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1 Introduction

1 Introduction

1.1 General Aspects

There is a strong demand for the development of sustainable methodologies in organic
synthesis. Catalysis is a powerful means towards this goal, because it allows for more
efficient reactions, the application of reduced (catalytic) amounts of potentially hazar-
dous and expensive (metal) catalysts and diminished waste production. Particularly
asymmetric catalysis''™ is of growing importance for the industrial production of fine
chemicals,' since of most natural products, drugs, plant-protecting agents, or fragran-
ces, only one enantiomeric form is biologically active.”*® For example, the market share
of enantiomerically pure drugs increased from 27 % in 1996 to 39 % in 2002” and due
to economic and environmental reasons this fraction will increase even more in the
future. Further driving forces to use the enantiomerically pure form of a racemic active
compound in pharmaceutical industry are the application of lower dosages and the
extension of patent terms. In the agrochemical industry, improved economics of the
production process and the application of reduced quantities are attractive, causing less

impact on the environment."™

The field of catalysis is mainly dominated by metal catalysis with a new but less
prominent area of organocatalysis.”) One can distinguish between homogeneous and
heterogeneous metal catalysis. Heterogeneous metal catalysis includes bulk metal cata-
lysts as well as supported metal particles which can be as small as a few nanometers. To
achieve asymmetric induction, modification of metal surfaces with chiral compounds is

a successful approach.!'®'!)

To date the overall production of achiral chemicals is still mainly achieved with
heterogeneous catalysts, but for chiral compounds an increasing portion of homoge-
neous catalysis is employed."! A vast number of chiral ligands and their transition metal
complexes have been reported, and many are known to be highly effective in terms of
efficiency and selectivity.!'! Due to their well-defined catalytic sites, homogeneous
catalysts are often superior to heterogeneous ones, but there are certain drawbacks, e.g.,
the high costs of ligands and noble metals, tedious separation of catalyst from products,
recycling problems, as well as high levels of metal contamination in the
products.**!13] A possible solution of these problems is catalyst immobilization which

allows for simplified separation, recovery and recycling of ligands and catalysts, as well
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as reduced contamination of products.!'*?” Apart from the easy separation, immobi-

[21,22

lization of chiral catalysts can also enhance the catalytic performance!®'** by site isola-

[23,24] [25-27]

tion or site cooperative effects.

Homogeneous metal catalysts have been immobilized on a large variety of

[14-1620.28-32] and the majority on heterogeneous ones. Besides the advantages of

supports,
heterogeneous immobilization like simplified recovery and reuse of the often expensive
or toxic catalysts and potential application to continuous flow type processes, several
disadvantages,!'”! such as lower activities and enantioselectivities, are present. These
drawbacks derive from the heterogeneous (biphasic) reaction conditions which lead to
mass transfer limitations, unfavorable reaction kinetics, and ill-defined catalytic sites.!?”
Additionally, low loading capacities, problematic mechanical stability, and difficult
analysis of the catalytically active species on the support can be disadvantages of

heterogeneous immobilization.!'”!

biphasic reaction

+product [N separa?io_n by m_emb_rane filtration
+ CAT or precipitation/filtration

-
—
simple catalyst/product
separation by filtration
>
l g @ Il
S C complex catalyst/product
m substrate
>

Scheme 1. Strategic differences between the use of a solid supported catalyst and a soluble
polymer supported catalyst.”*!

A promising alternative is the utilization of soluble supports which has the potential
to combine the advantages of homogeneous catalysis and heterogeneous immobilization
(Scheme 1). With soluble supported catalysts organic reactions can be run under homo-
geneous conditions and thus often achieve a similar performance compared to their non-

I Of particular interest is the potential application of

[34,35]

supported counterpart.[15

homogeneously supported catalysts in continuous membrane filtration processes.
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1.2 Homogeneous Immobilization of Metal Complexes for Catalysis
1.2.1 Immobilization Approaches

Immobilization of homogeneous catalysts can be achieved by various methods,
including covalent attachment, adsorption or ion-pair formation, encapsulation or
entrapment, or immobilization in liquid systems.!'*! A schematic representation is
shown in Figure 1. All of these approaches are suitable for the immobilization of metal

complexes onto soluble supports.

Q o
Q ©
[ o o .
o g o ol—[9@-@
support support support support o @ o

Covalent Adsorption Ion pair Entrapment/ Liquid (biphasic)
attachment formation encapsulation systems

Figure 1. Schematic representation of immobilization approaches for catalysts onto soluble
or solid supports.!'¥

Covalent attachment is by far the most popular and versatile approach for the
immobilization of homogeneous metal catalysts and can be achieved by either
copolymerization of functionalized ligands with a suitable monomer or by grafting
functionalized ligands or metal complexes onto a preformed support. The major
drawback of this method is the need for modification of the chiral ligand in order to
construct an attachable unit. This leads to higher preparation costs and might have
negative consequences in regard to the conformational preferences of the supported
complex which lead to unpredictable and possibly negative effects on the catalytic

(2831 Therefore, the point of attachment should be as far away as possible

performance.
from the catalytically active center in order to disturb the chiral induction as little as
possible. Additionally, many other parameters, e.g., type of support, solvent, spacer
length and flexibility, and degree of surface coverage, have to be chosen carefully to
achieve catalytic performances equal to the non-supported catalyst.'***) However, due

to the stable covalent bonds leaching from the support is generally low.

Adsorption by van-der-Waals or hydrogen bonding as well as ion-pair formation
between a support and the metal catalyst is another effective means for immobilization

because it avoids chemical modification of the ligand.”!! However, the stability of the
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adsorptive or ionic bond strongly depends on the reaction conditions, e.g., solvent and

ionic strength of the surrounding medium.

Encapsulation and entrapment of catalysts inside a support requires a porous scaffold
with pore sizes that are small enough to sterically prevent leaching during reaction. It
can be achieved by two different methods: (1) build-up of the catalyst inside the support
(“ship-in-a-bottle”),”" or (2) synthesis of the support in presence of the catalyst.***"]
This method avoids elaborate catalyst modification, but the resulting catalysts often

suffer from diffusion limitations, especially when larger substrates are used.

Catalysts supported by liquid systems include liquid biphasic systems, supercritical
solvents like scCO,, or the supported liquid phase (SLP) approach. In liquid biphasic
systems two immiscible solvents are utilized, of which one is solubilizing the catalyst

and the other one the substrates, products, and reaction partners. Common solvents for

[40-44] 45-47

the catalyst are ionic liquids (ILs) and perfluorinated solvents.**" Supercritical
(s€)CO; is a special solvent because it has a very low viscosity, liquid-like solubilizing
power, and is readily tunable by changing the operating temperature and pressure. Its
environmentally benign nature, easy availability, being non-flammable, and low toxicity
make it an attractive alternative for organic solvents.”*® In the supported liquid phase
(SLP) approach, a solution of the homogeneous catalyst is attached to the surface of a
porous support which is in contact with another solvent phase containing substrates,
products, and other reaction partners. This method does not require modification of the

catalyst, but suffers from restricted solvent choice and mass transfer limitations.!**~"

1.2.2  Separation of High Molecular Weight Catalysts from Reaction Mixtures

The separation of precious ligands or metal complexes from reaction mixtures is one of
the major benefits of supported catalysts. While heterogenized catalysts are easily
separated by filtration, there is no generally applicable method for the separation of
soluble supports from small molecular weight compounds in solution. To date a number
of reviews dealing with separation techniques have been published.****>1=% In
principle, soluble polymers can be separated from low-molecular weight compounds by

either making use of their physicochemical properties or by size.
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1.2.2.1 Separation by Physicochemical Properties

Precipitation and filtration is the most frequently used method to separate soluble
supported catalysts from reaction mixtures. Thereby, precipitation of the polymer can be
induced by either adding a non-solvent, or changing the solution behavior with

temperature or a small amount of additive (e.g. pH change).l”®!

Solvent precipitation is mainly applied to induce polymer insolubility. It makes use of
the insolubility of a specific polymer in a solvent in which the products and reactants
are readily soluble. The reaction mixture is poured into an excess of this second solvent
and after quantitative precipitation, polymer and products can be separated by filtration.
This strategy has been widely applied for poly(ethylene glycol) (PEG) (soluble in most
organic solvents and water; insoluble in hexane, diethyl ether, cold ethanol, tert-butyl
methyl ether and isopropanol) and non-crosslinked polystyrene (NCPS) (soluble in non-

polar solvent; insoluble in methanol).”*

Thermal precipitation is less common because it requires that the polymer has a lower
critical solution temperature (LCST) behavior in an accessible temperature range. It has
been reported for catalysts supported on poly(ethylene oxide)-poly(propylene oxide)-

poly(ethylene oxide) block copolymers and poly(N-alkylacrylamides).”">*!

Precipitation by a pH change can be used with polymers that contain basic or acidic
groups.'®” Addition of a small amount of acid or base changes the solubilization be-
havior completely and induces precipitation. Changing the ionic strength can also be a

means to induce insolubility of polymers as described by Bergbreiter and coworkers.””

In all cases, trapping of products and reactants in the precipitating polymer can occur.

Therefore, repeated precipitation/filtration is usually recommended.

Another common approach for the separation of soluble polymer-bound catalysts is
liquid-liquid extraction which requires that the solubility behavior of the polymer differs
strongly from that of the product and reactants. This requirement is met by water-
soluble polymers as well as by fluorous solvents, which are immiscible with

conventional organic solvents and can solubilize perfluoro-tagged polymers.*
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1.2.2.2 Separation by Hydrodynamic Volume (Size)

For a separation by size the homogeneous polymer support should have medium
molecular weights of 5,000 to 10,000 g mol™' and narrow molecular weight distributions
(PD <2).

Membrane filtration techniques are the most common methods to separate soluble
high molecular weight compounds from low molecular weight compounds in solu-

tion.[53’61]

Membrane filtration processes can be classified into micro-, ultra-,
nanofiltration, and reversed osmosis, depending on the size of the particles that are
retained by the membrane (Figure 2).[62] For catalyst separation usually ultra- or

nanofiltration is used.

e o o0 @ O

% ° @
® (@)
H t : ° . . - suspended particles
microfiltration —© —e—@ ]
® ©) 200 - 8000 nm
o (€] [®) 5)
4 . (¢
ultrafiltration [——._-—O—.—\ ?fcggggll:cules
e ©O (@) o~
- q O © (@) carbohydrates, salts
nanofiltration [ @ @ |
. ‘. Pl salts
reverse osmosis | o © o2
Py .
.\ solvents

Figure 2.  Classification of membrane filtration types by size.*”

Filtration membranes are characterized by their molecular weight cut-off (MWCO)
which is defined as the molecular weight at which 90 % of the solutes are retained by
the membrane. As membrane materials two types are used: organic (polymer) mem-

[63-65

branes'®*! and inorganic (ceramic) membranes.'**®” Thereby, it should be taken into

account that the actual pore size of polymeric membranes is greatly influenced by the

temperature and solvent.!*®!

In dialysis the reaction mixture is filled into a dialysis tube consisting of the
membrane. This tube is surrounded by solvent and small molecules can diffuse out
while big molecules (> MWCO) are retained. The driving force for separation is the
difference in concentration between the two solutions separated by the membrane. Since
permeation only takes place until equilibrium has been achieved (similar to a “tea-
bag”),!’" the solvent has to be changed several times to achieve reasonable

purity, 66!
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Ultra- or nanofiltration achieve higher purity and have potential for continuous appli-

U1 and are

cation."®! Solvent-resistant stirred cells are commercially available,
equipped with a polymeric membrane in the bottom part of the setup (Figure 3). A
constant pressure of nitrogen or argon gas is applied from the top and under continuous
stirring the sample is pushed through the membrane. The polymeric catalyst remains in

the cell while the small molecular weight fraction is collected beyond the membrane.

gas-inlet
O-ring
reaction mixture
. pressure

glass cylinder J

. ® - R - | @ =polymeric

b : ¢ ®° o.. ® . catalyst
memprane membrane = = = = - - - - - Lo d
+O—ring e °L o e o ° = product or
J substrate

outlet product, residual substrate and solvent

Figure 3.  Ultrafiltration setup.

Continuous flow membrane reactors (CFMR) use the basic principle of ultrafil-
tration.”**>%>72l The membrane retains a soluble polymer-bound catalyst and low
molecular weight substrates are continuously transformed while they pass the reactor. In
CFMRs, concentrations and residence times can be regulated which prevents long
exposure of substrates and products to the catalytically active center, thereby avoiding
or reducing side reactions. Ideally, pure compounds can be collected beyond the

membrane and the total turnover number of a catalyst can be increased manifold.!*”*!

Another means to separate molecules by their hydrodynamic volume is size exclusion
chromatography (SEC) or gel permeation chromatography (GPC)!*® which utilizes a
stationary phase with a defined pore sizes. Molecules with a large hydrodynamic
volume cannot diffuse in the pores of the stationary phase and therefore have lower
retention times than small molecules which diffuse in and out. This technique can be

applied on analytical or preparative scale (up to 100 mg) but is rather costly.
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1.2.2.3 Catalyst Leaching

Leaching of catalytically active species is one of the major problems in supported
catalysis.'"¥ Two forms of leaching are known: leaching of the supported catalyst
through the filtration membrane and metal leaching from the support into the solution
and further through the membrane.'® The latter is usually caused by decomposition of

the catalytic unit or the connection to the support.

Two problems are connected to metal leaching: loss of the expensive catalyst and
contamination of the product with lost metal. For industrial application, e.g., in a
CFMR, retentions of at least 99.99 % per reactor volume are required to obtain
profitable catalyst systems. Unfortunately, this high retention is usually not achieved
and in literature maximum retention values of 99.8 % are reported.”*”*! However,
contamination of the product should be limited to an acceptable amount, especially

when the product is an active pharmaceutical compound.

1.2.3  Soluble Supports for the Anchoring of Metal Complexes

The first application of a soluble support was introduced in 1971 by Bayer and co-

workers, who used soluble poly(ethylene glycol) (PEG) as support in peptide synthesis

(76,77

and afforded separation by ultrafiltration. I'A few years later, a rhodium-complex

anchored to polystyrene was applied to homogeneous hydrogenation and hydro-

formylation reactions.!”®! However, this report did not attract much interest and it took

[79]

another 20 years, until in 1996 Janda and co-workers' " reported an efficient polymer-

supported chiral catalyst for asymmetric synthesis. Since then, a wide variety of

polymers has been applied as soluble polymeric supports for chiral ligands and metal

081 poly(ethylene glycol)s,**™

[83]

catalysts, e.g., functionalized soluble polystyrenes,

poly(methyl  methacrylate)s,®™  poly(vinylpyrrolidines)s, polyelectrolytes, ™"

dendrimers,"" or hyperbranched polymers.**®

In principle, soluble supports can be classified into two main groups: linear and
branched polymeric supports. Thereby, linear polymeric supports can be decorated with
only one or two functional end groups or functional groups along the whole polymer
chain, whereas branched architectures are grouped into star shaped polymers,

dendrimers and dendrons, and hyperbranched polymers (Figure 4).
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a) /\’N/\O b) R |
e) |

c) d)

Figure 4.  Classification of soluble polymer supports into linear polymers with (a) one
functional end group or (b) functional groups throughout the polymer chain, and
branched polymer architectures with (c) star shaped polymers, (d) dendrimers, and
(e) hyperbranched polymers.

Additionally, hybrid forms between those different types are known, e.g., linear

(86,87

polymers with dendronized side groups®®*” and linear or starlike polymers with dendri-

tic end groups,’**® but have not been used as catalyst supports.

1.2.3.1 Linear Polymers as Catalyst Supports

The most common linear supports with only one or two functional end groups are non-
crosslinked polystyrene (NCPS) and poly(ethylene glycol) (PEG, typically PEGsggo)
(Figure 5). Their major drawback is the low loading capacity which derives from the
linear structure (e.g. 0.2 mmol g'1 for mPEGsgq0; 0.4 mmol g'1 for PEGsgg). Linear
polymers found broad applications as catalyst supports and are usually recovery by

solvent precipitation/filtration methods."*”!

R’O‘é/\o)’n\/ O /e ﬁa’nx

Ph
PEG:R=H NCPS
mMPEG: R = Me X = CH,CH,0OH, Br, CI

Figure 5.  Chemical structures of poly(ethylene glycol) (PEG/mPEG) and non-crosslinked
polystyrene (NCPS).

Linear polymers with functional groups on each monomer unit (Figure 6), have a
significantly higher loading capacity than mono- or di-functionalized linear supports,
but their properties, like solubility and chemical stability, as well as their materials

properties can be problematic for a broad application in organic synthesis and
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catalysis.”! Nevertheless, many have been used for the immobilization of catalysts, like

[90,91 92,93]

NCPS with side functional groups,”*’!"! poly(acrylic acid),! or poly(N-vinyl-2-

pyrrolidone) (PVP).’*!

X X
X =0R, NHR Cl Cl
PVA poly(acrylates) NCPS

Figure 6.  Structures of side functionalized linear polymers poly(vinyl alcohol) (PVA),
poly(acrylates), and chloromethylated polystyrene.

1.2.3.2 Branched Polymer Architectures as Catalyst Supports

To overcome the problems connected to linear polymers, the use of branched polymer

. . .. . 51.95
architectures is a promising alternative.l””]

Star polymers consist of several linear polymer chains (arms) attached to a central

core. They are an easily accessible branched structure which can be build up in a single

[98,99]

reaction step.”®®” Catalytic units can be attached either in the core, at the end

091 or distributed throughout the arms.!""'%?! Positioning of the

groups of the arms,
catalytic moiety in the core favors site isolation and shielding against the environment,
but results in relatively low loading capacities.

A special class of branched polymer architectures are the perfectly branched dendri-

[

mers.!'%! “Cascade molecules” were first introduced in the late 1970s by Végtle and co-

[104 103,105,106]

workers!'* and since then have been investigated intensively,! particularly in

regard to their application as soluble supports in catalysis.!'®!%-?>107-1%]

Dendrimers are characterized by their well-defined highly branched structure, high
loading with functional groups, low viscosity, and high solubility in a wide range of
organic solvents, which can be controlled by the end group functionality. Dendrimer-
immobilized catalysts can show the kinetic behavior and therefore activity and
selectivity of conventional homogeneous catalysts. Due to the high local concentration
of functional groups in dendrimers, the attachment of catalytic moieties can lead to
improved or diminished activity and selectivity, so-called “dendritic effects”.*"! Those

include enhanced stability through steric isolation or cooperativity through close

10
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proximity of reactive groups. Thereby, the dendrimer structure can be used to control
the interaction between catalytic units or with the environment. Catalytic units can be
introduced throughout the dendrimer structure at the core, branching units, or periphery

(Figure 7).

Figure 7. Possible locations of catalytically active units (O ) in dendritic structures:
covalently linked (a) in the core, (b) at each branching unit, or (c) at the periphery,
or non-covalently (d) entrapped in the dendrimer cavities, or (e¢) bound to the
periphery.!''%

Introduction of the catalyst at the core!'!'"'"*!

results in a very poor loading capacity
and usually slower reaction rates. However, site isolation is favored and by changing the
dendrimer structure the solubility properties of the catalyst as well as its selectivity can
be adjusted.!''*!"!

A close proximity of catalytic sites is achieved via the attachment of catalytic

(1191 or by introducing catalysts at each branching

116,117]

moieties onto the dendrimer periphery

point. The latter approach is less common and rarely described in literature.!

The peripheral functionalization (see Figure 7¢) is the most frequently used approach
in dendrimer immobilized catalysis and numerous reviews have been pub-
lished.!'&9> 10718190 The catalyst units are densely packed at the dendrimer surface, are
highly accessible for substrates and reactants, and can easily interfere with each other,
either increasing (positive dendritic effect) or decreasing (negative dendritic effect) the
catalytic performance.””!! A wide variety of reactions with dendritic catalysts has been

described, including asymmetric hydrogenation, hydroformylation, Heck reaction,

oxidations, Stille couplings, Knoevenagel condensations, asymmetric transfer hydroge-

11
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nation, metathesis, epoxidation, hydrolytic kinetic resolution, and hetero-Diels—Alder

reactions.'®’

Other immobilization approaches are the non-covalent entrapment of catalysts in the
internal cavities or attachment via van-der-Waals, ionic or hydrogen bonding between

dendrimer and catalyst (Figure 7d and e).!'*"!

In addition to the facile attachment of catalytic units, dendrimer supports are particu-
larly suited for separation by membrane filtration.”****! Unfortunately, they have a
serious disadvantage which is the tedious and expensive multistep synthesis of higher
generation dendrimers with molecular weights suitable for membrane separation
techniques (> 1500 g mol™). Due to the high costs for the synthesis of dendrimers, their

commercial applications are rare.

Randomly branched polymeric structures are a powerful alternative to expensive

[18,30,85,121

dendrimers I because they can usually be prepared in one step which allows the

[

production of large quantities.®'**) Hyperbranched polymers are polydisperse and the

reactive groups are distributed throughout the structure, but in principle, their properties
are very similar to those of analogous dendrimers.”! In catalysis they often achieve
similar results, showing that structural perfection is not always required.®>'*®) A wide

123]

range of hyperbranched polymers is known!'**! and a selection is presented in Figure 8.

To date some are even commercially available, e.g., poly(ethylene imine), Boltorn

polyesters, polyglycerol, or Hybrane polyesteramides."

Among those, hyperbranched polyglycerol 1 (hPG) is especially interesting because
of its high chemical stability in comparison to polyesters or polyamines. This dendritic

structure can be obtained with different molecular weights in a one-step polymerization

[127,129

reaction I and recently even very high molecular weight hPG 1 became avai-

lable.!"**"*2 hPG 1 can be easily functionalized and its versatile properties, e.g., high

loading capacity (13.5 mmol g™'), good solubility, and noncoordinating properties, make

30,54,133-137

it an appropriate support for metal catalysts.| I Due to the versatility and high

[138

biocompatibility,'** it has also found widespread application for biomedical purposes

which have been recently reviewed.!'**'*!]

In the following chapter, selected examples of homogeneously supported metal
complexes will be presented. The major focus will be on reported dendritic effects as

well as the recycling of supported catalysts.

12
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k(o o 10 @’(d; O OE

HoN NH; HoN

Figure 8. Representative fragments of the structures of some hyperbranched polymers
reported in literature: (a) hyperbranched polyphenylenes,!** (b) hyperbranched

[1235] (¢) hyperbranched polyamines,''** (d) polyethers,'*” and (e)
128]

polyesters,
polyamides.|

1.2.4  Homogeneously Supported Metal Complexes for Catalysis

In case of core-functionalized dendrimer catalysts dendritic effects can result from site

[142

and transition state isolation,"'**! while in peripheral functionalized dendrimers the high

local concentration of catalytic units or cooperativity can be advantageous or disad-

26,74
Vantageous.[ -74]

In 1994, the group of Van Koten was the first to describe a dendritic effect upon
immobilization of a NCN-pincer nickel complex in the periphery of carbosilane based

dendrimers of different generation (Scheme 2).17#!43-144]

13
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Scheme 2. Kharasch reaction and the corresponding carbosilane-based dendrimer catalysts Go-
2 and G,-2 by Van Koten.!'*’!

The Go-2 and G;-2 catalysts were employed in the Kharasch addition reaction of
polyhalogenoalkanes to an olefinic C=C double bond and similar reaction rates
compared to the parent catalyst were obtained.!'*! This led to the suggestion that each
catalytic entity acted independently. To investigate the factors that might influence the
catalyst performance, a small library of NCN-pincer nickel-containing dendrimers was

synthesized with varying density of catalytic units at the periphery of the dendri-

14
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mer."*'"*) This was achieved with different spacers in the dendritic framework and

different substitution patterns at the branching points (Figure 9).

Cl
1

Figure 9.  Structures of Van Kotens carbosilane-based catalysts (for clarity reasons only one

fourth of the complete structure is shown)./"*'**!

When these catalysts were applied to the Kharasch addition, a significant difference
in activity was observed. G¢-3 exhibited a similar activity in comparison to the mono-
meric analogue whereas already G;-3 (with three metallated pincers per silicon branch)
experienced a fast deactivation due to catalyst degradation. The second-generation
catalyst G,-3 showed almost no activity. At the same time, G;-4 and G;-5, with longer
spacers or less pincer complexes per silicon branch, respectively, did not show any
deactivation. Taking the radical mechanism of the Kharasch addition into account, the
deactivation was ascribed to homocoupling between intermediate “CCl; radicals when a
high local concentration of radicals was generated, i.e. at a close proximity of nickel
complexes on the surface. The irreversible coupling of two "CCl; radicals to Cl3C-CCl;

leads to the formation of inactive Ni'" species and therefore deactivation of the catalyst.
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This negative dendritic effect can be avoided via reduction of the local radical concen-

tration by dilution of nickel complexes on the surface as achieved for G;-4 and G;-5.

Of particular importance was the fact that no metal leaching from the catalyst was
observed, demonstrating the general stability of NCN-pincer type organometallic com-
plexes. For application of G;-3 in a continuously operating membrane reactor retention
0f 99.75 % was demonstrated. However, a fast deactivation of the catalyst was observed
with almost no more conversion after 33 hours (64 reactor volumes) that could not be

explained with catalyst loss, but deactivation.[’"

Further negative dendritic effects have been described in the literature, e.g., for Heck

[145] [146]

reactions,” - or Sonogashira coupling.

Particularly prominent examples for the observation of positive dendritic effects are

salen(metal) complex catalyzed epoxide ring opening reactions (Scheme 3).2

a) Hydrolytic Kinetic Resolution

len(Co™ R
Rl v o SenCol)_ R+ " ToH \
0 0 OH I

(rac)

=N_ N=
/M\
o : tBu o"| o tBu
b) Asymmetric Ring Opening N

I N3
salen(Cr'™) :
O + TMSN3 ————— > salen(metal) complex
OTMS

Scheme 3. Epoxide opening reactions catalyzed by salen(metal) complexes: (a) hydrolytic
kinetic resolution of epoxides with water and (b) asymmetric ring opening of meso
epoxides with TMSN;.

1 catalyzed asymmetric ring opening (ARO) of

After the discovery that the salen(Cr
epoxides with TMSN; proceeds via a cooperative bimetallic mechanism (see Figure
10),*7148) Jacobsen and coworkers designed PAMAM supported salen(Co™) catalysts
4-Co-PAMAM 6, 8-Co-PAMAM 7 and 16-Co-PAMAM 8 for the hydrolytic kinetic
resolution of terminal epoxides (Figure 10).2° At very low catalyst loadings of
0.027 mol% an analogous monomeric catalyst showed no significant conversion, while
8-Co-PAMAM 7 achieved complete kinetic resolution and high enantioselectivity of the
remaining epoxide (> 98 %). Comparison of the dendritic catalysts 6, 7 and 8 with a
dimeric model compound, revealed that the dendritic catalysts were significantly more

reactive, although the maximum reactivity per cobalt-unit was achieved with 4-Co-

PAMAM 6.
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Figure 10. Dendrimer supported salen(Co™") complexes 6 and 7 for enhanced bimetallic
[26]

cooperative interaction between catalytic sites.
This example was a clear prove for the close proximity and high local concentration
of catalytic units in the periphery of a dendrimer and several similar examples have

been described in the literature.[>!>13%149-1521

An aggravating factor in salen(metal) catalyzed epoxide opening reactions is the
dependency of the achieved enantiomeric excess on the orientation of the catalytic units
to one another. Jacobsen and coworkers synthesized dimeric salen(Cr'") complexes 9
and 10 to enforce cooperative bimetallic interaction in the so-called head-to-head (9) or

head-to-tail (10) geometry (Figure 11).[148

17



1 Introduction

A D

10 (head-to-tail dimer)

By
t
Q B
M < N u
N N G
X 3]0
tBu \N\‘ tBu EQ/
O/Cr Nx Cr\O ¢ Bu
/\ /\ Bu >
N3 O QN3
'Bu o) N ; X
...
tBu tBu \o’cr\N
9 (head-to-head dimer) ‘Bu

Figure 11. Dimeric salen(Cr"

schematic representation of the desired head-to-tail orientation.

) complexes for asymmetric ring opening reactions and
[148]

It was observed that the head-to-tail arrangement is beneficial for the achievement of
high enantioselectivities. With the head-to-head dimer 9, a very low enantiomeric
excess (ee) of only 8 % was observed in the ARO of cyclopentene oxide with TMSN3,
while the head-to-tail dimer 10 achieved an ee of 94 % which is similar to the values

obtained with the monomeric analog.

Liese, Haag, and coworkers demonstrated that such a positive dendritic effect can
also be obtained when hyperbranched polymers are used as catalyst support.'**) hPG-

" 11 (Figure 12) was applied in the hydrolytic kinetic resolution of

supported salen(Co
1,2-epoxyhexane and showed an enhanced activity compared to the monomeric
analogue. This was a prove that the hyperbranched backbone promotes cooperative
interaction between catalyst units which was before only described for dendrimers.
Thus, structural perfection is indeed not necessary and the hyperbranched structure

takes a shape similar as compared to a dendrimer.

A problematic aspect of the described approach is the required synthesis of
unsymmetrical salen analogues.!'*”! Due to the labile nature of the imine bond,!'>’!
mixtures of symmetrical and unsymmetrical salen derivatives are obtained which
dramatically decreases the yield of the desired derivative. Additionally, the applied
build-up of the ligand on the polymeric support can lead to ill-defined species because

full conversion of all polymeric functional groups can usually not be guaranteed.
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Therefore, the direct coupling of a symmetrical ligand or catalyst to the polymeric

support in a final step is highly desirable.

hPG-salen(Co'") 11

Figure 12. hPG-supported salen(Co'™) catalyst for the hydrolytic kinetic resolution of

epoxides.['*”!

A comparison between inexpensive hyperbranched polymers and perfect dendrimers

121 They compared the perfor-

was reported by Reek, van Leeuwen and coworkers.
mance of Pd-catalysts immobilized on perfectly dendritic poly(propylene imine) (PPI)

and hyperbranched poly(ethylene imine) (PEI) (Scheme 4).

o
O/\/\NJ\N O = hyperbranched PEI 12
H H PPI-dendrimer G1.5 13
PPh,

(0] /~ \ 12/[Pd]or 13/[Pd] — /N (0] - /N
N )j\ + HN O —— N o + (\ + /_\—N o)
/\/\O O/ \ / -(:()2Y -MeOH \ / \/\/N \ /
branched linear trans linear cis

Scheme 4. Comparison of catalysts supported on hyperbranched poly(ethylene imine) and
PPI-dendrimer in allylic amination with morpholine.!*!)
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Both catalyst systems catalyzed the allylic amination reaction with morpholine
(Scheme 4) and although the PEI supported catalyst 12 was more sensitive to small
changes of the ligand/Pd ratio, it showed a higher activity than the perfect PPI catalyst
13. The selectivity of both catalysts between branched, linear trans and linear cis
products is comparable to that achieved with PPh; as Pd ligand. Application in
continuous flow processes showed full retention of the macromolecular catalysts by a

nanofiltration membrane, but the activity decreased due to loss of palladium.

Chen and coworkers attached TsDPEN derivatives to dendritic structures to use them

in Ru" catalyzed asymmetric transfer hydrogenation (ATH) reactions. (Figure

13).15%1381 Asymmetric transfer hydrogenation uses hydrogen sources other than

hazardous hydrogen gas and has therefore emerged as a highly attractive method. A
number of reviews have been published summarizing the developments in this

area,[157-163]

NH ) o o  Ph
HN H O = H
2 H,N  HN-S N-LR o Ph N
Ph @ © 5 NH
PhO NH  HN_O HN—)LH N
o) 14 o) o)
0 0" Hi o H X
HoN - HN-S NH o o \/\‘(N H Ph Ph
ol pp° VR 0 HN—© *
Ph o N O o 4 o_%H o . NH H2
0 oA N A e
S o N
S NH
HzN HN‘§’®' — 9 I o~ 0 H
0 O HN /\)c() ph_ Ph
PH Ph H o o] H o H O Q ¥4
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Figure 13. Homogeneously supported TsDPEN derivatives by Chen and coworkers for the

Ru" catalyzed asymmetric transfer hydrogenation of prochiral ketones.!'****!
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Dendronized catalyst 14/Ru" achieved excellent enantioselectivities with acetophe-
none in the presence of HCOOH/Et;N as hydrogen donor and was recycled up to six
times, with only slightly reduced conversion and ee in the sixth run."">* To increase the
catalyst loading the dendritic system 15 with 12 TsDPEN units in the periphery was
developed and 15/Ru" was as selective as the unsupported catalyst (97.7 % ee for

[155

acetophenone) but it was difficult to achieve an effective recycling.!'>”! Therefore, a

hybrid dendrimer 16 was prepared which achieved similar enantioselectivities in Ru'-

[156

catalyzed transfer hydrogenation of acetophenone. '**! Recycling was possible with

16/Ru", but did not exceed the performance of 14/Ru".

Optically active hPG 1 based polymers 17 and 18 have been developed by Van
Koten, Stiriba, Frey and coworkers for the non-covalent encapsulation and covalent
attachment of NCN-pincer complexes (Scheme 5a and b).l'**'1% Application in an
asymmetric Michael-addition reaction revealed that the chiral polymer backbone does
not induce chirality in the product. However, the encapsulated as well as the covalently

linked platinum complexes were successfully recovered by dialysis and reused.
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H31C15~/(O ‘ 15H31
o "g" o ©
:\\,o HO..
HO]/\O \,.\\,O o)\ f
0 HO' f o 0

(@)
H31C15AO /\) j\/o\)\\ L

(@) 1
Me,;N—Pt—NMe,

o3 \/\ o
H3lcl5~(/oHoo]) Hoj\ O>=ZH HO)EYO = \©)

o
Oj/ & HaaCas CasHar o
0 0 °
A HyuCis4 O 17

H31C15” ~0 o FO
CisHag

A i
R
NC” “COOEt \)]\

1 mol% cat. NC_ COOEt
EtN'Pr2 *

CH,Cl, 0

Scheme 5a. Chiral hPG derivatives for the non-covalent immobilization of NCN-pincer Pt
complexes (L = H,O, OH").['¢+1¢¢]
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Scheme 5b. Chiral hPG derivatives for the covalent immobilization of NCN-pincer Pt com-

plexes‘[164»166]

Altogether, the application of dendritic and hyperbranched polymers as soluble
supports for metal catalysts is a broad field which is still under investigation and offers
room for significant improvement. Various key criteria have become apparent that
should be fulfilled in order to render the immobilization of a catalyst useful: (1) easy
preparation, (2) catalytic performance should be better or at least comparable to the
small molecular weight analogue, (3) facile separation with high recovery, (4) easy
recycling without loss of activity or selectivity, (5) high stability under the reaction

conditions, and (6) low leaching of the active species.!'®”]
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1.3 Homogeneously Stabilized Metal Nanoparticles for Catalysis

Supported noble metals, e.g., Pd, Pt, Rh, Ru, Ni, and Cu, are typical catalysts for prepa-

[168

rative hydrogenation reactions.!'®® Since only the surface atoms are active, very small

particles of the metal have to be highly dispersed in order to give a high specific surface
[169]
area.

Metal nanoparticles are characterized by their small size and during the last decades

they have attracted increasing attention owing to their unique properties in comparison

[170

to the bulk metal or single metal ions."’”) The large surface-to-volume ratio renders

171-174] e they have also been

177]

them incredibly attractive for catalytic applications,!

[175

investigated in fields like microelectronics,!'” chemical sensing, !'’* data storage,!

or biomedical applications.!'”®!

Due to their small size, they are very prone to agglomeration which in most cases
leads to loss of the desired properties, e.g., activity or selectivity in catalysis. Therefore,
one of the major challenges is the efficient stabilization of metal nanoparticles without
passivating their active surface atoms.'”") Additionally, control of the size, shape,
composition, and solubility is highly desirable to be able to tune the activity and

selectivity of nanoparticles for catalytic applications.!'”!

The majority of metal nanoparticle stabilization is accomplished with heterogeneous
materials, like metal oxides or carbon supports, and a number of recent reviews is

169,180-182] Hetero-

available dealing with heterogeneously supported metal nanoparticles.!
geneous immobilization can be accompanied by a partial passivation of the active sites
by the support. Therefore, it is desirable to develop new supports for metal nano-
particles in solution which are able to maintain the advantages of heterogeneous
supports, such as easy recovery and high stability, and overcome the mentioned

problems of stabilization and surface accessibility.

Synthesis of metal nanoparticles can be achieved by two methods. Mechanical
fragmentation of metallic aggregates (physical method) usually leads to rather large
particles (> 10 nm) with very broad size distributions and is rarely reproducible.!'”!]
Therefore, today the direct chemical reduction of a respective metal salt in solution in
presence of a suitable stabilizer is the most frequently used approach. Other approaches
include thermal, photochemical, or sonochemical decomposition of organometallic pre-
cursors, ligand displacement reactions from organometallic compounds, condensation

of atomic metal vapor, or the reduction by electrochemical methods.!'”"
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1.3.1 Stabilization Approaches

The stabilization of metal nanoparticles in solution is either achieved by electrostatic or
steric interactions (Figure 14) and one can further distinguish between (1) electrostatic
stabilization by surface adsorbed anions, (2) steric stabilization by the presence of bulky
groups, (3) the combination of these two approaches, resulting in electrosteric stabili-

zation with surfactants, and (4) stabilization with a ligand.!'"!
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Figure 14. Schematic representation of (a) electrostatic, (b) steric, and (¢) electrosteric
171,183]

stabilization of metal nanoparticles.!

Electrostatic stabilization is generated by ionic compounds such as halides, carboxy-
lates, or polyoxoanions dissolved in solution. The adsorption of these compounds and
their counterions on the metallic surface generates an electrical double-layer around the
particles (Figure 14a), resulting in a Coulombic repulsion.[184] Unfortunately, these

systems are very sensitive towards changes of ionic strength or temperature.!'’"!

Steric stabilization is achieved by macromolecules such as polymers or oligomers
which adsorb at the particles surface and provide a protective layer (Figure 14b).""" In
contrast to electrostatic stabilization which is mainly used in aqueous medium, steric
stabilization can be used in both, aqueous and organic, media. Fine-tuning of the
stabilization can be achieved by changing the length and/or nature of the adsorbed

macromolecules.

Electrosteric stabilization combines electrostatic and steric interactions (Figure 14c¢),

[185-187) These compounds con-

and is generally provided by means of ionic surfactants.
sist of a polar headgroup which can generate an electric double layer and an oligomeric

or polymeric side chain providing steric repulsion.
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Stabilization by a ligand occurs by coordination of metallic nanoparticles with

188-191] 414 1 [192-194] [195] 196]

ligands such as phosphines,’ amines, or carbon monooxide.!

Stabilization by a solvent has also been reported, but is not very common.!"””

1.3.2  Separation of Metal Nanoparticles Stabilized in Solution

Only sterically or electrosterically stabilized metal nanoparticles can be efficiently
recovered from reaction mixtures and eventually be reused. In principle, the methods
described for the separation of homogeneously supported metal complexes from
reaction mixtures are also applicable to polymer-stabilized metal nanoparticles, but

examples in the literature are rare.

Precipitation of polymer stabilized metal nanoparticles is a straightforward approach
that only requires the insolubility of the stabilizing polymer under certain conditions
(solvent, temperature, pH). This approach has been applied by Marty, Mingotaud, and
coworkers who were able to reversibly precipitate bolaamphiphile surfactant stabilized

187]

gold nanoparticles by changing the pH.! Astruc and coworkers precipitated

palladium-dodecanethiolate nanoparticles after Suzuki-Miyaura reaction and were able

to reuse the catalyst for six consecutive runs with only slightly decreased activity.!'**!

Liquid-liquid extraction is the most common approach for the separation of metal
nanoparticles stabilized by water-soluble compounds, in fluorous systems or ionic
liquids. Roucoux and coworkers applied ammonium salt stabilized rhodium nanopar-
ticles to the hydrogenation of arenes under biphasic conditions."™ Recovery of the
catalyst was achieved by phase separation and recycling was performed for five con-

secutive runs with stable activity.

Membrane filtration techniques are also easily adaptable and ultrafiltration has been
reported for the separation of Pd nanoparticles after use in a hydrogenation reaction.**”’
The application of palladium nanoparticles for cyclohexene hydrogenation in a
continuously operated membrane reactor has been reported by Mecking, Vogt, and
coworkers.”!' A hyperbranched core-shell polymer with a hydrophobic outer shell
efficiently stabilized palladium nanoparticles and after 28 reactor volumes the activity

was only decreased by 25 %.

Purification by centrifugation or size exclusion chromatography (SEC) was described
by Feldheim, Franzen, and coworkers for molecularly bridged gold nanoparticle dimers,

. 202
trimers, and tetramers.*%%
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An interesting approach is the utilization of magnetite nanoparticles decorated with
catalytically active metal nanoparticles (Figure 15).2%2% After reaction, the catalyst

can be easily recovered by application of an external magnetic field and decantation.

a) .. b)

. Fe30y4
o°

. metal nanoparticle

Figure 15. Catalytically active nanoparticles supported on (a) magnetic particles™ and (b)
silica coated Fe;0,.2%

The leaching issue in homogenized metal nanoparticle catalysis is even more impor-

%3] than for supported metal complexes. The presence of nanoparticles does not

tant
ensure that these are the true catalyst. For C-C coupling reactions for example, leaching

of Pd atoms and/or ions is a key issue and has been discussed extensively. The question

[205,206] [207-209]

whether low coordination sites on the clusters or Pd atoms or ions catalyze

the reaction is still not solved, but leaching of Pd atoms and ions from Pd nanoparticles

in Heck and Suzuki reactions has been proven.?'*']

1.3.3  Soluble Polymers as Stabilizer for Catalytically Active Metal
Nanoparticles

In this chapter only neutral polymeric stabilizers will be discussed and the same
classification as described for supports of metal complexes is used, i.e. linear and

branched polymer architectures will be discussed separately.

1.3.3.1 Linear Polymers for the Stabilization of Metal Nanoparticles

The application of homopolymers for the stabilization of catalytically active metal

nanoparticles is dominated by poly(N-vinyl-2-pyrrolidone) (PVP, Figure 16).12'>%'4!

Yk
O
Figure 16. Chemical structure of poly(N-vinyl-2-pyrrolidone) (PVP).
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In contrast, block copolymers have found widespread application for the stabilization
of metal nanoparticle catalysts. They consist of two or more homopolymer subunits
which are covalently linked and can have different properties. Depending on the amount
of blocks, di- or triblock copolymers are obtained. If the units of a block copolymer
have different solubility properties, they are amphiphilic and can self assemble to form

[200

micelles which can encapsulate metal nanoparticles.”*” A number of block copolymers

2152181 poly(ethylene oxide)-block-polystyrene-block-poly(4-vinylpyri-

like Pluronics,
dine),*" poly(ethylene oxide)-block-poly-2-vinylpyridine,”*” poly(ethylene imine)-
block-poly(ethylene oxide),**” or polystyrene-block-poly-4-vinylpyridine!**' have been
used to stabilize metal nanoparticles. However, application to catalysis is only rarely

described.

1.3.3.2 Branched Polymers for the Stabilization of Metal Nanoparticles

The classification of branched polymer architectures into star polymers, dendrimers, and
hyperbranched polymers has already been described above. While star polymers are

222]

only rarely applied to stabilize metal nanoparticles,***! the use of dendrimers is as well

explored as their use for the immobilization of metal complexes.

Since the initial reports about dendrimer encapsulated metal nanoparticles in 1998 by

224] 225]

the groups of Crooks,*”*! Tomalia,”*” and Esumi®*! this research area expanded rapid-

ly and to date a number of reviews about dendrimer-stabilized nanoparticles and their

various applications are available.['7%!7%#2627]

As outlined by Crooks!'” dendrimers are particularly suitable for the encapsulation
of metal nanoparticles because due to their well-defined composition and structure, they
afford well defined nanoparticles which are stabilized within the dendritic structure and
therefore cannot agglomerate. The dendritic host only stabilizes by steric effects and
does not passivate the surface of the nanoparticles which are able to participate in
catalytic reactions. Tailoring of the dendrimer properties can be used to control the
solubility of the nanocomposite or to control access of molecules to the encapsulated
metal nanoparticle. Thereby the branches are employed as selectivity gates, allowing or

- 223,228
refusing access of molecules.*2**

The synthesis of metal nanoparticles inside dendrimers can be achieved by two

179]

methods.| The direct reduction of dendrimer/metal ion composites or by
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intradendrimer metal-displacement reactions of Cu’ nanoparticles with more noble
metal ions.”* In case of direct reduction, the metal ions first have to be encapsulated
either in the core or at the periphery of the dendritic structure by coordination to hetero-
atoms of the dendrimer (Scheme 6). This is similar to the “ship in a bottle” approach
described earlier for the encapsulation of metal complexes in porous materials.

Subsequent reduction of the metal ions leads to dendrimer encapsulated zero-valent

[223

nanoparticles.””) In this process, the size of the resulting nanoparticles can be con-

trolled by the type and generation of the dendrimer, as well as the ratio of metal ions per

dendrimer.?*"

metal ions
—_—

complexation

Scheme 6. Nanoparticle synthesis as postulated by Crooks.***

Thereby the question arises whether the metal nanoparticles are really situated in the
core or if rather dendrimers are adsorbed around a nanoparticle (Figure 17) or if the

(721 This has only been directly

dendritic core is even encapsulated in the nanoparticle.
addressed in a few publications by Esumi and Crooks.””?”**"**] The general answer is
that it depends on the size of dendrimer and nanoparticle, the surface and internal
functional groups of the dendrimer, and the nature of the nanoparticle if an inter- or

intradendrimer complex is formed, or a mixture of both is present.

b)

Figure 17. Possible stabilization mechanisms: (a) intermolecular and (b) intramolecular

dendrimer-nanoparticle complexation.”"
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Encapsulation of 1-3 nm diameter nanoparticles within single dendrimers has been
shown by TEM staining studies and small-angle X-ray scattering (SAXS) analysis.**"
Additionally, the generation dependent selectivity in catalytic reactions is a strong indi-
cation for the formation of intradendrimer encapsulated nanoparticles.** If the
nanoparticles are significantly bigger than the cavities in the stabilizing dendrimer,

interdendrimer complexes have to be formed but it is difficult to prove if the dendrimer

is encapsulated in the nanoparticle during formation or if it only adsorbs on the surface.
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Figure 18. Structures of the first generations of the two commercially available dendrimers
poly(amido amine) (PAMAM) and poly(propylene imine) (PPI).

The two families of commercially available dendrimers most frequently used for the
encapsulation of metal nanoparticles are shown in Figure 18. In general, PPI dendrimers
are smaller than PAMAM (2.8 nm versus 4.5 nm for the fourth generation), but
significantly more stable (470 °C versus 100 °C respectively).!'”! Dendrimer encapsu-
lated nanoparticles in catalysis have been mainly used for hydrogenation reactions, but

; ; 172,179,226,227,234
also a range of C-C coupling reactions were reported.'’>!7226:227:234]

Due to the easier synthesis of hyperbranched polymers, they are attractive alternatives
for dendrimers.”” Although their structure is less defined, they exhibit similar proper-
ties as dendrimers and are similarly suited for the stabilization of metal nanoparticles.
The question of the nanoparticle location arises here as well and is even more difficult
to answer. No reports referring to this can be found in literature but it can be assumed

that similar criteria are applicable as described for perfect dendrimers.
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Catalytic applications of metal nanoparticles stabilized by hyperbranched polymers

201,235-237

have been mainly reported for hydrogenation,' I and the following chapter

presents selected examples with special emphasis on recycling and selectivity issues.

1.3.4  Homogeneously Stabilized Metal Nanoparticles for Catalysis

Stabilization of metal nanoparticles in dendritic polymer architectures offers the possibi-
lity to control the solubility properties of the resulting catalyst by fine-tuning the poly-
mer structure. Additionally, by changing the dendrimer generation or the functional
groups in the periphery the stabilizer can be used as “nanoscopic” filter, controlling the

access of molecules to the catalytically active center.

This was demonstrated by Crooks and coworkers, who prepared PAMAM stabilized
Pd and Pt nanoparticles for use in homogeneous hydrogenation reactions.***! High
catalytic activity was observed for the hydrogenation of N-isopropyl acrylamide and
allyl alcohol in aqueous solution. It was shown that the hydrogenation rate can be
controlled by using dendrimers of different generations. In a later study the selectivity
of the dendrimer branches was demonstrated by hydrogenating a mixture of allyl
alcohol 20 and the more bulky 3-methyl-1-penten-3-ol 21 with PAMAM-G4/Pd’ as
catalyst (Scheme 7).1**! After 2.5 hours 50 % of the allyl alcohol 20 was reduced while
only 1.6 % of 21 was converted; after an additional 2.5 hours 100 % of 20 and only
11 % of 21 were hydrogenated. This experiment clearly demonstrated the ability of the

dendrimer branches to act as a “nanoscopic” filter.

/\/OH
20
’ />(\
OH

21

O
\/\/OH

Scheme 7. Dendrimer as “nanoscopic” filter, sterically controlling the access of substrates to

the catalytically active Pd nanoparticles.'**”
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When soluble polymers are used as nanoparticle support, the question arises if and
how much the adsorption of the polymer passivates or blocks the catalytically active
surface. This is particularly interesting for asymmetric hydrogenation reactions, where
the metal surface has to be modified by adsorption of a chiral reagent.!'"! Pt catalysts,
e.g., commercial 5 % Pt/Al,Os3, modified with cinchona alkaloids are nowadays among

the most selective catalysts for the hydrogenation of a-keto acid derivatives (Scheme 8)

and other activated keto groups.'*****!

N
HO,
N H OH

— R )
Cinchonidine )\ﬂ/ (R)-lactate
N/
i / o
Ayt

Pt catalyst
(o}

OH

pyruvate ester \ =
Ho, " /\an (S)-lactate
\N / Cinchonine

Scheme 8. Enantioselective hydrogenation of pyruvate esters with cinchona alkaloid modified

Pt catalysts. "

To investigate if polymer stabilized Pt nanoparticles can be successfully modified,
Bradley and coworkers compared the catalytic performance of PVP-stabilized Pt nano-
particles with commercial 5 % Pt/Al,05.[240-24] They were able to demonstrate that PVP

does not hinder access of the modifier to the surface, but may by adsorption reduce the

number of surface-modified sites available for the enantioselective hydrogenation.!*"!

However, enantioselectivities of up to 97.6 % ee for (R)-methyl lactate were reported

for the asymmetric hydrogenation of methyl pyruvate with PVP-stabilized Pt nano-

particles which is similar to results obtained with commercially available Pt/A1203.[242]

]

Other approaches utilized Pt nanoparticles stabilized by solvent,"®” surfactant,*** or

the chiral alkaloid itself.***! Only in case of surfactant stabilized Pt nanoparticles,

recycling for up to three consecutive runs with up to 55 % ee has been reported.’***!

An interesting approach by Marty and coworkers described the synthesis of a
polysiloxane polymer with covalently attached cinchonidine moieties (Scheme 9).1**"!

Therein stabilized Pd nanoparticles were investigated in the asymmetric hydrogenation
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of isophorone 22 under mild conditions (2 bar hydrogen pressure), achieving 18 % ee

which is similar to other reports in literature.

Téi-otfsl,i—ot

H H

ANF
o) | o)
NS
NSy
18% ee

22 23

Scheme 9. Pd nanoparticles stabilized in olysiloxane polymer with covalently attached

cinchonidine moieties for the asymmetric hydrogenation of isophorone.**"!

The authors claim that this catalyst system is generally applicable to a range of
catalytic reactions where cinchonidine is used to modify the surface of a metal
nanoparticle. However, it has to be taken into account that at higher hydrogen pressures,

cinchonidine is hydrogenated as well and thereby looses its catalytic properties.**’**!

Astruc and coworkers prepared (diamino butane) (DAB) dendrimers of five genera-
tions to support Pd nanoparticles with sizes between 1.7-2.8 nm.**”! The catalytic per-
formance in the Suzuki-Miyaura cross-coupling reaction between iodobenzene 24 and
phenylboronic acid 25 (Scheme 10) was studied. For low generation dendrimers a
higher activity was observed, but also the Pd nanoparticles had an increased tendency to
aggregate and form Pd black. In this case, stability could only be achieved at the
expense of catalytic activity or vice versa. Recovery was possible by phase separation of

the water-soluble catalyst, but a second run revealed a significantly decreased activity.

N
100 °C, CH3CN/H,0 — ///)

24 25 26 H G1 DAB Dendrimer

NH,
H,N
| B(OH),

Pd-NPs/DAB, NaOAC /7~ \ \/\/\ /\/\/

[ ] * N
NH
2

N

Scheme 10. Suzuki-Miyaura cross-coupling reaction between iodobenzene 24 and phenyl-

boronic acid 25.2*

A new hyperbranched PAMAM analogue (HYPAM, Figure 19) was introduced by

[250,251

Marty and coworkers for the stabilization of gold nanoparticles in water. I Similar-
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ly stabilized Pt nanoparticles were utilized for the selective hydrogenation of the C=C
versus C=0 double bond of isophorone 22 (Scheme 9).1**"! Although the catalytic
activity was relatively low, recycling for 10 runs was possible without decrease in

activity or selectivity.

“N HNM
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' j N ]
"».N/\/N N\/\ /\/N N\/\ AN
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N N
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Figure 19. Structure of HYPAM, a hyperbranched PAMAM analogue.**"

Mecking and coworkers introduced hyperbranched polyglycerol with a hydrophobic
shell 17 (see Scheme 5) for the synthesis of Pd nanoparticles in organic solvents such as
toluene or chloroform.!”**! These carriers permitted high metal loadings (one Pd per 2
OH groups of the polymer) as well as repeated drying and redispersion of the stabilized
nanoparticles. Hydrogenation of cyclohexene as model reaction showed a slightly
higher activity for the developed catalyst than with Pd/C. The catalyst could be
recovered by distillation, dialysis, or ultrafiltration, whereby no metal deposition on the
membrane was observed. Additionally, the successful application in a continuously

(2011 A fter 28 reactor volumes the total

operated membrane reactor was demonstrated.
turnover number was increased to 29000, while the activity was only reduced by 25 %

which was ascribed to deposition of Pd on the reactor membrane.

The area of homogeneously stabilized nanoparticles for application in catalysis still
has high need for improvement. In the future, metal nanoparticle catalysts should fulfill
certain criteria: (1) specific size (1-10 nm), (2) well-defined surface composition, (3)
isolable and redissolvable (“bottleable™), (4) high catalytic activity in solution with
reproducible performance, (5) long lifetime, and (6) high reusability with low

leaching.!'""!
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2 Scientific Goals

As outlined in the introduction, the efficient recovery and reuse of transition metal
catalysts is a major objective in this research project. Thereby, catalyst immobilization
on soluble polymeric supports is especially attractive because it permits to combine
homogeneous reaction conditions with facilitated separation. The aim of this work is the
application of hyperbranched polyglycerol 1 as support for various transition metal
catalysts. Its versatile applicability should be demonstrated with two different approa-
ches: (1) homogeneous metal complex conjugation and (2) stabilization of catalytically
active metal nanoparticles. Major focus will be on the recyclability of the developed

systems as well as the influence of immobilization on the catalytic performance.

2.1 Covalent Immobilization of Chiral Transition Metal Complexes on
Dendritic Polyglycerol

For the covalent attachment of metal complexes to a support, an efficient synthesis stra-
tegy with a tunable linker is desirable to avoid loss of the precious ligand during catalyst
synthesis and to facilitate investigations on the influence of linker type or length on the

catalytic performance.

The first subproject is concerned with the immobilization of salen ligands onto

hyperbranched polyglycerol 1. As described in the introduction, salen(Cr™

I

) or
salen(Co ) complexes are powerful catalysts for asymmetric ring opening reactions of
epoxides. Since the immobilization of asymmetric salen ligands suffers from low yields
and ill-defined species on the support, a symmetrical salen ligand based on pyrrolidine

shall be immobilized via attachment of a linker at the pyrrolidine moiety (Figure 20).

1T

Figure 20. Schematic representation of hPG-supported pyrrolidine salen(Cr ) catalyst 27.
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The application of the salen(Cr'™) catalyst 27 in the asymmetric ring opening of meso
epoxides shall be used to investigate the influence of the linker on the catalytic
performance. As already outlined in the introduction, this reaction proceeds via a bime-
tallic cooperative mechanism and the achieved enantioselectivity strongly depends on
the orientation of the catalytic units to one another. Attachment of salen(Cr") to hPG 1
via the pyrrolidine backbone should first of all lead to an enhancement of the reaction
rate and the obtained enantiocontrol is expected to be strongly dependent on the length

of the linker between the pyrrolidine salen(Cr'™") complex and hPG 1.

In the second subproject an efficient immobilization strategy for a tethered TsDPEN-
Rh'™ catalyst 28 (Figure 21) shall be developed that enables the attachment to various

amine functionalized supports.

2
STe

3 ,Rh\c|
HN_ N-S TsN”
Rh, O pr N H
Ph
29 28

Figure 21. Original TSDPEN Rh" catalyst 29 and tethered variant 28 for asymmetric transfer
hydrogenation reactions.

The tethered variant of TsDPEN*>?! shall be immobilized onto hPG 1 and is
supposed to be significantly more stable than immobilized versions of the original
catalyst 29. In cooperation with the group of Prof. Schomécker (Technical University
Berlin) and PolyAn GmbH, the tethered variant of 28 should also be immobilized onto
different solid supports to compare the performance of soluble and solid supported

catalysts.

2.2 Homogeneous Stabilization of Metal Nanoparticles and Application
to Catalysis

For the synthesis and stabilization of metal nanoparticles in solution, an efficient stabili-
zer is required which is suitable for the synthesis of various transition metal nanopar-
ticles and enables size control, extended storage, and transfer to organic solvents.
Concurrently, for catalytic purposes the adsorption of stabilizer on the metal surface

should not be too strong in order to avoid reduction of the catalytic activity.
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Core-multishell architectures composed of a hydrophilic core, hydrophobic inner

shell, and hydrophilic outer shell (Figure 22) have been initially developed in our group

[253,254]

for the solubilization and transport of drugs and dyes and shall now be tested for

the homogeneous stabilization of catalytically active metal nanoparticles.

\_\_Nonpolar inner shell_
“\_Hydrophilic outer shell _—

Figure 22. Schematic representation of PEI-based core-multishell architecture developed by
Haag and coworkers.'*”!

The first objective is to establish the applicability of those core-shell architectures to
metal nanoparticle synthesis and stabilization. For this purpose the known systems
(Figure 22) will be used for the synthesis of gold nanoparticles, whose formation and

aggregation can be easily followed by UV/Vis.

For catalytic applications, the PEI core might be problematic because amine groups
are known to coordinate strongly to metals which can reduce the catalytic activity.
Therefore, hPG 1 based core-multishell structures should be used whose properties can
be further adjusted by modularly changing the shell building blocks. Initially, simple
hydrogenation reactions with catalytically active Pt nanoparticles are envisioned to test
the accessibility of the metal surface for hydrogen and substrates, and to establish a
recycling procedure based on membrane filtration. In cooperation with the group of
Prof. Schomicker, the recycling via phase separation and the catalytic activity in

consecutive cycles should be investigated.

Another interesting question that shall be addressed is the chiral modification of the
nanoparticles surface to achieve asymmetric hydrogenation with a formerly unselective
catalyst. Does the core-multishell stabilizer allow for an efficient modification of the
metal surface with the chiral cinchona alkaloids? Since the asymmetric hydrogenation
of a-keto esters is known to be strongly dependent on the reaction conditions a detailed
optimization of the reaction conditions should be performed and the applicability of the

formerly developed recycling procedure should be investigated.
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3.2 Covalent Immobilization of Chiral Metal Catalysts

3.2.1 Intramolecular Acceleration of Asymmetric Epoxide Ring-Opening by
1

Dendritic Polyglycerol Salen—-Cr"" Complexes

This chapter was published in the following journal:

J. Keilitz, R. Haag, Eur. J. Org. Chem. 2009, 3272-3278 (DOI:
10.1002/ejoc.200900241).

http://onlinelibrary.wiley.com/do1/10.1002/ej0c.20090024 1 /abstract
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3.2.2  Immobilization of a Tethered Rh'"'-TsDPEN Catalyst on Soluble and Solid
Polymeric Supports and Successful Application to Asymmetric Transfer
Hydrogenation of Ketones

HN— Support
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O OH
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up to 99% ee
Support | = hyperbranched polyglycerol, poly(propylene), poly(ethylene)

This chapter was published in the following journal:

J. Dimroth, J. Keilitz, U. Schedler, R. Schomécker, R. Haag, Adv. Synth. Catal. 2010,
in print (DOI: 10.1002/adsc.201000340).

http://onlinelibrary.wiley.com/doi/10.1002/adsc.201000340/abstract
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3.3 Homogeneous Stabilization of Catalytically Active Metal
Nanoparticles

3.3.1  Dendritic Polymers with a Core-Multishell Architecture: A Versatile Tool
for the Stabilization of Nanoparticles

This chapter was published in the following journal:

J. Keilitz, M. R. Radowski, J.-D. Marty, R. Haag, F. Gauffre, C. Mingotaud, Chem.
Mater. 2008, 20, 2423-2425 (DOI: 10.1021/cm8002639).

http://pubs.acs.org/doi/abs/10.1021/cm8002639
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3.3.2  Homogeneous Stabilization of Pt Nanoparticles in Dendritic Core-
Multishell Architectures: Application in Catalytic Hydrogenation
Reactions and Recycling

This chapter was published in the following journal:

J. Keilitz, M. Schwarze, S. Nowag, R. Schomécker, R. Haag, ChemCatChem 2010, 2,
863-870 (DOI: 10.1002/cctc.201000013).

http://onlinelibrary.wiley.com/doi/10.1002/cctc.201000013/abstract
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3.2.3  Chirally Modified Platinum Nanoparticles Stabilized by Dendritic Core-
Multishell Architectures for the Asymmetric Hydrogenation of Ethyl

Pyruvate
H %H
HO, M

I
M

I Hydrogenation_*

Ultrafiltration up 1o 73 % e.e.

This chapter was published in the following journal:

J. Keilitz, S. Nowag, J.-D. Marty, R. Haag, Adv. Synth. Catal. 2010, 352, 1503-1511
(DOI: 10.1002/adsc.201000128).

http://onlinelibrary.wiley.com/doi1/10.1002/adsc.201000128/abstract
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4 Summary and Conclusion

In this work, hyperbranched polyglycerol 1 was evaluated as soluble support for the
immobilization of various catalytic systems. Two major approaches have been investi-
gated: (1) the covalent immobilization of chiral metal complexes and (2) the non-cova-

lent stabilization of catalytically active metal nanoparticles.

In the first part it was shown that hPG 1 is a suitable support for the covalent attach-
ment of chiral metal complexes, as demonstrated with the successful synthesis of pyrro-

lidine salen(Cr™) catalyst 30 and a tethered TSDPEN-Rh'" catalyst 31 (Figure 23).

Y \ﬂ/\. O Q HN—ChPGD

(0]

% 3}6 e 4}& .N*

30a-d (n =0, 6, 10, 18) 31

Figure 23. Structures of hPG 1 supported catalysts: pyrrolidine salen(Cr'") 30 and tethered
TsDPEN-Rh" complex 31.

For pyrrolidine salen(Cr'™) catalyst 30, a positive dendritic effect with regard to the
reaction rate was observed in the asymmetric ring opening of meso epoxides with
TMSNG;. This reaction proceeds via a cooperative bimetallic mechanism. The observed
rate enhancement proves that attachment to hPG 1 leads to a higher local concentration
of catalytic units and therefore promotes cooperative interaction. It becomes apparent
that perfect dendrimers as catalyst supports can be efficiently replaced by hyper-
branched polymers without loosing the beneficial properties. The enantioselective out-
come of the investigated reaction is known to depend on the orientation of two coopera-
ting salen units to one another. With catalyst 30a only the unfavorable orientation is
obtained, leading to low enantioselectivities of 22 % ee (1 mol% catalyst loading). The
introduction of linkers of different length (Cs, C,0, and C;g) allowed a bigger fraction of
favorable interactions via backfolding and the ee could be increased to 48 % with
catalyst 30c (Cjo). Additionally, efficient recovery by dialysis and reuse for four runs
with low metal leaching was demonstrated with catalyst 30a. A slight decrease of

activity and an increase of enantioselectivity from 20 to 30 % ee was observed.
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Figure 24. Fragment of hPG-supported TsDPEN-Rh'" catalyst 31.

The hPG-supported tethered TSDPEN-Rh™ catalyst 31 (Figure 24) was designed such
that a water-soluble catalyst was obtained. Therefore, amphiphilic chains were intro-
duced at the polymer periphery to generate a double shell with an outer layer of water-
soluble mPEG. Catalyst 31 showed high activities and enantioselectivities of up to 99 %
ee in the asymmetric hydrogenation of various prochiral ketones in water with sodium
formate as hydrogen donor. Recovery was easily achieved by ultrafiltration, however,
upon recycling a significant drop of activity was observed. Furthermore, during separa-
tion the catalyst precipitated and remained insoluble after the third run. Interestingly, the

selectivity remained high throughout all three runs.

The second part of this work concentrated on the homogeneous stabilization of metal
nanoparticles and their recovery after catalytic reactions. It was demonstrated that den-
dritic core-multishell architectures based on poly(ethylene imine) or hPG 1 are efficient
stabilizers for Au and Pt nanoparticles in aqueous solution. The polymer architecture
allows to control the particle size during synthesis and the transfer of the nanoparticles

to a variety of organic solvent was demonstrated.

The catalytic activity of Pt nanoparticles was demonstrated for the hydrogenation of
methyl crotonate. Stabilized Pt nanoparticles showed a similar activity compared to
Pt/C, indicating that the polymer does not passivate the metal surface. Recycling was
achieved by ultrafiltration for nine runs and very low metal leaching into the product
was observed. For the hydrogenation of isophorone a high selectivity for C=C versus

C=0 hydrogenation (> 99:1) was achieved.

Polymer stabilized Pt nanoparticles were chirally modified with cinchonidine and the
resulting catalyst was successfully applied to the asymmetric hydrogenation of pyruvate
esters. The influence of polymer, pressure, solvent, and nanoparticle size was investiga-

ted and after optimization of the reaction conditions ee’s of up to 75 % were obtained.
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Recycling was easily achieved by ultrafiltration for 10 cycles with stable activity and

enantioselectivity for eight runs.

In conclusion, it could be shown that dendritic hPG 1 is a versatile support for the
efficient recovery and recycling of transition metal catalysts. In case of immobilized
metal complexes, one can make use of dendritic effects, e.g., when a high local concen-
tration of catalyst is advantageous for the desired reaction. The properties of the final
catalyst can be easily changed by attachment of additional functional groups to the poly-
mer periphery, e.g., the introduction of solubilizing moieties. hPG-based core-multishell
architectures were found to be extremely versatile and generally applicable stabilizers
for catalytically active metal nanoparticles. They enable size control during synthesis,
transfer to various solvents, long term storage, efficient stabilization under various
reaction conditions, and are easily separable. Most importantly, they do not passivate
the nanoparticles surface which can participate in catalytic reactions and can even be

modified with chiral alkaloids for asymmetric transformations.

5 Outlook

Since hyperbranched polyglycerol was shown to be a suitable support for chiral transi-
tion metal complexes, one could envision the immobilization of other precious chiral
catalysts. However, further improvement of the stability of the polymer supported metal
complexes is required in order to make them suitable for the application in continuously
operating membrane reactors. This could be achieved by using bigger polymer cores
which facilitates and accelerates separation, and by the introduction of bigger shielding
moieties which could improve the long-term stability of the catalytic units by creating a

protective “microenvironment” around the catalyst.

The core-multishell architectures presented in this work for the stabilization of Au
and Pt nanoparticles could be further investigated with regard to the synthesis of other
metal nanoparticles, e.g. Pd nanoparticles and their application in selective hydrogena-
tion, oxidation, or C—C coupling reactions. Additionally, the synthesis of bimetallic
nanoparticles is of great interest, because they are known to have significantly different
catalytic properties compared to their monometallic analogues. Improvement of the
long-term stability and application in continuously operating systems is also necessary
and could be achieved by tuning the polymer structure with regard to composition and

size of the core and the double shell.
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In der vorliegenden Arbeit wurde die Anwendbarkeit von hochverzweigtem Polygly-
cerol (hPG) als 16slicher Tréger fiir die Immobilisierung von verschiedenen Katalysator-
systemen an zwei groeren Themengebiete untersucht: (1) die kovalente Anbindung
chiraler Metallkomplexe und (2) die nicht-kovalente Stabilisierung katalytisch aktiver
Metallnanopartikel.

Im ersten Teil konnte gezeigt werden, dass hPG ein sehr gut geeigneter Trager fiir die
kovalente Anbindung chiraler Metallkomplexe ist. Dies wurde erfolgreich an der
Synthese von Pyrrolidin-Salen(Cr'")-Komplexen und einem TsDPEN-Rh"™-Komplex

demonstriert.

Im Fall des getrigerten Pyrrolidin-Salen(Cr™"

)-Katalysators konnte in der asymme-
trischen Ring6ffnung von meso-Epoxiden ein positiver dendritischer Effekt beobachtet
werden. Diese Reaktion verlduft nach einem kooperativen bimetallischen Mechanismus
und die beobachtete Beschleunigung beweist, dass die Anbindung des Katalysators an
hochverzweigtes Polyglycerol zu einer erhohten lokalen Katalysatorkonzentration fiihrt
und somit kooperative Interaktion begiinstigt. Hiermit konnte gezeigt werden, dass
perfekte Dendrimere durch hochverzweigte Polymere ersetzt werden konnen, ohne dass
die positiven Effekte der dendritischen Struktur verloren gehen. Es ist bekannt, dass die
erzielten Enantiomereniiberschiisse stark von der Orientierung zweier Katalysator-
molekiile zueinander abhingen. Durch den Einbau von lédngeren verbindenden Ketten
zwischen Katalysator und polymerem Tréiger, konnte die Enantioselektivitit von 22 %
ee auf 48 % ee gesteigert werden. Diese Steigerung ist darauf zurlickzufiihren, dass ein
langerer Linker ein Zurilickfalten von Katalysatormolekiilen ermdglicht und dadurch die
giinstigere Anordnung erreicht werden kann, die zu hohen Enantiomereniiberschiissen
fiihrt. Der polymergetridgerte Katalysator konnte mittels Dialyse erfolgreich von der
Reaktionsmischung abgetrennt und viermal mit sehr geringem Metallverlust wieder
verwendet werden. Dabei wurde eine stabile Aktivitdt und steigende Selektivitit beob-

achtet (von 20 % auf 30 % ee).

Der hPG-getrigerte TsDPEN-Rh'"'-Katalysator wurde als wasserldsliches System
konzipiert. Dazu wurden amphiphile Ketten in die Polymerperipherie eingefiihrt, die
eine Doppelschale mit einer duBleren Schale aus wasserldslichem mPEG bilden. Der
erhaltene Katalysator wurde in der asymmetrischen Transferhydrierung von verschie-

denen prochiralen Ketonen in Wasser getestet und zeigte eine gute Aktivitidt und hohe
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Selektivitdt von bis zu 99 % ee bei Verwendung von Natriumformiat als Wasserstoft-
quelle. Der Katalysator konnte leicht durch Ultrafiltration abgetrennt werden, aber bei
der Wiederverwendung trat ein erheblicher Aktivitatsverlust auf. Wéahrend der Abtren-
nung nach dem dritten Katalysezyklus setzte sich der Katalysator auf der Ultrafiltra-
tionsmembran ab und konnte nicht wieder gelost werden. Interessanterweise blieb die

hohe Enantioselektivitit wihrend des ganzen Recyclingexperiments erhalten.

Der zweite Teil dieser Arbeit beschéftigte sich mit der homogenen Stabilisierung von
Metallnanopartikeln und ihrer Wiedergewinnung nach katalytischen Reaktionen. Es
konnte gezeigt werden, dass dendritische Kern-Multischalen-Architekturen, basierend
auf Poly(ethylenimin) oder hochverzweigtem Polyglycerol, sehr gut fiir die Synthese
und Stabilisierung von Au- und Pt-Nanopartikeln in wissriger Losung geeignet sind.
Das Polymer erlaubt dabei die Kontrolle der Partikelgro3e und den Transfer der Metall-

nanopartikel von Wasser in organische Losungsmittel.

Die katalytische Aktivitdt der Pt-Nanopartikel wurde anhand der Hydrierung von
Methylcrotonat demonstriert. Beim Vergleich von polymerstabilisierten Pt-Nanopar-
tikeln mit Pt/C konnte eine dhnliche Aktivitit festgestellt werden. Das zeigt, dass der
polymere Stabilisator die Metalloberfliche nicht passiviert. Die Pt-Nanopartikel konn-
ten per Ultrafiltration neun Mal wieder verwendet werden, wobei es nur einen sehr
geringen Metallverlust gab. In der selektiven Hydrierung der C=C gegen die C=0O Bin-
dung von Isophoron erreichten die polymerstabilisierten Nanopartikel eine sehr hohe

Selektivitit von tiber 99:1.

Die chirale Modifizierung der Pt-Nanopartikel wurde mit dem Alkaloid Cinchonidin
erreicht und der resultierende Katalysator erfolgreich in der asymmetrische Hydrierung
von Pyruvatester eingesetzt. Der FEinfluss des Polymers, des Druckes, des
Losungsmittels und der Nanopartikelgroe auf das Resultat der Reaktion wurde
untersucht und nach Optimierung der Reaktionsbedingungen wurden Enantiomeren-
iberschiisse von bis zu 75 % erreicht. Die Pt-Nanopartikel konnten auch hier erfolg-
reich wieder verwendet werden. Insgesamt wurden zehn Reaktionszyklen durchgefiihrt,

von denen die ersten acht konstante Aktivitdt und Selektivitidt aufwiesen.

Zusammenfassend kann festgestellt werden, dass dendritisches hPG ein vielseitiges
Tragermaterial ist, das effiziente Wiedergewinnung und Recycling ermoglicht. Im Fall
von immobilisierten Metallkomplexen konnen dendritische Effekte ausgenutzt werden,

z. B. wenn eine hohe lokale Katalysatorkonzentration vorteilhaft fiir eine angestrebte
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6 Zusammenfassung

Reaktion ist. Die Eigenschaften des polymergetragerten Katalysators kénnen leicht den
Erfordernissen angepasst werden, z. B. durch Anbindung lésungsvermittelnder Gruppen

in der Polymerperipherie.

hPG-basierte Kern-Multischalen-Architekturen sind sehr vielseitig und allgemein
anwendbare Stabilisatoren fir katalytisch aktive Metallnanopartikel. Sie ermdglichen
wahrend der Herstellung die Kontrolle der NanopartikelgroRe, den Transfer in verschie-
dene Losungsmittel, Langzeitlagerung und Stabilisierung unter verschiedenen Reak-
tionsbedingungen. Am bedeutendsten ist, dass das Polymer die Metalloberflache der
Nanopartikel nicht passiviert. Diese ist fur katalytische Reaktionen zuganglich und kann

far asymmetrische Synthesen mit chiralen Alkaloiden modifiziert werden.
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