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Abstract 

This doctoral thesis discusses the topic of earth-abundant metals in hydrogenation catalysis. 
Hydrogenation (i.e., the addition of hydrogen to an unsaturated substrate) is generally one of 
the most sustainable and industrially relevant reduction reactions. However, historically the 
field of homogeneous hydrogenation catalysis was dominated by precious metal catalysts 
based on rare elements such as ruthenium, rhodium or iridium. Due to the need for “greener” 
chemical manufacturing, recent scientific endeavors have focused on replacing these 
expensive and often toxic elements with more abundant, affordable and benign first-row 
transition metals. Over the course of this thesis, catalysts based on three of these more 
sustainable elements (namely manganese, iron and cobalt) have been developed and applied 
in various hydrogenation reactions. Firstly, a new family of manganese PNN-pincer catalysts 
developed for the hydrogenation of quinolines at ambient temperature is discussed. Secondly, 
an iron-Tetraphos system is presented that allows direct N-aryl pyrrole synthesis from 
nitroarenes and 1,4-dicarbonyl compounds in a (transfer) hydrogenation/Paal-Knorr cascade. 
Lastly, the effect of phosphine oxide promoters on cobalt carbonyl precatalysts is evaluated, 
leading to improved protocols for the cobalt-catalyzed reductive etherification of aldehydes and 
the reductive or carbonylative transformation of oxetanes. 
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Kurzzusammenfassung 

Diese Doktorarbeit behandelt das Thema der häufig-vorkommenden Metalle in der 
Hydrierkatalyse. Hydrierung, also die Addition von Wasserstoff an ein ungesättigtes Substrat, 
ist eine der ökonomisch und ökologisch wichtigsten Reduktionsreaktionen. Historisch-bedingt 
dominieren Edelmetallkatalysatoren aus Ruthenium, Rhodium oder Iridium das Feld der 
homogenen Hydrierkatalyse. Aufgrund der Notwendigkeit einer „grüneren“ chemischen 
Produktion versucht die wissenschaftliche Forschung daher, diese teuren und oft giftigen 
Elemente durch besser verfügbare, günstigere und weniger schädlichere 3d-
Übergangsmetalle zu ersetzen.  Im Rahmen dieser Arbeit wurden daher Hydrierkatalysatoren 
entwickelt und angewendet, die auf den drei nachhaltigeren Elementen Mangan, Eisen und 
Cobalt basieren. Zuerst berichten wir über eine neue Gruppe von Mangan-PNN-Pincer 
Katalysatoren für die Hydrierung von Chinolinderivaten bei Raumtemperatur. Als nächstes 
wird ein Eisen-Tetraphos-System für die direkte Synthese von N-Arylpyrrolen aus Nitroarenen 
und 1,4-Dicarbonyl-Verbindungen mithilfe einer Transferhydrierungs-/Paal-Knorr-Kaskade 
präsentiert. Zuletzt evaluieren wir den positiven Effekt von Phosphinoxid-Promotoren auf 
Cobaltcarbonyl-Präkatalysatoren in der reduktiven Etherifizierung von Aldehyden und der 
reduktiven oder carbonylierenden Umwandlung von Oxetanen. 
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1 Introduction 

Chemistry lies at the heart of most of the modern manufacturing industries. It enables us to 
feed (fertilizers, agrochemicals), heal (pharmaceuticals), smell/taste (flavors, fragrances), 
clean (disinfectants, soaps, detergents), illuminate (LEDs, light bulbs, liquid crystal displays), 
power (electronics, solar cells, batteries), construct (plastics, polymers, adhesives), color 
(dyes, coatings) the world we live in and much more. The scientific advancements in chemical 
research and concurrent increases in production capabilities over the last century have 
enabled near exponential population growth and have increased the standard of living for 
billions of people around the world. 

1.1 The Need for Green Chemistry 

However, on the flipside, many of these positive developments in chemistry and industrial 
production have had severe side effects. They have taken a large toll on our earth’s natural 
environment and resources. Release and spills of toxic and persistent chemicals such as 
heavy metals, polycyclic aromatic compounds, chlorofluorocarbons, dioxins, pesticides, and 
others have led to environmental catastrophes all over the world.[1] Just during the preparation 
of this doctoral thesis there were numerous disasters, in which toxic or dangerous chemicals 
were released into the environment, causing tragic loss of life as well as horrific pollution of 
our ecosystems.[2] In addition to the direct negative impacts on health and the environment, 
the chemical industry emits a massive amount of greenhouse gases into the atmosphere.[3] 
This is because many chemical processes are highly energy intensive. As an example 13% of 
all the energy used in Germany is consumed by the chemical industry, making it the industrial 
sector with the highest energy demand.[4] A large part of that energy comes from finite fossil 
fuels (coal, oil and gas), which on top of their detrimental impact on the climate and the 
depletion of natural resources, leads to the EU’s dependance on energy imports. A particularly 
unfavorable circumstance in a time of international conflicts and unsteady supply chains. To 
illustrate this point further, in 2021, just BASF Ludwigshafen, the biggest chemical production 
site in Germany, used up as much natural gas as several entire countries, for example all of 
Switzerland.[5] Furthermore, fossil fuels serve not only as the main energy source of most of 
the current chemical manufacturing processes but also as the main building blocks or starting 
materials of the chemical value chain, further increasing problems associated with their use.[6] 
In addition, the depletion of natural resources relates not only to fossil fuels, but also to other 
building blocks required in our current society such as (precious) metals, “rare earths” and 
other elements whose mining, production or processing is often also highly energy intensive 
and polluting.[7] It is therefore of paramount importance to ensure that in the future, chemical 
production becomes more sustainable or so-called “green”. Noticing this necessity for a 
change in chemical manufacturing, with incredible foresight, already in 1998 Paul T. Anastas 
and John C. Warner formulated the twelve principles of green chemistry that are still very valid 
today.  
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The principles (as written in their seminal book Green Chemistry: Theory and Practice) are:[8] 

1. Prevention. Preventing waste is better than treating or cleaning up waste after it is created. 

2. Atom economy. Synthetic methods should try to maximize the incorporation of all materials used in the 

process into the final product. This means that less waste will be generated as a result. 

3. Less hazardous chemical syntheses. Synthetic methods should avoid using or generating substances 

toxic to humans and/or the environment. 

4. Designing safer chemicals. Chemical products should be designed to achieve their desired function 

while being as non-toxic as possible. 

5. Safer solvents and auxiliaries. Auxiliary substances should be avoided wherever possible, and as non-

hazardous as possible when they must be used. 

6. Design for energy efficiency. Energy requirements should be minimized, and processes should be 

conducted at ambient temperature and pressure whenever possible. 

7. Use of renewable feedstocks. Whenever it is practical to do so, renewable feedstocks or raw materials 

are preferable to non-renewable ones. 

8. Reduce derivatives. Unnecessary generation of derivatives, such as the use of protecting groups, should 

be minimized or avoided if possible; such steps require additional reagents and may generate additional 

waste. 

9. Catalysis. Catalytic reagents that can be used in small quantities to repeat a reaction are superior to 

stoichiometric reagents (ones that are consumed in a reaction). 

10. Design for degradation. Chemical products should be designed so that they do not pollute the 

environment; when their function is complete, they should break down into non-harmful products. 

11. Real-time analysis for pollution prevention. Analytical methodologies need to be further developed to 

permit real-time, in-process monitoring and control before hazardous substances form. 

12. Inherently safer chemistry for accident prevention. Whenever possible, the substances in a process, and 

the forms of those substances, should be chosen to minimize risks such as explosions, fires, and 

accidental releases. 

  

With these guidelines in hand, it is up to society and scientists to apply them more broadly and 
to further enable industry to be more sustainable by developing greener processes. Chemists 
in particular are in a unique position to help solve many of the current global challenges such 
as climate change, environmental pollution and resource depletion since many of these issues 
are inherently of chemical nature.  
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1.2 Catalysis – A Brief Introduction 

As hinted in the previous chapter, catalysis is an integral part of sustainable chemistry and a 
crucial tool to overcoming the environmental challenges of today. But why is that and what 
defines a catalyst?          
 It had been observed for centuries that certain substances have the ability to speed up 
chemical processes. In 1835 already, pioneering scientist Jöns Jacob Berzelius gave this 
phenomenon the name catalysis after the Greek word “καταλύειν” meaning to dissolve or  
unbind.[9] This was due to the fact that most catalytic reactions known at that time were based 
on decomposition processes, such as the hydrolytic degradation of starch catalyzed by acids 
or the platinum-catalyzed oxidation of hydrogen in air.[9] A definition of a catalyst that still holds 
true today was coined by Wilhelm Ostwald (Nobel prize 1909) in 1895: “A catalyst is a 

substance, that increases the rate of a chemical reaction, without being consumed itself and 

without changing the final position of the thermodynamic equilibrium of that reaction”.[10] The 
manner by which a catalyst speeds up a chemical reaction is by offering an alternative reaction 
pathway, that is lower in activation energy (Ea) than the uncatalyzed reaction (see Figure 1).  

 

Figure 1. Simplified potential energy diagram of a catalyzed vs. uncatalyzed exergonic reaction. 

Typically, this lower energy pathway entails the catalyst binding to the substrate(s) and thus 
forming an intermediate substrate-catalyst complex, which has a lower energy transition state 
than the uncatalyzed reaction. According to the Eyring equation, this then enables the reaction 
to proceed at a higher rate or milder temperature. Finally, the resultingly formed 
product-catalyst complex dissociates releasing the unchanged catalyst and the product(s). An 
example of a general catalytic cycle for a monomolecular reaction is shown in Scheme 1. 
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Scheme 1. Exemplary catalytic cycle of a monomolecular reaction. 

In theory, a catalyst is not consumed during the catalytic process and therefore could reenter 
the catalytic cycle an infinite number of times, thus converting (turning over) an unlimited 
amount of substrate. In practice however, catalysts get deactivated (or “poisoned”) over time. 
Such deactivations can be reversible or irreversible depending on the mechanism of 
deactivation. Common catalyst poisons include moisture, oxygen or sulfur species. A value 
that describes the catalyst stability or lifetime is the turnover number (TON) defined as the 
amount of product formed per amount of catalyst prior to deactivation.[11] TONs can range from 
single digits to millions for highly efficient molecular catalysts and even several orders of 
magnitude higher (>1011) in the case of enzymes, nature’s exceptionally productive 
catalysts.[12] Catalyst activity is typically expressed by the turnover frequency (TOF), defined 
as the TON per time.[11] However, since the TOF is strongly dependent on the concentration 
of reactants and thus can vary over the course of a catalytic experiment, care has to be taken 
when determining and comparing catalytic activities using this metric.[13] In addition to 
increasing the rate of chemical reactions, a catalyst can also enable processes that might 
otherwise have a kinetic barrier too large to be performed under reasonable conditions, thus 
enabling those reactions to be feasible in the first place. Furthermore, since different catalysts 
might offer different reaction pathways, by varying the catalyst it is possible to steer the 
selectivity of a reaction and to even convert the same substrate into multiple different 
products.[14] In other words, applying catalysis one can increase the selectivity of a given 
process towards one specific product and thus avoid undesired side-reactions, which in turn 
leads to reduced waste generation. The incredible potential and impact of catalysis has not 
been ignored by the academic and industrial communities. Historically, 17 Nobel prizes in 
chemistry have been awarded to scientists working in and around the field of catalysis. In the 
developed nations roughly 40% of the nitrogen in our bodies is purported to have been fixated 
catalytically by the Haber-Bosch process (Nobel prizes 1918 and 1931).[15] It is further 
estimated that over 90% of all chemical products undergo at least one catalytic step in their 
lifetime.[11]  

1.2.1 Heterogeneous vs. Homogeneous Catalysis 

Catalysts can generally be classified by their reactivity (e.g. acid/base, photo, redox, 
coordination) or by their structure (supramolecular, complex, organic, protein), but the most 
established classification relates to the physical state of matter (phase) in which the catalysis 
takes place. In homogenous catalysis catalyst and substrate(s) are present in the same 
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homogeneous phase (typically liquid solutions), whereas in heterogeneous catalysis catalyst 
and substrate(s) are contained in different phases (typically solid/liquid or solid/gas) and the 
catalysis takes place on the catalyst’s surface.[14] Both types of catalysis have different benefits 
and drawbacks that are illustrated in Table 1 below. 

Table 1. General comparison of heterogeneous and homogeneous catalysts.[16] 

Properties Heterogeneous Catalyst Homogeneous Catalyst 

Catalyst Preparation Facile Facile to highly challenging 
Selectivity Low High 
Reaction Conditions Harsh Mild 
Activity Low to variable High 
Tunability/Rational Design Somewhat High 
Sensitivity Low Variable to high 
Recyclability High Low 
Structure Low-defined Molecularly-defined 
Analytics Challenging Facile (mostly) 
Mechanistic Studies Challenging Feasible 
Catalyst Separation Facile Challenging 
Cost Low Medium to high 

 

Since heterogeneous catalysts are easily separated, affordable, robust and often recyclable 
they are mainly used for bulk chemical processes, where the substrates are cheap and simple 
molecules that need to be produced in up to multiple million tons per year. Homogeneous 
catalysts are more commonly used for fine chemical processes because fine chemicals are 
more complex and consequently more expensive. Therefore, milder and more selective 
catalysts are often needed, that can be rationally fine-tuned to accommodate the specific 
needs a process. However, as the following chapters will show, there are also some exceptions 
to this rule and a few homogeneous catalytic processes are applied on very large scales in 
industry. 

1.3 Homogeneous Catalysis 

Homogeneous catalysis can in principle refer to any type of catalysis where reactants and 
catalyst are present in the same phase.[11] This includes for example simple acid-base catalysis, 
catalysis with small organic molecules (organocatalysis) and even catalysis conducted with 
enzymes (biocatalysis).[11] The latter two subfields in particular have seen massive 
developments in recent years culminating in two Nobel prizes. One was awarded to Frances 
Arnold in 2018 for developing the directed evolution of enzymes,[17] the other one to Benjamin 
List and David W. C. MacMillan in 2021 for the development of asymmetric organocatalysis.[18] 
Traditionally speaking however, homogeneous catalysis refers to catalytic transformations 
conducted with the aid of a transition metal complex.[11] This will be the focus of the following 
chapters and this thesis overall. 
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1.3.1 Homogeneous Transition Metal Catalysis 

As indicated by the name, in homogeneous transition metal catalysis the activation of the 
substrate(s) typically occurs in the coordination sphere of a transition metal complex. The 
complex consists of a central metal atom or ion, which is coordinated by multiple organic or 
inorganic ligands. The ligands help to stabilize the central metal atom, solubilize it and can 
modify the central atoms steric and electronic properties, thereby fine-tuning its reactivity.[11] 
Furthermore, the ligands can also actively take part in the catalysis, functioning for example 
as proton or electron shuttles. Additionally, ligands might also just act as labile placeholders 
that dissociate under catalytic conditions, freeing up a coordination site for the substrate. Since 
in theory an unlimited variation of metal centers and ligands is possible, homogeneous 
catalyst’s structures and reactivities are highly diverse and functionalizable. Common 
examples of complexes widely used in homogeneous catalysis are shown in Figure 2. 

 

Figure 2. Common industrially applied homogeneous catalysts and their applications. 

1.3.2 Homogeneous Hydrogenation Catalysis 

Hydrogenation, i.e. the addition of hydrogen to an (unsaturated) substrate is one of the most 
fundamental reactions in organic chemistry, since organic molecules per definition are rich in 
C–H bonds. Additionally, hydrogen is one of the cheapest and potentially greenest reducing 
agents, with incredible importance for a sustainable energy future.[19] The first breakthroughs 
in the field of hydrogenation were reported in 1897 by Paul Sabatier (Nobel prize 1912) and 
his coworker Jean-Baptiste Senderens, who discovered that using finely dispersed nickel 
powder one can hydrogenate small organic molecules that contain multiple bonds.[20] A first 
example was hydrogenation of the C=C double bond in ethylene resulting in the formation of 
the saturated product ethane.[20] Over the following years this heterogeneous hydrogenation 
procedure was extended to many additional substrate classes including carbon dioxide, arenes, 
nitroarenes, aldehydes, ketones, vegetable oils and others.[20] Early often ill-defined and 
ineffective “homogeneous” systems for hydrogenations started to be developed several 
decades later.[21] A quantum leap in homogeneous hydrogenation catalysis however was the 
discovery of chlorido-tris(triphenylphosphine)-rhodium, now called Wilkinson’s catalyst, after 
one of its inventors Sir Geoffrey Wilkinson (Nobel prize 1973).[22] In 1965, Wilkinson and 
coworkers observed that this complex is able to efficiently hydrogenate terminal alkenes and 
alkynes at ambient temperature and pressure.[22] The advent of powerful analytical techniques 
such as NMR spectroscopy and the increased mechanistic understanding of organometallic 
reactions consequently ushered in a new era of hydrogenation catalysis (overview of catalysts 
in Figure 3).[22b, 23] In the following years, Wilkinson’s former student, John Osborn, together 
with his student Richard R. Schrock (Nobel prize 2005) developed an improved family of 
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cationic bisphosphine-rhodium-diolefin hydrogenation catalysts.[24] Chiral variants of these 
“Schrock-Osborn” catalysts were applied in pioneering studies on asymmetric hydrogenation 
in the early 1970s by Knowles (Nobel prize 2001) and others, leading to the development of 
the first industrial asymmetric hydrogenation process at Monsanto.[25]  

 

Figure 3. Established homogeneous hydrogenation catalysts developed in the 20th century. 

The rhodium-based catalysts however had one significant shortcoming, they exerted only 
minimal activity towards tri- or tetrasubstituted unfunctionalized alkenes.[24b] This weakness 
was addressed by Crabtree and coworkers, who replaced the central metal with iridium and 
switched one phosphine ligand with a more labile nitrogen-based pyridine ligand.[26] Thus in 
1977, the Crabtree catalyst was reported, which offered exceptional hydrogenation activity for 
a broad range of tri- and tetrasubstituted unfunctionalized alkenes.[26] This short historical 
excerpt on the development of homogeneous alkene hydrogenation is an illustrative example 
of the power of homogeneous catalysis. From the first breakthrough by Wilkinson, it took only 
a handful of years until an industrially viable stereoselective process could be developed and 
just 12 years until a catalyst suitable for even the most challenging substrates was developed 
by Crabtree.[25, 24b] Roughly a decade after this pioneering work on alkene hydrogenation, Ryȯji 
Noyori (Nobel prize 2001) investigated the (asymmetric) hydrogenation of substrates 
containing polar double bonds (C=O, C=N) such as ketones and imines.[27] His most effective 
catalysts were ruthenium complexes supported by a combination of (chiral) bisphosphine and 
1,2-diamine ligands (see Figure 3).[28] Noyori realized that under basic conditions catalysts 
containing at least one protic N–H group directly ligated to the metal showed exceptional 
improvements in hydrogenation activity.[27] In quantitative terms, a starting TOF of <5 h-1 could 
be increased by more than three orders of magnitude to a TOF of 6700 h-1 by introduction of 
an N–H ligand moiety.[28] This effect of the N–H functionality was studied in detail by Noyori 
leading to what is now known as the Noyori metal-ligand bifunctional mechanism (Scheme 
2).[27, 29] 
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Scheme 2. Noyori mechanism for homogeneous hydrogenation. Spectator ligands omitted for clarity. 

According to this mechanism the precatalyst first gets activated by base, which deprotonates 
the acidic N–H moiety thus forming a Ru-amido species. This species then heterolytically 
activates hydrogen aided by the build-in amido base leading to a hydrido-species. The protic 
N–H and the hydridic Ru-hydride of the hydrido-species, then are most likely transferred onto 
the polar unsaturated substrate in a concerted fashion via a six-membered transition state.[27, 

29a] The protic N–H thereby acting as a hydrogen bond donor, thus activating the more 
electronegative atom of the polar double bond. Notably, herein an outer-sphere hydrogenation 
mechanism was proposed by Noyori, in which the substrate ketone does not directly coordinate 
to the catalyst. This was a significant distinction from the previously established inner-sphere 
hydrogenation mechanisms such as the homolytic oxidative addition pathway known for Rh 
and Ir catalysts or the heterolytic sigma-bond metathesis type mechanisms (see Scheme 3).[23, 

27, 29a]  

 

Scheme 3. Traditional pathways for the hydrogenation of polar unsaturated compounds: a) Homolytic 
dihydride mechanism via oxidative addition (OA) of hydrogen followed by migratory insertion of the 
substrate into the M–H bond and reductive elimination (RE) releasing product and catalyst; b) Heterolytic 
monohydride mechanism starting from M–H generation via deprotonation or σ-bond metathesis, then 
migratory insertion and finally protonolysis or hydrogenolysis.[27] 
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Since the Noyori type catalysts are also very effective for the reverse reaction 
(dehydrogenation), they are able to transfer hydrogen from hydrogen sources other than 
molecular hydrogen such as alcohols or formic acid, thus generating their oxidized 
counterparts ketones or CO2 as by-products.[29a] These transfer hydrogenations can be milder, 
safer and cheaper alternatives to classical hydrogenations. However, due to by-product (i.e. 
waste) generation from the sacrificial hydrogen donor, they are less atom-economic than 
traditional hydrogenation. In more recent years, the Noyori-type metal-ligand bifunctional 
systems were further improved by many academic as well as industrial research groups 
leading to novel Ru-catalyst with unprecedented reactivity and stability (see Figure 4).[30] These 
bi- or tridentate PN(P/N) complexes are able to hydrogenate even low-reactive substrates, 
such as esters and amides, with high activity under comparably mild conditions.[30] 

 

Figure 4. Selected highly active ruthenium-based hydrogenation catalysts. 

1.4 Earth-Abundant Hydrogenation Catalysis 

As seen in the previous chapters, the field of homogeneous (hydrogenation) catalysis is largely 
dominated by precious metal catalysts. While they show remarkable stabilities and activities, 
there are several downsides associated with the use of precious metal-based catalysts such 
as their low abundance, limited availability, high cost, and often high toxicity.[31] With the 
increased focus on green chemistry and on more sustainable chemical processes, a shift 
towards using more abundant and sustainable 3d transition metals (also called base metals) 
in catalysis has begun in the last decades. A comparison of the three most widely used 
precious metals in homogeneous hydrogenation catalysis (Ru, Rh, Ir) with three more 
sustainable base-metal alternatives (Mn, Fe, Co) is found in Table 2. 

Table 2. Comparison of common earth-abundant 3d metals and precious metals used in catalysis. 

Metal Est. Abundance in 

Earth‘s Crust[32] 

World Production 

[tons/year][33] 

Price [€/kg][33]  Allowed Levels in 

Pharmaceuticals[34]  

Mn 0.1% 16,000,000 1.95 250 ppm 
Fe 5.6% 1,150,000,000 0.28 1.300 ppm 
Co 0.03% 142,000 30.58 5 ppm 
Ru 0.0000001% 30 13,789.00 10 ppm 
Rh 0.00000002% 30 138,000.00 10 ppm 
Ir 0.00000003% 7 160,900.00 10 ppm 

 

Table 2 clearly shows the benefits of applying 3d-transition metals in terms of world-wide 
abundance, yearly production and consequently price. Measuring a metal’s toxicity is more 
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complex since it relies on several different factors (e.g. ingestion pathway, oxidation state, 
exposure time).[31b] However a rough estimate can be made by looking at the European 
Medicines Agency’s guidelines for trace elements in pharmaceuticals (Table 2, Column 5).[34] 
Particularly manganese and iron are permitted at significantly higher concentrations and can 
thus be deemed less-toxic compared to precious metals.[35] Additionally, all three discussed 
base-metals (Mn, Fe, Co) are essential elements in human life, playing vital roles in oxygen 
transport, metabolism, hormone production etc.[31a] However, none of the previously discussed 
precious metals occur naturally in humans. From a sustainability standpoint it can thus be 
hypothesized that nature is better adapted to coping with base-metals than with their heavier 
analogs.[36] Short introductions into historical and more recent developments of homogeneous 
manganese, iron and cobalt catalysts and their application will follow in the upcoming 
subchapters.  

1.4.1 Manganese (Pincer) Catalysts for Hydrogenation Reactions 

As discussed above, switching from precious metals to earth-abundant metals in catalysis is a 
major goal in sustainable chemistry. One of these metals is manganese, the 3rd most abundant 
transition metal on earth. Inspired by the remarkable reactivity and stability of the ruthenium 
(pincer) catalysts discussed in Chapter 1.3, multiple academic groups investigated if 
manganese-based catalysts supported by a similar ligand system could show comparable 
reactivity. Thus in 2016 several breakthroughs were made. Initially, Milstein and coworkers 
reported the first manganese-catalyzed dehydrogenation of alcohols.[37] Just three months later, 
Beller and coworkers reported Macho-type complexes for the first manganese-catalyzed 
hydrogenation reactions of nitriles, ketones and aldehydes.[38] Again, three months later, 
Kempe and coworkers published a triazine-based pincer catalyst for similar transformations, 
while Beller et al. published the first manganese-catalyzed ester hydrogenation.[39] These 
pioneering Mn-catalysts showed a comparable performance to the precious metal catalysts 
which they were based on.[40] Thus, an immense interest in manganese catalysis was sparked 
and dozens of further Mn-catalysts started being developed every year for various hydrogen 
transfer reactions (see Figure 5 for a selected overview).[40]  
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Figure 5. Selected overview of highly active manganese hydrogenation catalysts developed since 
2016.[40c] 

These transformations include hydrogenations of a plethora of functional groups including 
aldehydes, ketones, nitriles, esters, amides, imides, imines, CO, CO2, alkenes, alkynes, 
heterocycles and more, but also transfer hydrogenations as well as hydrogen borrowing 
reactions.[40] 

 1.4.1.1 Manganese-Catalyzed Quinoline Hydrogenation  

A particularly interesting substrate class in hydrogenation are quinolines and related 
N-heterocycles due to the prevalence of their partial-reduction products (tetrahydroquinolines) 
in bioactive natural products and pharmaceutical ingredients (see Figure 6 for examples).[41]  

 

Figure 6. Exemplary bioactive natural products and pharmaceutical ingredients containing the 
tetrahydroquinoline (THQ) moiety marked in red.  

Due to their hard-to-overcome aromaticity and coordinating ability, quinolines are particularly 
challenging substrates and were typically hydrogenated via heterogeneous or precious metal 
catalysis, which often required harsh conditions and provided low selectivity.[42] With the advent 
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of non-precious metal homogeneous catalysis, a handful of milder Mn-based systems were 
developed very recently (see Scheme 4 for a short overview). In 2019, Liu et al. reported the 
manganese-catalyzed hydrogenation of quinolines using catalyst Mn-1b, initially developed by 
our lab for amide hydrogenation.[43] However, the necessary reaction conditions were relatively 
harsh. Shortly thereafter our group discovered that simple pincer-ligand-free manganese 
pentacarbonyl bromide could hydrogenate quinolines under very mild conditions without the 
requirement of any additives.[44] Similar finding were made by Wang et al.[45] In 2021, Liu 
extended his original methodology to enable asymmetric hydrogenation under slightly less-
forcing conditions by using a related chiral catalyst Mn-Cat 13.[46] 

 

Scheme 4. Pathway of quinoline hydrogenation to tetrahydroquinolines with potential alternative 
pathways in grey (left) and recently developed Mn-catalyst systems (right).[43-46] 

Our investigations into this transformation will be discussed in chapter 2.1. 
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1.4.2 Sustainable Iron Catalysts for Reduction Reactions 

Iron is the 4th most abundant element in the earth’s crust and thus offers incredible potential in 
the fields of sustainable chemistry and catalysis.[47] Whereas heterogeneous iron catalysis was 
established over a century ago, leading for example to the indispensable Haber-Bosch process 
for the fixation of nitrogen from the air,[48] defined homogeneous iron systems for hydrogenation 
were scarce until about the turn of the millennium.[49] One of the first such systems was 
reported by Bianchini and coworkers in 1992, who discovered that a remarkably stable iron 
hydride complex supported by the tetradentate Tetraphos ligand (see Figure 7 for overview) 
was able to selectively hydrogenate terminal alkynes to alkenes under mild conditions.[50] 
However, not much attention was paid to this breakthrough until Chirik reported that iron 
complexes supported by redox-non-innocent NNN-pincers catalyze alkene hydrogenation 
under ambient conditions.[51] Following this, in 2007 Casey and Guan published the first iron-
catalyzed ketone hydrogenation using a half-sandwich complex previously prepared by 
Knölker.[52] These early reports sparked tremendous interest into the field of iron catalysis, 
leading to the development of many other systems.[49] Prominent further examples are the 
(transfer) hydrogenation systems of Morris.[53]  

 

Figure 7. Pioneering molecularly-defined hydrogenation catalysts based on iron. 

Additionally, the increased interest in iron catalysis lead Beller and coworkers to reinvestigate 
Bianchini’s complex, finding that iron Tetraphos systems are also potent catalysts for several 
other hydrogenation reactions such as nitro reduction, CO2 reduction or reductive anti-
Markovnikov epoxide ring-opening.[54] In analogy to the previously discussed Ru-Macho-BH 
and Mn-Macho pincer systems, another breakthrough in the field of iron catalysis, reported 
around 2013 independently by Beller and shortly afterwards by Guan and coworkers, was the 
development of Fe-Macho-BH type catalysts suitable for various highly challenging 
hydrogenations.[55] 

1.4.2.1 Base Metal-Catalyzed Cascade Pyrrole Syntheses 

A recent trend in homogeneous catalysis is the application of 3d-metal hydrogen transfer 
catalysts to the more sustainable synthesis of heterocycles.[56] A particularly interesting 
heterocyclic moiety are pyrroles, due to their wide array of applications in the life-sciences 
(pharmaceuticals, agrochemicals, natural products) and other sectors (dyes, materials, etc.).[57]  
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Figure 8. Common pharmaceutically and biologically relevant structures containing pyrroles (red). 

Historically, pyrroles were prepared via condensation reactions according to the classical 
Hantzsch, Knorr or Paal-Knorr protocols (see Scheme 5).[58] Particularly the latter two named 
reactions are still applied quite regularly today, both in academia and industry, due to their high 
atom-economy, widely available starting materials and benign byproducts (water).[58] 

 

Scheme 5. Traditional pyrrole syntheses and more recent sustainable redox approaches. 

Recent green chemistry approaches rely on coupling these classic methods with sustainable 
redox-processes leading to the development of multicomponent reaction cascades. The main 
benefit of cascade (a.k.a. tandem or domino) reactions is the decrease in necessary synthetic 
steps, resulting in additional savings in labor, time, resources and generated waste.[59] 
Oxidative cascades for pyrrole synthesis typically proceed via base metal-catalyzed 
dehydrogenation of alcohols followed by cyclization.[60] For N-aryl pyrroles however, several 
reductive processes starting from 1,4-dicarbonyls and nitroarenes using heterogeneous 
catalysts have been developed recently.[61] Since nitroarenes are widely available and since 
nitro reduction is one of the most common industrial methods for amine synthesis (particularly 
for arylamines), a direct reductive protocol from nitroarenes to N-aryl pyrroles is therefore 
highly favorable. However, the current heterogeneous methodologies are conducted under 
harsh conditions unsuitable for producing highly functionalized and thus sensitive drug 
molecules.[61] Our recent advances on applying milder homogeneous iron catalysts for this 
transformation will be discussed in Chapter 2.2 below. 
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1.4.3 Cobalt Carbonyls in Carbonylation and Hydrogenation Catalysis 

Homogeneous cobalt catalysis has a long history. The cobalt-catalyzed hydroformylation, also 
called the “Oxo-process”, was discovered by Otto Roelen in 1938.[62] It is generally considered 
the oldest and most important homogeneous transition metal-catalyzed chemical process in 
the world, producing ca. 10 million tons of oxo-products every year.[63] Roelen postulated that 
this process, which forms a mixture of iso- and n-aldehydes from synthesis gas (CO/H2) and 
olefins, is likely catalyzed by a homogeneous organometallic complex.[62] This sensitive and 
volatile complex HCo(CO)4 was just previously discovered by Hieber in 1932.[64] The generally 
accepted mechanism for hydroformylation was described by Heck (Nobel prize 2010) and 
Breslow in 1961 (see Scheme 6).[65] 

 

Scheme 6. Generally accepted mechanism for the cobalt-catalyzed hydroformylation of olefins.[63] 

While highly selective Rh-based catalysts had started replacing cobalt in several 
hydroformylation applications in the 1970s, currently due to the volatile and high prices of 
rhodium, as well as the increased interest in earth-abundant catalysis, cobalt catalysts are still 
highly relevant, not just in hydroformylation but also in other fields, such as hydrogenation.[66] 
A particular cobalt-catalyzed hydrogenation reaction investigated in this thesis is the reductive 
etherification reaction. 

1.4.3.1 Reductive Etherification, a Sustainable and Milder Protocol for Ether Synthesis 

Ethers are ubiquitous organic chemicals, used as solvents, fragrances, fuel additives, 
pharmaceuticals, polymers and more.[67] Since the traditional Williamson or acid-catalyzed 
protocols for ether synthesis require harsh conditions, generate stoichiometric waste or have 
low selectivity, reductive etherification of aldehydes in the presence of alcohols has arisen as 
a more selective and sustainable alternative.[68] Classic reductive etherification protocols 
typically relied on (over)stoichiometric silane or borane reducing agents, resulting in large 
amounts of waste and thus poor atom-economy.[68]  
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Scheme 7. Traditional pathways vs. more selective and sustainable reductive ether synthesis. 

Therefore, modern procedures have focused on molecular hydrogen as a greener and more 
atom-economical reducing agent. Early variants mainly relied on heterogeneous precious 
metal hydrogenation catalysts.[69] Yet recently in 2015, Yi and Kalutharage reported a 
homogeneous ruthenium-catalyzed protocol,[70] whereas in 2017, Soós and coworkers 
explored metal-free frustrated Lewis pair (FLP) catalysts for the same reaction.[71] In chapter 
2.3, our approach to apply the base metal cobalt in combination with a promoter as a catalyst 
for this transformation will be discussed. 

  



2 Research Summary 

17 
 

2 Research Summary 

2.1 Manganese PNN-Pincer-Catalyzed Hydrogenation of N-Heterocycles at 

Ambient Temperature 

2.1.1 Catalyst Synthesis and Characterization  

As discussed in the introduction, manganese catalysts and especially manganese pincer 
complexes have become a viable alternative to precious metal catalysts in hydrogen transfer 
reactions. Earlier research by our group on Ru-PN and Ru-PNN pincer catalysts showed 
improved hydrogenation of nitriles and esters when catalysts contained one electron-rich 
imidazolyl nitrogen donor moiety on the ligand instead of other nitrogen or phosphorus 
donors.[72] Additional work on manganese-catalyzed amide hydrogenation supported this 
trend.[43a] Inspired by these results, we set out to synthesize a small family of imidazolyl-PNN 
ligands and their corresponding manganese(I) complexes in order to test their reactivity in 
catalytic hydrogenation reactions (Scheme 8). The ligands could be synthesized in a one-pot 
reductive amination procedure starting from commercially available methyl imidazolyl aldehyde 
and a variety of aminophosphines. The phosphorus substituents and bridge length of the 
aminophosphines were varied to test for steric, electronic, and/or bite-angle effects on catalyst 
activity and stability. Without the need for further purification, the crude ligands could then be 
reacted with manganese pentacarbonyl bromide in refluxing tetrahydrofuran to give the 
corresponding manganese pincer complexes in high yield and just two synthetic steps overall. 

 

Scheme 8. Synthesis of imidazolyl-PNN pincer ligands (center) and their corresponding manganese 
complexes.  

The obtained complexes were fully characterized by standard analytical techniques including 
single-crystal X-ray diffraction. This revealed that all six complexes show a slightly distorted 
octahedral geometry as to be expected for a low-spin d6 manganese(I) complex. Furthermore, 
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they are cationic and contain a facially coordinated pincer ligand, the remaining three 
coordination sites being occupied by carbonyl ligands. The bromide anion, a comparably 
weakly-binding ligand, is expelled from the coordination sphere and not directly coordinated. 
The facial geometry of the complex is somewhat unusual since typically one would expect a 
pincer ligand to bind in a planar meridional fashion. However, in manganese tricarbonyl 
complexes facial pincer geometry is observed more frequently and can be explained both 
electronically and sterically.[40c] The strong trans effects of the carbonyl ligands in the 
manganese pentacarbonyl bromide precursor preferentially labilize two trans-binding CO 
ligands as well as the trans bromide, leading to more facile substitution at the facial positions. 
Additionally, the smaller steric demand of the imidazolyl N-donor ligand, compared to for 
example a bulky dialkylphosphine moiety, allows the flanking P and N donors to be closer 
together and thereby cis to each other. Exemplary computations on Mn-1b and Mn2-b also 
revealed that the effect is not only kinetic in nature but also showed the facial complexes to be 
ca. 5 kcal/mol more stable than their meridional analogs. 1H NOESY-NMR experiments of 
Mn-1b and Mn-2b further revealed that the fac-geometry is not only present in the solid state 
but also maintained in solution by showing a proximity coupling between imidazolyl and 
alkylphosphine protons. The ligand variations directly translate into geometrical changes in the 
crystal structures of the six complexes. While changing the PNH-tether length from ethylene, 
which forms a 5-membered chelate ring, to propylene, giving a 6-membered chelate, an 
increase of the P–Mn–NH bite angle from around 82° to near 90°, the ideal octahedral angle, 
is observed (see Table 3).  

Table 3 Selected bond angles and distances of manganese PNN-pincer complexes.[43a] 

Complex Tether length P-Substituent P–Mn–NH angle P–Mn bond length 

Mn-1a 2 C-atoms Ph 82.9° 2.33 Å 
Mn-1b 2 C-atoms iPr 82.2° 2.34 Å 
Mn-1c 2 C-atoms tBu 82.3° 2.44 Å 
Mn-2a 3 C-atoms Ph 87.7° 2.33 Å 
Mn-2b 3 C-atoms iPr 88.7° 2.35 Å 
Mn-2c 3 C-atoms tBu 91.2° 2.46 Å 

 

It should be noted that this change in bite-angle has little to no effect on the P–Mn bond 
distances, leading one to conclude that the bond strength and consequently the complex 
stability is not strongly impacted by the variation in bite-angle. Furthermore, while Ph and iPr 
substituted phosphine pincers give close to the expected bond lengths for a Mn–P single bond 
(sum of covalent radii 2.30 Å),[73] the tBu phosphine Mn bond is significantly elongated. This 
means that the steric bulk of the bis(tert-butyl) phosphine variant is likely leading to a weakened 
Mn–P bond thereby leading to a somewhat destabilized pincer complex. IR stretching 
vibrations of carbonyl ligands are a good handle for the electron-richness of a metal complex, 
lower wavenumbers indicating a weakened C≡O triple bond due to increased back-bonding 
from the metal center to the carbonyl ligand. From IR data one can therefore deduce, that the 
e-donor capabilities of the phosphine substituents on the manganese center improve in the 
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order of Ph2P << iPr2P < tBu2P, which is in accordance with their inductive effects, as well as 
with previous reports from Liu and seminal reports by Tolman.[74, 43b] Furthermore, the IR 
stretching vibrations confirm the desired increased σ-donation of the basic imidazole donor 
compared to weaker arylphosphine or pyridyl donors, in line with studies conducted by Liu on 
Mn-amide complexes.[43b] Even though the novel complexes contain electron-rich phosphine 
and nitrogen ligands, they show remarkable stability to air in the solid state, which is nontrivial 
for low-valent 3d metal catalysts, which generally tend to be more sensitive than their precious 
metal analogs. This property (the air-stability), aside from their comparable reactivity to 
precious metals, might be the main reason why low-valent manganese(I) complexes have 
found so much interest in the catalysis research community since the first breakthrough reports 
were published in 2016.[38]  

2.1.2 Catalytic Testing and Scope 

Continuing on from the earlier studies on amide hydrogenation, further screening in our group 
revealed that the new catalysts are not just active towards amides, but also showed 
hydrogenation activity for several other substrate classes including aldehydes, ketones, 
nitriles, and quinolines.[43a] The latter being arguably the most interesting substrates due to 
their desirable biological properties. As discussed in the introduction, Liu and coworkers had 
achieved this transformation using specific manganese pincer complexes.[43b, 46] However, they 
needed drastic reaction conditions of 80-120 °C and 60-80 bar hydrogen pressure.[43b, 46] The 
simple Mn(CO)5Br-catalyzed protocol simultaneously reported by our group enabled 
significantly milder conditions, but has some shortcomings regarding substrate scope.[44] 
Interestingly, initial tests of our small catalyst library revealed that particularly the 
propylene-bridged Mn-2b showed intriguing reactivity for quinoline hydrogenation, which could 
potentially outperform both systems of Liu et al. as well as Mn(CO)5Br in terms of catalyst 
activity and applicability. We therefore decided to select Mn-2b as our benchmark catalyst as 
well as quinoline (1a) as the benchmark substrate and do a thorough optimization of the 
reaction conditions to test the limits of this novel catalyst (Highlights in Table 4). Initial solvent 
and additive screening revealed that alcohols (EtOH, iPrOH, tamylOH) and alkoxide bases 
resulted in the highest catalytic activity in combination with Mn-2b. Therefore, we settled on 
iPrOH as solvent and solid KOtBu base as additive for the further screening. Starting from 
relatively harsh conditions of 140 °C, 40 bar H2 and 5 mol% catalyst, which gave decent 
conversion and yields (Entries 1 and 2), we went to consecutively milder conditions. Since 
iPrOH could also act as a hydrogen donor in transfer hydrogenative fashion, a control reaction 
without hydrogen gas was conducted (Entry 3). However, a massive reduction in both 
conversion and yield was observed, pointing towards transfer hydrogenation being only a 
minor pathway. Stepwise decreases in temperature from 140 to 100, 80 and then 60 °C, as 
well as simultaneous reduction in catalyst loading indicated that the catalyst Mn-2b shows 
excellent performance under more favorable conditions, giving full conversion and quantitative 
yields in all three cases (Entries 4-6). Further reducing the reaction temperature (from 60 °C 
to RT) and/or hydrogen pressure (from 40 bar to 20 bar) showed a negative effect, giving 
decreased but still acceptable yields of 61 to 76% (Entries 7 and 9). A control reaction further 
revealed that in the absence of base no reduction takes place (Entry 8). This is in line with 
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previous reports on manganese pincers and conforms to Noyori’s metal-ligand bifunctional 
mechanism, which is likely at work here.[40c] At this point, we decided to reevaluate the solvent 
and base additive again since the conditions were now significantly different to the original 
screening conditions and maybe new effects would arise at milder conditions. As expected, 
the screening revealed that at room temperature and only 20 bar of hydrogen tertiary amyl 
alcohol (tamylOH) was superior to iPrOH. In addition, a marked improvement in reactivity was 
observed when the base additive (KOtBu) was predissolved in THF before addition to the 
reaction mixture (Entry 10), leading to unprecedented full conversion and near quantitative 
yield of the corresponding 1,2,3,4-tetrahydroquinoline (2a) at ambient temperature. We believe 
a likely explanation for the enhanced reactivity is the improved mixing of catalyst and base 
during the precatalyst activation, which leads to a higher concentration of the active catalyst 
species in solution. Further reductions in hydrogen pressure or catalyst loading coincided with 
slight decreases in both conversion and yield (Entries 11 and 12). Notably, catalyst Mn-2b 
even showed hydrogenation activity under both ambient temperature as well as pressure (1 
bar H2). While the yield is only poor (25%), these conditions represent, to the best of our 
knowledge, the mildest ever achieved with a homogeneous earth-abundant catalyst for this 
type of reaction. Moreover, this exemplifies a significant improvement of the previously 
developed catalysts in and outside of our own group, including Mn(CO)5Br. 

Table 4 Optimization of conditions for the manganese-catalyzed quinoline hydrogenation. 

 
Entry H2 [bar] T [°C] Mn-2b [mol%] Conv. 1aa Yield 2aa 

1b 40 140 5.0   79% 77% 
2 40 140 5.0   85% 84% 
3 - 140 2.5   13% 11% 
4 40 100 2.5 >99% 99% 
5 40   80 2.5 >99% 99% 
6 40   60 2.5 >99% 99% 
7 20   60 2.5   78% 76% 
8c 20   60 2.5     0%   0% 
9 20   RT 2.5   61% 61% 
10b,d 20   RT 2.5 >99% 97% 
11b,d 20   RT 2.0   85% 83% 
12b,d  10   RT 2.5   93% 85% 
13b,d   1   RT 2.5   30% 25% 
14e   1   45 2.0 (Mn(CO)5Br)   25% 10% 

Reaction conditions: 1a (0.5 mmol), KOtBu (10 mol%), iPrOH (2 mL), 16 h. a Determined by GC using 
hexadecane as internal standard. b tamylOH (2 mL). c without KOtBu. d using KOtBu in THF (1 M). e see 
Ref. 44. 
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Having found optimal conditions for our benchmark substrate quinoline (see Entry 10), we 
investigated if Mn-2b not only possesses improved catalytic activity but also an improved 
general applicability in comparison to previous systems. Therefore, a scope of quinolines and 
related N-heteroarenes was prepared and directly compared to the simple but effective 
Mn(CO)5Br system (Scheme 9). Initially, we put our focus on steric and electronic variations of 
the quinoline core. Substrates containing electron-donating as well as electron-withdrawing 
functional groups were converted well (see Examples 2c-2k). Furthermore, substituents with 
increasing steric demand were tolerated at various positions on the heterocyclic ring. A notable 
example is substrate 1c, which contains an aryl group in the 3-position and thus gave poor 
yields with Mn(CO)5Br even under more drastic conditions, but with our novel catalyst system 
it provided a good isolated yield of 72%. Substituents on the 8-position (1f, 1h, 1i) had also 
been particularly challenging previously, but novel Mn-2b converted these compounds very 
efficiently. 

 

Scheme 9. Hydrogenation scope of quinolines and related N-heterocycles: Direct comparison of Mn-2b 
with Mn(CO)5Br (grey).[44] a 50 bar H2, 100 °C. b 80 °C. c 20 bar H2, 80 °C, 4 mol% Mn(CO)5Br. d 40 bar 
H2, 80 °C. e 60 °C. f 20 bar H2, 60 °C, 4 mol% Mn(CO)5Br. g 20 bar H2, 80 °C. h 20 bar H2, 60 °C. i 50 
bar H2, 150 °C. j Combined yield. 

Next, related heterocycles such as isoquinoline (1l), quinoxaline, (1m) 1,5-naphthyridine (1n), 
and acridine (1o), were all reacted at room temperature giving very good to excellent yields. 
Benzo[h]quinolines (1p, 1r) were also suitable substrates. However, using both Mn(CO)5Br 
and Mn-2b slightly harsher conditions (60-80 °C) were necessary. A huge improvement in 
reactivity was observed for substrates containing multiple basic nitrogen atoms, that could 
potentially inhibit a catalyst by coordinating to the metal center in bidentate fashion. While 
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Mn(CO)5Br showed no conversion for any of these substrates (1q, 1s-2w), our newly 
developed pincer catalyst system was able to hydrogenate the majority of them quite 
effectively. Even 2,2’-biquinoline (1q) and strongly-coordinating phenanthroline (1t) could be 
converted. Interestingly, while in the former substrate both heteroarene rings were fully 
hydrogenated, in the latter phenanthroline (and its derivates) only one N-containing ring was 
hydrogenated. This gives rise to intriguing unsymmetrical bidentate NNH-ligand motives. A 
possible explanation for the different reactivity in the case of phenanthroline is that after the 
hydrogenation of the first ring, the newly formed amine donor stays directly attached to the 
remaining heteroaromatic system. The resulting strong +M-effect of the amine then leads to a 
decreased electrophilicity of the remaining quinolyl moiety, impeding further nucleophilic metal 
hydride attack. Another prominent substrate is 1,8-naphthyridine (1w) since its hydrogenation 
is an important step in the synthesis of several pharmaceutical candidates.[75] While Mn-2b 
gave full conversion and a good combined isolated yield of 80% at ambient temperature, 
simple Mn(CO)5Br was again totally inactive towards this substrate. Lastly, it is worth noting 
that even the challenging electron-rich heteroaromatic indole (2x) showed some conversion to 
the corresponding dihydro-indole when applying our new catalyst at elevated temperatures. 
To summarize Mn-2b displayed remarkable hydrogenation activity under mild conditions as 
well as a significantly improved substrate scope. In fact, 9 out of the 24 substrates tested in 
this study gave no reduction at all when using Mn(CO)5Br. For ordinary substrates Mn(CO)5Br 
might remain the catalyst of choice due to its simplicity, commercial availability, and 
affordability. However, when keeping in mind that pharmaceutical building blocks are often 
highly complex, multi-functionalized molecules, it is evident that the newly developed pincer 
system is a valuable improvement to the state of the art, due to its mildness and generality.   

2.1.3 Mechanistic Investigations 

To get further insights into the catalytic mechanism and some reasoning as to why Mn-2b 
shows such improved hydrogenation activity in comparison to e.g. Mn-1b, mechanistic studies 
using analytical, as well as computational methods, were conducted. Extensive mechanistic 
studies on Mn-1b had been conducted earlier by Liu et al. in their seminal 2019 report.[43b] To 
confirm that Mn-2b also functions via Noyori’s metal-ligand bifunctional mechanism, we started 
our investigation by treating Mn-2b with base to deprotonate its acidic N–H in the pincer 
backbone (see Scheme 10).  

 

Scheme 10. Activation of precatalysts Mn-1b/Mn-2b forming amide species Mn-N-1b/Mn-N-2b. 

Doing so, we were able to isolate the corresponding manganese amide species Mn-N-2b as 
a highly sensitive deep red-purple solid. Unfortunately, we were unable to obtain crystals 
suitable for X-ray diffraction analysis. Therefore, Mn-N-2b was analysed extensively by NMR 
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and IR. The amido species’ 31P NMR resonance at 84.9 ppm is significantly shifted to lower 
field in comparison to the resonance of the parent complex Mn-2b at 39.5 ppm. Additionally, 
its 1H NMR spectrum appears considerably simpler than before, indicating an increase of 
symmetry in Mn-N-2b, likely due to the formation of a trigonal-bipyramidal complex structure 
with a now meridionally coordinated PNN pincer ligand (as depicted in Scheme 10). This 
assignment is further corroborated by 1H NOESY experiments, which no longer show promixity 
of the iPr2P and methyl-imidazolyl moeties. Characterization by IR showed two characteristic 
CO vibrational bands at 1896 and 1818 cm-1 for both Mn-N-2b as well as Mn-N-1b, indicating 
no significant difference in electronics of the ethylene vs. propylene bridged amide complexes. 
Reactivity differences are therefore probably induced by different (e.g. steric) features. To test 
if Mn-N-2b is prone to ligand exchange or substrate coordination, NMR experiments were 
conducted in which substrate was dosed to a solution of amido complex. However no 
interaction could be observed in 1H or 31P NMR. Identical observations were made for 
Mn-N-1b. This points towards H2 activation being the directly consecutive step following 
catalyst activation by base. This “hydrogen-first” mechanism is common for this type of pincer 
complexes, which typically function via an outer-sphere bifunctional hydrogenation 
mechanism.[29a] Furthermore, no sign of hemilability of neither the imidazole-N  nor the 
diisopropylphosphine-P donor was detected for the amido species. Next, we set our eyes on 
studying the proposed manganese hydride species. Initially, we tried generating the 
manganese hydride by treating Mn-N-2b with 1 bar of H2 in benzene in the absence of 
substrate (Scheme 11). After this failed to produce any measurable hydridic species, we 
decided to switch the solvent to more polar THF and increase the hydrogen pressure to 20 bar.  

 

Scheme 11. Test reactions to generate manganese hydride MnH-NH-2b from Mn-N-2b.  

Indeed, after 20 h we were then able to observe a broad doublet at -9.1 ppm in the 1H NMR 
indicative of a manganese hydride (see Figure 9). The peak splitting can be attributed to a 1H-
31P 2J coupling from the hydride ligand to the phosphine ligand. The coupling constant of 53 
Hz suggests a cis H–Mn–P configuration in line with the expected structure MnH-NH-2b shown 
in Scheme 11. The hydride species was very sensitive and all attempts to isolate it failed. Very 
likely this species is only stable under an atmosphere of H2. 
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Figure 9. 1H NMR of in situ generated Mn-N-2b after treatment with 20 bar hydrogen for 20 h. (*) hydride 
signal of proposed active hydride complex MnH-NH-2b.[76] 

Due to the sensitivity observed for both Mn-N-2b and tentative MnH-NH-2b we decided to 
further analyse the catalyst activation via React-IR in situ studies. Therefore, we titrated a 
suspension of Mn-2b in THF with a solution of KOtBu, while monitoring the reaction by IR, 
specifically focussing on changes in the characteristic carbonyl region (Figure 10). After 
addition of 1 equivalent of KOtBu the three distinctive carbonyl peaks of Mn-2b immediately 
dissappeared and two new peaks (1867, 1781 cm-1) at significantly smaller wavenumbers 
appeared. This indicates loss of one carbonyl ligand with the concomitant formation of a 
significantly more electron-rich, previously unknown species. We assigned this species 
tentatively as alcoholate species MnOtBu-NH-2b, which likely forms initially and is in 
agreement with previous mechanistic studies on basic Mn-pincer activation.[77] Upon adding 
further equivalents of base (2, 3, and 4 equiv.) a new set of signals slowly appeared at 1815 
and 1894 cm-1. These are in accordance with the already isolated amido species Mn-N-2b 
discussed above. 

 

Figure 10. React-IR spectra during basic catalyst activation of Mn-2b.[76] 

When such a mixture of MnOtBu-NH-2b and Mn-N-2b was placed under a hydrogen 
atmosphere (20 bar), we were unable to detect any new set of carbonyl peaks ascribable to 
MnH-NH-2b by React-IR over the course of 4 h. Potential explanations for this could be a 
spectral overlap of the hydride species with the alkoxide/amido species, the slow formation of 
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the hydride species at room temperature, or the large amount of background “noise” in the IR 
setup. Now, having a rough idea in mind of the sequence of events taking place during the 
catalyst activation, computational experiments were conducted in collaboration with the group 
of Prof. Haijun Jiao to check if our observations are in line with theoretical expectations. 

 

Scheme 12. Proposed catalyst activation pathway and DFT computed Gibbs free energies. 

Initial calculations focussed on the energies for the elimination of tert-butyl alcohol from 
MnOtBu-NH-2b to form amide species Mn-N-2b and the following reaction of the latter with 
hydrogen gas to form hydride species MnH-NH-2b (Scheme 12). The computed Gibbs free 
energy for alcohol elimination was very slightly exergonic by -1.0 kcal/mol, while the computed 
energy for the addition of hydrogen to Mn-N-2b was slightly endergonic by 2.8 kcal/mol. The 
overall small energy differences between the three species support the possibilty of an 
equilibrium with co-existence of all three species in the catalytic reaction. The endergonicity of 
the hydrogen activation step explains the difficulties observed experimentally when 
investigating the hydride species MnH-NH-2b. Since hydrogen elimination from MnH-NH-2b 
is exergonic, the equilibrium is likely shifted towards the amido species, which is in accordance 
with the previous spectroscopic results.  

Additionally, we wanted to investigate if computation could give some insight as to why Mn-2b 
has such improved catalytic activity compared to Mn-1b. DFT calculations revealed hydrogen 
activation by the amido species to be the rate determining step of the quinoline hydrogenation 
reaction. While the energetic barrier for H2 activation was calculated to be 23.6 kcal/mol for 
Mn-N-1b, it was calculated as 21.1 kcal/mol for Mn-N-2b. This 2.5 kcal/mol lower energy 
barrier may explain the increased catalytic activity of Mn-N-2b, especially at lower 
temperature. Furthermore, it was shown that hydrogen transfer from the corresponding 
manganese hydrides to quinoline also has a lower energetic barrier for MnH-NH-2b (15.9 
kcal/mol) compared to MnH-NH-1b (18.4 kcal/mol), see Scheme 13. Once more indicating, 
that Mn-2b derived propylene-bridged pincers form active species with a higher kinetic activity.  
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Scheme 13. DFT calculated energy barriers (kcal/mol) for the hydrogen transfer 
from MnH-NH-2b/MnH-NH-1b to the quinoline substrate.  
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2.2 Mild Iron-Catalyzed Reductive Cascade Synthesis of Pyrroles from 

Nitroarenes  

2.2.1 Catalyst Screening and Optimization 

As discussed in the introduction, pyrroles are indispensable building blocks in our modern fine 
chemical and pharmaceutical industries. Inspired by the earlier work on heterogeneous cobalt- 
and iron-catalyzed cascade pyrrole syntheses from nitroarenes, we identified several 
shortcomings of the previous methods such as the need for harsh reaction conditions (100-
120 °C) and in several cases the need for basic additives (Et3N, DBU).[61] These issues 
disagree with the green chemistry principles discussed in the introduction, which recommend 
running reactions at ambient temperature without any additives.[8] To address these 
drawbacks, we therefore decided for the first time to test homogeneous iron catalysts for this 
type of reaction due to their favorable abundance, low toxicity as well as their likelihood of 
exhibiting improved reactivity. Such iron catalysts would need to be tolerant of acid and water, 
as well as chemoselective for nitro reduction over carbonyl reduction. Finding a homogeneous 
3d metal catalyst that fulfills all these requirements is far from trivial, since 3d metal complexes 
are generally less stable than their corresponding 4d or 5d counterparts.[78] In line with our 
expertise in the field of iron catalysis we decided to try the reliable iron Tetraphos system, 
which had previously shown very favorable reactivity for nitroarene transfer hydrogenation with 
formic acid under mild conditions.[54c] Interestingly, formic acid could play a dual role as both 
the reductant as well as the Brønsted acid catalyst for the following Paal-Knorr reaction in our 
desired cascade. We therefore started a screening using simple nitrobenzene (3a) and 
hexane-2,5-dione (4a) as benchmark substrates (Table 5). We were pleasantly surprised to 
find that applying the identical conditions used for nitroarene transfer hydrogenation (EtOH 
solvent, 40 °C, 2h) lead to full conversion of the nitrobenzene starting material and 99% GC 
yield of the corresponding phenyl dimethyl pyrrole (5a) (Entry 1). Highlighting the remarkable 
chemoselectivity, no reduction of hexane-2,5-dione was observed. Furthermore, reducing the 
temperature to room temperature was also possible when running the reaction for slightly 
longer time (5 h, Entry 5). At this point control reactions were conducted, proving that without 
iron source, ligand or formic acid, no reaction took place (Entries 2-4). Since solvents have a 
big impact on the reactivity as well as the sustainability of a process, being the main cause of 
waste and energy-usage, a solvent screening was conducted next (Entries 9-13).[79] Under 
these conditions, none of the tested solvents performed better than EtOH, which is already 
quite a sustainable solvent due to its biorenewability and biodegradability.[80] Pursuing our 
investigations with EtOH, we then investigated alternative iron sources (Entries 6-8). Replacing 
iron tetrafluoroborate with iron triflate also lead to near quantitative yield, while using the 
commercially available molecularly defined complex Fe-1 gave drastically reduced yields of 
24%. Likely its unusual tetraphenylborate anion is responsible for this drop in yield, because 
simply switching to the tetrafluoroborate anion in the related complex Fe-2 again lead to very 
good yields. Nevertheless, since the in situ prepared catalyst showed superior performance, it 
was applied for further studies. Notably, also hydrogen gas could be used as a reductant in 
this iron-catalyzed cascade reaction (Entries 14-16). Particularly good performance was 
observed when using a slightly modified Ph-Tetraphos ligand. To the best of our knowledge, 
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this represents the first time that such an iron cascade protocol could directly apply molecular 
hydrogen. However, the direct hydrogenation conditions needed to be more drastic (20 bar, 
100-120 °C, TFA additive) and therefore the focus was put on the significantly milder transfer 
hydrogenation protocol. 

Table 5. Optimization of the iron-catalyzed reductive cascade pyrrole synthesis.  

 

Entry Metal salt Ligand Solvent Reductant Yield 5aa 

1b Fe(BF4)2·6H2O Tetraphos EtOH HCO2H 99% 
2 Fe(BF4)2·6H2O - EtOH HCO2H   0% 
3 - Tetraphos EtOH HCO2H   0% 
4 Fe(BF4)2·6H2O Tetraphos EtOH -   0% 
5 Fe(BF4)2·6H2O Tetraphos EtOH HCO2H 97% 
6 Fe(OTf)2 Tetraphos EtOH HCO2H 99% 
7 Fe-1, [Fe(Tetraphos)F][BPh4] EtOH HCO2H 24% 
8 Fe-2, [Fe(Tetraphos)F][BF4] EtOH HCO2H 87% 
9 Fe(BF4)2·6H2O Tetraphos iPrOH HCO2H 89% 
10 Fe(BF4)2·6H2O Tetraphos THF HCO2H 40% 
11 Fe(BF4)2·6H2O Tetraphos Dioxane HCO2H 25% 
12 Fe(BF4)2·6H2O Tetraphos DMC HCO2H 47% 
13 Fe(BF4)2·6H2O Tetraphos H2O HCO2H   0% 
14c Fe(BF4)2·6H2O Tetraphos THF H2 16% 
15c Fe(BF4)2·6H2O Ph-Tetraphos THF H2 96% 
16d Fe(BF4)2·6H2O Ph-Tetraphos THF H2 99% 

Reaction conditions: 3a (0.5 mmol), 4a (1.2 equiv.), Fe(BF4)2·6H2O (5 mol%), Tetraphos (5 mol%), 4.5 
equiv. HCO2H, EtOH (2 mL), 25 °C, 5 h. a Determined by GC using hexadecane as internal standard. 
b 40 °C, 2 h. c Fe(BF4)2·6H2O (2 mol%), Ph-Tetraphos (2 mol%), 20 µL TFA, 20 bar H2, THF (1.5 mL), 
120 °C, 2 h. d Fe(BF4)2·6H2O (2 mol%), Ph-Tetraphos (2 mol%), 20 µL TFA, 20 bar H2, THF (1.5 mL), 
100 °C, 6 h. 

To summarize, as initially proposed, by changing from heterogeneous cobalt and iron catalysts 
to a homogeneous iron catalyst, it was possible to perform the same type of transfer 
hydrogenation reaction under significantly milder conditions. Due to the high catalytic activity 
of the iron Tetraphos catalyst, a remarkable reduction of reaction temperature from 100-120 
°C to ambient temperature, as well as a reduction of reaction time by >50% was possible, while 
at the same time avoiding any use of additives.[61] 
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2.2.2 Scope of the Iron-Catalyzed Reductive Paal-Knorr Cascade 

To investigate if the previous improvements would also translate into a more general 
applicability of this catalyst system, an extensive substrate scope was prepared (Schemes 14 
and 15). Because pyrroles are important building blocks in the pharmaceutical and 
agrochemical industries, special attention was put on including diverse functional groups 
commonly present in bioactive agents. Beginning with the simple benchmark substrates, 
phenyl dimethyl pyrrole 5a was isolated in excellent yield (91%). To gauge the influence of 
steric bulk on the catalytic performance, bulky 2-isopropyl nitrobenzene 3b was tested next, 
giving a good isolated yield of 72%. Aryl halides are ubiquitous both as intermediates as well 
as final products in the fine chemical industries. An undesired side reaction commonly 
encountered with precious metal catalysis is reductive dehalogenation.[81] Pleasingly, applying 
our mild iron based protocol, aryl fluorides 3c, chlorides 3d, bromides 3e and even iodides 3f 
were all converted well without any sign of dehalogenation. Additionally, trifluoromethyl-
containing nitroarene 3g gave a good isolated yield, proving that electron-poor substrates are 
well-tolerated. Neither alkene hydrogenation, nor alkene polymerization was observed when 
transforming 4-nitrostyrene to its corresponding pyrrole 5h, highlighting again the remarkable 
chemoselectivity of this system. Substrates containing electron-donating groups including 
ether 3j, thioether 3i and phenol 3k also showed good reactivity. The latter two substrates are 
particularly challenging since sulfur-containing 3i is known to inhibit precious metal catalysts,[82] 
while 3k is rather acidic (pKa(H2O) =7.15), which could cause problems when applying 
catalysts that are only active under neutral or basic conditions.[83] Still, our acid-tolerant iron 
catalyst gave good to excellent yields in both cases. Due to their use in cross-coupling 
reactions and pharmaceuticals, organoboron compounds are widely employed in industry and 
academia. Such compounds can be sensitive to protodeboronation under harsh aqueous 
conditions.[84] Interestingly, when applying our mild protocol, boronic acid 3m and 
corresponding boronate 3l were smoothly converted to the corresponding pyrroles, without 
any signs of protodeboronation. Excellent chemoselectivities were also observed with carbonyl 
group containing ketone 3n, ester 3o and amide 3p. Notably, primary amides such as 3p are 
rarely part of catalytic substrate scopes due to their coordinating ability as well as their two 
protic hydrogens. Importantly, no pyrrole formation was observed on the amide nitrogen of 3p. 
At this point we investigated the effect of varying the 1,4-dicarbonyl precursor, since most of 
the previous reports on this type of cascade reaction had shown little diversity in this respect.[61] 
Thus, we were able to synthesize 2,3,4,5-unsubsituted 5q, 2-alkyl 1,5-diaryl pyrrole 5r, 
challenging 1,2,5-triaryl 5s and even the fully substituted 5t in very good yields using our novel 
methodology. Particularly the yield of 5s, which was transformed using our more forcing 
hydrogenation conditions, is remarkable since previous methods only provided minimal 
amounts of product for this challenging example.[61]  
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Scheme 14. Scope of nitroarenes for the iron-catalyzed cascade pyrrole synthesis. Reaction conditions: 
3 (0.5 mmol), 4a (1.2 equiv.), Fe(BF4)2·6H2O (5 mol%), Tetraphos (5 mol%), 4.5 equiv. HCO2H, EtOH 
(2 mL), 25 °C, 5 h. a 24 h. b 40 °C, 24 h. c 24 h, from 2,5-dimethoxytetrahydrofuran, after 5 h addition of 
1.5 mL aq. 50% HCO2H. d Fe(BF4)2·6H2O (2 mol%), Ph-Tetraphos (2 mol%), 20 µL TFA, 20 bar H2, THF 
(1.5 mL), 120 °C, 20 h. e Fe(BF4)2·6H2O (3 mol%), Ph-Tetraphos (3 mol%), 20 µL TFA, 20 bar H2, THF 
(1.5 mL), 120 °C, 20 h. 

Because bioactive agents often contain multiple heterocyclic groups beside pyrroles, next we 
looked into how well the catalyst could tolerate heterocyclic substrates. Basic heterocycles that 
could potentially coordinate and thus inhibit a catalyst posed no obstacle for our iron system, 
as demonstrated by pyridine 6a, quinoline 6b and benzimidazole 6d. 5-Nitrobenzofuran 6c 
gave a good isolated yield of 74%, too. Surprisingly, unprotected indole 6e showed low 
conversion and yield. Since related indazole 6g however gave very good conversion and yield, 
we hypothesized that the electron-richness of the indole core is leading to a reduced 
electrophilicity of the corresponding nitro group and thus likely to blame for the decreased 
reduction reactivity. In line with our hypothesis, when the indole nitrogen was Boc-protected in 
example 6f to reduce some of the electron-richness of the indole, the yield increased 
significantly. Similarly reduced reactivites were observed for electron-rich benzodioxole 6h and 
morpholine-substituted 6j. In the latter case however, merely increasing the reaction 
temperature to 40 °C already significantly alleviated these issues. Highlighting again the 
remarkable chemoselectivity, phthalimide derivate 6i, while giving only moderate yields, also 
exhibited no overreduction.  
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Scheme 15. Scope of nitroheteroarenes and late-stage examples for the iron-catalyzed cascade pyrrole 
synthesis. Reaction conditions: 3 (0.5 mmol), 4a (1.2 equiv.), Fe(BF4)2·6H2O (5 mol%), Tetraphos 
(5 mol%), 4.5 equiv. HCO2H, EtOH (2 mL), 25 °C, 24 h. a 40 °C b 0.25 mmol scale, 5h. c 0.25 mmol 
scale. d 0.25 mmol scale, solvent (EtOH/toluene, 1:1, 2 mL). e Fe(BF4)2·6H2O (2 mol%), Ph-Tetraphos 
(2 mol%), 20 µL TFA, 20 bar H2, THF (1.5 mL), 120 °C, 20 h. 

At this point, we switched from evaluating functional group tolerance individually to directly 
applying multifunctionalized drug(-like) molecules to our methodology. The first active 
pharmaceutical ingredient tested was Nimesulide 6k, a COX-2 inhibitor, which gave a decent 
isolated yield of 60%. Next, Nimodipine (6l), a common calcium channel blocker, was 
transformed to 7l in excellent yield. Likewise, dipeptidic endopeptidase probe Z-Gly-Pro-pNA 
gave a very high yield of its corresponding pyrrole 7m. Remarkably, the cascade methodology 
could even be applied to the highly-complex Bcl-2 inhibitor Venetoclax, affording the pyrrol-
modified product 7n in 76% yield. Both Venetoclax (pKa(H2O) =3.4) and Nimesulide 
(pKa(MeOH) =6.5) contain quite acidic sulfonamide groups, but again our catalyst system 
tolerated these groups very well.[85] These four successful late-stage modifications of complex 
molecules clearly underline the outstanding chemoselectivity and robustness of our novel 
protocol. 
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2.2.3 One-Pot Synthesis of the Bioactive Agent BM-635 

In the end, it was important to show that the newly-developed methodology can not only be 
applied to the modification of existing bioactive agents but also to the rapid de novo synthesis 
thereof. We thus selected BM-635, an antitubercular agent with a central pyrrole unit as a 
synthetic target.[86] Traditionally this compound would be synthesized in a three step sequence 
starting from fluoronitrobenzene 3c, which is first hydrogenated to the corresponding aniline 8 

(see Scheme 16).[86b, 86c, 87] Then follows the Paal-Knorr cyclization giving trisubstituted pyrrole 
9 and finally a Mannich reaction affords the desired tetrasubstituted pyrrole scaffold of 
BM-635.[86]  

 

Scheme 16. Synthetic application of the Fe-catalyzed reduction cascade to the synthesis of the 
bioactive agent BM-635: traditional synthesis (top), one-pot gram-scale synthesis (bottom). 

Because the ultimate Mannich reaction is performed under acidic conditions, like our cascade 
protocol, we assumed that it might be possible to perform the whole three step sequence in a 
one-pot cascade fashion, thereby even further reducing the stepcount and purification steps. 
Consequently, we set up a cascade reaction starting from fluoronitrobenzene 3c and diketone 
4u, introducing morpholine and formaldehyde as soon as 3c was fully consumed. Thus, we 
were able to synthesize BM-635 in one-pot fashion giving 32% overall yield of the bioactive 
agent. Statistically this repesents a remarkable average yield of 68% per synthetic step. The 
scaled-up procedure was also successful on gram-scale, yielding 1.27 g of the target 
compound BM-635 in a single batch. This synthetic application of our multicomponent protocol 
highlights the power of cascade reactions in rapidly constructing molecular complexity from 
simple starting materials.  
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2.3 Cobalt-Catalyzed Reductive Etherification and Oxetane 

Transformation 

2.3.1 Screening of Phosphine Oxides and Reaction Optimization 

As discussed in the introduction, catalytic reductive etherification of aldehydes with alcohols 
has been established as a more selective method for the synthesis of unsymmetrical ethers 
over the years. Interestingly, already in 1976 Fleming and Bolker found that simple cobalt 
carbonyl can reduce both in situ formed, as well as isolated acetals, efficiently to the 
corresponding ethers under syngas conditions.[88] However, this protocol was only applied to 
a handful of substrates and needed very harsh conditions, particularly a pressure of 165 bar 
CO/H2 (syngas), which is hard to achieve for most laboratories.[88] Thus, the synthetic method 
never gained significant popularity and was somewhat forgotten. Recent research in our group 
on cobalt carbonyl-catalyzed alkene hydroformylation revealed a remarkable promoting effect 
of phosphine oxides on the catalytic activity, thus allowing hydroformylation at significantly 
lower temperature and pressure.[89] Consequently, we contemplated investigating if such an 
effect could also be observed for a different reaction catalyzed by the same cobalt catalyst. 
With the recently increased focus on sustainable processes in mind, we therefore evaluated if 
the procedure of Fleming and Bolker could be conducted under significantly milder conditions 
when applying phosphine oxide promoters. Thus, we tested a variety of phosphine oxide 
promoters in combination with cobalt carbonyl under significantly milder reaction conditions of 
100 °C and only 40 bar syngas (CO/H2, 1:1) (Table 6). Benzaldehyde was chosen as the 
benchmark substrate and methanol as the alcohol coupling partner. To have a point of 
reference, the reaction was initially conducted in the absence of promoter giving a poor yield 
of 27% of the methyl benzyl ether product 13aa (Entry 1). Adding only 4 mol% of the common 
triphenylphosphine oxide P1 nearly doubled the product yield (51%, Entry 2). Next, different 
trialkylphosphine-derived promoters were tested showing even higher yields (Entries 3-7). This 
is remarkable, since in previous carbonylation reactions triarylphosphine oxide additives gave 
the best yields. In this case however, tributylphosphine oxide P3 showed the highest yield of 
62% (Entry 4). Unsymmetrically substituted (Entries 8-13), as well as potentially bidentate 
phosphine oxides (Entry 14), were also tested. Although they did not outperform 
tributylphosphine oxide P3, it can generally be said that all phosphine oxides tested in this 
study showed some promotional effect and thus improvement in yield. Interestingly, when 
unoxidized tributylphosphine was tested, a near complete shutdown in reactivity was observed 
(Entry 15). It is therefore unlikely that the parent phosphines are responsible for the observed 
promoting effect, nor that phosphine oxides are reduced back to their corresponding 
phosphines under catalytic conditions. Having found a suitable and cheap promoter in P3, 
further screening of reaction parameters was conducted, which lead to the optimized loading 
of catalyst (2 mol%), promoter (6 mol%), and alcohol (2 equiv.), (partial) pressure (40 bar, 1:1 
CO/H2), temperature (120 °C) and solvent (toluene or neat alcohol).  
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Table 6. Evaluation of phosphine oxides in the cobalt-catalyzed reductive etherification.  

 

Entry Promoter/Ligand Yield 13aaa 

1 - 27% 
2 P1, R1=R2=R3=Ph 51% 
3 P2, R1=R2=R3=Me 57% 
4 P3, R1=R2=R3=Bu 62% 
5 P4 R1=R2=R3=Oct 59% 
6 P5, R1=R2=R3=Cy 56% 
7 P6, R1=R2=R3=Ad 56% 
8 P7, R1=Bu, R2=R3=Ad 54% 
9 P8, R1=Hex, R2=R3=Ad 54% 
10 P9, R1=Benzoyl, R2=R3=Ad 38% 
11 P10, R1=2-Naphthoyl, R2=R3=Ad 36% 
12 P11, R1=2-Furoyl, R2=R3=Ad 47% 
13 P12, R1=2-Furoyl, R2=R3=Cy 47% 
14 P13 54% 
15 PBu3   2% 

Reaction conditions: 11a (0.5 mmol), 12a (1.2 equiv.), Co2(CO)8 (2 mol%), promoter (4 mol%), 40 bar 
H2/CO (1:1), toluene (1 mL), 100 °C, 24 h. a Determined by GC using isooctane or hexadecane as 
internal standard. 

2.3.2 Scope of the Cobalt-Catalyzed Phosphine Oxide Promoted Reductive 

Etherification 

To test the generality and versatility of the improved synthetic protocol, a substrate scope was 
prepared (Scheme 17). Initially, aromatic aldehydes were tested. Starting from the benchmark 
substrate benzaldehyde, a very promising isolated yield of 82% of the corresponding ether 
13aa was obtained. Furthermore, this process was successfully scaled up to multigram scale 
giving 7.5 g of benzyl methyl ether in a slightly reduced but still good yield of 71%. Additional 
substituents were then evaluated including electron-donating groups such as ortho/para-
methoxy (13fa and 13ea) or 3,4-methylenedioxy (13ga), which were tolerated well. Likewise, 
electron-withdrawing groups were permitted as exemplified by halogen-containing substrates 
11h, 11i, 11j and 11k or ester 11l, which gave near quantitative yield of the corresponding 
ether 13la. Remarkable functional group tolerance was shown when converting sensitive 
substrates such as pinacol boronate 11m or oxygen- and sulfur-containing heteroaromatics 
11o and 11p. Even though the latter 11p contains a potentially coordinating sulfur atom, no 
catalyst-poisoning was observed. Furthermore, dialdehyde 11n was a suitable substrate, 
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yielding diether 13na in a double reductive etherification protocol in 81%. Unfortunately, alkyl 
aldehyde 11q showed no product formation. The sole isolated product in this case was the 
corresponding dimethyl acetal. This hints at mesomeric stabilization being essential for the 
reaction to proceed efficiently. While this limits the synthetic applicability of our protocol 
somewhat, it should be noted that using this protocol three widely applied ether protecting 
groups could be introduced very efficiently, namely benzyl (Bn), para-methoxybenzyl (PMB) 
and 2-naphthylmethyl (NAP).  Thus, this methodology could still be of significant use to the 
synthetic chemistry community. 

 

Scheme 17. Scope of the cobalt-catalyzed reductive etherification. a Multigram scale. b Neat MeOH. 
c (Dimethoxymethyl)cyclohexane is the sole isolated product.  

Subsequently, we evaluated the reaction performance of various alcohol coupling partners. 
Starting from simple primary alcohols such as ethanol 13ab, Guerbet alcohol 13ac, or 
2-ethoxyethanol 13ad, good to very good yields of the corresponding ethers were obtained. 
The same was observed for alcohols containing ester (13ah) or (hetero)arene moieties (13ae, 
13ai, 13an, 13ao). Switching to more bulky secondary alcohols did not significantly hinder 
reactivity, as exemplified by products derived from simple isopropanol 13af or cyclohexanol 
13ag, as well as the complex natural alcohols menthol 13am, cholesterol 13ak and borneol 



2 Research Summary 
   

36 
 

13al. Interestingly, the trisubstituted alkene functionality of cholesterol is left intact using this 
methodology. Lastly, even poorly nucleophilic tertiary alcohol tert-butanol could be etherified 
in fair yield (13aj), which is considered challenging using traditional methods. 

2.3.3 Control Reactions and Mechanistic Insights 

At this point, several control reactions were devised to gain a deeper understanding of the 
catalytic mechanism (Scheme 18). First, the role of syngas was evaluated by performing 
reactions only in the presence of either hydrogen or carbon monoxide. In neither case was 
product formation observed. Especially under solely hydrogen atmosphere, formation of black 
cobalt (nano)particles was detected, while under merely CO atmosphere the reaction mixture 
remained homogeneous, but no reduction was observed. Thus, hydrogen is likely needed as 
the reductant, while CO gas is probably necessary to stabilize the active cobalt carbonyl 
hydride species. This is in line with previous mechanistic studies by Fleming and Bolker which 
revealed that stoichiometric HCo(CO)4, the proposed active species, can reduce aromatic 
acetals to their corresponding ethers.[88]  

 

Scheme 18. Control reactions into the role of syngas (CO/H2) and possible acetal intermediacy. 

A first hint that acetals might also be intermediates in our phosphine oxide promoted protocol 
was the isolation of an acetal in the case of the non-reduced aliphatic substrate 11q. 
Additionally, acetal traces were found in the scale-up experiment of 11a. A kinetic study 
however revealed no significant build-up of acetal species, probably because they are quickly 
converted further. To investigate this point more, we directly treated aromatic acetal 14 with 
our comparably mild conditions and were delighted to find near quantitative yield of the 
corresponding ether (Scheme 18). Additionally, when benzyl alcohol (15) and methanol were 
treated under the same conditions, only minimal ether formation was observed. Consequently, 
the reaction likely proceeds through (hemi)acetal hydrogenation and not an aldehyde 
hydrogenation/etherification sequence. This is also in line with the generally low hydrogenation 
activity of HCo(CO)4 towards aldehydes when applied in hydroformylation. A more probable 
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explanation is that highly acidic HCo(CO)4 catalyzes the formation of (hemi)acetals from 
aldehydes and alcohols, then protonates the intermediate (hemi)acetal, leading to the 
formation of highly reactive oxocarbenium ions that are finally reduced by the cobalt carbonyl 
hydride to give the ether products (see Scheme 19).  

 

Scheme 19. Proposed reaction sequence of the reductive etherification. 

With regards to the role of the promoter, previous kinetic studies on phosphine oxide promoted 
hydroformylation showed that in the presence of a promoter the induction period was reduced 
from several hours to just minutes. Furthermore, Darensbourg et. al. already showed in the 
1980s that tributyl phosphine oxide specifically is able to labilize CO ligands and instantly 
disproportionate dicobalt octacarbonyl to form deep-blue [(Bu3PO)4Co][Co(CO)4]2.[90] The 
same deep-blue species was observed in our experiments. The anion of this salt [Co(CO)4]- 
represents the deprotonated equivalent of the assumed active species HCo(CO)4, which is 
known to only form slowly from dicobalt octacarbonyl under non-forcing conditions.[63] To check 
if this valence disproportionation of dicobalt octacarbonyl is responsible for the improved 
catalytic activity we selected a Co2+ (Co(OTf)2) and Co1- (K[Co(CO)4]) source and tested their 
reactivity. Interestingly, while both salts individually showed only minimal product formation, 
the combination of Co2+/Co1- salts in a 1:2 ratio, the same stoichiometry as in the previously 
observed [(Bu3PO)4Co][Co(CO)4]2 species, showed excellent activity even in the absence of 
phosphine oxide. This proves that the effect of phosphine oxide is truly just promoting in nature 
by improving the activation of the precatalyst via disproportionation.[63]  

2.3.4 Application of the Cobalt Phosphine Oxide System to Oxetanes: 

Carbonylative Ring Expansion vs. Hydrogenative Ring Opening 

As a follow-up study, we investigated if yet another cobalt-catalyzed reaction could be 
promoted by phosphine oxides. Since the catalytic system had performed so favourably in 
alkene hydroformylation and reductive etherification, we wondered if carbonylation of oxetanes 
to form γ-lactones would also be feasible under our mild conditions. This reaction had first 
been reported in 1989 by Alper and coworkers, using a Co2(CO)8/Ru3(CO)12 catalyst mixture 
under relatively harsh conditions (10 mol% cat. loading each, 60 bar CO, 165-190 °C, 48 h).[91] 
Recently however, increased interest into milder and more economical catalytic systems for 
this transformation has arisen.[92] Therefore, we evaluated our previously developed system in 
the carbonylation of benchmark substrate 3,3-dimethyloxetane 16a, which readily gave 68% 
GC yield of the desired product at significantly milder conditions (see Scheme 20).  
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Scheme 20. Benchmark substrate in the phosphine oxide promoted carbonylation of oxetanes. 
Reaction conditions: 16a (1.0 mmol), Co2(CO)8 (2 mol%), P3 (4 mol%), 40 bar H2/CO (1:1), toluene (2 
mL), 80 °C, 24 h. Yield determined by GC using isooctane as internal standard. 

Even more pronounced than for reductive etherification, in the absence of promoter little to no 
carbonylation of oxetane could be observed. Additionally, even though formally only a 
molecule of CO is inserted into oxetane to give the γ-lactone product, as before, if only CO gas 
was employed instead of syngas, no conversion of starting material was detected. This again 
points towards cobalt carbonyl hydrides as the active species, whose acidity is probably 
necessary for oxetane activation. This is in line with the current literature on Lewis acid assisted 
oxetane carbonylation.[92a] With minor adjustments of the reaction conditions, including a 
solvent switch from toluene to greener dimethylcarbonate (DMC) and a promoter switch from 
Bu3PO (P3) to Cy3PO (P5), we were able to improve the product yield even further (for details 
see original manuscript below). We then applied the optimized conditions to a handful of 
substrates and found an interesting substrate dependent reactivity trend. While 2,4-
unsubstituted oxetanes gave the desired γ-lactone products in moderate to good isolated 
yields, substrates with arene substituents in the 2-position gave hydrogenatively ring-opened 
alcohols as products (see Scheme 21).  

 

Scheme 21. Cobalt-catalyzed ring expansion vs. hydrogenative ring opening of oxetanes. 
Reaction conditions: 16 (1.0 mmol), Co2(CO)8 (2 mol%), P5 (6 mol%), 40 bar H2/CO (1:1), DMC (2 mL), 
100 °C, 24 h. 

The divergent chemoselectivity can be explained by the different stabilities of the formed 
cations when the oxetane is protonated by the acidic HCo(CO)4 (Scheme 22). While in the 
unsubstituted case the formed unstabilized oxonium ion A is likely ring-opened via nucleophilic 
attack of the tetracarbonylcobaltate anion, forming a neutral cobalt hydroxyalkyl species B. 
This species B then inserts CO to form cobalt hydroxyacyl species C, that finally recyclizes 
giving the carbonylated C-1 extended product (17) and the regenerated HCo(CO)4 catalyst. In 
the case of the 2-aryl substituted oxetane however the oxonium ion A likely rearranges to the 
resonance-stabilized ring-opened carbocation D, which is then trapped by a second molecule 
of HCo(CO)4 (or HCo(CO)3) giving the hydrogenated alcohol product 18. This type of 
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hydrogenative quenching of a mesomerically stabilized carbocation is reminiscent of the 
proposed reductive etherification pathway discussed above.  

 

Scheme 22. Proposed catalytic cycles for the cobalt-catalyzed conversion of oxetanes with syngas: 
carbonylative ring expansion (left) vs. hydrogenative ring opening (right).  
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3 Conclusion and Outlook  

The goal of this thesis was the development and application of homogeneous earth-abundant 
catalysts for more sustainable (transfer) hydrogenation reactions, with a particular focus on the 
common 3d transition metals manganese, iron and cobalt.  

In the case of manganese, a novel family of PNN-pincer catalysts was synthesized, fully 
characterized and successfully applied to the challenging hydrogenation of quinolines and 
related N-heterocycles. Extensive mechanistic investigations were conducted, providing 
significant insights into the catalytic metal ligand bifunctional mechanism and reasoning for the 
improved performance of the system. Importantly, the conditions applied in our system are the 
mildest reported for a manganese catalyst to date! Furthermore, the substrate scope could be 
significantly extended, now including even particularly challenging heterocyclic substrates as 
well as industrially relevant building blocks.  

On the subject of iron catalysis, we developed a reductive cascade synthesis of pyrroles from 
nitroarenes, proving that a homogeneous iron system can be remarkably tolerant of acids and 
water, while also providing a higher chemoselectivity than heterogeneous catalysts. Our 
system could use both molecular hydrogen and formic acid as green reducing agents and 
ethanol as a green solvent. Especially under transfer hydrogenation conditions, strikingly mild 
conditions were achieved and there was no need for basic additives as compared to previous 
protocols. Late-stage modifications of several multi-functionalized pharmaceutical agents as 
well as a one-pot gram-scale synthesis of the bioactive agent BM-635 further underlined the 
incredible potential of our system. 

With regards to cobalt, the reductive etherification of aldehydes with alcohols was achieved 
under significantly milder conditions (from 165 bar to 40 bar). This was enabled by activating 
the precatalyst dicobalt octacarbonyl with a substoichiometric amount of phosphine oxide 
promoter. Mechanistic control reactions proved the important role of the syngas reducing agent 
in stabilizing the active catalyst species and provided insights into a potential reaction pathway. 
The methodology was further extended to oxetanes, which showed an interesting divergence 
in chemoselectivity depending on the substrate structure, leading to either carbonylative ring 
expansion or reductive ring opening.  

We have thus demonstrated the potential of three earth-abundant catalyst systems in 
sustainable (transfer) hydrogenation reactions. Particularly the work on manganese and iron 
agrees very well with the green chemistry principles, since both systems use benign reagents 
and ambient temperatures. Further work on the iron system will be conducted with regards to 
the milder direct use of molecular hydrogen as a reducing agent. In case of the cobalt system, 
it would be favorable to fully replace toxic syngas by pure hydrogen in the future, potentially by 
replacing CO with a π-accepting ligand that can stabilize the active cobalt species in a similar 
manner. 

In conclusion, while there is still a long way to go to fully replace precious metal catalysis in 
the chemical industry, we have shown that replacement of precious metal catalysts is generally 
possible for several relevant chemical transformations. By optimizing the catalyst structure and 
the catalytic conditions, it is even possible to obtain active complexes that have similar or even 
improved performance compared to precious metal catalysts. We are hopeful that in the future 
this positive trend in the field will continue and we will see more and more sustainable chemical 
processes inspired by green chemistry.  
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