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Preface

Over the past three decades dendrimers have emerged as a novel class of
macromolecules with applications in a wide range of natural sciences. They
are macromolecules possessing a highly regular molecular topology based on
an iterative growth sequence of branching units. Starting from a small “core”
molecule, this may lead to large globular structures that possess a high degree
of molecular uniformity. The iterative branching not only leads to an efficient
and symmetrical growth pattern but potentially to a rapid multiplication of
functional groups, making these molecules attractive platforms for chemical
functionality.

Beginning with the construction of highly branched cascade oligomers in
the late 1970s, the first decade of progress in the field was dominated by
the development of synthetic strategies and the analytical methods for their
characterization. During the past 15 years, the emphasis has shifted to the
exploitation of this new type of macromolecule in a variety of applications
ranging from materials science to molecular catalysis.

Since the first application of dendrimers in catalysis in the mid 1990s this
field has advanced rapidly. As a consequence, catalytically active dendrimers
have emerged as a class of molecular catalysts, which have substantially en-
riched the field of homogeneous (and to some extent heterogeneous) catalysis.
A general survey of transition metal dendrimer catalysts and the way it has de-
veloped is provided by A. Berger, R. Klein Gebbink and G. van Koten from one
of the laboratories that pioneered the field. This is followed by in-depth discus-
sions of dendritic transition metal catalysis based on non-covalent catalyst-
support interactions in a paper by E Ribaudo, P. van Leeuwen and J. Reek,
another group of pioneers in dendrimer catalysis. Both emphasize the pos-
sibilities of catalyst recycling using such covalent or non-covalent dendritic
catalysts.

The aim of catalyst recycling and the exploitation of possible construc-
tive interactions between catalytic sites underlie the rapidly growing field
of stereoselective dendrimer catalysis. Since enantioselection is governed by
small increments in the free enthalpy of activation, such transformations are
particularly suited to assessing “dendrimer effects”, which result from the
immobilization of catalysts.
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The development of dendrimer-encapsulated bimetallic nanoparticles has
provided the interface with heterogeneous colloid catalysis, which is reviewed
by B. Chandler and J. Gilbertson. In this field, dendrimers are being used to
template and stabilize reduced colloidal particles in solution. The emphasis is
placed on bimetallic particles and their application in a variety of fundamental
catalytic transformations.

As cheaper and readily accessible alternatives to regular dendrimers, hyper-
branched polymers are increasingly being used as catalyst platforms. Rainer
Haag has been one of the leaders in this field. He and C. Hajji provide an
overview of an area for which commercial applications are most likely. Finally,
all of these catalysis-related topics are complemented by a review of metallo-
dendritic exoreceptors for the redox recognition of oxo-anions and halides,
written by D. Astruc. This field offers new perspectives both for catalytic trans-
formation and the development of molecular sensors.

A decade after the initial pioneering studies, dendrimer catalysis has de-
veloped into a highly varied and complex field of research. While much of the
fascination is derived from the aesthetic appeal of dendrimers (as with other
applications of this class of macromolecule), dendrimer catalysts have vindi-
cated many of the utilitarian aspects of this research. This volume provides
a comprehensive overview of the current state of the art.

Heidelberg, June 2006 Lutz H. Gade
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Abstract The development of environmental friendly processes in catalysis has been the
focus of much research over the past decade. The attachment of a metal or an organo-
metallic moiety to a dendrimer provides nanosized catalysts with unique architectures
and properties that permit catalysts to be recovered from product streams through
a variety of separation technologies. This review surveys progress in the synthesis and
application of recyclable metallodendrimers for homogeneous catalysis and membrane
filtration technology.

Keywords Catalyst recycling - Homogeneous catalysis - Membrane filtration techniques -
Metallodendrimers

1
Introduction

The incorporation of a transition metal into a dendrimer has become an ex-
citing approach in catalysis and nanoscience. The merging of (organo)metallic
species, with their useful catalytic, electrochemical, optical and magnetic
properties, to dendrimers, which have their own advantages, such as func-
tional group multiplicity, site isolation, steric environments and recyclability,
provides a variety of advanced applications for these innovative organo-
metallic macromolecules in biological, physical and chemical sciences, and
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especially in nanotechnologies [1-8]. A notable example is the use of den-
drimers as soluble supports for homogeneous catalysts, i.e., the incorporation
of main group elements, organometallic or transition metal entities into
the dendritic framework; this is an approach that has undergone much
development over the last decade [9-13]. The benefit of using so-called met-
allodendrimers for catalytic applications mainly comes from the potential to
be able to remove the catalyst (i.e. metal) as well as to recycle it. Their nano-
sized nature enables these macromolecular catalysts to be recovered from the
product stream by various means, especially via nanofiltration techniques.
Due to their high solubility and pseudospherical structure (which can be
modulated by altering the design of the dendrimer skeleton), the catalyst
loading on dendrimers can be determined exactly, thereby enabling a direct
comparison to be made with unsupported molecular catalysts. These features
show that, in principle, dendritic catalysts can integrate the advantages of
homogeneous catalysts (mild reaction conditions, well-defined catalytic sites
and high selectivities) with those of heterogeneous catalysts (recyclability,
high total turnover numbers) into one chemical entity, facilitating cleaner and
more selective green processes [14-22].

As this is an opening chapter, this review does not aim to be comprehen-
sive, but instead aims to highlight the fundamental principles and synthesis
of metallodendrimers applied in homogeneous catalysis and nanofiltration
techniques, focusing on some of our own efforts and on some selected pio-
neering examples from the field.

Due to the magnitude of research that has been reported and the variety
of dendrimers and metallodendrimers that have been developed for this pur-
pose, throughout the chapter the reader will be directed to reviews and to the
other chapters in this book for further information on selected topics.

2
Current Status

2.1
Dendrimers

Dendrimers are monodisperse, highly branched and well-defined three-
dimensional macrostructures. The pseudospherical shape of a dendrimer
arises from its structure, which consists of an internal region (the core)
which is connected to repeating units constituting a radial branching pattern
(Fig. 1).

Since the synthesis of “cascade” molecules by Vogtle et al. [23], several dif-
ferent synthetic methodologies for a variety of different kinds of dendrimers
have been developed. In general, their construction relies on two approaches,
described as divergent and convergent (Scheme 1) [1,2]. The divergent strat-
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egy is the most frequently applied synthetic methodology and consists of
the sequential addition of repeating branching units to a core. This strategy
was pioneered by Tomalia and coworkers [24], who reported the synthe-
sis of “starburst” polyamidoamine (PAMAM) dendrimers, and by Newkome
et al. [25], who reported the preparation of tree-like “arborol” dendrimers.
The advantage of this approach is the easy accessibility of large quantities of
dendrimers, since increasing its size (generation; G) also increases the mo-
lecular mass of the dendrimer. However, this approach invariably leads to the
formation of dendrimers containing irreparable and irremovable branch de-
fects resulting from a small percentage of incomplete reactions in one or more
of the synthetic steps.

The convergent method was introduced by Fréchet et al. [26,27] for the
formation of poly(aryl benzyl ether) dendrimers. In this strategy, branching
units are repetitively attached to the focal point of a dendron or dendritic
wedge prior to its final connection to a core, which then provides the full
dendritic structure. The attraction of this approach lies in the fact that a re-
stricted number of smaller molecules are involved in the reaction steps neces-
sary to form each generation, which statistically minimizes the formation of
defects in the dendrons and facilitates the purification of the full dendrimer
due to size differences in the final synthesis step. Nevertheless, low yields in
the final reaction where the dendrons are attached to the core can occur due
to the hindered focal groups used to form the higher dendrimer generations.

Although most of the dendrimers are synthesized by one of these two
strategies, examples of metallodendrimer syntheses applying both method-
ologies have also been reported, which is done to improve their overall syn-
thesis and/or purity (polydispersity) by minimizing the possible formation of
defects in the dendritic framework.

2.2
Metallodendrimers

The most striking properties of dendrimers besides their appealing archi-
tecture and globular shape are their controllable size and good solubility in
a large range of solvents, which make them suitable for use as soluble sup-
ports for the anchoring of (organo)metallic complexes; such complexes are
applied in homogeneous catalysis. These properties are important in the fine-
tuning of the retention of dendritic catalysts in membrane reactor technology.
In this regard, metal-containing dendrimers have become an important re-
search field in homogeneous catalysis and several types of metallodendrimers
as well as membrane reactor strategies have been developed.

The design of metallodendrimers involves considering the position and
repetition of the (catalytically active) metal site in the dendrimer framework,
such as on the periphery (A) or at the core (B). Figure 2 shows schematic
representations of different types of metallodendrimers.
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Fig.2 Schematic representations of metallodendritic architectures according to the metal
(catalyst) location; A at the periphery of a dendrimer or of a dendron; B at the core of
a dendrimer or at the focal point of a dendron; C at branching points of a dendrimer or
of a dendron; D dendrimer-encapsulated metal nanoparticles (DEMNs)

In homogeneous catalysis, the location of the metal within the dendritic
framework is an important factor, since it can affect the performance of the
catalyst (selectivity, activity and stability) in a “positive”, “neutral” or “nega-
tive” way depending on the inherent mechanism of the reaction applied and
the degree of interplay between the active sites in the nanosized species. The
positioning of organometallic units at the surface of a dendrimer support is,
in most cases, accessed via a divergent route, where the introduction of the
metal units occurs in the last step of the formation of the metallodendrimer.
In this fashion, the catalysts would in principle provide active sites that are
easily accessible for substrates, which would result in reaction rates similar
to unsupported homogeneous systems, provided that each can act indepen-
dently. Nevertheless, these periphery-functionalized systems contain a high
local concentration of multiple reaction sites, which can lead to cooperative
or noncooperative effects on the catalytic sites according to the mechanism
operated in these reactions (the “dendritic effect”; see Chapter by Reek et al.,
this volume).

Core-functionalized metallodendrimers have the advantage of creating
isolated sites due to the environment of the dendritic framework. In the
case of core-functionalized dendrimers, the molecular weight per catalytic
site (ligand/catalyst) is higher than for periphery-functionalized dendrimers,
which therefore involves higher costs from a commercial point of view. The
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incorporation of a metal into each generation of a dendrimer, i.e., metal cen-
ters integrated into the dendrimer skeleton at the connectors or at branching
points, was actually reported in the very first example of a metalloden-
drimer [28, 29]. Although many examples of this kind of dendritic complexes
have been reported, they have been rarely applied to catalysis [9, 10, 30, 31].

Different approaches have been developed for binding a metal or organo-
metallic moiety to these dendrimer frameworks. In numerous coordination
compounds, the dendrimer and the metal are linked through a dative metal-
heteroatom bond [32], while in “organometallic” compounds the linkage
between the metal and the dendritic framework is realized via o or 7 metal-
carbon bonding [11].

In so-called dendrimer-encapsulated metal nanoparticles (DEMNs), metal
ions are first encapsulated either in the core or at the periphery of the
dendritic structure by coordination to heteroatoms of the dendrimer. Subse-
quently, they are reduced to yield zero-valent metal nanoparticles encapsu-
lated in a dendritic structure [33]. The advantage of using DEMNs as catalysts
is related to several factors. Catalytic nanoparticles are commonly prepared
by reducing metal salts in the presence of stabilizers (polymers, ligands and
surfactants), in order to control particle size and prevent agglomeration.
However, when applying such methodologies, the surfaces of the nanopar-
ticles can be passivated by these stabilizers (sterically or electrostatically).
This is a great disadvantage, since it prevents the access of substrates to the
catalytic surface of the nanoparticle, reducing the catalytic efficacy. There-
fore, the use of dendrimers as monodispersed templates for the formation of
these nanocluster catalysts is a promising approach because it allows for ki-
netic control of the particle size and prevents aggregation of the nanoparticles
without passivating active sites on the surface. In addition, by fine-tuning the
surface functionality and porosity (or generation) of the dendrimer host, the
dendrimer periphery can act as a “nanoscopic filter”. The state of the art for
DEMNSs has been extensively reviewed [3, 4] and will be discussed further in
a following chapter.

In this opening chapter, we will focus our discussion on metallodendritic
catalysts that localize their catalytic functions either at the periphery or at
the core of a dendritic macromolecule. These types of dendritic catalyst have
been by far the most widely applied of the metallodendrimers in combination
with membrane separation technologies.

3
Membrane Filtration Techniques

Anchoring (catalytically active) metal centers to a nanosized dendritic sup-
port yields a macromolecular homogeneous catalyst that can be recovered
from the product stream by nanofiltration techniques. Moreover, these can,
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in principle, be used again or used in a continuous manner by applying them
in a membrane reactor [14-20]. Several catalytic membrane reactor con-
cepts have been developed for this purpose. In addition to various reactor
designs, a multitude of metallic, inorganic and organic polymeric and en-
zymatic membranes have been synthesized and tested. The current state of
membrane technologies in catalytic reactors has been recently reviewed by
Vankelecom [22].

The recovery and recycling of catalysts by membrane filtration technology
largely depend on the kind of membrane that is used and on the size and
geometry of the particle to be retained. The application of organic nanofil-
tration membranes depends, for example, on their stability under opera-
tional conditions and on their inertness towards substrates and/or interme-
diates/products of the catalytic process. Factors such as pore-size distribu-
tion, charge effects, hydrophilicity or hydrophobicity and solvent polarity can
greatly influence the permeability of a membrane. In general, the latter as-
pects are still a matter of trial and error, since for most organic membranes
these data are often not available.

A crucial characteristic of a membrane is the molecular weight cutoff
(MWCO) value, which is defined as the molecular weight at which 90% of the
solutes are retained by the membrane. The retention factor R of solute A to be
separated by the membrane is defined by the ratio of the concentration of A in
the permeate to that in the retentate, as expressed in the following equation:

R:1+<l>ln [Ar]
0 [AR] + [Ap]

[AR] = concentration of retentate A
[Ap] = concentration of permeate A
6 = number of exchanged reactor volumes

Membrane technology has been performed using either micro-, ultra- or
nanofiltration or reverse osmosis in either batch-wise or continuous-flow
membrane reactors (CFMR).

Passive membrane dialysis is usually applied batch-wise, since its driving-
force is the difference in gradient concentration between the two solutions
separated by the membrane. In this case, the solute (reactants and products:
small molecules) from a hypertonic solution (the resulting solution of the
catalytic reaction) permeates through the membrane to the hypotonic side
(pure solvent) until equilibrium has been achieved, whereas the nanosized
catalyst remains confined inside the membrane (similar to a “tea-bag”; see
Fig. 3A).

On the other hand, in a CFMR process the particles are transported
through the membrane due to the application of a pressure. In this way, the
concentrations and residence times of reagents/substrates can be regulated,
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Fig.3 Schematic representation of batch-wise passive membrane dialysis (A) and contin-
uous membrane filtration: dead-end-filtration (B) and loop reactor (C)

which prevents long exposures of substrates or products to the catalytically
active center and so can help to avoid the formation of side-products.

In general, two types of CFMRs are applied in homogeneous catalysis:
the dead-end-filtration reactor (Fig. 3B) and the loop reactor (Fig. 3C) [19].
In the dead-end-filtration reactor the nanosized catalyst is compartmental-
ized in the reactor and is retained by nanofiltration membranes. Reactants
are continuously pumped into the reactor, whereas small molecules (prod-
ucts and substrates) cross the perpendicularly positioned membrane due to
the pressure exerted. Unreacted materials can be processed by adding them
back into the reactor in this set-up. Concentration polarization of the cata-
lyst near to the membrane surface can occur using this technique. In contrast,
when a loop reactor is used, such behavior is prevented, since the solution is
continuously circulated through the reactor and no pressure is exerted in the
direction of the parallel-positioned membrane, so small particles cross the
membrane laterally.
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4
Metallodendrimers in Catalysis

4.1
Peripheral-Functionalized Catalysts

The benefit of applying metal-containing dendrimers in homogeneous cataly-
sis was pioneered by the Van Koten group in collaboration with Van Leeuwen
et al. [34], through the development of a synthetic methodology for the for-
mation of zeroth- and first-generation Ni-containing carbosilane dendrimers,
Go-1 and G;-1, respectively, which were synthesized via the divergent ap-
proach (Scheme 2). The dendrimer support comprised a so-called carbosilane
dendrimer framework, which primarily involves a network of sigma carbon-
carbon and carbon-silicon bonds.

Their advantage over other types of dendrimers is their straightforward
synthesis and, most importantly, their chemical and thermal stabilities. Two
distinct steps characterize their synthesis: a) an alkenylation reaction of
a chlorosilane compound with an alkenyl Grignard reagent, and b) a Pt-cata-
lyzed hydrosilylation reaction of a peripheral alkenyl moiety with an appro-
priate hydrosilane species. Scheme 2 shows the synthesis of catalysts Go-1 and
Gi-1 via this methodology. In this case, the carbosilane synthesis was fol-
lowed by the introduction of diamino-bromo-aryl groupings as the precursor
for the arylnickel catalysts at the dendrimer periphery. The nickel centers of
the so-called NCN-pincer nickel complexes were introduced by multiple ox-
idative addition reactions with Ni(PPhj)4.

These Ni-containing dendrimers were successfully employed in the re-
gioselective Kharasch addition of polyhalogenoalkanes to terminal C=C
double bonds, a reaction that was previously developed for the mononu-
clear NCN-pincer nickel compound. The similar product formation and re-
action rates to those obtained with the monomeric catalyst suggested that
each catalytic site in these dendritic hybrid catalyst acts as an indepen-
dent catalytic unit. Moreover, these metallodendritic catalysts showed two
other important characteristics. Firstly, metal leaching from these metal-
lodendrimers was not observed, which is ascribed to the general stabil-
ity of pincer-type organometallic complexes. Secondly, these highly soluble
metallodendrimers are nanosized, which makes them amenable for homo-
geneous catalytic applications in nanofiltration membrane reactor set-ups.
Overall, this report on carbosilane-supported catalysts triggered a new re-
search area in the development of catalytically active metallodendrimers for
homogeneous catalysis.

Based on these preliminary results, a small library of NCN-pincer nickel-
containing metallodendrimers was prepared by Van Koten et al. in order to
investigate the factors that can affect the catalyst performance and their ap-
plicability in nanofiltration membrane reactors [35,36]. The strategy in this
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Scheme 2 Schematic synthetic pathway and structure of the carbosilane-based metallo-
dendrimers Gy-1 and G;-1

study was to vary the density of the catalytic units at the periphery of the
dendrimer species through the introduction of different “spacers” in the den-
dritic framework via different substitution patterns at the branching points
(Fig. 4).
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These metallodendrimers were synthesized starting from a chloro-func-
tionalized carbosilane dendrimer, which was used to quench a para-lithiated
NCN-pincer ligand. After selective lithiation between the NMej-arms of
the NCN-pincer ligand with ¢-BulLi, the nickel centers were introduced via
a transmetallation reaction with NiCl,(PEt3),, affording the Ni-containing
catalysts (Scheme 3).

Although these synthetic routes are effective, some problems were ob-
served in the last reaction step. Spectroscopic and elemental analysis indi-
cated that the nickellation of the pincer moiety was incomplete, giving an
average of 80 to 90% of metallated pincer sites per dendrimer. This obser-
vation was rationalized by partial hydrolysis of the reactive lithiated species
prior to the introduction of the nickel reagent, causing incomplete metalla-
tion of the ultimate dendrimer species [37, 38].



12 A. Berger et al.

NMez
Li
NMe; NMe;
| NMe, | 1) t-BuLi, pentane | |
Si _— —Si Ni—ClI
| 2) NiCly(PEt3), | |
NMe, NMe,

Scheme 3 Schematic synthetic pathway for Van Koten’s Ni-based carbosilane metalloden-
drimers

Applying these catalysts in the Karasch addition reaction, a remarkable
degree of variation in activity was observed. The zeroth-generation metallo-
dendrimer Go-2 exhibited similar activity in comparison to the monomeric
analogs, the first-generation metallodendrimer G;-2 (with three metallated
pincers per silicon branch, giving in total twelve Ni-containing pincer func-
tions at the periphery of the dendrimer) exhibited an activity of approxi-
mately half of that of the Go-2 with a significant catalyst deactivation after
one hour (characterized by the formation of a purple precipitate), whereas the
second-generation metallodendrimer G;-2 was essentially inactive. On the
other hand, G;-3 and G;-4, in which the branches are enlarged and the con-
centrations of the nickel moieties are diluted, respectively, did not show any
sign of catalyst degradation and full substrate conversion was achieved within
22 hours.

Taking into account the mechanism of the Kharasch addition catalyzed
by NCN-pincer Ni-complexes, these results were rationalized in terms of de-
activation of the Ni(II)-catalyst due to, for example, homocoupling between
the "CCl; radicals in the cases where high local concentrations of radicals
were generated, i.e. in catalysts with a high concentration of Ni centers on the
surface of the dendrimer (G;-2 and G;-2). In other words, the irreversible for-
mation of the Cl3C-CCls product traps the Ni(III) species and so the active
Ni(II) center cannot be regenerated (Scheme 4). By diluting the Ni concentra-
tion on the periphery or by extending the internickel distances (as is the case
for Go-2, G;-3 and G;-4), the local radical concentration is drastically reduced
as is the rate of catalyst deactivation (the rate of radical (homo)coupling reac-
tions).

This result, caused by the “proximity effect” between peripheral catalytic
sites, can translate into higher or lower catalytic activity of the metalloden-
drimer in homogeneous catalysis, and is commonly termed the dendritic
effect. In the above case, a negative dendritic effect is observed. An interest-
ing example of a positive dendritic effect on catalyst activity was reported by
Jacobsen et al. in the hydrolytic kinetic resolution of terminal epoxides by
peripherally Co(salen)-substituted PAMAM dendrimers [39].

The pincer-based carbosilane dendrimers Gyp-2 and G;-2 were tested for
their degree of retention in a membrane reactor equipped with a SelRO-
MPF-50 nanofiltration membrane [35,36]. Their retentions were measured
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to be 97.4% for Gop-2 and 99.75% for Gi-2, indicating that the larger den-
drimer (G;-2) is sufficiently retained. Therefore, it is possible to use a con-
tinuous flow membrane reactor (CFMR). Applying the G;-2 dendrimer in
a CFMR, a significant loss of catalytic activity was observed over 33 hours.
After continuous membrane reactions (after the reactor volume was replaced
64 times), tests of the retained and filtered fractions indicated that the mem-
brane retained the catalyst at 98.6% (which closely resembled the measured
retention found earlier in batch-wise processes for this catalyst). Although
this degree of retention leads to some loss of catalytic material in the contin-
uous membrane reactor, it could not solely explain the observed deactivation
of G;-2 in the reactor. It was, therefore, proposed that the reactive radical
intermediates might be interacting with the functional groups of the mem-
brane material and thus influencing the overall reactivity. While the catalyst
was effectively retained, new membranes compatible with the reaction condi-
tions used are needed to successfully construct a useful system for continuous
operation.

The synthesis of dendritic carbosilanes functionalized with various
diphenylphosphino carboxylic acid ester endgroups has also been reported
by the Van Koten group in collaboration with Vogt et al. [40, 41]. The coupling
of carbosilane supports containing benzylic alcohol moieties with phos-
phinoxy carboxylic acid chlorides resulted in the formation of Gy and G;
phosphine oxides, which subsequently were converted into the phosphino
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compounds by reduction with trichlorosilane in benzene. These dendritic
hemilabile ligands were applied in the palladium-catalyzed hydrovinylation
of styrene. The dendritic catalysts were prepared in situ by treatment of the
ligands with [(n*-C4H7)Pd(cod)]BF, (Scheme 5).

It was shown earlier that palladium-catalyzed hydrovinylation of styrene
using phosphino ester-type ligands leads to isomerization of the external al-
kene (kinetic product) to the internal alkene (thermodynamic product) at
higher substrate conversion. In this regard, the idea was to suppress this iso-
merization by running the reaction at lower conversion in a CFMR system in
order to minimize the catalyst-substrate contact time.

Tests made in a batch-wise system showed that Go-5 had a lower activ-
ity than the corresponding monomeric phosphino ester palladium complex.
Although less active, the metallodendrimer Go-5 displayed higher stability
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Scheme 5 Schematic synthetic pathways and structure of dendritic P,O ligands applied in
the palladium-catalyzed hydrovinylation of styrene
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than its parent unsupported ligand catalyst under similar reaction conditions.
These features could fit perfectly for its application in a continuously oper-
ated high-presssure membrane reactor. In this case, its lower activity together
with the short catalyst-substrate contact time may give rise to preferential
formation of the kinetic product, while minimizing isomerization.

In a continuous set-up using Go-5, a considerable decrease in activity
was also observed in comparison with the monomeric models. This effect
was partly explained by deactivation of the catalyst due to the reaction of
the catalytic units with the membrane or to some dendritic effect (due to
the proximity of the unit centers leading to double or multiple phosphine
complexation with the same palladium center), since the formation of a pal-
ladium black precipitate was observed on the membrane. Tests with the Gg
dendrimer model ligand (without palladium) showed a retention degree of
85%. This fact could also partly explain the decrease in activity due to the
washout of catalyst during the reaction. However, a first-generation G;-5 cat-
alyst, with a higher retention, showed almost the same deactivation behavior.
Thus, catalyst decomposition is most probably the main reason for the ob-
served deactivation.

Although the retention of the Go-5 catalyst is modest for practical purposes
and the yields obtained are quite low comparing to the monomeric model, the
results obtained were promising since no isomerization or formation of other
side-products was detected in the product solution.

The first examples of metallated phosphine-functionalized dendrimers
that were suitable as homogeneous catalysts were reported by Reetz et al. [42].
DAB-based phosphino dendrimers were synthesized from the commercially
available DAB-polypropylene imine dendrimers (DAB = 1,4-diaminobutane)
via a double phosphination of the amines with diphenylphosphine and
formaldehyde. These dendrimers were loaded with Pd(II) centers by the re-
action of the phosphine-functionalized dendrimer with [Pd(Me),(tmeda)]
(tmeda = tetramethylethylenediamine), in which the diphenylphosphino end
groups act as a bidentate ligand (Scheme 6).

Kragl and Reetz demonstrated for the first time the viability of the appli-
cation of transition metal-catalyzed homogeneous reactions with a dendritic
catalyst in a membrane reactor [43]. Indeed, these palladium-based metallo-
dendrimers were applied in the allylic substitution reaction of 3-phenyl-2-
propenylcarbonic acid methyl ester with morpholine in a continuous mem-
brane reactor. The application of catalyst G3-6 for a period of 100 residence
times (number of replacements of the reaction volume) resulted in a decrease
in conversion from 100% to 80%. A small amount of palladium leaching was
observed, which could partially explain the decrease in conversion. However,
the retention of the supported catalyst (independently determined) was found
to be 99.9%, which is considerably higher. Therefore, it was suggested that the
drop in conversion might be due to metal-ligand dissociation (i.e., catalyst
deactivation or decomposition) rather than leaching of the catalyst.
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The group of Van Leeuwen has reported the synthesis of a series of func-
tionalized diphenylphosphines using carbosilane dendrimers as supports.
These were applied as ligands for palladium-catalyzed allylic substitution
and amination, as well as for rhodium-catalyzed hydroformylation reac-
tions [20, 21, 44, 45]. Carbosilane dendrimers containing two and three car-
bon atoms between the silicon branching points were used as models in order
to investigate the effect of compactness and flexibility of the dendritic lig-
ands on the catalytic performance of their metal complexes. Peripherally
phosphine-functionalized carbosilane dendrimers (with both monodentate
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and bidentate phosphine endgroups) were synthesized by reacting different
generations of chlorosilane dendrimers with the tmeda complex of [(di-
phenylphosphinyl)methyl]lithium (Scheme 7).

Palladium complexes with monocoordinated phosphine ligands were
synthesized by mixing the corresponding phosphine dendrimer with
[Pd(cod)MeCl], which afforded exclusively trans dendrimer(MePdCl),, com-
plexes (P/Pd = 2). Complexes in which the ligand is coordinated in a bidentate
fashion were synthesized by reaction of the respective bisphosphine den-
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drimers with [(7*-C3Hs)PdCl],. These (allyl)palladium catalysts were ap-
plied in the reaction between sodium diethyl 2-methylmalonate and allyl
trifluoroacetate (R’ = Me, Ph; R” = F) in batch reactions and CFMR set-
ups [44, 45].

In batch processes, the monodentate catalysts showed lower activity com-
pared to their bidentate analogs. The activity per palladium center was con-
stant upon increasing the dendrimer generation of the dendritic Pd(allyl)
complexes, indicating that all active sites act as independent catalysts. In
addition, the selectivity between the E- and Z-products was similar to that
induced by analogous mononuclear palladium complexes. Although a consid-
erable amount of the branched product was observed, the authors did not put
forward an explanation for its formation.

Under continuous reaction conditions, however, using the largest ligand
G1-7 (R >98%), an unexpected rapid decrease in activity was found that
could not be solely ascribed to washout of the homogeneous catalyst, but was
proposed to be a consequence of catalyst decomposition during the process.

The same dendritic ligands, but used in combination with rhodium, were
utilized in hydroformylation reactions [46]. Preliminary experiments with
this catalytic system in a nanofiltration membrane reactor, however, showed
that this membrane set-up was not compatible with the standard hydroformy-
lation conditions because of its temperature and solvent restrictions.

Olefin metathesis has become a very important reaction in polymer chem-
istry and natural product synthesis [47-49]. Garber et al. have used the
physical properties of dendrimers in order to improve the separation be-
tween the dendritic metathesis catalyst and products on silica gel column
chromatography [50]. The Van Koten group has reported on the synthesis of
different generations of carbosilane dendrimers functionalized with ruthe-
nium metathesis catalysts [51].

The synthetic method used to arrive at these systems starts with the
quenching of para-bromo-lithiobenzene with Me;SiCl-terminated carbosi-
lane dendrimers, affording the 4-bromobenzene-functionalized dendrimers
(Scheme 8). These compounds were again lithiated with n-Buli via lithium-
halide exchange and the resulting products were immediately reacted with
2-acetylpyridine, affording the 2-hydroxyalkylpyridyl-functionalized den-
dritic compounds. Finally, deprotonation of these precursors with n-BuLi
and subsequent transmetallation with PhC(H) = RuCl,(PR3), afforded the
ruthenium metathesis dendrimers.

The ruthenium-based metallodendrimer Go-8 was applied as catalyst in
a ring-closure metathesis reaction. The activity per metal center of the den-
dritic catalysts was found to be comparable to that of the corresponding
mononuclear catalyst. Unfortunately, the metathesis reaction conditions were
not compatible with the nanofiltration membrane set-up used, since a black
precipitate was formed in the vessel containing the catalyst. It was found
that the conversion to diethyl-3-cyclopentene dicarboxylate product stopped
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after 20% conversion. This phenomenon was proposed to be due to inter-
action of the catalyst with the membrane surface and not to leaching of the
catalyst.

Togni et al. have attached chiral ferrocenyl diphosphines (Josiphos) onto
the periphery of a dendritic skeleton via a silane-carbon linkage with the car-
bon of the cyclopentadienyl ring of the ferrocene (Scheme 9) [52-55]. This
Josiphos-containing dendron was connected to different cores, and metallo-
dendrimers containing up to 24 metallocene fragments were synthesized. The
synthetic procedure is essentially the same for all of the dendrimers and con-
sists of a coupling between the phenol-based dendron with oligo-carboxylic
acid cores.
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These Josiphos ligand systems have been proven to be effective catalysts
for Rh-catalyzed asymmetric hydrogenation of alkenes. Indeed, by reacting
these dendrimers with one equivalent of [Rh(COD),]BF, (per Josiphos) in
CH,Cl,, the active catalytic species is generated in situ after 15min and
hydrogenation of dimethyl itaconate is complete after 20 min. In all cases,
Togni’s dendritic systems exhibited enantiomeric excesses (ee) of more than
98%, which is similar to the ee obtained by a monomeric model applied in
an identical reaction. These results showed that the chiral peripheral organo-
metallic dendrimers can be efficiently applied in enantioselective catalysis
and, considering the different sizes, numbers of Josiphos groups and den-
drimer generations of the catalysts used, that each catalytic center is essen-
tially independent of its neighbors.
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For the larger dendrimers incorporating an arene 9 and adamantyl core 10,
preliminary membrane filtration experiments showed quantitative retention
of the dendrimer-rhodium complexes using a Millipore Centricon-3 mem-
brane and methanol as the solvent [53]. Results on hydrogenation reactions
using these dendrimer catalysts in a CFMR have not yet been reported.

Peripheral ferrocenyl-functionalized dendrimers are in fact one of the most
common type of metallodendrimers synthesized today. Due to the chemical
and thermal stabilities of this kind of metallocene, formation of the intended
dendrimer-supported metallocene complex can be performed in a single
reaction step: the metallocene fragment is introduced onto the surface of
a (commercially available) dendrimer as the final construction step [56, 57].

Astruc et al. [58] have employed noncovalent hydrogen bonding as
a synthetic pathway in order to construct a dendrimer containing ferro-
cenyl groups. Starting from commercially available DAB-poly(propylene
imine)dendrimers of generations 1-4 and dendrons containing ferrocenyl
moieties and one phenolic group, the driving force for the formation of
the dendrimer assemblies are the (H,N)— (HO) hydrogen bonding interac-
tions (Fig. 5). The presence of hydrogen bonding interactions was established
by the chemical shift and shape of both NH; and ArOH proton signals in
NMR experiments. These ferrocenyl-substituted H-bonded dendrimers were
used for the recognition of H,PO,4~ anions, which was probed by cyclic
voltammetry studies [59]. Although not applied in catalytic reactions, the
principle demonstrated by Astruc has been widely used to build up new
(metallo)dendritic structures through self-assembly.

The Van Koten-Klein Gebbink group has used electrostatic interactions in
a similar fashion to the H-bonded dendrimers of Astruc (Fig. 5), as the key to
incorporating organometallic NCN-pincer fragments into a dendritic frame-
work [60, 61]. Utilizing NCN-pincer palladium complexes in which a sulfato
group is tethered via an alkyl chain to the para-position of the pincer aryl
ring, up to eight pincer moieties have been introduced into a dendrimer
containing an octacationic ammonium core and a variety of polar or apo-
lar dendritic arms (Scheme 10). The byproduct of the synthesis, [NBuy|Br
(the NBuy cation from the organometallic fragment and the bromide anion
from the dendrimer), could be removed by washing the product with water. In
order to completely purify the metallodendritic assembly (to remove access
of the sulfato-NCN-pincer Pd-complex), a passive membrane dialysis experi-
ment was performed to get rid of the unsupported NCN-pincer palladium
starting material.

The neutral and cationic [Pd(II)NCN] pincer-containing dendritic assem-
blies 14 and 15 have been used as Lewis acid catalysts in the aldol condensa-
tion of benzaldehyde and methyl isocyanoacetate. These showed conversions,
turnover frequencies and cis/trans ratios of the oxazoline products that were
essentially identical to those of the monomeric model complex applied in the
same reaction.
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Although CFMR experiments have not yet been performed with these met-
allodendritic assemblies, their purification using passive dialysis showed the
potential application of these catalysts in a recycling process by means of
membrane filtration techniques.

The groups of Reek and Meijer have also applied the noncovalent approach
for catalyst anchoring to a dendrimer support [62]. Phosphine functionalized
ligands were attached to the periphery of poly(propylene imine) dendrimers
via combined ionic interactions and H-bonding using a specific binding motif
that is complementary to that of the support (Fig. 6).

The resulting peripheral phosphine-functionalized dendrimers were used
as a ligand in the palladium-catalyzed allylic amination of crotyl acetate in
a CFMR. The active catalysts were prepared by mixing all three components:
the dendrimer, the phosphine ligand and a suitable palladium precursor
[(crotyl)PdCl],. The catalytic activity and selectivity of 16 in a batch process
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was found to be similar to that of a mononuclear model compound. Mem-
brane retentions of 99.4-99.9% were found to be dependent on the P/Pd
atomic ratio used. A small decrease in conversion was observed when the
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dendritic catalyst was applied in a CFMR. This decrease could not completely
be explained by washout of the catalysts, but was proposed to be caused by
deactivation of the catalyst.

4.2
Core-Functionalized Catalysts

The first example of the integration of a molecular catalyst into the core
position of a dendrimer was reported by Bruner et al., who studied the
influence of a chiral dendritic periphery on the performance of cyclopropa-
nation catalysts [63]. Ever since, a series of reports on the application of
chiral core-functionalized metallodendrimers in asymmetric catalysis have
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appeared [64-66]. Among these catalysts there are few examples of the use of
nanomembrane filtration techniques for catalyst recycling.

Ferrocenyl diphosphine core-functionalized carbosilane dendrimers have
been prepared as ligands for homogeneous catalytic reactions applied in
a CFMR by Van Leeuwen et al. [20, 21, 67, 68]. The syntheses of these dppf-like
ligands (Go-G;)-17 were performed using carbosilane dendritic wedges with
an aryl bromide as focal point. These wedges were coupled to the core via
quenching of the lithiated species with ferrocenyl phosphonites (Scheme 11).

Dendrimers containing allyl moieties as peripheral groups (R = allyl,
Scheme 11) were used as ligands in palladium-catalyzed allylic alkylation (see
the reaction in Scheme 7). Their reaction with [PdCl,(MeCN),] was moni-
tored by *'P NMR spectroscopy, which confirmed the complete complexation
of the ligand in a similar way as observed for the analogous monomeric
dppf complexes; in other words the phosphines coordinate to the metal in
a bidentate cis fashion. In order to perform the catalytic reactions, the active
palladium catalysts were prepared in situ by reacting the ligands with crotyl-
palladium chloride [(7-C4H7)PdCl], (P/Pd = 2) in THF followed by addition
of the reactants.

A similar conversion was found for dendrimers 17 and the analogous
monomeric dppf, indicating that the allyl end groups did not interfere in
the catalytic reaction. The activity and regioselectivity of the alkylation reac-
tion changed according to the dendron generation. When higher generations
or larger dendritic ligands were applied (from Gg-17 to Gz-17, respectively)
a decrease in overall catalytic activity and an increase in the formation of
the branched allylation product were observed. These observations were at-
tributed to the lower accessibility of the catalytic site located at the core of
the dendrimer. In other words, the increased steric bulk of the dendrons em-
bracing the catalytic site hinder the attack of the nucleophile (sodium diethyl
2-methylmalonate) on the allyl-Pd-dendrimer species.

The applicability of this type of dendritic catalyst in a CFMR was tested for
G;-17. It was observed that the catalytic activity remained almost constant for
up to eight hours of reaction time, which is in contrast with the peripheral-
functionalized catalysts (G;-7, Scheme 7) applied under similar conditions.
Although resulting in an overall lower activity per catalytic center, the lo-
cation of the catalytic site within the dendritic sphere seems to protect the
active species against deactivation via interaction with the membrane or with
other metallodendritic species.

Diphosphine core-functionalized dendrimer analogs containing a methyl
moiety as the peripheral group (R = Me, Scheme 11) have been applied as lig-
ands in rhodium-catalyzed hydroformylation and hydrogenation of alkenes.
For the hydrogenation of dimethyl itaconate (Scheme 9), the rhodium cata-
lyst was formed in situ via the reaction of [Rh(nbd);]2(ClO4) (nbd = 2,5-
norbornadiene) with the diphosphine dendritic ligand (P/Rh = 2) [68]. All
dendritic dppf-type ligands gave active hydrogenation rhodium catalysts with
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Van Leeuwen’s core-functionalized ferrocenyl-phosphine carbosilane den-

drimers used as ligands in palladium-catalyzed allylic alkylation reactions

activities similar to the analogous monomeric dppf ligand under the same
conditions. In a CFMR, however, the reaction applying the rhodium catalyst
of dendrimer G;-17 (R = Me) gave a higher maximum conversion and was
more stable over time (77-85% of conversion for 35 reactor volumes) than
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dppf itself (15-70% of conversion for 35 reactor volumes). The lower conver-
sion observed with dppf used as the ligand was attributed to its lower rate
of hydrogenation compared to G;-17 and to leaching of the active Rh-dppf
complex.

ICP-AES analysis (induced coupled plasma atomic emission spectroscopy)
was performed on the reactor permeate, which showed that the amount of
metal leaching is similar to that of the phosphine ligand. This indicated that
the ligand-metal interaction was sufficiently strong under the applied re-
action conditions. In addition, measurements on the parent ligands in the
membrane reactor showed a retention of 87.5% for dppf and 99.4% for G;-17,
indicating a significantly enhanced retention behavior of the “dendronized”
dppf ligands.

The Van Koten group has developed an interesting approach to the as-
sessment of the permeability of nanofiltration membranes for the application
of metallodendrimer catalysts in membrane reactors. They have selectively
grafted dendrons to organometallic pincers with sensory properties and have
used these as dyes in a colorimetric monitoring procedure.

Square-planar platinum or nickel complexes derived from the NCN-pincer
ligand framework react selectively and reversibly with SO, to form a penta-
coordinate adduct [MX(NCN)(SO,)] via m-S n! bond formation (Scheme 12).
Upon the binding of SO,, the organometallic species undergoes a reversible
color change, from colorless to bright orange in the case of NCN-pincer plat-
inum halide complexes. NCN-pincer platinum complexes can therefore be
used as a diagnostic agent or sensor for SO, gas and vice versa [14-18].

This sensory property was used to probe the suitability of metalloden-
drimers for nanofiltration membrane techniques in homogeneous systems.
During continuous-flow membrane filtration, any leaching of a metalloden-

NMe; TMez
SO
+ 80, 2
R Pt—X = PEX
| -80, |
NM )] NM =)
colorless orange

-5 A

Scheme 12 Color change in a solution of the NCN-pincer platinum complex upon re-
versible binding with SO, gas (R = H, Fréchet dendron; X = halogen); see also Fig. 7
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drimer can be directly monitored by treatment of the permeate with SO,
(monitored on-line by UV-visible spectroscopy).

For this purpose, a series of Fréchet-type polyether dendrons of zeroth-
to third-generation containing an NCN-pincer metal complex (M = Pt, Ni) at
the focal point of the wedge were prepared [69]. Their synthesis was either

NMe2
NMe2
| A 0 Pt—Br
o> L Ay
| NMe,
NMe,
{O = Frechet-type dendron
NMe2
NMSZ |
OH B HN Ni-Br
O—©—< + HN Br — O—©—<\ |
0} ) (0] NMe
Ni(cod 2
NMe,  INitcodz]
Gs

TMez NMe,
Pt—Br HN Ni—Br
R= —0 | R= —
NM92 0] NM62
18 19

Scheme 13 Schematic representation of Van Koten’s NCN-pincer Pt- (path A) and Ni-
based (path B) Fréchet-type metallodendrons
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achieved by etherification of the phenolic hydroxyl group of an NCN-pincer
platinum complex with dendritic benzylic bromides (path A, Scheme 13) or
by amidation of a diamino bromo aryl NCN-pincer ligand precursor con-
taining a terminal amine group with a benzylic benzoic acid, followed by
oxidative addition reaction with [Ni(cod),] (path B, Scheme 13).

Applying the dye approach for metallodendrons (G;-G3)-18, their reten-
tion during nanofiltration showed a linear correlation with their weight and
size. An increase in the degree of retention was observed as a function of
increasing dendron generation (from G- to Gs-18, respectively).

Assuming that substitution of the platinum center in G3-18 at the core by
nickel gives rise to a dendritic catalyst with the same permeability properties
(degree of retention), the metallodendron G3-19 was loaded in a membrane-
covered vial and tested as catalyst in the Kharasch addition of CCly to methyl
methacrylate. The compartmentalized catalytic system operates fully homo-
geneously without catalyst leaching, and the catalyst is separated from the
product solution by simply removing the vial (tea-bag approach) and is fur-
ther purified by washing the catalyst-containing immersion vial with pure
solvent (Fig. 7).

In this system, the catalyst G3-19 showed a similar reaction rate and
turnover number as observed with the parent unsupported NCN-pincer
nickel complex under the same conditions. This result is in contrast to the
earlier observations for periphery-functionalized Ni-containing carbosilane
dendrimers (Fig. 4), which suffer from a negative dendritic effect during
catalysis due to the proximity of the peripheral catalytic sites. In G3-19, the
catalytic active center is ensconced in the core of the dendrimer, thus pre-
venting catalyst deactivation by the previous described radical homocoupling
formation (Scheme 4).

screwcap
| SO, (gas)
( )) solvent
%‘— membrane F
— catal
.. \O-ring " v
— | substrate
. —— product
™ vial
Ny

Fig.7 Schematic representation of compartmentalization of nanosized catalysts in mem-
brane-covered vial reactors
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This work points to the use of compartmentalized metallodendrimers as
catalysts for continuous flow operations and cascade-type synthetic appli-
cations. However, since the driving force in the applied set-up is based on
osmosis (passive diffusion), the product flux is limited.

The Van Koten group has also prepared copper-based metallodendritic
catalysts via a new convergent synthetic method [70]. Aminoarenethiolate
copper(I) complexes (Fig. 8) are catalysts for 1,4-Michael addition reactions
among other reactions [71]. These compounds possess interesting features
such as robustness, thermal and air stability, good solubility in common
organic solvents, and nontransferability of the arenethiolate group (the cova-
lent thiolate-copper bond “ArS — Cu” remains intact throughout the catalytic
cycle) [72-77]. Another important characteristic of these complexes is that
the endogenous nitrogen coordinates intramolecularly with the metal, while
the sulfur atom bridges between two copper centers inducing the formation of
aggregates. Both in the solid state and in solution, these species usually exist
as trimers in the resting state (Fig. 8) [78-80].

Based on this structural property, the expected formation of aggregates
of dendronized complexes of this type would lead to catalysts with appro-
priate sizes for application in membrane filtration techniques. In this regard,
an aminoarenethiolato copper(I) catalyst was attached to the focal point of
a small carbosilane dendritic wedge (Scheme 14). The synthesis was per-
formed by lithiation of a para-bromo-functionalized aminoarene ligand and
subsequent coupling with an appropriated chloro carbosilane wedge. A sec-
ond lithiation of the supported ligand was accomplished by the addition of
a twofold excess of t-Buli to ensure complete lithiation at the position ortho

Fig.8 X-ray structure of the aggregated species formed by an enantiopure (R) [c-methyl-
(dimethylamino)methylarenethiolate copper(I) complex applied in Michael addition reac-
tions [78-80]
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Scheme 14 Aminoarenethiolato copper(I)-based metallodendrimer Go-20 and its applica-
tion as catalyst in a 1,4-Michael addition reaction

to the amino substituent [81,82]. Then, a stoichiometric amount of sulfur
(relative to ¢t-BuLi) was used to accomplish sulfur insertion into the carbon-
lithium bond. The resulting lithium thiolate intermediated was quenched
with TMSCI, resulting in the TMS-protected dendronized thiolate ligand,
which was further reacted with an equimolecular amount of CuCl to afford
the desired copper(I)-based metallodendrimer Gy-20 [70].

Metallodendrimer Go-20 was used as a catalyst in the 1,4-addition reac-
tion of diethylzinc to 2-cyclohexenone in a variety of solvents. The results
obtained showed that this dendritic catalyst provides activities similar to or
even higher than those observed for the unsupported aminoarenethiolato
copper(I) complexes, depending on the solvent used. Applying G¢-20, this re-
action could also be performed using a solvent as apolar as hexane, whereas
the unsupported complexes are not soluble in this medium.
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-
A B

Fig.9 Passive membrane dialysis performed with catalyst Go-20 in a Michael 1,4-addition
reaction. A Upper phase = Et,O + catalyst + product, lower phase = aqueous HCI +
side-products. B Organic phase addition into the “membrane pocket”. C Diffusion of the
product into the beaker (charged with pure Et,0), while the catalyst remains retained
inside the “tea-bag”

At the end of a typical reaction, the reaction mixture was quenched with
aqueous HCI in order to form the product (Fig. 9A). The resulting organic
phase was submitted to passive membrane dialysis (Fig. 9B,C) to recover the
catalyst Go-20. The fraction retained by the membrane (Fig. 9C) was used in
another run, where again the 1,4-addition product was formed quantitatively,
proving the presence of active catalyst after recycling.

These results showed the high stability of the resting state of G¢-20,
which most likely originates from the isolating effect on the catalytic site
caused by the inert carbosilane dendron. In contrast, the parent unsupported
aminoarenethiolato copper(I) complexes decompose rapidly during a simi-
lar work-up, as discussed for the supported catalyst. The increased catalytic
performance may be attributed to the presence of a bulky carbosilane sub-
stituent on the catalyst monomer, which could facilitate dissociation of the
resting state aggregates (Fig. 8) to provide monomeric catalyst-substrate as
well as catalyst-substrate-reagent intermediates from which product forma-
tion occurs.

5
Summary and Outlook

Several examples of transition metal-based catalysts supported via different
approaches and located at different positions within various kinds of den-
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drimers have been developed and applied in homogeneous catalysis. Some of
these examples are gathered in this chapter, which provides the overall pic-
ture that the macromolecular size and globular shape of a dendrimer support
provide homogeneous catalysts that can be recycled by means of membrane
filtration techniques.

Nonetheless, the transposition of homogeneous catalytic reactions from
unsupported to dendrimer-supported catalysts is still not straightforward.
Various “dendritic effects”, positive and negative ones, on the activity, se-
lectivity, stability and solubility of metallodendrimer catalysts have been
observed in this respect. In our own research we have found that a high con-
centration of metal centers at periphery-functionalized metallodendrimers
may translate into a decrease in the catalytic performance due to undesirable
side-reactions between the catalytic sites at the dendrimer “surface” (Fig. 4
and Scheme 4). In contrast, when the exact same catalyst is located at the focal
point of a dendron, this matter is avoided by isolating the active site, thereby
providing a more stable albeit less active catalyst (Scheme 13).

General problems concerning the application of a metallodendrimer as
a recyclable catalyst are related to matters such as dendrimer decomposition,
catalyst deactivation or leaching of macromolecular or molecular catalyst
species during membrane filtrations. We have investigated one aspect in more
detail: the importance of rigidity in the central core of a metallodendrimer
on its catalytic performance and degree of retention by nanomembrane fil-
tration [83-88]. Through a study on multimetallic cartwheel-type pincer
compounds, such as the one shown in Fig. 10, we have shown that by increas-
ing the size of a material possessing a shape-persistent backbone, a linear
increase in the retention of these molecules by nanofiltration membranes is
achieved. Moreover, the catalyst with the higher degree of retention and with
a high catalytic site concentration at its periphery gave rise to enhanced cata-
lytic activities in comparison to its monomeric counterparts. This example
represents an interesting case of a (double) positive dendritic effect. Applica-
tion of a palladium version of this catalyst in a CFMR produced product for
27 h without showing any change in conversion, selectivity or productivity.
An attractive aspect of this kind of soluble, shape-persistent multisite catalyst
is the relatively facile synthesis involving short synthetic routes.

In summary, the performance of a recyclable metallodendrimer in homo-
geneous catalysis depends on different factors, but mainly on its intrin-
sic chemical and structural properties. At the catalytic level, tailor-made
dendritic-supported catalysts can be achieved by choosing an appropriate
type of dendrimer backbone, shape and generation and by carefully selecting
the locations of and the spacing between the catalytic sites within dendrimer.
In this respect, the use of alternative dendritic macromolecular structures as
catalyst supports is of interest. Two recent examples from our own work may
serve to exemplify this point. In the first example, organometallic moieties
were grafted with greater than 93% efficiency onto dendronized polystyrene
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Double Michael Reaction
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0 [cat]
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Fig. 10 Shape-persistent nanosized Lewis acid catalyst for double Michael addition reac-
tion

in collaboration with Schliiter et al. (Fig. 11) [89]. In this manner, dendritic
macromolecules were obtained that contain 850 (Gp), 1700 (G;), and 3400
(G3) identical catalytic Pd sites per molecule. The physical properties of these
structures allow for their facile recuperation, which is combined with an un-
altered catalytic activity for all generations with respect to the monomeric
catalyst. These observations arise from the overall molecular architecture of
the dendronized polymer, which results in a stiffened, nanomanipulatable
structure in which the dendrons are confined within a restricted space. The
use of easily accessible hyperbranched polymers as economically viable sub-
stitutes for dendrimers used as catalyst supports may serve as the second
example. In collaboration with Frey et al., dendritic catalyst were developed
through both covalent and noncovalent anchoring of organometallic moi-
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Fig. 11 Alternative dendritic macromolecular structures based on dendronized polystyr-
ene (left) and hyperbranched polyglycidol (right) used as catalyst supports

eties to hyperbranched polyglycidol macromolecules (Fig. 11) [90, 91]. These
metallodendritic species showed promising catalytic activities and recovery
properties.

At the recycling level, however, the selection of the most appropriate cat-
alyst and catalytic conditions (including the solvent), which should be com-
patible with the properties of the membrane, is a key issue. Although a large
number of valuable membranes are commercially available, the lack of infor-
mation on their compositions and chemical properties is a matter of com-
promise that complicates the full understanding of their interactions with the
catalytic species and the reaction components.

In conclusion, the potential of soluble, nanosized metallodendrimers as
catalysts in homogeneous reactions is well-consolidated. Future applications
of these species are foreseen in high-tech nanotechnology applications in the
fields of nano- and microreactors, cascade catalysis, and catalytic biomonitor-
ing and biosensing. In this respect, the recent use of noncovalent strategies
for the construction of multicomponent catalytic assemblies, and the use of
biomacromolecules within dendritic structures is intriguing [60-62, 92, 93].
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Abstract The development of catalytic systems that provide rapid and selective chemical
transformations and can be completely separated form the product is still a major chal-
lenge. Dendrimers can be used as well-defined nanosized supports for the immobilization
of homogeneous catalysts leading to homogeneous catalysts that can be easily removed
from the reaction mixture by nanofiltration. So far most effort has been put into the co-
valent functionalization of dendritic structures with catalytic sites. A recent novel strategy
in this research area comprises the noncovalent anchoring of catalysts to support apply-
ing well-defined binding sites, offering several advantages above the traditional covalent
approaches. In this chapter we will discuss the supramolecular approach in detail and we
will highlight the progress in the area of supramolecular dendritic catalysis.

Keywords Dendrimers - Transition metal catalysis - Supramolecular chemistry -
Catalyst recovery

1
Introduction

Dendrimers are well-defined hyperbranched macromolecules that have be-
come particularly popular in the preceding decades. Rapid developments of
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synthetic procedures have made functionalized dendrimers readily available
in sufficient quantities to facilitate the rapid development of dendrimer chem-
istry. Despite the huge effort of many groups, most synthetic procedures
result in dendrimers that have defects, especially for the larger generation, but
the consequences for their properties are generally thought to be small. Sev-
eral potential applications for dendrimers, including catalysis [1-8], are well
documented in numerous reviews [9-12].

In the early 1990s, dendrimers were used for the first time as support for
catalysis [13], aiming at an optimum combination of homogeneous catalysis
and easy separation from reaction products by modern membrane tech-
niques. As is clear from the reviews on dendritic catalysis [1-8] and the
previous section, there are numerous examples of dendritic transition metal
catalysts where the active center is attached to various dendritic backbones at
different locations. It was proposed that dendrimers potentially could modify
the catalyst performance; such dendritic effects in catalysis include increased
or decreased activity, selectivity and stability. Especially dendrimers func-
tionalized at their cores offer the prospect of mimicking the properties of
enzymes, which can be regarded as their natural counterparts, and such den-
drimers may yield catalysts with unique activities or stabilities. In core- (and
focal point-) functionalized dendrimers, the catalyst may benefit from the
site isolation created by the environment of the dendritic structure. When
reactions are deactivated by excess ligand or when a bimetallic deactivation
mechanism is operative, core-functionalized dendrimers can minimize the
deactivation. Periphery-functionalized dendrimers contain multiple reaction
sites and may have extremely high local catalyst concentrations, which can
lead to cooperative effects in reactions that proceed via a bimetallic mechan-
ism [14, 15]. This may be a potential detriment of periphery-functionalized
dendrimers, because several deactivation pathways operate via bimetallic
mechanisms (e.g., ruthenium-catalyzed metathesis [16], palladium-catalyzed
reductive coupling of benzene and chlorobenzene [17], and reactions involv-
ing radicals [18]).

Besides the hitherto described dendritic effects, the main aspect of interest
regarding the use of dendritic supports in catalysis is represented by the pos-
sibility of recovering the catalyst. It is clear from the contributions of many
research groups that dendrimers are suitable supports for recyclable transi-
tion metal catalysts. Separation and/or recycle of the catalysts are possible
with these functionalized dendrimers; for example, separation results from
precipitation of the dendrimer from the product liquid; two-phase catalysis
allows separation and recycling of the catalyst when the products and catalyst
are concentrated in two immiscible liquid phases; and immobilization of the
dendrimer in an insoluble support (such as cross-linked polystyrene or silica)
allows use of a fixed-bed reactor holding the catalyst and excluding it from the
product stream. For dendritic catalysts separation with these traditional tech-
niques, the function of the dendrimer is not always clear. In contrast, the large
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Fig.1 Schematic presentation of supramolecular anchoring of catalysts to dendritic
support

size and the globular structure of the dendrimers enable efficient separation
by nanofiltration techniques. Nanofiltration can be performed either batch-
wise or in a continuous-flow membrane reactor (CFMR), which offers major
advantages, particularly for reactions that benefit from low substrate (reac-
tant) concentrations or suffer from side reactions of the products. Membrane
reactors have been investigated since the 1970s [19]. Although membranes
can have several functions in a reactor, the most obvious is the separation
of reaction components. Initially the focus has been mainly on polymeric
membranes applied in enzymatic reactions, and ultrafiltration of enzymes
is commercially applied on large scale for the synthesis of fine chemicals
(e.g., L-methionine) [20-24]. Membrane materials have been improved sig-
nificantly over those applied initially, and nanofiltration membranes suitable
to retain relatively small compounds are now available commercially (e.g.,
mass cut-off of 400-750 D).

Whether dendritic catalysis can compete successfully in commercial appli-
cations with other strategies that allow recycling of the catalyst remains to be
seen. Dendrimer supports are still relatively expensive, but for applications
that do not require the well-defined structure of the dendrimer support, hy-
perbranched polymers can offer a cheaper alternative. A recent novel strategy
in this research area that might provide the added value required to make the
step towards commercial applications involves the noncovalent functionaliza-
tion of dendritic support with catalysts (Fig. 1). This offers several advantages
above the traditional covalent approaches. In this chapter we will review the
progress in the area of supramolecular dendritic catalysis.

2
Covalent Versus Noncovalent Anchoring of Catalysts to Dendrimers

Before describing examples of supramolecular dendritic catalyst we will first
evaluate the potential advantages and disadvantages of covalent and non-
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covalent functionalization of dendrimers. The covalent functionalization of
dendrimers with catalytic sites requires the development of novel synthetic
routes for each novel catalyst system. This is very labor-intensive and there-
fore costly. Supramolecular anchoring involves only one synthetic route that
results in dendrimers with well-defined binding motifs. Catalysts only need
to be functionalized with the complementary motif, which is generally much
easier than multiple-functionalization of the dendritic framework. Thus, one
type of dendritic support can be used to support many different catalyst sys-
tems. In addition, the reversible nature of the noncovalent approach allows
controlled de- and re-functionalization of the support, which enables the easy
reuse of the homogeneous catalyst and the dendritic support. It also gives
rise to new opportunities such as easy variation of catalyst loading, even dur-
ing catalysis, and replacing decomposed catalyst by new material. Indeed,
when the catalyst that is covalently attached to the dendrimer has decom-
posed, both the catalyst and the dendritic support will be wasted. In general
the supramolecular approach is far more flexible and general because of its
inherent modular nature. Of course the supramolecular approach also has its
disadvantages, or research challenges if you like. First of all, the supramolecu-
lar binding event should be compatible with the catalytic event. This means
that the supramolecular strategy poses restriction on the conditions under
which the dendritic catalyst can be applied. For example, if the binding is
based on hydrogen bonding, apolar organic solvents should be used. Also,
many transition metal-catalyzed reactions require basic conditions, and the
binding motifs that are used should be base-stable in these cases.

Another important issue evolves if the dendritic catalyst will be used in
a continuous-flow membrane reactor. Generally, two forms of leaching have
to be considered when dendritic transition metal catalysts are used in such
reactors: depletion of the dendritic catalyst through the membrane and metal
dissociation (possibly after decomposition) from the dendrimer resulting

Table 1 Advantages and disadvantages of covalently and noncovalent anchoring of cata-
lysts to dendrimers

Covalent attachment Noncovalent attachment
Multipurpose use No Yes
of dendritic scaffold
Multiple use No Yes
of dendritic scaffold
Easy variation of catalyst No Yes
loading on support
Catalyst recycling via Yes Depends on association

nanofiltration constant
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Fig.2 Schematic presentation of a membrane reactor (left) and theoretical relative con-
centrations (Cr) of the dendritic species versus the substrate flow (in residence times Nr)
calculated for various retention factors

in further leaching of the unsupported metal through the membrane. In
addition to these leaching issues, the supramolecular dendritic catalyst has
a third pathway that leads to catalyst depletion, namely dissociation of the
catalyst system from the binding site. Clearly, this process is strongly depen-
dent on the association constant (binding strength of the motif used) and
the absolute concentration of the dendrimer (with the binding sites) and the
catalyst. The question that rises is how strong the binding of the catalyst to
the dendritic support should be. In Fig. 2 the theoretical retention of cata-
lysts are plotted for dendritic systems with various retention factors'. For
example, if a dendritic catalyst has a retention factor of 0.95, only 25% of the
catalyst would remain in the reactor after the reactor had been flushed with
30 times its volume. For practical applications, the overall retention of the
dendritic catalyst must be extremely high (typically, > 99.9%) to maintain the
material in a CFMR for long reaction times. The required retention obviously
depends on the application; processes for the commodity chemical industry
generally require higher numbers of turnovers and therefore more efficient
catalyst recycling than those for high added-value fine chemicals. In Fig. 3 we
have plotted theoretical curves with retention of catalysts systems that are an-
chored to dendrimers with various association constants. We have assumed
for this particular example that the retention of the dendrimer is high (100%)

! Retention factors were calculated using equation: retention factor =1+ {In[a/(a + b)]/x}, where a
is the amount of dendrimer inside the reactor after the experiment; b is the amount of dendrimer
that went through the membrane; and x is the number of reactor volumes flushed with substrate
solution.
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Fig.3 Theoretical retention curves for catalysts noncovalently anchored to a function-
alized dendritic host with various association constants: concentration guest catalyst
([Guest]) in the reactor as function of the residence time (Nr). Calculation parameters:
[Host] = 3.60 x 107> M, [Guest]start = 2.80 x 107> M, retention guest catalyst = 96%, re-
tention host = 100%

and that of the free catalyst (not associated to the dendrimer) is also rather
high (96%). The retention of the catalyst is typical what we find if we use
membranes with a cut-off around 700 D. From the theoretical curves it can
be seen that the association constant of the catalyst to the dendrimer must be
typically above 10* M~! to obtain catalyst systems that are well suited for ap-
plication in continuous-flow membrane reactors. If membranes are used that
have a larger cut-off, between 1000 and 2000, the retention of the free cata-
lyst will drop dramatically in which case a high association constant becomes
even more important.

3
Noncovalently Functionalized Dendrimers Based on Multiple Interactions

It is interesting to note that supramolecular chemistry using dendritic
scaffold has been explored since many years [25]. The first example in
which a supramolecular dendritic catalyst is described was reported only
recently [26]. Phosphine ligands were anchored in the periphery of poly(pro-
pylene imine) dendrimers using a specific binding motif that is complemen-
tary to that of the dendrimer support. The dendrimer provided directional
binding sites for the strong but reversible binding of 32 guest molecules func-
tionalized with the complementary binding motif. The binding is based on
a combination of multiple hydrogen bonds and ionic interactions (Fig. 4).
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Fig.4 The first supramolecular dendritic catalyst in which 32 phosphine ligands are
noncovalently anchored to the functionalized dendrimer by hydrogen bonds and ionic
interactions
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The binding constant of the anchor into the periphery of the dendrimer
and that of the palladium to the ligand are very high; the guest-Pd-dendrimer
complex remained intact during size exclusion chromatography (SEC). The
dendrimer containing 32 phosphine-functionalized guest molecules was used
as a multidentate ligand in the palladium-catalyzed allylic amination with
crotyl acetate and piperidine as the reactants. The reaction was fast; with
a substrate to Pd ratio of 30, the conversion was more than 80% after 10 min.
Approximately the same rate and selectivity (branched : trans : cis ratio = 61 :
33:6) were observed for the monomeric palladium complex in absence of the
dendrimer.

The supramolecular guest-Pd-dendrimer complex was found to have a re-
tention of 99.4% in a continuous-flow membrane reactor. This indicates that
the supramolecular anchoring is sufficiently strong in this example for appli-
cation in such process. The supramolecular system was also investigated as
a catalyst for the allylic amination reaction. A solution of crotyl acetate and
piperidine in dichloromethane was pumped through the reactor. The con-
version reached its maximum (ca. 80%) after approximately 1.5h (which is
equivalent to 2-3 reactor volumes of substrate solution pumped through the
reactor). The conversion remained fairly constant during the course of the
experiment (Fig. 5). The red dot indicates the expected conversion (on the ba-
sis of the retention time) after the amount of 13 reactor volumes of substrate
solution had been pumped through the reactor. The small decrease in conver-
sion observed was attributed to deactivation of a part of the catalyst, which
was also observed for covalently functionalized systems [26]. These initial ex-
periments clearly demonstrate that noncovalently functionalized dendrimers
are suitable as soluble and recyclable supports for catalysts provided that the
binding constant is sufficiently high.

After these initial experiments, carbosilane dendrimers with a similar
binding motif in the core have been synthesized and their properties have
been investigated [27] (van Heerbeek et al., private communications). It was
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found that guest ligand molecules (L in Table 2) indeed were bound in the
bis-urea binding pocket in the core of the dendrimer with association con-
stants around 10* M~!. Reactions carried out in batch processes showed that
if the catalyst was anchored in the core of larger dendrimers, the reaction
was slower than that of the free catalyst. A similar observation was observed
with covalently core-functionalized systems [28], indicating that the reaction
indeed takes place in the core of the dendrimer. Also in the noncovalently

100

\,? 80 ° o090 oo 000 o

S 60 ° 5

ko) o o

T 40

> 2
0 : : ‘
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NO~LOAC + [Pd] O O O
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Fig.5 The application of a noncovalently functionalized dendrimer (1) in a CFMR in the
allylic amination of crotyl acetate and piperidine in dichloromethane (Koch MPF-60 NF
membrane, molecular weight cut-off = 400 Da). The crossed square represents the yield
expected on the basis of the retention factor of the system and the deviation is explained
by catalyst decomposition

Table2 Palladium-catalyzed allylic amination using catalysts that are noncovalently an-
chored in the core of a carbosilane dendrimer

e 2P0 O
T Tt S

Catalyst Conversion CNt CN% CN«)

PPh,

L,Pd(crotyl)Cl 92 61% 31% 7%
G3{L,Pd(crotyl)Cl} 85 61% 31% 7%
G4{L,Pd(crotyl)Cl} 61 60% 32% 8%

Conditions: [Pd] = 0.01 mM; [crotylacetate] = 1 mM; [piperidine] =2mM; Gx:L: Pd =
1.3:2.2:1; solvent CH,Cl,; r.t.
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core-functionalized systems the catalyst activity is reduced because the cata-
lytic center is less accessible for the substrates. Preliminary experiments show
that the core-functionalized system can also be applied in a continuous-flow
membrane reactor (Fig. 6).

Recently, we extended the approach to dendrimers immobilized on silica.
For this purpose, the first generation (and also larger generations) DAB den-
drimer was functionalized with urea propyl-(SiOR); groups that via an easy
process were grafted on silica. The catalyst was noncovalently anchored by
simply adding a solution of a metal complex with ancillary ligands utilized
with the typical the complementary motif (Fig. 7) [29].

The supramolecular interaction between the transition metal catalyst and
the binding site is sufficiently strong to enable efficient catalyst recycling. In
addition, the support can be readily re-functionalized with different catalyst
systems, by washing with methanol to remove the first catalyst system and
then attaching the new catalyst system by just stirring in apolar solvent such
as toluene (Fig. 7).

The resulting noncovalently immobilized complexes have been used as
ligand systems for both the Pd-catalyzed allylic amination reaction and the
Rh-catalyzed hydroformylation. A glycine-urea functionalized PPhs ligand,
4(S), was noncovalently attached to the immobilized dendritic support, and
the application of this system in the Pd-catalyzed allylic amination attains
similar yields and product distributions as the homogeneous analogue for the

2°2°2°2
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Fig.6 The application of a noncovalently core-functionalized dendrimer (2) in a CFMR
in the allylic amination of crotyl carbonate in dichloromethane (Koch MPF-60 NF mem-
brane, molecular weight cut-off = 400 Da)
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Fig.7 The concept of supramolecular anchoring of catalysts to dendritic binding sites im-
mobilized on silica (A) and the binding motif based on hydrogen bonding (HB) that has
been used

Pd-catalyzed allylic amination of crotyl acetate by piperidine, while exhibit-
ing a reduced rate as is commonly observed for heterogenized systems (90%
conversion achieved after 30 min compared with 5 min for the homogeneous
system). Interestingly, the catalyst could be recycled three times via a simple
filtration step. Subsequently, the catalyst was separated from the support and
the support was uploaded with hydroformylation catalysts.

0
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sio, § O\
2_ o i/\/\N e}
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Ligand 4 was first studied in the rhodium-catalyzed hydroformyla-
tion of 1-octene and gave chemo- and regio-selectivities typical of bis-
triphenylphosphine based rhodium complexes. Reactions proceeded to
80-90% conversion, and as usual for supported catalysts the activity was less
than the analogous homogeneous systems. The catalyst can be recycled up to
eight times with only a slight drop in activity, which is due to metal-leaching.
A rhodium catalyst based on the glycine-urea functionalized Xantphos ligand
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(5) was subsequently used in combination with the same support material, as
a catalyst for the hydroformylation of 1-octene. In 11 consecutive reactions
the catalyst did not show any deterioration or metal-leaching. Similar to what
was previously observed for covalently anchored systems (6), a decrease in
activity and selectivity is observed compared to the homogeneous system. In-
terestingly, higher activity and selectivity for the linear aldehyde are observed
for the noncovalently anchored ligand compared to covalently anchored Nix-
antphos (6), while in the homogeneous phase these Nixantphos and Xantphos
ligands show similar activity and selectivity [30, 31].

These noncovalently anchored catalysts in general exhibit a behavior simi-
lar to their covalently bound analogues, but can now be separated from the
support after the reactions by a simple filtration step. So far, these immobi-
lized systems have not been used in continuous flow reactors.

4
Noncovalently Functionalized Dendrimers
Based on Single Point Interactions

Van de Coevering et al. [32] utilized ion-pairing interactions to tether tran-
sition metal complexes with sulfonated anionic tails to cationic dendrimeric
supports (Fig.8). In these assemblies, eight anionic organometallic Pd-
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Fig.8 Stoichiometric assembly of an octa-cationic core-shell dendrimer and eight anionic
Pd(II) guest molecules
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fragments are incorporated by the cationic core-shell dendritic structure, i.e.,
the number of incorporated mono-anionic Pd(II)-guests is determined by the
number of cationic sites in the dendrimer core.

According to the NMR studies, the organometallic Pd(II) moieties are lo-
cated at or around the dendrimer periphery depending on the tether size and
the dendrimer generation. The diffusion coefficients of the octa-cation and
the eight mono-anions in these dendritic assemblies show a good correlation
and indicate an enhanced “entrapment” of the anions by the larger den-
drimers. These assemblies were successfully applied as Lewis acid catalysts
in the cyclization of benzaldehyde and methyl isocyanate. In all cases, the
conversions after 24 h were somewhat lower than those of the unsupported
analogues, whereas the product trans/cis ratio was retained in the presence of
the dendritic support. These observations suggest that each supported Pd(II)
moiety in the dendritic assembly behaves kinetically independently and that,
apparently, the “embedding” in the dendrimer framework does not produce
mass transfer limitations phenomena that would alter the reaction kinetics.
No experiments of recovery and recycling were reported.

Kaneda et al. [33, 34] have recently utilized acid-base interactions to non-
covalently attach diphenylphosphine-4-benzoic acid palladium complexes to
the exterior of poly(propyleneimine) dendrimers and to cavities within these
dendrimers (Fig. 9) via the interaction of the benzoic acid with the carboxyl
groups of amide moieties positioned within the dendrimer. Interestingly, the
supramolecular dendritic catalyst gave rise to much more active catalysts for

5 00 9 ¢
' 7

n"

o

10a: n=16; 11a: n=32; 12a: n=64 10b

Fig.9 Proposed structure of dendrimer-encapsulated Pd complexes
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the Heck reaction. In addition, selectivity for mono-substitution in the Heck
reaction of p-diiodobenzene with n-butyl acrylate was observed for the den-
dritic encapsulated system, whereas the parent complex gave rise to a mixture
of mono- and di-substituted products. The origin of this dendritic selectivity
effect remains unclear. In the allylic amination of cinnamyl methyl carbon-
ate, using morpholine as the nucleophile, the supramolecular catalysts also
gave rise to higher selectivities compared to the non supported analogue.
Functionalization of the exterior of the dendritic scaffold with triethoxyben-
zoyl chloride instead of decanoyl chloride makes the dendrimer insoluble in
aliphatic solvents, but soluble in polar solvents such as DMF. These properties
enabled a simple, recyclable thermomorphic biphasic system for the allylic
amination to be devised.

Polyoxometallate clusters (POM’s), a class of well-defined structures that
are rich in redox chemistry and therefore highly suitable for oxidation cataly-
sis have been covalently attached [35] to dendritic support to aid separation,
recycling and stability. The resulting tetra-(POM) molecules are hydrolyti-
cally stable, catalyze peroxide oxidations and represent the initial examples of
a potentially very large class of new POM-containing catalytic materials. Very
recently Astruc et al. [36] noncovalently linked POM’s to a dendritic support
by utilizing ion-pairing interactions between the anionic POM fragments and
a cationic dendrimer. The polyoxometallate fragment [PO4{WO(0,)3}4]*"
(Fig. 10) was noncovalently linked to tri-cationic tripod fragments of the den-
drimer yielding an epoxidation catalyst that was as active as its unbound ana-
logue. A comparison of the homogeneous mono-, bis-, tris-, and tetra(POM)
catalysts indicated that there was no measurable dendritic effect on the reac-
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Fig. 10 Polyoxometallate clusters anchored to soluble support via ionic interactions
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tion kinetics within this series. A dendritic effect, however, was noted in the
recovery of the catalysts. They were recovered by precipitation and filtration
with a recovery efficiency of up to 96%. These catalysts could then be re-used
with no loss of activity.

5
Noncovalently Functionalized Hyperbranched Polymers

The structural perfection of a dendritic support is not required for every
application in catalysis, and hyperbranched polymers provide interesting
and cheap alternatives as catalyst supports [37]. These hyperbranched poly-
mers are obtained from a simple one-pot synthesis, yielding globular poly-
meric structures with broad weight distributions compared to their dendritic
analogues.

Mecking [38] utilized electrostatic interactions to bind phosphine ligands
with multiple sulfonate groups, such as NaTPPTS (tris(sodium-m-sulfonato-
phenyl)phosphine), to soluble linear polyelectrolytes which can be recovered
and recycled by ultrafiltration. The electrostatically polymer-bound com-
plex was employed in the hydroformylation of 1-hexene, yielding turn-over-
frequencies of up to 160 TOh™! at 80 °C and 30 bar (CO/H; = 1). The system
exhibits the typical selectivity (I: b =2.5-3.1) of a bis(triphenylphosphine)
bound rhodium catalyst. This approach has recently been extended to hy-
perbranched supports [39]: polyelectrolytes with PhyP(CsHy4_p-SO3) counte-
rions were prepared by ion exchange from hyperbranched polycations with
a polyglycerol-based polyether scaffold and 1,2-dimethylimidazolium end
groups. Clear advantages of highly branched macromolecules by comparison
to linear polymers are their low tendency for crystallization and corres-
ponding high solubility, which is beneficial in catalyst synthesis and enables
high conversions. Hydroformylations were carried out in homogeneous solu-
tion using the aforementioned polyelectrolyte as polymer-bound ligand and
[Rh(CO);(acac)] as a metal precursor. In the hydroformylation of 1-hexene,
a slightly reduced catalytic activity of the polymer-bound catalyst but some-
what higher linear/branched selectivities compared to the unbound complex
were observed, possibly caused by the high local phosphine concentration at
the polymer periphery. The noncovalently bound catalyst could be recovered
and recycled by ultrafiltration several times, but the system was not tested in
a closed, continuously operated membrane reactor.

Frey and Van Koten et al. [40-42] reported on the noncovalent encap-
sulation of sulfonated pincer-platinum(II) complexes in readily available
amphiphilic nanocapsules based on hyperbranched polyglycerol, possess-
ing a reverse micelle-type architecture. The incorporated platinum(II) com-
plexes showed catalytic activity in a double Michael addition, albeit with
decreased activities compared to the free pincer complex. Due to the size of
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the nanocapsules, it was possible to separate the products from the encap-
sulated catalysts by dialysis, and recover >97% of the catalytic material. It
is unknown if the 3% loss is due to the supramolecular nature of the sys-
tem. The same groups have synthesized optically active hyperbranched poly-
mers and used them to immobilize platinum NCN-pincer complexes both
covalently and noncovalently. These chiral supports exhibit a slight circular
dichroic activity, but no enantioselectivity is observed upon using these sys-
tems to catalyze Michael additions between methyl vinyl ketone and ethyl
a-cyanopropionate. Quantitative recovery of these catalysts from catalytic re-
actions was achieved by dialysis.

Haag et al. [43] have recently reported on the supramolecular immobiliza-
tion of a perfluoro-tagged Pd catalyst on a dendritic polyglycerol ester with
a perfluorinated shell and they have investigated its activity in Suzuki coup-
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ling reactions (in DMF as solvent). The strong interaction between the per-
fluorinated chains in the supramolecular complex was studied by *F NMR
spectroscopy. The spectrum shows an isolated CF; signal at - 83.31 ppm.
Upon complex formation a significant amount of the CF; signal undergoes
a down-field shift of 1.70 ppm to - 81.61 ppm. This shift of the CF; signal
is characteristic of the partial intercalation of perfluoroalkyl chains. Con-
cerning the catalytic activity of the immobilized catalyst it is noteworthy
that the fluorous-fluorous interaction is temperature dependent and is re-
duced significantly at higher temperatures. This will enhance the flexibility
of the ligand, which might increase its catalytic activity. The performances
of the immobilized perfluoro-tagged catalyst was studied in homogeneous
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Suzuki coupling reactions (solvent DMEF, temp. 80 °C) and compared to the
unsupported perfluoro-tagged catalyst at different catalyst concentrations.
The yields using the perfluoro-tagged catalyst are significantly lower com-
pared to the reactions were the supramolecular dendritic catalyst assembly
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was applied. This is probably due to the fact that the “bare” perfluoro-tagged
Pd catalyst is not soluble in DMEF, in contrast to the supramolecular dendritic
catalyst assembly. The supramolecular supported catalyst could be separated
from the products by simple precipitation using a mixture of DME/water for
recycling and multiple use purposes.

6
Conclusions and Outlook

In this contribution, the noncovalent immobilization of homogeneous cat-
alysts to dendritic and other soluble macromolecular supports has been
surveyed. In the examples reported so far, the supramolecular noncovalent
immobilization of a homogeneous catalyst is based various interactions. In
the first examples, the anchoring process was based on multiple interactions
between catalyst and dendritic support, providing well-defined nano-sized
catalyst complexes. It has been shown that functionalization of the dendritic
scaffold can also rely on simple ion exchange or acid-base ion-pairing. It is
clear that dendritic scaffolds are suitable supports to prepare supported tran-
sition metal catalysts using supramolecular strategies, and several transition
metal-catalyzed reactions have been shown to be compatible with the non-
covalent anchoring process. This requires that the functional groups used for
the anchoring and the catalysts, substrates and products are compatible, and
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that reaction conditions are such that the catalysis proceeds and the binding
is possible. Although it has been proven, much more studies are required to
learn more in detail about these aspects since in many examples it is not ex-
actly know how, for example, the formation of the product affects the binding
process of the catalysts to support.

Several separation techniques are applicable for these functionalized den-
drimers including precipitation, two-phase catalysis and immobilization of
the dendrimer to insoluble support (polystyrene, silica). For every separation
strategy the function of dendritic scaffold should be critically evaluated to
really understand and appreciate the added value of the dendritic approach.
This is obvious if the large size and the globular structure of dendrimer is uti-
lized to facilitate separation by nanofiltration techniques or dialysis. Nanofil-
tration can be performed batchwise and in a continuous-flow membrane
reactor (CFMR). The common problems involved in catalyst recycling also
pertain to dendritic catalysts. These include dendrimer or catalyst decom-
position, dendrimer leaching, metal leaching and catalyst deactivation. In
addition, the binding strength of the catalyst to the support is also import-
ant; a low association constant will result in leaching of the noncovalently
anchored catalyst. So far only a relatively few examples have been reported,
and therefore it is too early to draw general conclusions. Further optimization
of noncovalently supported catalysts and deeper understanding of the nature,
the stability and the localization of the binding interactions between the cat-
alyst and the support is required before application of these systems becomes
realistic. However, it is clear from the examples reported so far that the supra-
molecular approach has advantages compared to covalent approaches. The
preparation is simplified, and the dendrimer can be used as multi-purpose
scaffold for a variety of catalytic applications. Also, as the binding of catalysts
is reversible, the dendrimer can be defunctionalized enabling recycling of the
dendritic scaffold. Many other new possibilities come to mind, but these still
have to be brought into practice.

As already demonstrated for dendrimers with covalently attached catalysts,
and also for noncovalently anchored systems, it seems that less well defined
macromolecules such as hyperbranched polymers can be used equally well.
They have the advantage that the preparation is more convenient and there-
fore the support is far cheaper. Well-defined macromolecular supports, such
as “perfect” dendrimers, can be very helpful for mechanistic studies, validat-
ing future research in this area. In addition, in some reactions the perfect
structure might lead to enhanced catalyst performance, in which case the
use of dendritic catalysts could compete with their cheaper hyperbranched
analogues. In general, the area of supramolecular dendritic catalysis is very
promising as there are many clear advantages, but more studies are required
to obtain the detailed knowledge facilitating the step towards commercial
applications.



58

E. Ribaudo et al.

References

. Astruc D, Chardac F (2001) Chem Rev 101:2991

2. Kreiter R, Kleij AW, Klein Gebbink RJM, van Koten G (2001) In: Vogtle F, Schalley CA

10.
11.
12.
13.

14.
15.
16.
17.
18.
19.
20.
21.
22.

23.
24.

25.
26.

27.
28.

29.

30.

(eds) Dendrimers IV: Metal Coordination, Self Assembly, Catalysis 217:163. Springer,
Berlin Heidelberg New York

. Oosterom GE, Reek JNH, Kamer PCJ, van Leeuwen PWNM (2001) Angew Chem Int

Ed 40:1828

. Crooks RM, Zhao M, Sun L, Chechik V, Yueng LK (2001) Acc Chem Res 34:181
. Reek JNH, de Groot D, Oosterom GE, Kamer PC]J, van Leeuwen PWNM (2002) Rev

Mol Biotechnol 90:159

. Reek JNH, de Groot D, Oosterom GE, Kamer PCJ, van Leeuwen PWNM (2003)

Comptes Rendus Chimie 6:106

. van Heerbeek R, Kamer PCJ, van Leeuwen PWNM, Reek JNH (2002) Chem Rev

102:3717

. Caminade A-M, Maraval V, Regis L, Majoral J-P (2002) Curr Org Chem 6:739
. Newkome GR, Moorefield CN, Vogtle F (1996) Dendritic Molecules. Verlag Chemie,

Weinheim

Vogtle F (1998) Top Curr Chem 197:1

Majoral J-P, Caminade A-M (1999) Chem Rev 99:845

Bosman AW, Janssen HM, Meijer EW (1999) Chem Rev 99:1665

Knapen JW]J, van der Made AW, de Wilde JC, van Leeuwen PWNM, Wijkens P, Gro-
ve DM, van Koten G (1994) Nature 372:659

Adams RD, Cotton FA (eds) (1998) Catalysis by Di- and Polynuclear Metal Cluster
Complexes. Wiley, New York

Broussard ME, Juma B, Train SG, Peng W-], Laneman SA, Stanley GG (1993) Science
260:1784

Ulman M, Grubbs RH (1999) ] Org Chem 64:7202

Mukhopadhyah S, Rothenberg G, Gitis D, Sasson Y (2000) J Org Chem 65:3107

Van de Kuil LA, Grove DM, Gossage RA, Zwikker JW, Jenneskens LW, Drenth W, van
Koten G (1997) Organometallics 16:4985

Sirkar KK, Shanbhag PV, Kovvali AS (1999) Ind Eng Chem Res 38:3715

Kragl U, Vasic-Racki D, Wandrey C (1992) Chem-Ing-Tech 64:499

Kragl U, Vasic-Racki D, Wandrey C (1993) Indian J Chem 32B:103

Bommarius AS (1993) In: Rehm H-J, Reed G, Piihler A, Stadler P, Stephanopoulos G
(eds) Biotechnology, Bioprocessing, vol 3. VCH, Weinheim, p 427

Prazeres DME, Cabral JMS (1994) Enzyme Mycrob Technol 16:738

Kragl U (1996) In: Godfrey T, West S (eds) Industrial Enzymology. MacMillan, Hamp-
shire

Zeng F, Zimmerman SC (1997) Chem Rev 97:1681

De Groot D, de Waal BFM, Reek JNH, Schenning APH]J, Kamer PC]J, Meijer EW, van
Leeuwen PWNM (2001) ] Am Chem Soc 123:8453

van Heerbeek R (2006) Thesis, University of Amsterdam

Oosterom GE, Steffens S, Reek JNH, Kamer PC]J, van Leeuwen PWNM (2002) Top
Catal 19:61

Chen R, Bronger RPJ, Kamer PCJ, van Leeuwen PWNM, Reek JNH (2004) ] Am Chem
Soc 126:14557

van der Veen LA, Keeven PH, Schoemaker GC, Reek JNH, Kamer PC]J, van Leeuwen
PWNM, Lutz M, Spek AL (2000) Organometallics 19:872



Supramolecular Dendritic Catalysis 59

31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.

43.

Sandee AJ], Reek JNH, Kamer PCJ], van Leeuwen PWNM (2001) ] Am Chem Soc
123:8468

van de Coevering R, Kuil M, Klein Gebbink RJM, van Koten G (2002) Chem Commun,
p 1636

Ooe M, Murata M, Takahama A, Mizugaki T, Ebitani K, Kaneda K (2003) Chem Lett
32:692

Ooe M, Murata M, Mizugaki T, Ebitani K, Kaneda K (2004) ] Am Chem Soc 126:1604
Zeng H, Newkome GR, Hill CL (2000) Angew Chem Int Ed 39:1771

Plault L, Hauseler A, Nlate S, Astruc D, Ruiz J, Gatard S, Neumann R (2004) Angew
Chem Int Ed 43:2924

Sunder A, Heinemann J, Frey H (2000) Chem Eur J 6:2499

Schweb E, Mecking S (2001) Organometallics 20:5504

Schweb E, Mecking S (2005) Organometallics 24:3758

Slagt MQ, Stiriba S-E, Klein Gebbink RJM, Kautz H, Frey H, van Koten G (2002)
Macromolecules 35:5734

Stiriba S-E, Slagt MQ, Kautz H, Klein Gebbink RJM, Thomann R, Frey H, van Koten G
(2004) Chem Eur J 10:1267

Slagt MQ, Stiriba S-E, Kautz H, Klein Gebbink RJM, Frey H, van Koten G (2004)
Organometallics 23:1525

Garcia-Bernabé A, Tzschucke CC, Bannwarth W, Haag R (2005) Adv Synth Catal
347:1389



Tog Organomet Chem (2006) 20: 61-96
DOI 10.1007/3418_032

© Springer-Verlag Berlin Heidelberg 2006
Published online: 23 June 2006

Stereoselective Dendrimer Catalysis

Jutta K. Kassube - Lutz H. Gade (BJ)

Anorganisch-Chemisches Institut, Universitdt Heidelberg, Im Neuenheimer Feld 270,
69120 Heidelberg, Germany
lutz.gade@uni-hd.de

1 Introduction . . . ... ... .. ... e 62
2 Dendrimer Fixation of Chiral Catalysts . . . . ... ............. 63
3 Chiral Catalytic Sites at the Periphery of Dendrimers . . . . ... ... .. 64
3.1  Asymmetric Catalysis with Immobilized Phosphine-Based Catalysts . . . . 64
3.2 Asymmetric Catalysis with Immobilized Non-Phosphine-Based Catalysts . 69
3.3 A Special Case: Enantioselective Borohydride Reduction of Ketones

in the Periphery of Chiral Glycodendrimers. . . . ... ... ... ..... 76
4 Asymmetric Catalysis in the Core of Dendrimers:

Catalysts Attached to Dendritic Wedges . . . . . ... ... ......... 77
4.1  Chiral BINAP- and BINOL-Based Dendrimer Catalysts. . . . ... ... .. 77
4.2  Pyrphos-Based Catalysts Bearing Dendritic Wedges . . . . ... ... ... 82
4.3 Dendrimer-Fixed Chiral Diamine-Based Catalysts . . ... ... ... ... 84
4.4 Dendritic Bisoxazoline-Based Chiral Catalysts . ... ............ 87
4.5 Other Ligand Systems and Biphasic Catalysis . . . .. ... ... ...... 88
5 Polymer-Supported Chiral Dendritic Catalysts . . . . .. .......... 89
6 Conclusion and Outlook . . . . ... ...... ... ... ... ....... 94
References . . .. ... .. ... ... ... 94

Abstract Enantioselection in a stoichiometric or catalytic reaction is governed by small
increments of free enthalpy of activation, and such transformations are thus in principle
suited to assessing “dendrimer effects” which result from the immobilization of molecular
catalysts. Chiral dendrimer catalysts, which possess a high level of structural regular-
ity, molecular monodispersity and well-defined catalytic sites, have been generated either
by attachment of achiral complexes to chiral dendrimer structures or by immobilization
of chiral catalysts to non-chiral dendrimers. As monodispersed macromolecular sup-
ports they provide ideal model systems for less regularly structured but commercially
more viable supports such as hyperbranched polymers, and have been successfully em-
ployed in continuous-flow membrane reactors. The combination of an efficient control
over the environment of the active sites of multi-functional catalysts and their immobi-
lization on an insoluble macromolecular support has resulted in the synthesis of catalytic
dendronized polymers. In these, the catalysts are attached in a well-defined way to the
dendritic sections, thus ensuring a well-defined microenvironment which is similar to
that of the soluble molecular species or at least closely related to the dendrimer catalysts
themselves.
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Abbreviations

ALB Al-Li-bis(binaphthoxide)

BICOL 9H,9'H-[4,4|Bicarbazole-3,3’-diol

BINAP 2,2'-Bis(diphenylphosphino)-1,1’-binaphthyl

BINOL 1,1’-Bi-2-naphthol

COD 1,5-Cyclooctadiene

Danishefsky’s diene 1-Methoxy-3-(trimethylsilyloxyl)buta-1,3-diene

DPEN 1,2-Diphenylethylenediamine

ee Enantiomeric excess

Gy Generation x (1, 2, 3, ...)

Josiphos 1-[2-(Diphenylphosphino)ferrocenyl]ethyldicyclohexyl-phosphine
NOBIN 2-Amino-2'-hydroxy-1,1’-binaphthyl

PAMAM Poly(amido)amine

PPI Poly(propyleneimine)

Pyrphos 3,4-Bis(diphenylphosphino)pyrrolidine

salen Ethylenebis(salicylimine)

TADDOL 2,2-Dimethyl-a,a,0,0’-tetraphenyl-1,3-dioxolane-4,5-dimethanol
1

Introduction

Homogeneous chiral catalysts are well-defined molecular systems that may
display high activity and selectivity in catalytic reactions, combined with an
excellent reproducibility of the experimental results. The production of chi-
ral enantiomerically pure catalysts is expensive and thus catalyst recycling is
an important practical objective. This challenge was recognized early on and
has led to the development of supported molecular catalysts and, more re-
cently, dendrimer catalysts [1, 2]. With the latter, catalyst recycling has been
achieved using membrane reactors as well as catalyst precipitation and subse-
quent filtration, although frequently with deteriorating catalyst performance
over time. This utilitarian aspect of dendrimer catalysis has provided the
motivation for much of the work on chiral dendrimer catalysts. These have
been generated either by attachment of achiral complexes to chiral dendrimer
structures or by immobilization of chiral catalysts to non-chiral dendrimers,
by methods described in more detail elsewhere in this monograph.
Dendrimer fixation may be achieved by attachment of catalysts at the pe-
riphery of dendrimers (Fig. 1a) in the way first established by van Koten,
van Leeuwen and co-workers in their pioneering work on the Karasch reac-
tion [3, 4]. The second possibility is the attachment of one or more dendritic
wedges to the catalysts, which are then located at the core of the result-
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= catalyst = solid support

Fig.1 Fixation of catalytic metal centres (represented by the black spheres) in exodendral
(a) and endodendral (b) positions of dendrimers or on dendronized polymers (c)

ing functionalized dendrimers (Fig. 1b). The first example of such catalysts
was reported by Brunner et al. (“dendrizymes”), who studied the influence
of a chiral dendritic periphery on the performance of asymmetric cyclo-
propanation catalysts [5, 6]. Recently, a third type of chiral dendritic catalyst
has been developed which is based on an insoluble polymer support loaded
with dendritic wedges. These are functionalized by attachment of molecu-
lar catalysts to their periphery (Fig. 1c). The structures obtained following
this strategy combine the well-defined dendritic architecture near the active
sites of the catalytic phase with the ease of reuse characteristic of common
heterogeneous catalysts.

Since enantioselection in a stoichiometric or catalytic reaction is governed
by small increments of free enthalpy of activation [7], such transformations
are particularly suited to assessing “dendrimer effects” which result from the
immobilization of catalysts. In the assessment of such multi-site macromolec-
ular catalysts, it is essential to establish whether the immobilized catalyst
units retain their identity and are not altered by the nature of the dendrimer
backbone. The linker and spacer units employed in the fixation of the cata-
lysts may be crucial in this respect as well as the functional groups present
in the dendrimer. Regarding the dendrimer core structure itself, the length
and conformational rigidity of the branches and spacers are important fac-
tors when evaluating a dendritic catalyst. For immobilized asymmetric cat-
alysts, even subtle conformational changes may significantly influence their
stereoselectivity. The interplay of all these factors will generally determine
detrimental or beneficial dendrimer effects on catalyst performance, which
will be the focus of this overview of the field of asymmetric dendrimer
catalysis.

2
Dendrimer Fixation of Chiral Catalysts

The underlying concept of Brunner’s dendrizymes [5, 6] was the creation of
a chiral dendritic architecture in the environment of a catalytic centre, which
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should induce stereoselectivity in the same way as in enzymes. In metal-
loenzymes, in particular, the first coordination sphere of the metal centre
is frequently achiral (see for instance the ubiquitous tris-histidine binding
sites!), and the chiral induction is due to the chirality of the polypeptide
protein structure which allows for chiral secondary interactions with the sub-
strates. In contrast to the biological systems, the reaction performance of
dendrimers containing a chiral dendritic backbone has been found to be un-
satisfactory [8,9]. This is thought to be due to the fact that the dendrimers
that have been employed do not form well-defined secondary structures in
the same way as polypeptides. Consequently, the arrangement of functional
groups in the “second sphere” of the catalytic site, and thus their interaction
with a potential substrate, remains ill-defined.

In view of the inefficiency of the chiral induction effected by chiral den-
dritic structures, most attention has been directed towards the covalent or
electrostatic [10] fixation of established chiral mononuclear complexes to
achiral dendritic cores or wedges. A number of efficient chiral dendrimer
catalysts have been obtained, as will be discussed in the following sections.
However, even in these cases particular care has to be taken to avoid the nega-
tive interference of functional groups in the dendrimer core with the attached
catalytic sites. This aspect is thought to be important in the enantioselective
ethylation of benzaldehyde with chiral dendrimer catalysts, for which both
the chemical yields and the enantiomeric excesses were found to decrease
with increasing generation of the dendrimers [8,9]. Multiple interactions of
the catalytic sites on the dendritic surface with the substrate at higher gen-
erations add to the observed negative effects. To relieve these interactions
with the dendrimer end groups at the periphery of higher generations, the
introduction of an alkyl chain as a spacer or the use of a rigid hydrocarbon
backbone have been proposed [11].

3
Chiral Catalytic Sites at the Periphery of Dendrimers

3.1
Asymmetric Catalysis with Inmobilized Phosphine-Based Catalysts

The first example of asymmetric rhodium-catalyzed hydrogenation of prochi-
ral olefins in dendrimer catalysis was reported by Togni et al., who immo-
bilized the chiral ferrocenyl diphosphine “Josiphos” at the end groups of
dendrimers, thus obtaining systems of up to 24 chiral metal centres in the
periphery (Fig. 2) [12-14]. The fact that the catalytic properties of the den-
drimer catalysts were almost identical to those of the mononuclear catalysts
was interpreted as a manifestation of the independence of the individual cata-
lytic sites in the macromolecular systems.
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Fig.2 Fixation of chiral “Josiphos” ligands to a first-generation dendrimer containing
a cyclotriphosphazene core

In a comprehensive study carried out by the same group, the asymmet-
ric hydrogenation of dimethyl itaconate, asymmetric allylic substitutions and
asymmetric hydroboration reactions catalyzed by the multi-Josiphos rhodo-
dendrimers were investigated [15]. The stereoselectivities obtained with the
monodisperse dendrimer catalysts with up to 16 metal centres in the pe-
riphery were found to be very similar to those of the mononuclear reference
systems. The authors concluded that the absence of negative dendrimer ef-
fects is probably the best possible result when cooperativity effects between
single catalyst units do not play any relevant role. Small losses in selectivity,
observed upon going to higher dendrimer generations, may be due to local
concentration effects which become important, in particular, for cationic cat-
alyst species.

A series of chiral phosphine-functionalized poly(propyleneimine) (PPI)
and poly(amido)amine (PAMAM) dendrimers was synthesized by reaction
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of carboxyl-linked C,-chiral Pyrphos ligands (Pyrphos = 3,4-bis(diphenyl-
phosphino)pyrrolidine) with Oth-5th-generation PPI (Oth-4th-generation
PAMAM) using ethyl-N,N-dimethylaminopropyl carbodiimide (EDC)/1-
hydroxybenzotriazole as a coupling reagent (Scheme 1) [16]. The function-
alized dendrimers were characterized by NMR spectroscopy, elemental an-
alysis, and FAB and MALDI-TOF mass spectrometry, thus establishing their
molecular masses of up to 20 700 amu for the PPI derivatives.

Metallation of the multi-site phosphines with [Rh(COD),]BF, (COD =
1,5-cyclooctadiene) or [PACl,(NCCHj3),] cleanly yielded the cationic rhodo-
dendrimers or palladodendrimers, respectively, containing up to 64 metal
centres (Scheme 2).

The relationship between the size/generation of the rhododendrimers and
their catalytic properties was established inter alia in the asymmetric hydro-
genation of Z-methyl-a-acetamidocinnamate and dimethyl itaconate. Gener-
ally, a decrease in activity of the dendrimer catalysts was observed on going to
the higher generations for the PPI- and PAMAM-based dendrimers (Fig. 3).
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Fig.3 Conversion curves for the asymmetric hydrogenation of Z-methyl-a-acetamido-
cinnamate for the different catalyst generations

However, for the Rh(COD) systems, the enantioselectivity in the hydrogena-
tion of Z-methyl-a-acetamidocinnamate remained barely affected (Fig. 4) or
decreased only slightly, depending on the chosen substrate.

In an effort to extend the use of the Pyrphos-derived dendrimers to asym-
metric Pd-catalyzed coupling reactions, strongly positive selectivity effects
were observed upon going to very large multi-site chiral dendrimer cata-
lysts. This enhancement of the catalyst selectivity was observed in palladium-
catalyzed allylic substitutions, such as that displayed in Scheme 3, which are
known to be particularly sensitive to small changes in the chemical environ-
ment of the active catalyst sites [17].

The mononuclear catalyst [(Boc-Pyrphos)PdCl, ], which is very unselective
for this transformation [9% enantiomeric excess (ee)], provided the point of
reference for the subsequent studies with the dendrimer catalysts. This sys-
tem and the metalladendrimers PPI(PyrphosPdCl,)4 — PPI(PyrphosPdCl;)es
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Fig.4 Enantioselectivities for the different PPI- and PAMAM-derived catalyst generations
in the hydrogenation of Z-methyl-a-acetamidocinnamate
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Scheme 3 Asymmetric allylic amination of 1,3-diphenyl-1-propene-3-acetate catalyzed by
Pyrphos-palladium complexes

and PAMAM(PyrphosPdCl,)4 — PAMAM(PyrphosPdCl; )e4 in 0.3 mol % cata-
lyst concentration were studied in the catalytic amination of 1,3-diphenyl-1-
propene-3-acetate and gave the results displayed in Fig. 5.

A remarkable increase in catalyst selectivity was observed as a function
of the dendrimer generation. This steady increase in ee values for the al-
lylic amination was less pronounced for the PPI-derived catalysts [40% ee for
PPI(PyrphosPdCl;)e4] than for the palladium-PAMAM dendrimer catalysts,
for which an increase in selectivity from 9% ee for the mononuclear com-
plex to 69% ee for PAMAM(PyrphosPdCl;)ss was found. The same general
trend was observed in the asymmetric allylic alkylation of 1,3-diphenyl-1-
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Fig.5 Dependence of the enantiomeric excesses found for the allylic amination in
Scheme 3 on the dendrimer generation for both precatalyst series PPI(PyrphosPdCl,)s —
PPI(PyrphosPdCl,)ss and PAMAM(PyrphosPdCl, ), — PAMAM(PyrphosPdCl;)es

propene-3-acetate with sodium dimethylmalonate, which indicates that the
results of the amination reaction may be typical for allylic substitutions in
general [18-22].

The underlying mechanistic reasons for this strongly positive “dendrimer
effect” are thought to be based on a dismutation reaction of the Pyrphos-
palladium complexes, giving {(Pyrphos),Pd} sites which act as catalytic cen-
tres upon going to higher dendrimer generations. The latter effect is thought
to be due to the high local catalyst concentration enforced by the attachment
of the complexes to the dendrimer supports. The same selectivity effects were
observed for the mononuclear species upon addition of a second equivalent of
Pyrphos ligand.

3.2
Asymmetric Catalysis with Inmobilized Non-Phosphine-Based Catalysts

The majority of studies into the catalytic behaviour of dendrimers with chi-
ral catalytic centres at the periphery of the dendritic support have concerned
non-phosphine-based catalysts. As has become apparent in these studies, the
effect of the dendrimer fixation on the catalytic performance generally de-
pends on the individual system. Factors such as the high local density of cata-
lytic sites, the interaction of functional groups in the dendrimer backbone
with the catalysts and the structural rigidity or flexibility of the dendrimers
seem to play a role in many cases.

Jacobsen et al. reported a spectacular example of dendrimer-induced rate
enhancement. They synthesized dendrimer-bound [Co'(salen)] complexes
(salen = ethylenebis(salicylimine)) with up to 16 catalytic sites, using PAMAM
dendrimers as supporting materials (Fig. 6) [23]. In the hydrolytic kinetic
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Fig.6 The dendrimer-bound [Co(salen)] complexes studied by Breinbauer and Jacobsen

resolution (HKR) of terminal epoxides these catalysts exhibit significantly en-
hanced catalytic activity, in comparison with that of the mononuclear system.
As had been shown previously, the kinetics of this reaction are second order
in the concentration of the [Co(salen)] complex, a fact which was explained by
a cooperative two-site mechanism. The dendrimer effect may therefore be at-
tributed to the restricted conformation imposed by the dendrimer structure
and the increase in the local effective molarity of [Co(salen)] units.

Soai et al. developed poly(amidoamine), poly(phenylethyne) and car-
bosilane dendrimers containing chiral f-amino alcohols on their periphery
(Fig. 7) [11,24-28]. These systems were studied as catalysts for the enantio-
selective addition of dialkylzinc reagents to aldehydes and N-diphenylphos-
phinylimines. The different kinds of supporting dendritic structures gave rise
to varying catalytic activities and selectivities. The functionalized PAMAM
dendrimers of generations 0 and 1, bearing four and eight sites of chi-
ral amino alcohols, catalyzed the addition of dialkylzinc derivatives to
N-diphenylphosphinylimines with only moderate enantioselectivity com-
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Fig.7 The dendrimer-immobilized chiral amino alcohols studied by Soai et al. in the
asymmetric alkylation of prochiral carbonyl compounds with dialkylzinc reagents

pared to the monomeric system. To obtain appreciable catalytic conversions,
an excess of the zinc reagent was needed in each case, which is due to the fact
that the nitrogen and oxygen atoms of the PAMAM skeleton coordinate to the
zinc. The authors concluded that this led to a change of the conformation of
the chiral dendrimers, which was thought to be the reason for the subsequent
decrease in selectivity.

In order to avoid this unfavourable effect of the functional groups in the
dendrimer structure, a rigid hydrocarbon backbone without heteroatoms was
synthesized. Dendrimers with poly(phenylethyne) backbones, bearing three
and six ephedrine derivatives at the periphery, were studied in the alkylation
of aldehydes and N-diphenylphosphinylimines and proved to be highly en-
antioselective catalysts. For example, the system containing six catalytic sites
catalyzed the addition of diisopropylzinc to aldehydes with enantioselectivi-
ties of up to 86% ee. As a third backbone a polycarbosilane dendrimer was
used, which is chemically inert and more flexible than the poly(phenylethyne)
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structure. The chiral dendrimers, bearing four and 12 ephedrine moieties
catalyzed the reaction of diisopropylzinc with 3-phenylpropanal with even
higher enantioselectivities (up to 93% ee).

Chan et al. synthesized first- and second-generation dendrimers contain-
ing up to 12 chiral diamines at the periphery (Fig. 8) [29]. Their ruthe-
nium(II) complexes displayed high catalytic activity and enantioselectivity
in the asymmetric transfer hydrogenation of ketones and imines. Quantita-
tive yields, and in some cases a slightly higher enantioselectivity compared to
those of the monomeric systems (up to 98.7% ee), were obtained.

In 2002, Sasai et al. reported the synthesis of dendritic heterobimetal-
lic multi-functional chiral catalysts, containing up to 12 1,1’-bi-2-naphthol
(BINOL) units at their terminal positions (Fig.9) [30]. On treating these
functionalized dendrimers with AlMe; and n-Buli, insoluble metallated Al-
Li-bis(binaphthoxide) generation x (Gx-ALB) catalysts were obtained, which
showed moderate catalytic activity in the asymmetric Michael reaction of
2-cyclohexenone with dibenzyl malonate (Scheme 4).

O=g—, _§=0
0 ¢}

U 1

P aNH HN. :(Ph
P .\’NHBoc BocHN Ph

Fig.8 (R,R)-1,2-Diphenylethylenediamine attached to the periphery of dendrimers. Met-
allation with ruthenium(II) precursors gave efficient transfer hydrogenation catalysts
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Fig.9 Chiral BINOL ligands attached to the periphery of a poly(aryl ether) dendrimer
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Scheme 4 Asymmetric Michael reaction of 2-cyclohexenone with dibenzyl malonate cata-
lyzed by the metallated dendrimer shown in Fig. 9

Using the first-generation dendritic ALB as catalyst, the Michael adduct
was obtained with 91% ee and in 63% yield after 48 h. Under similar condi-
tions, the G, dendritic ALB gave the product with 91% ee in 59% yield. The
dendritic catalysts could be recycled and reused twice, giving comparable re-
sults. It is notable that a catalyst derived from randomly introduced BINOLs
on polystyrene resin only gave an essentially racemic product.
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Another multi-centred BINOL derivative used in asymmetric Lewis acid
catalysis should be mentioned in this context. In 2002, Chow et al. reported
the preparation of the Gy and G; generations of chiral 1,1’-binaphthalene-
based dendritic ligands, using an oligo(arylene) framework as rigid support-
ing material (Fig. 10) [31]. Their corresponding aluminium complexes were
shown to induce slightly higher reactivity and enantioselectivity than those of
a monomeric 1,1’-binaphthalene catalyst in the Diels-Alder reaction between
cyclopentadiene and 3-[(E)-but-2-enoyl]-oxazolidin-2-one. In the absence of
intramolecular interactions among the catalytic centres, the catalyst reac-
tivity and reaction enantioselectivity were found to be independent of the
dendrimer generation.

Recently, Majoral et al. described the synthesis of a third-generation
phosphorus-containing dendrimer possessing 24 chiral iminophosphine end
groups derived from (25)-2-amino-1-(diphenylphosphinyl)-3-methylbutane
(Fig. 11) [32]. The dendritic catalyst was tested in allylic substitution re-
actions, using rac-(E)-diphenyl-2-propenyl acetate or pivalate as substrates.
The observed enantioselectivities were good to excellent (max. 95% ee) in
all reactions. After completion of the catalytic reaction, the catalyst could
be reused at least twice after precipitation and filtration. A slight decrease

Fig.10 BINOL units attached to polyaryl cores used as ligands for Al''-catalyzed asym-
metric Diels-Alder reactions
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of the enantioselectivity was observed (first reuse 94% ee, second reuse
92% ee) and, as shown in Fig. 12, a diminished activity was found for the
third run.
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3.3
A Special Case: Enantioselective Borohydride Reduction of Ketones
in the Periphery of Chiral Glycodendrimers

In all the examples of exodendrally functionalized enantioselective den-
drimer catalysts, the active sites in the periphery of the support were well-
defined immobilized molecular catalysts. An alternative is provided by the
possibility of attaching chiral multi-functional molecules to the end groups of
dendrimers which, due to their high local concentrations, may interact more
or less strongly with an achiral reagent and thus induce enantioselectivity in
a transformation of a prochiral substrate. Asymmetric induction thus occurs
by way of a chiral functionalized microenvironment for a given reaction.

An interesting example of this kind of stereoselective dendrimer cata-
lysis has been reported by Rico-Lattes et al., who prepared glycoden-
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Fig.13 Third-generation glycol-PAMAM dendrimers studied as microenvironments for
the enantioselective reduction of prochiral ketones with sodium borohydride
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drimers based on poly(amido)amines of generations 1-4 and gluconolactone
(Fig. 13) [33-37]. These glycodendrimers were examined as catalysts for
the reduction of prochiral ketones, using sodium borohydride as reducing
agent. The corresponding chiral alcohols were isolated in high yields and had
enantiopurities of up to 100% ee.

In water, the highest stereoselectivities were obtained by using the fourth-
generation amphiphilic dendrimer, whereas, under heterogeneous reaction
conditions in THF as solvent, the third-generation dendritic catalyst proved
to be the most selective.

To explain this different behaviour, mechanistic studies of the system were
performed with the aid of molecular modelling, 1*C NMR spectroscopy, in-
duced circular dichroism, a systematic variation of the reaction parameters,
and variation of the molecular structure of the sugar moieties and of the
linking units. These studies established that under homogeneous reaction
conditions (water), the main factor influencing the enantioselectivity is prob-
ably the ordering and specific orientation of the ketone at the chiral interface.
Under heterogeneous conditions in THF the situation appears to be more
complex.

4
Asymmetric Catalysis in the Core of Dendrimers:
Catalysts Attached to Dendritic Wedges

Brunner’s concept of attaching dendritic wedges to a catalytically active metal
complex represented the first example of asymmetric catalysis with metal
complex fragments located at the core of a dendritic structure [5,6]. Im-
portant early examples of catalysts in core positions were Seebach’s TAD-
DOL systems (TADDOL = 2,2-dimethyl-a,a,0/,0'-tetraphenyl-1,3-dioxolane-
4,5-dimethanol) [38, 39]. In general, the catalytic performance of such sys-
tems was either unchanged with respect to the simple mononuclear reference
system or significantly lower. In no case has the potential analogy of this core
fixation and the existence of efficient reactive pockets in enzymes been vindi-
cated. This may be due to the absence of defined secondary structures in the
dendrimers that have been employed to date.

4.1
Chiral BINAP- and BINOL-Based Dendrimer Catalysts

Two interesting reports by Chan and co-workers of dendritic core-functional-
ized Ru-BINAP (BINAP = 2,2’-bis(diphenylphosphino)-1,1’-binaphthyl) cat-
alysts, which were employed in asymmetric hydrogenations and which were
fully recoverable, have appeared recently [40, 41]. In particular, such den-
drimers containing long alkyl chains in the periphery were synthesized and
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employed for asymmetric hydrogenation using a mixture of ethanol/hexane
as reaction medium (Fig. 14).

This binary solvent system provided complete miscibility of the phases
over a broad range of reaction temperatures and avoided the use of water
during the catalytic conversion, with its established negative effects on the
enantioselectivity [41]. Phase separation after complete reaction was induced
by the addition of small quantities of water, and the recycling of the catalyst
could be readily achieved. Remarkably, attachment of the dendrimer to the
BINAP system did not lead to a decrease in selectivity.

In a related approach, Fan et al. synthesized a series of dendritic BINAP-
Ru/chiral diamine ((R,R)-1,2-diphenylethylenediamine; DPEN) catalysts for
the asymmetric hydrogenation of various simple aryl ketones (Fig. 15) [42].
The resulting systems displayed high catalytic activity and enantioselectiv-
ity and allowed facile catalyst recycling. In the case of 1-acetonaphthone and
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Fig. 14 BINAP core-functionalized dendrimers containing long alkyl chains in the periph-
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2’'-methylacetophenone, ee values of up to 95% were observed, which are
comparable to the enantioselectivity reported by Noyori under similar con-
ditions and higher than those of the heterogeneous poly(BINAP)-Ru catalyst
reported by Pu and co-workers [43].

The same group also developed optically active dendronized polymeric
BINAP ligands (see also Sect.5) as a new type of macromolecular chiral
catalyst for asymmetric hydrogenation. They could be synthesized by con-
densation of 5,5 -diamino-BINAP with dendritic dicarboxylic acid monomers
(Scheme 5) [44].

These polymeric Ru(BINAP) catalysts exhibited high catalytic activity and
enantioselectivity (up to 92%) in the hydrogenation of simple aryl ketones,
which is very similar to the results obtained with the corresponding parent
Ru(BINAP) as well as the Ru(BINAP)-cored dendrimers referred to above.
Unsurprisingly, they found that the pendant dendritic wedges have a major
impact on the solubility and the catalytic properties of the polymeric cata-
lysts, which could be easily recovered from the reaction mixture by simple
precipitation.

Fig.16 BINOL ligands bearing dendritic poly(aryl ether) wedges
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In 2003 Fan et al. synthesized three types of new chiral BINOL ligands
(Fig. 16), bearing dendritic wedges located at the 3-, 6,6'- and 6-positions
of the binaphthyl backbone in order to study the effect of the linking pos-
ition and generation of the dendritic wedges on the catalyst properties [45,
46]. These new ligands were tested in the enantioselective Lewis acid cata-
lyzed addition of diethylzinc to benzaldehyde, and high conversions (up to
99%) and enantioselectivities were observed. A marked effect of the pos-
itions of attachment for the linkers as well as the dendron generation on
the enantioselectivity and/or activity was found for all three types of den-
dritic catalysts. Among these systems, the catalyst bearing poly(aryl ether)
wedges in the 6,6'-positions of BINOL gave the highest enantioselectivity (up
to 87% ee).

The dendritic 2-amino-2’-hydroxy-1,1’-binaphthyl (NOBIN)-derived Schiff
base ligands, displayed in Scheme 6, have been applied in the titanium-
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catalyzed hetero-Diels-Alder reaction of Danishefsky’s diene (1-methoxy-
3-(trimethylsilyloxyl)buta-1,3-diene) with aldehydes [47]. These reactions
afforded the corresponding 2-substituted 2,3-dihydro-4H-pyran-4-ones in
quantitative yields and with excellent enantioselectivities (up to 97% ee). The
disposition of the dendritic wedges and the size of the dendron in the ligands
were found to have significant impact on the enantioselectivity of the catalytic
reaction. The recovered catalysts could be reused without further addition of
titanium reagent or a carboxylic acid additive for at least three cycles, retain-
ing similar activity and enantioselectivity throughout the process. The other
important observation has been the high degree of asymmetric amplification
for the dendritic system.

4,2
Pyrphos-Based Catalysts Bearing Dendritic Wedges

In 2004, Chan et al. reported the synthesis of dendritic ligands bearing the
chiral Pyrphos ligand at the focal point of Fréchet-type polyether dendrons
(Fig. 17) [48]. The relationship between the primary structure of the den-
drimer and its catalytic properties was established in the Rh-catalyzed hydro-
genation of Z-methyl-a-acetamidocinnamate. For the systems containing the
first- and second-generation dendritic wedges, high enantioselectivities (up
to 98% ee) were observed. The third-generation catalyst gave lower enantio-
selectivity (95% ee) and a significantly decreased rate of conversion. Upon
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Fig.17 A Pyrphos derivative bearing an N-bound poly(aryl ether) dendron
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Fig. 18 Conversion curves for the Rh-catalyzed hydrogenation of Z-methyl-a-acetamido-
cinnamate using the dendritic catalysts displayed in Fig. 17 [48]
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Fig.20 Conversion curves for the Rh-catalyzed hydrogenation of Z-methyl-a-acetamido-
cinnamate using ligands bearing the backfolded poly(aryl ether) dendrons displayed in
Fig. 19. (B-Gx) compared with that of the third-generation catalyst displayed in Fig. 17
(Gs) [48]

going from generation 3 to 4, the dendritic catalyst almost completely lost its
activity (Fig. 18).

This gradual decrease in reactivity is thought to be due to the increased
steric shielding of the metal centre by the attached dendron on going to
higher generations. To demonstrate this particular effect, Chan et al. designed
“backfolded” dendrons by modifying the branching pattern of the dendritic
wedges (Fig. 19). These backfolded linkages were expected to increase the de-
gree of steric congestion around the catalytically active core. The conversion
curves for the hydrogenations catalyzed by these backfolded dendrimers are
represented in Fig. 20. Although the first-generation dendrimer displayed the
same behaviour as the reference system in Fig. 17, the sterically demanding
wedges of the higher-generation dendrimers significantly influenced the re-
activity of these catalysts. This effect was most pronounced upon going from
generation 2 to 3, a behaviour which is consistent with the effective encap-
sulation of the active core by the backfolded dendrimer. Furthermore, unlike
the systems discussed above, the enantioselectivity of the Rh-catalyzed hy-
drogenation decreased for the higher dendrimer generations.

43
Dendrimer-Fixed Chiral Diamine-Based Catalysts

As for the exodendrally functionalized dendrimer catalysts (Sect. 3.2), chiral
diamine ligands have also been the objects of study in the investigation into
the catalytic behaviour of core-functionalized dendrons.
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Deng et al. synthesized chiral diamine dendritic ligands using (S,S)-DPEN
as ligand system and Frechét-type dendritic wedges as supporting mate-
rial (Fig. 21) [49]. Asymmetric transfer hydrogenation reactions were studied
using acetophenone as the model substrate. Compared with the monomeric
Ru[(S,S)-DPEN] complex, a slightly enhanced reactivity was observed for the
dendritic catalysts, as well as high enantioselectivities (> 96% ee).

Following up this work, the same group recently published the synthesis
of “hybrid” dendritic ligands containing a combination of dendritic chiral
DPEN and Fréchet polyether dendrons (Scheme 7) [50]. The solubility of
these hybrid dendrimers was found to be controlled by the polyether den-
dron. Compared with the simple core-functionalized systems displayed in
Fig. 21, the hybrid dendrimers showed similar catalytic activity but reduced
recyclability.

Another possibility to immobilize the DPEN ligand is the functionalization
of the phenyl rings, as exemplified in Fig. 22 [51-53]. The Ru-catalyzed hy-
drogenation of acetophenone was chosen as a test reaction, using 2-propanol
and toluene in a 1:1 ratio as solvent system. The enantioselectivities of the
first- and second-generation dendritic catalysts were comparable to that of
Noyori’s catalyst. However, the third-generation catalyst gave lower enan-
tioselectivity (84%) and significantly decreased activity (45% conversion,
1 mol % catalyst) under the same conditions, even at a higher temperature
(50°C, 51% conversion and 88% ee). The sudden loss of activity for the
third-generation dendritic catalyst may be thus attributed to the change in
dendrimer conformation, from an extended to a more compact globular
structure with increase of the steric requirements of the dendritic branches.
This “encapsulation” of the active species by the dendrimer provides a barrier
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Fig.21 A chiral diamine ligand attached to poly(aryl ether) dendrons



86 J.K. Kassube - L.H. Gade

NHCHQCNH/Q— NHBoc @
o
o

I w
HoNH,CC—N NHCHQCNH NHBoc + HO—C
ol
NHCHZCNH\Q— JnBoc @

0
@ NHCHchH/Q— NHBoc
o

H A)g

C’N’CHF ’N NHCHZCNH NHBoc
to

@ NHCHQCNH\Q— NHBoc

Scheme7 “Hybrid” dendritic diamine ligands for Ru-catalyzed asymmetric transfer hy-
drogenation

d 6

Fig.22 Attachment of poly(aryl ether) dendrons to the phenyl substituents in the back-
bone of DPEN



Stereoselective Dendrimer Catalysis 87

to the diffusion of the substrate into the catalytically active core of the den-
dritic catalyst. Upon increase of the hydrogen pressure to 70 atm, complete
conversion within 20 h was achieved.

4.4
Dendritic Bisoxazoline-Based Chiral Catalysts

In 2003, Chen and Fan synthesized a series of copper(II) complexes with
chiral bis(oxazoline) ligands, which were disubstituted by Fréchet-type poly-
ether dendrons at the carbon atom linking the two oxazolines (Fig. 23) [54].
These complexes were used as Lewis acid catalysts in enantioselective aldol
reactions in aqueous media. High yields but only moderate enantioselectiv-
ities were obtained, which were comparable with those resulting from the
corresponding small molecular catalysts. In fact, the dendritic substituents,
which were assumed to affect the structure of the active site, did not decrease
the enantioselectivity or the yield but gave slightly higher enantioselectivities
and yields for the higher dendron generations.

Malmstrom and Moberg attached first- to fourth-generation dendritic
substituents based on 2,2-bis(hydroxymethyl)propionic acid and (1R,2S,5R)-
methoxyacetic acid to 2-(hydroxymethyl)pyridinooxazoline and bis-[4-
(hydroxymethyl)oxazoline] compounds (Fig.24) [55]. These new ligands
were assessed in palladium-catalyzed allylic alkylations. The first type of lig-
ands gave rise to enantioselectivities similar to that of a simple benzoyl ester
derivative, whereas the latter type of ligands afforded products with higher
selectivity than the analogous benzoyl ester. In general, the activity of the
dendritic catalysts decreased with increasing generation.

Oy (I
o O O 0\~
QpA%hp

3 n=0-3
PhH,C CH,Ph

Fig.23 The dendronized bisoxazolines studied by Chen and Fan
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Fig.24 The dendronized oxazoline ligands studied by Moberg et al.

4.5
Other Ligand Systems and Biphasic Catalysis

A series of chiral dendritic ligands derived from cinchonidine and Fréchet-
type dendritic wedges up to generation 3 have been reported by van Koten
et al. (Fig. 25) [56]. These dendritic ligands were tested as catalysts in the
biphasic alkylation of N-(diphenylmethylene)glycine isopropyl ester with
benzyl bromide (Scheme 8). The highest enantioselectivities (76% ee) were
observed for the second-generation catalysts in aqueous 25% NaOH or aque-
ous 50% KOH as reaction media. Comparing the whole series of dendron

o}
g
0
Gn=
o}
o}
n-1
R'=G,
n=1-3
RZ=H,

Fig.25 Dendronized catalysts for asymmetric catalytic alkylation in a biphasic system
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Scheme 8 Asymmetric alkylation of N-(diphenylmethylene)glycine isopropyl ester with
benzyl bromide catalyzed by the dendronized catalysts shown in Fig. 25
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generations, it appears that the increase in steric hindrance due to the bulki-
ness of the dendritic wedge seems to have little effect on the enantioselectivity
in this process.

Recently, Reek et al. published the synthesis of a 9H,9'H-[4,4’ |bicarbazole-
3,3’-diol (BICOL)-based chiral monodentate phosphoramidite ligand, which
was functionalized with two different third-generation carbosilane den-
dritic wedges (Fig.26) [57]. As reference reaction in the catalytic study,
the rhodium-catalyzed asymmetric hydrogenation of Z-methyl-a-acetamido-
cinnamate was chosen. Using a ligand-to-rhodium ratio of 2.2 led to enantio-
selectivities which were comparable to the results obtained using the parent
BINOL-derived monodentate phosphoramidite MonoPhos.

5
Polymer-Supported Chiral Dendritic Catalysts

Both the activity and the selectivity of heterogeneously immobilized mo-
lecular catalysts are frequently reduced with respect to the performance of
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their soluble analogues used under homogeneous conditions. The reasons for
this are manifold, and include hindered diffusion processes or a significant
change in the preferred conformations within the ligand shell of the catalytic
moiety. A way out of this dilemma may be the use of dendronized polymers
in which the catalysts are attached in a well-defined way to the dendritic sec-
tions, thus ensuring a well-defined microenvironment which is similar to that
of the soluble molecular species or at least to the dendrimer catalysts them-
selves.

The combination of an efficient control over the environment of the active
sites in a multi-functional catalyst and its immobilization within an insoluble
macromolecular support was pioneered by Seebach et al. In their approach,
the chiral ligand to be immobilized was placed in the core of a polymerizable
dendrimer, followed by copolymerization of the latter with styrene as shown
in Scheme 9 [58]. In this way, no further cross-linking agent was necessary,
since the dendrimer itself acted as cross-linker. The dendritic branches are
thought to act as spacer units, keeping the obstructing polystyrene backbone

N
Copitgmatston <

Re}

5o

less steric congestion
around the catalytic center

Scheme 9 Dendronized TADDOL ligands which are cross-linked to form a dendritic net-
work [58]
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away from the catalytic centres and leading to better accessibility, and thus to
enhanced catalytic activity.

A series of styryl-substituted TADDOL derivatives with flexible, rigid or
dendritically branching spacers between the TADDOL core and the styryl
groups have been prepared and used as cross-linkers in styrene suspension
polymerization, leading to polymer beads ca. 400 wm in diameter. These in
turn were loaded with titanate, and used for the Lewis acid catalyzed addition
of Et;Zn to PhCHO as a test reaction. A comparison of the enantioselectivities
and degrees of conversion (both up to 99%) showed that these polymer-
incorporated Ti-TADDOLates were highly efficient catalysts for this process.
The best performance over 20 cycles of the test reaction was obtained with the
TADDOL bearing four first-generation Fréchet branches with eight periph-
eral styryl groups. The enantioselectivity, the rate of reaction and the swelling
factor were essentially unchanged after numerous operations carried out with
the catalytic beads and a degree of loading of 0.1 mmol TADDOLate/g poly-
mer, with or without stirring. The rate of conversion for the dendritically
polymer-embedded Ti-TADDOLate was greater than that found for the cor-
responding monomer.

Seebach et al. also prepared salen derivatives carrying two to eight styryl
groups for cross-linking copolymerization with styrene [59]. The salen
cores were derived either from (R,R)-diphenylethylenediamine or (R,R)-
cyclohexanediamine, and the styryl groups were attached to the salicylic alde-
hyde moieties using Suzuki or Sonogashira cross-coupling reactions, as well
as phenol etherification with dendritic styryl-substituted Fréchet-type ben-
zylic branch bromides. Subsequent condensation with the diamines provided
the chiral salens (Fig. 27). These polymer-bound Mn and Cr complexes were
used as catalysts for the stereoselective epoxidation of phenyl-substituted
olefins, as well as for catalyzed dihydropyranone formation from Danishef-
sky’s diene and aldehydes.

There are several remarkable features of these immobilized salens, notably
the fact that the dendritic branches do not appear to decrease the catalytic ac-
tivity with respect to the complexes in solution. Moreover, the reactions with
dendritic catalysts incorporated in polystyrene gave products of essentially
the same enantiopurity as those observed in homogeneous solution, with the
dendritically substituted or with the original Jacobsen-Katsuki complexes.
Some of the Mn-loaded beads were stored for a year without loss of activity.
Especially, the biphenyl- and acetylene-linked salen polymers gave Mn com-
plexes of excellent performance, which after ten catalytic runs showed no loss
of enantioselectivity or degree of conversion.

In another example of the dendronization of solid supports, Rhee et al.
described the design of silica-supported chiral dendritic catalysts for the en-
antioselective addition of diethylzinc to benzaldehyde (Fig. 28) [60-62]. The
immobilized dendritic systems were formed in two different ways: one by
stepwise propagation of dendrimers and the other by direct immobilization
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Fig.27 Dendronized salen ligands which were subsequently immobilized by cross-linking
of the styryl units

of the complete dendrimers on silica. From the former alternative, i.e. the
dendrimer catalyst preparation by stepwise propagation of dendrimers on
silica, symmetric hyperbranching was found to be a prerequisite in order to
suppress the unfavourable racemic reaction taking place on the naked surface.
Moreover, the control of hyperbranching was important not only to retain the
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accessibility of the active sites, but also to relieve the multiple interactions
between the chiral active sites. In the alternative method of dendrimer cata-
lyst preparation by direct immobilization of preformed dendrimers on silica,
the participation of surface silanol groups in the racemic reaction first had

q_(i N \/N\ANH HN')O o JN/H\/N\/—(O \NH—?_@
Q. %, 1T Ui

) 2, o o
SO s S o

Fig.28 Dendronization of a silica support
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Weakening multiple
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oo e oo
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Fig.29 Effect of the linker chain lengths on the intermolecular interaction of catalytic
dendrimers immobilized on silica supports [62]
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to be effectively suppressed by appropriate functionalization. The substitu-
tion of terminal end groups with a long alkyl chain was found to suppress the
multiple interactions between the active sites (Fig. 29).

Finally, homopolymers of bis(oxazoline) ligands have been used to pre-
pare efficient catalysts for cyclopropanation reactions. However, the reduced
accessibility to most of the bis(oxazoline) moieties along with the high sub-
stitutional lability of copper(I)/(II) leads to a low degree of metal loading. As
a consequence, the transmission of chiral information from the metallated
polymer is inefficient. The use of suitable dendrimers as cross-linkers in the
polymerization process allows a higher level of metallation.

In 2003, Mayoral et al. proved that by using this strategy, the productivity
of chiral cyclopropanes per molecule of chiral ligands immobilized on a den-
drimer greatly increased, which led to an improvement in the ligand economy
and the chirality transfer [63].

6
Conclusion and Outlook

As has been emphasized at the beginning of this overview of asymmetric den-
drimer catalysis, the kinetically controlled stereoselection depends on very
small increments of free activation enthalpy. It is therefore an excellent sen-
sitive probe for “dendrimer effects” and will continue to be studied in this
fundamental context. As monodispersed macromolecules, chiral dendrimer
catalysts provide ideal model systems for less regularly structured but com-
mercially more viable supports such as hyperbranched polymers.

However, the results obtained in recent years have also established that
the structural characteristics of the established dendrimer systems, such as
the absence of a well-defined secondary structure, have limited the develop-
ment of efficient abiotic enzyme mimics based on dendrimers. To achieve this
ambitious goal, more efforts in dendrimer synthesis will be necessary. The
use of dendritic catalysts in biphasic solvent systems has only just begun and
appears to be a particularly fruitful field for further developments. These util-
itarian aspects aside, it is the aesthetic attraction of these topologically highly
regular macromolecules that continues to fascinate those working in the field
of dendrimer catalysis.
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Abstract We review the preparation, characterization, and properties of dendrimer-
templated bimetallic nanoparticles. Polyamidoamine (PAMAM) dendrimers can be used
to template and stabilize a wide variety of mono- and bimetallic nanoparticles. Depend-
ing on the specific requirements of the metal system, a variety of synthetic methodologies
are available for preparing nanoparticles with diameters on the order of 1-3 nm with nar-
row particle size distributions. The resulting dendrimer-encapsulated nanoparticles, or
DENSs, have been physically characterized with electron microscopy techniques, as well as
UV-visible and X-ray photoelectron spectroscopies.

For certain metal systems, the chemical properties of bimetallic DENs include selec-
tive extraction from the dendrimer interior into organic solvents. Catalytic properties
include homogeneous hydrogenation catalysis; heterogeneous hydrogenation and oxida-
tion catalysis have also been examined. Homogeneous hydrogenation studies indicate that
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synergism in catalytic activity often occurs when two metals are intimately mixed in
nanoparticles. DENs can also be deposited onto a variety of solid substrates and the or-
ganic dendrimer template thermally removed. The resulting activated nanoparticles are
also active catalysts, and have been further characterized with infrared spectroscopy of
adsorbed CO. Relationships between these heterogenized systems and the solution DENs
are also discussed.

Keywords Heterogeneous catalysis - Homogeneous catalysis - Nanoparticle synthesis -
PAMAM dendrimers - Transmission electron microscopy - UV-visible spectroscopy -
X-ray photoelectron spectroscopy

Abbreviations
PAMAM polyamidoamine

PPI polypropyleneimine

DENs  dendrimer-encapsulated nanoparticles

Gx generation X (4, 5, ...)

HRTEM high resolution transmission electron microscopy
EDS energy dispersive spectroscopy

XPS X-ray photoelectron spectroscopy

MPC monolayer protected cluster

SAM self-assembled monolayer

TOF turnover frequency

DRIFTS diffuse reflectance infrared Fourier transform spectroscopy
AA atomic absorption spectroscopy

ICP-MS inductively coupled plasma mass spectrometry
1,3-COD 1,3-cyclooctadiene

1
Dendrimers and Dendrimer-Encapsulated Nanoparticles

Dendrimers are hyperbranched polymers that emanate from a single core
and ramify outward with each subsequent branching unit [1, 2]. In the com-
monly employed “divergent” synthesis, dendrimers can be prepared through
sequential, alternating reactions of two smaller units, one of which has a point
of bifurcation. As is described elsewhere in this volume, several classes of den-
drimers are known, including polypropyleneimine (PPI), polyamidoamine
(PAMAM), and Fréchet-type polyether dendrimers [1, 2].

Starburst PAMAM dendrimers (Fig. 1), a specific class of commercially
available dendrimers that have repeating amine/amide branching units, have
drawn considerable interest in recent years due to their potential applications
in medicine, nanotechnology, and catalysis [3-7]. These dendrimers are read-
ily functionalized to terminate in diverse moieties such as primary amines,
carboxylates, hydroxyls, or hydrophobic alkyl chains. Because dendrimer size
and end groups can be varied, they are typically named by their generation
(G1, G2, etc.) and exterior functionality (- NH;, — OH).
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Higher generation dendrimers (G4 and larger) adopt roughly spherical
or globular structures with exterior branches becoming increasingly in-
tertwined. The interweaving of dendrimer branches is distinct from the
crosslinked branches that are found in many polymeric colloid stabilizers.
The dendritic macromolecular architecture gives rise to a relatively open in-
terior pocket for high generation dendrimers, while maintaining a closed,
but porous exterior. The presence of these open spaces within the dendrimer
interior and the synthetic control over their composition, architecture, and
interior/exterior functionalities creates an environment that facilitates trap-
ping guest species [8, 9].

PAMAM dendrimers can be used to template and stabilize reduced (zero
valent) metal nanoparticles in solution [6,10,11]. Synthetic strategies for
dendrimer-encapsulated nanoparticles (DENs) will be discussed in detail in
the next section, but they are generally analogous to “ship in a bottle” synthe-
ses. In the first step, metal ions (e.g. Cu?*, Pd?*, Pt**) are intercalated through
the porous exterior of a PAMAM dendrimer and complexed to the interior
amine groups. When electrons are added via a reducing agent (e.g. BHy"),
reduced metal atoms, which are effectively trapped within the interior cav-
ity, coalesce into a nanoparticle. Hence, the dendrimer plays multiple roles,
serving both as a template for the number (and type) of metal atoms, and as
a colloid stabilizer, preventing agglomeration after the particles form.

DENs are typically named by the dendrimer from which they are pre-
pared along with the metal:dendrimer stoichiometry set in the initial syn-
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theses, e.g. G5— OH(Ptsp). With careful synthetic techniques, nanoparticles
with very narrow particle size distributions (1.3+0.3nm) can be selec-
tively prepared inside dendrimer interior cavities. Provided that metal re-
oxidation is prevented, DENs are stable for long periods of time and do
not agglomerate, since the nanoparticles are trapped within the dendrimer
framework [12-14].

2
Synthesis

Since the first report of dendrimer-encapsulated Cu nanoparticles [15], sev-
eral types of mono and bi-metallic DENs have been prepared. DEN synthesis
has been recently reviewed [9, 16], so only the synthesis of bimetallic DENs
is described here. Bimetallic DENs can be prepared by one of three methods:
co-complexation of metal salts, galvanic displacement, and sequential reduc-
tion. Several bimetallic systems have already been prepared inside PAMAM
dendrimers; Table 1 summarizes the current literature and synthetic methods
employed.

Table 1 Bimetallic DEN systems: synthetic methods and catalytic reactions

DEN Synthesis? Dendrimer(s)  Catalysis Refs.
PdPt Co-complex G4-OH allyl alcohol hydrogenation [19]
PdPt Co-complex G4-OH 1,3-COD hydrogenation [20]
PdRh Co-complex G4-OH 1,3-COD hydrogenation [22]
PdAu Co-complex G6-Q116 allyl alcohol hydrogenation [21]
PdAu Co-complex G4 - NH, CO oxidation® [52]
PtAu Galvanic G5-0OH CO oxidation® [24]
PtCu Co-complex G5-0OH CO oxidation® [23]
toluene hydrogenation®
PdAg Co-complex G4 -NH, [28]
G3 - NH,,
AuAg Seq. Red. G3.5 - NH,, p-nitrophenol reduction [30]
G5 -NH;,
G5.5-NH,
AuAg Seq. Red. G6 - OH, [31]
G8 - OH
[Au](Pd) Seq. Red. G6-Q116 allyl alcohol hydrogenation [21]
[Pd](Au) Seq. Red. G6 - OH [21]
[Au](Ag) Seq. Red. G6 - OH [31]
[AuAg](Au) Seq. Red. G6 - OH [31]

2 Co-complex = Co-complexation; Galvanic = Galvanic Displacement;
b Heterogeneous catalysis Seq. Red. = Sequential Reduction
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Generation 4 or higher hydroxyl-terminated PAMAM dendrimers are the
most commonly employed precursors in DEN synthesis. The terminal hy-
droxyl groups avoid competitive binding of the metal ion(s) to the periphery
amines of Gx — NH;, which can lead to inter-dendrimer nanoparticles (par-
ticles outside of dendrimer cavities and stabilized by several dendrimers).
Crooks’ group has also developed PAMAM dendrimers with quaternary am-
monium salts on their periphery (e.g. G6—Q116) [17]. These dendrimers
have proven extremely useful in preparing both mono- and bimetallic DENs
as the net positive charges on the dendrimer surfaces help to prevent den-
drimers from agglomerating in solution while maintaining water solubil-
ity [16].

2.1
Co-complexation

The most straightforward synthesis is commonly referred to as the co-
complexation method. As Scheme 1 shows, the first step in the synthesis in-
volves complexation of the metal ion(s) with the PAMAM dendrimer interior
tertiary amine groups. Once the metal ion complexation reaction is complete,
the metal ions (Ma"* and Mp"*) are reduced to nanoparticles (MA°Mg?)
through the addition of a reducing agent such as NaBH4. Metal:dendrimer
stoichiometries are typically expressed as a ratio of metal atoms to interior
amine groups. This is clearly an oversimplification as metal-dendrimer bind-
ing varies with different metal precursors and can involve interior amide
bonds [15, 18]. Few detailed investigations of metal ion:dendrimer complexes
and stoichiometries have been reported in the literature. This remains a topic
of fundamental interest, particularly as it relates to the properties of the
nanoparticles ultimately produced.

Co-complexation has been used to prepare a variety of bimetallic DENs,
including PdPt [19,20], PdAu [21], and PdRh [22] (Table 1). In a typical
study, for example the PdPt system studied by Scott, Datye, and Crooks [19],
K,PdCly and K,PtCly are added to a dilute aqueous solution of G4 — OH in
a fixed metal-ion to dendrimer ratio of 40 : 1. The solution is stirred for four
days to allow complete complexation of the metal ions with the interior ter-

PAMAM Dendrimer-Metal DEN (M,"M,")

Dendrimer Complexes

Scheme 1 Co-complexation synthesis
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tiary amines. After complexation, 20-fold excess of BH;~ was then added to
reduce G4 — OH[(Pd?").(Pt*")49_x] to G4 — OH[(Pd),(Pt)49_x]-

The relative complexation rates for different precursors are an important
consideration for this synthetic scheme. In the Pt-Pd case, PdCl4?~ complexes
quickly, while PtCl4*~ requires several days to completely react [18]. Given
the great differences in these complexation rates, in practice, the synthesis
described above involves sequential complexation of the ions. When metal
precursors are introduced simultaneously to the dendrimer, the more reactive
complex initially binds to the most accessible amine groups. It is also pos-
sible to control this process by adding the less reactive complex first, allowing
binding to complete, and subsequently adding the second complex. This
method was employed for PtCu DENS, allowing PtCl4>~ to bind G5 — OH for
2 days before adding Cu(NOs),. Elemental analysis of the resulting nanopar-
ticles showed them to be consistently enriched in Cu, suggesting that either
Pt(II) complexation was incomplete or that Cu(II) may displace some of the
Pt(II)-dendrimer complexes [23].

2.2
Galvanic Displacement

Bimetallic DENs can also be prepared using the galvanic displacement
method. This approach, shown in Scheme 2, utilizes an oxidizable DEN
as a sacrificial reducing agent to prepare particles of more noble metals.
Although it has been used to prepare a series of monometallic nanoparti-
cles [9,16], Cu displacement has only been utilized in the preparation of
PtAu bimetallic DENs [24]. In this, Cu DENSs are first prepared in hydroxyl-
terminated dendrimers under anaerobic conditions. Oxygen-free solutions
of K,PtCly and HAuCly are then prepared, mixed and added to the reduced
Cu solution. The Cu’ DENs then act as the reducing agent for both Pt and
Au preparing bimetallic nanoparticles through an intradendrimer redox dis-
placement reaction [24]. The metal ratios reported through Cu displacement
are consistent with ratios set in the initial syntheses, but this synthetic scheme
has a general drawback of preparing particles with a somewhat wider size
distribution than other methods. The Cu displacement synthesis is likely to

PAMAM
Dendrimer

Cu,” DEN DEN (M,"M)

Scheme 2 Galvanic displacement synthesis
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be most useful for rapid screening of metal ratios as it is a much faster route
to Pt-based systems, leading to nanoparticles in several hours rather than
several days.

Unless specific synthetic steps are undertaken to prepare well-defined
morphologies (see below) bimetallic DENs prepared by co-complexation and
galvanic displacement are generally described as “well-mixed” bimetallic
nanoparticles or “alloy-type” particles. The critical aspect of these descrip-
tions is the random, intimate mixing of the two metals within individual
nanoparticles. We prefer the well-mixed term as the word alloy also refers
to thermodynamically stable bulk solid solutions. In many cases, including
nanoparticles prepared with dendrimers [24], bimetallic nanoparticles can be
prepared throughout bulk immiscibility gaps [25,26]. The well-mixed par-
ticle terminology avoids potential misconceptions associated with differing
interpretations of alloy.

23
Sequential Reduction

The third method developed for preparing DENs is known as the sequen-
tial reduction method. This method, shown in Scheme 3 involves the initial
complexation and reduction of a “seed” metal (M,), followed by the com-
plexation and subsequent reduction of the second metal (Mg) to produce the
MaMp system. The synthetic utility of this method is that it provides the
means to access both well mixed and core/shell-type DENs. When the re-
ducing agent used for Mp is a mild reductant, such as H; or ascorbic acid,
core/shell nanoparticles with an My core and Mp shell can be selectively pre-

NaBH,

Well Mixed DEN (M,°Mg")

My*

; Mild
PAMAM Dendrimer My DEN Reducing agent

A\

Core-Shell DEN [M,9](M,%)

Scheme 3 Sequential reduction synthesis
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pared. In the nomenclature for these core-shell nanoparticles, (Ma) denotes
the core metal(s) and (Mg) indicates the exterior metal shell.

As Table 1 shows, sequential reduction can be used to selectively pre-
pare either well-mixed or core/shell DENs [27-31]. In a typical synthe-
sis, such as the preparation of [Au](Pd) nanoparticles [21], K,PdCly is
added to a solution of G6—Q116(Auss) seeds and stirred to produce
G6 — Q116[Auss ] (Pd**)es. H, is then bubbled through the solution (10-fold
excess of ascorbic acid was also explored as the reductant) to produce
G6—Q116[Au55](Pd)95.

3
Characterization of DENs

3.1
Electron Microscopy

Characterization of bimetallic DENs can be roughly separated into three
separate categories: size, composition, and properties. Particle size is the
most straightforward of these, and is best determined by High Resolution
Transmission Electron Microscopy (HRTEM). Figure 2 shows a represen-
tative HRTEM micrograph from G6— Q116(Pd75Auy;) DENs. The particle
size and distribution shown in Fig. 2 is typical for DENs, although the
metal:dendrimer ratio and dendrimer generation used in the synthesis ulti-
mately control these distributions. Most of the bimetallic systems in Table 1
have particle sizes in the range of 1-3 nm with standard deviation distribu-
tions of 0.5-1 nm.

Although alternate methods of determining particle sizes have not been
explored with bimetallic DENS, a study by Kim, Garcia-Martinez, and Crooks
is worth noting. In this study, the investigators used differential pulse voltam-
metry to estimate the size of dendrimer-templated Pd and Au nanoparti-
cles [32]. This study estimated particle sizes to be very close to ideal sizes
calculated from the metal:dendrimer stoichiometry and the metallic radius of
each metal. Further, the study concluded that TEM measurements overesti-
mated the size of the smallest Pd nanoparticles due to inadequate point-to-
point resolution [32].

Particle composition is far more difficult to evaluate. Bulk elemental an-
alysis [atomic absorption spectroscopy (AA) or inductively coupled plasma
mass spectrometry (ICP-MS) are most common for metals] is useful in
confirming the overall bimetallic composition of the sample, but provides
no information regarding individual particles. Microscopy techniques, par-
ticularly Energy Dispersive Spectroscopy (EDS), has supported the asser-
tion that bimetallic DENs are bimetallic nanoparticles, rather than a phys-
ical mixture of monometallics [16]. Provided the particle density is low
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G6-Q416(Pd75AUys)
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Fig.2 HRTEM image of G6 — Q116(PdssAuys) DENs formed by the co-complexation
method and a histogram of the particle-size distribution. Reprinted with permission from
J Am Chem Soc, 2004, 126, 15583-15591. Copyright 2004 American Chemical Society

enough, it is possible to focus the electron beam to evaluate individual par-
ticles. These single particle EDS studies of G4 — OH(PdsoPt;9) DENs [19]
and activated dendrimer-templated PtAu nanoparticles [24] show both sys-
tems to be composed of two metals intimately mixed within individual
nanoparticles.

Just as DENs particle sizes have some distribution (albeit relatively nar-
row), there is surely some distribution in particle compositions for bimetal-
lic DENs. This is a fundamentally important aspect of DENSs, particularly
with regard to their catalytic properties; however, there are presently no
reliable characterization methods for evaluating particle composition dis-
tributions. One method that has been applied to PdAu [21] and PtPd [19]
DENSs, as well as dendrimer-templated PtAu [24] is to collect single particle
EDS spectra from several (15-20) nanoparticles. These experiments indi-
cate that individual particle composition distributions may vary widely, but
the difficulty in obtaining data from the smallest particles may skew the re-
sults somewhat. EDS spectra collected over large areas, which sample tens
or hundreds of particles, generally agree well with the bulk composition
measurements [24] and with stoichiometries set in nanoparticle synthe-
sis [19, 21, 24].



106 B.D. Chandler - J.D. Gilbertson

3.2
UV-Visible Spectroscopy

UV-visible spectra of nanoparticles arise from two sources. The first, more
general source is simple Rayleigh scattering that gives rise to the monotonic
increase in absorption as wavelength decreases [33]. Au and Ag nanoparticles
have intense surface plasmon bands that are valuable additional spectro-
scopic tools [33-35]. These bands, which arise from a concerted oscillation
of nanoparticle electrons, shift with particle size and composition, and are
therefore useful handles for the physical characterization of nanoparticle
composition.

A representative sample of the utility of electronic spectra is illustrated in
Fig. 3, which show a UV-vis study of PdAu DENs. Figure 3a shows changes in
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Fig.3 UV-vis spectra of a 2.0 uM G6- OH[Pds5](Au,) solutions (n = 0-255) prepared
by the sequential-loading method. The DENs were prepared using ascorbic acid as the
reducing agent. b 0.8 uM solutions of G6 - OH[Pds5](Auyss), prepared by the sequential-
loading method, and G6 - OH(Ausz;g) and G6- OH(PdssAuyss) prepared by the co-
complexation method. Reprinted with permission from ] Am Chem Soc, 2004, 126,
15583-15591. Copyright 2004 American Chemical Society
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electronic spectra of 2.0 uM solutions of core-shell G6 — OH[Pds5](Auy,) as n
increases from 0 to 255. As the Au content increases the plasmon shoulder
develops at ~ 520 nm. This plasmon shoulder is typical of Au nanoparti-
cles [33,35] and suggests the presence of a Au shell around the Pd core.
Figure 3b shows the spectra of G6 — OH[Pds5](Auys5) compared to spectra of
G6 — OH(Aus19) and the co-complexation product G6 — OH(Pdss5Auyss5). The
plasmon band of the solution containing G6 — OH[Pds5](Auyss) is shifted to
lower energy by ~ 10 nm compared to that of G6 — OH(Ausj0). Since both
DENs are of comparable size, this shift in the plasmon band is indicative
of structural differences between the two. More notable is the absence of
the plasmon band in the spectrum of the solution containing the well-mixed
G6 — OH(Pdss5Auyss) DENs. Only monotonically increasing absorbance to-
ward higher energy is observed [33]. A similar finding was reported for well-
mixed PtAu DENs [24], indicating that the structural differences between
core/shell and well-mixed morphologies are indeed reflected in UV-visible
spectra.

3.3
X-Ray Photoelectron Spectroscopy

In conjunction with the UV-vis data, X-ray Photoelectron Spectroscopy (XPS)
provides evidence for the complete reduction of the metal ions to nanopar-
ticles. Studies from Rhee’s group, which explored the degree of reduction
in the G4 — OH(Pd**/Pt**) system, provide a representative sample of XPS
data [20]. In this study, the Pd/Pt ratio was varied while maintaining a con-
stant metal : dendrimer ratio of 55: 1. The peaks corresponding to Pd(3ds,,)
and Pd(3d3,,) at 337.6 and 342.7 €V, respectively, were assigned to Pd2*, After
reduction, these peaks shift to 334.9 and 340.5 €V, respectively, and are con-
sistent with Pd® [36]. Comparable shifts were observed for the Pt. The Pt?*
peaks at 72.5 eV [Pt(4f7/2)] and 75.7 €V [Pt(4fs/2)] shift to 71.3 and 74.4 eV, re-
spectively, upon reduction and are consistent with Pt’. Peaks for unreduced
Pd and Pt were not reported, suggesting complete reduction of both metals
occurred.

4
Nanoparticle Extraction from Dendrimer Interiors

Despite the utility of the physical methods described above, characterization
of entities on the nanometer scale is still a problem. Well-mixed nanoparticles
are not necessarily completely homogeneous, and one metal may preferen-
tially segregate to the nanoparticle surface. Subtle differences in surface stoi-
chiometries are presently extremely difficult to quantitatively evaluate with
spectroscopy, even when the metal of interest has an intense surface plasmon.
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The chemical reactivity of nanoparticle surfaces, presents interesting add-
itional opportunities for evaluating nanoparticle surface composition. Some
noble metal particles (Pd and Au in particular) can be extracted from
the PAMAM dendrimer interiors into organic solution with long-chain thi-
ols [37]. The resulting nanoparticles, referred to as Monolayer Protected Clus-
ters (MPCs), retain the size distributions and spectroscopic characteristics of
the original DENs and allow for recycling the expensive dendrimer [16].

This general extraction scheme can be extended to the selective extrac-
tions with a variety of Au and Ag DENs [31]. Using a combination of long-
chain thiols and carboxylic acids, Crooks’ group has shown it is possible to
selectively extract Au and Ag monometallic DENs from mixtures of the two,
and hence provided important chemical information about the shell of the
nanoparticle [38]. In the case of the bimetallic DENS, selective extraction is
a potentially powerful tool for characterizing particle surfaces, especially in
the case of the core/shell DENG.

As Scheme 4 shows, it is possible to extract [Auss](Ag,) nanoparticles
(where n =95, 254, 450) from an aqueous solution of G6 — OH[Aus5](Ag,)
into hexane using n-dodecanethiol. The presence of a strong reducing agent,
typically excess BH, ", is required to ensure the Ag shell is fully reduced (sur-
face Ag atoms rapidly oxidize and the oxide layer does not bind to the thiol).
This produces the MPC, which is described as MPC — RSH[Auss](Agy). Simi-
lar to the thiol chemistry, in the absence of a reducing agent, n-undecanoic
acid will extract bimetallic nanoparticles that have Ag shells, but will not ex-
tract Au-shelled nanoparticles. This study was based on the strong literature
precedent that n-alkanoicacids form self-assembled monolayers (SAMs) with
Ag, provided there is an oxide layer present [39, 40].

This general scheme can also be extended to mixed metal cores to show
that the shell composition is the key parameter for extraction. Using a se-

T

Scheme 4 Selective extraction of bimetallic AuAg nanoparticles
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ries of AuAg core-Au shell DENs [G6 — OH[Au,7.5A827.5](Au,), where n =95,
254, 450], the nanoparticles can be extracted from aqueous DENs into hex-
ane solution using n-dodecanethiol. However, no extraction occurred when
n-undecanoic acid was used as the extraction/protection agent, confirming
Au dominates the nanoparticle shell.

This study shows that it was possible to selectively extract the nanopar-
ticles from the dendrimer templates based on the metals present on the
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Fig.4 UV-vis absorbance spectra of G6 — OH(Auss) seeds and the G6 — OH[Auss](Agy,)
(n =95, 254, 450) series of core/shell bimetallic nanoparticles a before extraction, b after
extraction with n-dodecanethiol in hexane, and c after extraction with n-undecanoic acid
in hexane. The dendrimer concentration was 2.0 uM for all the starting DEN solutions.
Reprinted with permission from J Am Chem Soc, 2005, 127, 1015-1024. Copyright 2005
American Chemical Society
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particle exterior. That is, core/shell nanoparticles having Ag shells can be ex-
tracted with n-dodecanethiol in the presence of a reducing agent and with
n-undecanoic acid in the absence of a reducing agent. DENs with Au shells,
which can be extracted with n-dodecanethiol in the presence of a reducing
agent, cannot be extracted with n-undecanoic acid under any circumstances.
Therefore, although the experiment was not reported, it is likely possible
to selectively extract mixtures of bimetallic nanoparticles based on surface
metal compositions. This selective extraction technique is a potentially con-
venient tool for characterizing the composition of bimetallic DEN surfaces.

A few aspects of this study deserve comment. In the cases where well-
mixed G6 — OH(Au,Agss5-,) (n = 14, 27.5, 41) DENs were used in the extrac-
tion with n-undecanoic acid, 25% of the atoms in each particle had to be
Ag, otherwise the extraction did not proceed. Presumably, the nanoparticles
need to have sufficient Ag content in order to interact with the n-undecanoic
acid. This result is interesting in the sense that it could prove useful in future
research discriminating between well-mixed and core/shell bimetallic DENG.

In the case of the MPC — RSH[Aus5](Ag,) systems, it appears that there
may be some changes to the nanoparticles upon extraction. Evidence for this
appears in the electronic spectra of the nanoparticles (Fig. 4), as the plas-
mon bands before and after extraction were somewhat different. The spectral
differences coupled with the known miscibility of Au and Ag [41] and the
strength of the Au-thiol interaction in SAMS [42], suggest that some degree
of scrambling of the two metals may occur during the extraction. Evidence
for similar surface sub-surface metal exchange is also found in heterogenized
systems (Sect. 7). Consequently, the final morphology of the MPC cannot be
unequivocally assigned to a core-shell structure.

5
Homogeneous Catalysis

Homogeneous catalysis is, of course, a major field in it’s own right, as catalytic
transformations are important synthetic tools. However, catalysis is also a po-
tentially sensitive probe for nanoparticle properties and surface chemistry,
since catalytic reactions are ultimately carried out on the particle surface.
In the case of bimetallic DENS, catalytic test reactions have provided clear
evidence for the modification of one metal by another. DENs also provide
the opportunity to undertake rational control experiments not previously
possible to evaluate changes in catalytic activity as a function of particle com-
position.

As Table 1 shows, several bimetallic DENs have been employed as homo-
geneous catalysts, predominately for hydrogenations. The most detailed stud-
ies have been with allyl alcohol hydrogenation and the partial hydrogenation
of 1,3-cyclooctadiene (1,3-COD) test reactions. In these studies, turnover fre-
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quencies (TOFs), which can be normalized per mole of nanoparticles, can be
compared as a function of the metallic atomic ratio in the DENs. Comparison
to physical mixtures of monometallic DENs with the same net atomic ratio
allows investigators to directly compare both the magnitude and direction of
changes to rationally prepared control materials.

Figure 5 shows a plot of TOFs for the partial hydrogenation of 1,3-COD
by PdRh DENs compared to TOFs for physical mixtures of Pd and Rh
monometallic DENs as a function of mol % Rh. As the mol % of Rh in the
bimetallic DENs was increased, an increase in the TOF was observed that was
greater than that of the physical mixtures. Importantly, the average particle
size and distribution did not change as the mol % Rh increased, which was
used to rule out the possibility that the TOF enhancement was a consequence
of a systematic decrease in particle size. This allows for the conclusion that
the bimetallic DENs are truly intimately mixed bimetallic nanoparticles and
that a “synergistic” effect is responsible for the catalytic rate enhancement.

Most of the homogeneous catalysis studies have reported some degree of
catalytic rate enhancement when metals are intimately mixed in bimetallic
nanoparticles. This synergistic effect was observed in the hydrogenation of
allyl alcohol by PdAu [21] and PdPt [19] DENs, as well as the reduction of
p-nitrophenol by AuAg [30] DENs. One particularly noteworthy study of this
synergistic effect compared allyl alcohol hydrogenation by G6 — Q116(Pds5+,)
to G6 — Q116[Auss](Pd,,) for values of n from 0 to 455 (Fig. 6). This study ex-
amines the effect of particle size and morphology on catalytic activity, and
highlights the type of structural study for which DENs are uniquely suited.

The first interesting observation from this study is that TOF, normalized
for the total number of metal atoms, actually increased with n. As particle size
increases, the fraction of surface atoms decreases, so faster reaction rates are
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Fig.5 Dependence of the catalytic activity of the dendrimer-encapsulated PdRh bimetal-
lic nanoparticles on its composition in partial hydrogenation of 1,3-cyclooctadiene.
Reprinted with permission from J Mol Catal, A 2003, 206, 291-298. Copyright 2003 El-
sevier
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Fig.6 Turnover frequencies (TOFs) for the hydrogenation of allyl alcohol using
G6 — Q116(Pds54,) and G6 — Qq16[Auss](Pd,,), which was prepared using the sequential-
loading method, for n =0, 95, 255, 455. Conditions: 22 °C, substrate: metal = 3300 : 1,
[Pd + Au] = 150 WM. The M represent TOF data for Pd-only DECs, while the o represent
data for the bimetallic DECs. Reprinted with permission from ] Am Chem Soc, 2004, 126,
15583-15591. Copyright 2004 American Chemical Society

actually catalyzed by fewer surface atoms. It is tempting to conclude that the
smallest nanoparticles are inherently less active for alkene hydrogenation in
solution. However, the presence of the dendrimer makes it difficult to draw
this conclusion. The dendrimer clearly plays an important role in mass trans-
fer to the nanoparticle catalyst (this can be used advantageously to selectively
hydrogenate substrates with different steric properties) [16]. Additionally, as
the extraction experiments show, bonding between the metal surface and
dendrimer interior amine & amide groups is important for nanoparticle sta-
bilization. Consequently, smaller nanoparticles, which have a higher fraction
of surface atoms but fewer total surface sites, could simply be more fully
passivated by the dendrimer. In other words, as particle size increases, the
number of free surface atoms may increase, making for a more active catalyst.

Figure 6 also shows that the Au core nanoparticles are more active cata-
lysts than pure Pd particles containing the same total number of atoms. Since
pure Au nanoparticles are inactive for alkene hydrogenation, it is difficult to
attribute this enhancement to anything other than a synergistic modification
of Pd by Au. The nature of the synergistic rate enhancements, which have
been well documented in the homogeneous and heterogeneous catalysis lit-
erature, are of fundamental interest and importance [43]. Particle size affects
both surface geometries (e.g. curvature, size of extended planar surface) and
electronic structure [44]. A dopant metal can potentially affect both of these
parameters by donating or withdrawing electron density or epitaxially tem-
plating altered surface arrangements. Homogeneous catalysis studies have
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highlighted the magnitude and direction of these effects (at least for aque-
ous alkene hydrogenation), but assessing the relative importance of structural
and electronic effects in the presence of the PAMAM dendrimer is difficult in
these systems.

6
Dendrimer Deposition and Thermolysis

The PAMAM dendrimer template offers a variety of advantages for cataly-
sis. The ability to functionalize dendrimers makes it possible to utilize them
in a variety of polar, non-polar, and fluorous solvents, and even supercriti-
cal CO; [16]. Because the dendrimer acts as a porous membrane, DENs can
also be used to selectively hydrogenate terminal vs. internal alkenes [16].
These properties also present challenges for evaluating nanoparticle proper-
ties and for interpreting catalysis results for bimetallic catalysts. Nanopar-
ticle surface geometric and electronic properties are extremely difficult to
probe in solution, particularly when the dendrimer inhibits access by var-
ious probe molecules. Further, the number of “bonds” between nanopar-
ticle surfaces and dendrimer amine and amide groups is essentially un-
known. In cases where the dendrimer may preferentially bind one metal over
another, stoichiometries and activities are difficult to evaluate, thus mak-
ing it extremely difficult to interpret catalysis results in terms of particle
composition.

Evaluating dendrimer templated nanoparticles in the absence of the den-
drimer provides opportunities for insights into these new materials. In order
to pursue these investigations, it is first necessary to immobilize DENs
onto an appropriate substrate and to gently remove the dendrimer shell see
Scheme 5. Opportunities for controlling nanoparticle size and composition
make DENs potentially important precursors for heterogeneous catalysts and
electrocatalysts, and DEN deposition and thermolysis are similarly critically
important steps in pursuing these applications [45].

Wetness impregnation methods can be used to deposit DENs onto a variety
of porous oxide supports, although this often requires concentrating DENs
solutions to the point where dendrimer agglomeration may become problem-
atic. Depending on the desired substrate [inorganic oxides [23, 24, 46], elec-
troactive carbons [47], planar Au [48]] and the dendrimer terminal group,
a variety of chemical deposition options are also available. Bimetallic DENs
prepared using hydroxyl-terminated PAMAM dendrimers can be deposited
by a variety of “slow adsorption” techniques, in which DENs are stirred with
an oxide support at appropriate pH for approximately 24 hours [23, 24, 46].
This adsorption process seems to be controlled by the oxide nanoparticle in-
teractions. Alternately, sol-gel chemistry has also been used to immobilize
hydroxyl-terminated mono- and bimetallic DENs [49-51].
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Scheme 5 Heterogeneous catalyst preparation from DENs

In the absence of a solvent, supported, intact DENs are completely inactive
catalysts and do not bind CO. Presumably, upon drying, the organic den-
drimer collapses onto the nanoparticle, poisoning the metal surface [52, 53].
Consequently, the dendrimer template must be removed in order for sup-
ported DEN s to be used as heterogeneous catalysts. Ideally, activation condi-
tions should be forcing enough to remove or passivate the organic material,
yet mild enough not to induce particle agglomeration. Surface particle ag-
glomeration or sintering processes are extremely temperature dependent [54,
55], so minimizing activation temperatures is crucial for ultimately correlat-
ing supported catalyst properties with synthetic methodologies and particle
properties.

Several studies have shown that the amide bonds that comprise the
PAMAM dendrimer backbone are relatively unstable and begin decomposing
at temperatures as low as 75 °C [45, 50, 52,56-58]. The low onset tempera-
ture of dendrimer decomposition is not surprising given that PAMAM den-
drimers can undergo retro-Michael addition reactions at temperatures above
100 °C [16]. Far more forcing conditions are required to fully activate the cat-
alysts, which suggests that the dendrimer decomposes into various surface
species that continue to poison the nanoparticle surfaces.

The specific activation conditions required for an individual catalyst likely
depend on the metal and support, but 300 °C appears to be somewhat of
a watershed temperature. Activation at temperatures above 300 °C generally
coincides with loss of metal surface area due to sintering [52,56,57]. The
metal loading, dendrimer loading, and metal:dendrimer ratios also impact
activation conditions, suggesting that it may be necessary to optimize activa-
tion conditions for individual catalysts. In most cases, treatments at 300 °C
have resulted in little to no particle agglomeration [45]. Activation tempera-
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tures as low as 150 °C can also be used when CO is added to the treatment
gas [59]. In this treatment, CO serves as a protecting group for the nanoparti-
cles by preventing dendrimer decomposition byproducts from poisoning the
metal surface.

7
Activated Supported Nanoparticles

71
Infrared Spectroscopy

Infrared spectroscopy of adsorbed CO is a useful characterization tool for
dendrimer-templated supported nanoparticles, because it directly probes
particle surface features. In these experiments, which are performed in a stan-
dard infrared spectrometer using an in-situ transmission or DRIFTS cell,
a sample of supported DENS is first treated to remove the organic dendrimer.
Samples are often reduced under H; at elevated temperature, flushed with He,
and cooled to room temperature. Dosing with CO followed by flushing to re-
move the gas-phase CO allows for the spectrum of surface-bound CO to be
collected and evaluated. Because adsorbed CO stretching frequencies are sen-
sitive to surface geometric and electronic effects, it is potentially possible to
evaluate the relative effects of each on nanoparticle properties.

Infrared spectroscopy of adsorbed CO has been used to investigate sev-
eral dendrimer-templated PtAu and PtCu catalysts. PtAu nanoparticles from
G5 — OH(Ptij6Aujg) prepared via Cu displacement have been prepared on
a variety of oxide supports (silica, alumina, titania) [24, 46]. For all the sup-
ports, bands assigned to atop Au—CO and Pt— CO were observed (Fig. 7).
Heating the samples under He flow caused substantial changes in the Pt — CO
bands as Au - CO desorbed, providing conclusive evidence for the intimate
mixing of the two metals in individual particles. The infrared data, coupled
with TEM data and CO oxidation catalytic activity indicated that bimetallic
Pt — Au particles might exchange surface and subsurface atoms to maximize
interactions with strongly binding substrates, such as CO.

A complementary study evaluated composition effects on dendrimer-
templated PtCu nanoparticles [23]. Although Cu-CO bands were not
observed!, a similar red shift in the Pt—CO stretching frequency to the
PtAu system was observed, indicating the presence of well-mixed bimetal-
lic nanoparticles throughout the composition range. Infrared spectroscopy of
CO adsorbed on both the PtAu and PtCu catalysts showed that the shifts in
the CO stretching frequency upon Cu or Au incorporation were small relative

1 Cu(0) — CO bands are weak, so this result is consistent with the presence of reduced Cu on the
particle surface [23].
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Fig.7 Infrared spectroscopy during CO desorption from Pt;sAu;e a 30 [blue], 70, 90, and
120 [red] °C and b 120 [blue], 150, 170, 180, and 190 [red] °C. Reprinted with permis-
sion from ] Am Chem Soc, 2004, 126, 12949-12956. Copyright 2004 American Chemical
Society

to the magnitude of dipole coupling effects [23, 24, 46, 60]. These results indi-
cate that electronic effects (electron donation from one metal to another) are
likely to be minimal for these systems [23].

7.2
Heterogeneous Catalysis

Heterogeneous catalysis also directly probes the surface properties of sup-
ported nanoparticles, and has been employed for dendrimer-templated
PtAu [24, 60], PdAu [51], and PtCu [23] nanoparticles. Similar to the homo-
geneous catalysis studies, all three metal systems have shown synergism
in catalytic activity CO oxidation catalysis, with the bimetallic catalysts
being more active than any of the corresponding monometallic catalysts. For
the PtCu system, the catalytic rate enhancement does not show the same
maximum in activity as a function of metal content as in homogeneous hy-
drogenation studies [23]. This is likely due to differences in the reactions
with CO oxidation active sites accounting for a small fraction of the total
surface sites.
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Table 2 Catalytic activity of dendrimer-templated heterogeneous PtCu catalysts

CO oxidation Toluene hydrogenation
Catalyst % Pt Pt:Cu? rate @ Eqpp © rate @
60°C®  (k/mol) 60°CH

Ptys 0.19 - 180 67 1300
PtsCuis  0.17 1.7 350 46 460
Pt;3Cups  0.12 0.85 360 49 230
Pt;sCuzp  0.057 0.43 370 47 <5

2 determined via AA spectroscopy

b mol CO/mol Pt/min x10°

¢ Apparent activation energies from Arrhenius plots (kJ/mole)
4 mol CO/mol Pt/min x 10’

Toluene hydrogenation catalysis has also been used to investigate den-
drimer-templated PtCu nanoparticles [23]. In contrast to homogeneous hy-
drogenations (the PdAu system is most similar), incorporation of Cu into Pt
nanoparticles had a substantial poisoning effect on toluene hydrogenation
catalysis by Pt. As Table 2, shows, catalytic rates, which were normalized per
total mole of Pt, drop by more than two orders of magnitude with greater
Cu incorporation in the bimetallic particles. This result also contrasts with
heterogeneous CO oxidation results for the same catalysts, which showed en-
hanced activity upon Cu incorporation.

These results were interpreted in terms of a substantial surface enrich-
ment in Cu, driven by Cu’s lower heat of sublimation [23]. The reactivity
of these catalysts for CO oxidation, and the clear spectroscopic evidence for
surface Pt — CO species indicate that, at least for the heterogeneous systems,
particle surface stoichiometries are very sensitive to metal-adsorbate interac-
tions. Similar arguments were presented for the PtAu/silica system, in which
monometallic Au particles severely sinter under dendrimer removal condi-
tions. In this case, the retention of small bimetallic particles after activation
was attributed to the strength of Pt-silica interactions, which effectively an-
chored the bimetallic nanoparticles to the support [24].

8
Summary and Links Between Homogeneous and Heterogeneous Catalysis

In a sense, PAMAM dendrimers can be thought of as “nanoreactors” for
preparing bimetallic nanoparticles. Several synthetic methodologies are now
available for preparing a wide variety of bimetallic nanoparticles on the order
of 1-3 nm. Beyond well-mixed nanoparticles, it is also possible to selectively
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prepare core-shell particle morphologies, with either mono- or bimetallic
cores. With some shell metals and long-chain thiols or acids, it is also possible
to extract nanoparticles from the dendrimer interior into organic solvents.
Electron microscopy techniques, as well as UV-visible and X-ray photoelec-
tron spectroscopies have been valuable tools in characterizing the bimetallic
DEN:Ss.

The chemical and catalytic properties of the bimetallic DENs are of par-
ticular interest. Homogeneous catalysis studies generally show that bimetallic
nanoparticles are more active hydrogenation catalysts than their monometal-
lic counterparts. Synergism is also observed in heterogeneous CO oxidation
catalysis. Synergism is not general, however, as heterogeneous toluene hy-
drogenation catalysis is severely poisoned when Cu is incorporated into Pt
nanoparticles.

The source of changes in catalytic activity is of fundamental importance,
and dendrimer-templated nanoparticles offer a new means of evaluating the
relative influence of structural and electronic effects. Solution-phase particle
size studies on alkene hydrogenation indicate anti-pathetic (activity increas-
ing with particle size) dependence. Such homogenous studies are uncommon,
but have long-standing precedent in the supported catalyst literature [61].
Heterogeneous alkene hydrogenation can be either structure sensitive (sur-
face reaction rate depends on particle size and/or surface geometry) or struc-
ture insensitive (surface reaction rates similar over wide particle size ranges
and surface geometries), depending on the alkene [62]. The presence of the
dendrimer makes it difficult to unambiguously attribute the nature of the
particle size effect on catalysis, but future combined homogeneous and het-
erogeneous catalytic studies may offer opportunities to sort this out.

Additionally, DENs offer new opportunities to investigate, understand, and
evaluate the relative influence of structural and electronic effects in bimetallic
catalysts. This fundamental understanding is critical if the goal of control-
lably tuning bimetallic catalyst properties is to be realized. Studies of CO
adsorbed on heterogenized nanoparticles provide preliminary evidence that,
at least for the systems studied thus far, electron donation from one metal to
another may be small. This, in turn, indicates that rate enhancements may be
due to changes in surface or particle geometries when a second metal is incor-
porated. There are still relatively few studies, however, and these conclusions
can only be considered preliminary at this stage.

Another interesting and potentially important property of these particles
is their potential to exchange surface and subsurface atoms. Extraction stud-
ies with AuAg particles suggest that some metal scrambling may occur when
strongly binding thiols are introduced to the system. Similarly, CO seems
to be able to draw Pt atoms to the surface of heterogenized PtAu and PtCu
nanoparticles. It is unclear how general this property is, or if it is only ap-
plicable to certain metal systems, but it is clearly important to understanding
nanoparticle dynamics in any potential application.
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Abstract Metallodendrimers terminated by redox-active transition-metal sandwiches or
iron cluster groups are efficient redox exo-receptors for the recognition and sensing of
various anions including oxo-anions and halides. The large size of higher-generation den-
drimers ensures optimal adsorption on surfaces, a property that is used to derivatize Pt
electrodes and provide re-usable sensors subsequent to washing the salt containing the
anion bound by weak supramolecular interactions.

Keywords Anion - ATP - Dendrimer - Halide - Nanoparticle - Organometallic - Redox -

Sensor

1

Introduction

Sensors are mostly based on light [1, 2] or electrical [3-7] stimulus. Sensing
of anions is required due to their biological implication (adenosine mono-,
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di- and triphosphate AMP, ADP, ATP, DNA itself, RNA etc.) and ecological
problems (nitrate, phosphate, radioactive pertechnetate). The area of electro-
chemical recognition has been remarkably well developed by Beer through
elegant studies with endo-receptors (chelates, tripods, crowns, porphyrins,
calixarenes) [8-14], and the recent work by Moutet’s group has also added
interesting contributions, especially with ATP, a DNA fragment [15-18].

The first metallodendrimers that appeared in the early 1990s were Balzani’s
inorganic Ru complexes [19] and polybranched iron-sandwich complexes
from our group [20-22]. Despite the redox activity of both families, however,
these dendritic complexes were not adequate for sensing, because no func-
tional group able to bind anions were attached to the redox centers. The first
ferrocenyl dendrimers that were found to be suitable exo-receptors for re-
dox recognition of anions were reported in 1996 by our group in Kahn’s book
dealing with Magnetism, a Supramolecular Function [23, 24].

The dendritic topology [25,26] is particularly appropriate for molecular
sensing and recognition for several reasons. First, the dendrimer nanoscopic
size matches biological substrates suggesting optimal mutual supramolecular
interaction [25-32]. The nanosize is also appropriate for surface modification
by the sensor. Furthermore, dendrimers are well known for their ability to
encapsulate a variety of substrates [25-29]. Finally, the comparison of den-
drimers of several generations will give precious information concerning the
best level of recognition, i.e. on the nature of parameters that are involved
in recognition. Narrow channels whose widths are decreasing with increas-
ing dendrimer generation are the key to successful results. Thus, dendritic
effects should be observed, in other words the magnitude of recognition par-
ameters should vary upon increasing the dendrimer generation, with the
expectation of positive dendritic effects (i.e. better recognition as the gen-
eration increases). It is also hoped that selectivity will be observed, i.e. the
recognition of certain anions will be optimized with a given family of den-
drimers whereas changing the dendrimer structure will allow recognition of
other anions [33].

2

First Electrochemical Exo-receptors.
Covalently-assembled Ferrocenyl Dendrimers:
Sensing Oxo-Anions with Positive Dendritic Effects

The first ferrocenyl dendrimers suitable for redox recognition contained amido
groups attached to the ferrocenyl moiety [23, 24], so that the H-bonding inter-
action with oxo-anions, known from Beer’s work with endo-receptors [8-14],
would be efficient. At this point, it is essential to point out that mononuclear
amidoferrocenes that contain a linear substituent without any special topo-
logical requirement for anion recognition display no specific effect [23, 24].
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The relatively small ferrocenyl dendrimers that do not contain a functional
group attached to the ferrocenyl moiety [34-57] are inefficient as well. It is
the synergy between the topology (endo- or exo-receptor) and the functional
group attached to the ferrocenyl group that provides substantial recognition
results [23,24]. Another key point for sensing is that amidoferrocenyl den-
drimers bear ferrocenyl groups that are sufficiently remote from one another
(20 o bonds) in the dendritic structures. As a consequence the electrostatic
energy involved in separating the redox potentials of all redox centers [58-
60] within a dendritic structure should be negligible and at least not apparent
in cyclic voltammetry. This means that the cyclovoltammograms (CVs) of
such metallodendrimers show a single oxidation wave at apparently the same
potential, which considerably simplifies the observation of electrochemical
sensing.

The first examples of ferrocenyl dendrimers, which were successfully
employed for the recognition of anions, were 9- and 18-amidoferrocenylden-
drimers that were formed by reaction of chlorocarbonylferrocene with
polyamine dendrimers [88]. Titrations of these metallodendrimers were
carried out using n-BuyN* salts of H,PO4~, HSO4™, Cl7, and NO3™~ and mon-
itored by CV in CH,Cl, (Fig. 1) and I'H NMR. In CV, two types of behavior
were recorded: (i) the appearance of a new CV wave at less positive poten-
tials for H,PO4~ while the intensity of the initial CV wave decreases (for one
equiv. anion, AE was 220 mV with 9-Fc and 315 mV with 18-Fc), and (ii) the
progressive anodic shift of the initial wave for the HSO4~, CI” and NOs~ (for
one equiv. anion, AE° was resp. 65mV, 20 mV and negligible with 9-Fc and
130 mV, 45 mV and 30 mV with 18-Fc).

The dichotomy of CV behavior between strongly and weakly interact-
ing anions had been rationalized in the seminal article by Echegoyen’s and
Kaifer’s groups with the square Scheme 1 [61]. When the strength of the in-
teraction between the anion and the reduced redox form (here ferrocenyl)
is significant, a new wave appears, and the variation of ferrocenyl potential
between the free and bound forms of Scheme 1 is related to the ratio of ap-
parent association constants: E¢ - Ep .= AE°(V)=0.059 log (K+/Kp) at
25°C. Ep .4 corresponds to the addition of one equiv. anion per ferrocenyl
branch or the stoichiometric amount determined from the break points, for
instance in Fig. 1.

Although only the ratio of apparent association constants is accessible in
this way, measurement of Ko by 'H NMR (using the shifting NH signal) can
lead to K, as well. For instance, with 9-Fc K; = (2.240.2) x 10° in CH,Cl,.
When the interaction between the ferrocenyl dendrimer and the anion is
negligible, only a CV wave shift is observed. The value of K, the apparent as-
sociation constant between the oxidized (ferrocenium) form of the dendrimer
and the anion, is then directly accessible from the concentration c¢ using the
equation: AE°(V) =0.059log cK at 25 °C, which gives K; = 544 450, 8500
500 and 61000 = 3000 for resp. 1-Fc, 9-Fc and 18-Fc with HSO4~ in CH,Cl,.
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Fig.1 Variation (shift, cf. Scheme 1, bottom) AE° of the redox potential of the ferro-
cenyl system recorded by CV along the titration of [#n-BuyN][HSO4] by mono- (1-Fc),
tri- (3-Fc), nona- (9-Fc) and octadeca-amidoferrocenyl (18-Fc) compounds showing
a marked dendritic effect (1-Fc is the monoamidoferrocenyl derivative [FeCp(n°-
CsH4CONHCH,CH,OPh)]) [88, 89]

The equivalence point was found by CV to correspond to the interac-
tion of one ferrocenyl branch per equiv. anion in this series of dendrimers.
The 9- and 18-amidoferrocenyl dendrimers (resp. 9-Fc and 18-Fc) were com-
pared to monomeric (1-Fc) and trinuclear (3-Fc) amidoferrocenyl derivatives
(Fig. 2), and, as indicated by the above data, a strongly positive dendritic
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if K large ——> two CV waves
(the second CV wave appears upon titration)

K
C + A — [ A]
-e EOC -e EOA
/ /
K+
ct + A — [CYA]

if K small —) only one CV wave
(that progressively shifts
upon addition of the anion)

K
C + A — [C,AT]
-€ EOC
/
K+
ct o+ A — [C},A]

Scheme 1 Square scheme in the cases where (i) the host-guest interaction is strong even
in the reduced redox form of the host (fop) and (ii) this interaction is negligible (bot-
tom) [101]

effect (i.e. the strength of the interaction characterized by AE° and K, in-
creases upon going to higher dendrimer generation) was characterized by the
values of AE° and apparent association constants for the anions: AE°® (1-Fc)
< AE° (3-Fc) < AE° (9-Fc) < AE° (18-Fc). The combined hydrogen bonding
and electrostatic factors (attraction between the anion and the ferrocenium
cation) alone cannot explain the high AE° values obtained with the 9-Fc
and 18-Fc dendrimers, since the values found for the mono-amidoferrocenyl
derivative 1-Fc are very weak (a few tens of mV). The synergy between these
factors and the topology of these exo-receptors is required to provide large
AE° and association constants (Chart 1). This positive dendritic effect can
tentatively be taken into account by the narrowing of the channels between
the exo-receptor redox sites that forces a tighter hydrogen-bonding interac-
tion with increasing dendrimer generation (as shown by molecular models).
This positive dendritic effect in molecular recognition contrasts with the
negative dendritic effect frequently observed in catalysis whereby the reaction
kinetics are lowered by the enforced steric constraints around the catalytic
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o Topology. Dendritic effect: O,)", A

Steric compression and channel/ cavity effect

at the dendrimer periphery A== <

Chart1 Factors responsible for the recognition of oxo-anions HSO4~, H,PO4~ and ATP?*
by polyamidoferrocenyl dendrimers

metal center inhibiting its approach by substrates when the dendrimer gen-
eration increases [62, 63].

With the diaminobutane (DAB) dendrimers formulated G,-DAB-dend-
(NH3),, amidoferrocenyl [34-42] and pentamethyl-amidoferrocenyl [64, 65]
dendrimers have been synthesized (Scheme 2) for the five generations from
Gj (4 branches) to Gs (theoretical number: 64 branches).

Recognition of HSO4~ proceeds best in CH,Cl, with the parent Cp series
with, again, a positive dendritic effect (i.e. an increase of AE° on going to
higher generations, Fig. 1) [64, 65].

In DME, however, recognition and titration are only possible with the per-
methylated dendrimer series. It is subjected to another dramatic dendritic
effect: the shift of the initial CV wave upon titration (weak interaction) is only
observed with G; and a new wave (strong interaction) is observed with G;
and G3 [95, 96]. With amido ferrocenyl dendrimers, the oxidized ferrocenium
form is not very stable due to the electron-withdrawing property of the amido
group, but the electron-releasing permethylation in the Cp* ligand fully stabi-
lizes this 17-electron form. As a result of this stabilization and the increased
hydrophobicity of the Cp* dendrimers, the recognition of H,PO4~ and ATP?"
is also much cleaner in the Cp* series than in the parent Cp series even if the
electron-releasing character of the permethylated groups causes a slight de-
crease of the AE® values. Concerning the ATP?" titration, the CVs are also
clean using Cp* dendrimers, and a stoichiometry of 0.5 equiv. of ATP?~ per
ferrocenyl branch was found, corresponding to the doubly negative phos-
phate charge (Fig. 3). It is noteworthy that the dendritic effect on AE° values
in this family of dendrimers is considerably less marked and sometimes nil,
a feature that was also noted with ferrocenyl-urea dendrimers of this family
for the recognition of H,PO4~ [95, 96].
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Scheme 2 Syntheses of third-generation amidoferrocenyl [34-41] and pentamethylamido-
ferrocenyl dendrimers [64,65] from the corresponding DSM polyamine dendrimer
G3-dend-(NH;)6. For analysis and comparison of their behavior as hosts of anions,
see [64, 65]
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Fig.2 Titration of a 3.3 x 107 M solution of the G3-DAB-dend-(NHCOFc);s by a 10> M
solution of [n-BuyN][HSO4] in CH,Cl; in the presence of 0.1 M [n-BusN][PF¢], Pt anode,
20 °C. A Cyclovoltammogram obtained after addition of 0.5 equiv. [n-BuyN][HSO4] per
dendritic branch; B variation of the intensities of the initial (¢) and new (A) waves along
the titration
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Fig.3 Titration of a 1.25 x 107 M solution of G4-DAB-dend-(NHCOFc*)3, (Scheme 2) by
a 107> M solution of [n-BugN],[ATP] in CH,Cl, in the presence of 0.1 M [n-BusN][PF],
Pt anode, 20 °C. A CV obtained after addition of 0.25 equiv. [n-BugN],[ATP] per dendritic
branch; B variation of the intensities of the initial (e) and new (A) waves along the titra-
tion

3

Metallodendrimers Assembled by Hydrogen Bonding

Between a Redox-active Dendronic Phenol and Dendritic Primary Amines
also Recognize Oxo-Anions with Dendritic Effects

Supramolecular aspects of dendrimer chemistry, especially those involving
hydrogen bonding have been a subject of interest in the last decade [66-71].
We were intrigued by the very simple possibility of hydrogen bonding be-
tween primary amines and phenols and by its potential use in dendrimer
chemistry and molecular recognition. The tedious, time-consuming dendritic
syntheses often represent an obstacle for research and use of dendrimers.
Therefore the advantage of forming dendrimers with redox-active termini by
simply mixing a commercial polyamine core and a redox-active dendron is
obvious (Chart 2). This is especially the case if a specific exo-receptor prop-
erty with positive dendritic effect can be obtained as shown above in the
covalently synthesized metallodendrimers. Indeed, there were precedents for
hydrogen bonding between primary amines and alcohols with tetrahedral
disposition of both O and N valences and 1: 1 stoichiometry (i.e. minimal
melting point for this stoichiometry), a property that had been used in crystal
engineering and chiral recognition [72-75].

Thus, mixing a DSM dendritic polyamine and a para-substituted phenol
derivative leads to the replacement of the 'H NMR signals of the OH protons
at 5ppm and NH; proton at 1.5 ppm by a common broad, concentration-
dependent signal for these three protons located between 2.4 and 4.1 ppm.
This means that supramolecular dendrimers involving reversible hydrogen
bonding between the DSM polyamine and a phenol dendron form upon mix-
ing these two components. The electrochemical time scale of the CV being
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Chart2 Arbitrary representation of the reversible hydrogen bonding between G;-DAB-
dend-(NH; )4 and a triamidoferrocenyl dendron shown by the concentration-dependent
average location of the (broad) NH, + OH signal in 'H NMR between 2.4 and 4.1 ppm
vs. TMS in CDCl;

much larger than that of the hydrogen-bond formation and breaking, the CV
shows an average situation between the hydrogen-bonded and non-bonded
dendrimer branches [76, 77].

Upon titration of [n-BuyN][H,PO4] by FcCONHPr (Fc = ferrocenyl), the
CV of this ferrocenyl group displays the appearance of a new, anodically
shifted wave with AE° = 150 mV; this value reaches 210 mV with the dendron
p-OH — C¢H4C{CH;)3SiMe; — CH,NHCOFc} alone, and it is not changed in
the presence of propylamine. It reaches 250 mV, however, with this den-
dron + G;-DAB-dend-(NH;)s and 280 mV with this dendron + G,-DAB-
dend-(NH3)s or a higher generation polyamine dendrimer. This increase
of the AE° value is the signature of a dendritic effect as shown previ-
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Fig.4 Top: Titration of DAB-G; in CH,Cl, (Pt, 0.1 M [n-BuyN][PFs], 20 °C; reference:
FeCp; = decamethylferrocene) by [n-BusN][H,PO,]: a before addition; b 0.4 equiv.; ¢ 0.5
equiv.; bottom: proposed supramolecular assembly between the triferrocenyl dendron +
DAB-G; and 0.5 equiv. [#-BuyN][H,PO4] taking into account the sudden drop of CV wave
intensity at the equivalence point (i.e. sudden drop of diffusion coefficient)

H.
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ously with covalent redox metallodendrimers. With the monomer FcCONHPr
+ n-propylamine, it is necessary to add 2.5 equiv. [n-BuyN][H,PO4] to
reach the equivalence point whereas one equiv. [n-BuyN][H,PO4] is enough
with the covalent dendrimers, because the amine strongly competes with
the amidoferrocenyl group in binding H,PO4~. With Gj, only 0.5 equiv.
[n-BuyN][H,PO4] is necessary, and a sudden disappearance of the initial CV
wave is observed whereas the intensity of the new CV wave is much reduced.
This can tentatively be accounted for by the formation of a rather stabilized
dendritic supramolecular assembly in which the H,PO4~ anion bridges two
amidoferrocenyl units (Fig. 4).

The reduction of the diffusion coefficient responsible for the decrease of
the CV wave intensity at the equivalence point can be explained by the sud-
den increase of the mass of this overall supramolecular assembly compared
to the much smaller species present in solution before the equivalence point.
For higher generations, the number of equiv. [#n-BugN] [H,PO4] necessary to
reach the equivalence point progressively increases again (0.8 for G, and 2.0
for G3 and Gy), probably due to the fact that the steric congestion around the
dendrimer partly destabilizes, for high generations, the hydrogen bonds op-
timized in G; and Gy; this is also consistent with the limit of the increase of
AE°. This strategy has also been successfully applied to the recognition of
[n-BuyN],[ATP] for G [77].

4
Gold nanoparticle-alkanethiolate-ferrocenyl Stars and Dendrimers
are Excellent Oxo-Anion Sensors that can Provide Derivatized Electrodes

Gold nanoparticles have been known and used for centuries. Their interest
lies in their biocompatibility, ease of fabrication and their manifold applica-
tions in nanotechnology including optics, electronics and even catalysis [78].
With alkylthiolate ligands, they are especially known from Mulvaney’s sem-
inal work [79,80] and the popular and practical Brust-Schiffrin biphasic
method of synthesis [81, 82]. They are very robust, quite monodisperse and
easy to characterize by combining transmission electron microscopy (TEM),
elemental analysis (Au/S ratio) and, as simple molecules, by standard spectro-
scopic methods (NMR, infrared, UV-Vis) [83]. Thus, a variety of functional
alkylthiolate ligands including ferrocenylalkylthiolates have been introduced
either by direct synthesis or by ligand substitution of non-functional alkyl-
thiolates with good control of the degree of substitution [78, 84-86]. Variable
proportions (7 to 38%) of amidoferrocenylundecanethiol (AFAT), a ligand de-
posited as self-assembled monolayers on gold surfaces by Creager [85, 86],
were added into alkylthiolate-AuNPs. The original core size of diameter
around 2 nm with a number of ligands about 100 remained unchanged in the
course of these reactions [87].
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Scheme 3 Syntheses of various AFAT-AuNPs (using the ligand substitution procedure) for
the selective recognition and titration of oxo-anions (for instance, 18-Fc means AuNPs
with 18% AFAT ligand and 82% dodecanethiolate ligand)

As ferrocenyl-terminated dendrimers, these AFAT-AuNPs (Scheme 3) dis-
play a single CV wave in CH,Cl, with a difference of potentials between
the cathodic and anodic peaks that is lower than 60 mV (typically 20 mV).
This indicates some adsorption due to the large size [88,89]. Addition of
[n-BugN][H,PO4] leads to the appearance of a new CV wave, and the equiva-
lence point is reached for a 1: 1 stoichiometry (equiv. [n-BuyN][H,PO4] per
AFAT branch), similar to the observations made with dendrimers. It is re-
markable that the AE® value is as large as 220 mV and constant regardless
of the proportion of AFAT ligands in the AFAT-AuNPs, corresponding to an
apparent association constant ratio K /K, between H,PO4~ and the AFAT-
AuNPs of 5350 + 550 (Fig. 5).

It is also possible to titrate [n-BuyN][H,POy4] selectively in the presence
of both [n-BuyN][HSO4] and [n-BuyN]Cl or to titrate [n-BuyN][HSO,4] alone,
but the AE° value (cathodic shift) is only 40 mV with this latter anion (Fig. 6).
The halides and nitrate cannot be recognized, however.

The alkyl chain length was varied without significant effect, but stereo-
electronic effects of the AFAT ligand play a role: a Cp* analogue, and a het-
erodisubstituted 1-amido, 1’-acetyl-ferrocenyl derivative have been intro-
duced onto AuNPs®. The electron-releasing Cp* ligand reduced the AE°
value to 125 mV whereas the additional electron-withdrawing acetyl group
enhances it to 275 mV (Fig. 7).
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Fig.5 Titration of [n-BuyN][H,PO4] with the 20-Fc AFAT-AuNPs monitored by CV (i.e.
AuNPs containing 20 AFAT ligands and about 80 dodecanethiolate ligands). Decrease of
the intensity of the initial CV wave (A) and increase of the intensity of the new CV wave
(e) vs. the number of equiv. of [n-BuyN][H,PO4] added per AFAT branch. Nanoparticles:
5x 10 M in CH,Cly; [n-BugN][H,PO4]: 1072 M in CH,Cl,, [#-BugN][PFs]: 0.1 M, 20 °C,
reference electrode: SCE, auxiliary and working electrodes: Pt. Scan rate: 200 mV s~!
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Fig.6 Titration of [n-BusN][HSO4] by gold nanoparticles containing AFAT ligands in
CH,Cl,. Shift of E;/, towards positive potentials as a function of the number of equiv.
[n-BuyN][HSO4] added per amidoferrocenyl branch of the colloids. a Titration by 13-
Fc-AFAT-AuNPs: the equivalence point is 1 equiv. [n-BuyN][HSO4] per amidoferrocenyl
branch. b Titration by 38-Fc: the equivalence point is only 0.4 equiv. [n-BusN][HSO4] per
amidoferrocenyl branch, possibly due to preferred amide-amide interactions of neigh-
boring branches at high ligand load



134 D. Astruc et al.

A
-0.30 vV

Fig.7 Cyclic voltammograms of the 25-Fc*-AuNPs (Fc* = Cp*FeCp-). Solvent: CH;Cl,;
reference electrode: aqueous SCE; working and counter electrode: Pt; supporting elec-
trolyte: 0.1 M n-BuyNBFy; scan rate: 200 mV s~1. a Without [#-BuyN][H,PO4], b with 0.75
equiv. [n-BuyN][H,PO4] per 1-amido, 1’-pentamethyl-ferrocenyl branch; ¢ with excess
[n-BugN][HyPO4]

Similarly, for the recognition of [n-BuyN][HSO4], the presence of the Cp*
ligand reduces the AE° value to 25 mV whereas that of the withdrawing acetyl
group enhances it to 170 mV. Interestingly, the introduction of the acetyl
group also transforms the CV wave shift (weak-interaction case with the par-
ent AFAT ligand) to the formation of a new wave (strong-interaction case). In
summary, the AFAT-nanoparticles and the amidoferrocenyl dendrimers show
some similar trends, but detailed investigations indicate remarkable differ-
ences in the selectivity and enhanced flexibility in the design of the stereo-
electronic feature around the ferrocenyl group [89]. Moreover, the AFAT-
AuNPs are directly accessible whereas dendrimers require tedious multi-step
syntheses. This ease of access will be further exploited with a nanoparticle-
cored ferrocenyl dendrimer.

Nanoparticle-cored dendrimers are new materials that were reported for
the first time in 2001 [90-92]. With ferrocenyl termini, they combine the
advantages of covalent ferrocenyl dendrimers and AFAT-AuNPs. Moreover,
their large size (in our case) offers the possibility to easily derivatize elec-
trodes with the redox ferrocenyl sensors, which makes them useful for sens-
ing [93, 94]. Thus, ferrocenyl AB; and ABg dendrons were synthesized with
a monothiol for the ligand part A and three or nine amidoferrocenyl or silyl-
ferrocenyl groups for B3 [90] or By [93,94]. The AB3 dendrons were assem-
bled into AuNP-cored dendrimers either by direct synthesis with the Brust-
Schiffrin method using a mixture of dodecanethiol and tripodal thiol ligands
(Scheme 4) or by the ligand-substitution method from dodecanethiol-AuNPs
and a given amount of tripodal thiol ligand. The numbers of AB; dendrons
introduced in this way was between five and seven in 2.3-diameter AuNPs
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Scheme 4 General synthetic scheme for triferrocenyl-dendronized gold nanoparticles (lig-
and substitution method)
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Scheme 5 Synthesis of a AuNP-cored silylferrocenyl dendrimer (direct method)

containing about 150 thiolate ligands overall. For the silylferrocenyl ABg den-
drons, the ligand-substitution procedure no longer worked, presumably for
steric reasons, but the direct synthesis using a mixture of dodecanethiol and
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ABy thiol gave good results (Scheme 5). Two closely related ABg dendrons
were used leading to an assembly of about 10% resp. 20% of ABg thiolate den-
drons around 2.9-nm AuNPs bearing around 200 thiolate ligands overall. This
means that these AuNPs contain about 180 resp. 360 equivalent silylferrocenyl
groups at the periphery [93, 94].

The recognition experiments led to stoichiometries corresponding to one
equiv. of [n-BuyN][H,POy4] per ferrocenyl branch with all the AuNP-cored
ferrocenyl dendrimers. The AE° values for this anion were 200 mV with the
amidoferrocenyl AB3 dendron-AuNPs, 115mV for the silylferrocenyl AB;3
dendron-AuNPs and 125 mV for the ABg dendron-AuNPs. Recognition stud-
ies with [n-BuyN],[ATP] gave results that were similar to those obtained
with [n-BugN][H,POy4] except that the stoichiometry was reached for only 0.5
equiv. [n-BuyN],[ATP] per ferrocenyl branch because of the double negative
charge of ATP?~ (Fig. 8). The AE° values were usually only slightly lower for
[n-BugN],[ATP] than for [n-BuyN][H,POy4].

The silylferrocenyl AuNP-cored dendrimers are thus efficient sensors, be-
cause the silylferrocenium species is stable unlike the parent amidoferroce-
nium system. The silicon atom attached to the ferronyl group plays the role
of a Lewis acid that interacts with the H,PO4~ anion by hydrogen bonding.
With [n-BusN][HSO4], however, the silylferrocenyl dendrimers do not pro-
vide recognition. A AE°® value of 42 mV with K, = (18 £4) x 10° L mol™! was
obtained with this anion using the tris-amidoferrocenyl dendron-AuNPs with

Titration of ATP 2" with AuNPs functionalized with the
nonaferrocenyl thiol dendron of Scheme 7

(c=3.8x10° M)

91 1(nA) /

L 4

0 0.2 0.4 0.6 0.8 1 1.2
Eq. ATP * per ferrocenylbranch

Fig.8 Titration of ATP?~ with 9-Fc-thiolate dendron-AuNPs (Scheme 5). Decrease of the
intensity of the initial CV wave; () increase of the intensity of the new CV wave (H)
vs. the number of equiv. of [n-BusN],[ATP] added per ferrocenyl branch. Nanoparticles:
3.8x 107° M in CH,Cl,
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the same stoichiometry. The weaker interaction of the amidoferrocenyl den-
drimers with [n-BuyN][HSO4] than with [#-BuyN][H,PO4] is due to the fact
that NH-oxo anion hydrogen bonding is dominant, and the negative charge
on the oxygen atoms is smaller in HSO4~ than in H,PO4~ (sulfur being more
electro-negative than phosphorus).

Electrodes modified by ferrocenyl polymers have been known for a long
time [93,94]. More recently, Cuadrado et al. have extensively studied the
derivatization of silylferrocenyl dendrimers [34-42]. Nishihara’s group has
reported the first example of modified electrodes with AuNPs containing fer-
rocenyl thiol ligands, in which the stabilization of the modified electrodes is
provided by the biferrocenyl units whereas monoferrocenyl units do not af-
ford stabilization [95, 96]. We have noticed that the larger the ferrocenyl den-
drimers, the more strongly they tend to adsorb on Pt electrodes in CH;Cl; so-
lutions, and the easier it is to prepare modified Pt electrodes with ferrocenyl
dendrimers by scanning around the region of the ferrocenyl potential [97].
Thus, the AuNP-cored ferrocenyl dendrimers discussed above are large and
readily adsorb on Pt electrodes, forming perfectly stable derivatized elec-
trodes upon scanning about 50 times (for saturation) around the ferrocenyl
potential region. These modified Pt electrodes show remarkable changes
upon introduction of a solution of [n-BuyN],[ATP]. The new CV wave ob-
served has undergone a shift of potential; the anodic and cathodic peaks are
no longer indentical showing that a structural rearrangement, due to changes
in hydrogen bonding and electrostatic interaction, occurs in the course of
the heterogeneous electron transfer. [n-BuyN][H,PO4] and [n-BuyN],[ATP]
are selectively recognized in the presence of other anions such as HSO4~ and
CI7; [n-BuyN][HSO4] alone can also be recognized. The recognized salts can
be washed from the electrode using CH;Cl,, but the AuN-cored ferrocenyl
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Fig.9 Recognition of ATP?~ with AuNP functionalized with a nonasilylferrocenyl den-
dron shown in Scheme 7. CV: a Modified electrode alone; b during the course of titration;
¢ with excess of [n-BuyN],[ATP]; d after removal of [n-BuyN],[ATP] upon washing the
modified electrode with CH,Cl,
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dendrimers are not removed and can serve again for further analogous ex-
periments. Such recycling can be performed several times (Fig. 9) [92].

5

Dendrimers Containing Fey Clusters at the Periphery Recognize ATP?
Better than the Model H,P0, and also Form Derivatized Electrodes
as Re-usable Sensors

The complex [Fe4(,u3-CO)4Cp3(nS—C5H4COCl)] [98,99], reacts with the
nona-branch amino dendrimer in the presence of NEt; as shown in Scheme 6
to give the expected nona-branch amidocluster dendrimer 1 (Scheme 6).
The successful functionalization of the 3™d-generation 16-NH, DAB den-
drimer shown in Scheme 7 was performed using the N-succinimidyl ester
of the Fey-cluster [99], giving the 16-branch amidocluster dendrimer 2
(Scheme 7) [100].

The functionalization worked smoothly with the new 27-NH; dendrimer
shown in Scheme 8 [100] giving the 27-Fe, dendrimer 3. These new met-
allodendrimers 1, 2 and 3 are air-stable, forest-green powders. They were
characterized using standard spectroscopic and elemental analyses, and AFM
of 2 and 3 (Fig. 10) shows that it forms monolayers of aggregated metalloden-
drimers on the mica surface. Indeed, the height of 1.5 nm (2) and 2.4 nm (3) is
reproducibly obtained by AFM and corresponds to the dimension of slightly
flattened molecular models.

The cyclovoltammograms of the dendrimer-clusters 1, 2 and 3 in CH,Cl,
(Pt, 0.1 M n-BuyNPF¢) resemble that of the parent cluster [Fes(13-CO)4Cp4]
itself [101], the clusters being sufficiently remote from one another in the den-
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Fig. 10 AFM of the 27-Fes-cluster dendrimer 3 (see Scheme 8)
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drimers to render the electrostatic factor almost nil. Therefore all the redox
sites corresponding to the redox change Fe; — Fes™ appear in a single re-
versible wave (whereas the other waves Fe,* — Fe4*" and Fe,° — Fe,™ are
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not as reversible [61]. For this wave, application of the Bard-Anson equa-
tion [61] to determine the number of electrons, under conditions that avoid
adsorption, provides a result of 27 £ 3 electrons in CH,Cl, and DMF using
[FeCp3] as the internal reference. This stoichiometry could be confirmed by
titration of 3 in CH,Cl, using 27 equiv. of green [CpFen5-C5H4COCH3] [PFs],
which generates [CpFen’-CsH4COCH3] and a dark-green precipitate of
[3][PFs]27 characterized by vco = 1690 cm™, 55 cm™ higher than vco of 3
(1635 cm™). A color change of the CH,Cl, solution from dark-green to red
occurs at the equivalence point.

Recognition of the oxo-anions HSO4~, H,PO4~ and adenosine-5'-triphos-
phate, ATP? as their n-tetrabutylammonium salts by the exo-receptors 1, 2,
and 3 was carried out by adding the N(n-Bu); salt into the electrochemical
cells containing a CH,Cl, solution of the exo-receptor at a Pt anode and was
efficient, the three oxo-anions giving recognition features that are very dif-
ferent from one another and different from previous dendritic metallocenyl
exo-receptors [23,24, 64, 65, 92]. Selective recognition of ATP% in the pres-
ence of HSO4~ and Cl~ was also shown. With H,PO4~, a progressive wave shift
is observed upon titration, and the value of the apparent association constant
value using this model is K(4) = 412470 (SI, Fig. 5).

With adenosine-5'-triphosphate, ATP?-, contrary to the case of [HyPOy4]
[N(n-Bu)4], the addition of [ATP] [N(n-Bu)4], into the electrochemical cell
containing the CH,Cl, solution of the host provokes the appearance of a new
CV wave with these three exo-receptors 1, 2 and 3, although each dendrimer
shows very different features. In addition, the potential shifts are larger than
those observed with [HyPO4] [N(n-Bu)4] (Fig. 11), which is a new situation
contrasting to that found with all the metallocenyl dendrimers. The titra-
tion diagrams are recorded using the decrease of the intensity of the initial
wave and increase of the intensity of the new wave for both 2 and 3. They
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show equivalent points for about 0.5 equiv. [ATP] [N(n-Bu)4], per Fes-cluster
branch due to the double negative charges, which means that each of the
two negative phosphate mono-anion units of ATP?~ interacts with a Fey-
cluster branch (Fig. 11). Other stoichiometries have been reported in such
titrations [15-18].

The addition of [HSO4][N(n-Bu)4] to the dendrimer 2 provokes the shift
of the initial wave that reaches 110 mV at saturation, which leads to an ap-
parent association constant K4y = (55+5) 10° L Mol™". The titration diagram
shows an equivalence point at 0.75 equiv. [HSO4] [N(n-Bu)4] per Fes-cluster
branch, although saturation is obtained at 1 equiv. [HSO4] [N(n-Bu)4] per
Fey-cluster branch. In this case the interaction is of the weak type, loose and
not selective.

The addition of equimolar amounts of [ATP] [N(n-Bu)4]2, [HSO4] [N(n-
Bu)4] and Cl [N(n-Bu)4] to the electrochemical cell containing the dendrimer
2 leads to a shift of the initial wave by 0.1 V. The equivalence point is
again reached at 0.5 equiv. [ATP] [N(n-Bu)4], which is the signature of the
selective recognition of [ATP] [N(n-Bu)s]s, although no new CV wave is
observed.

Modification of a Pt electrode with dendrimers such as 2 and 3 is possible
(although please note that it cannot be carried out cleanly with the mono-
cluster thiol derivative [Fes(u3-C0)4Cp3{n°-CsH4CONH(CH,);;SH}], the
best results being obtained with 3 due to its larger size (Epa - Epc = 10 mV),
and recognition of ATP also then proceeds with the replacement of the ini-
tial wave by the new wave at less positive potential. After disappearance of
the initial wave, the final chemically reversible wave has a Ej,, - Epc value of
150 mV, signifying that the electron transfer at the electrode surface is slow

-

0 02 04 06 08 10 12
Eq. ATP* per branch

08 0.6 04 08 06 04 08 06 04
Vv, FeCp*,

Fig.11 Comparative titration of ATP? with 1, 2 and 3 (6 x 10 M) in CH,Cl,: CVs be-
fore, during and after addition of [ATP] [N(n-Bu)4], (left; the number of dendrimer
branches are indicated inside the waves). Decrease of the intensity of the initial CV wave
(M) and increase of the intensity of the new CV wave (e) vs. the number of the equiv. of
[(n-Buy)N], [ATP] added per cluster branch of 2 (right)
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due to structural reorganization of the dendritic host-guest supramolecular
assembly that involves, as in solution, formation vs. disruption of large ion
pairs in synergy with double hydrogen bonding between the oxo-anion and
the amido group [8-14]. The shape of this wave is a fingerprint of the oxo-
anion, and [ATP] [N(n-Bu)4], can be washed away using CH,Cl, leaving the
modified electrode that can be used again.

6
Dendritic Cationic Aminoarene Iron-sandwich Complexes
Selectively Recognize Chloride and Bromide Anions

With the dendrimers series shown in Fig. 1, the order of AE° values was:
H,PO4~ > HSO4~ > ClI” > NOs3~. This order can, however, vary greatly from
one dendrimer series to the other, and the same can be said of the den-
dritic effect; some dendrimer families (such as the above one) give a strong
dendritic effect for a given anion, and others do not. For instance, an amido-
ferrocenyl dendrimer with an octabenzylated durene core and 24 redox ter-
mini underwent values of the order of what was found for the dendrimer 9-Fc
of Fig. 1, far less than 18-Fc of Fig. 1.

The octasubstituted cored dendrimer 24-FeAr containing 24 cationic
aminoarene iron moieties [dendr-(n®-NHCsH;MeFeCp*),4] (Cp* = n’-
CsMes), ie. eight tripods, was compared to the analogous mono- and
trimetallic amino-arene cationic complexes (resp. 1-FeAr and 3-FeAr, Scheme 9
and Fig. 12) with the same amino-arene iron-sandwich structure for the

SNH@Epm)  CI 3NH(pm) B
7.6
69 24-F
24-Fe e
7.21 3-Fe 3-Fe
1-Fe| 67
6.8 1-Fe
ﬁ A T T T T 6': T T T T T
0 1 2 3 4 1 2 3 4

Number of equiv. of CI' added per branch Number of equiv. of Br  added per branch

Fig.12 Variation of 3y for the exocyclic amine proton of the 24-Fe dendrimer measured
by 'H NMR spectroscopy upon addition of n-BuyNCl or n-BuyNBr. Comparison with
monometallic [FeCp*(°-C3HsNHPh)][PFs] (1-Fe) and tripodal PhCH,NHC{(CH,);0
(CH2)3NH—[n6—PhFeCp*] [PFs]}s (3-Fe) showing the positive dendritic effect
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24-FeAr

Scheme 9 Syntheses of 24-amidoferrocenyl dendrimer (24-Fc) that recognizes oxo-anions
(left) and cationic 24-p.aminotolueneFeCp* dendrimer (24-FeAr) that recognizes chloride
and bromide (right)

recognition of a collection of anions using the NH signal in 'H NMR [102].
The recognition of the oxo-anions that had been successful with the amido-
ferrocenyl dendrimers was not possible with this system. On the other hand,
that of the halides Cl~ and Br~ gave noteworthy results, whereas the 18- and
24-amidoferrocenyl dendrimers hardly gave any significant AE° values for
the recognition of these anions. The halides and the secondary amine groups
of the dendrimer allow a single hydrogen bonding interaction due to the
acidic amino group in contrast to amide groups with oxoanions showing
chelating double hydrogen bonding. For bromide, the titration showed an
equivalence point also corresponding to a one-to-one interaction, and com-
parison with the mono- and tripodal compounds containing analogous redox
sites indicated that only the dendrimer showed a clear equivalence point.
With CI-, the equivalence point was even sharper and was found for 1/3 of
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chloride equiv. per branch, i.e. one Cl~ per tripod. This unusual stoichiom-
etry is remarkably specific for CI” and shows that only CI” fits in the cavity
defined by a tripod at the dendrimer periphery [97]. Ferrocenylaminosilane
dendrimers reported by Casado et al. also showed recognition properties for
the H,PO4~ anion [103].

7
Conclusion and Prospects

In this article, we have reviewed anion exo-receptors including metalloden-
drimers, gold nanoparticles and nanoparticle-cored ferrocenyl dendrimers,
most often using cyclovoltammetry that monitors the redox switch. The
comparison between mononuclear compounds, tripod derivatives and den-
drimers shows that the variation of potential upon titration of anions is larger
with dendrimers and increases with the dendrimer generation. This is what
was called the positive “dendritic effect” [23,24] and was accounted for by
the narrowing of the channels at the dendrimer periphery, thus allowing
a tighter interaction with the anionic guest. This contrasts with the negative
dendritic effect found in catalysis whereby the catalytic efficiency decreases
upon increasing the dendrimer generation [62,63]. We have also indicated
that the dendritic effect depends on the nature of the anion and dendrimer.
Thus amidoferrocenyl dendrimers, gold nanoparticles and gold nanoparticle-
cored amidoferrocenyl dendrimers can be excellent sensors with large den-
dritic effects for oxo-anions, whereas no significant recognition is found for
halides whilst the opposite was found with cationic aminoarene-iron-Cp*
dendrimers.

Gold nanoparticle-cored ferrocenyl dendrimers are very large (nano-
sized) ensembles, containing several hundred equivalent ferrocenyl groups
at the dendrimer periphery, that readily adsorb on Pt electrodes, a property
that we have used to prepare modified electrodes with these sensors. Selec-
tive recognition involving the relatively low-energy hydrogen bonding could
be followed by washing of the oxo-anion and re-use of the robust modified
electrode several times for further experiments. This contrasts with sensors
based on coordination chemistry for which recognition involves the stronger
coordination bonds that do not allow re-use of the sensoric units. Finally, the
Fey-cluster-dendrimers were found to recognize ATP?~ better than the model
anion H,PO4~, apparently due to optimal size matching, which was not the
case for the ferrocenyl dendrimers of various types.

Some challenges remain: for instance chiral recognition and simultaneous
recognition of both cations and anions [for instance with cobaltocenyl den-
drimers [8-14, 104, 105]]; the recognition of biologically important anions in
water has still not been successfully achieved despite interesting recent at-
tempts [106,107]. A higher level of sophistication in the molecular design
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of the potential receptors and sensors is now clearly required for further
progress in these directions. Finally, the advantages of exo-receptors can po-
tentially be applied to sense other substrates such as biologically important
amino-acids. Work along these lines is currently underway in our laboratory.
Nanoparticles with Fey-clusters would allow combination of optimized ATP
recognition with the increased adsorption of gold nanoparticles (compared
to dendrimers).
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1

Introduction

Many common polymeric solid-phase supports show some disadvantages for
their application in catalysis, such as heterogeneous reaction conditions and
therefore unadvantageous kinetics, low loading capacities, exacerbated an-
alysis and in some cases problematic mechanical stability. Because of the
heterogeneity of the support, access to the reactive site is often reduced which
results in poor catalysis. Also the structural information regarding this type
of reaction is limited; while the ability of the catalyst to be recycled is easily
assessed, structural analysis of the precatalyst before as well as after recov-
ery (at the end of the reaction) requires specialized techniques for nonsoluble
polymers. In some cases these problems can be overcome by using soluble
polymeric supports, which have been proposed since the early seventies as an
alternative to conventional solid-phase supports [1]. Dendritic polymers, par-
ticularly perfect dendrimers and hyperbranched polymers, offer a wide range
of new possibilities (Fig. 1) [2]. The use of hyperbranched polymers instead of
perfect dendrimers is justified by their similar properties, better accessibility
and lower costs, which are all extremely important for large-scale synthe-
sis. In addition, several of these hyperbranched polymers are commercially
available on a kilogram scale [3].

Dendritic polymers feature homogeneous reaction conditions and enable
the application of standard analytical techniques (TLC, IR, NMR, MALDI-
TOF etc.) as well as the orthogonal use of insoluble reagents. One drawback of
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Fig.2 Different architectural dendritic catalyst classes discussed in this overview

these soluble supports is the fact that there is no generally applicable separa-
tion technique as for solid-phase supports. Depending on the system at hand,
several methods of purification are available, such as membrane separation
techniques, size exclusion chromatography and precipitation [4].

In this work we present hyperbranched polymers as platforms for cata-
lysts that fall into three major classes, according to their topology and binding
mode to the polymeric support (Fig.2): (i) defined multiple site catalysts;
(ii) dendritic core-shell catalysts; (iii) supramolecular catalyst complexes.

2
Defined Multiple Site Catalysts

Dendritic polymers can be covalently functionalized with organometallic
complexes to obtain a dendritic catalyst with molecularly defined catalytic
sites [5-7]. Moreover, a considerable number of reports on the applicability
of functionalized dendrimers in catalysis have led to the idea of a “dendritic
effect” on the catalyst activity/selectivity, which can either be positive or
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negative [8-14]. Since structural perfection may not be a strict prerequisite
for well-behaved catalysts, hyperbranched polymers offer a promising alter-
native for dendrimers in many applications [3, 15-18].

Salazar and coworkers used hyperbranched polyglycerol (PG) amines as
ligands in the reaction of oxidative coupling of terminal diacetylenes [19].
For this purpose, they transformed the terminal hydroxyl groups of poly-
glycerol to the corresponding secondary aliphatic amines (diethylamine
or di-n-pentylamine) via tosylates giving amino-terminated hyperbranched
molecules PG-N(Et); and PG-N(CsHjj)z, respectively. These hyper-
branched polyamines were then used as ligands in a Cu(I)-catalyzed oxidative
coupling reaction of phenylacetylene (Scheme 1).

As a reference, the corresponding monomeric tertiary amines were tested
as well as CuCl alone. The results show that the hyperbranched ligands per-
formed better in the oxidative coupling reaction compared to monomeric
triethylamine and tripenthylamine (Table 1). This improved performance of
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Ho ™0~ © ég O OH OH
6} H 0
~ O
O OH HO O
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NHR
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R= Et, C5H11
1 2 3
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conv. 75-80%
R
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- e §==0O
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Scheme 1 Structure of hyperbranched polyglycerol and oxidative coupling reaction of
phenylacetylene




152 C. Hajji - R. Haag

Table 1 Results of oxidative coupling reaction of phenylacetylene using different amine-
CuCl complexes

Amine Yield (%)
_ <1
NEt;3 2
N(n-C5H11)3 <1
PG - N(Et), 25
PG - N(CsHi1), 8

the hyperbranched amino ligands can be explained by a better complexation
ability and a higher local reagent concentration.

Another application of hyperbranched polymers as supports for cata-
lysts is their use as backbones for the covalent attachment of organometallic
fragments. NCN-pincer complexes (NCN-pincer = 2,6-bis[(dimethylamino)-
methyl]phenyl anion) are attractive building blocks for catalytic reac-
tions [20, 21]. Covalent introduction of the transition-metal complexes can
also be of interest for visualization and imaging of dendritic polymers by
transmission electron microscopy (TEM).

For this reason, hyperbranched polyglycerols can be activated by to-
sylation to introduce platinum NCN-pincer carboxylates by displacement
reactions of the tosylate moieties. Stiriba and coworkers reported a syn-
thetic approach using a racemic hyperbranched polyglycerol with the mo-
lecular weight M, =2000 with trimethylolpropane (TMP) as the initia-
tor. Chiral hyperbranched polyglycerols (-)-PG 1 [My = 3000 with bis(2,3-
dihydroxypropyl)undecenylamine as initiator] and (+)-PG [My = 5500 with
trimethylolpropane (TMP) as the initiator] were used as the starting materi-
als. Reaction of tosylated polyglycerols PG — O — Tos 2 with the NCN-pincer
platinum carboxylate complex [Pt(NCN-COOK)], obtained by deproto-
nation of the NCN-pincer platinum compound [Pt(NCN — COOH)], led to
NCN-pincer platinum(II)-substituted polyglycerols 4 by nucleophilic dis-
placement of the tosylate groups (Scheme 2). In the substitution reactions,
50% of available tosylate groups was replaced by the organometallic car-
boxylate in the case of racemic polyglycerol, and only 35% of the avail-
able tosylate groups could be replaced in the case of chiral polyglycerols,
affording in all cases the modified chiral hyperbranched polyglycerol 4
(Scheme 2). This incomplete substitution was attributed to excessive steric
crowding of the relatively bulky pincer system upon higher substitution
degrees [22, 23].

The racemic complex 4 containing 50% of NCN-pincer platinum(II) and
50% of tosylate groups has been tested in catalytic double Michael addition
of methyl vinyl ketone and ethyl cyanoacetate using (1 mol %) of catalyst.
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Scheme 2 Synthesis of pertosylated hyperbranched polyglycerol followed by partial sub-
stitution of tosyl groups with NCN-pincer platinum(II) carboxylates

Separation of products and catalyst 4 after full conversion was achieved con-
veniently by dialysis against neat dichloromethane. The catalytic material was
recovered in nearly quantitative yields (92%).

To study the effect of the chiral backbone on the behavior of the NCN-
pincer complex 4 in catalysis, the Michael addition of methyl vinyl ketone to
(R/S)-ethyl a-isocyanopropionate was used as a model reaction (Scheme 3).
The results of the experiment show 80% conversion after 24 h which is higher
than the 38% conversion obtained in the same Michael addition without cat-
alyst. After full conversion, the product and loaded nanocapsules could be
recovered separately in almost quantitative yields (> 96%) by dialysis. Prod-
uct analysis revealed that no enantiomeric excess was found and racemic
mixtures were obtained (ee = 0%) (Scheme 3).

In addition to these noncharged polymer ligands, highly branched poly-
electrolytes have also attracted considerable interest [24-29]. This interest
stems from the concept of noncovalent binding of catalytically active metal
complexes to soluble polymers by electrostatic interactions with the aim
of recovering and recycling such catalysts by means of ultrafiltration [4,
30-32]. Cationic hyperbranched polyelectrolytes can be conveniently pre-
pared from polyglycerol in a one-pot reaction with w-bromoacyl chlorides
Cl(C = 0)(CH;),Br and 1,2-dimethylimidazole, resulting in a full conver-
sion with respect to esterification and quaternization and affording the final
product in 80-90% yield. p-(Diphenylphosphino)benzene sulfonate (TPPMS)
was introduced as a counterion into the polyelectrolytes in exchange for the

J\ 0 1 mol% Catalyst 4 NC COOEt
iy
NC” COOEt 4 X EtNPr, *
(RIS) CH,Cl, 0
0% ee

Scheme 3 Catalytic activities of the NCN-pincer complexes in asymmetric Michael add-
ition of methyl vinyl ketone and ethyl a-isocyanopropionate
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halides (Scheme 4) [33, 34]. This afforded a polymer with a high number of
phosphine functionalities that are able to form catalytically active complexes
with transition metals such as rhodium (Fig. 3).

Hydroformylation of 1-hexene was studied at 80 °C under 30 bar of CO/H;
(1:1) with the in-situ generated catalyst 7. The reaction was monitored via
the CO/H,-uptake which was measured with mass flow meters. The polymer-
bound catalysts possessed moderate activities in methanol (200-400 TO/h),
and the activity was approx. 4-times higher when non polymer-bound
TPPMS was used as the ligand. The activity of the catalyst 7 decreased in
recycling experiments (entries 2a-2b in Table 2), which can presumably be
attributed to a partial oxidation of the phosphine ligands. Moreover, the ac-
tivity of the complex was not significantly affected by the change of P:Rh

X o\ o\
oo gy S s g § D
1,2-dimethylimidazole CHn ™0 e (CHp)n

NMP , 80°C/48 h

1 n=25710 5 yield 80-90% Ph2p®so

. t.
) conv. quan 6 yield 70-90%
KTPPMS = Ph,P(CgH4-p-SO3") conv. quant.

Scheme 4 Synthesis of the hyperbranched imidazolium polycations 6

%/_;\'\1/1\1/ ] PPh,

\”

O—& <------mo-
T
T

Fig.3 Schematic representation of the catalyst obtained from the reaction of 6 and
Rh(CO);(acac) in methanol at elevated temperature under CO/H; (1: 1) pressure (e.g.,
80 °C/30 bar) [35]
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Table 2 Hydroformylation of 1-hexene with polymer-bound Rh phosphine catalyst 72

Entry n® Rh P:Rh 1-hexene  conv (%)¢ TO/h /b4
(pmol) (mmol)
1 58 10 80 92 1270 3.2
2a 5 37 10 40 33 180 3.6
2b 5 29 10 40 53 360 2.8
3 2 20 10 80 22 390 2.8
4 5 20 10 80 13 260 3.8
5 7 20 10 80 18 320 3.8
6 10 20 10 80 14 275 3.7

2 Reaction conditions: MeOH, 80 °C; 30 bar CO/H, (1: 1), total reaction volume 100 mL
(entry 1 non polymer, for comparison)

b Number of carbon atoms of spacer

¢ Conversion to aldehydes determinated by GC after 2 h reaction time

4 linear/branched selectivities

ratio, and the change of flexibility and ion density in the polymer upon vari-
ation of the spacer length had no significant influence on the selectivity or
activity of the complex (Table 2).

The phenoxazine-based ligand Nixantphos 8, which was derived from van
Leeuwen’s initial studies of xanthene-based diphosphine ligands [36], was
used as the catalyst in a hydroformylation reaction as well. Nixantphos 8
proved to be a superior ligand with regard to its selectivity towards the linear
aldehyde [37]. Moreover, Nixantphos 8 has recently been successfully im-
mobilized on a silica 9 [38-40] and polystyrene 10 [41] matrix. After metal
complexation, a catalyst can be obtained that is suitable for recycling by sim-
ple filtration (Fig. 4).

Inspired by these developments, Osinski and coworkers employed poly-
glycerol 1 as the soluble polymer instead of a silica or polystyrene support
in order to obtain similarly recyclable, but homogeneous, hydroformylation
catalysts [42]. In this context the hydroxyl groups in polyglycerol have been

/OO
e
H
N Jx N N N Jx
O O 0

PPh,  PPh, PPh,  PPh, PPh,  PPh,

8 9 10
Fig.4 Solid-phase supported Nixantphos structures
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Scheme 5 Attachment of Nixantphos 8 to modified polyglycerol 11

converted to acryloyl functionality by the reaction of polyglycerol with acry-
loyl chloride. Michael addition of Nixantphos 8 to this polymer provided
the polyglycerol-supported ligand 12 (Scheme 5). The polymer-supported lig-
and 12 was mixed with rhodium precursors and used as the catalyst in the hy-
droformylation of N-allyl-phthalimide under the same conditions described
in Table 2. In this case, 30-40% conversion and a 1:b ratio of 38 : 62 were
observed. The same reaction performed in toluene gave a better conversion
(64%), but exactly the same I: b ratio.

Tetradentate Schiff bases, such as 13 (Fig. 5), also known as salen (N,N’'-
bis-salicylidene-ethylenediamine) are one of the oldest classes of ligands in
coordination chemistry. These systems, e.g., Jacobsen’s ligand 14, are ap-
plied as efficient ligands with regard to yield and ee in asymmetric catalysis.
The resulting salen metal complexes and their immobilized analogues have
been used for a wide range of catalytic asymmetric reactions (e.g., asym-
metric ring opening of epoxides [43-45], kinetic resolutions of terminal
epoxides [46,47], and Diels-Alder reactions [48-51]).

Several approaches to immobilize salen systems using polymeric supports
have been reported [52-62]. The rather low conversion could be increased
by improving the loading of the ligand and subsequently the amount of
catalyst per gram of polymer. Among them a highly stereoselective PAMAM-
dendrimer-based salen ligand by Breinbauer et al. was used for hydrolytic
kinetic resolution of epoxides [63].

In principle there are two positions in the ligand structure where ap-
propriate linker units can be attached, either on one of the arene units or

an

=N  N= N  N=
o 7 N\
R(/\:/§0H HObR %—%OH HO?—%
14

13

Fig.5 General structure of salen ligand 13 and Jacobsen’s ligand 14
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on the central aliphatic diaminocycle. In this context, Hajji and coworkers
synthesized polyglycerol-supported salen analogues and investigated their
use in asymmetric synthesis [64]. The polyglycerol-supported unsymmetrical
salen ligand 17, was obtained by reaction of polyglycerol-supported tert-
butyl salicylaldehyde 15 and mono imino ammonium salt 16 in 65% yield
(Scheme 6) [65].

For the application of the polyglycerol salen ligand in catalytic reactions,
the introduction of the metal in the corresponding salen is necessary. In the
case of the polyglycerol-supported salen ligand 17, both chromium [66, 67]
and cobalt [50] were inserted, and the corresponding metal complexes were
characterized by IR and inductive coupled plasma/atomic emission spec-
trometry (ICP-AES). The chromium insertion takes place employing chro-
mium (II) chloride, and subsequent air oxidation delivered the respective
chromium (III) salen complex 18 in 51-73% yield, in which 10-100% of the
ligand coordinates a chromium according to ICP-AES. The anion exchange in
the complex 18 by reaction with AgBF, gave the complex 19 in 68% yield, the
metal loading being the same as in the precursor. A cobalt (III) salen com-
plex with hexafluoroantimonate counteranions 20 was also synthesized in two
steps by means of cobalt insertion, by reaction with Co(OAc),, and a subse-
quent anion exchange using AgSbF¢, which resulted in the Co(III) complex 20
with 38% yield and metal loading at 28% (Scheme 7).

Transition-metal complexes with salen ligands can serve as catalysts for
a multitude of stereogenic reactions including Diels-Alder reactions. We re-
cently studied the application of polyglycerol-supported salen systems 18,
19 and 20 as chiral catalysts in the hetero Diels-Alder reaction between

cl 0
>N NaH, DMF
OH + —_—

1
yleld 81%
conv: 68 %
° @, S

NEt,

OH NS
HO
HO
17
HoNY yield: 65 %

HCI HCI \ conv: quant
- loading: 70%
3 EO |, 3 " weonEon | HO

HoN NH, HoN NH,
HCI
yield: 96 %

Yield: quant
conv: 83%

Scheme 6 Synthesis of the polyglycerol-supported unsymmetrical salen ligand 17 from
polyglycerol-supported tert-butyl salicylaldehyde 15 and monoimine 16
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1) CrCly, abs. THF and O,

2) AgBF,, abs. TBME Q
@ WO >
o N7 o SNTN

H 1) Co(OAc),, abs. PhMe/MeOH \ L
N 2) AgSbFg, abs. DCM O/N{LN\

HO. X 0

18: M =Cr, X=Cl yield 51-73%, conv. 10-100%
19: M = Cr, X = BF, vyield 68%
20: M = Co, X = SbFg" yield 38%, conv. 28%

Scheme7 Introduction of metals (chromium and cobalt) to a polyglycerol-supported
salen ligand 17

trans-1-methoxy-3-trimethylsiloxy-1,3-butadiene (Danishefsky’s diene) and
benzaldehyde [48, 67, 68]. The results are summarized in Table 3. The activ-
ity of the PG-supported catalyst 18 seems to be slightly higher than that of the
free Jacobsen’s catalyst (entry 3, Table 3).

One of the best-studied examples of recoverable metallodendritic catalyst
was reported in 1997 by Reetz for the Heck reaction using Pd dendrimers that
were derived from the dendritic phosphines DAB-dendr-[N(CH;PPh;); ], ob-

Table3 Results of Diels-Alder reaction between Danishefsky’s diene and benzaldehyde
catalyzed by 18, 19, and 20 and their comparison with Jacobsen’s catalyst 14-Cr/Cl

1. chiral catalyst

TMSO (Ph 21— 4°C O \\\Ph
AN * (‘) O

2. cat. H*
OMe
21

Danishefsky’s diene (R)-2-phenyl-2,3-dihydro-4H-pyran-4-one

Entry Catalyst Cat. Amount Temp Conv.(%)®  ee (%)
[mol-%] (°c)?

1 PG-Cr/Cl 18 0.5 12 55 64
2 PG-Cr/Cl 18 1.9 4 64 64
3 Jacobsen’s Cr/Cl 1.9 4 23 86
4 - - 102 <5 n.d.
5 PG-Cr/BF4 19 2.5 -102 13 78
6 PG - Co/SbFg 20 14 -212 27 63

2 Temperature at the start of activity.
b According to the 'H NMR of the crude product after catalyst removal.
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tained by double phosphinomethylation of the commercial DSM polyamino
dendrimers DAB-dendr-(NH;), (x =4, 8 or 16 for generations 1, 2 or 3,
respectively) [13, 69]. The significant advantages of the soluble dendritic poly-
meric support were an increased activity, a higher stability and good re-
cyclability compared to the soluble PG-analogue. A few years later, Heuzé
reported three generations of new palladodendritic complexes 23a-f based
on dendritic phosphine ligands 22a—f [14] closely related to Reetz’s den-
drimers that serve as copper-free recoverable catalysts for the Sonogashira
coupling between aryl halides and alkynes. These two families of palladoden-
drimers (Scheme 8, R = Cy vs. £-Bu) show impressively distinct reactivities
and recoverabilities, but a rather similar dendritic effect in the Sonogashira
reaction.

Generally, the Sonogashira coupling reaction is achieved by a palladium-
copper catalyzed reaction of aryl or vinyl halide and terminal alkyne [70-72].
The presence of the copper co-catalyst is an obstacle, however, towards the
metallodendritic approach of the system. In this context, only a few examples
of copper-free procedures have been reported [73-77], involving for instance,
in situ Pd(0) complex formation with bulky phosphines [78].

The dendrimers 23a-c were used in a copper-free Sonogashira-type coup-
ling reaction between phenylacetylene and iodobenzene or bromobenzene.
The catalyst amount was 1mol% per catalytic group (i.e., 1/4, 1/8 and
1/16 mol % depending on the dendrimer generation; generations 1, 2 and 3),
and the temperature range was 25-120 °C.

The results depicted in Table 4 demonstrate the dendritic effect and strong
influence of the nature of the diphosphine substituents on the reactivity and
recoverability of the catalysts.

Moreover, the metallodendritic catalysts can be recovered after the re-
action, which was indeed achieved by precipitation of 23b and 23c using
pentane. However, the catalysts 23d-f are too soluble in pentane and other
common solvents for recovery because of the presence of the ¢-Bu sub-
stituents.

Recently, we used hyperbranched polyglycerol 1 as a high-loading sup-
port for boronic acids with application in the palladium-catalyzed Suzuki
cross-coupling reaction [79]. Moreover, hyperbranched polyglycerol (1) can

PCy, Pd(OAc),, DCM RR,
D, D Fon
\—PCy, 2h, RT \—PR, "¢
D = DAB-dendrimer
22a-f 23a-f

x =4: R= Cy (22a); t-Bu (22d) x =4: R=Cy (23a); t-Bu (23d)
x = 8: R=Cy (22b); t-Bu (22e) x =8: R=Cy (23b); t-Bu (23e)
x = 16: R= Cy (22c); t-Bu (22f) x = 16: R= Cy (23c); t-Bu (23f)

Scheme 8
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Table 4 Sonogashira coupling of aryl halide substrates with phenyl acetylene®

23a-f
O = 2 O=0

base

X=1,Br

Catalyst  Aryl halide Solvent Temp. (°C) React. Time (h) Conv. (%) ®

23a Iodobenzene  Et3N 80 24 79
23b Iodobenzene EtzN 80 24 72
23c Iodobenzene  Et3N 80 24 46
23d Iodobenzene EtzN 25 15 97
23e Iodobenzene EtzN 25 40 100
23f Iodobenzene  Et3N 25 48 100
23a Bromobenzene Et;N 80 48 17
23b Bromobenzene Et3N 80 48 15
23b Bromobenzene Bu,NH 120 20 20
23c Bromobenzene Et3N 80 48 6
23d Bromobenzene EtsN 25 17 100
23e Bromobenzene Et3N 25 48 93
23f Bromobenzene EtsN 25 48 96

? Reaction conditions: aryl halide (2 mmol), phenylacetylene (3 mmol), solvent (6 mL),
catalyst (1 mol %), N».
b The product was isolated by column chromatography.

also be used as the catalyst in the palladium-catalyzed Suzuki coupling re-
action between boronic acids and aryl bromides or chlorides. For this pur-
pose, we reported the synthesis of the palladohyperbranched complex 25
based on triphenylphosphino polyglycerol 24 (Scheme 9) [80]. This complex
was used as the catalyst in the Suzuki coupling reaction between phenyl-
boronic acid and 4-(bromophenyl)ethanone (Scheme 9). The results of the
coupling reaction using palladohyperbranched complex 25 are compared to
Pd(dba); and summarized in Fig. 6. The catalytic activity and the conver-

9 Phy Ph

. O

&> 1o°° E> Pd(dba), ©

oH * —_— ‘,Pd‘\O

1 PPh, PPh Q Y/
2 ’ o @’P <
& o Ph, Ph

25

Scheme 9
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Fig.6 Comparison of Pd(dba), and Pd(dba), on PG 25 in Suzuki couplings

sion of the polyglycerol-based Pd-catalyst 25 is comparable to that of the free
Pd(dba);. This again demonstrates that hyperbranched polymers are equally
well suited as perfect dendrimers for the covalent attachment of defined mul-
tisite catalysts.

3
Dendritic Core-shell Catalysts

Krdmer and coworkers recently reported on water-soluble dendritic core-
shell architectures and studied the influence of the attached carbohydrate
shell on the formation and stabilization of metal nanoparticles in water.
For this purpose, they used hyperbranched poly(ethylenimine) (PEI) as core
molecules and covalently attached different carbohydrates as shells, i.e.,
glycidol, gluconolactone and lactobionic acid, to obtain the corresponding
PEI-glycol, PEI-gluconamide and PEI-lactobionamide. Different molecular
weights of PEL, (x =0.8, 5, 21 or 25 with different M,, = x10%) were em-
ployed [81].

Functionalization with glycidol leading to PEI»sGLY (PEI-glycol, Sche-
me 10a) could be achieved via addition of DL-glycidol to a solution of
PEI,s5, which resulted in a complete conversion of the reactive epoxide group.
The attachment of D-glucono-1,5-lactone to PEI, (x=0.8, 5, 21 or 25),
led to PEL,GLU (PEI-gluconamide, Scheme 10b) [82,83]. The functional-
ization of PEI,5 with lactobionic acid gave PEI;;LAC (PEI-Lactobionamide,
Scheme 10c) with 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydro-
chloride (EDC) used as the coupling reagent in water. Functionalization of the
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Scheme 10 Structure of hyperbranched poly(ethylene imine) 26 and functionalization
of PEI with a glycidol (PEI,GLY), b gluconic acid (PEIyGLU) and ¢ lactobionic acid
(PEL,LAC)

linear and terminal monomer units of PEI with a carbohydrate shell yielded
a 53% degree of functionalization (DF) in the reaction with glycidol, 33%
with gluconlactone and 27% with lactobionic acid.

Hyperbranched PEI or functionalized PEIs with glycidol (PEI-GLY), glu-
conolactone (PEI-GLU) or lactobionic acid (PEI-LAC) have been used as
support materials for metal nanoparticles in water. Polymer-stabilized metal
nanoparticles were prepared in a two-step process. After complexation of the
metal ions with the respective polymer in a first step, a chemical reduction
with sodium borohydride was performed in a second step to obtain the metal
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nanoparticles. Various metal precursors (HAuCly, CuSO4 and H,PtClg) were
used for the loading of PEIs, and the maximum number of loaded metal ions
was found to be around 40 for PEI5 and PEIsGLU and is close to the number
evaluated for a fourth-generation PAMAM dendrimer (i.e., 50), whereas the
molecular weight of the hyperbranched polymer is only half of this.

Various parameters such as pH [84,85], concentration [86-89], [metal
ions]/[polymer] ratio [84, 90] have been optimized to obtain stable nanopar-
ticle systems [81]. The studies show that the dendritic architectures can be
used as templates to obtain nanoparticles of defined size. In view of the ob-
served cluster sizes and roughly estimating that the PEL,GLU or PEI, gyration
radius is around 4.5 nm, a diameter of about 13 nm can only be explained
if more than one macromolecule stabilizes a nanoparticle as suggested in
the literature in the case of gold nanoparticles stabilized by low-generation
PAMAM dendrimers [88]. High molecular weight polymers at low [metal
ions]/[polymer] ratios lead, however, to the smallest nanoparticles and might
be able to stabilize nanoparticles in the interior of the polymer. The studies
demonstrate a clear template effect, i.e., the possibility to control the size of
nanoparticles just by changing specific parameters: (i) molecular weight and
functionalization and/or (ii) the [metal ions]/[polymer] ratio.

The results obtained from the analysis of TEM measurements show that
the functionalization of the amino groups with carbohydrate chains leads
to nanoparticles with narrower size distribution and smaller mean particle
diameter than for PEI (Figs. 7 and 8). In this case, the resulting particle sizes
are comparable to the ones obtained with PAMAM dendrimers [89, 91, 92].

For the applicability of these polymer-stabilized water-soluble nanopar-
ticles in catalysis, the hydrogenation of olefins (i.e., isophorone) with the
hyperbranched PEI-GLU-encapsulated platinum nanoparticles was investi-

P
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number of particles
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d 0-
0 2 4 8 8 101214 16 18 20 22 24 26 28 30 0 2 46 810121416 18 202224 26 28 30
particle size [nm] particle size [nm]

Fig.7 TEM histograms of Au particles of (a) PEI,; and (b) PEI;GLU (without filtration,
partial precipitation occurred after 1 week after reduction); mean diameter of PEI,; and
PEI, GLU is 6.3 and 1.4 nm, respectively, at a ratio of [Au™]/[polymer] of 5. The black
bar in the TEM pictures corresponds to 50 nm
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Fig.8 TEM micrograph and histogram (obtained from about 300 nanoparticles) illustrat-
ing the particle size distribution of PEIG-stabilized platinum nanoparticles

0} (0]
Pt/PEI,GLU, GLY or LAC

H2, H20, Sh, r.t.
(cf. Table 5)

Scheme 11 Hydrogenation reaction of isophorone catalyzed by stabilized platinum PEI-
GLU nanoparticles

gated in water under mild conditions (Scheme 11, low pressure of H, = 2 bar,
room temperature).

The conversion rate was measured as well as the turnover number (TONs)
defined as the moles of olefin consumed by moles of Pt and the turnover fre-
quencies (TOFs) defined as the moles of isophorone consumed by moles of
Pt and by hour. The hydrogenation activities of nanoparticles stabilized by
PEIs, PEI,s5, PEIsGLU, PEI;5GLU, PEI;5GLY and PEI;5LAC are given in Table 4
as well as the corresponding data for PAMAM in the third and fourth gen-
erations ([G3]-PAMAM and [G4]-PAMAM, respectively) measured under the
same conditions for comparison (Table 5).

No reduction of the ketone function was observed, and the only product
resulting from hydrogenation was 3,3,5-trimethylcyclohexan-1-one. As ex-
pected, no significant catalytic activity was observed for Pt-nanoparticles that
are not stable on the time scale of the experiment (PEIs, PEI,s5, PEI;5GLY); ex-
istence of large clusters not dispersed in aqueous solutions induced a decrease
of the Pt surface accessible to the substrate and therefore poor catalytic ac-
tivity. The catalytic activities of PEIsGLU were comparable to [G3]-PAMAM-
and [G4]-PAMAM-encapsulated platinum nanoclusters and demonstrate that
hyperbranched polymers may be more active than perfect dendrimers [93].



Hyperbranched Polymers as Platforms for Catalysts 165

Table 5 Results concerning hydrogenation of isophorone catalyzed by platinum-stabilized
nanoparticles

[PtV]/[polym] Stability Conv. [%] TON?  TOF®b
[G3]-PAMAM 20 stable 46.0 23.0 2.9
[G4]-PAMAM 20 stable 50.0 25.0 3.1
PEIs5 20 partial precipitation 0.2 0.1 <0.1
PEIsGLU 20 stable 64.0 32.0 4.0
PEI,s5 20 partial precipitation 0.2 0.1 <0.1
PEI»sGLU 20 stable 0.6 0.3 <0.1
PEI,5GLY 20 partial precipitation 0.2 0.1 <0.1
PEI»sLAC 20 stable 17.0 8.5 0.4

2 Calculated with respect to the entire amount of Pt present in the clusters, i.e., activity
of the significant surface atoms will be higher.

b Moles of isophorone consumed by moles of Pt and by hour [mol of isophorone (mol of
Pt)-! h7!].

Amphiphilic modification of hyperbranched polyglycerol (1) or poly-
(ethylene imine) by partial esterification or, respectively, amidation with fatty
acids results in macromolecules with a nonpolar shell and a polar core. Metal
nanoparticles are stabilized efficiently by these materials, because the polar
moieties are responsible for adsorption to the particle surface and the non-
polar region also convey solubility in nonpolar organic solvents [17, 94, 95].

In Sect. 2 of this overview, the NCN-pincer platinum(II) complex was co-
valently attached to hyperbranched polyglycerol by substitution of tosylate
groups to obtain catalyst 4. This NCN-pincer platinum complex may also be
noncovalently immobilized on polyglycerols, and the activity/selectivity of
these systems in catalytic reactions has been investigated.

In this context, the chiral hyperbranched polyglycerols (-)-PG [M, = 3000,
with bis(2,3-dihydroxypropyl)undecenylamine as the initiator] and (+)-PG
[My = 5500, with trimethylolpropane (TMP) as the initiator] were used. Es-
terification of the hydroxyl groups of these hyperbranched polyglycerols with
hydrophobic alkyl chains as palmitoyl chloride, yielded amphiphilic mo-
lecular nanocapsules with reverse micelle-type architecture, in which ap-
proximately 50% of the hydroxyl groups were functionalized with palmitoyl
chains [96-98]. These materials exhibit low polydispersity (M, /My < 2), and
the amphiphilic molecular nanocapsules are soluble in nonpolar solvents and
irreversibly encapsulate various polar, water-soluble dye molecules in their
hydrophilic interior by liquid-liquid extraction [96, 98].

The hydrophilic sulfonated NCN-pincer platinum complex [PtCI(NCN —
SO3H)] was encapsulated by liquid-liquid extractions from an aqueous
solution (0.5M NaOH) into a dichloromethane solution of nanocapsules
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Scheme 12  Preparation of chiral molecular nanocapsules (-)-PG-OC(O)C;5H3z; and
(+)-PG-OC(0)C;5H31, and a schematic encapsulation of sulfonated platinum pincer com-
plexes [PtCI(NCN — SO3H)] within the hydrophilic compartment of the nanocapsules

(-)-PG-0C(0)C;5H3; and (+)-PG-OC(0O)C;5H3;, respectively, resulting
in the respective chiral nanocapsules loaded with NCN-pincer complex
(Scheme 12).

The resulting chiral organometallic materials were used as catalysts in
the Michael addition reaction of methyl vinyl ketone to (R/S)-ethyl «-iso-
cyanopropionate, and after 24 h a conversion of 63% was obtained as com-
pared to 80% conversion observed for the covalently immobilized [PtI(NCN-
COOK)]. As for the latter, no chirality transfer was observed (see Sect. 2).

In the catalyzed double Michael addition a conversion of 81-95% was ob-
served, as opposed to 40-45% after 40 h in the absence of the pincer complex
31 (Scheme 13) [99].

Moreover, the amphiphilic nonchiral polymer PG-0C(O)C;sHz; was
used by Mecking and coworkers in the preparation of nanometer-sized sta-
ble palladium colloids using PdCl, or Pd(OAc),. The formation of these
palladium colloids was visualized by transmission electron microscopy and
in the case of the amphiphilic polymer prepared from a PG scaffold of
DP, = 63, a colloid of 5.2+ 1.8 nm average particle size was obtained. The

1 mol% cat. 31

Q Y EtNPr, o 0
2 I _~ + NncTcooEt —— 2>
CHyCly, RT NC' COOEt

Scheme 13 Application of noncovalent encapsulated platinum pincer complexes in cata-
lytic double Michael addition
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metal cluster size decreased to 2.1 +0.6 nm for the smaller amphiphilic polyg-
lycerol (DP, = 23) under identical conditions [100]. Given these observed
cluster particle sizes, some of the clusters may be stabilized by more than
one amphiphilic polymer molecule in both cases. However, upon reduc-
tion of the high metal-to-polymer ratios by a factor of ten, much smaller
metal particles were obtained, which approached the limit of resolution
(ca. 1 nm) of TEM analysis. For the applicability of these polymer-stabilized
colloids in catalysis, the hydrogenation of cyclohexene was investigated.
Well-behaved kinetics were observed, a high rate of olefin consumption be-
ing sustained throughout the course of the reaction, for 75% conversion
= 22.000 TO (TO = turnovers, i.e., moles of cyclohexane formed per mole
of palladium; calculated with respect to the entire amount of Pd present in
the nanoparticles, i.e., the activity of the significant surface atoms will be
higher) correspond to an overall average rate of 700 TO h™! atm (Hy)™! [17].
The catalyst could be recycled and no significant decrease in activity was
observed [101-104].

Moreover, this catalytic reaction could be employed in a continuously op-
erated membrane reactor [105,106]. A stirred membrane reactor module
equipped with a solvent-stable Koch MPF-50 membrane [107] was oper-
ated at 40 atm. After exchange of a few reactor volumes a steady conver-
sion is achieved, e.g., 30% cyclohexene conversion for the example shown
in Fig. 9 [32], corresponding to a catalytic activity of 1200 TO h™!. Over 30
exchanged reactor volumes, corresponding to a time of operation of 30 h,
a productivity of a total of 29000 turnovers was observed.

Comparing colloids with different average particle sizes, an increase in
particle size and thus decrease in the number of surface atoms resulted in

a decrease in catalytic activity for a given amount of palladium, as expected
(Table 6).

__ 1400 35000
= 1200 ] 30000
R P
= -
w S 800 20000 & €
S E | _— S5
- A S £
S 600 15000 B £
S 400 10000 & £
= —_— [}
g 200 / 5000 g.
= 0 . ; ‘ : . 0
0 5 10 15 20 25 30

Exchanged reactor volumes
(flow rate: one volume-h™)

Fig.9 Hydrogenation of cyclohexene in a continuously operated membrane reactor cat-
alyzed by soluble hybrids of palladium nanoparticles with highly branched amphiphilic
polyglycerol. Conditions, see Table 6 (particle size 2.240.5 nm)
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Table 6 Continuous hydrogenation with colloids of different particle size?

Average particle size Exchanged reactor volumes n  Activity during n volume
(duration of run) [TO h~!]P
2.2+0.5nm 4 1190
10 1100
25 870
49+1.3nm 4 710
10 620
25 350

2 Temperature: 23 °C, 1.78 umol Pd in 20 mL reactor volume, flow rate: one reactor vol-
ume per hour; feed: 0.33 M in cyclohexene, approx. 0.12 M in H,.

b Activity calculated with respect to the entire amount of palladium present, i.e., activity
of the significant surface atoms will be higher

4
Supramolecular Catalyst Complexes

Supramolecular catalyst complexes are yet another class that has been in-
vestigated by various groups using different approaches to noncovalent im-
mobilization of the respective ligand on the dendritic polymer. A number of
supramolecular complexes have been prepared and tested by Baars and co-
workers (Scheme 14) [108, 109]. For application of the resulting homogeneous
supramolecular complex in catalytic reactions, different palladium complexes
were formed by addition of Pd(COD)MeCl or [(crotyl)PdCl], (Scheme 14a).
A second approach toward the formation of metal-functionalized systems
involved the synthesis of the metal complex of acid 32 prior to the non-
covalent anchoring of the complex to the periphery of the dendrimer, lead-
ing to the same product (Scheme 14b). Upon the addition of 0.5 equiv of
(COD)PdMeCl with respect to the phosphine ligand, trans complexes were
formed. A third route toward Pd-functionalized dendrimers involved the
mixing of all the reactants simultaneously (Scheme 14c). In this way they
prepared [{acid(32)}Pd(crotyl)Cl]s;-, and [{acid(32)},Pd(crotyl)Cl];¢-den-
drimer complexes.

A fifth generation poly(propylene imine) dendrimer functionalized with
urea adamantyl units at the periphery 33 provided directional binding sites
for the strong but reversible binding of 32 guest molecules functionalized
with the complementary binding motive. The binding is based on a combi-
nation of ionic interactions and the formation of multiple hydrogen bonds. It
was previously found that both the urea and the carboxylic acid functionality
must be present in the guest molecules to achieve the required strong binding
to the dendrimeric host 33 [108, 109].
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Scheme 14 Schematic representation of the preparation of transition-metal complexes
using ligands which are noncovalently anchored to the periphery of a dendrimer

Cl

In this case, the phosphine guest 32 was prepared in two simple reaction
steps. A reaction of p-(diphenylphosphino)benzylamine with commercially
available ethyl isocyanatoacetate yielded the ester derivative, followed by
hydrolysis of the ester and recrystallization to give a pure 32 [27].

The binding of the guest molecule to the periphery of 33 was studied
by NMR spectroscopy, and this shows a shift of the urea protons of the
dendrimer from 6.20 and 5.43 ppm to 6.34 and 5.64 ppm, respectively, re-
sulting after the addition of 32 equiv of acid 32 to 33. This shift is similar
to that previously reported for other guest molecules [108]. In a 'H-NOE
NMR experiment of the dendrimer with 32 equiv of acid 32 the aromatic
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protons of the guest were selectively irradiated and a NOE effect was ob-
served for the adamantyl protons. This shows that the diphenylphosphine
groups of the guest and the adamantyl end groups of the dendrimer are
in close proximity. A 2D-NOESY NMR spectrum also showed the interac-
tion of the aromatic protons of the guest molecule with the protons of the
adamantyl groups. These experiments suggest that multiple hydrogen bonds
are formed (Fig. 10).

The dendrimers [{acid(32)},Pd(crotyl)Cll;s (P/Pd = 2) and [{acid-
(32) }Pd(crotyl)Cl]s; (P/Pd = 1) have been used as catalysts in the allylic am-
ination [110] of crotyl acetate with piperidine (Table 7). These experiments
clearly show that the supramolecular anchoring of the catalysts does not de-
crease the activity, which generally is observed for catalysts immobilized on
an insoluble support. The selectivity using the catalyst (P/Pd = 1) is slightly
different than obtained with a P/Pd ratio of 2 [111-113]. Moreover, appli-
cation of the ester complex Pd(crotyl)Cl (Mw = 617.4) in a continuous flow
membrane reactor [114-117] led to a retention measured in the presence of
the host dendrimer of 97%, which is too low for practical application. In con-
trast, the supramolecular acid-dendrimer complex [(32)Pd(crotyl)Cl]s, had
a membrane retention as high as 99.4%. Interestingly, upon using a lower
palladium loading (P/Pd = 2) the retention further increased to 99.9%, sug-
gesting that the palladium diphosphine complexes are bound more strongly
due to cooperative effects. These results indicate that this type of supramo-
lecular complex will be efficiently separated from smaller compounds such as
the reactants and products in a continuous-flow membrane reactor.

Hyperbranched polymers can also be used for supramolecular immo-
bilization (Scheme 15). Yet another approach for the noncovalent immobi-
lization has been presented by Tzschucke and coworkers who used inter-
actions between fluorous phase silica (FPS) and perfluoro-tagged palladium

0L
N %%NOKN @%2
" F U

L 2
33

Fig. 10 Phosphine ligands assembled to the periphery of a urea adamantyl-functionalized
poly(propylene imine) dendrimer 33
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Table 7 Results of the Pd-catalyzed allylic amination of crotyl acetate and piperidine, com-
paring the supramolecular dendrimeric catalyst with the corresponding monomer?

Vi / \ SN

[Pd]
+ HN/\:> — > + + N
: GO
)0 0 U

linear trans linear cis branched

Catalyst P/Pd Conv.? (%) trans (%) cis (%) branched (%)
{ester},Pd(crotyl)Cl * 2 89 38 14 48
{acid(32)},Pd(crotyl) 2 91 37 15 48
Cl-dendrimer 2

{ester}Pd(crotyl)C1 ¢ 1 80 33 6 61
{acid(32)}Pd(crotyl) 1 72 33 6 61

Cl-dendrimer [

# Room temperature; solvent, CH,Cl,; volume, 5 mL; [crotyl acetate] = 0.2 M, [piperidine]
=0.4M, [Pd] = 0.002 M

b Conversion after 5 min

¢ Room temperature; solvent, CH,Cly; volume, 5 mL; [crotyl acetate] = 0.12 M, [piperi-
dine] = 0.24 M, [Pd] = 0.004 M

X 0
HO™ >CqF
®o/\AOH - s Q(B\o/\ﬁo)kchonchcF2(:F2(:F2c;F2(:F3
,; oH OW/CFZCFZCF2CFQCFQCF2CFZCF3
o) 34
3 s ultrasonication

35

0
@\O/\AO»\CFZCFZCF20F20F20F20F20F3
5 {[F3CFZCFZCFZCF2CF2CF2CF20N©+3PthCIZ
)~ CF2CFACF,CF,CF,CFACFCF
0
36

Scheme 15 Supramolecular interaction between perfluoro-tagged palladium phosphine
complex 35 and polyglycerol perfluoroalkyl ester 34
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Table 8 Results of consecutive Suzuki couplings with catalyst 36

0] catalyst 36 0]
y e v ) ————

Na2003, DMF
80°C,20 h
Catalyst Yield [%] Yield [%] Yield [%] Yield [%]
loading (1st run) (2nd run) (3rd run) without support 35
0.1 mol % >99 29 3 26
0.5 mol % >99 >99 97 29
1 mol % >99 >99 >99 55

complexes for the immobilization and recycling of catalysts in organic sol-
vents [111,118]. Hyperbranched polymers can also be modified covalently
with perfluorinated shells, and can encapsulate ions, polar dyes and metal
nanoparticles [119]. In this context, Garcia-Bernabé and coworkers immobi-
lized a perfluoro-tagged palladium catalyst on a dendritic polyglycerol ester
with a perfluorinated shell and investigated its catalytic activity in Suzuki
couplings (Scheme 15) [120].

The immobilized perfluoro-tagged palladium complex 36 is highly active
in Suzuki coupling reactions (>99% yield), and can easily be recycled by pre-
cipitation in a mixture of DME/H,0 (10% HCI) 2: 1 and reused for three
consecutive Suzuki coupling reactions (Table 8).

This supramolecular dendritic assembly serves as a valuable soluble model
for the interaction of perfluoro-tagged catalysts with insoluble supports such
as fluorous silica gel and clearly reveals the ligand diffusion from the complex
at elevated temperatures. This behavior can also explain the high catalytic
activity of the heterogeneous FPS system.

5
Conclusions

The use of hyperbranched polymers instead of perfect dendrimers as plat-
forms for catalysts is justified by their similar homogenous reaction prop-
erties, better accessibility and lower costs, which are all extremely import-
ant for large-scale applications. Also, several of these hyperbranched poly-
mers are commercially available on a kilogram scale (i.e., polyglycerol 1 and
polyethyleneimine 26). In addition, membrane reactor technology has dra-
matically improved over the last few years and provides a number of systems
with high stability towards organic solvents and reagents. Therefore, hyper-
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branched polymers provide a great potential for the future as platforms for
catalysts.
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