
 
 

 

 

TECHNISCHE UNIVERSITÄT MÜNCHEN 

FAKULTÄT FÜR CHEMIE 

FACHBEREICH ORGANISCHE CHEMIE 

 

Applications of Dehydrogenative and Borrowing Hydrogen 

Catalysis and Investigation of the Menthyl Grignard Reagent for the 

Synthesis of Chiral Phosphine Ligands 

 

Sebastian Koller 

 

Vollständiger Abdruck der von der Fakultät für Chemie der Technischen Universität 

München zur Erlangung des akademischen Grades eines 

 

Doktors der Naturwissenschaften (Dr. rer. nat.) 

 

genehmigten Dissertation. 

 

 

Vorsitzender:        apl. Prof. Dr. Wolfgang Eisenreich 

Prüfer der Dissertation:      1. Prof. Dr. Lukas Hintermann 

         2. Prof. Dr. Klaus Köhler 

          

 

 

Die Dissertation wurde am 10.04.2019 bei der Technischen Universität München 

eingereicht und durch die Fakultät für Chemie am 28.05.2019 angenommen.  

 



 
 

 



i 
 

Die vorliegende Arbeit wurde in der Zeit von Dezember 2015 bis März 2019 unter der 

Leitung von Prof. Dr. Lukas Hintermann im Fachbereich Organische Chemie an der 

Technischen Universität München angefertigt. 

 

 

 

 

Teile dieser Arbeit wurden veröffentlicht: 

 

S. Koller, M. Blazejak, L. Hintermann, Eur. J. Org. Chem. 2018, 1624–1633. 

S. Koller, J. Gatzka, K. M. Wong, P. J. Altmann, A. Pöthig, L. Hintermann, J. Org. 

Chem. 2018, 83, 15009–15028. 

 

 



ii 
 



    

iii 
 

Danksagung 
 

Zunächst möchte ich mich bei Prof. Dr. Lukas Hintermann für die Aufnahme in seinen 

Arbeitskreis, das spannende Forschungsthema und die exzellente Betreuung inklusive 

seiner stets nützlichen Tipps und Anregungen bedanken.  

Ein großer Dank geht an meine Kollegen Matthias Schreyer, Sebastian Helmbrecht, 

Philippe Klein und Katja Reinhardt. Sowohl im Labor als auch außerhalb (AK Rumbles, 

ORCHEM Weimar und Berlin, Ibiza) war es eine unglaublich schöne Zeit mit euch, die 

ich nie vergessen werde. Bei Matthias möchte ich mich besonders für die vielen 

nützlichen Ratschläge gerade zu Beginn meiner Arbeit bedanken. Immerhin musste er 

mich auch lange Zeit als direkter Abzugsnachbar ertragen ;). Außerdem geht mein 

Dank an die im Rahmen ihrer Masterarbeit beziehungsweise eines Praktikums eher 

kurzfristigen Kollegen Michael Wiedemann, Corvin Lossin und Anna Gradenegger, die 

sich toll in unser Team eingefügt haben.  

Bei Sabrina Nietsch und Verena Widhopf bedanke ich mich für die kompetente 

Unterstützung bei allen organisatorischen und bürokratischen Angelegenheiten. 

Ein Dankeschön geht an meine Forschungspraktikanten Tim Mollner, Corvin Lossin, 

Jonas Meringdal, Ingrid Grøssereid und León Stopper für ihre Zusammenarbeit und 

den Beitrag zu meiner Forschung.  

Der Hans-Fischer-Gesellschaft danke ich für den finanziellen Beitrag zu meinen 

Arbeiten.  

Bei den zuständigen TUM-Mitarbeitern für die Kristallstrukturanalyse (inklusive 

Philippe Klein), Elementaranalyse, Massenspektrometrie und NMR-Routine bedanke 

ich mich ebenfalls für ihren geleisteten Aufwand. 

Der größte Dank geht an meine Eltern Karl und Ilse, sowie den Rest meiner Familie, 

für ihre großartige Unterstützung. Ohne euch wäre das hier nie möglich gewesen! 

Zu guter Letzt gebührt der Dank meinen Freunden – Michael (trotz des S-Bahn Lohhof-

Fiaskos), Daniel (wohin geht die nächste Reise?), Dominik (darauf ein Cola-Weißbier) 

und allen anderen. Ihr ermöglicht es mir, auch mal von der Chemie abzuschalten.  

 



iv 
 

English Abstract 
 

In the field of catalysis research two closely related concepts, namely acceptorless 

dehydrogenative coupling and borrowing hydrogen, have been developed in recent 

years. Their advantage is high atom-economy and non-problematic or even useful 

byproducts (water, hydrogen), which also provides for the emerging awareness for 

ecological sustainability in the general public.  

Within this work the borrowing hydrogen alkylation of pyrroles with primary alcohols as 

alkylation reagents has been realized by using either base at high temperature in a 

microwave reactor, a heterogeneous Pd/C catalyst or a homogeneous iridium PNP 

pincer system (13). Aromatic as well as aliphatic alcohols can serve as substrates and 

a general preference for C2/C5-alkylation was observed.  

Pyrrole syntheses by acceptorless dehydrogenative coupling have so far been limited 

to alkyl- or aryl-substituted products. With a ruthenium NNP pincer complex (10) as 

catalyst, the scope could be extended onto pyrroles bearing ester or ketone 

functionalities. This was achieved in a one-pot procedure starting from β-keto esters 

or 1,3-diketones and β-amino alcohols. The initial enamine formation is followed by 

dehydrogenative cyclization to give the desired products. Pyridines are also obtained 

by this strategy by starting from γ-amino alcohols. 

Another part of this thesis was concerned with the development of new chiral catalysts 

based on P-menthyl incorporating phosphorous ligands for application in (asymmetric) 

catalysis. An in-depth investigation of the chemistry of menthyl Grignard reagent (30) 

was performed. 30 mainly consists of two interconverting epimers (menthylmagnesium 

chloride (30a) and neomenthylmagnesium chloride (30b)) which can be kinetically 

separated by preferential reaction of 30a with carbon dioxide at -78 °C. This allowed 

the determination of the epimerization kinetics of the remaining neomenthylmagnesium 

menthanecarboxylate (30b’). The reaction of 30 with various electrophiles was found 

to proceed either via stereoconvergence (E+ = R1R2PCl) or stereoretention (E+ = CO2, 

H2O, ROH) and always with a more or less strong kinetic preference for 30a. 
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Deutsche Zusammenfassung 
 

Auf dem Gebiet der Katalyseforschung wurden in den letzten Jahren zwei eng 

verwandte Konzepte entwickelt, die akzeptorfreie dehydrierende Kupplung und 

borrowing hydrogen. Sie sind durch eine hohe Atomökonomie und dem Anfallen 

unproblematischer bzw. sogar nützlicher Nebenprodukte (Wasser, Wasserstoff) 

gekennzeichnet und tragen dadurch auch dem in der breiten Öffentlichkeit 

aufkommenden Bewusstsein für ökologische Nachhaltigkeit Rechnung.  

Im Rahmen dieser Arbeit wurde die Alkylierung von Pyrrolen nach dem borrowing 

hydrogen Konzept mit Alkoholen als Alkylierungsmittel realisiert. Dies geschah 

entweder baseninduziert bei hoher Temperatur in einem Mikrowellenreaktor, mit 

Palladium auf Aktivkohle als heterogenem Katalysator oder einem homogenen Iridium-

PNP-Pincer System (13). Sowohl aromatische als auch aliphatische Alkohole sind 

mögliche Substrate und eine allgemeine Bevorzugung für eine Alkylierung an C2/C5-

Position am Pyrrol konnte beobachtet werden.  

Pyrrolsynthesen durch akzeptorfreie dehydrierende Kupplung beschränkten sich 

bislang auf alkyl- und arylsubstituierte Produkte. Mit Hilfe eines Ruthenium-NNP-

Pincer Komplexes (10) als Katalysator konnte die Bandbreite nun auf Pyrrole mit Ester- 

oder Ketonfunktionalität ausgedehnt werden. Dies gelang mittels einer Eintopfreaktion 

ausgehend von β-Ketoestern oder 1,3-Diketonen in Kombination mit β-

Aminoalkoholen. Das gewünschte Produkt entsteht dabei über eine Enaminbildung 

gefolgt von einer dehydrierenden Zyklisierung. Ausgehend von γ-Aminoalkoholen 

ermöglicht diese Strategie auch den Zugang zu Pyridinen. 

Ein weiterer Teil dieser Arbeit beschäftigte sich mit der Entwicklung neuartiger chiraler 

Katalysatoren auf Basis von Phosphorliganden mit einer P-Menthyl-Einheit für die 

Anwendung in der (asymmetrischen) Katalyse. Im Rahmen dessen wurde die Chemie 

des Menthylgrignard Reagenzes (30) genauer untersucht. Es besteht hauptsächlich 

aus zwei sich ineinander umwandelnden Epimeren (Menthylmagnesiumchlorid (30a) 

und Neomenthylmagnesiumchlorid (30b)), welche durch bevorzugte Reaktion von 30a 

mit Kohlenstoffdioxid bei -78 °C kinetisch gespalten werden können. Dies erlaubte, die 

Kinetik der Epimerisierung des verbleibenden Neomenthylmagnesiummenthan-

carboxylats (30b‘) zu bestimmen. Allgemein verlaufen die Reaktionen von 30 mit 

Elektrophilen entweder stereokonvergent (E+ = R1R2PCl) oder stereoretentiv (E+ = 
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CO2, H2O, ROH), aber stets mit einer mehr oder weniger starken kinetischen Präferenz 

für 30a. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



    

vii 
 

Table of Contents 

Danksagung .......................................................................................................................................... iii 

English Abstract ................................................................................................................................... iv 

Deutsche Zusammenfassung ............................................................................................................. v 

1 Theoretical Background ........................................................................................................... 1 

1.1 Catalytic Acceptorless Dehydrogenation – A Contribution to Green Chemistry ......... 1 

1.2 Dehydrogenation as Substrate Activation Strategy ......................................................... 6 

1.2.1 Catalytic Dehydrogenative Coupling of Alcohols with Nucleophiles ..................... 6 

1.2.2 The Borrowing Hydrogen Principle .......................................................................... 15 

1.3 An Introduction to Asymmetric Catalysis ........................................................................ 21 

2 Aims of this thesis ................................................................................................................... 24 

3 Publication Summaries ........................................................................................................... 26 

3.1 Catalytic C-alkylation of Pyrroles with Primary Alcohols: Hans Fischer’s Alkali and a 

New Method with Iridium P,N,P-Pincer Complexes .................................................................. 26 

3.2 Stereochemistry of the Menthyl Grignard Reagent: Generation, Composition, 

Dynamics, and Reactions with Electrophiles.............................................................................. 28 

3.3 Unpublished Results (Manuscript in Preparation): Synthesis of Acceptor-Substituted 

Pyrroles by Ruthenium-Catalyzed Acceptorless Dehydrogenative Condensation with 

Amino Alcohols ............................................................................................................................... 31 

4 Summary and Outlook ............................................................................................................ 33 

5 Index of Abbreviations ............................................................................................................ 35 

6 References ................................................................................................................................. 38 

7 Bibliographic Data of Complete Publications ................................................................... 43 

7.1 Catalytic C-alkylation of Pyrroles with Primary Alcohols: Hans Fischer’s Alkali and a 

New Method with Iridium P,N,P-Pincer Complexes .................................................................. 43 

7.2 Stereochemistry of the Menthyl Grignard Reagent: Generation, Composition, 

Dynamics, and Reactions with Electrophiles.............................................................................. 44 

8 Reprint Permissions ................................................................................................................ 45 

8.1 Wiley Article ......................................................................................................................... 45 

8.2 ACS Article........................................................................................................................... 50 

9 Appendix – Publication Reprints .......................................................................................... 51 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Theoretical Background 

1 
 

1 Theoretical Background 

1.1 Catalytic Acceptorless Dehydrogenation – A Contribution to Green 

Chemistry   
 

Hydrogenation, the chemical reaction of a compound with hydrogen, is a very important 

and basic transformation in today’s time. The hydrogenation of nitrogen to give 

ammonia (HABER-BOSCH process), which mainly serves for the production of artificial 

fertilizers, is responsible for about 2% of the world’s commercial energy consumption.[1] 

In organic chemistry, addition of hydrogen to alkenes, alkynes, aldehydes, imines etc. 

is a widely used transformation. Industrial applications include the processing of 

vegetable oils[2] or hydrocracking.[3] In order to activate the otherwise unreactive 

molecular hydrogen under moderate conditions, the deployment of a catalyst is 

necessary. One may distinguish between homogeneous and heterogeneous catalysts, 

depending on whether the catalyst is present in the same phase as the substrate or 

not. WILKINSON’S RhCl(PPh3)3
[4] or CRABTREE’S [Ir(cod)(PCy3)(py)]PF6

[5] are used as 

catalysts for homogeneous hydrogenation in solution whereas the HABER-BOSCH 

process relies on a heterogeneous, solid iron catalyst whose substrates and products 

are present in the gas phase.[6] In terms of reaction classification, a hydrogenation 

represents a reduction due to the lowering of the substrate’s formal oxidation state. 

Conversely, the abstraction of hydrogen is considered an oxidation. If this conversion 

takes place with liberation of free hydrogen gas, it is referred to as acceptorless 

dehydrogenation.[7] Such catalytic reactions are characterized by the lack of a 

stoichiometric oxidant or a sacrificial hydrogen acceptor. As a consequence, a drastic 

reduction of, often toxic, waste is possible. This advantageous feature makes them a 

valuable contribution to the development of environmentally more benign synthetic 

methods (‘Green Chemistry’).[8] In the following, the oxidative catalytic scission of          

C–H, N–H and O–H bonds by applying transition metal complexes is discussed.  

The endothermic dehydrogenation of alkanes is quite challenging due to their strong 

non-polar C–H bonds. For this reason, it is unsurprising that only few metal complexes 

have been reported to exhibit catalytic activity for this transformation. Considering the 

entropic term of the Gibbs free energy (−𝑇 ∙ Δ𝑆), the reaction is favored at high 

temperatures and therefore requires thermally stable catalysts. Additionally, the 

solubility of hydrogen in the solvent decreases with increasing temperature, which 
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shifts the equilibrium towards the product by efficient removal of H2 from the reaction 

medium.[9] SAITO et al. showed that WILKINSON’S catalyst RhCl(PPh3)3 is capable of 

dehydrogenating cyclooctane to give cyclooctene under reflux conditions (TON = 11.9 

after 48 h).[10] This is remarkable considering that many textbooks present the 

reductive elimination step in the catalytic cycle for an olefin hydrogenation catalyzed 

by RhCl(PPh3)3 as irreversible. In fact, the rate of the oxidative addition is negligible 

under typical hydrogenation conditions at room temperature. Besides displaying 

superior activity than RhCl(PPh3)3 in the dehydrogenation of cycloalkanes, the Ir-PCP 

pincer complex 1 was the first homogeneous catalyst system for dehydrogenation of 

n-alkanes, though at a lower efficiency than with cyclodecane reflecting the higher 

dehydrogenation enthalpy of linear alkanes (Scheme 1a).[11] The high thermal stability 

of 1 has to be emphasized since the reactions are conducted at up to 201 °C. An 

acceptorless dehydrogenation of HC–CH units adjacent to functional groups was 

reported by NOZAKI in 2013. He used the hydroxycyclopentadienyl iridium complex 2 

as catalyst. Although the substrates in this work appear to be quite activated, the 

reactions had to be heated to 200 °C resulting in a maximum TON of 97 (Scheme 

1b).[12] [Cp*IrCl2]2 was later also found to be active in dehydrogenation of the same 

kind of substrates at 200 °C. The dehydrogenation of -tetralone to 1-naphthol was 

achieved in 71% yield whereas other substrates did not exceed 25%.[13]     
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Scheme 1. a) Alkane dehydrogenation by Ir-PCP complex 1. Cyclodecene was obtained in a 

cis/trans-ratio of 4.2. b) Acceptorless dehydrogenation of activated HC–CH units. 

 

Only few reports have appeared on the oxidative cleavage of N–H bonds by 

acceptorless dehydrogenation. This might be due to the fact that the resulting imines 

are good electrophiles which can easily undergo follow-up reactions with another 

molecule of starting amine (see chapter 1.2.2). SZYMCZAK and coworkers reported the 

selective dehydrogenation of primary and secondary amines to the respective nitriles 

and imines with liberation of dihydrogen. They used a Ru-NNN hydride complex (3) to 

achieve these transformations under relatively mild conditions (Scheme 2).[14] For this 

kind of oxidations, it is not always clear whether the product is formed by direct           
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CH–NH dehydrogenation or via CH–CH dehydrogenation followed by double-bond 

isomerization. JENSEN reasoned that a direct C–N dehydrogenation might take place 

since tertiary amines were not dehydrogenated by a slightly modified version of 3 

(P(tBu)3 instead of PPh3). In addition, a secondary amine with two quaternary carbon 

atoms in β-position (2,2,2’,2’-tetramethyldibutylamine) was successfully 

dehydrogenated.[15] In contrast, GOLDMAN could show that the same Ir-complex is in 

fact able to dehydrogenate tertiary amines to enamines.[16] Both groups utilized tert-

butylethylene as sacrificial hydrogen acceptor. 

 

Scheme 2. Acceptorless dehydrogenation of primary and secondary amines by Ru-NNN 

pincer complex 3. 

 

For the oxidation of alcohols to aldehydes or ketones, numerous methods have been 

developed.[17] Chromium reagents like COLLINS reagent (CrO3 ∙ 2 py) or pyridinium 

chlorochromate have become less important due to their toxicity. They have largely 

been replaced by SWERN-oxidation, IBX, Dess-Martin periodinane or catalytic variants 

with tetrapropyl-ammonium perruthenate (TPAP) or (2,2,6,6-tetramethylpiperidin-1-

yl)oxyl (TEMPO), just to name a few. A major drawback of this type of reactions is the 

need for stoichiometric oxidants and therefore waste production, even in the catalytic 

versions. TPAP is typically combined with N-methylmorpholine N-oxide, and sodium 

hypochlorite is used with TEMPO in order to reoxidize the catalyst. To overcome this 

disadvantage, several new catalyst systems capable of oxidizing alcohols via 

acceptorless dehydrogenation have been developed. The ruthenium(II) hydrido 

borohydride complex 4 bearing a NNP-pincer ligand was synthesized in two steps from 

RuCl2(PPh3)3 and was shown to successfully dehydrogenate secondary alcohols to 

the corresponding ketones (Figure 1a).[18] The dehydrogenation of primary alcohols is 

often problematic as the formed aldehydes can undergo decarbonylation to give an 
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inactive carbonyl complex. FUJITA and YAMAGUCHI reported Ir-complex 5 to efficiently 

oxidize primary and secondary alcohols.[19] The related complex 6 was found to 

catalyze the reaction in aqueous media (Figure 1b,c).[20] Complexes 5 and 6 are both 

believed to act via ligand promotion. More precisely, the 2-hydroxypyridine moiety 

switches between the protonated species and a deprotonated 2-pyridonate ligand 

during the catalytic cycle.  

 

Figure 1. Catalysts for the acceptorless dehydrogenation of alcohols.  
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1.2 Dehydrogenation as Substrate Activation Strategy 

1.2.1 Catalytic Dehydrogenative Coupling of Alcohols with Nucleophiles 

  

Catalytic dehydrogenative coupling is a synthetic strategy to couple alcohols to 

nucleophilic reaction partners. The initial alcohol dehydrogenation step yields an 

electrophilic carbonyl group which can undergo further reactions. The addition of a 

suitable nucleophile leads to numerous different target structures.[7] After the 

nucleophilic attack, there are two general possibilities. Either another equivalent of 

hydrogen is abstracted to provide acylated nucleophile (Scheme 3, pathway A) or 

water is eliminated (Scheme 3, pathway B). The latter case can be followed by inter- 

or intramolecular nucleophilic addition. The intramolecular attack typically generates 

an aromatic species after further dehydrogenation (see Scheme 7a for more details). 

An addition of hydrogen acceptors can facilitate the dehydrogenation steps. 

Considering atom-economy, the abandonment of such additives is favorable.  

 

Scheme 3. Possible pathways for the acceptorless dehydrogenative coupling of alcohols. 

 

Typical nucleophiles for pathway A are alcohols (Nu = RO) or amines (Nu = RNH, 

R1R2N). With alcohols, the nucleophilic attack generates a hemiacetal which is 

dehydrogenated to an ester. The first report on this type of reaction appeared in 1981 

by MURAHASHI who used RuH2(PPh3)4 (2 mol%) to obtain acyclic esters as well as 

lactones through intramolecular cyclization of diols. To obtain satisfying yields, a 

reaction temperature of 180 °C was necessary.[21] The group of MILSTEIN found that 
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Ru-NNP pincer 7 in combination with catalytic amounts of base is a more active 

catalyst system. Further investigations showed that deprotonation of 7 gives 8. 8 is 

able to couple alcohols without the need for additional base at very low loading. It has 

to be emphasized that deprotonation of 7 takes place at the benzylic position of the 

pincer ligand and not as might have been expected at the hydride ligand (Scheme 

4a).[22] An obvious disadvantage of this method concerns product selectivity because 

a combination of two different primary alcohols is expected to give a mixture of four 

possible products. For the case of primary plus secondary alcohol, the problem could 

be solved by the use of Ru-NNP complex 9 resulting in a single cross-ester product. 

Dehydrogenation of the primary alcohol is faster due to steric reasons and 

homocoupling only occurred in small amounts. Complex 9 is closely related to 8 and 

bears a bipyridine moiety (Scheme 4b).[23] Similar to 8, 9 can be prepared from 10 by 

reaction with strong base. The precursor 10 was found to catalyze the acceptorless 

dehydrogenative coupling of alcohols and water. The reaction is operated in basic 

media and yields carboxylic acid salts which upon acidification give the free carboxylic 

acids (Scheme 4c).[24]  
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Scheme 4. a) Dehydrogenative homocoupling of primary alcohols to esters. This reaction can 

be performed with 8 or base + precursor complex 7. b) Dehydrogenative Coupling of primary 

and secondary alcohols. c) Carboxylic acids from alcohols and hydroxide. 

 

With amine nucleophiles, a dehydrogenative acylation following pathway A via a 

hemiaminal allows the synthesis of amides. Those are a very important substrate class 

especially for biochemical applications. This alternative approach to amide synthesis 

avoids the use of coupling reagents, which are usually required for carboxylic acid 

activation prior to reaction with an amine.[25] Complex 8 efficiently catalyzes the 

process at a loading of only 0.1 mol% in refluxing toluene. The scope is limited to 

primary amines.[26] Chiral -amino alcohols react to cyclic dipeptides with retention of 

configuration, an attribute of the neutral reaction conditions (Scheme 5a). The 
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substituent in -position to the amine has to be larger than a methyl, otherwise 

oligopeptides are formed.[27] Starting from secondary amines, a modified version of 10 

(Ph instead of tBu at phosphorous) together with base[28] or an Fe-PNP complex[29] can 

be applied for the synthesis of tertiary amides. Methanol as the alcohol compound 

provides access to urea derivatives, probably via a formamide intermediate.[30] A direct 

synthesis of polyamides via catalytic acceptorless dehydrogenation of diols and 

diamines with 8 was found to give the resulting polymers in an average molecular 

weight range of about 10-30 kDa (Scheme 5b).[31]  

 

 

Scheme 5. Ruthenium pincer catalyzed dehydrogenative synthesis of amides. a) Cyclic 

dipeptides from -amino alcohols under retention of configuration. b) Polyamides from diols 

and diamines. 

 

The two general pathways of dehydrogenative alcohol coupling (see Scheme 3) are 

often competing depending on the relative kinetics of a second dehydrogenation step 

versus dehydration of the intermediate.  By tuning the reaction conditions, it is possible 

to switch between both possible products, even with the same catalyst. The acridine 

based Ru-PNP pincer complex 11 was shown to convert alcohols into esters in the 

presence of base. Without base, an acetal is obtained (Scheme 6a). The hemiacetal 

which is formed by nucleophilic attack of the alcohol on aldehyde presumably 

eliminates water to give an enol ether. Upon addition of another molecule of alcohol to 

the C–C double bond, acetal is formed.[32] With amine nucleophiles, an even broader 

range of products has been obtained. The simplest ones are imines resulting from 

dehydration of the hemiaminal intermediate. Amongst others, the ruthenium N-



Theoretical Background 

10 
 

heterocyclic carbene complex 12 catalyzes this transformation at a loading of 5 mol% 

with DABCO as base (Scheme 6b).[33]  

 

 

Scheme 6. a) Switch in product selectivity from acetals to esters by addition of potassium 

hydroxide in the dehydrogenative coupling of alcohols. b) Imine formation via dehydrogenative 

coupling of alcohols and amines. 

 

Potentially more important for synthesis, the generated imines open up pathways to a 

large variety of N-heterocycles by reaction with a second functional group within the 

substrate. In the field of acceptorless dehydrogenative coupling, the synthesis of 

pyrroles, a structural motif found in many pharmaceuticals and natural products,[34] has 

probably been the best explored. The new strategy differs from traditional approaches 

(e.g. Knorr pyrrole synthesis) in the oxidation level of the substrates. Carbonyl groups 

are replaced by alcohols that are oxidized in situ before condensation takes place 

(Scheme 7a). The group of BELLER described a three-component reaction with 

ketones, amines and diols yielding various classes of multiple substituted pyrroles. The 

commercially available Ru3(CO)12/Xantphos system efficiently catalyzed this reaction 

in the presence of co-catalytic amounts of weak base (K2CO3) (Scheme 7b). The 
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transformation also proceeds smoothly, if ammonia is used instead of amines.[35] 

KEMPE reported a dehydrogenative pyrrole synthesis starting from secondary alcohols 

and amino alcohols using an iridium complex of an anionic PNP pincer ligand (13) as 

catalyst in the presence of stoichiometric amounts of a strong base (KOtBu). An 

advantage of this procedure is the remarkably low catalyst loading, which varies 

between 0.03 and 0.5 mol% depending on substrates. An iridium(III) trihydride (14) 

species generated by twofold alcohol dehydrogenation was identified as catalyst 

resting state (Scheme 7c).[36] Later it was found that iridium can be replaced by the 

more abundantly available transition metal manganese. The Mn-PNP pincer 15 is 

converted into its catalytically active hydride species 16 by base-induced salt 

elimination followed by either addition of hydrogen or alcohol dehydrogenation 

(Scheme 7d). Complex 16 was characterized by NMR spectroscopy and X-ray 

crystallography. Cobalt and iron based complexes of the same class of pincer ligands 

were inactive.[37] The active role of the pincer ligand in complexes 13 and 15 is 

comparable to that of the ligand in the earlier mentioned Ru-NNP species (7-10) (see 

Scheme 4). A similar route to pyrroles from ketones and amino alcohols was reported 

by SAITO. Here, only one equivalent of dihydrogen is released in the course of the 

reaction. A ruthenium complex (17) and alkali base enable the reaction at rather high 

temperature (Scheme 7e).[38] Another strategy for the dehydrogenative synthesis of N-

substituted pyrroles is the coupling of 1,4-diols and amines. Literature reports include 

approaches with ruthenium,[39] manganese[40] and cobalt[41] catalysts (Scheme 7f). The 

active cobalt species is generated from 18 with NaHBEt3 and KOtBu, which act as 

hydride source and base, respectively.  It is noteworthy that all of the above mentioned 

syntheses exclusively afford donor-substituted (alkyl, aryl) pyrroles. Complexes 13[42] 

(with a para-trifluoromethylphenyl group at C-4 of the triazine ligand) and 10[43] were 

also used for the annulation of secondary alcohols and γ-amino alcohols to pyridines. 

SUN described a highly active ruthenium catalyst (19) which achieved similar yields at 

a loading of only 0.025 mol% (Scheme 7g).[44] A combination of 1,3-diols and alkyl 

hydrazines served as starting material for the synthesis of pyrazoles in the presence 

of RuH2(PPh3)3CO, Xantphos, crotonitrile and acetic acid (Scheme 7h). Crotonitrile is 

a sacrificial hydrogen acceptor, rendering this approach less efficient in terms of atom 

economy. The role of the acid additive may lie in accelerating condensation steps.[45] 

This contrasts with afore mentioned systems, which benefit from either co-catalytic or 

stoichiometric amounts of base. Iridium[46] as well as manganese[47] based pincer 
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complex catalysts were found to be suitable for pyrimidine syntheses from amidines 

and up to three different alcohols as substrates in one pot. In Scheme 7i, a three-

component reaction with a hydride manganese(I) PNP pincer (20) introduced by 

KIRCHNER is depicted exemplarily.[48] It remains unclear, why a mixture of two bases 

(potassium tert-butoxide and potassium hydroxide) is necessary to obtain good yields. 

BELLER and coworkers showed that indoles can be prepared from anilines and 

cyclohexene epoxide in the presence of a catalyst system composed of [Ru3(CO)12], 

dppf and catalytic amounts of p-toluenesulfonic acid. The reaction proceeds via acid 

catalyzed epoxide opening towards a β-amino alcohol, ketone formation by alcohol 

dehydrogenation and subsequent intramolecular cyclization. However, numerous side 

products were observed when other epoxides than cyclohexene epoxide were tested.  

An incompatibility of the epoxide opening step with the strongly acidic conditions was 

proved. Therefore, the aminolysis of the epoxide was performed with zinc triflate as 

Lewis acid prior to addition of the other reagents. The regioselectivity depends on 

preferential stabilization of the carbocationic character by R3 versus R4 in the epoxide 

opening step and was >90:10 (regioisomeric ratio) in most cases (Scheme 7j).[49] Other 

heterocycles such as benzimidazoles,[50] pyrazines[27,51] or quinolines[52] can be 

prepared by analogous strategies to the discussed ones.   
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N-Heterocycles via Acceptorless Dehydrogenative Coupling (1) 
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N-Heterocycles via Acceptorless Dehydrogenative Coupling (2) 

 

Scheme 7. Overview over the construction of N-heterocycles via acceptorless dehydrogenative coupling. a) Schematic comparison between a 

classical approach towards N-heterocycles (here: pyrroles) and the new dehydrogenative coupling strategy. b) Three-component synthesis of 

pyrroles with a [Ru3(CO)12]/Xantphos system. c) Pyrrole synthesis from secondary alcohols and β-amino alcohols with Ir-PNP pincer 13 and formation 

of the iridium(III) trihydride resting state 14. d) Conversion of Mn-PNP pincer 15, which is also able to catalyze the reaction depicted in b), into its 

catalytically active species 16. e) Pyrrole formation from ketones and β-amino alcohols with a ruthenium catalyst (17) under relatively high 

temperature. f) Cobalt catalyzed dehydrogenative condensation of 1,4-diols and amines to N-substituted pyrroles. g) Coupling of secondary alcohols 

and γ-amino alcohols towards pyridines with a highly active ruthenium complex (19) at very low catalyst loading. h) Example of a non-acceptorless 

dehydrogenative pyrazole synthesis from alkyl hydrazines and 1,3-diols. i) Pyrimidines by a three-component Mn-PNP pincer (20) catalyzed process 

with a combination of different bases. j) Synthesis of indoles from epoxides and arylamines. The Lewis acid catalyzed epoxide opening is followed 

by a ruthenium catalyzed alcohol dehydrogenation and Brønsted acid catalyzed intramolecular cyclization.   
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1.2.2 The Borrowing Hydrogen Principle 

 

In the previous chapters the discussion was limited to reactions with liberation of 

hydrogen or its transfer onto a sacrificial acceptor. Since the metal hydride species 

generated in the initial dehydrogenation step may potentially hydrogenate a suitable 

acceptor, a new field of possible transformations is opened up. If this acceptor 

molecule is an intermediate in the catalytic cycle and formed from dehydrogenated 

starting material in a follow-up step, the whole process is called borrowing hydrogen 

reaction since the hydrogen ‘borrowed’ in the first step is ‘returned’ into the catalytic 

cycle later. The term hydrogen autotransfer (HAT) is often used as an alternative 

description for the same concept.[53] Typically, the catalytic oxidation of an alcohol to 

the corresponding carbonyl compound is followed by spontaneous or base-mediated 

condensation with a suitable nucleophile. Final hydrogenation of the unsaturated 

species by the metal hydride gives the product and regenerates the catalyst (Scheme 

8). The whole process is redox-neutral and can be described as alkylation of a 

nucleophile with an alcohol, whose reactivity is switched from O-nucleophile to 

C-electrophile. Water is the only by-product rendering this process highly atom-

economic and environmentally friendly, especially in comparison to traditional 

alkylation methods that use toxic alkyl halides and generate inorganic halide salts as 

waste in stoichiometric amounts. Depending on the nucleophile, C–C or C–N bond 

formation is achieved. The obvious similarity of a borrowing hydrogen process and a 

dehydrogenative coupling (see Scheme 3) may lead to selectivity problems in the 

development of new transformations since the hydrogenation step competes against 

addition of another nucleophile.  

 

Scheme 8. Reaction scheme (highlighted) and catalytic cycle of a borrowing hydrogen 

process. 
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The earliest reports on alcohols as alkylating agents might go back to GUERBET in 1899, 

who described the synthesis of β-alkylated primary alcohols from primary or secondary 

alcohols in the presence of alkali hydroxides or alkoxides. The reaction proceeds via 

dehydrogenation, aldol dimerization and transfer hydrogenation and can be 

accelerated by addition of a (typically heterogeneous) hydrogen transfer catalyst.[54] 

Numerous reports on the HAT-alkylation of various substrates can be found in the 

literature over the past 20-30 years. Already in 1984 WATANABE reported the catalytic 

N-alkylation of anilines with alcohols and RuCl2(PPh3)3 at 150-180 °C. In most cases 

bisalkylation was favored.[55] A progress in ligand design has led to more active catalyst 

systems: a combination of [Ru(p-cymene)Cl2]2 with a bidentate phosphine (dppf or 

DPEphos) allows the selective and high-yielding conversion of primary amines into 

secondary amines, of secondary amines into tertiary amines, and the use of secondary 

alcohols as alkylating agent.[56] For the challenging monoalkylation of ammonia a 

convenient method with [Ru(CO)ClH(DPEphos)(PPh3)] as catalyst was introduced by 

DEUTSCH. It shows reasonable selectivity for monoalkylation despite the high reaction 

temperatures (Scheme 9).[57] 

 

Scheme 9. HAT-monoalkylation of ammonia. 

 

The alkylation of C(sp3)–H centers relies on the acidity of the corresponding CH-

position. Therefore, activation by electron-withdrawing π-acceptor groups is required. 

HAT-alkylation of ketones is rather simple since its α-C–H bonds are strongly 

activated.[58] Recently, special efforts were directed to the substitution of noble metals 

like iridium and ruthenium by widely-abundant first row transition metals. In 2015, a 

ketone α-alkylation with primary alcohols catalyzed by a KNÖLKER-type iron complex 

(21) in presence of cesium carbonate as base was published. However, the ketone 

scope was limited to arylalkylketones (Scheme 10a).[59] Less activated substrates like 

esters or amides are C-alkylated by cobalt PNP pincer complex 22 as catalyst. The 

scope is limited to tert-butyl acetate and N,N-dialkylacetamides as CH-acidic 

substrates, probably due to effects of steric hindrance and to prevent 
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transesterifications.[60] Scheme 10b illustrates the rather mild conditions (80 °C, short 

reaction time) for the ester alkylation. The α-alkylation of nitriles serves as another 

good example for the replacement of noble metals by first row transition metals: 

whereas earlier works described iridium,[61] rhodium,[62] palladium,[63] ruthenium[64] and 

an unusual osmium[65] catalyst system, iron PNP pincer catalyst 23[66] as well as 

manganese complex 24[67] were introduced for this transformation in 2018 (Scheme 

10c).    

 

Scheme 10. First row transition metals in borrowing hydrogen alkylations. a) Iron catalyzed 

HAT-alkylation of ketones. b) Cobalt catalyzed α-alkylation of esters. c)  New first row transition 

metal catalysts for the HAT-alkylation of nitriles. 
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Alkylation reactions with alcohols as alkyl donors are not restricted to C(sp3) centers. 

They also occur at C(sp2)–H centers of electron-rich arenes. The regioselective indole 

C3-alkylation was achieved under basic conditions by homogeneous ([Cp*IrCl2]2,[68] 

RuCl2(PPh3)2 + DPEphos[69]) as well as heterogeneous (Pd/C,[69] Pt nanoclusters[70]) 

catalyst systems (Scheme 11). Interestingly, RAMÓN et al. reported that this alkylation 

is also possible without using transition metal catalyst, under alkaline conditions at 

elevated levels of temperature (150 °C).[71] The hydride transfer in this multi-step 

process might occur by a Cannizzaro-type mechanism. With [Cp*IrCl2]2 as catalyst, the 

regioselective C4-alkylation of phenols, more precisely of 2,6-di-tert-butylphenol could 

be performed. Subsequent removal of the tert-butyl groups under retro-FRIEDEL-

CRAFTS conditions led to various 4-alkyl phenols.[72] 

 

Scheme 11. Iridium catalyzed C-3 indole alkylation via hydrogen autotransfer. 

 

Borrowing hydrogen is not restricted to alcohols as substrates for the dehydrogenation 

step. Amines and alkanes are also prone to activation by dehydrogenation. 

Mechanistically, the N-alkylation of an amine by another amine is similar to the 

alkylation with alcohols (see Scheme 8). Initial dehydrogenation gives an imine, which 

after nucleophilic attack by an amine liberates ammonia (transimination). The newly 

generated imine is then hydrogenated to the desired product. The coupling of two 

oxidizable amines RNH2 and R’NH2 generally leads to a product mixture including 

R2NH, RR’NH and R’2NH. In 2009 WILLIAMS reported the first example for a selective 

amine cross-alkylation starting from two oxidizable amines. The key for success was 

the formation of secondary amines containing one branched and one unbranched 

substituent, which are sterically favored over amines with two branched substituents 

due to less steric strain. Additionally, dehydrogenation of secondary amines is easier. 

The reaction is catalyzed by [Cp*IrI2]2 in the absence of additional base, and 

diisopropylamine was used as alkyl donor (Scheme 12a).[73] The regioselective C3-

alkylation of indoles with amines was discovered by BELLER and coworkers. They found 
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that a combination of Shvo’s catalyst (25) and potassium carbonate allows the reaction 

with a broad range of aliphatic amines including primary, secondary and even tertiary 

ones. The latter forms an iminium ion in the first step of the borrowing hydrogen 

mechanism. At the applied high temperature, catalyst 25 dissociates into two active 

species. The dehydrogenation is catalyzed by the 16 electron complex 26, whereas 

the 18 electron ruthenium hydride species 27 catalyzes the hydrogenation (Scheme 

12b).[74] The application of alkane substrates in borrowing hydrogen processes is 

rather limited because of the difficult activation of their strong non-polar C–H-bonds 

(see chapter 1.1). One of the rare examples of homogeneous catalysis was introduced 

by the BROOKHART group. They realized a catalytic alkane metathesis by tandem 

alkane dehydrogenation–olefin metathesis (Scheme 12c). To this aim, an iridium 

complex for hydrogen transfer and a molybdenum based Schrock carben catalyst for 

olefin metathesis were combined.[75] However, the general focus in the field of alkane 

metathesis is more on heterogeneous than on homogeneous systems.[53] 
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Scheme 12. Amines and alkanes as alkylation reagents in borrowing hydrogen processes. a) 

Cross-coupling of two oxidizable amines. b) Regioselective C3-indole alkylation with amines 

and thermal activation of the Shvo catalyst 25 generating two active species 26 and 27. c) 

Catalytic cycle for a borrowing hydrogen alkane metathesis.  
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1.3 An Introduction to Asymmetric Catalysis  
 

“I call any geometrical figure, or group of points, chiral, and say that it has chirality, if 

its image in a plane mirror, ideally realized, cannot be brought to coincide with itself.”[76] 

With this sentence, Lord Kelvin named a phenomenon of great importance not only, 

but especially in chemistry. An example for chirality in everyday life is the left and the 

right hand. In chemistry the most common form is point chirality. For organic molecules, 

it originates from an atom bearing four different substituents. However, such a 

stereogenic atom is not a necessary requirement. Other possible forms are axial, 

planar or inherent chirality (Figure 2). Stereoisomers which are mirror images of each 

other are called enantiomers.  

 

Figure 2. Different forms of chirality. a) (S)- and (R)-lactic acid as an example for point chirality. 

b) Axial chirality of BINOL arising from the rotation barrier around the naphthyl-naphthyl-bond. 

c) Planar chirality in a ferrocene system. d) Corannulene exhibits inherent chirality, but 

interconverts fast at room temperature.[77] 

 

In nature, only one of the two possible enantiomers of a molecule is usually produced 

by a certain organism since enantiomers can differ largely in terms of biological activity. 

Therefore, organic synthesis must also provide methods to selectively access single 

enantiomers. The first examples for asymmetric catalysis were reported in the early 

20th century. In 1913 BREDIG realized a cyanohydrin formation using cinchona alkaloids 

as catalysts.[78] The probably first description of an asymmetric organometallic 
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catalysis not related to polymer chemistry was done by NOYORI et al. in 1966. They 

performed the cyclopropanation of alkenes with a chiral copper chelate complex 

resulting in 6% enantiomeric excess.[79] However, for broader applicability and high 

enantioselectivities the development of new synthetic organic ligands was crucial. A 

milestone in the field of hydrogenation reactions was achieved with the replacement of 

monodentate phosphines that were chiral at the phosphorous atom, by chelating 

diphosphine ligands bearing chirality in the ligand backbone. The first example for this 

new class of ligands was KAGAN’s C2-symmetric DIOP, which is based on enantiopure 

tartaric acid and is chiral in the backbone. With a rhodium(I)-DIOP system the 

hydrogenation of α-acetamidocinnamic acid gave the product in 72% ee (Scheme 

13a).[80] The origin of chirality does not necessarily have to be placed into the ligand 

backbone, as shown by the famous DIPAMP ligand, where the two chirally modified 

phosphorous atoms are connected by an ethylene bridge. This ligand was notably 

used in the industrial synthesis of L-DOPA, a non-proteinogenic amino acid used for 

the treatment of Parkinson’s disease (Scheme 13b).[81]    

 

Scheme 13. a) KAGAN’s Rh(I)-DIOP catalyzed hydrogenation of α-acetamidocinnamic acid. b) 

Asymmetric catalytic hydrogenation as key step in the synthesis of L-DOPA. 
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The enantioselectivity of a certain reaction is determined by the energy difference G‡ 

between its two diastereomorphic transition states. Since already fairly small energy 

differences lead to significant selectivity changes, finding a suitable catalyst system is 

mostly a trial and error approach.1 Minor changes of the ligand structure can lead to 

unpredictable outcomes. To deal with this challenge, chemists have come up with a 

multitude of chiral ligand structures that can be tested in screenings towards more 

active and selective catalyst systems. It is an important requirement that the chiral 

ligand is provided in stereoisomerically pure form since contamination with other 

stereoisomers might reduce the selectivity of the resulting catalyst. Thus small 

molecules which are obtained from natural sources in enantiomerically pure form and 

in sufficient amounts are widely used feedstocks (figure 3).  

 

Figure 3. Examples for ligand structures derived from naturally occurring, cheap precursors.[82]  

                                                           
1 At 25 °C, a G# of 5 kJ/mol gives 76% ee whereas 7.5 kJ/mol gives 91% ee. 
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2 Aims of this thesis 
 

Based on a knowledge of early work of the 1930 chemistry noble prize winner HANS 

FISCHER, who had described an alkoxide-mediated alkylation of pyrroles in alcoholic 

media,[83] preliminary work on repetition of these experiments under microwave 

conditions was performed in the HINTERMANN group.[84] We then set out to collect 

evidence to support our assumption that this reaction proceeds according to the 

borrowing hydrogen mechanism, which suggested itself by analogy with the reported 

HAT-alkylation of indoles with alcohols (see chapter 1.2.2). We also wished to study, 

if a catalytic version of this reaction could be developed under milder reaction 

conditions. Considering the interdependency between borrowing hydrogen and 

dehydrogenative coupling, the scope of acceptorless dehydrogenative pyrrole 

synthesis, which so far has been limited to donor-substituted (alkyl,aryl) pyrroles, 

should be extended (see chapter 1.2.1). Possible extensions of this method towards 

the formation of other heterocycles were to be investigated. To ensure an efficient 

screening procedure, the set-up of a catalyst library is necessary. Therefore, a selected 

number of metal complexes reported to be active in borrowing hydrogen catalysis as 

well as selected new structures, especially through variation of established ligands, 

should be prepared. As a readily available enantiopure precursor for the design of 

novel chiral catalysts for enantioselective catalysis, the terpenoid (–)-menthol was 

chosen. When incorporated into a phosphine ligand, the menthyl group provides good 

-donor ability and a relatively high steric demand at phosphorous. In the course of 

this thesis we worked out new synthetic routes to four different precursors (P1-P4) that 

can be used for accessing chiral phosphine ligands (Scheme 14). The 

chlorophosphines can react as electrophiles, the secondary phosphines as P-

nucleophiles in syntheses of the ligand target structures. Furthermore, the intermediary 

secondary phosphine oxides (28, 29) represent interesting ligands themselves with 

many potential applications.[85] The key intermediate of this synthetic route is Grignard 

reagent 30. Reactions of that reagent have been described with various nucleophiles, 

amongst others CO2,[86] PCl3,[87] GeCl4,[88] SnCl4 and organotin chlorides.[89] The 

products generally retain menthyl configuration in the transformation from menthol via 

31 to 30 and onto 28/29. However, DUTHIE and coworkers reported that 30 is a 1:1 

mixture of configurationally stable epimers, namely menthylmagnesium chloride (30a) 

and neomenthylmagnesium chloride (30b). The observation of mainly menthyl 
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configuration in the reaction products of 30a/b with nucleophiles was explained by the 

higher nucleophilicity of 30a.[90] Considering the need for stereoisomerically pure 

phosphine ligand precursors (P1-P4), a closer insight into the nature of 30, its formation 

from 31 and its reaction with electrophiles is required.  

 

Scheme 14. Planned synthesis of menthylphosphine precursors (P1-P4) for chiral ligand 

synthesis with the crucial intermediary Grignard reagent (30) highlighted in blue.   
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3 Publication Summaries 
 

This chapter provides brief summaries of the publications that were prepared during 

the course of this dissertation.   

 

3.1 Catalytic C-alkylation of Pyrroles with Primary Alcohols: Hans Fischer’s 

Alkali and a New Method with Iridium P,N,P-Pincer Complexes 

 

On the basis of Hans Fischer’s reports on alkali alkoxide mediated pyrrole alkylation in 

alcoholic media, we started with a reproduction of these transformations and the 

collection of evidence for our assumption of a borrowing hydrogen mechanism.[83] To 

ensure a safe and reproducible method for these high temperature reactions (T > 

200 °C), a microwave reactor was used. With selected model pyrroles and using 

benzylic alcohol as alkylating reagent, a preference for C2/C5-alkylation was observed 

which is in line with the higher nucleophilicity at these positions and indicating an attack 

of the pyrrole by an electrophile as a key step.[91] Interestingly, when diester 32 was 

subjected to the reaction conditions, a de-alkoxycarbonylation preceded the alkylation 

(Scheme 15). Since many donor-substituted pyrroles are air-sensitive and exhibit 

limited shelf-life, a direct HAT-alkylation of their more stable ester-derivatives is as an 

attractive alternative.  

 

Scheme 15. Microwave-assisted HAT-alkylation of diester 32.  

 

Next, we set out to overcome the limitations of the base-mediated pyrrole alkylation by 

developing a catalytic system for the reactions. A heterogenous version with Pd/C as 

catalyst and substoichiometric amounts of base was realized first. In a screening for a 

homogenous catalyst system, ruthenium and iridium complexes were tested. The best 

result was achieved with an iridium PNP-pincer complex (13) of the KEMPE type that 

had previously been applied to the acceptorless dehydrogenative synthesis of pyrroles 
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from secondary alcohols and amino alcohols.[36] We prepared the catalyst in situ by 

precomplexation of [Ir(cod)Cl]2 with ligand 33. Substituted benzylic alcohols as well as 

a model aliphatic alcohol (n-octyl alcohol) reacted predominantly to give 

monoalkylation product of 34 or 35 (Scheme 16). With 2,4-dimethyl pyrrole (35) a 

general preference for C5-alkylation over C3-alkylation was observed. With pyrrole 

carboxylic esters the de-alkoxycarbonylation/alkylation sequence is also possible 

under those conditions. Eventually, we propose mechanisms for both the base-induced 

and the transition metal catalyzed pyrrole alkylation based on our experimental 

observations and taking into account recent work on the closely related alkylation of 

indoles.[68-71]  

 

Scheme 16. Ir-PNP-pincer catalyzed HAT-alkylation of pyrroles with alcohols.  

 

My individual contributions to this work included support of the study design, 

performing experimental work, analyzing analytical results and co-writing of the 

manuscript. 
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3.2 Stereochemistry of the Menthyl Grignard Reagent: Generation, 

Composition, Dynamics, and Reactions with Electrophiles 
 

Our interest in the synthesis of P,P-dimenthylphosphane based chiral phosphorous 

ligands urged us to gain a deeper understanding of the characteristics of the menthyl 

Grignard reagent 30. At the outset, we developed suitable methods to investigate the 

composition of 30. After identifying the components of this reagent by NMR and GC-

MS methods (30a, 30b and several hydrocarbons), we went on to to quantify them by 

quantitative 1H and 13C NMR spectroscopy. The determination of the 30a/30b ratio was 

complicated by the presence of different species due to the Schlenk and other ligand 

exchange equilibria, but was possible in spite of some difficulties. To avoid those 

problems, we established an analysis based on D2O-quenching with subsequent 2H 

NMR analysis. The kinetic ratio of 30a/30b in the preparation of 30 from 31 at 50 °C in 

THF was found to be 59:41, which is close to the thermodynamic ratio of 56:44 at 50 °C 

in THF. Starting from neomenthyl chloride (36) under the same conditions (THF, 50 °C) 

almost the same ratio (54:46) was observed. This can be explained assuming that the 

synthesis of 30 from either 31 or 36 is a kinetically controlled and stereoconvergent 

process (Scheme 17).  

 

 

Scheme 17. Stereoconvergent formation of menthyl Grignard reagent 30 and its composition. 
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In a study of the carboxylation of 30 we found that reaction with CO2 at -78 °C leads to 

a kinetic separation of diastereomers by giving the anion of menthanecarboxylic acid 

from 30a. The remaining 30b then forms the salt neomenthylmagnesium 

menthanecarboxylate (30b’) by ligand exchange at magnesium. The availability of 

diastereomerically pure solutions of NMnMgX allowed the investigation of the 

epimerization of 30 (Scheme 18). The kinetics for 30b’ → 30a’ are characterized by 

H‡ = 98.5 kJ/mol and S‡ = -113 J/molK. This finding rejects the assumption of 

Duthie who assumed that diastereomers of 30 were configurationally stable.[90] As 

synthetic application of the carboxylation of 30 the physiological cooling agent WS-5 

was prepared.[92] 

 

 

Scheme 18. Kinetic resolution of 30 and temperature-dependent epimerization of 

neomenthylmagnesium menthanecarboxylate (30b’). The amounts in mol% were determined 

by D2O-quenching and analysis with 2H NMR. 

 

The stereochemistry of reactions of 30 at C1 depends on the electrophilic partner. With 

H2O and D2O, the hydro-demetalation proceeds with retention of configuration as in 

the reaction with CO2 and a kinetic preference for 30a. With alcohols, the protonation 

is less stereoselective. In reactions of 30 with phosphorous electrophiles 
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stereoconvergence from both 30a and 30b towards mainly menthyl-configured 

products occurs and allows higher yields than theoretically expected regarding the 

amount of menthyl epimer 30a. These stereoconvergent reactions presumably follow 

a SET-mechanism as has been observed for bornyl or fenchyl Grignard reagents with 

phosphorous electrophiles.[93] Dimenthylphosphine oxide (28) was prepared via 

reaction of 1 with PCl3 to chlorodimenthylphosphine (P1), followed by hydrolysis of the 

intermediate during work-up (Scheme 19).    

 

Scheme 19. Synthesis of dimenthylphosphine oxide (28) and solid state structure of the 

product. 

 

My individual contribution to this work included participation in the study designing, 

carrying out substantial parts of the experimental work including analytics, 

interpretation of experimental results and co-writing of the manuscript. 
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3.3 Unpublished Results (Manuscript in Preparation): Synthesis of Acceptor-

Substituted Pyrroles by Ruthenium-Catalyzed Acceptorless 

Dehydrogenative Condensation with Amino Alcohols  

 

The concept of acceptorless dehydrogenative coupling has been applied to the 

synthesis of pyrroles, but the range of accessible products is so far limited to donor 

substituted (alkyl, aryl) pyrroles.[35-41] To overcome this drawback we chose to 

investigate the dehydrogenative cyclization of β-hydroxyenaminones (37) to 1,5,6,7-

tetrahydroindol-4-ones (38) as a starting point. The catalyst screening included 

different iridium and ruthenium based systems that are known to be active in 

dehydrogenative coupling or borrowing hydrogen reactions. Best results were 

achieved with a ruthenium NNP-pincer (10) which was introduced by MILSTEIN 

(Scheme 20).[94]  

 

Scheme 20. Oxidative cyclization of β-hydroxyenaminones (37). 

Starting material 37 is obtained through straightforward enamine formation that might 

also take place under conditions of the catalytic reaction. Starting from this hypothesis, 

we realized an efficient one-pot protocol from either 1,3-diketones or β-keto esters and 

amino alcohols to acceptor-substituted (ketone, ester) pyrroles (39) (Scheme 21). 

Reactions with γ-amino alcohols analogously lead to pyridines.  

 

Scheme 21. Acceptorless dehydrogenative coupling of β-keto carbonyls with amino alcohols 

to acceptor-substituted pyrroles (39). 
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My individual contribution to this work included the study design, carrying out a 

substantial part of the experimental work including analytics, interpretation of the 

results and writing of the manuscript. 
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4 Summary and Outlook 
 

The results of this thesis contribute to the development of two closely related concepts 

of atom-economic catalysis, namely borrowing hydrogen and acceptorless 

dehydrogenative coupling. Pyrroles were established as a new class of substrates for 

borrowing hydrogen alkylation with alcohols. The transformation was mediated by base 

under rather harsh conditions in a microwave reactor, by heterogeneous catalysis with 

Pd/C or by homogeneous catalysis with iridium PNP pincer complex 13. In case of 

pyrrolecarboxylates, a de-alkoxycarbonylation followed by alkylation was observed. 

Not only the functionalization of pyrroles was investigated but also their synthesis. The 

scope of acceptorless dehydrogenative pyrrole synthesis was extended onto acceptor-

substituted (ketone, ester) pyrroles. A simple one-pot procedure allowed the use of β-

keto carbonyls and β-amino alcohols as starting materials with ruthenium NNP pincer 

10 as catalyst. With γ-amino alcohols this strategy also allows the synthesis of 

acceptor-substituted pyridines. As part of our interest on new menthyl based chiral 

phosphorous ligands for asymmetric catalysis, we developed a deeper understanding 

of the menthyl Grignard reagent (30) by investigation of its generation, composition, 

dynamics, and reaction with electrophiles. Our findings help to describe the reaction 

stereochemistry of 30 which had been fairly known due to missing direct analytical 

studies.    

 

Further research in the fields of borrowing hydrogen and acceptorless dehydrogenative 

coupling on the one hand and the synthesis of chiral P-menthyl ligand structures on 

the other hand can be characterized by two main goals. First, to further increase the 

sustainability of catalytic processes, the development of new catalyst systems with 

abundant transition metals (e.g. cobalt, iron, manganese) is necessary. Second, after 

preparation of the desired menthyl based ligand structures derived from P1-P4, they 

should be converted into suitable metal complexes that can be used for development 

of catalytic asymmetric reactions focusing on borrowing hydrogen and acceptorless 

dehydrogenative coupling processes. Scheme 22 provides a potential model reaction 

for studying asymmetric dehydrogenative coupling and structures of possible target 

metal complexes that are currently investigated in the HINTERMANN group.  
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Scheme 22. Model desymmetrization reaction for the study of asymmetric dehydrogenative 

coupling and potential catalyst structures based on P-menthyl ligands. 
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5 Index of Abbreviations 
 

Å     Ångström 

Ac     acetyl 

AcOH     acetic acid 

Ar     aryl 

BINOL    1,1’-bi-2-naphthol 

Bn     benzyl 

BnOH     benzyl alcohol 

°C     degree Celsius 

Cod     1,5-cyclooctadiene  

Cp*     1,2,3,4,5-pentamethylcyclopentadienyl 

Da     Dalton 

DABCO    1,4-diazabicyclo[2.2.2]octane 

DIOP 2,3-O-isopropylidene-2,3-dihydroxy-1,4-

bis(diphenylphosphino)butane 

DIPAMP 1,2-bis[(2-methoxyphenyl)(phenylphosphino)] 

ethane 

DMSO    dimethyl sulfoxide 

DPEphos    bis[(2-diphenylphosphino)phenyl] ether 

dppf     1,1’-bis(diphenylphosphino)ferrocene 

ee     enantiomeric excess 

Et     ethyl 

etc.     et cetera 

GC-MS    gas chromatography-mass spectrometry 

h     hour(s) 



Index of Abbreviations 

36 
 

HAT     hydrogen autotransfer 

HOtBu    tert-butanol  

IBiox     1,3′-imidazo[4,3-b:5,1-b′]bis(oxazole) 

IBX     2-iodoxybenzoic acid 

iPr     iso-propyl 

J     Joule 

k     kilo  

KOtBu    potassium tert-butoxide 

L-DOPA    L-3,4-dihydroxyphenylalanine, levodopa 

M     molarity, molar 

[M]     metal 

Mn     number average molecular weight 

Me     methyl 

Men     menthyl 

mol%      mole percentage  

MS     molecular sieves 

Nmn     neomenthyl 

NMR     nuclear magnetic resonance 

Nu     nucleophile 

Pd/C     palladium on carbon 

Ph     phenyl 

PHOX     phosphinooxazoline 

p-TsOH    para-toluenesulfonic acid 

py     pyridine  

PyBOX    pyridine bis(oxazoline) 
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rt     room temperature 

S     entropy 

SET     single electron transfer 

T     temperature 

tBu     tert-butyl 

TEMPO    (2,2,6,6-tetramethylpiperidin-1-yl)oxyl 

THF     tetrahydrofuran  

TMS     trimethylsilyl  

TON     turnover number 

TPAP     tetrapropylammonium perruthenate  

w/o     without  

Xantphos    4,5-bis(diphenylphosphino)-9,9-dimethylxanthene 

X-ray     Röntgen radiation 

Zn(OTf)2    zinc triflate  

     delta, difference 

G‡     Gibb’s energy of activation 

µW     microwave irradiation 
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