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Summary/Zusammenfassung

1 Summary/Zusammenfassung

1.1 Summary

This thesis addresses the developmenbeaiérogeneous, nanostructureatalysts based on
earthabundant metals and their applicatiortiarmalcatalytic processes for complex organic
synthesis, with a particular emphasis on the production of amines, including

tetrahydroquinolinesas well as primary, secondary, and tertialikyl amines.

The first part of the thesis focuses on desigia novel synthesis protocol for a nanostructured
cobalt catalyst and its application in the selective hydrogenation of aromatic heterodyisles.
approach aimedat decouping the metal and N/C sources, allowifgy their independent
optimization for improved catalytic performancEaree components, an inexpensive metal
precursor [Co(OAcy A H,0], an easyo-synthesize N/C  precursor (mese
octamethylcalix[4]pyrrole)and a commercially available porous support mat€g#l,) are
pyrolyzedat800°C under nitrogen atmosphereform theCo/SiQ catalyst in a simple, single
synthesis step/arious parameters, including pyrolysis temperature, support materials, metal
precursors, and M/N ratspwere investigated to optimize catalyst activBy varying the M/N

ratio from 1:1 to 1:10it was found that a specific M/N ratio of 1:4 is optimBhis is due to

the microporous N/C structure 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 detachrbetcatalyst with 1.8Wt% cobalt
loading showed the best activity, confirmed by 1OBS.In summary, the reaction proceeds
efficiently and selectivelywith 5.0mol% Co, 2.0MPa H, 70°C, and 20 h reactiontime.
HAADF-STEM showed homogeneous distribution of cobalt nanoparti@desm). The
surface area of the supp@t94m?/g) andcorrespondingatalyst(217 m?/g) was determined

by N2 physisorption, with an increase in surface area and additional microporosity due to carbon
black entrapmentHAADF-STEM combined with EDX and EELSEMEDX, XPS, PXRD,

and PDF confirm that the particles are composed of metallic cobalt with cobalt oxide on their
surfaceA total of 31N-, O-, and Sheterocycles were selectively hydrogenated, with increased

conditions required for ©and Sheterocycles.

The second part of the thepiesents new catalytic pathway for synthesizing hydroquinolines
directly from nitroaldehydes and ketonagven their importance in drug molecules and
precursors.The challenge of quinoline substrate synthesis is addressed IFyigldéander

synthesis, which requireséninoaldehydes that achallengingto prepare. This work solves
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Summary/Zusammenfassung

the issue using a reusable NiB\NC catalyst, enabling efficient@ninoaldehyde synthesis from
2-nitrobenzaldehyde, followed by thd-riedlander reaction and hydrogenation to
hydroquinolines. The NSIC support is preparedy crosslinking the commercial
polycarbosilane SMRO and acrylonitrile with AIBN, followed by pyrolysis at 1000 under
nitrogen and base treatment to remove theicBi phase.Active nickel nanoparticles are
obtained on the MSIC support by wet impregnatiowith Ni(NO3), A6 H.0O followed by
pyrolysisandreduction SEM-EDX and HAADRSTEM show a homogeneous distribution of
nickel nanoparticles (8.8m). HAADF-STEMwith EDX, HR-TEM with EELSandFFT, XPS
and PXRD confirm metallic nickel nanoparticles with nickel oxide on their surfag@nAr
physisorptionshows a slight decrease in surface area fE@®m?/g (N-SiC) to 563m?/g
(Ni/N-SiC). ICP-OES and CHN analysis confirm a nickel content ofwt®, with 83.3% C,
57% N, and 7.06 Si. Several parameters were screened in thepohereaction of
2-nitrobenzaldehyde with acetophenone to obt@iphenytl,2,3,4tetrahydroquinoling
divided into three steps: (A) selective hydrogenation efhittbbenzaldehyde to -2
aminobenzaldehyde with NiASIC, (B) Friedlander synthesis with LiOH, and (C)
hydrogenation oR-phenyhuinoline to2-phenytl,2,3,4tetrahydroquinolinaising the Ni/N
SIiC catalystfrom (A). For stepA, 4.0mol% Ni, 0.5mmol nitrobenzaldehyde, OrBmol
acetophenone3 mL ethano] 3.0 MPa H, 40°C for 20h are the best conditionkor stepB,
0.3mmol LiOH are added foROh at 60°C. For stepC 5.0MPa h, 120°C for 48h are
aligned StepC is the most challenging, limiting step with a maximum yield o¥©2-pheryl-
1,2,3,4tetrahydroquinolinein the benchmark synthesidJsing optimal conditions, 16
aldehydederived and 21 ketorgerived 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, secomaddrertiary alkyl
aminesinspired bythe hydroquinolinesynthesis work. In addition to heterocyclic amines, the
synthesis of substituted alkyl amines is crucial for ¢hsthesisof bioactive moleculesTo
achieve this, aynthetic approach combining reductive amination and BHisiAgammonia,
alcohols, aldehydes, ketones, and hydrogigh a CoSc/NSIC catalystis developedThe
catalyst is synthesizeasing NSiC, CqNOs)2 A6 H20 and S¢NOs)s A5 H.0 as described in
the second partHAADF-STEM showsa homogeneoudistribution of Co nanoparticle
(13.9nm), with orders of magnitudemaller Sc patrticles finelgtispersedver the support, as
confirmed by EELSXPS analysis showthat theSc fraction is ten times higher than the Co
fraction, although the same concentratioexpectedThisindicates that Sc is finely dispersed

on the outer layer, while Co is present in the form of large partictessistent with STEM

11



Summary/Zusammenfassung

EELS resultsICP-OES (20 wt% Co, 20 wt% Sc) and SEMEDX further confirm thisUsing
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 beschaftigt sich mit der Entwicklung heterogener, nanostrukturierter
3d-Metallkatalysatoren und deren Anwendung in thermilszfalytischen Prozessen fur
komplexe organische Synthes&n besonderer Schwerpunkt liegt auf der Herstellung von

Tetrahydrochinolinen sowie primaren, sekundaren und tertiaren Alkylaminen.

Der erste Teil der Arbeit konzentriert sich auf die Entwicklung eines neuartigen
Syntheseprotokolls fur einen nanostrukturierten Kobaltkatalysator und dessen Anwendung fur
die selektive Hydrierung von aromatischen Heterocyclen. Ziel war es, die Metall
N/C-Quellen zu entkoppeln, um eine unabhéngige Optimierung zur Verbesserung der
katalytischerAktivitat zu ermdglichenDrei Komponenten, eine kostengiinstige Metallvorstufe
[Co(OAcy A4 H2Q], eine leicht herstellbare NAZorstufe (meseDctamethylcalix[4pyrrol)

und ein poréses Tragermaterial (9i@urden bei 800 °C in Stickstoffatmosphéare pyrolysiert,
um denCofSiOx-Katalysator in einem einfacheeinstufigen Syntheseschritt herzustellen.
Verschiedene Parameter wie Pyrolysetemperatur, Tragermaterialien,-Rtétalrsoren und
M/N-Verhaltnisse wurden untersucht, um die katalytische Aktivitat zu optimieren. Ein
M/N-Verhaltnis von 1:4 erwies sich als optimal, da die mikroporése faktur bzw. die
optimale Dicke der eingebetteten NBchicht den Zugang dé&dukte und die Stabilitat des
Katalysatorsbegunstigt Eine zu dicke Schicht behindert die Zuganglichkeit, eine zu diinne
Schicht beginstigt die Auswaschung von Kobalt durch Ablésung der NanopaBDikel.
Katalysator mit 1,8Wwt% Kobalt zeigte die beste Aktivitdt, was durch {OES bestatigt
wurde. Zusammenfassend lauft die Reaktion bermg@ Co, 2,0MPaH, 70°C und einer
Reaktionszeit von 20 Stunden effizient und selekti-BADF-STEM zeigte eine homogene
Verteilung der KobalNanopartikel (4,81m). Die spezifische Oberflache des Tragers
(194m?/g) und desentsprechendeKatalysators (217?%g) wurde durchN2-Physisorption
bestimmt. Die Zunahme der Oberflache und der Mikroporositét ist aubelerierungzon
Aktivkohle zurtickzufiuhrenHAADF-STEM in Kombination mit EDX und EELS, SEEDX,

XPS, PXRD und PDF zeigen, dass die Partikel aus metallischem Kobalt besteken amr
Kobaltoxidschicht umgeben sinthsgesamt wurdenl3N-, O- und SHeterocyclen selektiv

hydriert, wobei fir @und SHeterocyclen erhdhte Reaktionsbedingungen erforderlich waren.

Im zweiten Teil der Arbeit wird ein neuer katalytischer Weg zur direkten Synthese von
Hydrochinolinen aus Nitroaldehyden und Ketonen vorgestellt, die fur Arzneimittel und deren
Vorstufen von Bedeutung sinddas Problem der ChinoliSynthese wird durch die

FriedlanderSynthese gelost, die schwer zuganglichdnZnoaldehyde erfordert. Diese

13
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Schwierigkeitwird durch die Verwendung eines wiederverwendbaren {SiGtKatalysators
gelost, der eine effiziente Synthese vorArBinoaldehyden aus -Ritrobenzaldehyen
ermaglicht, gefolgt von ddfriedlanderReaktion und der Hydrierung zu HydrochinolinBras
N-SIiC Tragermaterialwird durch Vernetzungles Polycarbosilans SMR0O mit Acrylnitril
mittels AIBN, anschlieRender Pyrolyse bei 100 unter Stickstofatmosphareund
Basenbehandlung zur Entfernung deréschen Phase hergestellt. Aktive Nické&ngartikel
werden durch Nassimpragnierung desSi€ Tragematerialsmit Ni(NOs)2 A6 H20, gefolgt
von Pyrolyse und ReduktipaynthetisiertSEM-EDX und HAADF~STEM Aufnahmerzeigen
eine homogene Verteilung der Nickeanopartikel (8,5:m). HAADFSTEM mit EDX, HR
TEM mit EELS und FFT, XPS und®XRD Messungenbestatigen metallische Nickel
Nanopartikel mit einer Nickeloxidoberflache. Die-Rinysisorption zeigt eine leichte Abnahme
der spezifischen Oberflache von 588g (N-SiC) auf 563n%g (Ni/N-SiC). ICROES und
CHN-Analyse bestatigen einen Nickelgehalt vonwt@ mit 83,3% C, 5,7% N und 7,0% Si.
Bei der OnePotReaktionvon 2Nitrobenzaldehyd mit Acetophenomur Herstellung von
2-Phenytl,2,3,4tetrahydrochinolinwurden verschiedene Parameter untersucttoptimiert
Die Reaktion besteht aus drei Schritten: (A) selektive Hydrierung Witr@benzaldehyd zu
2-Aminobenzaldehyd mit Ni/P&iC, (B) FriedlanderSynthese mit LiOH und (C) Hydrierung
von 2-Phenyltinolin zu2-Phenyt1,2,3,4tetrahydrochinolirmit dem Katalysator aus (Affur
SchrittA sind 4,0mol% Ni, 0,5mmol 2-Nitrobenzaldehyd, 0,Bhmol Acetophenon3 mL
Ethanol, 3,0MPaH> und 40°C fir 20h optimal. Fir SchritB werden 0,3mmol LIOH bei
60 °C fur 20h zugegeben. Schritt C wird bei 3yiIPa H> und 120°C fur 48h durchgefuhrt.
SchrittC ist der anspruchsvollste und limitierende Schritt, mit einer maximalen Ausbeute von
91% 2-Phenytl,2,3,4tetrahydrochinolin in  der Referenzsynthese Unter optimalen
Bedingungen wurden 16 Aldehydnd 21 KetorDerivate sowie drei hochfunktionalisierte

Substrate und vier Vorstufen fur bioaktive Wirkstoffe synthetisiert.

Der dritte Teil der Arbeit konzentriert sich auf die Synthese von primaren, sekundaren und
tertiaren Alkylaminen inspiriert vonder HydrochinolinSynthese Neben heterocyclischen
Aminen ist die Synthese substituierter Alkylamine fur die Herstellung bioaktiver Molekile von
entscheidender Bedeutung. Zu diesem Zweck wurde ein Syntheseansatz entwickiedt, der
reduktive Aminierung unddas BH/HA Konzept kombiniert und Ammoniak, Alkohole,
Aldehyde, Ketone und Wasserstoff mit einem CoS8if-Katalysator verknigdt. Der
Katalysator wird unter Verwendung vor$iC, CqNOs)2 A6 H20 und SqNOs)s A5 H20, wie

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

zeigen eine homogene Verteilung der Ganopartikel (13,9%9m) mit deutlich kleineren

14
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ScPartikeln, die fein Gber den Tréager verteilt sind, wie dlBEEhS-Aufnahmerbestatigt wird.
XPS-Analysen zeigen, dass der-8nteil zehnmal hoher ist als der @anteil, obwohl gleiche
Konzentrationen erwarteterden Dies deutet darauf hin, dass Sc in der &uf3eren Schicht fein
verteilt ist, wahrend Co in Form von grofR3en Partikeln vorliegt, was mit den SHEM
Ergebnissen lbereinstimmt. IE€PES Messunger(2,0 wt% Co, 2,0wt% Sc) und SEMEDX
Aufnahmenbestatigen dies ebenfallglit dem Katalysator wurdearfolgreich13 primare, 24

sekundéare und 8 tertiare Amine synthetisiert, darunter funf nedrndangen.
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Introduction

2 Introduction

2.1 Sustainable Chemistrywith Respect toHeterogeneoudarth -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 atmosphetech isgoodin principle The reason

for this is that the atmosphere is very transparent to-gla¢ solar radiation. This is not the

case with infrared radiation. It is emittedm the Eartl@s heated groun@nd some of iteflects

back to the Earth. This is called the greenhouse éHelthis effect has increased massively
since industrialization and its pollutioBociety, industry, and policymakers have long ignored

this phenomenon until it has long since affected everyone on the plaeetlimate crisis is
undoubtedly one of the most pressing challenges of our lisnonsequences areda@aching

and imminentExtreme 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
extraordinaryspeed? Today, society is more aware of this phenomea®mvell as industrial
pollution and of its own responsibilitieResearch is also shifting its focus to a scidmased
approach to environmental protectidrBy developing a sustainable approach to the chemical
industry, society could enjoy the benefits of everyday products such as pharmaceuticals and
polymerbased materiaJsvhile conserving fossil resources and reducing climate chadnge.
1998, to address the sustainability aspect of chemical resdar@stasandWarnerpresented

the 12 Principles of Green Chemistfy.This includes the design, developmeand
implementation of chemical processes and products for the reduction or elimination of
substances hazardous to human health and the enviroRndeahemical reaction must meet

the 12 principles to be classified as green. This was later simplified by the acronym
PRODUCTIVELY® 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 materi&glSupported metal catalysts are used in a wide range

of critical processes in the modern chemical industry including petrochemicals, energy, storage
and pollution controlMany modern products are synthesized with the help of catalysts. These
include hightemperature lubricants, higierformance polymers, angharmaceuticalé!
Depending on the aggregate state of the reactant and catalyst, a difference is made between
homogeneous and heterogeneous catalisisiogeneous catalysts are in the same phase as the

substrates being catalyzed, whereas heterogeneous catalysts are in a differéhBelcasse

16



Introduction

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 industi. However, many of the catalysts used are precious metal
catalysts. A promising approach is to replace them with-@dtindant metal catalysts, as they

are much more abundant in the earthog&orcrust,
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, allonemg synthetic

pathways and reactions with a wider substnategel' Therefore the use of reusable
nanostructured eardibbundantmetal catalysts for a broad applicability in complex organic

synthesisas well as electricand chemicastorage applicationis highly desirable.

In recent years, th&empegroup has established many fundamental works according to
heterogeneous catalysis used in orgagitthesisFor example, the selective hydrogenolysis
of aryl ethers using a nickel catahdt and the hydrogenation of ligniwith rhodium
nanoclustershave been carried out using a sustainable feedstock for important chemical
materiald®! 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 catalyas beemntroduced!* In addition, several

Fe, Cq and Nicatalysts that promote the selective and highly efficient hydrogenation of nitro
compounds to the corresponding amihage beempublished!>*¢1"1Follow-up chemistry has

also beemerformedusing the hydrogenation of nitro compourasl furtheichemical raction
sequence® synthesize imines, benzimidazol&ld;perimidines 3,4-dihydro-2H-pyrrolesand
quinoxalineg'®7:18 Moreover the concept of reductive amination with aqueous ammonia
using Fe, Co, Niand a bimetallic catalygtCo and Sc)ywas introducedor the synthesis of
primary, secondaryand tertiary aminel$® 2%l This concept was transferred to the reductive
alkylation ofnitrile compoundsy aldehydes and keton€4.Sinceheterocycles play a key role

in the synthesis of biologically active moleculegnthesis conceptvereintroduced as well as

the selective hydrogenation of these compounsisg Co,Pd, Ry and Ir catalyst[?526]
Additionally, a cobaltceriumdeoxygenation catalystas published for the use of lastage
modification of biomasslerived moleculesinto fuels and chemical§! Simple
chemoselective hydrogenation of olefiness beennvestigated using &li catalyst with a
tremendousolerance in functional group®! It hasalsobeenshown that reversible hydrogen
storage using @imetallic palladium and rihenium catalyst for both hydrogenation and

dehydrogenation dfl-ethylcarbazolés possibld?®!
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2.2 N-doped Support Materialsfor Heterogeneous Catalysts

Mostheterogeneous catalysts usedhemistry and industrgre supported catalystghere the

active component isarried bya support materiaP or ous s o [-Al.DssSiIG, TiIG2h  as 2
CeQ, zeolites or activated carbon are suitable as supputerials in many applicatiof¥!

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
heterogeneous catalysi&he properties required frorthe support material are diverdenhey

range from chemical inertness, stability under reaction and regeneration condibabigh

surface area to highly oxidation and thermal shock resistaterials.The properties of the
support material should be individually tunalibr each catalytic proceddoreover, carbon

based carriers are widely used because of their microporous structures and excellent electrical
conductivity, whichimprovethe catalytic activitydrastically!*-3! In thisregard substitutional
heteroatom doping of the carbamatrix is a suitable way to optimize the intrinsic reactivity of

the activesites.Between the different dopants (e.g. B, P, F or S), N is the most intensively
studied elementwhich had alreadybeeninvestigated in thesarly 19604321 Over the past
decade, Ndoping of carbon materials has enabled advances in many industrially important
processes, including oxidation, reduction, Fis€h@psch synthesis, and hydrogen evolution
reaction®3l

Metal or metal oxide nanoparticlesipported on Mloped carbon materials are promising
heterogeneous catalyst materials. Tin@st common bonding forms of-8bpants in a given

carbon matrix are pyridine, pyrrole, graphitic (quaternary) and pyridiogidke forms Figure

1a).343%1 pyridine N atoms are mainly found at the edges or defects of graphitic ¢ayleos

On the other hangyrrole N atoms are part of the famveembered ring. Graphitic (quaternary)

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

(@ . (b
Pyridine N
/ N
Pyrrole N
Graphitic N I

Pyridine N-O
0 y

Figure 1: (a) Common bonding situations of N atoms in carbon matrigg@$2roposed metz
nitrogeni nt e r abondingbatweeah emptymetald-orbital (negative: blue, positive: re
andaf i | losithl (negativepaleb | u e , posi tive: vbackblorlih
between filled metad-o r bi t al  aamtbonding prbital of the support.
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N-dopartsresults indefects or other ingrfections in the graphite latticEo 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 intogttaghite plane is
energetically favored because native point defects add@dnts 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 differelectronic states of C and N generate permanent
dipoles that can be modulated by their defect types with different configur&fiobsce N
atoms are introduceadto the latticetheyinfluence the properties of the original carbon matrix
and thusthe metal (oxide) nanoparticlese attached to the suppart severalways.Among

other things, defective CN positigrad N irclusions provide active centers for nucleation and
growth of metal nanoparticlé€] Furthermore, in most cases, the binding energy for the
formation of metal species is high forddped carbon materials. This leads to a highikty

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 therbitals of N with the ebrbitals

of the transition metaF{gure 1b).2*38 |n addition, an enhanced metarrier interaction can
result from close contact with theiNduced defect8?! This interpretation allows the view that
N-doped cdron materials can beonsidereda s fi s o | iB8% Theé igterfacthlscbarge
transferat the metabupport binding site and the tunable aoabe character of the support
surface play an important role in the unigue mode of interaction between metal, support, and
reactant in catalysis. As a result, there is an increase in the perfornhameeatalytic activity

of metal nanoparticles on-tloped carbon compared to the undoped analdtfiies.

The N-doping of carbon can be achieved by treatment with ammonia at high tempéfétures,
by gasphase deposition of nitrogaontaining compound$? or by liquidphase
polymerization of various compoun@$. If N-doped carbon supports aatready available,
methods for subsequent loading, such as impregnationdepdsitionprecipitation offer
simplefabricationoptionsfor carrierfixed metal catalyst$® Metal catalysts on Nnodified
carbon supports can also be obtained by pyrolysis prod&d¢isrogenrich motifs and their
metal complexes are suitable precursors for this puffydde. the pyrolysis process, the
structure of the nitrogench motif is partially or completely decomposed, allowing the
formation of metal nanoparticleSimilar N-doped carboifixed metal nanocatalysts can be
prepared by pyrolyzing carbon with metal salts and nitrogen squmbésh are cheap and
readily availablgle.g. inorganic metal sad). The most usecdhitrogen sources are melamine,
1,10phenanthroline, dicyadamide or triazine. Depending dhe materialsused, a clearly

distinguishable catalytic bakior can be observétf!
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2.3 Polymer Derived Ceramics as Support Materials for Heterogeneous
Catalysts

Polymer deriveateramics (PDE€) have attracted considerable interest in the last 50 years due
to their excellent propertieand are used in a wide variety of applicatifidnlike traditional
high-temperature ceramic manufacturing, PDC processing is a relatively new technology that
offersseveraladvantages over conventional methdd€?DCs, the polymer is first generated,
then crosslinked or gelled, and finally converted into a ceramic component by pyrolysis at
suitable temperatureghe removal of organic components during pyrolysis by cleavagd-bf C
bonds, releasing :1CHa, or other volatile compoundkads tathe formation of an inorganic
material. The ceramic materias obtainedthrough a complex microstructural evolutitrat
depends on the thermalocessandtheheating temperatur@heresulting nanoscale crystalline
phaseis embedded in an amorphous matrix containing a @@®on phasé® By using
different educts and different reaction types, the chemical and physical properties of the
preceramic polymesuch as elemental composition, solubility, fusibjlapd 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 providedlBnensional crosinking to an unmeltable polymer, the-so
called greenbody, which is the prerequgsfor ceramization.The transformationfrom
thermoset to the ceramiakes placeat relatively low temperaturgs 1000°C). Further, the
polymeric nanostructureas an influencen the structureof the ceramicand can be therefore
tailoredto the desired propertieBue to the different properties of the preceramic polymers
and the resulting ceramics, various applications have been established, such as ceramic fibers,
porous ceramics, polymeand ceramic coatings, and as ceramic matféeBecause of these
applications, combined with versatile forming methods, precursors such as polycarbosilanes
have led to the synthesis and commercialization of various Btbased polymeric precursors,
such as polysiloxane, polysilazane, polyborazylene, and pure polycarbodilaess materials

allow a range of ceramic materials with different compositions such as silicon oxycarbide
(SI00), silicon oxycarbonitride (SIOCN silicon carbonitride (SICN silicon boron
carbonitride (SiBCI\ and silicon carbide (S)d°? Therefore, PDCs can be categorized into
oxide ceramics, which contain an oxygen moiety, andaate ceramics, which do not contain

any oxygen.These materials have advantageous properties in terms of oxidation resistance,
refractoriness, low creep rate, chemical and thermal duralaititystability, or even functional
properties such gsezo resistivitythat cannot be achieved by conventional ceramic synthesis

processe8® Suchmaterials have a wide range of applications, including-pgtiormance
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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 phas¥s.

There are several strategiesymthesize metal enhanced polymer derivedaade ceramics

A chemical approach is to mix the preceramic polymers with metal or metal oxide powders
prior to crosslinking and pyrolysisThe molecular route involves the synthesis of
metallopolymers and the chemical modification of precursors using coordination compounds.
Further, PDCs can be used as support matefiaéssmetal precursor is introduced to the support

by wet impregnation of metal salts or complex@shsequernyrolysis results in the formation

of active catalyst species on the material, mostly nanoparticles. In this method, the active
catalyst speciess generated only on the surface of the material. In contrast, the chemical
method also generates active species directly in the nanocomposite Tiregrefore, it is very
important to have a high porosity to access the active metal centers in the nanocomposite matrix
for catalytic approaché¥">!

Our group establisheseveral works using PDC support material denoted asSIKC for the
synthesis of F&l-SiC and CdN-SiC as well as CoScASIC nanostructured catalydt8:22 24
Baumleret al. synthesized at first the-SiC materialaccording to a modified proceduaed

the corresponding Fe/SiC catalyst(Figure 2).2%%¢ For this the commercially available
polycarbosilane SMRO and acrylonitrile are crosslinketd give the greenbody, which is

subsequenpyrolyzed at 1000C in a nitrogen atmospherelhe resulting ceramic is then

(a)
Z>CN
+
| Cross Linking Greenbody 1. Pyrolysis N-SIC
H Microphase 2. Base Treatment
| i
S.i Si Separation
H H
09n 0.1n
(b)
Wet Impregnation
N-SiC + Metal Precursor M/N-SiC

Pyrolysis/Reduction

Figure 2: (a) Synthesis pathwayfdN-SiC starting from the cross linkingf acrylonitrile an
the polycarbosilane SMRO0 to the greenbodwith subsequent pyrolysis and base treatr
(b) Catalyst synthesis by wet impregnation of a metal precursor aSdCNollowed b
pyrolysis and reduction to obtain the active catalyst sp@eidg-SiC).
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washed in NaOH to leach out the silieech domains from the material to obtain a high surface
area with porosity(Figure 2a). For catalyst synthesis, the resultingS\C support is wet
impregnated with a metal precursor and the solvent is removed. The material is then pyrolyzed
and reduced to yield the active catalfisgure2b). With the prepared catalysts FeNC and
Co/N-SiC, the synthesis of primary amines via reductive amination of carbonyl compounds
with NHz was applied??2® The conceptvas transferred to the reductive alkylatimfmitriles

by aldehydes and ketones to receive secondary amines with aS@D/Matalyst?*!
Furthermore, it is shown that a bimetallic CoSSNC catalyst can promote the general
synthesis of alkyl amines mediating two reactions, BHA mechanism and reductive
amination with hydrogen to obtain primary, secondand tertiary amineswhich is also part

of this dissertatiof!
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2.4 Aromatic Heterocyclesin Chemistry

2.4.1 Synthesis Approaches tiN-Heterocycles

Heterocycles are essential structural elements in chemistry, found in many natural products,
pharmaceuticaJ&nd organic materials. They consist of rings containing at least one atom other
than carbon, such as nitrogen, oxygensulfur, which gives them unique propertfésThe
synthesis of Neterocycles has attracted much attention due to their prevalence in natural
products and drud®! There are many aromatic heterocycles that vary in structure, ring size,
and number of nitrogen atoms in the ring moGbmmon Nheterocycles include pyrrole,
imidazole, pyridine, pyrimidine, pyrazine, triazine, quinoline, isoquinoline, indole, or acridine
are well known andhanysynthesis protocols have been repalt&dror example, the quinoline

motif is present in many bioactive natural products, and various quisal@&nown to exhibit

a wide range of pharmacological properti@sinoline derivativesfor instance¢an be used as

anti-cancef® anti-HIV, 1 antihypertensivé®? antituberculosig®® and antialzheimef*

X H
e o)
N/
5 /_/—NH N~
~ N
A
[N
N

] Anti-Cancer

drugs Figure3).

Anti-Tuberculosis

Anti-Hypertensive

©\/i/\ O D
~ —
N NO, N Q

Anti-HIV Anti-Alzheimer

Figure 3: Pharmacologically active molecules with a quinoline motif (motif shown in blue).
The drugs can be used as dnberculosis, anhypertensive, anitancer, antHIV, and anti
alzheimer agents.

Quinoline was first synthesized Byenigsin 1879 by passing allyl aniline over lead oxité
After, theSkraupsynthesisfirst published bySkraupin 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 acidand an oxidizing agent. Glycerol is first dehydrated to acrolein, which is required
as a-unsatlirated carbonyl compound for cyclizatf8h Among manyother methods
available for constructing the quinoline ring, Bréedlanderquinoline synthesis firgiublished

by Friedlanderin 1882 has proven to be a very powerful tool for the synthesis of quinfines.
The condensation of-@minobenzaldehyde withcetophenonéearing a reactive methylene
group in theU-position is for example basecatalyzel to the produc-phenytjuinoline. The
reaction consists of two distinct ste@$e condensation between the amino group and the
carbonyl group of the aldehydand the irreversible intramolecular condensation of the
methylene group or methyl grouand the carbonyl group iortho-positionin the aromatic

ring. Based on this, it is assumed that an ageé condensain is involved in the entire
condensation at a certain reaction stage. Thus, both acids and bases can catalyze thi€eaction.
Figure 4 shows the mechanism of tleiedlander synthesis with2-aminobenzaldehyde and

acetophenone base catalyzed with LiOH.

PON
/[ THOH
o L| - i
H O Li*
)r\H _ LitoH H
o ’ O
o}

+Hg0 O HoN

Figure 4: Reaction mechanisnof the Friedlander synthesis onthe example with
2-aminobenzaldehyde and acetophenone catalyzed by LiOH.
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2.4.2 Selective Hydrogenation ofAromatic 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 pharmacepgicdlagrochemical€’
Hydrogenation is a particularly attractive reduction protocol because hydrogen is cheap,
abundant atomefficient, and sustainablé? Furthermore, arene hydrogenation is an elegant
way to chemically store hydrogen. Here, nanostructured and reusable catalysts are of particular
interest’*! The reduction of Neterocycles 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 pharncatgut
agrochemicalsand other fine chemical®! Selective hydrogenation of the aromatic ring is
extremely attractive to produce complex moleculd® generation of catalysts for this step is
therefoe highly desirable With respect to the quinoline motif, the selective hydrogenation to
1,2,3,4tetrahydroquinoling THQ), which is a component of various natural products and
synthetic bioactive compounds, leads to a high demand in synthetic pathMell/&nown

drugs and natural productsased on the TH@otif are used as adiacteriall’®! tubulin
polymerization inhibitoF4 5-HT3 receptor antagoniSt! anti malarid!®! anti-fungall””! and
anti-tumot’® reagentgFigure5). Many nanostructured 3uetal catalysts have been developed

for the selective hydrogenation of quinokre THQs, mainly cobaft® %8 and nickel®8!!

catalystsand only a few irofi®#? catalysts are known in the literature.

hn e
" N )
N

/) o
O\]fN - o X
o m 0 < | 0
N (0] | ') N
| ~ H
Anti-Bacterial Tubulin Polymerization Inhibitor 5-HT3 Receptor Antagonist
HN
N LY
N o OGN
I H
Anti-Malarial Anti-Fungal Anti-Tumor

Figure 5: Pharmaceutical and drug molecules with a 1,2&rahydroquinoline motif (shown
in red). The drugs are active in several apaboften used imedicine.
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2.5 SynthesisMethods towardsAmines

Amines represent a significant class of substrates with a wide range of applications across
numerousindustrial sectorsincluding the pharmaceutical, polymer, agrochemical, dye,
surfactant, and fine chemical industri@ie selective synthesis of differently substituted
primary, secondaryand tertiary alkylamines is particularly challenging because the alkylated
product amine is a better nucleophile and more reactive than the amine or ammonia starting
material®®23 There is a wide range of name reactjosisch as theSabriel synthesis, the
Hoffmanndegradation, théeuckartWallachreaction or the Staudingemreaction to produce
amines. In addition, amination of alcohols, hydroamination, hydrogenation of nitro or cyano
compoundsor reductive amination allow the synthesis of amines. For all these reactions,
efficient catalytic and atorefficient synthetic routes with few khyroducts are of great

interest®4

2.5.1 Reductive Amination of Carbonyl Compounds

Thereductiveamination ofcarbonylcompounds was introduced Mignonacin 1921, using a

nickel catalyst and dry ammonia as nitrogen safirté is an important amine synthesis and

has been intensively studied in academia and industry for a century. In addition to aldehydes,
ketonesor 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, nitrile®r nitro compoundsThe reaction pathway for the reductive
amination of carbonyl compounds is showrrigure®6.

o) + NH OH -H,0 NH +H NH
L, — Ly — I, —— U
R' "R2 - NH,4 R’ R2NH2 +H,0 R! "R2 R" "R?

Figure 6: Reaction mechanisnof the reductive amination of carbonyls to give amines
introduced byMignonacin 1921.

Aldehydes and ketones usually react with ammonia or amines by condensation to form a
hemiaminal(carbinolamine). Further elimination of8 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 hydrogand/or a catalyst. The imine, as a reactive

intermediate, or the primary amine, due to its enhanced nucleophilicity, can acnasmation
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agent, and secondary and tertiary amines are often formed in parallel with the primary amine.
Selectivity control is therefore importaamnd this is where catalysts play an essential (fe.

the other hand, reductive amination is impressive in terms of product scope, as primary,
secondaryand tertiary alkyl amines are accessibled hydrogen is the most attractive reducing
agent, especially when large scale product formation is an issue, as hydrogen is cheap and
abundant.Therefore, reductive aminatios icharacterized 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 dé€hdedarge number of
applications for Raney Ni have been reported in the liter&ftindowever, in recent years
nanostructured 3d metal catalysts base8e?>88 Co,8% and NI**° have been successfully

developed to provide reusability and facile handling of catalgstwell aexcellentselectivity.

2.5.2 Borrowing Hydrogen/Hydrogen Autotransfer Concept

The Borrowing Hydrogen/Hydrogen Autotransfer (BH/Hnceptwas introduced byWinans
and Adkinsin 1932 using a heterogeneous nickel catalyst for the alkylation of amines by

alcohols(Figure7).Pd

R3
jD\H Cat. + H,N-R? Hjl\
R1 R2 . H2O R‘l R2
[Cat.]
Dehydrogenation Reduction
[Cat.]H,
/
e} 3 _R®
+ HoN-R N

Y

R1JJ\R2 -H,0 R1J|\R2

Figure 7: Alkylation of amines byalcohols following the Borrowing Hydrogen/Hydrogen
Autotransferconcept.
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This reaction is an important example of an alcohol refunctionalization reaction. It is highly
atomefficient and sustainabléecause alcohols can be used andadditionalhydrogen is
required. Alcohols can be produced from sustainable resources such as biomass.
Lignocellulose, an underutilized, indigestipkend abundantly available waste material, is
perfect for this purpose because it can be processed into al®éhdlse alcohol starting
materialis 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 reactiofjcondensation reactiortp form an imine intermediatevhich can be
reduced using the hydrogen atom equivalents gained in the dehydrogenatitmysédgh an
alkylated amingFigure7). If ammonia is used as the nucleophdls first demonstrated liye
Baikergroup using a heterogeneous cobalt catalysthydroxy group of the alcohol is directly

converted into an NiAgroup or a primary aliphatic amirfg!

Grigg®¥, Watanab&® and ceworkers introduced the first homogeneous catalystsHer t
BH/HA conceptin 1981 Since then, numerous homogeneous transitietalcatalyst 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 public&fiddsterogeneous
transiton metalcatalysts remain underrepresented in the literature, although reports have been
published on catalystsith Fel®”1 Co,?%%8I N;j ®° and Cy*°° 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 chapi&rTwo of them

have beempublished and one is submitted. The synombigpter3.1, gives an overview of the
individual publications of this thesis and discusses them in an overall context. The individual
contributions tahejoint publications arelescribed in detaih chapter3.2

3.1 Synopsis

Heterogeneous catalysis is a key technolyjch addresses sustainability in multiple areas
and contextsPrecious metals, which are very expensive and not readily available, are
commonly used in industrial catalytic systeams processe3herefore, it is highly desirable

to replace precious metals with more abundant and available alternhtivesent years, the
Kempegrouphas focused on the synthesis and design of novel heterogenanastructured
catalysts for complex organic syntheddsre, theKempegroupmade a decisive contribution

to this topic by introducing several earttbundant metal catalysts for hydrogenation and
dehydrogenation reactiortdeterogeneous, nanostructured metal catatygiported by porous
materialsnvere developed for chemoselective hydrogenation and consecutive organic reactions.
The motif of themetalsalencomplexes were successfully introduced as precursors for several
catalyst systemwith different support materialén addition, highly active nickel, cobalt and

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

However, the metatdalen method hadhe major disadvantage that the metal and
nitrogen/carbor{N/C) sources cannot kenedindividually. This makes it impossible to tune
the N-dopingof the material to obtain materials with higher activity due to the doping and to
find an optimum in dopinglhe first publication of this thesis introducesyanthesis protocol

for nanostructured earbundant metal catalysighereboth the metal andN/C contentare
individually adjustable.Three components, an inexpensive metal precursor, ant@asy
synthesizeN/C precusor and a commercially available porous support material undergo
pyrolysis to give the catalyst material in a simple, single synthegid=&st, the N/C precursor
mesaoeoctamethylcalix[4]pyrrole was synthesizé&the basic motif israNs-macraycle without
"-"-stacking and a flastructure therefore it is excellent soluble for the wet impregnation
process and can be moleclyjadispersed easilyror the catalyst synthesibie N/C precursor

and cobalt acetate tetrahydrate dissolved in methanol together with S&9 support material.
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+ Co(OAc), - 4 H,0 1. Wet Impregnation

—_—
L3 456 78
Particle Size [nm]

+ SiO, 2. Pyrolysis

.
-

(A) Molecular Dispersion on SiO, Support
N/C Precusor (B) Formation of N-doped Carbon Shell
meso-octamethylcalix[4]pyrrole (C) Determination of Metal to C/N Ratio

Figure 8: Synthesigrocedure of the catalystaterial starting with wet impregnation of me
octamethylcalix[4]pyrrole and Co(OAch H20 with SiQ and subsequent pyrolysiEhe ke)
is thespatially separated N/C and metal precursor to tune tbdepig of the material on
mesoporousilica supporto receive a highly active catalyst.

After the removal of the solvent at 7Q, the sample was pyrolyzed under nitrogen atmosphere
to givethe active catalyst materid@frigure8). 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 1,2,3,4etrahydroquinolingsee Chaptef). By varying themetal to N/C ratio

(M/N ratio) from a ratio ofl1:1 to 1:10 the nitrogen doping was increaddte high activity of

the Co/SiQ 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 aodess thin a

layer may lead to cobalt leachirags 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. Moredbping leads to astrease in product yield to a certain plateau

at about 6@% yield. In the catalyst materiastudy, 1.81wt% cobalt is loaded on the material
which shows the best activity in the benchmark reaction witm®l® cobalt loading in the
catalysis. The pyrolysis temperature and different commercial support materials and cobalt
precursors were also testdthe best pyrolysis temperatumas found to be 80TC, while SiQ

as support material sh@asuperior activity over other cobalt catalysts baseatAhOs, TiOo,

and CeQ. Using activated carbon as support materelly showed little activity in the
benchmark reactionn addition, it is important which metal precursor is usedhe wet
impregnation and pyrolysis proce§obalt acetylacetonate, cobalt steagategcobalt chloride

show little to no activity. Cobalt nitrate was able to show some activitrthermore, time
conversion studies show that the conversion of quinoline to THQ is achieved ditend@r

the optimal reaction conditions used. To ensure completion, a reaction @Mk vfas chosen.

In summary, with ® mol% Co, 2.0MPa H, 70°C and 2 reaction time, the reaction can be
carried out smoothly and setaely.
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In an attempto gain more insight into th€o/SiG catalyst several characterization methods
were appliedFirst, Thermogravimetriénalysis (TGA revealedhe high volatility of the N/C
precursor and the decompositiorttod metal precursor under catalyst synthesis condifsmes
Chapterd). Thisensureshemolecular dispersioaf the metal precursan the supporntaterial

within the formation of Ndoped carbon shellsmbedded nanoparticles and the carbon supply
during the pyrolysiprocessICP-OESanalysisconfirmsthe cobalt content of 1.84t% (see
Chapterd). The surface characterizatiomnd pore size distribution of the catalysere
determined via nitrogen physisorption measuremertie catalyst surfacareaof 217 m?/g
showed an increase compared to the support material(8@m?g). This can be explained

by the formation ofadditional microporositydue tothe carbon blackormation during the
catalyst synthesigsee Chaptef). Moreover, XPSanalysis was conductedt. showed the
presence of metallic cobalt and cobalt oxide on the surface of the Cofalyst Figure9f).

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 4Bigume8). This was also

confirmed bySEM-EDX measurementésee Chaptef). To take acloser look at the active

(b) (©) (d)

(e) )

29 — ColSiO, — Two Phase Fit — Difference Cobalt
Cobalt Oxide
0 —_
S
= S,
S, 2
= g
o 24 Co fcc 3
— Graphite £
T T T T T 1
At I N~ NAN~——e——o——— 784 782 780 778 776 774
0 1 2 3 4 5 6 7 8 9 10 Binding Energy [eV]

r[A]

Figure 9: Characterization of the C8IO; catalyst.(a)(d) HAADF-STEM images of Co/Si¢
with representative EELS element maps of cobalt (b), carbon (c) and nitrogg) {the PDI
of Co/SiQ was fitted with a Co fcc phase of Jifin particle diameter and a graphitic domr
both contributions shown in the offséf). XPS analysis of the surface area of the Csp2pe:
with an asymmetric fit shows Co metal (&) and cobalt oxide (3%).
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catalyst speciesHAADF-STEM analysis combined with EDXlemental mapping was
performed.Also, high resolution HAADFSTEM with EELS was performed to gain insight
into thecloseenvironment of the cobalt nanopartiglesnsisting out of the interface of the
support matrix (carbon and SO the cobalt nanoparticlesnd the nitrogen environment
(Figure9a-d). PDFand PXRDstudiesvalidate the resultand reveal the active speciesbe
crystalline Co fcestructurechanoparticles with a maximum particle size of @i (FigureQe).

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

the hydrogenation of various-NO- and Sheterocyclesvas establishe@Figure 10). First,
several quinoline derivatives were used in the hydrogen&tidhe corresponding 1,2,3,4
tetrahydroquinoline@Figurel0a). To our delight, fifteen quinoline derivatives were selectively
hydrogenated under very mild conditions (8161% Co, 2.0MPa H, 70°C, 20h). Five
examples led toraextraordinary yield 089 % THQ.Wewere able tshowthat the nature and
position of the substituent is individuai®igible. Both, electrordonating methyl substituents
and electrorwithdrawing halogen substituentgve beenntroduced.Moreover, methoxy,
hydroxy, and amine groups can be tolerat&€d:o functional groups can also be tolerated by
our catalystSome of the synthesized produab®oveare used as precursors for drug molegules
more specificallyfor the synthesis of 51Tz receptor antagonists, attypanosome drugand

(a)

e e @ Se OO
AN 3 mL EtOH R N NH
H

2.0 MPa H,
70°C,20 h

Ri-H  81% R:-H 85 % 87 %l
2-Me 83 % 4-CH,NO 82 %@

R:2-Me 95% R%5-Me 97 %

O\/j 3-Me 82 % 6-Me 99% R
N 4-Me 68 % 7-Me 9% | )
H ! =X

8-Me 95 %
99 % R26-Cl 99 % 8-Br 99 % Ri-H  61%E X:-CH 81% R:2-Me 91 %lal
6-OMe 89 % 8-OH 87 % : 2-Me 74 %l N  78% 2,3,3-Me 96 %@

8-NH, 79 %

94 % 86 % ; 97 % Ri-H 96 %Pl R:4-Cl 42 %P
' 5-Br 69 %[ 5Me 31 %M

Figure 10: (a) Hydrogenation of quinolines tthe corresponding THQ$b) Products of th
hydrogenation of different Nl O- and SheterocyclesReaction conditiongor (a) and (b;
5.0mo0% Co (1.81 wt% Co, 0.0dmol Co, 0.59ng Co), 0.2nmol substrate, BiL ethanol
70°C, 2.0MPa H, 20h. [a] 10mol% Co, 120°C, 5.0MPa H.. [b] 100°C, 3.0MPa H.
[c] 15mo0l% Cq 150°C, 6.0MPa H, 48h. Isolated yields are given.
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tubulin polymerization inhibitorsAfter the successful hydrogenation of quinoline derivatives,
we tried different types ofeterocyclegFigure 10b). Here we were able to convert several
classes of compounds into the corresponding selectively hydrogenatedanesample, 2
methyt1,2,3,4tetrahydroquinoxaline was obtained for the first time with a nanostructured
cobalt catalyst. Simple fiveand sixmembered Mheterocycles with substituents were also
generally applicableThis required a slight increase in the reaction conditions. Of all the
products, isonicotinamide stands out as a reversible organic hydrogen storage liquid for
potential hydrogeipowered fuel cells in mobile applications, and its hydrogenation is of great
interest.In addition, hydrogenatioof indoleswas possible. Indolines and their scaffold are
known as important pharmaceuticals and agrochemicals, and it is particularly useful to have
selectiveand easy access to this class of compouBesides thatarger heterocycles such as
acridine and phenanthrolidi&ke molecules can be introduced in our protobtidre challenging

is the selective hydrogenation of @nd Sheterocycles, where we need to raise the conditions
for each class to harsher conditiosnce the associated products are important bigactiv
compounds, a way to make the hydrogenation mild and smooth is of great impdiéhce.

the Co/SiQ catalyst we were able to do this with two different benzofurans and two different
benzothiophenes. It should be noted that the yield for the stdhiaining substrates is only
moderate. This is due to the strong binding of sulfur to the active mesladipbur catalyst
which poisons the catalysTherefore, the research so far has focused only on the pure
benzothiophene and not on some other derivatilese we were able to extend the state of the

art to a broader rang&€o demonstrate the reusability of the Co/Statalyst five consecutive
hydrogenation reactions of quinoline to THQ were performed and showed no loss of activity
(see Chaptet). TEM measurements show no agglomeration or growth of nanoparticles in the
used catalyst particle diameter of 6.8m was observed, which is in good agreement with the
diameter of the freshly prepared catafigete Chaptef). A hot filtration test was performed to
demonstrate that no active homogeneous species are formed during catalysis. No active sites
are leached from the cataly$tie leaching of the cobalt catalyst was determined byQES

and was found to be 09 and is attributable to measurement inaccurdsies Chaptet). The
efficiency and practicality of the Co/Si@atalystwas demonstrated in an upscaling experiment
with an overall THQyield of 90% (see Chaptef).

Encouraged by the excellent results in the selective hydrogenatiorhefelbcycles, a new
catalytic pathway for the direct synthesis of hydroquinolines from nitroaldehydes and ketones
was developed with a new nickehsed catalyst systeis mentioned irChapter2.4, several

N-heterocycles and selectively hydrogenateddterocycles are used in a wide range of drug
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molecules or as precursohs particular, hydroquinolines play an important role in this scenario
and themost common way is to selectively hydrogenate the unsaturated compdaneser,

there is a problem of quinoline substrate synthesis, which can be easily solved by the attractive
Friedlander synthesis For this purpose, there is a huge demand for a large number of
2-aminoaldehydesand their preparation is not very convenidifis problem can be solved by

the Ni/N-SiC catalyst presented in this work, which combines the attractaeioaldehyde
synthesis starting from-g2itrobenzaldehyde with the subsequenéedlanderreactionfollowed

by hydrogenation to hydroquinolineBhe key in this work is the reusability and high selectivity

and activity of the Ni/NSiC catalystto allow different reaction conditions for each reaction.

First, the catalyst support-SiC (a porous Nloped amorphous SiC) was prepared according
to previously published procedures based on the crosslinking of the commercial
polycarbosilane precursor SMI® and acrylonitrile using AIBNas initiator The resulting
greenbody was pyrolyzed at 108D under nitrogen atmospheasd the Strich phasewas

partly removed by base treatmgsee ChapteR.3). By wet impregnation of NsiC with
Ni(NOs)2 A6 H20 in water followed bypyrolysis at 700C (N2 flow), and reduction at 55TC

(H2/N2 flow) afterevaporation othe solvenat 105°C, active nickel nanoparticles asbtained

on the support surfag€igurellab). 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 contamin@genChaptes). HAADF-
STEMimagingshows a homogeneous distribution of nanoparticles with an average diameter
of 8.5nm. The presence afickel nanoparticles embedded in adbped SiC matrix on the
support was confirmed using EDX element mapgurellc-d). In addition the EDX mapping

for theHAADF-STEM images ofiitrogen, carbon and silicon can be sedrigurel2a-c. This

gives a direct insight into the environment of the partiateshe interface of the support matrix

@ (b) (©) (d)

Ni(NO3), - 6 H,O
1. Pyrolysis
—_—

% =SSN EEE N
2. Reduction ! 4 6 8 10 12 148
X Particle size [nm]

+

Porous N-doped
Amorphous SiC

500 nm \

Figure 11: (a) Synthesis of Ni/NSiC catalyst by wet impregnation of8IC and nickel nitra
hexahydrate in aqueous solution followed by pyrolysis and reduction to nickel nanop
(b) HAADF-STEM analysis of the catalyst. plargement of the HAADISTEM image an
the corresponding particle distribution centered aroundi®.5(d)EDX elemental map
nickel from the HAADFSTEM image in (c).
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Figure 12: (a)-(c) HAADF-STEMimages of Ni/NSiC with representative EDX element m
for nitrogen &), carbon (b) and silicon (c). (R-TEM images of a nickel nanopatrticle w
visible lattice spacings. (&FT of the nanoparticle shown in (dxamination of the diffractic
spots revealed two Miller planes (200 and 103) consistent with cubic NHKERS analysi
of the Ni 2p2 region with an asymmetric fit before platinum sputtering shows a nickel
coating on the cubic nickel nanoparticles. X¢)S analysis after platinum sputtering show:
degradation of the oxide coatirm Ni° nanoparticles (h) Analysis of the nitrogenegior
suggests different nitrogen binding models within the catalyst.

andthe nickel nanoparticle§he carbon andilicon as well as nitrogen amnnected to the
nickel nanoparticles and the particles are embeddedNi@environmentBesides that, HR

TEM combined with EELSwith a line scan ovea nickel nanoparticleandplacingthe Ni(Ls)

edge inrelation to the Ni(k) edge confirms the presence of NNNo oxygen edgevasdetected

and thereforemetallic nickel nanoparticles on the NC support are the active catalyst species
(see Chaptes). Moreover, an FFDf a single nanopatrticle was performed and one can see the
diffraction spots of two Miller planes consistent with cubic ni¢k@jurel12d-e). XPS analysis

also confirms the presence of nickel oxide on the surface. After sputtering with &tdhat

of nickel oxide decreaseshis indicates that the Ni nanoparticles are surrounded by a very thin
layer of nickel oxide on top of the surfadegure12f-h). Detailed XPS analysis of the nitrogen
region suggests three different bonding modes characteristic of$€ Bupportln addition,
PXRD of the Ni/NSIC 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 plsese Chaptes). Argon physisorption experiments

revealed the surface properties of the catalyjgh a slight decrease in surface area from
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580m?/g to 563m?/g from the NSIC support to the catalyst. The pore size distribution was
calculated by DFT. The pores are in the range of microp@es Chaptes). ICP-OES
investigationsverify the nickel content of .@wt% on the catalyst material. Further, CHN
analysisvalidates the composition of the catalyst material with 8%3C, 5.7% N and 70 %

Si in addition to N(see Chaptes).

To determine optimal reaction conditions, several parameters were screened in the benchmark
reaction of 2nitrobenzaldehyde with acetophenone to obtafhphenytl,2,3,4
tetrahydroquinolingsee Chaptes). Since this is a sequential epet reaction, each parameter

must be optimized throughout the synthesis. Therefore, the synthesis is divided into three steps.
StepA is the selective hydrogenation ofnirobenzaldehyde to-@minobenzaldehyde with
Ni/N-SiC catalyst. Step is theFriedlandersynthesis catalyzed by a catalytic amount of LiOH

and stepC is the subsequent hydrogenation of the formed quinolitieetoorrespondingHQ

using the Ni/NSIC catalystfrom stepA. Overall, the direct synthesis of hydroquinolines is
carried out under the following conditiorSor stepA, 4.0mol% Ni is used with 0.5nmol
nitrobenzaldehyde, 0fmmol ketone 3 mL ethano)and 3.0MPa H pressurdor 20h at 40°C

reaction temperaturémmediately thereafter, stépfollows with the addition of 0.@q LiOH

and 20h reaction time to obtain the quinolirfetepC is then performed by applying SMPa

H> pressure at 128C for 48hours. In the entire reaction sequence, Steps the most
chdlenging step of the process and is the limiting factor for the yield. In the benchmark

synthesisa maximum yield of 9% 2-phenyt1,2,3,4tetrahydroquinolings obtained.

To demonstrate the versatility and effectiveness of the synthesis protocol, a wide range of
substratesvas establishedusing the optimal reaction conditionBirst, we investigated the
introduction of several different aldehyde derivatives into the synthesis pr@tagote 13a).

In total, 16 substrates were synthesiZeol our delight, several electratonating substituents

in each position, such as methyl, are obtained in very high yiEhisis an indication that the
nature and position of the substituents in the catalytic process can be highly vamiable.
addition, electroswithdrawing substituents can be introdueeadily. For example, it is possible

to address each substituent position with a chlorine group and even the more demanding
bromine groupn very good yieldsFurther halogen substitutions with a fluorigmup and a
sterically demanding GRjroupare obtained in excellent yieldBhe 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 stepC and thus dehalogenation during the synthesis is littleabobserved After the

variation of the aldehyde side, we investigated the variation of the ketone substrates in the
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Figure 13. Substrate scope of thardct synthesis of hydroquinolinega)Variation of the
aldehydesducts. (b)ariation of the ketone educReaction conditionor (a) and (b)StepA:
29.3mg Ni/N-SiC catalyst (4nol% Ni, 0.02mmol Ni, 1.17mg Ni), 0.5mmol aldehyde
0.5mmol ketone, 3nL ethanol, 3.0MPa H, 40°C, 20h. StepB: Addition of 0.3mmol LiOH.
Then 60°C, 20h. StepC: 5.0MPa H, 120°C, 48h. Isolated yields are given.

synthesis concepE{gurel3b). In summary, 21 different substrates have been synthesized with
good to excellent yields using different ketonEse introduction of electredonating methyl
groupsto the 2phenyl group attached to the THQpara-, meta andortho-positionis shown.
Moreover, electroiwithdrawing 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-pogigdh

in the phenyl ring due to steric hindranbtany more halogen substituesisch ashlorine and

even bromingbesides the harsh conditions in sigped to product formatioand not to the
dehalogenated productslore sterically demanding groups suchtad-butyl or acetate can

also be tolerateith excellent yieldsln addition, substrates with methoxy, dimethgaayd amine

groups are synthesized. Overall, it can be suggested that a higher electron withdrawal is better
for the overall catalytic performanc@lso, more aliphatic compounds, more sophisticated

compounds, and the introduction of substituemtly at the 3position of the quinoline using
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Figure 14: (a) Substrate scope dfighly functionalized THQs varying both aldehyde
ketone sides. (bApplication of synthesize@HQsas precursor molecules for the synthes
bioactive moleculesReaction conditions for (a) and (I§tepA: 29.3mg Ni/N-SiC catalys
(4 mol% Ni, 0.02mmol Ni, 1.17mg Ni), 0.5mmol aldehyde 0.5mmol ketone, 3nL ethanol
3.0MPa H, 40°C, 20h. StepB: Addition of 0.3mmol LiOH. Then 6C0C, 20h. StepC:
5.0MPa h, 120°C, 48h.[a] StepB: 1.5mmol LiOH. Isolated yields are given.

two aldehydes as well as simultaneously at thear®d 3positions, varying the ketone
substituents, show the versatility and independent approach of the synthesis piiaiocol.
proceedwe have synthesized products where we can vary both sides, aldehyde and ketone, to
obtain highly functionalized products. Both electssithdrawing and electredonating groups

are tolerated at the same time, making the products very interesting for further organic
chemistry Figurel4a). To demonstratéhe applicability of the catalyst and the applications of

our synthesized products, we synthesized several precursor molecules for the synthesis of
bioactive moleculeswhich are used as drug molecules and pharmacologically active
compoundgFigurel4b). Furthermore, the synthesis protoalipscalecasilyand the catalyst

is reusablésee Chaptes). 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 obserVsde Chaptes).

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

primary, secondaryand tertiaryalkyl amines aroseSinceamines represent a significant class
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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, aldehydeselsetand hydrogen.

The approach to the synthesis of amines was pursued following the interesting concept of
combiningreductive aminatioChapter2.5.1) and BH/HA(Chapter2.5.2. TheKempegroup

has made significant contributions to the field of reductive amination, publishing several
noteworthy studies on the use of heterogenedus&al catalysts. AdditionalljKempeand
co-workershave conducted pioneering research on homogenabusetal 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 supdmased on the crosslinking of the polycarbosilane precursor
SMP-10 with acrylonitrile using AIBN, followed by pyrolysis and base treatnfse¢also
Chapter 2.3), follows the synthesis of I$iC described in the worlabove The metal
nanoparticlesvere prepared byet impregnation of the 1$iC support and the two metal salts
Co(NQs)2 A6 H20 and Sc(NQ)s A5 H2O in water, pyrolysis (700C, Ny) and subsequent

@ (b) ©

CO(NO3)2 -6 H,O
Sc(NO3)3 - 5 H,O

1. Pyrolysis
+
2. Reduction
Porous N-doped >
Amorphous SiC
Particle Size [nm]
(d) (e) (@)

Figure 15: Synthesis and characterizationtbé CoSc catalyst. (apynthesis of the cataly
via wet impregnation, pyrolysis and reduction. KH§ADF-STEM overview image of tl
CoSc/NSIC catalyst. (cParticle size distribution with a mean particle diameter of @'
(d) HAADF-STEM analysis ofcatalyst nanoparticles and (e) hig¢solution image. (f
(g) STEM-EELS analysis shows that the nanopartidessistof cobalt and that there is
significant size difference with respect to the scandium particles, the latter being sign
smaller ad finely dispersed on the support material.
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reductionat 550 °C under forming gasHigurel5a-b). Several analytical techniques were used

to characterize the CoSc/8IC catalystind its active site3he ICROES measurement shows

no significant deviation from the theoretical metal content@f\2% Co and2.0wt% Sc(see
Chapte6). HAADF-STEM analysis revealed the presence of homogeneously distributed cobalt
nanoparticles with an average particle size of h&9(Figure 15b-c). In combination with

EELS Figurel5d-g) STEM analysis shows that the scandium patrticles are orders of magnitude
smaller than the cobalt particles, with the former being finely dispersed on3i€ ipport
SEM-EDX also confirmed the homogeneous distribution of cobalt nanoparticles and showed
that the remaining silicon, which was not removed fromstigoort materialis distributed in

the same way as the scandium parti¢bee Chaptes). To further investigate the nature of the
catalyst, XPS measurements were perforrréglre 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, As, Sc 2p, Co 2pps well as carbon and oxygen impuritidsiditional ghost

signals, originating fr ome\Gae markedwithdn astériskon an

Figurel6b shows the Co 2pregion.As expected, no support signals are visible. For the CoSc
catalyst there is a broad signal at 780 eV. Two binding energies atek8eutd 786.4V for

(@) ws . = —— Supported catalyst
g o= . — Support
. o o - — o
= Q8 ax (5]
© o o O 2 A
Z | - o & 8
-3 8 . 8 &
= B @
& &
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Figure 16: XPS spectra ofile CoSc/NSIC catalyst. (a)Vide scan with ghost peaks from
LU exci t aDRetaikeahCo @@ reégion. (Oetiiled Sc 2s region.
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the Co oxides and theshakeupsare shownThe splitting is characteristic for @0z and/or
Co(OH). In addition, a third energy of 777€3/ is given for metallic Cdl'he observed binding
energies suggest that the surface Co is oxidiZegire 16c shows the Sc 2s region. A single
species with a binding energy of 50&X is found, indicating oxidized Sc consideritige
literature binding energy for metallic Sc of 489. 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-tbESCP
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 suggésat 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 reactionseductive amination and BH/HA.

The BH/HA reaction of benzyl alcohol with gaseous ammonia was used to determine the
optimal reaction conditions for the CoSeBNC catalyst(see Chapte6). Solvent screening
revealed toluene as the most suitable solvent with a perfect volume maf.Zdr maximum

yield of benzyl aminePotassium hydroxide in equimolar amoyatsgemperature of 160°&hd
2.0MPa ammonia pressurgere found to be optimaFor a better comparison of catalyst
activities, a variation of rare earth metals has been performe@sgaer6). 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/MBiC catalystVarying the support material resulted in activated carbon
showing only moderate activity, whileAl20s, TiO2 and SiQ showed little to no benzyl

alcohol conversiorPure NSiC showed nactivity at all.

To demonstrate the applicability of the CoS@IC catalyst, a broad range of substrates was
synthesizedFor clarity, the substrate scope is divided into three parts, one each for primary,
secondary, and tertiary aminéstst, 13 primary aminesvere synthesized-{gure 17). Once

the aromatic ring of the benzyl alcohol derivative has been substituted, the reaction temperature
must be raised from 16 to 180°C. This allowed for multiple electredonating substituents

in different ring positions as well as electrarthdrawing substituentsJnfortunately, when

the CR group is in theortho-position, there is too much steric hindrance for the reaction to
proceed.Due to side reaction®yO., CN, and CONR groups were not tolerated second

amine function within the alcohol wamt 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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Figure 17. Synthesis of primary amines using CoSSIC catalyst.Reaction conditiot
28.8 mg CoSc/NSiC catalyst 2.0 wt% Co,1.5mol% Co, 0.01mmolCo, 0.58mg Co,2.0 wt%
Sc,0.49mol% Sc,0.013mmol Sc,0.58mg Sg, 0.5mmol alcohol, 2.0nL toluene, 0.5nmol
KOH, 2.0MPa NH, 160°C, 44h. [a] 180°C. [b] 0.5mmol ketone,3.5mL aqg.NHz3-32 %,
1.0MPa H, 50°C, 20h.[c] 0.5mmol ketone, 3.l aq.NHz-32%, 1.5MPa H, 60°C, 20h.
[d] 0.25mmol ketone, 0.B3nL ethanol, 3.2nL aq.NH3-32%, 1.5MPa H, 65°C, 20h.
Isolated yieldof the converted hydrochloride salts are given.

alsomediate the reductive amination of these ketones with aqueous amiftominext step

was to explore the substrateopeof secondary aming$-igure18). 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

structuresThe 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 4.0MPa H pressure. These conditions allow the synthesis of short, medndn

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

problem for the catalyst nor were double branched or alicyclic ketbhesombination 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 dtepust be said that the difficulty

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

harsh conditionss not a problemThe variation ofthe benzyl alcohol side of the amine is

associated with an increase in temperature tdC&hd a methyl group in all ring positions as
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Figure 18 One pot synthesis of secondary amines using CoeS#INcatalyst. Reacti
conditiors for the first step28.8 mg CoSc/NSIC catalyst 2.0wt% Co, 1.5mol% Co,
0.01mmol Co, 0.58ng Co, 20 wt% Sc, 0.49m0l% Sc, 0.013nmol Sc,0.58mg Sc), 0.5mmol
alcohol, 2.0mL toluene, 0.5nmol KOH, 2.0MPa NHs, 160°C, 44h. [a] 180°C. Reactiol
conditions for the second step8.8 mg CoSc/NSIC catalyst 2.0wt% Co, 1.5mol% Co,
0.01mmol Co, 0.58ng Co, 20 wt% Sc, 0.49Mo0l% Sc, 0.013nmol Sc,0.58mg Sg, 0.8 mmol
carbonyl compound, 28L toluene0.05mL 32% HCI, 4.0 MPa H, 100 °C, 20 h. [b] 150°C.
Isolated yields of the converted hydrochloride salts are given.

well as a methoxy group is tolerate8Bwitching the carbonyl compound of the reductive
amination step from ketones to aldehydes, diberayline derivatives with electren
withdrawing and electredonating substituentand variations on both sides are toleraaetn
benzophenone as an educt is tolerated by raising the temperature@ ih30e second step.
The biggest challenge was the synthesis of tertiary amiigaré 19). For the synthesis of
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Figure 19 One pot synthesis of tertiary amines using CoS8ifl catalyst. (aReactiol
conditions for the first step28.8 mg CoSc/NSIC catalyst 2.0wt% Co, 1.5mol% Co,
0.01mmol Co, 0.58ng Co, 20 wt% Sc, 0.49m0l% Sc, 0.013nmol Sc,0.58mg Sc), 0.5mmol
alcohol, 2.0mL toluene, 0.5nmol KOH, 2.0MPa NH, 160°C, 44h. Reaction conditions f
the second ste28.8 mg CoSc/NSIC catalyst 2.0wt% Co, 1.5mo0l% Co, 0.01mmol Co
0.58mg Co, 20wt% Sc, 0.49mo0l% Sc, 0.013nmol Sc,0.58mg Sc), 0.8 mmol aldehyds
2.0mL toluene, 0.05nL 32% HCI, 4.0MPa H, 100°C, 20h. Reaction conditions for the th
step:28.8 mg CoSc/NSIC catalyst 2.0wt% Co, 1.5mol% Co, 0.01mmd Co, 0.58mg Co
2.0wt% Sc, 0.49m0l% Sc, 0.013nmol Sc,0.58mg So), 1.0mmol aldehyde, 2.tL toluene
0.05mL 32% HCI, 4.0MPa H, 140°C, 20h. (b)Reaction conditions for the first st
38.4mg CoSc/NSIC, 0.5mmol alcohol, 0.5nmol n-pentylamine, 2.0nL toluene, 0.5mmol
KOH, Ar atmosphere, 14%C, 44h. Reaction conditions for the second step: 334CoSc/N
SiC, 2.0mL toluene, 4.0MPa H, 100°C, 20h. Reaction conditions for the third step: 381¢
CoSc/NSIC, 1.0mmol aldehyde, 2.eL toluene, 0.0%nL 32% HCI, 2.0MPa H, 150°C,
20h. [a] Product isolated after second step. Isolated yields of the converted hydrochlol
are given.
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tertiary amines with three benzylic alkyl substituents, the consecutive synthesis was extended
by a third steg{Figure 19a). For thesynthesis1.0mmol of another aldehyde was added and

the temperature was raised to @0 The addition of 0.0mL of concentrated HCl was
necessary tpromotethe tertiary imine formation of the secondary amine with the aldehyde.
The synthesis of three tertiary amines with one, two, and three different moieties is
demonstratedrigure 19b shows a workaround approafdr the synthesis of tertiary amines

For the BH/HA step, the gaseous ammonia was replacedrnwitntylamine. The catalyst
loading was increased to 21®1% Co and the temperature was lowered @ °CGlL Under an

argon atmosphere, the catalyst was able to generate the imine but not further hydrogenate it to
the corresponding amin&herefore, an additional hydrogenation step vemglired to obtain
N-benzylpentasl-amine(4.0 MPa H at 100°C for 20h). By adding 1.0mmol of aldehyde and
0.05mL of concentrated HCI and slightly modifying the reaction conditions N®P& Hb,

150°C), five more tertiaryamines were isolatetnfortunately, the synthesis of branched alkyl
substituted tertiary alkyl amines derived from a ketone educt failed due to steric hindrance.
Despite the reaction protocol itsebnfirmsthe reusability of the CoSc/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 agse&/Chaptes). Upscaling

the reaction sequence by performing the above reaction with sequential reductive amination to
give N-benzylpentas2-amine is not a problenmJsing ten times the amount of educts,%6

yield can be isolated (see ChapderTo 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 obsefsed Chaptef). In addition,
competition experiments for BH/HA and reductive amination were performed to gain more

insight into the reaction sequensee Chaptes).
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3.2 Individual Contributions to Joint Publications

The results published in this thesis were achieved in collaboration with others and are published
as indicated below. The contributeaf all co-authors to the respective publicatiespecified.
The corresponding auth@annotated by an asisk (*).

Chapter 4
This work is published ihem Eur. J.2023 €202300561 with the title

A Highly Active Cobalt Catalyst for the General and Selective Hydrogenation of Aromatic
Heterocycles

Christof Bauer, Felix Mller, Sercan Keskin, Mirijam Zobel, Rhett Kempe*

| designed the experimentperformed the catalyst synthesis andmost of the catalyst
characterizationThe catalytic reactions amglatedanalyss were carried outby me. Felix
Muller andMirijam Zobel performedhe XRD analyses and PDF refinemerfbercan Keskin
recordedHAADF-STEM coupled with EDX and EEL&easuremenifRhett Kempeand Ico-
wrote the manuscrindmadecorrections Rhett Kempe supervisdais work andparticipated

in scientificdiscussions

Chapter 5
This work ispublished inChem. Eur. J2025, e202500464%vith the title:

The Synthesis of Hydroquinolines from Nitroaldehydes and Ketones by Hydrogenation
Sequences and Condensations
Christof Bauer,Fatemeh Zare, Lisa NuRlein, Johanna Frank, Maxime Boniface, Thomas

Lunkenbein Rhett Kempe*

I designed the experimentsynthesized theatalyst,and carried outmost of the catalyst
characterizatiorCatalytic reactions analssociatednalyticswere carried out bifatemeh Zare,
Lisa NURlein anane Lisa Nufleinand Johanna Frargerformedsomepreliminarywork and
catalytic reactions durintipeir bachelor thesidVlaxime Bonifaceperformed together with en

the TEM analysis. Thomas Lunkenbewas involved in scientific discussions and evaluation
of the TEM analysisRhett Kempeand Ico-wrote the manuscript and made corrections. Rhett

Kempe supervised this work and participateddientificdiscussions.

54



Overview of Thesis Results

Chapter 6
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Matthias Elfinger,Christof Bauer,Jorg Schmauch, Mhael Moritz, Christoph Wichmann,
Christian PappRhett Kempe*

| revised the manuscript and supporting informaticorrected the datand carried out the
necessary experiments and catalytic reactions as well-agsote the manuscript. Matthias
Elfinger carried out the catalyst synthesis, catalytic reactions and parts of the catalyst
characterization. Jorg Schmauch performed the SHEMS measurements. Michael Moritz
measured the XPS samples. Michael Moritz, Christian Papp and Christoph Wichmann
performed XPS data analysis and evaluation. Matthias Elfinger and Rhett Kempetedhe

manuscript. Rhett Kempe supervised the work andgiaaited in the scientific discussion.
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A Highly Active Cobalt Catalyst for the General and
Selective Hydrogenation of Aromatic Heterocycles

Christof Bauer,” Felix Miiller,” Sercan Keskin," Mirijam Zobel," and Rhett Kempe*™

Abstract: Nanostructured earth abundant metal catalysts that
mediate important chemical reactions with high efficiency
and selectivity are of great interest. This study introduces a
synthesis protocol for nanostructured earth abundant metal
catalysts. Three components, an inexpensive metal precursor,
an easy to synthesize N/C precursor, and a porous support
material undergo pyrolysis to give the catalyst material in a
simple, single synthesis step. By applying this catalyst syn-
thesis, a highly active cobalt catalyst for the general and

selective hydrogenation of aromatic heterocycles could be
generated. The reaction is important with regard to organic
synthesis and hydrogen storage. The mild reaction conditions
observed for quinolines permit the selective hydrogenation of
numerous classes of N-, O- and S-heterocyclic compounds
such as: quinoxalines, pyridines, pyrroles, indoles, isoquino-
line, aciridine amine, phenanthroline, benzofuranes, and
benzothiophenes.

A

Introduction

The reduction of arenes to saturated cyclic compounds is of
considerable interest for the production of bulk and fine
chemicals as well as the synthesis of pharmaceuticals and
agrochemicals.” Hydrogenation is an especially attractive
reduction protocol since hydrogen is inexpensive and abun-
dantly available and can be produced sustainably.”’ Further-
more, arene hydrogenation is an elegant way to store hydrogen
chemically. Here, nanostructured and reusable catalysts are
especially interesting.”) With regard to the selective hydro-
genation of N-heterocycles, nanostructured 3d-metal catalysts™
and especially cobalt catalysts®* have been developed.
Unfortunately, the applicability or scope of nanostructured 3d-
metal catalysts for the general and selective hydrogenation of
N-, O-, and S-heterocyclics is rather limited (see below, section
substrate scope). The key here might be novel synthesis

[a] C. Bauer, Prof. Dr. R. Kempe
Inorganic Chemistry Il - Catalyst Design
Sustainable Chemistry Centre
University of Bayreuth
95440 Bayreuth (Germany)
E-mail: kempe@uni-bayreuth.de
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GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and re-
production in any medium, provided the original work is properly cited.
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protocols for nanostructured 3d-metal catalysts to permit their
operation under mild reaction conditions. We introduce a
synthesis protocol for nanostructured earth abundant metal
catalysts recently."” Unfortunately, the flexibility with regards
to the ratio of the metal species and the N-doped carbon for
embedding the metal species (metal-N/C ratio) can only be
altered slightly by employing different (salen) ligands. As a
consequence, we have been searching for a catalyst synthesis
protocol having a high flexibility with regard of the ratio of N-
doped carbon to 3d-metal species. Three components, an
inexpensive metal precursor, a N/C precursor, and a porous
support material undergo pyrolysis to give the catalyst material
in a simple single synthesis step. The catalyst synthesis is highly
flexible about the earth abundant metal that is used. The metal
and the N/C precursors permit an optimization of the metal-N/C
ratio to boost catalyst performance. Small and reactive metal
nanoparticles embedded in a microporous N-doped carbon
matrix are formed during pyrolysis. By applying our catalyst
synthesis, a highly active cobalt catalyst for the selective
hydrogenation of aromatic N-, O-, and S-heterocycles could be
identified.

Results and Discussion

Our catalyst synthesis procedure, with spatially separated nitro-
gen/carbon and metal precursors and a (mesoporous) support
material, is shown in Figure 1a. First, the nitrogen/carbon
precursor meso-octamethylcalix[4]pyrrole was synthesized ac-
cording to an adapted literature procedure (Supporting
Information 2.1)"" For the catalyst synthesis, silica was
impregnated with meso-octamethylcalix[4]pyrrole and the met-
al precursor cobalt acetate tetrahydrate with a ratio of 4:1 in
methanol. After removal of the solvent at 70°C, the sample was
pyrolyzed under a nitrogen atmosphere at 800°C (Supporting
Information 2.2). Thermogravimetric analysis (TGA) shows the

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 1. Synthesis and characterization of the Co/SiO, catalyst. (a) Synthesis of the cobalt catalyst starting with wet impregnation of meso-
ocatmethylcalix[4]pyrrole and Co(OAc),-4 H,0 with SiO, and subsequent pyrolysis. (b) HAADF-STEM analysis suggests the presence of homogeneously
distributed Co nanoparticles with an average particle size of 4.8 nm. (c) XPS analysis of the surface area of the Co 2p.,, area with an asymmetric fit shows Co
metal (61%) and cobalt oxide (39%). (d)-(g) HAADF-STEM images of Co/SiO, (d), representative EELS element maps of cobalt (e), carbon (f) and nitrogen (g).
(h) Surface characterization and (i) pore size distribution of the catalyst via N, physisorption measurements (calculation model: N, at —196.15°C: slit/cylindric
pore, NLDFT equilibrium model). The specific surface area showed a slight increase from 194 m%/g of the support material to 217 m?/g of the catalyst. (j)
Detailed pore size analysis shows the generation of micropores. (k) The PDF of Co/SiO, was fitted with a Co fcc phase of 3.1 nm particle diameter and a
graphitic domain, both contributions shown in offset. () PXRD data of the catalyst Co/SiO, and the support material SiO,, together with their difference
(catalyst-support), which is supposed to be the active catalyst phase. The peaks of the active phase can be assigned to a cobalt fcc phase.
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volatility of the N/C precursor and the decomposition of cobalt
acetate under catalyst synthesis conditions (Supporting Infor-
mation 3.2). Inductively coupled plasma optical emission
spectrometry (ICP-OES) analysis of the catalyst revealed a cobalt
content of 1.81 wt.% (Supporting Information 3.1). The specific
surface area could be determined by nitrogen physisorption
measurements (Figure Th) and showed an increase in surface
area from 194 m?/g for the support material to 217 m?/g for the
catalyst. The pore size distribution of the catalyst material
(Figure 1i-j) indicates the generation of additional microporos-
ity compared to the pure silica support material, which is
mesoporous. The meso-octamethylcalix[4]pyrrole precursor
seems to form a microporous N-doped carbon layer, which
embeds the cobalt nanoparticles. The applied 800°C pyrolysis
temperature seem to be optimal for this process. A homoge-
neous distribution of the cobalt nanoparticles over the support
material (Figure 1b) and an average particle size of 4.8 nm could
be determined via high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM). In addition, X-
ray photoelectron spectroscopy (XPS) showed the presence of
metallic cobalt and cobalt oxide on the surface of the catalyst
material (Figure 1c). Detailed analysis of the nitrogen area
suggests different binding modes of nitrogen within the
catalyst (Supporting Information 3.3). Scanning electron micro-
scopy (SEM) in combination with energy dispersive X-ray
spectroscopy (EDX) confirmed the homogeneous distribution of
the cobalt nanoparticles over silica, as well as nitrogen and
carbon (Supporting Information 3.4). The presence of cobalt
nanoparticles embedded in a N-doped C matrix on the SiO,
support was again confirmed using HAADF-STEM in combina-
tion with EDX element maps (Supporting Information 3.5). To
obtain an insight into the direct environment of the nano-
particles, high resolution HAADF-STEM (Figure d) with electron
energy loss spectroscopy (EELS) was performed (Figure e-g). It
shows the interface of the support matrix and the cobalt
nanoparticles. The carbon component (C, blue) is connected to
the cobalt nanoparticles (Co, red) and a signal of nitrogen (N,
green) is present in the vicinity of the cobalt nanoparticles as
well as in the matrix. Pair distribution function (PDF) studies
and corresponding fits (Figure 1k) reveal the active species of
the catalyst. Crystalline Co face-centered cubic lattice (fcc)
nanoparticles with a spherical shape function indicate a
maximum particle size of 3.1 nm (Table S1). The first peak
occurring below 1.5 A is not consistent with pure Co fcc, which
has a nearest neighbor distance around 2.51 A."? However, this
peak matches very well with a C—C or a C—N bond distance of
N-doped graphite, which was formed via pyrolysis."” Figure 1
shows the PXRD data of the SiO, support and the Co/SiO,
catalyst. By subtracting the scattering contribution of the pure
support material from the catalyst signal, the cobalt loading can
be determined. The active sites can be assigned to a Co fcc
phase with slightly shifted Q values (Supporting Information
3.6).

To determine suitable reaction conditions for the hydro-
genation of aromatic heterocyclic compounds, the hydrogena-
tion of quinoline to 1,2,3,4-tetrahydroquinoline was chosen as a
benchmark reaction. The solvent screening revealed that

Chem. Eur. J. 2023, 29, 202300561 (3 of 7)

ethanol is the most suitable solvent for the model reaction
(Table S2-3). Next the reaction temperature (Table S4) and the
hydrogen pressure were screened (Table S5). The optimized
parameters of 3mL ethanol, 20 MPa H, and 70°C were
determined. The pyrolysis temperature was then varied, and
different commercially available support materials and cobalt
precursors were tested (Table 1). Lowering the pyrolysis temper-
ature to 700°C leads to a yield in the trace range, at 600°C no
conversion takes place. With the application of a higher
temperature (900°C) only traces of 1,2,3,4-tetrahydroquinoline
were found, indicating the superiority of the catalyst, that was
pyrolyzed at 800 °C. Pure SiO, support showed no conversion of
quinoline. The use of activated carbon as a catalyst support
material showed some activity in the selective hydrogenation of
quinoline, while cobalt catalysts based on other supports, such
as y-Al,0;, TiO, and CeO, are not suitable for this reaction under
the given conditions (Table 1). Further, the use of cobalt acetate
is important to the activity of the catalyst. The metal precursors
cobalt acetylacetonate, cobalt stearate and cobalt chloride
show little to no activity. The only metal precursor with some
activity of the final catalyst was cobalt nitrate. We continued
our investigation by varying metal loadings of the catalyst. The
experiments revealed that the catalyst with theoretically
4.0 wt.% (measured 1.81 wt.%) cobalt showed the best activity
(Table S6). Moreover, we examined the effect of the catalyst
loading upon catalysis. We observed that the best results were
obtained at 5.0 mol% catalyst loading (Table S7). Further, the
high activity of our catalyst is based on a specific ratio of the N/
C precursor to the cobalt precursor. We assume that a certain
amount of microporous N-doped carbon or a certain thickness
of the embedding N-doped carbon layer is optimal for educt
access and catalyst stability. A layer too thick might prevent
educt access and a layer too thin might lead to cobalt leaching
since the metal nanoparticles can be more easily removed from
the support. Maximum activity in our benchmark reaction is
observed if a ratio of metal to C/N precursor of 1:4 is used (M/N
ratio). More N-doping leads to a decrease of product yield into
a certain plateau at around 60% yield (Table1). Time
conversion studies (Supporting Information 4.2) show that the
conversion of quinoline to 1,2,34-tetrahydroquinoline is
achieved after 17 h under the applied optimal reaction
conditions. To ensure completion, a reaction time of 20 h was
chosen. In summary, the reaction can be carried out smoothly
and selectively with 5mol% Co, 2.0 MPa H,, 70°C and 20 h
reaction time. Very mild conditions for the benchmark reaction
using nanostructured cobalt catalysts have been disclosed by
Beller®® and Zhao"' and co-workers. Reaction conditions for the
work of the Beller group were: 4 mol% Co, 2.0 MPa H,, 100°C
and 48 h® and 9 mol% Co, 1.0 MPa H,, 70°C and 24 h.” The Co
catalyst developed by the Zhao group operates under the
following optimal reaction conditions: 2.0 MPa H,, 100°C, 3-
6 h.[7|

With the optimized reaction conditions in hand, we became
interested in the substrate scope of our catalyst system. As
shown in Scheme 1, a series of substituted and functionalized
quinolines underwent selective hydrogenation to produce
aliphatic cyclic derivatives in excellent yields under very mild

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Table 1. Cobalt catalyst comparison.”’
P =
N N E
H

Entry M/N ratio Metal source Support material Pyrolysis temperature [°C] Yield [%]
™ 1:0 Co(OA),-4 H,0 Sio, 800 0
o 1:1 Co(OAc),-4 H,0 Sio, 800 traces
£ 1:2 Co(OAG),-4 H,0 Sio, 800 n
4® 1:3 Co(OAC),-4 H,0 Sio, 800 16
50 1:4 Co(0Ac),-4 H,0 Sio, 800 88
6" 1:5 Co(OAC),-4 H,0 Sio, 800 62
7" 1:10 Co(0AC),-4 H,0 Sio, 800 60
8 1:4 Co(OAc),-4 H,0 Sio, 800 >99
9®l 1:4 Co(OAC),-4 H,0 Sio, 600 0
10" 1:4 Co(OAc),-4 H,0 SiO, 700 traces
1® 1:4 Co(OAC),-4 H,0 Sio, 800 13 g
124 1:4 Co(OAC),-4 H,0 Sio, 900 traces g
13 1:4 Co(OAc),-4 H,0 activated carbon 800 25 g
14 1:4 Co(OAC),-4 H,0 v-AL,O, 800 0 g
15 1:4 Co(OAc),-4 H,0 Tio, 800 0 =
16 1:4 Co(OAc),-4 H,0 CeO, 800 0 <
17 1:4 Colacac), Sio, 800 0 ;
18 1:4 Co(NO,),-6 H,0 Sio, 800 48 £
19 1:4 Co(ll)stearate Sio, 800 9 F
20 1:4 CoCl,-6 H,0 Sio, 800 0
21 1:4 = Sio, 800 0 £
[a] Reaction conditions: 5.0 mol % Co (1.81 wt.% Co, 0.01 mmol Co, 0.59 mg Co), 0.2 mmol quinoline, 3 mL ethanol, 70°C, 2.0 MPa H,, 20 h. Yields were
determined by GC using n-dodecane as an internal standard. [b] Same as [a] but 60 °C.

conditions. First, we applied our catalyst for the hydrogenation
of pure quinoline and achieved an excellent yield. Subsequent
investigations involved fifteen quinoline derivatives, which were
hydrogenated also under relatively mild conditions. This led to
the formation of 1,2,3,4-tetrahydroquinolines with up to 99%
isolated yields (Scheme 1, products 1, 6, 7, 9 and 10) indicating
that the catalytic process is able to proceed with considerable
variation in the nature and the position of the substituents. In
particular, both electron-donating methyl  substituents
(Scheme 1, products 2-8) and electron-withdrawing halogen
substituents (Scheme 1, products 9 and 10) yield the desired
product in high yield. Furthermore, the catalyst succeeds when
methoxy, hydroxy and amine groups (Scheme 1, products 11—
13) are present. Finally, the catalyst is also able to tolerate two
functional groups (Scheme 1, product 14 and 15) producing the
intended 1,2,3,4-tetrahydroquinolines in excellent yields. It is
worth mentioning some of the 1,2,3,4-tetrahydroquinolines
presented in Scheme 1 serve as precursors or intermediates for
the synthesis of bioactive molecules. In particular, products 1, 2
and 11 can result in 5-HT3 receptor antagonists, antitrypanoso-
mally drugs and tubulin polymerization inhibitors."" Following
the selective hydrogenation of quinolines, we became inter-
ested in the hydrogenation of other N-heterocycles. First,
quinoxaline could be converted to the corresponding hydro-
genated product (Scheme 2, product 16) under very mild
conditions. In addition, 2-methyl-1,2,3,4-tetrahydroquinoxaline
(Scheme 2, product 17) was obtained for the first time with a
nanostructured cobalt catalyst in good yield under mild
reaction conditions. Next, we were interested in the hydro-
genation of pyridines and pyrroles to demonstrate the superior

Chem. Eur. J. 2023, 29, 202300561 (4 of 7)

general applicability of our cobalt catalyst. To achieve good
yields, the reaction conditions had to be modified and required
5.0 MPa H,, 120°C and 10 mol% Co. Under these conditions, we
were able to hydrogenate pure pyridine efficiently (Scheme 2,
product 18) as well as isonicotinamide (Scheme 2, product 19)
which is known as a reversible organic hydrogen storage liquid
for potential hydrogen-powered fuel cells in mobile
applications."” Simple pyrrole and 2-methylpyrrole (Scheme 2,
products 20 and 21) could be also converted to the correspond-
ing hydrogenated products in good yields. We further tested
our catalyst in the hydrogenation of indoles. 2-methylindole as
well as 2,3,3-trimethylindolenin can be converted to the
products in excellent yields (Scheme 2, product 22 and 23).
Indolines and their scaffold are known as important pharma-
ceuticals and agrochemicals and it is particularly useful to have
a selective and simple access to this class of compounds."® As a
consequence, hydrogenation catalysis has been used to synthe-
size indolines."” The reduction of isoquinoline (Scheme 2,
product 24) was also performed. It is noteworthy, that drastic
conditions are needed for complete selective hydrogenation
compared to quinoline. When our catalyst is used with 9-
aminoacridine, we selectively obtain 1,2,3,4,5,6,7,8-octahydro-9-
aminoacridine (Scheme 2, product 25). This is in contrast to the
other products, as we were able to selectively hydrogenate the
phenyl rings instead of the N-heterocycle. We assume that
partial hydrogenation takes place in the N-heterocycle part and
subsequent rearrangement. In the case of phenanthroline and
benzo[h]quinoline, we were also able to selectively reduce the
N-heteroarene rings and the corresponding partially reduced
products were obtained in up to 81 % yield (Scheme 2, products

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 1. Hydrogenation of quinolines to the corresponding 1,2,3,4-
tetrahyrodquinolines. Reaction conditions: 5.0 mol % 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
H,, 20 h. Isolated yields are given.

26 and 27). In addition to N-heterocycles, we applied our
catalyst to the more challenging hydrogenation of O- and S-
heterocycles. The selective hydrogenation of benzofurans is of
great interest®'®'” because the associated products are impor-
tant bio-active molecules. With our catalyst, we are able to
selectively hydrogenate benzofuran to 2,3-dihydrobenzofuran
(Scheme 2, product 28). We had to modify the initial conditions
slightly i.e. 3.0 MPa H, and 100°C to obtain an excellent yield.
Moreover, we could also demonstrate the selective hydro-
genation of 5-bromobenzofuran (Scheme 2, product 29). Having
shown the successful hydrogenation of N- and O-heterocycles,
the compounds 5-methylbenzothiophene and 4-chlorobenzo-
thiophene were hydrogenated. To achieve a reasonable yield,
we had to modify the reaction conditions by using 6.0 MPa H,,
150°C, 48 h and 15 mol% Co (Scheme 2, product 30 and 31).
The hydrogenation of benzothiophenes is very challenging and
research has focused on benzothiophene."**” The strong bind-
ing of sulfur containing heterocycles to the active metal sites is
an additional hurdle.”" Very recently and parallel to our work,
Beller/Jagadeesh and coworkers introduced an earth abundant
metal based heterogeneous catalyst system able to hydro-
genate benzofuran derivatives and benzothiophenes.””

Chem. Eur. J. 2023, 29, 202300561 (5 of 7)
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Scheme 2. Products of the hydrogenation of different N-, O-, and S-hetero-
cycles. Reaction conditions: 5.0 mol% 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 H,, 20 h.
Isolated yields are given. [a] 10 mol% Co (1.81 wt.% Co, 0.02 mmol Co,
1.18 mg Co), 0.2 mmol substrate, 3 mL ethanol, 120°C, 5.0 MPa H,, 20 h.
Isolated yields are given. [b] 5 mol% Co (1.81 wt.% Co, 0.01 mmol Co,

0.59 mg Co), 0.2 mmol substrate, 3 mL ethanol, 100°C, 3.0 MPa H,, 20 h.
Isolated yields are given. [c] 15 mol% Co (1.81 wt.% Co, 0.03 mmol Co,
1.77 mg Co), 0.2 mmol substrate, 3 mL ethanol, 150°C, 6.0 MPa H,, 48 h.
Isolated yields are given.

Regarding reusability, five consecutive runs were carried out
(Supporting Information 4.3) and the yields and initial rates
obtained indicate very good recyclability. As observed by TEM
measurements, there is no agglomeration or growing of nano-
particles in the used catalyst during catalysis. Moreover, particle
size distribution after catalysis with an average diameter of
6.2nm has been observed (Supporting Information 4.4.1). In
addition, a hot filtration test was performed, and the separated
solution showed no activity. This indicates that irreversibly
leached cobalt species play no significant role in arene hydro-
genation catalysis. The leaching of our catalyst was determined
by ICP-OES and found to be 0.7% (Supporting Information
4.4.3). To demonstrate the efficiency and practicality of our
cobalt catalyst, an upscaling of the benchmark reaction was
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performed using 10 mmol quinoline. This resulted in the
isolated yield of 90% of 1,2,3,4-tetrahydroquinoline (Supporting
Information 4.5).

Conclusion

In conclusion, we introduced a protocol to synthesize highly
active and selective nano-structured 3d-metal catalysts and
succeeded in identifying a selective cobalt hydrogenation
catalyst. A variation in the ratio of metal to N/C precursor can
be used to boost catalyst performance. Our catalyst can operate
under very mild conditions permitting the hydrogenation of
numerous classes of N-, O- and S-heterocycles selectively. The
discovered catalyst synthesis protocol might assist others to
find selective and highly active nanostructured 3d-metal
catalysts for arene hydrogenation and other important catalytic
transformations.

Experimental Section

Catalyst synthesis: To a suspension of meso-octameth-
ylcalix[4]pyrrole  (1.352 mmol, 579.32mg) in 12mL MeOH,
Co(OAc),-4 H,0 (0.338 mmol, 84.16 mg, 4 wt.% ideally) is added to
500 mg SiO, and the solvent is evaporated at 70°C under slow,
constant stirring. The active catalyst material is generated by
pyrolysis at 800°C under nitrogen flow, followed by pyrolysis at
550 °C under nitrogen flow.

Catalyst characterization: TEM was carried out by using a JEOL JEM
2200FS (200 kV) device. For the sample preparation, the samples
were suspended in chloroform and sonicated for 5min. For
analysis, LC200-Cu grids were used. Scanning transmission electron
microscopy (STEM) measurements were performed using a JEM-
ARM200F (JEOL) equipped with a cold emission gun, a STEM probe
corrector (CEOS GmbH), and an energy filter (GATAN). The micro-
scope was operated at 200 kV with a probe current of 80 pA. The
probe convergence semi-angle was 13.4 mrad (20 um condenser
lens aperture). The images were recorded with an annular dark-field
(ADF) detector using a detector distance of 8 cm resulting in a
collection angle of 68-280 mrad. The image size, pixel size, and
pixel dwell time of the STEM images were 1024x1024 pixels,
0.063 nm, and 16 pm, respectively. Electron energy loss spectro-
scopy (EELS) measurements were performed in STEM mode with
the same probe size, condenser lens aperture, and detector
distance. The energy dispersion of the spectrometer was set to
0.25 eV. The image collection semi-angle was 20.8 mrad. The image
size, pixel size, and pixel dwell time of the EELS spectrum images
were 100x100 pixels, 0.33nm, and 20 ms, respectively. X-ray
photoelectron spectroscopy (XPS) was performed using a Physical
Electronics Phi 5000 Versa Probe IIl instrument. As X-ray source a
monochromatic Al Ka with a spot size of 100 um (21.1 W) was used.
The kinetic pass energy of the photoelectrons was determined with
a hemispheric analyzer (45°) set to pass energy of 13 eV for high-
resolution spectra. Pore characterizations were carried out via
nitrogen physisorption measurements using a Nova2000e (Quanto-
chrome) apparatus. The pore size distribution was computed via
DFT calculations (calculation model: N, at —196.15 °C: slit/cylindrical
pore, NLDFT equilibrium model). The specific surface area was
calculated using p/p, values from 0.05-0.3 (BET). PXRD and PDF
measurements have been taken at the European Synchrotron
Radiation Facility (ESRF), beamline ID-15 A, which is equipped with
a PILATUS 2 M, S/N 24-0131, X series detector. The powder was

Chem. Eur. J. 2023, 29, 202300561 (6 of 7)

packed in Lindemann special glass capillaries with a diameter of
1 mm. Measurements were made for one minute at a photon
energy of 90 keV (30 images each 2 seconds). Distance calibration
was done with a CeO,, NIST 674b standard.

General procedure for the hydrogenation of aromatic hetero-
cycles: A 10 mL glass reaction vial was charged with a magnetic
stirring bar, 0.2 mmol substrate, 3 mL EtOH and 32.6 mg catalyst
(5.0 mol% Co). The vial was placed in a 300 mL high-pressure
autoclave (Parr Instruments). The autoclave was flushed three times
with 2.0 MPa hydrogen. Afterwards, 2.0 MPa hydrogen was applied,
and the reaction was stirred at 70°C for 20 h. After completion of
the reaction time, the autoclave was cooled to room temperature
and the hydrogen was released. The catalyst was removed by
filtration. The solvent was removed via rotary evaporation and high
vacuum. After purification via column chromatography, the product
was analysed by 'H- and “CNMR spectroscopy. NMR measure-
ments were performed using a Varian INOVA 300 (300 MHz for 'H,
75 MHz for * C) and a Varian INOVA 400 (400 MHz for 'H, 100 MHz
for Q) instrument at 296 K. For certain substrates, hydrogen
pressure, temperature and reaction time as well as catalyst loading
have been adapted.
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1 General considerations

All air- and moisture sensitive reactions were performed under dry argon or nitrogen
atmosphere using standard Schlenk and glove box techniques. Dried solvents were obtained
from a solvent purification system (activated alumina cartridges) or purchased from commercial
sources. Deuterated solvents were dried via molecular sieves. All chemicals were acquired from

commercial sources with purity over 95 % and used without further purification.

Pyrolysis of the catalyst were performed under nitrogen atmosphere in a ChemBET Pulsar

TPR/TPD instrument from Quantachrome.

Transmission electron microscopy (TEM) was carried out by using a JEOL JEM 2200FS
(200 kV) device. For the sample preparation, the samples were suspended in chloroform and
sonicated for 5 min. For analysis, LC200-Cu grids were used. Scanning transmission electron
microscopy (STEM) measurements were performed using a JEM-ARM200F (JEOL) equipped
with a cold emission gun, a STEM probe corrector (CEOS GmbH), and an energy filter
(GATAN). The microscope was operated at 200 kV with a probe current of 80 pA. The probe
convergence semi-angle was 13.4 mrad (20 um condenser lens aperture). The images were
recorded with an annular dark-field (ADF) detector using a detector distance of 8 cm resulting
in a collection angle of 68-280 mrad. The image size, pixel size, and pixel dwell time of the
STEM images were 1024 x 1024 pixels, 0.063 nm, and 16 pm, respectively. Electron energy
loss spectroscopy (EELS) measurements were performed in STEM mode with the same probe
size, condenser lens aperture, and detector distance. The energy dispersion of the spectrometer
was set to 0.25 eV. The image collection semi-angle was 20.8 mrad. The image size, pixel size,
and pixel dwell time of the EELS spectrum images were 100 x 100 pixels, 0.33 nm, and 20 ms,

respectively.

Scanning electron microscopy (SEM) and coupled energy dispersive X-ray spectroscopy
(EDX) measurements were carried out by using a Zeiss Ultra plus device. The acceleration
voltage was 20 kV. The detection was carried out with an in-lens backscatter detector. For a
conductive surface, the samples were sputtered with platinum (layer thickness: 1.3 pum) with

the Sputter Coater 208HR from Cressington.

Pore characterizations were carried out via nitrogen physisorption measurements using a
Nova2000e (Quantochrome) apparatus. The pore size distribution was computed via DFT
calculations (calculation model: N> at -196.15 °C: slit/cylindrical pore, NLDFT equilibrium
model). The specific surface area was calculated using p/po values from 0.05-0.3 (BET).
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PXRD and PDF measurements have been taken at the European Synchrotron Radiation Facility
(ESRF), beamline ID-15A, which is equipped with a PILATUS 2M, S/N 24-0131, X series
detector. The powder was packed in Lindemann special glass capillaries with a diameter of
1 mm. Measurements were made for one minute at a photon energy of 90 keV (30 images each
2 seconds). Distance calibration was done with a CeO2, NIST 674b standard. We use xPDFsuite
to calculate the G(r) function, and Diffpy-CMI for fitting.!'! Theoretical XRD patterns have
been created with the Mercury software!?), using Crystallographic Information Files of Co

(database code: ICSD 136039) and graphite (database code: ICSD 18838).1*!

The cobalt content was determined by ICP-OES. The fusion of the catalyst was carried out in a
Berghof Speed Wave 4 microwave, for the ICP-OES measurement an Agilent 5800 was used

(standing flame with axial and radial observation).

X-ray photoelectron spectroscopy (XPS) was performed using a Physical Electronics Phi 5000
Versa Probe I1I instrument. As X-ray source a monochromatic Al Ko with a spot size of 100 pm
(21.1 W) was used. The kinetic pass energy of the photoelectrons was determined with a

hemispheric analyzer (45°) set to pass energy of 13 eV for high-resolution spectra.
Elemental analyses were carried out on an Elementar UNICUBE® device.

NMR measurements were performed using a Varian INOVA 300 (300 MHz for 'H, 75 MHz
for 1*C), a Varian INOVA 400 (400 MHz for 'H, 100 MHz for '3C) and a Bruker Avance III
HD 500 (500 MHz for 'H, 125 MHz for '3C) instrument at 296 K. Chemical shifts are reported
in ppm relative to the residual solvent signal (CDCls: 7,26 ppm ('H), 77,16 ppm ('3C);
DMSO0-d6: 2.50 ppm ('H), 39.51 ppm (*C)), coupling constants (J) are reported in Hz.
Estimated 'H and '*C NMR spectra were simulated (DMSO-ds, 300 MHz) using ChemDraw
Professional Version 21.0.0.28.

GC analyses were carried out on an Agilent 6850 GC system equipped with an Optima 17
column (30 m x 0.32 mm x 0.25 um).

The hydrogenation experiments were carried out with Parr Instrument stainless steel autoclaves

N-MTS5 300 mL equipped with heating mantles and temperature controller.
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2 Experimental procedures

2.1 Synthesis of meso-octamethylcalix[4]pyrrole

Meso-octamethylcalix[4]pyrrole was synthesized according to an adapted literature
procedure.! To a solution of 50 mL MeOH with 2.96 mL acetone (40 mmol) and 0.4 mL
concentrated H2SO4 (0,0075 mmol) were 2.78 mL pyrrole in 10 mL MeOH slowly added. The
reaction solution is stirred for 1.5 h at room temperature and then placed in the freezer (-24 °C)

overnight. The white precipitate is filtered, washed with cold MeOH, and dried under vacuo.

CHN (CagHieNa): C 78.1 (78.5), H 8.3 (8.5), N 13.0 (13.1),
IH NMR (500 MHz, CDCls, 296 K): 8 = 7.02 (s, 4H), 5.92-5.91 (d, J = 2.7, 8H), 1.53 (s, 24H)

13C NMR (125 MHz, CDCls, 296 K): § = 138.45, 102.84, 35.21, 29.13 ppm.

Yield: 3.99 g (9.3 mmol, 93 %)

2.2 Catalyst synthesis

To a suspension of meso-octamethylcalix[4]pyrrole (1.352 mmol, 579.32 mg) in 12 mL
MeOH, Co(OAc); - 4 H>O (0.338 mmol, 84.16 mg, 4 wt% ideally), respectively Co(acac)a,
Co(NOs)2 - 6 H20, Co(Il)stearate) and CoClz - 6 H20, is added to 500 mg SiO> (respectively
activated carbon, y-Al203, TiO2, CeOz) and the solvent is evaporated at 70 °C under slow,
constant stirring. The active catalyst material is generated by pyrolysis at 800 °C under nitrogen

flow, followed by pyrolysis at 550 °C under nitrogen flow.

i 10 K/min
rr —2KMID - 300ec (05h) —— - 800°C (05h)
N, N,
i i 20 K/mi
20 K/min 100 °C 5 K/min 550 °C (3 h) min RT
2 N N2
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