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2 Summary / Zusammenfassung 

2.1 Summary 

In the present work, the development of sustainable catalytic synthesis methods using manganese 

catalysts and alcohols as starting materials is presented. The catalysts are based on functionalizable 

PN3-5P pincer ligands. New organic syntheses following borrowing hydrogen/hydrogen autotransfer and 

acceptorless dehydrogenation condensation were developed using a library of manganese precatalysts 

(Scheme 2.1).  

 

 

In 2016, the group of Kempe reported on the use of these Mn precatalysts for the hydrogenation of 

carbonyls and, in 2017, on the synthesis of substituted pyrimidines using the concept of Acceptorless 

Dehydrogenation Condensation (ADC). In this work, a catalytic system was developed that can switch 

between the concept of Borrowing Hydrogen / Hydrogen Autotransfer (BH/HA) and the concept of 

Acceptorless Dehydrogenation Condensation (ADC) (Scheme 2.2). By using KOtBu as metal base to 

activate the precatalyst, the reaction follows the concept of BH/HA, while the reaction with NaOtBu as 

metal base follows the concept of ADC. Secondary amines are obtained for N-alkylation according to 

the concept of BH/HA, while imines are obtained according to the concept of ADC. After screening all 

reaction parameters, the optimal parameters for amine synthesis are 3 mol% precatalyst C, 1 eq. KOtBu, 

alcohol/amine ratio (1.4/1), 80 °C (oil bath temperature), THF, and for imine synthesis 1 mol% 

precatalyst C, 1.5 eq. NaOtBu, alcohol/amine ratio (1.6/1), 110 °C (oil bath temperature), 2-MeTHF. 

A total of 20 imines and 20 amines were isolated in yields ranging from 52 - 97 %. The imine-amine 

selectivity was always higher than 98 %. A wide variety of functional groups were tolerated, such as 

halogen substituents, C-C double bonds or thiophene groups. Mechanistic studies showed a spatially 

different coordination of the potassium or sodium cation at the deprotonated amino functions of the 

ligand, leading to a significant difference in the hydride transfer rate to the imine. This difference in the 

rate of transfer is responsible for the observed imine/amine selectivity. 

Scheme 2.1: Synthesis of Mn precatalysts used for the development of new reactions. 
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While the first topic of this thesis has focused on the development of a new synthesis concept starting 

from alcohols and primary amines, the second topic is based on a new synthesis concept using amino 

alcohols and diamines. Consecutive addition of an aldehyde after a certain time to this reaction leads to 

a previously undescribed N-hetero polycyclic compound class (Scheme 2.3). 

 

 

 

The reaction pathway presented here allows the synthesis of 2,3-dihydro-1H-perimidines bearing an 

NH2-functionality (modification degree 1). All 24 of these "amino-dihydro-perimidines" are presented 

for the first time in this work. Consecutive addition of an aldehyde to the reaction leads to a class of 

compounds consisting of two six-membered N-heterocycles (modification degree 2). This polycyclic 

ring system is a class of compounds that has not been described before. The name fertigine is proposed 

for this compound class. The ideal parameters for this consecutive multicomponent reaction were found 

Scheme 2.2: Concept for the base-switchable synthesis of imines and amines. 

Scheme 2.3: Consecutive one-pot reaction for the synthesis of an unknown class of N-heterocyclic compounds. 
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to be 1 mol% precatalyst C, 30 mol% KOtBu, 1:1:1 ratio amino alcohol:diamine:aldehyde, 2-MeTHF, 

100 °C (oil bath temperature). After 2 h, the aldehyde was added, and after about 15 h, the desired 

fertigine was obtained. In total, 48 fertigines were isolated in yields of 56 – 95 %. This reaction showed 

excellent functional group tolerance, e.g. halogens, N-,O-,S-heterocycles, or ferrocene derivatives could 

be introduced (Figure 2.1). 

 

 

 

All fertigines can be easily crystallized. Since no structural data exist for this class of compounds, the 

molecular structure of several fertigines was investigated by means of single crystal structure analysis. 

Nine fertigines were crystallized and the influence of the substitution on the core region around the 

nitrogen atoms was investigated. The aminal bond lengths of 1 are with C11-N1: 1.438(2) Å and C11-

N2: 1.490(2) Å in the same ranges as for reported, structurally similar 2,3-dihydro-1H-perimidines 

(Figure 2.2). The C-N bond lengths of C18-N2: 1.463(2) Å and C18-N3: 1.452(2) Å are in line with 

typical values for a 𝐶𝑠𝑝3-𝑁𝑠𝑝3-bond. The Fertigines crystallized in different conformations, six of nine 

structures showed a similar conformation in which all three aromatic planes of the fertigine are nearly 

perpendicular to each other. In Figure 2.2 is for example the naphthalene plane (red) oriented with 85.65 

° to the plane of the fused phenyl ring (blue) and with 89.69 ° to the plane of the phenyl substituent 

(green). At the same time, the plane of the phenyl substituent (green) has an angle of 84.68 ° to the plane 

of the fused phenyl ring (blue).   

 

Figure 2.1 Selected examples of fertigines. Yields of isolated products are shown. 
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Figure 2.2: Molecular structure of a fertigine. Single crystal structure analysis shows the orientation of the aromatic regions 

(red, blue, green) of one conformation. 
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2.2 Zusammenfassung  

In der vorliegenden Arbeit wird die Entwicklung von nachhaltigen katalytischen Synthesemethoden 

unter Verwendung von Mangan-Katalysatoren und Alkoholen als Ausgangsmaterialien vorgestellt. Die 

Katalysatoren basieren auf leicht funktionalisierbaren PN3-5P-Pinzetten-Liganden. Mithilfe der in 

Schema 2.1 dargestellten Bibliothek von Mangan-Präkatalysatoren konnten in dieser Arbeit neue 

organische Synthesen nach Borrowing-Hydrogen / Hydrogen-Autotransfer und der Akzeptorlosen 

Dehydrierenden Kondensation entwickelt werden.   

 

 

Im Jahr 2016 berichtete die Arbeitsgruppe um Kempe über die Verwendung eines dieser 

Mn-Präkatalysatoren für die Hydrierung von Carbonylen und 2017 über die Synthese von substituierten 

Pyrimidinen nach dem Konzept der Akzeptorlosen Dehydrierenden Kondensation (ADC). Im Rahmen 

dieser Arbeit wurde ein katalytisches System entwickelt, das zwischen dem Konzept des Borrowing-

Hydrogen / Hydrogen-Autotransfer (BH/HA) und dem Konzept der Akzeptorlosen Dehydrierenden 

Kondensation (ADC) umschalten kann (Schema 2.2). Durch Verwendung von KOtBu als Metallbase 

zur Aktivierung des Präkatalysators folgt die Reaktion dem Konzept des BH/HA, während die Reaktion 

mit NaOtBu als Metallbase dem Konzept der ADC folgt. Bei der N-Alkylierung nach dem Konzept des 

BH/HA erhält man sekundäre Amine, während man nach dem Konzept der ADC Imine erhält. Die 

optimalen Reaktionsparameter für die Amin-Synthese sind 3 mol% Präkatalysator C, 1 eq. KOtBu, 

Alkohol/Amin-Verhältnis (1,4/1), 80 °C (Ölbadtemperatur), THF, und für die Imin-Synthese sind es 

1 mol% Präkatalysator C, 1,5 eq. NaOtBu, Alkohol/Amin-Verhältnis (1,6/1), 110 °C (Ölbadtemperatur), 

2-MeTHF.  

Insgesamt wurden 20 Imine und 20 Amine auf Basis der gleichen Edukte in Ausbeuten von 52 – 97 % 

isoliert. Die Imin-Amin-Selektivität war immer höher als 98 %. Es wurden verschiedenste funktionellen 

Gruppen während der Katalyse toleriert, wie z.B. Halogensubstituenten, C-C-Doppelbindungen oder 

Thiophengruppen. Mechanistische Untersuchungen zeigten eine räumlich verschiedene Koordination 

des Kalium- bzw. Natriumkations an den deprotonierten Aminofunktionen des Liganden, was zu einem 

signifikanten Unterschied in der Hydridtransferrate zum Imin führt. Dieser Unterschied in der 

Geschwindigkeit des Transfers ist für die beobachtete Imin-/Amin-Selektivität verantwortlich.  

Schema 2.1: Synthese der Mn-Präkatalysatoren, welche für die Entwicklung neuer Reaktionen verwendet wurden.  
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Während das erste Thema dieser Arbeit sich auf die Entwicklung eines neuen Synthesekonzeptes 

ausgehend von Alkoholen und primären Aminen konzentriert hat, basiert das zweite Thema auf einem 

neuen Synthesekonzept, welches Aminoalkohole und Diamine als Edukte verwendet.  Die konsekutive 

Zugabe eines Aldehyds nach einer bestimmten Zeit zu dieser Reaktion führt zu einer bisher noch nicht 

beschriebenen N-hetero-polyzyklischen Verbindungsklasse (Schema 2.3). 

 

Der hier vorgestellte Reaktionsweg ermöglicht die Synthese von 2,3-Dihydro-1H-perimidinen, welche 

eine NH2-Funtionalität tragen (Modifikationsgrad 1). Alle 24 dieser isolierten 

„Amino-dihydroperimidine“ werden in dieser Arbeit zum ersten Mal vorgestellt. Die konsekutive 

Zugabe eines Aldehyds zu der Reaktion führt zu einer Klasse von Verbindungen, die unteranderem aus 

Schema 2.2: Konzept für die katalytische Synthese von Iminen und Aminen. 

Schema 2.3: Konsekutive Eintopfreaktion für die Synthese einer unbekannten Klasse von N-hetero-polyzyklischen 

Verbindungen. 
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zwei sechsgliedrigen N-Heterocyclen besteht (Modifikationsgrad 2). Bei diesem polycyclischen 

Ringsystem handelt es sich um eine neue, bisher nicht beschriebene Verbindungsklasse.  Der Name 

Fertigine wird für diese N-hetero-polyzyklische Verbindungsklasse vorgeschlagen. Nach der 

Optimierung aller Reaktionsparameter ergaben sich als ideale Paramater für diese konsekutive 

Multikomponentenreaktion 1 mol% Präkatalysator C, 30 mol% KOtBu, 1:1:1-Verhältnis 

Aminoalkohol:Diamin:Aldehyd, 2-MeTHF, 100 °C (Ölbadtemperatur). Nach 2 h wurde der Aldehyd zu 

der Reaktion gegeben, nach ca. 15 h konnte das gewünschte Fertigin erhalten werden. Insgesamt wurden 

in diesem Projekt 48 Fertigine in Ausbeuten von 56 – 95 % isoliert. Dabei zeigte diese Reaktion eine 

exzellente funktionelle Gruppentoleranz, so konnten zum Beispiel verschiedenste Halogene, N-,O-,S-

Heterozyklen, C-C-Doppelbindungen oder Ferrocen-Derivate eingeführt werden (Abb. 2.1). 

 

 

Bei allen Fertiginen handelt es sich um Feststoffe, welche sich leicht kristallisieren lassen. Da zu dieser 

unbekannten Verbindungsklasse bisher noch keine Strukturdaten existieren, war es von Interesse mittels 

Einkristallstrukturanalyse die molekulare Struktur mehrerer Fertigine zu untersuchen. Neun Fertigine 

wurden kristallisiert und der Einfluss der Substitution auf den Kernbereich um die Stickstoffatome 

untersucht. Die Aminal Bindungslängen von 1 liegen mit einer Länge von C11-N1: 1,438(2) Å und 

C11-N2: 1,490(2) Å in den gleichen Bereichen wie für bereits berichtete, strukturähnliche 

2,3-Dihydro-1H-perimidine (Abb. 2.2). Die C-N Bindungslängen von C18-N2: 1,463(2) Å und C18-

N3: 1,452(2) Å entsprechen den typischen Werten für eine 𝐶𝑠𝑝3-𝑁𝑠𝑝3 -Bindung. Die Fertigine 

kristallisierten in unterschiedlichen Konformationen, dabei zeigten sechs der neun untersuchten 

Strukturen eine ähnliche Konformation, bei der alle drei aromatischen Ebenen des Fertigins nahezu 

senkrecht zueinander stehen. So ist z.B. bei dem Fertigin in Abb. 2.2 die planare Naphthalinebene (rot) 

mit 85,65 ° zu der Ebene des anellierten Phenylrings (blau) und mit 89,69 ° zu der Ebene des 

Phenylsubstituenten (grün) orientiert. Gleichzeitig besitzt die Ebene des Phenylsubstituenten (grün) 

einen Winkel von 84,68 ° zu der Ebene des anellierten Phenylrings (blau).   

Abb. 2.1 Ausgewählte Beispiele der synthetisierten Fertigine. Die Ausbeuten der isolierten Produkte sind angegeben. 
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Abb. 2.2: Molekulare Struktur eines Fertigins. Einkristallstrukturanalyse zeigt von einer Konformation die Orientierung der 

aromatischen Bereiche (rot, blau, grün) zueinander.  
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3 Introduction 

3.1 Motivation 

In the early part of the 19th century, Henry Ford proposed as a logical and unavoidable option for a 

wealth and growing civilization the implementation of a bio-based economy.1 Due to the uncompetitive 

cheap price of fossil fuels compared to any other alternatives, the bio-based approach was postponed a 

long time. But this price advantage will shrink in future.2,3 Furthermore, serious threats for humanity 

caused by increasing environmental problems, can be traced back to the mass consumption of fossil 

fuels. These growing concerns of the society are, besides the economic considerations, one of the driving 

forces to find more sustainable and “greener” approaches. The 12 principles of “green chemistry” as 

proposed by Anastas and Warner in 1998, represents a famous approach to a more sustainable chemical 

industry (Table 3.1).4 In general the principles are about the substitution of hazardous/toxic chemicals 

with benign, renewable chemicals and the avoidance of waste in any form. 

12 Principles of Green Chemistry 

1 2 3 

Prevent Waste Atom Economy Less Hazardous Synthesis 

4 5 6 

Design Benign Chemicals Benign Solvents & Auxiliaries Design for Energy Efficiency 

7 8 9 

Use of Renewable Feedstock Reduce Derivatives Catalysis 

10 11 12 

Design for Degradation Real-Time Analysis for 

Pollution Prevention 

Inherently Benign Chemistry for 

Accident Prevention 

 

Fossil fuels are not only used to generate energy, but also as the starting materials for a tremendous 

amount of platform chemicals used in the chemical industry.5 To push chemical processes more to the 

approaches of a “green chemistry”, it is mandatory to substitute the finite fossil fuels with renewable 

resources. (7th principle). One sustainable, abundantly available feedstock, that had come into focus of 

research is lignocellulosic biomass.6–9 It fulfills several promising criteria, as such as it is generated from 

available atmospheric carbon dioxide, water and sunlight through photosynthesis and is the only 

sustainable source of organic carbon in earth with net zero carbon emission.10 Furthermore, it is 

Table 3.1: The twelve principles of Green Chemistry as proposed by Anastas and Warner. 
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indigestible (no competition with food production), has no significant application in industrial processes 

and it is a worldwide available renewable feedstock with high abundance.11,12 

With respect to petroleum resources, lignocellulosic biomass has higher amount of oxygen and lower 

fractions of carbon and hydrogen. Due to this variety, more classes of products can be obtained from 

lignocellulosic biomass compared with fossil sources.1 The treatment of the biomass requires a large 

range of complex processing technologies, but the (cost-) effectiveness will increase, since the 

technologies will overcome the pre-commercial stage.13–15 Owing to the downstream products from the 

petroleum industry, common synthesis methods are based on functionalization chemistry to obtain 

products for the chemical industry. Since lignocellulosic biomass provides a mixture of various 

alcohols,16 a different approach for the synthesis of chemical products is necessitated. Compared to the 

established functionalization-chemistry for olefins, there is a demand for re-functionalization-methods 

using alcohols as renewable starting materials (Figure 3.1).  

 

 

However, alcohols must be activated first to use them efficiently in organic reactions. According to the 

12 principles of “green chemistry” (Table 3.1), it is desirable to apply syntheses proceeding in only one 

step while producing as less as possible non-toxic by-products. The concept of Borrowing Hydrogen / 

Hydrogen Autotransfer (BH/HA) is a popular concept to accomplish alcohol activation in a sustainable 

manner.  

 

3.2 Borrowing Hydrogen / Hydrogen Autotransfer 

The Borrowing Hydrogen / Hydrogen Autotransfer concept was first presented by Watanabe17 and 

Grigg18 in 1981. In this concept, an alcohol is first dehydrogenated by a transition-metal catalyst to the 

corresponding carbonyl species, while the hydrogen from the alcohol is transferred to the metal complex. 

The reactive carbonyl can undergo a condensation reaction with a nucleophile (e.g., an amine or the 

anion of a CH-acidic compound) obtaining an unsaturated compound under elimination of water. In a 

final step, this unsaturated compound is hydrogenated from the catalyst, using the “borrowed” hydrogen 

Figure 3.1: Resource-depending conversion methods for producing chemical for the industry. 
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from the initial dehydrogenation step. This reaction concept proceeds within one single step liberating 

water as the only by-product (Scheme 3.1). Due to its atom economy and broad applicability for organic 

reactions, this synthesis concept has received a lot of attention. The groups around Beller19–25,     Fujita26–

30, Williams31–40, Grigg41–43, Yus44–48 and Kempe49–54 contributed to this topic with several elegant 

synthesis routes.  

 

 

3.3 Acceptorless Dehydrogenative Condensation 

Like the concept of Borrowing Hydrogen / Hydrogen Autotransfer is the Acceptorless Dehydrogenative 

Condensation a “green” and sustainable synthesis route for the conversion of alcohols. In analogy to the 

BH/HA-concept, the alcohol is dehydrogenated with a transition-metal catalyst and the active carbonyl 

compound reacts with a nucleophile to an unsaturated product releasing one equivalent water as 

by-product. But instead of transferring back the “borrowed” hydrogen from the metal complex to the 

unsaturated compound, it is released as molecular hydrogen (Scheme 3.2). Since the hydrogenation of 

the imine or olefine is suppressed, this concept provides unsaturated compounds like olefins or imines, 

which can be used for subsequent cyclisation reactions allowing the synthesis of aromatic compounds. 

 

 

 

Scheme 3.1: Concept of the Borrowing Hydrogen / Hydrogen Autotransfer. X = CH, N; [M] = transition-metal catalyst. 

Scheme 3.2: Concept of the Acceptorless Dehydrogenative Condensation. X = CH, N; [M] = transition-metal catalyst. 



Introduction 

 

12 

 

N-Heterocyclic compounds are widely spread in many pharmaceuticals, natural products, and functional 

materials.55 About 59 % of the FDA approved small-molecule drugs contain at least one nitrogen 

heterocycle, thus it is one of the most frequent motifs in pharmaceuticals.56 The concept of ADC is 

especially attractive for the synthesis of N-heterocycles, since alcohols and amino alcohols from 

renewable resources can be used as starting materials.55 The group of Watanabe first synthesized 

benzoxazoles and benzimidazoles with a Ru-catalyst using the concept of ADC.57 The groups of 

Crabtree, Beller, Milstein, Saito and Kempe contributed to the development of synthesis concepts of 

aromatic N-heterocycles (Figure 3.2). Several groups introduced the catalytic synthesis of pyrroles 

following the ADC concept, whereas each group differs in the possibilities of substitution around the 

pyrrole: In 2011 Crabtree started using 1,4-diols and primary amines, providing symmetrical pyrroles 

with R2 = R5 and R3, R4 = H. The groups of Kempe, Milstein and Saito synthesized pyrroles with R1 = H, 

and the group of Beller obtained fully substituted pyrroles using the ADC concept. Subsequently, further 

syntheses of aromatic N-heterocycles were reported on, including the synthesis of pyridines58,59, 

quinolines59,60, 3-aminopyridines61, benzimidazoles57,62, 2-arylquinazolines63, quinoxalines62 and 

pyrimidines64 (Figure 3.2).  

 

 

All of those presented aromatic N-heterocyclic compound classes were synthesized using alcohols 

and / or amino alcohols as renewable starting materials indicating the future viability of the ADC 

concept.  

 

Figure 3.2: Aromatic N-heterocycles synthesized from alcohols as starting materials using the concept of ADC. 
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3.4 Base-Metal-Catalyzed Amine Alkylation using BH/HA and ADC  

There are several advantages regarding BH/HA and ADC reactions, like high atom-economy, low 

formation of by-products, and the use of alcohols as sustainable resources. Nevertheless, the use of 

catalysts based on rarely occurring precious metals like Ir and Ru diminishes this advantage, due to their 

high costs, toxicity and big impact on the global warming caused by their high energy consumption 

during processing and purification.65–67 Owing to this, there has recently started the development of 

catalysts based on earth-abundant metals improving the overall sustainability of BH/HA and ADC 

reactions.  

The first explored base-metal for homogeneous catalysis was iron based on a Knoelker-type complex 

reported by the group of Feringa and Barta in 2014 (Scheme 3.3).68 Considerable work on the use of this 

iron complexes has been contributed by the groups of Zhao69 and Wills70. The first cobalt complex that 

can selectively alkylate primary amines with alcohols was published by the group of Kempe71, 

subsequently followed by the groups of Kirchner72, Zhang73 and Balaraman74. In 2016, the group of 

Beller reported on a well-defined PNP manganese pincer complex based on a MACHO ligand for the 

selective N-alkylation of amines with alcohols. As a special highlight the chemoselective 

monomethylation of primary amines with methanol under mild conditions was presented.75 The group 

of Ke described the first example of a phosphine-free manganese catalyst based on a N-heterocyclic 

carbene ligand catalyzing the N-alkylation at room temperature.76  
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Reports on ADC reactions for imine synthesis catalyzed by base-metals are rare (Scheme 3.4). In 2013, 

the group of Hanson reported on the first homogeneous cobalt catalyst for the synthesis of imines from 

alcohols and amines based on a cationic cobalt(II) alkyl complex.77 Kumar and Singh introduced a 

Fe-phthalocyanine complex for imine synthesis using the ADC concept.78 The first manganese catalyst 

was published by the group of Milstein allowing the selective synthesis of imines.79 The group of 

Kirchner reported on a related PNP ligand-stabilized Mn-complex, catalyzing imines from alcohols and 

amines under similar reaction conditions but with shorter reaction time.80 

 

Scheme 3.3: Selected examples of base-metal catalysts for amine alkylation using the BH/HA concept. 
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3.5 Manganese-Catalyzed Synthesis of N-Heterocycles using the ADC 

Several manganese catalysts have been developed for the sustainable synthesis of N-heterocycles using 

the Acceptorless Dehydrogenative Condensation. The group of Beller used the manganese precatalyst 

[Mn-1] synthesizing indole via an intramolecular dehydrogenative coupling of 2-aminophenethyl 

alcohol under mild reaction conditions (Scheme 3.5, I.)).81 The base-metal complex [Mn-2] was 

developed by the group of Kirchner. They introduced the environmentally benign synthesis of 

quinolines using 2-aminobenzyl alcohols and alcohols as starting materials (Scheme 3.5, II.)).82 The 

same catalyst also allows the synthesis of pyrimidines via a 3-component synthesis consisting of 

benzamidine, a secondary alcohol and a primary one (Scheme 3.5, III.)).82 The variability in the 

substitution pattern of pyrimidines is increased through the use of the precatalyst [Mn-3] introduced by 

the group of Kempe.83 It is achieved by a consecutive 4-component reaction, whereas a β-alkylation 

between a primary and a secondary alcohol proceeds in the first part. [Mn-3] was also used for the first 

base-metal catalyzed synthesis of pyrroles using alcohols and amino alcohols as renewable resources 

(Scheme 3.5, IV.)).84 In 2018, Srimani and co-workers presented a phosphine-free tridentate NNS 

ligand-derived manganese(I) complex ([Mn-4]) for the selective synthesis of 2-substituted and 

1,2-disubstituted benzimidazoles by Acceptorless Dehydrogenative Condensation of aromatic diamines 

with primary alcohols.85 The observed selectivity is achieved by changing the necessitated base, if 

KOtBu is used, 1,2-disubstituted benzimidazoles were obtained, while 2-substitued ones were isolated 

using KOH as base (Scheme 3.6, I.)).  

Scheme 3.4: Selected examples of base-metal catalysts for amine alkylation using the ADC concept. 
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The group of Milstein developed an acridine-based pincer complex of manganese, [Mn-5], for the 

synthesis of substituted quinoxaline derivatives by dehydrogenative coupling of 1,2-diaminobenzene 

and 1,2-diols (Scheme 3.6, II.)).86 Furthermore, Milstein and co-workers used [Mn-5] to catalyze the 

synthesis of 2,5-dialkyl substituted symmetrical pyrazine derivatives by the self-coupling of 

2-aminoalcohols (Scheme 3.6, III.)), the only by-products are water and hydrogen.86 In 2019, the group 

of Srimani synthesized selectively important 2,3-dihydro-1H-perimidines catalyzed by [Mn-4] (Scheme 

3.6, IV.)). They showed that through the nature and stoichiometry of the applied base the selectivity of 

the amino alkylation is controlled.87 

Scheme 3.5: Advancements in the synthesis of N-heterocycles using Mn-catalysts. 
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The discussed syntheses of N-heterocycles in this section show the high potential for manganese 

catalysts for ADC reactions. The use of new manganese catalysts with sustainable starting materials like 

alcohols enables new synthesis routes due to different reactivity compared to precious-metal catalysts. 

In section 5 one manganese catalyst system is presented, which can selectively switch between the 

concept of BH/HA and ADC. In section 6 this catalyst system is used for a consecutive multicomponent 

reaction to synthesize an N-hetero polycyclic compound class, that has not been reported yet. 

 

Scheme 3.6: Manganese-catalyzed synthesis of N-heterocycles via ADC. 
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4 Overview of Thesis Results 

This thesis consists of three different projects, which are presented in section 4-6. 

4.1 Synopsis 

PN3-5P ligand stabilized complexes have shown a high activity for BH/HA and ADC reactions in 

previous works of the Kempe group. First reactions were conducted with catalysts based on Ir, but soon 

base-metal catalysts were established deriving from the PN5P ligand type. The modular design of this 

ligand class allows to customize the steric and electronic properties of the catalyst system in a unique 

way. The Kempe group showed that PN5P cobalt complexes are highly active in the homogeneous 

hydrogenation of C=O bonds as well as in the amino alkylation using alcohols as starting materials. 

Subsequently, a library of PN5P ligand-derived Mn(I) complexes was synthesized and their activity in 

the hydrogenation of carbonyl bonds was presented (Figure 4.1). During the investigation of those 

Mn-precatalyst in the alkylation of primary amines using the BH/HA concept, a unique, base-dependent 

reactivity was observed. 

 

 

 

4.1.1 Manganese-Catalyzed and Base-Switchable Synthesis of Amines or Imines via 
Borrowing Hydrogen or Dehydrogenative Condensation 

The development of catalysts based on Mn is of high interest since manganese is the third most abundant 

transition metal in earth’s upper crust. The N-alkylation of primary amines by alcohols is an elegant, 

broadly applicable and sustainable method for the synthesis of alkyl and aryl amines. A library of 

Mn-precatalysts was investigated for the reaction between aniline and benzyl alcohol. The active species 

of the catalyst is generated by deprotonation of the amines via addition of a base. Interestingly, an alkali 

metal base-dependant product formation was observed (Table 4.1). If LiOtBu or NaOtBu were used for 

the activation of the catalyst system, the imine 1a was obtained, while the corresponding amine 2a was 

Figure 4.1: General structure of the investigated PNP ligand-stabilized Mn pincer complexes. 
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received preferentially using KOtBu or CsOtBu. The use of related bases led to a similar selectivity 

(Table 4.1). 

 

Entry Base Imine 1a [%][b]  Amine 2a [%][b]  

1 LiOtBu 5 0 

2 NaOtBu 26 6 

3 KOtBu 0 60 

4 CsOtBu 0 62 

5 LiHMDS 4 1 

6 NaHMDS 24 19 

7 KHMDS 0 95 
[a] Reaction conditions: 1 mmol aniline, 1 mmol benzyl alcohol, 5 mol% precatalyst C, 1 mmol base, 5 mL THF, 

80 °C (oil bath), 18 h, pressure tube. [b] Yield determined via GC with decane as an internal standard. 

 

We compared the Mn-precatalyst C with six different manganese precatalysts and observed a decrease 

in the activity if the ligand backbone is based on a pyridine moiety. The Ir- and Co-precatalyst for amino 

alkylation previously described by the Kempe group were selected and tested for comparison. Both 

catalysts showed a high activity and selectivity in the amine formation if KOtBu is used, but the 

activation with NaOtBu led to the imine only in low yields. Next, all reaction parameters for the imine 

and the amine synthesis were separately optimized to improve the yield of both reactions. A yield of 

>99 % with a selectivity of >99 % was achieved for the amine synthesis using an alcohol/amine ratio of 

1.4/1, 3 mol% of precatalyst C, 1 equiv. KOtBu, 80 °C (oil bath), closed flask in THF. A yield of >99 

% with a selectivity of >99 % was obtained for the imine synthesis using an alcohol/amine ratio of 1.6/1, 

1 mol% of precatalyst C and 1.5 equiv. NaOtBu at 110 °C (oil bath). An open flask with a bubble counter 

was used for imine synthesis to release the generated molecular hydrogen. Conducted scale-up 

experiments for imine and amine synthesis (50 times of the normal scale) showed similar selectivity and 

yields.  

With these conditions at hand, the addressable product scope was explored by investigating a variety of 

alcohols and primary amines for the N-alkylation catalyzed by the PN5P pincer complex. For this, the 

same alcohol/amine educt combination was used for imine and amine synthesis. Substrates bearing both 

electron-withdrawing and electron-donating substituents on the alcohol as well as on the primary amine 

were converted smoothly. The imines were isolated in yields from 52 to 93 % (average yield of 77 %) 

Table 4.1: Base screening for the Mn-catalyzed alkylation of aniline with benzyl alcohol.[a] 
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and the corresponding amines were isolated in yields ranging from 66 to 97 % (average yield of 86 %). 

Some selected examples are shown in Scheme 4.1, indicating the good functional group tolerance for 

the conversion into the respective N-alkyl amine or imine. The observed imine/amine selectivity was 

always higher than 98%. 

 

 

Finally, mechanistic experiments were conducted to understand the observed selectivity. 

Time-conversion plots showed that amine formation can be suppressed if K+ is masked with 18-crown-6. 

If KOtBu was added to the manganese hydride [MnH], a change in 31P NMR spectra from 160.25 ppm 

to 157.54 ppm was observed (Figure 4.2). Since the acidic NH protons of the ligand backbone 

disappeared after the addition of the respective base, a coordination of the potassium or sodium cation 

at the deprotonated amino functions of the ligand is assumed, additionally stabilized via the nitrogen 

atoms of the triazine backbone. 

Scheme 4.1: Selected imines and amines for the base-switchable amino alkylation using the Mn-precatalyst C. Yields of 

isolated products are shown. 
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The potassium manganate hydride [MnH]K2 and the corresponding sodium salt revealed significant 

differences in their reactivity. A remarkable different hydride transfer rate to the imine 1a generating 

the amine 2a was observed via 1H NMR-based time-conversion studies. A fast reaction to the amine 2a 

for the in situ generated [MnH]K2 was observed, while under the same reaction conditions the amine 

2a was only formed in low amounts and slowly, if [MnH]Na2 was reacted with 1a (Figure 4.3). This 

hydride transfer rate takes place about 40 times faster for [MnH]K2 compared to [MnH]Na2. This key 

step is responsible for the selective N-alkyl amine or imine formation. 
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Figure 4.2: 31P NMR-signal of the manganese hydride [MnH] and after activation with KOtBu. 

Figure 4.3: Reaction of the imine 1a with the manganese hydride [MnH] after deprotonation with two equivalents of KOtBu 

or NaOtBu. Reaction conditions: 60 μmol of [MnH], 60 μmol of 1a, 120 μmol of base, 800 μmol of THFd8, 80 °C. 
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4.1.2 Rational Design of N-Heterocyclic Compound Classes via Regenerative 
Cyclization of Diamines 

The discovery of reactions is a central topic in chemistry. It is of high interest if the discovered reaction 

can be used to reach inaccessible substitution patterns of an existing class of compounds or even permit 

the synthesis of an unknown class of compounds. Especially the access to unknown N-heterocyclic 

compounds is desirable due to their numerous applications in life and material sciences, for instance as 

pharmaceuticals, agro chemicals, dyes and conductive materials. We report here on a concept that could 

permit access to various cyclic compound classes. For this, the pair of functional groups required for 

ring closure must be formed again after ring closure. Repetition of the ring closure results in an unknown 

(hetero-) polycycle after a distinct time (Scheme 4.2).  

 

 

This concept is introduced by synthesizing a class of N-hetero polycycles via a catalytic consecutive 

multicomponent reaction. If naphthalene-1,8-diamine reacts selectively with an amino alcohol via 

dehydrogenation and condensation, a new pair of diamines is generated that can undergo ring closure 

again, for example with an aldehyde, to form an unknown class of N-hetero polycyclic compounds after 

the second ring closure (Scheme 4.3). 

Scheme 4.2: General concept to design classes of polycyclic compounds via ring closure. 
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Interestingly, there is no one-pot reaction for the synthesis of 2,3-dihydro-1H-perimidines bearing a 

NH2-functionality (modification degree 1, “aminoperimidine”) reported since now. All these 

synthesized aminoperimidines have not been described yet. We started our investigation with an 

optimisation of the reaction conditions for the first ring closure leading to 2-(2,3-dihydro-1H-perimidin-

2yl)aniline A1. The optimal reaction parameters for the synthesis of aminoperimidine A1 were 1 mol% 

precatalyst C, 30 mol% KOtBu, 2 mmol 1,8-diamino naphthalene and 2-aminobenzyl alcohol, 3 mL 

2-MeTHF at 100 °C with a reaction time of 2 h (Scheme 4.4). The reaction proceeded in a tube with a 

bubble counter to facilitate the release of hydrogen during the dehydrogenation of the amino alcohol. 

 

 

Under optimized reaction conditions 24 unreported aminoperimidines were synthesized with yields 

ranging from 69 – 97 % (average isolated yield of 84 %). A high functional group tolerance was observed 

during catalysis including substituents like halogens, methoxy-groups and acetals. By means of a fluoro- 

and a methyl-substituent, as exemplary electron-withdrawing and electron-donating groups, the 

tolerance of a substitution on every position at the phenyl ring was demonstrated for catalysis (Figure 

4.4).  

Scheme 4.3: Synthesis of an unreported class of N-hetero polycycles via a catalytic consecutive multicomponent reaction. 

Scheme 4.4: Optimized reaction conditions for the synthesis of A1. 
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The spatial distance of the primary amine functionality to the NH-groups of the aminoperimidine enables 

the access to a second ring closure (modification degree 2). Due to price, easy-handling, sustainability 

aspects and broad availability, aldehydes represent the ideal building blocks for condensation reactions 

with amines. The second ring closure leads to compounds consisting of two annulated six-membered 

N-heterocyclic ring systems with an aminal in each ring. One of these six-membered rings has an 

annulated naphthene ring, one an annulated benzene ring. Every compound with this build-up is novel. 

The name fertigine is proposed for this class of N-hetero polycyclic compounds. Keeping the synthesis 

procedure of the fertigines as simple as possible, they were synthesized via a consecutive 

multicomponent one-pot reaction using the conditions optimized for the synthesis of the amino 

perimidines followed by the addition of an aldehyde (Scheme 4.5).  

 

 

 

Figure 4.4: Selected examples of isolated aminoperimidines. Isolated yields are shown.  

Scheme 4.5: Consecutive multicomponent one-pot synthesis of fertigines. 
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The substrate scope of this reaction was investigated by synthesizing fertigines with several derivatives 

of each starting material of this three-component reaction. Halogenated as well as alkylated substrates 

were used and reacted smoothly to the respective fertigines. In Figure 4.5 some selected examples of 

isolated fertigines are shown. Fertigines were isolated containing a stilbene moiety, N-, S-, or O-

heterocyclic moieties, ferrocene moieties, phenolic or acetalic moieties. This synthesis concept permits 

access to multiple substituted fertigines. At all, a total amount of 48 fertigines with various substitutions 

was isolated in yields from 56 – 95 % (average yield of 79 %), demonstrating the high applicability of 

this synthesis concept. 

 

 

 

 

 

Figure 4.5: Selected examples of substituted fertigines. Isolated yields are shown. 
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4.1.3 Investigation of the Molecular Structure of Fertigines via X-Ray Crystallography 

Recently, we have submitted a work about a synthesis concept that enables the synthesis of an unknown 

class of N-hetero polycyclic compounds, named fertigines. N-Heterocyclic compounds are of high 

importance as their motifs are found in many pharmaceuticals, natural products, and functional 

materials. Since chapter 4.1.2 has described the synthesis and high functionalizability of fertigines, this 

work is focused on the description of their molecular structures via X-ray crystallography. Nine different 

fertigines were compared with each other and the influence of the substitution on the molecular structure 

of the fertigines was investigated. Although the fertigines contain two stereo centers, we did not observe 

all diastereomers via 1H NMR analysis, indicating a diastereoselectivity for the synthesis of this 

N-hetero polycyclic compounds. We started with the determination of the absolute configuration of each 

fertigine via X-ray analysis (Figure 4.6).  

 

 

 

The bond lengths and angles of all nine fertigines were determined. In Figure 4.7 the molecular structure 

of 1, obtained via X-ray crystallography, is presented. The angles C1-N1-C11: 117.4(1) ° and 

C11-N2-C18: 110.3(1) ° indicate a distorted trigonal pyramidal geometry for N1 and N2. According to 

the trigonal planar molecular geometry of N3 (C17-N3-C18: 120.9(1) °) and to the bond length of 

Figure 4.6: Absolute configuration of the fertigines found in the crystal analyzed via X-ray crystallography. 
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N3-C17 (1.377(2) Å), N3 shows more the character of a sp2-hybridization than of a sp3-hybridization 

(lit.: Carom.− 𝑁𝑠𝑝2: 1.353 ± 0.007 Å vs. Carom.− 𝑁𝑠𝑝3: 1.419 ± 0.017). The influence of the substitution 

at C18 was investigated by comparing the core region (i.e., the two six-membered N-heterocyclic ring 

systems) of 1 with the structures of 2 – 5. The investigated substituents do not have a significant impact 

on bond lengths and angles in the core region. 

 

 

 

 

Next, the molecular structure of substituted fertigines (6 – 9) was analyzed. The bond lengths and angles 

of 6 - 9 are of comparable values like the fertigines 1 – 5. The fertigines 1, 2, 3, 5, 6 and 8 showed a 

similar conformation in the crystal, where all three aromatic regions of the molecule are nearly 

perpendicular to each other. Regarding fertigine 1 (Figure 4.8), the naphthalene plane (red) is oriented 

with 85.65 ° to the plane of the fused phenyl ring (blue) and with 89.69 ° to the plane of the phenyl 

substituent (green). The plane of the phenyl substituent (green) has an angle of 84.68 ° to the plane of 

the fused phenyl ring (blue).   

 

Figure 4.7: Molecular structure of 1 in the crystal (ORTEP drawing and atom labelling scheme with 50 % probability level). 

Selected bond lengths/Å and angles/°: N1-C11, 1.438(2); N2-C11, 1.490(2); N2-C18, 1.463(3); N3-C17, 1.377(2); 

N3-C18, 1.452(2); C11-C12, 1.52. 
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Fertigine 4, 7 and 9 crystallized in a more flatten conformation, whereby especially the angle between 

the naphthene and the fused phenyl plane shrinks to values between 37.71 and 58.81 °.   

In Table 2 some crystallographic details about the investigated crystals of the fertigines are presented. 

Five of the nine investigated single crystals are based on a monoclinic crystal system with 4 independent 

fertigines in the unit cell. 

 

Fertigine Crystal system Space group Z Rint R1 CCDC No. 

1 monoclinic P 21/c 4 0.0246 0.0433 2083140 

2 orthorhombic P 21 21 21 4 0.0798 0.0561 2083142 

3 monoclinic P 21/n 4 0.0468 0.0544 2083143 

4 orthorhombic P b c a 8 0.1330 0.0948 2083141 

5 monoclinic Cc 4 0.0256 0.0358 2083149 

6 triclinic P -1  2 0.0311 0.0520 2083146 

7 orthorhombic P n a 21 4 0.0376 0.0417 2083153 

8 monoclinic Cc 4 0.0266 0.0337 2083151 

9 monoclinic  P21/n 4 0.0611 0.0858 2083155 

 

 

 

  

Figure 4.8: Orientation of the three aromatic regions (red, blue, green) of fertigine 1 in the crystal (ORTEP drawing and atom 

labelling scheme with 50 % probability level). 

Table 2: Crystallographic details of the investigated fertigines. 
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4.2 Individual Contributions to Joint Publications 

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

indicated below. In the following, the contributions of all co-authors and contributors to the publications 

are specified. The asterisk denotes the corresponding author. 

Chapter 5 

This work was published in ACS Catalysis (ACS Catal. 2018, 8, 8525–8530) with the title 

“Manganese-Catalyzed and Base-Switchable Synthesis of Amines or Imines via Borrowing 

Hydrogen or Dehydrogenative Condensation”. 

Authors: Robin Fertig, Torsten Irrgang, Frederik Freitag, Judith Zander, and Rhett Kempe* 

 

I conducted the experiments and characterized all compounds as presented in the final publication. 

Judith Zander was involved in this project during her B.Sc. thesis and helped with the synthesis and 

isolation of the imine derivatives. The help of Fabian Kallmeier in the initial reaction development is 

greatly acknowledged. Frederik Freitag was involved in mechanistic discussions and helped performing 

the mechanistic NMR studies. Torsten Irrgang and Rhett Kempe supervised the work, were involved in 

scientific discussions and co-wrote the manuscript with me. 

Chapter 6 

This work is submitted to Nature Communications (2022) with the title “Rational Design of 

N-Heterocyclic Compound Classes via Regenerative Cyclization of Diamines”. 

Authors: Robin Fertig, Torsten Irrgang and Rhett Kempe* 

 

I conceived the concept, performed the synthesis of starting materials, and conducted the experiments 

as presented in the final publication. The help of Felix Schreiner in the synthesis of the amino alcohols 

is greatly acknowledged. Torsten Irrgang and Rhett Kempe supervised the work, were involved in 

scientific discussions and co-wrote the manuscript with me. 

Chapter 7 

This work is to be submitted with the title “Structure Investigations of Fertigines via X-Ray 

Crystallography”. 

Authors: Robin Fertig, Torsten Irrgang and Rhett Kempe* 

 

I performed the synthesis of the crystals, conducted the experiments and measurements as presented in 

this work. Torsten Irrgang and Rhett Kempe supervised the work, were involved in scientific discussions 

and co-wrote the manuscript with me. 
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