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Abstract

Ruthenium pincer complexes have shown substantial promise as homogeneous catalysts in
reactions involving hydrogen transfer processes. Designer ligands provide excellent control over
electronic and steric environment, allowing tuning of catalysts to control reactivity. Several
authors have demonstrated their activity in useful transformations such as small molecule
activation, asymmetric hydrogenations, hydrogenative cleavages, dehydrogenative couplings
and activation of alcohols. However, reported pincer ligands are frequently difficult to make and
highly air intolerant. The design of practical yet effective complexes for such reactions continues

to be relevant.

In this work, a series of bis-ligated Ru(ll) complexes are prepared using imine-based PNX (X =0,
N, S) ligands readily prepared from commercially available starting materials, producing a family
of complexes of the structure [RuCl,(PNX).]. These complexes contained fixed PN moieties and
featured a variable pendant arm to demonstrate variable binding modes and showed hemilability
in solution. Ligand structures were modified by pendant arm length, bulk, and donor atom.
Several complexes were produced readily in good yields as single products, with single crystal
X-ray crystallography confirming ligand binding mode. PNO alcohol ligands predominantly
demonstrate a bis-tridentate binding mode. Extension of alcohol chain or substitution at the
oxygen donor changes binding mode to bis-tridentate. Use of substituted N or S donors gives

mixed binding modes within the same complex.

These complexes are applied in the Guerbet coupling of ethanol with either ethanol or methanol
to produce different isomers of butanol. This reaction is of industrial interest for application in
biofuel upgrading and operates through a hydrogen borrowing mechanism. The family of
[RuCly(PNX).] are found effective in the production of isobutanol, with the best performing PNS
complex [RuCl(L14)]Cl yielding 70 % isobutanol at 96 % selectivity. The system shows good

tolerance to reduced base loading and use of alternative cheaper base NaOH.

The activity scope of these species is expanded in the hydrogenative cleavage of esters for future
application in plastics degradation. The novel species are found active towards hydrogenative
cleavage but also catalyse competitive transesterification reactions. The most effective systems
feature PNN ligands. Further investigation of complexes demonstrates that the activity of

symmetrical PNP, SNS and NNN ligands is dependent on the presence of a Ru-N-H moiety.
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1 A Brief History of Ruthenium Pincer Complexes in

Catalysis

Ruthenium pincer complexes and their use in catalysis is highly relevant to industrial and
academic interests. Their development and use guides the work presented in this thesis. In this
introduction, focus is given to the history of transition metals in catalysis and the subsequent
development of interesting ligand structures, with some brief demonstration of their
applications. Fuller introductions to the types of catalysis performed in this work are provided in

their relevant results and discussion chapters.

1.1 Transition metal catalysis

The fundamental purpose of a catalyst is to reduce the activation energy required for a chemical
transformation. Despite not being recognised or named as such until 1836, catalysts have been
used for thousands of years: the enzymes employed in fermentation are a type of biocatalyst'2.
In modern times, catalysis is a key cornerstone of industrial chemistry, enabling large scale
reactions at reduced energy consumption, increased rate, and higher turnover. An estimated

75 % of current industrial processes use catalysts, increasing to 90 % in new processes®.

Transition metals, here defined as all elements found in the d-block of the periodic table, are
commonly used in catalysts. They typically possess partially filled d-orbitals, allowing them to
form variable oxidation states. This flexibility enables them to donate and accept electrons
readily, interacting with substrates and activating them towards bond-making and bond-breaking

processes that would otherwise be inefficient or unfeasible under conventional conditions.

The use of transition metals in catalysis dates to the 1823 discovery of platinum black as a
catalyst for oxidation of hydrogen gas to form water by Johann Wolfgang Doébereiner*®,
commercialised for use in the Débereiner lamp. Later major breakthroughs include the Sabatier
process for reduction of carbon dioxide over a nickel catalyst to produce methane and water®’
(for which Paul Sabatier won the 1912 Nobel Prize®), and the early Ziegler-Natta catalysts using
titanium and aluminium for polyolefin production, which revolutionised the plastics industry in
the 1950s and remains the most popular industrial catalyst for ethylene polymerisation®°,
Transition metal catalysed processes are so common that in many reactions they remain the
most effective: the Haber-Bosch process uses an iron catalyst to produce ammonia and remains

the method of production of almost 175 million tonnes of ammonia annually.



1.1.1  Heterogeneous vs. Homogeneous Catalysts

Most early systems using transition metals focus on heterogeneous catalysis, either metallic
transition metals or their oxides. Heterogeneous systems are where the catalyst exists in a
different phase, such as a solid interacting with gaseous or liquid reactants. Functionally, a
heterogeneous catalyst supplies an infinite surface upon which a chemical reaction may occur
by adsorption to a surface. However, frequently these systems are poorly selective and require
forcing conditions, including high pressures and temperatures. They are additionally limited by
available surface area for reaction''. Given the propensity for transition metals to form stable
coordination complexes of many different oxidation states, there has been substantial more

recent exploration of transition metal complexes as homogeneous catalysts.

Homogeneous catalysis is the branch of catalysis in which the catalyst and reactants existin the
same phase, typically in solution. Homogeneous catalysts operate as single, usually well
characterised, molecules, so may also be known as single-site or molecular catalysts. Although
a broad range of chemicals, including organic molecules, enzymes, Bronsted and Lewis acids
and bases all can behave as homogeneous catalysts, the term is frequently used to specifically

refer to transition metal complexes, given this is the area with the largest recent growth.



1.2 Transition Metal Complexes

The earliest examples of characterised transition metal complexes are what were previously
referred to as “complex salts”, metal salts which could not be structurally resolved due to the
notion that metals, like carbon, had fixed valency and thus fixed number of available bonds. The
two concepts were first proposed to exist separately by Alfred Werner, with the deduction that
many metal ions such as Fe(lll) and Co(lll) were able to form six bonds with coordinating
molecules. His coordination theory of primary valency (formal charge) and secondary valency
(coordination number) was published in 1893, before the discovery of the electron, and forms the
basis for modern coordination chemistry'"®. To understand the benefits of transition metal

complexes as catalysts, a consideration of this coordination chemistry at play is necessary.

A transition metal complex is a type of coordination complex, where a central atom - the
coordination centre —is surrounded by a selection of coordinated inorganic or organic ligands. In
a transition metal complex, the coordination centre is a transition metal atom or ion and ligands
may be organic or inorganic molecules. Various bonding models exist to describe these
interactions and explain geometries and magnetic behaviours. It is possible to consider bonding
as either fully ionic, as in crystal field theory (CFT), where ligands are described as point charges,
or fully covalent, as in molecular orbital theory (MOT), where bonds are formed through overlap
between ligand orbitals and coordination centre orbitals of appropriate symmetry (o or ). An
additional model involves classification of covalent bonds such that ligands are described as
one, two or zero electron donors (X, L or Ztype ligands, respectively). In this way, a metal centre
and coordinating L type ligand may be considered as a Lewis adduct™ (Figure 1.1). In reality,
metal-ligand bonding is somewhere between covalent and ionic in character and ligand field

theory (LFT) incorporates aspects of both models to describe bonding with greater detail.

HsB  +  NHj —_— HaB—NH;
H'H H H H
i — —_— _ N—H
D GO 8D
H H H H
Ag* + 2 INH, —_— HaN—Ag*—NH,

H H H
HNCD) (Oa) CONH ————— T AT N
H H H H

Figure 1.1 - Top: Lewis adduct formation. Bottom: Analogous metal-ligand o binding in a transition metal coordination

complex with an L type ligand. Figure adapted from literature’®.
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The application scope of complexes of transition metal ions has exploded. Complexes may be
overall neutral or charged. Neutral ligands are most commonly heteroatoms featuring lone pairs
(O, N, S, P), and halogen ions are common monoatomic ligands. Ligands may bind to multiple
metal atoms as bridging ligands, creating dimeric or trimeric coordination complex clusters.
Carbon atoms may also behave as ligands; carbon monoxide is a common monodentate ligand
which coordinates through the carbon in a more traditionally covalent type bond, whereas a
carbene donates in the traditional lone pair donor style. It is noted that a direct M-C bond is
required for a complex to be categorised as organometallic, regardless of if other ligands carry

additional carbon atoms™.

Denticity and hapticity are additional ligand binding considerations. Denticity refers to the
number of bonds a single ligand forms with a metal centre. Many common ligands are
monodentate (i.e. have one binding site), but thermodynamic stability is gained in a polydentate
binding mode where chelate rings are formed. Generally speaking, the most stable chelate ring
size is 5-membered, though ring systems from 3-membered to 7-membered are known in the
literature. Hapticity is similar but distinct, referring to the number of contiguous atoms which are
bound to a metal centre: ferrocene is an exemplar of this, with two n® cyclopentadiene ligands
(Figure 1.2d). Ideal conformation around a transition metal coordination centre depends on
electronic configuration of the d orbitals. Octahedral complexes are most common'’, though
many tetrahedral, square planar and even two coordinate linear complexes are also known. A
selection of coordination complexes chosen to showcase this wide variance is shown in Figure

1.2, demonstrating both synthetic and naturally occurring examples.

R R
R R

NH,

HaN., | WNH, . HsN/,. wCl -

a) Co 3CM p) R R ¢ F

HsN™ | NH, R i R H,NT Cl °
NHo & —

HN~Z
Rl

Figure 1.2 - Selection of transition metal coordination complexes. a) Hexaamminecobalt(lll) chloride, an archetypal
Werner complex. b) Haem, the iron-containing section of hemoglobin. c) Cisplatin, a chemotherapy medication. d)

Ferrocene, first known metallocene.

As has been established, the extremely broad scope of existent ligands results in a vast array of
different interactions with transition metal centres. Hence, a family of compounds are created
with a vast array of different electronic and steric properties, even with the same metal centre.

The variation of ligands stabilises or destabilises oxidation states, and modifies access to the



metal by changing steric effects. Such fine control of properties is extremely desirable for creating

selective catalysts.

1.2.1  Discrete Transition Metal Complexes in Catalysis

As expected, transition metal complexes are well established as catalysts in many industrial
processes, particularly in the production of fine chemicals, pharmaceuticals, and polymers. A
selection of chemical products which are produced industrially using homogeneous catalysis are

presented in Figure 1.3.

cl <|)
o) J\ K
a) HO b) o ) 07N d) 0
A

Figure 1.3 - Selected fine chemical products produced using homogeneous catalysis. a) Ibuprofen, an anti-
inflammatory drug produced using [PdCl>(PPhs);] catalyst for a carbonylation step’. b) L-menthol, a widely used
flavouring which is produced enantiospecifically using a BINAP rhodium homogeneous catalyst'®. c) (S)-Metolachlor
is a herbicide produced using a chiral iridium phosphine-phosphoramidite catalyst. d) Polylactic acid (PLA), a

biodegradable polymer frequently produced using tin(ll) 2-ethylhexanoate®.

Not all mechanisms involving transition metal complexes as catalysts are well established.
However, the typical process involves an initial coordination of a substrate to a metal centre. This
may happen by exchange with an existing ligand which is lost, substitution of a hemilabile portion
of a multidentate ligand, or direct coordination with no replacement of existing ligands. This
coordination donates electron density to the metal centre, activating bonds towards further
reaction. In many instances, a bond may be fully cleaved upon coordination in an oxidative
addition type step. An example of this is demonstrated with the use of the well-known Wilkinson’s
catalyst, known since the 1960s as a catalyst for hydrogenation of alkenes?'. The reaction

mechanism is well understood and presented in Scheme 1.1.

Wilkinson’s catalyst is a coordinatively unsaturated Rh(l) complex with the formula [RhCLl(PPhj3)s]
(Figure 1.4a), adopting a distorted square planar geometry. This structure is a pre-catalyst, with
initial spontaneous dissociation of a single PPh; creating the active species | in the reaction
(Scheme 1.1). H, then reacts with this species by oxidative addition, to create a formal Rh(lll)
dihydride species Il. This is followed by the n? coordination of an alkene, then its migratory
insertion into the Rh-H bond, and finally the reductive elimination of the resultant alkane to
reform the formal Rh(l) active catalyst. Such mechanisms are common and well-established for

transition metal complex catalysis.
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Scheme 1.1 - Reaction mechanism of alkene hydrogenation using Wilkinson's catalyst?*23,

Several landmark processes rely on homogeneous catalysis. Hydroformylation, the production
of aldehydes from alkenes using carbon monoxide and hydrogen gas, originally used the cobalt
complex [HCo(CO),]* (Figure 1.4a) and, since its development in the 1960s, now often uses
Wilkinson’s catalyst?. This process plays a crucial role in the production of detergents and other
speciality chemicals. The industrial production of acetic acid has also long used homogeneous
catalysis: the Monsanto process used a rhodium catalyst (Figure 1.4c) with an iodide co-catalyst
for the carbonylation of methanol to acetic acid. This process has been largely replaced by the
Cativa process, which uses an iridium catalyst (Figure 1.4d) with an iodide cocatalyst in an
analogous mechanism, as the catalyst showed greater stability?®. Note that in these two

processes the anionic complexes shown in Figure 1.4 are the catalytically active species formed

in situ.
|
Cli._ .PPh ‘ , ) , )
a) RN, 3 b) OC—Co;\CO [, h“‘\CO d) I/"'IrQCO
CcO

Figure 1.4 - Selected homogeneous catalysts and their industrial applications. a) Wilkinson's catalyst. b) [HC0o(CO)4].
c) [Rhi>(CO)zJ - Active species of catalyst in Monsanto process. d) [Irl>2(CO)z] - Active species of catalyst in Cativa

process.



1.2.2 Pincer Complexes

:’,’ :‘. M = transition metal centre
i i | E = central donor atom
PN //\
T ||E T D = pendant donor arms
D | D Z = spacer atoms, non-coordinated
I|_ L = ancillary ligand

Figure 1.5 - General structure of a transition metal pincer complex.

A notable subcategory of catalytically relevant complexes — and of particular academic interest —
are pincer ligand complexes. A pincer ligand is a tridentate ligand which binds to a metal centre
by three adjacent sites, creating two chelate rings. Typically, rigid ligand structure enforces
meridional geometry, though some flexible linkers permit facial coordination?’?%, but this is less
common, and species demonstrating this facial geometry are not always discussed as pincer
complexes. The chelate ring sizes vary, but most commonly are five-membered and 6-
membered. Pincer ligands may be aliphatic or aromatic and are reported with a wide range of
different donor atoms. Ligands are commonly described by the combination of donor atoms, e.g.

PNP, NNC or PNS. The general structure of a pincer complex is shown in Figure 1.5.

The earliest identified reports of pincer complexes were in 19712, with five-coordinate systems
of Fe(ll), Ni(ll) and Co(ll) reported by the Nelson group featuring a pyridine-based ligand system
with two phosphine side arms - a ligand structure which has remained extremely popular. Later
work by Shaw and coworkers in 1976 demonstrates organometallic pincer complexes with PCP

type ligands®, which informed much of the early pincer complex research®-22,

| X
—
b
thp_MTPPhZ (tBu)zP—I\I/I—P(tBu)2
X
M =Ni, Fe, Co M = Ni, Pd, Pt, Rh
X=Cl,Br, I, NCS, ClO, X=Cl,Br, 1, H,CN, CO
Nelson, 1971 Shaw, 1976

Figure 1.6 - Early examples of transition metal pincer complexes featuring PNP and PCP ligands.

The potential application of pincer ligands for catalysis was noted at the time due to the ability of
the ligands to tune the reactivity of the metal centre, without necessarily taking part in reactivity

at the metal centre or being dissociated®*. Different donors provide finely tuneable electronic



variation in the metal centre, whilst the ligand backbone modifies the sterics of the system. The
chelation mode allows retention of the ligand system throughout a catalytic cycle. Additionally,
pincer complexes have been shown to incorporate the ligand into reaction mechanisms in what
is known as metal-ligand cooperativity, with multiple reports demonstrating ligand non-

innocence in catalytic pathways.

An additional benefit of pincer ligands is the incorporation of hemilability. A term originally coined
in 1979 by Jeffrey and Rauchfuss®®, this refers to the ability of a donor atom to reversibly dissociate
from the metal centre to facilitate reactivity, modifying the electronics of the metal centre and the
sterics of the coordination sphere?. In a pincer ligand, the retention of two binding atoms permits
the reversibility of this dissociation, whereas with a mono- or bidentate ligand, the ligand is more
likely to be lost to solvation. The degree of hemilability of a donor atom is influenced by the rigidity
and length of a donor arm, as well as the type of donor*®. Several systems have been shown to
demonstrate hemilability in catalytic cycles, such as in the NNN-ligated nickel catalysed
Sonogashira coupling of alkyl halides with terminal alkynes reported by Hu and coworkers in 2015

(Scheme 1.2)¥.
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Scheme 1.2 - Simplified mechanism of nickel-catalysed coupling of terminal alkynes with alkyl halides demonstrating

hemilability of the NNN pincer ligand.

Since the turn of the century there has been vast expansion of research on pincer complexes®,

with several recent reviews published on catalytic applications which focus on different metal



centres and ligand types®*%3. Some pincer systems are now available and used commercially,

with examples presented in Figure 1.7.
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Figure 1.7 - Commercially available pincer complexes used as catalysts.

Figure 1.7a shows a commercially available nickel CNC complex first reported by Inamoto et al.
which has been used for the formation of C-C bonds in both the Heck reaction and Suzuki
coupling*. This complex demonstrates the use of N-heterocyclic carbenes (NHCs) as donor
species. Figure 1.7b shows an iridium PCP complex reported for C-H activation, initially applied
to transfer dehydrogenation of alkanes*® and subsequently nitrile formation by a similar
mechanism?. The two catalysts shown in Figure 1.7c and Figure 1.7d respectively both have the
same ligand type applied to different metal precursors. Figure 1.7c shows a ruthenium PNP
complex known as RuUMACHO®, reported by Kuriyama and coworkers* for direct hydrogenation
of esters to alcohols. This PNP ligand type was applied more recently to manganese by Beller and
coworkers (Figure 1.7d). The Beller group has subsequently demonstrated its efficacy in direct

hydrogenation*, dehydrogenation*® and N-alkylation by a hydrogen borrowing mechanism?®°.



1.3 Ruthenium Pincer Complexes

Precious metals take centre stage in homogeneous catalysis, in particular the platinum group®".

It is therefore unsurprising that there in increasing study in the use of abundant earth metals in
transition metal catalysis; cheap and readily accessible materials are obviously convenient.
Interest in the first row metals such as cobalt®, nickel®® and iron® is increasing, with recent
reviews of these metals and their pincer complexes in catalysis. However, ruthenium complexes
continue to provide some of the best cost efficiency®. Ruthenium is relatively low cost,
compared to popular homogeneous catalysis based on palladium, rhodium and iridium, and is
also relatively non-toxic®®. It has many accessible oxidation states but both Ru(ll) and Ru(lll) are
stable with different ligand systems®*®’. Ruthenium has also shown to be highly effective in
catalysis, in particular hydrogenations, C-H bond activation and olefin metathesis®®*%°. Almost all
commercially available transition metal complex catalysts for asymmetric hydrogenation are

ruthenium catalysts.

The field of ruthenium pincer complexes in catalysis is thus very broad, with a number of excellent
reviews on their synthesis and catalytic application in recent years®5%%3 A non-exhaustive
selection of the types of complexes and the catalysis performed by such species is presented
below, with the intention of demonstrating the range of systems available and their potential
utility. In the following selection, a key theme of metal-ligand cooperative catalysis mechanisms
is noted, where — particularly in hydrogen borrowing type systems — the metal and ligand are

proposed to work in tandem to activate substrates.

1.3.1  PCP complexes

Some of the earliest examples of pincer systems were the aromatic organometallic PCP
complexes featuring a stable M-C o bond®. Later applied to ruthenium by van Koten and
coworkers, these new Ru(ll) complexes were demonstrated to be effective for reduction by
transfer hydrogenation of ketones to alcohols®. Increases in turnover were observed with
substitution of the chloride ancillary ligand, though both systems were vastly more efficient than
the similarly tested NCN analogue. Later work from the same group demonstrated an impact of
substitution on phosphine R groups, with increased activity with strongly electron-withdrawing

substituent p-CF;%.
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van Koten, 2000

Figure 1.8 - Left: Ruthenium PCP complexes demonstrated as effective hydrogen transfer catalysts. Right: Analogous

ruthenium NCN complex also tested.

Backbone structural modifications have been made to such systems, such as the introduction of
non-binding heteroatoms by Bedford and coworkers®, though the only identified reports of
catalytic activity for this ligand include an ancillary norbornadiene ligand, with reports from the

Huang group in 2016 of both silylation of heteroarenes® and unusual acceptor-less alkane

2 8

dehydrogenation®®.

o Rup PR P—Ru\—P (iPr),
CI
/
R = Ph, iPr
Bedford, 2006 Huang, 2016

Figure 1.9 - Ruthenium PCP complexes.

1.3.2 PNP complexes

As established, PNP ligated complexes are the earliest examples of pincer complexes known so
have substantial catalytic research and development, including when applied to ruthenium. A
robust summary of these species was reported by Milstein and coworkers in 2014 with significant

discussion of their catalytic activities®'.

Many ruthenium PNP complexes have been prepared: the commercially available example
RuMACHO® has already been noted in Section 1.2.2 (Figure 1.7c), first reported in 2012 by
Takasago chemists and also available as the borane adduct RUMACHO-BH. However, aromatic
backbones are particularly popular in this series, with three such examples presented in Figure

1.10.
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Figure 1.10 - Aromatic PNP ruthenium complexes.

The complex presented in Figure 1.10a is also commercially available and reported as active for
a range of reactions. Milstein and coworkers reported the direct synthesis of azines by
dehydrogenative coupling of alcohols with hydrazine®. It may be pre-activated with a base to give

the isolatable dearomatized complex Il shown inScheme 1.3.

XX X
| — base |
N —_— NT
(tBu)2P—\R|u\H—P(tBu)2 (tBu),P——Ru—P(tBu),
co co

Scheme 1.3 - Treatment of Milstein PNP complex with base to produce the catalytically active species, featuring a

dearomatised backbone.

This base-treated species (Scheme 1.3 Il) is active for the direct hydrogenation of nitriles to
primary amines under neutral conditions; the extended aromatic PNP complex (Figure 1.10b)
required catalytic base’. Later DFT studies by Pidko and coworkers supported a mechanism
involving metal-ligand cooperativity in direct hydrogenation of CO, (Scheme 1.4), wherein initial
heterolytic cleavage of H, across ruthenium centre and activated ligand was the rate determining
step. Interestingly, they noted a deactivating pathway of similar coordination of CO,, which could
be disfavoured by increasing H, concentrations””. The coordination mode of CO; is analogous to

stable coordination of aldehydes previously reported by Milstein and coworkers’.
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Scheme 1.4 - Metal-ligand cooperativity in simplified catalytic cycle of reduction of CO2 to formic acid including

deactivating coordination of CO2. R =tBu.

The similar ruthenium PNP complex presented in Figure 1.10c is an example of the impact of
alternative ancillary ligands: Leitner and coworkers reported an aromatic PNP complex with an
unusual nonclassical hydride H, ligand for successful hydroboration of terminal alkynes”.
Interestingly, when this complex was applied to direct reduction of nitriles, water as an additive

was found to increase selectivity and rate 7.

N e
CI\
(tBu)zP—R’lu?P(tBu)z (tBu),P——Ru—P(tBu),
co CcoO
| |
Huang, 2012

Scheme 1.5 - Activation with base of ruthenium PN°P complex.

PNP complexes featuring nitrogen linker atoms are also known, and similarly reported to be
isolable as dearomatized active species, as demonstrated in Scheme 1.5. The PN*P complex
(Scheme 1.51) first reported by Huang and coworkers in 20127° has a planar ligand backbone and
demonstrated activity for the reduction of ketones using 2-propanol as hydrogen source when

used with base.

13



1.3.3 SNS and NNN complexes

[
H —
N/ﬁ N
) s G 4 o) Cl |
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Et” | ~Ccl  Et tBu |U\Pph3\tBu
PPhs Cl
Gusev, 2013 Messerle, 2010

Figure 1.11 - Ruthenium SNS complexes.

Phosphine free ligands have been investigated in ruthenium catalysis for their air tolerance. Sulfur
especially is explored as a direct alternative to phosphorus due to its large soft donor character.
In 2013, Gusev and coworkers reported an SNS type complex analogous to RUMACHQO® (Figure
1.11a) which was also found to be highly effective for the direct hydrogenation of multiple
substrates. Cleavage of esters, reduction of imines, ketones and alkenes were all reported, with
reactivity reducing when ancillary ligand PPh; was substituted with AsPh; or CO’. Interestingly,
the active species was proposed to be a dihydride species featuring a facially coordinated SNS
ligand, with coordination mode confirmed by single crystal X-ray crystallography. Conversely, the
complexes of the aromatic equivalents (Figure 1.11b), first reported by Messerle and coworkers
in 2010 as effective transfer hydrogenation catalysts’’, were later reported by Waser and
coworkers to be entirely ineffective direct hydrogenation catalysts under identical conditions”®.
This difference in behaviour was also noted in a recent report by Chirdon etal. comparing
analogous aromatic and aliphatic SNS and PNP pincer complexes of the form [RuClL,CO(XNX)]
(X=3S, P)®. They found that the sulfur species were generally less electron rich than their
phosphorus counterparts, and exhibited more structural variation due to variability in the position
of sulfur, with a tendency towards cis halide arrangement over the trans arrangement seen in PNP
species. Therefore, more careful consideration of ligand design was considered necessary for

property replication.

— 7+
B S
— | —
a) T b) ¥ N Y cr
HN CI< NH tBu— X —
\\\/N—RUS—N\/J WGP B
S (I:I Cl \= | “PPh;
Periana, 2010 Hong, 2010

Figure 1.12 - NNN and ONO ruthenium complexes.
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Nitrogen-based ligands are typically less stable than phosphine or sulfur ligands in ruthenium
complexes due to the steric hindrance of short C-N bonds; cone angles for such ligands are large
and on a hindered complex such species are unstable. However, the stabilising effect of a pincer
system has allowed preparation of NNN systems, such as the species presented in Figure 1.12a.
This NNN complex was demonstrated to be active for C-H activation by performing H/D

exchange, which occurred faster in basic solvents®.

A further example of phosphine free catalysis is reported by Hong in 2010 (Figure 1.12b). The
observed ONO is an unusual zwitterionic nitrone ligand which was advantageously formed in a
single step synthesis. The resultant complex was active for the transfer hydrogenation of

ketones®'.

The use of phosphine-free ligands continues to grow, especially with increased interest in NHC
and sulfur-containing ligands. However, due to their stability, modifiable R substituents, and
repeatedly demonstrated activity in catalysis, the phosphine binding group remains of

substantial interest in ruthenium catalysis.

1.3.4 Asymmetrical PN pincer complexes

Thus far all species discussed have featured symmetrical pincer ligands. A perhaps more
catalytically interesting subset of complexes are complexes of asymmetrical PN-containing
ligands due to the increased electronic and steric diversity of this class of complexes — and
therefore, increased tunability of a system*?. These are particularly of interest due to the designed
incorporation of a hemilabile donor arm. Milstein and coworkers have undertaken substantial
work in this area, and to date have reported several complexes in the family of asymmetrical PNN

and PNS ligands.

NI SR ecra:

UH—P HoN U—P hy UH—P (tBu),
CO DMSO CO
Milstein, 2005 Clarke, 2007 Huang, 2012

Figure 1.13 - Ruthenium PNN and PNNN complexes.

The Milstein PNN system (Figure 1.13a) was the first known pincer of this PNN category, and was
an early example of complexes found to be effective for hydrogenative cleavage of esters with
hydrogen gas®. Later work also demonstrated excellent efficacy in direct hydrogenative cleavage

for amides and polymers®384, In 2007, Clarke and coworkers also reported a series of aliphatic

15



PNN (and some PNO) complexes effective in hydrogenative ester cleavage®. Later work

demonstrated the Clarke catalysts’ efficacy for hydrogenative breakdown of polyesters®.

Several investigations into the mechanism of Milstein’s PNN systems have been performed 78788,
with a consensus demonstrating a de-aromatized active species, either preformed as an
isolatable species or produced in situ using a strong alkoxide base, as shown with PNP ligands in
Scheme 1.5 - though it is noted in asymmetric species this deprotonation occurs on the
phosphine arm selectively. Activity is frequently reported as improved in PNN systems compared
with symmetrical systems. A direct comparison of behaviour between hydrido borohydride
species featuring either the PNN or PNP ligands showed that the PNN species had higher activity
in dehydrogenation and hydrogenation reactions®, which has been attributed to the hemilability

of the amine arm*® (Scheme 1.6).

X | X
OH [Ru] = 0.001 mol% o | N/ N/
- | |
Ph)\ toluene, reflux Ph)J\ EtzNjﬁu?P(tBu)z (tBu)zP—HF\’Iu?P(tBu)z
24 h N N
B-H B-H
H
Yield: 87 % Yield: 27 %

Scheme 1.6 - Direct comparison between PNN and PNP ligands in dehydrogenation of secondary alcohols®.

The class of PNN complexes may also be expanded to consider PNNN species (Figure 1.13c).
Huang and coworkers in 2012 reported a novel PNNN pincer complex’® which demonstrated
enhanced reactivity towards dehydrogenative alcohol coupling to esters relative to the
symmetrical PN®P complex, and similar excellent reactivity towards the dehydrogenative
homocoupling of amines to form imines®. Activity towards amine coupling was significantly
greater than the also studied Milstein PNN pincer complex. It is noted that catalysts were pre-
activated by de-aromatisation with base to give the pseudo imine containing pincers and

proposed to operate via a hydrogen-borrowing metal-ligand cooperative (MLC) mechanism.
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Scheme 1.7 - Comparison of base-free dehydrogenative reactions of pre-activated PNN complexes®. *6h

More recent developments by Milstein in asymmetric PN complexes include a novel PNS system
also based around a pyridine ring. The hemilability of the PNS asymmetric system was noted as
inducing selectivity towards amides in the coupling of alcohols and amines®’; the PNN complex
Figure 1.13a also selectively produced amides, but the symmetrical PNP system produced

imines under the same conditions®.

Milstein, 2012

Figure 1.14 - Ruthenium PNS complex.
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1.4 Limitations of Ruthenium Pincer Complexes

It is important to mention that the classic challenges of homogeneous catalysis — primarily
related to recovery and separation — apply to ruthenium pincer complexes as well. In industrial
application, heterogeneous catalysts have the advantage of being easily removed by filtration,
whereas homogeneous catalysts require additional steps for separation, increasing process
complexity and costs. However, interesting work on heterogenization of homogeneous ligands
has been reported, including the polymer-mounting of the MACHO ligand®® and the similar
supporting of the pyridine-backbone PNP complex shown in Figure 1.10a%, both of which have
been shown to retain catalytic activity. Recent work from the Wass group has focused on

incorporation of pincer ligands into metal-organic frameworks®.

Another major consideration is the cost of preparation. The majority of transition metal
complexes may be formed by simple direct metalation of ligands. However, ligands themselves
are frequently energy and time intensive to produce, with long-winded syntheses increasing to a

cost greater than the metal constituent.

A final key factor which has only briefly been considered in this overview is the impact of co-
ligands on reactivity. Given that pincer ligands are maximally tridentate, the ancillary ligands of a
complex system account for 50 % of the coordination sphere in a classic octahedral ruthenium
species. However, limited work in the literature is available on the specific impacts of these

co-ligands, and more research is necessary.
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1.5 Conclusions

The range in structure and utility of ruthenium pincer complexes for catalysis has been shown to
be very broad, with recent interest focusing on designed-in functionality, including hemilability.
Although there is focus in the literature on more abundant metal systems, the high activity of
ruthenium systems demonstrates its continued relevance in catalysis, particularly towards small

molecule activation and in hydrogen transfer mechanisms.

Metal-ligand cooperativity is commonly found in pincer complex mechanisms, so careful
consideration of the structure of ligands allows production of catalysts with increased or
diversified activities. Milstein’s work, in particular has clearly demonstrated the functional utility
of an asymmetrical ligand system, but these systems frequently require multistep, air sensitive
chemical syntheses. Hence, further research into catalytically active and synthetically facile

targets is of continued academic and industrial relevance.
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1.6 Project Aims

The work in this thesis aims to expand upon the existing literature by developing novel ruthenium
pincer complexes featuring ligands which are relatively simple to prepare and handle, yet display
useful catalytic activity in direct and transfer hydrogenation reactions. Targeted species will
feature asymmetric structures with a phosphorus-nitrogen component inspired by the highly
catalytically active PN based species already discussed in section 1.3.4, with readily modifiable
donor arms for tunability. Ligands will be applied to Ru(ll) precursors and characterised. Target
properties of particular interest are complexes which are easily soluble and stable in solution, as
well as in the presence of alkoxide base, due to the prevalence of these conditions in

homogeneous catalysis.

The catalytic activity of novel compounds in C-H and H; activation will be explored. In order to do
this, the Guerbet reaction for alcohol coupling and direct hydrogenative cleavage of esters and
amides will be investigated. Both of these reactions are known to proceed through transfer of
hydrogen atoms to and from ruthenium-based homogeneous catalysts, and have sustainable
applications, so are interesting useful reactions to investigate catalytic activity towards hydrogen
transfer chemistry using multiple hydrogen sources. In these studies, novel species will be
compared for activity against current state-of-the-art systems, with investigation into catalyst

activation and kinetic behaviour discussed.
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2 Design, synthesis and characterisation of mixed

donor Ru(ll) complexes

2.1 Design of PNX (X = O,N,S) ligands for hydrogen transfer

catalysis

The potential structural and electronic variation available in a pincer complex featuring
asymmetrical pincer ligands has already been demonstrated as highly valuable in catalyst
design'. In the application of hydrogen transfer type catalysis, especially Noyori asymmetric
hydrogenations, the ability of a ligand to participate in a catalytic cycle in tandem with the metal
centre is well-established far beyond just ruthenium-centred systems?®. Hence, the potential
means of involvement of a ligand must be considered in the design of novel complexes for

application in similar mechanisms.

L (\ X

\\\L
/Ru\ < /Ru‘\
P ‘ L P | L
L L
Meridional coordination Facial coordination

Figure 2.1 - Potential binding modes of novel PNX ligand system when coordinated to Ru(ll) centre.

This work focuses on the application of novel ligands to Ru(ll) centres, and initial ligand targets
were assumed to adopt an octahedral binding geometry with standard tridentate pincer
coordination and employment of three monodentate ancillary ligands (Figure 2.1). Typically
meridional coordination would be anticipated, though facial is also possible. The high activity for
various hydrogenations and dehydrogenations of asymmetric ligands containing PN moieties has
already been discussed (section 1.3.4), so this binding mode is selected for further exploration.
Additionally, this bidentate segment has been shown to support a hemilabile tertiary donor arm
in PNN and PNS systems by Milstein and coworkers*®, considered to facilitate reactivity through
access to the metal centre, so such tertiary arm donors are desirable to investigate further. The
investigation of PNO type ligands is less common in recent work, but inclusion of an oxygen donor
as a potential hemilabile donor is considered relevant due to established hemilabile behaviour
in some of the earliest examples of ligand hemilability®. The harder oxygen donor would be

expected to demonstrate poorer binding to ruthenium than nitrogen or sulfur due to poorer orbital
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overlap with the large soft ruthenium centre, so initial focus on PNO species was selected for

investigation of an anticipated highly labile species.

Ligand structure was selected to minimise reliance on multi-step air-intolerant processes and
products. Though phosphines are reactive with oxygen, the use of bulky substituents tempers
this reactivity. Tertiary aromatic substituents in particular are frequently air stable solids and
readily commercially available, so were appropriate targets for use in tolerant and reusable

catalytic systems.

1) EtOH
o rt,3h N R
+ H,N—R > H
PPh, 2) NaBH4, EtOH PPh,
rt, 16 h
R= 3 ~OH ;Ji;j o~ NH2 %J:;j
OH NH,

Scheme 2.1 - Preparation of Clarke family of PNO and PNN ligands”®.

The previously reported ligands prepared by Clarke and coworkers”® are notable as
straightforward synthetic targets, prepared in the literature by aldehyde and amine coupling to
form an imine, followed by reduction under mild conditions using NaBH, (Scheme 2.1). However,
the direct application of Schiff bases as ligands in catalytically active ruthenium complexes has
also been long reported®'?, with some recent work demonstrating increased activity of a complex
with the introduction of an imine moiety to the ligand backbone™. Hence, structures similar to

Clarke’s work, but without reduction, were selected as initial targets in this work.

\/-\
N XR X=0,N,S
R =H, Me
PPh,

Figure 2.2 - General structure of asymmetric mixed-donor ligands selected to study in this work.
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2.2 PNO ligands for novel Ru(ll) complexes

2.2.1  Preparation of PNO ligands

A series of imine-based, potentially tridentate, PNO ligands featuring alcohol terminal groups
were prepared by a simple condensation reaction between 2-(diphenylphosphino)benzaldehyde
and various primary amino alcohols (Scheme 2.2) performed under N, atmosphere with basic

Schlenk line techniques using modified literature conditions®.

/7N
o 7\ MeOH SN OH
+ H2N OH >
PPh, A, 2h PPh,

Scheme 2.2 - General synthetic route for imine-based alcoholic PNO ligands.

The choice of solvent was not found to influence reaction rate when heated to 60 °C, so methanol
was primarily used due to ease of removal and efficacy as a recrystallisation solvent. Generally,
products were not sensitive to the presence of water in reaction mixtures, so no additional in situ
drying agent was required to drive reaction. It was noted that use of liquid amino alcohols stored
in air frequently resulted in partial oxidation of the phosphine, so starting materials were
degassed by freeze-pump-thaw prior to use. Due to low cost and relatively low boiling point,
amines were used in slight excess to ensure complete reaction. Removal of solvent and any
excess starting materials under high vacuum was sufficient to purify in most cases to give yields
of >95 %, though recrystallisation from cold methanol was found useful if large excess of amine

had been used.

A series of mixed donor PNO target ligands (summarised in Figure 2.3) were selected to vary the
binding behaviour of the alcohol donor through a modification of steric bulk, chain length and
rigidity. The previously reported L1'2 and L3 alcohol ligands were expanded upon with the novel
L2, L4 and L5. Additionally, inclusion of the previously reported L6, formed from
2-(methoxy)ethylamine allowed the further comparison of alcohol and ether behaviour as ligand

components.

The isolated ligands were characterised using a range of spectroscopic and analytical
techniques, primarily the use of 'H and *'P{'"H} NMR spectroscopy and IR spectroscopy. Novel

ligands were additionally characterised with mass confirmation by HRMS.
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Sy O 83 % SNTN"N0oH 96 %
L1 L4
PPh, 0:-10.7 ppm PPh, 0:-13.7 ppm

\N/WOH 87 % ©\AN/\/\/OH 99 %
L2 L5

88 % N0 98 %
L3 ~N L6
OH 0:-10.0 ppm PPh, 0:-13.8 ppm
PPh,

Figure 2.3 - Summary of PNO ligands prepared in this work. Synthetic yield and ' P{'H} NMR chemical shift shown.

2.2.2 Complexation of PNO ligands with Ruthenium(ll)

2.2.2.1 Preparation and analysis of Ru(ll) complexes of L1

Due to the well-established use of PNX (X =P,N,0,S) ligands in ruthenium(ll) complexes, ligands
L1-L6 were expected to coordinate readily with common ruthenium precursors in stoichiometric
fashion. Indeed, when reacted in a 1:1 molar equivalence to the common precursor
[RUCly(PPhs3)s] in toluene, L1 successfully gave the previously reported™ [RuCly(L1)PPhs] in good

yield as a red-brown solid isolated by induced precipitation with diethyl ether as counter solvent.

Cl
RuCIy(PPh)3 /—‘\
(:(%N/\/OH (1 equiv.) HO,, | N
> Ru 5
7 | v
toluene, reflux PhsP P
PPh, 3 | Ph,
Cl
L1 [RuCly(L1)PPh3]

Scheme 2.3 - Preparation of the complex [RuClz(L1)PPhs]

Examination of the *'P{"H} NMR data for [RuCl,(L1)PPhs] showed the expected pair of doublets
(6: +66.5, +34.5 ppm) indicative of bound L1 and ancillary PPh; (Figure 2.5). Comparison with free
ligand L1 (6: -10.7 ppm) demonstrates a substantial downfield shift caused by the deshielding
effects of strong o donation, with the L1 phosphorus occupying the trans position to oxygen giving

the more positive chemical shift.

However, use of superstoichiometric ligand resulted in an additional minor singlet in the

downfield complex region of the spectrum (8: +61.3 ppm), suggesting a second complex formed,
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proposed to be a symmetrical bis-ligated impurity. Examination of the literature identified
previously reported bis-ligated PNO complexes using similar Schiff base ligands reported by
Kwong and coworkers™ and Parr and coworkers'®, supporting this notion. Both complexes were
reported in 1999, with each group showing a substituted aliphatic alcoholic ligand coordinating
twice in a meridional coordination mode (Figure 2.4). The only other example identified in the
literature of species of this structure was reported by Dilworth and coworkers in 2007, employing
the ligand L3, among other aromatic PNO and PNS ligands, to give an unstable complex which

isomerised in solution (discussed further in section 2.2.3.1).

B OH 0%
—'Ph
Ph HO/ ‘ —_— w
2/ PPh2 2
Kwong, 1999 Parr, 1999 Dilworth, 2007

Figure 2.4 - Previously reported bis-ligated Ru(ll) PNO complexes.

An attempt to prepare the bis-ligated L1 complex directly from excess L1 and alternative
ruthenium precursor [RuCly(p-cymene)], was successful, and [Ru(L1).]Cl, was isolated as a
precipitate from toluene as a yellow solid (Scheme 2.4). HRMS confirmed [Ru(L1).]Cl; as a
bisligated species featuring at least one chloride ((ES+/Q-TOF) m/z: [M-Cl]* Calcd for
Ca2H40N20,P,CLIRuU 803.1297; Found 803.1311), suggesting a protonated complex featuring outer

sphere chlorides like Kwong’s complex (Figure 2.4) is what has been formed in this work.

— J— 2+
[RuCly(p-cymene)],
@N/\/OH (0.25 equiv.)
PPh, toluene, reflux

16 h

2Cr

[Ru(L1),]Cl,

Scheme 2.4 - Preparation of the novel complex [Ru(L1)2]CL>

$1P{"H} NMR spectrum taken in CDCl; of [Ru(L1),]Cl, shows a singlet at d: +61.3 ppm indicative of
a symmetrical species, which confirms the identity of the impurity in [RuCl;(L1)PPhs] preparation

as the bisligated species [Ru(L1),]Cl,. A comparison of these spectra is shown in Figure 2.5.
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L1

[RUCL (L1)PPh ]

[Ru(L1) ICL

75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 0 -5 -10 -15 -20 -25 -30
f1 (ppm)

Figure 2.5 - 3'P{"H} NMR spectra recorded in CDCls of L1 (top), [RuClz(L1)PPhs] (middle), [Ru(L1)2]Clz (bottom).
[a] Visible impurity of bis-ligated species [Ru(L1)2]Cl>.

Table 2.1 - Comparison of key analytical data between free L1 and complexes of L1.

L1 [RUuCL(L1)PPhs] | [Ru(L1),ICL,
SP{IH}&/ppm | -10.7 +66.5, +34.5 +61.3
'H5 HC=N/ppm | 8.74 8.89 9.28
v(C=N)/cm 1634 1631 1618

The coordinated imine results in a downfield shift in the '"H NMR signal of the C-H imine proton,
summarised in Table 2.1. Comparison of the imine proton in the '"H NMR spectra between the two
complexes shows increased deshielding effects of coordination of the imine nitrogen in
[Ru(L1).]CLl: vs [RuCly(L1)PPh;], suggesting greater o donation from the imine in the bis-ligated
complex. An increase in imine bond length upon coordination is expected due to this observed
reduction in electron density, with larger increase in bond length in [Ru(L1),]Cl,. FTIR supports
this observation, showing a greater reduction in C=N stretching frequency in [Ru(L1).]Cl, when

compared to free ligand, indicating larger increase in bond length in the bis-ligated species.

Evidence of tridentate ligand behaviour in [Ru(L1),]CL; is seen in the aliphatic region of 'H NMR,
where four separate slightly broadened signals are observed in CDCl; (6: 4.28, 4.12, 3.43 and
3.31 ppm). Given the single phosphorus environment, it is determined that the ligands are bound
symmetrically, so four separate aliphatic environments must be observed on a single ligand.

These are therefore attributed to the inequivalent proton environments introduced by the
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metallacycle structure formed by both nitrogen and oxygen binding to the ruthenium centre. The
existence of this chemical inequivalence in solution indicates stable oxygen-ruthenium binding

in non-coordinating solvent.

The FTIR spectrum of [RuCl,(L1)PPh;] also shows an O-H stretching frequency at approximately
3329 cm™, though this proton could not be observed in '"H NMR spectroscopy, possibly due to
signal overlap in the aromatic region. This represents a shorter O-H bond than observed in free
L1 which shows this stretch at 3254 cm”, as is expected due to ¢ donation from coordinated
oxygen. However, no such signal was seen in the O-H region of [Ru(L1).]Cl,, suggesting
spontaneous deprotonation of the alcohol upon coordination and ligand behaviour as a
tridentate alkoxide. This is concordant with the spontaneous deprotonation upon coordination
reported by Parr and coworkers’. However, the presence of both protons and chlorine in high
resolution mass spectrometry also seen by Kwong and coworkers™ shows that HCl does not exist
in complete dissociation from the central ruthenium species. Indeed it could not be removed
from the product by recrystallisation, which is indicative of a charged species — in this instance,

only possible if the oxygens are not deprotonated.

2.2.2.2 Reaction of [Ru(L1)2]Cl, with DMSO-d6

Q Qo< + o
o o o O O
o O O n n
| N/ N/
7 es
J{ | I
. i [
A T
a T N ™ N o
N S~ < k]
— — - < o~

i T T T T T T T T T T T T T T ’
66 65 64 63 62 61 60 59 58 57 56 55 54 53
f1 (ppm)

Figure 2.6 - 3'P{'"H} NMR of [Ru(L1)2]Clz in DMSO-d6
Due to only moderate solubility in CDCl;, '*C NMR of [Ru(L1)2]Cl, was sought using DMSO-d6 as
NMR solvent. When the 3'P{'H} spectrum was analysed in DMSO-d6, a new pair of doublets

indicating an asymmetric species appeared in minor quantity. Accordingly, two new singlets

appeared in the "H spectrum at +9.29 ppm and +8.55 ppm with relative intensity matching the
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new species and suggesting only one proton each. These were attributed to two new imine
environments. It is also noted that the major imine signal of the original species showed a slight
solvent upfield shift to +9.67 ppm, with the appearance of an OH signal at 9.06 ppm, suggesting
retention of alcohol protons upon coordination, despite the absence of O-H stretching observed
in FTIR analysis. Due to DMSOQO’s ability to coordinate as a ligand, particularly with soft metal
centres such as Ru(ll), it is presumed that DMSO acts to displace a hemilabile coordination site,
giving rise to a mixture. This evidence of hemilability was not demonstrated in previous work, and
is gratifying as hemilability in an otherwise coordinatively saturated species is likely necessary for

catalytic activity.

2 DMSO
HO /N
Wi
DMSO Ru
2Cr . N |“\P 2cr
7 pphi M2

Scheme 2.5 - Proposed production of [Ru(L1).DMSO]Cl>

2.2.2.3 Solid state structures of [RuCl,(L1)PPhs] and [Ru(L1)2]CL

Crystals of [RuCLy(L1)PPhs] suitable for single crystal X-ray diffraction were obtained by vapour
diffusion of diethyl ether into concentrated solution of the complex in DCM to give dark red block-
like crystals. Crystals of [Ru(L1).]CL; suitable for single crystal X-ray diffraction were obtained as
yellow needle-like crystals by slow evaporation of a concentrated solution in DCM. The crystal
structures revealed the expected tridentate ligand behaviour in both species, with distorted

octahedral structures around the ruthenium centre.
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Figure 2.7 - Single crystal structure obtained of [RuClz(L1)PPhs] with 50 % thermal ellipsoids and hydrogen atoms
removed for clarity. Asymmetric unit contained one molecule of complex and one solvent molecule (Et20) which has

been removed for clarity.

Table 2.2 - Bond length data for [RuClz(L1)PPhs].

Complex Bond lengths (A) Bond angles (°)

[RUCL(L1)PPhs] | Ru1-0O1 | 2.241(3) N1-Ru1-P1 | 87.91(11) | O1-Ru1-Cl1 | 84.34(9)
Ru1-N1 | 2.083(3) N1-Ru1-O1 | 78.45(13) | O1-Ru1-Cl2 | 84.41(9)
Ru1-P1 | 2.2298(12) | N1-Ru1-Cl1 | 85.52(11) | O1-Ru1-P2 | 93.04(8)
Ru1-P2 | 2.3587(11) | N1-Ru1-Cl2 | 87.01(11) | P2-Ru1-Cl1 | 99.13(4)
Ru1-Cl1 | 2.4241(12) | P1-Ru1-P2 | 100.86(4) | P2-Ru1-Cl2 | 86.79(4)
Ru2-Cl2 | 2.4089(12) | P1-Ru1-Cl2 | 98.46(4) N1-Ru1-P2 | 169.92(12)
N1-C3 | 1.272(6) P1-Ru1-Cl1 | 91.22(4) | P1-Ru1-O1 | 165.93(8)

Cl2-Ru1-Cl1 | 167.54(4)
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Figure 2.8 — Single crystal structure obtained of [Ru(L1)2]JCl2> with 50 % thermal ellipsoids. The asymmetric unit

bisected the crystal structure molecule of the complex, creating a plane of crystallographic symmetry through the
structure, and included two DCM molecules which have been removed. Left: Hydrogen atoms and phosphine phenyl
groups have been removed for clarity. Right: Paddle wheel stacking of phenyl rings shown with hydrogen atoms and

outer sphere chlorine atoms removed for clarity.

Table 2.3 - Bond length data for [Ru(L1)2]Clz.

Complex Bond lengths (A) Bond angles (°)

[Ru(L1)2]JCl, | Ru1-O1 | 2.209(3) | N1-Ru1-P1 | 90.27(9) N1*-Ru1-O1 | 93.82(11)
Ru1-N1 2.047(3) N1-Ru1-P1* | 94.44(9) N1*-Ru1-O1* | 80.95(11)
Ru1-P1 | 2.2556(9) | N1-Ru1-O1 | 80.95(11) | N1*-Ru1-P1 | 94.44(9)
N1-C3 1.282(5) | N1-Ru1-01* | 93.82(11) | N1*-Ru1-P1* | 90.27(9)
Ru1-01* | 2.209(3) | N1-Ru1-N1* | 173.04(16) | O1-Ru1-O1* | 83.43(14)
Ru1-N1* | 2.047(3) P1-Ru1-P1* | 94.73(5) O1-Ru1-P1* 91.59(8)
Ru1-P1* | 2.2556(9) | P1-Ru1-01* | 91.59(8) P1*-Ru1-O1* | 169.57(8)
N1*-C3* | 1.282(5) P1-Ru1-0O1 169.57(8)

The obtained crystal structure of [RuCly(L1)PPh;] shows the two bound phosphines coordinated

cis to one another with two chloride ligands adopting a trans coordination. Significant distortion
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away from octahedral is seen due to the steric bulk of the phenyl groups and the restriction of the
chelate rings; the P-Ru-P bond angle is expanded by almost 11°fromideal. The ligand coordinates
with the L1 phosphorus and oxygen trans to one another, as predicted. The resultant two chelate
rings are not planar. The 5-membered metallacycle shows distinct envelope conformation with
C2 existing out of plane with the rest of the chelate ring. The larger 6-membered ring shows a
distorted half-chair type conformation, with the extended aromatic ring system well aligned in
one plane, and the ruthenium slightly out of plane, likely to accommodate the steric effects of the

PPh; ancillary ligand.

The obtained structure of [Ru(L1).]Cl, shows crystallographic symmetry, such that a plane of
symmetry exists within the centre of the structure: hence, both ligands and their bond lengths
surrounding the Ru centre were observed as equivalent. Both ligands are bound in expected
pincer type coordination, with phosphine and oxygen coordinated trans to each other. The
distortion away from ideal octahedral is significantly less than that observed in [RuCly(L1)PPhg];
the P-Ru-P bond is only expanded by 5° from ideal, with the phenyl rings in a paddle wheel
formation, stabilised by the stacking of two phenylrings in each ligand in a co-planar arrangement
between ligands to accommodate steric effects (Figure 2.8, right). Similar envelope and

half-chair conformation is observed in all four chelate rings to that described in [RuCl;(L1)PPhs].

In the *'P{"H} NMR spectrum of [RuCly(L1)PPh;], the more deshielded signal is attributed to L1
and the less deshielded signal is PPh; due to the increased trans influence of the alcohol ligand.
In the crystal structure, the Ru-P1 bond length is accordingly shorter than the Ru-P2 bond length.
Ru-P bonds in [Ru(L1),]JCl, are longer than seen between L1 phosphorus and Ru in
[RUCly(L1)PPhs], but shorter than Ru-PPhs. Accordingly, the observed *'P{'H} NMR signal of
[Ru(L1).]Cl; is between the two signals in [RuCl,(L1)PPh;]. Examining the imine bonding, there is
no statistically significantly difference between imine bond lengths between [RuCl,(L1)PPh;s] and
[Ru(L1).]JCl,, despite the larger deshielding effect of complexation upon the imine proton
observed in the "H NMR spectrum of [Ru(L1)2]Cl, (see Table 2.1). Unfortunately, crystal data could
not be obtained for the free ligand so a direct comparison cannot be made with the C=N bonding

observed in free L1.

It is noted that there is slight reduction in Ru-O bond length in the bis-ligated species could
support a shorter alkoxide type binding, but as protons cannot be observed in X-ray
crystallography this cannot be confirmed. It is noted that the Ru-O bond length of 2.209(3) A is
slightly longer than that observed in Kwong’s reported alcoholic complex (Figure 2.4a, 2.158(7) A

and 2.160(5) A)”, and markedly longer than the bond lengths reported by Parr and coworkers
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(Figure 2.4b) who proposed an alkoxide binding type (2.092(2) A)”. However, the presence of
outer sphere chloride ions — with one held close to the oxygen atoms - confirms the close
association of chloride in the system, supporting a charged species with outer sphere chloride

counterions.

2.2.3 Expansion of RuCl2(PNO), series of compounds

The class of bis-ligated complexes was expanded through the attempted complexation of ligands
L2-L6 using at least two molar equivalents of ligand with respect to the Ru starting material;
relevantreaction conditions are reported in Scheme 2.4. L2, L3 and L6 each gave a single species
in good yield, while L4 gave a mixture of two isomers. These complexes (shown in Figure 2.9) are
discussed below and organised according to the coordination mode of the PNO ligands
(bidentate versus tridentate). The only previously reported bis-ligated complex of this set is
[Ru(L3)2]Cly, though this work demonstrated a solution- and air-stable complex was formed, and
is proposed to adopt an alternative facial binding mode to the similar complex reported by

Dilworth and coworkers’.
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Figure 2.9 - Summary of [RuCl:(PNQ)2] complexes successfully isolated. Structures confirmed with single crystal X-

ray diffraction of [Ru(L2)2]Cl> and [RuCl>(L6)-].

2.2.3.1 Bis-Tridentate PNO Complexes

[Ru(L2).]Cl, directly precipitated from toluene to give a bright yellow solid whose identity was

confirmed with HRMS as containing two coordinated L2 molecules and two chloride counterions.
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Despite only moderate solubility in CDCl;, NMR spectroscopic analysis gave data similar to that
of [Ru(L1)2]Cl,, notably showing a strongly deshielded singlet in the 3'P{'H} NMR spectrum at
+58.9 ppm in CDCl; (shifted from free L2 which shows a signal at -10.9 ppm), which implies only
one ligand environment within the complex. A downfield shift of the L2 imine proton from
8.73 ppm to 9.18 ppm was noted upon complexation. Furthermore, the FTIR spectrum showed a
shift in the C=N vibrational frequency from 1631 cm™ to 1616 cm™ in [Ru(L2),]Cl,. This analysis is
all concordant with [Ru(L1).]ClL, suggesting an analogous tridentate coordination mode with
outer sphere chlorides. Similar appearance of aliphatic C-H protons as two doublets showing
geminal coupling (&: 4.78, 3.68 ppm, J=13.6 Hz) demonstrates the expected proton
inequivalence created by fixed chelate rings. This coordination sphere which was confirmed
through X-ray crystallography (Figure 2.10). Suitable crystals were obtained using vapour

diffusion of Et,0 into concentrated DCM solution, giving yellow block-like crystals.

As with [Ru(L1)2]CL,, the obtained crystal structure shows crystallographic symmetry, so both
ligands and their bond lengths surrounding the Ru centre were observed as equivalent. The
observed structures are very similar; [Ru(L2).]Cl, also shows two L2 ligands coordinated in pincer
type coordination with phosphorus positioned trans to the oxygen of the same ligand. The system
shows distorted octahedral geometry with some expansion of the P-Ru-P bond angle by
approximately 3.5° due to steric hindrance of the bulky phosphine groups: as seen previously this
is substantially limited by the stabilising stacking of phenyl rings. Again, two chelate rings are
observed per ligand, the 5-membered aliphatic ring showing envelope conformation with the C2
carbon out of plane, and the 6-membered ring adopting half-chair conformation with ruthenium
out of plane. Chloride ions were again found in an outer sphere position, aligned near the oxygen
atoms. When compared with [Ru(L1).]Cl,, the increased compression of the P-Ru-O bond angle
of a single ligand from 180° to 166.13(4)° (as opposed to 169.57(8)° in [Ru(L1),]Cl,) is attributed

to the steric effects of aliphatic methyl groups.
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Figure 2.10 - Single crystal structure obtained of [Ru(L2):]Cl> with 50 % thermal ellipsoids. Hydrogen atoms and
phosphine phenyl groups have been removed for clarity. The asymmetric unit bisected the crystal structure molecule
of the complex, creating a plane of crystallographic symmetry through the structure, and included two hexane

molecules which have been removed.

Table 2.4 - Bond length data for [Ru(L2)2]Cl

Complex Bond lengths (A) Bond angles (°)

[Ru(L2),]Cl, | Ru1-O1 | 2.1869(15) | N1-Ru1-P1 | 90.21(5) | N1*-Ru1-O1 | 95.79(6)
Ru1-N1 2.0444(17) | N1-Ru1-P1* | 95.12(5) N1*-Ru1-O1* | 78.14(6)
Ru1-P1 | 2.2622(6) | N1-Ru1-O1 | 78.14(6) | N1*-Ru1-P1 | 95.12(5)
N1-C5 1.283(3) N1-Ru1-0O1* | 95.79(6) | N1*-Ru1-P1* | 90.21(5)
Ru1-O1* | 2.1869(15) | N1-Ru1-N1* | 172.23(9) | O1-Ru1-O1* | 78.88(10)
Ru1-N1* | 2.0444(17) | P1-Ru1-P1* | 93.45(3) O1-Ru1-P1* 95.05(5)
Ru1-P1* | 2.2622(6) P1-Ru1-O1* | 95.05(5) P1*-Ru1-O1* | 166.13(4)
N1*-C5* | 1.283(3) P1-Ru1-O1 | 166.13(4)

As noted in section 2.2.2.1, Dilworth and coworkers previously reported the complexation of
ligand L3 by treatment of [RuCly(PPhs)s;] with excess L3 in methanol (Scheme 2.6, complex ). They
reported a highly air-sensitive species which decomposed rapidly in air in either solid or solution
state, and was soluble in methanol and chlorinated solvents. They found that attempts to prepare
I from treatment of [RuCly(p-cymene)]. with L3 required the addition of base. In the absence of
base, they identified a partially oxidised dimeric species Il which, when left to stand, reduced

further to form two equivalents of Ru(lll) species Ill (Scheme 2.6). Structures of these species
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were confirmed with X-ray crystallography, but the paramagnetic nature of Ru(lll) and the

reported instability of their bis-ligated complex in solution precluded NMR analysis.
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Scheme 2.6 - Production of unstable complexes of L3 reported by Dilworth and coworkers.

Conversely, in this work, [Ru(L3),]Cl, was isolated readily as a dark brown solid which precipitated
directly from toluene in 83 % yield, and was able to be stored as a solid in air over the course of
several weeks with no observed decomposition. Unlike Dilworth’s complex, this species was only
very sparingly soluble in CDCl; so NMR spectral analyses were performed in DMSO-d6. This
supports the production of a Ru(ll) species, further demonstrating a different complex was
formed in this work. The use in the literature of a protic solvent could have resulted in some kind
of reaction to oxidise the complex, but a mechanism is unclear. Further analysis of the apparently
novel complex [Ru(L3),]Cl, was performed with comparison to the previously confirmed

complexes [Ru(L1).]Cl; and [Ru(L2),]Cl..

A singlet was observed in the *'P{"H} NMR spectrum at +58.7 ppm, again showing a similar
complexation shift to that observed in both [Ru(L1),]Cl; and [Ru(L2),]Cl,. This deshielded
phosphorus signal is consistent with the other PNO tridentate ligands where the phosphorus is
trans to a coordinated oxygen donor and therefore also assumed to be the case in this complex.
It is noteworthy that no secondary product was observed in DMSO, as was the case when

[Ru(L1).]Cl, was dissolved in DMSO-d6. This may be attributed to the increased rigidity of the

41



extended aromatic structure of L3 and/or the bulk of the phenyl groups which prevents
substitution with a coordinated DMSO molecule. The absence of any significant O-H stretch also

supports the alkoxide type binding of oxygen considered for [Ru(L1).]Cl, and [Ru(L2),]CL,.

Table 2.5 - Comparison of analytical data between ligands L1, L2 and L3 and their bis-ligated complexes.

SIP{"H}d / ppm Ru-P '"H3 HC=N/ppm v(C=N)/cm" C=N

L® CP A length / A L C A L C A | length/A

L1 | -10.7 | 61.2 | +71.9 2.2556(9) 8.74 | 9.18 | +0.44 | 1634 | 1618 | -16 1.282(5)

L2 | -10.9 | 58.9 | +69.8 2.2622(6) 8.73 | 9.18 | +0.45 | 1631 | 1616 | -15 1.283(3)

L3° | -10.0 | 58.7 | +68.7 - 9.02 | 9.60 | +0.58 | 1633 | 1560 | -73 -

L =free ligand. °C = bis-ligated complex. °[Ru(L3),]Cl, dissolved in DMSO-d6. Bond lengths as

observed in bis-ligated complexes.

Closer comparison of analytical data between these three analogous complexes is summarised
in Table 2.5. The larger downfield shift of *'P{'"H} NMR signal upon complexation of L1 indicates
the most deshielding of phosphine; this is consistent with the shorter Ru-P bond seen in
[Ru(L1).]Cl> than [Ru(L2).]CL. Conversely, direct comparison of Ru-O bond lengths in [Ru(L1).]CL;
and [Ru(L2);]CL, show a slightly shorter Ru-O bond in [Ru(L2),]Cl,, suggesting greater o donor
behaviour of the L2 oxygen (see Table 2.3, Table 2.4). However it is noted that these bond lengths
are very similar, so may be insignificantly different when bond vibration is accounted for.
S'P{"H} NMR spectral data for L3 shows the smallest change in chemical shift upon complexation,
but given the lack of crystallographic data it is impossible to determine a link to bond length and

exclude the impact of potential solvent effects, given the insolubility of [Ru(L3).]CL, in CDCls.

Comparison of imine data shows very similar C=N bonding in [Ru(L1),]Cl, and [Ru(L2),]Cl,. This
suggests very similar Ru-N bonding between the two species. The presence of an additional
phenyl group in L3 however extends the aromatic structure of the ligand, clearly impacting the
Ru-N binding: the imine proton deshielding and C=N lengthening observed upon complexation is
substantially greater than that observed for either L1 or L2. Accordingly, Ru-N is expected to be
noticably shorter in [Ru(L3).]Cl; than in either [Ru(L1).]Cl, or [Ru(L2),]CL, (statistically the same
at 2.047(3) A and 2.0444(17) A respectively). This suggests the L3 ligand experiences much
greater structural distortion upon complexation than either L1 or L2, likely due to the inability of
the phenolic pendant arm to distort into an envelope conformation as seen in the aliphatic
alcohols in [Ru(L1),]Cl; and [Ru(L2),]CL. Indeed, distortion may be such that L3 binds as a bent

facial tridentate ligand, with the binding phosphorus and oxygen of the same ligand positioned
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cis to one another (Figure 2.11). This potential alternative structure could explain the stability of

the species produced in this work relative to that previously reported.
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Figure 2.11 - Potential alternative binding modes of L3 in [Ru(L3)2]Cl>.

2.2.3.2 Bis-Bidentate PNO Complexes

Complexation of L6 with [RuCly(p-cymene)], was straightforward under the conditions shown in
Scheme 2.4, giving [RuCl,(L6),] as a single dark red product which precipitated directly from
toluene. HRMS confirmed bis-ligated structure with retained chlorines (HRMS (ES+/Q-TOF) m/z:
[M]* Calcd for CasH44N20O,P,CLRu 866.1299; Found 866.1320). Unlike the bis-tridentate species
explored in Section 2.2.3.1, the complex was readily soluble in CDCl; allowing NMR spectral
analysis. The *P{'H} NMR data of [RuCl,(L6).] showed a singlet at +49.2 ppm, consistent with
formation of a single isomer with symmetrical environment. This shows a downfield shift of the
phosphorus signal of +63.0 ppm upon chelation (Table 2.6), giving a complexed phosphorus
signal significantly upfield of those observed in the tridentate PNO complexes discussed

previously (see Table 2.5). This is proposed to indicate a change in binding mode.

Table 2.6 - Comparison of key "H and *'P{'H} NMR shifts in free L6 and [RuCI>(L6)z], taken in CDCls

L6 [RuClz(LG)z] A

'H3HC=N/ppm | +8.84 | +8.75 -0.09

{"HPF'P 3/ ppm -13.8 +49.2 +63.0

FTIR analysis showed changes to the C=N stretching frequency which are in line with the changes
observed in previous complexes (L6: 1636 cm™, [RuCl,(L6),]: 1616 cm™), showing the expected
bond lengthening of C=N upon coordination of nitrogen. Interestingly, the '"H NMR chemical shift
of the imine proton shows an upfield shift relative to the free ligand, not previously observed in

this family of complexes. This is proposed to be due to back-donation into the C=N 1t* orbital,
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character.

increasing electron density around the imine proton whilst still reducing C=N double bond

Figure 2.12 - Single crystal structure obtained of [RuCl2(L6)2] with 50 % thermal ellipsoids and hydrogen atoms

removed for clarity. Asymmetric unit contained two molecules of complex, one of which (Ru1) has been selected for

bond length presentation, and two solvent molecules (DCM) which have been removed for clarity.

Table 2.7 - Key bond lengths and angles for [RuCl>(L6)2].

Complex Bond lengths (A) Bond angles (°)

[RUCLy(L6),] | Ru1-P1 | 2.3022(17) | Cl1-Ru1-P1 | 84.28(6) Cl2-Ru1-P1 | 101.77(6)
Ru1-P2 | 2.2789(17) | Cl1-Ru1-P2 | 96.90(6) Cl2-Ru1-P2 | 86.81(6)
Ru1-N1 | 2.176(5) Cl1-Ru1-N1 | 89.08(16) | Cl2-Ru1-N1 | 86.56(16)
Ru1-N2 | 2.147(5) Cl1-Ru1-N2 | 88.30(14) | Cl2-Ru1-N2 | 85.33(14)
Ru1-Cl1 | 2.4243(15) | Cl1-Ru1-Cl2 | 172.22(6) | P2-Ru1-P1 | 101.06(6)
Ru1-Cl2 | 2.4399(15) | N1-Ru1-N2 | 90.8(2) P2-Ru1-N2 | 83.48(14)
N1-C4 | 1.258(9) N1-Ru1-P1 | 85.42(17) | P1-Ru1-N2 | 171.70(14)
N2-C26 | 1.284(8) N1-Ru1-P2 | 171.55(18)
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To determine the absolute details of the coordination sphere, crystals suitable for single crystal
X-ray diffraction were obtained by vapour diffusion of Et,O into a concentrated solution of
[RuCly(L6),] in DCM. The resultant structure (Figure 2.12) showed a distorted octahedral
coordination sphere, with bidentate PN ligand behaviour resulting in a trans arrangement of two
coordinated chloride ligands. The two phosphorus donors are mutually cis to one another and
therefore each is trans to a nitrogen donor. The pendant oxygen atoms of the ligands are clearly
non-coordinating and are positioned away from the coordination sphere. It is interesting to note
that in the aliphatic region of the "H NMR spectrum, the CH, protons appear to exhibit chemical
inequivalence, producing four separate multiplet signals which couple to each other (&: 4.35,
3.81, 3.27, 2.94 ppm). This indicates that even with uncoordinated oxygen in solution, these
pendant arms do not have free movement. This is proposed to be due to hydrogen bonding
between the oxygen and the iminic proton. The CH; protons are equivalent, showing free rotation

beyond the oxygen.
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Figure 2.13 - Demonstration of inequivalent protons in aliphatic region of 'H NMR spectrum, with inequivalent protons

highlighted with different colours. Top: L6. Bottom: [RuCl>(L6)2].

The bidentate coordination mode of L6 produces two 6-membered chelate rings, which
demonstrate the same envelope type conformation as other crystal structures have shown, with
the PN aromatic system existing on one plane with the ruthenium central atom out of plane.

Interestingly, this chelate ring shows a notably smaller bond angle about the ruthenium centre
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than in all systems exhibiting tridentate binding; the P-Ru-N bond angles for tridentate systems
were fixed very close to 90°, whereas [RuCl,(L6),] shows compression of this bond angle by
almost 5°. The phenyl groups, as previously seen, adopt a paddle wheel conformation to
minimise steric effects, though only one phenyl group in each ligand stacks in an off-set co-
planar arrangement to each other. Given the bidentate system is less sterically restricted, the
P-Ru-P bond angle is expanded to [RuCly(L1)PPhs;] at more than 11° distortion from ideal
octahedral, which appears to result in the previously mentioned distortion of the chelate rings.

The chloride ligands are similarly distorted away from the bulky phosphorus groups.

Examination of the bond length data that describe the coordination sphere shows that there are
two slightly different Ru-N bond lengths depending on the nitrogen which can be attributed to
crystal packing effects. However, Ru-N bonds were significantly lengthened in [RuCl;(L6).] when
compared with [RuCly(L1)PPhs], [Ru(L1)2]Cl; and [Ru(L2),]CL,, all of which were in the order of
0.1 A shorter. This indicates poorer o donation from the nitrogen in a bidentate system and is
concordant with the relative lack of deshielding of the imine proton observed in the '"H NMR
spectrum upon complexation. There is no statistically significant difference in the C=N bond
lengths between the two ligands, nor is there significant difference to the C=N bond lengths in
previously reported complexes, which aligns with the FTIR data collected for other bis-ligated
complexes. Ru-P bonds were slightly longer in [RuCl,(L6).] than in tridentate systems, consistent
with the smaller deshielding effect of complexation observed in 3P NMR (Ad = +63). The greater
shielding of the phosphorus donor atoms may also be related to their position trans to nitrogen
atoms instead of the more electronegative oxygen, or the presence of adjacent chlorine atoms

altering the electron density surrounding the ruthenium centre.

The preparation of [RuCly(L4),] was achieved in high yield by reaction of excess L4 with
[RuCly(p-cymene)]: in toluene yielding a precipitation which when filtered gave a dark red solid.
However, NMR analysis gave rise to two separate singlets in the *'P{"H} NMR spectrum, implying
a mixture of two products which could not be separated using traditional approaches. LRMS
analysisindicated that only bis-ligated complex species featuring chloride ions were present. The
S'P{'H} NMR signals were recorded shifting from -13.7 ppm (free L4) to +47.8 ppm and +30.8 ppm
in the complex mixture; therefore, both complexes contain a coordinated phosphorus unit. The
complex at +30.8 ppm was the major product, and is designated [RuCl,(L4),]-A, and the minor
product [RuCly(L4),]-B. The two species were formed in approximately 2:1 molar ratio of

[RUCly(L4),]-A: [RUCl,(L4)]-B.
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Table 2.8 - Comparison of key 'H and 'P{'H} NMR shifts in free L4 and [RuClz(L4),], taken in CDCls

L4 [RuClz(L4)2]-A A [RuClz(L4)2]-B A

'H3 HC=N/ppm | +8.79 +8.19 -0.60 +8.73 -0.06

{HF'Pd/ppm | -13.7 +30.8 +44.5 +47.8 +61.5

This ratio allowed assignment of the two species’ imine signals, both of which revealed an upfield
shift compared to free L4 (Table 2.8). Given than an analogous upfield shift was only observed in
the bidentate [RuCly(L4).], a similar bidentate behaviour is proposed for both [RuCly(L4),]
complexes. Due to the similar chemical shifts between [RuCl,(L6),] and [RuCl,(L4),]-B, it is
theorised that [RuCly(L4).]-B has the same cis bidentate arrangement of ligands with both
chlorides positioned trans to one another. Other potential isomeric forms of [RuCly(L4).]-A are
proposed in Figure 2.14 and future work should consider X-ray crystallographic studies to define
the species. It is again noted that inequivalence of the aliphatic CH, protons was seen in both
isomers of [RuCly(L4),] in the 'TH NMR spectrum, as seen with [RuCl,(L6).]. Hence, it is evident
that regardless of which product isomers are obtained, the aliphatic arms are not truly
experiencing free motion in solution. This is again tentatively attributed to internal hydrogen

bonding between oxygen and the iminic proton.
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Figure 2.14 - Left: proposed structures of [RuClz(L4)2]-A. Right: proposed structure of [RuClz(L4)2]-B.

2.2.3.3 Unsuccessful Complexation
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Scheme 2.7 - Attempted complexation of L5.
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Unfortunately, the attempted complexation of L5 was not as straightforward as previous
examples, leading to a poor yield of an impure dark brown powder. LRMS indicated the presence
of bis-ligated Ru(ll) complexes (HRMS (ES+/Q-TOF) m/z: [M-Cl]" Calcd for CssH4sN2O,P>ClRu
859.19; Found 859.19), but analysis by *'P{"H} NMR spectroscopy showed at least 5 separate
complexes, two of which appeared as sets of doublets (showing multiple phosphorus
environments within the same molecule). This may be due to the increased flexibility afforded by
the n-butyl aliphatic arm. Repeated attempts to recrystallise the crude product to isolate a single
major product were unsuccessful, and due to the pooryield (< 20 %) no further investigation was

attempted with this ligand.

2.2.4 Conclusions

In this section, six ligands were prepared as part of the imine-based PNO ligand family, five of
which were successfully coordinated to ruthenium to form a selection of novel bis-ligated
species. The binding modes of PNO ligands varied, with alcoholic ligands featuring a 2C chain
between nitrogen and oxygen binding as tridentate species; notably, [Ru(L1).]CLl, exhibited
hemilabile behaviour in coordinating solvent. Extension of the carbon chain or substitution of the
alcohol moiety with a methoxy group changed binding mode to bidentate. However, extension of
the alcohol arm to a four-carbon chain yielded a complex mixture of isomers, attributed to the

increased flexibility of the alcoholic pendant arm.

In future work, it would be useful if crystallographic data could be obtained from the full set of
compounds, especially [Ru(L3),]Cl,, given its proposed facial tridentate binding mode. Additional
expansion of the set by modification of the phosphine R groups could also provide interesting
information on the effects of steric and electronic bulk on the prevalence of bidentate vs

tridentate coordination.

48



2.3 Synthesis of PO acetal ligand

During an early attempt to prepare L1, 2-(diphenylphosphino)benzaldehyde was heated in
ethanol with 2.0 equivalents ethanolamine for 24 h. When monitoring by crude 3'P{'"H} NMR, an
unexpected signal was observed in the spectrum at -17.0 ppm, further upfield than the reported
signalin ethanol and for L1 of -13.7 ppm?&. Further analysis showed no imine proton in the '"H NMR
spectrum, instead showing a doublet at +6.12 ppm, and an absence of any C=N stretching in
FTIR. The unknown material was isolated through recrystallisation from cold methanol as an off-
white solid and identified through FTIR and NMR spectroscopy as a diethyl acetal, ligand L7, with
an isolated yield of 71 %. Attempts to confirm via HRMS were unsuccessful, as the ligand

appeared to be highly sensitive to the ionisation environment and fragmented extensively.
o
o
PPh,

Figure 2.15-L7

Ligand L7, having three potential o donor atoms, was reacted with [RuCly(p-cymene)]. in the
same conditions shown in Scheme 2.4, giving [RuCL,(L7),] as a bright red solid. HRMS confirmed
a bis-ligated Ru(ll) complex ((ES+/Q-TOF) m/z: [M-Cl]* Calcd for C4Hs004P>ClRu 865.1916; Found
865.1926). *'P{'H} NMR spectroscopy in CDCl; allowed identification as a single complex,
showing a singlet at 47.0 ppm, suggesting a single phosphorus environment with similar
chemical shift observed in bis-ligated species [RuCLly(L6).]. Fortunately, crystals suitable for X-ray
crystallography could be obtained through slow evaporation of a concentrated solution of
[RuCly(L7).] in DCM. The obtained solid-state structure (Figure 2.16) demonstrates bidentate
ligand behaviour in a distorted octahedral coordination sphere. This coordination mode results
in the C7 and C30 carbons becoming stereocentres. The chloride ions coordinate trans to one
another and phosphines occupy cis coordination, directly analogous to the structure of

[RuCly(L6).]. Key bond lengths and angles are summarised in Table 2.9.
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removed for clarity. Asymmetric unit contained one molecule of complex.

Figure 2.16 - Single crystal structure obtained of [RuClz(L7)2] with 50 % thermal ellipsoids and hydrogen atoms

Table 2.9 - Key bond lengths and angles in solid-state crystal structure of RuCl2(L7)2

Complex Bond lengths (A) Bond angles (°)

[RuCly(L7),] | Ru1-P1 2.2708(6) Cl1-Ru1-P1 88.98(2) Cl2-Ru1-P1 | 99.91(2)
Ru1-P2 | 2.2632(5) | Cl1-Ru1-P2 | 100.48(2) | Cl2-Ru1-P2 | 87.86(2)
Ru1-02 | 2.2772(15) | Cl1-Ru1-02 | 87.60(4) | Cl2-Ru1-O2 | 82.60(4)
Ru1-04 | 2.2730(15) | Cl1-Ru1-0O4 | 81.74(4) | Cl2-Ru1-O4 | 87.97(4)
Ru1-Cl1 | 2.4021(5) Cl1-Ru1-Cl2 | 166.81(2) | P2-Ru1-P1 98.77(2)
Ru1-Cl2 | 2.4003(6) | O2-Ru1-O4 | 80.75(5) | P2-Ru1-O4 | 90.97(4)
C7-01 | 1.383(3) 02-Ru1-P1 | 90.77(4) | P1-Ru1-O4 | 167.64(4)
C7-02 | 1.459(3) 02-Ru1-P2 | 167.55(4)
C30-03 | 1.388(3)
C30-04 | 1.454(3)

Notably, the P-Ru-P bond is expanded by almost 9° to 98.77° to accommodate bulky phenyl rings
which exist, as in other species, in a paddle wheel conformation, though the two co-planar rings
are fully off-set from one another in [RuCly(L7).] instead of stacking as in previous complexes. The
observed P-Ru-P distortion from ideal octahedral coordination is less pronounced than the

101.06° analogous bond angle in [RuCly(L6).]. Ru-P bond lengths in [RuCl,(L7).] are also slightly
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shorter than in [RuCLy(L6),] (> 2.276 A). However, the 02-Ru-04 bond is significantly compressed
to 80.75°, whereas the N-Ru-N bond seen in [RuCLl,(L6),] sees statistically no distortion away from

ideal.

Upon complexation, the acetal proton in "H NMR shifted significantly downfield from +6.12 ppm
in free L7 to +7.04 ppm in [RuCly(L7).], signifying a loss of electron density. This is different
behaviour from previous bidentate complex [RuCl,(L6),], likely due to the lack of availability of a
Tt system to receive back-donation from the metal centre, so all bonding through oxygen must be
o donation and lead to loss of electron density across the C-O bond. Similarly, the
methylene -CH,- and terminal -CH; groups also demonstrated a downfield shift upon
complexation, but also significant broadening and total loss of fine structure in '"H NMR: the clear
ABXj; splitting pattern seen at 3.45 ppm in free L7 is shifted to a broad signal at 4.58 - 3.56 ppmin
[RuCly(L7).] (Figure 2.17). This suggests moderate exchange between states in solution,
alternating which oxygen is bound to the ruthenium centre continuously. Exchange appears not
fast enough to provide a single average signal but fast enough to separate and broaden,
suggesting moderate hemilability of the oxygen ligand arm. It is no great surprise that in the solid
state, the binding oxygen expresses a longer C-O acetal bond than the adjacent non-complexing
C-0O (e.g. C7-02>C7-01, Table 2.9). However, it is expected that these bonds average in solution
given the exchange observed in NMR spectroscopy. Although not directly comparable structures,
the Ru-O bond is markedly longer than in either [RuCly(L1)PPhs] (2.241(3) A) or [Ru(L1)2]CL,
(2.209(3) A).

Scheme 2.8 - Exchange of binding oxygen in [RuClz(L7)2].
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Figure 2.17 - Comparison of aliphatic region of 'H NMR spectrum of L7 (bottom) and [RuCl2(L7)2] (top).

2.3.1  Synthetic route of acetal L7

Due to the unexpected formation of L7, a reaction mechanism was sought. Only two incidences
of this specific compound were found in the literature: Grotjahn and Lo reported modification of
a known preparation of 2-(diphenylphosphino)benzaldehyde without deprotection of the
aldehyde (Scheme 2.9a), wherein the acetal was formed prior to addition of the phosphine using
a strong acid catalyst in lieu of a traditional aldehyde protection using ethylene glycol'®.
Interestingly, the only other reported preparation of this ligand was described by Elsegood et al.
as an unexpected product during an attempt to prepare a Schiff base from

2-(diphenylphosphino)benzaldehyde in ethanol'” (Scheme 2.9b), as in the work conducted here.
O/\ o/\

o
A oal s gl N
—_— —_— —_—
B EtOH Br THF MgBr THF PPh,

r

O NH,
ONG PN
HO (6)
b
| e o
PPh, EtOH PPh,
Scheme 2.9 a) Previously reported preparation of L7 by Grotjiahn and Lo'®. b) Previously reported unexpected

preparation of L7 by Elsegood et al.”’.
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Itis apparent that at some stage of this failed imine synthesis, solvent ethanolwas able to behave
unexpectedly as a nucleophile without an obvious catalyst for this transformation. Given the
absence of any strong acid used in the system, potential alternative catalytic processes were
considered. As the length of reaction was significantly greater than that later established as
necessary for synthesis of L1, the potential catalytic behaviour of the mildly basic ethanolamine
at these longer timescales was explored. 2-(diphenylphosphino)benzaldehyde was refluxed with
varying quantities of ethanolamine in ethanol and monitored by *'P{"H} NMR spectroscopy (Table

2.10).

Table 2.10 - Reaction conditions of investigative reactions performed in attempted L7 synthesis.

[Ru] o
X EtOH OH
©\/\O NN e * ©\)\O/\
PPh reflux
2 PPh, PPh,

1 mmol L1 L7
Entry | 2-aminoethanol/ mmol | [RuCl(p-cymene)]./ mol% | Time/h | Spectrum
1) 2 - 24 a
2) 0.25 - 24 b
3) - - 24 c
4) - - 7 days d
5) - 0.5 24 e

L1
a) SM 1
%) L | \

L7
c) . |
9 N i
PPh
e) 8 J
1 2 3 a4 5 % 7 8 9 -0 -1 -12 -13 -14 -15 -16 -17 -18 -19
f1 (ppm)

Figure 2.18 - "H NMR spectra of crude reaction mixtures described in Table 2.10. SM = Starting material

2-(diphenylphosphino)benzaldehyde. * = Unknown intermediate.
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The direct repeat of the originally attempted preparation (Table 2.10, Entry 1) was not successful
in reproducing L7, instead producing the expected L1 as the sole product after 24 h, seen as a
signal at-13.8 ppm (Figure 2.18a). Similarly, use of a sub-stoichiometric quantity of ethanolamine
resulted in partial reaction to produce imine, with substantial remaining starting aldehyde
(-11.0 ppm), though an unknown impurity was noted in low quantity at -16.0 ppm. Hence,
standard imine preparation conditions do not appear to typically result in an acetal side product
even after 24 hreflux. When the aldehyde alone was refluxed in absolute ethanol, however, a peak
at -17.0 ppm became visible, showing partial conversion to L7, albeit in only 25 % conversion
(NMRyield, Figure 2.18c). The unknown peak at -16.0 ppm was once againvisible, so is tentatively

assigned as an intermediate in synthesis of L7.

As Elsegood et al. reported an NMRYyield of approximately 60 % after reflux for 7 days'’, reflux was
continued, and crude NMR after 7 days showed an NMR yield of 79 % L7 (Figure 2.18d). It is
concluded that this acetal formation will occur spontaneously with heating, though gives much
poorer yield than observed in initial reaction; the mild basicity of the imine formation conditions
even seemed to inhibit acetal formation. Therefore, an alternative contaminant was suspected

as the catalyst in this case.

It was proposed that potential glassware contamination with catalytic quantities of transition
metal could have catalytically activated the carbonyl. A further experiment was performed using
a catalytic quantity (0.5 mol%) of our most commonly used Ru(ll) precursor, [RuCly(p-cymene)],
(Table 2.10, Entry 5). After only 16 h, crude *'P{'H} NMR spectroscopy showed >95 % conversion
of aldehyde, giving two products: L7, in 87 % yield, and triphenylphosphine in 8 % vyield as a

decarbonylation byproduct. No further purification was performed.

_Ru > Ru N
TN L 0 ~ .~ o)
Q =0’ T -H,0 e
H - I H - o) + [Ru]
PPh; PPh,

PPh,

Scheme 2.10 - Proposed catalytic activation of 2-(diphenylphosphino)benzaldehyde by [Ru] and formation of L7.

2.3.2 Reactions of Ru(ll) with 2-(diphenylphosphino)benzaldehyde

To investigate this aldehyde activation, direct reactions were performed between
[RuCly(p-cymene)]. and 2-(diphenylphosphino)benzaldehyde. Initially, conditions shown in
Scheme 2.4 were repeated, using excess aldehyde and performing reflux overnight in toluene.

This gave a single product as a beige solid in high yield: examination of *'P{"H}and "H NMR spectra
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allowed assignment as the known complex [Ru(CO),Cl,(PPhs).], with identity supported by LRMS
((ES+/Q-TOF) m/z: [M+Na]+ Calcd for Cs3H3,CLLNaO,P.Ru 775.00; Found 775.00). Fortunately,
crystals suitable for X-ray diffraction were grown from vapour diffusion of diethyl ether into a
concentrated solution of [Ru(CO),Cly(PPhs),] in DCM, confirming the reaction led to complete
decarbonylation of aldehyde by transfer of the carbonyl to ruthenium with the aldehyde proton

undergoing transfer to the phenylring.

Figure 2.19 - Crystal structure obtained of Ru(CO)2Cl2(PPhs)2 with 50 % thermal ellipsoids and hydrogen atoms

removed for clarity. Asymmetric unit contained one molecule of complex.

Complex Bond lengths (A) Bond angles (°)

Ru(CO).CL(PPha) | Ru1-P1 | 2.4221(4) | P1-Ru1-Cl1 | 90.556(17) | P2-Ru1-Cl1 | 88.744(17)
Ru1-P2 | 2.4198(4) | P1-Ru1-Cl2 | 87.037(15) | P2-Ru1-Cl2 | 88.057(15)
Ru1-Cl1 | 2.4563(5) | P1-Ru1-C37 | 93.51(6) P2-RU1-C37 | 91.34(6)
Ru1-Cl2 | 2.4331(4) | P1-Ru1-C38 | 89.82(6) P2-Ru1-C38 | 91.62(6)
Ru1-C37 | 1.877(2) | P1-Ru1-P2 | 174.948(16) | C38-Ru1-C37 | 89.82(9)
Ru1-C38 | 1.869(2) | Cl-Ru1-Cl2 | 95.835(17) | C38-Ru1-Cl2 | 92.76(6)
C37-01 | 1.136(3) | Cl1-Ru1-C37 | 81.59(6) CU-Ru1-C38 | 171.40(6)
C38-02 | 1.134(3) | Ru1-C37-01 | 178.74(19) | Cl2-Ru1-C37 | 177.37(6)

Ru1-C38-02 | 175.62(19)
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The obtained crystal structure is in accordance with data obtained from literature, showing cis
coordination of both carbonyl and chloride ligands to each other, with the bulky PPh; ligands
coordinated trans to each other'®. All bond lengths and angles were found concordant with those
previously reported, and the two expected vco bands were observed at 2061 cm™ and 1998 cm™.
To the best of our understanding, this specific method of preparation of [Ru(CO),Cly(PPhs),] has
not been previously reported although the preparation of transition metal carbonyl species by

decarbonylation of amides is known.

Given the observed behaviour of Ru(ll) species as catalysts for the preparation of L7,
complexation of 2-(diphenylphosphino)benzaldehyde was also attempted in absolute ethanol
under nitrogen atmosphere (Scheme 2.11), to investigate the possibility of direct formation of

[RuCly(L7).] from the aldehyde as starting material.

[RuCly(p-cymene)l, O> cl
©\Ao (0.25 equiv.) o ‘ PPh
» —0O,, |
PPh, EtOH RuU
reflux, 16h gh/ Co
2
Cl
10 %

Scheme 2.11 - Preparation of Ru(CO)Clz(L7*)PPhs.

After 18 h, a small quantity of yellow precipitate formed and was isolated by filtration under
nitrogen. NMR analysis showed two doublets in the *'P{"H} spectrum at 34.1 ppm and 31.5 ppm
with a very large coupling of Jpp = 356.4 Hz. Indeed, the resultant roofing effect was so large that
initial assessment of the NMR spectrum appeared to only show two singlets at 33.0 ppm and
32.6 ppm, with the outer peak of each doublet far smaller than the inside peak. In the '"H NMR
spectrum, a triplet and quartet in the aliphatic region suggested an ethyl arm, though neither the
signal broadening observed in [RuCl,(L7)2] nor any sign of diastereomeric behaviour was seen. In
LRMS the typical isotope pattern for only one ruthenium-containing species was observed,
confirming the precipitate was a Ru(ll) coordinate species. To identify the complex, crystals
suitable for X-ray crystallography were successfully grown by vapour diffusion of Et,O into
concentrated solution in DCM to give fine yellow block-like crystals, allowing assignment of

structure as the novel [Ru(CO)Cly(L7*)PPhs] in 10 % yield (Figure 2.20).
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Figure 2.20 - Left: Ru(CO)Cl2(L7*)PPhs. Right: Single crystal structure obtained of [Ru(CO)Clz(L7*)PPhs] with 50 %

thermal ellipsoids and hydrogen atoms removed for clarity. Asymmetric unit contained one molecule of complex.

Complex Bond lengths (A) Bond angles (°)

[RU(CO)CL(L7*)PPhs] | RuT-PT | 2.3469(5) | P1-Rul-Cl1 | 87.107(17) | P2-Rul-Cll | 93.489(17)
Rul-P2 | 2.4181(5) | P1-Ru1-Cl2 | 94.245(17) | P2-Ru1-Cl2 | 84.628(17)
Ru1-Cl1 | 2.4021(5) | P1-Ru1-O1 | 83.37(4) P2-Ru1-O1 | 93.91(4)
Ru1-Cl2 | 2.3802(5) | P1-Ru1-C40 | 91.17(7) P2-Ru1-C40 | 91.53(7)
Ru1-O1 | 2.1864(13) | P1-Ru1-P2 | 177.151(17) | Cl2-Ru1-O1 | 84.55(4)
Ru1-C40 | 1.810(2) | CU-Ru1-O1 | 84.44(4) Cl2-Ru1-C40 | 94.34(7)
C3-01 | 1.234(2) | CUl1-Ru1-C40 | 96.87(7) CU-Ru1-Cl2 | 168.672(18)
C3-02 | 1.319(2) | Ru1-C40-03 | 176.7(2) 01-Ru1-C40 | 174.32(8)
C40-03 | 1.153(3)

The observed species appears to be the product of decarbonylation of one equivalent of
2-(diphenylphosphino)benzaldehyde, as seen in the preparation of [Ru(CO),Cly(PPhs),], with a
second aldehyde molecule undergoing initial aldehyde C-H activation to create an intermediate
hydride species and organometallic chelate ring susceptible to back-side attack by ethanol

solvent, giving the second ligand as a variation of L7, assigned L7*.

The observed crystal structure is supported by LRMS ((ES+/Q-TOF) m/z: [M-Cl]* Calcd for
C40H34,03P,ClRu 761.07; Found 761.07). FTIR also showed a single stretching frequency at
1938 cm™ in the region typical for C=0. Additionally, a signal at 1646 cm™ is assigned to C=0

stretching, further informing L7* exists as a coordinated ethyl ester in the solid state.

57



—46.4
330
326
16.9
—-46
-15.9

r_;
—
L

J, |.“_J,LJL . “

70 65 60 55 50 45 40 35 30 25 20 15 10 5 0 -5 -10 -15 -20
f1 (ppm)

Figure 2.21 -3"P{’"H} NMR spectrum of reduced filtrate remaining after isolation of [Ru(CQO)Cl>(L7*)PPhs].

To further investigate the chemistry occurring in this reaction between [RuCly(p-cymene)l.,
2-(diphenylphosphino)benzaldehyde and ethanol, the reaction filtrate was reduced to give a
brown solid. NMR analysis of the solid showed many signals in the *'P{'"H} NMR spectrum,
including free PPh; and a small quantity of free L7. Also visible were a small quantity of dissolved
[Ru(CO)CL(L7*)PPh;] (only the larger of the doublet peaks shown at 6: 33.0, 32.6 ppm) and an
even smaller yield of [Ru(CO),CL,(PPh3),] (d: 16.9 ppm), suggesting decarbonylation is a minor
side reaction. The notable major signal in the spectrum was visible at +46.4 ppm in CDCls.
Initially, it was theorised that this species was [RuCLy(L7).], but the characteristic broad signals in
the aliphatic region of the "H NMR spectroscopy were not present. However, the major aliphatic
signals did include a quartet and triplet at 3.63 ppm and 1.14 ppm respectively, showing a slightly
more deshielded ethyl terminal group than seen in [Ru(CO)Cly(L7*)PPhs], with integration
indicating two ethyl groups present. Given the Ru-catalysed activation of aldehydes to ethanol
has been established, and the *'P{"H} NMR signal is in the same region as those observed in other
symmetrical bis-bidentate species, a tentative structure is proposed (Figure 2.22), though the
only available literature data for this compound proved inconsistent as Das et al. reported
multiple phosphorus environments'. However, no solid conclusion may be drawn as the
obtained data is not conclusive. In future work this compound would need to be isolated and
further analysis attempted, including using MS and crystallographic techniques to properly

assign it.

58



Yoo {
_O/,“\\O—
Ru‘
7| 7p
h
Cl

P
P 2 IDhZ

Figure 2.22 - Proposed second major product of reaction of 2-(diphenylphosphino)benzaldehyde with

[RuClz(p-cymene)]-.
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2.4 Exploration of PNN and PNS ligand systems

As previously noted, PNN complexes are frequently highly active, particularly in hydrogen transfer
type reactions, and recent work has also shown expansion into PNS systems®2° with particular
note of the hemilability of the sulfur group made’®. Hence, a series of PNN and PNS ligands were

targeted for further investigation in this series.

2.4.1  Preparation of PNN and PNNP ligands

Due to significant difference in bonding behaviour observed between [Ru(L1).]JCl, and
[RuCly(L6).], the basic structures of L1 and L6 were modified in design of PNN ligands selected to

investigate. The targeted ligands are summarised in Figure 2.23.

H |
©\AN/\/NH2 O\AN/\/N\ ©\AN/\/N\
PPh, PPh, PPh,
L8 L9 L10

Figure 2.23 - Targeted PNN ligands

Attempts to use ethylenediamine as an ethanolamine substitute were unfortunately largely
unsuccessful, as the aldehyde was prone to reacting at both ends of the ethylenediamine evenin
large excess of amine, giving mixtures which could not be easily separated. Use of a modified
literature procedure® did successfully give the monoimine L8 as a red oil by slow addition of
aldehyde at room temperature (Scheme 2.12), but attempts to purify resulted in internal reaction
once again giving the known diimine product L11 shown in Scheme 2.13. Further attempts to

isolate the imine L8 were not pursued.

~o ~_NH2 THF \N/\/NHz
£ HN
PPh, rt.

excess

\/

Scheme 2.12 - Attempted preparation of monoimine L8 by dropwise addition of solvated aldehyde over 4 h.

Ph,P
X THF
0 NH
2 [:::IiA\ +OHNT T2 \\N/A\v/th:I:::]
PPh,

L1

\/

Scheme 2.13 - Preparation of diimine ligand L11.

60



Instead, the methylated and dimethylated analogues L9 and L10 were investigated, using the
same preparation method as used in Scheme 2.2. L10 was produced readily in high yield and
purity. However, attempts to prepare L9 produced a crude mixture which could not be separated
by traditional methods, also reported in literature?'. Yang et al. reported that the mixture was a
result of a rehydration of the imine produced to give an amino alcohol as the major product (Figure

2.24).

PPh,
Figure 2.24 - Previously reported structure of the major form of L9.?

'H NMR data in this work also demonstrated a mixture of major amine and minor imine
compounds, though MS data did not support the existence of a hydrated form. Furthermore, three
separate multiplets in the 'TH NMR aliphatic region of the major product suggested a non-linear
system was present. As it is known that imidazolidines may be prepared from the reaction of
aldehyde with 1,2-diamines where both amino groups are secondary??, it stands to reason that
the two products produced are an imidazolidine primary product and a linear imine minor
product. This type of tautomeric equilibrium has also been reported in a reaction of
N-methylethylenediamine with various benzaldehydes by Witek et al., whereby the nature of
substitution on the benzaldehyde influences the degree to which the heterocycle is favoured?:.
Hence, itis concluded that the ligand L9 exists as a tautomeric mixture of linear imine L9a as the

minor product and imidazolidine L9b as the major product.

AN
; "
N
L9a (r N h L9b N
PPh, oPh,

Figure 2.25 — Proposed structure of L9a, minor component, and L9b, major component, of L9.

2.4.2 Complexation of PNN & PNNP ligands with Ru(ll)

Preparation of the previously reported [RuCl,(L11)] was achieved readily via literature methods,
with L11 binding in tetradentate fashion to give a red solid (Scheme 2.14). Based on '"H NMR data,
the ligand remains planar and symmetrical, with no distortion of the middle chelate ring; only one

singlet attributed to the aliphatic CH, protons is visible in the spectrum.
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L11 RuCly(L11)

Scheme 2.14 - Preparation of RuClz(L11).

Complexation of the two ligands L9 and L10 was attempted by reaction with [RuCl,(p-cymene)l.
according to the conditions in Scheme 2.4, as has been successful for the preparation of the

[RUCL(PNO),] set.

L9 has beenreported in literature to complex with Pt and Pd as animine regardless of its existence
as a tautomeric mixture?'. Here, the mixture was applied in excess to a solution of
[RuCly(p-cymene)]; in toluene and gave a major product which could be isolated in moderate
yield following filtration and precipitation induced with counter-solvent as a yellow-orange
powder. This complex was confirmed to have a bis-ligated structure of [RuCly(L9).] by HRMS
((ES+/Q-TOF) m/z: [M-Cl]* Calcd for CssH4sN4P,ClRu 829.1930; Found 829.1939). According to
S'P{'H} NMR spectroscopy the species contained two distinct phosphorus environments in the
downfield complex region of the spectrum (&: +50.8 and +35.7 ppm) which coupled together,
indicating two different binding modes of L9. The 'H NMR spectrum supports this, as two signals
in the imine region suggest that two different imine proton signals exist in the complex. A notable
absence of amine proton signals in the complex supports the notion that only the imine tautomer
L9a coordinates to a metal centre. In FTIR, a slight increase in intensity of the C=N stretch
absorbance and a wavenumber shift from 1655 cm™ to 1633 cm™ upon complexation support the
bond lengthening associated with an imine bound to Ru(ll) observed in previous PNO complexes.
Binding of two imine nitrogens in an inequivalent fashion is corroborated by a shift of the imine
carbon in the "*C NMR spectrum to give two separate signals, both downfield of the free ligand
L9a (Table 2.11), demonstrating the expected loss of electron density due to coordination of

nitrogen.

Table 2.11 - Key NMR signals of L9a and [RuCI(L9)-]CL.

L9a [RUCL(L9),]CL
'H & HC=N/ ppm 8.82 9.18 8.79
13C{'H}5 HC=N/ppm | 161.0 169.7 169.3
SIP{1H} & / ppm 12.2 50.8 35.7
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Examination of key NMR signals (Table 2.11) suggests a mixture of tridentate and bidentate
binding, so the complex is accordingly labelled [RuCl(L9).]Cl. One of the imine proton signals
demonstrates a downfield shift previously observed in tridentate binding ligands, whilst the other
shows the slight upfield shift associated with bidentate behaviour in previous complexes.
Similarly, the upfield shift of +63 ppm of one phosphorus signal is indicative of the tridentate
binding observed in tridentate complexes of L1, but the smaller shift of +47.9 ppm of the other is
more akin to the more shielded *'P{'"H} NMR signal observed in bidentate species [RuCl,(L6).].
Most notably, the aliphatic region showed eight different signals attributed to -CH,- protons, as
well as two separate singlets for the aminomethyl protons. This demonstrates that, as in other
bis-ligated species explored in this work, the pendant arms demonstrate steric constraints

preventing free motion in solution, and in this instance, are certainly asymmetrically bound.

Crystals suitable for single crystal X-ray crystallography were able to be grown by vapour diffusion
of Et,O into DCM. The crystal quality was too poor to provide accurate bond lengths or angles,
but coordination sphere was able to be determined and is shown in Figure 2.26. Gratifyingly, this
observed structure confirms the bis-ligated system, and additionally shows the two different
binding modes predicted. One ligand adopts a tridentate binding mode, featuring two envelope-
shaped chelate rings. The other ligand binds in a bidentate fashion, with the pendant amine arm
positioned away from the bulky phenyl groups. In this conformation, all three binding nitrogens
are cis to each other. One chlorine is directly bound to the ruthenium centre as a chloride ligand,
with the other existing near the unbound amine in an outer sphere position. It is noted that this is

the only isomer observed of this species.

cl2

‘ Ph,
cl, | WP
Ru
v ‘N— Cl-

Figure 2.26 - Crystal structure obtained of [RuCI(L9)2]Cl with 50 % thermal ellipsoids and hydrogen atoms and phenyl
groups removed for clarity. Asymmetric unit contained one molecule of complex and two molecules of crystal growth

solvent (DCM) which have been removed for clarity.
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Attempted complexation of L10 was less straightforward. Reflux of L10 with [RuCly(p-cymene)].
did not initially give the anticipated bis-ligated product in any significant yield. A small amount of
dark brown solid directly precipitated from the reaction mixture and gave the expected mass of a
bis-ligated species by LRMS ((ES+/Q-TOF) m/z: [M-Cl]* Calcd for C4sHs0N4P-.ClRu 857.22; Found
857.22) but the extremely pooryield (< 20 mg) prevented full analysis. Addition of hexane induced
precipitation of a second complex in poor yield featuring two mutually coupled phosphorus
environments in 3'P{"H} NMR. Crystals suitable for X-ray crystallography were grown by vapour
diffusion of Et,O into DCM and surprisingly showed one coordinated molecule of L10, with a
molecule of 2-(diphenylphosphino)benzaldehyde directly coordinated as the second ligand

(Figure 2.27). This complex was assigned [RuCl(L10)(PPh;°)].

Figure 2.27 - Single crystal structure obtained of [RuCI(L10)(PPhs°°)] with 50 % thermal ellipsoids and hydrogen

atoms removed for clarity. Asymmetric unit contained one molecule of complex and one molecule of Et;0 solvent.

Complex Bond lengths (A) Bond angles (°)
[RUCL(L10)(PPh,%0)] | Ru1-P1 | 2.2818(5) | P1-Ru1-Cl1 | 103.257(19) | N1-Ru1-Cl1 | 85.69(5)
Rul-P2 | 2.2737(5) | P1-Ru1-P2 | 95.92(2) N1-Ru1-P2 | 97.59(5)
Rul-N1 | 2.3524(18) | P1-Ru1-N2 | 87.13(6) N1-Ru1-N2 | 79.28(7)
Ru1-N2 2.1063(18) | P1-Ru1-C1 85.71(6) N1-Ru1-C1 86.06(7)
Ru1-Cl1 | 2.5762(5) | P1-Ru1-N1 | 163.54(5) | C1-Ru1-N2 | 94.18(8)
Rul-C1 | 2.006(2) | ClI-Ru1-P2 | 91.804(19) | C1-Ru1-P2 | 85.34(6)
C24-N2 1.283(3) Cl1-Ru1-N2 | 88.19(5) C1-Ru1-Cl1 | 170.85(6)
c1-01 1.224(3) | Ru1-C1-01 | 126.27(16) | N2-Ru1-P2 | 176.86(6)
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This system was also confirmed by HRMS ((ES+/Q-TOF) m/z: [M-Cl]* Calcd for C42H3sN.OP,Ru
751.1581; Found 751.1602). The crystal structure shows a distorted octahedral structure with
one chloride ligand, distorted away from the bulky phenyl groups. One single ligand of L10 bound
in a tridentate coordination mode with the expected two chelate rings adopting distorted
envelope conformation. The asymmetry of the CH, protons is demonstrated by the existence of
four signals in the aliphatic region; the two separate singlet signals for the methyl groups further
demonstrate the fixed conformation due to binding of the amino nitrogen. The aldehyde ligand
PPh;®° binds in a bidentate fashion, forming a planar 5-membered metallacycle with observed
Ru-P2 bond length typical for this type of ¢ donation. However, the Ru-C1 bond length is the
shortest of all Ru-L bonds; the absence of an aldehyde proton suggests covalent-type binding of
the aldehyde carbon. This is also seen with the absence of an aldehyde proton in the '"H NMR
spectrum. Examination of the "*C{"H} NMR spectrum however shows an absence of the typically
highly deshielded aldehyde carbon, with a signal at 161.0 ppm, much more shielded than free
2-(diphenylphosphino)benzaldehyde (191.7 ppm). The observed chemical shift of the C=0
carbon is more typical of the coordinated imine carbons, suggesting substantial back-donation
from the ruthenium centre to the carbonyl carbon. This donation does not seem to significantly
lengthen the carbonyl bond, which is reported as similar to aldehyde C=0 bond lengths in

uncoordinated aldehydes.

The unexpected formation of this species was initially suspected to be due to growth of crystals
in an aerated environment over the course of several weeks permitting hydrative cleavage of the
imine bond during crystal growth. However, agreement of both mass spectrometry and NMR
spectroscopic analysis of the solid product with the reported structure demonstrated that the
crystal structure obtained is indeed representative of the solid product obtained. Therefore, the
imine hydration must have occurred due to the incidental presence of water in some stage of the
complex synthesis. Given that in the initial preparation of ligand L10, no in situ drying agent was
used, it is assumed that not all water was successfully removed from the ligand in purification,
and this is the water source. Hydrative cleavage is proposed to occur after complexation of L10

(Scheme 2.15).
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Scheme 2.15 - Potential pathway to [RuCIl(L10)(PPhs°°)] from [RuCl2(L10)z].
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Complexation with L10 was repeated, this time using a sample of L10 which was prepared over
Na,SO, and then stirred in toluene over 3 A molecular sieves overnight. Identical conditions were
used for complexation with [RuCly,(p-cymene)], were used as previously. A low yield (23 %) of
[RuCl;(L10),] was successfully prepared as an induced precipitate, with identity confirmed by
HRMS (HRMS (ES+/Q-TOF) m/z: [M-Cl]* Calcd for CssHsoN4P-.CIRu 857.2243; Found 857.2269.).
Examination of the NMR spectroscopic data suggested a bis-ligated symmetrical bidentate
structure akin to [RuCl,(L6).]: a single singlet in the 3'P{"H} NMR spectrum at 48.8 ppm, a single
imine proton signal slightly upfield of free ligand (complex: 8.71 ppm, L10: 8.90 ppm), and the
appearance of four separate CH, environments in the '"H NMR spectrum all are analogous to
[RuCly(L6).]. Additionally, the non-coordination of the amine nitrogens is indicated by the
appearance of all methyl protons in the '"H NMR spectrum as a single singlet integrating to 12

protons at 1.76 ppm.

Figure 2.28 - Proposed structure of RuCl>(L10)-.

No other synthesis required such stringent exclusion of water for isolation of a single product in
good yield. It is apparent this ligand system is particularly sensitive to cleavage. Given the low
yield of both [RuCL(L10)(PPh3°°)] (15 %) and [RuCl,(L10),] (23 %), it is proposed that the increased
bulk created by use of a tertiary amine pendant arm inhibits stable formation of a bis-ligated
species, such that hydration of an imine pre-activated through complexation with ruthenium is

particularly favourable.

2.4.3 Preparation of PNS ligands

Preparation of a range of similar imine-based PNS ligands was attempted by the same method as

the PNO series (Scheme 2.16).

7N
o 7N MeOH SN SR
+ H2N SR >
PPh, A, 2h PPh,

Scheme 2.16 - Standard conditions used for preparation of targeted PNS ligands.

66



S/> S
N 67 % 67 %

0:-17.3 ppm H 0:-17.2 ppm
PPh, PPh,
L12 L13
@NNS\ 93 % @N/\/\S/ 99 %
PPh, 0:-13.6 ppm PPh, 0:-13.4 ppm
L14 L15
y /Q 64 % SN PPh2 89 %
N S 0:-14.6 ppm (;CS/ 0:-19.3 ppm
PPh,
L16 L17
(;CN/\/S\ 91 %
Pp;lz 0:-16.0 ppm
L18

Figure 2.29 - Summary of PNS ligands prepared in this work. Synthetic yield and 'P{'H} NMR chemical shift shown.

Initial PNS targets were selected to mimic the structures of the PNO series where possible, and a
range of imines and cyclised ligands were obtained (Figure 2.29). Attempts to obtain a free SH
terminal arm through reaction of cysteamine with 2-(diphenylphosphino)benzaldehyde were
unsuccessful, instead giving a thiazolidine ring structure (L12). Whilst ligand L12 is unreported
previously, similar cyclised compounds have been obtained through reaction of an aldehyde with
a primary 1,2-aminothiol, including thiazolidine itself>*. The cyclisation was evidenced by
complete loss of the imine proton in "H NMR spectroscopy, with appearance of a moderately
deshielded single proton signal at 6.21 ppm, indicating a single sp® C-H adjacent to two
heteroatoms. Four protons in the aliphatic heterocycle were, as expected, inequivalent, showing
multiplet signals consistent with those observed in 2-phenylthiazolidine®. Hence it is presumed
the adopted structure is an analogous envelope conformation with axial N-H and equatorial
substitution at the 2 position. The previously reported cyclised ligand L13 was also able to be

produced readily per the method in Scheme 2.2.

Ligands L14 and L15 were obtained readily from their respective aminothioethers. Similar
attempts to prepare L16 required more forcing conditions: complete reaction required reflux in

toluene using continuous removal of water, either through the use of Dean-Stark apparatus or
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simply in situ inclusion of pre-activated 3 A molecular sieves. Difficulty in synthesis is presumed

due to increased steric bulk of product.

toluene
X 3 A mol sieves
(@] AN
()\A + HoN > ©\AN 64 %
PPh, S A, 16 h PPh, O
L16

Scheme 2.17 - Synthesis of L16.

In order to further investigate the binding modes in the PNS ligand family, the ligands L17 and L18
were prepared. The previously reported® L17 was obtained in high vyield from
2-(diphenylphosphino)ethylamine and 2-(methylthio)benzaldehyde. L18 could be prepared from
treatment of L14 with NaBH..

1) MeOH
X A, 2h A~S
©\AO ¥ HZN/\/S\ 2) NaBH,, MeOH g ©\AH 1%
PPh abHy, Ve
2 rt, 18 h PPh;

L18

Scheme 2.18 - Synthesis of L18.

2.4.4 Complexation of PNS ligands

2.4.4.1 Complexation of L12

Initially upon addition of a large excess of L12 to a solution of [RuCl;(p-cymene)], dissolved in
room temperature toluene, a red precipitate immediately formed. This was then isolated by
filtration and identified by LRMS (m/z: [M-Cl]* Calcd for C3;HssNPCIRuS 620.09; Found 620.08) as
a complex featuring only a single equivalent of ligand L12, labelled complex
[RuCLl(L12)(p-cymene)]CL. In the *'P{"H} NMR spectrum, a single species at 36.2 ppm is visible,
showing a downfield shift of the ligand signal by +54.5 ppm upon complexation. Poor solubility in
CDCl; made fine detail in the "H NMR spectrum difficult to determine, but a set of two proton
signals at5.32 and 5.62 ppm were attributed the coordinated p-cymene ligand. The binding mode
is presumed to be n® with rotation restricted by steric constraints of other ligands, as in precursor

[RuCLl(L12)(p-cymene)]CLl. A series of four broad multiplet signals at 3.83, 3.71, 3.56 and
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3.13 ppm each integrating to one hydrogen were attributed to the single L12 ligand and its four
inequivalent protons. The absence of an imine proton and the presence of a signal at 6.28 ppm
demonstrate a slightly deshielded amine proton, indicating the heterocycle coordinates with
retained cyclisation, unlike the PNN heterocyclic ligand L9b. This is supported by the absence of
a C=N stretching frequency in FTIR. Coordination is proposed as PN-type based on the existence
of similar PN coordinate species?, but in the absence of crystallographic data it is impossible to

determine with certainty.

Ru: P cr

Figure 2.30 - Proposed structure of [RuCl(L12)(p-cymene)]CL.

An attempt to prepare the bis-ligated analogue of [RuCl(L12)(p-cymene)]Cl was performed by
adding solvated ligand L12 directly to a pre-heated solution of [RuCly(p-cymene)]. to minimise
competitive precipitation of [RuCl(L12)(p-cymene)]CL. This led to the production of a yellow-
brown solid, identified by LRMS as a bis-ligated analogue ([M-Cl]* Calcd for C42H4oN2P2S,ClRu
835.08; Found 835.08). Interestingly, FTIR analysis of the solid crude solid mixture of isomers of
[RuCly(L12),] showed absorbance at 1620 cm™, demonstrating the existence of a coordinated
C=N bond. This suggests L12 underwent ring-opening upon complexation when heated to reform

an imine-containing ligand with a free thiol arm.
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Figure 2.31 - 3"P{'"H} NMR spectrum of crude mixture of [RuCl>(L12);] showing three isomers formed, A B and C. No

other signals were observed in the spectrum.
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NMR analysis was non-trivial due to poor solubility and multiple isomers observed, but appeared
to support this potential ring-opening. 3'P{'"H} NMR analysis showed a mixture of three species
which were not readily separable by recrystallisation in a ratio A:B:C of approximately 1:8:3. The
major product [RuCly(L12),]-B showed a pair of doublets coupled together at 50.0 ppm and
24.2 ppm and accounted for approximately 65 % of product. The major product is therefore
proposed to be an asymmetric species similar to [RuCl(L9).]Cl, so labelled [RuCl(L12).]CLl. Minor
product [RuCly(L12),]-A was a second set of doublets coupled together at 51.4 and 37.3 ppm,
tentatively assigned as an isomer of [RuCl(L12),]CL. The final product [RuCl;(L12),]-C appeared
as a singlet, so was identified as a symmetrical species — the initial assumption was this species
was a slightly shifted signal of [RuCl(L12)(p-cymene)]Cl, but no visible protons attributable to the

p-cymene ligand and no appropriate signals in the mass spectrum preclude this as a possibility.

The ring-opening to reform an imine is supported by the presence of a pair of overlapping peaks
at 8.78 and 8.76 ppm in the "H NMR spectrum, similar chemical shift to those signals reported
for imines in bis-ligated species previously discussed. Unfortunately, due to the number of
isomers and resultant overlapping signals in the TH NMR spectrum, further detail about the
structure was difficult to elucidate. However, broad multiplets in the aliphatic region show more
than four aliphatic proton environments, with 7 overlapping broad multiplets between 4.15 and
2.60 ppm integrating to give 8 proton environments relative to the two imine proton signals.
Hence, it is tentatively proposed that the binding mode of the primary obtained isomer in this
system involves one tridentate coordinated imine tautomer of L12 and one bidentate imine form

of L12 (Figure 2.32).

S
‘ Ph,
Cl//,' \\\\\P p
Ru
NT ‘ N= Cl-
P

Figure 2.32 - Proposed structure of [RuCl(L12)2]CL.

Without successful isolation of a single isomer and crystallographic data to support this
proposed structure, the structures of these species remain unconfirmed. Further work could
explore synthesis with alternative ruthenium precursors attempt to bypass competitive
production of [RuCl(L12)(p-cymene)]Cl and investigate control of the ring-opening of ligand L12.

However, it is demonstrated that altering conditions alters the ligand structure in the complex.
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Table 2.12 - Key NMR data for L12 and its complexes.

L12 | [RUCL(L12)(p-cymene)ICL | [RUCL(L12),]CL

'H3HCN/ppm | 6.21 6.28 8.78 | 8.76

SP{'H}5/ ppm | 17.3 36.2 50.0 | 24.4

‘ Phy
| tol cl tol Ol F p
Ru- 1P cr oluene S cl oluene u
o’ N\ /R”icPR”/ N | Sh= °
rt., 30 min Cl reflux, 16 h 7 PPh, \\\
K/S
SH

single product mixture of isomers

Scheme 2.19 - Conditions used to prepare different complexes of L12.

2.4.4.2 Complexation of linear aliphatic PNS ligands

The remaining aliphatic systems were also investigated. When reacted with [RuCly(p-cymene)]s,,
ligand L14 coordinated readily in a bis-ligated form, giving a single asymmetric product in
excellent yield as yellow solid. The presence of two coordinated molecules of L14 and chlorine
was confirmed by HRMS (HRMS (ES+/Q-TOF) m/z: [M-Cl]* Calcd for CssH4N2P>S,ClRu 863.1153;
Found 863.1160), with two doublets in the *'P{"H} NMR spectrum coupling together (44.4,
41.1 ppm) confirming an asymmetric binding mode. Hence, the complex was labelled
[RuCl(L14).]Cl and proposed to have the same bidentate/tridentate binding structure as seen in
[RuCl(L9).]CL. Key NMR signals are summarised in Table 2.13. As with [RuCl(L9),]Cl, two imine
signals in the "H NMR spectrum were visible, as were two imine carbons in the *C spectrum.
Again, eight separate aliphatic proton environments are also visible, demonstrating not only
ligand inequivalence but steric restriction on free rotation, even when pendant arm is
uncoordinated. Crystals suitable for X-ray crystallography were obtained from slow evaporation
of a concentrated solution of [RuCl(L14),]Cl in DCM to give yellow needle-like crystals. The

obtained structure is shown in Figure 2.33.

Table 2.13 - Key NMR signals of L14 and [RuCl(L14)2]CL.

L14 [RuCL(L14),]CL
'H & HC=N/ppm 8.89 9.15 9.11
3IH}C 5 HC=N/ppm | 160.8 172.3 169.3
SIP{1H} & / ppm 13.6 44.4 41.1
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Figure 2.33 - Crystal structure obtained of [RuCIl(L14):]Cl with 50 % thermal ellipsoids and hydrogen atoms and
phenyl groups removed for clarity. Asymmetric unit contained one molecule of complex and two molecules of crystal

growth solvent (DCM) which have been removed for clarity.

Complex Bond lengths (A) Bond angles (°)

[RUCL(L14)2]CL | Ru1-P1 2.3030(7) | P1-Ru1-CU | 89.12(2) | N2-Ru1-Cl1 | 83.18(6)
Ru1-P2 2.3185(7) | P1-Ru1-P2 99.23(3) N2-Ru1-P2 95.38(6)
Ru1-N1 2.099(2) P1-Ru1-N1 92.15(7) N2-Ru1-S2 82.38(7)
Ru1-N2 2.160(2) P1-Ru1-S2 90.91(3) N2-Ru1-N1 94.84(9)
Ru1-Cl1 2.4149(6) | P1-Ru1-N2 | 170.29(6) | N1-Ru1-P2 | 95.38(6)
Ru1-S2 2.4123(7) | Cl-Ru1-P2 | 90.78(2) | N1-Ru1-S2 | 90.07(6)
Ca-N1 1.289(4) | CU-Ru1-S2 | 83.46(2) | P2-Ru1-S2 | 168.27(3)
C26-N2 1.274(4) | CU-Ru1-N1 | 173.42(6)

The obtained structure showed a distorted octahedral structure featuring two molecules of L14
and one coordinated chloride ligand. A second chloride was observed as an outer sphere
counterion. The two phosphine groups are positioned cis to one another, with an expanded
P-Ru-P bond angle of 99°. The phosphine rings are positioned in a fixed paddlewheel
conformation but show no co-planar positioning or stacking of p orbitals. The tridentate ligand
forms two chelate rings, each adopting analogous conformation to that seen previously, with an
envelope 5-membered N-S ring and a 6-membered half-chair P-N ring. The coordinated sulfur is
chiral. The bidentate ligand forms a planar 6-membered chelate ring, binding by the phosphorus
and nitrogen donor atoms, with the aliphatic methylthio arm positioned away from the bulky

phenylring systems.

72



The reduced form of L14, L18, also complexed readily according to the conditions in Scheme 2.4
to give a yellow solid product. However, this complex was unfortunately very difficult to analyse
due to its insolubility in chloroform, DCM, DMSO, methanol and acetonitrile. HRMS was able to
confirm a bis-ligated structure featuring two chlorides, [RuCly(L18),] ((ES+/Q-TOF) m/z: [M+H]"
Calcd for CasHisN2P,S,CLRuU 903.1233; Found 903.1245). Potential oligomerisation of the
complex could be the cause for such insolubility, but no evidence of heavier fragments was seen
in the mass spectrum. Very sparing solubility in toluene permitted identification of a singlet at
48.9 ppm in toluene in the *'P{'"H} NMR spectrum. This represents a downfield shift of +65.0 ppm
upon complexation, consistent with the shifts observed in preparation of tridentate species
[Ru(L1-3):]Cl,. However, without any significant '"H NMR or crystallographic data, any

coordination of sulfur cannot be confirmed.
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Figure 2.34 - Possible structures of [RuCl2(L18)-].

Complexation of ligand L15 (again using complexation conditions described in Scheme 2.4)
successfully produced the single isomer species [RuCl;(L15);] as a red solid by induced
precipitation with dry pentane. When analysed by HRMS, it showed a bis-ligated species featuring
two chlorides. NMR analysis of the species shows a single singlet at 48.9 ppm in the *'P{"H} NMR
spectrum, a downfield shift of +62.3 ppm from free L15 (d: -13.4 ppm). The symmetry is further
confirmed with '"H NMR analysis. The key imine proton also shows a slight upfield shift in the 'H
NMR spectrum, from 8.87 ppm (free L15) to 8.75 ppm ([RuCl,(L15).]). These shifts are very similar
to those observed in the bidentate complex [RuCl,(L4).], which crystallographic data determined
showed a cis bidentate structure. Hence, it is proposed that [RuCl,(L15).] also shows this binding
mode (Figure 2.35). Interestingly, as with all other species, distinct aliphatic signals were
observed for the six CH, protons in the '"H NMR spectrum, again demonstrating restricted motion
of pendant arms in solution. However, as with [RuCl,(L4).], [RuCl»(L15).] also demonstrates free

rotation of the methyl protons, which appear as one singlet at 1.84 ppm.
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The final complexation attempted was of L17. When complexed with [RuCly(p-cymene)]z, an
initial precipitate was obtained and isolated by filtration, labelled [RuCly(L17).]-A, at 17 % yield.
Subsequent addition of dry pentane to the filtrate resulted in isolation of a second product,
[RuCly(L17)2]-B, in 40 % yield. HRMS analysis of both products demonstrated both species were
bis-ligated and featured chlorides. However, both systems showed distinct NMR signals; key

signals are summarised in Table 2.14.

Table 2.14 - Key NMR data for L17 and the two produced isomers of [RuClz(L17)2].

L17 [RuCL:(L17).]-A [RuCly(L17).]-B

o A o A o A d A

'H3HC=N/ppm | 8.64 | 9.68 | +1.04 | 8.77 | +0.13 | 8.76 | +0.12 | 8.25 | -0.39

{{HF¥'Pd/ppm | -19.1 | 38.0 | +57.1 | 33.7 | +52.8 | 44.6 | +63.7 | 30.0 | +49.1

Itisimmediately obvious that both obtained isomers show ligand asymmetry and are additionally
distinct from one another. The large downfield shifts of the phosphorus signals are indicative of
binding of the phosphorus atom in all cases, so it is presumed binding modes are at least
bidentate and there is a PN binding moiety in each species. This is supported by a shift in C=N
stretch in the FTIR from 1627 cm™ (free L17) to 1584 cm™ (observed in both isomers of
[RuCly(L17).]). Given the anticipated PN binding region of each ligand is substantially different
from the other systems explored in this work (5-membered aliphatic chelate ring, as opposed to
the 6-membered planar or half-chair shaped rings discussed previously), it is difficult to infer

structural information between species by comparison with their data.

It is notable in the aliphatic region of the '"H NMR spectrum of both isomers that the CH, protons
experience substantial downfield shifts due the deshielding effects of coordination. In both
cases, there are also more than two CH; signals, further supporting ligand inequivalence. In the
minor product [RuCl,(L17).]-A, the sample was rather impure and the NMR data is poor, but the

aliphatic region of the 'H spectrum shows a region of broad deshielded signals between
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approximately 5.35 ppm and 3.45 ppm, integrating to account for eight distinct CH, protons, and
suggesting significantinequivalence between the two L17 ligands. This typically indicates chelate
ring distortion, so a structure similar to that of [RuCl(L14),]Cl is considered most likely (Figure
2.36a) for this species. Unfortunately, the relatively poor solubility and purity of [RuCl(L17).]-A
makes further detail impossible to obtain from NMR. Interestingly, in the purer and more soluble
major product [RuCl,(L17).]-B, there are only three signals attributable to the four CH, protons,
but the methyl proton signals are inequivalent. Hence, there must be increased symmetry in the
aliphatic region, either through planar chelate rings (and therefore geminal chemical
equivalence), or symmetrical PN moiety binding. Symmetrical PN chelate rings would likely result
in a single *'P{"H} NMR signal instead of the observed pair of doublets, so this binding mode is
unlikely. The lack of chelate ring distortion could be possible by an inequivalent bidentate
structure, which is proposed in Figure 2.36b, though this does not effectively explain the
differences in methyl group 'H NMR chemical shift. However, multiple possible other ligand

coordination modes are available so without additional structural data, these proposals remain

tentative.
— 1+ PPh2
PPh, Ph,
Ph; Clr. | wP
Cl/ \\P ’
a) IS ; cr \
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2/ S— \
L s |
[RuCLy(L17),]-A [RuCly(L17),
Figure 2.36 - Proposed structures for isomers of [RuClz(L17)2].
2.4.4.3 Unsuccessful complexations

Complexation of the ligands L13 and L16 was attempted unsuccessfully. When complexation of
the second thiazolidine ligand L13 was attempted according to the same procedure using excess
L13, a dark green crude mixture of several singlets appeared in the *'P{"H} NMR spectrum which
could not be separated by traditional techniques. When sat in solution for several hours, black
solid appeared suspended and free ligand became visible in the NMR spectrum, suggesting an
unstable species, and notably degrading in the same way described by Dilworth in their work with
similar aromatic PNO and PNS ligands'®. Therefore, this complex was not investigated further.

Similarly, attempted complexation of L16 produced a very insoluble dark black solid which
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showed no significant signals in either *P{’"H} or "H NMR, suggesting decomposition of starting
material with no successful complexation. The failure of either of these ligands to produce
complexes where phenolic ligand L3 was successful is attributed to the proposed alkoxide
bonding in [Ru(L3),]Cl; stabilising the extended aromatic backbone as it undergoes the necessary

distortion to coordinate in a tridentate conformation.

s [RuCl,(p-cymene)l,
(0.25 equiv.)

N > mixture of unstable complexes
H toluene
PPh, reflux, 16h
L13

[RuCly(p-cymene)l,

(0.25 equiv.)
N > . .
> insoluble black solid
S toluene
PPh; reflux, 16h

L16

Scheme 2.20 - Unsuccessful complexations of L13 and L16.

2.4.5 Conclusions

The series of novel [RUCl(PNX).] (X=N,S) complexes prepared in this set appeared to
demonstrate more variation in stable binding mode than the previous [Ru(PNO),] set. The use of
R substituted amines and thiols was necessary to prevent internal reaction, either by further
imine rearrangement (as seen in the failure of isolation of primary amine terminated L8) or
cyclisation (see L12 and L13). The tautomeric cyclic structure of L9 was found to not affect the
binding modes observed upon complexation due to spontaneous ring-opening, but the
thiazolidine ring structure of L12 was apparently more stable, only showing partial ring-opening
upon coordination, and leading to a more complex product mixture. Notably, this ring-opening
did not occur at all in the absence of heat; exploration of room-temperature complexation of L9

could further establish the preference towards an imine ligand over an imidazolidine ligand.

Unlike in the PNO set, substitution at the pendant arm heteroatom did not preclude tridentate
coordination, as confirmed by crystal structures obtained of both [RuCl(L9).]JCl and
[RuCl(L14).]CL. It is interesting that for these two species, isomeric mixtures were not obtained,

demonstrating clear stability of these mixed bidentate-tridentate species. This evidence of stable
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binding in both coordination modes is promising for potential applications to homogeneous

catalysis, where pincer ligand hemilability is frequently proposed in catalytic cycles.

Extension of the aliphatic pendant arm did however result in loss of pincer-type tridentate
coordination (seen in both PNO complex [RuCl(L4).] and PNS complex [RuCl,(L15).]), showing
the formation of two adjacent 6-membered chelate rings in this type of pincer ligand is
disfavoured. An exploration of the reduced forms of these species in future work would be an
interesting way to determine if the increased flexibility of the backbone would permit tridentate
coordination, though it is noted that reduced solubility may be an issue, given the problem of
analysis of [RuCly(L18).]. It is noted that introduction of flexibility in the PN binding moiety
resulted in multiple stable isomers of [RuCly(L17).], so this is presumed to be a likely outcome in
more flexible reduced PNX complexes. However, reduction would allow fuller comparison of PNN
species without the risk of internal formation of PNNP complexes, as well as potentially provide
more stable pincer-type binding modes of thiazolidine ligands. Given that, when applied to
catalysis for hydrogen transfer mechanisms Ru-N containing species are frequently proposed to
undergo reduction/oxidation at the binding nitrogen site, a more direct comparison with
analogous reduced ligand species could provide interesting data on potential catalytic cycles in

such reactions.
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3 Application of Ru(ll) Complexes to the Upgrading

of Ethanol for Advanced Biofuels

This chapter discusses the application of catalysis in the upgrading of ethanol for production of
butanol as an advanced biofuel. The application of novel species presented in Chapter 2 to this

transformation is investigated and compared to state-of-the-art systems.

3.1 Background

3.1.1 Fossil Fuels

It is well established that the modern human lifestyle is unsustainable. This is particularly true
with respect to ongoing enthusiastic consumption of nhon-renewable resources. Fossil fuels are
the obvious case of this: formed over the course of millions of years from the anaerobic
decomposition of prehistoric organic matter', they are not possible to reproduce in anywhere
close to the required rate to sustain supply. Significant consumption began in the British
Industrial Revolution in the mid-1700s, predominantly coal, with rapid expansion to Europe and
the rest of the world by the early 1800s2. An explosion in use of fossil fuels in the mid-twentieth
century included crude oil (also referred to as petroleum) and natural gas at increasing rates.
Despite international scientific and political acknowledgement of the major contribution of their
use to the uncontrolled global heating now known as the climate emergency®*, both production
and consumption rates of fossil fuels have increased every year since 1982 (excluding only 2009
and 2020)"®. This is inherently unsustainable, both in the production of greenhouse emissions,
and in the use of a finite resource. Indeed, current global reserves are estimated to be unable to
sustain current demand within this century, with the Millennium Alliance for Humanity and the
Biosphere (MAHB) estimating petroleum reserves unable to meet demand by 2060°. This
uncontrolled consumption, and the resultant emissions, is one of the major markers of the

current geological epoch: the Anthropocene?.

Petroleum is currently the most consumed fossil fuel by energy, and has been since the 1960s"~".
In 2023, global consumption of petroleum exceeded 100 million barrels of petroleum consumed
per day for the first time ever’, with the US being the largest producer and consumer, using around
20 million barrels daily®. Most petroleum is used as a transformed fuel, with the transportation

sector the primary user: over 80 % by volume of petroleum is directly converted to liquid fuel

80



products in the US8. These include light distillates such as gasoline and naphtha, middle

distillates like diesel and kerosine, and heavy fractions referred to as fuel oil.

Gasoline, or petrol, is a C4-C4, petroleum fraction used primarily as liquid fuel in private vehicles
and is by far the most consumed petroleum product by volume?. In 2023, finished motor gasoline
accounted for 42 % of petroleum consumption in the US, exceeding pre-COVID levels of 2019 for
the first time”®. Despite increasing interest amongst consumers and corporations in western
markets for alternative low-emission options like electric vehicles (EVs), there has been no loss
of demand for liquid fuel sources compatible with current engine technology. This is
understandable: electric vehicles are expensive, use large quantities of critical materials, require
ready access to a robust electrical infrastructure so are frequently unsuitable for long distance
use, and depending on location, the primary source of electrical power is not guaranteed to be
renewable anyway®. Despite limited adoption in some markets (1 in 3 new cars purchased in
Chinawere electricin 2023), itisincredibly localised and slow; China, Europe and the US account
for 95 % of all sales®, and of these regions only China has EVs make up more than 5 % of cars in
use’. There is currently no projected timeline for EVs becoming the majority stock share of
personal vehicles', and long-haul travel remains an inappropriate application. Hence, reliance

on liquid fuel remains.

3.1.2 Biofuels

A biofuel is defined by the Intergovernmental Panel on Climate Change (IPCC) as a fuel produced
from any form of biomass or its metabolic byproducts®. Sustainability advantages as a material
are clear: their feedstock materials can be produced in timescales ranging from years to months,
making them renewable sources. Production is not geographically restricted by fossil fuel reserve
locations, which has substantial geopolitical benefits for regions dependent on a small number
of fossil fuel producers. Feedstocks may be grown for purpose, or make use of industrial bio
waste. Although biofuels are still greenhouse gas emitters when burned, there is cyclical carbon
capture and release in the growth of the source biological material, so biofuels may be

considered low emission or carbon neutral'.

Given projected loss of access to petroleum within the next 40 years, and a lack of alternative
vehicle options reaching majority of users in this timeframe, alternative options suitable for
existing infrastructure are imminently necessary. Liquid biofuels are widely considered as
promising improvements to the current fuel consumption model and are almost exclusively used
in the transportation sector'?. However, by nature of their production using biomass, a limitation

of biofuels is the competitive use of land and resources which could be used for food production
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to instead produce fuel-source biomass. Additionally, associated concerns with the impact of
monocultures, loss of diverse habitat for farming, and carbon release from cleared land are
common criticisms of commercial starch- and sugar-sourced biofuels, especially when
expanded to account for increasing demand’"'®. Hence biofuels are categorised according to
their source and related environmental cost, and therefore their sustainable profile with respect
to the UN Sustainable Development Goals™ and the 12 Principles & Criteria of Sustainability as
set out by the Roundtable on Sustainable Biofuels'. These category definitions vary somewhat

in the literature but are approximately summarised as follows'®":

e First generation (conventional): biofuels produced from starch- or sugar-based sources,
edible biomass, or biomass grown on arable land otherwise possible to be used for food
farming.

e Second generation (advanced): biofuels produced from lignocellulosic biomass, non-
edible crop matter including industrial waste.

e Third generation: biofuels produced from algal biomass, not using land-grown crops.

e Fourth generation: biofuels produced using genetically engineered microorganisms to

enhance efficiency of fermentation.

3.1.3 Bioethanol

Bioethanol is the most well-known liquid biofuel and is mostly commercially produced by
fermentation as a first generation (or conventional) biofuel'®, though lignocellulosic and algal
feedstock development for commercial use is ongoing"’. Bioethanol is distinct from ethanol in
the production process and in the use. Whilst the hydration of ethene sourced from fossil fuels is
a traditional petrochemical transformation to produce ethanol, bioethanol is manufactured from
fermentation of crop biomass, typically sugarcane or corn®. Additionally, bioethanol specifically
refers to fuel ethanol, and does not refer to ethanol used in food or chemical industry, even if the

ethanol in this context is also sourced from biomass.

Interest in ethanol as a vehicle fuel has been established for decades, with Brazil particularly
leading the industry. The combination of a centuries-long history of ethanol production from
sugarcane and the 1973 oil crisis led to legislative inclusion of ethanol in gasoline from 1975 to
combat exorbitant fuel prices and increase availability’®. The current standard ethanol blend in
Brazil is E25 (25 % ethanol by volume). Legislation has since driven the regular use of bioethanol
as an additive to gasoline in many other regions including the UK, in response to both

commitments to climate targets and fluctuations in petroleum price and availability. In the UK,
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E10 (10 % ethanol by volume) is the standard petrol available for sale as of 20212°. The US - now
the largest producer of bioethanol'*?' — has long required the use of ethanol blends in light
vehicles and introduced further legislation in 2022 temporarily allowing the sale of E15 (15 %
ethanol by volume) gasoline blends in response to oil supply issues due to the Russian invasion

of Ukraine. This legislation has been renewed annually as of 2024%,

Use of ethanol as a vehicle fuel is limited by its incompatibility with gasoline engines. Specialty
vehicles are available and are particularly popular in Brazil: the first car designed to run on
ethanol alone was the Fiat 147 introduced in Brazil in 197992, and flex-fuel vehicles suitable for
100 % ethanol fuel remain in widespread use®. However, in petrol engines (which made up
almost 60 % of the UK light vehicles on the road in 2019), ethanol is an unsuitable replacement
and can only be used as a low-level additive without substantial engine modification. It is
hygroscopic, and hydrated ethanol is corrosive so blends must be made with anhydrous ethanol;
it has low heat value, making cold starts difficult; and it has low energy density, so approximately
50 % more fuelis required to provide the same power?. Therefore, to permit a green fuel transition

while retaining reasonable access to existing engines, alternative biofuels must be considered.

3.1.4 Biobutanol

To obtain a closer alternative to gasoline, other chemicals featuring closer properties to gasoline
are investigated. Butanol is identified as an option: the increased carbon chain length relative to
oxygen content increases energy density compared to ethanol, and decreases the solubility of
water in it, reducing the corrosive effects. A comparison of physiochemical properties is given in
Table 3.1. Branching is also noted to affect the physical properties of even short chain chemicals
which can drastically affect its suitability as a fuel, so n-butanol, sec-butanol and isobutanol are

included. tert-Butanol was excluded as it is solid at room temperature®.
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Table 3.1 - Properties of gasoline compared to ethanol and three isomers of butanol. Values from literature?5-2°,

Gasoline Ethanol | n-Butanol Isobutanol sec-Butanol
Density? / g/mL 0.74 0.79 0.810 0.802 0.808
Solubility in water? / wt% Negligible Miscible 7.7 8.7 12.5
Solubility of water in . o
Negligible Miscible 20.1 20.2 60
compound?/ wt%
Boiling point/ °C 27-225 78 117.7 107.9 99.6
Energy density / MJ/L 30-33 21.4 26.9 26.6 26.7
Latent heat of
. 352 919.6 707.9 686.4 671.1
vaporisation / kl/kg
Autoignition
257 363 343 415 405
temperature / °C
Flash point/°C -43 13 29 28 24
AKI? 88 100 93 98 99
aAt 20 °C. PAKI — anti-knock index — the mean of research octane number and motor octane number which
represent combustion ability of a fuel under idling conditions and full engine throttle conditions respectively.

Higher AKl indicates lower air/fuel ratio required for combustion; the high relative oxygen content
in short chain alcohols decreases the required air for combustion, but the resultant miscibility
with water and significantly reduced energy density of ethanol make longer chain butanol more
appropriate alternative fuels. The energy density (combustion energy per unit volume) is still
reduced in butanol relative to gasoline due to the relatively short chain length, but much more
comparable given the increased density. Fuel efficiency by volume would be expected at 80-90 %
of gasoline®®. Additionally, cold starts are heavily impacted by high latent heat of vaporisation,
further making butanol a preferential alternative fuel for general use®. With comparison of
isomers, notably the solubility of water is much higher in sec-butanol than n-butanol and

isobutanol, demonstrating the benefit of some isomers over others.

This overlapping of properties permits the use of especially n-butanol and isobutanol as direct
drop-in replacements for gasoline and in mixtures with gasoline without engine modification?*.
Butanol has also been investigated for its ability to operate as a blend with diesel, a longer chain
fraction of petroleum which is the second most popular liquid fuel in use and frequently used for
cars, vans and HGVs’. The heavier nature of diesel requires a different engine structure so
biobutanol could not be a drop-in alternative, but has been assessed to function much as
bioethanol currently does in blends of 20-40 % whilst maintaining suitable performance in

existing diesel engines?.

n-Butanol and isobutanol are produced traditionally from fossil fuels in the hydroformylation of

propene over cobalt or rhodium catalysts to produce a mixture of butyraldehyde and
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isobutyraldehyde. The hydrogenation of this mixture produces n-butanol and isobutanol, which
can then be separated®'. However, sustainable production methods to produce biobutanol as a
first generation biofuel are available, most commonly the ABE (acetone-butanol-ethanol)
fermentation process, whereby butanol is produced by fermentation of biomass using various

Clostridium species of bacteria®®.

Initially developed as a method of mass-producing acetone during the first World War®, the ABE
process lost popularity at the end of the 20" century with the growth of the petroleum industry®.
It has since seen a resurgence for n-butanol production in China especially, but faces many major
limitations: cost of feedstocks, low yield relative to feedstock, poor productivity rate due to
toxicity of butanol to Clostridium, and complex product mixture requiring energy intensive
downstream processing to isolate and dry the desired butanol®. The type of feedstock provides
the same limitation bioethanol faces: waste biomass is a preferential feedstock for sustainability
and food security but requires expensive pretreatment due to poor availability of fermentable
sugar in lignocellulosic biomass®. It is noted that due to the nature of biobutanol as a potential
complete replacement for gasoline, it is sometimes referred to in the literature as an “advanced
biofuel”. However, due to the definitions discussed in section 3.1.1 relying on feedstock type, the
term “drop-in biofuel” is perhaps more accurate as a catch-all term. Currently the ABE process

is limited industrially to categorisation as first generation.

Recent developments in the process focus on modifying strains of bacteria to tolerate increased
butanol concentrations, increase process selectivity and more efficiently use wider ranges of
feedstocks, including algae®®. Despite significant progress on the research scale using genetic
modification of bacteria to access a wider range of feedstocks, lignocellulosic and algal
feedstocks (which would turn biobutanol into a second or third generation biofuel) still require
substantial pretreatment and make the process prohibitively expensive®. Additional post-
reaction processing leaves the current system unable to compete economically with

petrochemical feedstocks®:.
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3.2 Interestin Guerbet for biofuels

3.2.1 The Guerbet Reaction

O
a2 )\A + )\A —>  CyoH2OH + )\)J\
OH ONa ONa

b) CmH(2m+1)OH + CnH(2n+1)ONa > Cm+nH(2(m+n)+1)OH + NaOH

Scheme 3.1 -a) First reported Guerbet coupling reaction. b) General reaction for alcohol coupling reported by

Guerbet in 1909.

The Guerbet reaction has long been established as a means of coupling alcohols, first reported
by its inventor and namesake Marcel Guerbet in 1899%. Initially performed with
3-methyl-1-butanol and its sodium alkoxide to produce an unexpected 10-carbon coupling
product (Scheme 3.1a), the work was expanded to investigate other alcohols and it was later
demonstrated that ready reaction of several primary alcohols with their sodium alkoxides
produced a single long-chain alcohol with NaOH byproduct®. Subsequently, the reaction has
developed to employ transition metal catalysts and remained highly industrially relevant,
frequently in use to produce long chain branching fatty alcohols known as Guerbet alcohols

which are employed as surfactants and lubricants®°,

R'
2 [M]
2 [M]H,
P , base
R Yo + R\AO > RIYY0
-H,0 R'

Scheme 3.2 - General scheme for the modern Guerbet coupling of alcohols, with a metal catalyst to facilitate

dehydrogenation and rehydrogenation steps.

The commonly accepted pathway of the Guerbet reaction, shown in Scheme 3.2, was first
proposed in 1967 by Veibel and Nielsen®. An initial metal-catalysed dehydrogenation produces
the corresponding aldehydes, followed by base-catalysed aldol condensation to form the
a,B-unsaturated carbonyl compound. Finally, rehydrogenation produces the saturated alcohol
product, with one molecule of water lost. This type of transfer hydrogenation reactivity is known
as a “borrowing hydrogen” type mechanism, as the hydrogen removed from the substrate is later

returned to the unsaturated intermediate product*'.
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The only requirement for an alcohol to react in this way is it be primary or secondary with a
methylene group at the B position. Hence, this cycle may repeat after an initial coupling to
produce long chain or branching alcohols, should the product also fulfil this requirement.
Furthermore, whilst it is possible for the dehydrogenation/hydrogenation steps to occur without
a catalyst, hydrogen transfer catalysts significantly improve rate and yield, with initial popular

choices being Raney nickel or palladium®.

3.2.2 The Guerbet Homocoupling of Ethanol to n-Butanol

In the system described above, it is obvious that the application to two ethanol molecules would
produce n-butanol. Should the source be bioethanol, the productis therefore biobutanol. Hence,

the Guerbet reaction is proposed as an alternative means of production of biobutanol.

Interestingly, Guerbet’s initial attempt to couple ethanol with its sodium derivative failed to result
in anything except ethene, sodium acetate and hydrogen gas®®. The use of hydrogen transfer
catalysts however has vastly expanded reaction scope, permitting production of butanol from
ethanol coupling. Early research focused predominantly on heterogeneous catalysts, but
particularly when applied in the homocoupling of ethanol these systems often required very high
temperatures of over 400 °C, where degradative reactions have been reported to become
dominant at temperatures exceeding 180 °C*?, with systems resulting in only moderate n-butanol

yields of up to 20 % and generally poor selectivity**,

Homogeneous systems have recently provided much more promising results. Although the first
use of homogeneous catalysis for Guerbet coupling of alcohols was in 1972, the first reported
example of successful homocoupling of ethanol to produce n-butanol wasn’t until 2009 when
Ishii and coworkers demonstrated the use of an iridium complex with a phosphine co-catalyst

and 1,7-octadiene additive in neat ethanol (Scheme 3.3)¥.

[1F] (0.01 mol%) <r—O\Ir/'
dppp (0.01 mol%) [Ir] = S

1,7-octadiene (1 mol%)
<" OH > "oH

NaOEt (5 mol%) PPh;
120 °C, 15 h dppp= ¢

PPh,

Scheme 3.3 - Iridium-catalysed ethanol homocoupling to produce n-butanol, reported by Ishii and coworkers®’.

This system performed just as well in a batch reactor as previously reported heterogeneous
systems, producing 21 % yield of n-butanol, with 55 % selectivity based on an ethanol conversion

of 41 %, using the far lower temperature of 120 °C. Poor selectivity was largely due to further
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reaction to produce higher alcohols. Interestingly, a “preactivation” of the catalyst by stirring the
system at room temperature for 2 h, and only then heating to 120 °C, was required to obtain such
high yields; removal of this step resulted in halved conversion and yield. The incorporation of
hydrogen acceptor additive was necessary for any reaction to occur, and only trace product was
produced in the absence of the diphosphine cocatalyst. Therefore, it is presumed that an active

catalyst species incorporating these components was pre-formed during this preactivation step.

3.2.3 Precedent for Ru(ll) Complexes in Guerbet Catalysis

Ru(ll) species have been noted as effective catalysts in hydrogenation and dehydrogenation
mechanisms (section 1.3) and the hydrogen borrowing strategy employed by the Guerbet
reaction uses such hydrogen transfer inherently in the cycle*'. This has made such species
attractive prospects for investigation for this coupling. Indeed, several ruthenium catalyst
systems have been successfully applied to the homocoupling of ethanol to produce n-butanol

with moderate yield but excellent selectivity.

[RuCly(p-cymene)], (0.1 mol%)
ligand (0.1 mol%)

< OH > "oH
NaOEt (5 mol%)
150 °C, 4 h
Ligand = PhoP” PPh,  Ph  NH,
dppm

Scheme 3.4 — Ruthenium-catalysed ethanol homocoupling to n-butanol, reported by Wass and coworkers 484,

In 2013, Wass and co-workers reported a system where ruthenium complex [RuCly(p-cymene)].
and a diphosphine ligand were applied with no additional hydrogen acceptor (Scheme 3.4)%. The
ligand featuring the smallest bite angle, 1,1-bis(diphenylphosphino)methane (dppm), gave the
best yield of 18 % n-butanol at 90 % selectivity. Increase in size of ligand decreased yield. When
pre-formed complexes of ruthenium and the respective pincer ligands were formed, yield
increased further using the dppm complex [RuCl(dppm)(p-cymene)]Cl to produce 20 %
n-butanol yield at an excellent 94 % selectivity. Yield was not improved when reaction time was
increased, and using the preformed complexes of larger ligands reduced yield relative to their in
situ application. Interestingly, use of the bis-ligated complex [RuCl,(dppm).] provided poorer
yield at 4 h but continued to react, showing the highest yield to date of 36 % n-butanol - albeit at

reduced selectivity of 52 % - when run time was increased to 24 h.
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Cl Cl

E/hz \ghz g/hz \ghz
)R> P R
B L Bn N L

2 ¢y 2 2 g M2
[RuCly(dppm)-] [RUCL:(PN)2]

Figure 3.1 - Bis-ligated complexes reported by Wass and coworkers for n-butanol production.

Subsequent work by Wass and co-workers employed [RuCly(p-cymene)], with mixed donor PN

ligand additives*. The use of 2-(diphenylphosphino)ethylamine produced similar yields of

n-butanolto the dppm analogues, when applied in situ or in either mono- or bis-ligated preformed

complexes. Additionally, the PN ligands demonstrated increased water tolerance relative to PP

complexes. Substitution of the ligand nitrogen with methyl groups reduced yields, indicating the

relevance of an N-H moiety.

X
y ® O /
(ol ) -
a)  ph,P——Ru—PPh, b) o
Lo (tBu),P—"Ruc_—P(tBu), (Pr)p =t P(iPr),
CcO
b O \
[ ¢
d) e) ol ’T‘
EtS ‘Rlu SEt EtS—Ru—S Et
PPhs PPh3
Figure 3.2 - Ruthenium pincer complexes tested in the Guerbet homocoupling of ethanol.
Table 3.2 - Summary of ruthenium pincer catalysts applied to the Guerbet homocoupling of ethanol.
[Ru] (0.02-0.1 mol%)
Base (4-5 mol%)
2 ~oH < "0H
4-24 h
Author Catalyst Base Time T n-Butanol n-Butanol
(mol%) (mol%) /h /°C yield / % selectivity / %
Wass* 3.2a(0.1) NaOEt (5) 4 150 2 12
Milstein 3.2b (0.02) NaOEt (4) 16 | 110 4 63
Milstein 3.2¢ (0.02) NaOEt (4) 16 | 110 21 93
Milstein 3.2d (0.02) NaOEt (4) 16 | 110 2 57
Whitelegge®' | 3.2e (0.1) NaOEt (5) 20 | 150 26 74
Srimani® 3.2f (0.045) | NaOH (4.5) 24 | 140 10 -

89




Interestingly, application of ruthenium pincer complexes in the literature has provided mixed
results. RUMACHO® was found by Wass and coworkers to be functionally inactive towards
n-butanol production*. Milstein reported in 2016 the activity of various other mixed donor pincer
complexes over 16 h at the lower temperature of 110 °C (Figure 3.2b-d)*°. Their acridine-based
system (Figure 3.2c) was highly active at a catalyst loading of 0.02 mol%, producing 21 %
n-butanol at a selectivity of 93 %. All other tested systems produced less than 4 % n-butanolyield

after 16 h.

More recently, exploration of SNS type pincer ligands by Srimani and coworkers demonstrated in
2023 the use of an analogous acridine-based system effective for ethanol coupling, producing a
moderate 10 % yield of n-butanol after 24 h using commercially favourable base NaOH, though
selectivity was not reported®’. Last year, novel application of pyridine-based SNS complexes from
the Wass group showed surprisingly good activity, producing up to 26 % n-butanol yield at 73 %

selectivity after 20 h using the same conditions used by Dowson et al. in 2013 (Scheme 3.4)%2,
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3.2.4 Ru(ll) Catalysed Production of Butanol Isomers

The Guerbet reaction has also been demonstrated as effective in a cross-coupling reaction
between ethanol and methanol to selectively produce isobutanol, wherein the same basic
mechanism is followed, with the intermediate n-propanol product re-entering the cycle and
reacting with a second methanol molecule (Scheme 3.5)%*. Given methanol is widely available by
renewable methods, either as biomethanol from gasification of biomass® or produced by
hydrogenation of captured CO,*, when coupled with bioethanol the butanol produced is

considered renewable.

—OH =0
+ e H,0
~
~OH SN 2
base
= 2[M] —OH 2 [MJH,
" 2 [MJH * 2[M] )\;O

AO [MH; _~_OH
H,0 o

s OH

Scheme 3.5 - Production of isobutanol by the Guerbet cross-coupling of ethanol and methanol.

In 2016, Wass and coworkers explored the use of the highly effective PP and PN ligand systems
in the homocoupling of ethanol and methanol and reported excellent results with their previously
reported preformed bis-ligated catalysts®>. Under the standard conditions tested, the
performance of [RuCly(dppm).] was by far the best, giving 66 % yield at a remarkable 98 %
selectivity. Increase of reaction time to 20 h increased yield to 75 % with 99.8 % selectivity
reported. Interestingly, investigation into water tolerance demonstrated the opposite effect
observed with n-butanol production; [RuCly(dppm).] saw no significant decrease in activity in the
presence of water, but activity of the PN complex (Figure 3.3b) was depressed®. Newland et al.
identified an bulky asymmetric PP ligated system for isobutanol production under the same
conditions, demonstrating similar results to the Wass PN system?®’ (Table 3.3). Last year, Wass
and coworkers reported further PP variants with pendant arms, desighed for enhanced solubility
and functionality, with an excellent 62 % yield at 100 % selectivity after 2 h from a thiol-terminated

complex (Figure 3.3d). This increased to an industry-best 79 % yield after 20 h.
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Figure 3.3 - Selection of ruthenium complexes tested for isobutanol production.

Table 3.3 - Summary of state-of-the-art catalysts reported for isobutanol production by Guerbet coupling of ethanol

and methanol.
Catalyst (0.1 mol%)
Base (200 mol%)
~SOH + 2 —OH - )\/OH
180 °C, 2-20 h

Author Catalyst | Time | Isobutanolyield Isobutanol selectivity

/h 1% 1%
Wass*° 3.3a 2 66 98
Wass°° 3.3a 20 75 99.8
Wass°° 3.3b 2 38 92
Mansell®’ 3.3c 2 38 88
Wass®® 3.3d 2 62 100
Wass®® 3.3d 2 79 100
Wass?®® 3.3e 20 44 89
Whitelegge®® | 3.3f 20 31 93
Whitelegge®* | 3.3g 20 50 96

Again, expansion into pincer complexes shows varied results. RUMACHO® was moderately active
towards isobutanol production, giving 36 % yield after 2 h, but extension to 20 h only slightly

increased yield to 44 %%. SNS complexes are less studied, but investigation of the aliphatic
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Gusev complex (Figure 3.3f) and its pyridine-based analogue (Figure 3.3g) show improved yield

using the pyridine complex, with moderate 50 % yield after 20 h.

Ho -H,0
(l) base O OH

o A~
- 7
Ao

Mo M

e

Scheme 3.6 - Proposed mechanism for sec-butanol production by rearrangement of products in the Guerbet ethanol

homocoupling reaction.

In 2023, the Wass group also reported the use of pincer type mixed donor complexes has also
been noted to result in the unexpected production of sec-butanol under standard ethanol
homocoupling conditions (shown in Scheme 3.6)%. In particular, use of the tetradentate PNNP
complex prepared in Chapter 2, [RuCl,(L11)], gave overall low yields but similar selectivities
towards n-butanol and sec-butanol (17 % and 14 % respectively). With modified conditions of
120°C and 20 mol% base, RUMACHO® remarkably produced a moderate 13 % yield of
sec-butanol at an unprecedented 68 % selectivity, demonstrating pincer donor modification has
substantial impacts on selectivity.

Cl
—
e N

—N, .
u
P~ ‘Pb
Ph, Ph,

Cl

[RuCly(L11)]

Figure 3.4 - Catalyst found to selectively produce sec-butanol in ethanol homocoupling.

3.2.5 Limitations of the Guerbet reaction

As is demonstrated in the literature, selectivities in Guerbet alcohol coupling are difficult to
control. Further reaction of products is liable to produce heavier and more branched alcohols.
Ethyl acetate may also be produced by Tishchenko type pathways®®, especially at lower
temperatures. At low operating temperatures (140-160 °C), initial alcohol dehydrogenation has

been found to be the rate-limiting step, but when temperature is increased (160-180 °C), the aldol
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coupling step of the reaction becomes rate-limiting®. Therefore, large quantities of alkoxide base

are typically used to encourage this transformation and limit ethyl acetate production.

Additionally, the production of water is frequently poorly tolerated by reaction systems; its
reaction with excess alkoxide base in standard conditions produces NaOH, which may react by
Cannizzaro type chemistry to produce sodium acetate®’, or result in dehydrogenative production
of sodium carbonate®®3. Consequently, large excesses of base are also beneficial in minimising

the impact of this.

o
NaOH ~ " SOH
H2 [Ru] [Ru] Ha
O 0O
)J\ONa )J\o/\
Cannizzaro pathway Tishchenko pathway

Scheme 3.7 - Cannizzaro and Tishchenko pathways in the Guerbet reaction system.

It is clear that there is opportunity for improved catalyst performance. Ruthenium pincer
complexes have already been demonstrated as effective systems for alcohol coupling, with
varying selectivity depending on structure; it stands to reason that designed-in modifications may

provide further improved performance.
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3.3 Aims

The range of Ru(ll) PNX (X =0, N, S) complexes introduced in Chapter 2 are based upon ligand
systems with established precedent for hydrogen transfer catalysis, so are promising candidates
for efficacy in the Guerbet upgrading of ethanol. Additionally, they are considered to have
practical and structural qualities with the potential to improve upon some key limitations of

current state-of-the-art catalysts:

e Low cost of production: the simple preparation and remarkable long-term air stability in
solid form of the series provide the potential for reduced costs in production, handling
and large-scale application.

e Solubility in alcohols: polar pendant arms have recently been explored by the Wass
group due to theirimproved alcohol solubility to some success®; this family of complexes
shares the property of enhanced solubility at low temperatures, potentially enabling
milder reaction conditions.

o Internal base behaviour: the hemilabile alcohol ligand functionality was discussed
previously as having potential alkoxide binding behaviour (see section 2.2). This in-built
alkoxide type structure is theorised to be able to behave in a catalytic system similarly to
alkoxide co-catalysts in the Guerbet system, and could operate in sequence as catalyst
for hydrogen borrowing and aldol condensation steps. This could provide the benefit of

reducing the reliance of the system on large quantities of added alkoxide base.

This chapter aims to explore the application of a selection of these complexes to the Guerbet
reaction for the production of both n-butanol and isobutanol. Only complexes which were

isolated in good yield are investigated for these transformations.
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3.4 Novel Ru(ll) PNX (X = O,N,S) complexes in the Guerbet

synthesis of isobutanol

3.4.1  Screen of novel Ru(ll) PNO catalysts

A selection of the PNO-ligated complexes prepared in Chapter 2 (shown in Figure 3.5) were
screened for catalytic activity in the Guerbet-type preparation of isobutanol (Scheme 3.8). Inthis
section, the results of these screening experiments are presented. Standard conditions for the
cross-coupling of methanol and ethanol developed by the Wass group®°¢*° were employed, with
a benchmark comparative experiment performed against the previously reported RuCly(dppm),

catalyst. Additional complexes [Ru(CO).Cly(PPhs).] and [RuCly(L7),] were also included.

Catalyst (0.1 mol%)

Base (200 mol%)
~SOH + 2 —OH OH
180 °C, 20 h

Scheme 3.8 - General reaction conditions for the cross-coupling of ethanol and methanol to produce isobutanol.

cl
‘ Cl
PhsPs,, | CI
TRy HO, | N
O///c’ | PPh, Ru
c PhsP” | P
5 c he
[Ru(CO).Cly(PPhg)2] [RuCly(L1)PPh3]

~ -2+ 2+ —
OH \/LOH “)\_OH/? "
R N
@R wN= HO, ‘_\\N_ HO, | WN=—
_Ru, 20r Ru ' Ru acr
N P P 2Cl NT |

N L N
5PPh2 2 8.:;:@12 5PPhPh2
[Ru(L1).]CL, [Ru(L2).]CL, [Ru(L3).]CL,

el % 39 ¢
SHno SRR cﬂj«ghb

[RUClz(L4)2] [RuClQ(LG)Q] [RUClz(L7)2]

Figure 3.5 - Series of PNO/PO ligated Ru(ll) complexes initially screened in the Guerbet ethanol/methanol cross-

coupling to form isobutanol.
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Figure 3.6 - Yield of liquid products and ethanol conversion obtained in the ethanol/methanol cross-coupling with RuCl:(PNO): catalyst series. Conditions: ethanol (1 mL, 17.1 mmol),
methanol (10 mL, 247.1 mmol), NaOMe (200 mol%, 1.851 g, 34.16 mmol) and catalyst (0.1 mol% [Ru] basis) were reacted under an inert N> atmosphere in a 100 mL Parr reactor at

180 °C for 20 h. Total conversion of ethanol determined by GC-FID using hexadecane as internal standard.
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Figure 3.7 — Selectivity of liquid products obtained in the ethanol/methanol cross-coupling with RuCl>(PNQO): catalyst series. Conditions: ethanol (1 mL, 17.1 mmol), methanol (10 mL,
247.1 mmol), NaOMe (200 mol%, 1.851 g, 34.16 mmol) and catalyst (0.1 mol% [Ru] basis) were reacted under an inert N2 atmosphere in a 100 mL Parr reactor at 180 °C for 20 h. Total

conversion of ethanol determined by GC-FID using hexadecane as internal standard.
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Despite previous group publications showing [RuCly(dppm).] routinely gave isobutanol yields of
approx. 70 % under these conditions®®, in this case yield was slightly reduced despite complete
conversion of ethanol and 100 % selectivity of liquid phase products. This is attributed to slightly
different head space of reaction vessel used, as previous work has found this a significant
contributing factor to alternative pathways, and therefore butanol yield, when investigating

Guerbet coupling reactions®.

Across the series, ethanol conversion was high, greater than 80 % in all cases. Yield of isobutanol
was generally higher where ethanol conversion was higher and vice versa, with selectivities also
moderately high, typically > 85 %. The only observed productsin the liquid phase in all cases were
intermediate 1-propanol and side product 2-methylbutan-1-ol. There was no production of other

butanol isomers observed.

It is clear that the monodentate phosphine complex [Ru(CO).Cly(PPhs).] provides the poorest
conversion of ethanol and lowest isobutanolyield at the given conditions; this is consistent with
established literature for such systems, as monodentate ligands offer poor stability benefits at
elevated temperatures. However, conversely, none of the pincer systems where tridentate ligand
binding is observed (complexes of ligands L1-L3) performed particularly well either, producing
similar isobutanol yields to commercially available P-N-P complex RuMACHO?®®. High
selectivities towards 1-propanol production in the coordinatively saturated series ([Ru(L1)2]Cls,
[Ru(L2).]Cly, [Ru(L3)2]Cly) suggest reduced reaction rate of the second catalytic cycle with these
catalysts. The mono-ligated and bis-ligated L1 complexes [RuCly(L1)PPh;] and [Ru(L1).]CL
performed very similarly, with marginal improvement in yield with the bis-ligated complex.
Selectivity in the liquid phase was reduced however, due to greater yields of intermediate
1-propanol and alternative Guerbet alcohol 2-methylbutan-1-ol. Monoligated [RuCl(L1)PPh;]
appears to show greater conversion and lower sum of products however, indicating a greater
selectivity towards alternative reaction pathways and non-liquid products. Generally speaking,
this series of ligands carrying a C2 pendant alcohol arm only showed moderate catalytic activity
with no obvious distinctions in isobutanolyield with increased bulk (L2) or rigidity (L3) of this arm.
It may be noted that selectivity towards side product 2-methylbutan-1-ol is greatest in the

complex with the greatest steric bulk around this pendant alcohol, [Ru(L2),]CL.

The two bis-ligated complexes exhibiting bidentate binding behaviour [RuCl,(L4),] and
[RuCly(L6).] both showed significantly improved isobutanol yields compared to the tridentate
PNO complexes. [RuCly(L4),] showed excellent isobutanol yield of 64 %, better than that

obtained from our state-of-the-art catalyst [RuCly(dppm).] in these conditions. Indeed,
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compared with the structurally similar complexes [RuCly(PN),] and [RuCly,(PN™®),] (Figure 3.8),
where only 51% and 46 % isobutanol yields were reported®, this system is a marked
improvement. Selectivity was good at 90%, with competitive production of 2-methylbutan-1-ol
was the primary limitation. [RuCl,(L6).] gave reasonably good isobutanol yield of 51 %, with

excellent selectivity towards isobutanol.

cl Cl Cl
Ph, | Ph, Ph, | Ph, Ph, | Ph,
) P, P b) P, \\P ) P,/, \\P
a ( Ru_ ( “Ru’ j c ( "Ru’
NT | Y NH' | HN N7 | SN
H, Hy - ~ . \
Cl Cl Cl
[RUCLo(PN).] [RUCL(PN™).] [RUCL(PNM2),]
Yield (selectivity) / % = 51 (90) 46 (96) 29 (93)

Figure 3.8 - PN complexes and their respective isobutanol yields after 20 h®. Yields given with selectivities in

brackets. a) [RuClz(PN)z] b) [RuClz(PN™e)5] c) [RuCl(PN™e2),]

Interestingly, the PO ligated complex [RuCly(L7),] performed particularly poorly. Selectivity
towards isobutanolis good, but an extremely poor isobutanolyield of 17 % was obtained, despite

high ethanol conversions.

100



3.4.2 Screen of novel Ru(ll) PNS catalysts

A selection of the PNS-ligated complexes prepared in Chapter 2 (shown in Figure 3.9) were
screened for catalytic activity in the Guerbet-type preparation of isobutanol (Scheme 3.8). Inthis
section, the results of these screening experiments are presented. The same standard conditions
were used as in section 3.4.1. In order to investigate the impact of isomers, the two isolated

isomers of [RuCl(L17).] were both included in the catalyst screen.

—_ / +
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S Ph Cl., ‘\\Pp
/w Cl th Rlu-lIIP 2 cr /Ru‘ . i
N/l, | \\\P s N | N Cl
Ru N

2/ Pth\_\S_

7 | >

P” | N
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[RuCl(L12),]

s

[RuCl(L12)(p-cymene)]Cl

[RuCL(L14).]CL

/
S/ \S PPh, g 2+
Ph, ~L /I
cl é CI/,,R P \S,,R _\\H
u cr LU -
N, | N NN WP |
Ry 7 g— PPH,N2
< QP’ ‘P:\< 7
th‘ Ph,
Cl L s _ L _
[RUCLy(L15).] [RUCLy(L17)] [RuCly(L18).]

Figure 3.9 - Series of PNS ligated Ru(ll) complexes initially screened in the Guerbet ethanol/methanol cross-coupling

to form isobutanol.
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Figure 3.10 - Yield of liquid products and ethanol conversion obtained in the ethanol/methanol cross-coupling with RuCl2(PNS): catalyst series. Conditions: ethanol (1 mL,
17.1 mmol), methanol (10 mL, 247.1 mmol), NaOMe (200 mol%, 1.851 g, 34.16 mmol) and catalyst (0.1 mol% [Ru] basis) were reacted under an inert N2 atmosphere in a 100 mL Parr

reactor at 180 °C for 20 h. Total conversion of ethanol determined by GC-FID using hexadecane as internal standard.
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Figure 3.11 - Selectivity of liquid products obtained in the ethanol/methanol cross-coupling with RuCl>(PNS): catalyst series. Conditions: ethanol (1 mL, 17.1 mmol), methanol
(10 mL, 247.1 mmol), NaOMe (200 mol%, 1.851 g, 34.16 mmol) and catalyst (0.1 mol% [Ru] basis) were reacted under an inert N2 atmosphere in a 100 mL Parr reactor at 180 °C for

20 h. Total conversion of ethanol determined by GC-FID using hexadecane as internal standard.
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The sulfur-containing catalysts were, on the whole, found to give higher conversions and yields of
isobutanol than the oxygen-containing catalysts, with very high selectivities. This is a promising
developmentin sulfur-catalysed Guerbet, with other recent work within the group giving excellent
yields from phosphine free catalysts®2. The cyclised aminothiol ligand L12 was assessed for
efficacy in both mono- and bis-ligated species [RuCly(L12),] and [RuCl(L12)(p-cymene)]CL.
Results were similar, with moderate yield isobutanol, but slightly greater yield and selectivity
observed by [RuCl(L12)(p-cymene)]CL. This is particularly interesting as previously reported
in situ ESI-MS and NMR spectroscopy experiments noted analogous structures formed when
ruthenium precursor [RuCly(p-cymene)], was used in conjunction with two equivalents of a PN
ligand in the coupling of ethanol to form n-butanol (Figure 3.12)*°. This work also reported slower
reaction times for pre-formed bis-ligated systems, which could be an effect seen in the
incomplete conversion by [RuCl,(L12),] and the presence of intermediate 1-propanol in the
product mixture.

/), + /, + /,

+

l Ph, NaOEt, EtOH l EhZ A, 40 min Rl Ighz
o o > o
CI/Ru\ P _NaCl H/R“\ -H20 Had
H,N - AO H,N -H2 Me ”

Figure 3.12 - Intermediate fragments observed by Wingad et al. with addition of base & heat“®. Structures identified by

NMR spectroscopy studies and mass spectrometry samples taken from crude reaction mixture.

The catalyst showing the highest yield of isobutanol was [RuCl(L14),]Cl, which exhibits an
unusual asymmetric structure with tridentate and bidentate ligand behaviour. This structure
strongly suggests hemilability of the sulfur arm (discussed in section 2.4.4.2), potentially
enabling improved access to the ruthenium core to increase reactivity —a comparison also made
between the more catalytically efficient bidentate PNO-type catalysts [RuCl,(L4),] and
[RuCly(L6).] and their tridentate counterparts. The isobutanolyield recorded using [RuCl(L14),]Cl
is comparable to the highest reported yields, with complete conversion of ethanol, albeit some
production of 2-methylbutan-1-ol side product — though isobutanol selectivity remains high at

over 95 %.

When compared with [RuCL(L14).]Cl, extension of the pendant arm chain length to three carbons
in [RuCl,(L15).] also gives a reduced yield of 56 % despite extremely high conversion - however,
excellent selectivity is retained. Hence production of non-liquid side products appears slightly
favoured. This is in contrast with the trend observed with PNO complexes [Ru(L1).]Cl, and

[RuCly(L4).] (see Figure 3.6). Extension of the PNO pendant arm increased activity: the longer
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chain C3 complex almost doubled isobutanol yield to give comparable yield to the best PNS

system.

When using the reduced amine complex [RuCl,(L18).], the results also surprisingly show
somewhat reduced yield of isobutanol, giving only 55 % yield. The presence of 1-propanol and
incomplete ethanol conversion indicate a reduced reactivity when starting with the amine ligand.
It was noted that this complex, unlike [RuCl(L14),]Cl, was extremely insoluble at room
temperature, which perhaps contributed to reduced reactivity, though with low concentration of
catalyst used, post-reaction or in situ analysis of the two complexes was not possible directly.
Further attempts to investigate the behaviour of the two catalysts in model conditions are

discussed in section 0.

Given the production of [RuCly(L17),] in two isolated isomers (see section 2.4.4.2), when
investigated for catalytic activity, both isomers of each complex were investigated for catalytic
behaviour, despite incomplete understanding of ligand binding modes of each. [RuCly(L17).]-A
and [RuCly(L17).]-B performed statistically no differently from one another, producing extremely
high selectivities to isobutanol in the liquid phase, though only 38 % and 35 % yield respectively.
Similar data obtained concerning cis and trans isomers of [RuCly(dppm).] was used to suggest
interchange between isomers in solution?®; this effect is plausible under the high operating
temperatures and base loadings for this family of catalysts too. Yield from both [RuCly(L17)]
isomers is lower than that obtained from the structurally similar [RuCly(PN™®),] but greater than
the [RuCly(PN2"¢),] analogue (Figure 3.8). This could indicate the involvement of heteroatoms with
vacancy able to carry hydrogen atoms (in this case, ruthenium-bound nitrogen) in the
mechanism, lending support to a previously proposed mechanism involving insertion of alcohol
into the Ru-N bond*® (Figure 3.12) though further investigation would be necessary to understand
any intermediate complexes formed when using imine-based ligand structures. It has also
already been established that Ru-N is not necessary for efficient catalytic activity given the
excellent activity and selectivity seen from [RuCly(dppm).], so multiple potential catalysis
operations are plausible. It does appear that the rigidity of an aromatic pendant arm, whilst not
strictly disadvantageous in PNO complexes (see [Ru(L3).]Cl,), does not improve catalytic activity

in this family of hemilable species.
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3.4.3 Effect of choice of pendant arm donor atom

To investigate the impact of free arm electronics and resultant structure-activity relationship, a
direct comparison of the complexes containing analogous methylated ligands L6, L9 and L14

(Figure 3.13) was performed.
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Figure 3.13 - Methylated ligands and complexes compared for Guerbet methanol/ethanol cross-coupling.
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Figure 3.14 - Results of isobutanol production using methylated catalysts listed in Figure 3.13.
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A direct comparison between the analogous PNO, PNN and PNS methylated complexes shows
that all were active for isobutanol production, though a clear improvement in activity and yield
was seen in the group 8 elements. Reaction for both [RuCl,(L6).] and [RuCL(L9).]Cl was seen to
be incomplete even after 20 h, with slightly depressed ethanol conversion and visible
intermediate 1-propanol. Substantial loss of 40-50 % of ethanol is also seen to non-liquid
products in both of these complexes, based on conversion. Conversely, as previously described,

[RuCl(L14).]Cl gave the highest isobutanol yield of all tested catalysts with excellent selectivity.

Of the three methylated complexes [RuCl(L9).]JCl performed worst, giving only 36 % yield
isobutanol and the highest yield and selectivity of all catalysts tested towards side product
2-methylbutan-1-ol, produced at 16 % selectivity. This switch of selectivity and increase
production of 2-methylbutan-1-ol has also been observed in PNP pincer complex RuMACHO®,
potentially indicating the nitrogen-containing pincer complex system enables alternative
reactivity. The inactivity of PNN pincer complexes in the Guerbet production of n-butanol has
been reported by Milstein®®; however, activity in the two alcohol coupling systems is not always
correlated (see section 0) and there is insufficient data on PNN pincers under these conditions

to draw such conclusions.

Given the proposed weak Ru-O interaction in [RuCl,(L6),] and relatively strong Ru-N binding
interactions, it is tentatively suggested that the larger, softer sulfur exhibits greater ability to
donate into the ruthenium centre as a truly hemilabile arm, enabling ready access of reagents to
the ruthenium core whilst maintaining electron density available for facilitating hydrogen transfer.
However, it is unknown if this reaction proceeds via an inner- or outer-sphere type pathway, so

the relevance of hemilability is difficult to ascertain.

3.4.4 Side Products

3.4.4.1 Liquid Side Products

The benefit of cross-coupling with methanol is the number of available alternative Guerbet
pathways is limited by the intermediates available. Use of large excess of methanol in the system
limits the possibility of co-condensation of ethanol to give 1-butanol or other such products; in
none of the examples above were such co-condensation products observed. Additionally, the
formaldehyde intermediate formed by dehydrogenation of methanol is highly reactive as an
electrophile, making certain pathways considerably more likely. Indeed, consistently across the
catalyst screen, the only observed side products in the liquid phase were alternative Guerbet

products 1-propanol and 2-methylbutan-1-ol. Both products are consistent with previously
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reported syntheses of isobutanol in this method®®%°. 1-propanol is an intermediate of isobutanol
production, so is consistent with the catalytic cycle occurring with only one cycle. Two proposed
methods of production of 2-methylbutan-1-ol are considered feasible. One is the cross-coupling
of methanol with 1-butanol, competitively produced from co-coupling of ethanol; given the lack
of 1-butanol observed in any examples above, this pathway is not considered likely. The other
potential pathway is reaction of intermediate 1-propanol with ethanol (Scheme 3.9). This
pathway is particularly plausible as the production of 2-methylbutan-1-ol appears to correlate
with the presence of 1-propanol. Interestingly, no products of the coupling of two molecules of
1-propanol are observed, and 2-methylbutan-1-ol is consistently observed in larger quantities
than 1-propanol. This suggests no significant build-up of the intermediate, so no significant

reduction in rate of the second cycle of the alcohol coupling relative to the first.
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Scheme 3.9 - Proposed mechanism for the production of 2-methylbutan-1-ol side product from intermediate

1-propanol and ethanol.

3.4.4.2 Other side products

Examination of the catalyst screen shows a consistent gap between proportion of ethanol
consumed and sum of liquid products yielded. Hence it must be concluded that ethanol is being
transformed into solid or gaseous products. Early work in the Wass group involved investigation

into the nature of these products®®®,

It has been reported that large quantities of white solid were routinely produced in catalytic runs;
this was also consistently observed in this work. The solid products from a routine catalytic run
using the best-performing catalyst [RuCl(L14),]Cl were isolated and analysed quantitatively by
FTIR spectroscopy, 'H and "*C{"H} NMR spectroscopy. |dentified solid product fragments were

predominantly formate and carbonate, with a small quantity of acetate.

It is recognised that the in situ generation of water in the Guerbet reaction will result in the
production of NaOH base. This is known to facilitate ruthenium-catalysed dehydrogenation of
both ethanol and methanol in different pathways. Sodium acetate formation is possible by the
competitive Cannizzaro-type formation of acetic acid from dehydrogenated ethanol and NaOH
with two equivalents of hydrogen released (Scheme 3.10)*%¢", It is plausible this is where ethanol

is lost from the liquid phase products. The production of formate and carbonate as major solid
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products is also consistent with the reported base-assisted dehydrogenation of methanol, also

releasing hydrogen, in the presence of ruthenium pincer complexes (Scheme 3.11)%%%3,

~oH HO™ ™
[Ru] [Ru]
[Ru]H; [Ru]H,
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-
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Scheme 3.10 - Cannizzaro reaction of ethanol to give sodium acetate.
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Scheme 3.11 - Proposed pathway for base-assisted production of formate and carbonate from methanol.

It is obvious gaseous products are produced during this catalysis as substantial pressure build
up over the course of 20 h catalytic runs, with around 10-15 bar residual pressure typical after the
reaction vessel was permitted to cool to room temperature. Previous Wass group work into
isobutanol synthesis has shown the gaseous byproducts in this transformation are approximately
95 % hydrogen®®, which is unsurprising due to hydrogen release in the production of the identified
solid products. No gas product analysis was performed in this work, but given the consistency of
qualitative solid state and liquid phase analysis with reported results, it is presumed gas

produced in this work is also predominantly hydrogen.

3.4.5 Base loading study

Desirable properties of Guerbet catalysts include an ability to operate at reduced base loading.
This would be distinctly advantageous given the current use of superstoichiometric NaOMe
required for high ethanol conversion and isobutanolyields, with two equivalents used per ethanol
—amounting under current conditions to 1.85 g solid for 1 mL ethanol. An initial theory was that a

hemilabile alcohol arm could operate as an internal base in the catalytic system, catalysing the
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aldol condensation step of the Guerbet reaction. To investigate this possibility, base loading was

reduced in three PNO complexes showing structural variation in their pendant arms ([Ru(L1)2]Cl,,

[RuCly(L4).] and [RuCly(L6).]), and the most effective PNS complex [RuCl(L14),]CL.
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Figure 3.15 - Products produced in Guerbet ethanol/methanol coupling with varying NaOMe loading using catalysts

[Ru(L1)5]Cls, [RuCls(L4)s], [RuCl>(L6)>] and [RuCl(L14)5]ClL.

All catalysts showed a continuous drop in ethanol conversion with reduction in base loading.

When considering the two catalysts featuring alcohol groups, there was no obvious retention in

activity over the two methylated complexes, suggesting no catalytic benefit of an internal alcohol-

based ligand.
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Isobutanolyield was retained well with a reduction to 150 mol% base in all four systems, with the
two methylated systems showing particularly excellent tolerance to reduction in loading, despite
the slight reduction in ethanol conversion. Perhaps unsurprisingly, the poorest yielding catalyst
investigated ([Ru(L1).]CL,) showed the largest drop in isobutanol yield when base loading was
reduced to 150 mol%. A much greater negative effect was seen in all catalysts when base loading
was reduced to 100 mol%. [Ru(L1):]Cl, showed a yield of only 10 % and saw a dramatic drop in
conversion, as well as reduction in selectivity due to increased production of intermediate
1-propanol in the product mixture. However, this degree of activity was retained at even lower
base loading of 50 mol%, instead of reducing further as might be expected — and was indeed

observed in all other catalysts tested.

Reduction in selectivity was consistent across catalysts as base loading was decreased, largely
due to increased recovery of intermediate 1-propanol. The C3 chain alcohol complex [RuCl;(L4):]
also showed unexpected production of n-butanol at 100 mol% base loading, which is produced
from ethanol coupling. With both methylated complexes [RuCly(L6).] and [RuCl(L14),]CL,
n-butanol was also produced at the lowest tested base loading of 50 mol%. This could be an
indicator of relative rate of dehydrogenation increasing relative to aldol condensation, leading to
increased initial concentration of acetaldehyde when low base loadings are used. However,
selectivity towards n-butanol over 2-methylbutan-1-ol is observed by [RuCl(L14).]Cl, suggesting
increased selectivity towards coupling of acetaldehyde molecules, instead of cross-coupling

acetaldehyde with the longer chain 1-propanol.

Generally, it is interesting that the methoxy complex [RuCl;(L6).] suffered only minor losses in
activity at 100 mol% base loading, showing greater isobutanol yield than [RuCl,(L4),] and similar
to [RuCl(L14),]Cl, both of which performed substantially better at 200 mol% base loadings.
However, yield of isobutanol remains reasonable in both [RuCl;(L6).] and [RuCl(L14).]Cl at
100 mol% base loading, suggesting that the methylated hemilabile arms are better ligands for

this type of catalysis than alcohols at low base loading.

3.4.6 NaOH tolerance study

One of the potential reasons for high base loading being required is the intolerance of catalysts
to alternative base NaOH. Given the production of water during the Guerbet reaction, interaction
with NaOMe base will lead to the production of NaOH in situ. Hence, the complexes used must
be compatible with NaOH for catalysis to be effective, else production of water will kill any activity
as the reaction progresses. Use of NaOH would also have additional financial benefit as it is

cheaper than NaOMe. This was investigated by replacement of NaOMe base with the molar
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equivalent of NaOH in the same series of four catalysts, to imitate the effect of water production

during reaction. The results of these experiments are summarised in Figure 3.16.
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Figure 3.16 - Products produced in Guerbet ethanol/methanol coupling with varying base, using catalysts

[Ru(L1)2]Clz, [RuClo(L4)2], [RuCI(L6)2] and [RuCl(L14)2]ClL.

It is obvious that all complexes tested are less efficient catalysts using NaOH base. Whilst
production of side product 2-methylbutan-1-ol is reduced, all catalysts see decreased ethanol
conversion, isobutanol yield and selectivity, clearly due to increased production of intermediate
alcohol product 1-propanol. Interestingly, this effect is most pronounced in PNO type complexes,
with a much more minor effect seen when [RuCl(L14),]Cl is used with NaOH. When comparing

the PNO complexes, all saw a reduction in isobutanolyield of around 50 %, regardless of efficacy
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with NaOMe. In this way, it appears that structural variation within ligands did not make as much

of an impact as electronic impact of third atom.

What is interesting, based on comparison of ethanol consumption and sum of liquid product
yields, is that there does not appear to be increased selectivity towards non-liquid side products
with the use of NaOH, and instead just a general reduction in activity. In all catalysts, proportion
of ethanol unaccounted for in the liquid phase products is almost identical whether NaOMe or
NaOH were used. This could indicate some kind of general catalyst deactivation to all reactivity,
including towards Cannizzaro or methanol dehydrogenation pathways —though it is gratifying no
increased reactivity towards Cannizzaro-type side production of acetate was obvious when
NaOH was initially applied. A full mass balance and solid product analysis would be required to

confirm this, however.

Additionally, in all reactions with PNO type catalysts, solid produced was dark grey, which was an
effect not observed when [RuCl(L14).]Cl was used; no solid analysis was performed in these
reactions, but this observation has been previously linked to catalyst decomposition and
deposition of ruthenium?. If [RuCl(L14).]Cl is able to remain homogeneous with NaOH this
shows great promise for its tolerance to high water content reaction conditions. Unfortunately,

low catalyst concentration prevented post-reaction catalyst analysis in this work.

3.4.7 [RuCl(L14),]Cl short run time experiments

Previous work from the Wass group has noted that pre-formed catalysts typically produce
equivalentyields but over greater timespans when compared to the application of free ligand with
ruthenium precursor complex for the Guerbet coupling of ethanol®®. In this work, due to the
practical concerns created by very low catalyst loadings used and the state of many ligands
tested as viscous oils, this type of testing was not performed. However, the best performing
system [RuCl(L14),]Cl was tested at reduced run times to compare to previously reported

[RuCly(dppm):]. Results are summarised in Figure 3.17.
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Figure 3.17 - Comparison of isobutanol yield and selectivity at different run times. 1 Data from literature®®.

Given the inability to directly reproduce reported data for [RuCly(dppm).], comparative data
points after 2 h and 20 h run times were obtained in this work; although isobutanol yields were
reduced for this catalyst in this work, the trend observed was very similar, with the isobutanol
yield after 2 h accounting for ~90 % of isobutanol yield after 20 h. Interestingly, [RuCl(L14),]Cl
took much longer to produce comparative yields; 90 % of yield after 20 h was not reached until
6 h of reaction. However, isobutanol yield after 20 h is comparable between catalysts. This
suggests either a slower-acting catalyst or a longer activation period. The similar increase in
selectivity over time is due to initial production of intermediate propanol which undergoes further
reaction to give product isobutanol. Given the increased solubility of [RuCl(L14).]Cl relative to
[RuCly(dppm):], and its rapid reaction with NaOMe at room temperature (see section 0), it is
presumed that the catalyst activation by base of [RuCl(L14).]Cl is not the rate-limiting condition,
unless the initially formed species requires further activation of some type to perform alcohol

dehydrogenation.

114



3.5 NMR scale study of interactions with base

Given the low catalyst concentration in isobutanol synthesis, attempts to investigate crude
reaction mixture by NMR spectroscopy after reaction were unsuccessful. Instead, preliminary
attempts to study the behaviour of the PNS catalysts [RuCl(L14).]Cl and [RuCl,(L18).] were made
by monitoring interaction of complexes with NaOMe in methanol-d4, both at room temperature

and after heating to 50 °C overnight.

Given its excellent performance, [RuCl(L14),]Cl was selected as the primary target in this
investigation. The complex fully dissolved in methanol-d4 at room temperature to give a yellow
solution showing the expected pair of doublets in the *P{'"H} NMR spectrum at 44.2 and
40.5 ppm. After heating for 16 h in the absence of base, a second minor species appeared as a
singlet at 40.1 ppm (Figure 3.18b, signal 2), proposed to be a symmetrical species featuring
coordinated methanol-d4 with displacement of a hemilabile sulfur ligand (Scheme 3.12). It is
noted ligand rearrangement must occur for this transformation to produce a symmetrical
species. Concordantly, an additional singlet imine signal in the 'H spectrum was visible at

9.29 ppm (Figure 3.19b, signal 2).
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Figure 3.18 - ¥'P{"H} NMR NMR spectra of [RuCl(L14)2]JCl in methanol-d4. [a] Room temperature spectrum. [b] After
heating in MeOD at 50 °C for 16 h. [c] [RuCl(L14)2]Cl and excess NaOMe in methanol-d4 after heating to 50 °C for
16 h.
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Figure 3.19 - "H NMR NMR spectra of [RuCl(L14)2]Clin methanol-d4. [a] Room temperature spectrum. [b] After
heating in MeOD at 50 °C for 16 h. [c] [RuCl(L14):]Cl and excess NaOMe in methanol-d4 after heating to 50 °C for

16 h.
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Scheme 3.12 - Proposed production of a symmetrical species upon heating of [RuCl(L14)2]Cl in methanol-d4.

Upon addition of a superstoichiometric quantity of NaOMe to a second solution of [RuCl(L14),]Cl
at room temperature, a colour change to dark green-brown was observed; however, no changes
to the NMR data were observed, with the same pair of doublets observed in the *'P{'"H} NMR
spectrum. No evidence of formation of an anticipated hydride species as seen by Wingad et al.
in their 2015 study of PN complexes*® was observed (see section 3.4.2, Figure 3.12). The observed
colour change is typically associated with formation of a Ru(lll) species, suggesting partial
formation of such a species. As Ru(lll) is paramagnetic, analysis of such species by NMR
spectroscopy is nontrivial due to signal broadening and large changes to chemical shifts, which
were not observed in this work. However, the retention of clear [RuCl(L14),]Cl signals in this work

suggests such a transformation was not complete.
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After heating to 50 °C under N, for 16 h in the presence of base, the solution became dark brown.
The starting material species was still visible in the *'P{'"H} NMR spectrum, and two new singlets
at -14.1 ppm and -16.0 ppm (Figure 3.18c, signals 3 and 4) were attributed to free L14 (CDCl;
0:-13.6 ppm) and L18 (CDCl; 8: -16.0 ppm) respectively. This suggests de-coordination both with
and without reduction of ligand. The appearance of a singlet at 8.54 ppm 'H NMR spectrum
supports the generation of free imine ligand (Figure 3.19c, signal 3). No similar signal attributed
to the amine proton of reduced ligand L18 was obvious, presumed due to overlap with NaOMe
and residual solvent signals. No second complex was observed, and the mixture remained fully
dissolved, indicating the species which liberated ligand was an NMR invisible homogeneous

species.

As discussed in section 2.2.3.2, Dilworth and coworkers®® observed Ru(lll) degradation products
featuring single ligands in both a dimer and single centre species when synthesis was attempted
in methanol. Hence, similar species are proposed to be produced in this system (Scheme 3.13).
It would be interesting to pursue isolation of any of these species through crystallography in
future work for structural analysis. Furthermore, it is unclear if such a species is catalytically
active or this proposed oxidation is a deactivating pathway, as both [RuCl(L14),]Cl and the
unknown proposed Ru(lll) species are present after 16 h; a catalytically active species is clearly
present as the production of L18 indicates reductive catalysis occurring. If a Ru(lll) species could
be isolated at scale, and applied in catalysis, further mechanistic insight could be obtained for
this species. Additionally, robust post-reaction analysis of an alcohol coupling reaction would be
needed to understand whether this study is representative of species which may be formed in

situ.
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Scheme 3.13 - Potential transformation of [RuCl(L14)2]Cl when treated with MeOD and NaOMe.

To understand the possible differences in behaviour created by a reduced ligand, especially given
apparent release of L18 by [RuCl(L14).]Cl, complex [RuCl,(L18).] was also targeted for this study.
However, its extremely poor solubility at room temperature and after heating at 50 °C for 16 h
prevented any meaningful data collection. Novisible reaction with base was observed to produce

a soluble species either, even after heating. The appearance of a post-reaction mixture after its
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use in the Guerbet cross-coupling of ethanol and methanol as a clear yellow solution
demonstrates transformation into some kind of soluble active species under reaction conditions,
but this could not be accessed under the tested conditions on an NMR scale. Further study of a
high catalyst loading under reaction conditions would be necessary to better understand the
active species of [RuCl»(L18),], and would be interesting to compare with an analogous study of

[RUCL(L14),]CL.
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3.6 Novel Ru(ll) PNX (X = O,S) complexes in the Guerbet

synthesis of n-butanol

3.6.1

Catalyst Screening Experiments

A selection of the complexes prepared in Chapter 2 (shown in Figure 3.20) were screened for

catalytic activity in the Guerbet-type preparation of n-butanol (Scheme 3.14). In this section, the

results of these screening experiments are presented.
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2 /\OH >
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Scheme 3.14 - General conditions for the upgrading of ethanol to n-butanol.
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Figure 3.20 - Selection of Ru(ll)Cl2(PNX)z (X = O,S) complexes prepared and selected for screening in the catalytic

upgrading of ethanol to n-butanol.
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Figure 3.21 - Yield of liquid products and ethanol conversion obtained in ethanol coupling with RuCl>(PNX)- catalyst series. Conditions: ethanol (10 mL, 171.3 mmol), NaOEt
(5.0 mol%, 0.565 g, 8.565 mmol) and catalyst (0.1 mol% [Ru] basis) were reacted under an inert N> atmosphere in a 100 mL Parr reactor at 150 °C for 20 h. Other products are a
mixture of: 2-ethyl-1-butanol, 1-hexanol, 2-ethyl-1-hexanol and 1-octanol (see section 5.3.3, Table 5.2). Total conversion of ethanol determined by GC-FID using hexadecane as

internal standard. tData obtained from literature*®. fData obtained from literature>2.
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Figure 3.22 - Selectivity of liquid products obtained in ethanol coupling with RuCl>(PNX)2 catalyst series. Conditions: ethanol (10 mL, 171.3 mmol), NaOEt (5.0 mol%, 0.565 g,
8.565 mmol) and catalyst (0.1 mol% [Ru] basis) were reacted under an inert N2 atmosphere in a 100 mL Parr reactor at 150 °C for 20 h. Other products are a mixture of:
2-ethyl-1-butanol, 1-hexanol, 2-ethyl-1-hexanol and 1-octanol (see section 5.3.3, Table 5.2). Total conversion of ethanol determined by GC-FID using hexadecane as internal standard.

tData obtained from literature*®. tData obtained from literature®.
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As in isobutanol synthesis experiments, included in the screen was [RuCly(dppm).], which under
the given conditions was found to produce comparable results to those previously reported by
the Wass group®®. Also presented are previously reported results for ruthenium precursors
[RuCly(p-cymene)]. and [RuCly(PPhs)s]. Unfortunately, due to the large quantity of catalyst
required for this scale of reaction (equalling >100 mg per run), the catalyst screen was limited to
only those complexes which were readily produced in very good yields; for this reason, only
complexes containing oxygen ligands were able to be screened, with the exception of the sulfur-
containing [RuCl(L14),]CL. No investigation of the mixed donor PNN type ligand structure could

be performed for this reaction.

The two monodentate phosphorus complexes [Ru(CO).Cl,(PPh;).] and [RuCly(PPhg)s] both
produced extremely similar yields of n-butanol, as well as other side products, in very similar
selectivities. Given the high temperature of the system, it is likely the CO ligand does not remain
coordinated and is lost during reaction. Therefore, it is presumed that the active species of these
two catalysts is structurally analogous. The lack of stability provided in the absence of
multidentate ligands has been suggested in the literature to result in catalyst decomposition*®4;
further post-reaction analysis would be necessary to confirm homogeneity is retained here, but
black solid was produced in these reactions which does suggest reduction to ruthenium black.
Additional gas-phase analysis could further be performed to identify any potential release of CO
from [Ru(CO).Cly(PPhs).], though itis noted that trace CO gas has been reported as a side product
of ethanol coupling side reactions®. Interestingly, a disparity between ethanol conversions is
observed between [RuCL,(PPhs3);] and [Ru(CO),Cl,(PPhs),]; this work found higher ethanol
conversion with no significantly increased liquid product yields with [Ru(CO),Cly,(PPhs),], which

could show an increase in side reactions to produce non-liquid products (see section 3.6.2).

It is immediately clear that, when operating under the same conditions, none of the novel
tridentate PNX complexes prepared in this work produce comparable yields of n-butanol to that
produced by the two monodentate phosphine complexes, let alone the previously reported
[RuCly(dppm):]. Indeed, yields from imine-containing catalysts were all < 9%, and therefore show
no real improvement to the yields obtained from their ruthenium precursor [RuCly(p-cymene)]..
This is consistent with the use of pincer complexes previously reported for this transformation:
non-rigid mixed donor PNP and PNNP pincer ligands in particular have shown poor conversion to
n-butanol when compared to their bidentate PN counterparts®. Even in the case of the sulfur-
containing complex [RuCl(L14).]Cl, which was considered promising for this transformation due

to its success in isobutanol synthesis (section 3.4.2) and recent work within the Wass group of
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SNS-type pincer complexes giving n-butanol yields of up to 26 %° (section 0), it seems that the

combination of a sulfur-containing arm with a PN moiety did not benefit reactivity.

Itis, however, noted that the two complexes producing highest isobutanol yields [RuCl;(L4),] and
[RuCl(L14).]Cl (section 3.4.1, section 3.4.2), both showed some selectivity towards sec-butanol
production, albeit at very low yields. Trace production was also seen with [RuCly(L1).] and
precursor complex [RuCly(PPhs)s]. This is again similar to reports of other PN-containing pincer
ligands, though Wingad etal. found tridentate PNP-type pincers were additionally found to
produce ethyl acetate as the major product®. Further imine-based sulfur containing ligands
could be interesting to investigate further to target this type of selectivity towards sec-butanol,

especially given only moderate selectivity towards side product ethyl acetate observed.

Continuing examination of the imine-containing systems in this work, comparison between the
mono- and bis-ligated species [RuCl,(L1)PPhs] and [Ru(L1).]CLl, shows a substantially lower yield
in the bis-ligated species. However, the increased alcohol conversion of [Ru(L1).]Cl, relative to
liguid product yield suggests activity remains moderate, with only selectivity towards liquid
products substantially reduced. Additionally, moderate selectivity towards side product ethyl
acetate was observed in almost all bis-ligated imine containing complexes, with only [Ru(L3),]CL,
not sharing this behaviour; this is consistent with increased reactivity towards non-liquid
products (see section 3.6.2). This also does not appear to be an observation limited to bis-ligated
tridentate species: poor activity is still seen in this work in bis-ligated systems even when P-N
ligands have been demonstrated to bind in a bidentate fashion (e.g. [RuCl;(L6):], see section
2.2.3.2). Hence, attribution to reduced access to the ruthenium centre is not reasonable. This
trend is contrary to the trend observed when bidentate phosphine and phosphinoamine systems
have been used previously: typically the bis-ligated species have shown greater yields of

n-butanol due to longer-lived catalyst®’.

The most active catalyst by far in this series was [RuCl,y(L7).], which is the only multidentate
system explored containing no nitrogen moiety. It produced n-butanol yields almost as good as
those seen in monodentate phosphine systems [RuCly(PPhs)s] and [Ru(CO),Cly,(PPhs),], with
similar selectivity towards higher alcohols seen. The only potential benefit considered of the
acetal moiety (and subsequent bidentate ligand behaviour) is increased stability as a
homogeneous catalyst: in reaction with [RuCly(L7).], initial observation of the crude product
mixture showed the solid produced was not black in colour and the liquid phase was dark red-
brown and clear. This suggests catalyst homogeneity may be better retained by the bidentate

system, though further analysis of the post-reaction system would need to be performed to draw
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any significant conclusions. Therefore, no benefit of the acetal moiety can be definitively noted

under these conditions without further investigation.

Given the extremely poor results of the imine-containing systems in this work, particularly relative
to the precursor complexes, it is tentatively proposed that the PN moiety is limiting activity
towards n-butanol production, though it is unclear why. Unfortunately, because of the high
catalyst loading needed and the poor results obtained, no further investigation could be

conducted on this series of complexes for this reaction.

3.6.2 Side products

3.6.2.1 Liquid Side Products

In this series of experiments, a range of side products were observed in the liquid phase, which
are fully reported in section 5.3.3 (Table 5.2). Unlike in the isobutanol production reaction, where
excess methanol is limiting due to formaldehyde’s extremely electrophilic behaviour, in the
n-butanol production conditions higher alcohols are readily accessible by further reaction of

ethanol with Guerbet products. An example of this further reactivity is shown in Figure 3.23.
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Figure 3.23 - Cross-coupling of ethanol with 1-butanol to produce linear and branched higher alcohol Guerbet

products.
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Low to moderate yields of linear and branched higher alcohols were produced in all cases, with
a general trend seen of more higher alcohol production with increased n-butanol production. The
following alcohols were typically present: 2-ethylbutan-1-ol, 1-hexanol, 2-ethylhexan-1-ol and
1-octanol. 1-hexanol made up the largest fraction of higher alcohol products in all cases. The
selectivity of a system either towards or away from these higher alcohols is desirable due to the

energy required in separation, and unfortunately such selectivity was not observed here.

A major side product seen in the liquid phase is ethyl acetate. This is accepted to be produced in
the competitive Tishchenko coupling of two aldehydes to form an ester®®, and was not observed
in isobutanol production due to the vast excess of methanol highly disfavouring the process. The
unexpected production of 2-butanol has been previously observed, and proposed by the Wass
group to proceed via a potential series of hydration and hydrogenation rearrangements of
n-butanol (Figure 3.24). This selectivity to the best of our knowledge has only been reported by

the Wass group.

-H,0

1

o] o~ /\Nw/

Figure 3.24 - Potential mechanisms for production of liquid and solid byproducts of the ethanol coupling reaction to

\

produce n-buatanol, as reported by Wingad et al. (2023)%°. Figure reproduced from literature with permission.
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3.6.2.2 Other Side Products

As with isobutanol production, large quantities of solid are produced in these systems. The solid
products from aroutine catalytic run using the catalyst [RuCl(L14),]Cl were isolated and analysed
qualitatively by FTIR spectroscopy, 'H and "*C{"H} NMR spectroscopy. As is consistent with
previous Wass group reports, the solid produced was found to be acetate salt, presumed to be
sodium acetate. This is formed by one of two routes, both of which are noted in Figure 3.24 and
facilitated by the NaOH formed in situ: saponification of ethyl acetate to sodium acetate; or the
Cannizzaro mechanism previously discussed whereby sodium acetate is formed directly from
acetaldehyde coupling (see section 3.4.4.2). As in isobutanol production, gaseous byproduct led
to aresidual pressure at room temperature of approximately 4-8 bar in these reactions, which is

consistent with the release of H, gas in the production of sodium acetate.
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3.7 Conclusions and future work

A selection of novel Ru(ll) complexes prepared in this work were applied to the Guerbet alcohol
coupling for preparation of isomers of butanol from ethanol. In the ethanol/methanol cross-
coupling to produce isobutanol, promising yields of isobutanol were obtained from multiple
systems, with yields given by [RuCly(L4).] and [RuCl(L14),]Cl comparable to the best reported
results from state of the art catalyst [RuCly(dppm).], though when tested the pincer complex
[RuCl(L14).]Cl was found to take longer to reach high yields. It is noted that best two systems
each featured at least one bidentate ligand, which may indicate the importance of access to the
ruthenium centre for an inner-sphere mechanism. Calculations of the buried volume of these
species may be possible to investigate further. The PNS complex [RuCl(L14).]Cl also showed
good compatibility with NaOH, so is a good candidate to investigate further for its tolerance to
water concentrations representative of industrially produced bioethanol. The excellent solubility

of these catalysts may also be interesting for testing reaction efficiency at lower temperatures.

A smaller selection of catalysts were also applied to the homocoupling of ethanol to produce
n-butanol. Unfortunately, none of the novel pincer complexes investigated were found to provide
significant improvement relative to their ruthenium precursors. Further work was limited by
practical considerations, and considering the poor yields obtained, no attempt to investigate
lower catalyst loadings was made. However, expansion of investigation into acetal type
complexes could be interesting: if a straightforward synthetic method for this family of complexes

is established they may be tuneable to produce higher yields.
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4  Application of Ru(ll) Complexes to the Direct

Hydrogenation of Amides and Esters

This chapter discusses the potential of catalysis to provide alternative methods to tackle waste
management and new material production through hydrogenative cleavage of polymers. The
application of novel species presented in Chapter 2 to model systems is described and

compared to previously reported systems.

4.1 Background

4.1.1 Plastics as a fossil fuel product

The term plastic refers to a material produced primarily from synthetic polymer. All significant
plastic usage has occurred in the past century’, with the early major boom in production
occurring during the Second World War and much more widespread commercial use in the
economic growth following thereafter?*. Global annual plastic production had already reached
two million tonnes by 1950, and according to the PlasticsEurope Market Research group,
production has increased every year since then, excluding only the years of the two major oil
crises (1975, 1980) and the global recession in 2008%°. Global annual production volume

exceeded 400 million tonnes for the first time in 2022°.

The impact of the oil crises is relevant as the majority of current polymer production uses fossil
fuel feedstocks. These are sometimes referred to as petroleum-based polymers, despite natural
gas products also accounting for a major fraction of plastic production feedstocks®. Additionally,
plastics are not just made of their polymeric component: additives, mostly plasticisers and flame
retardants, are estimated to account for around 7 % by mass of plastic materials. These additives

are specialty chemicals, frequently also from petrochemical sources’.

The development of bioplastics — plastics produced from biomass sources — has gained
momentum in recent years. The target products are often chemically identical to materials
produced from fossil fuel sources: notably, the PlantBottle, released by Coca cola in 2009, was
100 % PET (polyethylene terephthalate), 30 % of which was sourced from plant sources®. More
recently, advances in new polymer technology, such as PLA (polylactic acid) and starch blend

polymers, have expanded the use of plastics made from 100 % biomass sources, particularly in
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the packaging industry, and PLA has the advantage of being industrially compostable®. However,

bioplastics only accounted for approximately 0.6 % of annual plastics production in 2022,

4.1.2 The fate of plastics

PLA, and its biodegradability, is a notable exception to the norm. None of the major fossil fuel-
derived plastic products are biodegradable, defined by Geyer as having biodegradation
timescales which far exceed the relevant timescales for their waste management?. This is a
separate concern to non-renewable feedstocks, as currently around 50 % of biobased polymer
also accounts for non-biodegradable products™. Even PLA, classified as a biodegradable
polymer, is sometimes non-biodegradable by Geyer’s definition, requiring elevated temperatures
and microbial treatment to break down within relevant timescales. The British Plastics Federation
excludes timescales from its definition of polymer biodegradability entirely to avoid such
confusion, simply defining a biodegradable polymer as one which may be entirely converted to
water, carbon dioxide, biomass and possibly methane through at least partially cell-mediated
processes. If 90 % of a material is converted thus within 6 months in the environment, it is

considered compostable™.

However, for the vast majority of plastics currently in circulation, if released into the environment,
they will fragment, accumulate and persist’. Indeed, the ubiquity of plastics since 1950
combined with their long lifetime has resulted in the recent proposed use of plastic as a

stratigraphic indicator of the Anthropocene™.

The lifetime of plastic products varies widely, from around a year in the packaging sector, to over
30 years in the construction sector?. However, it is estimated that waste generation is continuing
to increase, with over 340 million tonnes of plastic waste generated in 2018, and an estimated
total cumulative waste volume of 6.9 billion tonnes of plastic®. Due to plastic lifetime, landfill is

an inappropriate waste management strategy; almost all of this plastic still exists.
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4.2 Recycling

If plastic waste is instead considered as a resource, there are two primary means of use: energy
recovery, and recycling. Energy recovery typically refers to incineration. Plastic-to-fuel
technologies do exist however, such as pyrolysis or gasification, which are most suitably applied
to polymers containing low oxygen content''s. Energy recovery currently accounts for >40 % of

plastics waste management in Europe’®.

Recycling overtook landfill as the next most common fate of plastics in Europe in 2016. It refers
to the reprocessing of plastics into new products, ultimately delaying the end of life of the

material. Recycling may be split into the following two types:

e Mechanicalrecycling: The physical reprocessing of a plastic into a new product, without
significant changes to chemical structure.
e Chemical recycling: The chemical cleavage of bonds in a polymer to produce oligomers

or monomers which are reintroduced into the production chain.

Recycling processes are inherently limiting. Mechanical methods rely on manual sorting
methods, so require well-labelled starting products. No separation of constituent parts occurs,
so any additives remain part of the product mixture. This is particularly problematic when
considering older materials, as legislation on permitted additives has changed: many flame
retardants are now banned, for example, preventing any recycling of these materials which would
retain such additives'’. Additionally, the products of mechanical recycling typically represent a
reduction in economic value. If a polymer is thermoset (non-melting), it is only able to be
physically shredded, limiting potential uses. If a polymer is thermoplastic, so able to be melted
down and re-extruded, resultant changes in polymer packing lead to changes in physical
properties. Hence, to retain desirable properties, products often use a mixture of recycled

material and virgin polymer?®.
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Figure 4.1 - Chemical recycling in a closed-loop system, demonstrated with Nylon-6.

Chemical recycling is much more promising for high value products. In closed-loop chemical
recycling, the breaking of bonds leads to oligomeric or monomeric products, allowing the re-
synthesis of long-chain polymers using the isolated monomers. This enables regeneration of
plastic product of equivalent quality to virgin material. Usually this would include some chemical
transformation of the oligomers/monomers produced to ensure they are appropriately
functionalised for reinsertion into existing manufacture processes (demonstrated in Figure 4.1).
In theory, this would allow removal of additives, such as colourants, plasticisers, and flame
retardants, which make the physical recycling of many materials so difficult’®. Despite a much
higher energy cost than mechanical methods, this is the only method of recycling which would
enable material to remain in circulation indefinitely and is frequently considered a key

component of a circular plastics economy’®.

Unfortunately, plastics are designed to be robust, long-lasting, and chemically inert. Therefore
the polymers which make up the bulk of the material are extremely difficult to break down into
their constituent monomers. Hence, chemical recycling has not yet developed into widely
economically viable processes for many polymers, as it remains cheaper to make new polymer

from traditional feedstocks.
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4.3 Chemical Recycling Methods

4.3.1 Condensation Polymers

Condensation polymers are attractive targets for chemical recycling. Whilst many polymers have
a long carbon backbone, condensation polymers are so named due to their formation through
condensation reactions, resulting in retained heteroatoms incorporated into their backbone.
Common types of mass-produced condensation polymer are summarised in Figure 4.2, but the

category also includes naturally occurring polymers such as proteins and polynucleotides.
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Figure 4.2 - Common commercially produced condensation polymers.

The backbone functionality of these polymers can be readily exploited for chemical cleavage.
This is particularly appealing as polyesters are the majority polymer type used in both the
packaging and textiles sectors, which are the two sectors producing the largest quantities of
plastics waste annually?. Of these, the textile sector especially contributes very little to recycling.
Fibrous polymer material is a common mechanical recycling product of PET?, but is unsuitable
for physical re-extrusion and typically is discarded as highly mixed waste which is notoriously

difficult to recycle further by traditional means?'.

4.3.2 Existing Chemical Recycling Methods

Commercial chemical recycling is still in its infancy, and represents an estimated 2 % of current
recycling methods in Europe, with most infrastructure currently accommodating either
depolymerisation or pyrolysis techniques’®. This proportion is estimated at <0.5 % globally'. As

mentioned previously, thermochemical methods such as pyrolysis and gasification are best
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suited to low oxygen content polymers. Techniques applied to condensation polymers are
typically depolymerisation methods, and are briefly summarised below?>?%, Although these
technologies exist for all condensation polymers at some stage of research, the only polymer to

which these techniques are applied at any significant scale is PET'81923,
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Figure 4.3 - Main PET chemical recycling products. Figure reproduced from Aguado & Serrano, 1999%4.

Solvolysis is the most common type of chemical recycling for PET. This is a blanket term which
applies to the use of solvents to cleave chemical bonds in the backbone. This includes hydrolysis,
alcoholysis and glycolysis. The primary products of different PET solvolysis products are
summarised in Figure 4.3. All these processes employ catalysts (both heterogeneous and
homogeneous) and operate at varying conditions, though historically high temperatures,

pressures and large excesses of solvent have been applied?.

Additional methods of chemical recycling are under investigation® for the processing of PET, such
as selective dissolution, frequently using ionic liquids? (though there is dispute whether this is
considered a chemical or a mechanical process), and enzymatic methods?. The latter is of
particular interest; technically, the widespread industrial composting of PLA employs such
biological methods on an industrial scale for catalysing hydrolytic depolymerisation, but in

practice monomer recovery is not performed.

A final method of note is hydrogenolysis. This refers to the application of a source of hydrogen to
break the sp® C-X bond in a condensation polymer to result in the amine or alcohol products,

using hydrogen sources such as silanes, aminoboranes or H, gas?. The latter is especially
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promising due to the limited required further processing of monomers and the accessibility of H,
as a low carbon source, widely produced by either steam methane reforming with carbon capture

or water splitting?.

4.3.3 Hydrogenative Polymer Cleavage by Homogeneous Catalysts

As with other processes, this has been widely explored with some excellent reviews published in
recent years providing detailed summaries of both heterogeneous and homogeneous
methods??°, Of particular interest in this work is the use of homogeneous pincer complexes, with
interesting examples presented. The efficacy of such systems in direct hydrogenation has been
briefly discussed in section 1.3.4, and unsurprisingly, the pioneers in this transformation on a
molecular scale have also pioneered much of the exploration in polymer degradation. Most

research in this area targets polyesters and polycarbonates.
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Scheme 4.1 - Direct hydrogenative cleavage of polymers using metal catalysts under basic conditions.
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Figure 4.4 - Homogeneous pincer catalysts reported for hydrogenative depolymerisation of PET.
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Table 4.1 - Summary of homogeneous pincer catalysts applied to the hydrogenative depolymerisation of PET.

i M)
O/\/O base additive OH
™ Ho + po OH
Ha
° n 1,4-BDM
PET ’ EG
Catalyst Base H. Time T 1,4-BDM
Author Solvent
(mol%) (mol%) / bar /h /°C | yield®/ %
THF:anisole
Robertson® 4.4a (2) tBuOK (4) | 54.4 50:50 4 160 >99
Klankermayer®' | 4.4b (1) HNTf, (1) | 100 1,4-dioxane 16 140 64
tBuOK THF:anisole
Clarke® 4.4c (2) 50 48 110 73 (53)
(40) 50:50
. 4.4d MeOH:toluene
Xie® tBuOK (3) 5 24 80 61
(0.5) 90:10
. 4.4d MeOH:toluene
Xie® tBuOK (3) 5 72 80 88 (86)
(0.5) 90:10
. tBuOK
Liu®* 4.4¢ (3) (30) 50 2-MeTHF 72 150 89
[a] Isolated yields given in brackets where specified.

The first reported example of homogeneous catalysis using pincer complexes for selective
reduction of esters to alcohols was demonstrated by Milstein and coworkers in 2005 using a new
family of Ru(ll) PNN catalyst®. Their bipyridyl catalyst (Figure 4.4a) was later used by Robertson
and coworkers to be active in polymer hydrogenative cleavage. Following pre-activation with
base, the catalyst resulted in remarkable conversion of >99 % PET with only alcohol products
observed after 48 h under 54.4 bar H, at 160 °C*°. Expansion of scope demonstrated efficient
conversions of several other polyesters and some polycarbonates. The following year, Clarke and
coworkers also reported a series of Ru(ll) PNO and PNN complexes which showed remarkable
tolerance to multiple functional groups in hydrogenative cleavage of esters®. Their best PNN
system (Figure 4.4c) later demonstrated efficient conversions of PET at the lower temperature of

110 °C, with NMRyields of 73 % NMRyield of 1,4-benzenedimethanol (53 % isolated yield)®2.

In 2018, Klankermayer and coworkers reported a Ru(ll) triphos complex featuring a coordinatively
unsaturated trimethylenemethane ligand (Figure 4.4b) as performing complete conversion of
poly(bisphenol-A carbonate) to produce BPA and MeOH under alkoxide base free conditions with
100 bar H, in 16 h®'. Under the same conditions, 42 % conversion of PET was achieved, with an
increase to 64 % conversion at >99 % selectivity towards 1,4-BDM with substitution of phenyl

groups on the triphos ligand with xylene groups. This complex was then successfully applied to

140



complete depolymerisation of a number of commercial samples of polymer, showing up to 87 %
recovery of isolated monomer 1,4-benzenedimethanol from a PET bottle sample and 73 %

bisphenol-A recovery from a CD.

A recent report from Xie and coworkers proposed an interesting solution to the initial insolubility
of polymers through use of a tandem system, following initial transesterification with methanol
to give oligomers with a direct hydrogenative reduction to produce isolated diol monomers®. This
was particularly interesting due to the poor activation of H, of Milstein’s systems when applied in
protic solvents due to favourable coordination of methanol (Scheme 4.2)*. They proposed that a
more stable delocalised species would be more stable to protic solvents, thus applicable to both
transformations, and demonstrated a Ru(ll) PNN pincer system featuring a quinoline backbone
(Figure 4.4d). This complex was successfully applied under extremely mild conditions of 5 bar H,
in a 9:1 MeOH:toluene solvent mixture to give 61 % recovery of monomer after only 24 h,

increasing to 88 % after 72 h.

X X
MeOH _ H
NT X e N
H. | H. |
R‘QN—Rlu—PRz R'2N—R|u\—PR2
coO CO Me

Scheme 4.2 - Quench of active Ru(PNN) Milstein complex by coordination of protic solvent.

Whilst the use of ruthenium phosphine complexes is almost ubiquitous in this literature, a report
in 2023 from Liu and coworkers showed successful use of a manganese NHC complex (Figure
4.4e) in the hydrogenative depolymerisation of PET, though it is noted somewhat higher
concentrations of catalyst (3 mol%) and base (30 mol%) were required for a comparable

conversion of 89 % to be achieved®.
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Scheme 4.3 - Catalytic hydrogenative depolymerisation of polyamides. a) Milstein and coworkers (2020). b) Schaub
and coworkers (2021).

Despite broader investigation of polyesters, only two reported examples of polyamide
depolymerisation through direct hydrogenation have been found, reported by Milstein et al®® in
2020 and Schaub et al* the following year, and both using Milstein’s category of highly effective
Ru(ll) PNN complexes. Both used high pressure hydrogen with homogeneous ruthenium pincer
complexes and metal alkoxide co-catalysts to enable polymer degradation at relatively low
temperatures (Scheme 4.3). Schaub’s work was also notably extended to include investigation of
polyurethanes, including commercial foam samples, and saw complete conversions of some
commercial samples using 100 bar H, in as little as 30 h, though elevated temperatures of 200 °C

were also employed.

Itis clear the application of Ru(ll) PN-containing pincer catalysts in the successful hydrogenolysis
of several polymers, with PNN complexes produced by Milstein and coworkers the best in class.
However, ligand systems such as Milstein’s and Klankermayer’s are frequently difficult to make
and highly air sensitive, making them industrially impractical. Additional reliance on high
pressures and long reaction times leaves the potential forimprovements through further catalyst

development.
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4.4 Aims

The aim of the work performed in this chapter was to expand upon previously reported Ru(ll)
catalysts in the direct hydrogenative cleavage of esters and amides, with the intention of applying

to polymeric systems.

Initial work aimed to prepare and apply a series of complexes to the previously reported
hydrogenative cleavage of amides, based upon work reported by Milstein and coworkers using
asymmetric PNN species®, with an initial conditions screen and catalyst screen performed. Due
to the difficulty replicating previously reported results, a second system was developed for
further investigation for catalyst screening, featuring aromatic esters as a model substrate for

PET.

The catalyst series introduced in Chapter 2 are very similar to Clarke’s Ru(ll) catalysts previously
reported to be effective for direct hydrogenative cleavage of esters featuring a range of different
functional groups®. The series of imine-based complexes in this work have already been
demonstrated as highly effective catalysts in hydrogen transfer mechanisms in alcohol coupling
(Chapter 3). Hence, they were also considered promising for application in direct hydrogenation,
so were investigated for efficacy in direct hydrogenation of esters. Additionally, the use of the
imine moiety was interesting due to reports suggesting aromaticity surrounding Ru-N binding
sites is involved in the catalytic cycle of such systems. Further work included expansion of this
catalyst series to include SNS and NNN phosphine-free complexes, with comparison to
analogous PNP complexes. NMR scale experiments investigating reactivity with hydrogen of two

systems were performed.
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4.5 Direct Hydrogenation of Amides

Initial work in this chapter targets amide cleavage by direct hydrogenation through the use of a
model system. This section discusses the selection and development of a model system,
including the preparation of previously reported Ru(ll) PNN complexes. Benchmarking, catalyst

screen and subsequent run time experiments are discussed.

4.5.1  Preparation of Ru(ll) PNN complexes

] 1 ]
NS NS NS
a) N ) )
Cl, 1 _ Cl, 1 _ Cl, 1 _
HN—"Ru—p_ BY HN—Ru—p_ BY Et—N—"Ru—Pp_ B!
tBu ¢g' tBu Bz ogl tBu Et oal CtBu
=
.
d) e)
Cl, 1
HN="Ru—p_ "
tBu cal pn

Figure 4.5 - Complexes reported as active for hydrogenative cleavage of polyamides by Milstein®® and Schaub®.

Initial targets for benchmark studies were selected from the six complexes reported as
successful for the hydrogenative cleavage of polyamides (Figure 4.5). The asymmetric PNN
complex [RuCO(CLl)H(L19)] (Figure 4.5b) was reported by Milstein and coworkers as the most
effective catalyst for direct hydrogenative amide cleavage in a model system whereby single
amides were reduced at up to 97 % isolated yield at room temperature under only 10 bar of
hydrogen®'. This catalyst was then also successfully to hydrogenative depolymerisation at almost
identical activity to their best reported system?®. Given their reports included a wide range of
amide substrates under low base loadings, and their reported 77 % conversion of nylon-6 under
the conditions shown in Scheme 4.3, this complex was initially selected for preparation and use

as a benchmark in system development.

The ligand L19 and complex [RuCO(Cl)H(L19)] were successfully prepared according to literature
procedures, but difficulties in ligand purification led to very poor yields for both ligand and
complex preparation (Scheme 4.4). Yields were insufficient to perform multiple repeats of a test
system, and certainly insufficient to achieve loadings required for potential polymer cleavage

experiments. Therefore this complex was not pursued further for model system studies.

144



L19 [RUCO(CIH(L19)]

1) THF
nBulLi ‘ N benzylamine ‘ A =z
tBu _BHs -78 °C N7 (excess) N7 [RUCO(CH(PPha)s] |
B H 2 P HN c B
u ° / P
) B s e, O 1907C g Py “Bz THF HN="Ru—P_ "
_ - A 4h Bz &t tBu
N
cl cl
78°C 29 % 18 %
[RUCO(CI)H(L20)]
1) Et,0
7 LDA
| -78°C [RUCO(CH(PPhg)s]
S N _— Il cl N
\ N 2) tBu,PCI THF N_'R‘UFP\ABU
-78 °C A 4h ¢o tBu
52 % 67 %

Scheme 4.4 - Top: synthesis and yields of previously reported L19 and [RuCO(Cl)H(L19)] as performed in this work.
Bottom: synthesis and yields of previously reported L20 and [RuCO(Cl)H(L20)] as performed in this work.

The related complex [RuCO(Cl)H(L20)] (Figure 4.5e) was also reported. Milstein and coworkers
did investigate this complex for catalytic hydrogenation of nylons, but under the conditions
selected they reported only moderate conversion of starting material and no recovered amino
alcohol monomer*?. Better yields were consistently reported with ligands featuring various
substituted secondary amines akin to L19 (Figure 4.5a-d). However, when applied to polyamide
and polyurethane degradation, Schaub and coworkers reported excellent yields with a bipyridyl
complex featuring cyclohexane phosphine substituents (Scheme 4.3)*. The similar ligand L20

featured tert-butyl phosphine substituents and provided very similar hydrogenation results.

Gratifyingly, whilst the literature preparation of L20 involved ligand isolation by column
chromatography under an inert atmosphere, it was found possible in this work to isolate the
ligand by removal of liquid starting materials through distillation under continuous vacuum.
Further purification was possible by recrystallisation from dry and degassed methanol. This
ligand was readily able to be isolated in significantly greater yield and purity than L19, and
complexation proved facile and high yielding according to literature procedures. Therefore,

[RuCO(ClH(L20)] was selected for further investigation.

4.5.2 Model System Development

Due to the practical difficulties of quantitative polymer analysis, a model system was selected
for this work based upon earlier work by the Milstein group using a linear diamide substrate

(Scheme 4.5)*,
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DAE

Scheme 4.5 - Selected model system developed in this work based upon reaction conditions reported by Milstein

and coworkers*.

Model substrate diamide N,N’-diacetylethylenediamine (DAE) was selected due to its

structure, akin to commercial nylons, as well as the ease of analysis of cleavage products by
'H NMR spectroscopy. Analysis of this system was performed in literature by 'HNMR
spectroscopy against an internal standard, which was also found to be a suitable analytical

method in this work. THF was also tested as solvent and produced similar starting material

conversions as those observed in 1,4-dioxane, but solvent signals overlapped with p

signals in NMR spectra so precise product distribution could not be determined. Greater solvent

quantity was found detrimental to yield, presumably due to limitations in the diffusion rate of H..

y {BUOK (1.2 mol%) o
J\ /\/N\fo STV N g \f

linear

roduct

An initial conditions screen was performed, the results of which are summarised in Table 4.2.

Table 4.2 - Summary of results of conditions screen of hydrogenative cleavage of N,N’-diacetylethylenediamine with

catalyst [RuCO(Cl)H(L20)].

Entry Cat. Base H. Conversion | AEA Ethylene Ethanol

Loading | Loading | pressure /% yield diamine yield /
/ mol% / mol% / bar /% yield / % %

1 1 2.5 70 100 0 80 69

2 1 2.5 50 100 5 95 71

3 0.5 1.25 50 100 21 69 75

4 0.5 5 50 73 49 19 34

52 0.5 1.25 40 87 48 26 37

6 0.5 1.25 40 89 55 30 43

7° 0.5 1.25 50 6 trace | - -

8 0 0 50 2 - - -

Reaction conditions: 20 h, 115 °C, [Ru] =[RuCO(Cl)H(L20)]. °Reaction heating failed partway through the

reaction, prompting further investigation into run time. "Reaction performed at room temperature
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Conversions obtained were comparable to literature reports*. It is unsurprising to observe
increased conversions of amide to hydrogenative cleavage products with both catalyst loading
and H, pressure, trends consistent with literature reports*'® for similar systems. Interestingly,
increase in base loading relative to ruthenium catalyst did not aid reactivity, instead appearing to

inhibit it. No conversion was observed in the absence of ruthenium complex and base.

4.5.3 Reactiontime

In one experiment, mid-way through the 20 h run time, heating failed (Table 4.2, entry 5). It is not
known precisely how long the reaction was heated, but for at least the final 4 hours of the run the
reaction proceeded at room temperature. However, observed conversion of substrate DAE and
recovery of all hydrogenative cleavage products was no different to that observed when heating
was continued for the full timeframe. This was unexpected, and indicated that the reaction did
not require sustained temperature of 115°C. However, performing hydrogenation at room
temperature resulted in negligible reaction (Table 4.2, entry 7), suggesting an initial heating period
is required for reaction, but sustained heating is not. An attempt to better understand this was
performed by investigating multiple reaction times (Figure 4.6). Given the nature of applied high
pressure reactions, the reaction could not be continuously sampled for analysis, so multiple runs
of different lengths were performed with direct NMR analysis of the product mixture. The results

are summarised in Figure 4.6.

100

90

80

70

60

% 50 —@=—DAE conversion

40 —e— AEA yield

30 —@—ED yield

20

10

0 5 10 15 20
Runtime/h

Figure 4.6 - Change in product mixture composition with run time. Ethanol yields excluded. Reaction conditions:

0.5 mol% RuCO(Cl)H(L20), 1.25 % tBuOK, 2 mL 1,4-dioxane, 50 bar H2, 115 °C.
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Very little reaction is observed for the first 6 hours, followed by rapid reaction of the diamine
starting material to almost exclusively produce the monoamide intermediate
N-actetylethylenediamine (AEA). Subsequent complete reduction occurs more slowly as
ethylenediamine yield grows steadily after approximately 8 hours. Longer reactions were not
performed, but it is presumed that over longer run times, yields of AEA would continue to

decrease as hydrogenation continues, giving ethylenediamine as sole product.

Table 4.3 - Comparison of DAE conversion after 6 hours with and without T mmol ethylenediamine additive.

Entry ED Run Conversion | AEA Ethylene Ethanol
additive | time/h 1% yield diamine yield /
/ mmol /% yield / % %

1 0 6 4 0 0 0

2 0 8 56 53 5 18

3 1 6 51 44 100 24

Reaction conditions: 0.5 mol% [RuCO(Cl)H(L20)], 1.25 % tBuOK, 2 mL 1,4-dioxane,

50 bar Hy, 115 °C.

An initial proposed explanation for the initial 6 hour induction period in reaction was an
autocatalytic pathway, whereby amine products facilitated the hydrogenation of DAE, increasing
reaction rate. To investigate, a 6 hour experiment was performed with 1 mmol ethylenediamine
added at the start of the experiment and compared to regular conditions (Table 4.3). Interestingly,
51 % conversion of starting material was observed to produce exclusively the singly reduced
compound AEA - the recovery of 1 mmol ethylenediamine in the crude product is assumed to
entirely come from the spike, though error in quantitative analysis could disguise low percentage
production of ethylenediamine as a reduction product. Notably, this result is extremely
comparable to the yields obtained in an un-spiked 8 hour run, showing some benefit to rate of the
inclusion of ethylenediamine. However, shorter spiked runs were not performed, so it is unknown
whether this increase in rate also shows a similar pattern of large induction period followed by
rapid selective reduction of one amide bond and gradual completion of reaction over time.
Therefore, substantial further study would be needed to assess if the addition of ethylenediamine

accessed an alternative reaction pathway, or aided in another way.
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Scheme 4.6 - Amide hydrogenation mechanism proposed by Milstein and coworkers, demonstrated with catalyst

[RuCO(ClH(L19)], including base-activation and hydrogenation of ruthenium complex.

An alternative proposed reason for the induction period is slow catalyst activation. In the
literature, the Milstein group and others have reported several mechanistic investigations into the
catalytic hydrogenative cleavage of amides and esters by asymmetric PNN complexes, exploring
complexes containing secondary amine arms such as [RuCO(Cl)H(L19)], referred to as PNN"
type complexes, and bipyridyl-based PNN® type complexes including [RuCO(Cl)H(L20]. These
mechanisms involve a facile activation of catalyst already noted in section 1.3, where addition of
base results in deprotonation at a carbon adjacent to binding phosphorus. The reaction then

follows a catalyst cycle employing de- and re-aromatisation in a metal-ligand cooperative

mechanism (Scheme 4.6)3%:40:41:44,
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When considering PNN" species, deprotonation at the binding nitrogen of species is also
possible, but DFT analysis reported by Kumar et al. demonstrates interchange with de-

aromatised species is extremely low energy, thus may occur spontaneously (Scheme 4.7)%.

= =
- -0.3 kcal/mol - |
N - \
HN—Ru—P_R N—Ru—P.R
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Scheme 4.7 - Interchange between de-aromatised active PNN" species and deprotonated PNN species, reported by

Kumar et al®®.
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Figure 4.7 - Dihydride PNNE? species isolated by Gusev (2020)%.

The activated de-aromatised species is active for the heterolytic cleavage of H, with transfer of
proton to ligand and hydride to the ruthenium centre. This H, activation step also appears facile,
being observed experimentally at room temperature on an NMR scale with base-activated
pyridine-based PNN" complexes, with Gusev noting the stability of the isolatable dihydride
PNNE? species shown in Figure 4.7 when stored in air overnight. DFT analysis seems to support
this as formation of dihydride intermediate complexes from the activated catalyst is reported to
be downhill for this family of species®. More recent work from both Milstein*' and Gusev*®
suggests the subsequent coordination of an amide to reduced catalyst by an Ru-O interaction
with substitution of the nitrogen binding arm of the ligand, followed by higher energy stepwise
hydrogenation and substrate C-N dissociation to release an amine and aldehyde. Finally, a
second hydrogenation of the catalyst enables aldehyde reduction. The generally low energy
barriers of catalyst reduction and subsequent hydrogen activation suggest that the long

incubation period observed in this work is not due to catalyst activation limiting reaction rate.

Therefore, the activation of the substrate appears to be limiting. This step is proposed to involve
substitution of the Ru-N pendant arm, shown in Scheme 4.6, which may increase energy required
for this step. However, experimental NMR scale investigations into activation of diamides and
polyamides performed by Milstein and coworkers® showed room-temperature interaction
between an aromatic diamide and base-activated PNN" complex [RuCO(CL)H(PNN®")] to form a

dimeric complex in THF (Scheme 4.8). No such interaction with powder form nylon-6 at room

150



temperature was observed. When heated to 125 °C however, multiple species were observed in
%P and "H NMR spectroscopy, suggesting that larger molecular weight amides coordinate less
favourably. The de-coordination of a ligand nitrogen arm does not account for this difference
between substrates. A potential alternative reason for this is simply poor substrate solubility,
which may also be considered a limit in this work; DAE is poorly soluble in most non-protic
solvents, including 1,4-dioxane. As both amine products in this instance are liquid, it is tentatively
proposed that their production simply aids in solvation of starting material; this is supported by

the results of the ethylenediamine spike.
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Scheme 4.8 - Interaction of [RuCO(CUH(PNN®Y)] with diamide in THF reported by Milstein and coworkers®.

]
?\
(@)
o
Y

R = Ph(p-OMe).

151



4.5.4 Catalyst Screen

A limited catalyst screen was performed using commercially available catalysts (summarised in
Figure 4.8). Unfortunately, none showed significant change in starting material content, with only

the PNP pincer complex [RuCO(CLl)H(L21)] showing trace amounts of ethanol and singly reduce
product AEA produced.
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H
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1,4-dioxane
DAE 115 C, 20h ED AEA
H H H
i AN
cl Cl< | cl
Ph,P RluTPth thP—ﬁuTPth EtS—Rlu\C| SEt
co CO BH,3 PPh,
RUMACHO® RUMACHO®-BH [RUCL(SNHSE)PPh;]
i X o] o]
Ph, | Ph, Ph, | Ph,
N/ P///,, ‘\\\P P//’/, \\\\P
Cl- | ( Ru ( Ry, j
(tBu),P——Ru—~P(tBu), NT | Y SNH | HNT
Co
[RuCO(CUH(L21)] [RUCL(PN)] [RUCL(PN™e)]

Figure 4.8 - Complexes tested in screen of commercial catalysts reported for ester hydrogenation.

The Milstein asymmetric PNN complex [RuCO(Cl)H(L20)] is clearly best in class for this
transformation. Given the low success rate of catalysts already well-established to be effective
for ester cleavage, investigation into the behaviour of novel complexes as direct hydrogenation

catalysts was instead applied to the less strenuous ester hydrogenolysis.
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4.6 Direct Hydrogenation of Esters

A model system for the hydrogenative cleavage of esters was developed for the investigation of
the series of novel Ru(ll) PNX catalysts presented in Chapter 2 as catalysts in direct hydrogenation
systems. In this section, the results of these experiments are discussed. Additionally, a

comparison between similar PNP, SNS and NNN systems as catalysts is explored.

4.6.1 Model System Development

The interest in the novel series of Ru(ll) PNX (X=0, N, S) complexes as direct hydrogenation
catalysts stems from the remarkable efficacy of similar PNO and PNN catalysts first reported by
Clarke and coworkers in 2012%, as discussed in Section 4.3.3. Their best system was later

applied to the successful hydrogenative breakdown of PET®2.
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Figure 4.9 — a) Selection of complexes reported by Clarke and coworkers reported for hydrogenative cleavage of

esters. b) This work.

Their complexes used the reduced forms of several ligands prepared in this work, employed as
single tridentate ligands with ancillary chloride and DMSO ligands and provided early inspiration
for the benefit of their modular, tuneable and straightfoward preparation. To appropriately
compare the Clarke complexes with this work, a modified version of the model system selected

by Clarke was reproduced here.
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FBA

Scheme 4.9 - Model ester hydrogenation system as reported by Clarke et al.5>3¢

The substrate selected, methyl 4-fluorobenzoate (MFB) has the benefit of a fluorine tag,
permitting simple monitoring by '®F NMR spectroscopy. Additional quantitative 'H NMR
spectroscopy was performed against a mesitylene internal standard to corroborate obtained
yields of 4-fluorobenzyl alcohol (FBA). The system was modified to accommodate alternative

equipment in this work, and the solvent and temperature conditions were selected as a

continuation of amide cleavage investigations.
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Scheme 4.10 - Model system developed for use in this work.
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4.6.2 Conditions Screen

A series of reactions using the Milstein catalyst [RuCO(Cl)H(L20)] were performed to investigate
the effects of base loading and run time on ester reduction. The results are summarised in Table

4.4.

Table 4.4 - Conditions screening experiments of ester hydrogenolysis with Milstein catalyst RuCO(Cl)H(L20).

o [RuCO(CHH(L20)] (0-1 mol%) OH
e tBuOK (1.25-40 mol%)
o H
2
. ~ +  —OH
1,4-dioxane (2 mL) F
1 mmol 15°C
MFB FBA
Catalyst Base Run time H, pressure FBAyield?
Entry
(mol%) (mol%) /h / bar /%

1 - tBuOK (20) 2 50 0
2* RuCO(ClH(L20) (1) tBuOK (2.5) 20 50 23
3 RuCO(Cl)H(L20) (1) tBuOK (2.5) 20 30 14
4 RuCO(Cl)H(L20) (1) tBuOK (2.5) 20 50 32
5 RuCO(ClH(L20) (1) tBuOK (2.5) 6 50 1
6 RuCO(Cl)H(L20) (1) tBuOK (40) 2 50 >99
7 RuCO(Cl)H(L20) (0.5) tBuOK (20) 2 50 >99
8 RuCO(Cl)H(L20) (0.5) tBuOK (10) 2 50 >99
9 RuCO(Cl)H(L20) (0.5) tBuOK (5) 2 50 98
10 RuCO(Cl)H(L20) (0.5) tBuOK (2.5) 2 50 8
11 RuCO(Cl)H(L20) (0.5) tBuOK (1.25) 2 50 1
Yield of 4-fluorobenzyl alcohol as determined by "°F NMR spectroscopy and "H NMR spectroscopy. *65 mL
autoclave used.

4-Fluorobenzyl alcohol (FBA) was recovered as the sole fluorinated reduction product in all
experiments; no side products were observed. Methanol was observed in typically slightly lower
yields in quantitative "H NMR spectroscopy; this was attributed to its volatility. Standard vessel
volume in this work was 100 mL; decreasing vessel size decreased product yield somewhat,
though the depressive effect of decreasing H, pressure was more substantial. Interestingly, even

at long run times, the high conversions observed in amide reductions were not seen until base
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loadings were increased to base to catalyst ratio of at least 10:1 —this is higher than the standard
base to catalyst molar ratio of 2:1 used in amide reductive cleavage (see Section 4.5.2). This is
perhaps supportive of the previously proposed autocatalytic nature of amine substrates,
whereby they operate by acting as an internal base (see Section 4.5.3). In ester cleavage,
increasing base loadings seemed to entirely remove the 6 hour induction period discussed
previously, and permitted much more convenient 2 hour run times. This was also noted in the
literature for ester reduction®, but contradicts the negative effect of increasing base loading seen
in our earlier study on amide reduction (Table 4.2, Entry 4). The depressive effect of reducing base

loading below 10 equivalents was dramatic at short run times.
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4.6.3 Catalyst Screen

A selection of complexes prepared in Chapter 2 were screened for catalytic activity in the direct
hydrogenative cleavage of methyl 4-fluorobenzoate (Figure 4.10). The results of these screening

experiments are discussed in this section.
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Figure 4.10 - Summary of catalysts tested in the hydrogenative cleavage of methyl 4-fluorobenzoate.
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Scheme 4.11 - Conditions selected for catalyst screen of the reductive cleavage of methyl 4 fluorobenzoate.

Observed side products A, B and C further discussed in section 4.6.5.

Table 4.5 - Results summary of conditions screening experiments of ester hydrogenolysis.

Ester Yield / %

Catalyst Base
Entry conversion FBA

(mol%) (mol%) A B C

/% (selectivity, %)

1 Ru(CO).Cl,(PPhs), (0.5) | tBuOK (20) 6 - 6
2 RuCly(L1)PPh; (0.5) tBuOK (20) 25 4(16) 1 12 7
3 [Ru(L1),]CL; (0.5) tBuOK (20) 29 6 (20) 2 16 6
4 [Ru(L1).]CL; (0.5) tBuOK (10) 19 3(16) 3 12
5 [Ru(L1).]CL; (0.5) tBuOK (5) 3 - 3
6 [Ru(L2).]CL; (0.5) tBuOK (20) 17 3(16) 7 6 2
7 [Ru(L3).]CL, (0.5) tBuOK (20) 8 - 8
8 RuCl,(L6). (0.5) tBuOK (20) 56 31 (54) 20 5
9 RuCl,(L6). (0.5) NaOEt (20) 8 3(38) 4
10 RuCl,(L7). (0.5) tBuOK (20) 5 - 5
11 [RuCL(L9),]CL (0.5) tBuOK (20) 68 46 (68) 16 5
12 RuCl,(L11) (0.5) tBuOK (20) 100 100 (100)
13 RuCl,(L11) (0.5) tBuOK (5) 8 8(100)
14 [RuCl(L14),]CL (0.5) tBuOK (20) 27 11 (41) 5 10
15 [RuCl(L14).]CL(0.5) tBuOK (5) 3 - 3
16 RuCl,(L18), (0.5) tBuOK (20) 44 29 (66) 3 8 3
17 - tBuOK (40) 6 - 6
aYields determined by °F NMR spectroscopy and "H NMR spectroscopy. B produced from 2 equivalents of
starting ester. Selectivity reported as proportion of consumed ester.

A consistently observed trend is the lack of selectivity of the family of catalysts tested. All

catalysts in this section which showed any activity at all for ester cleavage also resulted in the
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production of at multiple unexpected side products, excluding only the PNNP complex
[RuCly(L11)]. The nature of these side products is discussed in Section 4.6.5, but was particularly
surprising as no side products were reported by Clarke and coworkers for this transformation®>*,
nor observed in the use of [RUCO(Cl)H(L20)] as catalyst (Section 4.5.2). Any attempts made to
modify base or base loading in this series almost entirely stopped reactivity, demonstrating the
critical nature of base in all catalytic systems — though it is noted that side product A is a direct

product of reaction between base and the ester substrate (see Section 4.6.5).

The presence of a coordinated nitrogen in a ligand appears necessary for activity: use of the
monodentate PPh; complex [Ru(CO).Cly(PPh3),] and the PO complex [RuCly(L7).] did not catalyse
any ester cleavage. This suggests either electronic or mechanistic importance of the Ru-N
moiety. Although Milstein’s proposed mechanisms (analogous between amide and ester
cleavage, as shown in Scheme 4.6) don’t typically involve the binding nitrogen of a ligand directly,
the potential involvement of a ligand N-H in the mechanisms for ester (and amide) hydrogenation
has been discussed in the literature by other authors to facilitate hydrogen transfer to a metal-

coordinated substrate in multiple reports**2,

For example, a more recent DFT study from Chianese and coworkers proposes an alternative
pathway whereby proton transfer to substrates is facilitated by the ligand N-H bond, largely
through formation of N-H-X hydrogen bonds between ligand and substrate in an outer sphere
mechanism (Scheme 4.12)*. Analysis of an osmium PNN complex by Gusev also proposes
coordination of ethanol to a dihydride species by the central nitrogen donor, demonstrating that
ligand interaction is not limited to pendant donor arms®. It is of course noted that not all active
species contain a secondary amine, including [RuCO(Cl)H(L20]. Hence, it is plausible multiple
mechanisms may be at play, depending on the ligand structure. Regardless of mechanism, the
presence of a Ru-N bond is consistent in literature species active for hydrogenative cleavage, so

the apparent necessity in this work is perhaps unsurprising.

H_OR H
RO
R :—O\ R)( R O\R
| \ \\
3 iy :
— "\N — > |/\,\'l = ‘/\N
§R/Ru/ N—" §R/R:u/ N—" AN N\Ru/ N—
] ~ ] ~Co ] ~Co
tBu~/P Y tBu~/P Y tBu~/P M
tBu tBu tBu

Scheme 4.12 - Proposed activation of ester to form acetal intermediate by dihydride Ru-PNN" species with stabilising

interactions with N-H donor arm, as proposed by Chianese and coworkers?’.
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The family of bis-ligated tridentate PNO alcohol complexes are also all remarkably poor at ester
hydrogenolysis. The aliphatic alcohol species all showed low yield of 4-fluorobenzyl alcohol and
similar distribution of side products (Table 4.5, entries 2, 3, 6); the aromatic alcohol complex
[Ru(L3).]Cl, showed no reductive activity (Table 4.5, entry 7). Substitution of the alcohol moiety
for a methoxy group significantly improves catalytic activity, with moderate yield of desired

4-fluorobenzyl alcohol, but at low selectivity of 54 %.

Alteration between PNO, PNS and PNN species showed, as in literature, vast superiority of the
PNN ligand type (Table 4.5 entries 8, 11 and 14), though again selectivity was only moderate in all
examples. Itis interesting to note that the PNN and PNO complexes [RuCl(L9),]Cl and [RuCl,(L6).]
inhibit production of side product A, tert-butyl 4-fluorobenzoate, which was produced by all other
PNX complexes in this series. The PNNP pincer complex performed extremely well, but reduction
in base loading showed poor performance compared to the Milstein complex [RuCO(Cl)H(L20)]

(Table 4.5 entry 15, Table 4.4 entry 9).

Interestingly, the use of the reduced form of the PNS ligand L14, L18, significantly improved both
4-fluorobenzyl alcohol yield and selectivity; given the success of the analogous amine ligands
reported by Clarke and coworkers for this transformation®-*®, and the aforementioned
mechanistic relevance of the Ru-N-H moiety, it is proposed that the imine ligand may be
undergoing reduction in situ to the amine before it becomes active for this direct reductive
cleavage. Unfortunately, investigation into the post-reaction catalyst structure was not
successful under the low catalyst loadings investigated, so this is not confirmed. Therefore,
expansion of this set of [RuCLl>(PNX),] complexes to include their reduced amine forms could be
interesting to pursue in future work, particularly if a comparison of the hydrogen gas activation by

analogous amine and imine complexes could be studied.

4.6.4 Activation of PNN and PNNP complexes

Given the success of the PNNP complex [RuCl,(L11)] in the hydrogenative ester cleavage
reaction, the activation pathway of the complex was considered, in particular the relevance of
imine or amine nitrogens. NMR scale experiments were conducted on the complex to study
structural changes upon exposure to stoichiometric base and H, atmosphere. These
investigations were also performed on Milstein species [RuCO(Cl)H(L20)]. Experiments were
performed in freshly dried and degassed THF-d8 at room temperature in a J Youngs NMR tube.
Use of a low pressure hydrogen Schlenk line allowed treatment of samples with H, gas at ambient

pressure. Particular focus was paid to the hydride region and imine protons.
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4.6.4.1 Reactions of [RuCO(Cl)H(L20)] with tBuOK and H>

Signals of a particular interest in examination of [RuCO(Cl)H(L20)] were the phosphine ligand, the
methylene protons, and any hydrides. When dissolved in freshly dried and degassed THF-d8, the
Ru-H hydride signal was visible as a doublet at -14.75 ppm and Ru-P appeared in *'P{'H} NMR as
a singlet at 104.5 ppm. When treated with superstoichiometric tBuOK, a colour change of the
solution from orange to very dark purple-black was observed, and the expected doublet
attributed to Ru-H was observed as a broad signal at -20.97 ppm. Upon treatment with H, in the
presence of base, a further colour change to deep green was observed, and several *'P{"H} NMR
signals appeared at low levels in the NMR spectrum. Notably, signals at 119.5 ppm and 94.5 ppm
were observed. This seems reasonably concordant with a recent report by Gusev and coworkers,
where they describe production of a dimeric system featuring hydride bridges (Scheme 4.13)%,
as opposed to the previously proposed (but never experimentally observed) [RuCOH,(L20)].
Unfortunately conducting this study at room temperature also seemed to result in substantial
complex decomposition and release of free ligand, making the "H NMR spectrum particularly
difficult to interpret; Gusev and coworkers also note that substantial broadening in the spectrum
was observed at room temperature. Several weak signals in the hydride region are apparent, but

hydride signals concordant with those reported by Gusev could not be confidently determined.

Scheme 4.13 - Formation of dimeric complex with bridging hydride ligand by treatment of activated [RuCO(Cl)H(L20)]

with H> gas, as reported by Gusev and coworkers?,

4.6.4.2 Reactions of [RuClz(L11)] with tBuOK and H>

A similar attempt to monitor changes in the structure of [RuCly(L11)] was made. When dissolved
in THF-d8, a red solution was formed which gave the expected key signals in "H NMR spectrum of
the imine proton (8.97 ppm) and CH, bridge protons (4.18 ppm). In 3'P{'"H} NMR, the phosphine
signal was visible as a singlet at 48.5 ppm. When placed under an H; atmosphere in the absence
of base, no visible changes occurred to either solution or NMR sighals. Upon treatment under N,
atmosphere with stoichiometric tBuOK, a rapid colour change to form a green-black solution was

observed and there was complete broadening of NMR signals in both 'H and *'P{'"H} NMR,
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indicating the base had resulted in oxidation of the ruthenium centre to form a paramagnetic
Ru(lll) complex. When then placed under a H, atmosphere, a further colour change of solution to
dark brown was observed, but NMR spectra remained broadened, indicating the continued
presence of an Ru(lll) complex. Attempts to produce crystals of either complex were
unsuccessful, so unfortunately no further detail was obtained. However, the ready production of
a Ru(lll) complex suggests that [RuCly(L11)] readily changes oxidation state throughout the
course of the catalytic cycle in a potential inner-sphere mechanism. However, little else can be

elucidated from this data without further study.

4.6.5 Side Products

As is reported in Table 4.5, unexpected side products were observed in the 'F NMR spectra of a
number of these reactions, particularly during the use of the novel imine-based PNX catalysts
developed inthis work, accounting for up to 25 % of recovered material. Four different byproducts
signals were observed in the "F NMR spectrum in addition to recovered starting material and the
anticipated 4-fluorobenzyl alcohol product. These signals were identified using 'H and "°*F NMR
spectroscopy and GCMS analysis of crude product mixtures as the two transesterification
products A and B listed in Figure 4.11. A third side product C was observed in some catalyst runs.

No other impurities were noted.

e

Figure 4.11 - Assigned identities of fluorine-containing impurities from the hydrogenolysis of methyl 4-fluorobenzoate.

Impurity A was identified by NMR spectroscopy and GCMS quite unexpectedly as the
commercially available transesterification product tert-butyl 4-fluorobenzoate, clearly produced
from the base additive. This is unusual as the tert-butoxide is typically non-nucleophilic due to its
bulk, so the transformation was likely forced by the moderately high temperature and pressure of
the system. The transformation is apparently secondary, and Awas only seen any significant yield

where ester cleavage product 4-fluorobenzyl alcoholyields were below 5 %. Regardless, yields of
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A were always below 10 %. Ruthenium was not required for a low yield of Ato be observed (Table
4.5, entry 17), and yields were no higher in the presence of ruthenium, suggesting this reaction is

a simple base-catalysed transesterification with the alkoxide acting as nucleophile.

Impurity B was observed as having two signals in the '°F NMR spectrum which were always
produced together in equivalent yield at -105.6 and -113.5 ppm. Several shifted signals in the
aromatic region and an additional distinctive singlet at 5.21 ppm in the '"H NMR spectrum allowed
identification as the cross-coupling product 4-fluorobenzyl 4-fluorobenzoate. B was only
produced when 4-fluorobenyl alcohol was also produced, indicating that a benzyl reduction
product is a reagent in the production of B. It is well understood that catalysts active for
hydrogenative cleavage of esters (and amides) are frequently also active for the reverse
dehydrogenative coupling***°, so a ruthenium catalysed coupling of two equivalents of alcohol
product 4-fluorobenzyl alcohol to give B is possible, but this transformation is highly conditions
dependent and the high hydrogen pressures disfavour the re-coupling of fully reduced alcohols
in this system. It is also of course possible that base-catalysed transesterification between
product and starting material occurs independently of the ruthenium catalyst, but the absence
of B produced in systems effective for incomplete reductive cleavage (Table 4.4 entries 2-5)
suggest the non-innocence of the metal complex. Therefore, it is most likely that a competitive

reaction with a produced intermediate is occurring.

Ester Hydrogen Aldehyde
hydrogenolysis activation hydrogenation
Ru—L
') OH
H
Ha
0] (0]
OH H o 4 H
/
Ru—L

Scheme 4.14 - Catalytic cycle for ester hydrogenation with ruthenium catalyst.

Proposed mechanisms for the reductive cleavage of esters typically follow an analogous pathway
to that proposed for amide reduction (Scheme 4.6), whereby a base-activated catalyst performs
hydrolytic cleavage of H, gas in an initial step to give a metal hydride with the proton sitting
somewhere on the ligand system. These hydrogen atoms are then transferred to the ester (or

amide), performing C-O (or C-N) cleavage to produce an aldehyde and an alcohol, with the
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aldehyde then reduced (summarised in Scheme 4.14)%*4%475° This system therefore gives the
aldehyde 4-fluorobenzaldehyde as an intermediate product, susceptible to reaction. Reported
DFT calculations of such transformations typically agree the reduction of the aldehyde is
energetically much more favourable than the initial reduction of ester or amide**°, which
explains the absence of accumulated aldehyde in product mixtures and indicates that a
competitive Tishchenko aldehyde coupling is unlikely. It is disputed in similar systems whether
aldehyde remains coordinated to the metal centre or is disassociated for the re-hydrogenation of
the metal complex, but a coordinated aldehyde would be ideally activated for nucleophilic attack
by a base-activated benzyl alcohol. If the catalysts explored in this work are inefficient in the
activation of molecular hydrogen, particularly if intermediate aldehyde remains coordinated,
reaction with nucleophilic alcohol could be competitive with reduction. This is therefore
proposed as a potential pathway for the competitive production of B (Scheme 4.15). A similar
pathway with attack by methanol may also occur, but as this would simply reproduce ester

starting material it is not possible to confirm.
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Scheme 4.15 - Potential fate of coordinated aldehyde following initial C-O bond cleavage. Left: hydrogenation. Right:

base-catalysed nucleophilic attack by alcohol to give starting material or B.

Attempts to identify C were more difficult, as few distinctive peaks were visible in NMR
spectroscopy. The position of the fluorine signal in '°F NMR of -114.0 ppm is indicative of a
retained 4-fluorobenzyl substructure, only slightly upfield of the signal observed for
4-fluorobenzyl alcohol. However, no clear signals in the shielded aliphatic region of '"H NMR
spectra were observed; only one significantly deshielded peak at 4.93 ppm was consistently
present in reaction mixtures producing C. Additional impurity peaks attributed to C were
observed in the aromatic region but overlap with other products made it impossible to obtain
further information. The best guess for a potential product is the ether product
1-fluoro-4-(methoxymethyl)benzene, as the observed signals align reasonably well with literature
values for this compound, on the assumption that the methyl protons are concealed beneath
solvent 1,4-dioxane signals, though it is noted that the peak attributed to CH, appears slightly
upfield of literature data. GCMS analysis supports this assignment, with an isolated fraction

showing an observed mass/charge ratio of 141.07. The side production of this ether is
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theoretically possible, either by dehydrogenative reduction of the ester carbonyl (though given
reported mechanistic work this is considered unlikely for this system), or recombination of
methanol and intermediate 4-fluorobenzaldehyde; there is little reported evidence of this
occurring under direct reduction conditions, but has been previously reported to occur under

hydroformylation conditions with a cobalt PNN pincer catalyst®'.

4.6.6 Symmetrical Ru(ll) XNX (X = P,N,S) Complexes as Catalysts

It has been confirmed in the above investigations that ruthenium complexes featuring PNN type
ligands consistently outperform species investigated which do not contain this substructure, a
trend also noted in further literature studies with substantial investigation denoting the relevance
of Ru-N binding in reaction mechanisms. It is noted that the asymmetric PNN ligands L19 and
L20 have been extremely well explored in the literature for their activity in hydrogenations and
dehydrogenation pathways. However, as previously discussed, the asymmetric ligand species
reported by Milstein are frequently difficult to prepare in high purity and yield. Attempts to study
the necessity of the asymmetrical nature of the investigated ligands were performed by a
comparison of the behaviour of symmetrical species, analogous to the varied ligand arms of

effective PNN complexes. Selected target ligands are summarised in Figure 4.12.

X
Asymmetrical | N/
PNN ligand: tBu—P HN
/ "Bz
tBu
L19
X X
Symmetrical | _ | _
N N
targets: tBu—P R—tBu _NH HN_
tBu tBu Bz Bz
L21 L22

Figure 4.12 - PNN ligand L19 and symmetrical analogues L21 and L22 investigated in this work.

The ligands L21 and L22 were prepared according to literature methods in good yields. L21 was
complexed readily in good yield with ruthenium precursor [RuCO(Cl)H(PPhs)s] to give the
previously reported PNP complex [RuCO(Cl)H(L21)] as a yellow solid. Attempts to react L22 with
this precursor unfortunately provided a mixture of complexes which could not be separated by
standard techniques. Greater success was gained from complexation with the precursor
[RuCly(PPhs)s], and the apparently novel complex [RuCl,(L22)PPh;] was produced as a mixture of

two isomers, as observed with two distinct singlet signals in the *P{"H} NMR spectrum at
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61.4 ppm and 50.7 ppm in a ratio of approximately 1:2. Identity was confirmed by HRMS. The two
NMR signals are due to the two possible positions of the PPhs ancillary ligand, leading to two
isomers where the chloride ligands are either cis- or trans- to one another; an analogous mixture
is commonly observed with similar pyridyl SNS complexes®. In comparison with these systems,
the more upfield signal is attributed to the cis- complex (&: 50.7 ppm), whereas the minor
downfield signal is attributed to the trans- complex (&: 61.4 ppm). Similar reactions were
attempted with terpyridine, but again, crude mixtures were obtained and further attempts to

prepare such complexes were not performed.

AN PPh3 Cl Bz

= S5—|7T~ — S|\

P SN J MG, S N\R‘U/NH

N U N
B P—CI\Rl P(tB N él ° NH T
(tBu), lu\ (tBu), BZ B7 Cl
co

[RUuCO(CHH(L21)] cis-[RuCly(L22)PPhs] trans-[RuCly(L22)PPhs]

Figure 4.13 - PNP and NNN complexes prepared in this work.

Table 4.6 — Comparison of efficacy of symmetrical PNP and NNN complexes in model ester hydrogenation.

Yield / %
Catalyst Base 4-fluorobenzyl
Entry
(mol%) (mol%) alcohol A B |C
(selectivity, %)
1 [RuCO(CLH(L21)] (0.5) tBuOK (20) 13
2 [RuCl;(L22)PPhs] (0.5) tBuOK (20) 12 10| 7

Here we have a reasonable representation of each ligand arm in the Milstein complex
[RuCO(CLHH(L19)], which is well established as highly effective in ester hydrogenative cleavage.
A direct comparison of these two complexes shows no reduction of ester by the PNP complex,
with instead the highest yield thus far seen of tert-butyl ester byproduct A. Moderate conversion
of starting material to hydrogenation products was seen using the NNNB complex
[RuCly(L22)PPh;]. Selectivity towards 4-fluorobenzyl alcohol was poor however, producing both
side products B and C as further reaction of produced 4-fluorobenzyl alcohol. The necessity of
both N and P components is therefore clear in this pyridine backbone pincer type ligand, though

the nitrogen pendant arm appears to have more importance.
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4.6.7 Potential relevance of pyridine and N-H moieties

In contrast with the poor efficacy of the symmetrical pyridine backbone ligands discussed in
section 4.6.6, several aliphatic amine-based symmetrical systems are well-established effective
catalysts for direct hydrogenation of carbonyl compounds, including the commercially available
Ru-MACHO® and [RuCly(SNHS)PPh;], reported in 2011 and 2013 respectively (Figure 4.14). These
systems and feature a convenient symmetrical pincer structure with an aliphatic secondary
amine backbone and R-substituted P or S arms. Indeed, the relevance of the N-H group has been
established as a coordination agent, as previously discussed. However, the pyridine moiety is
also frequently reported as integral in the de- and re-aromatisation activation process of the PNN
complexes reported by Milstein, especially noting this activation is reported to involve specifically
the P-adjacent methylene protons; notably, one of the best systems found in the literature is the

Milstein complex [RuCO(CLl)H(L20)], which contains no N-H moiety at all.

To further examine this structure-activity relationship, the activity of pyridine-containing
symmetrical PNP and SNS ligands are compared to their aliphatic analogues in the hydrogenative

cleavage of esters. Initially, aliphatic species were screened.

AalNa N oA el

R|u‘_H PCy, EtS Ru

PhoP——Ru—PPhy (Pr)oP——Ruy—P(Pr); CyzP U
Cco Cco Cco PPh;
Ru-MACHO® Ru-MACHO-iPr Ru-MACHO-Cy  [RuCly(SN"S)PPhs]

Figure 4.14 - Aliphatic PNP and SNS complexes tested in this work. Ru-MACHO and Ru-SNS obtained from commercial

sources. Ru-MACHO® and Ru-MACHO™ provided by Dr Katy Pellow, prepared according to literature procedures.

Table 4.7 - Comparison of efficacy of symmetrical aliphatic PNP and SNS complexes in model ester hydrogenation.

Yield / %

Catalyst Base 4-fluorobenzyl
Entry

(mol%) (mol%) alcohol A B |C

(selectivity, %)

1 Ru-MACHO (0.5) tBuOK (20) 92 (92) 8
2 Ru-MACHO™ (0.5) tBuOK (20) 91 (91) 9
3 Ru-MACHO® (0.5) tBuOK (20) 91 (91) 9
4 Ru-SNS (0.5) tBuOK (20) 100
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Both commercial systems were unsurprisingly found to completely convert starting ester.
Interestingly, the Ru-SNS system was found to show complete conversion at 100 % selectivity
towards the alcohol products, but Ru-MACHO gave the unexpected impurity C — identified in this
work as 1-fluoro-4-(methoxymethyl)benzene —in almost 10 % yield. Altering R substituents on the

MACHO ligand did not affect the activity or selectivity of this result.

Comparison with the pyridine-based analogues of these complexes was performed. These
compounds are simply prepared, and ancillary ligands were kept analogous to the non-pyridine
commercial samples. An expanded set of pyridine-based SNS complexes was prepared by Dr

James Whitelegge and also applied to this system.

PPh; DMSO
= ‘/\s R=Et = s
>Ny R nBu S5 N-r, Et
S/ | ~Cl tBu S/ | —cCl
K Cl Ph et Cl
[RUCL(SNS)PPhs] RUCL(SNS™*)(DMSO)

Figure 4.15 - Additional pyridine-based SNS examined for activity in direct hydrogenative cleavage. SNS complexes
prepared by Dr James Whitelegge and existed as mixtures of cis- and trans- isomers, with cis the major component.

[RuCI>(SNS™")PPh;] cis isomer only.

Table 4.8 - Comparison of efficacy of symmetrical pyridyl PNP, SNS and NNN complexes in model ester hydrogenation.

Yield / %

Catalyst Base 4-fluorobenzyl
Entry

(mol%) (mol%) alcohol A B |C

(selectivity, %)

1 [RuCO(CLl)H(L21)] (0.5) tBuOK (20) 13
2 [RuCL(SNS)PPh3] (0.5) tBuOK (20) 5
3 [RuCL,(SNS"™")PPh;] (0.5) tBuOK (20) 5
4 [RUCL,(SNS™")PPh;] (0.5) tBuOK (20) 4
5 [RuCL(SNS™)PPh;] (0.5) tBuOK (20) 5
6 [RuCl,(SNS"®)(DMS0)] (0.5) tBuOK (20) 2
7 [RuCl,(L22)PPh;] (0.5) tBuOK (20) 12 10| 7
?Yields determined by '°F NMR spectroscopy and 'H NMR spectroscopy relative to starting ester. B
produced from 2 equivalents of starting ester. Selectivity reported as proportion of consumed ester.
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As previously discussed, the PNP complex [RuCO(Cl)H(L21)] showed no activity towards
hydrogenative cleavage, instead showing high activity for transesterification with potassium
tert-butoxide; it is noted that yield relative to starting methyl 4-fluorobenzoate is 13 %, but this
accounts for conversion of 65 % of base to transesterification product, given base loading of
20 %. The pyridine based SNS pincer complexes have been previously reported as poor catalysts
for direct hydrogenation of esters under the milder conditions of 20 bar and 80 °C%?, but even
under the more forcing conditions employed in this work this entire family of catalysts showed no
activity towards hydrogen activation. Yield of transesterification product tert-butyl
4-fluorobenzoate is also reduced compared to analogous PNP species. Alteration of ancillary
ligand from PPh; to DMSO did not alter activity. Interestingly, the only species showing any activity
towards reduction remains the NNN complex [RuCl;(L22)PPh;], supporting the notion of
catalytically relevant Ru-N-H moieties. Consequently, it may be interesting to pursue expansion
ofthe NNN ligand set in future work to further explore this relationship and investigate other types

of catalysis.
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4.7 Conclusions and Further Work

The direct hydrogenative cleavage of amides and esters was investigated with application of a
range of new Ru(ll) pincer complexes. Investigations into the previously reported cleavage of a
model diamide system using the PNN pincer complex [RuCO(Cl)H(L20)] identified a previously
unreported induction period, attributed tentatively to poor substrate solubility, though an
autocatalytic mechanism s also considered. Given the poor success of already known catalysts
in the model amide hydrogenation, novel complexes were applied to a less challenging ester

hydrogenative cleavage.

A selection of novel Ru(ll) PNX (X = 0O, N, S) complexes prepared in this work were applied to the
direct hydrogenative cleavage of a model ester system. Observed activity was moderate in
several instances, but selectivity was consistently poor, with multiple alternative reaction
pathways. Of the imine-containing systems investigated, PNN and PNNP complexes were the
most active towards ester cleavage, with NMR scale investigation of PNNP complex [RuCly(L11)]
suggesting an active Ru(lll) species formed upon treatment with base. Bidentate PNO complex
[RuCly(L6).] was also moderately effective. Comparison between imine and reduced forms of the
PNS complex tested showed a marked improvement in activity when the reduced amine complex
[RuCly(L18).] was applied. Further investigation of aliphatic and aromatic PNP, SNS and NNN
complexes demonstrate an apparent reliance on the presence of N-H bonds for any reductive
cleavage to be observed, with the only exception in this work being the highly active previously
reported bipyridyl catalyst [RuCO(CLl)H(L20)]. Therefore, it is proposed reduction of the imine
ligands occurs spontaneously under high hydrogen pressures to form an active amine-based
species, though further work investigating longer run times and expanding the scope of amine-
based complexes investigated would be needed to understand this process better. Additionally,
further NMR scale investigations into the activation of hydrogen would be of interest, with
particular focus on catalytically active PNN complexes. Given recently reported application of
manganese featuring PNN pincer ligands in hydrogenative cleavage®®, application of the most
active ligands in this work would be interesting to apply to alternative earth abundant metal

species in further investigations.
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5 Experimental

5.1 General considerations

Unless otherwise specified, all procedures were carried out under an inert atmosphere of N, or
Ar using standard Schlenk line or glovebox (MBraun O, < 0.1 ppm, H,O < 0.1 ppm) techniques.
Common solvents (acetonitrile, diethyl ether, toluene, dichloromethane, tetrahydrofuran,
pentane and hexane) were obtained from a Grubbs-type purification system, stored under an
inert atmosphere over 3 A molecular sieves and degassed by N, sparge prior to use. Methanol,
ethanoland 1,4-dioxane were obtained as extra dry methanol (99.9 %), extra dry ethanol (99.5 %)
and extradry 1,4-dioxane (99.5 %) stabilised with BHT from Acros Organics, transferred to storage
under an inert atmosphere over 3 A molecular sieves, and degassed by N, sparge prior to use.
Deuterated solvents were obtained from commercial sources and were dried according to
standard procedure (generally over CaH, or molecular sieves), degassed by freeze-pump-thaw
and stored under inert conditions over 3 A molecular sieves. Unless otherwise stated, reagents

were purchased from commercial suppliers and used without further purification.

NMR spectra were recorded on a Bruker DPX 400 MHz, Bruker Avance 500 MHz or Bruker Avance
400 MHz instrument. 'H and *C NMR spectroscopic data are reported in ppm relative to the
residual solvent signal form the deuterated solvent, unless otherwise stated. Quantitative
"H NMR spectroscopy using a pulse interval of D1 = 25 s was performed on a Bruker Avance 500
MHz or Bruker Avance 400 MHz. 3'P NMR are referenced relative to 85 % H;PO, external standard.
"FNMR are referenced relative to TFA external standard. Solid-state infrared (IR) absorption
spectroscopy was recorded on an Agilent Cary 630 FTIR instrument in air. HRMS and LRMS
analysis was conducted on a Waters XEVO spectrometer. Single crystal X-ray crystallography and
structure determination was performed by Dr Benson Kariuki on an Agilent SupaNova Dual Atlas
diffractometer, equipped with an Oxford Cryosystem cooling apparatus, using either Mo Ko, or Cu

Ko radiation.
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5.2 Chapter 2 Experimental

Ethylenediamine was purified by distillation and stored under N, prior to use. All other liquid

amines were degassed by freeze-pump-thaw with no further purification before use.

Ruthenium precursors [RuCly(p-cymene)]. and [RuCly(PPhs);] were prepared according to

literature procedures’?.

5.2.1  Synthesis of imine-based PNX (X=0,5,N) pincer ligands

5.1.1.1 Synthesis of L1

Adapted from literature procedure.®

Under an inert N, atmosphere, 2-(diphenylphosphino)benzaldehyde (5.0g, 17.2 mmol) was
stirred with ethanolamine (2.0 mL, 33.1 mmol) in toluene at 60 °C for 2 h. Once complete, as
confirmed by *P NMR, the mixture was dried over NaSQO,. The crude mixture was filtered and
volatiles were removed under high vacuum. The crude product was purified by recrystallisation

from cold methanol and obtained as a white solid. Yield: 4.74 g, 14.2 mmol, 83 %.
Analysis in accordance with literature reports.®

"H-NMR (400 MHz, CDCl;) dy: 8.74 (d, J= 3.6 Hz, 1H), 7.81 (ddd, J=7.7Hz, J=3.9Hz, J= 1.4 Hz,
1H), 7.41 (td, J=7.4Hz, J=1.3Hz, 1H), 7.36-7.22 (m, 11H), 6.89 (ddd, J=7.9 Hz, J=4.7 Hz,
J=1.3Hz, 1H), 3.70-3.58 (m, 4H), 1.72 (s, 1H) ppm. *'P{'H}-NMR (162 MHz, CDCls) &s: -10.7 ppm.
BC{'H}-NMR (101 MHz, CDCl;) d¢: 161.8 (d, Jor=12.3 Hz), 139.2 (d, Jocr=16.4 Hz), 137.4 (d,
Jop = 20.5 Hz), 137.3(d, Jor = 8.7 Hz), 134.0, 133.9 (d, Jor = 19.9 Hz), 130.1, 129.4 (d, Jor = 4.1 Hz),
128.8, 128.7, 128.6 (d, Jor=7.3 Hz), 62.9, 62.4 ppm. Selected IR data:, 3254 v(O-H) 1634
v(C=N)cm™.

5.1.1.2 Synthesis of L2
PPh,

Under an inert N, atmosphere, 2-(diphenylphosphino)benzaldehyde (1.03 g, 3.55 mmol) was

refluxed with 1-amino-2-methlypropan-2-ol (0.4 mL, 4.29 mmol) in methanol for 2 h. Once
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complete, as confirmed by *'P NMR, the mixture was dried over NaSQO,. The crude mixture was
filtered and volatiles were removed under high vacuum. The crude product was purified by
recrystallisation from cold methanol and obtained as a pale orange solid. Yield: 1.12 g,

3.09 mmol, 87 %.

'H-NMR (400 MHz, CDCLs) 5: 8.73 (d, J = 4.0 Hz, 1H), 7.85 (ddd, J= 7.6 Hz, J= 3.9 Hz, J= 1.5 Hz,
1H), 7.42 (td, J=7.5Hz, J=1.4Hz, 1H), 7.37-7.21 (m, 11H), 6.90 (ddd, J=7.7 Hz, J= 4.5 Hz,
J=1.3Hz, 1H), 3.44 (d, J= 1.4 Hz, 2H), 2.43 (s, 1H), 1.08 (s, 6H) ppm. *'P{'"H}-NMR (162 MHz,
CDCls) &p: -10.9 ppm. “C{'H}-NMR (101 MHz, CDCls) 8c: 161.4 (d, Jer=12.8 Hz), 139.2 (d,
Jor=16.9 Hz), 137.3 (d, Jor =21.5Hz), 137.3 (d, Jo.r = 9.5 Hz), 134.0, 133.8, 130.2, 129.5 (d,
Jop=4.2Hz), 128.8, 128.7, 128.6 (d, Jop=7.2Hz), 71.9, 70.1, 27.2 ppm. Selected IR data:
3370 v(O-H), 1631 v(C=N) cm"'. HRMS (ES+/Q-TOF) m/z: [M+H]" Calcd for C,sH,sNOP 362.1674;
Found 362.1671.

5.1.1.3 Synthesis of L3

Adapted from literature procedure.*

Under an inert N, atmosphere, 2-(diphenylphosphino)benzaldehyde (1.00 g, 3.45 mmol) was
refluxed with 2-aminophenol (385 mg, 3.53 mmol) in methanol for 2 h. The product was isolated

by filtration as a bright yellow solid with no further purification. Yield: 1.16 g, 3.04 mmol, 88 %.
Analysis in accordance with literature reports.*

"H-NMR (400 MHz, CDCl3) dy: 9.02 (d, /= 3.9 Hz, 1H), 7.98 (ddd, J=7.7Hz, J=3.8 Hz, J= 1.4 Hz,
1H), 7.48 (td, J=7.5Hz, J=1.3 Hz, 1H), 7.37-7.24 (m, 10H), 7.19 (d, J=1.9 Hz, 1H), 7.12 (td,
J=7.83Hz, J=1.5Hz, 1H), 7.07 (dd, J=8.0Hz, /=1.5, 1H), 6.99 (ddd, J=7.7 Hz, J=4.6 Hz,
J=1.83Hz, 1H), 6.93 (dd, J=8.1Hz, J=1.4Hz, 1H), 6.81 (td, /=7.3Hz, J=1.4Hz, 1H) ppm.
3IP{IH}-NMR (162 MHz, CDCLy) 8p: -10.0 ppm. *C{'H}-NMR (101 MHz, CDCl;) &¢: 156.5 (d,
Jer=11.0Hz), 152.3, 138.9 (d, Jcr=15.6 Hz), 138.3 (d, Jc.r =21.5Hz), 137.0 (d, Jc.r = 8.72 Hz),
135.9, 134.6, 134.0, 133.8, 130.9-130.7 (m), 129.0-128.6 (m), 119.9, 116.1, 115.1 ppm. Selected
IR data: 3278 v(O-H), 1633 v(C=N) cm™.
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5.1.1.4 Synthesis of L4

Adapted from literature procedure.®

Under an inert N, atmosphere, 2-(diphenylphosphino)benzaldehyde (1.00 g, 3.45 mmol) was
refluxed with 3-aminopropanol (0.40 mL, 5.23 mmol) in methanol for 2 h. All volatiles were
removed under high vacuum. The product was isolated as a pale orange oil with no further

purification. Yield: 1.15 g, 3.31 mmol, 96 %.

'"H-NMR (400 MHz, CDCls) d+: 8.87 (d, /= 4.8 Hz, 1H), 7.92 (ddd, /= 7.8 Hz, /= 4.0 Hz, J = 1.4 Hz,
1H), 7.41-7.24 (m, 12H), 6.88 (ddd, J=7.7 Hz, J=4.7 Hz, J= 1.4 Hz, 1H), 3.69-3.60 (m, 4H), 2.76
(s, 1H), 1.81-1.73 (m, 2H) ppm. 3'P{'"H}-NMR (162 MHz, CDCls) dp: -13.7 ppm. "C{'"H}-NMR
(101 MHz, CDCls) d¢c: 160.1 (d, Jep =21.3 Hz), 139.0 (d, Jcr=17.1 Hz), 137.5, 137.3, 136.4 (d,
Jer=9.4Hz), 134.1, 133.9, 133.4, 130.4, 129.0, 128.9, 128.6 (d, Jc.r = 7.26 Hz), 128.5-128.2 (m),
128.7 (d, Jor = 4.3 Hz), 62.3, 59.8, 33.1 ppm. Selected IR data: 3278 v(O-H), 1636 v(C=N) cm™.
HRMS (AP+/Q-TOF) m/z: [M+H]" Calcd for C2,H,sNOP 348.1517; Found 348.1517.

5.1.1.5 Synthesis of L5
PPh,
Adapted from literature procedure.®

Under an inert N, atmosphere, 2-(diphenylphosphino)benzaldehyde (1.00 g, 3.45 mmol) was
refluxed with 4-aminobutanol (0.45mL, 4.88 mmol) in methanol for 2 h. All volatiles were
removed under high vacuum. The product was isolated as an orange oil with no further

purification. Yield: 1.24 g, 3.42 mmol, 99 %.

"H-NMR (400 MHz, CDCLly) &,:: 8.93 (d, J = 5.1 Hz, 1H), 7.95 (ddd, /= 7.8 Hz, J = 4.0 Hz, J = 1.5 Hz,
1H), 7.42-7.23 (m, 12H), 6.87 (ddd, J = 7.8 Hz, J = 4.8 Hz, J = 1.3 Hz, 1H), 3.57-3.48 (m, 4H), 1.62-
1.48 (m, 4H) ppm. *'P{'"H}-NMR (162 MHz, CDCLls) &p: -14.3 ppm. *C{'H}-NMR (101 MHz, CDCL)
Bc: 159.9 (d, Jor = 23.2 Hz), 139.1 (d, Jo.p = 17.3 Hz), 137.5, 137.3, 136.3 (d, Jor = 9.4 Hz), 134.1,
133.9, 133.3,130.4,129.1, 128.9, 128.7, 128.6, 127.4(d, Jor = 4.3 Hz), 62.6,61.1,31.2, 28.2 ppm.
Selected IR data: 3291 v(O-H), 1636 v(C=N)cm. HRMS (ES+/Q-TOF) m/z: [M+H]" Calcd for
C23H2sNOP 362.1674; Found 362.1669.
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5.1.1.6 Synthesis of L6
@?NNO\

PPh,
Adapted from literature procedure.®

Under an inert N, atmosphere, 2-(diphenylphosphino)benzaldehyde (1.00 g, 3.45 mmol) was
refluxed with 2-methoxyethylamine (0.40 mL, 4.60 mmol) in methanol for 2 h. All volatiles were
removed under high vacuum. The product was isolated as an orange oil with no further

purification. Yield: 1.16 g, 3.35 mmol, 97 %.
Analysis in accordance with literature reports.®

'H-NMR (400 MHz, CDCLl;) dw: 8.91 (d, J = 4.8 Hz, 1H), 7.99 (ddd, J=7.8 Hz, J=3.9 Hz, J= 1.4 Hz,
1H), 7.40-7.21 (m, 12H), 6.86 (ddd, J=7.7 Hz, J=4.6 Hz, J=1.3 Hz, 1H), 3.65 (td, J=5.8 Hz,
J=1.3Hz, 2H), 3.45 (t, J=5.8Hz, 2H), 3.22 (s, 3H)ppm. *'P{'"H}-NMR (162 MHz, CDCL)
Op: -13.8 ppm. *C{"H}-NMR (101 MHz, CDCls) 8¢: 160.2 (d, Jo-r = 21.5 Hz), 138.4 (d, Jc» = 17.2 Hz),
136.3(d, Je.p = 19.6 Hz), 135.6 (d, Jc-r = 9.6 Hz), 133.0 (d, Jc.» = 20.0 Hz), 132.3,129.2, 127.8, 127.7,
127.5 (d, Jcp=7.1Hz), 126.8 (d, Jcp=4.3Hz), 71.1, 59.6, 57.7 ppm. Selected IR data: 1636
v(C=N)cm™.

5.1.1.7 Synthesis of L7
o
0™
PPh,

Under an inert N, atmosphere, 2-(diphenylphosphino)benzaldehyde (201 mg, 0.69 mmol) was
refluxed in dry ethanolin the presence of [RuCl,(p-cymene)], (2 mg, 0.05 mol%) for 16 h. Reaction
mixture was reduced to give a viscous orange oil with no further purification. NMR yield as

determined by *'P{'H} relative to remaining 2-(diphenylphosphino)benzaldehyde: 84 %.
Analysis in accordance with literature reports.®

"H-NMR (400 MHz, CDCls) 8: 7.75 (ddd, J = 7.8 Hz, J = 4.1 Hz, J = 1.4 Hz, 1H), 7.39 (td, J = 7.8 Hz,
J=1.4Hz, 1H), 7.34-7.20 (m, 11H), 6.95 (ddd, J=7.7 Hz, J=4.4Hz, J=1.4Hz, 1H), 6.12 (d,
J=5.8Hz, 1H), 3.53-3.37 (m, 4H), 0.98 (t, J= 7.0 Hz, 1H) ppm. 'P{'H}-NMR (162 MHz, CDCl,)
Be: -17.2 ppm. *C{'H}-NMR (101 MHz, CDCls) 8¢: 137.0 (d, Je.p = 9.6 Hz), 135.3 (d, Jor = 17.2 Hz),
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134.1, 133.9 (d, Jer=19.7 Hz), 129.0, 128.5, 128.4, 128.3, 126.3 (d, Jcr =5.9 Hz), 100.0 (d,
Jep=23.8Hz), 62.0, 14.8 ppm. Selected IR data: 1088 v(C-0), 1098 v(C-0), 1198 v(C-0O) cm™.

5.1.1.8 Synthesis of L8

o
PPh,

Adapted from literature procedure.’

Under an inert N, atmosphere, a solution of 2-(diphenylphosphino)benzaldehyde (2.00 g,
6.89 mmol) in THF was added dropwise over 3 h to a solution of excess ethylenediamine (4.0 mL,
59.9 mmol) in THF at room temperature. The mixture was stirred at room temperature for 2 h until
reaction was complete, as confirmed by *'P NMR. All volatiles were removed under high vacuum
to give the crude product as a red oil with no further isolation achieved. NMR yield as determined

by *'P{'"H} NMR spectroscopy relative to remaining 2-(diphenylphosphino)benzaldehyde: 91 %.

"H-NMR (400 MHz, CDCls) &y: 8.81 (d, J = 4.4 Hz, 1H), 7.90 (ddd, J= 7.6 Hz, J= 3.9 Hz, J = 1.4 Hz,
1H), 7.39 (td, J=7.5Hz, J=1.3Hz, 1H), 7.35-7.21 (m, 11H), 6.86 (ddd, J=7.8 Hz, J=4.6 Hz,
J=1.3Hz, 1H), 3.52 (t, J = 5.6 Hz, 2H), 2.78 (t, J = 5.6 Hz, 2H) ppm. *'P{'H}-NMR (162 MHz, CDCL,)
Bp: -12.5 ppm. HRMS (ES+/Q-TOF) m/z: [M+H]* Calcd for C1H2,N,P 333.1521; Found 333.1522.

5.1.1.9 Synthesis of L9

AN
H )
L9a ©\A NS L9b N
PPh,

PPh,

Adapted from literature procedure.®

Under an inert N, atmosphere, 2-(diphenylphosphino)benzaldehyde (1.00 g, 3.45 mmol) was
refluxed with N-methylethylamine (0.45 mL, 5.16 mmol) in toluene for 2 h. All volatiles were
removed under high vacuum. The crude product was purified by recrystallisation from cold
methanol and obtained as a beige solid mixture of two products. "H NMR spectroscopy showed
a mixture of L9a and L9b in a ratio of approximately 1:2.3 with L9b as the major product. Yield:

905 mg, 2.61 mmol, 75 %.

Analytical data in accordance with literature reports.®
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L9a: 'H-NMR (400 MHz, CDCls) &: 8.82 (d, J=4.3Hz, 1H), 7.80 (ddd, J=7.7 Hz, J=3.9 Hz,
J=1.5Hz, 1H), 7.35-7.09 (m, 12H), 6.79 (ddd, J=7.7 Hz, J=4.6 Hz, J=1.3 Hz, 1H), 3.55 (td,
J=5.6Hz,J=1.4Hz, 1H), 2.61 (t, J = 5.5 Hz, 1H), 2.17 (s, 3H) ppm. *'P{'H}-NMR (162 MHz, CDCl,)
Bp: -12.2 ppm. L9b: "H-NMR (400 MHz, CDCLls) 8: 7.63 (ddd, J = 7.8 Hz, J= 4.1 Hz, J = 1.5 Hz, 1H),
7.35-7.09 (m, 12H), 6.84 (ddd, J= 7.7 Hz, J = 4.3 Hz, J = 1.4 Hz, 1H), 4.52 (d, J = 4.9 Hz, 1H), 3.25-
3.14 (m, 2H), 3.03-2.95 (m, 1H), 2.31-2.23 (m, 1H), 1.80 (s, 3H) ppm. *'P{'"H}-NMR (162 MHz,
CDCls) 8p: -17.2 ppm. Selected IR data: 1655 v(C=N) cm™. HRMS (ES+/Q-TOF) m/z: [M+H]* Calcd
for C2oH4N,P 347.1677; Found 347.1676.

5.1.1.10 Synthesis of L10
|

Cro
PPh,
Adapted from literature procedure.®

Under an inert N, atmosphere, 2-(diphenylphosphino)benzaldehyde (1.00 g, 3.45 mmol) was
refluxed with N,N-dimethylethylamine (0.55 mL, 5.04 mmol) in methanol for 2 h. All volatiles
were removed under high vacuum. The product was isolated as a yellow-orange oil with no further

purification. Yield: 1.20 g, 3.32 mmol, 96 %.
Analysis in accordance with literature reports.®

"H-NMR (400 MHz, CDCls) 8x: 8.90 (d, J = 4.9 Hz, 1H), 7.80 (ddd, J= 7.7 Hz, J= 4.0 Hz, J = 1.5 Hz,
1H), 7.40-7.23 (m, 12H), 6.86 (ddd, J=7.8 Hz, J=4.8 Hz, J=1.4Hz, 1H), 3.59 (td, J=7.1 Hz,
J=1.4Hz, 2H), 2.36 (t, J=7.1Hz, 2H), 2.18 (s, 6H)ppm. °'P{'H}-NMR (162 MHz, CDCL)
Bp: -13.7 ppm. *C{'H}-NMR (101 MHz, CDCls) 3¢: 160.5 (d, Jo.r = 21.6 Hz), 139.5 (d, Jor = 17.0 Hz),
137.3(d, Jor = 19.3 Hz), 136.5 (d, Jor = 9.5 Hz), 134.1 (d, Jor = 20.0 Hz), 133.3, 130.3, 128.9, 128.8,
128.6 (d, Jor = 7.2 Hz), 127.6 (d, Jor = 4.4 Hz), 59.9, 59.5, 45.7 ppm.

5.1.1.11 Synthesis of L11

Ph,P

e
PPh,

Under an inert N, atmosphere, 2-(diphenylphosphino)benzaldehyde (1.00 g, 3.45 mmol) was

refluxed with ethylenediamine (1.4 mL, 20.98 mmol) in methanol for 2 h. All volatiles were
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removed under high vacuum to give a yellow oil which solidified overnight to give a yellow solid.
The crude product was purified by recrystallisation from cold methanol and obtained as a pale

yellow solid. Yield: 889 mg, 1.47 mmol, 85 %.
Analytical data in accordance with literature reports.®

'H-NMR (400 MHz, CDCL;) 5+: 8.78 (d, J = 4.6 Hz, 2H), 7.90 (ddd, J=7.7 Hz, J=3.9 Hz, J= 1.5 Hz,
2H), 7.37-7.21 (m, 24H), 6.86 (ddd, J=9.5Hz, J=6.5Hz, J=1.9Hz, 2H), 3.55 (s, 4H) ppm.
¥IP{"H}-NMR (162 MHz, CDCls) &p: -13.6 ppm. "C{'H}-NMR (101 MHz, CDCLl;) &c: 161.0 (d,
Jer=20.7Hz), 139.5 (d, Jep =17.4 Hz), 137.4 (d, Jc.r = 19.8 Hz), 136.7 (d, Jc.r = 9.8 Hz), 134.0 (d,
Jer=20.0Hz), 133.4, 130.1, 128.9, 128.8, 128.6 (d, Jer=7.2Hz), 127.8 (d, Jecr=4.3 Hz),
61.4 ppm. Selected IR data: 1655 v(C=N)cm™. HRMS (ES+/Q-TOF) m/z: [M+H]" Calcd for
CuoH3sN2P, 605.2275; Found 605.2274.

5.1.1.12 Synthesis of L12

P
N
H

PPh,

Adapted from literature procedure.®

Under an inert N, atmosphere, 2-(diphenylphosphino)benzaldehyde (58 mg, 2.00 mmol) was
refluxed with cysteamine (156 mg, 2.02 mmol) in methanol for 2 h. All volatiles were removed
under high vacuum. The crude product was purified by recrystallisation from cold methanol and

obtained as an off-white solid. Yield: 466 mg, 1.33 mmol, 67 %.

'"H-NMR (400 MHz, CDCl;) 8n: 7.67 (ddd, J = 7.9 Hz, J= 4.2 Hz, /= 1.3 Hz, 1H), 7.40-7.23 (m, 11H),
7.19(td,J=7.5Hz,/=1.3Hz, 1H), 6.94 (ddd, J=7.6 Hz,/=4.2 Hz, J=1.4 Hz, 1H), 6.21 (d, /= 6.5,
1H), 3.69-3.59 (m, 1H), 3.14-3.04 (m, 3H) ppm. ¥*'P{'"H}-NMR (162 MHz, CDCls) &¢: -17.3 ppm.
¥C{"H}-NMR (101 MHz, CDCl;) d¢: 145.1 (d, Jo-p = 23.3 Hz), 136.8 (d, Jc-r = 10.3 Hz), 134.3, 133.9
(d, Jer=4.9Hz), 133.7 (d, Jc.p = 4.9 HZ), 129.5, 128.7 (d, Jc.p = 5.7 Hz), 128.5 (M), 128.2, 126.2 (d,
Jep=5.2Hz),70.8 (d, Jcr =27.0 Hz), 53.2, 36.9 ppm.

5.1.1.13 Synthesis of L13
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Adapted from literature procedure.?

Under an inert N, atmosphere, 2-(diphenylphosphino)benzaldehyde (1.00 g, 3.45 mmol) was
refluxed with 2-aminothiophenol (0.38 mL, 3.64 mmol) in methanol for 2 h. All volatiles were
removed under high vacuum. The crude product was purified by recrystallisation from cold

methanol and obtained as a pale green solid. Yield: 918 mg, 2.31 mmol, 67 %.
Analysis in accordance with literature reports.®

"H-NMR (400 MHz, CDCl;) dy: 7.98 (dd, J=8.1 Hz, J= 4.4 Hz, 1H), 7.50-7.05 (m, 12H), 7.00-6.80
(m, 3H), 6.68 (t,J=7.4 Hz, 1H), 6.53 (d, /= 7.8 Hz, 1H), 4.22 (s, 1H) ppm. *'P{'"H}-NMR (162 MHz,
CDCl;) 8p: -17.2 ppm.

5.1.1.14 Synthesis of L14
@?N/\/S\

PPh,
Adapted from literature procedure.®

Under an inert N, atmosphere, 2-(diphenylphosphino)benzaldehyde (1.00 g, 3.45 mmol) was
refluxed with 2-(methylthio)ethylamine (0.45 mL, 4.84 mmol) in methanol for 2 h. All volatiles
were removed under high vacuum. The product was isolated as a yellow oil with no further

purification. Yield: 1.17 g, 3.21 mmol, 93 %.

"H-NMR (400 MHz, CDCls) d4: 8.89 (d, J=4.9Hz, 1H), 7.97 (ddd, J=7.7Hz, J=4.0 Hz, /= 1.4 Hz,
1H), 7.39 (td, J=7.7 Hz, J=1.5Hz, 1H), 7.36-7.23 (m, 11H), 6.87 (ddd, J=7.7 Hz, J=4.7 Hz,
J=1.2Hz, 1H), 3.68 (td, J=7.0Hz, J=1.3Hz, 2H), 2.56 (t, J=7.0 Hz, 2H), 2.01 (s, 3H) ppm.
S'P{'"H}-NMR (162 MHz, CDCls) dp: -13.6 ppm. "*C{'H}-NMR (101 MHz, CDCl;) dc: 160.8 (d,
Jep=21.4Hz), 139.2 (d, Jcp=17.1 Hz), 137.5 (d, Jcr = 19.6 Hz), 136.5 (d, Jc.r = 9.4 Hz), 134.0 (d,
Jep=20.1 Hz), 133.4, 130.4, 128.9, 128.8, 128.6 (d, Jc.r=7.3H2z), 127.7 (d, Jcr=4.3 Hz), 60.7,
34.7, 15.8 ppm. Selected IR data: 1636 v(C=N) cm™.

5.1.1.15 Synthesis of L15
PPh,

Adapted from literature procedure.?
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Under an inert N, atmosphere, 2-(diphenylphosphino)benzaldehyde (1.02 g, 3.52 mmol) was
refluxed with 3-(methylthio)propylamine (0.40 mL, 3.57 mmol) in methanol for 2 h. All volatiles
were removed under high vacuum. The product was isolated as a red oil with no further

purification. Yield: 1.32 g, 3.48 mmol, 99 %.

'"H-NMR (400 MHz, CDCLl;) dw: 8.86 (d, J = 4.7 Hz, 1H), 7.93 (ddd, J=7.8 Hz, J=3.9 Hz, J= 1.5 Hz,
1H), 7.38 (td, J=7.5Hz, J=1.3Hz, 1H), 7.35-7.22 (m, 11H), 6.86 (ddd, J=7.7 Hz, J=4.6 Hz,
J=1.83Hz, 1H), 3.56 (td, J=6.7 Hz, /= 1.4 Hz, 2H), 2.30 (t, /=7.1 Hz, 2H), 2.01 (s, 3H), 1.78 (p,
J=6.6 Hz, 2H) ppm. *'P{’"H}-NMR (162 MHz, CDCl) &¢: -13.4 ppm. "*C{'"H}-NMR (101 MHz, CDCLls)
0c:160.2 (d, Jo.p =20.1 Hz),139.5 (d, Je.p =17.2 Hz),137.4 (d, Jc.» = 19.7 Hz), 136.7 (d, Jc.r = 9.6 Hz),
134.0 (d, Jc.p = 20.0 Hz), 133.4, 130.2, 128.9, 128.8, 128.6 (d, Jo-» = 7.1 Hz), 127.9 (d, Jcr = 4.3 Hz),
60.0, 31.7, 29.9, 15.4 ppm. Selected IR data: 1636 v(C=N) cm™. HRMS (ES+/Q-TOF) m/z: [M+H]"
Calcd for C3H2sNPS 378.1445; Found 378.1443.

5.1.1.16 Synthesis of L16

\ N
[ :[ S
PPh,

Adapted from literature procedure.®

Under an inert N, atmosphere, 2-(diphenylphosphino)benzaldehyde (1.00 g, 3.46 mmol) was
refluxed with 2-(methylthio)aniline (0.44 mL, 3.51 mmol) in toluene over 3 A molecular sieves for
2 h. Once complete, as confirmed by *'P{"H} NMR, the crude mixture was filtered and all volatiles
were removed under reduced pressure. The product was purified by recrystallisation from
toluene and hexane, giving the product as a bright yellow solid with no further purification. Yield:

909 mg, 2.21 mmol, 64 %.
Analytical data in accordance with literature reports.™

'H-NMR (400 MHz, CDCLls) 84 9.11 (d, /= 5.6 Hz, 1H), 8.39 (ddd, J=7.8 Hz, J=3.9 Hz, /= 1.4 Hz,
1H), 6.47 (t, J=7.4 Hz, 1H), 7.39-7.29 (m, 11H), 7.17-7.14 (m, 2H), 7.05-7.00 (m, 1H), 6.93 (ddd,
J=7.7Hz, J=5.2Hz, J=1.4Hz, 1H), 6.46 (m, 1H), 2.41 (s, 3H) ppm. *P{’"H}-NMR (162 MHz,
CDCLs) dp: -14.6 ppm. Selected IR data: 1616 v(C=N) cm™. HRMS (ES+/Q-TOF) m/z: [M+H]" Calcd
for C26H23NPS 412.1289; Found 412.1295.
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5.1.1.17 Synthesis of L17

San
S/

Adapted from literature procedure.®

Under an inert N, atmosphere, 2-(diphenylphosphino)ethylamine (742 mg, 3.24 mmol) was
refluxed with 2-(methylthio)benzaldehyde (507 mg, 3.33 mmol) in methanol for 2 h. All volatiles
were removed under high vacuum. The product was isolated as a white solid with no further

purification. Yield: 1.05 g, 2.89 mmol, 89 %.
Analysis in accordance with literature reports.®

"H-NMR (400 MHz, CDCLs) &:: 8.71 (s, 1H), 7.77 (dd, J = 7.8 Hz, J = 1.6 Hz, 1H), 7.51-7.44 (m, 4H),
7.38-7.27 (m, 8H), 7.18 (td, J=7.2 Hz, J=1.5 Hz, 1H), 3.82-3.73 (m, 2H), 2.53-2.47 (m, 2H), 2.45
(s, 3H) ppm. *'P{'"H}-NMR (162 MHz, CDCLs) &p: -19.1 ppm. Selected IR data: 1627 v(C=N) cm™.
HRMS (ES+/Q-TOF) m/z: [M+H]* Calcd for C,H23NPS 364.1289; Found 364.1287.

5.1.1.18 Synthesis of L18

H
PPh,

Adapted from literature procedure.’

Under an inert N, atmosphere, 2-(diphenylphosphino)benzaldehyde (1.99 g, 6.85 mmol) was
refluxed with 2-(methylthio)ethylamine (0.70 mL, 7.48 mmol) in methanol for 2h. Once
complete, as confirmed by *'P NMR, the mixture was stirred over NaBH, (400 mg, 10.6 mmol) at
room temperature for 18 h. Unreacted NaBH, was quenched with addition of acetone (5 mL) and
volatiles were removed under high vacuum. The resulting residue was dissolved in DCM, and
washed once each with saturated NH4Cl.q and DI H,O under N, atmosphere. The organic phase
was dried over MgSQ,, filtered, and solvent was removed under high vacuum, giving the product

as a pale yellow oil with no further purification. Yield: 2.29 g, 6.26 mmol, 91 %.

"H-NMR (400 MHz, CDCLls) &: 7.45 (dd, J = 7.8 Hz, J= 4.4 Hz, J = 1.4 Hz, 1H), 7.34-7.22 (m, 11H),
7.15 (td, J=7.5Hz, J=1.4Hz, 1H), 6.88 (ddd, J=7.7Hz, J=4.5Hz, J=1.4Hz, 1H), 3.99 (d,
J=1.7Hz, 2H), 2.69 (t, J=6.7 Hz, 2H), 2.44 (t, J=6.7 Hz, 2H), 1.99 (s, 3H) ppm. *'P{'H}-NMR
(162 MHz, CDCLs) 8p: -16.0 ppm. *C{'"H}-NMR (101 MHz, CDCLs) 8¢: 144.4 (d, Jor = 23.8 Hz), 136.8
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(d, Jer = 10.0 Hz), 135.8 (d, Jor = 13.8 Hz), 133.9 (d, Jer = 19.9 Hz), 133.7, 129.1, 129.0, 128.8,
128.6 (d, Jor = 6.9 Hz), 127.3, 52.1 (d, Jo-r = 20.8 Hz), 47.3, 34.3, 15.3 ppm.

5.2.2 Synthesis of Ru(ll) complexes

5.2.2.1 Synthesis of [RuClx(L1)PPhs]

Under an inert N, atmosphere, RuCly(PPh;); (501 mg, 0.52 mmol) was refluxed with L1 (238 mg,
0.71 mmol) in dry toluene for 16 h. The mixture was reduced to 50 % volume and the crude
product precipitated with dry hexane. The product was recrystallised from DCM and hexane to

give RuCly(L1)PPh; as a red solid. Yield: 229 mg, 0.30 mmol, 57 %.
Analysis in accordance with literature reports.'?

'"H-NMR (400 MHz, CDCLl;) dx: 8.96 (d, /= 9.4 Hz, 1H), 7.56 (ddd, J=7.8 Hz, J= 3.8 Hz, /= 1.4 Hz,
1H), 7.43 (tt, J=7.4Hz, J=1.4Hz, 1H), 7.37-6.97 (m, 27H), 4.38 (t, J=5.3 Hz, 2H), 4.04 (q,
J=5.8Hz, 2H), 3.09 (t, J=6.2Hz, 1H)ppm. *P{’"H}-NMR (162 MHz, CDCl;) &r: 66.5 (d,
Jop=32.0Hz), 34.5 (d, Jop=32.0 Hz) ppm. Selected IR data: 3328 v(O-H), 1631 v(C=N)cm™.
HRMS (ES+/Q-TOF) m/z: [M-Cl]* Calcd for C3sHzsNOP,ClRu 732.0926; Found 732.0930. [M]* Calcd
for C3sH3sNOP,CL,Ru 767.0614; Found 767.0621.

5.2.2.2 Synthesis of [Ru(L1)2]Cl.

— — 2+

2Cr

Under an inert N, atmosphere, [RuCly(p-cymene)], (308 mg, 0.50 mmol) was refluxed with L1
(802 mg, 2.40 mmol) in dry toluene for 16 h. The resulting precipitate was isolated by filtration and

washed with toluene, giving [Ru(L1).]Cl, as a bright yellow solid. Yield: 557 mg, 0.66 mmol, 66 %.
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'H-NMR (400 MHz, CDCLl;) d1: 9.28 (s, 2H), 7.77 (m, 2H), 7.62 (t, /= 7.7 Hz, 2H), 7.45 (t, /= 7.5 Hz,
2H), 7.38-7.09 (m, 18H), 6.89 (t, J = 7.6 Hz, 2H), 6.75 (m, 2H), 4.28 (m, 2H), 4.12 (m, 2H), 3.43 (m,
2H), 3.31 (m, 2H) ppm. *'P{"H}-NMR (162 MHz, CDCl;) dp: 61.2 ppm. Selected IR data: 1618
v(C=N)cm™. HRMS (ES+/Q-TOF) m/z: [M-CI]* Calcd for CaH4N>0O,P,CIRu 803.1297; Found
803.1311. [M-2Cl]** Calcd for C,H10N,O,P.Ru 384.0804; Found 384.0832.

5.2.2.3 Synthesis of [Ru(L2)2]Clz

OH 2*
I
HO/,,' ‘\\\N
N/R‘”\P 2Cr
Ph
7 PPh, 2

Under an inert N, atmosphere, [RuCly(p-cymene)], (303 mg, 0.49 mmol) was refluxed with L2
(805 mg, 2.23 mmol) indry toluene for 16 h. The resulting precipitate was isolated by filtration and

washed with toluene, giving [Ru(L2),]Cl, as a bright yellow solid. Yield: 436 mg, 0.49 mmol, 49 %.

"H-NMR (400 MHz, CDCLs) 8,1: 9.18 (s, 2H), 9.04 (br s, 2H), 7.71-6.80 (m, 22H), 4.78 (d, J = 13.4 Hz,
2H), 3.68 (d, J = 13.9 Hz, 2H), 1.83 (s, 6H), 1.25 (s, 6H) ppm. *'P{'H}-NMR (162 MHz, CDCLl) 5¢:
58.9 ppm. Selected IR data: 1616 v(C=N)cm™. HRMS (ES+/Q-TOF) m/z: [M-2H]* Calcd for
CusHasN,0:P.CLLRU 892.1455; Found 892.1458. [M-2CLJ?* Calcd for CasHaeN.0-P,CLRU 412.1172;
Found 412.1187.

5.2.2.4 Synthesis of [Ru(L3)2]Cl.

2+
HO
3]
N
N | B
Ph
7 PPh, 2

Under an inert N, atmosphere, [RuCly(p-cymene)], (357 mg, 0.58 mmol) was refluxed with L3
(1.06 g, 2.79 mmol) in dry toluene for 16 h. The resulting precipitate was isolated by filtration and

washed with toluene, giving [Ru(L3),]Cl, as a dark brown solid. Yield: 901 mg, 0.96 mmol, 83 %.
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'H-NMR (400 MHz, DMSO-d6) &,:: 9.60 (s, 2H), 8.19 (d, J = 7.9 Hz, 2H), 7.99 (d, J = 8.7 Hz, 2H), 7.75
(t, J=7.5Hz, 2H), 7.48 (t, J=7.5Hz, 2H), 7.28-6.99 (m, 8H), 7.04 (t, J=7.3 Hz, 2H) 6.90 (t,
J=7.8Hz, 4H) 6.86 (t,J = 7.0 Hz, 2H), 6.80-6.71 (m, 8H), 6.59 (t, J = 7.8 Hz, 2H), 6.25 (d, J = 8.3 Hz,
2H). *'P{'"H}-NMR (162 MHz, DMSO-d6) &s: 58.7 ppm. Selected IR data: 1616 v(C=N) cm".

5.2.2.5 Synthesis of [RuClx(L4).]

Under an inert N, atmosphere, [RuCly(p-cymene)], (399 mg, 0.65 mmol) was refluxed with L4
(1.08 g, 3.10 mmol) in dry toluene for 16 h. The resulting precipitate was isolated by filtration and
washed with toluene, giving RuCly(L4), as a dark red solid. The product was a mixture of the two

species RuCly(L4),-a and RuCly(L4),-b in a molar ratio of 2:1. Yield: 783 mg, 0.90 mmol, 84 %.

RuCl,(L4).-a: "H-NMR (400 MHz, CDCls) 8x: 8.27 (s, 2H), 7.55-7.14 (m, 24H), 7.05 (t, /= 8.6 Hz,
2H), 6.91 (m, 2H), 4.23 (m, 2H), 2.91 (m, 2H), 2.79 (m, 2H), 2.67 (m, 2H) 1.45 (m, 2H), 1.15 (m,
2H) ppm. *'P{'"H}-NMR (162 MHz, CDCl;) dp: 30.8 ppm. "*C{'H}-NMR (101 MHz, CDCl;) d¢: 170.6,
139.5-127.2 (aromatic carbons), 58.7, 58.1, 35.3. RuCl,(L4),-b: "H-NMR (400 MHz, CDCls) d+: 8.80
(d,J=5.0Hz, 2H), 7.55-7.14 (m, 22H), 6.82 (m, 4H), 6.58 (t, / = 7.8 Hz, 2H), 4.44 (m, 2H), 3.85 (m,
2H), 3.04 (m, 2H), 2.74 (m, 2H), 1.69 (m, 2H), 1.50 (m, 2H) ppm. *'P{"H}-NMR (162 MHz, CDCLl;) &¢:
47.8 ppm. *C{"H}-NMR (101 MHz, CDCl;) d¢: 171.4, 139.5-127.2 (aromatic carbons), 66.8, 57.9,
35.6 ppm. Selected IR data: 1616 v(C=N)cm™. LRMS (ES+/Q-TOF) m/z: [M]" Calcd for
Ca4H44N20,P,CL:RuU 866.13; Found 866.13. [M-Cl]* Calcd for Cy4H44N2O,P,ClIRuU 831.16; Found
831.16.

5.2.2.6 Synthesis of [RuCly(L6)]

AN
0 o’

S Cl (
_N/,, ‘ \\\N
R
p” | B
Ph,

Phy

Cl
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Under an inert N, atmosphere, [RuCly(p-cymene)], (401 mg, 0.65 mmol) was refluxed with L6
(1.08 g, 3.11 mmol) in dry toluene for 16 h. The resulting precipitate was isolated by filtration and

washed with toluene, giving RuCl,(L6), as a red-orange solid. Yield: 654 mg, 0.75 mmol, 58 %.

'"H-NMR (400 MHz, CDCL;) dw: 8.83 (d, J = 6.6 Hz, 2H), 7.55 (d, J = 5.5 Hz, 2H), 7.46-7.37 (m, 8H),
7.29-7.13 (m, 14H), 7.04 (t, /= 6.8 Hz, 2H), 6.57 (t,/ = 7.8 Hz, 2H), 4.35 (d, /= 11.9 Hz, 2H), 3.81 (t,
J=10.8 Hz, 2H), 3.27 (d, J=10.6 Hz, 2H), 2.94 (t, /= 10.5 Hz, 2H), 2.80 (s, 6H) ppm. *'P{"H}-NMR
(162 MHz, CDCls) dp: 49.2 ppm. *C{'H}-NMR (101 MHz, CDCl3) d¢: 172.5, 138.3-125.3 (aromatic
carbons), 73.1, 63.5, 58.3 ppm. Selected IR data: 1616 v(C=N) cm™. HRMS (ES+/Q-TOF) m/z: [M]"
Calcd for CasHa4N20O,P,ClL,Ru 866.1299; Found 866.1320. [M-Cl]* Calcd for CssH44N,0,P-CIRu
831.1610; Found 831.1621.

5.2.2.7 Synthesis of [RuCly(L7)]

\—o >C|( o—/

Under an inert N, atmosphere, [RuCly(p-cymene)], (301 mg, 0.49 mmol) was refluxed with L7
(750 mg, 2.06 mmol) in dry toluene for 16 h. The resulting precipitate was isolated by filtration and

washed with toluene, giving RuCl,(L7), as a red solid. Yield: 338 mg, 0.38 mmol, 38 %.

"H-NMR (400 MHz, CDCls) 8y: 7.84 (d, J = 7.2 Hz, 2H), 7.40 (m, 2H), 7.30-7.16 (m, 14H), 7.04 (s,
2H), 7.01 (m, 10H), 4.53-3.63 (br m, 8H), 1.67-0.79 (br m, 12H) ppm. *'P{'H}-NMR (162 MHz,
CDCls) 3p: 46.7 ppm. Selected IR data: 1090s, 1146s, 1210 v(C-O) cm'. HRMS (ES+/Q-TOF) m/z:
[M]* Calcd for CusHs004P.ClLRU 900.1605; Found 900.1611. [M-Cl]* Calcd for CusHsoO4P>CIRU
865.1916; Found 865.1926.

5.2.2.8 Synthesis of [Ru(CO).Cly(PPhs).]

C
PhsP, ‘ el
Ru
Nod
O/

Z

Under an inert N, atmosphere, [RuCly(p-cymene)]. (298 mg, 0.49 mmol) was refluxed with

2-(diphenylphosphino)benzaldehyde (601 mg, 2.07 mmol) in dry toluene for 16 h. The resulting
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dark brown solution was reduced to 50 % volume and the product was precipitated with dry
hexane. The product was isolated by filtration and washed with dry hexane, giving

[Ru(CO).Cly(PPhs).] as a beige solid. Yield: 399 mg, 0.53 mmol, 54 %.

'H-NMR (400 MHz, CDCls) d4: 7.98-7.89 (m, 12H), 7.42-7.35 (m, 18H)ppm. °'P{'H}-NMR
(162 MHz, CDCLls) dp: 17.0 ppm. Selected IR data: 2061, 1998 v(C=0) cm™. LRMS (ES+/Q-TOF)
m/z: [M+Na]+ Calcd for C33H3,CLLNaO,P,Ru 775.00; Found 775.00.

5.2.2.9 Synthesis of [Ru(CO)Cly(L7*)PPhg]

Under an inert N, atmosphere, [RuCly(p-cymene)]. (302 mg, 0.49 mmol) was refluxed with
2-(diphenylphosphino)benzaldehyde (602 mg, 2.07 mmol) in dry ethanol for 16 h. The resulting
precipitate was isolated by filtration and washed with dry ethanol, giving [Ru(CO)CL,(L7*)PPh;] as

a yellow solid. Yield: 89 mg, 0.11 mmol, 11 %.

'H-NMR (400 MHz, CDCLls) 84: 8.07 (dd, J=7.7 Hz, J = 3.2 Hz, 1H), 7.80 (m, 6H), 7.55-7.29 (m,
20H), 7.20-7.15 (m, 1H), 6.96 (tt, J = 7.7 Hz, J = 2.0 Hz, 1H), 3.44 (g, J = 7.2 Hz, 2H), 1.00 (t, J = 7.2,
3H) ppm. *'P{'"H}-NMR (162 MHz, CDCLls) 3p: 34.1 (d, J=356.4 Hz), 31.5 (d, J = 356.4 Hz) ppm.
Selected IR data: 1938 v(C=0), 1646 v(C=0) cm". LRMS (ES+/Q-TOF) m/z: [M+Na]* Calcd for
CaoHasClLNaOsP,Ru 819.03; Found 819.03. [M-ClJ* Calcd for CuHsClOsP,Ru 761.07; Found
761.07.

5.2.2.10 Synthesis of [RuCl(L9).]Cl

‘ Phsy

Cl,, \\\\Pp

Ru

N7 | TN— Cl-

Under an inert N, atmosphere, [RuCly(p-cymene)], (299 mg, 0.49 mmol) was refluxed with L9

(750 mg, 2.16 mmol) in dry toluene for 16 h. The resulting dark brown crude mixture was filtered
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by cannula and washed with dry toluene. The filtrate was returned to reflux for a further 16 h. The
resulting precipitate was isolated by filtration and washed with dry hexane, giving [RuCl(L9),]Cl

as a yellow-orange solid. Yield: 173 mg, 0.20 mmol, 20 %.

'"H-NMR (400 MHz, CDCl;) 51: 9.18 (d, J = 9.0 Hz, 1H), 8.79 (s, 1H), 8.35 (m, 1H), 7.83 (m, 1H), 7.67-
7.44 (m, 6H), 7.42-7.08 (m, 10H), 7.04-7.82 (m, 8H), 6.08 (t, /J=8.0 Hz, 2H), 4.16 (d, /J=12.5Hz,
1H), 3.97 (t, /= 11.8 Hz, 1H), 3.69-3.53 (m, 2H), 3.25 (t, /= 11.0 Hz, 1H), 2.67 (t, /= 12.9 Hz, 1H),
2.51 (s, 3H), 2.32 (m, 3H), 2.21 (d, J=12.5Hz, 1H), 1.69 (d, J=17.6 Hz, 1H) ppm. *'P{"H}-NMR
(162 MHz, CDCl;) dp: 50.8 (d, J=31.1Hz), 35.7 (d, J=31.1Hz) ppm. "*C{'H}-NMR (101 MHz,
CDCls) 6c: 169.7, 169.3, 136.7-124.3 (aromatic carbons), 67.2, 60.4, 50.9, 44.4, 38.1, 32.4 ppm.
Selected IR data: 1633 v(C=N) cm™. HRMS (ES+/Q-TOF) m/z: [M-Cl]* Calcd for CasHasN4P,CIRu
829.1930; Found 829.1939.

5.2.2.11 Synthesis of [RuCLl(L10)(PPhs°°)]

Under an inert N, atmosphere, [RuCly(p-cymene)], (301 mg, 0.49 mmol) was refluxed with L10
(1.10 g mg, 3.06 mmol, not pre-dried) in dry toluene for 16 h. The crude mixture was filtered, the
resulting dark red filtrate was reduced to 50 % volume and the product was precipitated with dry
hexane. The product was isolated by filtration and washed with dry hexane, giving

RuCl(L10)(PPh;°°) as an orange-brown solid. Yield: 121 mg, 0.15 mmol, 15 %.

'"H-NMR (400 MHz, CDCLs) & 8.80 (d, /= 7.9 Hz, 1H), 7.88 (m, 3H), 7.69-6.95 (m, 16H), 6.92 (t,
J=8.4Hz,2H),6.86 (t,/=7.5Hz, 1H), 6.50 (m, 4H), 6.14 (t,/= 8.8 Hz, 2H), 4.61 (t,/=11.1 Hz, 1H),
4.03 (d, J=12.5Hz, 1H), 2.60 (t, J=11.3 Hz, 1H), 2.26 (d, J=12.1 Hz, 1H), 1.84 (s, 3H), 1.70 (s,
3H) ppm. *'P{"H}-NMR (162 MHz, CDCl;) ds: 59.3 (d, J=35.1Hz), 57.8 (d, J=35.1Hz) ppm.
Selected IR data: 1625 v(C=N), 1541 v(C=0)cm™. HRMS (ES+/Q-TOF) m/z: [M-CI]* Calcd for
Ca2H3sN,OP,Ru 751.1581; Found 751.1602.
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5.2.2.12 Synthesis of [RuClx(L10).]
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Ph, 2

Cl

Under an inert N, atmosphere, [RuCly(p-cymene)], (301 mg, 0.49 mmol) was refluxed with L10
(1.03 g mg, 2.86 mmol, dried over Na,SO,) in dry toluene for 16 h. The resulting dark red solution
was reduced to 50 % volume and the product was precipitated with dry hexane. The product was
isolated by filtration and washed with dry hexane, giving RuCL;(L10), as a dark red solid. Yield:
204 mg, 0.23 mmol, 23 %.

"H-NMR (400 MHz, CDCl;) d4: 8.71 (s, 2H), 8.04 (m, 2H), 7.71 (m, 2H), 7.65-6.90 (m, 10H), 6.80
(m, 4H), 6.71 (m, 4H), 6.52 (m, 4H), 6.16 (m, 2H), 4.46 (m, 2H), 3.67 (m, 4H), 2.95 (m, 2H), 1.76 (s,
12H) ppm. *'P{'"H}-NMR (162 MHz, CDCl;) &p: 48.8 ppm. Selected IR data: 1617 v(C=N)cm’
HRMS (ES+/Q-TOF) m/z: [M+H]" Calcd for CssHs1N4P>ClRu 893.2009; Found 893.2040. [M-Cl]*
Calcd for C4sHsoN4P-ClRu 857.2243; Found 857.22689.

5.2.2.13 Synthesis of [RuCl»(L11)]

Cl

RN
N//_ \\N

/
Ph2

P
Ph,

Cl
Prepared according to modified literature procedure.

Under aninert N, atmosphere, [RuClx(PPhs)s] (217 mg, 0.23 mmol) was refluxed with L11 (151 mg,
0.25 mmol) in dry toluene for 3 h. The resulting precipitate was isolated by filtration and washed

with dry Et,0, giving [RuCly(L11)] as a red solid. Yield: 85 mg, 0.11 mmol, 48 %.

"H-NMR (400 MHz, CDCLls) 54: 9.00 (m, 2H), 7.59 (d, J= 7.6 Hz, 2H), 7.44 (t, /= 7.5 Hz, 2H), 7.32 (t,
J=7.6HHz,2H),7.24 (t,/J=7.4 Hz, 4H),7.20-7.10 (m, 4H), 7.01 (t,J=7.2 Hz, 8H), 6.97-6.91 (m, 6H),
4.35 (s, 4H). *'P{'H}-NMR (162 MHz, CDCls) ds: 47.5 ppm. Selected IR data: 1634 v(C=N) cm"

HRMS (ES+/Q-TOF) m/z: [M]* Calcd for C4oH34N2P>Cl,Ru 776.0618; Found 776.0624. [M-Cl]" Calcd
for C4oH34N2P>,CIRuU 741.0929; Found 741.0939.
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5.2.2.14 Synthesis of [RuCl(L12)(p-cymene)]ClL

- .
& Ph,

Ru-1P cr
cl”

N

K/s

Under an inert N, atmosphere, L12 (461 mg, 1.32 mmol) was added to a solution of
[RuCly(p-cymene)], (200 mg, 0.33 mmol) in dry toluene at room temperature and stirred for 2 h.
The resulting precipitate was isolated by filtration and washed with dry toluene, giving

[RuCl(L12)(p-cymene)] as a red-brown solid. Yield: 291 mg, 0.47 mmol, 72 %.

H-NMR (400 MHz, CDCLls) 84: 7.82-7.10 (m, 14H), 6.31 (br d, 1H), 6.28 (br d, 1H), 5.63 (br d, 1H),
5.32 (br d, 1H), 4.78 (s, 1H), 3.83 (m, H), 3.71 (m, 1H), 3.55 (m, 1H), 3.13 (m, 1H), 2.74 (m, 1H),
1.94 (s, 3H), 1.25 (s, 3H), 1.19 (s, 3H) ppm. *'P{'"H}-NMR (162 MHz, CDCLs) 3p: 36.2 ppm. LRMS
(ES+/Q-TOF) m/z: [M-Cl]* Caled for Cs;HaNPCIRUS 620.09; Found 620.08.

5.2.2.15 Synthesis of [RuCl(L12),]Cl

+
SH
Ph,
CI//,' ,\‘\\P
/Ru
N ‘ Sy= Cl-
7 PPh,
SH

Under an inert N, atmosphere, hot solution of L12 (699 mg, 2.00 mmol) in toluene was added to
a solution of [RuCly(p-cymene)]> (251 mg, 0.41 mmol) in dry toluene at 110 °C and stirred at reflux
for 20 h. The resulting precipitate was isolated by filtration and washed with dry toluene, giving

[RuCl(L12),]Cl as a yellow-brown solid as a mixture of isomers. Yield: 291 mg, 0.47 mmol, 72 %.
NMR data attributed to major isomer [RuCl,(L12),]-B:

'"H-NMR (400 MHz, CDCls) dy: 8.78 (s, 1H), 8.76 (s, 1H), 7.67-7.04 (m, H), 6.73 (m, 2H), 4.15-3.88
(m, 3H), 3.84-3.70 (m, 1H), 3.63-3.50 (m, 1H), 3.49-3.39 (m, 1H), 3.21-3.09 (m, 1H), 2.75-2.63 (m,
1H) ppm. *P{'H}-NMR (162 MHz, CDCl;) &: 50.0 (d, J=34.0 Hz), 24.2(d, J=34.0 Hz) ppm.
Selected IR data: 1620 v(C=N) cm™. HRMS (ES+/Q-TOF) m/z: [M-Cl]* Calcd for C4,H1oN2P,S,ClRu
835.08; Found 835.08.
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5.2.2.16 Synthesis of [RuCl(L14).]Cl

/ +
S
Ph,
CI//,' ‘\\\\P
Ru
7 PPh, "\
S_

Under an inert N, atmosphere, [RuCly(p-cymene)]. (350 mg, 0.57 mmol) was refluxed with L14
(0.99g,2.72 mmol) in dry toluene for 16 h. The resulting precipitate was isolated by filtration and
washed with toluene, giving [RuCLl(L14),]Cl as a bright yellow solid. Yield: 999 mg, 1.11 mmol,
97 %.

"H-NMR (400 MHz, CDCls) 8: 9.15 (d, J = 8.5 Hz, 1H), 9.11 (d, J = 8.8 Hz, 1H), 8.38-8.27 (m, 1H),
8.00 (m, 1H), 7.93 (t, J = 8.2 Hz, 2H), 7.78 (m, 2H), 7.64 (t, /= 8.0 Hz, 1H), 7.51 (t, J = 7.5 Hz, 2H),
7.47-6.87 (m, 14H), 6.74 (t, J = 7.9 Hz, 1H), 6.50 (t, J = 8.8 Hz, 1H), 6.39 (t, J = 9.4 Hz, 1H), 5.91 (t,
7.0 Hz, 2H), 4.76-4.51 (m, 3H), 4.38 (m, 2H), 3.36 (m, 1H), 2.99 (m, 1H), 2.46 (m, 1H), 2.24 (s, 3H),
2.05 (s, 3H) ppm. 3'P{"H}-NMR (162 MHz, CDCls) 5p: 44.4 (d, ) = 29.2 Hz), 41.4 (d, } = 29.2 Hz) ppm.
Selected IR data: 1623 v(C=N) cm"'. HRMS (ES+/Q-TOF) m/z: [M-Cl]* Calcd for CasHasN2P,S,CIRu
863.1153; Found 863.1160.

5.2.2.17 Synthesis of [RuClx(L15),]
/ \
S S
Ls §
_N/, ‘ \\\N
_Ru b
? Bh

Ph, 2

Cl

Under an inert N, atmosphere, [RuCly(p-cymene)]. (251 mg, 0.41 mmol) was refluxed with L15
(713 mg, 1.89 mmol) in dry toluene for 16 h. The resulting dark red crude mixture was filtered by
cannula, reduced to 50 % volume and the product precipitated with dry pentane. The product

[RuCl;(L15),] was isolated by filtration as a red-brown solid. Yield: 248 mg, 0.27 mmol, 33 %.
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'H-NMR (400 MHz, CDCl;) dx: 8.75 (d, J=5.8 Hz, 2H), 7.51 (m, 2H), 7.44-7.35 (m, 8H), 7.27-7.20
(m, 14H), 7.05 (t,/= 5.5 Hz, 2H), 6.59 (t, /= 7.9 Hz, 2H), 4.15 (td, /= 8.9 Hz, J = 4.8 Hz, 2H), 3.83 (q,
J=9.0Hz, 2H), 2.25-2.11 (m, 4H), 1.84 (s, 6H), 1.85-1.74 (m, 2H), 1.37-1.27 (m, 2H). *'P{"H}-NMR
(162 MHz, CDCls) d5: 48.7 ppm. Selected IR data: 1612 v(C=N) cm™. HRMS (ES+/Q-TOF) m/z: [M]*
Calcd for CusHisN2P2S,CLRuU 926.1155; Found 926.1177. [M-Cl]* Calcd for CusHasN2P.S-CIRu
891.1466; Found 891.1486.

5.2.2.18 Synthesis of [RuClx(L17).]

— — +

cr

Under an inert N, atmosphere, [RuCly(p-cymene)], (294 mg, 0.48 mmol) was refluxed with L17
(749 mg, 2.06 mmol) in dry toluene for 16 h. The resulting dark red crude mixture was filtered by
cannula and the resultant precipitate washed with dry toluene, giving [RuCl,(L17).]-A as a dark
red solid. The filtrate was reduced to 50 % volume and the product [RuCLly(L17),]-B precipitated

with dry hexane and isolated by filtration as a red solid.

[RUCly(L17),]-A: Yield: 145 mg, 0.16 mmol, 17 %. '"H-NMR (400 MHz, CDCl;) d4: 9.68 (s, 1H), 8.77
(s, 1H), 8.31-8.13 (m, 2H), 8.06-7.94 (m, 4H), 7.53-6.71 (m, 20H), 6.66 (t, /= 6.8 Hz, 2H), 5.37-5.18
(m, 1H), 4.83-4.40 (m, 3H), 4.40-4.13 (m, 3H), 3.75-3.46 (m, 1H), 3.15 (s, 3H), 2.36 (d, /= 1.8 Hz,
3H) ppm. *'P{"H}-NMR (162 MHz, CDCl;) &s: 38.0 (d, J=24.3 ppm), 33.7 (d, J=24.3 ppm) ppm.
Selected IR data: 1584 v(C=N) cm™”. HRMS (ES+/Q-TOF) m/z: [M-Cl]* Calcd for C4sH14N2P>S,CIRu
863.1153; Found 863.1163.

[RuCly(L17).]-B: Yield: 346 mg, 0.39 mmol, 40 %. '"H-NMR (400 MHz, CDCl;) dx: 8.76 (d, J = 8.7 Hz,
1H), 8.25 (s, 1H), 6.76-6.69 (m, 6H), 7.48-7.09 (m, 20H), 6.94-6.83 (m, 2H), 4.53-4.41 (m, 2H),
3.13-3.03 (m, 2H), 2.66-2.54 (m, 4H), 2.39 (s, 3H), 2.05 (d, J=2.4 Hz, 3H) ppm. *'P{"H}-NMR
(162 MHz, CDCl;) &p: 44.6 (d, J=34.0Hz), 30.0 (d, J= 34.0 Hz) ppm. Selected IR data: 1584
v(C=N)cm™. HRMS (ES+/Q-TOF) m/z: [M]" Calcd for CuHaN.P.S,Cl,Ru 899.0920; Found
899.0919. [M-Cl]" Calcd for C44H44N2P>S,ClRu 863.1153; Found 863.1157.
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5.2.2.19 Synthesis of [RuClx(L18).]

2+

2Cr

Under an inert N, atmosphere, [RuCly(p-cymene)]: (301 mg, 0.49 mmol) was refluxed with L18
(922 mg, 2.52 mmol) indry toluene for 16 h. The resulting precipitate was isolated by filtration and

washed with toluene, giving [RuCl,(L18).] as a yellow solid. Yield: 263 mg, 0.29 mmol, 30 %.

SP{'H}-NMR (162 MHz, Toluene) &»: 48.9 ppm. HRMS (ES+/Q-TOF) m/z: [M+H]* Calcd for
C44H49N2P2820l2RU 903.1 233, Found 903.1245
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5.3 Chapter 3 Experimental

5.3.1  General Catalytic Procedure and Considerations

Catalytic reactions were performed in 100 mL Parr stainless steel autoclave reactors equipped
with a PTFE sleeve and stirrer bar. Reactions were performed under N, atmosphere. The
assembled reactor was placed in a pre-heated aluminium heat block and stirred at 500 rpm.

Reactions were timed from when the reactor was added to the heat block.

Methanol and ethanol were obtained as extra dry methanol (99.9 %) and extra dry ethanol
(99.5 %) from Acros Organics, transferred to storage under an inert atmosphere, over 3 A
molecular sieves and degassed by N, sparge prior to use. Sodium ethoxide and sodium
methoxide were obtained from Alfa Aesar and stored in a glovebox. Sodium hydroxide pellets
were crushed into a fine powder and dried under vacuum overnight before use. RuCl;(dppm), was

prepared by Dr Richard Wingad.

Catalytic results were analysed using GC-FID on an Agilent 7820A GC equipped with a carbowax
capillary column 30 m x 0.32 mm, |.D. 0.25 pym. Nitrogen carrier gas was used with the following
method: starting oven temp 60 °C, hold at 60 °C for 5 min, heat to 220 °C at 30 °Cmin”, hold at

220 °C for 5 min. Details of sample preparation are given in section 5.3.4.1.

Ethanol conversion refers to the total conversion of ethanol to liquid products, as determined by

GC analysis. Molar equivalence (mol%) is given relative to ethanol.

5.3.2 General procedure for Guerbet upgrading of ethanol to
n-butanol

Under an N, atmosphere, a 100 mL Parr reactor was charged with catalyst (0.1 mol%), sodium
ethoxide (583 mg, 8.6 mmol, 5 mol%), ethanol (10.0 mL, 171.3 mmol, 1.0 equiv.). The reactor was
then sealed and transferred to a pre-heated heating block and heated at 150 °C for 20 h. After the
reaction time was complete, the reactor was cooled in a water/ice bath and residual pressure
was carefully vented. For post-reaction analysis, see section 5.3.4. Specific experimental details

are given in Table 5.2.
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5.3.3 General procedure for Guerbet upgrading of ethanol to
isobutanol

Under an N, atmosphere, a 100 mL Parr reactor was charged with catalyst (0.1 mol%), sodium
methoxide (1.851g, 34.16 mmol, 200 mol%), ethanol (1.0 mL, 17.13 mmol, 1.0 equiv.) and
methanol (10.0 mL, 247.13 mmol, 14.4 equiv.). The reactor was then sealed and transferred to a
pre-heated heating block and heated at 180 °C for 20 h. After the reaction time was complete, the
reactor was cooled in a water/ice bath and residual pressure was carefully vented. For post-

reaction analysis, see section 05.3.4. Specific experimental details are given in Table 5.1.
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Table 5.1 - Summary of results in the Guerbet coupling of methanol and ethanol to give isobutanol.

Catalyst (0.1 mol%)

Base (50-200 mol%)
~SOH + 2 —OH )\/OH
180 °C
Yield” (Selectivity®) / %
m
= N
: a é
o) 3 w - — = 7 n a -
5 5 2 s e | 33| 38 S E 2 &
S X o o @ =z =1 o] o P
—~ S c ) [ ) E_ %
- - 3
2 "
o
[RuCly(dppm)-] NaOMe (200) | 180 20 100.0 58.5(100.0) | - -
[RuCly(dppm).] NaOMe (200) 180 2 97.6 53.7 (98.3) 0.9(1.7) -
[RuCly(L1)PPhs] NaOMe (200) 180 20 95.8 36.4(97.0) - 2.3(3.0)
[Ru(L1).]CL, NaOMe (200) 180 20 91.5 42.5(92.3) 1.8(3.8) 3.6 (3.9)
[Ru(L1).]CL, NaOMe (150) 180 20 85.2 32.2(89.8) 2.0 (5.6) 3.3(4.6)
[Ru(L1).]CL, NaOMe (100) 180 20 43.8 10.4 (68.9) 4.0 (26.1) 1.5(5.0)
[Ru(L1).]CL, NaOMe (50) 180 20 39.5 12.5(69.3) 3.4(18.8) | 3.9(10.9)
[Ru(L1).]CL, NaOH (200) 180 20 55.0 22.5(76.5) 6.2(21.1) 1.4 (2.4)
[Ru(L2),]Cl, NaOMe (200) 180 20 83.1 37.8(86.4) 2.7 (6.2) 6.4 (7.4)
[Ru(L3).]CL, NaOMe (200) 180 20 90.3 37.9(91.1) 2.2(5.2) 3.1(3.7)
[RuCl;(L4),] NaOMe (200) 180 20 96.7 64.2(93.8) 1.1(1.6) 6.2 (4.6)

200




[RuCly(L4),] NaOMe (150) | 180 20 85.9 58.1 (87.4) 4.5 (6.8) 7.8 (5.8) -
[RuCl;(L4).] NaOMe (100) | 180 20 66.5 33.5(72.5) 8.2(17.7) | 7.4(8.1) 1.6(1.7)
[RuCly(L4),] NaOMe (50) 180 20 47.4 15.3 (55.8) 8.3(30.2) | 5.2(9.6) 2.4(4.4)
[RuCly(L4),] NaOH (200) 180 20 66.8 30.4(76.8) 8.3(20.9) | 1.8(2.3) -
[RuCl;(L6)] NaOMe (200) | 180 20 95.7 50.7 (96.0) 0.8(1.6) 2.5(2.4) -
[RuCl;(L6)] NaOMe (150) | 180 20 90.6 52.6 (94.4) 1.5(2.7) 3.3(2.9) -
[RuCl;(L6)] NaOMe (100) | 180 20 76.9 41.9 (87.9) 3.8(7.9) 4.0 (4.2) -
[RuCl;(L6)] NaOMe (50) 180 20 28.6 3.8(51.5) 2.8(38.0) | 0.9(6.2) 0.6 (4.3)
[RuCl;(L6)] NaOH (200) 180 20 55.3 21.8 (80.6) 4.8(17.6) |1.0(1.8) -
[RuCl(L7)-] NaOMe (200) | 180 20 85.8 17.1(90.4) 1.2 (6.4) 1.3(3.4) -
[Ru(CO),Cly(PPhs),] NaOMe (200) | 180 20 85.9 31.9(94.2) 1.5(4.4) 0.9(1.4)
[RuCl(L9).]ClL NaOMe (200) | 180 20 94.8 36.4 (88.3) 1.2(2.9) 7.3(8.8)
[RuCly(L12),] NaOMe (200) 180 20 94.4 42.2 (95.1) 1.0(2.2) 2.4(2.7)
[RUuCL(L12)(p-cymene)] NaOMe (200) 180 20 100.0 51.0(98.8) - 1.2(1.2)
[RuCl(L14),]ClL NaOMe (200) | 180 20 100.0 70.1(98.1) - 2.7(1.9)
[RuCl(L14),]ClL NaOMe (150) | 180 20 95.2 66.1(95.3) 1.6 (2.3) 3.3(2.4)
[RuCl(L14),]ClL NaOMe (100) | 180 20 75.4 44.2 (83.4) 6.9(13.0) | 3.8(3.6)
[RuCl(L14),]ClL NaOMe (50) 180 20 44.0 14.1 (55.5) 8.3(32.6) | 1.9(3.8) 4.1(8.1)
[RuCl(L14),]Cl NaOMe (200) | 180 6 100.0 66.0 (97.7) - 3.1(2.3) -
[RuCl(L14),]Cl NaOMe (200) | 180 4 97.3 58.8 (96.4) 0.9 (1.5) 2.5(2.1) -
[RuCl(L14)]Cl NaOMe (200) | 180 2 91.3 50.2 (93.0) 2.3(4.2) 3.0(2.8) -
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[RuCl(L14).]ClL NaOMe (200) 180 1 80.8 35.3(84.3) 4.9(11.7) | 3.3(4.0) -
[RuCl(L14).]ClL NaOH (200) 180 20 86.4 56.6 (95.4) 2.2(3.7) 1.1(0.9) -
[RuCl3(L15).] NaOMe (200) 180 20 99.1 55.8(98.8) - 1.4(1.2) -
[RuCly(L17).]-A NaOMe (200) 180 20 100.0 38.0(99.2) - 0.6(0.8) -
[RuCl»(L17).]-B NaOMe (200) 180 20 100.0 35.2(100.0) | - - -
[RuCl;(L18)] NaOMe (200) 180 20 97.6 55.3(96.7) 0.6 (1.0) 2.7(2.3) -

aTotal ethanol conversion as determined by GC-FID. *Yield as determined by GC-FID. °Selectivity with respect to other liquid products.
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Table 5.2 - Summary of results in the Guerbet ethanol coupling to n-butanol

Catalyst (0.1 mol%)
NaOEt (5 mol%)

2 ~oH = " 0oH
150 °C, 20 h
m Yield® (Selectivity®) / %
=5
Q
o : m p »
o iy o ~ ~ = = N E—Dp T\ ,C_D.. Y
& 22 | 338 & 2 & E) 5 ) 5
< S O 2 S o = = ) = Q
a S s o ) 5 o X > g
28 o [ o ) o W) o
[e) - —+ - =] - > -
3 @ =3 e
[RuClo(dppm).] NaOEt (5) | 53.6 23.8(79.9) |- - 2.1(4.7) |5.5(12.2) [1.0(1.6) |1.0(1.6)
[Ru(CO).Clo(PPhs);] | NaOEt (5) | 38.8 13.9(73.2) |0.4(2.2) |- 2.0(6.9) |3.7(12.9) [1.0(2.7) |0.8(2.1)
[RUCL,(L1)PPh] NaOEt (5) | 16.2 8.3(83.5) |0.4(4.4) |0.1(1.1) |0.4(2.7) [1.1(7.00 [0.1(0.7) |0.1(0.6)
[Ru(L1)2]CL, NaOEt (5) | 21.5 4.3(73.9) |0.9(15.3) |- 0.2(2.8) |0.6(6.6) |0.1(0.90 |0.1(0.5)
[Ru(L2).]CL, NaOEt (5) | 13.1 6.3(73.7) |0.9(10.1) |- 0.5(3.8) |1.2(9.6) |0.3(1.7) |0.2(1.1)
[Ru(L3).]CL NaOEt (5) | 28.0 8.9(83.6) |0.3(2.6) |- 0.6(3.7) |1.3(8.2) |0.3(1.3) |0.1(0.6)
[RUCLy(L4),] NaOEt (5) | 25.9 5.1(67.6) |1.9(25.1) |0.2(2.9) | 0.1(1.3) |0.3(3.0) |<0.1(0.1) |-
[RUCL,(L6),] NaOEt (5) | 25.2 6.8(82.9) |0.8(9.2) |- 0.3(2.1) | 0.6(5.3) |0.1(0.3) |<0.1(0.2)
[RUCL(L7),] NaOEt (5) | 38.5 10.9(76.1) | 0.5(3.5) |- 12(5.4) | 2.4(11.4) | 0.6(2.0) |0.5(1.6)
[RuCL(L14),]CL NaOEt (5) | 26.8 6.9(75.9) |1.0(11.0) | 0.7(7.4) |0.2(1.4) |0.4(2.7) |0.1(0.3) |0.2(1.3)

“Total ethanol conversion as determined by GC-FID. *Yield as determined by GC-FID. °Selectivity with respect to other liquid products.
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5.3.4 Post-Reaction Analysis

5.3.4.1 Liquid Product Analysis:

A portion of post-reaction crude mixture was neutralised by filtration through a 1 cm plug of acidic
alumina and analysed by GC-FID (100 pL sample, 10 yL hexadecane standard, 1.6 mL Et,0).
Each liquid product was calibrated against hexadecane which was used as the standard. The
calibration curve was obtained by plotting the ratios of the peak area Asampie/Anexadecane against the
known concentration of sample, giving a best fit of R > 0.99. The identity of the major products

was also confirmed by "H and "*C{"H} NMR spectroscopy and GC-MS.
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Figure 5.1 - Example of an ethanol/methanol upgrading GC chromatogram. Conditions: methanol (10 mL, 247.13
mmol), ethanol (1 mL, 17.13 mmol), [RuClz(L4)2] (0.1 mol%), NaOMe (200 mol%), 180 °C, 20 h. a = Diethyl ether
(solvent), b =methanol, c = ethanol, d = 1-propanol, e = isobutanol, f = 2-methyl-1-butanol, g = hexadecane

(standard).
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Figure 5.2 - Example of an ethanol upgrading GC chromatogram. Conditions: ethanol (10 mL, 171.3 mmol),
[RuClz(dppm)2] (0.1 mol%), NaOEt (10 mol%), 120 °C, 4 h. a = Diethyl ether (solvent), b = ethanol, ¢ = n-butanol, d =

2-ethyl butanol, e = 1-hexanol, f = 2-ethyl hexanol, g = hexadecane (standard).

5.3.4.2 Solid Product Analysis:

The combined solid and liquid products from the PTFE sleeve were transferred directly into a
round bottom flask and all volatiles were removed under reduced pressure. The solid was dried
under vacuum for 16 h. The solid was stirred in toluene (30 mL) for 1 h atroom temperature in air,
then isolated by filtration and washed with toluene until washings ran clear. The solid was dried
under vacuum for a further 6 h. The solid was analysed by "H NMR spectroscopy using a known
amount of solid (approx. 20 mg) and DMSO as internal standard (20 mg) in D,O. 'H NMR
spectroscopy, '*C{"H} NMR spectroscopy and ATR-FTIR spectroscopy were used to identify non-

protonated solid residues.
Solid produced in the ethanol/methanol coupling catalysed by [RuCLl(L14),]CL:

"H-NMR (400 MHz, CDCLs) d4: 8.45 (s, HCOO"), 1.91 (s, AcO, trace) ppm. "*C{"H}-NMR (101 MHz,
CDCl3) d¢: 171.1 (HCOO), 168.2 (COs%), 22.9 (AcOr, trace) ppm.

Solid produced in the ethanol homocoupling catalysed by [RuCl(L14),]CL:

"H-NMR (400 MHz, CDCl;) 34: 1.91 (s, AcO’) ppm. "*C{"H}-NMR (101 MHz, CDCl;) d¢: 181.4 (AcO),
23.3 (AcO) ppm.
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5.3.5 NMR Experiments

Reactions were performed on [RuCl(L14),]Cl and [RuCl»(L18).]. General procedures for reaction

with methanol-d4 and sodium methoxide in methanol-d4 are below.

5.3.5.1 Reaction of Ru(ll) complex in methanol-d4 general procedure

In a glovebox, a Youngs NMR tube was charged with ruthenium catalyst (approx. 13.5 mg,
15 umol, 1.0 equiv.). Freshly dried and degassed methanol-d4 (1.0 mL) was added on a Schlenk
line at room temperature. Initial '"H and ®'P{"H} NMR spectroscopy was performed. The NMR tube
was then transferred to a 50 °C heat block for 16 h. 'H and *P{"H} NMR spectroscopy was

performed again after heating was complete.

5.3.5.2 Reaction of Ru(ll) complex with sodium methoxide in methanol-d4
general procedure

In a glovebox, a Youngs NMR tube was charged with ruthenium catalyst (approx. 13.5 mg,
15 pmol, 1.0 equiv.) and sodium methoxide (16.2 mg, 300 pmol, 20.0 equiv.). Freshly dried and
degassed methanol-d4 (1.0 mL) was added on a Schlenk line at room temperature. Initial '"H and
S'P{'H} NMR spectroscopy was performed. The NMR tube was then transferred to a 50 °C heat
block for 16 h. 'H and *'P{'H} NMR spectroscopy was performed again after heating was

complete.
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5.4 Chapter 4 Experimental

Benzylamine and tert-butylamine were purified by distillation and stored under N, prior to use.
6-methyl-2,2’-bipyridine and 2,6-lutidine were degassed by freeze-pump-thaw and stored under
N, with no further purification before use. Ruthenium precursor [RuCly(PPhs)s] was prepared
accordingto literature procedures™?. PtBu,-BH; was prepared according to literature procedure™.
All other reagents were purchased from commercial sources and used without further

purification.

5.4.1 Catalyst Synthesis

5.4.1.1 Preparation of L19

/

”“XK

Adapted from literature procedures',

Under an inert N, atmosphere, n-butyllithium (3.60 mL, 2.60 M in hexane, 9.36 mmol) was added
at -78 °C to a solution of PtBu,-BH; (1.48 g, 9.29 mmol) in dry THF over 30 min. The mixture was
stirred and allowed to warm to room temperature overnight. The resultant yellow solution was
added by cannula to a solution of 2,6-bis(chloromethyl)pyridine (1.31 g, 7.44 mmol) in dry THF
held at -78 °C. The mixture was stirred and allowed to warm to room temperature overnight.
Volatiles were removed under reduced pressure and the crude product was purified by column
chromatography (silica, DCM eluent) in air to give
2-(chloromethyl)-6-(di-tert-butylphosphinomethyl)pyridine-BH; as a white solid. The
intermediate product was stirred with benzylamine (8 mL, 73.2 mmol) under an inert N,
atmosphere at 100 °C for 16 h. Excess benzylamine was removed under high vacuum at 60 °C.
The resultant crude solid was extracted with dry hexane and filtered through celite. Volatiles were

removed under vacuum to give the product as aviscous yellow oil. Yield: 0.78 g, 2.17 mmol, 29 %.
Analytical data in accordance with literature reports™.

'H-NMR (400 MHz, CDCl) 8y: 7.53 (t, /= 7.6 Hz, 1H), 7.38-7.17 (m, 6H), 7.06 (d, J = 7.6 Hz, 1H),
3.87 (bd, 2H), 3.81 (bd, 2H), 3.06 (d, Joss=3.4Hz, 2H), 1.16 (d, Jess=11.0 Hz, 18H) ppm.
31p{'H}-NMR (162 MHz, CDCLls) &p: 36.3 ppm.
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5.4.1.2 Preparation of L20

X

7 | N/
N >(Pj<
Adapted from literature procedure’.

Under an inert N, atmosphere, lithium diisoproylamide (6.4 mL, 1.3 M in THF/hexanes,
8.32 mmol) was added at -78 °C to a solution of 6-methyl-2,2’-bipyridine (1.10 mL, 7.04 mmol) in
dry Et,0 over 30 min and stirred for 45 min. Di-tert-butylchlorophosphine (1.2 mL, 6.32 mmol) in
dry Et,O was added dropwise. The mixture was stirred and allowed to warm to room temperature
overnight, giving a very dark green solution. Excess LDA was quenched with degassed H,0. The
aqueous phase was extracted with 3 x 10 mL Et,O. The organic phase was dried over Na,SO, and
filtered. Volatiles were removed under high vacuum to give the crude product as a yellow solid,
which was purified by recrystallisation from cold dry MeOH to give the product as an off-white

solid. Yield: 932 mg, 2.96, 47 %.
Analytical data in accordance with literature reports’®.

'"H-NMR (400 MHz, CDCls) 5+: 8.66 (ddd, J=4.8 Hz, J=1.8 Hz, /= 0.9 Hz, 1H), 8.43 (dt, /= 8.0 Hz,
J=1.1Hz, 1H), 8.16 (dt, /=7.8 Hz, J=1.0,Hz 1H), 7.79 (td, /J=7.5Hz, J=1.8 Hz, 1H), 7.70 (t,
J=7.7Hz,1H), 7.42 (dt, J=7.7Hz,J=1.1 Hz 1H), 7.28 (ddd, J=7.4 Hz, J=4.8 Hz, /= 1.2 Hz, 1H),
3.15 (d, J=3.83Hz, 2H), 1.19 (d, J=11.0Hz, 18H)ppm. *'P{"H}-NMR (162 MHz, CDCl;) ds:
37.2 ppm.

5.4.1.3 Preparation of L21

Prepared according to literature procedure’®.

Under an inert N, atmosphere, n-butyllithium (3.00 mL, 2.33 M in hexane, 6.99 mmol) was added
at-78 °C to a solution of 2,6-lutidine (0.4 mL, 3.45 mmol) in dry Et,O over 30 min. The mixture was
stirred and allowed to warm to room temperature overnight. The resultant maroon solution was

cooled to -78 °C and di-tert-butylchlorophosphine (1.35 mL, 7.11 mmol) in dry Et.O was added
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dropwise. The mixture was stirred and allowed to warm to room temperature overnight, giving a
maroon solution. Excess n-butyllithium was quenched with 10 mL dry MeOH and volatiles were
removed under reduced pressure. The crude solid was redissolved in dry Et,O and filtered. The
filtrate was reduced to dryness and the crude product was purified by recrystallisation from cold

Et,0 giving the product as a white crystalline solid. Yield: 651 mg, 1.64, 48 %.
Analytical data in accordance with literature reports™®.

'"H-NMR (400 MHz, CDCls) d4: 7.44 (t, J=7.7 Hz, 1H), 7.22 (d, /= 7.8 Hz, 2H), 2.99 (d, /= 3.5 Hz,
4H), 1.11 (d, J=11.0 Hz, 36H) ppm. *'P{"H}-NMR (162 MHz, CDCls) dp: 35.8 ppm.

5.4.1.4 Preparation of L22

Pz
N
NH HN

Under an inert N, atmosphere, benzylamine (0.66 mL, 6.04 mmol) was added to a solution of
2,6-pyridinedicarboxaldehyde (406 mg, 3.00 mmol) in dry methanol and stirred over Na,SO, for
72 h. The mixture was then stirred over excess NaBH, (1.03 g, 27.2 mmol) for 3 h. The mixture was
reduced to dryness to give a brown slurry. This slurry was dissolved in 15 mL 2.5 M HCLlin air, then
treated with 10 % NaOH solution until strongly basic. The aqueous solution was extracted with
DCM, the organic phases combined, washed with DI H,O, and dried over MgSO,. The mixture was
filtered and reduced to dryness to give L22 as a brown liquid which was stored under N.. Yield:

643 mg, 2.02 mmol, 67 %.

'H-NMR (400 MHz, CDCLs) 8y: 7.60 (t, J=7.6 Hz, 1H), 7.39-7.29 (m, 8H), 7.25 (tt, J=5.5 Hz,
J=1.6Hz, 2H), 7.18 (d, J = 7.7 Hz, 2H), 3.92 (s, 4H), 3.85 (s, 4H), 2.14 (s, 2H) ppm. *C{'H}-NMR
(101 MHz, CDCl) 8c: 159.3, 140.3, 136.8, 128.4, 128.3, 127.0, 120.5, 54.5, 53.6 ppm. HRMS
(ES+/Q-TOF) m/z: [M+H]+ Calcd for C,1H2:N: 318.1970; Found 318.1965.

5.4.1.5 Preparation of [Ru(CO)CL(H)(L19)]

| N
—
N
Nil\Rlu—P(tBu)
BZ/H | \H 2
CO

Prepared according to literature procedure™.
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Under an inert N, atmosphere, L19 (150 mg, 0.42 mmol) was stirred with a suspension of
[RUCO(CLH(PPh3)3] (227 mg, 0.24 mmol) in THF at 65 °C for 4 h. The mixture was reduced to 50 %
volume and the crude product precipitated with dry hexane. The product was isolated by filtration
as a yellow-orange solid and purified by recrystallisation from THF and dry Et,0. Yield: 23 mg,
0.04 mmol, 18 %.

Analytical data in accordance with literature reports™.

'"H-NMR (400 MHz, CDCls) d4: 7.81 (m, 1H), 7.48-7.18 (m, 6H), 7.00 (m, 1H), 4.80 (m, 2H), 4.16 (m,
1H), 4.09 (dd, Jp.u = 13.9 Hz, Ju.u = 11.2 Hz, 1H), 3.96 (dd, Jp.h = 15.9 Hz, Ju.u = 10.9 Hz, 1H), 3.78-
3.66 (m, 2H), 1.47 (d, Jp.u=13.6 Hz, 9H), 1.18 (d, Jey = 13.0 Hz, 9H), -15.41 (d, Jp.u =23.7 Hz,
1H) ppm. *'P{"H}-NMR (162 MHz, CDCl;) dp: 107.4 ppm. HRMS (ES+/Q-TOF) m/z: [M-Cl]+ Calcd
for C23sH3zaN.OPRu 487.1452; Found 487.1451.

5.4.1.6 Preparation of [Ru(CO)CL(H)(L20)]

Adapted from literature procedure’®.

Under an inert N, atmosphere, L20 (161 mg, 0.51 mmol) was stirred with a suspension of
[RUCO(CLH(PPhs)s] (480 mg, 0.50 mmol) in THF at 65 °C for 4 h. The mixture was reduced to 50 %
volume and the crude product precipitated with dry hexane. The product was isolated by filtration

as an orange solid. Yield: 162 mg, 0.34 mmol, 67 %.
Analytical data in accordance with literature reports’™.

'"H-NMR (400 MHz, CDCls) d: 9.20 (m, 1H), 7.95 (d, /= 7.9 Hz, 1H), 7.86 (d, /= 8.0 Hz, 1H), 7.80
(q,J=7.7Hz, 2H), 7.51 (d, /= 7.7 Hz, 1H), 7.39 (t, J = 6.5 Hz, 1H), 3.82-3.52 (m, 2H), 1.50 (d, /=
13.7 Hz, 9H), 1.24 (d, J= 13.1 Hz, 9H), -15.6 (d, /= 20.6 Hz, 1H) ppm. *'P{"H}-NMR (162 MHz,
CDClz) 8p: 103.8 ppm. HRMS (ES+/Q-TOF) m/z: [M-Cl]+ Calcd for Cy0H2sN.OPRu 445.0983; Found
445.0989. [M-H]+ Calcd for C20H27N2,OPCIRu 479.0593; Found 479.0599.
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5.4.1.7 Preparation of [Ru(CO)CL(H)(L21)]

N

/
N

Cl |
(tBu)zP—Rlu\H—P(tBu)Z

Cco
Prepared according to literature procedure™®.

Under an inert N, atmosphere, L21 (213 mg, 0.54 mmol) was stirred with a suspension of
[RuCO(CLH(PPhgs)s] (461 mg, 0.48 mmol) in THF at 65 °C for 16 h. The mixture was reduced to
50 % volume and the crude product precipitated with dry hexane. The product was isolated by

filtration as a yellow solid. Yield: 103 mg, 0.18 mmol, 38 %.
Analytical data in accordance with literature reports’.

"H-NMR (400 MHz, CDCls) 8y: 7.47 (t,J = 7.6 Hz, 1H), 7.17 (d, J = 7.8 Hz, 2H), 3.93 (dt, J = 16.1 Hz,
J=3.4Hz, 2H), 3.35 (dt, J=16.1 Hz, J= 3.7 Hz, 2H), 1.48 (t, /= 6.7 Hz, 18H), 1.24 (t, J = 6.4 Hz,
18H), -14.42 (d, J = 20.7 Hz, 1H) ppm. *'P{'"H}-NMR (162 MHz, CDCLs) &p: 87.3 ppm. HRMS (ES+/Q-
TOF) m/z: [M-Clj+ Caled for CoHuNOP,Ru 526.1942; Found 526.1948. [M-H]+ Calcd for
C2:H4sNOP,CIRu 560.1552; Found 560.1556.

5.4.1.8 Preparation of [RuCl,(L22)PPh;]

| X
—
N
cl< |
HN Ru——NH
BZ | PPhs Bz

Under aninert N, atmosphere, L22 (161 mg, 0.51 mmol) was refluxed with [RuCly(PPhs)s] (477 mg,
0.50 mmol) in dry toluene for 16 h. The solution was reduced to 30 % volume and the resultant
precipitate was isolated by filtration as a yellow-brown solid, washed with dry Et,O, as a mixture

of two isomers of [RuCl,(L22)PPh;] in a ratio of 2:1. Yield: 260 mg, 0.35 mmol, 69 %.

Major isomer: "H-NMR (400 MHz, CDCLl;) dy: 7.86 (m, 6H), 7.47-7.12 (m, 22H), 6.87 (m, 2H), 4.01
(m, 4H), 3.74 (m, 4H) ppm. *P{"H}-NMR (162 MHz, CDCl;) dp: 50.7 ppm. Minor isomer: '"H-NMR
(400 MHz, CDCly) 5,: 7.82 (m, 6H), 7.47-7.12 (m, 23H), 6.76 (m, 1H), 4.14 (m, 4H), 3.49 (m,
4H) ppm. *'P{"H}-NMR (162 MHz, CDCl;) d5: 61.4 ppm. HRMS (ES+/Q-TOF) m/z: [M]+ Calcd for
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Ca9H3sNsPCLRu 751.1224; Found 751.1248. [M-Cl]+ Calcd for C3sH3sN3;PCIRu 716.1535; Found
716.1530.

5.4.2 General Catalytic Procedure and Considerations

Catalytic reactions were performed in 100 mL or 60 mL Parr stainless steel autoclave reactors
equipped with a PTFE sleeve and stirrer bar. Reactions were prepared under N, atmosphere and
performed under H, atmosphere. Dry components were added in the glovebox. The sealed
reactor was connected to a Schlenk line and high-pressure tubing, and the entire system was
evacuated and refilled with atmospheric nitrogen three times. Liquid components were added
under reverse flow of nitrogen. The reactor was charged with high pressure nitrogen and vented
carefully (3 x 3 bar N,), then charged with high pressure hydrogen and vented (3 x 3 bar H,) to
place the system under hydrogen atmosphere. The reactor was charged to the desired pressure
with H, gas and sealed. The assembled reactor was placed in a pre-heated aluminium heat block

and stirred at 600 rpm. Reactions were timed from when the reactor was added to the heat block.

1,4-Dioxane was obtained as extra dry 1,4-dioxane (99.5 %) stabilised with BHT from Acros
Organics, transferred to storage under an inert atmosphere over 3 A molecular sieves and
degassed by N, sparge prior to use. Potassium tert-butoxide was obtained from Alfa Aesar and

stored in a glovebox.

0.5 M stock solution of methyl 4-fluorobenzoate was prepared by degassing of 7.0 mL of methyl
4-fluorobenzoate by freeze-pump-thaw and subsequent dilution with 100.0 mL dry and degassed
1,4-dioxane. Concentration was confirmed by quantitative '"H NMR spectroscopy against

mesitylene internal standard.

Separate PTFE sleeves were used in Parr reactors for catalytic runs using different metals to

prevent cross-contamination.

Molar equivalence (mol%) is given relative to substrate.
5.4.3 General procedure for direct hydrogenation of methyl

4-fluorobenzoate

Under an N, atmosphere, a 100 mL Parr reactor was charged with catalyst (0.5 mol%), potassium
tert-butoxide (22.4 mg, 20 mmol, 20 mol%), and 2.0 mL 0.5 M methyl 4-fluorobenzoate solution

in 1,4-dioxane (1.0 mmol). The reactor was flushed and carefully vented three times with 3 bar
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N,, then three times with 3 bar H,. The reactor was charged with 50 bar H,. The reactor was then
sealed and transferred to a pre-heated heating block and heated at 115 °C for 20 h. After the
reaction time was complete, the reactor was cooled in a water/ice bath and residual pressure

was carefully vented.

5.4.3.1 Post-reaction analysis

Mesitylene standard (50 pL, 364 pmol) was added directly to the crude post-reaction mixture in
air. An aliquot (~100 pL) was taken up in CDCl; and analysed by *F-NMR spectroscopy for

conversion. Quantitative results were obtained by quantitative "H-NMR spectroscopy.
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Table 5.3 - Summary of results in the direct hydrogenation of methyl 4-fluorobenzoate.

OH

[Ru]
tBUOK F
Ha FBA
F 1,4-dioxane (2 mL) 0 J< 0
o 115 °C, 2 h ) /O)ko ) /©)ko/\© . go/
A B C
Yield? (selectivity) / %
»
3 9 3 w £ ~ T 3 g < 2 5 > s o
S 8 o 2 > = s 3 |2 5 2| 2 § 2 S| 3 i
SIS SERY 3 S 3 ¢ © 2| 8 & S QIl @ =
- 4 — o) = < N = J O o ko] (o)) ©
o o (@] 0] o S Eo] o
= R 5 3 S 3
(0] ’~<_ 6; 3
[RUCO(CL)H(L20)] (1) tBuOK (2.5) 20 30 86 14 (100) -
*[RUCO(CLH(L20)] (1) tBuOK (2.5) 20 50 77 23(100) -
[RUCO(CLH(L20)] (1) tBuOK (2.5) 20 50 68 32(100) -
[RUCO(CL)H(L20)] (1) tBuOK (2.5) 6 50 99 1 (100) -
[RUCO(CL)H(L20)] (1) tBuOK (40) 2 50 0 100 (100) -
- tBuOK (20) 2 50 94 0 (0) 6 6
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[RuCO(CU)H(L20)] (0.5) tBuOK (20) 2 50 0 100 (100)

[RuCO(CUH(L20)] (0.5) tBuOK (10) 2 50 0 100 (100)

[RuCO(CU)H(L20)] (0.5) tBuOK (5) 2 50 2 98 (100)

[RuCO(CUH(L20)] (0.5) tBuOK (2.5) 2 50 92 8 (100)

[RuCO(CU)H(L20)] (0.5) tBuOK (1.25) 2 50 99 1(100)

RUMACHO (0.5) tBUOK (20) 2 50 0 92 (92) 8

RUMACHO™ (0.5) tBuOK (20) 2 50 0 91 (91) 9

RUMACHO® (0.5) tBuOK (20) 2 50 0 91 (91) 9
[RuCO(CUH(L21)] (0.5) tBuOK (20) 2 50 87 (0) 13 13
[RuClo(SNHSE)PPhs] (0.5) tBuOK (20) 2 50 0 100 (100)

[RuCl,(SNSE)PPhs] (0.5) tBuOK (20) 2 50 95 0 (0) 5 5
[RuCl,(SNS")PPh;] (0.5) tBuOK (20) 2 50 95 0 (0) 5 5
[RUCL(SNS®)PPhs] (0.5) tBUuOK (20) 2 50 96 0 (0) 4 4
[RuCl,(SNS™")PPhs] (0.5) tBUuOK (20) 2 50 95 0 (0) 5 5
[RuCL,(SNS"™)(DMSO0)] (0.5) tBUuOK (20) 2 50 98 0 (0) 2 2
[RuCl,(L22)PPhs] (0.5) tBuOK (20) 2 50 63 12 (29) 27 10
[Ru(CO),Clo(PPhs),] (0.5) tBUuOK (20) 2 50 94 0 (0) 6 6
[RuClo(L1)PPh] (0.5) tBuOK (20) 2 50 75 4(16) 21 1 6
[Ru(L1),]Cl,] (0.5) tBuOK (20) 2 50 71 6 (20) 24 2 8
[Ru(L1).]Cl,] (0.5) tBUOK (10) 2 50 81 3(16) 16 3 6
[Ru(L1).]Cl,] (0.5) tBUOK (5) 2 50 97 0 (0) 3 3
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[Ru(L2).]CL,] (0.5) tBuOK (20) 6 50 83 3(16) 16 7 3 2
[Ru(L3).]CL,] (0.5) tBuOK (20) 2 50 92 0(0) 8 8

[RuCl(L6).] (0.5) tBuOK (20) 2 50 44 31 (54) 26 10 5
[RuCl(L6).] (0.5) NaOEt (20) 2 50 92 3(38) 5 2
[RuCly(L7).] (0.5) tBuOK (20) 2 50 95 0(0) 5 5
[RuCl(L9).]JCL(0.5) tBuOK (20) 2 50 32 46 (68) 22 8 5
[RuClz(L11)] (0.5) tBuOK (20) 2 50 0 100 -

[RuClz(L11)] (0.5) tBuOK (5) 2 50 92 8 -

[RuCl(L14).]CL(0.5) tBuOK (20) 2 50 73 11 (41) 16 5 5
[RuCl(L14).]CL(0.5) tBuOK (5) 2 50 97 0(0) 3 3

[RuCl;(L18).] (0.5) tBuOK (20) 2 50 56 29 (66) 15 3 4 3

a@Yield in the liquid phase as determined by {'H}'°*F NMR; corroborated with '"H NMR against mesitylene internal standard.

PSum of yields

<100 % as B produced from 2 equivalents of starting ester. Yield of B reported as proportion of theoretical yield. *65 mL Parr reactor.
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5.4.4 General procedure for direct hydrogenation  of
N,N’-diacetylethylenediamine

Under an N, atmosphere, a 65 mL Parr reactor was charged with N,N’-diacetylethylenediamine
(144 mg, 1.0 mmol), catalyst (0.5 mol%), potassium tert-butoxide (2.4 mg, 1.25mmol,
1.25 mol%), and 2.0 mL 1,4-dioxane. The reactor was flushed and carefully vented three times
with 3 bar N,, then three times with 3 bar H,. The reactor was charged with 50 bar H,. The reactor
was then sealed and transferred to a pre-heated heating block and heated at 115 °C for 20 h. After
the reaction time was complete, the reactor was cooled in a water/ice bath and residual pressure

was carefully vented.

5.4.4.1 Post-reaction analysis

Mesitylene standard (50 pL, 364 pmol) was added directly to the crude post-reaction mixture in
air. The crude reaction mixture was homogenised with either DMSO-d6 (~2 mL) or CDCl; (~2 mL).
An aliquot (~100 pL) was taken up in the NMR solvent and analysed by quantitative "H-NMR

spectroscopy.
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Table 5.4 - Summary of results in the direct hydrogenation of N,N'-diacetylethylenediamine.

N tBuOK N
N T e N T \fo
H
1 mmol 2
15 C ED AEA
DAE 1,4-dioxane (2 mL) + “OH
20h
Yield? / %
2
I
— @) —_ o] N (T
% 2'_ % @ > = s 3 X ?D > m =
O} 2 3 T g 2 m o %
(0] o =
=2
- - 20 50 3 0 0 0
[RuUCO(CLH(L20)] (1) tBuOK (2.5) 20 70 100 1 89 83
[RuUCO(CLH(L20)] (1) tBuOK (2.5) 20 50 100 5 95 71
[RUCO(CLH(L20)] (1) tBuOK (2.5) 20 50 64 52 6 21
[RuCO(CLlH(L20)] (0.5) tBuOK (1.25) 20 50 98 21 70 76
[RuCO(CLlH(L20)] (0.5) tBuOK (5) 20 50 73 49 19 34
°[RuCO(ClH(L20)] (0.5) tBuOK (1.25) 20 40 87 49 27 37
[RUCO(CLl)H(L20)] (0.5) tBuOK (1.25) 20 40 89 55 30 43
TRUCO(CLH(L20)] (0.5) tBuOK (1.25) 20 50 4 0 0 0
[RUCO(CLl)H(L20)] (0.5) tBuOK (1.25) 1 50 1 0 0 0
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[RuCO(CLl)H(L20)] (0.5) tBuOK (1.25) 2 50 4 0 0 0
[RuCO(CLl)H(L20)] (0.5) tBuOK (1.25) 4 50 2 0 0 0
[RuCO(Cl)H(L20)] (0.5) tBuOK (1.25) 6 50 4 0 0 0
[RuCO(CLl)H(L20)] (0.5) tBuOK (1.25) 8 50 56 53 5 18
[RuCO(Cl)H(L20)] (0.5) tBuOK (1.25) 12 50 94 48 44 56
[RuCO(Cl)H(L20)] (0.5) tBuOK (1.25) 16 50 97 44 48 61
8[RUCO(CL)H(L20)] (0.5) tBuOK (1.25) 6 50 51 44 100* 24
RuMACHO-BH (1) tBuOK (2.5) 20 50 0 0 0 0
RuMACHO (1) tBuOK (2.5) 20 50 3 0 0 0
[RuCL(PN)2] (1) tBuOK (2.5) 20 50 0 0 0 0
[RUCL(PN™®),] (1) tBuOK (2.5) 20 50 0 0 0 0
[RuCO(CLH(L21)] (1) tBuOK (2.5) 20 50 4 trace 0 3
[RUCL(SNSF)PPh;] tBuOK (2.5) 20 50 1 0 0 trace

@Yield as determined by 1H NMR against mesitylene internal standard. “Ethanol conversion lower than amine products due to volatility. °6 mL

solvent. ®*Reaction heating failure. ‘Room temperature reaction. 81 mmol ethylenediamine additive. ED yield includes additive; yield ED produced in

reaction 0 %.
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5.4.5 NMR Experiments

5.4.5.1 Reaction of [Ru(CO)CL(H)(L20)] with H2 in THF-d8

In a glovebox, [Ru(CO)CL(H)(L20)] (7.2 mg, 15 pmol) was dissolved in freshly dried and degassed
THF-d8 (0.75 mL). The resulting orange solution was filtered through glass filter paper into a
Youngs NMR tube and sealed. Initial 'H and *'P{"H} NMR spectroscopy was performed. The NMR
tube was then placed under a H, atmosphere on a Schlenk line by freeze-pump-thaw; no colour
change was observed. 'H and *'P{'H} NMR spectroscopy was performed again under H,

atmosphere.

5.4.5.2 Reaction of [Ru(CO)CL(H)(L20)] with tBuOK and H2 in THF-d8

In a glovebox, [Ru(CO)CL(H)(L20)] (7.2 mg, 15 pmol, 1.0 equiv.) and potassium t-butoxide (3.4 mg,
30 pymol, 2.0 equiv.) was dissolved in freshly dried and degassed THF-d8 (0.75 mL). The resulting
deep purple-black solution was filtered through glass filter paper into a Youngs NMR tube and
sealed. Initial "H and *'P{"H} NMR spectroscopy was performed. The NMR tube was then placed
under a H, atmosphere on a Schlenk line by freeze-pump-thaw; colour change to deep green-
black solution was observed. 'H and *'P{'"H} NMR spectroscopy was performed again under H,

atmosphere.

5.4.5.3 Reaction of [RuCl>(L11)] with H2 in THF-d8

In a glovebox, [RuCly(L11)] (11.6 mg, 15 umol) was dissolved in freshly dried and degassed
THF-d8 (0.75 mL). The resulting red solution was filtered through glass filter paper into a Youngs
NMRtube and sealed. Initial "H and *'P{"H} NMR spectroscopy was performed. The NMR tube was
then placed under a H, atmosphere on a Schlenk line by freeze-pump-thaw; no colour change

was observed. 'H and *'P{'"H} NMR spectroscopy was performed again under H, atmosphere.

5.45.4 Reaction of [RuCl>(L11)] with tBuOK and H2 in THF-d8

In a glovebox, [RuCl,(L11)] (11.6 mg, 15 umol, 1.0 equiv.) and potassium t-butoxide (3.4 mg,
30 umol, 2.0 equiv.) was dissolved in freshly dried and degassed THF-d8 (0.75 mL). The resulting
deep green-black solution was filtered through glass filter paper into a Youngs NMR tube and
sealed. Initial "H and *'P{"H} NMR spectroscopy was performed. The NMR tube was then placed
under a H, atmosphere on a Schlenk line by freeze-pump-thaw; colour change to dark brown
solution was observed. 'H and 3'P{'H} NMR spectroscopy was performed again under H,

atmosphere.
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5.5 Crystallographic Data

5.5.1 [RuCly(L1)PPhs]
Cl
HO,/,T ?N
PhaP’ﬁu‘ghb
cr 2
Empirical formula C43H4sCLLNO2P,RU
Formula weight 841.71
Crystal system Triclinic
Space group P-1
Temperature / K 293(2)
Cell lengths / A a 11.0169(9) | b 12.4651(6) | ¢ 14.7974(7)
Cellangles/° a 105.203(4) | B 96.307(5) |y 94.052(5)
Volume / A3 1938.6(2)
z 2
Peatc / g cm® 1.442
Absorption coefficient/ mm" 0.663
F(000) 868

Crystal size / mm?3

0.520x0.240x 0.180

Radiation

Mo Ka (A=0.71073 A)

O range for data collection / °

3.344 t0 29.810

Index ranges

-14<=h<=14, -16<=k<=17, -17<=[<=19

Reflections collected

17729

Independent reflections

9186 [Rint = 0.0585]

Completeness to O =25.242° 99.7 %
Data/restraints/parameters 9186/210/509
Goodness-of-fit on F? 1.024

Final R indices [I > 20 ()]

R:=0.0579, wR, =0.1242

Final R indices [all data]

R1 =0.1 035, WR2 =0.1577

Largest diff. peak and hole / e.A-®

0.780, -1.075
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5.5.2

[Ru(L1)2]Cls

2+

2Cr

Empirical formula

C46H1sCL1oN20-P-Ru

Formula weight

1178.37

Crystal system

Orthorhombic

Space group

Pcca

Temperature / K

200(2)

Cell lengths / A a 18.5551(3) | b 11.8697(2) | ¢ 22.7454(3)
Cellangles/® a 90 B 90 Yy 90
Volume / A3 5009.53(13)

Z 4

Peaic / g M3 1.562

Absorption coefficient / mm™ 8.367

F(000) 2392

Crystal size / mm?3

0.150x0.110x0.040

Radiation

CuKa (A=1.54184 A)

O range for data collection / °

3.724t072.813

Index ranges

-21<=h<=22, -14<=k<=11, -23<=l<=27

Reflections collected

17244

Independent reflections

4933 [Ri = 0.0316]

Completeness to © =67.684 °

100.0 %

Data/restraints/parameters

4933/201/346

Goodness-of-fit on F2

1.087

Final R indices [I > 2o ()]

R;=0.0537, wR,=0.1608

Final R indices [all data]

Ri=0.0645, wR, =0.1751

Largest diff. peak and hole / e.A-®

1.017,-1.200
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5.5.3  [Ru(L2):]CL
OH 2+
N
HO/,,' ‘\\\N
PN 2Cr
N7 | B
7 ppn 2
Empirical formula C49H59C'.2N204P2RU
Formula weight 973.89

Crystal system Orthorhombic
Space group Fddd
Temperature / K 293(2)

Cell lengths / A a 18.3272(4) | b 25.2847(6) | ¢ 43.6105(9)
Cellangles/® a 90 B 90 Yy 90
Volume / A3 20209.0(8)

z 16

Peac / g cm’® 1.280

Absorption coefficient / mm™ 0.521

F(000) 8112

Crystal size / mm?3

0.270x0.180 x 0.090

Radiation

Mo Ka (A=0.71073 A)

O range for data collection / °

3.463t0 29.816

Index ranges

-24<=h<=25, -34<=k<=33, -58<=I<=54

Reflections collected

53675

Independent reflections

6799 [Rint = 0.0363]

Completeness to © = 25.242° 99.7 %
Data/restraints/parameters 6799/89/ 327
Goodness-of-fit on F? 1.096

Final R indices [I > 20 ()]

R; =0.0364, wR, = 0.0965

Final R indices [all data]

R;=0.0511, wR,=0.1093

Largest diff. peak and hole / e.A-®

0.620,-0.419
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5.5.4

[RUCl>(L6)-]

N
0 o’

A

_N/,,' \\\N
Ru‘\
p” | P
Ph,

Ph,
Cl
Empirical formula C4sH4sCuN2O,P2RuU
Formula weight 951.65
Crystal system Triclinic
Space group P-1
Temperature / K 296(2)

Cell lengths / A a 10.2045(4) | b 19.0335(6) | ¢ 23.4195(10)
Cellangles/° a 97.158(3) | B 102.301(4) |y 93.616(3)
Volume / A3 4390.8(3)

Z 4

Peatc / g cm’® 1.440

Absorption coefficient / mm™ 0.713

F(000) 1952

Crystal size / mm?3

0.260x0.190x 0.040

Radiation

Mo Ka (A=0.71073 A)

O range for data collection / °

3.351 t0 29.900

Index ranges

-14<=h<=13, -23<=k<=25, -32<=[<=27

Reflections collected

44063

Independent reflections

21194 [Rin = 0.0782]

Completeness to © =25.242° 99.7 %
Data/restraints/parameters 21194/1130/1222
Goodness-of-fit on F? 1.065

Final R indices [I > 20 ()]

R;=0.0834, wR, =0.2009

Final R indices [all data]

R =0.1348, wR, = 0.2442

Largest diff. peak and hole / e.A?

1.616, -1.541
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5.5.5

[RuUClo(L7):]

O/,,' \\\\\O
/Ru\
P P
Phy Phz
Cl

Empirical formula C4sHs0CL,04P2RuU
Formula weight 900.77
Crystal system Monoclinic
Space group 12/a
Temperature / K 200(2)

Cell lengths / A a 22.3593(7) | b 11.3515(2) | ¢ 35.4511(11)
Cellangles/° a 90 B 107.620(3) |y 90

Volume / A3 8575.8(4)

z 8

Peatc / g cm’® 1.395

Absorption coefficient / mm 0.607

F(000) 3728

Crystal size / mm?

0.450x0.180x0.140

Radiation

Mo Ka (A=0.71073 A)

O range for data collection / °

3.499 10 29.833

Index ranges

-30<=h<=29, -14<=k<=15, -45<=[<=42

Reflections collected

45564

Independent reflections

10994 [Rin = 0.0334]

Completeness to © = 25.242° 99.8 %
Data/restraints/parameters 10994 /0/500
Goodness-of-fit on F? 1.089

Final R indices [I > 20 (1)]

R, =0.0343, wR; = 0.0691

Final R indices [all data]

R;=0.0527, wR, = 0.0800

Largest diff. peak and hole / e.A?

0.687, -0.558
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5.5.6

[RU(CO)zclz(PPhs)z]
Cl
PhsP.,, ‘ WCl
/Ru‘\
5° | ~PPhg
C
Il
0]
Empirical formula C3sH30,Cl,0,P,Ru
Formula weight 752.53
Crystal system Monoclinic
Space group P2:/n
Temperature / K 200(2)

Cell lengths / A a 10.40690(10) | b 25.6238(2) ¢ 12.55480(10)
Cellangles/° a 90 B 100.4010(10) |y 90

Volume / A3 3292.90(5)

Y4 4

Peac / M 1.518

Absorption coefficient/ mm™ 6.533

F(000) 1528

Crystal size / mm?

0.220x0.040x0.010

Radiation

CuKa(A=1.54184A)

O range for data collection / °

3.450t0 72.812

Index ranges

A12<=h<=11, -31<=k<=31, -14<=|<=15

Reflections collected

24916

Independent reflections

6468 [Rin = 0.0346]

Completeness to © =67.684 ° 100.0 %
Data/restraints/parameters 6468/0/406
Goodness-of-fit on F2 1.032

Final R indices [I > 2o (I)]

R:=0.0233, wR, = 0.0524

Final Rindices [all data]

R:=0.0295, wR, = 0.0547

Largest diff. peak and hole / e.A

0.322,-0.376
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5.5.7

[Ru(CO)Cly(L7*)PPhs]
\— Cl
o,
O, ‘\\\PPh3
P/RU\C\\
Ph, ~0
Cl
Empirical formula C4oH3,CL,0;P,Ru
Formula weight 796.58
Crystal system Monoclinic
Space group P2:/n
Temperature / K 200(2)
Cell lengths / A a 12.05580(10) | b 21.0005(2) |c¢ 13.9723(2)
Cellangles/® a 90 B 95.0480(10) |y 90
Volume / A3 3523.76(7)
z 4
Peatc / g cm’® 1.502
Absorption coefficient/ mm" 6.161
F(000) 1624

Crystal size / mm?

0.270x0.150x 0.080

Radiation

CuKa (A=1.54184 A)

O range for data collection / °

3.810to 72.890

Index ranges

-14<=h<=14, -25<=k<=25, -17<=l<=14

Reflections collected

30818

Independent reflections

6944 [Rin = 0.0306]

Completeness to © =67.684 ° 100.0 %
Data/restraints/parameters 6944/0/434
Goodness-of-fit on F? 1.041

Final R indices [I > 20 ()]

R;=0.0244, wR, =0.0588

Final R indices [all data]

R =0.0305, wR; =0.0630

Largest diff. peak and hole / e.A-®

0.291, -0.441
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5.5.8 [RuClL(L9).]Cl
B / _+
HN

Ph,

. | P
N7 ‘U\N— Cl-

7 PPh,

HN—

Empirical formula

C45.71H51.41Cls.41N4P2RuU

Formula weight 1047.11

Crystal system Monoclinic

Space group P2./c

Temperature / K 200(2)

Cell lengths / A a 22.389(3) | b 12.6378(11) | ¢ 19.356(3)
Cell angles/° a 90 B 112.432(18) |y 90
Volume / A3 5062.4(13)

y4 4

Peac / M 1.374

Absorption coefficient / mm~’ 6.488

F(000) 2147

Crystal size / mm?

0.160x0.040x0.030

Radiation

CuKa (A=1.54184 A)

O range for data collection / °

4.099 1o 75.209

Index ranges

-27<=h<=27, -16<=k<=15, -15<=1<=23

Reflections collected

27383

Independent reflections

9606 [Rine = 0.1451]

Completeness to © = 67.684°

97.5%

Data/restraints/parameters

9606 /21 /545

Goodness-of-fit on F?

1.022

Final R indices [I > 2o ()]

R;=0.1373, wR, = 0.3404

Final Rindices [all data]

R:=0.2102, wR, = 0.4094

Largest diff. peak and hole / e.A

2.969, -1.242
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5.5.9

[RUCL(L10)(PPhs°)]

Empirical formula

C44H14CIN20O; 50P2Ru

Formula weight 823.27

Crystal system Monoclinic

Space group P2./c

Temperature / K 200(2)

Cell lengths / A a 18.0222(2) | b 9.86130(10) | ¢ 22.5114(2)
Cellangles/® a 90 B 108.4150(10) |y 90
Volume / A3 3795.91(7)

Z 4

Peaic / g M3 1.441

Absorption coefficient / mm™ 5.088

F(000) 1700

Crystal size / mm?3

0.290x0.040x0.030

Radiation

CuKa (A=1.54184 A)

O range for data collection / °

4.130to0 72.871

Index ranges

-22<=h<=22, -12<=k<=11, -27<=(<=23

Reflections collected

27792

Independent reflections

7472 [Rine = 0.0386]

Completeness to © =67.684 °

100.0 %

Data/restraints/parameters

7472/61/489

Goodness-of-fit on F2

1.030

Final R indices [I > 20 ()]

R;=0.0286, wR,=0.0708

Final R indices [all data]

R;=0.0352, wR,=0.0754

Largest diff. peak and hole / e.A?

0.676 and -0.422
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5.5.10 [RuCl(L14)]Cl

— p — .
Ph,
., ‘\\\\P
Ru
NN— Cl-
PPh,
S—

Empirical formula C4sH4sClsN2P,RUS,
Formula weight 1068.69
Crystal system Triclinic
Space group P-1
Temperature / K 200(2)
Cell lengths / A a 10.9056(4) | b 14.5979(6) | ¢ 16.4130(6)
Cellangles/° a 75.031(3) | B 86.147(3) |y 88.813(3)
Volume / A3 2518.54(17)
z 2
Peaic / M3 1.409
Absorption coefficient/ mm" 7.080
F(000) 1092

Crystal size / mm?3

0.150x0.120x 0.080

Radiation

CuKa (A=1.54184 A)

O range for data collection / °

3.622t0 72.965

Index ranges

-13<=h<=13, -14<=k<=18, -14<=1<=20

Reflections collected

17860

Independent reflections

9766 [Rine = 0.0342]

Completeness to © =67.684 ° 99.9 %
Data/restraints/parameters 9766/ 75/ 563
Goodness-of-fit on F? 1.026

Final R indices [I > 20 ()]

R;=0.0397, wR, = 0.0998

Final R indices [all data]

R;=0.0491, wR,=0.1066

Largest diff. peak and hole / e.A-®

1.000, -0.770
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