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Abstract

This thesis summarizes and discusses the results of six separate projects within the PhD studies and totals
eight chapters, followed by ten appendices containing general instrumentation, synthesis protocols,

spectroscopic data, and a list of planned publications and scientific disseminations based on this work.

After first opening up with a general introduction towards the topic of POP pincer complexes, the thesis
discusses the synthesis of a family of related ruthenium(Il) hydrido complexes containing POP pincer
ligands. All of them were spectroscopically characterized and their structures confirmed by means of

crystallography.

In the third chapter, the application of the previously synthesized family of Ru(Il) complexes for the
upgrading of ethanol to 1-butanol and related higher alcohols as a means of biofuel synthesis was
investigated. At a temperature of 120 °C, they reached moderate yields of around 28% over two days after

various condition screenings.

The complexes were then further tested for their activity in the dehydrogenation of formic acid using an
ionic liquid as a solvent. This was an attempt to simplify the reaction conditions for formic acid
dehydrogenation in order to make the reaction more industrially attractive. The set of complexes showed

high activities at 90 °C and were active at temperatures as low as 60 °C.

In the fifth chapter, a new set of Ru(I)-POP complexes bearing nitrosyl groups was synthesized. This
gives a fundamental insight into binding properties of POP pincer complexes, especially their hemilability
between different binding modes. All complexes were investigated by spectroscopic techniques and their

structures verified by crystallography.

The sixth chapter aimed to develop a novel set of previously unknown POP pincer complexes of
manganese. Three catalysts could be synthesized and spectroscopically analyzed to various degrees. To
my knowledge, this work represents the first reported example of Mn(I) POP pincer complexes. They
were then used in formic acid dehydrogenation reactions in conditions identical to those used for the

ruthenium complexes and showed moderate activity.

Finally, the seventh chapter, done in collaboration with the Leibniz Institute for Catalysis (LIKAT) in
Rostock/Germany, investigates the reactivity of CO, adducts of very electron-rich phosphines. Breaking
the molecule symmetry of CO,, these adducts are interesting as co-catalysts for the hydrogenation of CO,

to formic acid and other bulk chemicals in a future hydrogen economy. Catalytic reactions were attempted



Abstract

using the commercially available Ru-MACHO-BH catalyst under harsh conditions, and small amounts of

formate signals were detected, opening up the possibility of further investigation.

In conclusion, this thesis contributes to the further understanding of catalytic processes using POP pincer
complexes of ruthenium and manganese for applications in the field of green chemistry, specifically

biofuel development and energy storage solutions.
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Resumé

Resumé

I den n@rvaerende athandling presenteres og diskuteres resultaterne af de arbejder, der er udfert som led
af ph.d.-uddannelsen ved Institut for Kemi, Danmarks Tekniske Universitet. Disse arbejder er inddelt i
otte kapitler, hvilke efterfolges af ni bilag. Disse bilag indeholder tekniske informationer om
instrumentering, synteseprotokoller, spektroskopiske data, liste over planlagte publikationer samt

yderligere videnskabelig formidling hidrerende de i denne afthandling beskrevet arbejder.

Afhandlingen é&bnes indledningsvis af en generel introduktion til begrebet om POP-ligander og
”pincer-komplekser”, hvorefter folger beskrivelse af syntese af en rakke strukturelt beslegtede
hydridoruthenium(Il)-forbindelser koordineret af fornevnte POP-ligander. Alle heri diskuterede

forbindelser er karakteriseret strukturelt gennem spektroskopiske- og krystallografiske metoder.

I Kapitel 3 beskrives reaktionsprofilen af de i Kapitel 2 beskrevet forbindelser under anvendelse i den
katalytiske omdannelse af ethanol til hovedsageligt butan-1-ol og samt tungere alkoholer, der heri
beskrives som lovende kandidater til syntetisk biobrandsel. Det vises, at udbytter p&d 28% kan opnés ved
en reaktionstid pa to dage ved 120 °C efter optimering af reaktionsvariable. Herefter beskrives, ligeledes i
Kapitel 4, hvorledes de for denne athandling relevante forbindelser er blevet testet for katalytisk aktivitet i
dehydrogeneringsreaktioner af myresyre under anvendelse af ioniske vasker som oplesningsmiddel.
Dette beskrives som et forseg pa at simplificere reaktionsbetingelserne for derved at gere denne proces
mere attraktiv for den kemiske industri. Saledes vises det, at de 1 Kapitel 4 undersogte
koordinationsforbindelser udviser hgj katalytisk aktivitet ved 90 °C, og katalytisk omsatning blev

detekteret ved reaktionstemperature ned til 60 °C.

I Kapitel 5 fremsattes en generel protokol for syntesen af nye nitrosyl-forbindelser af ruthenium(II)
flankeret af POP-ligander. Som vist gennem spektroskopisk- og krystallografisk strukturanalyse udviser
POP-liganderne anderledes bindingsforhold til ruthenium(Il), end hvad tilfeldet er for alle ikke-nitrosyl-

barende forbindelser der praesenteres i den foreliggende athandling.

Herpa folger i Kapitel 6 gennemgang af syntese og delvis karakterisering af tre nye POP-forbindelser af
mangan(I), vis moderate katalytiske aktivitet i dehydrogeneringsreaktionen af myresyre er afprevet under

identiske reaktionsbetingelser for de i det foregaende kapitel undersegte ruthenium forbindelser.

Arbejder der er udfert under udvekslingsopholdet pa Leibniz Institut fiir Katalyse i Rostock, Tyskland,
beskrives som det sidste i Kapitel 7. Undersogelse af relativitetsmenstrene af carboxylatophosphonium-

forbindelser, efter dannelse af disse gennem reaktion mellem sardeles elektronrige phosphiner og CO»,
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udger en vaesentlig del af dette kapitel. Pa grund af polariseringen af CO, er disse phosphin-CO-addukter
interessante emner, i et potentielt "hydrogendrevet” samfund, som katalytisk intermediat under direkte
reduktion af CO; til myresyre og andre kemikalier. Ydermere undersgges muligheden for katalytisk
omdannelse af fornaevnte carboxylatophosphonium-forbindelser til myresyre gennem hydrogenering ved
anvendelse af det kommercielle kompleks kendt som Ru-MACHO-BH. Dette viser sig ladsiggerligt under

relativt harde reaktionsbetingelser.

Afrundningsvis kan det konkluderes, at den foreliggende athandling bidrager til den fundamentale
forstéelse af katalytiske processor, hvori POP-komplekser af ruthenium og mangan kan finde anvendelse

med sarlig fokus pa metodisk udvikling af syntese af briobreendsel og energilagring.
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1. General introduction

This first chapter of the thesis is meant to fulfil two purposes: First, it is meant to provide the reader with
a general understanding of the history of POP pincer ligands and their binding properties, which play an
important role in their catalytic activities. The second purpose is to outline the general motivation behind
this work, which is to use the POP pincer complexes in various subfields of homogeneous catalysis in
pursuit of catalytic conversions for the sustainability of energy storage. The main topics of this work will
revolve around the chemistry of low valent coordination complexes of ruthenium(Il) and manganese(l),
their chemical and spectroscopic properties, and their activities in catalysis in the framework of the
transition to sustainable energy sources. All compounds presented in this work will have a few common
properties. First, they will all bear POP pincer ligands, with the goal of obtaining them in their three-
coordinate meridional binding mode. Second, they will all have a set of three monodentate co-ligands,

which means that they will all be obtained as @®MLs complexes.
1.1 Pincer complexes

1.2.1 History and definition

From the simplest chlorido ligand to the most complex chiral phosphines for asymmetric hydrogenations
in drug development, the choice of ligands has always been paramount for the successful application of
organometallic chemistry. Due to their tuneability, the design and application of complexes bearing
pincer ligands has become an important area of research recently. The term “pincer ligand” was first used
by VAN KOTEN in 1989 to describe a tridentate NCN ligand utilized in a Ni(Ill) complex previously
synthesized by the same workgroup.>* While originally referring to anionic tridentate ligands with a
carbon atom as the central binding site, the modern definition has been broadened, and today, pincer

ligands are typically understood as any tridentate ligands that bind in a meridional way.

Informal terminologies for the different parts of pincer ligands exist. They are listed in Figure 1.1. The
first and arguably most important consists of the three atoms that coordinate to the metal center.
Connecting them lies the organic backbone of the ligand, usually referred to as a “linker”, which itself
contains the central “anchor”. The non-central coordinating atoms and organic substituents on them are

usually referred to as the “wingtips” of the pincer ligand.
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Figure 1.1: Pincer ligand nomenclature.

Example used: Pd-CNC pincer complex with two N-heterocyclic carbenes (NHCs) as wingtips.

The first example of a pincer complex was synthesized in 1976 by SHAW, more than a decade before the
term was first mentioned.* Their report also contains the first use of the now common acronym for pincers
by abbreviating it as the list of metal-bound chelation sites in the sum formula of the complex, in this case
“INiCl(pcp)]”. While a narrow field of study in the beginning, the interest in pincer complexes has
expanded significantly over the last five decades and they are now a common sight in homogeneous
catalysis. A vast majority of complexes use nitrogen, oxygen, phosphorous, and carbon, in various
combinations, as their metal binding sites, but more exotic main group elements have been investigated as
well, including boron,’ silicon,® arsenic,” germanium,® and the heavier chalcogenes sulphur,” selenium,'

and tellurium.!!

A very common type of pincer ligand binds to a metal center through two phosphines that are connected
by an ether bridge which contains the central binding oxygen atom. The standard naming convention
refers to them as “POP pincers”. This work is solely dedicated to the investigation of POP pincer ligands

and various of their complexes of ruthenium and manganese.

1.2.2 POP pincer ligands

The history of POP pincer complexes is strongly linked to efforts in improving hydroformylation
reactions. The first Rh(I)-based hydroformylation catalysts, most notably those developed by OSBORN,
EVANS, and WILKINSON, used monodentate phosphine ligands.'? While reaching quantitative conversions
with high activities, the regioselectivity between linear and branched hydroformylation products was
suboptimal, with product ratios of only around 2.8:1. This necessitated reaction optimization. In 1992,
CASEY reasoned that such selectivity could be improved by employing bidentate ligands."* This would be

accomplished by inducing the two phosphines into a diequatorial configuration, and would involve the
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fine tuning of the P-M-P binding angle towards the metal, usually referred to as the “bite angle”. Natural
bite angles of 120°, consistent with a diequatorial position in a trigonal bipyramidal complex, were shown
to deliver optimal results in terms of selectivity. In 1995, KAMER and VAN LEEUWEN improved the
concept by using ether linkers to link triphenylphosphine moieties together to form bidentate phosphine
complexes with similar bite angles,' using ligands which had been synthesized first in the same year by
HAENEL.'” Specifically, they tested a set of five chelating phosphine ligands, all identical in their structure
containing various interlinked 2,2'-bis(diphenylphosphino)-diphenyl ether moieties. They were named
after the heterocyclic compound that forms their main structure, e.g. DBFphos from dibenzofuran and

xantphos from 9,9-dimethylxanthene. An overview over their structures is shown in Figure 1.2.

PPh, PPh,

SaviisociN<os

DPEphos Sixantphos Thixantphos

PPh, PPh, Ph,P PPh,

55 e

Xantphos DBFphos

Figure 1.2: POP pincer ligands first used in hydroformylation by van Leeuwen in 1995.

Indeed, this approach proved successful, and the ratio of linear to branched products in hydroformylation
improved immediately to about 54:1 under similar conditions. While later studies showed the influence of
the bite angle on the reaction mechanism, specifically that of the ratio of diequatorial and equatorial-
apical complex isomers, to be less straightforward than originally thought,'® VAN LEEUWEN’s discovery
sparked wide interest in this new group of phosphine ligands. Since then, modifications of this basic
structure have allowed a large range of applications in catalysis and have unveiled some interesting novel

reaction pathways previously unknown to literature.

The synthesis of this type of POP ligand is straightforward. The diaryl ether backbone is deprotonated and
lithiated using organolithium compounds, typically n-BuLi or sec-BuLi. While the first published
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synthesis route relied refluxing the precursor in heptane,' today this is usually done in THF at -78 °C
using TMEDA as an additive with subsequent warmup to room temperature. Ortho-dilithiation relative to
oxygen has been found to be highly favoured and can be regarded as the only deprotonation site when no
significant excess of base is used. The next step is a simple phosphination using the corresponding
chlorophosphine.!”!® The synthesis route gives access to modified phenylphosphine moieties, as well as
alkylphosphines such as ethyl, isopropyl, cyclohexyl and fert-butyl. A typical example is shown in
Scheme 1.1.

1. sec-BuLi, TMEDA PP, P(iPr),
o THF, -78 °C to rt, 16 h o
L - (L
2. (iPr),PCl,

THF, -78 °C tort, 16 h

Scheme 1.1: Synthesis route to iPr-xantphos via phosphination of 9,9-dimethylxanthene.

Based on this general synthetic strategy, xantphos-type POP ligands have been modified for several
applications. These include, but are not limited to, the use of chiral phosphine moieties for various

asymmetric catalytic reactions,'*?*?!

chiral ligand backbone substituents for asymmetric catalysis,”
immobilization on several substrates by using the nitrogen linker on a phenoxazine backbone,**** and the
attachment of anionic sulfonates on the backbone® or on the phosphine substituents®® for improved water

solubility in biphasic systems.

A related class of compounds bears a simple ethylene linker between the phosphines and the oxygen
atom, shown in Figure 1.3. Due to the higher degree of freedom in the alkyl backbone, they are often
more flexible and as their xantphos-type counterparts and the alkyl linker makes them slightly more
electron-rich. Originally conceived as a means to circumvent metalation reactions in
1,5-bis(dialkylphosphino)pentane ligands which had been observed in rhodium complexes,?’ they were

originally also primarily targeted as bidentate ligands for hydroformylation.

o
RPN N"pR,

Figure 1.3: General structure of bis[(PR2)ethyl]ether POP pincer ligands.

This class of POP pincers is synthesized by a nucleophilic substitution reaction, in which a dialkyl-, or

diarylphosphide attacks the bis(2-chloroethyl) ether.?® While commercially available, the phosphides are



1. General introduction

instead often produced in situ by reduction of the chlorophosphines with lithium or potassium metal,?® or

alternatively by deprotonation of the dialkylphosphine.

LiP(iPr),

S > (ipr),p O p(ipr,

THF, 0 °C to reflux, 2 h

Scheme 1.2: Synthesis route to DiPrPEE via nucleophilic attack of diisopropyl phosphide on bis(2-chloroethyl)ether.

Xanthene-based pincer ligands with longer, more flexible backbones are also known and have previously
been used for the synthesis of gold(I) complexes®® and for hydroformylation using rhodium complexes.’!
Their syntheses start with the formylation of the corresponding ligand backbone at the ortho positions
relative to the ether bridge by ortho-lithiation and addition of dimethyl formamide (DMF). This is then
reduced to the alcohol using sodium borohydride, brominated with PBr3, and finally phosphinated with
the corresponding alkali metal phosphide salt.

0\ /0 HO OH

1. nBuLi, TMEDA,

O o O hexane, reflux O o O NaBH,4 O o O
’
2. DMF, 25 °C EtOH, rt,

3. HCI 24 h
CHCl3, rt,
PBr3 2 ﬁ
R R
R’P P\R Br. Br
o KPR, o
~ PP
THEF, rt,
16 h

Scheme 1.3: Synthesis route to methylene-bridged xanthene-linked POP ligands.
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1.2.3 POP pincer complexes

POP pincer complexes can coordinate to metals in multiple different configurations. In many cases, the
central oxygen atom binds well enough to ruthenium to make it possible to isolate the complex, but
weakly enough to generate a vacant site for substrate coordination during a reaction. This behaviour,
often referred to as hemilability, a term coined by JEFFREY and RAUCHFUSS,*? is caused by two factors:
The first is the weak metal-oxygen bond, which can be explained by a mismatch between a soft late low-
valent transition metal center and a hard oxygen ligand. Complexes containing POP pincer ligands can
switch between two different binding modes within the same catalytic cycle and this has been invoked
before to explain certain differences in reactivity in very similar POP ligands with only slight differences
in backbone structure.® In comparison, PNP analogs are less hemilabile and bind stronger through the
nitrogen atom, which corresponds to the amine’s softer nature. The second explanation is their relatively
flexible backbone, which allows for multiple geometries. The various binding modes of POP ligands can
easily be differentiated by means of single-crystal X-ray diffraction (SC-XRD). Most compounds fall into
one of four distinct groups, which cluster according to P-M-P bite angle and M-O distance,** summarized

in Figure 1.4.

The most common group binds in a cis- k>-P,P fashion through both phosphine atoms, with the oxygen
atom not interacting with the metal center. This configuration leads to a very high metal-oxygen distance

between 2.5 and 4 A and P-M-P angles between 90 and 120°.

When an interaction between oxygen and the metal is observed, the complex binds in a facial «*-P,0,P
fashion. In this case, the M-O distance drops significantly to 2.0-2.5 A, with P-M-P angles remaining

identically low.

Increasing the P-M-P binding angle in bidentate complexes leads to the frans-x>-P,P configuration. The
missing interaction between the metal center and the oxygen atom leads to comparatively high M-O
distances of 2.5-3.0 A, and the trans-configuration of the chelating diphosphine causes P-M-P angles
between 130 and 160°.

Finally, and most importantly for this work, the ligands can also bind in the mer-x*>-P,O,P configuration.
This is the binding mode that classifies them as pincer ligands. These complexes are identified by their
low M-O distance of 2.0-2.5 A, while simultaneously showing very high P-M-P angles between 150 and
180°. The first example of this configuration was characterized and its structure studied by SC-XRD by

ALCOCK in 1974 on a rhodium(I) center.
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° =0 P—M—FP P—M—FP
T &l T T
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cis-k-P,P fac-k3-P,0,P trans-k2-P,P mer-k3-P,0,P

Figure 1.4: Typical binding modes of POP ligands.

The last one in this series, mer-3-P,0,P, qualifies them as pincer ligands.

More exotic configurations have also previously been observed. POP pincers can occur as monodentate

ligands (Figure 1.5A), binding through one of the phosphine atoms, with the other one being unbound.

Fluxionality between tridentate and monodentate binding modes can be found within the same complex.*¢

Additionally, their ditopic nature allows for bridging configurations, in which each ligand binds to two

different metal centers through one phosphine each. They have been reported in gold®’ and cobalt®®

complexes (Figure 1.5B).

A)

Ph,P O B)
cl cl
00
o) / 0\ oc CC co
pu—AY oc-o 2% co
O / \
Ph,P Ph,P PPh2  pp,p o PPha

| i

(o)
Ru
e, | LD (OO

OO

Figure 1.5: Examples of less common binding modes of POP pincer ligands.

A) Monodentate and tridentate DBFphos in the same complex
B) Bimetallic complexes of gold and cobalt with bridging POP ligands.
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1.2.4 Ruthenium POP pincer complexes: History and reactivity

While still comparatively rare compared to PNP pincers, POP ligands have been used in various
ruthenium complexes. First investigated by GUSEV in 2005 by reacting an ethylene bridged POP pincer
complex with [RuCly(cymene)],, complexes of the type [Ru(POP)Cl,] were shown to obtain a tetragonal
pyramidal structure with the ligands in the mer-k*>-P,O,P configuration, characterizing them as pincers
(Scheme 1.4). They are stabilized by an agostic interaction between a terminal methyl group of the ligand
and the ruthenium center.?* This was highly dependent on the substituent at phosphorous, and the
complexes could alternatively form a dimeric, cationic species with three bridging chlorido ligands and
the POP ligand obtaining a facial binding mode. The authors also showed that such complexes readily

react with N> and H», forming the corresponding dihydrogen and dinitrogen complexes.

H,

Hz /_ —\\PtBuZ
| » _O0—Ru—Cl
(|

tBu tBu Pt

] ] Bu
Bu NN o Py /—N\PtBuz 2CI
> O—Ru—Cl

(_ v
Pt |
BuyCl
BPh,
| N,, NaBPh, —PBu,
» _O0—Ru—N,
(_ v
pf |
Bu,Cl
[RuCl,(p-cymene)],
Cl
H, |—F>iPr2
| > 0—Ru—H,
)
iPr iPr o ® o Pr, Cl
ipre IS0 NP pr Cl ? Cl
SO T <P
' ~P! RIUQCF”)RU\ Z
Cl
P (o) cl
| N, PP
>  0—RU—N,
Co?
Pi
PraCl

Scheme 1.4: P-substituent-dependent reactivity of POP pincer ligands according to GUSEV.**

Substituents on P in the dimeric complex omitted for clarity.
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Further investigation of this complex type was performed by WILLIAMS et al. in 2010.* This workgroup
first synthesized ruthenium complexes of xantphos-type POP pincers with the general formula
[Ru(POP)(PPh3)HCI] and their reactivity in chloride abstraction reactions using silver salts. They
synthesized the corresponding [Ru(POP)(PPhs)(H>O)H] aqua complexes, in which the aqua ligand was
found to be trans relative to hydrido, and observed reactions of these species with H,, N> and O,, the latter

of which formed the corresponding peroxo complex.

Finally, in 2014, ESTERUELAS et al. used similar xantphos-type complexes for the first time in catalysis.*!
Their dihydrido complex readily reacted with monoborane ammonia adduct to form the
tetrahydridoborate complex, which was then successfully used for transfer hydrogenation experiments.
Using isopropanol as a sacrificial agent and solvent, they reached high yields up to 97% and turnover
frequencies of up to 1960 h' when reducing propiophenone, acetophenone and cyclohexanone to the
corresponding alcohols. They speculated about the reaction pathway, likely involving an inner-sphere
mechanism of ketone reduction, and thereby opened up a wide field of hydrogenation and

dehydrogenation catalysis to be investigated.

87% 97% 97%
TOFs509,= 1011 h™"  TOF509,= 1960 h™'  TOFs509,= 1762 h™’

: 0 OH [Ru] 0.2 mol% OH 0
' + > +
H X RJLR' )\ reflux R™ 'R’ )l\
H—B‘/““H 0 o o
AT o @
O0—Ru—H : =
&3 | e
PhyH .

Scheme 1.5: Transfer hydrogenation demonstrated by ESTERUELAS.*!
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1.3 POP and PNP pincer complexes compared

Comparing the catalytic activities of POP pincer complexes to their PNP counterparts is one of the main
motivations behind this work. While PNPs have been used in several fields of catalysis for sustainable
chemistry, particularly in hydrogenations and dehydrogenations of alcohols, aldehydes and ketones as
sugar hydrogenations,*” similar complexes bearing POP pincers are currently comparatively unexplored.
This is certainly due to the PNP’s excellent properties due to their metal-ligand cooperation (MLC),
enabling outer-sphere hydrogenation and dehydrogenation reactions with a plethora of substrates.
Particularly ruthenium catalysts using MACHO-type ligands, first developed by KURIYAMA,** have
proven to be highly versatile and active.* One way of exploring the influence of MLC is to disable it on
purpose and compare reactivity. Usually, this is done by methylating the nitrogen atom of the PNP pincer,
in some cases severely reducing catalyst activity,*® while in other cases increasing reactivity.*” Compared

the N-methylation, other deactivation methods are comparatively rare.

One simple way of removing the capability of the complexes to undergo MLC is to exchange the nitrogen
atom in the center of the ligand backbone with a different atom, which is incapable of undergoing
deprotonations. This work aims to explore this by exchanging the common PNP pincer ligands by POP
pincers of the xantphos- and diethyl ether-types. The oxygen atom in the center of the ligand is incapable
of MLC, and therefore comparisons to N-methylated and non-methylated PNP pincer complexes should
yield interesting insight into the mechanisms of many catalytic cycles. It is important to note here that the
hard-soft mismatch, and the resulting hemilability of the POP complexes also need to be taken into
account when judging the catalytic activities. It could cause completely new reaction pathways in

catalytic cycles that are unknown for PNP pincers.

10
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H H

He |~ Rz HiC” IEPRZ

N—M—L, N—M—L, E 0—M—L, 0—NM—L,
Ce? Ce?| - 37|
R2 LB R2 LB . R2 LB R2 LB
High activity Low activity . This work
MLC no MLC ' no MLC

Figure 1.6: Deactivation of PNP pincer complexes by N-methylation and POP pincers as the central subject of this work.

The hydride ligand on the metal and a typical amine proton on the PNP pincer ligand capable of undergoing MLC are marked in
blue.
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2. Ruthenium POP pincer complex synthesis and analysis

The goal of the following chapter is the synthesis and spectroscopic characterization of two sets of
organometallic complexes with the general formulae [Ru(POP)PPh;HCI] and [Ru(POP)(PPh;)H]X, which

will be investigated for their catalytic activities in the two following chapters of this thesis.

2.1 On the choice of POP ligands and precursors

To gain insight into the influence of POP ligand properties, a suitable set of ligands had to be chosen,
differentiated in their bite angles, electronic properties at phosphorous, and flexibility. As a result, five
different backbones were selected, and three different groups at P, phenyl, isopropyl and cyclohexyl, were

chosen. The ligands are listed in Figure 2.1

PPh, PPh, PPh, PPh, PPh, PPh, Ph,P PPh,
X0 a0
Xantphos DPEphos DPPEE DBFphos
L1 L2 L3 L4

P(Pr),  P(Pr, PP PP, P(Pr), P(Pr), (PR P(PY),

D 0

iPr-Xantphos iPr-DPEphos DiPrPEE iPr-DBFphos
L5 L6 L7 L8
Ph,P. PPh,
PCy2 Pcyz PCy2 Pcyz Pth Pth
sosNensles °
N
H
Cy-Xantphos Cy-DPEphos Nixantphos
L9 L10 L11 L12 y

Figure 2.1: Overview over ligands L.1-L.12 chosen in this work.
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This ligand set offers the opportunity to investigate reactivity dependence of ligand backbone flexibility,
which is mainly dependent on the linkers between the central oxygen atom and the wingtip phosphine
units. While the dibenzofurane (L4, L8) is very rigid and is not known to torque significantly out of
plane,*® the flexibility increases throughout this ligand series. The dimethyl xanthene moieties in the
xantphos derivaitives L1, L5 and L9 often show a boat-shaped central ring. Going further, the diphenyl
ether backbone of L2, L6 and L10 is more flexible and can severely twist out of plane. This has been
invoked before as the main reason for its increased performance over xantphos in a rhodium-catalyzed
alkene hydroacylation.’® The ethylene bridge of L3 and L7 is even more flexible than the previous ones,
and complexes using this backbone are known to occur in all major four binding configurations shown

earlier in Chapter 1.

Additionally, this dataset allows for the exploration of different electron densities on the ruthenium
center. This tuneability has been explored before using monodentate phosphines in a wide variety of
stoichiometric studies and catalytic transformations on various transition metals, including rhodium* and
ruthenium.>® The same modification can be performed on tridentate POP pincers, and therefore a variation
in this parameter can give further insight into the catalytic properties of the complexes. While the ligands
L1, L2 and L3 can be understood as two units of linked-together triphenylphosphine, their isopropyl, and
cyclohexyl-substituted counterparts L5, L6, L8, L9 and L10 should resemble isopropyldiphenyl
phosphine more in this regard. The ligands L3 and L4, bearing a diethyl ether backbone, should even be

more electron-dense to their counterparts.

The ligand nixantphos (often also referred to as NiXantphos or N-Xantphos) L11 was also included in
this study. Its backbone has been used previously to immobilize active hydroformylation catalysts on

dendrites and polymers,?

and therefore would be a useful backbone for future industrial application.
Additionally to its use in heterogenization, its amine proton could be envisioned as a site of metal-ligand

cooperation.

Finally, a longer-chained POP ligand L12, previously synthesized by TSUP’' was also investigated. Its
longer, more flexible linker could potentially facilitate complex reconfigurations, which have previously

been invoked in PNP pincer complexes with similarly flexible backbones.!

Throughout the upcoming chapters, the complexes will be assigned numbers corresponding to the ligand

numbers that were defined in Figure 2.1.

Of equal importance for this project is the choice of ligand precursor. It was decided to incorporate at
least one hydrido ligand into the complex structure, as they play a significant role in catalyst activity.

However, previous research shows that forcing a POP ligand into a mer-x*>-P,0,P configuration in Ru(II)

13
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hydrido complexes is comparatively hard, and that they prefer to bind as cis-k*-P,P chelates, especially
when containing carbonyl ligands. For example, the addition of xantphos to the precursor
[Ru(PPh3);(CO)HF] reliably yielded [RuHF(xantphos)(PPhs)(CO)], in which xantphos bonded as a
chelate.’® Therefore, it was decided to synthesize complexes of the general formula [RuHCI(POP)(PPh3)]
using the precursor [RuHCI(PPhs);] toluene adduct, which was shown to reliably produce pincer

complexes when using xantphos-type and ethylene-linked POP pincer ligands.*°

A) PPh,
Ph, | e‘F
xantphos P _/RU_H
[RuHF(CO)(PPhj3);] > O ocC |
benzene, reflux, 0

B)
H
xantphos @ |—\\PPh2
[RuHCI(PPh;);]*toluene O—RG—PPh3
THF, reflux O 7
' ' P
3h PhaCl

Scheme 2.1: Influence of precursor on binding mode.
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2.2 Results and discussion

2.2.1 Synthesis of [RuHCI(POP)(PPhs)] complexes

To begin this project, the complexes Ru-la, Ru-2a, and Ru-3a, which have previously been
characterized in the literature,*® were re-synthesized. Complex Ru-5a has been synthesized by a similar
procedure,*! however the authors were unable to obtain crystalline material of the complex. Hence no

crystal structure had been known of Ru-5a at the time of writing this work.

H H H H
< |—\PPh2 @—'—\Pth /—leth Z |—\PPh2
O—Ru—PPh;, O—Ru—PPh;, O—Ru—PPh;, O—Ru—PPh;,
3¢ | S | Cp | &3¢ |
PhaCl PhyCI PhyCl PhyCI
Ru-1a Ru-2a Ru-3a Ru-4a
H H
_\PiPrz /——\PiPrz
O—RU—PPh O0—RU—PPh
o 3 (_ v 3
Pi | Pi
PraCl PraCl
Ru-5a Ru-6a Ru-7a Ru-8a

H H H H
Z D—|por, O—|peve
O—Ru—PPh, O—Ru—PPh, "N _O0—Ru—PPh, O—Ru—PPh,
7 4 7 v
P P P PPh
Cy2Cl Cy.CI PhoC| Cl
Ru-9a Ru-10a Ru-11a Ru-12a

Figure 2.2: [RuHCI(POP)(PPh3)] complexes Ru-1a to Ru-12a under investigation.
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To synthesize the complexes Ru-4a to Ru-11a, the literature procedure previously used for the synthesis
of the previously known Ru-1a, Ru-2a and Ru-3a *° was adapted to the use of all available ligands.
Starting from the precursor [RuHCI(PPhs)s], specifically its toluene adduct, which was synthesized
according to a procedure developed by WILKINSON,> the complexes are obtained by ligand addition,
dissolution in THF or toluene, and stirring for prolonged periods of time at temperatures between ambient
and refluxing. A general reaction overview can be found in Scheme 2.2. The reaction is accompanied by a
strong colour change from the intense blackish purple of the dissolved precursor to yellow or orange once
complete conversion is achieved. The phenyl derivatives L1-L4 required high temperatures for complete
conversion or alternatively very long reaction times of up to 72 hours at room temperature. In the case of
L4, a switch from THF to toluene as solvent was required. Compared to this, the isopropyl derivatives
L5-L8 reacted readily at room temperature over the course of a maximum of six hours, with L7 achieving
complete colour change within 45 minutes. To ensure complete conversion, all reactions at room
temperature were stirred for at least 3 hours after the colour of the solution had stabilized. After solvent

removal in vacuo, freeze-drying from benzene was used to powderize the compounds when required.

PR, PR,

(0)

H
R’ “<PR;
[RuHCI(PPh3);]*toluene » R}” O0—Ru—PPh;
THF or toluene @—P’
r.t. or reflux R, CI
3-72h

Scheme 2.2: General synthesis of complexes Ru-1a to Ru-12a.

All complexes Ru-1a to Ru-10a obtained this way were insoluble in pentane, hexane, and diethyl ether,
rendering purification by washing with these solvents feasible. Further purification was achieved via
recrystallization by slow gas diffusion or layering. Detailed information can be found in Appendix C. All
complexes were analyzed by NMR spectroscopy. 'H NMR revealed the typical doublet of a triplet signal
(often appearing as a quartet due to very similar 2Jyp coupling constants) in the far hydride region of the
spectrum, at approximately -15.5 to -17.5 ppm relative to TMS. As an example, the hydride region of the
"H-NMR spectrum of Ru-8a is shown in Figure 2.3A. In all cases, the 2Ji.p coupling constants matched a
configuration in which the hydride was located cis to all three phosphorous atoms. As expected, proton-
decoupled *'P{'H} NMR revealed two signals, corresponding to the triphenyl phosphine ligand (triplet,
near 75 ppm) and the phosphines of the POP ligand (doublet, between 40 an 60 ppm), shown in Figure

2.3B. The signal integrals correlated accordingly. 2Jpp coupling constants were found to be 25-32 Hz.
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2. Ruthenium POP pincer complex synthesis and analysis

This confirmed the meridional configuration of the POP ligand (with both phosphorous atoms of the

pincer being cis-configured relative to triphenyl phosphine).
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Figure 2.3: NMR spectra of Ru-8a.

A) Hydride region of "H NMR spectrum showing a dt signal for Ru-/1.
B) 3'P{'H} NMR spectrum, showing the signals for triphenyl phosphine (A) and the POP ligand (B).
Signals of the POP backbone were significantly broadened in 'H and *'P{'H} spectra in the cases of
Ru-2a, Ru-6a and Ru-10a, revealing a significant flexibility, or even fluxionality, of the DPEphos
derived complexes. The aforementioned increased flexibility of DPEphos® is a possible explanation for
this behaviour, causing the complexes to undergo fast exchange at room temperature. Variable-
temperature 3'P{'H} NMR was performed to investigate this behaviour in the case of Ru-10a, showing a
clear temperature-dependence of the line broadening, which froze to a set of two doublets undergoing

strong roofing effects at lower temperatures (see Figure 9.30 in Appendix C).

In the case of [RuHCl(nixantphos)(PPhs)] Ru-11a, a different synthetic approach was required. When the
previously established protocol was applied, the presumed product was obtained as a very insoluble,
brown powder, which could not be dissolved in any hydrocarbons. Therefore, solvation was attempted in
ethanol, methanol, diethyl ether, THF, DMF, DMSO, and chloroform. However, the solubility in DMSO
merely sufficed to analyze the complex by means of '"H NMR, which showed the presence of the typical
doublet of a triplet in the hydride region. 3'P{'"H} NMR showed the two expected peaks, however, free

PPh; was also found in significant quantities even after multiple cycles of washing with hexane. This
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2. Ruthenium POP pincer complex synthesis and analysis

points to complex Ru-11a slowly decomposing in solution, and as a result, Ru-11a was excluded from all

future experimentation in this project. No usable *C NMR spectrum could be obtained.

Finally, the synthesis of Ru-12a was attempted using the standard conditions. Already at room
temperature, the reaction was accompanied by the typical colour change from the precursor’s dark purple
to bright yellow within 30 minutes. Removing the solvent, washing in hexane and drying in vacuo led to
an off-white powder, which could be analyzed via NMR. The 'H NMR showed four multiplets in the
hydride region, which points either to the formation of multiple products, or to a single set of products
undergoing slow exchange between multiple conformations. The latter case is certainly possible, and
ligands of a similar linker have been observed to be highly flexible as discussed previously. In the *'P
spectrum, a total of three peaks were found. The first, at 73.7 ppm, likely corresponds to the coordinated
triphenylphosphine ligand. The other peaks around 55 and 41 ppm were found to be strongly roofed
doublets. This effect is similar to the roofing peaks found in the spectra of Ru-2a, Ru-6a and Ru-10a.
The integrals of all peaks correspond to a ratio of approximately 1:2, which would confirm the complex to

bind the POP pincer and triphenylphosphine, albeit be significantly fluxional in solution.
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Figure 2.4: NMR spectra of crude Ru-12a in CeDs at 25 °C.

A) Hydride region of 'H NMR.
B) 3'P NMR spectrum, showing a roofing effect for the proposed peaks of the POP ligand.
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Attempts at recrystallization were taken in multiple solvents (DMSO, THF, MeCN, Et,O, toluene,
benzene, hexane, and combinations thereof) but so far proved unsuccessful. As a result, this product could
not be unequivocally confirmed, and it was decided to stop pursuing Ru-12a and concentrate the efforts

on Ru-1a to Ru-10a.

In order to fully understand the catalytic activities of the complexes in relation to each other, trends can
be derived from their NMR signals. The following table shows a selection of NMR datapoints taken of
this set of catalysts:

Table 2.1: Important 'H and 3'P chemical shifts and coupling constants in Ru-1a to Ru-11a.

1H 0 Hydride 2JH_p 2] H-P 31P o POP 2JP.P
Complex ,
[ppm] [Hz] [Hz] [ppm] [ppm]
Ru-1a -16.29 27.4 23.9 421 32.6
Ru-2a 15.50 27.2 24.2 36 31.4
’ ’ ) wide/roofed*** )
Ru-3a -17.37 28.5 21.6 42 3%k 32.3%*
Ru-4a -15.91 29.8 20.9 41.7 30.0
Average Ru- -16.27 28.2 2.7 42.0 31.6
1a to Ru-4a
Ru-5a -16.66 273 243 52.3 31.6
Ru-6a -16.40 29.6 21.5 48.4%** 30.4
Ru-7a -17.62 27.6 23.5 52.6 29.9
Ru-8a -16.80 28.6 22 59.0 27.6
Average Ru-
52 to Ru-8a -16.87 28.3 22.8 54.6 29.9
Ru-9a -16.70 25.0 25.0 442 28.3
Ru-10a 16.68 32.0 20.0 4l 30.6
’ ’ ) wide/roofed*** ’
Average Ru-
92 to Ru-10a -16.69 28.5 22.5 --- 29.5
Ru-11a -17.47 28.1 22.6 42.25 323

NMRs taken in C¢Dg¢ (Toluene-ds for Ru-1a, DMSO-d¢ for Ru-11a) at room temperature.
*Value taken from the average of both coupling phosphorous signals when possible.
** Value taken from literature; measured in CD2Cl>.>?

*** Data excluded from averages. Very wide broadening of the peaks made clear centering imprecise in Ru-2a and Ru-10a.
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2. Ruthenium POP pincer complex synthesis and analysis

Several trends can be found. For once, the increased electron-density on the ruthenium center causes the
chemical shift of the hydride peaks to move upfield. From an average -16.27 ppm in the phenyl-
substituted complexes, this increases to -16.87 ppm for their isopropyl counterparts. The same is the case
for the two cyclohexyl-substituted complexes Ru-9a and Ru-10a (-16.69 ppm for Ru-9a and Ru-10a
compared to -15.90 ppm in Ru-1a and Ru-2a and -16.53 ppm in Ru-5a and Ru-6a). Secondly, the 2Jp.p
coupling constants decrease from the phenyl-derivatives (average 31.6 Hz) to the isopropyl counterparts
(average 29.9 Hz) The same is the case for the two cyclohexyl complexes (average 29.5 Hz vs. 32.0 Hz in
Ru-1a and Ru-2a and 31.0 Hz in Ru-5a and Ru-6a). The coupling constants in the DBFphos-derived
Ru-4a and Ru-5a are the smallest within their respective groups, which is likely caused by central
five-ring of DBFphos, causing comparatively long Ru-P bonds and therefore weaker interactions between
the POP ligand and the PPh; moiety. Interestingly, the hydride chemical shifts and coupling constants in
the nixantphos complex Ru-11a are very similar to those found in Ru-3a. This result might be skewered

due to the need for DMSO as a solvent in case of Ru-11a. An illustration of these trends is shown below:

Hydrlde chemical shifts P-P coup"ng constants
- 33 -
-17.5 z/. ]
| 32
-17.0 4 31
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g T
o -16.54 o 30
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-16.0 1 297
—@— Xantphos
—@— DPEphos
—@- DPPEE 28
-15.5 4 —@- DBFphos
=@- Nixantphos
27 . . .
Phenyl Isopropyl  Cyclohexyl Phenyl Isopropyl  Cyclohexyl

Figure 2.5: Hydride chemical shifts and P-P coupling constants in Ru-1a to Ru-11a.
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The literature-unknown complexes (all except Ru-1a, Ru-2a, and Ru-3a) were further analyzed by
SC-XRD. Ru-4a to -8a could be grown by layering or gas diffusion from toluene/hexane. Ru-9a
crystallized directly after adding polybutene oil to a toluene solution of the complex. In all cases, the
mer-x3-P,0,P pincer configuration was confirmed. No complexes were found to crystallize as chelates or
in other unpredicted configurations. An overview of their crystal structures is shown below in Figure 2.6,
and a complete overview of all crystal structures and crystallographic details of the group can be found in
Appendix C. While most complexes showed symmetrical ligand backbones, the DPEphos-derived Ru-6a
and Ru-10a were both found to significantly twist their ligand backbones out of plane, crystallizing in
chiral space groups. In the case of Ru-6a, crystals of both chiral configurations could be obtained, albeit

in significantly different crystal qualities.

Ru-11a was previously obtained as a very insoluble powder, and any attempts at recrystallization had
failed. So, to confirm its mer-k>-P,O,P configuration, a small-scale crystallization experiment was
performed in which L11 and the precursor were dissolved in 0.5 mL THF each, filtered twice each to
avoid any inclusion of possible nucleation sites, and very carefully layered on top of each other in an
NMR tube with 0.5 mL of pure THF in between, which was then stored in a vibration-free environment.
Very slow diffusion allowed for clean crystallization of Ru-11a, which was obtained as orange crystals
and which co-crystallized with two THF molecules per complex. It crystallized in a monoclinic crystal
system of the space group P2:/c and showed a slightly distorted octahedral geometry. Of great interest in
Ru-11a was the geometric configuration of the amine group. Like in free Nixantphos,’* the phenoxazine
ring in Ru-11a is essentially planar and the CNC angle was found to be 119.73 °. This points to an sp?
hybridization on the nitrogen atom. In the future, this might prove useful for metal-ligand cooperation in
catalysis experiments due to the increased acidity of sp>-hybridized amines over sp*>-hybridized amines,
albeit with a long metal-nitrogen distance of 5.016 A. Typical catalysts that rely on MLC are assumed to
require a cis-configuration of the hydride ligand and the proton in the pincer ligand backbone. However,
to the best of my knowledge, no MLC experiments have been undertaken using a catalyst with a
geometric configuration comparable to that found in Ru-11a, and neither have they been reported with

nixantphos complexes, which means that this area should be investigated in the future.
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o=

Ru-7a Ru-8a

Ru-9a Ru-10a Ru-11a

Figure 2.6: Overview of newly obtained crystal structures for Ru-4a to Ru-11a.

Hydrogen atoms on C and co-crystallized solvents omitted for clarity. Thermal ellipsoids are shown at 50% probability level.

In cases of two molecules crystallizing per unit cell, only one is shown.
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Table 2.2 : Important crystallographic parameters of complexes Ru-1a to Ru-11a.

Complex Distances [A] Angles [°]
Ru-Ppop** Ru-Ppph; Ru-Cl Ru-O P-Ru-P Ppop-Ru-O**

Ru-1a* 2.305 2.228 2.520 2.251 156.393 80.155
Ru-2a* 2312 2.227 2.512 2.248 156.523 79.57
Ru-3a* 2.323 2.229 2.519 2.278 158.32 80.02
Ru-4a 2.364 2.245 2.539 2.141 154.492 79.221
Ru-5a 2322 2.235 2.558 2.255 153.512 80.930
Ru-6a 2.353 2.232 2.551 2.208 150.641 77.314
Ru-7a 2.332 2222 2.557 2.226 155.210 80.178

Ru-8a*** 2.393 2.225 2.562 2.100 153.84 78.053
Ru-9a 2.331 2.236 2.554 2.251 155.597 80.752
Ru-10a 2.352 2.228 2.540 2.244 153.268 78.077
Ru-11a 2.318 2.246 2.549 2.233 152.742 79.915

As was the case previously, a few trends in this setup become apparent. First, in all three cases, the
xantphos-derivatives have the smallest average Ru-P bond length between the POP ligand and the metal
center in their respective groups. The longest Ru-Ppop bond lengths are found in the DBFphos derivatives
Ru-4a and Ru-8a. With all the other ligands constant, this is certainly a consequence of their backbone
structure, with the two P-C bonds from the dibenzofuran moiety to the phosphines pointing slightly apart
and is in agreement with the smaller 2Jyp coupling constants in the DBFphos ligands discussed above.

The Ru-O bond lengths show the opposite trends, with the DBFphos derivatives having a bond length that

*Values taken from literature.*°

** Average between the two coordinating phosphines in the POP ligand.

*** Two molecules per unit cell, averages taken.

is in all cases more than 0.1 A shorter than for the other complexes.
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2.2.2 Chloride abstraction and influence of POP backbone on structure of corresponding cations

Since all complexes Ru-la to Ru-11a contain a saturated d®™Ls 18 electron ruthenium center, an
activation to form the catalytically active species must occur first in a catalytic cycle. This occurs via a
complex reconfiguration to generate a vacant coordination site. Multiple different pathways of this are
conceivable. The most obvious ones are the abstraction of the chlorido or triphenylphosphine ligands
followed by reactant association. The second option is a reconfiguration of the backbone to a k*-P,P
chelate configuration. While all of these are possible in situ, having an unsaturated complex already
before dissolution eliminates the requirement for solvolysis. Therefore, it was decided to investigate the
abstraction reactions of chloride by replacing it with only weakly binding anions such as tetrafluoroborate

(BF4), hexafluorophosphate (PF¢") and tetraphenylborate (BPhys"), depicted below.

H H X

) PR NaX or KX 2 SR
R” _O0—Ru—PPh; » R O—RU—PPh,
rt., 24 h

R, CI R, NCMe

X = BF4, PFg, BPhy
Scheme 2.3: Chloride abstraction reaction applied to complexes Ru-1a to Ru-10a.

This reaction was first attempted in THF using the corresponding silver salts AgBF4 and AgPFs, but this
proved unsuccessful, even when the reactions were performed under light exclusion. The same silver salts
also did not produce clean products using other solvents such as toluene and benzene. When the sodium
or potassium salts were utilized and the solvent was replaced by MeCN, the reaction yielded pure
products over 24 hours. Using THF as a solvent did not yield any successful reactions even when using
the sodium and potassium salts. The reaction was accompanied by slight colour loss, changing from
lemon yellow to pale yellow, and by precipitation of NaCl and KCI. This general approach worked well
for complexes Ru-1b, Ru-3b to Ru-8b, and Ru-10b. The products were herein only analyzed via
SC-XRD to confirm their structures. A complete overview over their crystal data can be found in

Appendix C.
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Unfortunately, this dataset is currently incomplete. No crystallization effort was yet successful for Ru-9b.

It is possible that other crystallization conditions will be needed.

Ru-5b Ru-6b Ru-7b Ru-8b

H
O e\PCVz
O—RU—PPh;
S |°

Cy2NCMe

©
BF,

no crystal
structure obtained

Ru-9b Ru-10b

Figure 2.7: Overview of newly obtained crystal structures for Ru-1b to Ru-10b.

Hydrogen atoms on C and co-crystallized solvents omitted for clarity. Thermal ellipsoids are shown at 50% probability level.

In cases of two molecules crystallizing per unit cell, only one is shown.
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Curiously, the reaction towards Ru-2b did not yield the desired product. Instead, the reaction product
showed a different solubility and was, unlike the others, completely colourless. It was therefore analyzed
by SC-XRD, which revealed the alternative reaction path (Scheme 1.2): Instead of the POP pincer
complex, the ligand had instead transformed into a k*-P,P-chelate. While the chlorido ligand had been
abstracted as planned, the same occurred for the hydrido and triphenylphosphine ligands, yielding a
complex of the sum formula [Ru(POP)(MeCN)4](BF4),. The complex crystallized in a monoclinic crystal
system of the space group P2i/n and showed a slightly distorted octahedral geometry. Important bond

lengths and angles are listed in Table 2.3.

_PR2
O—RU—PPh;
7

R, NCMe

—PPh,
O—RU—PPh,

@_P/ MeCN
Ph,Cl rt, 24 h Q
MeCN

NaBF,

Scheme 2.4: Observed reaction product of Ru-2a with NaBF4 in MeCN.

Its crystal structure (Figure 2.8) clearly revealed a severe twisting of the diphenyl ether linker out of
plane, in which one of the bridging phenyl groups of the POP backbone m-stacks with one of the non-
bridging phenyls of the other phosphine. The planes of the phenyl groups are not completely coplanar
with an angle between the planes of 28 ° and they have a distance of approximately 3.36 A (centroid of
one ring towards the closest carbon of the other ring). This corresponds well to the layer distance of
3.35 A found in graphite.> In graphite, the stacking layers are also shifted towards one another, with the
centroid of one plane stacking directly on the carbon atom of the next. All of this suggests that the energy
gain from m-stacking is enough to overcome the Ru-O binding energy. For catalytic applications, this
could suggest an activity of complexes bearing the ligand DPEphos L2 unlike that for the other ligands of
the set. The hydride abstraction mechanism is as of yet unclear and will be subject to further investigation

going forward.
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MeCN~Ru 'NCgle 3.36 A

MeC N/2@\ P@'_'_\>

v

Figure 2.8: Reaction product of Ru-2a with NaBF4 in MeCN.

Sum formula [Ru(dpephos)(MeCN)a](BF4)2; 2xBF4™ omitted for clarity
A) Crystal structure. Hydrogen atoms on C omitted for clarity. Thermal ellipsoids shown at 50% probability level.

B) Illustration of the complex. Planes of stacking phenyl groups are marked in blue. Counterions omitted for clarity.

Table 2.3: Selected bond lengths, atom distances and angles of Ru-2b.

Ru-2b
Atom Atom Distance [A] Atom Atom Atom Angle [°]
Ru P1 2.3282(5) P1 Ru P2 96.908(19)
Ru P2 2.3458(5) N3 Ru N4 172.16(7)
Ru N1 2.0983(19)
Ru N2 2.0893(19)
Ru N3 2.0344(19)
Ru N4 2.0182(19)
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To test if the chloride abstraction was dependent on the counteranion, the same reactions were tested for
the counterions PFs and BPhs using complex Ru-7a. The reaction worked equally well, giving the

products Ru-7¢ and Ru-7d in high yields.

Ru-7c Ru-7d

Figure 2.9: Crystal structures of Ru-7¢ and Ru-7d.

Hydrogen atoms on C and co-crystallized solvents omitted for clarity. Thermal ellipsoids are shown at 50% probability level.

In cases of two molecules crystallizing per unit cell, only one is shown.
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2.2.3 Syntheses of azido complexes

Azido complexes of ruthenium(II) complexes are relatively rare, and only two examples of an N3 ligand
binding trans to the hydride have been described as of yet. The first was described by MALECKI
containing two triphenylphosphine, one 4-pyrrolidinopyridie and a CO co-ligand.>® The second example
was synthesized in this workgroup by PhD student MIKE S. B. JORGENSEN (now postdoc in the same
group), and contained a iPr-MACHO type PNP pincer ligand in a meridional configuration, thereby being
the first example of a pincer complex with this configuration.’” They are listed in Figure 2.10A. The POP
counterpart of this (albeit with PPhs instead of CO) is therefore synthetically interesting and was the
primary focus of this subchapter. It was chosen to attempt the ligand exchange from chloride to a

corresponding azido complex using Ru-7a.

A) H H ) H
a |S\PPh3 H, /—|§P:Pr2 : PiPr,
N N—Ri—CO d—lRu—CO : d—(Ru—PPh;;
Zn.p” | pi | b p
N, PraNg : PraNg
Matecki Nielsen 5 This work
C) H H
—piPr /—|—PiPr
0 Rl‘“\\ PP il R S Sl
—_Ru—FFh; —_Ru—FFh;
4 4
Cp; | CeHe, t, 96 h Cpi |
Pry Cl PryNg
Ru-7a Ru-7e

Figure 2.10 Ruthenium(II) hydrido azido complexes.

A) Previously described examples.
B) Synthetic goal of this subchapter.
C) Synthetic route towards Ru-7e.

Using the slight solubility of sodium azide in benzene, chloride abstraction could be forced even at room
temperature to obtain the complex. To achieve complete conversion at room temperature, the reaction
needed to be stirred for 96 hours, shorter reaction times showed mixtures of product and starting material.
The complex was analyzed by means of 'H, '*C, 3'P NMR spectroscopy. Compared to Ru-7a, the hydride
of Ru-7e signal was slightly shifted from -17.62 ppm to -17.49 ppm. To investigate the azido ligand, a
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SN/'"H HMBC experiment was performed (Appendix C, Figure 9.39). The coupling could be detected and
provided a "N chemical shift value of 50.04 ppm for what is likely the nitrogen atom bonded to
ruthenium. A second "N signal coupling to hydride could barely be detected at 259.89 ppm. It is
reasonable to assume that this corresponds to the central nitrogen atom of the azido ligand, and that the
low signal intensity is due to the weaker three-bond coupling. A third signal, which would correspond to
the terminal nitrogen atom, could not be detected. The IR spectrum revealed a strong band at 2043 cm,
corresponding to the N3 stretching, significantly lower than free azide at 2140 cm™ (measured as sodium
azide),’® but similar to the two stretching frequencies of 2057 and 2027 c¢cm” found on the PNP
counterpart.’’ This falls within the range of Nj stretching bands previously observed on Ru(II)

complexes.>***¢! The Ru-H stretching band could not be clearly determined.

The complex was further analyzed by means of SC-XRD. Suitable crystals could be grown by dissolving
in benzene and layering with hexane at room temperature. It was found to crystallize with the ligand in a
meridional «3-P,0,P binding mode, confirming it as a pincer structure. The complex crystallized in a
monoclinic crystal system of the space group P2i/c and showed a slightly distorted octahedral geometry.
Important bond lengths and angles are listed in Table 2.4.

Figure 2.11: Crystal structure of Ru-7e.

Hydrogen atoms on C omitted for clarity. Thermal ellipsoids are shown at 50% probability level.
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With a Ru-N; bond length of 2.245 A and a Ru-N-N angle of 144.88°, the azido ligand showed a very
similar geometry to the PNP counterpart synthesized previously. It is 0.04 A longer than the Ru-N; bond
in MALECKI’S complex. Its Ru-O bond to the pincer is 0.07 A longer than the corresponding Ru-N bond
in the previously synthesized PNP pincer.”” This significant difference is likely caused by the stronger

n-acidity of the carbonyl group trans to the amino ligand on the PNP pincer complex.

Table 2.4: Selected bond lengths, atom distances and angles of Ru-7e.

Ru-7e

Atom Atom Distance [A] Atom Atom Atom Angle [°]
Ru P1 2.3403(5) P1 Ru P2 154.650(19)
Ru P2 2.3340(5) P3 Ru O 177.81(3)
Ru P3 2.2284(5) H Ru N1 170.43
Ru O 2.2597(10) Ru N1 N2 144.88(11)
Ru N1 2.2245(13) N1 N2 N3 178.97(16)
N1 N2 1.1796(19)
N2 N3 1.172(2)

The same reaction was attempted for Ru-3a. At room temperature, no reaction towards the azido complex
could be observed after 72 h as evident by a missing N3 stretching IR band in the expected region around

2100 cm™.
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2.3 Conclusions and outlook

In summary, three sets of catalysts of the general formula [Ru(POP)(PPh3;)HCI], totaling 11 complexes,
were synthesized, with five different ligand backbones and three types of phosphine substituents. Their
properties were investigated by multiple spectroscopic techniques, mainly NMR of the 'H, 3C and 3'P
nuclei and EA, and their structures were determined by SC-XRD, confirming the previously proposed
configuration of Ru-5a.*! This set of complex provides a good basis for the catalytic transformations
performed in the upcoming chapters, allowing for reaction screening dependent on ligand backbone

configuration and electron density of the phosphines.

Chloride abstraction reactions were performed using sodium and potassium salts, revealing a novel
pathway of hydride abstraction in the case of Ru-2a towards a «>-P,P chelate configuration with a
n-stacked backbone. The investigation of its mechanism for hydride abstraction has so far not been a
particular focus of this work, but a future evaluation of this behaviour and its relation towards the

structure of the POP pincer backbone is warranted from a fundamental standpoint.

Finally, a novel azido complex was synthesized by direct chloride abstraction, preserving the hydride
functionality of the complex. '"H-"N-HMBC was used to investigate chemical shifts of the azido ligand.
To my knowledge, this complex represents the first published example of a Ru(II) POP pincer complex
with an azido ligand in frans-position to a hydride. From a fundamental point of view, the synthesized
azido complex could open up synthetic pathways to amido complexes, for example by means of
intramolecular STAUDINGER reactions or by demobilizing the complex by formation of triazolato

complexes. 062
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3. Ethanol upgrading using Ru-POP pincer complexes

3.1 Biofuels as a future energy storage system

3.1.1 The need for efficient biofuels

One of the major challenges for chemists in the 21° century is the development of efficient biofuels. As
fossil fuel prices,® global temperatures,® and atmospheric CO, contents rise,% a practical solution must
be found for personal transport as well as cargo shipping on land and in the air. Since automobiles have
an average lifetime between one to two decades,® being able to use existing internal combustion engine
(ICE) technology and vehicle stock with a carbon-neutral fuel without major retrofitting would greatly
help the fight against a changing climate. While battery-powered vehicles will certainly be a large part of
a solution due to their high well-to-wheel efficiency,’” some applications will continue to require liquid
fuels even after a complete switch from ICE cars to battery electric vehicles (BEVs). The high energy
density of liquid fuels will be required for the aviation industry, cargo shipping, cargo transport on roads,

as well as any type of operation not allowing for connectivity to the electric grid.

In order to achieve the goal of a CO» neutral economy with the help of carbon-neutral liquid biofuels,
both a good carbon source from renewable materials, as well as an efficient catalytic system for

upgrading to the desired product or products need to be developed.

3.1.2 Ethanol as a biofuel

As ethanol can be easily achieved by means of biomass fermentation, it is one of the best candidates for a
C; building block for sustainable industrial chemistry, and also an obvious liquid biofuel. It can be
fermented from food crops such as sugar cane,®® sugar beet,” potatoes,” and corn.”" Since all of these
examples are food crops and in competition with food supply, alternatives such as fermentation from
cellulosic biomass such as agricultural waste are under investigation as well.”> With a very high research
octane number (RON) of around 109-130,7>7* greatly exceeding that of common gasoline blends (usually
between 95 and 100), ethanol offers good combustion properties for internal combustion engines
currently in service, severely reducing the probability of engine knock. Engine knock is the spontaneous
self-ignition of gasoline-type fuel during the compression cycle of spark-ignition (SI) engines.” For this
reason, ethanol is the de-facto standard fuel for light vehicles in several countries that have access to

readily available fermentable feedstock, such as Brazil.”
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Unfortunately, the good combustion properties of ethanol are offset by multiple chemical and physical

disadvantages:

e FEthanol is infinitely miscible with water. When blended into gasoline, high water concentrations
in ethanol can lead to a phase separation between an EtOH/H,O phase and a gasoline phase in the
fuel tank of the vehicle. This can cause engine malfunction and possibly vehicle damage. Water

contamination can also lead to engine corrosion.”’

e The volatility of ethanol can be a problem when handling large quantities of it. Its high vapour
pressure, very low flash point and low boiling point compared to other liquid fuels, specifically
gasoline (see Table 3.1), pose potential risk of violent combustion during fueling and storing

operations.

e The high heat of vaporization of ethanol can cause problems during cold-starts.”® Some gasoline
cars that can be operated with high ethanol blends require extended engine and fuel intake pre-

heating during cold weather. During the warm-up phase, bad drivability can also occur.”

e Ethanol can be corrosive to parts of the fuel injection system of a vehicle as well as engine parts

made from certain aluminium alloys.*

3.1.3 Advanced biofuels and the case for 1-butanol

To solve the problems of ethanol as a biofuel, other alternatives must be investigated. A desirable fuel
would have combustion properties similar or superior to gasoline, while not having the disadvantages of
ethanol. n-Butanol for example has an energy density similar to gasoline and significantly superior to
ethanol. It combines a low vapour pressure, high flash point and very low miscibility with water with a
significantly lower heat of vapourization compared to ethanol.”*3! With a value of 94-96,% its RON also
lies within the range of standard gasoline blends. Similar properties are found in the other butanol
isomers, as well as even higher alcohols, such as n-hexanol and octanols. All of these substances are
therefore regarded as suitable replacements for ethanol in gasoline blends and can be used with the
current ICE vehicle stock. An overview over 1-butanol’s properties compared to gasoline and ethanol can

be found in Table 3.1.
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Table 3.1 : Physical properties of selected upgraded biofuels compared to gasoline and ethanol.

Property gasoline EtOH 1-BuOH
RON 95-100 106-130 94-96
boiling point ~200 °C 78 °C 117 °C
vapour pressure (~38-40 °C) 62-90 kPa 17 kPa 1.61 kPa
flash point -43 °C 13°C 34 °C
heat of vapourization 0.36 MJ/kg 0.92 MJ/kg 0.43 MJ/kg
energy content 32 MJ/L 20 MJ/L 29 MJ/kg
miscibility with H,O None Fully miscible 7.7 wt%

Currently, many of these potential biofuels are under investigation with a particular focus lying on
I-butanol. The traditional method to synthesize butanol, called acetone-butanol-ethanol (ABE)
fermentation,” has not been shown to deliver results good enough for applications without the need for
expensive upstream and downstream processing. The fermentation uses bacteria from the Clostridium
family. Product formation is however halted because Clostridium’s metabolism is severely inhibited by
butanol.®® This has so far disqualified any bacterial fermentation processes directly to butanol from being

used as a viable production method for liquid fuel from renewable feedstock.

Therefore, another process for sustainable 1-butanol synthesis is needed. Genetic modification of
Clostridium has been discussed,* but a direct conversion of biofeedstock using non-biological catalysis
might be more efficient. Due to ethanol’s availability from plant matter, an upgrading process can be
envisioned in which ethanol is obtained via efficient fermentation, and then catalytically converted into
I-butanol, along with potential side products. After fractional distillation, the 1-butanol could then be

used in gasoline blends. The process of ethanol upgrading to advanced biofuel is depicted below:
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Figure 3.1: Butanol fuel synthesis via ethanol upgrading.

3.1.4 The GUERBET mechanism

For this upgrading, a chemical process is required that can convert ethanol directly into longer linear
alcohols. The most well-described mechanism by which this can be achieved was first described by
GUERBET in 1899,% now collectively known as the GUERBET-reaction. Based on it, an industrial-scale
process can be envisioned. An overview of the reaction from ethanol to 1-butanol is shown in Scheme
3.1. In the first step of the reaction (A), ethanol is dehydrogenated. This can be done with homogeneous
or heterogeneous catalysts, and the reaction forms acetaldehyde and hydrogen. H, can be either
completely liberated and occur in gaseous form in the atmosphere over the reaction mixture, or it can stay
chemically bonded in a hydrogenated form of the catalyst. A following base-catalyzed aldol condensation
(B) between two molecules of acetaldehyde leads to the formation of crotonaldehyde and water as a side
product. Finally, the crotonaldehyde is rehydrogenated using the previously liberated hydrogen to form
I-butanol (C). The process of hydrogen abstraction by (alcohol) dehydrogenation, followed by
rehydrogenation in a series of reactions is usually referred to as “hydrogen borrowing” or “hydrogen auto-
transfer”, and has been used in various areas of homogeneous catalysis.®**” Therefore, while the reaction

is ongoing, it can also be envisioned as a transfer hydrogenation between ethanol and crotonaldehyde.

2 /\OH
[M] + H>
base
2 o T’ X No
H,O

Scheme 3.1: GUERBET-reaction to form 1-butanol from ethanol.
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Other reaction cascades can occur in this mixture, so this reaction usually forms multiple side products.
Three of them are depicted below in Scheme 3.2. After the formation of crotonaldehyde, a second
condensation can lead to longer carbon chains, which are rehydrogenated to form longer linear alcohols
such as 1-hexanol and 1-octanol (A). For biofuel synthesis, this is not necessarily a problem, as those
longer alcohols are also similar to gasoline in their combustion properties yet offer slightly higher energy
densities than 1-butanol due to their lower oxygen content and therefore lower average carbon oxidation
state.®® The formation of acetals is also possible (B), in which acetaldehyde reacts with ethanol. Three
reaction pathways are possible, and all of them lead to the formation of acetate. The first is promoted by
free hydroxide ions in solution and is called the CANNIZARRO pathway.® The second one is promoted by
ethoxide, and is called the TISHCHENKO pathway.’®*! Both can be understood as disproportionations of
acetaldehyde into ethoxide and acetate. The TISHCHENKO pathway yields ethyl acetate, which can be
hydrolyzed to acetate ions, while the CANNIZARRO pathway leads directly to acetate ions.”* A third
pathway, called the dehydrogenative pathway, oxidizes ethanol directly to acetic acid.”® In general, the
reaction towards acetate is strongly favoured by low reaction pressures and in setups where hydrogen is
purposefully allowed to escape, usually by simple refluxing, causing a slow net oxidation by hydrogen
removal. Ethyl acetate synthesis through this pathway known as acceptorless dehydrogenation. However,
constituting a competitive reaction in butanol synthesis, acceptorless dehydrogenation is undesired, as the
hydrolysis of ethyl acetate can lead to the formation of acetic acid, which will quench the base, hampering
reactivity. Finally, it has recently been shown in our workgroup that secondary alcohols can also be
formed via a novel pathway (C).”* This is due to an aldol reaction, which does not condensate water and
thereby forms acetaldol (3-hydroxybutanal). A hydrogenation and dehydrogenation by the catalyst
isomerizes this to 4-hydroxy-2-butanone, which dehydrates to methyl vinyl ketone (MVK). Double
hydrogenation of MVK finally leads to 2-butanol. The same reaction pathway also yields small amounts
of hydrocarbon gases (2-butene and butane), and products of retro-aldol reactions of

4-hydroxy-2-butanone such as acetone and formaldehyde.
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Scheme 3.2: Possible side reactions during ethanol upgrading.

A) Formation of longer primary alcohols due to repeated condensation reactions (simplified).
B) Direct acceptorless dehydrogenation to ethyl acetate (simplified).

C) 2-butanol formation due to formation of MVK.

3.1.5 Organometallic complexes for ethanol upgrading

The interest in GUERBET-type ethanol upgrading first began in 2013, when WASS reported a system for
1-butanol synthesis from ethanol using a ruthenium(II) dichloride complex bearing diphosphine ligands.*
By screening of several related complexes, they achieved turnover numbers (TONs) up to 1300 and
turnover frequencies of up to 65 h'. At a temperature of 150 °C, their system achieved up to 23.3% of
I-butanol yield, with the remaining converted ethanol mainly found as GUERBET alcohols. The system
was improved by synthesizing the active complex before the start of the reaction, which led to a yield of
35.5% 1-butanol at a selectivity of 85%. To explain the catalytic activity, they invoked a beta hydrogen
elimination step, turning a Ru-coordinated ethoxide ligand into acetaldehyde and a hydride. This was
verified by in-situ '"H NMR spectroscopy, finding the presence of a triplet in the hydride region of the

spectrum.
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Figure 3.2: Examples of ruthenium(II) catalysts for ethanol upgrading.

Since then, multiple workgroups have taken on the task of improving on these results. In 2016,
SzyMczAK developed an air-stable ruthenium complex bearing an NNN pincer ligand, which showed up
to 38% yield, around 50% conversion and selectivities over 80% at 150 °C within 2 hours when
triphenylphosphine was used as an additive in low concentrations.”® MILSTEIN used a PNP pincer ligand
with a very flexible backbone in a hydrido complex reaching up to 36% yield, and high turnover numbers
of up to 18209 at 150 °C. His catalyst was already slightly active at a temperature of 110 °C, where up to

22% 1-butanol was obtained.

While work in this field still continues to concentrate on ruthenium catalysts, manganese complexes for
this reaction are also known. The research groups of LIU and JONES reported catalysts of the type
[Mn(PNP)(CO):Br] in 2017 and 2018, respectively.***” This complex type had previously been used by
BELLER for hydrogenation reactions of nitriles, ketones and aldehydes.”® LiU found high catalytic
activities in a GUERBET-type reaction pathway to butanol with yields up to 23% and high selectivities at a
temperature of 160 °C over 96 hours using 0.01 mol% of catalyst. Alternatively, high turn-over numbers
of up to 114120 could be achieved by decreasing catalyst loading to 1.0 ppm and increasing reaction time
to 168 hours.*® While LIU only investigated the activity of the isopropyl- and cyclohexyl-substituted
phosphines, JONES varied the electron density on the manganese center and steric bulk further by
screening through the corresponding complexes bearing phosphines of isopropyl, cyclohexyl, phenyl,
tert-butyl and 1-adamantyl. Both groups also investigated the influence of the proton on the secondary
amine moiety. Methylating the complex at this position significantly reduced yields (reduction to only 6%
1-butanol compared to over 30% for JONES and 0.5% 1-butanol compared to 6.7% for L1U), which points

to a strong influence of the proton in the catalytic cycle.
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Figure 3.3: Liu and JONES'S manganese(I) PNP pincers for ethanol upgrading.

3.1.6 Ethanol upgrading mechanisms

The oxidation of ethanol to acetaldehyde typically follows one of two mechanisms. The first one uses an
inner-sphere mechanism in which ethanol is oxidized via beta hydride elimination. A typical example of
the ethanol dehydrogenation catalytic cycle was proposed by MILSTEIN.?! and is depicted in Scheme 3.3.
In the first step (A), the complex liberates a carbonyl ligand to form the unsaturated active species.
Coordination of ethanol in a position cis to the hydrido ligand (B) follows. Hydrogen is then eliminated
(C) in a rather unusual a-abstraction in which the hydride ligand deprotonates the coordinated ethanol.
The same elimination mechanism had been proposed by WASS as described earlier,” and is speculated to
form a dihydrogen ligand intermediate in theoretical studies of the related methanol dehydrogenation,
albeit with a high reaction barrier.” This transforms the ethanol moiety to the corresponding ethoxido
ligand. After the B-hydrogen elimination which restores the hydrido ligand (D), acetaldehyde dissociates,
thereby restoring the active species and closing the catalytic cycle. In the case of MILSTEIN’S PNP ligand,
the methylene bridges between the phosphines and the ligand backbone significantly increase ligand
flexibility, which allows this specific ligand type to switch easily between facial and meridional
configurations. It must be noted here that for the rehydrogenation of crotonaldehyde to 1-butanol, this
catalytic cycle can be imagined as running in reverse. This would mean that crotonaldehyde binds cis to

the hydride signal (reverse step E), then be hydrogenated (reverse D,C), and finally liberated (reverse B).
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Scheme 3.3: Inner-sphere mechanism of ethanol dehydrogenation using a Ru-PNP pincer.!

The second mechanism involves an interaction between a hydrido ligand on the metal center and an acidic
proton on the ligand. The most common type of ligand showing this behaviour uses a secondary amine,
the central binding amine in PNP pincers, and is usually referred to as a “NOYORI-type”,'%!%! The
activation of hydrogen with a metal-amido bond was first described by FRYZUK in an iridium(III) PNP
pincer complex.'>!% However, deprotonation on carbon can also occur.'® The totality of interactions
between hydrido ligands and a proton of the ligand backbone is typically called “metal-ligand
cooperation” (MLC). A good example of this behaviour is the complex used by JONES et al., which was
described earlier. In a typical reaction cycle, the complex is first activated by the formal elimination of a
hydrogen halide, typically HBr or HCI, with the use of a base such as an alkoxide(A). Due to their
synthesis from easily available [Mn(CO)sBr], manganese(I) complexes usually eliminate HBr whereas
ruthenium complexes such as Ru-MACHO are typically activated by HCI elimination. Since a base is
required for the aldol condensation later in the GUERBET reaction, alkoxides are used, and regularly show
the best performance during base screenings. This elimination transforms the amine group in the ligand
backbone to an amido ligand. The amide acts as a proton acceptor during the following outer-sphere
oxidation of ethanol to acetaldehyde (B and C), which condenses in an aldol condensation to

crotonaldehyde. A strong interaction is assumed to occur between the acidic proton on the hydroxy group
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of ethanol and the amide ligand. Another interaction is assumed to occur between the free coordination
site at the metal center and the hydrogen atom on C1 of ethanol. This formally transfers H» to the complex
and oxidizes ethanol to acetaldehyde. As a result, the complex is found to bear a hydrido ligand on the
metal center and a proton on the amine, which finally reduce the crotonaldehyde to 1-butanol in two

hydrogenation cycles (D).
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Scheme 3.4: Outer-sphere mechanism of ethanol dehydrogenation using an Mn-PNP pincer.

Proposed catalytic cycle based on the work of JONES et al.”’

The presence of both catalytic cycles in the same reaction is possible as they are not mutually exclusive.
Indeed, both examples mentioned above are potentially capable of either reaction mechanism. MILSTEIN
speculated about the presence of an O-H activation using the amido group of his complex, but believed
this to be unlikely due to the comparatively low basicity of the amide caused by its integration into the
aromatic system of the ligand backbone. In the case of JONES’S complex, an N-methylation of the PNP
ligand did not completely eliminate catalytic activity, hinting at the presence of some type of inner-sphere

mechanism being present, albeit slow compared to the mechanism undergoing MLC.
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3.1.7 Aim of the project

Unfortunately, the currently available catalysts for GUERBET-type ethanol upgrading require very harsh
reaction conditions of 150-160 °C (see the examples shown above in Figure 3.2 and Figure 3.3). The
long-term goal of researchers active in this field is the development of a catalyst active at lower
temperatures, ideally even below the boiling point of ethanol. This would have two main advantages.
Firstly, the energy required for this process would be reduced significantly, due to, among others, less
requirements for heating processes and reactor vessel thermal insulation. Secondly, the risks associated
with pressure vessels, mainly thermal explosions, would be eliminated. Overall, production costs of

upgraded biofuels would drop as a result, making this process more economically viable.

It is therefore the goal of this first catalysis project to investigate the activities of the previously
synthesized complexes Ru-1a to Ru-10a for their activity in GUERBET-type ethanol upgrading. To better
understand this catalyst class’s properties in this reaction, it is also the goal to run stoichiometric reactions

between the complexes and some of the substrates present in the reaction mixture.
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3.2 Ethanol upgrading reactions using POP pincer complexes

Using the Ru-POP complexes synthesized in Chapter 2 of this thesis, GUERBET-type ethanol upgrading
reactions were investigated. It is important to note here that the alternative acceptorless dehydrogenation
route for the synthesis of ethyl acetate has not been purposefully studied in this work, as it would require
drastically different reaction design to destroy the hydrogenation/dehydrogenation equilibrium by

allowing H, gas to escape.

3.2.1 Ethanol upgrading screening reactions

The investigation of the complexes began with a screening of the previously synthesized, phenyl-
substituted complexes Ru-1a to Ru-4a, as well as two control experiments, one without any catalyst, and
one using the precursor [RuHCI(PPhs)3] toluene adduct. No conversion towards 1-butanol was observed
for the experiment without any catalyst. The precursor was completely insoluble in basic ethanolic
solutions even at high temperatures, so the reaction was abandoned. Due to an unavailability of high
temperature capable autoclaves, the reactions began to be screened at 120 °C, using 250 ppm of catalyst
and 10 mol% of base relative to ethanol with a reaction time of 48 hours. The complexes were already
partially soluble in ethanol at room temperature, and at increased temperatures, complete dissolution was
observed upon prolonged heating. It is important to note here that the complexes are extremely oxygen
sensitive when in solution. The simple act of opening a valve on a J-Young tube for a few seconds under
air and resealing it is enough to cause the complexes dissolved in degassed solvents to degrade within

short amounts of time, which is visible by a striking colour change from yellow to dark grey.

The first screening immediately revealed significant differences in catalytic performance between the
different complexes (Figure 3.4A). An overview over the reaction conditions, yields, as well as turn-over
numbers and frequencies can be found in Table 9.1 in Appendix D. While the xantphos complex Ru-1a
only produced 2.3% of 1 butanol, Ru-2a showed to be the best of the set with a yield of 15.1%
(TON 1224, TOF 25.5 h'"). Complexes Ru-3a and Ru-4a showed results in between those two extremes,
yielding 12.1 and 8.9% 1-butanol, respectively. The longer linear alcohol 1-hexanol was obtained in low
quantities as well, yielding up to 0.6% in the case of Ru-3a. The pressures in the reaction vessels were
mointored through the autoclave-integrated manometers (Figure 3.4B). Ru-2a produced pressures as high
as 12 bar, and the pressure continued to rise until the end of the experiment. In contrast, Ru-1a did not
show pressures higher than 2 bar, and the pressure stagnated after less than 10 hours. Either of these
pressures is significantly lower than what would be expected for the development of significant amounts

of dehydrogenated products,” which points towards high selectivities of GUERBET-type products. The
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most likely side product to form in a dehydrogenative pathway to explain this behaviour would be the

formation of acetate according to Scheme 3.2B.
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Figure 3.4: First ethanol upgrading screening.

Reaction conditions: 2.5 mL (42.8 mmol) EtOH, 291 mg (10 mol%) NaOEt, 10.7 pmol (250 ppm) catalyst, 48 h, 120 °C.
A) Reaction yields. Determined by GC-FID.
B) Reactor pressures in Ru-1a and Ru-2a compared.
The first screening was followed by the comparison between different substituents at phosphorous (Table
9.1 in Appendix D). Starting with the xantphos-derivatives Ru-l1a, Ru-5a and Ru-9a. The reaction
improved slightly from yielding 2.3% 1-butanol with the phenyl-derived Ru-1a to 4.3 and 4.0% for
Ru-5a and Ru-9a, respectively, however no yields could be achieved that got close to the results of
Ru-2a previously achieved. Interestingly, for the DPEphos derivatives, the opposite trend was observed.
The yield of 1-butanol reduced from 15.1% in Ru-2a to 7.7% in Ru-6a. Ru-10a did not dissolve in basic
ethanol at elevated temperatures and was therefore not investigated. While 0.4% of 1-hexanol were found
in Ru-2a, no 1-hexanol could be detected for Ru-6a. The ether-bridged complexes Ru-3a and Ru-7a
delivered very similar results of 1-butanol of 12.1% and 11.6%, respectively. This most likely lies within
the margin of error of the laboratory procedures, meaning that no major influence of the substituents at P
can be described for this set. Finally, the DBFphos derivatives also showed a significant reduction in
activity from the phenyl-substituted Ru-4a with 8.9% yield of 1-butanol towards 4.9% in Ru-8a. Overall,
the change from phenyl-derived ligands towards alkylphosphines slightly reduces the activity of the
complexes. This points towards more electron-poor catalysts being more adequate for this reaction, and

therefore, attention was focused on them.
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Figure 3.5: Screening of phosphine substituents.

Reaction conditions: 2.5 mL (42.8 mmol) EtOH, 291 mg (10 mol%) NaOEt, 10.7 pmol (250 ppm) catalyst, 48 h, 120 °C.
Yields determined by GC-FID.
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3.2.2 Time and temperature screenings

Reaction times and temperatures have a large effect on the formation of products. Therefore, a few select
complexes were investigated for varying reaction times between 24 and 96 hours at 120 °C, and at
varying temperatures between 90 and 150 °C. An overview over the reaction conditions, yields, as well as
turn-over numbers and frequencies can be found in Table 9.2 in Appendix D. Starting with Ru-2a, a high
yield of over 10% of 1-butanol could already be observed over 24 hours at 120 °C. Longer reaction times
of 48 and 96 hours caused the yield to stagnate, and only slight increases in formation of 1-hexanol was
observed after 96 hours, while the amount of 1-butanol slightly decreased within the margin of error. It is
therefore likely that the reaction stops due to catalyst deactivation in a timeframe between 24 and
48 hours. For the same catalysts, the temperatures 90, 120 and 150 °C were screened. At 90 °C, less than
1% 1-butanol could be detected for Ru-2a after 48 hours reaction time. A reaction time increase to 96
hours at 90 °C only marginally improved the amount (1.3%) of 1-butanol. Additionally, the reaction was
also tested at 150 °C. For this, a new autoclave type had to be used (Type B, see Appendix B), which
required the downscaling of the reaction by a factor of two. At 150 °C, only 4.7% of 1-butanol were
obtained, which suggests a deactivation of the catalyst by thermal decomposition. A different behaviour

was found for Ru-1a, which showed an increase to 8.8% 1-butanol at 150 °C over 48 h (Appendix D).

Temperature and time screening of Ru-2a
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Figure 3.6: Temperature and time screening of Ru-2a.

Reaction conditions:
90 and 120 °C: 2.5 mL (42.8 mmol) EtOH, 291 mg (10 mol%) NaOEt, 10.7 umol (250 ppm) catalyst
150 °C: 1.25 mL (21.4 mmol) EtOH, 145 mg (10 mol%) NaOEt, 5.35 umol (250 ppm) catalyst. Yields determined by GC-FID.

47



3. Ethanol upgrading using Ru-POP pincer complexes

3.2.3 Base screenings

In the next step, the best performing catalyst, Ru-2a, was screened for different bases. An overview over
the reaction conditions, yields, as well as turn-over numbers and frequencies can be found in Table 9.3 in
Appendix D. A reaction without any basic additives was performed first, and only traces of 1-butanol
were found. Then, multiple alkoxides were screened. When using ethoxides, the corresponding lithium
salt delivered a butanol yield of 9.3% compared to the previously achieved 15.1% using sodium ethoxide.
The doubling of the base concentration was attempted, but the reaction was only successful for sodium
ethoxide. When using 20% sodium ethoxide in Ru-2a, the yield of 1-butanol stayed at 13.0%, while more
I-hexanol (0.7%) was found. When sodium tert-butoxide was used, the yield dropped to 8.5%. However,
when using potassium tert-butoxide, a significantly higher yield of 28.2% 1-butanol and 1.6% 1-hexanol
could be observed, translating to a TON of 2382 and a TOF of 49.6 h’', representing the best result.
Potassium ethoxide (KOEt) should be screened in the future to investigate the influence of the potassium
cation. The same screening was performed for Ru-3a. Here, the highest yield was observed with sodium
ethoxide, reaching 12.1% yield. The influence of the base was much weaker with this catalyst, the yield
ranging only between 7.9 and 12.1%.
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Figure 3.7: Base screening of Ru-2a and Ru-3a.

Reaction conditions: 2.5 mL (42.8 mmol) EtOH, 10 mol% base, 10.7 umol (250 ppm) catalyst, 48 h, 120 °C.
Yields determined by GC-FID.
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3.2.4 Stoichiometric reactions

Stoichiometric reactions were performed to better understand the catalytic cycle of the system. With
Ru-2a turning out to be the best performing catalyst of the set, all stoichiometric reactions were
performed using it. Sodium ethoxide is barely soluble in many organic solvents, so ethanol-ds was chosen
for the first experiment. In this experiment, Ru-2a was dissolved in ethanol-ds, together with
10 equivalents of sodium ethoxide. While not completely homogeneous at room temperature, complete
dissolution was observed at 60 °C, and NMR measurements could be taken. In the '"H NMR spectrum,
two distinct peaks could be observed in the hydride regions of the spectrum, at -6.8 and -8.9 ppm,
respectively. Due to the low signal-to-noise ratio, exact multiplicities could not be determined, however
the peak at -8.9 ppm appears to show a wide coupling constant of around 77 Hz, pointing towards a
phosphine atom coordinated #rans to a hydrido ligand. No signal was found in the range between -15 and
-18 ppm, which shows complete conversion of Ru-2a. To exclude the possibility of any proton/deuterium
exchanges of the hydrido, the corresponding positions in the H NMR spectrum were investigated as well,
but no deuterido ligand signals were detected. The *'P{'H} spectrum revealed multiple signals in the
region expected for ruthenium-bound phosphines of 70-20 ppm, and two signals were found in the

regions expected for free triphenylphosphine and free ligand (see Appendix D).
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Figure 3.8: Hydride region of the '"H NMR of a reaction between Ru-2a and NaOEt in EtOH-ds after 2 hours.

Conditions: 400 MHz, EtOH-ds, 10 eq. NaOEt, 60 °C (333 K).
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In the next step, a stoichiometric reaction between Ru-2a and sodium ethoxide was repeated in THF-ds
over a time of 24 hours at room temperature. The hydride region of the '"H NMR revealed three distinct
peaks (Figure 3.9A). The first, found at -15.85 ppm, exhibits a clear dt multiplicity, and likely
corresponds to either unreacted complex Ru-2a, or to ethoxide coordinating trans to the hydride. The two
additionally found peaks were observed at chemical shift of -6.8 and -8.9 ppm, respectively, confirming
the observation made in the previous experiment. The peak at -8.9 ppm shows coupling constants of 78
and 31 Hz, while the coupling constants for the peak at -6.8 ppm could not be determined. It is possible
that this peak corresponds to the trans-dihydrido complex. To establish whether the two peaks correspond
to a single dihydrido species, which would be suggested by the integrals shown earlier in Figure 3.8, or
whether they correspond to two distinct molecules, the phosphorous-decoupled 'H{*'P} NMR spectrum
was measured (Figure 3.9B). All three peaks observed therein collapse to singlets, which means that no
cis-dihydrido species with magnetically non-equivalent protons is detectable in the mixture. From this,

the complex structures, listed in Figure 3.9C, can be proposed.
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Figure 3.9: 600 MHz 'H NMR spectrum of a reaction of Ru-2a with NaOEt in THF-ds at 25 °C.

Reaction time 24 hours at room temperature.
A) 'H spectrum.
B) 'H{3>'P} spectrum. Signals collapse to singlets.

C) Suggested molecule fragments for the signals.
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3.2.5 On the catalytic cycle

Using this information gained previously, two catalytic cycles can be proposed. The first one generally
follows the mechanism proposed by MILSTEIN depicted earlier in Scheme 3.3 and contains a series of
cationic species. It is not dependent on the hemilability of POP pincers and their reconfigurations to
bidentate chelates. The entire catalytic cycle is depicted below. In the first step (A), the chlorido ligand is
abstracted and a cationic species is formed. This reaction is possible in polar media such as ethanol and
should be accelerated by the presence of alkali metal cations to form only very slightly soluble chloride
salts such as NaCl in analogy to the abstraction of the chloride ligand in complexes Ru-1b to Ru-10b
discussed earlier. Ethanol then coordinates to the complex (B) in the position cis to the hydrido ligand.
This allows for the liberation of hydrogen in the following step (C). A B-hydride elimination regenerates
the hydrido ligand (D), and finally, the active species is regenerated by dissociation of acetaldehyde.
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Scheme 3.5: First proposed catalytic cycle for ethanol dehydrogenation using [RuHCI(POP)(PPhs)] complexes.

Example used: Ru-2a.

The second proposed catalytic cycle relies on the POP ligands’ hemilability. This could explain the
significant difference in catalytic activity between the complexes Ru-1a and Ru-2a, which mainly differ

in their ligand backbone flexibility. The main difference to the first catalytic cycle lies in the absence of
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chloride abstraction. Instead, the complex is desaturated and transformed into the active species by
decoordination of the oxygen ligator in the ether link of the POP pincer ligand (A). After the coordination
of ethanol at the vacant site (B) the same hydrogen elimination occurs (C). The ethoxido complex may be
stabilized by oxygen coordinating on ruthenium. By B-hydride elimination, the hydrido ligand is

regenerated (D), and dissociation of acetaldehyde regenerates the active species (E).
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Scheme 3.6: Second proposed catalytic cycle for ethanol dehydrogenation using [RuHCI(POP)(PPh3)] complexes.

Example used: Ru-2a.

To validate or rule out one catalytic cycle over the other, several control experiments can be envisioned.
Due to the relatively low solubility of sodium chloride in ethanol, the abstraction of chloride during the
reaction is likely. This suggests that desaturation of the complex occurs through that route, favouring the
first proposed catalytic cycle. It could alternatively however lead to the formation of the ethoxido
complex in a trans-configuration relative to the hydride, which should not be catalytically active. This
must be investigated in stoichiometric reactions with sodium ethoxide, using multiple different ligand
backbones. If trans-configurations are repeatedly observed independently of the linker, then this
particular catalytic cycle might be disfavoured. The usage of the solvato complexes such as Ru-1b
compared to Ru-1a in ethanol upgrading experiments could give valuable insight into this behaviour, as it
could favour the formation of the complex with ethoxido #rans to the hydrido ligand. A different ethoxide

salt such as tetrabutylammonium ethoxide could be used in ethanol upgrading to make the precipitation of
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sodium chloride impossible. No change in catalytic performance in this experiment compared to using an
alkali metal ethoxide would suggest that the liberation of chloride by precipitation is not the primary
driving force of the catalyst activation, and that the reaction might occur primarily through the

hemilability of the POP pincer ligand or the abstraction of triphenylphosphine.

The ancillary phosphine ligand might also play a role in determining the role of the catalytic cycle. In the
first cycle, the phosphine is proposed to coordinate frans to the hydrido. As a result, a modification of the
electron density on the phosphine, and a resulting stronger or weaker sigma-type electron donation into
the ruthenium center might strongly influence the properties of the hydrido ligand. This effect is not

expected for the second catalytic cycle, in which the ancillary ligand is expected cis to hydrido.
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3.3 Conclusions and outlook

In conclusion, the catalysts synthesized in Chapter 2 of this work were tested for their catalytic
performance in the GUERBET-type upgrading of ethanol to 1-butanol as a means of biofuel synthesis. The
complexes showed activities at 120 °C and higher. Significant dependence of reactivity depending on the
linker of the POP pincer complex was found, with Ru-2a yielding the best results during catalyst
screenings. A following conditions screening revealed a reaction time of 48 hours to be optimal at a
temperature of 120 °C. The following base screening showed potassium fert-butoxide to be the most
promising base in this screening, and a yield of 28.2% 1-butanol (TON=2382, TOF=49.6 h") could be
achieved when using complex Ru-2a. This surpasses the state-of-the-art using non-NOYORI-type
complexes at a comparable temperature range. MILSTEIN found 1-butanol yields of 20.9% using his PNP
pincer complex at a temperature of 110 °C (TON 1171, 16 h).”!

Finally, stoichiometric reactions on the best-performing complex were conducted. New hydrido signals
were found at -6.8 and -8.9 ppm respectively, showing a direct reaction between the complex Ru-2a and

sodium ethoxide. Based on this data, two catalytic cycles were proposed.

Multiple pathways for further investigations can be envisioned. For one, the synthesis of the ethoxido
complexes and their complete characterization would give further insight into the catalytic cycle. While a
clean conversion directly from the chlorido complexes yielded a mixture of different products, other
pathways towards the products are possible. Additional information could also be gathered using
deuterated ethanol in the upgrading reaction and the analysis of deuterated products to investigate

potential exchange reactions.
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4. Formic acid dehydrogenation using Ru-POP pincer

complexes

The following chapter describes my efforts to apply the catalysts synthesized in Chapter 2 for formic acid
dehydrogenation. This project was designed as a collaboration between myself and my colleague BRENDA

RABELL MONTIEL, who is working on a similar project using PNP pincer complexes.
4.1 General introduction

4.1.1 Liquid organic hydrogen carriers

One pathway to synthetic fuels is to use hydrogen gas as an energy storage medium. In times of excess
renewable electricity from sources such as wind and solar, hydrogen gas can be created with great

5 or via direct thermochemical processes.!’ Unfortunately, the

efficiency by means of electrolysis'®
physical properties of hydrogen pose certain risks. As a highly flammable gas with a very low boiling
point of only 21 K (252 °C),!%” hydrogen must be either cryogenically stored as a liquid or compressed
and stored in pressure vessels to achieve energy densities necessary for applications in the transport

sector. Both methods, however, involve the disadvantages of specialized vessels for transport.

As a result, the use of liquid organic hydrogen carriers, or LOHCs, has been proposed. LOHCs are
defined as liquid, or low melting point solid, organic compounds that can be catalytically hydrogenated
and to act as hydrogen storage media.'”® In their hydrogenated form, they can be transported using
common infrastructure such as fuel trucks, ships, and pipelines. They are then passed over a second
catalyst for dehydrogenation, liberating hydrogen gas, and restored to their dehydrogenated form.

9

Proposed LOHCs include among others toluene,'” naphthalene,''’ (di)benzyltoluene derivatives,'!!

2

indoles and indolines,''? as well as N-alkyl carbazoles.!'>''* An overview of the entire lifecycle of

LOHC:s, as well as examples of LOHCs can be found in Figure 4.1.
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Figure 4.1: Liquid organic hydrogen carriers.

A) Examples of LOHCs.
B) Hydrogen storage cycle with an LOHC with the example of N-ethyl carbazole using an organometallic catalyst.
A serious disadvantage of most LOHCs is that their dehydrogenated form needs to be stored in the
LOHC-powered vehicle until the end of the travel. In practice, this means that a vehicle fueled by an
LOHC will have to contain two fuel tanks, one for the hydrogenated LOHC, and one for the
dehydrogenated LOHC.''> An increase in vehicle complexity, weight, and volume follows, all of which
make this setup less attractive for implementation and are associated with an overall higher cost, higher

number of failure points, and lower energy efficiency.

4.1.2 Formic acid as a liquid organic hydrogen carrier

One way to overcome this issue is the use of formic acid (FA) as an LOHC. FA has a long history of
usage as a hydrogen carrier in various fields of organic and inorganic chemistry, such as secondary amine
methylations with formaldehyde first described by ESCHWEILER, !¢ or the reductive amination of ketones
using ammonium formate in the LEUCKART reaction.!'” While the vast quantity is industrially produced

18 it can also be synthesized by

by hydrolysis of methyl formate from methanol and carbon monoxide,
equimolar hydrogenation of carbon dioxide with hydrogen, see Scheme 4.1. With a hydrogen capacity of
4.38 weight%, it offers a very high energy density of 6.34 MJ/L, which supersedes that of pressurized
hydrogen gas (5.04 MJ/L at 700 bar) without the disadvantages of a pressure vessel.'' After
dehydrogenation, CO; can be released into the atmosphere, which means that no second tank is required
for LOHC recycling. If the CO; is produced from non-fossil sources, such as in a powerplant burning

biogas or biowaste, this cycle is CO.-neutral. With a melting point of 8.4 °C and a boiling point of
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100.8 °C at ambient pressure,'?® FA can be easily transported in its liquid state using current technology.
Formic acid is flammable and has been proposed as a liquid fuel in reciprocating engines'?! and liquid-
fueled turbines.'?> Additionally, it has been studied extensively in fuel cells.!*® Together, these

technologies potentially open up applications in the shipping, automotive, and aviation industries.

Hydrogenation o

H, + CO, - > JL
Dehydrogenation H OH

Scheme 4.1: Formic acid as an LOHC.

4.1.3 Formic acid dehydrogenation by homogeneous catalysis

Homogeneous catalysis has previously been shown to be a viable means of formic acid dehydrogenation,
using various metals in a plethora of different conditions. In 1967, COFFEY reported the first instance of
this reaction, using complexes of Pt(II), Ru(Il) and Ir(Ill), out of which the latter showed the highest
activity in the initial screening.'?* Since then, this field has steadily gained momentum in the endeavour to
create a practical system, yielding evermore improving activities at continuously milder reaction
conditions. While COFFEY’S original work performed this reaction in acetic acid, the reaction is now

125.126.127 and also in neat formic acid.'*® Most catalysts reported

known to work in organic solvents, water,
for this transformation still use ruthenium or iridium complexes, showing excellent performance under a
variety of conditions. Iridium complexes are usually cationic and use bidentate amine ligands, such as the
systems by LI and HIMEDA depicted below,'?>!% the latter showing extraordinary activity at temperatures

as low as 50 °C.
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Figure 4.2: Examples of iridium-based catalysts for formic acid dehydrogenation.

When it comes to ruthenium catalysts, three examples should be mentioned, they are listed below in
Figure 4.3. In 2014, PIKDO used a pyridine-type PNP pincer, which showed extreme TOFs of up to
257000 h!' when adding a basic trialkylamine."*® Very recently in 2021, MILSTEIN applied the same
catalyst shown previously for ethanol upgrading in formic acid dehydrogenation, reaching high turn-over
numbers of 1.7 million in neat formic acid.'®! Unfortunately, both of these systems required
additives/solvents or the treatment of the catalysts under inert conditions. Both of these problems were
solved in our workgroup by using the commercially available catalyst Ru-MACHO-BH in an ionic liquid
as a solvent.'® In the next subchapter, I will therefore give a brief introduction into ionic liquids, mainly

focusing on their properties and use cases.
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Figure 4.3: Examples of ruthenium catalysts for formic acid dehydrogenation.
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4.1.4 Formic acid dehydrogenation mechanisms

Similar to the dehydrogenation of ethanol in GUERBET-type ethanol upgrading, the dehydrogenation of
formic acid to carbon dioxide usually follows two different subtypes. In the first route, the ligand plays no
active role in the dehydrogenation of the formic acid, and the reaction is completely inner-sphere. The
second route occurs through the formation of activated dearomatized, imido, or amido species, as
described earlier, using the principle of metal-ligand cooperation. A good comparison can be given by the

following example using a Ru-PNP pincer system, depicted in Scheme 4.2.

In 2019, BELLER investigated the influence of an N-methylation of the pincer complex of a typical
Ru-MACHO complex in formic acid dehydrogenation.*’” Their results showed an increased activity of the
N-methylated complex over the non-methylated analogue. While the authors proposed two completely
different reaction mechanisms, they reasoned that the protonation of a dihydrido species to form a
dihydrogen complex, which then liberates hydrogen gas, was the key step of both reaction pathways.
Their complexes were first activated by ligand exchange using potassium formate, and the corresponding
formato complexes were considered to be the active species. At a temperature of 92 °C, they observed

TOFs of up to 6800 h! for the N-methylated species.
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Scheme 4.2: Comparison between N-protonated and N-methylated PNP pincer complexes.

A) N-methylated pincer.
B) Non-methylated pincer.

Higher activity with methylated pincer, according to BELLER.*
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4.1.5 Ionic liquids as solvents for formic acid dehydrogenation

In recent years, the new solvent class of ionic liquids has gained interest throughout multiple fields of
chemistry. Typically, the term “ionic liquid” is defined as any organic or inorganic salt that has a melting
point below 100 °C."** Due to some of their chemical and physical properties, they are often seen as a
green alternative to commonly used organic and inorganic solvents. One of their main advantages consists
of their very low vapour pressure at room temperature, caused by their ionic nature. This means that ILs
are not flammable and that no refluxing setups are needed for reactions using them as solvents.

Additionally, they are thermally and chemically stable towards many reagents and can often be recycled

134

from reaction mixtures by various techniques such as distillation of the reaction products,>* extraction of

135

hydrophilic products out of hydrophobic ILs using water,>> or by nanofiltration using selectively

permeable membranes.'*® Due to their ionic nature, their properties are highly tunable towards the desired

reactions as their cat- and anions can be mixed and matched accordingly. Typical cations are

137,138 139,140

phosphonium, ammonium, pyridinium'! and imidazolium ions,'* out of which the last group

143

certainly plays the biggest role. These are combined with anions such as triflates,’* alkylsulfates and

144,145

alkylsulfonates, carbonates,'#  carboxylates,'*  (alkyl)phosphates and  phosphinates,'*

147 137

hexafluorophosphate,'*’ tetrafluoroborate,'*” halogenides and even hydroxide.
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Figure 4.4: Typical cations and anions of ionic liquids.
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4.1.6 Aim of the project

As previously described, our workgroup extensively studied ionic liquids as a solvent medium for formic
acid dehydrogenation using Ru-PNP pincer complexes.'*? In batch reactions at a temperature 80 °C,
turnover frequencies of up to 1260 h' were observed using the commercially available catalyst
Ru-MACHO-BH and its iPr-derivatives, and commercially available ionic liquids The reaction could be
improved further by a continuous formic acid feeding setup, which led to turnover numbers exceeding 18
million. The same catalyst system, albeit the corresponding trans-dihydrido complex, was also shown to
be active in the opposite reaction, efficiently hydrogenating CO, to formic acid already at ambient

temperatures and low gas pressures of up to 30 bar.

It is the aim of this project to investigate the previously synthesized Ru-POP pincer complexes Ru-1a to
Ru-10a described in Chapter 2 of this thesis for their utility in the dehydrogenation of formic acid using
ionic liquids as a solvent. This is meant as a way to investigate the findings by e.g. BELLER,*’ showing
that MLC is not a requirement for high activity, even in the same catalyst family, as other factors such as
case of protonation might be a more relevant concern. The project begins with the screening of the
previously synthesized complexes. The optimization of reaction conditions using the best of the
complexes will follow. During these steps, investigations into the reaction mechanism will take place,

mainly by NMR spectroscopy.
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4.2 Formic acid dehydrogenation catalysis reactions

4.2.1 Activity screenings

To assess the value of synthesizing the POP pincer complexes Ru-la to Ru-10a for formic acid
dehydrogenation, it is important to understand the catalytic capabilities of their precursor first. Therefore,
a temperature screening of [RuHCI(PPhs);] toluene adduct was performed. For this, BMIM-OAc was
chosen as the ionic liquid due previously obtained data showing high reaction conversions in it when
using Ru-PNP catalysts such as Ru-MACHO-BH.!*? Using 1.0 mL of BMIM-OAc (5.35 mmol), 13 pmol
of the precursor was dissolved and after 10 minutes of stirring, formic acid (13.25 mmol,
~1020 equivalents relative to the catalyst) was injected. Figure 4.5 shows the calculated conversions

obtained at reaction timeframes between 10 and 180 minutes.

Temperature screening of [RuHCI(PPh,),] toluene adduct

100
80 -
g ]
= 60
(]
B |
$
2 40+
o
(3] ]
—e—90 °C
20 - —e— 80 °C
—e—70°C
—e— 60 °C
O_
T T T T T T T T T

T — T T T T T 1
0 20 40 60 80 100 120 140 160 180 200
Time [min]

Figure 4.5: Temperature screening of [RuHCI(PPhs)3] toluene adduct.

Reaction conditions: 0.5 mL formic acid, 1.0 mL ionic liquid, 13.0 umol catalyst.
Conversion calculated from "H-NMR using IL as internal reference.
In all cases, no major induction periods are observed, meaning that the catalyst is unlikely to undergo a
slow transformation into an active species, or that this conversion is too fast to be observable with this
dataset. At 90 °C, 56% conversion (TOF = 3425 h!) is reached after only 10 minutes, which increases to

almost quantitative 97% conversion after three hours. Reducing the temperature to 80 °C reduces the
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conversion after 10 minutes by more than half to 24% (TOF = 1468 h™'), and reductions to 70 and 60 °C
continue this trend to 18% (TOF = 1101 h'") and 6% (TOF = 366 h™), respectively.

The precursor’s dataset serves as a baseline to determine the value of the additional synthetic step to the
POP pincer complexes. To investigate the catalysts’ activity compared to their precursor, screening
experiments of them in the IL using the same conditions were performed. Catalysts Ru-1a to Ru-9a
proved to be completely soluble under these reaction conditions even at room temperature, but the
systems were kept at the chosen screening temperature of 90 °C for 10 minutes to assure a complete
solution before the formic acid was injected. Ru-10a did not dissolve in pure BMIM-OAc even after
prolonged heating to 90 °C, but immediately dissolved upon injection of formic acid. An overview of the
catalyst screening can be found below, and exact data as well as the experimental setup are listed and

described in Table 9.6 in Appendix E.

In the screening of the diphenylphosphine containing complexes, Ru-1a turned out to be the best,
delivering 74% conversion within the first 10 minutes of the experiment time (TOF = 4525 h''). The
reactivity of Ru 4a was slightly lower. Unfortunately, Ru-2a was shown to be significantly less active
than its counterparts, and only delivered 27% conversion within 10 minutes, stagnating at 84% after 3

hours.

When it comes to the diisopropylphosphine-containing complexes, Ru-8a was significantly faster than
the other complexes, with 60% conversion (TON = 3670 h!) after 10 minutes and 90% conversion after
30 minutes. Full conversion at over 99% was reached after only 60 minutes, after which the experiment
was stopped. Interestingly in this dataset, the ethylene-bridged Ru-7a was by far the slowest, showing no

conversion after only 10 minutes.

Both cyclohexyl phosphine containing complexes Ru-9a and Ru-10a were significantly outcompeted by
their precursor and showed slow activity compared to their isopropyl counterparts Ru-5a and Ru-6a. This
could point towards the bulkiness of the dicyclohexylphosphines slowing catalytic performance. They

were subsequently no longer investigated in this project.
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Figure 4.6: Catalyst screening of Ru-1a to Ru-11a.

Reaction conditions: 0.5 mL formic acid, 1.0 mL ionic liquid, 13.0 pmol catalyst, 90 °C.
Conversion calculated from "H NMR using IL as internal reference.
In the next step, the catalytic activities of the best catalysts Ru-1a and Ru-8a were investigated further.
Their reaction temperatures were reduced in steps of 10 °C. While Ru-1a was instantly active at 90 °C,
yielding quantitative conversions in about one hour, this activity fell drastically at lower temperatures. At

80 and 70 °C, low conversions around of 18 and 23% were observed after 10 minutes, but this increased
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to high conversions of 88 and 73% respectively after 30 minutes and both experiments showed
conversions over 90% within two hours. After a further temperature reduction to 60 °C, no conversion

was found in the first 30 minutes of the experiment. A corresponding diagram can be found below, and all

data is listed in Appendix E.
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Figure 4.7: Temperature screening of Ru-1a and Ru-8a.

Reaction conditions: 0.5 mL formic acid, 1.0 mL ionic liquid, 13.0 umol catalyst.
Conversion calculated from 'H NMR using IL as internal reference.
The apparent inactivity of Ru-1a at 60 °C (and also at 70 and 80 °C after 10 minutes) compared to the
precursor points towards the requirement for a catalyst activation period, in which the pre-catalyst Ru-1 is
transformed into the active species. It is reasonable to assume that this activation period is present at all
temperatures, however cannot be detected with a temporal resolution of 10 minutes after formic acid
injection. In contrast to this, the temperature screening of Ru-8a revealed no apparent activation period.

Compared to Ru-1a, Ru-8a showed higher activities at 30 and 60 minutes at 60 °C.
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The temperature screenings of the precursor, Ru-1a, and Ru-8a can be used to calculate the activation
energies with an ARRHENIUS plot.*” Details can be found in Appendix E. The linear fits of the natural
logarithm of the turnover frequency over the reciprocal absolute temperature are directly proportional to
the activation energies. The data suggests activation energies of 50.4 kJ/mol for the precursor,
59.7 kJ/mol for Ru-1a and 63.7 kJ/mol for Ru-8a. Unfortunately, due to the measurement method, the R?
values of the linear fits are rather large, and therefore no definitive conclusions should be taken from
them. To obtain more precise values, the experiments should be upscaled in the future, and gas volumetry

should be used to determine conversions instead of NMR measurements.
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Figure 4.8: ARRHENIUS plots of [RuHCI(PPh3)s3] toluene adduct, Ru-1a and Ru-8a.

Linear fits, calculations and methodology can be found in Appendix E.

In order to fully understand the activation process of these two catalysts, it was decided to attempt
screenings of the chlorido-abstracted complex cation. Therefore, another chloride abstraction was
performed on Ru-8a, synthesizing the additional PFs and BPhs salts Ru-8¢ and Ru-8d. The same
synthesis protocol was used as for the BF4 salt Ru-8b, as described previously in chapter 2 of this work.
As of the time of writing, only Ru-8c could be analyzed by crystallographic means, so only it was tested

for formic acid dehydrogenation.
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Figure 4.9: Crystal structure of Ru-8c.

Hydrogen atoms on C and co-crystallized solvents omitted for clarity. Thermal ellipsoids are shown at 50% probability level.
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Figure 4.10 Anion screening of Ru-8a-c.
Reaction conditions: 0.5 mL formic acid, 1.0 mL ionic liquid, 13.0 pmol catalyst, 70 °C.

Conversion calculated from "H NMR using IL as internal reference.

In this experiment, the average reaction rate stayed approximately the same between the chlorido complex
Ru-8a, and the cationic species Ru-8b and Ru-8¢. This points to the abstraction of the chloride ion as not
being a major factor in catalyst reactivity. It is likely that the chloride abstraction in the ionic liquid

happens too fast for chloride abstraction to be worth the additional synthetic step.
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4.2.2 Investigations into reaction mechanism and reaction of the complexes with the ionic liquid

A few different methods were attempted to investigate the reaction mechanism of formic acid
dehydrogenation with the complexes. First, a quick experiment was run in which neat formic acid was
dehydrogenated with complex Ru-7a under conditions otherwise identical to the previous catalytic
screening. No gas formation at all was observed, which points to the ionic liquid playing an integral role
in the catalytic cycle. This suggests the absence of mechanisms in which only the ruthenium complex
itself is catalytically active, such as proposed by MILSTEIN.!*! More likely, an influence by the ionic

liquid is present, such as protonations and deprotonations.

To investigate the reaction mechanism, samples of the reaction mixtures were analyzed using NMR. It
was decided to concentrate only on the best catalysts, Ru-1a and Ru-8a, for further investigations. The
signals of the hydrido ligands on the catalysts were the primary focus of this investigation, due to the very
clear differences in 2Jup between the hydrides and the phosphine ligands. As the concentration of the
catalyst in the ionic liquids were very low, NMR acquisition times had to be severely increased. In the
case of Ru-1a, the typical doublet of a triplet pattern was observed for the first 60 minutes of the reaction.
While shifted significantly downfield from -16.29 to -13.35 ppm, it showed coupling constants to
phosphine of 27.2 and 18.4 Hz, respectively (Figure 4.11 peak A). This is compatible with all three
phosphines being in a cis-configuration to the hydrido ligand and shows that the ligand configuration is
somewhat stable in the ionic liquid over the course of approximately one hour during the experiment. The
strong downfield shift might be explained by the abstraction of chloride and its exchange by MeCN in the
NMR tube or by the formation of the corresponding acetato and formato complexes. Over the course of
this experiment, the intensity of this signal decreases, and after 180 minutes of reaction time, it disappears
completely. Instead, two new signals were detected. The first shows an apparent dt pattern and occurs at
-6.4 ppm (peak B). With a coupling constant of around 130 Hz, this suggests that one of the phosphines is
moved to a trans-position relative to hydrido. This would make sense in a step of the catalytic cycle, as it
would free the active cis-position. Alternatively, the low chemical shift suggests that this might be a
dihydrido species. The second new peak is found at -17.5 ppm. While its multiplicity is not clear, it is
suggested to be a triplet with a small coupling constant of 17.3 Hz, suggesting the liberation of

triphenylphosphine (peak C).
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Figure 4.11: Hydride region of the "H NMR spectrum of Ru-1a during formic acid dehydrogenation.

Reaction conditions: 0.5 mL formic acid, 1.0 mL BMIM-OAc, 13.0 umol catalyst, 90 °C.
NMR taken in MeCN-ds, 500 puL deuterated solvent, ~10pL reaction mixture.
Interestingly, once the quartet at -13 ppm is starting to diminish around one hour after the beginning of
the experiment, the activity of the catalyst seems to drop as well. This suggests that the configuration of
three phosphines cis to hydride is the more reactive active species. It could therefore be useful for
catalysis to stabilize this configuration by the addition of phosphine to the solution, or by exchanging

PPh;3 by a more electron-rich phosphine, binding more stably to the ruthenium center.
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Figure 4.12: Hydride region of the 'TH NMR spectrum of Ru-1a during formic acid dehydrogenation after 120 minutes.

Suggested complex configurations for the different signals.
Reaction conditions: 0.5 mL formic acid, 1.0 mL BMIM-OAc, 13.0 umol catalyst, 90 °C.
NMR taken in MeCN-ds, 500 pL deuterated solvent, ~10uL reaction mixture.
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To gain insight into the catalytic activity, the complex with the lowest activity, Ru-2a, was investigated
the same way. In contrast to the relatively stable quartet of Ru-1a, the spectrum of Ru-2a already shows a
complete loss of the hydride quartet corresponding to the starting material after 30 minutes. Instead, two
new peaks form between 30 and 60 minutes. The first is a quartet at -6.6 ppm (J = 26.1 Hz) and a doublet
of a triplet at -8.8 ppm (J = 76.6, 28.8 Hz) are found. The turnover number of this complex significantly
lowers after approximately 60 minutes of reaction time (see Figure 4.6), which points to the two peaks
shown below corresponding to a catalytically inactive species. While the peak integrals are roughly 1:1,
similar stoichiometric NMR experiments previously done in Chapter 3 propose that these signals

correspond to two distinct species.
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Figure 4.13: Hydride region of the "H NMR spectrum of Ru-2a during formic acid dehydrogenation.

Reaction conditions: 0.5 mL formic acid, 1.0 mL BMIM-OAc, 13.0 umol catalyst, 90 °C.
NMR taken in MeCN-ds, 500 pL deuterated solvent, ~10uL reaction mixture.
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Peak A in Figure 4.14 at -6.6 ppm likely corresponds to the complex in which all phosphorous atoms are
cis to the hydrido ligands. The downfield position in the hydride region suggests that this signal might be
the trans-dihydrido complex. The large coupling constant of 76.6 Hz at the second peak at -8.8 ppm likely
corresponds to one of the three two atoms being #rans to the hydride. Attempts were made at screening
the 3'P nucleus to determine the exact configurations, but with the available maximal acquisition times, no

useable signals could be differentiated from background noise.
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Figure 4.14: Hydride region of the '"H NMR spectrum of Ru-2a during formic acid dehydrogenation after 120 minutes.

A) 'H NMR spectrum.
B) Suggested structure of forming complex. Linker omitted for clarity.
To investigate the reactivity of the complex with the ionic liquid independently from the formic acid
reactions, an experiment was performed in which Ru-1a was dissolved in BMIM-OAc. After dissolution
and slight warming, the reaction was left standing for 24 hours. The following NMR experiment (Figure
4.15) gave insight into the reaction products of BMIM-OAc with the catalyst. Due to the low mobility of
the ionic liquid as a solvent, all peaks were severely broadened and no multiplicities could be
investigated. In the 'H spectrum, two peaks were observed at -19.28 ppm (major) and -19.75 ppm
(minor). The 3'P spectrum showed three expected peaks. The first, at 70.47 ppm, likely corresponds to
ruthenium-coordinated triphenylphosphine. The second one at 44.27 ppm likely corresponds to the POP
ligand when bound to ruthenium in a x*-P,O,P pincer configuration. A third major peak was found at

148

-7.14 ppm, close to the chemical shift of free triphenylphosphine at 4.7 ppm in CsDg,'*® confirming the
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previously suspected dissociation of the PPh; ligand during the reaction. Two very small peaks at 50 and

55 ppm were also found, yet so far their corresponding structure is unknown.
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Figure 4.15: Reaction of Ru-1a with BMIM-OAc after 24 hours at 40 °C.

A) Hydride region of the 'H spectrum
B) 3'P{'H} spectrum of in BMIM-OACc after 24 hours.
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4.2.3 On the catalytic cycle

Based on this information, possible catalytic cycles can be proposed. One possibility is a cycle similar to
that proposed previously by BELLER using an N-methylated Ru-PNP pincer complex.*’ The analogous
reaction mechanism using Ru-1a as catalyst is depicted in Scheme 4.3. Since the complexes show no
activity without the presence of the ionic liquid, its involvement must be necessary. The basicity of the
free acetate to deprotonate formic acid is one likely pathway. Since formic acid is more acidic than acetic
acid,'® formate ions are present. These can undergo ligand exchange with chloride, yielding a formato
complex (A). Reconfiguration of this complex (B) leads to CO; liberation (C), forming a trans-dihydrido
species. The low chemical shift of a species found in situ presented earlier might point towards the
presence of this dihydrido complex. The following protonation towards a dihydrogen complex with the
previously formed acetic acid (D) was proposed to be the key step in BELLER’s reaction using an
analogous N-methylated PNP pincer. Additionally, the proposed dihydrogen complex
[RuH(H,)(xantphos)(PPh3)]" has previously been synthesized in stoichiometric reactions using Ru-la
under a hydrogen atmosphere after chloride abstraction by a sodium salt.”> Elimination of hydrogen gas

and coordination of formate (E) then completes the cycle.

H™\ "OH
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Scheme 4.3: Proposed inner-sphere catalytic cycle for FA dehydrogenation with a Ru-POP pincer complex.
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4.3 Conclusions and outlook

To summarize this project, the complexes previously synthesized were screened for their activity for
formic acid dehydrogenation using the ionic liquid BMIM-OAc as a solvent and co-catalyst. Complex
Ru-1a and Ru-8a achieved high conversions at low timespans, being close in performance to the Ru-PNP
pincers investigated previously in this workgroup in similar conditions, with a conversion of 99% within
the first hour of the experiment, translating TOF of around 4525 h'! in the first 10 minutes of the
experiment at 90 °C. Their high reactivity was also observed after temperature reduction to 80 and 70 °C.
ARRHENIUS activation energies were obtained, showing activation energies of the best complexes of
approximately 60 kJ/mol. This work represents, to my knowledge, the first example of a use of this
complex type in formic acid dehydrogenation, and also the first use of POP pincer complexes in ionic
liquids. The hydride regions of the spectra were monitored, and suggest the in situ formation of various
hydrido and dihydrido species with different configurations between phosphorous and the hydride
ligand/ligands. A catalytic cycle was proposed.

Based on this data, multiple pathways for further investigation can be envisioned. For one, the hydricity
manipulation of the hydrido ligand in the pre-catalyst could be the focus of future research to optimize the
dihydrogen abstraction step of the catalytic cycle. This could be achieved by further screening of ligands
trans to the hydrido, or by electron density manipulation at the ruthenium center by the use of different
phosphines. As the increased bulkiness of the cyclohexylphosphines appears to be negatively influencing
reactivity, a less bulky phosphine moiety, such as -P(Et), or -P(Me), could be chosen for future

investigation.

The stoichiometric synthesis of the corresponding acetato and formato complexes could also be
envisioned as a future endeavour and will likely prove paramount to completely understanding the
catalytic cycle. Since the highest activity of this catalyst is recorded when the 'H NMR spectrum shows
the typical dt pattern, the addition of a more stable monodentate phosphine, either in situ, or
stoichiometrically by phosphine exchange reactions could be envisioned to stabilize this configuration in
the ionic liquid. Suitable candidates might be trialkylphosphines such as tricyclohexylphosphine or
tri-1-adamantylphosphine. Additionally, the high conversions certainly warrant a screening of different
ionic liquids, both with and without basic anions. This is interesting not only for their practical use in the
industry, but also to gather further insight into their catalytic cycle, as NMR investigations could show the
presence or absence of the proposed formato-complex hydride peaks around -17.5 ppm. Lastly, a future
project could investigate the long-term stability of this reaction by switching from a batch system to a

setup with continuous formic acid addition (for example via syringe pump injection).
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S. Ruthenium-POP nitrosyl complexes

The following chapter describes my efforts to synthesize a new set of Ru(Il) nitrosyl complexes bearing
POP pincer ligands. In the context of my work, this project was a collaboration between myself and my
colleague MIKE JORGENSEN, who had previously developed similar complexes bearing PNP pincer
ligands, which were then applied in fundamental investigations in his PhD thesis,”’ as well as transfer

hydrogenations by other members of the workgroup.
5.1 Nitrosyl: A non-innocent ligand

5.1.1 Nitrosyl as a non-innocent ligand in organometallic chemistry

Redox-active ligands fulfill an important role in multiple fields of organometallic chemistry and are

150

LT3

paramount to many biological functions in living organisms.” Termed as “non-innocent”, “suspect” and
“guilty” by JORGENSEN,'®! their properties are in sharp contrast to those of “innocent” ligands, such as
halogenides. The oxidation states of non-innocent ligands may not be immediately obvious from a trivial
analysis of the complex’s structure formula, and due to this ambiguity, the oxidation state of the central
metal atom as well as the ligand charges are equally ambiguous. Examples include polydentate ligands

2

such as pyridine diamine pincers,'>? m-systems of porphyrenes,'>® but also very simple ligands like

dioxygen.!>*

One of the most important non-innocent ligands is the NO ligand. The system of this ligand and the metal
center it coordinates to has previously been described as an “electron reservoir”, with very facile redox
events occurring, either induced by co-reactants or electrochemically.'> Complexes containing nitrosyl
ligands are described as {MNO}" according to the ENEMARK-FELTHAM notation, first proposed in
1974.'% In this model, n equals the sum of all electrons in the d orbitals of the metal and the n* orbitals of
the NO ligand. The most common complexes of this type fall under the categories of n=6,7,8, but n=9 and
n=10 complexes are also known, the latter being proposed as intermediates in various bioinorganic

reactions and studied in silico.'>713%13%,160

In mononuclear complexes, NO is observed to bond in two main configurations. The general trends of

their properties are listed in Table 5.1.

The first group consists of the linear nitrosyl complexes. Electronically, they can be thought of as NO*

ligands with an NO triple bond, called nitrosonium ligands, and are isoelectronic to carbon monoxide.
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They are counted as three-electron donors in the covalent bonding model. The triple bond character
causes high N-O stretching frequencies of 1620-1900 cm™ and very short N-O bond lengths of
1.05-1.20 A 161162

The second group consists of the bent nitrosyl complexes. These can be thought of as NO™ ligands with an
NO double bond, isoelectronic to the dioxygen diradical. Counted as single electron donors in the
covalent bonding model, the reduction of bond order compared to linear complexes leads to slightly

longer bond lengths of 1.16-1.22 A, and the free electron pair causes the ligand to bend.

Table 5.1: Properties of linear and bent nitrosyl complexes.

Linear NO Bent NO
o0 o oo O 00
Structure ®N <> N <=> &N > |
I I 1 MO M
oM M oM
M-N-O angles 110-140° 160-180°
N-O bond length 1.05-1.20 A 1.16-1.22 A

NO stretching

smaller than 1620 cm™!

1610-1900 cm’!

mode

A simple way to differentiate between the two modes can be achieved by means of X-ray crystallography,
in which bond lengths and M-N-O angles become directly visible. Linear nitrosyl complexes are easily
recognized by their high M-N-O angles approaching 180°. This angle is significantly lower in the bent
complexes, with values ranging from 115-155°. Unfortunately, complications can arise when the NO
group is crystallographically disordered. Specifically, a rotational disorder of the oxygen atom around the

M-N axis can give the appearance of a linear configuration.
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5.1.2 Aim of the project

Previously, our workgroup showed the high activity of ruthenium(Il) nitrosyl complexes with a general
formula of [Ru(PNP)(NO)CL,]X in transfer hydrogenations.’” Using 10 mol% NaOH as an additive, the
complex reached a conversion of 96% within 30 minutes in the reduction of acetophenone to
1-phenylethanol using isopropanol as a hydrogen donor. To compare reactivities with POP complexes, it
was therefore the goal of this project to synthesize complexes of the general structure
[Ru(POP)(NO)CIL,]CI (see Figure 5.1B), to analyze their spectroscopic properties with focus on the
properties of the nitrosyl ligand and the oxidation state of the metal. This serves as a preparation for their

future use in homogeneous catalysis.

A) o . B) o
cl Cl E cl Cl
H |_\\PR2 |-\PR2
“N—Ru—NO : 0—RuU—NO
Cer [0 - G
Rz CI : R, CI
Previously E This work

in the workgroup

Figure 5.1: Ruthenium(II) nitrosyl complexes.
A) Bearing PNP ligands previously synthesized in this workgroup and used for transfer hydrogenation reactions.
B) Bearing POP ligands as the aim of this project
Due to the different possible binding modes of the POP pincer ligands caused by the comparatively weak
Ru-O bond discussed previously, several products can be envisioned. While the pincer configuration has
been exclusively found for PNP analogs, it is also possible that the POP pincers will bind as a «*-P,P

chelates. The general structure of the possible configurations is shown in Scheme 5.1.
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Scheme 5.1: Possible products of Ru(NO)Cl3(H20) with a POP pincer ligand.
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5.2 Results and discussion

5.2.1 Synthesis attempts of [Ru(POP)(NO)CL|Cl

In analogy to the corresponding ruthenium nitrosyl complexes bearing PNP ligands, synthesis attempts
were performed using slight excess of the ligands L1, L2, L6 and L7 in a THF solution under inert
conditions at room temperature. Over the course of 24 hours, the reaction yielded off-white powders. The
complexes were insoluble in aliphatic hydrocarbons, so for purification they were washed multiple times

in hexane and obtained as off-white to beige powders.

Unfortunately, not all complexes could as of yet be obtained as single crystals and the work in this
endeavour is still ongoing. The first crystals could be obtained for Ru-NO-2 after dissolving in MeCN
and layering with diethyl ether at room temperature. This mixture precipitated as an orange powder upon
layering, however over a time of approximately two weeks, crystals of sufficient quality for SC-XRD
grew from the solution phase. The complex crystallized in a triclinic crystal system of the P-1 space group
and showed a clear distorted octahedral geometry. The crystal structure and an illustration of the complex
can be found in Figure 5.2. In contrast to the expectation of a x*-P,O,P pincer configuration with a
chloride anion of the formula [Ru(dpephos)(NO)CI,|Cl, which is observed in the PNP analogs, the
complex showed a x?-P,P chelate configuration with all three chloride ligands facially coordinated to
ruthenium, [Ru(dpephos)(NO)CIs;] Ru-NO-2, similar to the reaction product of Ru-2a and NaBF,, earlier
described in Chapter 2. Important atom distances and bond angles are listed in Table 5.2. An atom
distance of more than 3.4 A confirmed that no interaction between ruthenium and the oxygen atom on the

pincer is likely to take place.

Distance
3.39A

(@)
Z/
)
<
2

Figure 5.2: Solid state structure of Ru-NO-2.

A) Crystal structure obtained by SC-XRD. Hydrogen atoms are omitted for clarity. Thermal ellipsoids shown at 50% probability.

B) Illustration of the complex. Planes of stacking phenyl groups are marked in blue.
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One possible explanation of this configuration can be found in the three-dimensional parallel alignment of
one of the phenyl group substituents on one phosphine and the bridging phenyl group between the other
phosphorous atom and the ether bridge. With a medium plane distance of about 3.39 A, this is comparable
to the layer distance in graphite at 3.35 A.>> This strongly suggests stabilization by intramolecular
n-stacking. The very linear Ru-N-O angle of 174.7° and the short N-O distance of 1.07 A clearly indicate
an NO" configuration of the nitrosyl ligand and an {MNO}° electronic configuration according to the

ENEMARK-FELTHAM notation.

Table 5.2: Selected bond lengths, atom distances and angles of Ru-NO-2.

Ru-NO-2

Atom Atom Distance [A] Atom Atom Atom Angle [°]
Ru N 1.804(2) P1 Ru P2 94.66(2)
Ru Cll1 2.3382(6) Cll Ru N 169.74(7)
Ru Cl12 2.3977(6) P1 Ru C13 168.71(2)
Ru C13 2.4540(7) P2 Ru Cl12 166.91(2)
Ru P1 2.4350(7) Ru N 01 174.7(2)
Ru P2 2.4355(6)
Ru 02 3.415
N 01 1.070(3)

This twisted geometry is only made possible by the ability of L2 to significantly bend its ligand backbone
out of plane. In Ru-NO-2, the planar angle between the two bridging phenyl groups is found to be 80°.
As previously described in Chapter 2 of this work, this behaviour of L2 is literature-known and has
previously been suggested to be a major influence on catalyst activity compared to other evaluated

ligands without this capability.?

To eliminate the possibility of stabilization through means of backbone n-stacking, the same reaction was
attempted using L1, which due to its bridged linker is incapable of bending out of plane like L2 is

observed to do. As previously, the complex would precipitate as a powder from acetonitrile layered with
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diethyl ether, but suitable crystals would grow after prolonged standing at room temperature. The crystal
structure obtained this way showed complex Ru-NO-1 to also obtain a k>-P-P chelate binding mode to the
ruthenium center. Instead of m-stacking a bridging phenyl group of the diphenyl ether linker, the non-
bridging phenyl groups are m-stacking. Like in Ru-NO-2, even though the stacked phenyl rings are not
completely parallel (5.66° angle between planes), the average distance between the two planes of the
phenyl rings was 3.43 A, slightly longer than the layer distance in graphite at 3.35 A. This leads to the
conclusion that a configuration like this is likely to occur with all POP ligands of similar P-P distance
bearing phenyl groups on P, meaning L1, L2, L3, L4 and possibly L11. In this specific experiment, the
nitrosyl group was disordered over two positions: Trans to chloride or frans to phosphorous, as shown
below. Interestingly, the disorder was not observed throughout all three coordination sites despite the

chemical equivalence of the third site to one of the disordered sites.

Figure 5.3: Disordered crystallographic model of Ru-NO-1.
Hydrogen atoms are omitted for clarity. Thermal ellipsoids shown at 50% probability.
When the compound was synthesized in benzene instead of THF, a beige powder was obtained, which
dissolves in DMSO and DMF as a red solution. Layering either solution with diethyl ether yielded

crystals suitable for SC-XRD studies, which did not show the scrambling of the nitrosyl group (Figure
5.4).
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Figure 5.4: Solid state structure of Ru-NO-1.

A) Hydrogen atoms are omitted for clarity. Thermal ellipsoids shown at 50% probability.
B) Illustration of the complex. Planes of n-stacking phenyl groups are marked in blue. The backbone of the complex is omitted
for clarity.
To avoid the possibility of m-stacking, a similar synthesis was attempted using the iPr-DPEphos ligand
L6. The synthesis of the complex Ru-NO-6 was performed in THF at room temperature and yielded
beige powder. It could be crystallized from DMSO/diethyl ether by layering and showed the same
chelating configuration of L6 (see Figure 5.5), with its diphenyl ether backbone twisted out of plane, as in
Ru-NO-2. This suggests that -stacking is not the primary cause of the chelate configuration in this set of
complexes and therefore all POP ligands bearing aromatic backbones related to xantphos as expected to
bind in this matter. Multiple other reasons are possible. Charge separation by salt formation might already
be sufficient to overcome the energy gains of the formation of the weak ruthenium oxygen bond. The
same applies for the relation between Ru-O and Ru-Cl bond strengths (as measured by the bond

dissociation energies), which is significantly stronger for the latter.'®®

Figure 5.5: Crystal structure of Ru-NO-6.

Hydrogen atoms are omitted for clarity. Thermal ellipsoids are shown at 50% probability.
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To further investigate the properties of the complexes, ATR-IR analysis was performed for Ru-NO-1,
Ru-NO-2 and Ru-NO-6. Strong NO stretching bands were found at 1874, 1868 and 1863 cm’,
respectively, which both strongly fall into the region of linear, triple-bonded nitrosonium ligands,
confirming the NO"-character of the ligands, and thereby the oxidation state of the metal center as Ru(II).
The structures of Ru-NO-1 and Ru-NQO-2 were further confirmed by elemental analysis and analyzed via
NMR. *'P{'H} NMR of Ru-NO-1 and Ru-NO-2 in DMF-d; and DMSO-ds revealed clean singlets at
9.39 ppm and 13.58 ppm, respectively.

The same synthesis was attempted using the ether-bridged ligand L7, but no crystal could be grown, and
hence no structure could as of yet be obtained. The product of this reaction, Ru-NO-7, shows an NO
stretching band at 1836 ¢cm™, significantly redshifted compared to the other complexes. This fits in line
with the significantly higher electron density due to the diethyl ether backbone of the ligand and the
isopropyl substituents. This complex was not soluble in any tested solvent, so no NMR spectra could be

obtained.

5.2.2 Chloride abstraction experiments

One method to force the complexes into a pincer configuration is the selective abstraction of one of the
three chloride ligands, to liberate one of the available coordination sites for the weak Ru-O bond

according to Scheme 5.2. For this, experiments were undertaken using the k>-P,P chelate complexes.

—PR;

R; CI “n~ cl X@

AgX or NaX @— PR,

R” 0—Ri—NO
solvent, rt, @—P/ ®
overnight

Ry CI

o
@/ | No X= BF,, PFg, BPh,

Scheme 5.2: Proposed chloride abstraction using precipitation of insoluble halide salts.

[Ru(NO)Cl3(H,0)]

solvent, rt,
overnight

This reaction was attempted using complex Ru-NO-2. Several different reaction conditions were
attempted, using the silver, sodium, and potassium salts of BF4 and PFs. Unfortunately, in neither case

could clean product formation be observed. Interestingly, the attempted chloride abstraction in acetonitrile
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led to the formation of small quantities of [Ru(POP)(MeCN)s](BF4),, the same complex observed
previously in Chapter 2 during chloride abstraction experiments of Ru-2a. This was confirmed by XRD.

So far, the mechanism to explain this finding remains undetermined.

5.3 Conclusions and outlook

In summary, a novel set of ruthenium nitrosyl complexes bearing POP pincer ligands was synthesized.
The ligands were found to exclusively bind in a k*>-P,P chelate configuration and an electronic structure
likely to correspond to {RuNO}°. They were characterized by multiple different techniques including
NMR, IR, EA and XRD. To my knowledge, these complexes represent the first examples of Ru-POP
complexes with nitrosyl ligands and are as of time of writing subject to first catalytic screening
experiments in the workgroup. Unfortunately, the efforts of obtaining them in their x*-P,0,P pincer

configuration by means of chloride abstraction have as of yet not been successful.

To further investigate these complexes, solid-state NMR could be used to compare the solid-state
chemical shifts to those in DMSO solution, in order to investigate possible complex reconfigurations.

Specifically for Ru-NO-7, this will be needed for determining the complex structure.

One possibility of addressing the issue of chloride abstraction might be the choice of a different precursor,
such as [Ru(NO)CIl>(H,O)]BF4, by attempting chloride abstraction in a one-pot synthesis upon ligand
addition, or by circumventing potential redox pathways with silver salts by using redox inactive thallium
salts instead. The use of PSP pincers compared to POP pincers in the future might be an option to force a
pincer configuration due to the better HSAB match between ruthenium and sulphur. Additionally, further
investigations into the properties of the nitrosyl complexes could be performed by synthesizing the

isotope-marked "'NO complex for ’N NMR studies.
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6. Manganese(I) POP pincer complexes for formic acid

dehydrogenation in ionic liquids

The following chapter describes the relatively short, yet interesting final project of my work at DTU. In
the context of my work, it was meant as a collaboration between myself and my colleague RAJIB
PRAMANIK, who, simultaneously to my efforts in Mn(I)(POP) complex synthesis and application for
catalysis, investigated closely related compounds bearing PNP ligands in an effort to better understand the

mechanism of this reaction.
6.1 General introduction

6.1.1 The case for 1* row transition metal catalysts

Due to their high abundance in the earth’s crust compared to their heavier counterparts,'® 1% row
transition metals, often referred to as “base metals”, have recently become a valuable field of interest in
transition metal catalysis. Their affordable price combined with generally lower toxicities makes them
ideal for applications in which 2" and 3™ row TMs have previously been used. Particular focus lies on
complexes of manganese and iron. Unfortunately, these advantages are offset somewhat by their tendency
to undergo single-electron redox reductions, which are untypical for 2™ and 3™ row TMs. As a result,

reaction pathways otherwise impossible can occur.

6.1.2 Manganese complexes for formic acid dehydrogenation

Manganese complexes have previously been used for formic acid dehydrogenation with good catalytic
properties. In 2019, TONDREAU presented an acid-resistant Mn(I) complex bearing a MLC-capable
PNNOP ligand, which dehydrogenated FA with TOFs of up to 8500 h™' at temperatures as low as
80 °C.'%5 A year later, BELLER reported a 2,2’-bisimidazole N,N-chelate complex which dehydrogenated
formic acid with TONs of over 7500 within 12 hours.'®® Very recently, a PNNNP pincer complex was
reported that yielded TONs of 15200 and TOFs of up to 2086 h'! by HUANG.'?’
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Figure 6.1: Mn(I) complexes for formic acid dehydrogenation.

6.1.3 Aim of the project

To further compare the POP pincer complexes to their corresponding PNP counterparts, it was therefore
the aim of the project to synthesize a set of previously unknown manganese(I) complexes bearing a POP
pincer ligands of the general formula [Mn(POP)(CO),Br]. The complexes in question were to be analyzed
for their structural and spectroscopic properties, and then to be used in formic acid dehydrogenation
reactions using an ionic liquid as a solvent. Since no Mn(I) complexes with POP ligands binding in the
pincer configuration are as of yet known, their intrinsic properties are of general interest in catalyst

development.

A) Br EB)
I:\PRZ
i P N
R, ¢o ; H7oH IL, 90 °C
R= -iPr, -Ph

Figure 6.2: Formic acid dehydrogenation using Mn(POP) complexes.

A) General structure of complexes under investigation.

B) Formic acid dehydrogenation using Mn(POP) complexes.
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6.2 Synthesis of Mn(I)(POP) complexes

To keep comparability with the corresponding PNP pincer complexes that were under investigation in the
workgroup, the effort was started by focusing on POP pincers bearing an ethylene bridge backbone
instead of a xantphos derivative. As a result, Mn-7 and Mn-3 were chosen as primary targets for

synthesis.

A) Br
i —PR
POP ligand [ 2
[Mn(CO)sBr] > O—Mn—CO
THF, reflux, overnight <—P/ |
R2 CO
B
) Br Br
/—|—\PiPr2 /—l—\Pth
0—Mn—CO 0—Mn—CO
v
) |
Pr,co Phxco
Mn-7 Mn-3

Figure 6.3: [Mn(POP)(CO)2Br]Catalysts under investigation.

A) General synthesis route
B) List of [Mn(POP)(CO)2Br] complexes first synthesized in this project
The synthesis of the Mn(I) complexes was performed by an addition of the POP ligand to the
commercially available MnBr(CO)s precursor. In the cases of Mn-3 and Mn-7, the injection of the ligand
into the solution of the precursor complex was immediately accompanied by gas formation, pointing at
the decoordination of carbonyl ligands from the complex to form CO gas. This hints at the reaction being
feasible at room temperature over prolonged periods of time. The reactions were refluxed overnight to
ensure complete conversion. A slight colour change from yellow to orange was observed. Removal of the
solvent via vacuum drying followed by washing in hexane produced complexes Mn-3 and Mn-7 in high

yields. The complexes were insoluble in hydrocarbons, making washing in hexane feasible.

ATR-IR of the complexes (Figure 6.4) revealed sharp carbonyl stretching bands at 1920 and 1835 cm’!
for Mn-3, indicating the coordination of two carbonyl ligands at the manganese center. Compared to this,
the peaks of Mn-7 were found to be slightly redshifted at 1911 and 1828 ¢m™', which corresponds to Mn-

7’s slightly more electron-rich metal center due to the more electron-rich alkylphosphine moieties.
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Figure 6.4: ATR-IR of Mn-3 and Mn-7.

77 K, Diamond surface.
A) Full spectrum.
B) Carbony! stretching peaks in the region around 1950-1750 cm'.
"H-NMR yielded generally very broad peaks with indistinct multiplicities (see appendix G), which did not
allow for full characterization of Mn-3. In the case of Mn-7, the 'H, *C and *'P{'H} NMR spectra
appeared to show the formation of two isomers in the ratio 85:15 at room temperature with peaks in the
SIP{'H} NMR spectrum at 79.87 and 75.87 ppm, respectively. This was investigated by variable
temperature 3'P{!H} NMR spectroscopy at a temperature range of 258 to 338 K, clearly demonstrating a
temperature-dependence of the ratio of peak integrals (Figure 6.5). By varying the temperature back and
forth, this reaction was shown to be reversible. It’s therefore probable that two isomers occur in the liquid
phase, which likely correspond to slow configurational flipping of the ligand backbone. The *'P{'H}
spectrum for Mn-3 produced a sharp singlet at 65.76 ppm, which lies within the expected range.
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Figure 6.5 Temperature dependent *'P{'H} NMR of Mn-7 in toluene-ds.

Isomer ratios are marked on the right side.

To gain further insight into the properties of the complexes, attempts at crystal growth were made. Mn-7
could be grown as orange crystals by dissolving in acetonitrile and layering with diethyl ether in an NMR
tube at room temperature. The complex crystallized in an orthorhombic crystal system of the space group
P22:2; and showed a distorted octahedral geometry expected for a d® Mn(I) complex (see Figure 6.6).

Important bond lengths, atom distances and bond angles are listed in Table 6.1.

Figure 6.6: Crystal structure of Mn-7.

Hydrogen atoms are omitted for clarity. Thermal ellipsoids shown at 50%.
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Compared to the PNP counterpart synthesized by BELLER,” the Ru-P bonds were about 0.01 A longer.
With a P-Ru-P angle of 163.79°, the bite angle of the pincer complex was slightly reduced compared to
the PNP pincer (average value 165.93°). The Ru-Br bond was slightly shorter than in the PNP pincer
(average 2.576 A).

Table 6.1: Selected bond lengths, atom distances and angles of Mn-7.

Mn-7

Atom Atom Distance [A] Atom Atom Atom Angle [°]
Ru Cl 1.766(3) Pl Ru P2 163.79(4)
Ru C2 1.770(3) Br Ru C2 177.82(10)
Ru 03 2.145(2) Cl Ru 03 177.50(12)
Ru P1 2.3089(9)
Ru P2 2.3060(9)
Ru Br 2.5573(6)
Cl1 O1 1.162(4)
C2 02 1.130(4)

In the case of Mn-3, crystals of suitable quality could also be obtained from MeCN layered with diethyl
ether. The crystal structure, shown in Figure 6.7, showed a degradation of the complex to

[Mn(DPPEE)(CO)2(MeCN)]o[MnBra].
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Figure 6.7: Crystal structure of degraded Mn-3.

General structure [Mn(DPPEE)(CO)2(MeCN)]2[MnBra]
Hydrogen atoms as well as co-crystallized solvents omitted for clarity. Thermal ellipsoids shown at 50%.
Typical for 1% row transition metals, manganese is known to undergo single-electron redox reactions, so it
is likely that this caused the degradation of the crystallization experiment of Mn-3. No measures against
light intrusion had been taken, as this was not necessary for Mn-7. A suggested reaction equation is

shown below. As of yet, no crystals of suitable quality for XRD studies for non-degraded Mn-3 could be

obtained.
Br NCMe B 2
o |PPh 7 |=PPhe | r
4<E_N;‘,_co + 2MeCN ————» 2 O0—Mh—CO * _Mn,,p+ Mn(0)
p” | -2L3 o | Br™ gy
PhyCo PhxCo

Scheme 6.1: Redox reaction to form degraded Mn-3 in MeCN during crystallization attempt.

In addition to the synthesis of the two ethylene-backbone-bearing complexes Mn-7 and Mn-3, I also
attempted to synthesize two complexes with a xantphos-type POP pincer ligand. This is interesting due to
the complex’s significantly decreased electron density, which could be a major factor in its catalytic
activity. When the same synthetic conditions were applied as before, formation of Mn-1 was not
indicated by carbon monoxide formation. Even after 72 hours of refluxing, no product formation could be
observed and NMR analysis of the reaction towards Mn-1 confirmed that the reaction was not successful.
'H spectra of the reaction mixtures only yielded very broad peaks, hinting at the presence of a

paramagnetic species. 3'P{'H} NMR analysis showed very slight formation of the product, with most
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xantphos being unconverted in solution. Interestingly, a total of three peaks were found in the region

between 50 and 85 ppm, which points to the formation of more than one product.

A) Br
POP ligand Z |—\\PR2
[Mn(CO)sBr] f . o—M|ﬁ—co
THF, reflux, overnight @ V4
P

Mn-1 Mn-5

Figure 6.8: Attempted synthesis of Mn-1 and Mn-5.

A) General synthesis route.
B) List of [Mn(POP)(CO)2Br] complexes first synthesized in this project.

For Mn-5, slight CO evolution was observed upon dissolving ligand and precursor, and the reaction
yielded a yellow powder after 72 hours of refluxing in THF and solvent removal. The product was
insoluble in hydrocarbons, making washing in hexane feasible. While the 'H NMR of the solution
produced again only broad peaks, a single clean singlet ppm was found at 73.21 in the *'P{'H} spectrum
after washing in hexane, hinting at a clean formation of Mn-5. ATR-IR revealed two CO stretching bands
at 1930 and 1848 cm™!, further blueshifted relative to Mn-3. This confirms the even lower suspected
lower electron density of the complex due to the xantphos ligand. No crystals of Mn-5 suitable for XRD

studies could as of yet be obtained.

6.3 Formic acid dehydrogenation experiments

To investigate the catalysts’ performance in formic acid dehydrogenation, the complexes were dissolved
in 1-butyl-3-methylimidazolium acetate (BMIM-OAc). All manganese complexes under investigation
showed excellent solubility, with slow dissolution even happening at room temperature. The reaction
protocol was adapted from the ruthenium complexes previously investigated in chapter 4. To maintain
comparability with experiments run by my colleagues in the workgroup, the NMR experiments were

analysed in DMSO-ds instead of MeCN-ds.
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Screening of Mn-3, Mn-5 and Mn-7
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Figure 6.9 Catalyst screening of Mn-7, Mn-3 and Mn-5.

Reaction conditions: 0.5 mL formic acid, 1.0 mL ionic liquid, 13.0 umol catalyst, 90 °C.
Conversion calculated from 'H NMR using IL as internal reference.
The complexes Mn-3, Mn-5 and Mn-7 and immediately proved to be active in FA dehydrogenation at
90 °C, but severely less so than the ruthenium complexes tested in chapter 4. Upon injection of formic
acid, only slight gas formation was observed, and as a result, the NMR samples were only taken after 1 h
of experiment time. After one hour, conversions of only 25% (Mn-3), 21% (Mn-5) and 17% (Mn-7) were
found. Running the experiments for prolonged periods of time only showed moderate conversions of
formic acid, with the conversions stagnating at 58% for Mn-3, 49% for Mn-5 and 72% for Mn-7 after a

reaction time of18 h.

In the next step, the catalyst concentrations were doubled for Mn-5 and Mn-7. Conversions immediately

rose, with the highest conversion achieved being 79% for 26 umol of Mn-7 after 18 hours.
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Figure 6.10: Concentration screening of Mn-5 and Mn-7.

Reaction conditions: 0.5 mL formic acid, 1.0 mL ionic liquid, 90 °C.

Conversion calculated from 'H NMR using IL as internal reference.
Brief attempts have so far been made to investigate the catalytic cycle of this reaction. The hydride
regions of the NMR spectra were monitored for hydride formation as a result as was done previously in
Chapter 4. Manganese hydride complexes are literature-known, and have recently been investigated for
their properties in metal-ligand cooperation.'®® They yield signals in the range of -8 ppm relative to TMS.
Unfortunately, no signals could be detected in this study, so the catalytic reaction mechanism remains as

of yet elusive. The integral of the 'H peak of the acetate anion was found to reduce over time, with it

disappearing completely overnight.
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6.4 Conclusions and outlook

To conclude this chapter, a set of novel Mn-POP pincer was synthesized. To my knowledge, these
complexes represent the first Mn(I) complexes bearing POP pincer ligands of the DPPEE and xantphos
types. The complexes were characterized by multiple different techniques, mainly NMR, IR and
SC-XRD. It is important to mention here that this data is as of yet incomplete, and that further
characterizations are needed for a more complete understanding. Particularly electrochemical experiments
such as cyclic voltammetry (CV) and UV-VIS spectroscopy are of great interest due to the tendency of
manganese to undergo single-electron redox events, shown by the quick oxidation of Mn-3 during

crystallization attempts.

The first catalytic screening of these complexes already revealed their ability to catalyze formic acid
dehydrogenation in the ionic liquid BMIM-OAc, albeit with significantly lower reaction rates than the
ruthenium counterparts studied in Chapter 4, only reaching turn-over frequencies of around 250 h'. It is
to be noted here that catalysis experiments of this class were very preliminary, and the reaction conditions
are as of yet not optimized. A full screening of conditions is needed to fully understand the capability of
these catalysts for this reaction. Apart from a change of ionic liquid, additional changes can be made to
the catalyst structures. All of this is work to be carried out in the NIELSEN group in the future.
Additionally, further work is needed to investigate the catalytic cycle of the reaction. Possibilities include
the performance of stoichiometric reactions, the synthesis of a hydrido complex and its use in the

reaction, as well as isotopic labelling experiments.
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7. Hydrogenation of carbon dioxide with electron-rich

phosphine adducts

The research summarized in the following brief chapter was done in collaboration between the NIELSEN
workgroup at DTU and the H. JUNGE workgroup at the Leibniz institute for Catalysis (LIKAT) in
Rostock/Germany. It summarizes the results that were obtained during this research stay. All of the
syntheses and parts of the catalytic reactions were performed at LIKAT as part of the recommended
external research stay exchange program for PhD students at DTU. The project was co-supervised by
Professor MATTHIAS BELLER, scientific director of LIKAT. It must be noted here that the ruthenium
catalyst used in the following chapter (Ru-MACHO-BH) was commercially achieved and is not related to
the POP pincer complexes used in all other subprojects of this thesis. Therefore, this subproject should be
seen as an addendum to the overarching themes laid out in the previous chapters, and that its results are
very preliminary and subject to revisions in the future. I would like to again thank my colleagues at

LIKAT for their help and cooperation in this short, albeit interesting project.

98



7. Hydrogenation of carbon dioxide with electron-rich phosphine adducts

7.1 Introduction

7.1.1 Zwitterionic phosphine CO:; adducts: Properties and use cases

To bind CO», a Lewis base can be utilized to form a corresponding adduct. Previously, this has been

9 0

performed with carbenes,'® nitrogen bases,'” and even amino acids such as lysin.!”! Recently,

DIELMANN proved that very electron-rich phosphines can also react with carbon dioxide to reversibly

form zwitterionic adducts (see Figure 7.1).!7?
o£:%o : )NL"
_P, _P. v R="N" °N-°
R ER + COpb, =—— R llR,R L

Figure 7.1: Equilibrium between highly electron-rich phosphine and COz, and their corresponding adduct.

Subsitutents on phosphorous for this are condensed guanidines.

While this behavior is so far unknown for any trialkylphosphine, it has been observed in multiple
different species bearing even more electron-rich substituents bearing guanidino groups. Research first
focused on imidazoline-2-yliedenamino-substituted phosphines (IAPs),!”* but the even more electron-rich
tris(tetramethylguanidinyl)phosphine P(tmg); was recently shown to be capable of the same reaction.!” A
strong correlation between the phosphine’s Lewis acidity and the reaction with CO, has been observed. It
can be visualized and quantified by comparing the stability of the adducts in question to the Tolman
electronic parameter (TEP) of the corresponding phosphine. The TEP is the A; stretching frequency of a
carbonyl ligand in a complex of the general formula [Ni(CO)sL], which can be used to determine the
ligand’s electron donation strength.!” While the adducts of the most electron-rich phosphines with a low
TEP show extraordinary stability towards higher temperatures and vacuum conditions, higher TEPs were
shown to correspond to easier decarboxylations and their presence could only be shown under low-
temperature NMR conditions. It is important to note here that TEP changes are a result of o- and
m-interactions in complexes, while the bonding situation in the CO, adducts is only of the o-type. An

overview of phosphines capable of CO; adduct formation is found below:
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Table 7.1: Different phosphines and their behavior regarding the formation of CO2 adducts in correlation to TEP.

Phosphine

Formation of CO; adduct

TEP (conditions) [cm™]

P(Ph);
P(iPr);
P(Bu);

P(n-Bu)(1-Ad),

None
None
None

Investigated in this project

2068.9 (in CH>Cl,)!7*175
2059.2 (in CHxCl,)!7+175

2056.1 (in CHxCl,)!7+175

P(1-Ad); Investigated in this project 2052.1'76 (calculated after '"7)
P(iPr)(NBiPr); Low temperature NMR!"? 2049.2 (in CH2Cly)'”®
P(iPr)(NIiPr) Low temperature NMR 7> 2047.5'7

P(NBiPr); Stable at room temperature!”? 2044.3 (in CH2Cl)'”®
P(iPr)(NIiPr), Stable at room temperature!”? 2038.6'7
P(tmg); Stable at room temperature under 2036.5 (neat)'”
vacuum'” 2041.1 (toluene)
2048.6 (THF)
2049.1 (DCM)
2054.1 (MeOH)
-H _H
N N
& B
H-NB/Pr H-tmg

This property of electron-rich phosphines has so far been only used for protecting the corresponding

phosphines for the simplification of complex synthesis.!” In fact, several of the adducts were shown to be

air stable for several months whereas the corresponding phosphines decomposed immediately.
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7.1.2 Other types of phosphine CO; adducts

Although the zwitterionic adducts of phosphines to CO; generally represent the more common group in
current research, other modes of adduct formation are known. For example, FONTAINE et al., while
investigating phosphazene bases as catalysts for hydrosilylation of CO», discovered a reaction between
the phosphazenes and CO, with an intermediate adduct. The reaction pathway strongly resembled a
WITTIG-type reaction mechanism (see Figure 7.2).!7%130 This reaction is likely driven by the exothermic

formation of the corresponding phosphoric acid triamide.

J< 0 )4
N/ \ 0
P 0-PyN. P 0=C=N
I } 4

Figure 7.2: Reaction of phosphazene base P1-Bu-tris(pyrrolidin) with COx.

Reaction products are the corresponding phosphoric acid triamide and ferz-butyl isocyanate.

7.1.3 General proposal and aim of the project

Although phosphine CO; adducts have so far only been used in the field of complex synthesis,

specifically as a means to protect the otherwise impractically reactive phosphines,'’

another purpose
might become evident from this work. One important step of the activation of CO> is the bending of the
molecule accompanied by the reduction in symmetry from Doy to Cay and induction of electric dipole
moment.'8! As evident by the spectroscopic properties of the zwitterion, both of these changes in
molecular structure already occur in the adduct formation reaction. This potentially lowers the activation
barriers for any further transformation of CO,. With this energy barrier overcome, catalytic hydrogenation
of the carbon dioxide might be facilitated, reducing the need for harsh reaction conditions. A proposed
bicatalytic cycle for formic acid formation is shown below, employing activation of CO, via phosphine
adduct formation and activation of H, with a ruthenium pincer complex. It starts with the activation of
COs (A) to form the zwitterionic adduct, which then coordinates to a Ru-MACHO-type complex (B and
F). This hydrogenates the CO, to formic acid, regenerating the phosphine and the dehydrogenated active

species of the catalyst containing an amido ligand (C and D), the latter is then finally rehydrogenated (E),
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7. Hydrogenation of carbon dioxide with electron-rich phosphine adducts

completing the cycle. The complex must first be activated by thermal cleavage of the borohydride ligand,

followed by hydrogen abstraction.
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Scheme 7.1: Proposed catalytic cycle and thermal activation of Ru-MACHO-BH.

A) Proposed bicatalytic cycle.
Blue: CO; activation using zwitterionic phosphine adducts
Red: H activation with a Ru-MACHO complex
B) Activation of Ru-MACHO-BH to active species
Therefore, two goals of this project arise. The first is to investigate the possibility of adduct formation in
the currently most electron-rich alkylphosphine P(1-Ad)s;, whose TEP suggests that adduct formation lies
within the range of possibility under pressurized CO, atmospheres at low temperatures. The second goal
of this project is to use the CO, adducts for the hydrogenation of carbon dioxide to formic acid, using
them as co-catalysts in conjunction with already established hydrogenation catalysts such as

Ru-MACHO-BH. An interaction can be envisioned in which the adduct interacts with the hydrogenated
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active species of Ru-MACHO-BH, thereby transforming CO- to formic acid, according to the reaction
mechanism discussed above. Due to the short timeframe of the project, only a few select molecules are to

be screened. Specifically, the most electron-rich alkyl phosphines, and P(tmg)s.

7.2 Results and discussion

7.2.1 Low temperature investigations of phosphines

As a first attempt to simplify a potential catalytic system, it was decided to investigate the possibility of
adduct formation of the most electron-rich alkyl phosphines. Tri(1-adamantyl)phosphine was therefore
synthesized according to a protocol by CARROW, starting from 1-adamantyl acetate.'’®!8? Unlike the
related compound P(#Bu); and very untypical for trialkyl phosphines, 1-adamantyl phosphine is stable
under ambient conditions as a solid, albeit showing decomposition when stored in aerobic solutions.!’® To
investigate whether a CO, adduct could be formed at room temperature, P(1-Ad); was dissolved in
benzene, and a stream of CO, was bubbled through the solution. As expected, no precipitation was
detected, showing that if it was to form adducts, these would likely only occur at significantly lower
temperatures than ambient. Therefore, an experiment was performed in which P(1-Ad); was dissolved in
THF-dg inside a heavy-walled NMR tube, and a pressure of 2 bar CO, was applied. This enabled the
screening of the 'H, C and *'P{1H} NMR spectra at a temperature range from ambient to 200 K, which
is close to the freezing point of CO, at 195 K. The NMR spectra can be found in Appendix H. In the 'H
NMR spectrum, a rearrangement of the adamantyl groups between 282 and 215 K was found during the
cooldown, which points to the adamantyl groups changing their rotational behaviour at lower
temperatures. To further monitor the formation of the CO, adduct, *C NMR measurements were taken at
temperatures of 199, 237 and 298 K during warmup. While the CO» signal remained visible throughout
the entire temperature range, no characteristic signals for the CO, adducts were observed (expected in the
range of 160 to 170 ppm with large phosphorous-carbon coupling constants of 130 Hz).!”? In the *'P
NMR spectrum, no major new peak formation around 0 ppm was found, which would coincide with the
adduct, and no line broadening was observed for the phosphine peak. Combined, these experiments show

that no adduct formation occurs under the given conditions for P(1-Ad)s.

The same set of experiments was repeated for the commercially available
di(1-adamantyl)-n-butylphosphine (BuPAd,), first developed by BELLER and sold commercially as
cataCXium® A.' At room temperature, no precipitation of product was observed when CO, was
bubbled through a benzene solution of the compound. In low temperature experiments, no major peak

formation of any peaks was found. In conclusion, even the most electron-rich alkylphosphine currently
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known to literature (P(1-Ad);) and a very closely related compound BuPAd, are not capable of forming
zwitterionic adducts, neither at room temperature nor at lower temperatures down to 200 K in

CO,-pressurized environments.

7.2.2 Hydrogenation catalysis using P(tmg); and Ru-MACHO-BH

Since all simpler alkylphosphines showed no activity in the formation of CO; adducts, the focus of this
project shifted towards the use of P(tmg)s; as a co-catalyst. Since the P(tmg);-CO; adduct is stable at room
temperature for prolonged periods of time, it was decided to synthesize it, and directly use it as a
co-catalyst instead of using the free phosphine. Using the commercially available catalyst Ru-MACHO-
BH, the adduct was screened for their activity in CO» hydrogenation. These reactions were performed in
autoclaves (type B, see Appendix A). First, a reference experiment was conducted, in which no additive
was added to the solution. In following experiments, 10 equivalents of the CO, adduct were added to the
solutions. 'H and *C analysis was performed to search for traces of formate. In all cases, small peaks at
the expected value around 171.7 ppm (reference measured in D>0)"** were detected. Quantification was
performed using imidazole as an added internal standard. The reactions were additionally followed by
monitoring the pressure decrease in the vessels. No pressure decrease was detected, pointing to very low

activity. The results are tabularized below.

Table 7.2: CO2 hydrogenation experiments using phosphines as co-catalysts.

Ru-MACHO-BH (0.01 mmol)

Additive (0.1 mmol Q
H, + CO, ( ) > JI
THF (2.0 mL) H” “OH
90°C24h
. . TON (relative to
Catalyst Additive Yield
Ru-MACHO-BH)
Ru-MACHO-BH no additive traces <1
0.56 eq. relative to
Ru-MACHO-BH P(tmg);-CO; 5.6
P(tmg);
0.63 eq. relative to
Ru-MACHO-BH P(tmg);-CO; 6.3
P(tmg);
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The reference experiment using no additive yielded very small quantities of formic acid that correspond
to less than one TON relative to the catalyst. In all experiments with added adduct, slightly higher
amounts of formate were detected, but no TON exceeded 6.3 relative to Ru-MACHO-BH. This points to
the catalytic cycle being active, yet severely hindered. It is likely that the highest possible TON in this
experiment is only 10, corresponding to 1.0 equivalents relative to the P(tmg); CO, adduct. This is due to
the adduct performing one catalytic cycle, transforming 1 equivalent of CO, to formic acid, but then being

protonated to HP(tmg);* by the formic acid and thereby inactivated.

7.3 Conclusions and outlook

In conclusion, the properties of the most electron-rich alkyl phosphines in regards to their ability to form
CO; adducts were investigated. Temperature-variable NMR experiments show that the currently most
electron-rich trialkylphosphine P(1-Ad)s and the similar compound BuPAd, are not capable of forming
any detectable zwitterionic CO, adducts under the investigated reaction conditions. This means that the
further increase of electron density with the use of a condensed guadinyl group is paramount for the

adducts to form even at temperatures too low to be practical for catalysis.

Additionally, the properties of the highly electron rich phosphine P(tmg); regarding its use as co-catalysts
in the ruthenium-catalyzed hydrogenation of CO» towards formic acid were investigated. Formic acid was
detected in low quantities in 'H and '*C spectra, pointing to a slight activity of the catalytic system that
exceeds that of Ru-MACHO-BH without the addition of additives under the same conditions. As a result,
a future project could be envisioned in which stoichiometric amounts of a strong base would be added to
keep the co-catalyst phosphine deprotonated and therefore active. Since Ru-MACHO type complexes
typically are activated by either thermal activation (for Ru-MACHO-BH) or by the formal elimination of
HCI by a base, this future system would have to be compared to reactions without the presence of the
phosphine. Additionally, the reaction could be screened for other types of CO; activation, such as for the

synthesis of methanol.
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8. Summary and perspectives

To summarize, this PhD project investigated the synthesis and analysis of novel transition metal
complexes of ruthenium and manganese bearing POP pincer ligands, as well as their activity in catalytic

transformations necessary for a future sustainable energy system.

In Chapter 2, previously developed synthetic protocols for a class of ruthenium pincer complexes of the
formula [RuHCI(POP)(PPhs)] were generalized, and a set of complexes has been synthesized and
characterized by means of NMR, EA and SC-XRD. Their NMR-spectroscopic and crystallographic
properties gave insight into the electronic structure on the ruthenium center. The chloride abstraction
revealed an untypical reaction pathway for the case of the ligand DPEphos. Finally, a new complex was
synthesized bearing an azido ligand frans towards the hydride. This complex was analyzed by means of
SN/'H HMBC NMR at natural abundance. The latter offers the opportunity to anchor this type of POP

pincer complex to a substrate using a triazolium moiety.

In Chapter 3, the complexes were used for GUERBET-type catalytic upgrading of ethanol to 1-butanol.
They showed moderate activity at a temperature of 120 °C, yielding up to 28.2% 1-butanol over a
timeframe of 48 hours after several screenings for optimal conditions. This corresponds to a TON of 2382
and a TOF of 49.6 h! at 120 °C. Stoichiometric reactions suggest the formation of various hydrido and
dihydrido products, however no isolation of any species formed in situ was as of achieved. Overall, the
complexes unfortunately did not prove particularly active in this reaction, however the distinct difference
in activity based on the POP linker warrants further research. Continuing this project, different catalytic

pathways and transition states could be analyzed in silico.

Following their use for ethanol upgrading, the same complexes were investigated for their activity in
formic acid dehydrogenation in Chapter 4. They were active at reaction temperatures as low as 60 °C, and
showed turnover frequencies up to 4525 h!' at 90 °C. In the future, the system of a Ru-POP pincer
complex in an ionic liquid could be implemented in several industrial applications, out of which fueling
vehicles such as cargo trucks and ships is certainly the most attractive. Coupling the dehydrogenation
catalyst system with a hydrogen fuel cell might circumvent the disadvantages of purely electric
drivetrains, especially the problematically high weight and low energy density of lithium-ion batteries.
Due to the ability of imidazolium to form N-heterocyclic carbenes, the same system might be used to also
capture the CO; that forms during the hydrogen liberation, keeping it as an adduct in the IL solution until
the system can be rehydrogenated at a fueling station. For this, the POP pincer catalysts presented in this

thesis will also have to be screened for their activity in CO; hydrogenation to formic acid. Their PNP
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analogues have been shown to be active under these conditions at temperatures as low as 25 °C."*? As a
means to stabilize the complexes for future use in this applications, the complexes should be tested in
supported ionic liquid-phase (SILP) catalysis, in which the catalysts, dissolved in ionic liquid, are applied
to the surface of a solid support structure, such as a silicate, thereby combining the advantages of

homogeneous and heterogeneous catalysis. '3>8

In general, the activity of the complexes synthesized in Chapter 2, and investigated in Chapters 3 and 4
points towards future applications of this complex type in homogeneous catalysis and suggests that the
metal-ligand cooperation often cited for extraordinarily high catalytic activities may not be the only
property that investigative work should concentrate on. To further compare their activity and to
investigate MLC, the N-methylated PNP analog, specifically with the MACHO-type linker,
[RuHCI(Me-PNP)(PPhs)] (Figure 8.1), could be synthesized.

H H
—=PR —=PR
S 2 O e
O—Ru—PPh; N—Ru—PPh;
Co? | o?

Rz Ci Rz CI
This project Future project
POP pincer N-methylated PNP pincer

Figure 8.1: POP and N-methylated PNP pincer complexes.

For future experiments of the new complexes, classic hydrogenations of imines and ketones come to
mind. These could be either performed using hydrogen gas, or alternatively as transfer hydrogenations
using a sacrificial agent such as isopropanol. In the same way, asymmetric catalytic hydrogenation

reactions could be investigated, using chiral substituents at the pincer wingtip phosphine atoms.

In Chapter 5, a series of novel Ru-POP complexes with nitrosyl ligands has been synthesized and
characterized by X-ray crystallography, elemental analysis and ATR-infrared spectroscopy. Unlike their
PNP counterparts previously investigated in this workgroup, the ligands solely coordinated to ruthenium
as chelates, and all attempts at forcing them into a meridional tridentate configuration have been
unsuccessful. However, the complexes could still prove useful in the future, as the hemilability typical for
POP ligands is often a key factor in their reactivity. Additionally, POP pincer ligands have historically
been mainly used as chelates and prove excellent catalytic properties in a wide variety of fields. At the
time of writing this thesis, the new complexes are being tested for their reactivity in transfer

hydrogenation of ketones to alcohols, and in the hydrogenation of carbon dioxide to formic acid. While
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first tests indicate a low activity in transfer hydrogenations compared to similar experiments with their
PNP counterparts (albeit under very unoptimized conditions), the complexes seem to be promising

candidates for CO; hydrogenation even at very low temperatures.

In Chapter 6, the first examples of a manganese(l) pincer complex bearing a POP ligand has been
synthesized and characterized by NMR, EA and SC-XRD. An oxidation product of a second example has
been characterized by SC-XRD. In formic acid dehydrogenation experiments using BMIM-OAc as
solvent, they show low activities with turn-over frequencies of only up to 255 h''. Like their Mn-PNP
counterparts, they should be investigated for other catalytic transformations as well and warrant a full

reaction condition screening.

Finally, the catalytic activity of highly electron-rich phosphines in an attempt to use them as co-catalysts
for the hydrogenation of carbon dioxide to formic acid was explored. While only stoichiometric amounts
of formic acid were obtained, this project opens up this field of research for future endeavours. A system
could be envisioned in which formic acid is immediately deprotonated by a base, keeping the catalytic
cycle of the reaction of carbon dioxide with the phosphine active. For this, the addition of a strong base in
stoichiometric amounts should be considered going forward, and the reactivities of this system compared

to a system without added phosphine.

Hopefully, these small steps can lead to a further understanding of transition metal chemistry as a whole. I
hope it contributes to the research in sustainable chemistry to transition our society away from fossil
energy sources, as well as motive further research into the interesting chemistry of POP pincer ligands

and their complexes.
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Appendices

9. Appendices

The following appendices will contain notes about general instrumentation and synthetic procedures as
well as the entirety of the scientific data gathered in this work. This is then followed by preliminary

versions of the scientific publications based on this work as well as scientific dissemination activities.
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Appendix A. General instrumentation

Nuclear Magnetic Resonance spectroscopy (NMR)

NMR spectra were obtained using a Bruker Ascend 400, 600 or 800 MHz spectrometer equipped with
BBFO and TCI CryoProbe probes. Chemical shifts are expressed in ppm relative to tetramethylsilane
(TMS) for 'H and *C spectra using residual solvent signal peaks or TMS as internal reference. For *'P
spectra, values are expressed in ppm relative to H3POs. Residual solvent chemical shifts are explained
according to literature."¥” Coupling constants, if available, are given in Hz as absolute values.
Multiplicities are given as singlets (s), dublets (d), triplets (t), quartets (q) and multiplets (m). Literature-
known compounds were analyzed only using "H-NMR spectroscopy to confirm purity. NMR spectra were
analysed using MestReNova software. Two-dimensional and variable temperature experiments taken at
DTU were obtained by KASPER ENEMARK RASMUSSEN. All spectra taken at LIKAT were obtained

by WOLFGANG BAUMANN or the analytical laboratory technicians.

Single-Crystal X-ray diffraction (SC-XRD)

All crystals were submerged in polybutene oil (Sigma, > 90%) as protection against oxidation and
hydrolysis by air. Suitable crystals were identified using light microscopy and harvested with a MiTeGen
cryo loop. They were mounted on a 5-axis goniometer attached to a Rigaku SuperNova dual source CCD-
diffractometer. The measurements were conducted at 120 K using either Mo Ka or Cu Ko radiation.
Structures were solved using Olex2'¥® equipped with SHELXT software'®® using intrinsic phasing and
refined to completion using SHELXL employing least square minimizations against F?. Structure factors
regarding to solvent molecules were filtered out in cases of high disorder using Platon squeeze.'*® In all
depictions, co-crystallized solvents are omitted for clarity. Thermal ellipsoids are printed at 50%
probability throughout this thesis. All depictions follow the same colour code: Hydrogen white, boron
yellow, carbon grey, nitrogen light blue, oxygen red, fluorine bright green, phosphorous purple, chlorine

dark green, bromine dark red, metals dark blue.
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Elemental Analysis (EA)

Elemental Analysis (EA, CHNS analysis) was performed at the Department of Chemistry at the
University of Copenhagen (KU) on a Thermo Fischer FlashEA 112 analyzer. Reported values are given
as the average of two measurements. All handling of samples was conducted under ambient conditions

without exclusion of air.

Infrared Spectroscopy (ATR-IR)

Attenuated total reflectance infrared spectroscopy (ATR-IR) was performed on a Bruker Optics VERTEX
80 vacuum Fourier-transform spectrometer equipped with a Germanium on KBr beam splitter, a LN,-
cooled HgCdTe detector. A global radiation source was used. The solid samples were pressed against a
single-reflection Germanium crystal or a diamond ATR surface. Signals of water vapour and baseline
drift were corrected by subtraction of a blank run and ATR corrections were applied to compensate for
wavelength-dependent penetration depth of the IR beam into the sample. All ATR-IR measurements were

taken by Associate Professor RENE WUGT LARSEN.

Gas chromatography (GC)

GC-FID measurements were taken on an Agilent Technologies 6890N network gas chromatograph

equipped with a 7683B series injector. The injection volume of each sample was set to 1.0 pL.

GCMS measurements were taken on an Agilent Technologies 7890A network gas chromatograph
equipped with a mass spectrometer with a 5975C VL MSD with a triple-axis detector. The injection

volume of each sample was set to 1.0 pL.
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Appendix B. General synthesis protocols

All reactions, unless otherwise stated, were carried out under anaerobic and anhydrous conditions using
an Inert (at the facilities of DTU) or M. Braun (at the facilities of LIKAT) glovebox or standard Schlenk
techniques. All glassware was dried in an oven at 140 °C for 18 hours before use and introduced into the
glovebox while hot. All plasticware was dried in a vacuum desiccator for 18 hours before use. Refluxing
under Schlenk conditions was performed after cycling the hot reflux condenser between vacuum and inert
gas three times. Commercially obtained solid chemicals were, unless otherwise stated, used without
further purification and introduced into the glovebox when delivered under inert gas atmosphere.
Commercially obtained liquid chemicals were introduced into the glovebox without further purification
when delivered under inert atmosphere. Air sensitive compounds were weighed and handled in an
oxygen-free glovebox under argon atmosphere (typically <0.1 ppm O,, <0.5 ppm H»O) and stored at
reduced temperature when necessary. Technical solvents for workup and chromatography were purified
by rotary evaporation under aerobic conditions unless otherwise stated. Solvents for handling under inert
conditions were degassed by argon bubbling for one hour and passed through a solvent purification
system (SPS) equipped with alumina columns to remove traces of water. Water content measurements
were performed in regular intervals using Karl Fischer titration methods. Pentane and hexane were either
dried and deoxygenated via SPS use or alternatively distilled from sodium/benzophenone. In the latter
case, they were refluxed under inert conditions for at least two hours until the formation of the purple

ketyl radical, and then distilled to a STRAUS flask containing 3A molecular sieves.

126



Appendix B. General synthesis protocols

For reactions requiring high-pressure reactors, two different high-pressure reactor types were utilized:

e Type A: Stainless steel, inner diameter 25.0 mm, reactor capacity 20.8 mL (including gas volume
above teflon cup), teflon cup volume 13.0 mL. This reactor type was produced in house. The
pressure was recorded using an analog manometer of the range — bar, and subject to error.
Operational range up to 130 °C and 40 bar. The reactors were heated inside specially made
aluminum heat blocks to ensure good contact and heated on standard laboratory heating plates.
The temperature was controlled externally via a standard laboratory thermometer embedded into
the aluminum block.

o Type B: Stainless steel (alloy 600), 2550 flat gasket micro reactor, capacity 16 mL (including gas
volume above teflon cup), teflon cup volume 6.0 mL. These reactors were connected to a Parr
Microbatch reactor setup with digital temperature control using an internal thermometer and an

integrated pressure sensor with automatic data recording.

Figure 9.1: Autoclave reactor types used in this work.
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Appendix C. Chapter 2

C1 Synthesis of precursors and ligands

The precursor [Ru(PPhs);HCI]*toluene was synthesized according to a literature protocol by
WILKINSON.> While commercially available (Sigma-Aldrich), it was found that the physical and
chemical properties of the commercial product did not agree with those in published literature, pointing to
severe degradation of the precursor during transport. The complex was stored in an inert gas glovebox at -

30 °C under the exclusion of light to prevent any form of degradation.

Ligands L1, L2, L3, L4, L9, L.10, and L11 were commercially achieved. Ligands L5, L6, L7, L8, and
L12 were synthesized according to literature.!”!82%3% Their spectroscopic properties agreed with those in

published procedures.

C2 Synthesis of [RuHCI(POP)(PPh3)]

Complexes Ru-1a, Ru-2a, and Ru-3a were synthesized according to literature.** Their spectroscopic

properties corresponded to those in published procedures.
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[RuHCl(xantphos)(PPh3)] Ru-1a

H
Z D |—\\PPh2
O—RU—PPh,
37 |

PhyCl

In a 50 mL Schlenk tube, xantphos L1 (98 mg, 169 umol, 1.05 eq.) and [RuHCI(PPhs);] toluene adduct
(164 mg, 161 pmol, 1.0 eq.) were dissolved in dry THF (10 mL) and refluxed for 3 hours while
vigorously stirred. A colour change to orange was observed. The mixture was allowed to cool down to
room temperature and the solvent was removed in vacuo. The crude product was washed in hexane (2

times 10 mL), dried in vacuo and obtained as a yellow powder in quantitative yield.
Selected "TH NMR (400 MHz, Tol, 298 K) & -16.29 (dt, J = 27.4, 23.9 Hz, 1H).

3IP{'H} NMR (162 MHz, Tol, 298 K) & 75.00 (td, J = 32.6, 4.4 Hz), 42.05 (dd, J = 32.6, 4.2 Hz).

IH NMR (400 MHz, Tol)s -16.29 (dt,./ = 27.4, 23.9 Hz, 1H)
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Figure 9.2: 400 MHz 'H NMR spectrum of Ru-1a in toluene-ds at 25 °C.
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3IP NMR (162 MHz, Tol 75.00 (td,J = 32.6, 4.4 Hz), 42.05 (dd,/ = 32.6, 4.2 Hz).
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Figure 9.3: 162 MHz 3'P{'H} NMR spectrum of Ru-1a in toluene-dg at 25 °C.

[RuHCI(DPEphos)(PPh3)] Ru-2a

H
—PPh,
O—RU—PPh;

e

PhyCl

In a 50 mL Schlenk tube, DPEphos L2 (45.7 mg, 85 umol, 1.05 eq.) and [RuHCI(PPh3);] toluene adduct
(82.5 mg, 81 umol, 1.0 eq.) were dissolved in dry toluene (12 mL) and refluxed for 40 min while
vigorously stirred. A colour change to orange was observed. The mixture was allowed to cool down to
room temperature and the solvent was removed in vacuo. The crude product was washed in hexane and

diethyl ether (2 times 10 mL each), dried in vacuo and obtained as a yellow powder in quantitative yield.

Selected "H NMR (400 MHz, C¢De, 298 K) & -15.50 (dt, J = 27.2, 24.2 Hz, 1H).

3IP{'H} NMR (162 MHz, C¢Ds, 298 K) & 76.65 (d, ] = 31.4 Hz), 36 (extremely broad).
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IH NMR (400 MHz, (D)) & -15.50 (dt,/ = 27.2, 24.2 Hz, 1H).
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Figure 9.4: 400 MHz '"H NMR spectrum of Ru-2a in CsDs at 25 °C.

3IPNMR (162 MHz, ¢D) 8 76.65 (d,/ = 31.4 Hz), 36 (broad).
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Figure 9.5: 162 MHz 3'P {'"H} NMR spectrum of Ru-2a in C¢Ds at 25 °C.
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[RuHCI(DPPEE)(PPh;3)] Ru-3a

H
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O—RuU—PPh;
o |
P
PhyCI

In a 50 mL Schlenk tube, DPPEE L3 (45.7 mg, 85 umol, 1.05 eq.) and [RuHCI(PPh3);] toluene adduct
(82.5 mg, 81 umol, 1.0 eq.) were dissolved in dry toluene (12 mL) and refluxed for 40 min while
vigorously stirred. A colour change to orange was observed. The mixture was allowed to cool down to
room temperature and the solvent was removed in vacuo. The crude product was washed in hexane and

diethyl ether (2 times 10 mL each), dried in vacuo and obtained as a yellow powder in quantitative yield.

Selected '"H NMR (400 MHz, C¢Ds, 298 K) & -17.37 (dt, J = 28.5, 21.6 Hz, 1H).

IH NMR (400 MHz, §D)) § -17.37 (dt,/ = 28.5, 21.6 Hz, 1H).
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Figure 9.6: 400 MHz 'H NMR spectrum of Ru-3a in Ce¢Ds at 25 °C.
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[RuHCI(DBFphos)(PPh3)] Ru-4a

H
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O—RU—PPh,
37 |

-
PhyClI
_ Y,

In a 50 mL Schlenk tube, DBFphos L4 (45.7 mg, 85 umol, 1.05 eq.) and [RuHCI(PPh;)s] toluene adduct
(82.5 mg, 81 umol, 1.0 eq.) were dissolved in dry toluene (12 mL) and refluxed for 40 min while
vigorously stirred. A colour change to orange was observed. The mixture was allowed to cool down to
room temperature and the solvent was removed in vacuo. The crude product was washed in hexane and

diethyl ether (2 times 10 mL each), dried in vacuo and obtained as a yellow powder in quantitative yield.

The crude product can be crystallized by dissolving in THF, followed by filtration and layering under

hexane in an NMR tube at room temperature, causing the product to crystallize as yellow cuboids.

'H NMR (800 MHz, CeDs, 298 K) § 8.03 (d, J = 7.7 Hz, 2H), 7.73 (d, J = 9.5 Hz, 6H), 7.51 (d, ] = 7.3 Hz,
2H), 7.30 (d, J = 7.5 Hz, 2H), 7.27 — 7.22 (m, 2H), 7.07 — 7.00 (m, 3H), 6.98 (t, J = 7.6 Hz, 6H), 6.92 (d, J
= 7.6 Hz, 3H), 6.92 — 6.88 (m, 3H), 6.86 (d, ] = 7.3 Hz, 2H), 6.77 (d, J = 7.2 Hz, 6H), -15.91 (dt, ] = 29.8,
20.9 Hz, 1H, RuH).

C NMR (201 MHz, CeDs, 298 K) & 161.66, 140.95 (d, J = 43.4 Hz), 137.77 (d, J = 20.0 Hz), 135.06,
134.85 (d, J = 10.4 Hz), 133.69 (t, ] = 6.2 Hz), 130.38, 129.47, 129.20, 128.59, 128.48, 128.29, 127.29 (d,
J=9.6 Hz), 125.40, 124.18 (t, ] = 13.7 Hz), 123.90, 123.51.

SIP{'H} NMR (162 MHz, C¢De, 298 K) & 70.66 (t, J = 30.4 Hz), 41.74 (d, ] = 29.5 Hz).

EA: Calcd. (%) for CssHa,CIOP3Ru (936.37) C 69.27, H 4.52, found C 68.90, H 4.96.
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ITH NMR (800 MHz, ng) 5 8.03 (d,J = 7.7 Hz, 2H), 7.73 (dJ|F= 9.5 Hz, 6H), 7.51 (d./ = 7.3 H
Hz, 2H), 7.30 (d.J = 7.5 Hz, 2H), 7.27 — 7.22 (m, 2H), 7.07 00 (m, 3H), 6.98 (= 7.6 Hz, —PPh.
6H), 6.92 (d,J = 7.6 Hz, 3H), 6.92 — 6.88 (m, 3H), 6.86 (d/ = [.3 Hz, 2H), 6.77 (d./ = 7.2 Hz, L

0—Ri—PPhy
£ |
Phyc)

6H), -15.91 (dt,/ = 29.8, 20.9 Hz, 1H).
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Figure 9.7: 800 MHz "H NMR spectrum of Ru-4a in C¢Ds at 25 °C.

13C NMR (201 MHz, %‘Dé) 8 161.66, 140.95 (d.J = 43.4 Hz), 13[.77 (d./ = 20.0 Hz), 135.06. H
134.85 (d,J = 10.4 Hz), 133.69 (t.J = 6.2 Hz), 130.38, 129.47, §29.20, 128.59, 128.48, 128.29, O —PPh.
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Figure 9.8: 201 MHz '3C NMR spectrum of Ru-4a in C¢Ds at 25 °C.
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3P NMR (162

MHz, (D)) 8 70.66 (t.J = 30.4 Hz), 41.74 (dJ = 29.5 Hz).
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Figure 9.9: 162 MHz 3'P{'H} NMR spectrum of Ru-4a in CsDs at 25 °C.
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Figure 9.10: 800 MHz COSY spectrum of Ru-4a in Ce¢Ds at 25 °C.
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Figure 9.11: 800 MHz HSQC spectrum of Ru-4a in CsDs at 25 °C.
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[RuHCI(iPr-xantphos)(PPhs)] Ru-5a

( )\
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In a 50 mL Schlenk flask, iPr-Xantphos L5 (111 mg, 0.257 mmol, 1.6 eq.) and [RuHCI(PPh;)s] toluene
adduct (163 mg, 0.161 mmol, 1.0 eq.) were dissolved in dry toluene (10 mL) and refluxed for 75 min
while vigorously stirred. A colour change to orange was observed. The mixture was allowed to cool to
room temperature and the solvent was removed in vacuo. The crude product was powderized by stirring
in hexane, washed in hexane (3x20 mL) and dried in vacuo overnight (118 mg, 87%). This product can be

alternatively synthesized by stirring at 50 °C for 96 h.

The crude product can be crystallized by dissolving in a mixture of benzene and hexane, followed by

filtration and cooling to — 20 °C in which the product crystallizes as orange needles.

'"H NMR (400 MHz, C¢Ds, 298 K) § 8.52 (dd, J = 9.7, 7.5 Hz, 6H, 0-PPhs), 7.39 — 7.32 (m, 2H), 7.19 —
7.13 (m, 6H), 7.12 — 7.08 (m, 2H), 7.08 — 7.02 (m, 3H), 6.91 (t, ] = 7.6 Hz, 2H), 2.34 — 2.22 (m, 2H), 1.43
(s, 6H), 1.40 (s, 3H), 1.30 (s, 3H), 1.17 (q, J = 7.0 Hz, 6H), 1.01 — 0.92 (m, 8H), 0.87 (q, J = 7.5 Hz, 6H),
-16.66 (dt, ] =27.3, 24.3 Hz, 1H, RuH).

BC NMR (201 MHz, Ce¢Ds) & 156.62 (t, J = 7.1 Hz), 136.29, 132.13, 129.65, 129.11, 128.35, 128.29,
127.00 (d, J = 8.7 Hz), 126.32, 124.06, 35.85, 34.29, 28.49 (t, J = 14.2 Hz), 26.88 (d, J = 5.6 Hz), 25.48,
21.76, 19.70, 19.14, 18.95 (d, J = 4.4 Hz).

3P{'H} NMR (162 MHz, CeDs, 298 K) & 76.81 (td, J = 31.8, 10.5 Hz), 52.33 (dd, J = 31.4, 8.0 Hz).

EA: Calcd. (%) for C4sHssCIOP3Ru (842.38) C 64.16, H 6.70, found C 64.66, H 7.00.
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156.65

IH NMR (400 MHz, (D) 8 8.52 (dd,J = 9.7, 7.5 Hz, 6H), 7.39 = 7.32 (m, 2H), 7.19 = 7.13 (m,
6H), 7.12 — 7.08 (m, 2H), 7.08 — 7.02 (m, 3H), 6.91 (¢, = 7.6 Hz, 2H), 2.34 — 2.22 (m, 2H), 1.43
(s, 6H), 1.40 (s, 3H), 1.30 (s, 3H), 1.17 (qJ = 7.0 Hz, 6H), 1.01 — 0.92 (m, 8H), 0.87 (a/ = 7.5
Hz, 6H), -16.66 (dt./ = 27.3,24.3 Hz, 1H).
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Figure 9.12: 400 MHz '"H NMR spectrum of Ru-5a in C¢Ds at 25 °C.

13C NMR (201 MHz, €D)) 8 156.62 (t./=7.1 Hz), 13629, 132.13, 129.65, 129.11, 128.35,
128.29, 127.00 (d./ = 8.7 Hz), 126.32, 124.06, 35.85, 34.29, 28.49 (t/ = 14.2 Hz), 26.88 (d./ =
5.6 Hz), 25.48,21.76, 19.70, 19.14, 18.95 (d/ = 4.4 Hz).
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Figure 9.13: 400 MHz '*C NMR spectrum of Ru-5a in CsDs at 25 °C.

138



Appendix C. Chapter 2

3IPNMR (162 MHz, (D) § 76.81 (td,J = 31.8, 10.5 Hz), 52.33 (dd/ = 31.4, 8.0 Hz).
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Figure 9.14: 162 MHz 3'P{'H} NMR spectrum of Ru-5a in CsDs at 25 °C.
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[RuHCI(iPr-DPEphos)(PPh3)] Ru-6a
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In a 50 mL Schlenk flask, iPr-DPEphos L6 (51.0 mg, 0.127 mmol, 1.1 eq.) and [RuHCI(PPhs)3] toluene
adduct (117.2 mg, 0.115 mmol, 1.0 eq.) were dissolved in dry toluene (15 mL) and refluxed for 5 hours
while vigorously stirred. A colour change to orange was observed. The mixture was allowed to cool to
room temperature and the solvent was removed in vacuo. The crude product was freeze-dried from
benzene and obtained as an orange powder. It was washed with hexane (2 times 10 mL) and pentane (2

times 10 mL), dried in vacuo overnight and obtained in quantitative yield.

Crystals of sufficient quality for XRD can be grown by crystallization from toluene/hexane using the gas

diffusion method at -30 °C.

1H NMR (400 MHz, CeDs, 25 °C) 5 8.32 (t, J = 8.8 Hz, 6H), 7.48 — 7.25 (m, 2H), 7.10 (t, J = 7.5 Hz, 6H),
7.02 (t,J = 7.3 Hz, 3H), 6.95 — 6.82 (m, 2H), 6.83 — 6.58 (m, 4H), 3.32 — 2.25 (m, 1H), 2.18 — 0.59 (m,
27H), -16.40 (dt, J = 29.6, 21.5 Hz, 1H).

13C NMR (101 MHz, C¢Ds, 25 °C) & 141.63 (d, J = 41.5 Hz), 135.98 (d, J = 9.9 Hz), 132.03, 128.85 (d, J
=2.1 Hz), 127.04 (d, J = 9.1 Hz), 20.05, 19.23, 18.30.

3IP{'H} NMR (162 MHz, C¢Ds, 25 °C) § 75.70 (t, J = 30.4 Hz), 48.90 — 47.84 (m).

EA: Calcd. (%) for C42Hs>2CIOP;Ru (802.32) C 62.88, H 6.53, found C 63.28, H 6.64.
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IH NMR (400 MHz, %D(,) 5 8.32 (t,J = 8.8 Hz, 6H), 7.48 — 7.25 (m, 2H), 7.10 (4 = 7.5 Hz,
6H), 7.02 (t,J = 7.3 Hz, 3H), 6.95 - 6.82 (m, 2H), 6.83 — 6.58 (m, 4H), 3.32 — 2.25 (m, 1H), 2.18
~0.59 (m, 27H), -16.40 (dt,J = 29.6, 21.5 Hz, 1H),
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Figure 9.15 400 MHz 'H NMR spectrum of Ru-6a in CsDs at 25 °C.

3C NMR (101 MHz, €D,) & 141.63 (d,J = 41.5 Hz), 135.98 (d.J = 9.9 Hz),
132.03, 128.85 (d.J = 2.1 Hz), 127.04 (d.J = 9.1 Hz), 20.05, 19.23, 18.30.
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Figure 9.16: 101 MHz *C NMR spectrum of Ru-6a in C¢Ds at 25 °C.
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3IPNMR (162 MHz, ng) 8 75.70 (t,J = 30.4 Hz), 48.90 — 47.84 (m).
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Figure 9.17: 162 MHz *'P{'H} spectrum of Ru-6a in CsDs at 25 °C.
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[RuHCI(DiPrPEE)(PPh3)] Ru-7a
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In a 50 mL Schlenk flask, DiPrPEE L7 (32.2 mg, 0.105 mmol, 1.1 eq.) and [RuHCI(PPh;);] toluene
adduct (100.0 mg, 0.096 mmol, 1.0 eq.) were dissolved in dry THF (15 mL) while vigorously stirred. The
solution was stirred for 3 h, and a colour change from purple to orange was observed. The solvent was
removed in vacuo and the crude product was dried overnight. The crude product was washed in hexane

(3 times 10 mL) and dried in vacuo overnight to be obtained as a yellow powder in quantitative yield.

Crystals of sufficient quality for XRD can be grown by crystallization from toluene/hexane using the gas
diffusion method at -30 °C.

'"H NMR (400 MHz, C¢Ds, 298 K) & 8.36 (t, J = 8.7 Hz, 6H, 0-PPhs), 7.15 — 7.11 (m, 6H, m-PPhs), 7.04
(t, ] = 7.3 Hz, 3H, p-PPhs), 4.37 — 4.26 (m, 2H, O-CH,-CH.), 3.09 — 2.94 (m, 2H, O-CH,-CH.), 1.59 —
1.46 (m, 10H, CH(CHs)y+ O-CH,-CHb), 1.36 — 1.27 (m, 6H, CH(CHs),), 1.27 — 1.19 (m, 2H, CH(CHs),),
0.97 (hept, J = 7.0 Hz, 2H, CH(CHs),), 0.74 — 0.64 (m, 12H, CH(CHx),), -17.62 (dt, J = 27.6, 23.5 Hz,
1H, RuH).

BC-NMR (101 MHz, 298 K): & 141.97 (d, J = 39.6 Hz), 135.88 (d, J = 9.6 Hz), 128.71 (d, J = 2.1 Hz),
126.93 (d, J = 8.9 Hz), 71.76, 27.26 (t, ] = 13.8 Hz), 25.78 (t, ] = 5.8 Hz), 22.28 (1, ] = 6.8 Hz), 20.88,
19.28, 18.63 (t,J = 3.0 Hz), 17.74 (d, J = 2.4 Hz) ppm.

SIP{'H} NMR (162 MHz, C¢Ds, 298 K) & 74.61 (td, J = 29.8, 5.7 Hz, Ru-PPhs), 52.57 (dd, J = 29.9, 5.0
Hz, Ru-P(iPr),), -5.36 (s, PPhs).
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TH NMR (400 MHz, %Ds‘ 8 8.36 (t,J =8.7 Hz, 6H), 7.15 — 7.11 (m, 6H), 7.04 (/ = 7.3 Hz, 3H),
4.37 —4.26 (m, 2H), 3.09 — 2.94 (m, 2H), 1.59 — 1.46 (m, 10H), 1.36 — 1.27 (m, 6H), 1.27 - 1.19
(m, 2H), 0.97 (hept,J = 7.0 Hz, 2H), 0.74 — 0.64 (m, 12H), -17.62 (dt/ = 27.6, 23.5 Hz, 1H).
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Figure 9.18: 400 MHz '"H NMR spectrum of Ru-7a in C¢Ds at 25 °C.

13C NMR (101 MHz, (D)) 5 141.97 (d,J = 39.6 Hz), 135.88 (d.J = 9.6 Hz), 128.71 (d.J = 2.1
Hz), 126.93 (d.J = 8.9 Hz), 71.76, 27.26 (tJ = 13.8 Hz), 25.78 (1. = 5.8 Hz), 22.28 (t.J = 6.8
Hz), 20.88, 19.28, 18.63 (t/ = 3.0 Hz), 17.74 (d.J = 2.4 Hz).
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Figure 9.19: 101 MHz *C NMR spectrum of Ru-7a in CsDs at 25 °C.
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3IPNMR (162 MHz, (D)) § 74.61 (1d,/ = 29.8, 5.7 Hz), 52.57 (ddJJ = 29.9, 5.0 Hz), -5.36.
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Figure 9.20: 162 MHz 3'P{'H} NMR spectrum of Ru-7a in CsDs at 25 °C.
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[RuHCI(iPr-DBFphos)(PPh3)] Ru-8a

e N
H
Z |—\\PiPr2
O—IRﬁ—PPh:,,
< 3—pi |
Pr; Cl
. J

In a 50 mL Schlenk flask, iPr-DBFphos L8 (46.2 mg, 0.115 mmol, 1.1 eq.) and [RuHCI(PPhs)s] toluene
adduct (106.4 mg, 0.105 mmol, 1.0 eq.) were dissolved in dry THF (15 mL) and stirred at room
temperature for 30 hours. A colour change to orange was observed. The mixture was allowed to cool to
room temperature and the solvent was removed in vacuo. The crude product was freeze-dried from
benzene and obtained as an orange powder. It was washed with hexane (3 times 12 mL), dried in vacuo

overnight and obtained as a yellow solid in quantitative yield.

Crystals of sufficient quality for XRD can be grown by crystallization from THF/diethyl ether,

toluene/diethyl ether or toluene/hexane using the gas diffusion method at -30 °C.

'"H NMR (400 MHz, C¢Ds, 298 K) & 8.49 (t, ] = 9.7 Hz, 6H), 7.47 (d, J = 7.6 Hz, 2H), 7.40 (d, J = 7.5 Hz,
2H), 7.20 (d, J = 7.6 Hz, 6H), 7.07 (t, ] = 7.4 Hz, 3H), 7.01 (t, J = 7.6 Hz, 2H), 2.04 — 1.93 (m, 2H), 1.64
— 1.54 (m, 6H), 1.16 — 1.09 (m, 8H), 0.95 — 0.81 (m, 12H), -16.80 (dt, ] = 28.6, 22.0 Hz, 1H, RuH).

13C NMR (101 MHz, C¢Ds, 298 K) & 161.20, 141.71 (d, J = 39.9 Hz), 135.80 (d, J = 9.5 Hz), 129.11,
128.89, 127.20 (d, J = 8.9 Hz), 124.59, 123.32, 123.08 (t, J = 3.0 Hz), 120.78 (t, ] = 7.5 Hz), 28.41 (t, J =
12.1 Hz), 26.06 (t, ] = 6.4 Hz), 22.01, 19.79 (¢, ] = 2.5 Hz), 19.30, 19.03 (t, J = 4.4 Hz).

SIP{'"H}-NMR (162 MHz, C¢D¢, 298 K): & 73.22 (t, 2Jpp = 27.8 Hz, 1P, PPhs), 58.97 (d, *Jpp = 27.4 Hz,
2P, iPr-DBFphos) ppm.
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IH NMR (400 MHz, (1)) & 8.49 (t,/= 9.7 Hz, 6H), 7.47 (dJ = 7.6 Hz, 2H), 7.40 (dJ = 7.5 Hz,
2H), 7.20 (d,/ = 7.6 Hz, 6H), 7.07 (t./ = 7.4 Hz, 3H), 7.01 (tJ = 7.6 Hz, 2H), 2.04 — 1.93 (m,
2H), 1.64 — 1.54 (m, 6H), 1.16 — 1.09 (m, 8H), 0.95 — 0.81 (m, 12H), -16.80 (dt== 28.6, 22.0
Hz, 1H)
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Figure 9.21: 400 MHz '"H NMR spectrum of Ru-8a in C¢Ds at 25 °C.

13C NMR (101 MHz, ¢D) 8 161.20, 141.71 (d./ = 39.9 Hz), 135.80 (d./4 9.5 Hz), 129.11, H
128.89, 127.20 (d./ = 8.9 Hz), 124.59, 123.32, 123.08 (t/ = 3.0 Hz), 120.{8 (t./ = 7.5 Hz), —p/Pr.
28.41 (1,7 = 12.1 Hz), 26.06 (tJ = 6.4 Hz), 22.01, 19.79 (tJ = 2.5 Hz), 19|60, 19.03 (tJ = 4.4 | ra
H2). ~Ri—PPh;
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Figure 9.22: 101 MHz *C NMR spectrum of Ru-8a in CsDs at 25 °C.
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3IPNMR (162 MHz, ?’Dﬁ) 8 73.22 (t,J=27.8 Hz), 58.97 (d.J = 27.4 Hz).
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Figure 9.23: 162 MHz 3'P{'H} NMR spectrum of Ru-8a in CsDs at 25 °C.
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[RuHCI(Cy-xantphos)(PPh3)] Ru-9a

H
2 D—1|<pey.
O—RuU—PPh;
p’ |
Cy,Cl

In a 25 mL Schlenk flask, Cy-Xantphos L9 (82.1 mg, 0.136 mmol, 1.2 eq.) and [RuHCI(PPhs)s] toluene
adduct (115.4 mg, 0.113 mmol, 1.0 eq.) were dissolved in dry THF (10 mL) and refluxed for 24 hours. A
colour change to orange was observed. The mixture was allowed to cool to room temperature and the
solvent was removed in vacuo. The crude product was washed with hexane (4x20 mL) and dried in

vacuo, yielding the product as yellow powder (107 mg, 94 %).

The product can be crystallized in sufficient quality for XRD measurements by adding polybutene

crystallization oil to a concentrated toluene solution of the product and prolonged standing.

'"H NMR (400 MHz, C¢Ds, 298 K) § 8.57 (t, J = 8.5 Hz, 6H), 7.53 (d, J = 7.4 Hz, 2H), 7.23 (t, = 7.5 Hz,
6H), 7.12 (t, J = 6.8 Hz, 5H), 6.99 (t, J = 7.5 Hz, 2H), 3.59 (d, J = 12.9 Hz, 2H), 2.34 — 2.21 (m, 4H), 1.63
(tt, J = 26.8, 11.0 Hz, 16H), 1.45 (s, 3H), 1.32 (s, 3H), 1.28 — 1.10 (m, 16H), 1.09 — 0.93 (m, 2H), 0.89 (t,
J=6.7 Hz, 4H), 0.52 (q, ] = 14.4, 13.5 Hz, 3H), -16.70 (q, ] = 25.0 Hz, 1H).

3C NMR (101 MHz, C¢Ds, 298 K) 5 157.96 (t, ] = 6.7 Hz), 136.62, 132.85 (t, J = 3.0 Hz), 129.71,
129.09, 127.21 (d, J = 9.1 Hz), 126.04 (t, J = 10.3 Hz), 125.43, 124.27, 37.52 (t, J = 13.9 Hz), 36.93 (t, ] =
4.6 Hz), 35.33, 34.52, 30.66, 29.31, 28.71 (t, ] = 13.8 Hz), 27.55 — 27.25 (m), 27.13 (t), 26.93 (t), 26.77,
23.67.

3IP NMR (162 MHz, C¢De) 5 76.63 — 75.52 (m, Ru-PPhs), 44.29 (t, J = 28.3 Hz, Ru-PCy>).
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IH NMR (400 MHz, (D)) § 8.57 (t,/ = 8.5 Hz, 6H), 7.53 (d/ = 7.4 Hz, 2H), 7.23 (t/ = 7.5 Hz, "
6H), 7.12 (1,J = 6.8 Hz, 5H), 6.99 (1.7 = 7.5 Hz, 2H), 3.59 (dJ = 12.9 Hz, 2H), 2.34 — 2.21 (m, Z3 |—J’Cyz
4H), 1.63 (tt./ = 26.8, 11.0 Hz, 16H), 1.45 (s, 3H), 1.32 (s, 3H), 1.28 — 1.10 (m, 16H), 1.09 — 5 —Ri—PPh;
0.93 (m, 2H), 0.89 (/= 6.7 Hz, 4H), 0.52 (q./ = 14.4, 13.5 Hz, 3H), -16.70 (q/ = 25.0 Hz, -
1H). CyaCl
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Figure 9.24: 400 MHz '"H NMR spectrum of Ru-9a in C¢Ds at 25 °C.

13C NMR (101 MHz, €D) 8 157.96 (1. = 6.7 Hz), 136.62, 132.85 (1 = 3.0 H2), 129.71,
129.09, 127.21 (d,J = 9.1 Hz), 126.04 (t.7 = 10.3 Hz), 125.43, 124.27, 37.52 (t/ = 13.9 Hz),
36.93 (t,J = 4.6 Hz), 35.33, 34.52, 30.66, 29.31, 28.71 (U = 13.8 Hz), 27.55 — 27.25 (m), 27.13
(0, 26.93 (1), 26.77, 23.67.
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Figure 9.25: 101 MHz '3C NMR spectrum of Ru-9a in CeDs at 25 °C.
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3IP NMR (162 MHz, ¢D;) 8 76.63 — 75.52 (m), 44.29 (1 = 28.3 Hz).
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Figure 9.26: 162 MHz 3'P{'H} NMR spectrum of Ru-9a in CsDs at 25 °C.
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[RuHCI(Cy-DPEphos)(PPh3)] Ru-10a
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In a 25 mL Schlenk flask, Cy-DPEphos L10 (68.0 mg, 0.121 mmol, 1.2 eq.) and [RuHCI(PPh3);] toluene
adduct (102.5 mg, 0.101 mmol, 1.0 eq.) were dissolved in dry THF (10 mL) and refluxed for 3 hours. A
colour change to orange was observed. The mixture was allowed to cool to room temperature and the
solvent was removed in vacuo. The crude product was powderized by freeze-drying from benzene and

washed with hexane (4x20 mL) and dried in vacuo, yielding the product as yellow powder (84 mg, 86 %).

Crystals of sufficient quality for XRD can be grown by crystallization from toluene/hexane using the gas
diffusion method at room temperature. The crystals contain one molecule of co-crystallized benzene per

unit cell.

'H NMR (400 MHz, CsDs, 298 K) & 8.35 (t, J = 8.9 Hz, 6H), 7.60 — 7.52 (m, 2H), 7.12 (t, J = 7.7 Hz, 6H),
7.03 (t, ] = 7.3 Hz, 3H), 6.98 — 6.87 (m, 2H), 6.86 — 6.75 (m, 4H), 3.39 — 0.56 (m, 44H, all peaks of P-
Cyn), -16.68 (dt, J = 32.0, 20.0 Hz, 1H).

13C NMR (101 MHz, CsDs) & 142.64 (d, J = 40.3 Hz), 135.84 (d, J = 9.9 Hz), 132.62, 128.65, 127.39 (d, J
=9.0 Hz), 28.95, 28.44, 27.95, 27.59, 27.01, 26.48.

3IPIH} NMR (162 MHz, Tol, 298 K) & 74.91 (t, J = 30.6 Hz), 47.57 — 34.31 (m).

EA: Calcd. (%) for CssHgsCIOP3RuxCsHs (962.58+78.11) C 69.25, H 7.17, found C 68.27, H 7.13.
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IH NMR (400 MHz, (D) § 8.35 (t,/ = 8.9 Hz, 6H), 7.60 - 7.52 (m, 2H), 7.12 (4 = 7.7 Hz,
6H).7.03 (t.J = 7.3 Hz, 3H), 6.98 — 6.87 (m, 2H), 6.86 — 6.75 (m, 4H), 3.39 — 0.56 (m, 44H),
-16.68 (dt.J = 32.0, 20.0 Hz, 1H).
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Figure 9.27: 400 MHz "H NMR spectrum of Ru-10a in C¢Ds at 25 °C.

13C NMR (101 MHz, (D) 8 142.64 (d./ = 40.3 Hz), 135.84 (d./ = 9.9 Hz), 132.62, 128.65,
127.39 (d,J = 9.0 Hz), 28.95, 28.44, 27.95, 27.59, 27.01, 26.48.
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Figure 9.28: 101 MHz '3C NMR spectrum of Ru-10a in C¢Ds at 25 °C.
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3IP NMR (162 MHz, Tol) 74.91 (t.J = 30.6 Hz), 47.57 — 34.31 (m).
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Figure 9.29: 162 MHz 3'P{'H} NMR spectrum of Ru-10a in toluene-d8 at 25 °C.
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Figure 9.30: Variable temperature 243 MHz 3'P{'H} NMR spectrum of Ru-10a in toluene-ds.
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[RuHCl(nixantphos)(PPhs)] Ru-11a

H
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In a 25 mL Schlenk flask, nixantphos L11 (69.5 mg, 0.126 mmol, 1.2 eq.) and [RuHCI(PPh;)s] toluene
adduct (106.7 mg, 0.105 mmol, 1.0 eq.) were dissolved in dry THF (12 mL) and refluxed for 3 hours. A
colour change to orange was observed and a beige solid precipitated. Reaction completion was signaled
by complete colour loss of the solution. The mixture was allowed to cool to room temperature and solvent
was carefully removed via syringe. The crude product was washed with hexane (2x5 mL) and dried in

vacuo, yielding the product as a beige powder (88 mg, 88 %).

For crystallization: In an inert gas glovebox, [Ru(PPh;3);HCI] toluene adduct (2.0 mg, 1.97 umol, 1.0 eq.)
was dissolved in in THF (0.5 mL). The solution was injected into an NMR tube via syringe. THF (0.5
mL) was carefully layered on top of the solution via syringe. Nixantphos L11 (1.8 mg, 3.26 pmol, 1.7 eq.)
was dissolved in THF (0.5 mL) and very carefully layered on top via syringe. The solution was left
standing for weeks at room temperature in a beaker filled with sand to reduce vibration. The compound

formed as orange crystals. Due to the small scale of the reaction, no yield was determined.
Selected '"H NMR (400 MHz, DMSO-ds, 298 K) & -17.47 (dt, J = 28.1, 22.6 Hz, 1H).

SIP{'H} NMR (162 MHz, DMSO-ds, 298 K) & 72.25 (t, J = 32.3 Hz, Ru-PPhs), 42.25 (d, J = 31.6 Hz, Ru-
POP), 6.90 (s, free PPh3).
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IH NMR (400 MHz, DMSO} -17.47 (dt,J = 28.1, 22.6 Hz, 1H).
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Figure 9.31: 400 MHz '"H NMR spectrum of crude Ru-11a in DMSO-ds at 25 °C.

3IPNMR (162 MHz, DMSO} 72.25 (t,J = 32.3 Hz), 42.25 (d.J = 31.6 Hz).
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Figure 9.32: 162 MHz 3'P{'H} NMR spectrum of crude Ru-11a in DMSO-ds at 25 °C.
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[RuHCI(LL.12)(PPh3)] Ru-12a
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In a 25 mL Schlenk flask, .12 (69.5 mg, 0.126 mmol, 1.2 eq.) and [RuHCI(PPhs);] toluene adduct
(106.7 mg, 0.105 mmol, 1.0 eq.) were dissolved in dry THF (12 mL) and refluxed for 3 hours. A colour
change to orange was observed and a beige solid precipitated. Reaction completion was signaled by
complete colour loss of the solution. The mixture was allowed to cool to room temperature and solvent
was carefully removed via syringe. The crude product was washed with hexane (2x5 mL) and dried in

vacuo, yielding product as a beige powder (88 mg, 88 %).

Attempts at recrystallization were performed in DMSO, THF, MeCN, Et,O, toluene, benzene, hexane,
and combinations thereof, however did not yield any crystals of suitable quality for XRD as of the time of

writing.

3IP{'H} NMR (162 MHz, C¢Ds, 298 K) § 74.23 (t, J = 35.1 Hz), 73.65 (t, J = 35.3 Hz), 56.15 (d, J = 37.2
Hz), 54.50 (dd, J = 66.6, 37.9 Hz), 42.43 (d, J = 31.4 Hz), 41.04 — 40.30 (m).

3P NMR (162 MHz, C¢De, 298 K) § 73.72, 56.15, 54.37, 42.46, 40.63.
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IH NMR (400 MHz, (D)) &
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Figure 9.33: 400 MHz 'H NMR spectrum of crude Ru-12a in C¢Ds at 25 °C.
3IPNMR (162 MHz, (D)) 8 74.23 (t./ = 35.1 Hz), 73.65 (t./ = 35.3 Hz), 56.15 (d./ = 37.2 Hz), 54.50 (dd./ = 66.6,
37.9 Hz), 42.43 (d.J = 31.4 Hz), 41.04 - 40.30 (m).
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Figure 9.34: 162 MHz 3'P{'H} NMR spectrum of crude Ru-12a in CsDs at 25 °C.
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3IPNMR (162 MHz, %;Dﬁ) 8 73.72, 56.15, 54.37, 42.46, 40.63.
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Figure 9.35: 162 MHz 3'P NMR spectrum of crude Ru-12a in C¢Ds at 25 °C.
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C3 Synthesis of [RuH(POP)(PPh3)(MeCN)]X

[RuH(xantphos)(PPh3)(MeCN)]BF4 Ru-1b

e \
H BF4@
O |_\PPh2
[CAN
O—RU—PPh,
37 |
Ph,NCMe
\_ J

In a 20 mL vial equipped with stir bar, Ru-1a (23.8 mg, 24.3 umol, 1.00 eq.) and NaBF, (2.8 mg,
25.5 pmol, 1.05 eq.) were dissolved in 10 mL MeCN and stirred at room temperature overnight.
Precipitation of NaCl was observed. Upon completion, the solution was filtered through a GFB filter and
dried in vacuo to obtain the product as a yellow crystalline solid. Crystals of sufficient quality for XRD
can be grown by crystallization from MeCN/diethyl ether by layering in an NMR tube at room

temperature.
[Ru(DPEphos)(MeCN)4](BF4), Ru-2b
\
2 BF4e

Q 7

MeCN p
N\

MeCN=Ru'NCge

2
MeCN/ @\P@'——\>

In a 20 mL vial equipped with stir bar, Ru-2a (29.3 mg, 31.2 umol, 1.00 eq.) and NaBF; (3.6 mg,

22.7 pmol, 1.05 eq.) were dissolved in 10 mL MeCN and stirred at room temperature overnight.
Precipitation of NaCl was observed. Upon completion, the solution was filtered through a GFB filter and
dried in vacuo to obtain the product as a white powder. Crystals of sufficient quality for XRD can be

grown by crystallization from MeCN/diethyl ether by layering in an NMR tube at room temperature.
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[RuH(DPPEE)(PPh;)(MeCN)]BF4 Ru-3b

In a 20 mL vial equipped with stir bar, Ru-3a (51.7 mg, 61.4 pumol, 1.00 eq.) and NaBF4 (2.0 mg,
64.6 umol, 1.05 eq.) were dissolved in 10 mL MeCN and stirred at room temperature overnight.
Precipitation of NaCl was observed. Upon completion, the solution was filtered through a GFB filter and
dried in vacuo to obtain the product as a yellow crystalline solid (57 mg, 99%). Crystals of sufficient
quality for XRD can be grown by crystallization from MeCN/diethyl ether by either layering in an NMR
tube at room temperature or slow vapour diffusion with MeCN/diethyl ether at -30 °C.

[RuH(DBFphos)(PPh3;)(MeCN)]BF4 Ru-4b

In a 20 mL vial equipped with stir bar, Ru-4a (16.2 mg, 17.3 pmol, 1.00 eq.) and NaBF; (2.0 mg,
18.2 umol, 1.05 eq.) were dissolved in 10 mL MeCN and stirred at room temperature overnight.
Precipitation of NaCl was observed. Upon completion, the solution was filtered through a GFB filter and
dried in vacuo to obtain the product as a yellow crystalline solid (17 mg, 97%). Crystals of sufficient
quality for XRD can be grown by crystallization from MeCN/diethyl ether by either layering in an NMR
tube at room temperature or slow vapour diffusion with MeCN/diethyl ether at -30 °C.
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[RuH(iPr-xantphos)(PPh3;)(MeCN)]BF4+ Ru-5b

( N

H BF4e

Z D |_\P"P"2
CAR

O—Ru—PPh;

< S pf

Pr, NCMe

\_ J

In a 20 mL vial equipped with stir bar, Ru-5a (26.3 mg, 31.2 umol, 1.00 eq.) and NaBF4 (3.6 mg,
32.8 umol, 1.05 eq.) were dissolved in 10 mL MeCN and stirred at room temperature overnight.
Precipitation of NaCl was observed. Upon completion, the solution was filtered through a GFB filter and
dried in vacuo to obtain the product as a yellow crystalline solid in quantitative yield. Crystals of

sufficient quality for XRD can be grown by crystallization from dichloromethane/diethyl ether by

layering in an NMR tube at room temperature.

[RuH(iPr-DPEphos)(PPh3;)(MeCN)]BF4 Ru-6b

4 N\
H BF4@
_PiPrZ

N

O—RU—PPh,
4

S

Pr
L 2 NCMe

In a 20 mL vial equipped with stir bar, Ru-6a (9.1 mg, 11.3 pmol, 1.00 eq.) and NaBF, (1.3 mg, 11.8
pumol, 1.05 eq.) were dissolved in 10 mL MeCN and stirred at room temperature overnight. Precipitation
of NaCl was observed. Upon completion, the solution was filtered through a GFB filter and dried in
vacuo to obtain the product as a yellow crystalline solid (10 mg, 99%). Crystals of sufficient quality for
XRD can be grown by crystallization from MeCN/diethyl ether by layering in an NMR tube at room

temperature.
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[RuH(DiPrPEE)(PPh;)(MeCN)]BF4 Ru-7b

In a 20 mL vial equipped with stir bar, Ru-7a (20.8 mg, 29.5 umol, 1.00 eq.) and NaBF4 (3.4 mg,
31.0 pmol, 1.05 eq.) were dissolved in 10 mL MeCN and stirred at room temperature overnight.
Precipitation of NaCl was observed. Upon completion, the solution was filtered through a GFB filter and
dried in vacuo to obtain the product as a yellow crystalline solid (24 mg, 99%). Crystals of sufficient
quality for XRD can be grown by crystallization from MeCN/diethyl ether by layering in an NMR tube at

room temperature.

[RuH(iPr-DBFphos)(PPh3;)(MeCN)]BF4 Ru-8b

r \
H BF4e

@ 5 |;PiPr2

O—RU—PPh;

Z_ 3/ |

Pr, NCMe

.

In a 20 mL vial equipped with stir bar, Ru-8a (20.9 mg, 26.1 umol, 1.00 eq.) and NaBF4 (3.1 mg,
28.2 umol, 1.08 eq.) were dissolved in 10 mL MeCN and stirred at room temperature overnight.
Precipitation of NaCl was observed. Upon completion, the solution was filtered through a GFB filter and

dried in vacuo to obtain the product as a yellow crystalline solid (23 mg, 99%).

Crystals of sufficient quality for XRD can be grown by crystallization from MeCN/diethyl ether by

layering in an NMR tube at room temperature.
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[RuH(Cy-xantphos)(PPh3)(MeCN)]BF4+ Ru-9b

r N
3 oot
<PCy>
A
O—Ru—PPh,

o’
Cy,NCMe

. y,

In a 20 mL vial equipped with stir bar, Ru-9a (1.00 eq.) and NaBF4 (1.05 eq.) were dissolved in 10 mL
MeCN and stirred at room temperature overnight. Precipitation of NaCl was observed. Upon completion,
the solution was filtered through a GFB filter and dried in vacuo to obtain the product as a yellow

crystalline solid. No crystals could as of yet be obtained.

[RuH(Cy-DPEphos)(PPh3;)(MeCN)]BFs Ru-10b

4 )
H BF4@
—PCy
®ls 72
O—RuU—PPh;

=y

L Cy,NCMe

In a 20 mL vial equipped with stir bar, 3j (20.3 mg, 21.1 pmol, 1.00 eq.) and NaBF, (2.4 mg, 21.8 pmol,
1.08 eq.) were dissolved in 10 mL MeCN and stirred at room temperature overnight. Precipitation of
NaCl was observed. Upon completion, the solution was filtered through a GFB filter and dried in vacuo to

obtain the product as a yellow crystalline solid (24 mg, 99%).

Crystals of sufficient quality for XRD can be grown by crystallization from MeCN/diethyl ether by

layering in an NMR tube at room temperature.

164



Appendix C. Chapter 2

[RuH(DiPrPEE)(PPh;)(MeCN)]PFs Ru-7¢

In a 20 mL vial equipped with stir bar, Ru-7a (24.8 mg, 35.1 umol, 1.00 eq.) and KPFs (6.8 mg,
36.9 umol, 1.05 eq.) were dissolved in 10 mL MeCN and stirred at room temperature overnight.
Precipitation of NaCl was observed. Upon completion, the solution was filtered through a GFB filter and
dried in vacuo to obtain the product as a yellow crystalline solid (33 mg, 99%). Crystals of sufficient
quality for XRD can be grown by crystallization from MeCN/diethyl ether or DCM/diethyl ether by

layering in an NMR tube at room temperature.

[Ru(DiPrPEE)(PPh3)(MeCN)H]PPh, 7d

( \
H BPh4e

In a 20 mL vial equipped with stir bar, Ru-7a (24.0 mg, 34.0 pmol, 1.00 eq.) and NaBPhs (12.2 mg,
35.7 umol, 1.05 eq.) were dissolved in 10 mL MeCN and stirred at room temperature overnight.
Precipitation of NaCl was observed. Upon completion, the solution was filtered through a GFB filter and
dried in vacuo to obtain the product as a yellow crystalline solid (34 mg, 97%). Crystals of sufficient
quality for XRD can be grown by crystallization from MeCN/diethyl ether by layering in an NMR tube at

room temperature.
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C4 Synthesis of [RuH(N3)(POP)(PPh3)]

[RuH(N3)(DiPrPEE)(PPh3)] Ru-7e

( N\
H
|—\PiPr2
O—RuU—PPh,
L4
Pi
Pra N,
\ _J

In an inert gas glovebox, a 20 mL vial was charged with [RuHCI (DiPrPEE) (PPh;)] Ru-7a (40.6 mg,
57 pmol, 1.0 eq.) and NaN3 (4.0 mg, 60 umol, 1.05 eq.). Benzene (6.0 mL) was added and the solution
was stirred at room temperature for 96 hours. Shorter reaction times led to incomplete conversions.
Precipitation of white solid (NaCl) was observed. The mixture was filtrated through a GFB filter, and the
solvent was removed in vacuo. The crude product was obtained as an amorphous orange solid and was
powderized by stirring in hexane (15 mL) overnight, dried in vacuo and obtained as a yellow powder in
high yield (36 mg, 51 umol, 88%). Crystals of sufficient quality for SC-XRD can be obtained by

dissolving in benzene in high concentration and layering with hexane in an NMR tube.

'H NMR (400 MHz, CsDs, 298 K) & 8.09 (t, J = 8.2 Hz, 6H, 0-PPhs), 7.08 (t, ] = 7.5 Hz, 6H, m-PPhs),
7.01 (t, ] = 7.2 Hz, 3H, p-PPhs), 3.86 — 3.62 (m, 2H, O-CH>-CH>-), 3.09 — 2.87 (m, 2H, O-CH,-CH,-),
2.03 - 1.92 (m, 2H, O-CH»-CH>-), 1.52 — 1.26 (m, 6H, -CH(CH:)2), 1.25 — 1.19 (m, 2H, O-CH,-CH>-),),
1.19 — 1.12 (m, 8H, -CH(CH:), + , -CH(CHs),), 0.84 — 0.78 (m, 2H, -CH(CHs),), 0.78 — 0.71 (m, 6H, -
CH(CHs)z), 0.70 — 0.52 (m, 6H, -CH(CHs)»), -17.49 (dt, J = 28.1, 21.6 Hz, 1H, RuH).

13C NMR (101 MHz, C¢De, 298 K) & 141.60 (d, J = 39.7 Hz), 135.38 (d, J = 9.6 Hz), 128.82 (d, ] = 2.2
Hz), 127.09 (d, J = 8.9 Hz), 73.78, 27.36 (t, J = 12.8 Hz), 23.74 (t, ] = 7.5 Hz), 23.49 (t, J = 6.6 Hz),
19.25, 19.17 — 19.04 (m), 17.27.

3P {'HYNMR (162 MHz, CeDs, 298 K) & 73.42 (td, J = 31.1, 30.5, 4.8 Hz), 56.40 (dd, J = 30.5, 3.9 Hz).
ISN-'"H HMBC NMR (81 MHz, C¢Ds, 298 K) & 50.04 (a-N), 249.89 (B-N).

IR(ATR, Germanium): 2980, 2958, 2923, 2881, 2870, 2043 (Ns), 1453, 1435, 1429, 1244, 1062, 946

cm’.

EA: Calcd. (%) for C34Hs2OP3NsRu (712.80) C 57.29, H 7.35, N 5.90 found C 58.95, H 7.41, N 5.50.
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IH NMR (400 MHz, (D) 5 8.09 (t./ = 8.2 Hz, 6H), 7.08 (tJ = 7.5 Hz, 6H), 7.01 (tJ=7.2 Hz,
3H), 3.86 — 3.62 (m, 2H), 3.09 — 2.87 (m, 2H), 2.03 — 1.92 (m, 2H), 1.52 — 1.26 (m, 6H), 1.25 —
1.19 (m, 2H), 1.19 — 1.12 (m, 8H), 0.84 — 0.78 (m, 2H), 0.78 — 0.71 (m, 6H), 0.70 — 0.52 (m, 6H),
-17.49 (dt,/ = 28.1, 21.6 Hz, 1H).
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Figure 9.36: 400 MHz '"H NMR spectrum of Ru-7e in CsDs at 25 °C.

I3C NMR (101 MHz, %D(,] 8 141.60 (d,J = 39.7 Hz), 135.38 (d,/ = 9.6 Hz), 128.82 (d./ = 2.2
Hz), 127.09 (d,J = 8.9 Hz), 73.78, 27.36 (tJ = 12.8 Hz), 23.74 (tJ = 7.5 Hz), 23.49 (tJ = 6.6
Hz), 19.25,19.17 - 19.04 (m), 17.27.
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Figure 9.37: 101 MHz "*C NMR spectrum of Ru-7e in C¢Ds at 25 °C.

167



Appendix C. Chapter 2

3IP NMR (162 MHz, ¢D,) 8 73.42 (td./ = 31.1, 30.5. 4.8 Hz). 56.40 (dd).
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Figure 9.38: 162 MHz °'P{'H} NMR spectrum of Ru-7e in C¢Ds at 25 °C.
ISN-H HMBC NMR (81 MHz, Pﬁ' 298K) 5 50.04, 249.89
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Figure 9.39: 81 MHz 'H/"*N HMBC NMR spectrum of Ru-7e in C¢Ds at 25 °C.
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Figure 9.40: ATR-IR spectrum of Ru-7e.
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C5 Crystallographic data

[RuHCI(DBFphos)(PPhs)]*2 THF

[RuHCI(iPr-xantphos)(PPh3)]

Ru-4a Ru-5a
Empirical formula Ci1.26H10.26Clo.1800.55Po.ssRuo.18 C36H44.8Clog00.8P2.4Ruo 8
Formula weight 196.060 842.32
Temperature/K 120.00(19) 119.97(12)
Crystal system monoclinic monoclinic
Space group P2i/c P21/n
a/A 13.1123(1) 12.06910(10)
b/A 12.2105(1) 16.65290(10)
c/A 31.9482(2) 20.62330(10)
o/° 90 90
p/° 97.533(1) 94.1590(10)
y/° 90 90
Volume/A3 5071.01(7) 4134.07(5)
Z 22 5
Pealcg/cm’ 1.412 1.692
wmm-! 4.252 6.261
F(000) 2243.8 2200.0
?7x?x? ?2%x9?x%x9

Crystal size/mm?

Radiation CuKa (A=1.54184) Cu Ka (A=1.54184)
20 range for data collection/° 7.76 to 153.3 6.83 to 153.222
-16<h<11,-15<k<15,-39<I< S15<h<14,-20<k<20,-26<1<
Index ranges 40 95

Reflections collected 58870 62493

Independent reflections 10611 [Rine = 0.0314, Ryigma = 0.0222] 8655 [Rint = 0.0305, Rgigma = 0.0192]
Data/restraints/parameters 10611/149/700 8655/0/474
Goodness-of-fit on F? 1.044 1.039

Final R indexes [[>=2c (I)]

R;1=0.0306, wR, = 0.0786

R1=0.0209, wR2 =0.0512

Final R indexes [all data]

R1=0.0337, wR, = 0.0806

R1=0.0226, wR2 = 0.0521

Largest diff. peak/hole / ¢ A

1.27/-0.79

0.64/-0.45
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[RuHCI(iPr-DPEphos)(PPh3)]

[RuHCI(DiPrPEE)(PPhs)]

Ru-6a Ru-7a
Empirical formula C33.6H41.6Clo.sO00.sP2.4Ruo 8 C34Hs52CIOP;Ru
Formula weight 802.26 705
Temperature/K 119.99(11) 128(12)
Crystal system monoclinic orthorhombic
Space group P2i/n Pnma
a/A 11.18020(10) 18.3802(7)
b/A 16.9933(2) 19.8204(9)
c/A 20.3787(2) 9.2406(5)
a/° 90 90
p/e 94.7780(10) 90
v 90 90
Volume/A3 3858.26(7) 3366.4(3)
Z 5 5
Pealeg/cm’ 1.726 1.393
wmm-! 0.790 0.713
F(000) 2090.0 1480
?7x?x? ?2%x9?x%x9

Crystal size/mm?

Radiation

Mo Ko (A= 0.71073)

Mo Ka (A= 0.71073)

20 range for data collection/®

6.45 t0 59.426

7.484 to 59.358

Index ranges

-15<h<15,-23<k<23,-28<I<

-17<h<25,-24<k<27,-8<1<11

28
Reflections collected 169350 13182
Independent reflections 10619 [Rint = 0.0808, Rsigma = 0.0294] 4135 [Ring = 0.0365, Rsigma = 0.0412]
Data/restraints/parameters 10619/0/445 4135/0/203
1.071 1.072

Goodness-of-fit on F?

Final R indexes [[>=2c (I)]

R;=0.0291, wRz = 0.0665

R;=0.0306, wR> = 0.0623

Final R indexes [all data]

R =10.0348, wR> = 0.0706

R =0.0431, wR, = 0.0668

Largest diff. peak/hole / ¢ A

1.36/-0.91

0.53/-0.57

171




Appendix C. Chapter 2

[RuHCI(iPr-DBFphos)(PPh;)]

[RuHCI(Cy-xantphos)(PPhs)]*hexane

Ru-8a Ru-9a
Empirical formula C33.6H40Clo.8O0.8P2.4Ruo 5 Cs0.4Hes 5ClosO
0.8P24Rug 8
Formula weight 640.20 870.99
Temperature/K 120.00(10) 119.9(9)
Crystal system triclinic orthorhombic
Space group P-1 Pbca
a/A 16.8690(2) 23.93720(10)
b/A 18.0550(2) 19.19120(10)
A 18.7890(2) 24.91140(10)
o 66.3100(10) 90
p/e 64.9560(10) 90
v/° 87.3680(10) 90
Volume/A3 4694.19(10) 11443.89(9)
Z 5 10
Pealeg/cm’ 1.132 1.264
wmm-! 4.388 3.733
F(000) 1664.0 4624.0
?x?x9 ?x?x9

Crystal size/mm?

Radiation

CuKa (L= 1.54184)

Cu Ko (L= 1.54184)

20 range for data collection/®

7.064 to 153.234

6.888 to 153.232

Index ranges

-21<h<21,-22<k<22,-23<I<

-30<h<28,-24<k<23,-31<1<3l

23
Reflections collected 14014 133963
Independent reflections 19555 [Rint = 0.0326, Ryigma = 0.0192] | 12009 [Rin; = 0.0355, Rsigma = 0.0152]
Data/restraints/parameters 19555/0/889 12009/0/630
1.071 1.032

Goodness-of-fit on F?

Final R indexes [[>=2c (I)]

R =10.0242, wR, = 0.0582

R =0.0264, wR, = 0.0691

Final R indexes [all data]

R =0.0262, wRz = 0.0592

R =0.0294, wR, = 0.0717

Largest diff. peak/hole / ¢ A

0.41/-0.50

0.80/-0.47
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[RuHCI(Cy-DPEphos)(PPhs)]

[RuHCl(nixantphos)(PPh3)]*2 THF

Ru-10a Ru-11a
Empirical formula C48.03H50.23Clo.800.8P2.4Rug C49.6H47.2Clo.sNo.§O2.4P2 4Rug 8
Formula weight 832.946 876.482
Temperature/K 120.00(10) 120.00(10)
Crystal system Monoclinic monoclinic
Space group 12/a P2i/c
a/A 18.4084(1) 12.5252(1)
b/A 14.0010(1) 24.2139(2)
c/A 41.1217(2) 17.0055(1)
a/° 90 90
pre 90.957(1) 97.768(1)
v/° 90 90
Volume/A3 10520.51(11) 5110.17(7)
V4 10 5
Pealeg/cm® 1.315 1.424
wmm-! 4.041 4.233
F(000) 44407.8 2283.6
?x?x? ?x?x?

Crystal size/mm?

Radiation

CuKa (L= 1.54184)

CuKa (A= 1.54184)

20 range for data collection/® 7.96 to 153.5 7.12 to 153.44
220<h<23,-17<k<17,-51 | -12<h<15,-30<k<29,-21<1<
Index ranges

<I<sl 21

Reflections collected 106054 104626

. 11031 [Rint = 0.0574, Ryigma =
Independent reflections 10711 [Rine = 0.0468, Rgigma = 0.0215]
0.0210]
Data/restraints/parameters 11031/0/625 10711/0/669
Goodness-of-fit on F? 1.038 1.055

Final R indexes [[>=2c (I)]

R;=0.0261, wR, = 0.0690

R;1=0.0274, wR; = 0.0663

Final R indexes [all data]

R;=0.0271, wR; = 0.0700

R1=0.0329, wR, =0.0711

Largest diff. peak/hole / e A~

0.94/-0.49

0.65/-0.38
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Compound name

[RuH (xantphos)(PPh3)|BF4*1.5

[Ru(dpephos)(MeCN)4](BF4)>

MeCN Ru-1b Ru-2b
Empirical formula Cs2Hss5.5sBF4N2 sOP3Ru C25.14H22.86B1.14F4.57N2.2000.57P1.14Ru0 57
Formula weight 1132.452 558.53
Temperature/K 119.97(12) 119.99(10)
Crystal system triclinic monoclinic
Space group P-1 P2i/n
a/A 10.0238(1) 15.51250(10)
b/A 22.5348(3) 14.39670(10)
c/A 24.1427(3) 20.53350(10)
a/° 86.375(1) 90
pre 89.022 (1) 111.6040(10)
y/° 79.247(1) 90
Volume/A3 5346.90(11) 4263.58(5)
z 4 7
Pealcg/cm’ 1.407 1.523
wmm! 3.705 4.344
F(000) 2343.0 1984.0
Crystal size/mm? ?2x?x7? ?x?x7?

Radiation

CuKa (A= 1.54184)

CuKa (A= 1.54184)

20 range for data collection/°

7.34 to 153.74

7.692 to 153.342

Index ranges

J12<h<12,-26 <k<28,-30

-19<h<19,-18<k<18,-25<1<

<1<30 2586494
Reflections collected 110118 86494
. 22281 [Rim =0.03 80, Rsigma =
Independent reflections 8947 [Rint = 0.0379, Rigma = 0.0161]
0.0256]
Data/restraints/parameters 22281/6/1429 8947/0/563
Goodness-of-fit on F? 1.042 1.030

Final R indexes [[>=2c (I)]

R1=0.0451, wR, =0.1102

R;=0.0328, wR, =0.0873

Final R indexes [all data]

R1=0.0493, wR, =0.1129

R;=0.0344, wR, = 0.0887

Largest diff. peak/hole / e A~

1.83/-0.83

1.89/-0.74
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Compound name

[RuH(DPPEE)(PPh;)(MeCN)|BF,

3[RuH(dbfphos)(PPh3)(MeCN)]BF,*

Ru-3b Ru-4b*
Empirical formula C4sH4sBNOF4P;Ru C354.24H297.73B4F 16N 1506P13Rus
Formula weight 933.710 6371.79
Temperature/K 120.00(11) 123(5)
Crystal system triclinic triclinic
Space group P1 P-1
a/A 9.9675(3) 16.7760(2)
b/A 10.4945(4) 21.5573(2)
c/A 12.5965(4) 24.6408(2)
a/° 65.800(3) 79.2500(10)
pre 67.119(3) 71.3000(10)
v/° 89.567(3) 74.9370(10)
Volume/A3 1089.06(8) 8098.74(15)
V4 2 1
Pealcg/cm’ 2.847 1.306
wmm'! 8.815 3.599
F(000) 962.9 3274.0
Crystal size/mm? 2x9x? ?x9x7?

Radiation CuKa (A=1.54184) CuKa (A=1.54184)
20 range for data collection/® 8.5t0 152.88 7.624 to 153.364
-12<h<12,-13<k<8,-15<1<| -21<h<21,-27<k<26,-26<1<
Index ranges
15 31
Reflections collected 10658 165874
. 5585 [Rim = 00359, Rsigma =
Independent reflections 33746 [Rint = 0.0394, Ryigma = 0.0271]
0.0677]
Data/restraints/parameters 5585/3/562 33746/51/1938
Goodness-of-fit on F? 0.929 1.013

Final R indexes [[>=2c (I)]

R1=0.0247, wR; = 0.0536

R =0.0586, wR, =0.1923

Final R indexes [all data]

R1=0.0256, wR2 = 0.0543

Ri=0.0641, wR; = 0.2000

Largest diff. peak/hole / e A~

0.30/-0.31

4.79/-0.80

* The crystal structure of this complex showed extreme disorder in the BF4 counterions, as well as in co-crystallized MeCN and

Et20 solvent molecules, which could not be resolved to this date. Fitting the structure factors relating to these crystallographic

voids using Platon squeeze proved unsuccessful. Three complexes per unit cell.
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Compound name

[RuH(iPr-xantphos)(PPhs)

[RuH(iPr-dpephos)(PPhs)

(MeCN)]BF4+*DCM Ru-5b (MeCN)]BF4
Ru-6b
Empirical formula CasHeoBCLLF4NOP;Ru C44HssBFsNOP;Ru
Formula weight 1018.66 894.68
Temperature/K 120.00(10) 134(20)
Crystal system monoclinic monoclinic
Space group P2/m P2i/n
a/A 12.61151(5) 11.74500(10)
b/A 13.99152(6) 14.57510(10)
c/A 13.72829(6) 24.7582(2)
a/° 90 90
pre 103.9289(4) 90.9780(10)
v/° 90 90
Volume/A3 2351.183(18) 4237.60(6)
4 2 4
Pealeg/cm® 1.439 1.402
wmm'! 5.145 4.497
F(000) 1054.0 1856.0
Crystal size/mm? 2x9x? ?x9x7?

Radiation

CuKa (A= 1.54184)

CuKa (= 1.54184)

20 range for data collection/®

7.222 to 153.084

7.038 to 153.408

Index ranges

-15<h<15,-17<k<17,-17

-14<h<14,-18<k<18,-31<I<

<1<17 30
Reflections collected 48328 85773
) 5135 [Rin = 0.0363, Rigma =
Independent reflections 8894 [Rint = 0.0367, Rgigma = 0.0156]
0.0132]
Data/restraints/parameters 5135/0/323 8894/0/509
Goodness-of-fit on F? 1.064 1.036

Final R indexes [[>=2c (I)]

R;=0.0224, wR, =0.0574

R;1=0.0230, wR;, = 0.0583

Final R indexes [all data]

R;=0.0225, wR, =0.0574

R1=0.0242, wR, = 0.0592

Largest diff. peak/hole / e A~

0.38/-0.75

1.01/-0.50
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Compound name

[RuH(DiPrPEE)(PPhs)(MecCN)|BF,

[RuH(iPr-dbfphos)(PPhs)

Ru-7b (MeCN)]BF4s*MeCN Ru-8b
Empirical formula Cas.sHa4Bo sF32N0.800.8P2.4Ruo 8 CasHssBFsN2OP3Ru
Formula weight 798.60 933.71
Temperature/K 119.99(11) 120.00(10)
Crystal system orthorhombic triclinic
Space group Pnma p-1
a/A 19.47470(9) 12.19600(10)
WA 14.11540(7) 14.06460(10)
oA 13.80786(7) 13.71270(10)
a/® 90 90
Bl 90 102.2940(10)
y/° 90 90
Volume/A3 3795.69(3) 2298.22(3)
z 5 2
Pealeg/cm’ 1.747 1.349
wmm-! 6.181 4.177
F(000) 2080.0 968.0
?7x7?x7? ?7x7x7?

Crystal size/mm?

Radiation

CuKa (A= 1.54184)

CuKa (A= 1.54184)

20 range for data collection/°

7.848 to 164.456

7.418 to 153.182

Index ranges

-16<h<24,-17<k<17,-17<1<

-15<h<15,-17<k<15,-17<1

17 <17
Reflections collected 75562 46819
. 4163 [Rint = 0.0579, Rsigma = 9543 [Rine = 0.0504, Rgigma =
Independent reflections 0.0162] 0.0224]
Data/restraints/parameters 4163/0/243 9543/0/574
Goodness-of-fit on F? 1.050 1.044

Final R indexes [[>=2c (I)]

R1=0.0274, wR, = 0.0737

R;1=0.0242, wR, = 0.0624

Final R indexes [all data]

R;1=0.0283, wR, = 0.0747

R;1=0.0244, wR; = 0.0625

Largest diff. peak/hole / ¢ A

0.68/-0.87

0.73/-0.72
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Compound name [RuH(Cy-dpephos)(PPh3)(MeCN)]|BF4s*MeCN*Et,O
Ru-10b
Empirical formula Ca9.6He72B0.sF32N1.,601.6P2.4Ruo s
Formula weight 936.08
Temperature/K 119.99(10)
Crystal system monoclinic
Space group P2i/c
a/A 18.58992(7)
b/A 13.61359(6)
c/A 24.27175(11)
a/° 90
pre 96.4328(4)
v/° 90
Volume/A3 6103.91(4)
4 5
Pealcg/cm’ 1.273
wmm-! 3.261
F(000) 2464.0
?x?x?

Crystal size/mm?

Radiation

CuKa (= 1.54184)

20 range for data collection/°

7.33 to 153.468

Index ranges

21<h<23,-17<k<16,-30<1< 30

Reflections collected 123392
Independent reflections 12811 [Rint = 0.0419, Rsigma = 0.0180]
Data/restraints/parameters 12811/21/713
1.096

Goodness-of-fit on F?

Final R indexes [[>=2c (I)]

R;=0.0307, wR, = 0.0835

Final R indexes [all data]

R;=0.0322, wR, = 0.0845

Largest diff. peak/hole / ¢ A

0.83/-0.41
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Compound name [RuH(DiPrPEE) [RuH(DiPrPEE)
PPh3)(MeCN)]PE¢*0.5DCM (PPhs)(MeCN)]PPhy
Ru-7¢ Ru-7d
Empirical formula C32.44H49.78Clo.89F5 33N0.8900.89P3 56Ru0.89 CeoH7sBNOP;Ru
Formula weight 799.31 1031.00
Temperature/K 119.99(10) 120.00(10)
Crystal system monoclinic triclinic
Space group P2i/n P-1
WA 20.30049(7) 12.0789(2)
b/A 18.64291(6) 14.1431(2)
A 22.00302(8) 15.8041(3)
o/° 90 84.409(2)
p/e 97.9564(3) 87.916(2)
v 90 87.8810(10)
Volume/A3 8247.11(5) 2683.73(8)
Z 9 2
Pealcg/cm’ 1.448 1.276
wmm-! 5.630 3.510
F(000) 3720.0 1088.0
?x?x9 ?x?x9

Crystal size/mm?

Radiation

CuKa (L= 1.54184)

Cu Ko (L= 1.54184)

20 range for data collection/®

7.304 to 153.402

7.328 to 153.202

Index ranges

25<h<25,-23<k<22,-27<1<27

-15<h<15,-17<k<13,-19

<1<19
Reflections collected 168814 55397
. 17337 [Rine = 0.0421, Ryigma = 0.0179] 11173 [Rine = 0.0412, Rsigma =
Independent reflections 0.0274]
Data/restraints/parameters 17337/2/955 11173/0/617
Goodness-of-fit on F? 1.010 1.022

Final R indexes [[>=2c (I)]

R;=10.0238, wRz = 0.0597

R;1=10.0242, wR, = 0.0583

Final R indexes [all data]

R;=0.0273, wRz = 0.0625

R1=0.0277, wRz = 0.0603

Largest diff. peak/hole / e A~

0.55/-0.41

0.57/-0.59

179




Appendix C. Chapter 2
Compound name [RuH(N3)(DiPrPEE)(PPhs)]
Ru-7e
Empirical formula C27.2H41.6N2.400.5P2.4Rug 3
Formula weight 712.798
Temperature/K 120.00(10)
Crystal system monoclinic
Space group P2i/c
a/A 9.5934(1)
b/A 15.9163(1)
c/A 22.6302(2)
a/° 90
pre 99.861(1)
y/° 90
Volume/A3 3404.39(5)
z 5
Pealeg/cm’ 1.738
wmm-! 6.618
F(000) 1879.6
Crystal size/mm? ?2x9x?
Radiation Cu Ko (A=1.54184)
20 range for data collection/® 6.82to 153.4
Index ranges -12<h<12,-17<k<20,-28<1<28
Reflections collected 69677
Independent reflections 7148 [Rin = 0.0462, Rgigma = 0.0200]
Data/restraints/parameters 7148/0/416
Goodness-of-fit on F? 1.039

Final R indexes [[>=26 (I)]

R1=0.0212, wR; = 0.0543

Final R indexes [all data]

R;1=0.0229, wR; = 0.0556

Largest diff. peak/hole / e A3

0.46/-0.36
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Appendix D. Chapter 3

D1 Product identification and calibration curves

D1.1 GC and GC-MS spectra of reaction products
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Figure 9.41: Example of a gas chromatography spectrum of a reaction mixture.

x-Axis in minutes, abundance in arbitrary units.
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Abundance Scan 194 (2.289 min)
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Figure 9.42: Mass spectrum of 1-butanol.
Typical retention time 2.3 minutes.
Abundance Scan 348 (4.036 min)
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Figure 9.43: Mass spectrum of 1-hexanol.

Typical retention time 4.0 minutes
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D1.2 Calibration curves

P VS
1-Butanol OH
d=0.81 g/mL
M =74.12 g/mol
m(BuOH) n (BuOH) A (BuOH) A (tridecane)
V(BuOH)[pL] A/A
[mg] [mmol] [a.u.] [a.u.]
20 16.2 0.21856449 737.731 7242.859 0.101856325
50 40.5 0.546411225 1750.521 7284.738 0.240299788
100 81.0 1.09282245 3430.488 6287.339 0.545618425
200 162 2.1856449 7747.831 6321.005 1.225728682
400 324 4.3712898 15502.005 6582.651 2.35497902
ABuOH _
= 0.55067 X ngyon — 0.03305
Atridecane
® Data points
257 Linear Fit A/A= 0.55067*n(BuOH)-0.03305
20 s
() Intercept -0.03305 £ 0.0272
C Slope 0.55067 +0.01206
® 7 |Residual Sum of Squares 0.00492
8 Pearson's r 0.99928
T 1.5 [ Requme 50808
<
I 1.0
©)
>
Q
<054
0.0
T T T T T T 1
0 1 2 3 4 5

n(BuOH) [mmol]
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NN
1-Hexanol OH
d=0.814 g/mL
M =102.18 g/mol
V(HexOH) m(HexOH) n (HexOH) A (HexOH) A (tridecane) ALA
[uL] [mg] [mmol] [a.u.] [a.u.]
20 1593.3 7293.6
16.28 0.159326678 0.218451793
50 36574 7338.8
40.7 0.398316696 0.494992421
100 6406.5 7143.3
81.4 0.796633392 0.896854395
AHexOH _
—AXO0 — 1.0588 X Nyjproy + 0.05879
Atridecane
1.0
e Data points
0.9 Linear Fit A/A=1.05881*n(HexOH)+0.05879
0.8 -{|Equation y=a+b*x
Plot A(hex)/(tridec)
_— Tl weight No Weighting
GC) 0.7 —|Intercept 0.05879 + 0.0205
© [stope 1.05881 £ 0.0392
(6] Residual Sum of Square  3.20107E-4
) 06 —{|Pearson's r 0.99931
-g J|R-Square (COD) 0.99862
had) Adj. R-Square 0.99725
< 0.5
5 0.4 4
x ]
()
T 03-
< ]
0.2 4
0.1 1
0.0
T T T T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

n(HexOH) [mmol]
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D2 General procedure for ethanol upgrading reactions

In an inert gas glovebox, the reactors, equipped with a matching teflon cup, and stir bar, were charged
with the reactants (catalyst, base). The bottom reactor half was sealed (glass cap and and secured with
self-vulcanizing tape for reactor type A; sealed plastic zip-lock bag for reactor type B). It was transferred
to an inert gas glove bag (Aldrich, AtmosBag) attached to a Schlenk line and equipped with a Straus flask
containing degassed and water-free ethanol, a high precision syringe and the top reactor half. The glove
bag was sealed, evacuated, and inflated with argon. This was repeated three times. The reactor was

unsealed, and the ethanol was injected via syringe. The top reactor half was screwed on and secured.

After the desired reaction time, the autoclave reactions were allowed to room temperature. Any gas
overpressures were slowly and carefully released into the atmosphere. The reactors were unsealed.
Dichloromethane (15 mL) was added for dilution purposes. n-Tridecane (100 uL) and n-decane (20 pL)
were injected via precision pipette as internal standards. The solutions were passed through a syringe
filter and analyzed via GC-FID and GC-MS. The amounts of 1-butanol and 1-hexanol were calculated

according to the calibration curves discussed previously.

The yields were calculated the following way:

] NpuoH
YleldBuOH = X 2
Ngton
. NyexoH
YleldHeon = X 3
NgtoH

For the TONSs, it was assumed that the catalyst would perform 4 catalytic cycles per molecule of
I-butanol, and 6 cycles per molecule of 1-hexanol. In cases where only traces of 1-hexanol were found, it
was not included in the TON (nxexon=0), as the calibration curve proved too imprecise for very low

amounts of product.

NpuoH NyexoH
e x4+ —" %6

ncatalyst ncatalyst

TON =
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D3 Ethanol upgrading experiments

Table 9.1: Catalyst screening

[Ru] 250 ppm
NaOEt (10 mol%)
'

~NoH Z""0H
120 °C,
48 h

Catalyst Yields [%] TOF
TON j

1-BuOH 1-HexOH (h7)

No catalyst not found not found - -
Ru-1a 233 0.42 156 3.2
Ru-2a 15.1 0.22 1224 255
Ru-3a 12.1 0.57 1014 21.1
Ru-4a 8.91 traces 713 14.8
Ru-5a 428 traces 343 7.1
Ru-6a 7.65 not found 612 12.7
Ru-7a 11.6 not found 927 19.3
Ru-8a 4.89 traces 391 8.1
Ru-9a 3.98 traces 318 6.6

Conditions: 2.50 mL (42.8 mmol) EtOH, 291 mg (4.28 mmol) NaOEt, 10.7 pmol (250 ppm) catalyst, 120 °C 48 h, reactor type
A, 600 rpm.
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Table 9.2: Temperature and time screenings.

[Ru] 250 ppm

/\OH NaOEt (10 mol%)> /\/\OH
Catalyst Temperature Time Yields [%] TON TOF
[°C] [h] 1-BuOH  1-HexOH (h)
Ru-1a 90 48 0.70 traces 100 2.1
Ru-1a 120 48 2.33 0.42 156 3.2
Ru-1a 150 48 8.79 0.16 717 14.9
Ru-2a 90 48 0.52 not found 68 0.5
Ru-2a 90 96 1.28 not found 102 1.1
Ru-2a 120 24 10.7 0.44 893 37.2
Ru-2a 120 48 15.1 0.22 1224 25.5
Ru-2a 120 96 13.7 0.35 1124 11.7
Ru-2a 150 48 4.73 traces 378 7.9
Ru-3a 120 48 12.1 0.57 1014 21.1
Ru-3a 120 96 10.6 0.31 870 9.1
Ru-4a 120 48 8.91 traces 713 14.8
Ru-4a 120 96 20.0 1.53 1720 17.9
Ru-4a 150 48 13.5 traces 1080 22.5
Ru-7a 120 48 11.6 not found 927 19.3
Ru-7a 150 48 9.86 traces 789 16.4
Ru-9a 120 48 3.98 traces 318 6.6
Ru-9a 150 48 4.59 traces 368 7.7
Conditions:

90 and 120 °C: 2.50 mL (42.8 mmol) EtOH, 291 mg (4.28 mmol) NaOEt,10.7 umol (250 ppm) catalyst, reactor type A, 600 rpm.

150 °C: 1.25 mL (21.4 mmol) EtOH, 146 mg (21.4 mmol) NaOEt, 5.35 pmol (250 ppm) catalyst, reactor type B, 600 rpm.
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Table 9.3: Base screenings at 120 °C.

[Ru] 250 ppm
base

~NoH > 7 "oH
120 °C,
48 h
Base Yields [%]
) TOF
Catalyst Base equivalent 1- TON B
0 1-HexOH (h™)
(%) BuOH

Ru-1a LiOEt 10% 3.74 not found 299 6.2
Ru-1a NaOEt 10% 2.33 0.42 156 32
Ru-2a No base --- traces  not found --- ---
Ru-2a LiOEt 10% 9.32 0.15 758 15.8
Ru-2a NaOEt 10% 15.1 0.22 1224 25.5
Ru-2a NaOEt 20% 13.0 0.67 1095 22.8
Ru-2a NaOrBu 10% 8.47 traces 682 14.2
Ru-2a KOrBu 10% 28.2 1.56 2382 49.6
Ru-3a LiOEt 10% 11.0 0.10 889 18.5
Ru-3a NaOEt 10% 12.1 0.57 1014 21.1
Ru-3a NaOrBu 10% 7.90 0.11 640 13.3
Ru-3a KOrBu 10% 8.70 0.90 768 16.0

Conditions: 2.50 mL (42.8 mmol) EtOH, 10.7 umol (250 ppm) catalyst, 120 °C 48 h, reactor type A, 600 rpm.
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D4 Stoichiometric NMR experiments

Reaction of Ru-2a with NaOEt in ethanol-de

In an inert gas glovebox, Ru-2a (1.0 eq.) and NaOEt (10 eq.) were suspended in ethanol-ds and injected
into a J-Young NMR tube. 'H, *'P{'H} and ?H experiments were run at 25 °C and 60 °C on a 400 MHz
NMR magnet.

Attempts at recrystallization from the reaction mixture are as of yet unsuccessful.
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Figure 9.44: 400 MHz '"H NMR spectrum of the reaction of Ru-2a with NaOEt in ethanol-ds at 333 K (60 °C).
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Figure 9.45: 162 MHz *'P{1H} NMR spectrum of the reaction of Ru-2a with NaOEt in ethanol-ds at 333 K (60 °C).
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Reaction of Ru-2a with NaOEt in THF

In an inert gas glovebox, a 20 mL vial was charged with Ru-2a (13.0 mg, 13.8 pmol, 1.00 eq.), NaOEt
(1.0 mg, 14.5 umol, 1.05 eq) and THF-ds (1.0 mL). The mixture was stirred at room temperature
overnight, filtered through a GFB syringe filter and sealed in a J-Young NMR tube.

Attempts at recrystallization from the reaction mixture are as of yet unsuccessful.
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Figure 9.46: 600 MHz 1H NMR spectrum of a reaction of Ru-2a with EtOAc in THF-d8.
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E1 General procedure for formic acid dehydrogenation in ionic liquid

In an inert gas glovebox, a 50 mL two-neck flask equipped with a stir bar was charged with the catalyst,
sealed with two rubber septa and brought outside. It was attached under constant gas flow to a small
straight reflux condenser. The ionic liquid (1.0 mL) was injected through the second septum. Slight
constant argon flow was kept throughout the entire experiment. The ionic liquid was swirled around until
all catalyst powder was in contact with it, and the setup was slowly warmed in an oil bath to the desired
temperature under constant stirring. Stirring was continued until complete solution of the catalyst was
observed, but at least for 10 minutes at which point formic acid (0.5 mL) was injected via syringe through
the septum. At given intervals, small samples of the solution were taken using a syringe and dissolved in
MeCN-ds; for NMR analysis. In the case of recycling experiments, new formic acid was injected via

syringe and the reaction was repeated.

To calculate conversions, the "H NMR signal of the methyl group on the BMIM cation (peak € in Figure
9.47) was integrated to three times the molar amount of BMIM. Then, the formate signal was integrated,

and divided by the injected amount of formic acid. An example of this can be found below.

) h 4 ) .
e \\ b |
HoJ\H \N@,N/\C/\a %)J\i e
fog
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Figure 9.47: 'TH NMR of FA, BMIM-OAc and catalyst in MeCN-ds.

Relevant integrals of FA and N-CH3 group of BMIM (peak e) in mmol.
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E2 Formic acid dehydrogenation experiments

The turnover frequencies were calculated using the following formula:

n (FA) _ 1
X conversion X ——

ror = n (catalyst) t [h]

For the time of TOFmax, the timeframe was chosen in which the conversion per unit time was highest (i.e
where the graph between two datapoints was the steepest). Conversions and times were then taken as the

differences between those two datapoints.

ARRHENIUS activation energies were calculated using the following equations according to the protocol

used by BELLER:Y

—Ea
k =AXeRT

In(k) = Ea 1
E, = —R X slope
J

R =8.314 ——
mol K

Table 9.4: Temperature screening of [RuHCI(PPhs);] toluene adduct.

o) RuHCI(PPh,),;]*toluene
[ (PPh3)s] H, + CO,
H OH BMIM-OAc
60-90 °C, 3 h
Conversion [%] TOF ax
T [°C] o
10 min 30min 60 min 120 min 180 min  [h7] (t [min])
90 56 78 87 94 97 3424 (10)
&80 24 51 72 84 91 1467 (10)
70 18 43 65 81 88 1101 (10)
60 6 29 40 59 65 703 (30-10)*

Conditions: 0.5 mL (13.25 mmol) formic acid, 1.0 mL (5.35 mmol) BMIM-OAc, (13.0 umol) catalyst.

*TOF calculated in the timeframe between two data points with the steepest conversion slope.
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Table 9.5: ARRHENIUS plot data of FA dehydrogenation using [RuHCI(PPhs)s]*toluene.

T [°C] 1/T [K] TOF [h] In (TOF)
90 0.00275 3424 8.13856
80 0.00283 1467 7.29097
70 0.00291 1101 7.00397
60 0.003 703 6.55536

8.2 - . .
] o Linear fit:
804 IN(TOF)=-6063.17*(1/T)+24.68
7.8
7.6
E'I: 4
O 7.4-
=
£72-
7 - O ] Equation y=a+b*x
. Plot In(TOF)
Weight No Weighting
6.8 - Intercept 24.6806 +3.07423
Slope -6063.16884 + 1068.63747
Residual Sum of Squares 0.07805
Pearson's r -0.97031
5671 |essmem o o
6.4

T T T T T T T T T T T '
0.00275 0.00280 0.00285 0.00290  0.00295  0.00300
1/Temperature [K]

Figure 9.48: ARRHENIUS plot of FA dehydrogenation using [RuHCI(PPhs)s]*toluene.

Slope = —6063.17
E, =50.4 kJ/mol
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Table 9.6: Screening of ruthenium catalysts for FA dehydrogenation.

Joj\ [Rul » H,+CO,
H OH BMIM-OAc
90 °C,3h
Complex Conversion [%] . 1,5 (()tF[?;);n])
10 min 30 min 60 min 120 min 180 min
Precursor 56 78 87 94 97 3424 (10)
Ru-1a 74 90 93 96 98 4525 (10)
Ru-2a 27 43 71 80 84 1651 (10)
Ru-3a 15 83 92 96 97 1692 (10)
Ru-4a --- 88 94 98 --- 1794 (30)
Ru-5a 25 87 93 94 95 1896 (30-10)*
Ru-6a 20 77 89 97 98 1570 (10)
Ru-7a 0 29 87 91 93 1182 (60-30)*
Ru-8a 60 89 99 --- --- 3669 (10)
Ru-9a 18 25 50 84 92 1101 (10)
Ru-10a 11 66 77 93 95 1345 (10)

Conditions: 0.5 mL (13.25 mmol) formic acid, 1.0 mL (5.35 mmol) BMIM-OAc, 90 °C, 13.0 pmol catayst.

*TOF calculated in the timeframe between two data points with the steepest conversion slope.

H
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Table 9.7: Temperature screening of Ru-1a.

- H
(o} [Ru-1a] ; O :\Pth
' JLOH > H+CO, O—RU—PPh;  Ru-1a
BMIM-OAc : /
60-90 °C, 3 h ! - Ehzll
Conversion [%] TOF ax
T [°C] ! .
10 min 30 min 60 min 120 min 180 min  [N7] (t [min])
90 74 90 93 96 98 4525 (10)
80 14 79 87 92 96 1988 (30-10)*
70 23 73 85 90 1529 (30-10)*
60 0 0 12 79 83 682 (120-60)*

Conditions: 0.5 mL (13.25 mmol) formic acid, 1.0 mL (5.35 mmol) BMIM-OAc, 13.0 pmol catalyst.

*TOF calculated in the timeframe between two data points with the steepest conversion slope.

Table 9.8: ARRHENIUS plot data of FA dehydrogenation using Ru-1a.

T [°C] 1T [K] TOF [h'] In (TOF)
90 0.00275 4525 8.41737
80 0.00283 1988 7.59488
70 0.00291 1529 7.33237
60 0.003 682 6.52503
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8.5 Linear fit:
' o In(TOF)=-7181.91%(1/T)+28.12
8.0
7.5 -
7 0 = Equation y=a+b*
Plot In(TOF)
Weight No Weighting
Intercept 28.11752 +2.74981
Slope -7181.91378 + 955.86383
Residual Sum of Squares 0.06244
Pearson's r -0.98274
6 5 - R-Square (COD) 0.96578 e
Adj. R-Square 0.94868

1 ' 1 ' 1 ' 1 ' 1 ' 1 !
0.00275 0.00280  0.00285 0.00290  0.00295  0.00300
1/Temperature [K™]

Figure 9.49: ARRHENIUS plot of FA dehydrogenation using Ru-1a.

Slope = —7181.91
E, = 59.7 kJ /mol
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Table 9.9: Temperature screening of Ru-8a.

H
Z |—\\PiPr2

(0] [Ru-8a] : S
P > H,+CO, | O—RU—PPh;  Ru-8a
H” “OH BMIM-OAc D & Spi
60-90 °C, 3 h : Pr, <|;|
Conversion [%] TOF x
T[°C] o
10 min 30 min 60 min 120 min 180 min [0 (t [min])
90 60 89 99 3669 (10)
80 24 76 83 92 96 1590 (30-10)*
70 0 42 80 86 86 1284 (30-10)*
60 0 9 31 78 79 479 (120-60)*

Conditions: 0.5 mL (13.25 mmol) formic acid, 1.0 mL (5.35 mmol) BMIM-OAc, 13.0 umol catalyst.

*TQOF calculated in the timeframe between two data points with the steepest conversion slope.

Table 9.10: ARRHENIUS plot of FA dehydrogenation using Ru-8a.

T [°C] /T [K] TOF [h'] In (TOF)
90 0.00275 3669 8.20767
80 0.00283 1590 7.37149
70 0.00291 1284 7.15774
60 0.003 479 6.1717
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8.5 1
Linear fit:
o In(TOF)= -7655.64*(1/T)+29.24
8.0
— 7.5+
L
(©]
=
£
7.0 1
Equation y=a+b*x
Plot In(TOF)
Weight No Weighting
Intercept 29.23935 + 3.45038
6.5 Slope -7655.63906 + 1199.3896
Residual Sum of Square 0.09831
Pearson's r -0.97632
R-Square (COD) 0.95321
Adj. R-Square 0.92981 [ ]
6.0 T T T T T T T T T T T
0.00275 0.00280 0.00285 0.00290 0.00295 0.00300
1/Temperature [K™]
Figure 9.50: ARRHENIUS plot of FA dehydrogenation using Ru-8a.
Slope = —7655.64
E, =63.7 kJ/mol
Table 9.11: Anion screening of Ru-8a-c.
) [Ru-8a-d]
J]\ » H,+CO,
H OH BMIM-OAc
70°C,3h
Conversion [%] TOF,u
Complex .
10 min 30min 60 min 120min 180 min  [1/h] (t [min])
Ru-8a 0 42 80 86 86 1284 (30-10)*
Ru-8b 2 31 71 81 86 887 (30-10)*
Ru-8c 3 53 74 87 90 1528 (30-10)*

Conditions: 0.5 mL (13.25 mmol) formic acid, 1.0 mL (5.35 mmol) BMIM-OAc, 13.0 pmol complex.

*TOF calculated in the timeframe between two data points with the steepest conversion slope.
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E3 Reaction mechanism investigations

Attempted dehydrogenation of neat formic acid

In an inert gas glovebox, a 50 mL two-neck flask equipped with a stir bar was charged with the catalyst,
sealed with two rubber septa and brought outside. It was attached under constant gas flow to a small
straight reflux condenser. The flask was heated to 90 °C in an oil bath for 15 minutes, at which point
formic acid was injected via syringe. The progress of the reaction was observed by following gas

formation. No gas formation was detected.

NMR reaction of catalyst with BMIM-OAc

A J-Young NMR tube with a sealed glass inlet containing MeCN-d; for the purpose of NMR solvent
locking was charged with Ru-la and BMIM-OAc. The reaction mixture was degassed by carefully
applying vacuum three times followed by argon. It was then slowly warmed up to 40 °C using an oil bath

overnight, during which complete dissolution occurred.

—-19.28
— -19.75

T T T T T T T T T T T T T T T T T T T
14 -15 -16 -17 -18 -19 -20 -21 -22 -23 -
Chemical shift [ppm]

Figure 9.51: 400 MHz 'H NMR spectrum of Ru-1a- in BMIM-OAc at 25 °C.
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70.47
44.27
-7.14

— T T T T " T T
70 60 50 40 30 20 10 0 -10

Chemical shift [ppm]

Figure 9.52: 162 MHz *'P NMR spectrum of Ru-1a in BMIM-OAc at 25 °C.
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Monitoring of hydride region in FA dehydrogenation experiments

10 min

30 min
[P n T (YT Y Y Al Aed b e
A WAy Wl

180 min

r~r———mr+'7r+—T7mr+—T1 " ~'"* 17T r~—1rr~—rrrIrrTrrrrrrrrTrT T T T T T T T T
-3 4 -5 6 -7 -8 -9 -10 -11 -12 -13 -14 -15 -16 -17 -18 -19 -20 -21 -22 -23 -24 -25
Chemical shift [ppm]

Figure 9.53: Hydride region of the "H NMR spectrum of FA dehydrogenation using Ru-1a.

30 min

60 min

120 min

T T T T T T T
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Chemical shift [ppm]

Figure 9.54: Hydride region of the "H NMR spectrum of FA dehydrogenation using Ru-2a.
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E4 Synthesis of [RuH(iPr-DBFphos)(PPh3)(MeCN)|X

[RuH(iPr-DBFphos)(PPh3;)(MeCN)]PF¢s Ru-8¢

Pr, NCMe

In a 20 mL vial equipped with stir bar, Ru-8a (40 mg, 50.0 pmol, 1.00 eq.) and KPF¢ (9.7 mg, 52.5 pmol,

1.05 eq.) were dissolved in 10 mL MeCN and stirred at room temperature overnight. Precipitation of

NaCl was observed. Upon completion, the solution was filtered through a GFB filter and dried in vacuo to

obtain the product as a yellow crystalline solid (99%). Crystals of sufficient quality for XRD can be

grown by crystallization from MeCN/diethyl ether by layering in an NMR tube at room temperature.

[RuH(iPr-DBFphos)(PPh3;)(MeCN)]BPhs Ru-8d

¢ o
H BPh,
—PiPr
@ls 2
O—Ru—PPh;
v
II:i
r
L 2 NCMe )

In a 20 mL vial equipped with stir bar, Ru-8a (11.1 mg, 13.8 pumol, 1.00 eq.) and NaBPhs (5.0 mg,

14.6 umol, 1.05 eq.) were dissolved in 10 mL MeCN and stirred at room temperature overnight.

Precipitation of NaCl was observed. Upon completion, the solution was filtered through a GFB filter and

dried in vacuo to obtain the product as a yellow solid (23 mg, 99%). As of yet, no crystals of sufficient

quality for XRD could be obtained.
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ES5 Crystallographic data

Compound name

[RuH(iPr-dbfphos)(PPhs) (MeCN)]PFs*MeCN Ru-8¢

Empirical formula CasHseFsN2OPsRu
Formula weight 991.87
Temperature/K 120.00(10)
Crystal system monoclinic

Space group P2i/m
a/A 12.21500(10)
b/A 14.50940(10)
c/A 13.61830(10)
a/° 90
pre 102.4080(10)
v/° 90

Volume/A3 2357.23(3)

V4 2
Pealeg/cm’ 1.397
wmm'! 4.482
F(000) 1024.0
?x?x?

Crystal size/mm?

Radiation

CuKa (L= 1.54184)

20 range for data collection/®

7.41 to 153.29

Index ranges

-15<h<15,-18<k<18,-16 <1< 1748270

Reflections collected 48270
Independent reflections 5165 [Rint = 0.0374, Rsigma = 0.0159]
Data/restraints/parameters 5165/0/313
Goodness-of-fit on F? 1.073

Final R indexes [[>=26 (I)]

R;=10.0344, wR, = 0.0952

Final R indexes [all data]

R;=10.0350, wR, = 0.0959

Largest diff. peak/hole / e A3

1.22/-0.98
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Appendix F. Chapter 5

F1 Synthesis of [Ru(POP)(NO)ClI;]

[Ru(xantphos)(NO)Cl;] Ru-NO-1

( O
PPh,
QI° | wo
Ph,P Ru—ClI
cl
cl
\_

In a 20 mL vial equipped with a stir bar, [Ru(NO)Cl3]xH>O (175 mg,0.77 mmol, 1.0 eq.) and xantphos
L1 (493 mg, 0.85 mmol, 1.1 eq.) were dissolved in benzene (15 mL). The solution was stirred at room
temperature for 96 hours, during which a beige solid precipitated. The solvent was removed, and the
product was washed three times in 5 mL hexane, dried, and was obtained as a beige powder (522 mg,

540 umol, 83%).

Crystals of sufficient quality for SC-XRD can be obtained by dissolving in DMSO in high concentration

and layering with diethyl ether in a 20 mL vial at room temperature.

'"H NMR (400 MHz, DMF-d5, 25 °C) § 8.00 (d, J = 5.9 Hz, 7H), 7.60 — 7.47 (m, 4H), 7.48 — 7.40 (m, 4H),
7.32 (t,J = 5.6 Hz, 6H), 7.18 (t, J = 7.4 Hz, 2H), 7.01 (t, ] = 8.0, 2.3 Hz, 4H), 2.00 (s, 3H), 1.77 (s, 3H).

3C NMR (101 MHz, DMF-d5, 25 °C) & 154.86, 137.35, 137.30, 137.26, 135.62, 134.22, 131.87, 130.75,
130.56, 130.49, 130.00, 129.92, 129.44, 128.86, 127.05, 120.22, 119.73, 37.73, 24.72.

P{'H} NMR (162 MHz, DMF-ds, 25 °C) § 9.39.
ATR-IR (Germanium): 1874, 1478, 1433, 1402, 1213, 745, 739, 685, 511, 504.

EA: Calcd. (%) for C39H3,0,P2NiCI3Ru (816.1) C 57.40, H 3.95, N 1.72 found C 57.44, H 4.33, N 0.95.
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IH NMR (400 MHz, DMF} 8.00 (d,/ = 5.9 Hz, 7TH), 7.60 — 7.47 (m, 4H), 7.48 — 7.40 (m, 4H),
7.32 (t,J = 5.6 Hz, 6H), 7.18 (tJ = 7.4 Hz, 2H), 7.01 (tJ = 8.0, 2.3 Hz, 4H), 2.00 (s, 3H), 1.77

(s, 3H). ~
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Figure 9.55: 400 MHz '"H NMR spectrum of Ru-NO-1 in DMF-dy at 25 °C.

I3C NMR (101 MHz, DMF} 154.86, 137.35, 137.30, 137.26, 135.62, 134.22, 131.87, 130.75,
130.56, 130.49, 130.00, 129.92, 129.44, 128.86, 127.05, 120.22, 119.73, 37.73, 24.72.
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Figure 9.56: 101 MHz *C NMR spectrum of Ru-NO-1 in DMF-d7 at 25 °C.
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3IP NMR (162 MHz, DMF} 9.39.

9.39

LI O e s S B S B B T T T L S S S L S B S B
100 80 60 40 20 0 -20 -40 -60 -80 -100 -120 -140 -160 -180 -200 -220

Chemical shift [ppm]

T T T T
140 120 -240

Figure 9.57: 162 MHz *'P{'H} NMR spectrum of Ru-NO-1 in DMF-dy at 25 °C.
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Figure 9.58: ATR-IR spectrum of Ru-NO-1.
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[Ru(dpephos)(NO)Cl;] Ru-NO-2

( )
PPh
o) 2
No
Ph,P Ru—Cl
cl
cl
\_ J

In a 20 mL vial equipped with a stir bar, [Ru(NO)Cl;]xH>O (62.5 mg, 245 pumol, 1.0 eq.) and L2
(145 mg, 269 pmol, 1.1 eq.) were dissolved in MeCN (15 mL). The solution was stirred at room
temperature for 96 hours, during which a beige solid precipitated. The solvent was removed, and the

product was washed three times in 5 mL hexane, dried, and was obtained as a beige powder (177 mg,

228 umol, 93%).

Crystals of sufficient quality for SC-XRD can be obtained by dissolving in DMSO in high concentration

and layering with diethyl ether in a 20 mL vial at room temperature.
SIP{'H} NMR (162 MHz, DMSO-d, 25 °C) & 13.58, ( -17.92, free ligand).

ATR-IR (Germanium): 1868, 1450, 1436, 1259, 1223, 1194, 1120, 765, 754, 747, 744, 740, 722, 693,
544 cm!.

EA: Calcd. (%) for C3sH2s02P2N;Cl3Ru (776.0) C 55.72, H 3.64, N 1.80 found C 55.62, H 4.43, N 1.59.
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PhiP——Ri—CI

[~}
ci

H,0

S

T T T T T T T T T T T T L e B e B o St s s e e
98 9.6 94 92 90 88 86 84 82 80 7.8 7.6 74 72 7.0 68 66 64 3.4 3.2 3.0 28 26 24 22 20 1.8 1.6 14 12 1.0 08 0.6 0.4
Chemical shift [ppm]

Figure 9.59: 400 MHz '"H NMR spectrum of Ru-NO-2 in DMSO-ds at 25 °C.

3IP NMR (162 MHz, DMSO$ 13.58, -17.92. ﬁ 2
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Figure 9.60: 162 MHz 3'P{'H} NMR spectrum of Ru-NO-2, revealing free ligand.
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Absorbance [ATR units]
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Figure 9.61: ATR-IR spectrum of Ru-NO-2.
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[Ru(iPr-dpephos)(NO)(Cl;)] Ru-NO-6

( )
P(iPr),
No
(iPr),P Ru—Cl
[
¢
1\ J

In a 20 mL vial equipped with a stir bar, [Ru(NO)(Cls5)]xH,O (37.1 mg, 145 pumol, 1.0 eq.) and
iPr-DPEphos L6 (64.3 mg, 160 umol, 1.1 eq.) were dissolved in THF (8 mL). The solution was stirred at
room temperature for 24 hours, during which a brown solid precipitated. The solvent was removed, the

product was washed three times in 5 mL pentane, dried, and was obtained as a beige solid in high yield.

Crystals of sufficient quality for SC-XRD can be obtained by dissolving in DMSO in high concentration

and layering with diethyl ether in a 20 mL vial at room temperature.

ATR-IR (Germanium): 1863, 1590, 1475, 1460, 1434, 1528, 1064, 761, 535 cm’'.
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Figure 9.62: ATR-IR spectrum of Ru-NO-6
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[Ru(DiPrPEE)(NO)(Cl:)] Ru-NO-7

( /—‘_\\ ~\
P(iPr
d (iPr),
No
(iPr),P Ru—Cl
cl
cl
\_ J

In a 20 mL vial equipped with a stir bar, [Ru(NO)(CI)3]xH>0 (35.3 mg, 138 pumol, 1.0 eq) and DiPrPEE
L7 (46.6 mg, 152 pmol, 1.1 eq.) were dissolved in THF (10 mL). The solution was stirred at room
temperature for 48 hours, during which a brown solid precipitated. The solvent was removed, the product

was washed in ethanol and hexane.
Due to the compound’s very low solubility, no NMR spectra could as of yet be obtained.
No crystals of suitable quality for XRD could as of yet be obtained.

ATR-IR (Diamond): 2963, 2933, 2875, 1836, 1462, 1081 cm™'.
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Figure 9.63: ATR-IR spectrum of Ru-NO-7.
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F2 Crystallographic data

[Ru(xantphos)(NO)Cls] [Ru(dpephos)(NO)Cls]
Ru-NO-1 Ru-NO-2
Empirical formula C39oH3:CIsNO>P2Ru C3sH23CIsNO2P2Ru
Formula weight 816.01 773.94
Temperature/K 120.00(10) 120.00(10)
Crystal system orthorhhombic triclinic
Space group Pna2, P-1
a/A 17.44436(9) 9.2306(5)
b/A 21.36110(11) 9.8029(5)
c/A 9.54837(5) 17.7744(9)
a/° 90 89.066(4)
p/e 90 81.939(4)
y/° 90 84.186(4)
Volume/A3 3558.02(3) 1584.26(14)
z 4 2
Pealeg/cm® 1.523 1.622
wmm-! 6.778 0.885
F(000) 1656.0 780.0
Crystal size/mm? ?2x?x7? ?xIx?

Radiation

CuKa (A= 1.54184)

Mo Ko (A= 0.71073)

20 range for data collection/® 10.148 to 153.27 6.486 to 59.48
21 <h<21,-26<k<26,-10<1< | -12<h<12,-13<k<12,-24<1<
Index ranges
12 24
Reflections collected 72971 35555
) 6835 [Rint = 0.0683, Rgigma =
Independent reflections 8067 [Rint = 0.0480, Rigma = 0.0487]
0.0256]
Data/restraints/parameters 6835/1/435 8067/0/406
Goodness-of-fit on F? 1.054 1.078

Final R indexes [I>=2c (I)]

R;1=0.0345, wR, = 0.0972

R1=0.0382, wR, =0.0773

Final R indexes [all data]

R;1=0.0346, wR, = 0.0975

R1=0.0469, wR, = 0.0827

Largest diff. peak/hole / e A~

1.14/-1.23

0.94/-1.00
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[Ru(iPr-dpephos)(NO)Cl3]

Ru-NO-6
Empirical formula C24H36CIsNO2P>Ru
Formula weight 639.929
Temperature/K 119.8(3)
Crystal system monoclinic
Space group P2i/n
alA 9.9066(2)
b/A 15.0398(3)
c/A 19.2960(4)
a/° 90
pre 90
v/° 90
Volume/A3 2874.97(10)
Z 4
Pealeg/cm’ 1.478
wmm-! 8.201
F(000) 1322.2
?x?x?

Crystal size/mm?

Radiation

CuKa (= 1.54184)

20 range for data collection/®

7.46 to 154.04

Index ranges

S12<h<12,-18<k<18,-24<1<24

Reflections collected 58579
Independent reflections 6034 [Rint = 0.0438, Rsigma = 0.0179]
Data/restraints/parameters 6034/0/331
Goodness-of-fit on F? 1.036

Final R indexes [[>=26 (I)]

R1=0.0212, wR; = 0.0542

Final R indexes [all data]

R1=0.0231, wR; = 0.0560

Largest diff. peak/hole / ¢ A

0.48/-0.35
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G1 Synthesis of [Mn(POP)(CO),Br]

[Mn(DiPrPEE)(CO),Br] Mn-7

Br
I—\PiPrZ
0—Mn—CO
o7
Pi

Pr, CcoO

In a 25 mL Schlenk flask, DiPrPEE L7 (108.5 mg, 0.352 mmol, 1.4 eq.) and [Mn(CO)sBr] (69.5 mg,
0.252 mmol, 1.0 eq.) were dissolved in dry THF (10 mL). Immediate gas formation was observed. The
mixture was refluxed for 24 hours to ensure complete conversion during which a colour change to dark
yellow was observed. The mixture was allowed to cool to room temperature and the solvent was removed
in vacuo. The crude product was washed with hexane (2x10 mL) and dried in vacuo, yielding the product

as yellow powder (88.0 mg, 0.177 mmol, 70%).

The product can be crystallized in sufficient quality for XRD measurements by layering using acetonitrile

and diethyl ether in an NMR tube at room temperature.

1H NMR (800 MHz, CD3CN, 298 K) 6 3.98 — 3.91 (m, minor isomer), 3.83 (d, J = 18.1 Hz, 1H, major
isomer), 3.69 — 3.57 (m, 1H, major isomer), 3.57 — 3.50 (m, minor isomer), 2.74 — 2.61 (m, 1H), 2.60 —
2.55 (m, 2H, minor isomer), 2.51 —2.33 (m, 1H), 2.35 — 2.20 (m, 1H), 2.19 — 2.08 (m, 4H), 1.58 — 1.20
(m, 14H).

BC NMR (201 MHz, CD;CN, 298 K) & 133.05, 75.14, 74.28, 26.59 (dd, J = 8.4, 6.1 Hz), 26.31 (t, ] = 9.5
Hz), 25.75 (dd, J = 13.1, 11.1 Hz), 20.43, 20.29, 20.23, 20.21, 19.43, 19.24, 18.76, 18.65.>'P{'H} NMR
(162 MHz, CDsCN, 25 °C) 6 79.87, 75.87. Peaks of carbonyl groups could not be detected.

JIP{'H} NMR (162 MHz, CD;CN, 298 K) & 79.87, 75.87.

IR (ATR, diamond): 1911, 1828, 1459, 1386, 1053, 954, 823, 697, 663 cm.
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IH NMR (800 MHz, CRCN) 8 3.98 — 3.91 (m, minor isomer), 3.83 (d/ = 18.1 Hz, 1H, major
isomer), 3.69 — 3.57 (m, 1H, major isomer), 3.57 — 3.50 (m, minor isomer), 2.74 — 2.61 (m, 1H),
2.60 - 2.55 (m, 2H, mino isomer), 2.51 — 2.33 (m, 1H), 2.35 — 2.20 (m, 1H), 2.19 — 2.08 (m, 4H),
1.58 — 1.20 (m, 14H).
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Figure 9.64: 800 MHz "H NMR spectrum of Mn-7 in CD3CN at 25 °C.
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Figure 9.65: 201 MHz *C NMR spectrum of Mn-7 in CD3CN at 25 °C.
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3IP NMR (162 MHz, C]iX:N)é 79.87,75.87.
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Figure 9.66: 162 MHz *'P{'H} NMR spectrum of Mn-7 in CD3CN at 25 °C.
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Figure 9.67 162 MHz temperature-dependent 3'P{'H} NMR of Mn-7 in CD3CN.

Range 258-338 K.
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Absorbance [ATR units]
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Figure 9.68: ATR-IR spectrum of Mn-7.
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[Mn(DPPEE)(CO),Br] Mn-3

Br

/—lz\Pth
0—Mn—CO
Co?

Ph,Cco

In a 25 mL Schlenk flask, DPPEE L3 (84.0 mg, 190 umol, 1.2 eq.) and [Mn(CO)sBr] (43.5 mg, 158
pmol, 1.0 eq.) were dissolved in dry THF or toluene (10 mL). Immediate gas formation was observed.
The mixture was refluxed for 24 hours to ensure complete conversion during which a colour change to
dark yellow was observed. It was allowed to cool to room temperature and the solvent was removed in
vacuo. The crude product was washed with hexane (2x10mL) and dried in vacuo, yielding the product as
a yellow powder (64 mg, 101 pumol, 64%). Crystals of suitable quality can be obtained by layering
acetonitrile and diethyl ether in an NMR tube at room temperature, however show degradation to

[Mn(DPPEE)(CO),Br][MnBr,].
"H-NMR (400 MHz, C¢Ds, 298 K): Only very broad peaks observed.
SIP{'H} NMR (162 MHz, CsDs, 298 K) & 65.76 (s).

IR (ATR, diamond): 1921, 1835, 1483, 1434, 1404, 1220, 1184,1158, 1097, 1054, 998, 950, 827, 742,
693, 622, 572, 507 cm™.

T T T T T T T T T
16 15 14 13 12 11 10 9 8 7 6 5
Chemical shift (ppm)

Figure 9.69: "H NMR spectrum of Mn-3 in CsDs at 25 °C.

219



Appendix G. Chapter 6

3IP NMR (162 MHz, 1) 8 65.76 (s).
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Figure 9.70: 162 MHz *'P{'H} NMR of Mn-3 in C¢Ds at 25 °C.
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Figure 9.71: ATR-IR spectrum of Mn-3.
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Attempted synthesis of [Mn(xantphos)(CO),Br] Mn-1

Br
O I—\Pth
0—Mh—CO
3 |

Ph,Cco

In a 25 mL Schlenk flask, L1 (182 mg, 315 umol, 1.05 eq.) and [Mn(CO)sBr] (82.4 mg, 300 pumol,
1.0 eq.) were dissolved in dry THF (10 mL). The mixture was refluxed for 24. It was allowed to cool to

room temperature and the solvent was removed in vacuo, yielding a yellow crude mixture.
"H-NMR (400 MHz, C¢Ds, 298 K): Only very broad peaks observed.

SIP{'H} NMR (162 MHz, C¢Ds) & 84.11, 63.54, 51.48, -17.77 (free ligand).

r
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Figure 9.72: 400 MHz '"H NMR spectrum of the attempted synthesis of Mn-1 in C¢Ds at 25 °C.

221



Appendix G. Chapter 6

3IPNMR (162 MHz, (1)) 8 84.11, 63.54, 51.48, -17.77.
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Figure 9.73: 152 MHz *'P{'H} NMR spectrum of the attempted synthesis of Mn-1 in C¢Ds at 25 °C.
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[Mn(iPr-xantphos)(CO),Br] Mn-5

In a 25 mL Schlenk flask, iPr-xantphos L5 (116.2 mg, 263 pmol, 1.5 eq.) and [Mn(CO)sBr] (48.1 mg,
175 umol, 1.0 eq.) were dissolved in dry THF (15 mL). Slight gas formation was observed. The mixture
was refluxed for 24 hours to ensure complete conversion during which a colour change to dark yellow to
green and back to dark yellow was observed. It was allowed to cool to room temperature and the solvent
was removed in vacuo, yielding the product as a yellow glassy substance. Hexane was added to force the
product to powderize during stirring overnight, and the crude product was washed with hexane (2x10mL)

and dried in vacuo, yielding the product as a yellow powder.
"H NMR (400 MHz, CsDs, 298 K) 8 3.37, 2.56, 1.83, 1.50, 1.13. All peaks severely broadened.
SIP{'"H} NMR (162 MHz, CsDs, 298 K) & 73.21.

IR (ATR, diamond): 1930, 1954, 1845, 1464 1394, 1388, 1186, 1104, 873 745,657, 632 cm™.

IH NMR (400 MHz, ng) 83.37,2.56,1.83,1.50, 1.13
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Figure 9.74: 400 MHz 'H NMR spectrum of Mn-5 in C¢Ds at 25 °C.
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Absorbance [ATR units ]

3IP NMR (162 MHz, (%D{‘) 873.21.
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Figure 9.75: 3'P{'"H} NMR spectrum of Mn-5 in C¢Ds at 25 °C.
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Figure 9.76: ATR-IR spectrum of Mn-5.
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G2 General procedure for formic acid dehydrogenation in ionic liquid

In an inert gas glovebox, a 50 mL two-neck flask equipped with a stir bar was charged with the catalyst,
sealed with two rubber septa and brought outside. It was attached under constant gas flow to a small
straight reflux condenser. The ionic liquid (1.0 mL) was injected through the second septum. Slight
constant argon flow was kept throughout the entire experiment. The ionic liquid was swirled around until
all catalyst powder was in contact with it, and the setup was slowly warmed in an oil bath to the desired
temperature under constant stirring. Stirring was continued until complete solution of the catalyst was
observed, but at least for 10 minutes at which point formic acid (0.5 mL) was injected via syringe through
the septum. At given intervals, small samples of the solution were taken using a syringe and dissolved in
DMSO-d¢ for NMR analysis. In the case of recycling experiments, new formic acid was injected via

syringe and the reaction was repeated.

To calculate conversions, '"H NMR was used. An example of this can be found in Figure 9.77. The signal
of the methyl group on the BMIM cation (peak e) was integrated to three times the amount of BMIM (3
times 5.35 mmol totaling 16.05 mmol). Then, the formate signal was integrated, and divided by the

injected amount of formic acid, giving the conversion.

o h g o)
e N b o DMSO
T O N
a
f g
e
a
f.g d i
h FA C b
) A J‘ L ) J
- i
10.39 16.05

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
9.0 85 80 75 70 65 6.0 55 50 45 40 35 3.0 25 20 15 1.0 0.5
Chemical shift [ppm]

Figure 9.77: NMR of FA, BMIM-OAc and catalyst in DMSO-ds.

Relevant integrals of FA and N-CH3 group of BMIM (peak ¢) in mmol.
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G3 Formic acid dehydrogenation in ionic liquid

The turnover frequencies were calculated using the following formula:

n (FA) _ 1
X conversion X ——

ror = n (catalyst) t [h]

For the time of TOF .y, the timeframe was chosen in which the conversion per unit time was highest (i.e.
where the graph between two datapoints was the steepest). Conversions and times were then taken as the

differences between those two datapoints.

Table 9.12: Catalytic screening of manganese complexes.

0 [Mn]

J]\ » H,+CO,
H OH BMIM-OAc
90 °C, overight
Complex n(Complex) Conversion [%] TOF
[umol] [h']
lh 2h 3h 4h 6h Overnight first hour
Mn-3 13 25 31 35 39 54 58 255
Mn-5 13 21 33 36 42 48 49 214
Mn-5 26 29 40 49 50 54 61 148
Mn-7 13 17 32 46 n.a. n.a. 72 173
Mn-7 26 22 46 55 63 68 79 112

Conditions: 0.5 mL (13.25 mmol) formic acid, 1.0 mL (5.35 mmol) BMIM-OAc.
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G4 Crystallographic data

[Mn(DiPrPEE)(CO),Br] Mn-7

[Mn(DPPEE)(CO),(MeCN)]
[MnBr4]*MeCN*0.5 Et,O
Degraded Mn-3

Empirical formula
Formula weight
Temperature/K
Crystal system

Space group
a/A
b/A
c/A
o/°
pr°
v/°
Volume/A3
Z
Pealcg/cm’
wmm'!
F(000)
Crystal size/mm?
Radiation
20 range for data collection/®

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A~

* One half of a disordered molecule of Et20 could not be modeled and was removed with Platon Squeeze. It is not included in the

sum formula.

Ci4.4H28 8Bro.sMng 02 4P1 6
397.80
119.99(10)
orthorhombic
P2:2:124
10.79520(10)
14.16690(10)
14.81550(10)

90
90
90
2265.80(3)

5
1.458
8.247
1032.0
?7x7Tx?

Cu Ko (A=1.54184)
8.636to 153.44
-13<h<13,-17<k<17,-16<1<18

46890
4760 [Rin = 0.0490, Rigma = 0.0204]
4760/0/234
1.035
R, = 0.0245, wR, = 0.0615
R, = 0.0254, wR, = 0.0621
0.89/-0.60

227

Ce6HesBraMn3N3O6P4"
1604.55
119.99(17)
monoclinic
P2i/n
10.34093(4)
18.05007(8)
38.79792(17)

90
94.8878(4)

90
7215.47(5)

4
1.477
8.029
3220.0
0.249 x 0.16 x 0.128
Cu Ko (A=1.54184)
8.432 to 153.404
-13<h<12,-22<k<22,-48<I<
48
146461
15123 [Rine = 0.0470, Rgigma = 0.0201]
15123/0/778
1.051
Ry =0.0258, wR> = 0.0624
R; =0.0274, wR> = 0.0634
0.59/-0.33
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H1 Phosphine synthesis

Tri-1-adamantyl phosphine, tris-(tetramethylguanidinyl)phosphine P(tmg); and tris-(tetramethyl-
guanidinyl)phosphine-CO» adduct P(tmg);-CO, were synthesized according to literature.!®>!7%173 Their

spectroscopic properties corresponded to those in published procedures.

H2 General procedure for temperature-dependent NMR experiments

In an inert gas glovebox, an overpressure-proof J-Young NMR tube was charged with the phosphine (~10
umol) and THF-ds (550 puL) under inert conditions. It was removed from the glovebox and attached to a
Schlenk setup via a glass adapter. The solvent was frozen using a liquid nitrogen bath, and the atmosphere
in the tube was quickly removed in vacuo. The tube was removed from the liquid nitrogen, and then was

pressurized with 2 bar CO, (total volume~ 1mL, ~90 pmol).

In the NMR spectrometer, the tubes were cooled down to 200 K and slowly warmed again to room
temperature, during which time the NMR spectra were measured. Temperatures were calibrated using the

methanol-ds NMR thermometer method.'!
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H3 Temperature-dependent NMR experiments
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Figure 9.78: Variable temperature 'H NMR spectrum of P(1-Ad)s in THF-ds.
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Figure 9.79: Variable temperature '*C NMR spectrum of P(1-Ad)3 in THF-ds.
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Figure 9.80: Variable temperature *'P{'H} spectrum of P(1-Ad)3 in THF-ds.
Range 200-300 K.
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Figure 9.81: Variable temperature 'H spectrum of BuPAd: in THF-ds.

Range 200-300 K.
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Figure 9.82: Variable temperature '3C spectrum of BuPAd: in THF-ds.

Range 200-300 K.
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Figure 9.83: Variable temperature *>'P {'H} spectrum of BuPAd: in THF-ds.

Range 200-300 K.
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H4 General procedure for CO; hydrogenation experiments

In an inert gas glovebox, an autoclave reactor (type B, described earlier in Appendix D) was charged with
Ru-MACHO-BH (5.9 mg, 0.01 mmol, 1.0 eq.), additive (0.1 mmol, 10 eq.) and 2.0 mL. THF. It was
sealed, removed from the glovebox, and pressurized with CO; (10 bar) and H» (40 bar). It was then for 24
hours at 90 °C. The pressures were monitored using the software of the reactor controller unit. It was
allowed to cool to room temperature. For analysis, the solution was diluted with 2.0 mL of D»O, and

imidazole (1.0-1.2 eq., weighed) was added as an internal standard.

HS5 CO; hydrogenation experiments using P(tmg)3

Table 9.13: Hydrogenation experiments of Ru-MACHO and P(tmg)s.

Ru-MACHO-BH (0.01 mmol)

Additive (0.1 mmol 0
H, + CO, ( ) » JI
THF (2.0 mL) H” “OH
90 °C 24 h
Catalyst TON (relative to
Additive Yield
Ru-MACHO-BH)
Ru-MACHO-BH --- traces <1
0.56 eq. relative to
Ru-MACHO-BH P(tmg);-CO; 5.6
P(tmg);
0.63 eq. relative to
Ru-MACHO-BH P(tmg);-CO; 6.3
P(tmg);
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Figure 9.84: Downfield region of 'TH NMR spectrum of hydrogenation reaction.

Conditions: D20, THF, 25 °C, 1.2 eq. imidazole as internal reference, suspected assignments on the right.
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Figure 9.85: 101 MHz '*C NMR of hydrogenation reaction.

Conditions: D2O/THF, 25 °C

Reaction conditions found in table above.
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1. Alexander Tobias Nikol, Rosa Maria Padilla Paz and Martin Nielsen. Synthesis and

Characterization of a Range of new Ruthenium(II) POP Pincer Complexes, in preparation.

2. Alexander Tobias Nikol, Rosa Maria Padilla Paz and Martin Nielsen. Non-Noyori-Type

Ruthenium-POP Pincer Complexes for Ethanol Upgrading, in preparation.
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Nielsen. Formic Acid Dehydrogenation using Ruthenium-POP Pincer Complexes in lonic
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