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The use of metallic nanoparticles in catalysis under homo-
geneous conditions leads to a discussion of their catalytic na-
ture: whether the catalyst behaves as a molecular species or,
on the contrary, the metallic surface is directly involved in
the reactivity. This dilemma is intrinsically associated to the
kinetic stability of the nanoclusters, favouring their agglom-
eration, and also to the formation of molecular species by
reaction of the atoms placed at low-coordination positions at
the metallic surface. In particular, for palladium-catalyzed
processes, a large number of contributions have been re-

ported in the last decade involving nanoparticles, but few of
them analyze the mechanistic aspects. The present review
aims to collect the more relevant research carried out in ca-
talysis involving palladium nanoparticles in the liquid phase
and addressing the nature of the catalytically active species.
This kind of work is mainly focused on hydrogenation and
C-C coupling processes.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

At present, several synthetic methods are used to obtain
well-defined metallic nanomaterials in the liquid phase by
following the “bottom-up” approach (formation of nano-
clusters by metallic precursor decomposition).['l As known,
metallic nanoparticles (MNPs) are kinetically stable, be-
cause thermodynamics favours the formation of structures
with a high surface/volume ratio and consequently the bulk
metal represents the lowest energy.[?! Therefore, the presence
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of stabilizers is required to prevent the agglomeration of the
nanoclusters by providing a steric and/or electrostatic bar-
rier between particles.’] In addition, the stabilizers play a
crucial role in controlling both the size and shape of the
nanoparticles.! Moreover, nanoparticles dispersed in solu-
tion can leach molecular species. This leaching is promoted
by solvation effects, the presence of Lewis bases or other
reaction factors like temperature.’) This phenomenon can
induce Ostwald ripening, because the system attempts to
lower its overall energy, molecules on the surface of a small
particle will tend to diffuse through the solution and add
to the surface of larger particle.l®! Therefore, the smaller
particles continue to shrink, while the larger particles con-
tinue to grow, a fact that can lead to a diminution of the
catalytic activity.
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As a result, the nature of the active sites becomes crucial
in understanding the reactivity observed when nanopar-
ticles are used as catalytic precursors. For that, the control
of nanoparticle size and morphology represents a crucial
goal to achieve in order to tune the physical properties of
nanomaterials.l”) In particular, silver and gold particles have
received a special attention essentially due to their optical
properties®! and their structure-activity relationship ob-
served in catalytic reactions.”]

El-Sayed and co-workers have widely investigated the size
and shape dependence of platinum nanoparticles in cataly-
sis (electron-transfer reactions and Suzuki couplings).['%
Following this strategy, Trzeciak and co-workers have re-
cently studied the influence of these parameters in methoxy-
carbonylation processes catalyzed by PVP-stabilized [PVP
= poly(N-vinyl-2-pyrrolidone)] palladium nanoparticles.!!!]
As these studies have revealed, an increase in catalytic ac-
tivity is observed when the fraction of surface atoms in the
corners and edges increases, proving the influence of the
morphology of the nanoparticles in catalysis. In fact, dissol-
ution of metallic atoms placed on low-coordination posi-
tions at the metallic surface observed under Heck and car-
bonylation conditions is coherent with this reactivity
trend.['?1 Electronic effects can also modulate the catalytic
behaviour of the metallic nanoparticles, but they are only
relevant for very small nanoparticles (less than 1.5 nm),[!3
as observed by Crooks and co-workers in PANP-catalyzed
(PANP = Pd nanoparticle) hydrogenations.['*]

In the last decade, palladium nanoparticles have been
largely applied in catalysis by taking advantage of their met-
allic surface as well as of their ability to generate molecular
species. At present (this review covers the literature reports
published until January 2008), more than 1600 references
can be found in the Chemical Abstracts database in relation
to the use of palladium nanocatalysts, but fewer than 40
examine the nature of the catalytically active species in-
volved in the corresponding processes. The main part of
these latter reactions involves hydrogenations and C-C
couplings (Heck, Suzuki, Stille). A few reports are related
to other processes like dehalogenation, hydrodechlorina-
tion, carbonylation or oxidation (see section 3. Miscel-
laneous).

Non-supported palladium nanoparticles have been ef-
ficiently used to study nanoparticle effects in catalysis.5#13]
The present review focuses on the discussion of catalyst na-
ture when palladium nanoparticles are involved, both pre-
formed and generated in situ from molecular precursors.
From a point of view of catalytic reactivity, we refer to Pd
nanocatalysts (PdNCs) as heterogeneous or multi-site cata-
lysts, and consequently homogeneous catalysis involves mo-
lecular catalytically active species (in general, single-site cat-
alysts), following the definition established by Schwartz.['®]
PdNPs on solid supports will not be considered in the pres-
ent review except for relevant comparisons, in order to ex-
clude the catalytic influence of the support and to focus on
the nature of the catalyst under “wet” conditions.

This review is organized in the following three
parts: (1) Hydrogenation processes: surface-like catalytic
3578

www.eurjic.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

behaviour of PANCs; (2) C-C bond formation: single-
site or multi-site behaviour of PdNCs; and (3) Miscel-
laneous.

1. Hydrogenation Processes: Surface-Like
Catalytic Behaviour of Pd Nanoparticles

For hydrogenation processes, the reactivity observed
when non-supported PANPs are used as catalysts points to
a surface-like behaviour, excluding the active molecular cat-
alysts, as shown below by the reported work in this area. In
particular, PANPs stabilized by branched amphiphilic poly-
glycerol (mean diameter 2.2 nm) have been applied to the
hydrogenation of cyclohexene in a continuously operated
membrane reactor. This study demonstrates that soluble
PdNPs are responsible for the activity observed, ruling out
the contribution of soluble molecular catalysts.[!”]

In numerous reported studies, catalytic activity appears
to be associated to the metallic particle size, but to evaluate
this effect, it is absolutely necessary to know the reactivity
of the different surface sites when anisotropic nanoclusters
are formed. While spherical (isotropic) nanoparticles are
obtained by slow growth under thermodynamic control,
anisotropic shapes are expected for higher growth rates,
because under Kkinetics conditions, high-energy faces
tend to grow more rapidly than those exhibiting low en-
ergy. 14181

For Pd anisotropic clusters, several shapes can be formed
and coexist in the same sample; their relative distribution
depends basically on the synthesis methodology. For rela-
tively big clusters (mean diameter in the range 8-20 nm),
triangular, rhombohedral, pentagonal or tetrahedral mor-
phologies are found among the most representative.['>1°]
For small particles (mean diameter in the range 1-5nm),
cuboctahedron, icosahedron and truncated octahedron
shapes are mainly observed,?”l analogous to the morpho-
logies reported for gold nanoclusters.?!1 Furthermore, these
observations are in agreement with the similar calculated
energies found for both icosahedron and cuboctahedron Pd
nanoparticles constituted by more than one thousand
atoms (mean diameter ca. 2.8-3.5 nm).[>?]

Structure-sensitive catalytic processes, like hydrogena-
tion, turn out to be strongly dependent on nanocluster
shape. Taking into account the fcc cuboctahedron as a
model for palladium nanoclusters,”® the only surface
atoms that increase in number with an increase in the par-
ticle size are those located on the facets of a (111) plane,
decreasing both the percentage of total surface atoms and
the percentage of edge plus vertex atoms. This fact can be
correlated with the catalytic behaviour in different hydro-
genation reactions, as described below.

Monodisperse PANPs encapsulated in functionalized PA-
MAM [PAMAM = poly(amido-amine)] dendrimers have
allowed the study of the effect of catalyst structure on hy-
drogenations.?*! Crooks and co-workers have observed that
for this kind of PANPs having diameters in the range 1.5—
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1.9 nm, the hydrogenation rate of allylic alcohol increases
with the size of nanoparticles, consequently the reaction oc-
curs predominantly on the faces.['¥ Doyle et al. have also
investigated the size effect of PANPs supported on alumina
for 1,3-butadiene hydrogenation, demonstrating that the
process is particle-size-independent and concluding that the
hydrogenation takes place on (111) facets. STM (Scanning
Tunnelling Microscopy) measurements provided infor-
mation on the shape and surface structure of PANPs. Doyle
et al. also observed that for small nanoparticles (mean dia-
meter ca. 2 nm) the isomerization products (zrans- and cis-
2-butene) are more abundant than the fully hydrogenated
product (butane), in the opposite trend to that observed for
bigger particles (mean diameter ca. 8 nm); in any case, 1-
butene represents the minor compound. These results sug-
gest that butadiene is more strongly bonded and that hydro-
gen adsorption is more hindered when small particles are
involved.[?”]

Recently, hydrogenation of alkynes catalyzed by monodi-
sperse PANPs has been investigated. Kiwi-Minsker and co-
workers analyzed the effect of the size of the PANPs (in the
range 6-13 nm) in the hydrogenation of 2-methyl-3-butyn-
2-01.1261 As observed for other Pd-catalyzed structure-sensi-
tive reactions, the initial turnover frequency (TOF) calcu-
lated per surface palladium atom increases with particle
size, but this dependence disappears when only specific sur-
face atoms are considered. In terms of the selectivity, the
authors could establish a size dependence of the formation
of byproducts: the more atoms located on Pd(111) facets,
the lower the ratio of byproducts to saturated products. For
the hydrogenation of 1-hexyne, however, the TOF is always
dependent on the particle size.?”! Consequently, for par-
ticles bigger than 1 nm the electronic effect is negligible and
the geometric effect could be the responsible for this behav-
iour: for particles smaller than 11 nm, the product distribu-
tion between hexenes and hexane varies with particle size
in favour of alkenes. Therefore, bigger nanoparticles show-
ing a large ensemble of Pd surface atoms are required for
hydrogenation of 1-hexyne.

The hydrogenation selectivity of 1,3-butadiene towards
the partially hydrogenated product, when palladium cata-
lysts are used, can be used as a pattern reaction to discuss
the nature of the catalytically active sites. Actually, hetero-
geneous palladium catalysts, such as Pd supported on silica
or alumina, lead to butane and 2-butenes, as a result of
the isomerization of 1-butene to internal olefins.?®! On the
contrary, palladium complexes are known to catalyze selec-
tively the hydrogenation of 1,3-butadiene to butenes, but
favouring the formation of 2-butenes.”®! In connection with
this aspect, selective hydrogenation of 1,3-butadiene to 1-
butene has been reported by Dupont and co-workers with
PdANPs immobilized in ionic liquids.['*] Preformed PdNPs
only stabilized by ionic liquids have been used as catalysts
both in solution and also under solvent-free conditions. In
solution, PANPs become an effective catalyst to yield
mainly 1-butene, providing higher yields than classical Pd/
C catalysts and showing a multi-site catalytic behaviour. Re-
lated PANPs have also been used as catalyst precursors in
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Heck C-C couplings. However, under these reaction condi-
tions, the formation of active molecular species is pos-
tulated (see below).’d

2. C-C Bond Formation: Single-Site or Multi-
Site Behaviour of Pd Nanoparticles

In this part, we will discuss the observed catalytic behav-
iour of PANPs involved in different C-C couplings (Fig-
ure 1). Firstly, we will present the reported studies that sug-
gest a multi-site reactivity (section 2.1.), followed by the re-
search results pointing to a single-site behaviour (section
2.2). Fine-tuning between stabilizer, substrate and metallic
surface can favour homogeneous or heterogeneous catalyst
behaviour.
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Figure 1. C-C bond formation reactions catalyzed by palladium
systems discussed in the present review: (a) Stille coupling;
(b) Ullmann coupling; (c) Heck coupling; (d) Sonogashira coup-
ling; (e) Suzuki coupling.

2.1. Heterogeneous Behaviour

For reactions catalyzed by metallic nanoparticles in solu-
tion, no conclusive evidence for the cause of the change in
the average size or in the size distribution after catalysis and
for the role of each reagent present in the reaction mixture
is reported in the literature.

El-Sayed et al. have reported that PANPs stabilized by
PVP [PVP = poly(N-vinyl-2-pyrrolidone), see Figure 2] in
colloidal aqueous solution are efficient catalysts for Suzuki
cross-couplings. The initial reaction rate, determined by the
fluorescence intensity of the biphenyl obtained from iodo-
3579
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benzene and phenylboronic acid, is linearly dependent on
the Pd concentration, suggesting that the catalysis takes
place at the surface of the nanoparticles.[?]
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Figure 2. Structures of macromolecules involved in the stabilization
of PANPs.

This group has carefully examined several catalytic pa-
rameters (like characterization of catalyst, recycling and the

effect of reactants) involved in the Suzuki reaction (Fig-
ure le, coupling between iodobenzene and phenylboronic
acid) in relation to the stability and catalytic activity of the
PVP-stabilized Pd nanoparticles, hence studying the nature
of the active species.®!l A first approach consists of TEM
analysis (from PdNPs of mean diameter 2.1 nm), in particu-
lar looking at the size distribution of particles before and
after the first catalytic cycle (Figure 3). In the Gaussian fits,
widths are larger after the first cycle, and the mean diameter
of PANPs also shifts towards larger sizes, a fact that can be
explained by the Ostwald ripening favoured under the harsh
catalytic reaction conditions used.[! As a result, the smaller
clusters shrink or dissolve totally to be reattached on the
more stable surface of larger clusters. After the second cycle
widths and centres of the size distributions of the PANPs
become smaller due to the aggregation and precipitation of
the large nanoparticles formed during the first cycle, leaving
smaller nanoparticles in solution (Figure 3). This dimin-
ution of active particles leads to a lower catalytic activity
in the second cycle.

During the first three hours PVP-Pd nanoparticles
smoothly increase in size and then level off near the end of
the first cycle. This fact suggests that Ostwald ripening oc-
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Figure 3. TEM images and Gaussian fits of the size distributions of PVP-stabilized PANPs before Suzuki coupling (a, b), after the first
cycle (c, d), and after the second cycle (e, f). Reprinted with permission from ref.?!l Copyright 2003 American Chemical Society.
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curs in this period as a result of the depletion of small
nanoparticles as well as free atoms in solution (Figure 4a).
Also, the biphenyl produced can be a surface poison, be-
cause a rapid formation of biphenyl during the first hour is
observed, but a significant diminution of its formation rate
is clearly evidenced (Figure 4b). This fact is probably re-
lated to the coordination affinity of aromatic groups
towards the metallic surface.’?!
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Figure 4. (a) PVP-Pd nanoparticle size as a function of reaction
time; (b) biphenyl concentration as a function of reaction time.
Reprinted with permission from ref.*'! Copyright 2003 American
Chemical Society.

Another parameter that can give information about the
nature of the catalytically active species is the effect of the
amount of stabilizer (in this case, PVP). The addition of
excess PVP to the catalytic mixture prevents an increase in
the size of PANPs, because the polymer diminishes the
Ostwald ripening process by capping many of the free met-
allic surface sites. Actually, the diminution of the catalytic
activity observed should be due to the diminished accessi-
bility of the metallic atoms at the surface.

The size of the PANPs increases in contrast to the sizes
observed when phenylboronic acid and base without iodo-
benzene was used. In this last case the particles remain in-
variable in size. The reason for this observation is that phen-
ylboronic acid in the presence of base (sodium acetate) is
in the deprotonated form and as a result binds with the O~
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of the OH group to the free sites in the PANPs and acts as
a capping material. Phenylboronic acid acts as a stabilizer
and then the Ostwald ripening process is greatly dimin-
ished. It is therefore proposed that phenylboronic acid
binds to the surface and then reacts with iodobenzene by a
collisional processes.

To determine the effect of the size of PVP-stabilized Pd
nanoparticles in the Suzuki reaction, PANPs of different
size (6.6, 5.2, 3.9 and 3.0 nm) were investigated.['58] The ge-
neral trend observed is that the catalytic activity of PANPs
increases as the particle size decreases, suggesting that the
Suzuki reaction is “structure-sensitive”; that is, the low-co-
ordination-number vertex and edge atoms on the particle
surface are the active centres for catalysis. Here, the low
catalytic activity for the smallest particles might be due to
the stronger adsorption of the intermediates on the particle
surface, in which the strongly adsorbed species act as a poi-
son, leading to low reaction rates.

Polymers containing donor groups have also been em-
ployed as stabilizers of PANPs, introducing, besides the ste-
ric stabilization, the ability of the Lewis base groups to co-
ordinate to the metallic surface.*3] Poly(N,N-dihexylcar-
bodiimide) (PDHC, Figure 2) was found to be an efficient
polymeric ligand system for preparing and stabilizing palla-
dium nanoparticles (mean diameter from 1 to 5 nm). The
catalytic activity of PDHC-PdNPs was examined in the Su-
zuki coupling reaction, and nearly quantitative yields of bi-
phenyl derivatives were observed in almost all cases.3 No
significant aggregation of nanoparticles in PDHC-Pd was
observed, although colloidal metal catalysts tend to aggre-
gate.3%31T A small amount of black precipitate occurs in the
cross-coupling between 5,5’-dibromo-2,2'-bithiophene and
phenylboronic acid, due to the poisoning of the colloidal
catalyst by the thiophene moiety.

Dendrimers represent another type of steric stabilizers of
PdNPs applied in catalysis, showing specific properties.!3>-3
When metallic nanoparticles are not encapsulated in the
dendrimer structure, the terminology used is dendrimer-sta-
bilized metal nanoparticles (DSNs). The group of Esumi
studied the effect of the concentration of reactants on the
size of particles stabilized by PAMAM [PAMAM = poly-
(amido-amine)] and PPI [PPI = poly(propylene-imine)] den-
drimers as DSNs (Figure 2), and other examples can also
be found in the literature.37-38

The solubility of dendrimer-encapsulated nanoparticles
(DENS) is controlled principally by the chemical composi-
tion of the dendrimer periphery,*”! providing a means for
carrying out reactions in green solvents such as water and
supercritical CO,.#% As in the case of polymers, no ad-
ditional ligands are required to stabilize NPs, because the
particles are confined in the dendrimer, which results in
small sizes and therefore high surface-area-to-volume ratios.

A comparative study of the stability and catalytic activity
of PAMAM-OH generation 4 dendrimer—Pd nanoparticles
(1.3£0.1 nm) with those of the previously studied PVP-
Pd nanoparticles (2.1 = 0.1 nm) in the same Suzuki reaction
described above has been conducted.*!! PAMAM-OH gen-
eration 4 dendrimer—Pd nanoparticles are known to be very
3581
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strong encapsulators of metal clusters.*>*4 In the case of
dendrimer-stabilized Pd nanoparticles and in contrast to
PVP stabilized PANPs, the growth process continues during
the second cycle of the Suzuki reaction. This fact can be
associated to the preparation of nanoparticles at room tem-
perature. Under catalytic conditions, the particles become
larger in size (2.7 =0.1 nm) because of the increase in the
temperature. The biphenyl ratio (second cycle/first cycle) is
higher for the dendrimer—Pd nanoparticles than it is for
PVP-Pd nanoparticles because the dendrimer—Pd nanopar-
ticles are larger during the second cycle and thus have more
active sites, and also because nanoparticles do not precipi-
tate out of solution.

The Stille reaction (Figure 1a) can be catalyzed by DENs
consisting of size-monodisperse palladium nanoparticles
within PAMAM dendrimers in water at room tempera-
ture, expanding the catalytic scope of DENS for carbon—
carbon coupling reactions, and most particularly for Heck
and Suzuki cross-couplings.*®#%1 Because the particles are
encapsulated within the dendrimer, no additional ligands
are required for stabilization, in contrast to the molecular
systems in which a phosphane ligand and a co-catalyst are
generally required with the use of high reaction tempera-
ture.5% Three iodobenzoic acid isomers were tested in this
coupling of aryl halide with organostannanes. The yield for
3- and 4-iodobenzoic acid was 100 %, but the yield dropped
to less than 15% for 2-iodobenzoic acid. This poor turnover
is explained by the close proximity of the iodine and acid
groups allowing both of them to interact with the Pd-
nanoparticles in the step of oxidative addition (the first step
in this kind of catalytic carbon-carbon coupling reac-
tion!). This bidentate interaction results in irreversible at-
tachment of the substrate to the catalyst, thereby poisoning
1t.

Palladium nanoparticles generated in situ efficiently cata-
lyze Ullmann-type reactions (Figure 1b) and have been de-
scribed as an alternative to the stoichiometric protocol with
copper.’?2l Monitoring the kinetics of the model reaction
with Phl as substrate, an induction period of almost 3 h is
observed. This induction period supports the involvement
of palladium clusters in the cycle, because the long induc-
tion period observed cannot be justified by a model as-
suming that molecular species (Pd® atoms or adatoms) are
responsible for the catalytic behaviour. After 3 h, the reac-
tion rate increases, probably as a result of the formation of
active PANPs of optimal size, analogous to those described
by Finke and co-workers for the hydrogenation of olefins
catalyzed by iridium.? In addition, Schmidt and Smirnov
have interpreted this kinetic profile on the basis of “cluster
magic number” .54 For the Ullmann reaction, TEM micro-
graphs at the end of the induction period show spherical,
well-dispersed particles with a mean size of 2.5+ 0.5 nm
corresponding to a “magic number” nanocluster of 300
atoms. The kinetic data could support a cycle involving the
formation of a phenyl radical anion that coordinates on the
surface of the palladium nanoparticles.

PdNPs only stabilized by ionic liquid without “passivat-
ing” agents on the metallic surface have been synthesized
3582
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and studied in Suzuki C-C coupling by our research
group.l®31 PANPs were prepared in [BMI][PF¢] by decompo-
sition of [PdCl,(cod)] for the first time (Scheme 1).

[PdCly(cod)]

H, (Pdlcon

©)
Me” NN Bu
PFe

Scheme 1. Synthesis of palladium nanoparticles in [BMI][PF¢] from
[PdCl,(cod)] precursor.

TEM analyses of these particles show star-like-shaped in-
terparticle organizations (Figure 5). In contrast, no super-
structures were observed for nanoparticles formed from
PdCl, salt or from [Pd,(dba);-CHCI5], giving, in both cases,
quite well-dispersed material formed by nanoparticles. As a
result, the electrostatic stabilization of PANPs by the ionic
liquid (IL) depends on the palladium precursor. For mate-
rial formed from [PdCl,(cod)] by using 0.25 mol-% palla-
dium, after one hour at 100 °C, total conversion of bromo-
benzene was reached, yielding 92% biphenyl. The palla-
dium content in biphenyl (as determined by ICP-MS) is in
the range 3-5 ppm. The IL phase containing the catalyst
was reused up to ten times, and the palladium content in
the biphenyl isolated after each recycling was still low.
Moreover, the inactivity detected for both molecular pre-
cursor [PdCly(cod)] and palladium powder agrees with a
catalyst of colloidal nature for the preformed PdNPs from
[PACl,(cod)]. Also, addition of mercury after 30 min of
catalytic reaction stopped the evolution of the reaction,
pointing to the heterogeneous nature of the catalyst.[>®

Figure 5. TEM micrographs of palladium nanoparticles stabilized
by [BMI][PFg].

2.2. Exclusive Homogeneous Reactivity?

2.2.1. C-C Coupling

Since the 1990s, Pd-catalyzed C—C couplings have devel-
oped into an important tool in organic synthesis. In par-
ticular, Heck and Suzuki couplings have been especially in-
vestigated because of the small loading of metal required to
afford very high turnover numbers, which is named homeo-
pathic catalysts.5”]

Pd" molecular catalytic precursors have been reported as
sources of soluble Pd® nanoparticles responsible for the
high activity. For instance, Dupont and co-workers re-
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ported the use of a palladacycles as catalyst precursors for
the Heck reaction using aryl halides under mild reaction
conditions.®®! Hg tests and comparison with more stable
palladacycle complexes (showing a lower tendency to gener-
ate ligand-free metallic species) are in favour of a mecha-
nism involving the formation of colloidal species. At the
same time, de Vries and co-workers reported the use of
Pd(OAc), leading, under the catalytic conditions used for
the Heck reaction, to the formation of soluble metallic
nanoparticles that are catalytically very active at very low
concentrations.”’! However, an increase in the palladium
loading results in the quick formation of inactive palladium
black. In both studies, the colloids formed in situ are stabi-
lized by quaternary ammonium salts to retard or prevent
their aggregation.

Palladium nanoparticles, either preformed or generated
in situ, can act as a reservoir of molecular complexes, being
the true catalytically active species.[®0-61]

The accepted mechanism involves the following elemen-
tary steps: oxidative addition of the aryl halide substrate to
the colloid surface, leaching of Pd" molecular species that
enter the catalytic cycle and then reforming of the nanopar-
ticles at the end of the reaction (Figure 6). This mechanism
is supported by kinetic studies, poison tests, TEM monitor-
ing (analyses performed before, during and after the reac-
tion) and the Pd content in the organic phase at different

conversions.
Ar X /\Ieachlng
o
e

o~ 0

o
oo g OO
o] Oo ]
oxidative _ catalytic
addition cycle

Figure 6. Schematic representation of the accepted mechanism for
Heck coupling with PANPs as catalytic precursors.

Although it is often assumed that all the observations
made in the course of these detailed studies could be ex-
tended to other palladium-catalyzed C-C coupling reac-
tions, experimental evidence remains scarce.

In 2000, Reetz and co-workers reported the involvement
of Pd colloids, generated in situ and stabilized by ammo-
nium salts, in the Heck reaction (mean diameter =
2.2 nm).[%?) Tt was observed that reaction starts after an in-
duction period, which is in agreement with the formation of
metallic colloids. The study of the reaction of the palladium
colloids with one equivalent of the aryl halide provided evi-
dence, from '*C NMR and UV/Vis spectroscopy, for the
formation of molecular species that were then active in the
Heck reaction. It is assumed that leaching is likely to occur
from more reactive sites of the metallic surface; a similar
behaviour was also observed for the Suzuki coupling be-
tween phenylboronic acid and para-bromoacetophenone.

The use of a membrane reactor, which allows the passage
of ions and atoms but not of clusters larger than 5 nm, led
Rothenberg et al. to conclude that molecular species le-
ached from palladium nanoparticles during both Heck and
Suzuki coupling reactions (Figure 1c and le) are the true
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catalytic species and not the preformed palladium colloids
of ca. 15 nm.[° It was proved that Pd® atoms can leach
from the surface under non-oxidizing conditions, but
[Pd"Ar]I] species can also be formed in presence of Arl,
suggesting these two types of mechanism for the formation
of the catalytically active molecular species that enters the
catalytic cycle.

Dupont and co-workers have recently reported a study
on the Heck coupling, including kinetic studies and poison-
ing tests. This study evidences the role of preformed Pd
nanoparticles (prepared by decomposition of palladacycles)
as a reservoir of active species in ionic liquids,[® according
to the mechanism proposed by de Vries in organic sol-
vent.[55-63]

The use of nitrile-functionalized ionic liquids as solvent
in cross-coupling reactions, which significantly reduce the
amount of palladium leaching from nanoparticles formed
in situ starting from PdCl,, leads to efficient catalysts for
the Suzuki and Stille processes as reported by Dyson and
co-workers.[° However, the true nature of the catalytic spe-
cies is not unambiguously stated, because the function-
alized ionic liquids could favour the stabilization of Pd mo-
lecular species through coordination of the nitrile moiety.[®”

Rothenberg and co-workers reported the Sonogashira re-
action (Figure 1d) catalyzed by preformed palladium nano-
particles and demonstrated a homogeneous mechanism,
thanks to kinetic and recycling studies. Indeed, it was as-
sumed by the authors that the molecular species leached
from the original colloids are the active species that reform,
after completion of the catalytic reaction, less reactive
nanoparticles, explaining thus the very low activity ob-
served in the course of recycling experiments.

Moreover, and unlike what is usually observed in the case
of the Heck reaction, TEM analysis evidenced that the
nanoparticles are smaller after reaction than before, in con-
tradiction with the Oswald ripening process. In addition to
the mechanism previously described, it was suggested that
leaching could also occur by release of Pd° atoms from de-
fect sites of the surface (edges and vertex), leading to Pd®
molecular species that subsequently react with aryl ha-
lides.[*®!

On the other side, we have recently demonstrated the in-
fluence of the solvent and the decisive role of nanoparticles
generated in situ for palladium-catalyzed Suzuki reactions.
PdNPs generated in situ from a molecular precursor in the
presence of various ligands derived from norbornene (Fig-
ure 7) in the ionic liquid [BMI][PF] was evidenced, and a
detailed investigation of the true catalytic species has been
recently carried out by our group.®”]

While in organic solvents, good donor ligands like biden-
tate amines lead to the formation of stable complexes, in
ionic liquids, palladium systems are only active when nano-
particles are generated. Poison tests, the inhibiting effect of
oxygen, the formation of byproducts resulting from homo-
coupling and TEM analysis evidenced that Pd® colloids are
involved in the catalytic process, probably acting as a reser-
voir. Indeed, the palladium content in the isolated organic
product was determined and appeared to decrease as the
3583
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Figure 7. Ligands derived from norbornene containing amine,
amide and ammonium functional groups.

conversion increased. Preformed palladium nanoparticles
tested under the same conditions led to low conversion rela-
tive to the colloids generated in the course of the catalytic
reaction. All these results suggest that the palladium nano-
particles are necessary in order to get an active system
working in ionic liquids and with poor donor ligands (Fig-

ure 8).
toluene bulk metal
"naked" Pd° inactive
"poor" S/( species
ligands [BMI][PF¢] PdNPs
* responsible
Pd(OAc), for activity
+ toluene
Fee—
"good" S Pd' Pd°
ligands complexes J species
inactive [BMI][PF¢l active

(S = [BMI][PF¢] or toluene)

Figure 8. Palladium species involved in Suzuki cross-coupling reac-
tions in toluene and in [BMI][PF¢], generated from palladium ace-
tate with use of poor and good donor ligands.

2.2.2. A Particular Study: Allylic Alkylation

In the last years, we have been interested in looking for
specific catalytic reactivity in order to distinguish homogen-
eous (single-site) and heterogeneous (multi-site) catalysis.[”")
In particular, Pd-catalyzed asymmetric allylic alkylation
permits to discriminate the catalytic behaviour between mo-
lecular precursors and preformed PANPs by using optically
pure diphosphites as the source of chirality (Figure 9).I7!]

As shown in Table 1, only the colloidal system Pd1 in-
duced kinetic resolution, reacting in preference with the (R)
isomer of the substrate (entry 4). When these results are
compared with those obtained by using molecular precur-
sors as catalysts (entries 1-3), even at very low palladium/
substrate ratio (up to 1:10.000), we observed that the reac-
tion rate of both enantiomers of the starting allylic acetate
remain similar. However Pd2 nanoparticles are not stable
under the catalytic conditions, leaching molecular species
(entries 2 and 5). In addition, Pd1 and Pd3 nanoparticles
are inactive when non-aromatic substrates are used (Fig-
ure 9), in contrast to the high activity obtained by using
the corresponding molecular catalytic systems. These results
suggest that Pd1 and Pd3 show a surface-like catalytic be-
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Figure 9. Asymmetric allylic alkylation catalyzed by molecular spe-
cies and preformed PdNPs containing chiral diphosphites 1-3,
Pd1-Pd3.

haviour. It is important to note the need for aromatic
groups on the substrate in order to obtain active systems,
which is probably due to the 7 interaction with the metallic
surface, in agreement with the coordination study carried
out for ruthenium nanoparticles by using a pyridine deriva-
tive as stabilizer.[*?]

Table 1. Pd-catalyzed allylic alkylation of rac-3-acetoxy-1,3-di-
phenyl-1-propene by using dimethylmalonate as nucleophile.[]

Entry  Catalyst Conversion (%)1 ee S (%)l ee P (%)l
1 Pd/1 83 0 90 (S)

2 Pd/2lel 80 0 0

3 Pd/3t 100 - 94 (S)

4 P10 56 89 (S) 97 (S)

5 Pd2in 100 - 11(S)

6 Pd3in 88 - 90 (S)

[a] For the experimental conditions, see ref.”'?l. [b] Based on the
substrate and determined by '"H NMR spectroscopy. [c] Enantio-
meric excess of the substrate determined by HPLC on a Chiracel-
OD column. [d] Enantiomeric excess of the alkylation product de-
termined by HPLC on a Chiracel-OD column. [e] Catalytic precur-
sor generated in situ from [PdCl(allyl)], and the corresponding li-
gand. [f] Preformed palladium nanoparticles used as catalytic pre-
Cursor.

3. Miscellaneous

At present, a small number of PANP-catalyzed processes
other than hydrogenation and C-C coupling reactions fo-
cusing on the nature of the true catalyst have been reported.
The majority of them suggest surface-like catalyst behav-
iour.[?

Dechlorination and hydrodechlorination of aromatic
compounds have been successfully achieved by using
PANPs in water (stabilized by ammonium salts),[’>®! in
scCO, (stabilized by high-density polyethylene)!’??! and in
ionic liquid medium;7?4 in all cases, PANPs are reusable.

The various sizes and shapes obtained for PVP-stabilized
PdNPs under different synthetic reaction conditions have
been applied in the methoxycarbonylation of iodobenzene,
showing high activities when relatively small nanoparticles
of well-shaped polyhedral morphology are used.l’>l
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Conclusions

From a mechanistic point of view, the use of palladium
nanocatalysts requires the analysis of the catalytically active
species, because of their kinetic stability. In solution, these
materials can agglomerate, but they can also leach molecu-
lar species because of the high reactivity of the low-coordi-
nation atoms at the metallic surface.

Structure-sensitive catalytic processes, like hydrogena-
tion, turn out to be strongly dependent on nanoclusters
shape and size, showing multi-site catalyst behaviour. On
the other hand, for C-C bond formation reactions, fine-
tuning between stabilizer, substrate and metallic surface can
favour homogeneous or heterogeneous reactivity. Therefore,
macromolecular stabilizers (dendrimers, polymers) can
avoid the leaching of molecular complexes.

Although there are a large number of contributions on
the application of PANPs in catalysis, few reports deal with
the nature of the catalytically active species.[’>) Future work
in this area could allow the design of even more efficient
nanocatalysts, together with new approaches to discrimi-
nate the nature of the catalyst.
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