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Abstract

In this study, a new range of biological compounds were explored as targets for
SABRE. The thesis starts with examining a group of important amines,
phenethylamine, ethanolamine, benzylamine and ammonia. All of the studied amines
generate dihydride-amine complexes, which are characterised, and proved to be
SABRE active. The conditions were then optimised to achieve signal enhancements

levels for their proton resonances of 200-916 fold.

These amines were utilised in the next chapter as agents for SABRE RELAY where a
group of plant based natural products (essential oils) are hyperpolarised. The
measurements showed significant enhancement levels for their *H resonances of
between 2544-2953 fold. The same SABRE protocol led to the hyperpolarisation and
detection of all the 3C signals for citronellol, rhodinol, and menthol within seconds
rather than hours as would normally be required.

During the measurements of chapters 2 and 3 it was noted that some of the results
were affected by the presence of water in the NMR solvent. Since water is a
fundamental molecule and was not previously examined by SABRE at the time this
work started, it was decided to use it as a substrate in the 4th chapter. The work on
water started by significantly improving the lifetime of the hyperpolarised water signal
from 3.7 s to 30 s by using mixtures of DO and DMSO. Benzylamine and ammonia
were used as SABRE-RELAY agents for these measurements and HOD enhancement

levels of 700-fold were obtained.

The critical evolution of the data presented in this thesis suggests that
hyperpolarisation transfer from a polarised OH into a wide range of target analytes is
possible. The spin-topology of the analyte is critical, as polarisation transfer stops at
quaternary centres. The relaxation times of the associated groups played a role in

mediating detected signal strengths.
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Chapter 1: Introduction

1.1 Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) is a spectroscopic approach that is widely used
for analysing chemical compounds. In fact, NMR spectra can be generated from
signals that are detected from many types of nuclei, such as: *H, *N, °F and *C.!
Furthermore, NMR has multiple applications that provide information to support
many areas such as drug design? and vaccine production,® the food industry,* the
identification of natural products® and the characterisation of plant extracts.® In
addition, NMR forms the basis of an imaging modality, which is known as magnetic

resonance imaging (MRI).

MRI is a very powerful NMR application that has been used widely in the study of
biological systems.* 7 Its images are 3 dimensional and ideally provide the user with
high spatial resolution (200—-500 pum). It is also non-invasive and thus, information can
be obtained without harm or change. Although MRI commonly obtains static
information, it can also be used to provide dynamic information. Therefore, MRI
allows for the imaging of the structure/anatomy of plants, whilst simultaneously

delivering information about biochemical changes that occur inside the plant itself.2

Currently, MRI and NMR are used in various applications in plant studies, which
involve the comprehensive evaluation of plant traits.> More specifically, it is used in
the application of measuring water content and its distribution, and in the estimation
of water transport and flow velocity through the plant’s vascular system.® It is also
used in the identification of plant extracts,® the study of plant metabolism,° the study
of root systems,!! and the examination of plant seeds.'? In addition, it is used in the

imaging of whole plants as MRI.*®
Despite the advantages of NMR, it is limited by the inherent issue of low sensitivity.'*

14 However, in order to understand the process of signal generation in MRI it is

essential to know the reason behind this limitation and how to overcome it.
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1.2 Sensitivity issue

Nuclei with spin % form the basis of signal generation in MRI. When they interact
with a magnetic field their spins become aligned parallel +¥%2 or anti-parallel -%% to the
direction of the applied magnetic field, according to the sign of the magnetogyric ratio.
The parallel state is the low energy state (o) whereas the anti-parallel state is the high
energy state (B).2° In a molecule with two coupled but distinct spins, there are four
possible spin combinations and hence four possible energies. The resulting four energy
levels are simply denoted as aa, af§, Ba and BB when the two spins are distinct. Signal
generation relies on probing the difference between spin populations for states that are
connected by an allowed transition. An allowed transition is associated with the
selection rule Am = £1 so in this case, one o can be changed to . One further
consequence of this is that if the energy levels associated with an NMR transition have
equal populations there will be no resultant NMR signal. In the case of Figure 1.1. a
schematic illustrating the concept of energy level populations for a simpler one spin
system can be seen.'® On the left, is the situation where the energy levels have almost
the same populations, and a weak signal results, while on the right we have a large

population excess in the lower energy state and a large signal will be seen.

Figure 1.1: lHlustration for the effect of spin population difference on the NMR signal strength.
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In a regular MRI or NMR experiment, the spin population distribution between the

two states B and a is defined by the Boltzmann distribution (Equation 1.1).
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Equation 1.1: The Boltzmann distribution equation.

N, AE

— = | —
Ng kT

In fact, N, and Ng can be defined as the number of spins in each state of these two

states with energy difference AE. AE is directly proportional to the strength of the
applied magnetic field and the gyromagnetic ratio. The population difference stems
from the Boltzmann equation which includes kg the Boltzmann constant, and T, the
temperature according to Equation 1.1.17 Upon placing the appropriate constants into
this equation for a field of 9.4 T and a temperature of 298 K, the population difference
becomes 2 for every 62,000 *H nuclei in a sample. Thus, only 2 *H spins can contribute
positively to the detected signal in every 62,000 nuclei if the measurement takes place
at 400 MHz (9.4 T) and 298 K. This simple relationship explains the low sensitivity
of NMR and MRI since the signal stems from only the small number of nuclei leading
to the population difference rather than the bulk population. Consequently, several
techniques have been invented to produce non-Boltzmann distributions of these spins.
These include hyperpolarisation by brute force, dynamic nuclear polarisation (DNP),
optical pumping, and Parahydrogen Induced Polarisation (PHIP).16: 18-20

1.3 Methods of hyperpolarisation and signal enhancement
1.3.1 Hyperpolarisation by brute force

Brute force is a simple technique that leads to hyperpolarisation as first defined in
1934 by Gorter.?! Several years of research and development were necessary before
its use became increasingly widespread.?>22 However, it is currently considered as an
outdated technique.?* Brute force can achieve its hyperpolarisation in two ways. First,
by exposing a sample to a strong magnetic field, which is stronger than that of the
detection field. This will increase the number of polarised spins as the energy
difference between spins states will increase. Second, by using very low temperatures,
now the population difference between spins states is increased as thermal energy is
limited, and thus the NMR signal is improved.?® A signal enhancement of 1000-fold
was reported when the temperature was 4 K and the and the magnetic field was 20 T,

up from 1.5 T.22 A much higher signal enhancement level of 200,000-fold was
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achieved by Owers-Bradley et al. by using an ultra-low temperature of 7 millikelvin
with a 16 T magnetic field.?” Despite the fact that this is a significant improvement,
there are two factors to consider. First, the hyperpolarisation state can only be created
at very low temperatures, and will quickly return to Boltzmann equilibrium when
warmed to diagnostically relevant temperatures. In addition, these challenging

conditions make it a very demanding and costly technique.

It should be clear therefore that biological samples may be affected severely by the
low temperatures as denaturation may result. Consequently, this method has limited
applicability for highly ordered systems. At low temperatures, low solubility may
become an issue and flash cooling is required. From an NMR perspective relaxation
is a key issue as there is a time lag between dissolution and any measurement. It is

therefore desirable that low viscosity media are employed.

Progress however continues, and recent studies by Hirsch et. al. reported ~1500-fold
of signal enhancements for **C using this approach.?® However, this enhancement is
still lower than that which can be created by some of the other hyperpolarisation

techniques now detailed.

1.3.2 Hyperpolarisation by optical pumping

Optical pumping is a technique used to hyperpolarise the noble gases *He and 2°Xe
using light to create spin polarisations.?® During this process, the polarised laser light
excites the electrons of an alkali metal, which is usually rubidium vapour, located
inside a glass cell containing the noble gas. This causes the electronic spin state of
rubidium to become polarised.'® The 1%°Xe gas in the gas cell then collides with the
rubidium vapour and through a process of spin order exchange it becomes
hyperpolarised.®® The hyperpolarised '?°Xe gas can then be separated from the
rubidium vapour by simply cooling the cell to condense the rubidium onto the cell
wall; the hyperpolarised gas can then be extracted into a container for subsequent use
in imaging applications. For example, hyperpolarised imaging methods were created
to harness these gases in 1994 by Albert et al., during their study of mice lungs.®

Subsequently, clinical applications, using hyperpolarised 3He and %°Xe gases in MRI
of the lung have shown to be extremely useful for detecting pathological changes such
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as Chronic Obstructive Pulmonary Disease COPD (Figure 1.2).323% Since
conventional MRI delivers insufficient anatomical information, this could provide a

solution to the restricted use of MRI for lung imaging.3*

Figure 1.2: MRI images of lungs of a healthy volunteer (on the left) compared to images from a
COPD patient (on the right). Images were obtained after inhalation of hyperpolarised 12°Xe gas, and
the purple colour represent the data from the hyperpolarisation process.*
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However, the main disadvantage of the optical pumping method is that it is currently

limited to applications like lung imaging, as well as some perfusion studies.>-3

1.3.3 Hyperpolarisation by dynamic nuclear polarisation (DNP)

Dynamic nuclear polarisation (DNP) is a hyperpolarisation method in which
polarisation is transferred from an unpaired electron by interaction with nuclear spins
to produce a non-Boltzmann nuclear spin distribution. This transfer happens when
irradiating with microwave frequencies that correspond to the electron paramagnetic
resonance (EPR) signal of the free radical.®® The basic DNP principle was originally
presented in 1953 by Overhauser,® and experimentally proven by Carver and

Slichter.*°

25



The process of polarisation transfer can occur in solids and liquids, but since this thesis
only uses liquid samples, the focus of discussion for DNP will lie in the liquid-state.
The details of the polarisation transfer mechanisms are beyond the scope of this thesis,
and this is in fact a complicated subject that has yet to be fully understood. Some
papers have been published to better understand the mechanics underlying it.***3 They
state there are four main types for polarisation transfer. For solids, the solid effect,*
the cross effect,”® or the thermal mixing.*® For liquids, the Overhauser effect is the
only effect directly applicable.®® However, the Overhauser effect is limited by solvent
heating resulting from the high microwave powers that are required to saturate the
EPR line. Therefore, it may be difficult to conduct experiments on compounds with
biological relevance. Additionally, the method is performed at room temperature
which produces low polarisation levels when compared to that of low temperature
DNP.

In fact, it was 2003, that saw a new DNP technique called dissolution-DNP (d-DNP)
described that was innovated by Ardenkjaer-Larsen et. al..*® In this technique, a
substrate is dissolved in a radical and then frozen by exposing the sample to extremely
low temperatures (~1K), during that period microwave irradiation occurs such that all
the nuclear spins become hyperpolarised at low temperatures. After that, the sample
is thawed in hot water prior to NMR monitoring (Figure 1.3).#”-*8 This study reported
using the technique for the hyperpolarisation of a sample of urea. This resulted in

polarisation level of >10,000 fold.
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Figure 1.3: An illustration of a typical d-DNP setup for NMR investigations. The numbering shows the
sequence in which the experimental procedures are performed. (1) loading a sample into a polariser. (2)
achieving hyperpolarisation through microwave irradiation at 1 K. (3) a heated solvent rapidly dissolves
the sample in the hyperpolarised state. (4) transferring the liquid sample to the NMR instrument. (5)
measurement of hyperpolarised signal.*’
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The development of d-DNP enabled the successful hyperpolarisation of several

compounds.*® This allowed some compounds to be in vivo studied especially those
with long T1 relaxation time, which is essential for maintaining the hyperpolarisation
during the transfer of samples to the scanning field. These findings have revealed
astonishing insights into their metabolic processes. Pyruvate is one of these
compounds that has interested DNP research.’%® In 1927 a study about cancer
metabolism noted higher amounts of glucose uptake occur within tumour cells in
comparison to normal unaffected cells,>* which then led to higher amounts of the
product lactate.>*>® Using the d-DNP technique has allowed monitoring and analysing
pyruvate metabolism in vivo (Figure 1.4),% which could help improving the diagnosis
and monitoring of tumour treatment. Pyruvate is also a key molecule in the krebs

cycle that is essential for generating energy of cells in plants, animals, and humans.*®
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Figure 1.4: A) Histological sections of a healthy mouse prostate, early-stage, and late-stage tumour,
hyperpolarised [1-*C] pyruvate was injected, and a representative hyperpolarised *C spectrum is
shown below the histological sections. An obvious increase in the ratio of hyperpolarised lactate to
hyperpolarised pyruvate was seen in the spectra as disease progressed from normal to early and late
stages of tumour. B) Late-stage primary tumour in a mouse as seen on an axial T, 'H image with an
overlaid image of hyperpolarised [1-13C] lactate following injection of hyperpolarised [1-*3C] pyruvate.
Increases in hyperpolarized [1-13C] lactate was seen in the midst of the transformation from healthy to

cancerous prostate and throughout the development of the disease. Images taken from Kurhanewicz et.
al.®
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However, the main limitation of DNP is it’s non-equilibrium nature, which affects

both the reproducibility of the method and makes it a single-shot approach.®’ In this
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context, the measurement process uses up the magnetisation that DNP creates, so
identical measurements cannot be repeated without rehyperpolarisation. Furthermore,
as the NMR signals are inherently weak, the expectation is that no signal will be
detected if the hyperpolarization step were to fail.

1.3.4 Hyperpolarisation by parahydrogen induced polarization (PHIP)

Hydrogen molecules are composed of two *H atoms joined together by a single
covalent bond. The H nucleus has a spin of % which makes it visible to NMR
spectroscopy. There are therefore two possible configurations for a proton's spin which
are spin up and spin down. This means that there are four distinct combinations of spin

states that can result from a given pair of spins (Figure 1.5).

Figure 1.5: The four spin states combinations of hydrogen.
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Among these, the top three combinations are known as ortho H> and reflect the
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triplet spin manifold. The bottom spin state linear combination where the spins are
formally anti-parallel is known as para-H.. This is a singlet spin-state and has lower

energy than the triplet forms, and it is the source of hyperpolarisation in PHIP.
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Parahydrogen induced polarisation (PHIP) is an alternative to DNP and perhaps one
of the simplest and most efficient methods for hyperpolarisation. In para-Hz the two
nuclear spins are aligned anti-parallel (ap-Ba), a fact that is reflective of its identity as
the molecular singlet. Para-H. can be formed by simply cooling Hz gas in the presence
of a suitable catalyst and once it is created it has a long lifetime in the absence of O,
which makes it useful. This is reflective of the fact that the second form of Hz known
as ortho-H. cannot equilibrate with para-H without changing two quantum numbers,
one associated with a spin flip and the second a rotational state change. The
simultaneous change of these two quantum numbers is forbidden and leads to the long

lifetime of para-Ha.

When forming a reaction product by taking isolated para-H, and placing its nuclei
into the product, a non-Boltzmann distribution can be created in the product's nuclear
spin configuration. In the simplest case, this means that the product spins derived from
para-H. can only take up off and Bo terms as the initial ap-pa connection must be
preserved (Figure 1.6). Clearly if the para-H> used was pure and its relative nuclear
spin alignment efficiently maintained, the result is a significantly increased population
difference across transitions that are connected by a change in Am of +1. Hence there
is a dramatic boost in detected MRI or NMR signal sensitivity.1® Since the off and Ba
state transitions can occur in either absorption or emission, the corresponding NMR

spectra exhibit a distinctive pair of antiphase doublets.
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Figure 1.6: Energy levels and their representative NMR spectra with natural abundance hydrogen (a)
and para-H; (b). In the upper photos, the population of each spin state is illustrated by the line thickness.
Image from Duckett et al., 20126
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One variation of the PHIP effect called signal amplification by reversible exchange
(SABRE) was introduced in 2009.%® As a PHIP technique, it utilises para-H. to
hyperpolarise a substrate molecule, however, this time it is not incorporated into the
product. Instead, para-H2 now adds reversibly to the magnetisation transfer catalyst
which also coordinates the substrate to be hyperpolarised (Figure 1.7). This allows the
substrate to become hyperpolarised if there is a transfer of the original polarisation in
para-Hz through the spin-coupling network of the magnetisation transfer catalyst. It is
the reversibility of the binding steps that allows a substrate to come transiently into
contact with para-H> that is key to this processes success as it allows the build-up of
hyperpolarised product in a way that is directly analogous to the creation of a classical

reaction product. 8

Polarisation of a target substrate is achieved by using para-Hz spin-order. The atoms
of hydrogen in para-H> are magnetically symmetric, hence it has no magnetic moment
and is NMR silent. Once the para-H, symmetry is broken through a suitable chemical
change the spin-order can be transfer hyperpolarisation to substrate ligands if they are
coordinated to a SABRE catalyst.>®
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Figure 1.7: Schematic representation of SABRE hyperpolarisation transfer mechanism. Green colour

represents hyperpolarised state and red represents thermal state.
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The protons of a substrate that are in spin-spin contact with the hydrides in the catalyst
become hyperpolarised first, and then the rest of substrate protons become
hyperpolarised via the substrate couplings network of *H-tH.%% Though the proton is
the most commonly studied nucleus using SABRE, the technique has also been
applied to the hyperpolarisation of other nuclei such as: *3C, **N, °F, and 3'P. The
hyperpolarisation of these nuclei can occur either indirectly by transferring the
hyperpolarisation intramolecularly from the H resonances, or directly through
coupling to hydrides.5! The latter is known as SABRE-SHEATH (SABRE in shield
enables alignment transfer to heteronuclei) which was primarily used for

hyperpolarising *°N and then applied to other nuclei such as: *3C®? and °F.%3

The initial set of SABRE-hyperpolarised molecules relied on molecules that contain
nitrogen such as N-heterocycles.®* Pyridine and its derivatives are the most common
utilised molecules in SABRE. Over 8000-fold enhancements of pyridine *H NMR
signals were reported by Cowley et al. after optimisation of the experiment conditions.
This enhancement level in pyridine was attained with a magnetic field strength of 65 gauss
(G). The study utilised [IrCI(COD)(IMes)] as the pre-catalyst,®* and due to its consistent
and strong hyperpolarisation, it continues to be the most widely utilised SABRE pre-

catalyst.®>%®

Recently, a new SABRE method named SABRE-RELAY?®’ has been reported to
hyperpolarise molecules that cannot bind to such a metal complex. This approach

relies on them containing at least one labile proton though. SABRE-RELAY starts

32



with the SABRE hyperpolarisation of an amine. Subsequently, polarisation is relayed
into a specified target substrate through exchange of a hyperpolarised proton from the

amine, as outlined in (Figure 1.8).

Figure 1.8: SABRE-RELAY achieved by polarised proton exchange.
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Several factors influence hyperpolarisation transfer efficiency these include: the
temperature, the polarisation transfer field (PTF), the length of the relaxation time (T1),
and the concentration of substrate.®® %8-5° The effects of all these parameters are

considered in this thesis.

In order for magnetisation to be observed in NMR experiment, RF pulses are used
(typically of 90°) to flip the net magnetisation into the xy-axis for signal detection.
This is necessary to create an oscillating magnetic field, orthogonal, to the main field
which can in turn induce a response in an appropriately oriented detection coil. The
time it takes for 63% of spins to recover to their original orientation is known as the
relaxation time T1,”%and it is an important factor in SABRE as mentioned earlier. The
relaxation time determines the lifetime of a signal before it decays. In the SABRE
process, the lifetime of the hyperpolarised signal is limited by the Ty time. Once
hyperpolarisation is generated by the SABRE method, the substrate quickly returns to

its equilibrium state. Therefore, a long hyperpolarised time is essential to maintain a
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strong signal throughout experiments. The long relaxation is required especially for
imaging applications to provide sufficient time for an injected agent to reach a target
site. Moreover, relaxation time of substrates can be affected by the presence of the
SABRE catalyst and interactions with other molecules.”

Deuteration is a well-established strategy for increasing the lifetime and efficiency of
hyperpolarisation techniques. Since deuterium and proton nuclei have distinct nuclear
spins and lie far apart in frequency the T1 relaxation of the hyperpolarised *H signals is
often reduced.’? For example, the lifetime of hyperpolarised H signals of methyl-4,6-
dz-nicotinate was improved by 20% when using deuterated IMes (dz2-IMes).”* Other
studies have also reported improvement of the hyperpolarised signals lifetime and
signal enhancement levels when deuteration is utilised.”"* These improvements have

made SABRE more suitable for MRI and biomedical applications.

MRI of H,” 13C " and °N"® were successfully shown for some of the hyperpolarised-
SABRE compounds. Despite the fact that nuclei such as *N have very low sensitivity
(1% of H sensitivity), the detection of SABRE hyperpolarised contrast agents is
expected to reduce the sensitivity issue. For example, MRI of the antibiotic drug
metronidazole was successfully performed (Figure 1.9) after hyperpolarisation by
SABRE-SHEATH, with high polarisation level (30%) and long T; relaxation (~10

min), which makes it a promising agent for in vivo.”

Figure 1.9: MR images of >N for hyperpolarised solution of ®N-labelled metronidazole in 5 mm
NMR tube. (a) axial view of the hyperpolarised metronidazole sample. (b) coronal view of the

hyperpolarised metronidazole sample. Image taken from Birchall et al.,2020. v
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In addition, other substrates of interest in biochemical contexts have also been studied
using the SABRE hyperpolarisation method. For instance, it has been shown that
SABRE works for amino acids,” glucose, fructose,”® and peptides.?® The field of
SABRE hyperpolarisation is rapidly evolving with new substrates and applications

constantly being discovered.

The original aim of this project was to develop a new MR approach to study plants
using the SABRE technique. For this purpose, the aim was to hyperpolarise an array
of plant hormones. Plans to use these materials in plant imaging studies were
subsequently curtailed due to COVID. Phenylethylamine was selected as the test
hyperpolarisation carrier agent to start out this research.
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Chapter 2: SABRE with phenylethylamine,
ethanolamine, benzylamine, and ammonia.

2.1 Introduction

Chapter 1 showed that the range of substrates that can be polarised by SABRE includes
the nitrogen containing heterocyclic aromatic compounds pyridine,® pyridazine,??
pyrimidine,®® and nicotinamide.®* This chapter focusses on examining secondary

amines, a substrate class that has only recently been polarised by SABRE.®’

Amines are organic compounds that are derived from NHs (ammonia). They possess
a lone pair of electrons on nitrogen and are basic in nature. They are fundamental to
the creation of amino acids and play a major role in growth and living systems.® Some
types of amine are hormones that regulate physiological functions in the body.8%" For
example, histamine works as a neurotransmitter in the central nervous system
(CNS).%8% They also have an important role in defence mechanisms against
pathogens.88" Another example is tyrosine, which works as a precursor in the
synthesis of the thyroid gland hormones thyroxine (T4) and triiodothyronine (T3).%°
The two additional neurotransmitters epinephrine and norepinephrine also contain

secondary amine functions.%?

Amines are also used in the pharmaceutical industry where the product dopamine (a
compound of the phenethylamine family) is a common medication used to treat low
blood pressure and heart disease. It is given to a patient intravenously.®> Another
example is chlorpheniramine which is a medication used for treating allergic
reactions.®® Amines are also important in other industries, for example butylamine is
a common ingredient in the synthesis of some agriculture chemicals.®” Other amines

such as aniline are used in the synthesis of dyes and pigments.& 97-%

The detection and characterisation of amines is therefore important. Notably, the NH
stretch is readily visible in IR spectroscopy at around 3288 cm for a secondary amine
and moves on deuteration.®® The mass spectrometry of amines is also a very important
tool in their characterisation. The nitrogen rule states that detected fragments with zero

or an even number of nitrogen atoms have even mass. In contrast, molecules with odd
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numbers of nitrogen atoms have odd masses. Accurate mass chemical ionisation
methods are often used when examining such species as they can reveal the presence
of nitrogen in complex species through the empirical formula determination.
Fragmentation patterns also help with analysis. Normally, the most intense peak in the
resulting mass spectrum results from cleavage of the bond p to the amine nitrogen and
this leads to loss of a radical and creation of a new cation. More complex

fragmentations occur depending on structure which often prove to be diagnostic.%

The NMR spectra of amines are also diagnostic of their structure and their chemical
shifts highly dependent on the solvent. NH resonances appear in the *H NMR spectrum
at between 6 0.5 and 3 alongside the hydrogen substituents of an alkyl. When the
substituents are aromatic, this resonance shifts position to between & 3 and 5. The
nitrogen centre also affects the chemical shift of adjacent CH> protons which appear
in the region 1.5 — 2 ppm. Furthermore, the **C resonance of the carbon adjacent to
nitrogen appears at around & 45 when it is aliphatic in nature. The associated °N
resonances are though much harder to detect and occur around zero ppm. This chapter
deals with the examination of the amines: phenethylamine, ethanolamine (Figure 2.1),
ammonia, and benzylamine with the SABRE technique and the studies seek to achieve

the highest level of NMR signal enhancement possible.

Figure 2.1: Structure of phenethylamine (a) and ethanolamine (b).
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Phenylethylamine is a trace amine that exists in a wide range of species including
plants, animals, and humans. It can be found in legume plants, which is one of the
largest plant families and includes trees, shrubs, herbs, and vegetables. They also find
use as foods and as precursors in pharmaceutical synthesis.’? Phenylethylamine is
also a precursor in the biosynthesis of benzenoids, the 2" largest type of emitted plant
volatile.’%? In humans, phenethylamine works as a neurotransmitter and can lead to
psychiatric conditions. Supplements are given to patients with phenethylamine

deficiency.103-104

In contrast, ethanolamine is essential for the synthesis of cell membranes. It is used by
plants to synthesise the two major phospholipids phosphatidylethanolamine (PE) and
phosphatidylcholine (PC). In addition, PC can also be synthesised from choline which
is derived from ethanolamine. The production of ethanolamine can be direct or indirect
in plants, whereas in animals it is only found to be indirect.!® The indirect
ethanolamine production method involves a base-exchange reaction while the direct
method is through the decarboxylation of serine.X%® All human body cells contain
ethanolamine in the form of the lipid PE. Ethanolamine can also be found freely in
body fluids such as blood, with a concentration range from 0 to 12 uM, while the range
is expected to be much larger in the digestive tract as a result of breaking down PE
coming from ingested food. Ethanolamine is an important stimulant for the growth of
cells. It also provides the protection of cells as it is mandatory for the synthesis of
glycosylphosphatidylinositol anchored proteins (GPI-APs). Furthermore, it has a

strong anti-cancer activity.'%’

2.2 Developing SABRE for phenylethylamine

As discussed earlier, pyridine is one of the first substrates that has been examined
extensively by SABRE. This was possible due to the presence of the lone pair which
allows pyridine to bind to a metal centre and in this case form the active SABRE
complex [Ir(H)2(IMes)(pyridine)s]Cl. Since amines such as phenethylamine,
ethanolamine and benzylamine, or indeed ammonia itself, possess a lone pair of
electrons it was hypothesised that they too can bind to the metal catalyst and form
active complexes which will enable them to be hyperpolarised through the SABRE

approach.
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As mentioned earlier, SABRE requires three main components to be present in order
for it to function. These are a metal catalyst, para-Hz, and a substrate, in this case
phenylethylamine (1). The most commonly used SABRE precatalyst contains the
ancillary ligand 1,3-bis(2,4,6-trimethylphenyl) imidazol-2-ylidene (IMes). The
resulting precatalyst is 16-electron Ir(CI)(COD)(IMes) (2).%¢ It is utilised in the
SABRE measurements that feature throughout this thesis. It forms
[Ir(H)2(IMes)(1)z]CI (3) under SABRE conditions upon reaction with 1. However,
given the complexity of SABRE it is important to comprehensively understand the

starting point.

2.2.1 Characterisation of phenylethylamine

Phenylethylamine was characterised by recording 'H and ¥C NMR spectra in
dichloromethane-d, solution at 400 MHz. The resulting *H NMR spectrum contains
signals at 6 7.33 (m, 2H), 7.23 (m, 2H), 7.22 (m, 1H), 2.95 (t, 7 Hz, 2H), 2.75 (t, 7 Hz,
2H) and 1.15 (br, 2H) for this material. Table 2.1 outlines these NMR data and the
assignments for phenethylamine. The signal enhancements that these NMR signals

generate will be examined utilising the SABRE techniques.

Table 2.1: NMR characterisation data for phenethylamine in dichloromethane-d; at 298 K with
labelling according to the inset structure.

H
4 C\C/NH2
Ha
7 2
5
6
Resonance number H (ppm) 13C (ppm)
1 1.15 (br, 2H)
2 2.95 (t, J = 7 Hz, 2H) 43.74
3 2.75 (t, J =7 Hz, 2H) 40.32
4 - 140.36
5 7.23 (m, 2H)* 128.3
6 7.33 (m, 2H) 128.8
7 7.22 (m, 1H)* 125.9

*Qverlap
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2.2.2 Ty relaxation time of phenethylamine

As illustrated in the introduction, it is now known that the SABRE effect is dependent
on the Ty values of the polarised nuclei. These values have been shown to change due
to the presence of the active SABRE catalyst in solution.'® This is not surprising as it
is the catalyst that enables spin order to flow from nuclei that were in para-H: into the
substrate. It is therefore important to define these effects before completing an
experiment. Ty values are determined by the inversion recovery experiment. When
2.65 mM of phenylethylamine was examined in dichloromethane-dz solution at 400
MHz and 298 K the T1 values of Figure 2.2 were determined. Subsequently, a sample
was prepared which contained phenylethylamine and [Ir(H)2(IMes)(1)3]CI (3) under
H> in dichloromethane-d> and its T1 values were re-measured. These are also shown

in Figure 2.2.

It is clear that the catalyst acts to reduce the T values as expected. The reduction of
T, for the two responses adjacent to the NH binding site is 65 %. At site 3, next to the
phenyl ring, the reduction percentage was slightly reduced to 62 %. The phenyl ring,
whose protons are furthest from the binding site, are the least affected and their T, falls
by 27 %. Thus, this effect clearly reduces by moving away from the ligand binding
site, a result of the interaction with the metal which reduces with distance from the
binding site. It might therefore be expected to see that these groups receive less
polarisation under SABRE, but as their T1’s are higher, the signal intensity they show
is likely to survive to the point of measurement more efficiently. This is something
that will be tested experimentally.

Relaxation is a complex phenomenon that depends on a number of factors which are
grouped together as spin-lattice and spin-spin effects. The lattice reflects spins that
can be located in the same molecule or neighbouring molecules while the second effect
involves two identical spins undergoing a flip-flop to invert their respective
alignments. The mechanisms of relaxation acts to reorientate the macroscopic
magnetisation of the sample, and when this deals with motion in the z-axis
(longitudinal) the term T1 is used while transverse changes are referred to as Ta.
Molecular motion within the lattice can create magnetic dipole fluctuations that match

the Larmor resonance frequency and they interact, via a dipole-dipole coupling, with
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the nuclear spins we probe. Quantitatively, these molecular motions are characterised
by a correlation time which falls as the molecular size increases, temperature decreases
or solvent viscosity increases. Tz is proportional to the reciprocal of the correlation
time meaning that as we increase molecular size, T1 falls. It is for this reason that

binding to the catalyst reduces Ti.

Figure 2.2: T, values for the *H NMR signals of free phenethylamine (1) (green) and (1) in the presence
of 3 and H, (orange), at 9.4 T (due to phenyl ring signal overlap the T, is for the multiplet). The
concentrations used were 2.65 mM of 1 and 2 mM of iridium.
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2.2.3 Reaction of phenylethylamine with Ir(CI)(COD)(IMes) (2)

In order for SABRE to operate in this study, the iridium complex Ir(Cl)(COD)(IMes)
(2) was reacted with the substrate (1) and hydrogen to form an active catalyst of the
type [Ir(H)2(IMes)(sub)3]Cl. To prepare such a sample, for these experiments’,
specific amounts of 1 and 2 are combined in an NMR solvent in an air-sensitive NMR
tube supplied by J. Young. The sample is then degassed, using a high vacuum system.
After this point, the sample is left to activate under Ha, until it becomes ready for the

SABRE experiments. During this time the sample is expected to become colourless.

A dichloromethane-d. solution of Ir(Cl)(COD)(IMes) (2) was therefore prepared as a
control sample. This solution was analysed by *H NMR spectroscopy, and Table 2.2
lists the NMR data for compound 2 that is present at this stage. Diagnostic resonances
for 2 appear at 6 7.01 for the imidazole rings backbone protons in the NHC ligand,
IMes, and at 6 7.05 for the mesityl ring CH group. Alkene resonances for bound COD
are readily seen at 6 4.07 and 3.04. Changes in the intensity of these resonances will

be useful in monitoring any reactions involving this complex.
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Table 2.2: NMR characterisation data for square planar IrCI(COD)(IMes) (2) in dichloromethane-d;

at 298 K with resonances attributed according to the labelling of the inset structure.

Yoy pﬁ

C|/"§ |
N3
\

Resonance number 'H (ppm) 13C (ppm) N (ppm)
1 - 174.61
2 - - 191.3
3 7.01 (s, 2H) 123.6
4 - .
5 - -
6 7.05 (s, 4H, br) 129.2, 128.2
7 -
8 2.2 (s, 6H), 2.3 (s, 6H) 18.1,19.3
9 2.41 (6H) 20.8
10 4.07 (2H) 82.1
11 3.04 (2H) 51.7
12 1.75 (2H), 1.37 (2H) 28.8
13 1.68 (2H), 1.29 (2H) 33.4

The yellow coloured 5 mM NMR sample containing 2 in dichloromethane-d, was

degassed on a high vacuum system, and a 10-fold excess of 1 relative to 2 added.

Hydrogen gas was then added to this sample to hydrogenate the COD ligand attached

to the metal centre thereby forming cyclooctane (COA). This process allows 1 to bind

to the metal centre instead of COD. For this reaction to occur the sample was left for

24 hours at 298 K before further NMR spectra were recorded. During this period the

solution became colourless. The resulting *H NMR spectra revealed several changes

when compared to the previously discussed data for the precursors 1 and 2. The most

significant of these changes was the detection of a hydride resonance at 6 -24.07.
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After 24 hrs only one hydride signal remains evident and hence this reaction proceeds
cleanly to one product (Figure 2.3). The hydride signal at 6 -23.95 is accompanied by
the appearance of three other notable resonances at & 4.42, 3.68 and 2.78. These are
due to NH2 signals of bound 1. There are two further signals for the carbene ligand at
8 7.00 and 6.75 that are visible in the aromatic region. Moreover, the signals for the
bound COD ligand in 2 at & 3.04 and 4.07 have disappeared. Collectively these
observations are indicative of the formation of [Ir(H)2(IMes)(1)3]Cl (3). It is apparent
from these data that the resonance for the imidazole ring proton moves substantially
from 6 7.01 to 6.75 on going from 2 to 3. Full NMR data for the complex 3 is presented
in Table 2.3.

The *H NMR resonances of phenethylamine also move on binding. The signal for the
CH2N proton resonance appears at 6 2.95 in free 1 but upon binding three more appear.
Two correspond to inequivalent CH resonances for a ligand trans to hydride, at 6 2.41
and 3.30. For the ligand trans to IMes, the CH2N protons remain equivalent and a
single peak is seen at 6 2.78. The positions of these four resonances are critical for the
SABRE analysis of 1 in solution. Based on the reported literature, ligands trans to
hydride should undergo rapid exchange with those in solution.®® Therefore SABRE is
expected to result in enhanced signals at & 2.95 in 1 and at 6 2.41 and 3.30 for the
bound amine ligand in 3, with only limited if any signal gain for the signal at § 2.78.
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Table 2.3: NMR characterisation data for octahedral [Ir(H)2(IMes)(1)s]Cl (3) that forms when
phenylethylamine (1) and H react with Ir(CI)(COD)(IMes) (2) in dichloromethane-d, at 298 K with
the labels according to the inset structure.

Resonance number 'H (ppm) 13C (ppm) 5N (ppm)
1 153.8
2 192.21
3 6.75 121.73
4 138.14
5 135.06
6 7.0 1294
7 138.64
8 2.17 18.30
9 2.21 21.10
10 -23.95
11 4.42 (t, Ju = 11 Hz, 2H)
* Jown = 68 Hz 792
2.11 (br, t, J.. = 11 Hz, 2H)
* Jisw = 68 Hz
12 2.41 (dt, Juw = 9 and 11 Hz, 2 H) 507
3.30 (2H, overlap)
13
14 141.8
15 7.32 (dd, Jun = 7 Hz) 128.33
16 7.25 (t, Jun = 7 H2) 126.88
17 ~7.28 - overlap -
18 3.685 (t, Ju = 5.9 Hz, 2H) -16.2
* Jiaw = 69 Hz
19 2.78 (t, Jun = 6.15 Hz, 2H) 53.9
20 -
21 7.32 128.33
22 ~7.2 - overlap -
23 ~7.12 - overlap -

*15N coupling determined via 2D NMR spectrum on unlabelled sample
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2.2.4 SABRE of 1 achieved by the catalyst [Ir(H)2(IMes)(1)3]Cl (3)

The SABRE sample for 1 was prepared, and placed in a 400 MHz (9.4T) NMR for a
single thermal scan which will be used as a reference for enhancement levels
calculations. Then, 3 atmospheres of para-H. were added to the sample with an initial
10-fold excess of 1 to hyperpolarise it by the SABRE technique. The sample was then
vigorously shaken at ~60 G in the stray field around the NMR magnet for a duration
of 10 seconds. It was then dropped quickly into the NMR magnet to record the
resultant NMR spectrum. The measurements were repeated 3 times after refilling with

para-Hz for each measurement for statistical purposes.

These data showed that the *H NMR resonances of free phenylethylamine exhibited
signal enhancement as illustrated in Figure 2.3. It is immediately apparent that the
CH2N signal for free 1 at & 2.95 shows the strongest aliphatic proton signal gain (45-
fold per proton) even though these protons have the shortest Ti. Interestingly, the
overlapping aromatic protons yield an average *H resonance signal gain of 80-fold
which given their distance from the binding site, and hence in-efficient

hyperpolarization, must be due to the T effects described above.

Strong signals are seen at 6 1.35 for the NH resonance of 1 in these NMR spectra,
which when compared to the potion in other samples has moved position slightly due
to the presence of the catalyst. The sample involved in this study used an initial 10-
fold excess of 1 relative to 2. Upon expanding the spectral region, weak hyperpolarized
signals for bound 1 trans to hydride were evident as expected at 6 2.41 and 3.30. The
intensity ratio for enhanced signals of bound CH2N at 6 2.41 and 3.30 to the free signal
at 6 2.95 (per proton) were 1 : 1: 25 which confirm that there is rapid ligand exchange
between the species giving rise to these signals. It can be concluded from these data
that 1 can be hyperpolarised by the SABRE method via 3.
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Figure 2.3: *"H NMR spectra showing the effect of SABRE on the *H NMR response of phenethylamine
(1). (b) single scan control spectrum, (a) single scan SABRE NMR spectrum. The SABRE precatalyst
was Ir(Cl)(COD)(IMes) (2) (5mM), 1 concentration was 5.3mM, para-H, was present at 3 bar and
transfer undertaken at 60 G. (c) a two broad peaks of NH and OH when precautions were taken to
eliminate water contamination. (d) the two peaks of NH and OH are coalescing into a single broad peak
due to limited water contamination.
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It was observed that when precautions were taken to exclude water, the NH resonance

of 1 shows significant signal gain at 6 1.75 as detailed in Figure 2.4 c, and a broad

peak appears at 6 0.95. The later signal is due to OH protons. When a normal sample

was used, there was limited water contamination, and exchange between the NH and
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OH groups. This results in the coalescence of these two peaks into a single broad peak
close to the peak at 6 1.67. This is shown in Figure 2.3 d. Hence the chemical shifts

of the NH resonances are prone to move as a function of the sample.

2.3 SABRE Optimisation

To fully exploit the advantages of the SABRE technique in MRI and NMR
applications, optimisation of SABRE is required to get the highest possible signal gain.
There are several known factors that can affect the signal gain produced through the
SABRE technique. Firstly, the relaxation time of the substrate as demonstrated in
section 2.2.2. Secondly, the magnetic field where polarisation transfer takes place.
Thirdly, SABRE kinetics which deals with the exchange rates of a substrate and para-
H2 on the catalyst. These are affected by the substrate to catalyst ratio alongside their
absolute concentrations, and the temperature at which polarisation transfer occur.® 8
199 This is a reflection of the fact that the lifetime of the SABRE catalyst is important
because the rate of transfer of polarisation from para-H- to the substrate depends on
the size of the spin-spin couplings that connect them. In addition, it is the spin order
of the catalysts hydride ligands that form from para-Hz which provides the net signal
amplification. Hence the rate of para-Hz exchange is of critical importance. It is
important to realise that once the catalyst breaks down, under ligand exchange, any
magnetic states that are associated with spins whose coupling is lost in this process are
destroyed. This means that polarisation that is associated only with resonances in the
free substrate will be detected upon dissociation. The effect of these factors will be

examined in the following sections.

2.3.1 Effect of substrate loading on the *H polarisation level in 2 when its
concentration is kept constant.

In theory, a lower substrate loading relative to catalyst will act to increase the
proportion of polarised molecules, as this increases their chance to be repolarised.
Upon increasing the substrate excess, the proportion of substrate molecules that
experience SABRE might therefore be expected to fall. However, this effect is
complicated by the kinetics of ligand exchange. Substrate loss from the catalyst is
dissociative. Thus, the intermediate [Ir(H)2(IMes)(1).]CI that forms from
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[Ir(H)2(IMes)(1)z]Cl does so at a rate which is independent on the catalysts
concentration. However, [Ir(H)2(1Mes)(1)2]Cl reacts with para-Hz and 1. The former
leading to hydride polarisation replenishment and the latter the reformation of
[Ir(H)2(IMes)(1)3]Cl. Consequently, too high a concentration of 1, against a set para-
H> concentration can act to reduce the net para-H. exchange rate and lead to lower

polarisation levels. It is therefore important that these effects are examined.

To do this, a fresh 5 mM NMR sample of 1 and Ir(COD)(IMes)Cl (2) in
dichloromethane-d> was prepared. This sample contained an initial 5:1 ratio of
substrate relative to iridium. H, was again added over-night to form 3. A series of
SABRE measurements were then undertaken on this sample. SABRE was again
evident for signals of 1 which appear at 6 7.32, 7.24, 2.95 and 1.21 in this sample.
Signals for bound 1 trans to hydride at 6 2.41 and 3.30 were also enhanced. The
intensity ratio for the enhanced bound signal at 6 2.41 relative to the free signal at &
2.95 and 3.30 (per proton) in 1 changed to 1 : 30 on starting with a 5:1 ratio instead of
the 1 : 25 as seen for the 10:1 ratio. This supports the idea that the proportion of 1
which is polarised increases as the excess falls. It can also be seen that it is only the
signals for 1 that lie trans to hydride in 3 that show appreciable signal amplification.
It can therefore be concluded that when 1 lies trans to IMes any ligand exchange must
be slow as its signals shown very minimal signal gain. Furthermore, the overall
enhancement levels seen for *tH NMR NH signals of 1 have increased from those

measured with a 10-fold excess (Table 2.4).

Table 2.4: 'TH NMR SABRE enhancements, per proton for the indicated groups of 1 for 5 and 10-fold
excesses relative to 2, based on 3 averages.

Signal enhancements level
Position (see Table 5:1 loading 10:1 loading
Sites 4-7 (5H) 85.3+4.7 80.9 + 3.4
Site 3 (2H) 40.4+2.2 40.1+1.9
Site 2 (2H) 446 +2.7 431+21
Site 1 (2H) 110.2+4.5 104.6 + 3.8
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A slightly more promising NMR signal enhancement level was achieved with the
lower substrate loading of 5:1, for 1 which is consistent with theory as para-H: is the
limiting reagent. However, the scale of these relative signal gains is surprisingly low.
This would suggest that the effect of the excess if 1 is low and hence the ligand
exchange rates are slow. The T values for 1 in the presence of 3 for a 5:1 initial excess
are detailed in Figure 2.2 and follow the trend site 1 ~ site 2 < site 3 < site 4-7. It is
clear that the aromatic protons, with long T1s, gain in intensity from this concentration
effect whilst those of sites 2 and 3 are essentially unaffected.

2.3.2 Temperature effect on polarisation

Theoretically, the higher the temperature the faster ligand exchange. In order to
explore the effect of temperature on polarisation transfer to 1 under SABRE a 5mM
NMR sample of 2 with 2.65 mM of 1 in dichloromethane-d, was prepared. SABRE
was performed at room temperature (298 K) and then at the temperatures 313, 308,
283 and 273 K. The results are summarised in Figure 2.4 and reveal that the best
enhancement levels for the free material are obtained at room temperature. There is a
clear decline in this enhancement level at lower temperatures, which is due to slower
exchange, and this is evident in all of the resonances of 1. There is also a slight
decrease in the signal enhancement at higher temperatures, which suggests that the

ligand exchange rates now become too fast for efficient polarisation transfer.

The aromatic protons, having the longest T1 retain their hyperpolarization for the
longest time period and therefore are a good indicator of the efficiency of the slower
polarisation transfer step. As temperature increases, the rate of ligand exchange
reaches the point where there is optimum polarisation transfer to the NH, which

cascades to the other nuclei. Beyond that point the enhancement levels fall.
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Figure 2.4: SABRE enhancement levels for the indicated (see inset structure) *H NMR resonances of
free phenethylamine (1) after polarisation transfer at 273, 283, 298, 303, and 313 K.
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2.3.3 SABRE at variable magnetic field strengths

The sample undergoing SABRE will experience a background magnetic field during
the polarisation transfer step. The strength of this magnetic field controls the efficiency
of the SABRE as a consequence of the need to match the interacting nuclei’s chemical
shift difference with 2Ju, the hydride-hydride coupling, in the catalyst. At 65 G, this
difference becomes minimal.®® Therefore, this field is used throughout this thesis.
However, as each substrate might be different, it was decided to explore the effect of

range of fields around 65 G in order to define which field led to optimal transfer.

The effect of this PTF is usually explored using a flow system as it is more
reproducible than the shake and drop method. However, the solvent in these studies is
dichloromethane-d> which has a low boiling point of 313 K. Thus, the solvent will
evaporate when exposed to para-H: in the flow system. Hence for these measurements
a 5-fold excess sample of 1 relative 2 was prepared and the sample shaken in fields of
value 50, 60, 70, 80, and 90 G and the result quantified at 9.4 T. These data are shown
in Figure 2.5. The SABRE enhancement seen at 60-70 G proved to be the highest,

which is consistent with literature.5* 110-111
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Figure 2.5: 'H NMR SABRE enhancement levels for 1 (resonances indicated) at 50, 60, 70, 80, and 90
G.
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In summary, it can be concluded that the SABRE polarisation of 1 is feasible and that
is optimal when completed using catalyst 3 in a PFT of 65 G when the ratio of 1:3 is
2:1. Under these conditions the enhancement of *H was 110-fold for NH2, 45-fold for
NHCH>, 40-fold for CHCH, and 85-fold for the phenyl ring.

2.4 Developing SABRE for Ethanolamine

After a successful polarisation of 1, ethanolamine was next to be examined. This was
completed in order to expand the range of amines that can be polarised with SABRE.
Ethanolamine was dissolved in dichloromethane-d; to record *H and *3C NMR spectra
at 400 MHz. The resulting *H NMR spectrum contains signals at 5 1.98 (br, 3H), 2.84
(t, 6.82 Hz, 2H), 3. 58 and (t, 7 Hz, 2H) for this material. Table 2.5 outlines these NMR

data and the assignments for ethanolamine.
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Table 2.5: NMR characterisation data for ethanolamine in dichloromethane-d at 298 K with labelling
according to the inset structure.

4 /\2/NH2
HO

3 1
Resonance number H (ppm) 13C (ppm)
1 1.98 (3H, averaged -
chemical shift)*
2 2.84 (t, J =6.82 Hz, 2H) 63.74
3 3.58 (t, J = 6.82 Hz, 2H) 43.82

*1 overlap with 4

2.4.1 T relaxation time of ethanolamine

When ethanolamine alone was examined in dichloromethane-d. solution at 400 MHz
the T1 values of Figure 2.6 were determined. Subsequently, a sample was prepared
which contained ethanolamine and 4 under Hz in dichloromethane-d, and the Ty values
were re-measured. These are also shown in Figure 2.6. It is clear that the catalyst acts
to reduce the T1 values again as expected. The T1 for the two methyl groups were
similarly reduced by ~88%. However, both of these resonances are far more affected
than those of phenylethylamine which fell by ca 67%. This could be indicative of faster
ligand exchange.

Figure 2.6: T; values for the *H NMR signals of free ethanolamine (green labelled), and ethanolamine
in the presence of H, (orange labelled), at 9.4 T. The concentrations used were 2.35 mM of
ethanolamine and 2 mM loading of IMes (2).
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2.4.2 Reaction of ethanolamine with Ir(CI)(COD)(IMes) (2)

In order to examine ethanolamine under SABRE a 5 mM NMR sample containing
ethanolamine was prepared (Figure 2.1b) with a 5 fold excess relative to (2) (5mM) in

0.6 ml of dichloromethane-d>. The sample was reacted with H> and the expected
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complex [Ir(H)z(ethanolamine)s(IMes)]CI (4) formed. The *H and *C NMR chemical

shifts for this product in dichloromethane-d; are presented in Table 2.6.

Table 2.6: NMR characterisation data for [Ir(H).(ethanolamine)s(IMes)]CI (4) in dichloromethane-ds
at 253 K alongside the labelled structure.

f m e
7

H \'Z\'2 /\/OH
HQ'\“ N3 OH
H, 14
HoN 15
216
17
OH
18
Resonance number 'H (ppm) 13C (ppm) BN (ppm) \
1 - 152.76 -
2 - - 191.7
3 6.80 (2H) 121.75 -
4 - 137.6 -
5 - 135.81 -
6 7.04 (4H) 129.19 -
7 - 138.73 -
8 2.15 (12H) 18.2 -
9 2.33 (6H) 20.8 -
10 -23.91 -
11 3.36 (2H), 2.18 (2H) - -16.8
12 2.34 (2H), 1.68 (2H) 50.82 -
13 3.27 (2H), 3.16 (2H) 63.83 -
14 * - -
15 3.51 (2H) - -23.5
16 2.74 (2H) 54.43 -
17 3.42 (2H) 62.98 -
18 * -

e Not attributed due to exchange with residual water

4 yields a hydride signal at 6 -23.91. Three other resonances were also noticeable at &
3.51, 3.36, and 1.68 for the bound NH> of ethanolamine. There are two further signals
for the carbene ligand at 6 7.04 and 6.80 that are visible in the aromatic region. The
signals for COD ligand of 2 at 6 4.07 and 3.04 have disappeared in accordance with

this reaction. These data are therefore indicative of the formation of 4. It is apparent
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from these data that the resonance for the imidazole ring proton moves substantially
from 6 7.01 to 6.82 on going from 2 to 4. Subsequently this sample was examined with
para-H: and the resulting SABRE 'H NMR enhancement levels are shown in Figure
2.7. The resonances are broad because the OH and NH of ethanolamine are in dynamic

exchange.

Figure 2.7: *H NMR spectra showing the effect of SABRE on the 'H NMR response of phenethylamine,
signal scan control (top) spectrum, single scan SABRE NMR (bottom) spectrum. The SABRE
precatalyst was Ir(CI)(COD)(IMes) (5mM), the ligand was present in a 5 fold excess, para-H, was
present at 3 bar and polarisation transfer undertaken at 60 G. The affected resonances are indicated in
the structure.
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2.5 SABRE Optimisation of Ethanolamine

2.5.1 Effect of ethanolamine concentration on the *H NMR based polarisation level
when the concentration of precatalyst 2 is kept constant

To investigate the effect of ethanolamine concentration on the degree of polarisation
transfer, two 5 mm NMR samples containing ethanolamine in a 5 and 10 fold excess

relative to IMes (5mM) were prepared in 0.6 ml of dichloromethane-d,. Table 2.7
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highlights the resulting SABRE signal enhancements levels achieved after polarisation

transfer from a 60 G seconds of exposure to para-Ho.

Table 2.7: *H NMR SABRE enhancement levels for ethanolamine obtained from 5 mM IMes samples
with 10- and 20-fold excess of ethanolamine, three measurements were taken.

5 mM IMes
Resonance he 'H NMR signal enhancement level
able 2.6 5:1 loading 10:1 loading
1 126.2+4.1 86.5+4.9
2 27.1+20 25319
3 476+53 47.1+35

It is clear that when comparing the thermally polarised *H NMR signals observed from
these measurements, that the enhancement levels are larger for the NH site 1 than the
adjacent CH site 2. The site next to the OH, site 3 provides a larger signal than that for
the CH next to the NH group. From an HN perspective, the lower loading gives rise
to a very significant NH signal gain. This is reflective of the excess of para-H> which
as a limiting reagent is shared with few protons at the lower loading and therefore
results in a larger signal gain. However, the fact the site 2 and 3 signals then have
similar enhancements suggest that the NH signal gain does not transfer efficiently to
them. This would be consistent with a shorter T1 which would act to offset the expected
gain and reduce the size of these signals. The fact that the signals for site 3 are larger
than those for site 2 is however surprising giving these sites similar T1 values (Figure
2.6). It would therefore seem sensible to suggest that SABRE-Relay acts to enhance
the intensity of resonance for site 3 alongside SABRE via the NH site. This effect will
reduce with increase in the concentration of the OH protons as their presence will
promote faster proton exchange which is detrimental to later SABRE-Relay.

2.5.2 SABRE under low and high temperature experiments

An NMR sample of ethanolamine with a 5-fold excess relative to 2 was prepared to
examine the effect of temperature on the signal enhancement level. SABRE was
performed at room temperature (298 K) and after cooling the sample to the following

temperatures: 288 K, and 278 K (Figure 2.8). This showed a decline in enhancement
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levels at lower temperatures. After that, the sample was tested at 298 K and 308 K.
The highest enhancement levels were seen in the experiments at 308 K. This is

consistent with an increase in the rate of ethanolamine exchange.

Figure 2.8: *H NMR signal enhancement levels for the indicated resonances of ethanolamine under
SABRE at 278, 288, 298, and 308 K respectively.
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2.5.3 SABRE at variable magnetic field strengths

Another sample of ethanolamine containing a 5 fold excess relative to 2 mg of 2 in 0.6
ml dichloromethane-d> was prepared. This sample was used to explore the effect of
magnetic field strength on the transfer polarisation level. The sample was shaken at
the field strengths: 40, 50, 60, 70, 80, and 90 G as the results are shown in Figure 2.9.
These values were achieved by using the stray field of magnet used to make the NMR

measurements. The best SABRE enhancement was achieved using a 60-70 G field.
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Figure 2.9: 'H NMR enhancement levels for the indicated resonances of ethanolamine using SABRE
at: 40, 50, 60, 70, 80, and 90 G.
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2.6 Developing SABRE for benzylamine and ammonia

After testing the efficiency of the SABRE polarisation of phenethylamine and
ethanolamine, the molecules ammonia (NHs) and benzylamine were examined. Thus,
a SABRE sample containing 2 and a 6-fold excess of NHz was prepared. This reacts
to form the SABRE complex [Ir(H)2(IMes)(2-NH3)3]Cl (5). The resulting *H NMR
spectrum showed a hydride resonance at 6 —23.61, with a broad resonance for free
NHsat & 0.49. The signal for bound NHz ligand equatorial to hydride appears at 6 2.21
while the axial ligand appears at § 2.84, and their corresponding °N signals were
located by *H-"N HMQC measurements to be at & —34.9 and —46.5 respectively. The
full characterisation data of 5 is illustrated in Table 2.8. After that, 3 bar pressure of
para-H> was added and shook the sample for 10 s at 65 G and 298 K before dropping
it into 9.4 T NMR for measurement. The *H NMR spectrum showed a 154-fold
enhanced signal for free NH3 when compared to its thermally polarised signal, while
the equatorial NHz ligand was enhanced by 77-fold (Figure 2.10). Therefore, these
results confirm that 2-NHs underwent SABRE catalysis. When water was present in
the sample, the enhancement of free NHs was reduced by 40-fold. This reduction is

reflected by the enhanced water peak at & 1.86 showing 75-fold signal enhancement.
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The ratio of 2- NH3 : NH3 : H2O for this sample was 1 : 17.5 : 5. When the T relaxation

time for free NHs was measured by inversion recovery, it was found to be 5.5 s.

Figure 2.10: (a) Thermally polarised *H NMR spectra of (5) scaled by x32 (b) Hyperpolarised *H
NMR spectra of 4 (single scan) showing polarised free and bound NH3, and residual water signal
indicated.

a)

b) Thermal x30
SABRE

H=0

NH:

NHs(equatorial)
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Table 2.8: NMR characterisation data of [Ir(H)2(IMes)(BnNH2)3]Cl (5) in dichloromethane-d; at 298
K with resonances attributed according to the labelling of the inset structure.

8

3 Cl
=\ 5
2 6
N N4
) 7
9

10 g ,, \\\\\\\\\\N Hs
e

r
H” | “NH,
b 1
H3N
Resonance number H (ppm) 3C (ppm) N (ppm)
1 153.8
2 190.83
3 6.80 121.5
4 138.11
5 135.25
6 7.00 129.00
7 138.64
8 2.10 18.30
9 2.35 20.78
10 -23.61
11 2.21 (br, s)
*Jun = 67 Hz 349
12 2.84 (br, s)
*Inn = 69 Hz 465

*15N coupling determined via 2D NMR spectrum on unlabelled sample

To examine benzylamine (BnNH), it was first characterised by recording *H and **C
NMR spectra in dichloromethane-d> solution at 400 MHz (Table 2.9). After that, a
sample with 5 mM of 2 and a 10-fold excess of BnNH: relative to 2 was prepared
which was dissolved in 0.6 ml solution of dichloromethane-d,, and exposed to a 3-bar
pressure of Hz. When this was examined by NMR spectroscopy, the tH NMR spectrum
contained several changes relative to that before H> addition. The most significant of
these changes was the formation of a hydride resonance at 6 —23.95 similar to those
of 3 and 4 above. Moreover, the signals for the COD ligand of 2 at 5 4.07 and 3.04
had disappeared. The NH; protons signals of the bound BnNH: ligand trans to hydride
were split into two inequivalent resonances at 6 5.00 and 2.30. Two signals at 6 3.65
and 3.30 were seen for the NCH. protons. Conversely, the axial ligand which is trans
to the NHC gives rise to single equivalent resonances at 6 4.25 for the corresponding
NH: protons and at & 3.85 for the NCH> protons. Comprehensively, these results are
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indicative of the formation of [Ir(H)2(IMes)(2-BnNH2)3]Cl (6). Full characterisation
data for this complex is presented in Table 2.10. The rate constant for BnNH> ligand
loss from 2-BnNH:2 was determined by Rayner through EXSY methods and found to
be 3.33 s while the corresponding rate for H, loss was 2.83 s™1, both at 298 K. In
contrast, the rate of dissociation of NHs in 2-NHs is 0.32 s, which is ~10 times lower
than that of BnNH>.1¢

Table 2.9: NMR characterisation data for benzylamine in dichloromethane-d, at 298 K.

2
& 1
3 SNH,
6 4
5
Resonance number H (ppm) C (ppm)
1 1.51 (br, 2H)
2 3.84 (s, 2H) 4637
3 143.36
4 7.28 (m, 2H) 126.92
5 7.31 (m, 2H)* 128.34
6 7.32 (m, 1H)* 128.91
*Qverlap
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Table 2.10: NMR characterisation data for [Ir(H)2(IMes)(BnNH.)3]Cl (6) in dichloromethane-d; at
298 K with the labels according to the inset structure.

Resonance number 'H (ppm) 13C (ppm) N (ppm)
1 153.8
2 192.83
3 6.80 121.73
4 138.11
5 135.25
6 6.90 129.29
7 138.64
8 2.17 18.30
9 2.21 20.78
10 -23.95
11 5.00 (br, dt, Jun =5 and 11 Hz, 2H)
*J15NH =68 Hz 6.4
2.30 (br, t, Jun = 11 Hz, 2H) '
*J15NH =68 Hz
12 3.65 (dt, Jun = 5 and 15 Hz, 2 H),
3.30 (ddd, Jun =3, 12 and 15 Hz, 53.14
2H)
13 141.8
14 7.35 (d, Jun = 5 Hz) 128.33
15 7.25 (t, Jun = 5 Hz) 126.88
16 ~7.28 - overlap -
17 4.25 (t, Jun = 7 Hz, 2H) -13.4
* J15NH =69 Hz
18 3.85 (t, Jun = 7 Hz, 2H) 57.26
19 -
20 7.30 128.35
21 ~7.28 - overlap -
22 ~7.28 - overlap -

*15N coupling determined via 2D NMR spectrum on unlabelled sample

In order to hyperpolarise this sample, para-H. was added, and a series of shake and

drop measurements performed at 65 G which resulted in the detection of NMR signals

that were enhanced by 72, 56, 194-fold per proton for the NHz, CH., and Ph groups

respectively as demonstrated in Figure 2.11a. In contrast, when BnNH2.d7 was used

instead of BnNH_, the polarisation was focused on just the NH protons which led to
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their signals showing a significant signal enhancement increase, by 367 %, when

compared to the undeuterated sample (Figure 2.11b).

Figure 2.11: (a) *H NMR spectra of BnNH,, hyperpolarised (bottom) and thermal polarised (top) (b)
'H NMR spectra of BnNH..d; hyperpolarised (bottom) and thermal polarised (top).1%

Thermal x 16
| ‘ Thermal x 16 ‘

L

SABRE

To examine the effect of T1on the polarisation level, the values for BnNH2and BnNH>-
d7 with and without the active complex were measured. For BnNH, the value of T1 for
the NH2 protons was 1.1 s, and it was 4.7 s for the CH, protons at 9.4 T. The
corresponding value for the NH2 group of BnNH>-d7 was 1.1 s. in the presence of the
active complex. This means the effect of T1 is minimal and the higher NH. signal
enhancement seen for the NH: signal of BnNH>-d7 must be due to a decline in spin
dilution which can improve the efficiency of SABRE polarisation transfer. In the
absence of the catalyst, the T values of BnNH2 become 9.0 s for (NH) and 11.0 s for
(CHy2), while the Ty value of the NH2 group of BnNH2-d7 is now 10.1 s. The T
relaxation values of BnNHz2 and BnNH: are slower when measured without the active

complex, as expected.

The fact that the NH. protons T in the absence of a catalyst increases slightly with 2H
labelling of the residual protons in the amine is expected. However, it was surprising
to find that in the presence of the catalyst both sets of protons exhibit similar T1 values
of 1.1 s. Hence the reduction in Ty observed was over 90%, and consequently the
accuracy of the data precluded seeing what can be estimated as a 0.1 s difference.

Repeating these measurements with a much larger excess of amine would be expected
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to move the T: values towards those of the pure free amine and thereby make any

difference easier to visualise.

2.6.1 Effect on SABRE polarisation by substrate-catalyst ratio

As seen in previous results, the SABRE polarisation is dependent on substrate-catalyst
ratio. Thus, this effect was examined by using different ratios of BnNH2 which ranged
from 4 to 20-fold excess relative to 2 in a set of measurements under the same
conditions, of a 65 G polarisation transfer field and 298 K. The results showed similar
total enhancement levels for these samples. Therefore, these results show that the
obtained signal enhancements from these measurements are effectively independent
of the BnNH2 excess which suggests that the maximum polarisation level is restricted

by the catalysts fast relaxation time and slow ligand exchange.

2.6.2 Effect on SABRE polarisation by temperature

The temperature can affect SABRE polarisation transfer as a result of changes in
catalyst lifetime. It was found that cooling a sample containing 5 to 288 K resulted in
a reduced signal enhancement level compared to that performed at 298 K, as shown in
Figure 2.12. In contrast, warming the sample to 308 K increased the total signal
enhancement level by ~40%. The dissociation rate constant for BnNH> increased to
9.85 s tat 308 K. Thus, it was concluded that this improvement in signal gain is due
to the faster exchange rate of BnNH: ligands and a shorter lifetime of the catalyst. For
NHs, the observed signal enhancement became 251-fold at 308 K, while it was
enhanced by 154-fold at 298 K. This fits with the observed dissociation rate constant
increase for NH3 loss which rises from 1.64 s at 298 K to 10.42 s ! at 308 K. 108
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Figure 2.12: Temperature effect on SABRE polarisation of 2-BnNH; adapted from lali et al.1%®
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2.7 Summary

The amines tested in this chapter can form SABRE active complexes. Enhancement
by SABRE was achieved for all these amines through their active complexes. The H
signal enhancement of NH> response for ethanolamine was 126-fold, which is higher
than that of PEA (110-fold) and BnNH»(72-fold). For the CH> response of NCHa,
BnNH2 showed the highest enhancement with 56-fold, while it was 50 and 24-fold for
PEA and ethanolamine respectively. Using a ratio of 5-fold excess relative to 2 showed
the highest signal gain for most of these amines, and 65G is the optimum field for
polarisation transfer. For total enhancement per molecule, the highest *H signal was
for BnNH:-d7 (916-fold), while PEA, NHs, and ethanolamine were 280, 350, and 200-
fold respectively.

The T1relaxation time of (NH>) in the presence of the active complex was similar for
free PEA and ethanolamine (1.75 s), while it was 1.1 s for BnNH2. Whilst the T1 value
for the protons of free NHs were 5.5 s. Moreover, the T; value of the CH> group in

BnNH2 was longer than that of the analogous group in ethanolamine and PEA.
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2.8 Conclusion

Initially, the focus was on the hyperpolarisation of the amines: phenethylamine,
ethanolamine, benzylamine, and NHs. Then, focus was on the optimisation of the
enhancement levels. All tested amines formed suitable active complexes and were
hyperpolarised by SABRE technique, which gave NMR signal enhancement levels of
between 200-916 fold. The highest enhancement levels were acquired using a 5-mM
sample with a 5-fold excess of substrate relative to 2 catalyst. This result was obtained
at 298 K using a transfer field of 65 G. The associated proton resonances of
phenethylamine and benzylamine proved to have a longer signal lifetime than

ethanolamine due to the presence of the phenyl group.

Interestingly, in some experiments the solvent used was not completely dry and this
led to the polarisation of water through proton exchange with the hyperpolarised
amines. Therefore, this can allow hyperpolarisation of water and other molecules that
contain OH such as alcohols which cannot be directly polarised by SABRE since they

cannot bind to the iridium centre.
Therefore, the intention is to use these amines as polarisation transfer agents for

hyperpolarisation of plants' natural products (essential oils), which are basically plant

alcohols.
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Chapter 3: Hyperpolarisation of essential oils

In this chapter the focus is on examining the important plant derived oils geraniol,
nerol and citronellol. Geraniol is actually an acyclic monoterpenoid derived alcohol
that is commonly found in aromatic plants. It has a chemical formula of C19H180, and
therefore one heteroatom substituent and a molecular weight is 154.25 grams per mol.
It therefore counts as a small molecule whose NMR characterisation should be
straightforward.

Geraniol was originally extracted from palmarosa oil, but is now known to be the main
constitute of the oils rose oil, citronella oil, and palmarosa oil. Geraniol is a liquid, and
has a rose-like odour. It is widely used in the industry of perfumes and food flavouring.
Additionally, geraniol has an anti-microbial and antioxidant effects, and can also be
used as natural repellent against insect. 12 Nerol is also monoterpenoid and found in
many aromatic plants, but it was originally obtained from neroli oil. Nerol has the
same empirical formula and molecular weight as geraniol, but differs according to the
geometric arrangement of the double bond. It can be found in the oils of lemon grass
and hops, and is often accompanied by geraniol. It too is a colourless liquid with a
similar fresh rose-like scent that is used in the industry of perfumes and food

flavouring.11#113

Citronellol is another important acyclic monoterpenoid. It is again one of the main
components of many plant oils such as basil, citrus, citronella, cymbopogon
(lemongrass) and roses. It gives the plant an aromatic fragrance and is widely used in
the cosmetics industry. It also has an anti-bacterial effect and can work as a deterrent

against some insects. 11411

The aim of the first part of this chapter is to utilise SABRE-RELAY for the
examination of these three natural oils. The aim is to obtain an optimal NMR signal
gain in order to demonstrate that they can be characterised by NMR spectroscopy at
low loadings. This reflects an analytical development that will improve the utility of
NMR spectroscopy for the examination of alcohols more generally. The effects of
SABRE-RELAY as a function of the structure of these oils are also sought to be

probed. One key question is whether the hyperpolarisation will transfer across the
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whole molecule? This will involve assessing how a secondary carbon centre impacts
on progress across the molecule. Furthermore, the presence of an alkene function will
be examined to see if it can be beneficial to the process. These results will be linked
to the relaxation times of the detected protons. The research will also examine if the
outcome is influenced by the identity of the amine. Addition testing to see if SABRE-
RELAY can be improved by using a ?H-labelled carrier, or whether it is possible to

detect the 3C signals of these materials is detailed.

3.1 Results and Discussion

3.1.1 NMR Characterisation of Citronellol through SABRE-RELAY

In order to start this process, citronellol first needs characterising by NMR. To achieve
this, citronellol was dissolved in dichloromethane-d,. The solvent dichloromethane-d;
was selected because it is aprotic and therefore will not contribute to hydrogen transfer
between the NH and OH of the target substrate. Furthermore, it is of low viscosity and
exhibits lower toxicity than the alternative chloroform. The resulting *H NMR
spectrum contains signals at 6 0.94 (CHs-Hi), 1.22 (CH2-H2), 1.39 (CH2-H4), 1.59
(CH-H3), 1.65 (CH3-Hs), 1.72 (CHs-Heg), 2.03 (CH2-H7), 2.14 (OH-Hs), 3.65 (CH>-
Ho), and 5.14 (CH-Hao) as listed and attributed in Table 3.1. The resonance at 6 3.65
is due to the CH2-Hg group that is adjacent to the OH and its appearance should reflect
a key marker for the success of SABRE-RELAY. Since SABRE-RELAY depends on
an amine for the transfer of polarisation, this process was initially examined with the
sensitizers that were hyperpolarised in Chapter 2: ethanolamine, phenylethylamine
and ammonia. These measurements are now summarised alongside the necessary

characterisation data.
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Table 3.1: NMR characterisation data for citronellol in dichloromethane-d. at 298 K.

6

Resonance number 'H (ppm) 13C (ppm)

1 0.94 (d 6.6 Hz, 3H) 19.2 (g, 123 Hz)

2 1.22 (m, 1H), 1.38 (m, 37.2 (t, 126 Hz)
1H)

3 1.59 (m, 1H) 29.2 (d, 125 Hz)

4 1.39 (m, 1H), 1.64 (m, 39.9 (t, 124 Hz)
1H)

5 1.65 (s, 3H) 17.3(q, 119 Hz)

6 1.72 (s, 3H) 25.4 (, 123 Hz)

7 2.03 (m, 1H), 1.67 (m, 25.4 (t, 126 Hz)
1H)

8 2.14 (1H) -

9 3.65 (m, 2H) 60.9 (t, 139 Hz)

10 5.14 (m, 1H) 124.6 (d, 149 Hz)

11 - 131.1 (5)

3.1.2 SABRE-RELAY of Citronellol with the sensitizer Phenethylamine

An NMR sample for SABRE was prepared a using a 5-fold excess of phenethylamine
relative to iridium that contained 2 mg (5 mM) of Ir(IMes)(COD)CI (2) as the
precatalyst in a 0.6 ml solution of dichloromethane-d.. 3 bars of normal hydrogen gas
were then added to the sample, and it was left to activate overnight. The sample was
then checked by recording *H NMR spectra at 9.4 T. These NMR spectra showed a
hydride signal at 6 -23.95, alongside resonances ¢ 4.42, 3.68 and 2.78 signals for
bound phenethylamine (1). These observations indicate the successful formation 3.
At this stage, 3 pl (27 mM) of citronellol was added, reflecting a 5-fold excess based
on iridium and a series of shake and drop experiments undertaken. The resulting

hyperpolarised *H NMR spectra showed signal enhancements for all of the proton
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responses of citronellol (Figure 3.1b) that were previously listed in Table 3.1, with the
total signal enhancement for the 19 protons of the carbon scaffold being just 244-fold,
which is reflective of an average signal gain of 13 per proton. As expected, the highest
signal gain, of 43 per proton, was seen for the 6 3.65 (CH2-Ho) resonance, which
reflects the closest protons to the OH group. The enhancement level for the alkenic
proton (CH-Hio) response was only 6-fold. It would therefore appear that
phenethylamine is a disappointing co-catalyst for the hyperpolarisation of citronellol;
improvements with deuterated phenethylamine will be discussed in section 3.1.5.

3.1.3 SABRE-RELAY of citronellol with the sensitizer ethanolamine

In order to test whether the hyperpolarisation level seen with phenethylamine could
be improved the amine was varied, first examining ethanolamine. The ratio of amine
to catalyst (2) was retained at 5:1 as in the previous experiment. The sample was again
left overnight under a hydrogen atmosphere to activate it; this led to the formation of
(4). 3 ul of citronellol (27 mM) was then added and a series of shake and drop
measurements performed. These measurements showed enhancement of the
citronellol *H NMR responses as expected. However, it was now difficult to precisely
estimate the level of enhancement for citronellol due to overlap with ethanolamine
signals in the region & 1.20 to & 2.30. Consequently, ethanolamine may not be suitable
for this purpose. Nonetheless, the CH.O (CHz-Hg) response now proved to be
enhanced by 87-fold, which was twice the size of that achieved with phenethylamine.
However, the enhancement level for the (CH-H10) response was only 7-fold which was
similar to that obtained with phenethylamine.

3.1.4 SABRE-RELAY with the sensitizer ammonia

Another potential agent for transferring hyperpolarization is NHs. A SABRE-RELAY
sample was therefore prepared using ammonia in 0.6 ml of dichloromethane-d; with
2 mg of (2). The sample was degassed and ammonia added using a high vacuum line.
After adding 3 bars of hydrogen and leaving the sample overnight, it became activated.
Then the sample was checked by recording a *H NMR spectrum. This showed a
hydride resonance at 6 -23.61 with other resonances at 6 2.21 and 2.84 for the bound

NH3 ligand and a broad resonance at 6 0.47 for the free NHs. Based on the integrals
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of these signals, it can be concluded that the initial excess of NH3 relative to iridium

was 8-fold. This led to the successful formation of 5.

After that, 5 equivalents of citronellol relative to (5) were added. Measurements were
then undertaken, which showed significant enhancement levels for all of the *H NMR
responses of citronellol (Figure 3.1a). The enhancement levels obtained with ammonia
were significantly higher than those obtained with PEA and ethanolamine. This is
reflected in the fact that the total signal gain was now 2935-fold rather than the 244-
fold of phenethylamine which reflects a 1103% improvement. Additionally, the CH20
(CH2-Ho) resonance showed a 300-fold per proton gain rather than the 43-fold seen
with phenethylamine. Thus, this resonance has improved by 598%. The resonance
(CH-Hyp) was enhanced by 65-fold which is 983% larger than that with

phenethylamine, which is comparable to the overall gain.

Figure 3.1: a) *H NMR spectra to illustrate the enhancement of citronellol's *H responses achieved with
SABRE-RELAY using NHs as the carrier. Thermally polarised NMR spectrum (upper) alongside single
scan SABRE-RELAY response (lower). The inset structure can be used to link these resonances to their
origin in Citronellol. b) The enhancement of citronellol's *H responses achieved using SABRE-RELAY
with 1 as the carrier is demonstrated through *H NMR spectra. The upper spectrum represents the
thermally polarized NMR response, while the lower spectrum shows the result of a single scan using
SABRE-RELAY. The inset structure at (a) provides a means to correlate these resonances with their
corresponding positions in citronellol.
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b) Single thermal scan x 6
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3.1.5 SABRE-RELAY with deuterated phenethylamine (PEA-da4)

SABRE-RELAY was performed with normal PEA which showed a relatively weak
enhancement level compared to those achieved with ammonia. Consequently, another
series of measurements were performed using PEA-ds (the aliphatic protons are
deuterated) to see whether the presence of the 2H label could improve on the observed
enhancement levels. Thus, a sample was prepared with PEA-ds using the same
concentrations of reagents as utilised in Section 3.1.1. A series of shake and drop
measurements were then performed. The results showed that higher levels of signal
enhancement were achieved for the citronellol response. Now the total signal
enhancement level was 771-fold, which is three times larger than that with normal
PEA and the resulting average per proton gain increases to 40-fold. Moreover, the
resonances seen for CH-H1 to CH»2-Hg increased in size by between three and four

times the values found with proteo PEA.

It should be noted from these data that the signal gains are no longer proportional to
the number of protons within the group. This is a consequence of the fact that
polarisation transfer radiates out across the molecule in a nonlinear fashion, whilst

being further attenuated by relaxation. The enhancement levels are reproducible so
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calibration is possible, alongside quantification. In this context, however, the main

focus was to magnify the response to the highest level.

3.1.6 SABRE-RELAY with deuterated benzylamine-d-

A commercial source of deuterated benzylamine-dz, where the NH. group retains a *H
label is also available. A sample containing a 5-fold excess of this amine and a 5 excess
of the substrate relative to iridium was prepared. The total enhancement level attained
through the shake and drop experiment was now 492, which was lower than that

achieved with PEA-ds. Hence, again NHzs reflects the better agent.

Figure 3.2 reflects a chart that shows the difference in signal enhancement levels per
proton for the best three agents used across the resonances of citronellol. Interestingly,
the signals for (CHs-Hs) and (CHs-He) are relatively stronger with PEA-ds and
benzylamine-d7 even though they are located furthest from the OH. This may again be

a result of relaxation changes and will be assessed in due course.

Figure 3.2: Comparison of citronellol signal enhancements per proton for the three SABRE-RELAY
carriers PEA-ds, Benzlammine-dz, and NH3 samples.

Enhancement levels of Citronellol for differen relay

agents
[%2]
= 500
o
= 400
[«b]
& 300
e
< 200
=
i 100 I L
0 L H= - . I .- - - i
1 2 3 4 5 6 7 8 9 10
B PEA-ds 102 39 66 104 137 142 50 16 82 33
M Benzylamine-d; | 50 21 62 67 88 75 40 7 59 23
NH3 355 137 231 453 433 362 245 165 435 119

IH resonance number

72



3.1.7 Effect of the concentration of transfer agent and substrate on the enhancement
level of SABRE-RELAY

3.1.7.1 SABRE Relay with different concentrations of ammonia

Since the level of signal enhancement should be related to concentration, the effect of
using different concentrations of these species was studied to find the optimum
concentration where the enhancement level is maximised. First, a SABRE-RELAY
sample was prepared using the same method as in the previous experiment. The
amount of ammonia used at the start now reflected a 12 excess relative to 5. The shake
and drop technique was performed and !H NMR spectra were recorded. These
measurements were then repeated after reducing the ammonia level to 8 and 4 fold
excesses respectively by bubbling nitrogen gas through the sample. The amount of

citronellol was retained at a 5-fold excess relative to 5 throughout.

The total signal enhancement level found for the sample when ammonia was in a 12
excess was 1141-fold. After reducing that excess to 8 fold the signal gain increased to
2587-fold. Further reduction of ammonia to a 4-fold excess improved the enhancement
level to 2935 fold. These values are all obtained by comparison with the corresponding
thermally polarised NMR spectrum. Figure 3.3 highlights the corresponding changes

in enhancement level per proton observed in these three samples.
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Figure 3.3: 'H NMR signal enhancement level for the indicated Citronellol protons (per proton)
achieved with the excesses of NHzrelative to 5 being 12, 8 and 4 fold as indicated.
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These measurements confirm that the CH20 group (CH2-Hy) always yields a strong
signal gain. The CH: group next to this is (CH2-Ha) yields a response almost as strong
as that of (CH2-Ho). The next group is the (CH-H3) for which the responses of all three
samples are much closer in relative size, albeit smaller than those of (CH2-Hs) and
(CH2-Ho) across the series. It is particularly noteworthy that the resonances for (CHs-
Hs) and (CHz-He) which correspond to the remote Me groups are strong. The CH and
CH: groups (CH2-H>) and (CH-H1o) are weak.

These data confirm that hyperpolarisation transfer across the whole spin system is
possible. Given the intensity variations they also suggest that another effect is
important in controlling their relative sizes. This is likely to be relaxation and will be
discussed later.

3.1.7.2 SABRE-RELAY with different loadings of citronellol

In order to examine the effect of different substrate excess levels relative to catalyst
on the level of signal enhancement, 5 samples were prepared from a stock solution
that contained 3 ml of dichloromethane-d> and 10 mg of (2) and a 10-fold excess of
NHs. This solution was degassed and put under 3 bar hydrogen pressure until

activated. Then, it was divided into 5 samples so each contained 0.6 ml
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dichloromethane-dz, 2 mg of (1), and a fold 10 excess of NHz. After that, different
excesses of citronellol were added to each sample, these were 1.5, 2.5, 5, 10 and 15
excesses in a glovebox. Then, para-H>was added and the samples were shaken for 10
seconds prior to recording hyperpolarised *H NMR spectra. The highest enhancement
level was obtained with the 1.5-fold excess of citronellol, which was the smallest
excess used in this experiment. Then, the enhancement level became smaller with

every addition of citronellol used (Figure 3.4).

Figure 3.4: 'H NMR signal enhancements seen for citronellol with 1.5, 2.5, 5, 10 and 15 equivalents
relative to (2).
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These data are self-consistent. It is also interesting to note that Figure 3.4 reveals
essentially linear behaviour. This would be consistent with a chemical process
involving an inverse first order dependence on the corresponding reagent that is being
changed. Hence the signal enhancement level can be thought to be inversely

proportional to the excess of citronellol relative to ammonia.

Additionally, this indicates that a smaller sub stoichiometric excess of citronellol
relative to the amine can improve the enhancement level, which could allow easier
detection of citronellol *H resonances and similar plant alcohols even if they are
present in a very small quantity. However, by using a small amount of the substrate,

such as 1.5 excess (~1pl), the ability to detect **C resonances is reduced (see later).
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3.1.8 NMR Characterisation of nerol through SABRE-RELAY

Having established that citronellol can be polarised well by SABRE-RELAY, the
examination of the plant alcohol nerol was then undertaken. First, characterisation of
this substrate is needed. Upon dissolving nerol in dichloromethane-d; the resulting *H
NMR spectrum contained signals at 6 1.65 (CHs-Hi), 1.78 (CHs-Hz), 5.16 (CH-Hs3),
2.18 (CH2-Ha), 1.72 (CHs-Hs), 5.45 (CH-Hg), 4.11 (CH2-Ho) and 1.57 (OH-Hio) as
detailed in Table 3.2. To examine the hyperpolarisation of this substrate, the new
SABRE-RELAY technique was used again.

Table 3.2: NMR characterisation data for nerol in dichloromethane-d; at 298 K.

Resonance number 'H (ppm) 13C (ppm)
1 1.65 (s, 3H) 17.39
2 1.78 (s, 3H) 23.06

- 132.19
3 5.16 (m, 1H) 123.94
4 2.18 (d, 2H) 26.54
5 2.18 (d, 2H) 31.91
6 1.72 (s, 3H) 25.44
7 - 139.55
8 5.45 (t, 1H) 12454
9 4.11 (d, 2H) 58.84
10 1.57 (br, 1H) -

The initial measurements were performed using phenylethylamine in the first instance.
Thus, a sample containing complex 3 was prepared as in 3.1.1.1. After that, a 5-fold
excess of nerol relative to 2 (5 mM) was added. para-H> was then added and a series
of SABRE measurements performed. The corresponding *H NMR signal
enhancements were recorded. The resulting NMR spectra showed that nerol *H

resonances can successfully be polarised by the SABRE-RELAY technique. The total
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signal enhancement of nerol *H by PEA was 173-fold, which is again weak, and so
phenylethylamine is a disappointing co-catalyst for hyperpolarisation of nerol as well.
To improve on the previous measurement, PEA was replaced with PEA-d,. 08 116
Then, shake and drop measurements were performed after adding para-H, and
recorded appropriate NMR spectra. The total signal enhancement of nerol was now
643-fold compared to 173-fold with normal PEA, which is an improvement by 272 %.
Additionally, the CH.O (CH2-Hy) resonance signal gain has improved from 48-fold to
145-fold per proton which is an improvement by 202 %.

3.1.9 SABRE-RELAY with ammonia

Another SABRE-RELAY sample was prepared using ammonia. The sample was
prepared in 0.6 ml of dichloromethane-d> and 2 mg of IrIMes. After degassing the
sample by the high vacuum line, ammonia was added. Then, normal hydrogen was
added, and the sample was left overnight to activate, which led to the formation of (4).

3 pl of nerol was then added. Then para-H» was added to the sample.

Measurements were then undertaken, which showed high signal enhancements for
nerol *H NMR responses as illustrated in Figure 3.5, and Table 3.3. The signal
enhancement levels obtained with ammonia were significantly higher than that
obtained with PEA. This is reflected in the fact that the total signal gain was now 2544-
fold rather than the 173-fold of phenethylamine which reflects a 1371 % improvement.
Additionally, the CH20 resonance showed a 856-fold gain rather than the 48-fold seen
with phenethylamine, which is higher by 1683 %.
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Table 3.3: 'H NMR enhancement levels for nerol using ammonia after a delay time of 3.5 s and the
corresponding values after correction for T; without this delay.

Resonance | Number of Enhancement Enhancement
number protons in the (fold) for the T1 corrected
group H signals per
proton

1 3 160 222
2 3 366 667
3 1 56 111
4 2 550 611
5 2 overlap -
6 3 195 257
7 0 - -
8 1 361 838
9 2 856 1373
10 - - -

Total signal gain 2544 4079

Figure 3.5: Typical *H NMR spectra of Nerol under SABRE-RELAY.
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3.1.10 SABRE-RELAY of nerol with deuterated benzylamine-d-
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The effect of using benzylamine-d> as the polarisation carrier was also examined. This
sample contained a 5-fold excess of the amine and a 5 excess of the substrate relative
to the IrIMes catalyst. The total enhancement level produced in nerol was now 982-
fold. Although this enhancement was higher than that obtained with PEA-ds under
similar conditions (643-fold) it was lower than that obtained with ammonia (2544-
fold).

Hence, it can be seen that for citronellol excluding NH3, PEA-d4 is the optimum carrier
while for nerol it is benzylamine-d;. This difference in behaviour suggests that the
amines pka must play a complex role in optimisation of the polarisation transfer
process alongside the steric bulk of the substrate. Interestingly in all cases so far, NH3

has proved optimal.

3.1.11 NMR Characterisation of Geraniol through SABRE-RELAY

Although geraniol has the same chemical formula and molecular weight as nerol, it
exists in a different geometric form. Nerol was examined to see if this change in

structure had any effect on the enhancement level output by SABRE.

When geraniol is dissolved in dichloromethane-d the resulting *H NMR spectrum
contained signals at 6 1.65 (H1), 1.72 (H2), 5.15 (H3), 2.17 (Ha), 2.08 (Hs), 1.70 (Hs),
5.42 (Hs), 4.14 (Hy), and 1.57 (H1o) (Table 3.4). The amines used in this study were
benzylamine-d;, PEA-ds and ammonia, which were the best agents used with

citronellol and nerol.
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Table 3.4 : NMR characterisation data for geraniol in dichloromethane-d, at 298 K.

Resonance number 'H (ppm) 13C (ppm)
1 1.65 (s, 3H) 25.4
2 1.72 (s, 3H) 175

- 131.6
3 5.15 (m, 1H) 124.0
4 2.17 (d, 2H) 26.5
5 2.08 (d, 2H) 39.5
6 1.70 (s, 3H) 16.0
7 - 139.3
8 5.42 (t, 1H) 123.7
9 4.14 (d, 2H) 59.3
10 1.57 (br, 1H) -
11 -

3.1.12 SABRE-RELAY with deuterated benzylamine-d

A SABRE sample was prepared using a 5-fold excess of benzylamine-d- relative to 2
mg of 2 and 0.6 ml of dichloromethane-d>. The sample was then exposed to a 3 bar
pressure of normal hydrogen and left to activate overnight. After that, a 5-fold excess
of the substrate geraniol was added under nitrogen, and 3 bar of para-H». A series of
shake and drop measurements were then made at 9.4 T. These results showed that the

total *H NMR signal enhancement for the 17 protons of geraniol was 1011-fold.

3.1.13 SABRE-RELAY with deuterated phenethylamine (PEA-ds)

An analogous SABRE-RELAY sample was then prepared using the deuterated amine,
PEA-ds. The sample contained 5-fold excess of PEA-ds and geraniol relative to 2 mg
of pre-catalyst 2, and was activated under Hz overnight. The geraniol proton responses,
after adding para-Hz, showed a total *H NMR signal enhancement level of 820-fold

which is 19% worse than that achieved with benzylamine-d-.
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3.1.14 SABRE-RELAY with ammonia

2 mg of pre-catalyst 2, was then placed in a SABRE-RELAY sample that contained a
5-fold excess of geraniol, and a 5-fold excess of ammonia. The samples were activated
following the same method as the previous experiments. The total signal gain for the
'H resonances of geraniol now proved to be 2746-fold under analogous conditions.
This was the highest enhancement level achieved in comparison to other amines used

(Table 3.5) and confirms the benefit of using NHs is widespread.

Table 3.5: Comparison of the *H NMR signal enhancement levels achieved for the protons in geraniol
as a function of resonance according to the relay substrate NHs, PEA-ds and Benzylamine-d;.

resonance number 'H NMR signal enhancement (fold)
NH; Benzylamine-d; PEA-d4
1 296 213 84
2 1081 284 332
3 101 27 17
4 200 55
5 434 83 Overlap total
140
6 overlap with 2 overlap with 2 overlap with 2
7 - - -
8 189 107 78
9 446 242 169
total 2746 1011 820

While average enhancement delivers insightful information about a specific element.
Total enhancement provides a more comprehensive view by accounting for the
cumulative enhancement attained over the entire sample which ensures a full
appreciation of the hyperpolarisation level achieved by the entire molecule. Therefore,

it is a sensible and efficient metric in discussing these data.

3.2 13C NMR signal enhancements for Citronellol, Nerol and Geraniol

After enhancing the *H NMR resonances in citronellol, nerol and geraniol, their *C

NMR resonances were investigated to see if it was possible to detect them as
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hyperpolarised signals. The aim of this study was to demonstrate that these oils can be
fully characterised through SABRE-RELAY. However, the detection of a *C NMR
resonance is very challenging compared to *H since its natural abundance is just 1%.
Furthermore, the magnetogyric ratio is % of that of a proton and so overall, the *C
signals are 6,400 times harder to detect than those of 'H. For the detection and
measurement of *C NMR resonances with SABRE-RELAY and the optimised

conditions for hyperpolarising *H nuclei in the previous measurements were utilised.

First, citronellol was tested for the detection of its **C resonances, the results of which
are listed in Table 3.1. The enhanced 3C NMR responses are illustrated pictorially in
Figures 3.6 and 3.7. These NMR spectra show strong signal enhancements for the
OCH2 group (185-fold) and the CH> next to this (175-fold), but the CH next to that is
actually the strongest signal (230-fold). The enhancements seen for the *C resonances
associated with sites 2 and 7 are much less (73, 54 fold respectively). Interestingly,
the 13C response for the next site (number 10, the alkenic CH group) also showed a
strong enhancement of 230 -fold, making the signal similar in size to that of the OCH>
group. The final C(Me)2 signal proved to be weakly enhanced. It is therefore clear that
all of the carbon back-bone in citronellol are amplified under SABRE-Relay with the
enhancement levels varying from signals 230 to 30 fold. As signal to noise scales with
the square root of the number of observations, it can be predicted that it would take
between 0.75 hrs and 44 hrs for a normal measurement to achieve the same signal to
noise level if 3 seconds were left between scans. Hence these enhancements reflect a

significant improvement in scan time.

It should be clear from the appearance of these NMR spectra that simple Zeeman
magnetisation is not involved here. The antiphase character of the signals conveys that
they result from a heteronuclear longitudinal two-spin order term. This observation is
consistent with other SABRE derived heteronuclear data and demonstrates that the
hyperpolarisation is transferred via the *H domain. It is for this reason that the C
NMR measurements were made when the best *H NMR signal gains were obtained,
and no decoupling was employed. The best 2*C NMR signals are seen though for the
two CH groups, with the OCH. and OCH2CH: groups following. It would therefore

appear that the H polarisation level of the attached proton does not link explicitly
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through to the *C enhancement level; the corresponding *H enhancement levels were

231, 119, 435 and 453 for these four resonances respectively.

This could indicate that the relaxation times of either the protons or *3C signals are
important, and these will be discussed in the next section. The signal enhancements
seen for the 3C resonance of the two methyl groups, at sites 5 and 6 respectively, were
lower as expected due to their remote location from the initial OH entry site. They are
also expected to have relatively short relaxation times. In conclusion, all the carbon
signals in citronellol were hyperpolarised, which allows it to be detected (and
characterised) in a single NMR scan even though the amount of material present in
this 0.6 ml sample was just 0.027 moles.

However, the ability of the 3C NMR responses of nerol and geraniol (listed in Tables
3.2 and 3.4) to be detected through SABRE-RELAY relative to citronellol is reduced.
For nerol, the OCH», OCH,CH and OCH>CH=C signals are seen with gains of 328,
367 and 57 —fold respectively. The first two values are larger than those seen for any
of the 3C NMR resonances in citronellol described earlier. No *3C NMR signal gains
were observed for the carbon back-bone beyond this point. Consequently, the SABRE-
Relay enhancement seems to stop at the carbon centre with no protons directly bound
to it. Furthermore, the CH> signal gain is now 90% of the CH gain which makes the
two signals far closer in intensity than was seen for citronellol, but their relative order

is reversed.

The corresponding *H NMR signal gains for citronellol totalled 2935-fold whilst those
for nerol totalled 2544-fold. Hence the overall 'H levels of these materials are 14%
higher for citronellol. For geraniol, the detected *3C responses followed a similar trend
of that of nerol. The OCH,, OCH>CH and OCH,CH=C signals gains were 297, 305,
and 65 —fold respectively, which were slightly lower than that seen for nerol. There

was also no carbon signal detected after these sites.

Insensitive nuclei enhancement by polarisation transfer (INEPT) is a method used to
transfer the spin population imbalance from *H to 3C to improve the ability to detect
13¢ 117 Furthermore, the resulting *C NMR spectrum can now be measured with *H

decoupling. It proved possible to use the INEPT protocol to detect all of the 3C
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resonances in citronellol. Some typical data are shown in Figure 3.6. The OCH>
resonance appears with a S/R ratio of 43:1 in this single scan “*C{*H}-INEPT
measurement which compares to a value of 7.5 for the equivalent resonance in the
directly detected **C measurement (this is a 1:2:1 triplet which means with decoupling
a S/N of 15 would be seen). It is therefore clear that utilisation of the H transfer

sequence is more efficient than simple SABRE-Relay at 60 G when 3C is probed.

When a BC{*H}-INEPT spectrum is recorded for nerol, the first three resonances are
again amplified. The OCHz signal now again appears with the strongest signal strength
and has a S/N value of 36:1, while that for the CH 27:1. These values exceed those in
the direct *C NMR measurement which were 10:1 and 8.6 respectively. This trend
also applies to geraniol, as the S/N values after INEPT for the OCH; and CH
resonances were 43:1 and 25:1, while that of direct 3C measurement were 27:1 and
12:1 respectively. These data again demonstrate the benefits of INEPT transfer to
SABRE-RELAY when the aim is simply to detect a diagnostic response with

maximum S/N.
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Figure 3.6: 3C NMR responses for citronellol. Top, 2048 scan spectrum, middle single scan
hyperpolarised spectrum and bottom hyperpolarised single scan refocused and decoupled INEPT

spectrum using a cnst2 of 122 Hz.
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Figure 3.7: Comparison of the average signal enhancement levels for °C of citronellol, nerol, and
geraniol.
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3.3 Effect of T1 relaxation

It must be remembered that these measurements take place in the high field NMR
magnet of the spectrometer, while the SABRE-RELAY process takes place at low
field outside the scanner. Hence there is a time delay between the two activities. This
reflects a period of between 3 and 4 seconds. As this process is completed manually,

there is an element of variability here.

In NMR, the relaxation time of a signal is measured as a characteristic of the molecule.
Such values were determine here using an inversion recovery measurement. These
measurements were carried out at 9.4 T. The values that result from analysis of these

data are detailed below in Figure 3.8.
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Figure 3.8: Ty relaxation times, at 9.4 T, for the indicated *H NMR groups in citronellol, nerol and
geraniol.
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The value T; actually reflects the time taken for 63% of the signal to vanish. Hence
for citronellol, the CH2O resonance should decay by 63% in 4.97 seconds while for
geraniol and nerol the corresponding times are 6.17 and 6.41 seconds respectively.

Hence if it is assumed it takes 3 seconds for a measurement to be made, and these
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values correspond to the relaxation times during the process of transfer it is possible
to back calculate the initial enhancement. Thus, if each group were to be enhanced
initially by 100-fold, the signal seen at the point of measurement would be 54-fold for
the citronellol CH-O group and 61.5 and 62.6 for the other two samples respectively.
This effect clearly needs to be taken into account when comparing their performance
under SABRE-RELAY.

The best levels of signal gain seen for these three groups from these data are 432, 446,
and 856. Upon reversing this calculation, and measuring the *H enhancement after
transfer allowing for T1 decay, values of 790, 725 and 1373 are obtained. Hence the
raw CH20 hyperpolarisation level is still best for nerol, even though the best overall
detected performance is seen for citronellol. Consequently, as citronellol is more
easily seen, it can be concluded that it's OH hyperpolarisation is shared more
efficiently across all spins with the result that although any individual signal

enhancement level is attenuated, overall, it stills wins out over relaxation.

Indeed, when the whole of the molecule is taken into account, for citronellol the total
enhancement value is 2935 after the 3 second transfer time. Hence the real
enhancement value before transfer becomes ~5177-fold. In contrast, for geraniol the
recorded value is 2746 which becomes ~4916, while for nerol they are 2544 and 4079

respectively.

It becomes clear therefore that all of these agents actually polarise to similar extents
and that the differences seen are a result of T and the efficiency of sharing within any
spin system. This result is somewhat unexpected. with citronellol providing a C-H
coupling route to all spins within the molecule. In contrast, this route is stopped at the
alkene quaternary carbon centre in both nerol and geraniol. Hence the *C signal

enhancements of resonances beyond this point fails. Consequently, the *C signal
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gains are focussed into fewer resonances and a much stronger overall signal gain

results.

3.4 Increasing the substrate range

In order to further explore these results, the number of alcohols and essential oils
components that were polarised by SABRE-RELAY was further increased by

examining the substrates menthol, verbenol, and rhodinol.

3.4.1 SABRE-RELAY of Menthol

The characterisation data for menthol in dichloromethane-d; is detailed in Figure 3.9.
These resonances are diagnostic of this compound and the signal at § 0.83 (H*) which
is adjacent to the OH will be a key marker through which to judge the success of
SABRE-RELAY. This is because menthol is an alcohol and when it is hyperpolarised
by the SABRE-RELAY technique, hyperpolarisation enters the substrate from this
point. Furthermore, C-H couplings exist across the spin system which means that as
with citronellol, it was hypothesised that all its 3C resonances will become

hyperpolarised.

Figure 3.9: NMR responses of menthol when dissolved in dichloromethane-d; at 298 K.
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For hyperpolarising menthol with SABRE-RELAY, the optimised conditions were
used for citronellol (5mM of 2, using ammonia as a transfer agent, using 5 equivalents
of both the substrate and ammonia, PTF at 65 G). Thus, a SABRE-RELAY sample
was prepared under these conditions. Measurements were then undertaken, which
showed significant enhancement levels for all the *H NMR responses of menthol
(Figure 3.10). The *H signal enhancement for OCH: resonance of menthol was 150-
fold, while that of citronellol was 435-fold, which is larger by 97%. However, the total
enhancement levels obtained for menthol was 2244-fold which is only 24% lower than

that seen with citronellol.

Figure 3.10: Enhancement of menthol 'H responses with SABRE-RELAY.
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Shake and drop measurements were then taken to probe the *C NMR responses of

menthol using INEPT and thermal hyperpolarised pulse programs (Figure 3.11).
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Figure 3.11: Single scan hyperpolarised *C responses of menthol using refocussed INEPT with a
cnst2 of 122 Hz, top spectrum, and SABRE-RELAY bottom spectrum.
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As expected, these data confirm that hyperpolarisation transfer takes place across the
whole spin system menthol, and although the raw signal enhancements range from
71 — 16-fold and are therefore less than those seen for citronellol, all of its

resonances are visible.

3.4.2 SABRE-RELAY of Verbenol

Having established that menthol can be polarised well by SABRE-RELAY, verbenol
were subsequently examined. The characterisation data for verbenol in
dichloromethane-d> is highlighted in Figure 3.12. To hyperpolarise verbenol, the
optimised SABRE-RELAY conditions of hyperpolarising citronellol were used again.
The aim was again to maximise the signal gain and detect appropriate responses for

verbenol.
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Figure 3.12: NMR responses of verbenol when dissolved in dichloromethane-d. » at 298 K.
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Measurements were then undertaken, which showed high signal enhancement results
for verbenol *H NMR responses (Figure 3.13). The total enhancement level obtained
was 1773-fold and all its *H NMR the signals are amplified.
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Figure 3.13: 'H NMR spectra of verbenol with SABRE-RELAY showing enhancement level of *H
responses.
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After all the H resonances were successfully hyperpolarised, shake and drop
measurements were then taken to probe the *C responses of verbenol using multiple
pulse programs (Figure 3.14). As expected, all the 3C responses in verbenol were
hyperpolarised apart from the two methyl groups at & 26.3, which are the furthest

responses from binding site and exhibit no three bond coupling to a CCH group.
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Figure 3.14: Single scan **C NMR spectra of verbenol with SABRE-RELAY (bottom) and refocussed

INEPT (top).
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3.4.3 SABRE-RELAY of Rhodinol

Rhodinol is another interesting agent that is widely used in perfumes and cosmetics

products due to its rosy scent.*® The structure of rhodinol is very similar to that of

citronellol as shown below. The NMR responses of rhodinol when dissolved in

dichloromethane-d. are illustrated in Figure 3.15 and these again are similar to

citronellol. Again, as in the previous SABRE-RELAY measurements, the optimised

conditions for citronellol were utilised for these measurements.
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Figure 3.15: NMR responses of rhodinol when dissolved in dichloromethane-d; , at 298 K.
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Measurements were then undertaken, which showed significant enhancement levels
for all of the 'H NMR responses of rhodinol (Figure 3.16). The total enhancement
level for *H responses was 2614-fold, which is 12% lower than that achieved with

citronellol.
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Figure 3.16: *H NMR spectra of rhodinol with SABRE-RELAY showing enhancement level of H
responses.
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Shake and drop measurements were also undertaken for *C responses of rhodinol
(Figure 3.17). Hyperpolarisation was successfully transferred through the whole

spin system of rhodinol.
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Figure 3.17: Single scan hyperpolarised **C responses of rhodinol obtained in 1 second (top) and
through refocussed INEPT (bottom).
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3.5 Conclusions and Perspective

Interestingly, the polarisation of the plant based natural products (essential oils)
citronellol, nerol and geraniol through SABRE RELAY was successfully
demonstrated. A strong enhancement for many of the *H and *3C signals of these
substrates can be observed by NMR. The amine substrates (PEA, PEA-ds,

ethanolamine, Benzylamine-dz, and NHz) were used to hyperpolarise these materials.

The amine ammonia proved to consistently out-perform the other amines tested. The
enhancement levels proved to maximise when the excess of amine is low relative to
the target substrate. Furthermore, when water is present as a contaminant in the system
a much reduced polarisation level results. Therefore, the data illustrated was from
dried samples. There is therefore a need to reduce the rate of OH exchange as this
maximises the lifetime of the OH group which in turn maximises the level of
polarisation transfer that is possible. By recording the T1 values of the protons in these
agents it was shown that citronellol was the best of the group. It is clear that those

resonances with a short Ty are disproportionately reduced at the point of measurement.
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The spin systems of the three agents citronellol, rhodinol and verbenol can be crossed
through a network of 3Jun couplings until the alkene function is reached. This
arrangement enables most of the 'H and 3C nuclei in these molecules to receive
polarisation through SABRE Relay. However, for nerol and geraniol this was not the
case. Nerol showed weak *H NMR signal gains for all its resonances, whilst geraniol
showed gains for just the MeC=CHCH,OH signals. This change is a result of the new
coupling network. When there is a larger trans RC=CH spin-spin coupling, weak
polarisation propagation across the double bond proves to be possible and the whole
molecule is enhanced. For geraniol, the cis coupling is smaller and consequently
polarisation remains locked on the OH side of the alkene. This allows very high signal

enhancements to result for the C=CHCH,OH group.1*®

In the corresponding *H NMR spectra there is considerable overlap of peaks, and it
would therefore be impossible to examine a mixture of these materials. In contrast, the
13C signals are distinctive and separate. Hence a simple SABRE RELAY or INEPT
measurement could be used to not only rapidly identify one of these materials but also
to distinguish them in a mixture. The data for menthol, verbenol, and rhodinol also
show that their full *H NMR spectrum can be signal enhanced through SABRE.
However peak overlap again would be an issue if a mixture was examined. Diagnostic
13C signals can however be readily produced. These measurements therefore confirm

the benefit of SABRE as a tool to examine OH containing natural oils.
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Chapter 4: Hyperpolarisation of Water with SABRE
4.1 Introduction

Water is indispensable and a source for life in all plants. It works as a solvent in
which nutrients are dissolved, and subsequently plants can absorb them. Moreover, it
is a key component in the photosynthesis process, through which plants can produce
their foods. It works as a carrier for the food and nutrients to the different plant parts.
It also acts as a solvent for all biochemical reactions that take place within plants.
Water also helps plants to regulate their temperature, and maintain their rigidity and
form.12%-122 These examples show how significant the role of water is for plant growth

and survival. A better understanding of plant-water relations is therefore desirable.

MRI and NMR are two powerful tools that can be used for this purpose, but there are
some challenges that limit their efficiency. First, is the absence of contrast between
moving and stationary water. Secondly, there is the inherent issue of low sensitivity
which has already been discussed.!?*-12 One effective approach that can be used to
overcome this is by using hyperpolarisation techniques such as DNP*® and SABRE,

as also discussed earlier.%8

Water has been hyperpolarized using the DNP technique before.1?>12” However, the
hyperpolarization of water by the SABRE technique was not reported at the start of
this work, due to the fact that SABRE catalysts commonly exhibit very low solubility
in this medium. Fortunately, a new SABRE method which is named SABRE-
RELAY?® has been reported as a new approach to hyperpolarise molecules that fail to
readily bind to the iridium centre of the SABRE catalyst but have at least one labile
proton, such as water. In this case, SABRE-RELAY starts with the hyperpolarisation
of an amine. Subsequently, polarisation is relayed into a specified target substrate

through proton exchange, as illustrated in (Figure 1.6).
The aim of this study was to achieve the maximum hyperpolarization of water by

SABRE-RELAY whilst seeking to extend its relaxation time in order to enable future

plant studies by MRI. Over the last six years, there has been a growing interest in the
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hyperpolarisation of water, using the DNP technique. 2> In fact, it has already been
shown that hyperpolarised water can be used as a contrast for perfusion and
angiography imaging on animal models.128-13 |n this work, the short T; value of water
~3.5s13 was overcome by the introduction of deuterium and DMSO which extended

the T1 value of the remaining protons to ~30s.127-128 132

The aim of this chapter was to use SABRE-RELAY to hyperpolarise water. The
hypothesis to be examined is whether an agent like benzylamine or NH3 can produce
strongly hyperpolarised water signals via proton exchange. The importance of the
effect of 2H labelling under SABRE will be probed in order to extend the relaxation

times of the hyperpolarised product in accordance with the methods of DNP.

One complication associated with this work will be the use of dichloromethane as the
primary solvent. HO has limited solubility in dichloromethane and dissolved water,
metastable water clusters and bulk water have been proposed to exist in this medium.
The former gives signals at around 1.5 ppm whilst the bulk water signal appears
around 4.8 ppm. Hence, it is expected to see a change in resonance position with water
composition and this situation could be complicated by exchange between the two
environments and the fact of using hyperpolarisation which acts to amplify any
response. Studies in CCls, CsDs and CDCl3 have been described.*3 It might also be
reasonable to expect the relaxation times of these environments to also differ, but this
situation will be complicated by any exchange weighted averaging that takes place if
protons move between the different water pools.

4.2 Results and discussion

4.2.1 Control NMR Spectra

In order to study the effect of adding D20 plays on the SABRE hyperpolarisation of
BnNH, a number of control NMR spectra were first collected to probe the various
water pools that have been suggested to exist in such solvents. These measurements
started out by taking a fresh sample of dichloromethane-d», which yieldsa 1:1:1 triplet

at 6 5.36 for residual CHDCI,, and adding 2 ul of H2O to it. A signal at 6 1.59 is
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immediately apparent for the added H.O that is indicative of what has been referred

to as dissolved water.

In contrast, when a similar sample is prepared but BnNH> added, instead of H20,
signals are readily apparent at 6 4.83, 3.84 and 1.54 alongside a broad multiplet at
7.36. The CH> resonance of BnNH. appears at 3.84 ppm and has intensity of 2 relative
to the 4.83 and 1.54 signals which have strength 0.4 and 4.8 respectively. It therefore
appears that H2O is also present and exchange effects complicate the spectrum with
the predicted NH: signal intensity being mainly focused at & 1.54 where the dissolved
water peak sits. It is concluded from this data that there is an approximate 2.8 fold

excess of HoO present in this sample relative to BnNH; due to water contamination.

The addition of a further 2 ul of H>O to this sample changed these integrals values
further to 2 : 10.58 : 10.58 thereby confirming the addition of a net 9.5-fold excess of
H20. It is clearly impossible for there to be more than 2 NH protons and hence these
nominal NH and OH peak positions actually reflect exchange average positions, both
of which now have high levels of OH contribution. Consistent with this, they move
towards each other, from 6 4.83 to 6 4.80 and from & 1.54 to 6 1.64. The addition of a
further 2 ul of H20 to this sample changes these peaks again (Figure 4.1), with the
resulting NMR signals now appearing at 6 4.80 and 5 1.68 and having relative areas
of 19.3 and 13.4 relative to 2 for the CH> signal of BnNH- respectively. Therefore, the
impact of exchange between dissolved water to bulk water and water pooling can both

be seen.
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Figure 4.1: Effect of the addition of H,O on the appearance of the 'H NMR spectra of three different
samples of benzylamine in dichloromethane-ds.

Dichloromethane-d2 + 2 ul Benzylamine
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This is reflective in the fact that the signals no longer exhibit the same exchange
weighted intensity they did in the first measurement. The addition of a further 10 pl
of H2O changes their position again, to & 4.82 and 6 1.69, with intensities now 126
and 14 respectively. Hence, it can be concluded that there are effectively two peak
positions for protons in exchange with water in this sample which depend on loading,
one at around & ~4.80 and the other at 8 ~1.6. Under these conditions it is not believed
that a pure signal for the NH> protons of benzylamine is observed. Instead, an

exchange weighted signal is clearly observed.

4.2.2 Characterisation of [Ir(H)2(IMes)(BnNH2)3]ClI

In order to assess the hyperpolarisation of H>O by BnNH> a sample of

Ir(IMes)(COD)CI was first prepared that contained a 5 mM loading of the iridium
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complex. In addition, a 5-fold excess of BnNH, was added relative to iridium. This
process was completed in dichloromethane-d; as the solvent. The solution was then
activated with parahydrogen over 5 minutes at 298 K and a *H NMR spectrum
recorded.

This NMR spectrum contained key *H NMR resonances at § —23.95 (singlet) for the
hydride signal of the SABRE catalyst [Ir(H)2(IMes)(BnNH2)3]Cl and hence, it can be
confirmed that the desired complex has formed. Its structure is shown below (Figure
4.2) and the number of expected resonances for the two amine ligands depend on
whether they are cis or trans to hydride. In the case of the trans ligand, the NH and

CH protons are inequivalent and will therefore lead to two signals.

Figure 4.2: 3-dimensional representation of the structure of 2-BnNH, with numbering according to
Table 4.1.

19

22

23

The resulting *H NMR spectrum in the region between 1 and 5 ppm is shown in Figure
4.3 and is therefore highly complex as expected.
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Figure 4.3: *H NMR spectrum of [Ir(H)2(IMes)(BnNH)s]Cl complex alongside resonance
assignments (below).

The signals are fully attributed in Table 4.1. The NH signals and the corresponding
15N-IH couplings were used to locate the corresponding *°N resonances via a 2D H-
15N HMQC measurement. Furthermore, as a consequence of this connection it was
possible to attribute the signals giving rise to the NH groups on the BnNH: ligand.
Informed by this information, and the resulting COSY data, the reaming H resonances
in these ligands and their coupling patterns were assigned. These data confirmed that
two inequivalent CH resonances were observed for the protons of the CH, group of
the equatorial BnNH: ligand, which share a common 12 Hz coupling and smaller, ca
5 Hz, couplings to the two NH protons respectively (Figure 4.3).

In contrast, the ligand NH2-CH.-Ph, which is cis to hydride, undergoes free rotation
and this allows the corresponding resonances for both the NH and CH protons to
become equivalent. Consequently, there are now just one CH and one NH signal even

though there are two protons in each group.

Once these assignments had been defined a sample of NH2-CH:-Ph and
Ir(COD)(IMes)(Cl) was examined under SABRE. A resonance at & 4.64 appeared as
a broad response in the resulting spectrum that showed a 266-fold enhancement
(Figure 4.4). Additional hyperpolarised signals were seen at 6 5.00 for NH11a, 6 2.30
for NHa1p, 6 3.65 for CH122 and & 3.30 for CH12p of the NH2-CH2-Ph ligand that lies
trans to hydride. The corresponding signals for the ligand lying cis to hydride proved
to be weak, are not labelled and showed little in any enhancement. This is consistent
with their location cis to the hydride, which should, due to symmetry considerations,

not polarise them.
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Table 4.1: Characterization data for [Ir(H)2(IMes)(BnNH,)s]Cl, 2-BnNH.

Resonance number 'H (ppm) 13C (ppm) BN (ppm)

1 - 153.8 -

5 = - 192.83
3 6.80 121.73 --

4 - 138.11 -

5 - 135.25 -

6 6.90 129.29 --

7 - 138.64 -

8 2.17 18.30 --

9 2.21 20.78 -
10 -23.95 -- --
11 5.00 (br, dt, Jun =5 and 11 Hz, 2H) - -6.4

*J15NH =68 Hz
2.30 (br, t, Jun = 11 Hz, 2H)
*-]15NH =68 Hz

12 3.65 (dt, Jun =5 and 15 Hz, 2 H), 53.14 --
3.30 (ddd, Jun = 3, 12 and 15 Hz,
2H)

13 -- 141.8 --

14 7.35(d, Jun =5 H2) 128.33 --

15 7.25 (t, Jun = 5 Hz) 126.88 --

16 ~7.28 - overlap - --

17 4.25 (t, Jun = 7 Hz, 2H) -- -13.4

* Jisnn = 69 Hz

18 3.85 (t, Jun = 7 Hz, 2H) 57.26 --

19 -- -- --

20 7.30 128.35 --
21, 22,23 ~7.28 - overlap -- --

*15N coupling determined via 2D NMR spectrum on unlabelled sample

A signal for hyperpolarised, dissolved water, is also detected at 6 ~1.6 that is likely to
be undergoing exchange with the protons of the NH group of free BnNH>. The signal

gain for this signal was estimated to be 32-fold.

It can be concluded from these data that it is possible to hyperpolarise the protons of
H>0 through exchange and SABRE-RELAY.

1 pl of D20 was then added to this sample and it re-examined. This led to a change in
the NMR spectrum as the corresponding resonances that were at & 5.00 and 5 2.30
proceeded to broaden and move 22 Hz to high field. This is indicative of chemical
exchange and the limited replacement of NH with ND. In contrast, the CH protons
peaks at & 3.65 and 6 3.30 retained the same area, but also became broader. In this
case, it is expected to lose the NH coupling and ultimately retain the mutual CH
coupling due to their diastereotopic arrangement. The corresponding SABRE RELAY
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measurement yielded broadly similar signal gains for the bound BnNH> signals and
the bulk water response at & ~4.64, however, the dissolved water signal at 6 ~1.6
proved to be approximately 4 times larger, moving now to 6 ~1.64. It can therefore

be concluded that there is an effect of D-O concentration on these signals.

Figure 4.4: Hyperpolarised *H NMR signals seen when a sample of BnNHz and Ir(COD)(IMes)(Cl)
are examined under SABRE conditions.

5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 ppm

4.2.3 Effect of added D.O on the appearance of the SABRE-RELAY polarisation
derived from BnNH..

In order to explore this, a further 20 ul of D>O was added to this sample. Now the pair
of NH resonances seen for the equatorial ligand of [Ir(H)2(IMes)(BnNH.)s]ClI
disappear. Furthermore, the very broad signal at 6 4.64 is now clearly visible. The
axial NH ligand resonances also disappear. Consequently, the signals for the CH>
groups of the ligand NH2-CH2-Ph also change in appearance as a consequence of the
replacement of the NH protons by ND which results in a 6.4 fold reduction in any
couplings they share. This means any ND couplings are hidden, and the signals at &
3.65 for CH122 and 6 3.30 for CH12n now appear as simple 14.8 Hz doublets (see Figure
4.5).

This effect arises because the NH protons in BnNH undergo H/D exchange with the
solvent and both BnNHD and BnND- will form. These changes should therefore be
compounded by a growth in the HOD and H»O signal. Examination of these NMR

spectra reveal that the signal which shows this growth lies at 6 4.80 and has a chemical
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shift that is dependent on the amount of DO added. Therefore, an exchange weighted
average for the chemical shift of the residual NH/OH signal is being seen. This is

consistent with the early deductions.

Figure 4.5: The signals at & 3.65 for CH12a and & 3.30 for CHaa, due to [Ir(H)2(IMes)(BnNH2)3]Cl
simplify into doublets after replacement of the NH proton by ND.

AU D | U | Y S R W ol W _.,,-Jf-\_f,_ .

5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 ppm

When SABRE is undertaken on the new sample, the signals for the broad NH
resonance at & 4.64 and a signal at 6 4.80 are enhanced. This measurement was made
by examining an NMR sample with para-H: after shaking the NMR tube in a 60 G
field for 10 seconds before completing a *H measurement. The signals for the bound
CH: group protons were enhanced by a factor of 8. The signal with position very close
to that of bulk water shows a signal gain of 66-fold per proton. This signal for

dissolved water at 5 1.66 was enhanced by 31-fold (Figure 4.6).

It is possible to assess the effect of 2H labelling through a T1 assessment. This process
involves exciting the enhanced signal at 6 4.80 through a series of low tip angle
measurements which are separated in time by a variable delay. The resulting signal

will consequently reduce according to the low tip angle value and the time delay which
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encodes relaxation. For this sample with 20 ul of DO, a T value of 17.6 seconds was
obtained for the bulk water peak at 5 4.80 peak while the dissolved water peak at
6 1.66 had a Ty value of 22.2 seconds.

Figure 4.6: 'H NMR signals at 6 4.80, 4.64 and § 1.66 which correspond to the water and NH resonances

that are hyperpolarised when a solution of [Ir(H)2(IMes)(BnNH.)3]Cl containing a 265-fold excess of
D0 and a 5-fold excess of BnNH; is examined under SABRE.

A further 0.7 ul of H>O was then added to this sample. The result of this process was
a small increase in the size of the & 4.80 signal alongside further movement of the
broad 6 4.64 peak to 6 4.66. Under SABRE, the signals at 6 4.80 and 1.66 again
become enhanced but now by values of 234 and 42-fold respectively. The
corresponding T1 value for the response at 6 4.80 was now 16.38 seconds while that
for the 6 1.66 peak was 20.86 seconds. Both have therefore been reduced by the
addition of H,O which means protons act to reduce the T, of water. It should be clear
from these data that the H»O signal also shows an enhancement value that is dependent
on the amount of both the 2H and *H labels present in the sample and that this effect
needs studying in more detail (see later). Importantly, there is a visible decrease in

signal lifetime on the addition of more H20 which will be avoided.
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4.2.4 Utilisation of DMSO as a co-ligand with benzylamine for the hyperpolarisation
of H.0

In order to evaluate and optimise this process, a further catalyst was examined. This
was formed by adding DSMO to [Ir(H)2(IMes)(BnNH2)3]Cl. This process results in
the formation of [Ir(H)2(IMes)(BnNH2)2(DMSO)]CI which was characterised by
NMR spectroscopy. The reason for adding DMSO to the solvent was to increase the

solubility of water and potentially its polarisation level.

The addition of 3 pl of ds-DMSO to [Ir(H)2(IMes)(BnNH2)3]Cl proved to result in an
immediate change in the hydride region of the resulting *H NMR spectrum. It now
yields two sets of coupled hydride signals as 6 -23.22 and -23.86 that appear as
doublets of 7.48 Hz. They are accompanied by single peaks at 5 -23.18 and -23.82 that
are due to the HD forms of this product which result from H-D exchange. The HD
coupling is not visible in these spectra as the hydride signals relax relatively quickly,
which when coupled with their dynamic behaviour leads to line broadening that
prevents detection of the expected 1 Hz 2Jup coupling. These data suggest that
[Ir(H)2(IMes)(BnNH2)(DMSO)]CI forms as expected. The resulting NH resonance for
its BnNHz ligand that lies trans to hydride appear at 6 2.28 and 2.16. Full
characterisation data is presented in Table 4.2.
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Table 4.2: Characterization of [Ir(H)2(IMes)(BnNH2)2(DMSO)]CI complex.

Resonance number 'H (ppm) 13C (ppm) N (ppm)

1 161.25 --

2 192.83
3 6.94 122.02 --

4 137.75 --

5 136.0, 135.82 --

6 6.93, 6.97 128.77 --

7 137.76 --

8 2.17 17.96 --

9 2.26 20.69 --
10 -23.22,d Jun = 8.5 Hz -- --
11 -23.86, d Jun = 8.5 Hz -- -6.4
12 2.28,2.16 --
13 3.77,3.30 51.9 --
14 --
15 --
16 --
17 -13.4
18 3.11 46.20 --
19 3.17 58.38 --

4.2.4.1 SABRE Relay using Ir(IMes)(COD)CI, BnNH2, DMSO and H20.

A sample containing Ir(IMes)(COD)CI, BnNH,, DMSO and H.O was examined under
SABRE and several effects were immediately apparent. These are reflected in a drop
in the OH signal gain at & 4.80. However, signals for the CH> group of
BnNH2/BNnNHD/BnND> now appear with an improved signal enhancement level of
12.2-fold, while the phenyl group of this amine exhibits a total intensity gain of 9.5-

fold. In addition to these signals, there are new signals at 6 3.12 that are reflective of
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fr,e DMSO and at 6.94 due to the imidazole ring in
[Ir(H)2(1Mes)(BnNH2)2(DMSO)]CI that are enhanced.

In order to improve on the earlier results, a sample of BnNH2 (5-fold excess relative
to iridium) with Ir(IMes)(COD)CI and ds-DMSO (14-fold excess relative to iridium)
was prepared that contained a 5 mM loading of the initial iridium complex. This
process was also completed in dichloromethane-d> as a solvent. The solution was
activated with para-H over 5 minutes at 298 K and a *H NMR spectrum recorded.
This contained key *H NMR resonances at § —23.22 and —23.86 (both doublets of 8.5
Hz) for the hydride signals of the SABRE catalyst Ir(H)2(IMes)(BnNH2)(DMSO)CI
alongside 6 3.17 and 3.11 signals for the inequivalent Me resonances of the bound
DMSO ligand, and NH2 proton resonances for an equatorially bound BnNH ligand at
6 2.28 and 2.16 alongside a second pair of doublets at & 3.77 and 3.30 (Jun = 14.25
Hz) for the CH group protons (Table 4.2).

A related NMR sample containing 10 ul of D.O and de-DMSO was then examined
with para-H. This involved shaking the NMR tube in a 60 G field for 10 seconds
before completing a *H measurement. The corresponding signals for the CH;
resonance of free BnNH. proved to be ~60-fold enhanced, while those of the bound
ligand were over 200-fold enhanced. Surprisingly, now strong signals for bound
DMSO at 6 3.17 and 3.11 also appeared in these NMR spectra despite the fact that de-
DMSO had been used. The corresponding OH signal at & 1.79 for dissolved water also
proved to be strongly enhanced. This suggests that DMSO can itself undergo rapid
exchange with the SABRE catalyst and thereby enhance the corresponding proton

signals.

A signal with a position very close to that of the free amine was visible at 6 4.81 for

bulk water which showed a signal gain of 118-fold per proton.

A further result of this process is that PHIP enhanced hydride ligand signals are seen
for [Ir(H)2(ds-DMSO)(IMes)(BnNH2)2]Cl at 8 —23.22 and —23.86 which confirm the

JuH coupling is negative.

When the results for H>O enhancement of [Ir(H)2(IMes)(BnNH2)3]Cl and for
[Ir(H)2(de-DMSO)(IMes)(BnNH2)2]Cl with 20 ul of D2O are compared, it is noted that
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the signal enhancement for bulk H»O is 340-fold, which is 8% higher than that of the
sample with ds-DMSO. However, the dissolved H.O signal enhancement for the
sample with de-DMSO was 64-fold which is two times larger than that without de-
DMSO. This suggests that the presence of DMSO changes both the exchange and T

characteristics of bulk and dissolved water.

When the results for H.O enhancement for [Ir(H)2(IMes)(BnNH)3]Cl and for
[Ir(H)2(de-DMSO)(IMes)(BnNH.)2]Cl with 20 pul of DO are compared, it is noted that
the signal enhancement for bulk H»O is 340-fold, which is 8% higher than that of the
sample with de-DMSO.

4.2.5 Effect of D20 on the level of H,O signal gain and T1

Given that DNP has demonstrated that a mixture of H,O and D»O has an extended
relaxation time, the effect of DO on the H2O polarisation level was explored. This
process will not be straightforward as it is expected to see bulk and dissolved water
signals for the two different proton pools and the T1 values are likely to be influenced

by chemical exchange. It is after all chemical exchange that leads to SABRE-RELAY.

In order to assess effect of adding D-O on the relaxation time, a series of 0.6 ml
samples were prepared, with the same amount of reagents, but variable amounts of
D20 (10, 20, 30, 40, 50, and 60 pl) for the benzylamine system. The corresponding T
results are shown in (Figure 4.5). They reveal that when no D20 is present, just H.O
(1 pl) a Ty value at 400 MHz for the 1.66 ppm signal is 3.76 s. Adding 1 ul of D.O
increases this to 5.27 s. Hence, an increase in relaxation time can be observed with the
addition of D20. This trend continues as the level of D20 is increased by 10 ul to 12.25
s but a bulk water signal can now be seen and this has a T1 value of 10.18 s. Increasing
the level of D2O further to 20 pl results in a further increase to 15.69 and 12.7 s
respectively. When the corresponding 20 pl or D.O measurement is repeated without
the addition of the initial 1 pl of H2O, the corresponding values are 21.09 and 16.93 s
respectively. Hence it is clear the adding D20 under SABRE-RELAY increases the
signal lifetime for H-O.
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A similar set of measurements were then made in the presence of 3 pl de-DMSO.
Under these conditions, there was a further increase in Ty such that the dissolved water
signal reached a maximum value of 29.51 s as detailed in Figure 4.7. The bulk water
signal followed a similar trend, maximising with a T value of 20.11 s for the same 40
pl of D2O. Comparison of the related data at a 20 pl revealed both the bulk and
dissolved H20 signals T1 values increase with ds-DMSO (11% and 21% respectively).

Hence, it is concluded from these results that it is possible to prepare a hyperpolarised
H20 signal through SABRE-RELAY with a T1 value of ~30 s.

Figure 4.7: Effect of D,O amount on the T; relaxation time of the water response under SABRE.
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4.2.6 SABRE Relay using IrCI(COD)(IMes), NHz and H20.

Earlier work in this thesis demonstrated that the SABRE polarisation of NH3 was
better than that of BnNHo.. In order to assess the hyperpolarisation of H2O by NHs a
sample of Ir(IMes)(COD)CI was prepared that contained a 5 mM loading of the
iridium complex. In addition, an 8-fold excess of NH3 was added relative to iridium.
This process was also completed in dichloromethane-d, as the solvent. The solution
was activated with para-H, over 5 minutes at 298 K and a *H NMR spectrum recorded.
This NMR spectrum contained key *H NMR resonances at § —23.61 (singlet) for the
hydride signal of the SABRE catalyst [Ir(H)2(IMes)(NH3)3]ClI which appears
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alongside bound NH resonances at 6 2.84 and 2.21 for the two inequivalent resonances
of the NH. protons that lie in an equatorially bound ligand (Table 2.8). A signal for
free NHs appeared at 6 0.48.

When 20 pl of DO was added the resulting T1 values for the bulk and dissolved
water were 15.79 and 19.25 s respectively.

When the corresponding measurements are made with ds-DMSQO, several hydride
resonances appear suggestive of the formation of multiple products. These were not
characterised, however the SABRE studies utilising 20 pl of D20 were completed.
The corresponding T1’s for the bulk and dissolved H2O/HOD signals were 17.54 and
23.48 s respectively. This showed that the T values of the bulk and dissolved H.O
signals increase with ds-DMSO by (10% and 18%, respectively).

When 20 ul of D,O was added to this sample, the signal for the free NHs resonance at
d 0.48 almost disappeared, due to H/D exchange between NHz and D20. Additionally,
as expected, two signals appear at 6 4.79 and 1.75 for bulk and dissolved H-O.

When SABRE was undertaken, several of these resonances were enhanced. The signal
for bulk H20 at & 4.79 proved to be enhanced by 707-fold, while the enhancement for
the peak at 6 1.75 for dissolved water was 73-fold. The iridium catalyst resonances at
6 2.14, 2.39 and 7.06 were also enhanced by 4, 2 and 4-fold respectively. The
corresponding T: values for the bulk HO/HOD signal and the corresponding
dissolved water signal were 17.54 and 23.48 s. These are 7% and 16% smaller than
the corresponding values seen with BnNH> and de-DSMO respectively. Hence NHs
yields a much higher level of HoO/HOD polarisation, presumably because of more

rapid proton exchange, there is a negative impact on T1.

4.3 Conclusion

In this chapter the polarisation of water (H20) was examined through SABRE-
RELAY. This was complicated by the fact that in dichloromethane two pools of water

are observed, which are connected by chemical exchange. Both BnNH. and NH3
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proved to undergo SABRE in the presence of H20 or D.O. Furthermore, the addition
of ds-DSMO was found to increase the relaxation times of both the bulk and dissolved
water. The resulting H.O/HOD signal gains were found to be maximised for the NH3
system which is consistent with it presenting the largest NHs polarisation. It is
expected, therefore, that with further work this approach could be useful in preparing
hyperpolarised water samples for further use in imaging. The limiting factor in these
experiments would be the availability of para-H> which is easy to source and larger
volumes could be deployed if the reactor were scaled from a 5-mm NMR tube. Hence
it is likely that such an approach could produce a reasonable volume of polarised
water. It is interesting to hypothesise that this could be completed using phase-transfer
catalysis, which would allow a pool of water to separate from the bulk. With a lifetime
of 37 seconds, it should be possible to use this material in a second step rather like
DNP. There are clearly several opportunities to take this work forward that could have

significant impact.
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Chapter 5: Conclusions and future work

Since the start of the research programme leading to my thesis a number of
developments have been made in the field of hyperpolarisation. These developments
have seen para-hydrogen related research become much more widespread.
Researchers have developed hydrogenative routes to SABRE-RELAY wherein an
unsaturated molecule containing an exchangeable proton is first hydrogenated. This
leads to the creation of a substrate that can polarise its exchangeable proton.®” From
then on, a SABRE-RELAY type approach is utilised to sensitise other substrates.!®
Furthermore, DNP has been utilised to polarise water which has subsequently been

used to enable in-vivo imaging with improved sensitivity.***

In the SABRE field progress has been made on the polarisation of pyruvate with the
group of Theis utilising fine temperature control to exceed the hyperpolarization levels
initially described by Duckett et al.*3® The York group has extended SABRE further
with the hyperpolarised pharmaceutical approach that has seen materials like NO2

become embedded in triazines after diazatisation.®

Sellies et al. achieved the hyperpolarisation of a-amino acids, enabling the detection
and quantification of these compounds in sub-micromolar quantities in complex
mixtures. Testing was done on human urine, which, after being diluted with methanol,

allowed for the detection and quantification of naturally occurring a-amino acids.”®

SABRE has become the most commonly used hyperpolarisation method for enhancing
benchtop NMR sensitivity. The increased sensitivity makes it possible to use helpful
approaches that would be impractical to apply with benchtop NMR spectroscopy (such

as °C) due to the latter's low sensitivity.**’

Advancements in SABRE at ultralow-field have made it possible to produce

hyperpolarised material continuously in relatively large quantities.*3®

A PHIP technique, has also seen fumarate hyperpolarised and successfully purified
and separated from the polarising reagents, which allowed the use of fumarate for in

vivo imaging.t%
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This research has focussed on the optimisation of SABRE-RELAY. It was found that
it was possible to use a range of amines and NHz as polarisation sources, with NHs
proving optimal in most circumstances and some of this work has been published.'%
By focussing on a range of plant oils like citronellol and nerol, it was proved that fully
diagnostic proton signals could be readily collected in a single NMR scan after
hyperpolarisation. These signal gains allowed for the rapid detection of the 13C spectra
of these materials. The levels of signal gain were attenuated by relaxation and transfer
within the molecular scaffold and required a H-H coupling pathway to exist across the
hyperpolarised spin network. This served to illustrate a limitation, in so far as transfer
to protons remote to the OH entering group could be challenging. Similar findings
were made when the substrates 13C signals were examined. The result was that for
nerol and geraniol only a subset of their **C-skeleton was polarised. Nonetheless the
results are again diagnostic of the materials present and demonstrate that small

amounts can be readily detected.

The total signal enhancements reported throughout this thesis yield insightful
information on the relative success of SABRE as it hyperpolarises a range of different
molecules. Hence it provides a comprehensive view on the suitability of the substrate
to SABRE and in this case reviews citronellol was the most suitable material. In
contrast, the maximum signal gain reported as an average enhancement per proton, is
useful in deciding which molecules are most readily detected after SABRE-RELAY
by NMR. Now the answer changes to geraniol which shows a 343-fold signal gain for
the CH> resonance. This is reflective of the fact the enhancement is shared over few

protons.

Then, the progression was made to hyperpolarise water, and it was demonstrated that
this could be achieved through SABRE-RELAY. By using a mixture of H>O and D.O
the high-field relaxation time of the protons was extended to 30 seconds from the more
usual 3.7 seconds. This reflects a remarkable extension which will aid in future utility.
Furthermore, it proved possible to probe dissolved and bulk water in dichloromethane.
Using NH3 allowed to enhance the HOD signals by 700-fold.

As a consequence of this there are substantial opportunities to take this work forward.

The H20 polarisation studies would have progressed by extending the volumes of
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material and probed the results in an imaging system. This would have allowed the
use of larger volumes of para-H and was expected to deliver far larger enhancement

values. The ultimate goal was to have this scaled up to provide 2 cm?® of material.

The plant oil studies demonstrated that good levels of *H and *3C nuclear spin
polarisation can be achieved in them through SABRE-RELAY. However, the
corresponding H and 3C nuclei’s T1 values proved to be quite short, so it was
impossible to record the weaker signals $3C T; values. If this research were continued,
it would therefore be sensible to prepare these materials through appropriate synthetic
methods in a *C labelled form. This would require extensive synthetic efforts and be
highly time consuming. The result would be much stronger **C NMR signals which
would make their detection far easier and hence the assessment of their T1 values. By
selecting the most appropriate long-lived signals, it should then be possible to achieve
the in-vitro MRI monitoring of these agents in plants as set out in my initial aims.
Ideally, the substrates should contain a single label to prevent more rapid relaxation
as multiple 3C spins will interact together and this is not desirable. It might also be
sensible to introduce 2H labels to increase these relaxation times, and focus the
available hyperpolarization into fewer sites. This will result in even stronger *C
signals. Hence, the process of further optimisation will be inherently time consuming
as multiple isotopologues will need preparing and examining.
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Chapter 6: Experimental

6.1 Instrumentation

6.1.1 NMR spectrometers

A 500 MHz Bruker AVIII spectrometer, operating at 11.7 T, was used for NMR
characterisation. The hyperpolarisation tests were performed on a 400 MHz Bruker AVIII
operating at 9.4 T. All data was acquired and processed using Bruker Topspin 3.6.2.
Differences in chemical shift are reported in ppm (parts per million) relative to the residual
solvent signal. The solvent utilised for NMR measurements was dichloromethane-d..

6.1.2 Generation of para-H:

The para-H; was generated with a para-H, rig. In short, a closed-cycle helium refrigeration
unit cools hydrogen gas to 25 K before passing it over paramagnetic iron oxide (Fe203),
which changes ortho-H, into para-H; with 99% purity. For the SABRE hyperpolarisation

experiments, para-H. pressure of 4 bar was used.

6.2 Summary of the SABRE NMR method

6.2.1 Preparation of a SABRE NMR sample

In order to prepare a sample for a SABRE experiment a specified amount of a selected
substrate (typically a 5 fold-excess relative to metal) was added to a suitable SABRE
precatalyst in an NMR solvent. The sample was housed in an NMR tube supplied with
a J. Young value. It was then degassed, using a high vacuum system. To degas a
sample with dichloromethane-d., it was connected it to a high vacuum system whilst
immersed in liquid nitrogen to remove any gases. Acetone was then sprayed onto the
external wall of the NMR tube to melt the sample. To ensure such a sample was fully
degassed this process was repeated 3 times. After that, normal hydrogen was added to
the sample and left it to activate, and hence became ready for a SABRE experiment.
During this time, the sample was expected to become colourless as we form an Ir(l11)

product.
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6.2.2 SABRE NMR measurement

Once a sample had become activated it was placed in a Bruker 400 MHz (9.4T) NMR
spectrometer where a single (thermal) reference scan was recorded. This was
completed in order to enable the determination of the level of NMR signal
enhancement by comparison with the corresponding hyperpolarized NMR spectrum.
In addition, such measurements were used to detect the hydride ligand signal of the
catalyst and thereby confirm the successful activation of the sample. Signals for bound

and free substrate are also expected.

At that point, para-H: is added to the sample to hyperpolarise it by SABRE. A series
of SABRE measurements can then be undertaken. These routinely involved the shake
and drop approach which involved vigorous sample shaking for ~ 10 seconds in an
~65 G field, prior to immediately dropping it into the NMR for hyperpolarized
spectrum measurement. Such measurements were then repeated at least 3 times so an
average enhancement can be quoted, and comparisons between measurements can be

made.

6.2.3 SABRE enhancement calculations

The enhancement of NMR signal was determined by comparing the integrals of a
hyperpolarised spectrum to those of a reference spectrum obtained from the same
sample after thermal relaxation and polarisation. When taking the experimental
spectra, both the reference and hyperpolarised versions were acquired using the same
NMR scanner. The enhancement was calculated using Equation 6.1, where Shyp is
the integrated signal from the hyperpolarised spectrum and Sinerm is the integrated

signal from the thermally polarised sample, and E is the enhancement.

Equation 6.1: Equation for calculating signal enhancement.

S
E = hyp
S therm
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6.2.4 Measurement of T relaxation time

For the measurements of T1 the inversion recovery pulse was used. At equilibrium, the
bulk magnetization (M,) in NMR is along the z-axis. In inversion-recovery, a 180°
pulse is used to change the magnetisation orientation from (z) to (-z) axis.
Subsequently, a 90° radio-frequency (RF) pulse is applied after waiting for a delay
time (z), which turns the magnetisation into the x-y plane where signals are detected.
As the amount of magnetisation in -z reduces over time, the visible signal intensity
will also reduce due to the delay between the two pulses. Several iterations of this step
are required to outline and reveal the T, relaxation time. After 5 T, passes, the system

is in thermal equilibrium.

Figure 6.1: Diagram of the inversion-recovery experiment's pulse sequence used for the
measurements of T;.140

180° 90°

6.2.5 Measurement of hyperpolarised Ty

This process involves exciting the enhanced signal by a series of low tip angle
measurements which are separated in time by a variable delay. The resulting signal
will consequently reduce according to the low tip angle value and the time delay
which encodes relaxation.'** The resulting data was fit to an appropriate function in
EXCEL and the difference between the predicted points and experimental points

minimised. As a consequence, a Ty value could be estimated.
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Appendix A

7.1 Characterisation of substrates

Phenylethylamine (see section (2.2.1))

Phenylethylamine was characterised by recording 'H and ¥C NMR spectra in
dichloromethane-d, solution at 400 MHz. The resulting *H NMR spectrum contains
signals at 6 7.33 (m, 2H), 7.23 (m, 3H, significant overlap), 2.95 (t, 7 Hz, 2H), 2.75 (t,
7 Hz, 2H) and 1.15 (br, 2H) for this material. Table 2.1 outlines these NMR data and
the assignments for phenethylamine. During the SABRE studies efforts will be made

to probe the signal enhancements that result for these NMR signals.

Table 6.1: NMR characterisation data for phenethylamine in dichloromethane-d. at 298 K with
labelling according to the inset structure.

1
Ha
4 C NH
N~ 2
C
H>
7 2
5
6
Resonance number H (ppm) 13C (ppm)
1 1.15 (br, 2H)
2 2.95 (t, J = 7 Hz, 2H) 43.74
3 2.75 (t, J =7 Hz, 2H) 40.32
A - 140.36
5 7.23 (m, 2H)* 128.3
6 7.33 (m, 2H) 128.8
7 7.22 (m, 1H)* 125.9

*Qverlap
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Ethanolamine (see section (2.4))

Ethanolamine was dissolved in dichloromethane-d; to record *H and $3C NMR spectra
at 400 MHz. The resulting *H NMR spectrum contains signals at 5 1.98 (br, 2H), 2.84
(t, 6.82 Hz, 2H), 3. 58 (t, 7 Hz, 2H) and 1.98 (br, 2H) for this material. Table 2.5

outlines these NMR data and the assignments for ethanolamine.

Table 6.2: NMR characterisation data for ethanolamine in dichloromethane-d; at 298 K with labelling
according to the inset structure.

3 1
Resonance number 'H (ppm) 13C (ppm)
1 1.98 (3H, exchange -
weighted average of 1
and 4)
2 2.84 (t, J =6.82 Hz, 2H) 63.74
3 3.58 (t, J = 6.82 Hz, 2H) 43.82

Benzylamine (see section (2.6))

To examine benzylamine (BnNH>) it was first characterised by recording *H and 3C
NMR spectra in dichloromethane-d> solution at 400 MHz (Table 2.9).

Table 6.3: NMR characterisation data for benzylamine in dichloromethane-d; at 298 K.

2
Ho .
C
3 \NH2
6 4
5
Resonance number H (ppm) 13C (ppm)

1 1.51 (br, 2H) -
2 3.84 (s, 2H) 46.37
3 - 143.36
4 7.28(m, 2H) | 126.92
5 7.31(m, 2H)* | 128.34
6 7.32(m, 1H)* | 12891

*Qverlap
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Citronellol (see section (3.1.1))

Citronellol was dissolved in dichloromethane-dz. The resulting *H NMR spectrum
contains signals at 5 0.94 (CHs-H1), 1.20 (CH2-Hy), 1.38 (CH2-H.), 1.59 (CH-H3),
1.64 (CH3-Hs), 1.71 (CHs-He), 2.02 (CH,-H7), 2.14 (OH-Hs), 3.65 (CH2-Ho), and
5.14 (CH-Hao) as listed and attributed in Table 3.1.

Table 6.4: NMR characterisation data for citronellol in dichloromethane-d; at 298 K.

2
7
8
: 6
Resonance number 'H (ppm) 13C (ppm)
1 0.94 (d 6.6 Hz, 3H) 19.2 (q, 123 Hz)
2 1.22 (m, 1H), 1.38 (m, 37.2 (t, 126 Hz)
1H)
3 1.59 (m, 1H) 29.2 (d, 125 Hz)
4 1.39 (m, 1H), 1.64 (m, 39.9 (t, 124 Hz)
1H)
5 1.65 (s, 3H) 17.3(q, 119 Hz)
6 1.72 (s, 3H) 25.4 (, 123 Hz)
7 2.03 (m, 1H), 1.67 (m, 25.4 (t, 126 Hz)
1H)
8 2.14 (1H) -
9 3.65 (m, 2H) 60.9 (t, 139 Hz)
10 5.14 (m, 1H) 124.6 (d, 149 Hz)
11 - 131.1 (s)
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Nerol (see section (3.1.8))

Upon dissolving nerol in dichloromethane-d, the resulting *H NMR spectrum
contained signals at & 1.65 (CHs-H1), 1.78 (CH3-H>), 5.16 (CH-H3), 2.18 (CH2-H.),
1.72 (CHs-Hs), 5.45 (CH-Hs), 4.11 (CH2-Ho) and 1.57 (OH-Hao) as detailed in Table
3.2.

Table 6.5: NMR characterisation data for nerol in dichloromethane-d; at 298 K.

Resonance number H (ppm) C (ppm)
1 1.65 (s, 3H) 17.39
2 1.78 (s, 3H) 23.06

- 132.19
3 5.16 (m, 1H) 123.94
4 2.18 (d, 2H) 26.54
5 2.18(d, 2H) 31.91
6 1.72 (s, 3H) 25.44
7 - 139.55
8 5.45 (t, 1H) 12454
9 4.11 (d, 2H) 58.84
10 1.57 (br, 1H) -

Geraniol (see section (3.1.11))

When geraniol is dissolved in dichloromethane-d, the resulting *H NMR spectrum
contained signals at 6 1.65 (Hy), 1.78 (H2), 5.16 (H3), 2.18 (Has), 1.72 (Hs), 5.45 (Hs),
4.09 (Ho), and 1.57 (H1o) (Table 3.4).
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Table 6.6 : NMR characterisation data for geraniol in dichloromethane-d, at 298 K.

Resonance number 'H (ppm) BC (ppm)
1 1.65 (s, 3H) 25.4
2 1.72 (s, 3H) 17.5

- 131.6
3 5.15 (m, 1H) 124.0
4 2.17 (d, 2H) 26.5
5 2.08 (d, 2H) 395
6 1.70 (s, 3H) 16.0
7 - 139.3
8 5.42 (t, 1H) 1237
9 4.14 (d, 2H) 59.3
10 1.57 (br, 1H) -
11 -

Menthol (see section (3.4.1))

Figure 6.2: NMR responses of menthol when dissolved in dichloromethane-d, at 298 K.

15.96
1.97 1.69 15.96 5597
1.64 N
3.43 S :
< HO 25024
0.93
7138 23.18
0.95 34.67
31.65
|45 22.03
lH 13C
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Verbenol (see section (3.4.2))

Figure 6.3: NMR responses of verbenol when dissolved in dichloromethane-d; ; at 298 K.

26.3

26.3

1.32;2.47

18.
1.77 5

Rhodinol (see section (3.4.3))

Figure 6.4: NMR responses of rhodinol when dissolved in dichloromethane-d; » at 298 K.

1.65 2.06

5.14;5.42 0.94

H
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13C
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7.2 Characterisation of SABRE complexes
[Ir(H)2(1Mes)(phenethylamine)s]CI
( seesection (2.2.3))

Table 6.7: NMR characterisation data for octahedral [Ir(H)2(IMes)(1)3]Cl (3) that forms when
phenylethylamine (1) and H; react with Ir(CI)(COD)(IMes) (2) in dichloromethane-d; at 298 K with
the labels according to the inset structure.

T cl

8
3
2/ 0\ 56
N N4
h 7
9

H/I \\\\\\NH\/\©
11
1”7 [ SNH_ 12

10 \ \/13}46
HN 16
18 20
2 17
19 21 \23
24
Resonance number 'H (ppm) 13C (ppm) | BN (ppm)
1 - 153.8 -
5 - - 192.21
3 6.75 121.73 -
4 - 138.14 -
5 -- 135.06 -
6 7.0 129.4 -
7 -- 138.64 -
8 2.17 18.30 --
9 2.21 21.10 --
10 -23.95 -- --
11 4.42 (t, J.. = 11 Hz, 2H) --
* Jisw = 68 Hz 79
2.11 (br, t, Ju = 11 Hz, 2H) o
* Jisw = 68 Hz
12 2.41 (dt, Jun =9 and 11 Hz, 2 H) 50.7 --
3.30 (2H, overlap) '
13 - - -
14 - 141.8 -
15 7.32 (dd, Juny = 7 HZ) 128.33 --
16 7.25 (t, Juyy =7 HZ) 126.88 --
17 ~7.28 - overlap - --
18 3.685 (t, J. = 5.9 Hz, 2H) - -16.2
* Jisw = 69 Hz
19 2.78 (t, Jun = 6.15 Hz, 2H) 53.9 --
20 -- - --
21 7.32 128.33 --
22 ~7.2 - overlap - --
23 ~7.12 - overlap - --

*15N coupling determined via 2D NMR spectrum on unlabelled sample
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[Ir(H)2(IMes)(ethanolamine)s]Cl

see section (2.4.2)

Table 6.8: NMR characterisation data for [Ir(H).(ethanolamine)s(IMes)]Cl (4) in dichloromethane-d;
at 253 K alongside the labelled structure.

2\
) 7
9
10 H, \\\l\;\lzN/\/OH
H/"“\hil N3 OH
H, 14
HaN 15
216
17
OH
18
Resonance number H (ppm) 13C (ppm) N (ppm) \
1 - 152.76 -
2 - - 191.7
3 6.80 (2H) 121.75 -
4 - 137.6 -
5 - 135.81 -
6 7.04 (4H) 129.19 -
7 - 138.73 -
8 2.15 (12H) 18.2 -
9 2.33 (6H) 20.8 -
10 -23.91 -- -
11 3.36 (2H), 2.18 (2H) - -16.8
12 2.34 (2H), 1.68 (2H) 50.82 -
13 3.27 (2H), 3.16 (2H) 63.83 -
14 -- -- -
15 3.51 (2H) - -235
16 2.74 (2H) 54.43 -
17 3.42 (2H) 62.98 -
18 * - --

*Not observed
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[Ir(H)2(IMes)(NH3):]ClI

see section (2.6)

Table 6.9: NMR characterisation data of [Ir(H)2(IMes)(NH3)s]CI (5) in dichloromethane-d; at 298 K
with resonances attributed according to the labelling of the inset structure.

8

3 Cl
2/ \ 56
N N4
1 7
9

10 H// \\\\\\\N H 3

Irs
H” | “NH,
0 11
H;3N
Resonance number H (ppm) 13C (ppm) BN (ppm)
1 - 153.8 -
2 - -- 190.83
3 6.80 121.5 --
4 - 138.11 --
5 -- 135.25 --
6 7.00 129.00 --
7 - 138.64 --
8 2.10 18.30 --
9 2.35 20.78 -
10 -23.61 -- --
11 2.21 (br, s) --
*Jun = 67 Hz 349
12 2.84 (br, s) --
*Inn = 69 Hz 465

*15N coupling determined via 2D NMR spectrum on unlabelled sample

131



[1r(H)2(1IMes)(BnNH:)3]CI

see section (2.6)

Table 6.10: NMR characterisation data for [Ir(H)2(IMes)(BnNH.)3]Cl (6) in dichloromethane-d; at
298 K with the labels according to the inset structure.

Resonance number 'H (ppm) 13C (ppm) 5N (ppm)
1 -- 153.8 --
2 -- -- 192.83
3 6.80 121.73 --
4 -- 138.11 --
5 -- 135.25 --
6 6.90 129.29 --
7 -- 138.64 --
8 2.17 18.30 --
9 2.21 20.78 --
10 -23.95 -- --
11 5.00 (br, dt, Jun = 5 and 11 Hz, 2H) -
*J15NH =68 Hz 6.4
2.30 (br, t, Jun = 11 Hz, 2H) '
*J15NH =68 Hz
12 3.65 (dt, Jur = 5 and 15 Hz, 2 H), -
3.30 (ddd, Jun =3, 12 and 15 Hz, 53.14
2H)
13 141.8 --
14 7.35 (d, Jun = 5 Hz) 128.33 -
15 7.25 (t, Ju = 5 H2) 126.88 -
16 ~7.28 - overlap -- --
17 4.25 (t, Jun = 7 Hz, 2H) - -13.4
* Jisnn = 69 Hz
18 3.85 (t, Jun = 7 Hz, 2H) 57.26 -
19 -- - --
20 7.30 128.35 --
21 ~7.28 - overlap - -
22 ~7.28 - overlap - -

*15N coupling determined via 2D NMR spectrum on unlabelled sample

132




[Ir(H)2(1Mes)(BANH_2)2(DMSO)]CI

see section (4.2.4)

Table 6.11: Characterization of [Ir(H)2(IMes)(BnNH:)2(DMSO)]CI complex.

13
11 H," H
[N,
DMSO / 14 15
18,19 N H
12
Resonance number 'H (ppm) 13C (ppm) N (ppm)

1 -- 161.25 --
2 -- -- 192.83
3 6.94 122.02 --
4 -- 137.75 --
5 -- 136.0, 135.82 --
6 6.93, 6.97 128.77 --
7 -- 137.76 --
8 2.17 17.96 --
9 2.26 20.69 --
10 -23.32,d Jun = 8.5 Hz -- --
11 -23.76, d JHH = 8.5 == -6.4
12 2.275, 2.162 -- --
13 3.77,3.30 51.9 --
14 -- * --
15 * * _—
16 * * _—
17 * * _—
18 3.11 46.20 --
19 3.17 58.38 --

*Not observed
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Muclear Magnetic Resonance (NMR) and Magnetic Resonance Imaging (MRI) are two widely used
techniques for the study of molecules and materials. Hyperpolarisation methods, such as Signal
Amplification By Reversible Exchange (SABRE), turn typically weak magnetic resonance responses into
strong signals. In this article we detail how it is possible to hyperpelarise the *H, *C and "N nuclei of
a range of amines. This involved showing how primary amines form stable but labile complexes of the
type [Ir{H)z(IMes)(amine):|Cl that allow parahydrogen to relay its latent polarisation into the amine. By
optimising the temperature and parahydrogen pressure a 1000-fold per proton NH signal gain for
deuterated benzylamine is achieved at 9.4 T. Additionally, we show that sterically hindered and electron
poor amines that bind poorly to iridium can be hyperpolarised by either employing a co-ligand for
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complex stabilisation, or harnessing the fact that it is possible to exchange hyperpolarised protons

between amines in a mixture, through the recently reported SABRE-RELAY method. These chemical

DOI: 10.1039/c8sc00526e

rsc.lifchemical-science readily accessible parahydrogen.

Introduction

Hyperpolarisation methods are used to overcome the inherent
insensitivity of Nuclear Magnetic Resonance (NMR) spectros-
copy and Magnetic Resonance Imaging (MRI) where their use
may lead to dramatic time and cost savings. One such hyper-
polarisation method, Parahydrogen Induced Polarisation
(PHIP),! produces the required non-Bolzmann nuclear spin
distribution by the incorporation of parghydrogen (p-Ha), an
example of a nuclear singlet, into a suitable substrate molecule.
This effect was shown to yield an enhanced NMR signal in 1987
(ref. 2) and has been the subject of intense investigation.'”* A
drawback of PHIP though, is the requirement for chemical
change, caused by p-H, addition to an unsaturated centre such
as an alkene. However, recently a p-H; technique that does not
change the chemical identity of the sensitised molecule, called
Signal Amplification By Reversible Exchange (SABRE), was re-
ported.”® In this process, p-Hz is not directly incorporated into
the substrate. Instead, polarisation is transferred via the J-
coupling network that exists within a metal complex that co-
locates p-H, derived hydride ligands and a weakly bound
substrate (ligand).”™ Ligand exchange with excess unbound
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refinements have significant potential to extend the classes of agent that can be hyperpolarised by

substrate and p-H; enables the build-up of a pool of polarised
substrate molecules in solution in a catalytic fashion as shown
in Scheme 1.2 The SABRE polarisation of 'H nuclei typically
utilises a ‘Jyy coupling between the catalysts hydride and
substrate ligand protons. Tessari ef al. have quantified these
small spin-spin couplings to be =1.2 Hz." Alternatively,
stronger “Juy couplings have now been used to achieve "N
polarisation transfer at micro-Tesla fields in a variant known as
SABRE-SHEATH (SABRE-in shield enables alignment transfer to
heteronuclei).”* Intra-molecular spin-spin coupling networks
within the substrate subsequently enables transfer to remote
spins which do not exhibit direct coupling to the hydride
ligands.'®

One of the most effective precatalysts for this process is
[Ircl(COD)(IMes)] (1) [where IMes = 1,3-bis(2,4,6-trimethylphenyl)

IMes @
IMes
- pH; | Polarisation
Cl=lr—7| ———= RH,N—.—H Traniafer
RH:N  RHNT| H
NHoR
1 Ha 2
IMes ©
RH;N—;—H
® RH;N’IF'“H
N IMlea NH;R

[ sub—.—H
NN HZ I H p-Hy
- H NHgR

Hyperpolarised

INes MH.R
Amirng in Selulion

Scheme 1 Route to SABRE hyperpolarisation of an amine, NHzR.
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imidazol-2ylidene, COD = ¢is,cis-1,5-cyclooctadiene] which, after
reaction with H, and an excess of substrate, typically forms
[Ir(FH),(IMes)(substrate); ]Cl in protic solvents such as methanol.*?
Neutral active catalysts of the type [Ir{H),(Cl)(IMes)(substrate),]
have also been reported to achieve similar results."® These metal
based polarisation transfer catalysts have been shown to act on
a range of substrates that contain multiple bonds to nitrogen,
such as nicotinamide,™*" isoniazid,** metronidazole,® pyr-
azole,* imines,* diazirines®* and nitriles,” and lead to polarised
'H, ¢, N, '°F, i, *'P, and '*’Sn nuclei that yield substantially
enhanced NMR responses in just a few seconds.'*** In fact, 'H
polarisations of 50% have been reported, while for '°N, values of
over 20% have been achieved."*

While SABRE-induced polarisation can also be achieved
using in-field rf. transfer methods,**" whose efficiency varies
with pulse sequence,”™° spontaneous polarisation transfer
occurs readily at low-field and it is this method we employ here.
Moreover, as predicted,” it has also been established that SABRE
can be used to produce hyperpolarised singlet states' with
long-lifetimes through transfer in ultra-low field, or after the
implementation of rf. transfer."™® Hence the diversity of
applications found for this approach is growing and it clearly
reflects not only a successful medium to test hyperpolarisation
concepts but a potential route to transform the analytical
potential of NMR.*75"

In this article, we introduce a new class of substrate into the
SABRE repertoire, the amine. This is achieved by the formation of
iridium-amine complexes of type [Ir(H),(IMes)(RNH,);]Cl (2,
Scheme 1), whose kinetic behaviour is determined. Whilst the
synthesis and use of iridium-amine complexes has been reported
for catalytic transformations such as hydrogenation,™** we use
them here for polarisation transfer catalysis. We have recently
shown a limited number of amines are amenable to SABRE.*
Here, we start by detailing the hyperpolarisation of ammonia and
benzylamine (BnNH,) and its associated optimisation to achieve
large NMR signal enhancements. We then show how hyper-
polarisation can be achieved in a range of primary amines. Upon
changing to sterically bulky primary amines, secondary amines
or aromatic amines, we show that an active SABRE catalyst does
not form upon reaction with 1. However, we exemplify co-ligand
and relayed polarisation transfer protocols to overcome this
limitation and hence expand further the range of amines
amenable to polarisation by p-H,.

Results and discussion

Direct 'H hyperpolarisation of ammonia and BnNH, by
SABRE

Our objective was to investigate the efficiency of the SABRE
polarization of amines and ammonia and to determine their
ligand exchange dynamics. A 5 mM solution of 1 in dry
dichloromethane-d, containing an = 6-fold excess of NH; rela-
tive to 1 at 298 K was therefore prepared. The aprotic solvent
ensures that we maintain the necessary J-coupling network in
[Ir{H),(IMes)(NH;);]C] (2-NH;) during the study, as rapid *H
exchange results to form NDj; in deuterated protic solvents. This
complex yields a hydride signal at 6 —23.8, alongside a broad
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response at § 0.47 for free NH;. The corresponding equatorial
and axial NH; ligand "H NMR signals of 2-NH; appear at § 2.19
and 2.88 respectively. 2D 'H-'"N HMQC measurements were
subsequently used to locate the corresponding '°N signals for
these ligands at daga —47.8 and dequ —35.5. Full character-
isation data for 2-NHj, is available in the ESI.15* EXSY methods
were then used to probe NH; and H, loss in 2-NH;. At 298 K, the
associated rate constant for NH; loss proved to be 1.64 s~ ' while
that of H, loss is 0.32 5. For comparison, the dissociation rate
for pyridine in [Ir(H),(IMes)(py)s]Cl is 13.2 s ' and suggests
a higher stability for 2-NH; which agrees with the greater
basicity of NH;, relative to pyridine.*

As 2-NH; undergoes both NH; and H; loss in solution, we
sought to prove that it underwent SABRE catalysis. Thus, a 3 bar
pressure of p-H, was introduced at 298 K and polarisation
transfer was conducted at 60 G. A '"H NMR spectrum at 9.4 Twas
then recorded which showed a 154-fold signal enhancement per
proton for the free NH; response while the corresponding
equatorial ligand signal, at 4 2.19, showed a 77-fold enhanced
response (Fig. 1). Hence 2-NH; acts as a SABRE catalyst as it
produces a hyperpolarised free ammonia response. In the
presence of water, the observed signal enhancement of the
protons in free NH; decreased to 40-fold per proton, matching
that now observed for the equatorially bound NH; ligand This
drop is reflected in the signal at é 1.88, for what is a H,0
response, exhibiting a 75-fold signal gain per proton due to
concomitant proton exchange; the ratio of 2-NH; : H,O : NH; in
this sample was 1:5:17.5. Under these conditions, the T,
value for free NH; in the presence of the active SABRE catalyst
was measured by inversion recovery to be 5.5 s.

Thermal x 32

SABRE
H.O
IMes NH;
Ho, IIr wNH3
H™ | ™NH;
NHs
2-NH,3 NHajequatorian

T T T T T T
5 4 3 2 1 ppm

Fig. 1 (a) The thermally polarised '"H NMR SABRE spectrum (x 32
vertical expansion) recorded of 2-NHs (formed by reaction of 1 with
NH=z and Hz) in dichloromethane-d- at 298 K. (b) The corresponding
SABRE polarised 9.4 T *H NMR spectrum after transfer under p-H; at
60 G. The hyperpolarised responses of free NH; and Ir-NHsauonn of 2-
NH3 and residual HzO are indicated.
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The SABRE-induced hyperpolarisation of benzylamine
(BnNH,) was also investigated. A sample containing 1 (5 mM)
and BnNH, (10 eq.) in dichloromethane-d, solution was
exposed to 3 bar of H,. The immediate formation of [Ir(H),-
(IMes)(BnNH:);]C1 (2-BnNH-) was observed. It gives a charac-
teristic hydride resonance in the "H NMR spectrum at § —23.97.
Full characterisation data for this product is available in the
ESL+ Interestingly, the "H NMR spectrum of 2-BnNH, showed
that the BnWH,, ligand that lies rans to hydride, yields inequi-
valent responses for its NH, protons at 6 4.92 and 2.30, and CH,
protons at 6 3.60 and 3.18. This is due to hindered rotation
around the Ir-N bond which results in an up/down distinetion
for the resonances of the equatorial ligand. In contrast, the axial
ligand yields single responses which are equivalent at 6 4.24
(NH,) and & 3.83 (CH,) due to free rotation on the NMR time-
scale about the Ir-N bond. The corresponding EXSY-derived
rate constant for equatorial BnNH; loss from 2-BnNH, was
3.33 57! while the rate of H, loss was 2.83 s~ ' at 298 K. Hence
the rate of BnNH, loss is higher than that of NH, loss in 2-NH;.
This difference is due to NH; forming a stronger Ir-N bond as
reflected in their relative pK,;, values and suggests that it might
perform better under SABRE that NH;.

This was examined by p-H,-based polarisation transfer at 60
G which resulted in hyperpolarised free BnNH, in solution. The
signal enhancements were quantified to be 72-(NH,), 56-(CH;)
and 194-fold (Ph) per proton as shown in Fig. 2a. However, by
using d-BnNH, instead we were able to focus the SABRE
polarisation into the two amino protons alone and this led to an
improved signal enhancement of 916-fold per proton (Fig. 2b).

In order to investigate the T, contribution to this effect we
determined values for BnNH, and d--BnNH, at 9.4 T. BnNH,
proved to have effective T values of 1.1 s (NH,) and 4.7 5 (CH,)
respectively while its *H-labelled variant exhibited a similar
1.1 s Ty value for the amino group in the presence of the active
catalyst. Hence, the improved NH signal gain seen with
d--BnNH; is due to a reduction in spin dilution which leads to

-

NH,

Thermal x8 L

on ]f WM, SABRE

Themalx8 || |

SAERE Ph

. D pp
B oL X
OO &
& L e
8]

Bt dy B,
———— T T T T T— T T T T T T T
9 87 654 32 pm 987 65 4 3 2 ppm

Fig. 2 (a) "H NMR spectra of BnNH,, thermally polarised, top, and
hyperpolarised, bottam. (b) *H NMR spectra for d»-BnNH>, thermally
polarised, top, and hyperpclarised, bottom.
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more efficient SABRE transfer. The relaxation rates for BnNH,
and d--BnNH,; are both slower in the absence of the active
SABRE catalyst in agreement with earlier reports that the cata-
lyst plays a role in reducing relaxation times due to reversible
binding. Consequently, BnNH; now shows T, values of 9.0 s
(NH;) and 11.0 s (CH;), whereas d--BnNH, has a T, value of
10.1 s for its NH, group.

Effect of catalyst to substrate ratio on SABRE polarisation

Previous studies have shown that the SABRE effect is dependent
upon the catalyst to substrate ratio as a consequence of kinetic
and relaxation effects."™ Therefore, we studied the effect of
changing the ratio of BnNH, relative to 1 from 4-fold to 20-fold
in a series of further experiments, undertaking the associated
SABRE transfer studies at 60 G and 298 K. It was found that
similar total polarisation levels result within experimental error
during these experiments (see ESIT). Hence, we conclude that
the observed signal enhancements under these conditions are
essentially independent of ligand excess which suggests that
slow exchange and fast relaxation within the catalyst restrict the
maximum polarisation level.

Effect of p-H, pressure on SABRE polarisation of BnNH,

As SABRE derives its polarisation from p-H,, it could be the
limiting reagent in this catalytic process and therefore affect the
observed substrate polarisation level.'® Up until this point, we
have been utilising 3 bar pressure of p-H, which reflects an ca.
6-fold excess when compared to the 50 mM substrate present in
a 5 mm NMR tube. A sample containing 1 (5 mM), BnNH,
(50 mM, 10 eq.) in dichloromethane-d> solution was therefore
prepared and exposed to between 2 and 4 bar of p-H,. The
resulting signal gains, after polarisation transfer at 60 G, are
shown in Fig. S14 (see ESI) and a strong dependence on p-H,
pressure is seen. This is consistent with the fact that H,
exchange takes place after ligand dissociation and the remain-
ing equatorially bound BnNH; ligand will experience a higher
level of latent p-H, polarisation (see Scheme 1). When d-BnNH,
is examined with 4 bar of p-H,, the NH signal gain increases to
10794fold per proton from the 916-fold signal gain achieved
with 3 bar.

Effect of temperature on SABRE polarisation of BnNH:

The temperature at which SABRE is conducted is also known to
affect the efficiency of the polarisation transfer due to changes in
the lifetime of the SABRE-active catalyst. We found here that
cooling a dichloromethane-d, solution containing 1, BnNH, and
3 bar p-H, to 288 K results in a reduction in the level of signal
enhancement when compared to 298 K data (Fig. S15, ESI{).
Conversely 308 K gave an improved response with the overall
polarisation level increasing by ~40%. This fits with the observed
rate constant for BnNH, dissociation increasing to 9.85 s * from
the 3.33 s~ ' value at 298 K. We therefore conclude the retained
polarisation level in BnNH, is improved by the faster rate of
substrate dissociation and shorter catalyst lifetime. For NH,,
a 251-fold "H signal gain per NH proton is observed at 308 K
when compared to the 154-fold value at 298 K. This is consistent
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with the increase in the NH; dissociation rate constant to
10.42 5 ' at 308 K when compared to 1.64 5 ' at 298 K.

SABRE transfer to °C and '°N

SABRE-induced hyperpolarisation of '*C was also observed for
BnNH,. Whilst polarisation transfer into the ortho phenyl
carbon was readily observed using a standard C acquisition
sequence after polarisation transfer 60 G under 4 bar p-H,, the
other “C resonances had poor signal-to-noise ratios. We over-
came this by using a 'H-"°C refocussed INEPT experiment that
gave rise to a spectrum showing all 5 carbon environments after
polarisation transfer at 60 G. We utilised long-range J-H-C-
couplings to transfer this polarisation. '*C signal gains of up
to 65-fold were achieved using this method (Fig. 3a). We further
note that there is a very strong polarisation transfer field
dependence on the BnNH, "“C signal intensities which is
consistent with earlier reports on pyridine.*®

When Bn'°NH, is used instead of BnNH,, the detection of
a hyperpolarised '°N response is readily evident as shown in
Fig. 3b. The "°N signal gain for the free material in solution
proved to be ~880-fold after polarisation transfer at 60 G and
308 K. The equatorially bound "°N resonance at § —5.59, is 4
times larger than the free amine signal. As the ratio of free
amine to equatorially bound Bn'’NH, in solution is actually
7 : 2, the rate of Bn'*NH, loss must be relatively slow, even at
308 K. Under this 60 G condition, polarisation transfer is likely
to occur via the *Juy coupling between the Bn'°NH, and the
hydride ligands. To investigate the effect of using a Jun
coupling we repeated this measurement after polarization

a) by
Ph
CH, | |
|
\ |
e e “.‘ || S -
Ba'iNH, BRNH, jl
Equatorially
Bound
T T T T T T T T
BC 140 120 100 8O ppm N 30 20 10 o ppm
c) d) n
co.cl, BANH,
15.66 M 215 M ‘
1scan 4086 scant ‘
| ||U' 1 |‘ 1 '
JWUU wor e AR W p ] !
et VIt vt RN Mo 4 qu_.%ﬁ
T T T T T 1 T 1
BC 55 B4 53 52 ppm BN 28 26 24 ppm

Fig. 3 (a) *H-'*C refocussed INEPT NMR spectrum of hyperpolarised
BnNH. (35 mM) achieved via 2-BnNH; (5 mM) under SABRE in
dichloromethane-d: solution after transfer at 60 G and 308 K; (b) **N
NMR spectrum of **N-labelled Bn'>NH; (35 mM) after SABRE transfer
via 2-BnNH;z (5 mM) at 60 G and 308 K which gives rise to hyper-
polarised resonances for free (6 24.42) and equatorially bound
(6 —559) substrate; (c) single scan thermally polarised “C NMR
spectrum in CDCl; (15.66 M) and (d) 4096 scan thermally polarised
N NMR spectrum of BANH; (2.15 M).
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transfer within a p-metal shield (ca. 350-fold shielding). Under
these SABRE-SHEATH type conditions,"* an ~800-fold
*"N-signal gain was observed and further optimisation may
therefore be needed to maximise this response. The corre-
sponding 'H signal gains with this °N labelled material after
transfer at 60 G were now 33-(NH,), 34-(CH;) and 52-fold (Ph).
These compare to the analogous values of 72-, 56- and 192-fold
respectively with Bn''NH,. Interestingly, the 'H polarisation
levels therefore decrease with '*N addition and we propose that
this is an example of spin dilution.

Expanding the substrate range

In order to test the generality of amine polarisation via SABRE,
we prepared a series of samples containing 1 (5 mM) and 10 eq.
of the substrates shown in Fig. 4 in dichloromethane-d, solu-
tion. These substrates include a number of primary amines and
each is successfully hyperpolarised after transfer at 60 G upon
reaction with 1 and p-Hs. In fact, SABRE polarisation of phen-
ylethylamine (PEA) and phenylpropylamine (PPA) results in
strong signal enhancements and transfer is found to proceed
across the corresponding C, and C; carbon chains into their
phenyl rings. For PEA we found that the NH, 'H signal gain is
actually increased to 108-fold per proton compared to the
72-fold BnNH; value, and that the CH.CH. bridge gave 50-fold
(NCH,) and 45-fold (CH,) enhancements per proton. The
5-proton containing phenyl group gave a 92-fold gain per
proton.

Spin-isolation of the phenyl group, by introducing an ether
linkage, as in phenoxyethylamine (POEA) resulted in signal
enhancements of 99-(NH.), 47-(NCH.), 147-(CH20) and as ex-
pected, just 8fold (Ph) per proton for our test sample. We
therefore conclude that polarisation transfer across the oxygen
linker is inefficient at 60 G and a stronger aliphatic proton
response results. The amines isobutylamine, allylamine and
tryptamine were also studied as shown in Fig. 4. In all cases, the
formation of [Ir{H)z(IMes)(amine);]Cl was indicated (see ESI})
and polarisation transfer results.

When secondary amines, such as dibenzylamine, were
examined, no evidence for the formation of an active SABRE
catalyst was observed. A similar result was observed for

108

45 40 40° a7
Ny NH; O™,
50 14 g T g
PEA PPA POEA
B4 g 2!
83 H
131 NH;
BQ/\NHZ HMNHZ @  _—
sy 157 s 178 78 N
7

Fig. 4 Amine substrates polarised by SABRE using precatalyst 1 in
dichloromethane-d: solution. Per proton signal gains are given for the
indicated *H sites (* average across two sites due to peak overlap)
observed at 9.4 T. Corresponding *H NMR spectra for thermally
polarised and SABRE polarised experiments are given in the ESLT
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sterically hindered primary amines, such as isopropylamine
and aromatic amines, such as aniline. Sterically demanding
substrates, such as 2,6-lutidine, have been previously shown to
be unable to be polarised using SABRE.™ A full list of the amines
probed in this study is available in the ESL{ We therefore
postulate that sterically demanding or electron deficient amines
fail to activate and form the necessary [Ir{H),(IMes)(amine);|Cl
SABRE catalyst.

This problem could be overcome for aniline by the addition
of the co-ligand 1-methyl 1,2,3-triazole (mtz) or CH;CN. For the
corresponding sample containing 1 (5 mM), aniline (10 egq.)
and mtz (3 eq.) in dichloromethane-d, we achieved signal
enhancements of 51-fold for the NH, group and 17-fold for the
phenyl group, per proton. These signal gains are summarised in
Fig. 5. When CH;CN (8 eq.) is used instead of mtz, the polar-
isation levels increase to 306-(NH,) and 193-fold (Ph) per
proton. The active complex in this SABRE process was charac-
terised as [Ir(H),(IMes)(aniline),(CH;CNJ]Cl and yields
a distinctive hydride resonance at 6 —24.78 (see ESI}). Uti-
lisation of such a co-substrate strategy was however unsuc-
cessful for the secondary amines as detailed in the ESL}

Indirect hyperpolarisation of amines by SABRE-RELAY

As expected, substrate binding to the metal centre is needed for
polarisation transfer to occur. We hypothesised that these
amines might also be hyperpolarised indirectly. In this
scenario, hyperpolarisation of a primary amine or ammonia is
achieved and subsequent proton exchange, which may be
mediated by residual water, allows for a polarised proton to be
shuttled into the non-SABRE-active amine. Subsequent intra-
substrate polarisation transfer then relays the signal gain
more widely in this agent (Scheme 2).

In order to test this hypothesis, a series of samples con-
taining 1 (5 mM), target amine (10 eq.) and NH; (3-5 eq.) were
prepared in dichloromethane-d, solution. 2-NH; formed in all
cases as confirmed by the presence of a hydride resonance in
the corresponding 'H NMR spectra at 6 —23.8. Polarisation
transfer was then conducted at 60 G, and the resulting signal
gains that were observed at 9.4 T are presented in Fig. 6.

For isopropylamine (‘PrNH,), the SABRE-RELAY polarised
NH; signal showed a 220-fold signal gain while 27- and 150-fold
enhancements were seen for the CH and CHa resonances
respectively. This reflects a breakthrough as '‘PrNH, was unable
to be directly polarised by SABRE due to its steric bulk pre-
venting adequate binding. Dibenzylamine (Bn,NH) was also
successfully polarised using this method, and yields 'H signal
gains of 274-(NH), 200-(CH,) and 395-fold (Ph) per proton.

i 306
NH £ N ; NH;
SN +CHCN

Fig. 5 *H NMR signal gains per proton observed for the indicated
aniline resonances when hyperpolarised by SABRE in the presence of
the described co-ligand at 94 T.
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R
2. Relayed 2
1. SABRE Polarisation H
Polarisation via Proton 1
Exchange
H\rI‘J,H H,0
R HO R?
N-H
R=H, Bn R!

Scheme 2 SABRE-RELAY polarisation of amines. (1) SABRE polar-
isation of an intermediary transfer agent, in this case a primary amine
or ammoenia. (2) Polarisation is then relayed into the target amine via
proton exchange, either directly or via residual water present in the
sample.

Sterically Hindered

Primary Amines Aromatic Amines

Secondary Amines

150
27/[\ 200 | NH,
NHZ /\@
150 H { j
220 274
IPriH, BrgNH Aniline

Fig. 6 'H NMR signal gains observed per proton for the indicated
amine resonances when hyperpolarised by SABRE-RELAY using 2-NHs
at9.4 T

Additionally, a C spectrum can be acquired in a single scan on
these materials after polarisation transfer at 60 G such that
a 475-fold signal gain for the CH; resonance is observed. Full
NMR spectra are available in the ESL{ Furthermore, the
aromatic amine, aniline, now exhibits a 150-fold NH, proton
signal enhancement and a 9-fold signal gain for the phenyl ring
under analogous conditions. We note that these signal gains are
lower than those seen when CH,CN is used as a co-ligand to
achieve direct SABRE transfer as detailed in Fig. 5. We suggest
that this difference in behaviour arises because a 60 G polar-
isation transfer field is no-longer optimal for intra-molecular
polarisation transfer after proton exchange. This is clearly is
not the case for transfer viag directly bound aniline and the
complexes scalar coupling network which is in fact commonly
maximised for 'H transfer at 60 G.

From these results we can conclude that the SABRE-RELAY
effect is able to polarise sterically hindered primary amines,
secondary amines and aromatic amines that are not themselves
accessible to SABRE. Thus, the scope of amine polarisation is
vastly increased.

Conclusions

In summary, we have shown here how SABRE can be used to
hyperpolarise a series of primary amines. This substrate
extension opens up the SABRE approach to operate with a much
wider range of analytes than was previously thought possible, as

Chern. Sci., 2018, 9, 3677-3684 | 3681
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we extend beyond the original aromatic N-heterocycles, imines
and nitriles. Activity is achieved by the formation of a series of
complexes of the form [Ir{H),(IMes)(amine);]Cl. Relaxation
studies, in conjunction with ligand dissociation rate measure-
ments were used to demonstrate that the high relative stability
of these complexes acts to limit the degree of SABRE signal gain.
This hypothesis is consistent with the fact that increasing the p-
H, pressure or reaction temperature leads to improved signal
gains. Therefore, significant catalyst optimisation will be
important if very high levels of hyperpolarisation are to be
achieved by this route in the future.

Nonetheless, in the case of BnNH,, 'H NMR signal
enhancement values of ~100-fold per NH proton were achieved
for benzylamine using [IrCI(COD)(IMes)]. Consequently, when
d,-benzylamine was used, the resulting focusing of the hyper-
polarisation into the NH, resonance resulted in a 900-fold
signal enhancement per proton at 9.4 Twith a p-H; pressure of 3
bar. This value reduced to 33-fold for Bn'°NH, after transfer at
60 G. Hence, we predict that further improvements can be made
through a more detailed study of the effect of isotopic label-
ling."**” We have also demonstrated transfer to “C and "N
with diagnostic NMR spectra being collected at a 35 mM
concentration in a single scan. We predict that application of
high-field SABRE transfer techniques,*** such as the LIGHT-
SABRE® approach, might subsequently enable this process to
work inside the magnet, but note that a rigorous study of the
effect the polarisation transfer field plays on the resulting signal
enhancement levels is justified.

In the course of these studies we found that sterically hindered
primary amines, secondary amines and aromatic amines
were unable to form an active SABRE catalyst of the type
[Ir(H),(IMes)(amine);JCl. This meant that direct polarisation
transfer via such a complex was not possible. We found for aniline
that the addition of a co-ligand such as CH,CN overcame this
problem via the formation of [Irf{H),(IMes)(aniline),(CH;CN)ICI
such that signal enhancements of up to 306-fold per NH proton
could be achieved.

An indirect route was described to overcome this limitation
more generally, such that hindered primary amines, secondary
amines and aromatic amines can be hyperpolarised by SABRE-
RELAY.* Now, a SABRE-hyperpolarised intermediary, such as
ammonia, is able to readily transfer polarisation into agents
such as isopropylamine, benzylamine and aniline via either
direct proton exchange or mediated by residual water present in
the sample. This approach expands the range of amines that
can be hyperpolarised without changing their chemical identity
through interactions with p-H,.

Given the increase in signal intensity that is observed for the
amines in this study, we are now working towards their use as
agents for mechanistic study®®* in transfer hydrogenation,®5®
hydroamination,”® and vitally important N, fixation reac-
tions.””" Additionally, since phenylethylamine is a naturally
occurring monoamine based alkaloid that acts as a promoter of
catecholamine (dopamine and norepinephrine) release in
plants and animals we expect these observations to be of wide
interest.”>™ Furthermore, the SABRE-RELAY method® has
recently been shown to offer a route to hyperpolarise an even
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larger range of hydrogen transfer acceptors using OH functional
groups. Optimisation of the intermediaries NH polarisation
level reflects a key part to optimisation of this technique and
hence these results will be of interest to any potential developer.
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Abbreviations

pl — microliter

pm — micrometre

B — Boltzmann distribution
pl — microliter

br — broad

BnNHz2 - Benzylamine
COD - 1,5-cyclooctadiene

COPD - Chronic Obstructive
Pulmonary Disease

d — deuterated

d — doublet

COD - 1,5-cyclooctadiene

DMSO - dimethylsulfoxide

DNP — Dynamic Nuclear Polarisation
d-DNP - dissolution-DNP

G — Gauss

Hz — hertz

IMes - 1,3-bis(2,4,6-
trimethylphenyl)imidazole-2-ylidene

INEPT — Insensitive Nuclei Enhanced
by Polarisation Transfer

J — scalar coupling

K —Kelvin

m — multiplet

kg — Boltzmann constant

mM — millimoles per dm3

min — minute

MRI — Magnetic Resonance Imaging
mT — millitesla

Myxy — Magnetisation in the xy plane
M; — Magnetisation in the z direction
N, — number of spins in alpha state
N — number of spins in beta state
NMR — Nuclear Magnetic Resonance
PEA — phenethylamine

Para-H2— parahydrogen

PC — phosphatidylcholine
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PE — phosphatidylethanolamine SABRE-SHEATH — SABRE in
shield enables alignment transfer to

PHIP — Parahydrogen Induced heteronuclei)

Polarisation
Shyp — hyperpolarised signal

ppm — parts per million
Stherm — thermal signal

PTF — polarisation transfer field
T - temperature

RF — radiofrequency
T —Tesla

SABRE - Signal Amplification by
Reversible Exchange T1— longitudinal relaxation time

AE — energy difference
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