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Abstract

The aim of this work was to acquire comprehensive understanding of the mechanism of the
homogeneously Ru-PNP catalysed aqueous-phase reforming of methanol. This was accomplished
by employing a variety of experimental, spectroscopic and theoretical tools. Based on the results
of the performed labelling experiments, spectroscopic investigations under stoichiometric and
catalytic conditions, comprehensive kinetic investigations and supporting theoretical calculations,
a complete mechanistic cycle could be proposed for both the original Ru-pincer catalyst 1 and its
methylated derivative Me-1.

The focus of the second part of this thesis was the development of an efficient catalyst system
based on the base metal manganese for the aqueous-phase reforming of methanol at low
temperatures. By combining methodology for optimising reaction parameters, investigations on the
long-term activity and the analysis of reactive catalytic species, a stable Mn-pincer complex was
successfully applied for the hydrogen generation from methanol. Furthermore, mechanistic aspects
were elucidated, which are crucial in advancing specific catalyst designs tailored to the distinct
reaction conditions.
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Objective of this thesis

Objective of this thesis

The homogeneously catalysed dehydrogenation of methanol for the generation of hydrogen as a
viable energy carrier has become increasingly attractive since significant progress concerning
catalyst efficiency and stability has been made. Especially the system based on an aliphatic Ru-
PNP catalyst used in a highly basic aqueous methanol solution has reached unprecedented high
activities. Nevertheless, so far no conclusive mechanism was postulated for this catalyst, nor was
the key question regarding the type of pathway for the C-H cleavage step sufficiently answered
(Scheme 1). Thus, the first part of this thesis aims to elucidate these essential aspects by using a
range of kinetic and spectroscopic methods, combined with theoretical studies.

Scheme 1: One of the essential questions that still have to be elucidated for the Ru-PNP catalyst system.
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The second part of this thesis deals with the application of a suitable catalyst based on manganese,
which would be the first catalyst system based on this base metal for the homogeneously catalysed
aqueous-phase reforming of methanol. So far, active catalysts have been limited to the use of the noble
metals ruthenium and iridium, as well as iron as the only example of a base metal (Scheme 2). In the
course of this work, it is envisioned to transfer the expertise gained by the intensive mechanistic
investigations on the ruthenium complex to this novel type of manganese catalyst system.

Scheme 2: Extending the scope to manganese-based catalyst systems.
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Introduction

1. Introduction

1.1. Our current energy system

A reliable energy supply is one of the major pillars of the modern society.[!] Nowadays, this
awareness is widely prevalent and even a decade ago, the then-Senator Barack Obama emphasized
that “a nation that can't control its energy sources can't control its future.” [21

Generally, the magnitude of energy consumption is linked with both the prosperity of a society and
its size of population.3] For the last two centuries, a seven-fold increase of the latter has caused
an increase in energy need by a factor of 27, leading to a global annual primary energy
consumption of 13,147 Mtoe in 2015.145] This amount of energy equals the energy output of more
than 1,700 times the world’s largest capacity hydroelectric power station, the three-gorges dam in
China.[67]

During the last decades, wind, solar, geothermal and biomass-based energies have been
increasingly implemented and have seen a rise from less than 1% to almost 3% of the global
primary energy sources.®] Nevertheless, this value also means that the majority of the world’s
energy demand is still met by the main fossil fuels oil, natural gas and coal (Figure 1).

B Oil

[ Natural gas
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[ | Nuclear

I Hydroelectricity
|| Other renewables
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2.78%
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Figure 1: World’s primary energy consumption by fuel 2015 in Mtoe.[*]

Today two fundamental reasons are mainly regarded for the urgent need for the transition to a
non-fossil based energy economy: Firstly, the limited availability of oil, natural gas and coal and
their growing depletion!®! and secondly, the effect of the produced greenhouse gas CO: by the
burning of these fossil fuels on the world’s climate.[®13] During the last 150 years, the atmospheric
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concentration of carbon dioxide has increased from circa 280 ppm to 405 ppm today with the
concomitant rise of the global temperature of approx. 1 °C (Figures 2 and 3).[14-16]
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Figure 2: Annual global land and ocean temperature anomalies over the last 150 years.[15-16]

Nowadays, it is scientifically accepted that this rise in temperature, which effects the earth’s climate
substantially, is man-made.['”-18] To emphasize how critical the situation is, David King, the UK
Government’s Chief Science Advisor until 2007, called climate change “the single biggest challenge
our civilization has ever had to face.” [4]
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Figure 3: Monthly atmospheric carbon dioxide levels (1950 until today).[!%]
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The international community has made increasing efforts to take countermeasures against this
trend, which led to the adoption of the Kyoto protocol in 1997 and the successive proceedings of
the yearly United Nations Climate Change Conferences. One of the aims of the Paris Agreement,
which was negotiated at the last convention in 2015, is to limit the global warming to 2 °C compared
to pre-industrial levels. This means that global emissions have to decline before 2020 and by 2050
have to be cut by half with regard to the levels of 1990.11°] This in turn entails the stabilization of
greenhouse gas emissions to a value of 450 ppm CO: equivalents.[20]

A number of examples exist for the beginning of a steady transition to a non-fossil based energy
supply.[21-22] Also the German energy policy has been a role model for other countries due to the
implementation of the so called “German Energiewende” and the regulation of the feed-in of
electricity generated from renewables into the existing grid structures.[23] Since the 1990s, the
share of renewable energies has exponentially increased to ca. 12% of the primary energy
consumption and has even reached around 30% of the gross electricity consumption last year
(Figure 4).[24]
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Figure 4: Share of renewable energies of the primary energy consumption and the gross electricity production.[24]

The significant difference between the share of renewables on the electricity production and the
general primary energy consumption can be explained by the energy form delivered by wind and
solar power, which is electricity. This is different to the traditional energy form of heat produced
by the burning of coal, oil and natural gas. Thus, with an increasing share of renewables, the main
form of energy is shifted from heat to electricity. Another major difference between traditional and
renewable energy sources is the fluctuation of energy supply and the non-conformity between offer
and demand as wind and sun are fluctuating and do not comply with the day-to-day peaks and
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lows.[2>] These factors lead to the urgent need of reliable energy storing systems in the case of
overproduction and in general for the warranty of a stable energy supply. Hereby, the factors time
scale of availability, e.g. discharge time, and storage capacity play important roles. For example,
the flywheel technology offers a very rapid provision of energy, whereby the storage capacity is
limited to max. 100 kwWh. Batteries are more versatile and can provide electric energy in the range
of 5 kWh to 10 MWh, which is comparable to the energy output of a cogeneration unit used for
family homes to residential areas.[?%] For providing mid- to longterm storage capacities from 1 GWh
to 1 TWh the power-to-gas process is a feasible option. With this technology, excess electric energy
is used to electrolyze water for generating hydrogen and oxygen, whereby the hydrogen gas is the
energy carrier of interest.[27]

1.2. Hydrogen as energy vector

Hydrogen is seen as a viable energy vector, as it is a non-toxic, environmentally benign gas, which
can be stored in tanks and can be either used in a fuel cell or be burned when energy is needed.['*
28] Hereby, the combustion of Hz in internal combustion engines features a higher efficiency
(n=38.2%) compared to diesel (7= 35.1%) or gasoline (/7= 30.1%).[2°-31] Especially H2/02
polymer electrolyte membrane (PEM) fuel cells are a more efficient and cleaner alternative as they
reach a very high efficiency of up to a theoretical value of 85% for the conversion to electricity and
produce water as the sole by-product.[32]

With 33.33 kWh kg hydrogen has a comparably high gravimetric energy density, which is more
than two times higher than that of gasoline with 12.4 kWh kg1.[?8] Another positive effect is its
high diffusion rate and its excellent miscibility with air, preventing a high local concentration in
case of a leak.33] Nevertheless, high safety and material standards have to be ensured because
of its highly flammable and volatile properties.[343>] Furthermore, in terms of volumetric energy
density, hydrogen gas at ambient pressure features a very low value of 3.00 kWh m-3, which is
approx. 3,000 times lower than that of petrol.33] This means that either big storage volumes or
additional means of volume reduction have to be taken into account.

Generally, physical and chemical methods for the storage of hydrogen gas exist.[36-37] For physical
storage, gaseous hydrogen can be either compressed at 350-700 bar at room temperature or
liquefied at —253 °C. Especially for mobile applications the technical methods of cryoadsorbtion on
high-surface materials such as zeolites, MOFs or carbon nanofibers or cryocompression are
considered. For the first two technologies, energy losses in the range of 10-15% and 30-40% of
the stored energy for pressurising or cooling the system have to be considered. Also hydrogen
losses by either diffusion of the volatile gas or by the so called boil-off decrease the efficiency. (38

1.3. Chemical energy carriers

The chemical storage is based on the bonding, complexation or the incorporation of hydrogen into
small molecules.[3¢] The benefits of this method are the safer and easier handling and transporting
without significant loss of energy, which compensate for the additional energy that has to be
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invested for the reversible formation/breaking of the chemical bonds. When needed, the hydrogen

gas is released by hydrolysis, thermolysis or dehydrogenation using metal, acid or base catalysts.[3%-
40]

Chemical carriers can be either solids, such as hydrides, or (in)organic liquids. Hydrides feature
some intrinsic unfavourable properties, as metal hydrides can only store a comparably low
hydrogen content of max. 2 wt% and complex or borohydrides need high temperatures for the
thermodynamically unfavourable release of hydrogen.[41-42] Also amine-borane adducts have been
intensively investigated, as they can store high hydrogen contents up to nearly 20 wt%, although
their technical application is diminished by the intrinsic risk of releasing ammonia.[*3-441 Another
class that has been increasingly in the focus of interest are liquid organic hydrogen carriers (LOHC),
which include cyclic and heterocyclic compounds.[*>-48] They can incorporate theoretical hydrogen
contents in the range of 5-7 wt%, e.g. benzene (7.1 wt%), naphthalene (6.2 wt%), N-
ethylcarbazole (5.8 wt%) or pyridine (7.1 wt%).[**1 Technical storage solutions based on LOHCs
have already been launched.l*® For the efficient dehydrogenation of these compounds
heterogeneous catalysts based on the noble metals Pd or Pt at temperatures from 373-523 K are
employed.[>!]

Other interesting liquid carriers are hydrazine (12.5 wt%), alkanes (methane 25.2 wt%), formic
acid (4.4 wt%) and alcohols (ethanol 13.2 wt%, methanol 12.6 wt%). Especially alcohols are a
very interesting and promising class of energy carriers due to their often liquid state under ambient
conditions and low dehydrogenation temperatures.[32]

1.4. Methanol as chemical energy carrier

As the release is limited to one equivalent of hydrogen per hydroxyl group of the alcohol, the three
simplest alcohols propanol, ethanol and especially methanol have been the desired target of
research and notable progress has been made in recent years. The simplest alcohol is considered
as the most viable choice because of the highest hydrogen-to-carbon ratio, which means minimum
carbon waste and the generation of CO2 as the sole by-product of the full dehydrogenation
reaction.[>2] Other favourable properties are its comparably low volatility under ambient conditions
and the possibility of using already existing structures for storage, transportation and
distribution.[>31 Already in 1968 by F. Asinger and more recently also by G. Olah the idea of a
methanol economy has been propagated, which is based on methanol as raw material for synthetic

hydrocarbons, such as ethylene or propylene (methanol-to-olefin process), storage medium and
fuel.[28, 34, 54]
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A modified version of the methanol economy, which combines the advantages of both the methanol
and the hydrogen system and uses catalysis as key technology, is depicted in Scheme 3.

Scheme 3: Combined methanol and hydrogen economy.[>]
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Excess electric energy is utilised to generate hydrogen that reacts in the concomitant hydrogenation
step with carbon dioxide to methanol, which can be easily stored and transported. In case of energy
need, the reverse process, the dehydrogenation of methanol, is performed and the produced
hydrogen can be used in fuel cells for the generation of electric energy. The advantage is that
catalysed dehydrogenation reactions are able to produce high-purity Hz, which does not need to
be further purified in an additional step, as this would mean a decrease in efficiency and increase
in costs.[563%] The combination of an efficient catalytic system with a PEMF cell leads to an overall
high productivity.

To render this envisioned model a realistic alternative to our current fossil-based energy supply
and storage system, every single step has to be optimised in terms of energetic efficiency, safety
standards and technical practicability.

The focus of this work lies on the catalysed dehydrogenation of methanol for the efficient
generation of hydrogen. The following section gives an overview of the development of the
heterogeneous and homogeneous catalysts and informs about the state-of-the-art catalyst system
for this process.
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1.4.1. Heterogeneously catalysed methanol dehydrogenation

As hot vapour is reacted with methanol, the heterogeneously catalysed dehydrogenation of
methanol for hydrogen generation is termed methanol steam reforming. Due to its comparably
easy activation this reaction is performed at temperatures from 150 to 350 °C, which is significantly
lower than the temperature range of 800—-1000 °C for methane reforming.[60-61]

CH30OH + H20 > 3 Hz2 + CO2 (AH®208« = + 49.7 kJ/mol) (1)

An undesired reaction that takes place during the reforming process is the decomposition of
methanol to H2 and CO. As carbon monoxide is a strong fuel cell poison, it is aimed to optimise
catalyst selectivity and thereby reduce the amount of carbon monoxide production.[62]

CH3OH > Hz + CO (AH°98k = + 90.7 ki/mol) (2)

Generally, CO can react with water to form hydrogen and carbon dioxide according to the water-
gas shift reaction:

CO + H20 = H2 + CO2 (AH®208 k = — 41.2 kJ/mol) (3)

As catalysts, copper-containing systems such as Cu/ZnO and Cu/ZnO/Al203, have been applied for
the steam reforming reaction since they are successfully used for the synthesis of methanol and
the low-temperature water-gas-shift reaction.[®3] These base-metal based catalysts show high
activity at low material costs, although pyrophoric properties and a comparably low selectivity
towards CO generation have to be taken into account.l%2] Notably palladium- and platinum-
containing catalysts feature higher stability. For these noble-metal based catalysts, highest activity
was reached with bimetallic Pd/ZnO, whereas the use of Pd/Cd resulted in best selectivity.[®4

At the beginning of the 21 century, Dumesic et al. made a pioneering contribution to the
heterogeneously catalysed generation of hydrogen from alcohols and sugars by introducing the
aqueous-phase reforming process during which the substrates are reacted with liquid water at
temperatures in the range of 200 °C and pressures of 25-50 bar using Pt/Al203 as catalyst.[65-66]
Since then, extensive research has been performed on advancing the aqueous-phase reforming

process for a variety of substrates, such as alcohols, sugars and biomass-derived hydrocarbons.[67-
71]
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1.4.2. Homogeneously catalysed alcohol dehydrogenation

In case of homogeneously catalysed reactions reactants, solvent and catalyst are all in one phase,
which is the main difference to heterogeneous systems. Generally, homogeneous catalysis is
operated at lower temperatures and better selectivities are obtained, whereas catalyst recovery is
more challenging.[72]

1.4.2.1 Basic principles

Classically, alcohol dehydrogenations were performed under synthetic considerations and the goal
of the oxidation reaction was to obtain maximum yield of the desired carbonyl product. By using a
sacrificial reagent, which is concomitantly hydrogenated, an efficient method for reaching higher
conversions was developed (transfer hydrogenation). In contrast, the more recent approach of the
acceptorless dehydrogenation focuses on the generation of hydrogen as a valuable product.[73-74]
One of the key steps of the homogeneously catalysed dehydrogenation of alcohols is the hydrogen
transfer from reactant to the metal or the acceptor in case of transfer hydrogenation. For main
group elements, such as Al(OPr)s, which is used for the Meerwein-Ponndorf-Verley reduction, the
hydrogen atom is directly transferred to the acceptor molecule through a six-membered transition
state without the formation of a metal hydride (Scheme 4).[7>77]

Scheme 4: Pathways for the transfer of hydrogen.
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For transition metals, the hydridic route prevails, and both inner-sphere and outer-sphere
mechanisms have been proposed as viable pathways. The inner-sphere route involves the direct
coordination of the metal to the alcohol in the form of a metal alkoxide, to which the hydride is
transferred. In the outer-sphere mechanism, no direct bonding between metal and alcohol exists,
instead the coordination to a so-called non-innocent ligand takes place. They are termed non-
innocent because they are not merely spectator ligands, which modify the electronic and steric
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properties of the metal, but are directly involved in substrate activation.[”8] In the following step,
the hydride is transferred to the metal centre and the proton to the ligand moiety, which is
reminiscent of the reactivity of a frustrated Lewis-base and -acid pair.[72-80] This transformation can
either proceed via a concerted or a stepwise, ionic pathway.!¢ 81-84] These novel types of catalysts
were introduced by Fryzuk, Shvo and Noyori in the 1980s, for which Noyori postulated the
elemental mechanism of metal-ligand bifunctional catalysis.[85-88] Typical structures of the Noyori
type of catalysts based on ligands featuring N-H moieties are shown in Scheme 5.[89-%0]

Scheme 5: Two examples for the Noyori-type of catalyst.
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1.4.2.2 Historic development

First acceptorless alcohol dehydrogenation reactions were already reported in the 1960s by
Charman, using Rh(III)-tin-complexes and /so-propanol as substrate.[’'3] In the late 1970s
Robinson employed the ruthenium and osmium complexes [M(COOREr)2(CO)(PPhs)z] in combination
with trifluoroacetic acid for the dehydrogenation of primary and secondary alcohols.®*] A decade
later, the group of Cole-Hamilton was one of the first ones to shift the focus from synthetic
applications to the production of hydrogen from methanol and higher alcohols. By employing
[RuH2(N2)(PPhs)3] under irradiation of light at 150 °C catalytic activities of 210 h'* and 1185 h™! for
the acceptorless dehydrogenation of ethanol and ethylene glycol, respectively, were reached.[%>-%]
For the following decades, it remained one of the most active systems.

At the beginning of the 21%t century, a new type of catalyst based on non-innocent pyridine-PNP
pincer ligands was introduced by Milstein and co-workers and was shown to successfully catalyse
the dehydrogenation of /so-propanol and higher alcohols.”] The name of these type of ligands is
based on the meridional manner they coordinate around the metal centre.l®8! Their ligand
cooperation can be attributed to the reversible process of ligand backbone aromatization and de-
aromatization (Scheme 6).

10
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Scheme 6: Non-innocent pyridine-PNP pincer catalysts introduced by Milstein and co-workers.
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With similar scaffolds of bifunctional pincer catalysts the dehydrogenation of primary alcohols to
esters and acids were performed.[®?-1901 In 2009 Schneider and co-workers broadened the spectrum
of non-innocent complexes by applying a ruthenium catalyst bearing an aliphatic PNP pincer ligand
for the dehydrogenation of ammonia borane.[101]

Scheme 7: Aliphatic PNP-pincer complex by Schneider and co-workers.

This catalyst motif was readily picked up by other groups and a couple of years later Beller and co-
workers used the /n-situ generated system based on the pre-catalyst [RuHz2(PPh3)3(CO)] and the
cooperative bis-[(2-di/sopropylphosphino)ethyl] amine pincer ligand HN(CH2CH2)P(CH(CH3)2):2
(from here on termed HPNPPr ligand) for the low-temperature dehydrogenation of /so-propanol
and ethanol. Under neutral conditions, remarkable activities of 8,000 h' and 1,400 h7,
respectively, were achieved.[102]

Only two years later, the same group performed the 15t homogeneously catalysed aqueous-phase
reforming of methanol. This meant a great breakthrough in the field of alcohol dehydrogenation
for energy purposes as the addition of water allowed the complete conversion to hydrogen and
carbon dioxide. 193]

11
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Hereby, the aliphatic Ru-pincer complex 1 was employed. Under highly basic conditions and using
less than 1 ppm of 1, a productivity of over 350,000 was achieved, which represents the most
active system developed to date at a temperature below 100 °C (Scheme 8). Besides, the long-
term stability was demonstrated, as the catalyst remained active for more than 23 days. The
catalyst’s productivity is depicted as turnover number (TON) and its activity as turnover frequency
(TOF), for which the detailed calculations can be found in the Appendix Section 6.3.1.3.

Scheme 8: First homogeneous catalyst system for the aqueous-phase dehydrogenation of methanol.
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At the same time, Trincado, Gritzmacher and co-workers employed the
[K(dme)2][Ru(H)(tropzdad)] catalyst based on the chelating bis(olefin) diazadiene ligand for the
successful conversion of methanol. Under neutral conditions and with THF as solvent, a productivity
of 540 generated moles of hydrogen for each mole of catalyst was reached after ten hours.[104]
Other catalyst systems based on the noble metals ruthenium and iridium, but also the base metal
iron were subsequently developed and applied for the generation of hydrogen from methanol by
Crabtree, Holthausen, Fujita, Yamaguchi and others.[195111] The variety of catalyst systems and
their productivities are shown in Scheme 9.

12
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Scheme 9: Examples of homogeneous catalysts employed for the methanol dehydrogenation.
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Part I - Introduction

2. PartI: Ruthenium-catalysed dehydrogenation of methanol

2.1. Introduction

For the state-of-the-art system based on the aliphatic Ru-PNP complex 1[103] it was shown that
the nature of the base, its concentration and the reaction temperature had significant influence on
the catalytic activity. Generally, the combination of a 9:1 MeOH:H-0 solution with 8 M KOH resulted
in best catalytic performance for the aqueous-phase reforming of methanol. It was assumed that
the increase in activity at this high base concentration was mainly caused by the increase of
temperature from 65 °C to 90 °C by the effect of boiling-point elevation than by the effect of the
base itself.

Full methanol reforming proceeds through three consecutive steps, leading to the release of three
equivalents of hydrogen. Hereby, the dehydrogenation of methanol induces the formation of
formaldehyde, which reacts in the subsequent step in the form of a gem-diol to formic acid. Then,
during the last step, the formic acid is dehydrogenated to carbon dioxide (Scheme 10).

Scheme 10: Overview of the steps of the complete methanol dehydrogenation reaction.[193]
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An overall mechanistic cycle was proposed, which starts with the dehydrochlorination of the
precursor 1 to give the amido species 2 (Scheme 11). This complex features a Lewis-basic amido
functionality and a partial metal-nitrogen double bond exists between the Lewis- acidic ruthenium
and the amido group.[’8! Onto this coordinatively unsaturated species, the outer-sphere
coordination of methanol takes place and the key C-H cleavage step is performed by the
simultaneous transfer of a hydride to the ruthenium centre and a proton to the nitrogen moiety,
which leads to the generation of one equivalent of Ha.

It was assumed that the formed formaldehyde undergoes further reactions while still being
coordinated to the catalyst species as it could not be detected in solution. Subsequently, by the
addition of water and/or hydroxide the gem-diolate is formed, which is again dehydrogenated to
give formic acid and the next equivalent of hydrogen. Free formate is actually detected in solution,
which means two pathways can be followed at this point. One option is the restarting of the
catalytic cycle by the release of formate and the formation of the amido species 2, onto which
methanol can coordinate again. The second possibility is the completion of the cycle by the release
of COz and the last equivalent of Ha.

14
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Scheme 11: Complete mechanistic cycle proposed for the methanol dehydrogenation by catalyst 1. P = PPr;.[103!
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During the reaction process monohydride species were observed, which were assumed to be either
the methoxide species 4, hydroxide species 5 or the formate species 6. In this regard it was
speculated that the role of the base is to regenerate the active amido species from these resting
states instead of the deprotonation of methanol and formic acid. Nevertheless, it was mused that
the reactivity might be increased by the deprotonation of methanol, though that would rather hint
at an-inner-sphere mechanism.

The theoretical work by Yang in 2014 and Ma and co-workers in 2015 supported the proposal of
an outer-sphere mechanism.[112-1131 Yang postulated that the transfer of the hydride and the proton
takes place in a stepwise process, whereby Ma proposed the co-existence of the outer-sphere and
the inner-sphere pathways in the case of the formate dehydrogenation.
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2.2. Objective of project I

Based on the results summarised in the introduction, it can be concluded that a very effective
catalytic system based on the Ru-PNP complex 1 was established. Nevertheless, a range of
important aspects have not been clarified and some assumptions have been made without further
clarification as no conclusive mechanistic investigations have been performed so far.

The most important questions that still have to be answered and are crucial for the overall
understanding of this catalyst system are summarised below:

¢ Is the high concentration of base solely needed to increase the temperature of the reaction
solution, which leads to enhanced activity? Or does it also play an active role in the
mechanism?

¢ What kind of mechanistic pathway does the Ru-PNP complex follow? Is it an inner-sphere
or an outer-sphere mechanism and how can this be verified?

¢ Which complexes are the active catalytic species that take part in the mechanistic cycle and
how do they interact with each other?

It is hoped that by answering these questions, a comprehensive mechanistic cycle can be
developed, which is a crucial step towards improving and implementing novel catalyst scaffolds.
In order to reach this goal, a range of experimental, spectroscopic and theoretical tools are
envisioned to be employed. This includes performing kinetic investigations, stoichiometric and
catalytic NMR measurements and reaction monitoring by a combined Raman and GC setup.
Furthermore, it is planned to support the results by theoretical DFT calculations.
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2.3. Results and discussion[114]

2.3.1. Inner-sphere vs. outer-sphere mechanismt1>]

In order to be able to answer the essential question whether the key C-H cleavage step occurs via
an inner-sphere or an outer-sphere pathway, the methylated derivative Me-1 was synthesized by
Dr. Elisabetta Alberico (Scheme 12). This strategy to replace the N-H moiety by a N-Me moiety is
common to test for ligand cooperativity and to assess if the ligand is non-innocent.!116-117]

2.3.1.1. Activity of 1 and Me-1

The activity of the methylated Ru-pincer catalyst for the methanol dehydrogenation was
investigated under optimised conditions and to our surprise it resulted in significant hydrogen
evolution of approx. 40% of the state-of-the art catalyst 1 (Figure 5).

Scheme 12: Ru-PNP parent catalyst 1 and its methylated derivative Me-1.
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A contrasting result was obtained in the case of ammonia-borane dehydrocoupling catalysed by
[Ru(H)2(PMe3)(HNPNP)] as Schneider and co-workers measured a lower activity for the N-
methylated backbone derivative of almost two orders of magnitude. Hereby, calculations showed
that for both catalysts the same mechanistic pathway is undergone, though with higher energy
barriers in the case of the latter.[117]
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Figure 5: Activities of 1 and Me-1. Conditions: 8 M KOH, MeOH:H,0 (9:1, 10 mL), 4.2 umol 1 or Me-1, 90 °C.[118]

The outcome of the methylation experiment has shown that the N-H moiety does not seem to be
essential for catalytic activity. The question, which consecutively arises, is whether the same
mechanism is operating for both types of catalysts or if indeed significantly different pathways are
followed.

2.3.1.2. KIEs

In order to get a better understanding of the reasons causing the differences in activities, the
kinetic isotope effects (KIEs) were determined for both catalysts. The KIE is based on the
substitution of the substrates’ atoms by one of their isotopes, which can lead to a change of the
reaction rate due to the breaking of bonds of the isotopes, hyperconjugation effects or changes in
hybridization during the rate-determining step. Hereby, the definition of the KIE is the proportion
of the rate constant for the reactant containing light isotopes (ki) and the rate constant for the
reactant consisting of heavy isotopes (Ky).[119-120]

k
KIE = — (4)

For this set of experiments, activities for both 1 and Me-1 were measured using deuterated
methanol, water and base and then compared to the activities under standard conditions. In the
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case of the state-of-the-art Ru-pincer catalyst, deuteration of the substrates led to a decrease in
activity by a sevenfold, whereas the activity of Me-1 was not even diminished by a factor of two
(Scheme 13).

Scheme 13: Overview of the KIEs determined for catalysts 1 and Me-1.
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The implications of this striking difference in KIE cannot be easily assessed, as the measured rate
of the reaction is composed of three entangled steps, thus the product of the preceding is the
starting material for the following step. Nevertheless, based on the magnitude of the difference in
KIE for both catalysts, it is possible to assume that they likely follow different mechanistic pathways.
With a value of 1.71 for the methylated derivative, the KIE is only slightly higher than one, which
means that no significant cleavage of C-H, O-H or Ru-H bonds take place during the rate-limiting
step(s).

These results were already promising and meant a step closer to improved comprehension of the
mechanistic pathway. For a better understanding of the differences between the two catalysts,
subsequent investigations concentrating on the parent catalyst 1 were performed. The results are
described in detail in the following section.
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2.3.2. Investigations for catalyst 1

2.3.2.1. Base- and temperature-activity dependency

One of the unsolved challenges was to find out the role of the base for the mechanism. The first
step towards this goal was to entangle the reciprocal correlation of base and reaction temperature.
Thus, to test for the salt effect, it was tried to replace the base by innocent types of salt, such as
KNOs3 or KPFs. Unluckily, this approach proved to be unsuccessful due to the reduced solubility of
these particles. The use of pH-buffered solutions was not futile either. A third attempt was the
addition of high-boiling solvents, e.g. #BuOH or NMP, to the reaction mixture, which caused the
complete seizure of activity (For details on the experiments see Appendix Section 6.4.1.1.).

Temperature-activity measurements

Since these strategies were not fruitful, the focus shifted to the investigation of the correlation
between base amount and reaction temperature. The first step was to measure the rate of the
methanol dehydrogenation at a temperature range between 50-90 °C, which resulted in the
Arrhenius plot shown in Figure 6. Based on the linear extrapolation it can be concluded that the
inflation of the temperature above the boiling point of the methanol-water mixture does not alter
the mechanism as it does not lead to a higher activity than caused by the rise in temperature.
Consequently, it is possible to perform mechanistic investigations at lower temperatures.
Additionally, this result means that the base does not solely increase the reaction temperature, but
that it indeed plays an essential part in the mechanism.

-10 1
E, = 82.4 kJ mol
A =1.2x10°mol s
-12 -
‘_rn'14' NNN\-D-~~

275 2.80 2.85 2.90 2.95 3.00 3.05 3.10
1/T [1000/K]

Figure 6: Arrhenius plot. Conditions: 8 M KOH, MeOH:H,0 (9:1, 10 mL), 4.2 ymol 1, 90 °C, 3 h.[118]
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Base molarity-activity measurements

Based on the results of the temperature-activity measurements, the next investigation
concentrated on the influence of base molarity on the activity. A promising plan of action was to
use an autoclave to overpressurize the system for enabling a higher boiling point. Thus, it would
be possible to vary the amount of base while leaving the reaction temperature at 90 °C. To
determine the value of the overpressure, the Clausius-Clapeyron equation was used:

)4

Before starting with the actual measurements, the temperature of reaction solutions containing
different base molarities were determined in order to know the amount of base needed in the
system to reach a certain boiling point. The resulting linear correlation is shown below:

o

C
=33—— . 3° 6
T =33———M(KOH) +653°C (6)

The reactions were performed in a completely sealed autoclave containing KOH, reaction solution
and catalyst. Once the desired inner temperature was reached, the activity was measured by the
increase of pressure in the autoclave caused by the formation of hydrogen gas. During the
measured reaction times, the generated carbon dioxide was trapped as carbonate and thus did not
have to be taken into account. For calculating the generated amount of Hz from the measured
increase of pressure, the Van-der-Waals equation was used (For more information see Appendix
Section 6.4.1.1.).

Unluckily, this procedure did not prove to be successful, as it was noted that the increased pressure
had a detrimental effect on the catalytic activity. To verify this observation, the autoclave was
pressurised with additional nitrogen or hydrogen gas and indeed activities were found to be
significantly lower, especially in the case of the applied hydrogen overpressure. (see Figure 7).
Once the pressure was again released, catalytic activity improved significantly.

These findings show that the decrease in activity is caused by a chemical effect. At higher partial
pressures, hydrogen presumably coordinates onto the active catalytic species, thus preventing the
dehydrogenation reaction to take place. The successful hydrogenation of esters to alcohols with
the related Fe-PNP catalyst has been reported in literature, which confirms the general ability of
this type of complexes to catalyse hydrogenation reactions.[*2!] Consequently, the original setup
had to be varied in order to obtain reliable reaction rates.
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Figure 7: Influence of H, and N, pressure on the catalytic activity of 1. Conditions: 8 M KOH, MeOH:H,0 (9:1, 10
mL), 4.2 pmol 1, 90 °C, approx. 6 bar Hy/N, pressure, sealed autoclave setup).[!18]

To overcome the reported problem, the influence of base was measured at 60 °C using the
standard burette setup, since this temperature can be reached using a methanol-water solution
that does not contain any additional salts. This modification was possible as it was shown before
that the mechanism does not change with altering the temperature. Additionally, for measuring
the activity for different base molarities at 90 °C, the autoclave setup was adjusted by implementing
a pressure valve (Figure 8).

Figure 8: Modified autoclave setup.['18]
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This design made it possible to leave a specified pressure on the system, whereas all exceeding
pressure was released and the gas was captured by gas burettes connected to the autoclave
exhaust via a condenser. It was chosen to use 0.6 bar on the autoclave because this enabled to
investigate KOH molarities from 4 M to 8 M. The additional pressure on the system caused an
expected attenuation in the catalysts’ activities. Complex 1 reached a significantly lower TOF of
approx. 550 h'! under these conditions instead of 1770 h'! in an open vessel. However, this effect
is negligible as the relative activities and their correlation to the change in base molarities were in
the focus of interest.

The results of the activity determination at different base molarities can be seen in Figure 9. With
no additional base, the catalyst was not active at all. At 60 °C a first-order dependency of the
activity on the base molarity was observed. At the higher temperature of 90 °C, catalytic activity
stagnated with higher base concentrations, which means that saturation kinetics occurs. A possible
explanation for this effect could be the mass-transport limiting loss of Hz at these high reaction
rates, which were already observed and investigated by Dumeignil and Gauvin and co-workers.[122]
This phenomenon had to be further examined, as well as the correlation between catalyst
concentration and activity (see the following section).
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Figure 9: The influence of KOH concentration on the activity of catalyst 1 in methanol reforming at 60 °C and
90 °C. Conditions at 60 °C: 10 mL MeOH:H,0 (9:1) and 1 (8.41 umol) using the “regular” burette setup. Conditions
at 90 °C: 20 mL MeOH:H;0 (9:1) and 1 (8.41 umol) in a leaking autoclave set to an over pressure of 0.6 bar. Lines
are solely a guide for the eye.[118]
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Activity vs. catalyst concentration

There are several cases mentioned in the literature about the increase of catalyst activity with
decreasing catalyst loading. One example is the dehydrogenation of /so-propanol catalysed by the
in-situ system generated from [RuH2(PPh3)3CO] in combination with additional HPNPPr ligand
reported by Beller and co-workers.[192] They observed a fourfold increase in activity when lowering
the catalyst amount from 32 ppm to 4 ppm, but did not give possible explanations for this
phenomenon. Also Spasyuk and Gusev observed a similar correlation for the Ru-PNN pincer
catalysed ethanol dehydrogenation.['23] They suggested that a possible explanation could be
dimerization processes of the catalyst, which occur at higher catalyst loadings.

Based on these findings, the relation between activity and catalyst concentration was measured.
The result is a correlation below one, which is in agreement with the former reported observations
(see Figure 10). To test for possible off-cycle dimerization processes, reactions at different catalyst
loadings were performed and the reaction solution analysed by 3P NMR and mass spectrometry.
Neither of the two methods gave any hints to the formation of Ru-dimers, which means that no
comprehensive conclusion can be drawn concerning this issue.
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Figure 10: Catalytic activity of 1 vs. catalyst concentration. Conditions: 8 M KOH, MeOH:H,O (9:1, 10 mL),
2.1/4.2/8.4/16.8 umol 1.[118]
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Investigations on the H. mass transfer

Another possible explanation for both the observed saturation kinetics at higher molarities for
catalyst 1 and the decline of catalytic activity with higher catalyst loading could be the limiting
factor of hydrogen mass transfer, as described by Dumeignil, Gauvin and co-workers.[122 Thus,
reactions were performed at different stirring rates of 100, 700 and 1200 rpm. From Figure 11 it is
evident that this rate has a significant influence on the catalyst’s activity. It is remarkable that
increasing the stirring rate from 100 rpm to 1200 rpm caused a threefold rise in gas evolution. This
effect can be explained by the reversibility of the hydrogenation/dehydrogenation reaction. At
higher gas evolution rates the gas cannot escape fast enough due to limited hydrogen mass
transfer, which leads to a higher saturation of the solution with hydrogen gas. This in turn causes
the formation of inactive catalytic species as it was described before. Generally, these assumptions
are in good accordance with the observed detrimental effect of additional N2, and even more so,
H2 pressure on the system.
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Figure 11: Dependency of hydrogen gas evolution on the stirring rate. Conditions: 8 M KOH, MeOH:H,0 (9:1, 10
mL), 16.8 pmol 1, 90 °C.[118]

The activity measurements described in this section have shown that the base actively takes part
in the mechanism and substantially triggers catalytic activity. Subsequently, it was planned to get
a better understanding of the observed macroscopic effects by performing microscopic studies on
the actual catalytic species. The results of the NMR studies are depicted in detail in the following
section.
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2.3.2.2. NMR studies

Stoichiometric investigations!24]

For a better comprehension of possible active intermediates and species, a range of catalyst
intermediates were synthesized and analysed under aprotic conditions by Dr. Elisabetta Alberico.

Generation of the amido species 2

The very first step was to verify the proposition that the active amido species 2 is generated by
the dehydrochlorination of the pre-catalyst 1 (see Scheme 14). This was done by adding one
equivalent of BuOK to 1 leading to the formation of complex 2 as NMR analysis and the X-ray
structure showed (For details on NMR experiments see Appendix Section 6.4.1.2.).

It is assumed that this step follows a conjugate base mechanism (Sn1CB), which is common for a
range of transition metal complexes bearing amine ligands.['?°] In the case of the precursor, the
acidity of the amino group is enhanced by the coordination to the ruthenium centre and the
presence of the trans-coordinated, strongly rn-accepting carbonyl ligand. The acidic proton of this
N-H moiety is abstracted by the base, which leads to the stabilized anion 1-. By the consecutive
leaving of the chloride anion, the formal formation of the Ru-N double bond takes place.

Scheme 14: Dehydrochlorination of pre-cursor 1 with base. P = PPr,.[118]
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The assumption of a reversible conjugate base mechanism was supported by the treatment of the
antfisomer of 1 with the weak base trimethylamine. As expected, isomerization between the antr
and the syr-isomer could be monitored by NMR measurements.

The reverse reaction, the addition of chloride to the amido complex 2, could be shown to be
kinetically irrelevant by the addition of 10 eq. of KCI to the standard reaction solution. Figure 12
clearly shows that the excess of chloride ions did not have a detrimental effect on the catalytic
activity. This result is also indicative for the robustness of the catalytic system regarding the
influence of coordinating anions.['22] In contrast, Beller and co-workers reported the negative effect
of chloride sources on the catalytic activity of their Fe-PNP system for the hydrogenation of
esters.[121]
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Figure 12: Comparison of hydrogen gas evolution under standard conditions (8 M KOH, MeOH:H;0 (9:1, 10 mL),
4.2 ymol 1, 90 °C, black dots) and in the presence of 10 eq. of KCl (to the catalyst 1, red dots) under otherwise
identical conditions.[!18]

Reactions of the amido species 2 with methanol, formic acid and water

Starting from the active amido species 2, it was aimed to let it react with methanol, water and
formic acid as these are present in excess or accumulate during the reaction. For a better overview,
the structures of the observed catalytic species are depicted in Scheme 15.

Scheme 15: Overview of related complexes of parent catalyst 1. P = PPr.
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Already when adding two equivalents of methanol to 2, the formation of the dihydride species 3
and a monohydride species was observed. The latter species was confirmed to be the methoxide
complex 4 by the addition of '3C-enriched methanol: The NMR spectrum at room temperature
showed a single doublet, which could be assigned to Ru-O*'3CHs and free '3CH3OH by decreasing
the temperature as the single peak split into two well-resolved doublets. The methoxide species
could not be isolated as by applying vacuum it reverted back to the amido complex 2.
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Addition of formic acid to species 2 led to the formation of the Ru-formate 6, which could be
affirmed by a X-ray structure from crystals. No hydrogen gas evolved, nor was the dihydride
species 3 formed.

The experiment of adding water to the amido species 2 resulted in the formation of the hydroxide
species 5. Comparable to the formation of the formate species, no gas evolution was visible, nor
was the dihydride species 3 formed. Like the methoxide species, the hydroxide complex could not
be isolated due to the reversion back to the amido complex 2.

Generally, the chemical shifts of the monohydride complexes pre-catalyst 1, methoxide species 4,
hydroxide species 5 and formate species 6 lie all in a very close range of 75 —77 ppm in the 3!P
NMR spectrum and in the range of —15 to —18 ppm in the 'H{3!P} NMR spectrum (See Table 4 p.
XXI in the Appendix for details).

Reactions of the dihydride complex 3

In the original report of the Ru-PNP catalysed methanol dehydrogenation, the solvent-mediated H2
release from the dihydride species had been proposed.[1%3] This assumption was confirmed by
studies under aprotic conditions as the dihydride species 3 proved to be relatively stable and
thermal treatment only led to a conversion of ca. 20% to the amido species 2 and consecutive
release of hydrogen gas.

In contrast, when adding methanol to 3, hydrogen gas evolved with the concomitant formation of
the methoxide species 4. As methanol is a comparably weak acid, a large excess was needed and
after 50 eq. of methanol were added only 78% of the methoxide species were formed.[126] When
leaving the solution under H. atmosphere for several hours, the reformation of the dihydride
complex could be observed. The low conversion from the dihydride complex 3 to the methoxide
complex 4 and the back reaction support the theory of an equilibrium between these two species.

By performing further stoichiometric NMR experiments, the reversible equilibrium between the
methoxide and the dihydride species could be shown (as shown in Scheme 16). This equilibrium is
pushed forward to the side of the methoxide species by adding methanol to the dihydride complex,
hereby generating hydrogen gas; and is driven more to the formation of the dihydride species by
the addition of higher base amounts to the methoxide species, whereby formaldehyde is formed.
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Scheme 16: Equilibrium between 3 and 4 considering solvent-assisted Hz evolution. P = PPr.
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DFT calculations for the addition of protic species across the Ru-N bond

For the reactions that were investigated under aprotic conditions, theoretical calculations were
performed by Dr. Haijun Jiao, leading to the energy values that are shown in Scheme 17. Methanol
addition was calculated to have a relatively low energy barrier for the four-membered transition
state of only 4.41 kcal mol! and a very slightly endergonic value of 0.89 kcal mol-l. This agrees
very well with the experimental result of an easy formation of the methoxide species and the
straightforward reversion back to the amido species by applying vacuum.

For the addition of water across the Ru-N bond, the energy barrier is even lower with 2.65 kcal
mol and the reaction is even less endergonic than the formation of the methoxide species, and
also here the reversibility was experimentally observed. Also the formation of the gem-diolate
complex should be rapid, as it was calculated to be exothermic by 1.50 kcal mol* when taking
hydrogen bonding into account.

In contrast, the energy difference between the amido species and the formate species is very high
with a difference of 19.71 kcal mol, whereby the addition of formic acid to the amido species is
highly exothermic. This confirms the experimental result of a straightforward and complete
formation of the formate species.

DFT calculations show that the concerted addition of hydrogen across the Ru-N bond has an energy
barrier of 18.76 kcal mol! and is exergonic by -2.31 kcal mol-, which supports the observation of
only a fractional conversion to the amido complex 2 by heating the dihydride species 3 under
aprotic conditions. This barrier was shown to be reduced by solvent effects to 13.71 kcal mol?,
which is in consonance with the formation of Hz2 and the methoxide species by addition of methanol
to 2.

Scheme 17: Theoretical energies for the addition of protic species across the Ru-N bond. For the values shown in
brackets for the gem-diolate species hydrogen bonding is considered. P = PPr,.[127-128]
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From the results of the stoichiometric experiments and the calculated energies, the following
conclusions can be briefly summarised:

e The chemical shifts of the methoxide, hydride, formate and hydroxide species under aprotic
conditions are very similar. They can be found in the range of 75-77 ppm in the 3P NMR.

e Calculations have shown that solvent-assisted liberation of hydrogen gas from the dihydride
complex 3 is more likely than via a four-membered transition state.

e An equilibrium between the dihydride species 3 and the methoxide species 4 exists, which
is influenced by the amount of methanol and base.

e The dihydride complex is stabilized by high base content.

Based on these experiments and supporting theoretical studies, the proposition that the methoxide
complex is an off-cycle intermediate [103] could not be affirmed, and it is very likely that this
monohydride species does play an active role in the mechanistic cycle. To test this theory, NMR
studies under catalytic conditions were performed (see next section).
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Investigations under catalytic conditions

Studies of the reaction solution

In the 3P NMR spectrum of catalyst 1 in a 9:1 MeOH:H.0 solution containing 8 M KOH at room
temperature two singlets at 88.9 ppm and 74.0 ppm were detected and in the 'H{3'P} NMR
spectrum two corresponding broad singlets at —17.87 ppm and —6.92 ppm were observed (see
Figures 13 and 14).
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Figure 13: 3!P NMR (162 MHz, 297 K, additional drops of CD30H) of the reaction solution containing 1 (8.1 mg)
in 1 mL 9:1 MeOH:H20, 8 M KOH.
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Figure 14: 'H NMR (400 MHz, 297 K, additional drops of CD3;0H) of the reaction solution containing 1 (8.1 mg) in
1 mL 9:1 MeOH:H,;0, 8 M KOH.

Based on the stoichiometric studies depicted in the previous part, the catalytic species with the
low-field chemical shifts could be identified to belong to the dihydride complex 3. The identification
of the other species at higher chemical shifts was more complicated, as the hydroxide, methoxide
or formate complex have very similar chemical shifts. Nevertheless, based on the following
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evidences, it is proposed that this monohydride species apparent under reaction conditions is the
methoxide species 4: In the 3P NMR spectrum of the reaction solution heated to 90 °C similar
peaks as described before at 74.05 ppm and 88.43 ppm were observed (For details see Appendix
Section 6.4.1.2.). After 30 minutes of reaction time, a third peak appeared at 74.63 ppm, which
increased with elongated reaction time. As simultaneously free formate was detected in solution,
it was concluded that the third peak belongs to the formate species. This fits very well with the
assumption that the other peak with minimal higher-field chemical shift is indeed the methoxide
species as the trans-effect of the —OMe ligand is slightly weaker than of the —OCOH group.

During the reaction monitoring a white precipitate was formed, which was dissolved and based on
which carbonate and hydrocarbonate were detected. Hence, it was proven that the parent catalyst
is able to promote all three steps of the complete methanol reforming process. Throughout the
reaction, no formaldehyde could be detected.

Further evidences that support the proposition that the main peak can be assigned to complex 4
are the shown equilibrium between the species 3 and 4, the easy generation of the methoxide
species from the amido species 2 and the fact that methanol is available in high excess. The other
possible species, the hydroxide complex 5, can be excluded as no rational mechanism can be
developed to generate hydrogen from it and activity was shown to decrease with higher water
contents. In contrast to the original theory that the methoxide species is an off-cycle
intermediatel103], these points strengthen the proposition that the methoxide complex 4 is indeed
an important active species in the catalytic cycle as otherwise the high activity of this catalytic
system would not fit the spectroscopic observations.

Another interesting aspect is that by changing from aprotic to the protic reaction conditions, the
N-H peak disappears in the 'H NMR spectrum. This effect can be either caused due to hydrogen
bonding or due to the deprotonation of the N-H moiety by the highly basic medium. The
simplification of the multiplets to broad singlets and the up-field shift of the signals when changing
from the aprotic to the protic reaction conditions indicate that the second effect is very likely (Tables
4 and 5 on page XXI of the Appendix).

Moreover, the calculation of the energies for the deprotonation of the ligand N-H backbone showed
that this step is barrier-less and highly exergonic for both the dihydride and the methoxide species
(Appendix page XXIV). The pKa of the N-H moiety was calculated to be 9.09 and 8.24, respectively,
which is significantly lower than the pH range of 10 to 13 under steady-state conditions.[103: 129]
Thus, the deprotonation of the ligand backbone is an important aspect that has to be taken into
account for the final mechanistic cycle.
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As formaldehyde was not detected at all under reaction conditions, it was assumed that the
ruthenium-catalysed dehydrogenation step of the formaldehyde or the gem-diolate is very fast.
Nevertheless, due to the highly basic conditions and/or the elevated temperature formaldehyde
could also undergo other types of reactions, such as the Cannizarro reaction or the thermally

induced decomposition to formic acid, which are not catalysed by the aliphatic pincer complex.!130-
131]

In order to test if the decomposition of formaldehyde caused by the basic reaction conditions or
the elevated temperature attributes to a significant share to the overall hydrogen gas evolution,
0.2 mL of a 37% aqueous formaldehyde solution was added to the standard solution of 9:1
MeOH:H20 containing 8 M KOH at 90 °C. After three hours, only approximately 10 mL of hydrogen
were released under these conditions, which is only a minor share of the theoretical amount of
50 mL hydrogen that would have been released by the complete decomposition of the
formaldehyde. Thus, the amount of hydrogen that is generated from the thermal and/or basic
decomposition of formaldehyde is negligible.
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Figure 15: Comparison of hydrogen gas evolution caused by basic and thermal decomposition of formaldehyde
with the standard gas evolution rate. Conditions standard MeOH reforming: 8 M KOH, MeOH:H,0 (9:1, 10 mL), 4.2
pmol 1, 90 °C. Conditions for the decomposition of formaldehyde: 8 M KOH, MeOH:H,0 (9:1, 10 mL), 0.2 mL 37%
aqueous formaldehyde solution, 90 °C.[118]

To verify the result of the NMR monitoring that no formaldehyde is present under catalytic
conditions, formaldehyde was tested for in the reaction solution by employing the Merck
MColortest, which gave a negative result. Therefore, it can be concluded that during the methanol
dehydrogenation catalysed by 1 no formaldehyde accumulates during the reaction (For details see
Appendix page XXIV).
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Influence of base on the catalytic species

The next step was to investigate the influence of base on the catalytic species in a 9:1 MeOH:H20
solution.
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Figure 16. 3'P NMR (162 MHz, 297 K) of the reaction solution containing 1 (8.1 mg) in 1 mL 9:1 MeOH:H,0.
Addition of increasing amounts of KOH. P = PPr;.[118]

Under neutral conditions, the pre-catalyst 1 was the prevalent species with a chemical shift of
74.16 ppm. By increasing the base amount to 10 eq. of KOH a second species appeared at a higher
chemical shift, causing a broad tailing of the original peak. By comparison to the spectrum recorded
previously under reaction conditions, this complex was determined to be the methoxide species 4.

At 50 eq. KOH both complexes were detected until at 200 eq. of base the pre-catalyst vanished
and only the methoxide species remained. Increasing the base amount further, a peak at a very
low chemical shift of 88.99 ppm appeared, which could be assigned to the dihydride species 3. By
raising the base concentration to 8 M KOH the ratio between the methoxide and the dihydride
species changed slightly to a higher proportion of the latter complex, although the methoxide
species still remained the main catalyst complex. By the increasing addition of base, the dihydride
species was stabilized and could therefore be detected by NMR.
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These observations are in agreement with the stoichiometric experiments, as also here a minimum
of base was required to convert the pre-catalyst 1 and the equilibrium between the methoxide and
the dihydride species was pushed towards the latter by the addition of base.

Based on the NMR experiments performed under reaction conditions, the following conclusions can
be summarised:

e Under reaction conditions, the corresponding methoxide, hydride and to a minor extent the
formate species were detected.

e The hydroxide complex was confirmed to be an ex-catalytic species.

e The methoxide species is very likely one of the main active catalytic species.

Eventually, to extend the findings that were obtained for the standard reaction time of three hours
to longer investigation periods, the spectrum of spectroscopic investigations was broadened by
operando Raman and GC measurements. These experiments were carried out in cooperation with
the group of M. Haumann at the Friedrich-Alexander University Erlangen and are described in detail
in the following section.
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Operando Raman and GC investigations!32!

The aim of the combined gperando Raman and GC setup was to perform longterm measurements,
during which simultaneously the composition of the produced gases and changes in the reaction
solution were monitored. The results described in this section are based on the experiments
performed by Vinzent Strobel.

The reaction was carried out using the standard experimental setup of a double-walled vessel with
additional temperature sensor. Instead of measuring the evolving gases by manual or automatic
burettes, the gas flow was led via a mass flow meter to a GC unit, with which both hydrogen and
carbon dioxide could be quantitatively measured (Scheme 18). More information about the
experimental details are given in the Appendix Section 6.4.1.3.

Scheme 18: Schematic overview of the experimental setup for operando monitoring.[133!
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An exemplary Raman spectrum of the reaction solution recorded for a duration of 7.5 hours is
shown in Figure 17. In order to identify the chemical components in the liquid phase, the measured
spectra were compared with Raman spectra of possible intermediates known in literature.[134]

In the spectrum, two bands for methanol between 800 and 1800 cm™! were identified, as well as a
band that could be assigned to the symmetric stretch of the -CO group of formate, and a band at
1080 cm™ belonging to carbonate. The formate band appeared very soon after the start of the
reaction and increased continuously during the progress of the reaction. In contrast, carbonate
was detected only shortly before the reaction was stopped and concomitantly the Raman signal
was disturbed by the coating of the inner reaction wall with white solid potassium carbonate (see
Figure 18).
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Throughout the reaction, no band belonging to formaldehyde was identified. This can be related
to the fast conversion of formaldehyde into formate, so that no measurable concentration can
accumulate in the reaction solution during the course of the reaction. This finding is in agreement
with the results of the /n-situ NMR investigations.
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Figure 17: An exemplary Raman spectrum of the reaction solution recorded for a duration of 7.5 hours. Each
spectrum represents an average of 30 minutes of recording.['3%]

Figure 18: Coating of the inner wall of the reaction vessel with potassium carbonate.[13%]
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The resulting diagrams from a longterm measurement of the reaction system containing 2 M KOH
can be seen in Figure 19. During the first 22 hours the base got continuously consumed, which led
to a steady decline in reaction temperature from 74.5 °C to 70.5 °C and a stabilised gas flow of
approx. 0.75 mL/min. Simultaneously, the Raman signal for formate reached a peak after 10 hours
and significantly lost in intensity afterwards. After the complete consumption of the KOH, both GC
signals for carbon dioxide and hydrogen gas in a 3:1 ratio were detected. Thus, at this point of the
reaction the final phase of full methanol reforming was reached.
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Figure 19: All experimental data obtained from a single run in the GC-Raman setup. Top: H; (red) and CO, (blue)
concentrations measured by online GC, formate (black) intensity determined by Raman signal. Bottom: liquid phase
temperature (purple) and the measured gas flow (green). Reaction conditions: 16 mL MeOH, 4 mL H;0, 16.8 umol
1, 2M KOH, Tset = 95 °C (liquid phase at its boiling temperature at all times).[13%]

These findings support the hypothesis that a certain amount of base is needed for efficient catalyst
activity. When reaching the steady-state reforming phase, the efficiency of the system is stable,
but at a very low turnover rate. In this regard the bell-shaped curve for the formate signal can be
related to the ceasing of catalytic turnovers, as generally less of the product of the second
dehydrogenation step is generated. Especially for future steps involving the upscaling of the
system, the need of continuous make-up of the base with concomitant continuous generation of
solid carbonate precipitate will have to be carefully considered.
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2.3.3. Mechanistic proposal

Based on the performed activity measurements, the spectroscopical experiments and theoretical
calculations, a better understanding of the active catalytic species and possible reaction pathways
for the Ru-pincer catalyst 1 was developed. It was identified that the key steps involve the following
transformations:

e The methoxide species 4 is formed from the highly active amido complex 2.

¢ Under the basic reaction conditions, the prevalent species are anionic with a deprotonated
N-H moiety of the ligand backbone.

e The C-H cleavage step leads to the formation of the dihydride species 3 from the
methoxide species 4.

e Hydrogen is liberated from the dihydride complex via a solvent-assisted pathway.

2.3.3.1. Possible pathways for the key step involving C-H cleavage

Still, a range of possibilities for the essential steps of the C-H cleavage and Ru-dihydride formation
are possible, which are shown in Scheme 19 and which will be discussed in detail in this paragraph.

Pathway A depicts the originally postulated outer-sphere coordination of methanol to the amido
species. This mechanism can be discarded, as no transition state could be located by calculations
and it does not take into account the necessity of a high base concentration for efficient catalytic
activity. Furthermore, the addition of formic acid did not result in the formation of the dihydride
species nor was hydrogen gas evolved, which is further evidence that this pathway is not followed.

The second pathway, B, includes the formation of the methoxide complex as an active species.
Following a non-classical B-hydride elimination, which was formerly proposed by Milstein and co-
workers, the dihydride species is formed.['3¢] This step-wise mechanism neither involves any
anionic species nor does it take the role of the base into account. Also here, the transition state
could not be located.

In pathway C, the formation of the methoxide species is followed by the deprotonation of the -
OMe moiety and the consecutive cleavage of formaldehyde. Both the energy of the deprotonated
methoxide species was not found and the energy for the subsequent anionic Ru species was
calculated to be comparably high. Therefore, it was concluded that also this pathway is not very
likely.
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Scheme 19: Possible mechanistic pathways for the key C-H cleavage step involving catalyst 1. P = PPr,.[127-128]
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Mechanism D is based on the direct coordination of methoxide to the amido species, leading to the
anionic methoxide complex. The involvement of the methoxide rather than the protic methanol as
substrate is indeed very likely under the highly basic reaction conditions. The intermediate of the
consecutive C-H cleavage by an outer-sphere coordination could not be located, though, and the

overall reaction from 4- to the anionic species 8 would be very endergonic.

The final mechanism, pathway E, includes an ionic and inner-sphere route. Calculations show that
the O-coordinated isomer of the deprotonated methoxide species 4- is in equilibrium with the H-
coordinated isomer 4H-, which has been shown before for ironl1%: 1371 gand iridium(*36] catalysts.
This equilibrium is pushed forward to 4H- by the consecutive C-H cleavage, leading to the formation
of formaldehyde and the deprotonated dihydride 3-. Based on the reasonable energy values for

the involved catalytic species, this last pathway appears as the most viable option.
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2.3.3.2. Calculations for the ionic, inner-sphere pathway

The ensuing step was to verify if the energies for all three steps of the full methanol reforming

following this ionic, inner-sphere pathway are consistent with the experimental results. These
calculations were performed by Dr. Haijun Jiao.
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Figure 20: Potential energy surface for the anionic, inner-sphere pathway for the C-H cleavage step and Ru-

dihydride formation. Energies are given in kcal mol-t. Protonations of 3" to 3 in each step are with CH;OH, HOCH,OH
and HCOOH, respectively. P = PPr,.[118, 138]

According to the calculated energies, the species 4- and 3 (respectively 3 in case of the last
mechanistic cycle starting from the formate species 6°) have the lowest energies and are the main

resting states. This fits very well with the experimental investigations, as exactly these species
were observed during the monitoring of the reaction.

For the dehydrogenation of the gem-diolate involving the step from 7- to 3- a highly exergonic
energy of 12.14 kcal mol! and a very low energy barrier was calculated. This is consistent with the
fact that no formaldehyde was detected in solution and the proposition that the formaldehyde
decomposition is the fastest step of the reaction cascade.
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In contrast, for the formate dehydrogenation, a relatively high energy barrier of 13.09 kcal mol™
was determined, which explains why formate accumulates during the reaction and the formate
species is detected in situ. Finally, the methanol-promoted reaction of 2 with H> to form the
dihydride complex 3 is exergonic by 2.31 kcal mol and has an energy barrier of 13.71 kcal mol-,
which is in accordance with the observed formation of the dihydride from the amido species under
stoichiometric conditions.

All these aspects let us be very confident in the proposition of this anionic, inner sphere pathways
for the key C-H cleavage of the Ru-catalysed methanol dehydrogenation reaction.
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2.3.3.3. Final mechanistic cycle

In conclusion, we can propose the following mechanistic cycle for the aqueous-phase
dehydrogenation of methanol catalysed by the aliphatic pincer catalyst 1. This mechanism accounts
for the role of the base and explains why high base amounts are needed for efficient catalytic
activity.

Scheme 20: Proposed mechanistic cycle for the complete dehydrogenation of methanol employing Ru-pincer
complex 1. P = PPr,,[118]

T~
(N ,L P X=cl(1a)or OH (5)
v
P |L YCO R =CH,, CHOH, CO
OH- ’
X+ Hzo
PERRS
H2 ( >\Ru\i HRO"
CH,OH Pl e \
H4CO. 2 RH
“y HH " o
N/_ \P 2‘\\ @ P S
/) u\\\‘ 1 (N 7 \
P” | “CHO . ~P7 ] Yco
t 4,7,6 A
H-H
N/'L\P
\\ u\\\
CH30H EP’ | Yco
H RO
4H, TH", 6H" |
H M CH50" N
N~ ™>p SN N,, AN
( (’/ u\; " / U\\
sy 0 CH4OH co
RO -
H !
RHO" €N:'L\\‘p /_H
u', N, Nz
RHOH 7| Yco FJU
H OR | ~co
-
OH-
OH TS(4(7 or 6)H/3)
(R= CH2 or CO) (R = CHOH)

"OROH  “OCHO + H,0

The first role of the base is the dehydrochlorination of the pre-catalyst 1, which leads to the
formation of the highly active amido species 2 and is the initiative step to enter the mechanistic
cycle. This is in agreement with the postulated mechanism before.
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Base ensures that the substrates methanol, formaldehyde and formic acid are present in their
deprotonated form, which attack the amido species leading to the formation of the negative Ru-
amidate complexes 4°, 6~ or 7-. These species easily undergo isomerisation to form the H-
coordinated complexes 4H-, 6H- or 7H". C-H cleavage takes place, leading to the formation of the
deprotonated dihydride 3~ and the release of either formaldehyde, gem-diolate or carbon dioxide.
Here, base plays again an essential role as the products are sequestrated, which turns this key
step thermodynamically more feasible and is a significant driving force of the reaction.

The cycle is either closed by the protonation of the amidate moiety of 3" and the protonation of
the hydride function by methanol, followed by the solvent-assisted hydrogen generation, or the
direct protonation of the hydride and hydrogen cleavage (grey pathway).

This final step during which hydrogen is generated is actually hindered by the high basicity of the
solution as protonation is made more difficult. This is the reason why a stabilization of the dihydride
species at higher base concentrations was observed. Nevertheless, the general positive influence
of base on the catalytic activity outweighs this attenuating effect.

In conclusion, this mechanistic proposal involving key anionic species explains in detail why an
increase of catalytic turnover is reached with higher base concentration, which stands in contrast
to the formerly postulated neutral, outer-sphere pathway. The saturation kinetics observed at
higher base concentrations were shown to be related to mass-transfer issues.
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2.3.4. Investigations for catalyst Me-1

As the mechanism for the parent catalyst 1 could be fully elucidated, it was planned to obtain a
similar understanding of the mechanistic pathway for the N-methylated derivative Me-1.

2.3.4.1. Base molarity-activity measurements

Analogous to the Ru-pincer complex 1, the base molarity-activity correlation was measured both
at 60 °C and 90 °C, whereby for the higher temperature the modified autoclave setup described in
Section 2.3.2.1. was employed. Unlike for catalyst 1, a peak in rate was observed at 60 °C at 4 M
KOH and a decline in activity at higher molarities for the Me-1 catalyst. A comparable trend was
noted for 90 °C as the activity continuously decreased with increasing KOH molarity. This tendency
stands in stark contrast to the parent catalyst 1, as here a positive correlation between base
molarity and activity was noticed (see Figure 9). Still, a minimum amount of base is required for
both catalysts as under neutral conditions no significant hydrogen gas evolution took place.
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Figure 21: The influence of KOH concentration on the activity of catalyst Me-1 at 60 °C and 90 °C. Conditions at
60 °C: 10 mL MeOH:H,0 (9:1) and Me-1 (8.41 pumol) using the “regular” burette setup. Conditions at 90 °C: 20
mL MeOH:H,0 (9:1) and Me-1 (16.82 umol) in a leaking autoclave set to an over pressure of 0.6 bar. Lines are
solely a guide for the eye.[!18]

These contrasting tendencies in regard to the molarity-activity correlation support the assumption
of different mechanistic effects for the two complexes. To get a better insight into the underlying
microscopic reasons, stoichiometric and /n-situ NMR studies were performed, which are described
in the following section.
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2.3.4.2. NMR studies

Firstly, stoichiometric studies were carried out by Dr. Elisabetta Alberico to characterize possible
active catalytic species. Since with the methylated N-moiety of the ligand backbone it is not possible
to generate the equivalent amido function of the complex 2, investigations concentrated mainly on
the formation of the dihydride species Me-3 and possible reactions of it. A comprehensive table of
all NMR data can be found in the Section 6.4.2.1. of the Appendix.

Stoichiometric investigations!3°]

The addition of KOMe to the pre-catalyst Me-1 led to the complete conversion to the dihydride
complex Me-3. Compared to its unmethylated counterpart, the formation of Me-3 from Me-1 was
found to be significantly more facile. Interestingly, no methoxide species could be detected.

As shown before, the protonation of the dihydride species by methanol is a key step in the
mechanistic cycle.l'26] To test for this transformation, Me-3 was protonated using CH3OD, which
led to the formation of the two monodeuterated isomers trans [2H]-Me-3 and trans [2H]-Me-3’
(Scheme 21). Both isomers were formed in equivalent amounts, which means that the orientation
of the N-methyl group does not affect the H-D exchange as for the N-H moiety.[140]

Scheme 21: Protonation of #rans Me-3 by CHsOD. P = PPr,.
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The addition of non-deuterated methanol to the dihydride complex did not lead to the release of
hydrogen gas, nor was the methoxide species Me-4 formed. Instead, a new species appeared,
which was assumed to be either the frans Me-3 species with additional hydrogen bonding to
methanol or a cationic Ru-dihydrogen species. This result implies that the protonation of the
methylated dihydride complex is significantly more impeded than it was the case for the
unmethylated dihydride species.

Me-3 was also treated with formic acid, whereby one equivalent of the acid was enough to reach
quantitative conversion to the formate species Me-6 and consecutive hydrogen gas evolution.
Thermal treatment of the formate complex Me-6 at 90 °C led to partial conversion back to the
dihydride species Me-3 after three hours.
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Investigations under catalytic conditions

The subsequent step was to analyse which catalytic complexes are observed under reaction
conditions and how they are influenced by the increasing base molarity.

Studies of the reaction solution

In the 3P NMR of the highly basic methanol-water solution at room temperature containing catalyst
Me-1 three distinct species at 59.22 ppm, 75.76 ppm and 87.40 ppm were detected. They were
assigned to the free oxidised HPNPPr ligand, the formate complex Me-6 and the dihydride species
trans Me-3, respectively.
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Figure 22: 3P NMR (162 MHz, 297 K, additional drops of CD30OH) of the reaction solution at room temperature
containing Me-1 (8.1 mg) in 1 mL 9:1 MeOH:H,0, 8 M KOH.

In the H{3'P} NMR spectrum only two triplets at -6.02 and -6.52 ppm were visible, which belong
to the hydrides of the dihydride species. Due to the poor intensity and a relatively high signal-to-
noise ratio, the hydride of the formate species could not be detected.
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Figure 23: 'H{3!'P} NMR (400 MHz, 297 K, additional drops of CDsOH) of the reaction solution containing Me-1
(8.1 mg) in 1 mL 9:1 MeOH:H,0, 8 M KOH.
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Influence of base on the catalytic species

To test for the influence of base on the catalytic species, increasing amounts of KOH were added
to the reaction solution containing Me-1 at room temperature.

Me Me OCHO
N e (Nf I
ZAIRG Ru®
8M KOH <« (P/ \u‘co «— P” | Yco *— free oxidised ligand
trans-Me-3 H Me-6 H
" " A - .

6M KOH

| | |

4M KOH Ru-monohydride species

200 eq. KOH

g Lo ol

|

-

50 eq. KOH l
|

10 eq. KOH
PR ~ b . ! A
1 eq. KOH
cl H
Me Me
0 eq. KOH [N/ TP ., <—/ (N/ P
P | “eo P/é (oo)
Me-1 H |
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
104 102 100 98 9 94 92 90 88 8 8 8 80 78 7f61( 74) 72 70 68 66 64 62 60 58 56 54 52 50 48 46
ppm

Figure 24: 3'P NMR (162 MHz, 297 K) of the reaction solution containing Me-1 (8.1 mg) in 1 mL 9:1 MeOH:H,0.
Addition of increasing amounts of KOH. P = PPr,.[118]

Under neutral conditions, the two isomers of the starting complex, Me-1 and Me-1’, which differ
in the relative orientation of the hydride ligand to the orientation of the N-Me group, were detected.
At 69.00 ppm a further monohydride species not unambiguously identifiable was visible.
Nevertheless, it is fairly assumable that it could be the methoxide complex Me-4. This species
disappeared after the base concentration reached 4 M. Under neutral conditions, the minor peak
at 76.24 ppm belonging to the formate complex Me-6 was apparent as well.

Already when adding 1 eq. of KOH it reached its maximum intensity, which did not change with
increasing base concentration.
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The two isomers of the pre-catalyst were completely converted when reaching a base concentration
of 200 eq. This was also the concentration at which the dihydride species trans Me-3 at 86.16
ppm appeared. Finally, at 6 M and 8 M KOH three peaks were detected: the dihydride and the
formate species and free oxidised HPNPPr ligand.

The results of this NMR investigation are in agreement with the stoichiometric investigations as the
dihydride species was shown to be one of the main resting states and was stabilized already at
significant lower base concentrations compared to the dihydride of the unmethylated catalyst 3.
The second dominant species is the formate complex Me-6, and not the methoxide species 4, as
it is the case for the parent catalyst.
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2.3.5. Mechanistic proposal

2.3.5.1. Possible pathways for the key step involving C-H cleavage

Analogous to the unmethylated parent catalyst, the key step of the dehydrogenation process is the
generation of the dihydride complex Me-3 from the methoxide, gem-diolate or formate complexes,
respectively. Possible pathways for the conversion of the methoxide species Me-4 to Me-3 are
exemplarily shown in Figure 22 on the next page.

Pathway A depicts the classical B-hydride elimination pathway. Hereby, it is required that either the
CO ligand or one of the phosphine ligands of the coordinatively saturated 18-electron complex Me-
4 undergo temporary decoordination.['41-148] Dye to the high stability of these ligands, this pathway
seems very unlikely, though. Another possibility is the dissociative B-hydride elimination, leading
to a negative alkoxide ion and a positive ruthenium complex. The alkoxide dissociation should be
accelerated in a polar medium like the highly basic methanol-water mixture. Still, as theoretical
calculations could not locate a suitable transition state, pathway B can be discarded, too.

Assuming neutral conditions, a similar inner-sphere pathway as for the parent catalyst 1 can be
taken into account (pathway C). Also for the Me-1 complex, the isomerisation from the O-
coordinated to the H-coordinated methoxide species takes place, leading to the formation of the
dihydride species Me-3 and formaldehyde. Calculations show that this pathway is a viable route
for the key C-H cleavage step.

Finally, by considering the highly basic environment under reaction conditions, a fourth mechanism
could be possible (pathway D). Here, the methoxide group gets deprotonated while being
coordinated to the Ru centre, which then gives the formaldehyde and the anionic Me-3-.
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Scheme 22: Possible mechanistic pathways for the key C-H cleavage step involving catalyst Me-1. P = PPr,.[138]
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2.3.5.2. Calculations for the inner-sphere pathway

For the ionic, inner-sphere pathway the energies for all three dehydrogenation steps were
calculated by Dr. Haijun Jiao (Figure 25). The first reaction cascade generating formaldehyde from
methanol with concomitant hydrogen evolution is highly endothermic. Hereby, the protonation of
the dihydride species Me-3 by methanol is endothermic by 8.02 kcal mol-. This fits very well the
experimental observations that the addition of methanol to Me-3 leads neither to the formation of
Me-4 nor to the evolution of hydrogen gas. The isomerisation from the O-coordinated to the H-
coordinated methoxide species Me-4H is even more endothermic by 14.73 kcal mol. Thus, in
contrast to the original catalyst 1, the dehydrogenation of methanol is the least facile step in the
reaction cycle.

The H-coordinated isomer of the gem-diolate species and the transition state leading to the
formation of the dihydride Me-3 could not be located. Nevertheless, the energies are significantly
lower compared to the first dehydrogenation cycle. The last step, the dehydrogenation of formic
acid to CO2, has the lowest energies and energy barriers. The generation of the formate complex
Me-6 from Me-3 is exergonic by 7.77 kcal mol'*and the energy barrier is as low as 0.42 kcal mol.
These values confirm the very easy generation of the formate complex and evolution of hydrogen
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gas by the addition of only one equivalent of formic acid to the dihydride complex Me-3. With the
very low energy of the formate comple, it is a reasonable species to detect in-situ.
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Me-3 + CH3;0H = Me-4+ H,
Me-4 = Me-3 + CH,0

Me-3 + CH,OHOH = Me-7+ H,
Me-7 = Me-3 + HCOOH

Me-3 + HCOOH = Me-6+ H,
Me-6 = Me-3 + CO,

Figure 25: Potential energy surface for the inner-sphere pathway for the C-H cleavage step and Ru-dihydride
formation. Energies are given in kcal moll. P = PPr,.[118, 138]
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2.3.5.2. Final mechanistic cycle

In conclusion, the following inner-sphere pathway can be postulated for the N-methylated Ru
pincer catalyst Me-1 (Scheme 23).

Scheme 23: Proposed mechanistic cycle for the complete dehydrogenation of methanol employing Ru-pincer
complex Me-1. P = PPr.
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The key steps are the isomerisation equilibrium between the O-coordinated and the H-coordinated
monohydride species, which is pushed forward to the latter by the generation of formaldehyde,
formic acid or CO2, respectively.
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Analogous to the unmethylated parent catalyst 1, the high base concentration enables the
sequestration of these products, which is a strong driving force of the reaction. The formed
dihydride complex Me-3 is consecutively protonated by the protic methanol and the cycle is closed
by the generation of hydrogen gas and the reformation of the above mentioned monohydride
species Me-4, Me-7 or Me-6. The bell-shaped correlation between catalytic activity and base
concentration can be related to two competing tendencies.

Calculations have shown that the basic inner-sphere pathway is a well-possible alternative, which
explains the increase of activity with the rising base concentration from 0 M to 4 M. The drop in
activity with higher amounts of base can be rationalized by the higher stability of Me-3 compared
to its unmethylated counterpart 3 towards protonation. In a highly basic environment the ratio of
CH30H/CHs3O" is significantly decreased, which renders the last step of the mechanistic cycle
significantly more difficult.
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2.4. Summary and outlook for the ruthenium-catalysed dehydrogenation
of methanol

The objective of this first part of the thesis was to acquire comprehensive understanding of the
mechanism of the homogeneously Ru-PNP catalysed aqueous-phase reforming of methanol. A
complete mechanistic cycle could be proposed for both the parent catalyst 1 and its methylated
derivative Me-1 based on the results from activity measurements, kinetic experiments,
stoichiometric and /n-situ NMR measurements and theoretical calculations. The following summary
gives an overview of the most prominent results that were obtained:

e The methylated derivative Me-1 reached 60% of the activity of its Ru-PNP parent catalyst
for the methanol dehydrogenation reaction under the optimised conditions using a 9:1
MeOH:H20 solution containing 8 M KOH at 90 °C.

Scheme 24: Ru-PNP parent catalyst 1 and its methylated derivative Me-1.
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e The ensuing kinetic investigations showed a striking difference in KIEs, whereby the value
for Me-1 was only slightly higher than one, which means that no significant cleavage of C-
H, O-H or Ru-H bonds take place during the rate-limiting step(s).

e Alinear temperature-activity relation means that the inflation of the temperature above the
boiling point of the methanol-water mixture does not alter the mechanism and does not
lead to a higher activity than caused by the rise in temperature, as it had been assumed
before.

e A modified setup for the investigation of the molarity-activity correlation was developed
due to the chemical attenuation of the catalyst’s activity as hydrogen adds to the active
catalyst species at higher partial hydrogen pressure.
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Figure 26: Modified autoclave setup.[118]

e At constant temperature, rates of reaction increased with increasing KOH concentrations
for catalyst 1, whereby at 90 °C saturation kinetics occurred at a base molarity above 6 M,
which could be explained by the limiting factor of hydrogen mass transfer.

e One of the most essential aspects is that the mechanistic cycle is based on an inner-sphere,
anionic pathway in which the ligand is not more active than acting as a strongly donating
anionic ligand.

e The second important aspect is that the base is essential for catalytic activity, as it
generates the active amido complex 2 by dehydrochlorination of the pre-catalyst via a
conjugate base mechanism. Furthermore the high base concentration ensures that the
deprotonated methoxide, gem-diolate and formate species are formed, for which C-H
cleavage is facilitated. Finally base sequestrates the dehydrogenation products, which is a
significant driving force of the reaction.

Further mechanistic points that were elucidated are listed below:

e Generally, the anionic methoxide species 4 is besides the anionic dihydride species 3~ one
of the main active catalytic complexes in the cycle, which stands in contrast to its proposed
role as an off-cycle intermediate.

e An equilibrium between these two complexes exists, which is influenced by the amount of
methanol and base. Hereby, the dihydride complex is stabilised by high base content.

e The hydroxide complex 5 was confirmed to be an off-cycle intermediate.
e Hydrogen is liberated from the dihydride complex via a solvent-assisted pathway.

e For the methylated derivative both the neutral and the anionic inner-sphere pathways were
determined to be viable routes, whereby during the latter the methoxide (gem-diolate or
formate) group gets deprotonated while being coordinated to the Ruthenium centre.
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e The bell-shaped correlation between catalytic activity and base concentration for Me-1 can
be related to two competing tendencies: Firstly, base concentration up to 4 M enables the
more effective anionic pathway. Secondly, at higher base molarities the higher stability of
Me-3 towards protonation compared to its unmethylated counterpart becomes decisive,
which slows down catalytic activity.

e For catalyst 1, formate dehydrogenation was found to be the least facile step, whereby for
Me-1 the conversion of methanol proved to be rate-determining.

e QOperando Raman and GC investigations have shown that especially for future steps
involving the upscaling of the system, the challenge of continuous make-up of the base
with concomitant continuous generation of solid carbonate precipitate will have to be dealt
with.

Figure 27: Coating of the inner wall of the reaction vessel with potassium carbonate.[13%]

These findings are particularly valuable in respect to the development of novel type of catalysts
that are active both at lower base concentrations and in the same temperature range for the
aqueous-phase reforming of methanol. Generally, catalytic activity and stability of the Ru-PNP
catalyst is adequate for further practical implementation, but the high amount of base and the
hereby-caused accumulation of carbonate make this step not feasible at this point.

Different approaches to reach this objective can be envisioned. One option is the development of
a bicatalytic system analogous to the one that was reported in 20141111, but with significantly
higher activities. Ideally, the interaction of both catalysts would lead to synergistic effects, which
pushes catalytic activity even further. To systematically test the optimal combination of two
catalysts, an efficient method is to start from one complex known to effectively catalyse the
dehydrogenation of methanol to formic acid and combine it with complexes or variation of these
that have already been employed for the conversion of formic acid. Possible options for the latter
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case would be Iridium-based catalysts similar to the ones reported by Himeda and co-workers
(Scheme 25).[149-152]

Scheme 25: Combination of possible catalysts that can be combined for a bicatalytic system. Upper part shows
the combination of an active catalyst for formic acid dehydrogenation with well-known catalysts for methanol
dehydrogenation, the lower part vice versa.

H CI
N7 | PPh,
7 u\\
P | co
PPh, 1y
HO_~ 2
/=\ | H BHy
N /y) =N N[ PPh,
R Ir(Cp*)(OHy) — Fe.
— S
/NN a th,l, co
K(dme) N !
HO
H CI
[N.,Il PP,
-p” | co
Pra H
H HBH;
(N.,,, PPh,
/| u\
P” | o
PPh, 1y
/SO3Na
H OCOH H G OH,
N | PP, N7 | JPPr, P, |
77 IR\ RU ‘. -
(P’ |e\co ~-P” | co AT
Pr, 1 Pry H NaO3S P |
\ OH, SO;Na/,
3
2+
HO | N
N
Ir(Cp*)(OHy)
Z N
|
HO

Another option is the reduction of the base amount without concomitant loss of catalytic activity
by adding suitable solvents. The first attempts of this strategy have already been performed. By
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using the basic ionic liquid Ecoeng 212 (1-ethyl-3-methyl-imidazolium-ethylsulfate) it was hoped to
enable a basic macroscopic environment (Scheme 26).

Scheme 26: Structure of the basic IL Ecoeng 212 (1-ethyl-3-methyl-imidazolium-ethylsulfate).
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Unluckily, degradation issues occurred when a minimum amount of base was added to the reaction
solution. Also the replacement of the base by the Lewis acid LiBF4 that had been shown to trigger
catalytic activity for the dehydrogenation of formic acid!*>3! did not prove to be successful.

A further strategy is the replacement of the base by carbonates: For complete methanol reforming,
leading to the generation of one equivalent of CO2 per three equivalents of hydrogen, long-term
investigations showed that an equilibrium between hydroxide, (bi)carbonate and formate is
reached and the pH value of the solution stays at approximately 10./193] Based on these findings,
two measurements were performed at a reduced temperature of 70 °C, whereby the first reaction
solution contained only 2 M of KOH and the second one a mixture of 2 M KOH and 2 M K2COs (For
details see Section 6.4.3. of the Appendix). Also here no improvements of catalytic activity were
observed.

In conclusion, despite the unsuccessful first attempts, several promising routes for improving the
technical implementation of the Ru-PNP based system for the methanol dehydrogenation can be
envisioned and are very likely to be put into practice in the not too distant future.
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3. PartII: Manganese-catalysed dehydrogenation of methanol

3.1. Introduction

Besides the already mentioned ruthenium catalyst systems, only a few examples using complexes
based on the non-noble metal iron have been reported for the dehydrogenation of methanol. Very
recently, manganese pincer catalysts have attracted increasing attention and have been employed
for the first time for both hydrogenation and dehydrogenation reactions, though this metal is
commonly used in oxidative conversions.!'54155] In nature, manganese occurs in abundance and is
not only an essential trace element for living organisms, but is also present in many metalloproteins
and enzymes.[136-157] Generally, this base metal is earth abundant, inexpensive due to its use for
the iron and steel production and low toxic.[1>8-15]

Based on these favourable properties, the use of manganese pincer catalysts constitutes a viable
option for replacing noble metal-based complexes. Examples of this type of catalysts that have
been successfully applied for a range of chemical conversions are shown in Scheme 27.[160-166]

Scheme 27: Overview of manganese-based pincer catalysts.
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One of the firsts to report Mn-based pincer catalyst were A. Tondreau and J. Boncella, who
synthesized i.a. the catalysts 9 and 12 by reacting the precursor Mn(CO)sBr with the respective
HNPPr and PONOPPr ligands.[164] At around the same time Elongavan et al. successfully employed
catalysts 9 and 14 for the hydrogenation of nitriles, ketones and aldehydes.!'%] Various aromatic,
heteroaromatic and also aliphatic nitriles were hydrogenated to the corresponding amines in good
to excellent yields. Aliphatic ketones and also o, B- unsaturated aldehydes proved to be accessible
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substrates. For mechanistic investigations, NMR and ex-situ IR measurements were performed,
based on which a concerted outer-sphere mechanism for the nitrile hydrogenation was proposed.
In contrast, the hydrogenation of benzaldehyde was calculated to follow a step-wise outer-sphere
pathway.

Scheme 28: Hydrogenation of nitriles, ketones and aldehydes using Mn-catalyst 9.
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For the application in transfer hydrogenation of ketones with isopropanol as the hydrogen source,
the N, N, N-Mn pincer complex 17 showed excellent activity.[116] A variety of aliphatic, aromatic and
heteroaromatic ketones were successfully hydrogenated, although it was not possible to convert
aldehydes under optimised reaction conditions.

Scheme 29: Transfer hydrogenation of ketones with Mn-catalyst 17.
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Additionally, deuterium experiments were carried out, which led to the conclusion that the
hydrogen transfer proceeds through a Mn-monohydride species. Interestingly, the catalyst with
methylated N-backbone of the ligand showed reasonable activity for the transfer hydrogenation of
acetophenone. In this case, the deuterium labelling experiment resulted in a strong kinetic isotope
effect, based on which it was assumed that different mechanistic pathways are visible and that the
N-H moiety of the ligand backbone is not essential for the key C-H activation step.

The first dehydrogenation reactions were performed both by A. Tondreau and J. Boncella and
Milstein and co-workers. Milstein reported the dehydrogenative coupling of alcohols and amines to
imines under hydrogen gas evolution using the Mn catalyst 18.[162]
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Scheme 30: Dehydrogenative coupling of alcohols and amines to imines using Mn-catalyst 18.
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A range of aromatic imines were synthesized in good to very good yields, and also an aliphatic
imine proved to be an accessible product, although it was obtained in significantly lower conversion.
For the dehydrogenation of the alcohol a bifunctional mechanism was postulated. This pathway
involves the presumed concerted proton and hydride transfer from the alcohol to the active centre
of the ligand backbone and the metal centre, respectively.

Boncella demonstrated the 1,2-addition of formic acid and oxalic acid to the Mn-amido complex
11.0165] In the case of the latter substrate, the oxalate-bridged dimer 19 was formed. First tests
proved that complex 11 catalyses the dehydrogenation of formic acid, although the turnovers were
significantly lower than for related iron catalysts. Furthermore, significant amounts of water were
detected, which means that not only the dehydrogenation but also the dehydration reaction took
place. Interestingly, the use of the Lewis acid LiBF4 completely shut down catalytic activity.

Scheme 31: 1,2-Addition of formic acid and oxalic acid to the Mn-amido complex 11.
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3.2. Objectives of project II

The recent achievements based on novel manganese catalysts were very promising, but also
showed that significant advances can still be made. Especially in the field of dehydrogenation
reactions only one Mn-containing catalyst has been applied so far, and both selectivity and activity
should be significantly improved.

Based on our group’s expertise in the dehydrogenation of alcohols and other hydrogen carriers, it
is envisioned to develop an effective catalyst system based on this non-noble metal for the
aqueous-phase reforming of methanol at low temperatures. Once a suitable catalyst is identified,
further investigations are aspired both to optimise reaction conditions and to get a deeper
understanding of the fundamental mechanism. To fulfil the second objective, it is planned to utilise
our expertise in kinetic investigations combined with ex-situ and /n-situ analytical methods that
already proved to be very effective. Besides performing NMR measurements, it is envisioned to use
IR methods to identify active catalytic intermediates, as this technique was shown to work very
well for the identification of manganese pincer systems before.[164]

The mechanistic revelations are especially interesting when compared to the findings for the
ruthenium catalyst. Both similarities and differences in the mechanism between the two systems
can help to develop a better understanding of visible reaction pathways, which is one of the key
steps in developing more efficient and preferably low-cost catalyst systems.
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3.3. Results and discussion[167]

3.3.1. Preliminary tests

To get a better understanding of the catalytic performance, several defined manganese complexes
as well as precursors known from literature were tested by Maria Anderez-Fernandez, using the
optimised conditions of a highly basic 9:1 MeOH:H20 solution at a reaction temperature of 90 °C
from the Ru-pincer catalyst system. The employed catalysts are shown in Schemes 27 and 32.

Scheme 32: Structure of the Mn-porphyrine complex 20.
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Under these reaction conditions, a high sensitivity to light irradiation especially for the dissolved
Mn complex 9 was observed, which led to a fast decline in its activity. This deactivation contrasts
the complex’s noted stability in crystalline form!t6% and could be ascribed to the light-triggered
cleavage of the HPNPPr ligand (see Figure 28). Interestingly, in the case of the related Ru- and
Fe-PNP-pincer catalysts, this effect had not been noticed at all. Thus, to avoid irreproducibilites in
the catalysts’ performances, all ensuing experiments were carried out under rigorous exclusion of
light.
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Figure 28: Influence of light on the catalytic activity of the Mn complex 9. 3P NMR (297 K, 162 MHz, 9:1
MeOH:H,0, a few drops of MeOD-ds). Bottom: 9 (10 mM) in 9:1 MeOH:H,0 solution containing 8 M KOH. Top:
After the exposure of 9 to a Luxeon LED light source for 30 min.[168]
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Although the activities were significantly lower compared to the related iron- and ruthenium-based
complexes, the aliphatic manganese pincer complex bearing ethyl groups 16, the corresponding
Pr catalyst 9 and the in-situ system consisting of the precursor Mn(CO)sBr with additional 10
equivalents of the HPNPPr ligand showed promising activities for the aqueous-phase methanol
dehydrogenation. Hereby, productivities of 65, 54 and 68, respectively, were obtained after a
reaction time of five hours (Table 1, entries 4, 1 and 8). In contrast, a range of the tested
manganese complexes did not show significant activities, including the commercially available
precursor Mn2(CO)10 and the Mn-porphyrine complex 20, as well as the pincer complex bearing
cyclopentyl ligands 14 and catalyst 17, which had been successfully employed before for the
transfer hydrogenation of ketones!!!®l (Table 1, entries 7, 6, 2 and 5). The use of the Milstein-
analogous complex 15 resulted in observable hydrogen gas evolution, but its performance
fluctuated significantly and could not be well reproduced (see Part 6.5.1 Figure 70 in the Appendix).

Table 1: Testing of different Mn catalysts for the dehydrogenation of methanol.[169-170]

Entry Catalyst Vsh [mL] TONsh
10b] 9 11 54

2 14 - -

3 15 9 41

41b] 16 13 65

5 17 - -

6 20 - -

7 Mnz(CO)10 = =

glbl Mn(CO)sBr + 10 eq. HPNPPr ligand 14 68

[a] Reaction conditions: MeOH:H,0 (5 mL, ratio 9:1), 8 M KOH (molarity based on the total MeOH + H,0 volume),
catalyst (8.4 pmol, 1.68 mM); Tet: 92°C; gas volumes were determined using manual or automatic gas burettes
and were analysed by GC. Each molecule of hydrogen is counted as one turnover. All gas measurements were
performed at least twice and corrected by blank values. [b] Standard deviation is less than 15%.

3.3.2. Optimisation reactions

Based on the results of the preliminary tests, the defined catalysts 9 and 16 seemed worth to be
considered as promising candidates for more profound investigations. Due to the easy availability
of the complex bearing isopropyl scaffolds and the observed activity of the in-situ system consisting
of the precursor Mn(CO)sBr with additional 10 equivalents of the HPNPPr ligand, complex 9 was
chosen for performing further optimisation experiments, which were carried out by Maria Anderez-
Fernandez. Hereby, the use of additional solvents, the replacement of KOH by other bases or
additives and the influence of the methanol-water ratio were investigated. (see Table 2). The
attempts of substituting potassium hydroxide proved to be not successful, as the use of BuOK or
LiOH led to a reduction in activity of more than 50% and even to the entire seizure of gas evolution
in the case of the latter. As it was observed by Boncella and co-workers in case of the
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dehydrogenation of formic acid by the formate complex 10 [16%], employing the Lewis acid LiBFa
resulted in the complete deactivation of the catalyst 9 (Table 2, entries 6, 7 and 8).

As it had been noted before for the ruthenium-pincer complex 1, the increase of the water-to-
methanol ratio to 1:1 caused the breakdown of catalytic activity as well, which could be explained
by the increasing formation of the inactive hydroxide species as ex-catalytic resting state.
Consequently, omission of water as substrate led to a significant increase of activity compared to
the 9:1 ratio of methanol and water used for the aqueous-phase reforming under standard
conditions (Table 2 entries 11, 9 and 10). Also the addition of 10 equivalents of the HPNPPr ligand
caused a remarkable enhancement of the rate of hydrogen gas production (Table 2 entry 12).

Table 2: Influence of the different conditions on the activity of the Mn-catalyst 9.[169-170]

Entry Catalyst MeOH H:0 Additive Solvent T VH:2 TON
(5h) (5h)
[umol]  [mL]  [mL] [mL] [°C] [mL]
1 9 (8.4) 9 1 KOH (8 M) = 90 20 98
2 9 (8.4) 4.5 0.5 KOH (8 M) triglyme (5) 90 18 88
tamyl
3 9 (8.4) 4.5 0.5 KOH (8 M) 90 23 114
alcohol (5)
4 9 (8.4) 4.5 0.5 KOH (8 M) toluene (5) 90 6 31
5 9 (8.4) 4.5 0.5 KOH (8 M) dioxane (5) 90 26 126
6 9 (8.4) 4.5 0.5 BuOK (8 M) triglyme (5) 90 7 34
7 9 (8.4) 4.5 0.5 LiOH (8 M) triglyme (5) 90 - -
8 9 (8.4) 4.5 0.5 LiBF4 (1 mM) triglyme (5) 90 - -
9 9 (8.4) 5 - KOH (8 M) - 90 18 90
10 9 (8.4) 4.5 0.5 KOH (8 M) - 90 11 54
11 9 (8.4) 2.5 2.5 KOH (8 M) - 90 - -
KOH (8 M)
12 9(84) 45 0.5  HPNPPrligand - 90 25 121
(10 eq.)

Testing a range of solvents led to very diverging results. The addition of toluene had detrimental
effects on the catalyst’s activity and stability, whereas the use of dioxane and t-amyl alcohol led to
an observable improvement of the catalytic rate. Triglyme caused a minor decrease in activity,
whereby longer reaction times are necessary to evaluate the significance of the solvent’s influence
(Table 2 entries 4, 5, 3 and 2).
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3.3.3. Longterm investigations

The addition of a solvent seemed a promising approach to increase the catalyst’s activity and
stability, therefore further tests investigating long-term effects were performed by Maria Anderez-
Fernandez. Hereby, reactions were run for longer than 50 hours (Figure 29). Based on the results
of the initial tests, triglyme and dioxane were chosen as solvents of choice and compared to the
reaction system using methanol both as substrate and solvent.

= triglyme
® dioxane
2004 A methanol

t[h]

Figure 29: Testing of the long-term effects of the addition of solvents. Reaction cond.: MeOH:H,O (5 mL, ratio
9:1), 5 mL solvent, KOH (8 M; molarity based on the total MeOH + H,0 volume), 9 (8.4 pmol, 0.84 mM), Tset 92 °C.
Reactions performed with dioxane and methanol as solvent were performed using the manual burette setup, while
the reaction performed with the addition of triglyme was performed using the automatic burette setup.[168 171]

Very interestingly and in contrast to the results of the measurements before, it was discovered that
using triglyme as solvent had a significant long-term stabilising effect on the Mn-catalyst system.
Hereby, the reaction continued with steady gas evolution even after 60 hours. In the cases of
dioxane and methanol as solvents, activity surprisingly ceased after approximately 10 hours.
Therefore, it can be concluded that although the use of dioxane and methanol leads to an increase
in activity for the initial reaction period, triglyme has long-lasting stabilisation effects on the catalyst
system. This could be due to the improved solubility of the base as well as the carbonate salts that
are formed during the reaction. Generally, it was observed that the addition of triglyme resulted in
improved homogeneity of the reaction solution compared to the other tested solvents.
Consequently, triglyme was chosen as solvent of choice for the ensuing experiments.

As reaction conditions could be significantly improved, the next step was to investigate the
differences in activity and stability of the defined Pr complex 9 and the precursor Mn(CO)sBr under
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the optimised conditions using triglyme as solvent and adding 10 equivalents of the HPNPPr ligand.
The results of the long-term experiments performed for both systems are shown in Figure 30.
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Figure 30: Longterm measurements. Reaction cond.: MeO/H,0 (20 mL, ratio 9:1), triglyme (20 mL), KOH (8 M),
Mn(CO)sBr or 9 plus 10 eq. HPNPPr ligand (2.1 pmol, 0.05 mM); Tset 92°C.[168 172]

The outcome of these measurements were quite remarkable as the use of the defined catalyst
resulted in a very steady gas evolution, which lasted for longer than a month. During that time a
TON of more than 20,000 was reached and even after that period, catalytic activity was not
observably diminished. Another aspect worth to be highlighted is that with this productivity the
manganese catalyst exceeded the stability of the related Fe-Pr complex by far, whose activity
ceased already after five days. The testing of the Ru-Pr catalyst 1 was stopped after 23 days,
therefore no direct comparison can be made in this case. [103 105]

In contrast, the in-sitv system consisting of Mn(CO)sBr precursor plus additional HPNPPr ligand,
which had demonstrated promising activities for a reaction duration of five hours, showed a rapid
decline in activity. Already after approximately four days a distinct diminishing of reactivity was
observed and gas evolution finally completely ceased after twelve and a half days. Although
triglyme showed a long-term stabilizing effect for the Mn-catalyst 9, it was not sufficient for the
reaction system based on the Mn(CO)sBr precursor. This trend of comparably high initial activity
followed by a trend of deactivation after more than a week is not common for /n-situ systems as
they tend to show an initial activation phase.[173-174]

In order to get a better understanding of this interesting phenomenon and characterize possible
catalytic intermediates, extensive analytic experiments including stoichiometric and /n-situ studies
were carried out, which will be described in detail in the following chapter.
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3.3.4. NMR investigations: Difference between defined Mn-catalyst and precursor

In analogy to the corresponding Ru-PNP c-atalyst system, the Mn-amido complex 11, methoxide
complex 21, formate complex 22, hydride complex 23 or the hydroxide complex 24 as off-cycle
state — or due to the highly basic medium, the analogous deprotonated species — are likely
intermediates to take part in the mechanistic cycle (Scheme 33).

Scheme 33: Overview of related complexes of Mn-parent catalyst 9.
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3.3.4.1. Studies of the reaction solution

The first step was the analysis of the catalytic species that are observed under reaction conditions
at room temperature. By dissolving the manganese catalyst 9 in the MeOH:H20 solution containing
8 M KOH two species with the chemical shifts 6 = 84.7 (bs, major species) and 86.5 (bs, minor
species) were detected in the 3P NMR (see Figure 31). The possibility of being one of them the
hydride complex 23 could be excluded as no signal in the hydride region in the *H NMR appeared,
nor did the 3!P signals match the previously reported shift of 109.6 ppm for the hydride complex
by Elangovan et. al.[160]
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Figure 31: 3'P NMR of the reaction solution containing catalyst 9. 3P NMR (297 K, 162 MHz, 9:1 MeOH:H,0, a
few drops of MeOD-d4). 9 (10 mM) in 9:1 MeOH:H,0 solution containing 8 M KOH.[168]
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In order to assess if the increase in reaction temperature leads to a change in the observed catalytic
species, NMR spectra of the catalyst solution during a heating-up and subsequent cooling-down
procedure were recorded. Hereby, both the defined complex 9 and the /n-situ system based on
the Mn(CO)sBr precursor plus additional HPNPPr ligand were investigated.

3.3.4.2. Influence of reaction temperature on the defined Mn-catalyst

During the first experiment, the reaction solution containing 10 mM of the Mn-pincer complex was
stepwise heated up to 90 °C and cooled down afterwards in a gas-tight NMR Schlenk tube (Figure
32). Generally, no new peaks appeared and also the ratio between the two existing peaks did not
change significantly. When the temperature was increased to 70 °C, peaks for hydrogen and
formate were detected (for details see Section 6.5.1.1. of the Appendix), which confirms that the
methanol reforming proceeds beyond the very first step. The deterioration in the spectra’s quality
can be related to the increase in the signal-to-noise ratio caused by the growing rate of gas
evolution.

Room temperature h
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90 °C
70 °C
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Figure 32: Influence of temperature on the active catalytic species of complex 9. 3P NMR (varied temperature,
162 MHz, 9:1 MeOH:H,0, 8 M KOH, a few drops of MeOD-d4). Reaction solution contains 24 mg (10mM) of catalyst
9. Reaction solution was heated up in a gas-tight NMR vial in steps from room temperature to 50 °C, 70 °C and
90 °C and afterwards let cool down to 70 °C and back to room temperature.[168]
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3.3.4.3. Influence of reaction temperature on the precursor Mn(CO)sBr

The analogous experiment was performed for the precursor Mn(CO)sBr and additional 10 eq. of
the HPNPPr ligand, which were dissolved in the highly basic methanol-water reaction solution.

The main peaks detected were free and free oxidised HPNPPr ligand. Very interestingly, when
reaching 70 °C, the formation of a peak at 84.84 ppm in the 3P NMR spectrum could be observed,
which is analogous to the main peak of the dissolved defined catalyst in the reaction solution. At
this temperature also peaks that could be assigned to formate and hydrogen, respectively, became
visible in the H NMR spectrum (Figures 73 and 74 in the Section 6.5.1.1. of the Appendix). Due to
the experimental setup, the temperature programme was stopped at that point to avoid higher
rates of hydrogen gas evolution. Generally, the spectra for the /in-situ system showed a significantly
better signal-to-noise ratio compared to the spectra of the defined catalyst, which can be related
to the lower amount of gas that was formed in case of the Mn(CO)sBr system.

free oxidised HPNPPr ligand free HPNPPr ligand
Room temperature /
Ae .l__

70 °C

50 °C

Room temperature

|

220 200 180 160 140 120 100 8 60 40 2 0 20 -40  -60  -80  -100 -1
f1 (ppm)

Figure 33: Influence of temperature on the active catalytic species of the /n-situ system. 3P NMR (varied
temperature, 162 MHz, 9:1 MeOH:H;0, 8 M KOH, a few drops of MeOD-d4). Reaction solution contains 24 mg of
precursor Mn(CO)sBr + 10 eq. ligand. Reaction solution was heated up in a gas-tight NMR vial in steps from room
temperature to 50 °C, 70 °C and 90 °C and afterwards let cool down to 70 °C and back to room temperature.[168]

To identify the species that were observed for the defined Mn-pincer system and the /n-situ system,
further ex-situ IR investigations under reaction conditions and stoichiometric NMR experiments
were performed using the Mn-PNP catalyst 9.
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3.3.5. IR and NMR investigations on the defined Mn-catalyst 9

The previously reported work by Elongovan et al. had shown that ex-sitv IR experiments are a
viable method for analysing related complexes of Mn-parent catalyst 9.[16%1 For these
measurements, reactions were performed with a significant higher catalyst loadings of 10 mM and
samples of the reaction solution were taken in intervals, allowed to cool down and measured at
room temperature. For details on the experimental procedure see the Section 6.5.2. of the
Appendix.

3.3.5.1. Influence of base on the catalytic species

Similar to the investigations performed for the Ru-PNP complex 1, the influence of increasing
amounts of base on the catalytic species of the manganese catalyst 9 was investigated in
cooperation with Steffen Fischer. Hereby, the amount of KOH in the 9:1 MeOH:H20 solution
containing 9 was stepwise raised and samples were measured by IR spectroscopy. Under the initial
neutral conditions, two distinct bands at 1925 and 1843 cm! were observed, which were assigned
to the symmetric and asymmetric C-O frequencies of the starting complex 9. Already the addition
of 0.5 eq. of KOH led to the appearance of further bands at slightly lower wavenumbers (1910 and
1825 cm™), which caused a broadening of the original bands. At 10 eqg. of KOH full conversion to
this new species was reached and the spectrum did not change even after the final concentration
of 8 M KOH was obtained (see Figure 34).
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Figure 34: IR measurements of the active catalytic species in dependence on base molarity. Reaction conditions:
MeOH:H>0 (1 mL, ratio 9:1), 9 (10 pmol, 10 mM), room temperature.[168 175]

The next step aimed to assign the observed bands to a specific catalytic species. This was hoped
to achieve by performing stoichiometric NMR experiments and comparing NMR and IR spectra
recorded under the same conditions. These NMR experiments were carried out by generating the
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amido complex 11 from the original complex 9 by the addition of three equivalents of NaO#Bu in
deuterated benzene. Subsequently, the amido species was reacted with methanol, water or formic
acid to generate possible intermediates in the catalytic cycle such as the methoxide 21, hydroxide
24 or formate 22 complexes (see Schemes 33 and 34).

3.3.5.2. Stoichiometric NMR studies

Addition of water to the /n-situ generated amido complex led to the appearance of a peak at
86.74 ppm in the 3!P NMR spectrum and confirmed that the minor peak observed in the NMR
spectrum of the reaction solution containing pre-catalyst 9 (see Figure 31) can be attributed to the
hydroxide species 24. The slight low-field shift compared to the parent complex can be explained
by the trans-effect of the hydroxide group.
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Figure 35: Addition of 10 eq. of H,0 to amido species 11. 3P NMR (296 K, 121.5 MHz, CsDg): The spectrum was
recorded after stirring for 1 hour.[168]

The analogous experiments of adding methanol and formic acid resulted in the appearance of
broad peaks in the 3!P NMR with very similar chemical shifts of 84.97 ppm and 85.97 ppm,
respectively, which are comparable to the shift of the major peak observed under reaction
conditions (Figures 36 and 37).
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Figure 36: Addition of 10 eq. of MeOH to amido species 11. 3P NMR (296 K, 121.5 MHz, C¢Ds): The spectrum
was recorded after stirring for 1 hour.[168]
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Figure 37: Addition of 10 eq. of formic acid to amido species 11. 31P NMR (296 K, 121.5 MHz, CsDs): The spectrum
was recorded after stirring for 1 hour,[168]

In order to be able to unambiguously differentiate between the methoxide and formate complex,
further NMR experiments were performed. Hereby, 13C-enriched methanol was added to the /in-situ
generated amido complex 11 leading to the appearance of a carbon signal at 26.56 ppm, which
could be assigned to the -OCHs-group of the Mn-methoxide complex 21. In contrast, no signal in
the low-field region of 170 ppm was detected, which was reported by Boncella and co-workers to
belong to the Mn-formate complex 22 [165] (Figures 38 and 39). Unluckily, the attempt of correlating
the signals arising from the dissolution of the Mn-pincer complex 9 in a basic methanol-water
solution to this spectrum proved to be unsuccessful due to the complex’s poor solubility: The low
signal-to-noise ratio made it impossible to assign any 3C signals (Figure 40).
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Figure 38: 13C NMR (296 K, 75.5 MHz, toluene-ds). Addition of 10 eq. of 3C-MeOH to amido species 11. Spectrum
was recorded after stirring for 1 hour. The amido species was generated in-situ by adding 3 eq. of NaOtBu to the
Mn complex 9.
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Figure 39: Addition of 10 eq. of 13C-MeOH to amido species 11.3'P NMR (296 K, 75.5 MHz, toluene-ds): Spectrum
was recorded after stirring for 1 hour.
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Figure 40: Dissolution of pre-catalyst 9 in a basic methanol-water solution. 3C NMR (296 K, 75.5 MHz, in 9:1
MeOH:H0, additional drops of MeOD-d3). Reaction solution containing 10 mM 9 and 2 M KOH.

Hence, it was not possible to clearly identify the main catalyst species that was observed in reaction
solution by experimental means. However, the approach of comparing theoretical calculated IR
bands of a number of possible catalytic intermediates to the measured IR spectrum proved to be
futile. The results of these calculations are described in detail in the following section.
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3.3.5.3. Theoretical calculations of the IR spectrum

Figures 41 and 42 show the results of the DFT-calculated IR spectra for a range of catalytic
intermediates performed by Steffen Fischer. The calculated bands for the bromide species fit very
well with the experimental observed bands that were assigned to belong to this species (see Figure
34). The bands of the other complexes, precisely the amido, methoxide, hydroxide, hydride,
formate and the methoxide species, lie all in a very narrow range between 1925 and 1825 cm™.
The shift to lower wavenumbers when exchanging the bromide ligand by these ligands can be
explained by the increased backdonation from the metal to the n-antibonding orbitals of the C-O
bond as the latter are better o donors.
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Figure 41: DFT-calculated IR spectra for a range of Mn species.[168: 176]

The question if the main species is the methoxide or the formate complex can be answered when
extending the spectrum to wavenumbers up to 1500 cm (Figure 42): In this range, the formate
complex shows a distinct band at approximately 1550 cm-!, which is related to the C-O frequency
of the formate group. As this band was not observed during the IR experiment of adding stepwise
KOH to the reaction solution, it can be deduced that the main species is indeed the methoxide
complex.

The broad tailing of the bands at 1910 and 1825 cm observed in the IR spectrum of the reaction
solution (Figure 34) can be very well explained by the appearance of the hydroxide complex as the
minor species, since the shifts of the bands for this species fit extremely well the calculated
absorption range.
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Figure 42: DFT-calculated IR spectra for a range of Mn species with an extended scaling of the x-axis up to
1500 cm-1,[168, 176]

Calculations were not only performed for the protonated species, but also for the anionic
complexes, which gave very similar absorption bands. As the same highly basic protic conditions
are used as for the Ru-pincer catalyst system, it is reasonable to assume that the active catalytic
species are indeed deprotonated at the N-ligand backbone.

In the course of the analytical investigations described in this section, the anionic methoxide species
21" was revealed to be the main resting state of the catalytic cycle. Furthermore, it was postulated
that the hydroxide complex 24 is very likely an off-cycle resting state. In contrast to the Ru-PNP
catalyst, no hydride species was detected under reaction conditions.

Generally, the experiment investigating the influence of base on the catalytic species at room
temperature resulted in a very clear IR spectrum with distinct bands in contrast to the NMR spectra
obtained by the investigations performed under reaction conditions. Therefore, a further IR
experiment was carried out in order to clarify the temperature influence on the active catalytic
species, which is depicted in detail in the ensuing section.
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3.3.5.4. Influence of temperature on the catalytic species

To clarify the temperature influence on the catalytic species, the reaction solution containing 10 mM
of the manganese-pincer catalyst 9 was heated from room temperature to 90 °C (Figure 43) and
samples were measured at intervals by IR spectroscopy in cooperation with Steffen Fischer.
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Figure 43: Reaction monitoring by IR. Reaction conditions: MeOH:H,0 (10 mL, ratio 9:1), 8 M KOH, 9 (100 pmol,
10 mM), room temperature — 90°C.[168, 175]

As in the previous investigation, two bands at 1910 cm™ and 1825 cm™ were observed, whereby
especially the latter showed a very broad tailing at lower wavenumbers. In accordance to the
conclusions derived from the preceding measurements, the main bands were assigned to the
anionic methoxide species 21" and the minor bands hidden as tailing to the hydroxide species 24-.

Additionally, a band at approximately 1600 cm was detected after the reaction solution had been
heated to 90 °C for five minutes. It gradually increased during the progress of the reaction and at
the end of the monitoring experiment its intensity was significantly higher compared to the bands
assigned to the catalytic species. Accordingly, this band at low wave numbers was determined to
belong to the intermediate product formate by adding formic acid to the basic reaction solution.
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3.3.6. Mechanistic proposal

Based on the results of the stoichiometric NMR experiments and ex-sitv IR studies, and additional
supporting DFT calculations, the mechanistic cycle shown in Scheme 34 could be proposed.

Scheme 34: Proposed mechanistic cycle for the complete dehydrogenation of methanol employing Mn-pincer
complex 9.
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Initially, the active amido species 11 is generated by the base-mediated dehydrobromination of
pre-catalyst 9 or by the dehydration of the off-cycle hydroxide complex 24-. By coordination of
methoxide, gem-diolate or formate, the anionic hydride species 21, 22, or 25" are formed. They
undergo the key C-H cleavage step to form formaldehyde, formic acid and CO, respectively, and
the hydride species 23". Similar to the Ru-PNP catalyst system, the high base concentration ensues
the sequestration of the formed products, which renders this process thermodynamically highly
favourable. In the last step of the mechanistic cycle the hydride coordinated to the Mn-centre is
protonated, which leads to the formation of hydrogen and the regeneration of the active catalyst.
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3.3.7. Dehydrogenation of further relevant substrates

The attempt of determining the amount of carbon dioxide trapped as carbonate in the highly basic
reaction solution at the end of the long-term reaction was not successful. This was probably due
to the decomposition of the additional triglyme, which led to the formation of insoluble degradation
products prior the release of CO2. Therefore, further dehydrogenation reactions of
paraformaldehyde and formic acid were carried out by Maria Anderez-Fernandez in order to prove
that complex 9 actively promotes hydrogen generation from these intermediate products of the
full methanol dehydrogenation process. Furthermore, ethanol was chosen to be tested as an
important Cz>-substrate.

Table 3: Dehydrogenation of Ci- and Cy-substrates with Mn complex 9.[169-170]

Entry Substrate VH:2 (5h) TON (5h)
[mL]

1(a EtOH 33 163

2[bd] Paraformaldehyde 32 80

3lcd] Formic acid 73 283

[a] Reaction cond.: EtOH/H,0 (5 mL, ratio 9:1), KOH (0.04 mol, 8 M), 9 (8.4 umol, 1.68 mM); Tsee: 92°C.

[ Reaction cond.: BuOH (36mL), H,O (4mL), KOH (0.05 M), paraformaldehyde (4 mmol, 0.1 M), 9 (16.72
pmol, 0.418 mM); Teet: 81°C.

[ Reaction cond.: PC (5mL), 11 mol FA/10 mol DMOA (5mL), 9 (5.3 pmol, 0.53 pM); Tee: 60°C.

[4I Concomitant production of CO; (ratio H,/CO; 1:1, analysed by GC)

By the outcome of the experiments using optimised reaction protocols, it was demonstrated that
the Mn catalyst 9 actively promoted the dehydrogenation of the tested Ci- and Cz>-substrates. For
ethanol as substrate the same conditions as for the methanol dehydrogenation were applied, which
resulted in a TON of 163 after a reaction time of five hours (Table 3, entry 1). Dehydrogenation of
paraformaldehyde in a slightly basic BuOH solution at 81°C a TON of 80 was obtained (Table 3,
entry 2). Following a formic acid dehydrogenation protocoll!””], which included the addition of
DMOA as base, the manganese catalyst showed significantly higher activity, reaching a TON of 283
(Table 2, entry 3). When reacting formic acid with the Mn-amido complex 11, Boncella and
Tondreaul!%>] reported that dehydration occurred as non-negligible side reaction. In our case, no
significant amount of carbon monoxide was detected in the gas phase, which would hint at the
occurrence of the dehydration reaction.

On the basis of these results, it was demonstrated that catalyst 9 shows good activity for the
dehydrogenation of methanol, formaldehyde and formic acid and is thus generally able to promote
the complete aqueous-phase reforming of methanol.
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3.4. Summary and outlook for the manganese-catalysed dehydrogenation
of methanol

In conclusion, it was shown for the first time that a pincer complex based on the easily available
and non-toxic base metal manganese catalyses the aqueous-phase reforming of methanol. By
combining methodology to optimise reaction parameters, long-term activity measurements and
extensive analytical investigations, a highly stable catalyst system was developed. Furthermore,
essential mechanistic aspects were elucidated, which are crucial in advancing specific catalyst
designs tailored to the specific reaction conditions. The following summary gives an overview of
the most essential points that were ascertained:

e Among a variety of different Mn-based catalysts, the Mn-PNP pincer catalyst 9 was
identified to show significant activity for the methanol dehydrogenation under the basic
reaction conditions adapted from the Ru-PNP catalyst system.

¢ A high sensitivity to light irradiation of this catalyst was noted, which could be ascribed to
the light-triggered cleavage of the HPNP#Pr ligand.

e Optimization experiments showed that the combination of additional triglyme and 10 eq.
of HPNP®r ligand caused a long-term stabilizing effect.

e Under these optimized conditions, an impressive TON of more than 20,000 was reached
and catalyst 9 was still active after one month. This stability is even more remarkable, as
the analogous iron-pincer complex already deactivated after five days.

Scheme 35: Optimised conditions for the methanol dehydrogenation using Mn catalyst 9.
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e In contrast to the defined complex, the activity of the Mn(CO)sBr precursor plus additional
HPNPPr ligand ceased after 300 hours.

o It was demonstrated that under the highly basic reaction conditions, the prevalent catalytic
species are deprotonated analogous to the Ru-PNP catalyst complexes.

e Based on the combination of NMR and IR investigations and theoretical calculations, the
anionic methoxide complex 21- was identified to be one of the main catalytic species.
Already by the addition of 10 equivalents of KOH, the pre-catalyst is converted and the
methoxide and hydroxide species are formed, whereby the latter was determined to be an
off-cycle intermediate.

e By the successful dehydrogenation of formaldehyde and formic acid, it was demonstrated
that the Mn-catalyst 9 is generally able to promote the complete aqueous-phase reforming
of methanol.

Generally, it can be concluded that these promising results show that a molecularly-defined non-
noble metal catalyst can be successfully applied for the hydrogen generation from methanol. The
manganese complex 9 is a good example for the very high stability and robustness of these types
of catalysts, which is also of importance for future applications. Nevertheless, for practical
purposes, the general activity still has to be improved.

The last point is one of the crucial aspects that are necessary to investigate further. Possible
methods would be the synthesis of manganese catalysts with similar ligand scaffolds, which are as
stable as this particular catalyst, but are more active and do not show sensitivity towards light
irradiation. For reducing the amount of base, the efforts that are made for the Ru-PNP-catalyst-
based system can be applied to the analogous Mn systems as well. A third option is the expansion
of the catalyst scaffold to further non-noble metals, such as cobalt or nickel. Especially a range of
recent reports of the successful implementation of cobalt-based catalysts for hydrogenation
reactions render this base metal very promising.[178-17°1 Based on the concept of reversibility, it is
very likely that these catalysts are also active for the dehydrogenation of methanol.
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4. Conclusion and outlook

In the course of this PhD thesis, a thorough understanding of the essential mechanistic interactions
for the most active catalyst system up to date for the homogeneously catalysed aqueous-phase
reforming of methanol has been established. Furthermore, the range of non-noble-metal
complexes employed for this type of reaction was extended by the first Mn-based catalyst.

Both of these accomplished objectives are important steps for the successful development and
application of bifunctional catalysts for the hydrogen generation from methanol. These advances
are not only relevant from the chemical perspective, but also when viewed in broader context: The
dehydrogenation of chemical substrates, such as methanol, constitutes one decisive part in the
overall model of an alternative energy system based on renewable energy sources and energy
carriers as key means of storage.

This transition of our current, fossil-based to a renewable-based system is in progress and is
accepted by the majority of people as an urgent topic that has to be dealt with in our modern
times. To tackle “the single biggest challenge our civilization has ever had to face” (David King, UK
Government’s Chief Science Advisor until 2007), political, economic, scientific and social forces
have to be combined to make the most possible advances in the period of time that is left before
the point of no return has been reached. Hereby, the latest insights into the warming of the global
oceans have shown that this point could be sooner than anticipated.

I am convinced that science has the power and the obligation to make an essential contribution to
the solution of this global challenge and hope that our generation will actively take part in shaping
the state we will leave the earth to our future descendants.
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Some parts of the experimental details described in the appendix are obtained from the work
published by E. Alberico, A. J. J. Lennox, L. K. Vogt, H. Jiao, W. Baumann, H.-]. Drexler, M. Nielsen,
A. Spannenberg, M P. Checinski, H. Junge and M. Beller in J. Am. Chem. Soc. 2016, 138, 14890—-
14904, from the work published by M. Anderez-Fernandez, L. K. Vogt, S. Fischer, W. Zhou, H. Jiao,
M. Garbe, S. Elangovan, K. Junge, H. Junge, R. Ludwig, M. Beller, Angew. Chem. Int. Ed. 2017,
56, 559-562 and the work published by V. Strobel, J. J. Schuster, A. S. Braeuer, L. K. Vogt, H.
Junge and M. Haumann in React. Chem. Eng., 2017, which was accepted as manuscript at the
time of finishing this thesis. For details that are beyond the limit of this appendix, the reader is
kindly referred to these works.

6.1. Techniques, solvents and reagents

All reactions were performed under argon atmosphere with exclusion of air using standard Schlenk
techniques. Formic acid (FA), N,N-dimethyl-n-octylamine (DMOA), propylene carbonate (PC),
dioxane, tert-amyl alcohol, and triglyme were refluxed and distilled following standard procedures
and stored under argon atmosphere. Heptane, toluene, tetrahydrofuran (THF), diethylether, EtOH
and MeOH were dried by passing through a column of anhydrous alumina using a solvent
purification system equipment from Innovative Technology and stored under argon atmosphere.
Water was degassed by bubbling argon overnight. Deuterated organic solvents were distilled over
Na/benzophenone ketyl (THF-ds, CéDs and toluene-ds) or CaH2 (CD2Cl2). CD30OD and CD30OH were
used as received and stored under argon. KOH and LiOH were used and stored as received.

The following substances were purchased from various suppliers and were stored under argon
atmosphere:

e n-Butyllithium solution, 2.5 M in hexanes (Sigma-Aldrich)

e Bis-2-chloroethyl amine hydrochloride (Alfa Aesar)

e N-methyl-bis-2 chloroethyl amine hydrochloride (Sigma-Aldrich)
o Diisopropylphosphine, 10 wt% in hexane (Acros Organics)

e  Chlorohydridotris(triphenylphosphine)ruthenium(II) (Strem Chemicals)
e Dichloro(1,5-cyclooctadiene)ruthenium(II) (Sigma-Aldrich)

¢ Ethylenebis(diphenylphosphine) (Sigma-Aldrich)

e Bromopentacarbonylmanganese(I) (Sigma-Aldrich)

e Lithium tetrafluoroborate (Sigma-Aldrich)

e Potassium fert-butoxide (Sigma-Aldrich)

e Sodium fert-butoxide (Sigma-Aldrich)

e Potassium hexafluorophosphate (Sigma-Aldrich)
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6.2. Analytical methods

6.2.1. NMR spectroscopy

IH NMR spectra were obtained at 300 MHz (Bruker AV-300) or 400 MHz (Bruker AV-400). 13C{1H}
NMR spectra were obtained at 75 MHz or 101 MHz. 3'P{'H} NMR spectra were obtained at 121
MHz or 162 MHz. NMR chemical shifts are reported in ppm downfield from tetramethylsilane and
were referenced to the residual proton resonance and the natural abundance 13C resonance of the
solvents. 3P NMR chemical shifts are reported in ppm downfield from H3PO4 and referenced to an
external 85% solution of phosphoric acid. Abbreviations used in the reported NMR experiments: b,
broad; s, singlet; d, doublet; t, triplet; g, quartet; m, multiplet.

6.2.2. IR spectroscopy

IR-spectroscopy measurements were performed on a Vertex-80-FTIR spectrometer (BRUKER) with
a MCT detector. The sample solutions were filled in a sealed IR-cell with CaF2 windows and an
optical path length of 0.012 mm, which was purged with argon prior to use. The temperature of
the cell was controlled by a thermostat at 25 °C. The spectra were taken with 256 scans and a
resolution of 1 cm™.

6.2.3. Elemental analysis

Elemental analyses were recorded by the analytic department of the Leibniz Institute for Catalysis
with a Flash EA 1112 analyzer by Thermo Quest or with a C/H/N/S-micro analyzer TruSpec-932 by
Leco.

6.2.4. Mass spectrometry

Mass spectra were recorded on a MAT 95XP ThermoFisher Mass Spectrometer using electrospray
ionization mode.

6.2.5. Gas chromatography

GC measurements were carried out using a gas chromatograph HP6890 by Hewlett Packard
(Agilent). After having injected the gas sample into the gas chromatograph it is divided onto two
columns. Low-molecular organic compounds are led over a capillary column of the type HP-PLOT
Q (length: 30 m, inner diameter: 530 um, film thickness: 40 pm) and are detected by a flame
ionization detector (FID) (GC a). For analyzing the content of the gases hydrogen, oxygen, argon,
nitrogen, carbon monoxide, carbon dioxide and methane in the sample, they are led over a
molecular sieve column (Carboxen 1000) of the type Supelco 1-2392U (length: 5 m, inner diameter:
530 pm, film thickness: 10 pm) and are detected by a thermal conductivity sensor (TCS) (GC b).
For the quantitative analysis an external calibration with calibration gases is done The gas
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integration was calibrated using certified gas mixtures from commercial suppliers (Linde and Air
Liquide) with the following gas vol%:

GC a):

H2: 1%, 10%, 25%, 50%, 100%
CO: 10 ppm, 100 ppm, 250 ppm, 1000 ppm, 1%, 10%
CO2: 1%, 50%
CH4: 1%
GC b):

H2: 1%, 10%, 25%, 50%, 100%
CO: 1 ppm, 20 ppm, 75 ppm, 100 ppm, 250 ppm, 1000 ppm, 1%, 10%
COz2: 1%, 50%
CH4: 1%
The systems allow for the determination of Hz, Ar, CH4, CO and CO: within the ranges:
H2 > 0.5 vol% — 100 vol%
CO = 10 ppm [GC a)], CO down to 1 ppm [GC b)]

CO2 = 100 ppm — 100 vol% [GC a)], down to 1 ppm [GC b)]
CH4 = 1 ppm [GC b)]

GC analysis provides the relative composition of the different components of the collected gas. Ha,
COg2, CO, and CH4 amounts were determined and their ratios established.
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6.2.5.1. Exemplary GC spectra

Dehydrogenation of methanol
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Figure 44: GC spectrum for the dehydrogenation of methanol.
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Dehydrogenation of ethanol

4000

2000

...I...I...%...I...I..

FID1 A, Front Signal (201811608\160810031G10022346.0)

25487
T2E700
J20314

| FemranTes
JE2. 738
134147
S
=<n ot

T
10 15 20 25

25 v

. u“.gu.gnnh
=, S

H

1500 |

EII

=]

e
-
k.

TCD2 B, Back Signal (201641608Y1602810051G 1002238.0)

F12864 - N2

Sorted By
Calib.
Multiplier
Dilution

Use Multiplier &

Signal 1: FID1 &

Data Modified

2:30:06 BM

Dilution

4€.14883

Figure 45: GC spectrum for the dehydrogenation of ethanol.!*¢¢]
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Dehydrogenation of formic acid
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Figure 46: GC spectrum for the dehydrogenation of formic acid.!*¢®!
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Dehydrogenation of paraformaldehyde
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Figure 47: GC spectrum for the dehydrogenation of paraformaldehyde. 168!

VIII



Appendix

6.3. General experimental details

6.3.1. Measurements of catalytic activity

Measurements of catalytic activity were performed with manual and automatic burettes and in an
autoclave setup. The corresponding experimental setups are shown in the Figures 47, 48 and 49.
After every reaction, a gas-phase GC was made to verify the formation gaseous products.

6.3.1.1. Details on experiments performed with manual and automatic
burettes

The reaction room is a double-walled three-necked reaction vessel connected to two scaled gas
burettes filled with water via a Dimroth condenser. The temperature of the vessel is controlled by
a cryostat.

= i

. Arvac
N gp—n SEPWM for
%f_l taking gas
samples
water for
\ cooling

Tygothane®
tubes

Arfvac

Lint i i i e ) i

LI L A U A L L |

<« thermostate

Figure 48 Setup of the manual burette equipment.[168]

The automatic burette equipment was developed at the Leibniz Institute for Catalysis together with
MesSen Nord GmbH. A detailed description of the equipment is provided in H.-J. Drexler, A. Preetz,
T. Schmidt, D. Heller in 7he Handbook of Homogeneous Hydrogenation, Vol. 1 (Eds.: J. G. De
Vries, C. J. Elsevier), Wiley-VCH, Weinheim, 2007, pp. 257-293.
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v

Figure 49 Setup of the automatic burette equipment.

General procedure for the dehydrogenation of methanol

KOH (8 M, 0.08 mol) and a 9:1 MeOH/H20 (8 mL/1 mL) solution were placed in the three-necked
reaction vessel heated up under argon flow to the set temperature. The reaction was started by
adding a stock solution of the catalyst 1a or Me-1 (4.20 pmol in 1 mL MeOH).

General procedure for the dehydrogenation of ethanol

A solution (5mL) of EtOH and H20 in a ratio 9:1 (volume) containing KOH (2.2444 g, 40 mmol)
was heated to 92°C and the system was equilibrated for 20 min. Afterwards, catalyst 9 (4.18 mg,
8.4 umol) was added in a Teflon crucible, setting this point as the starting point for measuring the
evolved gas volume.

General procedure for the dehydrogenation of formic acid

A solution of formic acid and DMOA (11:10 molar ratio mixture, 5mL) was added to PC (5mL). The
mixture was heated to the desired temperature of 60°C and the system was equilibrated for 20 min.
Catalyst 9 (2.64 mg, 5.3 umol) was added in a Teflon crucible, which marked the starting point for
measuring the evolved gas volume.

General procedure for the dehydrogenation of paraformaldehyde

Paraformaldehyde (120 mg, 0.004 mol) was added to a mixture of BuOH (36 mL) and KOH solution
(4 mL), obtaining a final composition of 9:1 BuOH/H20, 0.05M KOH, 0.1 M paraformaldehyde. To
this reaction mixture, the catalyst 9 (8.28 mg, 16.72 umol) was added. This mixture was heated
and the reaction monitoring was started when the set temperature of 81°C was reached.
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6.3.1.2. Details on experiments performed with the autoclave setup

Figure 50: Setup of the autoclave equipment.[!18]

General procedure for the dehydrogenation of methanol

KOH was placed in an autoclave (100 mL) and after having flushed the system several times with
argon, MeOH (17 mL), H20 (2 mL) and a stock solution of the catalyst, 1 or Me-1 (8.41 pmol in 1
mL MeOH), resulting in a MeOH/H20 9/1 solution, were added under the protection of argon. The
measurement was started once the temperature of the reaction solution reached the desired
reaction temperature. During the reaction the pressure and the temperature of the reaction solution
and of the gas phase and in the autoclave were monitored.
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6.3.1.3. Calculation of TON and TOF

The measured gas volumes were corrected by a blank value (gas evolution measured in a reaction
performed using same conditions but no catalyst added). The catalyst's productivity can be
expressed in terms of a turnover number (TON), which is calculated by equation (7):

Vobs - Vblank

TON = (Vinm, 25°¢ + Vim,co,,25°c) (7)

Neat

where Vobs and Vbiank are the gas volume measured in the catalytic reaction and blank reaction,
respectively. The calculation of V;, 4, »soc Was carried out using the Van der Waals equation (8):

RT ay, L
Vm,H2,25°C = 7 + bHZ - RT = 24.48 @ (8)

Parameters that were used for this equation:

R = 8.3145 m3Pamol™ K1
= 101,325 Pa

T = 298.15K

ay, =24.7-10"3Pam®mol™?

by =26.6-10"°m3mol™?!

2

The calculation of V,,, ¢o, »5oc Was carried out using Van der Waals equation (9):

RT Aco,

L
Vinco,25°c = ? + bco, RT 24.36 ol (9)

Parameters that were used for this equation:

R = 8.3145 m3Pamol K1
= 101,325 Pa

T = 298.15K

aco, =36.5-10"2Pam®mol™?

bco, =42.7-10"°m3mol™?!
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The equation (7) could be simplified when no CO2 was released in the gas phase (MeOH and EtOH
dehydrogenation) as it is shown in the equation (10):

Vobs - Vblank

TON = (10)

Vm,H2,25°C *Neat

The catalyst’s activity, which can be expressed by the turnover frequency (TOF), was calculated
by equation (11):

TOF
TON = —— (11)
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6.4. Part I: Ruthenium-catalysed dehydrogenation of methanol
6.4.1. Investigations for catalyst 1

6.4.1.1. Base- and temperature-activity dependency

Temperature-activity measurements

70 ~
= 90°C

60 -

t[h]

Figure 51: Correlation between catalytic activity and temperature. Meausurements performed in the sealed
autoclave setup. Conditions: 8 M KOH, MeOH:H,0 (9:1, 10 mL), 4.2 umol 1.
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Temperature-molarity measurements

Based on the measured pressure p and the temperature of the gas in the autoclave T, the moles
of the generated hydrogen gas ny, were determined. Generally, ny, can be calculated by the

equation for the molar volume:

n _ VAC _ VAC
HZ_Vm,H2 _E—Fb— % (12)

For the calculation of the molar volume of the hydrogen gas V,,,, at a certain pressure and
temperature, the already mentioned Van-der-Waals equation (8) was used.

V,c is the abbreviation for the volume of the gas room of the autoclave and the following method
was used for its determination: The sealed autoclave was pressurised with nitrogen gas Vy,. After

noting the pressure value py, the gas was released and the amount of released gas was determined
by a connected gas burette.

v v Vn, ( R T+b a 1> (14)
AC N, m,N, Vm,N2’25 B pNz R T

Parameters that were used for this equation:

R = 8.3145 m3Pamol 1K1
T = 298.15K

ay, =140.8-10"3Pa m®mol~2
by, =39.1-10"° m3mol™?
Vi, 55 =22.402 L mol™*
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Figure 52: Testing of different solvents for reduction of base. Conditions: 1 M KOH, MeOH:H,0 (9:1, 1.2 mL), 4
mL solvent (NMP or #BuOH), 4.2 pmol 1, 65 °C.
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Figure 53: Testing of pH-buffered solutions for the reduction of base. Conditions: MeOH:H,0 (buffered aqueous
solution with a defined pH value) (1:1, 15 mL), 8.4 pmol 1, 70 °C.
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boiling T [°C]

95 T Gleichung y=a+b*x
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Figure 54 Correlation between base molarity and boiling temperature of the 9:1 MeOH:H,0 reaction solution.

Experiments performed for investigating difference in catalytic activity between measurements
performed in the manual burette and in the autoclave setup:

8004 W burette setup n
® autoclave setup
n
n
600
n
E n
= 400- .
I
Y [
200 .
u
04
10 15 20 25 30 35 40 45
tfh]

Figure 55: Difference in catalytic activity between manual burette and autoclave setup. Volumes of gas for the
autoclave setup calculated from the measured increase in pressure based on the equations shown before. Reaction
conditions: 8 M KOH, MeOH:H;0 (9:1, 20 mL), 8.4 pmol 1, 90 °C.
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Several test experiments were performed to exclude physical or handling reasons for the
observed differences.

Scheme 36: Experiments performed to investigate different catalytic activities between burette and autoclave
setup.
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Explanation:
e b: Burette measurement with glass reaction vessel
e ac-burette: Autoclave vessel connected to the burette

e ac: Standard autoclave measurement

Conditions:

o MeOH:H,0 (9:1, 10 mL), 8.4 pmol 1, 90 °C.

Conclusions:

e The type of reaction vessel and heating system could be excluded to cause significant
lower catalytic activity for autoclave setup compared to burette setup.

e The stirring velocity had only a major influence for the burette setup, as the solution
was more efficiently degassed and therefore higher gas evolution rates were achieved.

e For the autoclave setup the stirring rate had no comparable influence.

- Since all physical reasons for the differences in activity could be excluded, it is very probable
that this effect is caused by a chemical reason.

Development of an alternative autoclave setup

1.2—-
1.0—-
0.8—-
0.6—-

p [bar]

0.4
0.2 1
0.0 - == -

-0.2 - - u u u u u

'04 T T T T T T T T T T T T T T T 1

t[h]

Figure 56: Measurements of increase in pressure by the evolution of hydrogen gas. Setup in a closed autoclave,
pressure is let to increase to 0.4 bar, at which point the gas is released. Conditions: 8 M KOH, MeOH:H,0 (9:1,
20 mL), 8.4 pmol 1, 90 °C, 300 rpm.
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This procedure did not prove to be successful as the employed pressure sensor turned out to be
unsuitable for this low pressure range as the error margin lies in the range of 0.3 bar. Therefore
the method of letting the hydrogen pressure increase and release the gas afterwards leads to
reproducibility problems (see Figure 54).

900 +
Y
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= ° !
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Y
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4 6 8

Molarity KOH [M]

Figure 57: Calculated TOF based on the increase in pressure measured in the closed autoclave setup. For
conditions: see Figure 53.

In conclusion, the modified setup based on the autoclave connected to the burettes via a
pressure valve was used (For details see Figure 8).
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6.4.1.2. NMR studies

For details on the performed stoichiometric NMR investigations, the reader may refer to the

supporting information of the JACS article.[180]

Table 4: NMR data for the PNP-pincer complex 1 and related complexes in deuterated solvents.[18!]

Syn-1a bt,41 118 ¢t -15.7 - - 19.2
Anti-1a bt, 3.8 11.8 t -16.0 - - 17.9
Amido complex 2 - - bt, -19.0 - - 17.1

Dihydride complex3  bt, 3.7 11.5 td,-6.7 1td,-6.8 4.5 19.2

Methoxide complex 4 nd - t -17.8 - - 20.0
Hydroxide complex 5 bs, 2.9 - t, -16.5 - - 18.4
Ru-formate complex  bt,

- td, -18.1 - 2.3 18.2

6 8.61

s, 75.8
s, 76.3

bs,
93.8

s, 91.8

s, 75.3
s, 76.6

s, 76.9

THF-ds
THF-ds

THF-ds

dioxane-
ds

THF-ds
THF-ds

THF-ds

Table 5: NMR data for the PNP-pincer complex 1 and related complexes in the 9:1 MeOH:H,0O reaction solution

containing 8 M KOH.

S, - 9:1 MeOH:H20, 8 M

Species 1 - = = = = 74.05
18.17

KOH

9:1 MeOH:H20, 8 M

Species 2 - = s, -7.20 - = = 88.64

KOH
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Studies of the reaction solution

2405
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Figure 58: 3P NMR spectra (162 MHz, 297 K, MeOH/H,0 9:1 KOH 8M, one drop of CD30H) of the reaction mixture
arising from aqueous methanol reforming with 1: Spectra were recorded at room temperature, the values reported

in the spectra refer to the temperature of the solution at the time of sample withdrawal.[!18: 182]
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Figure 59: 13C NMR (75 MHz, D,0, 298 K) of the precipitate formed during aqueous methanol reforming with 1,
after isolation and dissolution in D,0.[118: 182]
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DFT calculations for the deprotonation of the ligand backbone N-H moiety

H OMe OMe
N OH oNT | op OMe
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0.00 -24.07
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H H H
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P/I Yco -H,0  ~P7| co —HO P’| ~c
H H
3" 3 3
+1.82 0.00 -25.22

Figure 60: DFT calculated energies (kcal mol?) for the formation of anionic complexes. P = PPr,.[118 138]

Testing for formaldehyde (Merck MColortest)

The Merck MColortest is a colorimetric test based on the reaction of formaldehyde with 4-amino-
3-hydrazino-5-mercapto-1,2,4-triazole to form a purple-red tetrazine. The formaldehyde
concentration is measured semi-quantitatively by visual comparison of the colour of the
measurement solution with the colour fields of a colour card.

A 9:1 MeOH:H20 solution containing 4.2 pmol 1, 8 M KOH and 0.2 mL of a 37% aqueous
formaldehyde solution resulted in the appearance of a deep red colour, which equals a
formaldehyde concentration of more than 1.5 mg/L. After the MeOH reforming reaction was
performed for three hours, the reaction solutions (9:1 MeOH:H2.0, 8 M KOH) containing the
standard amount of 1 (4.2 umol) and the fourfold amount of 1 (16.8 pmol) were subjected to the
Merck formaldehyde test. Both tests resulted in a highly yellow colour, which equals a concentration
of 0 mg/L formaldehyde.
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6.4.1.3. Operando Raman and GC investigations'*3?/

Experimental setup

For a longterm measurement, the reactor was charged with a defined amount of KOH pellets and
purged with argon flow. The reactor temperature was set to the desired temperature and the reflux
chiller was set to 5 °C. The temperature of the reaction solution was measured with a Pt100
temperature probe. After having added the 9:1 MeOH:H20 solution the reactor was equilibrated
for at least 15 min. Complete degassing and equilibrium were reached when the MFM indicated a
mass flow of zero mL minl. During this preparation time the Raman sensor was adjusted for
maximum intensity with the focus point in the well-stirred part of the liquid phase above the stirrer
bar. The catalyst was dissolved in 2mL of the methanol-water mixture and added to the reactor,
which was the starting point of the reaction.

Figure 61: Setup for the operando Raman and GC investigation.[!35]
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Analytics and Calibration

The gas phase was analyzed by an Agilent Technologies 7820A gas chromatograph equipped with
a GS-GASPRO 30m*0.32mm capillary column and thermal conductivity detector (TCD). Due to the
low expected gas emission, the complete gas stream was led through the GC’s sample loop. A 1:1
volumetric mixture of argon and helium was used as carrier gas in the GC to maximize CO: signal
in the TCD.

The GC was calibrated solely for the ratio of hydrogen and carbon dioxide. The mass flow of the
emitted gas phase was detected by the MFM. Though originally calibrated for pure hydrogen, the
actual mass flow could be calculated a posteriori with correction factors from Fluidat® and the
known COz2:H: ratio from the GC measurements.

A self-developed Raman sensor by the group of A. Braeuer was used.!'8] Hereby, the laser,
installed at the top of the sensor, emitted light with an output power of 250 mW at a wavelength
of 532 nm. The laser beam was widened by means of a Galilean telescope system, reflected at a
dichroic mirror and focused into the liquid phase inside the glass reactor. There, the laser light was
scattered elastically and inelastically in all room directions. The backscattered part of these
measurement signals were collected and collimated by the focusing lens. While the elastically
scattered light was suppressed at the dichroic mirror and a subsequent long pass filter, the desired
inelastically scattered Raman signals were focused onto a glass fiber bundle and guided to the
spectrometer (QE Pro, Ocean Optics Inc., Dunedin, FL, USA). The spectrometer was equipped with
an entrance slit of 25 ym and a grating of 1800 lines mm-. In the detected wavelength region, the
optical resolution was 0.23 nm or 5.8 — 8.0 cm?, respectively.

Figure 62: Recording of the operando Raman spectra.[*35]
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Figure 63: Comparison of Raman spectra for formaldehyde, methanol and the reaction solution.[!3>]
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6.4.2. Investigations for catalyst Me-1

6.4.2.1. NMR studies

Table 6: NMR data for the methylated PNP-pincer complex Me-1 and related complexes in deuterated solvents.[181]

1H 31P

Complex S(NCH3) O&(RuHi) Jun e S(RuUHz2)  Jun 3(P)

[ppm] [Hz] [Hz] [ppm] [Hz] [Hz] [ppm]
Me-1a = s, 2.1 = 18.2 - = = s, 71.6
Me-1a’ - s, 1.9 - 18.2 - - - s, 74.2
Trans Me-3 = s, 2.0 3.8 20.0 m, -5.7 3.2 18.5 s,89.6
Cis Me-3 = nd 5.2 18.6 td, -7.13 5.2 21.7 s,86.8
Me-6 m, 9.1 s, 1.9 = 194 - = = s, 70.6
Me-6' m, 9.0 s, 1.9 = 18.7 - = = s, 73.0
trans[*H]-Me-3 - t, -5.64 - 18.1 - - - -
trans[?H]-Me-3’' - t, -5.96 - 20.0 - - - -

Solvent for all complexes: toluene-ds.

Studies of the reaction solution

-

220 200 180 160 140 120 100 80 60 40 2 0 -0 -4 60 80  -100  -120
f1 (ppm)

Figure 64: 3'P NMR (162 MHz, 297 K) of the reaction solution containing Me-1 (5 mg) in 0.7 mL 9/1 MeOH/H0,

8 M KOH. Reaction solution was heated up in a gas-tight NMR vial. The lower spectrum of the reaction solution was

measured at room temperature. The upper spectrum was measured at room temperature, after the solution had

been heated up from room temperature to 90 °C and afterwards let cooled down to room temperature again.
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Figure 65: 3P NMR (162 MHz, 297 K, additional drops of CDs;OH) of the reaction solution containing Me-1

(100 mg) in 5 mL 9/1 MeOH/H,0, 8 M KOH.
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Figure 66: 13C NMR (75 MHz, 295 K, D,0) solid dissolved in D,0.[!18]
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6.4.3. Preliminary tests

6.4.3.1 Testing of a basic ionic liquid as additional solvent
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Figure 67: Testing of the IL Ecoeng 212 as additional solvent. Conditions: MeOH:H,0 (9:1, 1 mL), 4 mL Ecoeng
212, 17.6 pmol 1, 70 °C. Addition of 100 eq. of LiBF4 and 2 M KOH. After the addition of base, the former clear
solution turned red-brownish under visible gas evolution.

6.4.3.2 Testing of a bicatalytic system

200 - .
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=
£ A
- 100 [ ]
T
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Figure 68: Testing of a bicatalytic system. Conditions: MeOH:H,0 (9:1, 10 mL), 8 M KOH, 4.2 umol 1, 90 °C.

Addition of 4.2 pmol Ru(H)2(dppe): led to a milky white solution. Addition of 4 mL triglyme improved solubility
slightly.

XXX



Appendix

6.4.3.3 Replacement of KOH by K>CO:3
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Figure 69: Replacement of KOH by K,COs. Conditions: MeOH:H,0 (9:1, 10 mL), 4.2 umol 1, 70 °C. Black dots:
Use of 8 M KOH. Red dots: Use of 4 M KOH and 4 M K>CO:s.
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6.4.4. Details on theoretical calculations!184]

To explicitly list all data would be beyond the limit of this thesis. For detailed information the reader
may refer to the supporting information of the JACS article.[180]

In this section essential details on the computational methodology including energetic data and
Cartesian coordinates are given.

(a) All calculations were carried out using the Gaussian 09 program?. All structures were optimized
at the B3PW912 level of DFT with the TZVP3 basis set (LANL2DZ for Ru#). Each optimized structure
was characterized either as energy minimum without imaginary frequencies or transition state with
only one imaginary frequency by frequency calculations; and the imaginary model connects the
initial and the final states. The thermal corrections to Gibbs free energy at 298 K from the frequency
analysis are added to the total electronic energy, and we therefore used the corrected Gibbs free
energy (AG) at 298 K for our energetic discussion and comparison. We also carried out self-
consistent reaction field (SCRF) structure optimizations and frequency calculations at the B3PW91
level using the polarizable continuum model (PCM)°> and methanol as solvent to estimate the
solvation influence.

(b) To validate our computational methodology, the following thermal exchange reactions between
complexes 3 and 2 (3 = 2 + H2) were carried out: Heating complex 3 (62 mM) in dioxane-ds to
100 °C for 50 min in a sealed NMR tube furnished only 20% of the dehydrogenated Ru-amido
complex 2, in parallel with H2 evolution. H> was then shown to add back onto 2 to form 3 within
a few hours. This reveals that complex 3 is thermodynamically more stable than complex 2; and
the dehydrogenation reaction should be endergonic.

! Gaussian 09, Revision D.01, Frisch, M. 1.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A;
Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li,
X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota,
K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.;
Montgomery, 1. A., Jr.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. ].; Brothers, E.; Kudin, K. N.;
Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar, S. S.;
Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J.
W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich,
S.; Daniels, A. D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian, Inc., Wallingford
CT, 20009.

2 Becke, A. D. J. Chem. Phys. 1993, 98, 5648-5652.

3 Schaefer, A.; Huber, C.; Ahlrichs, R. J. Chem. Phys. 1994, 100, 5829-5835.
4 Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 299-310.

> Tomasi, J.; Mennucci, B.; Cammi, R. Chem. Rev. 2005, 105, 2999-3094.
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That H2 was then shown to add back onto complex 2 to form complex 3 within a few hours also
shows that the reaction should be exergonic and has a lower barrier than the forward reaction.
The ratio of 20 : 80 between complex 2 and 3 under heating roughly shows that the free energy
changes should be in the range of 1-1.5 kcal/mol.

In our previous work®, we computed the concerted thermal exchange reaction between complex 3
and complex 2 (3 = 2 + Hz) at B3PW91, B3LYP and BP86 levels of theory. We found that the
B3PW91 computed thermodynamic parameters are in best agreement with our experimental
results, i.e. the exchange reaction is endergonic by 2.31 kcal/mol and the thermal reaction free
energy barrier is 21.07 kcal/mol. The low endergonic property of 2.31 kcal/mol implies a possible
equilibrium under the reaction conditions and is also in rough agreement with the deduced value
from our experiment. In addition, the back reaction has a lower barrier of 18.76 kcal/mol and is
exergonic by 2.31 kcal/mol, in agreement with our experimental observation. In addition, we also
reported that including solvation effect raises the barrier of the exchange reaction from 21.07 to
26.15 kcal/mol; and the reaction becomes more endergonic (6.55 kcal/mol), implying that there
will be no possible equilibrium under the reaction conditions.

We also computed this exchange reaction at the M06 and wB97XD levels of theory in order to test
the methods including van der Waals dispersion correction. At the WB97XD level, the computed
barrier is 24.42 kcal/mol and higher than at B3PW91 and most interestingly the reaction becomes
highly endergonic by 7.40 kcal/mol, implying the suppression of the possible equilibrium under the
reaction conditions. At the M06 level, the computed barrier is 21.22 kcal/mol and the reaction is
endergonic by 1.70 kcal/mol, close to those at the B3PW91 level. This exchange reaction was
calculated to be much more endergonic according to Yang’:® using the M06-SCRF (11.8 kcal/mol)
as well as to Gusev et al.>10 using mPW1K-SCRF (18.8 kcal/mol) and at PBEQ-SCRF (15.4 kcal/mol)
or Lei et al.!! using wB97X-D-SCRF (7.6 kcal/mol); all these data do not support the possible
equilibrium

6 Jiao, H.; Junge, K.; Alberico, E. A.; Beller, M. J. Comput. Chem. 2016, 37, 168-176.

7 Yang, X. ACS Catal. 2014, 4, 1129-1133.

8Yang, X. ACS Catal. 2013, 3, 2684-2688. For closely related references: (a) Yang, X. ACS Catal. 2012, 2,
964-970. (b) Yang, X. ACS Catal., 2011, 1, 849-854.

? Bertoli, M.; Choualeb, A.; Lough, A. J.; Moore, B.; Spasyuk, D.; Gusev, D. G. Organometallics 2011, 30,
3479-3482.

10 For closely related references: (a) Spasyuk, D.; Smith, S.; Gusev, D. G. Angew. Chem., Int. Ed. 2012,
51,2772-2775. (b) Spasyuk, D.; Gusev, D. G. Organometallics 2012, 31, 5239-5242.

1 ei, M.; Pan, Y.; Ma, X. Eur. J. Inorg. Chem. 2015, 5, 794-803.
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6.5. Part II: Manganese-catalysed dehydrogenation of methanol

6.5.1. Preliminary tests
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Figure 70: Activity measurements using a variation of Milstein’s catalyst 15. Conditions: MeOH:H,0 (9:1, 5 mL),
8 M KOH, 8.4 pmol 15, 90 °C.[171]
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Figure 71: Activity measurements using Mn-Pr catalyst 9. Conditions: MeOH:H,0 (9:1, 5 mL), 8 M KOH, 8.4 pmol
9, 90 °C. Manual and automatic burettes were used.[171]
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6.5.2 Dilution effects
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Figure 72: Correlation between catalyst concentration and productivity of 9. Conditions: MeOH:H,0 (9:1, 5 mL),
8 M KOH, 90 C.Ii71
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6.5.1. NMR investigations

6.5.1.1. Influence of reaction temperature on the defined Mn-catalyst and
the precursor Mn(CO)sBr
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Figure 73: 'H NMR (400 MHz, 343 K) of the reaction solution containing catalyst 9 (20 mg) in 2 mL 9/1 MeOH/H>0,
8 M KOH.
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Figure 74: 'H NMR (400 MHz, 343 K) of the reaction solution containing Mn(CO)sBr (20 mg) with 10 eq. HPNPPr
ligand in 2 mL 9/1 MeOH/H,0, 8 M KOH.
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6.5.2. Details on performed IR experiments

6.5.2.1. Addition of KOH to 9:1 MeOH/H-O solution containing Mn-Pr catalyst 9

To a 9:1 MeOH/H20 solution containing 10 mM Mn-Pr catalyst in a Schlenk flask sequentially
0.5/1/10/800 eq. KOH were added (by the addition of a 8 M aqueous KOH sol.) and each time
samples were taken and IR spectra were measured. Simultaneously, the same procedure was
performed without catalyst in order to obtain IR background spectra.

6.5.2.2. Reaction monitoring

The 9:1 MeOH/H0 solution containing 10 mM Mn-Pr catalyst and 8 M KOH in a Schlenk flask with
condenser was stirred for 1 hour before 0.5 mL sample was taken and measured by IR and NMR
spectroscopy. The solution was heated to 90 °C and another sample was taken after the solution
was stirred for 5 min at that temperature. Subsequent samples were taken after 120 min and 300
min. For referencing purposes, formic acid was added to a 9:1 MeOH/H:0 solution containing 8 M
KOH and measured. A reference solution without catalyst was measured for all samples for
background.
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6.5.3. Computational studies!8>]

In our previous studies we have computed the structures, stabilities and catalytic properties of a
set of PNP-ligand-based transition metal pincer complexes (M = Fe, Ru, Os, Mn, and Ir) in the
hydrogenation and dehydrogenation reactions, where we have validated different density
functional methods on the basis of experimental evidences. It is found that the B3PW911! density
functional theory method in conjugation with the all-electron TZVP basis set? (LANL2DZ3 for Ru,
Os, and Ir) has the best agreement between computation and experiment in structures and
energies. In this study, we have used the same models and methods for investigating the methanol
water reforming reactions; i.e.; all stationary structures were optimized and subsequently
characterized at the B3PW91/TZVP level either as energy minimums without imaginary frequencies
or transition states with only one imaginary frequency by frequency calculations; and the imaginary
model connects the initial and the final states. The thermal corrections to Gibbs free energy at
298 K from the frequency analysis are added to the total electronic energy, and we therefore used
the corrected Gibbs free energy (AG) at 298 K for our energetic discussion and comparison. All
calculations have been carried out by using the Gaussian09 program package®.

With the availability of the experimental recorded IR spectra for the bromide complex 9, we scaled
the computed harmonic CO stretching frequencies. We obtained an average scaling factor of
0.9452 for the CO stretching frequencies; this factor can be used to scale all CO frequencies of
other complexes for the discussion of their changes upon the change of the reaction condition. The
scaled IR spectra with a band width of 5 cm=! are plotted in Figures 40 and 41.

1 Perdew, J. P. Phys. Rev. B 1986, 33, 8822-8824.
2 Schaefer, A.; Huber, C.; Ahlrichs, R. J. Chem. Phys. 1994, 100, 5829-5835.
3 P. J. Hay, W. R. Wadt, J. Chem. Phys. 1985, 82, 299-310.

* Frisch J. et al., Gaussian 09, Revision C.01, Gaussian, Inc., Wallingford CT, 2010.
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Table 7: B3PW91 Computed Cartesian Coordinates.

Br
H\ RS
(Nh" ~PiPrs

‘Mn

P”| ~co
iPr2 |

CcO
C 0.354934 0.107189
P 0.085728 0.061594
C 1.899079 -0.060683
Mn -1.459973 1.385021
C -0.975485 2.950655
O -0.638908 3.968923
P -3.276075 2.182352
C -4.675879 3.243590
N -2.206832 -0.521538
C -1.231593 -1.620699
C -0.549633 -1.649975
C -0.345333 1.677587
O 0.412043 1.932052
C -4.076232 0.584520
C -3.001042 -0.485080
C -3.072691 3.098788
Br -3.129045 0.891053
H -2.853436 -0.646764
H -4.636246 0.693579
H -4.781512 0.294828
H -2.324658 -0.271549
H -3.461088 -1.464567
H -1.281853 -1.909278
H 0.241460 -2.402936
H -1.727256 -2.581541
H -0.508144 -1.454720
H 2.326991 -0.757628
C 2.600027 1.287442
C 2.145870 -0.650440
H 1.419253 -0.127752
C -0.434219 -0.938386
C 0.119971 1.505466
H -4.105148 3.325019
C -2.446045 2.285009
C -2.332344 4.419055
H -4.987727 3.867051
C -4.166229 4.166482
C -5.895763 2.454861
H -2.440377 2.887728
H -3.011156 1.377550

-0.123069
1.758605
2.281626

2.891743
2.182769
1.756577
4.116617
3.389307
3.545086
3.508446
2.148671
4.215078
5.061624
4.655857
4.781055
5.757525
0.944958
2.760474
5.587380
3.874873
5.611380
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4.112886
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5.711489
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H -1.413115 2.010026 6.675541 H 0.499796 2.009472 -0.480065
H -2.289049 4.972825 6.495217 H 1.847183 0.865892 -0.611800
H -1.306357 4.250301 5.220730 H 3.366854 -0.633001 3.656472
H -2.822838 5.061146 4.818607 H 1.833409 -0.108190 4.345016
H -4.966850 4.849583  1.984107 H 1964409 -1.694128 3.571157
H -3.316340 4.771853  2.602584 H 3.652444 1.304518 2.123975
H -3.860747 3.591691  1.409448 H 2291019 1.944991  1.204998
H -6.641761 3.153412  2.528439 H 2.266636 1.996297  2.963807
H -5.633921 1.763160 2.117527 H -2.398940 5.156480 6.299423
H -6.370381 1.896061  3.729584 H -1.231807 4.231403 5.357831
H 3.665783 1.181863  2.346660 H -2.592226 5.005020 4.553457
H 2516541 1.682319 1.108850 H -2.491524 3.147356 7.774866
H 2.190271 2.030812 2.809223 H -3.166618 1.616639 7.225182
H 3.224760 -0.721006 3.837296 H -1.539744 2.101474 6.725075
H 1.734922 -0.030004 4.462959 H -5.462045 4.603066 2.341110
H 1.743247 -1.660422 3.767512 H -4.640519 4.903623 3.866996
H 0424446 1.526361 -1.741733 H -3.702026 4.573045 2.400272
H -0.935257 1.774552 -0.635152 H -5.820716 2.328095  1.464830
H 0.690743 2.272309 -0.164925 H -4.072422 2.265304 1.221723
H -0.198273 -0.837508 -1.970808 H -4.888231 0.955767  2.069921
H -0.180563 -1.959872 -0.615127
H -1.509072 -0.791979 -0.789033
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CO CcoO

C -0.029107 0.001628 -0.019364
C 0.035914 0.019196 0.188783 O -0.048123 0.006723  1.139373
O -0.078317 0.021907 1.340282 Mn  0.069452 -0.002778 -1.792808
Mn 0.157223 0.016382 -1.586763 P -0.048790 -2.293663 -2.078573
C -1.599247 0.112947 -1.673768 C 1.383534 -3.477993 -1.749078
O -2.762716 0.185749 -1.666525 C 1771266 -3.474893 -0.271406
P 0.138711 -2.299040 -1.889940 O -1.937992 -0.074663 -2.227685
C 0.711205 -2.443355 -3.659109 C 1828409 0.044127 -1.663369
C 0.268470 -1.209901 -4.430076 O 2986570 0.070943 -1.534769
N 0.626397 -0.005043 -3.676736 P -0.179808  2.280783 -2.099906
C 0.373285 1.231350 -4.422158 C -1.679838 3.208100 -1.400913
C 0.951748 2.411381 -3.657883 C -2.037613  2.693444 -0.007890
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C -1.053910 3.529079 -1.852451 C 0.348684 1.220939 -4.602339
C -1.700296 3.575424 -0.469315 C -0.362421  2.400259 -3.957221
C 1.224493 -3.529744 -0.928924 C 1165765 3.559259 -1.761844
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C 2.555057 -3.863099 -1.598384 C 1496447 3.633138 -0.272565
C -1.460440 -3.307891 -1.903252 C 0.399703 -1.234215 -4.593635
C -0.250581 -2.438831 -3.931328
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-3.907799
-2.379691
-3.930578

-1.352651
-2.245971

0.039919
-2.304661
-2.630084
-1.471144
-3.864804
-4.318210
-4.145577
-4.512177
-5.664569
-4.185722
-4.346973
-5.674770
-4.513884
-2.065765
-1.305050
-2.001583
-1.250410
-1.785094
-3.234405
-2.547731

0.427093
-0.058637

0.678711
-2.385890
-2.335905
-3.662510
-0.097701
0.333078
0.094242
-0.093452

0.038167

0.378388
-2.411258
-3.694256
-2.443704

0.494609

0.712265
-0.015156
-1.714629
-2.496629
-3.171485

XLI




Appendix

H
<N/ ~PiPr,
‘Mn
P” | ~co
iPr2 ‘
Co

C -0.080998 -0.123630
P 0.031809 0.045145
C 1.911417 0.128136
Mn -1.366187 1.327179
C -0.917518 2.864183
O -0.655977 3.865866
P 3212047 2.105216
C -4.666380 2.894310
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C -4.038462 0.543656
C -2.979920 -0.533774
C -3.128506 3.223147
H -2.348193 1.173116
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H -4.583352 0.704711
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H 0529107 -1.005923
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H -4.134280 3.647303
C -2.778045 2.473457
C -2.127784 4.361077
H -5.498062 2.837852
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C -5.049601 2.124835
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3.704333 P -0.042989 2.300169
2.365340 C -1.561488 3.401373
4.461673 C -2.098655 3.347588
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4.725405 C -0.091205 -1.234418
4.884219 C 0.550160 -2.415866
5.618226 P 0.146699 -2.304601
1.819961 C 1.498079 -3.286162
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3.977703 C -0.185729 1.212753
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5.089201 C 2.458314 3.747984
1.606145 C -1.276961 -3.525743
2.406866 C -2.405609 -3.357388
3.945716 C -1.809892 -3.511230
4.506198 C 1.594051 2.798993
1.172578 C -2.670955 3.145016
2.133998 C 2.762802 -3.527005
3.296006 H 1.284131 0.044834
-0.264438 H 0.235984 -3.366910
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5.404622 H -0.025632 3.364529
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1.969940
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0.385827
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1.848163
2.619716
3.884104
2.159255
3.246163
4.049489
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-0.753892
2.832386
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2.841441
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