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Abstract

Abstract
Hyperpolarisation is a deviation away from the Boltzmann distribution in Nuclear Magnetic
Resonance (NMR). The hyperpolarisation technique, Signal Amplification By Reversible
Exchange (SABRE), is explored in this work with biologically relevant pyrimidines which reflect
nucleobases and drugs including anticancer and antifungal agents. Methods to increase the 1H
NMR sensitivity of pyrimidine are explored and optimised by examining the various factors that
influence the efficiency of polarisation transfer. This led to a 1H NMR signal enhancement of
−382 ± 14-fold on the H-2 of pyrimidine being recorded at 9.4 T.
Studies on 5-fluorouracil, one of the most common anticancer agents, are also described. In
addition to 1H hyperpolarisation, hyperpolarisation of its 19F nuclei is evaluated under SABRE.
Polarisation levels of −106-fold and 0.85 ± 0.53-fold for 5-fluorouracil were achieved for 1H and
19

F, respectively. This work was expanded to include other fluorinated N-heterocyclic compounds

including, 3-fluoropyridine which gave the greatest 1H and 19F signal enhancement of −1287 ±
65-fold and 62 ± 6-fold respectively. After structural characterisation, it was found that two
complexes form in these experiments, [Ir(H)2(IMes)(sub)3]Cl (A) and [IrCl(H)2(IMes)(sub)2] (B).
H2 loss was found to proceed via B at between 0.4 and 0.2 s−1 which is comparable to that of A
with 5-fluoropyridine-3-carboxylic acid in the presence of Cs2CO3. 19F MRI images were also
recorded for these molecules.
The final chapters expand the range of substrates available to the SABRE technique and considers
13

C, 15N and 31P hyperpolarisation through oxalate, adenosine triphosphate, urea, uracil and 5-

fluorouracil. It was postulated that sodium oxalate could create a long-lived single spin order in
its

13

C2 form. The most effective approach involved utilisation of the co-ligand, DMSO but

unfortunately the dimeric species, [Ir(H)2(DMSO)(IMes)]2(µ-oxalate), forms readily (as
demonstrated by NMR and X-ray diffraction) and limits SABRE performance.
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Introduction
1.1

Nuclear magnetic resonance

Nuclear Magnetic Resonance (NMR) is an information rich spectroscopic method used to analyse
chemical compounds. NMR has a vast array of applications that can give detailed information on
parameters such as structural information,1 chemical exchange2 or conformation3, 4 and can help
to understand reaction dynamics.5, 6 Additionally, NMR can be used to image, under the aptly
named magnetic resonance imaging (MRI), and is routinely used in medicine as a powerful noninvasive diagnostic tool.7
NMR and MRI rely on the fact that all protons and neutrons have a quantum mechanical intrinsic
property; often termed ‘spin’.8 Each nucleus has a spin quantum number that is dependent on the
makeup of the nucleus in question, with the simplest of these being a hydrogen nucleus. For a
nucleus to be NMR active, the presence of a non-zero spin order is required.9 Typically, if a
nucleus has an even mass number then the spin parameter will be an integer and an odd mass
number leads to a half-integer value of spin. However, the spin number is readily known and
easily obtained for all elements. If the number of protons and neutrons are both even, then the
nucleus will display a spin of zero and will be NMR silent.10 This is the case for 12C, which has a
zero spin value however, its isotope, 13C, has a spin value of ½ and is widely used for NMR and
MRI despite its low natural abundance.
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Figure 1.1 – a) The population difference between the spin states when B0 is zero and greater than
zero, known as the Boltzmann distribution. 𝜶 is where the spins are aligned with the magnetic field
and 𝜷 is where they are aligned against the magnetic field. b) Population difference of the nuclear
spin states of an AX spin system when both spins = ½. c) the corresponding NMR profile observed
for this spin system under Boltzmann conditions.10

The spin value dictates the number of quantum mechanical states that the spins can occupy, which
is defined as 2𝐼 + 1, where 𝐼 is the spin quantum number. Therefore, a spin ½ nucleus has two
possible spin states which it can occupy.10
The two spin states for a spin-½ system are usually denoted α and β to represent spins aligned
with and against the magnetic field respectively. In the absence of a static magnetic field, the two
spin states are degenerate. The application of a magnetic field (B0) causes Zeeman splitting
resulting in the two states having different energy levels, as shown in Figure 1.1a), with the lower
energy level belonging to the spins aligned with the magnetic field. The states are occupied
according to the Boltzmann distribution, therefore there is a slight excess of spins in the lower
energy state (α). The discrete energy values (𝐸𝑀 ) for the states can be expressed in terms of the
⃗⃗⃗⃗0 ), as in equation 1.1.9
dot product of magnetic moment (𝜇
⃗⃗⃗ ) and magnetic field (𝐵
𝐸𝑀 = −𝜇
⃗⃗⃗ . ⃗⃗⃗⃗
𝐵0

(1.1)

Equation 1.1 states that the direction of the magnetic moment is dependent on the external
magnetic field. The static magnetic field of an NMR spectrometer is produced by a
superconducting solenoid, which generates a highly directional magnetic field along the z-axis.
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The magnetic moment in the z-direction is defined in terms of the gyromagnetic ratio (𝛾), which
is the constant of proportionality between the resonant frequency and static magnetic field, a spin
quantum number (𝑚) and reduced Planck’s constant (ħ) as shown in equation 1.2.9
𝜇𝑧 = 𝛾ħ𝑚

(1.2)

The possible values that 𝑚 can take is defined by the spin number and are integers in the form
𝑚 = −𝐼, −𝐼 + 1 … , 𝐼. Therefore, for the spin ½ nucleus there are only two possible values of 𝑚;
−½ and ½. It is therefore possible to determine the energy equations for each state (𝐸𝛼 and 𝐸𝛽 )
and for the energy difference between the two levels (∆𝐸) by combining equations 1.1 and 1.2 as
shown in equations 1.3-1.5.9-11
1
𝐸𝛼 = − 𝛾ħ𝐵𝑧
2

(1.3)

1
𝐸𝛽 = + 𝛾ħ𝐵𝑧
2

(1.4)

∆𝐸 = 𝐸𝛽 − 𝐸𝛼 = 𝛾ħ𝐵𝑧

(1.5)

Now that the energy difference is known between these discrete energy levels, this can be related
to the frequency (𝑓) using the classical equation expressed in equation 1.6, where ℎ is Planck’s
constant.9-11

𝐸 = ℎ𝑓 =

ℎ𝜔0
= ħ𝜔0
2𝜋

(1.6)

Since the angular frequency (𝜔0 ) is defined as the frequency divided by 2𝜋 and subsequently ℎ
divided by 2𝜋 is reduced Planck’s constant. Therefore, by combining equations 1.5 and 1.6 and
rearranging for the angular frequency can be defined (equation 1.7).9-11
𝜔0 = −𝛾𝐵0

(1.7)

This equation defines the Larmor frequency, which is the fundamental equation of NMR and links
the static magnetic field strength with the resonant frequency of the nucleus of interest. The
gyromagnetic ratio is unique for each NMR active nucleus. This adds to the power of NMR as a
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technique, as the use of specific radio frequency pulses (r. f.) only selective elements will be
excited at any one time.9-11
Since the two spin states are in direct opposition with each other they mostly cancel out, however,
the spins aligned with the magnetic field have a lower energy and thus a slight population
imbalance occurs. The ratio of the populations in the 𝛼 (𝑛𝛼 ) and 𝛽 (𝑛𝛽 ) states can be defined by
the Boltzmann distribution in the form of equation (1.8).9, 11
𝑛𝛽
−∆𝐸
−𝛾ħ𝐵0
= 𝑒𝑥𝑝 [
] = 𝑒𝑥𝑝 [
]
𝑛𝛼
𝑘𝐵 𝑇
𝑘𝐵 𝑇

(1.8)

Equation 1.8 can be rewritten, using the Taylor expansion, to express the percentage of excess
spins between the states as shown in equation 1.9.9, 11

𝑃0 =

𝛾𝐵0 ħ
2𝑘𝐵 𝑇

(1.9)

Where P0 is polarisation and kB is the Boltzmann constant.
Both NMR and MRI, are considered insensitive due to the very small population difference within
their energy levels, based on the Boltzmann distribution.8 If the polarisation is calculated for a 1H
nucleus at 295 K in a 9.4 T (400 MHz) field, then there is an excess of only 33 nuclei in every
million in the ground state which demonstrates the insensitivity of NMR.

Figure 1.2 – Schematic showing the population distribution in the case of conventional NMR (left)
and in a hyperpolarised case (right).

Many scientists are trying to improve this sensitivity issue by using hyperpolarisation, which is
defined as any significant deviation from the Boltzmann distribution that greatly increases signal
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intensity. There are several ways in which hyperpolarisation can be achieved, including; brute
force, optical pumping, dynamic nuclear polarisation (DNP) and para-hydrogen induced
polarisation (PHIP).12-16

1.2

Hyperpolarisation methods

1.2.1

Brute force

First described by Gorter in 1934,17 brute force is perhaps the simplest hyperpolarisation method,
however, several years of development were required before brute-force hyperpolarisation
became a more well-known technique.18, 19 In this method of hyperpolarisation, the sample is
initially placed in a higher magnetic field than that in which it will be detected.20 The initial high
magnetic field increases the energy difference between states and therefore increases the
population difference which results in a higher NMR signal being obtained. In some brute-force
experiments, the substrate is polarised not only at higher magnetic fields but also at low
temperatures, which also increases the signal due to less movement between states at lower
temperatures.20 This method therefore exploits the polarisation through either magnetic field or
temperature, or a combination of both. The drawback is that the polarisation is linearly dependent
on the magnetic field strength and inversely proportional to temperature. Therefore, in order to
double the polarisation, the temperature would have to be halved or the magnetic field doubled.
Consequently, this form of hyperpolarisation is limited, as increasing the magnetic field and
decreasing temperature are both finite changes and subsequently can only offer minor gain in
signal through the manipulation of the polarisation. Recently Hirsch et. al. (2015) used this
method to hyperpolarise 1-13C-pyruvate, 1-13C-sodium lactate and 1-13C-acetic acid, where 13C
signal enhancements of over 1500 were reported.21 Although less than that obtained using other
hyperpolarisation methods, this signal gain is noteworthy due to the simplicity of this method and
that these signals could be used in applications such as the analysis of compounds and mixtures.21

1.2.2

Spin-exchange optical pumping (SEOP)

Optical pumping was first theorised and developed during the 1950s by Kastler and uses polarised
light to move electrons from a lower energy state to a higher one.22, 23 One of the most effective
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uses of optical pumping is within helium and xenon to produce enhanced magnetic resonance
images (MRI) in lungs after inhalation of the gas. The first hyperpolarised images using this
technique with hyperpolarised helium, were published by two groups: Albert et. al. (imaging
mouse lungs)24 and Middleton et. al. (imaging guinea pig lungs).25 Helium nuclei were initially
utilised due to its higher gyromagnetic ratio compared to xenon but, more recently, an increase in
cost has led to xenon imaging becoming more favourable.26 Xenon based SEOP has now been
developed for use by medical professionals in hospitals around the world, particularly with
patients suffering from asthma or chronic obstructive pulmonary disease (COPD).27

1.2.3

Dynamic Nuclear Polarisation (DNP)

Dynamic Nuclear Polarisation (DNP) was first theorised in metal nuclei by Overhauser in 1953.28
It was proposed that if a metallic sample was placed into a magnetic field and subsequently
irradiated with a microwave frequency that meets the electron spin resonance condition in the
presence of a radical then the electron spin magnetic moment and the nuclear spin magnetic
moment would interact. This results in a transfer of spin population between them. The
populations within the energy levels are now in a non-equilibrium state, as described by equation
1.10.29

𝜖=

|𝛾𝑒 |
〈𝐼𝑧 〉
=1− 𝜉 ∙ 𝑓 ∙𝑠
𝐼0
𝛾𝑛

(1.10)

Where ε is the enhancement factor, Iz is the nuclear polarisation, I0 is Boltzmann equilibrium value
for the nuclear spin system, ξ is the coupling factor, f is the leakage factor and s the saturation
factor. This corresponds to creating magnetic polarisation in the sample, which can produce a
hyperpolarised signal when examined.30 This hypothesis was proven by Carver and Slichter in
the same year,31 and the process is now known as Overhauser-DNP (O-DNP). There are
challenges with O-DNP associated with sample heating due to the microwave irradiation step and
hence performing this experiment on biologically relevant molecules can be problematic.
In 2003, Ardenkjær-Larsen et. al. reported a new method known as dissolution-DNP (d-DNP)
whereby a substrate is dissolved with a free radical prior to polarisation in a magnetic field by
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microwave irradiation at a frequency which excites the electron in the radical at low temperature
(~1.2 K). Subsequently, the frozen sample is rapidly melted using hot water and transferred to the
NMR for detection. Figure 1.3 shows a typical schematic of the experiment.

Figure 1.3 – Schematic diagram, adapted from reference 30 showing the dissolution-DNP method. 30
The sample is cooled using a liquid He bath to approximately 1-1.2 K where it is polarised using
microwave irradiation. The sample is then rapidly thawed using a hot solvent to allow it to be
transferred into the NMR spectrometer for detection.

In the early report, 13C-urea was dissolved in glycerol and OXO63 was the trityl radical used
which resulted in a 42% 13C polarisation level after a build-up time of approximately 82 minutes
within the polarising magnet. Due to relaxation effects within the sample, they observed 37%
polarisation of the 13C nuclei within the NMR spectrum.32 Therefore, the transfer of the sample
between polarisation and detection needs to be carried out quickly to reduce this effect.
Nonetheless, this represents a significant enhancement which is a result of the low temperature
associated with DNP, as described by equation 1.11.29
𝐵

𝑇

𝜀 ′ = 𝜀. 𝐵 DNP . 𝑇NMR
NMR

𝐷𝑁𝑃

(1.11)

Where ε' is the overall enhancement, ε is the actual DNP enhancement, B is the Boltzmann
distribution for 13C in the NMR and the electron in DNP as stated in the equation and T is the
temperature at which the DNP or NMR process was performed. An example of this large
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polarisation is shown in Figure 1.4 where a hyperpolarised 13C NMR of natural abundance urea
is compared to that of its thermally equilibrated NMR signal, acquired over 65 hours.

Figure 1.4 – 13C NMR spectra of urea taken from Ardenkjær-Larsen et al.32 (A) 13C hyperpolarised
NMR spectrum using d-DNP of natural abundance urea, showing a polarisation of 20%. (B) Thermal
NMR spectrum of

13

C for an equivalent sample of urea where the label is present at natural

abundance; this multiple scan signal was averaged over 65 hours.

Over the last 15 years, d-DNP has been developed for medical use and many compounds have
been hyperpolarised using this method.33, 34 The most successful molecules contain carbonyl
groups which include; pyruvic acid, pyruvate, urea, glutamine and ascorbic acid due to the
quaternary carbon of the carbonyl group having typically long longitudinal relaxation times.
Longitudinal relaxation (T1) is the energy exchange between the spins of the molecule(s) present
in solution to return to their thermal equilibrium. This is discussed in further detail in section 1.3.3
of this chapter. T1 values are important in the d-DNP experiment, as this time dictates both the
rate of magnetisation build up and the rate of relaxation of the created magnetisation. Therefore,
long T1 values allow polarisation to remain whilst the molecule is transferred to the detection
field.34, 35
The carboxyl functionality of many of these molecules also makes them easy to enrich in 13C.
This is very beneficial as it is the weak interactions of 13C with the associated protons that results
in a long relaxation time.34 Therefore, d-DNP has proved successful with in-vivo studies of
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metabolites.36-41 The detection of these hyperpolarised

13

C labelled molecules have provided

remarkable insights into their metabolism. The most widely known success story is based on the
role of pyruvic acid in the Krebs or citric acid cycle.38, 42
The formation of pyruvate is very similar in most cells and this is key in the metabolism of glucose
to provide energy in the form of adenosine triphosphate (ATP) via the Krebs cycle. However,
once pyruvate is formed, it can be broken down in many different ways, three of which are shown
in Figure 1.5.

Figure 1.5 – The metabolic pathways of pyruvate in aerobic and anaerobic conditions. The formation
of lactate occurs under aerobic conditions and is catalysed by lactate dehydrogenase. Under
anaerobic conditions ethanol is formed instead in a process catalysed by pyruvate decarboxylase.

Pathway A is often favoured when the cell is in hypoxia and anaerobic respiration is the
predominant pathway to gain energy. In this pathway, pyruvate is reduced to lactate by NADH
by the enzyme lactate dehydrogenase to produce 2 lactate molecules, 2 ATPs and 2 molecules of
H2O.43 Pathway B is usually observed in microorganisms also undergoing anaerobic respiration.
As shown in Figure 1.5, the decarboxylation of pyruvate occurs first, followed by the reduction
of the newly formed acetaldehyde to produce ethanol. This pathway is not observed in
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multicellular organisms.43 Finally, pathway C shows the transamination of pyruvate to form the
amino acid alanine. This occurs as alanine can be transported into the liver where it is reconverted
to glucose.44
Of these three pathways, pathway A has become key in monitoring tumours. In 1927, Otto
Warburg45 described the metabolism of tumours, noting that there was an increase in glucose
uptake (aerobic glycolysis) into

tumour cells, where there is then an increase in lactate

production. This effect has continued to be studied and although it is not a feature of all types of
cancer cells it is considered to be an important feature of rapidly growing cells.36 Therefore, the
metabolic study of pyruvate and its conversion to lactate is a very important diagnostic tool to
differentiate between normal cells and cancer cells.
The first report of d-DNP being used to study cancer metabolism was made in 2006.36 In order to
do this, 1-13C-pyruvate was injected into rats with P22 tumours and the production of lactate was
monitored. As previously mentioned, the increase in this metabolic activity is considered to be a
characteristic of many cancer cells. This study highlighted the viability of using a hyperpolarised
biomarker to study metabolic pathways and subsequently image them using MRI.
The initial success of 1-13C-pyruvate as a metabolic probe led to analogous studies being
undertaken. For example, both carbons of pyruvate can be 13C labelled and when the molecule is
hyperpolarised and injected into a biological system, the 13C labelled pyruvic acid is converted to
13

C-citrate and 13C-glutamate.34, 46-50

Furthermore, the study of hyperpolarised 13C labelled pyruvate has developed even further and
has been used to track its reduction to 13C-lactate which has also been linked to the abnormal
metabolism of cancer cells.48-51 The hyperpolarised lactate is transported out of the cell via the
monocarboxylate transporter 4 (MCT4) which increases in efficiency within cancer cells. 49, 52-54
This method has been successfully demonstrated using transgenic adenocarcinoma mouse
prostate (TRAMP) models and also with dog prostates.48, 55 These works led to the development
of 13C labelled pyruvate metabolic imaging of humans.38
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Other biochemical reactions to be studied through d-DNP include using hyperpolarised vitamin
C or 13C-dehydroascorbic acid to examine the NADPH oxidases.56-58 This approach could be used
as a method to probe cell populations in the brain as a target surrogate for looking at the role of
glutathione in cancer. 34, 59-63 The metabolic route of 13C-pyruvate has also been studied in normal
brains and those with implanted glial tumours, again showing an increase in 13C-lactate when
tumours are present.64, 65
Hyperpolarised H13CO3¯ and 13CO2 have been used to study the pH in tumours.66, 67 These are
derived from hyperpolarised 13C-pyruvate and have been used to measure the pH of cells in vivo.
As pH differences have been linked to diseased tissues this method could be developed as a vital
diagnostic tool.66, 67
1.2.3.1

Critical Evaluation of DNP

Since the first reports of d-DNP, it has become one of the most developed methods for
hyperpolarisation of biologically relevant molecules and has shown enormous potential for
medical imaging.33, 34, 37, 55, 56, 68-71 It provides the best signal enhancement of all the DNP methods.
d-DNP hyperpolarised 13C-pyruvate is now being used within clinical studies both in the US and
the UK.38, 72, 73 This demonstrates the viability of this method for medical imaging and metabolite
monitoring. However, there are several challenges that still remain to be addressed.
Whilst d-DNP has been very successful with pyruvate, when it is applied to other contrast agents,
none have shared the success of pyruvate. One reason this is the case is that pyruvate forms glassy
beads when frozen, which gives it a homogenous surface. Other molecules that are polarised by
d-DNP do not exhibit this phenomenon and therefore they are dissolved in glycerol to achieve
this effect.32, 74 Although glycerol allows for a glassy bead to form, if the volume is too high
solvent polymorphism can occur74 which prevents effective polarisation as the sample is no
longer homogenous.75, 76
Another drawback of the DNP method is that polarisation of the sample can take a significant
amount of time; anywhere between an hour to 4 hours is typical.77, 78 There has been some effort
to alleviate these long build-up times through the addition of para-magnetic materials, such as
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gadolinium, in order to reduce the T1 values. This has had the effect of improving the polarisation
level and reducing the polarisation time,79-81 however, this can be costly and have other associated
issues.
DNP also requires the addition of a free radical to supply unpaired electrons to the sample, which
then allows the DNP process to occur.28, 32 To try and reduce the polarisation time of the sample,
it is possible to use different radicals.76, 82 However, after the substrate has been polarised, the
radical needs to be separated from the substrate of interest along with the removal of gadolinium.70
This needs to occur quickly to prevent the T1 from shortening further. A number of methods have
been implemented to get rid of the free radical; these include filtration, radical quenching and
precipitation.32, 83, 84 This step is not only important to prevent a reduction in the T1 value but also
needed for in vivo study due to biocompatibility problems. To decrease polarisation loss, a
deuterated solvent can be added, which acts to reduce the relaxation within the sample mixture.85
Then there is the transfer time, the time taken to get the hyperpolarised sample to the place where
it is needed. This is known as ‘voyage time’ and can also be problematic. During transfer, the
sample is exposed to low magnetic fields when it is transported from the polariser to the NMR or
MRI for detection, which shortens the T1.29 Therefore, the substrate needs to have a long T1, so
the polarisation can last long enough for a hyperpolarised signal to be observed. Pyruvate has a
T1 of 67 seconds at 3 T, (a standard magnetic field strength of the MRI used within clinics).34 This
has been proven to be long enough for a metabolic map to be seen and an MRS image to be
taken.34, 68 Reducing the voyage time has been achieved by Köckenberger et. al, by placing the
polariser on top of the NMR. This system has a transfer time of 2.9 seconds86 but is not easily
translated into an imaging environment.
Finally, d-DNP is a one-shot method. If the injection site is wrong, or if the scanner is not scanning
in the right region, the hyperpolarised signal will not be seen.30 If a sample requires iteration, for
example reaction monitoring, the sample and radical need to be separated or made up again for
the same sample to be repeated. This can lead to irreproducibility of results.

48

Introduction
Overall d-DNP is a viable method but if a cheap, less time-consuming method were developed
then it may not only compete with d-DNP but could be the preferred method in the clinic.

1.2.4

Para-hydrogen induced polarisation (PHIP)

Para-hydrogen is one of four spin isomers of hydrogen gas (H2), which can be easily and
inexpensively created in almost unity, thus yielding very high levels of latent polarisation. To
subsequently use this latent polarisation the symmetry must be broken by a chemical
transformation. Para-hydrogen induced polarisation (PHIP) is the general term used to describe
hyperpolarisation that involves any use of para-hydrogen, however, there are three main methods
within the PHIP classification. These include, Adiabatic Longitudinal Transport After
Dissociation Engenders Net Alignment (ALTADENA)87, Para-hydrogen And Synthesis Allow
Dramatically Enhanced Nuclear Alignment (PASADENA)88 and Signal Amplification By
Reversible Exchange (SABRE).13 The differences between these three methods will be discussed
in this section and subsequently critically evaluated.
1.2.4.1

Para-hydrogen

Hydrogen gas is diatomic and therefore contains two hydrogen nuclei. Each proton is spin ½ and
there are two orientations they can occupy. Thus, the pair of spins yields four possible
combinations of these spin states. Three of these have very similar energies and comprise the
ortho triplet spin-state whilst the other is significantly lower in energy, the singlet spin state,
termed para-hydrogen (p-H2). A schematic of these is shown in Figure 1.6.
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Figure 1.6 – The four possible allowed spin states of dihydrogen.89

The difference in energy between the spin states is far less than the thermal energy of the gas at
room temperature and, as such, the spin states are equally populated at room temperature,
resulting in the p-H2 spin state being 25% abundant. However, if hydrogen gas is cooled to 28 K
and passed over a suitable catalyst, then over 99% of the hydrogen can be converted to the paraspin state.90 Since a paramagnetic catalyst is required for the conversion from ortho to p-H2, after
the removal of the catalyst p-H2 is stable for a long time (many months), as the spin flip transition
is forbidden. This state is considered to be anti-symmetric (or antiparallel) in quantum mechanical
terms, whereas the ortho states are symmetric (or parallel). These definitions can be confirmed
by permutation of the relative equations for each spin state given in Figure 1.6, and observing that
when doing this operation the ortho states remain equal, however, the p-H2 state undergoes a sign
change. The total spin number of p-H2 is therefore zero, while the ortho states are one. Since the
spin isomer is equal to zero, p-H2 is consequently NMR silent.
p-H2 can be converted to be exclusively in one state, thus creating a pure state which can be
described by a single wavefunction. The aforementioned symmetries of p-H2 must be broken in
order to transfer this spin order and release this latent polarisation. The symmetry of p-H2 can be
broken by creating either chemical (e.g. using the p-H2 within a chemical reaction87, 91, 92) or
magnetic inequivalence (e.g. using a catalytic framework to transfer polarisation to the substrate13,
93, 94

). In these situations, the latent polarisation of p-H2 is converted into observable nuclear

50

Introduction
magnetisation and subsequently transferred to a molecule of interest, resulting in a dramatic
increase of the observed signals in NMR and MRI.13, 95, 96 Due to the inexpensive and relatively
easy method of converting high purity p-H2, it is becoming an increasingly popular technique
used for hyperpolarisation, to be further used in a wide array of applications.
1.2.4.2

PASADENA

Para-hydrogen

And

Synthesis

Allow

Dramatically

Enhanced

Nuclear

Alignment

(PASADENA)87 was first described in 1986 by Bowers and Weitekamp. In 1987, they carried out
an experiment incorporating p-H2 into acrylonitrile via Wilkinson’s catalyst to produce ethyl
cyanide. The ethyl cyanide product, contained chemically inequivalent protons and so an
enhanced 1H NMR spectrum was obtained.91 This was also experimentally realised by another
group in the same year, again incorporating p-H2 via hydrogenation across a double or triple
bond.88 Although in both of these examples the increase in NMR signal was due to the
incorporation of p-H2 across a bond which made them chemically inequivalent, this increase in
signal can also be observed if the protons are magnetically inequivalent. For this type of
polarisation to take place the molecule in question must contain either a double or triple bond
which can undergo hydrogenation.91
In PASADENA, the symmetry of the p-H2 is broken due to its incorporation into the product
molecule when within a strong magnetic field. This is achieved because the (𝛼𝛽 − 𝛽𝛼)/√2 state
of p-H2 is split in the presence of a strong magnetic field which then populates the 𝛼𝛽 and 𝛽𝛼
spin states of the product exclusively and hence gives rise to the required population difference.
Observing an AX spin system with p-H2 incorporated, the chemical shift difference is much larger
than the J-coupling between the two protons. Thus, the weak coupling eigenstates of the 𝛼𝛽 and
𝛽𝛼 being formed and exclusively being populated as shown in Figure 1.7a. The occupation of
these energy states gives the NMR profile, shown in Figure 1.7b where two antiphase doublets,
relative to the JHH-coupling are observed.97 As two of the transitions are absorption and two are
emission, the observed NMR spectrum shows two peaks pointing up and two pointing down. Both
the experiment and the detection of the signal are carried out at one, strong magnetic field.
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Figure 1.7 – a) the population diagram for an AX spin ½ system under PASADENA conditions. b)
the corresponding NMR profile observed for this spin system under PASADENA conditions.

1.2.4.3

ALTADENA

In 1988, Pravica and Weitekamp discovered another form of PHIP, Adiabatic Longitudinal
Transport After Dissociation Engenders Net Alignment (ALTADENA).92 This method conducts
the hydrogenation reaction at low magnetic fields, normally provided by the Earth’s field, prior
to the sample being transferred to a high field NMR spectrometer for detection. Due to the reaction
taking place at low magnetic fields, the spin system is now strongly coupled and results in a
population of a lower energy state relative to p-H2 that is still coupled approximately (𝛼𝛽 −
𝛽𝛼)/√2. Once placed into a high magnetic field, the same splitting that is observed under
PASADENA conditions occurs but, as the coupled system is lower in energy, it transfers to the
𝛽𝛼 state exclusively. Figure 1.8 shows both the energy diagram and NMR profile of ALTADENA
magnetisation, where the NMR signal is now antiphase relative to the chemical shift system. 97
The adiabatic term in ALTADENA refers to the fact that the p-H2 state and the strongly coupled
state are so close in energy that the system can easily transition into the latter.
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Figure 1.8 - a) the population diagram for an AX spin ½ system under ALTADENA conditions. b)
the corresponding NMR profile observed for this spin system under ALTADENA conditions.

1.2.4.4

Signal amplification by reversible exchange (SABRE)

The ALTADENA and PASADENA techniques require a substrate that can be hydrogenated with
p-H2, which chemically alters the initial molecule. Unlike ALTADENA and PASADENA, the
substrate in Signal Amplification by Reversible Exchange (SABRE) does not need to undergo a
hydrogenation reaction with p-H2. This method was first described and demonstrated by Duckett
et. al. in 2009.13 Instead, an organometallic catalyst is used to form a complex between the
substrate and p-H2 derived hydride ligands. As a consequence of the reversible exchange of p-H2
and of the substrate into the complex, hyperpolarisation of the substrate can be built up into the
surrounding solution, as shown in Figure 1.9.

Figure 1.9 – SABRE mechanism for the exchange of ortho-hydrogen to p-H2.

The spin order from the p-H2 derived hydride ligands is transferred to the bound substrate via their
J-couplings.93, 98-100 This allows the spin states in the free substrate to be populated in the αβ and
βα energy levels as shown in Figure 1.10.12 The J-coupling requirements for the transfer of spin
between p-H2 and the substrate are met by using a low magnetic field.13, 101, 102
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Figure 1.10 – Transitions for an AX system under a) Boltzmann conditions and b) under SABRE
conditions when para-hydrogen has been added and either chemical or magnetic inequivalence has
occurred.12, 103

To spontaneously transfer the polarisation from the hydrides through the J-coupling network to
the nuclei of interest on the substrate, the J-coupling constant between the two groups needs to
be equal to the chemical shift difference of the hydrides and the substrate nuclei.101 Commonly
within the chemical systems explored, the J-coupling between a substrate and the hydride is
around 1.2 Hz and the J-coupling between the hydrides (JHH), is usually around 8 Hz.101, 104
Equation 1.12 can be used to calculate the theoretical, optimal polarisation transfer field

𝐵𝑃𝑇𝐹 =

𝐽𝐻𝐻
.𝐵
∆𝛿𝐻𝑥 0

(1.12)

where 𝐵𝑃𝑇𝐹 is the optimal polarisation transfer field, 𝐽𝐻𝐻 is the J coupling between the p-H2
derived hydrides (approximately 8 Hz), ∆𝛿𝐻𝑥 is the chemical shift difference between the
hydrides and the nucleus of interest, 𝑥.105 For example, for transfer from p-H2 hydrides (at
δ −22 ppm) to an aromatic resonance (around δ 8 ppm) there is a 30 ppm chemical shift
difference, which for a 9.4 T magnet, equates to a chemical shift of 12 kHz. Therefore, taking the
coupling between hydrides as 8 Hz, the aromatic proton resonance the optimal polarisation
transfer field (PTF) can be calculated to be 62.7 G. To achieve the desired magnetic field, the
sample can be either shaken in the stray field of the NMR spectrometer or a hand held magnet
array.106
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For heteronuclei, such as 13C, there is a difference between the Larmor frequency of this nuclei
and 1H. Therefore, the PTF for heteronuclei will not only be different in each case but also of a
lower magnetic field.107 For example, when 13C nuclei are examined under SABRE conditions the
PTF for 13C is calculated to be 2.5 mG using equation 1.12, where JHH is 8 KHz and ∆𝛿𝐻𝑥 is
299.499200 × 106 at 400 MHz (9.4 T). Therefore to transfer polarisation to 13C nuclei a mu metal
shield is used.108

1.3

The SABRE process

In order to gain a significant build-up of hyperpolarisation, the substrate-catalyst interactions have
to be fine-tuned, as the substrate needs to bind for long enough to allow polarisation to be
transferred from p-H2 but not too long so that the iridium centre of the metal complex relaxes the
established polarisation.109 The substrate when bound to the complex has a significantly increased
relaxation rate due to several factors. Therefore an optimum exchange rate between the substrate
and the catalyst results.110 The efficiency of the hyperpolarisation transfer also needs to be
contemplated and is dependent on several considerations; the polarisation transfer field (PTF),
temperature, substrate concentration, optimum rate of exchange (type of catalyst and catalyst
concentration) and longitudinal relaxation (T1).111-118 All of these factors have been shown to
affect the level of hyperpolarisation and are discussed within this thesis.

1.3.1

Role of catalyst

The transfer of polarisation from p-H2 to the substrate occurs when both are ligated to the metal
complex. For substrate and hydrogen exchange to occur on a suitable timescale, both the steric
and electronic contributions of the SABRE-active species must be considered.102, 116 The binding
of the substrate to the metal complex occurs through the nitrogen lone pair forming a weak σbond. This means that the substrate is a labile ligand on the complex and is therefore exchanged
with the excess substrate molecules present in the solution. As the bound and free substrates
exchange, as well as fresh p-H2, the polarisation of the free substrate builds up.13, 93
Initial

experiments

with

SABRE

were

performed

using

Crabtree’s

catalyst,

[Ir(COD)(PCy3)(py)][BF4], where COD is cycloocta-1,5-diene, Cy is cyclohexyl and py is
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pyridine.13,

94

The total 1H NMR signal enhancement for pyridine was 550-fold and

hyperpolarised signals were also reported for 13C and 15N as shown in Figure 1.11, spectrum B
and C respectively. Alongside pyridine, other substrates were also examined including 3fluoropyridine and nicotinamide, however, specific signal enhancements were not reported at the
time, but enhanced signals were observed.

Figure 1.11 – Spectrum A-E are from figure 2 from the journal Science, 2009, 323, 1708-1711 from
reference 13,13 F and G are from figure 1 from the journal J. Am. Chem. Soc., 2009, 131, 13362-13368
from reference 93.93 A is the 1H NMR of pyridine where the top spectrum is the thermally
equilibrated NMR spectrum x128 vertical expansion to be observed here. The bottom spectrum is
the corresponding 1 scan SABRE hyperpolarised spectrum, transfer carried out at 2 x 10-2 T. B is the
13

C{1H} NMR of the same sample after refocusing. C is the

15

N SABRE polarised spectrum with

refocusing. D is a hyperpolarised 1H{13C} NMR of nicotinamide, again after refocusing. E is the 1H
NMR spectrum of nicotinamide, top spectrum is the thermally equilibrated NMR spectrum x32
vertical expansion to be observed here. The bottom spectrum is the corresponding 1 scan SABRE
hyperpolarised spectrum, transfer carried out at 0.5 x 10-4 T. F is the 1H NMR of the hydride region
of [Ir(COD)(PPH3)2]BF4 with 15N-pyridine, G is the corresponding 1H{31P} NMR spectrum.

To improve the SABRE derived signal enhancements, the identity of the polarisation transfer
catalyst was examined. At first different phosphine ligands were changed on the current precatalyst.93 From this investigation it was found that using PCy2Ph (dicyclohexylphenylphosphine)
phosphine produced the greatest 1H signal enhancement across all three proton sites on pyridine.
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Therefore, it was concluded that the phosphine ligand affected the rate of substrate and hydride
exchange which led to an increase in signal enhancements. This change in exchange rate was
probably achieved due to the increase in steric bulk and the electron donating ability of the
phosphine ligand.93
A dramatic improvement in SABRE efficacy was achieved by changing the phosphine ligand to
an N-heterocyclic carbene (NHC) ligand.119

It was found that 1,3-bis(2,4,6-trimethyl-

phenyl)imidazole-2-ylidene] (IMes) gave enhancements of pyridine of 6000-fold. This is an
increase of 10.9 times when compared to the phosphine-derived system. The rate of exchange of
pyridine in the NHC catalyst at 300 K was found to be 11.7 s−1compared to 1.8 s−1 when using
[Ir(COD)(PCy3)(py)][BF4].119 This increase in rate of ligand loss could be due to an increase in
steric and electronic effects and highlights how the spectator ligand can affect the rate of substrate
exchange within the SABRE active complex.
To date, [IrCl(COD)(IMes)] remains the most commonly used SABRE pre-catalyst as this has
routinely exhibited high levels of hyperpolarisation on N-heterocycles.111, 119 However, other
catalysts have also been examined in order to observe and optimise their hyperpolarisation
enhancement levels by comparison.111, 114, 118 The most recent study included over 20 variants of
[IrCl(COD)(NHC)], by changing the groups on the imidazole and on the ortho, meta and para
positions of the aryl arms on the NHC ligand.118 These changes were made to allow for both steric
(measuring the %Vbur) and electronic properties (measuring the Tolman Electronic Parameter,
TEP) to be varied. It was found that increasing the TEP values could be achieved by changing the
substituent in the para position on the aryl arm, for example adding a phenyl group.118 However,
to increase this value further, electron withdrawing groups were substituted onto the imidazole
backbone. Adding chlorine into this position increased the TEP value to 2052.8 cm −1.118 Adding
electron withdrawing groups to these positions decreased the TEP value and increased the electron
donating capabilities of the NHC.118 The greatest change in the steric bulk of the catalyst was
achieved when changing the substituent in the ortho position on the aryl arm. For example, when
this was changed from a methyl group to hydrogen, the %Vbur decreased from 31.6% to 30.5%.118
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The greatest %Vbur recorded was 32.6%, this occurred when the ortho substituent was
isopropyl.118 From this study an optimal catalyst was found for the methyl 4,6-d2-nicotinate and
polarisation levels of up to 63% resulted. Whilst, this study showed the overall improvement of
the SABRE signal enhancement when using NHC ligands it could not confirm a correlation
between steric bulk and electronic properties and signal enhancement.117, 118 Therefore, due to the
complexity of the SABRE mechanism a range of catalysts should be screened for each individual
substrate. 120
Other catalysts have been screened with SABRE these include using the pre-catalyst
[IrCl(COE)2]. This was undertaken as this catalyst may allow more sterically bulky substrates to
bind and be hyperpolarised. It was found that using this catalyst with 3,5-lutidine, a 539-fold 1H
signal enhancement was observed at 313 K.121 When examining this catalyst with pyridine a 500fold 1H enhancement was recorded.121
An asymmetric NHC catalyst has also been developed.122 Again, to allow more sterically bulky
substrates to bind to the SABRE catalyst. Here the ligands on the NHC were changed. When using
the SABRE pre-catalyst, [Ir(IMesBn)(COD)Cl] (where IMesBn = 1-mesityl-3-benzylimidazole)
and the substrate 3,4-lutidine a 1H signal enhancement of 1615-fold was recorded.122
A neutral iridum catalyst has also been examined. Here [Ir(κC,O-L1)(COD)] was prepared, where
L1 = 3-(2-methylene-4-nitrophenolate)-1-(2,4,6-trimethylphenyl)imidazolylidene.123 As this
catalyst is neutral, it was found that it could be used in a range of different solvents. 123, 124 For
example, when examining pyridine in tetrahydrofuran, a 600-fold 1H signal enhancement was
observed on the hydrogen in the para position.123
A range of iridium catalysts have also been developed with a wide bite-angle using the ligand
xantphos.125 When examining the hydroformylation reaction with p-H2, an intermediate was fully
characterised and hyperpolarised 1H signals were observed in the aldehyde generated in this
reaction.125
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1.3.2

Quantifying the Dynamic Effects of SABRE

The SABRE process has previously been shown to be dissociative in nature119 and therefore, the
dynamic nature of the ligand exchange process can be readily determined (Figure 1.12).118 The
first step in the SABRE process is ligand dissociation from the active SABRE 18-electron
complex to become the 16-electron trigonal bipyramidal intermediate which can undergo
associative addition.119 On binding of p-H2, the formation of a hydrogen-dihydride complex is
proposed, which allows for the refreshing of magnetisation within the system.111, 119
This process can be studied using Exchange Spectroscopy (EXSY)8-11 and is described
experimentally in Chapter 7 section 7.2.10.

Figure 1.12 – SABRE exchange pathway of hydrogen and substrate (sub) from the complex.

In the study of the effect of changing the NHC in the SABRE pre-catalyst, Rayner et. al.
examined the exchange rates.118 They found that increasing the steric size of the catalyst increased
the rate of ligand exchange and that it increased when NHCs included electron donating groups.
It was concluded that an increase in electron density stabilised the 16-electron intermediate and
therefore this allows for faster association of the substrate onto the catalyst.
In 2016 Barskiy et. al. produced an analytical model for the SABRE process.110 They concluded
that the kd for the substrate is equal to the ωLAC (the angular level anti-crossing frequency) which,
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when JAB – JA’B = 1 Hz, should be approximately 4.5 s−1.110 Therefore to obtain the maximum
signal enhancement, the optimal catalyst lifetime is required and this will change when the
difference in J-coupling changes between the hydride and the nuclei under observation in the
substrate.110

1.3.3

Relaxation effects on SABRE

For NMR to be observed, the spins are perturbed away from equilibrium usually using a 90o radio
frequency (r. f.) pulse at the resonant frequency of the selected nuclei. This perturbs the spins into
the xy plane, where the detectors are present. After this excitement, the spins will undergo
relaxation back to their equilibrium positions. There are two routes to returning to thermal
equilibrium. The characteristic time taken for the spins to return to equilibrium (z-axis) is denoted
by the spin lattice relaxation time (T1). T1 is defined as the time it takes for 63% of the
magnetisation to return to the z-axis, of the value at thermal equilibrium.9, 126 The other, spin-spin
relaxation time, T2, is the time taken for 63% of the spins to decay away from the xy plane back
to the z-axis.9, 127
For small molecules in liquids, in the tumbling regime, the values of T1 and T2 are very similar.
This is due to the spin-spin interaction that dictates the T2 relaxation being quite inefficient due
to the correlation function, in liquid NMR this is defined as a function of time. If the T2 is
inefficient then it will be ultimately controlled by the T1, and thus they are the same value in the
fast tumbling regime. The T1 relaxation will be most efficient when the motion of the molecules
is on the same timescale as the resonant frequency of the given nuclei. Either side of this timescale
the T1 relaxation is less efficient and the value increases, therefore creating a T1 minimum. The
T2 behaviour is somewhat different, as the material becomes less mobile, with either viscous
solutions or solids the T2 value will continue to decrease and approach zero. Since the spins are
closer in proximity the spin-spin interactions affecting T2 are much more efficient and the energy
can be dissipated quickly. Therefore, for more immobile systems the T1 and T2 values start to
deviate. In this study the T1 relaxation has been measured as this parameter controls the
polarisation build-up and decay, the T2 for these systems are likely to be similar and therefore are
superfluous.
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Within the SABRE mechanism relaxation is problematic as the hyperpolarised signal needs to be
used within the time limit of T1.128 As soon as hyperpolarisation has been created via this
mechanism, the substrate is already relaxing back to its thermal equilibrium. Alongside this, once
you have used an r. f. pulse, particularly a 90°, the signal is detected but then most of the
hyperpolarised signal will have been ‘destroyed’. Therefore, in SABRE it is important to have a
substrate with a long T1 to gain a large signal enhancement for as long as possible. If molecules
are hyperpolarised and then required elsewhere, for example to an injection site, this relaxation
time needs to be long so the signal will remain enhanced during the experiments. For example, in
relation to MRI, this would allow the signal to last whilst it reached the area of the body that
needed to be imaged. When using SABRE as the hyperpolarisation method the catalyst present
to aid the transfer of polarisation causes the substrate to relax back to its thermal equilibrium
faster than when it is free in solution.111, 129
It is the interaction between molecules which causes T1 relaxation and therefore it can be
determined that having different molecules within an NMR sample will change the T1 of the
substrate.11, 130, 131 Therefore, relaxation times have been investigated for free and bound substrates
when in the presence of the SABRE catalyst. For the substrate methyl 4,6-d2-nicotinate the T1 is
over 60 s, however when bound to the catalyst this decreases to 0.5-2 s.129 This not only
demonstrates the reduction in T1 when in the presence of the catalyst but that also when a T1
experiment is undertaken, it is the average of the free and bound substrate which is observed.
To overcome this effect the concentration of the substrate can be increased but the signal
enhancement will suffer due to an increase in the number of molecules binding to the catalyst and
becoming polarised.111 For example when using 100 mM of pyridine a 1H signal enhancement of
less than 1000-fold was recorded. However, when using 20 mM of pyridine the total 1H signal
enhancement is over 5000-fold.111 What is also noted is the lifetime of the substrate when in the
presence of the pre-catalyst against when the catalyst has been fully activated. When observing
1

H in the para position of pyridine, the T1 decreases from 30.1 s to 18.9 s, for

[IrCl(COD)(IMes)].111 Another point to note is the lifetime of the catalyst and the effect on the T1
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relaxation. The catalysts with a small lifetime, for example when using [IrCl(COD)(SiPr)] (where
SiPr = 1,3-bis(2,6-diisopropyl)-4,5-dihyroimidazol-2-ylidene), the lifetime of this catalyst is
0.0019 s and the T1 of the 1H in the para position was 18.8 s.111 Examining a catalyst with a longer
lifetime, [IrCl(COD)(IMe)] (where IMe = 1,3-bis(methyl)-imidazol-2-ylidene), the catalyst
lifetime was reported as 0.83 s and the observed T1 was 26.6 s.111
Another way to overcome the reduction in T1 is to deuterate the NHC ligand within the catalyst,
this has proved to increase the T1 without the loss of signal enhancement.112, 129, 132, 133 When
methyl-4,6-d2-nicotinate was hyperpolarised using [IrCl(COD)(d22-IMes)], the T1 for H-5 was
reported to be 26.6 s, with a 1H signal enhancement of 19.9%.129 When using [IrCl(COD)(IMes)]
the T1 was 20.9 s and the 1H signal enhancement is 9.5%.129 Adding electron withdrawing groups
to the NHC ligand was also found to improve the relaxation times but this may be a combination
effect as there is also a reduction in rate of ligand loss.118
An interesting development of 13C SABRE hyperpolarised species, is the use of long-lived states
(LLS). This was first demonstrated by Levitt et. al. in 2004 in which a pair of isolated protons
could have their nuclear spin order stored on them.128, 134 This can be achieved by placing the
sample, which contains a pair of inequivalent protons, into a low magnetic field.128 As their spin
exchange is anti-symmetric, they are not affected by T1 relaxation. When the sample is then placed
in a high field, their signals can be ‘unlocked’.128 Another way to create an LLS, is to use a series
of r. f. pulses. A 90° pulse is applied, followed by a time delay and a 180° pulse, followed by a
further time delay and 90° pulse and another time delay.134 These prepare zero coherence within
the sample, which prevents the singlet state from mixing with the triplet state.134 A long time
delay precedes a 90° readout pulse, allowing for the signal to be detected134 (see Chapter 4 section
4.5 for more detail).
This mechanism has also been extended to the 1H nuclei within SABRE. To achieve this, the
substrates had to be selectively deuterated to isolate this pair.135 A range of deuterated
nicotinamides and methyl-3-d-pyrazine-2-carboxylate, were examined and SABRE induced
polarisation was stored on the 1H nuclei.135 Here, a singlet lifetime of over 50 s was reported
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alongside a total 1H single enhancement of 4%.135 This method was also used to examine a range
of deuterated pyridazines.136 Here for they found that for 3-d3-methyl-6-methylpyridazine a TLLS
of 255 ± 23 s when in the presence of the catalyst was observed. In the absence of catalyst this
increased to 262 s, with a 1H signal enhancement of 950-fold.136
The creation of a 1H long lived state, without deuteration has also been implemented with 2aminothiazole.137 When using the SABRE pre-catalyst, [IrCl(COD)(SIMes)], where SIMes = 1,3bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazolium a TLLS of 26.8 ± 3.9 s was observed, with a
H signal enhancement of −356 and −425 for H-4 and H-5, respectively.137 With this success, the

1

lifetime and signal enhancements could be developed further for use as a probe into disease.

Figure 1.13 – Molecules used to form 1H long lived states. A is methyl-3-d-pyrazine-2-carboxylate, B
is 3-d3-methyl-6-methylpyridazine and C is 2-aminothiazole. The protons which have been
highlighted and circled are the 1H pair which formed the singlet state.

1.3.4

Applications and developments of SABRE

SABRE is one of youngest methods for hyperpolarisation but offers some significant cost and
time benefits. Given its comparatively new discovery, there are a number of applications of the
SABRE method. Firstly, it has not only been used to enhance the signal of 1H, but it has also been
used to hyperpolarise other x-nuclei, including 13C, 15N, 19F, 31P, 29Si and 119Sn.13, 107, 138, 139 Since
the first experiments of SABRE in 2009 examining 13C, 15N and 19F, these signal enhancements
have been dramatically increased.13 For example, total signal enhancements with 13C in pyridine
were first reported as 0.06%,13 since then these have been increased to over 4% when using 50%
p-H2.140
Since the first reported enhanced 15N signals,13 huge advancements have been made with the direct
polarisation of

15

N via SABRE-SHEATH (in SHield Enables Alignment Transfer to

Heteronuclei).107 This method has allowed low magnetic fields (µT) to be utilised, exploiting the
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strong J-coupling between the hydrides on the SABRE catalyst to the 15N of the substrate and
producing 10%

15

N polarisation.107, 141 This has been extended to a

15

N2-diazirine containing

molecule to demonstrate the potential use of this molecule and nuclei as a tag for biomolecular
imaging.142 More recently over 50% 15N polarisation has been reported, again using an ultra-low
magnetic field but also with a co-ligand to stabilise the SABRE catalyst (see Chapter 1 section
1.5 for more detail).143
Two other nuclei of interest, which are shown to hyperpolarise via SABRE are 19F, on 3fluoropyridine and

31

P.13 A

19

F signal enhancement of 93-fold (0.28%) was reported on

fluoropyridine in 2017.144 Although this nuclei maybe of interest as a molecular imaging probe,
particularly as there’s no background signal, the signal enhancement would need to be increased
further.144 Also, the reported T1 of

19

F was 1.3 ± 0.3 s, which is a very short relaxation time,

particularly if the desire is to be used as a probe for imaging.144 SABRE polarisation of 31P was
observed by Fekete et. al. (2013).132 They reported a 30-fold signal enhancement on the bound
triphenylphosphine ligand within the SABRE active catalyst.132
In 2015 Zhivonitko et. al. improved this signal to 260-fold with triphenylphosphine.145 They
examined the change in kinetics when changing the temperature and found that at 80 °C the
greatest signal enhancement and rate constants were produced.145 The rate constant for hydride
exchange was 5.3 ± 0.6 s−1 at 80 °C, and 8.7 ± 1.5 s−1 for ligand exchange.145 Whereas at 60 °C,
the rate constants were 1.5 ± 0.7 s−1 and 1.2 ± 0.5 s−1, respectively.145 To obtain these results they
carried out their experiment by bubbling p-H2 directly into the sample whilst it was in a mu-metal
shield.145 Alongside Zhivonitko, Burns et. al. produced even more impressive

31

P signal

enhancements of 3588-fold using a partially deuterated pyridyl substituted phosphonate ester.146
Unlike Zhivonitko’s experiments, these were conducted at room temperature and rather than the
use of a mu-metal shield, they found that the optimal PTF was 45 G.146
Two other nuclei which have been of interest are 119Sn and 29Si, to run a standard NMR experiment
for these nuclei can take days as their gyromagnetic ratios (−9.579 × 107 rad T−1 s−1 and −5.315
× 107 rad T−1 s−1 respectively) are very small and their natural abundance is less than 10%.139
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They were examined as potential reaction probes for the examination of intermediates in synthetic
pathways and were first hyperpolarised via SABRE in 2016 by Olaru et. al.139 Examining 5(tributylstannyl)pyrimidine they found that when transfer of polarisation from the p-H2 derived
hydrides occurred at 25 G a 772-fold 119Sn signal gain. For 5-(trimethylsilyl)pyrimidine there was
a 200-fold 19Si signal enhancement .139
The signal enhancement achieved through the shake and drop method varies due to many different
parameters, such as, variations when shaking the sample, particularly if using the stray magnetic
field, shaking time and the shake intensity of the user. A development of the SABRE method was
that of a flow system which omits the variation of all of these factors to generate more
reproducible results.138
The automated flow system was developed in collaboration with Bruker, it includes a polariser
and a sample delivery system. The flow system is accurately controlled, and the triggers are
incorporated into the pulse sequence directly so human error is completely removed. This allows
the process to be easily repeated, a schematic of the flow system is shown in Figure 1.14.138

Figure 1.14 – Schematic of the flow system adapted from scheme 1 from ref. 147 with permission
from

The

Journal

of

Physical

Chemistry

B

within

the

supporting

information

(link https://pubs.acs.org/doi/abs/10.1021/jp511492q), further permissions related to the material
excerpted should be directed to the ACS .138, 147
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Although the results obtained from the flow system are more reproducible, the enhancements are
routinely lower than that achieved by the shake and drop method. For example total 1H signal
enhancement for the flow system with nicotinamide is 720-fold,138 with the manual method this
increases to 2167-fold,129 over 3 times that of the flow system. This effect is most likely due to a
combined effect of the mixing of p-H2 being less effective and longer transfer times on the flow
system, allowing relaxation of the substrate before detection. However, the increased control of
the flow system allows accurate measurement of the magnetic field dependency of the SABRE
approach. This provides a route to ascertain the optimal polarisation transfer field to perform
SABRE for any given substrate and therefore gaining the best enhancement when shaken,
manually at this field. The sample chamber is placed inside a solenoid, which is used to deliver
the small magnetic field required for SABRE, with a range of fields from 0 to 140 G.
Another area of development is using SABRE as a hyperpolarised magnetic resonance imaging
(MRI) method. For this to be viable the iridium catalyst must be removed along with a change in
the solvent system used. Most SABRE samples are made up in non-biocompatible solvents such
as methanol-d4, ethanol-d6 or dichloromethane-d2. The use of a biocompatible solvent mixture of
ethanol-d6 and D2O has been used, where 6.6-fold 1H signal enhancement was observed.148
Unfortunately however, the T1 decreases in samples prepared in a mixture of solvents.129 Another
advancement in the solvent system was achieved by Zeng et. al. they found that activating the
catalyst in an organic solvent and then adding a biocompatible solvent, for example water to the
sample gave large 1H polarisation (1% for 3-amino-1,2,4-triazine).149 Truong et. al. (2014)
reported a similar experiment whereby the SABRE catalyst was activated with p-H2 and
nicotinamide in ethanol-d6.150 Once fully activated this sample was then dried and re-dissolved in
D2O where 1H signal enhancements of 30-fold were reported.150
Water soluble catalysts have also been developed these include adding a ligand which is
hydrophilic,151 another was to add diol groups to the COD ligand within the SABRE precatalyst.152 However, the method which proved to give the greatest signal enhancement was one
where PEG (polyethylene glycol) groups were added to the NHC.152, 153 The catalyst with the
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greatest success, producing a 1H signal enhancement of 42-fold on nicotinamide in D2O, was
when

using

the

pre-catalyst,

[IrCl(COD)(IDEG)],

where

IDEG

=

1,3-bis(3,4,5-

tri(diethyleneglycol)benzyl)imidazole-2-ylidene).153 Examples of these catalysts are shown in
Figure 1.15.

Figure 1.15 – Structure of three water soluble SABRE catalysts. A is an activated SABRE catalyst
with a hydrophilic arylsulfoxanate group attached. 151 Both B and C are SABRE pre-catalysts, B is
an example of a diol group added to the COD ligand152 and C is [IrCl(COD)(IDEG)].153

Although dissolving the catalyst in a biocompatible solvent with the substrate of interest is
required, removal of the iridium catalyst is also needed. Advancements have been made into the
removal of this. There are currently a few areas of development, one is to use a heterogenous
catalyst,154, 155 another is to chelate and filter the catalyst out.156 Also a biphasic system is being
developed in the hope of removing the catalyst and allow the hyperpolarised substrate to remain
in a separate, biological solvent.157
The heterogeneous catalyst immobilises the SABRE catalyst on polymer microbeads delivering
a 1H signal enhancement on pyridine, of 5-fold.154 Kovtunov et. al. reported using silica particles
to immobilise the catalyst and found that when doing this with

15

N-pyridine,

15

N signal

enhancements of 100-fold were observed.155 The signal enhancements reported when using
heterogeneous catalysts are not enough for imaging purposes and the samples are still dissolved
in non-biocompatible solvent.
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Kidd et. al. (2018) reported the use of functionalised SiO2 to deactivate the iridium catalyst, the
sample is then purified, to remove the catalyst via filtration.156 The hyperpolarised substrate was
then detected in a 9.4 T NMR. The hyperpolarised signals were reported for 15N on metronidazole
and upon removal of the catalyst, which took approximately 20 s, these were 34%. 156 Another
deactivation of the catalyst was also published in 2018, here Manoharan et. al. used
bathophenanthrolinedisulfonic acid disodium salt (BPS).158 The substrate was then removed from
the sample via ion-exchange chromatography. This process was reported to take 12 s with a 1H
signal enhancement of 74 ± 21-fold for methyl-4,6-d2-nicotinate.158 Most importantly, however,
there was less than 2% of catalyst remaining, after removal which is within the cytotoxicity limits
for a bolus injection.158
A possible way to overcome these low signal enhancements and use a biocompatible solvent
could be to use a biphasic system. This system is known as CAatalyst-Separated
Hyperpolarisation via Signal Amplification by Reversible Exchange (CASH-SABRE).157 The
SABRE catalyst is dissolved in chloroform-d and the substrate of interest is dissolved in D2O with
0.16 w/v% NaCl, as shown in Figure 1.16.157

Figure 1.16 – Diagram of the CASH-SABRE system, whereby the lower, organic layer is where the
catalysis takes place and the top layer is the inorganic layer where the hyperpolarised substrate is
and can be extracted. Adapted from figure 9 from the journal Angew. Chem., 2018, 57, 6742-6753
from reference 117.117
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When this sample system was used with methyl 4,6-d2-nicotinate a 1H signal enhancement of
3000-fold was observed with a residual catalyst concentration of 1.5 × 10−6 M and 0.06%
chloroform-d present in the aqueous layer.157
With the large signal enhancements observed with 1H and the range of nuclei that can be polarised
using SABRE, there are a large range of applications which can be applied to this. These include
the analysis of low concentration analytes within solution.159,

160

This has included the

development of hyperpolarised NMR experiments such as the examination of 2D DOSY,161
COSY,162 HMBC162 and ultrafast EXSY measurements163 With the development of analysis of
low concentration analytes this has progressed into the study of metabolomics with p-H2 at
nanomolar concentrations.164

1.4

Use of a co-ligand in SABRE

A key requirement for successful SABRE is the formation of an iridium hydride complex that can
reversibly bind both a substrate and p-H2. However, in some cases this is not possible and
therefore a co-ligand can be employed to drive the formation of an active SABRE complex. For
example, if the concentration of substrate is too low to observe the use of a co-ligand is required.
Tessari et. al. (2014) reported the use of a co-ligand to observe hyperpolarised signals at µM
concentrations.159 This was required to allow the SABRE pre-catalyst to become activated and to
stabilise the active catalyst to allow the substrate to bind. As well as this, they found that the
addition of the co-ligand prevented the formation of the complexes [IrCl(H)2(IMes)(pyridine)2]
and [Ir(H)2(IMes)(methanol)(pyridine)2]Cl.159 They stated that a successful co-ligand must bind
to the metal centre of the catalyst with the same or lower affinity to that of the substrate of interest
but be able to bind to the catalyst more effectively than the solvent used. The co-ligand should
be present within the sample so that it is in excess with respect to the SABRE pre-catalyst, the
SABRE complex formed must also, like in all SABRE experiments, have an exchange rate
favourable to allow the maximum polarisation build up on the substrate. Alongside all of this it is
important that the co-ligand used does not have 1H signals which overlap with that of the
substrate.159 The co-ligand used was 1-methyl-1,2,3-triazole (mtz) and concentrations between
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5 µM and 0.5 µM of pyridine were added to the sample which led to enhanced 1H signals at all
of these concentrations.159

Figure 1.17 – Graphical abstract adapted from the journal J. Am. Chem. Soc. 2014, 136, 7, 2695-2698
from reference 159 showing the use of the co-ligand 1-methyl-1,2,3-triazole (mtz) to hyperpolarise
pyridine (py). 159

In 2015, Mewis et. al. reported the addition of pyridine to aid in the polarisation of ligands which
bind weakly to the catalyst. They demonstrated this with the hyperpolarisation of acetonitrile.147
Here they confirmed, through density functional theory (DFT) calculations, that the formation of
the cis,cis-[Ir(H)2(IMes)(MeCN)(py)2]Cl (where MeCN = acetonitrile and py = pyridine) was
more thermodynamically stable than that of the [Ir(H)2(IMes)(MeCN)3]Cl complex. Therefore,
the SABRE active catalyst is not only more likely to form, it is also now more stable, allowing
the acetonitrile to bind to it and become hyperpolarised. This was shown by the 2.5 × increase in
1

H signal enhancement which was 8-fold without the presence of pyridine and 20-fold with it.

This signal enhancement was further improved, to 80-fold, by using pyridine-d5.147 With the
success of the 1H signal enhancement, the

13

C SABRE hyperpolarisation of acetonitrile was

investigated. In unlabelled acetonitrile, a 13C signal was observed at a chemical shift of δ 116.7,
producing a signal to noise ratio (SNR) of 11.147 When the carbon on the nitrile group was labelled
a signal was observed at δ 116.7 and produced an SNR of 105.147
The use of a co-ligand to increase 1H signal enhancements was further developed by Rayner et.
al. (2017) to study a range of nicotinamides and nicotinates.129 This was utilised to try and
minimise the number of times each substrate molecule was bound to the catalyst, therefore,
reducing the amount of spin dilution in the active catalyst. Here, they used methyl-2,4,5,6-d4-
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nicotinate as the co-ligand, the 1H signal enhancement exhibited on 3-methyl-4,6-d2-nicotinate
was 16415-fold (50% polarisation) on the H-2 site.129 However the deuterated pre-catalyst
[IrCl(COD)(d22-IMes)] was used and the p-H2 pressure was 5.5 bar (absolute).129 Fekete et. al.
also reported the use of a co-ligand, here they used acetonitrile.112 When using the SABRE precatalyst [IrCl(COD)(IMes)] they reported a 1H signal enhancement of 515-fold, this signal
increased to 830-fold when in the presence of the co-ligand, acetonitrile.112
The use of sulfoxides as co-ligands has been recently developed to increase the binding potential
of pyruvate and also to optimise the polarisation transfer of this substrate.165, 166 The formation of
two isomers were identified, [Ir(H)2(κ2-pyruvate)(DMSO)(IMes)] and a 13C signal enhancement
of 1070-fold was recorded.165 Upon optimisation, however, these signals have increased to over
2000-fold for each 13C site on pyruvate.166 This was accomplished by using [IrCl(COD)(IMes)]
with phenylmethylsulfoxide as the co-ligand.166
In 2019 Tickner et. al. found using a co-ligand produced [Ir(H)2(IMes)(α-13C2-carboxyimine)(L)]
complexes, where L is the co-ligand.167 In this investigation various co-ligands were used,
including benzylamine, phenethylamine, pyridine and imidazole. When an amine, pyridine or
imidazole were used both 1H hydride 13C2 imine signal enhancements were observed.167 Using a
thiol produced a thiol oxidative addition product which led to 870-fold 13C signal enhancement
on pyridine.167 This occurred due to the α-carboxyimines blocking the active coordination sites,
allowing only one site in which pyridine could bind and polarisation could be transferred to it, as
shown in Figure 1.18.167
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Figure 1.18 – From figure 3 in reference 167 published by The Royal Society of Chemistry, the 1H
and 13C hyperpolarised spectrum and corresponding spectrum taken under Boltzmann conditions
for 2A are shown. The corresponding complexes when either pyridine (3A) or imidazole (4A) are
added to 2A, and their 1H and
shown.

1.5

13

C hyperpolarised and thermally equilibrated spectra are also

167

SABRE-Relay

The SABRE method requires the substrate of interest to bind to the iridium catalyst. For this to
occur, there needs to be a lone pair that can be donated to the iridium centre, which has often
come from either, nitrogen, sulphur or oxygen. However, if the molecule is sterically hindered it
is unable to bind to the catalyst even if they contain one or more of these atoms. Therefore,
SABRE is somewhat limited to the range of target molecules that are amenable to hyperpolarise.
In 2017, a new technique was discovered whereby ammonia, or a primary amine is first polarised
via SABRE and upon dissociation from the catalyst the amine NH protons can undergo proton
exchange with another target molecule. Hence, the amine can act as a carrier to transfer a polarised
proton into the target molecule, in the case shown in Figure 1.19, a primary alcohol. This
technique is known as SABRE-Relay.168
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Figure 1.19 – Mechanism of SABRE-Relay. The hyperpolarised amine exchanges into solution. The
labile proton on the amine then exchanges onto the substrate. Transfer of hyperpolarisation into the
substrate then proceeds via the J-coupling network to the amine, the labile proton then exchanges
with that of the one on the substrate.

When first reported, 1H signal gains of 10-fold were observed for ammonia.168 This signal
enhancement was found to improve to 40-fold upon the addition of water.168 This was believed to
be due to the formation of several isotopologues of the SABRE active catalyst,
[Ir(H)2(IMes)(NH3)3], due to H-D exchange.168

Figure 1.20 – Figure 1 from the journal Sci Adv, 2018, 4, eaao6250 J, reference 168. (A) 1H NMR of
[Ir(H)2(IMes)(NH3)3]Cl taken under Boltzmann conditions at 298 K, a vertical expansion of x128 has
been applied. (B) The corresponding 1H SABRE hyperpolarised NMR spectrum.168
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The first experiments were conducted using a range of alcohols as the target molecule. Examining
1-propanol, a 1H signal enhancement of 265-fold was observed.168 However, when reducing the
concentration of 1-propanol to 1.5 mM (from 15 mM), this increased to over 500-fold.168 Other
molecules were examined, for example propionic acid, where not only were 1H polarised signals
observed but also a 109-fold 13C signal enhancement.168
Glucose 13C polarisation has also been successfully examined under SABRE-Relay conditions.168,
169

Hyperpolarised 13C signal enhancements of 250-fold were obtained at high field (9.4 T) and

3100-fold at low field (1 T).169 This also allowed for the different tautomeric forms to be identified
as shown in Figure 1.21. Also, with 13C and 2H labelled glucose, the T1 lifetime was extended
from 1.99 ± 0.1 s to 11.6 ± 0.5 s and a singlet state formed.169

Figure 1.21 – Figure 4 from reference 169 published by The Royal Society of Chemistry. (a) to (c) are
13

C NMR spectra. (d) are the different isotopically labelled glucose molecules used along with their

T1 values. (a) –is using D-glucose-1-13C1-d1 the top is a 13C{1H} NMR spectrum, bottom is a 13C NMR
spectrum, both at 9.4 T. (b) – is the corresponding 13C NMR (top) and 13C{1H} NMR spectrum of Dglucose-1-13C1-d1 (bottom) at 1 T and (c) – is of D-glucose-1,2-13C2 top is a 1 scan SABRE-Relay
hyperpolarised

13

C spectrum, bottom is a thermally equilibrated 13C spectrum, acquired with 900

scans (x 100 for observation) at 1 T.169
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Another nuclei that has been examined under SABRE-relay conditions is 29Si. As mentioned in
Chapter 1 section 1.3.4, signal enhancements of over 700-fold were observed for

29

Si using

SABRE.139 When using benzylamine as the relay amine, Rayner et. al. observed over 3000-fold
signal enhancements on tris(tert-butoxy)silanol, over 4 times that observed with standard SABRE
conditions.170
As shown here, this technique has not only expanded the range of target analytes and nuclei. It
has also increased their signal enhancements, including the improved signal enhancements for
13

C and 29Si.168-170

1.6

Thesis outline

The focus of this research is the application of PHIP based hyperpolarisation, in particular
SABRE, as it has been shown to exhibit great potential to produce large enhancements quickly
and cheaply.171 The aims of this thesis are to investigate the hyperpolarisation of 1H and a range
of X-nuclei including

19

F, 13C and

31

P within simple N-heterocyclic molecules and biological

molecules such as urea, adenosine triphosphate, uracil and fluorouracil.
1

H is the most exploited nuclei in NMR and MRI detection, it has a high abundance and sensitivity

due to its high gyromagnetic ratio. However, the use of X-nuclei has become popular due to their
large chemical shift range, low or negligible background signal and reduction in linebroadening.172 Unfortunately some of these X-nuclei for example,

13

C have a low natural

abundance and therefore using hyperpolarisation techniques to increase their signal is
advantageous for MRI173, 174 and reaction monitoring.6
The substrates urea, adenosine triphosphate, uracil and fluorouracil are to be explored within this
thesis, picked for their various X-nuclei and their biological relevance. For example urea is
already used as a perfusion agent.175 Using

31

P MRI in adenosine triphosphate would be

advantageous for cell metabolomics, as this would take a long time to achieve using conventional
methods,176 hyperpolarising this nuclei would make this examination easier. 5-fluorouracil is one
of the commonest anti-cancer agents177 and using the 19F of this molecule could be beneficial to
examine the efficacy of this drug when used to treat a specific tumour/cancer within a patient.
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Pyrimidine will be examined first as it is a biological motif to many simple molecules, including
DNA and RNA nucleobases such as thymine, cytosine and uracil.43 The aim is to optimise the
hyperpolarised 1H NMR signal by examining the NHC of the catalyst based on the SABRE precatalyst, [IrCl(COD)(IMes)]

(IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazole, COD = 1,5-

cyclooctadiene). Investigations into the polarisation transfer field (PTF) of pyrimidine and
examining the effects of changing the concentration of the substrate and catalyst will also be
undertaken. An examination into the exchange mechanism will also be carried out.
The pyrimidine motif is also contained in one of the longest standing anti-cancer drugs, 5fluorouracil.177, 178 Therefore, if pyrimidine is successful the 1H and 19F nuclei will be examined
under SABRE conditions for this molecule. 19F has no background signal and therefore could be
used as a way of tracking treatment of a tumour. Therefore, if 19F polarisation is successful, an
examination into the exchange mechanism will be undertaken along with possible 19F phantom
MR images. As well as fluorouracil, other simple, fluorinated N-heterocycles will be examined
as their motifs are found in other drug scaffolds.179,

180

An examination into the exchange

mechanism will also be undertaken along with an investigation into the optimal polarisation field
transfer of both 1H and 19F.
With the development of SABRE-Relay, 19F will also be examined under these conditions with
the potential to produce higher signal enhancements than those with SABRE. If this is successful,
again possible phantom MR images will be obtained to demonstrate the ease of which this could
be used as a possible diagnostic tool. Alongside 19F this thesis will also examine the X-nuclei 13C,
15

N and 31P under SABRE-Relay conditions. The molecules under investigation with SABRE-

Relay will be biologically relevant molecules including urea and adenosine triphosphate.43
As proof of concept, the oxalate motif will also be examined under SABRE-Relay conditions as
it may offer access to long 13C magnetic lifetimes and large signal enhancements. Due to the
symmetry of sodium oxalate a study will be undertaken to ascertain whether a possible singlet
state could be formed between the two carbons within the molecule. This has previously been
achieved by Levitt et. al. (2014) using labelled 18O within the molecule.181, 182
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Hyperpolarisation of pyrimidine and its derivatives
The pyrimidine motif is found within the DNA and RNA nucleobases, cytosine, thymine and
uracil, whose structures are shown in Figure 2.1. Pyrimidine derivatives are known to exhibit a
range of biological and pharmaceutical applications which include acting as anti-viral
(Cidofovir183 and Idoxuridine184), anti-cancer (5-fluorouracil185), anti-fungal (Flucytosine183) and
anti-bacterial drugs (Trimethaprim184). Additionally, this motif is found within vitamin B, vitamin
B1, folic acid and riboflavin.186

Figure 2.1 - Structures of the DNA and RNA nucleobases cytosine, thymine and uracil and
pyrimidine along with two commercially available drugs based upon the pyrimidine motif, Cidofovir
and Trimethoprim.

The hyperpolarisation of nucleic acids, from bone samples, has been carried out by DNP.71
Pyrimidine, purine, ribose and deoxyribose motifs were detected and distinguished in this work
by solid state NMR. Pyrimidine and its derivates have also been shown to be readily amenable to
the SABRE process.121, 129, 135, 139 As this process requires the simultaneous and reversible binding
of the substrate and p-H2 to the iridium centre of the catalyst,13 it is not surprising that pyrimidine
(and other N-heterocyclic substrates) are effective substrates due to the presence of nitrogen lone
pairs that are suitable for ligation. In this chapter, the SABRE hyperpolarisation of pyrimidine is
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developed, and several key parameters needed for high signal enhancement defined. These
include optimal substrate concentration, catalyst concentration and catalyst structure.

Initial SABRE experiments and characterisation
In order to complete this work an NMR tube containing [IrCl(COD)(IMes)] (5 mM) and
pyrimidine (20 mM) dissolved in methanol-d4 (0.6 mL) was exposed to 4 bar H2 to form an active
SABRE system. Subsequently, the H2 gas was removed and replaced with para-hydrogen (p-H2)
at the same pressure. The sample was then shaken at 65 G in the stray field of the magnet for
10 seconds, before being rapidly placed into an NMR spectrometer. At this point, a 1H NMR
spectrum was immediately acquired for which Figure 2.2 displays a typical result.

Figure 2.2 – 1H NMR spectra of pyrimidine (20 mM), [IrCl(COD)(IMes)] (5 mM). Top is a 1 scan
thermally equilibrated spectrum which was left in the NMR for two minutes prior to acquisition (x32
vertical scale). Bottom is a 1 scan 1H SABRE hyperpolarised spectrum of pyrimidine after
polarisation transfer at 65 G.

It should be clear from the two NMR spectra in this figure that the signals for pyrimidine are
much stronger than those seen in a spectrum collected under Boltzmann conditions. The
corresponding signal enhancements were calculated using standard literature methods13, 119, 162
which, in brief, comprise dividing the integral of the enhanced peak by that of the corresponding
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peak in the thermal NMR spectrum collected after equilibration in the magnet for > 1 minute.
Using this method, the average signal enhancements for each of the pyrimidine proton resonances
were −489 (2-H), −439 (4- and 6-H) and −381 (5-H). It is therefore clear that SABRE offers a
route to dramatically improve the detectability of materials possessing such functionality.

Formation and Characterisation of [Ir(H)2(IMes)(pyrimidine)3]
It is well established in the literature that the reaction of [IrCl(COD)(IMes)] begins with the
displacement of its chloride ligand by the substrate, before oxidative addition of H2 takes place.94,
119

Subsequently, hydrogenation of the COD ligand and binding of additional substrate molecules

occurs and this ultimately leads to a SABRE active complex of type [Ir(H)2(IMes)(substrate)3]Cl.
This result has been shown experimentally for pyridine, pyridazine and phthalazine and is also
supported by DFT calculations.119, 187 We sought here to examine the mechanism of the reaction
between [IrCl(COD)(IMes)] and pyrimidine in the presence of H2. The proposed mechanism,
based on this literature precedent, is shown in Figure 2.3.

Figure 2.3 – Proposed mechanism of formation of the active SABRE catalyst resulting from the
reaction of [IrCl(COD)(IMes)] and pyrimidine in the presence of H 2.

An NMR tube containing [IrCl(COD)(IMes)] (5 mM), pyrimidine (20 mM) in methanol-d4
(0.6 mL) was prepared and examined by NMR spectroscopy. Evidence for the displacement of
chloride by pyrimidine was observed due to the observation of four new resonances in the 1H
NMR spectrum at positions diagnostic of bound pyrimidine; at δ 8.76 (doublet, 2.85 Hz), 8.57
(singlet), 8.16 (doublet, 4.72 Hz) and 7.43 (complex multiplet). These resonances integrate in a
1 : 1 : 1 : 1 ratio and are assigned to the H-2, H-6, H-4 and H-5 protons of this ligand respectively
on the basis of 2D NMR methods. Subsequently, this sample was cooled to 245 K and H2 (4 bar)
added prior to NMR interrogation at the same temperature. Two characteristic hydride ligands
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were detected at ẟ −12.05 and −17.03 and the full low temperature 2D NMR characterisation of
the associated complex confirmed it to be [Ir(H)2(COD)(IMes)(pyrimidine)]Cl. The hydride
resonance for this species that appears at ẟ −12.05 is due to a ligand that lies trans to COD while
the resonance at δ −17.03 arises from a ligand that is trans to pyrimidine. See Appendix section
A.1 for full NMR assignments.
Upon warming the NMR spectrometer to 295 K, and adding more hydrogen, conversion of this
complex to [Ir(H)2(IMes)(pyrimidine)3]Cl occurs. A single hydride resonance is seen for this
species at ẟ −22.37 while resonances for equatorially (ẟ 8.99, 8.81, 8.62 and 7.32) and axially
(ẟ 9.06, 8.34, 8.72 and 7.17) bound pyrimidine are also readily apparent. Free pyrimidine 1H peaks
are also observed at ẟ 9.23, 8.87, and 7.62. The hydride spectrum of this sample is complicated
by the presence of a second product. This product is characterised by its inequivalent hydride
ligands which appear at δ −23.20 and −24.69, the latter being a clear doublet with a hydridehydride coupling constant 6.58 Hz. This species is [IrCl(H)2(IMes)(pyrimidine)2] on the basis of
literature precedent.111

Figure 2.4 – 1 scan 1H NMR spectra demonstrating the change in complexes that occurs during
SABRE, the vertical scale has been expanded 256 times in order to make these resonances visible.
Top

reflects

the

intermediate

[Ir(COD)(IMes)(pyrimidine)]Cl,

middle

[Ir(H)2(COD)(IMes)(pyrimidine)]Cl intermediate, and bottom the SABRE active complex,
[Ir(H)2(IMes)(pyrimidine)3]Cl. Only pyrimidine and hydride areas have been shown here.
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Rate of H2 loss from [Ir(H)2(IMes)(pyrimidine)3]Cl
The rates of ligand exchange in the active catalyst are a key factor in determining the efficiency
of polarisation transfer.188, 189 This is due to the rate of polarisation transfer being proportional to
the hydride-hydride and hydride-substrate scalar couplings in a process which is terminated by
ligand loss. Thus, complex lifetime is crucial. This phenomenon has been proven experimentally
on a number of occasions111, 118, 139 and data supports the predicted optimal substrate exchange
rate of ca. 4.5 s−1.110
On the basis of the work of Cowley et. al., this reaction is dissociative119 and as described by them
and others94, 111, 187 the SABRE process starts with the loss of a substrate molecule from, for
example, [Ir(H)2(IMes)(pyrimidine)3]Cl which creates a 16 electron intermediate. Subsequently,
dihydrogen can ligate to the metal at the vacant site that is created by ligand loss. This product
indicates an unusual dihydrogen-dihydride complex and ultimately the elimination of H2 from it
allows for the refreshing of p-H2 within the catalyst system. Rebinding of a substrate molecule
then completes the catalytic cycle as shown in Figure 2.5.94, 111, 187

Figure

2.5

-

Proposed

mechanism

for

hydrogen

exchange

in

the

complex

[Ir(H)2(IMes)(pyrimidine)3]Cl.
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This process has been well studied for analogous systems by 1D EXSY methods.111 The EXSY
NMR experiment involves the excitation of a selected bound signal, a delay to allow for ligand
or hydrogen exchange and a subsequent acquisition step. By incrementally increasing the time
between the excitation and acquisition steps, a series of such measurements can be used to map
the exchange process in a quantitative fashion. Thus, comparison of the integral for the free and
bound peaks and fitting to a kinetic model can give rate constants for substrate and hydride ligand
dissociation.
By varying the time between the excitation and acquisition steps (mixing times), usually from
0.005 to 1.0 seconds to span the reaction. This allows the nuclei which gives the selected signal
time to move to a different position, a trace builds up which encodes the exchange process. The
ratio of the integral of the bound and free peaks is then defined (normalised to 100) and the results
analysed. A plot of signal intensity against mixing times, alongside the simulated data, is used to
assess the quality of the result. Precise rate constants are calculated by fitting these data to a
suitable differential rate equation using a least mean squares approach. The errors in the resulting
rate data were calculated using the Jack-knife method which takes into account the number of
observations.190
A series of 1D EXSY spectra were therefore recorded on a sample that initially contained
[IrCl(COD)(IMes)] (5 mM), pyrimidine (20 mM) in methanol-d4 (0.6 mL) which was exposed to
4 bar H2 to form [Ir(H)2(IMes)(pyrimidine)3]Cl at 280 K. The loss of its hydride ligands to form
H2 was successfully probed using this method. Figure 2.6 shows a typical 1D EXSY spectra for
delay times of 0.005 and 1.0 seconds after the initial excitation of the hydride ligand signal
(δ −22.63) of the tris complex, [Ir(H)2(IMes)(pyrimidine)3]Cl. The presence of a signal at ẟ 4.57
in the result is indicative of the formation of hydrogen during the experiment.
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Figure 2.6 – 1H NMR spectra of [Ir(H)2(IMes)(pyrimidine)3]Cl resulting from the 1D EXSY protocol
when the hydride resonance of the complex at ẟ −22.37 is selectively excited and observed at the
mixing times 0.005 (bottom spectrum) and 0.1 seconds (top spectrum).
The spectrum is however complicated by exchange into the minor species and free H 2. Simulation
revealed that H2 loss from [Ir(H)2(IMes)(pyrimidine)3]Cl actually proceeds via the minor species.
This was proven using the Excel SOLVER package (see experimanetal chapter 7, section 7.2.10).
The data was plotted and solved using the established SABRE exchange mechanism. The data
did not fit this simulation. However, when the mechanism was changed to allow for the minor
species and that the loss of H2 was via this species, the data fitted and a rate constant could be
found. There are therefore three rates of reaction that are well defined in this mixture. They are
the rate of conversion of [Ir(H)2(IMes)(pyrimidine)3]Cl (A) into [IrCl(H)2(IMes)(pyrimidine)2]
(B), the reverse of this and the rate the second complex, B, liberates H2. These rate constants are
presented in

Table 2.1 as a function of temperature. The associated errors were calculated from the data during
fitting to the kinetic model according to the Jack-knife method.190 A description of the Jack-knife
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error calculation is presented in Chapter 7 section 7.2.9 and an example of this error in relation to
the rate constants given here are in the Appendix section A.2, Table A.3.

Table 2.1 – Rate constants obtained for the indicated exchange processes in the chemistry of
[Ir(H)2(IMes)(pyrimidine)3]Cl and [IrCl(H)2(IMes)(pyrimidine)2], in methanol-d4 solution as a
function of temperature.

Temperature, (K)

Rate A goes
to B / s

Rate H2 loss

-1

from B / s

Rate B goes to

-1

A / s-1

285

0.613 ± 0.006

1.329 ± 0.010

3.637 ± 0.170

290

1.346 ± 0.004

0.829 ± 0.012

10.366 ± 0.047

295

2.501 ± 0.006

1.982 ± 0.019

17.055 ± 0.063

300

3.978 ± 0.033

4.448 ± 0.080

23.999 ± 0.238

305

7.046 ± 0.155

9.269 ± 0.053

41.576 ± 1.199

From these rate data collected at varying temperatures, activation parameters for hydride loss
were determined using the Eyring equation shown in equation 2.1.

ln

𝑘
−∆𝐻‡ 1
𝑘𝐵
∆𝑆 ‡
=
+ log
+
𝑇
𝑅 𝑇
ℎ
𝑅

(2.1)

Where k is the rate constant for the loss ofthe hydride ligands from [Ir(H)2(IMes)(pyrimidine)3]Cl,
R is the gas constant (8.314 J K−1 mol−1), T is temperature in K, kB is the Boltzmann constant and
h is Planck’s constant. ∆𝐻 ‡ is the change in enthalpy and ∆𝑆 ‡ is the change in entropy associated
with this. However, in this mechanism hydrogen can approach the transition state from either
direction. Therefore ln

2𝑘
𝑇

𝑘

is used instead of ln 𝑇 in obtaining these values. A plot of

1
𝑇

vs 𝑙𝑛

2𝑘
𝑇

enables ∆𝐻 ‡ to be calculated from the gradient and ∆𝑆 ‡ from the intercept using a linear
regression method. The error for these was calculated by averaging the lower and upper 95%
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values and calculating the maximum and minimum ∆𝐻 ‡ or ∆𝑆 ‡ values. These parameters are
presented in Table 2.2 alongside ∆𝐺 ‡300 .

Table 2.2 – Activation parameters for the indicated processes observed whilst examining
[Ir(H)2(IMes)(pyr)3]Cl and [IrCl(H)2(IMes)(pyr)2] in methanol-d4 (where pyr = pyrimidine).

Conversion of
[Ir(H)2(IMes)(pyr)3]Cl
(A) to (B)
Loss of H2 from
[IrCl(H)(IMes)2(pyr)2]

ΔH‡

ΔS‡

ΔG‡300 K

kJ mol-1

J mol-1 K-1

kJ mol-1

83.3 ± 12.6

50.1 ± 42.8

68.2 ± 1

99.8 ± 30.7

105.5 ± 104.2

68.1 ± 1

73.7 ± 21.4

33.6 ± 72.7

63.7 ± 1

(B)
Conversion of
[IrCl(H)2(IMes)(pyr)2]
(B) to (A)

The value of the Gibb’s free energy (∆𝐺 ‡300 ) was calculated using equation 2.2. The error was
determined using the average of the upper and lower limits of ∆𝐻 ‡ and ∆𝑆 ‡ at 300 K.
∆𝐺 ‡ = ∆𝐻 ‡ − 𝑇∆𝑆 ‡

(2.2)

The rate of conversion of complex A to complex B, at 295 K is 2.5 s−1 and from B to A it is
17.1 s−1. These values are similar to those presented by Lloyd et. al (2014).111 When examining
the 1H signal enhancement with temperature (see Appendix A.6), the greatest enhancement was
observed at 300 K. The rate constant for the conversion of A into B at this temperature is 4.6 s−1
which is close to that of the reported optimal for ligand loss of 4.5 s−1.110 The rate of H2 loss is
1.982 s−1 at 295 K and proceeds via B.
The activation data shows that the ∆𝐺 ‡300 is very similar for both the conversion of A to B (68.2
± 1 kJ mol−1) and that of loss of hydrogen from complex B (68.1 ± 1 kJ mol−1). This reflects their
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common first step, substrate loss, which dominates the reaction coordinate. The ∆𝐺 ‡300 for the
conversion of complex B back to A is lower at 63.7 ± 1 kJ mol−1 in accordance with A being the
dominant species. When examining ΔS‡ it is clear that the temperature range is too small to make
any significant deductions as the errors are high.

Optimisation of the 1H NMR signal enhancement of pyrimidine
The net rate of ligand loss from [Ir(H)2(IMes)(pyrimidine)3]Cl is therefore close to the predicted
optimum of 4.5 s-1 at 295 K and good SABRE behaviour should result.110 There are a number of
reported routes for improving the size of signal enhancements achieved in the SABRE process.
These include the identity of the ancillary ligand in the catalyst, the polarisation transfer field
(PTF), the temperature, the pressure of p-H2 and the concentration of the catalyst and substrate.
Each of these factors will be examined in detail to determine an optimal SABRE enhancement
for pyrimidine.

Concentration of substrate
The concentration of substrate has previously been shown to have a dramatic effect on the
observed polarisation level across a number of substrates.139,

187, 191

For example, when 4

equivalents of pyridine (20 mM) and [IrCl(COD)(IMes)] (5 mM) are utilised a 5500-fold total
1

H NMR signal enhancement was achieved.111 This decreases to just ca. 1000-fold when 20

equivalents (100 mM) of pyridine is present. As the SABRE process is dissociative, the rate of
substrate loss is independent of the concentration of substrate present. However, when there are
fewer molecules of substrate available to bind to the metal centre, there is a higher probability
that a partially polarised substrate will rebind. Thus, the observed polarisation level will increase
due to reduced spin dilution when a fixed amount of catalyst and p-H2 are present. Conversely, as
the rate of magnetic state relaxation is increased whilst the substrate is bound to the catalyst, 129
higher substrate concentrations can lead to increased observed T1 values due to changing the
equilibrium position which

can help offset this effect. For the case of 5-

(tributylstannyl)pyrimidine, a 4-fold excess of substrate was found to give the highest level of 1H
signal gain, however, an 18-fold excess was found give the higher level of 119Sn polarisation.139
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For this investigation 13 samples were prepared using [IrCl(COD)(IMes)] (5 mM) with varying
concentrations of pyrimidine (20-500 mM, 4-100 equivalents) in methanol-d4 (0.6 mL). Each
sample was activated with H2 as previously described. Once activation was completed, 4 bar pH2 was added and the SABRE experiment was performed at 65 G at 298 K. The resulting 1H
signal gains for each proton resonance are shown in Figure 2.7 (see Table A.4 in Appendix for
data).

Figure 2.7 – A plot of the individual signal enhancements of the 1H’s on the free pyrimidine as a
function of pyrimidine excess with [Ir(H)2(IMes)(sub)3]Cl (5 mM) catalyst in methanol-d4 (0.6 mL)
exposed to 4 bar of p-H2 as a function of substrate concentration at 298 K. A minimum of 5
experiments was undertaken and an average enhancement was calculated for each substrate
concentration, see Table A.4 in the Appendix.

Figure 2.7 shows that the signal enhancement is dependent upon substrate concentration.
Surprisingly, the highest enhancement is found at 50 mM concentration (10 equivalents) of
pyrimidine which differs from the optimal 1H signal gains for other substrates.111, 129, 187
In previous work carried out by Olaru et. al. (2016) where both 119Sn and 29Si were hyperpolarised
via SABRE using the substrates, 5-(tributylstannyl)pyrimidine and 5-(trimethylsilyl)pyrimidine
respectively, they found that at 50 mM concentrations the greatest polarisation was gained. 139
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These substrates are multivalent and when the reaction times of these experiments were extended
a series of iridium trimers formed; these were confirmed by X-ray crystallography. It is
hypothesised that these trimers form more readily at low substrate concentration and this change
in catalyst speciation could explain the lower 1H NMR signal enhancements seen here at reduced
loadings of pyrimidine. Crystals suitable for X-ray diffraction could not be obtained from the
experiments reported here.

Concentration of catalyst
Whilst the catalyst is required to allow the transfer of polarisation from the p-H2 to the substrate
via the J-coupling network, it also contributes to the relaxation of the substrate back to its thermal
equilibrium during a SABRE experiment when the p-H2 is consumed. The presence of the catalyst
in solution also decreases the apparent spin-lattice relaxation (T1) of the free substrate through
exchange (for experimental details and table of results see Appendix section A.4.). This decrease
in T1 will result in a decrease in the enhanced signal seen after a SABRE experiment has been
performed due to the time required to transfer the sample to the detection field.116 Therefore, the
effect of the concentration of catalyst was investigated. For these experiments, the ratio between
the catalyst and the substrate was kept the same whilst the concentration of the polarisation
catalyst was increased. A 1:40 ratio of catalyst: substrate was used to minimise any change in
speciation effects. Figure 2.8 shows the signals enhancements seen in the 2-H, 4, 6-H and 5-H
positions of pyrimidine that result.
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Figure 2.8 – A plot of the specified 1H NMR signal enhancements for free pyrimidine as a function of
catalyst concentration. The ratio of the active catalyst: pyrimidine used was 1:40 in methanol-d4
(0.6 mL). A minimum of 5 experiments was undertaken for each data point and an average
enhancement was calculated for each catalyst concentration, see Table A.5 in Appendix.

The optimum catalyst concentration was found to be 0.5 mM which gave enhanced signals of
−329 ± 6-fold for H-2, −280 ± 4-fold for H-4 and H-6 and −197 ± 1-fold for H-5. However, when
examining the signal to noise ratio (SNR) of this sample it was found to be low (SNR = 825). The
catalyst concentration at 2.5 mM gave the second highest signal enhancements and yielded a
higher SNR value of 15206. Therefore, the balance between signal enhancement and SNR is
shown. For the proceeding experiments a 2.5 mM concentration of catalyst was employed as the
signal size is more important for potential applications than the signal enhancements.

Type of catalyst
In 2009, SABRE was initially achieved with Crabtree’s catalyst which bears a phosphine ligand.93
Two years later it was reported that more efficient SABRE catalysis can be achieved by using an
iridium N-heterocyclic carbene (NHC) catalyst, such as [IrCl(COD)(IMes)]. The development of
the SABRE catalyst has continued to draw attention in an attempt to improve the observed signal
gains.111, 114, 122, 132 118 An extensive study of the carbene catalyst was undertaken in 2018 by Rayner
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et. al. by examining the Tolman Electronic Parameter (TEP) and the buried volume (% Vbur) of a
range of NHC catalysts.118 From this study, it was established that changing these parameters can
tune the observed signal enhancement for a given substrate. If a substrates exchange rate is slow
with the IMes derived system, then a sterically bulky carbene ligand could be beneficial to speed
up dissociation. Conversely, if the substrates exchange rate is fast, then an electron deficient
catalyst can improve the observed signal gains. This effect was seen for 1H, 13C and 15N SABRE
hyperpolarisation. Additionally, selective deuteration of the carbene ligand has been shown to be
an effective method for extending the magnetic relaxation times for substrates bound to the
catalyst.112, 118, 132, 133, 147 This has resulted in higher polarisation levels being achieved through a
combination of reducing spin dilution and increasing effective T1 relaxation times.
For pyrimidine, a range of catalysts of the type [IrCl(COD)(NHC)] (where NHC = N-heterocyclic
carbene) were selected for investigation as shown in Figure 2.9. These encompass a range of steric
and electronic properties; increased TEP and %Vbur (catalysts 4 and 5) or decreased parameters
(catalysts 1-3 and 6). Catalyst 5 is the standard pre-catalyst [IrCl(COD)(IMes)] and catalyst 7 is
the most electron deficient used, with chlorine groups on the backbone of the imidazole group.
1

2

3

1

2
1

4

5

6

7

5

6

3

3

6

3

2

2

3

2

1

1
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Figure
1 2.9 – Catalysts, based on the [IrCl(COD)(IMes)] motif, used for the optimisation of the
pyrimidine substrate.

Each catalyst was present at a 2.5 mM concentration with an initial substrate concentration of
25 mM (10 equivalents) as previously discussed. Figure 2.10 shows the 1H signal enhancement
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for each 1H resonance of pyrimidine achieved with each of the catalysts listed. From these results
it is clear that catalyst 4, [IrCl(COD)(1,3-bis(2,4,6-trimethylphenyl)-4,5-dimethylimidazol-2ylidine)] gives the best NMR signal enhancement followed by the standard catalyst
[IrCl(COD)(IMes)] (catalyst 5).

Figure 2.10 – The average 1H signal enhancement of each of hydrogen resonance on pyrimidine
(25 mM) with catalysts 1-6 (2.5 mM) in methanol-d4 (0.6 mL) when exposed to 4 bar p-H2 at 298 K.
Polarisation transfer was conducted at 65 G (for table of results see Table A.6 in Appendix).

Catalyst 4 must therefore have optimal T1 and exchange rates to give the greatest enhancement
for pyrimidine. With this in mind, T1 data for pyrimidine was determined in the presence of the
catalyst (2.5 mM) in methanol-d4 (0.6 mL) when exposed to 4 bar hydrogen.

T1 relaxation values for the 1H NMR resonances for pyrimidine
It is beneficial if the hyperpolarised magnetic states that are created during the SABRE process
are able to last until the point of measurement. Therefore, long T1 values are essential. For
example, if SABRE is to realise its in vivo potential, the hyperpolarised probe would need to
survive until it reached the targeted area of the body. As discussed in Chapter 1 (section 1.3.3), it
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is the interaction between molecules which causes T1 relaxation. Therefore, it can be determined
that different molecules within an NMR sample will change the T1 of the substrate.8, 130, 131

T1 data for substrate and SABRE active catalyst

Figure 2.11 – Pyrimidine molecule with labelled hydrogen positions.

It is reported in the literature that the T1 relaxation times for pyrimidine in a degassed solution of
methanol-d4 are 77.4, 38.8 and 29.2 seconds for the H-2, H-4/6 and H-5 resonances
respectively.129 For comparison, the effective T1 values of the free pyrimidine resonances
measured in the presence of catalysts 1-7 (2.5 mM) in methanol-d4 (0.6 mL) and 4 bar H2 are
shown in Table 2.3.
Table 2.3 – 1H T1 data for pyrimidine (25 mM) in the presence of catalyst (2.5 mM) in methanol-d4
(0.6 mL) at 295 K.

Catalyst
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T1 inversion recovery on each hydrogen on pyrimidine
(s)
H-2
H-4 and 6
H-5

None

77.4

38.8

29.2129

1

42.5 ± 0.6

28.1 ± 0.3

19.7 ± 0.2

2

30.1 ± 0.4

23.1 ± 0.2

17.5 ± 0.1

3

29.9 ± 0.7

21.7 ± 0.2

14.9 ± 0.1

4

32.3 ± 0.7

23.3 ± 0.2

17.6 ± 0.1

5

36.6 ± 0.4

24.8 ± 0.2

18.9 ± 0.1

6

27.8 ± 0.3

20.5 ± 0.2

16.9 ± 0.1

7

48.2 ± 0.4

35.2 ± 0.4

26.6 ± 0.4
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The data presented in Table 2.3 shows that the presence of the iridium catalyst reduces the
measured T1 relaxation value in all cases when compared to that of pyrimidine alone. This is as
expected as the catalyst reduces the effective T1 of the substrate.129
Catalyst 7 has the smallest influence on the T1 relaxation values for free pyrimidine in solution. It
bears Cl groups on the imidazole ring of the N-heterocyclic carbene backbone of the catalyst
which has been shown previously to slow the rate of ligand dissociation in a number of analogous
studies.118 The presence of Cl on the imidazole backbone also appears to remove a dominant spinspin coupling route to relaxation of the bound substrate.
However, the greatest 1H signal enhancements were produced with catalyst 4 despite it not having
the longest T1 values. Catalyst 4 must therefore exhibit the optimal rate of ligand dissociation for
the SABRE process and this should be investigated in the future.
Further extension of the T1 relaxation times can be obtained by selectively deuterating the catalyst.
In 2017, Rayner et. al deuterated pyrimidine in two positions to give 4,6-d2-pyrimidine and 2,5d2-pyrimidine.129 The data from their findings, along with the optimal enhancement gathered from
pyrimidine, is shown in Table 2.4. The literature describes the polarisation levels for the
deuterated pyrimidines as a percentage, however, for ease of comparison these values have been
converted to signal enhancement at 9.4 T.
Table 2.4 – 1H T1 and signal enhancements for pyrimidine under optimal conditions, [IrCl(COD)(1,3bis(2,4,6-trimethylphenyl)-4,5-dimethylimidazol-2-ylidine)] (2.5 mM), pyrimidine (25 mM) in
methanol-d4 (0.6 mL). For the 4,6-d2-pryimidine and 2,5-d2-pyrimidine [IrCl(COD)(IMes)] (5 mM)
was used with 20 mM of substrate in methanol-d4 (0.6 mL). * = Personal communication within the
group from Phil Norcott who carried out the experiments for this substrate.

T1 (s)
Substrate

Signal enhancement

H-2

H-4,6

H-5

H-2

H-4,6

H-5

pyrimidine

32.3

23.3

17.6

394 ± 15

385 ± 19

313 ± 19

4,6-d2pyrimidine*

30.1

n/a

72.2

558

n/a

525

2,5-d2pyrimidine

n/a

34.6

n/a

n/a

1182

n/a129
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From Table 2.4 the deuterated pyrimidines produce a slightly greater 1H NMR signal
enhancement when compared to undeuterated pyrimidine. These effects are particularly clear
when the protons in the 2 and 5 position of pyrimidine are deuterated. The 1H NMR signal
enhancement for the H-4, 6 position increases from 385 ± 19-fold to 1182-fold ± 53 assuming the
same percent error as observed with optimised pyrimidine. It may therefore be advantageous in
the future to examine these substrates further.

Magnetic Resonance Imaging
Phantom based SABRE hyperpolarised 1H MR images have previously been presented for a range
of substrates, including nicotinamide, phthalazine and vitamins B3.129, 187, 191 With the success of
the 1H NMR signal enhancements for pyrimidine, an investigation into their applicability for 1H
MRI detection in phantoms was conducted. A 10 mm NMR tube, containing pyrimidine
(500 mM) with a SABRE pre-catalyst either 1-6 (5 mM) and methanol-d4 (3 mL), was exposed
to 4 bar p-H2 for subsequent hyperpolarisation using the SABRE (shake & drop) method.
Following a single hyperpolarisation step, either Free Induction with Steady State Free Precession
(FISP) or Rapid Acquisition with Relaxation Enhancement (RARE) single slice images (see
Figure 2.12) at 9.4 T were obtained (see experimental 7.2.12).

Figure 2.12 – A schematic diagram of the slice used to take the FISP magnetic resonance (MR) image.

Resultant image SNRs (thermal and hyperpolarised) for both FISP and RARE experiments are
shown in Table 2.5 and their absolute SNRs calculated (following normalisation to the equivalent
thermal image). The thermal and hyperpolarised SNR for FISP is generally lower than that
observed with a RARE sequence. This is due to a smaller excitation flip angle being used in FISP
(in this case 5°) compared to the RARE sequence which utilised a 90° excitation pulse. Therefore,
using the absolute SNR gain, means that SNR is independent of flip angle.
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Examining the absolute SNRs, catalyst 4 gives the greatest gain when examined under the RARE
sequence. It is noted that absolute SNR is within standard error of that found for catalyst 1 and 2.
This is slightly unexpected as catalysts 1 and 2 have increased TEP and %Vbur compared to 4.
This could be a due to the increased substrate concentration (500 mM vs 25 mM) which may alter
the exchange rate dynamics.
Examining the FISP data the pattern of absolute SNR is the same as that observed for RARE,
apart from catalyst 4, which seems to be an outlier. It is noted that FISP measurements are single
point measurements (see below) and it could be that polarisation transfer conditions were
hampered by the manual ‘shake and drop’ approach used for polarisation transfer. Therefore, it
would be advantageous in the future to repeat the FISP data acquisition not only to check this but
also to establish the standard error across such experiments.
Table 2.5 – SNR ratios for pyrimidine (500 mM) when in the presence of different SABRE precatalysts (5 mM) used in Chapter 2 section 2.2.3 when using either an FISP or RARE protocol.
Absolute SNR has been calculated by SNRHyp / SNRTh.

FISP

Catalyst

RARE
Absolute

Mean

Absolute

SNRHyp

SNR

9.1

398.6

43.7 ± 1.5

57.4

9.5

382.1

47.9 ± 5.9

34.6

28.8

13.5

278.8

20.7 ± 2.5

1.1

40.1

36.5

9.5

459.2

48.2 ± 6.4

5

1.1

27.1

25.0

17.3

259.8

21.9 ± 1.0

6

1.1

16.9

15.4

9.6

144.6

15.1 ± 2.8

number

SNRTh

SNRHyp

1

1.1

61.0

55.5

2

1.1

63.1

3

1.2

4

SNR

SNRTh

The FISP sequence was primarily used to produce a series of images over time to investigate
signal decay under constant probing with 5° flip angle radio frequency (r. f.) (to maintain the
steady state for readout). The image repetition time (TR) for this sequence was 600 ms meaning
several images could be taken over the T1 lifetime of the substrate (between 15 and 48 s) before
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hyperpolarised signal is ‘lost’ due to natural decay to thermal equilibrium. Decay experiments
were carried out for all catalysts tested. Figure 2.13, shows representative time resolved data for
catalyst 2 (exhibiting the greatest SNR gain, see Table 2.5) and demonstrates a clear decay in
hyperpolarised signal over 36 s. The signal decay curve from a region of interest (ROI) within the
phantom is plotted in Figure 2.14.

Figure 2.13 – MR images carried out on a 9.4 T Bruker NMR system (integrated micro 2.5 gradient
set) using a one-shot 2D 1H hyperpolarised MRI FISP sequence with TR = 600 ms, TE = 2 ms, FOV
= 1.2*1.2 cm, matrix size = 64*64, NS = 1. Images of hyperpolarised pyrimidine (500 mM) in the
presence

of

the

pre-catalyst

[IrCl(COD)(1,3-bis(4-tert-butyl)-2,6-dimethylphenyl)imidazol-2-

ylidine)] (catalyst 2, 5 mM). FISP 2D images acquired as a function of time from the polarisation
transfer step after 0.6-6.0 s, in 600 ms intervals.

The decay profile was fitted to a mono-exponential and the time constant of decay was calculated
to be 5.9 s. This time constant of decay is much shorter than the measured T1 of pyrimidine
(between 15 and 48 s). This is expected as the system is exposed to multiple r. f. pulses to maintain
the steady state magnetisation required for FISP acquisition. Such excitation pulses will
somewhat attenuate the magnetisation remaining in the longitudinal plane for subsequent
measurement. This is demonstrated through the poor fit observed to the mono-exponential (see
figure 2.14 insert which displays the residual between the mono-exponential model and the data).
The residual has a time-based dependence/function and is not simply a reflection of random noise
(random fluctuation around 0).
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Figure 2.14 – Low flip angle FISP [IrCl(COD)(1,3-bis(4-tert-butyl)-2,6-dimethylphenyl)imidazol-2ylidine)]

It is noted that the measured signal will be a complex interplay of signal undergoing r. f.
attenuation, which is required to maintain steady state acquisition along with T1 decay which is
under exchange with fresh signal. Fresh ‘unlabelled’ signal (yet to be excited and only undergoing
thermal decay) could be diffusing in from above/below the imaging plane between subsequent
excitations. Together these effects are difficult to model and make it difficult to predict the actual
T1 from the FISP data. Nevertheless, this data demonstrates that pyrimidine, can not only be
polarised via SABRE but that a 1H MRI trace can be obtained with it.

Conclusions
Pyrimidine has been shown to successfully undergo 1H SABRE hyperpolarisation. The active
SABRE catalyst and intermediates have been fully characterised as [Ir(H)2(IMes)(pyrimidine)3]Cl
(A) and [IrCl(H)2(IMes)(pyrimidine)2] (B). These complexes proved to interconvert on the NMR
timescale and the associated hydride ligand exchange rates were obtained to map the conversion
of complex A into B, alongside the hydride loss rate from complex B to form H2 and the
conversion of B back into A.
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During the SABRE exchange pathway, it is understood that ligand loss (in this case pyrimidine)
occurs before H2 loss. This leads to a dihydrogen dihydride complex which through site
interchange allows fresh p-H2 to enter the coordination sphere. Once the H2 is lost, a substrate
molecule binds to the catalyst centre to reform the active catalyst (A).110,

111, 119

During the

investigation into hydrogen exchange with [Ir(H)2(IMes)(pyrimidine)3]Cl, it was discovered that
loss of H2 from A involved B, [IrCl(H)2(IMes)(pyrimidine)2]. It has been noted that for pyridine
while A forms predominantly, about 1% of [Ir(H)2(IMes)(MeOH)(pyridine)2] (C, where MeOH
= methanol) can be seen at low temperatures with form B being detected in dichloromethaned2.111
The rate of conversion of complex A into B at 300 K proved to be 3.93 ± 0.03 s−1.111 The
competing rate of exchange from B to form H2 at 300 K is 4.62 ± 0.08 s−1. Both steps proceed by
2-electron donor loss and hence the net rate of ligand loss from A must exceed 3.93 s-1.
Unfortunately, due to peak overlap we were unable to probe the ligand loss process directly and
the reversibility of these processes makes extracting a precise rate from the hydride ligand data
impossible. However, for [Ir(H)2(IMes)(pyridine)3]Cl, this is not the case as the process is much
simpler and the loss rate of pyridine is 23 s−1 per mole of metal complex.111 This rate is
dramatically larger than that for pyrimidine and may account for its poor SABRE performance.
For pyridine the gains are −2397, −1472 and −1629 fold for the hydrogens in the ortho, meta and
para positions, respectively111 while those obtained here for pyrimidine are −542 ± 16, −584 ± 15
and −506 ± 13 fold for H-2, H-4 and 6 and H-5 respectively.
In this chapter, the SABRE hyperpolarisation of pyrimidine has been optimised to create a large
1

H NMR signal enhancement. This was achieved by examining substrate concentration, catalyst

concentration and type of catalyst. The optimal conditions were 50 mM concentration of
pyrimidine (10 equivalents of substrate loading), using 2.5 mM concentration of pre-catalyst and
using

[IrCl(COD)(1,3-bis(2,4,6-trimethylphenyl)-4,5-dimethylimidazol-2-ylidine)]

as

the

SABRE pre-catalyst. It should be noted however, that the optimal concentration of pyrimidine
and catalyst were carried out with the pre-catalyst [IrCl(COD)(IMes)]. When these optimal
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conditions were applied to the different catalysts it was realised that the 1H signal enhancements
achieved were not as good as those originally gained. Therefore, each catalyst needs to be
optimised with the substrate under investigation to achieve the highest signal enhancement. The
temperature at which the experiments were carried out was also examined but no discernible trend
could be achieved. For the results of these experiments see Appendix A.6.
Using these optimal conditions, 1H MR images were successfully obtained for pyrimidine. The
hyperpolarised image was still present 6 seconds after beginning a series of imaging sequences,
demonstrating that the enhanced 1H signal lasts long enough to take repeat images. To improve
this, deuterated forms of pyrimidine could be examined under the optimal conditions investigated
here. From the literature129 and without optimisation, 4,6-d2-pyrimidine produces a long T1 on H5, 72.2 s and a 1H signal enhancement of 558 and 525-fold, for H-2 and H-5 respectively.129 2,5d2-pyrimidine, however, gives a shorter T1, 34.6 s but a larger 1H. Therefore, this molecule and
particularly its motif, would warrant further investigation as use as a possible MR contrast agent.
This is explored in Chapter 3 and 5 with 5-fluorouracil.
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1

H and 19F SABRE Hyperpolarisation of Fluoro N-

Heterocycles
Introduction
The hyperpolarisation of heteronuclei has shown promise in 13C-pyruvate,36, 40, 73, 174 13C-urea,174,
192 13

C-glucose35, 41, 169, 193 and the 19F in fluorinated styrene,194, 195 amongst many others.63, 196 The

success of these agents is due to their high polarisation levels and long lifetimes.13, 36, 94, 107, 141, 195,
197

Hyperpolarised

13

C detection has already been successfully used in magnetic resonance

spectroscopy (MRS) via PHIP and DNP methods, where in vivo images were produced of the
heart and cardiovascular system, using maleic acid and 13C-urea, respectively.198-201 Additionally,
hyperpolarised 15N-pyridine derivatives have been shown to be suitable as an MRI probe for in
vitro pH changes in phantoms, due to wide chemical shift dispersion.202 It was suggested that
these probes might also find use in detecting changes within tissues202 such as brain tumours
through the imaging of the ratio of hyperpolarised

13

C-bicarbonate to CO2 signals.66,

67

Hyperpolarised 15N, 13C and 19F nuclei delivered via SABRE have also been successfully detected
using MRI methods.141,

144, 202-204

Other heteronuclei have also been exploited with SABRE,

including 31P, 29Si and 119Sn.139, 145
More recently, the hyperpolarisation of 19F nuclei has gained interest due to the use of fluorinated
compounds in biomedicine.205, 206 Additionally, the MRI detection of 19F nuclei under Boltzmann
conditions has previously been used to investigate catabolic and anabolic drug conversions of
anticancer drugs, particularly 5-fluorouracil.207-212 Whilst

19

F nuclei are abundant in skeletal

tissue, predominantly as calcium fluoride, they are not present at any significant concentration
within other tissues or cells. Therefore, the detection of exogenous 19F contrast agents could be
appealing due to low residual background signal. Fluorine is already used as a tracer in the form
of 18F-fluorodeoxyglucose (18F-FDG) in positron emission tomography (PET).213, 214 Such studies
involve the injection of

18

F-FDG into the patient, and the resulting uptake of glucose can be

monitored in conjunction with the half-life of the 18F response.213, 214 Images of the radiotracer
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result from analysis of the gamma radiation emitted by this tracer.214 Hence, there is a knowledge
base that could make such studies feasible.
Not surprisingly, 19F NMR has been well utilised since the first 1950 report by Dickinson.215 It
represents an NMR active nucleus, with 99.8% natural isotopic abundance and has a
gyromagnetic ratio that is very similar to that of 1H. Using the equation for receptivity (R), given
in equation 3.1, the relative signal strength of fluorine is 84% of that of 1H.
𝑅 = 𝑁. (𝛾 2 . (𝐼(𝐼 + 1)) )

(3.1)

Where N is the isotope natural abundance, 𝛾 is the gyromagnetic ratio and I is the spin quantum
number (½ for both 1H and

19

F nuclei). Therefore, such signals should be of relatively high

intensity when compared to those of other heteronuclei.

19

F nuclei have been successfully

hyperpolarised by DNP216-218 and hydrogenative PHIP methods, ALTADENA and PASADENA,
and detected by NMR.195, 217 As previously mentioned, 19F has also been successfully polarised
via SABRE.13 Recently, the

19

F hyperpolarisation of 3-fluoropyridine was re-examined with

promising data presented, including an image of the 19F hyperpolarised signal.144, 219 A potential
drawback of using 19F nuclei as hyperpolarised contrast agents is that the T1 relaxation times of
the created magnetisation are typically short. Bober et. al.in 2017, reported

19

F T1 times of

between 0.149 to 0.386 s for the drug fluoxetine in vivo in the brain.220 Mattes et. al. (2016)
measured a 19F T1 of 1.1 s for the drugs fluconazole and flumethasone.221 The dominant pathway
to relaxation for 19F is chemical shift anisotropy, therefore a short T1 is to be expected.222
This chapter investigates a variety of fluorinated N-heterocyclic compounds as potential MR
contrast agents and discusses the SABRE hyperpolarisation of their 1H and

19

F nuclei.

Additionally, T1 relaxation times and ligand exchange rates are defined in order to determine their
suitability for further in vivo study. The molecules used for screening 19F hyperpolarisation are
shown in Figure 3.1 and all contain a pyridine, pyrazine or pyrimidine motif. Pyridine and
pyrazine based molecules have been widely studied using SABRE and therefore provide a robust
starting point for this study. Pyrimidine based molecules have also been shown to be SABRE
active. These include, pyrimidine itself,129,
102
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pyrimidine based phosphates,146 5-
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tributylstannylprimidine and 5-trimethylsilylprimidine.139 Pyrimidine based molecules are also
prevalent in a number of biologically useful molecules including one of the most common anticancer drugs, 5-fluorouracil.224 Fluorinated compounds are also widely found in pharmaceuticals,
including antidepressants (Prozac), anticancer (fluorouracil), antibacterial (fluoroquiolones) and
antiviral drugs (Maraviroc).179, 225 They are also contained in the anti-fungal drug Vorincazole,
(2S,3R)-3-(2,4-difluorophenyl)-2-(5-fluoropyrimidin-4-yl)pentan-3-ol and fluoxetine.219

Figure 3.1 - Fluorinated N-heterocyclic molecules used here for SABRE 1H and 19F hyperpolarisation
experiments. Compound names: (1) 2-fluoropyridine, (2) 3-fluoropyridine, (3) 4-fluoropyridine, (4)
3,5-difluoropyridine, (5) fluoropyrazine, (6) and (7) 5-fluoropyridine-3-carboxylic acid without base
and with, respectively and (8) is 5-fluorouracil.

Hyperpolarised 1H, and
compounds

19

F NMR detection of N-heterocyclic

For each of the fluorine containing molecules investigated (Figure 3.1), two NMR samples were
initially prepared for the related SABRE experiments. These samples contained 5 mM solutions
of [IrCl(COD)(IMes)] and either 20 mM or 100 mM of the substrate in 0.6 mL of methanol-d4.
After degassing using a freeze-pump-thaw method, the samples were placed under a 4 bar
atmosphere of para-hydrogen (p-H2). Subsequently, seven distinct SABRE experiments were
performed on each sample and the average 1H NMR signal enhancement, associated with each
substrate was calculated as described previously. The results of this process are presented in Table
3.1.
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Table 3.1 – Hyperpolarised 1H NMR signal enhancements observed when 20 mM or 100 mM
concentrations of the indicted fluorinated N-heterocyclic compound, undergo SABRE using 5 mM of
pre-catalyst [IrCl(COD)(IMes)] in 0.6 mL MeOD-d4 in the presence of 4 bar of p-H2; measurements
were carried out on a 400 MHz Bruker NMR. Pyridine reference data is as reported by Lloyd et.
al.111
Average enhancement

Average enhancement

Hydrogen

at 20 mM

at 100 mM

position

concentration of

concentration of

substrate

substrate

3

−0.448 ± 0.1

−0.282 ± 0.1

2-fluoropyridine

4

−0.454 ± 0.1

−0.282 ± 0.1

(1)

5

−0.285 ± 0.1

−0.214 ± 0.1

6

−0.664 ± 0.1

−0.364 ± 0.1

2

−1287 ± 65

−861 ± 73

3-fluoropyridine

4

−535 ± 18

−364 ± 12

(2)

5

−924 ± 38

−1207 ± 35

6

−817 ± 26

−435 ± 48

-

-

-

2, 6

−591 ± 10

−454 ± 12

4

−501 ± 11

−341 ± 11

Fluoropyrazine

3, 6

−716 ± 42

−618 ± 20

(5)

5

−461 ± 19

−469 ± 13

5 –fluoropyridine-

2

−272 ± 20

−60 ± 1

3-carboxylic acid

4

−181 ± 11

−50 ± 1

without base (6)

6

−112 ± 7

−55 ± 1

5 –fluoropyridine-

2

−635 ± 98

−254 ± 10

3-carboxylic acid

4

−191 ± 31

−222 ± 7

with base (7)

6

−278 ± 42

−247 ± 7

5-fluorouracil (8)

2

−106

-

2

−2397

392

3

−1472

−192

4

−1629

−323

N-heterocyclic
fluorinated
compound

4-fluoropyridine
(3)
3,5difluorpyridine
(4)

Pyridine

111

Of these simple fluorinated N-heterocyclic compounds, only 4-fluoropyridine (3) failed to
hyperpolarise as shown in Figure 3.2. This is a result of 3 being unstable and only available as a
salt, in this case of hydrochloric acid. It is hypothesised that the presence of the acid hinders
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binding of the N-heterocycle to the catalyst and as such SABRE is not able to occur. This is due
to the nitrogen lone pair no longer being free to bind to the metal centre.

Figure 3.2 – 1H NMR spectra of 4-fluoropyridine recorded in the presence of HCl. Bottom is a 1 scan
hyperpolarised 1H SABRE response after polarisation transfer at 60 G, expanded 32x vertically
relative to the upper spectrum in order to visualise resonances in the substrate. The corresponding
thermally equilibrated spectrum (top) which was left in the NMR for 2 minutes prior to acquisition.

To investigate whether this hypothesis was the case, the HCl was removed via two different
methods. The first method involved filtering a 20 mM solution of 4-fluoropyridine hydrochloride
in methanol-d4 through basic alumina and then adding 5 mM of [IrCl(COD)(IMes)] to the filtrate.
The second method was to add 20 mM of Cs2CO3 to 20 mM of the 4-fluoropyridine hydrochloride
and 5 mM of [IrCl(COD)(IMes)] in 0.6 mL methanol-d4. The two samples were examined under
SABRE conditions. Unfortunately, no NMR signal enhancements were observed from either
sample. No further SABRE experiments were conducted on this substrate.
5-Fluoropyridine-3-carboxylic acid is zwitterionic because it has a base and an acid within itself
as shown in Figure 3.3. This means that it has a protonated nitrogen, and a deprotonated
carboxylic group, and consequently binding to the catalyst could again be inhibited.
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Figure 3.3 – Zwitterionic form of 5-fluoropyridine-3-carboxylic acid.

Therefore, to remove the proton from the nitrogen binding site, a base was added again with the
hope that this would aid binding to the catalyst as shown previously.191 This was achieved by
preparing two samples with Cs2CO3 (1 equivalent) for each 20 mM and 100 mM concentration
of substrate, in a similar vain to the 4-fluoropyridine in the presence of HCl. This seemed to be
successful as the 1H NMR signal enhancement observed for the proton in the 2-position increased
from 272 ± 20-fold to 635 ± 98-fold in the presence of base. This proton gave the highest signal
gain of all the protons in this molecule. It is concluded that the presence of base has aided binding
to the catalyst and thus a higher signal gain is observed.
The lone pair on both the nitrogen atoms in 5-fluorouracil will be involved in the  system of the
ring, and therefore binding to the SABRE catalyst is again likely to be inhibited. However, in this
case conjugation will stabilise the corresponding conjugate base. Therefore, Cs2CO3 was also
added to this compound and the resulting 1H NMR signal enhancement was quantified to be 30fold after transfer from a 65 G field. As this signal gain was quite small, the concentration of base
was reduced to 10 mM, the enhancement increased to 106-fold. Figure 3.4 shows both a thermally
equilibrated spectrum, where the sample was left in the NMR for two minutes prior to acquisition,
and a hyperpolarised 1H NMR spectrum for 5-fluorouracil. The enhanced signal rapidly decreased
when subsequent SABRE experiments were repeated, possibly due to cyclometallation226-228 of
the catalyst. Cyclometallation of similar substrates, such as 6-methyl-2-thiouracil, has been
previously reported in the literature to occur with related iridium complexes. Such catalyst
deactivation must be prevented if SABRE is to work.229

106

1H and 19F SABRE Hyperpolarisation of Fluoro N-Heterocycles

Figure 3.4 – 1H NMR spectra of 20 mM 5-fluorouracil with 5 mM pre-catalyst [IrCl(COD)(IMes)] in
the presence of 2.5 mM Cs2CO3. The top spectrum is the thermally equilibrated spectrum which was
left in the NMR for two minutes prior to acquisition, with the vertical expansion increased by 16x
relative to the lower trace; the bottom spectrum shows the 1 scan, SABRE hyperpolarised signal,
immediately after activation under 4 bar p-H2. It demonstrates that a polarised 1H response is
observed.

Apart from 4-fluoropyridine, all the other fluorinated N-heterocyclic compounds gave an
enhanced signal for each of their protons. Table 3.1 shows the enhancement factor for all of the
protons for each fluorinated N-heterocyclic compound at both 20 mM and 100 mM
concentrations.
3-Fluoropyridine produced the greatest 1H signal improvement of all the fluorinated Nheterocyclic compounds investigated, with a signal enhancement of −1287 ± 65-fold being seen
for the proton in the second position. Fluoropyrazine produced an enhanced signal of −761 ± 42fold on the protons in position 2 and 6 respectively. 5-Fluoropyrididine-3-carboxylic acid in the
presence of Cs2CO3 produced an enhancement factor of −635 ± 98-fold for the proton in the
second position. This was almost twice that of the measurement made without base which was
−272 ± 20 for the same proton. 3,5-Difluoropyridine yielded an enhancement factor of −591 ±
10-fold for the overlaying protons in positions 2 and 6. 5-Fluorouracil produced an enhanced
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signal of −106-fold on the proton in the second position. This sample deactivates rapidly, and the
data is presented for the first SABRE experiment where any errors will be minimised.
Of the N-heterocyclic substituted fluorinated compounds, 3-fluoropyridine therefore gave the best
enhancement factor at both concentrations. At 20 mM the enhancements were, −1287 ± 65 for
H2, −817 ± 26 for H4, −924 ± 38 for H5 and −535 ± 18 for H6. For 100 mM the enhancements
were, −861 ± 73 for H2, −364 ± 12 for H4, −1207 ± 35 for H5 and −435 ± 48 for H6. Comparing
the best 1H signal enhancement for each substrate there is an average improvement of 2.69 times
at 20 mM concentration for 3-fluoropyridine when compared to that achieved with the other
substrates and this increases to 7.37 times for the 100 mM concentration.
SABRE hyperpolarisation of 2-fluoropyridine was observed but it gave poor NMR signal
enhancements that ranged between 0.664 to 0.285 times the size of the thermally equilibrated
signal. As the steric difference between fluorine and hydrogen is minimal230 the reason behind the
low signal enhancement must be due to electronic effects.231 Fluorine is highly electron
withdrawing and causes electron density to be withdrawn from the nitrogen binding site,
therefore, influencing the rate of exchange between the substrate and the catalyst. Consequently,
the exchange rate is no longer optimal for polarisation transfer. This may also be the case with
3,5-difluoropyridine compared to 3-fluoropyridine. The latter has a very high enhancement factor
ranging between 1287 to 535, whereas 3,5-difluoropyridine has a lower one, between 591 to 501.
This could be due to 3,5-difluoropyridine having an extra electron withdrawing group. This would
allow further electron density to be withdrawn from the nitrogen binding site, again influencing
the rate of exchange between the substrate and the catalyst.
For 2- and 3-fluoropyridine, 3,5-difluorpyridine and fluoropyazine the enhancement factor
increased 1.8, 1.1, 1.3 and 1.2 times respectively, when the concentration of the substrate reduced
from 100 mM to 20 mM. 5-Fluoropyridine-3-carboxylic acid without base exhibited an increase
of 4.5x at 20 mM compared to 100 mM. However, without base, the increase was only 2.5x
between the two concentrations, though the enhancement factor is still larger when the substrate
was analysed in the presence of base. Such increases in enhancement factor at 20 mM
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concentrations was reported in 2014 by Lloyd et. al. though notably this large change in
enhancement was only observed by them when using [IrCl(COD)(IMes)] as the pre-catalyst.111
When a different catalyst was employed the effect was less varied between the different
concentrations of substrate.111 This demonstrates the variability between substrates and catalysts,
and perhaps a different catalyst may provide a greater enhancement for some of the substrates
investigated here and could be investigated in the future. Nonetheless these results validate the
hypothesis that SABRE can be used to successfully hyperpolarise a range of fluorinated
heteroaromatics.
Comparing this data to pyridine though, as reported by Lloyd et. al.,111 at 20 mM concentrations,
the N-heterocyclic fluorinated compounds do not hyperpolarise as well. For example, the
enhancement of 3-fluoropyridine is approximately half that of pyridine. However, at higher
concentrations 3-fluoropyridine and fluoropyrazine hyperpolarise better than pyridine. The 1H
signal enhancements for 3,5-difluoropyridine and 5-fluoropyridine-3-carboxylic acid with base
are comparable to pyridine under these conditions.
It is well established in the literature that both the T1 relaxation of the substrate and the rate of
ligand exchange have an effect on the signal enhancement.102 These factors could therefore
explain the difference between the enhancement factors obtained.
As 2-fluoropyridine gave such a weak 1H signal enhancement, it was excluded from all remaining
studies. The main purpose of this work though was to explore 19F detection, and the remaining Nheterocyclic fluorinated compounds of Table 3.1 were re-examined using SABRE to test this. All
of the substrates produced a hyperpolarised 19F signal (see Table 3.2 and Figure 3.5).
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Table 3.2 – Hyperpolarised

19

F NMR signal enhancement when using 20 mM or 100 mM of the

indicated N-heterocyclic fluorinated compound under SABRE with 5 mM of pre-catalyst
[IrCl(COD)(IMes)] in 0.6 mL methanol-d4 in the presence of 4 bar of p-H2 as measured on a 500 MHz
Bruker NMR system.
19

Fluorinated N-

19

F enhancement

factor for 20 mM

factor for 100 mM

concentration of

concentration of

substrate

substrate

2-fluoropyridine (1)

-

-

3-fluoropyridine (2)

62 ± 6

63 ± 4

4-fluoropyridine (3)

-

-

3,5-difluoropyridine
(4)

14 ± 1

12 ± 2

fluoropyrazine (5)

20 ± 1

12 ± 1

5-fluoropyridine-3carboxylic acid
(without base) (6)

14 ± 1

9±1

3±1

43 ± 2

heterocyclic
compound

5-fluoropyridine-3carboxylic acid (with
base) (7)
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Figure 3.5 – 19F NMR signal enhancement measured for the N-heterocyclic fluorinated compound at
20- and 100-mM concentrations, the light grey is 20 mM and dark grey represents the 100 mM. All
samples contained 5 mM of pre-catalyst [IrCl(COD)(IMes)] in 0.6 mL methanol-d4 and were exposed
to 4 bar p-H2.

Figure 3.6 shows two typical

19

F NMR spectra, under thermal and SABRE conditions, for 3-

fluoropyridine (2) which gave the best 1H and 19F NMR signal enhancements; it gave a 19F signal
enhancement of 62 ± 6-fold and 63 ± 4-fold, within error, at the two concentrations respectively.
The difference in signal level seen for the other samples are also far less than those of the 1H
NMR results. In contrast, 5-fluorouracil gave an enhanced 19F signal, but this decreased in size
very quickly after the first shake, signal enhancement calculations on the

19

F were therefore

confounded. This decrease in signal enhancement was due to a reduction in the rate of catalyst
activation.
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Figure 3.6 –

19

F NMR spectra of 100 mM of 3-fluoropyridine with 5 mM pre-catalyst

[IrCl(COD)(IMes)] in 0.6 mL methanol-d4 in the presence of 4 bar p-H2. The first NMR spectrum is
the thermally equilibrated spectrum which was left in the NMR for two minutes prior to acquisition
polarised measurement whose vertical expansion level has been increased x32 relative to the lower
trace. The bottom NMR spectrum shows the SABRE result. The peak at approximately -124 ppm is
the bound 19F signal, the one at approximately -127.5 ppm is the free 19F signal.

Analysis of the T1 relaxation values of the 1H and 19F nuclei
The longitudinal relaxation time, T1 was determined for these N-heterocyclic fluorinated
compounds. The inversion recovery method was used as described in the experimental chapter
(see section 7.2.11.1). The measurements were made using 100 mM substrate, in the presence of
5 mM pre-catalyst [IrCl(COD)(IMes)] under 4 bar of hydrogen gas. Although the 20 mM
concentration of substrate gave the best signal enhancement, 100 mM concentration of substrate
was used to collect the T1 data. As the catalyst aids in the relaxation of the substrate working at
the higher concentration will provide a longer value.94, 102
As with the previous experiments performed on 5-fluoropyridine-3-carboxylic acid, two samples
were prepared; one without base and one in the presence of base, in which the sample was
prepared with a 1:1 ratio of Cs2CO3 to substrate, therefore 100 mM concentration of base was
used. As previously mentioned, this was to aid nitrogen binding into the metal centre of the
catalyst.
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Table 3.3 – 1H T1 data for all hydrogens within each of the N-heterocyclic fluorinated compounds
investigated at a 100 mM concentration, in the presence of 5 mM of pre-catalyst [IrCl(COD)(IMes)]
in 0.6 mL of methanol-d4 at 295 K under 4 bar of hydrogen. Pyridine data as reported by Lloyd et.
al.111

Fluorinated Nheterocyclic

T1 (s)
H2

H3

H4

H5

H6

2-fluoropyridine (1)

-

-

-

-

-

3-fluoropyridine (2)

19.03

-

13.47

21.11

11.56

4-fluoropyridine (3)

-

-

-

-

-

3,5-difluoropyridine
(4)

21.90

-

29.24

-

21.90

-

22.59

-

26.19 (H5
and H6)

-

5-fluoropyridine-3carboxylic acid
(without base) (6)

14.52

-

14.54

-

12.73

5-fluoropyridine-3carboxylic acid (with
base) (7)

46.14

-

16.04

-

16.91

Pyridine111

12.60

14.70

18.90

-

-

compound

Fluoropyrazine (5)

As shown in Table 3.3, the relaxation times of all the 1H resonances in the substrates extend from
11.56 to 46.14 seconds and are therefore comparable to those of pyridine which span 12.6 to 18
seconds.111 The effect of protonation of the ring nitrogen is evident in the data from 5fluoropyridine-3-carboxylic acid. The removal of the effect of this hydrogen atom gives a
substantial improvement in the T1 values of all three protons, particularly H-2.
Based on previous studies the H-2 signal of 5-fluoropyridine-3-carboxylic acid, with the longest
T1 might be expected to yield the largest signal enhancement. In contrast, 3-fluoropyridine with a
T1 of 21.1 seconds in the H-2 position, yields the best 1H signal with gains of −1287 ± 65-fold.
As the

19

F signal gain is delivered through in-molecule transfer via 1H coupling it is not too

surprising that this substrate also gives the best

19

F signal enhancement even though its T1 at
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500 MHz is lower than that of 5-fluoropyridine-3-carboxylic acid. The T1 values for these protons
ranged from 11.56 to 46.14 seconds. 5-Fluoropyridine-3-carboxylic acid in the presence of
Cs2CO3, had the longest T1, which was 46.14 s on H-2 within the molecule. 3-Fluoropyridine
which gave the best 1H and 19F signal enhancements, exhibits a T1 of 21.11 s on H-5.
The T1 relaxation time was also obtained for the fluorine atom on the fluorinated N-heterocyclic
compounds. As expected,34 these proved to be dramatically shorter than the range of values seen
for these molecules 1H signals and they varied from one another by just 50%. The longest value
was just 5.5 seconds for 3,5-difluoropyridine, while the shortest was 3.2 seconds. These were
shorter than the corresponding 1H resonances. These 19F T1 values are summarised in Table 3.4.
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Table 3.4 –

19

F T1 measurements for the fluorinated N-heterocyclic compounds investigated using

100 mM of the substrate in the presence of 5 mM of pre-catalyst, [IrCl(COD)(IMes)] in 0.6 mL
methanol-d4 at 295 K under 4 bar of hydrogen.

Fluorinated N-heterocyclic

T1 for 19F

compound

(s)

2-fluoropyridine

-

3-fluoropyridine

4.46

4-fluoropyridine

-

3,5-difluoropyridine

5.51

fluoropyrazine

4.91

5-fluoropyridine-3-carboxylic
acid (without base)

3.16

5-fluoropyridine-3-carboxylic
acid (with base)

3.28

Exchange mechanism and activation of the fluorinated Nheterocyclic Iridium complexes
As mentioned in Chapter 2 section 2.1.3, the rate of ligand exchange within the active SABRE
catalyst is very important when determining the efficiency of the catalyst. This, alongside a long
T1 can provide a large enhancement but also one that can last a long time. Therefore, for each
fluorinated N-heterocyclic compound, the rate of ligand and hydride exchange was examined.
Utilization of the 1D-EXSY232 protocol was used to assess the impact of the catalyst and the
ligand exchange processes exhibited by the SABRE active complexes formed by the Nheterocyclic fluorinated compounds. Data was recorded for the substrates 3-fluoropyridine, 2–
fluoropyrazine, 3,5-difluoropyridine and 5-fluoropyridine-3-carboxylic acid with and without
base. To investigate the role of the catalyst for each substrate, the hydride region of the associated
NMR spectra was considered first. Most commonly, in SABRE active complexes, a single
hydride resonance is observed at between δ −20 and −30.111 This is due to the formation of a tris
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substituted complex, where the substrate is bound either through a nitrogen or oxygen lone pair
of electrons.111
Upon examination of this region with the fluorinated N-heterocyclic compounds, three hydride
resonances were typically seen instead of one, in the region δ −22 to −25. This suggests that as
well as the tris complex, a second adduct is formed. Therefore, full characterisation of these
species, using standard NMR methods, was carried out.

Characterisation of the fluorinated N-heterocyclic Iridium complexes
With the substrates 3,5-difluoropyridine and fluoropyrazine, both the tris and bis species were
formed but with more equal intensities, therefore these two substrates could be used to
characterise the second complex more accurately. Using 3,5-difluoropyridine as an example, it
can be shown from Figure 3.7 (15N / 1H HMQC), that there are three hydride signals in solution.
The dominant hydride signal at δ −23.94 is that of the tris substituted complex, the other two
come from a bis substituted complex. Figure 3.7 presents a 15N / 1H cross peak at δ 269 / δ −23.94
for the hydride signal trans to 3,5-difluoropyridine in the tris substituted complex. The hydride at
δ −24.69 is due to the bis substituted complex where the hydride ligand is trans to either methanol
or Cl. Confirmation that the hydride signal at δ −24.69 was trans to Cl was done by replacing the
pre-catalyst [IrCl(COD)(IMes)] with [Ir(COD)(IMes)(acetonitrile)]PF6.
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Figure 3.7 – 15N / 1H HMQC with a CNST2 of 8 Hz, for the sample [IrCl(COD)(IMes)]Cl (5 mM)
with 3,5-difluoropyridine (100 mM) in methanol-d4 (0.6 mL).

Examining the cross couplings in the hydride region of Figure 3.8 confirms the hydride signals at
δ −23.94 and δ −24.69 which show a link between them, thereby demonstrating both ligands are
within the same complex.
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Figure 3.8 – COSY of the hydride region for the sample [IrCl(COD)(IMes)]Cl (5 mM) with 3,5difluoropyridine (100 mM) in methanol-d4 (0.6 mL).

For full characterisation details of all complexes see Appendix A.9.
Upon examination of all the substrates investigated, it was found that the species of the type
[Ir(H)2(IMes)(sub)3]Cl (A) yields a single hydride signal in the region around  −22. Species such
as [IrCl(H)2(IMes)(sub)2] (B) yield two mutually coupled signals at slightly higher field.
The relative proportion of these complexes at an initial substrate concentration of 20 mM,
alongside the hydride chemical shifts of the associated species, are given in Table 3.5.
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Table 3.5 – Proportion of [Ir(H)2(IMes)(sub)3]Cl to [IrCl(H)2 (IMes)(sub)2] as a function of substrate
identity. Samples contained 5 mM pre-catalyst [IrCl(COD)(IMes)] and a 20 mM substrate
concertation under 4 bar H2. Where L = Cl−.

Fluorinated N-

[Ir(H)2(L)

[Ir(H)2(IMes)

Hydride

(sub)3]Cl (A)

Chemical Shift

2-fluoropyridine
(1)

-

-

-

-

3-fluoropyridine
(2)

88

−22.98

12

−23.73, −25.09

4-fluoropyridine
(3)

-

-

-

-

3,5difluoropyridine
(4)

24

−23.31

76

−24.01, −24.73

Fluoropyrazine
(5)

15

−22.39

85

−22.82, −24.41

5-fluoropyridine3-carboxylic acid
(without base) (6)

80

−22.59

20

−23.77, −24.63

5-fluoropyridine3-carboxylic acid
(with base) (7)

100

−22.83

0

-

heterocyclic
compound

Examination of the

19

(IMes)(sub)2]
(B)

Hydride Chemical
Shift

F NMR spectra was undertaken to probe the speciation of the catalysts

present due to the low background signal. Unfortunately, the bis substituted catalyst was not
observed as an enhanced response, as shown in section 3.5 of this chapter. However, when
examining the hydride region of 3-fluoropyridine the ratio of A to B in the hydride region proved
to be 7.3:1 and the greatest

F and 1H signal enhancement was 62 ± 6 and −1287 ± 65

19

respectively. When comparing this to 3,5-difluoropyridine, where the ratio of A to B was 1:3.6
the 19F and 1H signal enhancements were now 14 ± 1 and −591 ± 10-fold respectively. These data
suggest that probing the ligand exchange behaviour of these complexes is essential if we are to
understand these results.
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Ligand exchange for fluorinated N-heterocyclic compounds
The accepted mechanism for substrate loss in a [Ir(H)2(IMes)(sub)3]Cl type complex is given in
Figure 3.9 which details how the labelled groups (*) evolve over time and therefore how the
EXSY data needs to be examined when this species is present.119

Figure 3.9 – Proposed mechanism for ligand exchange in the complex [Ir(H)2(IMes)(sub)3]Cl.

As a result of this process, when a bound ligand site is selectively excited, the detected signal will
move into a signal at the free ligand peak position as described in Chapter 2.1.3 and experimental
7.2.10. For the substrates studied in this chapter, only 5-fluoropyridine-3-carboxylic acid in the
presence of Cs2CO3 followed the simple mechanism described in Figure 3.9 as only one major
complex, [Ir(H)2(7)3(IMes)]Cl is formed in solution. For 2, 88% of the tris adduct forms and the
rate of ligand loss proved to fit with this mechanism even though a second form of the catalyst is
present in solution. The resulting ligand loss rate constants are presented in Table 3.6. The rate of
ligand loss could be calculated to a large degree of accuracy, as highlighted by the low errors
obtained.

120

1H and 19F SABRE Hyperpolarisation of Fluoro N-Heterocycles
Table 3.6 – Rate constants for the loss of the ligand (sub) in [Ir(H)2(IMes)(sub)3]Cl , where sub = 3fluoropyridine or 5-fluoropyridine-3-carboxylic acid, in methanol-d4 (0.6 mL)as a function of
temperature, results via selective 1D-EXSY experiments at 500 MHz.

Temperature, T
(K)

3-fluoropyridine
Rate of ligand

5fluoropyridine3-carboxylic

loss / s-1

acid with base
Rate of ligand
loss / s-1
260

0.061 ± 0.001

0.019 ± 0.001

265

0.163 ± 0.001

0.052 ± 0.001

270

0.389 ± 0.040

0.112 ± 0.001

275

0.867 ± 0.003

0.268 ± 0.001

280

2.040 ± 0.001

0.569 ± 0.002

285

4.523 ± 0.013

-

290

9.112 ± 0.023

-

295

17.189 ± 0.095

-

The resulting activation parameters are derived from an Eyring analysis as described in Chapter
2.1.3. The results of this analysis are shown in Table 3.7 and were obtained from the rate constants
in Table 3.6.
Table 3.7 – Activation parameters for ligand loss (sub) in [Ir(H)2(IMes)(sub)3]Cl in methanol-d4.

ΔH‡

ΔS‡

ΔG‡300 K

kJ mol-1

J mol-1 K-1

kJ mol-1

3-fluoropyridine (2)

99.4 ± 2.7

121.9 ± 9.6

62.8 ± 1.0

5-fluoropyridine-3carboxylic acid in the
presence of base (7)

96.4 ± 6.1

100.5 ± 22.4

66.2 ± 1.0

Pyridine

95 ± 1111

96 ± 2111

66 ± 0.04111

Sub
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The enthalpy of activation of ΔH‡(Ligand) for loss of 5-fluoropyridine-3-carboxylic acid in the
presence of base is 96 ± 6 kJ mol−1 and ΔS‡(Ligand) is 101 ± 22 J mol−1 K−1. The associated Gibbs
free energy barrier to ligand loss at 300 K is 66 ± 1 kJ mol-1. It is notable that the value of 𝛥S‡ is
large and positive in accordance with the dissociative nature of this reaction and that the barrier
is similar to that reported for pyridine for the analogous complex.111
Unfortunately, when the substrates 3,5-difluorpyridine and 2-fluoropyrazine were examined, the
data no longer fit to this simple model. Instead, the model needed to change to reflect the presence
of two complexes in solution and the fact that these complexes interconvert. Upon examination
of the NMR spectra however significant overlap between the ligand and free substrate resonances
was revealed. Consequently, even though several attempts were made, no suitable kinetic solution
could be found for ligand loss when these results were analysed. It was decided, therefore, not to
pursue the rate of ligand loss for these complexes any further. For 5-fluoropyridine-3-carboxylic
acid many species were formed due to it being zwitterionic. Therefore, no reliable rate data could
be obtained for this substrate.

Hydride exchange for fluorinated N-heterocyclic compounds
However, the SABRE process requires both substrate and H2 loss to occur. The latter step being
important as it allows the latent source of polarisation to be refreshed within the complex.
Furthermore, the rate that complex A goes to complex B can be no larger than the ligand loss rate
as this precedes the formation of B. Thus, the role of A and B was examined for substrates 2, 4,
5 and 6 via their hydride sites. Lloyd et. al. (2014) suggested an explicit role for
[Ir(H)2(methanol)(sub)2(IMes)]Cl in this reaction.111 Consequently, the mechanism shown in
Figure 3.10 was used in the kinetic model where L could be chloride or methanol.111
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Figure 3.10 – Reaction mechanism as demonstrated by Lloyd et. al. (2014), showing the possible H2
loss pathways for 3-NHC, [Ir(H2(Pyridine)3(NHC)]Cl involving a complex with ligand L which could
be chloride or methanol.111

It can be seen from Figure 3.10 that loss of pyridine from the product
[Ir(H)2(NHC)(pyridine)3]Cl, where NHC = N-heterocyclic carbene, is competitively
trapped by methanol or Cl. This step has been confirmed experimentally at 265 K by
investigating the kinetic fate of the hydride ligands of both the major and minor hydride
species. This behaviour was established via a series of long-acquisition time EXSY
measurements under 3 bar H2 pressure, when the NHC was IMes. The modelling from
Lloyd et. al. (2014) suggested that the experimentally dominant H 2 loss pathway involves
[Ir(H)2(L)(NHC)(pyridine)2] of Figure 3.10 (where L was methanol) with an observed rate
of H2 loss of 1.72 s-1 at 265 K. Under these conditions, the rate of conversion of
[Ir(H)2(IMes)(pyridine)3]Cl into [Ir(H)2(L)(IMes)(pyridine)2]Cl proved to be 0.08 s -1 and
the rate for the return process was 4.14 s-1.111
They proposed that the successful trapping of 16-electron [Ir(H)2(NHC)(pyridine)2]Cl by
methanol was a consequence of the concentration of methanol being far greater than that of H2.
Further confirmation for this pathway came from the observed linear dependence of the H2 loss
rate on H2 concentration over the H2 pressure range 1 to 3 bar. They comment that H2 loss is also
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inhibited by adding pyridine in accordance with a shift in equilibrium towards
[Ir(H)2(IMes)(pyridine)3]Cl.
The relative ratios of these species were 100:1 respectively which made these studies hard to
implement.

However,

they

found

that

the

[Ir(H)2(IMes)(methanol)(sub)2]Cl exhibited a trans

δ

–23.45

hydride

signal

15

N-hydride coupling of 15 Hz with

of
15

N-

labelled pyridine and that upon adding H2O, the other hydride signal at δ −25.49 moved to
δ −25.74 due to the formation of [Ir(H)2(H2O)(NHC)(pyridine)2]Cl. These results confirmed the
identity of their minor species. The similarity in these reported chemical shifts, to those reported
in Table 3.6 is highly noteworthy. As previously mentioned, confirmation of whether L was
methanol or Cl in the studies with the fluorinated N-heterocycles was carried out by using the
catalyst [Ir(COD)(IMes)(Acetonitrile)]PF6 rather than [IrCl(COD)(IMes)]. From these
experiments it was confirmed that L was Cl.
A series of qualitative deductions from the EXSY data were made to establish the method of
analysis needed. In the first instance when the hydride signal at  −22.96 due to
[Ir(H)2(2)3(IMes)]Cl was excited and exchange into free H2 and the two hydride signals for what
is proposed to be [IrCl(H)2(2)2(IMes)] at  −23.72 and  −25.1 was seen. The latter two signals
appear with equal intensity as expected for an exchange process which effectively takes a H2
molecule and splits it into two inequivalent single protons in the product. When the mixing time
is 0.6 s and the temperature 270 K, the relative signal intensities are 1: 0.5 and 0.07 for the three
species respectively. In a second measurement, the hydride signal at  −23.72 was selected. Now
exchange into H2, to [Ir(H)2(2)3(IMes)]Cl and the second hydride site is seen. The ratio of these
signals at a mixing time of 0.15 s is 1 (signal left on the parent):0.13:0.44:0.2 respectively. These
values confirm that the species with inequivalent hydride ligands B is far more reactive than
[Ir(H)2(2)3(IMes)]Cl. Consequently, the presence of B will have a significant impact on the
SABRE results. As indicated in Table 3.5, the proportion of these complexes changes with the
substrate, with B dominating in the other systems. It is therefore necessary to fully analyse these
data if appropriate deductions are to be made on the role of these species under SABRE.
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The hydride site interconversions were therefore analysed by EXSY for these systems. The
experimental rate constants (kobs) for four processes where sub = 3,5-difluoropyridine, are
presented in Table 3.8. These processes correspond to the conversion of A into B, the loss of H2
from B, the interchange of the hydride ligand positions in B and the conversion of B to A.
The full reaction pathway and rate constants for all substrates, 2 and 5, is presented in the
Appendix (section A.10).
Table 3.8 – Rate constants for the hydride exchange processes involving [Ir(H)2(4)3(IMes)]Cl,
[IrCl(H)2(4)2(IMes)], [IrCl(H)2(4)2(IMes)] and [IrCl(H)2(4)2(IMes)], where 4 = 3,5-difluoropyridine,
in methanol-d4 (0.6 mL) as a function of temperature, results via selective 1D-EXSY experiments at
500 MHz.

Experimental rate constants for the indicated process (s−1)
Temp,
T (K)

[Ir(H)2(4)3(IMes)]
Cl (rate A goes to
B)

[IrCl(H)2(4)2(IMes)]
(B) (rate H2 loss)

[IrCl(H)2(4)2(IMes)]

[IrCl(H)2(4)2(IMe

(B) (rate interchange of

s)] rate B goes to

hydrides)

A

255

0.0476

0.1097

0.0659

0.0076

260

0.0760

0.1863

0.2717

0.0380

265

0.2426

0.4290

0.7646

0.1029

270

0.5435

0.9076

1.9127

0.2122

275

1.2057

1.7930

4.3667

0.5383

280

2.4636

3.7989

6.8171

1.1000

3-fluoropyridine and fluoropyrazine proved to behave in a similar way to 3,5-difluoropyridine.
The corresponding

activation parameters, for the

substrates

3-fluoropyridine,

3,5-

difluoropyridine and fluoropyrazine are shown in Table 3.9 according to the rate constants
collected in Table 3.8 or in Appendix A.10 Table A.17 and Table A.18.
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Table 3.9 – Activation parameters for hydride loss in [Ir(H)2(IMes)(sub)3]Cl in methanol-d4. Sub =
3-fluoropyridine (2), 3,5-fluoropyridine (4) or fluoropyrazine (5).

Substrate

ΔH‡
kJ mol-1
Conversion of (A)
to (B)

ΔS‡
J mol-1 K-1
ΔG‡300 K
kJ mol-1
ΔH‡
kJ mol-1

Loss of H2 from

ΔS‡

(B)

J mol-1 K-1
ΔG‡300 K
kJ mol-1
ΔH‡

Process wherein
inequivalent
hydride ligands in
B swop

kJ mol-1
ΔS‡
J mol-1 K-1
ΔG‡300 K
kJ mol-1
ΔH‡
kJ mol-1

Conversion of (B)
to (A)

ΔS‡
J mol-1 K-1
ΔG‡300 K
kJ mol-1

2

4

5

102.4 ± 7.0

93.4 ± 4.1

102.0 ± 15.0

129.6 ± 25.6

102.5 ± 15.0

122.7 ± 56.7

63.5 ± 1

62.6 ± 1

65.2 ± 1

88.9 ± 8.2

83.4 ± 7.5

87.6 ± 6.5

88.2 ± 29.9

69.9 ± 27.9

78.2 ± 24.0

62.5 ± 1

62.5 ± 1

65.2 ± 1

82.4 ± 18.7

108.3 ± 20.8

101.6 ± 12.0

67.0 ± 68.0

166.7 ± 77.8

142.0 ± 43.5

66.5 ± 1

58.3 ± 1

59.0 ± 1

93.8 ± 22.7

96.1 ± 11.9

97.2 ± 10.4

114.4 ± 82.8

104.9 ± 44.4

92.1 ± 37.3

59.5 ± 1

64.6 ± 1

69.6 ± 1

The conversion of A to B involves the loss of substrate and coordination of chloride. It is
associated with a large positive activation entropy in accordance with a process that involves the
dissociative loss of substrate in the first step. If the binding of chloride were to play a major role
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in this change the activation entropy would be substantially reduced. Hence ΔH‡ will also be
reflective of the barrier to substrate loss which is larger for substrates 2 and 5 than that previously
reported for pyridine (95 ± 1 kJ mol−1).111 These complexes are therefore less reactive than
[Ir(H)2(IMes)(pyridine)3]Cl.
It can be seen from these data that the rate of H2 loss in this mixture is controlled by B as the
fitting process results in the rate of H2 loss from A being zero. Again, this change from B is
reflected in a large positive entropy of activation which suggests dissociative character in
agreement with previous reports.111, 119, 187 We know from the SABRE results that substrate 2
performs the best of this series. The values of ΔG‡300 K suggest that this behaviour is a consequence
of the higher reactivity of this substrate when compared to the other two in this series.
The exchange mechanisms within the SABRE process are important, this includes the ligand and
hydride exchange. Although the ligand exchange is the process which is examined in more detail,
the overlapping peaks of the ligand in the two complexes meant the data could not be fitted.
Therefore, the hydride exchange needed to be examined more comprehensively for these systems.
The [Ir(H)2(methanol)(pyridine)2(IMes)] complex reported by Lloyd et. al. (2014) has a rate of
H2 formation of 1.72 s−1 at 265 K. The bis substituted complexes formed in this study exhibit
analogous rates at 265 K for 2 of 0.37 s−1, for 4 of 0.43 s−1 and for 5 of 0.16 s−1. Again, the
fluorinated N-heterocyclic compounds yield higher barriers, and this might go a little way to
explaining why they yield 1H enhancements that are good (−1287 ± 65 for H-2 on 3fluoropyridine) rather than excellent as with pyridine (−2397 for H-2 on pyridine). In contrast, at
265 K the rate of conversion of A to B for pyridine is 0.08 s−1, whereas for 2 it is 0.11 s−1, for 4 it
is 0.24 s−1 and for 5 it was found to be 0.06 s−1. Examining the conversion of B back to A the rate
was 4.14 s−1 for pyridine, 1.23 s−1 for 2, 0.10 s−1 for 4 and 0.01 s−1 for 5. For all three substrates,
𝛥S‡ is positive and all the exchange pathways are in accordance with the dissociative nature of
these reactions.
For [Ir(H)2(5-fluoropyridine-3-carboxylic acid)3(IMes)]Cl, data was collected in the presence of
Cs2CO3 and the rate of hydrogen loss could also be analysed using a similar protocol to that of
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ligand exchange because the second species was not seen. Rate data was calculated at different
temperatures, see Table 3.10. Using the Eyring equation, activation parameters were also
calculated.

Figure 3.11 – Proposed mechanism for hydrogen exchange in the complex [Ir(H)2(IMes)(sub)3]Cl
where sub = 5-fluoropyridine-3-carboxylic acid in the presence of base.

The barrier for H2 loss ΔH‡(H2) is 97 ± 12 kJ mol⁻1 and ΔS‡ (H2) is 95 ± 40 J mol⁻1 K⁻1 which is the
same, within error as the, ΔH‡ (Ligand) = 96.7 ± 11.5 and the ΔS‡ (Ligand) = 95.2 ± 40.4 (Table 3.11).
The rate of substrate loss and hydrogen loss at 280 K is 0.56 and 0.3 s⁻1 respectively and hence
as expected the rate of hydrogen loss is slower than that of substrate loss. This is reflected in a
ΔG±300K of 68 ± 1.0 kJ mol-1, compared to the ΔG‡300 K of 64 ± 1.0 kJ mol⁻1 for ligand loss. This
is consistent with the H2 loss process happening after ligand loss.
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Table 3.10 – Rate constants for the loss of hydrogen in [Ir(H) 2(5-fluoropyridine-3-carboxylic
acid)3(IMes)]Cl in the presence of Cs2CO3, complex in methanol-d4 (0.6 mL) as a function of
temperature.

Temperature (K)

Rate of hydrogen loss (s-1)

270

0.04 ± 0.001

275

0.12 ± 0.003

280

0.34 ± 0.005

285

0.58 ± 0.005

290

1.13 ± 0.005

295

2.04 ± 0.009

300

3.92 ± 0.059

Table 3.11 – Activation parameters for hydrogen loss of [Ir(H) 2(5-fluoropyridine-3-carboxylic
acid)3(IMes)]Cl in the presence of Cs2CO3 complex in methanol-d4 (0.6 mL) using the experimental
data from the 1D-EXSY experiments obtained using a 500 MHz Bruker NMR spectrometer.

Substrate

5-fluoropyridine3-carboxylic acid
in the presence of

ΔH‡

ΔS‡

ΔG‡300 K

kJ mol-1

J mol-1 K-1

kJ mol-1

96.7 ± 11.5

95.2 ± 40.4

68.1 ± 1.0

Cs2CO3

Examination of the 19F spectra
Upon detailed examination of the SABRE 19F NMR spectra for all substrates where both the tris
and bis substituted complexes are formed, 19F peaks are detected for both complexes as well as
the free substrate. This is most clearly seen for fluoropyrazine (see Figure 3.12) where 15% of the
tris complex is formed. In the 19F SABRE response a greater signal gain is seen for the 19F signals
of the equatorial ligands of both complexes. It is worth noting that the 19F signal in the equatorial
position of the bis substituted complex is broad. This feature is indicative of slow ligand rotation
and consequently a blurring of chemical shift. In contrast, the resonances for the axial ligands
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remain sharp, but poorly enhanced due to slow exchange at best. These spectra confirm a role and
importance for the second species.

Figure 3.12 –

19

F NMR spectra of fluoropyrazine (100 mM) and [IrCl(COD)(IMes)] (5 mM) in

methanol-d4 (0.6 mL). Top is the Boltzmann equilibrated 19F signal, when the sample was left in the
spectrometer for 2 minutes to fully equilibrate, before acquisition (4 times vertical expansion
applied). Top is the

19

F SABRE response when polarisation transfer took place at approximately

60 G (8 times vertical expansion applied). The equatorial and axial responses have been highlighted
for the bis and tris complexes as well as for free fluoropyrazine.

Using INEPT to hyperpolarise 19F
Due to the short T1 values of the fluorine resonances, it was hypothesised that if hyperpolarisation
was moved from the longer lived 1H nuclear spin order to the 19F nuclei at high field, using r. f.
methods, an increased 19F signal might result. This transfer of hyperpolarisation can be achieved
using the Insensitive Nuclei Enhanced By Polarisation Transfer (INEPT) sequence.233 It could
also be carried out under Nuclear Overhauser Effect (nOe)28 conditions or by Distortionless
Enhancement by Polarisation Transfer (DEPT) sequences.234
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Description of the INEPT sequence
The INsensitive Nuclei Enhanced by Polarisation Transfer (INEPT) pulse sequence was first
described and named in 1979 by Morris et. al.233 This sequence uses the magnetisation of a
nucleus with a large 𝛾 (1H) to increase the signal of a nucleus with a low 𝛾 (X). The INEPT
sequence is presented in Figure 3.13. The 1H is excited with a 90° r. f. pulse, a time interval of 𝜏1
is waited and then a 180° pulse is applied to both nuclei. This pulse combination refocuses any
magnetisation evolution/dephasing that has occurred due field inhomogeneity effects. Another
delay of 𝜏1 is then given and a 90° is then applied again to both nuclei. These pulses result in the
transfer of polarisation from 1H to X, thereby producing an enhanced signal on the X nucleus.

Figure 3.13 – INEPT pulse sequence adapted from NMR: The toolkit by Hore et. al.11

The time delay, 𝜏1 can be calculated using equation 3.2

𝜏=

1
(4𝐽𝐻𝑋 )

(3.2)

where JHX is the J coupling between 1H and the X nucleus, for example 19F. In the case of 19F the
3

JHF values range from 2-15 Hz, therefore 𝜏 should be in the range of 0.017 ms to 0.125 ms. If

this time delay has been miscalculated, then poor polarisation transfer will result and if it is too
long the impact of relaxation could be substantial.

Polarisation of 19F using the INEPT sequence
The seven substrates in this study exhibited JHF couplings in the range of 2.6 to 9.4 Hz, close to
that expected in literature (3JHF = 2-15 Hz)235 and therefore, different time delays were needed for
the INEPT experiments.
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The results of INEPT transfer are presented in Table 3.12 alongside the 19F signal enhancements
of the SABRE experiments carried out on the 19F nucleus. Comparing the enhanced INEPT signal
to that of the control INEPT thermal measurement, a signal improvement of between 2 times and
32 times was observed with 3,5-difluoropyridine and 5-fluoropyridine-3-carboxylic acid in the
presence of base respectively. Unfortunately, for 3-fluoropyridine and 5-fluoropyridine-3carboxylic acid, the signal enhancement decreased by approximately 5 and 2 times respectively
when compared to the indirect transfer results. For fluoropyrazine, there was no improvement
when using the INEPT sequence.
Table 3.12 – Signal enhancement of hyperpolarised

19

F NMR when using 100 mM of the N-

heterocyclic fluorinated compound, 5 mM of pre-catalyst [IrCl(COD)(IMes)] in 0.6 mL MeOD-d4 in
the presence of 4 bar of p-H2 in conjunction with the INEPT sequence and the ‘normal’ single pulse
sequence on a 500 MHz Bruker NMR.

Fluorinated Nheterocyclic
compound

19
19

F INEPT

enhancement factor

F enhancement

factor, indirect
transfer

2-fluoropyridine (1)

-

-

3-fluoropyridine (2)

13 ± 1

62 ± 6

4-fluoropyridine (3)

-

-

3,5-difluoropyridine
(4)

27 ± 4

14 ± 1

Fluoropyrazine (5)

17 ± 2

20 ± 1

5-fluoropyridine-3carboxylic acid
(without base) (6)

7±1

14 ± 1

5-fluoropyridine-3carboxylic acid (with
base) (7)

98 ± 6

3±1

5-fluorouracil (8)

3±1

-

It was hypothesised that INEPT efficiency could be driven by initial 1H enhancement levels
with greater signal enhancement on the 1H leading to 19F polarisation improvement when using
the INEPT sequence. However, as shown in Table 3.13 there is no clear correlation between 1H
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signal enhancement and 19F signal intensity. For example, 3-fluoropyridine had the greatest 1H
and 19F SABRE response but a very low INEPT signal. 5-fluoropyridine-3-carboxylic acid,
without base, had both a low 1H and 19F response and this was decreased further when using the
INEPT sequence.
Table 3.13 –Comparing INEPT and direct

19

F and 1H signal enhancements for all fluorinated N-

heterocyclic compounds.

Fluorinated Nheterocyclic
compound

19
19

F INEPT

enhancement factor

F enhancement

factor, indirect
transfer

Greatest 1H
enhancement

2-fluoropyridine (1)

-

-

−0.664 ± 0.1

3-fluoropyridine (2)

13 ± 1

62 ± 6

−1287 ± 65

4-fluoropyridine (3)

-

-

-

3,5-difluoropyridine
(4)

27 ± 4

14 ± 1

Fluoropyrazine (5)

17 ± 2

20 ± 1

−716 ± 42

5-fluoropyridine-3carboxylic acid
(without base) (6)

7±1

14 ± 1

−272 ± 20

5-fluoropyridine-3carboxylic acid (with
base) (7)

98 ± 6

3±1

−635 ± 98

5-fluorouracil (8)

3±1

-

−106

−591 ± 10

Therefore, when examining the T1 data of the 1H nuclei in each of the substrates, the substrate
with the longest 1H T1 of 46.14 s displayed the highest increase with the INEPT sequence which
was, 5-fluoropyridine-3-carboxylic acid in the presence of base. Fluoropyrazine displayed no
difference between SABRE and INEPT and the T1 was 27.09 s. Below this relaxation time, 21.11
and 14.54 s for 3-fluoropyridine and 5-fluoropyridine-3-carboxylic acid, a decrease in signal
enhancement was observed. This has been tabulated in Table 3.14. However, all the substrates
have similar 19F T1values and hence this is not the reason. Going forward it might be possible to
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deuterate the other sites to not only increase the 1H signal but also T1. A consequence of this would
be improved INEPT transfer.
Table 3.14 – Comparison of the greatest 1H T1 in seconds and whether or not a further improved
enhancement signal was obtained via the INEPT pulse sequence.

Fluorinated N-heterocyclic

Highest T1 within the

INEPT improvement

compound

molecule (s)

3-fluoropyridine (2)

21.11



3,5-difluoropyridine (4)

29.24

✓

Fluoropyrazine (5)

27.09

No change

5-fluoropyridine-3carboxylic acid (6)

14.54



5-fluoropyridine-3carboxylic acid, with base (7)

46.14

✓

Polarisation transfer field dependence on SABRE
As described in Chapter 1 section 1.3.4, an automated SABRE polariser can be used to create a
hyperpolarised bolus and transfer the sample to the NMR spectrometer.138 This approach was
used in the following section to investigate the polarisation transfer field (PTF) dependence on
the 1H and

19

F NMR signal gains as it provides increased reproducibility when compared to

manual SABRE experiments.138 It is well known that for 1H transfer a 65 G field is normally
appropriate. For 19F however no such data existed prior to this work. Equation 3.3 can be used to
calculate the theoretical, optimal polarisation transfer field for 19F,

𝐵𝑃𝑇𝐹 =

𝐽𝐻𝐻
.𝐵
∆𝛿𝐻𝑥 0

(3.3)

where 𝐵𝑃𝑇𝐹 is the optimal polarisation transfer field, 𝐽𝐻𝐻 is the J coupling between the p-H2
derived hydrides (approximately 8 Hz), ∆𝛿𝐻𝑥 is the chemical shift difference between the
hydrides and the nucleus of interest, 𝑥.105 The frequency difference at 500 MHz between the
hydrides and 19F is 29.5 MHz. Substitution into equation 3.3, results in the suggestion that the
optimal PTF for 19F is around 32 mG and therefore around 1/10th of the Earth’s magnetic field.
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Samples were prepared with 25 mM of the pre-catalyst [IrCl(COD)(IMes)] and all seven
substrates at a 500 mM level in 3 mL of methanol-d4. Figure 3.14 to Figure 3.18 show the 1H
NMR signal enhancement for these materials that result from use of the polariser. The optimal
PTF for the compounds varied. For 3-fluoropyridine, it was found to be 50 G, 3-5difluoropyridine was 60 G, the 5-fluoropyridine-3-carboxylic acid was between 50 – 60 G,
whereas for the fluoropyrazine this was 70 G. 5-fluoropyridine-3-carboxylic acid yielded the best
response at 60 G with and without base as shown in Figure 3.17 and Figure 3.18, respectively.

Figure 3.14 – Normalised SABRE signal enhancements of the individual 1H nuclei for the 3fluoropyridine as a function of polarisation transfer field in G.
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Figure 3.15 – Normalised SABRE signal enhancements of the individual 1H nuclei for the 3,5difluoropyridine as a function of polarisation transfer field in G.

Figure 3.16 – Normalised SABRE enhancements of the individual 1H nuclei for the fluoropyrazine as
a function of polarisation transfer field in G.
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Figure 3.17 – Normalised SABRE signal enhancements of the individual 1H nuclei for the 5fluoropyridine-3-carboxylic acid, without base as a function of polarisation transfer field in G.

Figure 3.18 – Normalised SABRE signal enhancements of the individual 1H nuclei for the 5fluoropyridine-3-carboxylic acid, with base as a function of polarisation transfer field in G.
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Hence as expected there is little variation for the efficiency of 1H transfer with PTF provided a
value of 60 G is used. When the corresponding 19F measurements were made much lower signal
gains resulted. This is likely to be linked to the short 19F T1 and 3 second transfer time. As a
consequence, at least 60% of the hyperpolarised signal has vanished before the 19F measurement
is made (though these are in the Appendix, section A.11 for completeness). Hence the 19F PTF
plots suffer from low accuracy, although we can see that a PTF within the 1H range is appropriate
for these materials. In the future it might be possible to achieve direct transfer to 19F via the use
of a mu-metal shield and top-up solenoid.204

19

F imaging

As previously discussed, SABRE hyperpolarised 1H, 13C, 31P and 15N nuclei have been detected
using MRI methods.176, 203, 236, 237 Hyperpolarised 19F has also been exploited for imaging.144 Here
the fluorinated N-heterocyclic compounds which produced enhanced 19F signals were examined
under MR imaging conditions. Typical images from these measurements are shown in Figure
3.19. They were taken on a 9.4 T Bruker system, using a one shot, 2D centric encoded Rapid
Acquisition with Relaxation Enhancement (RARE) image sequence with repetition time (TR) =
600 ms, echo time (TE) = 4 ms, field of view (FOV) = 40*40 mm, matrix size = 64*64 using a
40 mm dual tuned 1H/19F volume resonator.
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Figure 3.19 – MR Images carried out on a 9.4 T Bruker NMR system (integrated micro 2.5 gradient
set) using a one shot, 2D centric encoded Rapid Acquisition with Relaxation Enhancement (RARE)
image sequence, with TR = 600 ms, TE = 4 ms, FOV = 40*40 mm, matrix size = 64*64 using a 40 mm
dual tuned 1H/19F volume resonator. Non-boxed images have been acquired in Boltzmann
equilibrium conditions, d1 = 30s, NS = 64. Images in a dotted box are hyperpolarised, d1 = 600 ms,
NS = 1. Samples were 5 mM [IrCl(COD(IMes)] with 100 mM of the fluorinated N- heterocycle in
3 mL methanol-d4.

5-Fluoropyridine-3-carboxylic acid in the presence of Cs2CO3 resulted in the highest 19F image
SNR, although signal can be seen for all four tested substrates. In a later study, 5-fluorouracil was
successfully imaged after SABRE using a Magnetom Prisma 3 T MRI scanner (Siemens
Healthcare, Erlangen, Germany). A flex-surface coil was used for the r. f. transmission/reception.
The imaging parameters used were a matrix size 8*8, 512 spectral points, across a ppm range of
172 ppm, FOV = 20*20*3 cm with TE = 2.3 ms, TR = 200 ms with a flip angle = 5 deg. The
image acquired along with the thermal and hyperpolarised spectrum are shown in Figure 3.20.
This infers that SABRE could be a good clinical route for imaging a biological response to 5Fluorouracil.
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Figure 3.20 – 5 mM [IrCl(COD)(IMes)] and 100 mM 5-fluorouracil in 3.0 mL methanol-d4 exposed
to 4 bar p-H2. CSI image taken using a Magnetom Prisma 3 T MRI scanner (Siemens Healthcare,
Erlangen, Germany). Using a flex-surface coil for the r. f. transmission/reception. The imaging
parameters used were a matrix size 8*8, 512 spectral points, across a chemical shift range of ẟ 172,
FOV = 20*20*3 cm with TE = 2.3 ms, TR = 200 ms with a flip angle = 5 deg. A) shows the thermal
signal of the sample, b) shows a 1 scan hyperpolarised image, c) shows the thermal and the
hyperpolarised spectra acquired.

Conclusions
SABRE was successfully used to hyperpolarise a range of fluorinated N-heterocyclic compounds.
3-Fluoropyridine produced the highest 1H and

F NMR signals, a −1286 ± 145 signal

19

enhancement was observed for H-2 at a 20 mM concentration while a 62 ± 6 signal enhancement
was seen for 19F. 4-Fluoropyridine did not produce an enhanced signal in the corresponding 1H
NMR spectrum while 2-fluoropyridine yields low signal enhancements. Consequently, upon

140

1H and 19F SABRE Hyperpolarisation of Fluoro N-Heterocycles
shaking with p-H2 weakly enhanced 1H NMR signals are seen at 8.2, 8, 7.3, 7.1 for the free
material but no SABRE enhanced hydride signal is seen, nor are any polarised signals seen for
the bound ligand. This suggests ligand loss is slow. Other compounds, such as 3-5difluoropyridine, 5-fluoropyridine-3-carboxylic acid and fluoropyrazine, gave good signal
enhancements for both 1H and 19F.
Collectively, the T1 values of the 1H resonances of these materials at 9.4 T were found to be longer
than those of the 19F at 11.75 T, which is expected.34
The exchange data was collected via a 1D EXSY protocol for all the successful 1H and 19F signal
enhanced substrates. However, the data for 3,5-difluoropyridine and fluoropyrazine did not prove
suitable for further analysis. To provide data to examine ligand exchange, peak overlap needs to
be overcome. This could be achieved by using a higher field or using a different approach.
Bipyridyl has been used to study exchange rates in catalysts and might provide the answer.238, 239
Another method could be to use UV detection (stop flow). Rate data for the zwitterionic
compound, 5-fluoropyridine-3-carboxylic acid, could not be obtained due to too many different
complexes forming making the signal too weak for the complexes of interest.
As described in Chapter 2 (2.1.3), two complexes were formed with pyrimidine and the SABRE
pre-catalyst [IrCl(COD)(IMes)], [Ir(H)2(IMes)(sub)3] (A) and [IrCl(H)2(IMes)(sub)2] (B). Lloyd
et. al. described another adduct, [Ir(H)2(IMes)(methanol)(pyridine)2]111 (C), therefore there are
three possible complexes that can form, and these can be distinguished by their different hydride
resonances. At approximately δ −28 indicates a hydride resonance trans to oxygen, while those
that appear at approximately δ −24 suggest hydride ligands trans to nitrogen. Those at
approximately δ −23 seem to indicate a hydride trans to chlorine. The assignment of hydrides
trans to nitrogen is relatively easy to confirm in these complexes through 15N/1H NMR as they
possess strong trans JH15N couplings of around 20 Hz. In both this chapter and in Chapter 2, it was
demonstrated that the formation of catalyst B, particularly in large quantities, reduces the signal
enhancement obtained in the substrate.
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When looking at the species present in solution a single hydride is visible at between δ −22.5 and
−23.3, indicative of [Ir(H)2(IMes)(sub)3]Cl. However, the situation is complicated for the
exchange pathway for substrates 2, 4, 5 and 6 where another species is present. NMR analysis of
these data is consistent with [IrCl(H)2(sub)2(IMes)]. This is further exhibited in the fact that the
hydride signals trans to oxygen are known to appear at ca δ −28.111 Analysis of the hydride ligand
exchange processes confirmed that H2 loss proceeds dominantly via B which yields a common
intermediate from A, the 16 electron complex shown in the scheme in Figure 3.11.
19

F images were also obtained for these compounds which were successfully hyperpolarised by

19

F SABRE, although 3-fluoropyridine was not the substrate which produced the strongest

phantom image. Instead this was taken from 5-fluoropyridine-3-carboxylic acid in the presence
of Cs2CO3. It is hypothesised that this is due to delivery time from the SABRE experiment to the
acquisition of the MR image. Therefore, the time between these should be measured in future
experiments.
The image acquired on the Magnetom Prisma 3 T MRI for 5-fluorouracil was very promising,
producing a large signal gain over the thermal. Although 5-fluorouracil was successfully
hyperpolarised on 19F and imaged, due to the cyclometallation reaction this substrate requires
developing.
The work in this chapter demonstrates the success of

19

F polarised images obtained via the

SABRE method. This represents the first steps in using these agents within the clinic to monitor
drug metabolism and possibly drug targeting to tumour sites.
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Expanding the range of molecular scaffolds
amenable to hyperpolarisation using SABRE
The Signal Amplification by Reversible Exchange (SABRE) process is extremely successful in
polarising small N-heterocycles as their nitrogen donors often bind suitably to iridium.13
Unfortunately, there are many substrates such as adenosine triphosphate (ATP), uracil and urea
which do not bind to the SABRE catalyst due to their steric and electronic properties. For
example, while ATP does have a suitable lone electron pair for ligation the molecule is so large
ligation is poor. Conversely, uracil is sterically amenable, but it contains no free site for binding
as the NH functions are highly conjugated.
The removal of the proton bound to nitrogen through the use of Cs2CO3 (exemplified with 5fluorouracil; Chapter 3) or another suitable base makes such molecules more amenable to the
SABRE process. However, the SABRE catalyst itself is unstable in acid solution. Researchers
have functionalised such biological molecules to allow for their derivatives to be polarised via
SABRE. For example, Diaz-Rullo et al, (2017) added a nitrogen ring to L-arginine, this allowed
the molecule to bind to the active catalyst.240 The drawback of this method is the requirement for
pre-functionalisation of the target molecules.
To overcome this limitation, the use of sulfoxide as a co-ligand is explored. This co-ligand is used
to stabilise the active catalyst and allow weak binding substrates to ligate. A new polarisation
relay method, known as SABRE-relay241, 242 is also explored. This method allows substrates with
exchangeable protons to be polarised, without binding directly to the SABRE catalyst. Instead an
amine, with a labile proton is bound to the SABRE catalyst and is polarised via SABRE.241, 242
The labile proton can then be exchanged with a proton on the substrate. This exchange of protons
allows polarisation to be relayed from the amine to the substrate of interest.169, 241, 242 Thus the
chemical structure of the substrate of interest remains unchanged, and the method expands the
range of substrates which can be polarised via SABRE. This approach is discussed further in
section 4.2.
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This chapter describes experiments for SABRE-Relay polarisation of urea (section 4.3) and mono
sodium phosphate (section 4.4) and the use of SABRE and a co-ligand, with sodium oxalate
(section 4.5).

Perfusion agents for Magnetic Resonance Imaging (MRI)
Although injecting a contrast agent makes perfusion imaging invasive, exogenous agents like
gadolinium (Gd) are already used in the clinic for enhancing MRI. Gd is one of the most widely
used contrast agents in MRI.243 It is already successfully used in MR perfusion on the
cardiovascular system. In recent years, the use of Gd has come under scrutiny and the Food and
Drug Administration has reclassified it with a warning and precaution label describing the
increase in Gd retention in some patients.244 Furthermore, in patients with pre-existing kidney
problems there is a correlation between use of Gd and the development of nephrogenic systemic
fibrosis (NSF).245, 246 NSF presents as a hardening and thickening of tissue within the kidney.
Unfortunately, the mechanism as to why the use of Gd exacerbates NSF remains unclear;247-249
hence research into new, safer agents for perfusion imaging is needed.
Other, safer methods of performing these experiments have been investigated including using
water as an endogenous contrast agent in arterial spin labelling (ASL).250-252 Water can be
magnetically labelled using inversion r. f. pulses. Over a particular transit time this labelled water
will perfuse organs of interest, where a weighted image can be acquired. A difference image,
when compared to a non-labelled control results in a quantifiable perfusion based image.252 ASL
images are confounded by both low spatial resolution and contrast to noise ratio (CNR).250 Intra
voxel incoherent motion (IVIM) measurements have also been used to assess perfusion without
the use of contrast agents.253 Just as with ASL, IVIM also gives a limited CNR and further
developments are needed before this is seen in clinic.254 Hyperpolarisation of water, albeit as an
exogenous contrast agent, holds the potential to overcome the CNR limitation. Hence, the
technology could be used to diagnose subtle perfusion based changes such as those in Alzheimer’s
disease.251 One way to overcome the problems with ASL and IVIM would be to use
hyperpolarised molecules, for example water or urea. These molecules are metabolically inactive,
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biologically safe and are already widely used as contrast agents in perfusion based imaging.201,
255-258

4.1.1

Using hyperpolarised urea to improve MR images

The hyperpolarisation of urea can be used as an alternative method to both Gd and ASL. Urea is
a biological by-product of the urea cycle through which the body removes ammonia from the
body as shown in Figure 4.1. It is therefore metabolically inactive and biologically safe.

Figure 4.1 – The urea cycle. Image adapted from L. Stryer Biochemistry textbook 1975 page 697.43

Urea was one of the first molecules to be hyperpolarised by dissolution DNP, 32 with 37% 13C
polarisation and 7.8% 15N polarisation being described.32 Since then, 13C-urea has been used as a
perfusion agent for studies of the kidneys,259 liver,237 tumours260 and as a cardiac agent to probe
swine.192
In 2011, von Morze et al used hyperpolarised urea to image the blood flow in pre-clinical cancer
models.256 Using a hyperpolarised agent approach, the rate of renal to hepatic blood flow was
measured to be 3.45 ± 0.80 ml min−1 and found to be in agreement with published measurements
using radioactive microspheres.256, 261 They also noted that there was a 19% reduction in mean
blood flow in tumours when compared to healthy cells. It was therefore concluded that the low
13

C-urea signal observed, coupled with the high lactate (poor perfusion and high metabolic

activity) presents as an indicator of tumour progression (Figure 4.2).
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a

b
Figure 4.2 – Figure 6 from the journal J. Magn. Reson. Imaging, 2011, 33, 692-697 from reference
256. These are axial images of hyperpolarised 13C-urea, as shown in green, and 13C-lactate, as shown
in red. These have been overlaid on a T2 weighted 1H image (grey) of a mouse liver combining the
results from the experiments. An overlap of 13C-urea and 13C-lactate is given in yellow. (a) normal
mouse (b) and (c) liver tumour mice. The same slice shown on the left and cright. 256

Fuetterer et. al. (2017) carried out a comparison of gadolinium and hyperpolarised 13C-urea as
myocardial first pass perfusion imaging agents in vivo.192 They found that the image quality of
the hyperpolarised 13C-urea was comparable to that of those obtained with Gd as shown in Figure
4.3. In addition, hyperpolarised 13C-urea permitted exploration of a velocity-selective excitation
sequence. This allowed the improved detection of perfusion defects (Figure 4.4).
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Figure 4.3 – Figure 6 from the journal J. Cardio. Magn. Reson., 2017, 19, 46-57 from reference 192.
The images show a series of enhanced cardiac perfusion covering the bolus passage in the left
ventricle blood pool and myocardium. (a) uses conventional excitation of 13C-urea (b) uses velocityselective excitation of 13C-urea and (c) is the 1H gadolinium based contrast agent. The red arrow is
the left anterior descending coronary artery. The red contour shows the left ventricle blood pool.192

Figure 4.4 – Figure 8 from the journal J. Cardio. Magn. Reson., 2017, 19, 46-57 from reference 192.
(a) hyperpolarised 13C-urea velocity-excitation and (b) 1H gadolinium based contrast agent. These
are both stress perfusion images with septal infarction induced by permanent ligation of the distal
anterior descending coronary artery. On the left is the sum over three time frames at the myocardial
bolus peak. On the right are the perfusion curves for six AHA (American Heart Association)
segments. The blue arrow shows the perfusion defect.192

The research with hyperpolarised

13

C-urea demonstrates its potential as a perfusion agent.

Alongside the development of hyperpolarised urea, DNP has also been successful in polarising
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other small biomolecules of interest, such as water.255, 262 The two main drawbacks to DNP
hyperpolarisation is the time it takes to polarise a sample and the cost of running the polariser as
a large amount of cryogens, including helium are required.
SABRE is a very quick way to polarise a substrate and is cheaper than DNP, using a cold head
and catalyst to create the para-hydrogen (p-H2) which can be stored for several months. However,
neither water nor urea bind to the SABRE catalyst due to the lack of a lone pair of electrons, as
with urea or very poorly bind to it, like water.
Oxygen from water could bind into the active SABRE catalyst, unfortunately, the SABRE precatalyst is not soluble in water.117 Also, due to exchange when hyperpolarising water via SABRE
there is an overlap between the water peak and methanol, both present at ẟ 1.5. If the solvent is
then changed to dichloromethane (DCM), there is an issue with solubility between DCM and
water. Urea is another molecule which does not polarise via SABRE as it doesn’t bind to the
catalyst, but it is of interest for in vivo imaging and has been identified as a possible perfusion
agent.256, 263

4.1.2
31

Hyperpolarisation of Adenosine Triphosphate for 31P imaging

P imaging has the potential to be used as a diagnostic probe for metabolism tracking, for example

via adenosine triphosphate (ATP), which is used in the body to store and release energy.43, 157 ATP
synthase is vital in providing the energy for all metabolic pathways within the body, such as
glycolysis and the formation of pyruvate, its role is therefore far reaching.43, 158, 264 During aerobic
respiration, two ATP molecules are generated when glucose is converted to pyruvate. Pyruvate is
then stored as lactate or enters the TCA cycle (or Krebs cycle) to generate another thirty four
molecules of ATP via oxidative phosphorylation.43 Tracking hyperpolarised ATP or its precursors
with 31P MR could enable not only their observation but also which metabolic pathway, aerobic
or anaerobic, is active within the population of cells.
During the 1980s and 1990s there was a huge series of developments in 31P imaging by Bottomley
et. al.,265, 266 Ernst et. al.267, Friedrich et. al.268 and others, where the first brain and heart images
were recorded. However, 31P is not as sensitive as 1H for detection due to its smaller gyromagnetic
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ratio (10.9 x 107 s−1 T−1 compared to 26.8 x 107 s−1 T−1 for 1H). As such greater signal averaging
is required and this results in long acquisition times. With the development of fast imaging
techniques, higher and stronger field strengths and better MRI systems, 31P imaging has recently
undergone a resurgence in popularity.176, 269 However, at low fields there is still low spectral
dispersion.270
Hyperpolarised phosphorous could potentially allow such images to be obtained, even at low
fields. SABRE has been used to successfully hyperpolarise phosphorous within a partially
deuterated pyridyl substituted phosphonate ester146 and triphenylphosphine.145 With the success
of these hyperpolarised

31

P molecules, SABRE based images were also obtained.145,

146

Monopotassium phosphate and phosphate creatine have also been hyperpolarised via d-DNP.63
Despite the success of 31P and SABRE, phosphorous containing biological molecules are often
sterically bulky. As previously mentioned, these cannot bind to the metal centre of the SABRE
catalyst. Therefore, biologically relevant molecules have been difficult to polarise successfully
with this method.240 However, with the development of SABRE-Relay, these molecules can now
be investigated.
As a proof of concept that SABRE-Relay can be optimised for 31P containing molecules, section
4.4 investigates the use of monosodium dihydrogen phosphate (MSP). It presents as a simple
molecular model and a motif that is contained in many biological molecules such as, adenosine
triphosphate (ATP) as shown in Figure 4.5. Although MSP is not as sterically bulky as ATP, it is
expected to only bind weakly to the SABRE catalyst and is the area of ATP which contains labile
protons near to phosphorous. Our aim was to investigate this first and then if it was successful
examine ATP.
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Figure 4.5 – The structures of (a) monosodium dihydrogen phosphate (MSP) and (b) adenosine
triphosphate (ATP).

4.1.3

Hyperpolarisation of oxalate

Oxalic acid is a metabolic product derived from the decomposition of monophosphoric acid264
and can be used with orotic acid to produce uracil.264 It is also found in many food and drink
products (e.g. tea, rhubarb, spinach and beets).271 Oxalic acid is known to bind to mineral ions in
the body, for example calcium to form calcium oxalate, (deposits of which lead to kidney
stones).264 Sodium oxalate contains the same motif as that of oxalic acid, which is chemically
symmetrical and may therefore possess near-magnetic equivalence. This symmetry is useful to
extend the spin-lattice relaxation or longitudinal relaxation (T1) times of a molecule, known as the
long-lived singlet state (LLS). The LLS concept is used to store the polarisation of a substrate,
Levitt et.al. (2013).181 LLS states can be achieved with spin locking272 or by use of a low magnetic
field.128 In essence both these methods convert triplet state magnetisation into the singlet form
which is NMR ‘silent’.128, 134, 273-275 To subsequently record the magnetisation, the sample is often
returned to high magnetic field and a suitable r. f. pulse applied. Enabling the symmetry to be
broken and therefore providing an observable signal.128, 134, 273, 274 In spin-locking, the sample
remains in the NMR and an r. f. pulse train is used to initially maintain a pseudo singlet state,
which can then be probed once it is removed.272
Levitt et. al (2013) have created a long lived state in oxalate by substituting some 16O nuclei for
the 18O in conjunction with a 13C pair.182 Substitution in this way allows the 16O 18O mixture to
deliver near magnetic equivalence within the molecule (a requirement for these LLS
approaches).181 This is often achieved by introducing chemical asymmetry but can be caused by
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inequivalent long-range J-coupling to otherwise identical nuclei. The NMR spectrum resulting
from this approach is reproduced in Figure 4.6. As the 13C J-coupling of unlabelled 18O-oxalate
cannot be observed by 13C NMR it was calculated from the 16O318O1 and 16O118O3-oxalate spectra
as 86.9 ± 0.15 Hz.181 In 2017 they reported creating a long-lived state between the hyperpolarised
13

C2 spins of a deuterated ester derivative of oxalate using d-DNP.182

Figure 4.6 – from figure 1 of reference 181 from the journal J. Am. Chem. Soc., 2013, 135, 42120-2123
showing the

13

C NMR spectra of oxalic acid recorded at 9.4 T following dissolution (a) natural-

abundance and (b) 99%

13

C2-enriched [16O4]-oxalic acid in a 1:1 mixture (by concentration) of

D216O:D218O at 30 °C. The

18

O isotopologues formed during acid-catalysed exchange resolve as

separate peaks, due to the 18O isotope shift. The width of each displayed region is 0.15 ppm (15 Hz),
centred at 162.02 ppm (referenced to tetramethylsilane). 181

Due to oxalates structural similarities to pyruvic acid it was examined under SABRE and SABRERelay.

Principles and background of SABRE-Relay
The SABRE method requires the target substrate to be in reversible exchange with the active
catalyst. Therefore, the substrates that are easily able to ligate to a metal catalyst, such as Nheterocycles, are commonly used. To hyperpolarise molecules which are not N-heterocycles, do
not have a free lone pair of electrons or are too sterically bulky to bind to the catalyst (e.g. urea
or ATP), another route to polarisation is required. One such route is SABRE-relay. This method
is based upon SABRE whereby ammonia or a primary amine is polarised first.168,

241

Upon

dissociation from the catalyst the amine (NH) protons can undergo proton exchange with the
labile protons of a substrate as shown in Figure 4.7. Polarisation can transfer from the
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hyperpolarised proton into the substrate molecule such that a hyperpolarised response can be
detected in its 15N, 13C, 19F and 31P nuclei.242

Figure 4.7 – Mechanism of SABRE-Relay. The hyperpolarised amine exchanges into solution. The
labile proton on the amine then exchanges onto the substrate. Transfer of hyperpolarisation into the
substrate then proceeds via the J-coupling network to the amine, the labile proton then exchanges
with that of the one on the substrate.

The advancement of SABRE-Relay has opened up a plethora of new compounds that previously
could not be polarised by the traditional SABRE method, including those used in the clinic by dDNP. These include, for example, water, urea and pyruvate, which do not bind directly to the
iridium centre in the catalyst but do have exchangeable protons and can therefore be polarised via
SABRE-Relay.204
An in-depth study of the mechanism and optimisation of polarisation into alcohols via SABRERelay has been conducted.242 In the SABRE-Relay mechanism it was shown that in determining
substrate enhancement, the total signal enhancement of the carrier amine was important along
with the exchange rate between the amine and substrate.242 This exchange may be different for
each substrate and therefore one of the key variables to test is which amine carrier provides the
best signal enhancement for the substrate selected for investigation. It was noted that when
polarising an alcohol, any water contamination within the system causes a reduction in signal
gain,242 therefore anhydrous conditions would be an advantage to ensure high signal
enhancements. This is because water acts as a hyperpolarisation sink; it becomes hyperpolarised
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rather than the target substrate. Unfortunately for some systems, water is required to dissolve the
substrate. This remains a limitation of SABRE-Relay.
In an analogous fashion to SABRE, there are many variables that can be adjusted to improve the
polarisation gain in the amine, for example, the polarisation transfer field (PTF). In SABRE the
PTF has an effect on substrates between 0-80 G.132 For SABRE-Relay the enhancement of the
substrate is limited to that of the amine (60-80 G)242 and the field dependence of the substrate is
inherently tied to that of the carrier. Alongside this, changing the carbene backbone of the SABRE
pre-catalyst and examining the rates of dissociation from the active complex of the amine and
hydrogen would be advantageous to optimise the carrier enhancement.242 The NHC not only
effects the dissociation rate of the substrate but also the magnetic relaxation and the size of the
JHH coupling, all of which effect the SABRE transfer.117, 118 Both the steric bulk and electronic
donating or withdrawing groups attached to the NHC affect the properties previously
mentioned.118 This therefore demonstrates that for each substrate the optimal polarisation
conditions must be investigated as there is not a ‘one size fits all’ approach.

Investigating the amine metal complex
The role the amine metal complex [Ir(H)2(IMes)(NH2R)3]Cl, (Figure 4.8, where NH2R is the
amine) plays in the relay of polarisation to propanol has been investigated.242

Figure 4.8 – Scheme 1 from Chem. Sci., 2019, 10, 7709-7717 published by The Royal Society of
Chemistry from reference 242 showing the catalytic cycle for the hyperpolarisation of alcohols. The
metal-amine complex is the one which allows polarisation to transfer from the p-H2 to the amine. The
hyperpolarised proton on the amine exchanges with the one on the alcohol. 242
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The SABRE pre-catalyst reacts first to form a metal amine complex, which is used to transfer
polarisation from p-H2 derived hydrides into the amine. Upon amine dissociation, a
hyperpolarised proton is then transferred to the substrate via the labile proton.242 The most
common amines that have been investigated are benzylamine, phenethylamine (PEA) and
ammonia (NH3). The deuterated forms of both benzylamine and PEA have also been screened.168,
169, 241, 242

Generally, NH3 gives the best polarisation transfer, then deuterated benzylamine, then

deuterated PEA. Though, this is not always the case and all amines should be screened for each
substrate being investigated.168, 169, 241, 242 There are also challenges with using NH3. Firstly, it is
added as a gas and therefore gaining the desired concentration can be very difficult, as a
consequence reproducibility between samples can be challenging. Due to this, for optimisation of
SABRE-Relay, most substrates use a liquid amine.169, 242
The rates of exchange between the p-H2 and the amine need to be optimised to help provide the
best signal enhancement on the substrate of interest and therefore need thorough investigation to
ascertain which amine would provide the best enhancement.242

Exploring hyperpolarisation of Urea with SABRE-Relay
Section 4.1.1 described how using hyperpolarised 13C-urea would be advantageous to explore as
a perfusion agent.263 This has already been successfully demonstrated in various organs, in various
animals using d-DNP.175, 192, 237, 256, 259 However, trying to hyperpolarise this molecule via SABRE
was not feasible, urea does not bind to the SABRE catalyst. Now, with the advent of SABRERelay there is the possibility that this molecule can be hyperpolarised a lot quicker and cheaper
than current methods. The following section examines polarisation of urea, investigating both 13C
and 15N signal enhancements with SABRE-Relay.

Polarisation of 13C and 15N in urea via SABRE-Relay
Urea does not dissolve in dichloromethane-d2 (DCM-d2) and therefore needs a small volume of
water to aid dissolving. Previous work has shown that using 100% D2O interferes with the
polarisation transfer between the amine and the substrate but using 100% H2O can be very
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detrimental.168, 169, 241, 242 In this work it was demonstrated that using a 50:50 H2O:D2O mixture
provided better signal enhancements.168, 169, 241, 242
13

C,15N-Urea (20 mM) was investigated with two amine carriers, benzylamine–d7 (25 mM) and

NH3 (35 mM) which were dissolved in a 50:50 H2O:D2O mixture (10 µL) with the pre-catalyst
[IrCl(COD)(IMes)] (5 mM) in DCM-d2 (0.6 mL). NH3 gave the best signal enhancement for both
13

C and 15N on the basis of 13C2,15N-urea as shown in Figure 4.9 and Figure 4.10 respectively. For

13

C, signal enhancements of 5117 ± 536-fold and 832 ± 74-fold were observed with NH3 and

benzylamine-d7 respectively. Given the challenge in obtaining a control 15N measurement, I report
that with NH3, a

15

N SNR of 16 could be readily achieved in a single scan whereas for

benzylamine-d7 this was 14.

Figure 4.9 – 13C NMR hyperpolarised spectra of 13C,15N2-urea (20 mM) dissolved in 50:50 H2O:D2O
(10 µL) using [IrCl(COD)(IMes)] (5 mM) as the SABRE pre-catalyst in DCM-d2 (0.6 mL), 25 mM of
benzylamine-d7 gave a 832 ± 74-fold enhancement, 35 mM NH3 gave a 5117 ± 536-fold enhancement.
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Figure 4.10 – 15N NMR hyperpolarised spectra of 13C,15N2-urea (20 mM) dissolved in 50:50 H2O:D2O
(10 µL) using [IrCl(COD)(IMes)] (5 mM) as the SABRE pre-catalyst in DCM-d2 (0.6 mL), (a) is when
25 mM of benzylamine-d7 has been used as the amine carrier and produced an SNR of 14 (b) is where
35 mM NH3 has been used as the amine carrier and produced an SNR of 16.
13C-Urea

imaging

As a proof of concept, a sample of

13

C-urea (100 mM) with [IrCl(COD)(IMes)] (5 mM) and

benzylamine-d7 (25 mM) in DCM-d2 (3 mL) was exposed to 4 bar p-H2. Polarisation was
transferred at 60 G and the sample in an NMR tube (phantom) was imaged with a Magnetom
Prisma 3 T MRI scanner (Siemens Healthcare, Erlangen, Germany). A 1H/13C flex-surface coil
was used for the r. f. transmission/reception. The Chemical Shift Imaging (CSI) parameters used
were matrix size 8*8, 512 spectral points, across a ppm range of 300 ppm, FOV = 20*20*25 cm
with TE = 2.3 ms, TR = 200 ms with a flip angle = 5 deg. Single scan thermal and hyperpolarised
spectra of 13C-urea are shown in Figure 4.11a. The associated CSI of the phantom is shown in
Figure 4.11b. Results demonstrate that a 13C SABRE-Relay hyperpolarised image can be obtained
with a 3 T clinical MRI system.

156

Expanding the range of molecular scaffolds amenable to hyperpolarisation using SABRE

Figure 4.11 – 13C phantom MRI of the 100 mM 13C-urea with 5 mM [IrCl(COD)(IMes)] and 25 mM
benzylamine-d7 in methanol-d4 exposed to 4 bar p-H2. CSI image taken using a Magnetom Prisma 3 T
MRI scanner (Siemens Healthcare, Erlangen, Germany). Using a flex-surface coil for the r. f.
transmission/reception. The imaging parameters used were a matrix size 8*8, 512 spectral points,
FOV = 20*20*25 cm with TE = 2.3 ms, TR = 200 ms with a flip angle = 5 deg. (a) shows the

13

C

thermal and hyperpolarised spectra acquired. (b) shows a 1 scan 13C hyperpolarised image.

Figure 4.12 demonstrates an increase in the signal to noise ratio (SNR) between the thermal and
the hyperpolarised permitting imaging. With further development, including solvent
biocompatibility and removal of catalyst, this could be viable for clinical based MR perfusion
imaging.
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Figure 4.12 – 13C phantom MRI of the 100 mM 13C-urea with 5 mM [IrCl(COD)(IMes)] and 25 mM
benzylamine-d7 in methanol-d4 exposed to 4 bar p-H2. CSI image taken using a Magnetom Prisma 3 T
MRI scanner (Siemens Healthcare, Erlangen, Germany). Using a flex-surface coil for the r. f.
transmission/reception. The imaging parameters used were a matrix size 8*8, 512 spectral points,
FOV = 20*20*25 cm with TE = 2.3 ms, TR = 200 ms with a flip angle = 5 deg. The image on the left
shows a 1 scan

13

C hyperpolarised image of

13

C-urea. The image on the right is a 1 scan thermal

recorded under Boltzmann conditions of the sample.

Unfortunately, there wasn’t access to a 15N coil for the clinical MRI scanner and therefore no 15N
images could be recorded for 13C2,15N-urea.

Exploring SABRE-Relay with monosodium phosphate, 31P and 1H
Phosphorous pH chemical shift changes can be used to analyse phosphorylation changes in
peptide structures276 and monitor phosphorous containing metabolites.277 These changes have
been detected with hyperpolarised

31

P via DNP for pH sensing.63 More recently, the SABRE-

Relay method has been shown to be amenable to the hyperpolarisation of phosphate and therefore
it offers a cost effective alternative to DNP.168 However, the reported signal enhancements for 31P
in monosodium dihydrogen orthophosphate (MSP) were just 226-fold168 and thus need to increase
in order to realise potential applications. Here I optimise the polarisation of MSP as a simple motif
of ATP, providing a proof of concept route for the polarisation of 31P that could potentially be
examined with ATP.
A sample was prepared that contained monosodium dihydrogen phosphate (MSP, 50 mM) in H2O
(10 µL), phenethylamine (PEA, 13 mM) and [IrCl(COD)(IMes)] (5 mM), in DCM-d2 (0.6 mL)

158

Expanding the range of molecular scaffolds amenable to hyperpolarisation using SABRE
(referred to as sample 1). The addition of H2O was made to dissolve the substrate as MSP does
not dissolve in DCM-d2. It was noted that the addition of H2O would negatively impact the overall
enhancement achieved, however, no suitable aprotic alternatives could be found. This sample was
subsequently exposed to 4 bar p-H2 in a 65 G polarisation transfer field prior to a

31

P NMR

spectrum being recorded at 9.4 T. The 31P response of MSP showed a signal enhancement of 66
± 3-fold (Figure 4.13).

Figure 4.13 – 31P NMR of MSP (50 mM) dissolved in H2O (10 µL) with [IrCl(COD)(IMes)] (5 mM)
and PEA (13 mM) in DCM-d2 (0.6 mL) with 4 bar of p-H2 at 65 G. Top is a 1 scan 31P SABRE-Relay
spectrum after polarisation transfer at 65 G, producing a signal enhancement of 66 ± 3-fold. Bottom
is a 1 scan thermally equilibrated spectrum which was left in the NMR for 2 minutes prior to
acquisition.

It is known that the concentration of the substrate effects polarisation levels.111, 116 Therefore the
concentration of MSP was varied from 20 mM to 60 mM whilst maintaining the same
concentrations for the other reagents as described in sample 1. However, in order to dissolve the
higher concentrations of MSP, an increased volume of H2O was needed. Therefore, a total 40 µL
of H2O was added to each sample. Figure 4.14 shows the effect of changing MSP concentration
on the SNR of 31P. As shown by this figure, a linear dependence of signal enhancement on the
concentration of MSP is observed.
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Figure 4.14 – Average signal enhancement and SNR of

31

P for varying concentrations of MSP

dissolved in 40 µL H2O with [IrCl(COD)(IMes)] (5 mM), PEA (13 mM) in DCM-d2 (0.6 mL).

At 20 mM of MSP the average 31P NMR signal enhancement 54 ± 3-fold was observed in the
spectrum after SABRE-Relay transfer. In contrast, just a 16 ± 2-fold signal enhancement was seen
at 60 mM. This is consistent with the effects of spin dilution, which acts to reduce the total
polarisation level when there are an increased number of spins.129
However, the SNR from the NMR spectra (right axis of Figure 4.14) does not show the same
linear dependence. Instead, a maximum signal is observed at 40 mM concentration of MSP.
Although this was repeated several times, the same result was observed. This could be due to the
balance between total available nuclei for detection and signal enhancement. Therefore, 40 mM
MSP concentration was used for the following further optimisation experiments because there is
more available signal for detection, which is particularly needed for 1 shot hyperpolarised MRI
experiments.
Next, the effect of PEA on the signal enhancement was also investigated. A series of samples
containing [IrCl(COD)(IMes)] (5 mM), MSP (40 mM) and varying concentrations of PEA (15 –
55 mM) were prepared. After polarisation transfer under the standard SABRE-Relay conditions
a series of 31P NMR spectra were collected. The resulting signal enhancements are displayed in
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Figure 4.15. At 15 mM of PEA, the signal enhancement is 15.1 ± 1, whereas at 55 mM no 31P
signal enhancement was observed.

Figure 4.15 – Hyperpolarised

31

P NMR spectra of MSP (40 mM) dissolved in H2O (40 µL) with

[IrCl(COD)(IMes)] (5 mM) in DCM-d2 (0.6 mL) and varying concentrations of the carrier amine,
PEA. All samples were exposed to 4 bar of p-H2, polarisation transfer was carried out at 60 G. All
spectra were taken with a 9.4 T Bruker NMR.

As demonstrated in literature168,

169, 241, 242

and in section 4.3.1, other carrier amines have

previously been shown to offer better SABRE-Relay transfer than PEA. Therefore, PEA was
changed for NH3 and examined under these optimal conditions, MSP (40 mM), amine carrier
(15 mM), water (40 µL). The resulting

31

P NMR spectrum is shown in Figure 4.16 with

comparison to the analogous spectrum with PEA.
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Figure 4.16 – 31P spectra of MSP (40 mM) dissolved in 40 µL H2O with [IrCl(COD)(IMes)] (5 mM)
in DCM-d2 (0.6 mL), exposed to 4 bar p-H2, using different amines. Polarisation transfer occurred at
60 G. Bottom is with PEA (15 mM), producing a signal enhancement of 33 ± 2 (SNR = 14 ± 2). Top is
with NH3 (15 mM), producing a signal enhancement of 136 ± 2 (SNR = 49 ± 8).

It is clear that NH3 performs much better than PEA. This data fits in with previous literature
descriptions for other SABRE-Relay substrates and nuclei.168, 169, 241, 242 It is hypothesised that the
1

H exchange rate between PEA and MSP is too rapid for efficient polarisation transfer through

the H-O-P coupling. This is mitigated by using NH3 which has a lower pKa than PEA; 9.21
compared to 9.83 respectively.278 However, it is also entirely plausible that rapid relaxation of
the HO or 31P signals for MSP is the leading mechanism for loss of polarisation.
It was postulated that using deuterium would slow this relaxation rate and hence, experiments
were conducted with 100% D2O, 50:50 of H2O:D2O or 100% H2O as the co-solvent. Each sample
also contained [IrCl(COD)(IMes)] (5 mM), MSP (40 mM), PEA (15 mM) in DCM-d2 (0.6 mL).
Although NH3 produced a larger SNR than PEA, PEA was used for this investigation as it is easier
to prepare accurate solutions. Figure 4.17 shows that a 50:50 mixture of H2O and D2O resulted in
the largest, average 31P signal enhancement of 94 ± 2-fold; over double that when using either
solvent at 100% (28 ± 2-fold for H2O and 45 ± 7-fold for D2O). A more in-depth investigation is

162

Expanding the range of molecular scaffolds amenable to hyperpolarisation using SABRE
required into the ratio of H2O and D2O and the volume of that mixture. Additionally, the T1
relaxation times for each of the nuclei should be determined.

Figure 4.17 – Hyperpolarised 31P NMR spectrum with MSP (40 mM) dissolved in either 100% H2O
(bottom spectrum, signal enhancement = 28 ± 2-fold), 50:50 H2O:D2O (middle spectrum, signal
enhancement = 94 ± 2-fold) or 100 % D2O (top spectrum, signal enhancement = 45 ± 7-fold) with
[IrCl(COD)(IMes)] (5 mM) and PEA (15 mM) in DCM-d2 (0.6 mL). All experiments were conducted
in the presence of 4 bar of p-H2 at 65 G and observed with a 9.4 T Bruker NMR.

Adenosine triphosphate
After establishing that MSP could be polarised and detected, an investigation was carried out with
a more complex substrate with larger steric bulk. Due to the nitrogen on the adenosine
triphosphate (ATP) molecule, hyperpolarisation via direct SABRE could be investigated with this
substrate. However due to the steric bulk of the molecule it is unlikely to bind sufficiently, or at
all, to the iridium centre of the SABRE active catalyst. Therefore, a sample containing
[IrCl(COD)(IMes)] (5 mM), ATP (20 mM) in H2O (30 µL) and PEA (15 mM) in DCM-d2
(0.6 mL) was prepared. 30 µL of H2O was required to completely dissolve the ATP. SABRERelay experiments were conducted on carbon, proton and phosphorus. To guarantee the same
concentration of amine, PEA was again used instead of NH3, as previously described in Section
4.2.1. With this system, only hyperpolarisation of the phosphorus nuclei was observed (see Figure
4.18). Examination of the 31P NMR spectrum shows enhanced signals for the γ, α and β forms of
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ATP. These are reported to have chemical shifts of δ −5, −10 and −18.5 respectively in a cell
culture using a bioreactor circuit.279 Here they are observed at δ −10, −11.5 and −22, producing
substantial 31P signal enhancements.

Figure 4.18 –

31

P NMR of ATP (20 mM) dissolved in H 2O (30 µL) with PEA (15 mM) and

[IrCl(COD)(IMes)] (5 mM) in DCM-d2 (0.6 mL). Top is a SABRE-Relay spectrum after polarisation
transfer at 65 G. Bottom is a 1 scan thermally equilibrated spectrum which was left in the NMR for
2 minutes prior to acquisition.

As the volume of water can affect signal enhancement, another sample was prepared using ATP
(20 mM) PEA (13 mM) dissolved in H2O (10 µL) with [IrCl(COD)(IMes)] (5 mM) in DCM-d2
(0.6 mL). Examining the 31P signal on this sample a smaller enhanced signal (SNR = 3) was
produced for the γ, α and β forms of ATP. Figure 4.19 shows a comparison of 31P enhancement
for both this sample and that shown in Figure 4.18. Surprisingly, using a greater volume of water
produces a greater SNR due to higher solubility, which is not what has been described for other
substrates.169, 242 Further improvements in this signal could possibly be achieved by utilising a
D2O/H2O mix as seen for MSP. Additionally, the use of NH3 would also be expected to provide
higher signal gains. Disappointingly, the 31P signal gains for MSP and ATP are both still lower
than the 31P signal gains achieved with DNP (>11,000 in potassium dihydrogen phosphate).63
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Figure 4.19 – SABRE-Relay hyperpolarised 31P spectra of ATP (20 mM), [IrCl(COD)(IMes)] (5 mM),
PEA (15 mM) in DCM-d2, polarisation transfer occurred at 60 G. Top is using 30 µL H2O to dissolve
ATP, bottom is using 10 µL H2O to dissolve ATP.

Exploring SABRE-Relay with Sodium oxalate, 13C polarisation
Sodium oxalate was also examined under SABRE-Relay conditions. Although sodium oxalate
does not have labile protons, it was hypothesised that the sodium ion would be replaced by the
hyperpolarised amine proton within the proton exchange process in SABRE-Relay, creating an
enhanced 13C NMR oxalate signal.

Figure 4.20 – The chemical structures of pyruvic acid, oxalic acid and sodium oxalate.

Polarisation of 1H and 13C nuclei in sodium oxalate
A sample was prepared with sodium oxalate (20 mM) dissolved in H2O (30 µL) with
[IrCl(COD)(IMes)] (5mM) and PEA (15 mM) in DCM-d2 (0.6 mL) and was exposed to 4 bar p-
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H2. A SABRE-Relay experiment was conducted at 60 G. No substrate hyperpolarisation was
observed.
To remove the use of water and to aid solubility of the oxalate substrate, dimethylformamide
(DMF) was investigated as a solvent. DMF was added in 10 µL increments to 20 mM sodium
oxalate until a colourless solution was formed, 100 µL of DMF was required to achieve this. In
order for SABRE-Relay to be tested the DMF solution was then added to 0.5 mL of DCM-d2
containing [IrCl(COD)(IMes)] (5 mM) with PEA (15 mM). SABRE-Relay was then undertaken
at 60 G106 (with 4 bar of p-H2) but no 13C NMR signal was observed for sodium oxalate.
To track where the polarisation was being lost/transferred a more in-depth investigation of the
PEA intermediate was completed. When PEA is polarised via SABRE, there is a 1H enhancement
for the 1H on the NH2, the CH2, the NCH2 and for the phenyl.241 The PEA 13C SABRE response
can only be observed using an INEPT NMR sequence and only for the resonances at
approximately ẟ 139.9, 128.8 and 40.2 ppm.241 Via SABRE-Relay however, an INEPT sequence
was not required and all six 13C resonances were detected. In the 1H hyperpolarised spectrum,
only the 1Hs within the PEA were observed.
The efficiency of SABRE-Relay is known to be highly dependent upon the solvent/intermediate
formulation.169, 241, 242 Alongside this, finding a solvent in which to solubilise sodium oxalate that
wouldn’t hinder SABRE-Relay needed to be found. To find a formulation which allows a 13C
response in sodium oxalate to be detected, a range of samples were prepared. These all contained
[IrCl(COD)(IMes)] (5 mM), sodium oxalate (20 mM) and an amine (either PEA, NH3 or
benzylamine). Different solvents, with varying volumes were used to dissolve the sodium oxalate.
They were either dimethylformamide (DMF) or H2O. For one sample dimethylsulfoxide (DMSO)
was used. Sodium oxalate dissolves in DMSO but too much of this solvent and it will bind
preferentially into the catalyst. Table 4.1 gives the details of the sample formulations used.
Unfortunately, no 13C hyperpolarised signals were observed for sodium oxalate. Spectral peaks
were observed for PEA and are shown on the right hand side of Table 4.1.
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Table 4.1 – Table of sample formulations on the left. If there is a tick, then this and the volume given
were used to make that sample. On the right hand side, the 13C hyperpolarised signals of the solvents
present, which were observed in the corresponding NMR spectra that were taken for each sample. If
there is a blank, this means that the molecule was not added and therefore no signal should be seen.
At G the SABRE catalyst was activated with the PEA before the substrate was added. 13C chemical
shifts: *DMF = 162.60, 36.43, 31.31 ppm, #PEA = 139.93, 128.8, 128.4, 126.09, 43.60, 40.19 ppm,
^

Na2C2O4 = 162.31 ppm.

*

= benzylamine was used,

**

= NH3 was used, # = added after sample was

activated,  = 1 µL was added,  = 30 µL used, ~ = 50:50 H2O:D2O.
13C

Formulation
H2O

*DMF

#PEA

(10 µL)

(100
µL)

DMF-d7
(100
µL)

^Na C O
2 2 4

(45
mM)

(20 mM)

(20 mM)

A







✓#

✓



B

✓





✓

✓
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✓
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✓
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✓
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✓









J
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✓











4

For formulations C-G the 13C spectra exhibit a peak in the hydride region at ẟ −24.1 ppm (Figure
4.21 examples the finding for formaulation C – DMF (100 µL) and PEA (45 mM) ). This is direct
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evidence that the amine (PEA) is bound to the Ir catalyst.168, 242 From here polarisation should
transfer from p-H2 to the amine and then relay to the substrate.

Figure 4.21 – Thermally equilibrated 1 scan, 1H NMR spectrum which was left in the NMR for two
minutes prior to acquisition, of the hydride region of sample C which contained [IrCl(COD)(IMes)]
(5 mM), sodium oxalate (20 mM) dissolved in DMF (100 µL), PEA (45 mM), with an addition of
10 µL of H2O in DCM-d2 (0.5 mL) after sample activation.

Using sample C as an example, the only 13C hyperpolarised response observed, was from PEA.
This sample contained [IrCl(COD)(IMes)] (5 mM), sodium oxalate (20 mM) dissolved in DMF
(100 µL) and PEA (45 mM), in 0.5 mL DCM-d2. The sample was activated with 4 bar p-H2 and
a hyperpolarised 13C response was detected within the amine, PEA, see Figure 4.22. No relay
response to the sodium oxalate was observed.
At this point, it was still unclear whether or not water was required to drive the SABRE-Relay
mechanism, therefore, an addition of 10 µL of H2O was made. Fresh p-H2 was added and a further
13

C experiment was undertaken, in the first experiment hyperpolarisation was detected in both the

amine and the DMF, but in all other subsequent experiments, only the amine was polarised.
However, when using DMF-d7, a 13C hyperpolarised response was detected for four of the carbons
in PEA rather than the one detected in all other experiments and shown in Figure 4.22. None of
the samples produced a 13C response in sodium oxalate.
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Figure 4.22 – 13C NMR spectrum of sample C containing [IrCl(COD)(IMes)] (5 mM), sodium oxalate
(20 mM) dissolved in DMF (100 µL), PEA (45 mM) in DCM-d2 (0.5 mL), with an addition of H2O
(10 µL) after sample activation. Bottom is a thermally equilibrated spectrum which was left in the
NMR for two minutes prior to acquisition, both DMF and DCM-d2 are observed. Top is a 1 scan
hyperpolarised spectrum after polarisation transfer at 60 G, only the PEA is observed. The smaller
two peaks within this spectrum are also from the PEA.

It was hypothesised that DMF acted as a polarisation sink. If this was the case, deuteration of the
solvent would prevent this. Therefore DMF-d7 was used. Still no 13C polarisation was observed
with sodium oxalate. Therefore, the results suggest that this is not the main driver of polarisation
loss/lack of transfer to the sodium oxalate.
It was further hypothesised that sodium oxalate did not hyperpolarise via SABRE-Relay due to
insolubility. One solvent which does successfully dissolve sodium oxalate is DMSO. Therefore,
sodium oxalate was examined, using SABRE, whereby the oxalate was dissolved in DMSO.

SABRE Polarisation of 13C of sodium oxalate using a co-ligand
The minimum amount of DMSO required to dissolve 20 mM of sodium oxalate was found to be
100 µL. This was then added to [IrCl(COD)(IMes)] (5 mM) in methanol-d4 (0.5 mL), and the
solution subsequently exposed to 4 bar of p–H2 and shaken in a mu metal shield. Again, no
hyperpolarisation of sodium oxalate was observed. Indeed, even the intermediate did not polarise

169

Expanding the range of molecular scaffolds amenable to hyperpolarisation using SABRE
suggesting that the DMSO binds competitively to form [IrCl(H) 2(DMSO)2(IMes)] as the major
species in solution.
In previous work when using DMSO to polarise pyruvic acid,204 only 1 µL (20 mM) was used.
The pyruvic acid bound to the catalyst and hyperpolarised directly when DMSO was present as a
co-ligand.204 The role of the co-ligand was to stabilise the catalyst, allowing the weakly
coordinating pyruvate to bind and thereby facilitate polarisation transfer.
These conditions were replicated here for sodium oxalate. A sample containing sodium oxalate
(25 mM), DMSO (20 mM), [IrCl(COD)(IMes)] (5 mM) was exposed to 4 bar p-H2 and shaken in
a mu metal shield at room temperature (298 K). Using these conditions, a hyperpolarised

13

C

response resulted as shown in Figure 4.23. The 13C signal enhancement for this signal was 4112
± 484-fold, based on standard methods (see Experimental 7.2.8). It is noteworthy that these
signals must come from the labelled sodium oxalate precursor and that both resonances receive
similar amounts of polarisation.

Figure 4.23 – 13C NMR spectrum of hyperpolarised sodium oxalate (20 mM) using DMSO (20 mM)
as a co-ligand with [IrCl(COD)(IMes)] (5 mM) in 0.6 mL methanol-d4. Polarisation transfer was
carried out in a mu metal shield and the spectrum was acquired using a 9.4 T Bruker NMR.

The splitting pattern of the 13C NMR of the hyperpolarised sodium oxalate, is not as expected.
For symmetry reasons, a single

13

C peak would have been predicted. The observed spectrum

instead reveals roofing and can be explained by considering the strong coupling of 13C-13C nuclei
(an AB spin system) within an oxalate motif. An AX system presents four possible spin states,
αα, αβ, βα and ββ. In an AB system, the αβ and βα states are sufficiently close in energy to mix
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and the probability of a transition is no longer simple. Rather than a doublet of doublets of the
same peak intensities being observed, as seen in an AX system, the intensities are distributed in a
manner as shown in Figure 4.24.280 Therefore, with this type of splitting pattern the actual
chemical shift difference must be calculated using equation 4.1.
𝐶ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑠ℎ𝑖𝑓𝑡 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = √[(𝜈𝐴 − 𝜈𝐵 )2 + 𝐽2 ]

(4.1)

𝜈A and 𝜈B are specific frequencies defined as the centre of gravity for each doublet (Figure 4.24)
as calculated by equation 4.2 and 4.3 respectively.

Figure 4.24 – A diagram of the splitting observed in an AB coupling system, this pattern is described
as a ‘roofing effect’.

𝜈𝐴 = 𝐶 +

∆𝜈
2

(4.2)

𝜈𝐵 = 𝐶 +

∆𝜈
2

(4.3)

Where C is the centre of the two doublets and 𝛥𝜈 is calculated from equation 4.4,
∆𝜈 = √[(2𝐷)2 − 𝐽2 ]

(4.4)

where 2D is the frequency shift between peak A to C (B to D) and J is the coupling between the
doublet peaks (Figure 4.24). Examining the 13C hyperpolarised spectrum, 2D = 243.75 Hz and
Jab = 75.86 Hz, when placed into equation 4, 𝛥𝜈 = 231.645. When this is substituted into equation
4.2, where C = 17065.426 Hz, 𝜈A = 17181.2484 Hz and 𝜈B = 16949.6036 Hz. When these are
substituted into equation 4.1 the chemical shift difference is 243.75 Hz, converting this to ppm is
(243.75 / (100.613 x 106)) = 2.4226 x 10-6 = 2.423 ppm. This coupling of 75.9 Hz is also close to
that of oxalate itself which according to Levitt is 86.9 Hz.181 We deduce it must reflect signals
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from coordinated oxalate with the binding mode leading to two inequivalent carbon centres. We
note at this point that the NMR spectrum recorded in Figure 4.23 was recorded with proton
decoupling. There is no evidence therefore of any hydride couplings to these signals.

Characterisation of the complexes in 4.5.2
The work with oxalate revealed that greater understanding of the basic reactions with DMSO was
needed. It has been reported that when DMSO, pyruvate and H2 react with [IrCl(COD)(IMes)],
complexes A, B and C of Figure 4.25 are produced. These complexes are readily distinguished
by their hydride resonance positions (Figure 4.25). This reaction mixture can be used to
hyperpolarise the 13C signals of 1,2 13C-pyruvate (Figure 4.26) under SABRE conditions. In this
13

C hyperpolarised NMR spectrum, free pyruvate displays two inequivalent multiplets with a

common Jcc of 62.5 Hz at ẟ 170 and ẟ 203 for its C1 and C2 sites respectively.165, 204 The ligated
pyruvate yielded 13C NMR signals at approximately ẟ 207 and ẟ 165.9 for complex A, and at
approximately ẟ 197 and ẟ 165 for complex B. It is important to note that the ẟ 165 signals due
to carboxyl site binding are very close to those of oxalate as described earlier. The hyperpolarised
signals for complex A are 32 times stronger than those for complex B. These integral ratios are
approximately the same under thermal Boltzmann conditions. In addition, the ratio of the bound
to free pyruvate signal is 1:5. It is concluded therefore that ligand exchange is likely to be slow
in accordance with the small ratio.
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Figure 4.25 – 1H-1H COSY NMR spectrum used to aid hydride peak assignments for the products
formed when [IrCl(COD)(IMes)], DMSO and pyruvate react with H2.

Figure 4.26 – Adapted from figure 3 from Chem. Sci., 2019, 10, 7709-7717 published by The Royal
Society of Chemistry showing a single scan hyperpolarised SABRE
labelled sodium pyruvate taken from reference 165.

13

C NMR spectrum of

13

C2-

165

It is worth noting at this point that in its acidic form, oxalic acid can behave as a mono-, bi-, triand in some cases a tetradentate ligand therefore leading it to form mono- and polynuclear metal
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complexes.281, 282 Figure 4.27 shows oxalate bound to metal centres and how it can form different
ligands within these metal complexes, demonstrating the versatility of oxalate as a ligand.283

Figure 4.27 – Scheme 1 from Chem. Sci., 2019, 10, 7709-7717 published by The Royal Society of
Chemistry schematic drawings from reference 283 of a) metal oxalate complexes MII(C2O4).2H2O, b)
oxalate ligands with Mn(II) in [MnC2O4(H2O)2].H2O and c) Na2Cu(C2O4)2.2H2O d) is
Na2Cu(C2O4)2.2H2O with the respective K, Rb, Cs and NH4 salts.

A study of sodium oxalate binding and its hyperpolarisation might therefore be expected to
produce similar observations to that of pyruvate. For example, the hydride region of the
corresponding 1H NMR spectrum might be expected to yield signals for complex C alongside
complexes D and E (Figure 4.28). Given the importance of the hydride 13C couplings in SABRE,
complex D would be expected to yield similar 13C signal enhancements to both 13C centres in
oxalate while complex E might be expected to promote the enhancement of just one group.
Furthermore, to explain the complex splitting pattern observed (Figure 4.23) for bound oxalate,
the two 13C signals must remain distinct.
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Figure 4.28 – Possible complexes of sodium oxalate bound into the iridium catalyst based upon the
observations from pyruvate.

To try and understand what is happening within the 13C polarised spectrum, a series of 1H NMR
spectra were recorded under the same sample conditions. The resulting 1H NMR spectrum (Figure
4.29 (b)) resulted in strongly hyperpolarised hydride ligand signals at δ −15.50 and δ −21.12.
These peaks are diagnostic of [IrCl(H)2(IMes)(DMSO)2)].165, 167 This complex has been shown to
play a direct role in pyruvate hyperpolarisation after chloride and DMSO loss. It is conceivable
that such processes also account for the bound oxalate signal described earlier. The actual product
that is detected must either exhibit very limited 13C-hydride couplings or reflect an Ir(I) product
such as Na[Ir(IMes)(DMSO)2)(oxalate)]. The hyperpolarised peak seen at δ −28.0 in these NMR
spectra suggests that a complex where oxygen is bound to iridium trans to hydride is formed.111
To examine the temperature dependence of the formation of these complexes the experiment was
repeated at 245 K. Figure 4.29 compares the hydride region of the spectra at 245 and 298 K. At
245 K the hydride ligand signal detected at ẟ −27.47 exhibits increased polarisation. This is a
result of sharper/narrower peaks being observed at this temperature; the full width half maximum
of this peak at 298 K is 20.9 Hz while at 245 K it is 16.4 Hz. Peak narrowing here demonstrates
a slower exchange between the p-H2, DMSO and sodium oxalate. This slower exchange is
reflected in the improved 13C polarisation transfer signal enhancement which is 151 ± 81-fold at
298 K, ~4 times less than that observed at 245 K (509 ± 106-fold).
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Figure 4.29 – Hyperpolarised 1H NMR spectra of the hydride region of a sample of sodium oxalate
(25 mM), DMSO (20 mM), [IrCl(COD)(IMes)] (5 mM) both NMR spectra were taken as a 1 scan.
Top (a) was taken at 245 K, bottom (b) was taken at 298 K.

In addition, to the two previously polarised signals, a

13

C hyperpolarised singlet resonance at

ẟ 165.05 was observed at 245 K (Figure 4.30). This 13C resonance could reflect the singlet for
free sodium oxalate, oxalic acid is expected to appear at ẟ 174.284

Figure 4.30 –

13

C hyperpolarised NMR of sodium oxalate (25 mM), DMSO (20 mM) and

[IrCl(COD)(IMes)] (5 mM) exposed to 4 bar p-H2 at 245 K. Polarisation transfer occurred in a mu
metal shield.

A repeat of the variable temperature experiment was undertaken involving 10 mM of DMSO
(0.5 µL), [IrCl(COD)(IMes)] (5 mM) and 13C2-sodium oxalate (25 mM) in methanol-d4 (0.6 mL)
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to try and form the complex which produces hyperpolarisation. When carrying out this
experiment, all of the reactants were added prior to the addition of H2. The resulting SABRE
experiments were conducted at 245 K to try and slow down exchange. During filling, the sample
was placed in an acetone/CO2(s) bath to keep it cold. The hydride region of the resulting
hyperpolarised 1H NMR spectra clearly showed larger 1H NMR signal enhancements than those
previously described for 20 mM of DMSO (see Figure 4.31). Unfortunately, no 13C polarisation
for sodium oxalate was observed. The concentration of DMSO was then increased to 20 mM but
still no 13C polarisation was observed for sodium oxalate.

Figure 4.31 – 1H NMR hyperpolarised spectra of the hydride region of a sample containing sodium
oxalate (25 mM), DMSO and [IrCl(COD)(IMes)] (5 mM) in methanol-d4 (0.6 mL) with 4 bar p-H2 at
245 K. Top is with 10 mM DMSO and bottom is with 20 mM DMSO.

Figure 4.32 shows the corresponding long acquisition thermally polarised 1H NMR spectrum.
[IrCl(H)2(DMSO)2(IMes)] clearly dominates. Despite this, the hyperpolarised 13C signal gain is
the greatest for this sample (see Figure 4.33). Here a 13C signal enhancement of 4112 ± 484-fold
is observed.
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Figure 4.32 – 1H NMR spectrum of the hydride region of the dominant complex formed with 13C2sodium oxalate (20 mM), [IrCl(COD)(IMes)] (5 mM) and DMSO-d6 (20 mM) exposed to 4 bar of H2.
The spectrum was taken after the sample was left in the spectrometer for two minutes prior to
acquisition. Inset is the structure of this complex.

Figure 4.33 –

13

C NMR spectra of

13

C2-sodium oxalate (20 mM), [IrCl(COD)(IMes)] (5 mM) and

DMSO (20 mM) in methanol-d4 (0.6 mL). Top is from Figure 4.23, recorded at 298 K with a signal
enhancement of 4012 ± 484-fold. Bottom was recorded after the sample had been at 245 K and then
warmed to 298 K, this gave a signal enhancement of 750 ± 235-fold, the spectrum has been expanded
x16.
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In previous experiments the catalyst, sulfoxide and oxalate had been added together and activated
with p-H2. To help aid the solubility of the oxalate and therefore hopefully form more of the active
species in solution, a small amount of DMSO was first added to the substrate and this was then
added to the activated catalyst, [IrCl(H)2(IMes)(DMSO)2]165 in methanol-d4. The oxalate did not
dissolve, and no 13C hyperpolarisation was observed.
Studies were then repeated in DCM-d2 with the aim to solubilise an oxalate product. In this work,
the concentration of DMSO was started at 10 mM, and all other concentrations were kept the
same with experiments run at 298 K. This sample took much longer to activate. During this
process, the colour of the sample changed from yellow to pale yellow, rather than colourless as
observed with methanol-d4. [IrCl(H)2(IMes)(DMSO)2] proved to form cleanly, yielding hydride
signals of ẟ −15.85 and −21.21, which are similar to those in methanol-d4. No additional hydride
ligands were observed.
At 10 mM concentration of DMSO, no

13

C polarisation is observed for either the oxalate or

DMSO. Therefore, a further 0.5 µL of DMSO was added to the sample bringing the concentration
to 20 mM. The corresponding 1H NMR spectrum again revealed a single product (Figure 4.34)
and no 13C signals could be seen.
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Figure 4.34 – 1H NMR spectra of the hydride region of samples of [IrCl(COD)(IMes)] (5 mM), 13C2sodium oxalate (25 mM) and DMSO under H2 in DCM-d2 (0.6 mL). Top shows the hydride region
when the sample contained 10 mM DMSO. Bottom shows the hydride region when the concentration
of DMSO was increased to 20 mM.

A final sample was then prepared and 50 µL of D2O added to further solubilise sodium oxalate.
It therefore contained D2O, DMSO (20 mM), [IrCl(COD)(IMes)] (5 mM) and

13

C2-sodium

oxalate (25 mM). The sodium oxalate now proved to dissolve. Unfortunately, no 13C polarisation
was again detected. However, the resulting 1H NMR spectrum showed a single product with new
hydride resonances at ẟ −27.27 and ẟ −27.235. The resonances for the IMes ligand in this product
appear at ẟ 2.07, 2.347, 7.06 and 7.106 and bound DMSO provides a signal at ẟ 2.94. Based on
NMR integrals, this species is of the form [Ir(H)2(IMes)(DMSO)(L)n]x (Figure 4.35).
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Figure 4.35 – 1H NMR of the sample of [IrCl(COD)(IMes)] (5 mM), DMSO (30 mM) and 13C2-sodium
oxalate (35 mM) dissolved in D2O (0.4 mL) and of MeOD-d4 (0.2 mL). The hydride region has been
expanded x8 to be seen here.

When the hydride region of this sample was monitored by NMR over an hour time period the
hydride signal intensities change with that at ẟ −27.235 becoming dominant. This is indicative of
H/D exchange and the conversion of a dihydride into a monohydride-deuteride. 3 mL of degassed
hexane was added to the samples described, and crystals successfully grown from the resulting
mixture. Upon examination with X-ray crystallography, the product was found to be the dimer of
Figure 4.36. This product contains a single oxalate bridging two metal centres. Dimer formation
is not uncommon with oxalate species.285-287 It is likely that the signal at δ 165 ppm is due to this
product.
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Figure 4.36 – Structure of [Ir2(H)4(DMSO)2(IMes)2(µ-oxalate)] determined by X-ray crystallography.
For clarity any non-hydride hydrogens and any solvents have been omitted (see Appendix A.12).

Figure 4.37 – The reaction of Complex D with [Ir(H)2(DMSO)(IMes)] to form the dimer illustrated
in Figure 4.36, [Ir(H)2(DMSO)(IMes)]2(µ-oxalate).

For all characterisation data refer to Appendix A.12

Rate of hydrogen and sulfoxide exchange
Ligand exchange rates are often studied in SABRE complexes. Information collected from these
rate based experiments allows mechanistic conclusions to be drawn and therefore insights into
why the signal enhancement observed is greater or lower than expected. Another detail that can
be gathered from exchange rate data is whether or not PHIP or SABRE can occur. If the substrate
ligand is not labile, then PHIP is probably occurring and if the ligand is not lost from the catalyst,
then polarisation will not build up within the solution in the free ligand.
If a range of rate data is collected at varying temperatures then the Gibbs free energy, entropy and
enthalpy values for activation can be calculated from the Eyring plot. The mechanism of exchange
within a catalytic cycle can be further proven by looking at concentration effects.
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From previous experiments165, 167, 288 the first part of the predicted mechanism for ligand exchange
in [IrCl(H)2(DMSO)2(IMes)] is shown in Figure 4.38. Ha and Hb are different at the start due to
the different ligands bound trans to them in the equatorial plane. If DMSO loss is dissociative, as
expected, then this should be independent of DMSO concentration and the intermediate that forms
would retain distinct hydrides if a square bipyramidal shape is adopted. If, however, a trigonal
bipyramidal shape were to be adopted then when DMSO is lost from the complex, Ha and Hb
would become equivalent, and yield a single hydride peak. A set of 1D-EXSY experiments289-291
were carried out to examine this behaviour (see experimental, Chapter 7 section 7.2.10 for
details).

Figure 4.38 – The mechanism of both DMSO and p-H2 exchange for the complex
[IrCl(H)2(DMSO)2(IMes)] follow a common first step.

Exchange of DSMO follows a simple and reversible pathway from which it should be
straightforward to extract k(DMSO). The inequivalent methyl groups of the bound DMSO in this
complex resonate at approximately ẟ 3.21, 3.16, 3.05 and 2.73. These resonances were separately
excited and demonstrate exchange with the free DMSO peak at approximately ẟ 2.27 when trans
to hydride. These experiments were conducted in both methanol-d4 and DCM-d2. The
experimental data was simulated using a differential kinetic model in conjunction with the solver
add-on in Microsoft EXCEL, which minimises the sum of the squares of the differences between
real and simulated data points to produce appropriate rate constants. Errors in the extracted rate
constants were calculated by the Jack knife method.
Unfortunately, the free and bound DMSO signal intensities failed to fit any sensible kinetic model
even though the hydride signals fit well to the same model. The experiments were therefore
repeated but at each temperature the T1 of the free and bound DMSO (and the T1 of the hydrogen
signals) were determined. These T1 values were then included into the differential expressions
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used to model the reaction. For the hydride fitting, no improvement was seen by adding in the T1
values. However, for the DMSO it was necessary to include the T1 effects during the fitting of the
data. Table 4.2 shows that the rate of hydrogen loss, k(H2) from [IrCl(H)2(DMSO)2(IMes)] in
DCM-d2 is 1.16 ± 0.04 s-1 at 263 K while the rate of DMSO loss for the ligand trans to hydride,
k(DMSO) is 1.56 ± 0.01 s-1. In addition, the inequivalent DSMO signals for the axial ligand
interchange at a rate of 0.8 s-1 as the chloride swops sides in the intermediate. These rates are fast
relative to those of similar complexes167, 292 at these temperatures. The rate of hydrogen loss is
slower than that of the substrate as predicted by the reaction pathway.
Table 4.2 – Rate constants for elimination of H2 and DMSO loss in [IrCl(H)2(DMSO)2(IMes)] in
dichloromethane-d2 or methanol-d4 solution with temperature, obtained via selective 1D-EXSY
experiments using a 500 MHz Bruker NMR spectrometer.

Temperature (K)

In DCM-d2

In MeOD-d4

Rate of loss / s-1

Rate of loss / s-1

Hydride

DMSO

Hydride

DMSO

233

-

-

0.00

0.03 ± 0.01

238

-

-

0.06 ± 0.01

0.07 ± 0.01

243

0.04 ± 0.01

0.05 ± 0.01

0.16 ± 0.01

0.15 ± 0.01

248

0.04 ± 0.01

0.12 ± 0.01

0.35 ± 0.01

0.32 ± 0.01

253

0.26 ± 0.01

0.29 ± 0.01

0.67 ± 0.01

0.64 ± 0.01

258

0.54 ± 0.02

0.64 ± 0.01

1.51 ± 0.02

1.52 ± 0.01

263

1.16 ± 0.04

1.54 ± 0.01

3.31 ± 0.26

3.35 ± 0.01

268

2.56 ± 0.08

3.05 ± 0.01

5.04 ± 0.37

7.28 ± 0.02

273

3.93 ± 0.03

6.13 ± 0.01

-

-

The same complex dissolved in methanol-d4 exhibited the following rates at 263 K; for hydrogen
loss, k(H2) 3.31 ± 0.26 s-1, for DMSO loss, k(DMSO) was 3.35 ± 0.01 s−1. The rates of ligand loss are
therefore slower in less polar DCM-d2.
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Using these rate data, the activation energy barriers were calculated using Eyring analysis. Table
4.3 shows these parameters in DCM-d2 solvent and methanol-d4. The ΔH±(H2) for DCM-d2 is 83 ±
8 kJ mol−1 and the ΔS±(H2) is 79 ± 29 J mol−1 K−1, for the DMSO loss ΔH±(DMSO) is 83 ±
8 kJ mol−1and the ΔS±(DMSO) is 94 ± 8 J mol−1 K−1. In methanol-d4 the ΔH±(H2) is 78 ± 6 kJ mol−1
and the ΔS±(H2) is 66 ± 25 J mol−1 K−1. For DMSO the ΔH±(DMSO) is 79 ± 4 kJ mol−1 and the ΔS±(DMSO)
is 72 ± 16 J mol−1 K−1. The energy barrier to hydrogen loss, in DCM-d2 ΔG±300K is 60 ± 0.1 kJ mol1

and for DMSO, ΔG±300K is 58 ± 0.1 kJ mol−1, showing that it is more favourable to lose the

DMSO ligand. The energy barrier to hydrogen loss, in methanol-d4 ΔG±300K is 58 ± 0.3 kJ mol−1
and for DMSO, ΔG±300K is 57 ± 0.2 kJ mol−1, again showing that it is more favourable to lose the
DMSO ligand than hydrogen.
Table 4.3 – Activation parameters for ligand exchange in [IrCl(H)2(DMSO)2(IMes)] in
dichloromethane-d2 and methanol-d4 solution.

Solvent

DCM-d2

MeOD-d4

ΔH

ΔS

ΔG±300

kJ mol-1

J mol-1 K-1

kJ mol-1

DMSO

86.5 ± 2.1

93.6 ± 8.2

58.4 ± 0.1

Hydride

83.1 ± 7.6

78.9 ± 29.3

59.5 ± 0.1

DMSO

78.9 ± 3.8

71.7 ± 15.7

57.4 ± 0.2

Hydride

77.6 ± 6.2

66.1 ± 24.5

57.8 ± 0.3

Ligand

To determine the effect of methanol on this behaviour, the DCM-d2 solution was spiked with two
aliquots of 15 µL of methanol. The activation parameters were calculated for both additions as
shown in Table 4.4. They show that the ΔG±300K changes slightly but still demonstrate that ligand
loss is more favourable than the hydrogen.
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Table 4.4 – Activation parameters for ligand exchange in [IrCl(H)2(DMSO)2(IMes)] in
dichloromethane-d2 after the addition of 2 x 15 µL portions of methanol.

Total volume of

ΔH

ΔS

ΔG±300

kJ mol-1

J mol-1 K-1

kJ mol-1

DMSO

74.6 ± 10.8

52.8 ± 42.0

58.7 ± 0.3

Hydride

71.0 ± 3.8

34.1 ± 14.9

60.7 ± 0.1

DMSO

78.5 ± 12.0

67.8 ± 46.7

58.1 ± 0.4

Hydride

84.8 ± 4.5

88.9 ± 17.4

58.2 ± 0.2

Ligand

methanol added
(µL)
15

30

Samples of [IrCl(H)2(DMSO)2(IMes)] in DCM-d2 were then spiked with 30 µL methanol and
0.5 µL DMSO in steps until 3.0 µL of DMSO had been added. The rate of hydrogen and DMSO
loss was then calculated as a function of DMSO and the results presented in Figure 4.39. From
these data it can be seen that the addition of DMSO has little effect on the rate of both DMSO and
hydrogen loss in agreement with dissociative DSMO loss preceding both.

Figure 4.39 – Rates of ligand loss in [IrCl(H)2(DMSO)2(IMes)] in dichloromethane-d2 when the
volume of DMSO is increased from 1.0 - 3.0 µL. The grey squares represent the rate of loss of DMSO
and the red circles represent the rate of loss of hydrogen.
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The effect of increasing the concentration of hydrogen gas was then explored. Again, the rate of
hydrogen and DMSO loss was calculated for several hydrogen pressures as shown in Figure 4.40.
From these data it can be seen that there is an increase in both the rate of hydrogen and DMSO
loss before they plateau.

Figure 4.40 – Rate of ligand loss in [IrCl(H)2(DMSO)2(IMes)] in dichloromethane-d2 as a function of
pressure of hydrogen. The grey squares represent the rate of loss of DMSO while the red circles
represent the rate of loss of hydrogen.

These results are fully consistent with a mechanism that features dissociative loss of DMSO in
the first step.
Rate data at 263 K was also collected when methyl phenyl sulfoxide was used as a co-ligand
instead of DMSO. The methyl phenyl sulfoxide loss rate was 21.48 s−1 in DCM-d2 this increased
to 49.02 s−1 when methanol was added. This demonstrates that the exchange rate is linked to the
binding potential of the sulfoxide.165

Conclusions
13

C,15N2-Urea has been shown to successfully hyperpolarise via SABRE-Relay with strong 13C

and

15

N signal gains resulting and

13

C phantom images were successfully recorded on a 3 T

clinical MRI scanner. Both benzylamine and NH3 were screened as amine carriers for 13C,15Nurea hyperpolarisation. They yielded 13C signal enhancements of 832 ± 74-fold and 5117 ± 536-
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fold and with 15N SNR of 14 and 16 respectively. Although NH3 provided the greatest signal
enhancement for optimisation purposes benzylamine-d7 is needed as it is far easier to handle.
The 31P signals of both monosodium dihydrogen phosphate (MSP) and adenosine triphosphate
(ATP) were successfully hyperpolarised.
The polarisation levels obtained for their 31P nuclei were lower than those previously achieved
under traditional SABRE (3588-fold 31P signal enhancement146) and via d-DNP (> 11,000-fold
31

P signal enhancement63) in related substrates. The presence of water which contains labile

protons accounts for this169 as demonstrated in the NMR spectra of Figure 4.41.

Figure 4.41 – SABRE-Relay hyperpolarised 1H NMR of [IrCl(COD)(IMes)] (5 mM) with PEA
(15 mM) in DCM-d2 (0.6 mL). Top is of MSP (20 mM) dissolved in 40 µL H2O. Bottom is of ATP
dissolved in 40 µL H2O. Expansion of both spectra between 0 - 2.5 ppm is of hyperpolarised H2O.

Free sodium oxalate did not undergo polarisation via SABRE-Relay, but when a sulfoxide coligand was used it proved to polarise when bound to iridium. A crystal structure of
[Ir(H)2(DMSO)(IMes)]2(µ-oxalate) confirmed oxalate can bridge two iridium centres in these
systems. We interpret this to suggest that [IrCl(H)2(DMSO)2(IMes)] (C) in Figure 4.25reacts first
to

form

Na[Ir(H)2(µ-oxalate)(DMSO)(IMes)]

prior

to

the

formation

of

[Ir(H)2(DMSO)(IMes)]2(µ-oxalate). The chemical shifts of the detected 13C oxalate resonances in
Na[Ir(H)2(µ-oxalate)(DMSO)(IMes)] are consistent with those in complex A of Figure 4.25.
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Studies of the ligand exchange processes undergone by C were undertaken to confirm whether D
should form rapidly. The ligand exchange rates are high, and it can therefore be concluded that
substrate solubility is a major impediment to this process.
Changing the pre-catalyst to [Ir(COD)(OC(CH3)2)(IMes)]PF6 increased the

13

C signal

enhancement in the oxalate peaks from 4112 ± 484-fold to 4907 ± 861-fold. This demonstrated
that the Cl− played a negative role in this process. The identity of the active species detected in
these oxalate studies is, however, not fully confirmed.
In this chapter the viability of the molecules, 13C,15N2-urea, MSP, ATP and sodium oxalate to
undergo polarisation via SABRE-Relay has been discussed. Three of these molecules proved
successful. These were

13

C,15N2-urea, MSP and ATP, though ATP gave a low signal

enhancement. These molecules were polarised via the proton exchange between themselves and
the amine which underwent SABRE polarisation. In the case of 13C,15N2-urea, hyperpolarised 13C
MR images were obtained on a Siemens 3 T clinical scanner. These results mark significant
additions to the SABRE effect.

Further work
For monosodium phosphate dihydrogen, adenosine phosphate and urea, the ratio of D2O:H2O and
possibly the volume needs further optimising. An investigation into the rate of proton exchange
could also be carried out more generally for SABRE-Relay. In view of the complexity of the
underlying process the polarisation transfer field plots that have been undertaken currently reveal
60 G and transfer into the amine is controlling. This cannot however match transfer in the second
stage. It is therefore likely that rapid field cycling is needed to match both conditions. Other
solvent systems and metal phosphates might also be explored.
In the case of sodium oxalate, a more extensive study into the effect of the sulfoxide co-ligand is
warranted. This could be undertaken alongside optimising the catalyst and substrate
concentrations. To aid our understanding of the SABRE mechanism, it may also be worth
examining the exchange rate specifically as a function of substrate. The isolation of
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[Ir(H)2(DMSO)(IMes)]2(µ-oxalate) offers the opportunity to see if any added ligands can displace
the bound oxalate and thereby improve our ability to control this process. Just as with the SABRE
method, temperature and pressure of p-H2 effects could be further studied to help improve the
polarisation of this substrate.
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SABRE-Relay with Uracil and Fluorouracil
5.1 Introduction
The hyperpolarisation of biomolecules and their detection using magnetic resonance techniques
has been shown to provide metabolic and mechanistic information on a cellular level.40, 96, 293 The
utility of NMR methods for the detection of nucleic acids has also been established and
conformational changes that correlate with biological events.294, 295 However, the NMR detection
and monitoring of these processes is none-trivial due to low sensitivity. Therefore, methods to
improve the detectability of nucleic acids are desirable.
Ribonucleic acid (RNA) and deoxyribonucleic acid (DNA) are possibly the most crucial
macromolecules in cell biology. DNA is present in the cell nucleus and stores the genetic
information for an organism. RNA transfers the genetic information from the nucleus to the
ribosomes where it is responsible for the synthesis of proteins.43 There are four nucleobases that
make up RNA; cytosine, guanine, adenine and uracil (Figure 5.1). Guanine forms a
complimentary pair with cytosine due to their ability to form three hydrogen bonding
interactions.296 Adenine and uracil also form a pair through two hydrogen bonds.43,

296-298

Nucleobases are the foundations of nucleotides which contain a ribose sugar and a phosphate ester
as shown in Figure 5.1.43

Figure 5.1 – The nucleobases guanine, adenine, uracil, and cytosine alongside an RNA nucleotide
containing ribose sugar, phosphate ester and uracil.
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Combinations of these nucleotides form RNA, which is usually a single stranded macromolecule,
although it can form a double helix during the translation process whereby a gene is expressed.299
During translation, messenger RNA (mRNA) is paired with the terminal amino acid of the transfer
RNA (tRNA) and this is repeated until the desired protein has been formed. In contrast, DNA
exists as a two stranded double helix and contains thymine rather than uracil. Thymine is
structurally related to uracil, however it contains a methyl group at position 5.43, 300, 301
The nucleotide of uracil is known as deoxyuridylate (dUMP) and the thymine derived nucleotide
is called thymidylate (TMP). Methylation of dUMP to form TMP is achieved in the cell using
thymidylate synthase (TS) as shown in Figure 5.2.43, 302, 303 This transformation helps to maintain
the genetic information within DNA of the cell.

Figure 5.2 – Formation of thymidylate (TMP) and dihydrofolate from deoxyuridylate, (dUMP) and
N5-N10 methylenetetrahydrofolate via the enzyme thymidylate synthase (TS).

In a cancerous cell, TMP production is increased due to higher rates of cell proliferation.43, 304
Disabling the production of TMP using chemotherapy agents is a major route for the treatment of
a range of cancers. One blockbuster drug is 5-fluorouracil which prevents TMP production by
creating fluorodeoxyuridylate (F-dUMP) which is unable to be cleaved by TS.177,

178, 305-307

Therefore, the enzymes’ catalytic turnover is prohibited in a process known as suicide
inhibition.43, 178, 305, 308 Monitoring of suicide inhibition would be advantageous in quantifying cell
death in tumours and drug efficacy.
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Figure 5.3 – The mechanism to blocking the methylation of TMP (thymidylate) with the
incorporation of fluorouracil into the dUMP, to form F-dUMP (fluorodeoxyuridylate, suicide
inhibitor).

Previously, DNP has been used to polarise 4,5-13C2-uracil and 13C-NMR signal enhancements of
5000 times were reported at a field strength of 400 MHz.309 These signal gains were sufficient for
the observation and characterisation of the reaction product pseudouridine monophosphate during
the cleavage of the C-C glycosidic bond in the metalloenzyme, psedouridine monophosphate
glycosidase.309 Additionally, adenine has been polarised using SABRE under continuous flow
conditions, however, no signal enhancements were quantified.310 It is proposed here that if uracil
could be polarised using p-H2 it would provide a cheap way to monitor the in vivo construction
of biological molecules.
In Chapter 3, the hyperpolarisation of the 19F nuclei of 5-fluorouracil was shown to be successful.
This was achieved by using 5 mM of the pre-catalyst [IrCl(COD)(IMes)] in 0.6 mL methanol-d4
in the presence of 10 mM of Cs2CO3 with 20 mM 5-fluorouracil. A 1H NMR signal enhancement
of 106-fold was produced and a 19F MRI of a phantom was also collected. It was concluded that
ligation of 5-fluorouracil to the iridium centre must occur in order for transfer of the spin order
from p-H2 to the substrate to be observed. Unfortunately, catalyst deactivation was also observed
within 10-15 minutes of p-H2 addition due to possible C-H bond activation pathways and resultant
cyclometallation.229 After this time, the substrate could no longer be hyperpolarised. In contrast,
previous unreported attempts within the group to hyperpolarise uracil directly via SABRE were
unsuccessful when using similar conditions. In these studies, no enhanced NMR signals were
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observed after interaction with p-H2 and no evidence for the formation of an iridium hydride
complex was found.
As both uracil and 5-fluorouracil contain labile protons, it was proposed they could be
hyperpolarised via SABRE-Relay.168, 241 This process should remove the need for a base to remove
the proton from the masked nitrogen binding site and hence prevent degradation of the catalyst.
In this chapter uracil and 5-fluorouracil will be examined under SABRE and SABRE-Relay
conditions and discussions as to the viability of these methods will be presented.

Polarisation of uracil via SABRE
The investigation into the hyperpolarisation of uracil began by utilising analogous conditions to
those which were successful for 5-fluorouracil. Therefore, a sample was prepared that contained
[IrCl(COD)(IMes)] (5 mM) uracil (20 mM) with Cs2CO3 (10 mM) in methanol-d4 (0.6 mL). After
exposure to 4 bar p-H2 in a 60 G polarisation transfer field, a 9-fold 1H NMR signal enhancement
was observed in the δ 7.5 signal due to proton H-4 as detailed in Figure 5.4. In an attempt to
increase this polarisation level, the Cs2CO3 was replaced by the sterically hindered base iPr2EtN.
However, this reduced the polarisation level.
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Figure 5.4 – 1H NMR spectra of unlabelled uracil (20 mM) with [IrCl(COD)(IMes)] (5 mM) and
Cs2CO3 (10 mM) in methanol-d4 (0.6 mL). Bottom, 1 scan SABRE hyperpolarised spectrum after
polarisation transfer at 60 G. The corresponding thermally equilibrated spectrum which was left in
the NMR for two minutes prior to acquisition is shown above. No hydride ligand signals were
observed in either NMR spectrum, consequently this region is omitted.

The use of a co-ligand to change the nature of the active SABRE catalyst has also been shown to
result in an increase in polarisation transfer efficiency, into a range of materials. 168, 241, 242 This
effect is most likely associated with changing the binding potential of weakly co-ordinating
substrates thereby allowing the formation of the necessary catalytically active species. A sample
containing [IrCl(COD)(IMes)] (5 mM), uracil (20 mM), Cs2CO3 (5 mM) and dimethylsulfoxide
(DMSO, 20 mM) in methanol-d4 (0.6 mL) was therefore prepared. After SABRE transfer, the
observed 1H NMR signal enhancement of the H-6 signal increased to 28-fold. However, when the
13

C nucleus was probed no polarisation was detected.

Polarisation uracil via SABRE-Relay using NH3
Disappointingly, uracil gave very low 1H NMR signal enhancements under SABRE conditions
and, this approach would therefore be unsuitable as a method for monitoring its biological role.
Therefore, SABRE-Relay was tested. As described in Chapter 4.2, SABRE-Relay utilises an
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[Ir(H)2(IMes)(amine)3]Cl type catalyst and it is the amine, rather than the substrate of interest,
which is bound to the catalyst.168, 241, 242 Polarisation from p-H2 is transferred to the protons of the
amine by SABRE before it disassociates from the catalyst. The now hyperpolarised protons of
the amine are then able to exchange with labile protons of the target substrate. Thus, the substrate
becomes polarised without binding directly to the catalyst. As uracil contains a weakly bound
imide proton, we proposed SABRE-Relay might be effective in improving 1H NMR signal
enhancements and delivering a hyperpolarised 13C NMR signal.
The solvent in which the SABRE-Relay method is performed needs to be free of exchangeable
protons in order to prevent spin dilution.168, 169, 241, 242 Thus, the most commonly used solvent for
SABRE-Relay is dichloromethane-d2 (DCM-d2), however, it proved unable to solubilise uracil at
the concentrations required. After a brief solvent screening process, 200 μL of
dimethylformamide (DMF), a highly polar, aprotic solvent, was found to promote dissolution of
the necessary amount of uracil in the reaction medium. Therefore, [IrCl(COD)(IMes)] (5 mM)
was dissolved in 0.4 mL DCM-d2 prior to the addition of NH3 (25 mM). After the addition of
4 bar of hydrogen gas, NMR measurement confirmed that the active catalyst was formed.
Subsequently, uracil (20 mM of total volume) was then dissolved in 0.2 mL of DMF and this
mixture added to the solution that contained the active catalyst inside a glovebox.169 The resulting
sample was then degassed and exposed to 4 bar p-H2 at 65 G, prior to being analysed by NMR
spectroscopy. Figure 5.5 shows the resulting 1H NMR spectrum. Unfortunately, no 1H signal
NMR enhancement was observed for uracil; however, a PHIP enhanced hydride resonance is
evident in this spectrum at ẟ −23.8, which confirmed that a SABRE active catalyst formed.168, 169,
241, 242
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Figure 5.5 – 1H spectra of uracil (20 mM) in 0.2 mL DMF with [IrCl(COD)(IMes)] (5 mM) precatalyst and NH3 (25 mM) in 0.4 mL DCM-d2. Top, a 1 scan

13

C thermally equilibrated NMR

spectrum which was left in the NMR spectrometer for two minutes prior to acquisition. Bottom, 1
scan SABRE-Relay hyperpolarised NMR spectrum after polarisation transfer at 60 G. The
hyperpolarised spectrum has been increased (vertically) by 8 times relative to the thermal spectrum.

In contrast, when a

13

C SABRE-Relay NMR experiment was performed on the same sample

hyperpolarised signals were readily detected as shown in Figure 5.6. This result is all the more
remarkable when considering that uracil is present at natural isotopic abundance. The
hyperpolarised signal at ẟ 151.7 can be attributed to the carbon at position 2 of uracil by
comparison with the literature.311 This process could be repeated, and the resulting hyperpolarised
13

C NMR spectra proved to reflect an average signal enhancement of 223 ± 54-fold. Additionally,

two enhanced quartets are observed at ẟ 35.69 and ẟ 30.64 in these spectra which can be attributed
to the inequivalent methyl groups in DMF that result from slow C-N bond rotation. These signals
appear as a consequence of the large volumes of DMF present in solution. They too show weak
SABRE, indicating that DMF can itself be hyperpolarised through this process.
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Figure 5.6 –

13

C NMR spectra of uracil (20 mM) in 0.2 mL DMF with [IrCl(COD)(IMes)] (5 mM)

and NH3 (25 mM) in 0.4 mL DCM-d2. Top, 1 scan 13C thermally equilibrated NMR spectrum which
was left in the NMR for two minutes prior to acquisition. Bottom, 1 scan SABRE-Relay
hyperpolarised NMR spectrum after polarisation transfer at 60 G. Signal assignments are as shown
in the inset structures.

The 15N detection of the SABRE-Relay hyperpolarisation was also observed as demonstrated in
Figure 5.7, peak assignments were made by comparison to literature data.312 There are two signals
present at ẟ 158.3 and ẟ 129.9 with signal enhancements of 6.5 ± 3.3 and 12.8 ± 3.8-fold
respectively when compared to a high concentration standard.313 Whilst the NMR signal gains are
low, it is important to note that no

15

N signal was observed in a thermally equilibrated NMR

spectrum of uracil at a concentration of 20 mM under the same acquisition conditions.
Additionally, these results provide a suitable starting point for further studies which will now be
presented.
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Figure 5.7 – 15N NMR spectra of uracil (20 mM) in 0.2 mL DMF with [IrCl(COD)(IMes)] (5mM) and
NH3 (25 mM) in 0.4 mL DCM-d2. Top, 1 scan 15N thermally equilibrated NMR spectrum which was
left in the NMR for two minutes prior to acquisition. Bottom, 1 scan SABRE-Relay hyperpolarised
NMR spectrum after polarisation transfer at 60 G. Inset is the structure of uracil and corresponding
peak assignments.

Examination of SABRE-Relay with 2-13C-uracil
Based on the success of SABRE-Relay with the unlabelled substrate, 2-13C-uracil was
investigated under SABRE-Relay conditions with the hope that an improved 13C NMR signal
would now result. These samples contained different carrier amines. First, a solution of 2-13Curacil (1.36 mg, 60 mM) in 0.2 mL DMF was added to a solution containing [IrCl(COD)(IMes)]
(5 mM) and NH3 (40 mM) in 0.4 mL DCM-d2. Second, a solution of 2-13C-uracil (1.36 mg,
60 mM) in 0.2 mL DMF was added to a solution containing [Ir(Cl(COD)(IMes)] (5 mM)
benzylamine-d7 (25 mM) in 0.4 mL DCM-d2.
After SABRE-Relay polarisation transfer at 60 G, the resulting signal enhancements were
quantified (Table 5.1). Whilst there were no improvements observed in the 1H NMR spectrum for
either sample, significant signal gains were found in the 13C NMR spectra with both samples
showing over a 100-fold signal enhancement when compared to the corresponding thermal signal.
It is hypothesised that the greater signal gains observed on 13C compared to 1H is due to the longer
T1 relaxation times of

13

C compared to 1H.34 Therefore, there is an increase time for the

polarisation to accumulate on 13C during the SABRE-Relay process. In contrast, relaxation effects
dominate for 1H.
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Table 5.1 – Average NMR signal enhancements for 1H and

13

C nuclei with 2-13C- uracil (20 mM)

dissolved in 0.3 mL DMF with [IrCl(COD)(IMes)] (5 mM) in DCM-d2 (0.3 mL). The carrier is
identified, along with its concentration.

Average 13C

Sample number

Carrier and amount

1

NH3 (35 mM)

171 ± 14

2

BnNH2-d7 (25 mM)

125 ± 13

enhancement

Examination of SABRE-Relay with 2-13C,15N-uracil
A sample containing 2-13C,15N2-uracil (20 mM) dissolved in 0.2 mL DMF-H7 with
[IrCl(COD)(IMes)] (5 mM) and benzylamine-d7 (25 mM) in 0.4 mL DCM-d2 was then examined.
As seen for 2-13C-uracil, the proton NMR spectrum is not enhanced. However, the signal
enhancement for

13

C is now 129-fold and therefore comparable to those achieved with 2-13C

uracil. Thus, it is concluded that that isotopic labelling of the nitrogen does not change the 13C
signal enhancement. This is similar to the effect observed with 13C-urea and 13C,15N2-urea after
hyperpolarisation with d-DNP.314 In this report, 13C-urea gave 19 ± 5% polarisation and 13C,15N2urea gave 22 ± 2% polarisation.314
In contrast, the 15N NMR signal seen for uracil is greatly improved when an isotopically labelled
substrate is used. Figure 5.8 shows the 15N NMR spectra of 2-13C,15N2-uracil after SABRE-Relay
hyperpolarisation transfer at 60 G under 4 bar p-H2 and the corresponding thermally equilibrated
spectra. By comparison to a reference sample at high concentration,313 the 15N signal enhancement
could now be calculated, and proved to be 610 ± 29 and 840 ± 35-fold for the N1 and N3 positions
respectively. This signal reflects a dramatic improvement when compared to that for the sample
that contained uracil with 15N at natural isotopic abundance.
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Figure 5.8 – 15N NMR spectra of the signal response when 2-13C,15 N2-uracil (20 mM) in 0.2 mL of
DMF with benzylamine-d7 (25 mM) and [IrCl(COD)(IMes)] (5 mM) in 0.4 mL of DCM-d2 is
examined. Top, the thermally equilibrated

15

N NMR spectrum. Bottom, the SABRE-Relay

hyperpolarised 15N NMR spectrum after polarisation transfer at 60 G.

In summary, the SABRE-Relay hyperpolarisation of 2-13C,15N2-uracil gave strong signal
enhancements in both the 13C and 15N NMR spectra after polarisation transfer at 60 G. Whilst the
signal gains for

13

C are similar to that seen for 2-13C-uracil, the

15

N signal enhancement are

significantly improved when compared to the unenriched samples. Previous studies using SABRE
to achieve 13C hyperpolarisation have suggested that the presence of

14

N leads to quadrupolar

relaxation and correspondingly low 13C gains.313 There is no evidence for such an effect here.

Analysis of the T1 relaxation values of
13C,15N -uracil
2

13C

and

15N

in

13C-uracil

and 2-

Longitudinal relaxation (T1) data was collected for the two labelled uracil molecules, 13C-uracil
and 2-13C,15N2-uracil. In Chapter 2 and 3, the inversion recovery method was used to find the T1
data of protons. However, trying to ascertain the T1 data of carbon and nitrogen though this
method is very time consuming. Despite the compounds studied here being labelled, the 13C and
15

N signal to noise is low and therefore long time periods would be needed to acquire accurate

data. Therefore, both 2-13C-uracil and 2-13C,15N2-uracil were examined by a hyperpolarised single
shot T1 method.6 This method uses the large signals gained through hyperpolarisation and exploits
them to ascertain the T1 of the nuclei within the substrate. There are two methods to calculate the
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T1 when using a hyperpolarised T1 sequence. First, a constant flip angle (cfa) can be employed
and is often used in DNP where polarisation levels are very high32 and T1 times are very long.315
More recently, Semenova et. al. demonstrated the use of a variable flip angle (vfa) when using
SABRE to hyperpolarise the substrate and subsequently was able to calculate the T1.6 In the vfa
method, a series of 15 experiments are conducted with increasing flip angle for each one which
are calculated to excite the same fraction of available magnetisation each time. Therefore, a near
complete loss of magnetisation should be achieved in the final spectrum. An FID is collected for
each experiment, just like with previous methods, and the integrals are then fitted to an
exponential decay to give the constant, T1. Due to the use of r. f. pulses within this method, the
pulse for each substrate and nuclei of interest needs to be calibrated, see experimental 7.2.11.3
for flip angle calculations.
For the measurements with uracil, we chose to use the vfa method due to lower starting
polarisation levels than that which would be compatible with the cfa method. The T1 values
determined for 2-13C-uracil and 2-13C,15N2-uracil are presented in Table 5.2. These T1 values are
promising as they are comparable to the 14 seconds associated with the successful in-vivo
detection of 13C nicotinamide. This image was obtained within the group via DNP and is shown
below in Figure 5.9.
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Figure 5.9 – Hyperpolarised 13C-nicotinamide CSI of the abdomen of a mouse with a PDX breast cell
line tumour. A 32*32 interpolated 128*128 overlaid on a 1H MRI scan. White/yellow colour shows
the areas with the greatest hyperpolarised signal.
Table 5.2 – 13C and 15N T1 data for the carbon in the 2 position of uracil and both nitrogens using
either 13C-uracil (20 mM) or 13C,15N2-uracil (20 mM) dissolved in 0.2 mL of DMF in the presence of
[IrCl(COD)(IMes)] (5 mM), using NH3 (45 mM) as the amine carrier in DCM-d2 (0.4 mL) at 298 K
with 4 bar of hydrogen. These values are determined at 9.4 T.

Average T1 (s)

Compound
Nuclei

2-13C

1-15N

3-15N

2-13C-uracil

15.02 ± 0.50

-

-

2-13C,15N2-uracil

18.96 ± 0.84

10.23 ± 0.68

9.53 ± 0.57

5.4 Polarisation of fluorouracil with SABRE-Relay
With the success of uracil with SABRE-Relay, 5-fluorouracil was investigated under analogous
conditions. Whilst 5-fluorouracil showed enhanced signals for both 1H and 19F under SABRE
conditions, degradation of the catalyst meant that these signals decreased immediately after the
first experiment. It was hoped that with SABRE-Relay degradation of catalyst may not occur.
A sample was prepared using 5-fluorouracil (20 mM) in 0.3 mL DMF. This was added to a
prepared sample of [IrCl(COD)(IMes)] (5 mM) and benzylamine-d7 (25 mM) in 0.4 mL DCM-d2
which had already been exposed to 4 bar p-H2. SABRE-Relay experiments were carried out at
60 G using a handheld shaker.169 The resulting 13C NMR spectrum is shown in Figure 5.10. The
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signal for the carbon at the 2 position showed an enhancement of 47 ± 8-fold when compared to
the spectrum recorded under Boltzmann equilibrium. The signal enhancement is lower than that
obtained with non-labelled uracil, where a signal enhancement of 223-fold was observed with
NH3 as the carrier.

Figure 5.10 – 13C NMR spectrum of the signal response when 5-fluorouracil (20 mM) in 0.2 mL of
DMF with benzylamine-d7 (25 mM) and [IrCl(COD)(IMes)] (5 mM) in 0.4 mL DCM-d2. Top,
thermally equilibrated (which was left in the NMR for two minutes prior to acquisition)

13

C NMR

13

spectrum. Bottom, SABRE-Relay hyperpolarised C NMR spectrum after polarisation transfer at
60 G.

Pleasingly, the SABRE-Relay derived 19F NMR signal gains were improved when compared to
that achieved by direct SABRE transfer as reported in Chapter 3. Examination of the resulting 19F
NMR spectrum showed a 23 ± 5-fold signal enhancements after SABRE-Relay hyperpolarisation
at 60 G (Figure 5.11). This is compared to a 0.85 ± 0.53 signal gain achieved by SABRE.
Additionally, there is no observable degradation of the catalyst and therefore the sample can be
re-examined over a period of hours. In contrast, the SABRE experiment was unable to transfer
polarisation after 10-15 minutes.
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Figure 5.11 – 19F NMR spectra 5-fluorouracil (20 mM) in 0.3 mL DMF-d7 with [IrCl(COD)(IMes)]
(5 mM) and benzylamine-d7 (25 mM) in 0.4 mL DCM-d2. Top, 1 scan thermally equilibrated
spectrum which was left in the NMR for two minutes prior to acquisition. Bottom, 1 scan SABRERelay hyperpolarised spectrum after polarisation transfer at 60 G. Inset structure of 5-fluorouracil.

As benzylamine-d7 had shown to give good 19F signal enhancements, it was proposed that using
NH3 as the carrier amine may lead to further improvements.168, 241, 242 Therefore, an analogous
sample containing 9 equivalents (45 mM) of NH3 was prepared using DMF-d7 as the co-solvent
and exposure to 4 bar p-H2 under SABRE-Relay conditions. The resulting 19F NMR spectrum
showed an improved 84 ± 13-fold signal gain. Additionally, this sample also produced good 13C
signal gains and a 140 ± 13-fold signal enhancement was quantified for carbon in position 2.
When applying a 1H decoupled

13

C sequence, this signal gain improved to 241 ± 4-fold and

increased further to 416 ± 68-fold when a 1H-13C INEPT sequence was employed. The carbon
signals observed here are all greater than that observed with uracil which gave a maximum signal
enhancement of 223-fold ± 54 under analogous conditions. Reducing the concentration of NH3
from 45 mM to 35 mM did not further improve the signal enhancement which is contradictory to
that previously reported in the literature.242 This could be further investigated in future to
determine the optimal carrier concentration.
Pleasingly, the SABRE-Relay conditions that have been developed here result in significant
improvements to the 19F signal enhancements that were observed under direct SABRE.
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Conclusions
The hyperpolarisation of uracil at natural isotopic abundance was examined using SABRE and
SABRE-Relay conditions. The signal gains when using SABRE were just 9-fold for 1H, however,
adding a DMSO co-ligand produced a hyperpolarised response of 28-fold. Neither of these
methods produced a hyperpolarised response in the 13C or 15N NMR spectra. When moving to the
SABRE-Relay method, no 1H hyperpolarised signal was observed but hyperpolarised signals
were obtained for both 13C and 15N nuclei. This is a consequence of the short 1H T1 and reflective
of the challenges associated with creating hyperpolarisation outside the detection device. The
longer 13C T1 values enabled signal enhancements of 223 ± 54-fold to be quantified in the 13C
NMR spectrum and 1.6 and 3.4 for N-1 and N-3 respectively in the 15N spectrum when using NH3
as the carrier amine. The effect of the carrier amine was examined and benzylamine-d7 was also
found to be successful for 13C polarisation transfer with a 111 ± 3-fold signal enhancement now
being quantified. The reduction in polarisation level observed between benzylamine-d7 and NH3
has been seen previously with alcohols and proposed to relate to the more efficient NH
polarisation levels achieved prior to the relayed transfer step.168, 242
When examining the isotopically labelled 2-13C-uracil under analogous SABRE-Relay conditions
a similar level of signal enhancement for 13C was observed at 171 ± 1-fold with NH3 as the carrier
amine. It can be seen that the error in the measurement is now much lower as a consequence of
the improved SNR values achieved in the associated NMR spectra. Switching to benzylamine-d7
caused a reduction in the level of 13C NMR signal enhancements to 125 ± 13-fold. No 15N NMR
hyperpolarised signal could however be detected for 2-13C uracil. This probably is a spin dilution
effect that is a consequence of the change from 12C to 13C.34, 316
2-13C,15N2-Uracil was also examined with NH3. Now both 13C and 15N nuclei could be detected
with the enhanced signals showing gains of 155 ± 9-fold for 13C and 295 and 291-fold for N1 and
N3 respectively. The reduced 13C signal gain could be a link to increased spin dilution within the
molecule. Pleasingly, a strong signal was now obtained in the corresponding 15N NMR spectrum
which means with further optimisation it should be possible to monitor biological processes with
15

N magnetic resonance techniques.
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The blockbuster anti-cancer drug, 5-fluorouracil, was also examined via SABRE-Relay.
Examination of the

13

C NMR spectrum after SABRE-Relay polarisation allowed a signal

enhancement of 47 ± 8-fold to be quantified with benzylamine-d7 as the carrier amine. This was
further improved to 140 ± 13-fold when using NH3 as the amine carrier. When using a 1H-13C
INEPT sequence, this signal gain improved to 416 ± 68-fold for the 13C of 5-fluorouracil. 19F
NMR detection of 5-fluorouracil gave an initial signal enhancement of 23 ± 5 prior to further
optimisation. This level is greater than that achieved via SABRE where a 0.85 ± 0.53-fold
enhancement is obtained (c.f. Chapter 3.2). When changing to NH3, the 19F signal enhancement
increased to 84 ± 13-fold. Unfortunately, no signal was observed in the 15N NMR spectrum after
SABRE-Relay transfer, although this situation should change if a labelled precursor could be
sourced. It should however be remembered that adding in

19

F will increase the level of spin

dilation relative to uracil and provide a route to relaxation. However, the SABRE-Relay method,
in contrast to the SABRE method, now leads to no observable catalyst deactivation and therefore
the sample can be re-hyperpolarised multiple times over a number of hours.
Whilst the use of NH3 as the carrier amine for the SABRE-Relay process gave higher signal
enhancements, as a reactant it is problematic to work with due to it being a gas at room
temperature. Consequently, it is difficult to add reproducible concentrations of it to the sample
and there are additional safety implications. For optimisation purposes, benzylamine-d7 is more
favourable as it is a liquid at room temperature and consequently it is easier to add a specific
concentration to a sample. Thus, using this amine carrier is advantageous for reproducibility
despite the associated decrease in signal enhancement.
Due to the insolubility of uracil and 5-fluorouracil in DCM-d2, it was necessary to add a co-solvent
to dissolve it. After screening a variety of solvents, DMF was found to be able to solubilise the
desired amount of substrate and also did not interfere in the SABRE-Relay process. However, it
is worth noting that DMF would be unsuitable for use in biological systems and therefore,
eliminating its use would be beneficial in the future. Attempts to use H2O/D2O as alternative co-
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solvents did not yield any polarisation transfer under SABRE-Relay conditions which is due to
the hyperpolarised proton carrier spin dilution this addition causes.169, 242
The results presented in this chapter have therefore demonstrated the viability of SABRE-Relay
as a tool to hyperpolarise molecules which may not be compatible for hyperpolarisation via
traditional SABRE. They also indicate the promise of the SABRE-Relay method with 5fluorouracil and significantly improved signal gains were achieved compared with the SABRE
method. Interestingly, uracil and 5-fluorouracil gave different signal gains under SABRE-Relay
despite their similar structure. With uracil, a hyperpolarised signal was observed for both 13C and
15

N nuclei. With 5-fluorouracil, there was no observable 15N signal and the 13C signals achieved

were less than that on the unlabelled uracil. The electronegativity of the fluorine may play a part
in this and such effects could be investigated in the future.
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Conclusions and further work
The work presented in this thesis has demonstrated and optimised SABRE polarisation transfer
to X-nuclei within an array of biologically relevant molecules. To accomplish this, a
comprehensive set of experiments were conducted that included examining the polarisation
transfer field (PTF), substrate concentration, catalyst concentration and catalyst type. Alongside
this, other SABRE based techniques were also employed; including SABRE-Relay via proton
exchange and the use of a co-ligand, to stabilise the SABRE catalyst and allow the binding of
weakly ligating substrates. The success of these innovations was exemplified by the acquiring of
both high resolution 1H and X-nuclei phantom images at 9.4 T using a Bruker vertical bore magnet
and a 3 T Siemens clinical scanner.

Pyrimidine
Pyrimidine was the starting motif for this thesis as it is the basis of many successful drug therapies,
for example cidofir183 and trimethoprim184 and nucleobases uracil, cytosine and thymine.43 The
1

H signal enhancement for pyrimidine after polarisation transfer under SABRE conditions was

examined and optimised. NMR characterisation of the complexes formed was carried out which
revealed that two complexes were forming in solution; [Ir(H)2(IMes)(pyrimidine)3] was the major
product and [IrCl(H)2(IMes)(pyrimidine)2] was the minor. The importance of the minor species
was shown when examining the rate of hydride loss. When using a rate of exchange model where
only the tris complex was formed, the rate data did not converge. The rate of hydride loss from
these complexes was determined when the minor bis complex was included. It was shown that
the loss of the hydride ligands from [Ir(H)2(IMes)(pyrimidine)3] (A) proceeds via the
[IrCl(H)2(IMes)(pyrimidine)2] (B) intermediate. The rate of conversion of A to B at 295 K is
2.5 s−1 and the conversion from B back to A was found to be slower at 17.1 s−1. Barskiy et al
reported an optimal ligand loss of 4.5 s−1,110 which was achieved at 300 K (4.6 s−1) for hydride
loss from complex B. Therefore, optimal enhancements would be expected at this temperature,
though this may be hard to maintain when shaking the sample either in the stray field of the
magnet or using the hand haeld shaker. Examining the ∆𝐺 ‡300 for both the conversion of A to B
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and B to A, 68.2 ± 1 kJ mol−1 and 63.7 ± 1 kJ mol−1 respectively, it was clear that A was the
dominant species as ∆𝐺 ‡300 was greater for A to B. Unfortunately, the temperature range was too
small to make any clear conclusions about ∆𝑆 ‡.
The 1H signal enhancement for pyrimidine was optimised to be −542 ± 16, −584 ± 15 and −506
± 13 for H-2, H-4 and 6 and H-5 respectively. This is lower than for pyridine which gives −2397,
−1472 and −1629 for the hydrogens in the ortho, meta and para positions respectively.111 The
optimal pyrimidine concentration was found to be 50 mM which is higher than most other
substrates.111, 129 It was hypothesised that this was due to the multivalency of pyrimidine leading
to the formation of iridium trimers at lower concentrations as previously demonstrated by Olaru
et. al. with 5-(tributylstannyl)pyrimidine and 5-(trimethylsilyl)pyrimidine.139
The concentration of catalyst was also investigated and although larger 1H signal enhancements
were obtained at the lowest concentration of 0.5 mM, 2.5 mM provided a larger signal to noise
ratio. The identity of the pre-catalyst was then examined and when the pre-catalyst
[IrCl(COD)(1,3-bis(2,4,6-trimethylphenyl)-4,5-dimethylimidazol-2-ylidine)] (catalyst 4) was
utilised, the largest 1H signal enhancement was yielded. For MRI studies, the optimal catalyst for
SNR proved to be [IrCl(COD)(1,3-bis(4-tert-butyl)-2,6-dimethylphenyl)imidazol-2-ylidine)]
(catalyst 2). This could be due to increasing the substrate in concentration to 500 mM for the
MRI experiments in order to increase the SNR. This concentration may prove to be detrimental
to catalyst 4 but better for catalyst 2. This work demonstrates the intricacies of the polarisation
transfer via SABRE and each change, however small, needs to be fully evaluated.
Although a thorough investigation into the rate of hydride loss was carried out, investigations into
the rate of substrate loss should be conducted in the future. EXSY experiments should also be
carried out with the optimal catalyst for signal enhancement (catalyst 4) and SNR for the MRI
experiments (catalyst 2) to determine their different effects on the SABRE process. The
optimisation experiments conducted in this thesis for [IrCl(COD)(IMes)] should also be
conducted for these catalysts with pyrimidine to not only achieve the highest 1H signal
enhancement in NMR experiments but also to gain the highest SNR for MRI experiments. In
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order to move towards biological applications of the SABRE technique, investigations into using
a different solvent or using the CASH-SABRE method would be worthwhile.157 This would allow
the removal of the iridium catalyst and to have the hyperpolarised substrate in a bio-compatible
solvent then possible in vivo MR experiments could be conducted.

19

F hyperpolarisation via SABRE

Seven fluorinated N-heterocyclic compounds containing either pyridine or pyrimidine motif were
examined for SABRE hyperpolarisation of their 1H and

19

F nuclei. Of these molecules, 2-

fluoropyridine and 4-fluoropyridine did not exhibit SABRE. It was hypothesised that the minimal
signal enhancement observed with 2-fluoropyridine was due to the highly electron withdrawing
group near to the binding site of the catalyst which could hinder polarisation transfer due to
electronic effects. 4-Fluoropyridine is an unstable molecule and is therefore only available as a
salt. The presence of this salt, however, means that the nitrogen is unable to bind to the catalyst
and therefore prevents SABRE from occurring. Attempts to prepare the free base proved
unsuccessful. These two molecules were not investigated further. The other five molecules gave
successful SABRE enhanced signals for both 1H and 19F nuclei. The most successful of these
molecules was 3-fluoropyridine where 1H signal enhancements of −1287 ± 65-fold, −535 ± 18fold, −924 ± 38-fold and −817 ± 26-fold for H-2, 4, 5 and 6, respectively were achieved and the
19

F signal enhancement was 62 ± 6-fold. Comparing the 1H enhancements with pyridine, these

signals are between 1.8 and 3 times smaller than those of pyridine,111 which may reveal subtle
electronic effects within the SABRE process. When 5-fluorouracil was examined, both 1H and
19

F hyperpolarised signals were observed. Unfortunately, upon refreshing p-H2 and repeating the

SABRE experiments, the enhancements reduced considerably. This was due to possible
cyclometallation and subsequent deactivation of the catalyst.
The identity of the complexes formed with the fluorinated N-heterocyclic compounds and the
SABRE pre-catalyst [IrCl(COD)(IMes)] was determined by multi-dimensional NMR
spectroscopy. In these cases, two complexes were shown to form of type [Ir(H) 2(sub)3(IMes)] (A)
and [IrCl(H)2(sub)2(IMes)] (B) for all substrates except 5-fluoropyridine-3-carboxylic acid in the
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presence of Cs2CO3, where only catalyst A was formed. Both the loss of substrate and the loss of
hydride were examined.
For the substrates 3,5-difluorpyridine, 2-fluoropyrazine and 5-fluoropyridine-3-carboxylic acid
without base the data collected could not be fitted. Unfortunately, there was overlap between the
ligand and free substrate resonances and as such no suitable kinetic solution could be found for
ligand loss. However, for 3-fluoropyridine and 5-fluoropyridine-3-carboxylic acid in the presence
of Cs2CO3 where 88% and 100%, respectively, of complex A was formed the rate of ligand loss
could be fitted. At 280 K these were calculated to be 2.04 ± 0.001 s−1 and 0.57 ± 0.002 s−1
respectively, which is not the reported optimal exchange rate of 4.5 s−1 as reported by Barskiy et
al and may therefore go someway to explain why the enhancements observed for these substrates
are not as high as those for pyridine.111 For pyridine at 300 K the rate of ligand loss in the presence
of [IrCl(COD)(IMes)] is 23 s−1.111 Activation parameters for ligand loss for 3-fluoropyridine is
found to be ΔH‡(Ligand) 99 ± 3 kJ mol−1 and ΔS‡(Ligand) is 122 ± 10 J mol−1 K−1, for 5-fluoropyridine3-carboxylic acid in the presence of base ΔH‡(Ligand) for loss of is 96 ± 6 kJ mol−1 and ΔS‡(Ligand) is
101 ± 22 J mol−1 K−1. Comparing this to pyridine where ΔH‡(Ligand) 95 ± 1 kJ mol−1 and ΔS‡(Ligand)
is 96 ± 2 J mol−1 K−1. For all of these substrates ΔS‡(Ligand) is large and positive and therefore the
reaction is dissociative. The associated Gibbs free energy to ligand loss at 300 K is 63 ± 1 kJ mol−1
for 3-fluoropyridine and for 5-fluoropyridine-3-carboxylic acid in the presence of base this
increases slightly to 66 ± 1 kJ mol−1 which is the same as that for pyridine (66 ± 1 kJ mol−1).111
Examination of hydride loss could be completed with the substrates 3-fluoropyridine, 3,5difluorpyridine and 2-fluoropyrazine. However, the mechanism of hydride exchange for
complexes of type A, where complex B was present, were found to go via catalyst B. This could
be modelled computationally to give strong correlation to the experimental data. Therefore,
examination of the rate of hydride loss at 265 K with 3-fluoropyridine was 0.37 s−1 whereas with
3,5-difluoropyridine or fluoropyrazine it was 0.43 s−1 and 0.16 s−1 respectively. The analogous
rate was 0.3 s−1, which is between the previous substrates, when 5-fluoropyridine-3-carboxylic
acid in the presence of Cs2CO3 was used, though the method of fitting this data did not include
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catalyst B. Examining the rate of hydride loss for [Ir(H)2(methanol)(pyridine)2(IMes)] complex
reported by Lloyd et. al. (2014), was 1.72 s−1 at 265 K. This reduction in catalyst lifetime when
fluorinated N-heterocyclic compounds are present may explain why their 1H signal enhancements
are lower than those for pyridine (−1287 ± 65 for H-2 on 3-fluoropyridine,219 −2397 for H-2 on
pyridine111). When examining the exchange process for each step of the exchange mechanism,
conversion of A to B, loss of H2 from B, swopping of inequivalent hydrides within complex B
and conversion of B to A. It is found that substrate loss from B is favoured and this happens first
as the transition state barriers are lower for this step. After this hydride loss occurs from B. From
the data obtained substrate loss from A is less favoursed than from B. Examining the activation
parameters for hydride loss for substrates 2, 4 and 5, they were all found to be within error of each
other and ∆𝑆 ‡ is large and positive, demonstrating this is still a dissociative pathway.
For 5-fluoropyridine-3-carboxylic acid without base the hydride region was not as clean as the
other substrates. Several species are formed and the signals under examination are weak. This is
probably due to the molecule being zwitterionic, many species are formed and make exchange
data difficult to ascertain.
19

F phantom MR images were collected for all molecules which successfully hyperpolarised via

SABRE, including 5-fluorouracil. However, if 19F is to be used in clinic, the short T1 needs to be
overcome.
To further improve the 19F signal enhancement gained here, direct SABRE experiments should
be carried out using a hand-held magnet array,106 with a field of 35 mG or mu-metal shield. This
would allow for optimal polarisation to transfer from the p-H2 derived hydrides to the 19F nuclei.
Unfortunately, two main barriers prevent this being used as an imaging agent, the short T1 of 19F
and the solvent (methanol-d4) used to demonstrate the signal enhancement here. Methods to
remove the catalyst and use a different solvent system, as described in Chapter 1 section 1.3.4,
could also be implemented here.
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Hyperpolarisation of X-nuclei via SABRE-Relay
The SABRE-Relay method was used to successfully hyperpolarise 13C, 15N, 31P and 19F nuclei of
urea, uracil, monosodium dihydrogen phosphate (MSP), adenosine triphosphate (ATP) or 5fluorouracil. The greatest 13C signal enhancements obtained for 13C,15N2-urea were 5117 ± 536fold when using NH3 as the amine carrier. This carrier also provided the greatest SNR for 15N,
which was 16. As a proof of concept, hyperpolarised 13C phantom MR images were obtained for
13

C-urea using a 3 T Siemens clinical MR scanner. Thus, the potential for clinical based MR

perfusion imaging using a SABRE-Relay hyperpolarised contrast agent has been demonstrated.
Uracil was one of the most successful substrates examined using the SABRE-Relay method and
gave 13C signal enhancements for unlabelled (223 ± 54-fold, with NH3), 13C labelled (171 ± 14,
with NH3) and 13C and 15N2 labelled uracil (129-fold). Also, the unlabelled and 13C,15N2-uracil
molecules demonstrated hyperpolarised signals in the 15N NMR spectra with signal gains of 6.5
± 3.3 and 12.8 ± 3.8-fold and 610 ± 29 and 840 ± 35-fold respectively.
Hyperpolarised 31P signals for both MSP and ATP were successfully recorded. MSP 31P signal
was optimised and with these conditions the greatest 31P signal enhancement for MSP (40 mM)
was recorded as 136 ± 2-fold (SNR of 49 ± 8), with NH3 (15 mM) as the amine carrier. To increase
this further, MSP should be dissolved in a 50:50 H2O:D2O mix which could reduce spin dilution
and decrease relaxation.
Examination of the 13C and 19F hyperpolarised NMR response for 5-fluorouracil was also carried
out by SABRE-Relay, where signal enhancements of 47 ± 8-fold and 23 ± 5-fold respectively
were observed. Comparing the 19F signal enhancement that was attained by using SABRE and
SABRE-Relay, a 55 times improvement is seen with SABRE-Relay compared to that of SABRE.
As well as this, when the SABRE-Relay samples that contained 5-fluorouracil were examined
after a few hours of catalyst activation,

19

F signals were still observed. In contrast, the

corresponding SABRE samples no longer exhibit a hyperpolarised response. It is postulated that
cyclometallation of 5-fluorouracil with the iridium complex leads to deactivation of the active
SABRE catalyst.
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For all substrates NH3, benzylamine-d7 and or phenethylamine (PEA) were examined as carriers.
Without exception, NH3 provided the greatest signal enhancement for all X-nuclei examined.
However, for optimisation purposes it is more straightforward to use a liquid amine as these are
far easier to handle.
For substrates dissolved in H2O or using a D2O:H2O mix, the ratio and volume should be
optimised as water does reduce signal enhancement observed on the substrate of interest,
regardless of which nuclei is being examined. An in depth study of the mechanism between the
SABRE active catalyst and the amine has already been conducted.242 It would therefore be
advantageous to explore possible field cycling317, 318 experiments as the polarisation transfer field
(PTF) from the p-H2 derived hydrides to the amine are unlikely to be the same as the PTF from
the hyperpolarised 1H nuclei to the X-nuclei of the substrate of interest. Examination of the
exchange mechanism between the amine and the substrate was explored in collaboration with
another group but proved too complex. Improvements in NMR exchange experiment techniques
could be examined and used to investigate these exchange rates and mechanisms.
The 31P substrate range could be widened to include other metal phosphates and possibly longer
chain phosphate molecules. Optimisation of this and the 15N signal observed in uracil should also
be undertaken to improve upon the signal gains already achieved here. However, the insolubility
of uracil and 5-fluorouracil meant that the co-solvent DMF was used along with DCM-d2 which
are both unsuitable for use in biological systems. However, the identification of intermediates in
the drug development process could be identified using this method. Despite the similarity in
structure, no 13C or 15N signal enhancements were seen for 5-fluorouracil. This could be due to
the electronegativity of fluorine; therefore, this effect could also be investigated which may see
further improvements in signal enhancement from other, similar molecules.

13

C hyperpolarisation using SABRE with a co-ligand

Sodium oxalate was first examined under SABRE-Relay conditions which proved to be
unsuccessful. In contrast, SABRE hyperpolarisation in the presence of a sulfoxide co-ligand led
to a 13C signal enhancement of 4112 ± 484-fold for sodium oxalate. This could be improved to
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4907 ± 861-fold when using [Ir(COD)(OC(CH3)2)(IMes)]PF6 as the SABRE pre-catalyst. The
complex responsible for SABRE in this case could not be determined with only
[IrCl(H)2(DMSO)2(IMes)] being identified in the mixture. However, when crystals of the sample
were grown and examined under X-ray crystallography this revealed an oxalate dimer, bridging
two iridium centres with the structure, [Ir2(H)4(DMSO)2(IMes)2(µ-oxalate)].
Examining the exchange rates of the [IrCl(H)2(DMSO)2(IMes)] complex in both methanol-d4 and
DCM-d2 at 263 K, it was found that the rate of hydride loss was 3.31 ± 0.26 s-1 and 1.16 ± 0.04 s1

respectively. For the loss of DMSO, rates of 3.35 ± 0.01 s−1 and 1.56 ± 0.01 s-1 respectively were

determined. These results show that the rates of loss for ligand and hydride are slower in the less
polar solvent, DCM-d2 which is likely to be due to better intermediate stabilisation in methanold4
In both systems it was shown that it was more favourable to lose the DMSO ligand, than hydrogen
and this is only slightly more favourable with methanol-d4 than DCM-d2 (ΔG±300K for DMSO is
57 ± 0.2 kJ mol−1 and 58 ± 0.1 kJ mol−1, respectively). The energy barrier to hydrogen loss for the
complex in methanol-d4 is 58 ± 0.3 kJ mol−1 and for DCM-d2 it is 60 ± 0.1 kJ mol-1. These results
show that the loss of DMSO is dissociative, as is the accepted SABRE mechanism.119 When the
identity of the sulfoxide was changed to methyl phenyl sulfoxide, the rate of sulfoxide loss
increased to 21.48 s−1 in DCM-d2 and 49.02 s−1 with the addition of methanol, demonstrating the
the binding potential of the sulfoxide and the rate of exchange are linked.165
A more extensive study into the effect of the sulfoxide co-ligand could be carried out alongside
optimising the catalyst and substrate concentrations. Further optimisation of temperature and
pressure of p-H2 effects should also be carried out to possibly improve the polarisation of sodium
oxalate. It may also be advantageous to explore the exchange rate specifically as a function of
substrate. It may also be worth investigating the addition of ligands to the SABRE catalyst to see
if this displaces the bound oxalate and possibly help to control and manipulate this process.
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Instrumentation
NMR spectrometers and solvents
All NMR data were collected on either a 400 MHz (9.4 T) or a 500 MHz (11.7 T) Bruker AVIII
spectrometer. Resonant frequencies used were: 1H 400.1 MHz (9.4 T) and 500.1 (11.7 T) MHz,
13

C 100.6 MHz (9.4 T) and 125.8 MHz (11.7 T), 15N 50.7 MHz (9.4 T) and 40.56 MHz (11.7 T),

31

P 162.0 MHz (9.4 T) and 19F 470.5 MHz (11.7 T). Bruker Topspin 3.6.2 was used for data

acquisition, versions 3.6.2 and 4.0.8 were used for data processing. Chemical shifts are quoted
in parts per million (ppm) with respect to the normal reference point for the residual solvent
signal. The solvents used for NMR analysis were methanol-d4 (residual signal, δ1H 3.34,
δ13C 49.86) or dichloromethane-d2 (residual signal, δ1H 5.33, δ13C 54.24) and they were purchased
from Sigma. For characterisation purposes, multiplicities are described as either, singlet (s),
doublet (d), triplet (t), quartet (q), multiplet (m) or broad (br). All J-coupling values are given in
Hz.

Para-hydrogen Generator
The para-hydrogen (p-H2) gas used in this research was supplied from a bespoke p-H2 rig where
H2 gas was cooled to 28 K and passed over a paramagnetic catalyst (Fe2O3) to convert ortho-H2
into p-H2. The conversion of ortho-H2 to p-H2 has been experimentally confirmed to yield p-H2
purity of > 99%.103 For all experiments carried out in this thesis, the pressure of H2(g) used was
4 bar absolute pressure. A pressure gauge (MKS Baratron®) indicates the pressure relative to
ambient temperature and pressure, therefore 3-bar on this gauge corresponds to 4 bar absolute.

X-ray Crystallography
Preparation of the sodium oxalate dimer crystals involved the preparation of a sample containing
sodium oxalate (25 mM), DMSO (20 mM) and [IrCl(COD)(IMes)] (5 mM) and H2 in methanold4 (0.6 mL) and 50 µL H2O. It was left for 10 hrs to activate and the H2 atmosphere then vented.
Degassed hexane (~ 3 mL) was then layered over the methanol solution in the NMR tube. This
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tube was then left under a N2(g) atmosphere for several days. A suitable crystal was selected and
mounted onto an Oxford Diffraction SuperNova X-ray diffractometer. During data collection, the
crystal was kept at 110 K. “CrysAliasPro” was used for the control of the diffractometer, data
collection, determination of the cell, frame integration and unit cell refinement.319 Spherical
harmonics was applied using the scale algorithm SCALE3 ABSPACK, this was to correct the
face-indexed absorption. The structure was solved using the ShelXT320 programme within the
Olex2321 package, this was refined using the ShelXL322 programme using Least Squares
minimisation. The crystal structures, presented in the thesis and Appendix, along with the
crystallographic data has the solvent molecules and counterions have been omitted for clarity.

General experimental procedures
SABRE-Sample preparation
Unless otherwise stated, NMR SABRE samples were prepared with the pre-catalyst
[IrCl(COD)(IMes)] (5 mM, where COD = cis,cis-1,5-cyclooctadiene and IMes = 1,3-bis(2,4,6trimethyl-phenyl)imidazole-2-ylidene). The desired concentration of the substrate under
investigation was then added, and the mixture was subsequently dissolved in 0.6 mL of a specified
solvent (either methanol-d4 or dichloromethane-d2). Samples that were prepared for imaging or
for use in the flow system used a larger 3 mL volume of solvent. For both NMR and MRI analysis,
the sample was placed in a 5 mm or 10 mm NMR tube respectively, fitted with a J. Young’s tap.
The sample was then de-gassed using the freeze-pump-thaw method, three times. If using
methanol-d4 a dry ice / acetone bath was used, for dichloromethane-d2 a liquid nitrogen bath was
used.

SABRE-Relay sample preparation:
Unless otherwise stated NMR SABRE-Relay samples were prepared with the pre-catalyst
[IrCl(COD)(IMes)] this was dissolved in 0.6 mL of dichloromethane-d2. If the sample was for
imaging, 3 mL of solvent was used. For both NMR and MRI analysis, the sample was placed in
a 5 mm or 10 mm NMR tube respectively, fitted with a J. Young’s tap. The sample was then degassed using the freeze-pump-thaw method, three times using a liquid nitrogen bath. The desired
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concentration of the amine or ammonia gas was then added. Unless stated, the catalyst and amine
were activated with 4 bar hydrogen gas. Upon complete activation, whereby the cyclooctadiene
is hydrogenated to form cyclooctane (COA); observed at approximately ẟ 1.56 and a hydride
signal between δ −20 to −30 is observed reflective of the formation of [Ir(H)2(IMes)(sub)3]Cl
(etc). The desired concentration of substrate dissolved in either DMF or a combination of H2O
and/or D2O was then added, in a glovebox to this activated sample.

Catalyst preparation
The [IrCl(COD)(IMes)] was provided by Dr. V. Annis or Dr. P. Rayner.118, 323 All other catalysts
used were prepared by Dr. P. Rayner.118

Substrates
Substrates were purchased from Acros (3,5-difluoropyridine), Fluorochem (3-fluoropyridine, 5fluoro-3-carboxylic acid, 5-fluorouracil), Fisher scientific (caesium carbonate), Chem Cruz
(13C2-sodium oxalate), Fisons (sodium oxalate) and Sigma-Aldrich (pyrimidine, 2fluoropyridine, 4-fluoropyridine.HCl, fluoropyrazine,

13

C-urea,

13

C,15N2-urea, adenosine-5’-

triphosphate disodium salt, uracil, 2-13C-uracil, 2-13C,15N2-uracil).

Handheld magnet array
A range of hand-held magnet arrays have been produced in-house.106 These are based upon a
Halbach design, using permanent magnets, and have magnetic field strengths within the range of
30 G to 140 G.

SABRE method
Unless otherwise stated, all samples were prepared as described in the General experimental
procedures SABRE-Sample preparation or SABRE-Relay sample preparation sections (7.2.1
and 7.2.2 respectively). All samples were activated using 4 bar hydrogen gas. Upon addition of
the substrate with the pre-catalyst in solution, the substrate replaces the chloride ion within the
SABRE pre-catalyst, this is shown in Figure 7.1, step 1. Once the sample has been prepared, 4 bar
(absolute) of hydrogen is added to the head space of the tube and shaken. With the addition of

219

Experimental
hydrogen, the colour of the sample usually changes indicating that the catalyst is activated.
However, this process is repeated a number of times, allowing the hydrogen in the head space of
the NMR tube to dissolve in the sample; this causes the COD to be hydrogenated and removed
from the catalyst, leaving the corresponding SABRE active form, as identified in this work.
For the active catalyst a hydride signal appears between δ −20 to −30 ppm, which is characteristic
of the formation of the complex [Ir(H)2(IMes)(sub)3]Cl. This is checked by running a single scan
NMR spectrum. If there are peaks seen around ẟ −10 and −17 ppm, then COD is still bound to
the complex (see C in Figure 7.1), as this has characteristic hydrides trans to COD. The region
between ẟ −22 and −30 ppm is also observed to ascertain whether or not the fully activated
complex has been formed, hydrides in this region are associated with complex D also shown
Figure 7.1. Fresh hydrogen is added until the catalyst is fully activated. Once activated the
headspace was evacuated and replaced by p-H2 (4 bar). The sample was then shaken for
10 seconds.

Figure 7.1 – Schematic of the activation mechanism of the SABRE pre-catalyst [IrCl(COD)(IMes)]
with a substrate and excess hydrogen to form the SABRE active catalyst [Ir(H) 2(IMes)(Sub)3)]Cl.

In order for the resonance conditions of the SABRE method to be met, samples were either shaken
in the stray field of the Bruker 400 MHz spectrometer or in the field of a hand-held magnet array.
To quantify the field a gaussmeter (GM08, Hirst Magnetic Instruments Ltd, ± 0.5%
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reproducibility) was used. The shaker used here generates a magnetic field of 6.1 ± 0.3 mT (61 ±
3 G), which, for 1H, is the optimal polarisation transfer field for most SABRE amenable
substrates.106 In the case of 15N or 13C where polarisation transfer fields of a few mG was required,
a mu metal shield was employed.
The sample was then immediately placed into the NMR, where the receiver gain was set to 1, and
a 90° single shot radio frequency (r. f.) pulse was applied and a free induction decay (FID)
acquired.
In addition to hyperpolarised NMR spectra, a normal NMR spectrum is taken of the sample with
hydrogen dissolved under Boltzmann conditions (thermal signal). This allows the net signal
enhancement to be calculated (see section 7.2.9). This is known as the shake and drop method.

SABRE under automated flow
The signal enhancements achieved through the shake and drop method inherently contain sources
of human error. These are due to parameter variations when shaking the sample, particularly if
using the stray magnetic field, shaking time and the shake intensity of the user. The flow system
circumvents the variation of all of these factors to generate more reproducible controlled
results.138
The automated flow system was developed in collaboration with Bruker, it includes a polariser
and a sample delivery system. To use the flow system, a larger 3 mL sample is prepared at the
required concentration. p-H2 can be bubbled through the sample at 4 bar (absolute) for a
predetermined amount of time through a porous frit. This allows the sample to activate and the
hyperpolarised signal to build up. The sample is subsequently transferred to the spectrometer
using a pneumatic flow of nitrogen gas. Once inside the spectrometer the required pulse sequence
is applied and a spectrum is obtained, the sample is then transferred back to the mixing chamber
where fresh p-H2 can be added to the sample, and the process can be repeated. The flow system
is accurately controlled, and the triggers are incorporated into the Bruker pulse sequences directly
so human error is completely removed. This allows the process to be easily repeated, a schematic
of the flow system is shown in Figure 7.2.138
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Figure 7.2 – Schematic of the flow system adapted from scheme 1 in reference 138. 138

Although the results obtained from the flow system are more reproducible, the enhancements are
consistently lower than those achieved by the corresponding shake and drop method. For example,
the total 1H NMR signal enhancement using the flow system for nicotinamide is 720-fold,138 but
under similar reagent conditions with manual shaking, this increases to 2167-fold,129 over 3 times
that of the flow system. This effect is most likely due to a combined effect of mixing with p-H2
being less effective and longer transfer times as there is a 3 s outgassing step before transfer,
allowing relaxation of the substrate before detection. However, the increased control of the flow
system allows accurate measurement of the magnetic field dependency of the SABRE approach.
This provides a route to ascertain the optimal polarisation transfer field to perform SABRE for
any given substrate and therefore gaining the best enhancement when shaken, manually at this
field. The sample chamber is placed inside a solenoid, which is used to deliver the small magnetic
field required for SABRE, with a range of fields from 0 to 140 G.
For polarisation transfer field (PTF) optimisation experiments, the solenoid coil surrounding the
mixing chamber can be changed, such that the magnetic field can be altered anywhere between
−150 to 150 G. When using this system a sample, unless otherwise stated, was prepared with the
pre-catalyst [IrCl(COD)(IMes)] (5 mM), substrate (100 mM) in methanol-d4 (3 mL). To activate
the sample, the bubble-transfer-acquire experiment was repeated, until the hydride peaks at
between δ −12 and −17 disappeared and a hydride appeared for the activated species at around
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δ −20 to −30. Unless otherwise stated, the bubbling time was set to 10 seconds for the
hyperpolarised experiments, using a pressure of p-H2 set to 4 bar.

Enhancement calculations
The SABRE signal enhancement (𝜀) is determined by dividing the hyperpolarised signal intensity
(𝑆ℎ𝑦𝑝 ) of the nuclei in question by the signal intensity of the same signal when taken under
Boltzmann conditions (𝑆𝑡ℎ ) as shown in equation 7.1.

𝜀=

𝑆ℎ𝑦𝑝
𝑛
𝑆𝑡ℎ

(7.1)

As the SABRE experiment is conducted in one NMR transient, the integral of the Boltzmann
signal must be divided by the number of scans (𝑛), and therefore this term was added to equation
7.1. This method is viable for a nucleus where the thermal signal can be observed. However, for
nuclei such as 13C and 15N, where a signal under Boltzmann conditions is difficult to obtain, then
an NMR standard must used. This can be a concentrated sample of the substrate under
investigation or the signal from the solvent, depending upon whether or not a signal under
Boltzmann conditions can be obtained. When using a standard, equation 7.2 is used.

𝜀=

𝑆ℎ𝑦𝑝 𝑀𝑟𝑠𝑢𝑏 𝑀𝑟𝑒𝑓
𝑆𝑟𝑒𝑓 𝑀𝑟𝑟𝑒𝑓 𝑀𝑠𝑢𝑏

(7.2)

Where 𝑀𝑟𝑠𝑢𝑏 is the molecular mass of the substrate, 𝑀𝑟𝑒𝑓 is the mass used of the reference
compound. 𝑀𝑟𝑟𝑒𝑓 is the molecular mass of the reference and 𝑀𝑠𝑢𝑏 is the substrate mass. However,
if the solvent is used the mass must be calculated, this is done by using equation 7.3.
𝑀 = 𝑣𝑜𝑙 × 𝜌

(7.3)

Where 𝑀 is the mass (g), 𝑣𝑜𝑙 is the volume (mL) and 𝜌 is the density (g mL−1). From this, the
concentration (c) in moles, of the solvent can be calculated as shown in equation 7.4.

𝑐=

𝑀
𝑀𝑟

(7.4)

An accurate Boltzmann signal, per mole can now be obtained as shown in equation 7.5.
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𝑆𝑜𝑙𝑣𝑒𝑛𝑡 𝑁𝑀𝑅 𝑠𝑖𝑔𝑛𝑎𝑙 =

𝑆𝑟𝑒𝑓
𝑐

(7.5)

Another way to examine signal improvement is to use the ratio of the thermal and hyperpolarised
signal to noise ratio (SNR) as shown in equation 7.6.

𝑆𝑁𝑅 𝑔𝑎𝑖𝑛 =

𝑆𝑁𝑅ℎ𝑦𝑝
𝑆𝑁𝑅𝑇ℎ

(7.6)

Where hyp = hyperpolarised SNR and Th = thermal SNR.

Error calculations
The associated error for SABRE experiments and T1 were calculated by firstly, taking the mean
(𝑥̅ ) from the repeated measurements, n (equation (7.7)).

𝑥̅ =

∑ 𝑥𝑛
𝑛

(7.7)

Then the standard deviation (S.D) for the repeated measurements (equation 7.8)

∑(𝑥𝑛 − 𝑥̅ )2
SD = √
𝑛−1

(7.8)

The error was then calculated as shown in equation 7.9

𝐸𝑟𝑟𝑜𝑟 =

𝑆𝐷

(7.9)

√𝑛

In cases where a value was calculated based upon other values which possessed their own error,
for example calculating the error in 𝑧, when both 𝑥 and 𝑦 have errors as shown in equation 7.10.
𝑧 = 𝑥+𝑦

(7.10)

The error was propagated using equation 7.11.
2
2
𝛿𝑥
𝛿𝑦
∆𝑧 = ( . ∆𝑥) + ( . ∆𝑦)
𝛿𝑧
𝛿𝑧
2

Which can be simplified to equation 7.12
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∆𝑧 = √(

2
2
𝛿𝑥
𝛿𝑦
. ∆𝑥) + ( . ∆𝑦)
𝛿𝑧
𝛿𝑧

(7.12)

For rate constants the Jack-knife method was used to calculate the errors.190, 324
Here, the data from one time data point is removed and the rate constant is calculated, using the
Microsoft Excel SOLVER package (see section A.2), without this time point. This is then inserted
back into the data and the data from the next time point is removed and the data re-solved. This
is repeated for each time point until a rate constant has been obtained for each removed time point
and a rate constant with all time points included. The standard error was then calculated as shown
by equation 7.9.

SABRE Exchange Kinetics – EXSY
To observe the exchange process within the complexes described in this thesis selective exchange
spectroscopy (EXSY) experiments were carried out. This experiment is based on the 1D Nuclear
Overhauser Effect (nOe) experiments first described by Kessler et. al. in 1986 and expanded upon
by Stonehouse et. al. and Stott et. al.289-291 On the Bruker system the pulse programme employed
is ‘selnogp’ and is described graphically in Figure 7.3.
The spin magnetisation which we are interested in, is selectively excited. This is achieved by
using a single pulsed-field-gradient echo, which is a 180° pulse after the initial 90° pulse. The rest
of the spins in the system are left and are not observed. The following 90° pulse transfers the
magnetisation onto the −z axis. There is then a delay termed the mixing time, 𝜏𝑚𝑖𝑥 , which allows
the chemical exchange to occur. This mixing time is changed to reflect the exchange time of the
reaction, in the case of the complexes here, between 0.005 s and 1.0 s. A standard gradient echo
is then applied to refocus the selected magnetisation, this and the exchanged resonance(s) is then
detected using the usual 90° pulse.
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Figure 7.3 – Pulse sequence for the selective 1D NOESY experiment, otherwise known as an EXSY
experiment.

Relaxation – T1 experiment
T1 is the time taken for magnetisation to return to equilibrium in the z-axis after perturbation. To
understand T1, we first need to understand the motion and collisions of molecules in liquids. In
liquids, small molecules frequently undergo collisions, they also translate and rotate on a fast
timescale, referred to as tumbling. Since each of the molecules in the sample are effectively small
dipole magnets, the movement of these will cause local magnetic field fluctuations, which will be
felt by subsequent spins. It is these fluctuating magnetic fields that causes the return to
equilibrium. This type of interaction is known as dipole-dipole. For spin ½ nuclei the most
dominant form of relaxation arises from dipole-dipole interactions. Another factor that dictates
the value of T1 is the local environment of the spins and is also dependent on which nucleus is
being detected, as the theoretical T1 is dependent on the gyromagnetic ratio. There are two main
ways of measuring T1, saturation recovery and inversion recovery. There is also a hyperpolarised
method to measuring relaxation, known as the single shot hyperpolarised method.
Inversion recovery method
There are two main ways to measure T1, inversion recovery and saturation recovery, both
sequences start from the equilibrium position in the z-axis after being inserted into the NMR
spectrometer. For the inversion recovery sequence, a 180° r. f. pulse is applied, inverting the
magnetisation into the negative z-axis. Then a variable delay time (τ) is encoded in which the
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spins will start to relax, see Figure 7.4 for the pulse sequence. The amount of relaxation will
depend on the duration of this delay. Immediately after the delay a 90° r. f. pulse is applied which
rotates the magnetisation into the xy plane for detection (see Figure 7.4), where a free induction
decay (FID) is then recorded. From this a spectrum can then be obtained using a Fourier
transformation.

Figure 7.4 – (Top) A graphical description of the inversion recovery experiment to measure the spinlattice relaxation times, T1. Adapted from Nuclear magnetic resonance by P. J. Hore. 8 Bottom the
pulse sequence for the inversion recovery NMR experiment to determine T1 adapted from M. Levitt’s
Spin Dynamics: Basics of nuclear magnetic resonance.9

As depicted by the pulse sequence in Figure 7.4, this step is repeated multiple times to map out
the decay and characterise the relaxation time.
Between each scan a delay equal to 5T1 should be left in order to fully reach equilibrium before
subsequent acquisitions. Inversion recovery is described by an exponential decay of the form of
equation 7.13.

𝑀𝑥𝑦 (𝑡) = 𝑀0 (1 − 𝐴𝑒𝑥𝑝 [

−𝜏
])
𝑇1

(7.13)

Where Mxy is the magnetisation in the xy plane at time t, M0 is the magnetisation at thermal
equilibrium. A is a constant which ideally has a value of 2 but is left as a fitting variable to account
for any imperfections in the timings of the pulse sequence, and T1 is the spin-lattice relaxation
time. The value of A is 2 due to the fact the magnetisation goes from –M0 at t=0 to +M0 at infinite
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times. The intensity of magnetisation and the time delay was plotted, and the fitting of the data
collected was achieved via the Origin software package using equation 7.13 above.
Saturation recovery
The alternative measurement, saturation recovery, is similar to inversion recovery, however, the
time at the beginning of each experiment the magnetisation is saturated, so the net magnetisation
is zero, and subsequently allowed to recover in the z-axis. This saturation is either achieved with
spoiler gradients or applying a 90o pulse chain in quick succession effectively scrambling the
magnetisation. The advantage of this sequence is not having to wait the 5T1 between experiments
which can greatly reduce experimental time for measurements of long T1 value samples.

Figure 7.5 – Pulse sequence for the saturation recovery NMR experiment to determine T1 adapted
from Bruker pulse sequence files where τ is the time delay.

Within this thesis, the inversion recovery method has been used, as this is the more robust method
for shorter T1 values, however, saturation recovery may be used in future experiments in the case
of very long T1 values.
Hyperpolarised single shot T1
A series of 15, single shot, 1H NMR spectra were acquired using r. f. pulses of increasing flip
angle for each excitation. The increasing pulse angle is calculated to ensure the same
magnetisation is sampled at each measurement, with the observed decrease in signal arising from
the relaxation of the hyperpolarised signal. The initial amplitude of the first flip angle will be
𝑀0 sin 𝜃1 which, by the 15th spectrum, the polarisation will have decayed. Therefore, this angle
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needs to be calculated for each nuclei and substrate, this was carried out using the equations from
Semenova et. al. (2019).6 From this the following angles were calculated: (See Table 7.1and Table
7.2)
Table 7.1 – Table of optimised pulse length for 13C for both 2-13C-uracil and 2-13C,15N2-uracil.

Experiment
number

flip angle, θ (°)

Pulse length
(µs)

Mxy (%)

Mz (%)

1
2

15.0
15.5

2.50
2.58

25.96
25.80

96.60
93.10

3

16.1

2.68

25.80

89.40

4

16.8

2.80

25.80

85.60

5

17.5

2.93

25.70

81.60

6

18.4

3.08

25.80

77.50

7

19.5

3.27

25.90

73.00

8

20.7

3.47

25.80

68.30

9

22.2

3.72

25.80

63.30

10

24.1

4.03

25.80

57.70

11

26.6

4.47

25.90

51.60

12

30.0

5.05

25.80

44.70

13

35.2

5.97

25.80

36.50

14

44.9

7.68

25.80

25.90

15

86.2

15.00

25.80

1.70
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Table 7.2 – Table of optimised pulse length for 15N for 2-13C,15N2-uracil.

Experiment
number

flip angle, θ (°)

Pulse length
(µs)

Mxy (%)

Mz (%)

1
2

15.0
15.5

4.50
4.64

25.96
25.80

96.60
93.10

3

16.1

4.82

25.80

89.40

4

16.8

5.04

25.80

85.60

5

17.5

5.27

25.70

81.60

6

18.4

5.54

25.80

77.50

7

19.5

5.89

25.90

73.00

8

20.7

6.25

25.80

68.30

9

22.2

6.70

25.80

63.30

10

24.1

7.25

25.80

57.70

11

26.6

8.05

25.90

51.60

12

30.0

9.09

25.80

44.70

13

35.2

10.75

25.80

36.50

14

44.9

13.82

25.80

25.90

15

86.2

27.00

25.80

1.70

Figure 7.6 – Pulse sequence for the hyperpolarised single shot T1 experiment, using a variable flip
angle where t1 is the SABRE polarisation transfer time, t 2 is the NMR transfer time and ∆tn is the
variable time delay.

A series of 15 FIDs were recorded using the variable flip angles calculated in Table 7.1 and Table
7.2 for both 13C and 15N nuclei respectively in 2-13C,15N2-uracil. The time delay between r. f.
pulses is ∆tn, where n is the delay between 𝜃n and 𝜃n+1 as shown in Figure 7.6.
The hyperpolarised longitudinal relaxation (T1) times were calculated using an exponential fit of
the decay of the hyperpolarised signal as shown in equation 7.14
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𝑀 = 𝑀0 𝑒

(

−𝑡
)
𝑇1

+ 𝑀𝑇ℎ 𝑒𝑞𝑢.

(7.14)

Where 𝑀 is magnetisation, 𝑀0 is the initial magnetisation, T1 is the time constant, t is the time
after the first r. f. pulse and 𝑀𝑇ℎ 𝑒𝑞𝑢. is the thermal equilibrium magnetisation.6

Imaging acquisition
Images were acquired using i) rapid acquisition with relaxation enhancement (RARE); ii) steady
state free precession (SSFP); or iii) chemical shift (CSI) based approaches. All data were analysed
using custom written code in MATLAB (MathWorks). Regions of interest were drawn manually
where appropriate.
Rapid Acquisition with Relaxation Enhancement (RARE)
Standard spin echo sequences start with a 90° r. f. pulse to flip the net magnetisation of the bulk
nuclei to the Mxy plane. Once this occurs the spins of the nuclei then start to de-phase (as shown
in Figure 7.7 A-B) due to i) static inhomogeneities within the local magnetic field and ii) random
spin-spin interaction. A second r. f. pulse (180°) is then applied, flipping the spins in this
transverse plane, and spins start to rephase (as indicated in image C Figure 7.7). Once the spins
have re-focused (D), an ‘echo’ signal is then recorded at the time point known as the echo time
(TE).325,

326

It is noted that the spin-echo approach only rephrases the effects of the static

inhomogeneities in the magnetic field. The magnitude of the echo will attenuate by spin-spin
interactions only (as part of a T2 decay envelope).

Figure 7.7 – Mapping the changes which occur in nuclear spins during a spin echo sequence.

RARE is a spin-echo variant which uses a train of 180° r. f. pulses, generating multiple echoes
(after a single excitation pulse) with different phase encoding, in essence each echo capturing a
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single line of k-space, within a single T2 decay envelope.327 This allows for shorter image
acquisition times, and a ‘one-shot’ SABRE experiment which is advantageous (see below).
Furthermore, a centric phase encoding approach where centre lines of k-space are captured first,
can be implemented to ensure that low frequency (in particular the DC component) image
information is captured while polarisation/signal is highest (in essence equating to a short overall
image TE).

Figure 7.8 – Spin-echo and RARE pulse sequences, where R.F. is the radio frequency, TE = echo time
and TR = repetition time, demonstrating the multiple echoes which can be recorded with RARE.
1

H and 19F imaging experiments (Chapters 2 and 3) were carried out on a 400 MHz (9.4 T) Bruker

spectrometer, with integrated micro 2.5 gradient set (150 mT/m), using a single shot, 2D centric
encoded Rapid Acquisition with Relaxation Enhancement (RARE) image sequence. Imaging
parameters were TR = 600 ms; TE = 4 ms, field of view (FOV) = 40*40 mm2, matrix size = 64*64.
Imaging used a 40 mm outer diameter dual tuned 1H/19F volume resonator. Hyperpolarised images
were obtained after addition of 4 bar p-H2 and shaken in the stray field of the MR magnet.
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Steady State Free Precession (SSFP)
Application of a single 90° r. f. pulse on a hyperpolarised sample, will excite all the ‘gained’
magnetisation. From the transverse plane the magnetisation will relax back to thermal equilibrium
in the longitudinal plane. In essence after this 90° r. f. pulse the hyperpolarised state will be
‘destroyed’ and no subsequent measures can be made.
Therefore, to acquire a series of images over time a steady state free precession (SSFP) was
applied. Here a series of small flip angle r. f. pulses are applied in quick succession (repetition
time, TR is extremely short ~ 4ms). In effect this keeps the magnetisation in a pseudo steady state.
The free induction decays generated by each r. f. pulse are measured as part of k-space encoding
generating a whole image within TR * phase lines (e.g. 4ms * 128 > 512ms) 328, 329. The use of a
small initial excitation flip angle means that some hyperpolarised magnetisation remains (cos 5°
= 99.6%, signal remaining) in the longitudinal plane for later excitation to generate subsequent
time resolved images (with an image repetition time ~ 512ms).
For 1H and 19F signal decay investigations the same 9.4 T Bruker NMR system (described above)
was used. SSFP sequence parameters were TR = 4 ms, TE = 2 ms, FOV = 1.2*1.2 cm, matrix size
= 64*64, 62 (NS) FISP 2D images were acquired as a function of time from the polarisation
transfer step after 0.6-6.0 s, in 600 ms intervals (image repetition time). 5° flip angle r. f pulses
were used to maintain the steady state for readout.
Chemical Shift Imaging (CSI)
Chemical Shift Imaging, CSI (an example of Magnetic Resonance Spectroscopic imaging, MRSI)
uses pulsed field gradients to enable spectroscopic measures from various voxel volumes within
the sample. CSI is carried out by using phase-encoding gradients as shown in Figure 7.9.330, 331 In
short spatial resolution is sacrificed to gain spectral information. As the sequence is FID based
TR can be short and alongside a small flip angle CSI finds application in hyperpolarised based
MRI. This is then overlaid onto a high-resolution reference 1H image.
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Figure 7.9 – 2D CSI pulse sequence using step gradients to allow encoding of positional information.
19

F CSI of 5-fluorouracil, and 13C CSI of urea (Chapter 5) used a Magnetom Prisma 3 T MRI

scanner (Siemens Healthcare, Erlangen, Germany). In both cases a flex-surface coil was used for
the r. f. transmission/reception. For 19F the imaging parameters used were a matrix size 8*8, 512
spectral points, across a ppm range of 172 ppm, FOV = 20*20*3 cm3 with TE = 2.3 ms, TR =
200 ms with a flip angle = 5 deg. For 13C the imaging parameters used were a matrix size 8*8,
512 spectral points, across a ppm range of 300 ppm, FOV = 20*20*3 cm3 with TE = 2.3 ms, TR
= 200 ms with a flip angle = 5 deg.
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Appendix
A.1

Characterisation for Chapter 2 (pyrimidine)

[Ir(COD)(IMes)(pyrimidine)]Cl.

Figure A.1 – Structure of [Ir(COD)(IMes)(pyrimidine)]Cl.

[IrCl(COD)(IMes)] (5 mM) and pyrimidine (500 mM) were dissolved in methanol-d4 (0.6 mL) at
293 K and the solution degassed using a freeze-pump-thaw method. The sample was then
characterised by NMR spectroscopy at 245 K and the following data obtained for the product
[Ir(COD)(IMes)(pyrimidine)]Cl which formed cleanly. Binding through nitrogen is clearly
indicated by the change in 15N chemical shift.
H NMR (500 MHz, methanol-d4, 245 K) δ: 8.76 (s, 1H, H-4), 8.57 (s, 1H, H-2), 8.16 (m, 1H, H-

1

6), 7.57 (s, 2H, H-9), 7.43 (m, 1H, H-5), 7.24 and 6.99 (m, 4H, H-12), 3.70 (m, 1H, 18 and H17), 3.34 (m, 1H, 21 and H-22), 2.44 (s, 6H, H-16), 2.35 and 1.90 (m, 12H, H-14 and H-15), 2.05
and 1.69 (m, 4H, H-19 and H-24), 1.90 and 1.67 (m, 4H, H-20 and H-23).
C NMR (125.8 MHz, methanol,d4, 245 K) δ: 172.0 (C-7), 158.4 (C-2), 157.5 (C-6), 157.3 (C-

13

4), 129.2 (C-12), 125.3 (C-9), 123.1 (C-5), 81.8 (C-21 and 22), 65.9 (C17 and 18), 32.1 (C-20
and 23), 28.9 (C-19 and 24), 19.86 (C-16), 17.5 (C-14 and 15)
N NMR (50.7 MHz, 245 K) δ: 297.2 (N-1), 233.8 (N-3), 195.4 (N-8).

15
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[Ir(H)2(COD)(pyrimidine)(IMes)]Cl.

Figure A.2 – Structure of [Ir(H)2(COD)(IMes)(pyrimidine)]Cl.

[IrCl(COD)(IMes)] (5 mM) and pyrimidine (500 mM) were dissolved in methanol-d4 (0.6 mL) at
293 K and degassed with a freeze-pump-thaw method. The sample was then exposed to 4 bar of
H2 gas and the resulting reaction monitored at 245 K. A single product formed in high yield,
[Ir(H)2(COD)(IMes)(pyrimidine)]Cl, and this was characterised by NMR spectroscopy at 245 K.
This corresponds to the H2 addition product of the Cl− displacement product,
[Ir(COD)(IMes)(pyrimidine)]Cl. It is notable that there are four alkene resonances thereby
confirming that COD remains coordinated at this stage. 1H resonances at δ 9.45, 9.05, 8.76 and
8.69 are indicative of the pyrimidine ligand and they appear alongside hydride resonances at
δ −12.05 and −17.03 which have the same intensity. Ligand orientation was confirmed by nOe
connections and magnetisation transfer from the hydride resonances.
H (500 MHz, methanol-d4, 245 K) δ: 9.07 (s, 1H, H-2), 8.93 (dd, J = 4.83 and 1.99 Hz, 1H, H-

1

4), 8.65 (dd, J = 4.94 and 2.50 Hz, 1H, H-6,), 7.46 (s, 2H, H-9), 7.38 (t, J = 4.96 Hz, 1H, H-5),
7.11 (s, 2H, H-12), 4.98 (m, 1H, H-22), 4.79 (t, 1H, J = 7.25 Hz, H-18), 4.37 (m, 1H, possible J
= 7.93 and 4.98 Hz, H-17), 3.66 (m, 1H, H-21), 2.57 (m, 2H, H-19), 2.39 (m, 3H, H-15), 2.31 (m,
2H, H-20), 2.07 (s, 6H, H-14), 1.94 (s, 6H, H-16), 1.83 (m, 2H, H-23), 1.75 (m, 2H, H-24), −
12.05 (s, 1H, H-25), −17.03 (s, 1H, H-26).
13

C (125.8 MHz, methanol-d4, 245 K) δ: 165.9 (C-2), 156.5 (C-4), 153.5 (C-7), 139.9 (C-13),

136.7 (C-10), 134.9 (C-11), 129.25 (C-12), 124.6 (C-9), 123.4 (C-5), 91.54 (C-18), 87.80 (C-17),

236

Appendix
84.3 (C-21), 82.12 (C-22), 35.26 (C-19), 30.30 (C-20), 30.1 (C-23), 24.8 (C-24), 19.9 (C-15),
17.05 (C-14), 16.80 (C-16).
N NMR (50.7 MHz, methanol-d4, 245 K) δ: 298.6 (N-3), 213.8 (N-1), 196.9 (N-8).

15

[Ir(H)2(IMes)(pyrimidine)3]Cl.

Figure A.3 – Structure of [Ir(H)2(IMes)(pyrimidine)3]Cl.

Upon warming solutions of [Ir(H)2(COD)(IMes)(pyrimidine)]Cl in methanol-d4 (0.6 mL) from
245 K to 293 K under 4 bar H2 a further reaction occurs. This process yields a dominant hydride
resonance at δ −22.06 and the product giving rise to it, [Ir(H)2(IMes)(pyrimidine)3]Cl, which was
characterised by NMR spectroscopy after cooling to 245 K.
H NMR (500 MHz, methanol-d4, 245 K ) δ: 9.06 (t, J = 1.1 Hz, 1H, H-23), 8.99 (t, J = 0.8 Hz,

1

1H, H-2), 8.81 (dd, J = 2.2, 4.9 Hz, 1H, H-4), 8.717 (dd, J = 2.2, 4.85 Hz, 1H, H-19), 8.62 (dd,
J = 2.5, 6.6 Hz, 1H, H-6), 8.34 (d, J = 4.77 Hz, 1H, H-21), 7.33 (t, J = 1.2, 5.5 Hz, 2H, H-9), 7.32
(ddd, 1.36, 5.0, 5.5 Hz, 1H, H-5), 7.17 (ddd, J = 1.3, 4.85, 6.0 Hz, 1H, H-20), 6.73 (s, 4H, H-12),
2.21 (s, 6H, H-15), 2.08 (s, 12H, H-14), −22.06 (s, 2H, H-24)
C (125.8 MHz, methanol-d4, 245 K) δ: 168.51 (s, C-19), 165.47 (s, C-6), 163.0 (s, C-21), 162.76

13

(s, C-4), 162.02, (s, C-2), 161.92 (s, C-23), 150.5 (s, C-1), 137.3 (s, C-10), 137.0 (s, C-13), 135.0
(s,C-11), 128.5 (s, C-12), 123.0, (s, C-9), 20.10 (s, C-15), 17.64 (s, C-14)
N NMR (50.7 MHz, methanol-d4, 245 K) δ: 297.9 (s, N-22), 295.4 (s, N-3), 241.4 (s, N-1), 228

15

(s, N-18), 194.6 (s, N-8)
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A.2

Modelling
hydride
[Ir(H)2(IMes)(pyrimidine)3]Cl

ligand

exchange

in

The accepted mechanism for substrate exchange during the SABRE process is summarised in
Figure 7.4. This process is normally on a timescale where the 1D EXSY protocol is possible. In
order to undertake this, the hydride ligand signal of [Ir(H)2(IMes)(pyrimidine)3]Cl is selectively
excited and the resulting exchange in the free hydrogen signal observed.
The mechanism of hydrogen loss, is complex and involves prior dissociation of a ligand trans to
hydride, as put forward by Lloyd et. al. (2014).111 The reversible formation of a dihydrogendihydride intermediate then enables H2 cycling. Given this complexity, it is normal just to fit the
loss of H2 to a simple exponential involving A1 and hence an experimental flux for H2 loss is
quantified.

Figure A.4 – Exchange pathway for hydrogen loss during the SABRE process with pyrimidine.

Examination of the results of this process with pyrimidine revealed that this exchange is
complicated as it proceeds into a further product with inequivalent hydride ligands at δ −23.43
and −24.83 alongside H2. This product is proposed to be [IrCl(H)2(IMes)(pyrimidine)2]. Figure
A.5 shows a revised scheme with rates k1, k-1, k2, k−2, k3 and k−3 that are used to model the EXSY
data.
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Figure A.5 – Simplified mechanism of hydrogen exchange within the SABRE process.

This modelling involves the analysis of a series of connected exponential decays that are
simulated according to a differential kinetic model. Using equations A.1 and A.2, simulated rate
equations could be written into Excel as shown in Table A.1 and therefore the concentrations of
[A], [B] and [H2] could be calculated where 𝑡 = 0 to 0.5 s. As a rate constant is required (𝑘1, 𝑘2
and 𝑘3 ) estimated values had to be used. At 𝑡 = 0, it was assumed that the concentration of A was
100% and that of B and H2 was 0%.
[𝐴]𝑡 = [𝐴]0 − 𝑘1 [𝐴]0 𝛿𝑡 + 𝑘−1 [𝐵]0 𝛿𝑡 − 𝑘2 [𝐻2 ]0 𝛿𝑡 + 𝑘−2 [𝐻2 ]0 𝛿𝑡

(𝐴. 1)

[𝐵]𝑡 = [𝐵]0 − 𝑘−1 [𝐵]0 𝛿𝑡 + 𝑘1 [𝐴]0 𝛿𝑡 − 𝑘3 [𝐻2 ]0 𝛿𝑡 + 𝑘−3 [𝐻2 ]0 𝛿𝑡

(𝐴. 2)

Table A.1 – The cell inputs used for the Excel spreadsheet to calculate the simulated rate data for the
conversion of A to B, B to A and the loss of H 2 from B when the substrate used is pyrimidine.
A
Time (s)
0
0.001

B
[A]
100
=@INDEX(MMULT($
B60:$F60,$B$15:$F$1
9)*($A61$A60)+B60,1)

C
[B]
0
=@INDEX(MMULT($
B60:$F60,$B$15:$F$1
9)*($A61$A60)+C60,2)

D
[H2]
0
=@INDEX(MMULT($
B60:$F60,$B$15:$F$1
9)*($A61$A60)+E60,4)

The least squares regression was then calculated by subtracting the simulated values from the
experimental ones. Each of these was then squared and summed to give the sum of the squared
residual as shown in equation A.3
𝑖

𝑆 = ∑ 𝑟𝑖2

(𝐴. 3)

𝑛
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Where S is the sum of the squared residuals, n the number of data points, i a specific data point
and ri, the residual of the given data point.190 An example of the least squares regression errors
for the rate constants for 290 K are given in Table A.2.
Table A.2 – Least squared regression error for the experimental data obtained at 290 K for hydrogen
exchange
in
the
complex
[Ir(H)2(IMes)(pyrimidine)3]Cl
via
the
intermediate
[IrCl(H)2(IMes)(pyrimidine).

time(s)
0
0.005
0.05
0.075
0.1
0.125
0.15
0.175
0.2
0.25
0.3
0.35
0.4
0.45
0.5

Enter observed data:
[A]
[B]
100
0
99.12
0.25
94.12
2.93
92.34
3.76
89.87
4.59
87.93
5.57
86.81
5.95
85.73
6.72
84.64
7.12
83.13
7.59
81.68
7.83
81.25
7.79
80.66
8.03
79.70
7.90
79.38
8.25

[C]
0
0.03
0.04
0.13
0.67
0.73
1.02
1.15
1.33
1.83
2.54
2.99
3.56
4.30
4.71

Calculated least squares regression errors:
[A]
[B]
[C]
0.028978
0.016706
0.381731
0.001926
0.092804
0.007024
0.00042
0.018394
0.008376
0.127839
0.01839
0.078118
0.003625
0.01861

0.01114451
4.93293E-05
0.056216729
0.063765256
0.001649578
0.018504563
0.037262134
0.055516498
0.04204482
0.016593512
0.010982722
0.001060483
0.024000827
0.027046063

0.001070319
0.009442203
0.025001132
0.036800073
0.001142759
0.007246872
0.001990287
0.01612508
0.028575211
0.000231135
0.010441446
0.003516525
0.031077766
0.014420905

sum
0
0.100282
0.026826
0.512511
0.102774
0.148597
0.050923
0.056037
0.090764
0.082078
0.204168
0.044908
0.146582
0.060213
0.237285
1.863947

Data convergence is achieved by using the SOLVER package in Microsoft Excel to minimise the
sum of the squares of the differences between real and simulated points according to equations
A.1 and A.2. In this case the rate constants 𝑘1, 𝑘2 and 𝑘3 were changed until an optimal fit was
observed as shown in Figure A.6.

Typically, 10 data points were collected for any one

temperature at a range of time points set to monitor the process to around 50% exchange. The
results of this process for the data obtained at 295 K is presented in Figure A.6.
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Figure A.6 – Experimental and simulated hydrogen exchange data for [Ir(H) 2(IMes)(pyrimidine)3]Cl
at 290 K.

The error for the rate constants was calculated using the Jack knife method as described in Chapter
7, section 7.2.9, the Jack-knife errors for 290 K are given in Table A.3.
Table A.3 - Jack-knife error for the experimental data of the hydride exchange obtained at 290 K for
[Ir(H)2(IMes)(pyrimidine)3]Cl via the intermediate [IrCl(H)2(IMes)(pyrimidine)2].

All
0.005
0.05
0.075
0.1
0.125
0.15
0.175
0.2
0.25
0.3
0.35
0.4
0.45
0.5
Error

A to B
1.35
1.37
1.33
1.34
1.37
1.36
1.34
1.35
1.36
1.36
1.35
1.35
1.37
1.33
1.34
0.004

B to A
10.51
10.63
10.20
10.33
10.62
10.62
10.48
10.30
10.64
10.59
10.37
10.51
10.63
10.20
10.33
0.047

H2 from B
0.80
0.83
0.87
0.80
0.82
0.78
0.80
0.91
0.82
0.76
0.83
0.80
0.83
0.87
0.80
0.012

It is usual to use this rate data as a function of temperature to determine activation parameters for
the process via Eyring analysis as shown below in Figure A.7. In this case these correspond to the
activation barriers for complex A ([Ir(H)2(IMes)(pyrimidine)3]Cl) to form complex B
([IrCl(H)2(IMes)(pyrimidine)2]), the formation of H2 from B and the conversion of B into A.
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Fitting suggested that A itself does not lose H2 directly. The results of this process are presented
in Chapter 2 section 2.1.3.

Figure A.7 – Eyring plot of the conversion of complex A to B, the conversion of B to free hydrogen
and the conversion of B back to A. The results of a linear regression analysis on each set of data is
given in the plot in the same presentation colour.

A.3

Effect of changing pyrimidine concentration (from Chapter 2.2.1)

Samples of [IrCl(COD)(IMes)] (5 mM) with varying concentrations of pyrimidine (20 mM to
500 mM) in methanol-d4 (0.6 mL), were prepared and exposed to 4 bar para-hydrogen (p-H2).
SABRE experiments were then performed, and the resulting 1H NMR signal enhancements
recorded as described in experimental 7.2.8. The results of these experiments are presented in
Table A.4 and displayed graphically in Figure 2.7 (Chapter 2.2.1).
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Table A.4 – 1H-NMR signal enhancements for the indicated resonances of pyrimidine achieved
through [Ir(H)2(IMes)(pyrimidine)3]Cl (5 mM) in methanol-d4 (0.6 mL) under 4 bar of p-H2 as a
function of substrate concentration at 298 K.

Concentration of
substrate (mM)

A.4

Average enhancement of each proton on pyrimidine
H-2

Normalised H-4, H-6
for one proton

H-5

20

−489 ± 15

−439 ± 13

−381 ± 9

30

−412 ± 8

−381 ± 8

308 ± 6

40

−381 ± 109

−419 ± 117

−348 ± 98

50

−542 ± 16

−584 ± 15

−506 ± 13

60

−526 ± 23

−531 ± 13

−445 ± 17

80

−486 ± 15

−411 ± 19

−369 ± 19

100

−502 ± 8

−330 ± 21

−301 ± 16

150

−214 ± 10

−206 ± 11

162 ± 12

200

−162 ± 7

−145 ± 5

−114 ± 4

250

−162 ± 7

−125 ± 6

−104 ± 4

300

−169 ± 6

−142 ± 4

−114 ± 4

400

−62 ± 1

−54 ± 1

−45 ± 1

500

−32 ± 1

−32 ± 1

−28 ± 1

Effect of changing catalyst concentration (from Chapter 2.2.2)

Samples with varying concentrations of [IrCl(COD)(IMes)] (0.5 to 20 mM) with the optimal
concentration of pyrimidine (50 mM) in methanol-d4 (0.6 mL), were prepared and exposed to
4 bar p-H2. SABRE experiments were then performed and 1H NMR signal enhancements
calculated as described in experimental 7.2.8. The results are shown in Table A.5 and are
graphically represented in Figure 2.8 of Chapter 2, section 2.2.2.
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Table A.5 – Signal enhancements for the 1H-NMR resonnces of pyrimidine as a function of
[Ir(H)2(IMes)(pyrimidine )3]Cl concentration whilst maintaining a 1:40 catalyst :pyrimidine ratio in
methanol-d4 (0.6 mL) at 298 K.

Concentration
[IrCl(COD)(IMes)]
(mM)

A.5

Average enhancement of each proton on pyrimidine
H-2

Normalised H-4, H-6
for one proton

H-5

20

−82 ± 3

54 ± 4

−74 ± 3

15

−57 ± 2

−49 ± 1

−38 ± 1

10

−117 ± 3

34 ± 3

−100 ± 2

7.5

−150 ± 3

−124 ± 3

−103 ± 1

5

−169 ± 6

−154 ± 6

−128 ± 4

2.5

−266 ± 6

−269 ± 6

−236 ± 7

0.5

−329 ± 6

−280 ± 4

−197 ± 1

The effect of changing the SABRE pre-catalyst (from Chapter
2.2.3)

The effect of the SABRE pre-catalyst was investigated for agents 1-7, for a 2.5 mM concentration
with a concentration of pyrimidine (25 mM), in methanol-d4 (0.6 mL). These samples were
exposed to 4 bar p-H2 for SABRE. The resulting 1H NMR signal enhancements are presented in
Table A.6. A graph of this data is presented in Figure 2.10, Chapter 2 section 2.2.3.
Table A.6 – Average 1H NMR signal enhancement factor for the indicated pyrimidine resonance as
a function of catalyst. All samples contained 2.5 mM of catalyst and pyrimidine (25 mM) in methanold4 (0.6 mL) with 4 bar p-H2. Polarisation transfer was conducted at 65 G. Five experiments were
conducted for statistical analysis.

Catalyst number
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Average enhancement of each proton on pyrimidine
H-2

H-4,6

H-5

1

−258 ± 15

−232 ± 6

−196 ± 8

2

−280 ± 15

−316 ± 13

−237 ± 9

3

−287 ± 8

−279 ± 3

−217 ± 4

4

−382 ± 14

−385 ± 19

−313 ± 19

5

−349 ± 11

−274 ± 12

−231 ± 10

6

−184 ± 3

−169 ± 4

−152 ± 2

7

−284 ± 22

−176 ± 10

−120 ± 7
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A.6

Temperature study

A series of SABRE experiments were conducted on a range of samples at varying temperatures.
A sample was prepared at 293 K containing [IrCl(COD)(IMes)] (2.5 mM) and pyrimidine
(25 mM) in methanol-d4 (0.6 mL). SABRE polarisation transfer was then conducted within the
temperature range of 280-315 K. For values below 298 K, varying amounts of dry ice in acetone
was used to achieve the required temperature whereas for temperatures above 298 K a
thermostatically controlled water bath was used. The sample was submerged into the relevant
bath for approximately 15 minutes to allow the sample to equilibrate to the desired temperature.
The NMR spectrometer was also set to the desired temperature. Addition of p-H2 was carried out
whilst the sample was at the required temperature in order to keep the temperature of the sample
from fluctuating. The NMR sample was then removed, dried and the SABRE experiment was
then carried out. Five SABRE experiments were carried out at each temperature and an average
was obtained. The error was calculated as described in the experimental section 7.2.9.

Figure A.8 – A plot of the individual signal enhancement of the 1H resonances of the free substrate
pyrimidine as a function of temperature.

Two other temperature studies were conducting using different samples and varying the
temperatures at random to minimise the error within these experiments. The results for all three
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temperature studies for each proton on free pyrimidine are shown in Figure A.9 to Figure A.11.
Again, five SABRE experiments were conducted on each sample, at each temperature and an
average was taken. The error was again calculated as described in the experimental section 7.2.9.

Figure A.9 – 1H NMR signal enhancement for H-2 of pyrimidine from as a function of temperature.

Figure A.10 – 1H NMR signal enhancement for H-4, 6 of pyrimidine as a function of temperature.
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Figure A.11 – 1H NMR signal enhancement for H-5 of pyrimidine as a function of temperature.

The first study did not produce the same enhancements as the second and third ones. This is
probably due to human error within the technique as these were some of the first measurements
taken. Studies 2 and 3 were carried out after the shake and drop method had been repeated for
several months. From each of the figures, it is clear that temperature studies 2 and 3 are more
reproducible but the method itself is not particularly robust. There will be a lot of heat loss
between taking the sample out of the water bath, shaking it at 65 G and then transferring it to the
NMR. At the colder temperatures, it is also difficult to maintain the temperature of the water bath.
As well as this, the time spent with the sample out of the bath and subsequently transferring to
the spectrometer, the sample quickly starts to warm up. The method itself does give a good
indication of the optimal temperature but it is not definitive
The large error obtained makes this data difficult to compare. Therefore, this has been omitted
from the main thesis.

A.7

Calculation of 1H T1 data for pyrimidine and fluorinated Nheterocyclic compounds

T1 data was obtained using the inversion recovery method as described the Experimental section,
Chapter 7 section 7.2.11. The free 1H signals on the pyrimidine were examined. Using the data
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obtained this was placed into the Origin software package and using equation A.4, where Mxy is
the magnetisation in the xy plane at time t, M0 is the magnetisation at thermal equilibrium, A is a
constant which ideally has a value of 2 but is left free to account for any imperfections in the pulse
sequence and T1 is the spin-lattice relaxation time.

𝑀𝑥𝑦 (𝑡) = 𝑀0 (1 − 𝐴𝑒𝑥𝑝 [

−𝑡
])
𝑇1

(𝐴. 4)

The resulting T1 values are shown in Figure A.12 below.

Figure A.12 – Plot of magnetisation intensity at different delay times (𝝉) during an inversion recovery
experiment in which the T1 relaxation has been calculated for free pyrimidine (25 mM) in the
presence of pre-catalyst [IrCl(COD)(1,3-bis(2,4,6-trimethylphenyl)-4,5-dichloroimidazol-2-ylidine)]
(2.5 mM) and H2 (4 bar) in methanol-d4 (0.6 mL). From this the T1 relaxation time was calculated
using equation A.4.

A.8

Calculation and plots of 19F T1 data for fluorinated N-heterocyclic
compounds

T1 data for

19

F was also obtained using the inversion recovery method as described in the

Experimental section, Chapter 7.2.11 and above (Appendix section A.7). The free 19F signals on
the fluorinated N-heterocyclic compounds were examined. Using the data obtained this was
placed into the Origin software package and using equation A.4. The T1 values were found using
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this data and simulating fit as shown in Figure A.13 below. The data was collected in collaboration
with Dr. A. Olaru.

Figure A.13 – A plot of the magnetisation decay at varying time delays, τ for 19F of free 5fluoropyridine-3-carboxylic acid in the presence of Cs2CO3 and the SABRE pre-catalyst
[IrCl(COD)(IMes)]. From this the T1 relaxation time was calculated using equation A.4.

A.9

Characterisation (fluorinated N-heterocyclic compounds)

Characterisation of [Ir(H)2(3-fluoropyryridine)3(IMes)]Cl.

Figure A.14 – Structure of [Ir(H)2(IMes)(3-fluoropyridine)3]Cl complex.

[IrCl(COD)(IMes)] (5 mM) and 3-fluoropyridine (500 mM) were dissolved in methanol-d4
(0.6 mL) at 293 K and degassed using a freeze-pump-thaw method. The sample was then exposed
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to 4 bar (absolute) H2. The sample was then repeatedly exposed to 4 bar H2 until a hydride
appeared at δ −22.85. This was then characterised by NMR at 245 K.
H (500 MHz, methanol-d4, 245 K) δ: 8.42 (d, J = 4.92 Hz, 1H, H-2), 8.25 (d, J = 4.83 Hz, 1H,

1

H-23,), 8.00 (q, J = 7.87, 1H, H-6,), 7.94 (q, J = 7.86 Hz, 1H, H-19,), 7.72 (m, J = 8.63 Hz, 1H,
H-5), 7.64 (q, J = 7.22 Hz, 1H, H-22), 7.38 (d, J = 7.07 Hz, 1H, H-4), 7.23 (s, 2H, H-9), 7.08 (d,
J = 5.72 Hz, 1H, H-21), 6.72 (s, 4H, H-12), 2.22 (s, 6H, H-15), 2.07 (s, 12H, H-14), − 22.85 (s,
2H, H-24).
13

C (125.8 MHz, methanol-d4, 245 K) δ: 151.38 (C-19), 149.13 (C-12), 144.51 (C-23), 144.22 (C-

6), 138.45 (C-13), 137.00 (C-10), 135.00 (C-11), 128.32 (C-12), 126.67 (C-21), 126.23 (C-4),
123.93 (C-22), 123.74 (C-5), 122.71 (C-9), 19.90 (C-15), 17.62 (C-14 and C-16).
15

N (50.7 MHz, methanol-d4, 245 K) δ: 260.18 (N-1), 242.73 (N-18), 194.69 (N-8).

19

F (470.6 MHz, methanol-d4, 245 K) δ: −124.5 (F-26), −124.20 (F-25).

Characterisation of [Ir(H)2(3,5-difluoropyridine)3(IMes)]Cl.

Figure A.15 – Structure of [Ir(H)2(3,5-difluoropyridine)3(IMes)]Cl complex.

[IrCl(COD)(IMes)] (5 mM) and 3,5-difluoropyridine (500 mM) were dissolved in methanol-d4
(0.6 mL) at 293 K and degassed using a freeze-pump-thaw method. The sample was then exposed
to 4 bar (absolute) H2. The sample was then repeatedly exposed to 4 bar H2 until a single hydride
appeared at δ −23.22. This was then characterised by NMR at 245 K.
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H (500 MHz, methanol-d4, 245 K) δ: 8.21 (s, 2H, H-19 and H-23), 8.19 (s, 2H, H-2 and H-6),

1

7.88 (tt, J = 8.49, 2.10 Hz, 1H, H-4), 7.77 (tt, J = 9.15, 2.40 Hz, 1H, H-21), 7.27 (s, H-9), 6.78 (s,
4H, H-12), 2.25 (s, 6H, H-15), 2.09 (s, 12H, H-14 and H-16), − 23.22 (s, 2H, H-24).
C (125.8 MHz, methanol-d4, 245 K) δ: 159.6 (C-3 and C-5), 148.3 (C-7), 141.48 (C-19 and C-

13

23), 136.8 (C-10), 135.1 (C-5), 122.94 (C-9), 112.72 (C-4), 112.02 (C-21), 19.67 (C-15), 17.59
(C-14).
N (50.7 MHz, methanol-d4, 245 K) δ: 261.6 (N-1), 243.8 (N-18), 194.97 (N-7).

15

F (470.6 MHz, methanol-d4, 245 K) δ: −124.77 (F-26), −124.35 (F-25).

19

Characterisation of [Ir(H)2(fluoropyrazine)3(IMes)]Cl.

Figure A.16 – Structure of [Ir(H)2(fluoropyrazine)3(IMes)]Cl complex.

[IrCl(COD)(IMes)] (5 mM) and fluoropyrazine (500 mM) were dissolved in methanol-d4
(0.6 mL) at 293 K and degassed using a freeze-pump-thaw method. The sample was then exposed
to 4 bar (absolute) H2. The sample was then repeatedly exposed to 4 bar H2 until a hydride
appeared at δ −22.20. This was then characterised by NMR at 245 K.
H (500 MHz, methanol-d4, 245 K) δ: 8.52 (t, J = 2.70 Hz, 1H, H-2) 8.39 (dd, J = 1.13 and 5.89

1

Hz, 1H, H-19), 8.25 (d, J = 2.77, 1H, H-3), 8.15 (d, J = 6.10 Hz, 1H, H-6), 8.10 (s, 1H, H-23),
7.97 (d, J = 3.33 Hz, 1H, H-22), 7.33 (s, 2H, H-9), 6.73 (s, 4H, H-12), 2.26 (s, 6H, H-15), 2.09
(s, 12H, H-14 and H-16), − 22.20 (s, 2H, H-24).
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13

C (125.8 MHz, methanol-d4, 245 K) δ: 161.25 (C-5), 148.00 (C-7), 147.28 (C-23), 147.20 (C-

20), 145.54 (C-2), 144.24 (C-22), 143.72 (C-13), 140.40 (C-19), 139.70 (C-16), 139.20 (C-11),
136.53 (C-10), 135.25 (C-13), 128.40 (C-12), 123.23 (C-9), 19.54 (C-15), 17.60 (C-14 and C16).
15

N (50.7 MHz, methanol-d4, 245 K) δ: 291.4 (N-21), 290.90 (N-4), 283.70 (N-1), 266.25 (N-18),

194.83 (N-8).
19

F (470.6 MHz, methanol-d4, 245 K) δ: −78.35 (F-26), −77.91 (F-25).

Characterisation of [Ir(H)2(5-fluoropyridine-3-carboxylic acid)3(IMes)]Cl.

Figure A.17 – Structure of [Ir(H)2(5-fluoro-3-carboxylic acid)3(IMes)]Cl complex.

[IrCl(COD)(IMes)] (5 mM) and 5-fluoropyridine-3-carboxylic acid (500 mM) were dissolved in
methanol-d4 (0.6 mL) at 293 K and degassed using a freeze-pump-thaw method. The sample was
then exposed to 4 bar (absolute) H2. The sample was then repeatedly exposed to 4 bar H2 until a
hydride appeared at δ −22.58. This was then characterised by NMR at 245 K.
H (500 MHz, methanol-d4, 245 K) δ: 8.88 (s, 1H, H-2), 8.73 (s, 1H, H-20), 8.51 (s, 1H, H-21),

1

8.40 (s, 1H, H-6), 8.28 (s, 1H, H-4), 8.22 (s, 1H, H-23), 7.29 (s, 2H, H-9), 6.73 (s, 4H, H-12),
2.21 (s, 6H, H-15), 2.09 (s, 12H, H-14 and H-16), − 22.58 (s, 2H, H-24).
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C (125.8 MHz, methanol-d4, 245 K) δ: 153.99 (C-19), 151.04 (C-2), 149.58 (C-7), 146.23 (d, J

13

= 33 Hz, C-6), 146.2 (C-21), 139.66 (C-13), 136.88 and 137.62 (C-11), 134.95 (C-10), 128.53
(C-12), 124.35 (C-3), 122.97 (C-9), 19.62 (C-15), 17.63 (C-14 and C-16).
N (50.7 MH, z methanol-d4, 245 K) δ: 259.8 (N-1)

15

F (470.6 MHz, methanol-d4, 245 K) δ: −126.67 (F-26), −123.59 (F-25).

19

Characterisation of [Ir(H)2(5-fluoropyridine-3-carboxylic acid)3(IMes)]Cl in the
presence of Cs2CO3.

Figure A.18 – Structure of [Ir(H)2(5-fluoro-3-carboxylic acid)3(IMes)]Cl, in the presence of Cs2CO3.

[IrCl(COD)(IMes)] (5 mM), 5-fluoropyridine-3-carboxylic acid (500 mM) and Cs2CO3
(100 mM) were dissolved in methanol-d4 (0.6 mL) at 293 K and degassed using a freeze-pumpthaw method. The sample was then exposed to 4 bar (absolute) H2. The sample was then
repeatedly exposed to 4 bar H2 until a hydride appeared at δ −22.66. This was then characterised
by NMR at 245 K.
H (500 MHz and 400 MHz, methanol-d4, 245 K) δ: 8.87 (s, 1H, H-2), 8.79 (s, 1H, H-19), 8.15

1

(s, 1H, H-6), 8.05 (s, 1H, H-23), 7.98 (s, 1H, H-4), 7.93 (s, 1H, H-21), 7.22 (s, 2H, H-9), 6.69 (s,
4H, H-12), 2.20 (s, 6H, H-15), 2.08 (s, 12H, H-14 and H-16), − 22.66 (s, 2H, H-24).
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13

C (125.8 MHz and 100.6 MHz, methanol-d4, 245 K) δ: 154.15 (C-19), 151.00 (C-2), 144.3 (C-

6), 144.00 (C-23), 136.72 (C-11), 128.35 (C-12), 123.15 (C-4), 122.61 (C-9), 19.72 (C-15s), 17.76
(C-14 and C-16).
15

N (50.7 MHz and 40.6 MHz, methanol-d4, 245 K) δ: 241.0 (N-18), 258.0 (N-1), 194.6 (N-8).

19

F (470.6 MHz and 376.5 MHz, methanol-d4, 245 K) δ: −125.67 (F-26), −125.99 (F-25).

Characterisation of [IrCl(H)2(3,5-difluoropyryridine)2(IMes)].

Figure A.19 – Structure of [IrCl(H)2(3,5-difluoropyridine)2(IMes)] complex.

[IrCl(COD)(IMes)] (5 mM) and 3,5-difluoropyridine (500 mM) were dissolved in methanol-d4
(0.6 mL) at 293 K and degassed using a freeze-pump-thaw method. The sample was then exposed
to 4 bar (absolute) H2. The sample was then repeatedly exposed to 4 bar H2 until two hydrides
appeared at δ −23.94 and −24.69. This was then characterised by NMR at 245 K.
H (500 MHz, methanol-d4, 245 K) δ: 8.66 (d, J = 2.16 Hz, 2H, H-19 and H-23), 8.18 (s, br, 2H,

1

H-2 and H-6), 7.60 (m, 1H, H-4), 7.06 (s, 2H, H-9), 6.86 and 6.77 (s, 4H, H-12), 2.25 (s, 12H, H14 and H-16), 2.22 and 2.20 (s, 6H, H-15), − 23.94 (d, 1H, J = 7.82 Hz, H-27), − 24.69 (d, 1H, J
= 8.3 Hz, H-24).
13

C (125.8 MHz, methanol-d4, 245 K) δ: 159.3 (C-5), 159.0 (C-3), 150.05 (C-7), 140.53 (C-19

and C-23), 139.65 (C-2 and C-6), 138.33 (C-10), 135.9 and 135.5 (C-11), 128.25 and 128.18 (C6), 121.92 (C-7), 111.8 (C-21), 110.20 (C-4), 17.84 (C-14 and C-15), 17.68 and 17.50 (C-15).
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N (50.7 MHz, methanol-d4, 245 K) δ: 269.0 (N-1), 247.4 (N-18), 193.4 (N-8).

15

F (470.6 MHz, methanol-d4, 245 K) δ: −124.9 (F-26), −124.16 (F-25).

19

Characterisation of [IrCl(H)2(fluoropyrazine)2(IMes)].

Figure A.20 – Structure of [IrCl(H)2(fluoropyrazine)3(IMes)] complex.

[IrCl(COD)(IMes)] (5 mM) and fluoropyrazine (500 mM) were dissolved in methanol-d4
(0.6 mL) at 293 K and degassed using a freeze-pump-thaw method. The sample was then exposed
to 4 bar (absolute) H2. The sample was then repeatedly exposed to 4 bar H2 until a single hydride
appeared at δ −22.73 and −24.35. This was then characterised by NMR at 245 K.
H (500 MHz, methanol-d4, 245 K) δ: 8.78 (s, 1H, H-6), 8.69 (m, 1H, H-3), 7.88 (d, J = 3.2 Hz,

1

1H, H-2), 7.11 (s, 2H, H-9), 6.87 and 6.71 (s, br, 4H, H-12), 2.25 (s, 6H, H-15), 2.22 and 2.18 (s,
12H, H-14 and H-15), − 22.73 (s, br, 1H, H-24), − 24.35 (s, br, 1H, H-27).
C (125.8 MHz, methanol-d4, 245 K) δ: 161.10 (C-5), 150.72 (C-7), 147.96 (C-3), 142.57 (C-2),

13

138.5 (C-6), 138.43 and 138.22 (C-11), 136.07 (C-10), 135.59 (C-13), 127.98 (C-12), 122.09 (C9), 19.71 (C-15), 17.60 and 17.37 (C-14 and C-16).
N (50.7 MHz, methanol-d4, 245 K) δ: 292.401 (N-21), 290.00 (N-4), 272.97 (N-18), 272.26 (N-

15

1), 193.47 (N-8).
F (470.6 MHz, methanol-d4, 245 K) δ: −80.85 (F-26), −79.7 (F-25).

19
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A.10 Exchange mechanism for substrate and hydride exchange
(Chapter 3)
Modelling substrate exchange for a tris substituted complex, [Ir(H)2(IMes)(sub)3]Cl
The accepted method of substrate exchange within the SABRE mechanism is outlined in Figure
A.21, where the substrates are now 3-fluoropyridine or 5-fluoropyridine-3-carboxylic acid in the
presence of Cs2CO3.

Figure A.21 – Exchange pathway for substrate loss for [Ir(H)2(sub)(IMes)]Cl during the SABRE
process where the substrate is 3-fluoropyridine or 5-fluoropyridine-3-carboxylic acid in the presence
of base.

EXSY data was collected to investigate this behaviour. The rate equations used to fit the resulting
data are based on the mechanism shown in Figure A.21 (above) and described using equations
A.5 and A.11.
[𝐴]𝑡 = [𝐴]0 − 2𝑘𝑑 [𝐴]0 𝛿𝑡 + 𝑘𝑎 [𝐵]0 𝛿𝑡

(𝐴. 5)

[𝐵]𝑡 = [𝐵]0 + 2𝑘𝑑 [𝐴]0 𝛿𝑡 + 2𝑘𝑑 [𝐶]0 𝛿𝑡 − 𝑘𝑎 [𝐵]0 [𝑆𝑢𝑏∗ ]𝛿𝑡 − 𝑘𝑎 [𝐵]0 [𝑆𝑢𝑏∗ ]𝛿𝑡
[𝐶]𝑡 = [𝐶]0 + 𝑘𝑎 [𝐵]0 [𝑆𝑢𝑏]𝛿𝑡 + 𝑘𝑎 [𝐷]0 [𝑆𝑢𝑏∗ ]𝛿𝑡 − 2𝑘𝑑 [𝐶]0 𝛿𝑡

(𝐴. 7)

[𝐷]𝑡 = [𝐷]0 + 2𝑘𝑑 [𝐶]0 𝛿𝑡 + 2𝑘𝑑 [𝐸]0 𝛿𝑡 − 𝑘𝑎 [𝐷]0 [𝑆𝑢𝑏]𝛿𝑡 − 𝑘𝑎 [𝐷]0 [𝑆𝑢𝑏∗ ]𝛿𝑡
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[𝐸]𝑡 = [𝐸]0 + 𝑘𝑎 [𝐵]0 [𝑆𝑢𝑏]𝛿𝑡 − 2𝑘𝑑 [𝐸]0 𝛿𝑡

(𝐴. 9)

[𝑆𝑢𝑏 ∗ ]𝑡 = [𝑆𝑢𝑏 ∗ ]0 + 2𝑘𝑑 [𝐴]0 𝛿𝑡 − 𝑘𝑎 [𝐵]0 [𝑆𝑢𝑏∗ ]𝛿𝑡 + 𝑘𝑑 [𝐶]0 𝛿𝑡 − 𝑘𝑎 [𝐷]0 [𝑆𝑢𝑏]𝛿𝑡 (𝐴. 10)
[𝑆𝑢𝑏]𝑡 = [𝑆𝑢𝑏]0 − 𝑘𝑎 [𝐵]0 [𝑆𝑢𝑏]𝛿𝑡 + 𝑘𝑑 [𝐶]0 𝛿𝑡 − 𝑘𝑎 [𝐷]0 [𝑆𝑢𝑏]𝛿𝑡 + 2𝑘𝑑 [𝐸]0 𝛿𝑡

(𝐴. 11)

Using equations A.5 and A.11, simulated rate equations was written into Excel as shown in Table
A.7 and therefore the concentrations of bound substrate, [A] and free substrate, [B] could be
calculated where 𝑡 = 0 to 0.5 s. As a rate constant is required (𝑘𝑑 ) estimated values had to be used.
At 𝑡 = 0, it was assumed that the concentration of A was 100% and that of B was 0%.
Table A.7 – The cell inputs used for the Excel spreadsheet to calculate the simulated rate data for
substrate exchange for the tris complex when the substrate is either 3-fluoropyridine or 5fluoropyridine-3-carboxylic acid.
A
Time (s)
0
0.001

B
[A]
100
=@INDEX(MMULT($
W60:$AA60,$B$15:$F
$19)*($A61$A60)+W60,1)

C
[B]
0
=@INDEX(MMULT($
W60:$AA60,$B$15:$F
$19)*($A61$A60)+X60,2)

From these equations, a plot of simulated rate data can be obtained as shown in Figure A.22. This
is achieved in conjunction with the Microsoft Excel SOLVER package. The least squares
regression was calculated as described in Appendix section A.2. An example of the least squares
regression is given for the substrate exchange for 3-fluoropyridine at 280 K in Table A.8.
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Table A.8 – Least squared regression error for data obtained at 280 K for the substrate exchange for
the complex [Ir(H)2(IMes)(sub)3]Cl when the substrate is 3-fluoropyridine.
time(s)
0
0.005
0.05
0.075
0.1
0.125
0.15
0.175
0.2
0.225
0.25
0.275
0.3
0.35
0.4
0.45
0.5

[A]
100
98.89
88.00
82.92
78.86
74.48
70.90
68.19
63.76
61.74
58.61
56.43
52.75
48.95
44.08
41.35
38.21

[B]
0
0.14
9.40
15.12
17.14
21.81
26.02
28.31
32.34
35.34
39.52
41.15
44.19
49.48
53.75
58.04
60.53

[A]

[B]

0.03
6.44
8.78
6.23
6.31
3.77
0.52
2.18
0.01
0.01
0.43
0.15
0.12
0.75
0.51
2.66

0.65
0.01
1.49
1.37
0.53
0.31
4.28
2.58
3.72
0.65
3.95
2.28
0.39
0.01
2.50
3.56

sum
0
0.69
6.52
10.28
7.71
6.87
4.08
4.80
4.76
3.84
1.04
4.71
2.63
1.35
1.41
4.69
7.51
72.90

Figure A.22 – Showing the experimental and simulated change in percentage abundance of the free
and bound substrate 3-fluoropyridine at 280 K. Simulated data was achieved using the formula given
in equations A.5 to A.11.

The error for the rate constants was calculated using the Jack knife method as described in Chapter
7, section 7.2.9, the Jack-knife errors for the substrate exchange at 280 K for 3-fluoropyridine are
given in Table A.9Table A.3.

258

Appendix
Table A.9 - Jack-knife error for the experimental data obtained for substrate exchange of the
complex [Ir(H)2(IMes)(sub)3]Cl at 280 K where sub = 3-fluoropyridine.

All
0.005
0.05
0.075
0.1
0.125
0.15
0.175
0.2
0.225
0.25
0.275
0.3
0.35
0.4
0.45
0.5
Error

A
1.883
1.869
1.862
1.853
1.862
1.859
1.860
1.877
1.870
1.879
1.873
1.880
1.873
1.869
1.869
1.871
1.883
0.002

From these rate data activation parameters could be obtained from the corresponding Eyring plots
which are shown in Figure A.23. The resulting activation parameters are presented in Chapter 3
section 3.4.

Figure A.23 – Eyring plots for the loss of 3-fluoropyridine or 5-fluoropyridine-3-carboxylic acid in
the presence of base, from [Ir(H)2(IMes)(sub)3]Cl. These data were then used to calculate the
activation parameters for ligand exchange. The linear regression analysis results are also presented.
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Modelling substrate exchange in [Ir(H)2(IMes)(sub)3]Cl in the presence of complex
[IrCl(H)2(IMes)(sub)2]
As demonstrated with pyrimidine, there can be other exchange pathways present. Within the
substrate exchange for the complex [IrCl(H)2(IMes)(sub)2], where sub is the substrate 3fluoropyridine, 3,5-difluoropyridine, fluoropyrazine or 5-fluoropyridine-3-carboxylic acid.
Unfortunately, due to peak overlap it was not possible to reliably fit the collective data to any
exchange mechanism. However, when only one species is present then this can be modelled by
the scheme above (Figure A.21).

Modelling hydride exchange for [Ir(H)2(IMes)(sub)3]Cl
A series of 1D-EXSY experiments were used to examine H2 loss from [Ir(H)2(5-fluoropyridine3-carboxylic acid)3(IMes)]Cl in the presence of Cs2CO3. The hydride ligand exchange was
modelled in a similar way to that previously described for [Ir(H)2(IMes)(sub)3]Cl, as illustrated
in Figure A.4 and Figure A.5. As only complex A forms with [Ir(H)2(5-fluoropyridine-3carboxylic acid)3(IMes)]Cl in the presence of Cs2CO3, this mechanism can be simplified further
as shown in Figure A.24 and using the equations A.12 to A.14.

Figure A.24 - Hydride ligand exchange mechanism for [Ir(H) 2(DMSO)3(IMes)]. To examine this
mechanism, the loss of both hydride and DMSO was investigated via the 1D EXSY protocol.

[𝐴]𝑡 = [𝐴]0 − 𝑘𝑑 [𝐴]0 𝛿𝑡 + 𝑘𝑎 [𝐵]0 [𝐻2 ]0 𝛿𝑡

(𝐴. 12)

[𝐵]𝑡 = [𝐵]0 + 𝑘𝑑 [𝐴]0 𝛿𝑡 + 𝑘𝑑 [𝐵]0 [𝐻2 ]0 𝛿𝑡

(𝐴. 13)

[𝐻2 ]𝑡 = [𝐻2 ]0 + 𝑘𝑑 [𝐴]0 𝛿𝑡 − 𝑘𝑎 [𝐵]0 [𝐻2 ]0 𝛿𝑡 (𝐴. 14)
A simple connection to H2 was evident in the resulting spectra. Using equations A.12 to A.14,
simulated rate equations were written into Excel as shown in Table A.10 and therefore the
concentrations of bound hydrogen, [A] and free hydrogen, [B] could be calculated where 𝑡 = 0 to
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1.0 s. As with previous rate models, a rate constant is required (𝑘𝑑 ) and again estimated values
had to be used. At 𝑡 = 0, it was assumed that the concentration of A was 100% and that of B was
0%.
Table A.10 - The cell inputs used for the Excel spreadsheet to calculate the simulated rate data for
hydrogen exchange for the tris complex [Ir(H)2(5-fluoropyridine-3-carboxylic acid)3(IMes)]Cl in the
presence of Cs2CO3.
A
Time (s)
0
0.001

B
[A]
100
=((+($B$5*C22)($B$6*B22))*(A23A22))+B22

C
[B]
0
=((+($B$6*B22)($B$5*C22))*(A23A22))+C22

These data fit a simple exponential growth and decay as detailed in Figure A.25 using the
Microsoft Excel SOLVER package.

Figure A.25 – The experimental and simulated change in percentage abundance of free hydrogen
and bound hydride in the complex [Ir(H)2(5-fluoropyridine-3-carboxylic acid)3(IMes)] in the
presence of Cs2CO3 in methanol-d4 (0.6 mL) at 280 K. Simulated data was achieved using the formula
given in equations A.12 to A.14.

The least squares regression was calculated as described in Appendix section A.2. An example of
the least squares regression is given for the substrate exchange for 5-fluoropyridine-3-carboxylic
acid in the presence of CsCO3 at 280 K in Table A.11.
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Table A.11 - Least squared regression error for data obtained at 280 K for the hydride exchange for
the complex [Ir(H)2(IMes)(sub)3]Cl when the substrate is 5-fluoropyridine-3-carboxylic acid in the
presence of CsCO3.
time(s)
0
0.005
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

[A]
100
99.37
98.55
96.21
93.38
90.25
86.78
81.89
79.34
76.04
72.54
67.49

[B]
0
0.63
1.45
3.79
6.62
9.75
13.22
18.11
20.66
23.96
27.46
32.51

[A]

[B]

0.29
0.13
0.01
0.26
1.24
3.04
11.95
6.04
3.20
0.71
17.01

0.01
1.40
5.69
5.34
4.09
2.98
2.04
0.01
2.29
7.04
17.01

sum
0
0.30
1.53
5.69
5.61
5.33
6.02
13.99
6.05
5.48
7.75
34.01
57.75

The error for the rate constants was calculated using the Jack knife method as described in Chapter
7, section 7.2.9, the Jack-knife errors for the substrate exchange at 280 K for 5-fluoropyridine-3carboxylic acid in the presence of CsCO3 are given in Table A.12Table A.3.
Table A.12 - Jack-knife error for the experimental data obtained for hydride exchange for the
complex [Ir(H)2(IMes)(sub)3]Cl at 280 K where sub = 5-fluoropyridine-3-carboxylic acid in the
presence of CsCO3.

All
0.005
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
Error

A
0.171
0.171
0.173
0.178
0.178
0.175
0.171
0.164
0.166
0.171
0.155
0.171
0.007

From the resulting rate data activation parameters could be obtained from the Eyring plot as
shown in Figure A.26. These are presented in Chapter 3 section 3.4.
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Figure A.26 – Eyring plot for the loss of H2 from[Ir(H)2(5-fluoropyridine-3-carboxylic
acid)3(IMes)]Cl in the presence of Cs2CO3. These data were used to calculate the activation
parameters for H2 loss.

Modelling hydride exchange for [Ir(H)2(IMes)(sub)3]Cl
[Ir(H)2(H2)(IMes)(sub)2]Cl

via the intermediate

Hydride exchange was also investigated for the other fluorinated N-heterocycles, through the
mechanism now was altered to allow for [IrCl(H)2(IMes)(sub)2] as described earlier. The full
scheme is shown in Figure A.27, but the simplified version of Figure A.5 was used for this
purpose as here complex A and complex B could interconvert and lose hydrogen. Figure A.28
shows a typical result for 3-fluropyrazine.
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Figure A.27 – Proposed hydride exchange mechanism of the SABRE experiment with substrates 2 to
6, including the complex [IrCl(H)2(IMes)(sub)2].

Using equations A.1 and A.2, from Appendix section A.2, simulated rate equations were written
into Excel as shown in Table A.13 to calculate the concentrations of [A] interchange to [B], the
interchange of hydrides and [H2] could be calculated where 𝑡 = 0 to 0.5 s. Rate constants were
again estimated to allow the data to be fitted. At 𝑡 = 0, it was assumed that the concentration of
[A1] was 100% and that of the intermediates and [H2] was 0%.
Table A.13 – The cell inputs used for the Excel spreadsheet to calculate the simulated rate data for
hydride exchange for the tris complex, [Ir(H)2(IMes)(sub)3]Cl via the intermediate
[Ir(H)2(H2)(IMes)(sub)2], where the substrate is fluoropyrazine.
A
Time (s)
0

0.005

B
[A1] interchange
to [B1]
100
=@INDEX(MM
ULT($B64:$F6
4,$B$15:$F$19)
*($A65$A64)+B64,1)

C
D
[B1] interchange
Interchange of
to [A1]
hydrides
0
0
=@INDEX(MM =@INDEX(MM
ULT($B64:$F6
ULT($B64:$F64,$B$15:
4,$B$15:$F$19)$F$19)*($A65*($A65- $A64)+D64,3)
$A64)+C64,2)

E
[H2]
0
=@INDEX(MM
ULT($B64:$F6
4,$B$15:$F$19)
*($A65$A64)+E64,4)

Both hydrides were used to simulate the data. However, for the intermediate hydride [B] was set
to 100, rather than [A].
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Table A.14 - The cell inputs used for the Excel spreadsheet to calculate the simulated rate data for
hydride exchange for the intermediate complex [Ir(H)2(H2)(IMes)(sub)2] to the tris complex,
[Ir(H)2(IMes)(sub)3]Cl when the substrate is fluoropyrazine.
A
Time (s)
0

0.005

B
[A1] interchange
to [B1]
0
=@INDEX(MM
ULT($W76:$A
A76,$B$15:$F$
19)*($A77$A76)+W76,1)

C
D
[B1] interchange
Interchange of
to [A1]
hydrides
100
0
=@INDEX(MM =INDEX(MMU
ULT($W76:$A
LT($W76:$AA76,$B$1
A76,$B$15:$F$
5:$F$19)*($A7719)*($A77- $A76)+Y76,3)
$A76)+X76,2))

E
[H2]
0
=INDEX(MMU
LT($W76:$AA7
6,$B$15:$F$19)
*($A77$A76)+Z76,4)

The experimaental and simulated data were then fitted to a simple exponential growth and decay
as detailed in Figure A.28 using the Microsoft Excel SOLVER package

Figure A.28 – Showing the experimental and simulated change in percentage abundance of the free
and bound hydride resonances of fluoropyrazine at 265 K. Simulated data was achieved using the
formula given in equations A.1 and A.2.

Simulated interchange for both the hydrides and that of A to B are very similar and therefore only
the interchange of hydride can be seen on the graph.
The least squares regression was calculated as described in Appendix section A.2. An example of
the least squares regression is given for hydride exchange via interchange of A and B and the
interchange of hydrides for fluoropyrazine at 265 K in Table A.15.
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Table A.15 - Least squared regression error for data obtained at 265 K for the hydride exchange for
the complex [Ir(H)2(IMes)(sub)3]Cl via interchange of A and B and the interchange of hydrides when
the substrate is fluoropyrazine.
time(s)
0
0.005
0.05
0.075
0.1
0.125
0.15
0.175
0.2
0.25
0.3
0.35
0.4
0.45
0.5

[A]
100

[B]
0

[C]
0

[D]
0

[A]

[B]

[C]
-

[D]
-

100
100
98.98
98.38
97.82
97.70
96.85
96.08
95.25
94.31
93.32
93.12
93.23
91.24

0
0
0.52
0.82
0.10
1.03
1.41
1.75
2.45
2.41
2.96
3.20
3.90
3.88

0
0
0.50
0.81
0.95
1.14
1.54
1.91
1.85
2.74
2.95
2.88
3.57
3.95

0
0
0
0
0.24
0.13
0.21
0.26
0.45
0.53
0.77
0.80
1.30
0.94

0.003
0.37
0.01
0.16
0.45
0.24
1.07
2.26
3.04
4.36
6.22
4.46
11.74
8.10

0.0009
0.09
0.01
0.05
0.062
0.02
0.134
0.314
0.96
0.43
0.86
0.79
1.76
1.08

0.0009
0.09
0.002
0.04
0.04
0.06
0.244
0.514
0.14
0.98
0.84
0.33
0.98
1.23

3.2E-10
5.8E-06
3.0E-05
9.5E-05
0.05
0.014
0.034
0.054
0.154
0.20
0.43
0.42
1.22
0.49

sum
0
0.006
0.56
0.018
0.25
0.59
0.33
1.48
3.14
4.29
5.97
8.35
6.00
15.71
10.89
57.57

The error for the rate constants was calculated using the Jack knife method as described in Chapter
7, section 7.2.9, the Jack-knife errors for the hydride exchange at 265 K for fluoropyrazine via
interchange of A and B and the interchange of hydrides are given in Table A.16Table A.3.
Table A.16 - Jack-knife error for the experimental data obtained for hydride exchange via
interchange of A and B and the interchange of hydrides for the complex [Ir(H) 2(IMes)(sub)3]Cl at
265 K where sub = fluoropyrazine.

All
0.005
0.05
0.075
0.10
0.125
0.15
0.175
0.2
0.225
0.25
0.275
0.30
0.35
0.40
0.45
0.50
Error
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[A1] interchange
to [B1]
0.6401
0.6389
0.6394
0.6373
0.6368
0.6385
0.6412
0.6341
0.6399
0.6383
0.6428
0.6388
0.6376
0.6365
0.6392
0.6389
0.6389
0.0005

[B1] interchange
to [A1]
0.0612
0.5960
0.9506
1.5580
1.4907
0.6050
0.3421
1.5072
0.0000
0.0000
0.2356
0.7152
0.5464
0.0000
2.2110
0.6318
0.6318
0.1623

Interchange of
hydrides
0.0133
0.0154
0.0172
0.0200
0.0198
0.0156
0.0136
0.0207
0.0116
0.0104
0.0136
0.0180
0.0162
0.0158
0.0208
0.0156
0.0156
0.0007

[H2]
0.1623
0.1623
0.1625
0.1630
0.1629
0.1618
0.1638
0.1630
0.1624
0.1633
0.1594
0.1634
0.1615
0.1617
0.1603
0.1623
0.1623
0.0003

Appendix
From the rate data collected activation parameters could be obtained from the Eyring plots shown
below in Figure A.29. These were used to find the activation parameters for complex A
([Ir(H)2(IMes)(sub)3]Cl) converting to complex B ([IrCl(H)2(IMes)(sub)2]), the formation of H2
from B and the conversion of B back to A. Activation parameters are presented in Chapter 3
section 3.4.3.

Figure A.29 – Eyring plot of the conversion of complex A to B, the conversion of B to free hydrogen
and the conversion of B back to A for the substrate 3,5-difluoropyridine. This plot was then used to
calculate the activation parameters for each of these pathways. The linear regression analysis for
each process is given in the same colour as that shown in the plot.

Rate data for hydride exchange for the interconversion of the tris and bis complexes
Table A.17 and Table A.18 show the rate constants for the interconversion complex A and
complex B for the substrates 3-fluoropyridine and fluoropyrazine respectively, as described in the
Appendix section above.
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Table A.17 – Rate constants for the ligand exchange processes for 3-fluoropyridine (2), in methanold4 as a function of temperature, results via selective 1D-EXSY experiments at 500 MHz.
Experimental rate constants for the indicated process (s−1)
Temp

[IrCl(H)2(2)2(IMes)]

[Ir(H)2(2)3(IMes)]Cl

[IrCl(H)2(2)2(IMes)]

(rate A goes to B)

(B) (rate H2 loss)

260

0.037

0.122

0.154

0.199

265

0.112

0.374

0.688

1.231

270

0.275

0.730

1.113

2.345

275

0.652

1.572

2.124

4.816

280

1.538

3.409

4.483

10.157

285

2.837

6.103

8.483

15.439

290

5.703

10.724

9.600

27.832

T (K)

(B) (rate interchange
of hydrides)

[IrCl(H)2(2)2(IMes)]
rate B goes to A

Table A.18 – Rate constants for the ligand exchange processes for fluoropyrazine (5), in methanol-d4
as a function of temperature, results via selective 1D-EXSY experiments at 500 MHz.
Experimental rate constants for the indicated process (s−1)
Temp

[IrCl(H)2(5)2(IMes)]

[Ir(H)2(5)3(IMes)]Cl

[IrCl(H)2(5)2(IMes)]

(rate A goes to B)

(B) (rate H2 loss)

255

0.000

0.034

0.028

0.006

260

0.000

0.088

0.247

0.000

265

0.061

0.162

0.640

0.013

270

-

-

-

-

275

0.263

0.834

4.135

0.055

280

0.765

1.930

10.213

0.132

285

1.396

3.187

19.591

0.298

290

3.687

5.086

30.459

0.635

T (K)

(B) (rate interchange
of hydrides)

[IrCl(H)2(5)2(IMes)]
rate B goes to A

A.11 Polarisation transfer field plots for 19F
As described in Chapter 3.6 the flow system was used to collect 1H signal enhancements at
varying magnetic fields. These samples were also used, with the flow system to collect
polarisation transfer field (PTF) data for 19F on all the fluorinated N-heterocycles. Unfortunately,
due to fast relaxation times the data is not very accurate. Of the samples tested 3-fluoropyridine,
3,5-difluoropyridine and 5-fluoro-3-carboxylic acid, have been recorded here as their data is as
expected, these are presented in Figure A.30 to Figure A.32.
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Figure A.30 – PTF plots of 3-fluorpyridine (500 mM) and [IrCl(COD)(IMes)] (25 mM) in methanold4. A) is examining magnetic fields 1-14 mT (0-140 G) and B) is examining magnetic fields 0-1 mT (01 G).

Figure A.31 – PTF plots of 3,5-difluorpyridine (500 mM) and [IrCl(COD)(IMes)] (25 mM) in
methanol-d4. A) is examining magnetic fields 1-14 mT (0-140 G) and B) is examining magnetic fields
0-1 mT (0-1 G).
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Figure A.32 – PTF plots of fluoropyrazine (500 mM) and [IrCl(COD)(IMes)] (25 mM) in methanold4 examining magnetic fields 1-14 mT (0-140 G).

The optimal PTF for 19F cannot be determined from the PTF plots shown, although theoretically
the transfer field was calculated to be 32 mG (0.0032 mT) (see Chapter 3.6). However, what can
be confirmed is that the polarisation detected for 19F is going via 1H.

A.12 Characterisation of [IrCl(H)2(DMSO)2(IMes)]
Characterisation of all sulfoxide complexes are given below. H2O addition did not change this
data.

Characterisation of [IrCl(H)2(DMSO)2(IMes)] in methanol-d4

Figure A.33 – Structure of [IrCl(H)2(DMSO)2(IMes)] complex.

[IrCl(COD)(IMes)] (5 mM), sodium oxalate (25 mM) and DMSO (20 mM) were dissolved in
methanol-d4 (0.6 mL) at 293 K and degassed using a freeze-pump-thaw method. The sample was
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then exposed to 4 bar (absolute) H2. The sample was then repeatedly exposed to 4 bar H2 until
hydrides appeared at δ −15.53 and −21.53. This was then characterised by NMR at 245 K.
H (500 MHz, methanol-d4, 245 K) δ: 7.24 (s, 2H, H-5), 7.02 (m, 4H, H-8), 3.27 (d, 6H, H-2),

1

2.83 (s, 6H, H-1), 2.37 (s, 6H, H-11), 2.20 (s, 12H, H-10 and H-12), −15.53 (d, J = 6 Hz, 1H, H14), −21.53 (d, J = 6 Hz, 1H, H-13).
C (125.8 MHz, methanol-d4, 245 K) δ: 152.49 (C-3), 138.43 (C-9), 137.99/136.49 (C-7), 135.22

13

(C-6), 128.56 (C-8), 123.42 (C-5), 57.26 (C-2), 48.77 (C-1), 19.95 (C-11), 18.34/17.55 (C-10 and
C-12).

Characterisation of [IrCl(H)2(DMSO)2(IMes)] in dichloromethane-d2

Figure A.34 – Structure of [IrCl(H)2(DMSO)2(IMes)].

[IrCl(COD)(IMes)] (5 mM), sodium oxalate (25 mM) and DMSO (20 mM) were dissolved in
dichloromethane-d2 (0.6 mL) at 293 K and degassed using a freeze-pump-thaw method. The
sample was then exposed to 4 bar (absolute) H2. The sample was then repeatedly exposed to 4 bar
H2 until hydrides appeared at δ −15.73 and −21.27. This was then characterised by NMR at 245 K.
H (500 MHz, methanol-d4, 245 K) δ: 6.93 (s, 2H, H-5), 6.97 (m, 4H, H-8), 3.20 and 3.15 (d, 6H,

1

H-2), 3.05 and 2.73 (s, 6H, H-1), 2.37 (s, 6H, H-11), 2.17 and 2.15 (s, 12H, H-10 and H-12),
−15.73 (d, J = 6 Hz, 1H, H-14), −21.27 (d, J = 6 Hz, 1H, H-13).
C (125.8 MHz, methanol-d4, 245 K) δ: 153.7 (C-3), 138.43 (C-9), 137.99/136.49 (C-7), 135.22

13

(C-6), 128.44 (C-8), 123.28 (C-5), 58.93 (C-2), 49.9 (C-1), 21.07 (C-11), 18.36 and 18.95 (C-10
and C-12).
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Characterisation of [IrCl(H)2(IMes)(PhMeSO)2] in methanol-d4

Figure A.35 – Structure of [IrCl(H)2(IMes)(PhMeSO)2)] complex.

[IrCl(COD)(IMes)] (5 mM), sodium oxalate (25 mM) and methyl phenyl sulfoxide (20 mM) were
dissolved in dichloromethane-d2 (0.6 mL) at 293 K and degassed using a freeze-pump-thaw
method. The sample was then exposed to 4 bar (absolute) H2. The sample was then repeatedly
exposed to 4 bar H2 until hydrides appeared at δ −23.42 and −29.52. This was then characterised
by NMR at 245 K.
H (500 MHz, methanol-d4, 245 K) δ: 7.765 (s, 1H, H-23), 7.648 (s, 2H,H-22), 7.37 (s, 2H, H-2),

1

7.21 (s, 2H, H-21), 7.20 (s, 1H, H-5), 7.11 (s, 2H, H-16), 6.99 (s, 4H, H-5 and H-7), 6.715 (d, J =
7.60, 2H, H-14), 3.44 (s, 3H, H-19), 3.00 (s, 3H, H-12), 2.418 (s, 6H, H-10), 2.18 (m, 6H, H-9),
2.082 (m, 6H, H-11), −23.42 (d, J = 9.42 Hz, 1H, H-17), −29.52 (t, J =9.81 Hz, 1H, H-18).
13

C (125.8 MHz, methanol-d4, 245 K) δ: 160.9 (C-1), 144.32 (C-20), 142.07 (C-13), 138.27 (C-

6), 136.95 (C-3), 135.97 (C-4 and C-8), 131.42 (C-23), 131.23 (C-16), 129.54 (C-22), 128.47 (C5), 128.32 (C-21), 128.25 (C-7), 127.89 (C-15), 124.44 (C-14), 123.14 (C-2), 50.5 (C-19), 56.69
(C-12), 19.97 (C-10), 17.68 and 17.47 (C-11 and C-9).
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Characterisation of [IrCl(H)2(IMes)(PhMeSO)2] in dichloromethane-d2

Figure A.36 – Structure of [IrCl(H)2(IMes)(PhMeSO)2] complex.

[IrCl(COD)(IMes)] (5 mM), sodium oxalate (25 mM) and methyl phenyl sulfoxide (20 mM) were
dissolved in dichloromethane-d2 (0.6 mL) at 293 K and degassed using a freeze-pump-thaw
method. The sample was then exposed to 4 bar (absolute) H2. The sample was then repeatedly
exposed to 4 bar H2 until hydrides appeared at δ −14.81 and −21.20. This was then characterised
by NMR at 245 K.
H (500 MHz, DCM-d2, 245 K) δ: 7.70 (s, 2H, H-8), 7.54 (s, 1H, H-10), 7.53 (s, 2H, H-9), 7.34

1

(s, 1H, H-5), 7.20 (s, 2H, H-3), 7.04 (s, 2H, H-4), 6.89 (s, 2H, H-12), 6.83 (m, 2H, H-17), 6.44
(m, 2H, H-15), 3.43 (s, 3H, H-6), 3.26 (s, 3H, H-1), 2.20 (m, 6H, H-20), 2.19 (m, 6H, H-21), 1.93
(m, 6H, H-19), −14.81 (d, J = 6.21 Hz, 1H, H-22), −21.20 (d, J = 6.21 Hz, 1H, H-23).
C (125.8 MHz, DCM-d2, 245 K) δ: 152.6 (C-11), 141.8 (C-7), 137.92 (C-16), 137.57 (C-18),

13

136.28 (C-13), 134.678 (C-14), 131.02 (C-5), 130.94 (C-9), 128.16 (C-17), 128.14 (C-15), 128.07
(C-4), 127.94 (C-10), 125.30 (C-3), 125.23 (C-8), 122.99 (C-12), 51.21 (C-6), 44.56 (C-1), 20.8
(C-20), 18.81 (C-21), 18.30 (C-19).
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Characterisation of [Ir2(H)4(DMSO)2(IMes)2(µ-oxalate)] in methanol-d4 and 50 µL
of D2O

Figure A.37 – Structure of [Ir2(H)4(DMSO)2(IMes)2(µ-oxalate)].

[IrCl(COD)(IMes)] (5 mM) and sodium oxalate (25 mM) were dissolved in methanol-d4 (0.6 mL)
with 50 µL of D2O at 293 K and degassed using a freeze-pump-thaw method. The sample was
then exposed to 4 bar (absolute) H2. The sample was then repeatedly exposed to 4 bar H2 until a
single hydride appeared at δ −27.09. This was then characterised by NMR at 245 K.
H (500 MHz, methanol-d4, 245 K) δ: 7.15 (s, 2H, H-5), 6.99 (m, 4H, H-8), 2.92 (d, 6H, H-2),

1

2.34 (s, 6H, H-11), 2.37 (s, 6H, H-11), 2.10 (s, 12H, H-10 and H-12), −27.09 (s, 2H, H-13).
13

C (125.8 MHz, methanol-d4, 245 K) δ: 168.15 (C-2), 155-150 (C-3), 137.94 (C-9), 137.04 (C-

7), 135.25 (C-6), 128.52 (C-8), 122.63 (C-5), 47.04 (C-1), 17.92 (C-11), 17.17 (C-10 and C-12).

X- ray diffraction of [Ir2(H)4(DMSO)2(IMes)2(µ-oxalate)]
Preparation of the sodium oxalate dimer crystals were prepared by removing the hydrogen
atmosphere from a sample of activated sodium oxalate (25 mM) with DMSO (20 mM) and
[IrCl(COD)(IMes)] (5 mM) in methanol-d4 (0.6 mL) and 50 µL H2O. Degassed hexane (~ 3 mL)
was slowly layered over the top of the sample solution in the NMR tube.
The hydrides were located by difference map with one of the Ir-H bond lengths subsequently
restrained to be 1.6 angstroms. The dichloromethane of crystallisation was disordered and
modelled in two positions with refined occupancies of 0.771:0.229(3). The ADP of pairs of
disordered atoms were constrained to be equal (C25 & C25a, Cl1 & Cl1a, Cl2 & Cl2a). The CCl bond lengths were restrained to be equal. The occupancy of the partial water of crystallisation
refined to 0.634(13). Single crystal X ray diffraction data were collected and solved by Dr. Adrian
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C. Whitwood. The chemical structure is shown in Figure A.37. Selected crystal data and structure
refinement is shown in Table A.19. The structures were deposited with the Cambridge
Crystallographic Database (no. 1941589).165
Table A.19 – Crystal data and structure refinement details for [Ir2(H)4(DMSO)2(IMes)2(µ-oxalate)].
Parameter
Compound
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a /Å
b /Å
c /Å
α /°
β /°
γ /°
Volume /Å3
Z
ρcalc g/cm3
µ /mm−1
F(000)
Crystal size /mm3
Radiation
2Θ range for data collection /°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e Å−3

Value
6
C50H70.54Cl4Ir2N4O7.27S2
1434.28
110.00(10)
triclinic
P-1
9.7187(5)
12.0086(7)
13.3295(11)
85.912(6)
69.210(6)
76.361(5)
1413.21(17)
1
1.685
11.827
710.7
0.163 × 0.052 × 0.018
CuKα (λ = 1.54184)
7.094 to 134.126
−11 ≤ h ≤ 11, −9 ≤ k ≤ 14, −15 ≤ l ≤ 15
9141
5051 [Rint = 0.0319, Rsigma = 0.0472]
5051/7/346
1.019
R1 = 0.0303, wR2 = 0.0730
R1 = 0.0354, wR2 = 0.0768
1.51/-1.45

A.13 Ligand exchange mechanism for [IrCl(H)2(DMSO)2(IMes)]
Modelling ligand exchange for sulfoxide complexes
The exchange of DMSO in [IrCl(H)2(DMSO)2(IMes)] (G) was modelled in a similar way to that
previously described for [Ir(H)2(IMes)(sub)3]Cl by examining the concentration of the complex
and free DMSO (Figure A.38).
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Figure A.38 – Loss and gain of DMSO from [IrCl(H)2(DMSO)2(IMes)] (G).

However, the T1 relaxation times had to be included in the fit as the simple model produced poor
data. This is included as detailed in equations A.15 and A.16.
[𝐷𝑀𝑆𝑂]𝑡 = [𝐷𝑀𝑆𝑂]𝑡−𝛿𝑡
+ (𝑘𝐷𝑀𝑆𝑂 [𝑪]𝑡 − 𝑘−𝐷𝑀𝑆𝑂 [𝐷𝑀𝑆𝑂]𝑡 [𝑆𝑢𝑏∗ ]𝛿𝑡 −

[𝐷𝑀𝑆𝑂]𝑡
) 𝛿𝑡 (𝐴. 15)
𝑇1 (𝐷𝑀𝑆𝑂)

[𝑪]𝑡 = [𝑪]𝑡−𝛿𝑡 + (−𝑘𝐷𝑀𝑆𝑂 [𝑪]𝑡 + 𝑘−𝐷𝑀𝑆𝑂 [𝐷𝑀𝑆𝑂]𝑡 [𝑆𝑢𝑏 ∗ ]𝛿𝑡 −

[𝑪]𝑡
) 𝛿𝑡
𝑇1 (𝑪)

(𝐴. 16)

The simulated data for the Excel spreadsheet is given in Table A.20 using equations A.15 and
A.16. The concentrations of bound substrate, [A] and free substrate, [B] could be calculated where
𝑡 = 0 to 0.5 s. As a rate constant is required (𝑘𝑑 ) estimated values had to be used. At 𝑡 = 0, it was
assumed that the concentration of A was 100% and that of B was 0%. The rate constant was then
divided by the T1 relaxation time. This allowed the excel SOLVER to fit the data. Rates were
found using this model, an example is shown when complex G was in DCM-d2 in Figure A.39.
Table A.20 - The cell inputs used for the Excel spreadsheet to calculate the simulated rate data for
the exchange of DMSO in complex G.
A
Time (s)
0
0.00025
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B
[A]
100
=@INDEX(MMULT($
B59:$F59,$B$15:$F$1
9)*($A60$A59)+B59,1)

C
[B]
0
=@INDEX(MMULT($
B59:$F59,$B$15:$F$1
9)*($A60$A59)+C59,2)

Appendix

Figure A.39 – Showing the experimental and simulated change in percentage abundance of free and
bound DMSO in complex G at 268 K in DCM-d2. Simulated data was achieved using the formula
given in equations A.15 and A.16.

Without the division of T1 the fit was not a good one, as shown in Figure A. 40.

Figure A. 40 - Showing the experimental and simulated change in percentage abundance of free
and bound DMSO in complex G at 258 K in DCM-d2. Simulated data was achieved using the
formula given in equations A.15 and A.16, without T1.

The least squares regression was calculated as described in Appendix section A.2. An example of
the least squares regression is given for ligand exchange for [IrCl(H) 2(DMSO)2(IMes)] at 268 K
in DCM-d2 (0.6 mL) in Table A.21.
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Table A.21 - Least squared regression error for data obtained at 268 K for the ligand exchange for
the complex [IrCl(H)2(DMSO)2(IMes)] in DCM-d2 (0.6 mL).
time(s)
0
0.05
0.1
0.125
0.15
0.175
0.2
0.225
0.25
0.275
0.3

[A]
100
85.61
73.43
67.87
62.43
57.92
53.51
48.96
45.32
41.78
38.17

[B]
0
14.39
26.57
32.13
37.57
42.08
46.49
51.04
54.68
58.22
61.83

[A]

[B]

85.75
73.34
67.77
62.60
57.78
53.32
49.18
45.35
41.79
38.51

14.25
26.66
32.23
37.40
42.22
46.68
50.82
54.66
58.21
61.49

sum
0
16.60
54.69
76.94
99.74
126.31
153.15
181.37
211.12
244.92
330.02
1164.86

From the rate data collected for the loss of DMSO and hydride, activation parameters could be
obtained from the Eyring plots shown below in Figure A.42 below. These were used to find the
activation parameters for loss of DMSO and hydride which are presented in Chapter 4 section
4.5.4.
The error for the rate constants was calculated using the Jack knife method as described in Chapter
7, section 7.2.9. The Jack-knife errors for the ligand exchange at 268 K for the complex
[IrCl(H)2(DMSO)2(IMes)] in DCM-d2 (0.6 mL) are given in Table A.22Table A.3.
Table A.22 - Jack-knife error for the experimental data obtained for ligand for the complex
[IrCl(H)2(DMSO)2(IMes)] in DCM-d2 (0.6 mL) at 268 K.

All
0.005
0.05
0.075
0.1
0.2
0.25
0.3
0.35
0.4
0.45
0.5
Error
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A
3.056
3.045
3.046
3.046
3.044
3.047
3.047
3.044
3.045
3.169
3.169
3.046
0.129
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Modelling hydride exchange for sulfoxide complexes
The exchange of the hydride ligands in [IrCl(H)2(DMSO)2(IMes)] was modelled as illustrated in
Figure A.24 and using the equations A.12 to A.14, simulated data could be obtained. The Excel
spreadsheet for the simulated data is given in Table A.10. Using this model rate constants were
found; an example is shown when complex G was in DCM-d2 (Figure A.41).

Figure A.41 – Showing the experimental and simulated change in percentage abundance of free and
bound hydrogen in complex G at 268 K in DCM-d2. Simulated data was achieved using the formula
given in equations A.12 to A.14.

The least squares regression was calculated as described in Appendix section A.2. An example of
the least squares regression is given for hydride exchange for [IrCl(H)2(DMSO)2(IMes)] at 268 K
in DCM-d2 (0.6 mL) in Table A.23
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Table A.23 - Least squared regression error for data obtained at 268 K for hydride exchange for the
complex [IrCl(H)2(DMSO)2(IMes)] in DCM-d2 (0.6 mL).
time(s)
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5

[A]
100
85.86
77.65
71.16
64.12
57.62
50.66
49.47
45.59
44.03
40.91

[B]
0
10.14
22.35
28.84
35.88
42.38
49.34
50.53
54.41
55.97
59.09

[A]

[B]

2.58
0.64
0.77
0.42
0.03
5.76
0.13
0.05
0.93
0.02

2.58
0.64
0.77
0.42
0.03
5.76
0.13
0.05
0.93
0.02

sum
0
5.15
1.29
1.53
0.85
0.06
11.52
0.26
0.10
1.86
0.03
22.64

The error for the rate constants was calculated using the Jack knife method as described in Chapter
7, section 7.2.9, the Jack-knife errors for the hydride exchange at 268 K for the complex
[IrCl(H)2(DMSO)2(IMes)] in DCM-d2 (0.6 mL) are given in Table A.24Table A.3.
Table A.24 - Jack-knife error for the experimental data obtained for hydride exchange for the
complex [IrCl(H)2(DMSO)2(IMes)] in DCM-d2 (0.6 mL) at 268 K.

All
0.005
0.05
0.075
0.1
0.2
0.25
0.3
0.35
0.4
0.45
0.5
Error

A
2.57
2.60
2.54
2.61
2.59
2.56
2.52
2.57
2.57
2.55
2.56
2.57
0.08

From the rate data collected for the loss of DMSO and hydride in [IrCl(H)2(DMSO)2(IMes)] was
used to determine the corresponding activation parameters as shown below in Figure A.42 and
Chapter 4 section 4.5.4.
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Figure A.42 – Eyring plot for the loss of either DMSO or hydride in complex
[IrCl(H)2(DMSO)2(IMes)]. This plot was then used to calculate the activation parameters for each of
these ligands. The linear regression analysis for each ligand is given in the same colour as that shown
in the plot.
Table A.25 - Rate constants for elimination of H2 and DMSO loss in [IrCl(H)2(DMSO)2(IMes)] in
dichloromethane-d2 or methanol-d4 solution with temperature, obtained via selective 1D-EXSY
experiments using a 500 MHz Bruker NMR spectrometer.

Temperature (K)

In DCM-d2

In MeOD-d4

Rate of loss / s-1

Rate of loss / s-1

Hydride

DMSO

Hydride

DMSO

233

-

-

0.00

0.03 ± 0.01

238

-

-

0.06 ± 0.01

0.07 ± 0.01

243

0.04 ± 0.01

0.05 ± 0.01

0.16 ± 0.01

0.15 ± 0.01

248

0.04 ± 0.01

0.12 ± 0.01

0.35 ± 0.01

0.32 ± 0.01

253

0.26 ± 0.01

0.29 ± 0.01

0.67 ± 0.01

0.64 ± 0.01

258

0.54 ± 0.02

0.64 ± 0.01

1.51 ± 0.02

1.52 ± 0.01

263

1.16 ± 0.04

1.54 ± 0.01

3.31 ± 0.26

3.35 ± 0.01

268

2.56 ± 0.08

3.05 ± 0.01

5.04 ± 0.37

7.28 ± 0.02

273

3.93 ± 0.03

6.13 ± 0.01

-

-
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Table A.26 - Activation parameters for ligand exchange in [IrCl(H)2(DMSO)2(IMes)] in
dichloromethane-d2 and methanol-d4 solution.

Solvent

DCM-d2

MeOD-d4

ΔH

ΔS

ΔG±300

kJ mol-1

J mol-1 K-1

kJ mol-1

DMSO

86.5 ± 2.1

93.6 ± 8.2

58.4 ± 0.1

Hydride

83.1 ± 7.6

78.9 ± 29.3

59.5 ± 0.1

DMSO

78.9 ± 3.8

71.7 ± 15.7

57.4 ± 0.2

Hydride

77.6 ± 6.2

66.1 ± 24.5

7.8 ± 0.3

Ligand

A.14 Plot of T1 hyperpolarised measurements
A series of 15 FIDs were recorded using the variable flip angles calculated in Chapter 7
(experimental) section 7.2.11.3, Table 7.1 and Table 7.2 for both 13C and 15N nuclei respectively
in 13C-uracil and 2-13C,15N2-uracil. The time delay between r. f. pulses is ∆tn, where n is the delay
between 𝜃n and 𝜃n+1 as shown in Figure 7.6 in Chapter 7 section 7.2.11.3.
The hyperpolarised longitudinal relaxation (T1) times were calculated using an exponential fit of
the decay of the hyperpolarised signal as shown in equation A.17

𝑀 = 𝑀0 𝑒

(

−𝑡
)
𝑇1

+ 𝑀𝑇ℎ𝑒 𝑒𝑞𝑢

(𝐴. 17)

Where 𝑀 is magnetisation, 𝑀0 is the initial magnetisation, T1 is the time constant, t is the time
after the first r. f. pulse and 𝑀𝑇ℎ 𝑒𝑞𝑢. is the thermal equilibrium magnetisation.6 An example of
13

C T1 is given in Figure A.43 and in an example of 15N T1 is shown in Figure A.44, both for the

substrate 2-13C,15N2-uracil.
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Figure A.43 – A plot of the magnetisation decay at varying time delays, τ based on the variable flip
angles calculated, for 13C of free 13C-uracil when in the presence of the SABRE pre-catalyst
[IrCl(COD)(IMes)]. From this the T1 relaxation time was calculated using equation A.17.

Figure A.44 - A plot of the magnetisation decay at varying time delays, τ based on the variable flip
angles calculated, for 15N of free 13C,15N2-uracil when in the presence of the SABRE pre-catalyst
[IrCl(COD)(IMes)]. From this the T1 relaxation time was calculated using equation A.17.
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Abbreviations
%Vbur - percent buried volume
h - Planck's constant
∆G‡300 - Gibbs' free energy at 300 K
⃗⃗⃗ - magnetic moment
𝝁
µM - micromole per dm3
µs - microsecond
18
F-FDG - 18F-Fluorodeoxyglucose
1D - One-Dimensional
2D - Two-Dimensional
AHA - American Heart Association
ALTADENA - Adiabiatic Longitudinal
Transport After Dissociation Engenders Net
Alignment
ASL - Arterial Spin Labelling
ATP - Adenosine-Triphosphate
B - Boltzmann distribution
B0 - magnetic field
BPS - bathophenanthrolinedisulfonic acid
disodium salt
BPTF - optimal polarisation transfer field
br - broad
c – concentration
ca – circa
CASH-SABRE - CAtalsyt Separated
Hyperpolarisation via Signal Amplification
By Reversible Exchange
cm - centimetre
CNR - Contrast to Noise
COA - cyclooctane
COD - 1,5-cyclooctadiene
COE - cyclooctene
COESY - Correlation Spectroscopy
COPD - Chronic Obstructive Pulmonary
Disease
cf – confer/conferatur
CSI - Chemical Shift Imaging
Cy - cyclohexyl
d - deuterated
d - doublet
d1 - relaxation delay
d8 - mixing time
DC – Direct Current
DCM-d2 - Dichloromethane-d2
dd - doublet of doublet
d-DNP - dissolution-DNP
DEPT - Distortionless Enhancement by
Polarisation Transfer
DFT - Density Functional Theory
dm - decimetre
DMF – dimethylformamide
DMSO - dimethylsulfoxide
DNA - deoxyribonucleic Acid
DNP - dynamic Nuclear Polarisation

DOSY - Diffusion Ordered SpectroscopY
dUMP - deoxyuridylate
E - energy state
EM - energy values
exp - exponential
EXSY / Selective NOESY - Exchange
SpectroscopY / Nuclear Overhauser Effect
Spectroscopy
f - frequency
f - leakage factor
FDG - fluorodeoxyglucose
F-dUMP - fluorodeoxyuridylate
FID - Free Induction Decay
FISP - Free Induction with Steady-state free
Procession
FLASH - Fast Low Angle Shot
FOV - Field of View
G - Gauss
g - gram
HMBC - Heteronuclear Multiple Bond
Correlation Spectroscopy
HMQC - Heteronuclear Multiple Quantum
Coherence
hyp -hyperpolarised
Hz -hertz
I - spin quantum number
I-integral
I0 - Boltzmann equilibrium value
IDEG
1,3-bis(3,4,5tri(diethyleneglycol)benzyl)imidazole-2ylidene
IMe - 1,3-bis(methyl)-imidazol-2-ylidene
IMes - 1,3-Bis(2,4,6-trimethylphenyl)imidazol-2-ylidene
IMesBn - 1-mesityl-3-benzylimidazole
INEPT - Insensitive Nuclei Enhanced by
Polarisation Transfer
i
Pr2EtN - N,N-Diisopropylethylamine
IVIM - Intra Voxel Incoherent Motion
Iz - nuclear polarisation
J - scalar coupling
J - joule
k - rate constant
K - Kelvin
ka - rate constant for association
kB - Boltzmann constant
kd - rate constant for dissociation
KHz - Kilohertz
kJ - kilojoule
kobs- observed rate constant
L – ligand
L1 - 3-(2-methylene-4-nitrophenolate)-1(2,4,6-trimethylphenyl)imidazolylidene
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Abbreviations
LLS - Long Lived State
ln - natural log (base e)
M – moles per dm3
m - multiplet
m - quantum number
M - mass
MCT - Monocarboxylate Transporter
MeCN - Acetonitrile
MeOD - deuterated methanol
MeOH - methanol
MHz - megahertz
min - minute
mL - mililitre
mM - milimoles per dm3
mm – millimetre
M0 - magnetisation at thermal equilibrium
Moffset - offset magnetisation
mol -mole
MR - Magnetic Resonance
Mr - molecular mass
MRI - Magnetic Resonance Imaging
mRNA - messenger Ribonucleic Acid
MRS - Magentic Resonance Spectroscopy
MRSI – Magnetic Resonance Spectroscopy
Imaging
ms - milisecond
MSP - Monosodium dihydrogen phosphate
mT - militesla
mtz - 1-methyl-1,2,3-triazole
Mx - Magnetisation in the x direction
Mxy - Magnetisation in the xy plane
My - Magnetisation in the y direction
Mz - Magnetisation in the z direction
N - isotope natural abundance
n - number
na - ratio of populations in α
NADH - Reduced form of Nicotinamide
Adenine Dinuleotide
NADPH - Reduced form of Nicotinamide
Adenine Dinuleotide Phosphate
NH - amine protons
NH2R - amine ligand
NHC - N-heterocylic Carbene
NMR - Nuclear Magnetic Resonance
nOe - Nuclear Overhauser Effect
Spectroscopy
NOESY - Nuclear Overhauser Effect
Spectroscopy
NS – Number of scans
NSF - Nephrogenic System Fibrosis
nβ - ratio of populations in β
O-DNP - Overhauser-DNP
OPSY - Only para-hydrogen Spectroscopy
OXO63 - tris[8-carboxy2,2,6,6-tetrakis(2hydroxymethyl)benzo[1,2-d:4,5-
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d]bis(1,3)dithio-4yl]methyl radical, trisodium salt
P0 - Polarisation
PASADENA - Para-hydrogen And
Synthesis Allow Dramatically Enhanced
Nuclear Alignment
PCy2Ph - dicyclohexylphenylphosphine
PCy3 - Tricyclohexylphosphine
PEA - phenethylamine
PEG - polyethylene glycol
PET - Positron Emission Tomography
p-H2 - para-hydrogen
PHIP
Para-Hydrogen
Induced
Polarisation
ppm - parts per million
PTF - Polarisation Transfer Field
py - pyridine
pyr - pyrimidine
q - quartet
R - gas constant
R - receptivity
r. f. - Radio Frequency
rad - radian
RARE - Rapid Acquisition with Refocused
Echoes
ref - reference
RNA - Ribonucleic Acid
ρ - density
ROI - region of interest
s - second
s - saturation factor
s - singlet
S - signal intensity
S.D - standard deviation
SABRE - Signal Amplification By
Reversible Exchange
SABRE-SHEATH - Signal Amplification
By Reversible Exchange in SHield Enables
Alignment Transfer to Heteronuclei
SE - Spin Echo
SEOP - Spin-Exchange Optical Pumping
SIMes - 1,3-bis(2,4,6-trimethylphenyl)-4,5dihydroimidazolium
sin - sine
SiPr
1,3-bis(2,6-diisopropyl)-4,5dihyroimidazol-2-ylidene
SNR - Signal to noise
SSFP - Steady State Free Precession
Sub - Substrate
T - temperature
T – Tesla
t - triplet
t - time
T1 - spin lattice or longitudinal relaxation
time
T2 – spin-spin or transverse relaxation time

Abbreviations
TCA - Tricarboxylic Cycle or Citric Acid
Cycle or Krebs cycle
TE - Echo Time
TEP - Tolman Electronic Parameter
Th - Thermal
θ - flip angle
TLLS - Long Lived State relaxation time
tmix - mixing time
TMP - Thymidylate
TR - Repetition Time
TRAMP - Transgenic Adenocarcinoma
Mouse Prostate
tRNA - transfer Ribonucelic Acid
TS - Thymidylate synthase
uL - microlitre
vd - variable delay or gradient list
vol - volume
w - weight

̅- mean
𝒙
XRD - X-Ray Diffraction
α - spins aligned with the field
β - spins aligned against the field
γ - gyromagnetic moment
ΔE - energy difference
ΔH‡ - change in enthalpy
ΔS‡ - change in entropy
Δt - change in time
ε' - overall enhancement
ξ - coupling factor
τ - time delay
τG - gradient recovery delay
τVG - variable dely
ħ - reduced Planck's constant
𝝎𝟎 - angular frequency
ε - enhancement
∆𝜹 - chemical shift difference
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