0) nanoparti-
cle (reducing agent—methanol) anchored in a pore of mixed-oxide support
Alp03-ZrO5 (C).

35

dn=5.6 nm
30 FWHM = 1.4 nm —

percentage

o

2 3 4 5 6 i 8

size [nm]

(a)

dn=5.3nm
304 FWHM = 1.6 nm

204 7[-\

percentage

2 3 4 5 6 7 8
size [nm]

(©)

percentage

percentage

At this point, it is important to call attention to the results
presented in Table 3, which show that the size of Pd(0) nanopar-
ticles was not significantly affected during the Suzuki reaction.
Further studies with application of the XRD and TEM measure-
ments confirmed this observation (Table 7). Particularly essen-

Table 7

XRD and TEM determined Pd(0) nanoparticles size before and after the Suzuki
coupling reaction (catalysts synthesized with use of methanol as the reducing

agent)
Catalyst Nanoparticles size (nm) determined from
XRD? TEMP
Pd(0)/Al,03-ZrO; (A)
Fresh catalyst 7.1 5614
After reaction 7.0 53+£1.7
Pd(0)/Al,03-ZrO; (B)
Fresh catalyst 9.2 -
After reaction 8.4 -
Pd(0)/Al,03-ZrO; (C)
Fresh catalyst 6.8 53+1.6
After reaction 6.7 52+19

4 Estimated from the X-ray (111) line broadening measured at 20 = 40.1°.
b Center and FWHM of the Gauss curve fit of nanoparticles size distribution.

35

dn=5.3nm
30 FWHM = 1.7 nm

35

size [nm]

(b)

dn=5.2nm
30 FWHM = 1.9 nm

254

20

154

104

5

size [nm]

(d

Fig. 8. Nanoparticle size distributions in the following systems (catalysts obtained by reduction with methanol): Pd(0)/Al,03-ZrO5 (A) catalyst as-prepared (a) and
recovered after one reaction run (b), Pd(0)/Al,O3-ZrO, (C) catalyst as-prepared (c) and recovered after one reaction run (d).
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tial is the conclusion resulting from the TEM studies; not only
did the average nanoparticle size remain practically unchanged,
but also the size distribution remained essentially the same dur-
ing the reaction (Fig. 8). Other authors have reached a similar
conclusion [22]. This contradicts the results from our previous
studies of PVP-protected Pd(0) colloids in the Heck reaction of
bromobenzene and butyl acrylate [44] or methoxycarbonylation
of iodobenzene [45], which found dramatic changes in particle
size distribution. Redispersion of Pd(0) particles supported on
nanostructured alumina pellets also was observed in the Heck
reaction carried out in molten ["BuyN]Br salt [46]. All Pd(0)
nanoparticles studied in the present work were spherical, with
no well-defined geometrical shapes. According to our previous
results [45], typical crystal forms (with many edges) would be
expected to be even more active.

4. Conclusion

Alumina-based oxides Al,03, Al,03-ZrO, (A, B, C), and
Al,O03-Zr0;-Euy 03 (D) have been synthesized and used as the
supports for immobilization of catalytically active palladium
nanoparticles. Depending on the preparation procedure, these
materials are characterized by various textural properties and
slightly different structures. Especially worth emphasizing is
the fact that the obtained nanoparticulate catalysts revealed their
high potential in the Suzuki—-Miyaura cross-coupling reaction,
especially when compared with conventional phosphorous-free
catalytic systems, such as Pd/C or Pd(0) nanoparticles protected
by polymers. The test reaction proceeded efficiently under very
mild conditions at temperature as low as 40°C, and the ac-
tivity increased significantly at 60 and 80 °C. This important
finding, together with all of the advantageous mechanical prop-
erties (i.e., high thermal stability, very good wear resistance,
and rather uncomplicated separation from the reaction mixture
by simple filtration), makes these catalysts excellent candidates
for practical applications.

Very high reaction yields also were noted when PdCl, sup-
ported on mixed oxides was used without earlier palladium(II)
reduction. These catalysts were even more active than those that
had been reduced before application, producing almost 100% of
2-methylbiphenyl after just 1 h at 60 °C. XRD confirmed that
Pd(0) nanoparticles were formed here in situ during the cat-
alytic process.

Finally, some mechanistic studies of the presented systems
showed that the size of palladium nanoparticles did not change
during the Suzuki reaction. Their redispersion was hardly no-
ticeable in this case. Consequently, it might be postulated that
Suzuki—-Miyaura coupling proceeds mainly on the surface of
the particles. However, the detailed investigation of catalyst
leaching, either in form of palladium complexes or unsupported
Pd(0) nanoparticles, was not addressed in this work.
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