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Transition metal nanoparticles used in catalysis in solution are stabilized by capping the surfaces that are
supposed to be used for catalysis. Determining how these two properties, that is, the catalytic activity and
stability of nanoparticles, change as different capping materials are used is the aim of this work. Pd nanoparticles
prepared by the reduction of metal salts in the presence of three different stabiligdrexyl-terminated
poly(amido-amine) (PAMAM) dendrimers (8OH, where @ represents thath generation), block copolymer
polystyreneb-poly(sodium acrylate) and polvinyl-2-pyrrolidone) (PVPj-are used as catalysts in the Suzuki
reactions in an aqueous medium to investigate the effects of these stabilizers on the metallic nanoparticle
catalytic activity and stability. The stability of the Pd nanoparticles is measured by the tendency of the
nanoparticles to give Pd black powder after the catalytic reaction. The Suzuki reaction is a good “acid test”
for examining the stability of these nanopatrticles, as it takes place when refluxed at abd@ @4 h.

The stability is found to depend on the type of the stabilizer, the reactant, and the base used in the reaction
system. Pd nanopatrticles stabilized by block copolymer, G3 dendrimer, and PVP are found to be efficient
catalysts for the Suzuki reactions between phenylboronic acid (or 2-thiopheneboronic acid) and iodobenzene.
G4 dendrimer is found to be an effective stabilizer; however, strong encapsulation of Pd particles in the
dendrimer results in a loss of catalytic activity. The Suzuki reactions between arylboronic acids and bromoarenes
catalyzed by Pd nanoparticles result in byproducts due to the homo-coupling of bromoarenes. A summary of
the catalytic activity and stability of the Pd nanopatrticles in these different systems is tabulated. As one
would expect, these two properties are anticorrelated, that is, the most stable is the least catalytically active.

Introduction phine-mediated catalysis must be replaced by methods involving
either new types of ligands forming highly reactive but stable
complexes, or new forms of palladium able to operate in the
absence of tightly coordinated ligands. These new methods can
be regarded as phosphine-free catalysis, and the development
of new ligands has brought some promising resul@ne
important drawback of homogeneous catalysts is that they are
difficult to separate from reaction mixtures and recycle. To solve
this problem, studies concerning coupling reactions in aqueous
media using water-soluble phosphine ligands such as sulfonated
danalogues of triphenylphosphfbave been carried out. The
use of water as a reaction medium for transition-metal-catalyzed

variety of transformations they are able to catalyzene of reagtions is very attra}ctive for organic synthesis due to
the major contributions of zerovalent palladium catalysts in environmental, economical, and safety reasons.

Organic Synthesis is the formation of carbazarbon bonds Transition metal nanoparticles are effective CatalyStS for
through many Coup"ng reactions. The Cross_coup"ng of ary|_ chemical transformations due to their |al’ge surface area and a
boronic acids with aryl halides, known as the Suzuki-type unique combination of reactivity, stability, and selectivith
reaction? and the coupling of aryl halides with alkenes, known common method to prepare metal particles involves the reduc-
as the Heck reactichare catalyzed by zerovalent palladium tion of metal ions in the presence of stabilizers such as
species and represent important synthetic methods in organicsurfactants and polymers. Crooks et®ahave prepared
chemistry. Traditionally, these reactions are carried out in PAMAM dendrimer-encapsulated Pd, Pt, and other metal
organic solvents and catalyzed by various Pd/ligand systems. nanoparticles that employ dendrimers as both template and
Phosphine-based palladium catalysts are generally used and, istabilizer. Pd particles thus prepared show high catalytic activity
most cases, the reactions are restricted to bromo or iodoarenegor the hydrogenation of alkenes and are quite stable during
The usage of chloroarenes is still a challenge due to economicalthe reactior?2é8¢Mayer et aP have reported that Pd nano-
considerations. To obtain high reactivity, the common phos- particles prepared by reducing the metal precursors in the
presence of protective amphiphilic block copolymer polystyrene-
T Part of the special issue “Royce W. Murray Festschrift”. b-poly(methacrylic acid) are catalytically active for the hydro-
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A great interest is placed on the use of metallic nanoparticles
for catalysis. In solution, the particles are always capped to
stabilize them against precipitation. In this paper, we examine
the stability of these particles and correlate the stability to the
catalytic activity. For this, we select a very critical “acid test”,
the Suzuki reaction. It takes place when the reactants are
refluxed at about 100C for 24 h. For capping materials, we
select three different systems, dendrimers of different genera-
tions, block copolymer, and linear polymer.

For the past three decades, palladium catalysts have playe
an important role in the field of organic synthesis due to the
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genation of cyclohexene. Bronstein ef%have reported that
Pd colloids prepared in polystyrene-poly-4-vinylpyridine (PS-
b-P4VP) block copolymer micelles and deposited onQAl
exhibited high activity and selectivity in hydrogenation of the
triple bond of acetylene alcohols to the double bond of olefin
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OH(Pd")10, n = 3 and 4). For G2 dendrimer-Pd particles, a
solution containing an average of 5%dons per dendrimer
(G2-OH(Pd")s) was prepared. Prior to reduction, the pH of
the dendrimer-Pd solution was adjusted to 4.0 ugidh M HCI.
The solution was purged withNor 5 min. A 2 mL portion of

alcohols. It has been shown that palladium colloids on the 0.36 M NaBH, aqueous solution (the concentration of NaBH
nanometer scale are effective catalysts for the Heck and Suzukiadded was 8 times that of metal ions) was then added, and the
reactions in organic solvekt.However, poor stability of the  solution was vigorously stirred inNor 1 h. The solution color

Pd particles under these coupling reaction conditions has beenchanged from yellow to dark brown.

reportedtia.1ic Preparation of PVP—Pd Nanoparticles. The method to

Recently, we reportédthat palladium nanoparticles stabilized prepare Pd nanoparticles in the presence of PVP is similar to
by PVP in colloidal aqueous solution are efficient catalysts for that wé? and Teranisi? et al. reported previously. /2dCL
some Suzuki cross-couplings. By using fluorescence spectros-solution (2.0 mM) was prepared by mixing 0.6 mmol of P4CI
copy, it is shown that the initial rate of the Suzuki reactions 6.0 mL of 0.2 M HCI, and 294 mL of bD. A mixture of 15
depends linearly on the concentration of Pd catalyst, giving mL of a 2.0 mM HPdCl, solution, 21 mL of HO, 14 mL of
strong evidence that the catalysis occurs on the surface of theethanol (40 vol %), and 0.0333 g of PVP (PVP/Pd (monomeric
Pd nanoparticles. One disadvantage of this reaction system isunit/metal ion)= 10) was refluxed fo3 h inair. The solution
the precipitation of Pd particles after reaction, leading to thus prepared had a dark brown color.
decreased catalytic activity of the Pd colloidal solution. Preparation of Block Copolymer-Pd Nanoparticles.The

The development of phosphine-free palladium nanoparticle method to prepare Pd nanoparticles in the presence dfPS-
catalysis in agueous media has brought about procedures withPANa is similar to that of Mayéret al. reported previously
the catalytic efficiency and simplification of techniques with a With some modifications. A sample of 0.0798 g B&ANa
positive impact on safety, but there are still many problems to was added to 21 mL of #D, and the solution was sonicated
overcome. The first is how palladium nanoparticles function in for abou 2 h until the copolymer almost dissolved. A 15 mL
catalytic C-C bond formation reactions. The second is that the portion of 2.0 mM HPdCl, solution (mass ratio of copolymer:
deactivation of Pd catalysts occurs due to the formation of Pd Pd metak= 25:1) was then added, and the solution was sonicated
black. To increase the stability of Pd nanoparticles in catalytic until the copolymer dissolved completely. A solution of 14 mL
C—C bond formation reactions, it is necessary to prepare Pd of EtOH was added and the solution was refluxed in air for 3
nanoparticles by using various kinds of stabilizers and to h. The resulting dark brown solution indicated the reduction of
investigate the effect of these stabilizers on the catalytic activity the Pd ions.
and the stability of Pd nanoparticles. Transmission Electron Microscopy (TEM). Pd nanopar-

In the present paper, Pd nanoparticles are prepared by theicles were investigated by transmission electron microscopy
reduction of metal salts in the presence of PAMAM dendrimers, (TEM) on a JEM 100C transmission electron microscope. The
block copolymer polystyrenb-poly(sodium acrylate), and PvP. ~ samples were prepared by placing a drop of the solution on
The effect of these stabilizers on the catalytic activity and carbon-coated Cu grids and allowed to dry in air. The particle
stability of Pd nanoparticles in the Suzuki reactions in aqueous Size and standard deviation were determined by counting 200

medium is investigated.

Experimental Section

Chemicals.Poly(amido-amine) (PAMAM) dendrimers (G
OH, wheren = 2,3 and 4) were obtained in $20% methanol
solutions from Aldrich. Prior to use, methanol was removed by
rotary evaporation at room temperature. Palladium chloride
(PdCh, 99%, Lancaster), Potassium tetrachloro-palladate (II)
(K2PdCl, 99.99%, Aldrich), polyll-vinyl-2-pyrrolidone) (PVP,
average molecular weight 40 000, Aldrich), polystyrdrgely-
(sodium acrylate) (P$-PANa, molecular weightM,) of PS
1800, M, of PANa 42 500,M,/M, 1.06, Polymer Source),
sodium borohydride (NaBH99%, Aldrich), hydrochloric acid
(HCI, Fisher), 2-thiopheneboronic acid (Aldrich), phenylboronic

acid (97%, Aldrich), iodobenzene (Eastman Kodak), bromoben-

zene (Fisher), 2-bromothiophene (9%, Lancaster), triethyl-

amine (Aldrich), sodium phosphate (J. T.Baker), sodium acetate

(99+%, Fisher), and all solvents (from Aldrich) were used as
received. All solutions were prepared with doubly deionized
water.

Preparation of Dendrimer-Pd Nanoparticles.Pd nanopar-
ticles in the presence of PAMAM dendrimers with different

particles from enlarged TEM images.

Pd-Catalyzed Suzuki Cross-Coupling ReactionsSuzuki
coupling reactions were carried out by using different Pd
catalysts. In a typical procedure (e.g., coupling of 2-thiophenebo-
ronic acid with iodobenzene catalyzed by G3 dendrimer-Pd),
1.5% molar equiv of a dendrimer-Pd solution (100 mL) and 3
equiv (15 mmol) of NgPOye12H,0 were added to 100 mL of
a 80% EtOH solution. Then, 1 equiv (5 mmol) of iodobenzene
and 1.5 equiv (7.5 mmol) of 2-thiopheneboronic acid were added
to the solution. The mixture was refluxed for 24 h and the extent
of reaction was monitored by TLC (thin-layer chromatography)
andH NMR. After cooling to room temperature, the reaction
mixture was extracted with petroleum ether, and the organic
layers were combined and dried with anhydrous, 3.
Purification by column chromatography (silica gel/petroleum
ether) gave the desired products confirmed!HyNMR. The
other reactions followed similar procedures.

Results and Discussion

Preparation of Pd Nanoparticles.We prepare dendrimer-
Pd nanoparticles based on the method described by Crooks et
al8 In their approach, Pd ions are sorbed into OH or NH
terminated PAMAM dendrimers, where they complex strongly

generations (G2, G3, and G4) were prepared according to thewith interior tertiary amine groups. Subsequent chemical reduc-

method described by Crooks et &lith some modifications.
The aqueous stock solutions of 3 mMMRICL and 0.1 mM
Gn-OH dendrimer (from solvent-free dendrimer) were prepared
separately. A solution of 30 mL of #dCl, was mixed with

90 mL of dendrimer solution (10 Pdions per dendrimer, G

tion of the metal ions with Bkt results in dendrimer-
encapsulated Pd nanoparticles. Here, the dendrimers are used
both as templates and stabilizers.

In the present study, Pd particles are prepared by using various
generations of PAMAM dendrimers (80H, n = 2, 3 and 4)
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stable for months, and no evidence for precipitation of Pd
particles is observed, also suggesting the formation of encap-
sulated Pd particles. By using G3 and G4 dendrimers as
stabilizers, the mean diameters of Pd nanoparticles are the same,
indicating that the Pd particle size is insensitive to the generation
of hydroxyl-terminated PAMAM dendrimers. G2 dendrimer
does not provide an effective protective action. When the molar
ratio of P& to dendrimer is either 10:1 or 5:1, many aggregates
of Pd colloids are observed, and stable Pd particles cannot be
obtained. The un-aggregated G2 dendrimer-Pd particles have a
mean diameter of 3.6 nm with quite wide size distribution (Table
1, TEM not shown here). This diameter (3.6 nm) is large
compared to that of dendrimer G2 (2.9 nt)ndicating that
the Pd particles are not formed inside the dendrimer. The
difference in the protective action of G2, G3, and G4 dendrimers
may be due to their structures. Higher generation dendrimers
) (G3 and G4) have closed, increasingly compact structures and
Figure 1. TEM image of Pd nanoparticles stabilized by G4-OH they are expected to provide effective protective action for the

Ak R L

PAMAM dendrimer (P&"/G4-OH dendrimer= 10). prepared Pd particles. Lower generation dendrimers (G2) have
TABLE 1: Mean Diameters of Pd Particles Stabilized by relatlv_ely open structure_s (G2 dendrimer IS flat). A smgle G2
Various Generations of Dendrimers dendrimer cannot provide enough material to stabilize the

surface of one Pd particle, and the particle stabilization by G2

dendrimer mean diameter f . s
generation [P&]/[dendrimer] (standard deviation) (nm) d_endrl_mer can be considered t(.) be S|m|la_r to that b_y conven-
tional linear polymers: G2 dendrimers provide protective action
gg 13 ?1"2 E%?‘?) by adsorbing on the surface of Pd particles. This behavior has
Ga 10 1a (0:4) been reported previousl.

Amphiphilic block copolymer P®-PANa consists of a
“ The values are determined by counting un-aggregated Pd nano-nyqrophobic PS block and a hydrophilic block, which by itself
particles from TEM. is a moderate to good stabilizer for metal particles. After
reduction of HPdCl, by refluxing alcoholic solution in the
as stabilizers. Our procedure involves mixingPdCl, with presence of block copolymer, a clear dark-brown solution that
dendrimer. Before reduction, the pH of the solution is adjusted is stable for months is obtained. The TEM picture of block
to 4.0. A clear dark brown solution is obtained after reduction copolymer-Pd nanoparticles (Figure 2) shows that the particles
of the composite with NaBH It should be mentioned that are quite monodispersed, and the mean diameter of the Pd
without adjusting the pH of the solution, Pd precipitation is particles is 3.6t 0.7 nm. From Figure 2 alone, it is hard to tell
always observed after reduction with NaBHhis might be whether the Pd nanoparticles are actually embedded within the
attributed to the coordination of palladium ions with other free hydrophobic micelle core of block copolymer. However, it is
ions outside the dendrimer, rather than the complexation of expected that the Pd nanoparticles are not located exactly in
palladium ions with tertiary amine groups inside the dendrimer the micelle core because there is very small tendency for the
at higher pH. Reduction of palladium ions outside the dendrimer hydrophilic Pd precursor #PdCl to be accumulated inside the
results in the precipitation of Pd particles. Adjusting the solution hydrophobic micelle core. The principle for the particle
pH to 4.0 avoids the coordination of Pdwith other ions outside  stabilization here is expected to be similar to the general steric
the dendrimer. Accordingly, Pd ions bind preferentially to  stabilization of colloidal metal nanoparticles such as homopoly-
the interior tertiary amines and, upon reduction, the dendrimer- mers and random copolymers.
encapsulated Pd particles are formed. It has been demonstrated Catalytic Activity and Stability of Pd Nanoparticles in the
by Crook$® and Tomali&* et al. that at pH= 4, the interior ~ Suzuki Reactions. The Suzuki reactions are tested using
tertiary amines (a = 5.5§" of the dendrimers are almost all  phenylboronic acid (or 2-thiopheneboronic acid) and iodoben-
deprotonated and allow their coordination with*Pdbns. zene in the presence of catalytic amounts of Pd nanoparticles
The effect of dendrimer generation on the size and stability stabilized by various generations of PAMAM dendrimers.
of the Pd particles is investigated by comparing nanocomposites
prepared using G2, G3, and G4 PAMAM dendrimers. Figure 1 Pd nanoparticles
shows the TEM micrograph of Pd particles stabilized by G4 QB(0H>2 * ’@ reﬂzx @
dendrimer. It can be seen that the dendrimer-encapsulated
particles are quite monodisperse, and the mean diameter of the . .
Pd particles (G4-OH(Rg)) is 1.4 + 0.4 nm, similar to that 7\ nanoparticles
reported previouslj2 Table 1 gives the mean diameter with Q_B(OH)z ' I_Q reflux /s\
the standard deviation of Pd nanoparticles in different generation
dendrimers. It can be seen from Table 1 that for G2, the particles Table 2 gives the reaction conditions and results for these
formed are larger than those obtained with G3 or G4. The meantwo reactions. It is seen that G4 dendrimer-encapsulated Pd
diameter of Pd particles in the presence of G3 or G4 dendrimer nanopatrticles is not an efficient catalyst for the Suzuki reactions
is 1.4 nm, which is smaller than the diameter of dendrimer G3 under investigation (Table 2, entries-4). The product yield
(3.6 nm) and G4 (4.5 nnif, indicating the formation of is affected by the bases used in the reaction system (Table 2,
dendrimer-encapsulated Pd nanoparticles. Both G3 and G4entries 2-4), but all these three commonly used bases result in
dendrimers are found to be effective stabilizers when the molar poor yields. No Pd black is observed after the reaction; however,
ratio of P&* to dendrimer is 10:1. The Pd nanoparticles are the color of the solution changes from dark brown before

@
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TABLE 2: Product Yields for Suzuki Coupling Reactions Catalyzed by Dendrimer-Pd Particles (1.5 mol % of Metal) in 40%
EtOH. (Temp, Reflux; Time, 24 h)

formation soln color

entry reacn catalyst base yield of Pd black after reacn

1 1) G4-OH(Pd)o NagPO, 17% no light yellow

2 (2) G4-OH(Pd)o NasPOy 20% no light yellow

3 2) G4-OH(Pd)o NEt; 35% no light yellow

4 2) G4-OH(Pd)o NaOAc < 5% yes brown

5 1) G3-OH(Pd)o NasPOy 71% no yellow/green
6 (2) G3-OH(Pd)o NasP Oy 90% yes yellow/green
7 1) yellow/green solh NasPOy 40% no yellow/green
8 ) yellow/green solh NagP Oy 80% yes yellow/green
9 1) G2-OH(Pd} NasPOy 69% yes yellow/green
10 2) G2-OH(Pd} NasPOy 70% yes yellow/green

a|solated yield? The clear yellow/green solution after extraction is used as the catalyst. See text for’daikion color after filtering the Pd
precipitates.

solution, the following control experiment is performed. After
the reaction between phenylboronic acid and iodobenzene
catalyzed by G3 dendrimer-encapsulated Pd nanoparticles (Table
2, entry 5), the reaction mixture is extracted with petroleum
ether, where the organic components are separated from the
aqueous solution containing Pd catalyst. The resulting clear
yellow/green solution is used as the catalyst for the Suzuki
reactions, and it can be seen from Table 2 (entries 7 and 8) that
the yellow/green solution is still catalytically active in the Suzuki
reactions. It should be mentioned that for the reactions catalyzed
by yellow/green solution, no Pd black is formed in reactibn
whereas Pd black is observed in react{@h

The Suzuki reactions are also tested in the presence G2
dendrimer-Pd particles. As can be seen from Table 2 (entries 9
and 10), the G2 dendrimer-Pd particles are catalytically active
in the Suzuki reactions. The Pd black is formed during the
reaction, which is not surprising considering that G2 dendrimer
is not an effective stabilizer, as mentioned previously.

S Dendrimer porosity is a function of generation; higher
Figure 2. TEM image of Pd nanoparticles stabilized by block generation materials are less porous and thus less likely to admit
copolymer PS-PANa (mass ratio of copolymer:metal 25:1). the reactants to the interior metal nanopartiéfe®n the basis
of the investigation of the catalytic activity and stability of G2,

reaction to clear light yellow after the reaction. The solution G3, and G4 dendrimer-Pd nanoparticles in the Suzuki reactions,
color is found to be pH-dependent. After the reaction, the we come to the following conclusions. First, G4 PAMAM
solution pH is~10. When the pH is adjusted o2, the solution dendrimers provide an effective protective action toward Pd
color changes back to brown. It is worth noting that no color particles (no observable Pd black during the reaction), but strong
change is observed when the pH of G4 dendrimer-encapsulatecencapsulation of Pd particles within the dendrimers results in a
Pd nanopatrticle solution alone is adjusted-tt0. This suggests  loss of catalytic activity; Second, G2 and G3 dendrimer-Pd
that during the reaction, the initially formed nanoparticles may particles are efficient catalysts in the Suzuki reactions. G3
decompose to extremely fine particles, which are encapsulateddendrimers also provide effective protective action to the
in the dendrimers more efficiently than the initially formed particles in the reaction between phenylboronic acid and
particles, and/or the surface of the particles is oxidized into ionic iodobenzene, but the stability of Pd catalyst depends on the
forms that complex strongly with interior tertiary amine groups. dendrimer generations employed as well as components in the
In both cases, the surface of the particles is fully passivated, reaction mixtures. By using dendrimers with different genera-
resulting in a loss of catalytic activity. When the pH of solution tions, it is possible to control the stability of Pd particles, the
is adjusted to~2, the interior tertiary amines are protonated. reaction rate and do selective catalysis. Finally, the presence of
As a result, palladium precipitate out of the dendrimer. More sulfur on one of the reactants seems to play a role in the
detailed studies of the identifications of reaction byproducts and formation of Pd black. Somehow, it seems to drive the particles
their interactions with Pd particles is currently underway. out of their capping nest.

G3 dendrimer-encapsulated Pd nanoparticles is found to be The catalytic activity and stability of block copolymer-
an efficient catalyst for the Suzuki reactions (Table 2, entries 5 stabilized Pd nanoparticles in the Suzuki reacti®) is
and 6). No evidence of Pd precipitation is observed in the investigated. It is seen from Table 3 that block copolymer-Pd
coupling reaction(1), whereas Pd black is observed in the nanoparticles having a mean diameter of 3.0 nm show high
reaction (2) after refluxing the solution for 24 h. In both  catalytic activity, comparable to PVP-stabilized Pd nanoparticles.
reactions, the solution color changes from dark brown to yellow/ By using triethylamine as the base, no Pd precipitate is observed
green during the reaction. The solution color is also found to during the reaction. By using sodium acetate as the base, Pd
be pH-dependent. After the reaction, the pH~i&0, and the nanoparticles precipitate out of the solution. The ionic strength
solution color changes back to brown by adjusting the pH to of the solution is increased upon the addition of inorganic salt
~2. To investigate the catalytic activity of clear yellow/green such as sodium acetate, resulting in the ineffective protective
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TABLE 3: Product Yields for Suzuki Coupling Reactions Catalyzed by Pd Nanoparticles (Temp, Reflux; Time, 12 h)

catalyst formation
entry reacn (mol % of metal) base yiefd of Pd black
1 2 block copolymer-Pd (0.6%) NEt; 85% no
2 2) block copolymer-Pd (0.6%) NaOAc 88% yes
3 2) PVP-Pd (0.6%9) NEt; 80% yes
4 1) PVP-Pd (0.3%) NagPO, 95% yes
5 ) PVP-Pd (0.3%) NaPOy 92% yes

2|solated yield.” The reactions are carried out in 3:1 gFN/H,0. ¢ The reactions are carried out in 40% EtOH. From ref 12.

TABLE 4: Product and Byproduct Yields for Suzuki Coupling Reactions between Arylboronic Acids and Aryl Bromides
Catalyzed by Pd Nanoparticles (1.0 mol % of Metal) in 3:1 CHCN/H,0. (Base, NE§; Temp, Reflux; Time, 24 H)

suzuki product byproduct formation
entry reacn catalyst (vield %) (yield %)y of Pd black
1 ?3) block copolymer-Pd 2-phenyl thiophene bithiophene no
(16%) (16%)
2 4) block copolymer-Pd 2-phenyl thiophene biphenyl no
(0%) (13%)
3 3) PVP-Pd 2-phenyl thiophene bithiophene a little
(0%) (18%)
4 4) PVP-Pd 2-phenyl thiophene biphenyl a little
(0%) (10%)

2|solated yield? A mixture of thiophene benzene and bithiophene are obtained (yield: 32%) which cannot be separated by column chromatography
(silica gel/petroleum ether). The yield is determinedblyNMR ratio of these two compounds.

action of block copolymer to Pd particles. By adding triethyl- PVP—Pd nanoparticles as a catalyst, Pd particles precipitate out

amine, further stabilization of Pd nanoparticles is obtained, in of the solution during the reaction. Once again, this shows that

addition to the protection from block copolymer. The stability block copolymer has a better protective action toward the Pd

of the Pd particles depends on the components in the reactionparticles than PVP.

mixture. The results from Table 3 (entries 1 and 3) show that

block copolymer has a better protective action toward the Pd -qnclusions

particles than PVP, although the principle for the particle

stabilization here is expected to be similar to the general steric  In the present paper, palladium nanoparticles are prepared in

stabilization of metal particles such as PVP, as mentioned earlier.the presence of three different stabilizers, and the catalytic

It is expected that the careful choice of polymer types, metal activity as well as the stability of Pd nanoparticles thus prepared

precursors, as well as reaction conditions will lead to the is investigated in the Suzuki reactions in aqueous solution. It is

preparation of the desired catalyst type for special needs.  found that the Pd nanoparticles stabilized by PVP, block
The catalytic activity and stability of Pd nanoparticles are copolymer, and G3 dendrimer are efficient catalysts for the

also investigated in the Suzuki reactions between arylboronic Suzuki reactions between phenylboronic acid (or 2-thiophenebo-

acids andaryl bromides. ronic acid) and iodobenzene. The stability of Pd particles is
o ” controlled by the type of the stabilizers, the bases, and the
fy Pdnanoparticles /™ WA solvents, as well as the reactants used in the reaction system.
@—B(OH)2+Br—Q reflux Q_Q * Q_Q ® i i i ili : ’
_ G4 dendrimer is an effective stabilizer; however, the strong
Suzvki product  byproduct encapsulation of Pd particles within the dendrimers results in a

b nanopartcls loss of catalytic activity.
Q—B(OH)2+B|—©TQ—© WY @ In the present study, the results of the Pd-nanoparticle-
catalyzed Suzuki reactions between arylboronic acids and aryl
bromides in agueous medium are unsatisfactory, although it has
d been reportedathat Pd clusters in nanometer scale operate as
an efficient catalyst in some Suzuki reactions between arylbo-
ronic acids and activated aryl bromides in organic solvent
system. A general limitation is the fact that nonactivated

Suzuki product  byproduct

It is found that the reactions between arylboronic acids an
aryl bromides are much slower than the reactions between
arylboronic acids and aryl iodides. In addition, byproducts
resulting from the homo-coupling of aryl bromides are obtained c11f
here. It can be seen from Table 4 that by using either block Promoarenes do not react weélf-e179 Indeed, a general
copolymer-Pd or PVPPd nanoparticles as the catalyst, the Solution to this problem remains a challenge in organic
homo-coupling products from bromoarenes are always dominantchemistry. By carefully choosing stabilizers, bases, solvents,
and the vield is low. This might be attributed to the very slow €actants, and reaction conditions, it is possible that both the
rate-determining step during the Suzuki reaction between catalytlc_actlvny _and stability of Pd nanoparticles are obtained
arylboronic acid and aryl bromide, where the homo-coupling for special reactions.
reaction becomes competitive. It might be helpful to organic
chemists who are performing Suzuki reactions. When byprod- ~ Acknowledgment. We thank the support of the National
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