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1 Summary/Zusammenfassung 

1.1 Summary 

This thesis addresses the development of heterogeneous, nanostructured catalysts based on 

earth-abundant metals and their application in thermal catalytic processes for complex organic 

synthesis, with a particular emphasis on the production of amines, including 

tetrahydroquinolines, as well as primary, secondary, and tertiary alkyl amines.  

The first part of the thesis focuses on designing a novel synthesis protocol for a nanostructured 

cobalt catalyst and its application in the selective hydrogenation of aromatic heterocycles. This 

approach aimed at decoupling the metal and N/C sources, allowing for their independent 

optimization for improved catalytic performance. Three components, an inexpensive metal 

precursor [Co(OAc)2 ∙ 4 H2O], an easy-to-synthesize N/C precursor (meso-

octamethylcalix[4]pyrrole), and a commercially available porous support material (SiO2) are 

pyrolyzed at 800 °C under nitrogen atmosphere to form the Co/SiO2 catalyst in a simple, single 

synthesis step. Various parameters, including pyrolysis temperature, support materials, metal 

precursors, and M/N ratios, were investigated to optimize catalyst activity. By varying the M/N 

ratio from 1:1 to 1:10, it was found that a specific M/N ratio of 1:4 is optimal. This is due to 

the microporous N/C structure or the optimal thickness of the embedding N/C layer, which 

balances educt access and catalyst stability. Too thick a layer impedes access, while too thin a 

layer risks cobalt leaching due to nanoparticle detachment. The catalyst with 1.81 wt% cobalt 

loading showed the best activity, confirmed by ICP-OES. In summary, the reaction proceeds 

efficiently and selectively with 5.0 mol% Co, 2.0 MPa H2, 70 °C, and 20 h reaction time. 

HAADF-STEM showed homogeneous distribution of cobalt nanoparticles (4.8 nm). The 

surface area of the support (194 m2/g) and corresponding catalyst (217 m2/g) was determined 

by N2 physisorption, with an increase in surface area and additional microporosity due to carbon 

black entrapment. HAADF-STEM combined with EDX and EELS, SEM-EDX, XPS, PXRD, 

and PDF confirm that the particles are composed of metallic cobalt with cobalt oxide on their 

surface. A total of 31 N-, O-, and S-heterocycles were selectively hydrogenated, with increased 

conditions required for O- and S-heterocycles.  

The second part of the thesis presents a new catalytic pathway for synthesizing hydroquinolines 

directly from nitroaldehydes and ketones, given their importance in drug molecules and 

precursors. The challenge of quinoline substrate synthesis is addressed by the Friedländer 

synthesis, which requires 2-aminoaldehydes that are challenging to prepare. This work solves 
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the issue using a reusable Ni/N-SiC catalyst, enabling efficient 2-aminoaldehyde synthesis from 

2-nitrobenzaldehyde, followed by the Friedländer reaction and hydrogenation to 

hydroquinolines. The N-SiC support is prepared by crosslinking the commercial 

polycarbosilane SMP-10 and acrylonitrile with AIBN, followed by pyrolysis at 1000 °C under 

nitrogen and base treatment to remove the Si-rich phase. Active nickel nanoparticles are 

obtained on the N-SiC support by wet impregnation with Ni(NO3)2 ∙ 6 H2O followed by 

pyrolysis and reduction. SEM-EDX and HAADF-STEM show a homogeneous distribution of 

nickel nanoparticles (8.5 nm). HAADF-STEM with EDX, HR-TEM with EELS and FFT, XPS, 

and PXRD confirm metallic nickel nanoparticles with nickel oxide on their surface. Argon 

physisorption shows a slight decrease in surface area from 580 m2/g (N-SiC) to 563 m2/g 

(Ni/N-SiC). ICP-OES and CHN analysis confirm a nickel content of 4.0 wt%, with 83.3 % C, 

5.7 % N, and 7.0 % Si. Several parameters were screened in the one-pot reaction of 

2-nitrobenzaldehyde with acetophenone to obtain 2-phenyl-1,2,3,4-tetrahydroquinoline, 

divided into three steps: (A) selective hydrogenation of 2-nitrobenzaldehyde to 2-

aminobenzaldehyde with Ni/N-SiC, (B) Friedländer synthesis with LiOH, and (C) 

hydrogenation of 2-phenylquinoline to 2-phenyl-1,2,3,4-tetrahydroquinoline using the Ni/N-

SiC catalyst from (A). For step A, 4.0 mol% Ni, 0.5 mmol nitrobenzaldehyde, 0.5 mmol 

acetophenone, 3 mL ethanol, 3.0 MPa H2, 40 °C for 20 h are the best conditions. For step B, 

0.3 mmol LiOH are added for 20 h at 60 °C. For step, C 5.0 MPa H2, 120 °C for 48 h are 

aligned. Step C is the most challenging, limiting step with a maximum yield of 91 % 2-phenyl-

1,2,3,4-tetrahydroquinoline in the benchmark synthesis. Using optimal conditions, 16 

aldehyde-derived and 21 ketone-derived substrates were synthesized along with three highly 

functionalized substrates and four precursors for bioactive drug molecules.  

The third part of the thesis focuses on the synthesis of primary, secondary, and tertiary alkyl 

amines, inspired by the hydroquinoline synthesis work. In addition to heterocyclic amines, the 

synthesis of substituted alkyl amines is crucial for the synthesis of bioactive molecules. To 

achieve this, a synthetic approach combining reductive amination and BH/HA using ammonia, 

alcohols, aldehydes, ketones, and hydrogen with a CoSc/N-SiC catalyst is developed. The 

catalyst is synthesized using N-SiC, Co(NO3)2 ∙ 6 H2O and Sc(NO3)3 ∙ 5 H2O as described in 

the second part. HAADF-STEM shows a homogeneous distribution of Co nanoparticles 

(13.9 nm), with orders of magnitude smaller Sc particles finely dispersed over the support, as 

confirmed by EELS. XPS analysis shows that the Sc fraction is ten times higher than the Co 

fraction, although the same concentration is expected. This indicates that Sc is finely dispersed 

on the outer layer, while Co is present in the form of large particles, consistent with STEM-
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EELS results. ICP-OES (2.0 wt% Co, 2.0 wt% Sc) and SEM-EDX further confirm this. Using 

the catalyst, 13 primary amines, 24 secondary amines, and 8 tertiary amines, including five 

novel compounds, are synthesized.  
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1.2 Zusammenfassung 

Die Dissertation beschäftigt sich mit der Entwicklung heterogener, nanostrukturierter 

3d-Metallkatalysatoren und deren Anwendung in thermisch-katalytischen Prozessen für 

komplexe organische Synthesen. Ein besonderer Schwerpunkt liegt auf der Herstellung von 

Tetrahydrochinolinen sowie primären, sekundären und tertiären Alkylaminen.  

Der erste Teil der Arbeit konzentriert sich auf die Entwicklung eines neuartigen 

Syntheseprotokolls für einen nanostrukturierten Kobaltkatalysator und dessen Anwendung für 

die selektive Hydrierung von aromatischen Heterocyclen. Ziel war es, die Metall- und 

N/C-Quellen zu entkoppeln, um eine unabhängige Optimierung zur Verbesserung der 

katalytischen Aktivität zu ermöglichen. Drei Komponenten, eine kostengünstige Metallvorstufe 

[Co(OAc)2 ∙ 4 H2O], eine leicht herstellbare N/C-Vorstufe (meso-Octamethylcalix[4]pyrrol) 

und ein poröses Trägermaterial (SiO2) wurden bei 800 °C in Stickstoffatmosphäre pyrolysiert, 

um den Co/SiO2-Katalysator in einem einfachen, einstufigen Syntheseschritt herzustellen. 

Verschiedene Parameter wie Pyrolysetemperatur, Trägermaterialien, Metall-Präkursoren und 

M/N-Verhältnisse wurden untersucht, um die katalytische Aktivität zu optimieren. Ein 

M/N-Verhältnis von 1:4 erwies sich als optimal, da die mikroporöse N/C-Struktur bzw. die 

optimale Dicke der eingebetteten N/C-Schicht den Zugang der Edukte und die Stabilität des 

Katalysators begünstigt. Eine zu dicke Schicht behindert die Zugänglichkeit, eine zu dünne 

Schicht begünstigt die Auswaschung von Kobalt durch Ablösung der Nanopartikel. Der 

Katalysator mit 1,81 wt% Kobalt zeigte die beste Aktivität, was durch ICP-OES bestätigt 

wurde. Zusammenfassend läuft die Reaktion bei 5,0 mol% Co, 2,0 MPa H2, 70 °C und einer 

Reaktionszeit von 20 Stunden effizient und selektiv ab. HAADF-STEM zeigte eine homogene 

Verteilung der Kobalt-Nanopartikel (4,8 nm). Die spezifische Oberfläche des Trägers 

(194 m2/g) und des entsprechenden Katalysators (217 m2/g) wurde durch N2-Physisorption 

bestimmt. Die Zunahme der Oberfläche und der Mikroporosität ist auf die Generierung von 

Aktivkohle zurückzuführen. HAADF-STEM in Kombination mit EDX und EELS, SEM-EDX, 

XPS, PXRD und PDF zeigen, dass die Partikel aus metallischem Kobalt bestehen und von einer 

Kobaltoxidschicht umgeben sind. Insgesamt wurden 31 N-, O- und S-Heterocyclen selektiv 

hydriert, wobei für O- und S-Heterocyclen erhöhte Reaktionsbedingungen erforderlich waren. 

Im zweiten Teil der Arbeit wird ein neuer katalytischer Weg zur direkten Synthese von 

Hydrochinolinen aus Nitroaldehyden und Ketonen vorgestellt, die für Arzneimittel und deren 

Vorstufen von Bedeutung sind. Das Problem der Chinolin-Synthese wird durch die 

Friedländer-Synthese gelöst, die schwer zugängliche 2-Aminoaldehyde erfordert. Diese 
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Schwierigkeit wird durch die Verwendung eines wiederverwendbaren Ni/N-SiC-Katalysators 

gelöst, der eine effiziente Synthese von 2-Aminoaldehyden aus 2-Nitrobenzaldehyden 

ermöglicht, gefolgt von der Friedländer-Reaktion und der Hydrierung zu Hydrochinolinen. Das 

N-SiC Trägermaterial wird durch Vernetzung des Polycarbosilans SMP-10 mit Acrylnitril 

mittels AIBN, anschließender Pyrolyse bei 1000 °C unter Stickstoffatmosphäre und 

Basenbehandlung zur Entfernung der Si-reichen Phase hergestellt. Aktive Nickel-Nanopartikel 

werden durch Nassimprägnierung des N-SiC Trägermaterials mit Ni(NO3)2 ∙ 6 H2O, gefolgt 

von Pyrolyse und Reduktion, synthetisiert. SEM-EDX und HAADF-STEM Aufnahmen zeigen 

eine homogene Verteilung der Nickel-Nanopartikel (8,5 nm). HAADF-STEM mit EDX, HR-

TEM mit EELS und FFT, XPS und PXRD Messungen bestätigen metallische Nickel-

Nanopartikel mit einer Nickeloxidoberfläche. Die Ar-Physisorption zeigt eine leichte Abnahme 

der spezifischen Oberfläche von 580 m2/g (N-SiC) auf 563 m2/g (Ni/N-SiC). ICP-OES und 

CHN-Analyse bestätigen einen Nickelgehalt von 4,0 wt% mit 83,3 % C, 5,7 % N und 7,0 % Si. 

Bei der One-Pot-Reaktion von 2-Nitrobenzaldehyd mit Acetophenon, zur Herstellung von 

2-Phenyl-1,2,3,4-tetrahydrochinolin, wurden verschiedene Parameter untersucht und optimiert. 

Die Reaktion besteht aus drei Schritten: (A) selektive Hydrierung von 2-Nitrobenzaldehyd zu 

2-Aminobenzaldehyd mit Ni/N-SiC, (B) Friedländer Synthese mit LiOH und (C) Hydrierung 

von 2-Phenylchinolin zu 2-Phenyl-1,2,3,4-tetrahydrochinolin mit dem Katalysator aus (A). Für 

Schritt A sind 4,0 mol% Ni, 0,5 mmol 2-Nitrobenzaldehyd, 0,5 mmol Acetophenon, 3 mL 

Ethanol, 3,0 MPa H2 und 40 °C für 20 h optimal. Für Schritt B werden 0,3 mmol LiOH bei 

60 °C für 20 h zugegeben. Schritt C wird bei 5,0 MPa H2 und 120 °C für 48 h durchgeführt. 

Schritt C ist der anspruchsvollste und limitierende Schritt, mit einer maximalen Ausbeute von 

91 % 2-Phenyl-1,2,3,4-tetrahydrochinolin in der Referenzsynthese. Unter optimalen 

Bedingungen wurden 16 Aldehyd- und 21 Keton-Derivate sowie drei hochfunktionalisierte 

Substrate und vier Vorstufen für bioaktive Wirkstoffe synthetisiert.  

Der dritte Teil der Arbeit konzentriert sich auf die Synthese von primären, sekundären und 

tertiären Alkylaminen, inspiriert von der Hydrochinolin-Synthese. Neben heterocyclischen 

Aminen ist die Synthese substituierter Alkylamine für die Herstellung bioaktiver Moleküle von 

entscheidender Bedeutung. Zu diesem Zweck wurde ein Syntheseansatz entwickelt, der die 

reduktive Aminierung und das BH/HA Konzept kombiniert und Ammoniak, Alkohole, 

Aldehyde, Ketone und Wasserstoff mit einem CoSc/N-SiC-Katalysator verknüpft. Der 

Katalysator wird unter Verwendung von N-SiC, Co(NO3)2 ∙ 6 H2O und Sc(NO3)3 ∙ 5 H2O, wie 

im zweiten Teil der Dissertation dargestellt, synthetisiert. Die HAADF-STEM Aufnahmen 

zeigen eine homogene Verteilung der Co-Nanopartikel (13,9 nm) mit deutlich kleineren 
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Sc-Partikeln, die fein über den Träger verteilt sind, wie durch EELS-Aufnahmen bestätigt wird. 

XPS-Analysen zeigen, dass der Sc-Anteil zehnmal höher ist als der Co-Anteil, obwohl gleiche 

Konzentrationen erwartet werden. Dies deutet darauf hin, dass Sc in der äußeren Schicht fein 

verteilt ist, während Co in Form von großen Partikeln vorliegt, was mit den STEM-EELS 

Ergebnissen übereinstimmt. ICP-OES Messungen (2,0 wt% Co, 2,0 wt% Sc) und SEM-EDX 

Aufnahmen bestätigen dies ebenfalls. Mit dem Katalysator wurden erfolgreich 13 primäre, 24 

sekundäre und 8 tertiäre Amine synthetisiert, darunter fünf neue Verbindungen. 
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2 Introduction 

2.1 Sustainable Chemistry with Respect to Heterogeneous Earth-abundant 

Metal Catalysis  

The mathematician and physicist Jean Baptiste Joseph Fourier first formulated and established 

the principle of the greenhouse effect in the atmosphere in 1824. He reported that the Earth is 

much warmer than it would be without an atmosphere, which is good in principle. The reason 

for this is that the atmosphere is very transparent to short-wave solar radiation. This is not the 

case with infrared radiation. It is emitted from the Earth’s heated ground, and some of it reflects 

back to the Earth. This is called the greenhouse effect.[1] This effect has increased massively 

since industrialization and its pollution. Society, industry, and policymakers have long ignored 

this phenomenon until it has long since affected everyone on the planet. The climate crisis is 

undoubtedly one of the most pressing challenges of our time. Its consequences are far-reaching 

and imminent. Extreme weather events such as heat waves, droughts and floods are increasing, 

polar ice caps and glaciers are melting at an alarming rate, and sea levels are rising at an 

extraordinary speed.[2] Today, society is more aware of this phenomenon as well as industrial 

pollution and of its own responsibilities. Research is also shifting its focus to a science-based 

approach to environmental protection.[3] By developing a sustainable approach to the chemical 

industry, society could enjoy the benefits of everyday products such as pharmaceuticals and 

polymer-based materials, while conserving fossil resources and reducing climate change. In 

1998, to address the sustainability aspect of chemical research, Anastas and Warner presented 

the 12 Principles of Green Chemistry.[4] This includes the design, development, and 

implementation of chemical processes and products for the reduction or elimination of 

substances hazardous to human health and the environment.[5] A chemical reaction must meet 

the 12 principles to be classified as green. This was later simplified by the acronym 

PRODUCTIVELY.[6] Catalysts play a key role in green chemistry by reducing energy 

requirements, providing catalysts instead of stoichiometric amounts of materials, improving 

selectivity, and using less toxic materials.[7] Supported metal catalysts are used in a wide range 

of critical processes in the modern chemical industry including petrochemicals, energy storage, 

and pollution control. Many modern products are synthesized with the help of catalysts. These 

include high-temperature lubricants, high-performance polymers, and pharmaceuticals.[8] 

Depending on the aggregate state of the reactant and catalyst, a difference is made between 

homogeneous and heterogeneous catalysis. Homogeneous catalysts are in the same phase as the 

substrates being catalyzed, whereas heterogeneous catalysts are in a different phase.[9] Because 
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heterogeneous catalysts are easier to separate from the reaction solution, and thus more 

recyclable and robust than their homogeneous counterparts, the class of heterogeneous catalysts 

plays an important role in industry.[10] However, many of the catalysts used are precious metal 

catalysts. A promising approach is to replace them with earth-abundant metal catalysts, as they 

are much more abundant in the earth’s crust, which directly translates into a lower price. For 

example, 3d metal catalysts consist of essential elements of living bodies with relatively low 

toxicity. Another advantage is that catalysts based on these abundant metals have a completely 

different selectivity pattern than known precious metal systems, allowing new synthetic 

pathways and reactions with a wider substrate range.[11] Therefore, the use of reusable 

nanostructured earth-abundant metal catalysts for a broad applicability in complex organic 

synthesis as well as electrical and chemical storage applications is highly desirable.  

In recent years, the Kempe group has established many fundamental works according to 

heterogeneous catalysis used in organic synthesis. For example, the selective hydrogenolysis 

of aryl ethers using a nickel catalyst[12] and the hydrogenation of lignin with rhodium 

nanoclusters have been carried out using a sustainable feedstock for important chemical 

materials.[13] In addition, the synthesis of pyrroles, a very important class of compounds in 

medicinal chemistry via acceptorless dehydrogenative condensation of secondary alcohols and 

1,2-aminoalcohols mediated by an iridium catalyst has been introduced.[14] In addition, several 

Fe, Co, and Ni catalysts that promote the selective and highly efficient hydrogenation of nitro 

compounds to the corresponding amines have been published.[15,16,17] Follow-up chemistry has 

also been performed using the hydrogenation of nitro compounds and further chemical reaction 

sequences to synthesize imines, benzimidazoles, 1H-perimidines, 3,4-dihydro-2H-pyrroles and 

quinoxalines.[16,17,18] Moreover, the concept of reductive amination with aqueous ammonia 

using Fe, Co, Ni, and a bimetallic catalyst (Co and Sc) was introduced for the synthesis of 

primary, secondary, and tertiary amines.[19–23] This concept was transferred to the reductive 

alkylation of nitrile compounds by aldehydes and ketones.[24] Since heterocycles play a key role 

in the synthesis of biologically active molecules, synthesis concepts were introduced as well as 

the selective hydrogenation of these compounds using Co, Pd, Ru, and Ir catalysts.[25,26] 

Additionally, a cobalt-cerium deoxygenation catalyst was published for the use of late-stage 

modification of biomass-derived molecules into fuels and chemicals.[27] Simple, 

chemoselective hydrogenation of olefines has been investigated using a Ni catalyst with a 

tremendous tolerance in functional groups.[28] It has also been shown that reversible hydrogen 

storage using a bimetallic palladium and ruthenium catalyst for both hydrogenation and 

dehydrogenation of N-ethylcarbazole is possible.[29]   
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2.2 N-doped Support Materials for Heterogeneous Catalysts 

Most heterogeneous catalysts used in chemistry and industry are supported catalysts, where the 

active component is carried by a support material. Porous solids such as γ-Al2O3, SiO2, TiO2, 

CeO2, zeolites, or activated carbon are suitable as support materials in many applications.[30] 

Since the interactions between the active phase and the support phase play an important role 

for the activity in catalysis, the choice of a suitable support is of great importance for 

heterogeneous catalysts. The properties required from the support material are diverse. They 

range from chemical inertness, stability under reaction and regeneration conditions, and a high 

surface area to highly oxidation and thermal shock resistant materials. The properties of the 

support material should be individually tunable for each catalytic process. Moreover, carbon-

based carriers are widely used because of their microporous structures and excellent electrical 

conductivity, which improve the catalytic activity drastically.[30,31] In this regard, substitutional 

heteroatom doping of the carbon-matrix is a suitable way to optimize the intrinsic reactivity of 

the active sites. Between the different dopants (e.g. B, P, F or S), N is the most intensively 

studied element, which had already been investigated in the early 1960s.[32] Over the past 

decade, N-doping of carbon materials has enabled advances in many industrially important 

processes, including oxidation, reduction, Fischer-Tropsch synthesis, and hydrogen evolution 

reaction.[33]  

Metal or metal oxide nanoparticles supported on N-doped carbon materials are promising 

heterogeneous catalyst materials. The most common bonding forms of N-dopants in a given 

carbon matrix are pyridine, pyrrole, graphitic (quaternary) and pyridine N-oxide forms (Figure 

1a).[34,35] Pyridine N atoms are mainly found at the edges or defects of graphitic carbon layers. 

On the other hand, pyrrole N atoms are part of the five-membered ring. Graphitic (quaternary) 

N atoms refer to N atoms that have replaced C atoms in the carbon backbone. The inclusion of 

(a) (b) 

Pyrrole N 

Pyridine N 

Graphitic N Pyridine N-O 

Figure 1: (a) Common bonding situations of N atoms in carbon matrices. (b) Proposed metal-

nitrogen interaction: σ-bonding between an empty metal d-orbital (negative: blue, positive: red) 

and a filled π-orbital (negative: pale blue, positive: violet) of the support; π-backbonding 

between filled metal d-orbital and empty π*-antibonding orbital of the support. 
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N-dopants results in defects or other imperfections in the graphite lattice. To describe the effect 

of N-dopants, it is important to understand the atomic structure and electron delocalization of 

N-dopants with neighboring C atoms. The incorporation of N into the graphite plane is 

energetically favored because native point defects and N-dopants attract each other. In addition, 

N-dopants lead to point defects with lower formation energy resulting in noticeable bond 

disorder and latent strain. The two different electronic states of C and N generate permanent 

dipoles that can be modulated by their defect types with different configurations.[36] Once N 

atoms are introduced into the lattice, they influence the properties of the original carbon matrix 

and thus, the metal (oxide) nanoparticles are attached to the support in several ways. Among 

other things, defective CN positions, and N inclusions provide active centers for nucleation and 

growth of metal nanoparticles.[37] Furthermore, in most cases, the binding energy for the 

formation of metal species is high for N-doped carbon materials. This leads to a high stability 

of the synthesized catalysts. An explanation can be given by the interaction of an N species 

with a metal center, which involves hybrid formation of the π-orbitals of N with the d-orbitals 

of the transition metal (Figure 1b).[34,38] In addition, an enhanced metal-carrier interaction can 

result from close contact with the N-induced defects.[39] This interpretation allows the view that 

N-doped carbon materials can be considered as “solid ligands”.[34,40] The interfacial charge 

transfer at the metal-support binding site and the tunable acid-base character of the support 

surface play an important role in the unique mode of interaction between metal, support, and 

reactant in catalysis. As a result, there is an increase in the performance of the catalytic activity 

of metal nanoparticles on N-doped carbon compared to the undoped analogues.[41]  

The N-doping of carbon can be achieved by treatment with ammonia at high temperatures,[42] 

by gas-phase deposition of nitrogen-containing compounds,[43] or by liquid-phase 

polymerization of various compounds.[44] If N-doped carbon supports are already available, 

methods for subsequent loading, such as impregnation and deposition/precipitation, offer 

simple fabrication options for carrier-fixed metal catalysts.[45] Metal catalysts on N-modified 

carbon supports can also be obtained by pyrolysis processes.[46] Nitrogen-rich motifs and their 

metal complexes are suitable precursors for this purpose.[47] In the pyrolysis process, the 

structure of the nitrogen-rich motif is partially or completely decomposed, allowing the 

formation of metal nanoparticles. Similar N-doped carbon-fixed metal nanocatalysts can be 

prepared by pyrolyzing carbon with metal salts and nitrogen sources, which are cheap and 

readily available (e.g. inorganic metal salts). The most used nitrogen sources are melamine, 

1,10-phenanthroline, dicyanidamide or triazine. Depending on the materials used, a clearly 

distinguishable catalytic behavior can be observed.[48]   
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2.3 Polymer Derived Ceramics as Support Materials for Heterogeneous 

Catalysts  

Polymer derived ceramics (PDCs) have attracted considerable interest in the last 50 years due 

to their excellent properties, and are used in a wide variety of applications.[49] Unlike traditional 

high-temperature ceramic manufacturing, PDC processing is a relatively new technology that 

offers several advantages over conventional methods. In PDCs, the polymer is first generated, 

then crosslinked or gelled, and finally converted into a ceramic component by pyrolysis at 

suitable temperatures. The removal of organic components during pyrolysis by cleavage of C-H 

bonds, releasing H2, CH4, or other volatile compounds, leads to the formation of an inorganic 

material. The ceramic material is obtained through a complex microstructural evolution that 

depends on the thermal process and the heating temperature. The resulting nanoscale crystalline 

phase is embedded in an amorphous matrix containing a free carbon phase.[50] By using 

different educts and different reaction types, the chemical and physical properties of the 

preceramic polymer, such as elemental composition, solubility, fusibility, and viscosity, can be 

adjusted. Special functional groups allow further modification of the polymer to create 

completely new ceramic materials with high purity and homogeneous distribution of elements. 

On the other hand, they provide 3-dimensional cross-linking to an unmeltable polymer, the so-

called greenbody, which is the prerequisite for ceramization. The transformation from 

thermoset to the ceramic takes place at relatively low temperatures (< 1000 °C). Further, the 

polymeric nanostructure has an influence on the structure of the ceramic, and can be therefore 

tailored to the desired properties. Due to the different properties of the preceramic polymers 

and the resulting ceramics, various applications have been established, such as ceramic fibers, 

porous ceramics, polymer, and ceramic coatings, and as ceramic matrices.[51] Because of these 

applications, combined with versatile forming methods, precursors such as polycarbosilanes 

have led to the synthesis and commercialization of various Si- or B-based polymeric precursors, 

such as polysiloxane, polysilazane, polyborazylene, and pure polycarbosilanes. These materials 

allow a range of ceramic materials with different compositions such as silicon oxycarbide 

(SiOC), silicon oxycarbonitride (SiOCN), silicon carbonitride (SiCN), silicon boron 

carbonitride (SiBCN), and silicon carbide (SiC).[52] Therefore, PDCs can be categorized into 

oxide ceramics, which contain an oxygen moiety, and non-oxide ceramics, which do not contain 

any oxygen. These materials have advantageous properties in terms of oxidation resistance, 

refractoriness, low creep rate, chemical and thermal durability, and stability, or even functional 

properties such as piezo resistivity, that cannot be achieved by conventional ceramic synthesis 

processes.[53] Such materials have a wide range of applications, including high-performance 
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coatings, sensors, nanocomposites, and fibers. The potential of these and other applications, 

such as energy technologies and catalysis, can be enhanced by the incorporation of metallic or 

intermetallic nanoparticles or phases.[54]  

There are several strategies to synthesize metal enhanced polymer derived non-oxide ceramics. 

A chemical approach is to mix the preceramic polymers with metal or metal oxide powders 

prior to crosslinking and pyrolysis. The molecular route involves the synthesis of 

metallopolymers and the chemical modification of precursors using coordination compounds. 

Further, PDCs can be used as support materials. The metal precursor is introduced to the support 

by wet impregnation of metal salts or complexes. Subsequent pyrolysis results in the formation 

of active catalyst species on the material, mostly nanoparticles. In this method, the active 

catalyst species is generated only on the surface of the material. In contrast, the chemical 

method also generates active species directly in the nanocomposite matrix. Therefore, it is very 

important to have a high porosity to access the active metal centers in the nanocomposite matrix 

for catalytic approaches.[54,55]  

Our group established several works using a PDC support material denoted as N-SiC for the 

synthesis of Fe/N-SiC and Co/N-SiC as well as CoSc/N-SiC nanostructured catalysts.[20,22–24] 

Bäumler et al. synthesized at first the N-SiC material according to a modified procedure and 

the corresponding Fe/N-SiC catalyst (Figure 2).[23,56] For this, the commercially available 

polycarbosilane SMP-10 and acrylonitrile are crosslinked to give the greenbody, which is 

subsequent pyrolyzed at 1000 °C in a nitrogen atmosphere. The resulting ceramic is then  

 

 

Figure 2: (a) Synthesis pathway of N-SiC starting from the cross linking of acrylonitrile and 

the polycarbosilane SMP-10 to the greenbody with subsequent pyrolysis and base treatment. 

(b) Catalyst synthesis by wet impregnation of a metal precursor and N-SiC followed by 

pyrolysis and reduction to obtain the active catalyst species (M/N-SiC).  



Introduction 

22 

washed in NaOH to leach out the silicon-rich domains from the material to obtain a high surface 

area with porosity (Figure 2a). For catalyst synthesis, the resulting N-SiC support is wet 

impregnated with a metal precursor and the solvent is removed. The material is then pyrolyzed 

and reduced to yield the active catalyst (Figure 2b). With the prepared catalysts Fe/N-SiC and 

Co/N-SiC, the synthesis of primary amines via reductive amination of carbonyl compounds 

with NH3 was applied.[22,23] The concept was transferred to the reductive alkylation of nitriles 

by aldehydes and ketones to receive secondary amines with a Co/N-SiC catalyst.[24] 

Furthermore, it is shown that a bimetallic CoSc/N-SiC catalyst can promote the general 

synthesis of alkyl amines mediating two reactions, the BH/HA mechanism and reductive 

amination with hydrogen to obtain primary, secondary, and tertiary amines, which is also part 

of this dissertation.[20]  
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2.4 Aromatic Heterocycles in Chemistry 

2.4.1 Synthesis Approaches to N-Heterocycles 

Heterocycles are essential structural elements in chemistry, found in many natural products, 

pharmaceuticals, and organic materials. They consist of rings containing at least one atom other 

than carbon, such as nitrogen, oxygen, or sulfur, which gives them unique properties.[57] The 

synthesis of N-heterocycles has attracted much attention due to their prevalence in natural 

products and drugs.[58] There are many aromatic heterocycles that vary in structure, ring size, 

and number of nitrogen atoms in the ring motif. Common N-heterocycles include pyrrole, 

imidazole, pyridine, pyrimidine, pyrazine, triazine, quinoline, isoquinoline, indole, or acridine 

are well known and many synthesis protocols have been reported.[59] For example, the quinoline 

motif is present in many bioactive natural products, and various quinolines are known to exhibit 

a wide range of pharmacological properties. Quinoline derivatives, for instance, can be used as 

anti-cancer,[60] anti-HIV,[61] anti-hypertensive,[62] anti-tuberculosis,[63] and anti-alzheimer[64] 

drugs (Figure 3).  

 

Figure 3: Pharmacologically active molecules with a quinoline motif (motif shown in blue). 

The drugs can be used as anti-tuberculosis, anti-hypertensive, anti-cancer, anti-HIV, and anti-

alzheimer agents. 

 

Quinoline was first synthesized by Koenigs in 1879 by passing allyl aniline over lead oxide.[65] 

After, the Skraup synthesis, first published by Skraup in 1880 is the second synthetic approach 

to quinoline. It is based on aniline, which is converted to quinoline in the presence of glycerol, 
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sulphuric acid, and an oxidizing agent. Glycerol is first dehydrated to acrolein, which is required 

as an α,β-unsaturated carbonyl compound for cyclization.[66] Among many other methods 

available for constructing the quinoline ring, the Friedländer quinoline synthesis first published 

by Friedländer in 1882 has proven to be a very powerful tool for the synthesis of quinolines.[67] 

The condensation of 2-aminobenzaldehyde with acetophenone bearing a reactive methylene 

group in the α-position is, for example, base-catalyzed to the product 2-phenylquinoline. The 

reaction consists of two distinct steps. The condensation between the amino group and the 

carbonyl group of the aldehyde, and the irreversible intramolecular condensation of the 

methylene group or methyl group, and the carbonyl group in ortho-position in the aromatic 

ring. Based on this, it is assumed that an aldol-type condensation is involved in the entire 

condensation at a certain reaction stage. Thus, both acids and bases can catalyze this reaction.[68] 

Figure 4 shows the mechanism of the Friedländer synthesis with 2-aminobenzaldehyde and 

acetophenone base catalyzed with LiOH.  

 

Figure 4: Reaction mechanism of the Friedländer synthesis on the example with 

2-aminobenzaldehyde and acetophenone catalyzed by LiOH.  
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2.4.2 Selective Hydrogenation of Aromatic Heterocycles  

The reduction of arenes to saturated cyclic compounds is of great interest for the production of 

bulk and fine chemicals as well as for the synthesis of pharmaceuticals, and agrochemicals.[69] 

Hydrogenation is a particularly attractive reduction protocol because hydrogen is cheap, 

abundant, atom-efficient, and sustainable.[70] Furthermore, arene hydrogenation is an elegant 

way to chemically store hydrogen. Here, nanostructured and reusable catalysts are of particular 

interest.[71] The reduction of N-heterocycles to the corresponding partially or fully saturated 

derivatives has gained considerable importance due to their immense utility as biologically 

active building blocks and important intermediates in the production of pharmaceuticals, 

agrochemicals, and other fine chemicals.[72] Selective hydrogenation of the aromatic ring is 

extremely attractive to produce complex molecules. The generation of catalysts for this step is 

therefore highly desirable. With respect to the quinoline motif, the selective hydrogenation to 

1,2,3,4-tetrahydroquinoline (THQ), which is a component of various natural products and 

synthetic bioactive compounds, leads to a high demand in synthetic pathways. Well known 

drugs and natural products based on the THQ-motif are used as anti-bacterial,[73] tubulin 

polymerization inhibitor,[74] 5-HT3 receptor antagonist,[75] anti malaria,[76] anti-fungal,[77] and 

anti-tumor[78] reagents (Figure 5). Many nanostructured 3d metal catalysts have been developed 

for the selective hydrogenation of quinolines to THQs, mainly cobalt[26,79,80] and nickel[79,81] 

catalysts, and only a few iron[79,82] catalysts are known in the literature.  

 

Figure 5: Pharmaceutical and drug molecules with a 1,2,3,4-tetrahydroquinoline motif (shown 

in red). The drugs are active in several areas and often used in medicine.   
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2.5 Synthesis Methods towards Amines 

Amines represent a significant class of substrates with a wide range of applications across 

numerous industrial sectors, including the pharmaceutical, polymer, agrochemical, dye, 

surfactant, and fine chemical industries. The selective synthesis of differently substituted 

primary, secondary, and tertiary alkylamines is particularly challenging because the alkylated 

product amine is a better nucleophile and more reactive than the amine or ammonia starting 

material.[69,83] There is a wide range of name reactions, such as the Gabriel synthesis, the 

Hoffmann degradation, the Leuckart-Wallach reaction, or the Staudinger reaction to produce 

amines. In addition, amination of alcohols, hydroamination, hydrogenation of nitro or cyano 

compounds, or reductive amination allow the synthesis of amines. For all these reactions, 

efficient catalytic and atom-efficient synthetic routes with few by-products are of great 

interest.[84]  

 

2.5.1 Reductive Amination of Carbonyl Compounds 

The reductive amination of carbonyl compounds was introduced by Mignonac in 1921, using a 

nickel catalyst and dry ammonia as nitrogen source.[85] It is an important amine synthesis and 

has been intensively studied in academia and industry for a century. In addition to aldehydes, 

ketones, or amines, starting materials have been used that can be converted to carbonyl or amine 

compounds in the presence of the same reducing agent and catalyst, such as carboxylic acids, 

organic carbonates, nitriles, or nitro compounds. The reaction pathway for the reductive 

amination of carbonyl compounds is shown in Figure 6.  

 

 

Figure 6: Reaction mechanism of the reductive amination of carbonyls to give amines 

introduced by Mignonac in 1921.  

 

Aldehydes and ketones usually react with ammonia or amines by condensation to form a 

hemiaminal (carbinolamine). Further elimination of H2O gives a Schiff base (imine). The 

following reduction to the amine takes place in the presence of a reducing agent such as formic 

acid, metal hydrides and molecular hydrogen, and/or a catalyst. The imine, as a reactive 

intermediate, or the primary amine, due to its enhanced nucleophilicity, can act as an amination 
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agent, and secondary and tertiary amines are often formed in parallel with the primary amine. 

Selectivity control is therefore important and this is where catalysts play an essential role. On 

the other hand, reductive amination is impressive in terms of product scope, as primary, 

secondary, and tertiary alkyl amines are accessible, and hydrogen is the most attractive reducing 

agent, especially when large scale product formation is an issue, as hydrogen is cheap and 

abundant. Therefore, reductive amination is characterized by cheap and abundant starting 

materials and a wide variety of substrates that can be converted and much effort has been put 

into research and development of catalysts over the past decades.[86] A large number of 

applications for Raney Ni have been reported in the literature.[87] However, in recent years, 

nanostructured 3d metal catalysts based on Fe,[23,88] Co,[89] and Ni[19,90] have been successfully 

developed to provide reusability and facile handling of catalysts, as well as excellent selectivity.  

 

2.5.2 Borrowing Hydrogen/Hydrogen Autotransfer Concept  

The Borrowing Hydrogen/Hydrogen Autotransfer (BH/HA) concept was introduced by Winans 

and Adkins in 1932, using a heterogeneous nickel catalyst for the alkylation of amines by 

alcohols (Figure 7).[91]  

 

 

Figure 7: Alkylation of amines by alcohols following the Borrowing Hydrogen/Hydrogen 

Autotransfer concept.   
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This reaction is an important example of an alcohol refunctionalization reaction. It is highly 

atom-efficient and sustainable because alcohols can be used and no additional hydrogen is 

required. Alcohols can be produced from sustainable resources such as biomass. 

Lignocellulose, an underutilized, indigestible, and abundantly available waste material, is 

perfect for this purpose because it can be processed into alcohols.[92] The alcohol starting 

material is first oxidized by dehydrogenation. The two hydrogen atoms are removed from the 

alcohol and the catalyst stores the hydrogen. The carbonyl compound formed can undergo a 

Schiff base reaction (condensation reaction) to form an imine intermediate, which can be 

reduced using the hydrogen atom equivalents gained in the dehydrogenation step to yield an 

alkylated amine (Figure 7). If ammonia is used as the nucleophile, as first demonstrated by the 

Baiker group using a heterogeneous cobalt catalyst, the hydroxy group of the alcohol is directly 

converted into an NH2 group or a primary aliphatic amine.[93]  

Grigg[94], Watanabe[95] and co-workers introduced the first homogeneous catalysts for the 

BH/HA concept in 1981. Since then, numerous homogeneous transition metal catalyst systems 

have been developed to provide an elegant and broadly applicable method for the selective 

N-alkylation of amines by alcohols, as evidenced by numerous publications.[96] Heterogeneous 

transition metal catalysts remain underrepresented in the literature, although reports have been 

published on catalysts with Fe,[97] Co,[20,98] Ni,[99] and Cu,[100] and are therefore of significant 

interest due to their enhanced stability and reusability as well as their greater sustainability. 
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3 Overview of Thesis Results 

The thesis consists of three publications, which are presented in chapter 4 to 6. Two of them 

have been published and one is submitted. The synopsis, chapter 3.1, gives an overview of the 

individual publications of this thesis and discusses them in an overall context. The individual 

contributions to the joint publications are described in detail in chapter 3.2.  

 

3.1 Synopsis 

Heterogeneous catalysis is a key technology which addresses sustainability in multiple areas 

and contexts. Precious metals, which are very expensive and not readily available, are 

commonly used in industrial catalytic systems and processes. Therefore, it is highly desirable 

to replace precious metals with more abundant and available alternatives. In recent years, the 

Kempe group has focused on the synthesis and design of novel heterogeneous, nanostructured 

catalysts for complex organic syntheses. Here, the Kempe group made a decisive contribution 

to this topic by introducing several earth-abundant metal catalysts for hydrogenation and 

dehydrogenation reactions. Heterogeneous, nanostructured metal catalysts supported by porous 

materials were developed for chemoselective hydrogenation and consecutive organic reactions. 

The motif of the metal-salen complexes were successfully introduced as precursors for several 

catalyst systems with different support materials. In addition, highly active nickel, cobalt and 

iron systems were introduced with a wide product range and different reaction mechanisms.  

However, the metal-salen method has the major disadvantage that the metal and 

nitrogen/carbon (N/C) sources cannot be tuned individually. This makes it impossible to tune 

the N-doping of the material to obtain materials with higher activity due to the doping and to 

find an optimum in doping. The first publication of this thesis introduces a synthesis protocol 

for nanostructured earth-abundant metal catalysts where both the metal and N/C content are 

individually adjustable. Three components, an inexpensive metal precursor, an easy-to-

synthesize N/C precursor and a commercially available porous support material undergo 

pyrolysis to give the catalyst material in a simple, single synthesis step. First, the N/C precursor 

meso-octamethylcalix[4]pyrrole was synthesized. The basic motif is an N4-macrocycle without 

π-π-stacking and a flat structure; therefore, it is excellent soluble for the wet impregnation 

process and can be molecularly dispersed easily. For the catalyst synthesis, the N/C precursor 

and cobalt acetate tetrahydrate are dissolved in methanol together with SiO2 as support material. 
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After the removal of the solvent at 70 °C, the sample was pyrolyzed under nitrogen atmosphere 

to give the active catalyst material (Figure 8). In order to find the best catalyst, a variation of 

several parameters was performed by testing the catalysts in the selective hydrogenation of 

quinoline to 1,2,3,4-tetrahydroquinoline (see Chapter 4). By varying the metal to N/C ratio 

(M/N ratio) from a ratio of 1:1 to 1:10 the nitrogen doping was increased. The high activity of 

the Co/SiO2 catalyst is due to a specific ratio of N/C precursor to cobalt precursor. A certain 

amount of microporous N/C or a certain thickness of the embedding N/C layer is optimal for 

educt access and catalyst stability. Too thick a layer may prevent educt access, and too thin a 

layer may lead to cobalt leaching, as the metal nanoparticles are more easily removed from the 

support. Maximum activity in the benchmark reaction is observed when a ratio of metal to N/C 

precursor of 1:4 is used. More N-doping leads to a decrease in product yield to a certain plateau 

at about 60 % yield. In the catalyst material study, 1.81 wt% cobalt is loaded on the material 

which shows the best activity in the benchmark reaction with 5.0 mol% cobalt loading in the 

catalysis. The pyrolysis temperature and different commercial support materials and cobalt 

precursors were also tested. The best pyrolysis temperature was found to be 800 °C, while SiO2 

as support material showed superior activity over other cobalt catalysts based on γ-Al2O3, TiO2, 

and CeO2. Using activated carbon as support material only showed little activity in the 

benchmark reaction. In addition, it is important which metal precursor is used in the wet 

impregnation and pyrolysis process. Cobalt acetylacetonate, cobalt stearate and cobalt chloride 

show little to no activity. Cobalt nitrate was able to show some activity. Furthermore, time-

conversion studies show that the conversion of quinoline to THQ is achieved after 17 h under 

the optimal reaction conditions used. To ensure completion, a reaction time of 20 h was chosen. 

In summary, with 5.0 mol% Co, 2.0 MPa H2, 70 °C and 20 h reaction time, the reaction can be 

carried out smoothly and selectively.   

Figure 8: Synthesis procedure of the catalyst material starting with wet impregnation of meso-

octamethylcalix[4]pyrrole and Co(OAc)2 ∙ 4 H2O with SiO2 and subsequent pyrolysis. The key 

is the spatially separated N/C and metal precursor to tune the N-doping of the material on a 

mesoporous silica support to receive a highly active catalyst.  

(A) Molecular Dispersion on SiO2 Support

(B) Formation of N-doped Carbon Shell

(C) Determination of Metal to C/N Ratio
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In an attempt to gain more insight into the Co/SiO2 catalyst, several characterization methods 

were applied. First, Thermogravimetric Analysis (TGA) revealed the high volatility of the N/C 

precursor and the decomposition of the metal precursor under catalyst synthesis conditions (see 

Chapter 4). This ensures the molecular dispersion of the metal precursor on the support material 

within the formation of N-doped carbon shells embedded nanoparticles and the carbon supply 

during the pyrolysis process. ICP-OES analysis confirms the cobalt content of 1.81 wt% (see 

Chapter 4). The surface characterization and pore size distribution of the catalyst were 

determined via nitrogen physisorption measurements. The catalyst surface area of 217 m2/g 

showed an increase compared to the support material SiO2 (194 m2/g). This can be explained 

by the formation of additional microporosity due to the carbon black formation during the 

catalyst synthesis (see Chapter 4). Moreover, XPS analysis was conducted. It showed the 

presence of metallic cobalt and cobalt oxide on the surface of the Co/SiO2 catalyst (Figure 9f). 

Three different nitrogen binding modes within the catalyst are suggested by detailed XPS 

analysis. HAADF-STEM shows that the cobalt nanoparticles are homogeneously distributed 

throughout the support and have an average particle size of 4.8 nm (Figure 8). This was also 

confirmed by SEM-EDX measurements (see Chapter 4). To take a closer look at the active 

Figure 9: Characterization of the Co/SiO2 catalyst. (a)-(d) HAADF-STEM images of Co/SiO2 

with representative EELS element maps of cobalt (b), carbon (c) and nitrogen (d). (e) The PDF 

of Co/SiO2 was fitted with a Co fcc phase of 3.1 nm particle diameter and a graphitic domain, 

both contributions shown in the offset. (f) XPS analysis of the surface area of the Co 2p3/2 area 

with an asymmetric fit shows Co metal (61 %) and cobalt oxide (39 %).  
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catalyst species, HAADF-STEM analysis combined with EDX elemental mapping was 

performed. Also, high resolution HAADF-STEM with EELS was performed to gain insight 

into the close environment of the cobalt nanoparticles, consisting out of the interface of the 

support matrix (carbon and SiO2), the cobalt nanoparticles and the nitrogen environment 

(Figure 9a-d). PDF and PXRD studies validate the results and reveal the active species to be 

crystalline Co fcc structured nanoparticles with a maximum particle size of 3.1 nm (Figure 9e).  

With the optimal reaction conditions and catalyst characterization in hand, a substrate scope in 

the hydrogenation of various N-, O- and S-heterocycles was established (Figure 10). First, 

several quinoline derivatives were used in the hydrogenation to the corresponding 1,2,3,4-

tetrahydroquinolines (Figure 10a). To our delight, fifteen quinoline derivatives were selectively 

hydrogenated under very mild conditions (5.0 mol% Co, 2.0 MPa H2, 70 °C, 20 h). Five 

examples led to an extraordinary yield of 99 % THQ. We were able to show that the nature and 

position of the substituent is individually eligible. Both, electron-donating methyl substituents 

and electron-withdrawing halogen substituents have been introduced. Moreover, methoxy, 

hydroxy, and amine groups can be tolerated. Two functional groups can also be tolerated by 

our catalyst. Some of the synthesized products above are used as precursors for drug molecules, 

more specifically, for the synthesis of 5-HT3 receptor antagonists, anti-trypanosome drugs, and 

Figure 10: (a) Hydrogenation of quinolines to the corresponding THQs. (b) Products of the 

hydrogenation of different N-, O- and S-heterocycles. Reaction conditions for (a) and (b): 

5.0mo% Co (1.81 wt% Co, 0.01 mmol Co, 0.59 mg Co), 0.2 mmol substrate, 3 mL ethanol, 

70 °C, 2.0 MPa H2, 20 h. [a] 10 mol% Co, 120 °C, 5.0 MPa H2. [b] 100 °C, 3.0 MPa H2. 

[c] 15 mol% Co, 150 °C, 6.0 MPa H2, 48 h. Isolated yields are given.  
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tubulin polymerization inhibitors. After the successful hydrogenation of quinoline derivatives, 

we tried different types of heterocycles (Figure 10b). Here we were able to convert several 

classes of compounds into the corresponding selectively hydrogenated ones. For example, 2-

methyl-1,2,3,4-tetrahydroquinoxaline was obtained for the first time with a nanostructured 

cobalt catalyst. Simple five- and six-membered N-heterocycles with substituents were also 

generally applicable. This required a slight increase in the reaction conditions. Of all the 

products, isonicotinamide stands out as a reversible organic hydrogen storage liquid for 

potential hydrogen-powered fuel cells in mobile applications, and its hydrogenation is of great 

interest. In addition, hydrogenation of indoles was possible. Indolines and their scaffold are 

known as important pharmaceuticals and agrochemicals, and it is particularly useful to have 

selective and easy access to this class of compounds. Besides that, larger heterocycles such as 

acridine and phenanthroline-like molecules can be introduced in our protocol. More challenging 

is the selective hydrogenation of O- and S-heterocycles, where we need to raise the conditions 

for each class to harsher conditions. Since the associated products are important bioactive 

compounds, a way to make the hydrogenation mild and smooth is of great importance. With 

the Co/SiO2 catalyst we were able to do this with two different benzofurans and two different 

benzothiophenes. It should be noted that the yield for the sulfur-containing substrates is only 

moderate. This is due to the strong binding of sulfur to the active metal sites of our catalyst 

which poisons the catalyst. Therefore, the research so far has focused only on the pure 

benzothiophene and not on some other derivatives. Here we were able to extend the state of the 

art to a broader range. To demonstrate the reusability of the Co/SiO2 catalyst, five consecutive 

hydrogenation reactions of quinoline to THQ were performed and showed no loss of activity 

(see Chapter 4). TEM measurements show no agglomeration or growth of nanoparticles in the 

used catalyst. A particle diameter of 6.2 nm was observed, which is in good agreement with the 

diameter of the freshly prepared catalyst (see Chapter 4). A hot filtration test was performed to 

demonstrate that no active homogeneous species are formed during catalysis. No active sites 

are leached from the catalyst. The leaching of the cobalt catalyst was determined by ICP-OES 

and was found to be 0.7 % and is attributable to measurement inaccuracies (see Chapter 4). The 

efficiency and practicality of the Co/SiO2 catalyst was demonstrated in an upscaling experiment 

with an overall THQ yield of 90 % (see Chapter 4).  

Encouraged by the excellent results in the selective hydrogenation of N-heterocycles, a new 

catalytic pathway for the direct synthesis of hydroquinolines from nitroaldehydes and ketones 

was developed with a new nickel-based catalyst system. As mentioned in Chapter 2.4, several 

N-heterocycles and selectively hydrogenated N-heterocycles are used in a wide range of drug 
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molecules or as precursors. In particular, hydroquinolines play an important role in this scenario 

and the most common way is to selectively hydrogenate the unsaturated compounds. However, 

there is a problem of quinoline substrate synthesis, which can be easily solved by the attractive 

Friedländer synthesis. For this purpose, there is a huge demand for a large number of 

2-aminoaldehydes, and their preparation is not very convenient. This problem can be solved by 

the Ni/N-SiC catalyst presented in this work, which combines the attractive 2-aminoaldehyde 

synthesis starting from 2-nitrobenzaldehyde with the subsequent Friedländer reaction followed 

by hydrogenation to hydroquinolines. The key in this work is the reusability and high selectivity 

and activity of the Ni/N-SiC catalyst to allow different reaction conditions for each reaction. 

First, the catalyst support N-SiC (a porous N-doped amorphous SiC) was prepared according 

to previously published procedures based on the crosslinking of the commercial 

polycarbosilane precursor SMP-10 and acrylonitrile using AIBN as initiator. The resulting 

greenbody was pyrolyzed at 1000 °C under nitrogen atmosphere and the Si-rich phase was 

partly removed by base treatment (see Chapter 2.3). By wet impregnation of N-SiC with 

Ni(NO3)2 ∙ 6 H2O in water, followed by pyrolysis at 700 °C (N2 flow), and reduction at 550 °C 

(H2/N2 flow) after evaporation of the solvent at 105 °C, active nickel nanoparticles are obtained 

on the support surface (Figure 11a-b). SEM-EDX analysis verified a homogeneous distribution 

of nickel, nitrogen, carbon and silicon throughout the material and confirmed a smooth wet 

impregnation process with no inadvertent elemental contamination (see Chapter 5). HAADF-

STEM imaging shows a homogeneous distribution of nanoparticles with an average diameter 

of 8.5 nm. The presence of nickel nanoparticles embedded in a N-doped SiC matrix on the 

support was confirmed using EDX element maps (Figure 11c-d). In addition, the EDX mapping 

for the HAADF-STEM images of nitrogen, carbon and silicon can be seen in Figure 12a-c. This 

gives a direct insight into the environment of the particles and the interface of the support matrix 

Figure 11: (a) Synthesis of Ni/N-SiC catalyst by wet impregnation of N-SiC and nickel nitrate 

hexahydrate in aqueous solution followed by pyrolysis and reduction to nickel nanoparticles. 

(b) HAADF-STEM analysis of the catalyst. (c) Enlargement of the HAADF-STEM image and 

the corresponding particle distribution centered around 8.5 nm. (d) EDX elemental map of 

nickel from the HAADF-STEM image in (c). 
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and the nickel nanoparticles. The carbon and silicon as well as nitrogen are connected to the 

nickel nanoparticles and the particles are embedded in an N/C environment. Besides that, HR-

TEM combined with EELS with a line scan over a nickel nanoparticle, and placing the Ni(L3) 

edge in relation to the Ni(L2) edge, confirms the presence of Ni0. No oxygen edge was detected 

and therefore, metallic nickel nanoparticles on the N-SiC support are the active catalyst species 

(see Chapter 5). Moreover, an FFT of a single nanoparticle was performed and one can see the 

diffraction spots of two Miller planes consistent with cubic nickel (Figure 12d-e). XPS analysis 

also confirms the presence of nickel oxide on the surface. After sputtering with Pt, the amount 

of nickel oxide decreases. This indicates that the Ni nanoparticles are surrounded by a very thin 

layer of nickel oxide on top of the surface (Figure 12f-h). Detailed XPS analysis of the nitrogen 

region suggests three different bonding modes characteristic of the N-SiC support. In addition, 

PXRD of the Ni/N-SiC catalyst was performed to gain further insight into the catalytic species. 

It shows cubic nickel reflections as well as orthorhombic graphite for the support material. The 

active sites can be assigned to a Ni fcc phase (see Chapter 5). Argon physisorption experiments 

revealed the surface properties of the catalyst with a slight decrease in surface area from 
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Figure 12: (a)-(c) HAADF-STEM images of Ni/N-SiC with representative EDX element maps 

for nitrogen (a), carbon (b) and silicon (c). (d) HR-TEM images of a nickel nanoparticle with 

visible lattice spacings. (e) FFT of the nanoparticle shown in (d). Examination of the diffraction 

spots revealed two Miller planes (200 and 103) consistent with cubic nickel. (f) XPS analysis 

of the Ni 2p3/2 region with an asymmetric fit before platinum sputtering shows a nickel oxide 

coating on the cubic nickel nanoparticles. (g) XPS analysis after platinum sputtering shows the 

degradation of the oxide coating on Ni0 nanoparticles. (h) Analysis of the nitrogen region 

suggests different nitrogen binding models within the catalyst.  
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580 m2/g to 563 m2/g from the N-SiC support to the catalyst. The pore size distribution was 

calculated by DFT. The pores are in the range of micropores (see Chapter 5). ICP-OES 

investigations verify the nickel content of 4.0 wt% on the catalyst material. Further, CHN 

analysis validates the composition of the catalyst material with 83.3 % C, 5.7 % N and 7.0 % 

Si in addition to Ni (see Chapter 5).  

To determine optimal reaction conditions, several parameters were screened in the benchmark 

reaction of 2-nitrobenzaldehyde with acetophenone to obtain 2-phenyl-1,2,3,4-

tetrahydroquinoline (see Chapter 5). Since this is a sequential one-pot reaction, each parameter 

must be optimized throughout the synthesis. Therefore, the synthesis is divided into three steps. 

Step A is the selective hydrogenation of 2-nitrobenzaldehyde to 2-aminobenzaldehyde with 

Ni/N-SiC catalyst. Step B is the Friedländer synthesis catalyzed by a catalytic amount of LiOH 

and step C is the subsequent hydrogenation of the formed quinoline to the corresponding THQ 

using the Ni/N-SiC catalyst from step A. Overall, the direct synthesis of hydroquinolines is 

carried out under the following conditions. For step A, 4.0 mol% Ni is used with 0.5 mmol 

nitrobenzaldehyde, 0.5 mmol ketone, 3 mL ethanol, and 3.0 MPa H2 pressure for 20 h at 40 °C 

reaction temperature. Immediately thereafter, step B follows with the addition of 0.6 eq LiOH 

and 20 h reaction time to obtain the quinoline. Step C is then performed by applying 5.0 MPa 

H2 pressure at 120 °C for 48 hours. In the entire reaction sequence, step C is the most 

challenging step of the process and is the limiting factor for the yield. In the benchmark 

synthesis, a maximum yield of 91 % 2-phenyl-1,2,3,4-tetrahydroquinoline is obtained. 

To demonstrate the versatility and effectiveness of the synthesis protocol, a wide range of 

substrates was established using the optimal reaction conditions. First, we investigated the 

introduction of several different aldehyde derivatives into the synthesis protocol (Figure 13a). 

In total, 16 substrates were synthesized. To our delight, several electron-donating substituents 

in each position, such as methyl, are obtained in very high yields. This is an indication that the 

nature and position of the substituents in the catalytic process can be highly variable. In 

addition, electron-withdrawing substituents can be introduced easily. For example, it is possible 

to address each substituent position with a chlorine group and even the more demanding 

bromine group in very good yields. Further halogen substitutions with a fluorine group and a 

sterically demanding CF3 group are obtained in excellent yields. The introduction of a methoxy 

group as well as a bifunctional substrate bearing a bromine and a fluorine group is possible. It 

is noteworthy that the difficulty of introducing halogen substituents due to the harsh conditions 

in step C and thus dehalogenation during the synthesis is little or not observed. After the 

variation of the aldehyde side, we investigated the variation of the ketone substrates in the 
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synthesis concept (Figure 13b). In summary, 21 different substrates have been synthesized with 

good to excellent yields using different ketones. The introduction of electron-donating methyl 

groups to the 2-phenyl group attached to the THQ in para-, meta- and ortho-position is shown. 

Moreover, electron-withdrawing groups on the acetophenone motif such as halogen 

substituents have been introduced. Fluorine groups can be tolerated at any substituent position 

in good to very good yields. It should be noted that there is a decrease in yield in the 2-position 

in the phenyl ring due to steric hindrance. Many more halogen substituents such as chlorine and 

even bromine, besides the harsh conditions in step C, led to product formation and not to the 

dehalogenated products. More sterically demanding groups such as tert-butyl or acetate can 

also be tolerated in excellent yields. In addition, substrates with methoxy, dimethoxy, and amine 

groups are synthesized. Overall, it can be suggested that a higher electron withdrawal is better 

for the overall catalytic performance. Also, more aliphatic compounds, more sophisticated 

compounds, and the introduction of substituents only at the 3-position of the quinoline using 

Figure 13: Substrate scope of the direct synthesis of hydroquinolines. (a) Variation of the 

aldehyde educts. (b) Variation of the ketone educts. Reaction conditions for (a) and (b): Step A: 

29.3 mg Ni/N-SiC catalyst (4 mol% Ni, 0.02 mmol Ni, 1.17 mg Ni), 0.5 mmol aldehyde, 

0.5 mmol ketone, 3 mL ethanol, 3.0 MPa H2, 40 °C, 20 h. Step B: Addition of 0.3 mmol LiOH. 

Then 60 °C, 20 h. Step C: 5.0 MPa H2, 120 °C, 48 h. Isolated yields are given.  
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two aldehydes as well as simultaneously at the 2- and 3-positions, varying the ketone 

substituents, show the versatility and independent approach of the synthesis protocol. To 

proceed, we have synthesized products where we can vary both sides, aldehyde and ketone, to 

obtain highly functionalized products. Both electron-withdrawing and electron-donating groups 

are tolerated at the same time, making the products very interesting for further organic 

chemistry (Figure 14a). To demonstrate the applicability of the catalyst and the applications of 

our synthesized products, we synthesized several precursor molecules for the synthesis of 

bioactive molecules which are used as drug molecules and pharmacologically active 

compounds (Figure 14b). Furthermore, the synthesis protocol is upscaled easily and the catalyst 

is reusable (see Chapter 5). After catalysis, no agglomeration of the nanoparticles was observed 

in TEM images, and no homogeneous catalytically active species is formed during catalysis. 

No irreversible leaching was observed (see Chapter 5).  

As a result of the work to obtain THQs in the above work, the question of how to synthesize 

primary, secondary, and tertiary alkyl amines arose. Since amines represent a significant class 

Figure 14: (a) Substrate scope of highly functionalized THQs varying both aldehyde and 

ketone sides. (b) Application of synthesized THQs as precursor molecules for the synthesis of 

bioactive molecules. Reaction conditions for (a) and (b): Step A: 29.3 mg Ni/N-SiC catalyst 

(4 mol% Ni, 0.02 mmol Ni, 1.17 mg Ni), 0.5 mmol aldehyde, 0.5 mmol ketone, 3 mL ethanol, 

3.0 MPa H2, 40 °C, 20 h. Step B: Addition of 0.3 mmol LiOH. Then 60 °C, 20 h. Step C: 

5.0 MPa H2, 120 °C, 48 h. [a] Step B: 1.5 mmol LiOH. Isolated yields are given.  
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of compounds, and the synthesis of differently substituted primary, secondary, and tertiary alkyl 

amines is inherently challenging, a synthesis approach was developed to facilitate the 

production of these alkyl amines from ammonia, alcohols, aldehydes, ketones, and hydrogen. 

The approach to the synthesis of amines was pursued following the interesting concept of 

combining reductive amination (Chapter 2.5.1) and BH/HA (Chapter 2.5.2). The Kempe group 

has made significant contributions to the field of reductive amination, publishing several 

noteworthy studies on the use of heterogeneous 3d metal catalysts. Additionally, Kempe and 

co-workers have conducted pioneering research on homogeneous 3d metal catalysts for the 

BH/HA concept. The key to combining both concepts at once is a heterogeneous, 

nanostructured, bimetallic Co/Sc catalyst capable of mediating both reactions or concepts 

simultaneously with optimal efficiency.  

The synthesis of the catalyst support based on the crosslinking of the polycarbosilane precursor 

SMP-10 with acrylonitrile using AIBN, followed by pyrolysis and base treatment (see also 

Chapter 2.3), follows the synthesis of N-SiC described in the work above. The metal 

nanoparticles were prepared by wet impregnation of the N-SiC support and the two metal salts 

Co(NO3)2 ∙ 6 H2O and Sc(NO3)3 ∙ 5 H2O in water, pyrolysis (700 °C, N2) and subsequent 

Figure 15: Synthesis and characterization of the CoSc catalyst. (a)  Synthesis of the catalyst 

via wet impregnation, pyrolysis and reduction. (b) HAADF-STEM overview image of the 

CoSc/N-SiC catalyst. (c) Particle size distribution with a mean particle diameter of 13.9 nm. 

(d) HAADF-STEM analysis of catalyst nanoparticles and (e) high-resolution image. (f)-

(g) STEM-EELS analysis shows that the nanoparticles consist of cobalt and that there is a 

significant size difference with respect to the scandium particles, the latter being significantly 

smaller and finely dispersed on the support material. 

(d)
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reduction at 550 °C under forming gas (Figure 15a-b). Several analytical techniques were used 

to characterize the CoSc/N-SiC catalyst and its active sites. The ICP-OES measurement shows 

no significant deviation from the theoretical metal content of 2.0 wt% Co and 2.0 wt% Sc (see 

Chapter 6). HAADF-STEM analysis revealed the presence of homogeneously distributed cobalt 

nanoparticles with an average particle size of 13.9 nm (Figure 15b-c). In combination with 

EELS (Figure 15d-g) STEM analysis shows that the scandium particles are orders of magnitude 

smaller than the cobalt particles, with the former being finely dispersed on the N-SiC support. 

SEM-EDX also confirmed the homogeneous distribution of cobalt nanoparticles and showed 

that the remaining silicon, which was not removed from the support material, is distributed in 

the same way as the scandium particles (see Chapter 6). To further investigate the nature of the 

catalyst, XPS measurements were performed. Figure 16a shows a wide scan with the expected 

signals for both the support material (Si 2p, N 1s, C 1s, O 1s) and the supported catalyst particles 

(Si 2p, C 1s, O 1s, Sc 2p, Co 2p), as well as carbon and oxygen impurities. Additional ghost 

signals, originating from Ga Lα radiation and shifted by 155.7 eV are marked with an asterisk. 

Figure 16b shows the Co 2p3/2 region. As expected, no support signals are visible. For the CoSc 

catalyst there is a broad signal at 780 eV. Two binding energies at 780.6 eV and 786.4 eV for 

Figure 16: XPS spectra of the CoSc/N-SiC catalyst. (a) Wide scan with ghost peaks from Ga 

Lα excitation (*). (b) Detailed Co 2p region. (c) Detailed Sc 2s region.  

(a)

(b) (c)
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the Co oxides and their shake-ups are shown. The splitting is characteristic for Co2O3 and/or 

Co(OH)2. In addition, a third energy of 777.3 eV is given for metallic Co. The observed binding 

energies suggest that the surface Co is oxidized. Figure 16c shows the Sc 2s region. A single 

species with a binding energy of 501.1 eV is found, indicating oxidized Sc considering the 

literature binding energy for metallic Sc of 499 eV. Comparing the corrected signal areas of the 

Co 2p and Sc 2s regions, the amount of Sc detected by XPS is 10 times higher than that of Co 

(9.6:1.3 at%, Sc:Co), although the same concentration would be expected from the ICP-OES 

results. Based on the high surface sensitivity of XPS and additional information from 

microscopy, it can be concluded that Sc is finely dispersed on the outer layer, while Co is 

present as or within larger particles. This suggests that the close proximity of the Co and Sc 

oxide centers is advantageous for the combination of (de)hydrogenation and condensation steps 

required in both catalytic reactions - reductive amination and BH/HA.  

The BH/HA reaction of benzyl alcohol with gaseous ammonia was used to determine the 

optimal reaction conditions for the CoSc/N-SiC catalyst (see Chapter 6). Solvent screening 

revealed toluene as the most suitable solvent with a perfect volume of 2.0 mL for maximum 

yield of benzyl amine. Potassium hydroxide in equimolar amounts, a temperature of 160°C and 

2.0 MPa ammonia pressure were found to be optimal. For a better comparison of catalyst 

activities, a variation of rare earth metals has been performed (see Chapter 6). The smaller the 

rare earth metal used, the higher the selectivity of the catalyst. This resulted in Sc being the 

most active. Neither Co nor Sc as a monometallic catalyst could provide the outstanding activity 

of the bimetallic CoSc/N-SiC catalyst. Varying the support material resulted in activated carbon 

showing only moderate activity, while γ-Al2O3, TiO2 and SiO2 showed little to no benzyl 

alcohol conversion. Pure N-SiC showed no activity at all.  

To demonstrate the applicability of the CoSc/N-SiC catalyst, a broad range of substrates was 

synthesized. For clarity, the substrate scope is divided into three parts, one each for primary, 

secondary, and tertiary amines. First, 13 primary amines were synthesized (Figure 17). Once 

the aromatic ring of the benzyl alcohol derivative has been substituted, the reaction temperature 

must be raised from 160 °C to 180 °C. This allowed for multiple electron-donating substituents 

in different ring positions as well as electron-withdrawing substituents. Unfortunately, when 

the CF3 group is in the ortho-position, there is too much steric hindrance for the reaction to 

proceed. Due to side reactions, NO2, CN, and CONR2 groups were not tolerated. A second 

amine function within the alcohol was not a problem. The catalyst can be used to synthesize 

two fully aliphatic amines from ketones by reductive amination. Biologically active molecules 

can also be introduced into the reaction sequence. As can be seen, the bimetallic catalyst could
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also mediate the reductive amination of these ketones with aqueous ammonia. The next step 

was to explore the substrate scope of secondary amines (Figure 18). We have already shown 

that the catalyst can enable reductive amination of carbonyl compounds. Therefore, we 

combined this with the BH/HA concept as a sequential reaction to produce more complex amine 

structures. The same catalyst is reused for the second step, and in addition to neutralization, 

0.8 mmol of carbonyl compound is added. The reductive amination part is then carried out at 

100 °C and 4.0 MPa H2 pressure. These conditions allow the synthesis of short, medium, and 

long aliphatic moieties. Terminal hydroxy groups on the carbonyl compound were not a 

problem for the catalyst nor were double branched or alicyclic ketones. The combination of an 

aliphatic moiety with a terminal aromatic ring is possible as is the use of acetophenone and its 

fluorine-substituted derivative in the reductive amination step. It must be said that the difficulty 

of introducing halide substituted educts in the BH/HA step due to dehalogenation under these 

harsh conditions is not a problem. The variation of the benzyl alcohol side of the amine is 

associated with an increase in temperature to 180 °C and a methyl group in all ring positions as 

Figure 17: Synthesis of primary amines using CoSc/N-SiC catalyst. Reaction condition: 

28.8 mg CoSc/N-SiC catalyst (2.0 wt% Co, 1.5 mol% Co, 0.01 mmol Co, 0.58 mg Co, 2.0 wt% 

Sc, 0.49 mol% Sc, 0.013 mmol Sc, 0.58 mg Sc), 0.5 mmol alcohol, 2.0 mL toluene, 0.5 mmol 

KOH, 2.0 MPa NH3, 160 °C, 44 h. [a] 180 °C. [b] 0.5 mmol ketone, 3.5 mL aq. NH3-32 %, 

1.0 MPa H2, 50 °C, 20 h. [c] 0.5 mmol ketone, 3.5 mL aq. NH3-32 %, 1.5 MPa H2, 60 °C, 20 h. 

[d] 0.25 mmol ketone, 0.3 mL ethanol, 3.2 mL aq. NH3-32 %, 1.5 MPa H2, 65 °C, 20 h. 

Isolated yields of the converted hydrochloride salts are given.  
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well as a methoxy group is tolerated. Switching the carbonyl compound of the reductive 

amination step from ketones to aldehydes, dibenzyl amine derivatives with electron-

withdrawing and electron-donating substituents, and variations on both sides are tolerated. Even 

benzophenone as an educt is tolerated by raising the temperature to 150 °C in the second step. 

The biggest challenge was the synthesis of tertiary amines (Figure 19). For the synthesis of 

Figure 18: One pot synthesis of secondary amines using CoSc/N-SiC catalyst. Reaction 

conditions for the first step: 28.8 mg CoSc/N-SiC catalyst (2.0 wt% Co, 1.5 mol% Co, 

0.01 mmol Co, 0.58 mg Co, 2.0 wt% Sc, 0.49 mol% Sc, 0.013 mmol Sc, 0.58 mg Sc), 0.5 mmol 

alcohol, 2.0 mL toluene, 0.5 mmol KOH, 2.0 MPa NH3, 160 °C, 44 h. [a] 180 °C. Reaction 

conditions for the second step: 28.8 mg CoSc/N-SiC catalyst (2.0 wt% Co, 1.5 mol% Co, 

0.01 mmol Co, 0.58 mg Co, 2.0 wt% Sc, 0.49 mol% Sc, 0.013 mmol Sc, 0.58 mg Sc), 0.8 mmol 

carbonyl compound, 2.0 mL toluene, 0.05 mL 32 % HCl, 4.0 MPa H2, 100 °C, 20 h. [b] 150 °C. 

Isolated yields of the converted hydrochloride salts are given.  
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Figure 19: One pot synthesis of tertiary amines using CoSc/N-SiC catalyst. (a) Reaction 

conditions for the first step: 28.8 mg CoSc/N-SiC catalyst (2.0 wt% Co, 1.5 mol% Co, 

0.01 mmol Co, 0.58 mg Co, 2.0 wt% Sc, 0.49 mol% Sc, 0.013 mmol Sc, 0.58 mg Sc), 0.5 mmol 

alcohol, 2.0 mL toluene, 0.5 mmol KOH, 2.0 MPa NH3, 160 °C, 44 h. Reaction conditions for 

the second step: 28.8 mg CoSc/N-SiC catalyst (2.0 wt% Co, 1.5 mol% Co, 0.01 mmol Co, 

0.58 mg Co, 2.0 wt% Sc, 0.49 mol% Sc, 0.013 mmol Sc, 0.58 mg Sc), 0.8 mmol aldehyde, 

2.0 mL toluene, 0.05 mL 32 % HCl, 4.0 MPa H2, 100 °C, 20 h. Reaction conditions for the third 

step: 28.8 mg CoSc/N-SiC catalyst (2.0 wt% Co, 1.5 mol% Co, 0.01 mmol Co, 0.58 mg Co, 

2.0 wt% Sc, 0.49 mol% Sc, 0.013 mmol Sc, 0.58 mg Sc), 1.0 mmol aldehyde, 2.0 mL toluene, 

0.05 mL 32 % HCl, 4.0 MPa H2, 140 °C, 20 h. (b) Reaction conditions for the first step: 

38.4 mg CoSc/N-SiC, 0.5 mmol alcohol, 0.5 mmol n-pentylamine, 2.0 mL toluene, 0.5 mmol 

KOH, Ar atmosphere, 140 °C, 44 h. Reaction conditions for the second step: 38.4 mg CoSc/N-

SiC, 2.0 mL toluene, 4.0 MPa H2, 100 °C, 20 h. Reaction conditions for the third step: 38.4 mg 

CoSc/N-SiC, 1.0 mmol aldehyde, 2.0 mL toluene, 0.05 mL 32 % HCl, 2.0 MPa H2, 150 °C, 

20 h. [a] Product isolated after second step. Isolated yields of the converted hydrochloride salts 

are given.  
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tertiary amines with three benzylic alkyl substituents, the consecutive synthesis was extended 

by a third step (Figure 19a). For the synthesis, 1.0 mmol of another aldehyde was added and 

the temperature was raised to 140 °C. The addition of 0.05 mL of concentrated HCl was 

necessary to promote the tertiary imine formation of the secondary amine with the aldehyde. 

The synthesis of three tertiary amines with one, two, and three different moieties is 

demonstrated. Figure 19b shows a workaround approach for the synthesis of tertiary amines. 

For the BH/HA step, the gaseous ammonia was replaced with n-pentylamine. The catalyst 

loading was increased to 2.0 mol% Co and the temperature was lowered to 140 °C. Under an 

argon atmosphere, the catalyst was able to generate the imine but not further hydrogenate it to 

the corresponding amine. Therefore, an additional hydrogenation step was required to obtain 

N-benzylpentan-1-amine (4.0 MPa H2 at 100 °C for 20 h). By adding 1.0 mmol of aldehyde and 

0.05 mL of concentrated HCl and slightly modifying the reaction conditions (2.0 MPa H2, 

150 °C), five more tertiary amines were isolated. Unfortunately, the synthesis of branched alkyl 

substituted tertiary alkyl amines derived from a ketone educt failed due to steric hindrance. 

Despite the reaction protocol itself confirms the reusability of the CoSc/N-SiC catalyst, five 

more consecutive runs of the first reaction step, the BH/HA reaction with the benchmark 

substrate benzyl alcohol, were performed without any loss of activity (see Chapter 6). Upscaling 

the reaction sequence by performing the above reaction with sequential reductive amination to 

give N-benzylpentan-2-amine is not a problem. Using ten times the amount of educts, 76 % 

yield can be isolated (see Chapter 6). To exclude the formation of homogeneous catalytic active 

compounds, a hot filtration test was performed. The filtrate showed no activity and no 

irreversible leaching of the active metal sites was observed (see Chapter 6). In addition, 

competition experiments for BH/HA and reductive amination were performed to gain more 

insight into the reaction sequence (see Chapter 6).  
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