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This report reviews the role of palladium dendrimers in catalysis as (a) soluble macromolecules

for the support of catalysts, that are separable by nanofiltration techniques; (b) ligand-modifiers
that can create specific metal nanoenvironments and tune the solubility of the catalyst; (c) spacers
for the support of molecular catalysts that can proportionate a more homogeneous-like
environment to the supported catalytic sites; and (d) precursors for the synthesis of mono- and
bimetallic nanoparticles of controlled size and narrow size distribution. Some examples of

catalysis with related metal systems, such as star-shaped molecules or hyperbranched polymers,

are also given.

1 Introduction

Dendrimers' functionalised with transition metals®® have
found many applications.* The use of these dendrimers in
catalysis has been the object of many reviews either of general
scope,’ or focused on particular issues such as catalyst recov-
ery,® immobilisation,” dendrimer effects,® catalysis inside den-
drimers,”  phosphorus-containing  dendrimers,'®  chiral
catalysts,!" or dendrimer-encapsulated nanoparticles,'>'*
amongst others.'>'® Moreover, a recent issue of Topics in
Organometallic Chemistry has been dedicated to this field.!”
Palladium compounds have played an important role in the
field of organic synthesis over the past few decades due to the
variety of transformations they are able to catalyse, the
possibilities offered for carbon—carbon bond formation, and
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their tolerance of many functional groups, all of which mean
that they can provide mild and selective methods for the
production of valuable chemicals from simple precursors.'®
The present review summarises the advances in palladium-
catalysed reactions using dendrimer-based catalysts. Sections 2
and 3 of this review are dedicated, respectively, to peripheral
and core palladium dendrimers used as nanosized macromo-
lecular catalysts with well-defined active sites, generally in
homogeneous conditions. Section 4 deals with the modifica-
tion of supports (silica or polymers) with dendritic wedges
(dendrons), which, in turn, serve as supports for metal cata-
lysts, and Section 5 describes the use of dendrimers as tem-
plates for the preparation and stabilisation of metal
nanoparticles. Several of the properties that make dendrimers
so interesting for catalysis are also present in related systems
such as star-shaped metal molecules or hyperbranched poly-
mers, and therefore several relevant studies using such systems
will also be discussed in this review.

Dendrimers are attractive in catalysis because they combine
a unique set of characteristics that are not present together in
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Fig. 1 Possible locations for metal centres in the dendrimer structure.

any other homogeneous or heterogeneous catalysts, such as (a)
a size that enables catalyst separation and recovery, particu-
larly by nanofiltration with membrane techniques; (b) a well-
defined structure and monodisperse nature which retains the
advantage of homogeneous catalysts in terms of easy tunabil-
ity and rationalisation of properties, controlled metal environ-
ment and good suitability for study; (c) metal sites
incorporated in nanoenvironments that can be tailored to
obtain unique activities, selectivity or solubility properties;
(d) a very high local catalyst concentration in peripheral
systems, which makes cooperative effects possible. Those
special features imparted by the dendrimer to the catalytic
centres and not achievable otherwise are referred to in the
literature as ‘“‘dendritic effects”. The exact properties of a
metal dendrimer depend, in the first instance, on the
location of the metallic centres in the dendritic structure
(Fig. 1). Dendrimers used in homogeneous catalysis
usually have the metal centres located at the periphery or at
the core or focal point of the dendritic skeleton. Supported
composites, such as those described in Section 4, consist of
peripherally modified dendrons, whereas the encapsulation
of metals within the branching framework is employed
for the synthesis of precursors of dendrimer-encapsulated
nanoparticles.

When the groups of van Leeuwen and van Koten jointly
published their pioneering work on dendrimer-bound metal
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catalysts in 1994, they noted that such systems have the
appropriate shape and size to be separated by nanofiltration
techniques whilst also retaining the characteristics of the
homogeneous systems.'” As long as the metal centres are
directly available for the substrate in peripherally modified
dendrimers, as they are in mononuclear homogeneous cata-
lysts, then comparable activities and selectivities are expected
for both systems, in contrast to the behaviour generally
associated with catalyst immobilization onto solid supports.
However, the dendrimer can be give rise to specific catalyst
performances. Thus, dendritic effects (positive or negative) on
activities, stabilities, or selectivities can arise from phenomena
such as cooperativity between metal groups at the macromo-
lecule periphery or steric isolation of catalyst encapsulated
into the dendritic core. In the absence of other effects, the
steric crowding in dendrimers causes a general decrease in the
activities of higher generation dendrimers.

The scarce application of palladium catalysts in industrial
processes is primarily due to their expense and the high metal
loadings required for many reactions. Pharmaceuticals are
products with a high added value and therefore the use of
Pd catalysts for their production is more viable. However,
even though the toxicity of palladium has posed no problems
so far, removal of catalyst residues is of vital importance in
these products. Palladium catalysts are generally not very
stable and the formation of metal is often observed. Therefore,
during this review, special focus is placed on the activity,
stability, separation and recyclability of dendritic and non-
dendritic catalysts.

Standard acronyms (Fig. 2) and simplified formulae are
used throughout the text and tables for the description of
dendrimers.1,§ Polyaminoamide (PAMAM),>*2! poly(pro-
pylene imine) (PPI),*? carbosilane (CS),>® phosphorus

I Abbreviated nomenclature of dendrimers. The schematic names and
formulas describing dendritic catalysts, used mainly in tables, are
based on the nomenclature and, in particular, the simplified names
proposed by Friedhofen and Vogtle.'® In this nomenclature, the name
of a dendritic molecule is built as follows:

generation

core : { branChlng unlts}repetions

: endgroupsrepetitions

Encapsulated molecules, ions or metal clusters are added to the
dendrimer description separated by the symbol <. For clarity, we
have chosen to omit the number of repetitions of the branching units
at each generation, and represent the branching units by the acronyms
shown in Fig. 2 for common dendritic structures. The core unit is also
omitted in the case of some “‘standardised” nuclei, such as those shown
in the same scheme for PAMAM, PPI or carbosilane dendrimers. End-
groups will be explicitly written but the formula will be abbreviated for
the PAMAM and PPI end-groups shown in Fig. 2. For instance, all
the following simplified names will describe the NH,-ended dendrimer
a with a decreasing level of detail: 1,4-diaminobutane:PA-
MAM®3:(CH,CH,C(O)NHCH,CH,NH,)ss, PAMAMS?:(CH,CH.,.
C(O)NHCH,CH,NH,)¢s or PAMAM®?:(NH,)ss. As diverse chain
lengths and ramifications are usual in carbosilane dendrimers, the
acronym CS will be followed by the number of carbon atoms per
branch (C2 or C3) or the ramification at each branching unit (e.g.
CS-C2 x 3) in the case of deviations from the structure represented in
Fig. 2.

§ Other abbreviations used throughout this work: BARF = [B(C¢Hs-
3,5-(CF3)2)4] ; BSA = N,O-bis(trimethylsilyl)acetamide; dba = di-
benzylideneacetone; dppf = [bis(diphenylphosphanyl)ferrocene];
dppb = 1,4-bis(diphenylphosphanyl)butane; NMP = N-methyl-
pyrrolidone; py = pyridine; TFA = trifluoroacetate; p-TsOH =
para-toluenesulfonic acid.
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Fig.2 Types of dendritic structures most commonly used in Pd catalysis, accompanied by the acronyms utilised in this paper: (a) polyaminoamide
(PAMAM); (b) poly(propylene imine) (PPI); (c) a carbosilane dendrimer (CS); (d) a Majoral-type phosphorus dendrimer (NNPS); (¢) a Fréchet-

type poly(benzyl ether) dendrimer (PBE).

(NNPS),*** or poly(benzyl ether) (PBE)* are the structures
most commonly found in palladium-containing dendrimers.

2 Peripherally modified metal dendrimers

Periphery-modified dendrimers have multiple catalytic sites
located at their surface that are directly available to the
substrates. This enables reaction rates similar to those of their
monomeric counterparts. It is expected that dendritic effects
arise mainly from the elevated density of catalytic groups at
the surface. Catalysed reactions proceeding by a bimetallic
mechanism can benefit from the proximity of the metal
centres. However, the effect may be detrimental in the case
of availability of bimetallic deactivation pathways.

The first dendritic metal catalyst was reported in 1994 by
DuBois and co-workers, who used palladium complexes co-
ordinated tridentately to phosphorus dendrimers to catalyse
the electrochemical reduction of CO, to CO (Fig. 3).>° The
rates and selectivities (CO vs. H,) were qualitatively similar to
those obtained with monometallic [Pd(triphosphane)
(CH3;CN)](BF4), analogues to which they were compared.
However, two important concepts were recognised: (a) the
metal sites in dendrimer a are more closely approximate to

typical homogeneous catalysts because of the variety of co-
ordination modes available for the five Pd atoms in dendrimer
b; (b) the activity might increase if the palladium sites were
sufficiently well separated in the dendritic catalyst to prevent
the suggested formation of Pd' species with Pd—Pd bonds.
Since then an increasing number of palladium catalysts have
been immobilised at the surface of dendrimers through cova-
lent links between the terminal functionalities of the dendrimer
and the metal complex. This covalent approach has been
complemented in the last few years with a number of examples
involving non-covalent interactions between the dendrimer
and an anchoring ligand. Non-covalent metal-dendrimer
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Fig. 3 Palladium catalysts described by DuBois for the electroche-
mical reduction of CO, to CO.?
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systems will be discussed at the end of the present section.
Periphery-functionalised covalent palladium dendrimers are
subsequently categorised according to the catalytic reaction
they take part in.

2.1 Hydrogenation of olefins>’

Kaneda and co-workers have observed that a PPI dendrimer
decorated with sixteen diphosphane palladium complexes is
much more active in the hydrogenation of cyclopentadiene
under mild conditions than the scarcely active monometallic
model (Table 1, entry 1).?® This distinct behaviour was attrib-
uted to the presence of amine groups in the dendrimer matrix,
which favour the formation of the active hydride species by
neutralisation of the HCI liberated in the initial activation of
the dichloro complexes. This dendritic catalyst is less active
than Pd/C or Pd/AL,O3 but shows high selectivity in the
hydrogenation of conjugated dienes to monoenes (e.g., cyclo-
pentadiene to cyclopentene). In a screening of several dienes,
the initial rates were slowed by the substrate size when a
polystyrene-bound Pd catalyst was used, but not in the case of
the Pd dendrimer. This result was ascribed to the easy access of
the substrates to the active sites in the dendrimer. The den-
dritic catalyst, which is heterogeneous in the solvent typically
used (ethanol), can be readily recovered by centrifugation and
reused without loss of activity or selectivity.

Feng and co-workers have reported another recyclable
system, based on a CS dendrimer with peripheral aminopropyl
groups, which is able to reduce C—C bonds and
carbonyl groups, although the structure of the palladium
dendrimer has not been completely clucidated (Table 1,
entry 2).%

2.2 Polymerisation and copolymerisation of a-olefins>’

Two examples of palladium dendrimers with applications in
polymerisation have appeared in the literature. Mapolie and
co-workers have described a PPI dendrimer with four terminal
alkylpyridyliminepalladium complexes that catalyses the
polymerisation of ethylene after activation with methylalumi-
noxane (MAO; Table 1, entry 3).! These dendrimers are more
active than their bi- or mononuclear palladium analogues and
produce linear polyethylene of high molecular weight.

Our group has prepared a series of carbosilane dendrimers
bearing arylpyridylimine ligands at their surface. Initially, we
employed these ligands for the synthesis of nickel complexes
that were used for the oligomerisation/polymerisation of
ethylene.’ We found a strong dependence of the molecular
weight, oligomer/polymer distribution and microstructure of
the final product on the dendritic generation, which we
ascribed to steric interactions of the growing polymer chain
and the nanosized catalyst. In view of these results, we used the
arylpyridylimine ligands to prepare cationic palladium den-
drimers for the alternating copolymerisation of CO and 4-tert-
butylstyrene (Fig. 4; Table 1, entry 4).>* The activity increased
somewhat with the generation of catalyst, but the half-lives of
the active species were similar for the dendrimers and the
mononuclear analogue. More significant changes were ob-
served in the molecular weight, polydispersity and stereoregu-
larity of the copolymer. Thus, an increase in generation

= NeMe O 16+
\ 'N‘Pd/ =N, _NCMe
NCMe oo - Pd
= Me -

[BARF ]1

\_7 Pd Me~pd
MeCN” dy
o) Mec”

Fig. 4 Third-generation dendrimer used for the copolymerisation of
tert-butylstyrene and carbon monoxide by Benito e al.*

resulted in lower molecular weights and broader molecular
weight distributions, probably because the steric pressure of
bulkier dendrimers on the growing chains enhances chain-
transfer processes and favours the formation of an assortment
of shorter polymers. Syndiotactic polyketones were mainly
obtained in all cases, although a constant decrease in stereo-
regularity was observed with the catalyst size, which was
explained as the result of increasing steric interference on the
chain-end control mechanism.

2.3 Hydrovinylation®*

The metal-catalysed co-dimerisation of styrene and ethylene to
produce 3-phenyl-2-butene is the archetypal example of hy-
drovinylation (Table 1). However, after consumption of the
styrene, the same catalyst is able to isomerise the chiral
product to achiral 2-phenyl-2-butene. This isomerisation can
be minimised by running the reaction at lower conversions.
Therefore, Vogt, van Koten and co-workers reasoned that it
might be useful to run the reaction continuously at these lower
conversions by using dendritic catalysts and nanofiltration
membranes.®> The catalysts were prepared in situ from the
palladium precursors and hemilabile P,O ligands supported on
carbosilane dendrimers (Table 1, entry 5). Both mononuclear
and dendritic complexes showed, in general, high chemoselec-
tivity for the co-dimers (versus homo-oligomers or higher co-
oligomers), but they started to deactivate within 10 h, thus
limiting their efficiency. Under batch conditions, the dendri-
mers were less stable, and therefore less active, than the
monometallic models. The deactivation and precipitation of
palladium black was attributed to the formation of diphos-
phane complexes, which is facilitated by the high local con-
centration and flexibility of the arms in the dendrimers stu-
died. Under continuous operation, the deactivation was still
favoured and the retention of the smaller dendrimer in the
membrane was low for practical purposes (85%). Although
the dendrimers showed a limited efficiency, hardly any iso-
merisation or other side products could be detected in the
solution.
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Fig.5 Hydrovinylation catalysts containing monodentate phosphane
ligands synthesised by Rossell and co-workers.**’

The hydrovinylation of styrene has also been studied by
Rossell, Muller and co-workers, who employed palladium
monodentate complexes of diphenyl-** or phenyl(aryl)
phosphanes®” anchored to the surface of carbosilane dendri-
mers (Fig. 5). The cationic active species were generated in situ,
by adding a chloro ligand abstractor in dichloromethane, or
isolated as acetonitrile complexes. Initial studies were carried
out with the diphenylphosphane ligand a in Fig. 5 and showed
that these ligands were more active than the bidentate P,O
systems described above (Table 1, entry 6). The order of
activity, mononuclear > G3 > GIl, can be correlated with
the steric crowding by taking into account that the limited
branching of the G3 dendrimer results in a low surface
congestion. In all cases the activity decreased with increasing
reaction times as a consequence of the deactivation of the
catalyst, an effect that apparently was more important for the
dendrimers.

The main interest in the hydrovinylation reaction lies in the
generation of a new asymmetric centre, and therefore con-
siderable effort has been invested in obtaining high enantio-
selectivity by modifying the metal atom with optically active
ligands. The carbosilane dendrimers b in Fig. 5 are the first
example of dendrimers containing P-stereogenic monopho-
sphanes.>” The (S)-3-phenyl-1-butene enantiomer was
preferably obtained from the (S)-phosphane-containing pre-
cursors by in all the experiments (Table 1, entry 7). When
activated with AgBF,, enantiomeric excesses in the range from
63 to 68% were obtained at moderate conversions (x35%).
At higher conversions (~50-60%), a decrease in the activity,
selectivity and enantioselectivity was observed for the dendri-
mers, but not for the monometallic complex. However, at least
for the smaller dendrimer, excellent selectivity (92 vs. 77%)
and enantioselectivity (77 vs. 56% ee-(S)) can be obtained at
the same conversion level upon activation with Na[BARF].
Complexes b, are more active, but less selective and unable to
induce significant enantiomeric excesses.

2.4 Heck reaction™®

In a seminal article published in 1997, Reetz et al. reported the
first examples of catalyst recovery and a positive dendritic
effect in catalysis with metal dendrimers.*® They also reported
the functionalisation of commercial PPI dendrimers with

PhoP PPha
e P PP o,
P
PhPhaF’LB { N ¢ PPh,
§ N Ph
P 2
PhP_ ) \\\*N > Ve P
\—N\\ < N N PPha
PhoP — N N }
[ ) PPh,
[\and N N r—PPh;
PhoP \\‘ Kf N
NJV\N
Ph?PAN’\/\ f ‘\\_ g
A~ PPh,
PhoP N N A~N 2
2 J) < N \=PPh,
~N
PhoP N } N
e h) r_/— < NM \__PPh;
2
N Phg
PhP ) é N
r N (P PPhy
2 phyp )
2 PPhy th(p PPh, |12

Fig. 6 A third-generation poly(propylene imine) dendrimer modified
with diphenylphosphanylmethyl end-groups.

diphosphane N(CH,PR;), end-groups by a double phospha-
nylmethylation, a methodology that has been used extensively
since (Fig. 6). A third-generation dendrimer incorporating 16
dimethyldiphosphanepalladium complexes at the surface was
tested in the Heck reaction of bromobenzene and styrene; it
gave a 9 : 1 mixture of trans and 1,1 compounds with an
overall conversion of 85-90% (Table 1, entry 8). The dendritic
catalyst was significantly more active than the mononuclear
complex (approx. three times in terms of TON), probably due
to its reduced tendency to decompose thermally to metallic Pd.
The dendritic material was recovered (>98%) by precipitation
with diethyl ether and, even though the precise nature of this
material was not identified, the recovered catalyst displayed
comparable activity and selectivity when reused in the Heck
reaction.

Krishna and Jayaraman have studied the Heck reaction of
iodobenzene and a variety of alkenes using large-ring dipho-
sphanes supported on poly(ether imine) dendrimers (Table 1,
entry 9).*° This reaction affords only the frans product and the
catalytic activities decrease after recycling. Iminophosphane,
aminophosphane*' and pyridylimine** ligands constitute other
classes of systems anchored to the surface of PPI dendrimers
that have been tested in the Heck reaction. Extensive forma-
tion of Pd black was observed during the catalytic process
using the Pd iminophosphane G4 dendrimers, thus precluding
any categorical conclusion, and the aminophosphane ligand
gave lower conversions (Table 1, entry 10).*! In the case of the
pyridylimine ligands, however, the dendritic complexes gen-
erally gave higher rates and conversions, and were more stable
towards Pd precipitation, than the monomeric complex,
although no attempts were made to recover the catalyst
(Table 1, entry 11).** The formation of a significant quantity
of polystyrene (14%) was observed when styrene was used as
reagent.

N-Heterocyclic carbenes have yielded unexpected successes
in key areas of homogeneous catalysis,*’ including the
Pd-catalysed formation of carbon—carbon bonds. Although
homogeneous catalysts based on palladium dendrimers and
carbene ligands are unknown, the group of Diez-Barra has
published a related hexacarbene Pd star-shaped complex
(Fig. 7) which is more active than the corresponding
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Fig. 7 The palladium hexacarbene complex synthesised by Diez-
Barra et al. and used as a catalyst in the Heck reaction.**

monomeric catalyst in the Heck reaction between p-
bromobenzaldehyde and n-butyl acrylate.** In contrast, the
star-shaped trinuclear cationic PCP pincer complex reported
by Belestkaya er al. is less active than the corresponding
mononuclear complex [(2,5-C¢H3(CH,PPh,),)Pd(NCMe)|BF,
in the coupling of iodobenzene and ethyl acrylate.*

2.5 Suzuki*® and Stille*’ cross-coupling reactions

Majoral and Caminade have used palladium complexes sup-
ported on phosphorus-based dendrimers® as catalysts in the
Stille reaction. Bis(diphenylphosphanylmethyl)amine (PNP)*®
or iminophosphane® complexes anchored at the surface of
NNPS dendrimers have been used in the cross-coupling of aryl
iodides with 2-thienyl or vinyl organostannanes. In the case of
the PNP ligand (Table 1, entry 12), the G3 catalysts were
recovered by precipitation from the reaction mixture with
diethyl ether and reused, with a small loss of activity. For
instance, the conversion after three runs dropped from 86 to
79% with the thienyl stannane. This behaviour reflects the
enhanced stability of the dendrimers which, contrary to the
monomers, resist degradation and palladium precipitation.
Similar results were obtained with the iminophosphane
ligand (Table 1, entry 13). The efficiency of the dendrimer
containing six metal units with respect to the corresponding
monomer depends on the substrates involved, and the den-
drimer could be recycled several times with only slightly
decreased activities.

Recently,*® Astruc and Heuzé have screened the Suzuki
reaction between phenylboronic acid and a variety of chloro-
arenes using bis(dicyclohexylphosphanylmethyl)amine ligands
anchored to the surface of G1 to G3 PPI dendrimers (Table 1,
entry 14). They found that the mononuclear analogue is able
to catalyse the coupling of both electron-poor and electron-
rich (and hindered) chloroarenes, with yields ranging from 42
to 99% and reaction times from 1 to 24 h. The G1 dendrimer
gave yields comparable to those obtained with the mono-
nuclear complex, but a clear negative effect was observed with
an increase of the generation. The dendritic compounds were
recovered by precipitation with pentane and reused for three
cycles. However, an important loss of activity, in terms of both
conversion and TOF, was observed in all cases. The mono-
nuclear complex could not be recovered since degradation

occurred immediately during the first pentane precipitation,
with formation of Pd black.

2.6 Sonogashira reaction’’

Astruc and Heuzé have also found that the above-mentioned
PPI dendrimers are efficient and recoverable catalysts for the
Sonogashira reaction in the absence of a copper co-catalyst
(Table 1, entry 15).>°* A negative dendritic effect on activity
was observed with an increase in generation, especially on
going from the second to the third generation. Moreover, the
dendrimers produced only traces of cross-coupling products
with aryl chlorides, whereas the monometallic complexes,
especially the tert-butyl derivatives, gave high reactivities.
Nevertheless, the G2 and G3 cyclohexyl dendrimers could be
recycled by precipitation with pentane and reused at least six
times without loss of activity. The integrity of the catalyst after
each recovery cycle was confirmed by NMR spectroscopy.

2.7 Allylic substitution™

The allylic substitution reaction is an important tool for the
formation of C—C and C-heteroatom bonds. In this reaction,
the allylic position of an alkene, preferentially one possessing
an anionic leaving group, is activated towards nucleophilic
attack after conversion of the alkene into a m-allylpalladium
complex (Table 2). Brinkmann, Kragl and co-workers selected
this reaction to demonstrate, for the first time, the viability of
performing a metal-catalysed homogeneous reaction continu-
ously with a dendritic catalyst in a membrane reactor.>
Palladium diphosphane complexes derived from third- (Fig.
6) and fourth-generation PPI dendrimers were studied (Table
2, entry 1), and retention rates higher than 99.9% were found
for the smaller G3 dendrimer in the selected membrane. Both
catalysts were used in the allylic amination of cinnamyl methyl
carbonate with morpholine in a continuous process. The best
results were obtained with the G4 dendrimer, with initial
quantitative conversions that decreased to about 80% after
100 residence times. Leaching of palladium species was ob-
served (0.07 to 0.14% per residence time for G4), although
these values can only partially explain the decrease of conver-
sion and therefore formation of inactive PACl, complexes was
also proposed.

Reek, van Leeuwen and co-workers have explored®®’ the
use of palladium complexes of phosphane-functionalised car-
bosilane dendrimers in allylic alkylations carried out in batch
or continuous-flow membrane reactors. Relatively encum-
bered carbosilane dendrimers with one (a, Fig. 8) or two
diphenylphosphanylmethyl substituents (b) at each outer sili-
con atom were treated with [Pd(p-Cl)(n3-C3Hs)], to generate
the catalyst precursors. Dendrimers b gave well-defined palla-
dium complexes with a cis configuration whereas dendrimers a
produced a mixture of frans complexes. Substituted allyl
acetates and the sodium salt of diethyl 2-methylmalonate were
reacted in batch processes that gave linear trans products very
selectively (Table 2, entry 2). Dendrimers b were found to be
more active than a but, otherwise, no relevant differences were
observed in activities or selectivities in function of the size and
nature of the dendrimer, or in comparison with monometallic
analogues, thereby suggesting that the active centres act as
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independent sites. The dendrimer b coordinated to twelve
palladium atoms was tested in a membrane reactor with allyl
trifluoroacetate as the substrate. The maximum conversion
(ca. 50%) was obtained after two reactor volumes but dropped
quickly after this point. Since the size of the dendritic catalyst
enables a high retention in the membrane, this decrease was
attributed to leaching of small inactive palladium species
under the operating conditions. The deactivation is not caused
by interactions with the membrane, as demonstrated by the
authors, and contrasts with the stability of the same catalysts
in batch reactions.

Interesting results have also been observed for the same
catalytic systems in the allylic amination reaction of crotyl
acetate and piperidine,®” which produced mainly mixtures of
branched and linear trans products (Table 2, entry 3). Under
continuous-flow conditions, a similar rapid deactivation of the
catalyst was observed. Surprisingly, the replacement of the
diphenylphosphanylmethyl SiCH,PPh, end-groups in a (Fig.
8) by ethylene-spaced SiCH,CH,PPh, groups resulted in a
stable catalyst that produced a high (ca. 80%) and almost
constant conversion at a P : Pd ratio of 4 : 1. The extent of the
reaction conversion decrease can be quantitatively explained
simply by taking into consideration a retention factor in line
with the expected values (98.5-99%).

Kaneda and co-workers have synthesised dendritic Pd°
complexes of PPI dendrimers similar to those represented in
Fig. 6 with up to 64 diphosphane groups (fifth generation).>®
In the amination of trans-cinnamyl acetate with morpholine
(Table 2, entry 4), the regioselectivity of the reaction towards
linear frans and branched products (90 : 10) was found to be
unaffected by the generation of the dendrimer. In the reaction
with cis-3-acetoxy-5-carbomethoxycyclohex-1-ene, on the
other hand, the stereoselectivity for the cis product increased
with the generation of the dendrimer from 8% for [Pd(PPh;)4]
to 94% for the fifth-generation catalyst. This dendritic effect
was attributed to increasing surface congestion of the dendri-
mers that shields the (n-allyl)Pd intermediate from endo attack
by the nucleophile. In addition, the catalysts can be easily
recycled without loss of activity (99% of yield in the fourth
run) using a thermomorphic system>® consisting of a mixture
of DMF and heptane.

Several authors have studied the asymmetric version of this
catalytic reaction. Kéllner and Togni, for example, have used
[Pd(dba),] combined in situ with dendrimers containing up to
sixteen chiral ferrocenyl diphosphanes of the Josiphos-type
(Fig. 9) as a catalyst for the reaction of racemic trans-1,3-
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Fig. 9 Second-generation dendrimers of chiral ferrocenyl diphos-
phanes employed by Kéllner and Togni in asymmetric catalysis.*

diphenyl-2-propenyl acetate with dimethyl malonate (Table 2,
entry 5).° The enantioselectivities obtained with the dendri-
mers were, in general, in the narrow range 89-91% ee in
favour of the (S) isomer, which is slightly less than with the
parent Josiphos ligand (93% ee). The most notable exception
was found with the larger G2 dendrimers, probably because of
their low solubility. More recently, Laurent et al. have re-
ported a dendritic catalyst that produces a slightly higher
enantiomeric excess (90% ee for the (R) isomer) than the
mononuclear analogue (80% ee; Table 2, entry 6) under the
same conditions.®! This dendritic catalyst, which is based on a
Majoral-type phosphorus dendrimer with 24 chiral iminopho-
sphane end-groups (Fig. 10), shows good stability. It was
recovered by precipitation with diethyl ether and reused with
practically the same efficiency. The reaction showed a good
reproducibility and, under optimised conditions, proceeded
with total conversion and 95% ee in 25 h.
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Fig. 10 Chiral iminophosphanes supported on a Majoral-type phos-
phorus dendrimer used for asymmetric catalysis.®'

A strongly positive dendrimer effect on enantioselectivity
has been found by Gade and co-workers, who reported the use
of palladium dichloride complexes of chiral pyrphos ligands
fixed on PAMAM or PPI dendrimers of zero to fifth genera-
tion in the allylic amination of trans-1,3-diphenyl-2-propenyl
acetate with morpholine (Table 2, entry 7).%> A steady increase
in ee values was found on going from the mononuclear
reference (9% ee) to the fifth-generation dendrimers, although
the effect was less pronounced for the PPI catalysts (40% ee
for the larger G5 dendrimer) than for the PAMAM catalysts
(69% ee for GS5). The remarkable changes in selectivity were
preliminarily attributed to gradual conformational alteration
of the aryl substituents on the diphosphane caused by an
increasingly crowded periphery on going to higher genera-
tions.

2.8 Aldol-type condensation with isocyanoacetates

The group of van Koten has studied the aldol-type condensa-
tion of aldehydes—most often benzaldehyde—with methyl
isocyanoacetate to give oxazolines extensively (Table 2). A
variety of cyclometallated CN and NCN-pincer palladium
catalysts have been used, including peripherally modified
dendrimers,% % and hyperbranched® or dendronised®’ poly-
mers based generally on carbosilane skeletons. Cyclopalla-
dated cationic complexes [(CN)Pd(pyridine)(aqua)]™ were
situated at the periphery of dendrimers having diverse levels
of crowding by combining different generations, ramifications
(two or three branches at each silicon) and branch lengths (C2
or C3 branches; Table 2, entry 8).> The rates for the den-
drimers and the monometallic model were comparable, except
for the lower activities found in dendrimers where a high
congestion in the dendrimer periphery is to be expected. The
trans/cis ratios of the oxazoline product (& 1.7) were basically
unaffected by the dendritic framework.

Due to the difficulty in imposing appropriate spatial con-
straints at the dendrimer level to encourage the (stereo)selec-
tivity, specific combinations of dendrimers and other strategies
have been investigated. The encapsulation of the catalytic
centres in a macrocyclic ligand®® or the introduction of a
pyrenoxy m-system in the vicinity of the metal sites,®> however,
has no effect on the diastereoselectivity of the reaction with
either mononuclear or dendritic catalysts (Table 2, entries 9
and 10). The close proximity of the pyrenoxy unit to the metal
atom augments the reaction rate of the mononuclear com-
plexes in the aldol condensation of several aromatic aldehydes,
whereas the steric crowding is probably responsible for the
drop in activity observed for its dendritic version containing 36
palladium metal atoms.®> In contrast, the trimetallic com-
pound shows an enhanced reactivity in the case of the en-
capsulated systems.®®

As an alternative to carbosilane dendrimers, soluble hyper-
branched carbosilane polymers can be synthesised by cheaper,

one-pot polymerisation of triallylsilane by Pt-catalysed hydro-
silylation. Frey, van Koten and co-workers have reported the
synthesis of a hyperbranched carbosilane polymer and its
functionalisation with NCN-pincer palladium complexes.®®
This system, which was the first example of a homogeneous
catalyst supported on a hyperbranched polymer, was tested in
the condensation of benzaldehyde and methyl isocyanoace-
tate. In line with the results outlined above for dendrimers, the
stereoselectivity remained basically unmodified (trans/cis = 2)
and the activity was only slightly lower than that of the
mononuclear system.

2.9 Michael addition

The group of van Koten has synthesised a variety of star-
shaped compounds with pincer ligands and palladium com-
plexes at the ends of the arms. Although these systems are not
true dendrimers, they are mentioned here because peripherally
modified dendrimers and stars share several common char-
acteristics, such as the multiple metal centres at the periphery
or the viability of nanofiltration. In fact, the high rigidity in
the backbone of some star-shaped complexes is of interest for
optimal catalyst retention in continuous nanomembrane re-
actor processes. Thus, platinum complexes similar to the star-
shaped palladium molecules a and d (Fig. 11) are retained
more efficiently by nanofiltration membranes than carbosilane
dendrimers of comparable volume, probably due to the flex-
ibility of the latter.%” Pincer complexes, such as those repre-
sented in Fig. 11, have been studied as Lewis acid catalysts in
the double Michael reaction between ethyl cyanoacetate and
methyl vinyl ketone (Table 2, entry 11). The NCN-pincer
compounds showed comparable activity to the monometallic
models with the exception of the hexanuclear complex b,
whose poor solubility under catalytic conditions resulted in
lower yields.”® In contrast, the activity always decreased in
related PCP systems as the number of metal atoms in the
catalyst molecule increased.*® Surprisingly, the dodecanuclear
complex d showed a threefold increase in activity, which was
ascribed to a positive cooperation between metal centres in the
high peripheral concentration.”’ As this complex is retained
very efficiently by nanomembranes, it was used in a continuous
reactor with excellent results.”> Only a small decrease of yield
with time was observed after reaching the steady-state condi-
tion. This decrease was ascribed to the very slow leaching of
the catalyst, i.e. the decomposition or deactivation of the
catalyst was negligible during the prolonged reaction times
(25 h, 65 cycles).

2.10 Complexes supported non-covalently on dendrimers

The connection of the catalyst to the dendritic support by a
stable covalent attachment is preferable in order to reduce the
chance of metal leaching. Nevertheless, the use of non-co-
valent interactions (ionic, hydrophobic or hydrogen bonds)
allows a high degree of flexibility in terms of synthesis and
reuse.'® Several reports have been published in this area since
the initial paper of Kimura er al.”® The palladium-catalysed
amination of crotyl acetate with piperidine, reported by Reek,
Meijer and co-workers, was the first example using the non-
covalent approach.”® This non-covalent binding was based on
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Fig. 11 Palladium star-shaped complexes prepared by van Koten and

co-workers and applied in the Michael addition.”®”!

a strong, but reversible, ionic interaction reinforced by hydro-
gen bonds between the urea acetate group of a phosphane
ligand complementary to the binding motif of the dendrimer
host (Fig. 12(a)). The activity and selectivity of the supra-
molecular assemblies was found to be comparable to that of
related mononuclear complexes, although the selectivity
(trans/cis/branched products) changed with the P/Pd ratio
(Table 3, entry 1). The advantage of the dendritic system
was emphasised when used in a continuous-flow membrane
reactor. The dendrimer—ligand binding was found to be so
strong as to allow retention rates of 99.4-99.9%, depending on
the P/Pd loading. During the catalytic process, the conversion
reached its maximum (ca. 80%) after approximately one hour
and remained fairly constant during the first 10 hours of
experiment. The slight decrease observed was attributed to
the slow deactivation of the catalysts.

Kaneda and co-workers have used exclusively ionic inter-
actions to attach phosphane ligands to the external (Fig.
12(b))”® or internal amine groups (Fig. 12(c))’® of PPI den-
drimers by simple protonation of the amines with diphenyl-
phosphanylbenzoic acid. The externally functionalised systems

R
0.
\®N 00C H H@PPh
Dend” v \n/ 2
L
b

Dend—Ni@ o >Pd—>>—‘ cI-

(© N
n " N
\ S gee e
N )
Dend @

cl
d) — R' ]
R2
g'\/‘ezo R NMe,
. o 9 [ I
Si— 0-§-0 A Pld—CI
1
NMe,' NMe;

L 4

Fig. 12 Several examples of noncovalent binding between ligands
and dendrimers.

gave yields and distributions of linear frans and branched
products almost identical to those obtained with dendrimer-
free catalysts in the amination of cinnamyl acetate with
morpholine (Table 3, entry 2).”> The stereoselectivity of the
amination of cis-3-acetoxy-5-carbomethoxycylohex-1-ene was
also found to be almost insensitive to the catalyst generation
(cis/trans = 1.0-1.5), in contrast to the remarkable dendritic
effect found when the active centres were immobilised by
covalent binding (see Table 2, entry 4).°® These results were
explained on the basis of the higher mobility of the metal
centres on the dendritic surface in the ionic binding mode. The
protonation of the PPI internal amines (Fig. 12(c)) was forced
by modifying the more basic external amines with decanoyl
dichloride.”® The metal sites of these systems are encapsulated
inside the dendrimer instead of decorating its surface and,
presumably, the catalytic reactions occur in the dendritic
cavities. These supramolecular systems catalyse the Heck
reaction of iodobenzene with n-butyl acrylate very efficiently
(Table 3, entry 4), with reaction rates that increase with the
dendrimer generation, while the reaction hardly occurred in
the absence of the dendrimer under the same conditions.
Moreover, lower L/Pd ratios were sufficient to avoid the
precipitation of Pd metal for bigger dendrimers than for the
smaller dendrimers or the mononuclear complex. These results
support the hypothesis that the bigger dendrimer acts as an
effective nanoreactor that furnishes an adequate polar nanoen-
vironment to active species and the reaction. However, the
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Table 3 Reactions catalysed by palladium complexes supported non-covalently on dendrimers

Substrates or Typical Dendritic
Entry reaction conditions catalysts
Allylic substitutions
174 [Pd] = 2 mM, PPI®*:[N(H)C(O)N(H)(adamantyl)]es <

\/\/OAC + < N-H

CO,Me

275

or th/\/OAC + O N-H
AcO’

Pha~OC0Me o ¢ -

Heck reactions
476
Ar = Ph, 1-CyoH
Ar—l 4 g —— 10 R oNp
R = CO,Bu, Ph

OO O

Aldol condensations
504.77

O 07N
Ph—4 + OCN™COMe —=
H P

h CO,Me

P/Pd = lor2,r.t.,
CH,Cl,

0.3 mol% Pd,
5°C, MeOH

[HOOCCH,N(H)C(O)N(H)CH,C¢H4PPhs]5,
+ [PACI(n>-2-MeC3Hy)], (See Fig. 12(a))

PPIS*S>[(NH;) " (OOCC¢HPPhy) Ti6.64 +
[PACI(n3-2-MeC3Hy)], (See Fig. 12(b))

0.25 mol% Pd,
30 °C, toluene

PPI%*C%(NHC(O)(CH2)sCH3) 632,64 <
[(HOOCCGH4PPh,y)PACI(M>-C3Hs)] 16,3264
(See Fig. 12(c))

0.5 mol% Pd,
100 °C, KOAc,
toluene or DMF

PPI%*C%(NHC(O)(CH,)sCH3) (632,64 <
[(HOOCCgH4PPh,)PACI(1*-C3H3)]16.32.64
(See Fig. 12(c))

See Fig. 12(d); n = 0, 3, R! = PBES*C2,
R’ = H;R' = R* = O(CH.);,CH;

1 mol% Pd, r.t.,
NEtziPr, CH2C12

encapsulation can also have a negative effect on the activity by
restricting the accessibility of the metal centre. This could
account for the decreasing productivity observed with increas-
ing generation in the allylic amination of cinnamyl methyl
carbonate with morpholine (Table 3, entry 3). Clearer evidence
for the encapsulation of the catalyst was maybe found in the
Heck reactions using 1,4-diiodobenzene (Table 3, entry 4),
which were highly selective to the monosubstituted product in
the presence of the G5 dendrimer, whereas a nearly equimo-
lecular mixture of mono- and disubstituted products was
obtained without dendrimer. With the appropriate modifica-
tion of the dendrimer periphery, the catalyst was recovered
using a DMF/heptane thermomorphic system and reused
several times whilst retaining the high activity in the catalytic
amination of cinnamyl methyl carbonate with piperidine.
Van de Coevering et al. have used an octacationic dendrimer
to immobilise eight anionic NCN-pincer palladium complexes
(Fig. 12(d)).**"" Initially, the catalytic sites were located out-
side the dendrimer due to the use of a small R substituent at
the dendrimer side (R! = OCH,Ph) and a long chain (n = 3)
at the side of the Pd" complex. In this case, the presence of the
dendrimer did not influence the catalytic activity or selectivity
of the palladium complex in the aldol condensation shown in
Table 3 (entry 5). In a second approach, the active sites were
encapsulated within the dendritic structure by shortening the
complex chain (n = 0) or, alternatively, by using bigger
poly(benzyl ether) dendrons or dodecanoyl chains at the R
position. The activities and selectivities of the complex with or
without dendrimer remained fairly constant, except for minor

decreases in catalytic activity. This means that the structure of
the molecular assembly is relatively open and keeps the
catalytic Pd" sites easily accessible.

Garcia-Bernabé et al. have  immobilised a
[PACLy(P(C¢H4CH>CH,R),)] catalyst (RF = (CF,),CF5) in
a hyperbranched poly(ethylene glycerol) functionalised with
perfluorinated end-chains.”® The immobilisation was pro-
duced by the strong interaction obtained when the perfluori-
nated chain of the complex was intercalated in the
perfluorinated shell of the polymer. This catalyst was tested
in the Suzuki coupling of 4-bromoacetophenone in DMF at
80 °C. Conversions of 100% were obtained under these
conditions after three recovery cycles. The reason given for
the good catalytic behaviour of these supported catalysts is
that the fluorine—fluorine interaction is temperature dependent
and is reduced significantly at higher temperatures, thereby
facilitating desorption of the catalyst at the temperature at
which the catalytic process is run and readsorption at room
temperature for the separation process.

3 Core-functionalised dendrimers

Dendrimer effects can arise primarily in core-functionalised
dendrimers from the site isolation created by the dendritic
environment. Although the encapsulation is associated with
negative kinetic effects, reactions deactivated by an excess of
ligand or where bimetallic deactivation mechanisms operate
can benefit from site isolation. On the other hand, the catalytic
centre located at the core of the molecule can also profit from a
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Table 4 Reactions catalysed by core-modified palladium dendrimers

Reaction/ Typical Dendritic
Entry substrates conditions catalysts
179:80 THF, r.t.,
Allylic substitution Pd:L = 1/1, R

0.1 mol% Pd

.y

CO,Et COEt  pp OO
Ph Ohc 6 — \/\>< P>
A : _<C02Et Ph-o/ COqEt 47><C02Et Fe + [(17%-1-MeC3H4)PdCI],
linear trans branched <Oop
Q \Q R = (CH,),Si-CS-C3x3%%C2:allyly o 7
R R (CH,),Si:CS%2:Me,,
283 Hydrogenation of alkenes 1 bar H,,
2 mol% Pd, =\ __Br
Styrene, 1-octene THF, 22 °C. NN /

R = O:PBES1C2(CH,Ph), 4;
0:PBES:(CH,CgH,-1Bu),

')
N—TdCl
R \
N N=
\ /Br

384 Oligomerisation of olefins 1 bar ethylene,
40 °C, toluene
Ethylene R@H@R
‘o’
Cly R = O:PBEC%-GT:(CH,Ph); »
4% 2.5 mol% Pd,
Heck reaction 100 °C, R! R
com COM in scCO, @ % Q
Pht + =/ 2, 2 (170 bar), RZ'@‘P—F"d—P'@‘RZ
Ph/_ toluene, or |
DMF @ cl

R® R®
Ry, Ry, Ry = H or (CHy),Si:CS-C3x38":(SiMe,Et); (See Fig. 14)

nanoenvironment that is different from that of the groups
situated at the periphery.

In 1999 the group of van Leeuwen reported the synthesis of
carbosilane dendrimers with a [bis(diphenylphosphanyl)ferro-
cene] core (Fig. 13).” The palladium complexes of these

Fig. 13 A bidentate dendritic dppf ligand reported by van Leeuwen
and co-workers for the preparation of core-functionalised metal
dendrimers.”

ligands were used in the allylic alkylation of cinnamyl acetate
with diethyl 2-sodio-2-methylmalonate, which only produced
trans or branched products (Table 4, entry 1).7>%° An increase
in the size of the ligand produced a decrease in the reaction
rate, as expected for a restricted accessibility of the metal
centre. In contrast with the results obtained with related
peripherally modified dendrimers (see above),’®>’ the regios-
electivity of the reaction was modified by the ligand size: larger
dendritic ligands favoured the formation of the minor,
branched product. A change in the local microenvironment
caused by the apolar dendritic shell was proposed as one of the
possible origins of the modified selectivity. Interestingly, the
larger core-functionalised dendrimer with the Pd catalyst
encapsulated in the interior was found to be very stable, in a
continuous-flow membrane reactor, compared with a related
surface-functionalised catalyst in which the metal centres are
fully accessible.®

Another interesting observation in the preceding work is
that changes in activity or selectivity with the generation are
not smooth as an abrupt change occurs at one point of the
dendritic growth. This type of phenomenon has been observed
in other cases and has been attributed to back-folding of the
dendritic structure at this point.®! In relation with this,
Canovese et al. have studied the influence of the wedge size
on the mechanism of the allyl amination reaction with
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palladium complexes bearing pyridyldithio ether (SNS) den-
dritic ligands.®> Two concurrent processes were studied,
namely the equilibrium of displacement of the SNS ligand
by the amine (piperidine) and the kinetics of the attack of the
piperidine at the allyl fragment. As expected, the displacement
of the SNS ligand was more favourable in the case of the
bulkiest ligands and the kinetics of the allyl attack was slower.
However, the size of the dendritic wedge becomes relevant
only on going from the second to the third generation.

A stabilisation effect of a dendritic ligand was also observed
by Siggelkow and Gade in the hydrogenation of olefins with
dendronised Dbis(2-pyridylimino)isoindole (BPI) palladium
complexes (Table 4, entry 2).¥* In contrast, no correlation
was found between activity and ligand size in the oligomerisa-
tion of ethane using palladium dendritic a-diimine catalysts
(Table 4, entry 3).%*

Core-functionalised dendrimers are particularly suited for
the solubilisation of catalysts by an appropriate choice of
peripheral groups. A number of solubilisers, especially fluori-
nated ligands, have been developed in recent years to improve
the solubility of metal catalysts in supercritical carbon dioxide
(scCOy,). The group of Galindo and our group have demon-
strated that fluorine-free carbosilane dendrons can solubilise
metal catalysts in scCO,.%°> We have prepared [PdCl,(PPhs)s]
complexes in which one, two or three carbosilane dendrons are
tethered to the phenyl groups of the phosphane ligand (Fig.
14). The solubility of the Pd complexes in scCO, increases with
the number of carbosilane dendrons per triphenylphosphane
ligand, going from the negligible solubility of the non-dendri-
tic complex to the moderate solubility (0.87 g L™') of the
completely dendronised complex. The effect of this solubilisa-
tion in the catalytic behaviour was studied using the Heck
reaction of iodobenzene and methyl acrylate (Table 4, entry 4).
Although the conversions obtained with the dendronised
complexes were modest (close to 40%), the inclusion of the
carbosilane dendrons was found to be essential as the non-
dendronised PPh; complex is completely inactive under the
same conditions. The activity of dendronised and non-den-
dronised complexes was also compared in toluene and DMF.
The dendrimers are less active catalysts in DMF, a fact that
could be in agreement with both the lower accessibility of the
catalytic site or the local apolar environment caused by the
dendritic shell. Interestingly, this behaviour is reversed in
toluene, where the dendrimers are slightly more active. Con-
versely, the conformational flexibility of the dendritic wedges

EtMe28|
EtMeQS|
f ,\/‘SlMegEt
EtMe,Si
SIMEgEt
EtMesSi_~_Si EtMeZS|
EtMe,Si S|MegEt

Fig. 14 A triphenylphosphane-derived ligand bearing three carbosi-
lane dendrons that has been used for the solubilisation of palladium
catalysts in supercritical carbon dioxide.®

could be responsible for this by adopting more closed or open
conformations depending on the solvent polarity.

The differentiation that dendrimers introduce between the
internal and external microenvironment has led to them being
considered for potential applications as concentrators of sub-
strates around the catalytic centre, a concept taken from
cellular processes.®® For instance, an apolar substrate placed
in an aqueous environment will tend to concentrate into a
dendrimer containing inner apolar branches. However, this
differentiation of internal and external microenvironments is
only possible in large dendrimers with fully encapsulated
cores. An alternative is the use of star polymer architectures
whose size can be tuned over a wide range by adjusting the
polymerisation reactions. In this sense, Fréchet and co-work-

7 have synthesised a photooxidation catalyst based on a
Pd-porphyrin complex surrounded by a relatively hydropho-
bic block and terminated by a hydrophilic block. They found
enhanced reactivity in the case of 2-furaldehyde, which is a
poor substrate for the oxidation with singlet oxygen. They
postulated that this is due to the capability of the macromo-
lecule to concentrate the substrate close to the site of singlet
oxygen generation in the interior of the macromolecule.

4 Supported catalysts

The immobilisation of homogeneous catalysts on organic or
inorganic solid supports facilitates their separation and reuse
but usually results in the partial loss of the advantages of the
molecular catalyst in terms of activity and selectivity. The
introduction of a dendrimer template between the support and
catalyst might help to overcome this drawback by preserving
the well-defined environment of the homogeneous catalyst.
Most of the supported dendritic catalysts reported to date
have been prepared by stepwise divergent growth of the
dendrimer on the support, using solid-phase techniques,®®
and subsequent functionalisation of the supported dendrimer
with the appropriate ligands and metal complexes.” Solid-
phase techniques facilitate the use of a large excess of soluble
reagents and the separation and purification of the functiona-
lised support.

An alternative approach for the heterogenisation of den-
dritic catalysts that does not rely on the use of a solid support
consists in the cross-linking of soluble homogeneous dendri-
mers.%’ Related with this, an example of heterogenisation of
palladium catalysts has been reported recently in which star-
shaped oxime palladacycle complexes were networked by
formation of Pd—Cl-Pd bridges.”® These materials exhibit
good catalytic activity and recyclability in the Suzuki coupling
of aryl bromides at room temperature and aryl chlorides at
110 °C.

4.1 Dendritic catalysts supported on silica

The most highly developed class of supported dendritic cata-
lysts has mainly been published by the group of Alper and
consists of PAMAM dendrons constructed from aminopro-
pyl-functionalised silica gel by the usual Tomalia approach,*
and generally phosphonated in the last step. The first report
appeared in 1999, when Alper, Arya, Manzer et al. suggested
that the dendritic support of a dendronised silica could give
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the catalysis a degree of homogeneous character as it would be
highly solvated in a suitable solvent system. The first catalysts
contained rhodium complexes and were used in hydroformy-
lation reactions and recycled and reused without significant
loss of selectivity or activity.”’”> In many cases, these silica-
supported systems should be better described as hyper-
branched polymeric as opposed to perfect dendritic materials
because of the elevated number of imperfections in the growth
of the dendrimer, which results in an actual metal content
lower than the theoretical value, especially for higher genera-
tions.”>%* These defects are due, in part, to steric constraints in
the growth and phosphonation of amine groups residing at the
periphery of higher-generation dendrimers or in the pores of
the support, but are also favoured by inappropriate reaction
conditions.”® The steric constraints can be partially overcome
by extending the length of the PAMAM arms (Fig. 15).°%%¢
Recently, Alper, Sayari and co-workers have attained average
growth yields of better than 99% in the support of G4
PAMAM dendrimers using large pore PE-MCM-41 instead
of amorphous silica.””

Alper et al. have also proved the usefulness of silica systems,
such as those represented in Fig. 15, for the Heck coupling of
bromo- or iodoarenes (but not chloroarenes) with styrene or
butyl acrylate (Table 5, entry 1).°® The stability and efficiency
of supported Pd complexes in the Heck reaction was improved
by using PCP pincer ligands (Table 5, entry 2).”° In the
presence of the same type of diphosphane catalysts, iodoben-
zene reacted with carbon monoxide in methanol at 100 °C and

Me; Mez
Phap 1 Fepn
2\‘ PPhy Pha"kf ?
HN NH

s
Me.Pd—P p —PdMes
T o™ o 2
N
(@) s<|
000
Me; Me;,
PheP” bph, phop RPh2
HN NH

(b)

Fig. 15 (a) A second-generation PAMAM Pd dendrimer supported
on silica, Si0,-Si(CH,);N:PAMAMS2(N(CH,PPh,),PdMe,),. (b)
The PAMAM-C6 analogue, which differs in the number of carbon
atoms separating the intermediate amido and the branching amine
functionalities.

a CO pressure of 100 psi to give essentially quantitative yields
of methyl benzoate, whereas bromobenzene did not react even
at 150 °C.** The G1 dendrimer was recycled four times with a
decrease of activity from 100 to 76%, which was to some
extent due to the loss of the recovered silica-based catalyst
because of its partial solubility in methanol. The carbonylation
reaction was found to be applicable to a variety of iodoarenes
regardless of the nature of the substituent (Table 5, entry 3).
The carbonylation of alkenes in the presence of an alcohol (or
hydroesterification reaction) usually gives a mixture of linear
and branched products in the case of 1-alkenes. Silica-sup-
ported GO to G4 PAMAM dendrimers have been studied in
the reaction of a wide selection of terminal alkenes with
carbon monoxide and methanol (Table 5, entry 4).”> These
systems are the first example of Pd-supported catalysts for
hydroesterification that can be effectively recycled for several
runs, although with decreasing activities due to Pd leaching. It
is noteworthy that the ratio of linear to branched products,
which always favours linear products, even for styrene, im-
proved upon recycling, possibly because the branched pro-
ducts are more likely to be produced by the complexes grafted
on the surface, which are more prone to leach away.

Chanthateyanonth and Alper have reported the synthesis of
five- and seven-membered ring lactones in high yields by the
intramolecular cyclocarbonylation of 2-allylphenols with pin-
cer-PCP complexes at high temperatures (120-40 °C).!%° The
selectivity of the reaction could be directed, at least in the case
of the GO catalyst, towards the five- or the seven-membered
ring lactone by an appropriate choice of reaction conditions.
However, the catalyst could be effectively recycled only under
the conditions for highly selective formation of the seven-
membered ring lactone (Table 5, entry 5). Under the same
conditions, the related mononuclear homogeneous catalyst
gave high yields but only moderate selectivity. This difference
in selectivity between the homogeneous and heterogeneous
systems was ascribed to the substantial difference in size
between both types of catalyst. The intramolecular cyclocar-
bonylation reaction has since been extended, by using di-
phosphane chelate palladium catalysts, to other 2-allyl- or 2-
vinylphenols and -anilines to afford five-, six- and seven-
membered ring lactones and lactams (Table 5, entry 6),'°!
and also to the synthesis, with yields greater than 90%, of
fused heterocycles containing oxygen, nitrogen or sulfur seven-
and eight-membered rings (Table 5, entry 7).!°% In the latter
case, the G1 dendrimer showed the best recyclability using 2-
(2-iodophenoxy)aniline as substrate, maintaining conversions
always greater than 95% for the desired dibenzoxazepinone
for eight recycling runs. These reactions were found to be
compatible with a wide variety of substituents, and double
intramolecular insertions of carbon monoxide were also ac-
complished in high yields.

The oxidation of terminal alkenes to methyl ketones was
studied by Zweni and Alper using zerz-butyl hydroperoxide as
oxidant and, as catalysts, Pd(dba) anchored to the silica
support by GO to G4 dendrimers of different arm lengths
(PAMAM-C2, -C4, and -C6; see Fig. 15 and Table 5, entry
8).%° With the GO catalyst, the yields ranged from 27 to 42%
for the linear terminal alkenes but the lowest yield (11%) was
obtained, as expected, with cyclohexene. However, the activity
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Fig. 16 A second-generation, polystyrene-based DenPol decorated
with palladium NCN pincer complexes at the periphery.®’

dropped drastically when the dendritic generation increased in
the case of the short-chain PAMAM catalysts. Considering
that this poor activity is due to the steric congestion of the
dendrimer, long-chain PAMAM-C6 and -CI12 first- and sec-
ond-generation dendrimers were tested. Intriguingly, the G2-
PAMAM-C6 and -C12 dendrimers gave the highest and low-
est conversions, respectively, for the linear terminal olefins.
These catalysts were found to be recyclable and the reaction
scope was extended to other branched or cyclic olefins.

Recently, the selective hydrogenation of dienes to mono-
olefins has been studied using 1,3-cyclohexadiene and other
cyclic and acyclic dienes (Table 5, entry 9).'°% In the case of
1,3-cyclohexadiene, the best selectivity was obtained with
methanol as the solvent (73 to 88% for cyclohexene, depend-
ing on the catalyst, when complete conversion of the starting
diene was achieved). The presence of small amounts of ben-
zene in the product mixture may be an indication of traces of
Pd particles within the catalyst matrix. The higher-generation
catalysts displayed good recycling properties.

4.2 Dendritic catalysts supported on polymers (DenPols)

Dendronised polymers (DenPols) combine dendritic and poly-
meric segments and consist of a linear polymeric core to which
dendrons are linked through their focal point (Fig. 16).'%* The
ensemble has a high degree of structural rigidity due to steric
congestion around the linear polymeric core, which makes it
ideal for the immobilisation of catalytic sites. The first reaction
tested with supported DenPols, reported by Arya, Alper and
co-workers in 2000, was the hydroformylation of olefins with
rhodium complexes on a PAMAM-polystyrene DenPol.!?
Dahan and Portnoy have used dendronised polystyrene
resins of generations zero to three as a convenient support
for [(diphosphane)Pd(dba)] catalysts, which were found to be
moderately active in the Heck reaction of bromobenzene with
methyl acrylate (Table 6, entry 1).!° A remarkable dendritic
effect was observed in both activity and selectivity. Thus, the
nondendritic GO system gave conversions as low as 20% after
72 h at 80 °C, and significant amounts of biphenyl by-product
resulting from the homocoupling of bromobenzene. In con-
trast, the G3 system produced the trans Heck coupling product
quantitatively and selectively—a better result even than that
observed under the same conditions with the related homo-
geneous catalysts. As precipitation of metallic palladium
occurs during the reaction, the dendritic effect might be
reflecting a reduced decomposition rate of the higher genera-
tion catalysts or an encapsulation effect of the DenPol on Pd
nanoparticles that could be acting as the true catalyst.
Schliiter, van Koten and co-workers have used DenPols of
up to the third generation and equipped with NCN-pincer
palladium complexes at the periphery as catalysts for the aldol
condensation of benzaldehyde with methyl isocyanoacetate
(Table 6, entry 2).57 The activity per palladium, although
lower than in their homogeneous counterparts, was found to
be almost independent of the generation of the dendrimer.
This is in agreement with a model of active sites not interfering
with each other and equally accessible to the substrates in the
different generations, probably because the bulky nature of the

Table 6 Reactions catalysed by palladium dendrimers supported on polymers

Reaction/ Typical Dendritic
Entry substrates conditions catalysts
1'% 2.5 mol% Pd,

Heck reaction 80-120 °C, 60-G3 . Ph,
X X X Ph X NEt;, NMP Polystyrene—CH,:PBE {O—C—@—P (Pd(dba))°5]1,2,4,s

ph—r + =/ — ~ |4 + \=/ + Ph-Ph

X =CO,Me, Ph,0Bu PN trans | Ph 11 cis  homocoupled
267 2.5 mol% Pd, Polystyrene—CH,:{N(H)C(O)-C¢H3-3,5-

Aldol condensation

NEtPr 2, CH2C12

(OCH,CH),} " (N(H)C(0)-CeH,-3,5-
(CHzNMC2)PdB1‘2)2.4.3 (see Flg 16)

O o™
Ph—4 + CN™COMe
H PH CO,Me
3107 2.1 mol% Pd  Polystyrene-N:PAMAMS!"%%(N = CH-C¢H,OH), + PdCl,
Hydrogenation
H
N o) S

VRV

1180 | New J. Chem., 2007, 31, 1161-1191

This journal is © the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2007


http://dx.doi.org/10.1039/b615761k

Downloaded by University of Belgrade on 01 January 2013
Published on 19 February 2007 on http://pubs.rsc.org | doi:10.1039/B615761K

View Article Online

(a) (b)

Fig. 17 Schematic representation of (a) a dendrimer-encapsulated
nanoparticle (DEN) and (b) a nanoparticle-cored dendrimer (NCD).

NCN-Pd complex forces them to reside on the polymer sur-
face. Finally, Feng and co-workers'®” have reported the
hydrogenation of furan, pyrrole and thiophene with palladium
dichloride and a second-generation PAMAM-polystyrene
DenPol terminated with phenol groups (Table 6, entry 3).
For the furan substrate, the catalyst could be recycled 10 times
with conversions dropping from 0.96 in the first run to 0.58 in
the last one.

5 Palladium nanoparticles

The synthesis of monodisperse and small (1-10 nm) metal
nanoparticles'® is important for many applications, including
catalysis.'® """ Because metal nanoparticles tend to aggregate,
the use of stabilising agents such as polymers, surfactants,
ionic compounds or ligands is necessary to control the particle
size and prevent the aggregation of the nanoparticles and the
associated loss of catalytic activity.'*®"'%"2 However, stabi-
lisers diminish the accessibility of the nanoparticle surface to
substrates and therefore produce a partial passivation of the
catalyst. An ideal stabiliser should surround the nanoparticle
to control the size and prevent agglomeration at the same time
as being sufficiently porous to permit the passage of substrates
and products between the reaction media and the metal sur-
face. Dendrimers possess internal voids and channels and have
been used in this context in two different strategies. In the first
one (Fig. 17(a)), the metal nanoparticle is synthesised in the
interior of the macromolecule and is stabilised by the outer
part of the dendrimer. In the second case (Fig. 17(b)), the
surface of the metal nanoparticle is protected by coordination
of a ligand situated at the focal point of a dendron.

5.1 Dendrimer-encapsulated nanoparticles (DENs)

The encapsulation of metal nanoparticles inside a dendrimer
was first demonstrated by the groups of Crooks!'? and Toma-
lia'"* in 1998, and has been the subject of several reviews.'>'*
DENs are generally prepared from PAMAM''3114 o pp[!15:116
dendrimers containing interior amine groups that are able to
complex metal ions.''” The metal ions are sorbed into the
dendrimer interior and subsequently reduced chemically to
yield nanoparticles that remain encapsulated within the macro-
molecule. The number of metal ions preloaded in the dendritic
structure predetermines the nanoparticle size, and the type and
generation of the dendrimer limits the maximum metal loading
possible to obtain true encapsulated nanoparticles stabilised by
the outer branches of the host molecule. Thus, the dendritic

macromolecule acts simultaneously as a template that controls
the size of the nanoparticles and a stabiliser that prevents
aggregation. DENs have an ensemble of characteristics derived
from the unique architecture of dendrimers that are particularly
advantageous for catalytic applications. First, the nanoparticles
thus generated are, in many cases, nearly monodisperse, with
sizes that are easily adjustable by controlling the metal preload-
ing and usually in the range of 1 to 3 nm, and therefore contain
an elevated ratio of metal atoms at the surface. Second, the
dendrimer branches protect the nanoparticle from agglomera-
tion whilst leaving a substantial part of the metal surface
unpassivated and available to substrates. At the same time,
they control the accessibility of the metal catalyst and, there-
fore, the selectivity of the catalytic process.''®!!"® Third, the
periphery of the dendrimer can be modified, either cova-
lently!!>118120 o1 non-covalently,'?!"'*? to dissolve the nano-
composite in the desired organic,'?*!?"!3 aqueous,!'*!1%*
supercritical CO0,,!1% or fluorous medium.''>1%

The encapsulation of bimetallic nanoparticles'*® in dendri-
mers can be carried out by metal reduction of dendrimers
preloaded with a mixture of salts of the desired me-
tals,'?*1267128 o1 alternatively, the second metal can be intro-
duced into a preformed DEN containing the other metal.'”
The first method is used to prepare bimetallic particles of the
alloy type, whereas the second one is aimed at the preparation
of particles formed by a core of the first metal surrounded by a
shell of the second metal. Dendrimer-encapsulated metal
nanoparticles can be also prepared from preformed DENs
containing a less noble metal, which is completely displaced
when introduced into a solution containing ions of the more
noble metal."*® It is possible to take advantage of DENSs to
facilitate the preparation of ligand-stabilised nanoparticles of
controlled size by extraction of the preformed Pd nanoparticle
with n-alkanethiols."!

Both PAMAM and PPI dendrimers are commercially avail-
able but, in order to select a dendrimer template, the differ-
ences in stability'*? and relative size should be considered (4.5
vs. 2.8 nm for G4 PAMAM and PPI, respectively).'> An usual
type of water-soluble palladium DENSs are obtained from the
hydroxy-terminated dendrimer PAMAMS*:(OH), preloaded
with about 40 metal ions. The resulting water-soluble compo-
sites, which are stable for months in water,''® contain a metal
nanoparticle in the range of 1.3 to 1.7 (£0.3) nm encapsulated
in a dendrimer of 4.5 nm, and usually give a good compromise
between activity and stability.'** The average distance between
the dendrimer surface and the metal surface has been esti-
mated'* to be 0.7 & 0.2 nm."** For the preparation of DENs
within dendrimers terminated in NH, groups, the pH of the
solution should be adjusted carefully to protonate the more
basic exterior amines.'?!

Hydrogenation of alkenes. Palladium DEN catalysts were
reported for the first time in 1999 by the group of Crooks, who
used water-soluble PAMAM:OH < (Pd)4y composites for
the hydrogenation of allyl alcohol and N-isopropyl acrylamide
in water (Table 7, entry 1).'"8. The G4 DENs showed high
catalytic activity but the TOF decreased very significantly for
the higher-generation dendrimers with a more crowded per-
iphery. The reduction of the hydrogenation rate upon
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dendrimer encapsulation is more important for larger sub-
strates, as clearly shown in a subsequent report where allyl
alcohol and four a-substituted derivatives were compared
(Table 7, entry 2).!'° The steric control of the dendrimer
periphery on the hydrogenation rate was corroborated by a
series of experiments using fourth-generation PAMAM den-
drimers with terminal groups producing various extents of
steric crowding at the periphery (Table 7, entry 3).'*° These
results demonstrated the possibility of performing size-selec-
tive catalysis by adjusting the “mesh” of the dendrimer
nanofilter. Solvent-induced changes in the internal structure
of dendrimers should also be considered, especially for lower
generations with a less crowded periphery. The latter is
suggested by the fact that hydrogenation rates of allyl alcohol
for the G4 and G6 dendrimers were found to be significantly
reduced in a MeOH/H,O solvent mixture instead of only
water, whereas the effect of changing the solvent was only
very small for the G8 dendrimer.'"’

Particle size and morphology are recognised as important
factors in nanocatalysis,'*® because of the potential changes in
the electronic and geometric properties of the particle on the
nanometre scale. It has been observed that the hydrogenation
rates for allyl alcohol, at constant Pd concentrations, tend to
increase as the particle size increases, even though the percen-
tage of surface atoms it is expected to be smaller for bigger
particles.!'®!? This effect has recently been studied in more
detail with nanoparticles ranging from 1.3 to 1.9 nm (Table 7,
entry 4)."*7 In the 1.5-1.9-nm range, the hydrogenation rates
correlate with the number of face atoms, whose proportion is
large for bigger particles in this size range. However, the TOF
values were almost invariant in the 1.3—1.5-nm size range. This
was explained as a result of negative electronic effects com-
pensating the geometrical effects.

The influence of the polar environment inside dendrimers in
the specificity of the substrate using DENs was first noted by
Kaneda and co-workers in a study measuring the initial
hydrogenation rates of different substrates with palladium
PPI catalysts,'*® where size effects of both the dendrimer and
substrate similar to those described above were observed; for
instance, a clear decrease of the hydrogenation rate was found
with an increase of the ring size in cyclic conjugated dienes
(Table 7, entry 5), especially with the bigger G5 dendrimer.
This ring effect was absent when a Pd/C catalyst was used
instead. However, a more complex mechanism of substrate
recognition, not one based merely on molecular size, should be
in operation in the specific hydrogenation of only the polar
substrate, which was observed when equimolar mixtures of
cyclohexene and 3-cyclohexene-1-methanol (or N-methyl-3-
cyclohexene-1-carboxamide) were catalysed by the G5 DEN.
The formation of hydrogen bonding between the polar sub-
strate and the internal amino groups (as evidenced by NMR
and FT-IR spectroscopy) might play an important role in its
preferential penetration into the dendrimer and therefore in
the remarkable specificity. However, the complete encapsula-
tion of the metal nanoparticle within the dendrimer is also
important, as shown by the lower specificity of the G3
dendrimer. The solubilisation of DENSs in the organic solvent
was achieved in this case by covalent attachment of terminal
triethoxybenzamide groups. An alternative approach, devel-

oped by Chechik ez al., uses non-covalent binding of dodeca-
noic chains to the terminal amine groups of a PAMAM
dendrimer (Table 7, entry 6).'2!

Indirect evidence for the true bimetallic nature of nanopar-
ticles as PdPt'*® or PdAu'?® DEN alloys results from their
ability to hydrogenate allyl alcohol at higher rates than
physical mixtures of monometallic DENs with equal composi-
tion (Table 7, entry 7). In their optimal composition, these
bimetallic composites are more active than Pd- or Pt-only
DENs. The same effect is found in core/shell [Au]ss(Pd).
DENs composed of an inactive gold core of 55 atoms sur-
rounded by a shell with a variable number of palladium atoms.
For nanoparticles with a sufficiently sized Pd shell (x~250
atoms), TOF values were 30-38% higher than those obtained
with similar Pd-only DENs. Bimetallic PdPt'?® and PdRh!?*
PAMAM DENs have been used by Chung and Rhee for the
partial hydrogenation of 1,3-cyclooctadiene to cyclooctene,
with selectivities higher than 99% for complete conversion of
the diene (Table 7, entry 8). A similarly high selectivity has
been reported with Pd-only nanoparticles encapsulated in PPI
dendrimers (Table 7, entry 5).'*® The Pd-Rh DENs were
reused without loss of catalytic performance, and, again, the
bimetallic catalysts were more active than physical mixtures of
monometallic nanoparticles. It should be noted that similar
enhancements have been observed with bimetallic PdPt,'*
PdRh and PdAu'*’ nanoparticles stabilised by other metho-
dologies.

The recovery and recycling of soluble catalysts can be
facilitated by the use of biphasic fluorous/organic systems,
where the efficiency of the separation relies on the preferential
solubility of the catalyst in the fluorous phase.'*' Chechik and
Crooks reported palladium DENs which were solubilised in
the fluorous phase by non-covalent modification of the term-
inal amine groups with perfluoropolyethers and used for the
hydrogenation of several substrates (Table 7, entry 9).'** In
one case, the catalyst was recycled 12 times without appreci-
able loss of catalytic activity. Another way to enable easy
recovery of nanoparticles is by immobilising them on solid
supports. DENs have been used as precursors of mono-'4>143
and bimetallic"** supported nanoparticles in order to try to
take advantage of the size regularity and compositional fidelity
of the original nanoparticles, although removal of the dendri-
mer template by calcination is always associated with some
degree of aggregation.'**'* In a different approach connected
with the work of Alper on dendritic catalysts supported on
silica (see Section 4), Zhu, Qiu and co-workers'*® and Jiang
and Gao'*” have independently reported the encapsulation of
Pd nanoparticles into PAMAM dendrimers constructed on the
surface of the channels in amine-functionalised SBA-15
(Fig. 18). The latter group showed that these supported
nanoparticles retain their activity after several recycling runs
(Table 7, entry 10).17

Heck reactions. Palladium nanoparticles catalyse effectively
carbon—carbon coupling reactions, such as the Heck reac-
tion.!""1*® Christensen and co-workers, for example, have
studied the reaction between several haloarenes and acrylic
acid in the presence of palladium nanoparticles encapsulated
in a PAMAM dendrimer (Table 7, entry 12).'* Under the
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Fig. 18 DENs supported on the surface of the channels in
SBA-]5,146.147

conditions tested, the catalyst was unable to couple aryl
chlorides, a modest yield of 35% was obtained with bromo-
benzene, but iodoarenes reacted effectively at low Pd loadings
(0.025 mol%) with yields ranging from 67 to 92%. The
catalyst could be recycled, although the efficiency dropped
drastically and formation of Pd black was observed upon
reuse. Yeung and Crooks have studied the reaction of phenyl
halides and n-butyl acrylate in an organic/fluorous biphasic
system using DENs decorated externally with perfluoropo-
lyether chains (Table 7, entry 13).''5 Again, only the aryl
iodide produced high yields and the catalytic activity de-
creased significantly upon successive recovery/catalytic cycles,
even though Pd precipitation or leaching were not observed.
As no deactivation was observed upon storage or after 24 h
refluxing in the reaction solvent, it was suggested that deacti-
vation occurs by changes in the morphology of the Pd
nanocluster surface brought about by redox cycling of the
Pd atom during the Heck reaction. Perfluoropolyether chains
also provide solubility in supercritical carbon dioxide (scCO,).
Using the same type of palladium DENSs, Crooks, Johnston
et al. reported the first example of catalysis in scCO, with
soluble metal nanoparticles (Table 7, entry 14).''® The utility
of this system to catalyse reactions in scCO, was demonstrated
in the hydrogenation of styrene to ethylbenzene (Table 7, entry
11) and in the Heck coupling reaction of iodobenzene and
methyl acrylate (Table 7, entry 14). It is worth mentioning that
only the 1,1-coupled product (methyl 2-phenylacrylate) was
obtained in this reaction, whereas the same reaction carried
out with the same catalyst but in an organic/fluorocarbon
solvent system gave only the trans-coupled product (butyl
trans-formylcinnamate).

Stille and Suzuki cross-coupling reactions. Li and El-Sayed
have compared the stability of Pd nanoparticles stabilised by
PAMAM:OH dendrimers or polymers, as measured by their
tendency to give Pd black during the reaction of iodobenzene
and phenylboronic or 2-thienylboronic acid in aqueous media
(Table 7, entry 15).* The G4 DEN was found to be a better
stabiliser but a worse catalyst than the G3 and G2 nanocom-
posites, thus showing how the strong encapsulation of Pd
particles within dendrimers results in a loss of catalytic
activity. During the study of this reaction, an increase in the
size of the metal nanoparticles encapsulated in the G4 den-
drimer was observed after the first and second catalytic
cycles.!™® It was proposed that the rate of formation of the

complete nanoparticle is slow due to the fact that G4 PAMA-
M:OH is a strong encapsulator, which results in a high
concentration of metal in solution. As the presence of phe-
nylboronic acid inhibits the particle growth, it was suggested
that it acts as a capping agent. Thus, the reaction mechanism
must involve the adsorption of phenylboronic acid onto the
surface of the nanoparticle, which subsequently reacts with the
iodobenzene in solution. Christensen and co-workers have
found that the G4 PAMAM:OH dendrimer becomes an
efficient Suzuki catalyst if larger Pd loadings per macromole-
cule are used (60 atoms of Pd vs. 10 used by El-Sayed; Table 7,
entry 16).">! Todo and bromo (but not chloro) arenes, includ-
ing 2-iodothiophenes, were found to be efficiently coupled with
low palladium loadings (0.055 mol%), whereas El-Sayed’s
composites were inactive and gave important amounts of
palladium deposition when trying to couple iodobenzene with
2-thienylboronic acid.!*® It was proposed that Christensen’s
composites consist of palladium nanoparticles stabilised by the
dendrimer (see below) rather than particles encapsulated in the
dendrimer. In any case, the catalyst solutions were stable for
months.’>! Recently, Lemo et al. have observed that Pd
nanoparticles encapsulated in low-generation PPI dendrimers
are more active in the coupling of iodobenzene and phenyl-
boronic acid but are also more prone to the precipitation of Pd
black (Table 7, entry 18).!%

Several examples are known of the Stille cross-coupling
reaction in water,'>® although typical conditions include the
use of high temperatures. Garcia-Martinez et al. have obtained
high yields (70-100%) in the aqueous-phase reaction of phenol
or benzoic acid derivatives (bromo and iodo) with trichlor-
ophenylstannane at room temperature using modest Pd load-
ings (0.1 to 1 mol% Pd), except for ortho-iodobenzoic acid,
which poisoned the catalyst (Table 7, entry 17).!>* The aggre-
gation of Pd nanoparticles during the catalytic reaction was
almost inappreciable and the catalyst remained active after
completion of the reaction, whereas precipitation of Pd black
and a decrease in product yield was observed when the
reaction was carried out at more elevated temperatures
(>50 °C).

Non-encapsulated metal-dendrimer composites. The group of
Esumi has used a different strategy for dendrimer protection in
which the metal is not encapsulated in the dendritic interior
but coordinated at the surface of the PAMAM'® or PPI'®
dendrimers. Palladium monometallic'*® and Pd/Pt or Pd/Au
bimetallic'>” nanoparticles thus stabilised were studied in the
reduction of 4-nitrophenol with sodium borohydride. The
bimetallic nanocomposites were recently used as catalysts for
scavenging 1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals.'*

Hyperbranched polymers. Several reports have appeared
using hyperbranched polyglycerols, which are synthetically
accessible with narrow molecular weight distributions," to
stabilise palladium nanoparticles. Traditional encapsulating
dendrimers generally contain nitrogen donor atoms that en-
able initial coordination of metal salt precursors but at the
same time block active sites in catalysis. In contrast, poly-
glycerols contain weakly coordinating OH functions. The
applicability of these polymer-encapsulated Pd nanoparticles
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has been examined in the hydrogenation of cyclohexene in
both batch'® and continuously operated membrane reac-
tors.'®" More recently, palladium nanoparticles encapsulated
into optically active hyperbranched polyglycerols have been
tested in the Heck reaction of 2,3-dihydrofuran and phenyl
triflate, resulting in the formation of 2-phenyl-2,3-dihydrofur-
an in moderate yields but with no enantiomeric excess.'®?
Russo et al. have used hyperbranched polyamides (aramids)
to stabilise Pd nanoclusters'®® which were applied, in colla-
boration with Bianchini, to the hydrogenation of unsaturated
substrates either in non-polar or polar solvents. In most cases,
the catalyst proved to be efficient, selective and recyclable, yet
the nature of the solvent affected remarkably the catalysis
outcome in terms of both activity and selectivity.'®* The
catalyst was recyclable by filtration up to three times, main-
taining the activity and selectivity and without apparent
leaching.

5.2 Nanoparticle-cored dendrimers (NCDs)

Ligands bearing dendryl substituents, such as those discussed
in Section 3 of this review, can be used advantageously to
replace simple capping ligands (more usually, thiols, amines or
phosphanes)'® in the preparation and stabilisation of metal
nanoparticles.!'71%3718 I sharp contrast to small molecules,
only a very limited number of dendritic ligands have room
around the nanoparticle core due to their sterically demanding
dendritic structure. Thus, a substantial fraction of the metal
surface area is available for participation in catalytic reactions
without the need for previous ligand dissociation. Godipas
et al. have reported the synthesis of palladium nanoparticles
stabilised by thiol ligands bound to the focal-point of Fréchet-
type poly(benzyl ether) dendrons (Fig. 19).'®® The resulting
palladium NCD nanoparticles have a relatively wide size
distribution (1-5 nm) compared to DENs and are made up
of a metal core with an average diameter of 2.0 nm and
containing about 300 palladium atoms that is surrounded by
14 third-generation ligands, which means that 91% of the Pd

Table 8 Reactions catalysed by NCDs

70

27
Q o o

Fig. 19 Thiol ligand employed for the preparation of palladium
NCDs.'*

surface should be unpassivated. Despite that, the nanoparti-
cles were found to be very stable and did not exhibit discern-
ible aggregation after prolonged periods. No side products
were observed in model Heck and Suzuki reactions (Table 8,
entry 1), and the turnover numbers and frequencies were high,
although yields were moderate because of the low Pd loadings
(0.002 mol%). The catalyst was found to be soluble in toluene,
the solvent used in the Heck reaction, but insoluble in ethanol,
where the Suzuki reaction was carried out. Hydrogenations
were unsuccessful, probably because the ligand carbon—sulfur
bonds undergo hydrogenolysis, which leads to metal precipi-
tation. Recently, Wu ez al. have used dendronised phosphanes
instead of thiols as capping agents and have obtained high
efficiency in both Suzuki and hydrogenation reactions (Table 8,
entries 2 and 3, respectively).'®” Suzuki reactions of aryl
iodides and bromides occurred with low Pd loadings (0.06
mol%) and yields ranging from 86 to 100%. Even aryl
chlorides gave good yields, although higher Pd loadings were
required (2 mol%). The catalysts were recovered by precipita-
tion with methanol and reused eight times without any loss of
activity in the first four runs. The leaching of palladium in the
firsts runs was of the order of a few parts per million.

Substrates or

Dendritic
catalysts

Typical
conditions

Entry  reaction
nggk and Suzuki C—C couplings
1
Ph—I + ﬁR Ph—X + Ph—B(OH), X =Br, I; R = COOEt, Ph
5167

[Pd]-S:PBE®?:(CH,Ph)g],.,
(See Fig. 19)

0.02 mol% Pd, NEt;,
reflux, toluene (Heck)
or 40% ethanol (Suzuki)

0.06 mol% Pd (X = Br, I) [Pd]f[PPhQ:PBEGI G3.

Z=C;X=Cl,Br, I;R" = H, p-OH, p-COMe,
m-, p-COOMe, o-, m-NO,, o-, p-CHO,
0-, p-CHg; R2 = H, p-CHg, p-COMe, p-F

Z=N,X=23-Br,23-Cl,R"=R2=H

or 2 mol% Pd (X = Cl);
K;POy,, reflux, dioxane

(CH2Ph)z 45,

1 R2 /—
=

Hydrogenation of alkenes
3197 0.5 mol% Pd, 5-30 atm H,,

o i O o O P EGE

4168 1.6 x 1073 M, r.t., CH,Cl,

O-O O=——0L

Z.E=946

[Pd]-[PPh,:PBE®>:
(CH,Ph)s],

[PAM]-[py-4-CH,N:
PAMAMES! G2R, 4],
[MM"] = Pd, Pd.Pt,,

PtR = '
—CH,CH,CONH(CH,)sCHj3
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Bimetallic PdPt nanoparticles stabilised with pyridine-PA-
MAM ligands have been studied as catalysts for the selective
hydrogenation of dienes (Table 8, entry 4).'® Hydrogenation
of 1,3-cyclooctadiene yielded cyclooctene exclusively without
formation of any insoluble metal aggregate. The activity of the
bimetallic nanoparticles was found to be higher than that
found for physical mixtures of monometallic nanoparticles
of equal composition. In agreement with parallel observations
made in the preceding examples, a notable increase in the
activity (1.9 times) was observed on going from G1-Pd4Pt to
G2-Pd4Pt: an increase in dendron generation provides a less
congested Pd surface, which facilitates substrate access to the
active sites. The catalyst, which could be separated using a
DMF/n-heptane thermomorphic system,” was found to retain
its activity after four recycling cycles. An extremely high
selectivity for the monoene was also achieved in the hydro-
genation of 1-phenyl-1-propyne, which afforded 1-phenyl-1-
propene in 94% yield (Z : E = 94 : 6).

6 Conclusions and outlook

During the last decade, palladium dendrimers have been used
as (a) soluble systems in homogeneous catalysis, (b) spacers for
catalyst immobilization on silica or polymers, and (c) precur-
sors for the synthesis and stabilisation of mono- and bimetallic
palladium nanoparticles. Carbon—carbon bond-formation and
hydrogenation reactions are the main focus of research in this
area, with a particular emphasis on the catalyst recyclability
and the influence of the dendritic architecture on the catalytic
outcome.

Palladium complexes have been grafted at both the periph-
ery and core of dendrimers, although the former approach has
been largely predominant in homogeneous catalysis driven by
the idea of a better accessibility of the active sites. In fact,
peripherally modified dendrimers and monometallic com-
plexes often show a similar behaviour in terms of activity,
stability or selectivity, thus showing that the dendritic metal
catalysts are probably acting in these cases as independent
sites, with a similar accessibility to the substrates in both types
of catalysts. In other cases, the specific catalytic profiles
observed for peripherally modified dendrimers are generally
ascribed to the consequences of the physical constraint of the
metal complexes at the limited surface of the macromolecule in
terms of steric congestion, local concentration of metals and
ligands, or interaction between metal centres. Surface conges-
tion tends to decrease the activity of high-generation dendri-
mers but presumably has an important role in the selectivity by
restricting the conformations available. The effect of the
dendrimer on the stability of the palladium species is contra-
dictory, and both stabilising and destabilising effects have been
observed. This illustrates the importance of the design of the
dendritic catalyst. In this review, several examples have been
discussed in which a small modification of the dendritic
molecule stabilizes the Pd catalyst significantly. When the
catalyst deactivation is favoured by the interaction between
metal centres, the generation number, the core or branch
multiplicity, or the segment length can be modified to diminish
the metal density at the dendritic surface. However, it is also
important to note that the interaction between metal com-

plexes located at the dendritic surface can be avoided through
the use, for instance, of more rigid dendrimers, which shows
the importance of the appropriate choice of dendrimer back-
bone. In the same sense, ligands can cause specific effects on
the dendrimer catalysts by modifying, for example, the surface
congestion or the arm back-folding.

Enhanced stabilities are more generally associated with
dendrimers in which the palladium centres are encapsulated
within the dendrimer interior. In fact, it is somewhat surpris-
ing that only a few studies have been devoted to the catalytic
behaviour of core palladium dendrimers. Core dendrimers are
a priori more suited to the observation of site-isolation effects
originating from the steric hindrance or dipolar characteristics
of the dendrimer branches. Small dendritic substituents might
be sufficient for the stabilisation of Pd catalysts and, even if the
activity is lowered by the encapsulation effect of the substi-
tuent, this can be compensated by the longer durability of the
catalyst. Moreover, the peripheral groups of encapsulated
catalysts can be varied to obtain a better solubility in the
desired solvent and this enhanced solubility should favour fast
kinetics. The use of dendritic ligands to solubilise Pd com-
plexes in non-conventional solvents such as water is essentially
unexplored. In contrast to core systems, the solubility of
periphery-modified dendrimers is controlled by the metal
groups and the scarce solubility of the higher-generation
molecules is often a drawback.

If the catalytic behaviour of a monometallic catalyst is
modulated by the electronic and steric properties of the first
coordination sphere constituted by the ligands, the specific
behaviour of a dendritic catalyst depends additionally on the
secondary dendritic structure. However, this secondary struc-
ture is often far from being perfectly defined, at least in low-
generation dendrimers containing flexible arms. Moreover, the
conformational dynamism can be significantly altered by the
solvent, the ionic charge of the metal complex, the pH, or the
ionic strength of the solution, which is changed for instance by
salts formed in some C—C reactions. The presence of catalytic
sites with slightly different abilities to interact with substrates
should be considered in the interpretation of the catalytic
results, and more theoretical and experimental studies are
needed in this direction.

Even though they have a similar catalytic behaviour, den-
drimers differ from mononuclear complexes in their nano-
scopic dimensions, which enable separation by membranes
and use in continuous-flow reactors. However, recuperation
and reuse of the palladium catalysts has been achieved in most
cases by precipitation, or by using thermomorphic systems.
Although the latter methods are not always directly related to
the intrinsic characteristics of the dendrimer, and in some
cases the same results might be obtained with monometallic
complexes, the interest in these studies also lies in the informa-
tion extracted about the nature and stability of the recuperated
catalysts. Metal leaching and catalyst deactivation are the
most common problems for catalyst recovery.

A priori, non-covalent connections between the dendritic
support and the anchoring ligand are more suited to metal or
dendrimer leaching, although it has been demonstrated that
these interactions can be sufficiently strong for the effective
retention of the non-covalently functionalized dendrimers in
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continuous-flow membrane reactors. Of course, the possibility
of the catalysis occurring in the dissociated metal complexes
should not be ruled out, although the changes in catalyst
activity, selectivity or stability observed in several examples
provide evidence that supports the proposal that the catalysis
occurs under the dendrimer influence.

In contrast to dendrimers, hyperbranched molecules are
randomly branched but easily accessible by controlled one-
pot reactions that can produce materials with a narrow
dispersion of molecular weights. Hyperbranched polymers
compete favourably with dendrimers when size effects are
considered, as for continuous-flow uses, and no special ad-
vantages are obtained from the well-defined dendritic structure
in terms of enhanced activity or selectivity. Alternatively, star-
shaped polymetallic complexes with rigid cores share the well-
defined structure of dendrimers and can also be efficiently
retained by membranes.

The main advantage of the support of palladium dendrimers
on silica or polymers lies in the easy separation of the catalyst.
The large disparity found in the structural perfection of these
materials complicates the evaluation of the dendrimer effect in
the catalysis outcomes. However, interesting findings can
result from enhancements in the synthetic procedures and
the use of crystalline silicas of adequate pore size to minimize
crowding problems associated with the irregular nature of
amorphous silica.

Their controlled size and narrow dispersion make dendri-
mer-encapsulated nanoparticles excellent models for funda-
mental studies. Encapsulation can serve to control the
selectivity of the reactions, whereas the modification of the
end-groups can tune the solubility. Bimetallic palladium-pla-
tinum, -gold and -rhodium alloy or core—shell nanoparticles
have been prepared. The introduction of dendritic ligands as
stabilisers in nanoparticle-core dendrimers is of special interest
because it focuses on the precise molecular definition of
catalytic materials at the same time as minimizing the passiva-
tion of the metal surface.
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