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Introduction

A. Introduction

With the speech “There’s Plenty of Room at the Bottom” of Richard Feynman in 1959, the physicist
and Nobel Prize laureate is perceived as the founder of nanoscience and nanotechnology.™
Nanochemistry emerged as one of the subcategories, laying the focus on synthetic chemistry to
construct nanostructures or nanoscale building blocks for their potential technological
applications.?’B! These nanomaterials are defined as materials with at least one spatial dimension in
the size range of 1-100 nm (Figure 1). Classifying these nanomaterials based on their dimensions of
nanoscale (<100 nm), four different classes are possible: (i) zero-dimensional nanomaterials, e.g.
nanoparticles, (ii) one-dimensional nanomaterials, e.g. nanorods, nanotubes, nanowires, (iii) two-
dimensional nanomaterials, e.g. nanofilms, nanolayers, and (iv) three dimensional or bulk

nanomaterials where all dimensions are above 100 nm, e.g. multi nanolayers, bundles of nanowires or

nanotubes.

Water  Glucose Antibody Virus Bacterium Cancer cell A period Tennis ball
csre fe - )
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~. Dendrimers
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Figure 1. Size comparison of nanomaterials with larger-sized materials. The scale bar is given in nm. Reprinted with permission
from [4]. Copyright © 2014, M. T. Amin et al.

Nanoparticles (NPs) are considered as zero-dimensional nanomaterials since all three dimensions are
in the nanoscale region.PM® By downsizing to the nanometer scale, metals reveal unique
physicochemical properties that differ decisively from their bulk counterparts, depending on the size
and shape. Of these, especially the optical properties gained fundamental interest since ancient times
and are probably the most prominent and earliest example for the characteristics of nanoparticles.
Dating back to the time period of BCE, metallic nanoparticles were utilized due to their extraordinary
features in numerous sculptures, paintings, and glasses.!”! The Lycurgus Cup, dating back to the fourth
century AD, has become particularly famous for the outstanding achievements of the ancient glass

industry. Its dichroic glass changes color from jade green to blood-red when it is illuminated internally,
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caused by the change of reflected to transmitted light. Modern science revealed the colloidal
dispersion of silver-gold alloys (typically 50-100 nm) with a ratio of silver to gold about 7:3 (about
300 ppm to 40 ppm, with additionally 10% copper) as a reason for the light scattering and
absorption.” 8 During the medieval period, colorful stained glass windows like the rose windows of
Notre-Dame were created due to the presence of dispersed gold, silver, and copper nanoparticles.!”"!
Certainly, the ancient stained-glass makers were unaware of the nanotechnology.””’ Nowadays, the
relation between nanoparticles and their associated colors is widely known (depicted in Figure 2),
showing a red reflected color is assigned to either Ag nanoprisms with 100 nm or spherical Au NPs with
25 nm, whereas a green color can be achieved by 50 nm Au NPs. The historically widespread yellow
stained glass is caused by 100 nm sized spherical Ag NPs and can be changed to blue by decreasing the
size to 40 nm.[%M 'Y This knowledge is based on the proceeding development of enhanced synthesis,
fabrication, and characterization methods allowing a controlled impact on the sizes, shapes, and
compositions of metal nanoparticles and further enables their explicit investigation. Consequently,
further physicochemical properties become relevant, such as e.g. superparamagnetism, which will be
addressed in the following chapter. Afterwards, an overview of the most common methods for the
preparation of magnetic nanoparticles is presented, followed by an introduction to surface coatings
and functionalizations which are especially suitable for further approaches. Special focus will be on air-
stable, so-called core-shell carbon-coated metallic nanoparticles. A highlight of selected applications
of these materials is given in the last chapter, emphasizing their potential use as versatile catalysts,

scavengers, and reagents.

Ag Nanoprisms  Au Spheres Au Spheres  Ag Spheres Ag Spheres Ag Spheres
~100 nm ~100 nm ~50 nm ~100 nm ~80nm ~40 nm

N 200nm (same for all the images)

Figure 2. Sizes, shapes, and compositions of metal nanoparticles can be systematically varied to produce materials with
distinct light-scattering properties. Adapted with permission from [11]. Copyright © 2005, American Chemical Society.
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1. Magnetic metal nanoparticles

1.1.Superparamagnetism — unique property of metal nanoparticles
Although macromolecules and aggregates of organic molecules bear the possibility to form particles
in the nanometer range,? metals and semiconductor oxides are among the most well-known
nanoparticles.! Decreasing the size to the nanoscale region enlarges the surface-area-to-volume ratio
significantly and consequently increases the number of surface atoms, which in turn influences the
material properties. In the case of ferri- and ferromagnetic metals, downsizing below a critical size may
entail the development of superparamagnetism. It is generally known that spinning particles
containing both, mass and electric charge, cause magnetic effects by the formation of a magnetic
dipole. These so-called magnetons are grouped in domains (‘Weiss domains’). The size of magnetic
domains is typically in the micrometer region. Decreasing the particle size below a critical nanometer-
scale value (around 50 nm, depending on the material), means that the maintenance of domain walls
costs more energy than to support the external magnetostatic energy (stray field) of the single-domain
state. Consequently, single-domains become predominant, as depicted in Figure 3A.*3! If an external
magnetic field (H) is applied until the saturation magnetization (Ms) is reached, the multi-domain
(green) and single-domain curves are well described as hysteresis loops (Figure 3B) with two main
parameters: remanence (M,) and coercivity (H;). Remanence is described via the intersection (H=0) of
the hysteresis loop by reducing the magnetic field to zero. Coercivity is apparent via the intersection
at M=0.1** Reduction of the particle size to single-domains results in an enlargement of the coercivity
to the maximum (blue curve), however, reducing the particle size even further, H. becomes zero
without any magnetic remanence (orange curve).!’3! This phenomenon is caused by thermal
fluctuations which spontaneously demagnetize a previously saturated assembly and is known as
superparamagnetism. Above a certain temperature (blocking temperature), superparamagnetic

particles behave like independent atomic paramagnets with high magnetic susceptibility.*4

(B)

' M

/

v

Particle diameter

Figure 3. General dependence of ferromagnetic bulk materials on the reduction of physical size: multidomain (green), single
domain (blue), and superparamagnetism (red). (A) Plot of magnetic coercivity versus particle size. (B) Magnetization
hysteresis loops for the different domain size behaviors. H. and M; of the single domain (blue) are shown as an example.
Adapted with permission from [13]. Copyright © 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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1.2.Nanoparticle synthesis — overview
For the synthesis of nanoparticles, two common strategies can be employed. On the one hand, there
is the top-down approach, where an external force is applied to downsize bulk materials to the
nanoscale region. On the other hand, the so-called bottom-up approach utilizes precursor molecules
or atoms to build up these structures. An overview of various preparation techniques for nanoparticles
is depicted in Figure 4, with physical, chemical, and biological methods as superordinate categories. As
synthesizing the desired particle sizes and shapes is more challenging for top-down methods and may
diminish the magnetic properties of the material due to defects of lattice parameters,®"*> the bottom-
up approach is preferred for the synthesis of nanoparticles, offering a more defined control over the
size and shape of the particles with a wide array of possible methods. Among these, co-precipitation
and thermal decomposition are the most common methods to synthesize magnetic nanoparticles and

offer high yields and a convenient scale-up as the main advantages.®!

| Nanoparticle synthesis |

1
v v

| Top-down approach | | Bottom-up approach

U

e Rpooo - 22 e
o o S8 500 ()
—) Og OO o —) 0% d 820008 — °°°°° —
[¢) OOOOO RPoBe ©
Bulk material Powder Nanoparticles Cluster Precursor containing

molecules and atoms
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metal salts
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* Spray pyrolysis * Sonochemical method
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Figure 4. Top-down and bottom-up approaches for the synthesis of nanoparticles. Adapted with permission from [17].
Copyright © 2018, Elsevier.

Co-precipitation is a facile and efficient method for the synthesis of iron nanoparticles (e.g. Fes0,,
Fe,0s, Zn-Mn ferrite, Co-Zn ferrite) from dissolved metal salt solutions with the aid of alkaline solutions
like ammonia or sodium hydroxide solutions. Thereby, the size, composition, and morphology are
influenced by the type of salt used, the ratio of the different metal ions, and further reaction conditions
like the pH value and reaction temperature.l®*% |n general, co-precipitation is performed in aqueous

solutions at ambient conditions with temperatures between 20 to 90 °C and commonly requires short
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reaction times.!*®! The high yields, low operation costs, short reaction periods, and comparably easy
synthesis make co-precipitation convenient for large-scale reactions. However, this method suffers
from agglomeration during the work-up (washing, filtering, or drying),*® difficult size and shape
control, and wide size distribution.™® Thermal decomposition (or pyrolysis) offers the opportunity of
smaller nanoparticle sizes than co-precipitation and further meets the requirements of a narrow size
distribution and shape control. Organometallic precursors (e.g. Fe(acac)s, Fe(CO)s, Co,(CO)s) are
decomposed at high temperatures and pressures for the fabrication of monodisperse nanoparticles in
high yields with tunable size.'®2% Besides these two, microemulsion, hydrothermal methods, or

microwave-assisted nanoparticle syntheses are widely employed methods (Figure 5).

(a) Co-precipitation (b) Hydrothermal

Alkaline *

- Pressurized
vapors

Pressurized cover,

- Mixed Metalic
Precursor Solutions

(c) Microemulsion (d) Thermal decomposition (e) Microwave-assisted

Thermal I:I

oil Decomposition of -= B
Reagent | Metalic Precursors 3 Lg__\.
‘s Diffused
L I Microwaves
= //
Heat JI' \\_\ I fNucleatiotlj\I
ea of nanoparticles
Reagent Il f
Coalescence l ]

of reagents

Figure 5. Schemes of selected types of bottom-up approaches. Adapted with permission from [21]. Copyright © 2017, WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim.

Microemulsion, a thermodynamically stable isotropic dispersion of two immiscible liquids fixed by an
amphiphilic surfactant, can be divided into two types: water-in-oil and the oil-in-water
microemulsions.?? The surfactant can have a beneficial effect by limiting the size of the nanoparticles
and influencing their shape during the synthesis.?%23 However, low yields, the necessity for large
amounts of solvent, and a time-consuming and elaborative separation from the surfactant diminish
these benefits.'”) The hydrothermal method involves high temperatures with high pressures, e.g. in
an autoclave, where the metallic precursor and surfactants are dissolved in an aqueous solution to
generate a critical supersaturated solution for nucleation, which subsequently produces size- and
shape-controlled uniform nanoparticles. However, this method suffers from long reaction times and

energy inefficiency.?%24 |n recent years, microwave-irradiation also gained attention for the synthesis
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of nanoparticles due to uniform heating, which enables more homogeneous nucleation combined with
shorter reaction times (compared to conventional heating), high yields, and narrow size distribution.?’!
Bioinspired methods emerged as eco-friendly alternatives for a clean and efficient nanoparticle
synthesis utilizing fungi, viruses, bacteria, etc.’”! Even though the detailed synthesis methods are not
well-acknowledged and would require further investigations,**! e.g. Fes0, nanoparticles with defined
sizes and shapes could be prepared via co-precipitation method with a biomineralization peptide

(inspired from magnetotactic bacteria) as efficient nucleation promoter and growth modifier.2®!

1.3.Coatings and surface functionalization of magnetic nanoparticles
Upon decreasing the size of metals to the nanometer scale, the surface-area-to-volume ratio and
surface energy are increased, causing a thermodynamically and kinetically unstable or metastable
state.””? The excess energy may enhance the process of diffusion and aggregation to larger clusters or
clumps, resulting in partial or complete damaging!®® of the nanoparticles and, thus, a loss of their
unique properties, like the above-mentioned presence of single domains.??®! To circumvent this issue
and allow a controlled nanoparticle formation and their further application, diverse protocols for the
utilization of stabilizing agents, surface-capping agents, and coatings were established.*” However,
surface protectants and functionalizations diminish the magnetic properties of the nanomaterial and,
hence, lower their recovery and application potential.[**"3! Therefore, the use of ‘non-oxidic’ metal
nanoparticles turned out to be a promising alternative, exceeding the saturation magnetization of
oxides (magnetite: Mspuik < 92 emu-g™) decisively (Co: Mspuk < 163 emu-g?, Fe: Mspui < 222 emu-g?).13?
To access air-stable magnetic nanoparticles, several coatings were investigated, such as e.g. gold,?*
silica,’®¥ polymers,*® transition-metal oxides,*> and carbon.’®® While the gold coating is considered to
be not cost-efficient,®”! polymer coatings like e.g. polystyrene have a relatively low intrinsic stability of
the coating at high temperatures and do not effectively avoid oxygen diffusion and are, thus, not
suitable for reactive metal cores.*®"32 The deposition of silica shells is challenging due to the lack of
OH groups on the metal surface. Further, silica shells are prone to restructuring or hydrolysis of the
covalent bonds on silica under harsh environments. 161321371381 Carbon-coatings have ascended as a
research area due to their higher chemical and thermal stability as well as biocompatibility.[26/2°!
Encouraged by the investigations of fullerenes, the first carbon-encapsulated metal and metal carbide
nanoparticles were synthesized shortly after in 1995.1/3% Up to date, these ongoing studies revealed
a variety of carbon-coated nanoparticle syntheses. These include gas-phasel®®'%® methods like arc
discharger or vapor deposition, solution-phase!*!! fabrications (e.g. hydrothermal methods) as well as
flame syntheses, which evolved as a useful route for the production of high-quality materials in

reasonable quantities.!*2/143!
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1.3.1. Synthesis of carbon-coated cobalt nanoparticles via flame-spray pyrolysis
The controlled synthesis of uniformly carbon-coated metal nanoparticles was significantly expanded
by the publication of Stark et al.®?”! in 2007, reporting a large-scale synthesis for highly stable, non-
agglomerated cobalt nanoparticles coated with ‘graphene-like’, sp?-hybridized carbon layers. In this
method, the metal precursor (cobalt(ll) 2-ethylhexanoate in mineral spirit) is dispersed by an oxygen
jet forming a spray, which is ignited by a premixed pilot flame to form metal oxide clusters (Figure 6).
Due to the operation in an oxygen-free environment (glove-box), these oxide clusters are subsequently
reduced to zero-valent metals by the reducing flame conditions and aggregate to nanoparticles. By the
injection of acetylene into the flame atmosphere, thin carbon layers (= 1 nm) are deposed onto the
metal nanoparticles (= 50 nm) in a self-limiting process. This results in the formation of two to four

homogeneously, onion-type arranged graphene layers around the metallic core (Figure 7A).

(A) (B)
Purge out T /\
Coating of metal nanoparticles by
Glove box T l J carbon deposition
| | . . . ' Growth of metal nanoparticles by
Powder filtration Gas purification | .0 oo o aggregation and sintering
N, atmosphere nit e o g i
0. < 100 ppm[is | 4 uni e ¢ o * | Reduction of oxides to metal
2 | B e ¢°.*, | byhydrogen and CO formed through
' [ ! incomplete combustion
g R |
' ‘ ' |
d T N2 / Droplet evaporation and combustion
- A /' to metal oxide cluster
I L
as + Acetylene
0, feed, | . ¥
2 Liquid fuel

feed

Figure 6. (A) Experimental set-up for fabrication of Co/C nanoparticles via reducing flame-spray pyrolysis. (B) Subsequent
transformations from precursor to oxide, metal and carbon-coated metal nanoparticles during reducing flame-spray
synthesis. Reprinted with permission from [37]. Copyright © 2007, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

With this one-step synthesis up to 30 g carbon-coated cobalt nanoparticles (Co/C) could be synthesized
within one hour, proving its scalability.B2/38144 The resulting nanomaterial showed an excellent
saturation magnetization of 158 emu-g?, close to the value of bulk cobalt (Co: Mspuk < 163 emu-g?),
which allows the rapid separation of the nanoparticles from a suspension with, e.g., a commercial
neodymium magnet (see Figure 7B).B743 Moreover, the carbon-coating gave rise to air-stable metallic
nanoparticles with remarkable stability under acidic, basic, and thermal (no metal oxidation up to
190 °C) conditions.B” In 2009, the synthesis was further expanded by the successful fabrication of
carbon-coated iron nanoparticles (Fe/C), again performing the flame-spray pyrolysis under reducing
atmosphere with adding acetylene. Thus, air-stable non-oxidic iron core-shell nanomagnets (= 30 nm)
were synthesized with a high saturation magnetization up to 140 emu-g?, good thermal stability (up

to 200 °C) and exceptional resistance against acidic dissolution (1 week in 24% HCl).13?
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(B)

Figure 7. (A) Left: Image of about 5 g of the air-stable, carbon-coated Co NPs. Right: Transmission electron microscopic image
of the powder shows two to four homogeneous graphene layers coating the metallic cobalt core. (B) Separation of cobalt
nanoparticles from a suspension (1 g-L1) in water by a commercial neodymium magnet (B = 1.4 T). Photographs were taken
at indicated times (t = Os, 2s, 8s, 20s) after placement of the magnet. Adapted with permission from [37]. Copyright © 2007,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

1.3.2. Surface functionalization of carbon-coated nanomagnets
The so prepared carbon-coated nanoparticles combine the benefits of the magnetic properties of the
core with the functionalization potential of chemically related graphene layers or multiwalled carbon
nanotubes. In order to implement functional groups to the carbon-coating of the nanomagnets,
diazonium chemistry proved its efficiency.32/E7}43l Scheme 1 shows an overview of possible surface
functionalization derived by this procedure. The reaction quickly proceeds at ambient temperature
with the aid of an ultrasonic bath.!*” Thereupon, the key step is an electron transfer from the graphene
layer to the in situ formed diazonium salt, causing an evolution of nitrogen to generate the phenyl
radical. The radical readily reacts with the particle surface to form covalent C-C bonds.[**"1**] The degree
of functionalization revealed a relatively high surface density with circa 6 molecules per nm?
corresponding to a functionalization of circa every 12" surface atom (calculated by quantitative
microanalysis).[*3) Moreover, the thermal stability even increased with the surface functionalization,

making them attractive for further derivatizations and applications.”!

The introduction of halogen-, hydroxyl-, carboxyl-, nitro-, and amine groups via diazonium chemistry
(Scheme 1) provides a versatile anchoring point for the covalent attachment of functional molecules
like ligands, catalysts, or scavengers onto the carbon-coated metal nanoparticles. Besides the direct
linking of catalysts or reagents onto the pre-functionalized nanobeads, e.g. via Cu(l)-catalyzed ‘click’
reactions, resulting in comparably low loadings per gram of material (= 0.1-0.2 mmol-g?), the
introduction of a shell of dendrimers or polymers considerably increases the loading of the functional
groups (=3 mmol-g). While dendrimers enable a higher degree of functional end groups compared to

linear polymers, the synthesis is usually more challenging.3®!
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Scheme 1. Nanoparticle functionalization via diazonium chemistry. The diazo intermediate decomposes to an aryl radical and
reacts with the carbon surface. The obtained surface density is relatively high, on average every 12t surface carbon atom
functionalized). Reprinted with permission of The Licensor through PLSclear from [43]. Copyright © 2018, Taylor & Francis
Group, LLC.

In Scheme 2, three common strategies for the preparation of polymer-coated metal nanoparticles are
illustrated. One method to generate covalently bound polymers onto carbon-coated metal
nanoparticles via radical polymerization was reported by Stark et al/*’ in 2011. Poly(benzyl
chloride)styrene-coated Co/C nanoparticles were synthesized with chloride loadings up to 3 mmol per
gram by a surface-initiated grafting polymerization of 4-(chloromethyl)styrene onto vinyl-tagged Co/C
nanobeads in presence of AIBN (2,2’-azobis(2-methylpropionitrile)) as radical starter. The stability of
the scaffold was demonstrated by their functionalization with a trialkylsilane reagent. The resulting
material served as recyclable ‘magnetic protecting group’ for primary and secondary alcohols. The high
functionalization degree of the polymer enabled the application of reasonable amounts of the
‘magnetic protecting group’ and improved the long-term stability of the material, even at the harsh
acidic conditions applied in the recycling process. Building on these results, a variety of polystyrene-
coated metal- and organocatalysts, as well as scavengers, were prepared, e.g. immobilized variations
of Pd-NHC complexes,”! Jgrgenson-Hayashi organocatalysts,!*® borohydride exchange and Wang

aldehyde resins,!*?! zinc(ll)-cyclen complexes,® or Noyori-type ruthenium complexes."

Another versatile strategy for the implementation of polymer shells onto the carbon-coated
nanobeads is the copper(l)-catalyzed alkyne-azide cycloaddition (CuAAC, ‘click’ reaction). Besides the
afore-mentioned direct attachment of catalytic moieties to the azide-nanoparticles, resulting in rather

low loadings, pre-synthesized polymers, modified with an alkyne-moiety, can be linked to the azide-
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nanoparticles. With this method, e.g. poly(ethylene glycol) (PEG)-coated Co/C nanoparticles with a
loading of 0.9 mmol ether groups per gram have been successfully synthesized.” The ‘click’ reaction
further enables the possibility to synthesize norbornene-modified nanobeads via the linking of alkyne-
functionalized norbornene derivatives. Upon activation of these with a Grubbs second-generation
catalyst, surface-initiated ring-opening metathesis polymerization (ROMP) gives rise to high loadings
(up to 2.6 mmol-g?) e.g. of a triphenylphosphine-functionalized ROMP-derived magnetic polymer for
Suzuki-Miyaura reactions,”® and a magnetically recyclable acylation reagent derived from acylated N-
hydroxysuccinimide ROMPgels.’® On the other hand, direct ROMP was carried out to obtain
outstanding loadings up to 10 mmol per gram of nanomaterial.®? Therefore, benzylamine-
functionalized Co/C nanobeads were polymerized with aziridine under acid catalysis. These covalently
functionalized poly(ethyleneimine) Co/C nanobeads (PEI@Co/C) exhibited extraordinary dispersion

stability in water up to several days without agglomeration or sedimentation.>?"15°!

Radical polymerization @

@ _\N—N Y

\
'Click’ chemistr N -
R y - Polymer c_oated
nanoparticles
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=
ROM polymerization N NHy
o I\
N
g NH
HN
N NH,
NH,

Scheme 2. General scheme for the preparation of polymer-coated magnetic nanoparticles (M = Co, Fe) via free radical
polymerization, ‘click chemistry’, and ROMP starting with aryl-tagged nanobeads. The graphene-layers are illustrated by the
black rings around the metal core, whereas the gray shell represents the functionalization of the first step. FG = functional
group or functional molecule.
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Complementary to the covalent surface modification, non-covalent functionalization methods were
developed with impressive advances. In general, these can be divided into two main categories of
organic and inorganic approaches. Whereas the former one utilizes m-mt stacking interactions to attach
the desired organic compounds via their aromatic building blocks to the graphene layers, the latter
method directly deposits e.g. catalytically active metal nanoparticles onto the surface of the
nanomagnets. In Scheme 3, the reversible immobilization of pyrene-tagged palladium complexes to
the graphene layers of the magnetic Co/C nanobeads 1 is shown. This ‘boomerang’-type magnetic
catalyst was first reported by Reiser et al.*®/ in 2010 for the non-covalent grafting of a palladium N-
heterocyclic carbene (Pd-NHC), pyrene-tagged complex. The catch-release methodology was
performed in water, where ultrasonication at ambient temperatures resulted in grafting to the
nanobeads (heterogeneous) and high temperatures released the Pd-NHC to obtain the homogeneous
complex. The feasibility of the catalyst was demonstrated in the efficient hydroxycarbonylation of aryl
halides in water under atmospheric pressure of carbon monoxide for at least 16 cycles. The dissociation
of the Pd-NHC complex at elevated temperatures resulted in high activities. Upon cooling to room
temperature, the re-absorbed catalyst allowed facile and quantitative recycling from the reaction

solution by magnetic decantation.

o
(O ==

60 °C to 100 °C
ES

homogeneous heterogeneous

Scheme 3. ‘Boomerang’-type catalyst for the thermally triggered catch-release of pyrene-tagged palladium catalysts on Co/C
nanobeads 1 via m-it stacking interactions. Elevated temperatures enable the release of the catalyst for a homogeneous
catalysis, whereby the heterogeneous ‘captured’ catalyst facilitates the recycling from the reaction solution. FG = Pd-NHC, or
dendritic Pd phosphine complexes; ))) = ultrasound.

The same strategy was later utilized for the reversible immobilization of dendritic palladium phosphine
catalysts. Due to the radial structure of the dendrimers, higher catalyst loadings per gram of
nanomaterial have been achieved, making the applications more convenient from an economic and
environmental perspective. In a joint publication, Caminade, Majoral, Ouali et al.®” reported a
magnetic dendritic palladium phosphine catalyst with up to five times higher loadings (0.5 mmol-g?)
than compared to the above-mentioned approach.P® This catalyst was applied for the iterative
synthesis of Felbinac, a non-steroidal anti-inflammatory drug (NSAID) for the treatment of arthritis and
muscle inflammation, via Suzuki-Miyaura cross-coupling. The reaction was performed in THF/H,0 at

60 °C to release the homogeneous palladium complex. Although the palladium contamination of the
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crude product was relatively high for the first runs (1%t run: 274 ppm Pd, 2™ run: 110 ppm,
corresponding to 20% Pd loss within two cycles), the yield was not diminished for at least 12 cycles.
After extraction with dichloromethane, the metal contamination of the product was found to be
surprisingly low with less than 5 ppm Pd and even < 0.005 ppm Co, meeting the pharmaceutical

specification limits without the need of a tedious chromatographic purification.”!

Stark et al.*® utilized the probably easiest way to synthesize polymer-coated nanoparticles by stirring
the carbon-coated iron nanoparticles in a solution of PEl to adsorb the polymer irreversible on the
surface. The stability of the non-covalently attached polymer-coating was demonstrated by several
washing steps in an acidic solution, proving no polymer loss as determined by elemental analysis.
Further functionalization of the amino groups resulted in magnetically EDTA-like chelators for the
efficient removal of heavy metal ions (copper, cadmium, lead) from contaminated water. The same
method was also applied for the reversible adsorption of organic contaminants from water by the
linking of B-cyclodextrin to the PEI coated nanoparticles.® However, this coating strategy achieved

considerably lower polymer loadings compared to the covalent approach.

Pd,(dba)s-CHCly

MW, toluene, 110 °C, 2 min

Scheme 4. Non-covalent deposition of Pd(0) nanoparticles on the graphene layers of Co/C 1 via microwave irradiation.

A straightforward way for the immobilization of inorganic catalysts, here palladium nanoparticles (Pd
NPs), onto the magnetic graphene-layers was accomplished by microwave irradiation of a Pd(0) source
in presence of the Co/C nanobeads 1 by Reiser et al.®” The resulting Pd@Co/C nanoparticles 2 revealed
a distinct trend to higher activities in the hydrogenation of alkenes when lower Pd loadings on the
nanobeads were used. The nanocatalyst 2 with 0.2 wt% Pd exhibited an excellent catalytic activity with
turnover frequencies up to 11095 hl. Additionally, the recyclability of the catalyst 2 exceeded
conventional palladium on charcoal (Pd/C). Its efficiency was demonstrated for up to six hydrogenation
cycles with a low Pd leaching (< 6 ppm per cycle). Characterization of the recycled catalyst indicated
an effective stabilization of the Pd NPs against aggregation (determined by particle size) as well as
agglomeration (determined by Pd distribution), presumably due to the known m-interactions of carbon

materials via sp? carbon atoms.[®%
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1.4.Applications of carbon-coated magnetic nanoparticles

1.4.1. Catalysis
Nanometer-sized catalysts hold the promise to combine the advantages of heterogeneous with
homogeneous catalysis, being expressed with the terms quasi-homogeneous or semi-heterogeneous
catalysts (Figure 8). In the last decades, a great effort has been made investigating various immobilized
versions of homogeneous catalysts targeting benign and easy recycling.® Thereby, a wide spectrum
of diverse soluble and insoluble supports, reaching from polymers®? and dendrimers!® to
nanoparticles,®®64 were explored. In terms of green and sustainable chemistry, the design of new
catalysts that meet these demands is, amongst others, one of the key research areas in the academic
field. A “green catalyst”, by definition, provides high activity and selectivity, recovery and recycling,
and is cost-efficient. Most of these requirements can be addressed by the usage of nanoparticles,
offering a high activity due to the high surface-to-volume-ratio and an enhanced dispersion capacity in

the reaction solution.®3!

Macroscopic scale Nanoseils l MacroscoEic scale
(1-100 nm)

Homogeneous catalysis  Nano-Catalysis  yeterogeneous catalysis
Goodness High activity Goodness
. High activity y High selectivity Excellent stability
High chemo- and regio-selectivity gy callent stability Easy accessibility
Easy separation Easy separation
Weakness Energy efficient High reusability
Additional purification process Atom economy
and difficulty in catalyst recovery Weakness

Low catalytic acitivity and require
longer reaction time

Figure 8. Characteristics of bulk (homogeneous and heterogeneous) catalysts with nano-catalysts as semi-
heterogeneous/quasi-homogeneous catalysts. Reprinted with permission from [66]. Copyright © 2017, Springer International
Publishing Switzerland.

Consequently, the development of novel nanocatalysts has received considerable attention during
recent years. Over the years, a variety of magnetic carbon-coated metal nanocatalysts were
investigated, reaching from immobilized organocatalysts! 8¢’ or metal complexes!*’ el57LI68] tq
deposed® and incorporated® 7%l metal nanoparticles onto the the magnetic support. These catalysts
were, e.g., employed in hydrogenation, oxidation, and cross-coupling reactions with a straightforward
recycling strategy via magnetic decantation, made possible by the high saturation magnetization of

the metal core.
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Figure 9. (A) Distribution of the magnethothermally responsive magnetic catalyst in a biphasic water/toluene-system. The
magnetic NPs are reversibly shifted from the aqueous into the organic layer by heating, caused by collapsed polymer branches
(upper part) and unfolded hydrophilic branches (lower part). Reprinted with permission from [71]. Copyright © 2011, The
Royal Society of Chemistry. (B) Representation of the concept of the self-separating magnetic catalyst. Reprinted with
permission from [38]. Copyright © 2014, American Chemical Society.

To further facilitate the reaction work-up, a thermally triggered ‘self-separating’ phase-switching
palladium catalyst was developed for the Suzuki-Miyaura cross-coupling in a biphasic water/toluene
system.”! Synthesizing carbon-coated cobalt nanoparticles with amphiphilic N-isopropylacrylamide
polymer branches enabled the controlled shift from the organic to the aqueous phase and back. Upon
heating the reaction mixture above the lower critical solution temperature (LCTS > 36 °C), the
thermoresponsive part of the polymer collapses, shifting the nanocatalyst to the organic phase where
the cross-coupling reaction takes place. By cooling the reaction solution to room temperature, the
hydrophilic polymer branches unfold again to form stable dispersions in water. Thus, the product can
be separated from the organic phase without the need for further purification, whereas the magnetic

catalyst can be recovered from the wastewater by magnetic decantation and recycled (Figure 9)."

Further research resulted in immobilized versions of asymmetric organo- and metal catalysts with high
enantioselectivities, e.g. a magnetically recyclable Noyori-type ruthenium catalyst for the asymmetric
transfer hydrogenation of aromatic ketones in water. The high magnetization of the carbon-coated
nanoparticles offers an alternative to commercial fixed-bed reactors via a novel designed continuous-
flow setup. The feasibility of this approach was demonstrated with carbon-coated cobalt nanoparticles
tagged with aza-bis(oxazoline)-copper(ll) complexes for the kinetic resolution of 1,2-diphenylethane-
1,2-diol through Cu(ll)-catalyzed asymmetric monobenzoylation (Figure 10). Three successive batches
confirmed almost no leaching of the magnetic catalyst, resulting in excellent enantioselectivities of 98-
99% ee and high yields (39-47% yield with a potential maximum of 50% yield) under the continuous

flow conditions.[”?
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Figure 10. Cu(ll)-aza-bis(oxazoline) complexes immobilized on magnetic Co/C nanoparticles for continuous-flow kinetic
resolution of racemic 1,2-diphenylethane-1,2-diol via asymmetric monobenzoylation. Reprinted with permission from [72].
Copyright © 2010, American Chemical Society.

1.4.2. Scavenging
Industrialization, as well as the growth of the world population, entailed environmental grand
challenges of worldwide concern for industrialized and developing countries.’374 The spread of a
variety of pollutants in surface and groundwater has a decisive influence on the water quality, thus
purification methods to remove harmful contaminants (e.g. heavy metals, pesticides, organic
pollutants) persisting in wastewater gained reasonable attention.[”® With the rise of nanotechnology,
magnetic nanoparticles emerged as potential pioneering scavengers, taking advantage of their high
surface-area-to-volume-ratio and facile recycling properties.’*"’! |ndeed, the use of magnetic
nanoparticles for environmental treatments benefits from large removal capacities, fast kinetics, high
reactivities, and magnetically recycling protocols, which lead the way to more convenient methods and
might provide an economical, cost-effective solution.”""® However, when considering the
applicability of nanoparticles in environmental technologies, care should be taken to a holistic
approach, ensuring no adverse side effects to the human health with a minimal environmental

footprint.l76M77]

As an example, mercury poisoning is a well-known effect caused by heavy metal contamination with
extensive and drastic consequences, as shown by a notorious case in 1956 in Japan, leading to over
2200 victims of mercury poisoning throughout the twentieth century.’* As a facile and potent way to
decontaminate mercury-contaminated water, Reiser et al.”” developed a magnetically recyclable

scavenger for the selective and reversible extraction of mercury(ll) ions with poly(ethyleneimine)
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covalently functionalized on carbon-coated cobalt nanobeads (PEI@Co/C). Combining the high
saturation magnetization of the core with a high amino-group loading (10 mmol per gram) gave rise to
a highly dispersible nanoscavenger with excellent adsorption capacities (up to 550 mg Hg?* per gram
of PEI@Co/C). Simultaneously, they offered a facile recycling strategy for at least six cycles without
loss in extraction capacity via magnetic separation. Further relevance was demonstrated in a large-
scale experiment, decontaminating 20 L of mercury-spiked drinking water (30 pg-L'* Hg?*) with solely
60 mg of the nanomagnets.® A different concept was published in 2011, where Stark et al.”!/ reported
a moving bed reactor system for the concentration of diluted streams, applying modified polymer-
coated Fe/C for the adsorption and desorption of As(V) as model ions. Poly(benzyl-
chloride)styrene@Fe/C were functionalized with N-methyl-D-glucamine (NMDG) for the application in
a cyclic, two-step process with a pH-dependent adsorption equilibrium. In the first, larger tank, the
diluted arsenate ions are adsorbed by the nanoparticles, which in return are subsequently desorbed
in the second, smaller tank by an appropriate desorption solution (pH above 12). This gives rise to a
purified output stream, as well as a concentrated stream with an enrichment of the toxic metal ions
up to 430 times (Figure 11). This approach demonstrated an energy-efficient method to concentrate
diluted contaminated solutions with recyclability of the used nanoscavengers over five consecutive

cycles on a small scale (up to 1 L).1”8

enrichment
(small volume)

extraction
(large volume)

I
|
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Figure 11. Schematic description of the moving bed reactor system: on the left side, the low concentrated contaminated
solution is decontaminated from the toxic metal ions by the magnetic nanoparticles in the first reactor. In the second part
(right), the loaded magnetic nanoparticles are washed (enrichment) and release the solute into a small volume (up to 430
times more concentrated). Reprinted with permission from [78]. Copyright © 2011, Elsevier.
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Contrary to the extraction of heavy metal ions from aqueous solution, Stark et al.*” further published
an immobilized version of g-cyclodextrin on surface-modified Co/C nanobeads. This material was used
as pre-treatment for the reversible extraction of organic contaminants from water, considering low
concentration as it may occur in process water in various industries (e.g. textile coloring, mining
industry, fine chemistry, food industry, or pharmaceutical industry), before biological sludge
treatment. The presence of organic contaminants can decisively influence microbiota or bacteria and
thus decrease the water purification efficiency. In this approach, magnetically recyclable cyclodextrins
were employed for the adsorption of eco-toxicologically problematic contaminants (e.g. dyes,
phenolphthalein) with a subsequent substitution through microbiologically well-accepted benzyl
alcohols, by making use of the host/guest interactions in the cavity. After the enrichment of the organic
dye, the adsorbed benzyl alcohol was released by washing the nanoparticles in acetone. The
cyclodextrin pocket offered a reversible, controllable adsorption/desorption process, whereas the
magnetic support allowed an efficient recovery for the repetitive recycling of the nanobeads for over
16 cycles.’? Likewise, the covalent immobilization of zinc(ll)-cyclen on polystyrene-coated Fe/C
nanobeads proved a quantitative extraction and release of riboflavin (vitamin B;) from a vitamin tablet

within six cycles.?

1.4.3. Further applications
Besides the utilization of magnetic nanoparticles for the purification of wastewaters from toxic heavy
metals and organic pollutants, a different research-aspect focused on facilitating the separation of the
desired product from organic reactions. In a joint publication of Reiser and Hanson et al.,l7/1&
norbornenyl-tagged triphenylphosphine (Nb-TPP) and norbornenyl-tagged azodicarboxylate, here
benzylethyl azodicarboxylate (Nb-BEAD), were employed for intermolecular” as well as
intramolecular’® monomer-on-monomer (MoM) Mitsunobu reaction. To allow facile isolation of the
desired product from unwanted Mitsunobu by-products, excess and spent reagents were separated
via a ring-opening metathesis polymerization (ROMP). Therefore, the crude reaction mixture was
stirred with a pre-synthesized dispersion of norbornenyl-tagged Co/C nanobeads with a Grubbs
catalyst to initiate the ROMP by the catalyst-armed surfaces (Scheme 5). After collecting the magnetic

nanobeads, the crude products were obtained in reasonable purities (> 95%).18"
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Scheme 5. Synthesis of benzofused thiadiazepine-dioxides via an intramolecular monomer-on-monomer (MoM) Mitsunobu
cyclization. Reprinted with permission from [80]. Copyright © 2011, The Royal Society of Chemistry.

Another application was reported by Reiser et al., combining three different magnetic reagents and
scavengers to enable the multistep synthesis of trisubstituted (thio)ureas with magnetic decantation
as the sole purification step. The reductive amination of aldehydes to secondary amines was carried
out by a magnetic borohydride exchange resin to reduce the formed imines, followed by a Wang
aldehyde resin to scavenge the residual primary amines. By the aid of benzylamine-tagged nanobeads,
the excess iso(thio)cyanate reagent, used for the conversion of the secondary amines to trisubstituted
(thio)ureas, was efficiently removed in the last step. Applying these work-up procedures, high product
purities were obtained combined with a good regeneration and recyclability of the magnetic

materials.[*?!

Attracted by the high magnetization of the air-stable carbon-coated nanobeads combined with their
high thermal and chemical stability, these nanomaterials were also investigated regarding their
potential in biomedical and clinical applications,**"#381 including e.g. drug delivery,’®®2 plood

purification,®! carrier for enzymes,'®* or magnetic resonance imaging.®”

While these examples are only a small excerpt of the substantial advances that have been
accomplished in the last years, their versatility as well as potential advantages for diverse applications
is clearly demonstrated. In the following chapters, polymer-coated Co/C nanobeads will be highlighted
for their capability as recyclable catalysts for organic transformations and their feasibility as reversible

scavengers for heavy metal ions.

18



Main part

B. Main part

1. Magnetic microporous organic polymers encapsulated with palladium

nanoparticles as recyclable catalysts for hydrogenation reactions”

Microporous organic polymers (MOPs) immobilized on magnetic Co/C nanobeads were employed for
the incorporation of palladium nanoparticles (NPs), resulting in highly active catalysts for the
hydrogenation of alkenes, alkynes, and nitro arenes with high turnover frequencies (TOFs) up to
3000 h. The magnetic core of the nanobeads ensures an easy and fast recyclability for at least six
consecutive runs by applying an external magnet to recapture the catalyst. The reported catalytic
system uses cross-linked arenes, e.g. toluene, as polymeric network and is readily prepared via a cost-
efficient and versatile synthesis route based on commercially available starting materials. These novel
catalysts combine the advantages of heterogeneous magnetic support with MOPs that prevent NPs
from agglomeration or deactivation. In addition, the advantages of palladium NPs as exceedingly active
catalysts due to their high surface-area-to-volume ratio are exploited. Furthermore, the polymeric
structure can easily be varied by the change of the aromatic monomer. Introducing hydroxyl groups
via 2,2'-biphenol as monomer into the MOP, metal leaching from the catalyst can be reduced to a

minimum.’

Figure 12. Microporous organic polymers immobilized on Co/C and encapsulated with Pd NPs for hydrogenation reactions.

* Reprinted (adapted) with permission from: L. Stadler, M. Homafar, A. Hartl, S. Najafishirtari, M. Colombo, R. Zboril, P. Martin,
M. B. Gawande, J. Zhi, O. Reiser, ACS Sustainable Chem. Eng. 2019, 7, 2388-2399. Copyright © 2019, American Chemical
Society.

¥ TEM was carried out by J. Zweck. TEM and BET were performed by S. Najafishirtari and M. Colombo. XPS spectra, HAADF
images and EDS chemical mapping were performed, visualized and evaluated by R. Zboril, P. Martin and M. B. Gawande. TGA
was measured by R. Miiller. Polymers 4b-4e, 5b-5e and their catalytic application was carried out by M. Homafar. A. Hartl
synthesized 5a-a to 5a-y in Table 2 (entry 1-3). Evaluation and graphical presentation of BET measurements were carried out
by L. Stadler in consultation with S. Najafishirtari. All other experiments synthesizing and utilizing 4a, 5a were performed by
L. Stadler.
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1.1.Introduction
Catalytic hydrogenation is one of the most important and widely distributed methods in the chemical
industry. This transformation is a highly atom efficient process and one of the cleanest possible ways
to reduce an organic compound if molecular hydrogen and an entirely recyclable catalyst are used.®®
Over the past decade, catalyst recycling has generated intense interest, not only from an economical
but also an ecological point of view due to the rise of green and sustainable chemistry.”! In this
context, magnetic nanoparticles have emerged as excellent catalysts and supports due to their simple

and fast separation from the reaction mixture by magnetic decantation.8/8!

Porous materials gained wide interest due to their broad spectrum of possible applications, e.g. in
separation,®°% heterogeneous catalysis,® and gas storage.®?®3! During the last years, this led to a
large variety of novel porous materials including metal-organic frameworks (MOFs),® covalent
organic frameworks (COFs),® organic cages,® and microporous organic polymers (MOPs)®7}%8l
besides the already well-known porous materials such as zeolites or activated carbon. MOPs possess
attractive attributes, such as a high surface area, low skeletal density, and high chemical stability. One
of the earliest types of MOPs are “Davankov resins”, representing styrene-type polymers that are
hyper-cross-linked using a Friedel-Crafts reaction,’® with the drawback of hydrogen halide as
by-product, which is difficult to remove.l?%1% |n 2011, Tan and co-workers®® proposed a new
strategy to synthesize microporous polymers, involving “knitting” rigid aromatic building blocks by an
external cross-linker. The polymer was formed by a simple one-step Friedel-Crafts reaction, applying
formaldehyde dimethyl acetal (FDA) as a low-cost and commercially available external cross-linker with
various aromatic monomers, e.g. benzene, to synthesize cost-efficient microporous polymers with
high surface areas (Figure 13). These investigations established a basis for MOPs encapsulated with

metal nanoparticles as heterogeneous catalysts.[10211103]

Catalyst “
B\ (T R
by e 80°C |

Figure 13. “Knitting” aromatic monomers with FDA as external cross-linker resulting in a microporous network. Reprinted
with permission from [98]. Copyright © 2011, American Chemical Society.

In this work, microporous organic polymers encapsulated with palladium NPs were synthesized with

commercially available Co/C nanobeads as magnetic support aiming at the development of a highly

active and easily recyclable hydrogenation catalyst. The microporous material cages the palladium NPs
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to control their size, prevent agglomeration, and allows access to the surface of the latter due to its
native porosity.['® Combining these advantages of MOPs with the high magnetization value of the
cobalt nanobeads (Co/C) enables a rapid and facile way to recycle the catalyst with the aid of an
external magnet. Key features of this study include the variation of the external cross-linker content,
leading to diverse surface areas and pore diameters of the supporting porous polymer, and the
investigation on the influence of these supports regarding the catalytic activity of the entire hybrid
system. This includes the effect of various palladium loadings on their dispersion and catalytic
efficiency. Furthermore, the best catalytic system was further analyzed by focusing on the metal

leaching, the recyclability, and the substrate scope in catalytic hydrogenation reactions.

1.2.Results and Discussion*
Carbon-coated ferromagnetic cobalt nanobeads (Co/C) were used as magnetic support due to their
high chemical and thermal stability. Their high magnetization value (158 emu-g™*)®” is almost five times
higher compared to common iron oxide particles,!*%! allowing a rapid recovery of the particles from a
suspension by the aid of an external magnet within seconds. The one-step, large-scale reducing flame-
spray pyrolysis (> 30 g-h™) of these nanomagnets was originally described by Stark et al.,” which are
by now commercially available. The graphene-like shell enables a number of further functionalizations,
such as e.g. the covalent grafting of phenyl groups to the surface of carbon-coated cobalt nanobeads
(Co/C) by in situ formed aryl radicals from their corresponding diazonium salts.2”! Taking this as a
starting point, a microporous polymer was grown on the surface of the nanoparticles by “knitting” rigid
aromatic building blocks with formaldehyde dimethyl acetal (FDA) as external cross-linker.®® First,
pristine Co/C nanobeads 1 were covalently functionalized via diazonium chemistry by dispersing 1 in
water together with 4-toluidine and hydrochloric acid as catalyst. Subsequently, a pre-cooled solution
of sodium nitrite was added dropwise at 0 °C (Scheme 6). In order to decompose the formed arene
diazonium salt and ligate the aryl radical to the carbon shell, the mixture was stirred for a given time,
followed by ultrasonication to yield toluene-functionalized nanobeads 3. The polymeric network was
then generated with the different monomer building blocks a-e and FDA, resulting in microporous

polymers attached to the nanobeads 4a-4e. Owing to the high initial magnetization of the

¥ This chapter is based on the preliminary investigations of 5a as magnetic catalyst for Heck couplings (fundamental
experiments performed by J. Zhi (postdoctoral research) and continued by S. Ranjbar (PhD thesis) and L. Stadler (Master
thesis)) and hydrogenation reactions (initial hydrogenation of trans-stilbene with 5a performed by S. Ranjbar (PhD thesis),
screening of reaction conditions and substrate scope carried out by L. Stadler (Master thesis) and the recycling of the catalyst
applying trans-stilbene 6 (A. Hartl, Master thesis)) at the University of Regensburg under supervision of Prof. Dr. O. Reiser.
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unfunctionalized nanoparticles 1, the resulting hybrid materials MOPs@Co/C 4 are still highly

magnetic, thus making them easy and fast to recover.
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Scheme 6. Synthesis of Pd@toluene@Co/C 5a Analogous to 4a and 5a, MOPs 4b-4e and Pd catalysts 5b-5e were synthesized
with the aromatic building blocks b-e. ))) = ultrasound.

In order to determine the effect of the cross-linker on the pore sizes and catalyst activity, toluene was
chosen first as the monomer. Thus, the microporous polymer toluene@Co/C 4a was synthesized with
1.25 (4a-a), 2.00 (4a-B), and 2.50 (4a-y) equivalents of FDA, the latter corresponding to the potential
maximum of cross-linker for toluene as a monomer. The porous properties of these hybrid materials

were investigated by N, sorption analysis at 77.3 K (Table 1 and graphical representation in Figure 14).

Table 1. Nitrogen adsorption isotherms at 77.3 K of 4a.

No. FDA? Seer® [m?/g] Seimc [m?/g] Vo.1/tot® [cm3/g]
4a-a 1.25 43 15 0.14
4a-B 2.00 85 22 0.23
4a-y 2.50 277 55 0.37

[a] Molar ratio with respect to toluene; [b] Surface area calculated using BET equation; [c] Surface area calculated using
BJH equation; [d] Ratio of micropore volume (at P/Po=0.1) over the total pore volume.
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Figure 14. (A) N, adsorption-desorption isotherm of 4a-a to 4a-y. (B) Logarithmic presentation of the pore size distribution
calculated by Barrett-Joyner-Halenda (BJH) method for 4a-a to 4a-y.

In Figure 14A, the rise of the adsorbed nitrogen in the low relative pressure area (P/Po < 0.1) implies
the presence of micropores, while the steep nitrogen uptake in the middle and high relative pressure
region (0.8 < P/Po > 1.0) is characteristic for macropores./*°® The slight hysteresis loop indicates a spot
of mesopores.!**Y! However, such a loop can also be caused by the softness of the organic material,
leading to the deformation and swelling of the polymer in the low-pressure region at 77.3 K by N,.[%7!
The Barrett-Joyner-Halenda (BJH) pore size distribution of 4a in Figure 14B assumes a heterogeneous
pore structure, including micro-, meso-, and macropores, which is favorable for catalytic reactions.
Micro- and mesopores with appropriate sizes can contribute to anchor metal catalysts and influence
the nanoparticle formation. The macroporous structure accelerates the mass transfer of reactants to
the embedded metal catalysts and of the corresponding products.[°? The highest Brunauer-Emmett-
Teller (BET) surface area was calculated to be 277 m?-.g ! in the case of 4a-y, Table 1, whereby it should
be noted that the apparent low surface area in comparison to the literature® is a result of the heavy
Co/C nanobeads, having a comparably low surface area of 20.5 m?g* in their pristine form.!®! The
micropore content was calculated by the ratio of micropore volume (P/Po = 0.1) over the total pore
volume to be 0.37 for 4a-y. Thus, micropores are outnumbered and meso- and macropores are

predominant.¥

There is a great effort to immobilize palladium nanoparticles (Pd NPs) on a variety of supports,
including porous materials like silica,**® zeolites,*%! MOFs,*® or MOPsP’M102 to generate
heterogeneous catalytic systems. Since the catalytic activity of Pd NPs is size- and shape-dependent,
these porous supports turned out to be excellent for such approaches, not only because of their ability
to control the nanoparticle size by spatial restriction, but further because they are able to prevent
aggregation and precipitation. In order to generate and embed the palladium NPs into the porous

support 4a, a decomposition method!*Y modified by Reiser et al.[**? was applied (Scheme 6): Upon

23



Main part

microwave irradiation of Pd,(dba)s-CHCIs in the presence of 4a (1 mg Pd,(dba)s-CHCIs per 50 mg of the
MOPs 4a-a to 4a-y), 5a-a to 5a-y were obtained with palladium loadings from 0.2 to 0.4 wt% and
incorporation rates between 36% and 87% (Table 2, entries 1-3). The palladium incorporation rate of
only 36% for 5a-a and 71% for 5a-B indicate a lower capacity uptake for the metal nanoparticles and
reflects the results of the nitrogen adsorption measurements (Figure 14). Based on this, 4a-y was
concluded to be the most effective polymer, for which the capacity for the palladium incorporation
was further explored. Thus, a series of materials 5a-y (Table 2, entries 4-9) was synthesized using
different amounts of Pd,dbas-CHCls aiming at diverse Pd wt% loadings. The incorporation of palladium
was high (81-97%), when up to 10 mg of palladium precursor per 50 mg of 4a-y were employed,
resulting in materials with 0.2-3.9 wt% Pd (entries 3-8). However, an appreciable decline to 67% Pd
incorporation was observed, if 50 mg of palladium precursor were used (entry 9), corresponding to 14
wt% Pd. This result suggested that the limit for the uptake of palladium into the porous material 4a-y

was reached at this point.

Table 2. Palladium incorporation into 4a-a to 4a-y, resulting in materials 5a-a to 5a-y with various Pd wt% loadings.

Entry No. FDA[equiv.] 4a[mg] Pd.dbas-CHCIs[mg] Pdincorporation®[%] Pd?[wt%]

1 5a-a 1.25 50 1.0 36 0.2
2 5a-B 2.00 50 1.0 71 0.3
3 5a-y 2.50 50 1.0 87 0.4
4 5a-y 2.50 50 0.5 97 0.2
5 5a-y 2.50 50 1.0 87 0.4
6 5a-y 2.50 50 2.5 91 1.0
7 5a-y 2.50 50 5.0 81 1.7
8 5a-y 2.50 50 10 91 3.9
9 5a-y 2.50 50 50 67 14

[a] Determined by ICP-OES.

The palladium nanoparticle size distribution of the synthesized materials was evaluated by TEM
measurements and was found to be quite narrow for 5a-y with 0.4 to 1.7 wt% Pd with main particle
sizes of 3 and 4 nm (Figure 15A; Figure 48-Figure 50, Experimental Part). For higher loadings (3.9 and
14 wt%) a broader size distribution was observed, resulting on average in bigger and more
agglomerated nanoparticles (Figure 15B; Figure 51, Figure 52, Experimental Part). However, especially
for the catalysts with a high palladium loading, the determination of the palladium nanoparticles was
rather challenging due to the partially broad size distribution of the carbon-coated cobalt nanoparticles
themselves, thus an unambiguous assignment of the particle size distribution was not possible. In the

case of the material containing 0.2 wt% Pd, the Pd nanoparticles were not observable with the
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equipment available to us, thus the determination of their size distribution was not possible (Figure

47, Experimental Part).

Figure 15. Exemplary TEM images of Pd materials 5a-y with (A) 1.7 wt% Pd and (B) 14 wt% Pd.

X-ray photoelectron spectroscopy (XPS) has been employed to further elucidate the composition of
catalyst 5a-y (1.9 wt% Pd). The survey spectrum shows elemental compositions of C, O, Co, and Pd,
which were found to be 86.8, 11.4, 1.1, and 0.8 atomic%, respectively (Figure 53, Experimental Part).
The high-resolution XPS spectra in the C1s region can be deconvoluted into three major peak
components with binding energies of 284.6, 285.2, and 286.4 eV corresponding to C-C sp3, C=C sp?,
and C-O types of carbon bonds (Figure 16A, B). The binding energy of Co 2ps;; peak at 779.0 eV is
attributed to the cobalt metal Co(0) (Figure 16C).**3! The high-resolution XPS spectrum of Pd 3d at
335.59 and 340.85 eV is assigned to metallic Pd(0) and the second set of peaks at 337.45 and 342.71 eV
is assigned to Pd(ll) (Figure 16D). The peak at the higher binding energy may indicate the presence of
palladium oxide, which may arise due to handling the material under air.'** The Pd(Il)/Pd(0) ratio
(64:36) further reflects that no special precaution was taken, i.e. the material was handled open to air,
thus making its application in catalytic hydrogenations convenient. Upon performing reductions with
molecular hydrogen, Pd(ll) is largely reduced to Pd(0) in situ, resulting in high turnover numbers and
rates for these reactions (vide infra). Thermogravimetric analysis (TGA) of 5a-y (1.9 wt%) detected no
weight loss up to 200 °C and only a small weight loss of 2% at temperatures up to 300 °C,
demonstrating excellent thermal stability of the material and making it suitable for most organic

reactions (Figure 55, Experimental Part).
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Figure 16. XPS spectra of 5a-y with 1.9 wt% Pd. Ratio of Pd(0)/Pd(ll) = 36:64.

Energy-dispersive X-ray spectroscopy (EDS) detected the elements C, Co, and Pd, resulting from the
cobalt core, their carbon shell, the organic polymer, and the palladium nanoparticles (survey spectrum
Figure 56, Experimental Part). The high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and element mapping show a uniform distribution of the Pd nanoparticles
within the carbon-based polymer (Figure 17). The presence of nitrogen, predominately near the cobalt
core, results from the first functionalization step, the diazonium chemistry (Figure 17E). Furthermore,
iron nanoparticles were detected, which were probably embedded during the iron-catalyzed polymer
synthesis (1.4 wt% Fe, corresponding to 2% incorporation of the original FeCls; Figure 57, Experimental
Part). Control experiments established that these particles were not active for hydrogenation
reactions.® The distribution of oxygen, predominately present near the iron nanoparticles, suggests an

oxidized form of iron.

§ Control experiments: hydrogenation of trans-stilbene 6 (0.5 mmol) without any catalyst and with 5 mg of 4a-y for 70 min
led to only negligible background conversion of < 4% without detectable amounts of product. A further experiment with
0.2 mol% 5a-y led to a yield of 71% after 50 min, and after removing the catalyst, the solution was hydrogenated for further
60 min without a change in yield.
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A

Figure 17. HAADF images and EDS chemical mapping of 5a-y (1.9 wt%) (A) HRTEM image showing single cobalt nanoparticle
covered with carbon and Pd NPs. (B-1) Elemental mapping of C, Co, N, O, Pd, Pd-Co, and C-Pd-Co together.

To investigate the catalytic activity of the new hybrid materials 5a-a to 5a-y (0.2 to 14 wt%), the
hydrogenation of trans-stilbene 6 in 2-propanol at 25 °C was selected as a model reaction. For sake of
comparison, all reactions were performed with the same low palladium content of 0.2 mol% and
stopped after a given time (Table 3). 5a-y showed the highest catalytic activity with full conversion
after only 30 min (Table 3, entry 3) compared to the two systems with lower cross-linker content 5a-a
and 5a-B (Table 3, entries 1 and 2). To further explore the differences in activity for the catalytic
materials 5a-y with diverse Pd loadings of 0.2 to 14 wt%, the reaction time was shortened to 10 min.
Entries 4-8 revealed that the activity is approximately the same for the materials containing up to
3.9 wt% Pd. Only the material with the highest palladium content (14 wt% Pd, entry 9) showed a
reduced activity in the hydrogenation. These results give credit to the supporting effect of the
microporous polymer regarding the prevention of metal NPs from agglomeration up to high Pd wt%
loadings. For the related unsupported catalytic system, where the Pd NPs are directly deposited onto
the graphene layer of the Co/C nanobeads (Pd@Co/C 2),[**?! the catalytic activity drastically dropped
with increasing Pd loadings, whereby 0.2 wt% Pd gave the most active catalyst. Taking into account
these data as well as the more favorable narrow size distribution of the Pd nanoparticles (Figure 50,
Experimental Part), catalyst 5a-y with 1.7 wt% Pd was considered to be optimal with respect to its
activity, the palladium loading per gram of material, and the high palladium incorporation in the course

of its preparation.
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Table 3. Hydrogenation of trans-stilbene 6 with 0.2 mol% of Pd-catalysts 5a-a to 5a-y.

Pd-catalyst 5a (0.2 mol%)
H, (1 atm), 2-propanol, 25 °C

6 7
Pd? Time Conversion® TOF¢ Mean particle size®
Entry No. [wt%] [min] [%] [h?] [nm]
1 5a-a 0.2 30 75 750 n.d.
2 5a-B 0.3 30 86 860 n.d.
3 5a-y 0.4 30 100 1000 3.6
4 5a-y 0.2 10 32 960 n.d.
5 5a-y 0.4 10 33 990 3.6
6 5a-y 1.0 10 36 1080 3.9
7 5a-y 1.7 10 37 1110 3.4
8 5a-y 3.9 10 37 1110 5.3
9 5a-y 14 10 28 840 5.2

[a] Determined by ICP-OES; [b] Conversion to yield 1,2-diphenylethane 7 (single product) was determined by GC analysis
using dodecane as an internal standard; [c] TOF is calculated as mmol substrate per mmol palladium (obtained by ICP-OES
measurements) per time; [d] Determined by TEM; n.d. = not determined.

Thus, the as-described material 5a-y (Table 2, entry 7) was resynthesized on a larger scale (500 mg),
resulting in 1.9 wt% Pd (89% Pd incorporation) in good agreement with the analytical results obtained
for the small scale reaction. TEM analysis of the nanocomposite further confirmed a well-developed
polymer with evenly distributed palladium and cobalt nanoparticles. This material was tested for its
recyclability and metal leaching in the hydrogenation of diphenylacetylene 8 to the fully hydrogenated
1,2-diphenylethane 7 using the reaction setup shown in Figure 18. Hydrogenations were carried out
with 0.2 mol% palladium catalyst 5a-y (1.9 wt%) at room temperature and ambient hydrogen pressure
in 2-propanol, not only advantageous from a sustainability point of view but also proving superior to
MeOH, toluene, CH,Cl,, or CHCI;™ with respect to conversion and yield. Control experiments in the
absence of hydrogen showed no conversion, proving that 2-propanol is not taking the role of a
hydrogen donor within this catalytic system. Likewise, formic acid/triethylamine or sodium formate
could not be used as a hydrogen donor for the herein reported catalyst reported. The polymers 4,
having no palladium incorporated, did not promote the hydrogenation and neither did the reaction

solution if catalyst 5a-y was removed.

** This preliminary results were already reported in the master thesis of L. Stadler (University of Regensburg, 2016) and the
PhD thesis of S. Ranjbar{!1>l in a joint cooperation project with A. Hartl (Master thesis at University of Regensburg, 2016). The
experimental work was performed as following: hydrogenation of trans-stilbene in MeOH, 2-PrOH with initial, non-optimized
Pd@toluene@Co/C 5a were tested by S. Ranjbar; hydrogenations in toluene, CH,Cl,, CHCl3 as well as control experiments
and substrate scope was carried out by L. Stadler.
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Figure 18. Consecutive hydrogenation of 8 using 0.2 mol% Pd-catalyst 5a-y (1.9 wt%) in 2-propanol.

Evaluating six consecutive cycles (Table 4), the catalyst showed an overall high activity of up to
1500 turnover numbers/h. Nevertheless, a doubling of the reaction time was necessary to reach full
conversion, comparing the first and sixth cycle. On average, low palladium contamination of about
15 ppm in the product was detected (Table 4), while the leached cobalt (average of 26 ppm cobalt) is

a result of small defects in the graphene layer of the cobalt support.

Table 4. Consecutive hydrogenation of 8 with 5a-y (1.9 wt%) and determination of metal contamination in the product.?

Cycle TOF? [hY]  Time® [min] Yield [%)] Leaching Pd? [ppm]  Leaching Co® [ppm]
1 1500 20 94 9 25
2 1200 25 89 <2 34
3 1000 30 76 4 13
4 857 35 93 38 42
5 667 45 96 28 27
6 667 45 93 10 15

[a] Diphenylacetylene 8 (1 mmol) in 2-propanol (20 mL) was hydrogenated by 0.2 mol% 5a-y (1.9 wt%). Each run was
stopped after full conversion in order to determine the leaching; [b] TOF is calculated as mmol substrate per mmol of
palladium per time; [c] Hydrogenation carried out until complete conversion was determined by GC analysis; [d] Leaching
determined by ICP-OES, calculated in pg per g of product.
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Overall, approximately 7% Pd have leached from the magnetic support within the six runs, while 10%
of the total material 5a-y (mass balance) were lost due to handling during the decantation procedure.
Thus, the decrease in activity (approximately by half comparing the first and the sixth cycle) cannot be
explained solely by the leached palladium or the loss of catalyst material. TEM analysis of the recycled
catalyst 5a-y (1.9 wt%) showed almost no agglomeration of the Pd nanoparticles, which again
demonstrates that the microporous polymer acts as protective support (Figure 19A). Comparing the
XPS spectra of the freshly prepared catalyst 5a-y (Figure 16) with the recycled catalyst 5a-y after six
runs (Figure 19B) shows an increase of the Pd(0)/Pd(ll) ratio from 36:64 to 82:18. This was also
observed in a pretreatment experiment, in which the catalyst was exposed to a hydrogen atmosphere
before measuring the XPS (Figure 54, Experimental Part). These results demonstrate an in situ
reduction of the oxidized palladium species upon hydrogenation to the catalytically active Pd(0)

nanoparticles.

Pd3d \ Pd(0), 82.0%
[ Pd(ll), 18.0%

Intensity (a.u.)

T T T T T T
346 344 342 340 338 336 334 332
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Figure 19. Pd catalyst 5a-y (1.9 wt%) after six consecutive recycling steps (A) TEM image and (B) XPS spectra.

Next, magnetically supported materials were built up with the monomers b-e (Scheme 6 and Table 5),
analogous to the synthesis of catalyst 5a, aiming to further improve the activity and recyclability. Since
the results described above demonstrated the benefit of high cross-linker content, these new polymers
were synthesized employing 2.5 to 3.0 equivalents of FDA. Notably, monomers 1,4-diaminobenzene
(b) or 1,1'-biphenyl (c) resulted in unsatisfactory palladium incorporation even when low palladium
amounts were used (entries 1 and 2), while materials 5d and 5e comprising of phenol monomers gave
excellent results in this respect (entries 3-5). Benchmarking the materials 5b to 5e regarding their
catalytic activity in the model hydrogenation of trans-stilbene 6 showed the best results for 5c and 5d
(entries 2-4). In contrast, materials with strong donor groups (5b, entry 1) or chelators (5e, entry 5) did

not perform well.
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Table 5. Synthesis of various Pd@MOPs@Co/C following the procedure in Scheme 6 and their evaluation in the catalytic
hydrogenation of trans-stilbene 6.1"

FDA? Pd incor- Pd® Conversion®  TOF¢

Entry No. Monomer [equiv.]  poration® [%] [wt%] [%] [hY
1 5b 1,4-diaminobenzene 3 64 0.3 traces n.d.
2 5c 1,1’-biphenyl 3 73 0.3 100 (94) 940

3 5d 2,2’-biphenol 3 95 0.4 94 (93) 930
4 5d 2,2’-biphenol 2.5 97 2.0 89 (70) 700

5 5e 2,3-naphthalenediol 3 93 0.4 57 (47) 470

[a] Molar ratio with respect to the monomer; [b] Determined by ICP-OES. 2.0 mg (1.9 umol) of Pdydbas-CHCls (entries 1-3,
5) and 52 mg (50 umol) of Pd,dbas-CHCl; (entry 4) were employed; [c] Hydrogenation of trans-stilbene 6 with 0.2 mol% Pd
after 30 min. Conversion and yield (in brackets) were determined by GC analysis using dodecane as an internal standard.
[d] TOF is calculated as mmol substrate per mmol of palladium per time; n.d. = not determined.

Recycling studies with catalyst 5¢ showed quite high leaching, being in accordance with the results
obtained during the recycling of catalyst 5a-y, which also does not contain any functional groups in the
monomer. Gratifyingly, the Pd and Co leaching could be reduced close to the detection limit of 2 ppm
in every run when catalyst 5d was used (Table 6), being below the limit of heavy metal traces allowed
in pharmaceutical products (< 10 ppm).*”! Presumably, the introduced hydroxyl groups are capable
to stabilize the Pd nanoparticles efficiently but also might act as an internal scavenger for cobalt ions
that might leach from the support. Furthermore, the different pore size (mainly micropores with
Vo.1/tot = 0.63) and higher surface area (Sser = 389 m2-g?, Table 24, Experimental Part) of 4d may play a
decisive role for the nanoparticle formation, size distribution (mean particle size = 2.9 nm) as well as

the mass transfer to the active sites.

Table 6. Consecutive hydrogenation of 8 with 5d (2.0 wt%) and determination of metal contamination in the product.?

Cycle TOF* [hY]  Time® [min] Yield [%)] Leaching Pd? [ppm] Leaching Co¢ [ppm]

2000 15 94 2 6
2 1500 20 91 2 3
3 1200 25 84 2 3
4 1000 30 96 3 5
5 1000 30 87 2 5
6 857 35 85 2 2

[a] Diphenylacetylene 8 (1 mmol) in 2-propanol (20 mL) was hydrogenated by 0.2 mol% 5d (2.0 wt%). Each run was stopped
after full conversion in order to determine the leaching; [b] TOF is calculated as mmol substrate per mmol of palladium
per time; [c] Hydrogenation carried out until complete conversion was determined by GC analysis; [d] Leaching determined
by ICP-OES, calculated in ug per g of product.

™ These polymers, as well as all reactions utilizing 4b-4e or 5b-5e, were performed by M. Homafar. For experimental details
and further characterization see online at the Supporting Information of the Publication.[116],
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Figure 20. XPS spectra of Pd 3d of the catalyst 5d with 2.0 wt% Pd. (A) freshly prepared and (B) after six recycling steps.

Notably, significantly less Pd(ll) was observed during preparation and recycling for 5d (Pd(0)/Pd(ll)
80:20 upon preparation of 5d, 100:0 after six cycles), indicating that the hydroxyl groups present in the

microporous polymer protect Pd(0) from oxidation, presumably through coordination (Figure 20).

Further evaluation of the new hybrid materials 5a-y (1.9 wt%) and 5d (2.0 wt%) regarding their porous
properties showed a significant change of the surface area (Sger (5d) = 248 m?-g?) and pore size
distribution, when the material 4d was loaded with Pd nanoparticles. This effect was, e.g., apparent
by the loss of 36% of the surface area from 4d to 5d (Figure 21). Comparing 4a-y with 5a-y (Sger (5a-y)
=224 m?-g?, Figure 22), resulted only in 19% loss of surface area. Determining the micropore volume
(Vo.1) showed a loss of 35% for 5d and 18% for 5a-y. The meso-/macropore volume (Viot.0.1) Was not
significantly affected for 5d (0.04%), while 18% were lost in the case of 5a-y. These results suggest that
the Pd nanoparticles in 5d are almost exclusively incorporated into the micropores of the material,
which may lead to more efficient anchoring of the metal. The changes of Vo1 and Viet0.1 of 5a-y indicate
that the metal is incorporated into micro- as well as meso-, and macropores, which may also be a

reason for the higher metal leaching compared to 5d.

The benchmarking of the catalytic activities of 5a-y (1.9 wt%) and 5d (2.0 wt%) was implemented by
hydrogenating various alkynes, alkenes, a,B-unsaturated compounds, and nitro arenes with molecular
hydrogen under atmospheric pressure (Table 7). Sterically less demanding alkynes as well as primary
and strained alkenes were successfully hydrogenated to the corresponding alkanes within short
reaction times, yielding high TOFs up to 3000 h (Table 7, entries 1-4). Di- and trisubstituted olefins
required longer reaction times to reach full conversion (40-540 min, entries 5-9). For a,B-unsaturated
carbonyl compounds, the C-C double bond was hydrogenated selectively. Furthermore, the
hydrogenation of nitro arenes proceeded well (entries 10-12). In particular, the conversion of

4-nitrophenol to 4-aminophenol, being relevant for environmental reasons as well as for drug
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syntheses, is possible with good efficiency and full recovery by magnetic capture of the catalyst
(entry 12). This provides an alternative to other supported palladium catalysts!*'®! and to the
conventional iron-acid reduction, generating a large amount of Fe/Fe oxide sludge (1.2 kg/kg of

product), which cannot be reused and complicates the workup and isolation of the product.[*°!
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Figure 21. (A) N, adsorption-desorption isotherms of 4d (red) and 5d (gray). (B) Logarithmic presentation of the pore size
distribution calculated by the Barrett-Joyner-Halenda (BJH) method for 4d (red) and 5d (gray). Inset: Size distribution of the
micropores of 5d obtained by the Horvath-Kawazoe (HK) method.
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Figure 22. (A) N, adsorption-desorption isotherms of 4a-y (red) and 5a-y (gray). (B) Logarithmic presentation of the pore size
distribution calculated by the Barrett-Joyner-Halenda (BJH) method for 4a-y (red) and 5a-y (gray). Inset: Size distribution of
the micropores of 5a-y obtained by the Horvath-Kawazoe (HK) method.

In summary, new magnetically retrievable palladium nanocatalysts embedded into a microporous
organic polymer support were developed, being efficiently synthesized in three steps from
commercially available starting materials. The key step has been the polymerization of aromatic
monomers with FDA as cross-linker onto carbon-coated cobalt nanoparticles, being pre-functionalized
with 4-methylphenyl groups. 2,2'-Biphenol was found to be the most efficient monomer in the process,
allowing a quantitative incorporation of palladium nanoparticles into the microporous network.
Catalytic hydrogenation of alkynes, alkenes, and nitro arenes could be carried out successfully with up

to 3000 turnover cycles/h, with a minimal leaching of palladium and cobalt from the supported system
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into the products. Moreover, the catalysts were easily recovered by an external magnet and reused
for six consecutive runs. The combination of magnetic nanoparticles as a primary platform with the
microporous polymeric matrix for palladium nanocatalysts prevents the agglomeration and
deactivation of the catalytically active sites, but, nevertheless, enables an efficient mass transfer to the

latter and finally allows convenient recycling by making use of the magnetic properties of the materials.

Table 7. Hydrogenation of alkenes, alkynes, and nitro compounds with 5a-y (1.9 wt%) and 5d (2.0 wt%).

Catalyst 5a-y Catalyst 5d
Entry® Substrate Product t[min]  TOF[h1] t [min] TOF [h'}]

Z
2 30 1000 30 1000

3 A ©/\ 10 3000 10 3000

4 Lb Lb 10 3000 10 3000
J\ 40 750 70 429

Ph” “Ph Ph” > Ph

6 o X Ph o ~Ph 70 429 65 462

7 O/ O/ 540 56 480 63

8 f 0 30 1000 45 667
P N0 Ph/\)J\O/

9 )\/ﬁ\ )\/ﬁ\ 90 333 65 462
\S

NO, NH,

0 ©f
N02 NH2
11 /©/ /©/ 110 273 100 300
NO, NH,
HO HO

[a] Substrate (0.5 mmol) in 2-propanol (10 mL) was hydrogenated by 0.2 mol% 5a-y (1.9 wt%) or 5d (2.0 wt%) until full
conversion was determined by GC analysis using dodecane (ethylbenzene in entry 10) as an internal standard; [b] 1 mol%
catalyst 5a-y (1.9 wt%) or 5d (2.0 wt%), 50 °C.

120 250 110 273

60 100 65 92
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2. Palladium-catalyzed Suzuki-Miyaura coupling under mild reaction conditions

A palladium-based nanocatalyst was developed for the Suzuki-Miyaura coupling with focus on mild
reaction conditions with low temperatures up to 50 °C. An immobilized N-heterocyclic carbene
palladium(ll) complex enabled the efficient coupling of aryl iodides as well as aryl bromides with
boronic acids for up to six cycles. The linking of this complex to polystyrene-functionalized Co/C
nanobeads facilitated the recycling protocol by simple magnetic decantation combined with an overall
low metal leaching. The aim of this project was the design of an easy practicable magnetic catalyst for
the Suzuki-Miyaura coupling, which was further investigated in a joint collaboration with the technical
university of Dortmund regarding its efficiency in the coupling of small molecule scaffolds to DNA.
Consequently, the preliminary studies in this chapter consider reaction conditions, which in principle

are tolerated by DNA sequences.
R
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Figure 23. Pd-catalyzed Suzuki-Miyaura coupling applying magnetic Pd-nanocatalysts for a facile recovery.
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2.1.Suzuki-Miyaura coupling — the dynamic nature of palladium catalysis
Palladium-catalyzed cross-couplings are still among the most powerful and widely explored reactions
for the formation of carbon-carbon bonds, as proven by a variety of applications for academic as well
as industrial purposes.'2%123] The relevance of this research was also appreciated with the award of
the Nobel Prize in 2010, jointly for the pioneering work of Richard F. Heck, Ei-ichi Negishi, and Akira
Suzuki.*?¥! |n the following, some general remarks on the C-C bond-forming process of the latter one,
namely the Suzuki-Miyaura coupling, should be described. This reaction type mainly benefits from (i)
mild reaction conditions, (ii) a broad tolerance of functional groups, (iii) the ready availability, stability
and sustainability of the organoboron compounds, (iv) the low toxicity of the organoboron
compounds, and (v) the facile removal of the inorganic by-products.*?1124 These aspects contributed

to the design of new transition-metal catalysts, with palladium-based catalysts being predominant.*?%

Pd°
R'-R? R'=X
reductive oxidative
elimination addition
R'-Pd''—R? R'=Pd''—X

transmetallation

X", (OH),BOR?® R2-B(OH)y, [OR%T

Scheme 7. Typical catalytic cycle for the Suzuki-Miyaura cross-coupling. Reproduced with permission from [125]. Copyright
© 2006, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Besides great advances in homogeneous catalysis regarding the development of ligand and ligand-free
processes, heterogeneous catalysts emerged as a sustainable alternative with a simplified separation
protocol.’2% With the proceeding achievements in the fast-growing field of palladium catalysis, the
desire for mechanistic evidence and the question for the active species in the cross-coupling became
more important.[2>/1126] A typical textbook catalytic cycle of the Suzuki-Miyaura reaction is shown in
Scheme 7, including oxidative addition, transmetallation and reductive elimination as key steps.
Eremin and Ananikov[*?® summarized a historical overview of the most influential mechanistic studies
towards the ‘real nature’ of the catalyst, as well as the resultant novel approaches utilizing these
catalysts according to their respective time period (Figure 24). While some palladium complexes are
well defined as molecular catalysts, others entailed further developments in terms of mechanistic
studies to identify the catalytically active species.[!23V[1251[127] The gpplication of nanosized catalysts and

the investigation of leaching-driven mechanisms achieved outstanding advances in the early 2000s.
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Among these, the possibility to perform cross-coupling reactions with Pd amounts down to the ppb
level,'8 also termed ‘homeopathic’ catalysis.[?%11261 Sybsequently, more detailed mechanistic
investigations disclosed the concept of a ‘cocktail’ of catalysts with a dynamic interconversion of
molecular complexes, clusters, and nanoparticles. These Pd species can be generated from the
precursors by e.g. aggregation as well as leaching, crushing or destruction during the overall catalytic
process. The dynamic nature of catalytic systems and their active species are described in several
reviews and publications and are still debated today. Its understanding has led to an improvement in

catalyst design as well as their applications.[:204{1261.11271,[129]

Molecular Nanoparticle Leaching-driven Cocktail of Dynamic nature
catalysis catalysis catalysis catalysts of catalysis

7o)
&
V \Q B ‘ @/ \
M >\/ ® \\ +B—>C
/
N &\ @
1970 ! ;000 ;005 ;010 ;015 Yea:s

o

Figure 24. Proposed mechanistic studies of the nature of transition-metal catalysis, whereby the time axis shows the
influential periods of mechanistic studies rather than the first publication. Adapted with permission from [126]. Copyright ©
2017, Elsevier.

As mentioned above, for the design of new efficient catalysts, a clear understanding of their dynamic
nature is of fundamental relevance.[*?"113% Highlighting the investigations of Ananikov and co-workers
in this research area, extensive studies resulted in continuous improvements. In 2017, they reported
that the lability of palladium-N-heterocyclic carbene (Pd-NHC) systems was the reason for the catalytic
efficiency in the performed Heck-type cross-couplings, rather than their defined stability./3” Typically,
Pd-NHCs are assumed to act as well-defined homogeneous catalysts. However, the examined Pd-NHC
complexes evidenced a cleavage of the Pd-Cearmene bond to form a ‘cocktail’ of catalytically active
species, involving Pd nanoparticles and Pd clusters.* The derived azolium salts were supposed to act
as N*X stabilizing agents to prevent agglomeration of the palladium. Further studies by Ananikov and
co-workers followed in 2019,!*?”) combining theoretical calculations with appropriate experiments for
a more detailed mechanistic insight. These investigations were in good agreement with the concept of
the dynamic behavior of the Pd/NHC system during the catalysis, dependent on the NHC ligand, the

reaction conditions, and the reactants (Scheme 8).

# Especially benzimidazole, imidazole, and triazole NHC ligands underwent this ‘cocktail’-type mechanistic proposal based on
the break of the Pd-NHC bond. Bulkier NHC ligands, with e.g. N-alkyl(aryl) groups, showed only a retarded decomposition.
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Scheme 8. Two possible mechanistic modes for Pd/NHC catalytic systems. Adapted with permission from [127]. Copyright ©
2018, The Royal Society of Chemistry.

-NHC]X

2.2.Synthesis of magnetic palladium nanocatalysts

2.2.1. Preliminary considerations
In this chapter, a suitable magnetic palladium catalyst had to be developed in cooperation with the TU
Dortmund. As the catalyst was planned for the use with DNA sequences, given specifications regarding
reaction conditions had to be upheld. Especially its performance under mild reaction conditions in the
Suzuki-Miyaura coupling was of interest, ensuring low temperatures up to 50 °C as well as a restricted
selection of bases and solvents. At the same time, an easy separation via magnetic decantation should
still be achievable. After careful consideration, three different palladium-based magnetic systems were

investigated.

Two of these systems were examined due to their preceding successful application in palladium-
catalyzed hydrogenation reactions. PA@PEI@Co/C 11 is known for its high catalytic activity in water
combined with good recyclability up to seven runs with only a minor loss in yield (98% to 92% in the

hydrogenation of hydroxyl-2-cyclopentenone 10 in water, Scheme 9).[132
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Pd@PEI@Co/C 11 (0.01 mol%) N
H, (1 atm), H,0, rt. o O
OH OH

10 12

Pd@PEI@Co/C 11

Scheme 9. Pd@PEI@Co/C 11 catalyzed hydrogenation of hydroxyl-2-cyclopentenone 10 in water, performed by B. Kastl.[132]

In contrast to PdA@PEI@Co/C 11, Pd@toluene@Co/C 5a-y were utilized bearing a highly hydrophobic
nature of the polymer. This catalyst already proved its efficiency for the hydrogenation in 2-propanol
(chapter 1). Even though the Pd leaching during the hydrogenation of diphenylacetylene 8 was higher
for the recycling of catalyst 5a-y than for the corresponding Pd@2,2’-biphenol@Co/C 5d, 5a-y was
further investigated due to its successful application in the Suzuki-Miyaura coupling carried out by a
former colleague, Sara Ranjbar, utilizing 5a-y with 0.43 wt% Pd.[** The Pd-catalyzed cross-couplings
of boronic acids with aryl iodides as well as bromides were performed in a mixture of ethanol/water

(1:1), however, solely harsh microwave conditions (110 °C) were tested.

S. Ranjbar, 2016:

R
B(OH), /©/R 5a-y (0.5 mol%), K3POy4 O
+ =
X EtOH/H,0, 110 °C MW O

9 13: X=I, R=H 89% 15 (R=H, 3 hours)
14a: X=I, R=OMe 93% 16: (R=OMe, 10 min)
14b: X=Br, R=OMe 54% 16: (R=OMe, 2 hours)

Scheme 10. Preliminary results applying 5a-y (0.43 wt% Pd). Results are taken from PhD thesis of S. Ranjbar.[115]

The third palladium-loaded magnetic material was synthesized combining the aforementioned
advantages of utilizing N-heterocyclic carbenes as ligands with an additional trapping effect of
polystyrene network. In 2012, Reiser et al.*”/ reported a palladium NHC-pincer complex 17 supported
onto polystyrene-modified carbon-coated iron nanoparticles (Figure 25) for the microwave-assisted
Suzuki-Miyaura coupling with fixed power of 200 W, corresponding to temperatures up to 140 °C.
Furthermore, the recycling of the catalyst was carried out at lower temperatures of 70 °C, showing no
loss in activity over six cycles for the coupling of phenylboronic acid 9 with 4-bromoanisole 14b (> 95%
conversion, 12 hours). During the recycling process, the formation of palladium nanoparticles, trapped

within the polystyrene matrix, was observed via TEM analysis after the first cycle (left image, Figure
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25). After four cycles (right image, Figure 25), an enrichment of the nanoparticles was determined

without an increase in size, suggesting a good stabilizing effect of the polymer from metal leaching.

100 nm

Figure 25. Palladium NHC-pincer complex 17 and TEM images of the recycled catalyst after one (left side) and after four (right
side) reaction cycles of the Suzuki-Miyaura cross-coupling at 70 °C (conventional heating), showing Pd NPs of 5-7 nm in the
polystyrene network. Reprinted from [47]. De Gruyter 2012, licensed under CC BY-NC-ND 3.0.

Another example for the successful application and recycling of Pd-NHC complexes is based on
1-methylimidazole as readily available NHC precursor.'3¥ Therefore, Gao et al. examined
superparamagnetic iron oxide (Fe>0s3) nanocrystals with a thin layer of lightly cross-linked polystyrene
as a platform for the immobilization of 1-methylimidazole, resulting in an efficient Pd-NHC-based
complex. This catalyst showed good recyclability for the coupling of 4-iodotoluene and phenylboronic

acid 9 at low temperatures (50 °C) for five runs (88% yield, 12 hours) in a mixture of water/DMF.

2.2.2. Synthesis of Pd-NHC complex immobilized onto carbon-coated cobalt nanoparticles
Combining the promising results of 1-methylimidazole, being sufficient to form active Pd-NHC
complexes for the catalysis of the Suzuki-Miyaura coupling at low temperatures, with the high
functionalization potential of polystyrene-based supports, polystyrene-coated Co/C nanoparticles 20
were synthesized. According to the literature protocol of Reiser et al.,/*! pristine Co/C nanobeads 1
were tagged with iodobenzene moieties via diazonium chemistry to yield 18 (Scheme 11). Subsequent
coupling with 4-vinylphenylboronic acid by a palladium-catalyzed Suzuki cross-coupling reaction
obtained vinyl-functionalized Co/Cs 19.3% Polymerization of 4-(chloromethyl)styrene on
vinylbiphenyl@Co/C 19 in presence of AIBN gave rise to poly(benzyl chloride) styrene nanoparticles
PS-Cl@Co/C 20 with a high polymer loading of 3.10 mmol-g* based on the carbon content derived
from elemental analysis.!*®! Next, methyl imidazole was immobilized onto the polystyrene network via
microwave reaction at 150 °C to yield the ionic liquid (IL) supported polystyrene nanoparticles PS-

IL@Co/C 21.%°! However, after 30 minutes reaction time, incomplete conversion was observed based
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on the nitrogen loading, corresponding to roughly 55% substituted chloride. By prolonging the reaction
time to 60 minutes, PS-IL@Co/C 21 could be achieved with an IL loading of 2.15 mmol-g*. This loading
was in good agreement with the literature value of 2.1 mmol-g™ reported by Reiser et al.®¥ Finally, the
imidazolium groups were deprotonated with the aid of Na,COs to generate the NHCs followed by
complexation of Pd(ll), according to the adapted protocol from Lee!®** and Gao et al.!*33! ICP-OES
analysis revealed a palladium content of 0.74 mmol-g* with a ligand loading of 1.42 mmol-g™* for 22,
based on nitrogen elemental analysis, suggesting that the synthesized material is almost quantitatively

available as Pd(ll) complex as depicted in Scheme 11.

H2N©—| (HO)ZBO—\\
- (e .
NaNO, HCI Q Pd(OAc),/PPhs,
0,))
18

H,0, 1-PrOH/H,0 (1:1),
0 °C to 25 °C, 30 min Na,CO; 65 °C, 16 h

Cl
—
N_
V4 C N~/
AIBN, DMF N,, toluene
100 °C, 48 h MW 150°C, 1 h
CIe l/N
N
20 21 /@
L(C) = 3.10 mmol/g L(N) = 2.15 mmol/g
Pd(OAc),,
NaQCO3

\

DMF/H,0 (1:1),
50 °C, 16 h

22
L(Pd) = 0.74 mmol/g

Scheme 11. Synthesis of Pd(Il)@PS-NHC@Co/C 22.))) = ultrasound.

Besides the calculations based on elemental analysis and ICP-OES, the synthesis of Pd(Il)@PS-
NHC@Co/C 22 was further pursued by attenuated total reflection infrared (ATR-IR) spectroscopy in
Figure 26. The conversion of poly(benzyl chloride) styrene nanoparticles 20 to 21 was confirmed by
the vanishing of the characteristic benzyl chloride peak at 1264 cm™ as well as the definite appearance

of peaks at 1156 cm™® (C-N) and 3500-3200 cm™ (O-H, caused by the hygroscopic ionic liquid). The
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absence of the H,0-band in the spectra of 22 further verified the successful formation of Pd-NHC

complexes. XPS studies indeed revealed Pd(ll) as predominant oxidation state.
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Figure 26. Comparison of ATR-IR spectra of 20 (top), 21 (middle), and 22 (bottom).

2.3.Application of the magnetic Co/C nanocatalysts in the Suzuki-Miyaura coupling

2.3.1. Screening of reaction conditions for the Pd-catalyzed cross-coupling
Based on the publications of Ding,!**® Paegel,*”! and Satz/**® concerning DNA-compatible reaction
conditions and in consultation with Dr. Brunschweiger (TU Dortmund), temperatures up to 50 °C as
well as the listed aqueous solvent mixtures and bases in Table 8 were considered to be tolerable for

the preliminary screening experiments.

Having settled for water/ethanol (1:1) as solvent (entry 4), suitable bases like carbonates and organic
bases were tested. Potassium carbonate and N,N-diisopropylethylamine (DIPEA) gave the best results
with a slightly higher yield using potassium carbonate (entries 9 and 10). To further evaluate this
investigation, recycling studies were carried out to give an insight into the differences in activity and
metal leaching. During the recycling in Table 9, potassium carbonate was clearly superior to DIPEA by
means of activity in the first cycle (entries 1 and 6) as well as its reusing potential (entries 1-5 and 6-7).
This was further confirmed by ICP-OES analysis, showing a high loss of palladium of 33% within only
two cycles using DIPEA. However, also in the case of potassium carbonate the activity dropped after
the first cycle from 81% to 49% yield. Within the next runs, the yield further decreased to roughly 20%
yield, along with an overall high Pd loss of 31% (entries 1-5), which might be the reason for the

decrease.
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Table 8. Solvent and base screening of the Suzuki-Miyaura coupling with catalyst 5a-y.

B(OH), /@/ 5a-y (0.2 mol%) O
+ >
©/ I base, solvent, 50 °C O

9 23a 24
Entry Solvent Base Time [min] Yield [%]

1 H.0 Na,COs 30 4

2 H.O/NMP Na,CO3 30 traces
3 H.0/MeCN Na,COs 30 28
4 H,O/EtOH Na,COs 30 34
5 H,O/EtOH NaHCO; 15

6 H,O/EtOH K2HPO, 15

7 H,O/EtOH NEts 15 18
8 H,O/EtOH Na,COs 15 25
9 H,O/EtOH K,CO3 15 30
10 H,O/EtOH DIPEA 15 27

Reaction conditions: 0.50 mmol 4-iodotoluene 23a, 0.75 mmol phenylboronic acid 9, 1.0 mmol base and 5a-y with
L(Pd)=2.3 wt% Pd (0.2 mol%, 5.6 mg, 1 umol) at 50 °C in 4 mL solvent (1:1).

Table 9. Recycling studies of catalyst 5a-y using DIPEA or potassium carbonate as base.

B(OH), /©/ 5a-y (0.2 mol%) O
+ Y o
©/ | base, H,O/EtOH, 50 °C O

9 23a 24
Entry Cycle Base Time [min] Yield [%] Pd [ppm] Co [ppm]
1 1 K2COs 80 81 80 145
2 2 K2CO3 80 49 76 32
3 3 K2CO3 80 36 32 155
4 4 K2CO3 80 18 14 60
5 5 K2CO3 80 23 77 105
6 1 DIPEA 120 58 109 21
7 2 DIPEA 120 34 149 698

Reaction conditions: 0.50 mmol 4-iodotoluene 23a, 0.75 mmol phenylboronic acid 9, 1.0 mmol base and 5a-y with
L(Pd)=2.3 wt% Pd (0.2 mol%, 5.6 mg, 1 umol) at 50 °C in 4 mL H,O/EtOH (1:1).

Based on the recycling and metal leaching in Table 9, catalyst 5a-y was considered to be not suitable
for the recycling in the Suzuki-Miyaura cross-coupling, thus the aforementioned palladium systems
Pd@PEI@Co/C 11 and Pd(ll)@PS-NHC@Co/C 22 were explored in the cross-coupling of phenylboronic
acid 9 with 4-iodotoluene 23a (Table 10). In order to make a statement on the impact of the applied

catalysts on the activity, the reaction time was reduced to 40 minutes for all catalysts. Applying catalyst
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22, almost full conversion could be achieved with a low palladium loss (< 3% Pd) and moderate cobalt
contamination of 29 ppm (entry 2). Due to the high Pd loading of 6.6 wt% Pd for 22, only 3.3 mg
catalyst were required for 0.2 mol% compared to 11 mg of 5a-y. Surprisingly, PdA@PEI@Co/C 11 with
a good water dispersibility, as a result of the high amino-functionalization degree, showed almost no
activity in the cross-coupling reaction under these mild conditions. Since the yield was below 5%, the

metal contamination was not determined.

Table 10. Screening of the Suzuki-Miyaura coupling with catalysts 5a-y, 22, and 11.

B(OH), Pd-catalyst (0.2 mol%) O
+
©/ | K,CO3, H,O/EtOH, 50 °C O
9

23a 24
Entry Catalyst Time [min] Yield [%] Pd [ppm] Pd [%] Co [ppm]
1 5a-y (1.9 wt% Pd), 11 mg 40 44 121 13 274
2 22 (6.6 wt% Pd), 3.3 mg 40 83 24 2.6 29
3 11 (4.5 wt% Pd), 4.4 mg 40 4 n.d. n.d. n.d.

Reaction conditions: 1.0 mmol 4-iodotoluene 23a, 1.5 mmol phenylboronic acid 9, 2.0 mmol K,CO3 and Pd-catalyst
(0.2 mol%, 2 umol) at 50 °C in 4 mL H,O/EtOH (1:1); n.d.: not determined.

2.3.2. Recycling studies with Pd(ll)@PS-NHC@ Co/C 225
With the optimized reaction conditions and the most promising catalyst 22 in hands, the focus turned
to its recyclability. Therefore, 22 was recycled six times using 4-iodotoluene 23a and phenylboronic
acid 9 according to the protocol depicted in Table 11. The catalyst showed no loss in activity within
two runs, however, during the next four cycles, the yield dropped to an average of 50%. Having a closer
look at the ICP-OES values, the low palladium leaching of overall 7% within the six runs suggested a
good palladium stabilization and trapping effect from the polymer. Thus, rather a deactivation of the
palladium or a decline in diffusion and mass transfer of the polymer were considered to be the reason

for the diminished recyclability.

88 Results are partially taken from the Bachelor thesis of M. A. Pertl (supervised by L. Stadler).
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Table 11. Recycling studies of Pd-catalyst 22 at 50 °C.

B(OH), /@/ 22 (0.2 mol%) O
+ :
©/ | K»CO3, H,O/EtOH, 50 °C, 1 h O

9 23a 24

disperse NR l

/leect NPs

Cycle Conversion [%] Yield [%] TOF [hY] Pd [ppm] Co [ppm]
93 91 455 18 6
2 100 99 495 3
3 72 58 290 3
4 57 42 210 3 3
5 56 42 210 17 5
6 72 60 300 3 3

Reaction conditions: 0.50 mmol 4-iodotoluene 23a, 0.75 mmol phenylboronic acid 9, 1.0 mmol K,COs3 and 22 with
L(Pd)=6.6 wt% Pd (0.2 mol%, 3.3 mg, 2 umol) at 50 °C in 4 mL H,O/EtOH (1:1) for 60 minutes.

Figure 27. TEM images of the catalyst 22: (A),(B) before (fresh catalyst: showing Co/C NPs with polymer) and (C) after four
recycling runs at 50 °C. Palladium nanoparticles are formed with an average size of 5 nm in the right image (C).

Taking into account that the magnetically Pd-NHC-pincer complex 17 in chapter 2.2.1 showed a

uniform Pd nanoparticle formation without loss in activity during the recycling (Figure 25), TEM
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analysis of the recycled catalyst 22 was carried out. Indeed, Figure 27 revealed Pd nanoparticles with

an average size of 5 nm being in accordance with the before discussed investigations of Reiser et al.!*’!

Bearing in mind, that the palladium nanoparticle formation from NHC complexes is a
thermodynamically driven reaction, the reactivity and behavior of the catalyst were tested for the
recycling at room temperature (22 °Cto 33 °C, depending on each the cycle). However, even prolonging
the reaction time to 22 hours did not achieve full conversion of the starting material, resulting in
moderate yields of 51+4% for 24 (Table 12). The combined palladium leaching over the ten cycles was
only 2% as determined by ICP-OES. Again TEM micrographs of the recycled catalyst 22 were recorded
(Figure 28). This time, the number of Pd nanoparticles was apparently less, even after the ten cycles,

confirming the presumption.

Table 12. Recycling of catalyst 22 in the Suzuki-Miyaura coupling of 23a with 9 at room temperature.

Cycle Yield [%] TOF [hY] Pd [ppm] Co [ppm]
1 56 13 2 2
2 54 12 4 1
3 50 11 3 1
4 50 11 3 1
5 51 12 1 1
6 47 11 2 1
7 45 10 6 1
8 56 13 5 1
9 51 12 3 2
10 45 10 4 1

Reaction conditions: 0.50 mmol 4-iodotoluene 23a, 0.75 mmol phenylboronic acid 9, 1.0 mmol K,COs; and 22 with
L(Pd)=6.6 wt% Pd (0.2 mol%, 3.3 mg, 2 umol) at room temperature (22-33 °C) in 4 mL H,O/EtOH (1:1) for 22 hours.

Figure 28. TEM images of the catalyst 22 after ten cycles at room temperature. A moderate quantity of palladium
nanoparticles is apparent with an average size of 5 nm.
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However, considering the higher turnover frequencies at 50 °C combined with a complete conversion
of the starting materials in the first cycles as more important than steady recyclability, the substrate
scope was evaluated at the enhanced temperature of 50 °C. To benefit from the purpose of an easily
separable catalyst by magnetic decantation, these substrates were examined during the recycling, too.
As a reference, the last substrate was 4-iodotoluene 23a to guarantee better comparability with the
above-described recycling. In Table 13, aryl iodides (14a, 25a, 27a, 23a) and the corresponding aryl
bromides (14b, 25b, 27b, 23b) were investigated with representative examples for an electron-
withdrawing (entry 1), electron-deficient (entry 2), and sterically more demanding substrate (entry 3).
Within 60 minutes and 3 hours, respectively, 4-iodoanisole 14a and 4-bromoanisole 14b could be
successfully coupled with phenylboronic acid 9 to yield 16 in excellent yields up to 97%. In the second
cycle, again 1-iodo-4-nitrobenzene 25a and 25b gave almost the same high yields, showing that the
catalyst 22 is suitable for electron-withdrawing (cycle 1) as well as electron-donating substrates (cycle
2). However, applying 1-iodonaphthalene 27a in the third cycle, resulted in a moderate yield of 54% of
28 compared to 17% using the bromide-analog 27b. To examine if this difference in yield is reasoned
by a possible deactivation caused by the aryl bromides, the fourth cycle was carried out aiming for
4-methyl-1,1’-biphenyl 24, which was extensively investigated previously in the recycling studies. Since
the expected yields of 50 to 60% were achieved with the four times recycled catalyst, a possible
deactivation by aryl bromides was excluded. Overall, three to ten times higher turnover-frequencies
could be achieved for the aryl iodides compared to the bromide-analogs, which is in accordance with
the literature. However, 22 was capable to couple the aryl bromides with prolonged reaction times

without the need for harsher reaction conditions like higher temperatures.
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Table 13. Exploring the substrate scope during recycling of catalyst 22 at 50 °C.

B(OH), @ 5a-y (0.2 mol%) O R
+ R >
©/ X K,COj3, H,O/EtOH, 50 °C O

9
— —
Cycle Aryl halide Product Yield [%] TOF [h]
X=1 X=Br X=1  X=Br
o S
X
1 . o aes -
14a: X=| 16
14b: X=Br
o O
X
? 94 93 470 155
25a: X=| 26
25b: X=Br
A ®
3 56 17 280 28
27a: X=I| 28
27b: X=Br
L ®
* 52 61 260 102
23a: X=I 2
23b: X=Br

Reaction conditions: 1.0 mmol aryl halide, 1.1 mmol phenylboronic acid 9, 2.0 mmol K,CO3 and 22 with L(Pd)=6.6 wt% Pd
(0.2 mol%, 3.3 mg, 2 umol) at 50 °C in 4 mL H>O/EtOH (1:1) for 60 minutes (X=I) or 3 hours (X=Br).

In summary, preliminary studies revealed an efficient magnetically recoverable Pd(ll)-catalyst for the
Suzuki-Miyaura cross-coupling at low temperatures. In particular, it was shown that also aryl bromides
could be employed as substrates without the demand for harsher reaction conditions. Thus,
palladium(ll) NHC-functionalized catalyst Pd(ll)@PS-NHC@Co/C 22 was considered to be worthwhile
for further investigation in its application towards generating a genetically-tagged small molecule

libraries, conducted by the working group of Dr. Brunschweiger at the TU Dortmund.
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3. Recyclable aza-bis(oxazoline) ligands for the asymmetric cyclopropanation

Nucleophilic substitution

'Click-chemistry’ \\\

X =Br, | X =Ns

Scheme 12. General overview of the synthesis of recyclable aza-bis(oxazoline) ligands via the two applied linking strategies.

Chiral copper(ll)-aza-bis(oxazoline) complexes were immobilized onto polystyrene-functionalized
magnetic Co/C nanobeads via two different linking strategies. On the one hand, a nucleophilic
substitution achieved direct linking of the ligands to the polystyrene system, on the other hand, azide-
functionalized nanoparticles were investigated for the grafting via a copper(l)-catalyzed azide-alkyne
cycloaddition (CUAAC), resulting in triazole units as a linker. In addition, the effect of a high polymer
loading in relation to a low functionalization degree of the synthesized materials was compared
regarding its recyclability and selectivity using styrene and ethyl diazoacetate as cost-efficient starting

materials with a straightforward analysis by gas chromatography.
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Scheme 13. Recyclable aza-bis(oxazoline) ligands for the application in asymmetric copper-catalyzed cyclopropanations.
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3.1.Immobilization of aza-bis(oxazoline) ligands for the Cu(l)-catalyzed cyclopropanation
The copper-catalyzed generation of optically active cyclopropane derivatives from achiral olefins and
diazo compounds represents the first enantioselective, intermolecular cyclopropanation, published
backin 1966 by Nozaki and co-workers.3° Even though the observed enantioselectivity was low, these
results underlined that a homogenous metal catalyst can provide enantioselectivity by the
complexation to a chiral ligand. Based on this general concept, an extensive effort was undertaken to
enhance the enantioselectivity of this reaction. Among the most essential achievements for the
asymmetric copper-catalyzed cyclopropanation was the development of the semicorrin 36™“% and
aza-semicorrin 37"%Y ligands by Pfaltz et al. and the bis(oxazolines) (BOX) 38 by Masamune et al.[*4%
and Evans et al.*#! (Figure 29). Worth to mention, the basis for the development of the BOX ligands 38
was made by Brunner et al./**¥ in 1989, who disclosed chiral oxazolines, namely pyridinyloxazoline, for

the asymmetric catalysis.

In the Reiser group, chiral aza-bis(oxazoline) (azaBOX) 39 (141146l |igands have been established as a
reasonable alternative to the related C,-symmetrical semicorrins 36, aza-semicorrins 37, and
bis(oxazolines) 38. A variety of successful approaches utilizing 39 ligands for the asymmetric Cu(l)-
cyclopropanation were examined.!}47}148-11501 39_Type ligands combine the advantage of an easy
preparation from readily available amino alcohols, analogous to 38, with a high degree of diversity due
to the central nitrogen atom, which can be readily functionalized similar to 37, making them attractive
for the immobilization on various supports.72/1511152L1531 Additionally, theoretical calculations and
appropriate catalytic experiments showed a higher coordination ability of azaBOX 39 ligands than their
corresponding BOX 38 analogs and thus a reduced tendency for metal leaching, which in turn enhances

the potential for a suitable immobilization.>%

1 1 1
R $ R1 R1 $
N oj)ﬁro oN_o0
X
] ] WO T 1) T
N HN—/ N N—/ N N—/ N N—/
R R R R R R R
36 37 38 39
semicorrin aza-semicorrin bis(oxazoline) aza-bis(oxazoline)

BOX azaBOX

Figure 29. General chemical structures of different ligands 36-39 for the asymmetric catalysis.

Together with the implementation of azaBOX as a new class of chiral ligands for the enantioselective
copper(l)-catalyzed cyclopropanation in 2000, Glos and Reiser**! also published a polymer-bound
version of 39. This demonstrates the high functionalization potential of these types of ligands.
Methoxypoly(ethylene glycol) (MeOPEG 5000) was chosen as semi-homogeneous support for the
immobilization of tert-butyl azaBOX ligand ‘Bu-39. To achieve the desired attachment to the polymer,

MeOPEG needed to be modified with benzylidene as a spacer to result in 43 (Figure 30). The
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performance of this newly synthesized, immobilized version of ‘Bu-azaBOX 43 was evaluated in the

asymmetric cyclopropanation and compared to the homogeneous ligands 37, 38, 40, 41, and 42.

KQ/r s
n
R1

)

o._-N_O o__N__o
Y oD
R R Bu “tBy

iPr-40: R="Pr, R'=H 43
'Bu-40: R='Bu, R'=H

Pr-41: R="Pr, R'=Me

Bu-41: R=/Bu, R'=Me

'Pr-42: R="Pr, R'=Bn

Figure 30. Homogeneous and immobilized chiral azaBOX ligands 40-43 employed in the enantioselective Cu(l)-catalyzed
cyclopropanation reported by Glos and Reiser in 2000.[145]

In the enantioselective cyclopropanation of styrene 33, the best results could be obtained with ‘Bu-41
with 82% yield and 92% ee for trans-46 and 87% ee for cis-46 (Scheme 14). Noteworthy, the polymer-
bound ligand 43 achieved similar results with 69% yield and an enantiomeric excess of 91% and 87%,
respectively, proving that the support did not affect the selectivity of the catalyst. The recyclability of
the immobilized catalyst was demonstrated over thirteen cycles with steady 87-90% ee for trans-46.
Surprisingly, in the cyclopropanation of 1,1-diphenylethylene 44, the polymer-bound catalyst 43 was
significantly superior to the alkylated ligands 41 in both, yield and enantioselectivity (47: 78% yield,
90% ee).”"" In this case, 43 could be reused for six cycles. While the enantioselectivity was good
throughout the recycling (83 to 90% ee), the yield fluctuated considerably, with values between 36%
and 80% for 47. The comparable homogeneous ligand ‘Bu-38 (R = 'Bu, R! = Me) showed a slightly higher
selectivity of 99% ee for 47 with a diminished yield of 70%. This time, however, reactivation of the

catalyst 43 with phenylhydrazine was necessary for the recycling process before each cycle.

Cu(OTH), (1 mol%)

”\ . )Nji ligand (2.2 mol%) - R; WH . R?AQH
R'"R2? H” >cO,Me PhNHNH,, CH,Cl, 25 °C R CO,Me R COzMe
33: R'=Ph, R%=H 45 trans-46 cis-46
44: R'=R2=Ph 46: R'=Ph, R%=H
47: R'=R?=Ph

Scheme 14. Enantioselective Cu(l)-catalyzed cyclopropanation of styrene 33 and 1,1-diphenylethylene 44 with methyl
diazoacetate 45.

To improve the low ligand loading of 43 (0.05-0.1 mmol ligand per gram of polymer) and the necessity

of an additional precipitation step to recover the catalyst, further investigations into insoluble supports

Hokk

In this example, the homogeneous, non-alkylated ligand 40 was indeed superior to the alkylated 41. This makes the best
catalytic performance of the immobilized version 43 even more remarkable.
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were conducted. An example of these efforts is shown in the joint publication of Mayoral and Reiser
in 2006,*>2 where two different polymer-supports were examined. On the one hand, Tentagel™ was
utilized, obtaining the immobilized ligand 49, depicted in Scheme 15, and on the other hand, a
polystyrene network was functionalized via two different immobilization strategies. While the co-
polymerization of a styryl-functionalized azaBOX ligand with styrene and divinylbenzene resulted in
50, the grafting of the azaBOX ligand to a modified Merrifield resin gave 51 as immobilized polystyrene
version. The prepared heterogeneous azaBOX-based ligands were compared regarding their efficiency
in the copper-catalyzed enantioselective cyclopropanation of 33 and 44 to give cis-/trans-46 and 47
(Scheme 14) and cis-/trans-35 and 48 (Scheme 15), respectively. While the Tentagel™-based catalyst
Cu(l)-49 gave higher vyields, the application of Cu(l)-51 resulted in significantly improved
enantioselectivities. The catalyst synthesized using the co-polymerization approach, Cu(l)-50, revealed
inferior results compared to the grafting-method. Building upon the superior enantioselectivities
derived with the ligand 51, this Merrifield-based ligand was further developed to achieve a higher
activity. So, the optimized catalyst Cu(l)-‘Bu-51’, with a high ligand loading of 0.99 mmol-g?,
subsequently demonstrated the best overall performance for the formation of 35 and 48 and further
confirmed good recyclability. This immobilized azaBOX version even exceeded the best results
obtained with homogeneous azaBOX ligands for the cyclopropanation of styrene 33 with ethyl
diazoacetate 34 with yields up to 94% and 99% ee for trans-cyclopropane 35, proving a beneficial effect

of the immobilization.

JL N> CU(l)'tBL‘I-s‘ll (1 mol%) ‘ R‘ll H RZ, H
> A + YA
¥ R2 R’

R!” “R2 H)j\COQEt CH,Cl, 25 °C CO,Et CO,Et
33: R'=Ph, R%=H 34 trans-35 cis-35
44: R'=R?=Ph 35: R'=Ph, R?=H
48: R'=R?=Ph

S
GOy GOy

Pr-49: R="Pr iPr-50: R='Pr (co-polymerization)
Bu-49: R=/Bu iPr-51: R="Pr (grafting)

Bu-51: R='Bu (grafting)

Bu-51": R="Bu (grafting, optimized)

Scheme 15. Enantioselective Cu(l)-catalyzed cyclopropanation of styrene 33 and 1,1-diphenylethylene 44 with ethyl
diazoacetate 34.
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3.2.Immobilization of aza-bis(oxazolines) onto magnetic Co/C nanoparticles

3.2.1. Synthesis via ‘Click-chemistry’
The idea of synthesizing a magnetic variation of chiral aza-bis(oxazoline) ligands for the copper-
catalyzed cyclopropanation was based on the growing potential of cyclopropanated products,!***! the
ease of recyclability implicated by the Co/C nanoparticles, and the preceding successful application of
magnetic azaBOX ligands for the kinetic resolution of 1,2-diols (Figure 10)."?151 However, the ligand
loading for the known magnetic azaBOX@Co/C NPs was quite low with 0.1 mmol-g?, requiring 100 mg
catalyst for a reaction with 1 mol% Cu on a 1 mmol scale. With regard to the model substrate (+)-1,2-
diphenylethane-1,2-diol, almost 50 wt% of the nanocatalyst were necessary for 1 mol%. Thus,
polystyrene-functionalized nanoparticles PS-CI@Co/C 20 were used for preliminary studies to increase
the maximum binding capacity. By using different reaction times for the polymerization of PS-Cl@Co/C
20, two different carbon loadings (L (C)) could be achieved: 20a with 3.59 mmol-g* (48 hours) and 20b
with 0.57 mmol-g? (18 hours). Having these polymers in hand, two common linking strategies for
attaching ligands to the heterogeneous support were tested and compared regarding their
effectiveness. Both methods were performed with high and low polymer loadings, respectively. For
the copper-catalyzed azide-alkyne cycloaddition, an azide functionalized nanoparticle system needed
to be synthesized first. Therefore, a literature-known strategy by Reiser et al.[*°® for the exchange of
chloride for azide was used. With an excess of sodium azide a quantitative conversion to PS-N;@Co/C
52a with an azide loading calculated from the nitrogen elemental analysis of L (N3) = 3.60 mmol-g™* and

52b with 0.47 mmol-g'* were obtained (Scheme 16).

NaN3 -
THF/H,0 (1:1),
80 °C, 3 days
PS-CI@Co/C 20 Cl PS-N;@Co/C 52 N3
20a: L(C) = 3.59 mmol/g 52a: L(N3) = 3.60 mmol/g
20b: L(C) = 0.57 mmol/g 52b: L(N3) = 0.47 mmol/g

Scheme 16. Conversion of PS-Cl@Co/C 20 to PS-N3@Co/C 52.

To ‘click’ the azide nanoparticles PS-N;@Co/C 52a and 52b with an azaBOX ligand, (S,S)-Bis-(4-
isopropyl-4,5-dihydrooxazol-2-yl)-prop-2-ynyl-amine 31 needed to be synthesized first. 'Pr-40 was
deprotonated at -78 °C with n-butyllithium, before adding propargylbromide to achieve the alkyne-
tagged-azaBOX ligand in almost quantitative yield.[#8*51 Then, the propargylated aza-bis(oxazoline)
was complexed with copper(ll) triflate to avoid undesired complexation of copper(l) iodide during the
cycloaddition, obtaining ligand 31. Additionally, this step was carried out due to the known beneficial

effect of triflate as counterion®7'*%8] and, in turn, for better comparability with the catalysts
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synthesized via the second route (direct nucleophilic substitution). PS-Ns@Co/C 52 was stirred with 31
and 5 mol% copper(l) iodide at ambient temperature to give rise to 1,2,3-triazoles substituted with the
chiral catalysts and copper loadings of 1.28 mmol-g* for 32a and 0.96 mmol-g* for 32b (Scheme 17).
Based on the metal contents determined by ICP-OES, 23% of the copper complex 31 were attached in
the case of 32a and 105% for 32b. The too high value of 105% suggests undesired incorporation of
copper(l) iodide, however, the linking worked excellent with 98% referring to the nitrogen elemental
analysis of 0.46 mmol-g™. Additionally, the discrepancy of the high copper loading of 0.96 mmol-g*in
relation to a nitrogen loading of 0.46 mmol-g?! indicates that almost half of the copper was
incorporated within the polymer and most likely coordinated at the 1,2,3-triazole units. For material
32a, the loading of the chiral ligand of 1.20 mmol-g™* (33% occupancy) was in good agreement with the

copper loading of 1.28 mmol-g?, considering the azaBOX ligand as predominant coordination center.

~
\I/\\/
o ey

TfO OTf

31
- @ i
Cul (5 mol%), NEts,
CH,Cl,, 25 °C, 48 h \)—<

PS-N;@Co/C 52 Cu(OTf),@'Pr-azaBOX@PS-N;@Co/C 32
52a: L(N3) = 3.60 mmol/g 32a: L(Cu) = 1.28 mmol/g
52b: L(N3) = 0.47 mmol/g 32b: L(Cu) = 0.96 mmol/g

Scheme 17. CuAAC of PS-N;@Co/C 52 with 31 to Cu(OTf),@'Pr-azaBOX@PS-N3@Co/C 32. The gray shell indicates the
polystyrene polymer depicted on the left side.

The success of the reaction was further confirmed by ATR-IR spectroscopy in Figure 31. For the ease of
recording and measuring, the materials 52a and 32a with high polymer and consequently high azide
loadings are compared. Most prominent is the characteristic azide vibration at 2087 cm™ for 52a, which
is replaced by the predominant vibration at 1670 cm™ caused by the attached aza-bis(oxazoline) ligand

of 32a.
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—52a
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Figure 31. Comparison of ATR-IR spectra of 52a (top) and 32a (bottom).

3.2.2. Synthesis via nucleophilic substitution

For the 'Pr-azaBOX nanoparticles 30 which are directly linked to the polystyrene network via a
nucleophilic substitution, the PS-CI@Co/C 20 needed to be modified with better leaving groups.
Therefore, the investigations of Reiser et al.?*2[15] were explored for the initial studies. Werner
demonstrated the need for a pre-activation of a Merrifield resin by the exchange to the bromide-
analog, since benzylchloride itself showed no conversion for the substitution with 'Pr-azaBOX 40.
Changing the chloride to bromide by a large excess of sodium bromide and tetra-n-butylammonium
bromide (TBAB) in a suspension of water and benzene, offered the effective grafting of the chiral ligand
to the polystyrene support. Following this procedure, PS-CI@Co/C 20 was reacted with the
aforementioned reagents at 60 °C for 5 days to obtain PS-Br@Co/C 53 (Scheme 18).

NaBr, NBu,Br

benzene/H,0 (1:1),
60 °C, 5 days

PS-Ci@Co/C 20 PS-Br@Co/C 53a, 53b
20a: L(C) = 3.59 mmol/g
20b: L(C) = 0.57 mmol/g

Scheme 18. Conversion of PS-Cl@Co/C 52 to PS-Br@Co/C 53.

The monitoring of the reaction progress by the change of halide was not possible by elemental analysis

at this time, so the received nanoparticles 53a with a carbon loading of the precursor NPs of
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3.56 mmol-g't and a precursor loading of 0.57 mmol-g* for 53b were directly used for the next step. In
Scheme 19, the nucleophilic substitution of PS-Br@Co/C 53a and 53b with Pr-40 to obtain the
polystyrene-bound aza-bis(oxazolines) (‘Pr-azaBOX@PS-Br@Co/C) 54a and 54b is depicted in the first
step. The azaBOX-loadings were calculated based on the nitrogen amount of the elemental analysis.
54a was obtained with a moderate linking rate of 23%, corresponding to 0.83 mmol-g. In case of the
bromide-precursor 53b with an estimated low polymer loading, 0.09 mmol ligand were bound per
gram of nanomaterial 54b (19% conversion). Next, these polymers were complexed in a second step
with copper(ll) triflate to achieve 30a with a copper loading of 1.32 mmol-g? and 30b with
0.67 mmol-g* (Scheme 19).

H
o_N_O
)
Pr-ag  /

n-BuLi _
THF, -78 °C to 25 °C, 48 h

9
iPr-azaBOX@PS-Br@Co/C 54 \)\\/

54a: L(N) = 0.83 mmol/g
54b: L(N) = 0.09 mmol/g

Cu(OTf),
CH,Cl, 25°C, 3 days

O\/\Y
Cu(OTf),@Pr-azaBOX@PS-Br@Co/C 30

30a: L(Cu) = 1.32 mmol/g
30b: L(Cu) = 0.67 mmol/g

Scheme 19. Nucleophilic substitution of PS-Br@Co/C 53 with Pr-azaBOX 40 and subsequent complexation to yield
Cu(OTf),@'Pr-azaBOX@PS-Br@Co/C 30.

Again, the ATR-IR spectra in Figure 32 were taken comparing the high polymer loadings. 54a shows
various new signals between 800 and 1632 cm™ related to 'Pr-azaBOX ligand 40 linked to the magnetic
nanoparticles. Consequently, this approach worked as well, giving rise to chiral copper-complexed
ligands directly attached to the magnetic polystyrene polymer without the need for any additional

functional linking groups like triazole-moieties.
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Figure 32. Comparison of ATR-IR spectra of 20a (top) and 54a (bottom).

Based on the synthesis route via the nucleophilic substitution of benzylbromide, a polymerization
reaction using 4-(chloromethyl)styrene 55 and styrene 33 with a ratio of 1 to 0.7 was performed,
aiming for a polystyrene/benzylchloride co-polymer. In this manner, PS/PS-Cl@Co/C 56 could be
synthesized with a carbon loading of 0.60 mmol-g?!. The remaining steps up to the final copper-

complexed 59 were carried out in a similar way to material 30 (Scheme 20).

For the sake of clarity, an overview of the final copper-complexed azaBOX ligands immobilized onto
the magnetic polymers synthesized in this chapter is depicted in Figure 33, including the corresponding

ligand loadings L(N) and copper loadings L(Cu) (calculated by elemental microanalysis and ICP-OES).
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PS/PS-Ci@Co/C 56: R =Cl :_l b
PS/PS-Br@Co/C 57: R = Br

Pr-azaBOX@PS/PS-Br@Co/C 58 Cu(OTf),@'Pr-azaBOX@PS/PS-Br@Co/C 59
L(N) = 0.07 mmol/g L(Cu) = 0.64 mmol/g

Scheme 20. Co-polymerization of vinylbiphenyl-coated Co/C nanoparticles 19 with subsequent conversion and complexation
to 59. Reagents and conditions: a) AIBN (5 mol%), DMF, 85 °C, 16 h; b) NaBr, NBusBr, benzene/H,0 (1:1), 60 °C, 5 days; c) Pr-
azaBOX 40, n-Buli, THF, -78 °C to 25 °C, 48 h; d) Cu(OTf),, CH,Cl,, 25 °C, 3 days.

Direct linking via nucleophilic substitution:

30a, L(N) = 0.30 mmol/g, L(Cu) = 1.32 mmol/g 59, L(N) = 0.05 mmol/g, L(Cu) = 0.64 mmol/g
30b, L(N) = 0.06 mmol/g, L(Cu) = 0.67 mmol/g

Linking via Click-chemistry (CuAAC):

DHOR .

a A
e} OTf

. /\}\l
SN N~/
N\%\/Y Gu~ors

NIH

32a, L(N) = 1.20 mmol/g, L(Cu) = 1.28 mmol/g
32b, L(N) = 0.46 mmol/g, L(Cu) = 0.96 mmol/g

Figure 33. Overview of the synthesized copper-complexed nanomaterials.
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3.3.Application of magnetic aza-bis(oxazolines) in the asymmetric cyclopropanation
The focus then turned to the application of the synthesized nanomaterials in the enantioselective
cyclopropanation using styrene and ethyl diazoacetate as readily available and cheap starting
materials. Additionally, the application of these starting materials allowed the utilization of gas
chromatography as well as chiral gas chromatography as a straightforward analytical method. The
availability of a well practicable monitoring of the reaction progress allowed to receive information
about the conversion, yield, diastereomeric ratio, and enantioselectivity, and consequently offered a

suitable opportunity to compare the variety of the applied catalysts with regards to all factors.

In Table 14, the results of the cyclopropanation of styrene 33 with ethyl diazoacetate 34 are
summarized. To achieve meaningful results for an appropriate comparison of the diverse polymer
loadings and synthesis methods, each nanomaterial was recycled at least three times or until a decline
in catalytic activity or enantioselectivity was apparent, whereby the ratio of trans-35 to cis-35 was
always in the range between 60/40 to 70/30. The number of performed cycles already indicates a trend
towards the lack of recyclability of the catalysts with a low polymer- and, consequently, low ligand
loading. Especially in entry 4, using 30b, almost no selectivity could be detected. The attempt of
recycling this catalyst for a second cycle confirmed the inactivity of 30b with traces of product. For 32b
entry 2, the first run showed promising high enantioselectivities of 67% ee for trans-35 and 55% ee for
cis-35. However, also this catalyst was not recyclable without losses in both, yield and selectivity. The
most likely reasons, therefore, are catalyst poisoning by inactivation, catalyst leaching, or polymer
clogging. Comparing these results explicit to the corresponding materials with a higher degree of
polymerization, entry 1, verified the beneficial effect of a higher polymer loading for the yield. 32a only
decreased to yields as low as 9% at run three, corresponding to at least a small improvement compared
to 32b. Although the higher loading was advantageous for the activity, the selectivity was negatively
influenced by the potential interference of the chiral ligands packed too closely, being perceptible in a
decline of enantiomeric excess from 67% to 57%. The synthesized co-polymer 59 includes styrene as a
kind of spacer and, thus, enlarging the distance between the attached catalytically active units onto
the benzyl chloride positions. Indeed, this methodology served the purpose by balancing high
selectivities with moderate recycling of three runs (entry 5). However, the comparably low degree of
polymerization achieved via the co-polymerization for PS/PS-Cl@Co/C 56 (L(C) = 0.60 mmol-g?), in
turn, diminished the recyclability. The directly linked catalyst 30a (entry 3) showed the best
performance of all applied materials with solely minor variations in yield throughout the four cycles
and a maximum in selectivity with 84% ee of trans-35 and 66% ee of cis-35. In agreement with the
already stated investigations, 30a fits the requirements of a high polymer loading (L(C) = 3.59 mmol-g*

of 20a) with an intermediate ligand loading (L(N) = 0.83 mmol-g* of 54a), corresponding to roughly
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23% occupancy. Noteworthy, unlike the entries 1, 2, and 4, the enantioselectivity and yield even
increased after the first run (run 1: 43% yield, 19% ee trans-35) to the presented values, explained by
the loss of non-complexed or worse complexed copper and eventually an enhanced dispersibility

during the recycling process.

Table 14. Results of the cyclopropanation of styrene with the nanocatalysts 30a, 30b, 32a, 32b, and 59.

J N> Cu(ll)-catalyst (20 mg) ﬁ Q
+ - AN +
33

PhNHNH,, CH,Cl, 25 °C

34 trans-35 cis-35
Entry Catalyst Cycle Yield [%] trans/cis ee trans [%] ee cis [%]

1 36 67/33 57 48

! 322 2 15 71/29 48 42

3 9 66/34 46 40

2 32b 1 31 67/33 67 55

2 6 67/33 52 44

1 43 61/39 19 14

3 30a 2 51 65/35 84 66

3 49 68/32 75 63

4 44 62/38 73 64

4 30b 1 32 65/35 1 <1

2 1 n.d. n.d. n.d.

1 35 66/34 13 11

> >9 2 26 68/32 68 59

3 9 64/36 56 48

Conditions: 1.00 mmol styrene 33, 20 mg Cu(ll)-catalyst (2-3 mol%) with 4 mL solvent for 22 hours; n.d.: not determined.

With the suitable nanocatalyst 30a in hands, the impact of the counterions was studied. To begin these
studies, the investigations of Zhou et al.?®” and the group of Maguire!*>” were considered. They
demonstrated that hexafluorophosphate was superior to triflate as counterion, which in turn obtained
higher selectivities than chloride for the C-H insertion. Therefore, the precursor 'Pr-azaBOX@PS-
Br@Co/C 54a was used for the complexation of the copper-complexes, following an adapted literature
procedure of Maguire et al.>>”! Stirring the magnetic precursor with CuCl, at ambient temperature
resulted in CuCl,@'Pr-azaBOX@PS-Br@Co/C 60 with a copper loading of 0.68 mmol-g* and subsequent
exchange with the aid of an excess of potassium hexafluorophosphate led to Cu(PFg).@Pr-

azaBOX@PS-Br@Co/C 61 with a copper loading of 0.47 mmol-g* (Scheme 21).
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L(Cu) = 0.68 mmol/g L(Cu) = 0.47 mmol/g

Scheme 21. Copper(ll) complexed ‘Pr-azaBOX-immobilized Co/C NPs 60 and 61.

Applying these nanocatalysts in the benchmark cyclopropanation of styrene 33 showed no beneficial
contribution of the exchanged counterions over triflate. As expected, the replacement of triflate to
chloride resulted in the formation of almost racemic products trans- and cis-35, without effecting the
diastereomeric ratio (Table 15, entry 1-2). Contrary to the literature reports using homogeneous
catalysts, the desired increase of enantioselectivity using PFs was not observed for the heterogeneous

nanocatalyst 61 with an optimum of 25% ee for trans-35 in the second cycle (entry 4).

Table 15. Results of the cyclopropanation of styrene 33 with the nanocatalysts 60 and 61, comparing the effect of the
counterions.

| N> Cu(ll)-catalyst (20 mg)
RN - .
33

PhNHNH,, CH,Cl,, 25 °C PhY CO,Et
34 trans-35 cis-35

Entry Catalyst Cycle Yield [%] trans/cis ee trans-35 [%] ee cis-35 [%]

1 60 1 25 69/31 <1 <1
2 60 2 4 n.d. 2 n.d.
3 61 1 14 68/32 13 13
4 61 2 5 71/29 25 24
5 61 3 5 70/30 19 21

Conditions: 1.00 mmol styrene 33, 20 mg Cu(ll)-catalyst (1-2 mol%) with 4 mL solvent for 22 hours; n.d.: not determined.

Having settled 30a as an appropriate nanocatalyst with decent recycling potential and high
selectivities, the focus was moved to the up-scaling of the synthesis. While doing so, the conversion of
PS-CI@Co/C 20a to the bromide-analog 53a turned out to be the most critical step, with a loss of
material by roughly half. Employing 900 mg 20a solely yielded 480 mg of 53a despite a calculated
higher molecular weight of the product. Further proceeding with the immobilization of the 'Pr-azaBOX
ligand 40, revealed the apparent decrease and damage of the polymer, confirmed by the elemental
analysis. Starting with a carbon content of 45% for 20a, terminated in 22% carbon for 54a with a ligand

loading of 0.05 mmol-g? based on the nitrogen content. A way to circumvent this issue was the
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development of a new synthesis route to obtain a polystyrene-based network with high loadings with
simultaneously suitable leaving groups for the nucleophilic substitution without the need for the harsh
reaction conditions and long reaction times (5 days) used so far. A heterogeneous approach of the
Finkelstein reaction seemed to be a promising alternative, exchanging the chloride to iodide.""
Therefore, PS-CI@Co/C 20a (L(C) = 3.10 mmol-g?) were dispersed in acetone with sodium iodide at
50 °C for two hours. Decanting the supernatant and washing the nanoparticles with diethyl ether,
visualized the precipitation of sodium chloride. This time, the mass balance achieved the logical gain
of material 62 (Scheme 22). Attaching the chiral ligand 'Pr-40 to yield 54c¢ (L(N) = 0.93 mmol-g?) and
complexing copper(ll) triflate, accordingly, resulted in the final catalyst Cu(OTf),@'Pr-
azaBOX@PS-1@Co/C 30c with a copper loading of 0.66 mmol-g™.

PS-Cl@Co/C 20a PS-l@Co/C 62
L(C) = 3.10 mmol/g L(C) = 1.96 mmol/g

Pr-azaBOX@PS-I@Co/C 54c Cu(OTf),@'Pr-azaBOX@PS-I@Co/C 30c
L(N) = 0.93 mmol/g L(Cu) = 0.66 mmol/g

Scheme 22. Synthesis of Cu(OTf),@Pr-azaBOX@PS-I@Co/C 30c via PS-I@Co/C 62. Reagents and conditions: a) Nal, acetone,
50 °C, 2 h; b) 'Pr-azaBOX 40, n-BulLi, THF, -78 °C to 25 °C, 48 h; c) Cu(OTf),, CH,Cl,, 25 °C, 3 days.

In Figure 34, a closer look was taken at the recycling and effectiveness of the newly synthesized
nanomaterial 30c. To begin with the benchmark reaction, the cyclopropanation of styrene was
examined once more with 1.4 mol% catalyst. Upon six cycles, the catalyst 30c proved to be active with
a reasonably stable yield of trans-35 and cis-35 between 54% and 63%. Moreover, besides the
moderate enantioselectivity in the first cycle (51% ee trans-35), an increased selectivity up to 76% ee
trans-35 could be detected within the recycling process. The activity dropped after the sixth cycle with

a steady decline to 21% vyield and 59% ee trans-35 in the eighth cycle. The reason, therefore, was

T Attempts using 4-(bromomethyl)styrene or 4-(iodomethyl)styrene as precursor for the synthesis of materials 53 or 62
achieved only insufficient polymer loadings.
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indeed the loss of copper, corresponding to 88% within six cycles. Overall, 95% of the initially applied
copper could be detected in the combined solutions of all runs with the majority of 36% in the first
one. The loss of uncomplexed copper is also apparent in the increasing enantioselectivity over the
repetitive cycles. However, the decrease of copper did not affect the activity up to six cycles. To
examine the impact of material loss caused by an incomplete magnetic recovering, the catalyst was
regained and dried. Thus, 9.3 mg of 30c were achieved, being equivalent to barely half of the employed
nanocatalyst (17 mg). Derived from that result, the moderate calculated magnetic recovery rate of the

catalyst of 55% explained the decline in reactivity, as well.
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Figure 34. Recycling 30c in the cyclopropanation of styrene 33 with ethyl diazoacetate 34.

To broaden the scope of application, the cyclopropanation of the more challenging substrate methyl
furan-2-carboxylate 63 was investigated. Therefore, tert-butyl diazoacetate 65 was used to form
(1S,5S,65)-(—)-2-Oxabicyclo[3.1.0]hex-3-ene-3,6-dicarboxylic 6-tert-butyl ester 3-methyl ester 66
aiming for a higher enantiomeric excess than the corresponding derivatives received from the methyl

or ethyl diazoacetate according to literature.*>%

The results of the repetitive cyclopropanation of the aforementioned alkene 63 and N-Boc-pyrrole 64
with the tert-butyl diazoacetate 65 are summarized in Table 16. The reuse of 30c obtained moderate
yields within four cycles up to 21% isolated 66. According to literature, the yields for these challenging
substrates were expected to be moderate with 38% yield and 95% ee for 66 using 'Pr-BOX 38 as best
ligand and 37% yield and 93% ee for 67, respectively.* >0 However, for the literature value of 67
the 'Bu-azaBOX ligand 39 was necessary to achieve the good enantiomeric excess. Based on the

outcome in Figure 34 combined with the knowledge of a nearly complete loss of copper, an approach
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regarding the reactivation of the catalyst 30c was examined. Therefore, new copper(ll) triflate was
added to the recovered catalyst and dispersed in CH,Cl, for three days to again obtain the coordinated
copper. After careful washing, the catalyst was reused for the cyclopropanation of 63. Unfortunately,
this effort failed as already the second run after the reactivation attempt (cyle 7, Table 16) only
obtained traces of 66. This finding suggests that the deactivation is not only caused by the absence of
copper, but rather the combination of various possible factors including polymer clogging, ligand

leaching, or the formation of an oxidized, inactive copper species.

Table 16. Repetitive cyclopropanation of methyl furan-2-carboxylate 63 and N-Boc-pyrrole 64 with tert-butyl diazoacetate 65
and 30c as catalyst.

H
Z_ WCO,'Bu

N2 Cu-catalyst 30¢ (1.4 mol%
R H R ’

X CO,'Bu PhNHNH,, CH,Cly 22 °C X
63: R =CO,Me, X=0 65 66: R = CO,Me, X =0
64: R =H, X =NBoc 67: R =H, X =NBoc
Cycle Alkene Product Yield? [%] ee [%]

1 63 66 17 40

2 63 66 21 71 (87)°
3 63 66 10 68

4 63 66 10 74

5 64 67 32 27

6° 63 66 n.d. n.d.

7 63 66 <4 n.d.

[a] Isolated yield based on initial alkene; [b] After single recrystallization from hexanes; [c] New Cu(OTf), was added.
Conditions: 1.00 mmol alkene, 1.50 mmol 65, 20 mg 30c (1.4 mol%) with 4 mL solvent; n.d.: not determined.

Aiming for an improved enantiomeric excess, especially in case of the cyclopropanated product 67, the
synthesis of an immobilized version of the ‘Bu-azaBOX ligand 40 was considered to be worthwhile.
Following the optimized procedure of 30c, Cu(OTf),@'Bu-azaBOX@PS-I@Co/C 69 was prepared as
illustrated in Scheme 23. The tert-butyl substituted azaBOX ligand ‘Bu-40 could be attached with a
calculated loading of 1.00 mmol-g based on the nitrogen content. After the complexation of the
copper(ll) triflate, 0.52 mmol-g? Cu were determined via ICP-OES measurements. This indicated the
successful synthesis of 69, being in good agreement with the ligand and copper loadings achieved for

30c.
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Scheme 23. Synthesis of Cu(OTf),@!Bu-azaBOX@PS-I@Co/C 69 via PS-I@Co/C 62. Reagents and conditions: a) 'Bu-40¥, n-
Buli, THF, -78 °C to 25 °C, 48 h; b) Cu(OTf),, CH,Cl,, 25 °C, 3 days. The gray shell indicates the polystyrene polymer depicted
on the left side.

This catalyst was then employed in the cyclopropanation of N-Boc-pyrrole 64. Since previous results
showed a trend towards increased enantioselectivity for the recycled catalytic systems, 69 was reused
as well. In contrast to the expected beneficial effect of the tert-butyl azaBOX functionalized
nanoparticles, 67 was obtained as racemic mixture within the first two cycles. Even after the fourth
cycle, only a poor selectivity of 18% ee could be observed accompanied by a diminished yield. Changing
the substrate to 63, demonstrated the utter inactivity of 69. The explanation for this insufficient
performance might already originate from the employed tert-butyl azaBOX ligand 40. Having a closer
look at the synthesis of ‘Bu-40 combined with the supposed narrow binding sites of the polymer 62,
suggests that either the aminooxazoline (S)-4-(tert-butyl)-4,5-dihydrooxazol-2-amine (precursor of
‘Bu-40) was immobilized onto the nanoparticles due to incomplete conversion during the ligand
synthesis itself, or the sterically demanding tert-butyl groups are disturbed by a too high loading,

bringing the functional sites too close to each other.

In summary, a feasible magnetic polystyrene polymer was developed which can be functionalized via
two common linking strategies with the potential for the attachment of a variety of catalysts for the
enantioselective cyclopropanation. While the copper-functionalized nanomaterials were not deemed
worthwhile to pursue due to the low costs of copper, the corresponding rhodium derivatives are
currently under investigation in the working group of Prof. Dr. Huw M. L. Davies (Emory University,
Atlanta), exploring 52a and 52b for their suitability regarding the attachment of chiral rhodium

catalysts.

#+tBy-azaBOX 'Bu-40 was kindly provided by Urszula Klimczak.
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Table 17. Repetitive cyclopropanation of N-Boc-pyrrole 64 and methyl furan-2-carboxylate 63 with tert-butyl diazoacetate 65

and 69 as the catalyst.

H
B \ B
ﬂ . N, Cu-catalyst 69 (1.0 mol%) . U“ CO,Bu
R™ ™y H” ~CO,'Bu PhNHNH,, CH,Cl, 22 °C R™ ™4
63: R=CO,Me, X=0 65 66: R = CO,Me, X =0
64: R =H, X = NBoc 67: R =H, X =NBoc
Cycle Alkene Product Yield® [%] ee [%]
1 64 67 32 rac.
2 64 67 37 rac.
3 64 67 18 11
4 64 67 11 18
5 63 66 <1 n.d.

[a] Isolated yield based on initial alkene; Conditions: 1.00 mmol alkene, 1.50 mmol 65, 20 mg 69 (1.0 mol%) with 4 mL

solvent; n.d.: not determined; rac.: racemic.
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4. Reversible extraction of toxic heavy metals from water

Microporous organic polymers (MOPs) based on magnetic carbon-coated cobalt nanoparticles (Co/C
NPs) have been investigated as recyclable high capacity adsorbents for toxic heavy metal ions. The
herein reported material enables an easy and straightforward extraction method for a broad variety
of heavy metals, with special attention to lead and mercury. Especially desirable is the high selectivity
towards mercury ions against other metal ions. The nanoadsorbents are prepared via a two-step
synthesis route, using readily available starting materials to design microporous polymers with
enlarged surface areas and diverse functional groups for enhanced metal binding affinities. Applying
hyper-cross-linked 2,2’-biphenol as polymer structure, adsorption capacities as high as 273 mg Pb?*
and outstanding 810 mg Hg?* per gram of nanoparticles can be achieved. The easy recycling procedure
enables efficient decontamination of water polluted with lead, chromium, and copper ions with the

aid of an external magnet up to nine cycles.

contaminated solution decontaminated solution
with nanoparticles with loaded nanoparticles

Figure 35. Decontamination of an aqueous solution polluted with lead, mercury, copper, and chromium ions by the aid of the
nanoscavenger, showing the facile recovery of the nanoadsorbent via an external magnet.
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4.1.Introduction
The release of toxic heavy metal ions into the ecosystem and the emerging threats to human health
have become a critical issue of worldwide concern. Unlike organic pollutants, most heavy metals are
non-biodegradable and consequently tend to accumulate in the environment and living organisms.
Thereby, the major sources of contamination are caused by anthropogenic activities including
wastewaters from agriculture, industry, urban areas, mining, hazardous solid waste disposal sites, coal,
and fossil fuel combustion.[*11621 The pollution of the air, soil, fresh- and groundwater, in turn,
redistributes and spreads the heavy metals up to bioaccumulation (see Figure 36 for a graphical

representation).

| Heavy metal sources and transportation routes within environment.
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Figure 36. Flowchart illustrating the redistribution and bioaccumulation of heavy metals from anthropogenic origin by soil,
fresh- and groundwater systems. Reprinted with permission from [162]. Copyright © 2017, Elsevier.

Besides nutritionally essential metals like cobalt, chromium(lll), copper, iron, manganese,
molybdenum, selenium and zinc, other metals like arsenic, cadmium, chromium(VI), lead and mercury
do not hold any known beneficial effects for the human health and are ranked among the most toxic
metals in the environment.'®3 Therefore, the necessity for efficient decontamination methods
emerged, revealing diverse chemical and physical processes such as chemical precipitation, ion
exchange, ultrafiltration, electrochemical treatment, sedimentation, membrane filtration, and
adsorption. Adsorption has been proven as one of the most economical and efficient methods, opening

the opportunity of regenerating the adsorbent with a suitable desorption process.!*** Widely applied
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adsorbents are porous materials, which possess a high surface area and large pore volume such as
activated carbon, zeolite, or biomass. To enhance the adsorption affinities, micropores with a size
below 2 nm seem theoretically advantageous based on the ionic radii of the metal ions.®® Introducing
microporous organic polymers (MOPs) as comparably soft adsorbents, further advantages can be
achieved. The use of diverse monomers enables a tunable pore structure, the introduction of
functional groups for improved binding affinities, an adjustable dispersibility in various solvents, and
may influence the selectivity.®® Due to their unique properties, these kinds of polymers gained the
interest of researchers and a variety of hyper-cross-linked materials was developed with limited
reports examining their ability to adsorb toxic metal ions.[**?! Highlighting a recent publication of Ji et
al.,’*%! hyper-cross-linked polystyrene modified with thiourea was used for the removal of either
cadmium, copper, or lead ions, respectively, from aqueous solutions. Almost quantitative desorption
of Cd*, Cu®, and Pb* was achieved by an aqueous EDTA solution, regenerating the adsorbent for at
least five cycles. In competitive adsorption studies, the porous material showed a high affinity towards
Pb%* and could be extracted almost selectively in the presence of the cadmium or copper ions.

However, more complex metal solutions or a more detailed recycling protocol were not reported.

For the ease of handling, other approaches focused on magnetic nanomaterials, combining the
simplicity with a high surface-area-to-volume ratio and high extraction capacities.**® Thereof, the
publication of Reiser et al.,*® utilizing PEl-coated Co/C nanobeads (PEI@Co/C) for the selective
extraction of mercury(ll) from aqueous solutions, is among the most promising applications. This
material proved to be efficient for relevant mercury concentrations (mg-L! as well as pg-L'!) within
short extraction times and an easy recycling protocol, benefiting from the magnetic properties of the
Co/C nanobeads. Further relevance was demonstrated by a large-scale experiment, where 20 L of an
aqueous mercury-containing solution (30 pg-L! Hg?*) were decontaminated by using only 60 mg of
PEI@Co/C. Even though a great effort has been devoted to the investigation of new adsorbents, there
are still several restrictions left combining readily synthesizable materials, metal selectivity, and high
metal capacities with a wide operating area without the necessity for a complex regeneration process,
potentially limiting their further applications. In this study, microporous organic polymers based on
magnetic carbon-coated cobalt nanoparticles are investigated for the efficient extraction of chromium,
lead, and mercury from water with high metal adsorption capacities up to 273 mg Pb?** and 810 mg
Hg?* per gram of nanoascavenger. The combination of MOPs with the magnetic support allowed the
successful application at several concentrations, as well as an easy recycling process and material

synthesis from readily available starting materials, which offers great potential for industrial purposes.
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4.2.Results and Discussion
As previously established, carbon-coated cobalt (Co/C) nanomagnets 1 were considered to be an
appropriate support, based on their high chemical and thermal stability as well as their high saturation
magnetization (158 emu-g?).B”! A large number of applications resulted from these advantages,
demonstrating their successful use as reagents and catalysts.® Further, magnetic scavengers were
reported for the removal of organic pollutants,®® cadmium,!**”! copper,!**”! lead,*®”! mercury,®!
gold, 1811189 gand platinum*®®! metal ions. The industrial relevance of magnetic filtration and extraction
of carbon-coated metal nanoparticles was also proven by Stark et al.*’® on a ‘ton per hour’ scale for
the treatment of large volumes. However, the studies were either non-selective or only applicable for
the removal of one metal species, without adsorption capacity for other toxic metal ions. In order to
design a scavenger that can efficiently and selectively extract mercury from an aqueous solution, but
also has binding affinities towards other crucial metal contaminants, pristine Co/C nanobeads 1 were
covalently functionalized with microporous organic polymers (Scheme 24). The suitability of Co/C-
based microporous organic polymers was already proven for the encapsulation of palladium

nanoparticles catalyzing hydrogenation reactions with good recyclability (chapter 1).27%
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Scheme 24. Synthesis of benzene@Co/C 71a. Analogous to 71a, MOPs@Co/C 71b-71k were synthesized using monomers
b-k. ))) = ultrasound.
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Encouraged by the promising simplicity of the synthesis of these materials and their high chemical
stability (chapter 1), the expansion of their application area was considered. However, this time,
benzene-tagged Co/C 70 were utilized as the simplest arene-functionalized magnetic anchoring point
for the formation of the MOPs@Co/C 71a-k (Scheme 24). To synthesize the hyper-cross-linked
networks, again, the polymerization strategy reported by Tan et al.®® was used, with formaldehyde
dimethyl acetal (FDA) as an external cross-linker for “knitting” rigid aromatic monomers. In order to
overcome the strongly hydrophobic character of the carbon-based polymers, amino- and hydroxyl-
groups were introduced during the polymerization with a simultaneous effect onto the pore sizes and
surface areas, as addressed in chapter 1.2, comparing a toluene-based network 4a-y with 2,2’-biphenol
4d (Vo.1/tor = 0.37, Sger = 277 m?-g™* compared to Vo.1/t0t = 0.63, Sger = 389 m2-g2).[17! For the synthesis of
71i-k, a co-polymerization strategy was employed, combining the monomers (i)-(k) with benzene, since
benzene is known to form highly microporous polymeric structures and has a beneficial influence onto

the surface area and porosity of co-polymers.©®*
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Figure 37. Comparison of the extraction capacity of nanomagnets 1, 70, and MOPs@CoC 4a-y, 71a to 71k. 10 mg of the
nanoparticles were stirred in 10 mL (100 uM) heavy metal solution for 20 hours. The dashed line indicates the initial metal
amounts. The arrows highlight nanoparticles which extracted heavy metals to some extend. For the best adsorption
capacities, a zoom is given in Figure 38.

For an overview of the dispersibility and adsorption capacities, polymers 71a-71k were compared with

pristine Co/C nanobeads 1, the starting unit 70, and the microporous polymer 4a-y in an aqueous
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solution of barium, copper, chromium, nickel, and lead ions (100 uM) with 10 mg of the nanomaterial
in each case (Figure 37). Solely polymers 71a and 71h showed an appreciable metal removal (Figure
37, zoomed graph in Figure 38), 71e could extract copper partially (23%), whereby the other polymers
4a-y, 71b-d, 71f-g, and 71i-k did not extract any metal ions. Benzene-functionalized 71a and 2,2’-
biphenol-functionalized 71h could almost quantitatively extract copper, chromium and lead ions (71a:
93% Cu?*, 98% Cr3*, 93% Pb?"; 71h: 99% Cu?*, 100% Cr3*, 99% Pb?*). Despite the theoretically high
hydrophobic character of 71a, the extraction worked surprisingly well. This could be explained by the
outstanding properties benzene-based MOPs contribute to the microporosity and surface area,®3/°%!
which in turn influence the mass transfer and diffusion rates. However, amine-functionalized polymers
and co-polymers using benzene 71i-71k gave no rise to enhanced binding affinities for any metal ions.
Reducing the applied amount of the MOPs@Co/C to 2.0 mg, revealed up to five times higher
adsorption capacities for the porous polymers 71a (18 mg-g™* Cu®, 15 mg-g* Cr®*, 41 mg-g* Pb*) and
71h (19 mg-gt Cu®, 15 mg-gt Cr®*, 57 mg-g! Pb*) compared to relatively low extraction capacities of
the pristine nanobeads 1 (4 mg-g™ Cu?*, 4 mg-g* Cr*, 11 mg-g* Pb?*) and benzene-tagged 70 (5 mg-g™*

Cu?, 5 mg-g? Cr¥*, 16 mg-g?! Pb?, see Figure 59 in Experimental Part).
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Figure 38. Zoom of the best extraction capacities from Figure 37, showing 1, 70, 71a, and 71h (10 mg NPs were stirred in
10 mL (100 uM) heavy metal solution for 20 hours). The left bar represents the initial metal in solution at t = 0 min.

Further benchmarking the nanoadsorbent 71h with the so-far best performance regarding its

mercury(ll) selectivity showed a complete and exclusive extraction of Hg?* in presence of barium,

copper, chromium, nickel, and lead ions within short reaction times (Figure 39A).

Increasing the metal ions concentrations ten times and further enlarging the volume of the aqueous

solution, 15 umol of each metal were stirred with 2.0 mg 71h. Even after four days, only the mercury
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ions were notably diminished by 1.6 mg Hg?*, corresponding to an excellent adsorption capacity of
810 mg Hg** per gram of nanoparticles (Figure 39B). Comparing this to unfunctionalized Co/C
nanobeads 1, the extraction capacity was limited to 13 mg Hg?* per g NPs, with the major drawback
that an efficient release of the mercury and, therefore, recycling was not possible, even under harsh
reaction conditions like heating in aqua regia.>
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Figure 39. Selectivity of 71h (A) Comparing 1 umol of each metal at t = 0 min, 10 min, and 2 hours. (2 mg 71h in 10 mL
(100 uM) metal solution). (B) Comparing 15 umol of each metal at t = 0 min, 20 hours, and 4 days. (2 mg 71h in 15 mL (1 mM)
metal solution).

Considering the previous investigations that 71h is capable to scavenge copper, chromium and lead
ions, as well as its selectivity for mercury(ll) ions in competitive studies, a combined approach for the
extraction of all heavy metal ions was investigated. Therefore, the amount of the nanoadsorbent was
adjusted to increase the overall adsorption capacity, aiming for the complete decontamination of the
mercury ions, followed by the subsequent extraction of the residual metal ions. Indeed, the calculated
amount of only 6.5 mg of 71h was capable to efficiently detoxify a solution of copper, chromium, lead,
and mercury ions (100 uM; 5.3 mg-L Cu?, 5.3 mg-L't Cr®*, 22 mg-L! Pb?*, 18 mg-L! Hg*) at the same
time (Figure 40). Within the 20 hours extraction time, a cobalt contamination of 23 mg-L? could be
observed from the Co/C support. However, it is particularly noteworthy that the utilized nanoparticles
were able to remove both highly toxic metal ions, lead and mercury, which are included on the list of

the ‘ten chemicals of major public health concern’ from the World Health Organization WHO.7?
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Figure 40. Complete decontamination of 10 mL of an aqueous solution containing 5.3 mg:L'1 Cu?, 5.3 mg:Ll Cr3,
21.6 mg-L'1 Pb2*, 17.8 mg-L'1 Hg?* (100 uM) within 20 hours using 6.5 mg 71h.

Besides the above described heavy metals, further metal affinities and adsorption capacities of 71h
were examined (Table 18). Zinc ions were investigated as a single metal solution, resulting in a
moderate adsorption capacity of 14 mg Zn% per gramm of 71h. Cadmium, iron, and cobalt ions were
explored as a combined solution. The solution could be almost completely decontaminated from iron
ions, however, solely 30% could be released from the support itself, determining a notable amount
being deposed on the glass wall over the extraction process. Over this period of time, an increase of
the cobalt concentration in the solution was detected, suggesting no adsorption or complexation of

the cobalt ions from the solution into the support.

Table 18. Additional metal affinities and adsorption capacities of 71h.

Entry Metal ion Adsorbed metal [%] Adsorption capacity [mg-g™* NP]
1 Zn%* 42 14
2 Cd** 20 9
3 Fe? 912 9P
4 Co?* c c

Extraction conditions: 2.0 mg 71h were stirred in 10 mL of a 100 uM solution of the corresponding metal for 20 hours. Zn?*
was tested as single metal solution, Cd?*, Co?*, and Fe?* were combined. [a] only 30% were determined in the NPs, the rest
(41%) were deposed on the glass wall; [b] Corresponding to the amount detected onto the NPs; c) No decrease in the
cobalt concentration was observed, solely an increase.

Having proven the feasibility of the nanomagnets for extracting metal ions that are causing extensive
environmental contamination and health problems, their applicability in real water samples had to be
explored. Therefore, drinking water, containing natural amounts of anions and cations, was spiked

with Cu?*, Cr®, Pb?*, Hg** (10 uM) and the heavy metal contamination was measured before and after
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the treatment with 71h (Table 19). The results proved, that the toxic metal ions could also be removed
from the spiked real water samples within 20 hours without being disturbed by the other ions present

in the solution. This was further verified by recycling experiments with 71h, achieving similar results.

Table 19. Extraction of metal ions with 71h from spiked mineral water (10 uM heavy metal ions).

Metal ions before and after extraction [mg-L!]

Cu2+ Cr3+ Pb2+ Hg2+
Initial amount 0.66 0.58 2.24 1.86
Run 12 0.07 0.09 0.15 0.26
Run 22 0.05 0.09 0.14 0.24

[a] Extraction conditions: 2.3 mg 71h were used at 30 °C to decontaminate 10 mL mineral water spiked with Cu?*, Cr3+,
Pb2*, Hg?* (10 uM) containing approximately sodium 20 mg-L!, potassium 2 mg-L', magnesium 18 mg-L", calcium
97 mg:L1, chloride 5 mg-L?, sulfate 14 mg:L, hydrogencarbonate 415 mg:L (pH = 8) within 20 hours.
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Figure 41. Recycling protocol for the extraction of toxic heavy metals from aqueous solutions with 71h.
For retrieving the nanoadsorbent from the aqueous solution, a multicycle extraction/recycling protocol

was established, as depicted in Figure 41. An external magnet collected the dispersed nanoparticles
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71h within seconds and the decontaminated aqueous solution was decanted. The nanoparticles with
the adsorbed heavy metals were redispersed in an aqueous acidic solution to release and concentrate

the heavy metals and regain 71h.

To evaluate the potentially most important advantage of the magnetic support besides retrieval from
the solution, regeneration and recycling needed to be examined next. These parameters have been
tested for low concentrations (10 uM, Table 20) as well as higher metal concentration (100 uM, Table
21) to cover the widest possible range of applications. Table 20 illustrates the adsorption efficiency of
71h over nine cycles, with only a minor decrease in capacity of 3%. After every third cycle, the metal
ions were desorbed (desorption value see Table 20 in brackets) with an acidic solution for 30 minutes,
before regenerating it with an aqueous sodium carbonate solution. With this recycling procedure, all
metal ions were almost quantitatively extracted from the solution over nine cycles (89 to 94%

extracted), corresponding to overall 56 pug Cu?, 43 pg Cr3*, and 169 ug Pb?* by 2 mg of 71h.

Table 20. Recycling of 71h to detoxify an aqueous solution with low heavy metal concentrations (10 uM).?

Cycle Cu [%] Cr [%] Pb [%] Co [mg-LY
Run 1 94 90 94 2.21
Run 2 94 91 94 2.57
Run 3 94 (97) 91 (95) 93 (105) 2.49
Run 4 91 89 92 2.26
Run 5 93 91 92 2.80
Run 6 92 (94) 88 (88) 93 (99) 2.96
Run 7 91 90 93 2.38
Run 8 92 92 92 2.75
Run 9 93 (90) 91 (82) 91 (82) 3.00

Metal adsorbed based on concentration of the remained solution. In brackets: metal released referring to adsorbed metal
of previous 3 runs. [a] Extraction conditions: 2 mg 71h were used at 30 °C to decontaminate 10 mL of a 10 uM metal
solution (corresponding to 5.2 ug Cr3*, 6.4 ug Cu?t, 21 ug PbZ* per run) within 4 hours. Desorption was carried out after
every third cycle with 5 mL of 0.1 M HCl solution.
Recycling the nanoadsorbent 71h at the maximal calculated capacity for 4 mg nanomaterial with
1 umol of Cu?, Cr**, and Pb?* (100 uM) within 20 hours, showed an excellent extraction and desorption
performance for four cycles (Table 21). However, after the fourth run a sharp decline could be
observed for the extraction of copper and lead (run 5 and 6). The extraction potential of chromium

was only slightly influenced by the general trend. Summarizing the overall adsorbed metal ions over

the six runs, 258 pg Cu?*, 265 pg Cr¥*, and 787 ug Pb?* were extracted with 4 mg of 71h.

76



Main part

Table 21. Recycling of 71h to detoxify an aqueous solution with higher heavy metal concentrations (100 uM).2

Cycle Cu [%] Cr [%] Pb [%] Co [mg-LY
Run1 98 (100) 98 (97) 96 (98) 17.4
Run 2 98 (101) 98 (88) 86 (91) 19.5
Run 3 98 (101) 98 (96) 89 (93) 16.7
Run 4 98 (100) 98 (94) 97 (98) 139
Run 5 50 (86) 87 (83) 43 (81) 8.43
Run 6 32(71) 71 (80) 31 (68) 5.61

Metal adsorbed based on concentration of the remained solution. In brackets: metal released referring to adsorbed metal.
[a] Extraction conditions: 4 mg 71h were used at 30 °C to decontaminate 10 mL of a 100 uM metal solution (corresponding
to 52 ug Cr3*, 64 ug Cu?*, 207 ug Pb2* per run) within 20 hours. Desorption was carried out after every cycle with 5 mL of
0.1 M HCl solution.

Further evaluating the decontamination efficiency of mercury under very short reaction times of
10 minutes, 2 mg of 71h were used to detoxify a solution containing 10 uM Hg?* (Table 22). Thereby,
good adsorption and desorption of mercury with a low cobalt leaching (< 1.1 mg-L?) could be obtained.
However, initial studies showed that this time the previously applied acidic solution (0.1 M HCI) was
not sufficient for a complete release of mercury. Thus, different acids and concentrations were
investigated, revealing 2 M HCl as most potent acid with a moderate cobalt leaching on the one hand
and complete desorption of Hg?* on the other hand (for further details see Figure 60, Experimental

Part).

Table 22. Recycling of 71h to detoxify a mercury containing solution with low (left) and higher (right) metal concentrations.

10 uM Hg?*, 10 min? 100 uM Hg*, 2 hours®
Cycle Hg [%] Co [mg-LY Hg [%] Co [mg-LY]
Run 1 88 1.12 84 (78) 3.08
Run 2 89 1.07 83 (85) 2.29
Run 3 80 (97) 0.87 34 (67) 1.33
Run 4 28°¢ 0.05 44 (68) 0.77
Run 5 88 0.56 31 (64) 1.39
Run 6 88 (99) 0.62 33 (57) 0.35
Run 7 89 0.73
Run 8 72 0.53
Run 9 41 (87) 0.20

Metal adsorbed based on concentration of the remained solution. In brackets: metal released referring to adsorbed metal.
[a] Extraction conditions: 2 mg 71h were used at 30 °C to decontaminate 10 mL of a 10 uM mercury solution (20 pg HgZ*)
in 10 minutes. Desorption was carried out after every third cycle with 5 mL of a 2M HCl solution; [b] Conditions: 2 mg 71h
were used at 30 °C to decontaminate 10 mL of a 100 UM mercury solution (201 pg Hg?*) in 2 hours. Desorption was carried
out after every cycle with 5 mL of a 2M HCI solution; [c] This run is considered to be an outlier, caused by insufficient
dispersion.

Investigating the recyclability of the nanoscavenger at low mercury ion concentrations (10 uM, Table

22) showed a good to excellent adsorption of mercury ions with complete desorption. Only after eight
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runs, a drop in the adsorption capacity to 41% was observed. Applying higher initial mercury
concentrations of 100 uM, an extended extraction time of 2 hours was necessary to detoxify the
solution with the same low amount of 2 mg of 71h. The prolonged adsorption time increased the Co
leaching only to a small extent (3.1 mg-L? Co), while removing 16.9 mg:-L't Hg* in the first cycle.
Although the capacity dropped after the second cycle, the nanoadsorbent was still able to capture at
least 6.2 mg-L"* mercury for further four consecutive cycles, corresponding to overall 781 g of

adsorbed mercury ions per 2 mg of 71h.

Encouraged by the simple recycling protocol depicted in Figure 41, the adsorption capacities of the
single metal ions were analyzed with regard to their desorption properties and impact on the
recoverability (Table 23). Therefore, 2 mg 71h were used for the decontamination of three times each
10 mL of a 200 uM solution of lead. Gratifyingly, overall 93% lead were extracted within the three runs,
corresponding to an excellent adsorption capacity of 273 mg Pb?* per gram of 71h. After desorbing
Pb?* from the latter with an acidic solution, the next metal solution, chromium, was examined.
Accordingly, 40 mg Cr¥*, 54 mg Cu?*, and 94 mg Hg?* per gram of scavenger could be extracted by the
nanoadsorbent 71h within the recycling procedure, further demonstrating its reusability and capability

for diverse metal ions.

Table 23. Testing the maximal adsorption capacities of single metal solutions during the recycling of 71h.

Adsorbed metal [%] Desorbed metal [%] Adsorption capacity [mg-g]

Run 1-3 Pb 93 93 273
Run 4-6 Cr 52 43 40
Run 7-9 Cu 71 75 54
Run 10-12 Hg 33 44 94

Extraction conditions: 2.1 mg 71h were stirred three consecutive times in 10 mL of a 200 uM solution of the corresponding
metal for 20 hours, afterwards the metals were released with acid. Subsequently, 71h was regenerated with a Na,COs
solution and reused for the next metal. The desorbed metal is calculated based on the adsorbed amount.

In summary, a hyper-cross-linked magnetic polymer based on 2,2’-biphenol achieved high extraction
capacities with unique selectivity for mercury ions. The affinity to other toxic heavy metal ions,
especially lead and mercury, is particularly interesting, since the described nanoadsorbent was further
able to detoxify a solution containing copper, chromium, lead, and mercury ions in 100 uM. The
recyclability was ensured for up to eight cycles without a loss in efficiency for low heavy metal
concentrations and four cycles for higher concentrations. The facile magnetic retrieval of the
scavenger, as well as the simple regeneration process, may provide a designated alternative for

industrial purposes.
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C. Summary

The application of magnetic nanobeads as semi-heterogeneous supports has gained considerable
attention over the last century, allowing a facile recovery and sustainable recyclability of the

immobilized reagents, scavengers, or catalysts.

The first chapter of this thesis compares the influence of different monomers for the synthesis of
microporous organic polymers and their resulting capability to encapsulate palladium nanoparticles
(Figure 42). Starting with toluene-based polymers, the impact of the external cross-linker FDA was
investigated. The highest surface area was achieved for polymer 4a-y with 2.5 equivalents of the cross-
linker. Incorporating palladium nanoparticles further demonstrated the beneficial effect of the high
cross-linker content by means of the highest catalytic activity for the Pd-catalyst 5a-y. Thus, high
turnover frequencies of up to 3000 h'* were achieved for the hydrogenation of alkenes, alkynes, and
nitro arenes, whereby the magnetic core of the nanobeads ensured an easy and fast recyclability for
at least six consecutive runs. Introducing hydroxyl groups into the MOP via 2,2'-biphenol as monomer
reduced the metal leaching from the catalyst (5d) to a minimum, while maintaining a high catalytic

activity and recyclability in the hydrogenation reaction.

Figure 42. Hydrogenation of alkenes, alkynes, and nitro arenes using Pd@MOPs@Co/C as recyclable catalysts.

In the second chapter, a palladium-based nanocatalyst is described for the use in the Suzuki-Miyaura
coupling with focus on mild reaction conditions with low temperatures up to 50 °C. An immobilized N-
heterocyclic carbene palladium(ll) complex enabled the efficient coupling of aryl iodides as well as aryl
bromides with boronic acids for up to six cycles (Figure 43). The linking of this complex to polystyrene-
functionalized Co/C nanobeads facilitated the recycling protocol by simple magnetic decantation

combined with an overall low metal leaching. Thus, palladium(ll) NHC-functionalized catalyst
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Pd(Il)@PS-NHC@Co/C 22 was considered to be worthwhile for further investigation in its application
towards genetically-tagged small molecule libraries. Currently conducted in the working group of Dr.

Brunschweiger at the TU Dortmund.
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Figure 43. Suzuki-Miyaura coupling under mild reaction conditions catalyzed by Pd(Il)@PS-NHC@Co/C 22 for a facile recovery.

The third chapter describes the immobilization of chiral copper(ll)-aza-bis(oxazoline) complexes onto
polystyrene-functionalized magnetic Co/C nanobeads via two common linking strategies. As model
reaction, the asymmetric copper-catalyzed cyclopropanation of styrene 33 was chosen, revealing a
distinct advantage of the directly linked catalyst 30c with a high ligand loading (Scheme 25). Low ligand
loadings and the grafting to azide-functionalized nanoparticles 52 via ‘click-chemistry’ showed a
decreased enantioselectivity and lack of recyclability. Applying catalyst 30c, six consecutive

cyclopropanation cycles were performed with up to 63% yield of 35 and 76% ee for trans-35.

Y

A LA
Ph*' CO,Et Ph CO,Et

trans-35 cis-35
major minor

Scheme 25. Enantioselective cyclopropanation of 33 using Cu(ll)@azaBOX@PS@Co/Cs as recyclable catalysts.
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The final chapter investigates MOPs immobilized on Co/C nanobeads as recyclable high capacity
adsorbents for toxic heavy metal ions with special attention to lead and mercury. Again, different
monomers were utilized for the synthesis of a broad variety of nanomaterials. Comparing these in the
competitive extraction of mercury, lead, copper, and chromium ions revealed a high adsorption
potential for all of these metal ions using 2,2’-biphenol@Co/C 71h as polymer (Figure 44). Further, this
nanoscavenger showed an excellent selectivity towards mercury ions with an outstanding adsorption
capacity up to 810 mg Hg?* per gram of nanoparticles. The facile recycling procedure enabled an
efficient decontamination of water polluted with lead, chromium, and copper ions with the aid of an
external magnet for up to nine cycles. Adjusting the applied amount of nanoscavenger allowed either

the selective extraction of mercury ions or the purification of the water from all metal ions.

contaminated solution decontaminated solution
with nanoparticles with loaded nanoparticles

Figure 44. Decontamination of an aqueous solution polluted with lead, mercury, copper, and chromium ions by the aid of the
nanoscavenger 71h, showing the facile recovery of the nanoparticles by an external magnet within seconds.
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D. Zusammenfassung

Die Verwendung magnetischer Nanopartikel als semi-heterogene Tragermaterialien hat innerhalb des
letzten Jahrhunderts betrachtliche Aufmerksamkeit auf sich gezogen. Diese ermdglichen eine einfache
Rickgewinnung und nachhaltige Recyclingfahigkeit von den immobilisierten Reagenzien, Scavengern

oder Katalysatoren.

Das erste Kapitel dieser Dissertation vergleicht den Einfluss verschiedener Monomere auf die Synthese
von mikropordsen organischen Polymeren und ihre daraus resultierende Fahigkeit, Palladium-
Nanopartikel einzulagern (Abbildung 1). Ausgehend von Polymeren basierend auf dem Monomer
Toluol wurde die Auswirkung des externen Quervernetzers FDA untersucht. Die hochste Oberflache
konnte fiir das Polymer 4a-y, unter Verwendung von 2,5 Aquivalenten des Quervernetzers, erreicht
werden. Die vorteilhafte Wirkung eines hohen Quervernetzer-Anteils wurde ferner durch die
Einlagerung von Palladium-Nanopartikeln gezeigt, da mit dem Pd-Katalysator 5a-y die hochste
katalytische Aktivitidt erhalten wurde. Auf diese Weise konnten hohe TOFs bis zu 3000 h?! fiir die
Hydrierung von Alkenen, Alkinen und Nitroaromaten erzielt werden, wobei der magnetische Kern der
Nanopartikel eine einfache und schnelle Recyclingfahigkeit fiir mindestens sechs aufeinanderfolgende
Zyklen sicherstellte. Das Einfihren von Hydroxylgruppen in das MOP durch das Monomer 2,2‘-
Biphenol reduzierte das Metall-Leaching des Katalysators (5d) auf ein Minimum. Gleichzeitig konnte
dabei die hohe katalytische Aktivitdt in der Hydrierungsreaktion sowie die Recyclingfahigkeit des

Katalysators aufrechterhalten werden.

Abbildung 1. Hydrierung von Alkenen, Alkinen und Nitroaromaten unter Verwendung von Pd@MOPs@Co/C als
wiederverwendbare Katalysatoren.

Im zweiten Kapitel wird ein Palladium-basierter Nanokatalysator fiir die Verwendung in der Suzuki-

Miyaura Kupplung beschrieben. Der Schwerpunkt wurde hierbei auf milde Reaktionsbedingungen mit
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niedrigen Temperaturen von bis zu 50 °C gelegt. Ein immobilisierter N-heterocyclischer Palladium(ll)-
Carben-Komplex ermoglichte sowohl die effiziente Kupplung von Boronsauren mit Aryliodiden als auch
mit Arylbromiden fiir bis zu sechs Zyklen (Abbildung 2). Die Verknlpfung dieses Komplexes mit
Polystyrol-funktionalisierten Co/C Nanopartikeln erleichterte das Recycling-Protokoll durch eine
einfache magnetische Dekantation in Kombination mit einem insgesamt niedrigen Metall-Leaching.
Daher wurde der Palladium(Il)-NHC-funktionalisierte Katalysator Pd(Il)@PS-NHC@Co/C 22 als geeignet
angesehen, um ihn flir weitere Untersuchungen zur Erstellung einer Bibliothek von genetisch
markierten kleinen Molekiilen zu verwenden. Diese werden derzeit in der Arbeitsgruppe von Dr.

Brunschweiger in der TU Dortmund durchgefiihrt.

B(OH), /©/ 22 (0.2 mol%) O
+ ’
©/ | K,COj3;, H,O/EtOH, 50 °C, 1 h O

9 23a 24
bis zu 99% Ausbeute
6 Zyklen

'in L\ 15

il \i
I :

Dispergieren der NP\S\; /Einsammeln der NPs

Abbildung 2. Suzuki-Miyaura Kupplung unter milden Reaktionsbedingungen, katalysiert mit Pd(Il)@PS-NHC@Co/C 22 fiir eine
einfache Riickgewinnung.

Das dritte Kapitel beschreibt die Immobilisierung von chiralen Kupfer(ll)-aza-bis(oxazolin)-Komplexen
auf  Polystyrol-funktionalisierten magnetischen Co/C Nanopartikeln Gber zwei gingige
Verknipfungsstrategien. Als Modellreaktion wurde die asymmetrische Cyclopropanierung von Styrol
33 ausgewadbhlt, die einen deutlichen Vorteil des direkt verknipften Katalysators 30c mit einer hohen
Ligandenbeladung aufzeigte (Schema 1). Nicht nur niedrige Ligandenbeladungen, sondern auch die
Ligandenanbindung an Azid-funktionalisierte Nanopartikel 52 durch ,,Click-Chemie“ resultierten beide
in verminderten Enantioselektivitdten und einer reduzierten Recyclingfahigkeit. Unter Verwendung
des Katalysators 30c konnten sechs aufeinanderfolgende Cyclopropanierungs-Zyklen mit einer

Ausbeute von bis zu 63% fir das Produkt 35 und 76% ee fiir trans-35 durchgefihrt werden.
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Schema 1. Enantioselektive Cyclopropanierung von 33 unter Verwendung von Cu(ll)@azaBOX@PS@Co/Cs als
wiederverwendbare Katalysatoren.

Das letzte Kapitel untersucht MOPs, die auf Co/C Nanopartikeln immobilisiert wurden, in Hinsicht auf
ihre Fahigkeit als wiederverwendbare Nanoadsorber mit hohen Kapazititen flr toxische
Schwermetallionen. Hierbei wurden insbesondere Blei- und Quecksilberionen berlicksichtigt. Auch
hier wurden verschiedene Monomere zur Synthese verwendet, um eine breite Vielfalt an
Nanomaterialien herzustellen. Ein Vergleich dieser in der kompetitiven Extraktion von Quecksilber-,
Blei-, Kupfer- und Chromionen demonstrierte ein hohes Adsorptionspotential von Polymer 2,2‘-
Biphenol@Co/C 71h fur all diese Metallionen (Abbildung 3). Ferner zeigte dieser Nanoadsorber eine
ausgezeichnete  Selektivitdat  gegeniber  Quecksilberionen mit einer  hervorragenden
Adsorptionskapazitit von bis zu 810 mg Hg?* pro Gramm der Nanopartikel. Das einfache
Recyclingverfahren unter Verwendung eines externen Magneten, ermoglichte eine effiziente
Dekontamination von einer mit Blei-, Chrom- und Kupferionen belasteten Wasserprobe fir bis zu neun
Zyklen. Die Anpassung der eingesetzten Menge der Adsorberpartikel ermoglichte entweder die

selektive Extraktion von Quecksilberionen oder die Entfernung aller Metallionen aus dem Wasser.

kontaminierte Losung dekontaminierte Losung
mit Nanopartikeln mit beladenen Nanopartikeln

Abbildung 3. Dekontaminierung einer mit Blei-, Quecksilber-, Kupfer- und Chromionen verunreinigten wassrigen Losung mit
Hilfe des Nanoadsorbers 71h. Die Riickgewinnung der Nanopartikel erfolgt innerhalb von Sekunden durch einen externen
Magneten.
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E. Experimental Part

1. General Information

Chemicals and solvents

All commercially available chemicals were obtained in high quality and used without further
purification, unless otherwise noted. Hexanes (60/40) and ethyl acetate were freshly distilled before
usage. Anhydrous solvents were prepared by the technicians applying established procedures.[*’3!
Heavy-wall glass tubes or heavy-wall Schlenk flasks are borosilicate glass tubes which are stable up to

5 bar.

All products were literature known and in accordance with the analytical data. Carbon-coated cobalt
nanoparticles (Co/C) were analyzed in accordance with the analytical possibilities, whereby the

elemental analysis and cobalt leaching may differ slightly depending on the applied Co/C batch.

Co/C nanoparticles 1 were obtained from Prof. W. J. Stark from the ETH Zurich, Switzerland. Prior to
use, they were washed according to the general procedure GP-1. They were dispersed by the aid of an
ultrasound bath (Sonorex RK 255 H-R, Bandelin) and recovered with the help of a commercially

available neodymium based magnet (12 x 12 mm or 15 x 30 mm).
NMR-Spectroscopy

'H NMR spectra were recorded on a BRUKER Avance 300 (300 MHz) and a BRUKER Avance Il 400
“Nanobay” (400 MHz) spectrometer. *C NMR spectra were recorded on a BRUKER Avance 300
(75 MHz) and a BRUKER Avance 111 400 “Nanobay” (101 MHz) spectrometer. All spectra were recorded
at ambient temperature in CDCl; or CD;0D. Chemical shifts for 'TH NMR spectra are reported as §, parts
per million [ppm], calibrated to the signal of the solvent: CDCl; = 7.26 or CD3;0D = 3.31 ppm. Chemical
shifts for 3C NMR spectra are calibrated to the signal of the solvent: CDCl3 = 77.16 or CDs0D =
49.00 ppm. The coupling constants J are in Hertz [Hz]. Splitting patterns for the spin multiplicity in the
'H NMR spectra are denoted as follows: s = singlet, d = doublet, t = triplet, q = quartet, dt = doublet of

a triplet, dd = doublet of a doublet, m = multiplet.
Quantitative NMR analysis (QNMR)

Quantitative *H NMR analysis was carried out using an internal standard (1,3,5-trimethoxybenzene
(singlet at 6.09 ppm (3H) and 3.77 ppm (9H)). The integral of a peak in the 'H NMR spectra is
proportional to the number of nuclei creating this resonance. The amount of product was quantified

by the following equation:
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n (product) _ Int°(product)

Int
= with Int® =
n (standard)  Int%(standard)

TN (protons)

Int® = normalized integral; peak integral (Int) divided trough the number of protons (N(protons))
Elemental microanalysis (EA)

Elemental microanalysis was performed by the Micro Analytical Laboratory of the University of

Regensburg using a Vario MICRO cube. The loading of the element X can be calculated via the following

equation.
. _ Aw(X)10
loading (X) = MEONE)
Aw (X) = mass fraction difference before and after functionalization according to the element X
M (X) = molecular weight (g-mol?) of the element X
N (X) = number of added atoms of the element X
10= conversion factor for units

Thin-layer chromatography (TLC)

Thin-layer chromatography was performed with TLC pre-coated aluminum sheets (Merck Silica gel 60
F254, 0.2 mm layer thickness). Visualization was obtained by irradiation with UV light (A = 254 nm and
366 nm) and through the use of TLC stains, e.g. KMnQj, vanillin/sulfuric acid, and ninhydrin solutions,

followed by heating.
Column chromatography

(Flash-) Column chromatography was performed using Merck Gerduran 60 (0.063 — 0.200 mm) or
Merck flash (0.040 —0.063 mm) silica gel.

Infrared spectroscopy (IR)

Infrared spectra were recorded on an Agilent Cary 630 FT-IR spectrometer. The wavenumbers are
reported as cm™. Nanoparticles were measured neat. Meaningful IR spectra were not possible at low

polymer loadings and for all functionalized nanoparticles and are thus only mentioned were necessary.
Chiral high performance liquid chromatography (chiral HPLC)

Chiral HPLC was performed on a Varian LC-902 Liquid Chromatograph using a Chiralpak AS-H column
(4.6 x 250 mm, 10 um), as well as Phenomenex Lux Cellulose-1 and Cellulose-2 columns (4.6 x 250 mm,

5 um). Absolute configuration of the product was determined by comparison with literature values.
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Gas chromatography (GC)

Gas chromatography was carried out on a Fisons Instruments GC8000 equipped with a capillary column
(DB-1 100% dimethylpolysiloxane, 30 m x 250 um x 0.25 um) and flame ionization detector
(temperature: 300 °C detector, 250 °C injector). Chiral gas chromatography was carried out on a Fisons
Instruments GC8000 equipped with a Cyclodex-B column (CP-chirasil-DexCB; 25 m x 250 pm x 0.25 um)
and flame ionization detector (temperature: 250 °C detector, 250 °C injector). Gas chromatography
coupled with mass spectrometry (GC-MS) was carried out on a Shimadzu GCMS-QP2010 SE equipped

with a quadrupole mass analyzer.
Transmission electron microscopy (TEM) and element mapping

Transmission electron microscopy was performed on a FEl TecnaiF30 using standard TEM plates
(carbon film on 400 mesh grids copper) with 3.05 mm diameter at the Department of Physics of the
University of Regensburg Italian Institute of Technology, Genoa. For HRTEM analysis the sample was
dispersed in ethanol with the aid of an ultrasonic bath for 5 min and a drop of the solution was placed
on a copper grid with holey carbon film. Element mapping (STEM energy-dispersive X-ray spectroscopy
(EDS)) was acquired by high-resolution transmission electron microscopy on FEI Model: Tecnai G2, F30
Resolution point: 2.0 Angstrom Line: 1.0 a Magnification: 58x to 1000000x at potential 300 kV at the
RCPTM, Palacky University, Czech Republic. These measurements were performed at RCPTM, Palacky

University, Czech Repubilic.
X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy was carried out on a Perkin-Elmer Physical Electronics PHI5700 ESCA
System at the Department of Physics of the University of Regensburg. Furthermore, XPS was
performed on a PHI 5000 VersaProbe Il XPS system (Physical Electronics) with monochromatic Al-Ka
source (15 kV, 50 W) and photon energy of 1486.7 eV at the Palacky University, Czech Republic. Dual
beam charge compensation was used for all XPS measurements. All the spectra were measured in the
vacuum of 1.3 x 10-7 Pa and at the room temperature of 21 °C. The analyzed area on each sample was
spot of 100 um in diameter. The survey spectra were measured with pass energy of 187.850 eV and
electronvolt step of 0.8 eV while for the high-resolution spectra pass energy of 23.500 eV and
electronvolt step of 0.2 eV were used. The spectra were evaluated with the MultiPak (Ulvac - PHI, Inc.)

software. All binding energy (BE) values were referenced to the carbon peak C 1s at 284.80 eV.
Nitrogen sorption measurements

Nitrogen sorption measurements were conducted at 77 K using an Autosorb iQ instrument at the

Italian Institute of Technology, Genoa. The samples were degassed at 200 °C for 3 h under vacuum
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prior to measurement. Surface areas and pore volumes were calculated by multi-point Brunauer-
Emmett-Teller (BET) method, pore size distribution calculated by the Barrett-Joyner-Halenda (BJH)
method, and micropore size distribution was obtained by the Horvath-Kawazoe (HK) method at the

Italian Institute of Technology, Genoa.
Thermo-gravimetric analysis (TGA)

Thermo-gravimetric analysis was performed from 30 to 1000 °C at a heating rate of 10 °C/min by the
Institute of Physical and Theoretical Chemistry of the University of Regensburg on a Perkin-Elmer

TGA7.
UV-vis spectrophotometry

UV-vis spectra were recorded by a Specord® Plus 200 spectrophotometer in a scanning range of 200 —

600 nm at room temperature of 25 °C using standard quartz cuvettes.
Inductively coupled plasma-optical emission spectrometry (ICP-OES)

Samples for the inductively coupled plasma optical emission spectrometry (ICP-OES) were measured
with a Spectro Analytical Instruments ICP Modula EOP (November 2016 to November 2018) or
Spectroblue FMX36 (March 2019 to December 2020) in an acidic medium (32% aqua regia, v/v) after
prior standardization and calibration. The metals were determined at the following wavelengths:
Spectro Analytical Instruments ICP Modula EOP: Co A=228.616 nm, Cu A=221.810nm, Fe
A =239.562 nm, Pd A =340.458 nm. Spectroblue FMX36: Co A =228.616 nm, Cu A =324.754 nm, Fe
A =259.941 nm, Pd A = 340.458 nm (360.955 nm additional).

Inductively coupled plasma-mass spectrometry (ICP-MS)

Samples for the inductively coupled plasma mass spectrometry (ICP-MS) were measured with a Perkin
Elmer Elan 9000, P0890211 (January to March 2019) in an acidic medium (5% HNOs, v/v) after prior
standardization and calibration. The inspected ions were detected at a mass-to-charge (m/z) ratio of

Co 58.9 and Cu 62.9 with Sc as an internal standard at 45.0.

The samples were prepared according to the sample preparation ICP-OES resulting in 32% aqua regia
solution (v/v). Then, this solution was filtered through a syringe filter (hydrophilic PTFE 0.2 um) and
diluted with 5% HNOs (ultrapure grade) (v/v) to 10 mL (leaching sample: 1/20 dilution, catalyst sample:

1/200). Finally, a defined volume of a Sc solution was added as internal standard.
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General sample preparation for ICP-OES

5.0 mg of the functionalized Co/C nanoparticles were heated in 1.6 mL aqua regia at 100 °C for
10 minutes. The particles were collected by an external magnet and the solution was transferred to a
10 mL volumetric flask. This process was repeated and the combined solution was filled up with H,0
(millipore grade) to 10 mL. Subsequently, the solution was filtered through a syringe filter (hydrophilic

PTFE 0.2 um) resulting in a 32% aqua regia solution (v/v).
General sample preparation for leaching experiments for ICP-OES

The reaction and washing solutions were combined in a round bottom flask, filtered through a syringe
filter (hydrophobic PTFE 0.2 um), the solvent was evaporated and the dried product was treated with
2.4 mL HCleonc, and 0.8 mL HNOs3 conc. and heated at 100 °C for 10 minutes. Upon cooling to room
temperature, the mixture was washed with millipore water and the aqueous phase was transferred to
a volumetric flask with simultaneous filtering through a syringe filter (hydrophilic PTFE 0.2 um)

resulting in 32% aqua regia solution (v/v).
General procedure for washing pristine Co/C NPs (1) (GP-1)

Prior to use, the received carbon-coated cobalt nanoparticles (Co/C) 1 were washed five times for
24 hours in a HCleonc./H20milipore Mixture (1:1). Subsequently, the particles were collected by the help of
an external magnet and washed with millipore water until the pH of the decanted solution was neutral
to remove any acid residuals. Finally, the particles were washed with acetone (3x) and diethyl ether

(2x) and dried at 50 °C under vacuum.3”

Elemental microanalysis [%]: 4.50 C, traces H, O N.
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2. Hydrogenation reactions using microporous organic polymers

2.1.Synthesis of catalyst and starting materials

-0

Toluene-functionalized Co/C NPs (3)

According to literature procedure,®” unfunctionalized Co/C NPs 1 (1.00g, 4.50% C, traces H),
4-toluidine (161 mg, 1.50 mmol, 1.0 equiv.) and concentrated HCl (0.6 mL) were suspended in
H2Onmillipore (25 ML) with the aid of an ultrasonic bath. A pre-cooled solution of sodium nitrite (158 mg,
2.29 mmol, 1.5 equiv.) in H2Omiiipore (12 ML) was added dropwise at 0 °C to in-situ generate the
diazonium species. The slurry was stirred for another 30 minutes in the ice bath and subsequently
sonicated at ambient temperature for 30 minutes. The nanobeads were retracted by magnetic
decantation and washed with NaOH (1 M, 3x), water (3x), acetone (6x), diethylether (2x), and dried

under vacuum to afford 1.00 g of 3.

Elemental microanalysis [%]: 4.96 C, 0.06 H, O N; Loading (C): 0.05 mmol/g.

General procedure for toluene@Co/C (4a-y) (GP-2)

To a round bottom flask 500 mg toluene-functionalized Co/C NPs 3 anhydrous toluene (266 pL,
230 mg, 2.50 mmol, 1.0 equiv.), formaldehyde dimethyl acetal (555 ulL, 476 mg, 6.25 mmol,
2.5 equiv.), anhydrous iron (lll) chloride (1.01 g, 6.25 mmol, 2.5 equiv.), and 1,2-dichloroethane
(45 mL) were introduced. The slurry was sonicated for 10 minutes and heated for five hours at 45 °C
to form the network and then 19 hours at 80 °C to produce the microporous network. Upon cooling,
the polymer was washed with ethanol and diethyl ether until the decanted solution was clear. The

particles were dried in vacuo at 60 °C to afford 686 mg of 4a-y.
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Elemental microanalysis [%]: 29.7 C, 2.12 H, O N.
Toluene@Co/C (4a-B)

4a-B was synthesized according to GP-2, using 200 mg of NPs 3, anhydrous toluene (106 uL, 92.1 mg,
1.00 mmol, 1.0 equiv.), formaldehyde dimethyl acetal (178 uL, 152 mg, 2.00 mmol, 2.0 equiv.),
anhydrous iron (lIl) chloride (324 mg, 2.00 mmol, 2.0 equiv.), and 1,2-dichloroethane (18 mL) to afford
239 mg of 4a-B.

Elemental microanalysis [%]: 21.8 C, 1.30 H, O N.

Toluene@Co/C (4a-a)

4a-a was synthesized according to GP-2, using 200 mg of NPs 3, anhydrous toluene (106 L, 92.1 mg,
1.00 mmol, 1.00 equiv.), formaldehyde dimethyl acetal (111 pL, 95.1 mg, 1.25 mmol, 1.25 equiv.),
anhydrous iron (lll) chloride (203 mg, 1.25 mmol, 1.25 equiv.), and 1,2-dichloroethane (18 mL) to
afford 194 mg of 4a-a.

Elemental microanalysis [%]: 11.8 C, 0.55 H, O N.

General procedure for Pd@toluene@Co/C (5a-y, 1.9 wt% Pd) (GP-3)

A microwave vial was charged with toluene@Co/C nanoparticles 4a-y (0.50 g), Pd,dbas-CHCl; (52 mg,
50 umol) and anhydrous toluene (15 mL) with subsequent nitrogen bubbling for 5 minutes. The
reaction mixture was sonicated for 10 minutes and then heated in a focused microwave oven to 110 °C
for 2 minutes. The resulting catalyst was recovered via magnetic decantation and washed with CH,Cl,
(6x). After drying the particles 5a-y at 60 °C in vacuo, 0.51 g were obtained with a loading of
0.18 mmol/g (89%) and 1.9 wt% Pd.

Elemental microanalysis [%]: 25.2 C, 1.75 H, O N; Loading (Pd): 0.18 mmol/g, 1.9 wt%.
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Synthesis of 4b-4e and 5b-5e (2.5 equiv. FDA)

Polymers 4b-4e and Pd-catalysts 5b-5e were synthesized by Maryam Homafar according to GP-2 and
GP-3, respectively. Further details and characterization of these materials was published by Reiser et

al.['%¢1 and is available online.

2.2.Catalysis
General procedure for hydrogenation reaction using Pd@toluene@Co/C (5a-y, 1.9 wt% Pd) (GP-4)

A Schlenk flask was charged with substrate (500 umol, 1.0 equiv.), 2-PrOH (10 mL) and palladium
catalyst 5a-y (1.9 wt% Pd) (5.7 mg, 1.0 umol, 0.2 mol%). Then a substrate-dependent internal standard
(dodecane (125 uL, 93.7 mg, 550 umol, 1.1 equiv.) or ethylbenzene (0.067 mL, 58.4 mg, 550 umol,
1.1 equiv.)) was added, and the mixture was stirred for 10 minutes. Subsequently, the flask was
evaporated and flushed with H; for several times followed by vigorous stirring under 1 atm H,. The
reaction progress was monitored by GC analysis after collecting the nanoparticles by an external
magnet and filtering the resulting solution through a syringe filter (hydrophobic PTFE 0.2 um) before

injection to GC.

General procedure for the recycling of Pd@toluene@Co/C (5a-y, 1.9 wt% Pd) (GP-5)

For recycling experiments, diphenylacetylene was chosen as a model substrate. Therefore,
diphenylacetylene 8 (178 mg, 1.00 mmol, 1.0 equiv.) was hydrogenated in 20 mL 2-PrOH with
Pd@toluene@Co/C 5a-y (1.9 wt% Pd) (12 mg, 2.0 umol, 0.2 mol%) according to the GP-4. The reaction
progress was monitored by GC analysis after collecting the nanoparticles by an external magnet and
filtering the resulting solution through a syringe filter (hydrophobic PTFE 0.2 um) before injection to
GC. After the full conversion was reached, the particles were separated from the solution via magnetic
decantation and washed with 2-PrOH (2x), CH,Cl; (2x), dried under vacuum, and reused for the next
run. After six consecutive runs, 88% of the original catalyst Pd@toluene@Co/C 5a-y (10 mg, 1.8 umol)

were regained.
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OO

1,2-Diphenylethane (7)

1,2-Diphenylethane 7 was prepared from 1,2-diphenylethyne 8 (90.0 uL, 89.1 mg, 500 umol) according
to general procedure GP-4 using dodecane as internal standard. GC conditions: 3 min at 140 °C, 16
°C/min to 300 °C; retention time: dodecane (3.24 min), 1,2-diphenylethane (6.27 min), 1,2-

diphenylethyne (7.50 min).

Further, 1,2-diphenylethane 7 was prepared from (E)-1,2-diphenylethene 6 (90.1 mg, 500 umol)
according to general procedure using dodecane as internal standard. GC conditions: 3 min at 140 °C,
16 °C/min to 300 °C; retention time: dodecane (3.18 min), 1,2-diphenylethane (6.23 min), (E)-1,2-

diphenylethene (7.91 min).

o

Ethylbenzene

Ethylbenzene was prepared from styrene (57.3 pL, 52.1 mg, 500 umol) according to general procedure
GP-4 using dodecane as internal standard. GC conditions: 3 min at 50 °C, 10 °C/min to 250 °C; retention

time: ethylbenzene (5.01 min), styrene (5.55 min), dodecane (11.63 min).

Further, ethylbenzene was prepared from ethynylbenzene (54.9 pL, 51.1 mg, 500 umol) according to
general procedure using dodecane as internal standard. GC conditions: 1 min at 50 °C, 1 °C/min to
60 °C (0 min), 20 °C/min to 250 °C; retention time: ethylbenzene (5.45 min), ethynylbenzene
(5.81 min), styrene (6.37 min), dodecane (15.85 min).

A

Bicyclo[2.2.1]heptane

Bicyclo[2.2.1]heptane was prepared from bicyclo[2.2.1]hept-2-ene (47.1 mg, 500 umol) according to
general procedure GP-4 using dodecane as internal standard. GC conditions: 3 min at 50 °C, 10 °C/min
to 200 °C; retention time: bicyclo[2.2.1]hept-2-ene (2.59 min), bicyclo[2.2.1]heptane (3.04 min),
dodecane (11.65 min).
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J T

Ethane-1,1-diyldibenzene

Ethane-1,1,-diyldibenzene was prepared from ethene-1,1-diyldibenzene (88.4 pL, 90.1 mg, 500 umol)
according to general procedure GP-4 using dodecane as internal standard. GC conditions: 3 min at
140 °C, 16 °C/min to 300 °C; retention time: dodecane (3.23 min), ethene-1,1-diyldibenzene (5.95 min),
ethane-1,1-diyldibenzene (6.17 min).

Methylcyclohexane

Methylcyclohexane was prepared from 1-methylcyclohex-1-ene (59.3 ulL, 48.1 mg, 500 umol)
according to general procedure GP-4 using dodecane as internal standard. GC conditions: 3 min at
50 °C, 10 °C/min to 200 °C; retention time: methylcyclohexane (2.71 min), 1-methylcyclohex-1-ene
(3.38 min), dodecane (11.54 min).

0
©/\)J\O/
Methyl 3-phenylpropanoate

Methyl 3-phenylpropanoate was prepared from methyl cinnamate (81.1 mg, 500 umol) according to
general procedure GP-4 using dodecane as internal standard. GC conditions: 3 min at 100 °C, 20 °C/min
to 300 °C; retention time: dodecane (5.70 min), methyl 3-phenylpropanoate (6.15 min), methyl

cinnamate (7.15 min).

A

4-Methylpentan-2-one
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4-Methylpentan-2-one was prepared from 4-methylpent-3-en-2-one (57.2 pL, 49.1 mg, 500 umol)
according to general procedure GP-4 using dodecane as internal standard. GC conditions: 3 min at
50 °C, 10 °C/min to 75 °C (0 min), 20 °C/min to 200 °C; retention time: 4-methylpent-3-en-2-one

(2.78 min), 4-methylpentan-2-one (3.70 min), dodecane (9.87 min).

NH,

Aniline

Aniline was prepared from nitrobenzene (51.3 pL, 61.6 mg, 500 umol) according to general procedure
GP-4 using ethylbenzene as internal standard. GC conditions: 3 min at 50 °C, 10 °C/min to 200 °C;

retention time: ethylbenzene (5.00 min), aniline (7.05 min), nitrobenzene (9.04 min).

4-Aminotoluene

4-Aminotoluene was prepared from 4-nitrotoluene (68.6 mg, 500 umol) according to general
procedure using GP-4 dodecane as internal standard. GC conditions: 3 min at 50 °C, 10 °C/min to

200 °C; retention time: 4-aminotoluene (8.95 min), 4-nitrotoluene (11.33 min), dodecane (11.62 min).

/©/NH2
HO

4-Aminophenol

A Schlenk flask was charged with 4-nitrophenol (69.6 mg, 500 umol, 1.0 equiv.), 2-PrOH (10 mL),
palladium catalyst 5a-y (1.9 wt% Pd) (27 mg, 4.8 umol, 1 mol%), and a septum. The mixture was stirred
at room temperature until good dispersion was achieved. Subsequently, the flask was evaporated and
flushed with H; for several times followed by vigorous stirring under 1 atm H; at 50 °C. Kinetic studies
were carried out by UV-vis spectroscopy. Therefore, samples were taken every 10 minutes by collecting
the catalyst with an external magnet, taking 0.10 mL of the reaction mixture with a syringe, and filtering

through a syringe filter (hydrophobic PTFE 0.2 um). The resulting solution was diluted with 2-PrOH to
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yield a concentration of 0.050 mM. Afterwards, UV-vis spectra were recorded in a standard quartz

cuvette with an approximate volume of 3 mL in a range of 200 to 600 nm.
1H NMR (400 MHz, MeOD): 64 = 6.64 (dt, J=5.1, 2.7 Hz, 2H), 6.59 (dt, J = 5.1, 2.7 Hz, 2H).

13C NMR (101 MHz, MeOD): 6¢ = 149.9, 138.9, 117.1, 115.3.

2.3.Sample preparation and miscellaneous

Nitrogen sorption data

Table 24. Nitrogen sorption data of toluene@Co/C 4a-a to 4a-y and 2,2’-biphenol@Co/C 4d polymers.

FDA surface area® multi-point BET plot
No. [equiv.]  mass [g] [m2-gY] Vo.1jtot® [em3-g?] considering
4a-a 1.25 0.1606 43 0.14 0.075<P/Po<0.225
4a-B 2.00 0.2057 85 0.23 0.05<P/Py<0.200
4a-y 2.50 0.1218 277 0.37 0.05<P/P¢<0.126
4d 2.50 0.0850 389 0.63 0.002<P/P(<0.076

[a] Surface area calculated by multi-point BET plot. [b] Ratio of micropore volume over the total pore volume at 77.3 K.

UV-vis spectra
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Figure 45. UV-vis spectra of 4-nitrophenol and 4-aminophenol.
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Figure 46. UV-vis spectra of the hydrogenation of 4-nitrophenol to 4-aminophenol applying 5a-y (1.9 wt%).

TEM images and Pd nanoparticles size distributions
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Figure 48. TEM image of 5a-y with 0.4 wt% Pd.
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Figure 50. TEM image of 5a-y with 1.7 wt% Pd.

[
3]
!

Percentage / %
=
o

2 3 4 5 6 7 8 9 10
Particle size / nm

Figure 51. TEM image of 5a-y with 3.9 wt% Pd.
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Figure 52. TEM image of 5a-y with 14 wt% Pd.
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Figure 53. XPS survey spectrum of the catalyst 5a-y (1.9 wt%).
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Figure 54. XPS spectrum of Pd3d of the catalyst 5a-y (1.9 wt% Pd) after pre-treatment with hydrogen at atmospheric pressure
before measurement.
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Thermogravimetric analysis
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Figure 55. TGA measurement of 5a-y (1.9 wt%).
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Figure 56. EDS survey spectrum of 5a-y (1.9 wt%).

Figure 57. HAADF images and EDS chemical mapping of 5a-y (1.9 wt%) showing elemental mapping of Fe and Pd-Co-Fe
together.
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3. Suzuki-Miyaura coupling under mild reaction conditions

3.1.Synthesis of catalyst and starting materials

-0

4-lodobenzene-functionalized Co/C nanobeads iodobenzene@Co/C (18)

According to literature procedure,*3 unfunctionalized Co/C NPs 1 (1.00g, 3.43%C, 0.03% H),
4-iodoaniline (329 mg, 1.50 mmol, 1.0 equiv.) and concentrated HCl (0.6 mL) were suspended in
H2Onmillipore (3 ML) with the aid of an ultrasonic bath. A pre-cooled solution of sodium nitrite (158 mg,
2.29 mmol, 1.5 equiv.) in H2Omiiipore (7 ML) was added dropwise at 0°C to in-situ generate the
diazonium species. The slurry was stirred for another 30 minutes in the ice bath and subsequently
sonicated at ambient temperature for 30 minutes. The nanobeads were retracted by magnetic
decantation and washed with NaOH (1 M, 3x), water (3x), acetone (6x), diethylether (2x), and dried

under vacuum to afford 1.01 g of 18.

Elemental microanalysis [%]: 4.63 C, 0.22 H, 0.12 N; Loading (C): 0.098 mmol/g.

Vinylbiphenyl-functionalized Co/C nanobeads vinylbiphenyl@Co/C (19)

According to literature procedure,** a Schlenk flask was charged with iodobenzene@Co/C 18
(500 mg, 0.049 mmol, 1.0 equiv.), 4-vinylphenylboronic acid (109 mg, 737 umol, 15.0 equiv.), Pd(OAc),
(8.49 mg, 37.8 umol, 0.77 equiv.), triphenylphosphine (27.4 mg, 105 umol, 2.1 equiv.), and Na,COs;
(86.1 mg, 813 umol, 16.6 equiv.) under nitrogen atmosphere. Degassed H;Omilipore (3 ML) and degassed
1-propanol (3 mL) were added and the mixture was refluxed at 95 °C for 19 hours. Upon cooling, the
nanoparticles were collected by an external magnet and the supernatant was decanted. The
nanobeads were washed with H;Omiligore (3%), MeOH (2x), acetone (6x), and dried in vacuo at 50 °C to

obtain 19 in 505 mg.

Elemental microanalysis [%]: 7.50 C, 0.31 H, 0.10 N; Loading (C): 0.21 mmol/g.
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L (C) =3.10 mmol/g.

Poly(benzyl chloride)styrene-functionalized Co/C nanobeads PS-Ci@Co/C (20)

According to an adapted literature procedure,!*® freshly distilled 4-(chloromethyl)styrene (2.09 mL,
2.03g, 13.3 mmol, 1.0equiv.), vinylbiphenyl@Co/C 19 (1.00g, L(C)=0.21 mmol/g, 213 umol,
0.02 equiv.), and anhydrous DMF (2.5 mL) were introduced to a flame-dried Schlenk flask and degassed
via three consecutive freeze-pump-thaw cycles. Subsequently, a solution of AIBN (65.7 mg, 400 pumol,
3 mol%) in degassed, anhydrous DMF (1.5 mL) was added dropwise and the slurry stirred at ambient
temperature for 20 minutes. The resulting mixture was slowly heated to 100 °C and allowed to stir for
48 hours. Afterwards, the nanoparticles were collected, washed with acetone until the supernatant
was clear (10 to 20x), and dried in vacuo. The particles were crushed with a pestle and washed again
with acetone until the solution was clear (10x), CH,Cl, (5x), and dried in vacuo at 50 °C to yield 20 with

2.28g.
Elemental microanalysis [%]: 44.4 C, 3.62 H, 0.19 N; Loading (C): 3.10 mmol/g.

IR [em™]: 2915, 2117, 1607, 1510, 1439, 1420, 1264, 1014, 813, 667.

C|e ||/N
JY

Poly(benzyl-methyl imidazolium chloride)styrene functionalized Co/C nanobeads PS-IL@Co/C (21)

According to an adapted literature procedure,®*74 PS-Cl@Co/C NPs 20 (300 mg, L (C) = 3.10 mmol/g,
930 umol, 1.0 equiv.) were introduced to a microwave vial together with 3 mL anhydrous toluene.
Subsequently, the solution was saturated with N, and the suspension was sonicated in an ultrasonic

bath for 10 minutes until good dispersion was reached. Under nitrogen atmosphere, N-methyl-
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imidazole (185 uL, 191 mg, 2.32 mmol, 2.5 equiv.) was added and the mixture heated to 150 °C in a
microwave oven. After 60 minutes, the particles were collected by an external magnet, washed with

toluene (5x), CHxCl; (3x), and dried under vacuum at 80 °C to yield 388 mg of 21.
Elemental microanalysis [%]: 46.4 C, 4.19 H, 6.11 N; Loading (N): 2.15 mmol/g.

IR [em™]: 3500-3200, 3060, 2930, 2117, 2091, 1558, 1510, 1446, 1424, 1156, 1018, 816, 708.

Palladium(ll) NHC-functionalized catalyst Pd(I1)@PS-NHC@Co/C (22)

According to an adapted literature procedure,**3 a round bottom flask was charged with PS-IL@Co/C
NPs 21 (200 mg, L (N) =2.15 mmol/g, 430 umol, 1.0 equiv.), 2 mL DMF, and 2 mL of a 1 wt% Na,COs
solution. After good dispersion was reached, Pd(OAc); (76.6 mg, 341 umol, 0.79 equiv.) was added and
the mixture was stirred at 50 °C for 24 hours. After the reaction was cooled to room temperature, the
particles were washed with water (5x), methanol (5x), dieethylether (3x), and dried under vacuum to

yield 164 mg of 22.

Elemental microanalysis [%]: 33.5 C, 3.13 H, 4.07 N; Loading (Pd): 0.74 mmol/g, 7.9 wt% (43% Pd of
used Pd incorporated; 69% Pd of possible Pd incorporated referring to two equiv. PS-IL@Co/C per Pd).
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Polyethyleneimine functionalized palladium catalyst Pd@PEI@Co/C (11)

Pd@PEI@Co/C 11 was synthesized by Dr. Benjamin Kastl according to an adapted literature
procedure.B7MB8U132 Therefore, PEI functionalized Co/C NPs (50 mg) were dispersed in 2 mL H2Omilipore
by the aid of an ultrasonic bath for 10 minutes. The pH was adjusted to 6 with 1 M HCI (50 uL) and a
solution of sodium tetrachloropalladate (5 mL, 0.047 M) was added dropwise. After 1 hour, a solution
of sodium borohydride in water (0.094 M) was added and stirred for 30 minutes. Subsequently, the
Pd@PEI@Co/C NPs 11 were collected by an external magnet and washed with water (4x) and
isopropanol (4x). After drying under vacuum, the particles were determined with 91% and a Pd loading

of 0.8 mmol/g, 8.5 wt%.

3.2.Catalysis

General procedure for the recycling of the Suzuki coupling (GP-6)

For recycling experiments, 4-iodotoluene 23a and phenylboronic acid 9 were chosen as model
substrates. Therefore, a pressure tube was charged with 4-iodotoluene 23a (218 mg, 1.00 mmol,
1.0 equiv.), phenylboronic acid 9 (183 mg, 1.10 mmol, 1.1 equiv.), potassium carbonate (276 mg,
2.00 mmol, 2.0 equiv.), palladium catalyst 22 (3mg, 2umol, 0.2 mol%), and 4 mL solvent
(EtOH/H2Omiiipore 1/1). Subsequently, the reaction mixture was stirred vigorously under room
temperature and the reaction progress was monitored with TLC analysis (hexanes, Rs = 0.63). After
22 hours, the nanoparticles were collected by an external magnet, the resulting solution decanted into
a separating funnel, and the catalyst washed thoroughly with distilled water and ethyl acetate. The
washing solutions were extracted together with the reaction solution (3x ethyl acetate). In case of
difficult phase separation, saturated brine was added. The organic phases were combined and dried
over NaSO.. In the end, the drying agent was filtered off, the solvent was evaporated, and the crude

yield determined with an internal standard (1,3,5-trimethoxybenzene, 25.0 mg, 149 umol, 0.15 equiv.)
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by NMR analysis. For the next run, the catalyst was directly reused without prior drying. Therefore, the
reaction vessel including the nanoparticles was loaded with 4-iodotoluene 23a, phenyl boronic acid 9,

potassium carbonate, solvent, and the reaction again run at room temperature for 22 hours.

General procedure for the substrate scope of the Suzuki coupling (GP-7)

A pressure tube was charged with aryl halide (1.00 mmol, 1.0 equiv.), boronic acid 9 (134 mg,
1.10 mmol, 1.1equiv.), potassium carbonate (276 mg, 2.00 mmol, 2.0 equiv.), 4 mL solvent
(EtOH/H20nmitiipore 1/1), and palladium catalyst 22 (3 mg, 2 umol, 0.2 mol%). Subsequently, the reaction
mixture was stirred at 50 °C, whereby the reaction progress was monitored by TLC analysis. After a
given time, the nanoparticles were collected by an external magnet, the resulting solution decanted
into a separating funnel, and the catalyst washed thoroughly with distilled water and ethyl acetate.
The washing solutions were extracted together with the reaction solution (3x ethyl acetate). In case of
difficult phase separation, saturated brine (5 mL) was added. The organic phases were combined and
dried over Na,SO,. In the end, the drying agent was filtered off, the solvent was evaporated, and the
product was isolated by column chromatography (SiO», hexanes/ethyl acetate). The magnetic catalyst

22 was dried in the pressure tube and directly reused for the next run and substrate.

o~

4-Methoxy-1,1’-biphenyl (16)

4-Methoxy-1,1’-biphenyl 16 was synthesized according to general procedure GP-7 using 1-iodo-4-
methoxybenzene 14a (234 mg, 1.00 mmol, 1.0 equiv.) or 1-bromo-4-methoxybenzene 14b (125 plL,
187 mg, 1.00 mmol, 1.0 equiv.), respectively, phenylboronic acid 9 (134 mg, 1.10 mmol, 1.1 equiv.),
potassium carbonate (276 mg, 2.00 mmol, 2.0 equiv.), and 4 mL solvent (EtOH/H2Omiliipore 1/1) with
palladium catalyst 22 (3 mg, 2 umol, 0.2 mol%) at 50 °C. The crude product was purified by column
chromatography (SiO,, hexanes/ethyl acetate, 24:1) to afford a white to pale yellow solid (179 mg,
0.970 mmol, 97% or 176 mg, 0.960 mmol, 96%, respectively).

R¢ = 0.50 (hexanes/ethyl acetate 24:1).

H NMR (300 MHz, CDCls): &y (ppm) = 7.61-7.50 (m, 4H), 7.47-7.37 (m, 2H), 7.35-7.27 (m, 1H), 7.03—
6.94 (m, 2H), 3.86 (s, 3H).
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13C NMR (75 MHz, CDCls): 8¢ (ppm) = 159.3, 141.0, 133.9, 128.9, 128.3, 126.9, 126.8, 114.3, 55.5.

OO

4-Methyl-1,1’-biphenyl (24)

4-Methyl-1,1’-biphenyl 24 was synthesized according to general procedure GP-7 using 1l-iodo-4-
methylbenzene 23a (218 mg, 1.00 mmol, 1.0 equiv.) or 1-bromo-4-methylbenzene 23b (123 pL,
171 mg, 1.00 mmol, 1.0 equiv.), respectively, phenylboronic acid 9 (134 mg, 1.10 mmol, 1.1 equiv.),
potassium carbonate (276 mg, 2.00 mmol, 2.0 equiv.), and 4 mL solvent (EtOH/H;Omiiipore 1/1) with the
three times recycled palladium catalyst 22 (3 mg, 2 umol, 0.2 mol%) at 50 °C. The crude product was
purified by column chromatography (SiO», hexanes) to afford a white solid (88.1 mg, 0.524 mmol, 52%
or 103 mg, 0.612 mmol, 61%, respectively).

Rf = 0.38 (hexanes)

H NMR (300 MHz, CDCls): & (ppm) = 7.63-7.56 (m, 2H), 7.55—7.48 (m, 2H), 7.48—-7.40 (m, 2H), 7.38—
7.30 (m, 1H), 7.30-7.24 (m, 2H), 2.41 (s, 3H).

13C NMR (75 MHz, CDCls): 8¢ (ppm) = 141.3, 138.5, 137.2, 129.6, 128.9, 127.1, 127.1, 21.3.

OO

4-Nitro-1,1’-biphenyl (26)

O,N

4-Nitro-1,1’-biphenyl 26 was synthesized according to general procedure GP-7 using 1-iodo-4-
nitrobenzene 25a (249 mg, 1.00 mmol, 1.0 equiv.) or 1-bromo-4-nitrobenzene 25b (202 mg,
1.00 mmol, 1.0 equiv.), respectively, phenylboronic acid 9 (134 mg, 1.10 mmol, 1.1 equiv.), potassium
carbonate (276 mg, 2.00 mmol, 2.0 equiv.), and 4 mL solvent (EtOH/H;Omiipore 1/1) with the once
recycled palladium catalyst 22 (3 mg, 2 umol, 0.2 mol%) at 50 °C. The crude product was purified by
column chromatography (SiO,, hexanes/ethyl acetate, 15:1) to afford a pale yellow solid (187 mg,
0.940 mmol, 94% or 184 mg, 0.926 mmol, 93%, respectively).

Rf = 0.35 (hexanes/ethyl acetate 15:1).
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1H NMR (300 MHz, CDCls): 8y (ppm) = 8.35-8.27 (m, 2H), 7.78-7.69 (m, 2H), 7.67—7.58 (m, 2H), 7.56—
7.43 (m, 3H).

13C NMR (75 MHz, CDCl3): 8¢ (ppm) = 147.8, 147.2, 138.9, 129.3, 129.1, 128.0, 127.5, 124.3.

OO J

1-Phenylnaphthalene (28)

1-Phenylnaphthalene 28 was synthesized according to general procedure GP-7 using
1-iodonaphthalene 27a (149 L, 254 mg, 1.00 mmol, 1.0 equiv.) or 1-bromonaphthalene 27b (144 uL,
207 mg, 1.00 mmol, 1.0 equiv.), respectively, phenylboronic acid 9 (134 mg, 1.10 mmol, 1.1 equiv.),
potassium carbonate (276 mg, 2.00 mmol, 2.0 equiv.), and 4 mL solvent (EtOH/H;Omilipore 1/1) with the
twice recycled palladium catalyst 22 (3 mg, 2 umol, 0.2 mol%) at 50 °C. The crude product was purified
by column chromatography (SiO,, hexanes) to afford a colorless oil (114 mg, 0.557 mmol, 56% or

33.9 mg, 0.166 mmol, 17%, respectively).
R¢ = 0.33 (hexanes).
'H NMR (300 MHz, CDCls): 61 (ppm) = 7.95-7.81 (m, 3H), 7.59-7.39 (m, 9H).

3C NMR (75 MHz, CDCls): & (ppm) = 140.9, 140.4, 133.9, 130.2, 128.4, 127.8, 127.4, 127.1, 126.2,
125.9, 125.5.

3.3.Sample preparation and miscellaneous

Sample preparation for leaching experiments for ICP-OES

The organic phases were combined and dried over Na,SO.. After filtering, the solvent was evaporated,
internal standard (1,3,5-trimethoxybenzene, 25.0 mg, 150 umol) was added, and dissolved in 5 mL
CH,Cl,. The resulting solution was filtered through a syringe filter (hydrophobic PTFE 0.2 um), the
solvent was evaporated, and the yield determined by quantitative NMR analysis in CDCls. The
combined dried product was treated with 2.4 mL HClcone, and 0.8 mL HNO3 conc. and heated at 100 °C
for 20 minutes. Upon cooling to room temperature, the mixture was washed with millipore water and
the aqueous phase was transferred to a 10 mL volumetric flask with simultaneous filtering through a

syringe filter (hydrophilic PTFE 0.2 um) resulting in 32% aqua regia solution (v/v).

107



Experimental Part

XPS spectra

—— Pd@PS-NHC@Co/C

Intensity / a.u.

— ;
350 348 346 344 342 340 338 336 334 332 330
Binding engery / eV

Figure 58. XPS spectra of 22. Blue line shows Pd(ll), red line shows Pd(0).

4. Cyclopropanation using chiral azaBOX-based copper catalysts
4.1.Synthesis of catalysts and starting materials

N7 “CO,Et

Ethyl diazoacetate (34)

34 was synthesized according to literature procedure,!*’”*! dissolving glycin ethyl hydrochloride (6.98 g,
50.0 mmol, 1.0 equiv.) in 12.5 mL H,O4ist in @ 100 mL three-necked flask. Subsequently, CH,Cl; (30 mL)
was added and the solution was cooled to -20 °C under vigorous stirring. A pre-cooled solution of
sodium nitrite (4.14 g, 60.0 mmol, 1.2 equiv) in 12.5 mL H,04it was added dropwise, followed by the
dropwise addition of 5 wt% H,SO4 (4.75 g, 48.4 mmol, 0.97 equiv.) within 3 minutes. After 10 minutes,
the mixture was transferred to a separating funnel and the organic phase was drained out into 50 mL
ice-cold 5 wt% NaHCOs solution. The aqueous phase was extracted three times with CH,Cl, (30 mL), all
organic phases combined with the biphasic sodium bicarbonate mixture and shaken until neutral. The
organic phase was dried over Na,SO., the drying agent was filtered off, and the solution was
concentrated under reduced pressure (13°C water bath, 170 mbar minimum pressure, cooling trap

with liquid nitrogen) to yield 34 as a yellow solution in CH.Cl; (123 g, 4.1 wt%, 88%). Yield and wt%
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were determined by 'H NMR relative to CH.Cl,. The liquid was stored in the fridge over 3 A molecular

sieve under nitrogen atmosphere.

'H NMR (300 MHz, CDCls): 64 (ppm) = 4.73 (s, 1H), 4.21 (q, J = 7.1 Hz, 2H), 1.27 (t, J = 7.1 Hz, 3H).

4.1.1. Poly(benzyl halide)styrene- and Poly(benzyl azide)styrene-functionalized Co/C nanobeads

L (C) =3.59 mmol/g

Poly(benzyl chloride)styrene-functionalized Co/C nanobeads PS-CI@Co/C (20a)

PS-Cl@Co/C 20a (L (C) = 3.59 mmol/g) was synthesized according to an adapted literature
procedure,*® using freshly distilled 4-(chloromethyl)styrene 55 (942 ulL, 916 mg, 6.00 mmol,
1.0 equiv.), vinylbiphenyl@Co/C 19 (450 mg, L (C)=0.21 mmol/g, 94.5 umol, 0.02 equiv.), and
anhydrous DMF (1 mL) were introduced to a flame-dried Schlenk flask and degassed via three
consecutive freeze-pump-thaw cycles. Subsequently, a solution of AIBN (29.6 mg, 180 umol, 3 mol%)
in degassed, anhydrous DMF (0.8 mL) was added dropwise and the slurry stirred at ambient
temperature for 20 minutes. The resulting mixture was slowly heated to 100 °C and allowed to stir for
48 hours until a good polymerization was observed. Afterwards, the nanoparticles were collected,
washed with acetone until the supernatant was clear (10 to 20x), and dried in vacuo. The particles
were crushed with a pestle and washed again with acetone until the solution was clear (10x), CH,Cl>

(5x), and dried in vacuo at 50 °C to yield 20a with 1.05 g.

Elemental microanalysis [%]: 51.1 C, 3.67 H, 0.26 N; Loading (C): 3.59 mmol/g.
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L (C) =0.57 mmol/g

Poly(benzyl chloride)styrene-functionalized Co/C nanobeads PS-CI@Co/C (20b)

PS-CI@Co/C 20b (0.57 mmol/g) was synthesized according to an adapted literature procedure,“® using
freshly distilled 4-(chloromethyl)styrene 55 (2.09mL, 2.03g, 13.3mmol, 1.0equiv.),
vinylbiphenyl@Co/C 19 (1.00 g, L(C)=0.21 mmol/g, 213 umol, 0.02 equiv.), and anhydrous DMF
(3 mL) were introduced to a flame-dried Schlenk flask and degassed via three consecutive freeze-
pump-thaw cycles. Subsequently, a solution of AIBN (65.7 mg, 400 umol, 3 mol%) in degassed,
anhydrous DMF (1 mL) was added dropwise and the slurry stirred at ambient temperature for
20 minutes. The resulting mixture was slowly heated to 100 °C and allowed to stir for 18 hours.
Afterwards, the nanoparticles were collected, washed with acetone until the supernatant was clear (5
to 10x), and dried in vacuo. The particles were crushed with a pestle and washed again with acetone

until the solution was clear (10x), CH,Cl, (5x), and dried in vacuo at 50 °C to yield 20b with 1.09 g.

Elemental microanalysis [%]: 14.1 C, 0.85 H, 0.10 N; Loading (C): 0.57 mmol/g.

L (C) = 0.60 mmol/g

Co-polymer-functionalized Co/C nanobeads PS/PS-Cl@Co/C (56)

Freshly distilled 4-(chloromethyl)styrene 55 (283 uL, 275 mg, 1.80 mmol, 1.0 equiv.), styrene 33
(137 pL, 125 mg, 1.20 mmol, 0.7 equiv.), vinylbiphenyl@Co/C 19 (200 mg, L(C)=0.21 mmol/g,
42.0 umol, 0.02 equiv.), and anhydrous DMF (1 mL) were introduced to a flame-dried Schlenk-flask and
degassed via three consecutive freeze-pump-thaw cycles. Subsequently, a solution of AIBN (14.8 mg,
90.0 umol, 5 mol%) in degassed, anhydrous DMF (1 mL) was added dropwise and the slurry stirred at
ambient temperature for 20 minutes. The resulting mixture was slowly heated to 85 °C and allowed to

stir for 16 hours. Afterwards, the nanoparticles were collected, washed with acetone until the
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supernatant was clear (5x), and dried in vacuo. The particles were crushed with a pestle and washed

again with acetone (10x), CHxCl; (5x), and dried in vacuo at 50 °C to yield 56 with 214 mg.

Elemental microanalysis [%]: 14.5 C, 0.83 H, 0.08 N; Loading (C): 0.60 mmol/g.

L (C) =3.36 mmol/g

Poly(benzyl bromide)styrene-functionalized Co/C nanobeads PS-Br@Co/C (53a)

PS-Br@Co/C 53a (3.59 mmol/g) was synthesized according to an adapted literature procedure,*>%!
stirring PS-CI@Co/C 20a (200 mg, L (C) = 3.59 mmol/g, 718 umol, 1.0 equiv.) with TBAB (1.51 g,
4.68 mmol, 6.5 equiv.), sodium bromide (5.82 g, 56.6 mmol, 79 equiv.) in a 1:1 mixture of
benzene/H,0uqist (43 mL) at 60 °C. After 5 days, the nanoparticles were collected, washed with CH,Cl,

(2x), H2Omiliipore (5%), acetone (5x), CH,Cl, (3x). Drying in vacuo yielded 53a with 128 mg.

Elemental microanalysis [%]: 48.26 C, 4.06 H, 0.24 N; Loading (C): 3.36 mmol/g.

Poly(benzyl bromide)styrene-functionalized Co/C nanobeads PS-Br@Co/C (53b)

PS-Br@Co/C 53b (0.57 mmol/g) was synthesized according to an adapted literature procedure,*>*
stirring PS-CI@Co/C 20b (200 mg, L (C) = 0.57 mmol/g, 114 umol, 1.0 equiv.) with tetra-n-
butylammonium bromide (TBAB) (503 mg, 1.56 mmol, 13.7 equiv.), sodium bromide (1.94 g,
18.9 mmol, 165 equiv.) in a 1:1 mixture of benzene/H,04it (20 mL) at 60 °C. After 5 days, the
nanoparticles were collected, washed with CH,Cl (2x), H2Omiiipore (5x), acetone (5x), CH,Cl (3x). Drying

in vacuo yielded 20b with 179 mg.

Elemental microanalysis [%]: not measured.
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Co-polymer-functionalized Co/C nanobeads PS/PS-Br@Co/C (57)

PS/PS-Br@Co/C 57 was synthesized according to an adapted literature procedure,!* stirring
PS/PS-Cl@Co/C 56 (200 mg, L (C) = 0.60 mmol/g, 120 pmol, 1.0 equiv.) with TBAB (503 mg, 1.56 mmol,
13.0 equiv.), sodium bromide (1.94 g, 18.9 mmol, 157 equiv.) in a 1:1 mixture of benzene/H,04is (20
mL) at 60 °C. After 5 days, the nanoparticles were collected, washed with CH,Cl; (2x), H2Omiliipore (5x),

acetone (5x), CH,Cl, (3x). Drying in vacuo yielded 57 with 186 mg.

Elemental microanalysis [%]: not measured.

L (N) = 3.60 mmol/g

Poly(benzyl azide)styrene-functionalized Co/C nanobeads PS-N;@Co/C (52a)

PS-N3@Co/C 52a (3.60 mmol/g) was synthesized according to an adapted literature procedure,*>®
dispersing PS-Cl@Co/C 20a (250 mg, L (C) = 3.59 mmol/g, 898 umol, 1.0 equiv.) in 2.5 mL THF/H2Omitiipore
(1:1) with the aid of an ultrasonic bath. Subsequently, sodium azide (406 mg, 6.25 mmol, 7.0 equiv.)
was added and the mixture was stirred at 80 °C in a heavy-wall glass tube. After 3 days, the
nanoparticles were collected, washed with a 1:1 mixture of THF/H2Onmiiipore (5X), acetone (3x), and dried

in vacuo at 50 °C to yield 52a with 229 mg.
Elemental microanalysis [%]: 49.1 C, 3.74 H, 15.4 N; Loading (N): 3.60 mmol/g.

IR [em™]: 3019, 2918, 2847, 2363, 2341, 2087, 1506, 1443, 1420, 1341, 1241, 1200, 1017, 805, 667.
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L (N) =0.47 mmol/g

Poly(benzyl azide)styrene-functionalized Co/C nanobeads PS-N;@Co/C (52b)

PS-N:@Co/C 52b (0.47 mmol/g) was synthesized according to an adapted literature procedure,*>®
dispersing PS-Cl@Co/C 20b (250 mg, L (C) = 0.57 mmol/g, 143 umol, 1.0 equiv.) in 2.5 mL THF/H2Omiliipore
(1:1) with the aid of an ultrasonic bath. Subsequently, sodium azide (406 mg, 6.25 mmol, 44 equiv.)
was added and the mixture was stirred at 80 °C in a heavy-wall glass tube. After 3 days, the
nanoparticles were collected, washed with a 1:1 mixture of THF/H;Omiiipore (5x), acetone (3x), and dried

in vacuo at 50 °C to yield 52b with 253 mg.

Elemental microanalysis [%]: 14.4 C, 0.95 H, 2.08 N; Loading (N): 0.47 mmol/g.

L (C) =1.96 mmol/g

Poly(benzyl iodide)styrene-functionalized Co/C nanobeads PS-1@Co/C (62)

PS-I@Co/C 62 (1.96 mmol/g) was synthesized according to an adapted U.S. patent,[’® stirring
PS-Cl@Co/C 20a (1.00 g, L (C) = 3.10 mmol/g, 3.10 mmol, 1.0 equiv.) in 6.5 mL anhydrous acetone.
After dropwise adding a solution of sodium iodide (976 mg, 6.51 mmol, 2.1 equiv.) in 6.5 mL anhydrous
acetone, the slurry was heated to 50 °C for 2 hours. The supernatant was decanted and the
nanoparticles were washed thoroughly with diethyl ether until no white precipitate could be observed
any longer (circa 20 to 25 times with each 10 mL). Drying in vacuo for 2 hours without heat yielded 62

with 1.47 g.

Elemental microanalysis [%]: 30.8 C, 2.60 H, 0.10 N; Loading (C): 1.96 mmol/g.
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4.1.2. Immobilization of (S,S)-Bis(-4-isopropyl-4,5-dihydrooxazol-2-yl)amine ('Pr-40)

L (N) =0.83 mmol/g

Pr-azaBOX@PS-Br@Co/C (54a)

According to an adapted literature procedure,*>215 (s S)-Bis(-4-isopropyl-4,5-dihydrooxazol-2-
yl)amine amine 'Pr-40" (172 mg, 720 pmol, 1.0 equiv.) was dissolved in 10 mL anhydrous THF in a flame-
dried Schlenk flask and degassed with three consecutive freeze-pump-thaw cycles under nitrogen
atmosphere. The solution was cooled to -78 °C and n-butyllithium (473 uL, 1.60 M in n-hexane,
756 umol, 1.1 equiv.) was added dropwise through a septum. The mixture was stirred for 15 minutes,
before adding 53a (100 mg, L (C) = 3.36 mmol/g, 336 umol, 0.5 equiv.) in portions. The solution was
allowed to slowly reach room temperature and was further stirred for overall 48 hours. A saturated
solution of Na,COs (5 mL) was added, stirred for 15 minutes and the nanoparticles were collected and
washed with Na,COs solution (5x), HaOmitipore (5X), acetone (5x), and CH,Cl;, (5x). Drying in vacuum at

50 °Cyielded 54a with 81.8 mg.
Elemental microanalysis [%]: 55.3 C, 5.37 H, 3.73 N; Loading (N): 0.83 mmol/g.

IR [em™]: 3019, 2922, 2855 2340, 2322, 2117, 2091, 1632, 1509, 1409, 1077, 973, 812.

* This material was kindly provided by Dr. Peter Kreitmeier.[1461(152]

114



Experimental Part

L (N) =0.09 mmol/g

'Pr-azaBOX@PS-Br@Co/C (54b)

According to an adapted literature procedure,*>21*91 (S S)-Bis(-4-isopropyl-4,5-dihydrooxazol-2-
yl)amine 'Pr-40 (172 mg, 720 umol, 1.0 equiv.) was dissolved in 10 mL anhydrous THF in a flame-dried
Schlenk flask and degassed with three consecutive freeze-pump-thaw cycles under nitrogen
atmosphere. The solution was cooled to -78 °C and n-butyllithium (473 uL, 1.60 M in n-hexane,
756 umol, 1.1 equiv.) was added dropwise through a septum. The mixture was stirred for 15 minutes,
before adding 180 mg 53b in portions. The solution was allowed to slowly reach room temperature
and was further stirred for overall 48 hours. A saturated solution of Na,COs (5 mL) was added, stirred
for 15 minutes and the nanoparticles were collected and washed with Na,COs solution (5x), H2Omilipore

(5x), acetone (5x), and CH,Cl; (5x). Drying in vacuum at 50 °C yielded 54b with 168 mg.

Elemental microanalysis [%]: 16.3 C, 1.35 H, 0.47 N; Loading (N): 0.09 mmol/g.

L (N) =0.07 mmol/g

'Pr-azaBOX@PS/PS-Br@Co/C (58)

According to an adapted literature procedure,*>215 (s S)-Bis(-4-isopropyl-4,5-dihydrooxazol-2-
yl)amine Pr-40 (172 mg, 720 umol, 1.0 equiv.) was dissolved in 10 mL anhydrous THF in a flame-dried

Schlenk flask and degassed with three consecutive freeze-pump-thaw cycles under nitrogen

115



Experimental Part

atmosphere. The solution was cooled to -78 °C and n-butyllithium (473 uL, 1.60 M in n-hexane,
756 umol, 1.1 equiv.) was added dropwise through a septum. The mixture was stirred for 15 minutes,
before adding 175 mg of 57 in portions. The solution was allowed to slowly reach room temperature
and was further stirred for overall 48 hours. A saturated solution of Na,COs (5 mL) was added, stirred
for 15 minutes and the nanoparticles were collected and washed with Na,CO; solution (5x), H2Omilipore

(5x), acetone (5x), and CH,Cl; (5x). Drying in vacuum at 50 °C yielded 58 with 162 mg.

Elemental microanalysis [%]: 15.2 C, 1.09 H, 0.36 N; Loading (N): 0.07 mmol/g.

\\\
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(S,S)-Bis-(4-isopropyl-4,5-dihydrooxazol-2-yl)-prop-2-ynyl-amine

According to literature procedure,**8151 (5 6)-Bis(-4-isopropyl-4,5-dihydrooxazol-2-yl)amine 'Pr-40
(239 mg, 1.00 mmol, 1.0 equiv.) were dissolved in 8 mL anhydrous THF in a flame-dried Schlenk flask
and degassed with three consecutive freeze-pump-thaw cycles under nitrogen atmosphere. The
solution was cooled to -78 °C and n-butyllithium (656 uL, 1.60 M in n-hexane, 1.05 mmol, 1.1 equiv.)
was added dropwise through a septum. The mixture was stirred for 15 minutes, before the dropwise
addition of propargylbromide (456 uL, 80% (w/w) in toluene, 4.00 mmol, 4.0 equiv.). The solution was
allowed to slowly reach room temperature and was further stirred for overall 22 hours. A saturated
solution of Na,CO; was added and the solution was concentrated, followed by extracting the aqueous
phase three times with CH,Cl, and drying over MgSQ.. After removing the solvent in vacuo, the product

was obtained as brown oil (272 mg, 981 umol, 98%) and used without further purification.

H NMR (300 MHz, CDCl3): &y (ppm) = 4.64 (d, J = 2.4 Hz, 2H), 4.64 (d, J = 2.4 Hz, 2H), 4.40 (t, J = 8.8 Hz,
2H), 4.18 (dd, J = 8.2, 6.8 Hz, 2H), 3.99 — 3.86 (m, 2H), 2.24 (t, J = 2.4 Hz, 1H), 1.85 — 1.68 (m, 2H), 0.94
(d, ) = 6.8 Hz, 6H), 0.87 (d, J = 6.8 Hz, 6H).

13C NMR (75 MHz, CDCl3): 6¢ (ppm) = 156.5, 79.2, 71.8, 71.7, 69.8, 39.8, 32.8, 18.7, 17.7.

116



Experimental Part

L (N) =0.93 mmol/g

'Pr-azaBOX@PS-I@Co/C (54c)

According to an adapted literature procedure, °2/*91 (S S)-Bis(-4-isopropyl-4,5-dihydrooxazol-2-
yl)amine 'Pr-40 (742 mg, 3.10 mmol, 1.0 equiv.) was dissolved in 25 mL anhydrous THF in a flame-dried
Schlenk flask and degassed with three consecutive freeze-pump-thaw cycles under nitrogen
atmosphere. The solution was cooled to -78 °C and n-butyllithium (2.03 mL, 1.60 M in n-hexane,
3.26 mmol, 1.1 equiv.) was added dropwise through a septum. The mixture was stirred for 15 minutes,
before adding 62 (500 mg, L (C) = 1.96 mmol/g, 980 umol, 0.3 equiv.) in portions. The solution was
allowed to slowly reach room temperature and was further stirred for overall 48 hours. A saturated
solution of Na,COs (10 mL) was added, stirred for 15 minutes and the nanoparticles were collected and
washed with Na,COs; solution (5x), H2Omilipore (5%), acetone (5x), and CH,Cl; (5x). Drying in vacuum at 50
°Cyielded 54c with 393 mg.

Elemental microanalysis [%]: 40.5 C, 4.10 H, 4.01 N; Loading (N): 0.93 mmol/g.
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4.1.3. Immobilization of copper(ll) triflate onto functionalized nanobeads

L (N) =0.30 mmol/g

Cu(OTf),@'Pr-azaBOX@PS-Br@Co/C (30a)

A flame-dried Schlenk flask was charged with 'Pr-azaBOX@PS-Br@Co/C 54a (50.0 mg, L (N) =
0.83 mmol/g, 41.5 umol, 1.0 equiv.) and set under vacuum for 1 hour. In a separate flame-dried
Schlenk flask, copper(ll) triflate (48.9 mg, 135 umol, 3.3 equiv.) was dissolved in degassed, anhydrous
CHCl; (3 mL). The mixture was stirred at room temperature for 10 minutes, before adding 54a in
portions under nitrogen atmosphere. The flask was rinsed with degassed, anhydrous CH,Cl, (1 mL) and
stirred at room temperature for 3 days. After the given time, the nanoparticles were collected, washed

with degassed, anhydrous CH,Cl, (10x) and stored under nitrogen atmosphere to yield 78.0 mg of 30a.
Elemental microanalysis [%]: 27.6 C, 3.93 H, 1.49 N; Loading (N): 0.30 mmol/g.

Loading (Cu): 1.32 mmol/g, 8.37 wt%.

L (N) =0.06 mmol/g

Cu(OTf),@'Pr-azaBOX@PS-Br@Co/C (30b)

A flame-dried Schlenk flask was charged with 'Pr-azaBOX@PS-Br@Co/C 54b (122 mg, L (N) =
0.09 mmol/g, 11.0 umol, 1.0 equiv.) and set under vacuum for 1 hour. In a separate flame-dried

Schlenk flask, copper(ll) triflate (29.0 mg, 80.2 umol, 7.3 equiv.) was dissolved in degassed, anhydrous
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CH,Cl; (3 mL). The mixture was stirred at room temperature for 10 minutes, before adding 54b in
portions under nitrogen atmosphere. The flask was rinsed with degassed, anhydrous CH>Cl, (1 mL) and
stirred at room temperature for 4 days. After the given time, the nanoparticles were collected, washed

with degassed, anhydrous CH,Cl; (10x) and stored under nitrogen atmosphere to yield 138 mg of 30b.
Elemental microanalysis [%]: 13.5 C, 1.51 H, 0.35 N; Loading (N): 0.06 mmol/g.

Loading (Cu): 0.67 mmol/g, 4.25 wt%.

L (N) =0.05 mmol/g

Cu(OTf),@'Pr-azaBOX@PS/PS-Br@Co/C (59)

A flame-dried Schlenk flask was charged with 'Pr-azaBOX@PS-Br@Co/C 58 (100 mg, L (N) =
0.07 mmol/g, 7.00 pmol, 1.0 equiv.) and set under vacuum for 1 hour. In a separate flame-dried
Schlenk flask, copper(ll) triflate (25.3 mg, 70.0 umol, 10 equiv.) was dissolved in degassed, anhydrous
CH,Cl, (3 mL). The mixture was stirred at room temperature for 10 minutes, before adding 58 in
portions under nitrogen atmosphere. The flask was rinsed with degassed, anhydrous CH,Cl, (1 mL) and
stirred at room temperature for 3 days. After the given time, the nanoparticles were collected, washed

with degassed, anhydrous CH,Cl, (10x) and stored under nitrogen atmosphere to yield 125 mg of 59.
Elemental microanalysis [%]: 13.2 C, 1.24 H, 0.27 N; Loading (N): 0.05 mmol/g.

Loading (Cu): 0.64 mmol/g, 4.08 wt%.
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32a: L (N) =1.20 mmol/g; 32b: L (N) = 0.46 mmol/g
Cu(OTf),@'Pr-azaBOX@PS-N:@Co/C (32a) and (32b)

A flame-dried Schlenk flask was charged with copper(ll) triflate (231 mg, 638 umol, 1.0 equiv.) under
nitrogen atmosphere. In a separate Schlenk flask, (S,S)-Bis-(4-isopropyl-4,5-dihydrooxazol-2-yl)-prop-
2-ynyl-amine (197 mg, 708 umol, 1.1 equiv.) was dissolved in 3.5 mL anhydrous CH,Cl,, degassed with
three consecutive freeze-pump-thaw cycles and added to the copper(ll) triflate. After stirring for

22 hours at room temperature, the turquoise solution of 31 was separated in two portions:

32a was synthesized under nitrogen atmosphere using flame-dried Schlenk flasks. Therefore, degassed
52a (100 mg, L (N) = 3.60 mmol/g, 360 umol, 1.0 equiv.), 3 mL of the freshly prepared copper-
complexed solution 31 in CH,Cl; (182 mM, 547 umol, 1.5 equiv. based on Cu(OTf),), copper(l) iodide
(3.4 mg, 18 pumol, 5 mol%), triethylamine (151 pL, 109 mg, 1.08 mmol, 3.0 equiv.), and 1.5 mL
anhydrous degassed CH,Cl, were stirred at room temperature for 2 days to perform a copper(l)-
catalyzed azide-alkyne cycloaddition. After the given time, the nanoparticles were collected, washed

with degassed, anhydrous CH,Cl; (10x) and stored under nitrogen atmosphere to yield 148 mg of 32a.
Elemental microanalysis [%]: 41.0 C, 4.70 H, 10.1 N; Loading (N): 1.20 mmol/g;
Loading (Cu): 1.28 mmol/g, 8.10 wt%.

32b was synthesized under nitrogen atmosphere using flame-dried Schlenk flasks. Therefore, degassed
52b (100 mg, L (N) = 0.47 mmol/g, 47.0 pmol, 1.0 equiv.), 0.5 mL of the freshly prepared copper-
complexed solution 31 in CH,Cl; (182 mM, 91.1 umol, 1.9 equiv. based on Cu(OTf),), copper(l) iodide
(1.8 mg, 9.4 umol, 5 mol%), triethylamine (19.7 uL, 14.3 mg, 141 umol, 3.0 equiv.), and 1.5 mL
anhydrous degassed CH,Cl, were stirred at room temperature for 2 days to perform a copper(l)-
catalyzed azide-alkyne cycloaddition. After the given time, the nanoparticles were collected, washed

with degassed, anhydrous CH,Cl; (10x) and stored under nitrogen atmosphere to yield 155 mg of 32b.
Elemental microanalysis [%]: 21.7 C, 2.13 H, 4.00 N; Loading (N): 0.46 mmol/g.

Loading (Cu): 0.96 mmol/g, 6.08 wt%.
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L (N) =0.63 mmol/g

Cu(OTf).@'Pr-azaBOX@PS-I@Co/C (30c)

A flame-dried Schlenk flask was charged with Pr-azaBOX@PS-I@Co/C 54c (100 mg, L (N) =
0.93 mmol/g, 93.0 umol, 1.0 equiv.) and set under vacuum for 1 hour. In a separate flame-dried
Schlenk flask, copper(ll) triflate (23.0 mg, 63.6 umol, 0.7 equiv.) was dissolved in degassed, anhydrous
CHCl; (3 mL). The mixture was stirred at room temperature for 10 minutes, before adding 54c in
portions under nitrogen atmosphere. The flask was rinsed with degassed, anhydrous CH,Cl, (1 mL) and
stirred at room temperature for 3 days. After the given time, the nanoparticles were collected, washed

with degassed, anhydrous CH,Cl, (10x) and stored under nitrogen atmosphere to yield 78.0 mg of 30c.
Elemental microanalysis [%]: 30.57 C, 3.28 H, 2.76 N; Loading (N): 0.63 mmol/g.

Loading (Cu): 0.66 mmol/g, 4.18 wt%.

4.1.4. Immobilization of copper(ll) chloride and counterion exchange

CuCl,@'Pr-azaBOX@PS-Br@Co/C (60)

According to an adapted literature procedure,™>”! a flame-dried Schlenk flask was charged with ‘Pr-

azaBOX@PS-Br@Co/C 54" (150 mg, L (N) = 0.05 mmol/g, 7.50 pmol, 1.0 equiv.) and set under vacuum

¥ 54 was synthesized using 20a (L (C) = 3.19 mmol/g). However, polymer loss occurred during the synthesis, resulting in a low
polymer loading of (L (N) = 0.07 mmol/g). For this reason, the synthesis route via PS-I@Co/C is recommended.
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for 1 hour. In a separate flame-dried Schlenk flask, copper(ll) chloride (13.4 mg, 100 umol, 13 equiv.)
was dissolved in degassed, anhydrous CH,Cl, (3 mL). The mixture was stirred at room temperature for
10 minutes, before adding 54 in portions under nitrogen atmosphere. The flask was rinsed with
degassed, anhydrous CH,Cl, (1 mL) and stirred at room temperature for 3 days. After the given time,
the nanoparticles were collected, washed with degassed, anhydrous CH,Cl; (6x) and stored under

nitrogen atmosphere to yield 125 mg of 60.

Loading (Cu): 0.68 mmol/g, 4.31 wt%.

Cu(PFs),@'Pr-azaBOX@PS-Br@Co/C (61)

According to an adapted literature procedure,*>”! a flame-dried heavy-wall Schlenk flask was charged
with CuCl,@'Pr-azaBOX@PS-Br@Co/C 60 (46 mg, L (Cu) = 0.68 mmol/g, 31 umol, 1.0 equiv.), potassium
hexafluorophosphate (10 mg, 55 pumol, 1.8 equiv.), and 2 mL anhydrous CH,Cl,. The slurry was stirred
for 10 minutes, degassed with three consecutive freeze-pump-thaw cycles, and refluxed for 21 hours.
Subsequently, the nanoparticles were collected, washed with degassed, anhydrous CH,Cl, (6x) and

stored under nitrogen atmosphere to yield 38 mg of 61.

Loading (Cu): 0.47 mmol/g, 2.96 wt%.

4.2.Catalysis

General procedure for the cyclopropanation (GP-8)

A flame-dried 25 mL Schlenk flask was charged with copper catalyst 30c (20 mg, L (Cu) =0.66 mmol/g,
14 umol, 1.4 mol%), 2 mL anhydrous CH,Cl, and phenylhydrazine (5.0 pL, 5.5 mg, 51 umol, 5 mol%)
under nitrogen atmosphere and stirred at room temperature for 30 minutes. Subsequently, alkene
(1.00 mmol, 1.0 equiv.) was added and rinsed with 2 mL anhydrous CH,Cl,. After the flask was equipped
with a septum and bubble counter, diazoacetate in CH,Cl, (5 wt%, 1.50 mmol, 1.5 equiv.) was added

dropwise over several hours by a syringe pump. The catalyst was collected by an external magnet, the
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solution was decanted, and the nanoparticles washed three times with anhydrous CH,Cl, (4 mL). The
washing solutions were combined with the reaction solution, the solvent was evaporated, and the
residue was purified by column chromatography (ethyl acetate/hexanes). The catalyst was directly
reused without prior drying. Therefore, solely alkene (1.00 mmol, 1.0 equiv.) and 4 mL anhydrous
CH,Cl; were added to the recycled nanoparticles under nitrogen atmosphere, followed by dropwise
addition of diazoacetate (1.50 mmol, 1.5 equiv.). The work-up and further recycling steps were
performed as described above. In case of deactivation, new Cu(OTf); (1 mol%) and 4 mL anhydrous
CHCl; were added to the nanoparticles and stirred at r.t. under nitrogen atmosphere for 3 days.
Afterwards, the solution was decanted, the nanoparticles washed three to five times with anhydrous

CH,Cl; (4 mL) and used in further cyclopropanation runs.

©\\\’ 'COZEt + g&COZEt

(1R.2R) (1R,2S)
major minor

Ethyl (1R,2R)-2-phenylcyclopropane-1-carboxylate (trans-35)
Ethyl (1R,2S5)-2-phenylcyclopropane-1-carboxylate (cis-35)

According to general procedure GP-8, styrene 33 (115 plL, 104 mg, 1.00 mmol, 1.0 equiv.) was
cyclopropanated with ethyl diazoacetate 34 (171 mg, 4.8 wt% in CH,Cl, 1.50 mmol, 1.5 equiv.) in 4 mL
anhydrous CHxCl; and copper catalyst 30c (16.9 mg, L (Cu) = 0.80 mmol/g, 13.5 umol, 1.3 mol%) at
22 °C. The ethyl diazoacetate 34 was added via a syringe pump (0.24 mL/h, corresponding to overall
13 hours). Afterwards, the resulting solution was stirred for another 9 hours and the reaction solution
was separated from the catalyst and washed with anhydrous CH,Cl,. The crude mixture was analyzed

by gas chromatography.

GC-MS: 2 min at 50 °C, 20 °C/min to 250 °C (hold 3 min); retention time: styrene (4.54 min), dodecane
(5.60 min), diethyl maleate (7.07 min), diethyl fumarate (7.21 min), cis-35 (9.10 min), trans-35
(9.44 min). Molecules verified by NIST Mass Spectral Library hits.

GC-FID: 3 min at 70 °C, 15 °C/min to 200 °C (hold 5 min); retention time: styrene (3.63 min), dodecane
(5.50 min), cis-35 (10.34 min), trans-35 (10.83 min).

Chiral GC: 135 °C isotherm, 30 min: (1S,2R)-35 (13.51 min), (1R,2S5)-35 (14.11 min), (1R,2R)-35
(15.23 min), (15,25)-35 (16.08 min).
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H
Z_ WCO,Bu

LY
M602C ‘

O H
(1S,5S,6S5)-(—)-2-Oxabicyclo[3.1.0]hex-3-ene-3,6-dicarboxylic 6-tert-butyl ester 3-methyl ester (66)

According to general procedure GP-8, methyl furan-2-carboxylate 63* (126 mg, 1.00 mmol, 1.0 equiv.)
was cyclopropanated with tert-butyl diazoacetate 65 (213 mg, 5.2 wt% in CH)Cl,, 1.50 mmol,
1.5 equiv.) in 4 mL anhydrous CH,Cl, and copper catalyst 30c (20 mg, L (Cu) = 0.66 mmol/g, 14 pmol,
1.4 mol%) at 22 °C. The tert-butyl diazoacetate 65 was added via a syringe pump (1 mL/h,
corresponding to overall 4 hours). Afterwards, the resulting solution was stirred for another hour and
the reaction solution was separated from the catalyst and washed with anhydrous CH,Cl,. The solvent
was evaporated and the crude product was purified by column chromatography (SiO,, hexanes/ethyl
acetate, 15:1) to afford a white solid (run 1 to run 4: 76.7 to 24.0 mg, 31.9 umol to 10.0 umol, 32 to
10% yield, 74 to 40% ee). 66 can be recrystallized with hexanes (87% ee).

R¢ = 0.31 (hexanes/ethyl acetate 5:1, Vanillin).

1H NMR (300 MHz, CDCl3): &4 (ppm) = 6.37 (d, J = 2.9 Hz, 1H), 4.90 (dd, J = 5.3, 1.1 Hz, 1H), 3.80 (s, 3H),
2.79 (dt, J=5.4, 2.8 Hz, 1H), 1.44 (s, 9 H), 1.07 (dd, J = 2.7, 1.1 Hz, 1H).

13C NMR (75 MHz, CDCl3): 8¢ (ppm) = 171.2, 159.8, 149.2, 116.5, 81.6, 67.6, 52.4, 31.8, 28.2, 22.6.
HPLC analysis (Phenomenex Lux Cellulose-2, n-heptane/2-PrOH 99:1, 1.0 mL/min, 254 nm): t, =
13.92 min, 22.65 min, 87% ee).

g

@u\COZtBU

N H
Boc

Di-tert-butyl (1S,55,6S)-2-azabicyclo[3.1.0]hex-3-ene-2,6-dicarboxylate (67)

According to general procedure GP-8, N-Boc-pyrrole 64* (167 mg, 1.00 mmol, 1.0 equiv.) was
cyclopropanated with tert-butyl diazoacetate 65* (213 mg, 5.2 wt% in CH,Cl, 1.50 mmol, 1.5 equiv.) in
4 mL anhydrous CHxCl; and four times recycled copper catalyst 30c (20 mg, L (Cu) = 0.66 mmol/g,
14 umol, 1.4 mol%) at 22 °C. The tert-butyl diazoacetate 65 was added via a syringe pump (1 mL/h,
corresponding to overall 4 hours). Afterwards, the resulting solution was stirred for another 13 hours

and the reaction solution was separated from the catalyst and washed with anhydrous CH,Cl,. The

¥ These materials were kindly provided by Robert Eckl and Carina Sonnleitner.[177]
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solvent was evaporated and the crude product was purified by column chromatography (SiO,,

hexanes/ethyl acetate, 50:1) to afford a white solid (run 5: 90.3 mg, 32.1 umol, 32% vyield, 27% ee).
R¢ = 0.53 (hexanes/ethyl acetate 5:1, Vanillin).

'H NMR (300 MHz, CDCls): &4 (ppm) = 6.73 —6.25 (m, 1H), 5.49 — 5.25 (m, 1H), 4.50 — 4.10 (m, 1H), 2.86
—2.51(m, 1H), 1.51 (s, 9H), 1.44 (s, 9H), 1.04 — 0.71 (m, 1H).

13C NMR (75 MHz, CDCl3): 8¢ (ppm) = 172.5, 172.2, 151.4, 151.2, 129.8, 129.6, 110.2, 81.7, 80.9, 44.2,
43.9, 31.8, 30.8, 28.4, 28.3, 24.1 (signal doubling due to rotamers).

HPLC analysis (Phenomenex Lux Cellulose-2, n-heptane/'PrOH 98:2, 0.5 mL/min, 254 nm): t, =
10.29 min, 15.63 min, 27% ee)

4.3.Sample preparation and miscellaneous

Sample preparation for leaching experiments for ICP-OES

The product solution was transferred into new glass ware, all volatile reagents were evaporated, and
the residue was treated with 2.4 mL HClcone. and 0.8 mL HNOj3 conc.. After heating at 100 °C for
20 minutes, the mixture was transferred to a 10 mL volumetric flask. The flask was washed with
H2Ominipore and filled to the calibration mark. Filtering through a syringe filter (hydrophilic PTFE 0.2 pm)

resulted in a 32% aqua regia solution (v/v).
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5. Heavy metal extraction from water using microporous organic polymers

5.1.Synthesis of magnetic materials

-0

Benzene-functionalized Co/C nanobeads (70)

According to literature procedure,?”! unfunctionalized Co/C NPs 1 (1.00 g, 4.50% C, traces H), freshly
distilled aniline (137 uL, 140 mg, 1.50 mmol, 1.0 equiv.) and concentrated HCl (0.6 mL) were
suspended in HyOmiiipore (25 ML) with the aid of an ultrasonic bath. A pre-cooled solution of sodium
nitrite (158 mg, 2.29 mmol, 1.5 equiv.) in HyOmiipore (12 ML) was added dropwise at 0 °C to in-situ
generate the diazonium species. The slurry was stirred for another 30 minutes in the ice bath and
subsequently sonicated at ambient temperature for 30 minutes. The nanobeads were retracted by
magnetic decantation and washed with NaOH (1 M, 3x), water (3x), acetone (6x), diethylether (2x),

and dried under vacuum to afford 955 mg of 70.

Elemental microanalysis [%]: 5.14 C, 0.06 H, O N; Loading (C): 0.09 mmol/g.

Benzene@Co/C (71a)

71a was synthesized according to GP-2, using 100 mg of 70, anhydrous benzene (44.6 uL, 39.1 mg,
500 umol, 1.0 equiv.), formaldehyde dimethyl acetal (111 pL, 95.1 mg, 1.25 mmol, 2.5 equiv.),
anhydrous iron (lll) chloride (203 mg, 1.25 mmol, 2.5 equiv.), and 1,2-dichloroethane (9 mL) to afford
90.0 mg of 71a.

Elemental microanalysis [%]: 10.7 C, 0.49 H, O N.
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1,1’-Biphenyl@Co/C (71b)

71b was synthesized by Andreas Hartl according to GP-2, using 100 mg of 70, 1,1’-biphenyl (77.1 mg,
500 umol, 1.00 equiv.), formaldehyde dimethyl acetal (55.3 uL, 47.6 mg, 625 umol, 1.25 equiv.),
anhydrous iron (1) chloride (101 mg, 625 umol, 1.25 equiv.), and 1,2-dichloroethane (9 mL) to afford
153 mg of 71b.

Elemental microanalysis [%]: 39.1 C, 2.30 H, O N.

1,3,5-Triphenylbenzene@Co/C (71c)

71c was synthesized by Andreas Hartl according to GP-2, using 100 mg of 70, 1,3,5-triphenylbenzene
(153 mg, 500 umol, 1.0 equiv.), formaldehyde dimethyl acetal (265 pL, 228 mg, 3.00 mmol, 6.0 equiv.),
anhydrous iron (lll) chloride (487 mg, 3.00 mmol, 6.0 equiv.), and 1,2-dichloroethane (9 mL) to afford
147 mg of 71c.

Elemental microanalysis [%]: 52.1 C,3.16 H, O N.
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4-Phenoxyaniline@Co/C (71d)

71d was synthesized according to GP-2, using 100 mg of 70, 4-phenoxyaniline (92.6 mg, 500 umol,
1.0 equiv.), formaldehyde dimethyl acetal (111 pL, 95.1 mg, 1.25 mmol, 2.5 equiv.), anhydrous iron (ll1)
chloride (203 mg, 1.25 mmol, 2.5 equiv.), and 1,2-dichloroethane (9 mL) to afford 140 mg of 71d.

Elemental microanalysis [%]: 29.2 C, 2.03 H, 2.20 N; Loading (N): 1.57 mmol/g.

3-Aminophenol@Co/C (71e)

71e was synthesized according to GP-2, using 50.0 mg of 70, 3-aminophenol (54.6 mg, 500 umol,
1.0 equiv.), formaldehyde dimethyl acetal (88.8 uL, 76.1 mg, 1.00 mmol, 2.0 equiv.), anhydrous
iron (1) chloride (162 mg, 1.00 mmol, 2.0 equiv.), and 1,2-dichloroethane (3 mL) to afford 97.0 mg of
71e.

Elemental microanalysis [%]: 27.2 C, 2.34 H, 3.54 N; Loading (N): 2.53 mmol/g.
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Aniline@Co/C (71f)

71f was synthesized according to GP-2, using 150 mg of 70, anhydrous aniline (67.8 uL, 70.0 mg,
750 umol, 1.0 equiv.), formaldehyde dimethyl acetal (133 uL, 114 mg, 1.50 mmol, 2.0 equiv.),
anhydrous iron (lll) chloride (243 mg, 1.50 mmol, 2.0 equiv.), and 1,2-dichloroethane (4 mL) to afford
275 mg of 71f.

Elemental microanalysis [%]: 25.2 C, 1.97 H, 3.17 N; Loading (N): 0.64 mmol/g.

1,4-Phenylendiamine@Co/C (71g)

71g was synthesized according to GP-2, using 100 mg of 70, 1,4-phenylendiamine (54.1 mg, 500 umol,
1.0 equiv.), formaldehyde dimethyl acetal (111 pL, 95.1 mg, 1.25 mmol, 2.5 equiv.), anhydrous iron (lIl)
chloride (203 mg, 1.25 mmol, 2.5 equiv.), and 1,2-dichloroethane (9 mL) to afford 130 mg of 71g.

Elemental microanalysis [%]: 17.6 C, 1.35 H, 3.97 N; Loading (N): 1.42 mmol/g.
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2,2‘-Biphenol@Co/C (71h)

71h was synthesized according to GP-2, using 100 mg of 70, 2,2’-biphenol (93.1 mg, 500 umol,
1.0 equiv.), formaldehyde dimethyl acetal (111 pL, 95.1 mg, 1.25 mmol, 2.5 equiv.), anhydrous iron (ll1)
chloride (203 mg, 1.25 mmol, 2.5 equiv.), and 1,2-dichloroethane (9 mL) to afford 107 mg of 71h.

Elemental microanalysis [%]: 14.3 C,0.79 H, O N.

Aniline/benzene@Co/C (71i)

71i was synthesized according to GP-2, using 100 mg of 70, anhydrous aniline (22.8 uL, 23.3 mg,
250 umol, 1.0 equiv.), anhydrous benzene (22.3 uL, 19.5 mg, 250 umol, 1.0 equiv.), formaldehyde
dimethyl acetal (111 pL, 95.1 mg, 1.25 mmol, 5.0 equiv.), anhydrous iron (lll) chloride (203 mg,
1.25 mmol, 5.0 equiv.), and 1,2-dichloroethane (9 mL) to afford 97.5 mg of 71i.

Elemental microanalysis [%]: 23.9 C, 1.66 H, 1.73 N; Loading (N): 1.24 mmol/g.
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Benzyl amine/benzene@Co/C (71j)

71j was synthesized by Andreas Hartl according to GP-2, using 100 mg of 71j, benzyl amine (27.3 pL,
26.8 mg, 250 umol, 1.0 equiv.), anhydrous benzene (22.3 uL, 19.5 mg, 250 umol, 1.0 equiv.),
formaldehyde dimethyl acetal (88.5 uL, 76.1 mg, 1.00 mmol, 4.0 equiv.), anhydrous iron (lll) chloride
(162 mg, 1.00 mmol, 4.0 equiv.), and 1,2-dichloroethane (9 mL) to afford 120 mg of 71j.

Elemental microanalysis [%]: 19.2 C, 1.14 H, 0.25 N; Loading (N): 0.18 mmol/g.

Benzyl alcohol/benzene@Co/C (71k)

71k was synthesized by Andreas Hartl according to GP-2, using 100 mg of 70, benzyl alcohol (26.0 pL,
27.0mg, 250 umol, 1.0 equiv.), anhydrous benzene (22.3 uL, 19.5mg,250 umol, 1.0 equiv.),
formaldehyde dimethyl acetal (88.5 uL, 76.1 mg, 1.00 mmol, 4.0 equiv.), anhydrous iron (lll) chloride
(162 mg, 1.00 mmol, 4.0 equiv.), and 1,2-dichloroethane (9 mL) to afford 120 mg of 71k.

Elemental microanalysis [%]: 28.1 C, 2.20 H, O N.
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5.2.Heavy metal adsorption

5.2.1. Preparation of heavy metal stock solutions

The 1 mM stock solution was prepared by dissolving the desired metals in a 250 mL volumetric flask in
H2Onmilipore. Therefore, BaCly-2H,0 (61.1 mg, 250 umol), CdBr,-4H,0 (86.1 mg, 250 umol), CrCls-6H,0
(66.6 mg, 250 umol), Cu(OAc)'H,0 (49.9 mg, 250 umol), HgCl, (67.9 mg, 250 umol), NiCl,:6H,0
(59.4 mg, 250 umol), Pb(OAc);:3H,0 (94.8 mg, 250 umol). FeCl,-4H,0 (20.0 mg, 100 umol) and
CoCl,-6H,0 (23.8 mg, 100 umol) were dissolved in a 100 mL volumetric flask in HyOmiiipore. Diluting
10 mL of the 1 mM stock solution to 100 mL with HuOmilipore, resulted in a 100 uM solution. Further

diluting of 10 mL of the 100 uM solution to 100 mL with H2Omilipore resulted in a 10 uM solution.

In case of zinc as heavy metal, solely ZnBr, (22.5 mg, 100 umol) was dissolved in a 100 mL volumetric
flask with HaOmilipore to result in a 1 mM zinc solution. Subsequently, 5 mL of this solution were diluted

to 50 mL with H;Onmiliipore to achieve a 100 uM zinc solution.

5.2.2. Procedures for the heavy metal extraction from water
Testing the adsorption of Ba**, Cr**, Cu®**, Ni**, Pb?* of various polymers

A 20 mL vial was charged with 10.0 mg of the magnetic Co/C polymer (Co/C 1, 70, 4a-y, or 71a-k) and
10 mL of a 100 pM heavy metal solution corresponding to 1.00 umol of each metal: 137 pg Ba?*, 52.0 ug
Cr¥*, 63.6 pug Cu?, 58.7 ug Ni?*, 207 pg Pb? in HaOmilipore. The slurry was vigorously stirred (1000 rpm)
at ambient temperature (25 °C) for 20 hours. After the given time, the nanoparticles were collected by
an external magnet and the solution was analyzed by ICP-OES. Adsorbed metals after 20 hours:
Co/C 1(70% Cr**, 68% Cu*, 42% Ni**, 55% Pb?*.), 70 (88% Cr**, 88% Cu**, 17% Ni**, 81% Pb?*), 71a (98%
Cr®, 93% Cu®, 40% Ni**, 93% Pb?*), 71e (23% Cu?*), 71h (100% Cr**, 99% Cu?*, 58% Ni**, 99% Pb*").

Maximal combined metal uptake of Ba%, Cr®*, Cu*, Ni**, Pb?*

Maximal metal uptake for 71a: A 20 mL vial was charged with 71a (2.1 mg) and 10 mL of a 100 uM
heavy metal solution corresponding to 1.00 umol of each metal: 137 pg Ba?*, 52.0 pg Cr3*, 63.6 pg Cu®,
58.7 ug Ni*, 207 pg Pb* in HyOmiiipore. The slurry was vigorously stirred (1000 rpm) at ambient
temperature (25 °C) for 20 hours. After the given time, the nanoparticles were collected by an external
magnet and the solution was analyzed by ICP-OES. Adsorbed metals after 20 hours: 59% Cr3*, 58% Cu?*,
42% Pb?*; adsorption capacities for metal ions per gram of nanoparticles: 15 mg-g* Cr¥*, 18 mg-g* Cu®,

41 mg-g?! Pb%.
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Maximal combined metal uptake for 71h: A 20 mL vial was charged with 71h (2.2 mg) and 10 mL of a
100 uM heavy metal solution corresponding to 1.00 umol of each metal: 137 ug Ba?*, 52.0 ug Cr*,
63.6 ug Cu?*, 58.7 pg Ni?*, 207 pg Pb? in HaOmilipore. The slurry was vigorously stirred (1000 rpm) at
ambient temperature (25 °C) for 20 hours. After the given time, the nanoparticles were collected by
an external magnet and the solution was analyzed by ICP-OES. Adsorbed metals after 20 hours: 65%
Cr3*, 66% Cu®*, 60% Pb**; adsorption capacities for metal ions per gram of nanoparticles: 15 mg-g™* Cr3*,

19 mg-g! Cu?*, 57 mg-g! Pb?".

Maximal combined metal uptake for 71h within 5 days: A 20 mL vial was charged with 71h (2.3 mg)
and 10 mL of a 200 uM heavy metal solution corresponding to 2.00 pmol of each metal: 275 pg Ba?*,
104 pg Cr¥, 127 ug Cu®, 117 pg Ni%*, 414 pg Pb*, in HaOmilipore. The slurry was vigorously stirred
(1000 rpm) at ambient temperature (30 °C) for 20 hours. After the given time, the nanoparticles were
collected by an external magnet and the solution was analyzed by ICP-OES. Adsorbed metals after
5days: 97% Cr*, 71% Cu*, 2% Ni**, 55% Pb?; adsorption capacities for metal ions per gram of

nanoparticles: 44 mg-g* Cr¥*, 39 mg-g'* Cu*, 98 mg-g?* Pb%, 1 mg-g* Ni?*.

Recycling of 71h with 100 uM solution (Cr3*, Cu?*, Pb?)

A 20 mL vial was charged with 71h (4.0 mg) and 10 mL of a 100 uM heavy metal solution corresponding
to 1.00 pmol of each metal: 52.0 ug Cr®*, 63.6 ug Cu®, 207 pug Pb* in HyOmilipore. The slurry was
vigorously stirred (1000 rpm) at ambient temperature (30 °C) for 20 hours. After the given time, the
nanoparticles were collected by an external magnet and the solution was analyzed by ICP-OES to
determine the adsorbed metal content. The vessel was washed carefully with HyOmilipore (2X 3 mL) to
remove non-adsorbed metals, before stirring the nanoparticles in 5 mL HCI (0.1 M in H;Omiiipore) at
ambient temperature for 30 minutes. The nanoparticles were collected again with a magnet, the
resulting acidic solution was removed and analyzed by ICP-OES to determine the desorbed metal
content. Afterwards, the nanoparticles were regenerated with 5 mL Na,COs solution (0.5 M in
H2Onmilipore) @and washed five times with HaOmiiipore (3 ML) until the washing solution was neutral (pH 6,
pH indicator paper). For the next run, 10 mL of the metal solution (100 uM Cr3*, Cu®*, Pb?*) were added

and the procedure repeated.

Recycling of 71h with 10 uM solution (Cr**, Cu?*, Pb%)

A 20 mL vial was charged with 71h (2.2 mg) and 10 mL of a 10 uM heavy metal solution corresponding
to 0.10 umol of each metal: 5.2 pg Cr®, 6.4 pug Cu?*, 21 pg Pb?* in H2Omilipore. The slurry was vigorously
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stirred (1000 rpm) at ambient temperature (30 °C) for 4 hours. After the given time, the nanoparticles
were collected by an external magnet and the solution was analyzed by ICP-OES to determine the
adsorbed metal content. For the next run, 10 mL of the metal solution (10 pM Cr**, Cu®*, Pb?*) were
added and the procedure repeated. After three runs, the vessel was washed carefully with H;Omilipore
(2x 3 mL) to remove non-adsorbed metals, before stirring the nanoparticles in 5 mL HCI (0.1 M in
H2Omilipore) at ambient temperature for 30 minutes. The nanoparticles were collected with a magnet
and the resulting acidic solution was analyzed by ICP-OES to determine the desorbed metal content of
the combined three runs. Afterwards, the nanoparticles were regenerated with 5 mL Na,COs solution
(0.5 M in H2Omilipore) and washed five times with HyOnmiiipore (3 ML) until the washing solution was neutral
(pH 6, pH indicator paper). For the next run, 10 mL of the metal solution (10 uM Cr*, Cu?, Pb?*) were

added and the procedure repeated.

Recycling of 71h with 10 uM solution (Hg?*)

A 20 mL vial was charged with 71h (2.4 mg) and 10 mL of a 10 uM mercury solution corresponding to
0.10 pumol (20 pg) Hg* in HyOmiipore. The slurry was vigorously stirred (1000 rpm) at ambient
temperature (30 °C) for 10 minutes. After the given time, the nanoparticles were collected by an
external magnet and the solution was analyzed by ICP-OES to determine the adsorbed metal content.
For the next run, 10 mL of the 10 uM Hg?* solution were added and the procedure repeated. After
three runs, the vessel was washed carefully with H,Omiiipore (2X 3 mL) to remove non-adsorbed metals,
before stirring the nanoparticles in 5 mL HCI (2 M in H2Omilipore) @t ambient temperature for 30 minutes.
The nanoparticles were collected with a magnet and the resulting acidic solution was analyzed by ICP-
OES to determine the desorbed metal content of the combined three runs. Afterwards, the
nanoparticles were regenerated with 5 mL Na>COs solution (0.5 M in H2Omilipore) and washed five times
with HaOmilipore (3 mL) until the washing solution was neutral (pH 6, pH indicator paper). For the next

run, 10 mL of the 10 uM Hg?* solution were added and the procedure repeated.

Single metal capacity during recycling

A 20 mL vial was charged with 71h (2.1 mg) and 10 mL (c = 100 uM, 1.00 pmol, 207 pg) Pb?* in H,Omilipore.
The slurry was vigorously stirred (1000 rpm) at ambient temperature (30 °C) for 20 hours. After the
given time, the nanoparticles were collected by an external magnet and the solution was analyzed by
ICP-OES to determine the adsorbed metal content. For the next run, 10 mL (c = 100 uM, 1.00 umol,
207 pg) Pb* in HyOmilipore Were added and the procedure repeated. After three runs, the vessel was

washed carefully with H;Omiiipore (2x 3 mL) to remove non-adsorbed metals, before stirring the
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nanoparticles in 5 mL HCl (0.1 M in HyOmiiipore) at ambient temperature for 30 minutes. The
nanoparticles were collected with a magnet and the resulting acidic solution was analyzed by ICP-OES
to determine the desorbed metal content of the combined three runs. The extraction was repeated
with 5 mL HCl (0.1 M in in H2Omiiipore) and analyzed equally. Afterwards, the nanoparticles were
regenerated with 5 mL Na,;COs solution (0.5 M in HyOmiiipore) and washed five times with HyOmiliipore
(3 mL) until the washing solution was neutral (pH 6, pH indicator paper). For the next three runs, 10 mL
(c =100 uM, 1.00 pmol, 52.0 pg) Cr3* in HyOminpore Were used and the procedure repeated. In run 7 to
9, 10 mL (c = 100 puM, 1.00 umol, 63.6 pg) Cu®* in HaOmiiipore Were used, followed by each 10 mL (c =
100 puM, 1.00 pmol, 201 pg) Hg?* in HyOmilipore for runs 10 to 12. However, the desorption of mercury
was performed with 5 mL HCI (2 M in H2Omiiipore) both times. Adsorbed metals within the three runs of
one heavy metal: 93% Pb**, 52% Cr3", 71% Cu?®*, 33% Hg?*; adsorption capacities for metal ions per
gram of nanoparticles: 273 mg-g* Pb?* (run 1 - 3), 39.9 mg-g?* Cr® (run 4 - 6), 54.9 mg-g* Cu® (run 7 -
9), 94.3 mg-gt Hg?* (run 10 - 12).

Maximal mercury uptake, selectivity

Selectivity test for Co/C 1: A 20 mL vial was charged with Co/C1 (2.6 mg, 4.92% C, 0.06% H) and 15 mL
of a 1 mM heavy metal solution corresponding to 15.0 umol of each metal: 2.06 mg Ba?*, 880 pg Cr**,
953 pug Cu?*, 3.01 mg Hg?*, 880 pg Ni*", 3.11 mg Pb?* in HyOmiipore. The slurry was vigorously stirred
(1000 rpm) at ambient temperature (25 °C) for 89 hours. After the given time, the nanoparticles were
collected by an external magnet and the solution was analyzed by ICP-OES to determine the adsorbed
metal content. 52% (1.57 mg, 7.83 umol) Hg** were adsorbed within 89 hours; Hg?*adsorption capacity:
604 mg-gt NP.

Selectivity test for 71h: A 20 mL vial was charged with 71h (2.0 mg) and 15 mL of a 1 mM heavy metal
solution corresponding to 15.0 umol of each metal: 2.06 mg Ba?*, 880 ug Cr*, 953 pg Cu?, 3.01 mg
Hg?*, 880 ug Ni**, 3.11 mg Pb?* in HaOmilipore. The slurry was vigorously stirred (1000 rpm) at ambient
temperature (25 °C) for 20 hours or 89 hours. After the given time, the nanoparticles were collected
by an external magnet and the solution was analyzed by ICP-OES to determine the adsorbed metal
content. 36% (1.09 mg, 5.43 umol) Hg?* were adsorbed within 20 hours; Hg**adsorption capacity for
20 hours: 545mg-g’t NP. 54% (1.62 mg, 8.07 umol) Hg** were adsorbed within 89 hours; Hg?*adsorption

capacity for 89 hours: 810 mg-g* NP.
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Affinity to other heavy metals

Cd?, Co*, Fe?*: A 20 mL vial was charged with 71h (2.5 mg) and 10 mL of a 100 uM heavy metal solution
corresponding to 1.00 umol of each metal: 112 pug Cd?**, 58.9 pug Co?, 55.9 ug Fe* in HyOmilipore. The
slurry was vigorously stirred (1000 rpm) at ambient temperature (30 °C) for 20 hours. After the given
time, the nanoparticles were collected by an external magnet and the solution was analyzed by ICP-
OES to determine the adsorbed metal content. Furthermore, the brownish residue in the vial and the
desorption were analyzed by ICP-OES. Adsorbed metals after 20 hours: 20% (0.197 umol, 22.2 ug,
8.9 mg-g! NP) Cd*, no Co? (143 pg found in solution), 80% Fe?* (24% as residue in vial, 33%
(0.330 umol, 18.4 pg, 9.2 mg-g* NP) desorbed by NPs).

Zn%: A 20 mL vial was charged with 71h (2.0 mg) and 10 mL (c = 100 uM, 1.00 pmol, 65.4 pg) Zn* in
H2Onmillipore. The slurry was vigorously stirred (1000 rpm) at ambient temperature (30 °C) for 20 hours.
After the given time, the nanoparticles were collected by an external magnet and the solution was
analyzed by ICP-OES to determine the adsorbed metal content. Adsorbed Zn?* after 20 hours: 42%
(0.422 pmol, 27.6 ug, 13 mg-g’* NP).

Hg?*: A 20 mL vial was charged with 71h (2.3 mg) and 10 mL (c = 100 uM, 1.00 pmol, 201 pg) Hg?* in
H2Onmillipore. The slurry was vigorously stirred (1000 rpm) at ambient temperature (30 °C) for 10 minutes.
After the given time, the nanoparticles were collected by an external magnet and the solution was
analyzed by ICP-OES to determine the adsorbed metal content. Adsorbed Hg?* after 10 minutes: 43%
(0.435 pmol, 87.3 ug, 38.0 mg-g’t NP).

Real experiment

A 20 mL vial was charged with 71h (2.3 mg) and 10 mL of a 10 uM heavy metal solution corresponding
to 0.10 pmol of each metal: 5.2 pg Cr**, 6.4 pg Cu®*, 20 ug Hg?*, 21 ug Pb?* in mineral water.® The slurry
was vigorously stirred (1000 rpm) at ambient temperature (30 °C) for 20 hours. After the given time,
the nanoparticles were collected by an external magnet and the solution was analyzed by ICP-OES to
determine the adsorbed metal content. The vessel was washed carefully with H;Omitipore (2X 3 mL) to
remove non-adsorbed metals, before stirring the nanoparticles in 5 mL HCl (2 M in H;Omiiipore) at

ambient temperature for 30 minutes. The nanoparticles were collected again with a magnet, the

$ Natural mineral water, non-carbonated, botteled in Quintus spring in Bruchsal (Germany) from EDEKA.

Mineral water analysis from Institute Romeis Bad Kissingen GmbH: sodium 20.0 mg-L%, potassium 2.0 mg-L'1, magnesium 18.2
mg-L1, calcium 97.0 mg-L?, chloride 4.6 mg:-L%, fluoride 0.35 mg-L!, sulfate 14.1 mg-L"}, hydrogencarbonate 415.0 mg-L1.
pH = 8.
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resulting acidic solution was removed and analyzed by ICP-OES to determine the desorbed metal
content. Afterwards, the nanoparticles were regenerated with 5 mL Na,COs solution (0.5 M in
H2Onmiliipore) @and washed five times with H,Onmiiipore (3 ML) until the washing solution was neutral (pH 6,
pH indicator paper). For the next run, 10 mL of the metal solution (10 uM Cr*, Cu?*, Hg*, Pb%*) were
added and the procedure repeated. Adsorbed metals after 20 hours: 84% Cr3*, 89% Cu?*, 86% Hg?*,
93% Pb?* in run 1. 84% Cr*, 92% Cu?*, 87% Hg?*, 94% Pb?* in run 2.

Metal adsorption for EDS measurement

A 20 mL vial was charged with 71h (6.5 mg) and 10 mL of a 100 uM heavy metal solution corresponding
to 1.00 umol of each metal: 52.0 pg Cr3*, 63.6 pg Cu?*, 201 pg Hg?*, 207 ug Pb?* in HyOmilipore- The slurry
was vigorously stirred (1000 rpm) at ambient temperature (30 °C) for 20 hours. After the given time,
the nanoparticles were collected by an external magnet and the solution was analyzed by ICP-OES to
determine the adsorbed metal content. The nanoparticles were washed with H2Onilipore (3 mL), acetone
(4x 4 mL), and dried in vacuum. Adsorbed metals after 20 hours: 99% Cr®*, 99% Cu?*, 99% Hg?*, 99%
Pb?.

5.2.3. ICP-OES

For ICP-OES measurements, a multi-metal calibration was performed, dissolving the following metal
salts in 32% aqua regia (v/v): BaCl:2H,0, CdBr;-4H,0, CoCl,-6H,0, CrCl3:6H,0, Cu(OAc),-H20,
FeCl,-4H,0, HgCl,, NiCl,-6H,0, Pb(OAc),:3H,0. The zinc calibration was performed with ZnBr, in 10%
HCl (v/v).

The metals were determined at the following wavelengths (additional wavelengths as control in
brackets): Ba A=455.404nm (A=233.527nm), Cd A=214.438nm (A=226.502nm), Co
A=228.616 nm (A=237.862nm), Cr A=267.716 nm (A=283.563nm), Cu A=324.754nm
(A=219.226 nm), Fe A=259.941nm (A=275.573nm), Hg A=184.950nm (A=194.227 nm),
Ni A=231.604nm (A=221.648 nm), Pb A=220.353 nm (A=168.215nm), Zn A=213.856 nm
(A =206.200 nm, 334.502 nm).

ICP-OES sample preparation for adsorption:

To determine the adsorption of the various heavy metals, typically 10 mL of a metal solution with
defined concentration was added to 2.0 mg of the functionalized Co/C nanobeads and stirred for a
given time at room temperature (30 °C). The nanoparticles were collected by an external magnet and

5 mL (or 6 mLin case of recycling) of the supernatant was transferred to a 10 mL volumetric flask. After
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adding 2.4 HCleonc. and 1.2 mL HNO3 conc, the flask was filled with H,O (millipore grade) to 10 mL.
Subsequently, the solution was filtered through a syringe filter (hydrophilic PTFE 0.2 um) resulting in a

32% aqua regia solution (v/v).
ICP-OES sample preparation for desorption:

To determine the desorption of the heavy metals into the acidic solution, the complete supernatant of
the adsorption process was removed and the glass washed carefully with H,O (millipore grade) to
remove leftover metal solution with not-adsorbed metals. 5 mL of HCI (0.1 M, corresponding to
0.04 mL HCleone. or 2 M HCl in case of Hg?* corresponding to 0.8 mL HCleon.) was added to the
nanoparticles and stirred for 30 minutes at room temperature (30 °C). After magnetic decantation, the
nanoparticles were washed two times with H,O (millipore grade) and all combined solutions were
collected in a 10 mL volumetric flask. 2.36 mL (or 1.6 mL in case of Hg?*) HClconc, and 0.8 mL HNOs conc.
were added and the flask was filled with H,O (millipore grade) and was filtered through a syringe filter

(hydrophilic PTFE 0.2 um) to result in a 32% aqua regia solution (v/v).

5.3.Additional figures and miscellaneous
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Appendix

G. Appendix

1. NMR spectra

'H NMR spectra: upper image

13 C NMR spectra: lower image

Frequency and solvent are noted at the top of the spectra.
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4-Methoxy-1,1’-biphenyl (16)
1H NMR (300 MHz, CDCls)
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Appendix

4-Methyl-1,1’-biphenyl (24)
'H NMR (300 MHz, CDCls)
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Appendix

4-Nitro-1,1’-biphenyl (26)
1H NMR (300 MHz, CDCls)
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1-Phenylnaphthalene (28)
1H NMR (300 MHz, CDCls)
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4-Aminophenol

H NMR (400 MHz, MeOD)
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Appendix

(S,S)-Bis(4-isopropyl-4,5-dihydrooxazol-2-yl)prop-2-ynylamine
H NMR (300 MHz, CDCl3)

\

OW/N \O
’P}N NJ”Pr ”//

1974
2.002
1 2.00q
{200,

T T T S A - -
105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25
f1 (ppm)

13C NMR (75 MHz, CDCl5)

156.52

—39.78
—32.83
- 18.72
X\ 17.69

T T T T T T T T T T T T T T T
240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70
f1 (ppm)
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Appendix

(1S,5S,6S5)-(—)-2-Oxabicyclo[3.1.0]hex-3-ene-3,6-dicarboxylic 6-tert-butyl ester 3-methyl ester (66)
'H NMR (300 MHz, CDCls)

H

M602C “

O H

| l 1 N Joa
b & d 4 d
- o S - 3
S S - [
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
1 (ppm)
13C NMR (75 MHz, CDCls)
<) =) n <+
N @ - n Mmooy © n ¥ ©
- o a ) o=~ 1 b NN n
~ n < — “INNWO N o — 0 N
— — — — ONNN O n MmN N
S l/\

T T T T T T T T T T T T T T T
240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)
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Appendix

(1S,5S,6S)-Di-tert-butyl-2-azabicyclo[3.1.0]hex-3-ene-2,6-dicarboxylate (67)
'H NMR (300 MHz, CDCls)

H

W.-\CoztBu

N "H

A A Nn
J T ! T g T
IS =} =} ] SR )
- =t — - o o =
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)
13C NMR (75 MHz, CDCls)
M — o O INEA (o)}
N T3 N 2 N WO Y ©CO ORNNN A
NN - o o =} Qe =AN = ©ONMN-
NN wn wn NN — — ONN WO T ™M — O 0 W T
55 B A b ®BNNN TY MRANAN
N ' ~ N\ DN e

e
o

T T T T T T T T T T T T T T T
240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
f1 (ppm)
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Appendix

2. GCchromatograms
1,2-Diphenylethane (7)

Calibration with dodecane as internal standard, starting material, and product.

755.0]
mV 5
internal standard
5845
g 1,2-diphenylethane
1 ~ :
] | & 1,2-diphenylethyne
4140 2 3
| ~
3
solvent |
2435] [
| L 1|
v v - . - T T - - v
g (o 13 26 a9 52 65 78 91 10.4 117 13.0
Injection Time: 01 June 2017 at 15:00:34 [Active Status) Minutes

Type: AUTOINJ Injection Number: 250 Channel: Channel A Acquisition Rate: 4Hz
Method File: C:\PW4\sti53059\0001_sti53050.mth  Baseline noise: (not calculated)
Standard File: (none) Sequence File: C:\PW4\stIS3050s 153059 .seq

Peak RT Area SAr Conc. (Ar) Height M Units Name
1 3.238 614.018 39.41 Not Calculated 374.631 1
2 6.271 544.397 34.94 Not Calculated 306.147 1
3 7.504 399.744 25.65 Not Calculated 231.672 1

Measurement of reaction sample with dodecane as internal standard.

702.4
mvV
44 internal standard
o
&
-
39651 s 1,2-diphenylethane
| -
a
<
Ivent A
24251 Solven |
90.6] l
624 13 26 39 52 65 78 9.1 104 1.7 13.0
Injoction Time: 07 Aprll 2017 at 15:47:49 [Active Status) Minutes

Type: AUTOINJ Injection Number: 191 Channel Channel A Acquisition Rate: 4Hz
Method Filo: CAPW4\s530590001_st53050.mth  Baseline noise: (not calculated)
Standard File: (none) Sequence File: C:\PWA\SHS305Ms 853050 seq

Peak RT Area fr Conc. (Ar) Height M Units Naze
1 3.296 466.428 59.42 Not Calculated 324.87¢ 1
2 €.313 318.540 40.58 Not Calculated 188.196 1
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Appendix

Ethylbenzene (with ethynylbenzene as starting material)

Calibration with dodecane as internal standard, starting material, and product.

741.2]
internal standard
mV 4
g 15.846
5883 |
435.4] ethylbenzene
ethynylbenzene
Z2 _ styrene
2825] v
@<
| | S
solvent |
1206
233 v v v . " , v v v —
20 40 60 80 100 120 140 160 180 200
Injection Time: 30 May 2017 at 16:51:20 [Active Status] Minutes

Type: AUTOINJ Injection Number: 242 Channelk Channel A  Acquisiion Rate: 4Hz
Method File: CAPW4\sti53050\0001_sti53059.mth  Baseline noise: (not calculated)
Standard File: (none) Sequence File: CAPWA\stIS305Ms 853050 seq

Peak RT Area %Ar Conc. (Ar) Height M Units Name
1 5.450 502.018 21.87 Not Calculated 198.0%0 1
2 5.813 451.838 19.68 Not Calculated 174.061 1
3 6.383 434.199 18.92 Not Calculated 146.180 1
4 15.846 907.377 39.53 Not Calculated 545.216 1

Measurement of reaction sample with dodecane as internal standard.

solvent
738.3]

mv internal standard

5749 2
| 15.729

411.5]

ethylbenzene

248.17

—_— 5329

T T T T T T T T u 1
20 4.0 6.0 80 10.0 120 14.0 16.0 180 200
Injection Time: 08 April 2017 at 17:32:20 [Active Status] Minutes

Type: AUTOINJ Injection Number: 205 Channet: Channel A Acquisition Rate: 4Hz

Method File: C:\PW4\sti53059\0001_sti53050.mth Baseline noise: (not calculated)

Standard File: (none) Sequence File: C:\PW4\sti53050st53059.5eq

-78.8

Peak RT Area %Ar Conc. (Ar) Height M Units Name
1 5.329 357.819 33.01 Kot Calculated 124.955 1
2 15.729 726.224 £6.99 Not Calculated 476.988 1
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Appendix

Ethylbenzene (with styrene as starting material)

Calibration with dodecane as internal standard, starting material, and product.

798.5]
mv internal standard
628.2] @
3
ethylbenzene 3
57.8] e
4 & § styrene
1 o
2
solvent | |
287.5]
17.17
a2 15 30 a5 80 75 2.0 105 12.0 135 150
Injection Time: 30 May 2017 at 16:17:05 [Active Status] Minutes

Type: AUTOINJ Injection Number: 241 Channel: Channel A Acquisition Rate: 4Hz
Method File: C:\PW4\siS30500001_sti53059. mth  Baseline noise: (not calculated)
Standard File: (none) Sequence File: C:\PW4\sti53050\s153059 seq

Peak RT Area %Ar Conc. (Ar) Height M Units Name
1 5.013 536.709 26.07 Not Calculated 297.414 1
2 5.550 510.808 24.81 Not Calculated 278.130 1
3 11.629 1011.439 49.12 Not Calculated 425.388 1

Measurement of reaction sample with dodecane as internal standard.

779.2]
mv internal standard
616.9] 3
ethylbenzene 2
45477 8 I
@
1
29247
isolvent]
130.2]
1 |
321 v v v B v T T v v y
15 30 45 60 75 9.0 105 12.0 135 15.0
Injection Time: 07 April 2017 at 13:59:48 [Active Status] Minutes

Type: AUTOINJ Injection Number: 188 Channel: Channel A Acquisition Rate: 4Hz
Method File: C:\PW4\stI53059\0001_sti53050.mth  Baseline noise: (not calcutated)
Standard File: (none) Sequence File: C:\PW4\sti5305Ns153059.5eq

Peak RT Area %Ar Conc. (Ar) Height M Units Name
1 5.029 558.646 34.04 Not Calculated 307.320 1
2 11.642 1082.368 £5.96 Not Calculated 439.706 1
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Bicyclo[2.2.1]heptane

Calibration with dodecane as internal standard, starting material, and product.

7206
solvent
internal standard
mV
573.7] 8
bicyclo[2.2.1]hept-2-ene i
417.9] & £ bicyclo[2.2.1]heptane
~ 0
1 T
262.1] I
106.2]] L
496 T I T T T T T T T T 1
: 18 36 54 7.2 9.0 108 128 14.4 16.2 180
Injection Time: 27 October 2017 at 10:27:01 [Active Status] Minutes

Type: AUTOINJ Injection Number: 273 Channel: Channel A Acquisition Rate: 4Hz
Method File: C:\PW4\sti5305910001_sti53059.mth  Baseline noise: (not cakculated)
Standard File: (none) Sequence File: C:\PW4\sti53059\st153050.seq

Peak RT Area %Ar Conc. (Ar) Height M Units Nazme
12.592 472.816 23.44 Not Calculated 241.242 ©
2 3.038 524.395 25.99 Not Calculated 250.771 0
3 11.650 1020.333 50.57 Not Calculated 412.645 0

Measurement of reaction sample with dodecane as internal standard.

570.47

=y internal standard

450.3]

—_— 11600

330.2] bicyclo[2.2.1]heptane
solvent

210.07

—_— 3071

T T T T T T T T T
1.5 30 45 6.0 75 2.0 10.5 12.0 135 15.0
Injection Time: 27 October 2017 at 15:05:06 [Active Status) Minutes
Type: AUTOINJ Injection Number: 278 Channel: Channel A Acquisition Rate: 4Hz

Method File: C:\PW4\stI53059\0001_sti53059.mth Baseline noise: (not calkculated)

Standard File: (none) Sequence File: C:\PWA\sti5305%st53059.seq

-30.2

Peak RT Area $Ar Conc. (Ar) Height M Units Naze
1 3.071 265.237 30.04 Not Calculated 140.138 ©
2 11.600 617.808 £9.96 Not Calculated 300.747 ©
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Ethane-1,1-diyldibenzene

Calibration with dodecane as internal standard, starting material, and product.

™3
mv
6263 .
internal standard
g
p
459.2] 1 g2
| £$
2903.1] ethane- | | ethene-
solvent 1,1-diyl- | | 1,1-diyl-
dibenzene | | dibenzene
127.0]
T T l T T l I T T T T T "
o 13 26 39 52 65 78 a1 104 17 12.0
Injection Time: 07 June 2017 at 08:07:12 [Active Status) Minutes

Type: AUTOINJ Injection Number: 253 Channel: Channel A  Acquisition Rate: 4Hz
Method File: C:\PWA4\stS3059\0001_sti53059.mth  Baseline noise: (not calculated)
Standard File: (none) Sequence File: C:A\PW4\stIS3050\s153059.seq

Peak RT Ares fAr Conc. (Ar) Height M Units Na=e
1 3.242 540.902 35.04 Not Calculated 360.928 1
2 5.950 486.426 31.51 Not Calculated 291.163 1
3 6.192 516.372 33.45 Not Calculated 298.629 1

Measurement of reaction sample with dodecane as internal standard.

7854

mV

internal standard
ethane-1,1-diyldibenzene

4555

— 3225
— N5 06

| solvent
206

126.7]

L 1 |

S | |

e 1.3 26 39 52 65 78 21 104 17 13.0
Injection Time: 10 April 2017 at 13:51:38 [Active Status] Minutes

Type: AUTOINJ Injection Number: 221 Channet: Channel A  Acquisition Rate: 4Hz

Method Flo: CAPW4\s53059\0001_stiS3050.mth  Baseline noise: (not calculated)

Standard File: (none) Sequence File: CAPWA\sUS305AsU53059 seq

Peak RT Area fAr Conc. (Ar) Height M Units Nazme
1 3.225 5$72.195 50.58 Not Calculated 368.629 1
2 5.946 559.095 49.42 Not Calculated 312.839% 1
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Appendix

1,2-Diphenylethane (7)

Calibration with dodecane as internal standard, starting material, and product.

7688
mV
60147 internal standard
g 1,2-diphenylethane
”
1 &
g ~ .
4340 | ¢ # (£)-1,2-diphenylethene
~
I 3
solvent I
266.7]
99.3]
el 13 26 39 52 65 78 9.1 104 17 130
Injection Time: 30 May 2017 at 15:23:39 [Active Status) Minutes
Type: AUTOINJ Injection Number: 239 Channel: Channel A Acquisition Rate: 4Hz
Method File: CAPW4\st530590001_sti53059.mth  Baseline noise: (not calculated)
Standard File: (none) Sequence File: C:\PWA\sHS305Ns153059.5eq
Peak RT Area %Ar Conc. (Ar) Height M Units Naze
13.179 587.243 35.17 Not Calculated 380.476 1
2 6.225 553.193 33.13 Not Calculated 308.164 1
3 7.%08 529.288 31.70 Not Calculated 279.721 1

Measurement of reaction sample with dodecane as internal standard.

717.9]
mv
] internal standard
5685 o
= .
9 1,2-diphenylethane
X 8
| a
- <
4191 2
solvent l
269.6]
120.2]
T T T T l T T T T T ol
82 13 26 a9 52 85 78 21 10.4 17 13.0
Injection Time: 08 April 2017 at 15:11:25 [Active Status] Minutes

Type: AUTOINJ Injection Number: 200 Channel: Channel A  Acquisition Rate: 4Hz
Meathod File: CAPW4\stIS3059\0001_stiS3059.mth Baseline noise: (not calculated)
Standard File: (none) Sequence File: C:APW4\st53059\s153059.5eq

Peak RT Area BAr Conc. (Ar) Height M Units Naze
1 3.242 598.870 49.90 Not Calculated 393.246 O
2 6.300 601.357 S50.10 Not Calculated 320.017 1
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Methylcyclohexane

Calibration with dodecane as internal standard, starting material, and product.

694.9
mV

540.47 internal standard

methylcyclohexane 3
l 11.542
] = 8 1-methylcyclohex-1-ene
386.0 Y g
solvent | l
231.5]
77.0] L l | I

7.5 1 5‘ 30 45 6.0 75 9.0 10.5' 120 13 5' 15.0‘

Injection Time: 01 June 2017 at 12:11:43 [Active Status) Minutes

Type: AUTOINJ Injection Number; 244 Channel: Channel A Acquisition Rate: 4Hz
Method File: C:\PW4\s530590001_st53059.mth  Baseline noise: (not calculated)
Standard File: (none) Sequence File: C:\PW4\stIS3050\s153059.seq

Peak RT Area %Ar Conc. (Ar) Height M Units Name
1 2.708 448.347 24.65 Not Calculated 272.506 1
2 3.383 446,984 24.58 Not Calculated 259.028 1
3 11.542 923.184 50.77 Not Calculated 3%3.809 1

Measurement of reaction sample with dodecane as internal standard.

750.0]
mv internal standard
i ~
500.1 P
2
43021 methylcyclohexane l
3
solvent '1;
270.2] |
110.3]
<408 15 a0 45 6.0 75 9.0 105 120 1358 15.0
Injection Time: 09 April 2017 at 15:58:10 [Active Status) Minutes

Type: AUTOINJ Injection Number: 217 Channel: Channel A  Acquisition Rate: 4Hz
Method File: CAPWA4\stIS3059\0001_sti53059.mth Baseline noise: (not calculated)
Standard File: (none) Sequence File: C:A\PW4\stI53050\s53059 seq

Peak RT Area fAr Conc. (Ar) Height M Units Name
1 2.763 377.109 27.73 Not Calculated 219.384¢ 1
2 11.617 982.823 72.27 Not Calculated 416.475 1
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Appendix

Methyl 3-phenylpropanoate

Calibration with dodecane as internal standard, starting material, and product.

7354
mv
577.6] internal standard
1
I 5692
&6 methyl 3-phenylpropanoate
2 % methyl cinnamate
solvent § 3
2626] | |
105.1] l L
528 1.0 20 a0 a0 50 60 70 80 20 100
Injection Time: 07 June 2017 at 12:11:42 [Active Status] Minutes

Type: AUTOINS Injection Number: 260 Channel: Channel A  Acquisition Rate: 4Hz
Method Fie: C\PW4\s35305\0001_suS3059.mth  Baseline noise: (not calculated)

File: (none) S File: C\PW4\st53050\s 453059 seq
Peak RT Area BAr Conc. (Ar) Height N Units Name
1 5.692 €96.369 S2.06 Not Calculated 440.82¢6 1
2 €6.179 276.999 20.71 Not Calculated 215.307 1
3 .67 364.378 27.24 Not Calculated 231.691 1

Measurement of reaction sample with dodecane as internal standard.

741.2]
mV
583.1]
internal standard
g
=
"]
z) w
4249 1
| methyl 3-phenylpropanoate
solvent 2
] <
266.7 2
108.6]
L |
T T T T T T T T T 1
e 10 20 30 40 50 60 70 80 90 10.0
Injection Time: 01 June 2017 at 14:32:58 [Active Status] Minutes
Type: AUTOINJ Injection Number: 249 Channel: Channel A Acquisition Rate: 4Hz
Method File: C:\PW4\s853056\0001_stiS3050.mth  Baseline noise: (not calculated)
Standard Fie: (none) Sequence File: CAPWA4\sI5305Ns53059 seq
Peak RT Area s  Conc. (Ar) Height M Units Name
1 5.675 471.015 66.14 Not Calculated 326.428 0
2 6.179 241.179 33.86 Not Calculated 168.902 0
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Appendix

4-Methylpentan-2-one

Calibration with dodecane as internal standard, starting material, and product.

738.3]
3
| 0858
mv internal standard
579.6]
4208] 4-methylpentan-2-one
&  4-methylpent-3-en-2-one
solvent o 8
Ll
262.17] I i
103.3] l
L ~ | [ | |
84 13 26 39 52 65 78 9.1 10.4 17 130
Injection Time: 01 June 2017 at 13:33:19 [Active Status) Minutes

Type: AUTOINS Injection Number: 247 Channel: Channel A Acquisition Rate: 4Hz
Method File: C:\PW4\sti53050\0001_st53059.mth  Baseline noise: (not calculated)
Standard File: (none) Sequence File: C\PW4A\stS305Ms853059.50q

Peak RT Area %Ar Cone. (Az) Height M Units Name
12.750 307.871 20.17 Not Calculated 210.411 1
2 3.650 284.350 18.63 Not Calculated 170.586 1
3 5.858 934.303 61.20 Not Calculated 604.722 1

Measurement of reaction sample with dodecane as internal standard.

750.0]
mV
590.1]
2
I 9.875
| internal standard
4302
solvent 4-methylpentan-2-one
o
270.2] ~
o~
1
110.3] |
- - - - : - . . - ~
o 13 26 ae 52 65 78 a1 10.4 17 130
Injection Time: 01 June 2017 at 13:13:07 [Active Status) Minutes

Type: AUTOINJ Injection Number: 246 Channel: Channel A Acquisition Rate: 4Hz
Method File: C:\PW4\sti530500001_sti53059.mth Baseline noise: (not caiculated)
Standard Fie: (none) Sequence File: CAPW4\sti5305Nst153059 seq

Peak RT Area SAr Conc. (Ar) Height M Units Nazme
12.775 182.584 24.88 Not Calculated 117.833 1
2 9.875 551.364 75.12 Not Calculated 432.648 1
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Appendix

Aniline

Calibration with ethylbenzene as internal standard, starting material, and product.

744.2]
mV
588.3]
solvent internal standard
4325] §
1
| aniline  nitrobenzene
~
276.7} Z 3
~ o
2 3
12087 L L
MO0 15 30 a5 60 75 90 105 120 135 150
Injection Time: 01 June 2017 at 12:43:53 [Active Status) Minutes
Type: AUTOINJ Injection Number: 245 Channet Channel A Acquisition Rate: 4Hz
Method File: C:\PW4\stIS30500001_sti53059.mth  Baseline noise: (not calculated)
File: (none) S File: C:APW4\stS 3059.58q
Peak RT Area SAr Conc. (As) Reight M Units Nazme
1 5.000 530.401 45.31 Not Calculated  296.475 1
2 7.05¢8 316.316 27.02 Not Calculated  126.138 1
3 9.042 323,868 27.67 Not Calculated  132.938 1

Measurement of reaction sample with ethylbenzene as internal standard.

7383
mvV
584.8
internal standard
] o
4313 8
w
solvent 1
7781 | aniline
o
2
=
2
124.3] |
T =T
265 r v v v v v v v v v
1.5 30 45 6.0 75 9.0 105 120 135 150
Injection Time: 07 April 2017 at 15:28:17 [Active Status) Minutes

Type: AUTOINJ Injection Number: 190 Channel: Channel A  Acquisition Rate: 4Hz
Method File: C:\PW4\s53059\0001_st53059.mth  Basaline noise: (not calculated)
Standard File: (none) Sequence File: C:\PW4\st53050st53059 seq

Peak RT Ares SAr Conc. (Ar) Reight M Units Name
1 5.000 492.750 63.57 Neot Calculated 272.683 1
2 7.038 282.335 36.43 Not Calculated 82.843 1
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Appendix

4-Aminotoluene

Calibration with dodecane as internal standard, starting material, and product.

819.2]
solvent
mV
1 internal standard
650.5
N
&
4-nitrotoluene 3
481.9] '
4-aminotoluene
g 8
3 =
313.27 5 -
| 2
144.6 ‘
.24 0 T T T T I T T T T T 1
3 18 36 54 7.2 2.0 10.8 126 14.4 16.2 18.0
Injection Time: 27 October 2017 at 11:59:43 [Active Status] Minutes

Type: AUTOINJ Injection Number: 275 Channel: Channel A Acquisition Rate: 4Hz
Method File: C:\PW4\sti5305910001_sti53059.mth  Baseline noise: (not calkculated)
Standard File: (nong) Sequence File: CAPW4\sti5305%stI53059.seq

Peak RT Area $Ar Conc. (Ar) Height M Units Nazme
1 B.950 521.553 25.74 Not Calculated 196.303 1
2 11.329 43B.264 21.63 Not Calculated 167.991 0
3 11.621 1066.469 52.63 Not Calculated 424.781 ©

Measurement of reaction sample with dodecane as internal standard.

764.6]
internal standard
mV solvent
E 2
607.6 I 11.608
«0e] 4-aminotoluene
o
&
«©
1
20367 [
136.6 |
- |
4 T T T T I T T I T T 1
o 1.8 36 5.4 7.2 2.0 10.8 128 14.4 18.2 18.0
Injection Time: 02 November 2017 at 15:09:30 [Active Status] Minutes

Type: AUTOINJ Injection Number: 286 Channel: Channel A Acquisition Rate: 4Hz
Method File: C:\PW4\sti5305910001_sti53059.mth Baseline noise: (not calculated)
Standard File: (none) Sequence File: C:\PW4\sti5305%st153059.5eq

Peak RT Area $Ar Conc. (Ar) Height M Units Name
1 B.342 633.491 30.26 Not Calculated 240.839 1
2 11.608 1459.756 69.74 Not Calculated 528.909 1
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Appendix

Ethyl (1R,2R)-2-phenylcyclopropane-1-carboxylate (trans-cyclopropane 35)
Ethyl (1R,2S)-2-phenylcyclopropane-1-carboxylate (cis-cyclopropane 35)

Calibration with dodecane as internal standard, starting material, and product.

750.0]
mV
600.0]
cis-cyclopropane
«o.0] trans-cyclopropane
solvent
styrene internal standard
300.0] 2
¢ g
1 2 o
| | 83 o
1509 g S % 3
3 *l | 5
L I | I HIY I
0.0 1.5 30 45 6.0 75 9.0 105 120 135 150
Injaction Time: 05 February 2019 at 15:25:03 [Active Status] Minutes

Type: AUTOINJ Injection Number: 335 Channel: Channel A Acquisition Rate: 4Hz
Method File: CAPWA\sES3050\0001_st53059.mth  Baseline noise: (not calculated)
Standard File: (none) Sequence File: CAPWA\sti53050st53050 seq

Peak RT Area $Ar Conc. (Ar) Reight M Units Na=e
1 3.625 309.465 46.40 Not Calculated 131,819 1
2 5.504 212.503 31.86 Not Calculated 139.888 1
3 7.700 7.108 1.07 Not Calculated 1.942 1
4 10.338 40.289 6.04 Not Calculated 19.013 1
S 10.825 85.079 12.76 Not Calculated 45.604 1
6 14.042 12.563 1.88 Not Calculated 1.323 1

Measurement of reaction sample with dodecane as internal standard.

€47.0
cis-cyclopropane
mV
internal standard
500.51 5 trsans»cyclopropane
©
2 Q | 10.929
1 -
solvent I e
J . 4
L diethyl maleate
diethyl fumaraJe
2329 |
B
-~
L 3
2 3 :
046 | l 6
B 15 30 45 6.0 75 9.0 105 120 135 150
Injection Time: 20 March 2019 at 08:36:36 [Active Status] Minutes

Type: AUTOINJ Injection Number: 361 Channel: Channel A Acquisition Rate: 4Hz
Method File: C:\PW\st53050\0001_sti53050.mth Baseline noise: (not calculated)
Standard File: (none) Sequence File: C:\PWAstIS3050s153050 seq

Peak RT Area fAr Conc. (Ar) Height M Units Nazme
1 5.583 576.969 26.65 Not Calculated 336.91¢4 1
2 7.425 87.199 4.03 Not Calculated 61.209 1
37.721 77.416 3.58 Not Calculated 45.90¢4 1
4 10.425 542.236 25.04 Not Calculated 288.349 1
5 10.929 869.778 40.17 Not Calculated 400.121 1
6 11.108 11.594 0.54 Not Calculated 4.282 1
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Appendix

GC-MS chromatogram of trans- and cis-cyclopropane 35

Chromatogram A D:\Shimadzu\MS_Daten\A_05.02.2019_1.qzd

TIC
28,637,203 B -
j =}
. |T ool y 4 . ; L i
™ T DA LML Oy AL A R AR AN BAAREARARS RARLE iARAN RARAR AR i RRARLARRAS T
3.0 4.0 50 6.0 7.0 8.0 9.0 10.0 1.0 12.0 13.0 14.0 14.
min
Peak Report TIC
Peaks R.Time Area| Area’% Height| Height% A/H| Mark [Name
1 4.537 87837176 31.56 25489176 19.93 3.45 Styrene
2 4.636 1317057 0.47 1267809 0.99 1.04] S5V
3 5.604 76916659 27.63 28577127 2235 269 V Decane
4 7.065 23992879 8.62 14177121 11.09 1.69] SV [2-Butenedioic acid (Z)-, diethyl ester
5 7.208 21717350 7.80 14975430 11.71 1.45| SV |Diethyl fumarate
6 9.101 21340179 7.67 15229423 1191 1401 V  [trans-1-Carbethoxy-2-phenylcyclopropa
7 9.437 33568090 12.06 18741930 14.66 1.79| V_ [trans-1-Carbethoxy-2-phenylcyclopropa
8 9.480 3787631 1.36 2559381 2.00 148 V
9 9.522 3117236 1.12 2595314 203 1.20f WV
10 11.577 3328627 1.20 3362146 2.63 099 V
11 12.872 1425147 0.51 BETORE 0.69 1.61 Vv
278348031 100.00 127862545 100.00

Chiral GC chromatogram (Cyclodex-B column) of trans- and cis-cyclopropane 35

Measurement of reaction sample (oven temperature: 135 °C isotherm).

7617

mvV

409

(1R,2R)-cyclopropane

(1R,2S)-cyclopropane

(1S,2S)-cyclopropane

JL( 15,2R)-cyclopropar}g

T T T v v )
210 240 270 300
Minutes

T T
150 180

30 60 90 120

Unite Name
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3. HPLC chromatograms

2-Oxabicyclo[3.1.0]hex-3-ene-3,6-dicarboxylic 6-tert-butyl ester 3-methyl ester (66)

55 l:-i t
50 = CO,Bu
45 ?,
MeO,C “
40 2 O H
35
30
2
= 25
E 2
18
=]
12
=
0 ;
-5
-10
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44
Min
Peak Results :
Index | Name Time | Quantity | Height Area| Area %
[Min] | [% Area] | [mAU] | [mAU.Min] [% |
1 UNKNOWNN | 13.96 49,52 554 339 40522
2 |UNKNOWN|[2242]| 5048| 354 345| 50478
Total 100.00 90.8 68.4 | 100,000

(15,5S,6S5)-(—)-2-Oxabicyclo[3.1.0]hex-3-ene-3,6-dicarboxylic 6-tert-butyl ester 3-methyl ester (66)

280
260 T .\CO,Bu
240 U
220 MeO,C™ o,
200
180
160
2
Z 140
€ 120
100
8
62
48
2'E i
0 . %—| %ﬁ%
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44
Min
Peak Results :
Index | Name Time | Quantity | Height Area| Area %
[Min] | [% Areal | [mAU] | [mAU.Min] [%l |
1 UNKNOWN | 13,92 93,49 273.0 1044 | 93.489
2 UNKNOWN | 22,65 6,51 13.6 7.3 6.511
Total 100.00| 286.6 111.7 1 100.000
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Di-tert-butyl-2-azabicyclo[3.1.0]hex-3-ene-2,6-dicarboxylate (67)

600 :l"—|
550 / \\'002tBU
500
N "H
450 Boc
400
350
3 300
£
250
200
15(8
i=]
10(€
=
;. L
0 ﬁ" jjf
012345678 9101112131415161718192021222324252627 282930
Min
Peak Results :
Index | Name Time | Quantity| Height Area| Area%
[Min] | [% Areal | [mAU] | [mAU.Min] [%l
1 UNKNOWN | 10,37 49.79| 609.2 1728 | 49.791
2 UNKNOWN | 15,18 50.21| 4339 1742 | 50.209
Total 100,00 | 1043.1 347.0 | 100.000
Di-tert-butyl (15,55,65)-2-azabicyclo[3.1.0]hex-3-ene-2,6-dicarboxylate (67)
400 H
300 N" H
Boc
250
-]
2 200
£
150
10 g
g
5
b
0 - ﬁ;-'. - —3
01234567 8 910111213141516171819202122 2324 25262728 2930
Min
Peak Results :
Index | Name Time | Quantity | Height Area| Area %
[Min] | [% Area] | [mAU] | [mAU.Min] [%|
1 UNKNOWN | 10.29 36.68| 3520 1321 36.677
2 UNKNOWN | 15.63 63.32| 3859 2281| 63,323
Total 100.00| 738.0 360.3 | 100.000
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4. Curriculum Vitae
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Email
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Lisa Stadler
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German

stadler_lisa@t-online.de
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PhD thesis in the research group of Prof. Dr. O. Reiser (University of
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Master of Science in chemistry

Master thesis in the research group of Prof. Dr. O. Reiser (University of
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Advanced studies in chemistry (University of Regensburg, Germany)
Bachelor of Science in chemistry

Bachelor thesis in the research group of Prof. Dr. J. Wegener (University of
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Studies in chemistry (University of Regensburg, Germany)
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Publications

L. Stadler, M. Homafar, A. Hartl, S. Najafishirtari, M. Colombo, R. Zboril, P. Martin, M. B. Gawande,
J. Zhi, O. Reiser, ACS Sustainable Chem. Eng. 2019, 7, 2388-2399.

“Recyclable magnetic microporous organic polymer (MOP) encapsulated with palladium

nanoparticles and Co/C nanobeads for hydrogenation reactions.”
L. Stadler, O. Reiser, Manuscript in preparation.

“Magnetic microporous polymers as high capacity adsorbents for the effective reversible extraction

of toxic heavy metals from water.”

Conferences

7™ EuCheMS Chemistry Congress — Liverpool (United Kingdom), August 26-30, 2018.

“Functionalized carbon-coated magnetic nanoparticles as a recyclable catalyst for Suzuki-Miyaura

couplings under mild reaction conditions” (poster presentation).
GDCh-Wissenschaftsforum — Berlin (Germany), September 10-14, 2017.

“Magnetically recyclable palladium nanocatalysts based on microporous organic polymers for

hydrogenation reactions” (poster presentation).
26 ISHC Congress — Regensburg (Germany), August 03-08, 2017.

“Microporous organic polymers embedded with magnetic Co/C nanobeads and transition metal

nanoparticles as recyclable multifunctional catalysts” (poster presentation).
1% German-Russian Interdisciplinary Student Workshop — Moscow (Russia), April 25-27, 2016
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recyclable catalysts for hydrogenation reactions” (oral communication, 15 min).

4™ International Scientific Conference “Advances in Synthesis and Complexing” — Moscow (Russia),
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use as magnetic recyclable catalyst” (poster presentation).
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Professional References
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