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Abstract

In this work, immobilized metal- and metaloxide nanoparticles were used as nanoscale

catalysts in chemical reactions. Palladium nanoparticles, which catalyze classical C-
C cross-coupling reactions (Heck-, Suzuki- or Sonogashira reactions), were grafted in
the pores of carbonized wood. Several recycling reactions with remarkable performance
could be realized. Furthermore, CusO nanoparticles were synthesized in tetra-n-butyl-
phosphonium acetate, an ionic liquid with high stabilizing potential and low melting
point. These nanoparticles could be used as a recyclable decarboxylation catalyst for
2-nitrobenzoic acids and as a catalyst for Buchwald-Hartwig reactions. Depending on
the reaction parameters or functional groups of the substrates, the catalyst showed mod-
erate to excellent activity and recyclability. Inspired by the straight forward synthesis
of palladium and copper oxide nanoparticles from simple metal salts with acetate ions
as reductive species, a more general method for the synthesis of nanoscale materials has
been developed in this work. Copper, silver, nickel oxide and zinc oxide nanoparticles
have been synthesized via microwave irradiation in two different ionic liquids, as well as
from two different precursors, respectively. Apparently, a wide range of nanostructures
can be realized in ionic liquid systems with the assistance of acetate anions and without
the necessity of ligands, surfactants, inert conditions or any further additives.
Besides some reviewing paragraphs, the ongoing experimental but unpublished work,
which is in continuation of the above stated topics, is also presented, including deutera-
tion experiments, deoxygenation reactions and decarboxylative cross-coupling reactions.
In sum, the syntheses, characterization and evaluation of nanoscale catalytic systems is
presented. Examples for new nanoparticle/ionic liquid systems, new and already estab-
lished catalyses, which have not been realized with nanoparticle catalysts in ionic liquids
so far as well as their performance concerning activity, stability and recyclability have
been investigated.

1ii



iv



Kurzzusammenfassung

Immobilisierte Metall- und Metalloxidnanopartikel finden in dieser Arbeit Verwen-
dung als nanoskalige Katalysatoren fiir chemische Reaktionen. So wurden z.B. Palladium-
nanopartikel, als Katalysatoren flir C-C-Kreuzkupplungsreaktionen, wie die Heck-, Suzu-
ki- oder Sonogashirareaktion eingesetzt. Als Substrat fiir die Immobilisierung diente car-
bonisiertes Holz, in dessen Poren die Partikel eingelagert wurden. Der getrégerte Kataly-
sator konnte in allen drei Reaktionen mehrfach recycelt werden und lieferte dabei gute
Ausbeuten der jeweiligen Kupplungsprodukte.

Dariiberhinaus wurden CusO Nanopartikel in Tetra-n-butyl-phosphonium Acetat, einer
ionischen Fliissigkeit mit stabilisierenden Figenschaften und niedrigem Schmelzpunkt,
dargestellt. Die Partikel dienten sowohl als Katalysator fiir Decarboxylierungsreaktionen
von 2-Nitrobenzoesdurederivaten als auch fiir Buchwald-Hartwig-Reaktionen. In Abhé&n-
gigkeit von Reaktionsparametern oder funktionellen Gruppen an den Edukten, zeigten
die Katalysatoren eine durchschnittliche bis exzellente Aktivitdt und eine ebenso gute
Recyklierbarkeit.

Inspiriert durch diese einfache und geradlinige Synthese von Palladium- und Kupferoxid-
nanopartikeln wurde eine allgemeine Synthesemethode zur Darstellung von Nanomate-
rialien in dieser Arbeit entwickelt. Dabei beruht die Partikelsynthese hauptsachlich auf
der Reduktion einfacher Metallsalze durch Acetationen. Kupfer-, Silber-, Nickeloxid- und
Zinkoxidnanopartikel wurden durch Mikrowellensynthese in zwei verschiedenen ionischen
Fliissigkeiten und aus zwei verschiedenen Vorstufen (Prdakursoren) dargestellt. Offenbar
kann eine Vielzahl verschiedener Nanomaterialien in ionischen Fliissigkeiten unter Zuhil-
fenahme von Acetationen dargestellt werden. Dabei kann auf die Verwendung von zu-
satzlichen Liganden, oberflichenaktiver Substanzen, inerter Reaktionsbedingungen oder
anderer Additive verzichtet werden.

Neben zwei zusammenfassenden Arbeiten geben weiterfithrende und auf den oben genann-
ten Themengebieten basierende experimentelle Abschnitte einen Uberblick iiber zusitz-
liche Anwendungsgebiete der hier vorgestellten CupO Nanopartikeln, sowie von Pd/Cu
bimetallischen Nanopartikeln, wie z.B. Deuterierungsexperimente, Deoxygenierungsreak-
tionen und decarboxylierende Kreuzkupplungen.

Zusammenfassend werden in dieser Arbeit die Synthese, Charakterisierung und Bewer-
tung nanoskaliger Katalysatorsyteme vorgestellt. Es werden Beispiele fiir neuartige Na-
nopartikel /ionische Fliissigkeitssysteme vorgestellt, sowie bisher noch nicht mit Nano-
partikeln realisierte Katalysen in ionischen Fliissigkeiten sowie deren Leistungsfahigkeit
hinsichtlich Aktivitdt, Stabilitdt und Wiederverwendbarkeit untersucht.
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1 Introduction

Nano science plays an important and even further emerging role equally in academia and
industrial research. Our everyday life is by now highly influenced and related to achieve-
ments arisen from technologies of the tiniest."™ On the one hand, people who are not
familiar with these, often fear certain (or uncertain) threats and hazards accompanied
with the term "nano".#% On the other hand, industrial companies distinguish techno-
logical (and of course economical) opportunities in this area in order to develop new and
efficient produc‘cs.l"l"r’j’8

Apparently, academic scientists are
supposed to take the role of an arbiter
between both antagonists, to avert se-
rious harm from our society and to
ensure technological development and | 7000
wealth. 6000
What we today call "nano science" has
its origins already back in the 17*" cen-
tury.!'  Nano material based com-
pounds and colloids, e.g. of gold, have | 3000
already been synthesized in 1676 by | 2000
A. Cassius and J. Kunckel, though
lacking structural and chemical under-
standing.'®'®  According to what we
know today, is, that even the Romans
have synthesized nanosized gold par-
ticles to colour glasware.'* M. Fara-
day was the first who really recognized
the synthesis of very small particles.!?
Within the last 35 years, the science of
metal and metal oxide nano structures

"Nano-" publications

5000

4000

1000

T T T T T T 1

=1 1 L= = R R = ] o o - = -
o g v v OO0 O O O O O O O O
En I I B B I T T B B O i N O O o O N o N . B

Figure 1.1: The amount of publications concern-
ing nano technology has emerged within the last
30 years.

has developed with increasing velocity (Figure 1.1). Not only the synthesis of nano struc-
tures by Binnemann et al.'17 or the first fundamental studies of so-called "ultra-fine"
particles conducted by C. Granguist and R. Buhrmann'® made these materials interesting
for different applications in physics and chemistry as well as for medical purposes. The
high expectations of earlier years are now critically reconsidered with respect to actual
progresses in method development and technological advantages realized. In fact, there
has to be a certain and considerable scientific benefit by using nanoscale materials.




1. Introduction

1.1 Introducing Remarks

Nowadays, nano-sized materials are well characterized since electron microscopy, X-ray
and light scattering methods have evolved and have become standard techniques in to-
day’s laboratories.! 2! Although widely used in biological, physical or chemical science
there is an ongoing discussion about a satisfying definition of what nano materials really
are. In principle, the word "nano" refers to a simple mathematical prefix or factor 1077.
By this, nano materials should be sized between 1 and 1000 nm.

However, there are several inherent optical, electrical or chemical properties and charac-
teristics, which are only attributed to a far smaller subset. These properties and char-
acteristics are provided by nano structured compounds with new functionalities, which
differ eminently from the respective counterparts in bulk state.?>2?3 As a matter of fact,
this defines a chemical compound as a (functional) material. Although there is no clear
size-delimitation for "nano-characteristics", nano materials are defined by the European
Commission to be in the range of 1-100nm.?* Unless there is no clear and international
accepted definition of the term "nano material”, this dissertation and the terminology used
herein is strictly guided by this proposal of the European Commission.

1.2 Ionic Liquids

Molten salts usually require high temperatures so as not to congeal. However, these com-
pounds have aroused academic interest for the first time in the early 1940s and were
tentatively investigated. E. Heymann and H. Bloom belong to the first in natural sciences,
who took a deeper look at the physical and chemical properties of inorganic salts and their
mixtures, e.g. melting point, electric conductivity and activation energy of ionic migra-
tion.?> In many respects, the use of molten salts as solvents (initially for electrochemical
reactions) was of major interest. As the melting points of classical inorganic compounds
were too high for their convenient use in the lab and to extent the amount of investigable
substances, usually alkali or earth-alkali fluorides and alkali nitrates with melting points
between 360-450°C and 250-300 °C were used, respectively.

As the melting points of molten salts were still too high in order to investigate sensitive
organic molecules, salt-like compounds with high ionic character exhibiting an even lower
melting point, were re-discovered. These consisted of a (rather) organic cation and an
inorganic anion. In fact, J. Weiner and S. Gabriel synthesised ethanol/ammonium nitrate
already in 1888,2% whereas ethyl ammonium nitrate (EtNHs NO3) was synthesized by P.
Walden in 1914.?" The terminus "molten salt" was regularly used till the 1970s.2® There-
after, this class of organic/inorganic salts was renamed into "ionic liquids" (IL) and further
developed. Molten salts should therefore only include melts of inorganic salts.?? Today
ionic liquids are defined as chemical compounds merely consisting of poorly coordinated
ion pairs, that melt below 100 °C. ILs which melt below 25 °C are called room temperature
ionic liquids (RTIL) and are of certain preparative interest.3°

1.2.1 Varieties of Ionic Liquids

A wide range of cations and anions in numerous combinations and variations are known
today. The most common cation motifs are of pyridinium-, imidazolium-, pyrrolidinium-,
ammonium- or phosphonium-type (Figure 1.2). The amount of normally applied anions
outnumbers the corresponding cations by far. Usually weakly coordinating anions are used,
but in principle all kinds of inorganic anions like halides, nitrate, tetrafluoroborate, hex-
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afluorophosphate and sulfates as well as organic anions like triflates (OTf, trifluoromethyl-
sulfonate), alkylsulphates, N-triflates (NTfz, N,N-bis(trifluoromethylsulfonyl)imide) or di-
cyanamides are common.3!»32

S S O NO;
+7 R‘]/N /N\R +

’T \R( 2 N F.cl.Br,I
R, R
R 3 1 N2 ] ]
OAc’, N(CN),
R R - -
1. 4 OTf’, NTf,
N_R3 P_R3
/ \ / \ -
Ry R, Ry R, RSO4

Figure 1.2: Selection of cations and anions commonly used in ionic liquids.

Alkyl side chains of the cations can be substituted with various functional groups, which
influence the physico-chemical properties of the ionic liquid. For this reason, ILs are
considered as "designer solvents".3® Common functionalisations are hydroxyl-,3* nitrile-3°
or carboxylate groups.?® Even though ionic liquids are comparatively expensive, they bear
numerous advantages in comparison to classical solvents. In contrast to commonly used
solvents, ILs usually fulfill more than one function within a chemical reaction which makes
them interesting for "green" chemical applications. ILs can be used as (co-)solvents,?”
promoters/catalysts,3® surfactants and ligands®® or reductive agents.’® The use of ionic
liquids reduces or even avoids the extensive application of additives in many ways, leading
to a significantly lower degree of contamination of the reaction medium and final products.

1.2.2 Properties of Ionic Liquids

The modern definition of ionic liquids separates them from classical molten salts. Despite
the fact, that molten salts and ionic liquids build up ion clusters in their liquid state*" and
that both types of compound classes melt at relatively low temperatures, there are distinct
differences. Molten salts consist of inorganic anions and cations both bearing a definite and
clearly localized charge. As classical solid state salts they build up a crystal lattice with a
definite and highly symmetrical long range order. The arrangement of a three-dimensional
network, bound together by strong inter ionic bonds, leads to high melting points of the
majority of inorganic salts like sodium chloride (Table 1.1). These can be reduced by in-
creasing the entropy within the crystal lattice, e.g. by combination of small anions and
big cations (e.g. LiCl) or the use of salt mixtures, which directly leads to molten salts.*?
On the contrary, an ionic liquid usually consists of an organic cation and an inorganic
anion, like 1,3-dimethylimidazolium chloride (mmim C1) or 1-butyl-3-methylimidazolium
chloride (bmim Cl). The cation’s charge is partly delocalized within the carbon structure
or sometimes even delocalized over an aromatic ring-system.*3 The ionic organic species
do not have a spherical shape and are generally not symmetrical at all.** Moreover, alkyl
groups with a high degree of freedom lead to an inhomogeneous ionic structure of the ionic
liquid and therefore the lattice energies can easily be overcome, so that the melting points
of these compounds are low.*> A low tendency for hydrogen bond interactions*®>*” and a
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big and unsymmetrical counter ion leads to a further decrease of the melting point.3!>48

However, like many other liquids, ILs show structural motifs even in the molten state. At
first glance, it is impossible to bring this in line with the inhomogeneous ionic structure.
It is, in fact, more a matter of sub-structure of lower order, which should not be mixed up
with ionic long-range order, as J. Dupont and co-workers could show.?® Today, we know
that the differences between molten salts and ionic liquids do not lead to the replacement of
one or the other, but refine their distinct application in physical or chemical investigations.

Table 1.1: Melting points of salts, molten salts and ionic liquids.?*

melting point melting point
°C] °C]
NaCl 801 emim Cl 87
LiCl 615 emim NOj 38
mmim CI 125 emim BFy 6
bmim CI 65 emim CF3CO, —14

Besides the above stated structural and electrical properties, ionic liquids show ex-
tremely low vapour pressures. The negligible tendency for vaporisation is even true for
higher temperatures. Their decomposition temperature is also very high but depends on
side chains and functional groups.?? Some ionic liquids can be heated up to 350°C and
still show long-term thermal stability (12h and more). The boiling points of many ionic
liquids are not explicitly mentioned, because they are often coincidental with their decom-
position points. Nonetheless, some ionic liquids, i.e. emim NTfy or dmim NTfs, have been
successfully distilled at 300°C and 6 mbar within 4-6h by K. Seddon, J. Widegren and
co-workers in a Kugelrohr apparatus.*® Mainly imidazolium based ionic liquids show high
thermal stability. The fractions of decomposed IL in the distillate were usually below 1%
and could not be distinguished from initial contamination. In sum, many ILs show a wide
liquid region (AT = Tpoi - Thnerr = 150-310°C) which is far beyond that of for instance
water (AT = 100°C) or dichloromethane (AT = 136°C).

Although ionic liquids are made up of ion clusters,*! they cannot be treated as polar sol-
vents in general. Many ILs are hardly miscible with water and show phase separation.
Polarity, but also acidity and basicity differ tremendously according to substituents and
functional groups. These properties have been summarized for conventional solvents and
are named Kamlet-Taft parameters o, B and 7*.50 P. Jessop and D. Jessop have deter-
mined the Kamlet-Taft parameters for several ionic liquids:®' «a, § and 7*-values vary
strongly depending on the combination of cation and anion. Hence, ionic liquids show very
favourable solvating properties for a broad range of polar and non-polar substances.
Other remarkable properties of many ionic liquids are relatively low electrical and thermal
conductivities, which is surprising, due to their ionic nature. They also exhibit high spe-
cific heat capacities, high viscosity and frequently show chemical and physical inertness.
Since ionic liquids differ significantly in their physico-chemical properties (see Kamlet-Taft
parameters) a prediction of the latter is, if not impossible, at the very least not reliable.

1.2.3 Applications of Ionic Liquids

Even though ionic liquids show remarkable properties, up to now there is limited indus-
trial use for them, especially in the synthesis of bulk chemicals. The most cited industrial

4
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process in which ILs play a role, is "ionikylation".?? This represents the synthesis of gaso-
line additives with high research octane numbers (RONs) based upon iso-butane to yield
trimethylpentanes. The used ionic liquid (bmim AlCly) replaces hazardous hydrofluoric
acid and sulfuric acid, which is highly beneficial due to the low toxicity of the ionic liquid.
AlCl3, HCI and CuCl are added to the ionic liquid as catalyst precursors and to provide
sufficient acidity. Another process including ionic liquids was presented by BASF and
called BASIL process.”® To be precisely, alkylimidazoles were added as a base and after
protonation they form the ionic liquid which can easily be separated. That means, the
imidazolium IL itself is not active in the whole reaction at all. A more convincing appli-
cation for ILs could be their use in batch reactions for the synthesis of fine chemicals. R.
Giernoth et al. showed that ionic liquids can act as pharmaceuticals simply by function-
alization of imidazolium-based ionic liquids in combination with various anions.’* They
show remarkable antibiotic and analgesic activity. Due to their large liquid region, ionic
liquids are used as transportation fluids for thermal energy (heat carrier) in solar thermal
energy plants.’®> bmim BF for example shows liquid behaviour between -71°C and 450 °C
(thermal degradation is not monitored over a long period). Due to their high heat capac-
ity, ionic liquids are also superior as (thermal) energy storage media. The assembly and
performance of lithium ion batteries could be significantly improved by using ionic liquids
as electrolyte. In 2005 N. Takami et al. presented a lithium/air-cell working for 56 days
with a discharge capacity of 5,360 mAh/g by using emim NTfy — commercially available
batteries show capacities of 1,700-2,500 mAh.56

Although the usage of ionic liquids to dissolve biomass seems to be a new and upcoming
trend for the usage of ionic liquids, C. Graenacher already stated in 1934, that cellulose
could be dissolved in "halide salts of nitrogen containing bases", such as 1-benzylpyridinium
chloride or 1-ethylpyridinium chloride, at temperatures above 100 °C.5" However, in those
days the utilization of biomass as feedstock material has not been of economical interest
as it is today. In fact, the dissolution of biomass and the separation of its components to
make the latter suitable as feedstock for the synthesis of future base- and fine chemicals
is a major goal in ionic liquid science.”® Lignin and (hemi-)cellulose belong to the largest
and naturally most abundant resources. Common ionic liquid motifs for solubilisation of
cellulose are pyrrolidinium and imidazolium chlorides.”® While the synthesis of furfural
and its derivatives is already advanced concerning the lab-scale,%? all processes for indus-
trial applications still show economical disadvantages and are technically demanding. It
would be desirable to exploit this source of raw material because the recent key source for
chemicals of great value - crude fossil oil - will run short in a few decades. A comprehensive
overview about current techniques and technologies is given elsewhere.5!

1.2.4 Nanoparticles in Ionic Liquids

In chemical catalyses the interaction between catalyst, substrates/educts, products and
surfactants plays a critical role concerning the outcome of the reaction. Dealing with
nanoparticles in ionic liquids, the IL is simultaneously the solvent and surfactant. Dur-
ing nanoparticle syntheses, the ionic liquid provides a reaction matrix for the synthesis
of the crystal seeds and the particle ripening, but also prevents intensive particle growth
and aggregation by so-called electrosteric shielding (Figure 1.3 C, D).3% This is a combina-
tion of coulombic repulsive (electrostatic) interaction, which is known from ionic additives
(Figure 1.3 B) and steric shielding, arising from bulky surfactants (ligands or polymers,
Figure 1.3 A). In contrast to surfactants which are anchored to the particle surface, co-
ordinated and unbound IL molecules are in a dynamic equilibrium. Functional groups of
the ionic liquid’s side-chains, like CN, OH, NHs etc. can intensify the interaction with the
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62,63 64,65

nanoparticle surface and improve the shielding of the nanoparticle (Figure 1.3).
During a catalytic reaction, catalyst and educt form an activated complex. On the one
hand, this is supposed to happen directly on the surface of a nanoparticle, which is com-
monly true in hydrogenation reactions in ionic liquids. On the other hand, the nanoparticle
can also serve as a reservoir for molecular catalyst species. The latter can be leached from
the particle surface either by oxidative addition/insertion or stepwise by dissolution of
small metal clusters and further leaching. Cross-coupling reactions for example are sup-
posed to be catalyzed by molecular species and do not form educt/catalyst complexes on
the surface of nanoparticles. The true mechanism for the generation of molecular catalyst
species out of a nanoparticle reservoir is hardly investigated and only little understood as
Beletskaya et al. recently showed.5

A

®®
© e

Figure 1.3: Surfactants of particles: A amines as surfactants (steric shielding), B ionic
salts as surfactants (electrostatic shielding), C ionic liquids as surfactant (electrosteric
shielding), D functionalized ionic liquids as surfactants (electrosteric shielding).

1.3 Nanoparticles and Nanoscale Structures

Nanoparticles and other nano structures of higher dimensionality are known in manifold
geometries and symmetries.5”% Triangular, hollow, octahedral, tetrahedral and of course
spherical shapes are well known for nanoparticles. Rods, wires, belts and ribbons can
be realized for one-dimensional nano structures, whereas platelets and flakes are consid-
ered to be two-dimensional structures. Nanoscale lattices and frameworks rather belong
to three-dimensional nano structures. However, a distinct subdivision into these four di-
mensionalities cannot be made: A clear differentiation between these objects is difficult,
because they always show a three-dimensional extension. The prefixes 0D, 1D, 2D and
3D rather indicate the major growth directions (Figure 1.4). Nanoparticles are known
for the majority of metals, e.g. in their elemental form, as transition metal chalcogenides
and halides or as composition of main group elements. Already in the early 20" century,
nanoparticles, especially of the late transition metals and their oxides, have aroused interest
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concerning their use as catalysts in chemical reactions, although they were often called col-
loids or colloidal particles, due to their behavior to be incorporated in stable dispersions.®?
In literature phrases like nano cluster, nano powder or nano crystals are sometimes uti-
lized. The latter refers to mainly inorganic and highly crystalline nano particles, whereas
nano clusters should be sized below 10 nm. Nano powders, however, are supposed to repre-
sent agglomerates and aggregates of nanoparticles with sizes below 1000 nm. Nevertheless,
those phrases are not common nor internationally accepted.™

0D 1D 2D

Figure 1.4: Zero-, one- and two-dimensional nano structures.

1.3.1 Syntheses of Nanoscopic Materials

Nanometer sized structures have not been invented or firstly realized by mankind, but
are naturally abundant in fine powders like ashes or dusts, in minerals like opals, in the
biosphere (e.g. on surfaces of leaves or animal feet) or are formed by viruses.”! Though,
most of the anthropogenic nano materials are synthesized accidentally in industrial com-
bustion or during the production of construction materials. For the specific synthesis of
nanoparticles there are two main principles: The fop-down method, including grinding
and milling of powders, ablation techniques fromn targets or etching. On the contrary, the
bottom-up methods involve precipitation, sol-gel processes, vapour depositions, lithography
or epitaxy.”>™ For chemical applications, solvothermal syntheses of nano materials are
very popular and well investigated.”™ ™ They bear the advantage to control size and shape
by adjusting the reaction parameters without the necessity of technically sophisticated set-
ups. Moreover, doping and surface functionalisation can be easily performed by adding
the corresponding additives to the reaction medium.

The principle of the nanoparticle formation is often referred to the LaMer-mechanism
introduced by V. K. LaMer and co-workers in the early 1950s.7%77 In short, the LaMer-
mechanism proposes, that nucleation can only occur in supersaturated (precursor-)
solutions. Initially the concentration of the pecursor should rapidly increase (phase I
Figure 1.5). In accordance with statistical mechanics, the energy barrier of nucleation
can only be surmounted in supersaturated solutions, where the probability of bimolecular
stepwise additions is sufficiently high (phase IT Figure 1.5). The formation of nuclei leads
to a decrease of the concentration in the solution which ceases the nucleation. Further
growth of each nucleus by diffusion controlled agglomeration (e.g. Ostwald ripening) leads
to consumption of the particle precursor (phase III Figure 1.5). This temporal separation
of nucleation and growth is the key idea of the LaMer-mechanism.

In contrast, M. A. Watzky and R. G. Finke proposed a different course of events.”® They
introduced a mechanism in which again, nucleation and growth are separated in time,
but the nucleation is of slow and of continuous manner without the dependency on su-
persaturated solutions. Furthermore, the particle growth is fast and the rate determining
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step is the auto-catalytic and surface-controlled incorporation of monomers to the particle.
This means, particle growth is not controlled by diffusion. The proposed mechanism is
confirmed by their experimental data showing the precipitation of Ir nanoparticles with
[BusN]oP2aW15Nb3Og2 as surface stabiliser. It is also in good agreement with the theory
and findings of J. Turkevich and co-workers from 1951 who showed that nanoparticles can
also be synthesized from a bittern not showing supersaturation.”

critical limiting supersaturation

- rapid self-
B nucleation

prec

critical nucleation concentration

growth hy
diffusion

concentration
1

time

Figure 1.5: Graphical sketch of the LaMer-mechanism. I) Increasing precursor concen-
tration, IT) self nucleation and IIT) diffusion controlled growth of nano structures. Adapted
from ref.”

Of course, there are plenty of different types of precursors for the solvothermal synthesis
of nanoparticles. The most convenient way to synthesise particles is to use an affordable,
non-toxic and insensitive precursor, like simple metal salts. In some cases it is highly
recommended to use rather sophisticated as-prepared single source precursors (especially in
the case of mixed-metal particles) to prevent or minimize the contamination with undesired
by-products such as halides or sulfides.3%3! Designed mixed metal precursors also bear the
advantage to simplify the build-up of hybrid structures. Hybrid structures of nanoparticles
represent a distinct group of nano structures - in fact, hybrid structures also exist for 1D,
2D or 3D structures and are built up analogously.82-84

0

Figure 1.6: Three types of hybrid materials: A Surface decorated particle, B core-shell
particle and C solid core-shell particle.
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1. Introduction

The most common hybrid nanoparticle type is the so-called core-shell particle (Fig-
ure 1.6), which is a particle core made of compound A surrounded by a shell made of
compound B.8% In terms of definition it does not matter if the particles’ surface is only
enriched by one component or is solely composed of the latter. Furthermore, the core and
the shell are not necessarily solidly linked.® Nanoparticles with a surface functionalisation
(sometimes also called: decoration) represent another group of hybrid materials. Hereby,
smaller nanoparticles or nanoscale structures are anchored on the particles’ surface but do
not cover it completely.8”-88 If nanoparticles are surrounded by an organic surfactant one
speaks of organic-inorganic (O-I) hybrid nano materials.

In solvothermal syntheses the build-up of nanoparticles can either occur by reduction or by
oxidation of the precursor, by thermal decomposition or base-/acid-catalyzed polymeriza-
tion. Reduction of the particle precursor mainly leads to metal nanoparticles (M-NP) but
can also yield, i.e. chalcogenides of lower oxidation state. Basically all kinds of reducing
agents can be used for the synthesis of nanoparticles, like NaBH,,% citric acid,”® (poly)-
alcohols, 192 silanes® and amines.?»% Gaseous reducing agents like molecular hydrogen
are very popular because of their clean and residue-free use.?®

Oxidation of nanoparticles usually occurs during their synthesis under non-inert conditions
and leads to metal oxide nanoparticles (MO-NP) of different structures and morpholo-
gies.?"98 In a way, atmospheric oxygen is the most common oxidant. Noble metals like Pd
tend to withstand oxidation under ambient conditions. Higher oxygen pressures?® or high
calcination temperatures in an inorganic matrix'% lead to finely divided PdO nanopar-
ticles, though. Thermal decomposition of metal(0) complexes (mainly) leads to M-NP.
Typical complexes can be for instance M(COD)- or M(CO),-type. Mild reaction condi-
tions are characteristic for this kind of nanoparticle synthesis.? Base- or acid-catalyzed
solvothermal syntheses are similar to sol-gel syntheses but do not lead to (hydro-)gels;
instead rather colloidal dispersions are built up.

For solvothermal processes two methodologies are mainly used to generate temperatures
which are required to induce particle formation — thermal and microwave assisted heat-
ing. Especially for nanoparticle syntheses the way of heating is crucial for the outcome
of the reaction, since size, shape and morphology can be influenced by the heating ramp,
the duration and the shape of the heating source (surface vs. spot heating).!?!:10? Be-
sides thermal heating, microwave assisted irradiation or heating via IR-radiation have been
intensively investigated.'%3

1.3.2 Physical and Chemical Properties of Nanoscopic Materials

Nanoscale particles or structures of higher dimensionality can be seen as the link between
bulk materials and materials of molecular and atomic size. On the one hand, nanoparti-
cles show versatile and unique physical and chemical surface effects (adsorption, surface
reactions etc.). On the other hand, small particles form stable dispersions and seem to be
dissolved in liquids. In contrast to bulk materials, the amount of surface atoms is signifi-
cantly higher (Figure 1.7), the smaller the considered nanoparticles are, which is especially
true for particles sized below 10 nm.!04

In fact, the underlying factor for these astonishing abilities is the Gibbs energy Giotar
of the considered structure.'®® For particles the Gibbs energy is composed of the Gibbs
energy of the bulk material Gy and the Gibbs surface energy Ggyr ]cace:m6

Gtotal = Gbulk + 'YASurface (11)
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surface atoms [%]

particle size

Figure 1.7: This schematic drawing demonstrates qualitatively how the relative amount
of surface atoms is decreasing with growing particle size.

GSurface = ’YASurface (12)

7 - surface tension, A gy, fqce - Nanoparticle surface

One can clearly see that the nanoparticle’s surface Agy,fqce contributes tremendously
to the Gibbs energy, whilst it is negligible for macroscopic particles or bulk material.197-108
This is also true for the solubility of particles, which is described by the Ostwald-Freundlich
equation.'??

S 29V
— Z/iom 1.
S exp( . ) (1.3)

S - Solubility, Sg - Solubility of bulk material, R - gas constant, T - temperature, V,, -
molar Volume, r - particle radius.

The solubility of the particle increases drastically considering the above stated equa-
tion as the particle size decreases. According to this relationship the surface energy and
particle size strongly determine the solubility of the nano material, which is obvious from
what is experimentally well known: Small particles are better soluble than bigger ones. Be-
sides the dissolution of small particles, the precipitation of nanoparticles from a dispersion
leading to bulk or aggregated material is another challenging point. In the simplified case
of spherical metallic nanoparticles the total free interaction energy between two particles
Einteraction 18 given by the sum of all applied van-der- Waals forces (mainly attractive) Ey g

and electrostatic forces (mainly repulsive) Eqg:!10

Einteract'ion = Evdw + Eest (14)

In this case, the pH-value and the ionic strength influence the net force (attractive
or repulsive) significantly, leading to aggregation or to a stable dispersion.!!'! At a cer-
tain pH-value (or a concentration value for other ions in non-aqueous media), the so-called
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point of zero charge (pHZPC), the surface charge of the nanoparticle is compensated which
consequently leads to aggregation. In order to prevent nanoparticle aggregation the sum
of repulsive forces must overcome the sum of attractive forces, which is already stated
in the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory and its extensions (for further
details it is kindly referred to ongoing literature).''!>12 Besides electrostatic forces the
extended DLVO theory includes also non-electrostatic forces mainly attributed to surface
functionalisations and cavities which are responsible for interaction with solvent molecules
(Figure 1.8).1'3 These interactions are mainly of steric nature, but also osmotic forces aris-
ing from solvent molecules within the surfactant layer and an elastic energy contribution
(due to entropy loss upon coating layer compression) are considered.

DLVO theory extended DLVO theory
ticle-particl particle-solvent
pairnltcefaf:);;rl]c ; QO (% g)o interaction @

van-der-Waals
forces

electrostatic 06 O ?)O&) @
forces
N > P
Q

e H
oo

Figure 1.8: Schematic view of the DLVO and extended DLVO theory.

As the diameter of nanoscale materials becomes smaller, optical and electrical effects
which are rather unexpected can be observed. This is especially true if the size of the
considered nano material decreases to the range of the length of an electromagnetic wave
(e.g. photon). As the materials are now confined in one or more dimensions, the en-
ergy levels start to differ from those in bulk state and become discrete.''* The resulting
effects are e.g. quantum confinement and surface plasmon resonance. The macroscopic
phenomena resulting from these effects are colored nanoparticle dispersions,''> decreased
melting points,''® superparamagnetism'!'? or semiconductive behavior of nano materials,
which show dielectric behavior in the bulk state.!!8

1.3.3 Application of Nanoparticles

The unique properties of nano materials and especially of nanoparticles have been inten-
sively investigated within the last three decades. Numerous new inventions have emerged
out of these innovative materials and led to industrial applications and products.':120
Nanoparticles are today commonly incorporated into textiles, coatings and cosmetics.
Typical for these low-cost applications are compounds like TiOg, SiO and AlyOg.1217124
Nanoparticles seem to have big potential as semi conductive materials for hydrogen gener-
ation (water-splitting), as (gas-)sensors, for light-harvesting applications or in integrated
circuits. Cheap materials as ZnO are very promising for semi conductor applications due
to its mechanical and chemical robustness as well as its abundance.'?3126 Nanoparticles
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are already used for medical applications, for targeted medication and drug delivery, pros-
thesis cementation and anti-cancer therapy.'?” Due to their ability to be easily absorbed
by human cells, small nanoparticles can also be used for treatments in very sensitive parts
of the human body. Current investigation focuses on the development of anti-fungal, an-
tibacterial and antiphlogistic particles.'?® As the nanoparticles surface-to-volume ratio is
extremely high, it can be used as a surface template. Surfactants can be applied to the
surface and go for filtering of drinking water,??130 detoxification of air or absorption of
gases. 3!

Reinforcement of common materials like plastics or fabric composites is another big target
for the application of nano materials.'3? Usually the use of small amounts of nanoparticles
or nano fibres is sufficient to increase the mechanical strength of structural elements.!33
In these cases, the nanoparticles transfer their own properties to the surrounding medium,
leading to an overall stabilization. The aim is to produce components of lower weight to
save energy in transportation, heating and production applications. In terms of construc-
tion materials, nanoparticles have also become additives of high demand.'* Nanoscale
structures are incorporated in technical glues,'?® insulating materials, concrete!36 or ce-
ment blends!'7

or used to change hydrophilic to hydrophobic behavior of outdoor coat-
ings. 138,139

1.4 Catalyses

This chapter describes nanoparticles as catalysts and gives mechanistic insights into the
reaction pathways of catalyses, which will be discussed in the following section. It is
subdivided into nanocatalysis in classical solvents and nanocatalysis in ionic liquids.

1.4.1 Nanocatalysis

The application of nanoparticles as catalysts for chemical reactions is one of the most de-
veloping research areas in chemical science. In 1927 W. Hiickel already presented Pt, Pd, Ir
and Os colloids as catalysts for hydrogenation and oxidation reactions.%? The colloid syn-
theses were already mentioned by C. Paal and C. Amberger between 1904 and 1907.140-143
Further work on colloidal catalysts was performed by A. Skita and W. A. Meyer between
1912 and 1923 mainly for hydrogenation reactions.'** The scientific success of homoge-
neous catalysis more and more displaced colloidal catalysis in the following years. In 1996
Bonnemann’s group contributed essentially to the rediscovery of the catalytic abilities of
nanoparticles of Pt and Rh.1%:17:145 Thege have also been employed for hydrogenation and
oxidation reactions of organic substrates. In the same year M. Reetz presented the first Pd
nanoparticle catalyzed C-C coupling reactions.'#6: 17 In the following years, the catalyst
loading of the Heck reaction could even be improved in co-operation with J. G. de Vries.'48
Catalysts for other types of reactions have been discovered at the end of the 1990s. J. H.
Ding and D. L. Gin showed a tandem hydrogenation/Heck olefination in 2000 with Pd
nanoparticles as catalysts.'*® M. A. El-Sayed presented Pd nanoparticles as effective cata-
lysts for Suzuki reactions.! Today, all kinds of (late) transition metal elements heve been
realized on the nanoscale and used as catalysts. The most popular ones are metals of the
platinum group (Ru,'®! Rh,'%2 Pd,!53 Os,'5* Ir,155 P156) usually showing the highest ac-
tivities and selectivity for hydrogenations, cross-coupling reactions, (de-)functionalisation
and metathesis reactions. Lately, nanoparticles consisting of Fe 3157 Col%8 and Ni® were
shown to be active in several reactions, too. The coinage metals Cu, Ag and Au represent
a further potent group of nanoscale catalysts, e.g. for "click" chemistry, steam reforming,
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oxidation or hydrosilylation reactions.!69-163 Especially gold, usually known as an element
resisting numerous reactions in bulk state, changes its reactivity and catalytic potential
in the nanoscale. The chemistry of gold nano catalysts prospered within the last 10 years
and the noble metal has become a quite popular catalyst material.

As the price of many nano catalysts and their precursors (mainly those of the platinum
group as well as gold) is disproportionally high, the demand for cheaper and more re-
sistive catalysts, which are also applicable in industrial processes, rises.3% 157:159,164 e
to their low price, unique redox resistivity and feasible synthesis, most oxide materials of
common trangition metals are considered as alternative for established noble metals. Some
typical representatives of transition metal oxide catalysts are iron oxides,'6% 6 copper
oxides, 718 nickel oxide!®? and zinc oxide.'?%126 These catalysts show good results in
certain catalyses, like steam reforming or coupling reactions, but their reactivity is usually
not comparable to sophisticated noble metal catalysts. Nevertheless, intensive work and
optimization is done on the performance of nanoscale transition metal oxide catalysts.

1.4.2 Carbon-Carbon Cross-Coupling Reactions

Classical cross-coupling reactions of Suzuki-,'"" Heck- or Sonogashira-type'™ are well
known in literature and the reaction mechanisms have already been elucidated for ho-
mogeneous systems. "> Of course, these C-C coupling reactions differ in the applied cat-
alyst metals or coupling reagents and there are also differences in their exact reaction
mechanism, which is especially true for the Heck olefination. But in sum, there is a very
general catalytic cycle shown in Figure 1.9 which describes all C-C cross-coupling reactions
sufficiently and emphasizes the similarities between them.

2
1 R X  RM
R _Pd
X L L
transmetalation
oxidative addition )} (n X—M
0 2
Pd L, Rj _R
/Pd\
L
R. 2 (1)

reductive elimination

Figure 1.9: Palladium catalysed carbon-carbon cross-coupling mechanism.

Usually, the oxidative addition (I) is the starting point in the catalytic cycle, because it
is the rate determining step. A M(0) species, commonly used is Pd, undergoes a insertion
into a C-X bond (where X is usually a halide or pseudohalide). During this step, the
catalyst is oxidized from oxidation state 0 to oxidation state II. After that, the preformed
M(II) complex undergoes transmetalation (IT) with another organometallic compound. For
Suzuki reactions, organoboron compounds are used, in Sonogashira reactions organocopper
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species are preformed. In Heck reactions the transmetalation does not occur, due to a
missing organometallic compound. The reaction pathway continues via a base induced
B-hydride-shift. The organometalate complex M(II)R!R? can now undergo a reductive
elimination (III) to yield the coupled product R'R? and the regenerated M(0) catalyst.
R!' and R? can be aryl-, vinyl- or alkynyl-groups (which are nowadays readily available). By
this, cross-coupling reactions lead to a plethora of different coupling products which makes
them versatile synthetic tools. Usually, an additional base is required for all cross-coupling
reactions.

1.4.3 Carbon-Heteroatom Cross-Coupling Reactions

C-Y (Y =N, O, S) cross coupling reactions are of special interest, due to the wide spread
prevalence of carbon heteroatom bonds in natural compounds. One of the most popu-
lar C-N cross coupling reactions is the Buchwald-Hartwig reaction. During the catalytic
process usually an aryl halide is coupled with an amine to give an aryl amine derivative
(e.g. aniline). The reaction steps (I) and (III) are supposed to be analogue to the C-C
cross coupling reactions (see Figure 1.9), but the transmetalation step is missing and re-
placed by a base promoted amination of the organo-metalate (II) followed by the reductive
elimination (III).!"

1.4.4 Deoxygenation and Decarboxylation Reactions

Cco,

decarboxylation

O [Cu]

HX

OH

[Cu] X (1) protonation
’/“ HX

Figure 1.10: Mechanistic overview of a decarboxylative defunctionalisation.

Besides (cross-) coupling reactions, defunctionalisation reactions of organic molecules
are of great benefit. However, this kind of catalysis is far less investigated and sparsely
understood. Breaking a C-C bond (345 kJ/mol) is nearly impossible at mild conditions
without the use of a catalyst.'™ Since carboxylate groups are a very common motif in
natural abundant chemical compounds like lignin or fatty acids,'”* it is highly desirable to
decarboxylate them. In fact, this is one of the main concerns of biomass conversion into
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bulk chemicals.®! Fatty acids can undergo different kinds of deoxygenation reactions in-

cluding decarbonylation and decarboxylation.!”™ Usually a Cu(I) or Pd(II) catalyst serves
as decarboxylation catalyst in the first and rate determining reaction step (Figure 1.10).
Thereby, the transition metal is coordinatively added to the carboxylate (I) and then in-
serts into the C-C bond via extrusion of COy ((IT), Figure 1.10). After aqueous (protic)
work-up, the aryl-metalate is protonated to yield the defunctionalized product (III).

1.4.5 Decarboxylative Cross-Coupling Reactions

| g
] 9
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NO, NO,
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reductive elimination

transmetalation ||
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Figure 1.11: Proposed mechanism for the decarboxylative cross-coupling reaction with
Cu(T) and Pd(0) as catalysts.

Alternatively, benzoic acids can not only be decarboxylated, but also serve as coupling
partners in C-C cross-coupling reactions. Myers et al.'"® and later Goofen et al'"7 pre-
sented a versatile decarboxylative cross-coupling reaction of various benzoic acids. In an
aprotic milieu a stable aryl-Cu compound can be formed via decarboxylation (A in Fig-
ure 1.11). Subsequently the aryl cuprate can undergo a transmetalation (II) with another
organometalate (aryl-Pd) which is generated by an oxidative addition (I) to an aryl halide.
After the transmetalation, the copper catalyst is released to the reaction medium and the
bis-organometalate undergoes reductive elimination (III), yielding the final coupling pro-
duct. The use of stoichiometric amounts of organometallic compounds (like organoboron,
organotin etc.) is not necessary in this cross-coupling reaction. As decarboxylation cata-
lyst also Pd'™ or Ag!™ can be used. The decarboxylative cross-coupling has not been
realized with nanocatalysts yet.

1.4.6 Catalysis in Ionic Liquids

The main scientific topics in ionic liquid investigation are chemical reactions, catalyses and
catalyst preparations as well as the interaction between ionic liquids and nanoparticles.
Since these sub-chapters closely correlate with each other they are treated together in this
work. Chemical reactions realized and promoted by ionic liquids (which were intended
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and did not happen by accident) were firstly described in the late 1980s. J. S. Wilkes in
1986 showed that Friedel-Crafts reactions could be conducted in acidic chloroaluminate
ionic liquids in which the ionic liquid acted as the catalyst itself.'”® One year earlier, in
1985, S. E. Fry and N. J. Pienta presented a nucleophilic aromatic substitution reaction
in phosphonium halide melts.'™ Later on, in 1990, V. Chauvin et al. presented a propene
dimerization in ionic liquids like bmim Cl, bmpyrr Cl and n-BuyPCl with chloroaluminate
salts as additives.'®" In the same year, J. S. Wilkes and R. T. Carlin demonstrated success-
fully the Ziegler-Natta polymerization of ethylene in bmim Cl with a titanium /aluminate
catalyst dissolved.'®! The development of ionic liquids led to the usage of tetrafluoroborate
anions, which show a much lower sensitivity towards functional groups as the chloroalu-
minates do. Y. Chauvin et al. presented a hydroformylation of olefins with a rhodium
catalyst in bmim BF,.182:183

All the above introduced reactions and catalyses were supposed to be homogeneous;
the catalyst itself is dissolved as metal ion or as a complex in the ionic liquid. In 1996, D.
E. Kaufmann and co-workers published a Heck olefination in tetraalkyl ammonium and
tetraalkyl phosphonium "molten salts" with remarkable yields.'®* Interestingly, they made
a slight remark concerning the precipitation of Pd(0) clusters and the stabilizing effect of
the molten salt. This is supposed to be the first (maybe accidentally) proven catalysis
driven by nanoparticles stabilized in an ionic liquid. M. T. Reetz et al."*6™7 as well as M.
Beller et al.'® also showed the activity of Pd nanoparticles, but not the stabilizing effects
of ionic liquids. In the same year, T. Jeffery found out that tetraalkyl ammonium salts
(bromides, hydrogen sulfates and chlorides) had a beneficial effect on Heck-type reactions
with a utilized Pd(0) catalyst.!®® They were added and supposed to act as a base, but
showed their remarkable effect only when added in excess. Two years later, in 1998, 7.
Jeffery and M. David introduced a more generalized method also utilizing n-BuyNOAc,
which became widely known as "Jeffery-system" for the synthesis of Pd(0) catalysts.'®”
M. T. Reetz and E. Westermann could proof in 2000 that the high amount of tetraalkyl
ammonium salt had a stabilizing effect on the formed nanoparticles and was therefore
the catalyst(-reservoir).'® In 2003 V. Calé and his group presented a Heck olefination
catalyzed by Pd nanoparticles in n-BuyNBr (TBAB) as pure reaction medium - and not
as a base, as intended in previous reports.'®® M. T. Reetz and J. G. de Vries further
developed the Jeffery-system and minimized the amount of used Pd nanoparticle catalyst
in a Heck reaction to the range of 0.1-0.00125 mol%.14® 157 This was the initial spark for
an upcoming and extensive investigation on the use of ionic liquids as reaction media for
nano catalyses.

Today many catalytic applications with nanoparticles in ionic liquids are equal to ho-
mogeneous catalysis or show superior yields. Very prominent are Pd nanoparticles in C-C
cross-coupling reactions. Deshmukh et al. introduced a Heck olefination of aryl iodides
with alkenes and alkynes in bmim Br and bmim BF4 with Pd nanoparticles already in 2001
at temperatures as low as 30 °C with ultrasonic enhancement.'® In 2009 V. Calé and
co-workers showed, that deactivated alkenes and aryl chlorides can be coupled smoothly
with Pd nanoparticles in n-BuyNBr with n-BuyNOAc as base.3” There are also exam-
ples for nanoparticle catalyzed cross-couplings in ionic liquids for the Suzuki- Miyaura or
the Sonogashira coupling. One interesting approach towards biphenyl derivatives was pre-
sented in 2009 by J. Durand.'®' Pd nanoparticles in bmim PFg showed remarkable activity
for the coupling of bromobenzenes with phenylboronic acid. Within one hour, complete
conversion was achieved. 1-Methyl-3-(2-mercaptoacetoxyethyl) imidazolium chloride as a
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functionalized imidazolium based ionic liquid was used by H. J. Zhang et al. to perform
a Sonogashira cross coupling reaction. lodobenzene and phenyl acetylene can be cou-
pled smoothly.'92 Furthermore, Ullmann and Stille reactions are known with nanoscale
nanoparticles.!®® Since the examples for nanoparticle catalyzed cross-coupling reactions
are numerous in literature, a comprehensive review about Pd nanoparticle catalyzed cross-
coupling reactions in ionic liquids can be found in Chapter 3 (3.6 Coupling Reactions in
Tonic Liquids: Metal Nanoparticles).'%

Besides cross-coupling reactions, also nanoscale hydrogenative catalysis is commonly con-
ducted in IL media. J. Dupont et al. introduced a rhodium and iridium nanoparticle cat-
alyzed hydrogenation of alkenes in bmim BF4 and bmim PFg, respectively.'?*19% Later on,
the Pd nanoparticle catalyzed hydrogenation of alkynes could be established in C3CNmim
NTf,, t00.1% Important to note are also hydrogenation reactions of arenes (toluene, cy-
clohexene...) with Ir,'% Rh,'98 Pt1%9 or Ru?° nanoparticles in various imidazolium based
ionic liquids. These are capable to hydrogenate aromatic bonds and employ a completely
different reaction mechanism on the nanoparticles’ surface. Besides this, typical functio-
nalisation reactions like borylations,?! hydrosilylations?°? or Fischer- Tropsch reactions?%3
are known with nanoscale catalysts in ionic liquids. And also catalytic defunctionalisation
reactions like decarboxylations?® or hydrodehalogenations®** with CuyO and Pd nanopar-
ticles are known, respectively.
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2 Scientific Aim

Establishing new synthetic methods for nano materials as catalysts for chemical reactions
and their implementation into chemical reactions, with a focus on decarboxylative reac-
tions, is the aim of this dissertation. The here presented topic is threefold: Nanoparticle
synthesis and coincident incorporation into ionic liquids as well as the use of the nanoparti-
cle/IL system in catalysis. Additionally, two overviewing articles concerning homogeneous
and nanoscale catalyses shall highlight state of the art developments and background.
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Figure 2.1: Subdivision of topics in this dissertation.

A versatile set of ionic liquids as reaction media for the nanoparticle syntheses is crucial.
At first, this set should contain new as well as well-known ILs, in order to compare shape,
size and morphology of the synthesized nano structures. Besides very popular imidazolium-
based ionic liquids, which have been used for several other homogeneous, heterogeneous and
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also nanoscale catalyses, phosphonium-based ionic liquids should be used as well. Their
application in nano catalysis is rather scarce, even though they show remarkable stabilizing
properties for nanoparticles.'8* The aspiration towards the ionic liquids is demanding: Low
toxicity, low melting points and outstanding stabilizing effects towards the nanoparticles.
With regard to the principles of "Green Chemistry", the synthesis of the ILs should be
simple, few-stepped and straight forward, since their purification is challenging and would
involve undesirable and toxic additives or produce extensive amounts of waste.

Secondly, nanoparticle precursors which are readily available and easy to handle, are sup-
posed to be used and no purification should be necessary. The synthesis of sophisticated
precursors often seems to be beneficial to yield pure and homogeneously divided nanopar-
ticles, but involves large amounts of resources (energy, time, feedstock). To overcome these
limitations with simple precursors, the reaction parameters and the work-up should prefer-
ably be sophisticated and optimized. Usually metal halides (CuCly, PdCly) are used as
cheap precursors. However, halide ions are known to be fairly strong coordinating ligands
(blocking the particle surface) and they further contaminate the catalytic phase.*® In this
context, acetate- and carbonate-based precursors might be more convenient, as they sim-
ply decarboxylate at elevated temperatures. The extrusion of non-toxic and gaseous COsg
does not soil the catalytic phase at all. Furthermore, it is a central aim in this project
to avoid reductive additives for the nanoparticle synthesis. Although molecular hydrogen
is often utilized in thermal reductions of nanoparticle precursors and is thereby called en-
vironmentally friendly, it is mainly produced during syn-gas reactions. This involves not
only a high energy consumption and an extensive CO2 emission, but also the use of fossil
resources which is environmentally unfavourable. The here presented approach renounces
the use of additives and tries to establish a reductive milieu provided by the ionic liquid
or the catalyst precursor itself.

In the third place, it is further designated to show the catalytic properties of a variety
of selected nano materials and herein it should be demonstrated that well-known and ho-
mogeneously catalyzed reactions can also be conducted with nanoscale catalysts. Today
the number of publications about nanoscale catalysis is emerging. But surprisingly, there
is only little literature about new nanoscale reactions, e.g. Stephens-Castro-, Buchwald-
Hartwig- or Negishi-reactions have not been realized for nanocatalyses although other
classical cross-coupling reactions are well known with nanocatalysts. Up to now, the de-
carboxylation of benzoic acids are likewise unknown on the nano scale.
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3 Results and Discussion

In this dissertation the following chapter "Results and discussion" comprises five already
published manuscripts and one published book-chapter. All text-content, pictures, schemes
and tables are under copyright of Wiley-VCH (Weinheim) or the Royal Society of Chem-
istry (London) and reproduced with the corresponding permission (see Appendix). All
publications are formatted to DIN A4 as claimed by attachment 4.b.3 of the PhD reg-
ulations 10/05/2012 (Anhang 4.b.3 der "Ordnung zur Anderung der Promotionsordnung
der Mathematisch-Naturwissenschaftlichen Fakultit der Universitdt zu Kéln vom 10. Mai
2012"). The following articles, listed in the order in which they appear in this thesis, are
included:

Original research papers:

e M. T. Kefler, C. Gedig, S. Sahler, P. Wand, S. Robke, M. H. G. Prechtl*, "Recyclable
Nanoscale Copper(I) Catalyst in Ionic Liquid Media for Selective Decarboxylative C-
C Bond Cleavage" Catal. Sci. Technol. 2013, 3, 992-1001 (full paper).

e M. T. Kefler, S. Robke, S. Sahler, M. H. G. Prechtl*, "Ligand-free copper(I) oxide
nanoparticle-catalysed amination of aryl halides in ionic liquids" Catal. Sci. Technol.
2014, 4, 102-108 (full paper).

e M. T. Kefler, M. K. Hentschel, C. Heinrichs, S. Roitsch, M. H. G. Prechtl*, "Fast
track to nanomaterials: Microwave assisted ionothermal synthesis in ionic liquid
media" RSC Adv. 2014, 4, 14149-14156 (full paper).

e F. Heinrich, M. T. Kefler, S. Dohmen, M. Singh, M. H. G. Prechtl*, S. Mathur*,
"Molecular Palladium Precursors for PdY Nanoparticle Preparation by Microwave
Irradiation: Synthesis, Structural Characterization and Catalytic Activity" Eur. J.
Inorg. Chem. 2012, 36, 6027-6033 (full paper).

Review articles/ secondary sources:

e M. T. Kefler, J. D. Scholten, F. Galbrecht, M. H. G. Prechtl*, " Coupling Reactions in
Tonic Liquids" in “Palladium-Catalyzed Cross-Coupling Reactions - Practical Aspects
and Future Developments” 2013, ch. 6, p. 201-231, Wiley-VCH, Weinheim (book-
chapter). DOI: 10.1002/9783527648283.ch6

e M. T. Kekler, M. H. G. Prechtl*, "Palladium Catalysed Aerobic Dehydrogenation of
C-H Bonds in Cyclohexanones", ChemCatChem 2012, 4, 326-327 (highlight-paper).
DOI: 10.1002/cctc.201100361

Additional and unpublished work is given at the end of this chapter including Pd/Cu
bimetallic catalyst preparation, deoxygenation reactions, a regioselective deuteration of
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3.1 Recyclable Nanoscale Copper(I) Catalyst in Ionic Liquid
Media for Selective Decarboxylative C-C Bond Cleavage

Michael T. Kefiler,* Christian Gedig,® Sebastian Sahler,* Patricia Wand,* Silas Robke,*
and Martin H.G. Precht]®*

Here we report the synthesis and application of finely divided CusO nanoparticles
(CuaO-NPs) in the range from 5.5nm to 8.0nm in phosphonium ionic liquids as the
first recyclable and effective catalytic system for smooth, ligand- and additive-free
protodecarboxylation of 2-nitrobenzoic acid as model substrate and further derivatives.
The reactions run with low catalyst loadings and result in quantitative yield in ten
consecutive recycling experiments. In addition, this system is highly selective towards
electron-poor 2-nitrobenzoic acids.

Catalysts are crucial mediators for most reactions in synthesis. They are used for
bond-breaking and bond-making reactions in the sustainable production of bulk- and fine-
chemicals.! =3 In recent years modern nanocatalysis has emerged much interest in this field
of scientific research as a useful and efficient tool for functionalisation and defunctionali-
sation reactions.*® Carboxyl groups belong to the most common functionalities in organic
molecules and catalytic decarboxylation reactions are therefore extremely useful and envi-
ronmentally benign tools to eliminate surplus carboxylate groups in organic compounds.
Furthermore, decarboxylative carbon-carbon cross coupling reactions are initiated by a de-
carboxylative step of a carboxylate salt, which represents a cheap substitute for expensive
organometallic (e.g. organo-boron, organo-tin, organo-zinc) reagents.
Nowadays metal nanoparticles, such as ruthenium,”~'® platinum,
palladium,®2073! cobalt,3? and iron?? revealed their high potential of for their application*
in homogeneous and heterogeneous catalysis, including hydrogenation,” hydrogenolysis,3?
Fischer-Tropsch reactions3?3 and cross-coupling reactions.*?21:23 Copper3” and especially
copper(I)oxide3® nanoparticles combine the high catalytic activity of precious metals with
easy providing and low costs. One drawback of neat metal and metal oxide nanoparticles
is their poor recyclability and leaching effects leading to decreasing yields.? To overcome
this problem, usually expensive nitrogen or phosphor containing ligands, surfactants or
polymers are used to protect the nanoparticle surface from agglomeration, aggregation

16 17-19
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3. Results and Discussion

and from leaching.”?! Ionic liquids (ILs) are promising reagents for surface protection,
stabilising agent as well as green, non-hazardous solvents.? Tonic liquids exhibit a negli-
gible vapour pressure, tunable solubilisation properties for several organic and inorganic
compounds and are (electro-) chemically inert.

Additionally an ionic liquid phase containing the metal or metal oxide catalyst can be
recycled several times without significant drop of yield.?349=42 Nitrogen containing ionic
liquids, such as imidazolium, pyridinium or pyrrolidinium ILs with various counter anions
are commonly used in nanocatalysis recycling experiments.34043 There are some reports
about application of copper and copper oxide nanoparticles in ionic liquids, however most
are related to electrochemistry and microelectronics and only very few report about appli-
cation as catalysts in the wide field of organic synthesis.?7:38:40:44=54 The first report about
colloidal copper catalyst for the coupling of aryl halides and activated olefins was reported
by Heck in 1972.5* More recently, it has been shown that nanoscale copper catalysts are
released from copper bronze in ionic liquid media and these particles were active for the
Heck reaction.®® Further copper nanoparticle IL-systems were active for well-known reac-
tions like the Stille,*® Sonogashira,** and Buchwald-Hartwig coupling.” Moreover, copper
nanocatalysts in IL support the coupling of aryl halides with ammonia yielding anilines,>
diaryl ethers (or thioethers) are obtained by coupling phenols with aryl halides, %93 and
unexpected coupling of olefines with THF was observed.?? Unsurprisingly, copper nanocat-
alysts are also active for the homocoupling of alkynes, known as Ullmann coupling.*®52
A challenging reaction for the evaluation of nanoscale catalysts is the proto-
decarboxylation.?6:57 Notably, this reaction has not been evaluated yet for nanoscale cat-
alysts in ionic liquids. Usually the model system for copper catalysts is the Ullmann
reaction.®*®52 The protodecarboxylation reaction is a very smart method to defunction-
alise an electron deficient aromatic ring carrying a carboxylic acid as potential leaving
group in the presence of a Cu(I) catalyst. While highly activated carboxylic acids (e.g.
perfluorinated benzoic acids) readily decarboxylate without any catalyst,’® the removal
of carboxylate groups from simple aromatic acids is much more complicated and often re-
quires harsh reaction conditions, an inadequate use of copper or even more expensive silver
salts as well as large amounts of additives.?® In the present work we show that nanoscale
copper(T)oxide (CuaO-NPs) embedded in ionic liquids is an active and recyclable catalyst
for this reaction.

3.1.1 Synthesis of Cu;O nanoparticles

The copper(T)oxide nanoparticles presented here were synthesised via thermal decomposi-
tion of basic CuCOj in different ionic liquid media. In this system no additional reducing
agent, such as hydrazine or hydrogen, is necessary for the reduction of Cu(II) to Cu(I). We
assume the structural nature and polarity of the ionic liquid plays a beneficial role in the
reductive formation of CuoO nanoparticles. In previous works it has been shown that Pd
nanoparticles are obtained by thermal decomposition of Pd(OAc)s in IL.°° Furthermore,
studies about the formation of ruthenium and nickel nanoparticles by decomposition of
organometallic precursors in ionic liquids showed that (I) the anion plays an important
role and (II) the IL itself is capable of inducing the decomposition by reaction with a
complex.? In these cases minor amounts of IL suffered from decomposition and only traces
of volatile compounds were detected in the gaseous phase, indicating decomposition of
the TL. The nanoparticle synthesis in 3-butyl-1,2-dimethylimidazolium bis(trifluoromethyl-
sulfonyl)imide (bmmim NTf) led to bulk material of CupO (Table 3.1, Entry 1). Other im-
idazolium based ionic liquids (3-butyl-1-methylimidazolium bis(trifluoromethyl-sulfonyl)-
imide (bmim NTf3)) or pyridinium based ionic liquids (butylpyridinium bis
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3. Results and Discussion

Table 3.1: Various ionic liquids for CusO nanoparticle synthesis.

No. prec. 1L T type d
°Cl [nm]|

1 CuCOs bmmim NTfy 120  n.d. n.d.

2 CuCOg bmim NTf, 120 n.d. n.d.

3 CuCOs bpy NTfs 120  n.d. n.d.

4 CuCOg3 C3CNmim NTf, 120 n.d. n.d.

5 CuCOg3 n-BuysPOAc 120 CuO 5.5 (£1.2)

6 CuC03 (n-BU4P)QSO4 120 n.d. n.d.

7 CuCOs3 (n-BuyP)2SO4 160 CugO 8.0 (£2.7)

8 Cu(NOs3)2 n-BuyPOAc 160 n.d. n.d.

9 Cu(OAc)q n-BusPOAc 160  n.d. bulk

10 Cul n-BusPOACc 160 n.d. n.d.

11 CuFy n-BuyPOAc 160 n.d. n.d.

Reaction conditions: Cu = 1 mmol Cu salt, 1 g IL, 3 h; n. d. = no decomposition; * particle size
was determined by TEM.

(trifluoromethyl-sulfonyl)imide (bpy NTf3)) were not able to decompose the copper salt
even at elevated temperatures (Table 3.1, Entry 2+43). The use of copper(Il)acetate did
not improve the quality of particles either - no stable dispersion was observable, but bulk
material was formed which indicates too fast decomposition. We tried a large variety of
other simple copper salts, as copper nitrate, but there was no decomposition into CusO de-
tectable. We switched to alkyl-phosphonium-ILs as a low melting and more polar reaction
medium.

3 h, 120 °C
n-Bu4POAC

CuCO; > Cu,0O-NP

Scheme 3.1: CuyO nanoparticle synthesis in n-BuyPOAc.

Tetrabutylphosphonium  acetate  (n-BuyPOAc) and  tetrabutylphosphonium
sulphate ((n-BuyP)2SO4) seemed adequate because of their lower melting point and po-
larity in contrast to nitrogen containing ILs (Scheme 3.1).

"OAc ‘
VI Sk { /\
- 2{0 - 1|A5 - 1?0 | | [p;;m]

Figure 3.1: 'H-NMR spectra of n-BusPOAc before (upper spectrum) and after (lower
spectrum) the decomposition of CuCOgs. The acetate signal (6=1.88 ppm) disappeared
completely.
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3. Results and Discussion

We were able to synthesise CuyO nanoparticles with small size and narrow size-distribu-
tion by simple thermal decomposition at 120 °C for 3 h as undoubtly confirmed by TEM
and XRD. To explain the exact reaction pathway of the formation of Cu(I), we analysed
the dispersion of the CusO-NPs in (n-BuyPOAc) IL by 'H-NMR and 3!P-NMR, as well
as by means of gaseous phase analysis with online-mass spectrometry.

After the completed nanoparticle
synthesis, the 3'P- as well as the
'H-NMR. spectra showed no decom-
position of the phosphonium cation
at 120°C, but the signals of the
acetate protons completely vanished
(Figure 3.1, 6 = 1.83ppm). This indi-
cates that Hofmann elimination does
not play a relevant role in the reduc-
tion of Cu(Il) to Cu(I), during the
thermal treatment in n-BusPOAc at
120°C, and it confirms that the ac-
etate is capable to act as a reduc-
ing agent of the copper salt. Simi-
lar observations are known for other
metal acetates.®* During Hofmann
elimination one would obtain trialkyl
phosphine which could then subse-
quently result in trialkylphosphine ox-
ide and Cu(I). However, the phospho-
nium cation remains mainly intact,

1E-5 —

Co,

Ar

1E-6 o

p [torr]

C,4Hg

H,O

1E-7 +
10 20 30 40 50 60

mass [amu]

Figure 3.2: Online gas-phase mass-spectrogram
recorded after the decomposition of CuCOs3 in n-
BuyPOAc at 120 °C.

whereas large amounts of COq are formed due to decomposition of the acetate ions which

can be detected by mass spectrometry.

The analysis of the gaseous phase
by mass spectrometry showed only mi-
nor decomposition products (butene
fragments; m/z = 56 and 55) of
the degradation of the phosphonium
cation in contrast to the extrusion of
COg4 (Figure 3.2). This means, the IL
itself acts as a reducing and surface-
protecting agent as well as the sol-
vent. We detected large amounts of
carbon dioxide (m/z = 44) in the
gaseous phase (Figure 3.2) indicat-
ing that acetate ions are decomposed
and act as reducing agent for the
metal(Il) species, where the IL cation
plays a minor role for the reduction
of the metal(II) species, but influ-
ences the stabilisation of NPs.%9 Fur-
ther detected components were dini-
trogen (m/z — 28/14), water (m/z —
18) and other components of air. For

1E-6 4

1E-6 4

p [torr]

1E-7 4

H,O

1E-8 4
10 20 30 40 50 60

mass [amu]

Figure 3.3: Ouline gas-phase mass-spectrogram
recorded after the decomposition of CuCOg in (n-
BU4P)QSO4 at 160 °C.
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3. Results and Discussion

the decomposition in (n-BuyP)2SOy4, where no acetate ions are present, the reduction
only takes place at elevated temperatures (160°C) and Hofmann elimination products
are detectable in a further gas-phase mass-spectrogram (Figure 3.3) and in the 3!P-NMR
spectrum a new peak appears (Figure 3.4, § = 57.5ppm). A significant amount of butene
fragments (m/z = 56 and 55) is detectable in the gas-phase mass-spectrogram during the
decomposition of CuCOg in (n-BuyP)2SO4 at 160 °C.

Other signals correspond to air
compounds like oxygen, nitrogen and
water. Furthermore, a new phospho-
rus species (tributyl phosphine oxide)
is detectable in the 3!P-NMR spec-
trum (57.5ppm),%! taken from the re-
action mixture right after completion Bu,P*
of the nanoparticle synthesis. Due to
the extremely low vapour pressure of
the ionic liquids, the CusO nanopar-
ticles could be characterised directly
in the IL medium using TEM tech-
niques and additionally by XRD. TEM
pictures of CugO nanoparticles both |
in n-BuyPOAc and in (n-BuyP)2SO4
are shown in Figure 3.6 and Fig- T
ure 3.7. The average diameter of the 60 55 40 35 [ppm]
monodispersed and uniformly shaped

Cug0 nanoparticles is about 5.5nm . a1
(+1.2nm) in n-BusPOAc and 8.0nm Figure 3.4: °'P-NMR spectra of (n-BusP)2SO04

(+2.7nm) in (n-BugP)2SO4, respec- before (upper sprect{ru.m) and after (lower spoec—
tively. The different sizes of the trum) ‘the decomposition of CuCO3z at 160 C
NPs arouse from two different reac- The signal at 57.5 ppm corresponds to tri-

tion mechanisms and reaction temper- butylphosphine oxide.®!
atures in the decompositions.

In n-BusPOAc at 120 °C the acetate ion is the reductant whereas in (n-BuyP)2SO4 a
higher temperature is necessary (160 °C) and Hofmann elimination of the tetrabutylphos-
phonium cations leads to tributylphosphine which readily reduces Cu(II) to give Cu(I) and
tributylphosphine oxide. The particles are finely separated and show a homogeneous spher-
ical shape. The XRD pattern clearly shows pure CusO without any impurities of other
copper species (Figure 3.5). The signals at small angles originate from the preparation foil
for the XRD-samples. According to the Scherrer equation the nanocrystalite size corre-
sponds to 24 nm, which is larger than the particle size determined by TEM analysis, which
might be due to aggregation during preparation of the XRD-powder sample (see experi-
mental section), however it confirms the formation of CuyO-nanoparticles. Moreover, the
size of nanoparticles in powder XRD patterns is often overestimated in case of a broader
particle size distribution; vice versa for a very narrow size distribution determined by TEM
the nanocrystallite size determined by XRD fits well.®2:53 In the present case of the larger
particles the vast majority of copper(I)oxide is in the inner shells of the nanoparticles.

This results in large reflexes in the XRD patterns which overlay reflexes of smaller
particles. The estimated diameter by the Scherrer equation can therefore be considered as
an upper size limit of the nanoparticles in the NP /IL dispersion. Regarding the evaluation
of the nanoscale CuoO for their application in catalysis, the surface to volume ratio of the
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2
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Figure 3.5: XRD-pattern of CusO (cubic CuyO) nanoparticles synthesised in tetra-
butylphosphonium ionic liquid n-BusPOAc.

Particle Size [nm]

Figure 3.6: TEM picture (top) of CusO Figure 3.7: _TEM pictur.e (t(?p) of
nanoparticles synthesised in n-BuyPOAc Cu20 nanoparmcle.s syr.lth(?sme.d in (n-
and size distribution (bottom) — the av- BuyP)2S04 and size distribution (bot-

erage diameter is 5.5nm (£1.2nm). The tom) — the average diameter is 8.0.nm
scale bar of the TEM image is 100 nm. (£2.7nm). The scale bar of the TEM im-
age is 100 nm.
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3. Results and Discussion

particles must be considered. Although we cannot exclude that some partial aggregations
and topology changes might occur,%* merely copper ions on the surface are capable to
act as catalyst. For the determination of the percentage of copper ions in CusO exposed
to the surface, we calculated the volume of a spherical particle of CusO in n-BusPOAc
with a diameter of 5.5nm. The volume is about 87.1nm? containing approx. 4477 Cu(I)
ions. Applying the magic number methodology,%°=67 as the established tool for the general
evaluation of cluster formation and surface to volume ratio, the particle contains approxi-
mately 1563 Cu(I) ions exposed to the surface (taking into account the stoichiometry and
composition of the elemental cell of CugO). This means that 35% of the Cu(I) are surface
ions and potentially active in a heterogeneous catalysed reaction. For the CusO-NPs in
(n-BuyP)2SO4 with a mean diameter of 8.0 nm about 26% of the Cu(I) are surface ions.
Interestingly, the obtained nanoparticles form dispersions in other solvents such as acetone,
isopropanol or even water, which make them highly interesting for synthetic application in
nanocatalytic reactions and multiphase reactions.

3.1.2 Protodecarboxylation reactions

COOCH
©: 120 °C, 24 h, CuO NP O\
NO, n-BusPOAC NO,
Scheme 3.2: Protodecarboxylation of 2-nitrobenzoic acid 1 with CusO nanoparticles in
n-BuyPOAc.

For the evaluation of the catalytic properties of the CusO nanoparticles, we chose
the protodecarboxylation reaction. This reaction has been tested previously only with
molecular copper complexes and copper salts, but not with nanoscale catalysts and none
of the previous catalyst systems was suitable for recycling.?%:57

The nanoscale copper catalysts have been prepared as described above using CuCQOs3.
Additionally, Cu(OAc)2 and Cu(NOs3)y have been tested in ionic liquid media for the
protodecarboxylation under different reaction conditions for the decarboxylation of 2-
nitrobenzoic acid 1 (Table 3.2). Then the benzoic acid derivative and optional additives
as well as water were added to the reaction medium. Quantitative yield could be obtained
with CuaO nanoparticles derived from copper carbonate (3mmol) in n-BusPOAc (Ta-
ble 3.2; Entry 6). Considering that 35% of the Cu(I) are surface ions, roughly 1.05 mmol
(105 mol%sur face) of the Cu(I) in the particle is potentially active for promoting the C-C
bond cleavage reaction in benzoic acid 1. Lowering the copper concentration to 1 mmol,
hence 35 mol%syr face Of the Cu(l) are exposed to the surface, remarkably still 61% of the
benzoic acid 1 is catalytically decarboxylated at 120°C (Entry 2). A catalyst loading
of 17.5 mol%gsurface Cu20 nanoparticles in (n-BugP)2SO4 IL showed a conversion in the
same range (51%) at 160°C (Entry 7). Taking into account the larger particle size of the
Cu20-NPs in (n-BuyP)2S04 (8.0nm) the activity is comparable to those in n-BuysPOAc.

Interestingly the initially used additives like KF and K2COs3 were not necessary for the
reaction nor did they improve yields. The reaction shows remarkable temperature sensitiv-
ity. At temperatures below 100 °C no product could be obtained (Entry 1). The optimal
temperature is between 120 °C and 160 °C depending on the IL and the used copper salt.
The best conversions using CusO-NPs (35 mol%gyrface) could be obtained after 24h as
shown in Figure 3.8. After an initiation period of about two hours, the yield increases
almost linearly reaching a top value of 65% after 24h and stagnates. Even a reaction
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3. Results and Discussion

Table 3.2: Variation of the reaction conditions and ionic liquid media for the protodecar-
boxylation of 2-nitrobenzoic acid 1.

Entry cat. IL additives T  yield *
FC] %
1 CugO-NP@ n-BuyPOACc 80 1
2 CusO-NP@ n-BuyPOAc 120 61
3 CHQO—NPa n—Bu4POAc KF, KQCOg 120 59
4 CusO-NP@ n-BuyPOAc KF 120 o8
5 CHQO—NPa n—Bu4POAc KQCOg 120 55
6 CupO-NP®  n-BuyPOAc 120 100
7 CUQO—NPC (n—Bu4P)QSO4 160 51
8 CuCO3z¢ bmim OMs 120 39
9 Cu(OAc)? bmim OMs 120 24
10 Cu(NO3)2?  bmim OMs 160 39
11 CuCO3?  C3CNmim OAc 120 23
12 CuyO° n-BuysPOAc 120 20

Reaction conditions: * 1 mmol 2-nitrobenzoic acid 1, CupO-NPs (35 mol%surface) in 1g IL, b
with CupO-NPs (105 mol%sur face ), ¢ CuzO-NPs (17.5 mol%sur face) in 1g IL, ¢ 1 mmol
2-nitrobenzoic acid 1, 1 mmol Cu-source in 1g IL, ¢ commercial copper(I)oxide. Reaction time:
24h. * Conversions were determined by 'H NMR and hexamethyldisilane as internal standard.

conv.
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40

30 4
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20 30
time [h]

40

Figure 3.8: Conversion of 2-nitrobenzoic acid 1 into nitrobenzene 2 in n-BuysPOAc at
120 °C depending on the reaction time.
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3. Results and Discussion

time of about 48 h does not lead to an enhanced conversion. 3-Butyl-1-methylimidazolium
bis(trifluoromethyl-sulfonyl)imide (bmim NTfs) is a relatively nonpolar ionic liquid, which
does not dissolve inorganic salts sufficiently and is not miscible with water, has been proven
to be unsuitable for the decarboxylation reaction. A simple and halide-free polar ionic lig-
uid is 3-butyl-1-methyl imidazolium methylsulfonate (bmim Ms; Entry 8-10). Although
bmim Ms is a nitrogen containing IL with a high melting point, it is readily soluble in
water and forms a viscous liquid. The conversions of the protodecarboxylation in bmim
Ms were (<40%), but significantly lower than in n-BusPOAc (Entry 2). Interestingly, in
bmim Ms it is even possible to use copper salts like Cu(OAc)s or Cu(NO3), to promote the
decarboxylation of 2-nitrobenzoic acid 1. The activation energy of the decarboxylation is
depending on the copper-source (CugO-NP, Cu(NO3)2, Cu(OAc)s...) and on the polarity
of the solvating medium (n-BusPOAc, ((n-Bu)4P)2S04, bmim Ms...). The formation and
stabilisation of two transition states during the decarboxylation step are crucial for the
reaction temperature, which has already been calculated with DFT-methods by Su and
co-workers.%® All polar ionic liquids used here form homogeneous suspensions, and the or-
ganic products can be easily separated by extraction with nonpolar organic solvents. The
relatively high viscosity of the catalytic phase simplifies the extraction and separation step
with e.g. EtsO or n-pentane, therefore the organic product can be easily isolated and the
catalytically active IL-phase is recyclable for further batch experiments.
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Figure 3.9: Mass spectrum of the gas phase in a typical protodecarboxylation reaction
measured at 1.75 bar.

The gaseous products have been analysed by mass-spectrometry. The mass spectrum
(Figure 3.9) shows clearly, that no further side reaction took place and that COq is extruded
in high amounts. About 61% of the analysed gas probe corresponds to carbon dioxide
(m/z= 44), 30% dinitrogen and 4% oxygen as well as minor amounts of nitrogen and water.
The probe was taken directly out of the autoclave system via a mass flow controller.
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3.1.3 Recycling experiments

As previously described, the phosphonium ionic liquids used here are superior concern-
ing nanoparticle protection, due to long term stabilisation of the nanoparticle dispersions.
Additionally, the ILs exhibit a polarity, which makes them interesting for recycling experi-
ments. The product nitrobenzene 2 can be separated by extraction with a nonpolar organic
solvent without leaching of the nanoparticles or of the ionic liquid itself. Interestingly the
residual phase containing the CuyO nanoparticles can be recycled several times (up to ten
times, see below), by simple reloading with carboxylic acid as substrate. In the following
diagram the recycling experiments with the corresponding yields are shown (Figure 3.10).

100

% = Ag2C03
90 Z (1 mmol)
é ,  Cuco3
% Y
80 Z (1 mmol)
20 % % Cu20-NPs
—_ % (35 mol%)
=]
X 60 # Cu20-NPs
.5 (70 mol%)
n 50 W Cu20-NPs
(3] V.
105 mol%
g 40 ( 6)
o
o
30 7
20 P
10 ;32 I
i 7
O o< %

1 2 3 4 5 6 7 8 9 10

runs
Figure 3.10: Recycling experiments of the decarboxylation of 2-nitrobenzoic acid 1 in IL
media.

The best results concerning long-term stability of the catalyst, recyclability and conver-
sion have been obtained in n-BusPOAc with an amount of 105 mol% sy, face 0f CuaO-NPs,
quantitative conversion has been obtained in almost all runs giving a total TON of 88 ac-
cumulated over the ten runs (Figure 3.10; black scales). After ten runs the catalyst loading
can be considered as 10.5 mol%gyr face- Catalyst loadings of 70 mol% gur face Cu2O-NPs (7.0
mOol%syr face after ten runs) showed after the initial first run quantitative conversion in the
next three runs, then the conversions decreased significantly after each run (Figure 3.10;
dark grey scale). Lowering the catalyst loading to 35 mol%gurface (3.5 mol%syrface in
ten runs) the yields increased after the first run drastically and reached a remarkable top
yield of about 96% (Figure 3.10; dashed grey scale). Even after five cycles there was a
considerable amount of nitrobenzene 2 detectable and up to eight reactions in one batch
could be carried out. The recycling experiments with CuCOj3 in bmim Ms, showed low
conversions (<40%) over four runs and then no further activity has been observed (light
grey scales). Although silver salts are known to be superior decarboxylation catalysts,??6?
AgsCO3 in bmim Ms only resulted in conversions <40% in four runs (Figure 3.10; grey
scale bars; left). Obviously the ionic liquid itself plays a crucial role in both the nanoscale
decarboxylation reaction and in the nanoparticle synthesis.

3.1.4 Substrate scope of benzoic acid derivatives

To prove the versatility of the nanocatalyst system we performed the decarboxylation reac-
tion on different benzoic acid derivatives. The reaction could be performed with moderate
to good conversions with 2-nitrobenzoic acid derivatives (Table 3.3, Entry 1-10). Conver-
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sions of about 65% to 40% could be reached with halide substituents of a 2-nitrobenzoic
acid derivative in para-position (Entry 5 and 6). Other electron-withdrawing groups in
para-position, like a nitro- or a trifluoromethyl-group, seem to be beneficial, too (Entry 1
and 2). Only low conversions could be reached with substituents in meta-position (Entry 7-
9) except methyl-groups (Entry 4 and 10). Interestingly no conversion of other benzoic acid
derivatives could be observed (Entry 11-22) — even with highly electron-deficient benzoic
acids, like 2-chloro-4-nitrobenzoic acid (Entry 13) and 2-chloro-4-fluorobenzoic acid (En-
try 17). In fact, the nitro group in ortho-position seems to be crucial for the nanoparticle
catalysed decarboxylation of the benzoic acid derivatives — maybe due to a coordination
of the nitro-group to the surface of a nanoparticle. In contrast, a single nitro group in
para-position did not lead to an increasing conversion (Entry 12).

Table 3.3: Substrate screening for protodecarboxylation reactions of different benzoic
acids in n-BuyPOAc with CusO nanoparticles.

Entry  Acid Conv.” Entry Acid Conv.¢
K 2]
CO,H CO,H
NO,
1 24 12 0
NO, NO,
CO,H CO,H
NO, Cl
2 32 13 0
CF3 N02
CO,H CO,H
NO, F
3 10 14 0
CO,H
CO,H CO,H

30 15

W
j zZ
&
O
/
o
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Table 3.3: Substrate screening for protodecarboxylation reactions. (Continuation)

Entry  Acid Conv.® Entry Acid Conv.*
[%] Kl
CO,H CO,H
NO,
5 65 16 0
Cl CN
CO,H CO,H
NO, Cl
6 40 17 0
F F
CO,H CO,H
NO,
7 10 18 0
H,N
_0O
CO,H

CO,H CO,H

NO,

9 15 20 OO 0
o
CO,H

NO, - CO2H

10 26 21 | 0
~
N
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Table 3.3: Substrate screening for protodecarboxylation reactions. (Continuation)

Entry  Acid Conv.® Entry Acid Conv.*
[%] Kl

CO,H GOaH

NH
11 0 22 @( © 0
o)

Reaction conditions: 1 mmol benzoic acid 1-22, 1mmol Cus0 in 1g n-BuyPOAc, 24h, 120°C.*
Conversions were determined by 'H-NMR and hexamethyldisilane as the internal standard.

3.1.5 Chemo-selectivity in mixtures of benzoic acids

Table 3.4: Chemo-Selectivity of the nanoscale protodecarboxylation in presence of a
selection of different benzoic acid derivatives.

Entry Acid A Acid B yield [%] A:B sel. [%] A:B

1 1 12 57:0 100:0
2 1 13 39:0 100:0
3 1 15 50:0 100:0
4 1 16 48:0 100:0
5) 1 17 23:0 100:0
6 1 18 47:0 100:0
7 1 23 78:0 100:0
8 1 24 62:0 100:0

Reaction conditions: ¢ Acid A: 1mmol 2-nitrobenzoic acid 1, Acid B: 1 mmol benzoic acid
(4-nitrobenzoic acid 12, 4-nitro-2-chloro benzoic acid 13, 2-methoxybenzoic acid 15,
4-cyanobenzoic acid 16, 2-chloro-4-fluoro benzoic acid 17, 4-methoxybenzoic acid 18, 2-sulfonic
benzoic acid 23, 4-aminobenzoic acid 24,), CuzO-NPs (35 mol%syy race) in 1g IL, Reaction time:
24h. *Yields were determined by 'H-NMR and hexamethyldisilane as internal standard.

One very important issue is the selectivity of decarboxylation reactions towards different
benzoic acid derivatives. Usually copper catalysed protodecarboxylation reactions can be
easily conducted with benzoic acids containing an electron deficient aromatic ring-system
— no matter which kind of substituents they bear.’® Therefore, we tried to decarboxylate
selectively the model substrate in a reaction mixture with different benzoic acids. This
nanocatalytic approach is the first that can selectively decarboxylate 2-nitrobenzoic acid 1
in the presence of other benzoic acids with comparable electron poor aromatic rings with
considerable yields. Even 4-nitro-2-chloro benzoic acid 4 is not affected under the reaction
parameters given here (Table 3.4, Entry 2). In all cases the selectivity for decarboxylation
was 100% towards 1 (Table 3.4). Interestingly, the yield of the decarboxylation product,
nitrobenzene 2, varied between 23-78% depending on the presence of the second benzoic
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acid. The lowest conversion of 2-nitrobenzoic acid 1 into nitrobenzene 2 was obtained in
presence of 4-chloro-2-fluoro benzoic acid 3 (23%; Table 3.4, Entry 1), and the highest
conversion (78%) was possible in presence of 2-sulfonic benzoic acid 5. The influence of
the second benzoic acid regarding the different conversions during the decarboxylation of
2-nitrobenzoic acid 1 is still unclear.

3.1.6 Experimental

General

n-BuyPOH in 40 wt% aqueous solution, basic CuCQOgs, CuFs and all benzoic acids (1,
2-10) were obtained from ABCR® Chemicals, Cul and methylimidazole were purchased
from Sigma Aldrich®), methane sulfonyl chloride was purchased from Fluka®. Cu(NO3)s
and Cu(OAc)2 were used from chemicals stock of the institute. All chemicals were used
without further purification and all reactions were conducted without inert conditions.
'H-NMR and 3'P-NMR spectra were recorded on a Bruker® AVANCE II 300 spectrome-
ter at 298 K (300.1 MHz, external standard tetramethylsilane (TMS)). The obtained CuzsO
nanoparticles were analysed by powder X-ray diffractometry (STOE®-STADI MP, Cu-K,
irradiation, A = 1.540598 A) and by TEM Phillips® EM 420, 120kV. Mass spectra were
recorded on HIDEN® HPR-20QIC equipped with Bronkhorst® EL-FLOW Select mass
flow meter/controller. Experiments for gas phase analysis at elevated pressure were per-
formed in a stainless steel autoclave purchased from Carl-Roth® with a direct connection
to the MS-spectrometer via the mass flow controller.

n-BuyPOAc

The synthesis of n-BusPOAc is adapted from ref. 47 and modified to our preparative
demands. In a 100ml round bottom flask 50 ml 40 wt% tetrabutylphosphonium hydroxide
solution (72.4mmol; n-BuyPOH) is mixed with 4.12 ml (72.4 mmol) of 99% acetic acid
under vigorous stirring. After further stirring for 25min the residual water is removed
under reduced pressure at 60 °C. The resulting ionic liquid is further dried under reduced
pressure for 72h leaving a hygroscopic waxy solid behind. Yield 20.8g (95%). 'H-NMR
(300 MHz, rt, CDCl3): ¢ (ppm) = 2.07-2.18 m (8H), 1.48-1.58 q (8H), 1.36-1.48 q (8H),
0.86-0.93 t (12H). 3'P-NMR (60 MHz, rt, CDCl3): 6 (ppm) = 33.25.

(’rL—BU4P)QSO4
Tetrabutylphosphonium sulphate was synthesized analogously with a 10% sulphuric acid
solution (72.4mmol). The resulting ionic liquid was a hygroscopic waxy solid. Yield: 27.8 g
(99%) 'H-NMR (300 MHz, rt, CDCl3): § (ppm) = 2.06-2.18 ¢ (8H), 1.47-1.59 q (8H), 1.36-
1.48 q (8H), 0.86-0.93 t (12 H). 3'P-NMR (60 MHz, rt, CDCl3): § (ppm) = 33.25.

All other ILs were synthesized according to literature known methods.”%:4270,71

Nanoparticles synthesis

The Cus0O nanoparticles were synthesized in an oven-dried 25ml crimp top vial equipped
with a butyl-rubber septum and a glass stirring bar. 1mmol (221 mg) basic CuCOgs was
suspended in 1 g IL and heated to 120 °C for 3 h while stirring at 500 rpm in a vial holder.
The resulting precipitate was a brownish red dispersion of CusO nanoparticles in IL. The
particles in IL could be easily dispersed in acetone, ethanol or isopropanol.
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Sample preparation for TEM analysis

A droplet of CusO-NPs embedded in IL was dispersed in acetone and a slight amount of
this dispersion was placed in a holey carbon-coated copper grid. Particle size distributions
were determined from the digital images obtained with a CCD camera. The NPs diameter
was estimated from ensembles of 400 particles (800 counts) chosen in arbitrary areas of the
enlarged micrographs. The diameters of the particles in the micrographs were measured
using the software Sigma Scan Pro 5 and Lince Linear Intercept 2.4.2.

Sample preparation for XRD analysis

The nanoparticle dispersion was dispersed in 10 ml acetone and centrifuged to yield a dark
brown precipitate, which was filtered of and washed three times with acetone. The powder
was dried under vacuum and prepared between two plastic disks before measurement.

Procedure for protodecarboxylation reactions

The resulting nanoparticle dispersion was cooled to room-temperature (see nanoparticle
synthesis). 1mmol 2-nitrobenzoic acid 1 (167 mg) was then added to the dispersion and
heated to 120°C for 24h. After cooling to room temperature the reaction mixture was
extracted with 3x10ml Eto0O. The organic phase was separated and the solvent removed
under reduced pressure. The residue was analysed by 'H-NMR (internal standard: hexam-
ethyldisilane, 0.1 mmol, 20 ul) and compared with literature data. In the chemo-selectivity
experiments 1 mmol of benzoic acids 3-10 has been added to the mixture.

3.1.7 Conclusion

We showed a versatile and simple method to synthesize CusO nanoparticles in tetra-
butylphosphonium acetate and sulphate resulting in small and uniformly sized nanocat-
alysts with an average diameter of 5.5nm (£1.2nm) and 8.0nm (£2.7nm), respectively.
These incorporated nanoparticles are very potent in catalysing protodecarboxylation re-
actions of 2-nitrobenzoic acid 1 and derivatives with low catalyst loadings especially in
recycling reactions. The IL /nanocat. system was compared to other IL/nanocat. systems
with different polar and nonpolar ionic liquids as well as different copper-precursors, show-
ing predominance concerning yield and recyclability. This catalytic phase, consisting of
nanocatalysts in the ionic liquid, is superior for recycling experiments and can be recycled
up to ten times. Pointing out that this is the first nanoscale and the first recyclable catalyst
proven to be active for decarboxylation reactions.
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X @ NR4R,
+ R1 R2NH !
ionic liquid

R4/R, = H, alkyl, aryl, heteroaryl

In the following, we present a simple and feasible methodology for a C-N coupling
reaction using nanoscale CusO catalysts incorporated in n-BusPOAc ionic liquid media.
It is shown that a wide range of amines and aryl halides can be coupled selectively in
high yields, without the use of ligands or additives (bases) and without precautions
against water or air. All catalyses can be carried out with a nanoparticle catalyst loading
as low as 5 mol%, based on the used precursor.

3.2.1 Introduction

Cross coupling reactions belong to the most important and synthetically versatile reactions
in chemical synthesis. C—N coupling reactions have been known for years and can easily be
conducted with (noble) metal catalysts, e.g. palladium or nickel."? Unfortunately, these
catalysts are, though used in low loadings, extremely expensive or suffer from the disadvan-
tage of toxicity.>* In the last decade, scientific research has focussed on the development of
inexpensive and less toxic metals such as iron®~® and copper.”~'! One promising catalyst
turns out to be copper(I) oxide which showed remarkable activity in homogeneous as well as
heterogeneous C-N bond formation reactions.!?~'* Homogeneously driven copper(I) catal-
ysed C-N bond formation sometimes requires only homeopathic catalyst loadings, but the
use of ligands, base or other additives as well as inert conditions are usually necessary.'>~17
Heterogeneous C-N cross coupling catalysed by copper(I) requires rather harsh reaction
conditions but does not need ligands and shows a good reaction workup.'®!® However,
up to now nanoscale copper(I) catalysed cross coupling reactions, especially C-N bond
formation, have rarely been reported in scientific literature!®29722 or show drawbacks in
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versatility and catalyst loadings.?%?2=2% Furthermore, it would be more convenient to con-
duct catalysis at temperatures right below the boiling point of water without the necessity
for ligands, additives and inert reaction conditions.?S Nonetheless, we want to establish a
Cu20 nanocatalyst which combines the advantages of classical homogeneous and heteroge-
neous catalyses. On the one hand, Cu(I) nanocatalysts show good yields and high TONs
under moderate reaction conditions; on the other hand, excellent reaction workup and low
product contamination are secured. Apart from a few publications,???3 CuyO nanopar-
ticles (CuaO-NPs) were considered as rather unreactive and nonversatile catalysts, which
was why they seemed to be useless in C-N coupling reactions. As a rather toxic alternative
with adequate activity and versatility, Cul is widely employed.?™2” Usually solvents can
alter the chemo-physical properties of catalysts.?® Tonic liquids (ILs) are widely known as
so-called “designer solvents”. They can act as promoters and activators, 239 as protect-
ing agents and stabilisers,?®30735 as reducing agents''3%35 and certainly as (co-)solvents
themselves for molecular and nanoscale species.30=3? Only limited reports about the use
and influence of ionic liquids as solvents for nanocatalytic C—N cross coupling reactions are
known.?%4! To the best of our knowledge, publications about the incorporation and stabil-
isation of CuoO nanoparticles in ionic liquid media and their use for catalytic amination
reaction have not been reported yet. Herein we established a new approach to catalytic
C-N couplings with CusO-NP in ionic liquid media. With regard to future applications
for a recyclable catalytic system, we tried in particular to simplify the reaction process.
The influence of the reaction parameters such as reaction time, temperature and catalyst
loading as well as the influence of additives, solvents or inert atmosphere were investigated.
Finally, we could establish a versatile methodology for the coupling of iodo- and bromoben-
zenes with a broad scope of amines and ammonia with a remarkable selectivity. It has to
be pointed out that the synthesis of the CuyO nanoparticles proceeds directly in the used
ionic liquid from cheap precursors like basic CuCO3 with subsequent C-N coupling reac-
tions. The as-synthesised nanoparticles are not separated or purified in an additional step
but can be directly used as catalysts for amination reactions. In contrast to many other
homogeneous and heterogeneous catalyses, the presented coupling reaction in ionic liquid
medium turns out to have no necessity for ligands, additional base, additives or an inert
atmosphere and can even proceed in the presence of water at temperatures below 80 °C.

3.2.2 Synthesis of the catalytic nanoparticle phase

In addition to thermal decomposition,® laser ablation or sputtering methods,*? reduction
with hydrogen or hydrazine solution>** using ionic liquid as a reducing agent for the
synthesis of CusO nanoparticles in terms of reduction of the precursor is a potential alter-
native. We have recently published a low-temperature synthesis of CuoO nanoparticles in
n-BuyPOAc elsewhere.!! The obtained nanoparticles had an average diameter of 5.5nm
(£1.2nm), pointing out that basic CuCO3z usually decomposes to CuO at 295°C.*> In our
low temperature synthesis, CuCOj3 is converted to CuaO-NPs via an “ionic liquid-induced”
reduction at 120°C (Scheme 3.3).11

3.2.3 Amination reactions with ammonia

Amination reactions of iodobenzene and its derivatives with aqueous ammonia solution
belong to the most common and most desired reactions in chemical synthesis. Both reac-
tants are inexpensive, easy to handle and readily available. It is well known that Cu(I) in
homogeneous?®47” as well as in heterogeneous?®4? catalysis promotes cross coupling reac-
tions. In our case, we were pleased to see that iodobenzene couples smoothly even with

41



3. Results and Discussion

o
CuCO; L o 009
A Q CUZOO

Scheme 3.3: Synthesis of Cu(I) oxide nanoparticles by thermal reduction of copper(II)
carbonate in ionic liquid medium.

o @ - O™

Scheme 3.4: Amination of iodobenzene with aqueous ammonia solution as a test reaction
for the activity of the CusO NPs in IL.

ammonia in aqueous solution, in the presence of a ligand-free CusO nanocatalyst in n-
BuysPOAc (Scheme 3.4). It is quite uncommon that the yields were satisfactory or high
at temperatures of about 75-85°C within 24h even in the absence of an additional base
(see Table 3.5, entries 7, 10-13). Different ionic liquids as reaction media were investi-
gated by varying the anion as well as the cation to change the polarity of the ionic liquid.
Polarity, basicity and acidity, which are crucial attributes for application in catalysis, are
summarized in the so-called Kamlet—Taft parameters.

We tried other polar ionic liquids with different Kamlet-Taft parameters®® for the syn-
thesis of CusO from CuCOg, pointing out that the particles obtained in n-BusPOAc were
the most active. Rather apolar ionic liquids such as 1-butyl-3-methylimidazolium N ;N-
bistrifluoromethylsulfonylimide (bmim NTf3) and 1-butyl-2,3-dimethylimidazolium N,N-
bistrifluoromethylsulfonylimide (bmmim NTf;) are not capable of reducing the Cu(II)
species.!! Therefore, we were not surprised that we could not detect any nanoparticles
in the ionic liquids. Furthermore, Cu(Il) salts do not support the amination of aryl halides
very well (Table 3.5, entries 1 and 2). However, highly polar ionic liquids often suffer
from high melting points ((n-BusP)2S04) and seem to be impractical as reaction media
(Table 3.5, entry 6). The obtained reaction mixtures show high viscosities, leading to a
rather inhomogeneous intermixture of educts and the catalytic IL-phase.

Nevertheless, acetate-based ionic liquids combine both low melting points and the
ability to form CugO. The catalytic activities of the formed copper(I) species, 1-butyl-
3-methylimidazolium acetate (bmim OAc) and butylmethylpyrrolidinium acetate (bmpyrr
OAc), are rather low (Table 3.5, entries 3 and 4); only the high polarity of the reaction
medium seems to support the amination reaction (Table 3.5, entry 5). Interestingly, only
the nanoparticles generated in n-BuyPOAc show good results in the amination of iodoben-
zene with a yield of about 61% (Table 3.5, entries 7 and 10-13).

With n-BusPOAc as our reaction medium of choice, we investigated the influence on
the reaction time towards the yield. We observed that the conversion of iodobenzene to
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Table 3.5: Variation of the reaction parameters and a selection of ionic liquids as reaction

media for the arylation of ammonia.

Entry IL T t  Cat.-load.b add. conv.€
[°Cl [b]  [mol%] %]
1 bmim NTf, 85 24 100¢ 0
2 bmmim NTf, 85 24 100@ 0
3 bmim OAc 85 24 100 38
4 bmpyrr OAc 85 24 100 <1
5 bmim C1 85 24 100 34
6 (n-BuyP)eSO4 85 24 100 0
7 n-BusPOACc 8y 24 100 61
8 n-BusPOAc 85 24 100 KoCOj3 63
9 n-BuyPOAc 85 24 100 KI 59
10 n-BusPOAc 85 16 100 64
11 n-BuysPOAc 8 16 10 83
12 n-BuyPOAc 100 24 100 40
13 n-BuyPOAc 75 16 10 92

Reaction conditions: 1mmol iodobenzene, 1ml NHj (aq., 20%, 12 mmol), Cu-cat in 1g IL.* No

Cuz0-NPs detectable. ® Based on used precursor amount (CuCO3). ¢ Conversions were

determined using 'H NMR with hexamethyldisilane as the internal standard.
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Figure 3.11: Plot of reaction time and corresponding yield of aniline. The maximum

yield is reached within 16 h at 85 °C.

aniline increases drastically with time and a maximum conversion could be reached after
16 h (64%) (Figure 3.11, Table 3.5, entry 10). Investigation of the catalyst loading showed
that a decrease in the amount of CugO raised the yield drastically. The maximum value
of about 83% was achieved using only 10 mol% of the catalyst (Table 3.5, entry 11). The
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Figure 3.12: Correlation between reaction temperature and corresponding yield of aniline.
The best results could be achieved at 75°C within 16 h and a catalyst loading of 10 mol%.

catalyst loading is referred to as the amount of catalyst precursor applied. In fact, due to
the high surface/volume ratio of the particles, the amount of real active catalyst is even
lower.'1#! Loadings of the catalyst below 10 mol% as well as loadings higher than 10 mol%
lowered the yield of aniline. Moreover, with high catalyst loadings, the system’s miscibility
probably suffers due to the higher viscosity of the liquid phase. Analogous to several other
publications dealing with Pd- or Ni-NPs, it is possible that the CuoO-NPs act as a catalyst
reservoir for Cu(I), and a molecular species might act as the active species.?>5! There are
different ways of how a molecular species can theoretically be leached from the particle
surface as Beletskaya and co-workers have revealed.

Usually there is an equilibrium between leaching and the Ostwald-ripening of the
particles. In this context, the synonym “nanosalt” is introduced for metal-chalcogen
nanoparticles.®® Up to now, the mechanism for the leaching effect has not been inten-
sively investigated, but usually the Ar—X species is believed to generate molecular metal
species by oxidative addition.?6 During the extraction of the reaction mixture using n-
pentane, copper species can be leached out of the catalytic phase and contaminate the
final product. In order to investigate the amount of copper in the organic phase, ICP-OES
measurements revealed that the extract contains only a maximum of 0.041 umol (lowest
value found: 0.00029 pumol) copper. Based on the utilised amount of catalyst precursor
(CuCO3 0.05mmol), the leached copper amount is equivalent to a maximum of 0.082%,
which is remarkably low. Moreover, the outcome of the amination reaction catalysed by
Cu(T) oxide nanoparticles could be improved further by adjusting the reaction tempera-
ture. The yields can effectively be increased to an excellent yield of 92% at temperatures as
low as 75 °C (Table 3.5, entry 13). The higher conversions at lower temperatures are most
likely related to the low boiling point of ammonia; thus, the concentration in the liquid
phase is higher at lower temperature. It is a remarkable fact that a ligand- and additive-free
approach shows best results far below the boiling point of water, which makes the reac-
tion also possible in water. Most other ligand free approaches need temperatures between
100°C and 135°C.16 A further increase in the reaction temperature affects the yield of
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Figure 3.13: Correlation between yield and copper catalyst for the amination of iodoben-
zene.

aniline negatively (Figure 3.12). The addition of additives like a base (K2CO3) or KI (Ta-
ble 3.5, entries 8 and 9) to change the pH-value or to simulate a different copper(I)-species
did not improve the yield of aniline measurably. Obviously it is not necessary to neutralise
the HX species,'619 which is produced during the reaction process, by an additional base.

80

60 —

yield

40

20

[—

0 T I . 7 - T
Cu,0-NP Cu,0 Cul Cu?
catalyst type

Figure 3.14: Correlation between yield and copper catalyst for the amination of iodoben-
zene.

On the one hand, the acetate ionic liquid may act as a buffer reagent and keep the
pH-value constant, and on the other hand, ammonia can act as a proton scavenger as
well. In comparison to the used copper(I) oxide nanoparticles, we investigated different
(bulk) copper salts in oxidation states (I) and (IT) (Figure 3.14). In contrast to ref. 17,
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3. Results and Discussion

we could not show activity for Cu?* species in our reaction sequence. All used Cu(II)
salts (Cu(NOg)2, CuSOy4, CuCly, Cu(OAc), and CuFy) failed completely in catalysing the
amination of iodobenzene with ammonia under the same conditions. A competing reaction
might be the formation of a stable Cu(NHjz)4% complex which colours the reaction mixture
immediately. Cul (as used in other manuscripts)?? and bulk CusO applied in ionic liquid
media showed very poor activity of 1% and 3% yields, respectively.

3.2.4 Reactions with primary and secondary amines

X @ NR{R,
©/ + RRNH > ©/

R4/R, = H, alkyl, aryl, heteroaryl

Scheme 3.5: Amination of aryl halides with primary and secondary amines.

Table 3.6: Variation of primary amines for the coupling with iodobenzene under optimised
reaction conditions.

Entry amine cat.-load. yield®
[mol%®  [%]
1 CH3-NH, 10 65
2 CH3-NHo, 5 65
3 n-Bu-NHsy 5 71
4 1s0-Bu-NHo 5 95
5 cHex-NH; 5 77
6 n-Oct-NHo 5 90
7 is0-Pr-NH, 5 99
8 tert-Bu-NH, 5 57
9 CeHsNH, 5 65

Reaction conditions: 1 mmol iodobenzene, 1 ml prim. amine (CH35-NHy (40 wt%) 12.9 mmol,
n-Bu-NHs 10.1 mmol, iso-Bu-NHy 10.6 mmol, cHex-NHy 8.7mmol, n-Oct-NHy 6.0 mmol,
is0-Pr-NHy 11.6 mmol, tert-Bu-NHs 9.5 mmol, C¢H5-NHy 10.7 mmol), Cu-cat in 1g (3.1 mmol)
IL, reaction temperature: 75°C, reaction time: 16 h.* Conversions were determined using 'H
NMR with hexamethyldisilane as the internal standard. ® Based on used precursor amount
(CuCO3). No by-products could be detected.

In order to show the versatility of our catalytic system, aryl halides were coupled with
primary and secondary amines as well. Due to the increasing electron density at the
nitrogen atom, there is a distinct tendency for per-N-substitution reactions to give mono-,
di- and tri-substituted amines, as well as quaternary ammonium salts in an undesirable
product mixture.??

Hence the reaction sequence, the reaction conditions as well as the workup must prevent
per-arylation and guarantee the selective synthesis of only one product (Scheme 3.5). As
a starting point, N-arylation reactions of iodobenzene with primary amines were chosen
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Table 3.7: Variation of secondary amines for the coupling with iodobenzene at optimised
reaction conditions.

Entry amine cat.-load. yield®
[mol% (%]

1 EtoNH 5 65

2 n-BuasNH 5 16

3 piperidine 5) 99

4 PhoNH 5 0

5 morpholine 5 99

6 L-proline 5) 33

Reaction conditions: 1 mmol iodobenzene, 1 ml sec. amine (EtoNH 9.6 mmol, n-BusNH 5.9 mmol,
piperidine 10.1 mmol, PhoNH 6.9 mmol, morpholine 11.5 mmol, L-Prolin 11.7 mmol), Cu-cat in
1g (3.1 mmol) IL, reaction temperature: 75°C, reaction time: 16h.* Conversions were
determined using 'H NMR with hexamethyldisilane as the internal standard. ® Based on used
precursor amount (CuCOjs). No by-products could be detected.

with a catalyst loading of 10 mol%. The results of the arylation experiments are listed
in Table 3.6, showing remarkable results concerning yields and catalyst loadings. We
were pleased to find out that we could reduce the loading of the copper-catalyst to 5 mol%
without a significant loss in activity (Table 3.6, entry 2). The best results could be obtained
with linear and branched alkyl amines (65%-99%, Table 3.6, entries 2—4 and 6-8), followed
by cyclic (77%, Table 3.6, entry 5) and aryl amines (65%, Table 3.6, entry 9). The low
yields of the coupling between iodobenzene and methyl amine can be explained by the
rather low electron density (e.g. compared to n-butyl amine). No further arylation of the
desired secondary amine was detectable, which might be in correlation with the high excess
of primary amine in the reaction mixture. A similar screening with secondary amines is
shown in Table 3.7. In summary, the conversions of the coupling between secondary amines
and aryl halides are slightly lower in comparison to the conversions of the coupling between
primary amines and aryl halides. This might be due to emerging steric effects. The starting
materials (secondary amines) and products (tertiary amines) are much bulkier and thus
slightly disfavoured in the transmetallation steps. Diethylamine gave a satisfactory yield
of 65% (Table 3.7, entry 1). There was on the contrary no conversion detectable when
diphenylamine was used as the amination reagent (Table 3.7, entry 4). Nevertheless, there
are also some examples which verify the versatility of this method with good to excellent
results (e.g. morpholine and piperidine, both 99%, Table 3.7, entries 3 and 5). These
heterocyclic compounds are less bulky than common secondary alkyl amines due to their
fixed ring structure. No by-products, such as perarylated ammonium derivatives, could be
detected in the reaction mixture.

3.2.5 Screening of different aryl halides

We were also able to show that our catalytic system was capable of coupling different
substituted bromo- and iodoaryl derivatives with both ammonia and amines. The reaction
tolerates functionalities like OH-, alkyl or methoxy groups on the aromatic ring. Although
the yields are rather low in some cases, the reaction tolerates some common functional
groups. Again, steric effects caused by substituents in the vicinity of the halide (Table 3.8,
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entries 6, 7, and 9) seem to hamper the amination completely. Aryl chlorides do not
undergo amination reaction at temperatures as low as 75°C (Table 3.8, entry 4).

Table 3.8: Variation of aryl halides for the coupling with ammonia, diethylamine and
piperidine at optimized reaction parameters.

Entry aryl-X amine cat.-load. yield®
[mol%|° [%]
1 CgH5Br NHj 10 12
2 3-iodoanisole NHsg 5 92
3 4-iodotoluene NHs 10 79
4 1,2-dichlorobenzene EtoNH 5 0
5 CgH5Br EtoNH 5 10
6 2-iodophenol EtoNH 5 0
7 2-iodoanisole EtoNH 5 0
8 3-iodoanisole EtoNH 5 24
9 2-iodotoluene EtoNH 5 0
10 4-iodotoluene EtoNH 5 33
11 3-iodoanisole piperidine 5 93
12 4-iodotoluene piperidine ) 85

Reaction conditions: 1 mmol aryl halide, 1ml piperidine (10.1 mmol), EtoNH (9.6 mmol) or
ammonia solution (20%, 12mmol), Cu-cat in 1g (3.1 mmol) IL, reaction temperature: 75°C,
reaction time: 16 h.* Conversions were determined using 'H NMR with hexamethyldisilane as the
internal standard. ® Based on used precursor amount (CuCQO3). No by-products could be
detected.

3.2.6 Conclusion

In conclusion, we established an efficient C-N coupling reaction catalysed by CuoO
nanoparticles. Therefore we consciously avoided rather toxic catalyst materials, for ex-
ample, Cul. We could show the versatility of this method in about 30 examples. The
coupling of aryl halides with ammonia or primary or secondary amines gave exclusively
the corresponding primary, secondary or tertiary amines in satisfactory to excellent yields
and selectivity. The nanoparticle catalyst was synthesised in n-BusPOAc — a polar ionic
liquid with low melting point — which acted as a reaction medium, reductant and stabil-
ising agent. Additionally the as-prepared catalyst did not require any workup and could
subsequently be used for the amination reaction. The catalyst loading was as low as 5
mol%, and the whole reaction as well as the workup requires neither inert conditions nor
any additional ligands, base or further additives. In sum, this protocol shows benefits
in versatility, selectivity, efficiency and preparative demand which clearly distinguishes it
from previous publications. Our future work will focus on a recyclable catalytic system.

3.2.7 Experimental
General

An aqueous solution of n-BusPOH (40 wt%) and basic CuCOgs, as well as all other
copper salts and LiNTfy, was obtained from ABCR Chemicals®. 1-chlorobutane, 1,2-
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dimethylimidazole and 1-methylimidazole, and all primary and secondary amines, as well
as all aryl halides, were purchased from Sigma Aldrich@®. Sulphuric acid, acetic acid,
aqueous NHj solution (20%), K2COg and KI were obtained from the chemical stock of
the institute. All chemicals were used without further purification, and all reactions were
conducted under non-inert conditions. "H-NMR and 3'P-NMR spectra were recorded us-
ing a Bruker® AVANCE II 300 spectrometer at 298 K (300.1 MHz, external standard
tetramethylsilane (TMS)). The obtained CusO nanoparticles were analysed using a pow-
der X-ray diffractometer (STOE®-STADI MP, Cu-K, irradiation, A = 1.540598 A) and
a TEM Phillips® EM 420, 120kV as described in ref. 11. The ionic liquid n-BuyPOAc
and the CupO nanoparticles were prepared according to our previous report.'! All other
ILs were synthesized according to literature-known methods.30:3334:53,54 Al ICP-OES mea-
surements (Cu leaching) were performed on an AMETEK®) Spectro Arcos equipped with
an ESI SC4-DX autosampler and run using the Spectro Smart Analyser Vision software.
Two identical reaction samples were prepared for the amination of iodobenzene with am-
monia. The reaction mixtures were extracted with n-pentane according to the procedure
for amination reactions (see above). n-pentane was completely removed under reduced
pressure, and the residue was digested in 2ml of 65% HNOg3 at 90 °C for 3h to give a clear
yellow solution. The crude solution was allowed to cool to room-temperature and diluted
to1: 50 and 1: 100 (sample 1), as well as to 1 : 50 and 1 : 500 (sample 2). Every probe
was measured three times and correlated with a reference material and a blank probe. The
characteristic spectral lines at 224.7nm and 324.7nm were used to determine the amount
of leached copper-catalyst.

Tonic liquid synthesis

The synthesis of n-BuyPOAc is adapted from ref. 11 and modified to our preparative de-
mands. In a 100ml round bottom flask, 50 ml of 40 wt% tetrabutylphosphonium hydroxide
solution (72.4mmol; n-BusPOH) is mixed with 4.12ml (72.4 mmol) of 99% acetic acid un-
der vigorous stirring. After further stirring for 25 min, the residual water is removed under
reduced pressure at 60 °C. The resulting ionic liquid is subsequently dried under reduced
pressure for at least 72h leaving a colourless hygroscopic and waxy solid behind. Yield:
20.8g (95%). 'H-NMR (300 MHz, rt, CDCl3): ¢ (ppm) = 2.07-2.18 m (8H), 1.48-1.58
q (8H), 1.36-1.48 q (8H), 0.86-0.93 t (12H). 3'P-NMR (60 MHz, rt, CDCl3): § (ppm) =
33.25.

Nanoparticle synthesis

The CusO nanoparticles were synthesised in an oven-dried 25ml crimp top vial equipped
with a butyl-rubber septum and a glass stirring bar. 0.05mmol (11 mg) of basic CuCOg3
was suspended in 1g (3.1 mmol) IL and heated to 120 °C for 12h while stirring at 500 rpm
in a vial holder. The resulting catalytic phase was a brownish red dispersion of CusO
nanoparticles in IL. The particles in IL could be easily dispersed in acetone, ethanol or
isopropanol.

Procedure for amination reactions

The as-prepared nanoparticle dispersion was allowed to cool down to room temperature in
the 25ml crimp-top vial. Then 1 mmol aryl halide and 1ml of amine or ammonia solution
(NH3 (20 wt%) 12mmol, CH3-NHz (40 wt%) 12.9mmol, n-Bu-NHy 10.1 mmol, iso-Bu-
NHy 10.6 mmol, cHex-NHs 8.7 mmol, n-Oct-NHs 6.0 mmol, ¢so-Pr-NHs 11.6 mmol, tert-
Bu-NH; 9.5 mmol, C¢H5-NHy 10.7 mmol, EtoINH 9.6 mmol, n-BusNH 5.9 mmol, piperidine
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10.1 mmol, PhoNH 6.9 mmol, morpholine 11.5 mmol and L-Prolin 11.7 mmol) were added
with vigorous stirring. The vial was closed again and heated up to 75°C for 16h. The
reaction mixture was cooled and extracted with n-pentane (3x5ml). The organic phases
were combined, and the solvent was evaporated under reduced pressure. The residue
was analysed using 'H-NMR techniques (internal standard: hexamethyldisilane, 0.1 mmol,
20 pl) and compared with literature data.
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Herein we present a general approach to metal and metal oxide nanoparticles using
simple metal salts as starting materials. The reducing agent can be delivered in the form
of the anion incorporated into the metal precursor respectively ionic liquid. Exemplary
we demonstrate the synthesis of Cu and Ag as well as ZnO and NiO nanoparticles gen-
erated either from acetate or carbonate salts. All particles are synthesised by microwave
heating without the necessity of inert conditions. Two different types of ionic liquids
have been used as reaction media — tetra-n-butylphosphonium acetate (n-BusPOAc) and
1-butyl-2,3-dimethylimidazolium N ,N-bis(trifluoromethylsulfonyl)imid (bmmim NTf).
In this case, the choice of the ionic liquid seems to have significant influence on the size,
shape and dispersity of the synthesised particles. It is clearly shown that the acetate
anion present in all reaction mixtures can act as an inexpensive and nontoxic reducing
agent. The final products in solid, liquid and gaseous phase have been characterised by
XRD, TEM, NMR, FT-IR and online gas-phase MS.

3.3.1 Introduction

Tonic liquids (ILs) emerge more and more as highly desirable multipurpose solvents. They
show extraordinary chemical and physical properties with low melting points, negligible
vapour pressure,’ high chemical inertness and tuneable polarity, acidity and basicity.?
Due to these properties ionic liquids represent solvents which can be designed for each
and every reaction by variation of anion and cation as well as by incorporation of func-
tional and/or coordinating groups.® It is the spirit and purpose of ionic liquids to cover
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as many objectives as possible. In these terms they can make numbers of classical addi-
tives dispensable. Accordingly, ionic liquids are very popular concerning the synthesis of
zero- and one-dimensional nanostructures.*~" Ionic liquids can act as solvents, cosolvents,
8—11 p]romotelrs,m’l‘3 reducing agents,12_15 capping or protective agents and surfactants.?16
Despite their low melting points, ionic liquid phases show structural properties of lower
order: they consist of polar and nonpolar nanoscale regimes which make them ideal tem-
plates for nanoscale synthesis.!6=18 In recent years, metal and metal oxide nanoparticles
(NPs) have attracted much attention in academic and industrial research. Their unique
properties revealed a completely new field for applications; even for compounds which have
been sufficiently investigated in bulk state.'®=2! Their high surface to volume ratio makes
them attractive for catalytic and medical applications; the quantum size effect of small
particles?? shows remarkable results in photochemistry and nonlinear optics.?3?* How-
ever, nanoparticles — as all nanoscale structures — are thermodynamically disfavoured and
show high tendency for agglomeration and aggregation. Surfactants, such as polymers/
dendrimers,?>~2® ligands and especially ionic liquids sufficiently shield the nanoparticles’
surface and effectively prevent agglomeration.!2—15:19,29,30

w
M™(OAc), M (M), co,
n-BU4POAC
n=1,2
m=1,2

Scheme 3.6: General synthesis of metal and metal oxide nanoparticles by microwave
synthesis. M = Cu, Ni, Ag, Zn.

Nanoparticles can be synthesised in various ways. There are several top-down and
bottom-up methods with their inherent advantages and disadvantages.!>31733 Solvother-
mal syntheses are very well investigated and represent a versatile tool for the preparation
of nanomaterials.>*=36 They bear the advantage to control size and shape by adjusting
the reaction parameters. For convincing results solvents or even solvent mixtures must
be varied. Additives, surfactants and precursor-loadings have to be adapted.?” 3% One
versatile synthesis of late transition metal-(oxide) particles in pure ionic liquid would be
favourable because of their high demand in scientifc research, which is especially appli-
cable for Cu, Ag, NiO and Zn0.>740=43 Reactions should be carried out without any
additives, without precautions against moisture or oxygen and at best with an environ-
mentally benign reducing agent. Herein, we present a general nanoparticle synthesis us-
ing tetra-n-butylphosphonium acetate (n-BusPOAc) or 1-butyl-2,3-dimethylimidazolium
N,N-bis(trifluoromethylsulfonyl)imid (bmmim NTf;) as reducing agent respectively sta-
biliser. Exemplary we synthesised nanoparticles of NiO-NP, ZnO-NP, Ag-NP and Cu-NP
(Scheme 3.6). The particles — generated from metal carbonates (in n-BusPOAc) or metal
acetates (in bmmim NTfy) — are synthesised by microwave heating. Further investigation
of the solid phase (particles), the liquid phase (IL) and the gaseous phase (by-products) is
implemented.
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3.3.2 Results and discussion
Microwave synthesis of Cu(0)- and Ag(0)-nanoparticles

Silver and copper nanoparticles were obtained both in n-BuyPOAc from silver carbonate
(AgaCO3) and copper carbonate (CuCOs), respectively, and in bmmim NTf, from silver
acetate (AgOAc) and copper acetate monohydrate (Cu(OAc)2-H20). The syntheses were
conducted under microwave heating. TEM pictures were taken from the as-synthesised
nanoparticles. In Figure 3.15 the copper nanoparticles obtained in n-BuysPOAc are pre-
sented as well as a size distribution of the particles. The copper particles obtained in the
phosphonium based IL were synthesised at temperatures of 160 °C within 10 min and show
an average diameter of 4.8nm (£1.7nm). The monodisperse particles are homogeneously
distributed in the ionic liquid film. Previously, we have shown that the thermal decompo-
sition of copper carbonate in n-BugsPOAc at temperatures as high as 120 °C leads to the
growth of CupO nanoparticles.' Interestingly, adjusting the reaction parameters (temper-
ature, time and heating method) is suitable as a sensitive tool for the predetermination of
the particles final oxidation state, yielding in the present case Cu(0) nanoparticles. The
copper nanoparticles obtained in bmmim NTfy (see Figure 3.16) have been synthesised
at temperatures as high as 235°C within 3min. The majority of the particles have an
average diameter of about 4.9nm (£1.1nm) and the incorporation into the ionic liquid
effectively prevents further crystal growth or agglomeration but not the aggregation of the
small nanoparticles.
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Figure 3.15: Cu-NPs synthesised in
n-BusPOAc (scale bar 100nm). The

mean particle diameter is 4.8 nm.

Figure 3.16: Cu-NPs synthesised in
bmmim NTf; (scale bar 100nm). The
mean diameter is 4.9nm.
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For both samples the XRD-pattern confirms pure Cu(0) (ESI, Figure 3.24). Due to
the smaller particle size obtained in n-BuyPOAc, the XRD reflexes are less intensive com-
pared to those synthesised in bmmim NTf,. In an analogous way silver nanoparticles were
synthesised in both ionic liquids via microwave irradiation. Figure 3.17 shows the TEM
image depicting the as-synthesised Ag nanoparticles in n-BuyPOAc and in Figure 3.18
the Ag nanoparticles obtained in bmmim NTfs. The size distribution of the particles is
shown in the histogram. The synthesis of silver nanoparticles in n-BuyPOAc yields small
and uniformly shaped particles which show a bimodal diameter distribution with a major
maximum at 6.7nm (£0.1 nm) and a minor maximum at 15.6 nm (£0.8 nm) (Figure 3.17).
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Figure 3.17: Ag-NPs synthesised in

n-BuyPOAc (scale bar 100nm). The Figure 3.18: Ag-NPs synthesised in
major maximum is at 6.7nm and the bmmim NTf; (scale bar 100nm). The
minor maximum at 15.6 nm. mean diameter is 12.2 nm.

These nanoparticles are very homogeneously distributed and show no agglomerated
sites. The silver nanoparticles obtained in n-BugsPOAc have been synthesised at 100°C
in 90s. Contrary silver particles synthesised in bmmim NTfs show a higher degree of
polydispersity. The particles have an average diameter of 12.2nm (+£15.4nm) (Figure 3.18).
Nevertheless, few particles in the range of 20-60nm are obtained as well. No residual
AgOAc was detected in the reaction mixture after 5 min at a synthesis temperature of about
200°C. An XRD-pattern of the particles can be found in ESI Figure 3.25 confirming phase
purity. Obviously, the use of different ionic liquids strongly influences the growth of the
nanoparticles. n-BuyPOAc is a very polar ionic liquid with low melting point (mp = 55 °C);
contrary bmmim NTfs is a room temperature ionic liquid (mp = -4 °C) with a relatively low
polarity. Apparently, the shielding of the more polar phosphonium ionic liquid seems to be
more effective and inhibits the agglomeration of the metal nanoparticles.*>** In contrast,
the synthesis of pure metal nanoparticles in the imidazolium-based ionic liquid leads to a
higher polydispersity. Additionally, the phosphonium based ionic liquid shows an excellent
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covering and incorporation of the metal nanoparticles (even on the TEM grid).*546 This
can be attributed to the partial charge of the metal particles surface which is beneficial for
coulomb interactions between the particle and the polar IL (electrosteric shielding).4"4®

Microwave synthesis of NiO and ZnO nanoparticles

NiO- and ZnO-nanoparticles could be obtained both in n-BuyPOAc from nickel carbonate
hexahydrate (NiCOg3-6H20) and zinc carbonate (ZnCO3), and in bmmim NTf; from zinc
acetate dihydrate (Zn(OAc)2-2H20). Due to a better dispersibility of nickel acetate in
1-butyl-3-methylimidazolium N,N-bis(trifluoromethylsulfonyl)imid (bmim NTfs), the NiO
particles are synthesised in the latter. In Figure 3.19 and Figure 3.20 NiO nanoparticles
synthesised in either n-BugsPOAc or bmim NTf; are shown. Particles synthesised in n-
BuysPOAc have an average diameter of only 5.8nm (£1.7nm), but show a high degree
of aggregation. The particles were synthesised at temperatures as high as 200 °C within
10 min. Furthermore, the size distribution is rather broad and even nanoparticles sized
between 15nm and 30 nm are present.
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Figure 3.19: TEM-picture of nickel-
(IT)oxide nanoparticles (5.8 nm) syn-
thesised in n-BusPOAc (scale bar
20nm) with size distribution.

Figure 3.20: TEM-picture of nickel-
(IT)oxide nanoparticles (2.0nm) syn-
thesised in bmim NTfy (scale bar
20 nm) with size distribution.

The NiO nanoparticles obtained from 1-butyl-3-methylimidazolium N,N-bis(trifluoro-
methylsulfonyl)imid (bmim NTfy) at temperatures of about 250°C are even smaller —
their average diameter is only 2.0nm (£0.6 nm). They are all uniformly shaped and show
a high tendency for aggregation (due to the small size). Within 30 min only the reflexes
of NiO can be detected as shown in the XRD in ESI Figure 3.26 indicating no substantial
precursor residue or further impurities, moreover no precursor residual could be detected

57



3. Results and Discussion

by FT-IR (see ESI, Figure 3.30). In both cases the XRD reflexes show only a low intensity,
due to the small particle size. ZnO nanoparticles were also synthesised in both ionic
liquids via microwave irradiation. The particle precursor ZnCOgs for the nanoparticles in
n-BusPOAc was converted into zinc oxide within 10 min at 220 °C. The precursor for the
zinc oxide nanoparticles in bmmim NTf, was zinc(IT)acetate dihydrate (Zn(OAc)y-2H50).
Nanoparticles could be obtained within 15 min at temperatures of about 225 °C. The TEM
pictures of the as-synthesised nanoparticles in n-BuyPOAc are shown in Figure 3.21. Those
synthesised in bmmim NTfy are shown in Figure 3.22. The nanoparticles obtained in n-
BuysPOAc show an average size of 22.2nm (4+10.2nm), whereas the nanorods synthesised
in bmmim NTf; have an average length of 189.3nm (+61.5nm) and an average diameter
of 50.9nm (£18.2nm). All nano-sized materials show only a low degree of aggregation and
nearly no agglomeration. Both materials were investigated by XRD techniques as can be
seen in ESI Figure 3.27. Both XRD pattern are in agreement with the reference pattern
(given in red). They show no residual zinc precursor (zinc carbonate or zinc acetate).
In case of the nickel oxide nanoparticles, those synthesised in bmmim NTf, are smaller
than those synthesised in n-BuyPOAc. Although the zinc oxide structures synthesised
in bmmim NTfs are larger than the particles obtained in n-BuyPOAc, they show a high
tendency for one-dimensional elongation. From this point of view and in contrast to metal
nanoparticles, a rather apolar ionic liquid seems to stabilise metal oxide nanostructures
much better and can also lead to a directed growth of 1D nanostructures.

This can be attributed to a low ordered pre-structure of imidazolium based ionic lig-
uids originating from an intrinsic self-organisation caused by a hydrogen-bond network.!6:18
Hence, the reaction medium (the ionic liquid) is divided into nanometer-sized polar and
nonpolar regions, which are supposed to be beneficial for the growth of metal oxide
49-51 This can also lead to directed growth of nanostructures which has
been already shown by Antonietti et al. and summarised by Taubert et al.52%3

nanostructures.

Investigation of the liquid phase (ionic liquid)

In order to determine the reductive species which are responsible for the reduction of the
Cu?t and Ag* ions in the reaction mixture, the ionic liquid was investigated by NMR and
ATR-IR methods. The Ni?t and Zn?* species are not reduced by the ionic liquid. The
reaction media has been investigated by 'H-, '9F- and 3'P-NMR. techniques. As can be
seen in ESI Figure 3.28 the phosphonium based ionic liquid n-BugsPOAc can act as reduc-
ing agent in two ways: on the one hand the acetate ion can act as the reducing medium
(forming (n-BuyP)2CO3 and carbon dioxide) as previously reported.'* Consequently the
CHj signal for the acetate methyl group at 2.05ppm vanishes or shows a loss of inten-
sity. This is the case for all four reactions. In the synthesis of Ag particles the acetate
signal only slightly decreases. On the other hand the phosphonium ion can be converted
into tributylphosphine (via Hofmann elimination) and oxidised to tributylphosphinoxide.
Accordingly, tributylphosphine can act as reducing agent, too. In ESI Figure 3.29 the 3!P-
NMR spectra of all reaction mixtures after the nanoparticle synthesis are shown (including
a reference spectrum for pure n-BuyPOAc). In all 3'P-NMR spectra one can clearly see
the large signal at 33.3 ppm corresponding to the phosphonium species. Another signal
at 44.2 ppm appears in the spectra — corresponding to a tributylphosphinoxide — of the
high-temperature syntheses of Cu-, Ni(II)O- and Zn(II)O nanoparticles. Due to the high
temperature during the synthesis (160-220 °C) the phosphonium cations partially undergo
Hofmann elimination. The pure ionic liquid and the reaction mixture for the synthesis of
Ag nanoparticles (reaction temperature 100 °C) obviously do not show these signals. In
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Figure 3.21: TEM-picture of zinc
oxide nanoparticles (22.2nm) synthe-
sised in n-BuyPOAc (scale bar 50 nm)
with size distribution.

Length [nm]

Figure 3.22: TEM-picture of zinc
oxide nanorods (diameter: 50.9nm,
length: 189.3nm) synthesised in bm-
mim NTfs (scale bar 200 nm) with size
distribution.

comparison to the IR-spectrum of the pure n-BuyPOAc ionic liquid (see ESI, Figure 3.30)
the IR-spectrum of the reaction mixture of Ag(0) nanoparticles in n-BusPOAc still shows
a strong signal at 1580 cm ™! which is in good agreement with the literature known data for
acetate-carbonyl and which is already confirmed by 'H-NMR analysis. In contrast, there is
no significant but still a smaller peak (slightly shifted to 1460 cm™!) in the IR-spectrum of
the reaction mixture of NiO nanoparticles in n-BuyPOAc indicating the presence of another
but different carbonyl species. This confirms the hypothesis that a considerable amount of
the acetate is oxidised to carbonate at higher temperatures. This is in good agreement with
the already published data which can be found in ref. 14. 1-Butyl-2,3-dimethylimidazolium
N,N-bis(trifluoromethylsul- fonyl)imide (bmmim NTfs) is a more temperature stable ionic
liquid. Temperatures of up to 250°C do not lead to decomposition. In the following the
'H-NMR spectra of pure bmmim NTf; and two examples of the reaction mixtures (Cu and
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Ag nanoparticle syntheses) are shown (ESI, Figure 3.31). Similar to the 'H- the YF-NMR
spectra show only one species — corresponding to the trifluoromethyl-groups — confirming
that the NTfy anions do not decompose or react either (see ESI, Figure 3.32). The IR
spectra of bmmim NTfy and two corresponding reaction mixtures after the nanoparticle
synthesis confirm the above made conclusions that the ionic liquid does not undergo any
substantial decomposition (see ESI, Figure 3.33).

Investigation of the gaseous phase

During the particle synthesis the gas-phase was investigated by online gas-phase mass spec-
trometry (gas-phase MS). We investigated the gas-phase of the reductive decomposition
of copper carbonate in n-BuyPOAc and compared it to the reductive decomposition of
copper acetate in bmmim NTfy. One can clearly see in ESI Figure 3.34 three main sig-
nals. The signal at 44 m/z corresponds to significant amounts of COq, generated during
the decomposition of the acetate anions of the ionic liquid.' This means that the acetate
is not only oxidised to carbonate, but mainly decarboxylated to carbon dioxide, which
correlates with the investigation of synthesis of copper(I)oxide nanoparticles (CuaO-NP)
in n-BuyPOAc.'*%* Signals at 28 m/z and 16 m/z are correlated to dinitrogen and O22*,
respectively. Due to the lower concentration of acetate ions in the reaction mixture using
bmmim NTf; as solvent, the amount of extruded carbon dioxide is significantly lower.

Figure 3.23: Gas-phase mass
spectrogram of volatile com- 8.0x107 Art
pounds of the reductive decom-
position of copper(IT)acetate in -
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m/z = 20) is used as carrier gas.
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A constant stream of argon was used to transport the gas probe into the MS (see
Figure 3.23). Hence, the amount of COg (m/z = 44) in the mass spectrum is rather small,
but 1.6-times higher than the oxygen amount, though indicating that the acetate ion acts
as reducing agent, regardless whether it originates from the ionic liquid or the nanoparticle
precursor.

3.3.3 Experimental
General

All reactions were carried out in a Monowave 300 microwave (Anton Paar®) with a maxi-
mum power of 850 W at 2.45 MHz. The microwave was equipped with a ruby-thermometer
and an IR-reference thermometer as well as a stirring unit. Reactions can be carried out
up to a maximum pressure of 30 bar and a maximum temperature of 300°C. Reaction-
mixtures were handled without precautions against water/moisture or air/oxygen in 4ml
microwave-borosilicate vials equipped with a Teflon/silicon septum and a quartz inlet for
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the thermometer. Aqueous solution of n-BusPOH (40 wt%), CuCO3-Cu(OH)2, AgaCOs,
NiCO3-6H20 and ZnCOgs were purchased from ABCR Chemicals®. Acetic acid (99%),
Cu(OAc)2-H20 and Ni(OAc)2-4H20O were used from the chemicals stock of the institute.
AgOAc and Zn(OAc)2-2H20 were obtained from Alfa Aesar®. 1,2-Dimethylimidazol, 1-
butanol and methane sulfonyl chloride were purchased from Sigma Aldrich®). All chemicals
were used without further purification prior to use. Tetra-n-butylphosphonium acetate
(n-BusPOAc) and 1-butyl-2,3-dimethylimidazolium N,N-bis(trifluoromethyl)sulfonylimid
(bmmim NTfy) were synthesised according to literature known methods.®13:54=57 1. 19F_
and 3'P-NMR spectra were recorded on a Bruker@® AVANCE II 300 spectrometer at 298 K
(300.1 MHz, 272 MHz, 121 MHz, external standard tetramethylsilane (TMS)). IR spectra
were taken on Bruker® alpha Platinum ATR with a diamond-ATR-module. The obtained
nanoparticles were analysed by powder X-ray diffractometry (STOE®-STADI MP, Cu-K,
irradiation, A = 1.540598 A) and by a TEM Phillips® EM 420, 120 kV. Mass spectra were
recorded with HIDEN® HPR-20QIC equipped with Bronkhorst® EL-FLOW Select mass
flow meter/ controller.

Nanoparticle synthesis

An oven-dried 4ml microwave-borosilicate vial equipped with a Teflon stirring bar, a
Teflon/silicon septum and a quartz inlet for a ruby-thermometer was filled with 500 mg
of the ionic liquid. 50mg of precursor (basic CuCOs 0.23mmol, AgaCOg3 0.18 mmol,
NiCO36-H20 0.22 mmol, ZnCO3 0.40 mmol, Cu(OAc)2-H20 0.25 mmol, AgOAc 0.30 mmol,
Ni(OAc)2-4H20 0.20 mmol, Zn(OAc)2-2H20 0.23 mmol) was filled into the vial and stirred
for 2.5 min on a conventional stirring plate to yield a homogeneous mixture. The vial was
further equipped with a ruby-thermometer. The maximum irradiation power of the mi-
crowave was limited to 75 W when the reaction was about to start. The reaction parameters
for the particle syntheses are summarised in the following table (Table 3.9).

Table 3.9: Reaction parameters for the nanoparticle syntheses in ionic liquids by mi-
crowave irradiation®.

No. type IL prec. T t d
[°C]  [min] [nm]

1 Cu(0) n-BusPOAc CuCOs 160 10 8 (£1.7)
2 Cu(0)  bmmim NTfy Cu(OAc)y 235 3 9 (£1.1)
3 Ag(0) n-BuyPOAc  Ag,CO3 100 1.5 7 (£1.7)
4 Ag(0) bmmim NTf, AgOAc 200 5 12 2 (£5.4)
5  Ni(I)0 n-BwPOAc  NiCO; 200 10 8 (£1.7)
6  Ni(I)O bmim NTf, Ni(OAc), 250 30 .0 (£0.6)
7 Zn(I)0  n-BwPOAc  ZnCO; 220 10 222 (£10.2)
8  Zn(I)O bmmim NTf, Zn(OAc)y 225 15  50.9 (£18.2)"

189.3 (£61.5)°

@ Reaction parameters: 500 mg IL, 50 mg precursor, 1000 rpm stirring, 75 W max. power. * ZnO
nanorods diameter. ¢ ZnO nanorods length.
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3.3.4 Conclusion

The synthesis of copper, silver, nickel oxide and zinc oxide nanoparticles originating from
eight inexpensive salt-precursors in two different ionic liquids — tetra-n-butylphosphonium
acetate (n-BuyPOAc) and 1-butyl-2,3-dimethylimidazolium N N-bis (trifluoromethylsul-
fonyl)imid (bmmim NTf;) — has been investigated. All reactions were carried out in a
microwave for chemical reactions within 90s to 30 min at temperatures between 100°C
and 250 °C resulting in small sized nanoparticles and nanorods. This clearly demonstrates
the general approach of this synthetic protocol for nanostructures using simple ILs; both
metal and metal oxide species particles can be obtained. Additionally, the acetate ion
can act as nontoxic and environmentally friendly reducing agent, regardless whether it
originates from the ionic liquid or the metal salt precursor. Furthermore, it should be
emphasised that polarity and geometry differences of the ionic liquids clearly influence the
crystal growth of the nanostructures.
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Figure 3.24: XRD-pattern of copper nanoparticles in n-BuysPOAc (red) and bmmim
NTf, (black).
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Figure 3.25: XRD-pattern of Ag nanoparticles in n-BusPOAc (black) and bmmim NTf,
(blue).
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Figure 3.26: XRD-pattern of NiO nanoparticles in n-BuyPOAc (black) and bmim NTf,

(blue).
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Figure 3.27: XRD-pattern of ZnO nanoparticles/nanorods in n-BuysPOAc (black) and
bmmim NTfy (blue).
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Figure 3.28: 'H-NMR of the reaction mixture after the synthesis of Cu- (red), Ag- (grey),

NiO- (pink) and ZnO (yellow) nanoparticles (offset: 0.15ppm). A reference spectrum of
n-BusPOAc (blue) is added.
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Figure 3.29: 3'P-NMR of the reaction mixture after the synthesis of Cu- (green), Ag-

(grey), NiO- (pink) and ZnO (yellow) nanoparticles (offset: 1.0 ppm). A reference spectrum
of n-BuyPOAc (red) is added.
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Figure 3.30: IR-spectra of pure n-BuyPOAc (black) and the reaction mixtures of Ag-
(blue) and NiO (red) nanoparticles in n-BusPOAc.
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Figure 3.31: 'H-NMR of selected reaction mixtures after the synthesis of Cu- (red) and

Ag- (grey) nanoparticles (offset: 0.5 ppm). A reference spectrum of bmmim NTfs (blue) is
added.
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Figure 3.32: "F-NMR of selected reaction mixtures after the synthesis of Cu- (red) and

Ag- (grey) nanoparticles (offset: 0.25ppm). A reference spectrum of bmmim NTf (blue)
is added.
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Figure 3.33: IR-spectra of pure bmmim NTf5 (black) and the reaction mixtures of ZnO
(red) and Cu(0) (blue) nanoparticles in bmmim NTfs.
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Figure 3.34: Gas-phase mass spectrogram of volatile compounds of the reductive decom-
position of copper carbonate in n-BuyPOAc.

Setup for gas-phase analyses

Experiments for gas phase analysis at elevated pressure were performed in a stainless steel
autoclave purchased from Carl-Roth® with a direct connection to the MS-spectrometer
via the mass flow controller. All reactions for the online gas-phase mass-spectrometry
were carried out in dry 20ml screw cap vials equipped with a Teflon stirring bar and a
perforated butyl/rubber septum. In comparison to the standard procedure the reaction
batch was doubled in order to yield a significant amount of gaseous products.
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Sample preparation for TEM analysis

A droplet of the nanoparticle dispersion embedded in IL was diluted with 2ml acetone
and a slight amount of this dispersion was placed in a holey carbon-coated copper grid.
Particle size distributions were determined from the digital images obtained with a CCD
camera. The NPs diameter was estimated from ensembles of 400 particles (800 counts)
chosen in arbitrary areas of the enlarged micrographs. The diameters of the particles in
the micrographs were measured using the software Lince Linear Intercept 2.4.2.

Sample preparation for XRD analysis

The nanoparticle dispersion was directly placed between two plastic disks as before trans-
mission measurement. In case of a low viscosity the dispersion was dried at 40°C or at
room-temperature under reduced pressure (10~2 mbar).
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Two new palladium complexes [PA(MEA)2Cly] (1) and [Pd(MEA)2Brs] (2) [MEA =
(2-methoxyethyl)amine| were synthesized by the reaction of 2 equiv. of MEA with PdCly
or [(cod)PdBrs| (cod = cycloocta-1,5-diene), respectively. Singlecrystal X-ray diffrac-
tion analysis of 1 and 2 revealed the formation of square-planar trans complexes with
palladium coordinated by chloride/bromide ions and N-atoms of MEA bonded in a mono-
dentate fashion. Given their molecular form and solubility, 1 and 2 act as intractable
precursors to Pd nanoparticles by microwave-assisted synthesis. The influence of the
reaction temperature, irradiation time and surfactant (PVP) concentration on the size
(5-40nm) of the resulting particles was studied by DLS (hydrodynamic diameter) and
TEM analyses (particle size). The growth mechanism of the nanoparticles depended on
the type of halide ligand. Powder X-ray diffractometry confirmed the formation of ele-
mental Pd particles that were embedded in carbonized wood to examine their potential
as a catalyst. The catalytic activity of these nanoscale particles was evaluated in car-
bon-carbon cross-coupling reactions by using Heck, Suzuki and Sonogashira reactions as
benchmark models. The investigations included recycling experiments that resulted in
total turnover numbers of 4321 (Heck), 6173 (Sonogashira) and 8223 (Suzuki).

3.4.1 Introduction

Palladium in the form of molecular complexes, nanoparticles and films is of significant
interest due to its high catalytic activity and application in organic synthesis; for exam-
ple, hydrogenation reactions or organic cross-coupling reactions (e.g. Heck, Stille, Suzuki
and Sonogashira) are well known and widely described in the literature. Palladium based
systems, which have been mostly obtained with ligands such as phosphanes, have been
demonstrated as active reagents for homogeneous or heterogeneous catalysis with high
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turnover numbers (TONs). Generally, the observed TONs are lower for heterogeneous
catalysts. However, they are of potential interest due to the ease of purification of the
resulting products and superior recycling efficiency when compared to the correspond-
ing homogeneous systems. Nevertheless, a comparative evaluation between homogeneous
and heterogeneous catalytic systems is not straightforward and is subject to a variety of
physico-chemical parameters.!

Furthermore, palladium anchored on metal oxide (MO,) substrates serve as excellent cata-
lysts for the decomposition of volatile organic components (VOCs) and other environmental
pollutants (NO,, CO). In addition, Pd/MO,, heterostructures are well suited for the de-
tection of toxic gases (CO, CH4).[2] The extraordinary uptake of hydrogen in Pd structures
has also led to new applications in the field of hydrogen storage and detection. !
Palladium nanoparticles (Pd NPs) are of current interest due to their large surface/volume
ratio and the possible control over their size and shape, which influences their catalytic
properties.*5 So far, many methods have been reported to prepare monodispersed Pd
nanoparticles, which include chemical reduction of palladium salts or complexes!© by re-
action with molecular hydrogen, metal hydrides or by means of the polyol process,’ or
sonoelectrochemical methods!” whereby different surfactants, polymers or ionic liquids
have been used to prevent agglomeration and to impose a chemical control over the mor-
phological features of the particles.®]

Microwave irradiation of ionic or thermally labile precursors offers a facile, fast and green
pathway to synthesize metal and metal oxide nanoparticles as the reaction durations are
drastically reduced due to instantaneous heating of the reaction medium and formation of
hot spots in the reaction mixture, which can be tuned by choosing solvents with desired
polarity and dielectric properties. ‘!

7
(0]
PdCl, ———————————— Hs
X N
Ny A
s N\ —— P

—0 NH, VAERN
f” X  1:X=Cl
[(cod)PdBry] —— Lo 2: X =Br

—cod Y cod = cycloocta-1,5-diene

Figure 3.35: Syntheses of the palladium complexes 1 and 2.

To this end, a number of ionic precursors, such as PdCl42~, PdCly and Pd(OAc)s as

well as neutral complexes like Pdy(dba)s (dba = dibenzylideneacetone), have been suc-
cessfully used in the microwave-assisted synthesis of Pd nanoparticles.'% The presence of
a polar Pd complex in a polar solvent facilitates the interaction with the microwave field
and results in a rapid heating and subsequent burst of decomposition reactions. The fast
energy transfer and instantaneous decomposition of precursor species result in a brief nu-
cleation stage producing well-dispersed particles with uniform size distribution.
We report here two new Pd complexes that exhibit lower decomposition temperatures
and higher solubilities in common organic solvents compared to some other Pd precursors.
Their ability to form palladium nanoparticles in the presence of PVP and ethanol by means
of microwave-assisted decomposition has been tested and the influence of different reaction
parameters and precursor configurations (Pd—Cl and Pd-Br units) on the size and shape of
the particles was investigated. The Pd NPs were then embedded in carbonized wood and
evaluated as recyclable precatalysts in ligand-free carbon—carbon cross-coupling reactions,
namely the Heck, Suzuki and Sonogashira reactions.
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3.4.2 Results and Discussion

Reaction of PdCly or [(cod)PdBrs| (with cod = cycloocta- 1,5-diene) with 2 equiv. of
(2-methoxyethyl)amine resulted in the formation of complexes 1 and 2 as orange and yel-
lowish compounds, respectively (Figure 3.35). The products were characterized as discrete
molecular species by single-crystal X-ray diffractometry, 'H NMR spectroscopy, mass spec-
trometry, CHNS analysis and DSC/TGA analysis.

Single-crystal X-ray crystallography:

The molecular structures of 1 and 2 are isotypical (Figure 3.36). Both compounds crystal-
lize in the monoclinic space group P2;/c where the unit cell of the dibromo derivative has
a slightly higher cell volume (ca. 5.6%) due to the bulkier Br atoms. In addition to the
halide atoms, two monodentate (2-methoxyethyl)amine molecules are coordinated to the
Pd centre to complete the observed square-planar coordination around the central metal
atom. The Pd-N distances are around 2.05 A for both of the compounds, the Pd—Cl dis-
tance (1) was found to be 2.30 A, while the Pd-Br distance (2) was 2.43 A. The N-Pd-X
[X = Cl (1), Br (2)] angles (89.18-90.82°) are very close to the optimal angle of 90°.
Selected crystallographic data are given in Table 3.10.

Figure 3.36: Molecular structure of 1 and coordination spheres of 1 and 2. Ellipsoids
are drawn with 50% probability level, hydrogen atoms are not depicted for clarity.

3.4.3 Thermal Properties

The thermal behaviour of 1 and 2 was analyzed by thermogravimetry and differential
scanning calorimetry (TGA/DSC) measurements under air (Figure 3.37). Both 1 and 2
showed an endothermic feature without any significant weight loss up to 110 °C, which was
attributed to the melting of the compounds, while at 200°C the onset of decomposition
was observed, which resulted in elemental palladium. The observed weight losses were
very close to the theoretical values of 33% (calcd. 33%) for compound 1 and 27% (calcd.
26%) for compound 2. No further weight reduction after 550 °C confirmed the formation
of stable final products.
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Table 3.10: Selected crystallographic data for 1 and 2.

Empirical formula
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a [A]

b [A]

¢ [A]
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Figure 3.37: DSC/TGA plots for 1 and 2.
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3.4.4 Microwave-Assisted Synthesis of Pd Nanoparticles

Compounds 1 and 2 were used as precursors in the microwave assisted synthesis of Pd
nanoparticles as they show low decomposition temperatures and good solubilities in com-
mon organic solvents. Exposure of the ethanolic solutions of 1 and 2 to microwave treat-
ment induced the reduction reaction that led to elemental Pd. A remarkable colour change
from yellow to dark brown during the microwave irradiation indicated the reduction of
Pd!! to Pd°, which sedimented in the form of a black powder; however, stable dispersions
could be obtained by the addition of polyvinylpyrrolidone (PVP 40000), which acted as
an efficient capping agent for the nanocrystals. As shown in the powder XRD pattern
(Figure 3.38), elemental Pd in fcc phase was formed. The peaks at 40°, 47° and 68° cor-
respond to the 111, 200 and 220 lattice planes (JCPDS card no. 00-046-1043). According
to the Scherrer equation a crystallite size of 8.7nm (£0.9nm) was obtained. The concen-
tration of PVP, the reaction temperature and the time of microwave irradiation during the
decomposition process were changed, and the influence of these changes on the particle size
(hydrodynamic diameter) was analyzed by dynamic light scattering (DLS) measurements.

200 -
{111}

150

" MW#MWMW

26 (°)

Figure 3.38: Powder XRD pattern of the as-synthesized Pd nanopar- ticles obtained from
1 with 20mg of PVP, microwave irradiation time 5min and temperature 150 °C.

Despite their isotypical crystal structures and similar decomposition profiles
(TGA/DSC data), the microwave-assisted reduction of 1 and 2 led to palladium nanopar-
ticles of different sizes. Apparently, the palladium-halogen bond becomes stronger in going
from chloride to bromide, which results in a faster reduction of 1 under similar experimen-
tal conditions. Consequently, the faster growth of Pd nuclei leads to a faster formation of
nanocrystals, as observed in the DLS measurements. In most of the reactions the particles
are larger when complex 2 was used. The formation of Pd particles by microwave irradi-
ation occurs at 130°C for compound 1 and at 150°C for compound 2 when applying a
power of 150 W.

By enhancing the PVP /precursor ratio, the hydrodynamic diameter decreases in the case
of compound 1 from about 48 nm (10 mg of PVP) to 37nm (30mg of PVP). In the case of
compound 2, these changes lead to an enhancement of the hydrodynamic diameter (from
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47 to b4nm) (Figure 3.39).
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Figure 3.39: Mass of PVP vs. hydrodynamic diameter for Pd particles synthesized by
using 1 and 2 with microwave irradiation time of 5 min and temperature of 150 °C.

The effect of the microwave irradiation time on the particle size did not exhibit a
linear relationship. For compound 1, after 3 and 4 min irradiation time the hydrodynamic
diameters were in the range of 30-32nm. After 5min, the diameter increased to 37nm
and decreased to 33nm at an irradiation time of 7min. In the case of compound 2, the
hydrodynamic diameters increased from 42 to 63nm on increasing the irradiation time
from 3min to 7 min, respectively, as shown in Figure 3.40.

Evidently, the synthesis temperature critically influences the size of the formed particles
when the chloride-containing compound is used. At higher temperatures larger particles
are formed (130°C: 34nm; 170°C: 68nm). At 110°C no particles were obtained. Again
the bromide-containing compound shows a different behavior. At temperatures lower than
150°C no particles precipitated upon centrifugation. At 150°C and 170°C the hydro-
dynamic diameters of the particles are around 50nm. It is well known that the growth
mechanism of Pd particles is directly influenced by the halide ions present in the solu-
tion and, as reported by Xia et al.,9] the addition of halide ions can change or rebuild
the morphology of the as-formed nanoparticles. They observed that the adsorption of
Br-ions on the surface of growing Pd nanoparticles promotes the formation of 100 facets.
In their studies mainly nanocubes and nanobars of Pd were obtained, whereas upon us-
ing chloride-containing compounds and/or surfactants mainly polyhedral structures were
observed. The shape of the resulting nanoparticles depends on the etching power of the
halide ions; in the case of Ag NPs, which also crystallizes in the fcc phase, the presence of
Cl™ ions produced Ag nanocubes, while the milder etchant Br~ enables the formation of
bipyramidal particles.[!

In addition, ions that are charged oppositely to the surface charge of NPs can strongly
attenuate the influence of electrostatic double layer repulsion by neutralizing the surface
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Figure 3.40: Irradiation time vs. hydrodynamic diameter for Pd particles synthesized by
using 1 and 2 with a temperature of 150 °C and 30 mg PVP.

charge on the NPs, which can further affect the growth kinetics. Dyson et al. in the course
of the nanoparticle synthesis that used palladium halides in imidazolium ionic liquids iso-
lated stable palladium—carbene complexes with halide ligands in addition to palladium
nanoparticles.l''l This shows the influence of in situ complexation of ligands and their
influence on the kinetics of the reduction, which affects the particle growth. The electron
microscopy analysis revealed that the particles obtained from compound 1 at 130 °C showed
a high degree of polydispersity. This temperature is too low to ensure spontaneous nucle-
ation, and therefore the resulting particles show variable diameters and size-distribution.
The particles obtained from 2 are less monodisperse than those obtained from compound
1.

Figure 3.41: TEM and SEM images of Pd NPs derived from 1 (left) and 2 (right). Mass
of PVP 30 mg, temperature 150 °C, power 150 W, irradiation time 5min in both cases.

The particles do not have unique shapes but are elongated. The diameters of the
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nanoparticles were between 5 and 40 nm, whereas the aspect ratio of the elongated structure
was <10. TEM images confirmed the crystallinity of the particles in all of the measured
samples (Figure 3.41).

3.4.5 Catalytic activity

def f—— 1111 L]
m UNI KOELN

Figure 3.42: SEM images of empty wood channels (left) and wood channels decorated
by Pd nanoparticles (right).

Palladium is known for its high catalytic activity in carbon—carbon cross-coupling
reactions.'M Traditionally, those reactions were carried out with defined palladium com-
plexes or with palladium salts in the presence of phosphane, carbene or amine ligands.!!]
In the last two decades it has been proven that ligand-free approaches involving molecular
species and nanoparticles dissolved in a monophasic or biphasic reaction mixture play an
important role in the catalytic cycle.[!]

o /YO\BU Pd NPs in wood _ N B
1) dg-toluene, NEt;

85°C, 20 h, air

Scheme 3.7: Heck coupling reaction performed to test the efficacy of new heterogeneous
catalysts.

It should be pointed out that the nanoparticles act as a reservoir for molecular
species.1611:12] The advantage of nanoparticle-based systems is their long-term stability
compared to that of metal complexes. However, to make this property of nanoparticles
useful in recyclable catalyst systems, the Pd NPs should be well immobilized in a liquid
support or grafted onto a solid support.!*

In this manner the product phase can simply be separated from the catalyst by de-
cantation or filtration. In the present work we embedded in situ synthesized palladium
nanoparticles into carbonized cherry wood, which shows good structural features and means
a very homogeneous distribution of channels. These channels could be filled with Pd NPs
by decomposition of the dissolved palladium complexes 1 and 2 under microwave irradi-
ation in the presence of pieces of wood. SEM measurements revealed that the wood was
uniformly decorated with Pd nanoparticles (Figure 3.42). After impregnation of the wood
with the PVP-protected palladium nanoparticles, the resulting material was evaluated in
established carbon—carbon cross-coupling reactions to estimate their catalytic activity. The
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Figure 3.43: Recycling experiments in the Heck reaction.

Heck reaction is well-known to be promoted by Pd NPs as the catalyst reservoir.[te1:12]
Therefore, we decided to couple iodobenzene with n-butyl acrylate in the presence of tri-
ethylamine and PVP-Pd@wood (1.35 pmol Pd content; 0.14 wt.-% Pd) at 85°C yielding
butyl cinnamate in 57% (TON: 1407) in the first run (Scheme 3.7; Figure 3.43).

_ g
' Z PdNPsinwood Z
conkeo, [

50°C, 24 h, air

Scheme 3.8: Sonogashira coupling reaction.

The magic-number methodology was used for the calculation of the TONs based on
the surface atoms of the metal nanoparticles.'3 A spherical crystallite of 8.7 nm (£0.9 nm)
contains roughly 23485 atoms within 20 shells.
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Figure 3.44: Recycling experiments in the Sonogashira reaction.

The surface shell contains 3500 atoms, and hence 15% of the atoms are surface atoms,

which may potentially act as a catalyst reservoir. Figure 3.43 depicts the TONs of the
recycling experiments in five runs taking only the surface atoms into account. The graph-
ical sketch of the TONs may lead to the idea that strong catalyst leaching occurs during
the consecutive recycling experiments. However, ICP-MS analysis of the catalyst material
before and after the catalysis revealed that the palladium content does not change drasti-
cally, as will be discussed later (Suzuki reaction). After each run the catalyst material was
separated from the formed ammonium salt and the product phase.
In the following recycling experiments the conversions decreased down to 494 TONs or
20% (Figure 3.43). Nevertheless, the very low Pd-loading gives remarkably high TONs
in all of the runs (Figure 3.43) and a total TON for all runs of 4321. In further exper-
iments we optimized the reaction conditions for C-C coupling reactions and performed
the copper-free Sonogashira coupling of phenyl iodide and phenylacetylene in ethanol with
potassium carbonate at 50 °C within 1d (Scheme 3.8; Figure 3.44). In this case, the TON
reached 3704 (75% conversion) in the initial run, the TONs dropped in every recycle and
then stabilized in the third and fourth run to between 440 and 500.

OH
| B
. “OH PdNPsinwood ‘
water, K,COj4 O

100°C, 20 h, air

Scheme 3.9: Suzuki coupling reaction in water.

Furthermore, Suzuki reactions were performed with the PVP-Pd@wood catalyst in
water as reaction media at 100°C for 20h (Scheme 3.9; Figure 3.45). The product is
formed in the first two runs in high conversions (84-97%; 2074 and 2395 TONs) and can
easily be isolated by extraction with n-pentane. The catalyst recycling shows remarkably
high conversions in the first two runs in this biaryl coupling, and then the TONs decrease.
The total TON over six runs reached 8223.
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Figure 3.45: Recycling experiments in the Suzuki reaction in water.

ICP-MS analysis of the catalyst material before and after the catalysis reaction revealed
that the palladium content does not change drastically. The prepared catalyst embedded
onto wood contained 1.35 pmol palladium, and after the catalysis the palladium content
was found to be 1.30 pmol. This indicates that the activity did not drop due to extensive
metal leaching and that the deactivation must be related to another parameter. Consider-
ing the catalyst support, we assume that significant amounts of triethylammonium iodide
that formed as byproduct may clog the pores and channels of the support material after
each run. Consequently, fewer nanoparticles were available to act as the catalyst reservoir.

3.4.6 Conclusions

Two new palladium complexes were synthesized, characterized and used as precursors for
the formation of Pd nanoparticles by means of microwave irradiation. DLS and SEM/TEM
measurements show that the resulting shape and size of the crystalline particles is influ-
enced by the halide content in the compounds. The particles were embedded into car-
bonized wood, and their catalytic activity was confirmed by Heck, copper-free Sonogashira
and Suzuki reactions in recycling experiments. The total TONs reached under optimized
conditions were 4321 (Heck), 6173 (Sonogashira) and 8223 (Suzuki). The deactivation of
the catalyst material is probably related to salts that clog the pores and channels of the
wooden matrices as no metal leaching was observed.

3.4.7 Experimental Section

General: [(cod)PdBry| was synthesized from KyPdBry,' which was obtained from el-
emental palladium['® according to literature procedures. The wooden templates were
prepared by carbonization of wood (cherry wood) at 1000 °C in vacuo. All of the other
chemicals were applied without further purification. 'H-NMR spectra were recorded with
a Bruker AVANCE IT 300 spectrometer at 298 K (300.1 MHz, external standard TMS). C,
H and N analyses were carried out with a HEKAtech Euro EA 3000 apparatus. Positive
EI mass spectra were recorded with a Finnigan MAT 95 apparatus. Thermogravimetric
measurements were performed with a STARe System by Mettler Toledo with TGA/DSC1
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and Gas Controller GC100. For the synthesis of the Pd NPs a microwave CEM Discover
and a centrifuge Eppendorf Centrifuge 5702 were used.

X-ray Crystallographic Analysis of Precursors: Single-crystal analysis was car-
ried out with a STOE IPDS I and II with Mo-K,, irradiation. The structure was solved
with SHELXS and SIR-92, the refinement was done with SHELXL and WinGX. For ab-
sorption correction STOE X-RED and STOE X-SHAPE were used. The structures were
drawn with Ortep-III. CCDC-847018 (for 2) and -847019 (for 1) contain the supplemen-
tary crystallographic data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.cede.cam.ac.uk/data,equest/cif.

Characterization of Nanoparticles: The obtained Pd NPs were analyzed by powder
X-ray diffractometry (STOE-STADI MP, Cu-K,, irradiation, A = 1.540598 A), SEM (Nano
SEM 430 by FEIL.), EDX (Apollo X by EDAX), TEM (Philips CM300 FEG/UT-STEM)
and DLS (Zetasizer Nano-ZS by Malvern). The ICP-MS measurements were carried out
by TWA, Institut fir Wasser- und Abwasseranalytik GmbH, 52070 Aachen.

[PA(MEA),Cly] (1): PdCly (100mg, 0.564 mmol) was suspended in THF (20mL).
(2-Methoxyethyl)amine (103 uL, 89 mg, 1.184 mmol) was added and the mixture stirred
for 12h. The solvent was evaporated, and the resulting orange solid was washed with
n-pentane (3 x 10mL) and recrystallized from THF. The yield was 163mg (88%). 'H
NMR (300 MHz, room temp., CDCl3): 6 = 3.54 (t, 2H, CH20), 3.35 (s, 3H, CH3), 2.91
(m, 4H, CHaN, NHy) ppm. ¥C NMR (75 MHz, room temp., CDCl3): § = 71.1 (CH20),
58.8 (CHg), 44.8 (CHQN) ppm. C6H18C12N202Pd (32755) caled. C 2200, H 554, N
8.55; found C 21.23, H 5.78, N 8.01. MS (EI*, 20eV, 140°C): m/z(%) = 328 (2) [M]|*,
292 (5) [M — HCI| T, 254(8) [M — 2 HCI|*, 181 (3) [PA(MEA)]*, 76 (4) [MEA + H|", 75
(3) [MEA]T, 45 (28) [CoH50]™, 44 (6) [CoHgN]™, 30 (100) [CH4N]T.

[PA(MEA)2Brs] (2): [(cod)PdBra] (200mg, 0.534 mmol) was dissolved in THF
(20mL). (2-Methoxyethyl)amine (98 uL, 84mg, 1.122mmol) was added and the mixture
stirred for 1h. The solvent was evaporated, and the resulting orange-yellow solid was
washed with n-pentane (3 x 10mL) and recrystallized from THEF. The yield was 195mg
(88%). 'H NMR (300 MHz, room temp., CDCl3): 6§ = 3.49 (t, 2H, CH»0), 3.35 (s, 3H,
CHs), 2.97 (t, 2H, CH,N), 2.80 (br.s, 2H, NHs) ppm. 3C NMR (75 MHz, room temp.,
CDC13) 6 =T1.1 (CHQO), 58.8 (CI’Ig)7 45.7 (CHQN) ppm. CﬁngBr2N202Pd (41645)
caled. C 17.30, H 4.36, N 6.73; found C 17.31, H 4.52, N 6.36. MS (EL", 20eV, 140°C):
m/z (%) = 337 (32) [M - Br|™, 255 (9) [M-2Br-H| ", 181 (3) [PA(MEA)|T, 76 (3) [MEA
+ H]|T, 75(2) [MEA]T, 45 (26) [CoH50]™, 44 (6) [C2HgN], 30 (100) [CH4N]™; [M] could
not be observed.

Pd Nanoparticles: In a typical synthesis precursor 1 (20 mg, 0.061 mmol) or 2 (25 mg,
0.061 mmol) was mixed with PVP 40000 (10-30 mg) and dissolved in ethanol (4mL) in
a microwave tube. The microwave treatment took place while stirring the mixture at
130-170°C for 3—7 min. The resulting dark brownish solution was centrifuged at 11 krpm
for 30-60 min, the surfactant was removed, ethanol (10 mL) was added to the residue, and
the mixture was centrifuged again using the same parameters. This washing process was
repeated three times. The particles could easily be redispersed in ethanol to form stable
dispersions. For the impregnation of wood, small pieces of wood were directly added to
the reaction mixture prior to decomposition.
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Heck Reaction with Pd NPs: In a typical experiment iodobenzene (55 plL,
0.5mmol), n-butyl acrylate (72 pL, 0.5mmol), triethyl-amine (80 uL, 0.6 mmol), PVP-
Pd@wood
(98mg; 0.14 wt.-% Pd) and [dg]toluene (1 ml) were introduced into a 20 mL reaction
vial in air. The mixture was stirred at 85°C for 20 h. Then the conversion was determined
directly by 'H NMR spectroscopy by using hexamethyldisilane as the internal standard
(20 uL).

Sonogashira Reaction with Pd NPs: In a typical experiment phenyl acetylene
(110 L, 1.0 mmol), iodobenzene (120 uI, 1.1 mmol) and potassium carbonate (207 mg,
1.5mmol) were added to ethanol (2mL) and mixed with the PVP-Pd@wood (72mg; 0.14
wt.-% Pd) in a 20mL reaction vial in air. The mixture was stirred at 50°C for 24 h.
The product was extracted with pentane (30 mL) from the reaction mixture, diluted with
water (2mL), the organic layer was dried with MgSQOy, and the solvent was removed un-
der vacuum. The product was analyzed, and the conversion was determined by 'H NMR
spectroscopy by using hexamethyldisilane as the internal standard (20 uL).

Suzuki Reaction: In a typical experiment phenylboronic acid (91 mg, 0.75mmol),
iodobenzene (55 pl, 0.5 mmol), and potassium carbonate (140 mg, 1.0 mmol) were added
to water (3 mL) and mixed with PVP-Pd@wood (72 mg; 0.14 wt.-% Pd) in a 20 mL reaction
vial in air. The mixture was stirred at 100°C for 20h. At room temperature a crystalline
solid precipitated from the water. The product was extracted with pentane (30 mL) from
the aqueous phase, the organic layer was dried with MgSOy, and the solvent was removed
under vacuum. The white solid was analyzed, and the conversion was determined by 'H
NMR spectroscopy by using hexamethyldisilazane as the internal standard (20 pL).
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3.5 Coupling Reactions in Ionic Liquids

Chapter 6

Michael T. Kekler,® Jackson D. Scholten,” Frank Galbrecht,” and
Martin H. G. Prechtl*®
@ Universitit zu Koln, Institut fiir Anorganische Chemie, Kéln, Germany
b Universidade Federal do Rio Grande do Sul, Instituto da Quimica, Porto Alegre, Brazil

3.5.1 Introduction

In the last decade ionic liquids (ILs) have become very popular in the field of catalytic
reactions under multiphase reaction conditions.'=7 Their physico-chemical properties i.e.
nonflammable, non-volatile, highly solvating, non-coordinating, tuneable polarity and good
thermal stability make them highly attractive for biphasic reactions with water, organic
solvents or supercritical fluids (scCOs) as cosolvents.®=) Low melting organic salts are
defined as IL (ionic liquid) with a melting point lower than 100°C (Figure 3.46).[7:10-11]
The low melting points are related to a reduced lattice energy due to large ion pairs and
low symmetry of cations.[5=912 These superior properties of ILs in comparison to volatile
organic solvents make them feasible to reduce or suppress the hazards of common solvents
in synthesis and catalysis.['3] Under optimized conditions the catalyst is immobilized in the
IL phase and the substrates and products remain in the organic phase. Thus, the products
can easily be separated and the catalyst is recycled. In absence of an organic (co)solvent
the organic products can be eagily extracted from the neat IL reaction mixture.

For task-specific applications the physico-chemical properties of ILs can be modified
by tailoring the cation and/or anion structures.'4=18 In particular, ILs as solvents for
transition metal catalysis are highly interesting because of the enhanced solubility of
organometallic compounds in this solvent class. Therefore this ‘catalyst—solvent couple’ is
quite promising for homogeneously catalyzed reactions. Interestingly, in certain cases, i.e.
cross-coupling reactions, an anion-effect was observed regarding the selectivity or reaction
pathway; therefore, the IL also plays a role as cocatalyst.[>9 Other advantages of 1Ls for
metalcatalyzed reactions are the solvation of the metal species, especially ionic complexes,
which can be tuned by systematic tailoring the cation/anion pairs for optimized biphasic
systems, where ILs are superior to water or organic solvents.[®! Other terms of selectivity
in multiphase reactions can be influenced by the solubility /miscibility of reactants or in-
termediates in the catalyst phase. Thus, the catalytic activity and long-term stability of
the catalyst is significantly optimized. One drawback in certain cases is the relatively high
viscosity of ILs which may result in mass-transfer limitations in multiphase systems. 20
Especially, in the particular case of hydrogenation reactions, the reaction rate is influenced
by the rather low solubility of hydrogen gas in IL. However, hydrogenation reactions in
ILs are fast enough to be performed in these systems and the catalyst lifetime is prolonged
impressively. Therefore, quite high total turnover numbers (TTONs) can be obtained.?0)
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Figure 3.46: Selected examples for ILs with imidazolium, pyrrolidinium, pyri-
dinium, ammonium, phosphonium and guanidinium cations. The side-chains are
alkyl groups also carrying functionalities like alcoholic, ether, nitrile and other moi-
eties. Usually weak coordinating anions are used as counterions such as BF,, PFg,
NTfy [bis(trifluoromethanesulfonyl)imide|, etc. On bottom selected cations discussed
in this chapter with the used abbreviations: BMI = 1-butyl-3-methylimidazolium, BBI
= 1,3- dibutylimidazolium, OMI = 1-methyl-3-octylimidazolium, BMP = N-butyl-N-
methylpyrrolidinium, HPy = N-hexylpyridinium, TBA = tetrabutylammonium.

Besides hydrogenation reactions, carbon—carbon cross-coupling reactions are among the
most investigated catalytic processes in ionic liquids as reaction media.l5) Most of the clas-
sical solvent systems used for cross-coupling reactions such as acetonitrile, DMF, NMP,
DMAc, DMSO or chlorinated hydrocarbons are environmentally unfriendly.2!) Addition-
ally, often sensitive and expensive compounds such as phosphanes are used as stabilizing
ligands for the metal complexes. In particular, expensive and sensitive complexes often
suffer from decomposition and metal/ligand leaching of the catalyst phase. Consequently,
the catalyst phase is deactivated and the product is contaminated by ligand and metal
impurities, which results in laborious product purification and difficult catalyst recycling.
Catalyst immobilization in IL for the use in multiphase systems does not solve all prob-
lems of homogeneous and heterogeneous catalysis, but bridges a gap and helps to minimize
the over-all number of problems in applied catalysis. To overcome these aspects, new ap-
proaches are currently under investigation using tailor-made solvents such as ionic liquids
with functional groups (task-specific ILs).[14_16’18’22_25] The ILs as recyclable solvents have
the potential to substitute the mentioned classical solvents. Furthermore, the functional
groups as coordinating ligands for transition metals in task-specific ILs may substitute
expensive and sensitive ligands. Thus, costs, by-products and catalyst leaching can be
decreased due to higher selectivities, better catalyst immobilization, catalyst recovery and
prolonged catalyst lifetime. In summary, the advantages of ILs for carbon—carbon cross-
coupling reactions are as follows: facilitating catalyst recovery and separation of products,
prolonged catalyst lifetime, thermal stability for high temperature application or low vapor
pressure for application of reduced pressure during the reaction (work-up). Besides these
aspects, certain combinations of cations and anions have been shown to influence the se-
lectivity of organic reactions. For example, it is possible to distinguish between competing
reactions like cross-coupling (Heck, Suzuki) versus homocoupling (Ullmann).[*! Since the
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discovery, palladium-catalyzed cross-coupling reactions in the 1970s have been among the
most investigated transition-metal catalyzed reactions.[26=3% The protocols use approaches
with palladium complexes with phosphane and carbene ligands as well as palladacycles.
Also palladium salts and zero-valent approaches, where palladium(0) species act as cat-
alytically active species in absence of ligands.[?1=36 For example, the Heck reaction using
aromatic halides is catalyzed by myriad of Pd/! or Pd° sources.[!:21 And, this fact allows,
at least for ligand free palladium sources, that soluble Pd nanoparticles (Pd-NPs) play
a role as a reservoir of catalytically active species.37=39 The present overview describes
the application of several palladium sources in ILs in carbon—carbon cross-coupling reac-
tions. The ILs act as stabilizing agents for the ionic metal complexes or m—m-stacking,
salts or monodispersed metal NPs to prevent agglomeration.?%24 Additionally, the IL
forms a protective layer to avoid oxidation of sensitive ligands or the metal surface.[1-0l
One disadvantage of using ILs in certain palladium-catalyzed coupling reactions is the
fact that salts are formed as by-products in stoichiometric amount and they remain at
least partially in the IL Iayer.[‘lo} One approach in reaction engineering to overcome this
problem is the application of so-called “switchable solvent”, in particular amine/alcohol
mixtures. These solvent mixtures can be reversibly converted into ILs by carrying out the
reaction under carbon dioxide atmosphere (“ionic liquid mode”), resulting in alkylammo-
nium alkyl carbonates. Theses carbonates decompose to the corresponding alcohols and
CO2 by simple exchange of the CO4 atmosphere to a nitrogen/argon atmosphere (“organic
solvent mode”).[4o_42] In this way, the product is separated from the polar IL phase in the
first step (under COs); afterwards the inorganic salts are separated by precipitation from
solution by converting the IL into an organic solvent mixture under nitrogen or argomn.
The first reports of palladium catalyzed coupling reactions go back to the 1970s and were
honored in 2010 with the Nobel Prize in Chemistry.[*}l More systematic and mechanistic
studies of this reaction class have been conducted in more than three decades by numerous
research groups worldwide and new findings are published every week.[43] The following
sections cover a brief summary of wellknown coupling reactions like Heck-type, Suzuki,
Stille, Sonogashira, Negishi, Buchwald-Hartwig and Ullmann reactions carried out in ILs
using: (i) metal complexes, (ii) metal salts as well as classical supported metal catalysts
and (iii) metal(0) nanoparticles (Scheme 3.10).

3.5.2 Metal Complexes

The previously described problems in palladium-catalyzed reactions are strongly connected
to the classical polar solvents (DMSO, DMF, DMAc, acetonitrile, methanol, etc.) often
used in C-C coupling reactions. Many cross-coupling products are important in the synthe-
sis of natural products and in the production of fine chemicals. However, this reaction class
often suffered from various limitations and hence hampered a larger industrial exploita-
tion. The mentioned solvents are quite polar, strongly solvating, some have high boiling
points, and miscible with a broad range of solvents. Thus, they provoke the formation of
emulsions in combination with apolar solvents. Therefore, these solvents are unsuitable
for multiphase catalysis and difficult to separate and recycle by extraction or distillation.
These drawbacks can be overcome by substituting these solvents with tailor-made ionic
liquids of tunable polarity. On one hand the ILs contain regions of high polarity; on the
other hand due to the ionic character certain ILs are neither miscible with apolar solvents
nor with water. This indicates their suitability for biphasic and even liquid systems with
three phases (hydrocarbons/IL/water). The mentioned IL properties help to dissolve and
recycle the catalyst, suppress the tendencies for decomposition of the catalyst and leaching,
allows product isolation by phase separation, and in certain cases the selectivity can be
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R, base, -HX

R R R' = aryl, alkenyl, alkyl
Heck
RTBE,, base, -HX R—R' R = aryl, alkenyl
Suzuki BE> = borylester, boronic acid
R'—Sn(R)3
R—R' + XSn(R)s R'=aryl, alkenyl, alkyl
Stille
s Pd-cat. R'—=—, base, -HX
R—X [Pd-cat] R——~R' R' = aryl, alkenyl
ILs Sonogashira
R = aryl, (alkenyl), (allyl), (alkynyl) R—X .
- R—R R'=aryl
X =1, Br, Cl, OTf Ulimann
[Pd-cat]: R'R"NH, base, -HX 5 N,R' R = aryl, alky, H
Phosphine/NHC-complexes, i ; L LT N
Pd salts, Pd-NPs, Buchwald-Hartwig R R" = aryl, alkyl
Pd/C, Pd/Al>O3, etc.
RZnX R—R R’ = aryl, alkenyl, allyl, alkyl
) — = aryl, alkenyl, allyl, a
ILs: Negishi v vi. &l &y

cations:

tetraalkylammonium, imidazolium,
pyridinium, pyrrolidinium,

phosphonium, guanidinium, etc.

anions:

CF33803, CHaS03, EtSO,4, N(CF3S03)2,
halides, OAc, PF3(C2Fs)s, PFg, BFy, etc.

Scheme 3.10: Overview about palladium-catalyzed cross-coupling reactions in ILs.

controlled for one or another reaction (cross-coupling vs. homocoupling).

Mizoroki-Heck Reaction

One of the most investigated reactions is the Heck coupling which has been reviewed several
times.2744-46] fqufmann and coworkers reported a Heck-coupling reaction with the use of
ionic liquids in 1996.147) This reaction procedure showed good performance of 51-99% yield
in the synthesis of trans-cinnamates (Scheme 3.11). The ionic liquid seems to stabilize the
palladium catalyst which did not precipitate in most of the reactions. Béhm and Herrmann
studied chloroarenes which showed an improved activity and stability of almost any known
catalyst system in ILs compared to conventional solvents.[*8] The reaction of bromobenzene
with styrene, for example, gave only 20% conversion in DMF, whereas the yield could be
increased up to 99% using diiodobis(1,3-dimethylimidazolium-2-ylidene)palladium(II) for
Heck reactions carried out in ILs which were reviewed in detail by Molndr.!*4

Good to excellent yields even with twelve reuses of the catalyst have been reported. This
shows significantly the potential of ILs as reaction media in Heck couplings. 1Ls may be con-
sidered as a non-innocent solvent for the Heck reaction.*8~49 However, the reaction is feasi-
ble with various catalysts. In an early study, Seddon and their coworkers applied PdCls and
Pd(OAc)2ArsP as catalyst in a Heck reaction carried out in BMIL.PF¢ (1-butyl-3- methylim-
idazolium hexafluorphosphate) or HPy.PFg (N-hexylpyridinium hexafluorphosphate).’)
The product could easily be isolated using a three-phase system of IL-hexane-water. The
product was soluble in the organic phase whereas the catalysts remained in the IL and the
salt was removed through the aqueous phase (Scheme 3.12).
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O
OBu Pd(OAc), (1 mol%) /
R@Br + /—< - R OBuU
/ @) EtsN, BusPC4gH33.Br,
R =H, OMe, NO» 43h 51 to >99%

Scheme 3.11: Heck Reaction in molten tetraalkylammonium and tetraalkylphosphonium
bromides.

Pd(OAc); (1 mol%) 0
OEt Ets3N or NaHCO;
DRy - /o
7 % BMI.PFg or HPy X
X=Cl, BF4, PFg
R = H, OMe, NO, 42 to 99%

Scheme 3.12: Heck Reaction according to Farle and Seddon.?”!

A wide range of Pd° and Pd!! catalysts have been applied in the Heck reaction includ-
ing PdCly and Pd(OAc)s. Furthermore, palladacycles such as trans-di(u-acetato)-bis|o-(di-
otolylphosphano) benzyl|-dipalladium(II) and 1,3-dimesitylimidazol-2-ylidene-
palladium(0)-(n?,n?)-1,1,3,3-tetramethyl-1,3-divinyl disiloxane are also potential catalysts
in the Heck reaction.®) TLs based on guanidine (GILs) and acetic acid shows high efficiency
in the Heck reaction.® The reaction of bromobenzene and styrene showed high yields and
TON applying Pd(OAc)2 and PdCl, in this case. The active species in this procedure
is formed during the formation of the IL by reaction with acetic acid. The reaction of
the amine with HPFg formed an inactive IL where the formation of palladium black was
observed indicating decomposition of the catalyst. According to Shreeve and coworkers
ILs play a dual role by immobilizing the palladium species and as a coordinating ligand.
For example, the complex in Figure 3.47 was synthesized by the reaction of the depicted
IL containing a 2,2’-biimidazole (BIIM) moiety with PdCly.[3]

Bu By
Bu Bu i N
@\ﬁ N | @@’«N} 2 PFg™
> <\ :l > L (Cl
N N B%I’I'Dd Bu
Bu PFG_ "\l :\
| >
(BIIM) [N ) 2l
Bu BU

Figure 3.47: Palladium complex (right) with the 2,2’-biimidazole ligand BIIM (left).

This catalytic system was tested in the reaction of iodobenzene with methyl acrylate in
ten consecutive runs (changing to non-activated chlorobenzene after the fifth cycle). The
reactants were added to a preformed solution of 2 mol% PdCly in IL (Scheme 3.13).13 The
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catalyst—ionic liquid solution was recovered simply by washing with water to remove the
salt and drying under vacuum. The recycled catalytic system was reused at least ten times
without significant loss of activity (81% yield in cycle ten). The benefit of this system is
that the ionic catalyst is well-immobilized and does not leach to the organic phase during
the extraction of the product.

o)
OBu
PdCl,, P(o-Tol
o per v L PRI =
o) BMI.PFg, EtsN

MW: 45 min 180°C 99%

Scheme 3.13: The use in Heck coupling of Shreeve’s system with the 2,2’-biimidazole
ligand (Figure 3.47).053]

Shreeve and coworkers extended the catalyst—IL system to various ILs, e.g. pyridylfunc-
tionalized ILs. High efficiency and excellent stability of such catalytic system were shown
by continuous catalyst recycling of up to 13 runs and 92% yield in the last run.[54—55]
Microwave as a heat source in Heck reactions has been studied by Vallin and coworkers. 56!
Palladium sources such as PdCly, Pd(OAc), and Pd/C (2 mol%) were used in these stud-
ies with common phosphane ligands (4 mol%) in BMI.PFg with conversions between 43%
and 99%. The best catalytic system for the reaction of 4-bromoanisole and n-butyl acry-
late was found to be the combination of P(o-tol)s and PdCly which gave a yield of 99%
(Scheme 3.14).

0
OBu
PACl,, P(o-tol)s
MeO@Br T/ § > MeO—@ﬂOBu
0 BMI.PFg, EtsN

MW: 45 min 180°C 99%

Scheme 3.14: Microwave-assisted Heck coupling.

Recyclability studies of the catalytic ionic system have been made and the catalyst sys-
tem could be reused at least five times. The authors predicted that formed palladium black
was redissolved upon microwave-assisted heating. The Heck coupling in ILs gives a good
choice of controlled regioselectivity by choosing appropriate ligands or ILs. Scheme 3.15
shows the synthesis of arylated-v,d-unsaturated ketones.7)

Pd-DPPP Re Me

R/= . - Me BMI.BF4
e ARaay( \ 0
R

NG X

Pd-DPPF |
™

Me

Scheme 3.15: Synthesis of y-arylated and §-arylated ~,0-unsaturated ketones.

90



3. Results and Discussion

The use of 1,3-bis(diphenylphosphano)propane palladium Pd-DPPP gave mainly
branched ~- arylated products while the use of 1,1’-bis(diphenylphosphano)ferrocene DPPF
affords mainly the (E)-type J-arylated 7,d-unsaturated ketones. The Heck reaction of enol
ethers bearing an electron-donating group gives a mixture of a- and S-substituted prod-
ucts if the reaction is carried out in common solvents. Nevertheless, the reaction of vinyl
ethers with aryl halides in BMI.BF, gives over 99% of the a-substituted isomer.(58 This
high selectivity has been observed in the reaction of electron-rich olefins with aryl halides
in BMI.BF, compared to 75% in organic solvents (Scheme 3.16).

Pd(OAC), (4 mol%)

Br DPPP (8 mol%) ﬁ\
t j])\ . /@ 1.2 equiv. iProNH_ N
'l\l R 0.1 mL BMI.BF4 R
2 mL DMSO
R=H, Me, Ac 115°C, 36 h

Scheme 3.16: Reaction of electron-rich olefins with aryl halides.

The reaction rate has been improved by using BMI.Br with the effect attributed to the
formation of 1-butyl-3-methylimidazol-2-ylidene (BMly) complexes of palladium [PdBr(u-
Br)(BMly)|» and [PdBry(BMlIy)s] only observed in the bromide based system.[8=% Xiao
and coworkers studied the regioselective Heck reaction of heteroaryl halides such as halopy-
ridines, bromoquinolines and bromothiophenes with the electron-rich vinyl ether and allyl
alcohols in IL in comparison to common solvents (Scheme 3.17).[60 The Heck reaction in
BMI.BF* gave exclusively a-substituted products in good to excellent yields of 69-95%.

Pd(OAC),

OBu
Z /Br phosphane _ /)LOBU Y
L) e 7 oms - e - 0
N N N
o p

EtsN, BMI.BF4

Scheme 3.17: Regioselective Heck reaction of heteroaryl halides.

0

HCI ()k
)
N
[60]

Besides the well-known parameters e.g. choice of the base, ligands, etc. a few pieces of
information are discussed here to give some hints for the survey of suitable experimental
procedures. Commonly used Pd® and Pd’! catalysts are based on palladacycles, Pd(OAc),
and PdCl,. Palladium catalysts prepared by reaction with ILs (e.g. Shreeve’s complex)
seems to be potential candidates for stable and efficient catalyst—IL-systems.[53 A halide
effect in the Heck reaction has been observed and discussed.[51 Tt has been found that the
presence of halide ions can accelerate the Heck reaction showing the greatest improvement
with iodide followed by bromide and then chloride. Interestingly the authors found an un-
expected activity in an upscaling experiment and attributed this acceleration to impurities
remained in the IL. Another important observation was the stability of the palladium cat-
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alyst. Halide-free and chloride-assisted reactions of iodobenzene and methyl acrylate show
deposition of palladium black on the sides of the reaction vessels whereas no decomposition
was observed with addition of bromide or iodide.

Sonogashira Coupling

X
X/ = BMI.PFg N
e == - D=

/=)
Me—N /N\ Cl catalyst recycled
[ four times
M /Pd\ in high yields
E~NSN Me any
\—/
(2 mol%)
120°C, 1-2 h

Scheme 3.18: Sonogashira coupling in IL.

The Sonogashira coupling reaction is an established synthetic pathway for alkynyla-
tion of arenes. This reaction procedure is gaining much interest as it opens a pathway to
materials which are potential candidates for application in nonlinear optical electronic de-
vices and it is also a key step in natural product synthesis.[62-63] Sonogashira couplings are
traditionally performed by reacting terminal alkynes with aryl halides or triflates and palla-
dium as catalyst in the presence of Cu salts and phosphane ligands. Alkynylation reactions
being active without copper have recently been developed (so-called Heck-type alkynyla-
tion). However, procedures have been reported in the last years utilizing ILs for the Sono-
gashira coupling reactions.l54=67) ILs as reaction medium are of interest as procedures were
developed in the absence of copper and phosphane ligands. [(Bis-imidazole)Pd(CHs)Cl|
catalyzes the coupling reaction efficiently in the absence of Cu salts or bulky phosphane
ligands (Scheme 3.18). The catalyst could be recycled four times in high yields which show
the efficiency of this catalyst system.6?l

It Pd(PPhg)4/Pd(PPh3),Cl,

| (5 mol%)
= >
o Cul (1 mol%), EtsN, BMI.BF4
R/\ 80°C, 12 h

Scheme 3.19: Synthesis of tribenzohexadehydro[12]annulene in BMI.BF, via Sonogashira
coupling.

PdCla[P(OPh)s]e has been applied in the cross-coupling and carbonylative coupling
of terminal alkynes with aryl iodides with good performance.l% Compared to the reac-
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tion in toluene the process with the use of ILs is faster. In ILs BMI.PFg or OMI.PFg
the catalyst was recycled and used in four consecutive catalytic cycles and showed no
significant loss of catalytic activity. In the absence of aryl iodide the same catalytic
system catalyzed head-to-tail dimerization of phenylacetylene to the corresponding 1,3-
diphenylenyne, trans-PhC=C- C(Ph)=CHa, in a yield of 85%. The synthesis of tribenzo-
hexadehydro[12]annulene and its derivatives have been reported under Sonogashira con-
ditions in BMIL.BFy (Scheme 3.19). Homocoupling could be minimized by reducing the
amount of Cu salt.%8 Copper-free Sonogashira coupling reactions with the use of
PdCly(PPhg), can be performed in BMI.PFg in good to high yields (Scheme 3.20). The
application of this reaction was also performed in a microflow system.67

Pd(PPh3)>Cl> (5 mol%
A+ H R (PPh3)Cl3 ( 0)>Ar — o
BMI.PFg , 60°C, 2 h
iProNH or piperidine (85-97 %)

R = alkyl, aryl

Catalyst Screening:

5 mol% Pd(PPh3)4/Cul, 91%; 2 mol% Pd(PPh3)4, 13%;
2 mol% PdCIy(PPh3)s, 96%);

1 mol% PdCI>(PPhs)s, 96%, (80°C);

10 mol% Pd(OAc)o/PPhy, 83%; Pd(OAC),, 61%;
PdCly, 57%; PdCI>(NCPh),, 63%; PdCIx(NCMe),, 56%

Scheme 3.20: Copper-free alkyne-coupling.

Ryu and coworkers found that the use of piperidine as a base in place of diisopropy-
lamine was particularly useful to create a copper-free reaction system. Recycling studies
were carried out. After separation of the products from the catalyst by extracting with n-
hexane, the resulting ionic liquid layer was washed with water to remove ammonium salts.
The resulting ionic liquid contains the palladium catalyst and was reused several times.
After four cycles the yield decreased from 96% (first cycle) to 63%. Different palladium
complexes were tested in the reaction of iodobenzene and phenylacetylene in BMI.PFg.
The conversion depends on the different palladium complexes used in the reaction for two
hours at 60°C (Scheme 3.20). Shreeve and co-workers applied a pyrazole-functionalized
ionic liquid in combination with the corresponding pyrazole Pd!! complexes to the Sono-
gashira cross-coupling (Scheme 3.21).[69] Recycling studies has been performed with the
consecutive reaction of various iodoarenes. The yields are high (87-95%) in six recycles
and imply no effect of the substituents (R = 1. H, 2. Me, 3. MeO, 4. F, 5. NOgy, 6.
2-iodothiophene).

The choice of the experimental procedure is hard to predict. New reaction components
have to be tested to achieve the most suitable conditions. Nevertheless, a few pieces of
information for the survey to a practicable procedure are described here. Ligands, co-
catalysts and other additives can change the results dramatically. The most commonly
used complexes are Pd(PPhg)4 or Pd(PPhs)2Cly. The number of cycles the catalysts can
be reused seems to be limited to give satisfying yields over more than four cycles. This
problem seems to be solved utilizing more complex catalysts either as carbapalladacycles or
preformed catalyst with functionalized ILs. One reason can be the stability and solubility
in the IL.
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N_ ..-Pd L
\ IN Cl S@R
Me M¢€

Bu

Scheme 3.21: Pyrazole Pd!! complex applied to Sonogashira coupling.

Phosphane-free coupling procedures have been described and show high yield in their
first cycles. One promising catalyst system applied by Shreeve and coworkers utilizing
the palladium catalyst in IL shows no difference in the reactivity even after six cycles
(Scheme 3.21). This implies that the work-up procedure in other cases can result in lower
activities. Copper(I) cocatalyst accelerates the reaction but copper-free procedures show
no significant difference in reaction times or yields.

The well-known reactivity of the aryl halides Ar-I » Ar-Br >Ar-Cl is significant and in ILs
this trend keeps the same. Alper and coworkers illustrate this trend in the reaction of
aryl halides and acetylenes containing electron-withdrawing substituents in which case the
rate of the coupling is faster than the reoxidation of Pd®.1%] Reactions of compounds with
electron rich substituents were found to proceed more slowly. In addition, steric effects in
the Sonogashira coupling also influence the reaction. Inorganic bases gave very low yields,
which may be due to solubility problems. Typically EtsN, piperidine or iProNH are used
in procedures carried out in ILs.

Careful purge of oxygen and drying applied in the synthesis procedures seem to suppress
homocoupling and thereby give high yields. Catalyst recycling can be made by extracting
the reaction mixture with, e.g., diethyl ether and subsequent washing of the IL solution
containing the Pd!! catalyst with water to remove excess base and the salt formed and,
finally, using an appropriate drying of the IL at reduced pressure at 60 °C.

Suzuki-Miyaura-Coupling

The Suzuki cross-coupling reaction is an important and well established method for carbon—
carbon bond formation.[") The use of ILs as a reaction media for Suzuki cross-coupling
reactions under homogeneous conditions have been reported in several publications.*+71]
Utilizing Pd(PPhs) in IL BMIL.BF,4 reduced the reaction time in the reaction of bro-
mobenzene with phenylboronic acid from six hours to ten minutes with an increased
yield of 93% (conv. 88%) compared to a conventional Suzuki coupling procedure. The
easy work-up and recovery of the catalyst system are major advantages of this procedure
(Scheme 3.22).[7]
Suzuki coupling procedures without the use of phosphane ligands at ambient temperature
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NG Pd(PPh3)s
R C T QB(OH)Z BMI BFg NaCO3 \_/

Scheme 3.22: Suzuki coupling in ILs.[™

X

under ultrasonic irradiation have been reported.[™ 1,3-Dibutylimidazolium tetrafluorob-
orate BBI.BF,; and methanol as co-solvent were applied in this procedure. The major
drawback in this procedure was the formation of Pd black which indicates a decomposition
of the catalyst. This problem could be overcome by using a bis-carbene palladium complex
(Figure 3.48).[73] This catalytic system was reused for three times with decreasing catalytic
activity (82% first run 80% and 75% third run), which maybe due to loss of the catalyst
during the work-up procedure because of its solubility in organic solvents.

/Bu Bu\

N N
[ —re< ]
N N
i3u Bu/

Figure 3.48: Bis-NHC (N-heterocyclic carbene) palladium complex.

The use of ionic phosphane ligands in the Suzuki coupling has been reported and

showed high activities and high yields even after ten reuses of the catalyst system based on
DPPC.PF¢s [DPPC = 1,1’-bis(diphenylphosphano)cobaltocenium| and PdCly in
BMI.PFg.[" The typical experimental setup started with heating PdCl, and DPPC.PFg
at 110°C in IL BMI.PFg for approx. two hours. The reactants were then added to this
solution and heated again for 0.5-3 h followed by extraction with diethyl ether or hexane.
No leaching of Pd catalyst was found indicating a good complexation in the IL. The au-
thors noted that the catalyst showed no significant loss in the activity even after 140 uses.
PdCl,-DPPF in a control reaction showed reduced activity of the catalytic system after
six runs starting with a yield of 90% and giving a yield of 40% in the last run.
The triethylammonium-tagged diphenylphosphane Pd!! complex (Figure 3.49) confirmed
this strategy. Suzuki couplings of aryl bromides and arylboronic acids in BMP.NTf; gave
high yields of 84-99% within short reaction times.[™® 15% of homocoupled product was
found carrying out the reaction on air. This catalyst system showed slightly decreasing
yields after recycling but only a low level of leached Pd was detected (<10 ppb).

Imidazole complexes as catalyst precursors in 1-butyl-3methylimidazolium-based ILs
are stable and recyclable catalyst systems for the coupling of iodo- and bromoarenes
with phenylboronic acids.["0=7" A key step in this protocol was the initiation of the cat-
alytic system by heating the palladium source in the ionic liquid. The catalyst system
(CH3CN)2PdCly/[BMI] showed high activities in BMP.NTfy and BMI.BF,.

Negishi Coupling

The Negishi coupling has also been carried out utilizing ILs. A biphasic IL/toluene system
was used to couple aryl- and benzylzinc halides with aryl halides.[™ As palladium source
[Pd(dba)s] and ionic phosphane (IP) was used. Moderate to high yields of 70-92% have
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Figure 3.49: Triethylammonium-tagged diphenylphosphane Pd!! complex.

been reported (Scheme 3.23). The catalytic system showed lower yields in recycling and
even with longer reaction times after the third cycle.

NN e tE NN i
TN TBUL 2 PPhyC YR
PPh,

(IP)
EtO,C |
Pd,(dba)s (2 mol%), IP (4 mol%)
+ > EtOZCOI\/Ie
BanOOMe N ®N\Bu / toluene
BF[T

Scheme 3.23: Synthesis of ionic phosphane TP and its use in Negishi coupling.

Tsuji-Trost Coupling

A biphasic Tsuji-Trost coupling procedure has been developed utilizing methylcyclohexane
and BMI.Cl as the solvent in the presence of triphenylphosphane trisulfonate
(Scheme 3.24).17) An increased catalytic activity was found due to the higher solubility
of the substrates compared to the aqueous system. Greater selectivity has been reported
where the formation of cinnamyl alcohol and phosphonium salts could be suppressed in
this protocol. Moreover, a coupling procedure through nucleophilic substitution of allylic
compounds in the reaction of 3-acetoxy-1,3-diphenylpropene with dimethyl malonate in
BMI.BF, gave 91% yield within 5h reaction time at room temperature.3% The catalyst
system was based on PdCly in the presence of phosphane ligand and K2CO3 as the base
whereas the catalyst system could be recycled.

3.5.3 Metal Salts and Metal on Solid Support

There is no doubt that C-C coupling reactions catalyzed by metal precursors constitute
one of the most important synthetic methods in chemistry. Among the metal catalysts
employed for this transformation, Pd-based precursors are far the most used mainly due to
their superior activity when compared to other metals.1782 In this context, several cou-
pling reactions catalyzed by Pd metal salts dissolved in organic solvents have been explored
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triphenylphosphane trisulfonate ©\/\/CLOMe
Mo o BMI.CI = CO,Et
2: methylcyclohexane, 80°C

O5Et

©\mocozlzt PdCly,
+
C

Scheme 3.24: Tsuji-Trost reaction in IL.[™)

in recent years. However, it is commonly accepted that the true catalysts, in general, are
not the Pd salts but molecular palladium(0) species or metal nanoparticles (NPs) generated
in situ that act as catalytically active species.31732:34=36] Tn) particular, ionic liquids (ILs)
emerged as an alternative reaction medium for coupling reactions not only due to their
attractive physicochemical properties, but also because they can stabilize these generated
Pd° species avoiding the aggregation into the inactive bulk material.2? In fact, the pres-
ence of Pd NPs was confirmed by XAFS measurements during Heck reaction performed
in ILs.13] Moreover, it was demonstrated by a physical separation method that palladium
atoms detached from the NP surface are the probable catalytic active species.[34~85 More
examples of the in situ formation of metal NPs in ILs during coupling reactions can be
found in this chapter and in other related reviews in literature.10:29:86-87]

Mizoroki-Heck Reaction

As an example for the use of metal salts dispersed in ILs during the Mizoroki-Heck re-
action is the effective application of Pd(OAc)e or PdCly as catalysts for the coupling
of aryl halides or benzoic anhydride with alkenes in pyridinium- and imidazolium-based
ILs (Scheme 3.25a).[50] The coupling of iodobenzene and ethyl acrylate catalyzed with
Pd(OAc)s achieved moderate to high yields depending on the IL and reaction conditions
used. Moreover, PdCls dissolved in a pyridinium IL gives a high yield of trans-n-butyl cin-
namate during the reaction of benzoic anhydride and n-butyl acrylate. It is important to
mention again that the multiphase nature of reactions performed in ILs provides beneficial
conditions for product separation and catalyst recycling.

Pd!! or Pd° metal precursors in BuyN.Br (TBAB) IL shown to be active catalytic systems
during the Heck reaction of chloroarenes and olefins.[*8! The efficiency of the method was
proved by the better performance of IL as reaction medium giving reasonably good product
yields when compared to classical organic solvents. Indeed, the coupling of chlorobenzene
and styrene to produce stilbene was successfully catalyzed with ligand-free PdCls in IL
(Scheme 3.25b).

A regioselective Heck arylation of electron-rich olefins and aryl halides catalyzed by pal-
ladium acetate could be reached in BMIL.BF,.?3-59 The reaction proceeded with high
regioselectivity to provide the a-arylated olefin. In fact, for all aryl halides tested, supe-
rior o/ product ratios of 99/1 were detected (Scheme 3.25¢). It is noteworthy, that the
presence of IL did not require the use of aryl triflates, and for aryl halides, the addition of
silver salts, which until then were necessary conditions to obtain good regioselectivities. It
was also supposed that the reaction proceeds via an ionic pathway and the IL effect may
be related to the stabilization of ionic species where the dissociation of halide anion from
palladium was favored. Similarly, the coupling of aryl bromides with hydroxyalkyl vinyl
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ethers catalyzed by Pd(OAc), generates cyclic ketals in IL (Scheme 3.25d).1%8) Once again,
the Pd-IL system showed high selectivity for the a-arylation (a/8 >99/1), which was fol-
lowed by a cyclization step to form the ketals. Moreover, this system could be recycled for
at least eight runs without significant loss in activity.

Guanidinium-based ILs have also been employed as efficient reaction media in Heck
processes."2 The coupling of several aryl halides and olefins catalyzed by PdCls in guani-
dinium IL was effectively achieved in short times and high yields of the trans product
(Scheme 3.25e). Some important advantages on the use of this IL can be mentioned. In
addition to be the solvent of the reaction, the IL can act as a strong base, since there is
an equilibrium into the organic base and acetic acid at high temperature. Furthermore, it
acts as a ligand to stabilize the active palladium species during reaction. As a result, the
addition of an external base or ligand is not necessary in this case. Substituted benzofurans
were synthesized by an intramolecular Heck reaction catalyzed by PdCl in IL.3% For ex-
ample, orthoiodobenzyl allyl ether was transformed into 3-methylbenzofuran in moderate
yield (71%) in the presence of BMI.BF4 IL (Scheme 3.25f). During recycling experiments,
a slight loss in activity of the catalyst system was observed after the fourth run.

As an alternative to conventional systems, microwave irradiation was used in Heck reac-
tions performed in BMI.PFg.16l The best catalytic system for the coupling of substituted
aryl halides and butyl acrylate was based on PdCly in IL. Under controlled microwave
heating, moderate to excellent yields were attained in the reaction of bromoanisole and
n-butyl acrylate (Scheme 3.25¢g), in which the use of a phosphane ligand slightly improves
the catalyst activity. In contrast, only poor results were observed when the classical sup-
ported metal catalyst Pd/C was tested. Under phosphane-free conditions, PdCly was able
to promote the reaction between iodobenzene and n-butyl acrylate, where the IL phase
could be recycled up to five times without significant loss in activity.

Silica-supported palladium catalysts were prepared as another strategy to obtain satisfac-
tory results in the Heck coupling reactions.

For this purpose, an interesting approach based on the immobilization of Pd(OAc)s in
amorphous silica aimed by an IL was developed.?9 Results showed that BML.PFg was the
best IL for the immobilization of the Pd salt in the IL layer inside of the silica pores. In
addition, this catalyst was efficient to promote the Heck coupling of aryl halides and olefins
in organic solvents, mainly in the case of iodobenzene and cyclohexyl acrylate, where up
to 99% in yield was attained (Scheme 3.25h). Moreover, the catalyst could be recycled
maintaining a high activity even after six runs.

An efficient application of classical heterogeneous catalysts was also described for Heck
reactions.®Y In fact, the coupling of iodoarenes and ethyl acrylate works well in the pres-
ence of Pd/C in BMI.PFg, and the IL was reused for six runs (Scheme 3.251). However,
when bromoarenes were tested, the yield dropped considerably, which is very similar to the
results observed in independent experiments for a system using microwave irradiation.”f]
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Suzuki-Miyaura Reaction

It is well-known that Suzuki-Miyaura reaction is another important method in C-C cou-
pling synthesis. This reaction has also been carried out in ILs in the presence of Pd salts
or supported metals as catalysts. For example, the use of 2,2’-bisimidazolium-based ILs
in palladium-catalyzed Suzuki reaction was described.l9?) In this case, a mono-quaternary
Il was adopted as solvent and ligand for the PdCly catalyst on the coupling of phenyl-
boronic acid and bromobenzene, providing an isolated yield of 83% after product purifi-
cation (Scheme 3.26a). On the other hand, changing the aryl halide to chlorobenzene
does not afford good results, only 15% of yield was detected under the same conditions.
Noteworthy, the catalytic system was recycled for at least 14 runs without loss in activity,
suggesting a strong interaction between the catalyst and IL that prevents catalyst leaching
after work-up procedures.

B _-B(OH),
a) P S 7 /_\
[ - [/jJ P | g > \ ) R=H MeF CF3NO,

IL, base, 100°C
yield = 80-90%

PFe
[\

S NN~

IL = 1

N7 N
f S N
0 0
b ) VS Pd(OAc); o /“/ =\
) N0 T ¢ Ao e N0 T L A

BF, H-0, base, 80°C BF,

Ar = Ph, p-MeOCgHg4, p-tBuCgHa,
p'ACC6H4‘ 2—HSC6H4

R .
/ [\
) A + NN oH
MeG N/, TN
BF,

NH+/MeOH

yield = 55-83%

X _~__B(OH), i
C) S R any _
m . ” r Pd catalyst R /_\/F @ X=Cl Br, |

vt ~F base, m-xylene, 100°C R =H, Me, OMe, NO;, CF3
yield = 21-94%

N\

\L car e (7
Pd catalyst = J

_Si., S,
MeO d C‘) MeO 3

4//
_\

silica

Scheme 3.26: Selected examples of Suzuki cross-coupling reactions catalyzed by metal
salts in TLs.[92-94)

Interestingly, the Suzuki reaction was selected to demonstrate and explore the ability
of IL to act as soluble supports in organic processes.[%] Indeed, the reaction of an IL-
supported benzoate compound with arylboronic acids catalyzed by Pd(OAc)y gave both

100



3. Results and Discussion

excellent yields and purity of biaryl products after a cleavage step with ammonia/methanol
(Scheme 3.26b). Remarkably, the reaction works better with the IL-supported benzoate
compound than methyl p-iodobenzoate substrate. This result was attributed to the better
solubility of the IL-based substrate in the aqueous medium, the beneficial effect of the
positive charge from IL moiety on the reaction rate, or the loss of methyl p-iodobenzoate
by sublimation.

The immobilization of a Pd salt onto a silica support modified with imidazolium IL frag-
ments appears to be another convenient route to prepare a competent catalyst for Suzuki
crosscoupling reactions.!%% A simple covalent attachment of 1-methyl-3-(3-trimethoxysilylpropyl)
imidazolium chloride to silica, and then mixing with PdCls led to the supported catalyst.
Due to its good activity compared to other catalysts tested, this supported material proved
to be a suitable promoter for the reaction between phenylboronic acid and bromobenzene
in m-xylene (89% yield of product; Scheme 3.26¢). Notably, the product yield can be
increased up to 94% depending on the conditions used. Recycling experiments showed
that the system is active until the third run, but the activity decreased considerably in the
fourth and fifth recycles.

Stille Reaction

Since the Stille reaction corresponds to an important process for C-C bond formation,
some examples using ILs as alternative solvents had been reported. For this purpose, a
series of ILs based on different cations was investigated in order to identify the role of 1L
properties in the efficiency of Stille reaction.!%%) Although ligands improve the efficiency
of coupling process, a ligandless reaction between iodobenzene with tributylvinylstannane
(Scheme 3.27a) promoted by Pd(OAc)2 works well in two imidazolium-based ILs BMI.NTf;
and BMIL.NTf, (BMsl = 1-butyl-2,3-dimethylimidazolium), as well as in pyrrolidinium-
based I BMP.NTf, and pyridinium-based IL. HPy.NTfs. In particular, a conversion of
94% was attained in this coupling reaction when performed in BMoI.NTf, IL. However,
the transfer of alkyl group to the iodobenzene substrate was difficult in IL. In the case of lig-
andless condition, the hydrophobic IL BMI.CgH17SO4 (CgH17S04 = octylsulfate) showed
the best performance as solvent for the coupling of tetramethylstannane with iodobenzene
catalyzed by Pd(OAc)a.

The idea of employing IL-supported materials was successfully applied in Stille C-C cou-
pling transformation.”l In fact, the reaction of IL-supported organotin reagents with
substituted aryl bromides was evaluated under several conditions. Among the catalytic
systems investigated, Pd(OAc)e without additional ligand demonstrated the high activity
(93% of conversion) in the coupling of 3-bromopyridine and IL-supported dibutylphenyl-
stannane group (Scheme 3.27b). As expected, the increase in temperature from 35°C to
100 °C affords total conversion in a short reaction time. This system was competent even
when other types of organotin fragments and aryl bromides were used. Noteworthy, this
concept does not require the use solvent, ligand, or additives in the reaction.

In summary, this section reviews some remarkable works on the use of metal salts
dissolved in ILs as catalytic system for Heck, Suzuki and Stille coupling reactions. It is
important to highlight that only selected studies using metal salts as catalysts which did
not clearly indicate the formation of metal nanoparticles were discussed herein.

3.5.4 Metal Nanoparticles

Carbon—carbon or carbon—heteroatom cross-coupling reactions in chemical synthesis are
usually carried out using palladium complexes or palladium salts. A new and upcoming
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Scheme 3.27: Stille coupling in ILs using metal salts as catalysts precursors.[95—96]

methodology is the usage of transition metal nanoparticles as cheap and easily synthesizable
catalysts [37). Nanocatalysis stands for a frontier between homogeneous and heterogeneous
catalysis that permits new applications and new prospects, which cannot be realized by
traditional catalysis.

In spite of the high price, the metal of choice for C-C cross-coupling reactions is palladium
(28] There are several ways of synthesizing palladium NPs ranging from reductive meth-
ods, thermal or sonochemical decomposition to laser ablation, physical vapor deposition
(PVD), or microwave synthesis [97-100] " Nowadays, the synthesized palladium NPs have
a narrow size distribution around 1-10nm and provide high activities for cross-couplings.
Usual precursors for the synthesis of palladium NPs are metal salts such as Pd(OAc)s,
PdCly, or Nag[PdCly| 2837101 Very useful are zero-valent precursors such as Pd(dba)s,
Pd(COD)s, and palladium metal in terms of targets, foils, or ablation plates 102, After
decomposition of the precursor, mainly volatile by-products are produced, which can be
easily removed from the reaction mixture. The first examples of the synthesis of palladium
NPs by decomposition of Pd? sources came up in the early 1970s and were further devel-
oped in the following 20 years by different workgroups [97,98,102]

Very famous reaction (co)media for the synthesis of palladium NPs are ionic liquids, which
provide a large variety of parameters to control shape and size 101 They can also be opti-
mized in order to enhance the catalytic performance of the NP/IL dispersion. Ionic liquids
provide a large variety of liquid ranges, good thermal and chemical stability, negligible
vapor pressure, and the potential of recycling (see below)[s]. One of the most interesting
properties of ILs is their ability to stabilize nanoparticles and protect them from agglomer-
ation 481 A protective layer of anions is weakly but sufficiently bonded to the partially
positively charged surface of the nanoparticles. In addition, the steric interaction of the
bulky coordination sphere of the IL suppresses attractive interaction between the nanopar-
ticles sterically and electrostatically, thereby hindering agglomeration of the NPs to bulk
metal (Figure 3.50) 4520103 Fyrthermore, ILs prevent oxidation and hydrolysis of the
nanoscale catalyst surface by the formation of the protective shell.

Moreover, ionic liquids are also used successfully in recycling experiments of nanoscale
catalysts 1. One of the major drawbacks of molecular palladium species for catalysis is
the difficulty concerning their recovery from the reaction media. Usually they are lost in
the end of the reaction and/or contaminate the product. Phosphane ligands are among
the most popular ligands for homogeneous catalysis but are very often toxic and sensitive
to air and moisture. Palladium clusters and particles in ionic liquids are usually ligand
free and circumvent the complex problems that come along with the use of molecular
ligand-stabilized palladium species. In fact, palladium NPs are not determined as the
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Figure 3.50: Electrosteric shielding of metal nanoparticles by ionic liquids [4]. (Repro-
duced (adapted) with permission from Ref. [4]. Copyright 2010 The Royal Society of

Chemistry.)

catalytically active species; rather, they act as catalyst reservoir [>19U. For instance, the

reaction substrates coordinate to the surface of the palladium NPs and leach out molecular
Pd species that undergo oxidative addition and enter into the catalytic cycle (Figure 3.51).
After reductive elimination, the Pd? species is regenerated and can form new nanoparticles
due to Ostwald ripening (although agglomeration of large nanoparticles is inhibited by the
electrosteric shielding of the IL) or undergo a further catalytic cycle.

NP/IL dispersions are highly suitable for multiphase systems 56 That is why, there
were several attempts to recycling experiments with palladium nanoparticles dispersed in
an ionic liquid. Another cosolvent, such as water or commonly used organic solvents that
are insoluble in each other, acts as the second phase for reagents and additives. The
reaction takes place at the interface between catalytic phase and reactant phase. In bi-
and multiphase systems, the catalytic phase can be separated easily, purified if necessary,
and reused. C-C cross-coupling reactions that are usually performed with the use of Pd/IL
dispersions are Heck, Suzuki, Sonogashira, and Ullmann reactions. They show significant
improvements in comparison to classical homogeneous and heterogeneous catalysis and are

presented in the following subsections.

3.5.5 The Mizoroki—-Heck Reaction with PdNPs in ILs

Because of its versatility, the Mizoroki—-Heck coupling is one of the most famous reactions in
synthetic chemistry 262729 The academic and industrial community is highly interested
in further developing the Heck reaction due to its possible applications for the synthe-
sis of products that are in great demand. Usually an unsaturated organic halide reacts
catalytically driven with alkenes in the presence of a base. Typical representatives of pal-
ladium catalysts are palladium complexes or palladium salts and, as a new and upcoming
method for palladium catalysis, the use of palladium nanoparticles and their precursors
(10L,104] © The formation of palladium nanoparticles in imidazolium ILs proceeds (i) via
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Figure 3.51: Catalytic species and catalyst reservoirs in the Heck reaction catalyzed by
palladium nanoparticles 11, (Reproduced (adapted) with permission from Ref. [101].
Copyright 2005 American Chemical Society.)

an N-heterocyclic carbene intermediate that is reduced to elemental palladium to form
nanoparticles (Figure 3.52) 1057108 Besides this, it is also possible that (ii) Pd!! species
are directly leached out from the nanoparticles’ surface by oxidative addition as well as (iii)
Pd’ is generated by reductive elimination resembling a nanoparticle (Ostwald ripening).
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R,N@N-R-

AT

Pd(OAc)y ————»= Pd Pd%g.

/ |
Precursor R'— /\ R
O\
Pd2*

pre-catalyst

active species

Figure 3.52: Equilibrium between precatalyst, active palladium species, and nanoparti-
cles as the catalyst reservoir.

In fact, there is evidence for the high catalytic activity of palladium biscarbene com-
plexes in Heck couplings ascertained by Xiao and coworkers 195 and Welton and coworkers
[106] ~ As a result of the nonpolar reactants in Heck reactions, the catalysis is mostly per-
formed in classical organic solvents, but other reaction media are also popular. In the past
few years, a wide range of ionic liquids have been used as a mediator for Heck reactions with
great prosperity. One of the major advantages is the selectivity of the coupled alkenes:
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preferentially the trans-product is formed in high yields, as Deshmukh et al. found for
the reaction of iodobenzenes with several alkenes, even at temperatures as low as 30°C
(199] " Furthermore, ionic liquids such as the quaternary ammonium IL used by Reetz et al.
(36,1101 oy methylimidazolium IL developed by Dyson and coworkers [23 act as stabilizing
agents, as well as an imidazolium polymer/IL composite (Scheme 3.28), and allow also the
coupling of less reactive aryl bromides.

X (@]
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_Et 0.5mol% Pd_ [ ©°
IP/IL, 80°C

+|O
R

Scheme 3.28: Heck vinylation of substituted aryl halides with low Pd loadings performed
by Dyson and coworkers [23].

It is necessary to point out that the Heck reaction under ambient conditions cannot
be performed with classical organic solvents [109] " Thus, the application of nanoparticles
in ionic liquids seems to be essential for this kind of coupling under the above-mentioned
conditions. Furthermore, ILs may establish a multiphase catalytic system with a single
catalytic phase and one reactant phase in a classical organic solvent >0/, The ability to
immobilize nanoparticles in the ionic liquid is crucial for considering them as recyclable
and therefore environmentally benign. There are several co-solvents for the reactant phase
conceivable ranging from polar to apolar solvents.

Interestingly, it is not necessary to synthesize palladium nanoparticles in situ in an ionic
liquid in order to use them as catalyst (reservoir). Calo et al. showed that small nanoparti-
cles can be redispersed in ILs such as tetrabutylammonium bromide (TBAB) 11112 They
are also capable of catalyzing Heck reactions with tetrabutylammonium acetate (TBAAc)
used as a base. Another possibility is the immobilization of palladium nanoparticles on
silica or sepiolite as well as SiO, and AlyOs particles 3], They can act as good and
reusable catalysts for Heck-type reactions also in ILs. Furthermore, Teuma and cowork-
ers presented a Heck coupling utilizing functionalized carbon nanotubes (fCNTs) bearing
palladium nanoparticles in an ionic liquid 4. Interestingly, there was no need for a sup-
plementary base in this setup.

Corma et al. presented a method to synthesize palladium nanoparticles immobilized on
polyoxometallate ionic liquid (POM-IL) nanoparticles [115] These POMIL particles can act
as a good recyclable catalyst in nonpolar media as well as for gasphase reactions. Another
promising method for Heck reactions is the immobilization of palladium nanoparticles on
poly(divinylbenzene) (PDVB) as a copolymer for 1-aminoethyl-3-vinylimidazolium bro-
mide (VAIm-Br) [''6], The IL is grafted on the copolymer that causes a multiple enhance-
ment of the catalytic activity of the palladium particles in the Heck reaction as recently
described by Han and coworkers.

One of the major goals in Heck-type nanocatalysis is a smooth reaction of deactivated cou-
pling partners such as aryl chlorides and deactivated olefins. Up to now, there is only scarce
information about the coupling of these compounds, especially concerning nanocatalysis.
In 2009, Calo et al. showed an impressive way of performing the Heck reaction within a
few minutes with the help of TBAB/TBAAc M11] " This Heck reaction does not proceed
with other ILs, such as imidazolium ILs or pyridinium-derived ILs.
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3.5.6 Suzuki—-Miyaura Reaction

Next to the Heck reaction there is another very important cross-coupling reaction, which
is one of the most famous reactions in organic chemistry. The Suzuki-Miyaura coupling —
besides the Ullmann reaction — is the most common to synthesize biaryls. Biaryls are key
intermediates for industrial targets such as drugs, liquid crystals, or agricultural chemicals
(17 That is the reason why the application of metal nanoparticles in Suzuki reaction
has attracted very much interest for industrial production and is used as a benchmark
for nanocatalyst testing. Palladium nanoparticles derived from palladium salts such as
Pd(OAc),, dispersed in tetraalkylammonium ILs, especially tetrabutylammonium ionic
liquids, are the most promising catalysts for Suzuki couplings. Tetrabutylammonium base
(TBA-OH) is preferentially used during the catalysis 18], Nanoparticle stabilization is
crucial for the high yields in this reaction. High concentrations of tetraalkylammonium
ions in the IL phase — derived from the IL itself and the base — as well as longer alkyl side
chains of the ILs significantly increase nanoparticle stability. It is possible to perform the
reaction even at temperatures as low as 70 °C within 3-4h in good to excellent yields 118,
Guanidinium-based ionic liquids are another interesting stabilizing medium. Li and co-
workers presented a method utilizing hexaalkylguanidinium ionic liquids (GIL) that medi-
ate Suzuki couplings in water as the cosolvent with remarkable efficiency and also good recy-
clability 9. Interestingly, this system enables the use of iodo-, bromo-, and chloroarenes,
which is up to now not common in cross coupling reactions due to the low reactivity of
chloroarenes.

The stabilization and activity of palladium nanocrystals are mainly affected by shielding
effects of the surrounding ionic liquid. Very low catalyst loadings of only 0.05 mol% Pd
were satisfactory in the reaction protocol of Peng and coworkers 129/, The reaction is
carried out without any inert reaction atmosphere in a water/ethanol mixture at 70 °C.
3-(2,3-Dihydroxypropyl)-1-vinylimidazolium chloride is copolymerized with styrene to sup-
port the Pd nanoparticles. The catalyst can be reused several times without significant
loss of activity.
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Figure 3.53: Pd nanoparticles with anion-depending shapes synthesized by Kerton and
Kalviri 21, (Reproduced with permission from Ref. [121]. Copyright 2011 The Royal
Society of Chemistry.)
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Kerton and Kalviri presented a phosphonium-based ionic liquid for Pd nanocrystal-
lite support 121, Trihexyl(tetradecyl)phosphonium chloride was used as the decomposi-
tion medium of the precursor Pd(OAc), and as the stabilizing agent of small palladium
nanoparticles formed in the range of 7 nm. The nanoparticle dispersion was used as a very
effective coupling catalyst for the Suzuki reaction of 4-bromotoluene and phenylboronic
acid. The shape of the nanoparticles was shown to depend basically on the precursor
anion (Figure 3.53). PdCly gave truncated octahedrons, whereas Pd(OAc)s provides tri-
angular shapes. The effect on the catalyst activity could not yet be clarified.

Besides palladium acetate, Pd(COD)ClI; is reduced by hydrogen in BMI-PFg to form star-
like nanoparticle self-organization. In Suzuki reaction, these particles exhibit very good
activity in IL suspension (total conversion within 60 min at 100 °C). The catalytic layer of
the biphasic system could be recycled up to 10 times without significant loss of activity.
In contrast, the isolated Pd powder shows no appreciable activity [122]

An upcoming method to immobilize palladium nanoparticles is the use of onedimensional
grown structures such as nanowires or dendrimers. Hagiwara et al. presented a highly
active palladium catalyst immobilized on nanoscale silica dendrimers with the help of ILs
(SILC). In this ligand-free approach in EtOH/H2O solution, the catalyst could be easily
recycled by simple centrifugation in excellent yields up to 93% (TON 176000 of a single
run), and in similar systems with 10 subsequent runs [123,124]

Ph G
Ph/P 0 0 0 NN oo

Figure 3.54: Phosphane-functionalized zwitterionic ionic liquid synthesized by Akiyama
et al. 11251

Zwitterionic liquids (ZILs) are also very capable in surface protecting of nanoparticles
due to their strong polarity. Akiyama et al. presented a phosphane with zwitterionic liquid
based on imidazolium sulfonate linked to ethylene glycol (Figure 3.54). The protected
nanoparticles are stable in aqueous medium even with high electrolyte loadings and act as
efficient catalyst in Suzuki couplings29.

An easy synthesis and simple preparation of a catalyst phase were presented by Safavi
et al. They incorporated palladium nanoparticles into a silica xerogel with the help of a

(2-phosphinite)propylmethyl imidazolium hexafluorophosphate IL [126].

3.5.7 Stille Reaction

The Stille coupling is a very famous C-C cross-coupling reaction. Due to the toxicity
of most organotin reagents, chemists try to avoid the usage of these coupling reagents.
However, there are still certain reactions that can only be realized in satisfactory amounts
with the Stille reaction. Analogous to the Heck and Suzuki reactions, the catalytically
active species in Stille couplings are molecular palladium complexes that are leached out
of nanoparticles °/. Several ionic liquids based on pyridinium, imidazolium, pyrrolidinium
(1417 " and tetraalkylammonium ions 118 were used as protecting agents and as solvents
[5,14,27] Dyson and coworkers presented ionic liquids containing nitrile functionalities,
which were used in several cross-coupling reactions, such as Stille reaction [16.18]  The
catalytic phase could be recovered about nine times without a loss of activity, which can be
explained by the exceptional shielding of the nanoparticle by the nitrile group (Figure 3.55).
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Furthermore, for nitrile functionalized ILs the leaching of molecular palladium species
into the organic layer was remarkably lower in comparison to the alkyl-functionalized ILs;
this is particularly true for imidazolium ILs. The conversions of Stille reactions in CN-
functionalized ILs are constant at 90% even after several recycling steps. Other factors
influencing product yields, leaching, and reaction parameters are, for instance, the viscosity
of the IL and the solubility of metal salts in the ILs.

Furthermore, ion pairing effects
play a crucial role in substrate con-

versions . One focus in research Im
is the use of aryl chlorides, which is Im

quite challenging. Aryl chlorides are
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cerning recycling experiments 111, Figure 3.55: Electrostatic surface shielding by
Dyson, Li, and coworkers also pub- nitrile functionalities of imidazolium or other ionic
lished a Stille reaction with an imi- liquids.

dazolium polymer/IL composite. The

nanoparticle shielding is very effective and makes the precatalyst dispersion stable for
months. Stille reactants, catalysts, and additives — such as bases — can be stored without
undergoing degradation. Good to excellent yields could be obtained with catalytically ac-
tive phases, which were already several months old and with a low palladium loading of
about 0.5 mol%. The phases showed very good recycling capabilities with no significant

loss of activity after five runs (23,

3.5.8 Buchwald-Hartwig Reaction

One of the most famous carbon-heteroatom cross-coupling reactions is the Buchwald—
Hartwig reaction. Usually aryl halides or pseudohalides are coupled with amines with
the help of palladium catalysts. Up to now, there are only few examples for nanoscale
palladium catalysis in ionic liquids, even though there would be a tremendous industrial
interest. Cacchi and coworkers presented a combination of Heck and Buchwald-Hartwig
reactions 1271, The reactions are completely independent, in terms of their mechanistic
point of view. The reaction proceeds in a mixture of molten TBAAc/TBAB to give 4-aryl-
2-quinolones, a chemical target that is in great demand for antibiotic synthesis 28], There
is only one last example for nanoparticle catalysis in phosphonium-based ionic liquids
presented by De Vos and coworkers. However, they used nanoscale nickel particles as
catalyst (129].
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3.5.9 Sonogashira Reaction

Couplings of aryl halides with substituted acetylenes can be performed with the Sono-
gashira reaction. Usually organocopper compounds are used for the transmetallation step.
The oxidative addition of the aryl halides takes place at the surface of the palladium parti-
cle, analogously to the Heck and Suzuki couplings. Palladium nanowires were synthesized
by Zhang and coworkers as the palladium source for a Sonogashira reaction 3%, A thiol-
functionalized ionic liquid was used as reaction medium (Scheme 3.29), NaBH,4 acted as
reductive agent, and gold colloids served as seeds for the nanowire growth. lTodobenzene
and phenylacetylene were coupled in quantitative yield within 12 h at temperatures as low
as 75 °C. Cul was used as copper source in order to generate the organocopper compound
and PPhs for further stabilization of the molecular Pd!! species.

[\ N.80°C.72h. T \.C

0
TsOH, toluene [\ cr
3 >
reflux, 12h —N /N\/\OJ\/SH

Scheme 3.29: Synthesis of thiol-functionalized ionic liquid by Zhang and coworkers [130].

Corma et al. synthesized palladium nanoparticles in BMI-PFg as well as in BMI-Cl
with poly(ethylene glycol) (PEG) for further stabilization 31, As precursor, they used
40-hydroxyacetophenone oxime complex of Pd!!, which is a well-known and highly ac-
tive palladium complex for cross-coupling reactions. After thermal decomposition, small
nanoparticles (2-5nm) could be collected. Neither a copper source nor a further stabilizing
ligand is necessary in this method, which makes it promising for a recyclable multiphase
catalyst system. Unfortunately, the obtained yields were (with a few exceptions) rather
moderate, which is due to the low solubility of the utilized base (CsOAc) in the ionic
liquids.

3.5.10 Ullmann Reaction

In contrast to the Suzuki reaction, the Ullmann reaction is a homo coupling of aryl halides
to produce biaryl compounds. Although the Suzuki reaction is more famous than the Ull-
mann reaction, because of the possibility to work copper free and the very high reaction
temperatures required for the original reaction protocol, there are still some examples left,
which make the Ullmann reaction interesting for chemical synthesis. The use of palladium
nanoparticles and a reductive additive (usually aldehydes) makes the copper compound
dispensable. One alternative is proposed by Calo et al. 19 tetraalkylammonium-based
ILs interestingly act as reaction medium (TBAB), base, and ligand (TBAAc), which make
them crucial for this type of synthesis. The reaction proceeds under comparably mild
conditions at 130 °C with total conversion within 2h. The possible reactants are not re-
stricted to aryl halides, but vinyl and heteroaryl halides may also be reacted. Average to
good conversions (70-90%) were already obtained at temperatures as low as 40-90°C.

An electrochemical attempt was performed by Rothenberg and coworkers for a room-
temperature catalyzed Ullmann reaction 1321, At first palladium nanoparticles with the
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size of 2.5nm (0.5 nm) were generated in an electrochemical cell (Pd anode and Pt cath-
ode). In a mixture of water and OMI-BF, as a recyclable solvent, aryl bromides and
iodides (no aryl chlorides) were coupled by applying an electric current of about 1.0-1.6 V
at 10 mA. Water is crucial for the catalytic cycle, because a two-electron oxidation of water
regenerates the Pd? species. Within 8-24 h, the yields varied between 20 and 99% at room
temperature.

3.5.11 Summary and Outlook

In summary, palladium-catalyzed coupling reactions carried out in ionic liquid media rep-
resent quite efficient and recyclable catalyst phases. Detailed reaction insights have been
obtained in several studies about Heck, Suzuki, and Stille reactions with palladium com-
plexes, salts, classical heterogeneous catalysts, and nanoparticles. Moreover, related cou-
plings such as Sonogashira and Ullmann were also discussed. The experimental insights
about the catalytic systems are collected in the related sections. These results allow us
to describe a generalized conclusion regarding recyclability, activity, yields, and selectivity
of the IL-based catalyst systems. The discussed systems are classified in different types:
palladium complexes, palladium salts, classical solid catalysts, and palladium nanoparti-
cles that are applied under quasi-homogeneous reaction conditions providing good yields
for Heck coupling. Furthermore, immobilized complexes are highly efficient for Suzuki and
Sonogashira reactions. Solid catalysts based on silica, alumina, or carbon exhibit good
performance in the mentioned reactions. Presumably, this may be related to porosity of
the support with the Pd particles grafted on the surface. The incorporation of functional
groups into the IL enhances the stabilizing properties; thus, the long-term stability of the
catalyst material is optimized. Here, amino, N-heterocyclic, nitrile, ether, and alcoholic
OH groups are highly suitable in combination with soluble palladium species. These groups
act like ligands and enhance the efficiency and stability of molecular and solid (or anchored)
palladium catalysts in recycling experiments. Here, one may distinguish between catalyst
systems giving high yields, high selectivity, or high total TONs in recycling experiments.
These systems are often based on nanoparticles or anchored complexes. This implies that
both approaches give access to highly active catalysts. On the other hand, major general
trends of activity and stability cannot easily be predicted in comparison to molecular and
solid catalysts. Moreover, most of the shown catalysts are only tested for a few differ-
ent reactions and reaction conditions. Therefore, only a few general conclusions can be
made: Effective catalysts are usually well immobilized, have low metal leaching, and stay
in equilibrium between the solid phase (anchored ligands, supported metals, or metal NPs)
and solvated molecular Pd species, hence dissolved complexes. Therefore, the efficiency of
catalysis depends not only on the type of active species, but also on the support material, in
the present case the type of ionic liquid and ionic ligands. The combination of the suitable
Pd precursor with an appropriate IL resulting in stable metal species is the first step for
good performance (high yields, high selectivity, low catalyst leaching, high recyclability).
Moreover, for easy-to-use applications, it is favorable to work with catalysts that are robust
for prolonged time in the presence of air and moisture. These aspects are most important
for continuous recycling experiments, and this point is crucial, for example, in industrial
applications with high TTONs. For further optimization, more in-depth studies about
selective catalyst poisoning, kinetic studies, and reaction insights into multiphase catalysis
are required to guarantee the development of new catalysts for best efficiency, robustness,
and lower “homeopathic” catalyst loadings. The approach to embed and protect Pd NPs
or molecular species with ILs gives a good access for particle size control and to prevent
agglomeration to Pd black. Moreover, the ILs are suitable to anchor ligand in side chains
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or they may also act as the base.

For future perspectives, one may assume that several other coupling reactions using tra-
ditionally Pd complexes will be transferred to IL-based systems, and most likely also in
combination with Pd NPs as catalyst reservoir. This might lead to easy recyclability,
robustness, and long-term stability of the catalyst phase.

3.5.12 Abbreviations

BBI 1,3-dibutylimidazolium

BIIM 2,2’-biimidazole

BMly 1-butyl-3-methylimidazol-2-ylidene
BMP N-butyl-N-methylpyrrolidinium
DMAc N,N-dimethylacetamide

DMF N,N-dimethylformamide

DMSO dimethyl sulfoxide

DPPC 1,10-bis(diphenylphosphano)cobaltocenium
DPPF 1,10-bis(diphenylphosphano)ferrocene
fCNT functionalized carbon nanotube

HPy N-hexylpyridinium

IL ionic liquid

IP ionic phosphane

NMP N-methyl-2-pyrrolidone

NPs nanoparticles

NTf, bis(trifluoromethanesulfonyl)imide
OMI 1-methyl-3-octylimidazolium

Pd NP Pd nanoparticle

Pd-DPPP 1,3-bis(diphenylphosphano)propane palladium
PDVB poly(divinylbenzene)

PEG poly(ethylene glycol)

POM-IL polyoxometallate ionic liquid

PVD physical vapor deposition

TBAACc tetrabutylammonium acetate
TBAB tetrabutylammonium bromide
TTON total turnover number

Z1IL zwitterionic liquid
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Two steps to aromaticity: Aromatic compounds such as phenols represent a common
structural motive in nature and they are of great demand in chemical synthesis. Due to
the lack of possibilities to substitute the aromatic ring system in meta position phenols
were rather expensive and their production environmentally unfriendly. The advances
in catalytic aerobic dehydrogenation stand for a new approach to make them easily
available from cyclohexanones.

The transformation of cycloalkanes into aromatic compounds, such as phenols, is a
fundamental reaction in organic chemistry. Phenols have a wide spread of applications in
fields ranging from polymers to pharmaceuticals, as electronic materials in final products or
intermediates in chemical synthesis.[l] Their unique properties originate from the manifold
opportunities to substitute these compounds along the aromatic ring system regioselec-
tively. Electrophilic aromatic substitution (S.Ar) is a very simple and versatile method to
synthesise substituted aromatic rings.[) Owing to electronic effects the S, Ar mechanism re-
sults only in ortho- and para-substituted products and fails to generate meta-substituted
derivatives. There are different approaches to introduce a hydroxyl group at the meta-
position. One option is the condensation of a ketone with a 1,3-dicarbonyl component,
forming a substituted phenol.3] This method is, however, limited to nitro-substituted di-
carbonyl compounds and suffers from low yields, as described by Bamfield and Gordon.®!
Another possibility is a two-step synthesis through the borylation and subsequent oxidation
of a cyclic carbonyl mediated by a Ir|[COD]|-type catalyst.l¥! The substrates are limited,
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however, to halogenated arenes; the corresponding phenols result in moderate to good
vields. In contrast to the catalytic borylation step, the oxidation requires a stoichiometric
oxidant, which leads to a phenol in a two-step dehydrogenation. The low yields, use of a
stoichiometric reagent as a hydrogen acceptor,®=7 harsh reaction conditions® and long
reaction timel® are undesirable, especially for synthesis on a technical scale. In addition,
nearly all catalytic attempts, for example with iridium complexes, failed because of their
limitation to unsubstituted arenes or the stoichiometric consumption of the catalyst. Y3
and co-workers presented a Ru-catalysed method for the dehydrogenative aromatisation
of carbonyl compounds and amines.[®) The ruthenium-p-oxo-p-hydroxo-hydride-complex
presented exhibits a moderate turnover number for the conversion of cyclic carbonyls
to the corresponding phenols. Despite the positive catalytic activity, the overall con-
sumption of hydrogen acceptor (tert-butylethylene) and the reaction temperature (200 °C)
were too high and made this reaction intolerant towards labile functional groups. Hirao
and Mori succeeded in the dehydrogenative aromatisation of an «,f-unsaturated cyclo-
hexenone mediated by a VO(OR)Cly oxidant.”) Based on these developments, Hirao and
Moriuchi presented a vanadium-catalysed dehydrogenation of a variety of substituted cy-
clohexenones in 2009.19 The catalyst used in this reaction was the commercially avail-
able NH,VO3 or VOSO,4 with BuyNBr/HBr and trifluoroacetic acid (TFA) additives; the
oxidative species was molecular dioxygen. Under an argon atmosphere there was no sig-
nificant conversion of the cyclohexenone to the corresponding phenol. The combination
of oxidative bromination from a bromine source, a Brgnsted acid, and molecular oxygen
in the vanadium-catalysed dehydrogenation to arenes, alkenes, and alkynes, had already
been reported. [tV Although this catalytic approach maintains yields of up to 90%, it still
suffers from the large amounts of additives required (300-1000 mol%). Recently, Stahl
and co-workers presented a catalytic approach for the dehydrogenation of cyclohexanones
with a loading of 3-5 mol% palladium trifluoroacetate [Pd(TFA)s], p-toluenesulfonic acid
(TsOH) and 2-(N,N-dimethylamino)pyridine.l'? As shown in Table 3.11, they dehydro-
genated 3-methylcyclohex-2-ene (1) and 3-methylcyclohexanone (2) to obtain meta-cresole
in quantitative yield after 24h (Table 3.11; Entry 5). Molecular oxygen (1 atm), a highly
desirable oxidant from chemical, environmental, and economic perspectives, was used at
80°C and generated water as an easily removable by-product.'3) The major advantage
of the catalytic conversion of cyclohexanones into phenols is the ready availability of the
reactants. Diels—Alder reactions, aldol condensations, Robinson annulations and numer-
ous other reactions are commonly used to generate cyclohexanones because of their atom
economy and typically mild reaction conditions.

Further investigation of the possible reactants revealed the extensive benefit of this
catalytic dehydrogenation reaction. Several alkyl- and aryl-substituted cyclohexenones
and cyclohexanones were converted into the corresponding phenols in good to excellent
vields, which only decreased in cases of para-bromo- or iodo-substituted derivatives. In
addition to the alkyl and aryl groups, this reaction tolerates many other functional groups
in the saturated ring system, for example, carbonic acids, halides or alkoxy groups.[12] The
reaction pathway in Scheme 3.30 includes a primary dehydrogenation to derivatives of 2-
cyclohexenone and a secondary dehydrogenation to 2,4-cyclohexadienone, which rearranges
to the corresponding phenol. Both dehydrogenation steps consist of an initial palladium
insertion and subsequent S-hydride elimination. A HX species is thereby eliminated, leav-
ing behind a Pd® catalyst. The direct oxidation of Pd® by dioxygen is, however kinetically
inhibited,™ as described in a preliminary model by Bianchi and Bortolo.'® An inter-
mediate na-peroxo palladium complex is formed, 16l although a hydroperoxopalladium(II)-
species would also be conceivable.[1920) The no-peroxo intermediate can be stabilised by a
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Table 3.11: Yields (determined by GC) of the dehydrogenation of 3-methylcyclohex-2-ene
1 and 3-methylcyclohexanone 2.

Entry Catalyst Ligand  Additive Yield from

1 2
1 Pd(OAc), - - 30 40
2 Pd(TFA), INHMepy - 72 22
3 Pd(TFA), INHZpy TsOH 65 45
4 Pd(TFA), INMeZyyy TsOH 74 79
5 Pd(TFA)y 5 mol%  2NMeZpy  TsOH 100 84

[2NH]LI€

Reaction cnditions: 3 mol% catalyst loading, 6 mol% ligand py = 2-methylaminopyridine;

INH2py — 2-aminopyridine; 2V Me2py — 2-(N,N-dimethylamino)pyridine], 12 mol% TsOH, 1atm

0., in DMSO, 80°C, 24h.

large number of different pyridine-derived ligands, which are not oxidised by dioxygen. The
eliminated HX compound adds to the palladium centre and leaves behind HoO4 as depicted
in Scheme 3.30. The utilised TsOH is used to protonate the amine group of the 2-(N,N-
dimethylamino)pyridine and increase the electron deficiency of the pyridine, which is crucial
for the phenol yield (Table 3.11, Entries 3-5).'% The 2-(N,N-dimethylamino)pyridine is
the preferentially used ligand because it is stable towards molecular oxygen and resists
undesired ligand decomposition (Entries 4 and 5).20)

’:o

OH
207

L,PdX,

s

’ 0
(o
2 HX + HX
L

0
d7 | L, Pd(H)X

npgo\
0; L,Pd

Scheme 3.30: Catalytic cycle of the Pd-mediated dehydrogenation of substituted cyclo-
hexanones.

A

HX

More recently, Diao and Stahl presented a method to synthesise cyclic enones with a
similar reaction mechanism by dehydrogenation of cyclic ketones, which follows the primary
dehydrogenation step described here.2!] In conclusion, the palladium-catalysed dehydro-
genative oxidation of a variety of substituted cyclohexanones and cyclohexenones yields
the corresponding phenols in good to excellent conversions using molecular oxygen as the
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terminal oxidant. This process is also beneficial for application on an industrial scale.
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3.7 Nanoparticle Syntheses and Applications as Catalysts

3.7.1 Synthesis of Pd/Cu bimetallic nanoparticles in ionic liquids

0O

Og%@

€O, o)

Since the synthesis of palladium particles from Pd(OAc)e and copper particles from
Cu(OAc)q is possible, the attempt for the synthesis of bimetallic Pd/Cu is presented here.
Blended metal particles often show a different behavior in catalytic applications, in cat-
alytic activity, in shape or morphology. The Pd/Cu particles were synthesized by using
Pd(OAc)2 and Cu(OAc)2-H20 as catalyst precursors.

'v -.-

——— i _ _ _ ——

_& [ —— T P

Figure 3.56: TEM pictures of Pd/Cu particles in n-BusPOAc (left, scale bar 10 nm) and
bmmim NTfs (right, scale bar 20 nm).

The Pd(OAc)2 was blended with Cu(OAc)2-H20 to give a molar 2:1 mixture, which
was not taken arbitrarily, but seems to be the most active ratio concerning decarboxylation
reactions (see later). The particles in both ionic liquids have been synthesized within 24 h
at 200°C. The particles synthesized in n-BuyPOAc show a higher tendency to build up
aggregates, than those synthesized in bmmim NTf, as can be seen in the TEM picture in
Figure 3.56 and they are not as homogeneously distributed on the carbon grid. On the other
hand, the particles obtained in n-BuysPOAc are slightly smaller. The HR-TEM pictures in
Figure 3.57 and Figure 3.58 reveal an overall size of the Pd/Cu nanoparticles of 4-8 nm,
whereas the particles obtained in bmmim NTfs show a higher degree of polydispersity with
a mean diameter of 4-12nm.
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Figure 3.57: HR-TEM picture of Pd/Cu Figure 3.58: HR-TEM picture of Pd/Cu
particles in n-BusPOAc (scale bar 10nm). particles in n-BusPOAc (scale bar 5nm).

X AS-Analyses of Pd/Cu particles in ionic liquids

The EXAFS/XANES measurements of Pd/Cu particles have already been discussed in the
Masters thesis of Maria K. Hentschel (University of Cologne) in a different context.

1.2
1.0 4 ﬁ\f&#m

| {
0.8

| — Pd foil
0.6 PdO — PdO

1 f CuPd 258 —— CuPd 258
0.4 - I CuPd 261 - CuPd 261
0.2 4 i'

- r
00— _.—/,

e —————————————
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Binding energy [/ eV

Figure 3.59: XANES-spectra of Pd/Cu in n-BuyPOAc (CuPd 258) and of Pd/Cu in
NTf, (CuPd 261). References of Pd-oxide (PdO) and pure palladium (Pd foil) are also
displayed. A magnification of the absorption edge is displayed in the inset.

Two different X-ray absorption spectra have been taken from both particle types, either
synthesized in n-BuyPOAc or bmmim NTf,. Firstly, XANES (X-ray Absorption Near
Edge Structure) spectra have been analyzed. In the first instance, the absorption edge
for X-ray irradiation and promotion of inner core electrons is specific for each element.
In case of palladium the absorption-edge is located at 24360 eV and represents the overall
binding energy of K-shell electrons (and therefore the X-ray photon energy). This energy
is eminently influenced by the atoms electronic surrounding, thus influencing the energy
levels of unoccupied electronic states.
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Figure 3.60: EXAFS wave . _
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Both samples show a high similarity to pure palladium (see reference Pd foil in Fig-
ure 3.59) and a lower similarity to PdO, indicating that both palladium and copper rather
stay in metallic state. A slight shift of electron density from copper (EN = 1.9) to palla-
dium (EN = 2.2) thus cannot be excluded. This similarity to metallic Pd is also indicated
by comparing the k-space values of the EXAFS measurement. The EXAFS k-space values
give rise to the near atomic surrounding of the probe element (here Pd) in both samples
by measuring the (single) scattering of the photoelectron emissions.

Figure 3.61: Fourier trans-

formed EXAFS spectra and ex- 40+

tracted r-space values of Pd/Cu 351

in n-BusPOAc (CuPd 258) and 30 — Pd foi
of Pd/Cu in bmmim NTf; (CuPd 25 . Zﬁgd -
261) as well as of PdO and palla- - CuPd 261
dium foil. ]

They show no significant similarity to PdO but more similarity to pure palladium.
Despite this, the spectra of Pd/Cu in n-BuyPOAc (CuPd 258) and of Pd/Cu in bmmim
NTfy (CuPd 261) show differences even amongst themselves (Figure 3.60). This can be
confirmed in the Fourier transformed EXAFS (FT-EXAFS) spectra of both samples, too
(Figure 3.61). The surroundings of the Pd atoms in both particle samples seem to vary
and not surprisingly are different from pure Pd, due to Cu doping. The difference to PdO
is obvious now.

Nevertheless, a contamination with oxygen cannot be excluded yet. One can clearly
see, that the spectrum of Pd/Cu in bmmim NTfy (CuPd 261) resembles the Pd reference
more than its counterfeit in n-BuyPOAc. This can be explained by different levels of Cu
doping. With the k- and R-space values the coordination number (CN) of the Pd atoms in
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Table 3.12: Calculated coordination numbers (CN) and atom-atom distances for both
Pd/Cu samples in comparison to Pd.

sample CN T o? R
[A]

Pd Pd-Pd 12 2.74£0.01 0.006+0.001  0.771

Pd/Cu Pd-Pd 797£1.99 2.67£0.03 0.017£0.004 0.0001

n-BuyPOAc  Pd-Cu 3.71£0.63 2.59£0.02 0.008+0.001

Pd/Cu Pd-Pd 9.7843.45 2.734+0.02 0.007+0.002 0.195

bmmim NTf, Pd-Cu 1.33+2.31 2.594+0.14 0.005%0.009

both samples can be calculated. The comparison of the CN in Table 3.12 demonstrates the
difference between Pd/Cu in bmmim NTfy and in n-BusPOAc. Whereas in n-BusPOAc
palladium is surrounded by 3.740.6 copper atoms, in bmmim NTf, Pd is only surrounded
by 1.34+2.3 Cu atoms. This might be due to either a less Cu doping in bmmim NTf; or
due to a core-shell separation of Cu and Pd in the particle (Pd core means high CN, Cu
shell means low CN).

Decarboxylation reactions of benzoic- and fatty acids
Deoxygenation of stearic acid with Pd/Cu nanoparticles in n-BusPOAc

In this section, the as-synthesised Pd/Cu nanoparticles in n-BusPOAc are used as
deoxygenation catalysts for stearic acid.

Figure 3.62: Yields of five immobilized
catalysts for the deoxygenation of stearic
acid using commercially available Pd/C as
support.

yield [%]
5

Pd/IC Pd Cu(OAc)2/C  Pd Cu/C Pd CuClIC  Pd CuSO4/C

For comparative reasons commercially available Pd on carbon was used as catalyst and
as catalyst support where only the additional copper must be appended. A selection of
the best results are presented here (for details please find Table 5.13 in the Experimental
part). Already pure commercially available Pd on carbon shows a significant catalytic
activity (30.3%) which can be seen in Figure 3.62. It could be improved further by adding
Cu?* originating from Cu(OAc)y to a maximum yield of 37.0%. Other Cu(II) sources like
CuSO4-5H20 did not increase, but decrease the yield (7.2%) equally to the added Cu(I)
species originating from CuCl (6.5%). In case of elemental copper (hydrogen reduced
Cu(OAc)2) the yield decreased slightly to 23.9%.

The as-prepared Pd/Cu particles in n-BusPOAc are used for the deoxygenation of
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Figure 3.63: Comparison of

vields of deoxygenated stearic acid 45 -
catalysed by commercially avail- 40 -
able Pd/C, Pd/C with Cu?* and 351

Pd/Cu catalyst in n-BuyPOAc %0
(under air and under nitrogen).

yield [%]
3
1

Pd Cu(OAc)2/C  Pd/Cu-NP IL (air) ~ Pd/Cu-NP IL

stearic acid and compared to the outcome of deoxygenation reactions conducted with
supported Pd/Cu catalysts. In comparison to the previously shown results the overall
yield of alkanes and alkenes in those reactions catalysed by Pd/Cu catalyst in n-BusPOAc
is significantly lower. The yield the reactions conducted without inert atmosphere (e.g.
nitrogen) was higher (28%) in comparison to those conducted under nitrogen (17.5%) (see
Figure 3.63). In fact, this is the only reaction where the absence of inert conditions seems
to improve the yield.
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Figure 3.64: Chromatograms of the deoxygenation reactions of stearic acid using Pd/Cu
in IL (Ny, green), Pd/Cu in IL (air, violet), Pd/C (red), Pd/C Cu?* (blue).

Usually a dark black and waxy solid is formed which is in all probability carbon black
resulting from coking of the stearic acid. The yield of alkanes and alkenes in those reactions
is usually below 7% after 2h. In order to compare the outcome of the catalyses with the
above shown catalysts the four corresponding chromatograms are shown in (Figure 3.64).
Obviously, mainly Cj7-alkanes and alkenes are produced (RT = 15.2-15.6 min) and only
minor amounts of Cig (RT = 16.3min), Cis (RT = 14.3min) and C;5 (RT = 13.3min)
products can be found (rati0(015:016:017:018) =22:22: 950 : 0.6). Although the
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selectivity towards Ci7 products is very high, all the catalysts show a lower selectivity
between alkanes and alkenes as can be seen in Figure 3.65.
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Figure 3.65: GC-FID close up on chromatograms showing mainly Cj7-products (RT =
15.2-15.6 min) with Pd/Cu in IL (Ng, green), Pd/Cu in IL (air, violet), Pd/C (red), Pd/C
Cu?* (blue).

In some cases the Cy7 products seem to be contaminated with minor amounts of Cqs-
aldehydes (less than 3%). Due to this, it cannot be excluded, that also in the other fractions
(C15, Ci16) small amounts of corresponding aldehydes are present. It is still not clear if
a non-sufficient deoxygenation takes place (e.g. decarbonylation as a side-reaction) or if
re-oxidation takes place.

Table 3.13: Overview about some selected examples for the deoxygenation of stearic acid,
concerning the overall yield of Cjy-alkanes and alkenes and the selectivity between them.
N/A means, that the yield of the final products was too low in order to determine exactly
the ratio of alkenes and alkanes.

catalyst loading temp. gas time yield ratio
[mol%|  [°C] [h]  [%] (alkane:alkene)
Pd/C 10 350 Ny 2 30.3 4.0 : 96.0
Pd Cu(OAc)q 5, 5 350 Ny 2 37.0 11.6 : 884
Pd/Cu-NP IL 10,5 350  air 2 28.0 9.6 :904
Pd Cu/C 10, 5 350 Ny 2 23.9 5.9:94.1

Furthermore, there is not only one alkene isomer present, but at least two (presumably
1-heptadecene, 2-heptadecene), which can also be seen in Figure 3.65. There is no trend
observable in the selectivity of the catalysts towards alkanes or alkenes (see Table 3.13). At
least there is a hint, that at lower overall yields the amount of alkane is slightly increased,
whereas at higher overall yields, the amount of alkenes is strongly dominating. One pos-
sible reason for the decreasing yield of alkanes and alkenes by using the IL as stabilising
agent for the catalyst might be thermal degradation of the used ionic liquid. At reaction
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temperatures of about 350 °C n-BuyPOAc tends to undergo elimination reactions. On the
one hand, the ionic liquid cannot stabilise the as-prepared nanoparticles during elimina-
tion reactions, leading to agglomeration and aggregation of the nanoparticles. On the other
hand, the resulting tributylphosphine might coordinate to the remaining active sites even
lowering the activity of the catalyst. A support or ionic liquid with higher temperature
stability seems to be of practical use.

Decarboxylation of benzoic acids with Pd/Cu catalyst in ionic liquids

CO,H Pd/Cu NP
©/ 200°C, 18h

CHj

Y

CO,H
Pd/Cu NP

200°C, 18h

T]; 2
Y
-

CHj3

CO,H CN
/@’ Pd/Cu NP @’
NG 200°C, 18h

Scheme 3.31: Decarboxylation reactions of benzoic acid, 4-fluoro-2-methyl benzoic acid
and 4-cyanobenzoic acid.

Y

As Cus0 nanoparticles, presented in chapter 3.1 are not active catalysts for the decar-
boxylation of all kinds of benzoic acids, Pd/Cu catalysts seem to be highly promising, since
those have shown their use in deoxygenation reactions of rather nonreactive fatty acids. In
order to determine the catalytic activity of the bimetallic catalyst three substrates with dif-
ferent functional groups (excluding NOo-groups in ortho position) were considered for test
reactions. Yields of about 40% of the corresponding arene could be achieved with Pd/Cu
nanoparticles in n-BuyPOAc (see Table 3.14, Entry 1,3,4). Nevertheless, 4-cyanobenzoic
acid is still not decarboxylated in satisfying yields (see Table 3.14, Entry 5+6). The shown
reactions have also been conducted in bmmim NTfy with Pd/Cu nanoparticles as catalytic
phase. All benzoic acids tend to evaporate at these high temperatures and recrystallized
on the cold glass wall. Therefore no conversion of benzoic acid decarboxylation was de-
tectable in bmmim NTfy. The higher polarity of n-BuyPOAc compared to bmmim NTfy
seems to suppress the evaporation of the benzoic acids and therefore the reaction can only
take place in the phosphonium based ionic liquid.
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Table 3.14: Overview about the decarboxylation reactions of benzoic acids with Pd/Cu
catalyst (10 mol%) in two different ionic liquids. The reaction temperature was 200 °C.

substrate 1L gas time yield
(b [%]

Benzoic acid n-Bus,POAc Ny 18 40.2

Benzoic acid n-BuyPOAc  air 18 9.0

4-fluoro-2-methyl benzoic acid  n-BusPOAc Ns 18 40.4
4-fluoro-2-methyl benzoic acid  n-BusPOAc air 18  44.1

4-cyano benzoic acid n-BusPOAc Ny 18 6.3
4-cyano benzoic acid n-BuyPOAc air 18 6.3
Benzoic acid bmmim NTf; Ny 18 -
4-fluoro-2-methyl benzoic acid bmmim NTfy Nj 18 -
4-cyano benzoic acid bmmim NTf; Ny 18 -

3.7.2 Regioselective deuterodecarboxylation of 2-nitrobenzoic acids

CO2H D
@ + D0 CuOn-BuPOAC @
NO, DT NO,

Scheme 3.32: Regioselective deuteration of 2-nitrobenzoic acid with CuyO nanoparticles
in n-BuyPOAc.

Besides decarboxylation reactions and consecutive protonation reactions,
2-nitrobenzoic acids can also be selectively mono-deuterated via decarboxylation/
deuteration. The deuterium source of choice is D20 (deuteriumoxide). The reaction
must be conducted under exclusion of water in order to prevent a competitive protode-
carboxylation. In comparison to the protodecarboxylation, the yield of mono-deuterated
nitrobenzene (o-deutero-nitrobenzene) after 24 h is slightly lower (82%) (see Table 3.15).

Table 3.15: Comparison of protodecarboxylation and deuterodecarboxylation of 2-
nitrobenzoic acid.

IL T t  yield nitrobenzene d; yield nitrobenzene
°C] [h] K K
n-BuyPOAc 120 24 82 100

This might be due to isotope effects (proton/deuteron) slowing down the reaction or
due to water impurities in the DoO (HDO, H20). Since the replaced carboxylate group is
located adjacent to the nitro group the deuteron labeling of the arene-product is highly
regioselective.
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3.7.3 Decarboxylative Cross-Coupling reaction

CO,K I Cu,OinIL _ O
@ + ©/ NMP, KF, K,CO3, Pd-NP
NO,

120-160 °C, 24 h, Ar
NO,

Scheme 3.33: Decarboxylative cross-coupling of potassium 2-nitrobezoate with iodoben-
zene in n-BuyPOAc.

Since the proto- and deuterodecarboxylation reactions can be catalyzed by CuoO
nanoparticles in n-BusPOAc in good to excellent yields, this prescription can be extended
to decarboxylative cross-coupling reactions. The decarboxylation of the benzoic acid and
the generation of the aryl cuprate is the rate determining step and therefore iodoben-
zene was chosen as the coupling partner, because it is known to couple easily with other
organometal compounds, e.g. in Suzuki- or Heck reactions. The sole use of CusO nanopar-
ticles in n-BugyPOAc, does not lead to a coupling of iodobenzene with the generated aryl-Cu
compound. An aqueous workup leads to a mixture of 2-nitrobenzene and non-converted
iodobenzene (Table 3.16, Entry 1). The addition of Pd nanoparticles does not lead to
a significant improvement of yield (Entry 2, 18%). Since aprotic and polar solvents are
well-known to support the homogeneously catalyzed decarboxylative cross-coupling, N-
methyl-pyrrolidone (NMP) is added as co-solvent to the reaction mixture. By this and
by changing the ionic liquid medium to C3CNmpyrr NTfs, the yield of 2-nitrobiphenyl is
increased to 45.5% (Entry 3). Another aprotic polar solvent, DMSO, does not increase the
yield in comparable extent. The maximum yield was 24.1% (Entry 4). Mesitylene, as a
nonpolar co-solvent, hampers the conversion to 2-nitrobiphenyl completely (Entry 5).

Table 3.16: Decarboxylative cross-coupling reactions with variation of co-solvents.

Entry 1L catalyst  co-catalyst co-solvent yield of
2-nitrobiphenyl [%]

1 n-BuyPOACc CusO-NP - - n.d.

2 n-BuyPOAc CugO-NP Pd-NP - 18.0

3 C3CNmpyrrNTfs  CuaO-NP Pd-NP NMP 45.5

4 C3CNmpyrrNTfs  CuyO-NP Pd-NP DMSO 24.1

b} C3CNmpyrrNTf, CusO-NP Pd-NP mesitylene n.d.

3.7.4 Investigation of the IL/Cu,O-NP phase after amination reactions

The catalytic phase consisting of CusO nanoparticles incorporated in n-BuyPOAc showed
very good catalytic performance for protodecarboxylation reactions even after ten con-
sequtive reaction steps. In contrast, the IL/CuaO-NP phase did not show any catalytic
activity in recycling experiments for the amination reaction of iodobenzene with aqueous
ammonia solution. The assumption, that the active copper species was leached out of the
reaction mixture during the extraction process was not confirmed, as ICP-OES investiga-
tion of the extracted reaction product showed. The amount of extracted copper in the
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crude product was between 0.041 pmol and 0,00029 pmol (corresponding to 0.082% of the
initially used catalyst precursor).

650 —
600 —
550

500 —

450

CPS

400
350

300 —

T T T T T T T T T T T T T T T 1
970 965 960 955 950 945 940 935 930
B.E. [eV]

Figure 3.66: XPS of CuyO-NP after the amination of iodobenzene with aqueous ammonia
solution. The peak at 943 €V indicates the presence of Cu(II).

Further investigation of the catalyst residue in the ionic liquid with XPS analysis
showed, that large amounts of Cu(I) (at least on the particle’s surface) are oxidized under
basic conditions to Cu(II) (Figure 3.66, peak at 943 eV)2% which is not active in amination
reactions at the applied reaction conditions. Obviously the ionic liquid does not suppress
the oxidation of the particles sufficiently.
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4 Summary and Outlook

In this work, nanoscale catalysts incorporated in ionic liquids or immobilized on new sup-
ports as well as their application for a broad choice of chemical reactions have been pre-
sented.

To establish a recyclable catalyst system, which is not depending on cost intensive
platinum-group metals, CusO nanoparticles have been synthesized in n-BuyPOAc and
in (n-BuyP)2S04. The resulting nanoparticles showed an average diameter of 5.5nm
(£1.2nm) and 8.0nm (£2.7nm), respectively, and were homogeneously divided within
the solvent. The protodecarboxylation of a variety of 2-nitrobenzoic acids, which is usu-
ally conducted with Cu(I) or Ag(I) phosphine complexes,26:207 could be realized with
Cu20 nanoparticles in both phosphonium ionic liquids. The best results were achieved
in n-BusPOAc (representing a simple and comparatively cheap ionic liquid) due to the
smaller particle diameter of the CugO catalyst. The yields of the corresponding nitro
arenes reached in some cases up to 99%. Depending on the electronic effects of func-
tional groups or steric hindering, the yields droped down to 10%. However, the catalytic
phase could be recycled and reused up to ten times. A regio-selective deuteration of 2-
nitrobenzoic acid was presented in the complementary part of this work. In principle,
this represents a deuterodecarboxylation, following the same reaction mechanism as the
protodecarboxylation. The deuterating agent was D9O.

Due to this encouraging results, a further reaction which is well known in homogeneous
catalysis or with palladium nanoparticles, the Buchwald-Hartwig coupling, was established
with CusO nano catalysts for the fist time in an ionic liquid medium. A palladium free
approach with CusO nanoparticles in n-BuysPOAc led to excellent results for the amina-
tion of aryl halides (mainly iodides), which is in no way inferior to popular homogeneously
driven catalyses. Primary and secondary amines coupled smoothly with aryl halides with
good to excellent yields (57-99%). Even ammonia, the most desirable amination substrate,
could be coupled with iodobenzene with 92% yield. Unsurprisingly, the yields dropped for
coupling reactions with aryl bromides and chlorides, respectively. Although there was no
significant leaching of the catalytic copper species detectable (below 0.001% per reaction),
the recycling of the catalytic phase was not possible. Due to the basic environment, the
Cu' catalyst was oxidized to Cu?* (proven by XPS), which does not show any catalytic
activity in recycling experiments. It has to be pointed out, that both, the protodecar-
boxylation and the Buchwald-Hartwig reaction, were performed without the necessity of
ligands, further additives or inert conditions, due to the use of the ionic liquid as reaction
medium. Additionally, the ionic liquid fills the role of the solvent, the reducing medium,
the nanoparticles’ stabilizer and the base. In fact, this compensates the higher cost of the
IL in comparison to classical solvents by far.

Since the syntheses of nanoparticles originating from acetate and carbonate precursors is
very convincing, a more generalized method for the synthesis of transition metal(-oxide)
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nanostructures was established in here. Copper-, silver-, nickeloxide- and zincoxide nanos-
tructures were synthesized in n-BuyPOACc originating from their carbonate precursors. The
same could be realized in bmmim NTf; with acetate precursors. All nanoparticles were
synthesised via microwave heating, a time and resource saving method which is especially
suitable with ionic liquids as ionic reaction medium. The as-obtained copper particles had
an average diameter of 4.8 nm (+1.7nm) in n-BusPOAc and 4.9nm (£1.1nm) in bmmim
NTf,. The silver particles had an average size of 6.7nm (+1.7nm) in n-BuyPOAc and
12.2nm (£5.5nm) in bmmim NTf,. Oxide particles of nickel and zinc have also been syn-
thesized. The nickel oxide particles showed a diameter of 5.8 nm (+1.7nm) in n-BuyPOAc
and 2.0nm (£0.6nm) in bmim NTf,, whereas the zinc oxide nanoparticles were 22.2nm
(£10.2nm) in n-BuyPOAc. In bmmim NTf; the zinc oxide formed nanorods with an av-
erage length of 189.3nm (£61.5nm) and a mean diameter of 50.9nm (+18.2nm). It has
been possible to show, that the acetate ion is the main reductive agent, no matter if it is
part of the IL or the precursor. It clearly shows the versatility of this "acetate"-route.
Furthermore, palladium nanoparticles anchored in the pores of carbonized wood were pre-
sented as effective catalysts for C-C cross coupling reactions in the course of this work.
This publication was developed in collaboration with Dr. F. Heinrich, who has already
presented the synthesis of the particle precursor and the particle incorporation into the
carbonized wood in his PhD thesis. n-Butylacrylate was coupled with iodobenzene in a
Heck reaction with 57% yield. In recycling experiments the yield dropped to 20% in the
fifth run. In the Suzuki reaction phenylboronic acid was coupled with iodobenzene yielding
84% biphenyl. After the sixth run (33% yield) the catalyst was deactivated. The third test
reaction was the Sonogashira reaction of phenylacetylene and iodobenzene yielding 75%
of tolane (1,2-diphenylacetylene). Four consecutive runs could be performed with a yield
of 10% in the last recycling step. This showed, that carbonized wood is a very promising
though inexpensive immobilization substrate for nanoparticles, which can be used as recy-
clable catalyst. Since there is no significant leaching of the Pd species occurring (proven
by ICP-MS), the deactivation of the catalyst seems to arise from salt sedimentation in the
pores of the carbonized wood.

Although platinum group metals are expensive catalysts, their use in catalysis is still indis-
pensable due to their high catalytic activity. Even today there are certain reactions which
can only be convincingly performed by palladium catalysts, like the aerobic dehydrogena-
tion which has been introduced in a reviewing publication during this work. The highlight
article summarizes the development of the syntheses of functionalized arenes. Nowadays,
the state of the art method is the aerobic dehydrogenation of cyclohexanone derivatives
to yield substituted phenols, which is catalyzed by palladium complexes. An emerging
economical factor for the use of an expensive catalyst is the possibility to reuse or recycle
it. As recycling is the most challenging issue for homogeneous catalysts, nanoparticles can
easily be recycled, no matter if they are incorporated in an ionic liquid (see protodecar-
boxylation) or immobilized on a support (see C-C cross coupling reactions). Moreover, a
comprehensive overview about Pd catalyzed reactions has been given, which confirms the
versatile use of palladium in catalysis and the outstanding activity of palladium nanoparti-
cle catalysts, but also the demand to substitute noble metal catalysts with more abundant
transition metals.

Finally, the ongoing and, up to now, unpublished work has been presented in the last part
of this work. This includes the synthesis of Pd/Cu bimetalic nanoparticles in n-BuyPOAc,
the deoxygenation reactions of stearic acid with bimetallic Pd/Cu nanoparticles as catalysts
as well as their comparison to well known palladium and/or copper catalysts immobilized
on carbon supports. The same catalyst has been used for the decarboxylation of deacti-
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vated benzoic acids. Both reactions showed promising yields in the range of 28-40%. Based
on the succes of the protodecarboxylation reaction, the decarboxylative cross-coupling of
2-nitrobenzoic acid and iodobenzene catalyzed by CusO nanoparticles has been presented
and its dependency on aprotic polar co-solvents like NMP and DMSO. It could be shown,
that pure ionic liquid medium does not support the synthesis of 2-nitrobiphenyl and that
the best results could be obtained with NMP as co-solvent (45.5%). Nonpolar co-solvents,
like mesitylene, did not yield any coupling products at all.

In future work, the application of the bimetallic Pd/Cu nanocatalyst should be ex-
tended. On the one hand, the yields concerning the decarboxylation of benzoic acids must
be increased. Furthermore, their application for decarboxylative cross-coupling reactions
seems to be at hand, since these particles bear both active catalysts. On the other hand,
the choice of the ionic liquid is, as could be demonstrated in the course of this work,
crucial for the reaction outcome. Phosphonium ionic liquids usually suffer from Hofman
elimination reactions at higher temperatures (200 °C), especially under basic conditions.
Triphenyl-alkyl-phosphonium based ionic liquids could be an alternative, since they show a
lower temperature sensitivity - fine tuning and design of the cation can also make the toxic
co-solvent N-methyl-pyrrolidone dispensable and could simplify the whole reaction workup.

In sum, nanoscale catalysis is presented as an alternative for classical homogeneous
and heterogeneous catalysis. As mentioned in the introduction, the focus was threefold:
Examples for ionic liquids, nanoparticles and their successful application for catalyses have
been experimentally presented and substantiated by thorough literature reviews.
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5 Experimental

5.1 Analytics

TH-, BC-, ¥F- and 3'P-NMR spectra were recorded on a Bruker® AVANCE II 300
spectrometer at the Institute of Inorganic Chemistry (University of Cologne) at 298 K
(300.1 MHz, 75 MHz, 272 MHz, 121 MHz, internal standard hexamethyldisilane HMDS for
'H- and ¥C-NMR).

IR spectra were measured on a Bruker® alpha Platinum ATR with a diamond-ATR-
module in a glove box under argon atmosphere (Institute of Inorganic Chemistry - Univer-
sity of Cologne).

The obtained nanoparticle powders were analyzed by powder X-ray diffractometry with a
STOE®-STADI MP, Cu-K, radiation, A = 1.540598 A (Institute of Inorganic Chemistry
- University of Cologne). The diffractometer has been calibrated with a Si-standard.

Cu20 nanoparticles were analyzed by a TEM Phillips® EM 420, 120kV (dechema Insti-
tute, Frankfurt am Main). (HR-)TEM measurements of Pd/Cu nanoparticles have been
taken by JOEL® JEM-2100 with a maximum electron acceleration voltage of 200kV (In-
stitute of Chemical and Biomolecular Engineering, National University of Singapore). Cu-,
Ag-) NiO- and ZnO nanostructures were analyzed on a TEM Zeiss LEO 912 with a maxi-
mum electron acceleration voltage of 120kV (Institute of Physical Chemistry - University
of Cologne).

ICP-OES measurements for determining the leaching of Cu were performed on an
AMETEK®) Spectro Arcos equipped with an ESI®R) SC4-DX auto-sampler and run using
the Spectro® Smart Analyser Vision software (Instiute of Geology, University of Cologne).

Gas phase mass spectrogramms were recorded with HIDEN® HPR-20QIC equipped with
a Bronkhorst® EL-FLOW Select massflow controller (Institute of Inorganic Chemistry -
University of Cologne). Argon was used as carrier gas in selected samples.

GC-FID analyses haven been done on a Agilent® 7890A GC-system with Agilent® HP-5
column (30m length, 250 pm diameter). Used methods were LWJ EG with the following
parameters: Tgygre = 40°C, ramp: 10°C/min, T g = 350°C, hold: 10 min and EG 12-31
with parameters as follows: T gy = 40 °C, ramp: 20 °C/min, Tg,q = 280 °C, hold: 3 min.
Yields and conversions were calculated by using the effective carbon number method?%®
and by adding n-dodecane as internal standard (Institute of Chemical and Biomolecular
Engineering, National University of Singapore).
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HPLC analysis was performed on an Agilent® 1200 series with an Agilent® ZDRBAX
Eclipse Plus Cig column 4.6 x 150 mm; 5 um (Institute of Chemical and Biomolecular En-
gineering, National University of Singapore).

GC-MS analyses were performed on an Agilent® 7890A GC with an Agilent® 5975C
MSD-deector. The used method was "MiKeD" with the following parameters: Tgiert =
40°C, ramp: 20°C/min, Tgpg = 210°C, hold: 1min (Institute of Chemical and Biomolec-
ular Engineering, National University of Singapore).

XPS measurements were performed on a Surface Science Intruments®@ ESCA M-Probe
spectrometer with monochromatic Al-K,, irradiation (E=1486.708¢V, A = 8.34 A) with
a maximum power of 200 W, a maximum emission current of 20mA and a resolution of
0.8eV. The pass energy was 158.0eV and 22.9¢eV for high resolution measurements, re-
spectively. Charge compensation has been achieved by a low energy electron flood gun of
0-10€V in combination with a magnetic immersion lense. Data processing was conducted
with CasaXPS software of Casa Software® Ltd.

Pd K edge X-ray absorption spectra (XAS) of the Pd/Cu catalysts and reference sam-
ples (Pd foil, and PdO) were recorded at the BLO1B1 beam line at the SPring-8 (Japan
Synchrotron Radiation Research Institute, Hyogo, Japan) in the transmission mode at
ambient temperature. A Si (111) double crystal monochromator was used to obtain a
monochromatic X-ray beam. The monochromator was calibrated at the shoulder peak of
the absorption edge of an X-ray absorption near edge structure (XANES) spectrum of Cu
foil. Pd K-edge XAS of the catalysts and reference samples (Pd foil and PdO) were also
recorded in the same manner except for the use of a Si (311) double crystal monochroma-
tor. The monochromator was calibrated at the inflection point of the XANES spectrum of
the metal powder /foil. In both cases, higher harmonics were removed by changing glancing
angles of collimation and focusing mirrors. Data reduction was carried out with Athena
and Artemis included in the Ifeffit and Demeter package. For curve-fitting analysis on ex-
tended X-ray absorption fine structure (EXAFS) spectra, each theoretical scattering path,
was generated with FEFF 6.0L, and amplitude reduction factors were estimated by the
curve-fitting on the reference metal samples. The k3-weighted EXAFS oscillation in the
range of 3.0-13 A~! was Fourier transformed, and curve-fitting analyses were performed in
the range 1.4-2.8 A in R space.

5.1.1 Sample Preparation for Analysis

For ICP-OES analysis two identical reaction samples were prepared. The reaction of
iodobenzene with ammonia was investigated. The reaction mixtures were extracted with
n-pentane according to the procedure for amination reactions. n-pentane was removed
under reduced pressure, and the residue was digested in 2ml of 65% HNO3 at 90 °C for 3h
to give a clear yellow solution. The crude solution was allowed to cool to room-temperature
and diluted with HoO to 1:50 and 1:100 (sample 1), as well as to 1:50 and 1:500 (sample 2).
Every sample was measured three times and the emissions were compared to a reference
material and a blank probe. The characteristic spectral lines at 224.7nm and 324.7nm
were used to determine the amount of leached copper-catalyst.

For TEM investigations a droplet (2-3mg) of the corresponding as-prepared NPs em-
bedded in IL was dispersed in 3-5 ml acetone, iso-propanol or CHCls and a slight amount
of this dispersion was placed on a holey carbon-coated copper grid. The prepared grid

138



5. Experimental

was immediately introduced into the pre-vacuum chamber of the TEM. Particle size dis-
tributions were determined from the digital images obtained with a CCD camera. The
NPs diameter was estimated from ensembles of 400-500 particles (800-1000 counts) chosen
in arbitrary areas of the enlarged micrographs. The diameters of the particles in the mi-
crographs were measured using the software Sigma Scan Pro5 and Lince Linear Intercept
2.4.2. For HR-TEM investigations, the grids were prepared analogously in a Ny containing
glove box.

Sample preparation for HR-TEM-analysis: A small amount of the as-synthesised
Pd/Cu catalyst (2-3mg) was diluted with 1.5ml CH3Cly in an oven dried HPLC-Vial
to give a clear and transparent solution with a slightly brown colour. 2-4 droplets of this
dispersion were given onto a carbon coated copper grid and stored under dust-free condi-
tions.

For powder XRD analysis (transmission mode) of pure nanoparticle composition, the
nanoparticle dispersion was dispersed in 10ml acetone and centrifuged to yield a dark
brown precipitate, which was filtered off and washed three times with acetone. The powder
was dried under vacuum and prepared between two plastic disks before measurement. For
powder XRD analysis (transmission mode) of the incorporated nanoparticles, the nanopar-
ticle dispersion was directly prepared between two plastic disks before measurement.

For XPS analysis of copper(I,IT)oxide nanoparticles, the as-obtained particles were
washed twice with water and three times with ethyl acetate and filtered. The resulting
black powder was dried under reduced pressure (10 ~3mbar) for at least 48h. For mea-
surement, the powder was placed onto a silicon wafer.

5.1.2 General Reaction Conditions

All reactions (where not otherwise stated) have been conducted under inert atmosphere
(N2, Ar) with standard Schlenk techniques or were prepared in a glove-box (Ng, Ar). All
microwave reactions were carried out in a Monowave 300 microwave (Anton Paar®) with
a maximum power of 850 W at 2.45 MHz. The microwave was equipped with a ruby ther-
mometer and an IR-reference thermometer as well as a stirring unit. Reactions can be
carried out up to a maximum pressure of 30 bar and a maximum temperature of 300 °C.
Reaction-mixtures were handled without precautions against water/moisture or air/oxygen
in 4 ml microwave-borosilicate vials equipped with a Teflon/silicon septum and a quartz
inlet for the thermometer.

All used chemicals have been used without further or additional filtration, separation or
purification.

All glass-reaction tubes and stirring bars have been thoroughly cleaned with HNO3/HCI for
two hours at 85 °C to remove possible metal-contamination. Further cleaning was achieved
with KOH/HC1/H20 baths. They were stored at 80 °C in a dry-oven when not in use.
Small samples were taken from each (successful) reaction, labeled and stored in a refriger-
ator at -30°C in tight closed HPLC-vials for later characterization.
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5.2 Syntheses of Ionic Liquids

5.2.1 1-Butyl-3-methylimidazolium chloride (bmim Cl)

[\ CH2;CN /~—\ . CI
90 °C, 72 h ~

In a 250 ml three-necked round bottom flask, equipped with a stirring bar and a drop-
ping funnel, 10ml (9.7 g, 0.118 mol) 1-methylimidazole was dissolved in 25ml acetonitrile.
13.5ml (12.0g, 0.13mol) 1-chlorobutane was added and the reaction mixture was heated
to 90 °C for 72 h under vigorous stirring. After cooling to room-temperature and removing
of the solvent under vacuum, a crystalline to waxy yellowish solid was obtained. This
was recrystallized from acetonitrile and further washed five times with 35 ml ethyl acetate
to yield a white and crystalline but hygroskopic powder which was dried under reduced
pressure (10~#mbar) for 12h and stored under argon.?%?

Yield: 17.73 g (0.102mol) 86%

'H-NMR. (300 MHz, CDCl3) 6 [ppm]|: 10.64 (s, NCHN, 1H), 7.68 (d, 3Jy_z = 9.58 Hz,
NCHCHN, 2H), 4.35 (t, 3Jg_pg = 7.31 Hz, NCH,, 2H), 4.15 (s, CH3N, 3H), 1.91 (quint,
3Jg_mg = 7.48 Hz, NCHyCHo, 2H), 1.36 (sext, 3Jy_g = 7.50 Hz, CHoCHs, 2H), 0.96 (t,
SJH—H =7.42 I’IZ7 CﬂgCHg, 3H)

BC-NMR (75 MHz, Acetone-dg) & [ppm]:  136.32 (CH3NCHCHN), 124.05
(CHsNCHCHN), 12248 (NCHN), 120.13 (NCH,(CHz),CHs, 48.07 (NCHs), 35.08
(NCH2CHoCHoCHs), 25.09 (N(CHg)oCHoCH3), 13.87 (N(CHy)3CHs).

IR 7 [em™!] = 3160-2814 (m), 1580 (s), 1475 (w), 1391 (s), 1321 (w), 1179 (m), 815 (m),
740 (m), 640 (m), 614 (m).

5.2.2 1-Butyl-3-methylimidazolium N,N-bis(trifluoromethyl)sulfonyl-
imide (bmim NTY,)

N ng\/ +  LiNTYf i SEENN S W]
— 7 | —
N 2 24h, -LiCl g

In a 250 ml one-necked round bottom flask, equipped with a stirring bar, 10 g (65 mmol)
1-butyl-3-methylimidazolium chloride was dissolved in 30 ml water to yield a clear solu-
tion. 18,6 g (65 mmol) lithium N, N-bis(trifluoromethyl)sulfonyl imide was added stepwise.
The solution immediately turned into a turbid suspension. After 24 h of vigorous stirring,
the reaction mixture had separated into two phases. The aqueous phase was removed
and the crude ionic liquid was washed thoroughly three times with water (3 x 15ml)
and diethylether (3 x 15ml). The viscous clear liquid was dried under reduced pressure
(10~*mbar) and stored under argon.2!?
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Yield: 21.9 g (52mmol) 90%

IH-NMR (300 MHz, CDCl3) & [ppm]: 8.76 (s, NCHN, 1H), 7.33 (d, 3Jy_p — 9.58 Haz,
NCHCHN, 2H), 4.18 (t, 3J5_s = 7.31 Hz, NCH,, 2H), 3.95 (s, CH3N, 3H), 1.86 (quint,
33 p_pm — T7.48 Hz, NCHoCHo, 2H), 1.38 (sext, *Jg_g — 7.50 Hz, CHCHs, 2H), 0.97 (¢,
3JH—H = 7.42 I’IZ7 CE3CH2, 3H)

BC.NMR (75MHz, Acetone-ds) & |[ppm]:  123.33 (CHsNCHCHN), 122.23
(CH;NCHCHN), 117.69 (NCHN), 49.88 (NCH,(CH,),CH;), 36.32 (NCHj;), 31.86
(NCH,CH,CH,CHs), 19.31 (N(CHy)oCHoCHg), 13.17 (N(CHs)3CH;).

YF-NMR (282 MHz, Acetone-dg) § [ppm]: -79.07.

IR 7 [cm~!] = 2960-2870 (w), 1532 (w), 1460 (w), 1370 (m), 1186 (s), 1163 (s), 1140 (s),
765 (w), 730 (m), 630 (s), 586 (s), 490 (s).

5.2.3 n-Butyl-methylsulfonate

Q 0]
“"0H + —§—Cl > 7 NN0—5—
o) -HCI o)

In an oven-dried 100 ml round bottom narrow neck flask, equipped with a stirring bar
and a dropping funnel, 10ml (14.8 g, 154 mmol) methane sulfonic acid was added (within
30min) to 14.9ml (12.1g, 163 mmol) n-butanol under vigorous stirring and under argon
atmosphere. After the vivid reaction diminished the reaction mixture was stirred for fur-
ther 18 h at 60 °C. The product mixture was fractionally distilled (head temp.: 115°C, 2.0
x 102 mbar) to yield n-butyl-methylsulfonate as a clear liquid.?!!

Yield: 13.13 g (86.5mmol) 56%

'H-NMR (300 MHz, CDCl3) § [ppm]: 4.15 (t, 3Jy_pg = 6.03 Hz, SOCHs(CHz)2CHs, 2H),
2.93 (s, SCHs, 3H), 1.66 (quint, 3Jg_g — 7.50 Hz, SOCHyCH,CH,CHs, 2H), 1.37 (sext,
3Jg_g = 7.23 Hz, SO(CH,)oCHoCH3, 2H), 0.88 (t, 3Jy_g = 7.49 Hz, SO(CH3)3CH3,
3H).

130-1\11\/IR, (75 N[HZ7 CDC]3) ) [ppm]: 70.0 (S, SOQHQ(CH2)20H3), 37.1 (S, SCH3), 30.9
(S, SOCHQQHQCHQCHg), 18.5 (S, SO(CHQ)QQHQCHd), 13.3 (S, SO(CHQ)JQHJ)

5.2.4 1-Butyl-3-methylimidazolium methylsulfonate (bmim OMs)

iso-propanol /—\ ., OMs
NN + n-BuOMs POPATO . :

In a 250 ml round bottom flask, equipped with a stirring bar, 10ml (9.7 g, 118 mmol) 1-
methylimidazole was dissolved in 50ml iso-propanol. 19.78¢g (130mmol) n-butyl-
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methylsulfonate was dissolved in 25ml iso-propanol and slowly added to the solution.
After 96 h a colourless and crystalline precipitate formed, which was filtered to yield a
clear hygroscopic and crystalline solid. The crude product was dried under reduced pres-
sure (10~*mbar) and stored under argon.?!!

Yield: 14.70 g (96.6 mmol) 82%

'H-NMR. (300 MHz, CDCIl3) 6 [ppm]: 7.59 (s, NCHN, 1H), 7.36 (d, 3Jy_z = 9.58 Hz,
NCHCHN, 2H), 4.13 (t, 3Jg_g = 7.31 Hz, NCHy, 2H), 3.93 (s, CH3N, 3H), 2.72 (s,
SCHs, 3H), 1.78 (quint, 3J g = 7.48 Hz, NCHoCHs, 2H), 1.35 (sext, 3Jy_z = 7.50 Hz,
CH,CH3, 2H), 0.95 (t, 3Jg_pg = 7.42 Hz, CH3CH,, 3H).

BC-NMR (75MHz, Acetone-dg) 4 |[ppm|:  123.06 (CH3NCHCHN), 121.30
(CH3NCHCHN), 120.99 (NCHN), 48.46 (NCH2(CH;)2CHs), 39.49 (SCH3), 35.62 (NCH3),
31.75

(NCHoCH2CH2CHg), 19.59 (N(CH2)2CH2CH3), 13.51 (N(CH3)3CHs).

5.2.5 1-Butyl-3-methylimidazolium acetate (bmim OAc)

[/\ . CI ion-exchange //\ . OH HOAc //\ ; OAc
NN~~~ > N N~~~ =/N\/N\/\/

5g (28.7mmol) 1-butyl-3-methylimidazolium chloride was dissolved in 10-15ml wa-
ter and converted into the corresponding 1-butyl-3-methylimidazolium hydroxide aqueous
solution via an ion exchange column filled with AMBERLITE ion exchange resin. The
alkaline aqueous solution was checked with HNO3/AgNOg for chloride residues and the
ion exchange was repeated accordingly as appropriate. The solution was neutralised with
acetic acid and the water content removed in vacuo. The final product was a colourless
and highly hygroscopic solid.?!?
Yield: 5.29 g (26.7 mmol) 93%
'H-NMR. (300 MHz, D30) & [ppm]: 8.70 (s, NCHN, 1H), 7.43 (d, 3Jg_yg = 9.58 Hz,
NCHCHN, 2H), 4.15 (t, 3Jgy_g = 7.31 Hz, NCH,, 2H), 3.85 (s, CH3N, 3H), 1.99 (s,
COCHs, 3H), 1.79 (quint, >Jy_5 — 7.48 Hz, NCHyCHg, 2H), 1.26 (sext, 3Jg_pg — 7.50
HZ, CHQCH3, 2H), 0.85 (t, SJH—H = 7.42 HZ, CHgCHg, 3H)
BBC-NMR (75MHz, Acetone-dg) & [ppm|: 177.23 (COCH3), 135.91 (NCHN), 123.48
(CHsNCHCHN), 122.33 (CH3NCHCHN), 49.30 (NCH,(CHs)oCHgs), 34.3 (NCHg), 31.2
(NCHoCH2CHoCHg), 21.01 (COCH3), 19.0 (N(CHy)2CHoCHg), 12.7 (N(CHz)3CHg).

5.2.6 1-Butyl-2,3-dimethylimidazolium chloride (bmmim C1l)

[\ iso-propanol /\ ., cr
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1,2-Dimethylimidazole should be recrystallized from toluene if its purity is below 98%.
In a 250 ml three-necked round bottom flask, equipped with a stirring bar and a dropping
funnel, 28.8 g (0.3mol) 1,2-dimethylimidazole was dissolved in 50 ml iso-propanol. 33.8ml
(30.1g, 0.33mol) 1-chlorobutane was added and the reaction mixture was heated to 70°C
for 96 h. After cooling to room-temperature and removal of the solvent, a resinous yellow
solid was obtained. This was recrystallized twice from acetonitrile. The crude product
was dissolved in 4so-propanol and poured into 300 ml ethyl acetate. The fine powder was
washed three times with ethyl acetate to yield a colourless, crystalline and hygroscopic
powder which was dried under reduced pressure (10~ mbar) for 12h and stored under
argon.?!3
Yield: 41.5g (0.209 mol) 69%
'H-NMR . (300 MHz, D20O) § [ppm]|: 7.60 (d, 2Jg_g = 9.58 Hz, NCHCHN, 2H), 4.39 (t,
3Jy_p = 7.31 Hz, NCHa, 2H), 3.89 (s, CH3N, 3H), 2.76 (s, NCCH3N, 3H), 2.58 (t, *Jy_g
= 7.48 Hz, CHyCHs, 3H), 2.24 (quint, 3Jy_py = 7.48 Hz, NCHyCH,, 2H), 1.97 (sext,
3Jg_g — 7.50 Hz, CH,CH3, 2H).
BBC-NMR (75 MHz, D50) § [ppm]: 123.3 (CH3NCHCHN), 120.3 (CH3NCHCHN), 117.9
(NCHN), 479 (NCH,(CH3)oCHs), 34.3 (NCHj), 31.2 (NCHCH,CH2CHs), 19.0
(N(CH3)2CH5CHg), 12.7 (N(CH3)3CHs), 10.4 (NCCH3N).
IR 7 [em™!] = 3110-2890 (s), 1730 (w), 1670 (w), 1590 (m), 1530 (m), 1480 (s), 1410 (s),
1350 (m), 1260 (s), 1240 (m), 1145 (m), 1130 (m), 1042 (m), 832 (s), 762 (m), 660 (m).

5.2.7 1-Butyl-2,3-dimethylimidazolium N,N-bis(trifluoromethyl)-
sulfonyl imide (bmmim NT,)

[\ . CI _ H,0 [—\ + NTfy
—~N N~ + LiNTf, - > __N__N
T 24 h, - LiCl T

In a 250 ml round bottom flask, equipped with a stirring bar, 10 g (49.3 mmol) 1-butyl-
2,3-dimethylimidazolium chloride was dissolved in 20 ml water to yield a clear slightly yel-
low solution. 15.8 g (55mmol) lithium N,N-bis(trifluoromethyl)sulfonyl imide was added
stepwise. The solution immediately turned into a turbid suspension. After 24h of vigor-
ous stirring, the reaction mixture had separated into two phases. The aqueous phase was
discarded and the crude ionic liquid was washed thoroughly three times with water (3 x
20ml) and with 25ml of a diethylether/n-pentane mixture. The high viscous, but clear
liquid was dried under reduced pressure (10~4mbar) and stored under argon.?!?

Yield: 16.8 g (38.8 mmol) 78%

'H-NMR (300 MHz, CDCl3) 6 |ppm|: 7.58 (d, 3Jy_pg = 9.58 Hz, NCHCHN, 2H), 4.27
(t, 2Jg_g — 7.31 Hz, NCHs, 2H), 3.93 (s, CH3N, 3H), 2.77 (s, NCCH3N, 3H), 1.87-1.85
(quint, NCHoCHs, 2H), 1.40 (sext, CH,CHs, 2H), 0.95 (t, 3Jy_g = 7.40 Hz, CH3CH,,
3H).

I3C-NMR (75 MHz, Acetone-dg) 6 [ppm]: 123.3 (CH3NCHCHN), 120.3 (CH3NCHCHN),
117.9 (NCHN), 47.9 (NCHy(CHz)oCHs), 34.3 (NCH3), 31.2 (NCH,CH2CH,CH3), 19.0
(N(CH3)2CH5CHsg), 12.7 (N(CH2)3CHs), 8.7 (NCCH3N).

YF-NMR (282 MHz, Aceton-dg) ¢ [ppm]: -79.91.
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IR 7 [em™1] = 2960-2870 (m), 1580 (s), 1460 (w), 1370 (s), 1250 (w), 1110 (m), 930 (m),
810 (m), 750 (m), 630 (m), 440 (m).

5.2.8 1-Butyl-2,3-dimethylimidazolium methylsulfonate (bmmim OMs)

/NTN + n-BuOMs iso-propanol . /—\ , OMs

NN~
96 h T

1,2-Dimethylimidazole should be recrystallised from toluene if its purity is below 98%.
In a 500ml round bottom flask 5g (52mmol) 1,2-dimethylimidazole was dissolved in
100 ml iso-propanol. 8.74¢ (57.5mmol) n-butyl-methylsulfonate was dissolved in 50 ml
iso-propanol and slowly added to the solution. After 96 h a crystalline precipitate formed,
which was filtered to yield a colourless hygroscopic and crystalline solid. The crude prod-
uct was dried under reduced pressure (10~% mbar) and stored under argon.2!!
Yield: 10.7 g (40.5mmol) 78%
'H-NMR. (300 MHz, D2O) § [ppm]|: 7.47 (d, 3Jg_g = 9.57 Hz, NCHCHN, 2H), 4.15 (%,
3Jy_p = 7.32 Hz, NCH,, 2H), 3.95 (s, CH3N, 3H), 2.74 (s, NCCH3N, 3H), 2.67 (s, SCH3,
3H), 1.80 (m, NCH5CHo, 2H), 1.40 (m, CHoCHs, 2H), 0.97 (t, 3J 5 = 7.40 Hz, CH3CHo,
3H).
BC-NMR (75MHz, Acetone-dg) 4 |[ppm|:  122.02 (CH3NCHCHN), 120.68
(CHsNCHCHN), 47.91 (NCH3(CH3)oCHs), 38.52 (SCHs), 34.50 (NCHj), 31.01
(NCH,CH>CH,CHg), 18.95 (N(CH2)2,CH2CHg), 12.78 (N(CH,)3CHs), 8.76 (NCCH3N).
IR 7 [em™1] = 3210-2860 (w), 1720 (w), 1670 (w), 1610 (w), 1230 (s), 1070 (s), 750 (s),
580 (s), 540 (s).

5.2.9 1-Butyl-2,3-dimethylimidazolium acetate (bmmim OAc)

[/\ . Cl ion-exchange /= \ + OH HOAc [/\ . OAc
/N\fN\/\/ > /N\fN\/\/ =/N\(N\/\/

5g (24.9 mmol) 1-butyl-2,3-dimethylimidazolium chloride was dissolved in 10-15ml wa-
ter and converted into the corresponding 1-butyl-2,3-dimethylimidazolium hydroxide aque-
ous solution via an ion exchange column filled with AMBERLITE ion exchange resin. The
alkaline aqueous solution was checked with HNO3/AgNO3 for chloride residues and the
ion exchange was repeated accordingly as appropriate. The solution was neutralised with
acetic acid and the water content removed in vacuo. The final product was a slightly yellow
and highly hygroscopic solid.?'?
Yield: 2.33g (10.96 mmol) 44%
'H-NMR (300 MHz, D20) § [ppm]: 7.25 (d, 3Jy_y = 9.58 Hz, NCHCHN, 2H), 4.02
(t, 3Jg_g = 7.68 Hz, NCHs, 2H), 3.68 (s, CH3N, 3H), 2.49 (s, NCCHs, 3H), 1.83 (s,
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COCHs, 3H), 1.70 (quint, 3Jy_5 = 7.48 Hz, NCHyCHs, 2H), 1.25 (sext, 3Jy_pg = 7.50
Hz, CHoCHs, 2H), 0.84 (t, 3Jg_g — 7.42 Hz, CH3CH,, 3H).

5.2.10 1-Cyanopropyl-3-methylimidazolium chloride (C;CNmim Cl)

=\ CH3CN /\ ., cl N
NN + N///\/\CI 90 °C. 72 h’ /N\%N\/\/é

In a 500 ml three-necked round bottom flask, equipped with a stirring bar and a drop-
ping funnel, 12.5ml (12.2 g, 0.15 mol) 1-methylimidazole was dissolved in 40 ml acetonitrile.
15.4ml (16.9 g, 165 mmol) 4-chlorobutyronitrile was added and the reaction mixture heated
t0 90 °C for 72 h. After cooling to room-temperature and removal of the solvent, a resinous
yellow solid was obtained. This was recrystallized twice from acetonitrile and washed three
times with 50 ml ethyl acetate to yield a colourless and crystalline, but hygroscopic powder
which was dried under reduced pressure (10~* mbar) for 12h and stored under argon.5?
Yield: 22.18 g (0.12mol) 81%

'H-NMR. (300 MHz, CDCIl3) 6 [ppm]: 9.12 (s, NCHN, 1H), 7.72 (d, 3Jy_g = 9.47 Hz,
CH3NCHCHN, 2H), 4.25 (t, 3Jg_g = 7.31 Hz, NCH,, 2H), 3.85 (s, CH3N, 3H), 2.57 (t,
3Jg_mg = 7.48 Hz, CHoCN, 2H), 2.15 (quint, 3Jg_y = 7.42 Hz, NCHCH,, 2H).

5.2.11 1-Cyanopropyl-3-methylimidazolium N,N-bis(trifluoromethyl)-
sulfonyl imide (C3CNmim NTf,)

/_\ cl H,O — ]
& N7+ LiNTf, 2 »/N/_/\,\f NTf2 N
18 h, - LiCl 7

In a 100ml round bottom flask, equipped with a stirring bar, 10g (54 mmol)
1-cyanopropyl-3-methylimidazolium chloride was dissolved in 30 ml water to yield a clear
solution. 15.78 g (55 mmol) lithium N, N-bis(trifluoromethyl)sulfonyl imide was added. Af-
ter 18 h of vigorous stirring, the reaction mixture separated into two phases. The aqueous
phase was decanted and the crude ionic liquid was washed twice with water (20ml) and
three times with 30 ml of a diethylether/n-pentane mixture (1:1). The slightly viscous, but
clear liquid was dried under reduced pressure (10~#mbar) and stored under argon.®s
Yield: 20.83 g (48.5mmol) 90%

'H-NMR (300 MHz, Acetone-dg) & [ppm|: 9.12 (s, NCHN, 1H), 7.73 (d, 3Jy_p = 9.47
Hz, CH;NCHCHN, 2H), 4.25 (t, 3Jy_p — 7.31 Hz, NCH,, 2H), 3.85 (s, CH;3N, 3H), 2.57
(t, 3Jg_g = 7.48 Hz, CH,CN, 2H), 2.15 (quint, 3Jg_p = 7.42 Hz, NCH,CH,, 2H).
13C-NMR (75 MHz, Acetone-dg) & [ppm]: 124.25 (CH3NCH), 122.35 (CH5N(CH)s), 48.12
(NCH3), 36.05 (NCH,), 25.59 (NCH,CH,), 13.81 (CNCH,).
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YF-NMR (282 MHz, Acetone-dg) ¢ [ppm]: -79.1.

5.2.12 1-Cyanopropyl-3-methylimidazolium acetate (C3CNmim OAc)

[T\ +Cl N jon-exchange /_\ OH’ HOAc /_\ OAc’
NN 7T NN A A N N AN

5g (27mmol) 1-cyanopropyl-3-methylimidazolium chloride was dissolved in 10-15ml
water and converted into the corresponding 1-cyanopropyl-3-methylimidazolium hydrox-
ide aqueous solution via an ion exchange column filled with AMBERLITE ion exchange
resin. The alkaline aqueous solution was checked with HNO3/AgNO3 for chloride residues
and the ion exchange was repeated accordingly as appropriate. The solution was neu-
tralised with acetic acid and the water content removed in vacuo. The final product was
a colourless, waxy and highly hygroscopic solid. Yield: 3.67 g (17.6 mmol) 65%
'H-NMR (300 MHz, Aceton-dg) & [ppm]: 8.72 (s, NCHN, 1H), 7.43 (d, 3Jy_py = 9.47 Hz,
CH3NCHCHN, 2H), 4.26 (t, 3Jg_pg = 7.31 Hz, NCH,, 2H), 3.81 (s, CH3CO, 3H), 2.51 (t,
3Jg_pg = 7.48 Hz, CHoCN, 2H), 2.18 (quint, 3Jy_ g = 7.42 Hz, NCH,CH,, 2H), 1.81 (s,
NCH3).
BBC-NMR (75 MHz, Acetone-dg) § [ppm|: 123.93 (CH3N(CH)y), 122.22 (CH3N(CH)s),
47.98 (NCHs), 35.72 (NCHs), 25.04 (NCH2CHs), 23.47 (COCH3), 13.70 (CNCHs).

5.2.13 1-Cyanopropyl-2,3-dimethylimidazolium chloride
(C3CNmmim Cl1)

/\ CH;CN /\, cr N
_N__N + ///\/\CI > _N N\/\/

T N 75 °C, 48 h /T/

1,2-Dimethylimidazole should be recrystallized from toluene if its purity is below 98%.
In a 500 ml three-necked round bottom flask, equipped with a stirring bar and a dropping
funnel, 7.42 g (75 mmol) 1,2-dimethylimidazole was dissolved in 75 ml acetonitrile. 7.65ml
(8.41g, 81.2mmol) 4-chlorobutyronitrile was added and the reaction mixture heated to
75°C for 48h. After cooling to room temperature and removal of the solvent and all
volatiles, a resinous and slightly yellow solid was obtained. This was recrystallized twice
from acetonitrile and washed three times with 50 ml ethyl acetate to yield a colourless,
crystalline and hygroscopic powder which was dried under reduced pressure (10~* mbar)
for 12h and stored under argon.5?
Yield: 10.64 g (53.2mmol) 71%
'H-NMR. (300 MHz, D20) 6 [ppm]: 7.39 (d, 3Jg_p = 9.52 Hz, CH3NCHCHN, 2H), 4.26
(t, 3Jg_g = 7.31 Hz, NCHy, 2H), 3.77 (s, CH3N, 3H), 2.61 (s, NCCH;3N, 3H), 2.60 (t,
3Jg_mg = 7.48 Hz, CHoCN, 2H), 2.21 (quint, 3Jy_ g = 7.42 Hz, NCHCH,, 2H).
BC-NMR (75MHz, D20) § [ppm]: 144.75 (CN), 122.61 (CH3NCH), 120.69
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(CH3NCHCH), 102.38 (NCCH;N), 46.62 (NCH;), 34.84 (NCH,), 24.80 (NCH,CH,), 13.81
(CNCH,), 9.03 (NCCH;N).

5.2.14 1-Cyanopropyl-2,3-dimethylimidazolium N, N-bis(tri-
fluoromethyl)sulfonyl imide (C3CNmmim NTf,)

NG H,0 /=\ . NTf,
N2+ LiNTF, 2 > ND o2 AN

T/ 18 h, - LiCl /NT/

In a 250ml round bottom flask, equipped with a stirring bar, 10g (50 mmol)
1-cyanopropyl-2,3-dimethylimidazolium chloride was dissolved in 30ml water to yield a
clear solution. 15.78 g (55 mmol) solid lithium N, N-bis(trifluoromethyl)sulfonyl imide was
added. After 18 h of vigorous stirring and additional 15 min the reaction mixture had sep-
arated into two phases. The aqueous phase was decanted and the crude ionic liquid was
washed twice with water (2 x 30 ml) and three times with a (1:1) mixture of diethylether/n-
pentane (3 x 15ml). The slightly viscous, but clear liquid was dried under reduced pressure
(103 mbar) and stored under argon.5?

Yield: 20.44 g (46 mmol) 92%

'H-NMR (300 MHz, CDCl3) ¢ [ppm]: 7.26 (d, 3Jy_g = 9.54 Hz, CH3NCHCHN, 2H),
4.18 (t, 3Jg_pg = 7.31 Hz, NCH,, 2H), 3.71 (s, CH3N, 3H), 2.54 (s, NCCH;3N, 3H), 2.44
(t, 3Jg_g = 7.48 Hz, CHoCN, 2H), 2.11 (quint, 3Jg_p = 7.42 Hz, NCH,CH,, 2H).
YF-NMR (282 MHz, CDCl3) § [ppm]: -79.4.

IR 7 [em ™1 = 1320 (w), 1220 (s), 1210 (m), 1080 (s), 740 (w), 680 (m), 660 (m), 510 (m).

5.2.15 1-Butyl-pyridinium chloride (bpy Cl)

A CH,CN XN or
| \ + /\/\CI - - .
75°C, 28 h N~

In a 250 ml three-necked round bottom flask, equipped with a stirring bar and a drop-
ping funnel, 10ml (9.63 g, 125 mmol) pyridine was mixed with 50 ml acetonitrile. 15.6 ml
(13.9 g, 150 mmol) 1-chlorobutane was added and the reaction mixture heated to 75°C for
28h. After cooling to room-temperature the crude product starts to crystallise in long
needles. After removing of the solvent the crude product was recrystallised from acetoni-
trile to yield hygroscopic and clear needles which have been dried under reduced pressure
(10~3 mbar) for 2h and stored under argon.?!*

Yield: 27.6¢ (0.1 mol) 81%
'H-NMR. (300 MHz, D20) ¢ [ppm]|: 8.82 (d, 3Jy_pg = 7.31 Hz, NCHgyom, 2H), 8.53 (t,
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3Jg_pg = 7.48 Hz, (CH)oCH(CH)3, 1H), 8.06 (t, 3Jy_p = 7.28 Hz, CHCHCHCHCH, 2H),
4.60 (t, 3Jg_pg — 6.54 Hz, NCH,, 2H), 1.99 (quint, 3Jy_g — 6.14 Hz, NCH,CH,, 2H),
1.34 (sext, 3Jy_py = 6.14 Hz, CH,CHg, 2H), 0.92 (t, CH3CHs, 3Jy_ 5 = 6.54 Hz, 3H).

BC-NMR (75MHz, D20) 6 [ppm]: 145.4 (N(CHgz)s), 144.19 (N(CHz)oCHp), 128.22
(N(CH3)2(CHs)3), 61.76 (NCH,), 32.57 (NCH,CH,), 18.71 (N(CH,)2CHy), 12.52 (CHgz).

5.2.16 1-Butyl-pyridinium N,N-bis(trifluoromethyl)sulfonyl imide (bpy
NTf,)

\ -
H,0 [, NTE

B + LiNTf -
NS > 18h, -LiCl N~

In a 100ml one-necked round bottom flask, equipped with a stirring bar, 10g
(58.5mmol) 1-butyl-pyridinium chloride was dissolved in 25 ml water to yield a clear solu-
tion. 17.93 g (62.5mmol) lithium N, N-bis(trifluoromethyl)sulfonyl imide was added step-
wise. The solution immediately turned into a turbid suspension. After 18 h of vigorous
stirring, the reaction mixture had separated into two phases. The aqueous phase was
removed and the crude ionic liquid was washed thoroughly three times with water (3 x
30ml) and three times with diethylether (3 x 15ml). The highly viscous and clear liquid
was dried under reduced pressure (10~% mbar) for 24h and stored under argon.?!*

Yield: 22.89 g (55 mmol) 94%

'H-NMR, (300 MHz, Acetone dg) & [ppm]: 9.17 (d, 3Jy_g = 7.31 Hz, NCHyrom, 2H), 8.73
(t, 3Jg_pg = 7.48 Hz, (CH);CH(CH),, 1H), 8.24 (t, 3Jy_5 = 7.28 Hz, CHCHCHCHCH,
2H), 4.84 (t, 3Jy_pg = 6.54 Hz, NCH,, 2H), 2.12 (quint, 3Jg_g = 6.14 Hz, NCH,CHo,
2H), 1.46 (sext, 3Jy_py = 6.14 Hz, CHyCHgz, 2H), 0.98 (t, CH3CHs, 3Jy_5 = 6.54 Hz,
3H).

BBC-NMR (75 MHz, Acetone dg) ¢ [ppm]: 205.56 (s, CF3), 145.80 (s, N(CHs)s), 144.48 (s,
N(CHQ)QQHQ), 128.54 (S, N(CHQ)Q(QHQ)Q), 61.88 (S, NQHQ), 33.20 (S7 NCHQQHQ), 19.12
(S, N(CHQ)QQHQ), 12.74 (S, QHg)

YF-NMR (282 MHz, Aceton dg) & [ppm]: -79.89.

5.2.17 1-Cyanopropylpyridinium chloride (C3CNpy Cl)

CH4CN | _NDCr

D 2 -
Nt OA~F °C. 28 h

In a 250 ml three-necked round bottom flask, equipped with stirring bar and a drop-
ping funnel, 20.1ml (20.01 g, 0.25 mol) pyridine was dissolved in 75 ml acetonitrile. 31.05g

148



5. Experimental

(0.3 mol) 4-chlorobutyronitrile was added and the reaction mixture heated to 75 °C for 28 h.
After cooling to room temperature the crude product started to crystallise in brownish nee-
dles. After removing of the solvent the crude product was recrystallised from acetonitrile
to yield a hygroscopic solid which was further dried under reduced pressure (1073 mbar)
for 18 h and stored under argon.?!

Yield: 31.92g (178 mmol) 70%

'H-NMR (300 MHz, D20) 6 [ppm]: 8.82 (d, 3Jy_py = 7.31 Hz, NCHgpom, 2H), 8.50 (t,
3Jy_p = 7.48 Hz, (CH)oCH(CH)2, 1H), 8.02 (t, 3Jy_p = 7.28 Hz, CHCHCHCHCH, 2H),
4.86 (t, 3Jg_p = 6.54 Hz, NCHy, 2H), 2.58 (t, 3Jg_pg = 6.14 Hz, CH,CN, 2H), 2.35
(quint, 3Jg_ g = 5.66 Hz, CHyCH>CN, 2H).

IBC-NMR (75MHz, D30) § [ppm]: 146.72 (N(CHg)s), 144.48 (N(CHy)2CHs), 128.54
(N(CHz)2(CHz)2), 57.89 (NCHs), 26.23 (NCH2CH,), 13.81 (CH2CN).

5.2.18 1-Cyanopropylpyridinium acetate (C3CNpy OAc)

/N _ion exchange_ || N oH _N__HOAc | N 0AC _N

| N A~ N A~

5g (27.3mmol) 1-cyanopropylpyridinium chloride was dissolved in 10-15 ml water and
converted into the corresponding 1-cyanopropylpyridinium hydroxide aqueous solution via
an ion exchange column filled with AMBERLITE ion exchange resin. The alkaline aqueous
solution was checked with HNO3/AgNOj3 for chloride residues and the ion exchange was
repeated accordingly as appropriate. The solution was neutralised with acetic acid and
the water content removed in vacuo. The final product was a colourless, waxy and highly
hygroscopic solid.?'*
Yield: 2.31g (11.2mmol) 41%
'H-NMR (300 MHz, D20) 6 [ppm]: 8.89 (d, 3Jy_pg = 7.31 Hz, NCHypom, 2H), 8.56 (t,
3Jy_p = 7.48 Hz, (CH)2CH(CH)», 1H), 8.08 (t, 3Jy_pg — 7.28 Hz, CHCHCHCHCH, 2H),
4.73 (t, 3Jg_pg = 6.54 Hz, NCHs, 2H), 2.63 (t, 3Jg_g = 6.14 Hz, CHoCN, 2H), 2.40
(quint, 3Jg_ g = 5.66 Hz, CH,CH,CN, 2H), 1.95 (s, COCHs, 3H).
BBC-NMR (75MHz, D20O) § [ppm|: 146.33 (N(CHs)s), 144.51 (N(CH3)2CHs), 128.66
(N(CHz)2(CHz)2), 119.90 (COCH3), 60.27 (NCH,), 26.07 (NCH2CHy), 13.85 (CH2CN).

5.2.19 N-Cyanopropyl- N-methyl-pyrrolidinium chloride
(C3CNmpyrr Cl)

O /\/\ CHSCN @
N / Cl >
A 75°C,24h N= /-
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In a 250 ml round bottom flask, equipped with a stirring bar, 13.0 ml (10.65 g, 125 mmol)
N-methyl-pyrrolidine was dissolved in 40 ml acetonitrile. 14.19ml (15.54 g, 0.15mol) 4-
chlorobutyronitrile was added and the reaction mixture heated to 75°C for 24h under
continuous stirring. After cooling to room temperature the crude product started to crys-
tallise to give a yellowish-white solid. After removal of the surplus solvent the crude product
was recrystallised twice from acetonitrile and washed three times with 25 ml diethylether to
yield a hygroscopic and white solid, which was dried under reduced pressure (10~3 mbar)
for 2h and stored under argon.?

Yield: 17.21 g (66.3 mmol) 73%
'H-NMR (300 MHz, rt, D2O) § [ppm]: 3.61-3.29 (m, NCHyCHs, 4H), 3.02 (s, NCHg, 3H),
2.43 (t, NCHs, 2H), 2.26-1.97 (m, NCHy,CH>CH,CN, 4H).

5.2.20 N-Cyanopropyl- N-methyl-pyrrolidinium N, N-bis(trifluoro-
methyl)sulfonyl imide (C;CNmpyrr NTT,)

@ + LiNTF 00 @
\ \
N:\/§/CI- i 24h N:\/ijz'

In a 250ml round bottom flask, equipped with a stirring bar, 10g (53 mmol)
N-cyanopropyl-N-methyl-pyrrolidinium chloride was dissolved in 50ml water. 17.93g
(73 mmol) solid lithium N, N-bis(trifluoromethyl)sulfonyl imide was added into the clear
solution stepwise. The solution immediately turned into a turbid suspension. After 24 h of
vigorous stirring, the reaction mixture had separated into two phases. The aqueous phase
was removed and the crude ionic liquid was washed intensively three times with water
and another three times with a diethylether/n-pentane mixture (1:1). The high viscous,
but clear liquid was further dried under reduced pressure (10~ mbar) and stored under
argon.5?

Yield: 19.4 g (50.0 mmol) 89%

'H-NMR (300 MHz, CDCl3) § [ppm]: 3.61-3.29 (m, NCHyCHa, 4H), 3.02 (s, NCH3, 3H),
2.43 (t, NCHs, 2H), 2.26-1.97 (m, NCHy,CH>CH,CN, 4H).

YF-NMR. (282 MHz, CDCl3) § [ppm]|: -79.3.

5.2.21 N-Butyl-N-methyl-pyrrolidinium acetate (bmpyrr OAc)

@ ion-exchange _ @ HOAc o @
o - \
a on —/ons

5g (24.8mmol) N-butyl-N-methyl-pyrrolidinium chloride was dissolved in 12ml dis-
tilled water and converted into the corresponding N-butyl- N-methyl-pyrrolidinium hydrox-
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ide aqueous solution via an ion exchange column filled with AMBERLITE ion exchange
resin. The alkaline aqueous solution was checked with HNO3/AgNQOj3 for chloride residues
and the ion exchange was repeated accordingly as appropriate. The solution was neu-
tralised with acetic acid and the water content removed in vacuo. The final product was
a colourless and highly hygroscopic solid. Yield: 2.69 g (13.39 mmol) 53%

'H-NMR (300 MHz, D20) § [ppm]: 3.37 (m, NCH(CHs)oCHs, 4H), 3.20 (m, NCH,, 2H,
2.91 (s, COCH3, 3H), 2.08 (m, N(CHy)s, 4H), 1.79 (s, NCH3, 3H), 1.66 (quint, 3Jg_pg —
6.14 Hz, NCHoCHo, 2H), 1.26 (sext, 3Jy_ 5 = 6.02 Hz, N(CHs)oCHy, 2H), 0.83 (t, 3J g5
=732 I’IZ7 CHQCHg, 3H)

BBC-NMR (75 MHz, D20) § [ppm]: 64.17 (N(CHs)s), 48.05 (OCH3), 25.10 (NCH>), 23.35
(NCHs), 21.27 (NCHCHs), 19.25 (CH,CHg), 12.75 (CH3CHs).

5.2.22 Tetra-n-butyl-phosphonium acetate (n-Bu,;POAc)

OH OAc
+ HZO +

fp\_\ + HOAc »fp\_\

In a 100ml round bottom flask, 50ml 40 wt% tetra-n-butyl-phosphonium hydroxide
solution (72.4 mmol n-BuyPOH) is mixed with 4.12ml (72.4mmol) of 99% acetic acid un-
der vigorous stirring. After further stirring for 25 min the residual water is removed under
reduced pressure (1073 mbar) at 60°C. The resulting ionic liquid is further dried under
reduced pressure (1072 mbar) for 72h leaving a hygroscopic waxy solid behind.

Yield 20.8 g (68.8 mmol, 95%)

'H-NMR. (300 MHz, D50) § [ppm]: 2.25-2.09 (m, PCHs,, 8H), 1.93 (s, COCHjs, 3H),
1.61-1.32 (m, PCHyCH2CH,, 16H), 0.94-0.82 (t, CHoCHgs, 12H).

BC-NMR (75MHz, D30) 6 [ppm]: 173.8 (COCHj3), 26.5 (CH3CO), 24.8
(P(CHjy)2CH,yCH3), 24.1 (PCHoCHs), 19.1 (PCHy), 13.8 (P(CHy)3CHs).

SIP_NMR (121 MHz, D20) § [ppm]: 33.25.

IR 7 [em ™! = 2960-2860 (w), 1580 (m), 1380(m), 1345 (m), 1160 (s), 1126 (s), 1050 (s),
610 (m), 570 (m).

ESI-MS high resolution, positive ion mode CigHzgP™ calculated mass =
259.2549142 amu, measured mass = 259.25460 amu (deviation -1.23 ppm).
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5.2.23 Tetra-n-butyl-phosphonium sulphate ((n-Bu,P),S0O,)

OH
2 + HZO +

4/_/P‘\_\ + H,S0, > 4/_/P‘\_\ s0,”

- 2

In a 100ml round bottom flask, 50ml 40 wt% tetra-n-butyl-phosphonium hydroxide
solution (72.4mmol, n-BusPOH) is mixed with 4.12ml (72.4mmol) of 10% sulphuric acid
solution under vigorous stirring. After stirring for 25 min the residual water is removed
under reduced pressure (10~ mbar) at 60°C. The resulting ionic liquid is further dried
under reduced pressure for 72h. The final product was a white solid.

Yield: 27.8¢g (71.7mmol, 99%)

'H-NMR (300 MHz, D50O) 6 [ppm|: 2.25-2.09 (m, PCHy, 8H), 1.61-1.32 (m,
PCH,CH,CHo, 16H), 0.90 (t, CH,CHs, 12H).

BC-NMR (75MHz, D20) ¢ [ppm]: 24.8 (P(CHz)oCH2CHs), 24.1 (PCHoCHp), 19.1
(PCHy), 13.8 (P(CHz2)3CHs).

SIP_.NMR (121 MHz, D0) § [ppm]: 33.25.

IR 7 [em ™! = 2960-2860 (w), 1580 (m), 1380(m), 1345 (m), 1160 (s), 1126 (s), 1050 (s),
610 (m), 570 (m).

ESI-MS high resolution, positive ion mode CigHzgP™ calculated mass = 259.2549142
amu, measured mass = 259.25460 amu (deviation -1.13 ppm).

5.2.24 Tri-n-butyl-3-cyanopropyl-phosphonium chloride

(C3CNn-BusPCl)
\\\\ +’\/\
P -
+ CI,\/\ toluene o Cl

P N 65°C, 48 h, Ar
J_/ \_\ A\
N

In an oven dried 130 ml schlenktube, equipped with a Teflon stirring bar, 5ml (4.1 g,
20.2mmol) tri-n-butyl phosphine was mixed with 25ml toluene (anhydrous) in a glove
box. Later 3.1g (30 mmol) 4-chlorobutyronitrile was added under vigorous stirring and
the schlenktube heated to 65°C for 48 h. After cooling to room temperature a two phase
system established immediately. The organic phase (toluene/4-chlorobutyronitrile) was
discarded and the crude ionic liquid washed twice with n-pentane and dried under reduced
pressure (1073 mbar) at 50 °C for 48 h.

Yield: 3.65g (11.9 mmol) 59%
'H-NMR (300 MHz, D20) § [ppm]: 3.10 (t, PCHs, 2H), 2.89 (t, CH2CN, 2H), 2.67 (m,

152



5. Experimental

CH>CH,CN, 2H), 1.61 (quint, PCHyCHs, 6H), 1.18 (sext, CHyCHs, 6H), 1.13 (t, CHs,
9H), 0.98 (t, PCHy, 6H).

BBC-NMR (75MHz, D20) ¢ [ppm]|: 118.84 (CN), 23.93 (PCH,CH,CH,CHjg, 3C) , 23.7
(PCH2CH,CH,CH3, 3C), 18.88 (PCH5CH2CH2CN), 18.87 (PCH,CHoCH,CHg, 3C), 18.73
(PCH,CH,CH,CN), 18.28 (PCH,CH,CH,CN), 13.4 (CH3).

SIP_.NMR (121 MHz, D;0) 6 [ppm]: 33.3.

IR 7 [em™!] = 2970-2860 (s), 1580 (s), 1410(m), 1360 (m), 1225 (m), 1125 (s), 1005 (s),
810 (m), 721 (w), 644 (w).

5.2.25 Tri-n-butyl-3-cyanopropyl-phosphonium
acetate (C3CNn-Buz;POAc)

,\/\
OAc

P
\\\\ ion- \\\\ HOAc
\\ exchange \}\l

2g (6.52mmol) tri-n-butyl-3-cyanopropyl-phosphonium chloride was dissolved in 10-
15ml water and converted into the corresponding Cyanopropyl-tri-n-butyl-phosphonium
hydroxide aqueous solution via an ion exchange column filled with AMBERLITE ion ex-
change resin. The alkaline aqueous solution was checked with HNO3/AgNOj3 for chloride
residues and the ion exchange was repeated accordingly as appropriate. The solution
was neutralised with acetic acid and the water content removed in vacuo. Yield: 1.52g
(4.95 mmol) 76%

'H-NMR. (300 MHz, D20) § [ppm|: 2.89-2.73 (m, PCHy, COCHs, 5H), 2.33 (m,
CEQCHQCN, 6H), 2.06 (sext, PCHQCHQ, GH), 1.52 (m, CﬂQCHg, 6H), 0.97 (t, Cﬂg, 9H).
SIP_.NMR (121 MHz, D0) ¢ [ppm]: 33.3.

IR 7 [em™!] = 2960-2860 (m), 1580 (s), 1370(s), 1345 (m), 1160 (w), 760 (m), 722 (m).
ESI-MS high resolution, positive ion mode C1gH33NP™ calculated mass = 270.2345131
amu, measured mass = 270.23425 (deviation -0.97 ppm).

5.3 Nanoparticle Syntheses

5.3.1 Cu,O0 Nanoparticles

n-Bu,POAc
CuCO, > Cu,O
120 °C, 18 h

Cus0 nanoparticles were synthesized in an oven-dried 25 ml crimp top or screw top vial
equipped with a butyl-rubber septum and a glass stirring bar. 1mmol copper precursor
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was suspended in 1g IL and heated to 120-160 °C for 3-18h while stirring at 500 rpm in
a vial holder (see Table 5.1). The resulting precipitate was a brownish red dispersion of
Cu20 nanoparticles in IL. The as-obtained particles in IL could be easily dispersed in
acetone, ethanol or iso-propanol.

Table 5.1: Various ionic liquids as reaction media for the synthesis of CusO nanoparticles.

Entry  precursor IL T type d
°Cl [nm]|

1 CuCOs3 bmmim NTfy 120  bulk bulk

2 CuCOj3 bmim NTf, 120 n.d. n.d.

3 CuCOs3 bpy NTfy 120 n.d. n.d.

4 CuCOs3 C3CNmim NTfy 120 n.d. n.d.

5 CuCOs3 n-BusPOAC 120 Cu20 5.5 (£1.2)

6 CuCOs3 (n-BuyP)2S04 120 n.d. n.d.

7 CUCO:), (H—BU4P)QSO4 160 CuQO 8.0 (:|:2.7)

8 Cu(NOs3)2 n-BuyPOAC 160 n.d. n.d.

9 Cu(OAc)q n-BuysPOAc 160  n.d. bulk

10 Cul n-BusPOACc 160 n.d. n.d.

11 CuFs n-BuyPOAc 160 n.d. n.d.

12 CuCOs3 C3CNmmim NTfy; 120 n.d. n.d.*

13 CuCOs3 bpy NTfy 120 n.d. n.d.*

* These results have not been published.

5.3.2 Microwave Syntheses of Cu, Ag, NiO and ZnO Nanoparticles

CuCO, Cu-NP
Ag,CO, n-BuPOAc Ag-NP
NiCO, hn NiO-NP
ZnCO, ZnO-NP

An oven-dried 4ml microwave borosilicate vial equipped with a stirring bar, a
Teflon/silicon septum and a quartz inlet for a ruby-thermometer was filled with 500 mg of
n-BuyPOAc. 10 wt% (50 mg) of precursor (basic CuCO3 0.23 mmol, AgoCO3 0.18 mmol,
NiCO3-6H20 0.22mmol or ZnCO3 0.40 mmol) was filled into the vial and stirred for 2.5 min
on a conventional stirring plate to yield a homogeneous mixture. The vial was further
equipped with a ruby-thermometer. The maximum irradiation power of the microwave
was limited to 75 W when the reaction was about to start.
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Cu(OAc), Cu-NP
AgOAc bm(m)im NTf, Ag-NP
Ni(OAc), hn > NiO-NP
Zn(OAc), ZnO-NP

An oven-dried 4 ml microwave-borosilicate vial equipped with a Teflon stirring bar, a
Teflon/silicon septum and a quartz inlet for a ruby-thermometer was filled with 500 mg of
bmmim NTfs. 10 wt% (50 mg) of precursor (Cu(OAc)2-H20 0.25 mmol, AgOAc 0.30 mmol
or Zn(OAc)2-2H20 0.23 mmol) was filled into the vial and stirred for 2.5min on a con-
ventional stirring plate to yield a homogeneous mixture (see Table 5.2). Ni(OAc)2-H20O
(0.20 mmol) was mixed with bmim NTf; due to a better solubility. The vial was equipped
with a ruby-thermometer. The maximum irradiation power of the microwave was limited
to 75 W when the reaction was about to start.

Table 5.2: Reaction parameters for the nanoparticle syntheses in ionic liquids by mi-
crowave irradiation?.

Entry type 1L precursor T t d
[°C]  [min] [nm]

1 Cu(0) n-BugPOAc CuCOg3 160 10 4.8 (£1.7)
2 Cu(0)  bmmim NTfy Cu(OAc)y 235 3 4.9 (£1.1)
3 Ag(0) n-BugPOAc AgoCOgs 100 1.5 6.7 (£1.7)
4 Ag(0)  bmmim NTfy,  AgOAc 200 5 12.2 (£5.4)
5 Ni(IT)O  n-BuyPOAc NiCO3 200 10 5.8 (£1.7)
6 Ni(I)O  bmim NTf,  Ni(OAc)s 250 30 2.0 (£0.6)
7 Zn(IO  n-BuPOAc  ZnCO; 220 10  22.2 (£10.2)
8 Zn(IDO  bmmim NTf, Zn(OAc)y 225 15 50.9 (£18.2)°

189.3 (£61.5)°

@ Reaction parameters: 500 mg IL, 50 mg precursor, 1000 rpm stirring, 75 W max. power. ® ZnO
nanorods diameter. ¢ ZnO nanorods length.

5.3.3 Syntheses of Supported Pd, Cu and Pd/Cu Catalysts

Pd(OAc " " H
(OAc), __ Tearbon® oz o = pd°M°/C
MX, impregnation 250-300 °C
80 °C
M = Cu, Ni
n=1,2

X = Cl, OAc; X, = SO,

The precursor salt (Pd(OAc)e (7.0mg, 0.035mmol), Cu(OAc)2-HoO (7.0mg,
0.035mmol), CuSO4-5H20 (8.7mg, 0.035mmol), CuCl (3.5mg, 0.035mmol) or
Ni(OAc)2-4H20 (8.7 mg, 0.035 mmol)) was dissolved in 1 ml of a 1:1 mixture of acetone and
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water or in petrol ether. For complete dissolution the mixture was placed in an ultrasonic
bath at 45°C for 30 min. Then the carbon support (activated Carbon 78 mg, MWCNT
50mg or Pd/C 10wt% 52 mg) was added and the mixture was placed again in the ultrasonic
bath for 30 min. Then the fitting of the vial was removed and the solvent was removed at
80°C in an oven. Where appropriate, the as-dried compound was placed in a 50 cm quartz
tube equipped with glass wool and under constant hydrogen flow (30 ml/min) reduced at
250-300°C for 1h.

5.3.4 Pd/Cu Bimetallic Nanoparticles in n-Bu,POAc

n-Bu,POAc
Pd(OAc), + Cu(OAc), 200 °C. 24 h N> Pd/Cu-NP
g » IN2

In an oven-dried quartz tube equipped with Teflon fastening and a glass stirring bar
0.07 mmol Pd(OAc)2 (14.6 mg) and 0.035 mmol Cu(OAc)s-HaO (7.0mg) were mixed with
950 mg n-BuyPOAc. The tube was sealed under nitrogen and heated to 200°C within
30 min for 24 h to yield a dark brown mixture.

5.3.5 Syntheses of Pd/Cu Bimetallic Nanoparticles in bmmim NTf,

bmmim NT,

Pd(OAC), + Cu(OAc), — = ~— = Pd/Cu-NP
’ ) 2

In an oven-dried quartz tube equipped with Teflon fastening and a glass stirring bar
0.07 mmol Pd(OAc)s (14.6 mg) and 0.035 mmol Cu(OAc)s-H20O (7.0mg) were mixed with
1g bmmim NTf,. The tube was sealed under nitrogen and heated to 200 °C within 30 min
for 24 h to yield a dark brown mixture.

5.4 Nanocatalyses
5.4.1 Heck Reactions with Pd-NP Immobilized on Wood
O
O
! dg-toluene 07T
+ 0 "N >
| Pd@wood, Et,N

85°C,20h
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An oven dried 20 ml reaction vial was loaded with iodobenzene (55 ul, 0.5 mmol), n-
butyl acrylate (72 ul, 0.5 mmol), triethyl amine (80 ul, 0.6 mmol), PVP-Pd@Qwood (98 mg,
0.14 wt.-% Pd) and toluene-dg (1ml). The mixture was stirred at 85°C for 20h. Then
the conversion was determined directly by 'H-NMR spectroscopy by using hexamethyld-
isilane as internal standard (20 ul) (see Table 5.3). For recycling of the catalyst, the wood
was rinsed twice with water (5ml) and ethanol (5ml) and immediately used for the next
reaction.

Table 5.3: Recycling experiments in Heck reactions catalyzed by Pd-NP on carbonized
wood.

runl run?2 run3 run4 runb

yield [%] 57 44 32 27 20
TON 1407 1087 795 664 494

5.4.2 Sonogashira Reactions with Pd-NP Immobilized on Wood

I
ethanol
©/ + ph—== » Ph—=——Ph
Pd@wood, K,CO,

50 °C, 24 h

110 pl phenylacetylene (1.0 mmol), 120 ul iodobenzene (1.1 mmol) and 207 mg potas-
sium carbonate (1.5mmol) were added to ethanol (2ml) and mixed with the
PVP-Pd@wood (72mg, 0.14 wt.-% Pd) in a 20ml reaction vial in air. The mixture was
stirred at 50 °C for 24 h. The product was extracted three times with n-pentane (3 x 10 ml).
The organic phase was washed with water (2ml), separated from the aqueous phase and
dried over MgSQy4. Finally, the solvent was removed under reduced pressure. The product
was analysed, and the conversion was determined by 'H-NMR spectroscopy by using hex-
amethyldisilane as internal standard (20 ul) (see Table 5.4). For recycling of the catalyst,
the wood was rinsed twice with water (5ml) and ethanol (5ml) and immediately used for
the next reaction.

Table 5.4: Recycling experiments in Sonogashira reactions catalyzed by Pd-NP on car-
bonized wood.

runl run2 run3d run 4

yield [%] 75 34 9 10
TON 3704 1671 440 500
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5.4.3 Suzuk: Reactions with Pd-NP Immobilized on Wood

H,0

| PO > ph—=—Ph
©/ + @ Pd@wood, K,CO,

100 °C, 20 h

Phenylboronic acid (91 mg, 0.75 mmol), iodobenzene (55 pl, 0.5 mmol), and potassium
carbonate (140 mg, 1.0 mmol) were added to water (3 ml) and mixed with PVP-Pd@wood
(72mg; 0.14 wt.-% Pd) in a 20 ml reaction vial in air. The mixture was stirred at 100 °C
for 20 h. At room temperature a crystalline solid precipitated in the aqueous solution. The
product was extracted with n-pentane (3 x 10ml) from the aqueous phase, the organic
layer was dried over MgSOy, and the solvent was removed under reduced pressure. The
white solid was analyzed, and the conversion was determined by 'H-NMR spectroscopy by
using hexamethyldisilane as internal standard (20 ul) (see Table 5.5). For recycling of the
catalyst, the wood was rinsed twice with water (5ml) and ethanol (5ml) and immediately
used for the next reaction.

Table 5.5: Recycling experiments in Suzuki reactions catalyzed by Pd-NP on carbonized
wood.

runl run2 run3d run4 rund run 6

yield [%] 8 97 57 58 20 33
TON 2074 2395 1416 1436 501 824

5.4.4 Decarboxylation of Nitrobenzoic Acids with Cu,O Nanoparticles

@COzH Cu,O-NP/IL N
A2 No, 120 °C, 24 h <o,

R R

The CusO nanoparticle dispersion obtained from the reductive decomposition in n-
BusPOAc (chapter 5.3.1) was cooled to room temperature (see Nanoparticle synthesis).
1mmol of the corresponding nitro-benzoic acid was then added to the dispersion and heated
to 120°C for 24 h. After cooling to room temperature the reaction mixture was extracted
with 3 x 10 ml n-pentane. The organic phase was separated and the solvent removed under
reduced pressure. The residue was analyzed by 'H-NMR (internal standard: hexamethyl-
disilane, 0.1 mmol, 20 ul, see Table 5.7).

For recycling experiments 167 mg (1 mmol) 2-nitrobenzoic acid was used as decarboxy-
lation substrate. After extraction of nitro benzene (product) the reaction mixture was
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Table 5.6: Variation of the reaction conditions and ionic liquid media in the protodecar-
boxylation of 2-nitrobenzoic acid.

Entry  Cu source IL Additives T  yield®
[°C]  [%]
1 Cus0O-NPs®  n-BusPOAc - 80 1
2 CusO-NPs” n-BusPOACc - 120 61
3 CusO-NPs*  n-BuyPOAc  KF, K,CO3 120 59
4 CusO-NPs®  n-BuyPOAc KF 120 58
5 CusO-NPs“ n-BusPOAc KoCO3 120 55
6 CusO-NPs®  n-BuyPOAc - 120 100
7 CUQO-NPSC (n-BU4P)QSO4 - 160 51
8 CuCO3 bmim OMs - 120 39
9 Cu(OAc)? bmim OMs - 120 24
10 Cu(NO3)2?  bmim OMs - 160 39
11 CuCO3?  C3CNmim OAc - 120 23
12 CuCO3? C3CNpyOAc - 120 17
13 CuCOz? bmmim OMs - 120 15 *
14 Cuy0° n-BusPOAc - 120 20

Reaction conditions: * 1 mmol 2-nitrobenzoic acid, CuaONPs (35mol%gur face) in 1g IL. b With
Cuy0-NPs (105 mol% surface) © CusO-NPs (17.5mol%sur face) in 1g IL. 4 1 mmol 2-nitrobenzoic
acid, 1 mmol Cu-source in 1g IL. ¢ Commercial copper(I)oxide. Reaction time 24 h. *unpublished

results

Table 5.7:

nitrobenzoic acids in n-Bus/POAc with CuyO nanoparticles.

Substrate screening for protodecarboxylation reactions of different 2-

Entry benzoic acid yield®
K
1 2-nitrobenzoic acid 100
2 2,4-dinitrobenzoic acid 24
3 4-trifluoromethyl-2-nitrobenzoic acid 32
4 4-carboxyl-2-nitrobenzoic acid 10
5 3-methyl-2-nitrobenzoic acid 30
6 4-chloro-2-nitrobenzoic acid 65
7 4-fluoro-2-nitrobenzoic adid 40
8 5-amino-2-nitrobenzoic acid 10
9 5-chloro-2-nitrobenzoic acid 21
10 5-methoxy-2-nitrobenzoic acid 15
11 5-methyl-2-nitrobenzoic acid 26

@ yield of the corresponding arene.

reloaded with 1 mmol 2-nitrobenzoic acid and the reaction conducted again as described
above (see Table 5.8)
In chemo-selectivity experiments (see Table 5.9) 1 mmol of a second benzoic acid was
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Table 5.8: Recycling experiments of the protodecarboxylation of 2-nitrobenzoic acid

yield [%]
Entry | CupO-NPs®  CupO-NPs?  CuyO-NPs¢ CuCO3 AgyCO3
n-BuyPOAc n-BusPOAc n-BuyPOAc bmim OMs bmim OMs

1 61 55 100 5 38

2 96 100 100 17 12

3 79 100 100 23 9

4 39 100 60 39 8

5 36 84 100 -

6 36 45 100 -

7 25 32 100 -

8 10 21 100 -

9 - 6 100 -

10 - - 15 -

@ 1mmol CuCO3 precursor * 2mmol CuCOj3 precursor ¢ 3mmol CuCO3 precursor.

added to the reaction mixture.

Table 5.9: Chemo-selectivity of the nanoscale protodecarboxylation in the presence of a
selection of different benzoic acid derivatives.

Entry Acid A

Acid B

yield [%] A:B  sel. [%] A:B

CO ~J O O W N~

2-nitrobenz.
2-nitrobenz.
2-nitrobenz.
2-nitrobenz.
2-nitrobenz.
2-nitrobenz.
2-nitrobenz.
2-nitrobenz.

4-nitrobenz.
2-chloro-4-nitrobenz.
2-methoxybenz.
4-cyanobenz.
2-chloro-4-fluorobenz.
4-methoxybenz.
2-sulfonylbenz.
4-aminobenz.

57:0
39:0
50:0
48:0
23:0
47:0
78:0
62:0

100:0
100:0
100:0
100:0
100:0
100:0
100:0
100:0

5.4.5 Amination Reactions of Aryl Halides with Cu,O Nanoparticles

N
NH, +@

R

X Cu,O-NP in n-Bu,POAC
v

75°C,16 h

@/NH2

R

The as-prepared CupO nanoparticle dispersion (chapter 5.3.1) was allowed to cool to

room temperature in a 25ml crimp-top vial.

Then 1mmol aryl halide and 1ml of an

aqueous ammonia solution (NHz (20 wt%) 12 mmol) were added under vigorous stirring.
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Table 5.10: Variation of primary amines and ammonia for the Buchwald-Hartwig amina-
tion of iodobenzene.

Entry amine cat.load [mol%]| yield [%)]
1 NHjy 10 100
2 CH3-NH, 10 65
3 CH3-NH, 5 65
4 n-Bu-NHsy 5! 71
5 1s0-Bu-NHo 5 95
6 cHex-NH, 5 77
7 n-Oct-NHs 5 90
8 is0-Pr-NHs 5 99
9 tert-Bu-NH, 5 57
10 CegHsNH, 5 65

The vial was closed with a new crimp cap and heated to 75°C for 16h. The reaction
mixture was cooled to room temperature and extracted with n-pentane (3 x 5ml). The
organic phases were combined, dried over MgSO4 and the solvent was evaporated under
reduced pressure. The residue was analysed using 'H-NMR techniques (internal standard:
hexamethyldisilane, 0.1 mmol, 20 ul, see Table 5.10).

X Cu,O-NP in n-Bu,POAc NHR
RNH, + [[ 2 ity ©/
(- 75°C, 16 h -

R R

R = Me, n-Bu, iso-Bu,
tert-Bu, Ph, cHex,
iso-Pro, n-Oct

The as-prepared CuzO nanoparticle dispersion (chapter 5.3.1) was allowed to cool down
to room temperature in the 25 ml crimp-top vial. Then 1 mmol aryl halide and 1 ml of a pri-
mary amine (CH3-NHy(40 wt%) 12.9mmol, n-Bu-NHy 10.1 mmol, iso-Bu-NHy 10.6 mmol,
cHex-NHs 8.7mmol, n-Oct-NHo 6.0 mmol, iso-Pr-NHs 11.6 mmol, tert-Bu-NHsy 9.5 mmol
or CgH5-NHy) were added under vigorous stirring. The vial was closed with a new crimp
cap and heated to 75°C for 16 h. The reaction mixture was cooled to room temperature
and extracted with n-pentane (3 x 5ml). The organic phases were combined and washed
with 2ml water. The aqueous phase was discarded and the organic phase was dried over
MgSO,4 and the solvent was evaporated under reduced pressure. The residue was anal-
ysed using 'H-NMR techniques (internal standard: hexamethyldisilane, 0.1 mmol, 20 ul,
see Table 5.10).
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Table 5.11: Variation of secondary amines for the Buchwald-Hartwig amination of
iodobenzene.

Entry amine cat.load [mol%]| yield [%)]

1 EtoNH 5 65
2 n-BusNH 5 16
3 piperidine 5 99
4 PhoNH 5 0

5 morpholine 5) 99
6 L-proline 5 33

X Cu,0O-NP in n-Bu,POAC NRR
RRNH 4+ [ = —J
/

(- 75°C, 16 h
R R

R = Et, n-Bu, Ph,
piperidine, morpholine,
L-proline

The as-prepared CuzO nanoparticle dispersion (chapter 5.3.1) was allowed to cool down
to room temperature in the 25ml screw-top vial. Then 1mmol aryl halide and 1ml of
a secondary amine (EtoNH 9.6 mmol, n-BuaNH 5.9 mmol, piperidine 10.1 mmol, PhoNH
6.9 mmol, morpholine 11.5 mmol or L-Prolin 11.7 mmol) were added with vigorous stirring.
The vial was closed and heated to 75°C for 16 h. The reaction mixture was cooled to an
ambient temperature and extracted with n-pentane (3 x 5ml). The organic phases were
combined, dried over MgS30,4 and the solvent was removed under reduced pressure. The
residue was analysed using 'H-NMR (internal standard: hexamethyldisilane, 0.1 mmol,
20 ul, see Table 5.11 and Table 5.12).
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Table 5.12: Variation of aryl halides for the coupling with ammonia, diethylamine and
piperidine at optimized reaction parameters.

Entry aryl-X amine  cat.oad [mol%] yield [%)]
1 C6H5Br NH3 10 12
2 3-iodoanisole NHs 5 92
3 4-iodotoluene NHsg 10 79
4 1,2-dichlorobenzene EtoNH B! 0
5 CgH5Br EtoNH 5 10
6 2-iodophenol EtoNH 5 0
7 2-iodoanisole EtoNH 5 0
8 3-iodoanisole EtoNH 5 24
9 2-iodotoluene EtoNH 5 0
10 4-iodotoluene EtoNH 5 33
11 3-iodoanisole piperidine ) 93
12 4-iodotoluene piperidine 5 85

5.4.6 Deoxygenation of Stearic Acid with Pd/Cu Bimetallic Catalysts

0]

- A CO4 H,0 4 CO
HO™ “C47 cat, 350 °C,2h, N, Cis + Cys + CO4 Hy0 4 CO,

All deoxygenation reactions were carried out under nitrogen atmosphere. In addition,
each reaction was carried out under air (without nitrogen atmosphere) as a control experi-
ment. 0.7mmol stearic acid (200 mg) was mixed with the catalyst in an oven-dried quartz
tube with Teflon fastening and a glass stirring bar in a glove-box. The reaction mixture
was heated in a tube oven with a 25 min ramp up to 350 °C for 2h. The crude light brown
product was allowed to cool to room temperature and dissolved in 4ml CH5Cly and re-
fluxed for 20 min. After cooling to room temperature the internal standard n-dodecane
was added (50 pl, 39.04mg, 0.23 mmol) and the whole mixture filled up to 10ml with a
mixture of CHyCly and MeOH (3:1). Finally the mixture was centrifuged for 3min at
5000 min~!. About 1 ml was taken as sample for GC-FID analysis to determine the yield
(see Table 5.13) or HPLC analysis to determine the conversion of stearic acid and filtered
through a 200 um syringe filter directly before injection.
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Table 5.13: Overview about selected examples for the deoxygenation of stearic acid within
2h, concerning the overall yield of Cj7-alkanes and alkenes and the selectivity between
them.

Entry catalyst loading temp. gas yield ratio
[mol%|  [°C] [%]  [alkane:alkene]

1 Cu(OAc)y 10 350 Ny 24 N/A

2 Pd(OAc), 10 350 Np 4.8 N/A

3 CuCl 10 350 Ny 44 N/A

4 Pd?*t Cu?t 5,5 350 Ny 5.2 95.6 : 4.4
5 Co(OAc), 10 300 Ny 0.1 N/A

6 Pd Cu (Cu?*)/C 5,5 350 Ny 8.6 16.1: 83.9
7 Pd Ni (Ni?+)/C 5,5 350 Nz 309 5.5:94.5
8 Pd*t Cu*t ywenr 5,5 350 Ny 225 6.8 : 93.2
9 Pd Cu?t/C 5,5 350 No 9.3 7.5:92.5
10 Pd/C 0 350 Ny 303 4.0 : 96.0
11 Pd/C Cu?* 10, 5 350 Ng 37.0 11.6 : 88.4
12 Pd/C Cu 10,5 350 Ny 239 5.9 :94.1
13 Pd/C Cu* 10,5 350 Ng 6.5 13.3 : 86.7
14 Pd/C Cu?*t 504 10, 5 350 Ng 7.2 25.5: 74.5
15 Pd/Cu-NP IL 10,5 350 air 28.0 9.6 : 90.4
16 Pd/Cu-NP IL 10,5 350 Np 175 9.8 : 90.2

5.4.7 Decarboxylation Reactions of Benzoic Acid Derivatives with Pd/Cu
Bimetallic Particles

CO,H
JOL, - L
R 18 h, 200 °C, Pd/Cu cat. R2 R1

The as synthesized Pd/Cu catalyst in n-BusPOAc or bmmim NTf; (chapter 5.2.4)
was mixed with 1 mmol of benzoic acid (122 mg), 4-fluoro-2-methyl benzoic acid (154 mg)
or 4-cyanobenzoic acid (147 mg), respectively. In control experiments the glass tube was
evacuated and purged with nitrogen gas and closed in the glove box. The mixture was
heated to 200 °C for 18 h. After cooling to room temperature, the mixture was dissolved in
3ml CHsCly and further 7ml of a mixture of CHyCly and MeOH (3:1). 50 ul n-dodecane
(39.04 mg, 0.23 mmol) was added as internal standard. Finally the mixture was centrifuged
for 3min at 5000 min~! and filtered through a 200 ym syringe filter prior to analysis with
GC-FID and GC-MS (see Table 5.14).
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Table 5.14: Overview about the decarboxylation reactions of benzoic acids with Pd/Cu
catalyst (10 mol%) in two different ionic liquids. The reaction temperature was 200 °C.

Entry substrate IL gas time yield
[h]  [%]

1 Benzoic acid n-BusPOAc Ny 18 40.2
2 Benzoic acid n-BuyPOAc  air 18 9.0
3 4-fluoro-2-methyl benzoic acid n-BusPOAc Nj 18 40.4
4 4-fluoro-2-methyl benzoic acid  n-BuyPOAc air 18  44.1
5 4-cyano benzoic acid n-BusPOAc Ny 18 6.3
6 4-cyano benzoic acid n-BuyPOAc air 18 6.3
7 Benzoic acid bmmim NTfy; Ny 18 -
8 4-fluoro-2-methyl benzoic acid bmmim NTfy Ny 18 -
9 4-cyano benzoic acid bmmim NTfy; Ny 18 -

5.4.8 Regioselective Deutero-decarboxylation of 2-Nitrobenzoic Acid

CO2H D
O o0 a1
NO2 120 C, 24 h, Ar NO2

Cuz0 nanoparticles dispersed in anhydrous n-BusPOAc (chapter 5.3.1) were further
dried under reduced pressure (1072 mbar) at 50 °C, flushed with argon and introduced into
a glove box. 1 mmol (167 mg) of 2-nitrobenzoic acid was added to the dispersion. 1ml D20
was added with a syringe and the mixture was heated to 120°C for 24h. After cooling
to room temperature the reaction mixture was extracted with 3 x 10ml n-pentane. The
organic phase was separated, dried over MgSO,4 and the solvent removed under reduced
pressure. The residue was analysed by '"H-NMR (internal standard: hexamethyldisilane,
0.1 mmol, 20 pl).

5.4.9 Decarboxylative Cross-Coupling Reaction

Cu,OinIL

CO,K | _ O
©: + ©/ NMP, KF, K,COs, Pd-NP
NO,

120-160 °C, 24 h, Ar
NO,

Cuy0 nanoparticles dispersed in IL were further dried under reduced pressure (10~2 mbar)
at 50 °C, flushed with argon and introduced into a glove box. 205 mg (1 mmol) potassium
2-nitrobenzoate and 500 mg powdered molecular sieve (3A) was mixed with the nanopar-
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ticle dispersion and 1ml N-methyl-pyrrolidone (NMP). The reaction mixture was heated
to 160 °C for 3h. After cooling to room temperature, 4.5mg (0.02mmol) Pd(OAc)2, 87 mg
(I mmol) potassium fluoride, 3ml NMP and 165 ul (1.5 mmol) iodobenzene were added.
Then the reaction mixture was heated to 120°C for 21 h. After cooling to room temper-
ature the mixture was diluted with 1N hydrochloric acid and extracted five times with
15ml ethyl acetate. The combined organic phases were washed with brine and dried with
MgSOy4. Finally the organic solvent was evaporated under reduced pressure. The residue
was analysed by 'H-NMR (internal standard: hexamethyldisilane, 0.1 mmol, 20 yul).

Table 5.15: Decarboxylative cross-coupling reactions with variation of co-solvents.

Entry 1L catalyst  co-catalyst co-solvent yield of
2-nitrobiphenyl [%]

1 n-BuyPOACc CusO-NP - - n.d.

3 n-BuyPOAc CugO-NP Pd-NP - 18.0

3 C3CNmpyrrNTfs  CuaO-NP Pd-NP NMP 45.5

4 C3CNmpyrrNTf;  CugO-NP Pd-NP DMSO 24.1

5 C3CNmpyrrNTf, CusO-NP Pd-NP mesitylene n.d.

Reaction conditions: All reactions were carried out under argon atmosphere. Catalyst loading:
2mol% Pd(OAc), for the synthesis of Pd nanoparticles, 1 mmol CuCOj for the synthesis of CusO
nanoparticles.
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A.1 NMR-spectra
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Figure A.1: 'H-NMR spectrum of bmim Cl.
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Figure A.2: 3C-NMR spectrum of bmim CI.
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Figure A.3: 'H-NMR spectrum of bmim NTf,.
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Figure A.4: 3C-NMR spectrum of bmim NTf,.
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Figure A.5: YF-NMR spectrum of bmim NTfs.
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Figure A.6: 'H-NMR spectrum of n-BuOMs.
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Figure A.7: 3C-NMR spectrum of n-BuOMs.
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Figure A.8: 'H-NMR spectrum of bmim OMs.
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Figure A.9: >C-NMR spectrum of bmim OMs.
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Figure A.10: 'H-NMR spectrum of bmim OAc.
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Figure A.11: '3C-NMR spectrum of bmim OAc.
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Figure A.12: 'H-NMR spectrum of C3CNmim CI.
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Figure A.13: 'H-NMR spectrum of C3CNmim NTf,.
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Figure A.14: BBC-NMR spectrum of C3CNmim NTf,.
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Figure A.16: 'H-NMR spectrum of C3CNmim OAc.
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Figure A.17: '3C-NMR spectrum of C3CNmim OAc.
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Figure A.18: 'H-NMR spectrum of bmmim CI.
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Figure A.19: 'H-NMR spectrum of bmmim OM:s.
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Figure A.20: '3C APT-NMR spectrum of bmmim OMs.
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Figure A.21: 3C DEPT-NMR spectrum of bmmim OMs.
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Figure A.22: 'H-NMR spectrum of bmmim NTf,.
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Figure A.23: '3C APT-NMR spectrum of bmmim NTf,.
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Figure A.24: 3C DEPT-NMR spectrum of bmmim NTfs.
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Figure A.26: 'H-NMR spectrum of bmmim OAc.
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Figure A.27: 'H-NMR spectrum of C3CNmmim Cl.
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Figure A.28: '3C-NMR spectrum of C3CNmmim CI.
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Figure A.29: 'H-NMR spectrum of C3CNmmim NTf,.
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Figure A.30: 'YF-NMR spectrum of C3CNmmim NTf,.
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Figure A.31: 'H-NMR spectrum of bpy CI.
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Figure A.32: '3C-NMR spectrum of bpy Cl.
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Figure A.33: 'H-NMR spectrum of bpy NTf,.
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Figure A.34: '3C-NMR spectrum of bpy NTf,.
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Figure A.35: "F-NMR spectrum of bpy NTf,.
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Figure A.36: 'H-NMR spectrum of C3CNpy CL
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Figure A.37: '3C-NMR spectrum of C3CNpy Cl.
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Figure A.38: 'H-NMR spectrum of C3CNpy OAc.
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Figure A.39: 3C-NMR spectrum of C3CNpy OAc.
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Figure A.40: 'H-NMR spectrum of C3CNmpyrr Cl.
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Figure A.41: 'H-NMR spectrum of C3CNmpyrr NTf,.
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Figure A.42: "F-NMR spectrum of C3CNmpyrr NTf,.
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Figure A.43: 'H-NMR spectrum of bmpyrr OAc.
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Figure A.44: 3C DEPT-NMR spectrum of bmpyrr OAc.
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Figure A.45: '3C APT-NMR spectrum of bmpyrr OAc.
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Figure A.46: 'H-NMR spectrum of n-BuysPOAc.
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Figure A.47: '3C APT-NMR spectrum of n-BusPOAc.
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Figure A.48: 3C DEPT-NMR spectrum of n-BuyPOAc.
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Figure A.49: 3'P-NMR spectrum of n-BuyPOAc.
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Figure A.50: 'H-NMR spectrum of (n-BuyP)2SOy.
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Figure A.51: '3C APT-NMR spectrum of (n-BuyP)2S0y.
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Figure A.52: 3'P-NMR spectrum of (n-BuysP)2S0y.
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Figure A.53: 'H-NMR spectrum of C3CN-n-BusPCL.
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Figure A.54: 13C APT-NMR spectrum of C3CN-n-BuzPCl.
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Figure A.55: '3C DEPT-NMR spectrum of C3CN-n-BusPCL
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Figure A.56: 3IP_NMR spectrum of C3CN-n-BuzPCl.

.

T T T T T T T T 1
3,5 3,0 2,5 2,0 1,5 1,0 0,5

8 [ppm]

Figure A.57: 'H-NMR spectrum of C3CN-n-BuzPOAc.
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Figure A.58: 3'P-NMR spectrum of C3CN-n-BuzPOAc.
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Figure A.59: '"H-NMR spectrum of cinnamic acid butyl ester derived by a Heck coupling
of iodobenzene and n-butyl acrylate.
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Figure A.60: 'H-NMR spectrum of diphenyl acetylene derived by s Sonogashira coupling

of iodobenzene and phenyl acetylene.
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Figure A.61: 'H-NMR spectrum of biphenyl derived by a Suzuki coupling of iodobenzene

and phenyl boronic acid.
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Figure A.62: 'H-NMR spectrum of nitrobenzene derived by protodecarboxylation of
2-nitrobenzoic acid.
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Figure A.63: 'H-NMR spectrum of o-deutero-nitrobenzene derived by regioselective
deuterodecarboxylation of 2-nitrobenzoic acid.
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Figure A.64: 'H-NMR spectrum of 2-nitrobiphenyl derived by a decarboxylative cross-
coupling in C3CNmpyrr NTfy and NMP.
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Figure A.65: 'H-NMR spectrum of aniline derived by an amination reaction of iodoben-
zene with ammonia in n-BusPOAc.

205



A. Appendix

A.2 IR-spectra
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Figure A.66: Transmission IR spectrum of bmim CI.
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Figure A.67: Transmission IR spectrum of bmim NTf;.
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Figure A.68: Transmission IR spectrum of bmmim CI.
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Figure A.69: Transmission IR spectrum of bmmim NTf,.
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Figure A.70: Transmission IR spectrum of bmmim OMs.
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Figure A.71: Transmission IR spectrum of C3CNmmim NTf,.
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Figure A.72: Transmission IR spectrum of (n-BuyP)2SOy.
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Figure A.73: Transmission IR spectrum of n-BuyPOAc.
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Figure A.74: Transmission IR spectrum of C3CN-n-BusPCl.
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Figure A.75: Transmission IR spectrum of C3CN-n-BugPOAc.
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A.3 ICP-OES
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Figure A.76: ICP-OLS calibration for Cu at A = 224.75 nm and 324.70 nm.
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A.TT: ICP-OES spectrum calibrated on copper in the range of

A= 2220 - 226.5 nm.
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Figure A.78: ICP-OES spectrum calibrated on copper in the range of
A =324.0 - 325.0 nm.
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Figure A.79: Fokus on ICP-OES spectrum for two significant Cu signals at
A = 224.75 nm and 324.70 nm.
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A.4 ESI Mass Spectra
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ESI-MS of the n-BuyP™ cation in n-BusPOAc.

Figure A.80
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ESI-MS of the n-BuyP* cation in (n-BugP)2S04.

Figure A.81
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A.5 Electron Microscopy

Figure A.83: Additional TEM (120 kV) picture of CusO-NP in n-BusPOAc.

»

Figure A.84: Additional HR-TEM (200 kV) picture of Pd/Cu-NP in n-BusPOAc.
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Figure A.85: Additional TEM (120 kV) picture of Ag-NP in n-BusPOAc.

Figure A.86: Additional TEM (120 kV) picture of Ag-NP in bmmim NTf,.
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Figure A.87: Additional TEM (120 kV) picture of Cu-NP in n-BuyPOAc.

Figure A.88: Additional TEM (120 kV) picture of Cu-NP in bmmim NTfs.
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Figure A.89: Additional TEM (120 kV) picture of NiO-NP in n-BusPOAc.

Figure A.90: Additional TEM (120 kV) picture of ZnO-NP in n-BuysPOAc.
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A

Figure A.91: Additional TEM (120 kV) picture of ZnO-NP in n-BusPOAc.
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SR IN-N e

eV
GC-MS
ICP-OES
SEM
TEM

Abbreviations

temperature [°C]

time [s|, [min], [h]

diameter of particle, structure etc. [nm]|
particle radius [nm]|

amount of substance [mol|

molar percentage of catalyst

mass [mg|

Molar mass |g/mol]

wavelenght [nm)|

revolutions per minute [1/min]

Hertz [1/s]

power, Watt

nuclear magnetic resonance spectroscopy
singulett - NMR descriptor

doublett - NMR descriptor

triplet - NMR, descriptor

quartett - NMR descriptor

quintett - NMR descriptor

sextett - NMR descriptor

multiplett - NMR descriptor

coupling constant [Hz]

rel. chemical shift [ppm)]

parts per million, e.g. chemical shift or concentration
X-ray diffraction

scattering angle [°]

infra red, infra red spectroscopy

weak - IR descriptor

medium - IR descriptor

strong - IR descriptor

wavenumber [cm ™}

Angstrom,; 1A =10"0m

extended X-ray absorption fine structure
X-ray absorption near-edge structure spectroscopy
X-ray photoelectron spectroscopy
electronvolts [eV]

gas chromatography with

inductively coupled plasma optical emission spectrometry
scanning electron microscopy
transmission electron microscopy
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B. Abbreviations

HRTEM
SAED

CVD
PECVD

NP

IL

RTIL

bmim
bmmim
C3CNmim
C3CNmmim
bpy
C3CNpy
bmpyrr
C3CNmpyrr
NTf,

OMs

COD

CoT

NMP

high resolution TEM

selected area electron diffraction

Chemical Vapour Deposition

Plasma Enhanced Chemical Vapour Deposition
nanoparticle

ionic liquid

room temperature ionic liquid with melting point below 25 °C
1-butyl-3-methylimidazolium cation
1-butyl-2,3-dimethylimidazolium cation
1-cyanopropyl-3-methylimidazolium cation
1-cyanopropyl-2,3-dimethylimidazolium cation
N-butylpyridinium cation
N-cyanopropylpyridinium cation
N-butyl-N-methylpyrrolidinium cation
N-cyanopropyl- N-methylpyrrolidinium cation
N, N-bis(trifluoromethylsulfonyl)imide anion
methylsulfonate anion

1,5-cyclooctadien

1,3,5-cyclooctatrien

N-Methyl-pyrrolidone
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