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1 SUMMARY / ZUSAMMENFASSUNG 

1.1 Summary 

This thesis addresses the development of novel catalytic concepts for the synthesis of complex 

nitrogen-containing compounds using PN5P ligand-stabilized transition metal complexes. The 

work focuses on designing multi-step reaction sequences and enabling the synthesis of highly 

functionalized products from simple, sustainable, and widely accessible starting materials (see 

Figure 1). 

 

Figure 1: Schematic representation of the central philosophy of this thesis. The figure illustrates the develop-

ment of novel, catalytic synthesis concepts using PN5P ligand-stabilized transition metal complexes 

to transform simple and sustainable starting materials into highly functionalized nitrogen-containing 

products. 

The PN5P ligand-stabilized transition metal complexes used in this work are derived from dia-

mino-s-triazine based ligands, which have been extensively investigated by the group around 

KEMPE in previous studies and applied in a variety of catalytic transformations. Their distinctive 

reactivity and selectivity, combined with the broad tunability of the ligand framework, make 

this class of transition metal complexes highly promising candidates for the development of 

new catalytic reactions. 

The first part of this thesis focuses on the development of a novel one-pot synthesis of oxazoles. 

This transformation proceeds from esters and amino alcohols, both of which are abundant and 

broadly accessible starting materials and hydrogen is liberated in the initial step. The reaction 

exhibits a wide substrate scope, and – apart from the screening substrate and one drug active 

ingredient – the synthesized examples represent previously undisclosed compounds.  
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The new synthetic concept demonstrates excellent functional group tolerance, including sub-

stituents that are typically sensitive to hydrogenation, despite the presence of a hydrogenation 

catalyst and molecular hydrogen. Manganese (pre)catalyst [Mn-I] mediates the reaction most 

effectively – even more efficiently than related Ir or Ru catalysts (see Figure 2).  

 

Figure 2: General concept of the established one-pot synthesis of oxazoles.  

The second part of this work addresses a catalytic variant of the KNORR pyrrole synthesis for 

the preparation of pyrrole and pyridine derivatives starting from amino alcohols and 1,3-ke-

toesters. The reaction is most efficiently mediated by a Mn-based (pre)catalyst [Mn-I] in com-

bination with a simple acid catalyst. The synthesis of highly functionalized products and their 

potential applications is demonstrated, and 35 of the 43 compounds obtained have not been 

previously reported in the literature (see Figure 3). 

 

Figure 3: Principle for the catalytic synthesis of pyrroles and pyridines. 

The third chapter is based on the establishment of a protecting group free iterative concept for 

the synthesis of sequence-defined and functionalized polyamines. The two key steps of the pro-

cess are the Pd-catalyzed aryl amination using a PEPPSI-iPr Pd (pre)catalyst and the selective 

reduction of the nitro group with a highly active Ir (pre)catalyst [Ir-I] (see Figure 4). Incorpo-

rating a selective N-functionalization step after the aryl amination further enhances the chemical 

stability, solubility, and overall degree of functionalization of the products. Based on these find-

ings, a three-step process was established that enables the synthesis of higher functionalized 

polyamine derivatives. 
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Figure 4: Iterative synthesis of sequence-defined and conjugated polyamines via a catalytic two-step process. 
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1.2 Zusammenfassung 

Diese Dissertation befasst sich mit der Entwicklung neuartiger katalytischer Konzepte für die 

Synthese komplexer stickstoffhaltiger Verbindungen unter Verwendung von PN5P-ligand-sta-

bilisierten Übergangsmetallkomplexen. Der Fokus der Arbeit liegt auf der Entwicklung mehr-

stufiger Reaktionssequenzen zur Synthese hochfunktionalisierter Produkte aus einfachen, nach-

haltigen und breit zugänglichen Ausgangsmaterialien (siehe Abbildung 1). 

 

Abbildung 1: Schematische Darstellung der zentralen Philosophie dieser Dissertation. Die Abbildung veranschau-

licht die Entwicklung neuartiger katalytischer Synthesekonzepte unter Verwendung von PN5P-lig-

and-stabilisierten Übergangsmetallkomplexen, um einfache und nachhaltige Ausgangsmaterialien in 

strukturell komplexe, stickstoffhaltige Produkte umzuwandeln. 

Die in dieser Arbeit verwendeten PN5P-ligand-stabilisierten Übergangsmetallkomplexe basie-

ren auf Diamino-s-Triazin-abgeleiteten Liganden, die in früheren Studien von der Arbeits-

gruppe um KEMPE untersucht und in einer Vielzahl katalytischer Transformationen eingesetzt 

wurden. Ihre ausgeprägte Reaktivität und Selektivität, kombiniert mit der breiten Anpassungs-

fähigkeit des Ligandensystems, machen diese Klasse von Übergangsmetallkomplexen zu viel-

versprechenden Kandidaten für die Entwicklung neuer katalytischer Reaktionen. 

Im Mittelpunkt des ersten Teils der Arbeit steht die Entwicklung einer neuartigen one-pot-Syn-

these von Oxazolen ausgehend von 1,2-Aminoalkoholen und tert-Butylestern. Während der ka-

talytischen Dehydrierung wird elementarer Wasserstoff freigesetzt. Keines der synthetisierten 

Verbindungen, mit Ausnahme des Screening-Substrats und der Wirkstoff eines vermarkteten 

Arzneimittels, sind Verbindungen, die bisher in der Literatur veröffentlicht wurden. 
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Das neue Konzept zeigt eine sehr gute Toleranz gegenüber funktionellen Gruppen, einschließ-

lich hydrierempfindlichen Substituenten. Der verwendete (Prä)katalysator [Mn-I] weist die 

höchste Effektivität und Selektivität in der katalytischen Dehydrierung auf (siehe Abbildung 2). 

 

Abbildung 2: Allgemeines Konzept der konsekutiven one-pot-Synthese von Oxazolen. 

Der zweite Teil der Arbeit beschäftigt sich mit einer katalytischen Variante der KNORR-Pyrrol-

Synthese zur Herstellung von Pyrrol- und Pyridinderivaten ausgehend von Aminoalkoholen 

und 1,3-Ketoestern. (Prä)katalysator [Mn-I] und ein einfacher Säurekatalysator vermitteln die 

Reaktion auf effiziente Weise. Die Synthese von hochfunktionalisierten Verbindungen wurde 

demonstriert, und 35 der 43 isolierten Verbindungen wurden in der Literatur noch nicht be-

schrieben. Weiterhin werden verschiedene Anwendungsmöglichkeiten des Synthesekonzepts 

und der resultierenden Bausteine gezeigt (siehe Abbildung 3)  

 

Abbildung 3: Grundprinzip der Synthese von Pyrrolen und Pyridinen. 

Das dritte Kapitel beschäftigt sich mit der Etablierung eines schutzgruppenfreien, iterativen 

Konzepts zur Synthese sequenzdefinierter und funktionalisierter Polyamine. Die beiden zent-

ralen Reaktionsschritte des Verfahrens sind die Pd-katalysierte Arylaminierung unter Verwen-

dung eines PEPPSI-iPr Pd-(Prä)Katalysators sowie die selektive Reduktion der Nitrogruppe mit 

einem hochaktiven Ir-(Prä)Katalysator [Ir-I] (siehe Abbildung 4). Die Einführung eines selek-

tiven N-Funktionalisierungsschritts nach der Arylaminierung verbessert zusätzlich die chemi-

sche Stabilität, Löslichkeit und den funktionalen Umfang der Produkte. Aufbauend auf diesen 

Ergebnissen konnte ein dreistufiger Prozess etabliert werden, der die Synthese höher funktio-

nalisierter Polyaminderivate ermöglicht. 
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Abbildung 4: Iterative Synthese von sequenzdefinierten Polyaminen mittels katalytischem zweistufigen Prozess. 
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2 INTRODUCTION 

The efficient and sustainable synthesis of complex organic compounds from easily accessible 

building blocks is one of the most exciting challenges in modern chemistry. The exploration of 

new reaction pathways or the minimization of by-products and/or waste products are two fun-

damental starting points and necessary first steps on the way to more atom-economically effi-

cient chemical transformations.[1]  

The goal of reducing the consumption of raw materials and the generation of waste in chemical 

processes has become one of the main tasks of the global research community of chemists, 

partly due to changes in civil society. As a result, the production of the countless substances 

required for the uncomplicated continuation of a peaceful social order must be made more ef-

ficient. Chemistry as a scientific discipline is omnipresent. It appears in materials development 

and production, in healthcare and in research into new active drugs.[1]  

In all these areas, the establishment of new chemo-, regio-, diastereo- and enantioselective pro-

cesses is essential to consistently meet the challenges of the 21st century. An important aspect 

that plays a role in organic chemistry and large-scale production is catalysis. Homogeneous 

transition metal complexes, which can be adapted both electronically and sterically by varying 

the metal and/or ligands, are of particular interest here (see Figure 5).[1]  

3  

Figure 5: Comparison between catalyzed and non-catalyzed process of a reaction of the form A + B → AB.  

In recent decades, catalytic processes have been developed that are not only efficient and highly 

selective but also use renewable biomass or its resulting platform chemicals as starting com-

pounds. [2]  Although the development of oil as a cheap source of fuel in the 19th century was 

one of the main reasons for the industrialization of the world and had a significant impact on 

raising the living standards of many people in emerging economies, the situation has changed 

drastically since then. 
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Almost 200 years later, with dwindling oil resources, daily oil consumption of around 100 mil-

lion barrels of oil per day and global energy and environmental crises as well as geopolitical 

crises and conflicts arising, it is essential to develop new ecological and energy efficient pro-

cesses for the sustainable production of fuels.[3],[4],[5] 

However, not only fuel production from sustainable sources, but also the production of chemi-

cals from renewable resources has become a highly relevant topic in the last two decades. This 

is because one of the most crucial elements for the chemical industry is carbon. However, most 

chemical substances containing carbon are currently still produced from finite fossil resources 

such as oil and coal.[6],[7] As a result, interdisciplinary research groups are working intensively 

on the task of replacing traditional innovations that are used in the planning and implementation 

of chemical synthesis with more efficient systems. One requirement for these innovative ap-

proaches is that they are profitable from an economic and ecological point of view and can 

therefore be implemented without government regulations or subsidies. This expansion, which 

demands an extremely high degree of innovation and creativity from the chemist, was defined 

as green chemistry by P. T. ANASTAS and J. C. WARNER in 1998 and specified by setting out 

twelve principles.[8] In addition to safety aspects, the principles mentioned by the two authors 

include the avoidance of waste, the implementation of atom- and energy efficient reactions, the 

use of renewable resources, the preferential use of catalysts and the avoidance of derivatization 

reagents. The catalysis mentioned by P. T. ANASTAS and J. C. WARNER and the use of renewable 

resources play a special role here.[8] 

In view of this, numerous new catalytic methods to produce chemicals from renewable sources 

have been researched and substantiated as promising alternatives in recent years[2],[6],[7] Among 

other things, the use and processing of biomass, or more precisely lignocellulose as a barely 

utilized waste product of the food industry, has been intensively investigated in research.[9]  

Lignocellulose has several properties that make this specific type of biomass so interesting. 

Firstly, it is indigestible for humans, which prevents potential competition with the food supply. 

Secondly, lignocellulose is available in massive quantities.[9] Lignocellulose can be used as a 

starting compound to produce organic fine chemicals such as alcohols. For this purpose, the 

cheap fuel obtained from biomass is converted step by step using an integrated catalytic ap-

proach.[9] The so-called pyrolysis oil is converted into a wide variety of chemical raw materials 

in individual steps through hydrogenation processes and the use of zeolite catalysts. Successive 

hydrogenation can increase the intrinsic hydrogen content and produce a variety of polyols and 

alcohols.[9] 

Due to the development of simple, energy efficient methods for converting large quantities of 

biomass into a variety of basic chemical substances, the development of reactions that convert 

these sustainably produced substrates into essential bulk and fine chemicals has become a cen-

tral topic in green chemistry. In homogeneous catalysis in particular, many new methods have 

been developed in the last decade to further use and functionalize these various products.  
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Individual research groups have developed new and pioneering concepts, such as borrowing 

hydrogen/hydrogen-auto transfer (BH/HA) catalysis or the acceptorless dehydrogenation meth-

odology (see Figure 6).[10],[11]  

 

Figure 6: Intervention of current research for the synthesis of fine chemicals derived from biomass.  

For example, a primary or secondary alcohol function is first dehydrogenated. In some cases, 

the two hydrogen atoms are formally bonded to the catalyst center and their ligand system as 

proton (H+) and hydride (H-). The carbonyl function thus formed can react with a nucleophile 

to form an unsaturated intermediate by condensation with the release of water. In the final step, 

the unsaturated intermediate is reduced by the catalyst used, formally returning the previously 

bound hydrogen, and the complex is returned to its catalytically active state.[12],[13] By suppress-

ing the final reduction step, unsaturated carbonyl, imine or olefin derivatives are accessible 

through this reaction sequence. This variation of the borrowing-hydrogen methodology is 

known as acceptorless dehydrogenation. The unsaturated products formed in this way can often 

be used as reactive intermediates for further synthetic modifications. In this case, the catalyst is 

regenerated by releasing dihydrogen, which is produced as an economically and ecologically 

valuable by-product (see Figure 7).[12],[13] 
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Figure 7: Borrowing hydrogen concept (left). Acceptorless dehydrogenation process (right). 

In addition to the release of non-toxic by-products, a particular feature of catalysis using bor-

rowing-hydrogen or acceptorless dehydrogenation methodology is the possible use of unreac-

tive alcohols that can hardly be used for C-C couplings, which can be converted into syntheti-

cally more valuable substrates in an energy and atom efficient manner (see Figure 8).[12],[13]De-

veloping new synthesis concepts based on this developed concept is therefore of high im-

portance. 

 

Figure 8: Synthetic concepts involving BH/HA-catalysis to transform alcohols into valuable compounds. 

While borrowing hydrogen or acceptorless dehydrogenation methodology deals with the syn-

thesis of complex molecules from sustainable starting substances, iterative synthesis focuses on 

efficient, optimized reaction sequences that can be repeated as often as required. This results in 

complex higher molecular weight compounds with interesting properties in a simple and opti-

mized way.[14] 

The principle of iterative synthesis is clearly inspired by nature. For example, many biosyn-

thetic pathways of natural (macro)molecules are inherently modular, suggesting that such struc-

tures and their associated functions should be accessible using a generalized iterative synthesis 

approach. Furthermore, most natural products, which are the source of inspiration for more than 

50% of all human therapeutics, are derived from only a few major biosynthetic pathways, each 

involving the iterative assembly of a small number of discrete molecular building blocks.[14],[15] 
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For instance, polyketides, an important class of biologically active compounds, are biosynthe-

sized from malonyl-CoA and methyl-malonyl-CoA. The iterative sequence of decarboxylative 

CLAISEN condensation and other intermediate biosynthesis steps can be used to form a wide 

range of chemical structures (see Figure 9).[16] 

 

Figure 9: Schematic representation of the biosynthesis of polyketides by iterative extension of the polyketide 

chain using decarboxylative CLAISEN condensation (left). Erythromycin: A representative example of 

a structurally complex polyketide natural product (right). 

Researchers have therefore been attempting to apply this principle of nature to chemical pro-

cesses for quite some time. The revolutionary solid-phase peptide synthesis for example utilizes 

the iterative synthesis concept. Here, the individual amino acid building blocks are linked to-

gether in an automated synthesis protocol (see Figure 10).[14],[17],[18]  

 

Figure 10: Schematic concept of the solid phase peptide synthesis. 
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Orthogonal protection group chemistry and functional group activation play a crucial role. This 

makes it possible to construct sequence-defined amino acid chains with specific properties (see 

Figure 10).[14,17,[18] 

The iterative synthesis concept can be used not only for the synthesis of low-molecular com-

pounds or peptides. Material components, usually consisting of polycyclic systems, also exhibit 

a high degree of modularity. Although they fulfill a wide range of different functions, they often 

consist of common, repeating substructural motifs such as oligoarenes or oligothiophenes. 
[19],[20] 

One of the most promising nitrogen containing conductive materials are oligo- and polyanilines. 

These kinds of organic materials are especially interesting because of their wide range of appli-

cations (see Figure 11).[21],[22],[23],[24],[25] 

 

Figure 11: Applications for oligo- and polyaniline materials. 

Currently, there is only limited synthetic access to functionalized oligo- and polyanilines. It 

would therefore be of great interest to develop new (catalytic) synthesis concepts for this class 

of substances to provide access to tailor-made materials for specific applications.  
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3 STATE OF THE ART 

3.1 The concept of acceptorless dehydrogenation catalysis 

In recent years, acceptorless dehydrogenation catalysis (ADC) has emerged as one of the most 

important and influential concepts in organometallic catalysis. [10],[26]  

The dehydrogenation of hydrogen-rich organic molecules is in most cases a thermodynamically 

unfavorable process. [27],[28],[29] As a result, stoichiometric quantities of oxidants such as oxygen, 

potassium peroxo monosulphates, peroxides, metal oxides or hypervalent iodine compounds 

are often used for the dehydrogenation of organic substrates.[30] All these oxidation methods, 

especially the use of hypervalent iodine compounds, peroxides or metal oxides, have poor 

atomic economy and lead to the uneconomical formation of by-products (see Figure 12). Re-

search into novel methods for the dehydrogenation of hydrogen-rich organic substrates is there-

fore a highly relevant topic in the field of green and sustainable chemistry. 

The concept of acceptorless dehydrogenation thus provides a wide range of ecologically and 

economically efficient reaction profiles and synthetic methods with the release of hydrogen as 

the only by-product (see Figure 12).[31] In particular, the catalytic dehydrogenation of alcohols 

to the corresponding carbonyl moiety is an attractive area of application for the acceptorless 

dehydrogenation concept. Traditionally, methods such as SWERN-, PARIKH-DOERING-, DESS-

MARTIN or JONES-oxidation are used in classical synthetic chemistry to generate the corre-

sponding keto, aldehyde, or acid function. All these reactions require stoichiometric amounts 

of oxidant and often result in toxic by-products.[30] 

In contrast, many transition metal complexes have been developed in recent years that are ca-

pable of selectively dehydrating alcohol functions (siehe Figure 12).[32],[33] In particular, 

(pre)catalysts with PNP pincer ligands often showed high activity and selectivity. 
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Figure 12: Comparison of acceptorless dehydrogenation catalysis with conventional oxidation methods (top). 

Selected precious metal catalysts (bottom).  

 

3.2 Synthesis of heterocyclic compounds via ADC 

3.2.1 Overview: synthesis of N-heterocyclic compound classes via ADC 

N-heterocyclic compounds are one of the most important substance classes in organic and phar-

maceutical chemistry. They are components of drugs, natural substances, and functional mate-

rials as well as polymers. The concept of ADC is particularly attractive for the synthesis of N-

heterocycles, as alcohols and amino alcohols from renewable resources can be used as starting 

compounds. 
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In 1991, WATANABE's group published a novel synthesis of benzoxazoles and benzimidazoles 

using a Ru catalyst.[34] From there on various groups have published catalytic syntheses of N-

heterocycles based on acceptorless dehydrogenation concept, with each work differing in the 

type of catalyst system, the general reaction conditions, and substitution possibilities. In 2011, 

the group around CRABTREE published a possibility to convert symmetrical 1,4-diols and pri-

mary amines into the corresponding pyrroles.[35] The groups led by KEMPE, MILSTEIN and SAITO 

used secondary alcohols and 1,2-amino alcohols for their pyrrole syntheses. [36],[37],[38] BELLER 

and co-workers established a synthesis concept whereby fully substituted pyrroles were acces-

sible.[39] Subsequently, further syntheses of aromatic N-heterocycles were published. These in-

cluded pyridines [40],[41], quinolines[40],[42], 3-amino pyridines[43], benzimidazoles[44], 2-aryl 

quinazolines[45], quinoxalines[44] and pyrimidines[46] (see Figure 13).  

  

Figure 13: Synthesis of N-heterocycles via ADC using precious metal catalysts. 

In the following sections, individual publications are discussed in detail to provide a deeper 

insight into the concepts mentioned. 

 

3.2.2 Iridium- and ruthenium-catalyzed synthesis of pyrroles via ADC 

In 2013, KEMPE and his colleagues published a new method for converting secondary alcohols 

with amino alcohols into various pyrrole derivatives. The iridium complex used was able to 

selectively eliminate hydrogen to subsequently yield the desired pyrrole derivatives by conden-

sation (see Figure 14). [36] 
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Figure 14: Synthesis of pyrrole derivatives according to MICHLIK et al. (top). Postulated mechanism (bottom). 

Mechanistic and kinetic studies showed that the pyrrole is produced in three steps. After oxida-

tion of the secondary alcohol to the ketone, the amino alcohol reacts with the resulting ketone 

to form the imine (I → II). This is followed by another oxidation and elimination of the hydro-

gen (II → III) and finally condensation and formation of the pyrrole (III → IV → V). The 

oxidation of secondary alcohols proved to be a rate-determining step, as no imine intermediate 

could be detected during the reaction control. Thus, the C-alkylation had to proceed signifi-

cantly faster than the oxidation of alcohol to the ketone. In addition, it could be concluded that 

the Ir-catalyst [Ir-I] itself was essential for the oxidation reaction, but the base used was re-

quired for the C-C coupling reactions or condensation (see Figure 14).[36]  

In the same year, MILSTEIN and his team published the preparation of pyrroles using ruthenium 

precatalyst [Ru-I] (see Figure 15).[37] 

 

Figure 15: Ru-mediated synthesis of pyrroles using ADC according to SRIMANI et al. 
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3.2.3 Iridium-catalyzed synthesis of pyridines via ADC 

Once the research community had internalized the general principle of synthesizing nitrogen-

containing heterocycles using acceptorless dehydrogenation and borrowing-hydrogen catalysis, 

it was possible to synthesize not only pyrroles, but also several other interesting nitrogen het-

erocycles. In 2013, KEMPE and his colleagues published a novel synthesis of pyridines. By 

combining 1,3-aminoalcohols and secondary alcohols, the group was able to synthesize multi-

substituted pyridine derivatives (see Figure 16).[41]  

 

Figure 16: Ir-mediated synthesis of pyridines according to MICHLIK et al. (top). Postulated mechanism (bottom). 

In the newly developed synthesis, the 1,3-amino alcohol reacts with the previously oxidized or 

dehydrated secondary alcohol in the initial step. Mechanistic studies showed that the amino 

alcohol used was oxidized significantly more slowly and that selective imine formation was 

therefore possible. In the next step, the free hydroxyl group of the amino alcohol is dehydro-

genated, and the olefin is formed by base-catalyzed ring closure and water elimination. Aroma-

tization by β-H elimination and release of H2 led to the formation of the desired pyridine deriv-

atives (see Figure 16).[41] 

 

3.2.4 Iridium-catalyzed synthesis of pyrimidines via ADC 

In 2015, KEMPE and co-workers published a synthesis of pyrimidines based on the principle of 

ADC. They used various primary and secondary alcohols as well as amidines, which were se-

lectively linked via C-C and C-N bond formation during the multicomponent reaction (see Fig-

ure 17).[46] 
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The group first investigated the synthesis of trisubstituted pyrimidines. Later, they established 

a three-component reaction using secondary alcohols, primary alcohols and an amidine. Mech-

anistic investigations showed that the two alcohols were dehydrogenated in the first step by the 

catalyst used. The oxidation was followed by in situ aldol condensation and the formation of an 

α-β-unsaturated ketone intermediate. Reaction with the amidine used and dehydration by β-H 

elimination led to the formation of the pyrimidine (see Figure 17).[46] 

 

Figure 17: Ir-catalyzed multicomponent synthesis of pyrimidines according to DEIBL et al. 

After establishing a three-component synthesis, the research group focused on the preparation 

of tetrasubstituted pyrimidines. For this purpose, they developed a consecutive four-component 

reaction, in which the stepwise addition of the individual components was crucial. In the first 

step of the reaction, a secondary and a primary alcohol are dehydrogenated. The subsequent in 

situ aldol condensation initially leads to an α-β-unsaturated ketone. After a longer reaction time 

and an adjustment of the reaction temperature, both the carbonyl group and the double bond 

could be reduced. A secondary alcohol was formed, which, after addition of another alcohol 

and the desired amidine, reacted further to form the tetrasubstituted pyrimidine derivative.[46] 

 

3.2.5 Manganese-catalyzed synthesis of N-heterocycles via ADC 

In the following years, attempts were made to replace expensive precious metal catalysts with 

3d-metal catalysts. Mn-based systems proved to be one of the most promising candidates. Sev-

eral Mn-complexes have been therefore developed and investigated as (pre)catalysts for the 

synthesis of N-heterocycles using acceptorless dehydrogenation (see Figure 18). 
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The syntheses of N-heterocycles described in this section demonstrate the great potential of 

manganese catalysts for ADC reactions. By using these highly selective (pre)catalysts and 

through understanding and controlling reaction conditions, novel and complex reaction se-

quences can often be generated, which can lead to interesting target compounds. 

The BELLER group used precatalyst [Mn-II] for the synthesis of indole (Figure 18).[47] KIRCH-

NER and his colleagues developed the synthesis of quinolines starting from 2-aminobenzyl al-

cohols and alcohols.[48] The same catalyst was used by the research group to synthesize pyrim-

idines.[43] KEMPE and co-workers also published a Mn-catalyzed synthesis of pyrimidines 

shortly thereafter.[49] The same catalyst was also used for the first 3d-metal catalyzed synthesis 

of pyrroles using alcohols and amino alcohols.[50] In 2018, SRIMANI and co-workers published 

a phosphine-free manganese(I) complex [Mn-IV] derived from a tridentate NNS ligand for the 

selective synthesis of 2-substituted and 1,2-disubstituted benzimidazoles by acceptorless dehy-

drogenative condensation of aromatic diamines with primary alcohols.[51] In the same year, 

MILSTEIN and colleagues  published the synthesis of quinoxalines and pyrazines using the acri-

dine-based Mn pincer complex [Mn-V] (see Figure 18).[52] 
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Figure 18: Dedicated overview of Mn-catalyzed synthesis of N-heterocycles via ADC. 

 

3.3 Iterative synthesis  

3.3.1 Synthetic methods for enforcing sequence control 

Acceptorless dehydrogenation catalysis enables the synthesis of highly functionalized com-

pounds from simple and partially sustainable building blocks. Another concept in chemistry 

that builds on this idea is iterative synthesis. By repeating individual reaction steps in iterative 

sequences, it becomes possible to rapidly produce functionalized, structurally diverse, and se-

quence-defined compounds. In general, there are three different polymerization or synthesis 

methods used for the preparation of sequence-controlled compounds. 

The idea of the precise macromonomer approach is characterized by the coupling of sequence-

specific macromonomers, or defined individual building blocks, in periodic sequences. For ex-

ample, this principle has been used to produce elastin-like polymers. The individual, previously 

synthesized building blocks were coupled together using a copper-catalyzed click reaction (see 

Figure 19).[53],[54] 
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Figure 19: Coupling of defined macromonomers (top). Synthesis of elastin-like polymers using click chemistry 

(bottom). 

In contrast, iterative exponential growth achieves the synthesis of complex oligomers or poly-

mers through sequential addition of monomers. Using repetitive reaction conditions and orthog-

onal functionalization or coupling, precisely defined sequences can be constructed (see Figure 

20).[53],[55] 

 

Figure 20: Principle of iterative exponential growth (top). Synthesis of uniform diblock copolymers using or-

thogonal functionalization and Cu-catalyzed coupling. 

In addition to the previously mentioned examples, the classic iterative construction of defined 

polymer or oligomer sequences focuses on a linear growth. Individual building blocks are suc-

cessively coupled together (see Figure 21).[53],[56]  
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Figure 21: Principle of linear growth (top). Polypeptide synthesis via sub-monomer-addition. (bottom). 

 

3.3.2 Synthesis of sequence defined oligoanilines 

In 1998, BUCHWALD and co-workers discussed multiple approaches for the synthesis of se-

quence defined oligoanilines via Pd-catalyzed aryl amination (see Figure 22).[57] 

 

Figure 22: Approaches for the synthesis of sequence defined oligoanilines via Pd-catalyzed aryl amination.[52] 

They established a palladium-catalyzed amination sequence employing an orthogonal protect-

ing-group strategy, which enables the controlled synthesis of oligoanilines of varying lengths 

and degrees of functionalization. 
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This method affords soluble precursors that can be deprotected to yield electroactive oligomers, 

including phenyl-capped heptaaniline and decaaniline, end-functionalized octaanilines, and 16- 

and 24-mers, whose properties have been characterized by spectroscopy and electrochemical 

analysis. For example, they synthesized a heptamer via a bidirectional approach (see Figure 

23).[57] 

 

Figure 23: Bidirectional synthesis of an aniline heptamer using Pd-catalyzed aryl amination. 

In the same year, HARTWIG and colleagues established a synthesis route to the largest meta-

linked linear aryl amine oligomer. They used Pd catalyzed amination of aryl triflates in an ex-

ponential growth strategy. The approach uses methoxy-substituted N-aryl groups for solubility 

and NMR tracking, triaryl amine units to stabilize radical cations and prevent cross-linking, and 

orthogonally protected chain termini (N-benzylamine and TMS ether) to enable selective for-

mation of diaryl amines and aryl nonaflates (see Figure 24).[58] 

 

Figure 24: HARTWIGS’s approach for the exponential synthesis of oligoanilines.  
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5 OVERVIEW OF THESIS RESULTS 

5.1 Synopsis  

As previously discussed in the introduction of this thesis, the modern chemical industry faces a 

significant transition; while the synthesis of bulk chemicals, fine chemicals, and polymers re-

mains essential for technological progress, conventional processes are often energy-intensive 

and heavily reliant on fossil resources. To minimize environmental impact and actively con-

tribute to a more sustainable future, a structural shift toward eco-friendly, atom-efficient syn-

thetic methodologies is required, making it a core responsibility for contemporary chemists to 

develop these innovative processes. 

In this context, catalysis serves as a key tool by lowering activation energies and enabling al-

ternative pathways that avoid stoichiometric, waste-generating reagents. Within this frame-

work, the synthesis of complex, nitrogen-containing compounds such as N-heterocycles and 

polyamines presents a major challenge, as these essential building blocks for pharmaceuticals, 

agrochemicals, and functional materials traditionally rely on tedious multi-step sequences and 

harsh conditions.  

To address these challenges from different synthetic angles, this doctoral work focuses on two 

main strategies: on one hand, it comprises the development of novel catalytic protocols for the 

direct synthesis of valuable N-heterocyclic frameworks from simple, readily available starting 

materials. On the other hand, this approach is expanded by establishing an innovative, iterative 

method for the precise synthesis of polyamines, where avoiding protecting groups and utilizing 

catalytic reactions minimizing both step-count and waste generation. 
 

5.1.2 Manganese-catalyzed dehydrogenation of amido alcohols with lib-

eration of hydrogen for the synthesis of oxazoles 

As outlined in section 3, PN5P ligand-stabilized complexes have demonstrated outstanding ac-

tivity and selectivity in numerous studies by the KEMPE group, particularly in their use as cata-

lysts for a broad range of hydrogenation and dehydrogenation reactions. The earliest investiga-

tions focused on Ir-based catalysts. In the following years, however, the group expanded this 

chemistry to include newly developed (pre)catalysts based on 3d-transition metals. Notably, 

they introduced a series of Mn(I) (pre)catalysts that exhibit excellent activity, high selectivity, 

and remarkable thermal stability in the hydrogenation of carbonyl compounds and the dehydro-

genation of alcohols. Furthermore, the modular design of the PN5P ligand family enables pre-

cise tuning of the steric and electronic properties of the catalyst system. This versatility has 

facilitated the development of numerous new catalytic applications and innovative synthetic 

methodologies. 
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During detailed investigations into the synthesis of 1,3-diketones from alcohols, esters, and a 

molecular Mn (pre)catalyst, a new concept for accessing β-ketoamides was identified. By re-

acting esters with amino alcohols instead of alcohols, β-hydroxyamide intermediates were 

formed, which could subsequently be transformed into a variety of oxazole derivatives follow-

ing catalytic dehydrogenation and ROBINSON-GABRIEL cyclization. Among the numerous im-

portant compound classes in organic chemistry, N-heterocycles are of particular interest due to 

their broad range of applications, including pharmaceuticals, agrochemicals, functional materi-

als, and both fine and bulk chemicals. Oxazoles represent a prominent subclass whose charac-

teristic structural motif is frequently found in pharmaceuticals and organic materials. The ROB-

INSON-GABRIEL cyclization is one of the most important name reactions for the synthesis of 

oxazoles, as the regioselective intramolecular cyclization allows all three carbon atoms of the 

oxazole to be addressed. A major challenge in the preparation of oxazoles using the ROBINSON-

GABRIEL cyclization is the synthesis of the β-ketoamides. Established methods, such as the 

DAKIN-WEST synthesis, suffer from the challenge of introducing various substituents. Other 

methods rely on toxic and explosive diazo compounds, require stoichiometric oxidants, or gen-

erally require significant synthetic effort. Considering the challenges, the simple preparation of 

β-ketoamides from diverse and partially sustainable starting materials, as well as the differential 

targeting of all three carbon atoms of the oxazole, is a highly desirable goal. 

In the following, a regioselective, two-step, one-pot synthesis of oxazoles was established. The 

concept is based on tert-butyl esters and amino alcohols, both of which are abundant and widely 

available. The first step involves transesterification and catalytic dehydrogenation with Mn-

(pre)catalyst [Mn-I] and KOtBu in 1,4-dioxane. Subsequently, the resulting β-ketoamide is con-

verted into the corresponding oxazole by adding POCl3 as a cyclodehydration reagent (see Fig-

ure 25).  

 

Figure 25: Synthesis of oxazole derivatives using a consecutive one-pot synthesis. 

With optimized conditions for the newly developed two-step process, a substrate scope was 

established. The corresponding products could be isolated in yields up to 97 %. 44 of the 45 

compounds prepared have not been previously described in the literature. 
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OXAPROZIN, an active ingredient of a drug, could also be obtained in moderate yields directly 

from the newly developed one-pot synthesis under adapted reaction conditions (see Figure 26). 

 

Figure 26: Selected substrate scope for the synthesis of oxazoles with isolated yields as indicated. 

In the next step, various experiments were conducted to evaluate the individual reaction mech-

anisms. Kinetic experiments with various equivalents of KOtBu showed that the rate of trans-

esterification is base-dependent. Furthermore, a competition experiment was conducted to eval-

uate the influence of the hydroxy group. After evaluating the results, a mechanism for the for-

mation of the β-hydroxyamides was postulated (see Figure 27). 

 

Figure 27: Summary of key mechanistic findings (top) and proposed mechanism (bottom). 

Furthermore, a 1H NMR experiment was performed to investigate the decomplexation of [Mn-

H]K2 in the presence of the β-hydroxyamide intermediate.  
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Comparison of the spectra of the different species showed that the addition of the intermediate 

leads to decomplexation of the potassium in the guanidine backbone of [Mn-H]K2. This result 

suggests that stoichiometric amounts of potassium base are required for the formation of the 

active species of the catalyst (see Figure 28). 

 

Figure 28: Experiment on the decomplexation of [Mn-H]K2. 

 

5.1.3 A catalytic version of the KNORR pyrrole synthesis permits access 

to pyrroles and pyridines 

Building on the results of the first project, subsequent investigations examined the reactivity of 

1,3-keto esters with 1,2-amino alcohols. These experiments revealed a highly selective for-

mation of β-hydroxy enamines via condensation of the 1,3-keto ester with the corresponding 

amino alcohol. Catalytic dehydrogenation of the isolable intermediate afforded the respective 

pyrrole derivatives. At that time, numerous homogeneously and heterogeneously catalyzed 

PAAL-KNORR syntheses for the preparation of pyrroles had been reported; however, a catalytic 

variant of the original KNORR pyrrole synthesis itself had not yet been described. 

In the KNORR pyrrole synthesis, substituted pyrroles are obtained from masked aminoketones 

and 1,3-keto esters. The reaction begins with the nitrosation of a 1,3-keto ester at its CH-acidic 

position. The resulting nitroso intermediate is then converted in situ under reductive conditions 

into the corresponding α-aminoketone, which subsequently reacts with a second equivalent of 

a 1,3-keto ester to yield the desired pyrrole derivative. The limitations of this synthetic sequence 

arise primarily from the restricted availability of suitable starting materials, the pronounced 

tendency of the highly reactive α-aminoketone to undergo self-condensation, and the conse-

quently limited product diversity. In many cases, the method is effectively confined to the syn-

thesis of symmetrical pyrrole derivatives bearing two identical ester substituents. Additionally, 

the nitrosation and subsequent reduction steps generate equimolar amounts of waste, and both 

transformations typically require harsh reaction conditions. The self-condensation of the α-ami-

noketone not only diminishes the yield of the desired product but also significantly reduces the 

overall regioselectivity of the reaction. 
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In the following, a catalytic two-step variant of the KNORR pyrrole synthesis was developed, 

which could be further expanded to a novel pyridine synthesis through the appropriate choice 

of amino alcohols. Both N-heterocycles are highly significant compound classes with a broad 

range of applications. 

Once again, a combination of KOtBu, 1,4-dioxane, and [Mn-I] proved to be the most effective 

system for the catalytic dehydrogenation of the β-hydroxy enamines. Using these optimized 

conditions, the substrate scope was explored. For the consecutive one-pot synthesis, acetic acid 

served as a simple acid catalyst to promote the condensation between the amino alcohols and 

the 1,3-keto esters (see Figure 29). 

 

Figure 29: Established catalytic version of the KNORR pyrrole synthesis. 

The resulting pyrrole and pyridine derivatives were isolated in yields of up to 97 %. Notably, 

the majority of the 43 compounds prepared had not been previously reported in the literature 

(see Figure 30). 
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Figure 30: Selected substrate scope for the synthesis of pyrroles and pyridines with isolated yields as indicated. 
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To demonstrate the general applicability of the newly synthesized building blocks, SUNITINIB, 

an active ingredient of an anti-cancer drug, was synthesized in four steps. The starting com-

pound was prepared on a large scale according to the developed one-pot synthesis (see Figure 

31). 

 

Figure 31: Large scale building block synthesis (top). Synthesis of SUNITINIB (bottom).  

In the next step, various experiments were conducted to evaluate the individual reaction mech-

anisms including kinetic experiments, the collection of hydrogen, the isolation of potassium 

adducts, NMR experiments as well as different control reactions (see Figure 32). Time-resolved 

high-pressure NMR experiments suggested that the formation of the pyridine derivatives takes 

place in a two-step process. In the first catalytic cycle the dihydropyridine intermediate is 

formed, followed by the dehydrogenation of the polar C-N bond and formation of the desired 

pyridine derivative (see Figure 32 and 33). 

 

Figure 32: Mechanistic investigations for the catalytic formation of pyrroles and pyridines. 
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Figure 33: Proposed catalytic cycle for the formation of the corresponding pyrrole derivatives. 

 

5.1.4 Catalytic two-step synthesis of sequence defined polyamines  

Following the second project, the idea came up to establish an iterative synthesis concept inte-

grating substituted N-heterocycles to form even higher functionalized compounds. Since sub-

stituted oxazoles, pyrroles and pyridines could be synthesized using the previously developed 

methods, these were to serve as the main building blocks. 

After careful consideration and unsuccessful attempts to establish an iterative synthesis of N-

heterocycle-containing oligomers, a revised strategy emerged that should combine iterative 

synthesis with complex nitrogen-containing structures without relying on oxazoles, pyrroles, or 

pyridines as core building blocks. 

During the elongation process, the individual building block should be linked step by step in 

successive reaction cycles. Like a modular building block system, this approach should allow 

targeted control over the sequence, composition, and length of the resulting molecules. This 

precise controllability is of central importance for the development of customized functional 

materials.  

One of the most promising nitrogen containing polyamines are oligo- and polyanilines. These 

kinds of organic materials are especially interesting because of their wide range of applications 

and restricted synthetic access.  
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A newly developed iterative synthesis concept was initially implemented as a two-step elonga-

tion process, with Pd-catalyzed aryl amination and nitroarene hydrogenation serving as the key 

catalytic transformations. Readily available 1-chloro-4-nitrobenzene derivatives act as the 

building blocks for the elongation of the conjugated substrates. Importantly, no protecting group 

strategy is required, as the nitro group both serves as a protecting group and activates the aryl 

chloride towards the amination reaction (see Figure 34). 

 

Figure 34: Iterative synthesis of sequence defined polyamines via a two-step catalytic process. 

To demonstrate the general applicability and accessibility of this newly developed method, a 

tetraamine was synthesized without fully optimized reaction conditions (see Figure 35). 

 

Figure 35: Iterative synthesis of a tetraamine via a catalytic two-step process. 

During the elongation process, the intermediate primary amines were observed to be sensitive 

to oxidation, and their solubility decreased progressively with increasing chain length of the 

arylamine derivatives. These findings suggested that (partial) N-functionalization would be ad-

vantageous for the synthesis of larger derivatives, improving both solubility and oxidative sta-

bility. Additionally, this approach allows the preparation of polyamines functionalized at two 

anchor points, further enhancing structural diversity. Consequently, the iterative synthetic con-

cept was expanded to incorporate an additional N-functionalization step (see Figure 36). 
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Figure 36: Development of an extended three-step synthesis process. 

Initially, a substrate scope was established to identify which substituents could be introduced 

at the nitrogen atom. Both alkyl chains and aryl groups could be selectively incorporated. Ad-

ditionally, differently substituted, and halogenated nitrobenzene derivatives were compatible, 

allowing further extension of the substrate scope (see Figure 37). 

 

Figure 37: Selected examples of synthesized oligoamines.  

Furthermore, end-group functionalization of the terminal amine was demonstrated, and a small 

substrate library was established. The two-dimensional functionalization and the resulting high 

degree of modularity allow the synthesis of a remarkable diversity of substrates, even from a 

limited set of different monomers (see Figure 38). 
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Figure 38: Schematic representation of the possibilities for the synthesis of substrate libraries. 

Finally, through applying a convergent concept, complex polyamines could be synthesized via 

orthogonal synthesis (see Figure 39). 

 

Figure 39: Two complex polyamines synthesized via orthogonal synthesis.  
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5.2 Report on the contributions of publications for this thesis 

The results presented in this work were obtained in collaboration with others and published as 

indicated below. The contributions of all co-authors and contributors to the publications are 

listed below. 

Chapter 6 

This work was published in "ChemCatChem" with the title "Manganese-catalyzed Dehydro-

genation of Amido Alcohols with Liberation of Hydrogen for the Synthesis of Oxazoles". 

DOI: doi.org/10.1002/cctc.202301042 

Authors: Max Leinert, Torsten Irrgang, Rhett Kempe. 

I conducted the experiments, synthesized, and characterized all compounds for the final publi-

cation. Torsten Irrgang and Rhett Kempe supervised the work, participated in the scientific 

discussions, and co-wrote the manuscript with me. 

Chapter 7 

This work was published in "Journal of American Chemical Society" with the title "A Catalytic 

Version of the Knorr Pyrrole Synthesis Permits Access to Pyrroles and Pyridines". 

DOI: doi.org/10.1021/jacs.4c13266 

Authors: Max Leinert, Torsten Irrgang, Rhett Kempe. 

I conducted the experiments, synthesized, and characterized all compounds for the final publi-

cation. Torsten Irrgang and Rhett Kempe supervised the work, participated in the scientific 

discussions, and co-wrote the manuscript with me. 

Chapter 8 

This work will be published with the title " Catalytic two-step synthesis of sequence defined 

polyamines". 

Authors: Max Leinert, Elias Bandt, Torsten Irrgang, Rhett Kempe. 

I conducted the experiments, synthesized, and characterized all compounds for the final publi-

cation. Elias Bandt has synthesized several final compounds and intermediates under my su-

pervision. Torsten Irrgang and Rhett Kempe supervised the work, participated in the scientific 

discussions, and co-wrote the manuscript with me. 
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5.3 List of further publications 

A list of further publications that were obtained in collaboration with others and published as 

indicated below. 

“C-alkylation of primary amines via selective olefin hydrogenation tolerating alkynes” 

was resubmitted after revision to Nature Catalysis. 

Authors: Martin Schlagbauer, Hanna Stachowiak-Dłużyńska, Frederik Freitag, Max Leinert, 

Matthias Knodt, Grzegorz Hreczycho, Stephan Kümmel, Torsten Irrgang and Rhett Kempe. 
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6. MANGANESE-CATALYZED DEHYDROGENATION OF 

AMIDO ALCOHOLS WITH LIBERATION OF HYDROGEN 

FOR THE SYNTHESIS OF OXAZOLES 

Title: Manganese-catalyzed Dehydrogenation of Amido Alcohols with Liberation of Hydrogen 

for the Synthesis of Oxazoles. 

Authors: M. Leinert, Dr. T. Irrgang, Prof. Dr. R. Kempe 

Institution: Inorganic Chemistry II – Catalyst Design, Universitätsstraße 30, NW I, 95440 Bay-

reuth (Germany). 

DOI: doi.org/10.1002/cctc.202301042 

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH. This is an open access 

article under the terms of the Creative Commons Attribution License, which permits use, dis-

tribution and reproduction in any medium, provided the original work is properly cited. 
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