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Abstract

This work has developed a series of strategies for the efficient hydrogenation
of CO: to different products with applications as chemicals and fuels. The main
focus has been on the synthesis of formic acid (FA). Thermodynamic and
kinetic barriers imposed in the hydrogenation of CO:2 to formic acid have been
overcome by utilizing ionic liquids as additives in the reaction. In the first part
the beneficial thermodynamic role of ionic liquids acting as a buffer is
described. The buffering properties of ionic liquids are afterwards utilized to
develop a structure-activity relationship for a range of catalysts including
homogeneous and heterogeneous examples. This enables for the

development of highly efficient catalysts in the hydrogenation of CO2 to FA.

When CO: is used as feedstock for carbon-based material, the reduction of
the oxidation state at the carbon is critical in order to generate a highly
diversified product portfolio. Formic acid is, beneath carbon monoxide, the first
product with a reduced oxidation state at the carbon atom. Consequently,
formic acid represents a perfect starting point for the development of
decarbonised chemical value chains. Furthermore, it is both industrially
relevant and has potential to be implemented in future technologies including
hydrogen storage schemes, thus underlining the importance for the

development for new processes for the synthesis of formic acid.

However, the catalytic transformation of CO2 with hydrogen is
thermodynamically and kinetically challenging. On the one hand, the formation

of formic acid is thermodynamically uphill in gas phase and consequently the



equilibrium is commonly shifted to the product side by the addition of
stoichiometric amounts of bases. The key here is the formation of formate salts
and adducts which would inevitably lead to tedious purifications and to the
generation of large amounts of waste. Alternatively, the reaction is carried out
in liquid phase which results in an acidic reaction media. On the other hand,
CO:zis a kinetically inert molecule, thus necessitating highly nucleophilic, basic
metal hydride complexes in order to activate COz2. If no bases are employed,
the basicity of the active metal hydride complexes leads inevitably to a fast

deactivation of the catalysts.

This work addresses the thermodynamic challenges by utilizing ionic liquids
(ILs) as additives in the reaction. The ILs act as a buffer during the reaction,
thus stabilising the pH of the solution at higher values than that expected by
the concentration of FA generated, whilst avoiding the formation of formate
salts and adducts. Indeed, the additional stabilisation of formic acid falls into

the range of an additional H-bond, compared to the pure solvent system.

The buffering properties of ILs allowed also for the screening of different
catalysts, including heterogeneous RuFe-nanoalloys. These nanoalloys
displayed low activity and selectivity towards the formation of formic acid in
comparison to the homogeneous counterparts. One major issue is the
preferred formation of carbon monoxide under elevated temperatures,

prohibiting efficient transformation rates.

Consequently, a wide range of Ru complexes with pyridylideneamide ligands
were screened for the hydrogenation of COz2 to formic acid. It was found that

the rate of reaction can be enhanced by a) an increased electron density at



the metal centre and b) by changing the dominant mechanism for the CO2
insertion into the metal hydride bond. The catalyst durability can be increased
by increasing the resistance of the active hydride towards protonation. This is
achieved by using pyridinium carbenes as coordinating sites. The catalyst
stability and activity with pyridylideneamide ligands is in general good, in line

with the literature reports.

Based on the experience learned from the pyridylideneamide-based catalysts,
a guideline for a highly robust, active and stable catalysts was created. The
first example synthesised is a Ru-pincer complexes with N-heterocyclic (NHC)
side arms as coordinating sides. Here, the NHC groups, mimic the strong
electron donation observed with pyridylideneamides, whilst avoiding side
reactions such as electrophilic attacks onto the ligand scaffold. This scaffold
allows the performance of the catalyst at demanding reaction conditions
without a loss in catalytic activity via the formation of heterogeneous
nanoparticles. Furthermore, the structural design of the catalyst avoids the
poisoning of the catalyst by the reagents, product or lewis acids.
Consequently, the here developed catalyst achieved a TON of 833,800 with
an initial turnover frequency (TOF) of 22,000 h't. These results represent the
best catalytic performance reported to date by a factor of 50 (TON) and 22
(TOF), compared to the best performing catalysts reported to date under base

free conditions.!



Statutory declaration

| hereby declare that this thesis with the title “Novel Catalytic Systems for
Carbon Dioxide Activation” has been written by myself without any external
unauthorised help, that it has been neither presented to any institution for
evaluation nor previously published in its entirety. Any parts, words or ideas,
of the thesis, however limited, and including tables, graphs and schemes,
which are quoted from or based on other sources have been acknowledged

as such without exception.

(Andreas Weilhard) (01/04/2019, Nottingham, UK)



Acknowledgements

| wish to express my deepest gratitude to my academic supervisors Dr. Victor
Sans Sangorrin and Prof. Jairton Dupont. Their guidance and patience over
the years have been invaluable. Without their academic knowledge and

insights this thesis would not have been possible.

My gratitude goes also to Dr. Israel Cano, Dr. Maria Martin-Gandul, Dr. Jesum
Alves Fernandes, Dr. Aitor Gual, Dr. Isabel Vincente Valverde and Dr. Jamie
Cameron. Without their hands on knowledge and guidance in the laboratory,

the experimental outcome of this thesis would not have been possible.

| would also like to thank all the current and former members of the Graham
Newton group, Peter Licence Group, Jairton Dupont Group, Darren Walsh
Group and Victor Sans Group for sharing the laboratory with me over the

years.

| also thank Obinna Okafor, Dr. Irffan Quadir, Kevin Salzmann, Prof. Martin
Albrecht, Dr Christof Jaeger, Dr. Martin Prechtl, Dr. Gabriel Abarca, Janine
Viscardi, Prof. Antonino La Rocca, Annalisa Ferrante and Dr. Erno Karjalainen

with whom | had the great opportunity to work on several projects.

Special thanks to my PhD colleagues Sharad Amin, Astrid Delorme, Meike
Leu, Lorenzo Maggi, Mark Jurat, Grace Lowe, Daniel Smith and Tom Barber

for being my weekend/ late night buddies.

Thanks also to the technician team in Nottingham. Without Mark Guyler, Kevin
Butler, Ben Pointer-Gleadhill, Tom Clayton and Zoe Dislay the laboratories

would not be nearly as functional as they are.



Furthermore, | would like to thank all my friends in Nottingham and Germany
for keeping me good company. Without their support this work would not have

been possible. May the fourth be with you!

At least but not last | would like to thank my parents, Franz Josef Weilhard and
Marja-Liisa Lindholm-Weilhard. Without your condition less support and love
throughout my life |1 would never have been able to fulfil my dreams and be

where | am now.

Vi



Table of Content

ABSTRACT

STATUTORY DECLARATION

ACKNOWLEDGEMENTS

TABLE OF CONTENT

LIST OF PUBLICATIONS

ABBREVIATIONS AND SYMBOLS

CHAPTER 1: INTRODUCTION

1.1. Formic acid
1.1.1.  Physical and chemical properties formic acid
1.1.2. Industrial application of formic acid
1.1.3.  Chemical reactivity of formic acid

1.1.4.  Current production

1.2. Formic acid from CO2
1.2.1. Thermodynamic consideration

1.2.2. Kinetic considerations and catalyst design

1.3. Catalysts under basic conditions
1.3.1. Catalysts with phospine based ligand architectures
1.3.2.  Catalysts with pincer-based ligand architectures
1.3.3.  Catalysts with NHC-carbene based ligand architectures

1.3.4. Half sandwich complexes as catalysts for the hydrogenation for CO:
1.4. Catalyst under acidic conditions

1.5. Existing processes for the transformation of CO2 to formic acid
1.5.1. Connection to processes upstream

1.5.2. Connection to downstream processing

10

15
15
16
18
20

27
27
30

39
39
42
46
46

48

54
55
57



1.6. General Overview over ILs 61

1.6.1. Interaction of ILs with CO2 65
1.7 References 68
CHAPTER 2: MOTIVATION AND OBJECTIVES 79
CHAPTER 3: METHODOLOGY 82
3.1. Chemical Syntheses 82

3.1.1. lonic liquid synthesis 82

3.1.2. Pincer ligand synthesis 84

3.1.3. Pincer complex synthesis 85
3.2. Equipment 87

3.2.1. 5512 50.0 cm3stirred Parr batch reactor 87

3.2.2. High pressure NMR-tube 89
3.3 References 91
CHAPTER 4: ILS AS ADDITIVES FOR CO> HYDROGENATION 92

4.1. Publication I: Selective CO: hydrogenation to formic acid with Multifunctional lonic Liquids. 92

4.2. Results and Discussion 100
4.2.1. Thermodynamic effect of ionic liquids onto the hydrogenation of CO: to formic acid 100
4.2.2. Kinetic and mechanistic implications of BMMI.OAc as an additive in the hydrogenation of
CO: to formic acid 106

4.3. Concluding remarks on the utilization of ionic liquids as additives for the hydrogenation of

CO:2 to formic acid 110
4.4. Experimental 111
4.4.1. Synthesis of IL immobilized onto a Merrifield resin 111

4.5. Publication | Supporting Information: Selective CO2 hydrogenation to formic acid with

Multifunctional lonic Liquids. 113
4.4. References 130
CHAPTER 5: RUFE NANOPARTICLES FOR CO2 HYDROGENATION 131



5.1. Introduction 131

5.2. Publication II: Selective Carbon Dioxide Hydrogenation Driven by Ferromagnetic RuFe

Nanoparticles in lonic Liquids. 133
5.3. Results and Discussion 141
5.3.1. Catalytic activity of RuFe nanoparticles in the hydrogenation of CO: to formic acid 141

5.4. Concluding remarks on the utilization of heterogeneous catalyst for the hydrogenation of CO:

to formic acid 144

5.5 Publication Il Supporting Information: Selective Carbon Dioxide Hydrogenation Driven by

Ferromagnetic RuFe Nanoparticles in lonic Liquid 147
5.6 References 166
CHAPTER 6: RU-PYRIDYLAMIDE COMPLEXES FOR CO, HYDROGENATION 168
6.1. Introduction 168
6.2. Initial screening of homogeneous catalysts 172

6.3. Publication IlI: Catalyst design for highly efficient base-free carbon dioxide hydrogenation to

formic acid 174
6.4. Results and Discussion 207
6.4.1. Different turnover limiting steps 211
6.4.2. Parameters influencing the rate of catalytic transformation 217
6.4.3. Parameters influencing the resistance towards acidic conditions 223
6.5. Elucidating catalytic intermediates for the hydrogenation of CO: 225
6.6. Concluding remarks on the utilization of homogeneous catalysts 230
6.7. Experimental 232
6.7.1. General Information 232
6.7.2. Investigating hydride formation with 3 232

6.8. Publication Ill, Supporting Information: Catalyst design for highly efficient base-free carbon

dioxide hydrogenation to formic acid 235

6.9. References 272



CHAPTER 7: RU-CNC PINCER FOR CO; HYDROGENATION 275

7.1 Introduction 275
7.2. Publicaiton IV: Highly efficient base-free synthesis of formic acid from carbon dioxide 278
7.3. Results and Discussion 292

7.4. Concluding remarks about Ru-CNC pincer complexes in the hydrogenation of CO2 to formic

acid 295

7.5. Publicaiton IV Supporting Information: Highly efficient base-free synthesis of formic acid from

carbon dioxide 297
7.6. References 319
8. CONCLUSIONS AND OUTLOOK 321



List of publications

This thesis resulted in the following publications:

Andreas Weilhard, Muhammad |. Qadir, Victor Sans, and Jairton
Dupont Selective CO2 Hydrogenation to Formic Acid with
Multifunctional lonic Liquids, ACS Catalysis 2018 8 (3), 1628-1634.
Muhammad I. Qadir, Andreas Weilhard, Jesum A. Fernandes, Imanol
de Pedro, Bruno J. C. Vieira, Jodo C. Waerenborgh, and Jairton
Dupont Selective Carbon Dioxide Hydrogenation Driven by
Ferromagnetic RuFe Nanoparticles in lonic Liquids, ACS
Catalysis 2018 8 (2), 1621-1627.

Andreas Weilhard, Kevin Salzmann, Christoff Jaeger, Jairton Dupont,
Martin Albrecht, Victor Sans Catalyst Design for Base-Free
hydrogenation of CO2 to formic acid, manuscript in preparation
2019.

Andreas Weilhard, Stephen Argen, Victor Sans Highly efficient base-
free synthesis of formic acid from carbon dioxide, manuscript in
preparation 2019.

Andreas Weilhard, Jairton Dupont, Victor Sans Carbon dioxide
hydrogenation to formic acid in Carbon Dioxide Utilisation: From
fundamental discoveries to production processes; Eds: Michael North

and Peter Styring. De Gruyter. 2019

The publications are referred to in the text by their roman numerals.



The author’s contribution to publications:

The author drew the research plan and synthesized all the ionic liquids and
planned and conducted all the experimental work in publication I. In publication
Il the author drew the research plan for the hydrogenation of CO:2 to formic
acid. In publication Il the author drew the research plan, synthesized all ionic
liquids and performed all the catalytic tests for the CO2 hydrogenation to formic
acid, whilst the complexes presented in publication Il were synthesized by
collaborators. In publication 1V the author conducted all the catalytic
experiments, synthesized all ionic liquids and drew the research plan. In all
publications the author prepared the manuscripts in collaboration with the co-
authors. Furthermore, parts of the introduction (section 1.1, 1.2 and 1.3) are

being published as book chapter, see publication V.



In addition to this thesis, the author has contributed to several other

publications:

Vi

VI

VIl

A. Weilhard, G. Abarca, J. Viscardi, M. H. G. Prechtl, J. D. Scholten,
F. Bernardi, D. L. Baptista, J. Dupont, Challenging
Thermodynamics: Hydrogenation of Benzene to 1,3-
Cyclohexadiene by Ru@Pt Nanoparticles ChemCatChem 2017, 9,
204.

Okafor, Obinna; Weilhard, Andreas; Fernandes, Jesum A,
Karjalainen, Erno; Goodridge, Ruth; Sans, Victor Advanced reactor
engineering with 3D printing for the continuous-flow synthesis of
silver nanoparticles, Reaction Chemistry & Engineering 2017, 2 (2),
129-136.

Linda Jutten, Karla Ramirez-Gualito, Andreas Weilhard, Benjamin
Albrecht, Gabriel Cuevas, Maria del Carmen Fernandez-Alonso, Jesus
Jiménez-Barbero, Nils E. Schlérer, and Dolores Diaz Exploring the
Role of Solvent on Carbohydrate—Aryl Interactions by Diffusion
NMR-Based Studies, ACS Omega 2018 3 (1), 536-543.

Antonino La Rocca; Annalisa Ferrante; Ephraim Haffner-Staton;
Alasdair Cairns; Andreas Weilhard; Victor Sans; Antonio P Carlucci;
Domenico Laforgia Investigating the impact of copper leaching on
combustion characteristics and particulate emissions in HPCR

diesel engines, Fuel, submitted 2019.



Abbreviations and Symbols

Acriphos
ATR

BD

C

COD
dcpm
DFT
DLVO
dmpe
DN

dppe
dppm
Et20

FA

AG

AH
HR-TEM
ICP-OES

4,5-bis(diphenylphosphino)acridine

Attenuated total reflectance

back donation

Concentration

cycloocatdiene

dicyclohexylphosphinomethane

Density Functional Theory

Derjaguin, Landau, Verwey, Overbeek
dimethylphosphine ethane

donor number

diphenylphosphine ethane

diphenylphosphine methane

diethylether

Formic acid

Change in Gibb’s Free Energy

Change in Enthalpy

High Resolution Transmission Electron Microscopy
Inductively Coupled Plasma - Optical Emission Spectrometry
ionic liquid

isopropanol

infrared

Constant

Equilibrium constant

monoethanolamine

acetonitrile

methanol

methyl tetrahydrofurane

methyl isobutylcarbonol

metal nanoparticles
3,3’3”-phosphanetriyl(benzenosulfonic acid) sodium



NEts
nBu
nBuOH
nDecyl
NHexs
NOE
NP
NTf.
OAc
OMe
OTf
PEI
pH

ph
pKa
PnBus
PPhs
ppm
PTA
Px
PYA
PYE

'WGS
AS

sc

SD

tppts
Vkd

XPS

triethylamine

Butyl

n-butanol

Decyl

trihexylamine

Nuclear Overhauser Effect
nanoparticle
bis(trifluoromethylsulfonyl)imide
acetate

methoxy

triflate

polyethyleneimie

Logarithmic concentration of hydroxonium ions
phenyl

Logarithmic acid dissociation constant
tributylphosphine
triphenylphosphine

part per million
1,3,5-triaza-7-phospha adamantine
Partial pressure

pyridinylidene amide

pyridinylidene amine

Ideal gas contant

reverse water gas shift

Change in Entropy

super critical

sigma donation

Temperature
tris(3-sulfonatophenyl)phosphine
Verkade’s base

X-Ray Photoelectron Spectroscopy



Chapter 1: Introduction

In our daily life we encounter a wide variety of synthesized chemicals such as
polymers, pharmaceuticals, lubricants etc. The main raw materials for these
chemicals are natural resources such as fossil fuels, water and air.? By far the
most predominant source for carbon based synthetic materials are fossil
fuels.® As an example, crude oil constitutes a mixture of hydrocarbons of
various chain lengths which can be separated into its components by fractional
distillation. These are then further functionalised to yield basic precursor

materials or are directly used as fuels.> 4

Inevitably, the price of these chemicals and fuels is linked to the price of crude
oil. A stable oil price is therefore vital for long term business strategies.® Since
the 70’s however, the price of crude oil has undergone remarkable fluctuations
and prices have steadily increased. Consequently, an alternative feedstock for
carbon based chemicals would be highly desirable to ensure future economic
prosperity.® Changing our raw material for carbon based materials from fossil
fuels to renewable alternatives — such as CO:2 - would not only stabilize the
price development in long term but also facilitate the decarbonisation of the

productive chains for chemicals and fuels.’

An inspiration for future processes can be found in nature. The majority of life
on Earth is underpinned by the utilisation of CO2 as a carbon source and
sunlight as the energy source.? In this way plant life is capable of transforming
CO:z into highly complex molecules such as sugars, which can be used as an

energy storage material or further transformed into products with an enormous
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Chapter 1: Introduction

variety of uses and functions, ultimately leading to the high biodiversity we

observe on Earth.%10

Indeed human kind has started to use solar energy directly (photovoltaic) or
indirectly (wind energy, bio refineries) for economical purposes as a source of
renewable energy.'! Using renewable sources as such as CO:z as a chemical
precursor is highly desirable to drive the transformation of our current
economic model to a more sustainable one.'? Transitioning from a fossil fuel
based economy to a CO2 harvesting economy would be encompassed by a
high availability of the raw material (CO2) which has surpassed a concentration
of 400 ppm in the atmosphere by 2017.%2 In this fashion processes utilizing
CO2 as a raw material could be connected to process lines with high CO:2
output, giving raw material streams in acceptable concentrations. This would
ultimately lead to beneficial economic effects on carbon capture and storage

schemes.14-16

COz2 as a resource or starting point of chemical processes can theoretically be
transformed into various chemicals, such as formic acid, carbon monoxide,
methanol and others.**> In principle, each of the aforementioned groups can
be defined by their oxidation state and the amount of hydrogen (electrons and
protons in the case of electrochemical processes) needed to form the
compound of interest. Furthermore, each of these compounds can be further

functionalised in consecutive chemical transformations.12 14. 17

For instance, CO2 has an oxidation state of +IV on the carbon atom and can
be transformed into organic carbonates in the presence of epoxides, diols and

alkenes/alkynes. The transformation of COz2 into organic carbonates is already

11



Chapter 1: Introduction

a transformation performed in multi-ton-scale. A good example would be the
Shell-Omega process for the synthesis of propylene carbonate and ethylene

carbonate from CO2 and propylene oxide/ethylene oxide, see figure 1.1.18-20

o]
Q + €O, o

R o /K’/{o
R =H, CHs
Figure 1.1 Chemical transformation of COz into cyclic carbonates in the Shell-Omega process.
Alternatively, CO2 can be reduced with molecular hydrogen, i.e. the oxidation
state is reduced by 2, to yield carbon monoxide or formic acid. Carbon
monoxide can be fed into the Fischer-Tropsch synthesis to produce traditional
fuels (hydrocarbons)?! or be transformed into formamides and formate
esters.?? A similar reactivity can also be observed for formic acid, although
formic acid reacts with alcohols and amines in the absence of catalysts to yield
the corresponding formate esters or formamide. Alternatively, formic acid can
be converted into carbon monoxide?® under dehydration conditions, which in

turn can be fed into the Fischer Tropsch synthesis.??

Upon addition of another hydrogen-molecule the oxidation state is further
reduced by 2, yielding formaldehyde (oxidation state O), which represents the
same oxidation state as is present in conventional sugars. Another addition of
hydrogen gives methanol (oxidation state —II), which is an important starting
material for the synthesis of formaldehyde and can be used as a fuel
additive.?#?> Methanol can also be transformed into methane and
hydrocarbons, thus can be converted into conventional fuels.?® Figure 1.2

depicts the main transformation which can be performed with COo..

12



Chapter 1: Introduction

\Y) I 0 -1l

Figure 1.2 Overview of Ci1 products theoretically accessible by hydrogenation of CO2. Roman letters

indicate the oxidation state at the carbon.

As shown in figure 1.2 each of the chemical transformation of CO:2 to lower
oxidation state involves hydrogen. Therefore it is important to know how
hydrogen is produced today, which is mainly through the oxidation of fossil
fuels. The most important process here is steam reforming — the oxidation of
methane to CO, CO2 and H2.2627 Without doubt, replacement of this process
by green alternatives, e.g. water splitting — connected to renewable energies -
is desirable. However, the production of hydrogen from renewable sources is
still in development, thus hydrogen is expected to limit the sustainability of
these processes in near future. Therefore, a high consumption of hydrogen for
chemical transformations in terms of sustainability is not to be expected to be
feasible in foreseeable time.?” This fact sheds light on the prospects of CO2
transformations depicted in the figure above.?® For instance, the

transformation of CO2 to methanol consumes three equivalents of hydrogen.

13



Chapter 1: Introduction

If, chemicals on the oxidation state Il are desired, methanol produced with

hydrogen must be oxidised, inevitably leading to waste amounts of H2.28

Although, the equivalents of consumed hydrogen in any transformation do not
impact hydrogen storage schemes, i.e. with lower oxidation states larger
quantities of hydrogen can be stored and released, compounds with the
oxidation state Il (CO and formic acid) still represent an attractive area for
academic and industrial research. Here, the synthesis of CO and formic acid
can be regarded as the entry point for the decarbonisation of current value
chains, because only one equivalent of hydrogen is consumed and are thus
less impacted by the price and availability of renewable hydrogen.?® If
compounds with lower oxidation states are desired, CO and formic acid can
theoretically be further reduced with molecular hydrogen to the desired

molecule.

Compared to CO, formic acid holds major advantages. On the one hand,
formic acid is a non-toxic liquid whilst CO is a highly toxic gas. This inherently
eases the means of handling and transportation of formic acid, when
compared to CO. On the other hand formic acid can be transformed easily into
Hz and COz streams, which could be usable for fuel cells and with the added
advantage of having no CO impurities (a fuel cell poison).?°-3° Finally, formic
acid can be transformed into CO under acidic conditions representing a

possibility to store CO in a relatively non-hazardous precursor material.?? 3t

14



Chapter 1: Introduction

1.1. Formic acid

Note: Parts of this section are being published separately as a book chapter,

see publication V.

Formic acid (FA) was first isolated from the strongly corroding venom of red
ants by distillation.?? 32-33 |t is the smallest carboxylic acid with a high boiling
point of 100.8°C and a low pKa of 3.74.32 The global market share of FA was
$517M in 2016 and is expected to increase to $879M by the end of 2027,

because of the rapid market growth in Asia.3*3%

1.1.1. Physical and chemical properties formic acid

Physically, FA is a colourless liquid with highly pungent odour, soluble in
organic solvents such as alcohols, ethers and acetone. It has a melting point
of 8.3°C and a boiling point of 100.3°C at atmospheric pressures. It forms
eutectic mixtures with water, with an eutectic point at -48.5°C (41 mol% formic
acid in H20), see Figure 1.3a. The vapour pressure curve deviates
considerably from an ideal gas behaviour due to the thermodynamically
favourable dimerization (AH = -63.8 kJ molt) of formic acid in the gas phase,
see Figure 1.3b. Furthermore, FA and water form azeotropes with a boiling
point of 107.6°C at atmospheric pressures (77.6 wt% formic acid and 22.4 wt%
water). Higher concentrations (up to 85 wt%) can be obtained under increased
pressures, see Figure 1.3c. However increased pressure leads to increased

boiling points as depicted in Figure 1.3d.??

15



Chapter 1: Introduction

The unfavourable physical properties of formic acid and water mixtures (Figure
3) necessitate tedious and energy intensive purification requirements of formic

acid water mixtures. This will be further elaborated in section 1.1.4.

a) b)
104 140 4 O—H—C{
H H
0 1201 _<:)-H—O>_
2 .10 1004  AH = -63.8 kJ mol™!
-
f= .
£ 0] s 80
e = g0
£ o B
5_40_ 40
“ 204
=50
04
-su T L} T T L} T L} T T T L} T T T
0 10 20 30 40 50 60 70 80 90 100 0 20 40 60 80 100 120
mol% FAl mol% T/°C
C) d) 150
g6
84 a 1401
g2] 130
2 80 1204
E 78 1104
T 78] © 100]
& 741 ~ 90
2 72] 5 so]
§ 70 70
L 684 604
66 50]
64 T T T T T T 40 T T T T T T
0.0 05 1.0 15 20 25 3.0 3.5 0.0 05 1.0 15 20 25 3.0 3.5
p ! bar p/bar

Figure 1.3 Physical properties of formic acid; a) freezing point of water formic acid mixture, b) vapour
pressure of formic acid, c) concentrations of formic acid obtainable under increased pressures, d) boiling

point of formic acid under differing pressures (data adapted from reference 20).

1.1.2. Industrial application of formic acid

Formic acid is mainly used in silage and animal feed (27%), in the leather and
tanning industry (22%) and in pharmaceutical and food chemicals (14%).

Other applications include the textile industry (9%), natural rubber production

16



Chapter 1: Introduction

(7%) and its utilisation as a drilling fluid (4%). The table below gives the market

share of formic acid per economical sector.??

Table 1.1 Industrial applications of formic acid by sector and share

Entry Application Share /

%
1 Silage and animal feed 27
2 Leather and tanning 22
3 Pharmaceuticals and food chemicals 14
4 Textile 9
5 Natural rubber 7
6 Drilling fluids 4
7 Miscellaneous 17

Formic acid in silage

Ensiling is based on fermentation under anaerobic conditions. Lactic acid
produced by bacteria lowers the pH and prevents unwanted microbiological
growth. Upon addition of formic acid the unwanted growth of microbiological

organisms can be further prevented, by the rapid drop of pH.?2 36

Leather and tanning

Pre-treatment of hides leaves the hides in a slightly alkaline condition.
However, common tanning agents require slightly acidic conditions. Therefore,
the hides are treated with formic acid which penetrates the collagen fibres in
the hides rapidly and homogeneously. This ensures the subsequent

penetration of the tanning agent throughout the entire thickness of the hides.??

37
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Chapter 1: Introduction

Pharmaceuticals and food chemicals

Formic acid is used in various processes as an important intermediate in the
synthesis of pharmaceuticals and food chemicals. Examples include synthetic
insulin (purification of recombinant insulin), caffeine, aspartame and vitamin
B1. Other applications include the decontamination of salmonella, as a

preservative and as a flavouring agent.??

1.1.3. Chemical reactivity of formic acid

Formic acid can form CO and water in the presence of oxide catalysts or strong
acids. Alternatively, formic acid can be dehydrogenated to yield hydrogen and
CO:z in the presence of metal catalysts. These properties give rise to plausible
future applications of formic acid as a hydrogen vector. Because the hydrogen
generated from formic acid can be obtained free of CO contamination, this
reaction pathway becomes especially attractive for fuel cell technologies.38-4°
Alternatively, FA might be considered as a feedstock for carbon monoxide,
which can be liberated on demand under formation of water as the sole side
product.** This would avoid the storage of high amounts of toxic carbon
monoxide replacing carbon monoxide by a relatively non-toxic liquid, ultimately
easing the storage demands.?? In general the reactivity of FA can be
summarized in the FA triangle (figure 1.4).14 Here, CO2 represents the highest
oxidation state of the carbon atom and can be converted either in the
endothermic reverse water gas shift reaction to CO or alternatively

exothermically to formic acid.

18



Chapter 1: Introduction

CO/H, adjustment in syngas

reverse Water-Gas-Shift
Water-Gas-Shift

Figure 1.4 Main reactivity pathways of HCOOH described via the FA triangle.14

The reducing properties of formic acid are already used in the reduction of
imines (Schiff bases).? A notable synthetic reaction is the Leuckardt reaction
for the formylation of primary amines from ammonia, ketones and formic
acid.*? Dehydration of formic acid is a key step in the Koch carboxylic acid

synthesis to branched carboxylic acids.3* 4

o) 0] NH,

a) H)ko_ NH,"  + R1)J\R2 R1/tR2 + CO; + H,O
(o) CH, CHj3

by PN

[H']
R R )}( o
1 1R2
0

Figure 1.5 a) Leuckardt reaction; b) Koch carboxylic acid synthesis.

Other important transformations of formic acid involve esterification with
alcohols. Notably, due to the low pKa of formic acid, no mineral acids are
needed to catalyse the ester formation. Furthermore, formic acid adds to
double bonds in alkenes and alkynes to yield the corresponding alkyl esters.

For example, ethylene reacts with formic acid to yield the corresponding ethyl
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formate. In the vapour phase acetylene can be transformed into vinyl formates,

as depicted in figure below.??

0 0
a) Z * H)kOH H)ko/\

o 0
ooz o+, W0

Figure 1.6 a) Reaction of formic acid and ethylene to ethylformate and b) with acetylene to vinylformate.

Formic acid reacts with most amines to form formamido compounds. Of major
interest here is the formation of dimethylformamide in the presence of

dimethylamine.?? 43

(0] o

HNT s L o JL

| H™ “OH

Figure 1.7 Reaction of formic acid with dimethylamine to dimethylformamide.

1.1.4. Current production

Currently the main process for the synthesis of formic acid involves the indirect
carbonylation of water. Theoretically, the direct carbonylation of water is
possible, although the unfavourable reaction parameters make this pathway
economically unfavourable. For instance, below 150°C reaction rates are low
and although the reaction rate can be increased by increased temperatures,
this leads to highly elevated pressures in order to reach suitable formic acid

concentrations.??

The thermodynamic hurdles are bypassed by the intermediate methanol

cabonylation, as shown in Figure 1.8.22
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NaOMe 1
CO + MeOH HCO,Me AH, = -29 kJ mol

HCO,Me + H,O HCOOH + MeOH AH,=16.3 kJ mol’

Figure 1.8 Methanol carbonylation catalysed by sodium methanolate followed by hydrolysis.

Consequently, the main production line for formic acid constitutes of two steps:

1) Carbonylation of methanol

2) Hydrolysis of methyl formate

The main producers of FA today are BASF SE, BP and Eastman (formerly
Taminco/Kemira). Whilst the carbonylation of methanol is similar in most
industrial processes, differences appear in the hydrolysis step.?? In the
following the carbonylation and hydrolysis steps are both discussed.
Afterwards, two of the most commonly used process schemes, the Kemira-

Leonard Process and BASF process are discussed.

Carbonylation of methanol

Typically, this step is conducted at 80°C, 4.5 MPa of CO and with 2.5 wt% of
NaOMe as catalyst in methanol. Under these conditions, 30% methanol and
95% CO conversion is achieved. The rate of reaction can be increased with
the pressure, temperature or with higher catalyst loadings. Additionally, mixing

between the gas and liquid phases can be improved.??

Problematic side reactions involve the formation of sodium formate, which is
not soluble in methyl formate leading to precipitation and the consequent

encrustation and blockage of the operation unit, see figure 1.9.22 44
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MOCH; + HCOOCH; HCOOM + CH3;OCH;
MOCH; + H,0 + HCOOCH, HCOOM + CH3OH
M=K, Na

Figure 1.9 Catalyst deactivation during the carbonylation of methanol via product poisoning.

Furthermore, the catalyst must be separated from the reaction mixture to avoid
the undesired decomposition of methyl formate into methanol and CO in the
subsequent process steps. Also the CO utilised cannot contain COz2, as the

catalyst is deactivated by the formation of the unreactive carbonates (figure

1.10).22
o
MOCH; + CO,
oo
M = K, Na

Figure 1.10 Catalyst deactivation during the carbonylation of methanol via Carbonate formation.

Hydrolysis of methyl formate

Even though the hydrolysis step is thermodynamically unfavourable, the
reaction can be shifted to the product side by the addition of a stoichiometric
excess of water. Unfortunately, this impedes the product separation
processes, as formic acid forms azeotropes with water, as shown in figure
1.3. As an alternative, organic bases such as tertiary amines can be added to
the reaction mixture to remove the formic acid from the equilibrium by forming

formate-base adducts, see figure 1.11.4°

22



Chapter 1: Introduction

R +H,0 R
HCOOCH; + N HCOO" H-\+ + CH30H
R” 'R R™ R

Figure 1.11 Formate amine adduct formation after hydrolysis to shift the thermodynamic equilibrium to

the product side.

One plausible amine discussed in this perspective is the high boiling
trihexylamine, which has also been investigated for the direct formation of

formate synthesis from CO2.46

Kemira-Leonard Process

This process plant was built by Kemira (now Eastman Chemical Company)
according to the development undertaken by Leonard Process Co. in 1982 in

Finland. Its production capacity is 20,000 t/a.*’

In the Kemira-Leonard process, carbonylation takes place under 4 MPa CO
pressure and 80°C in the presence of alkoxides as catalysts (a). The following
hydrolysis is undertaken in two separate reactors under differing conditions. In
the first reactor unit methyl formate is hydrolysed with equimolar amounts of
water to yield formic acid (c), which is fed into the second reactor unit and an
excess of methyl formate is added (d). Here the formic acid formed in the first
step is used as catalyst for the following hydrolysis. The hydrolysis is operated

at 120°C and 0.9 MPa.?4’

The following discharge cools the reaction adequately to avoid re-esterification
of the formic acid and methanol (e). Separation of methanol is operated under
vacuum, attenuating the reverse reaction (re-esterification) (g), although the

condensation to methyl formate under vacuum presents a problem.
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Consequently at any purification step methyl formate is fed back to the main

hydrolysis reactor (d) to increase the overall yield.*’

The wet formic acid in 80 wt% is dehydrated via distillation at 0.3 MPa (h). If
higher concentrations are desired the product stream can be connected to a
drying column downstream (i). Here distillation is undertaken at atmospheric

pressure to give 98 wt% formic acid as the overhead product.*’

Purge gas

HCOOH

J L 98 wt%
' : il

; HCOOH
MeOH 80 wtl
MeONa Inactivated catalyst

H,0

Figure 1.12 Kemira Leonard process for formic acid production. a) Methyl formate reactor; b) Methyl
formate distillation column; c) Preliminary hydrolysis reactor; d) Main reactor; e) Flash tank; f) Recycle
column; g) Acid stripping column; h) First product distillation column; i) Second product distillation

column.22 47

BASF Process

In 1981 BASF started the operation of a formic acid plant with a production
capacity of 100,000 t/a in Ludwigshafen (Germany). The carbonylation step is
virtually identical to the Kemira-Leonard process (a & b), but major differences

occur during the hydrolysis step. The classical process utilizes, high excesses
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of water (5 mol water per 1 mol methyl formate) during the hydrolysis step

(c).%8

In the classical process the high quantity of water is separated via liquid-liquid
extraction with an amide to obtain dilute formic acid solution (e). The diluted
formic acid solution is fed into a dehydration column (f) where further quantities
are drawn off and formic acid is concentrated with the extraction agent to the
amount that can be fed into the pure acid column (g). The pure acid column
(g) is operated under vacuum and the extraction agent is drawn off at the
bottom of the column, whilst pure formic acid is obtained as the overhead

product.*8

r HCOOH
L 98 wt%

d e) f) g)
MeOH
MeONa Inactivated catalyst
H,0

Figure 1.13 BASF process. a) Methyl formate reactor; b) Methyl formate distillation column; c) Hydrolysis

reactor; d) Low-boiler column, e) Extraction unit; f) Dehydration column; g) Pure acid column.?2 45 48

Differences in between the Kemira-Leonard process and the BASF process

Whilst the carbonylation in the Kemira-Leonard process and in the BASF
process (see Figure 1.12 and Figure 1.13) are operated under the same

conditions, major differences do occur during the hydrolysis.?? 45 4748 |n the
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Kemira-Leonard process no additives are used in the hydrolysis of methyl
formate to formic acid. This leads to difficulties during the work up, i.e. the
reverse esterification of formic acid and methanol to methyl formate takes
place. In order to limit the reverse reaction, reagents have to be recycled and
separated at each stage. For instance, MeOH is recycled back from reactor b)
to a) and methyl formate is fed back from e), f) and h) back to d), see Figure

1.12.22.47

In contrast, the BASF process uses organic bases to shift the equilibrium to
the product side and to inhibit the reverse re-esterification reaction with organic
bases. However, this leads to tedious purifications downstream. Consequently
a reactive distillation operated under reduced pressure can be found
downstream to separate the extraction agent from the product, see g) in

Figure 1.13. 224548

Other methods

Other methods for the synthesis of formic acid involves the carbonylation of
hydroxides, followed by the acidification of the formate salts; the hydrolysis of
formamides and; the separation of formic acid as a side product during the
synthesis of acetic acid via oxidation of hydrocabons.?? Recently it was
demonstrated that Keggin-type polyoxometallates or vanadium oxides can
catalytically transform biomass to FA.*°-%! Furthermore, CO used for the
carbonylation of methanol or hydroxides is currently produced by steam
reforming of methane to CO and is thus directly linked to the employment of

natural gases as a resource.>>>3
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1.2. Formic acid from CO»

Note: Parts of this section are being published separately as a book chapter,

see publication V.

CO:2 represents a virtually unlimited carbon source, thus the synthesis of FA
from CO2 and hydrogen would be advantageous in terms of decarbonising the
current chemical production chain and also would ensure future resource
security. If COz2 is efficiently transformed to FA, FA (and therefore CO2) could
be introduced easily into existing processing schemes. From a green
chemistry perspective the direct hydrogenation of CO2 to FA is interesting due
to its high atom efficiency.>*>°> However, it is important to understand the main
limitations which can lead to increased costs and higher CO2 emissions than
the amount transformed. As mentioned initially a notorious issue is hydrogen
generation, which is both expensive and energy intensive and is currently
based on the oxidation of fossil fuels.?® In order to be viable, the Hz used in
the hydrogenation of CO2 should be generated from renewable sources, i.e.
via water splitting. Consequently, the hydrogenation of CO: is closely linked to

emerging technologies.

1.2.1. Thermodynamic consideration

In the hydrogenation of CO:2 to FA, two gaseous molecules (CO2 and H2) are
reacted to give a liquid (HCOOH). Therefore, the reaction is restrained by a
high entropic (AS) factor, rendering the reaction endergonic in gas phase
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(Scheme 1.1a). In order to shift the thermodynamics towards more favourable
reaction conditions, the entropic barrier has to be lowered, or be
overcompensated by the enthalpic (AH) contribution. In other words, the
thermodynamic equilibrium has to be shifted by, for example, a consecutive
reaction, consuming FA. This is typically achieved by the addition of bases,
yielding formate adducts and salts.'#15> 17 Here, the acid-base reaction in
between FA and the base reduces AH and the reaction becomes more
exothermic, compensating for the unfavourable entropy. This leads to a shift
of the thermodynamic equilibrium (Keq) towards the product side (Scheme
1.1b). Unfortunately, the formation of formate adducts and formate salts
represents a major obstacles for the economic feasibility of such processes as
the thermodynamic gain leads ultimately to tedious purification downstream in

order to generate free FA.

Even though, lower yields of FA are obtained in the absence of base
(compared to basic conditions), the reaction can be carried out in liquid phase
due to the lowered entropic barrier (AS). Consequently, the equilibrium is

slightly shifted towards the product side (Scheme 1.1c).14-15 46, 56-57

32.8 kJ mol!
-31.5 kJ mol!
-250 J mol” K1

AG®
a) CO3 (9) + Hy(9) —— HCOOH (1) AH®
ASY

AG® = -9.5 kJ mol™!
b) NHz(ag) + CO;(@ +  Hy(@ ————=  HCOONH,"(aq) AHC=-84.3 kJ mol"
AS® = -250 J mol™! K™

c) CO,(aq) + Hy, (aq) ——————— HCOOH (aq) AG? = -9.5 kJ mol!

Scheme 1. 1 Thermodynamic overview of CO2 hydrogenation to FA4
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As shown in Scheme 1.1c, the Gibbs free energy is only slightly negative in
the liquid phase, resulting in relatively low Keq and hence low concentrations
of FA. Consequently reactions have to be carried out near the thermodynamic
equilibrium, in order to achieve suitable concentrations.'* The concentration of
FA achieved during the hydrogenation can further be improved by increasing
the concentration of reagents (CO2 and H2) in solution (Le Chatelier's
principle). This can also be expressed by the thermodynamic equilibrium

constant Kegq in relationship with the Gibbs free energy, see equation 1.1.
AG = —RTInK,, (1.2)

Taking into account that, the equilibrium constant Keq is directly linked to the
concentration of reagents (here CO2 and H2) in solution, as described in

equation 2.

__ [HCOOH]

K =
eq [CO2]i[H:]

(1.2)

It is evident that, if the equilibrium constant must be constant (AG is constant),
increasing the gas pressure must increase the concentration of FA achievable
at constant temperatures. This relationship is evidenced by Henry’s law, see
equation 1.3 (C is the solubility of a gas at a fixed temperature in a particular

solvent, k is the Henry constant, Pxis the partial pressure of gas x).
C = kP, (1.3)
With equation 1.4 for the Gibbs free energy,
AG = AH —TAS (1.4)

one can derive the van’t Hoff equation combining equation 1.4 and 1.1.

Equation 1.5 can be used to calculate the enthalpy and entropy of a reaction.
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AH  AS
aneq = _E-l-? (15)

Inserting equation 1.2 into equation 1.5 and resolving the natural logarithm

gives equation 1.6.

[HCOOH] _ __AH | As
o - FPC R TR (1.6)

Consequently it can easily be observed that reactions yielding FA must be
carried out at relatively low temperatures (the reaction is exothermic) and high
pressures (Le Chatelier’s principle), see equation 1.6. It is important to note
that, increasing the temperature will favour the formation of CO via the reverse
water gas shift reaction (rWGS), see also Figure 1.7.58 Both reactions are to
a certain extent related, as in both cases the oxidation state of the carbon atom
is reduced by 2. However the rWGS is highly endothermic and is therefore

typically carried out at elevated temperatures.>8

1.2.2. Kinetic considerations and catalyst design

General overview of kinetics

Carbon dioxide is an unreactive gas, with two slightly negatively polarized
oxygens and a slightly electrophilic carbon.>®-° In order facilitate the transfer
a substituent onto the aforementioned carbon, the substituent needs to be a
electron rich nucleophile. Consequently, in the bespoke hydrogenation of CO2
to FA, an electron rich (nucleophilic) hydride is needed.®® Theoretically, early
transition metals form complexes with high hydride transfer capabilities

(nucleophilic hydrides). This would facilitate the insertion of CO2 into the metal
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hydride bond (M-H). However, high hydride transfer capability in early
transition metals is encountered by strong metal oxygen bonds. This would
render the dissociation of formate from the metal centre challenging. As a
consequence, most catalytic systems consist of metals from group 8 and 9
(group 8: Fe, Ru; group 9: Co, Rh, Ir). Here a balance in between hydride
donation and M-O bond strength is achieved and is key for the development

of efficient catalysts.14-15 17, 61-62

Generally speaking the hydrogenation of CO2 to FA can be separated into two

main steps: 1) the insertion of CO:2 into a M-H bond and 2) hydride recovery.

Hvdride recovery [M-H]™ Carbon Dioxide

insertion

HCOOH

rate determining for:| |rate determining for:
Fe, Ru Co, Ir

[M-O,CH]"™

Figure 1.14 Main synthetic steps in the hydrogenation of CO2 to FA/formate. Carbon dioxide insertion
(red line) is typically rate determining for Co and Ir based catalysts. Hydride recovery (blue line) is

typically rate determining for Fe and Ru based catalysts.

CO:z2 insertion is mostly found to be the rate determining step for the group 9
metals (Co, Ir). This can be explained by the stronger M-H bond and weaker
M-O bond, when compared to their counterparts from group 8 (Ru, Fe). In fact

most catalytic systems containing Ru or Fe as the active species have the

31



Chapter 1: Introduction

hydride recovery as rate determining step.41> 17. 6166 |n the following,
electronic effects determining mechanistic aspects of both steps will be

introduced.

1) CO:z insertion

The insertion of CO: is rate determining for late transition metal catalysts, e.g.
Co and Ir. This step consists of a hydride transfer from the active metal hydride
onto COg, yielding the corresponding formate complex. This process can
follow two distinct paths: the inner sphere - and outer sphere mechanism.®’
The mechanism for the CO:2 insertion (inner — vs. outer sphere) depends
mainly on the sterical demand and the nucleophilicity of the transferred

group.67-68

As most metal hydrides are relatively weak nucleophiles, CO:2 inserts
commonly via an outer sphere mechanism into the bespoke metal hydride
bond. The outer sphere mechanism constitutes of two transition states and
an ionic intermediate and proceed generally slower as the inner sphere
mechanism.®® In contrast, the inner sphere mechanism is dominant with strong
nucleophiles®” (i.e. high capability of the metal to transfer a functional group
onto an entering substrate molecule) and/or when a less sterically hindered
system is generated around the active metal catalyst. In the inner sphere

mechanism only one transition state has to be overcome.®’
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off M-O
+CO Z
"inner sphere” M-H 2 - Q:Q/ %H
M--H o)
+CO, e
of ° o
"outer sphere" M-H---¢~ |— MZ-H-C M \>:O
\y W\ N
(0] (o] H

Figure 1. 15 COz insertion via the inner respectively outer sphere mechanism into a metal hydride

bond.6”

The thermodynamic reaction profile of the COz2 insertion can be determined by
electrochemical measurements. Here the thermodynamic hydricity
(represented as AGJ- in Figure 1.16a) can be determined by the reduction
potential of the parent complex. A relationship in between the reduction
potential of the parent complex and the hydricity of the active hydride complex
has been established for a wide range of complexes.’® "t Hereby, the hydricity
represents the ability of a molecule to transfer a hydride to another molecule.
In this way, a higher hydricity means - by definition - a lowered capability of a
molecule to transfer a hydride. The thermodynamic properties of bespoke
reaction can thus be assayed, by comparing the hydricity of the metal hydride
with the hydricity of formate.”* The hydricity of formate has been shown in

Figure 1.16 a) Reaction scheme to determine thermochemical cycle and b)

hydricity of various metal complexes against the reduction potential of the

parent complex.”t
b as the straight line dividing the red and blue regions. The red region indicates

a regime where the CO: insertion becomes endergonic (thermodynamically
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disfavoured) and the blue shows the exergonic region (thermodynamically

favoured).’*

a) [M-H](n'1)+ — Mn+ + H' AGH_O(M'H)
co, + H- =————~ HCO, AGRL.OY(HCO,)
C02 + [M-H](n-1)+ —_—— Mn+ + Hcoz- AGI’XI’I
d AG>0
b) 80 M Nickel
. ® Platinum
70 4 A Palladium v T
v Coba!t aml
1 ® Rhodium ,.'i'
= p Iridium B
(o] —
£ 60 Ruthenium . 3 b
=~ P
S 1 @ ,’:-' v
< ® - A
= 50 v ..
.a | "'
% = ’—' A 13
° .
Z 40+ § . AG<0
i e ‘ Fixed Slope Line:
4 2
30 - ’:6 y = 23.06x + 80.93,R = 0.9105
4 Best Fit Line:
20 y = 20.02x + 77.43, R°= 0.9322
I T I T I T I T I T
-2.5 -2.0 -1.5 -1.0 -0.5
n+ , .(n-1)+ +/0
E, (M /M ) VvsFc )

Figure 1.16 a) Reaction scheme to determine thermochemical cycle and b) hydricity of various metal

complexes against the reduction potential of the parent complex.”

If the hydricity of the metal hydride is close to that of formate, the hydride

recovery and CO:2 insertion are near thermoneutral, i.e. neither step in the

catalytic transformation is strongly endergonic and thus each intermediate is

easily interconverted.”? As the difference in between the hydricities of

ruthenium and iridium complexes fall close to those of formate, the most active

catalysts can be found with bespoke noble metals.4 17. 61-62 Fyrthermore, all
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Co complexes displayed in Figure 1.16b have a higher thermodynamic
hydricity as formate and therefore most Co complexes do display an

endergonic profile for the CO2 insertion step.”*

Therefore by lowering the hydricity of Co catalysts the rate of reaction in the
CO:2 hydrogenation to FA can be enhanced. Linehan et al. demonstrated that
a lowered hydricity led indeed to an increased catalytic activity culminating in
a TOF of 6400 h' at 1.8 atm of CO2/Hz (1:1) at 21°C with [Co(1,2-
bis(dimethylphosphino)ethane).H] (1) under basic conditions, ie 2,8,9-
triisopropyl-2,5,8,9-tetraaza-1-phosphabicyclo-  [3,3,3] undecane (i.e.
Verkade's base; Vkd’s base) was used as the base. 2> The observed increase
in rate was related to the CO:2 insertion being “more” themoneutral and thus
the hydride transfer during CO: insertion being facilitated. "> As a consequence
the interconversion of the main intermediates was eased and an increased
rate was observed. However, the thermodynamic model of hydricity fails with
the analogous Rh catalyst.”? This can be explained by the already very low
hydricity of Rh catalysts, which makes this step exergonic. With the analogous
Rh complexes the rate of CO2 hydrogenation to FA can be increased by
facilitating the addition of dihydrogen onto the metal centre. This step
represents the rate determining step for most Rh catalysts and falls into the

area of hydride recovery.’?
2) Hydride recovery

Hydride recovery can be split into two different steps: the addition of
dihydrogen onto the metal centre and the heterolytic splitting of Hz. In order to

understand both steps, it is useful to investigate the metal dihydrogen complex
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(0-M-Hz2). Historically, 0-M-Hz2 complexes were assumed to be highly unstable
and to exist only as transient species. Consequently, it was not until 1983
when the first dihydrogen complex was isolated by Kubas.”3>74 At the same
time, Saillard and Hoffmann were able to calculate the first dihydrogen
complex.” The intriguing bonding mode of dihydrogen with transition metals
has since then led to the isolation of a plethora of dihydrogen complexes.’® In
all dihydrogen complexes, the Hz-ligand binds to the metal side on, as depicted
in Error! Reference source not found.. The distance between both hydrogen
atoms ranges hereby from 0.8 A and 1.6 A (Note: distance between H atoms
in molecular Hz is 0.74 A). When the distance in between both hydrogen atoms

exceeds 1.6 A the H-H bond can be assumed to be broken.

0-M-Hz complex have been classified in 5 sub-classes depending on the H-H
distance: true Hz-complexes (0.8 A to 0.9 A), elongated Hz-complexes (1.0 A
to 1.2 A), compressed dihydrides (1.3 A to 1.6 A) and dihydrides (> 1.6 A).
Note that in dihydrides the H-H bond is effectively broken and cannot be
assigned to o-M-Hz complex, and is instead best described as a M(H)2

complex.”s 76

M H __H _H _H
H, M—| —— M\ﬁ M| M__
H
0.74 A 0.8A-09A 1.0A-12A 1.3A-16A >1.6 A
true M-H, elongated M-H, compressed dihydride dihydride

Figure 1.17 H-H distances in dihydrogen complexes ranging from 0.8A to 1.6 A.76

The breaking of the H-H bond can be regarded as a continuum process (Error!
Reference source not found.). On the one hand, the Hz ligand is stabilised by
m-back-donation (BD) from the metal to H2, whilst on the other hand, the o-

donation (SD) from the Hz ligand to the metal further contributes to the stability
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of the o-M-H2 complex.”® Changing the electronic parameters of a parent
complex will move the local minimum for the H2 complex on this continuum,
resulting in different H-H distances. The H-H distance depends on the strength
of BD with stronger BD resulting in elongated H-H distances. Increasing the
BD from a nucleophilic metal centre will ultimately result in the homolytic
splitting (oxidative addition) of Hz, giving a dihydride.”’”-’8 In contrast decreased
BD from electrophilic metal centres lead to the heterolytic cleavage of H:2
resulting in a M-H and a H". In this way, the pKa of M-H2 complexes can be
remarkably decreased (compared to molecular dihydrogen), i.e. cationic
electrophilic complexes can have a pKa as low as -6 and therefore can even
protonate organic solvents.”® Stable o-M-Hz2 complexes are obtained when
both electronic donations are in a good relative balance, i.e. neither the T-BD
nor o-donation are dominating the bonding mode. SD from the H2 ligand and
BD from the metal centre to the H2 ligand, in addition to the continuous region
for heterolytic cleavage, stable 0-M-H2 complexes and homolytic cleavage are

depicted in Figure 1.18 below.’®

homolytic cleavage/

heterolytic cleavage c - complex oxidative addition (OA)
H H
[M-H] + H* M—H M\H
electrophilic M nucleophilic M

c - donation

< —
H O H
M Q<—8 mT= BD M Ill
> |0 A
H-H distance —
o - donation > n - BD

Figure 1.18 Hz2 complex stability and reactivity in dependence of electronic properties of the metal

centre.”®
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As shown in Figure 1.18, electrophilic metal complexes are beneficial for the
heterolytic splitting of H2. Unfortunately, electrophilic complexes generally
create weak hydride donors (and the o-M-H2 complex is very unstable), hence
are not regarded suitable for the hydrogenation of CO2, see Figure 1.16.7% 80
Instead, most catalytic systems utilize electron rich metals and thus require
strong bases (such as Vkd’s base, KOH, triethylamine, etc.) to recover the
active hydride and to deprotonate the intermediate o-M-H2 complex.8182 As
discussed above (Scheme 1.1) the utilisation of such strong bases also shifts
the thermodynamic equilibrium to the product side.'* The strength of the base
needed to deprotonate the o-M-H2 complex is linked to the hydricity and can
be determined electrochemically in a similar way as described in Figure 1.16a.
As the free energy for the heterolytic splitting of molecular hydrogen and the
pKa of the conjugated form of the base are generally known, the change in
free energy can be calculated according to the equations presented in Error!
Reference source not found. after the reduction potential of the parent complex

has been determined.’? 83

Mn+ + H- E=—— [M-H](n'1)+ —AGH_O(M'H)
H2 —_— H- + H+ AGH-O(HZ)
B + H* = BH* -1.364pKa(BH")

[M'H](n-1)+ + BH+ Aern

Figure 1. 19 Reaction scheme for the determination of base strength needed for deprotonation.8®

Consequently, most catalytic systems utilise stoichiometric amounts of bases
to shift the thermodynamic equilibrium to the product side and to deprotonate

the intermediate 0-M-Hz2, preventing the deactivation of the active hydride via
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protonation. In the following section milestones in the development of
homogeneous catalyst for the hydrogenation of CO2 under basic conditions

are discussed.

1.3. Catalysts under basic conditions

Note: Parts of this section are being published separately as a book chapter,

see publication V.

In the presence of bases a plethora of catalysts have been shown to be active
in the hydrogenation of CO2 to formate salts and adducts. Those catalysts can
be classified primarily by the type of ligand architecture, into: phosphine -,
pincer based -, N-heterocyclic carbene and half sandwich catalysts.8497
Furthermore, catalysts can be classified by their active metal. For the most
part however, the active catalysts utilize metals from group 8 and 9. Below,
literature examples of catalysts active in the hydrogenation of CO:z in the
presence of base will be discussed based on their ligand architecture. The aim
is to highlight catalyst development and cannot give a full picture of catalysts
active in the hydrogenation of CO2. A complete overview of the field can,

however, be found in several recent reviews.14 17. 40

1.3.1. Catalysts with phospine based ligand architectures

Although the first hydrogenation of CO2 to FA dates back to 1935,% it was not

until 1976 that the first pioneering work in the hydrogenation of CO2 to formate
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was conducted with homogenous catalysts by Inoue et al. using
triphenylphosphine (PPhs) complexes of Ru, Ir and Rh.?® These catalysts
displayed catalytic activity in the hydrogenation of CO2 in benzene in the
presence of triethylamine (NEts) as a base.®® It was furthermore demonstrated
that, small amounts of water can effectively accelerated the catalytic
transformation of CO: to formate.®® 190 Later, this concept was further

elaborated and extended to more polar solvents such as DMSQ.10?

SO;Na

@\PQ ©\P PPF;P:LPth
5| Sam| &5

PPh, tris(3-sulfonatophenyl) 2-(diphenylphosphino)
phosphine phenyl)phosphine
P(CeH11)2 PPh, [Pth PMe
P(CeH11)2 PPh, PPh, PMe,
dcpm dppm dppe dmpe

Figure 1.20 Phosphine compounds used as ligands for the synthesis of catalysts applied to the

hydrogenation of CO2 to FA.L7

The accelerating effect of water was revisited in 1993 by Leitner et al., when
the group reported the first water soluble phosphine complex active for the
hydrogenation of CO2. They examined various catalysts and found that
[RhCl(tppts)s] (2) (tppts: tris(3-sulfonatophenyl)phosphine) (see Figure 1.20)
was the most active catalyst at 4 MPa H2/CO2 achieving a TON of 3440 at
room temperature in a water:amine mixture.%4 6. 102

The precise role of water in the CO2 hydrogenation to formic acid still remains
under discussion. On the one hand it has been shown that some organic

solvents and water form solvent-water cluster stabilising formic acid
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thermodynamically.> 1% On the other hand CO: forms carbonates and
carbonic acid in water, which on turn might be the true reagent source during
the hydrogenation.104-105

Beller, Laurenczy et al. extended the system introduced by Leitner et al. 94 %
102 tg various phosphine ligands in combination with [RuCl2(CeHs)] (3). They
showed that the complexes, which are formed in situ, are active in the
hydrogenation of CO:2 in the presence of aqueous NaHCOs. The
aforementioned phosphine ligands included PPhs, 1,1-bis-
(dicyclohexylphosphino)methane (dcpm), 1,2-bis-(diphenylphosphino)ethane
(dppe), 1,1-bis-(diphenylphosphino)methane (dppm), and others. The highest
catalytic activity was achieved when dppm was added, showing a TOF of 1200
h-t after 2h at 70°C under 8.5 MPa of H2/CO2 (5/3.5), even though the catalyst
deactivated after few hours.106

Non-precious metal phosphine based catalysts have also been reported to be
active in the hydrogenation of CO2 (or bicarbonate) to FA.1°7-198 For instance
[Iron(IDfluorotris[2-(diphenylphosphino)phenyl)phosphino]tetrafluoroborate]
(4) achieved a TON of 7500 at 100°C under 6 MPa H2.1%® As already
mentioned in section 1.2.2. Linehan et al. investigated a series of phosphine
based cobalt catalysts and achieved after optimising the thermodynamic
hydricity TOF values ranging between 3400 h*' and 74000 h* with 1,
depending on the pressure applied in the system (1 atm to 20 atm. However,
a very strong base (verkade’s base) is needed to deprotonate the Co-H2
intermediate.”? Examples of some of the phosphine ligands reported here are

depicted in Figure 1.20.
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Phosphine based complexes have also been integrated into carbon capture
schemes. Here in a first step CO2 is captured as carbamate using
polyethylenimine (PEI). In the consecutive step the captured CO: is
hydrogenated to FA in the presence of RhCl3*3H20 in combination with a
monodentate phosphine ligand.'®® The sequential hydrogenation of CO:2
achieved a maximum TON of 852. Immobilised bidentate iminophosphine
ligands in combination with Ir have also been found to be active under
relatively mild conditions (60°C, 4 MPa, (pH2:pcoz) (1:1), 20 h). Here, a TON of

2800 after 20 h was reported.110

1.3.2. Catalysts with pincer-based ligand architectures

Pincer complexes have found a broad range of applications in catalysis, due
to their high thermal and chemical robustness. Unsurprisingly, applications

also include the hydrogenation of CO:2 to formic acid.

PPr, P(Pr), P(Bu), / P(Bu),
\ \
/ N NH 4 N / N
PPr, P(Pr), P(Bu), NEt,
2,6-bis(diisopropyl- (diisopropyl- 2,6-bis(di-tert-buthyl- 6'(di"‘i’lf'?“ty'p;°;pﬁi"°'
phosphinomethyl) phoshinoethyl) phosphinomethyl) diemelar{lfnn:rz;e;:\ 'I)-jl 6-
pyridine amine pyridine gihydropyridixe ’

Figure 1.21 A selection of pincer ligands employed as ligands for Ir, Rh, Ru, Fe complexes applied for

the CO2 hydrogenation.l7

Amongst the highest catalytic activity reported to date are reported with the
pincer type ligand architecture, where a TOF value of 150,000 h* at 200°C
and a TON value of 3,500,000 at 120°C was reported in water/THF (5/1) (v/v)

in the presence of KOH under 85 MPa H2/CO:2 (1/1) with [IrH3(2,6-
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bis(diisopropylphosphinomethyl)pyridine)] (5) (see Figure 1.21 for the ligand
structure).8®

With the aliphatic complex [IrHs((diisopropylphoshinoethyl)amine)] (6), TOF
values of up to 18,780 h* and TON values of 348,000 were reported.'!?
Interestingly, the secondary coordination sphere plays a crucial role in
achieving high catalytic activities with IrHs((diisopropylphoshinoethyl)amine)]
(7) and [IrH3(2,6-bis(diisopropylphosphinomethyl)pyridine)] (8). In the case of
7 a proton bridge is formed between the N-H and the formate ligand,**! whilst
in the case of the aromatic analogue 8, a toggling in between de-aromatization
5 coordinative intermediate and the aromatized 6 coordinative hydride is
observed.®? For 8 the cooperative mechanism plays a crucial role for the
addition of Hz whilst with 7 the approaching CO2 molecule interacts with the

N-H group of the ligand, see figure 1.22.89 111

L PR, _ PR,
N~ Z N=./
o T rH
H B H
Ry Ry
H, H,
HCOOH HCOOH y
{7 DPR; \—HpR,
/N\ll’\H N‘Ir/\
| /1 H
PH P H
R, R
8 7
H TON = 3,500,000 H TON = 348,000
PR TOF = 150,000 h™! Pe TOF = 18,780 h™*
o~ o T=120°C oo =185°
= |;PR2 H\/|:PR2 T =185°C H
=N=iel Prz = Pcoz =4.25 MPa [ (" TPR. EN;"‘H Ph2 = Pcoz = 2.75 MPa N PRz
T et e o
2 R2H 2 R,
R=/Pr co, co,

Figure 1.22 Comparison of aliphatic and aromatic Ir-pincer catalysts.8% 111

High activity was also reported by Milstein et al. for trans-[FeH2(CO)(2,6-bis(di-
tert-buthylphosphinomethyl)pyridine)] (9). 9 achieves a TOF of 160 h* and a
TON of up to 780 at 60°C (representing a remarkable activity for a first row

transition metal catalyst in the hydrogenation of CO2) under 1 MPa in H2O/THF
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(10/1) (v/v) in the hydrogenation of CO2 to FA.''?2 The de-aromatised Ru
derivative of trans-[FeH2(CO)(2,6-bis(di-tert-butylphosphinomethyl)pyridine)]
(10) possess higher activity than the Fe analogue.l31 Similarly,
[RuH(CO)(6-(di-tertbutylphosphinomethylene)-2-(N,N-diethylaminomethyl)-

1,6-dihydropyridine)] (11), is also active in the hydrogenation of CO2 under

basic conditions.114

< H = =

—N_ 1/ \ <~/ ‘ -~/
Feco L _Ruco L _Ruco
P\ P P
Ry Ry Ro

9 10 11

Figure 1.23 Fe amd Ru PNP pincer complexes investifated by Milstein and co-workers.112-113

Pidko et al. reported that [RUH(CI)(CO)(2,6-bis(di-tert-
butylphosphinomethyl)pyridine)] (12) achieved a TOF of 1,100,000 h't in DMF
with DBU as a base under 4 MPa H2/CO2 at 120°C. This represents the highest
catalytic activity reported for the hydrogenation of CO2 to FA to date. In
contrast to previous studies, it was demonstrated via DFT calculations that the
de-aromatized intermediate (12-Intl) is less active as the dihydridic species

12_(H)21_90-91, 115

In depth DFT studies demonstrated that the most active catalytic cycle does
not involve a co-operative mechanism for the Hz activation. In this case, the
H2 complex is directly deprotonated to free formic acid (Figure 1.24, cycle 1).1%°
However, pincer complexes normally participate in a co-operative mechanism
during Hz activation, leading to an intermediate 5 coordinate species (12-Int1)
(cycle 11). Unfortunately, these species are also active towards the insertion of

CO:z2 into the ligand architecture and provides an entry point into the third and
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least active cycle (cycle Ill) (via 12-Int2). A general overview of these catalyst

cycles is represented in figure 1.24.115

Cycle | Cycle Il

decreasing activity
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Figure 1.24 Three main catalytic cycles found by Pidko et al. Cycle | is the most active mechanism; no
co-operative mechanism for Hz activation is present; in Cycle Il Hz is activated in a co-operative fashion;

at the same time CO2 can be incorporated into the ligand architecture leading to the least active cycle

Il 115

A fundamental consequence of this mechanism is that excess amounts of
hydrogen have to be employed in order to inhibit the catalyst to enter cycle 1lI
and thus ensuring the durability of pincer based catalysts in the hydrogenation
of C02.9092 116 A high conversion of Hz is necessary for economic and
environmental reasons connected with the sustainable generation of
hydrogen.?® Consequently, processes utilizing excess amounts of H2 pose

considerable hurdles to potential industrial implementation.?8
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1.3.3. Catalysts with NHC-carbene based ligand architectures

Peris and collaborators explored various thermally robust N-heterocyclic

SO4K carbene (NHC) complexes for the hydrogenation
(\/ of CO2. Best results were obtained with the
N
\Nl [ abnormally bond [Irl2(AcO)(bis-NHC)] (13) as the

Ir
kN \' catalyst at 200°C under 6 MPa H2/COz2 (1/1).86-87

|
A TON of 190,000 was achieved after 75 h.
"\ —sox
13 Generally NHC ligands display high electron
donating character, thus a high catalytic activity
Figure 1.25 Complex 13.

was achieved for the investigated reaction.
Furthermore, 13 is also active in in the transfer hydrogenation of CO2 using
isopropanol as the hydrogen source, resulting in a TON of 1000.11” Employing
isopropanol as a H2 source is safer than employing pressurised H2. The
lowered activity compared to reactions carried out with pressurised H2 was
attributed to the difficult formation of the active metal hydride from

isopropanol .86-87, 117

1.3.4. Half sandwich complexes as catalysts for the hydrogenation for

CO2

It has been shown that, the complex [Cp*Ir(4,4'-dihydroxy-2,2'-bipyridine)CI|Cl
(14-a) is catalytically active in the hydrogenation of CO2 whilst the unmodified
bipyridine complex (15) is inactive for the here discussed reaction. In this

fashion 14-a showed more than a 1000 fold increase in its initial TOF,
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achieving a value of 5100 h'L. This effect is attributed to electron donation from

the oxyanion to the metal centre and the consequent “keto” resonance

structure,'® as shown in the figure 1.26b.

a)
HO_~ |
NS N\ /Cp*
/Ir\
| ~N Cl
HO Z
14-a
TOF = 5100 h™'
b)
HO._~ l
NS N\ /Cp*
/Ir\
| ~N ClI
HO™ NF
14

_ - _ _
Ho~ | _ | OH
N\ /Cp* SN N\ /Cp*
/Ir\ /Ir\
| NN Cl | SN Cl
N Z > oH
15 14-b
TOF =5.1h" TOF = 8050 h’
o) N N |
-2 H+ N C *
™ \|r/ p N\| /Cp
r
+2 H* = N/ cl | \N/ cl
_ J

resonance structures

Figure 1.26 a) Complexes 14-a, 14-b and 15 with corresponding catalytic activity and b) Keto resonance

structure of 14 after deprotonation.18

The catalytic activity can be correlated to the Hammett constant o7, i.e. higher

electron donating properties lead to higher catalytic activities. This finding is in

good correlation with the thermodynamic hydricity introduced in section 1.2.2.

However, it is noteworthy that upon switching the initial hydroxo group from

the para position to the ortho position (in 14-b), the catalytic activity was

significantly increased reaching a TOF of 8050 h. As the electron donation in

para and ortho position is almost the same, the increased catalytic activity

must be attributed to the facilitated formation of the active hydride from the M-
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H2 complex. Here the oxyanion in ortho position functions as a base, thus

proton transfer from Hz is facilitated.84-85 88, 119-121

As all the systems introduced so far utilize bases, where the formation of
formate salts and adducts is the key thermodynamic driving force for the
reaction to proceed. Inevitably, this thermodynamic driving force would have
to be reversed during the purification of formic acid from the reaction mixture,
leading to energy intensive processes. As an alternative, research has shifted
focus onto the direct hydrogenation of COz2to formic acid in the absence of

bases.

1.4. Catalyst under acidic conditions

Although a considerable amount of research has been focused upon the
catalyst development for the selective hydrogenation of CO2 to FA, only a few
examples have been reported in the absence of base. This is mainly due to
the unfavourable thermodynamics (see Scheme 1.1) and the kinetic
deactivation of metal hydride complexes in acidic media via protonation.
Consequently, it was not until 2004 that the first catalyst was reported for the
base free hydrogenation of CO2 to FA.%3 In their breakthrough study, Ogo et
al. used [(n%-CsMes)RU"(2,2'-bipyridine or 4,4'-dimethoxy-2,2'-
bipyridine)(OH2)]SO4 (16) (see Figure 1.27) to hydrogenate COz2 to FA under 2.5-
5.5 MPa (H2:CO2; 1:1) in water.53 A total concentration of 0.06 M of FA and a TON
of 40 was achieved under optimised conditions and prolonged reaction times

(72h).%3 After their first study, the same group investigated the reaction mechanism
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for the base free hydrogenation, comparing their ruthenium complex with an
iridium derivative. Whilst the key reaction intermediates remained the same, the

group could show that Ir and Ru differ in their rate determining step, as shown in

Figure 1.27 Reaction mechanism for the hydrogenation of CO2 to FA under base free conditions

using Ruthenium (left) and Iridium (right).54

Figure 1.27.%4

R 1s0, CO, B
| N H* + H,O_ [M-H]*
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Rd H,
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R = OMe O-¢”
R=H [M-OH,I?* Mo
16 17

Hydride recovery is
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Figure 1.27 Reaction mechanism for the hydrogenation of CO2 to FA under base free conditions
using Ruthenium (left) and Iridium (right).64

As shown above, the metal hydride reacts with the CO2 to form a formate
complex. Afterwards, formate is cleaved as FA from the metal centre by water
coordination. In the last step the hydride is recovered by heterolytic hydride
splitting forming the active hydride complex and a proton. The hydride
recovery step represents the rate limiting step for the Ru-catalyst, whilst the
CO:2 insertion is rate limiting for the Ir-derivative.®* The change in rate limiting
steps are due to different strengths of hydride donation between Ru and Ir. For
instance, Ru is a stronger hydride donor, hence the hydride transfer is fast (i.e.
not rate limiting) in contrast to Ir. Conversely, Ru forms stronger M-O bonds
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and, as a consequence of the stronger M-O binding, hydride recovery is rate

limiting with most Ru-based catalysts.53-66

In 2016 the mechanism introduced by Ogo et al. was confirmed by Lu et al.1??
In their study, the group investigated Ir(lll)-complexes with varying diimine
ligands and assessed their reactivity in the hydrogenation of CO2 to FA. After
screening various ligands and reaction conditions, it was found that by
replacing H20 with D20 as solvent, the TOF can be increased from 280 h to
768 hl. This indicates a positive kinetic isotope effect (KIE) and indicates the
turnover limiting step being the transformation of the agua complex to an Hz
complex, i.e. the resting state of the catalyst is the aqua complex. In total, a
TON of 10258 was achieved, giving a final concentration of 0.13M FA. Further
evidence verifying the mechanism of the catalytic cycle was found using in-
situ nuclear magnetic resonance (NMR) studies, where a hydride intermediate
was detected upon addition of Hz to the catalyst. However, after adding CO2
the hydride immediately disappeared, indicating that the hydride is unstable
under the acidic conditions and reacts rapidly. At all stages of the reaction, an
Ir-aqua-complex could be detected thus confirming the mechanism proposed

by Ogo et al (Figure 1.26).2122

Although these early examples were encouraging, the TON, TOF and
maximum final concentrations of FA achievable in water were far from
satisfying. This might be due to the fast acidification of the reaction medium
by formic acid over the course of the formation of FA, which in turn leads to
the protonation of the active hydride species, inevitably leading to the depletion
of the active catalyst. Consequently, the effect of sodium formate as a buffer
was studied. It was suggested that the buffer might stabilize the pH at higher
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values, and thereby prevent the deactivation of the catalyst by protonation.*23
Tri-3,3',3"-Phosphanetriyltris(benzenesulfonic acid) trisodium salt Rhodium(l)
chloride, [RhCl(mtppms)s] (18), was used as a catalyst precursor in 0.05 M
sodium formate solution. The addition of NaO2CH to the catalytic system
increased the formation of FA by 200%, using 50 bar CO2 and 50 bar H2 for
20 h at 50 °C, giving a total concentration of free FA of 0.11 M with a TON of

55 with a TOF of 2.75 h'1,123

In 2014 Laurenczy and co-workers showed that the buffering effect can also
be achieved by using dimethyl sulfoxide (DMSO) as a co-solvent.}® They
found that in a solution of DMSO containing water (10 v/v%), a remarkable
concentration 1.9 M of FA was achieved using Tetra(1,3,5-Triaza-7-
phosphaadamantane)Ru(ll)chloride, [RuCIl2(PTA)4] (19), as catalyst.1%3 After
120h, the TON was determined to reach 500-1000, depending on the
reaction conditions. It was assumed that DMSO and H20 form solvent
clusters, where DMSO acts as a proton acceptor and thus prevents fast
acidification of the reaction medium. In agreement with the thermodynamic
considerations outlined previously (equation 3 and 6 for the determination
of the equilibrium constant) a linear relationship between the yield of FA and
the total pressure was found. Furthermore, lower temperatures lead to an
increase in yield of FA formed, which indicates that the reaction indeed
reaches its thermodynamic equilibrium, as the reaction is exothermic in

nature.103
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Figure 1.28 Catalytic mechanism for the hydrogenation of CO2 to FA with [RuCl2(PTA)4] described by

Laurenzcy et al.103

In 2016 (4,5-bis(diphenylphosphino)acridine)Ru(ll) (benzoate)(chloride,

[Ru(acriphos)(PhCO2)CI] (20), was tested as catalyst-precursor for the base

free hydrogenation of CO2 to FA.
Although a DMSO:H20 mixture, similar to PPh2

g s ’ ] P«%’\Pghe,
the solvent mixture described by
Laurenczy et al., was used only a 0.3 M
solution was achieved. However, the 20

catalytic activity was relatively high, Figure 1.29 Depiction of Complex 20.

yielding a TOF of 260 h*t and a TON of 4200 in DMSO:H20 mixture with 5
vIv% water at 60°C with 40 bar CO2 and 80 bar H..! By adding NaOAc as a

buffer the TOF was increased to 1019 h, yielding a TON of 16310 and the
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concentration of FA reached 1.3 M under optimised conditions.! The
decreased TOF and TON in the absence of NaOAc was attributed to
deactivation caused by protonation of the catalyst to form an inactive cationic

complex.!

Achard and co-workers reported Phosphine-pyridonate ligands containing
octahedral ruthenium complexes to be active in the hydrogenation of CO2 to
FA. A TON of 355-370 was reported after 72 h at 50°C under 50 bar H2 and
10 bar COz yielding concentrations of 0.57-0.60 M in DMSO.1?4 Interestingly,
the ligand system has a hydroxyl group in meta position to the N of the pyridine
ring. This suggests a similar reactivity as observed with proton responsive half

sandwich complexes (see figure 1.26).119 124

Since the concentrations of FA achieved (and catalytic TON) are far lower
under acidic conditions than under corresponding basic conditions, process
development has focused on systems using base as the thermodynamic
driving force. The following section deals with major process schemes for the

synthesis of formic acid from COa.
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1.5. Existing processes for the transformation of CO: to

formic acid

In the following, a collection of milestones in the development of plausible
process schemes for the hydrogenation of CO2 to FA will be presented. It is
important to mention that all of these process schemes involve the formation
of formate salts, thus the product must be separated from reactive mixture via
reactive distillation,*®: 125-127 or by dissolution into super critical CO2 (scCOz).128
Consequently, research has focused on the connection of the synthesis to
upstream processes, or on the development of processes facilitating the

separation of the FA from the base.

Interestingly, life cycle assessments show that the production of FA from CO2
is beneficial compared to traditional synthetic processes, even if H2 from
traditional routes are used (e.g. steam methane reforming). This is mainly due
to the tedious purification of FA in the traditional, fossil-fuel based synthesis of
FA. Compared with other CO2-based production lines for chemicals, such as
MeOH and CHas, the synthesis of FA from CO:2 achieves a positive
environmental impact, because only one equivalent of Hz is consumed, refer

to section 1, figure 1.2.28
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1.5.1. Connection to processes upstream

In 2016, a system for the hydrogenation of carbamates and ammonium
carbonates coupled to the Haber Bosch system was proposed by Su et al.??°
Here, ammonia synthesised in the Haber Bosch Process and CO2 are mixed
to form carbamate or ammonium carbonate, depending on the water content
in the system (i.e. ammonium carbonate is preferentially formed in the
presence of water).1?% After adding 2.75 bar H2 and catalytic amounts of Pd/C
in an ethanol water mixture (70 wt% ethanol), the carbamate or carbonate is
transformed into ammonium formate under very mild conditions, see Figure
1.30.12° Furthermore, it was shown that the hydrogenation of ammonium
carbonates proceeds faster and with higher efficiency than the corresponding

reduction of ammonium carbamate.12®

The low cost of the base and the utilisation of commercially available Pd/C
catalyst was beneficial for the connection of the Haber Bosch process to
catalytic hydrogenation. Furthermore, very mild conditions can be applied
(20°C and 2.75 bar Hz), further improving the economic balance. The product,
ammonium formate, is already used in silage aid, as a reagent in the Leuckart
reaction for the preparation of primary amines and for transfer hydrogenations

of functional groups.3* 42
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Figure 1. 30 Upstream connection of CO2 hydrogenation to the Haber-Bosch process.129

Another possibility is the integration of the FA/formate synthesis with CO2
scrubbing. In this regard, high catalytic turnovers (total TON 150,000) and
turnover frequencies (TOFav = 35,000 h1, TOFin = 180,000) can be achieved.
Astonishingly, the best results were obtained with a biphasic system where the
catalyst, [cis-Ru(dppm)2Cl2] (21) was dissolved in methyl-isobutylcarbinol
(MIBC) and the formate adduct was quantitatively extracted into the aqueous
phase. Commercially available CO:2 scrubbing agents methyldiethanolamine
(Aminosol CST 115®) and monoethanolamine (MEA) were employed as
bases. The catalyst phase could be recycled up to 11 times and only small
amounts of catalyst leached into the product phase.'3° Interestingly,
connecting CO2 scrubbing with hydrogenation is proposed to “open the

possibility for integrated approaches to carbon capture and utilization”.3°
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1.5.2. Connection to downstream processing

A method to facilitate the downstream purification of FA is the formation of
formate adducts with non-volatile bases. Under reactive distillation conditions
the product can then be separated from the reaction mixture. As an additional
challenge, the catalyst has to be separated from the formate adduct, because
the harsh conditions applied during reactive distillation would favour the
decomposition of the product to CO2 and Hz. An interesting approach was
demonstrated in 2011 by Schaub et al at BASF SE, where the reaction was
carried out in the presence of the high boiling amine trihexylamine (NHexas),
[Ru(H)2(PnBus)4] (22) as the catalyst and a high boiling diol as solvent. Various
diols (2-methyl-1,3-propanediol, 1,3-propanediol, 1,2-propanediol and
ethanediol) were tested and the best results were obtained with 2-methyl-1,3-
propanediol.*® Interestingly, without the diol no catalytic conversion can be
obtained and this was attributed to additional proton bridging in between the
OH groups of the diol and formic acid.*® The process can be divided into 3

steps:

1) Formate synthesis
2) Extraction of the catalyst from the product

3) Reactive distillation to separate the product from the base and solvent

After extraction and reactive distillation, the solvent, base and catalyst are
recycled back and can be reused in subsequent reaction cycles.*® The process

scheme is shown in Figure 1.31.
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Figure 1.31 Process scheme for the hydrogenation of CO2 to FA developed by BASF SE.*
Economic assessment found that the proposed process would be
economically unsustainable.*3! This is mostly due to the high price of gas
compression and the intensive consumption of chemicals employed as

additives.131

As an alternative to the high boiling trihexylamine, ionic liquids (ILs) with
functionalised side chains can be used as an immobilised base.?>127 After
either immobilising a homogeneous catalyst onto a silica surface,'?51%¢ or
using heterogeneous Ru-NP on TiO2'?" the IL-formate adduct can be
separated from the catalyst by hot filtration. Afterwards, a N2 assisted reactive
distillation liberates FA from the ionic liquid. The ionic liquid remains
unmodified by the reactive distillation and can be reused for consecutive

hydrogenations.1?5-126

Leitner and co-workers introduced the first continuous flow process for the
hydrogenation of CO2 to FA. In their system scCO2 was used as the eluent
phase, whilst functionalised ionic liquids, similar to those reported

previously,'?6-127 functioned as the immobilised basic phase. The catalyst was

58



Chapter 1: Introduction

also present in the IL phase. The best results were obtained with
[Ru(cod)(methylallyl)2] (23) and PBusTPPMS as catalyst, and amine
functionalised imidazolium ILs or polystyrene functionalised with a basic
functional group in combination with 1-ethyl-3-methylimidazolium

bis(trifluoromethylsulfonyl)imide (EMIm.NTf2).1%8

..... o N/_
N -
. * N_/_ )
Vg ‘e, S
co NTf,
co, scCO, phase 2 @
c02“+ H, HCﬁOH Ap or AT O 'L
~N
CO, + H, =——= HCOOH HCOOH \\/N
H S)
2 catalyst + immobilised base NTf,

Figure 1.32 Process scheme using scCO: as FA stripping eluent with IL immobilised bases.1?8

The system depicted above can be kept working for >200h without any
deactivation of the bases. Separation of FA was slow however, mainly due to
the sluggish extraction of the product from the IL phase. The low TONs (on
stream a TON of 485 was reported) achieved with this system was accounted

for by the high catalyst concentration in the system.128

It is important to note at this stage that all of the approaches presented here
do have inherent disadvantages. All presented processes are based on batch
reaction designs in the presence of stoichiometric amounts of bases,6: 130
leading to intense purifications steps and thus to a comparatively low
throughput. Alternatively, scCOz2 is used as the eluent phase ina CSTR (CSTR
= continuous stirred tank reactor) necessitating high compression demands

limiting the economic viability (Note: compression of gas represents a major
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cost factor).!?® 131 |n order to improve the economic viability, higher
throughputs would be desirable, which could be achieved with flow processes.
Here the eluent phase should be organic solvents or water in the absence of
base in order to decrease purification demands, thus reducing the amount of
purification units in a plausible industrial process. However, the lack of
additional stabilising thermodynamic forces will inevitably lead to lower yields

of FA, see section 1.2.1.

Unfortunately, under base free conditions catalytic activity and stability is
significantly reduced (see section 1.4). These effects are most likely due to
the deactivation of the catalyst by protonation, thus necessitating a catalyst
support phase which on the one hand stabilises the active hydride and
prevents deactivation, but on the other hand facilitates the extraction of formic
acid from the support phase into the eluent phase. For instance, a basic
environment is likely to stabilise the catalyst in its active form, but would
inherently lead to disadvantageous distribution functions in between the
catalyst/ support — and the eluent phase. Alternatively, the catalyst phase
could utilise buffers in order to stabilise the pH at an acceptable level
preventing the discussed deactivation pathway, whilst enabling the extraction

of formic acid from the support phase.

A key aim of this thesis was therefore to investigate the role of ionic liquids on
the hydrogenation of CO2 and to develop a viable catalytic system for the
hydrogenation of CO:2 to formic acid in the absence of conventional bases.
lonic liquids display several beneficial properties for the investigated reaction,
i.e. the ion pair can be tuned towards beneficial properties for the discussed
transformation and by the variation of the counteranion (or functional groups
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on the cation) the pKa of the ionic liquid can be tuned towards desired values.
In the next part, a short overview of ionic liquids in general and their interaction

with water and COz is given.

1.6. General Overview over ILs

lonic liquids (IL) are organic salts which are, as their name implies, liquid at (or
near) room temperature.'3-135 They have attracted interest in various fields
across both chemistry and physics, and are commonly applied as extracting
agents, stabilising agents and in a broad variety of catalytic reactions.3% 136
There is a huge range of possible ionic liquids, summarised in a range of
recent reviews,132140  however this chapter will focus solely on

dialkylimidazolium based ILs.

In order to understand modern ILs, it is useful to revisit the properties of
classical molten salts. Near their melting point, such molten salts retain their
near distance order, while long distance order is lost. So, the atom-atom and/or
ion-ion distances and their ordering does not significantly change.'#*14? To a
certain extent modern ILs can be described as a subgroup of molten salts but
due to their asymmetry — either at the cation or the anion — the melting point
is remarkably decreased. This asymmetry induces steric hindrance, which
prevents ILs from forming ordered crystal structures at or near room
temperature. Another difference is the formation of a cooperative network via
hydrogen bonds between cations and anions.138 143-145 Dye to the presence of

these hydrogen bonds, a structural orientation is induced (“entropy effect’). ILs
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therefore form pre-organised structures (figure 1.33), such as nanosized
channels and pockets while in classical molten salts this is formed solely via

ion-ion interaction.146-147

Figure 1.333D-structure formed by ionic liquids.4”

The driving force for the formation of these nanostructures are either the -
stacking of the imidazolium ring or columbic ion-ion interactions.
Consequently, two distinct structural formations can be observed. If columbic
interactions are the driving force for the formation of the 3D-structures then
columns with alternating anions and cations are formed, while when Tr-
stacking dominates, columns of separated anions and cations are formed, as

shown in Figure 1.34.1%7

Moreover weak interactions, such as van-der-Waals interactions start to play
a crucial role by increasing chain length. Indeed it has been shown that
imidazolium ILs with dodecyl side chains possess characteristics of liquids

crystals.148-149

Considering the formation of H-bonds, it was found that the strength of these

interactions can be tuned via the anions. Here, the strength of the expected
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H-bonding interaction can be described the following sequence: CF3CO2 > BF4

> InCl4 > BPhy,150-151

‘::al:f T g 333 .
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Figure 1.34 3D-ordering of ionic liquids, with dominating ionic interactions (left hand) and -stacking
as the dominating force.'3”

Furthermore, the anion influences the solubility of the ILs in water. So, it was
found that the hydrophobicity of comparable ILs can be described by following
anion row: [BF4]" < [CH3(C2H40)2S04]" < [C(CN)3] < [PFe]” < [N(SO2CF3)2].
The hydrophobicity can also be increased by adding longer alkyl side chains

or by methylating position 2 in the imidazolium ring.152

The pre-organised structure of ILs and especially imidazolium ILs can be used
to form well defined transition metal nanoparticles (MNP).13" Indeed, ILs
possess polar and unpolar regions, thus separating polar and unpolar
compounds. The size of the nanoparticles formed in ILs depend highly on the
size of those polar and non-polar compartments. This is because non-polar

organometallic precursors can be separated from the polar nanoparticle, thus
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leading to controllable concentrations of metal atoms during the formation of

MNPs, allowing very small MNPs (<10 nm) to be easily synthesised.%3-154

Furthermore, the formed nanoparticles are not stabilised by single cations or
anions, but by aggregates of ion pairs. Consequently, the stabilisation cannot
be described by the DLVO model, as pointed out in literature.'>> Dupont and
co-workers showed by XPS studies that even weak coordinating ligands, such
as the anions BF4 and PFes, do interact with the metal surface.'*® The same
group demonstrated not only that the anion is responsible for stabilising the

MNPs formed in the IL, but also that the imidazolium cation plays a role.157-158

Indeed, it can be assumed that the IL surrounding crystalline MNPs forms a
semi ordered double layer. Consequently the model describing the
stabilisation of MNP in ionic liquids must be a liquid film model (similar to
micelles) which has impact in understanding the catalytic activities of MNP and

in ionic liquids.159-160

Further evidence for micelle formation in ILs was found in 2016 by the Dupont
group. The hydrogenation of benzene resulted in the formation of small
amounts of cyclohexadiene. Remarkably, it should not be thermodynamically
possible to form cyclohexadiene during the hydrogenation of benzene. It was
also shown that the selectivity towards cyclohexadiene can be increased by
utilizing bimetallic Ru@Pt nanoparticles. The authors concluded that due to
synergistic effects, cyclohexadiene formation becomes favourable, however,
upon removal of the IL cyclohexadiene was not detected anymore. This is a
clear indicator for the non-innocence of the IL-phase. The authors suggest that

the IL forms a micellar cell type structure which surrounds the MNP and,
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because of the exothermicity of the full hydrogenation of benzene, the
temperature inside this micelle is increased. As a consequence, the energetic
level of the catalyst might be temporarily increased and therefore leads to
formation of the thermodynamically “impossible” product. The system also
used n-heptane as a co-solvent, which might help to facilitate removal of the

product from the catalytically active micelle.16*

These entropic effects could be significant in the hydrogenation of CO:2 to
formic acid. Indeed, here the main hurdle to the transformation is the highly
unfavourable contribution from the entropy change, see scheme 1.1. Utilizing
ILs might capitalize on the entropic effect to lower the energetic hurdles

inherent to the system.

1.6.1. Interaction of ILs with CO2

The interaction of various ILs with COz have been investigated in the literature.
Early studies were done with the hydrophobic ILs 1-butyl-3-methylimidazolium
hexafluorophosphate (BMI.PFs) and 1-butyl-3-methylimidazolium
tetrafluoroborate (BMI.BF4). It was demonstrated that COz2 is encapsulated into
the voids formed by the IL 3D structure of the ion pairs. However, upon
increasing the pressure of COz2, the 3D structure is disturbed. This is facilitated
by weaker interactions between the components of the IL, i.e. faster
deformation is observed with BMI.BF4 than with BMI.PFs. The faster
deformation of BMI.BF4 is due to weaker stabilisation of the nanoaggregates

due to a weaker H-Bond interactions.162
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The absorption of CO:2 into the voids in the IL was further studied with
branched and fluorinated dialkylimidazolium N-(bis)triflate (DAI.NTf2) ILs. Here
the supramolecular structures observed in ILs are of a more irregular shape.
Consequently, the interactions observed in these ILs are of a weaker character
and thus can be more easily broken down. This becomes evident when various
pressures of CO2 are applied. Under 10 bar COg, linear alkylimidazolium ILs
outperform branched ones (in terms of CO2 uptake), whilst under 80 bar COz2

the reverse order is observed.163
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Figure 1.35 CO2 uptake by differing ILs with NTf2 counteranions. Top row depicting the relative uptake

of investigate ILs under 80 bar COz; bottom row at 10 bar CO>.163

It was later shown that basic ILs (dialkylimidazolium acetate,
dialkylimidazolium  imidazolate, dialkylimidazolium triazolate) form
supramolecular host-guest complexes with confined water trapped inside the
IL networks. This host-guest complex is even maintained in solvents with high

dielectric constants such as DMSO.164-165

The strong interaction between water and the basic ILs can be utilized to
enhance the activity of ILs towards CO2 capture. Here, the IL first activates

water, which in turn acts as a nucleophile towards CO2, forming carbonate
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species.1® It is important to note that the interaction between the counteranion
and cation plays a crucial role in this mechanism, i.e. more basic
counteranions can absorb higher quantities of C0O2.166¢ The mechanism for

water — and CO2 activation with basic ILs is depicted in Figure 1.36.

)
-
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"water activation" "carbonate formation”

Figure 1.36 Activation of water in blue box and CO:z (red box) by basic ILs. NOE stands for Nuclear

Overhauser Effect, and describes a short distance in between protons.6¢
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Increasing the throughput for the synthesis of formic acid from CO:2 (i.e.
implementing flow processes) is desirable not only from an economic-, but also
from an environmental point of view. However, such hypothetical process
faces several challenges. In terms of recyclability, the catalyst - and the
support phase have to be immobilised. In order to facilitate a fast extraction of
FA, the support phase should only generate relatively weak interaction with
formic acid in comparison to the eluent phase. This will inherently lead to a low
pH in the reaction, because protons are not consumed in a consecutive acid-
base reaction of formic acid with the support, thus demanding high product

tolerance from the utilized catalysts.

The aim of this thesis is to develop a reaction media, where weak additional
stabilising forces in comparison to additive free conditions would facilitate the
CO2 hydrogenation under relatively acidic conditions. In general, the
conducted research focuses onto the intermediate regime where formic acid
is not stabilised by strong thermodynamic forces, as depicted in section 1.3,
whilst avoiding rapid catalyst deactivation as laid out in section 1.4. These
studies will enable future researchers to develop multifunctional catalyst
phases combining high catalyst stability with high extraction efficiencies for

formic acid.

The first objective is to use ILs such as 1-butyl-(2,)3-methylimidazolium
acetate (BMMI.OAc) as an additive for the hydrogenation of CO2 to formic

acid. Hereby, the IL should only mildly disturb the thermodynamic profile of the
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reaction, i.e. no formate salt or formate adduct formation should be
measurable. In order to test this hypothesis, the thermodynamic properties of
the system will be investigated using a commercially available complex as pre-

catalyst.

2.
Heterogeneous
catalyst
development

1.

4,
Thermodynamic i i
stabilisation of hTrgnhc:Y::::js
FA by weak .
catalyst

interactions

3.
Homogeneous
catalyst
development

Figure 2.1 Flow chart for the development of this thesis.

The following objectives are focused on the development of a robust and
highly active catalyst for the hydrogenation of CO2 to formic acid. In a first step,
heterogeneous bimetallic RuFe nanopatrticles will be tested and compared to
their monometallic counterparts. The aim here is to find positive

synergistic/metal dilution effects.

As an alternative to heterogeneous catalysts a series of Ru-pyridylideneamide
complexes prepared by collaborators will be introduced and then catalytic tests

will be performed. Ligating groups surrounding the active metal centre will be
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consequently varied in order to develop a relationship in between electron
donation and catalytic activity and then investigated towards the tolerance of

an increasingly acidic reaction condition.

Utilizing the knowledge gathered with the Ru-pyridylideneamide complexes, a
highly active and stable Ru-CNC pincer complex will be introduced in the final
part. This complex should display a high thermal stability, whilst at the same
time the entry to deactivation cycles as discussed in section 1.3.2, is
prevented. The complex developed here should be regarded as an entry point
to further studies involving catalyst resistance towards an acidifying reaction
media and the development of immobilisation strategies by modifying

functional groups at the ligand scaffold.
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This section briefly describes methodological procedures undertaken in this
thesis. For more detailed descriptions the reader is referred to the

corresponding publications.

3.1. Chemical Syntheses

lonic liquids (ILs) were synthesized under standard conditions in air without
further purification of reagents and following reported literature methods.* In
contrast, all syntheses of catalytic species were undertaken with dried and
degassed solvents under a dry argon atmosphere. A detailed description of

purification procedures is given below.

3.1.1. lonic liquid synthesis

In general, the ionic liquids used in this project are synthesized in two-steps.
The first step consists of the quaternisation of the imidazole precursor with the
corresponding alkyl halide, whilst in the second step — the anion exchange —
the halide is exchanged for the desired counter-anion. In the first step, 1-
methylimidazole or 1,2-dimethylimidazole were quaternized with an alkyl
chloride in acetonitrile under reflux for 5d. The corresponding

dialkylimidazolium halides are obtained in high yields (70%-90%) after
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precipitation from ethyl acetate (or diethylether, where chlorodecane was used

as the quarterisation agent).

R1 R o
\N/\< + X/RZ \N/\< x
N MeCN, 100°C EN-R;
5d
R4 = H/CH,
R, = n-Bu/n-decyl
X = Cl/Br

Figure 3.1 Overview of the quarterisation of 1-methylimidazole, respectively 1,2-dimethylimidazole to

the corresponding alkylimidazolium halides in the presence of butylhalide or decylhalide.

In the second step, an anion exchange is performed on the intermediate halide
salts formed in step 1. Here, two distinct protocols were used. In the case of
PFe  (hexafluorophosphate), BFs4+  (tetrafluoroborate) and  NTf2
(bis((trifluoromethyl)sulfonyl)amide) anions, the ion exchange was undertaken
via a salt metathesis route utilizing the insolubility of the resulting ionic liquids
in water as the thermodynamic driving force (Figure 3.2a). In the case of
formate, acetate or imidazolate anions, the ion exchange is undertaken using
an acid-base reaction of the hydroxide form of the IL and the appropriate acidic
counter anion species. The hydroxide IL is prepared from the halide salt by ion
exchange on a basic amberlite resin (amberlite IRA402(0OH)), as shown in
Figure 3.2b. After exchanging the halide to a hydroxide the hydroxide IL is
neutralised with the desired counter anion, i.e. acetic acid in the case of

acetate ILs, to form the desired product and water.
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a)
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X = CI/Br

Figure 3.2 Overview over IL preparation utilized in this project; a) depicts the direct salt metathesis with

lithium salts and alkylimidazolium halides; b) depicts ion exchange via the hydroxide IL.

Both synthetic routes give the desired ionic liquids in high yield (>90%). More

information can be found in the corresponding publications.

3.1.2. Pincer ligand synthesis

Synthesis of 2,6-bis(1-butylimidazolium)pyridine dibromide

The synthesis of 2,6-bis(1-butylimidazolium)pyridine dibromide is a straight
forward one-pot synthesis and follows a previously reported method.? 1-
butylimidazole and 2,6-dibromopyridine vyield the desired product via
nucleophilic substitution at the 2 and 6 position on the bromopyridine. After

repeated precipitation the product is obtained in good yield (60%-70%).

X 2Br
| N Né\N 5 ® | J®
— + |§/ —nbu (/\N N N/S
Br N Br neat, 150°C N/” \\\N
nBu/ \nBu
L1

Figure 3.3 General overview of the synthesis of 2,6-bis(1-butylimidazolium)pyridine.
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3.1.3. Pincer complex synthesis

Note that the synthesis of the pincer complexes was performed under the strict
exclusion of water, air and light, using standard Schlenck techniques in order
to prevent undesired decomposition of the complexes. In the following,

purification of the solvents used in each reaction is described.

Purification of reagents

All solvents were dried and degassed prior to synthesis of the pincer
complexes. The pre-dried solvents were distilled under a dry argon counter-
flux to remove oxygen contaminations. Argon was dried by passing it over a
drying column containing anhydrous Cu(SO4) and molecular sieves. All inert
manipulation were undertaken using standard Schlenk techniques with flame

dried glassware.

Methanol:

Wet methanol was dried over KOH powder for 7d. Then the solvent was
distilled under a dry argon counter-flux at 90°C and stored over activated

molecular sieves.

Benzene:

Wet benzene was dried over NaK for 7d. Then the solvent was distilled under

a dry argon counter-flux at 90°C and stored over activated molecular sieves.
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Tetrahydrofuran:

Pre-dried Tetrahydrofuran from a PureSolv solvent tower was further dried
over Na and benzophenone. Upon reflux the reaction mixture turned blue and

was then distilled and stored over molecular sieves.

Diethylether:

Pre-dried Diethlylether from a PureSolv solvent tower was further dried over
Na and benzophenone. Upon reflux the reaction mixture turned blue and was

then distilled and stored over molecular sieves.

Acetonitrile:

Pre-dried Diethlylether from a PureSolv solvent tower was further dried over
CaH for 7d and then distilled under argon counter-flux and stored over

molecular sieves.

Dichloromethane:

Pre-dried Dichloromethane from a PureSolv solvent tower was further dried
over CaH for 7d and then distilled under argon counter-flux and stored over

molecular sieves.

Dimethylsulfoxide:

Wet DMSO was dried over CaH for 7d. Then the solvent was distilled under

vacuum at 90°C and stored over activated molecular sieves and argon.

Synthesis of Ru-CNC complex

The synthesis of the Ru-CNC pincer was undertaken by a two-step procedure.

In a first step the corresponding silver complex is formed (Figure 3.4a),
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followed by transmetalation with Ru (Figure 3.4b). In this fashion the desired

complex is synthesized in in good yield (36%).

a)
| AN 2Br | X
@ ~ @ ~
@N N N@ +  Ag0 _— (/\N N N/\§
N N DCM, r.t., / /kA X XA )\N\
nBu hBu 18h nBu 9% 29 ey
L1
b) B N X
/ N AN
/N7 TNT NN + [Ru(CO)x(Ch)al, N-_Ru
,\Ck %? THF, 70°C, <\/\NI/ ‘
nBd AgX XAg \Bu 48h “nBu
® =CO 1
X = CI/Br

Figure 3.4 Synthesis of Ru-CNC complex a) Insertion of Ag forming silver carbene complex and b)

formation of complex 24.

It is important to note that the silver complex was not analysed, but used
immediately after its formation and separation from the reaction media, due to

its high reactivity with light.

3.2. Equipment

3.2.1. 5512 50.0 cm3stirred Parr batch reactor

Hydrogenation of CO2 to formic acid was performed in a 50.0 cm? stainless
steel Parr reactor equipped with an overhead stirrer. The reactor description

and standard procedure is given below
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Figure 3.5 Side-view of 50 mL small stirred Parr reactor (top) and top-view of 50 mL small stirred Parr
reactor.®

Great care and precaution should be used to prevent explosion and injuries
when operating the reactor under high pressures. In a standard operating
procedure, reactants and the desired volume of solvent is loaded into the
vessel and it is ensured that threads are clean and then the outer retaining
ring brought up around the split ring closure.. Each cap screw was tightened
with a wrench delivered with the reactor in a criss-cross manner. The reactor
was let to stand for five minutes and then the screws were checked again and

if necessary tightened again.

The internal thermocouple was securely connected to the 4848 reactor
controller. The stirring head was lowered to the compact magnetic drive. The

temperature controller was set to the required temperature. The desired
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pressure was achieved when the temperature reached the equilibrium. For

further details the reader is referred to the corresponding publications.

3.2.2. High pressure NMR-tube

Mechanistic studies were conducted in a high pressure NMR-tube. The tube
description and standard procedure is given below. The high pressure NMR-
tube consists mainly of two parts. The upper part consists of a needle valve
out of non-magnetic aluminium which is screwed onto the base, which
connects the tube to the valve. The valve can be connected to the pressure
source via 1/8” tubing. The tube consists out of non-magnetic ZrO2 and is
connected to the valve by a Viton O-Ring. The internal volume of the tube is
ca. 1 mL and can be pressurised up to 1000 bar. A schematic description of

the high pressure NMR tube is given below.

Ijl Il ™ Cell

L} TS01
Tube
{ b-TCSN-M

| | * Valve

_Ts01
f —Tube
4 b—TCSN Base

|- Base

Figure 3.6 Schematic description of high pressure NMR-tube.[ref]
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Standard procedure for High Pressure NMR-tube

Reactants and desired volume of solvent were loaded into the cell.
Alternatively this could be done by the transfer line delivered with the system.
Then the valve is threaded into the base. Only proper, non-magnetic tools
were used for tightening the tube. After the set-up is finished the gas sample
was transferred into the system with the transfer line. Once the sample was
prepared the valve was closed. The handle is attached to the stem, the set
screw is tightened with the 3/16” hex driver. Pressurizing was performed with
a syringe pump by the Daedalus innovations LLC. This prevented the potential

of over pressurization.

Finally the NMR cell is lowered into the magnet using the chain attached to the

tube, as shown in the figure below

Figure 3.7 Chain attached to the assembled high pressure NMR-tube.
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Chapter 4: ILs as additives for CO2 hydrogenation

4.1. Publication I: Selective CO2 hydrogenation to formic acid

with Multifunctional lonic Liquids.

Contribution of the author: The author drew the research plan and
synthesized all the ionic liquids and planned and conducted all the
experimental work in this publications. The author furthermore contributed in

to the preparation of the manuscript.

Reprinted with permission from ACS Catal. 2018, 8, 3, 1628-1634 Copyright

2018 American Chemical Society.
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ABSTRACT: The development of simple, cost-effective, and
sustainable methods to transform CO, into feedstock
chemicals is essential to reduce the dependence of the
chemical industry on fossil fuels. Here, we report the selective
and efficient catalytic hydrogenation of CO, to formic acid
(FA) using a synergistic combination of an ionic liquid (IL)
with basic anions and relatively simple catalysts derived from
the precursor [Ru;(CO),,]. Very high TON (17000) and TOF
values have been observed, and FA solutions with concen-
trations of up to 1.2 M have been produced. In this system, the
imidazolium-based IL associated with the acetate anion acts as

e e
Y
BMMI.OAC «Q @
€02+ My cor,y” HCOOH l ¢ € e

™ w

a precursor for the formation of the catalytically active Ru—H species, as a catalyst stabilizer, and as an acid buffer, shifting the
equilibrium toward free formic acid. Moreover, the IL acts as an entropic driver (via augmentation of the number of microstates),
lowering the entropic contribution imposed by the IL surrounding the catalytically active sites. The favorable thermodynamic
conditions enable the reaction to proceed efficiently at low pressures, and furthermore the immobilization of the IL onto a solid
support facilitates the separation of FA at the end of the reaction.

KEYWORDS: carbon dioxide, hydrogenation, ionic liquids, formic acid, selective, mild, sustainable

B INTRODUCTION

Formic acid (FA) is a primary product of the chemical industry
with a production capacity of 600000 tons per year and a
projected annual increase of 22%.' Most commonly, formic
acid is synthesized by MeOH carbonylation, yielding a formate
ester which is then hydrolyzed with an excess of water.” The
transformation of CO, to FA in one step using H, from
renewable sources represents a more sustainable alternative to
the current synthesis, being less resource intensive, using an
abundant resource (CO,), and avoiding the generation of
intermediates and the need for tedious purifications.
Furthermore, the direct synthesis of formic acid from CO,
potentially represents a vector for hydrogen storage.’””
Unfortunately, this transformation is hugely challenging due
to the inherent kinetic and thermodynamic stability of CO,.%’
One strategy which has been used frequently to overcome
thermodynamic limitations is the use of suitable bases.® Under
these conditions, a plethora of catalysts based on N-heterocyclic
carbenes,”'’ half-sandwich compounds,”'""* pincer li-
gands,"*~'® and phosphines®'”~* combined with noble metals
such as Ir, Ru, and Rh have been described and reported, in
some cases, to display very high TON and TOF values."” A key
consideration in these systems is the synthesis of stable formate
adducts or salts, requiring tedious purifications to separate the
formic acid.**' ™

-4 ACS Publications  © 2018 American Chemical Society

An ideal scenario would involve the direct formation of
formic acid in base-free systems or systems with weak bases,
where the FA could be readily recovered. Due to the
aforementioned limitations, such systems are rather scarce
(see Table S1 in the Supporting Information for a summary of
results and TON and TOF values).”*** Formate buffers have
been introduced to stabilize the catalyst in the acidic aqueous
media, thus increasing the achievable concentration of formic
acid with moderate success (up to a final concentration of 0.11
M).”” Alternatively, the employment DMSO or DMSO /water
mixtures yielded high formic acid concentrations, although the
catalytic activity was relatively low.”® In 2016, Leitner and co-
workers reported a Ru(triphos) catalyst which achieved high
TON and TOF in the presence of sodium acetate (NaOAc).”

Ionic liquids (ILs) are very interesting media for the
transformation of carbon dioxide, due to its high solubility in
solutions of IL and aqueous or organic solvents with significant
aqueous content.’* This is particularly important in those ILs
based on imidazolium cations which are associated with basic
anions such as acetate, due to the formation of bicarbonate and
the acid-buffering properties of these solutions.>”
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ILs with basic anions, such as 1,3-propyl-2-methylimidazo-
lium formate (PPMI-O,CH), enhance the yield of the reaction
by thermodynamically favoring product formation.”" Indeed, in
this system, a change in enthalpy of —20 kJ mol™' was
observed, being higher than that in conventional organic
solvents and water but lower than that when formate adducts
are formed. Consequently, a scaled-up process would have to
overcome a lower energy barrier: e.g., reactive distillation is not
necessary to form formic acid from formate adducts during
product isolation.”’ Furthermore, high activity (TOF = 300
h™') in the presence of 3-propyl-1,2-dimidazolium formate
(PMMI-O,CH) has been reported, although the extraction
efficiency of FA from the IL into the apolar scCO, phase
reached only 10% after >60 h.*”

Here, we present a remarkably active and selective catalytic
system, where ILs with basic anions perform multiple roles in
the direct hydrogenation of CO, to formic acid using a Ru
catalyst (Figure 1). The ILs play a key role in the stabilization

wla ~
€O, + H RSy eooH| 7« &% ®
92t RoRacor) ,

bon © g 8 -
Mﬂ 2. CO, transformation to HCO, 3. IL buff ]

Figure 1. Multiple roles performed by ILs in the selective and efficient
hydrogenation of CO, to formic acid (FA). ILs with basic anions are
shown to (1) stabilize the catalyst, (2) facilitate formation of
bicarbonate in the presence of water, (3) buffer the reaction media,
and (4) facilitate the isolation of FA from the reaction mixture upon
immobilization of the IL followed by simple filtration.

of the catalyst, assist the transformation of CO, into
bicarbonate, and buffer the system, shifting the equilibrium
toward production of formic acid.

B RESULTS AND DISCUSSION

Hydrogenation of CO, to Formic Acid. First, the roles of
a series of ILs were explored under reaction conditions usually
employed for the hydrogenation of CO, to formic acid using
ruthenium-based catalyst precursors (Table 1). Remarkably,
when 1,2-dimethyl-3-butylimidazolium acetate (BMMI-OAc)
was employed, very high turnover numbers (TON) were
observed (up to 17000) with an average turnover frequency
(TOF) of 102 h™'. Under these conditions, a 1.1 M solution of
FA was obtained (entry 6, Table 1). An increased TOF of 300
h™" was obtained at 80 °C, though at the expense of a lower
TON of 6875 (Table 1, entry 8). When the reaction time was
increased to 40 h, a TON of 8355 was reached at the cost of a
lower TOF (200 h™") (Table 1, entry 9). It is important to note
that these very high TON and TOF values were achieved using
a simple, cheap, and commercially available [Ru;(CO),]
species as the precatalyst under substantially milder conditions
in comparison to the state of the art for FA synthesis from CO,
without the use of bases for formate stabilization.”**”** Table
S1 shows a comparison with the best reported values in the
literature.

1629

Table 1. Catalytic Hydrogenation of CO, to FA by
[Ru;(CO),,] Catalyst at 60 °C

/@\ R = Me, X = OAc, BMMI.OAc

Me-NxNng,  R=Me, X=Cl, BMMICI

e R = Me, X = HCO,, BMMI.O,CH

R R = Me, X = Imidazolate, BMMI.Im
X R = H, X = OAc, BML.OAc

entry” IL t/h  [FA]/M  TON?  TOF°/h!
1 4
2 BMMI.-Cl 4
3 BMMI-Im 4
4 BMMI-OAc 4 0.42 267.2 67
5 BMMI-OAc 72 1.10 700 9.7
6" BMMI-OAc 168 1.10 17000 102.4
8¢ BMMI-OAc 20 0.43 6875 300
9° BMMI-OAc 40 0.52 8355 200
10 BMLOAc 4 0.12 80 20
11 BMMI-O,CH 4 0.09 55 13.8
12 BMMI-O,CH 72 0.46 296 4.1
13 N(Bu),-OAc 4 0.24 157 39
14 N(Bu),-OAc 72 0.96 617 8.6
15 NaOAc 4 0.06 356 9

“Reaction conditions for entries 1—5 and 10—15: cat. (7.8 pmol),
BMMI-OAc (0.66 M, 0.7 g), DMSO/H,O (5 v/v%; DMSO (5.24 mL,
67 mmol), H,0 (0.24 mL, 13.2 mmol)), and CO,/H, (1:1, 40 bar).
bReaction conditions: cat. (0.3 umol), CO,/H, (30 bar CO,/40 bar
H,), and 70 °C. “Reaction conditions: cat. (0.3 umol), CO,/H, (30
bar CO,/30 bar H,), and 80 °C. 9Calculated as mol of FA/mol of
[Ruy(CO),,] using 'H NMR. “Calculated as TON/%,yction-

The specific interaction of BMMI-OAc with the reaction
media was demonstrated by exploring the same reaction using a
series of ILs with different properties. In the first instance, no
FA (or any other product) formation was observed without an
IL (Table 1, entry 1). This reveals that the IL has a vital role in
the hydrogenation of CO, to FA on the basis of its buffering
properties and stabilization of weak carbonic acid species. The
formation of FA is favorable under basic reaction conditions,
and therefore different ILs with basic anions (BMMI-Cl and
BMMI-Im) were also investigated (Table 1, entries 2 and 3).
Surprisingly, no FA was observed when BMMI-Cl was
employed, which may be related to the IL poisoning the
catalysts during CO, hydrogenation reactions.”® Despite the
theoretical buffering and basic properties of BMMI-Im, no
catalytic activity was observed (Table 1, entry 3), possibly due
to the ability of the imidazolate anion to bind to the catalytically
active species to form carbenes, thus competing with the CO,
hydrogenation reaction. This would also be the case for other
basic counteranions such as triazolate, and therefore more
detailed studies with other highly basic and possibly strongly
coordinating ILs were dismissed. When BMMI-O,CH was
employed, relatively low activity for FA formation (TON = S5)
was observed, in comparison to BMMI-OAc (Table 1, entries 4,
11, and 12). This effect may be due to the lower pK, of the
formate counteranion in comparison to the acetate anion. The
higher pH resulting from this buffering process prevents the
protonation of Ru—H active species, thus keeping it in an active
state.””** Furthermore, the IL (N)Bu,OAc and NaOAc
showed lower activities than BMMI-OAc, with TONs of 157
and 35.6, respectively (Table 1, entries 13—15), after 4 h.

An important feature of the IL’s ability to stabilize the
formation of formic acid is a broad solvent compatibility.
Indeed, various organic solvents in combination with BMMI-
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OAc were employed for the hydrogenation of CO, to formic
acid. The hydrogenation was found to occur in a variety of
solvents (see Table 2) where a range of different product

Table 2. Solvent Effect on FA Concentration and Catalytic
Activity Observed”

entry solvent” t/h  [FA]J/M  TON  TOF/h™!
1 DMSO/H,0 32 12 3609 106
2 THF/H,0 18 0.7 2165 120
3 MeCN/H,0 21 0.50 1567 78
44 MtBE/H,0 20 0.83 2578 128
5 MeTHF/H,0 18 0.66 2062 114
67 dioxane/H,0 20 0.52 1629 81

“Reaction conditions: cat. [Ru;(CO);,] = 32 X 107* M; V,ion= S
mL; IL BMMI-OAG; [IL] = 0.66 M; Py, = Peoy = 30 bar; T = 60 °C.

b5% v/v water “Reaction time was adjusted until constant pressure
was observed. Blpha51c mixture observed after the reaction.

concentrations were observed, indicating that the solvent still
plays a role in the reaction outcome. The highest concentration
was obtained with DMSO in combination with 5 v/v% H,O, in
agreement with previous reports.”**’ Higher concentrations of
water led to decreased catalytic activity, probably due to the
dissociation of the DMSO/H,O clusters (see Table S2 in the
Supporting Information).”” In methyl tert-butyl ether, 2-
methyltetrahydrofuran, and 1,4-dioxane, a phase separation
could be observed after the reaction was complete, where the
IL, catalyst, and FA were all dissolved in the same phase and the
solvent had separated (Table 2, entryies 4—6). This might be
explained by the poor solubility of water and IL in these

Role of IL in the Reaction Mechanism and in
Stabilizing the Active Catalytic Species. The good results
observed in terms of catalytic activity and selectivity under
remarkably mild conditions encouraged us to investigate the
reaction mechanism to understand the roles played by the ionic
liquid. It has been previously shown that organic carbonates are
readily hydrogenated to yield the corresponding formate
esters.”* On the basis of prior work® we hypothesized a
bicyclic catalytic mechanism. In the first cycle, the IL catalyzes
the formation of HCO;~ via “activated water” which is
coordinated to BMMI-OAc in a way similar to that previously
reported.” Indeed a signal of HCO,~ at 158 ppm was observed
in the *C NMR, measured under relevant reaction conditions,
of a mixture of IL, DMSO/H,0, and [Ru;(CO);,] (see Figure
2d). The carbonate formed in situ then enters the second cycle,
where it is hydrogenated by the Ru hydride species to yield a
formate complex, along with an associated elimination of water
(Figure 2a). The signal assignable to catalyst-bound formic acid
can be found at 166 ppm. Furthermore, a peak at 122 ppm
assignable to CO, was observed (Figure 2d), confirming the
proposed mechanism. A signal at 220 ppm corresponding to
Ru—CO (see Figure S2) and ESI-MS data (Figure 2e) indicate
that the Ru cluster core is not transformed into monometallic
species or Ru nanoparticles.

The amount of H,O in the solvent was found to play a
significant role (Table S2). An increasing amount of water
seems to have a positive effect on the activity up to 5% in
volume. Afterward, presumably the stabilization of the formic
acid formed worsens due to the ineffective clustering of the
buffer. The dissociation of H,O was not involved in the rate-
determmlng step, as opposed to previously reported mecha-

solvents. nisms.”**® This was determined by replacing H,O with D,O,
=co
@7, (b)
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Figure 2. (a) Proposed mechanism for CO, hydrogenation to FA. (b) TOF vs gas phase composition. Reaction conditions: total pressure 60 bar, t =

4h, T = 60 °C, BMMI-OAc IL (0.66 M), [Ruy(CO),,]

mmol)). (c) High-pressure "H NMR and (d) high-pressure '*C NMR spectra, both at Pcq, = Py, = 20 bar, T =

= 7.8 umol, and DMSO/H,0 (5 v/v%; DMSO (5.24 mL, 67 mmol), H,O (0.24 mL, 13.2

25 °C, with 23 umol [Ru;(CO);,] in

DMSO/water with BMMI-OAc. (e) ESI-MS spectra of the [Ruy(CO),;(H)(HCOO)] complex.
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leading to a secondary kinetic effect and a reduction in activity:
i.e., the TOF decreased to 87 h™" in the presence of D,O versus
118 h™! in the presence of H,O (see Table S3 in the
Supporting Information for more detail). One explanation for
the secondary kinetic isotopic effect might be described by the
formation of the carbonate prior to the rate-determining step,
thus giving further insight into the catalytic mechanism.

In this case, the rate-determining step was found to be the
regeneration of the active hydride species via abstraction of FA
from the catalytic cycle with hydrogen. A TOF of 120 h™' can
be observed at a ratio of 2/1 (H,/CO,), which decreases
almost in a linear fashion to 60 h™ when the ratio of H, to CO,
was lowered (Figure 2b). The hydrogenation step has been
described previously as being rate determining with other Ru
catalysts.”> An increase in the partial pressure of H, above a
ratio of 2/1 in comparison to that of CO, showed no further
increase in the reaction rate. This might be explained by the
saturation of the liquid phase with H, in this regime, thus the
limiting the effective concentration of H, available for the
reaction.”

Formic acid can split from the metal center by forming either
a bridged or terminal hydride. If a terminal hydride is formed,
this hydride would undergo isomerization to a bridged hydride,
regenerating the active species. In this regard, it is worth
mentioning that bridged hydrides have been described as
thermodynamically more stable.>® Furthermore, trinuclear Ru
carbonyl complexes with bridging acid ligands, similar to the
complex proposed here, have been described previously, and
thus this is a more plausible mechanism.”’

The IL is not only involved in the transformation of CO, to
HCOOH but also assists the formation of the active species.
Indeed, the active species are only observed in the presence of
IL and H,, indicating a cooperative mechanism involving the
IL, water, and hydrogen. The formation of the same hydride
species was observed in the reaction mixture and in the in situ
high-pressure '"H NMR. The hydrides at —12.48 and —19.48
ppm correspond to a terminal and to a bridging hydride,
respectively”® (see Figure 2c and Figure SI in the Supporting
Information), akin to those already observed for dialkylimida-
zolium ILs with other anions.””*’ Interestingly, a singlet at 8.48
ppm, corresponding to FA, can be detected even in the absence
of CO,, suggesting hydration of one CO ligand; we suggest that
the transformation of CO to HCOO takes place due to the
interplay of [Ru;(CO),,] with BMMI-OAc and H,. In the C
NMR, the HCOO ligand from [Ru;(CO),,(H)(HCOO)] was
confirmed by observation of a peak at 164 ppm (see Figure S2
in the Supporting Information), analogous to that observed in
Figure 2d. In addition, ESI-MS analysis revealed a peak at m/z
659, corroborating the presence of [Ru;(CO),,(H)(HCOO)]
(see Figure 2e). No interaction between the BMMI-OAc IL
and [Ru;(CO),,] catalyst was observed by *C NMR
spectroscopy. Moreover, when the catalyst was exposed to
hydrogen in the absence of IL, the formate peak was not
observed and the hydride peak previously observed at —19.48
ppm shifted to —17.16 ppm, indicating that a different hydride
complex is formed in the absence of IL. Surprisingly, in the
presence of solely IL (ie, without hydrogen and carbon
dioxide), a hydride peak with low intensity at —19.48 ppm was
observed, which suggests that the Ru cluster may be protonated
by residual H,O. Furthermore, no carbene signal® was
observed by *C NMR in any experiment conducted in
BMMI-OAc, indicating that there is no interaction between the
IL and the Ru cluster, via direct bond formation.
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The activation barrier for the rate-determining step was
determined to be 58 + 4 kJ mol™', which is relatively small,
given that no electron-donating and/or multidentate ligands
have been employed.'*™'***" The range of temperature (50—
70 °C) was chosen to avoid catalyst decomposition”' and side
reactions such as the reverse water-gas shift reaction at
increased temperatures (see Table S4 in the Supporting
Information and Figure 3)‘39’42

-4.4 4

-4.8 1

In TOF

-5.6 1

0.00290 0.00295 0.00300 0.00305 0.00310
Tk

Figure 3. Arrhenius plot for the direct hydrogenation of CO, to FA.

Effect of Buffering on FA Stabilization. The IL plays an
active role in the formation and stabilization of the catalytically
active species and also in the stabilization of the FA via a
buffering effect. A linear relationship was found on the double-
logarithmic scale between the amount of IL present and that of
formic acid (Figure 4). This behavior can be explained by the
Henderson—Hasselbalch equation typically employed to
describe buffering systems. It can be assumed that the IL
prevents the deactivation of the catalyst via protonation by

(a)
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Figure 4. (a) FA concentration vs IL concentration on a double-
logarithmic scale. Reaction conditions: Py, = Pcg, = 20 bar, T = 60
°C, S mL of DMSO/water (S v/v% water). (b) FA concentration as a
function of the temperature of the reaction. Reaction conditions: Py, =
Pco, = 20 bar, 3.3 mmol of BMMI-OAc in S mL of DMSO/water (S
v/v% water).
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stabilizing the pH at a level that preserves the catalyst in an
active state. Another insight that suggests a buffering effect is
that a higher acid to buffer ratio can be achieved at low
concentrations of buffer (see Figures S3 and S4 in the
Supporting Information). A FA/IL ratio of 9/1 was observed at
[IL] = 14 mM, which decreased to 3/1 for [IL] = 140 mM,
reaching a final value of 1.5/1 for [IL] = 0.66 M (see Figure S3
in the Supporting Information).

Further evidence for the buffering effect is found in the van’t
Hoff plot, representing the equilibrium constant at different
temperatures (see Table SS and Figure SS in the Supporting
Information). Values of AH = —13.26 + 0.65 k] mol™' and AS
—174 + 1.8 ] K™! mol™" were observed. The relatively low
value of AH suggests that no significant proton abstraction, i.e.
formate synthesis, is occurring because in the presence of bases
the change in enthalpy can be expected to be in the range of
—30 to —84 kJ mol™".” Furthermore, the observed enthalpy
change falls between that of pure DMSO/water and pure IL,
indicating a weak interaction between the IL and the FA,
presumably through hydrogen bonding.”””' In addition, the
relatively low entropic contribution to the reaction (—17.4 +
1.8 J K™! mol™') makes FA the favorable product. The low
entropic contribution might be explained by the organization of
IL clusters formed in DMSO, which may form IL—FA adducts
due to the augmentation of microstates (entropic driver)
imposed by the IL surrounding the catalytically active sites.*’

The linear behavior of the van’t Hoff plot manifests itself in
the exponential decay of the FA concentration observed upon
increasing the reaction temperature (Figure 4b). For instance, a
final concentration of FA of 0.6 M can be achieved at 100 °C.
The concentration increases exponentially when the temper-
ature is successively decreased, reaching 1.1 M at 60 °C.
However, when the temperature is further reduced to 50 °C,the
concentration does not increase, indicating an overacidification
leading to a kinetic deactivation of the catalyst prior to reaching
the thermodynamic equilibrium as observed at high pressures
(Figure 4b).

The reaction rate was found to be dependent on the total
pressure. An increased reaction rate can be observed at
increased pressure, which can be explained by the increased
concentration of the reagents in the liquid phase (according to
Henry’s law) and the decreased viscosity of the liquid phase at
higher concentrations of dissolved gas (see Figure S6 in the
Supporting Information).”* Furthermore, the increased con-
centration of CO, in the liquid phase might enhance the
solubility of H,, as H, is highly soluble in CO,, which in turn is
soluble in the ILs.**~*" The final concentration obtained at low
pressures was found to have a linear relationship with the
pressure, in agreement with Henry’s law.

The favorable thermodynamic parameters in the presence of
the IL make the reaction viable at low pressures, where high
concentrations of FA (0.47 M) could be observed at low total
pressures (6 bar, Py, = Pc, = 3 bar). At low pressures, a linear
correlation between pressure and concentration of FA was
observed, in agreement with Henry’s law (Figure S). This was
not the case at higher pressures (>40 bar), potentially due to
the catalyst deactivation due to overacidification of the reaction
media or to the saturation of the liquid phase. This is a
remarkable result from a processing perspective, since gas
compression is the second highest cost after the generation of
hydrogen.*® This suggests that the IL system developed here
has extraordinary potential for developing new cost-effective
routes toward CO, valorization.
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Figure S. Concentration of FA obtained as a function of the total gas
pressure. High concentrations of FA were synthesized at low pressures.
Reaction conditions: T = 60 °C, 3.3 mmol of BMMI-OAc in 5 mL of
DMSO/water (S v/v% water).

A critical aspect for the development of viable industrial or
commercial processes is the separation of the FA from the IL at
the end of the reaction. Our results indicate that the buffering
nature of the interaction between FA and the IL, where no
formate salts have been formed, should facilitate separation at
the end of the synthesis. Nevertheless, it is challenging to
separate the liquid FA in a non-energy-intensive fashion.
Distillation might lead to unwanted dehydration or dehydro-
genation reactions,” and stripping with a carrier solvent, like
scCO,, has been shown to have limited efficiency.”’ On the
other hand, grafting imidazolium derivatives to commercially
available Merrifield resins is a simple strategy to immobilize this
type of IL,* leading to solid-supported cgtalysts with properties
analogous to those of homogeneous ILs.”"~>* A similar strategy
was employed here, by supporting 1,2-dimethylimidazole onto
a microporous Merrifield resin (2 mmol of Cl/g, 1% cross-
linking) followed by anion exchange to the acetate salt
according to literature procedures (see the Supporting
Information for more details).”” The supported IL was then
employed in place of BMMI-OAc under conditions similar to
those previously described. At the end of the reaction the
suspension was filtered and characterized by '"H NMR. The
polymer was reutilized in subsequent reaction cycles.

Under optimized conditions (Py, = Pcg, = 30 bar, T = 60
°C, 0.5 g of polymer, 2 mmol of IL equivalent, 10 mL of
solvent) a 0.3 M solution of FA (in DMSO/water) was
collected by simple filtration, resulting in a FA solution (as
shown in Figure 6a) as opposed to the control experiment
(Figure 6b), where the employment of a homogeneous ionic
liquid led to a FA—IL mixture. Notably, only traces of FA could
be isolated when the reaction was carried out in THF, possibly
due to the lower polarity of the solvent leading to a competitive
adsorption of the FA on the immobilized IL. This clearly
indicates that the reaction is forming formic acid instead of
formate adducts with the IL, because in the case of formate
adduct formation, separation of the formic acid from the IL
would be highly unfavorable. Even though the catalyst was only
physically adsorbed onto the polymer, the system maintained
its activity for five consecutive cycles (see Table S6 in the
Supporting Information). Following this, a reduction in activity
was observed, which was attributed to catalyst leaching. The
extent of this was confirmed by ICP-OES analysis of the filtrate,
which showed significant amounts of ruthenium (Table S6).

In addition, the filtrate (FA in the absence of IL) was stable
against decomposition. At 60 °C no FA decomposition was
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Figure 6. Comparison of the '"H NMR spectra after FA synthesis for

(a) the reaction employing immobilized IL and (b) the reaction
employing homogeneous IL.
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observed, even after addition of fresh catalyst (0.016 mmol).
Conversely, the FA decomposition proceeds in the presence of
IL at 60 °C, thus indicating that the IL plays a role not only in
the formation of formic acid but also in its decomposition

(Table S7).
B CONCLUSIONS

ILs with basic anions are advantageous for the effective
hydrogenation of CO, under base-free conditions. In this
context, the IL plays multiple roles. First, it enhances the
catalytic activity of the cheap, simple, and readily available
[Ruy(CO)y,] catalyst by forming an intermediate carbonate
species which is readily reduced to formic acid. High-pressure
NMR studies confirmed this and the reaction of CO, with
water containing ILs to form bicarbonate. Furthermore, the IL
shifts the equilibrium by acting as a buffer for the acid, thus
preventing catalyst deactivation via protonation. A profound
thermodynamic influence has been observed, where the ionic
liquid acts as an enthalpic and entropic driver, by structuring
the surroundings of the catalyst, thus lowering its contribution
and thermodynamically favoring the process.

The finely tuned interaction between the formic acid and the
ionic liquid enables the transformation at low pressure and with
a broad range of solvents. In addition, it facilitates the
separation at the end of the synthesis. A covalently immobilized
ionic liquid was found to be as effective as homogeneous ILs,
and separation was achieved by simple filtration. Indeed, this
represents a major advantage over systems utilizing bases,
because reactive distillations could be avoided in future process
schemes, thereby enhancing the economic viability of
sustainable CO, valorization.
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Chapter 4: ILs as additives for CO2 hydrogenation

4.2. Results and Discussion

An initial screening of various ionic liquids (ILs), under variation of both - the
anion and cation - in DMSO:H20 (5 v/v H20) as the solvent system and
[Rus3(CO)12] as the pre-catalyst, revealed that 1-butyl-2,3-dimethylimidazolium
acetate (BMMI.OAc) offer the best performance in terms of turnovernumber
(TON) and turnovernumber frequency (TOF). Under optimised conditions, a
TON of up to 17,000 and TOF of up to 300 h'! was obtained. Thereafter, the
thermodynamic effects of BMMI.OAc as an additive were investigated, see

publication I, table 1.

4.2.1. Thermodynamic effect of ionic liquids onto the hydrogenation of

CO2 to formic acid

In a first step the effect of temperature onto the reaction outcome was tested.
Here an exponential decay for the achieved concentration of formic acid in the
temperature range in between 60°C and 100°C was observed, see
publication I, Figure 4b, whilst below 60°C a plateauing of the achieved
concentration was observed. This indicates that [RusCOai2] reaches the
thermodynamic equilibrium at temperatures higher than 60°C, whilst at lower
temperatures the catalyst deactivates prior reaching the thermodynamic
equilibrium. However, in order fully validate these experiments and to
disregard catalyst deactivation at temperatures higher than 60°C, the

decomposition of formic acid should also be evaluated under elsewise
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Chapter 4: ILs as additives for CO2 hydrogenation

identical reaction conditions (i.e. under P(Hz) = P(CO2) = 20 bar in the
presence of BMMI.OAc). Assuming that the thermodynamic equilibrium was
reached, in publication | a van’t Hoff plot for the determination of
thermodynamic parameters was produced. This was achieved by straight
forward mathematical transformations to obtain the equilibrium constant, (see

publication I, SI for more details) (figure 4.1a).

A) (B)
H — oKa + log BMMI04c]
=pKa +log—— —————
27 oool P 9 [HCOOH
2.6 —_
I -0.25
o 2.5 o
< 3
-0.50 -
c 2.4 Z
a g
2.34 = .0.75
2.2
T T T T T T T -1.00 T T T — T T T T
265 270 275 2.80 2.85 290 295 3.00 3.05 2.0 18 1.6 1.4 1.2 1.0 -0.8 0.6 0.4 -0.2 0.0
-
1000/T/ K log[BMMI.OACc]

Figure 4.1 a) Van't Hoff plot obtained from the linear relationship between In Keq and T-1. Reaction
conditions: [Rus(CO)12] (7.8 umol) BMMI.OAc IL (3.3 mmol), CO2/H2 (1:1, 40 bar), T= 60 °C, t= 72 h,
DMSO/H20 (5 viv%). (AH= -13.26+0.65 kJ mol?; AS= -17.4+1.8 kJ mol?); b) Double logarithmic
dependence of the concentration of FA as a function of the concentration of IL employed. Reaction
conditions: 60°C, 5 mL DMSO/water (5 v/iv% water) at Puz = Pcoz = 20 bar and 7.8 pmol [RusCO12] t =
72 h.

From the van’t Hoff plot an enthalpy of -13 kJ mol* can be obtained (figure
4.1a). This indicates that formic acid is only stabilised by one additional H-
bond compared to the pure solvent system (in DMSO:H20 with 5 v/v% H20 a
enthalpy of -10 kJ mol? has been reported).! Furthermore, formate salt
formation can be excluded as under basic conditions the enthalpy of this

reaction has been described to fall to values in between -28 kJ mol? and -84

kJ mol1.2
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The nature of the stabilisation observed with BMMI.OAc for the formation of
formic acid can further demonstrated by varying the amount of IL used for the
reaction. This variation produced a double logarithmic relationship in between
the concentration of IL in the system and the achieved concentration of formic
acid (figure 4.1b and publication I, figure 4a). Mathematically, buffering
systems are described by the Henderson-Hasselbach equation which would
produce a linear relationship in between the employed buffer and the formed
acid on log-log scale. The observed double logarithmic relationship might be
related to the stabilisation of the pH of the reaction media at higher values as
in the absence of IL and thereby protecting the active hydride from deactivation
via protonation. It is important to note that this effect is solely a kinetic effect
and not a thermodynamic one, however it demonstrates the beneficial role of

the IL in comparison to unmodified conditions.

Furthermore, the favourable thermodynamic properties have beneficial effects
onto the reaction parameters, such as pressure, solvent and separation of the

product.

Utilization of favourable thermodynamic properties of ionic liquids in the

hydrogenation of CO2 to formic acid

In figure 4.2a a plausible interaction in between the FA and BMMI.OAc is
depicted. The main stabilising force can be contributed to the acetate
counterion, building H-bonds with FA and stabilising the pH at tolerable values.
The cation, 1-butyl-2,3-dimethylimidazolium was chosen, because of its
unreactive nature, thus preventing coordination to the catalyst, see also

publication I, table 1, entry 10 & 13-15.
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Figure 4.2 (A) Plausible interaction of formic acid with water and BMMI.OAc; (B) concentration of FA
achieved vs. total pressure at 60°C in 5 mL DMSO/water (5 v/v% water) with 3.3 mmol BMMI.OAc and
7.8 umol [RusCOa12] after t = 72 h, see also figure 5 publication I; (C) concentration of FA achieved as
a function of the solvent at T = 60°C with 1.6 pmol [RusCO12] in 5 mL solvent (always 5 v/v% H20) with
3.3 BMMI.OAc under PH2=Pco2= 30 bar, see also see also table 2 publication I ; (D) Comparison of
the 'H NMR spectra after FA synthesis for the reaction employing immobilized IL (top) and the reaction

employing homogeneous IL bottom see also figure 6 publication I.

The favourable thermodynamic properties of BMMI.OAc in the hydrogenation
of CO:2 to formic acid can be exploited to operate the reaction under a broad
range of conditions, including at low pressure (figure 4.2b). Even at a pressure
as low as 6 bar (P(H2) =P(CO2) = 3 bar) a high concentration of formic acid
(0.46 M) was obtained, which is considerably higher than most reported values
in the literature.l 3 Upon increasing the pressure the yield of formic acid

increases (as predicted by Henry’s law) linearly, see also publication I, figure
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5. This finding is especially important if it is taken into account that the
compression of gas represents one major obstacles for the system to operate

economically.®

Beneath this beneficial operational window, various organic solvents can be
used in the reaction. Interestingly, the concentration of formic acid which can
be achieved with varying solvents, seems to be linearly dependent on the
donor number (DN) of the solvent (figure 4.2c). It is important to note that, the
donor number is a descriptor for the lewis acidity/basicity of the solvent (i.e.
the ability to coordinate to positively charged lewis acids). Hereby, a higher
donor number indicates a higher lewis basicity, thus the linear dependence of
the concentration of FA achieved and the donor number might be explainable
by the ability of the solvent to form H-bonds, thus stabilising the formic acid by
these interactions. Similar effects have already been described to be beneficial

for the solvent system DMSQO:H20 (5 v/iv% H20).1

Crucially, the weak thermodynamic stabilisation between the FA and the IL
facilitates the separation of the product from an immobilised ionic liquid matrix
by simple filtration at the end of the reaction (figure 4.2d and figure 6 in
publication I). As shown in table 4.1 a 0.3 M FA concentration in DMSO:H20

(5 vIv% H20) is obtained.

In order to estimate the efficiency of the system the theoretical yield was
estimated with the linear relationship in between the concentration of formic
acid and the concentration of IL, depicted in figure 4.1b (and figure 4a in
publication 1). Hereby, it was assumed that the catalyst is deactivated prior

reaching the thermodynamic equilibrium. Under the assayed conditions the
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theoretical yield (IL concentration = 0.2M) is 0.5 M, thus an extraction
efficiency of ca. 60% can be estimated (Note that the resin was not washed
with any further solvent to separate FA from the polymer matrix). This finding
indicates that ca. 40% of the formed FA remain absorbed into the polymer
matrix after the reaction. In order to fully recover the formed FA additional

energy must be applied, which could be done by additional amounts of solvent.

Table 4.1 Recylcing experiments with IL immobilised onto a Merrifield resin, see also publication |
Supporting Information section 6.

Entry cycle Metal FA TON®  Theoretical
leaching®/ conc.’/M yield/

% %
1 1 27 0.3 112 60
2 2 27 0.3 142 60
3 3 19 0.3 169 60
4 4 14 0.3 193 60
5 5 0.8 0.1 208 20

Reaction conditions: 7.8 umol [RusCO12], 10 mL DMSO:H20 (5 v/iv% H20), T = 60°C P(H2) = P(CO2) =
30 bar, t = 18h 500 mg Merrifield immobised IL, 2 mmol IL; Calculated by measuring the Ru content in
the filtrate by ICP-OES and comparing the obtained metal content to the amount of Ru initially in the
reaction mixture; b) determined by *H-NMR with THF as an external standard; c) calculated by dividing

the achieved concentration of FA by the concentration (remaining) in the reaction mixture.

No leaching of the IL was observed, thus the utilisation of ILs in the
hydrogenation of CO2 to formic acid might present an attractive path for
plausible industrial process schemes. Indeed, the system was re-utilised 4
times without loss of activity. However, the catalyst used in this hypothetical
process should be co-immobilised in order to prevent leaching (as observed
with [RusCO12]) and subsequent decomposition of formic acid during
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purification steps. In the case with [RusCOai2] as the catalyst, the activity
dropped at the 5" cycle, thus confirming the loss of catalyst during each
reaction cycle. Table 4.1 summarises the aforementioned recycling

experiments.

4.2.2. Kinetic and mechanistic implications of BMMI.OAc as an additive

in the hydrogenation of CO2 to formic acid

As displayed in publication | figure 2d, the formation of carbonate was
observed during the hydrogenation of CO2 to formic acid. Consequently, a
bicyclic mechanism was proposed for the studied reaction, see publication |

figure 2a and figure below for the mechanistic cycle.

e-co
H
T T /H\T/' Cco,
Ru
lﬁ;l\ HCOO l Ru/l\ /<
l ./l\. “Heg /\ N'nBuHOAc
HCOOH MetEJ\Nanu Mo 7\ "

"rate determining” \—/

\T/i_T/' '{
HCOO f l\c HCOO lﬂ?l

l l\o =/ OAc

H,0

Figure 4.3 Proposed mechanism: In a first step CO:z is activated by the interplay in between COz,
BMMI.OAc and Hz0 to form carbonate. The carbonate acts as the “true” carbon source for the formation

of formic acid.
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However, compared to formic acid, CO2 and hydrogen, carbonates are
thermodynamically very stable products (see Figure 4.4), hence the
hydrogenation of carbonate is an unlikely event. Consequently, carbonate is

unlikely to play the role as portrait in figure 2, publication I.
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Figure 4.4 Standard molar Gibbs free energy change of formation at 298 K of H2, CO2, COs?*, HCOs,

H2COs, formic acid and ammonium formate.”

Furthermore, the hydrogenation of carbonate would involve the intermediate
formation of a reactive orthoformate anion (HC(OH)O2?%), see figure 4.3 and
figure 4.5 In order to assess this reaction path, the hydricity determination of
intermediates could be used (see also section 1.2.2). Unfortunately, the
hydricity of orthoformate AGn-(HC(OH)O2) is not known. Instead, AGh-eft has
been estimated by the determination for a C-O bond cleavage (AG°(OH)) and

C-H bond formation AGH-(HCO3), see figure 4.5.8
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AGH. eff

-OH" +H"
co,
AGP(OH) AG.(HCO,)

Figure 4.5 Plausible pathway for the hydrogenation HCOs, with corresponding thermodynamic

parameters describing each transformation.®

As AGY(OH) is a pH dependent function, AGh-eff for the hydride transfer to
carbonate is also pH dependent and Wiedner et al have described AGh- eff as
AGH-eff = -34.8 kcal molt + (1.364-pH) kcal mol*.2 Accordingly, HCOs is a
better hydride acceptor at pH<7.8, whilst COz is the better hydride acceptor at
pH>7.8 (Note: AGH-(HCO:) = -24 kcal mol*).8 However, as the hydricity of the
intermediate orthoformate anion AGH.(HC(OH)O2) is not known, the
assessment of the kinetic barrier for the transformation of HCOs to
HC(OH)Os? and finally to HCO:2 is challenging. Furthermore, all values
introduced here are determined in aqueous solutions, and the effect of DMSO
and BMMI.OAc on these values are not known. However, both, DMSO and
BMMI.OACc, represent relatively basic compounds, thus the effective pH of the

system can be estimated to be relatively high.
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HCO; CO, + OH AGP(OH)
H + CO, HCO, AGy(HCO,)
H + HCO3 HCOZ- + OH" AGH-,eff

Figure 4.6 Depiction of the thermochemical cycle to determine AGh.eff for the transformation of

carbonate to formate.®

As a result, four scenarios could be imagined as the role for carbonate; a) it
could act as a weak base, deprotonating an intermediate H2 complex and act
as COz2 reservoir; b) it could induce H-bonds stabilising formic acid; c) it could
not be participating in the transformation in any means and just constitute of
an side reaction of the studied transformation or; d) being the hydride
accepting species, although the last case is the least likely one due to high

thermodynamic demands, see figure 4.4.7

It is important to note that, the catalytically active species are only formed in
the presence of IL and Hz, as evidenced by separate experiments. The
interplay between hydrogen, the ionic liquid and [RusCOa12] resulted in the
simultaneous formation of a bridged hydride and the hydration of a CO ligand
to a formate ligand. In the absence of IL, a dihydridic species is formed, whilst
no hydrolysis of a CO ligand was observed. For further information the reader

is referred to publication I.
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4.3. Concluding remarks on the utilization of ionic liquids as additives

for the hydrogenation of CO2 to formic acid

This part demonstrated that ionic liquids can be used to buffer the reaction
mixture and thus shift the thermodynamic equilibrium to the product side.
However, future studies should test the system in the dehydrogenation of
formic acid under elsewise identical conditions to test whether the catalyst
reaches the thermodynamic equilibrium. Nevertheless, it can be concluded
that the utilisation of ionic liquids represents an attractive alternative to basic
conditions, where formate salts and adducts are formed. At the same time the
buffering properties allow catalyst to operate this reaction with high efficiency,
because the depletion of the active species is prevented. Furthermore, the
weak interactions in between the ionic liquid and formic acid, (i.e. no formate
salt of formate adduct formation), the product can be separated by simple

filtration of the reaction media, if the IL is immobilised onto a polymer matrix.

However, the leaching of the catalyst from the polymer matrix was observed.
In order to operate this reaction in an economically feasible fashion, it would
be desirable to immobilise the catalyst to prevent decomposition of formic acid
during the product purification. Consequently, in the first step heterogeneous
RuFe-nanoparticles were investigated. The next chapter summarizes the

results obtained with these bimetallic nanocatalysts.
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4.4. Experimental

4.4.1. Synthesis of IL immobilized onto a Merrifield resin

A precise synthetic protocol can be found in publication I, SI section 5. Here
a general overview for the synthesis of IL immobilised onto a Merrifield resin
is given (information on the Merrifield resin can be found in publication I, SI

General information).

/
. N c
[ ) “MeCN, 80°C
N 18h N
N
o N N
PIL-CI

Figure 4.7 Reaction scheme for the synthesis of PIL-CI.

In a first step a commercially available Merrifield resin was transformed to the
corresponding PIL-CI at 80°C in MeCN with excess amounts of 1-
methylimidazole. The crude product was separated by simple filtration and
washed extensively with MeCN, H20 and THF to remove excess amounts of
1-methylimidazole. It is important to note that the product is hygroscopic and
tends to swell in polar solvents. Solvent residues were removed in vacuum to
give the product as a white powder; IR analysis can be found in publication

I, Sl section 5.
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© S)
Cl OAc
NaOAc
NN - H20, reflux, N .
Lo )
PIL-CI PIL.OAc

Figure 4.8 Reaction scheme for the synthesis of PIL.OAc.

In the second step the counteranion was exchanged to AcO™ with excess
amounts of NaOAc in H20 under reflux. The obtained solid was washed
extensively with MeCN, H20 and THF to give a white product, which was dried
in vacuum, see publication I, Sl section 5.2 for further information. The in
this way obtained PIL.OAc was impregnated with [RusCOa1z], by stirring both
compounds in THF, followed by removal of the solvent in vacuum, see

publication I, SI section 5.3 for further information.

The impregnated PIL.OAc was loaded into a Parr reactor, DMSO:H20 (5 v/v%
H20) was added, the system pressurized with CO2 and H2 (30 bar each),
giving a total pressure of 60 bar, the reactor heated to 60°C and the reaction
mixture was agitated under hard stirring. After 18h the reactor was cooled to
room temperature, carefully vented and the obtained reaction mixture filtered,
using conventional filter paper and a funnel. The obtained liquid phase was
analysed via 'H-NMR and ICP-OES, whilst the filtrate was dried in vacuum
and then directly used for consecutive cycles, see publication I, SI section 6

for further information.
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4.5. Publication | Supporting Information: Selective CO:
hydrogenation to formic acid with Multifunctional lonic
Liquids.

Contribution of the author: The author drew the research plan and
synthesized all the ionic liquids and planned and conducted all the

experimental work in this publications. The author furthermore contributed in

to the preparation of the manuscript.

Reprinted with permission from ACS Catal. 2018, 8, 3, 1628-1634 Copyright

2018 American Chemical Society.
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1 Literature

Table S1: Summary of homogeneous CO,-hydrogenation systems to prepare free formic acid
(HCO,H) by different catalysts from literature

Entry Cat. H,/CO, Solvent [HCO,H] / TON TOF / Ref
M h?

1 [Ru,CL,(PTA),] 1:1 DMSO 1.9 749 7.34 1
(100 bar)

2 [Ru(Acriphos)(PPh;)(C1)(PhCO,)] 2:1 DMSO/H,0 0.33 4200 260 2
(120 bar)

3 [(n°C¢Meg)Ru'(L)(OH,)SO4] 2.5:1 Acidic - 55 - 3
(80 bar) conditions

4 [(CpIr™(L)(OH,)] 1:0.73  Citrate Buffer - 18 - 4
(95 bar)

5 [RhCl(mtppms);] 1:1 H,0/HCO,Na 0.13 - - 5
(100 bar)

6 [Ru(cod)(methally),] 1:1 Basic IL 0.54 599 314 6
(50 bar)

7 [Ruz(CO)y,] 1.33:1 DMSO/H,0 1.2 17000 102 This
(70 bar) IL work

BMMI.OAc

8 [Ruz(CO)y,] 1:1 DMSO/H,0 1.1 6875 300 This

(60 bar) IL work
BMMI.OAc

2 General experimental information

All  the ionic liquids (1,2-dimethyl-3-butylimidazolium acetate, 1,2-dimethyl-3-
butylimidazolium chloride, 1,2-dimethyl-3-butylimidazolium formate, 1,2-dimethyl-3-
butylimidazolium imidazolate, 1-Butyl-3-methylimidazolium acetate, n-tetrabutylammonium
acetate) were prepared from literature methods.” [Ru(Cl),(CO),], complex was synthesized
according to a reported method.® 1,2-dimethylimidazole, Imidazole and 2-methylimidazole
were purchased from IOLITEC while n-chlorbutane, sodium acetate, tetrabutylammonium
chloride, dimethylsulfoxide, deuterated dimethylsulfoxide and Merrfield’s peptide resin
(mesh 100-200; 3.5-4.5 mmol g CI" functionalised; 1% cross-linked) were obtained from
Sigma Aldrich. RuCls;-xH;0 was provided by Precious Metals Online; [Ru3(CO);,] was from
Acros Organics. All the ILs were placed under vacuum at 50 °C for 2-3 h prior to use. NMR
measurements were performed on a 400 MHz Bruker with d1 = 50s and ESI-MS analysis was

performed on a Bruker microTOFII.
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2.1 Kinetic isotopic experiments and effect of water content

A Parr reactor (50 mL) was loaded with the 5 mg [Ru3(CO);,] and 700 mg BMMI.OAc (3.3
mmol). Then DMSO and water with varying ratios (giving a total volume of 5 mL) was
introduced into the reactor. The reactor was flushed with CO; gas in order to remove the air.
Afterwards, the reactor was filled with 20 bar CO, and 20 bar H; gas, till the desired total
pressure of 40 bar was reached at room temperature. The reaction was conducted at 50°C
using a heating mantle under vigorous stirring. After the 4h, the reactor was cooled down to
room temperature and carefully vented. The reaction mixture was analysed directly by 'H
NMR spectroscopy in DMSO-ds to determine the amount of formic acid formed.

Table S2. Hydrogenation of CO, to FA with varying water contents. The experiments were

performed at 50°C with reaction duration of 4h, with 7.8 pumol of [Ru3(CO,,)] catalyst and 3.3 mmol
BMMI.OAc (066M) with PCOZ = PH2 =20 bar.

Entry DMSO:H,0 TON TOF /h™
(v/v% H,0)
1 2.5 136 34
2 5 160 40
4 10 136 34
5 12.5 116 29
6 20 40 10

The kinetic isotopic effects were studied with an analogous protocol to the abovementioned,
with varying experimental conditions. The solvent mixtures were prepared by combining
5.24 mL of DMSO (67 mmol) and 0.24 mL of water (13.2 mmol) or 0.24 mL D,O (11.9
mmol). The gas mixture employed consisted of 20 bar CO; and 40 bar H, gas, to yield a total
pressure of 60 bar reached at room temperature. The reaction was conducted at 60°C. After
the 4h, the reactor was cooled down to room temperature and carefully vented. The reaction
mixture was analysed directly by '"H NMR spectroscopy in DMSO-ds to determine the

amount of formic acid formed.

Table S3. D,O experiments; each entry represents the average of 2 separate runs. The deviation was
less than 5% for each run. The experiments were performed at 60°C with reaction duration of 4h.

Entry Cat. Cat. Solvent IL Py, / Pcor/ TON TOF
system bar bar L
/ pmol / [M] /h
1 [Ru3(COy)] 7.8 DMSO:H,0 BMMIm.OAc 40 20 472 118
(5 vIv% H,0) (0.66)
2 [Ru3(COpy)] 7.8 DMSO:D,0 BMMIm.OAc 40 20 349 87
(5 v/v% D,0) (0.66)
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2.2 Elucidating catalytic intermediates

A Parr reactor (50 mL) was loaded with 200 mg of BMMI.OAc (0.94 mmol, 6 eq) and 100
mg of [Ru3(CO);2] (0.15 mmol, 1 eq) and DMSO:water mixture (5 v/v% water; DMSO= 5.27
mL (67 mmol) , H;O= 0.24 mL (13.2 mmol)) was added. Then the reactor was charged with
30 bar H, and heated to 60°C and stirred for 24 h. The obtained reaction mixture was
analysed via '"H-NMR, “C-NMR and ESI-MS. Two new singlets can be observed at 8.36
ppm and -19.48ppm in 'H-NMR. Furthermore, a hydride signal can be seen at -12.72 ppm
which can be assigned to a terminal hydride complex. The *C-NMR gives a new signal at
165ppm and ESI-MS reveals a mass of 659 m/z proposed complex structures are depicted in

the figures below.

€ g g

" )H\ i i |
o],
Ru
FARNYER)

i il L

20 15 10 0 -5 -10 -15 -20
f1 (ppm)

Figure S1. 'H NMR of reaction mixture represents hydrides species at —19.48 ppm and —12.72 ppm.
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Figure S2.”C NMR of reaction mixture represents carbonyl species at 165.56 ppm.

2.3 Determination of the activation barrier E,

For the Arrhenius plot, the initial TOF was measured at various temperatures. The Parr
reactor (50 mL) was loaded with 5 mg (0.0078 mmol, 1 eg) of [Ruz(CO);2] and 700 mg (3.3
mmol, 420 eq) of BMMI.OAc. Then DMSO:water (5 v/v% water, DMSO= 5.27 mL (67
mmol) , H;O= 0.24 mL (13.2 mmol)) mixture was added, flushed with CO, to remove air,
charged with 20 bar CO, and filled with H, till 40 bar total pressure. The reaction mixture is
heated till the desired reaction temperature and stirred for 4h. The reaction mixture was
analysed via '"H-NMR. The TOF is given as the ratio between the amount of formic acid
formed and the catalyst amount divided by 4h (14400 s). Plotting the logarithmic TOF in s

. . . 1. . . .
against the inverse temperature in K™ gives a linear system as shown in equation below.

InTOF =InA Ea
n = 1n RT

As shown in the equation above, by multiplying the slope with the negative gas constant - R
one easily derives the activation energy E,. The intercept describes the logarithmic pre-

exponential factor In A. The table below depicts the results obtained with the Arrhenius plot.
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Table S4. Results from the Arrhenius plot.

Slope/K Intercept E,/kI mol” InA

-7088 + 495 16.3+1.5 58+4 16.3£1.5

2.4 CO, hydrogenation vs ionic liquid amount effect

The effect of the IL during CO, hydrogenation was investigated. The maximum amount of
formic acid formed during the CO;-hydrogenation was determined at varying IL-
concentrations. A non-linear relation in between FA/ IL ratio and the IL concentration can be
observed. For instance, a ratio of 9:1 can be achieved at an IL concentration of 14 mM. Then
the ratio decreases in an exponential fashion reaching 3:1 at 140 mM and finally 1.5:1 at
0.66M BMMI.OAc IL. It can be concluded that the IL acts in contrast to systems containing
bases, such as amines or hydroxides, rather as a buffer than as a classical base. Indeed
systems containing bases form classically formate adducts and the amount of formate is in
linear relation to the utilised base.” Indeed, it is very likely that the buffering properties of the
acetate IL functions as a buffer protects the catalyst from deactivation via protonation.
Furthermore the concentration of formic acid achieved during the reaction is almost the same
as previously described in literature’, though much milder conditions were applied.
Therefore, it can be assumed that the ionic liquid is not only playing a crucial role as a buffer,

but is also be involved into shifting the equilibrium to formic acid.

T L T

00 01 02 03 04 05 06 07

[IL]/M
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Figure S3. Dependence of formic acid concentration to BMMI.OAc IL concentration. Reaction conditions:
[Ru3(CO);5]= 7.8 mmol, CO,/H, (1:1, 40 bar), DMSO/water (5 v/v% water); DMSO= 5.27 mL (67 mmol) ,
H,0=0.24 mL (13.2 mmol), Time= 4h, and 60°C.
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Figure S4. Dependence of the molar ration of formic acid to BMMI.OAc IL concentration. Reaction conditions:
[Ru3(CO)y»]= 7.8 mmol, CO,/H, (1:1, 40 bar), DMSO/water (5 v/v% water); DMSO= 5.27 mL (67 mmol) ,
H,0=0.24 mL (13.2 mmol), Time= 4h, and 60°C.

3 Equilibrium constant (Ke,)

In order to identify the equilibrium constant Ky ooy, the reaction was performed as described
above. The reaction was conducted for 72 h at various temperatures, as indicated in the

scheme below.

[Ru3(CO)12]
CO; v H HCOOH
DMSO, AT
20 bar 20 bar BMMIM.OAc,
72h

Scheme S1. Hydrogenation of CO, to formic acid

Calculations according to literature procedure.'”

The system of interest is defined by a liquid phase and gas phase. Whilst the catalytic
reaction takes place in solution so does the gas phase function as a reservoir for the reagents

C02 and Hz.
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The equilibrium constant K, for the hydrogenation of CO, to HCOOH is in liquid phase is
defined by equation 1. In equation 1, brackets symbolise the concentration and subscripts

define the phase in which the compound is situated,

[HCOOH]

Koy =———"-—"7"—
“ [COZ]aq ’ [Hz]aq

ey

But in order to calculate the equilibrium constant in a closed system, where partial amounts

of gas is consumed the reaction quotient Qyc0oy has to be considered, which is defined as:

__ XHCOOH
Qucoon =——— (2)
Xco2XH2

In equation 2, xycoon, Xcoz and xy, are the yield fractions of the formic acid, CO, and H,.

The equilibrium constant and the reaction quotient in equilibrium are interrelated by equation

3,

_ PBucoon

Keg = 5——F— 3
eq BCOZ ':BHZ QHCOOH( )

The factors Bycoon, Bcoz and By, are the activities of formic acid, CO, and H, and are
defined by equation 4.

__moles of HCOOHC, COy, Hyin the liquid phase
- total moles of HCOOH,CO,, H,

C)

If we assume that formic acid is solely present in the liquid phase equation 3 simplifies to
equation 5, where V; is the volume of the liquid phase and n;,; is the amount of compounds
in the system.

v 1

K,y=——"—7—
“ Ntot Beoz * Puz

QHCOOH(S)

1 14 1 XHCOOH

= ———Qucoon = —
a ﬁhrz.gcoZ Neot .BHzﬁcoz Xc0,XH,

K, (€))

In equation 1, Xncoon, Xco2 and xp are the corresponding molar fractions in the liquid phase;

Bcoz and PByy are the ratios of gases in solution and the total amount of gas in the reactor; 7,
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is the total number of moles of reagents in the reactor and V; is the volume of the liquid
phase.
Hence, 1 mol of H, and 1 mol of CO; react to form 1 mol of HCOOH and the partial pressure

of CO; and H; were equal, xyc0on can be calculated according to equation 6:

[HCOOH]
[c02], +[€02], - 1 ;tpt) + ([H2], + [H2], -%)

(6)

XHcooH = (

But because,
Ncoytot = Ny, eot (7)
Where ncg, tor and Ny, o are the total amounts of CO; and Hy, it can be written:

— Dt
Dt

)(8)

1-p;
([00211 +c02)y —

1
: ) = (@21, + 121, -

And thus equation 6 simplifies to equation 9:

[HCOOH]

2 ([COZ]l +[c02], -+ ;tpt)

€

XHcooH =

Where the quotient p, describes the filling factor:

volume of the lqiuid phase at reaction temperature 1a

T
= =—(10
Pe total volume of the reactor L (10)

The sum of yield fractions is defined to be 1, as shown in equation 11:

Xu2 + Xco2 + Xucoon = 1(11)

But because the reaction consumes 1 equivalent of CO, and 1 mol H; to form 1 mol HCOOH

and because the initial amounts of gases is equal we can get
Xcoz = Xp2 (12)
So, we get
Xcoz * Xcoz + Xucoon = 1

2Xco2 + Xucoon =1

1 —Xpcoon
Xco2 = T(B)
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And

1 — Xycoon
Xipy =~ 00 (14)

As shown in equation, the equilibrium constant can now be denoted as:

v,

- - . 5
Ntot Bu2Bcoz Qucoon(®)

Khcoon =

Where n,; is the total amount of reagents in the system and V; is the volume of the liquid

phase. n;,: can be calculated by:

1-p 1-p
neoe = (([€02),+ [€020y ) + (1H21, + [H2lg - =P Ve
t ¢
1-p, [HCOOH]
= 2(1€02], +[€02]y - ) Vegr = ———— -V (15)
t XHCOOH
With equation 15 in equation 5 we get equation 16:
XucoonVi
K = : 16
HCOOH = THCOOH ;o BrzBeo Qucoon (16)
Here Bz, Brcoon and o, are
g = moles of HCOOHC, CO,, Hyin the liquid phase @

total moles of HCOOH, CO,, H,

If the partial pressure is given then the molar concentration of the gases in the liquid phase is

given by:
d
(€0, = 22T (16)
H,CO2
And
Pu2d
[Hal = 72— (17)
H,H2

Where pco, and p,,, are the partial pressure, ky y, and ky co, are the Henry’s constants at the

reaction temperatures and dy is the molar concentration of liquid DMSO at given reaction

temperature.
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The concentration of the gases in the gas phase can be calculated according to the ideal gas

law:
_ Pco2
[COZ]g - RT (18)
And
Pu2

[HZ]g = ﬁ(lg)

With equations 16, 17,18 and 19 in equation 4 the  values can be calculated according to

equation 20 and 21:

B _ [COz1ipr _ br
€2 7o, ]ipr + [CO;1q(1—pr) Kp(CO)((1—pr)+pr

(20)

And:

[H2]ipr pr

Pz = [Hz]ipr + [H2]g(1 — pr) B Kp(H)(1 —pr) + pr

(2D

Here, K, (C0O,) and Kj (H,) are introduced as the liquid-gas distribution given by

ky coz [COZ]g

Kp(C02) = RTd; _ [C02], (22)
And:
Ky (H,) = kypo [H2]g4 23
DA RTd, [H2],( )

With equation 20 and 21 in equation 16 the equilibrium constant for formic acid Ky¢poy can

be calculated with equation 24:

K _ XucoonVi Kp(Hy)(1 —pr) +pr ) Kp(COx)(1 —pr) + pr
HEOOH ™ [HCOOH V¢ pr pr

’ QHCOOH (24)

The Henry constant ky 4, and ky ¢, are obtained from literature***?. The molar concentration

of DMSO at the reaction temperatures is depicted from reference.'

Table S5. Results from the van’t Hoff plot.

Slope Intercept AH [kJ mol'l] AS [J K'lmol'I]

1595+78 -2.09+£0.22 -13.26+0.65 -17.4+1.8
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It is very important to note that the calculations were performed assuming the ideal gas law
for the reagents in gas phase. The Henry constants and molar (volume) concentration

assumed to be the same as for pure DMSO.

2.8

i

2.6

2.5

In Keq

24

231

221 /

2.65 2.70 2.75 2.80 2.85 2.90 2.95 3.00 3.05
1000 /K|

Figure SS. Van’t Hoff plot. Reaction conditions: [Ru3(CO);,] (7.8 pmol) BMMI.OAc IL (3.3
mmol), CO»/H; (1:1, 40 bar), T= 60 °C, t= 72h, DMSO/H,0 (5 v/v%). (AH=-13.26+0.65 kJ
mol™'; AS=-17.4+1.8 kJ mol™).

4 Reaction rate dependence on pressure

100
< 801
£
o)
P 604

40

20 30 40 50 60
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Figure S6. TOF vs total gas pressure of reaction). All the reactions were conducted for 4h at
60 °C, BMMI.OAc IL (0.66 M), [Ru3(CO);,] (7.8 umol) and DMSO/H,0 (5 v/v%; DMSO
(5.24 mL, 67 mmol), H,O (0.24 mL, 13.2 mmol).
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5 Immobilised ionic liquid

5.1 Immobilisation of 1,2-dimethylimidazole onto Merrifield resin

In a round bottom flask with condenser and stirrer bar, 384 mg 1,2-dimethylimdazole (4
mmol, 2 eq) and 500 mg of Merrifield’s peptide resin (2 mmol Cl functionalized, 1 eq) are
mixed in MeCN and stirred at 80°C for 18h. The mixture is filtered and the remaining solid is
consecutively washed with 500 mL MeCN and 500 mL water and 500 mL THF. The solid
residue is dried in vacuum for 24h at 40°C, giving a white solid (PIL-Cl). The changes
observed in the ATR-IR spectra (Figure S7) are in agreement with literature reports."* ATR-
IR(cm™): 3360, 3025, 2921, 1585, 1325, 1025, 750, 699, 550.

1.00
| 1.00 -
0.98 - |
0.96 4 0.951
0.94 1 1
X 0.92- 2 090+
~ 0.90 - |
090‘ F 0.854
0.88 4 ]
0.86 0.80
0.844 1
L L) L] L} T T 0.75 T T T T L L
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
-1
k/cm'1 Alem

Figure S7. IR-Spectra of unfunctionalized Merrifield resin as obtained from sigma Aldrich

(left) and Merrifield resin functionalized with 1,2-dimethylimidazolium chloride (right).

5.2 lon exchange of PIL-Cl with NaOAc

In a round bottom flask with condenser and stirrer bar the functionalised Merrifield resin
(PIL-CI) and 20 g NaOAc (0.3 mmol, 10 eq) are mixed in 70 mL distilled water and heated
under refluxed for 18h. The white solid is filtered and consecutively washed with 1L water,
500 mL THF and 500 MeCN and dried in vacuum for 24 h at 40°C to give the hygroscopic
product (PIL.OAc). The IR spectra (Figure S8) is in agreement with literature reports.'* ATR-
IR(cm™): 3300, 3025, 2921, 1560, 1395, 1335, 1235, 1025, 700, 650, 550.
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Figure S8. IR-Spectra of Merrifield resin functionalized with 1,2-dimethylimidazolium

acetate.

5.3 Impregnation of functionalised Merrifield resin with [Ru3(CO),,]
5 mg [Ru3(CO);2] (0.0078 mmol, 1 eq) is dissolved in 5 mL THF and 500 mg PIL.OAc (2
mmol functionalised with IL, 256 eq) is added. The solvent is slowly evaporated to give an

orange solid.

6 Hydrogenation of CO, in the presence of immobilised IL

505 mg of the impregnated PIL.OAc is added to a Parr reactor, 10.48 mL DMSO and 0.48
mL water is added, the reactor sealed and charge with 30 bar CO, and filled with H; to 60

bar. The reaction mixture is heated to 60 °C and stirred for 18h.

The system is carefully vented and the solution filtered and the filtrate is analysed via 'H-
NMR with THF as an external standard. The remaining solid is washed with water and dried
in vacuum at 40°C for Sh. The as obtained dry solid is used for consecutive circles, till a drop

in FA concentration in the filtrate is observed.

Table S6. Merrifield resin functionalised with 1,2-methylimidazolium acetate and [Ru;(CO);,]. Metal
is physisorbed. (Cat amount 5 mg). (500 mg merrifield).

Entry Cycle Metal Solvent T pH2 pCO2 t FA TON TOF
leachin [°C] [bar] [bar] [h] conc [h'l]
g M]
(%)
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1 1 27 DMSO:water 60 30 30 18 0.3 112 6.2
(5 v/v% water)

2 2 27 DMSO:water 60 30 30 18 0.3 142 7.9
(5 v/v% water)

3 3 19 DMSO:water 60 30 30 18 0.3 169 9.4
(5 v/v% water)

4 4 14 DMSO:water 60 30 30 18 0.3 193 10.7
(5 v/v% water)

5 5 0.8 DMSO:water 60 30 30 18 0.1 208 11.5
(5 v/v% water)

7 Decomposition of formic acid

In a round bottom flask with stirrer bar and condenser a 1.1 M formic acid (5.5 mmol, 0.2
mL, 343 eq) solution in 5 mL DMSO/water (5 v/v% water) is mixed with 10 mg [Ru3(CO);;]
(0.016 mmol, 1 eq) in the presence/absence of 700 mg BMMI.OAc (3.3 mmol, 206 eq) and
heated to 60°C, respectively 100°C. In regular periods samples are taken and analysed via
'H-NMR. In the absence of BMMI.OAc THF is used as an external standard.

Table S7. Decomposition of formic acid in the presence/absence of 3.3 mmol BMMI.OAc (700 mg,
206 eq) and 10 mg [Ru;3(CO);,] (0.016 mmol, 1 eq) in S mL DMSO/water (5 v/v%water).

Entry IL/M Consumed formic acid/ t/h T /°C TON TOF /b
mmol
1 0.66 1.73 48 60°C 108 2.2
2 0.66 3.32 48 100°C 207 43
3 - 0 48 60°C 0 0
4 - 3.92 72 100°C 245 3.4

8 Catalytic hydrogenation of CO,

In a typical catalytic experiment, a Parr reactor (50 mL) was loaded with the desired amount
of catalyst and ionic liquid. Then 5.24 mL of DMSO (67 mmol) and 0.24 mL of water (13.2
mmol) was introduced into the reactor. The reactor was flushed with CO, gas in order to
remove the air. Afterwards, the reactor was filled with CO, and H, gas, till the desired total
pressure was reached at room temperature. The reaction was conducted at desired
temperature using a heating mantle under vigorous stirring. After the desired reaction time,

the reactor was cooled down to room temperature and carefully vented. The reaction mixture
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was analysed directly by '"H NMR spectroscopy in DMSO-ds to determine the amount of

formic acid formed with the ionic liquid as internal standard.
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Figure S9: Representative 'H NMR-spectrum of a CO, hydrogenation to free formic acid by [Rus(CO);,]
catalyst in DMSO/H,0/BMMI.OAc.
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Chapter 5: RuFe nanoparticles for CO2 hydrogenation

5.1. Introduction

In the hydrogenation of CO: to formic acid, it is crucial to separate the catalyst
from the reaction media before purification steps are undertaken as elsewise
the reaction can be reversed to yield CO2 and H2.'® In this regard
homogeneous catalysts display a fundamental disadvantage as these are
notoriously difficult to separate from the reaction media. For instance Schaub
et al. reported that CO addition after the reaction (CO poisons the
homogeneous catalysts) increases the yield of formic acid obtained during the
hydrogenation of COz2 in the presence of trihexylamine, see section 1.5.2.% In
this regard heterogeneous catalyst offer an attractive alternative, as the active
metal can easily be immobilised onto solid supports, ultimately facilitating the
separation of products. In the following heterogeneous catalyst for the
hydrogenation of CO2 to formic acid will be briefly discussed. For a more

detailed discussion the reader is referred to recent reviews.? 7-8

The first report on the hydrogenation of CO2 to formic acid dates back to 1935.°
Farlow and Adkins reported Raney Nickel to be active in the hydrogenation of
CO:2 to formic acid at 80°C in the presence of NEts.° Since then Pd on graphite
nitride supports and Pd on carbon nanotubes have been reported to be active
in the hydrogenation of COz2 to formic acid.%-!3 Furthermore, Au nanopatrticles
on TiO2 have been used in the hydrogenation of CO2 to formic acid. It is
important to note that the reaction have shown to take place at the interface of

the Au particles the support.1415
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Chapter 5: RuFe nanopatrticles for CO2 hydrogenation

Another active catalyst species is Ru immobilised on TiOz2. Interestingly, here
an ionic liquid with a basic site was used to shift the equilibrium to the product
side. After the reaction the catalyst can be separated from the reaction media
by simple filtration. After the filtration formic acid can be separated from the
ionic liquid by reactive distillation and the ionic liquid can be recycled for 10

consecutive cycles.®

From a catalyst design point of view, it is important to mention, that metal
dilution have been reported to have a beneficial effect onto the rate of CO:2
hydrogenation to formic acid. For instance PdNi on carbon nanotubes showed
superior activity over their corresponding monometallic counterparts.'® This
publication indeed utilizes the metal dilution effect by diluting the active metal
Ru in Fe. Furthermore, it is important to note that all the here presented
systems utilize base to shift the thermodynamic equilibrium, which would lead
to tedious purifications as discussed earlier. Therefore the aim of this work
was to use acetate ILs to shift the equilibrium by weak interactions to the
product side whilst avoiding the formation of formate salts and adducts,
possible facilitating product separation downstream. If a highly active catalyst
would have been achieved, the plan would have been to develop a flow

process with the here developed catalysts.
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Chapter 5: RuFe nanopatrticles for CO2 hydrogenation

5.2. Publication II: Selective Carbon Dioxide Hydrogenation

Driven by Ferromagnetic RuFe Nanoparticles in lonic Liquids.
Contribution of the author: The author contributed to this publication by
drawing the research plan for the hydrogenation of CO2 to formic acid with
RuFe nanoparticles. Catalyst synthesis, catalytic experiments and the
synthesis of ionic liquids were performed by Dr. Irfan Quadir, in Porto Alegre,
Brazil at the Universidade Federal do Rio Grande do Sul (UFRGS). The author

furthermore contributed in to the preparation of the manuscript.

Reprinted with permission from ACS Catal. 2018, 8, 2, 1621-1627 Copyright

2018 American Chemical Society.
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ABSTRACT: CO, is selectively hydrogenated to HCO,H or hydrocarbons (HCs) by E

RuFe nanoparticles (NPs) in ionic liquids (ILs) under mild reaction conditions. The — —
generation of HCO,H occurs in ILs containing basic anions, whereas heavy HCs (up fed 1 *2_,
to C,; at 150 °C) are formed in the presence of ILs containing nonbasic anions. : »)V o

Remarkably, high values of TONSs (400) and a TOF value of 23.52 h™" for formic acid i B H

with a molar ratio of 2.03 per BMI-OAc IL were obtained. Moreover, these NPs
exhibited outstanding abilities in the formation of long-chain HCs with efficient
catalytic activity (12% conversion) in a BMI-NTf, hydrophobic IL. The IL forms a
cage around the NPs that controls the diffusion/residence time of the substrates,
intermediates, and products. The distinct CO, hydrogenation pathways (HCO,H or
FT via RWGS) catalyzed by the RuFe alloy are directly related to the basicity and
hydrophobicity of the IL ion pair (mainly imposed by the anion) and the composition

&RuFe NP %HCQOH

of the metal alloy. The presence of Fe in the RuFe alloy provides enhanced catalytic
performance via a metal dilution effect for the formation of HCO,H and via a synergistic effect for the generation of heavy HCs.

KEYWORDS: RuFe nanoparticles, carbon dioxide, selective hydrogenation, ferromagnetic, ionic liquids

1. INTRODUCTION

The conversion of CO, into chemicals and fuels is becoming a
key component of processes that will comprise a resource and
energy-efficient future for the chemical industry." CO, can be
hydrogenated in sequence to HCO,H, formaldehyde, meth-
anol, and then methane, or it can be first converted to CO via
the reverse water-gas shift reaction (RWGS)™’ and further
reduced, yielding formaldehyde, methanol, and methane
(Scheme 1).* Eventually heavier HCs/oxygenates are formed
through the Fischer—Tropsch process.5 Therefore, depending
on delicate thermodynamic/kinetic balances and in particular
on the fine-tuning of the properties of electronic and geometric
catalysts, a series of chemical commodities and fuels can be
produced from CO, hydrogenation via either the CO or the
HCO,H pathways.

Scheme 1. Reaction Pathways for CO, Hydrogenation

+H +H, +Hy
+H, _ HCOH ——72, HO CHaOH —— 3> CH,
-H,0 2
- H2
co, +H,
+H,
+H
-H,0 co H4?)> Hydrocarbons + oxygenates
-l
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Currently, the catalysis of the reduction of CO, to HCO,H is
predominantly focused on homogeneous precious platinum-
group metals (e.g, Rh, Ru, and Ir) associated with relatively
sophisticated ligands.”” These catalyst precursors are highly
active, allowing turnover frequencies (TOFs) of several
hundred thousand catalytic cycles. However, these systems
typically involve stoichiometric amounts of an amine or another
strong base as a coreagent or buffer solution.”” Conversely,
examples of heterogeneous-based catalysts are relatively rare
and give only very low CO, conversions.'’ There is also a
profusion of reports on the use of FT catalytic systems using
CO, that are based on Fe, Co, and Ni catalysts, but they usually
operate at high temperatures (>250 °C).'"'* In fact, Fe-based
catalysts are considered to be ideally suited for CO,
hydrogenation due to their intrinsic WGS and RWGS activity."”
Hence, the generation of HCs from CO, hydrogenation
involves a delicate balance between the RWGS (CO, partial
hydrogenation) and FT (CO hydrogenation) pathways.'* This
can in principle be better accomplished by the use of a
bimetallic catalyst that can induce both the RWGS and the FT
reactions. However, classical bimetallic heterogeneous catalysts
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such as CoFe'® and CoPt'® usually mainly produce light HCs
(C,—Cy).

We now address the challenge of the use of hydrophilic/
hydrophobic ILs as catalytic supports for bimetallic RuFe NPs.
This system can drive CO, hydrogenation in IL/buffered media
to the formation of HCO,H or, by employing a hydrophobic IL
to shift the equilibrium, toward FT products via the RWGS
(Scheme 2). Indeed, ILs form a cage around NPs, providing an

Scheme 2. Supported IL RuFe NP Catalysts for the
Chemoselective Hydrogenation of CO,

D

H CO, CO COH X&‘ﬂ%-(cm)n_
y lonic Liquid (IL)
PO
% NTf,"/ OAc
QH H HC%CW 043 HCOH
«u?

ionic nanocontainer environment that allows control of the
diffusion of reactants, intermediates, and products (mainly via
hydrophobicity and contact ion pairs) to the catalytically active
sites. Hence, the geometric and electronic properties of NPs
supported in ILs can be tuned by the proper choice of IL
cations and anions, along with NPs that strongly influence the
residence time/diffusion of the reactants, intermediates, and
products in the nanoenvironment.'”'® Moreover, the CO,
solubility in ILs can be modulated by the use of ILs associated
with basic anions via the formation of bicarbonates."’

We now report that CO, hydrogenation can be performed
under mild reaction conditions, employing RuFe alloy NPs in

ILs where the chemoselectivity (leading to HCO,H or HC) can
be modulated by the proper choice of the IL anion.

2. RESULTS AND DISCUSSION

2.1. Preparation and Characterization of RuFe NPs in
ILs. The hydrophobic BMI'NTf, IL was chosen in view of its
stability and its ability to stabilize small mono- and bimetallic
NPs of Fe”” and Ru’' The hydrophilic BMI-OAc IL was
selected due to its buffering properties and its stabilization of
weak carbonic acids, which make it ideal for the reduction of
CO, to HCO,H. The bimetallic RuFe alloy NPs were prepared
by reduction/decomposition of equimolar amounts of [Fe-
(CO);] and [Ru(Me-allyl),(COD)] under hydrogen (18 bar)
at 150 °C for 23 h. A relatively stable black “solution” was
formed, from which highly air sensitive RuFe NPs were isolated
by the addition of dichloromethane and centrifugation. In situ
TEM (Figure 1ab) of RuFe NPs in the BMI'NTf, IL showed
the presence of irregularly shaped NPs with a mean diameter of
1.7 + 0.3 nm together with agglomerates of between 10 and 25
nm.
EDX elemental mapping of Fe and Ru (Figure 1c) with their
overlay provided a direct view of the metal atom distribution,
confirming the alloyed state of the NPs. XRD analysis (Figure
S1) of the isolated material showed the typical diffraction
patterns of a RuFe alloy (JCPDS No. 65-6545), in particular a
hexagonal-close-packed crystalline structure.””

XPS analysis (Figure 1d,e and Table S1) showed the C 1s,
Ru 3d, and Fe 2p peaks. The Ru 3ds,, peak was deconvoluted
into three components corresponding to Ru®, Ru*, and a
satellite peak of Ru**, which have been demonstrated to be
catalytically active sites.”””* The broad Fe 2p;, peak indicates
the presence of Fe in different valence states. The
deconvolution of this peak shows the presence of a small
amount of Fe® (shoulder at ~706.7 eV),” with the main
component being a mixture of Fe’* and Fe®" in octahedral sites
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Figure 1. (3, b) TEM image of RuFe NPs and size distribution, (c) EDS map, overlay of Ru-L and Fe-K of RuFe NPs in BMI-NTT¥,, and (d, e) XPS

analysis of the Ru 3d and Fe 2p signals.

1622

DOI: 10.1021/acscatal.7b03804
ACS Catal. 2018, 8, 1621-1627


http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b03804/suppl_file/cs7b03804_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b03804/suppl_file/cs7b03804_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b03804/suppl_file/cs7b03804_si_001.pdf
http://dx.doi.org/10.1021/acscatal.7b03804

ACS Catalysis

Research Article

and Fe®* in tetrahedral sites.”® The F Is signal showed a peak
associated with uncoordinated NTf, (688.6 eV), and a new
component appeared at 684.8 eV, which may be attributed to
the IL interaction with RuFe NPs (Figure S2) as already
reported for other NPs.'®

M@ssbauer spectra at 4 and 295 K (Figure 2a,b and Table
S2) of the as-prepared RuFe NPs reflected the presence of a
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Figure 2. (a, b) Mdssbauer spectra of isolated RuFe NPs. (c) Magnetic
hysteresis loops, M(H), collected at 300 and S K after cooling in zero
field (ZFC). The inset shows the loops around H = 0 for 300 and S K
after cooling in ZFC and 50 kOe (FC).

RuFe alloy, nanosized Fe** oxides, and a minor amount of a-
Fe.”” The magnetization measurements presented an exchange
bias field (HEB) value of ~110 Oe at S K (Figure 2c), which is
characterized by the structurally disordered surface of the
nanosized Fe** and Ru** oxides.”” Moreover, the magnetization
response to the applied magnetic field at 300 K displays
nonsaturating values of magnetization (related to the presence
of a paramagnetic contribution from the RuFe alloy)™ with a
small hysteresis loop (HC = 208 Oe, M, = 3.7 emu/g)
associated with a small proportion of metallic Fe (Figure
2).2728

A deeper magnetic analysis (Figure S4) suggests that metallic
Ru and Fe are mainly in the core and nanosized Fe and Ru
oxides are probably formed by surface oxidation of the NPs,
which is in agreement with the XPS and Mossbauer analyses.

2.2. FTS Catalytic Properties of NPs in ILs. The RuFe
NPs are active catalysts for the hydrogenation of CO, to heavy
HCs in hydrophobic BMI'NTf, IL at 150 °C using a gas
mixture (H,/CO, = 4/1) under 8.5 bar (Table 1). No
significant HC production was detected over Fe NPs of 4—5

Table 1. CO, Hydrogenation to HC in BMI'NTf, by RuFe
NPs“

product selectivity (% C,)

entry NP conversion (%) CH, C,—C, Cy—Cs C,—Cy

1 Fe 4 28 18 54

2 Ru 10 21 52 27

3 RuFe 12 2 57 31 10

4 RuFe” 5 35 10 16

s RuFe® 10 37 34 29

6 RuFe? 10 11 39

7 RuFe® 12 8 4 78 10

8 RuFe” 3 100

“Reaction conditions: 20 mg of NPs, 0.5 g of IL, CO,/H, (1/4, 8.5
bar), 64 h, and 150 °C. *With BMI-BE, IL (CO = 39%). “With BMI-
FAP IL. “With BMI-OAc IL (CO = 50%). “Reaction at 175 °C.
fWithout IL.
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nm” (conversion 4%, Table 1, entry 1), which might be due to
surface poisoning of the catalyst by carbon deposition, causing
rapid deactivation.”” This phenomenon has been observed
extensively when iron oxide is used without stabilizers or
promoters for CO, hydrogenation.”® When monometallic Ru
NPs of 2—3 nm are used,”’ the formation of HC was detected
with 10% conversion of CO, (Table 1, entry 2). These results
are in oggosition to earlier reports, in which only CH,”" or
HCO,H">** was observed with Ru as a catalyst, indicating the
crucial role of the hydrophobic IL (BMI-NTH,).

By incorporation of Ru into Fe, the RuFe catalyst inherits the
advantages of both components, in which Ru increases the total
activity of Fe by stabilizing it, and Fe tunes the selectivity
toward higher HC through FT (Table 1, entry 3) by promoting
the dominance of the RWGS. It is notable that the hydrophobic
IL (BMI-NTTf,) has a remarkable influence on the conversion of
CO, to heavy HCs, not only stabilizing the catalytic system but
also repelling the formed water from the active catalytic phase
of the RuFe NPs, hence decreasing the water-gas shift reaction
(WGS) and increasing the RWGS and the FT reaction.
Meanwhile, in the water-soluble BMI-BF, IL, RuFe NPs
displayed a lower activity (5%) and selectivity, with the
production of a larger amount of CO (39%, entry 4, Table 1).
This effect may arise due to its hydrophilic nature that not only
reduces the rate of CO, hydrogenation but may also reduce the
FT catalytically active surface species with the dominant CO
path formation. The catalytic performance observed, 12% CO,
conversion and selectivity 10% for heavy HCs (C,—C,,), by
RuFe NPs in BMI-NTY, at 150 °C for 64 h (Table 1, entry 3),
is higher than that obtained using classical Fe oxides,'”*
FeCo,">** or CoPt'**® which operates at >240 °C with 10—
30% CO, conversion and mainly produces gaseous HCs (C,—
Cs).

In addition, we also examined the CO, hydrogenation in
BMI-FAP (FAP = trifluorotris(pentafluoroethyl)phosphate)
hydrophobic IL under our standard conditions. Unfortunately,
RuFe revealed less catalytic activity (10% conversion) and
selectvity to higher chain HC in comparison to CO,
hydrogenation in BMI-NTY, IL (Table 1, entry S). This effect
may be correlated to the greater diffusion coefficients of CO, in
BMI'NTf, IL in comparison to BMI-FAP IL at higher
temperature and pressure.”” However, the use of BMI-PFq
hydrophobic IL is limited because of the generation of HF due
to partial decomposition of the PF¢~ anion during catalytic
reactions in the presence of NPs and formed water. Moreover,
in hydrophilic BMI-OAc IL RuFe NPs showed very high
selectivity toward CO (50%) with lower selectivity to FTS
products (Table 1, entry 6). It is worth noting that no
hydrocarbons were detected at 100 °C, whereas an increase in
reaction temperature (175 °C) using BMI:NTf, IL under
standard conditions did not affect the conversion (12%) but did
affect selectivities toward heavier hydrocarbons (78% C;—Cq,
10% C,—C,,, 4% C,—C, and 8% CH, (Table 1, entry 7).

The catalytic activity of RuFe NPs was also monitored at
different H,/CO, gas pressures using BMI-NTT, IL at 150 °C
for 64 h (Figure 3). At 3 bar of the H,/CO, gas mixture, we did
not observe the hydrogenated products and CO. A very low
conversion (2%) was observed at S bar of gas pressure with a
selectivity of <C," HCs. Increasing the reaction pressure
increased conversion, shifting the equilibrium of the reaction
toward higher hydrocarbons. A conversion of 14% was reached
with the selectivities of HCs 4% of CH,, 47% of C,—C,, 34%
Cs—Cq, and 12% C,—C,,. The recyclability of RuFe NPs was
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Figure 3. Catalytic hydrogenation of CO, vs gas pressure to HC by
RuFe NPs in BMI-NTf,. Reaction conditions: 20 mg of NPs, 0.5 g of
IL, CO,/H, (1/4), 64 h, and 150 °C.

also studied (Figure SS). We observed no signficant changes in
conversion until three runs but a decrease in the formation of
>Cg, HCs after the second run, which may be correlated to the
deposition of coke on the surface of the catalyst.

2.3. CO, Hydrogenation to Formic Acid. Remarkably,
CO, hydrogenation by RuFe NPs in DMSO/D,O solution
containing a hydrophilic IL associated with basic acetate anion
produces exclusively HCO,H at 60 °C (Table 2). No HCO,H

Table 2. CO, Hydrogenation to HCO,H by RuFe NPs“

D,0/DMSO  HCO,H/IL  TON“/TOF
entry NP IL (%)° (M)° )

1 Fe BMI- 5
OAc

2 Ru BMI- S 1.18 19/0.79
OAc

3 RuFe  BMI 5 1.66 56/2.33
OAc

4  RuFe BMI 10 1.01 34/1.42
OAc

5 RuFe® BMI- 5 2.03 400/23.52
OAc

6 RuFe/ 5

7 RuFe  BMI 5
BF,

“Reaction conditions unless specified otherwise: 5.0 mg of NPs, 36 mg
of IL (0.18 mmol), 33 mg of D,O (1.8 mmol), 2.84 g of DMSO (36.4
mmol), CO,/H, (1/2, 30 bar), 60 °C, and 24 h. *Molar ratio of D,O
in DMSO. “Molar ratio of the HCO,H produced to the IL added.
“Moles of HCO,H per moles of Ru surface atoms. 1.0 mg of NPs, 54
mg of IL (0.27 mmol), 33 mg of D,0O (1.8 mmol), 2.84 g of DMSO
(36.4 mmol), CO,/H, (1/2, 30 bar), 60 °C, and 17 h./Without BMI-
OAc.

was formed using Fe NPs (entry 1, Table 2), whereas when Ru
NPs were applied, HCO,H was observed with a molar ratio of
1.18 HCO,H/IL (Table 2, entry 2). By incorporating Fe into
Ru NPs, the HCO,H/IL molar ratio reached 1.66 with a TON
of 56 (Table 2, entry 3), which shows a positive metal dilution
effect.”® The addition of small amounts of water has a
significant effect under the same reaction conditions because
of its dual roles. It not only may accelerate the reaction because
of the combination of CO, with water and IL to form
bicarbonate but may also provide a solvent system with DMSO,
which plays an important role in stabilizing the formed HCO,H
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through H bonding.g Moreover, water has a strong influence on
the structural organization and electronic properties of
imidazolium-based ILs.””* Additional increases in water
content decreased the HCO,H production, resulting in a
HCO,H/IL ratio of 1.01 and a consequently lower TON of 34.
High TON values (400) and TOF of 23.52 h™' with an
HCO,H/IL molar ratio of 2.03 were observed using a small
amount of catalyst (1.0 mg, Table 2, entry S).

It is important to note that no HCO,H was observed in the
absence of the BMI-OAc, which reflects its vital role in the
hydrogenation of CO, to HCO,H on the basis of its buffering
properties and stabilization of weak carbonic acid species.
Although the TONs obtained are much lower than those
employing homogeneous catalytic systems that yield formates
(not free formic acid),’ they are higher than those obtained
using heterogeneous catalysts’>*' and in our case free formic
acid is obtained. Moreover, the addition of a small amount of a
weak base such as NaOAc (5 mg) did not affect the catalytic
activity.

To investigate the effect of the CO,/H, gas mixture on the
rate of the hydrogenation reaction, several different mixtures of
the gases were studied, as shown in Figure 4. The reaction rate

(a) 25 (b) o4
20 204
= T ]
w 15 w 16
2 e |
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5 81
11 112 133 1:4 20 30 40 50 60 70 80
CO./H, T(C)

Figure 4. Formic acid production vs concentration of the gas mixture
(a) and temperature (b). Reaction conditions: 1.0 mg of RuFe NPs, 54
mg of IL (0.27 mmol), 33 mg of D,0O (1.8 mmol), 2.84 g of DMSO
(36.4 mmol), CO,/H, (30 bar), 60 °C, and 17 h.

is significantly dependent on the concentration of H, in the gas
phase (Figure 4a). The turnover frequency was 7.32 h™" at a
CO,/H, concentration ratio of 1/1 and increased to 23.52 h™!
at a ratio of 1/4 (CO,/H,) representing the rate-limiting step,
influenced by the concentration of hydrogen, indicating a zero-
order reaction. Moreover, the influence of the reaction
temperature ranging from 25 to 75 °C is depicted in Figure
4b. The rate of the reaction increases with temperature at a
fixed pressure up to 60 °C. The turnover frequency was only
8.8 h™! at 25 °C and reached a value of 23.52 h™" at 60 °C. It is
important to note that, on an increase in the reaction
temperature (75 °C), the rate of the reaction decreased
significantly; this may be due to the decomposition of HCO,H
into CO and H, 0. Hence, in addition to formic acid, formation
of CO with a minor quantity of CH, was detected in the gas
phase of the reaction at 75 °C. A similar trend was also
reported when PdNi/CNT-GR catalyst’’ was used for the
hydrogenation of CO, to FA in water at different temperatures.

Interestingly, IL (BMI-OAc) plays an important role not only
in the formation of active species but also in the stabilization of
the FA. For instance, we observed a linear relationship between
the amount of IL and the amount of formic acid on a double-
logarthimic scale (Figure S), which provides evidence that IL
acts as a buffer during the hydrogenation of CO, to FA. This
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Figure S. Relationship between the amount of BMI-OAc IL and
HCO,H. Reaction conditions: 1.0 mg of RuFe NPs, 33 mg of D,0
(1.8 mmol), 2.84 g of DMSO (36.4 mmol), CO,/H, (1/4, 30 bar), 60
°C, and 17 h.

behavior is explained by the Henderrson—Hasselbach equation
for buffering systems>** and is consistent with the formation
of free formic acid (not formates) and conistent with the FA/IL
ratio of 2/1 (entry S, Table 2).

2.4. Proposed Reaction Pathways for CO, Hydro-
genation by NPs in ILs. A proposed reaction mechanism for
the hydrogenation of CO, to FA and HCs is represented in
Scheme 3. The production of FA can be followed by the

Scheme 3. Schematic Representation of Mechanistic Routes
for the Formation of FA (i) and Hydrocarbons by RuFe NPs
in IL (ii)

H__ HCO

CO, ° coH
— HCO,H
CO, H, (i) COH 0,
(ii) HGO HCOH . .
O=Ru O=Fe Cco + '(CHz)n'
CO; H OH
(RWGS+FTS)

pathway

hydrogenation of formed bicarbonate (HCO;~) by Ru, which
can be generated by the absorption of CO, in aqueous acetate-
based imidazolium IL systems'’ or/and the carbonate species
through the insertion of CO, into Ru—H bond. An in situ
(high-pressure) HP-NMR experiment (Figure S6) was
performed at 25 °C using 40 bar of an H,/CO, (1/1) gas
mixture and Ru NPs revealed the presence of HCO;~ (158
ppm) and dissolved CO, (124 ppm). On the other hand,
hydrocarbon production has been considered to proceed by a
two-step process with the initial conversion of CO, into CO by
the RWGS followed by chain propagation via FTS. The formed
CO follows the FTS pathway on the surface of Ru and Fe.** It
is presumed that CO is activated as surface Fe carbides
followed by sequential hydrogenation to CH, CH,, CHj, and
eventually CH, or to C,, HC.* It is also proposed that the
formed potential surface species (HCO*, HCOH*, CH*, and
CH,*) correspond to the suggested monomers in the CO
insertion mechanism to the growing chain.*® Since Fe-based
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catalysts are active FTS catalysts to produce long-chain HCs
during the hydrogenation of CO,,*”* it can be assumed that
the Fe phase in RuFe NPs is dominant over the Ru phase for
FTS in the production of heavier HCs.

3. CONCLUSION

We have shown that the simple codecomposition of Fe and Ru
complexes in ILs yields ferromagnetic alloy colloidal solutions
constituted mainly of 1.7 nm NPs. The presence of metallic Ru
and Fe in the core of NPs, surrounded by a RuFe alloy that has
surface Fe and Ru oxides, was confirmed by magnetic and XPS
analysis. The IL forms a cage around the NPs that controls the
diffusion/residence time of the substrates, intermediates, and
products. The distinct CO, hydrogenation pathways (HCO,H
or FT via RWGS) catalyzed by the RuFe alloy are directly
related to the nature of the IL anion support and of the metal
alloy. Therefore, the combination of an RWGS with an FT
active metal associated with IL anion basicity and hydro-
phobicity is a highly promising approach to access a new family
of catalytic systems for selective CO, reduction to heavy HC or
formic acid.

4. EXPERIMENTAL SECTION

All of the catalytic reactions and preparation of the NPs were
conducted in a 25 mL stainless steel high-pressure glass-lined
Fischer—Porter reactor having a high-precision pressure gauge
to monitor the reaction and to calculate the catalytic activity
under an argon atmosphere in the glovebox. Bis(2-methylallyl)-
(1,5-cyclooctadiene)ruthenium and iron(0) pentacarbonyl
complexes and DMSO were purchased from Sigma-Aldrich.
Solvents were purified before use. BMI-OAc (1-butyl-3-methyl-
1H-imidazol-3-ium acetate) and BMI-NTf, (1-butyl-3-methyl-
1H-imidazol-3-ium bis((trifluoromethyl)sulfonyl)amide), BMI-
BF, (1-butyl-3-methyl-1H-imidazol-3-ium tetrafloroborate),
anc BMI-FAP (FAP trifluorotris(pentafluoroethyl)-
phosphate) ILs were prepared by well-known methods."”*
The purified ILs were dried and degassed under high vacuum at
50 °C for 2 days prior to use for the preparation of NPs and
catalysis. H, (>99.999%) and CO, (>99.999%) were purchased
from White-Martins Ltd. (Brazil). X-ray diffraction (XRD)
experiments were conducted in a D/max-3B diffractometer
with Cu Ko radiation. The scans were made in the 260 range
20—70° with a scan rate of 10°/min (wide-angle diffraction).
Mossbauer spectra were collected in transmission mode using a
conventional constant-acceleration spectrometer and a 25 mCi
’Co source in a Rh matrix. The velocity scale was calibrated
using @-Fe foil. Isomer shifts (IS) are given relative to this
standard at room temperature. The low-temperature spectrum
was collected in a bath cryostat with the sample immersed in
liquid He. The absorber was obtained by packing the powdered
samples into a Perspex holder. The spectra were fitted to
Lorentzian lines using a nonlinear least-squares method.
Variable-temperature magnetic susceptibility measurements
were performed using a standard PPMS magnetometer while
heating from 2 to 300 K at 50 Oe after cooling in either the
presence (field cooling, FC) or the absence (zero field cooling,
ZFC) of the applied field. Low-amplitude (HAC = 1 Oe) ac
susceptibility curves were measured from S to 100 K as a
function of the frequency, between 100 and 10* Hz, in the
absence of a direct current (dc) applied field. Magnetization as
a function of field (H) was measured using the same
magnetometer in the —80 < H/kOe < 80 ranges at 300 and
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5 K after cooling the sample in zero field. In order to investigate
the EB effect in these NPs, the sample was cooled from 300 to
S K under a constant applied magnetic field of 50 kOe (H,)-
After that, a hysteresis loop was recorded between —80 and 80
kOe at T = 5 K. NMR spectra were recorded on a Varian-400
NMR spectrometer at 22 °C with a relaxation delay of 2 s and
90° pulse angle with 600 scans. GC-TCD analyses were run
with an Agilent MicroGC System 3000A apparatus. GC
analyses were run with an Agilent GC System 6820 containing
a DB-17 column. GC-MS analyses were run with a Shimadzu
QPS0 (EL 70 eV). A CO, hydrogenation test without IL was
performed in a DRIFT cell at respective temperature.

4.1. Preparation of RuFe NPs. RuFe NPs were prepared
by the single-step reduction/hydrogenation of bis(2-
methylallyl) (1,5-cyclooctadiene)ruthenium and iron(0) penta-
carbonyl complexes in BMI-NTf, IL. Typically, a Fischer—
Porter reactor containing 3 mL of IL was placed under reduced
pressure at room temperature for 30 min and filled with argon.
Then, [Ru(Me-allyl),(COD)] (0.5 mmol, 159.7 mg) and
[Fe(CO);] (0.5 mmol, 98 mg) were poured into the IL under
an argon atmosphere and magnetically stirred for 2 min. The
reactor was flushed with hydrogen gas (3 X S bar) to remove
argon. Then hydrogen (18 bar) was charged in the reactor and
the reaction mixture was stirred vigorously at room temperature
for S min and heated at 120 °C for 30 min. Afterward, the
reaction temperature was increased to 150 °C and kept for 23
h. Then, the reactor was cooled and kept under reduced
pressure in order to remove the volatiles. The resulting RuFe
NPs were retained in IL under argon prior to use for
characterization and catalysis.

4.2. CO, Hydrogenation to HC by RuFe NPs in ILs.
Typically, 20 mg of isolated RuFe NPs was dispersed into 0.5
mL of IL in a glass-lined Fischer—Porter reactor (25 mL) and
kept under high vacuum for 30 min at room temperature and
the reactor was filled with argon. Then the reactor was purged
three times with an H,/CO, (4/1) gas mixture to replace
argon, filled with 8.5 bar of an H,/CO, (4/1) gas mixture, and
dipped into a silicon oil bath that was maintained at 150 °C,
and the reaction was allowed to proceed for 64 h. The
conversion was monitored by a total pressure drop. The reactor
was cooled in an ice/water bath and then connected to a Micro
GC to analyze the gaseous products (C;—Cg). The liquid
products (>Cg) were extracted by dried diethyl ether and
analyzed with GC by comparing with authentic products.
Product selectivity has been calculated as the equivalent
amount of the desired HC with respect to the total amount
of HC produced. The selectivity to oxygenates was below 1%
C, and was therefore excluded.

4.3. CO, Hydrogenation to Formic Acid by RuFe NPs.
Catalytic hydrogenation of CO, to formic acid was also
evaluated in a glass-lined stainless steel Fischer—Porter high-
pressure reactor (25 mL). Typically, in a Fischer—Porter
reactor, 5.0 mg of isolated RuFe NPs was dispersed in a
solution containing BMI-OAc (36 mg, 0.18 mmol), DMSO
(2.84 g, 36.4 mmol), and D,0 (33 mg, 1.8 mmol) under an
argon atmosphere. The argon in the reactor was replaced by
hydrogen gas, the reactor was filled with S bar of hydrogen, and
the reaction mass was stirred at room temperature for 10 min.
Then the reaction reactor was flushed with CO, to remove
hydrogen and subsequently charged with CO, (10 bar) and H,
(20 bar). The reaction was conducted at 60 °C for 24 h in a
silicon oil bath. Afterward, the reactor was cooled to room
temperature in ice-cooled water and carefully vented. The
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reaction mixture was centrifuged to remove NPs and analyzed
directly by 'H NMR using DMSO-d to determine the amount
of formic acid produced. TONs were calculated by moles of
formic acid formed per mole of Ru surface atoms.’’ The results
shown in Table 2 were obtained by performing each reaction at
least twice to confirm reproducibility.
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Chapter 5: RuFe nanopatrticles for CO2 hydrogenation

5.3. Results and Discussion

5.3.1. Catalytic activity of RuFe nanoparticles in the hydrogenation of

CO2 to formic acid

The bimetallic RuFe-nanoalloys were prepared by simple co-
reduction/decomposition of Fe(CO)s and [Ru(methylallyl)2(COD)] in 1-butyl-3-
methylimiazolium bis(trifluoromethysulfono)imide (BMI.NTf2) at 150°C under
18 bar of Hz2. Employing this method, highly air sensitive black solution is
obtained, containing RuFe-nanoalloys with a mean diameter of 1.7 + 0.3 nm,
characterized by HRTEM. The nanoalloys can be separated from the IL by the
addition of dichloromethane followed by centrifugation and thoroughly washed

with DCM to remove residual BMI.NTf2. For further information see

publication II.

o}

\ [JIJ
N2 Osc. § 18 bar H,

RU + ‘Fe-C=0 RuFe-NP

\~ C
Y o° & BMLNT,,
i 150°C, 23h

Figure 5.1 Synthetic scheme for the formation of RuFe-NP.

After the isolation of the as-formed RuFe-NP, these heterogeneous catalysts
were re-dispersed in 1-butyl-3-methylimidazolium acetate (BMI.OAc) and after
the addition of DMSO/D20 the reactivity of the aforementioned catalysts
toward the formation of FA at 60 °C (table 5.1) was tested. The RuFe-
nanoparticles are active in the hydrogenation of CO2 to FA. Here a TON value
of up to 400 and a TOF of 23.52 h! with a concentration of a FA 0.14M (table
5.1, entry 5) can be achieved. No FA was formed using Fe NPs (4 nm-5 nm)*/
(entry 2, table 5.1), whereas when Ru NPs (2 nm - 3 nm)* were applied, FA
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Chapter 5: RuFe nanopatrticles for CO2 hydrogenation

was observed, although the catalytic activity was significantly lower as with the
bimetallic counterparts (table 5.1, entry 3). These results demonstrate a

positive metal dilution effect.®

Table 5.1 CO2 hydrogenation to HCO2H by RuFe NPs, see also table 2 publication 119

Entry NPs IL D20/ [FAY/ TONYITOF
DMSOY M h-1

1 RuFe  BMI.OAc 5% 0.11 56/2.33
2 Fe BMI.OAc 5% - -
3 Ru BMI.OAc 5% 0.08 19/0.79
4 RuFe  BMI.OAc 10% 0.07 34/1.42
5 RuFee  BMI.OAc 5% 0.14 400/23.52
6 RuFef - 5% - -

Reaction conditions: 5.0 mg NPs, 36 mg IL (0.18 mmol), 33 mg D20 (1.8 mmol), 2.84 g DMSO (36.4
mmol), CO2/Hz (1:2, 30 bar) 60 °C and 24h. ®Molar ratio of D20 in DMSO. 9concentration of FA
calculated with IL as internal standard. ®Moles of FA per moles of Ru surface atoms. ®1.0 mg NPs, 54
mg IL (0.27 mmol), 33 mg D20 (1.8 mmol), 2.84 g DMSO (36.4 mmol), CO2/Hz (1:2, 30 bar) 60 °C and

17h. "Without BMI.OAC.

Water might accelerate the reaction because of additional H-bonding in
between H20, DMSO and IL and thus facilitate the active intermediate
formation (M-H or M-O2CH). Furthermore, it has been demonstrated that FA
forms clusters with water and DMSO, stabilising the product
thermodynamically.?® Moreover, water has a strong influence on the structural
organization and electronic properties of imidazolium based ILs.?'??2 Additional

increases in water content decreased the FA production (table 5.1, entry 4).
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It is important to note that no formic acid was observed in the absence of the
BMI.OAc, which reflects its vital role in the hydrogenation of CO2 to formic acid
based on its buffering properties and stabilization of weak carbonic acid

species, as already depicted in chapter 4.2

a) b).o2
HCOOH
-0.4
Below 60°C T
- o
CO, + H, ¢ Q 0%
Above 60°C 8 s
CO +CH,
-1.0 1
10 -09 -08 -0.7 -06
) d) log[BMI.OAC]
25 s
201 20-
_g g 1
T 154 L 16-
2 @
10 124
5 64
141 1:2 113 1:4 20 30 40 50 60 70 80
CO./H, T('C)

Figure 5.2 a) depiction of the competiting rWGS reaction and the desired hyfrogenation to FA b)
relationship between the amount of BMI.OAc IL and HCO2H on log log scale, see also publication I
figure 5 c) the TOF and the gas composition, see also publication Il figure 4a; d) the temperature and
the TOF towards FA, see also publication Il figure 4b. Reaction condition: 1.0 mg NPs, 33 mg D20
(1.8 mmol), 2.84 g DMSO (36.4 mmol), CO2/Hz (1:4, 30 bar) 60 °C and 17h.

Furthermore, as observed with [Ru3(CQO)12] catalyst in chapter 4 the ionic

liquid (BMI.OAc) played an important role not only in the formation of active

species but also in the stabilization of the FA. Indeed, a linear relationship
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between the concentration of IL and the concentration of FA in double

logarithm scale (Figure 5.2b and figure 5 in publication Il) was observed.

In order to improve the catalytic activity of RuFe-nanoparticles the effect of the
CO2 and H2 gas mixture was studied. The TOF of the catalyst is significantly
dependent on the concentration of Hz in the gas phase (Figure 5.2c and
publication Il figure 4a). So the TOF can be increased to 23.5 h-! at a ratio
of 1:4 (CO2/H2). This indicates, the hydrogen activation to be the turnover

limiting step for RuFe-nanoparticles.

Upon increasing the temperature the TOF of the catalyst can be increased
until reaching a maximum value at 60°C, reaching here a TOF of 23.5 h-', see
Figure 5.2d and publication Il figure 4b. Upon further increasing the
temperature the observed TOF towards FA decreased due to the preferred
formation CO and CHs4 as indicated by headspace analysis (for further
information refer to publication Il). This side reaction represented the main

hurdle for the catalyst optimization (depicted in Figure 5.2a)

5.4. Concluding remarks on the utilization of heterogeneous

catalyst for the hydrogenation of CO2 to formic acid

The here studied RuFe nanoparticles did show catalytic activity towards the
hydrogenation of CO2 to formic acid. Under optimised conditions a TON of up
to 400 and a TOF up to 24 h' can be achieved. Upon increasing the
temperature the dehydration of formic acid took place, limiting the operational

window for the studied reaction.
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Even though the presented RuFe-NP show catalytic activity towards the
hydrogenation of CO:2 to formic acid, the measured rates are far lower than
those obtained with the simple complex [Ru3(CO)i2]. For comparison, the
highest measured TON with RuFe-Np is 400 and the highest TOF is 23.5 hL.
In comparison, a TON of 17,000 and a TOF of 300 h? was observed with
[Ru3(CO)12] as the pre-catalyst under similar conditions. Furthermore the
homogeneous catalyst shows a higher selectivity towards FA then their
heterogeneous counterparts, as under increased reaction temperature with
RuFe-nanoparticles the formation CO instead of FA was observed. In contrast
to this observation the homogenous counterpart can easily be operated up to

a reaction temperature of 100°C without a loss of selectivity.

The activity of the heterogeneous RuFe-nanoparticles in the rwGS (CO +
H20) is observed in the gas phase already at a temperature of 75°C) can be
utilized in the hydrophobic IL BMI.NTf2 to yield hydrocarbons. The mechanism
for the formation of hydrocarbons is believed to follow the reverse Water-Gas-
Shift reaction followed by the Fischer-Tropsch synthesis, which is
thermodynamically favoured by the hydrophobic nature of the utilized IL
BMI.NTf2 shifting the thermodynamic equilibrium to the side of CO, by
expelling water from the catalyst surface. The formed CO is in subsequent a
reaction hydrogenated to the aforementioned hydrocarbons. For further

information see publication II.

As the aim of this thesis was the synthesis of FA from CO2 and Hz, and the
very simple catalyst precursor [Ru3(CO)i2] (25) outperformed the
heterogeneous counterparts, the attention was shifted towards homogeneous
catalysts with designed ligand - and complex properties. Hereby the attention
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was laid upon the electronic and mechanistic aspects concerning the

hydrogenation of CO:2 to FA.
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5.5 Publication 1l Supporting Information: Selective Carbon
Dioxide Hydrogenation Driven by Ferromagnetic RuFe

Nanoparticles in lonic Liquid

Contribution of the author: The author contributed to this publication by
drawing the research plan for the hydrogenation of CO2 to formic acid with
RuFe nanoparticles. Catalyst synthesis, catalytic experiments and the
synthesis of ionic liquids were performed by Dr. Irfan Quadir, in Porto Alegre,
Brazil at the Universidade Federal do Rio Grande do Sul (UFRGS). The author

furthermore contributed in to the preparation of the manuscript.

Reprinted with permission from ACS Catal. 2018, 8, 2, 1621-1627 Copyright

2018 American Chemical Society.
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1. XRD analysis
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Figure S1. XRD measurement of isolated RuFe NPs, the peaks positions were shifted to higher
angles, relative to Ru, indicating that Fe was incorporated into the Ru hcp structure to form an
alloy phase. Similar trend has been reported else where.'

2. XPS analysis of RuFe NPs
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X-ray photoelectron spectroscopy (XPS) measurements were performed using a Kratos
AXIS Ultra DLD instrument. The chamber pressure during the measurements was 5 x
10” Torr. Wide energy range survey scans were collected at pass energy of 80 eV in
hybrid slot lens mode and a step size of 0.5 eV. High-resolution data on the Fe 2p, Ru 3d,
Cl1s,Cl2p, F 1s, O 1s, N 1s and S 2p photoelectron peaks was collected at pass energy
20 eV over energy ranges suitable for each peak, and collection times of 5 min, step sizes
of 0.1 eV. The charge neutraliser filament was used to prevent the sample charging over
the irradiated area. The X-ray source was a monochromated Al Ka emission, run at 10
mA and 12 kV (120 W). The energy range for each ‘pass energy’ (resolution) was
calibrated using the Kratos Cu 2ps;, Ag 3ds, and Au 4f), three-point calibration method.
The transmission function was calibrated using a clean gold sample method for all lens
modes and the Kratos transmission generator software within Vision II. The data were
processed with CASAXPS (Version 2.3.17). The high resolution data was charge

corrected to the reference Cyjiphaic 1s signal at 284.8 eV.?

Table S1. XPS fittings of Ru3d5/2 and Fe2p3/2.

Compound Binding energy (eV) FWHM (eV) Atomic (%)
Ru3d5/2

Ru’ 280.2 1.11 32.4
Ru* 281.9 1.60 23.9
Ru*" (sat) 282.8 1.30 3.87
Fe2psp

Fe’ 706.7 1.67 0.76
Fe®' (oct) 709.4 1.55 8.10
Fe*' (oct) 710.5 3.08 35.3
Fe*' (thd) 713.1 2.87 8.56
Fe®' (sat) 715.7 3.77 6.14
Fe’' (sat) 718.7 3.70 7.92
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Figure S2. XPS measurement of F 1s region in RuFe NPs. The Fls signal showed a peak at
684.8 ¢V, which may be attributed to the interaction of fluorine of anion of IL with RuFe NPs.
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Figure S3. XPS wide scan of RuFe NPs.
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3. Mossbauer analysis of RuFe NPs

Room temperature Mdssbauer spectrum of as prepared RuFe NPs (Figure 2a, 2b and
Table S2), showed two absorption peaks in the velocity range between -0.5mm/s and 1.5
mm/s, which may be fitted by a singlet and a doublet. The estimated isomer shifts (Table
S2) relative to metallic aFe at 295 K, IS, and quadrupole splitting, QS, are similar to
those reported for FeRu catalysts supported on MgO’ and SiO,.*> The singlet is
attributed to FeRu alloy. The IS of the doublet is consistent with high-spin Fe’', S=5/2,
and may be assigned to a nano-sized Fe'* oxide which is superparamagnetic at room
temperature.® In addition to these subspectra a sextet with very low intensity peaks is also
observed at 295 K. The estimated parameters for this sextet are typical of metallic aFe. In
order to confirm the analysis of the 295 K data, a spectrum was also obtained at 4 K.
Instead of the doublet, a six-line pattern with broad peaks is now observed.

This pattern may be approximated by two magnetic sextets with IS and magnetic
hyperfine fields, By , typical of Fe'™ (S=5/2) oxides. The sum of the relative areas of
these sextets suggests the incorporation of approximately 68% of the Fe in Fe'* oxides.
These are nano-sized since at 295 K they give rise to a doublet. In fact at room
temperature the relaxation time tg for the reversal of magnetization in nano-sized oxide
particles is smaller than the Larmor precession time 1 of the nuclear magnetic moment
and only a quadrupole doublet is observed in the Mdssbauer spectrum. As the
temperature decreases tr increases and at 4K it is already higher than 1y allowing the
observation of the magnetic sextets.” At 4 K the singlet due to FeRu alloy is still present
evidencing no magnetic transition. This is not surprising considering that the iron-
ruthenium alloys above 23%Ru content are paramagnets. The increase in IS relative to
295 K is explained by the second order Doppler shift. Finally a very low intensity sextet
with parameters typical of aFe is also present. The sum of the relative areas of the sextets
due to the nano-sized Fe’™ oxides at 4 K is slightly higher than the relative area of the
doublet at 295 K. The relative areas of the FeRu alloy and a Fe sub-spectra are
correspondingly lower at 295 K. As explained by Niemantsverdriet' and Nagorny” this
results from a lower Debye temperature of the nano-sized Fe®” oxides, which suggests
they are a surface phase probably formed at the surface of the FeRu alloy particles. The

Mébssbauer data therefore shows the presence of FeRu alloy, nano-sized Fe** oxides and a
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minor amount of aFe (Table S2). The nano-sized Fe’ oxides are probably due to surface
oxidation of the FeRu NPs.

Table S2. Estimated parameters from the Mossbauer spectra of RuFe NPs taken at room
temperature (295 K) and 4 K.

Sample Temperature Contribution IS (mm/s) QS (mm/s) B (T) I (%)
of Fe phase
FeRu alloy 0.05 0.05 - 34
RuFe NPs 295K Fe’* 0.31 0.89 - 60
aFe 0.00 0.00 32.8 6
FeRu alloy 0.08 0.06 - 29
RuFe NPs 4K Fe** 0.51 -0.03 50.1 25
Fe** 0.50 -0.13 46.4 43
aFe 0.12 0.00 34.5 3

*IS (mm/s) isomer shift relative to metallic a-Fe at 295 K; QS (mm/s) quadrupole splitting; By (tesla) magnetic
hyperfine field; I relative areas. Estimated errors are + 0.02 mm s ! forIS and QS, T, <0.2 T for Bysand + 2% for I.
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4. Magnetic measurements of RuFe NPs

Figure S4a displays the variation of magnetization curve with temperature, measured
under an applied field of 50 Oe in the zero-field-cooled (ZFC) and field-cooled-warming
(FCW) protocols. As can be seen, upon an increase in the temperature from 2 K, the ZFC
magnetization increases and reaches a maximum with a value near of 60 K. This
temperature could be considerate the blocking temperature (Tg), defined as the
temperature at which the NPs moments do not relax during the time scale of the dc
magnetization measurement. The value of Ty obtained is relatively consistent with the
nanoscale dimensions detected by TEM analysis, using the well-known expression K¢V
~ 25kgTp with K¢ being the effective magnetic anisotropy constant.® To derive rough
volume estimation, it is possible to assume the order of magnitude of a bulk common iron
oxide (=1 x 10_s erg/cm’). With this, we get a mean size for the diameter D ~ 3 nm. In
contrast with the typical behavior of superparamagnetic (SPM) ensembles, in which the
ZFC and FC curves converge just above Tg, an irreversibility between the ZFC and FCW
curves persists even at 300 K, far above the blocking temperature; this behavior may be
attributed to enlarged anisotropy in the system or strong interparticle interactions
denoting similar characteristic than reported in others superspin glass (SSG) systems that
are ferromagnetic in the ground state.” Moreover, instead of the expected monotonic rise
with decreasing temperature of superparamagnetic coupling, the FCW magnetization
reaches a maximum at = 47 K and then decreases below this temperature (see inset of
Figure S4a). A drop in the FCW magnetization below a critical temperature is usually
associated with the collective freezing of the system and can indicate the presence of a
spin-glass like phase."

The magnetic behavior detected of Figure S4a indicates that a deeper analysis of
magnetization dynamics in the NP ensemble is necessary to classify the magnetic
coupling of these NPs. To this end, low-amplitude (Hoc= 1 Oe) ac susceptibility curves
were measured from 5 to 100 K as a function of the frequency, between 100 and 10* Hz,
in the absence of a direct current (dc) applied field (Figure S4b and S4c), which allows us

to probe the relaxation of particles in different time windows. As can be seen, the peak
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position of the temperature of freezing, Ty, shifts toward higher values with increasing

frequency in the real part of the susceptibility M'(T).
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Figure S4. (a) Temperature dependence of magnetization under zero-field cooled (ZFC) and field
cooled-warming (FCW) protocols at 50 Oe. The inset displays an expanded view of MFCW
below 75 K, (b) real part (M’) of the ac magnetization measured under different excitation
frequencies from 10000 to 100 Hz. The blue solid line of the inset of figure shows the fit to the
Vogel-Fulcher model, and (c¢) imaginary part (M’’) of the ac magnetization measured under
different excitation frequencies from 10000 to 100 Hz.

The peak shift per frequency decade is quantified in the phenomenological parameter ¢ =
AT¢T¢A(log f). Depending on the interactions between the magnetic moments, Tr can be

weakly (strong interactions) or strongly (weak interactions) dependent on the frequency.
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In the presented NPs, ¢ = 0.025. This calculated value is outside the expected range for
superparamagnetic compounds (¢ = 0.100—0.130) but is in the range of many canonical
spin glass systems (¢ = 0.005-0.06).'° This scenario is usually considered as fingerprint
of the spin-glass-like behavior in NPs. The characterization of the collective freezing
process through which the system crosses into the low-temperature glassy regime was
initially performed by fitting T¢ to the Neel-Arrhenius (NA) law. The fitting yielded
unphysical results. This issue clearly shows that the dynamics of these NPs cannot be
explained with a non-interacting particle model. Thus, we extended our analysis to the
Vogel-Fulcher (VF) model of relaxation for interacting particles or spin clusters with

uniaxial anisotropy that takes into account weak interparticle interactions.

= toexp [ ]
P R (T — Ty

Ea is the anisotropy energy barrier and 7y is the relaxation time of individual NP. The
term T, is the characteristic temperature which gives a qualitative measure of the
interparticle interaction energy. The obtained fitted (inset of Figure S4b) parameters have
reasonable values of Ea =292 K, 1o = 1.9 x 10 s, and T, = 54 K. The proximity of the
fitted value Ty to the cusp in the FCW curve indicates collective freezing below 50 K. In
the absence of an external magnetic field, the E, can be assumed to be proportional to the
particle volume V, EaZKefstinZO, where K. is an effective magnetic anisotropy constant
and 6 is the angle between the magnetic moment of the particle and its easy
magnetization axis. Using the average particle radii from TEM data and assuming that are
spherical particles, we obtained the values of K= 1.534 x 102 erg/cm3. The resulting
effective anisotropy is quite larger than the magnetocrystalline anisotropy constant of
most common iron oxides ~ 1 x 10 erg/cm’, and therefore some contribution can be
detected from the surface spins. "

In order to study the response of magnetization to the applied magnetic field, we have
measured the M(H) curves within £ 80 kOe range at two selected temperatures: 300 and
5 K (Figure 2¢). M(H) loops for both temperatures display nonsaturating values of
magnetization, this feature being more remarkable in the case of 5 K. This issue could be

relate with the presence of paramagnetic contribution of the FeRu alloy'? in the NPs as
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detected in Mossbauer spectroscopy. In addition, a small hysteresis loop is found (H¢ =
208 and 410 Oe, Mr = 3.7 and 8.7 emu/g for 300 and 5 K, respectively, see the inset in
Figure 2c¢), as expected from the splitting of the Mypc(T) and Mpew(T) curves up to T =
300 K (Figure S4a). A striking consequence of the different orientation of the surface and
core spins, as well as the large number of uncompensated spins at the shell of the NPs is
the observation of exchange bias (EB) (i.e. a horizontal shift in the M—H loop and an
increase in coercivity after cooling in a magnetic field). Recent experiments have
demonstrated that core/shell particles Fe/y-Fe,Os core/shell, core/void/shell NPs display
this phenomenon with a collective freezing of spins into a super spin glass-like state,
mediated by dipolar interparticle interactions." In order to investigate the EB effect in
these NPs, the sample was cooled from 300 down to 5 K under a constant applied
magnetic field of 50 KOe (Hcoo1). After that, a hysteresis loop was recorded between -50
and 50 kOe at T = 5 K (see inset of Figure 2¢). The EB field'* is denoted as the horizontal
shift of the central point of the loop measured under a given Hc,, relative to that
measured under Heooi = 0 loop, i.e., Hgg = (Hc + Hep)/2, where He and He; are the left
and right coercive fields, respectively. In these NPs, Hgp reaches a value of ~ 110 Oe at 5
K. Therefore; we suggest here the following explanation for the existence of a low-
temperature EB effect. In the presence of an applied magnetic field, the small fraction of
FM Fe core spins align parallel to the field direction during the cooling process from
T>Tg down to T<T>Tp, while the magnetically disordered iron oxide spins thermally
fluctuate. Therefore, these (core)@(shell) nanoparticulated system is characterized by a
structurally disordered shell that, rather than being AFM, behave as a SG-like system due

to its reduced dimensionality of NPs.
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5. Recyclability of RuFe NPs

I conv. [l cH, I C:-C,

60_ - C5-CG-C7-CZ1

Conv. & selectivity (%)
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Figure S5. Recyclability of RuFe NPs in BMLNTT; IL; Cat. 20 mg, IL= 0.5 g, 8.5 bar (CO,/H,,
1:4), 150 °C and 64 h. CO (10%) was detected in forth run.
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6. High-pressure BC-NMR spectrum using Ru NPs
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Figure S6. High-pressure "C{H}-NMR at 25 °C of BML.OAc/D,0/DMSO-d, using Ru NPs (2
mg) at 40 bar of CO/H, (1:1). (*-Signals of CO,-imidazolium adduct)

S12



7. Representative "H NMR spectrum for the hydrogenation of CO, to formic acid
(HCO;H)
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Figure S7. Typical 'H NMR spectrum of a CO, hydrogenation to formic acid (HCO,H) in
DMSO/D,0/BMI.OAc.
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8. CO; hydrogenation to hydrocarbons by different heterogeneous catalysts from

literature

Table S3. Summary of catalytic hydrogenation of CO, by Fischer-Tropsch by different catalysts
from literature *

Ref. Type of Cat. Conv. T/t P Selectivity (%)
Cat. (%) (bar)

CO CH; CyC, >Cs
15 Fixed-bed  Co-Pt/Al,0, 6.8 220 °C 19 - 93.1 6.8 -
16 Fixed-bed Co-Fe-K 27.2 270 °C 92 139 708 13.2 0.4
17 Fixed-bed Co-Fe-K 14.5 240 °C 12 151 543 26.7 -
18 Fixed-bed CeO»- 10 250 °C - 60 40 -

Pt@mSiO,-
Co

19 Fixed-bed Fe,0, 40 350 °C 15 15 12 37 36
20 Fixed-bed  Fe-Zn-Zr/HY 22 340 °C/2 h 50 13 9 63 15
2 Fixed-bed Fe,0, 26.9 300 °C 10 19 38 37 4
2 Fixed-bed Fe,0,/ZIF 30 300 °C 30 18 20 52 10
» Fixed-bed FeK/AlLO; 54.4 400 °C 30 15 20 339 311
This study - Fe NPs 4.0 150°C/64h 8.5 - 28 72 -
This study - Ru NPs 10.0 150°C/64h 8.5 - 21 79 -
This study - RuFe NPs 12.0 150°C/64h 8.5 - 2 88 10

 Conditions: All the catalysts were pretreated under H, or CO at 300 °C for >12 h (except our).
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9. Heterogeneous CO; hydrogenation to free formic acid by different heterogeneous

catalysts from literature

Table S4. Summary of heterogeneous CO,-hydrogenation to prepare free formic acid (HCO,H)
by different catalysts from literature

Ref. Cat. T P (MPa) Solvent Time TON/HCO,H TOF
(°C) Conc. (M) [h]

“ PdNi/CNT- 40 5 H,0 15 6.4/0.02 0.43

GR
3 Ru NPs 50 50 Tonic liquid 2 19,862/- 9,931
(DAMI-TAO)

This Ru NPs 60 3 DMSO/H,0/Ionic 24 19/1.18 0.79

study liquid (BMI.OAc)

This RuFe NPs 60 3 DMSO/H,0/Ionic 24 56/1.66 2.33

study liquid (BMI.OAc)

This FeRu NPs 60 3 DMSO/H,0/Ionic 17 400/2.03 23.52

study liquid (BMI.OAc)
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10. Heterogeneous CO; hydrogenation to formate (HCO;) by different
heterogeneous catalysts from literature

Table S5. Summary of heterogencous CO,-hydrogenation systems to prepare formate (HCO;") by
different catalysts from literature

Ref. Cat. T P Solvent Base/Additive Time TON/formate TOF/h
°C) conc. (M)
(MPa)
26 Ru/Ac 80 13.5 EtOH NEt, 1 10/0.05 10
26 Rw/ALO, 80 13..5 EtOH NEt, 1 91/0.455 91
27 AwALO; 70 40 EtOH NEt; 20 215/0.20 11
27 AWTiO, 70 40 EtOH NEt; 20 111/0.09 5.5
28 AWTiO, 40 18 NEt; NEt; 52 855 16.4
2 MCM-Si- 80 14.2 EtOH PPhy/ NEt; 1 1022/0.40 1022
(CH,);-NH,-
RHC13
30 Ir-PN-SBA-15 90 4 H,0 NEt, 1 1100/0.1 1100
31 PEl 5-PN/Ir 120 4 H,0 NEt; 1 248/0.04 248
32 {Si-(CH,);- 80 18 H,0 Amine-based 2 920/1.16 2
NH(CSCH;)Ru- ionic liquid
CL;-(PPH3)}
3 {Si-(CH,)s- 80 18 H,0 Amine-based 2 206/0.49 103
NH(CSCH;)Ru- ionic liquid

CL;-(PPH3)}
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Chapter 6: Ru-pyridylamide complexes for CO2

hydrogenation

6.1. Introduction

Pyridinylidene amide (PYA) and pyridinylidene amine (PYE) ligands display
high donor flexibility.12 For instance, the PYE scaffold can exist in two forms,
a neutral and a zwitterionic resonance form. A similar behaviour can be
assigned to PYA scaffolds.®* A major difference between the PYA - and PYE
scaffold is the enhanced coordinative flexibility induced by the oxygen in the
amide moiety in the PYA moiety. Here a second zwitterionic structure can be

drawn, see figure 6.1.3
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Figure 6.1 Resonance structures of PYA (a) and PYE (b) scaffolds.

Furthermore PYA ligands display similarities to N-heterocyclic carbene (NHC)

ligands, i.e. a strong o donation and a net overall charge of 0.°> However, a
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Chapter 6: Ru-pyridylamide complexes for CO2 hydrogenation

major difference between PYA’s and NHC'’s is the bond polarity between the
metal centre and the coordinative site. In the PYA, the metal nitrogen bond is
strongly polarised, i.e. the N been negatively polarised, whilst the metal been
positively polarised. This is in contrast to the more neutral bond between the

metal centre and the carbon in NHC complexes,.®

This leads to a high susceptibility towards nucleophilic and electrophilic attacks
with PYA’s.® Consequently, PYA donor sites are often combined with a second
donor site to hold the metal centre tightly to the ligand scaffold, prohibiting the

decomposition of the active catalytic species.3*

Bidentate complexes bearing PYA ligands have been employed in catalytic
transformations such as olefin dimerization,” water oxidation,?
dehydrogenations®# and transfer hydrogenations.* However, as this thesis
deals with the hydrogenation of CO2 with Ru as the catalytic metal species,
the focus is laid on reactions involving Ru-PYA'’s in dehydogenations and

transfer hydrogenations.

A major feature of PYA-Ru complexes in dehydrogenations and transfer
hydrogenation reactions is the flexibility of the N donor site. For instance, Ru-
PYA complexes utilising triazolylidene as a wingtip (4), showed excellent
activity for the transfer hydrogenation between isopropanol (IPA) and
benzophenone.* Interestingly the addition of small amounts of
dimethylacetamide (DMA) significantly increased the catalytic significantly and
full conversion of benzophenone to diphenylmethanol was reached, figure

6.2a.* This finding is most likely due to the stronger contribution of the
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Zwitterionic resonance structure in polar environments, leading to a higher

electron density at the metal centre.
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Figure 6.2 a) catalytic transfer hydrogenation between IPA and benzophenone to diphenylmethanol and

b) dehydrogenation of benzylalcohol to benzaldehyde.

A similar trend was observed with a NHCs as a wingtip (5). Here, the catalytic
activity in the dehydrogenation of benzylalcohol to benzaldehyde proceeded
to a conversion of 32% in DMSO (figure 6.2b), whilst in more apolar solvents
such as toluene only limited conversion is obtained. The reaction is limited
further by the decomposition of the catalyst, observable as a black precipitate
formed during the reaction.? This finding was attributed to the acidic CH2 group
next to the amide moiety in 5, as in comparison no decomposition was

observed with the triazolilydene derivative 4.34

Upon switching the positional arrangement of the PYA scaffold to a meta

positioned amide group (meta-PYA), the electron donating properties of the
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PYA scaffold can be increased. This is due the lack of a neutral resonance

structure in the meta-PYA scaffold, see figure 6.3.%10

a) meta-PYA:
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b) para-PYA:
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Figure 6.3 Possible resonance structure with meta-PYA ligands (a) and with para-PYA ligands (b).3* ¢
10

Indeed, incorporating the meta-PYA scaffold into a pincer ligand platform
combination with Ru, yielded a highly active transfer hydrogenation catalyst.
With the meta complex derivative 6 a catalytic conversion of 97% in the
transfer hydrogenation in between IPA and benzophenone, vyielding
diphenylmethanol, in the presence of 10 mol% KOH was achieved after 2h. In
comparison with the para derivative 7 only 5% conversion was achieved after
6h. This observation was correlated to the higher electron density at the metal
centre. Here a redox potential (Ev2 (Ru'/Ru")) of 0.78 V with the para-scaffold
(30) was observed whilst with the corresponding meta scaffold (6) a redox
potential (Ex2 (Ru'"/Ru™)) of 0.67 V was found.1° The difference in the redox
potential displays a higher electron density at the metal centre for the meta

derivative (6), see Figure 6.4.
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Figure 6.4 meta PYA pincer complex (a) and par PYA pincer complex (b).1°

In the next part, the flexibility of PYA ligands onto the base free hydrogenation
of COz2 to formic acid was described. Here the aim was to gain fundamental
insights for the design of catalysts under base free conditions, with a special
emphasis on the effect of electron donation/withdrawal and sterical

arrangement of the coordinative site.

6.2. Initial screening of homogeneous catalysts

In an initial screening, it was found that the most active catalysts contain a
strong carbene donor as in the case of complexes 1, 2 and 8. In the case of
catalyst 1 an average TOFav of 35 h't and a TON of 669 was achieved, giving
a final concentration of 1.1M, hence reaching equilibrium, see section 4.
Complex 2 showed a TOFav of 21 h"* and a TON of 423, whilst complex 8 only
achieved a TON of 308 and a TOFav of 15 ht. Catalyst 9 and 10 do not possess

a carbene donor and are less active than the catalysts 1, 2 and 8.

172



Chapter 6: Ru-pyridylamide complexes for CO2 hydrogenation

Table 6.1 Pre-catalyst screening

e

—Z@_/

h @] { Sl

I—I

Bu N/
Ru I,N
cr b \\L

Entry Complex [FA]/ TON TOF /
M h-t
1 1 11 669 35
2 2 0.7 423 21
3 8 0.5 309 15
4 9 0.2 119 6
5 10 0.1 82 4

Reaction conditions: 40 bar Hz, 20 bar CO2, 6 mL DMSO:H20 (5 v/v% water), reaction time: 24h,

T=60°C, 3.3 mmol BMMI.OAc.

When complex 8 was employed, a black precipitate was formed which is likely

due to the decomposition of the catalyst. Thus, catalyst 8 was discarded and

further studies were focused onto catalysts 1 and 2 and their isomers.
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6.3. Publication Ill: Catalyst design for highly efficient base-
free carbon dioxide hydrogenation to formic acid

Contribution of the author: In this publication the author conducted all
catalytic experiments, drew the research plan and synthesized all ionic liquids.
The complexes investigated in this publication were prepared by collaborators.

Manuscript preparation was undertaken in collaboration with all co-authors.
Reprinted with permission from

www.chemrxiv.org/articles/Catalyst_Design_for_Highly Efficient_Base-

Free_Carbon_Dioxide_Hydrogenation_to_Formic_Acid
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Abstract

We report on new ruthenium complexes as catalysts for the efficient transformation
of CO; into formic acid as a high-value chemical and fuel. Remarkably, these
complexes catalyze the hydrogenation of CO, selectively and without employing any
base, which improves the sustainability of the process when compared the common
base-assisted technologies. The molecular catalyst design relies on donor-flexible
and synthetically versatile pyridylidene amide (PYA) ligands which allows the ligand
architecture to be varied in a controlled manner to gain valuable insights for the

improvement of catalyst performance. Modification of the ligand properties directly
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influence the catalytic process by shifting the turnover limiting step, the reaction
mechanism and the stability upon the acidification of the reaction media and provide
access to high-performance systems reaching turnover numbers of several

thousands and turnover frequencies up to 350 h2.

Introduction

The transformation of carbon dioxide (CO) into chemicals and fuels is a key
challenge of the 215t century and has gained a lot of interest in recent years.? Indeed,
the synthesis of commodity chemicals, such as (poly)carbonates, hydrocarbons,
methanol, formic acid and specialty chemicals! from CO is highly desirable, as CO.
represents a cheap, and virtually infinite source of C1 building blocks.? Except for
the case of carbonates, CO; has to be reduced to a lower oxidation state. As reduced
and synthetically useful product, formic acid (FA) represents formally the easiest
target, requiring one dihydrogen molecule to react with one molecule of CO to form
FA and reducing formally the oxidation state of carbon from +IV to +Il. Indeed the
transformation of CO; to FA using H: via artificial photosynthesis has attracted high
scientific and economic interest, also because CO» reduction is environmentally much
more benign compared to the current production of FA by formal water carbonylation?®
at a megaton capacity per year.* Furthermore, FA has potential applications as a

hydrogen storage vector.>*°

The hydrogenation of CO; is thermodynamically and kinetically challenging.? Indeed,
the hydrogenation of CO, and H: in the gas phase yielding FA in liquid phase is
entropically highly unfavourable and renders the reaction endergonic.®!! Most
commonly the thermodynamic equilibrium is shifted to the product side by the addition
of stoichiometric amounts of base. Under these conditions a plethora of noble metal

catalyst formed by various types of ligands such as N-heterocyclic carbenes!?*3, half
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sandwich,®> 1#1 pincers!’2° and phosphine?'>> combined with a broad range of
transition metals, including iron,?6-2° nickel,%-3! copper and cobalt®***¢ have shown to
be remarkably active (TON >10°).17 The key step in those processes is the formation
of formate salts and adducts, which shifts the thermodynamic equilibrium to the
product side. This increases the enthalpy and makes the reactions highly exothermic.
Nevertheless, this energy has to be overcome during downstream processing to be
able to utilize the formate salt synthesized in the presence of stoichiometric amounts
of base. Currently, major strategies involve reactive distillation® 2738 or utilization of
scCO,* as eluent phase to liberate formic acid from the reaction media, which is both
economically and environmentally unattractive due to the energy involved as well as

the huge quantities of waste produced.

In a more sustainable fashion, the reaction can be carried out in pure solvents without
the addition of base. In this regard DMSO has found increased attention.*%-42 Here the
basic properties of the solvent are exploited to stabilize the product by hydrogen
bonding*! and can be further enhanced by the addition of small amounts of water.“°
Furthermore, water**-*> and ionic liquids (ILs)*¢*® have demonstrated to facilitate the
formation of FA from CO. and H,. However, in most cases the catalytic turnover-42
and concentrations of FA obtained**“® are relatively modest, with TONs<1000. Very
recently, we have reported that ionic liquids can efficiently mediate the hydrogenation
of CO; to formic acid by acting as a buffer.**’ Indeed, in the presence of ILs the
reaction can be carried out in less basic solvents including THF, MeCN and MeTHF,*’
which are easier to separate than DMSO or water by stripping due to their relatively

low boiling point.

In order to improve the catalytic performance and to benefit from the clear advantages
of base-free FA synthesis, we designed ruthenium complexes containing an
electronically flexible pyridylidene amide (PYA) ligand.**®! These ligands stabilize

different electronic configurations at the metal center through unique toggling
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between a limiting zwitterionic and neutral resonance structure (Scheme 1),%>%*which
is key for efficient redox catalysis.>>*>" Here, a set of neutral and cationic ruthenium
complexes featuring PYA ligands are demonstrated to be efficient CO, reduction
catalysts and produce FA in the absence of a base. Kinetic analysis, electrochemistry
and spectroscopic analyses offer valuable insights into the catalyst reactivity, stability
and activity under buffering conditions and provide structure-activity relationships for

the sustainable CO; hydrogenation to formic acid.

Scheme 1: Limiting resonance structures of PYA ligands featuring a zwitterionic amide (left)
for stabilizing electron-poor (high-valent) metal centers, and the formally neutral limiting imine
resonance form for stabilizing electron-rich (low-valent) metal centers (right); E may be a (non-

)chelating functional group.

Results and discussion

Synthesis of the ruthenium complexes and evaluation of their catalytic activity
in CO; reduction. Complexes 1-3 were synthesized by reaction of the known
pyridinium salts L1-L3 with [Ru(cym)Cl;]. in the presence of NaOAc (Scheme 2).58
This protocol afforded the cationic complex 1 containing a para-PYA ligand stabilized
by a chelating pyridylidene unit in 61% vyield, and the formally neutral complexes 2
and 3 in about 40% yield. These latter complexes were also prepared stepwise from
the pyridinium salt by first deprotonating the pyridinium salt to form the free
pyridylidene, followed by cycloruthenation. All complexes are air- and moisture-stable
solids. Coordination of the PYA ligand site was indicated by the downfield shift of the
PYA proton resonances (e.g. from = 9.25 (DMSO-ds) in L3 to 9.86 (CDCls) for Ho in

complex 3), and the loss of one aromatic signal with concomitant desymmetrization
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of the remaining resonances established successful cyclometallation, see Sl. Further
evidence for the formation of complexes 1-3 was obtained from a single crystal X-ray
diffraction analysis, which confirmed the anticipated connectivity pattern (Scheme 2).
Further details on data collection and refinement parameters are compiled in Tables
S1. Crystallographic data for the structure have been deposited with the Cambridge
Crystallographic Data Centre (CCDC) as supplementary publication number

19182143098.

Complex 1 featuring a pyridylidene NHC ligand and a para-PYA ligand was cationic
and featured an OTf™ anion. Notably, the donor properties of the three chelates is
reflected in the electron density at the ruthenium center, quantified by cyclic
voltammetry and revealing a shift of the Ru'"/Ru' oxidation potential from E, = +0.83
V (for complex 1 with a formally neutral pyridylidene—PYA chelate) to lower potential
for complexes 2 and 3 with an anionic phenyl-PYA chelating ligand (E1» = +0.52 and
+0.46 V vs SCE, all values in MeNO3). This trend suggests stronger donor properties
of the meta-PYA unit compared to the para-PYA analogue, in agreement with

previous studies.*®
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Scheme 2. A) Synthesis of complexes 1-3 and the solvent analogues 2-MeCN and 3-MeCN.

B) X-ray structures of 1 and 3 (both 50% probability, OTf anion of 1 and all H atoms omitted

for clarity)
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The neutral complexes 2 and 3 were readily transformed into their cationic species 2-
MeCN and 3-MeCN, respectively, upon halide abstraction with AgOTf in MeCN
(Scheme 2). Formation of the solvent complex is accompanied by an upfield shift of
the PYA Ha protons and a downfield shift of the PYA Hp protons in 2-MeCN
compared to 2. These shifts are indicative for a larger relevance of the zwitterionic vs
the charge-neutral limiting resonance form, in agreement with the lower electron
density at the ruthenium center when bound to a MeCN ligand vs an anionic chloride.
Interestingly, cyclic voltammetry does not suggest a change of the electronic
configuration at the ruthenium center and the Ru'"/Ru" redox potential of 2-MeCN (Ex/
=0.52 V vs SCE, MeNO: solution) is identical to that of complex 2, suggesting a very
efficient compensation of the lower donor properties of MeCN vs CI- by the more

zwitterionic PYA resonance form (see Sl for further details).

For an initial evaluation of these complexes in CO- reduction catalysis, we chose
DMSO:H:O (19:1 viv%) as the solvent system in combination with 1-butyl-2,3-
dimethylimidazolium acetate (BMMI.OAC) as an additive. Under these conditions, the
ionic liquid, BMMI.OAc, acts as a buffer during the formation of formic acid or the
combination of IL and water may also catalyze the formation of carbonates.*” 5°-61
Further stabilization of the product is imparted by solvent cluster formation by FA,
water and DMSO.4%1 |n the presence of H, and CO- (P(Hz) = P(CO.) = 30 bar, T =
70°C), all PYA ruthenium complexes catalyze the formation of FA without the need of

an external base (Table 1).
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Table 1 Screening of catalytic activity of complexes 1-3-MeCN in the base-free CO:

hydrogenation to formic acid (FA) @

cat. [Ru]
CO, + H, HCOOH
entry [Ru] TON P TOF/h1o [FA]/M P
1 1 4520+40 117+2.2 1.14+0.01
2 2 2190+40 55+3.6 0.55+0.01
3 3 1930440 78+2.2 0.49+0.01
4 2-MeCN 1950+40 122+2.3 0.49+0.01
5 3-MeCN 1520+40 50+0.4 0.39+£0.01

a) Reaction condtions: 6 mL DMSO:water (5 v/v% water), 3.3 mmol BMMI.OAc, 1.52 umol [Ru]
at 70°C, Pu2 = Pcoz = 30 bar; P determined by 'H NMR spectroscopy after 72 h using
BMMI.OAc as an internal standard, average of two independent runs; © calculated by linear

regression (see Sl).

Variation of the ligand scaffold had a pronounced impact on the catalytic activity of
the ruthenium complexes. Complex 1 displays a significantly higher catalyst stability
than complexes 2, 3, 2-MeCN according to the pertinent TON values, while 3-MeCN
produced the least stable system. The 4520 TONs achieved with complex 1 (Table
1, entry 1) are amongst the highest previously reported catalyst performance under
base-free conditions and the final FA concentration of 1.14 M is very close to the
predicted thermodynamic limit of FA concentration of 1.2 M under the conditions
assayed.**4 62 |n contrast, complexes 2 and 3 achieved much lower FA
concentrations around 0.5 M (entries 2-5), suggesting that these complexes have
intrinsic catalytic limitations. While complex 1 is not the only cationic complex in this

series, we note that this complex features a formally neutral pyridylidene—PYA ligand
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scaffold, whereas the other four complexes evaluated here contain a formally anionic

phenyl-PYA ligand.

Complexes 1 and 2-MeCN reach an appreciable maximum turnover frequency
(TOFmax) around 120 h (entries 1,4). Interestingly, complex 2 achieved a significantly
lower TOF value (TOFmax = 55 h™) than 2-MeCN despite the same ligand scaffold.
These complexes only differ in their ancillary ligand (Cl vs. MeCN). An inverse effect
was observed for complexes 3 and 3-MeCN (entries 3,5). Modification of the PYA unit
from a para substituted system in 2 to the more electron-donating meta analogue
(complex 3) increases the rate from 55 h to 78 h', suggesting that electron donating

effects are relevant for imparting higher catalytic activity.

These results clearly indicate that both the PYA-ligand and the ancillary ligand play
an important role on the catalytic activity. In order to identify the effects determining
the rate of catalytic conversion and stability, we investigated a series of parameters
such as turnover limiting steps, effect of pressure, and activation energies for this

base-free CO, hydrogenation process.
Analysis of turnover-limiting steps

In a first approximation, hydrogenation of CO, to FA can be divided into two steps.
First CO: inserts into a metal hydride bond to yield a metal formate complex. In the
second step H: reacts with this complex to release FA and regenerate the active
hydride (Figure 1A). From this simplified mechanism three scenarios can arise: (i)
either H activation is the turnover limiting step (TLS) and the rate is solely dependent
on the partial pressure of Hz, or (ii) COz insertion is turnover limiting and thus the rate
is dependent only on the partial CO; pressure, or (iii) both steps display similar rates
and a dependence on both CO; and H; pressure is observed. In order to probe the
nature of the TLS, we therefore evaluated complexes 1, 2, and 3 under varying partial

pressures of CO, and H..
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Figure 1 Determination of the turnover limiting step (TLS) for complexes 1, 2 and 3. A)
Schematic representation of a simplified mechanism of the hydrogenation of CO, to FA,
divided into two main steps, the insertion of CO- (red) and H; activation (blue). B)-D) catalytic
activity of complexes 1-3 upon variation of the partial pressure P; of either CO, (red) or H;
(blue), whilst keeping the pressure of the other reactant constant at 30 bar. Reaction
conditions: T= 70°C, 6 mL DMSO:H;0 (5 viv% H>0), 3.3 mmol BMMI.OAc. and 1.52 pmol

of ruthenium complex.

With complex 1, the catalytic activity is linearly dependent on the partial hydrogen
pressure, whilst an increase in partial CO, pressure led to a plateau around 150 h™!
when reaching 40 bar CO, pressure, clearly indicating that the TLS is associated with
the H; activation process (Figure 1B). The CO dependence of the rate at low partial
pressure of CO, has been attributed to the high solubility of Hz in CO,, which
increases the effective concentration of H; in the reaction media.®*% A markedly
different behavior was observed for complex 2, as the rate is essentially independent

of the H, pressure, yet directly correlates with changes in the partial CO; pressure
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(Figure 1C), identifying CO: insertion as the TLS. The pressure-dependence of the
catalytic activity of complex 2 is about three times stronger than that of complex 1

(ATOF ca. 5.9 h™t + 0.5 h™tper bar CO; for 2 vs 2.4 h=* + 0.2 h~* per bar H; for 1).

Complex 3 showed a more complex behavior, with a linear dependence on both H;
and COg; insertion (Figure 1D), suggesting that both steps are energetically closely
related. Such a models are supported by catalytic runs for which the total pressure
was kept constant at 60 bar, yet the partial pressures were varied (Figure 2). The rate
is almost unaffected in this regime. The weakly positive dependence on H. pressure
points to H> activation as the slightly more energetic and hence turnover-limiting step

rather than CO: insertion.

200

150 4

50 +

TOF/ h-1

0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65
PHZ / Ptot

Figure 2. Effect of gas composition on TOF for complex 3 by variation of gas composition at
a constant total pressure (60 bar) with 1.52 pmol complex 3 and 3.3 mmol BMMI.OAc at 70°C

in 6 mL DMSO:H20 (5 v/iv% H20).

Interestingly, a change in the TLS as observed for complexes 1 and 2 has not been
reported for Ru(ll) complexes, even though computational studies have predicted that
the activation for CO, and H. are energetically close for Ru(ll)-catalysts.®®

Calculations on the thermodynamics of the hydrogenation process do not
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identify any one step to be particularly facile, and therefore the insertion of
CO2 may be endergonic or exergonic.®%” However, a change in TLS has been

reported upon changing the active metal center. With complexes of Co and Ir, CO-
insertion is rate limiting whilst for Ru and Fe the H; activation is generally considered

as the limiting step. 434465 68

Table 2 Optimized catalytic performance of complexes 1-3 2

Entry  [Ru] Prz2:Pco2 / bar  TON D TOFmax / NT [FA]/M D
b)

1 1 60:30 4520+40 188+8 1.15%0.01

2 2 30:50 201040 186+15 0.51+0.01

3 3 60:30 1930440 13045 0.49:0.01

4 3 30:50 1930+40 11545 0.49+0.01

5 2-MeCN  30:50 1950+40 34060 © 0.49+0.01

) Reaction conditions: 6 mL DMSO:water (5 v/v% water) 1.52 pmol [Ru], 3.3 mmol BMMI.OAc
at 70°C; 9 determined by 'H NMR spectroscopy after 72 h using BMMI.OAc as an internal
standard, average of two runs; © Determined as maximum TOF calculating the variation of FA

concentration as a function of time.

Identification of the TLS for each complex allows for tailoring the reaction conditions
to enhance the catalytic performance of each complex. Under optimized conditions,
l.e. in the presence of an excess of the turnover-limiting component, significantly
higher TOFmax up to 340+60 h~! are accessible (Table 2), even though the TON does
not significantly change compared to the original conditions studied (cf Table 1). This
observation indicates that the catalytically active species remain unchanged, even

though considerably differing reaction conditions are applied.

The variable catalytic activity and the distinct turnover-limiting steps provide evidence

that the nature of the ligand plays a significant role in the hydrogenation of CO; to FA.
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Even relatively small modifications in the PYA ligand architecture lead to significant
changes in the TLS. For example, with 1 containing a chelating pyridylidene unit with
the PYA donor, the TLS is associated with Hz activation, whilst substitution of this
formally neutral carbene with an anionic phenyl chelating group as in complexes 2
and 2-MeCN switches the TLS to CO: insertion. With 3, both these steps are
energetically close. Furthermore, the differences of complexes 2 and 3 indicate that
the TLS is partially defined by the electron density at the metal center, as the meta-
PYA unit induces a higher electron density at the metal center compared to the para-

PYA analogue (see CVs Figure S7 in Sl).

Modulation of the ancillary ligand in complex 2 from Cl to MeCN led to a more marked
dependence of the catalytic activity on the pressure of CO; (Figure 3, (ATOF ca. 9.0
h~! per bar CO,). The stronger dependence is relevant because the TLS for both
complexes is the insertion of CO2. An increase of the partial CO; pressure up to 50
bar therefore leads to an outstanding TOFmax = 340 h™ for complex 2-MeCN. This
complex is therefore the most active one of the series investigated here, and also one
of the best reported to date for the base-free hydrogenation of CO, to FA. Higher
rates are only observed under significantly higher pressures* or temperatures,, and

only at very early stages, i.e. at very low concentrations of FA.®°
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Figure 3. Comparison of catalytic activity of 2 (dotted) and 2-MeCN (solid) upon A) variation
of partial CO, pressures (red) (P(Hz) = 30 bar); and B) upon variation of the partial Hz
pressures (blue) (P(CO-) = 30 bar); General conditions: 1.52 pmol [Ru], 6 mL DMSO:H20 (5

viv% H»0), 3.3 mmol BMMI.OAc, 70°C.

Complex 2-MeCN showed only small rate increases from 122 h=1 to 150 h™ when the
partial H, pressure was increased from 30 to 60 bar (Figure 3B), while complex 2 is
completely insensitive to higher H> pressure (cf Figure 1C). The increasing rate at
higher H, pressures with 2-MeCN may be due to an increased concentration of
reactant, favourable formation of the active hydride or alternatively a consequence of
the higher overall physical pressure. In order to distinguish these effects, complexes

2 and 2-MeCN were investigated at higher pressure entailed by Ar as an inert gas.
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Table 3 Effect of pressure on catalytic performance of 2 and 2-MeCN @

Entry Complex T/°C Ar/bar [FA]/M TON TOF/ht AV¥#/M1D)
1 2 90 50 0.175£0.01 695+42 3453 =0

2 2 90 - 0.195+0.01 749x42 375%x3 -

3 2-MeCN 80 50 0.185+0.01 695+42 3753 <0

4 2-MeCN 80 - 0.14+0.01 564+42 313 -

8 Reaction conditions: Pco2 = 20 bar, Pyz = 10 bar, 6 mL DMSO:water (5 v/v% water), 3.3
mmol BMMI.OAc, 1.52 umol [Ru], 20 h, average of 2 runs; b) sign of AV* estimated from ATOF

between catalytic runs with and without Ar.

The addition of 50 bar of argon to the catalytic system based on complex 2 did not
lead to any significant change in rate of catalytic CO2 hydrogenation (Table 3, entry 1
vs 2). In contrast, a 20% increase of the TOF was observed when 2-MeCN was used
as the catalyst precursor (entry 3 vs 4). The increased rate noted for 2-MeCN

indicates a negative volume of activation according to Eq. 1 in the SI.

This negative value of AV* suggests an associative process for 2-MeCN in the TLS,
while the TLS for the hydrogenation with complex 2 is volume-neutral. Two
predominant mechanisms for the CO; insertion have been discussed which depend
on the nucleophilicity and sterics around the metal center. Hence, strong nucleophiles
such as metal amines, and metal hydrides with low steric demand generally proceed
through a so-called inner sphere mechanism, involving coordination of CO: to the
metal center and simultaneous hydride transfer to the CO- in a concerted, associative
fashion.”®’* With most metal hydrides and other weaker nucleophiles, an outer
sphere mechanism is prevalent, consisting of an initial hydride transfer to CO» and
formation of a zwitterionic intermediate comprised of a positively charged metal center
and a formate anion. In a second step this zwitterionic intermediate rearranges to the
formate complex (cf. Figure 1A).7%"* According to this model, the negative volume of
activation implies a concerted associative TLS for the 2-MeCN-catalyzed process,
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whilst with 2 the outer sphere mechanism with no significant volume change is
dominant. Moreover, these data suggest that the ruthenium-hydride intermediate
derived from 2-MeCN has a lower steric demand or is a stronger nucleophile than the
one derived from 2. It has been shown that the inner sphere mechanism proceeds
faster than the outer sphere mechanism,’* in agreement with the twice higher rate of
CO- hydrogenation observed with 2-MeCN compared to 2 (340 vs 186 h,cf Table

2).
Ligand electronic effects on catalytic activity

The catalytic implications of varying electronic effects of the different PYA ligand
scaffolds in complexes 1-3 has been quantified by determining the activation energy
for CO- hydrogenation with each complex. An Arrhenius plot from rate measurements
in the 60-90 °C temperature range is linear (Figure 3) and provides the activation
energies (Ea) and pre-exponential factors (In A) for the complexes (Table 4). To
further probe the electronic flexibility of the PYA ligand, the activation energy for
complex 2 was also determined in THF as a less polar solvent than DMSO. Lower
polarity solvents were previously shown to favour the neutral PYA resonance
structure more than the zwitterionic one (cf. Scheme 1),%2°* which is also reflected in
the higher Ru"/Ru' oxidation potential of complex 2 in THF than in polar solvents (E12
= +0.63 V vs +0.52 V in MeNO; as proxy for DMSOQ). Activation energies in THF as
the main solvent were measured in the presence of 1-decyl-2,3-dimethylimidazolium

acetate (C10MMI.OACc) rather than BMMI.OAc as IL media.
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Figure 4 Arrhenius plot of 2 in DMSO:water with 3.3 mmol BMMI.OAc (blue), and in THF:water

with 3.3 mmol C10MMI.OAc (red) using 8 pumol catalyst and Pcoz = Pr2 = 20 bar.

Complex 2 in polar and apolar media and complex 3 showed a direct correlation
between the activation energy and the energy donation ability of the ligands. When
compared to the para-PYA ligand system in complex 2 (AE. = 86 kJ mol™; Table 4,
entry 2), the meta-PYA ligand of complex 3 is stronger donating, which is also shown
by the 60 mV easier Ru"" oxidation. This increased electron density lowers the
activation energy by 15 kJ mol= (entry 3). In contrast, the larger contribution of the
neutral resonance structure of the para-PYA ligand in THF lowers the electron density
at ruthenium (110 mV higher oxidation potential) which also imparts a 10 kJ mol
higher activation energy compared to the same complex in more polar DMSO solvent
(entry 4). This observation suggests a relationship between the hydricity of the critical
ruthenium hydride intermediate and the catalytic activity, as established previously
for a wide range of catalysts. The hydricity has been shown to directly correlate with
the electron density at the metal center, hence allowing to estimate the hydride
transfer capability of metal complexes and to compare it to the hydride donor-ability
of formate/formic acid.3® 3436 ¢6. 7277 |n general, higher hydride transfer capabilities

lead to higher catalytic activities in the hydrogenation of CO,. A relationship in
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between the oxidation potential and the catalytic activity has been established
previously with other Ru-catalysts in the hydrogenation of CO» under basic

conditions.”™

Table 4 Comparison of the redox potential, Arrhenius activation parameters @

Entry Complex Solvent lonic liquid AEa/ InA Ei2/V
kJ mol*

1 1 DMSO:water BMMI.OAc 62+42 18+x15 0.83

2 2 DMSO:water BMMI.OAc 86+51 24+1.8 0.52

3 3 DMSO:water BMMI.OAc 71+45 19+x16 046

4 2 THF:water CioMMI.OAc 9631 30+11 0.63

a) Reaction conditions: 6 mL solvent with 5 v/v% H-0, 3.3 mmol IL and P(Hz2) = P(CO2) = 20 bar and 8

pmol catalyst.

While complex 2 and 3 follow the expected trend, complex 1 shows a distinct behavior
and features the lowest activation energy (AE. = 62 kJ mol™) despite having the
lowest electron density at ruthenium according to cyclic voltammetry (entry 1).
Furthermore, complex 1 generated a much higher concentration of FA and TONs
were much higher than those of complexes 2 and 3. These data indicate fundamental
differences in the active species derived from 1 compared to those of 2 and 3,
suggesting a distinct reaction mechanism for complex 1. This difference has been
attributed to a beneficial effect of the overall neutral carbene donor ligand
pyridylidene—PYA donor ligand in complex 1, which imparts higher robustness of the
catalytically active species than the anionic phenyl-PYA chelates in complexes 2 and
3. Moreover, this neutral ligand entails less electron density at the ruthenium center
of complex 1 compared to that of 2 and 3 (Figure 4B), which implies a less nucleophilic
metal hydride for the catalysts derived from 1. Accordingly, the catalytic hydride
intermediate is more resistant to protonation and formation of the inactive ruthenium

dihydrogen complex (Figure 4A). This catalyst passivation through protonation is
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particularly relevant for highly nucleophilic metal hydride species as well as in the high
turnover regime, where larger quantities of FA product impart increasingly more acidic
conditions. Hence, the higher resistance to acidification of the hydride originating from
complex 1 results in higher TON and FA concentrations compared to the performance

of complexes 2 and 3 (Figure 4B).

The gas uptake kinetics for complexes 1-3 supported this hypothesis. An exponential
decay, which fits very well with first order kinetics was observed for complex 1, while
the uptake curve with complexes 2 and 3 strongly deviate from an exponential fit
(Figure 4C). This indicates that complexes 2 and 3 are deactivated before they reach
the thermodynamic equilibrium. It is well established that one major deactivation path
during the hydrogenation of CO; to FA involves the protonation of the active hydride
species,* though with complexes 2 and 3, deactivation may also involve protonation
of the phenyl ligand due to the increased acidity, and subsequent ligand dissociation.
Irrespective of the exact deactivation mechanism for those complexes, the results
obtained here indicate that complex 1 represent an attractive lead complex to develop
new high-turnover catalysts for the hydrogenation of CO, to FA under base-free

conditions.
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Figure 5. A) Correlation between hydricity and catalyst robustness against acidification of the crucial
ruthenium hydride intermediate. B) Correlation between redox potentials E12 (Ru(ll)/Ru(lll)) values of
complexes 1-3 in MeNO: as proxy for DMSO and the corresponding TON of the corresponding catalysts
(Experimental conditions can be found in table 1). (C) Gas uptake kinetics for complexes 1-3, solid lines
represent experimental data obtained at Pn2 = Pco2z = 20 bar in 6 mL DMSO:H20 and 3.3 mmol
BMMI.OAc with 8 umol catalyst and dahed lines the best fit to an exponential decay function. Complex

1 shows a different behavior as gas uptake, fits an exponential decay, but not complexes 2 and 3.

Conclusions

The base-free catalytic hydrogenation of CO- to form FA has a number of technical
advantages and represents a more sustainable approach compared to the
established base-assisted procedures. Direct hydrogenation has inherently a very
high atom economy and therefore represents a sustainable alternative to generate
chemicals and fuels from CO.. Specific variation of the ligands bound to the
catalytically active ruthenium center provided relevant insights into the mechanism of
the reaction and the factors that influence the catalyst performance in terms of TON

and TOF. Fine-tuning of the electron density at the metal center is key for catalyst
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efficiency, with a dual effect observed: high-electron density facilitates CO, bonding
and increases TOF, even though it also enhances the hydricity of the critical
ruthenium hydride intermediate, which favours catalyst protonation due to the
increasing acidity of the medium due to the formation of FA. Hence, while high
electron density at the metal is beneficial for TOF optimization, low electron density
favours the hydride-dihydrogen equilibrium to the catalytically active hydride side,
thus enabling high TON values. This ambivalence of electron density emphasizes the
relevance of fine-tuning the electronic configuration of the metal center. Moreover,
the type of chelating PYA ligand has a direct influence on the nature of the TLS and
depending on the set of ligands, either H, addition or CO; insertion have been
observed as limiting step. Likewise, the ancillary ligand (CI- vs MeCN) modulates the

mechanism of CO; insertion from inner to outer sphere.

Most interestingly, the catalyst precursor comprised of a formally neutral pyridylidene-
PYA ligand showed unique activity. Specifically, the hydricity is markedly reduced and
the catalytically active ruthenium hydride species stabilized, which prevents
protonation even in the acidic product solution. As a consequence, these complex
features results in high turnover frequency and also a two-fold increase in TON
compared to the other complexes, hence representing an attractive lead for further

catalyst development.
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6.4. Results and Discussion

In order to gain a broader understanding of the influence of different catalyst
parameters influencing the reaction mechanism and the catalyst durability,
catalyst 3 was added to the series investigated. Furthermore, the CI ligand
was replaced in the case of 2 and 3 by MeCN (giving 2-MeCN and 3-MeCN).
An increased temperature (70°C) and pressure (60 bar total) led to the
improvement in TON and TOF were reported for the catalyst series

investigated here (table 5).

The complexes behaved significantly differently under catalytic reaction
conditions. Complex 2, 2-MeCN, 3 and 3-MeCN displayed a significant
induction period, whilst with 1 an induction period was not observed (for
tabulated induction times the reader is referred to publication Ill, Sl table S4).
After the induction period all complexes enter a near linear regime for the
formation of formic acid. This linear regime was used to calculate the rate of
the reaction with the varying complexes and by dividing the obtained rate with

the catalyst concentration the TOF was obtained, see figure 6.5.

Upon approaching the final concentration of formic acid the rate of formic acid
formation most likely reduces till the achieved concentration plateaus, see
figure 6.5. However, it is important to note that the reaction was not monitored
continuously but rather the concentrations were determined by stopping
individual reactions at different times, thus relatively low resolution of the

reaction kinetics is obtained.
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Figure 6.5 Observed concentrations of FA in dependence of time with catalysts 1 — 3-MeCN. Black dots
represent measured concentrations of FA, whilst the black line represents the curvature of FA formation
(Note: Due to the high uncertainty of the measurement no fitting function is used), dashed red line
represents the linear regression for the determination of the rate r and the error of the rate ér. Reaction
conditions: 1.5 pumol catalyst and 3.3 mmol BMMI.OAc in 6 mL DMSO:H20 (5 viv% H20) under P(COz2)
P(H2) = 30 bar at 70°C.

Beneath the aforementioned observations, it can determined that complex 1
displays a significantly higher catalyst stability, followed by complexes 2, 3, 2-
MeCN and 3-MeCN. A TON of 4520 and a concentration of FA of 1.14 M (table
6.2, entry 1 and table 1, entry 1 in publication Ill) is achieved with 1, which
is very close to the thermodynamic predictable concentration of FA under the
conditions assayed (thermodynamic equilibrium at [FA] = 1.2 M), see Part |
and Publication I. On the other hand, the rest of complexes achieve FA
concentrations of FA ca. 0.5 M (Table 6.2, entries 2-5 and table 1, entry 2-5
in publication Il), suggesting that these complexes show limitations to the
yield. The most remarkable feature of complex 1 to the rest of the series is a

formally neutral pyridinium carbene wingtip, compared to the formally negative

phenyl carbene wingtip.
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In terms of catalytic activity, complexes 1 and 2-MeCN (table 6.2, entry 1 and

4) showed distinctively higher values of TOF.

Table 6.2 Catalyst screening for the hydrogenation of CO2 to FA; these tabulated results can also be

found in publication Ill table 1 & 2.

/@/< OTf @% oTf
- -NC

o o
2-MeCN 3-MeCN
Entry Catalyst  PH2: Pco2 TON® TOF® / [FA]® /
/ bar h-t M

1 1 30:30 4515 1174111 1.14
2 3 30:30 1932 78422 0.49
3 2 30:30 2193 55+ 3.6 0.55
4 2-MeCN 30:30 1953 122 +2.3 0.49
5 3-MeCN 30:30 1520 50+04 0.39
6 2-MeCN 30:50 1905 342 + 60 0.49
7 2 30:50 2010 180 + 20 0.51
8 3 60:30 1930 1364 0.49
9 3 30:50 1930 12019 0.49
10 1 60:30 4520 192+4 1.15

Reaction conditions: 6 mL DMSO:water (5 v/v% water) in the presence of 3.3
mmol BMMI.OAc at 70°C, Pu:Pco = 30:30 (bar:bar). a) Determined after 72 h
using BMMI.OAc as an internal standard; the average of two independent experiments with
values within the certainty of quantitative *H-NMR measurements. B) calculated from the

linear regression applied in the near linear regime.
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Interestingly, complex 2 achieved a significantly lower TOF value than 2-
MeCN, even though the same ligand scaffold was employed, and they only
differ in the substituents around the metal centre (Cl vs. MeCN). A reversed
effect was observed in 3 and 3-MeCN (table 6.2, entries 2 and 5). The
substitution of the phenyl-para-PYA scaffold in 2 by the more electron donating
phenyl-meta-PYA scaffold in 3 increases the rate from 55 h' to 78 ht,
indicating the importance of electron donating effects on the catalytic activity

observed.
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Figure 6.6 Observed concentrations of FA in dependence of time with catalysts 1 — 2-MeCN. Dots
represent measured concentrations of FA, whilst the red and blue line represent the curvature of FA
formation under either excess pressure of H2 or CO2 (Note: Due to the high uncertainty of the
measurement no fitting function is used), dashed red and line represents the linear regression for the
determination of the rate r and the error of the rate ér. Reaction conditions: 1.5 umol catalyst and 3.3
mmol BMMI.OAc in 6 mL DMSO:H:0 (5 v/iv% H20) under P(COz) = 50 bar P(Hz2) = 30 bar at 70°C (red
lines) and 1.5 pmol catalyst and 3.3 mmol BMMI.OAc in 6 mL DMSO:H20 (5 v/v% H20) under P(COz) =

30 bar P(Hz) = 60 bar at 70°C (blue lines).

Under optimised conditions, i.e. in the presence of excess amounts of the

turnover limiting reagent, significantly higher TOFs are achieved, even though
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the TON does not significantly change to un-optimised conditions, see table
6.2 entry 6-11 and figure 6.6. This indicates that, the catalytically active
species does not change even though considerably differing reaction
conditions are applied. In the following differences in between the catalyst will
be discussed, for further details the reader is referred to publication lll, table

1&2.

6.4.1. Different turnover limiting steps

The first apparent difference between the complexes investigated here is the
difference in the turnover limiting steps (TLS). In order to discuss the different
TLS a simplified scheme to describe the transformation of CO2 to formic acid

with hydrogen will be given here.

In a first step CO2 and Hz must diffuse into the liquid phase. This was
considered to proceed significantly faster than the following catalytic
transformation of CO2 and H2 to formic acid and thus was not included in the
development of the rate law. Also, it was assumed that neither the diffusion of
the gases nor the solubility of the reactants in each other does play a
significant role onto the observed rate. Accordingly, the concentration of
reactants in the liquid phase was considered constant and the concentration
of reactants could be calculated with Henry’s law, see section 1.2.1 equation

1.3.

Despite the previous assumptions, it is important to note that diffusion and

effective solubility might be significantly affected by cross effects, i.e. it is well
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established that H:z is highly soluble in (near-critical and supercritical) COz,
thus increasing the partial pressure of CO2 might alter the solubility of Hz2 in
the liquid phase.333% Also, diffusion might be inhibited by the viscosity of the
solvent system (the system DMSO:H20 and BMMI.OAc is a highly viscous
one). Therefore, increasing the concentration of a reactant with low viscosity
might significantly alter the viscosity of the whole solvent system, and thereby

having a beneficial role onto the diffusion coefficients of both reactants.

Indeed, cross effects concerning effective concentration and diffusion of H2
with COz-expanded solvents has been described to affect the effective rate of
CO:2 transformation to FA.3? In order to evaluate the precise effect of
alternating concentration of for example Hz in CO2 expanded solvents and the
effect of diffusion onto the rate, further experiments would be necessary.
Nonetheless, diffusion and alternating concentration of Hz in CO2-expanded

can be expected to have only a minor effect onto the observed rate of reaction.

After diffusion of the gases into the liquid phase, CO2 and H2 are catalytically
transformed to formic acid. In a simplistic model this step can be divided into
two steps (see also section 1.2.2 figure 1.14). First CO:z inserts into the active
metal hydride forming the formate complex. In the next step H: is activated,
recovering the active hydride and releasing formic acid. This simplified

mechanism is depicted in the figure 6.7.
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Gas Phase

l. Step: Gas diffusion

CO, (g) Hz (9)
f[km(CO2) 1|km(H2)

k_m(coz)" Liquid Phase k—m(HZ)”
CO; (aq) H; (aq)

Step: Catalvtic transformation

HCOO™ + H*

CO
ky k1 2

H

L.
<L/M—02CH

Figure 6.7 Process for the hydrogenation of CO:2 to formic acid. First CO2 and H2 are transferred from
the gas phase to the liquid phase (l. step). Afterwards they are transformed in a catalytic cycle to formic

acid (Il. Step).

From this simplified mechanism two cases can already be envisioned. In the
first case, the CO:2 insertion is much slower than the hydride recovery (k; <
k,). In the second case the hydride recovery is much slower than the CO2
insertion (k; > k). Accordingly, two scenarios can already be derived. In the
first scenario the rate is solely dependent on COz, in the second scenario on
H2. The rate laws for the first two scenarios are depicted in the equations

below.

d[HCOOH]

—— = ki[COx(a)][M — H] for (ky < k;) (6.1)
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d[HCOOH] _

—— = ka[Hy(aq)][M — 0,CH] for(k; < ki) (6.2)

Furthermore, it can be assumed that if k; « k, or k; > k, only one
intermediate species is present in the solution, as the other intermediate is
immediately consumed after formation, hence [M — H] = [Cat], respectively

[M — 0,CH] = [Cat] (with [Cat] being the concentration of catalyst in solution).

However, in some cases k, = k; thus the assumption that only one catalytic
intermediate is present is incorrect. In order to derive a rate law for this case

a steady state approximation for the catalyst is assumed, see equation 6.3.

d[M—0,CH]

——— = ki[CO(aq)][M — H] = k;[H;(aq)][M — 0,CH] = 0 (6.3)

From equation 6.3 equation 6.4 can be obtained.

[M—H] _ ka[Hy(aq)]
[M=0,CH] ~ kq[CO2(aq)] (6.4)

With the catalyst concentration defined here as [CAT]= [M — 0,CH]+

[M — H] equation 6.5 can be articulated.

_ _ k;[H(aq)]
[CAT] = [M — 0,CH](1 + r1[C0s (aq)) (6.5)

Resolving equation 17 towards [M — 0,CH] and inserting the result into

equation 6.2, equation 6.6 can be obtained.

d[HCOOH] _ ky[H,(aq)][Cat]
dt - (1+ ka[Hp(aq)] ) (6.6)
k1[CO2(aq)]

Here an increased concentration of either gas will lead to an increased rate if
k,[H,(aq)] = k{[CO,(aq)], thus a third case can be postulated in which the

reaction rate is dependent on both reactants.
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Indeed, all three cases can be found with the complexes investigated here.
When complex 1 was employed as catalyst, the turnover limiting step (TLS)
was clearly associated to the H2 activation (see also publication IllI, figure 1).
Indeed, Figure 6.8b shows a linear dependence on the partial pressure of Ha.
In contrast the TOF plateaus at about 150 h! upon increasing the CO:2
pressure from 40 bar COz2 to 50 bar CO2. The initial increase in rate, when
CO:2 partial pressure is increased (from 30 bar to 40 bar) can be explained by
the high solubility of Hz in COz, thus increasing the effective concentration of

H2 in the reaction media at higher CO:2 pressures, Figure 6.8b.

The TLS of 2 is associated with the CO: insertion. On the one hand complex
2 displays a linear relationship of partial pressure of CO2 and measured TOF,
reaching 186 h' at 50 bar CO2, Figure 6.8c. On the other hand the TOF
plateaued if the partial pressure of H2 was increased above 30 bar. The same

behaviour was observed with catalyst 2-MeCN (see publication Ill, Figure 3).

With 3 the third case is observed, i.e. the CO:2 insertion and Hz activation are
energetically closely related. In this way, the change in activity as a function of
partial pressure of H2 and CO:2 did show a linear correlation in both cases

(Figure 6.8d) and no plateauing was observed.
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Figure 6.8 A)-D) variation of the partial pressure Pi of either CO2 (red) or Hz (blue), whilst keeping the
pressure of the other reactant constant at 30 bar. Reaction conditions: T= 70°C, 6 mL DMSO:H20 (5
viv% H20), 3.3 mmol BMMI.OAc. and 1.52 pumol of complexes 1-3 respectively. Note: Points for the
determination of the rate are either given in table 10 or are calculated from the achieved concentration
of FA at at least 2 different times. Data for the calculation is given in table S6-S9 in publication Il SI
and an exemplary calculation is given separately in the methods part of this chapter and this figure is

also given in publication Il as figure 1.

After determining the reaction rate in dependence of the reactants (CO2 and
H2) with the complexes 1-2-MeCN, the reaction order of the reactants can
estimated. With the estimated reaction orders in hand, the rate constants for
the hydrogenation of CO2 to formic acid were determined (for precise
procedures see experimental section). In general, a significantly higher rate
constant is obtained for complexes, where the rate determining step was not

(solely) dependent on the CO:2 partial pressure, see table below. This effect
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can be attributed to the increased solubility of CO2 in the reaction media

compared to hydrogen.

Table 6.3 rate constants k calculated for complexes 1-2-MeCN.

Complex n(CO2) n(H2) Krea® Kfirst order® /
h-l
1 0 1 0.9142 h't 0.9142
2 2 0 0.0013 Mt ht 0.0044
3 1 1 0.1797 Mt ht 0.5989
2-MeCN 2 0 0.0028 M1 ht 0.0093
3-MeCN n.a. n.a. n.a. 0.3972

a) calculated with the reactant order b) assuming first order dependency with the rate determining
reactant.

Furthermore, a second reaction order can be derived for complexes 2 and 2-
MeCN in respect to COz2, whilst complex 1 displayed a first order dependence
towards Hz, whilst 3 displayed a first order towards both CO2 and Ha. If a first
order dependence is assumed for all the complexes, the rate constants
derived with the here investigated complexes do change, although the overall
catalytic activity remains in the same order (Note a first order dependence

towards hydrogen is assumed for complex 3 and 3-MeCN).

6.4.2. Parameters influencing the rate of catalytic transformation

In the next section focus was on the influence of different parameters on the
observed rate. In the first step the electron donation of 2 and 3 was
investigated, via the redox potential of the parent complexes. The redox
potential is then compared to corresponding activation energy obtained for the

investigated complex.
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Electron donation and observed rate

In order to quantify the effect of electron density onto the rate the activation
energy for complexes 2 and 3 in DMSO:water (5 v/v% water) with BMMI.OAc
were determined. Furthermore, the group of Prof. Albrecht has demonstrated
that the phenyl-para-PYA scaffold exists in two resonance structures (figure

6.9) that can be tuned by switching the polarity of the solvent.3*

/@T* @/“
_Cl _CI
R R —
CLs(@-— CL=CO
(@) (@]

polar environment apolar environment

2 2

Figure 6.9 neutral vs zwitterion ionic form of 2.3

The electron density at the metal centre can be tuned by shifting the
distribution to one or the other resonance structure. This can be achieved by
utilizing more apolar -, respectively more polar environment during a catalytic
experiment.® The different electronic properties of the resonant structures
were employed to study their effect on the activation energy of 2 in different
solvent media. A relatively apolar medium (THF:water) in the presence of 1-
Decyl-2,3-dimethylimidazolium acetate (C10MMI.OAc) was chosen to mimic an
apolar environment and compared to the results in DMSO: water employing

BMMI.OAc as IL media.

It was found that, the oxidation potential of 2 increases from 0.52 V (in MeNO2)
to 0.63 V (THF), thus indicating a lower electron density at the metal centre if
THF is employed as the solvent with 2, see table 6.3, entry 2 and 3. At the

same time an increased activation energy for 2 is measured in THF (96 kJ mol

218



Chapter 6: Ru-pyridylamide complexes for CO2 hydrogenation

1 + 3.1 kJ molt), when compared to DMSO (86 kJ mol* + 5.1 kJ mol?), see
table 6.3. The highest electron density at the metal centre corresponded to
complex 3, evidenced by the lowest oxidation potential of the series (0.46 V).
At the same time the lowest activation energy in this row was determined for

3 71 kJ mol* £ 4.5 kJ mol?), see table 6.3, entry 1.

Table 6.4 Comparison of the redox potential, Arrhenius parameters, respectively table 4 in publication

Entry Cat. Solvent lonic liquid AEa/ InA Eiz2/V
kJ mol?

1 3 DMSO:water BMMI.OAc 71+45 19+16 0.46%

2 2 DMSO:water BMMI.OAc 86+5.1 24+18 0.52%

3 2 THF: water Ci1oMMI.OAc 96+3.1 30+1.1 0.63Y

Reaction conditions: catalyst amount 8 umol, 3.3 mmol IL, 6 mL solvent with 5 v/v% water, P(Hz) =
P(CO2) = 20 bar.a) measurement in DMSO is not possible due to solvent decomposition thus

measurement was undertaken in MeNOz2, which has a similar polarity as DMSO; b) measured in THF

It is important to note that, a relationship in between the hydricity of the active
catalytic species and the catalytic activity of a wide range of catalyst has been
previously established.'? The complex hydricity in turn has shown to correlate
with the electron density at the metal centre, hence allowing to estimate the
hydride transfer capability of metal complexes, and to compare to the hydride
donor-ability of formate/formic acid.*??? In general, higher hydride transfer
capabilities lead to higher catalytic activities in the hydrogenation of CO2. In
this regard complex 2 and 3 do follow an expected trend. Also, a relationship

in between the oxidation potential and the catalytic activity has been
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established previously with other Ru-catalysts in the hydrogenation of COz2

under basic conditions.23

Furthermore, the increased electron density at the metal centre with 3 might
even explain the change in the turnover limiting step when compared to 2.
Here the CO2 insertion might switch from being an endergonic reaction step

(AG<0), with 2, to an exergonic one (AG>0) with 3.

However, the biggest change in catalytic activity (TOF) was not observed with
an increased electron density at the metal centre but with the replacement of
Cl in 2 with MeCN, giving 2-MeCN. It is important to note that both complexes
display the COz: insertion step as the turnover limiting, as shown in figure 3a

and b.

Inner vs. outer sphere mechanism for the CO2 insertion

Two mechanisms for the CO:2 insertion depending on nucleophilicity and
sterics around the metal centre have been described. In the case of strong
nucleophiles (such as metal amines) and metal hydrides with low sterical
demand, an “inner sphere” mechanism is possible, where the approaching
CO2 simultaneously coordinates to the metal centre whilst the hydride is
transferred onto the CO2 in a concerted (associative) fashion.?42° In the case
of weaker hydrides (such as most metal hydrides) an “outer sphere”
mechanism is prevalent, where in the first step a hydride is transferred onto
the approaching CO2 molecule resulting in a zwitterionic intermediate with a
positively charged metal center and a negatively charged formate moiety. In a
second step this zwitterionic intermediate rearranges leading to a formate

complex, figure 6.10.
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Figure 6.10 Inner (top) vs. outer sphere (bottom) mechanism during CO: insertion.

It is important to note that 2-MeCN showed small increases in rate (from 122
h to 150 h'1) when the Hz partial pressure was increased (see publication
[, Figure 3), whilst this was not observed for complex 2. In order to investigate
whether the increasing rate observed under higher Hz pressures with 2-MeCN
is due to an increased concentration of reactant, or whether other parameters
such as physical pressure plays a significant role, a system containing 2,

respectively 2-MeCN under additional pressure induced by the inert gas Ar.

The addition of 50 bar of Ar to the catalytic system led to an increase in the
observed TOF of ca. 20% when 2-MeCN was used as the catalyst (table 6.4,
entries 3 and 4 and table 3, entry 3 and 4 in publication lll). In contrast, no
significant change in rate was observed when 2 was used as the catalyst
(table 6.4, entries 1 and 2 and table 3, entry 1 and 2 in publication Ill). The

increased rate with 2-MeCN can be related a lowered volume of activation?®:

AV* = —RT (d;’;")T (6.7)

where AV* as volume of activation, R as the gas constant, T as the temperature
P as the pressure. A negative value of AV¥ suggests an associative process
for 2-MeCN as opposed to 2. In the case of 2-MeCN the TLS of COz insertion
proceeds most likely in a concerted (associative) fashion, thus resulting in a

negative volume of activation, whilst with 2 the outer sphere mechanism is
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dominant, thus no change in the volume of activation is observed.
Furthermore, it has been shown that the inner sphere mechanism proceeds in
a faster fashion as the outer sphere mechanism and thus might explain the

significantly faster rate observed with 2-MeCN compared to 2.%°

Table 6.5 Effect of pressure on catalytic performance of 2 and 2-MeCN, see also table 3 in

publication llI.
Entry Complex T/ Ar/ [FA] /M r/ Kreal / AV*/
°C bar Mhl Mlht
1 2 90 50 0.175 + 0.0088 0.0018 =20
0.01
2 2 90 - 0.195 + 0.0098 0.0020 -
0.01

3 2-MeCN 80 50 0.185 + 0.0093 0.0019 <0

0.01

4 2-MeCN 80 - 0.14 + 0.0070 0.0014 -

0.01

Remarks: each entry corresponds to the average of 2 separate experiments that differed less than the
confidence of the measurement. AV*sign is estimated from Ak of the reactions comparing each catalyst
with and without Ar. Reaction conditions: t = 20 h, Pco2 = 20 bar, Px2 = 10 bar, 6 mL DMSO:water (5
vIv% water), 3.3 mmol BMMI.OAc, 1.52 pmol catalyst.

Interestingly, 2 displays - as expected — a larger rate constant under the
applied reaction conditions assayed in table 6.5 (see entry 2, table 6.5) as in
table 6.3. The higher rate constant is related to the higher temperature

investigated in table 6.5. In contrast to 2, 2-MeCN displayed a smaller rate

constant in table 6.5, which in turn might be related to the smaller volume of
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activation, i.e. intable 6.5, entry 4 only 30 bar total pressure are applied, whilst

in table 6.3 a total pressure of 60 bar are applied to the system.

6.4.3. Parameters influencing the resistance towards acidic conditions

In this part, the parameter found to influence the durability of the catalyst (TON
and achieved concentration of FA) will be discussed. It is important to note
that complex 1 was the only catalyst in this row of complexes, which achieved

the thermodynamic equilibrium (see table 6.2, entry 1).

This observation was related to the lowered electron density at the metal
centre compared to the other complexes (Eu2(Ru'/Ru") = 0.83 V for 1), see
figure 6.11b. Furthermore, the gas uptake kinetics with 1 followed a first order
kinetics whilst with 2 and 3 a deviation from this kinetics were observed, see
figure 6.11c. This behaviour indicated that 2 and 3 are deactivated prior

reaching the thermodynamic equilibrium.
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Figure 6.11 Correlation between hydricity/ redox potential and resistance towards protonation for the
investigated complexes. B) Redox potentials E1z (Ru(ll)/Ru(lll)) values of complexes 1, 2 and 3 and the
corresponding TON obtained with these catalysts, showing a correlation between redox potential and
TON. (C) Observed gas uptake kinetics for complexes 1, 2 and 3. Complex 1, shows a different
behaviour, fitting to a exponential decay, see also figure 5 publication Il

The relationship in between the redox potential and hydricity, whereas a
decreased hydricity (basicity of the hydride) leads to an increased resistance
towards protonation, is schematically depicted in figure 6.11a. The resistance
towards protonation leads consequently to higher TON values (and
concentrations of formic acid), as the main changing parameter during the
formation of formic acid is the pH (and thereby the concentration of protons in
solution). This finding demonstrates the importance of a deeper understanding
of deactivation mechanisms for the development of new, acid resistant

catalysts in the future. Without a doubt future studies should focus onto this

aspect.
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6.5. Elucidating catalytic intermediates for the hydrogenation
of CO2

In order to investigate the formation and nature of plausible catalytic species,
high pressure NMR (HP-NMR) experiments were undertaken with 3 in
DMSO:D20 under 60 bar Hz pressure. For quantification purposes a capillary
tube containing isopropanol was inserted in the HP-tube. In order to simplify
analysis these experiments were performed in the absence of BMMI.OAc (for

precise experimental details see Experimental section of this chapter).

Interestingly, prior to the formation of any hydridic species the release of p-
cym ligand is observed (highlighted with a green star in figure 6.12). At the
same time shifts in the bidentate PYA ligand scaffold is observed indicating
the formation of a solvate complex 3-S, which can be assumed to possess an

octahedral structure.

It is noteworthy, that the precise nature of 3-S is not known as Cl- does not
give a NMR shift, hence 3-S might also constitute of a charged ionic species
with CI- as a counter anion. Furthermore, a tetrahedral structure cannot be
entirely dismissed for 3-S, although the preferential structure for noble ds

metals is an octahedral conformation.?’
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Figure 6.12 Initial dissociation of p-cym ligand from 3 giving 3-S under 60 bar Hz in DMSO-d6:D20 (5
viv% D20). Each measurement is undertaken after 24h. Green dots represent free p-cym ligand, red

represent signals for 3-S and black dots for 3.

After this initial dissociation of the p-cym ligand, the formation of 3 hydrides
can be observed at -11.06 ppm, -11.46 ppm and -14.46 ppm. Here the peaks
at -11.06 ppm and -14.46 ppm appear as sharp signals, whilst the hydride
species at -11.46 ppm appears broadened. The broadening of the signal at -

11.46 ppm could be due to the formation of a M-H2 complex, however a clear
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determination via T1 determination is inhibited by the high melting point of

DMSO-ds and D20, see figure 6.13.
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Figure 6.13 1H-NMR spectrum of 3 under 60 bar H2 after 192 h of incubation. Blue stars represent
signals which can be unambiguously identified as signals corresponding to hydridic species.

As some peaks in the aromatic region appear at the same time as the hydridic
species, bespoke peaks might be correlated to the hydridic signals discussed
in the previous paragraph. These peaks include a singlet at 9.52 ppm,
corresponding likely to the proton highlighted in red, and a duplet at 8.38 ppm.
Furthermore, both signals can be correlated with a matching integral ratio, see
figure 6.13. Other protons appearing in the aromatic region cannot be clearly

assigned due to strong overlap of various species.

Beneath the aromatic signals an olefinic shift at 6.06 ppm can be associated
to the hydridic species. It is worthwhile mentioning, that olefinic peaks are

neither present in the starting material, nor in the solvato complex 3-S. It is
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very likely that the olefinic peak appears due to protonation or the hydride

acceptation of the ligand.

Unfortunately, neither the integral ratios in the aromatic - nor in the olefinic
region can be associated to the observed hydrides. In the region in between 0
ppm and 4 ppm all shifts appear strongly broadened and therefore a
reasonable integration is challenging and was not undertaken here. A better
resolution could be achieved at lower temperatures, but is inhibited here by

the high melting point of DMSO.

Further assignments of the broadened peaks cannot be undertaken, as a clear
multiplicity pattern cannot be detected. In order to resolve the spectrum the
probe was heated, however this did not lead to any improvement (note cooling
of the probe is inhibited but the high melting point of the solvent system), see

figure 6.14.

Furthermore, 1D-NOESY experiments were undertaken with the hydridic
species in order to clarify whether the broadened signals in positive ppm
region can be assigned to bespoke hydrides. Here no dipole-dipole coupling
can be detected with any of the hydrides and protons appearing in the positive
ppm region. However, a chemical exchange in between the hydrides at -11.46
ppm and -14.46 ppm was observed. This indicates that at least these hydridic
species are interconvertible. As the hydride at -11.46 ppm appears broadened,
this observation could indicate either a deprotonation of a M-H2 complex -
although in this case a proton should be observable in the positive region,
which was not detected - or an oxidative addition of H2 onto the metal centre,

giving two chemically equivalent hydrides at -14.46 ppm, see figure 6.13.
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Figure 6.14 a) inset highlighting broadened signals in the positive ppm-region and b) inset highlighting
three hydridic species. C) time dependant evolution of hydridic species with 3 after the dissociation of p-
cym under 60 bar Hz in DMSO-d6:D20 (5 v/iv% D20), each measurement is undertaken after 24h. d)
VAT experiments with 3 and €) EXSY experiment displaying chemical exchange at various mixing times.
In general, the evolution of the catalytic intermediates required an extensive

reaction time, thus the implication towards the reaction mechanism cannot be
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clearly elucidated. However, the initial dissociation of the p-cym ligand
followed by the formation of hydridic species is in line with the extensive
induction period observed with the catalysts investigated in this chapter. In
order to obtain improved NMR spectra, the investigation should be conducted
in solvents with lower boiling points, i.e. THF-d8, which would allow the cooling
of the probe. In this way a multiplicity pattern might be obtainable and a T1
determination for the broadened hydride at -11.46 ppm could be undertaken,
giving information about the catalytically active species. Furthermore, studies
should be conducted closer to the catalytic reaction conditions assayed

initially.

6.6. Concluding remarks on the utilization of homogeneous

catalysts

In this part it was demonstrated that the catalytic activity can, similar to basic
conditions,'”- 22 be increased by the electron density at the metal centre. This
leads to a catalyst with stronger hydride transfer capability, thus the
thermodynamic difference in between the corresponding formate - and hydride
complex is lowered, leading to higher catalytic activity, see section 6.4, table

6.3. Similar effects have been described previously under basic conditions.t’

At the same time an increased electron density at the metal centre led to
change in the turnover limiting step. Interestingly, a change in the TLS has not
been reported for Ru(ll) complexes, even though computational studies
predict that the activation for CO2 and Hz are energetically close for Ru(ll)-
catalysts.?® Furthermore, the thermodynamics of the process don’t have a
predominant step and therefore the insertion of CO2 can be ender or
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exergonic.'? 2° Furthermore, a change in TLS has been reported for other
metals, like Co and Ir where the CO:2 insertion is rate determining whilst for Ru

and Fe the H: activation has been considered the limiting step. 28 30-32

It was furthermore demonstrated that the mechanism for the CO2 insertion
step can be switched in between an inner and outer sphere mechanism. This
leads to a significantly enhanced catalytic activity as demonstrated with 2 and

2-MeCN, see section 6.4, table 6.4.

However, the most significant new insight is the importance of the catalyst
resistance towards the acidification of the reaction media. It was found that the
lowered electron density at the metal centre with 1 significantly increased the
catalyst durability. Without a doubt a catalyst with high acid resistance would
be highly desirable for the studied reaction. However great care has to be
taken here as a lowered electron density at the metal centre also leads to a
lowered catalytic activity, i.e. on a certain point the catalyst might become
inactive. Most likely the pyridinium scaffold as a carbene ligand might present
here an attractive solution as catalyst 1 achieved, beneath the increased
catalyst durability, acceptable catalytic activities, compared to the other
complexes investigated here, see section 6.3, table 6.2 and section 6.4,

figure 6.11.
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6.7. Experimental

6.7.1. General Information

NMR measurements were performed on a 400 MHz Bruker and ESI-MS
analysis was performed on a Bruker microTOFIl. HP-NMR measurements
were undertaken using the High pressure NMR kit from Daedolus innovations.
Deuterated solvents were supplied by Sigma Aldrich and were used without

further purification.

6.7.2. Investigating hydride formation with 3

Catalyst 3 (15 mg, 31 umol) was dissolved in 0.3 mL DMSO-ds:D20 (5 viv%
D20) and loaded into the ZrO2 NMR tube. The tube was connected to an
Xtreme Syringe Pump provided by Daedalus Innovative Technologies. Then
60 bar Hz was led to the NMR tube, the tube was flushed and then left to
equilibrate at the pressure source. The reaction was checked every 24h to

determine the formation of hydrides.
6.7.3. Exemplary calculation for the rate of formation

In the cases where the concentration of formic acid was determined after less
than three reaction times, the rate was determined by calculating the
difference in between concentrations at each time point and dividing the
difference by the difference in reaction time. An exemplary calculation is given
for 2 at 40 bar CO2 and 30 bar Hz in 6 mL DMSO:H20 (5 viv% H20) in the
presence of 3.3 mmol BMMI.OAc at 70°C (see also figure 6.7. and Table S6

entry 15 & 16 in publication Ill, Supporting Information).
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[FA],y — [FA]l,,  0.09M — 0.02M
r= =

— -1
C Tt = 7nTsh - 03sMh

6.7.4. Determination of reactant order

The order of reactants with catalysts 1 to 2-MeCN can be estimated in two
ways. In the studies presented here, the relative change in rate is compared
to the relative change in pressure of the rate determining reactant. An

exemplary calculation is given below for complex 1.

Puza, T2

)=

Pyz1 L£]

(

60 bar__  0.048 Mh™*
(30 bar’ ~ 0.029 Mh—1

2* = 1.66
- x=085 =1

In an alternative approach the observed rate can be plotted against the applied
pressure of the rate determining reactant on a log-log scale. The slope of the

linear regression displays the order of the investigated reactant.

6.7.5. Determination of rate constants

With the reaction order in hand, the reaction constant k can be calculated

according to the equations below (here shown for complex 2)

r = k[COZ]Z

r

coE - "
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The concentration of CO2 can be calculated using Henry’s law. Henry

constants were derived from reference 36a for CO2 and 36b for Ha.

Alternatively, the concentration of the investigated reactant can be plotted on
In scale (with 15t order kinetics) against the time, respectively the inverse
concentration of the reactant (for 2" order kinetics). As the concentration of
reactant in solution is not monitored during the reaction, this approach was not
undertaken in these investigations. In the same way the, logarithmic
concentration of FA (or inverse concentration if FA) can be plotted against
time. In principle this plot will produce the same information as discussed with
for the reactant concentration. However, as the concentration of FA in
dependence of time was not continuously monitored, a poor resolution of the
kinetic data is obtained, thus this approach was not undertaken either in this

thesis.
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6.8. Publication Ill, Supporting Information: Catalyst design for
highly efficient base-free carbon dioxide hydrogenation to
formic acid

Contribution of the author: In this publication the author conducted all
catalytic experiments, drew the research plan and synthesized all ionic liquids.
The complexes investigated in this publication were prepared by collaborators.

Manuscript preparation was undertaken in collaboration with all co-authors.
Reprinted with permission from

www.chemrxiv.org/articles/Catalyst_Design_for_Highly Efficient_Base-

Free_Carbon_Dioxide_Hydrogenation_to_Formic_Acid
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1. Synthesis of the complexes

General: All reagents were commercially available and used as received.
Unless specified otherwise, NMR spectra were recorded at 25°C on Bruker
spectrometers operating at 300 or 400 MHz (*H NMR) and 100 or 75 MHz (*3C
NMR), respectively. Chemical shifts (6 in ppm, coupling constants J in Hz)
were referenced to residual solvent signals. Assignments are based on homo-
and heteronuclear shift correlation spectroscopy. Purity of bulk samples of the
complexes has been established by NMR spectroscopy, and when possible
by elemental analysis. Elemental analyses were performed at DCB
Microanalytic Laboratory using a Thermo Scientific Flash 2000 CHNS-O
elemental analyzer. High-resolution mass spectrometry was carried out with a
Thermo Scientific LTQ Orbitrap XL (ESI-TOF) by the mass spectroscopy

group of the Department of Chemistry and Biochemistry, University of Bern.

Synthesis of pre-L1: A slightly modified literature procedure was employed.!
N Picolinic acid (1.23 g, 10 mmol) and SOCI2 (10 mL, 16.31
| NG H N 9137 mmol) were refluxed at 85 °C under Nz for 3 h. The
0 \@N excess SOCI2 was removed under reduced pressure and
the resulting solid was washed with pentane. The pentane was removed under
reduced pressure and the crude picolinoyl chloride was dissolved in THF (50
mL). 4-Aminopyridine (0.941 g, 10 mmol) and NEts3 (2.51 mL, 1.82 g, 18 mmol)
were added to the solution and stirred at room temperature for 72 h. The
formed precipitate was removed by filtration and washed with THF (50 mL).
All volatiles were removed from the filtrate solution under reduced pressure to
give a brown solid, which was purified via column chromatography (SiOz;
EtOAc/pentane 7:3). The product fraction was concentrated and precipitated
by addition of Et2O. The white solid was collected by filtration and dried in
vacuo to afford pre-L1 as a white powder (1.111 g, 56%). Analytical data of
this compound are in agreement with those reported.!
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Syntheis of L1: Pre-L1 (200 mg, 1.0 mmol) was dissolved in dry 1,2-
N 20Tt dichloroethane (DCE; 10 mL) and MeOTf (1.14
%H N mL, 1.65 g, 10 mmol) was added. The solution
@) o \@NC\D was stirred at 100 °C for 18 h. After cooling to
room temperature, the formed white precipitate

was filtered off and washed with CH2Cl2 (100 mL). The solid was dissolved in
MeCN (5 mL), precipitated with Et2O (40 mL) and filtered to afford L1 as a

white solid (0.530 g, 82%). Analytical data of L1 are identical with those

reported.?

Synthesis of pre-L2: The synthesis of this precursor has been reported
previously and was slightly modified.® 4-Aminopyridine

©\WH « (0941 g, 10 mmol) and NEts (15 mL, 1.089 g, 10.76
0 \GN mmol) were dissolved in THF (30 mL). Benzoyl chloride

(1.2 mL, 1.211 g, 10.34 mmol) was added dropwise to the pyridine solution.
The resulting suspension was stirred at room temperature for 3 h. The formed
precipitate was removed by filtration and washed with THF (50 mL). All
volatiles were removed in vacuo and the residual white solid was dissolved in
a 10% citric acid solution (10 mL). Addition of a saturated NaHCO3 solution

(100 mL) and subsequent filtration afforded pre-L2 as a white solid (1.270g,
64%). Analytical data of this compound are in agreement with those reported.!

Synthesis of L2: Pre-L2 (396 mg, 2 mmol) was dissolved in MeCN (15 mL)
©\N/H in a pressure tube and Mel (190 pL, 0.425 g, 3 mmol)
N_ . e was added. The mixture was stirred at 80 °C for 18 h.

o \@I\?\ The solution was cooled to room temperature and the
solvent was removed under reduced pressure. The resulting yellow solid was
dissolved in MeCN (5 mL) and precipitated by addition of Et2O (50 mL). The
formed solid was collected by filtration and dried in vacuo to afford L2 as an

off-white solid (0.623 mg, 92%). Analytical data of this compound are in
agreement with those reported.®
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Synthesis of pre-L3: 3-Aminopyridine (0.941 g, 10 mmol) and NEts (1.5 mL,

1.089 g, 10.76 mmol) were dissolved in THF (30 mL).
©\H/H N Benzoyl chloride (1.2 mL, 1.211 g, 10.34 mmol) was

o) | ) added dropwise to the pyridine solution. The resulting
suspension was stirred at 60 °C for 72 h. The mixture was filtered and the solid
washed with THF (50 mL). The filtrates were combined and all volatiles
removed in vacuo. The residual brown solid was purified by column
chromatography (SiO2; CH2Cl2/MeOH 95:5). The prduct fractions were
concentrated and precipitated by addition of Et20 to yield pre-L3 as a brown

solid (1.864 g, 94%). Analytical data of this compound are in agreement with

those reported.*

Synthesis of L3: pre-L3 (396 mg, 2 mmol) was dissolved in MeCN (15 mL)

o and Mel (190 uL, 0.425 g, 3 mmol) was added. The

@(“ N mixture was stirred at 80 °C for 18 h in a pressure tube.

o) \Q ®  The solution was cooled to room temperature and the

solvent was removed under reduced pressure. The

resulting yellow solid was dissolved in MeCN (5 mL) and precipitated by

addition of Et20 (50 mL). The formed solid was collected by filtration and dried

in vacuo to afford L3 as an off-white solid (0.647 mg, 95%). Analytical data of
this compound are in agreement with those reported.?

Synthesis of complex 1: The pyridinium salt L1 (116 mg, 0.22 mmol), [Ru(p-
_|on cym)Clz]2 (61 mg, 0.10 mmol) and NaOAc (180

®I|\l o ) // mg, 2.20 mmol) were dissolved in dry CH2Clz (50
Er/N mL) and stirred at room temperature for 18 h. All
/RU volatiles were removed under reduced pressure

Cl and the crude solid was purified by column

chromatography (SiOz; CH2Cl2/MeOH 95:5). The
red band was collected, concentrated, precipitated by addition of Et2O, and

collected by filtration. After drying in vacuo, complex 1 was obtained as a dark
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red solid (79 mg, 61%). Analytical data of this compound are in agreement

with those reported.?

Synthesis of Complex 2: Pyridinium salt L2 (0.647g, 1.9 mmol) was
o @N/ dissolved in CH2Cl2 (50 mL) and transferred into a separation
N funnel. Aqueous NaOH (50 mL, 2M) was added. After
/Riﬁ( vigorous mixing, the organic phase was collected. The

cl aqueous layer was extracted with CH2Cl2 (3 x 50 mL), the
combined organic layers were dried over anhydrous Na2SO4 and filtered
through Celite. All volatiles were removed in vacuo to afford the neutral
pyridylideneamide as an off-white solid (342 mg, 85%). Analytical data of this
compound are in agreement with those reported.® This solid (200 mg, 0.94
mmol), [Ru(p-cym)Clz]2 (300 mg, 0.49 mmol) and NaOAc (80 mg, 0.98 mmol)
were dissolved in dry CH2Cl2 (50 mL) and stirred at room temperature for 3 h.
All volatiles were removed under reduced pressure. The residue was dissolved
in CH2Cl2 (20 mL) washed with brine. The aqueous layer was extracted with
CH2ClI2 (3 x 20 mL). The combined organic layers were dried over anhydrous
Na2SO4 and filtered through Celite. The filtrate was concentrated and purified
by column chromatography (Al20s; CH2Cl2/MeOH 98:2). The orange band was
collected, concentrated, precipitated by addition of Et2O, and collected by
filtration, affording complex 2 as an orange solid (219 mg, 45%). Analytical

data of this compound are in agreement with those reported.?

Synthesis of complex 3: The pyridinium salt L3 (0.647g, 1.9 mmol) was

| o dissolved in CH2Cl2 (50 mL) and transferred into a separation

N
O@@ funnel. Aqueous NaOH (50 mL, 2 M) was added. After
N
(:f:/ vigorous mixing, the organic phase was collected. The
u
CI/ agueous layer was extracted with CH2Cl2 (3 x 50 mL). The

combined organic layers were dried over anhydrous Na2SO4
and filtered through Celite. All volatiles were removed in vacuo to yield the free
pyridylidene amide as a brown oil (342 mg, 85%). Analytical data of this

compound are in agreement with those reported.? This oil (200 mg, 0.94
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mmol), [Ru(p-cym)Cl2]2 (300 mg, 0.49 mmol) and NaOAc (80 mg, 0.98 mmol)
were dissolved in dry MeCN (50 mL) and refluxed for 3 h. The reaction mixture
was cooled to room temperature and all volatiles were removed under reduced
pressure. The residue was dissolved in CH2Cl2 (20 mL) and washed with a
brine solution. The aqueous layer was extracted with CH2Cl2 (3 x 20 mL). The
combined organic layers were dried over anhydrous Na2SOs4 and filtered
through Celite. The resulting filtrate was concentrated and purified by column
chromatography (Al203; CH2Cl2/MeOH 98:2). The orange band was collected,
concentrated, precipitated by addition of Et20, and isolated filtration. After

drying in vacuo, complex 3 was obtained as a brown solid (259 mg, 43%).

H NMR (400 MHz, CD2Cl2, 298K): 6 = 9.86 (t,*JuH = 1.4 Hz, 1H, CHpva), 9.46
(d, 3Jun = 8.7 Hz, 1H, CHpya), 8.02 (dd, 3Jun = 7.4 Hz,*Jnn = 0.9 Hz, 1H, CHpn),
7.68 (td, 3JHH = 5.7 Hz, *Jun = 1.4 Hz, 1H, CHpya), 7.57 (dd, 3J1H = 8.7, 5.8 Hz,
1H, CHpya), 7.46 (dd, 3JuH = 7.5 Hz,%Jnn = 1.6 Hz, 1H, CHpn), 7.18 (dt, 3Jnn =
7.4 Hz, *Jun = 1.6 Hz, 1H, CHpn), 6.95 (dt, 3Jnn = 7.4 Hz, *Jnn = 0.9 Hz, 1H,
CHpn), 5.29 (dd, 3JnH = 5.7 Hz, 4JuH = 0.9 Hz, 1H, CHcym), 5.12 (dd, 3JuH = 5.9
Hz, 4Jut = 0.9 Hz, 1H, CHcym), 4.90 (dd, 3JuH = 5.9 Hz, 4Jun = 0.8 Hz, 1H,
CHcym), 4.86 (dd, 3JnH = 5.7 Hz, 4JuH = 0.8 Hz,1H, CHcym), 4.17 (s, 3H, NCH3),
2.25 (septett, 3Jun = 6.9 Hz, 1H, cym-CHMez), 1.99 (s, 3H, cym-CHjs), 0.96,
0.92 (2 x d, 3JuH = 6.9 Hz, 3H, CHazirr). $*Ct NMR (100 MHz, CD2Cl2, 298K): &
= 178.49 (CO), 178.03 (Cpn), 156.51 (Cpn), 142.04 (Cpva), 141.40 (CHpva),
141.28 (CHpya), 139.45 (CHpn), 132.84 (CHpya), 130.40 (CHpn), 127.70 (CHpn),
126.50 (CHpya), 122.33 (CHpn), 99.03, 98.20 (2 x Ccym), 91.61, 88.38, 83.36,
82.65 (4 X CHcym), 48.90 (NCHs), 31.31 (cym-CHMez), 23.03, 21.99 (2 x CH3s
irr), 18.90 (cym-CHs). HR-MS: m/z calculated for C23H2sN20Ru [M-CI]* =
447.1010; found: 447.0997. Elem. Anal. Calcd. for C23H25CIN20ORu (482.07)
X0.6 CH2Cl2: C 53.19; H 4.96; N 5.26; found: C 52.97; H 5.22; N 5.42%.
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Synthesis of complex 2-MeCN: Complex 2 (50 mg, 0.10 mmol) were
_IOTf dissolved in MeCN (20 mL) and KOTf (38 mg,

o) @N 0.20 mmol) was added. The mixture was stirred
dN/ = at room temperature for 18 h. The reaction
R{, mixture was filtered through Celite and
MeCN/ concentrated. Precipitation by addition of Et20

and subsequent filtration afforded complex 2-
MeCN as an orange-brown solid (30 mg, 47%).

'H NMR (400 MHz, CD3CN, 298K): 6 = 8.44 (d, 3JuH = 7.5 Hz, 2H, CHpva),
8.01 (d, 3JnH = 7.5 Hz, 2H, CHpva), 8.00 (d, 3JuH = 7.4 Hz, 1H, CHpn), 7.50 (dd,
3JuH = 7.4 Hz, *Jnn = 1.4 Hz, 1H, CHpn), 7.25 (dt, 3Jun = 7.4 Hz, 4Jnn = 1.4 Hz,
1H, CHpn), 7.05 (dt, 3Jun = 7.4 Hz, *Jun = 0.9 Hz, 1H, CHph), 5.62 (dd, 3JnH =
5.9 Hz, 4Jun = 1.0 Hz, 1H, CHcym), 5.60 (dd, 3JnH = 6.0 Hz, 4JnH = 1.0 Hz, 1H,
CHcym), 5.40 (dd, 3JnH = 6.0 Hz, 4Jnn = 0.9 Hz, 1H, CHcym), 5.32 (dd, 3JnH = 5.9
Hz, 4JuH = 0.9 Hz, 1H, CHcym), 4.00 (s, 3H, NCH3), 2.23 (septett, 3JuH = 6.9 Hz,
1H, cym-CHMez), 2.17 (s, 3H, cym-CHz), 0.98, 0.92 (2 x d, 3JuH = 6.9 Hz, 3H,
CHzipr). 13C! NMR (100 MHz, CD3CN, 298K): 6 = 180.33 (CO), 171.87 (Cpn),
168.21 (Crpva), 143.21 (CHpya), 142.84 (Cpn), 140.35, 131.80, 128.89, 124.14
(4 x CHpn), 122.48 (CHpva), 102.00, 100.42 (2 x Ccym), 94.13, 92.24, 90.19,
86.49 (4 X CHcym), 46.08 (NCHs), 31.71 (cym-CHMez), 22.40, 22.33 (2 x CH3
irr). HR-MS: m/z calculated for C2sH2sNsORu [M—-OTf]" = 488.1276; found:
488.1271.

Synthesis of complex 3—-MeCN: Complex 3 (75 mg, 0.15 mmol) was
_| OTf dissolved in MeCN (20 mL) and KOTf (58 mg, 0.31

o N\ mmol) was added. The mixture was stirred at room

: ll ﬁ | _ temperature for 18 h, filtered through Celite, and

R/u concentrated. Precipitation with Et2O and filtration

/ afforded complex 3-MeCN as an orange-brown
MeCN

solid (91 mg, 91%).

H NMR (300 MHz, CD3CN, 298K): 6 =9.30 (t, “Jun = 1.4 Hz 1H, CHpva), 8.84
(dd, 3Jun = 8.6 Hz, “JuH = 1.4 Hz, 1H, CHpya), 8.06 (d, 3Jun = 5.8 Hz, 1H,
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CHpya), 8.00 (dd, 3JnH = 7.4, 4Jun =0.9 Hz, 1H, CHph), 7.77 (dd, 3JvH = 8.6, 5.8
Hz, 1H, CHpvya), 7.45 (dd, 3Jun = 7.4, 4Jun = 1.5 Hz, 1H, CHpn), 7.21 (dt, 3JnH =
7.4, 7.4 Hz,*Jnn = 1.5 Hz, 1H, CHpn), 7.02 (td, 3Jnn = 7.4, 7.4 Hz, *Jun = 0.9
Hz, 1H, CHpn), 5.61 (d, 3Jun = 5.8 Hz, 1H, CHcym), 5.51, 5.26 (2 x d, 3JuH = 6.0
Hz, 1H, CHeym), 5.22 (d, 3Jkn = 5.8 Hz, 1H, CHeym), 4.28 (s, 3H, NCHa), 2.24
(septett, 3JuH = 6.9 Hz, 1H, cym-CHMez), 2.00 (s, 3H, cym-CHz), 0.96, 0.92 (2
x d, 3JnH = 6.9 Hz, 3H, CHsipr). $3Ct NMR (75 MHz, CD3CN, 298K): 6 = 178.29
(CO), 171.02 (C—Ru), 155.68 (Cph), 142.91 (Cpva), 142.50, 141.48, 140.03 (3
X CHpva), 136.34 (CHph), 131.07 (CHpva), 128.33, 127.46, 123.81 (3 X CHpn),
101.32 (Ceym), 100.97 (Cotr), 100.62 (Ceym), 93.39, 91.79, 89.32, 85.34 (4 x
CHcym), 66.27 (NCHs), 49.15 (NCHspvya), 31.67 (cym-CHMez2), 22.48, 22.29 (2
X CHsipr), 15.61 (cym-CHs). HR-MS: m/z calculated for C2sH2sNsORu [M—OTf]*
= 488.1276; found: 488.1281.
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1.2. 'H and 3C* NMR spectra of complexes 2-MeCN, 3, and 3-MeCN
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Figure S1 *H NMR spectrum of complex 2-MeCN (CD3CN, 298K, 400 MHz)

245



Chapter 6: Ru-pyridylamide complexes for CO2 hydrogenation

6.5 6

025428.14.fid
C13CPD_STD CD3CN /opt service 4
® N < oo <o own (13000
8 5a 558 83 =99 8Y osoo o - oau
o - @ [ Iaf=) ~ s NOo A b S ~ TN
g £8 ¥5F B4 agp EEI 1 © 5 8%
I [ N NIV Vo | 12000
{11000
—| oTf {10000
o AN
NOF 1-9000
/
Ru L8000
MeCN
(7000
(6000
5000
4000
3000
2000
1
’ ! i 1000
‘ UL . Lo
-1000
180 170 160 150 140 130 120 110 1 0? %0 80 70 60 50 40 30 20 10 0
1 (ppm
Figure S2 13C NMR spectrum of complex 2-MeCN (CDsCN, 298K, 100 MHz)
025425.10.fid o 11000
g 5
a £
o >
8 59 8882 -8358 = HANKINKS B 5885
3 oo BOOBEEFFIT < aiiqiaigigiqi= = Scoo 10000
(Y X EVAVES = N\
9000
l® 8000
o) ‘N\
€]
N F -7000
/
Ru
/
Cl (6000
5000
4000
(3000
(2000
: 11000
I | L
Iy il
LJ L I L
J L A LA__JL.J\.A Lo
™ 7 T freoTor A T T )
g8 2 5 883 3 8 5885 ° 8 =0
= g < <S58 = = iy « s P L-1000
.5 X .

= - 3.09-=

9.0 8.5 8.0 7.5

N
=}
o
o
S
o
IS
=)
w
o
w
o
n
o
N
o
o
=)
o
[
=]
=)

0, 55
1 (ppm)

Figure S3 'H NMR spectrum of complex 3 (CD2Cl2, 298K, 400 MHz)
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1.3. Crystal-Structure Determination of complex 3

Crystals suitable for single crystal X-ray diffraction were grown by slow
evaporation of a saturated CH2Clz solution of complex 3. A crystal of complex
3 was mounted in air at ambient conditions. All measurements were made on
an Oxford Diffraction SuperNova area-detector diffractometer® using mirror
optics monochromated Mo Ka radiation (A = 0.71073 A) and Al filtered.® The
unit cell constants and an orientation matrix for data collection were obtained
from a least-squares refinement of the setting angles of reflections in the range
1.9° < B < 25.0°. A total of 715 frames were collected using w scans, with
60+60 seconds exposure time, a rotation angle of 1.0° per frame, a crystal-
detector distance of 65.0 mm, at T = 123(2) K. Data reduction was performed
using the CrysAlisPro program.® The intensities were corrected for Lorentz and
polarization effects, and a numerical absorption correction based on gaussian
integration over a multifaceted crystal model was applied. The structure was
solved by direct methods using SHELXT,” which revealed the positions of all

not disordered non-hydrogen atoms of the title compound. The non-hydrogen
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atoms were refined anisotropically. All H-atoms were placed in geometrically
calculated positions and refined using a riding model where each H-atom was
assigned a fixed isotropic displacement parameter with a value equal to
1.2Ueq of its parent atom (1.5Ueq for methyl groups). The cymene ligand is
disordered about two sites with different conformations of the isopropy! group.
The geometries of the two moieties were with the SHELX SIMU and RIGU
instructions. Refinement of the structure was carried out on F2 using full-matrix
least-squares procedures, which minimized the function w(Fo? — Fc?)?. The
weighting scheme was based on counting statistics and included a factor to
downweight the intense reflections. All calculations were performed using the
SHELXL-2014/7 program.®

Table S1 Details of data collection and structure refinement of complex 3

CCDC No 1918214
Empirical formula C23 H25 CIN2 O Ru
Formula weight 481.97
Temperature 123(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P 21/n
Unit cell dimensions a=8.9158(3) A
b =13.7116(4) A B =93.370(4)°.

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2c(1)]

R indices (all data)

Largest diff. peak and hole

c = 16.4693(5) A

2009.89(11) A3

4

1.593 Mg/m3

0.929 mm™!

984

0.194 x 0.042 x 0.026 mm?
1.934 to 25.349°

-10<=h<=10, -16<=k<=16, -19<=I<=19
18559

3682 [R(int) = 0.0797]

100 %

Gaussian

1 and 0.833

Full-matrix least-squares on F?
3682 /464 /351

1.148

R1=0.0603, wR2 =0.1144
R1 =0.089, wR2 = 0.1244
0.774 and -1.03 e/A2

1.4. Electrochemical measurements

General: Cyclic voltammograms were recorded using an Autolab

PGSTAT101 from Metrohm with the corresponding complex (1mM) using
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(nBusaN)PFs (100 mM) as supporting electrolyte. Solutions were degassed with
argon gas for 10 min prior to each run. Redox potentials were measured at
100 mV s! scan rate and the Fc*/Fc couple was used as an internal reference
(Ew2 = +0.38 V vs SCE in MeNOz; E12 = +0.59 V vs SCE in THF).® A Pt disk
with a 3.80 mm? surface area was used as working electrode and was polished
before each measurement. The reference electrode was an Ag/AgCl electrode
(SSCE); the counter electrode was a Pt wire. A 50 mL stock solution with 5
vol% H20 and 1.935 g of electrolyte was prepared for each solvent. All data
are collected in Table S2 and Figure S7.

Table S1 Oxidation potentials of complexes 1-3 and 2-MeCN in MeNO2 and THF @

Complex E12 (Ru'") in MeNO:2 (¢ = 35.87) P Ev2 (Ru") in THF (¢ = 7.58) °
1 0.83Vv ca.095v¢
2 0.52V 0.63V

2-MeCN 0.52V 0.62V
3 0.46 V 0.56 V

a) potentials in MeCN or THF vs. SCE at 100 mV s scan rate using the Fc*/Fc couple as standard; E12
=+0.38 V in MeCN, +0.59 V in THF and nBusNPFs as electrolyte; b) dielectric constant € from ref 10; c)

ill-defined redox curves.
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A) 3 2 2-MeCN
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Figure S7 CV plots of complexes 1-3 and 2-MeCN A) in MeNO: solution and B) in THF solution (1 mM
complex, sweep rate 100 mV s, potentials vs SCE referenced to Fc*/Fc, E12 = 0.38 V in MeNO2 and

0.59 in THF; current normalized).
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2. Catalytic experiments

Catalysis and ionic liquids: All the ionic liquids (1,2-dimethyl-3-
butylimidazolium acetate and 1,2-dimethyl-3-decylimidazolium acetate) were
prepared as described in literature.'* 1,2-dimethylimidazole was purchased
from IOLITEC while n-chlorbutane and n-chlorodecane, dimethylsulfoxide and
deuterated dimethylsulfoxide were obtained from Sigma Aldrich,THF was
purchased from Fischer chemicals. All the ILs were placed under vacuum at
50 °C for 2-3 h prior to use. NMR measurements were performed on a 400
MHz Bruker or 500 MHz Bruker and ESI-MS analysis was performed on a
Bruker microTOFIl. Headspace analysis was done on GC with (conditions
column) with TCD detector for H2 and a FID+methaniser for CO2 and CO. Gas
absorption curves were recorded with a house made pressure transducer
connected to a 5512 Parr a compact stirred reactor using RealTeK software.
Gas absorption curves were processes using a house made software using

LabView programing platform and Origin software.

2.1. General procedure for CO2 hydrogenation in the presence of
BMMI.OAc

A Parr reactor (50 mL) was loaded with 1.0 mg (1.5 pmol) [Ru(p-cym)(pyr-p-
PYA)CIJOTf (1) or 1.0 mg (1.5 umol) [Ru(p-cym)(phen-p-PYA)NCMe]OTf (2-
MeCN) or 0.7 mg (1.5 pmol) [Ru(p-cym)(phen-m-PYA)CI] (3) or 0.7 mg (1.5
pmol) [Ru(p-cym)(phen-p-PYA)CI] (2) or 1.0 mg (1.5 pumol) [Ru(p-cym)(phen-
m-PYA)NCMe]OTf (3-MeCN) and 700 mg BMMI.OAc (3.3 mmol). Then 6 mL
of DMSO:water (5 v/v% water) from a stock solution was introduced into the
reactor. The reactor was flushed with CO2 gas in order to remove air.
Afterwards, the reactor was filled with the desired amount of CO2 and filled
with Hz gas, till the desired total pressure was reached at room temperature.
The reaction was conducted at 70°C using a heating mantle under hard
stirring. After the desired reaction time the reactor was cooled down to room
temperature and carefully vented. The reaction mixture was analysed directly
by 'H NMR spectroscopy in DMSO-ds to determine the amount of formic acid

formed, using BMMI.OACc as an internal standard.

The TOF was determined by linear regression as depicted in Figure S4.
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Figure S8 Determination of TOF at 70°C with Ph2=Pco2= 30 bar

Table for TON determination under standard condtions:

Table S2 Table for the determination of TON.

Entry Catalyst [FA]/ M TON
1 1 1.14 4505
2 1 1.15 4525
3 2 0.55 2190
4 2 0.55 2190
5 3 0.48 1902
6 3 0.49 1952
7 2-MeCN 0.49 1945
8 2-MeCN 0.49 1961
9 3-MeCN 0.39 1519

Reaction conditions: 3.3 mmol BMMI.OAc, 6 mL DMSO:H20 (5 viv% H20), P(H2) = P(CO2) = 30 bar,
1.5 umol catalyst, t = 72h, T = 70°C.

From the intercept in Figure S2 the induction period can be determined, which

are tabulated in table S3.

Table S4 Induction period determined for the catalysts investigated here.

Entry Catalyst Induction period /
min
1 1 0
2 2 20
3 3 47
4 2-MeCN 150
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5 3-MeCN 31

Reaction conditions: 3.3 mmol BMMI.OAc, 6 mL DMSO:H20 (5 viv% H20), P(H2) = P(CO2) = 30 bar,
1.5 umol catalyst, t = 72h, T = 70°C

2.2. General procedure for CO:z hydrogenation in the absence of
BMMI.OAc

A Parr reactor (50 mL) was loaded with 1.0 mg (1.5 pmol) [Ru(p-cym)(pyr-p-
PYA)CIJOTf (1) or 1.0 mg (1.5 umol) [Ru(p-cym)(phen-p-PYA)NCMe]OTf (2-
MeCN) or 0.7 mg (1.5 pmol) [Ru(p-cym)(phen-m-PYA)CI] (3) or 0.7 mg (1.5
pmol) [Ru(p-cym)(phen-p-PYA)CI] (2) or 1.0 mg (1.5 pumol) [Ru(p-cym)(phen-
m-PYA)NCMe]OTf (3-MeCN).Then 6 mL of DMSO:water (5 v/v% water) from
a stock solution was introduced into the reactor. The reactor was flushed with
COz2 gas in order to remove the air. Afterwards, the reactor was filled with
desired amount of 30 bar CO2 and filled with 30 bar H2 gas, till the desired total
pressure of 60 bar was reached at room temperature. The reaction was
conducted at 70°C using a heating mantle under hard stirring. After 20h the
reactor was cooled down to room temperature and carefully vented. The
reaction mixture was analysed directly by *H NMR spectroscopy in DMSO-ds
to determine the amount of formic acid formed, using NEts as an external

standard.

Table S3 Screening of catalyst 1-4 under additive free conditions.

Entry Catalyst Conc. FA TON TOF /
h-l
1 3 0.05 179 9
2 1 0.16 636 32
3 2 0.06 222 11
4 2-MeCN 0.06 245 12
5 3-MeCN 0.04 170 2.4

Reaction conditions 1 1.52 pmol catalyst, 6 mL DMSO:water (5 v/v% water), T=70°C, H2 =CO2 =30
bar, t = 20h.

2.3. General procedure for determining TLS in the presence of BMMI.OAc

2.3.1. Variation of hydrogen pressure
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A Parr reactor (50 mL) was loaded with 1.0 mg (1.5 pmol) [Ru(p-cym)(pyr-p-
PYA)CIJOTf (1) or 1.0 mg (1.5 umol) [Ru(p-cym)(phen-p-PYA)NCMe]OTf (2-
MeCN), or 0.7 mg (1.5 pmol) [Ru(p-cym)(phen-p-PYA)CI|OTf (2-MeCN) or 0.7
mg (1.5 pmol) [Ru(p-cym)(phen-m-PYA)CI] (3) and 700 mg BMMI.OAc (3.3
mmol). Then 6 mL of DMSO:water (5 v/v% water) from a stock solution was
introduced into the reactor. The reactor was flushed with CO2 gas in order to
remove the air. Afterwards, the reactor was filled with 30 bar CO2 and filled
with 20 bar — 60 bar H2 gas at room temperature. The reaction was conducted
at 70°C using a heating mantle under hard stirring. After the desired reaction
time the reactor was cooled down to room temperature and carefully vented.
The reaction mixture was analysed directly by 'H NMR spectroscopy in
DMSO-ds to determine the amount of formic acid formed, using BMMI.OAc as

an internal standard.
2.3.2. Variation of CO2 pressure

A Parr reactor (50 mL) was loaded with 1.0 mg (1.5 pmol) [Ru(p-cym)(pyr-p-
PYA)CI]OTf (1) or 1.0 mg (1.5 pumol) [Ru(p-cym)(phen-p-PYA)NCMe]OTf (2-
MeCN) or 0.7 mg (1.5 pmol) [Ru(p-cym)(phen-m-PYA)CI] (3) and 700 mg
BMMI.OAc (3.3 mmol). Then 6 mL of DMSO:water (5 v/v% water) from a stock
solution was introduced into the reactor. The reactor was flushed with CO2 gas
in order to remove the air. Afterwards, the reactor was filled with 10 bar - 50
bar CO2 and filled with 30 bar Hz gas at room temperature. The reaction was
conducted at 70°C using a heating mantle under hard stirring. After the desired
reaction time the reactor was cooled down to room temperature and carefully
vented. The reaction mixture was analysed directly by *H NMR spectroscopy
in DMSO-ds to determine the amount of formic acid formed, using BMMI.OAc

as an internal standard.
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Results

Table S4 Gas composition screening screening with catalyst 2.

Entry PH2:Pco2 t/ h [FA] /M TON TOF/ht
1 60:30 18 0.23 890 49
2 60:30 7 0.09 347 50
3 60:30 5 0.06 239 47
4 50:30 5 0.06 239 47
5 50:30 7 0.09 347 50
6 40:30 4 0.05 195 48
7 40:30 7 0.09 360 51
8 30:30 18 0.24 955 53
9 30:30 6 0.07 276 46
10 30:30 4 0.04 157 39
11 20:30 18 0.18 720 40
12 20:30 24 0.24 960 40
13 30:20 18 0.07 270 15
14 30:20 24 0.09 370 15
15 30:40 5 0.02 87 22
16 30:40 7 0.09 347 50
19 30:50 4 0.03 108 27
20 30:50 6 0.12 480 80
21 30:50 18 0.45 1720 98
22 30:50 72 0.51 2010 28

Reaction conditions: 1.5 pmol 2, 3.3 mmol BMMI.OAc, 6 mL DMSO:H20 (5 v/v% H20), T = 70°C.
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Table S7 Gas composition screening with catalyst 2-MeCN.

Entry PH2:Pco2 t/ h [FA] /M TON TOF/ht
12 60:30 18 0.42 1658 92
2 60:30 6 0.15 587 74
3 60:30 5 0.11 432 86
4 50:30 6 0.13 513 86
5 50:30 5 0.09 370 74
6 40:30 6 0.12 490 82
7 40:30 4 0.06 217 54
8 30:30 18 0.49 1934 107
9 30:30 12 0.30 1184 99
10 30:30 6 0.12 480 80
11 30:30 4 0.06 240 59
12 20:30 6 0.09 347 58
13 20:30 4 0.03 217 27
14 30:20 6 0.07 260 43
15 30:20 5 0.05 180 36
16 30:40 6 0.14 564 94
17 30:40 5 0.08 330 67
18 30:45 5 0.13 521 104
19 30:45 6 0.20 798 133
21 30:50 4 0.04 171 42
22 30:50 5 0.11 434 86
23 30:50 6 0.21 830 138

Reaction conditions: 1.5 pmol 2-MeCN, 3.3 mmol BMMI.OAc, 6 mL DMSO:H20 (5 viv% H20), T =
70°C a) not used for the calculation of TOFmax as the reaction already reached plateauing.
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Table S5 Gas composition screening with catalyst 3.

Entry Phz:Pcoz t/h [FA]/ M TON TOF / h™t
1 60:30 18 0.39 1563 86
2 60:30 6 0.20 782 130
3 60:30 4 0.13 520 130
4 50:30 6 0.17 690 115
5 50:30 4 0.12 456 114
6 40:30 6 0.13 526 88
7 40:30 4 0.09 336 84
8 30:30 18 0.35 1368 76
9 30:30 6 0.11 430 75
10 30:30 4 0.07 274 69
11 20:30 4 0.05 204 51
12 20:30 6 0.08 309 52
13 30:10 4 0.05 196 49
14 30:10 6 0.07 294 49
15 30:20 4 0.06 234 58
16 30:20 6 0.10 368 61
17 30:40 3 0.05 192 64
18 30:40 5 0.10 380 76
19 30:50 4 0.04 168 42

20 30:50 6 0.10 392 65

Reaction conditions: 1.5 pmol 3, 3.3 mmol BMMI.OAc, 6 mL DMSO:H20 (5 v/v% H20), T = 70°C.
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Table S6 Gas composition screening with catalyst 1.

Entry Phz:Pcoz t/h [FA]/ M TON TOF / h™t
1 60:30 8 0.38 1504 188
2 60:30 6 0.28 1110 185
3 60:30 4 0.19 760 190
4 50:30 6 0.23 924 154
6 40:30 6 0.21 816 136
7 30:30 18 0.57 2250 125
8 30:30 14 0.39 1539 110
9 30:30 6 0.20 789 132
10 30:30 4 0.13 513 128
11 20:30 6 0.13 522 87
13 30:20 6 0.13 516 86
14 30:40 6 0.22 888 148
15 30:40 4 0.15 590 148
16 30:40 6 0.22 888 148
17 30:45 4 0.16 616 154
18 30:45 6 0.23 900 150
19 30:50 4 0.15 590 148

Reaction conditions: 1.5 pmol 1, 3.3 mmol BMMI.OAc, 6 mL DMSO:H20 (5 viv% H20), T = 70°C.
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Table S7 Table for the determination of TON at improved reaction conditions.

Entry Catalyst P(H2):P(CO2)/ [FA]/ M TON
bar:bar
1 1 60:30 1.15 4520
2 1 60:30 1.15 4520
3 2 30:50 0.51 2000
4 2 30:50 0.51 2020
5 3 60:30 0.49 1930
6 3 60:30 0.49 1930
7 3 30:50 0.48 1900
8 3 30:50 0.49 1960
9 2-MeCN 30:50 0.48 1885
10 2-MeCN 30:50 0.49 1925

Reaction conditions: 3.3 mmol BMMI.OAc, 6 mL DMSO:H20 (5 v/iv% H20), 1.5 umol catalyst, t = 72h,
T=70°C

3.0

“FAI mmol

0.0

4 6 8 10 12 14 16
t/'h

Figure S9 TOF determination with 2-MeCN under 50 bar CO2 and 30 bar Hz in 6 mL DMSO:H20 (5
vIv% H20) in the presence of 3.3 mmol BMMI.OAc.

With 3 a clear dependence upon one reactant cannot be established, when

only one reactant is varied, thus different reactant ratios were investigated.

260



Chapter 6: Ru-pyridylamide complexes for CO2 hydrogenation

2.3.3 Variation of reactant ratio with pre-catalyst 3

A Parr reactor (50 mL) was loaded with the 0.7 mg (1.5 pmol) [Ru(p-
cym)(phen-m-PYA)CI] (3) and 700 mg BMMI.OAc (3.3 mmol). Then 6 mL of
DMSO:water (5 v/v% water) from a stock solution was introduced into the
reactor. The reactor was flushed with CO2 gas in order to remove the air.
Afterwards, the reactor was filled with 10 bar to 40 bar CO2 and filled with 20
bar — 40 bar Hz gas giving a total pressure of 60 bar at room temperature. The
reaction was conducted at 70°C using a heating mantle under hard stirring.
After the desired reaction time the reactor was cooled down to room
temperature and carefully vented. The reaction mixture was analysed directly
by 'H NMR spectroscopy in DMSO-ds to determine the amount of formic acid

formed, using BMMI.OACc as an internal standard.

Table S8 Gas composition screening with catalyst 3 at constant pressure.

Entry PH2:Pco2 t/h [FA] /M TON TOF / ht
1 40:20 5 0.11 450 90
2 40:20 6 0.14 540 90
3 35:25 5 0.09 374 75
4 35:25 6 0.12 457 76
5 35:25 7 0.14 540 77
5 25:35 5 0.07 276 55
6 25:35 6 0.09 345 58
7 20:40 5 0.06 221 44
8 20:40 6 0.07 280 a7

Reaction conditions: 3.3 mmol BMMI.OAc, 6 mL DMSO:H20 (5 viv% H20), P(H2) = P(CO2) = 30 bar,
1.5 ymol 3,t=72h, T=70°C.

2.4. Determination of activation energies
2.4.1. 2in DMSO

A Parr reactor (50 mL) was loaded with 3.9 mg (8 pmol) [Ru(p-cym)(phen-p-
PYA)CI] and 700 mg (3.3 mmol) BMMI.OAc. Then 6 mL of DMSO:water (5
v/Iv% water) from a stock solution was introduced into the reactor. The reactor
was flushed with CO2 gas in order to remove the air. Afterwards, the reactor

was filled with desired amount of 20 bar CO2 and topped up with 20 bar H2
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gas, till the desired total pressure of 40 bar was reached at room temperature.
The reaction was conducted at varying temperatures using a heating mantle
under hard stirring. The pressure drop was measured using a pressure
transducer connected to the reactor, whilst the recording was undertaken with
an E725 RDS transducer indicator and the values were digitalised using
Realtek software. After the gas uptake plateaued, the reactor was cooled down
to room temperature and carefully vented. The reaction mixture was analysed
directly by *H NMR spectroscopy in DMSO-ds to determine the amount of

formic acid formed, using NEts as an external standard.
2.4.2.2in THF

A Parr reactor (50 mL) was loaded with 3.9 mg (8 pumol) [Ru(p-cym)(phen-p-
PYA)CI] and 978 mg (3.3 mmol) DMMI.OAc. Then 6 mL of THF:water (5 viv%
water) from a stock solution was introduced into the reactor. The reactor was
flushed with CO2 gas in order to remove the air. Afterwards, the reactor was
filled with the desired amount of 20 bar CO2 and topped up with 20 bar Hz gas,
till the desired total pressure of 40 bar was reached at room temperature. The
reaction was conducted at varying temperatures using a heating mantle under
hard stirring. The pressure drop was measured using a pressure transducer
connected to the reactor, whilst the recording was undertaken with a E725
RDS transducer indicator and the values were digitalised using Realtek
software. After the gas uptake plateaued, the reactor was cooled down to room
temperature and carefully vented. The reaction mixture was analysed directly
by 'H NMR spectroscopy in DMSO-ds to determine the amount of formic acid

formed, using BMMI.OACc as an internal standard.
2.4.3. 3in DMSO

A Parr reactor (50 mL) was loaded with 3.9 mg (8 umol) [Ru(p-cym)(phen-m-
PYA)CI] and 700 mg (3.3 mmol) BMMI.OAc. Then 6 mL of DMSO:water (5
v/Iv% water) from a stock solution was introduced into the reactor. The reactor
was flushed with CO2 gas in order to remove the air. Afterwards, the reactor
was filled with desired amount of 20 bar CO2 and topped up with 20 bar Hz
gas, till the desired total pressure of 40 bar was reached at room temperature.

The reaction was conducted at varying temperatures using a heating mantle
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under hard stirring. The pressure drop was measured using a pressure
transducer connected to the reactor, whilst the recording was undertaken with
an E725 RDS transducer indicator and the values were digitalised using
Realtek software. After the gas uptake plateaued, the reactor was cooled down
to room temperature and carefully vented. The reaction mixture was analysed
directly by 'H NMR spectroscopy in DMSO-ds to determine the amount of

formic acid formed, using BMMI.OACc as an internal standard.
2.4.4.1in DMSO

A Parr reactor (50 mL) was loaded with 3.9 mg (8 umol) [Ru(p-cym)(phen-m-
PYA)CI] and 700 mg (3.3 mmol) BMMI.OAc. Then 6 mL of DMSO:water (5
v/Iv% water) from a stock solution was introduced into the reactor. The reactor
was flushed with CO2 gas in order to remove the air. Afterwards, the reactor
was filled with desired amount of 20 bar CO2 and topped up with 20 bar Hz
gas, till the desired total pressure of 40 bar was reached at room temperature.
The reaction was conducted at varying temperatures using a heating mantle
under hard stirring. The pressure drop was measured using a pressure
transducer connected to the reactor, whilst the recording was undertaken with
an E725 RDS transducer indicator and the values were digitalised using
Realtek software. After the gas uptake plateaued, the reactor was cooled down
to room temperature and carefully vented. The reaction mixture was analysed
directly by *H NMR spectroscopy in DMSO-ds to determine the amount of

formic acid formed, using BMMI.OACc as an internal standard.
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Figure S10 Gas absorption curves with 2 in DMSO. Reaction conditions: 8 umol 2, 3.3 mmol BMMI.OAc,
P(H2) = P(CO2) = 20 bar, 6 mL DMSO:H20 (5 v/v% H20).
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2.5. Inner vs outer sphere mechanism
2.5.1. Volume of activation

A Parr reactor (50 mL) was loaded with 1.0 mg (1.5 pmol) [Ru(p-cym)(phen-
p-PYA)NCMe]OTf (2-MeCN) or 0.7 mg (1.5 pumol) [Ru(p-cym)(phen-p-PYA)CI]
(2) and 700 mg (3.3 mmol) BMMI.OAc (3.3 mmol). Then 6 mL of DMSO:water
(5 vIv% water) from a stock solution was introduced into the reactor. The
reactor was flushed with CO2 gas in order to remove the air. Afterwards, the
reactor was filled with 20 bar CO: and filled with 10 bar Hz gas, till the desired
total pressure of 30 bar was reached. If desired, the reactor pressure was filled
to 80 bar with Ar. The reaction was conducted at 80°C (2-MeCN), respectively
90°C (2), using a heating mantle under hard stirring. After the 18h (2-MeCN),
respectively 20h (2), the reactor was cooled down to room temperature and
carefully vented. The reaction mixture was analysed directly by 'H NMR
spectroscopy in DMSO-ds to determine the amount of formic acid formed,

using BMMI.OAc as an internal standard.

Table S9 Experiments with additional Ar pressure to investigate inner vs outer sphere mechanism during
CO:z insertion with 2, respectively 2-MeCN.

Entry Catalyst Conc. Fa/ TON TOF / Ar/

M h-1 bar

12 2 0.18 716 36 50

22 2 0.17 673 33 50
3b 2 0.20 782 39
4b 2 0.19 716 36

5¢ 2-MeCN 0.17 673 37 50

6° 2-MeCN 0.18 716 38 50
74 2-MeCN 0.14 564 31
g8d 2-MeCN 0.14 564 31

Reaction conditions: 1.5 pmol pre catalyst, 6 mL DMSO:water (5 v/v% water), 10 bar Hz, 20 bar CO,
a) 50 bar Ar, T=90°C, t =20 h b) T = 90°C, t =20 h, ¢) Ar =50 bar, T =80°C, t=18 h,d) T=80°C, t =
18 h.

The equation that explains the correlation between TOF, pressure and volume

of activation is shown below:12
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Eq. 1

AVE = —RT (azn k)

opP

where AV* as volume of activation, R as the gas constant, T as the temperature P as

the pressure.

2.6. Representative 1H NMR spectrum for the hydrogenation of COz2 to

formic acid

Reaction mixture analysis was undertake using the IL as an internal standard.

The delays were set to d1 = 50s to ensure reproducibility. Figure S15 depicts

a representative 'H NMR spectrum for the hydrogenation of CO2 to formic acid
in DMSO:H20 (5 v/iv% H20) and BMMI.OAc. Formic acid appears as a singlet

at 8.44 ppm.
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Figure S15 Representative 'H NMR spectrum for the hydrogenation of CO2 to formic acid in the
presence of BMMI.OAc in DMSO:H20 (5 viv% H20) with complex 2-MeCN under 60 bar Hz and 30 bar
COz2 (reaction time t = 18h).
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7.1 Introduction

Based on the knowledge gained throughout this project, the last part of this
thesis describes the design, synthesis, characterisation and application of an
extremely active and stable catalyst to synthesise FA. In this case a NHC-

CNC-pincer catalyst was selected for the hydrogenation of CO2 to formic acid.

Pincer complexes have been employed extensively in the hydrogenation of
COz2 to formic acid, see section 1.3.2. However, as shown in figure 1.24;
section 1.3.2., the typical co-operative mechanism during Hz activation is also
the entry point for the deactivation of the catalyst.! Here the CO: is
incorporated into the de-aromatized ligand scaffold, see figure 1.24; section

1.3.2.1

Furthermore, NHC donor ligands display certain similarities with the previously
discussed N donation in PYA ligands. Here the NHC donation results in a
stronger o donation and weaker T acceptation, compared to the alkyl
phosphines counterparts.? Sterically, the metal ligand bonds are shorter,
compared to their alkyl phosphine counterparts and the ligand is thus deeply
encroaching into the coordination sphere.® However, the functional groups are
pointing towards the metal centre, creating space around the metal centre for
substrate activation.® Synthetically, CNHCNCNHC (CNC) pincer complexes can
be synthesized via 3 main routes. These synthetic strategies involve the
oxidative addition of the metal into the ligand scaffold, the deprotonation of the
NHC ligands with strong bases and transmetallation routes with either Zr or

Ag.t
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Catalytic applications of Ru-CNC-pincer complexes involve hydrogen transfer
reactions and the oxidative cleavage of olefins.® Ru-CNC-pincer complexes
with an acidic CHz group have also been employed in the hydroboration of
CO2.8 Lutidine derived CNC-Ru pincers (7.1) with an acidic CH2 group are also
active in the hydrogenation of CO2 (under basic conditions), although the
catalytic turnover in the hydrogenation of CO2 was low.”® However, these
catalysts showed excellent activity in the hydrogenation of esters in contrast

to their PNP counterparts (7.2).7

[cat],
o) H,

OH OH
P e O v
R (0]
P = PPh,
o R = Dipp ) /—
\ /
N<RY_ "N ~Ru
QN PCOR R, b CO
71 7.2
active in inactive in
ester hydrogenation ester hydrogenation

Figure 7.1 Comparison between lutidine derived CNC-Ru-pincer complex and the analogue PNP-

pincer complex for ester hydrogenation reactions.”

Most likely the low turnover observed with the lutidine derived Ru CNC pincer
complexes in the hydrogenation of CO:2 is due to the aforementioned
incorporation CO: into the ligand scaffold.®: 7 In order to avoid this reaction, the
position of interest was blocked by the NHC donor, see figure 7.2. This feature
also distinguishes the catalyst investigated in this thesis from the previously
reported lutidine derived CNC-pincer in the hydrogenation of CO2 to formic

acid. Furthermore, as mentioned previously, the electron donating effects
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observed in the PYA ligand scaffolds could be mimicked, leading to a facile

CO:z2 insertion into the Ru-H bond.

Avoid Substrate poisoning
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Figure 7.2 CNC pincer utilized in this thesis for the base free hydrogenation of CO2 to formic acid.

Beneficial ligand properties are highlighted in green.
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7.2. Publicaiton IV: Highly efficient base-free synthesis of

formic acid from carbon dioxide

Contribution of the author: In this publication the author designed the idea
for the catalyst, planned the research in liaison with the PhD supervisors, and
synthesized all complexes and ionic liquids undertook all the experiments,
analysed and interpreted the data and wrote the manuscript in collaboration

with all co-authors.

Reprinted with permission from www.chemrxiv.org/s/766685b107d9bca8418a
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Highly efficient base-free synthesis of formic acid from carbon dioxide

Sustainable synthesis of formic acid from carbon dioxide

Andreas Weilhard,2 Stephen Argent,” Victor Sans,2¢
a Faculty of Engineering, University of Nottingham, Nottingham, NG7 2RD, U.K
b School of Chemistry, University of Nottingham, Nottingham, NG7 2RD, U.K

¢ Institute of Advanced Materials (INAM), Universitat Jaume |, Castellon,
12071, Spain

Abstract

The efficient transformation of COz2 into chemicals and fuels is a key challenge
for the decarbonisation of the chemical synthetic production chain. The
thermodynamic and kinetic stability of CO2 however poses great challenges
for the effective reduction to useful chemicals. The employment of bases is a
typical strategy to overcome thermodynamic barriers in the synthesis of formic
acid. However, it increases the amount of waste generated and requires post-
processing of the formate salts. Here, we present a base-free methodology to
catalytically transform CO2 into formic acid (FA) with very high efficiency, with
comparable performance to the base-assisted systems. The combination of
basic ionic liquids that play multiple roles, including buffering the products of
reaction, and catalyst design, achieves the synthesis of FA with
unprecedented catalytic efficiency in TONs of >8*10° and TOFs > 2.1*10% h,
which represents a great step towards the development of cost-efficient

catalytic systems.
Introduction

Formic acid (FA) is currently being discussed as a promising candidate for
hydrogen storage and an important basic chemical.® Unfortunately, to date
the synthesis is based on the indirect water carbonylation, using CO generated
from fossil fuels.* Without a doubt a system using the greenhouse gas CO:2 as
a carbon source would be environmentally preferential. However, the direct

hydrogenation of CO:2 is thermodynamically unfavourable.>® Bases are
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commonly added to reaction mixture to shift the thermodynamic equilibrium by
the consecutive consumption of formic acid in an acid base reaction to the
product side.>” Under these conditions a plethora of catalyst such as N-
heterocyclic carbenes®®, half sandwich,®12 pincers!*'” and phosphine!8-22
complexes of a broad range of transition metals, including iron,?3-26 nickel,?":28

copper?®2% and cobalt®'-*3 have shown to be remarkably active (TON >10°).%4

However, an important limitation of these approaches is the formation of
formate adducts and salts, which would need to be tediously purified in the
consecutive steps.®3* Therefore, the direct hydrogenation of CO2 would be
preferential. Unfortunately, the hydrogenation under base free conditions is
thermodynamically and kinetically difficult to operate.> As a consequence,
considerably fewer systems have been reported for the hydrogenation of CO2
to FA under base-free conditions. Furthermore, these systems typically
operate under very high pressures®® and the catalytic activity and
concentration of FA achieved are significantly lower than under basic
conditions.*6-41 We have demonstrated that basic ionic liquids can effectively
buffer the reaction, stabilise the catalysts, and they can be immobilised onto
supported phases, thus facilitating the separation of the FA at the end of the
process, thus shifting the thermodynamic equilibrium to the product side and
in the presence of IL the reaction can be operated at relatively low pressures.*?
In our previous studies we have established the thermodynamic parameters
for this transformation employing basic ILs, and therefore we can understand
the maximum concentration of FA achievable as a function of the reaction
conditions. Furthermore, we previously studied the effect of ligand
modifications onto the hydrogenation of CO2 in the presence of ILs. Key
parameters effecting the catalyst activity and stability were identified in this
study.!

Here, we present a catalytic system for the base free hydrogenation of CO2
specifically designed to work under a wide range of temperatures. This
enables optimising the catalyst performance according to the thermodynamic

limitations imposed by the reaction and consequently high catalytic efficiency

1 Currently under review
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is achieved. The robustness of the catalyst enables the addition of lewis acids,
which increase the performance of the catalyst in terms of activity and stability.
The results obtained here are comparable to those obtained with base
containing systems and represent a huge leap forward for base-free systems.

Results and Discussion

The design of the catalysts plays a key role in the development of efficient
catalytic systems. Very recently, we have demonstrated that basic ionic liquids
provide a buffering environment that enables the efficient synthesis of FA, but
with much lower enthalpy than when a base (leading to a salt formation) is
employed.*34* Under these conditions, optimal electrondonation properties of
the ligand are key to balance reactivity and the resistance to deactivation via
protonation of the catalyst (Figure 1). Furthermore, complexes with high
chemical and thermal stability lead to catalysts with large operational windows
and an increased compatibility with other components, such as co-catalysts.
NHC based pincer architectures fulfil all these criteria, hence being ideal
candidates for this transformation.*> Furthermore, pincer ligand architecture
have already been demonstrated to be active in the hydrogenation of COo..
However, pincers normally exhibit a co-operative mechanism in the activation
of hydrogen?>4% which leads to the deactivation of the catalyst (Figure 1,
substrate poisoning).'®* Consequently, a suitable catalyst should prevent the
coordination of substrates in undesired positions. In this study this was
achieved by a direct connection of the aromatic pyridine with the imidazole

side arms.
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Figure 1 Catalyst design strategy. The molecular catalyst should be resistant to deactivation by the
substrates, the increasingly acid media, the strong reductive conditions and compatible with other
catalysts (e.g. Lewis acids).

The silver trans metalation route employing [Ru(CO)2(Cl)2]n as the Ru source,
and L-1 as the ligand was chosen to synthesize the desired Ru-CNC-complex.
The reaction was followed by the disappearing signal for the C2-H in the H-
NMR spectra and the appearance of a new peak at 181 ppm in the 3C spectra
(see ESI, Figure S1 and Figure S2). In the IR spectra two significant bands at
1993 cm? and 2051 cm? (see ESI, Figure S3), corresponding to two
asymmetric CO stretching vibrations can be observed. The general structure
was confirmed with Single X-ray crystal analysis. Minor scrambling is observed
with CI- bond to Ru, i.e. replacement of Br. In a similar fashion the counterion
distributed 1:1 (Br:Cl), giving an overall molecular sum formula of
C21H25Bro.63Cl1.20NsO2Ru. The major halide bond to the metal centre was
chloride, as confirmed with ESI-ms. ESI-ms analysis gave a mass of 516 m/z

and a minor product with 562 m/z confirming (see ESI, Figure S4).
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Figure 2 Synthetic strategy for the formation of 1 from L-1 and [Ru(CO)2z(Cl)2]n.

The single crystal analysis indicated an average molecular mass of 578.11
g/mol, distributing to complexes with the sum formulas of C21H2s5Cl2NsO2Ru
and C21H2sBrCl NsOzRu. This in bromide to chloride ratio of 30:70. Indeed, the
observed mass peaks for the M-CI* to M-Br* of ca. 73:27 indicate that the ratio
determined by single crystal analysis is valid. Further evidence for this ratio
was found by ICP-OES analysis. Here a Ru content of 19.2 mg L* was found
in a 0.199 mM solution (for 100% CI expected Ru content is 20.8 mg L and
for 100% Br expected Ru content is 18.2 mg L™1), which indicate a molar ratio
between 1-Br and 1-Cl of 70:30. In this way a molecular mass of 578.11 g/mol
was used to determine the amount of catalyst in solution. Furthermore neither
Cl' nor Br  showed a difference in catalytic activity or durability can be found in
comparison to a non-modified system, indicating that the halide plays an

insignificant role onto the catalytic activity, see ESI.

In an initial screening of catalytic activity, it was demonstrated that 1 achieves
a concentration of 0.5 M solution of FA at 80°C in DMSO: water (5 v/v% water)
in the presence of 1-butyl-2,3-dimethylimidazolium acetate (BMMI.OAc) under
60 bar pressure (H2:CO2 = 1:1). According to the thermodynamic parameters
previously calculated for this system,*? the concentration of FA observed is
close to the thermodynamic equilibrium at approximately 120°C (see ESI
Figure S5). Above 80°C the decomposition of DMSO was observed.
Fortunately, when BMMI.OAc is employed as an additive the reaction can be
performed in a broad range of solvents.* Furthermore the crucial role of
BMMI.OAc is highlighted by the fact that 1 is inactive in the absence of
BMMI.OAc. In dioxane the catalytic system achieves similar performance than
in DMSO (0.54 M at 100°C).

283



Chapter 7: Ru-CNC pincer for CO2 hydrogenation

It is important to note that no nanoparticle formation was observed under the
reaction conditions assayed. Even at high temperatures and pressures (120°C
and 60 bar (H2:CO2 = 30 bar)), TEM and DLS analysis showed no evidence of
nanoparticles (see ESI for more details). Furthermore, the catalyst was not
active in the hydrogenation of benzene at 120°C under 50 bar H: in the
presence of BMMI.OAc even when high catalyst loadings are used, see ESI.
It is important to note that the hydrogenation of benzene reaction is known to
be catalysed by Ru nanoparticles.#’-50

In the next step the catalyst activity and stability was explored. Lowering the
concentration of catalyst showed that increasing the temperature led to
increased kinetics, represented by increasing TOF values. However, this
comes at the expense of reduced achievable concentration of FA (and
consequently TON) due to the thermodynamic limitations at temperatures

above 120°C, see table 1 entry 4 and 5.

Table 1 Temperature dependant results obtained with catalyst.

Entry T/°C [FA] /M TON® TOF® / hl
1 100 0.22 77550 1080
2 110 0.29 100580 1750
3 120 0.49 162900 4360
4 130 0.40 141000 10620
5 140 0.29 100862 16500

Reaction conditions: 6 mL dioxane;water (5 v/iv% water), 3.3 mmol BMMI.OAc, 0.017 umol catalyst.
a) determined after 72 h, b) determined after 4h.

Plotting the concentration of FA generated after 72 h allows (Figure 3A) allows
for a better understanding of the efficiency of the catalytic system. Here a
maximum concentration of FA can be observed at 120 °C. Below that
temperature, the system is controlled by kinetic limitations of the catalyst,
whilst at higher temperatures the reaction is limited by approaching the
thermodynamic equilibrium inherent to the reaction under the studied

conditions.
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Figure 2 A) Optimal catalytic performance as a function of temperature, where kinetic and
thermodynamic limitations are observed. B) Concentration of FA observed as a function of the total gas
pressure.

In the next step the effect of pressure was investigated. Here a linear
correlation in between the achieved concentration of FA and pressure can be
observed (Figure 3B). This in consistent with the Henry’s law, predicting a
linear relationship in between the amount of dissolved gas and the applied
pressure of the bespoke gases. As the gases represent the reactive species

areduced pressure leads inevitably to a lower concentration of FA (Figure 3B).
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Figure 36 A) Simplified reaction mechanism with the rate determining step (CO: insertion) highlighted.
B) Kinetic dependence of transformation on the partial pressure of CO2. C) Arrhenius. D) effect of
Sc(OTf)s on observed catalyst activity.

Mechanistically, the hydrogenation of CO2 to FA can be divided into two main
steps. In the first step, a hydride is transferred onto COz2. In the second step,
H2 is activated releasing a proton and formate, with a simultaneous
regeneration of the active hydride (figure 4A). In order to determine the rate
determining step, various gas compositions were tested (maintaining constant
the total pressure). The observed reaction rate decreased significantly at low
partial pressure of CO2z (Figure 4B). Indeed, at 20 bar CO2 and 40 bar Hz a
TOF of 2700 h'* was obtained. On the contrary an increased partial pressure
of COz2 led to increased rates, i.e. at 45 bar CO2 and 15 bar H2 a TOF of 9700
h'l is determined, (c.f. 4360 h! at Pco2 = PH2 = 30 bar). These experiments
clearly show a strong dependence on COg, thus indicating the CO2 insertion
to be rate determining steps.

An activation energy of 93 kJ mol* + 6.7 kJ mol* was determined from the
Arrhenius plot (figure 4C). The activation energy can either be decreased by

increasing the electron donation onto the metal, leading to a more nucleophilic
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hydride, decreasing hydricity (AG,-).2® Based on our recent studies, great care
has to be taken as a to low AGy- will ultimately lead to a more nucleophilic/
basic hydride, possibly rendering the catalyst prone to depletion of the active
hydride species, via protonation.

Alternatively charged intermediates and transition state formed during the CO2
insertion can be stabilised with lewis acids.?6:51-53 Therefore Sc(OTf)z was
tested due to its high solubility in organic solvents, tolerance towards water
and due to its relatively soft nature.> It was found that Sc(OTf)s significantly
increased the reaction rate. However, smaller amounts have only a minor
effect on the rate (Figure 4D). An optimal concentration of 20 mM for Sc(OTf)s3
was found. Above this concentration a drop in rate was observed, presumably
due to catalyst poisoning as already observed in previous studies.®® It is also
important to note that in the absence of 1 no catalytic turnover was observed.
Under optimised conditions a significant increase in TOF (21200 h?) was
observed compared to reactions carried out in the absence of additional lewis
acid. However, in the presence of Sc(OTf)s the concentration of FA generated
decreased slightly to 0.32 M, yielding a TON of 114400, see table 2 entry 2.
Increasing, the hydrogen to carbon dioxide ratio the achieved did not show
any pronounced effects. Under these conditions, the amount of catalyst was
reduced to 1.6 nmol, which led to an unprecedented TON of 833800, while the
TOF was maintained at 20600 h-! (table 3, entry 4).

Table 2 Optimised conditions for the hydrogenation of CO2 to FA.

Entry  Pra2iPco2/ Sc(OTf)s/  [FA]/ TON TOF /
bar:bar mmol M h-1

30:30 0 0.46 162900 4360

2 30:30 0.12 0.32 114400 21200

3 45:15 0.12 0.36 126000 22000

42 45:15 0.12 0.26 833800 20600

Reaction conditions 0.017 pumol catalyst, T = 120°C in 6 mL 1,4-dioxane:H20 (5 v/v% H20) in the
presence of 3.3 mmol BMMI.OAc; TON and [FA] determined after 72h using BMMI.OAc as an internal
standard, TOF determined after 4h; a) 0.0017 umol catalyst, TON and [FA] determined after 5d using
BMMI.OAc as an internal standard, TOF determined after 18h.

In summary we have developed a catalyst system, which has an up to a 50

times higher value in TON and 23 times higher value in TOF in the
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hydrogenation of CO2 to FA then ever reported under base free conditions.3>
37,4042 Fyrthermore, the TON and TOF towards FA are comparable to values
obtained under basic conditions.*417%8 Interestingly, the here reported CNC-
Ru pincer outperforms its previously reported analogue with a six membered
bite angle ring in terms of TON by >200 times, even though the previous

complex was reported to operate under basic conditions.>°

Beneath these findings the catalyst is active in the hydrogenation of CO2 to C1
compounds with lower oxidation state. We found that in the presence of
Sc(OTf)z and nBuOH dialkoxymethane ether can be formed, representing the
formaldehyde leve. The catalytic activity found for this transformation fall into

the range of previously reported catalysts. 5657

Conclusions

To conclude, we have presented a catalytic system capable of highly efficiently
transform CO:2 into FA under base-free conditions. The combination of basic
ionic liquids, highly robust NHC CNC Ru based pincers and lewis acid
catalysts showed high efficiency at 120 °C, achieving concentrations close to
the thermodynamic equilibrium. The catalytic activity observed is the highest
observed to date for base-free systems and comparable to literature reports

employing base.
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7.3. Results and Discussion

The silver transmetallation route was chosen as the synthetic strategy to form
the aforementioned catalyst. Reaction monitoring can be undertaken by the
IH-NMR and *3C-NMR analysis. In the 'H-NMR the C2-H at 12 ppm disappears
and a new peak in the 13C NMR spectrum at 181 ppm is formed, indicating the
carbene formation. The resulting pale yellow complex (1) was characterised
by ESI-ms, ATR-IR, ICP-OES and the structural arrangement was determined
by single crystal XRD analysis. It is important to note that 1 was obtained as a
mixture, i.e. scrambling of the counter anion was observed, and thus a bromide
to chloride ratio of 30:70 was used to calculate a molar mass of 578.11 g /mol.
This molar mass was used to determine the amount of catalyst in solution. It
is also important to note that poisoning experiments with NaBr or NaCl did not
show any effect, indicating the minor role of the halides. For more information

see publication IV.

0 JBn) N a X
B ’ 1.) Ag,0 \ N:\§
JONTNTONN | 2)RUCON(C, NP
R R N
L _ L R _
e =CO L1 1
R =nBu
X = Br/Cr

Figure 7.3. Depiction of the synthetic strategy for the CNC-pincer complex synthesised

An initial catalytic screening showed that 1 achieves a FA concentration of 0.5
M in DMSO:H20 (5 v/iv% H20) at 80°C under 60 bar pressure (P(CO2) = P(Hz)

= 30 bar) in presence of 0.55 M 1-butyl-2,3-dimethylimidazolium acetate
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(BMMI.OAC). It is important to note that 1 does not show catalytic activity in
the absence of IL. Furthermore, with the thermodynamic parameter found in
section 4., it can be predicted that the same concentration should be
achievable at 120°C, see section 4. However, upon increasing the reaction
temperature to 100°C decomposition of DMSO was observed. Consequently,
the solvent system was switched to 1,4-dioxane:H20 (5 v/iv% H20), keeping

the other parameters constant.

Table 7.1 Temperature and Sc(OTf)s dependant results obtained with catalyst 1.

Entry P(H2):P(CO2) Sc(OTf)s T/ [FA]/ TON® TOF®) /
/ bar:bar /mmol  °C M h-t

1 30:30 - 120 0.49 162900 4360
2 30:30 - 100 0.22 77550 1080
3 30:30 - 110 0.29 100600 1750
4 30:30 - 130 0.40 14100 10620
5 30:30 - 140 0.29 100860 16500
6 30:30 0.10 120 0.32 114400 21200
7 45:15 0.10 120 0.36 126000 22000
8¢ 45:15 0.10 120 0.269 8338009 206009

Reaction conditions: 6 mL Dioxane;water (5 v/v% water), 3.3 mmol BMMI.OAc, 0.017 umol catalyst
a) determined after 72 h, b) determined after 4h; ¢) 0.0017 umol catalyst; d) determined after 5d; e)

determined after 24h.

Here the optimal performance was found at 120°C. Below 120°C the TOF
decreased significantly whilst above 120°C the reaction is limited by the

thermodynamic properties of the system, resulting in lower concentrations of
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FA, compare table 7.1, entry 1-5. At 120°C a TOF of 4360 h! with a final

concentration of FA of 0.49M was achieved, see table 7.1, entry 1.

Upon investigating the turnover limiting step (TLS), it was found that the rate
is limited by the COz2 insertion, see publication IV figure 4b. Consequently,
the addition of lewis acids (here Sc(OTf)s was used) enhanced the rate of the
reaction by stabilising charge intermediates (1-Int) and transition states
formed during the insertion of CO:z into the metal hydride bond (see figure 67).
Furthermore, this hints toward a predominantly outer sphere mechanism.®19
Indeed, the TOF can be increased to >21,000 h* (compare table 7.1, entry 1
& 6). At very low catalyst concentrations the achieved TON was 833800 after
5d representing the highest catalytic activity and durability ever achieved

under comparatively mildly basic conditions.3-17

In order to test the catalytic inactivity of the Sc** additive in the studied
transformation!!12 a reaction in the absence of 1 under elsewise identical
reaction conditions (3.3 mmol BMMI.OAc, 0.1 mmol Sc(OTF)sz P(Hz2) = P(CO2)
= 30 bar, T = 120°C and 6 mL Dioxane:H20) was conducted, which showed

no activity towards the formation of FA.
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Figure 7.4 Graphical depiction of Sc3* stabilising charge intermediates during the CO2 insertion, which

represents the TLS in a hypothetical mechanism

Furthermore, in the absence of Sc(OTf)3 an activation energy of 93 kJ mol* +
6.7 kJ mol* was determined. This value falls into a similar range as already
with catalyst 2 in section 6. For a more detailed discussion the reader is

referred to publication IV.

7.4. Concluding remarks about Ru-CNC pincer complexes in

the hydrogenation of CO2 to formic acid

The catalyst developed here (1) showed a ca. 50 times better performance in

terms of catalytic durability and 22 times better catalytic activity (TOF) than the
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best reported catalyst in the literature to date.!® Interestingly the pincer
complex developed in this part displayed similar properties to the catalyst 2
utilized for the CO2 hydrogenation to FA in section 6. For instance both
catalysts achieved similar concentrations of FA, the turnover limiting step was
determined to be the CO:z insertion step, which proceeds most likely in an outer
sphere fashion and both have similar activation energies, i.e. with 1 93 kJ mol
1 + 6.7 kJ mol? and with 2 96 kJ mol* + 3.1 kJ mol? in THF. However, the
pincer catalyst displayed a significantly increased catalyst durability compared

to 2.
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7.5. Publicaiton IV Supporting Information: Highly efficient

base-free synthesis of formic acid from carbon dioxide

Contribution of the author: In this publication the author designed the idea
for the catalyst, planned the research in liaison with the PhD supervisors, and
synthesized all complexes and ionic liquids undertook all the experiments,
analysed and interpreted the data and wrote the manuscript in collaboration

with all co-authors.

Reprinted with permission from www.chemrxiv.org/s/766685b107d9bca8418a
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General information
The ionic liquids 1,2-dimethyl-3-butylimidazolium acetate (BMMI.OAc) were

prepared from literature methods.? [Ru(Cl)2(CO)z]n complex was synthesized
according to a reported method.? 1,2-dimethylimidazole was purchased from
IOLITEC while n-chlorbutane, dimethylsulfoxide, Sc(OTf)s and deuterated
dimethylsulfoxide were obtained from Sigma Aldrich. Dioxane and ethylene
glycol was provided by VWR. RuCls:xH20 was provided by Precious Metals
Online. All the ILs were placed under vacuum at 50 °C for 2-3 h prior to use.
NMR measurements were performed on a 400 MHz Bruker or 500 MHz Bruker

with d1 = 50s and ESI-MS analysis was performed on a Bruker microTOFII.

Synthesis of  2,6-bis(1-butylimidazolium)pyridine
dibromide

2,6-bis(1-butylimidazolium)pyridine dibromide was prepared according to a
previously reported method.2 3.36 g (27 mmol, 2 eq) 1-butylimidazole and 3.2
g (13.5 mmol, 1 eq) 2,6-dibromopyridine are stirred at 150°C for 72h under
argon. After cooling the reaction mixture to room temperature, the reaction
mixture was dissolved in CHCIs and precipitated with Et2O. The desired
product is isolated as a white solid after repetitive precipitation from MeOH
with Et20.

Yield: 4.1 g (8.37 mmol, 62%)

'H-NMR and 13C spectra match previously reported results.?

Synthesis of Ru-CNC pincer

In the dark under argon:

700 mg (1.55 mmol, 1 eq) 2,6-bis(1-butylimidazolium)pyridine dibromide and
400 mg (1.73 mmol, 1.12 eq) Ag20 are dissolved in 10 mL dry and degassed
DCM. The reaction mixture is stirred in the dark under an argon atmosphere
for 24 h. Afterwards the solution is filtered through a celite pad, the solvent is
removed in vacuum. The resulting white solid is washed with 3x15 mL Et20.

The resulting white solid is directly used for the next step.
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908 mg of the white precipitate obtained in the previous step and 300 mg (1.30
mmol, 1 eq) [Ru(CO)2(Cl)2] are dissolved in 20 mL THF and stirred under
argon in the dark for 48h at 55°C. The resulting reaction mixture is cooled to
room temperature and filtered through a short celite pad and reduced under
vacuum. The resulting yellow solid is re-dissolved in 5 mL MeOH and filtered.
The product is obtained upon precipitation with Et2O and finally washed with

MeCN. Crystals are obtained by slow diffusion of Et20 into MeOH.
Yield: 350 mg (0.61 mmol, 47%)
Sum Formula C21H25Bro.6Cl1.4NsO2Ru

H-NMR (DMSO-d6, 400 Mhz): 6 8.67 ppm (d, 3J = 2.24 Hz, 2H), 8.62 ppm (t,
3J =8.2 Hz, 1H), 8.18 ppm (d, 3J = 8.24 Hz, 2H), 7.91 ppm (2 H, 3J = 2.20 Hz,
2H), 4.52-5.13 ppm (m, 4H), 1.89 ppm (p, 3J = 7.4 hz, 4H), 1.58-1.22 ppm (m,
4H), 0.95 ppm (t, 3J = 7.4 Hz , 6H).

13C-NMR (DMSO-d6, 126 MHz): d 181 ppm, 151 ppm, 125 ppm, 120 ppm,
119 ppm, 109 ppm, 52 ppm, 33 ppm, 20 ppm, 14 ppm.

ESI-ms: 592 mz

ATR-IR: v [cm™]: 3200 (C-Harom), 3000 (C-Him), 2900 (C-Ha), 2051 (C=0),
1993 (C=0)
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Figure S8 13C NMR of 1 in DMSO-d6.
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Figure S9 ATR-Ir of complex 1.
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Figure S10 ESI-ms of 1.

ICP-OES measurement
1.15 mg (1.85 umol) of 1 are dissolved in 10 mL of 2 v/iv% HCI solution and

the Ru content is measured on a ... ICP-OES. Expected concentration of Ru

was 18,6 mg L1. Xxx mg L* was found confirming the expected sumformular.

Preparation of Stock solutions

For the calculation of the amount of catalyst the average mass obtained by the

crystal structure was used (622.23 g/mol). 1 mg (1.7 umol) of 1 is dissolved in
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10 mL of the desired solvent system, giving a 0.17 mM catalyst stock solution.
1 mL of this solution (0.17 mM) is taken and diluted with 9 mL of the same
solvent system to give a 0.017 mM solution. 1 mL of this solution (0.016 mM)
is taken and diluted with 9 mL of the same solvent system to give a 0.0016

mM solution.

Cl/Br- poisoning experiments

1 mg (1.7 umol, 1 eq) 1 and 12 mg (116.6 pmol, 73 eq) NaBr, respectively 7
mg (116.6 pmol, 73 eq) NaCl, are mixed in 1 mL DMSO:H20 (5 v/v% H20) and
stirred for 24h. Afterwards, 5 mL DMSO:H20 (5 v/v% H:20) are added, the
solution transferred together with 700 mg (3.3 mmol) BMMI.OAc to a Parr-
reactor. Then the reactor is flushed with CO2 to remove residual air
contamination, pressurized with 30 bar CO:2 and filled with H2 to 60 bar. The
reactor was heated to 80°C using a heating mantle under hard stirring. After
4h (72h) the reactor was cooled down to room temperature and carefully
vented. The reaction mixture was analysed directly by *H NMR spectroscopy
in DMSO-ds to determine the amount of formic acid formed, using BMMI.OAc

as an internal standard.

Table S1 catalyst comparison and poisoning experiments

Entry Catalyst Additive [FA]? / TON®  TOF®/ht
(mmol) M
1 1 - 0.50 1763 58
2 1 NacCl 0.50 1763 63
(0.12 mmol)
3 1 NaBr 0.50 1763 56
(0.122 mmol)

Reaction conditions 1.6 umol catalyst, 3.3 mmol BMMI.OAc, P(H2) = P(CO2) = 30 bar, 6 ml DMSO:H20
(5 viv% H20), T = 80°C, a) determined after 72h, b) determined after 4h.

Initial screening

1 mg (1.7 pumol, 1 eq) 1 is dissolved in 6 mL DMSO:H20 (5 v/v% H20)/ 6 mL
1,4-dioxane:Hz20 (5 v/v% H20). Then 700 mg (3.3 mmol) BMMI.OAc is added
and the reaction mixture is transferred to a Parr-reactor. Then the reactor is

flushed with CO2 to remove residual air contamination, pressurized with 30 bar
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CO2 and filled with H2 to 60 bar. The reactor was heated to the desired
temperature using a heating mantle under hard stirring. After 4h (72h) the
reactor was cooled down to room temperature and carefully vented. The
reaction mixture was analysed directly by *H NMR spectroscopy in DMSO-ds
to determine the amount of formic acid formed, using BMMI.OAc as an internal

standard.

. thermodynamic equilibrium

60 80 100 120 140 160 180
TI°C

Figure S11 Curve for predicting optimal catalyst performance, showing the thermodynamic equilibrium
for the applied reaction conditions (black) and results from the initial screening (blue).*

General procedure for the hydrogenation of CO>

From a stock solution containing the catalyst (0.17 mM, 0.017 mM or 0.0017
mM) 1 mL is added to 700 mg (3.3 mmol) BMMI.OAc and then loaded into a
Parr reactor (50 mL). Then 6 mL of Dioxane:water (5 v/v% water) from a stock
solution was introduced into the reactor. The reactor was flushed with CO2 gas
in order to remove air. Afterwards, the reactor was filled with the desired
amount of CO2 and filled with H2 gas, till the desired total pressure was
reached at room temperature. The reactor was heated to the desired reaction
temperature using a heating mantle under hard stirring. After the desired
reaction time the reactor was cooled down to room temperature and carefully
vented. The reaction mixture was analysed directly by *H NMR spectroscopy
in DMSO-ds to determine the amount of formic acid formed, using BMMI.OAc

as an internal standard.
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Screening of the effect of water onto the

hydrogenation of CO2

From a stock solution containing the catalyst (0.017 mM) 1 mL is added to 700
mg (3.3 mmol) BMMI.OAc and then loaded into a Parr reactor (50 mL). Then
6 mL of Dioxane:water with varying amounts of water from a stock solution
was introduced into the reactor. The reactor was flushed with CO2 gas in order
to remove air. Afterwards, the reactor was filled with the desired amount of
COz2 and filled with Hz gas, till the desired total pressure was reached at room
temperature. The reaction was conducted at 120°C using a heating mantle
under hard stirring. After the desired reaction time the reactor was cooled
down to room temperature and carefully vented. The reaction mixture was
analysed directly by 'H NMR spectroscopy in DMSO-ds to determine the

amount of formic acid formed, using BMMI.OAc as an internal standard.

Table S2 Effect of water content onto the hydrogenation of CO2 to FA.

Entry Cat. T/ Water t/ Conc. TON2 TOF®/
amount/ °C  content/ h FA2/ h-t
pmol % M
1 0.016 120 5 4 0.05 17500 4360
2 0.016 120 20 4 0.05 16600 4150
3 0.016 120 50 4 0.02 5800 1460
4 0.016 120 80 4 0.01 2000 500
5 0.016 120 30 4 0.03 11600 2900
6 0.016 120 5 72 0.46 162900 2260
7 0.016 120 20 72 0.36 127900 1780

Reaction conditions catalyst 0.017 umol, 3.3 mmol BMMI.OAc, 6 mL solvent; a) determined after 72h,
b) determined after 4h.

Nanoparticle formation

Benzene test

1 mg (1.6 pumol) of 1 is added to 700 mg (3.3 mmol) BMMI.OAc and then
loaded into a Parr reactor (50 mL). Then 6 mL of Dioxane: H20 (5 v/v% H20)
and 1 mL benzene with were introduced into the reactor. The reactor was

flushed with H2 gas in order to remove air. Afterwards, the reactor was filled
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with 50 bar Hz2. The reaction was conducted at 120°C using a heating mantle
under hard stirring. After 24h the reactor was cooled down to room
temperature and carefully vented. The reaction mixture was analysed directly
by 'H NMR spectroscopy in DMSO-ds to determine the amount of formic acid

formed, using BMMI.OACc as an internal standard.

DLS and TEM test

1 mg (1.6 umol) of 1 is added to 700 mg (3.3 mmol) BMMI.OAc and then
loaded into a Parr reactor (50 mL). Then 6 mL of Dioxane: H20 (5 v/v% H20)
was introduced into the reactor. The reactor was flushed with Hz gas in order
to remove air. Afterwards, the reactor was filled with 45 bar H2 and 15 bar CO..
The reaction was conducted at 140°C using a heating mantle under hard
stirring. After 24h the reactor was cooled down to room temperature and
carefully vented. The reaction mixture was analysed directly by 'H NMR
spectroscopy in DMSO-ds to determine the amount of formic acid formed,
using BMMI.OAc as an internal standard. The reaction solution was screened
for nanoparticles by Dynamic light scattering and TEM analysis. None of those
experiments displayed nanoparticles under the investigated reaction

conditions

Screening of the effect of Sc(OTf)s onto the
hydrogenation of CO>

From a stock solution containing the catalyst (0.016 mM) 1 mL is added to 700
mg (3.3 mmol) BMMI.OAc and then loaded into a Parr reactor (50 mL). Then
6 mL of Dioxane:water (5 v/v% water) from a stock solution was introduced
into the reactor. Then the desired amount of Sc(OTf)s was added into the
reactor. The reactor was flushed with CO2 gas in order to remove air.
Afterwards, the reactor was filled with the desired amount of CO2 and filled
with Hz gas, till the desired total pressure was reached at room temperature.
The reaction was conducted at 120°C using a heating mantle under hard
stirring. After the desired reaction time the reactor was cooled down to room

temperature and carefully vented. The reaction mixture was analysed directly
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by 'H NMR spectroscopy in DMSO-ds to determine the amount of formic acid

formed, using BMMI.OACc as an internal standard.

Crystal structure determination of 1

Single crystals suitable for X-ray analysis were obtained by slow diffusion of
toluene into methanol. This afforded pale yellow crystals suitable for structure
determination. Crystals of 1 were mounted on MicroMounts (MiTeGen) using
YR-1800 perfluoropolyether oil and cooled rapidly to 90 K/ 120 K in a stream
of cold nitrogen using an Oxford Cryosystems low-temperature device.®> Data
for compounds 1 were collected on an Oxford Diffraction SuperNova
diffractometer equipped with a mirror-monochromated Cu Ka source (A =
1.5418 A). Gaussian grid face-indexed absorption corrections with a beam
profile correction were applied in CrysAlisPro.® Data for compound 1 were
collected on a Bruker SMART APEX diffractometer, equipped with a graphite-
monochromated Mo Ka source (A = 0.71073 A). Absorption corrections were
applied using multiscan methods implemented in SADABS.’ Structure 1 was
solved via olex2.solve.8 All structures were refined by full matrix least-squares
using SHELXL-2014.°
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Figure S12 Crystal structure of 1.

We observe that 1 crystallises with toluene. Structurally, the NHC 1 wingtips
display identical bond lengths (2.075 A), and the bonds in the NHC moiety are
identical. Furthermore, 1 displays a symmetrical plane along the N11-Ru-C1A-
O2A axis. The N11-Ru bond lengths is 2.011 A long, which is identical to
previously reported Ru-N(pyr) bond lengths in CNC-pincer complexes.’® A
significant trans-effect can be observed, i.e. the Ru-C1A (1.895 A) bond is
significantly shorter as the corresponding Ru-C1B (1.937 A) bond lengths and
the C1B-O1B (1.087 A) bond is significantly shorter than the C1A-O1A (1.110
A) bond length. Note that the Ru-C1A bond length is identical to Ru-CO bond
lengths in similar Ru-CNC pincer complexes.® A Ru-Brl bond length of 2.636
A'is found whilst the Ru-Cl1 bond length is comparatively compressed to 2.410
A. Most bond angles display almost identical angles (90°). Exceptions are the
NHC wingtips. Here compression of the C21-Ru-N11 (76°) bond and
consequently stretching of the C21-Ru-C1A (103°) can be found. In general
the structural arrangements are similar as already described for other

complexes.10
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Table S3 Crystal data and structure refinement for 1.

Identification code 1

Empirical formula C245H29Bro.63Cl1.20NsO2Ru
Formulaweight 622.38
Temperature/K 120(2)

Crystal system monoclinic

Space group C2/m

alA 8.9075(3)

b/A 13.6660(4)

c/A 22.4967(7)

a/° 90

/e 97.948(3)

v/° 90

Volume/A3 2712.21(15)

z 4

peacg/cm® 1.524

w/mm 7.172

F(000) 1259.0

Crystal size/mm?® 0.397 x 0.194 x 0.071
Radiation CuKa (A =1.54184)
20 range for data collection/° 7.936 to 149.108
Index ranges -10<h<10,-16 <k <16,-21 <1<27
Reflections collected 10836

Independent reflections 2843 [Rint = 0.0387, Rsigma = 0.0241]
Datalrestraints/parameters ~ 2843/236/226

Goodness-of -fit on F 1.097

Final R indexes [I>=26 (I)] R1 = 0.0338, wR2 = 0.0840

Final R indexes[all data] R1=0.0340, wR> = 0.0841

Largest diff. peak/hole/ e A= 1.64/-0.95
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Table S4 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement Parameters
(A2x103) for RUASWB. Ueq is defined as 1/3 of of the trace of the orthogonalised Ui tensor

Atom X y z U(eq)

Rul 3063.9(3) 5000 2037.6(2) 19.13(11)
Cl1 5400 (6) 5000 2721 (4) 23.4(7)
O2A 1219 (5) 5000 3059.7(17) 48.4(9)
0O2B 124 (4) 5000 1188.1(16) 37.3(7)
N22 4304 (2) 3350.7(16) 1457.8(10) 19.5(4)
N25 3082 (2) 2635.2(17) 2088.9(10) 20.1(5)
N11 4405 (3) 5000 1364.2(14) 19.8(6)
C12 4882 (3) 4151.1(19) 1165.4(11) 19.7(5)
CiB 1217 (4) 5000 1471 (2) 23.4(8)
C13 5881 (3) 4112 (2) 748.5(12) 23.4(5)
Cl4 6375 (5) 5000 544.9(17) 26.1(8)
c21 3419 (3) 3521.4(19) 1899.5(11) 19.2(5)
C23 4489 (3) 2353 (2) 1369.7(12) 22.1(5)
C24 3729 (3) 1911 (2) 1769.1(12) 23.4(5)
C31 2293 (3) 2450 (2) 2608.2(12) 22.6(5)
Cl1A 1912 (5) 5000 2686 (2) 32.0(9)
C32 3405 (3) 2364 (2) 3182.5(12) 27.1(6)
C33 2605 (3) 2226 (3) 3730.7(13) 32.9(7)
C34 3720 (4) 2109 (3) 4303.1(14) 45.5(9)
Br2 1686.0(13) 3328.7(10) 273.8(6) 50.3(5)
Cl2 1686.0(13) 3328.7(10) 273.8(6) 50.3(5)
C7S 2260 (30) 4940 (60) 4582 (8) 89 (9)
Ci1s 3910 (20) 5010 (40) 4860 (5) 61(4)
C2s 5030 (20) 5010 (60) 4508 (10) 74 (6)
C3S 6510 (30) 5090 (60) 4757 (10) 77(9)
C4Ss 6870 (30) 5120 (30) 5369 (9) 63(8)
C5S 5750 (20) 5130 (30) 5723(7) 51(8)
C6S 4262 (18) 5080 (60) 5469 (7) 45 (7)
Brl 5648 (16) 5000 2768 (9) 23.4(7)
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Table S5 Anisotropic Displacement Parameters (A2x103) for 1. The Anisotropic displacement factor

exponent takes the form: -2m?[h?a*?U11+2hka*b*U12+...].
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Table S6 Bond Lengths for 1.

AtomAtom Length/A

AtomAtom Length/A

Rul
Rul
Rul
Rul
Rul
Rul
Rul
O2A
02B
N22
N22
N22
N25
N25
N25

Cl1
N11
CiB
c21t
C21
Cl1A
Brl
Cl1A
CiB
C12
Cc21
Cz23
C21
C24
C31

NN RN

N e e e

.410 (
.055¢(
937 (
.075¢(
.075¢(
.895(
2.636(1
.110(
.087¢(
.410¢(
371 (
. 390 (
.332(
.394 (
467 (

)
3)
4)
3)
3)
)
3)
6)
)
3)
3)
3)
3)
3)
3)

N11
N11
C12
C13
C23
C31
C32
C33
C7S
C1S
C1S
C2S
C3S
C4S
C5S

c12t
Ci12
C13
Cl4
C24
C32
C33
C34
C1S
C2S
C6S
C3S
C4S
C5S
C6S

1
1
1
1
1
1
1
1
1.
1.

1.

. 334 (
. 334 (
.380 (
. 390 (
.342 ¢
.520¢(
.519¢(
.522(
1.52¢
358 (1
366(1
1.36¢
1.37¢
357 (1

(

3)
3)
4)
3)
4)
4)
4)
4)
2)
7)
7)
3)
2)
8)
1.37(2)
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Table S7 Bond Angles for 1.

Atom Atom Atom Angle/® Atom Atom Atom Angle/*

N11 Rul Cl1 86.1(2) C12 N11 Rul 119.45(16)
N1l Rul C21t 76.91(7) C12! N11 Rul 119.45(16)
N1l Rul C21 76.91(7) Cl2 N11 Cc12* 120.9(3)
N11 Rul Bril 85.0(5) N11 C12 N22 111.4(2)
CiB Rul Cl1 178.5(2) N1l C12 Ci13 121.8(3)
Ci1B Rul N11 92.43(15) C13 C12 N22 126.8(2)
C1B Rul c21! 91.98(7) 02B C1B Rul 174.8(4)
CiB Rul C21 91.98(7) Cl2 Ci13 Ci4 117.0(3)
C1B Rul Bri1 177.4(5) C13! C14 C13 121.6(4)
C21' Rul ClI1 87.69(8) N22 C21 Rul 112.88(18)
C21 Rul Cl1 87.69(8) N25 C21 Rul 142.38(19)
C21! Rul C21 153.66(14) N25 C21 N22 104.7(2)
C21 Rul Brl 87.45(12) C24 C23 N22 105.4(2)
C21! Rul Bri 87.45(12) C23 C24 N25 107.9(2)
Cl1A Rul Cl1 91.2(3) N25 C31 C32 111.3(2)
Cl1A Rul N11 177.26(16) 0O2A Cl1A Rul 179.0(4)
Cl1A Rul CI1B 90.31(19) C33 C32 C31 112.1(2)
ClA Rul c21! 103.00(7) C32 C33 C34 112.1(2)
ClA Rul C21 103.00(7) C2S Ci1S C7S 120.5(14)
Cl1A Rul Brl 92.3(5) C2S C1S C6S 119.9(19)
C21 N22 Ci12 119.3(2) C6S Ci1S C7Ss 119.5(13)
C21 N22 C2Z3 111.2(2) C1S C2S C3S 120.5(19)
C23 N22 Ci12 129.5(2) C2S C3S C4S 120 (2)
C21 N25 C24 110.7(2) C5S C4S C3s 120 (2)
C21 N25 C31 124.5(2) C4S CbBS C6S 120.0(18)
C24 N25 C31 124.5(2) C1S C6S CbhS 119.8(15)
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Table S8 Torsion Angles for 1.

A B C D Angle/* A B C D Angle/’
Rul N11C12N22 2.0(3) C23N22C12C13 -5.5(4)
Rul N11C12C13 -174.8(2) C23N22C21Rul 178.73(17)_
N22 C12C13C14 -176.1(3) C23N22C21N25 1.0(3)
N22 C23C24N25 0.6(3) C24N25C21Rul  179.0(2)
N25 C31C32C33 177.0(3) C24N25C21 N22 -0.6(3)
N11 C12C13C14 0.2(4) C24N25C31C32 83.4(3)
C12 N22C21Rul 1.3(3) C31N25C21 Rul -7.6(4)
C12 N22C21N25 -179.0(2) C31N25C21N22 172.8(2)
C12 N22C23C24 179.0(2) C31N25C24C23 -173.4(2)
C12'N11C12N22 176.8(2) C31C32C33C34  178.3(3)
C12'N11C12C13 0.0(5) C7SC1SC2SC3S 179(3)
C12 c13c14c13t -0.4(6) C7SC1SC6SC5S 179 (3)
C21 N22C12N11 =2.2(3) C1SC2SC3SC4S 3(5)
C21 N22C12C13 174.5(2) C2SC1SC6SC5S -1(5)
C21 N22C23C24 -1.0(3) C2SC3SC4SC5S -3(6)
C21 N25C24C23 0.0(3) C3SC4SC5SC6S 1(6)
C21 N25C31C32 -89.1(3) CASC5SC6SC1S 1(e)
C23 N22C12N11 177.9(3) C6SC1SC2SC3S -1(4)
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Table S9 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters (A2x10°) for 1.

Atom X y z U(eq)

H13 6215.49 3505.7 607.07 28
H14 7068.31 5000.01 259.51 31
H23 5037.55 2049.86 1086.61 27
H24 3645.84 1224.44 1824.26 28
H31A 1702.18 1836.29 2542.86 27
H31B 1575.41 2990.65 2649.05 27
H32A 4087.69 1801.66 3148.17 33
H32B 4034.15 2963.24 3234.43 33
H33A 1951.09 1638.11 3673.36 39
H33B 1946.48 2798.05 3772.31 39
H34A 4338.94 1522.9 4272.31 68
H34B 3161.09 2043.64 4646.72 68
H34C 4379.52 2685.39 4358.79 68
H7SA 2032.31 5449.43 4277.55 134
H7SB 1602.59 5022.92 4894.74 134
H7SC 2065.56 4293.85 4393.84 134
H2S 4780.54 4958 4084.52 88
H3S 7285.4 5120.49 4507.47 93
H4S 7903.09 5143 5545.4 76
H5S 6005.52 5165.82 6147.18 61
H6S 3479.38 5087.12 5716.35 54

Atom Occupancy Atom Occupancy Atom Occupancy

Cl1 0.830(4) Br2 0.188(4) Cl2 0.312(4)
C7s 0.25 H7SA 0.25 H7SB 0.25
H7SC 0.25 C1S 0.25 C2S 0.25
H2S 0.25 C3S 0.25 H3S 0.25
C4s 0.25 H4S 0.25 C5S 0.25
H5S 0.25 CB6S 0.25 H6S 0.25
Brl 0.170(4)
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The work carried out during this thesis investigated the intermediate regime in
between strongly basic (see section 1.3) and additive free conditions (see
section 1.4). It was shown that basic ILs, such as 1-butyl-2,3-
dimethylimidazolium acetate (BMMI.OAc), can be used to shift the
thermodynamic equilibrium to the product side by acting as a buffer, whilst
avoiding the formation of formate salts and - adducts. The subtle stabilisation
of formic acid facilitates the separation of the product from the ionic liquid
immobilised onto a solid support, in this case a Merrifield resin. Hereby, the
thermodynamic stabilising forces compromise in between disfavouring
extraction efficiencies as would be expected under strongly basic conditions
(see section 1.6) and fast catalyst deactivations as observed under additive
free conditions (see section 1.4). These findings are especially interesting if
the reaction should be conducted in an economically feasible fashion, i.e. the
product separation is facilitated. However, one major task remains unsolved —

the immobilisation of the catalyst.

In a first attempt to find a suitable catalyst, which could be immobilised,
heterogeneous catalysts (RuFe-nanoparticles) were investigated for the
hydrogenation of CO2 to formic acid. It was clearly demonstrated that by
diluting Ru-nanoparticles with Fe, the catalytic activity can be accelerated.
However, the catalytic activity was far from satisfying. Here homogeneous

catalysts seem to be superior for the investigated reaction.
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In order to elucidate homogeneous catalyst for the hydrogenation of CO2 to
formic acid, a collaboration with Prof. Albrecht was started. Here a wide range
of homogeneous catalysts were investigated. It was found that the catalytic
activity depends on the electron density at the metal centre and the
mechanism of the CO: insertion. However, the most important factor is the
resistance towards low pH. This can be achieved with a pyridinium scaffold,
leading to a twofold increase in turnover number (TON). However, a major
improvement point with the complexes investigated in this part still remained
to be the durability of the catalysts, although the achieved TON were in the
range of other catalysts reported in literature for the base free hydrogenation

of COz2 to formic acid, see section 1.4.

Therefore, the final part of this thesis investigated Ru-CNC-pincers complexes
for the hydrogenation of COz2 to formic acid. These complexes prohibit a ligand
architecture which does not allow for a catalyst deactivation as described
initially in section 1.3.2. Figure 1.24. Furthermore, they displayed a high
thermal - and chemical robustness, combined with a high electron density at
the metal centre. Consequently, an astonishing rate of up to 22,000 h* and a
TON of up to 833,800 can be achieved. These results demonstrate the
plausible utilization of pincer type carbenes for the hydrogenation of CO:2 to

formic acid.

In general this work studied the thermodynamic regime in between strongly
basic conditions and additive free conditions for the hydrogenation of CO:2 to
FA. This regime enables the separation of FA from an IL immobilised onto a

Merrifield resin, due to the relatively weak thermodynamic stabilisation of FA
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by the IL compared to additive free conditions. At the same time rapid catalyst
deactivations as observed under base free conditions can be avoided and
related to structural features in the coordination sphere of the catalysts.
Hereby, the investigation of varying catalysts displayed, that the product
tolerance (protons and FA) of the active species is crucial to achieve high

concentrations of FA (see section 6).

Consequently, future studies should focus on fine tuning the electronic
properties of homogeneous pincer complexes using NHC moieties as ligating
groups, with emphasis on the product resistance (formic acid and protons). As
a starting point could be the here developed CNC-Ru-pincer used, whilst
modifying ligating groups surrounding the active metal centre. Initially the
effect of pyridylidene carbenes should be explored, as the corresponding
complex displaying this functional group exhibited high tolerance towards the

acidic media generated by formic acid (see section 6, complex 1).

These studies should be encompassed with thorough kinetic and mechanistic
analysis using in-situ methods such as IR and NMR spectroscopy. Especially
with in situ IR techniques the CO groups at the Ru centre could be “tapped”
into to investigate the possible shift in catalyst distribution in the catalytic circle.
These studies could lead to a thorough understanding of catalytic stability and
activity during the hydrogenation of CO2 to FA, similar to studies regarding
thermodynamic hydricity and CO: activation as laid out in the introduction, see
section 1.2.2. As a final result the parametrisation of ligand groups towards
the resistance of an increasingly acidifying reaction media could be achieved,

facilitating the rapid development of novel catalyst which on turn can open a
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gateway for the production of formic acid under completely additive free

conditions.

Another string of study should be aimed at the immobilisation of homogeneous
catalyst onto a support which at the same time should buffer the reaction
media at favourable pH. These studies would continue investigating the
separation of FA from a Merrifield resin as demonstrated in section 4.
However, it is important to note that in order to increase separation
efficiencies, the thermodynamic interactions in between the support and FA
should be further reduced. This could be achieved by using less basic
counteranions such as formates, or by removing the ionic liquid support
entirely. However, less basic environments, will inevitably lead to more
demanding reaction conditions, thus these studies should be encompassed
with the investigation of catalyst designs, favouring the product tolerance of

bespoke catalysts, see also previous paragraph.

The final aim should be the development of a catalyst system which would
encompass both, a facile and effective separation of FA from a support matrix
and a catalyst immobilised onto the bespoke matrix which can tolerate strongly
acidic conditions. In this way an effective flow process for the synthesis of FA

from CO2 could be achieved.
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