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Abstract

Abstract

Nuclear magnetic resonance spectroscopy (NMR) and Magnetic Resonancey (M) play

a vital role in sciencandmedicine. Hyperpolarisation technologies, which amplify achievable
signal,canunlocknewMR applicationsHere, a group of thienopyridazines were synthesisdd
hyperpolarised via Signal Amplification by Reversible Exchange (SABRE). Thienopyridazines

are of medical interest due to their acdincer properties

H-NMR signal enhancements of 10,180d + 230at 9.4T (~33% polarisation) were achieved,
under optimal conditions and novel-labelling used to identify eight SABRE active complexes.
Alongside high polarisation levels, long signal lifetimes are desired to warrant a longer window
for MR observation *H T; lifetimes for the thienopyridazines were found to be-408. Long

lived state (LLS) approaches extended the magiifetime of the shortel; values to 40 s in the

T[2,3-d]P regioisomer.

Following successful hyperpolarisation, the imagingteptial of thienopyridazines was
demonstratedln vivo detection of a 2nL bolus of hyperpolarised thienopyridazine (in organic
solvent) injected into the subcutaneous space was accomplished. Although hyperpolarised signal
in a nontoxic aqueous solutiowas proven feasible (through biphasic extraction), polarisation
levels were lower (3%); thua vivo detection following intravenous injection was not possible.
Although SABRE excels iftH polarisation, imaging is confounded by the vast background

signalsfrom the water/fat pool.

Successful Xhuclei imaging utilised hyperpolarisétC-nicotinamide (via SABRE & dissolution
Dynamic Nuclear Polarisation;[@NP). dDNP achieved3C polarisation levels of 13% (with
apparentl5s Ti) permitting easy detection in an vivo cancer model. Equivalent SABRE

polarisation was inferior (~0.17%) and oiityvitro imaging was possible.

A final study developed next generation SABRE methods cascading polarisatiop-Figmnia
anN-heterocytic substrate, to platinurphosphine complexes. Substrates with high polarisation
and long lifetimes €.g, methyt4,6-d>-nicotinate) proved to be effective for such polarisation

relay and resulted iimproved®!P signal detection.
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Introduction

Chapter 1: Introduction

Magnetic resonance (MRs aspectroscopi@haging technique at the forefront nfolecular

profiling researctused for the diagnosis of disease by trachgrrantellular function*2 MR

can provide both fundamentalmolecular data (spectra), alongsideacroscopicstructural
information (images), i nhoninvasive and nomlestructive manneilthough MR can detect

and daracterise molecular structure ahdunct i on, the tediVtnisqueds
somewhat limited by low therrhpolarisation between quantisedergy states of the nuciehen

exposed to a magnetic figldection 1.2). In order to overcome this limitation, it is typical to use
strong magnetic fields (>¥), high concentratins and signal averaging, all of which can be

impractical to implement fan-vivo measurements.

An alternative approach, to increase the sensitivity of MR, involves physical manipulation of the
magnetic state populations, so called hyperpolarisétiodeed, it is now possible to track
metabolic flux of specific molecules in the body using hyperpolarisation techrfitjirexent
research uses hyperpolarisation for tetedtion and conversion 5 labelled pyruvate to lactate

as a means to image tumour metabolisrioreast cancerExample hyperpolarised MR imaging

data adaptedfrom Gallagheret.al (2020) a shown inFigure 1.1. Such data will facilitate
improved diagnostics and treatment response tracking, with substantial benefits to patients. MR
enhanced with hyperpolarisation, is therefore emerging as a minimailgive alternative to

nuclear medicine for molecular imaging. It is nawnajor research ar@aimagingbiosciencé.

pyruvate lactate Lac/Pyr

pyruvate

lactate

Figure 1.1:3C-pyruvate and 3C-lactate images acquired from a breast cancer patient
following i.v. injection of hyperpolarised [1-*3*C]- pyruvate. (A) Standard structural MR. (B)
Hyperpolarised 3C-pyruvate and (C) *C-lactate images. (D) LAC/PYR map showing tumour
heterogeneity represents decreased delivery of hyperpolarised substrate at the tumour
centre. (E and F) Dynamic (temporal resolution = 4 s) hyperpolarised **C-pyruvate and 3C-
lactate images.” Data adapted from Gallagher et al. (2020).
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1.1 A Brief History of Molecular Imaging

Over 100 years ago the discovery ofrags revolutionised diagnostic medicine by enabling
physicians to see, for the first time, structural images of the internal living body. Imaging of gross
anatomical structure was further augmented through the innesft@omputerised Tomography
(CT) in 1967 bySir Godfrey Hounsfieltd*° and Magnetic Resonance Imaging (MRI) in 1973 by
the American chemist Paul LauterBtVhile CT finds wide usadéin modern medicine, Xay
exposure ihigh'® andit does not deliver the required functional molecular information (beyond
perfusionof iodine-based contrast agentshich have known side effeéts for more subtle

disease staging.

It was initially the evolution of complementary cuttieglge nuclear medicine which permitted
deeper probing into the body on a molecular level. The combination of structural and functional
information within the body is critically important to medicine for several g0 it helps to

gain a better understanding of the biological pathways leading to disease; (ii) it helps with early
diagnosis; (iii) it allows a quick assessment of the efficacy of drugs; and (iv) aids the selection of

therapy chosen and effective pmralised medical treatment.

In 1963,Kuhl and Edwardslemonstrated that single photon emission computed tomography
(SPECT) was a promising technique for tracking molecular funttiiSPECTusesinjectable
radionuclides (moleculescontainingisotopes such &™ ¢, 1*4n or 123) which emit gamma rays

for subsequent detection outside the body. Localised function can be probeeabiyng
radidabelled ligands the properties of which are designed tdind to certain types of
healthy/diseasetissues Modern gammaameraswhichrotate around the subjegrroduce3D
tomographic imagethat aid disease diagnosis. Today SPECT finds particular application in
probing neurondl ® and cardiat® molecular function; albeit with relatively low spatial &

temporal resolutior?

In 197, Hoffman and Phelps developBdsitron Emission TomographRET)?* 22, which uses
radionuclides incorporated into biologically active molecules e.g. sugars, proteins or hoffones.
2-deoxy-2(*¥F)fluoro-D-glucose (FDG¥a glucose analoguén whicha positrm emitting radie
nucleotide 18F) is introducedr place of the hydroxyl group at the 2 position of the glucose
molecule Figurel.2), is one of the most widely used radioactive tracers. Followingtioje the

tracer collects in areas of the body where there are abnormal levels of chemical activity associated
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with disease. As the radiwucleotidedecays (FDG .= 109.7 min), it emits@ positronwhich

upon annihilation witran electrorproduces a paiof high energy (511 keV) photons orientated

at ~180° with respect to one another. Detection of near simultaneous multiple annihilation events
by an array of photon scintillatiotetectors, arounthe subject, is used to produce 2D images.

Resultant images are of higher spatial resolution than SPEECT.

OH

0
HO

18F
OH

Figure 1.2: Chemical structure of 2-deoxy-2(**F)fluoro-D-glucose.

In the specific case of FDG, after emitting a positféia,decays td®0 whichbinds toa labile
proton. It issubsequentlymetabolised to glucosgphosphate labelled with a harmless hon
radi oact i ve .GthereommngnPE isgtapes mAud®O (Tiz= 2.03min), 13N (T2
=9.96min), *'C (T12= 20.4min) which are used tmonitor heart condition¥,neurodegenerative
diseased and cancef. Isotopes with much longer hdifes (e.g. ®“Cu; T12= 12.7 h), are also
used For example®“Cu-CuCB-bicyclamhas been developed as a REGeptor imaginggent to
target thechemokine €X-C motif receptor 4 (CXCR4Wwhich is important in cancer metastasis,
in autoimmune diseases, and stemidelbed repair processes after stroke and myocardial

infarction?®

PET has also developed into a vital molecular imaging tool for the early staging of metastases
31 assessing therapy pemsé? and monitoring disease reoccurreft#. Cancerous cells have a
higher metabolic rate of glucose than normal dellewvn as th&Varburg Effect®. Thus, tumour

cellsshow up ahotspots ont®FDG-PET scans.

It should be noted, however, that caution should be taken when intergfBX&ET images.
Non-cancerous conditions such as lymph node response to inflammation/saréddasis be
mistaken for cancét Treatment assessment ustfigDG-PET is difficult in some organs (e,g.
prostate and brain) due to both poor tumour and increased background uptake, resgectively.
addition, although the amount imjectable/ingestible tracer is on the pico to nanomolar scale it

is radioactive and therefore PET is classed as invasive. A further disadvantage is the need for

specialised equipment, in the form of a cyclotfpfor synthesis of the biologically active ragdio
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nucleotide. Due to the radimucleotidehalf-life and the logistics of producing the ageirhing
is crucial and there is little room for erroAn advantag®f PET is the higlsensitivity,but this
is coupled with the disadvantage titds theincorporatedadioisotopaevhichis being recorded
and so the molecule should not be metabolised rapidly (or should be metabolically aspjtbd

FDG).

Since 2001 combined PET and computerised tomography (CT) has replacealstenBET*?
CT adds detailed structural anatomy to the relativelyresolutionfunctional PET image.** 42
In the clinic thecombination of Xray CT and PET images has led to improvements in tumour
detectiort’® Recent researchxploits *¥F FDGPET/CT to assess pneumonia/acute respiratory

diseases in COVIEL9 patients* 4°

Magnetic resonance imaging (MRijoduces anatomic images from thousands of voxels whose
signals arise from bulk magnetic properties of tissue. The signal is based predominantly on the
protons found in fat and water withthe body MRI has the advantage of offering higher spatial

and temporal resolution over PET/SPECT and it does not expespatient to any ionizing
radiation.Combined PET/MRI modalities were developed in 1997 by Shao*®e8akcifically

for neuroimaging, a combination deetroencephalograpiEEG), PET and MRI has also been
developed (Shah et al. 201Zhe thregechniquesomplement each other wethe strength of

MR is in structural functionalimaging,PET providesnolecular imaging and EEG provides a

temporal dimension where the other two modalities are Weék.

Magnetic Resonance Spectroscopy (MRS an MRI technique wherespatial resolution is

sacrficed to produce spectra fromsaalker number of voxels identifying metabolite molecules

di fferentiated by ItHaethereforddcamaia paverful debhnifue for ( U0) .
studying metabolisnin vivo. 'H MRS may be used to measure the levels of various abundant
metabolites, includig lactate, neutral lipids, choline and phospholipid metabolites, such as
phosphocholine in oncolo8y or neurochemicals such a&ABA and glutathione in

neurodegenerative diseas&¥

Several metabolically relevant nuclei in addition to hydrodeihdre MR active/visible allowing

a range of metabolites & variety of tissues to be detected includi@and®'P which havdong
been used in the investigation of metabolic processaso.>® P can be used to observe energy
metabolism by monitoring ATP, inorganic phospRagad intracellular pH! Measurement of

ZNa tissue concentration can be used to monitor tumorous tissue elimination after chent8therapy
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and even whole body imagitfgrhe noninvasive nature of MRS allows repeated experiments
with no harm to the patient so that response to-teng treatment (drug therapy) and rapid

intervention (e.g. exercise, insulin stimulation) can be assessed.

Due to its relative insesitivity, thermal MRS is often limited to regions where metabolites are in

a high enough concentration to be detected, for example in the brain or tumours. However, even
then the spatial and temporal resolution is limited and increasing the magnetitréalgth can

only help to a certain extent. Therefore, the need for hyperpolarisation techniques, such as
dissolutiondynamic nuclear polarisatiom-ONP) which can increas€C MRS sensitivity by
10,000fold, is clear. This sensitivity increase has nolyasllowed detection of*C labelled

metabolites but also their metabolism and tissue distribéition.

MRS combined with hyperpolarisation techniques provides a way to obtaihigbttefinition
structural information and fast dynamic functional information to aid diagnagiszero risk

even with repeated measurements to the patients. At the moment these techniques are still in their
infancy and therefore at present combinations with other imaging modalities can be

complementary.

To understand how hyperpolarisation techniques cimtbevercome the insensitivity in NMR

and MRS a more hdepth examination is required of the underlying principles.

1.2 Nuclear Magnetic Resonance

The field of Nuclear Magnetic Resonance NIR) spectroscopy exploits MR phenomenon to
study chemical, physical and biological properffSince its introduction in 1946 by Bld¢tand
Purcelf? NMR has become one of the leading analytical methods in chenidstty NMR and

MRI play uniqueroles,the former as an analytical spectroscopic tool across the sciences, the latter
primarily for clinical diagnostics across the medical specialities. However, the scientific basis
underpinning both technologies is the sammethis section the physical basis of the nuclear
magnetic resonance signal is descrilf&oine of the basic imaging techniques employed in this
thesis are outlinedA full understanding is based in quantum theory but by using some classical
descriptions, it is meh easier to grasp the complex scientific principles of NIVis sectionis

only intended as an overview and the author direcisRor i nci pl es of Nucl ear
Mi c r o £cNugeprdMagetic Resonanc and Spin DynamicsBasic of Nuclear Magnetic

Resonanc® if a full understanding is required.
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1.2.1 Physical basis
Some nuclei havan intrinsic angular momentum known gsn and consequently possess a
magnetic dipole momerthatcan be exploited in NMR and MRHydrogen tH) provides the
simplest nuclei to explain the NMR phenomenon. A positively charged proton, has thermal energy
resulting in classical rotation/spin witlmngular momentum In this classical modehe rotating
charge induces a small magnetic field and the nucleus possesses a magnetroatiperge

(Figurel.3a).

On amore realistiqquantum levethe system is described thyetspin quantum numbkror ary

nuclei the spinquantum number is determined by the number of unpaired protons and neutrons
(each having spin Y%2)For nuclewith | = 0 there is no angular momentum, no magnetic moment
and therefore the nucleus is NMR silefshy nucleus with > 0 possesses spin andhsrefore
ONMR activebo. S pi, his a vegtar lquamtity where batht itsi direction and
magnitude are quasid A spinl nucleus hasl2+ 1 projections onto an axis e.the z axis. The

z component of, i.e,, I, is quantisediccording to equation [1.1].
0 qa. [1.1]

The magnetic quantum numbenhas 2+1 values betweed and + in integral steps therefore

for a proton m = %2 and-%.

Spinangular momenturandthe magnetic momenif a nucleusre related by the gyromagnetic

ratio, g (equation [12]).

H rk pg

where o2 is a fundament al property of the specific

nuclear isotopeYhereby acting as a unique fingerprint for identification
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(a) (b) (c)

Figure 1.3: (a) Classical model of a spin system. Thermal energy results in spinning charge
with angular momentum (I), generating a small magnetic dipole moment (u). (b) Random
orientation of spins in bulk matter in the absence of an external magnetic field resulting in
a net magnetic moment of zero. (c) Spins in the presence of an external magnetic field
aligned with and against magnetic field.

Any nucleus with an odd number of protons and/or neutegs ¢C, °F, 3'P,1’0) exhibits these
essential spin properties. Howevéi is often the target nuale due to 99.985%isotopic
abundancehigh natural abundance (especially fiorvivo imagingf® and high gyromagnetic

ratio.

In the absence of an external static magnetid,fiee magnetic moments of bulk matter will be
randomly orientatedRigure 1.3 b). Thus, there is no net nuclear magnetizaWghen placed in
a staticmagnetic field (B), the individualmagnetic momentalign either parallel or anparallel

to the field®” with a slight excess of spins in the parallel orieotatFigure1.3 c).

Classical torque induces precession arou(drigurel.3 ¢) with an angular frequenty known
as the Larmor frequency, which can be calculated using equatBnviere6 is the static

magnetic field strength.
T [0 P&

The Lamor frequency therefore is a characteristic property for a particular nucleus (defined by

g and for the chemical environment of that nucleus (which changeglocal
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Figure 1.4: a) Magnetic field Bo with spins precessing at the Larmor frequency aligned
parallel or anti parallel (Classical view). b) Energy level diagram of a nucleus with | = 1/2
resulting in two energy levels m =-%2 and m = +¥2 when placed in amagnetic field (Quantum
view).

On a quanim leve| spins have;"O p possible energy level3he existence of these classical

spin states i s a consequ ehRgarel4doFor!H witespifQu ant um 6 Zeem
there are therefore two possible energy levels (defined by magnetic quantum niumberand

a -termed U and bThesdett e vmtwgedwoispin Ydevedsr gy, ©@E,

is given in equation [#].%*

YO 16 p&

where. " ¢“. Thermal energetics are such that there is a slight excegsnsfin the lower
energy stateResultant state populations follow Boltzmann statistics at thermal equilibrium and

the number of excess spins is given by equatidj.[1.

é — o
‘ QY )
£ P
where¢  ande¢ _ are tle lower and upper energy state populations respectielig

A~

Bol t zmann o6 s "Yis tempsrataen As tharmal enerd® (Y is much greater than the
energy state differenc&Q , the exponent in equation 1.4 can be expanted ( p ¢ and

the normalised population difference calculated as per equatigjn [1.
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- - YO
¢ & QY

P&

ForH (g=4238 MHz/T)ina94T st atic magnet i €J(Edgndql3l. AtpE =
300K the population difference can be calculated with equatiGh4$.3.2 x 13; or 1in ~2,000
extra nuclei in the low energy staldus, a net magnetization exists in the direction of the applied

magnetic field Figure1.3c) defined as theaxis.

Although this population difference is extremely small, when imaging the human bodjHwith

at standard clinical field strengths of T.50ne can calculate that in a single voxel (imaging
volume element) of 0.02 mL the number of excess protons woul@®®e 63° (6 million billion)

and, therefore, represents a significant signal for subsequent excitation and detection (section
1.2.2). The linear dependence of population difference (~ net magnetisation) on the gyromagnetic
ratio (throughYO) is noted. Ths, NMR signal is inherently smaller for the other applicable nuclei
(e.g.r*C) even before considering differences in natural abundance. Nevertheless, this small low
energy level population excess can be manipul&tggerpolarisationgchniques for dointhis

will be explored in sections 1.3 & 1.4 and are the basis of this thesis.

The resultant net magnetization cannot be detected in the z axis (as it is dwarfed by the huge static
magnetic field in the same direction). To detect this net magnetisationsitbe perturbed, by

an oscillating magnetic field, B(petpendicular to the static fieldo, and rotating at the same
Larmor frequency),into the transverse {x) plane. This is done through a process of

electromagnetic excitation.

1.2.2 Excitation and Detection
Net magnetization is perturbed into thg plane by a short Radio Frequency (RF) pulse emitted
from a surrounding antenna. The frequency of
frequency defining the energy difference between the spiesstahus, only nuclei that precess
with the same frequency as the RF pulse will be excited. In a rotating frame of reféinence
effect is a rotation of the net magnetizatamound B (the R- field) onto thetransverse ()
plane Eigure 1.5); perpendicular to Band Bo. The angle of net magnetization rotation
(determined by the pulse power and duratisrgalled the nutation or flip angle (FA). Following
cessation of the RF pulse the precessing magnetisation vector will induce a time varying AC

current in a receiving antenna/coil. The magnitude of this time oscillating current will reduce as
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the system fexes back to equilibriumi-ourier transformation of this time oscillating signal

delivers the component Larmor frequencies (if multiple are preasmt)spectrum.

Transmitter coil

Bl
RF pulse at
Larmor Frequency

Figure 1.5: Excitation step where an RF pulse (of variable power and duration) can be
applied at the Larmor frequency to tip the net magnetisation through an angle towards the
transverse (XY) plane.

1.2.3 Relaxation
The relaxation of spins back to thermal equilibrium occurs via two rkeghanisms; i)
longitudinal (1) (Figure 1.6); and ii) transverseTg) relaxation Figure 1.8). T: describes
magnetisation evolution in the z direction whiledescribes the-y plane evolutiond.g.,T» is
not simply the loss of -y magnetisation into the longitudinal, z plane). Note at thermal

equilibrium the magnitude of the net magnetisation is definedgas M
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i) Longitudinal T, (spirlattice) Relaxation

z z Z

Immediately after X

X X
90 degree pulse
P
Y Y Y
Z rd Z
X
X X
Y
Y Y

Figure 1.6: Tirelaxation showing spins returning to the z direction immediately after a 90°
pulse.

As soon as the excitation RF pulse stops (at t ®@jted spins will return to the low energy
state. The net magnetization relaxes back to align with the static magnetic field (z axis).
Longitudinal magnetisation (M reflects the Zomponent ofthe net magnetisation vector.
Therefore, at t = 0, following a 90° excitation pulse, there is no longitudinal magnetization (high
and low energy states are equally populatéd).s t he ti me constant of

magnetisation returns 'omagnitude M(Figurel.7a); as described by equation [1.6]

0 0 p Q o)

In MRI, T relaxation is very important. Not all protons are bound in the same way within the
body. In fat tissue, for examplenagnetically shieldedH atoms are foundwithin large
triglyceride molecules which rotagg an optimumrate efficientfor T.. Fat therefore has a short

T: value. Converselymagnetically deshieldetH atoms insmall water molecules, spimore
rapidly at a rate which is inefficient for, relaxation. Water therefore has a lon@evalue By
exploiting these differences 1, image contrast between different tissues results when imaging
at short repetition timgd'R), as can be seenligurel.7. For clarity epetition time is the amount

of time between successiggcitationpulsesi.e.,repeated measuresquiredfor spatial encoding

(see section.2.4). At short TRtissues with lond@: will not have relaxed to thermal equilibrium
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Therefore subsequent extgitions will resultin signal attenuation for that tissue paolcontrast

to those with shorT:. The subsequent image is said toThe/eighted.
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(b)

Figure 1.7: (a) T1 relaxation curve. (b) T1 weighted image.® (c) T, relaxation curve. (d) T2
weighted image.®®

Note that full relaxation of the longitudinal magnetisation is on the order of seGuaisiing at
long TRs(5 x longestT,) ensuregxcitaion from thermal equilibriundor all tissues and therefore
avoidsTiweighting Image contrast isow determined byl; relaxation, which occurs on a much
faster (ms) time scal&infortunately scans can take tens of minutes to complete (depending on

the required resolution).

i) Transverse T (spin-spin) Relaxation
Following excitation with a 90° RF pulg8.), the magnetizatiorvector rotates aroul B; into
the xy plane tobe perpendicularotB:. At this time point (t = 0) the nuclei are all in phase
(individual magnetic moments, be them in the high or low energy state, are all pointing in the
same transverse direction). Immediately after the 90° pulse, the net magnetization continues to
precess around theaxis in the transversexplane; but spins do not remain in phase for long.

The magnetic moments of the individual spins influence each otherggipininteraction)
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generating random local increases/decreases in field and thus shigfekent precession
frequencies (equation 1.2). The moments (precessing at different rates) begphtsegethus
reducing the transverse magnetisation vector. Eventually thesitlilie completely dephased
and there will be no transverse magnetsatnd thus no current induced in the detedtgure

1.8). In most biological tissuesits process occurs on the order of milliseconds (much faster than

spirtlattice relaxation).

Immediately after
90 degree pulse

Figure 1.8: Torelaxation showing spins dephasing across the XY plane after a 90° pulse.

Following a 90° excitation pulse £t0) the net magnetization, dMis flipped fdly into the

transverse pland; is the time constant éfansverséV,y signal decay described by:

0 O Q7 [18]

Once again, when thinking in terms of MRL depends on how the hydrogen proton is bound
within its molecule and that again is different for each tis$uis. therefore another parameter,

which is used in MRI to obtain coast.

As it is the precession of the transverse magnetisation that induces the AC current in the nearby
detector; when dephasing occurs the magnitude of the current will decrease. This time decaying
signal iscalled a Free Induction DecdylD). It is notedthat due to the presence of magnetic field
inhomogeneies and chemical shiftNMR signal actually decays faster thaif, times would

predict. Extra dephasing, and thus signal decay caused by such effects is given a time constant

To .
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1.2.4 Spatial Encoding
Fourier transformation unravels the different oscillating components of the FID to obtain a
spectrum as a function of frequsn The target nuclei in differing chemical environments
resonate at slightly differing frequencies depending on the relative shielding/deshielding
experienced and gives rise to chemical shift which is the basis of NMR. At thisip@mot
possible ® know where the different signals originated from, in a spatial sense. Spatial
localisationin MRI is achieved through the introduction of varying magnetic field gradiéfits.
0 Resonant frequelds a linear function of the applied magnetic field (Larmor equatid)) 1.
thereforeif a linear magnetic field gradient is applied across the sample, the resonant frequency
of the nucleus becomes a function of its spatial position within the applidéngeSpatial
encoding in standard MRI uses a single nuclear chemical environmepth@apundant water
pool within the body). Modern MRI systems employ three gradient coils to encode slice,
frequency and p hsapsaec e 6n f (Bouadrdoansfrmantd am imagde). A full
description of spatial encoding is beyond the scope of this thesis and the reader is teferred

APrinciples of MRIO by Friedman et al

1.2.5 Spectroscopic Imaging
As mentioned above MRI is employed in the medical specialities for diagnostic purposes, utilising
the water protonstl) as a marker of gross changes in soft tissue anatomy (based on changes in
T./T, relaxation). Today MRI remains unrivalled in the clinic for such purposes. However, as
detailed in section 1.1, imaging structure alone limits application when considering relevant

biochemistry.

Observing the body at a molecular level, with MR, is much more eoogd cell metabolites are
present at 10 000 times lower concentration than tissue wWat€he imaging gradient coils can

be pulsed in such a way, and the water pool signal supressed with RF, to provide spectroscopic
information from localised voxels within the bodSpatial resolutionis lost butthe gain in
chemical shift resolution enables protonagnetic resonance spectroscofpy ¥IRS) to be used

to assess localised metabolic propettieslithough there are advantages over anatomic imaging
alone on a typical clinical samerdetection requirel®w spatial (1 crf) and temporal resolutions

(5-10 min)that mitigate for the low metabolite concentratiét®n these time scales MRS can

relay more important dynamic information about metabolic flux. Without a method to increase

thesensitivity of MR to the metabolites of imést it is a difficult technique to implement for real
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time metabolic imagingMR signal enhancement by hyperpatation can temporarily help to

overcome these limits by providing transient signal enhancements of several orders of magnitude.

1.3 Hyperpolarisation

NMR/MRI insensitivity is driven by low natural abundance (nano to micro molar concentrations)
confounded by the low Boltzmann nuclear polarisation (equation 1.5). To overcome the low
thermal polarisation of spin states, on a theoret®ad|| one needs to force more spins into the
low energy state, thus increasing the net magnetisation and available signal for subsequent
detection. On a simple level this can be done by cooling samples (to dégligasel/or by using
stronger magnetic dids (to increas®E). However, such solutions are either very expensive
(stronger superconducting magnets) and/or impractisample cooling) particularly when
consideringn-vivo MRI applications. One must therefore consider a more fundamental quantum
manipulation to hyperpolarise the sample. Again the purpose being to produce a significant
deviation away from the Boltzmann distribution, leading to a larger proportion of the nuclear

spins in the low energy state to generate a larger net magnetiagjore(.9) andthussignal’*

1 11108011 IIIIl\llk
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Figure 1.9: a) Boltzmann distribution at thermal equilibrium of nuclear spins across the
hi gher energy | evel (b) and tdérpolalisednealearspiresr gy | e v e

The term 6Hy HPYyipolidnaised day to deacdbe a collection of techniques
manipulating spin populations including, spin exchange optical pumping (S&<e# for nuclei

in the gas phase); Dynamic Nuclear Pigkion (DNPi1 for the solid/liquid phase) and Para
Hydrogen Induced Polarisation (PHIPfor the gas/liquid phase)his thesis focuseen the

application of the latter two techniques in the liquid phase.
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1.3.1 Spin Exchange Optical Pumping (SEOP)
Optical pumpng methodscan be used for polarising noble gages. *He and'?®Xe, where
polarisation can be increased dramaticatly30-50%° and 510%'® respectively).Rubidium
atoms (in he vapour phase) are spin patad using circularly polased laser light (795 nm).
Polarisation is then transferred to the target nuclei thrtuegtyperfine interaction during binary
collisions”. Direct optical pumping of the target nucleus is not practiaalthe wavelength
required to cause the electronic transition would be in the far ultraviolet%8.gm forHe).
Whilst the technique wasriginally devisedfor applications in basic and applied physics,
hyperpolarizedHe® and the potentially cheaper and more versdfitge™ 8 have been
developed for clinical application witlnagnetic resonance imaging of lufitf§, sinuse¥® and
brain® To take advantage of the different properties of the two gases and Bitairages,
simultaneous imaging of lung funeti and structure was carried out using a triple nuclear hybrid
MR imaging set uf! The cost and complexity of HP gas MRI hassome extenfimited its
widespread clinical use. Recent research uSigs the nuclei ofhoice in the form of inert
fluorinated gases7@% sulfur hexafluoride (S)For perfluoropropane @Es or PFP%) and 21%
oxygern) may prove to & a more economical route as only thermal conditions are required without

the expense and expertise required for HP lung stéidies.

1.3.2 Dynamic Nuclear Polarisation (DNP)

The underlying principle of diddlopedri®58gwhici r om Over he

predicted that saturatingn electron spin could dramatically polarise nuclear spliés was
demonstrated experimentally 1956 withlithium and sodiuntontainingammonia in te liquid

state (Overhauser effeéf)At temperatures close to absolute zer)Jelectron pin polarisation
approaches 106. Transfer ofthis electron spin polarisation to nuclear spins is then achieved by
saturatingthe linked electron paramagnetic resonance (EPR) transition through microwave
irradiation Themaximum theoreticanhamrementesulting in thenuclear spin polarisatidevel

for a proton is given bys/214, which isx 660, and uses the appropriggromagnetic ratiof the
nucleus®’ Since the introduction of the Ovetrser effectadditional DNP mechanisms have been
identified, namely thedsolid effect®, dhermal mixing?® and the &ross effed®. Major
breakthroughs came whdédNP was adapted twork in theliquid state in a procesgrmed
dissolutionDNP (d-DNP), therebyachieving significant increases in sensitivity (>10-00/d)

for °C Magnetic Resonance Spectroscopy (MREYyurel.10shows the original DNP system

developed by Ardenkjadrarsen and cevorkers?®
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During thed-DNP proces$*C 1 labelled biomolecules are mixed with small quantities of a stable
organic radical the source of free electron spilin d a fAgl assing agento
conssts of a combination of two of the following: water, glyce@MSO, methanobr ethylene

glycol. This mixture is cooled to approximately 1 K in a magnetic field (typically 3.35 T) and the
electron spins are irradiated with microwaves to drive polarisation transfer from thent¥0 the
nuclei within the biomoleculeThe frozen sample is then rapidlyssblved in a preheated
pressurised solution (LBC°C under 1€bar pressure)An optical sensor detects the presence of

the polarised sample and highessure nitrogen gas pushes it outhsd it can be injected into a
phantom, cell suspensiorgnimal or ptient as requiredor subsequent detection with
NMR/MRI.?* °2 The signal enhancement which da@ achieved througt-DNP is defined by

equationl.9.
0 Y
- -&—8— P&
0 Y
whereA represents the solistate DNP enhancement, represents the strength of the DNP
magnetic fieldp represents the strength of the NM&ectomagnetic field,Y  represents

the temperature inside the NMR magnet @nd represents the temperature inside the DNP.

is this temperature factor, whigiermitsmuch greater enhancementsiNP. %3

Figure 1.10: Schematic drawing of the DNP polariser taken from the first d-DNP paper by
Jan H Ardenkjaer-Larsen et al. 3(1) DNP polariser; (2) vacuum pump; (3) VTI; (4) microwave
source; (5) pressure transducer; (6) sample port; (7) microwave container; (8) sample
holder; (9) sample container; (10) dissolution wand.
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d-DNP has permittedh vivoimaging of'3C metabolites and their conversion, giviingal timed
observation of mabolic flux within core biochemical pathwaysuch as glycolysis and the
tricarboxylic acid (TCA) cyclg® * Indeed MRSobsenation of metabolsm at high spatialand

temporalresolutiong2-5 mmand <Isrespectively) have now been achieved

Over the last ten yeara range ofmolecules have been successfully hyperpolarised dsibigP.

The most successful of theseDNP polarised ageris [1-*C] pyruvate currently the only

substrate that has been translated into the ¢bnitate for grading tumoufsThe success of this

agent could be attributed ijoits clinical importance lyingt the crossroads of two very important

biochemical pathways, glycolysis and tHearboxylic acid TCA) cycle (ii) the fact that iforms

a figlasso as a neat |liquid which ohewdistheg hat extre
initial sample; (iii) it achieves high levels of polarisation; (iv) it has a [6ngn two of its three

carbon site¥ and (v)associatednetabolism is sufficiently fasb be observed withi the 6T,

windowd o f dBhe aueentiliterature focus usidgDNP concerngmaging metabolism in

tumour$™® and cardiac tissu€®'1®d-DN P 6 s  sparticalalswhen using pyruvatis based

upon thefi Wa r b u r gintredficedeby ®tto Warburg in 1922He hypothesised that tumour

cells produce their energy mainly through the-paitative process of glycolysis rather than the

nor mal oxidative breakdown of pyruvate i n t he
mitochondria. The higlglycolysis rate of cancer cells give rise to an unusually high lactate

concentration in tumours and it is this process that is probed when using hyperpolarised pyruvate.

Other successful analytes include [13@;]-fumarate which has been showto be a useful
marker oftumour necrosis *C-labelled bicarbonate for thie vivo mapping of pH and *C-

labelled urea as a marker of perfusimongst otherd: 97 %9 106

While finding obvious clinical traction it is noted thatDiNP requires a sophisticated and
expensivepolariser(e.g, clinical SPINab, GE Healthcarecosts approximatehg2 million),
limiting its use to few research laboratories. Moreover, it requires a relatively long polarisation
step (approximately 1 hour see chapter 6)ith consequent large consumption of cryogenic

liquids.d-DNP for hyperpolariation isexplored further in chapter 6.

1.3.3 Para-Hydrogen Induced Polarisation (PHIP)
At room temperature, there amo nuclear spin isomers of hydrogemtho (0-Hz) andpara (p-
H.).1%” The ortho state is a triplefwith spin alignmentg 4 (1 pr /a2, andr ) while lower

energyp-H:is the singlet form {( fr /82).
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Figure 1.11: The four possible nuclear spin alignments of the nuclei in a molecule of
hydrogen in a magnetic field.

Triplet States

Energy

Ortho-hydrogen

It is the ymmetrisation postulate of quantum mechanics that helps us to understand why there
are two isomersFor a diatomic molecule, the total wave function is the product of individual
wave functions represeanty translationaltra), vibrational(vib), rotational(rot), electronic(ele)

and nucleatnuc)quantised states
Born-Oppenheimer equation Wot = Wtra Wib Wrot Wele Wnue  [1.10]

Hydrogen is a fermion possessing a fiadéger spin The overall wave function of identical
fermionsmustbe antisymmetric in exchange of the nucléie W Wvin WeleCONtributions are all
symmetric In o-Hzthe ] Jspin state is symmetrical as are theand ( +1 1/82, thereforewnuc

is symmetriclf the total wave functiomustbe antisymmetricu: mustbe antisymmetric with
rotational energy levels resulting from quantised angular momehtudy 3, 5, etc In p-H; the
singlet state)( -1 )az2 is antisymmetric therefore..c is antisymmentricConsequentlyrot
has to be symmetric with= 0, 2, 4, etcp-H.thereforepresentsvith the lowest rotational energy
level @ = 0) andis thereforemore stable thaw-H,. The energy separation between the two
isomers is the difference in energy betweendthed andJ =1 rotational states (120 chx 730
J/mol) and it is this relatively large energy gap which allows the two formsdadigseparated
At room temperaturé98K), hydrogen consists of 75%H, and 25%p-H,. With a reduction in
temperature, conversion fromnthoto theparastate is favoured his is however spin forbidden
and equilibration takes considerable time, but caradeelerated by adding a paragnetic
catalyst(iron oxidg. On cooling to 20 K (liquid H), with an appropriate catalysi;H. can be

generated at 99% purityf the catalyst is then removgeH, can be allowed to warm to room
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temperature As transitionsto theortho stateare spin forbidden it willtake the systerseveral
months (inavacuum) to return tthermal equilibriumThis therefore provides a viable, relatively
inexpensive means of storipeHfor use in hyperpolarisation techniques suchaas-hydrogen

induced polasation PHIP) andsignal amplification by reversible exchan@&A\BRE).

p-H2 is NMR silent due to the absence of spin angular momenten®). The symmetry of the
molecule must be broken before it can be detected. This can be done by incorporativp/bindi
the hydrogen into two magnetically inequivalent environments. This has been achieved in two
distinct methods. Weitekamp aBdwers(1986) were the first to theorise thmH: could be used

to increase NMR sensitivit? in a technique coined gsara-hydrogen indaed polarisation
(PHIP). These predictions were experimentally proven a year later througipathe

hydrogenation of acrylonitrile to propionitrile using [RhCI(RE°°

\\XR N\\jiR
" ' catalyst " '

R R R R

Figure 1.12: Hydrogenation of acrylonitrile using p-Hzto form propionitrile incorporating
two para-H» derived protons.

As described in section 1.2.1 the signal strength which is detected in an NMR expesiment i
dependent on the relative difference between the populations of magnetic energy levels that are
probed. In the case of normal hydrogen, the four energy states are nearly equally populated at
room temperature according to the Boltzmann distribution faguth only 1 in 32,000 protons

being observable in a 9.4 T (400 MHz) magnetic field. In the case opgdseonly one of the

four potential spin configuration§| 1+ 1 )/a2 is populated leading to a large population

difference between the fooragnetic stateim the product molecule

When hydrogenation of an unsaturated bond is carried out with normal hydrogen, the resulting
spin states of the two incorporated protons in the produdi &ké bb @ndb fand are populated
according to the Boltzann conditions. In the propionitrile exampkdurel.12) the R groups

are all different. Therefore, the incorporated protons derived from hydrogen are chemically
inequivalent. Because of this inequivalence, théandb ($pin states reside at slightly different
energiesThis leads to four possible energy transitidrigre1.13) giving the corresponding set

of two small inphase doublets in a resultant NMR spectrum.
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Figure 1.13: a) Energy diagram showing the four possible spin alignments of H, derived
nuclei after hydrogenation of an asymmetric unsaturated bond. The black arrows indicate
the spin-allowed transitions b) *H NMR spectrum which arises from these transitions.

If the same reaction is carried out, but this tipad: is used insteadhé incorporated protons
derived from the-H. could retain the same nuclear spin alignmerng-Hs itself (4 r+r1 )/a2.
Two different phenomena, i) PASADENA and ii) ALTADENA, can then be observed depending

on where the hydrogen addition takes place, m$asf magnetic field.

i) PASADENA
Whenparaehy dr ogenati on of an wunsatur ategaaHeo nd oc
and synthesis allow dramatical |l y &mndbraheseed n
conditions both th&) fandb Epin states are equally populated giving rise to four possible energy
transitions Figure 1.14). Transitions to thd) pin state (1 and 3) are emissiwhereas the
transitions to th® fspin state are absorptive. This gives rise to an NMR spectrum containing two
antiphase doublets, which are highly enhanced due to the initial larger population difference than

that of the Boltzmann distribution.
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Figure 1.14: a) PASADENA effect with selective polarisation
from p-H. derived nuclei b) Corresponding *H NMR spectrum showing PASADENA
enhancements.

i) ALTADENA

Whenpara-hydrogenatiorof an unsaturated bond occurs at low magnetic field, followed by its

transfer and detection at highfigld s t er med 6éadi abatic | ongitudinal
engenders nuclear alignmentdo (ALTADENMNpe). At | ow f
The eigenfunctions are the symmetry adagiedlet §), and triplet(T:1, Toand T,) statesAs

the transfer occurs adiabatically.e(, without the populations being altered) the system

continually adapts itself during the transition to the new field conditions. In this way it always

remains in a state which corresponds to an eigenfunction of the relevant Hamiltonian. Therefore,

athighf el d only one of the Ub or bU becomes popul at e
2 and 3 as can be seerFigure1.15. On a resulting NMR spectm, this translates as two highly

enhanced singlets with opposite phase (emission/absorption).

As the acronym suggests, the field variation is adiabatic which means that th#efieladent
eigenstates of the system change so slowly that their populations remain thE zaseguently

both at high field and low field only one spin state is popdlafée spins not only acquire
multiplet polarisation (which is the same as in PASADENA) but also net polarisation. The total
polarisation of the system is zero thus the spins carry polarisation of the same size but opposite

sign.
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Figure 1.15: a) ALTADENA effect with selective polaris
from p-H. derived nuclei b) Corresponding 'H NMR spectrum showing ALTADENA

enhancements.
Although highly enhanced NMR signals are observeddiPPthere is a necessity for théH. to
be incorporated into the molecule through a chemical hydrogenation reactimreforerelies

on the substrate of interest having an unsaturated bond for this technique to work.

To overcome this limitation the necessary unsaturated functionaggleveloped in the form of

a molecular tag, whickould be cleavedThe PHIP of some of the most important metabolic
imaging reporterssuch agpyruvate only became possibteereforeafter the introduction otis

Side Arm Hydrogenation (PH{BAH) technique'®With further optimisation this lead to the first

in vivo metabolic imaging study using the PHBAH hyperpolarized [#*C]pyruvatedetecting

the response of the heart to altered metabolism in realttiiibe polarsation transfer from the

p-Hz> protons to the'®C carboxylate signal waschievedvia a magnetic field cyahg
approach6. 2 N 0. 3% hyper pol arfC cabadxylateof alyaysvate.its e r v e
is important to note that manual processes to make the agent biocompatible idbl~5% . As t
Tiof [1-°C] pyruvate i s 5 polassationwas yetaiBed &t irfjection tink
Nevertheless, this polarisationas demonstrated to be sufficient for carrying outvivo

13C studies.
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Figure 1.16: Adapted from Cavallari et al. (2018) (a) Chemical pathway showing the steps
involved in the PHIP-SAH process. () Formation of ester using [1-3C]-pyruvate and
propargylic alcohol; (II) hydrogenation of triple bond side arm using p-Hg; (lll) Polarisation
transfer from receiving protons to the labelled carbon; (IV) Hydrolysis of ester and phase
extraction. Orange arrows indicates reactions carried out in the organic phase; blue
arrows indicate the passages which occur in the aqueous phase. (b) CSI images of
pyruvate and lactate distribution in living mice after injection of a dose of HP [1-*C]-
pyruvate. *'The spatial localisation of the metabolite is achieved by overlaying with a 'H
structural image. The region of highest metabolite concentration appears white and lowest
appears black.

1.4 Signal Amplification By Reversible Exchange

Adams et.al. (2009) demonstrated that the polarisation powpsHafcould also be utilised
without changing the chemicaladtity of the agent (substrate) of interest. The technique is known

as Signal Amplification by Reversible Exchange (SABRER metal framework in the form of

a magnetisation transfer catalyst, typically an octahedral iridium complex, is employed to
temporarily, and reversibly, bind bophH; and the substrate. The symmetfithee singlet state

in p-H is broken as the resultingH, derived hydrides are now chemically and/or magnetically
inequivalent. With the correct resonance conditions, magnetisation can be simultaneously
delivered fromp-H- to the target substrate via pnange scalar coupling in a matter of seconds.

As the agent (substrate) is in excess, the bound polarised ligands are in continuous exchange with

the free gent so that a dation of hyperpolarised agehtilds up rapidlysee 1.4.2)
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1.4.1 Practical Basis
In a standard SABRE experiment the iridium polarisation transfer catalyst and agent (substrate)
are dissolved in a solventsuchas methamaln d pl aced i n an NMR tube
tap. The sample is degassed using a high vacuum Schlenkdipettns introduced. The tube
is manually shaken (180 s) to facilitate dissolution gf-H; into solution. This shaking process
takes place in the stray field of the magnet (typicali860G for'H - see section 1.4.3) where
the correct resonance conditions are met for rapid polarisation transfer. Alternatively, an
automated system can be used (described in section 8.2). In either case the hyperpolarised agent

can then be detected with high fiellIR/MRI.

1.4.2 Underlying Chemistry
Initial SABRE experiments were carried out using a Cralype precatalyst,
[Ir(COD)(PCy)(py)]BF4 11#114(where COD =cis,cis1,5-cyclooctadiene, Cy = cyclohexyl and
py = pyridine) to allow transfer of polarisation frgoH,to N containing substrateéypically
heterocyclep The reaction involves a temporary association of both the substrgie-arial the

coordination sphere of a transition metal to form [Is(ALCY)(py)s|BFa.

+ +
i 1 BF4 i 1 BF4
0y 1, 7%
_ py H2 Ay
s Py ————» | H7 | Tpy
| - COD py

Figure 1.17: Crabtree-type catalyst first used for SABRE hyperpolarisation. The active
complex is formed by the oxidative addition of Hz in the presence of excess pyridine.

The iridium precatalyst is square planathwthe iridium oxidation state being +1. The SABRE
active complex becomes octahedral on addition of both the substrates gmntitland the
oxidation state of iridium changes to +3. The originally bound COD is hydrogenated to form

cyclo-octane (COA) whichlissociates from the metal centre.

Later improvements to the system were made by the incorporatiornetdibcyclic carbenes
(NHCs) as one of the ligands into the iridium catalsthese strongly electron donating ligands
have the effect of increasing the lability of both the hydrides and substrates thereby reducing the
lifetime of the active catalyst® With a reduced lifetime, the process is more efficient allowing

more polarsed substrate to build up in solution in a shorter timescale. The most commonly used
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catalyst is [IrCI(COD)(IMes)], where IMes is H8s(2,4,6trimethylphenyl}imidazol2-ylidene,
which forms the SABRE active complex [Ir@Mes)(sub}]Cl when excesp-H; and substrate

are presentigure1.18).

IMes
NHC = \
— e
NH NH '\“HC
‘ ) ‘ i H, + sub Ho,,. Ir”"“\SUb n
+ SLI | Su —_—
Ir— ‘ 1 | eub
‘ sub
_ _Cl
NHC
H ", |||"‘\SUb
Zlr.
/‘ \sub
b Polarisation transfer
su from hydrides to substrate
sub
_ _ Cl
NHC
NHC Ho |
ORI
Hu,,, ‘ “I‘\\Sub /Ir\
A H ‘
H ‘ 4 sub
sub

Build up of hyperpolarised
substrate in solution

Figure 1.18: Formation of SABRE active catalyst with H, through hydrogenation of COD
ligand. Catalytic SABRE cycle showing the transfer of polarisation from the p-H, derived
hydrides to the substrate.

1.4.3 Physical Basis
In SABRE, the [Ir(H)(IMes)(sub}]Cl complex remains intact for a short period and polarisation
transfer has to occur within this lifetim®.11’ The efficiency of this transfer process therefore
relies on the size of the couplings betweenpti® and target spins. In order for this transfer to

occur,'H nuclei typically require a low magnetic field, in ttenge of 5680 G'*>18in order for
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the chemical shift differencesp(in) between the hydrides and the protons of the substrate to

match thelus scalar coupling between the two hydrides (~ 5 to 10'Hz).

The spin system behaviour involved in SABRE can be described through the density matrix
theory which is obtained by solvirtge Liouvillevon Neumann (LvN) equatio®® This uses a
Hamiltonian which includes Zeeman addoupling interactions, a tiedependent magnetic

field (which accounts for the time it takes to go from low field for polarisation outside of the
magnet to high field within the magnet for detection) and also kinetic parameters which consider
both chemical and relaxation processéde @ensity matrix theory gives an extensive description

of how the nuclear spin system evolves with time and field but requires significant computation
to solve, particularly ifl-couplings and chemical shifts are not known. A second method based
onlevelantic r 0 s s i n g svesthe sa@é regults gut argualdgliversa clearer idea of
SABRE polarisatio?° LACs occur at magnitfields where spin energy levels approach or cross
one another. The levels at the crossing pEptitdue to spirspin interactions and therefore actual
crossing is avoided; hence t he 6 gffidentéixingn L AC
of the spin states is required. For efficient mixing of the spin states, strong couplewgssary

and LAC6s define field regions where strong

A pair of weakly coupled spins occur when t
larger than the scalar couplidgoetween themgpt 3 Phis is known as an AXpin system.
Conversely strongly caaopl édhichigknows asarc ARpin wh e n
system. When ul.systemsnock gshdccgrs. bl e, an A

In the AB system the eigenstates are mixed states of the twol§fhis system is placeish low
field whenJ > > theleigenstatdsegin toresembldhe S and TFstateqlike those in H). When

the system is moved tugh fields wherel < <  pleigendtatesesemble he Ub and b U
of the AX system.

Due to the mixing at low field the two spins cannot be distinguished from one another and
therefore are polarised tether. Therefore, having the sample at low field allows polarisation
transfer to take place due to the strong cou
both the magnetic field where SABRE polarisation will occur and the sign rules forsthignge
magnetisation (i.e.whether the peak will be iphase or anfphase).As SABRE requires
substrate anp-H; exchange at the iridium centre any variable that will affect this rate of exchange

will have consequences on the efficiency of the polarisation transfer. The lifetime of the substrate
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on the catalyst must be on the right timescale to obtain optimumsaatian buildup and limited

loss of polarisation due fa. Changes in temperatupeH2 concentration, substrate concentration

and iridium concentration can all affect this rate of exchatgé® 1! The polarisation transfer

time (PTT- the shaking time that is used for the reaction to take place) and the polarisation transfer
field (PTF- the magnetic field in which the sample is shaken) lata@ an effect on polarisation
transfer efficiency?* 122 Whilst LAC canbe used on simple model systems to predict PTF values
more complicated substrates require an anpEntal approach for exact PTR.s noted lowever
thatLAC theorygives a good starting point. Another key component for efficient optimisation

is the nature of the carbene ligaitilUnfortunately, the above optimisation steps are substrate
specific so although significant work has been carried out it is still difficult to establish optimum

conditions for a specific substrate without significaptimisation studies.

1.4.4 Scope of SABRE
Sinceits inception in 2009researclon SABREhas developed it intovaersatile hyperpolarisation
technique. Although the focus of this thesis is an vivo applications of hyperpolarised

molecules, it is recognidehat hyperpolarised NMR is a rapidly growing field of research.

In an industrial settingeaction monitoring is an integral part of synthetic design, optimisation

and scale up?® High field NMR spetrometers (9.4+) can be used for this purpose.

Unfortunately, due to high purchase cost, running costs and space requirements uptake is limited.

Benchtop spectrometers-2IT) are a much cheaper and compact alternative however, these

instruments sufferrbm low sensitivity. This low sensitivity is confounded by often small

amounts of available analyte or when detecting trace impurities for example in the pharmaceutical

industry. Hyperpolarisation through a simple rapid and repeatable method suchRE SARI

address this insensitivify>*° Recent research by Lehmkudtlal.(2020) used SABRE to permit

single scantH, 13C, N and!°F detection betweenrT and 10mT 13! Research by Hi{Caseyet

a. (2019) demonstr at e dnsESABRBE. éHypoldrizatioh levelslofupe ct i on usi

to 3.3% were reporteld In fact SABRE detectiortan also be carried out at zero fiétéi

In contrast to eDNP, wherethe mainfocus is'*C polarisation, the most extensive studies
involving SABRE have been witH polarisationt' 134137 Efforts have been concentrated in this
area due to several reasomsgecifically *H has a very high natural abundance and high
gyromagnetic ratio (eq. 1.6). In addition, any potential imaging agent (based on an endogenous

chemical) will undoubtedly have multiple proton sites in its structure and not require expensive
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labeling. Aiding translation further, all clinical MRI systems akebased and therefore there is
no need for purchase of new coils tuned to heteronuclei resonances. Thus, clinical translation
should be smooth if one can overcome biocompatibility issuesghrbiphasic studié¥ or

direct polarisation in waté#®

Traditionally SABRE works well with nitrogen containing heterocyclic rings (in organic solvents)
due to the ability of the nitrogen to ligate easily with the iridium catalyst. Many substrates
containing this motif have been examined (including pyridieauberculosis drug* 14,
pyridaziné“:, imidazolé®” ) but the substrate needs to be of biological relevance (in terms of
exploring function rather than anatomy) and safe to administer. Much focus has been directed to
nicotinamide, more commonly known as vitamin B3. Rayner et al (2017) explored the
polarisation, longitudinalT; ) lifetimes and imaging potential of nicotinamide, methyl nicotinate

and a series of deuterated isotopologdtes.

Polarisation transfer normally occurs at low field with fast transfer to high field for detection.
Specialised RF methotts 43 have been developed to transfer polarisation and detsitu at

high field. Using these methods detection is immediate and recycling is possible making rapid
repetitive measurements possifilais is kss important fobiomedical imagindput of relevance

for sample testing.

Direct transfer of polarisation is also possible to heterontdi€iacluding 3C, 144147 15N 133 137

145 148152 31p1S3 gmongst other®F, 112 154 15529Gj156 gnd119%Sn 157 |n most cases smaller magnetic
fields (in the mG range) are required for direct transfer due to the much larger chemical shift
difference between the hydrides and the heteronuclei of interest in the substrate. This will be
looked at in more details in apters 3 and GAlthough this thesis concentrates *H SABRE

studies, polarisation of X nucléfi, 3C and®'P) has also been undertaken.

Despite low abundance and low gyromagnetic r&ti-nuclei have been of considerable interest

in SABRE studieslue to theifT; values which are typically longer th#. Much of the research

has concentrated on direct polarisation transféfMawhich requires low micrtesla magnetic
fields™® termed SABRESHEATH. Polarisation is achieved through the strédgoupling
between the hydride ligands atftll nuclei in the labelled substrateettly bound to the metal
centre*® Through this method an extensive range of substrates have been hyperpolarised
includingN-heterocycled?” 145 149nitriles 1° Schiff base¥°and diazen&** >N polarisation using

the LIGHT-SABRE (low irradiation geeration of high testSABRE) method enables efficient
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in magnet catalytic polarisatidff In terms of promisingn vivo applications, the antibiotic
metronidazole has been polarised to 23%nd *N, diazarines have been developed as

biocompatible molecular tag¥": 12

In contrast to eDNP studies, the progression’8€ SABREin-vivo has been somat hindered

due to low polarisation levels. A @bld enhancement at 9 (0.05% polarisation) was
previously reported usingC nicotinamide (isotopically labelled at the carbonyl carBéfifhe
SABRE-SHEATH technique was used to polart¥€ nuclei in pyridine'®N however only a 1.0

fold signal enhancement at A4were observed® More recent researt4i shows how through

the use of micrgesla PTF and optimisation of temperature and concentration polarisation levels
of 2C nuclei in pyridine'>N reached ~4.4%. It was noted th¥& polarisation in pyridiné*N

was much lower than that achieved with pyridiPd. This phenomenon was thought to arise

from significant quadrupola@fN-relaxation in the micrdesla fields'*®

1.4.5 Substrates used with SABRE in this thesis
A series of structures calledetthienopyridazineswere identified as the compounds of choice
for study here (chapter 2). These structures were chosen as firstly their chemical motif is found
in some antcancer drug$®%? and therefore potentially a chemical moleculet thg
biocompatible. Secondly, they are based eheterocyclic organic molecules whidds stated
above representigands known to work well in the SABRE process. On a more structural basis,
thienopyridazinesvere interesting molecules to use becausbeptesence of the sulphur atom.
It was investigated whether this had any significant role to play in the overall polarisation or the

binding mechanism involved in SABRE catalysis.

A series ofpyridazinessubstituted in the 3 and 6 position were testedHeir potential to create
a longlived state (chapter 3). These provided a simple model to explordivedgstates prior to

experimentation with the target thienopyridazines.

Nicotinamideis an endogenous natural human metabolite (or endog&iitetherefore exhibits

low toxicity,’®*is free of side effects and very high doses have been tolerated by héhians.
plays a critical role in cellular biology as a precursor of the cofactor Nicotinamide Adenine
Dinucleotide(NAD)*%¢ and it has been used as a therapeutic agent for a number of conditions
including the prevention of neurocognitive conditiétisimportantly it contains a nitrogen

containing heterocyclic molecule and therefoeevamenable to the SABRE procéss.
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As stated above significantork has been carried out 44 SABRE of this molecule. In chapter

6 the®C signal of this molecule is investigated in both SABRE and its sister technoDiyd

1.5 Thesis overview

1.5.1 Thesis objectives
This thesis describesultidisciplinaryresearch into theraging potential of Signal Amplification
by Reversible Exchange (SABRE) hyperpolarised compounds. Methods for the optimisation of
this catalytic process for thienopyridazines are implemented. The aim is to test the
functionalisation of these agents acragange of MRI field strengthisfrom clinically relevant
3 Tesla up to high field (9.4 T+). The work aims to satisfy the reader that SABRE
hyperpolarisation is an importanbsteffective imaging tool, offering a wide range of target
compounds (over sigteechnologies such as Dynamic Nuclear polarisation), that has the potential

to aid clinical diagnosis; the compounds described here offer future progression in this area.

1.5.2 Thesis Structure
Chapter 2 identifies a series of four compounds, thienopyridazibat were used as
hyperpolarised contrast agents (CA) using the SABRE technique. The suitability and potential
clinical benefits of these compounds for future clinical application is discussed. A detailed
description of their chemical synthesis is giveticived by a sequential series of optimisation
experiments with the aim to improve their overall hyperpolarisation level (and in turn imaging
performance) using SABRE. This includes exploration of synthetic strategies to substitute various
nucleiwithinaCA t o see how SABRE efficiency and fAma
is affected. One of the downsides of these molecules is the short polarisation lifetimes therefore
Chapter3expl oits quant dmvmdt ksa chg | cert tefddtltmmagretc t o
lifetime of thienopyridazines for improved applicability in the clinic. The wider application of
these methods is exemplified with a new series of compoundsuBgiituted pyridazines.
Building on the challenges to hyperpolarisationlinad in the above workChapter 4 details
novel methods to relay hyperpolarisation from one metal catalyst to the ligands of a second metal
catalyst; therebypeningthe range of CA which can be hyperpolarised using SABRE. The
process is exemplified ugjina range of catalysts and potential C&hapter 5 focuses on
translating SABRE from the laboratory benchtop to the imaging facility. Methods for testing the
toxicology of thienopyridazines are detailed. Furthermore, experiments are detailed to improve

thebiocompatibilityof the CA solvent using biphasic separati@hapter 6 benchmarks SABRE
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against a sister hyperpolarisation technology, dissolution dynamic nuclear polarisddiNi®)d
Chemical Shift Imaging (CSI) of vitamin B3, nicotinamide was cdrogt investigating the
magnetic lifetime and imaging potential of this important biomolecOleapter 7 provides
discussion and critical analysis of the results of all the above experiments and describes potential
future avenues to explore in synthesis, catalysis, toxicddamy@mpatibility,and imaging of
compounds for SABRE hyperpolarisation. Finafhapter 8 details the experimental techniques

used to enable imaging of hyperpolarised agents in the context of this work.

1.5.3 Relevant Publications
The work in chapter 4 is the basis for the publicatSABRERelay: A Versatile Route to
Hyperpolarization published in The Journal of Physical Chemistry Letters, 2018, 9111712
DOI: 10.102168

The synthesis of the twgalladium complexes [Pt(OT{dppm)] and [Pt(OT#Hdppe)]and the

characterisation and testing of these were my itrtton to the paper.

/\ / \
Ph,Pi,,,, pr PPh, PhyPu,,, . .wPPh,
v W Pt
TfO oTf Tf0O~ “NOTf

Figure 1.19: Chemical structure of [Pt(OTf)2(dppm)] and [Pt(OTf)(dppe)].

The work is discussed in this chapter and extensions to this warkvastigated.

1.5.4 Contributions and Acknowledgements
Dr Pete Rayner synthesi$ 1°C nicotinamide (chapter 6), the deuterated isotopologues of
nicotinamide, deuterated methyl nicotinate (section 4.7) and all the iridium catalysts used within
this thesis. In adtdon to synthesis, thé®C thermal T: measurements of the deuterated

isotopologues of nicotinamide were also carried out by Dr Pete Rayner.

Dr Philip Norcott synthesel the deuterated isotopologues of pyrimidine anelasuredhe
SABRE'H signal enhancemés andT; valueswith [IrCI(COD)(IMes)] (section 4.5.1)The work
carried out orthe pyrazine and platinum congtes (section 4.6) and tlwmaging on the 3T
Siemens clinical scanner was carried out in collaboration BtiAlexandra OlaruDr Alan
Wrightand Dr Deen Hu(CRUK, Cambridgeare UK Home Office personal license holders and

helped complete thie vivowork in chapter 6.
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Chapter 2: Synthesis and SABRE  Optimisation  of
Thienopyridazinesand Furopyridazines

2.1 Introduction

Cancer is one of the main threats in terms of global health, with 17 million new cases of cancer
worldwide in 20181t is estimated that there will be 27.5 million new cases of cancer each year
by 2040. With the UK incidence of cancer being rated higher thatthinas of Europe and higher

than 90% of the world there is an immediate needdtion in terms of prevention and reseaih.
Currently, tumour response to treatment is mainly assessed by traditional MRl methods through
measurement of tumour size. Howewesible reductions in tumour size may take weeks or
monthsto presentThus, there is a clear need to develop imaging techniques that are able to give
earlier indications of treatment respof&et’ One of themajor challenges in understanding
cancer metabolism and the roleg@atments likehemotherapy is the complexity of the different
biochemicalmetaboligpathways involved. This is further exacerbated by the fact that metabolites
within these pathwayare present in such low concentratidesy. 5.50nM fasting plasma
glucose FPGJ? and therefoe difficult to detectwith traditional MR methodsHyperpolarisation

offers a route to overcome this problem. Hyperpolarid€dRI, based ord-DNP of pyruvate

is already revolutionisip cancer research and diagndsis®” With a proven need, fundamental

research is required to expand the scope of hyperpolarised NMR and MRI in the field of oncology.

To address this need, a family of thienopyzidas Figure 2.1), with known anticancer
propertiest®®162 wereinvestigated as potentidti SABRE hyperpolarised agents. addition to
having anticancer properties, this class of compound also possessateidcyclic ring, which
should make them suitable ligands for coordination to the mM@ABRE catalyst' 35141 High
signal enhancements combined with Idngalues for théH resonances would be the optimum

scenario for a hyperpolarised agent for use in biomedical imaging.

In this chapter, the multistep synthesis of the thienopyridazine agents/substrates is discussed
(section 2.2) and full NMR characterisation of these molecules is completed (section 2.3).
Characterisation of the species created during the SABRE catalytic cycle are described, both in
terms of the inactivated pre catalyst (section 2.3.2) and subsequent intermediate complexes, which
form before the final product (section 2.3.3). SABRE perforrmasevaluated (section 2.4) and
optimisation undertaken to increase signal enhancement. This includes the study of: i) substrate

loading; ii) polarisation transfer field; iii) catalyst type (including an assessmdantitdtimes);
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iv) p-Hz pressure; and) the use of a deuterated-kigand. A final study (section 2.5) investigates
how substitution of an oxygen atom with a sulphur atom, to create a furopyridazine, affects

SABRE polarisation in terms of nuclear electronegativity.

N.
éjC"l‘ =N S |N¢N STNF
T[2,3-d]P T[3,4-d]P T[2,3-c]P T[3,2-c]P

Figure 2.1: Family of thienopyridazines (anti-cancer agents)!%-162; Thieno[2,3-d]pyridazine,
(T[2,3-d]P), Thieno[3,4-d]pyridazine (T[3,4-d]P), Thieno[2,3-c]pyridazine (T[2,3-c]P),
Thieno[3,2-c]pyridazine (T[3,2-c]P).

Two SABRE methods.€.,shake and drop and the automated polarisee section 8.2.1) were
used to generate signal enhancement. The techmiigheice is highlighted within the individual
sections. All experiments were carried out using methdnas the solventt is noted thato

meetthe overall aim to use these compoundsnagivo agentsit is necessary to move to a

biocompatible solveat system. This problem will be investigated and addressed in chapter five.

2.1.1 Biological Role of Thienopyridazines
Over the last 40 years pyridazine chemistry has been of major research interest as derivatives
exhibit a wide variety of biological roléscluding antiinflammatory!’® 174 anticancet,® 176
antiviral’” and antimicrobidf® activity. Specifically, the thienopyridazine motif can be found in
many chemical agents that demonstrate-@amicer activity. For exampléhe motif T[2,3d]P is
found in bB Kinase (IKKs) inhibitorg®:1%2 | 9 B ki nas e s -rélatell ikKknaseshawe | KK
an important role in regulating the immune response. Their mechanism of action is through
nuclearfactoe B and | FN r edppehdant signajlinfdnadactiom cascades. It has
been demonstrated that these kinases are involved in the development of many human diseases,
including cancer. Dysregulation of IKK activities leads to tumour survival, proliferation,
migration and metastasis in human cané®rs?° Thieno[2,3c]pyridazine (T[2,3c]P) derivatives
have also been synthesised and shownsetective broad spectrum activity against all cancer
lines1®® Broad spectrum activity indicates that multiple pathways and targets involved in the
proliferaion of cancer are affected rather than a specific enzyme or patffwahis typeof
mechanism of action is analogous to brspdctrum antibiotics, which target multiple bacterial

strains.
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2.2 Synthesis of Thienopyridazines

Two main methods were used for the synthesis of the desired thienopyridazines; one route for the
Td configuration and one for théc configuration. A three step synthesisf thieno[3,4
d]pyridazine,T[3,4-d]P was conducted using adapted literature metfig@#sgure2.2). The first

step involved the reduction of the dicarboxylic acid to the diol. Two reagents for this reduction
weretestedboranetetrahydrofuran (BEITHF) and borane dimethylsulfide (BIDMS). Despite
literature precedenBHs. THF did not yield any of the desired product and only starting material
was recovered (verified by L®S and*H NMR). However, BH.DMS, which has improved
stability and higher solubility?? gave an 85% yield of thiophet®e4-diyldimethanol. Next, a

Swern oxidation to form the dialdehyde was also successful and subsequent treatment of the crude
product with hydrazine hydrate yielded the desired diagineiraryto the original methodtep

3 was carried out without prior purification of the dialdehyde to try to minimise loss of product
and a 46% yield of T[3;4]P resulted. It was found that 48 hours was required for the total

consumption of starting material.

The synthesis of T[2;8]P was not reported in the same study, however, the previous
methodology was applied here to form it. As the intermediate thiogh@mcarbaldehyde was
commercially available, only the final step of the synthesis of theliaZhe was required and
this proved successful giving T[2¢BP in a 77% yield, as outlined irigure 2.3. Two further
methods for the synthesis of T[2ZP from 2thiophenecarboxaldehyde have been previously
reported by Kesslaat al. (2012),but both methods involved more complex synthesis with lower
yields of 48% and 6692 Their methodology however was used for the synthesis of furo[2,3

dpyridazine, F[2,2d]P (section 2.5.2).
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o)
— Step 1 —~= OH
S S
— o BH3.DMS (2.6 eq.), THF = OH

0°Cto65°C,1h
85%

HO
3,4-Thiophenedicarboxylic acid Thiophene-3,4-diyldimethanol
(COClI), (2.2 eq.), DMSO (4.4 eq.)
Step 2 CHQC|2, -78 OC, 30 min
then 0°C, 2 h
H
= NN Step 3 = o)
S | S
EtOH/CH,CI,
46% yield over steps 2&3 0°C, room temp. 48 h H
Thieno[3,4-d]pyridazine Thiophene-3,4-dicarbaldehyde

Figure 2.2: Reaction scheme for the synthesis of T[3,4-d]P following methods developed
by Montavon et al (2013) resulting in an overall yield of 39%.

)
N
” %T
N
[\ 0 TN
HoNNH, HL,0
H 0 °C to room temp. 12 h yield

2,3-Thiophenedicarboxaldehyde Thieno[2,3-d]pyridazine

Figure 2.3: Reaction scheme for the synthesis of T[2,3-d]P following methods developed
by Montavon et al (2013) resulting in a final product yield of 77%.

C. Ball et al (2012)# developed copperatalysed tandem-8 bond formation methods t
synthesise amongst other heterdegc T[2,3¢c]P. This methodology was used and the fi

three step synthesis is showrFigure2.4.
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Br Step 1 Br
S
\ l o KO'Bn (1.5 eq.)/
Bromomethyltriphenylphosphonium bromide (1.5 eq.) Br
THF, -78°C, 1 h
2. Addition of carboxaldehyde at -78 °C 83“@
78 © yie
3. -78 °C to room temp., 18 h Z-E 2:1
2-Bromothiophene-3-carboxaldehyde 2-Bromo-3(2-bromovinyl)thiophene

1. 1,4-dioxane
2. Diethylhydrazine-1,2-dicarboxylate (2 eq.), Step 2
K5,CO3 (2.5 eq.), Cul (0.1 eq.) under N,
3. DMEDA (0.2 eq.)

4.90°C,18 h \
/O (0]
O
s N\ )J\ PN
N (0]
Step 3 I
\ P
NaOH (10 eq.)/ EtOH
70 °C 7 days
71% vyield 32% yield from Z isomer
Thieno[2,3-c]pyridazine N-N'-Diethylthieno[2,3-c]dihydropyridazinedicarboxylate

Figure 2.4: Three step reaction scheme for the synthesis of T[2,3-c]P developed by C.
Ball et al (2012)%84

The main challenge was the productiorE@ndZ isomers in the first step in a 1:2 ratio, whi
have almost identical retention factor values (Rf) of 0.47 and 0.39 (100% he
Consequently the desired Z stereoisomer could not be isolated and a mixture ¢
stereoisomers was used in the second step. Th& awmalZ alkenes do not ionise therefo
their formation in the first step and their reaction products in the sestepdvere difficult to
monitor with LGMS. A H NMR (400 MHz) of the crude reaction mixture after ste|
repeatedly showed that some of Fassomer starting material was still present whereagth
isomer, which does not form the product, had reactedleiaty in other side reactions. Di
to this mixture of starting material, product and impurities, product yield was low (32'
comparison to literature values (53%)Five equivalents of sodium hydroxide, alongsid
much longer reaction time (7 days) compared with 16 hours reported by C. J. Ball (201
implemented to increase the yield of the finapgte71% compared with 58% as quoted in

literature.
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Although the synthesis of T[3:@P has not be previously reported in the literature by u
this methodology, its synthesis was attempted using the same raUe3as]|P. Pleasingly,
this wassuccessfulandthe synthetic pathwai shown inFigure2.5. As in the synthesis o
T[2,3-c]P, one of the main challenges was the production oEthedZ stereoisomers in th
first step. This timgthe desired stereoisomer was in a dhitly higher proportion, with 2.6::
ratio compared with 2:1 in the synthesis of T{2]B but now with identicalRf values Rf =

0.6 for both E andZ in 95:5hexane:EtOAL An impurity with a similar Rf value was als
produced within the reaction (Rf =82in 95:5hexane:EtOAY but was successfully remove
via flash column chromatography. In the second step, a further series of ¢
chromatography purification steps were needed to remoedtereoisomer and side produc
and isolatehe N-N'-diethylthieno[2,3c]dihydropyridazinedicarboxylatéds this route is nev
for this particular compound, the yields cannot be directly compared to a literature va

the overall yield is comparable with that of T[ZJP.

Step 1
Br p Br

/| /I

1. KO'Bn (1.5 eq.)/

S _0 . \ . S =
Bromomethyltriphenylphosphonium bromide (1.5eq.) Br
THF, -78°C, 1 h 69%
2. Addition of carboxaldehyde at -78 °C yield
-78 °C to roon temp., 18 h Z:E 2.6:1
3-Bromothiophene-2-carboxaldehyde 3-Bromo-2(2-bromovinyl)thiophene

1. 1,4-dioxane

2. Diethylhydrazine-1,2-dicarboxylate (2 eq.), Step 2
K,CO3 (2.5 eq.), Cul (0.1 eq.) under N,

3. DMEDA (0.2 eq.)

4.90°C, 18 h
\/O\(O
0}
Step 3 N\ )k
/ I NIENC N
S =
NaOH (5 eq.)/ EtOH
70°C,20 h
64% yield 45% yield from Z isomer
Thieno[3,2-c]pyridazine N-N'-Diethylthieno[3,2-

c]dihydropyridazinedicarboxylate

Figure 2.5: Adapted three step reaction scheme for the synthesis of T[3,2-c]P following
methods developed by C. Ball et al (2012) 8
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2.2.1 Characterisation of Thienopyridazines.

Full characterisation of the synthesised substrates was comflatde2.1 presents chemice
structures and NMR characterisation datd, (3C and**N) for T[2,3-d]P andT[2,3-c]P in

methanolds and T[3,4d]P and T[3,2c]P in chloroformd. 2D 'H and decoupled®C NMR

spectra were used alongside hemulear COrrelation Spectroscoly (COSY) and
HeteronucleaM ultiple-QuantumCorrelation (HMQC) spectra to obtain these data. It v
important to use direct one bond and multiple bond couplings values in oraegue this

information. A HMQC protomitrogen spectrum was recorded to confirm the identity
protons in closest proximity to the nitrogen atoms.

Table 2.1: Chemical structures and NMR characterisation data (*H, *3C and **N) for T[2,3-
d]P and T[2,3-c]P in methanol-d4 and T[3,4-d]P and T[3,2-c]P in chloroform-d (500MHz)

Substrate Nuc. Resonance
2 3 3a 4 5 6 7 7a
H 8.25d | 7.75,dd 9.63,d 9.79,ps
Jin 5.34 | 5.34,0.6 1.43
13C 135.17 | 122.23 | 136.92| 146.44 146.27 | 139.92
15N 355.04 | 354.36
2 2a 3 4 5 6 6a 7
H H H 8.15,s 9.37,s 9.37,s 8.15,s
1 2\23 \3N4 Jhn
S L /,{ls 3 13.31 130.70 | 147.01 147.01| 130.70 | 123.31
;I l_:s 15N 347.70 | 347.70
2 3 3a 4 5 6 7 7a
H 8.21,d 7.54,d 8.17,d | 9.18,d
Jin 5.92 5.92 5.65 | 5.65
3 135 120.95 | 135.02 | 120.95| 144.95 165.90
15N 376.93| 373.88
2 3 3a 4 5 6 7 7a
1H 791,dd | 7.87,d 9.14,d | 8.04,dd
Jw | 5.64,0.74| 5.64 5.74 | 5.74,0.74
3C 124.28 | 132.60 | 159.9 143.74| 120.03 | 137.10
B\ 393.95 | 391.62

NMR characterisation of the poatalyst and intermediates formed with TEA]® in the
SABRE catalytic cycle were then carried out to investigatendghanism of binding involve
with [IrCI(COD)(IMes)]. The leading hypothesis was that coordination to the metal c

would occur via the two nitrogen nucleis was demonstrated by Appledtyal.(2015)in the
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detailed mechanistic study of pyridazitttHowever coordination of ligands through suli

has also been demonstraté&d's®

2.3 Characterisation of Thienopyridazinesin the SABRE Process
SABRE hyperpolarisation relies amversiblebinding of the substrate to a metal catalyst.
Understanding how binding occurs is importarptimise thepolarisation transfer processs'2
119187 |In the case of the thienopyridazines, they possess bothhaterocyclic ring and &
heterocyclic ring. Lewis basic nitrogen containing molecules suclN-hsterocycles and
nitriles'®have been found to be the most effective ligand4f@ABRE catalysis however, there
have been examples where polarisation transfer has been successful with sulfur hetéfocycles.
It is possible, therefore, that binding could occur through both the nitrogen andraidfeirin
the thienopyridazinesAs discussed in chaptene SABRE involves the initial formation of a
square planar preatalyst as one of the substrate molecules displaces the chloride ion
[IrCI(COD)(IMes)]. Addition of H to the complex reducdke iridium and an octahedral
intermediate formed with orsubstrate molecul®ext,the COD ligand is firstly reduced to COE
and then completely displaced with two substrates occupying its former poshefirst step
was to investigate the formation of the joaalyst before His introduced (2.3). The seond
step was to investigate the reaction intermediates formed after additien(28H) and finally

the SABRE active product (23.

2.3.1 Formation of [Ir(COD)(IMes)(T[2,3 -d]P)]CI i In activated pre-catalyst
An investigation of the inactivated precatalysds undertaken using the precursor catalyst
[IrCI(COD)(IMes)]. This was dissolved together with a fdald excess of T[2&I]P, in
methanold, to give the square planar complex [Ir(COD)(IMes)(T{a]®)]Cl. The chloride
ligand is displaced by the thienamazine and acts as a counterion. It was expected that as either
nitrogen site can bind to the iridium centre (through their lone pair of electrons) and as the
substrate is asymmetrical, two possible-patalysts could form as shown kigure 2.6. Multi
nuclei 2D NMR experiments were carried out at R98nd 233K. The latter low temperature

measurements slowed dowynamicinteractions resulting in sharper peaks.

The number of bounpeaks confirmed the presence of the two spe€igsife2.6). Analysis of
the peak integrals showed that bound resonances for each species wereeptda equal

proportions. Therefore, it can be concluded that the substrate had an equal preference for binding
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at each of the two nitrogen sites, which is unsurprising as there are limited steric and electronic
differences between thetRigure2.6 shows the structures of the two fmatalystsA andB, that

are formed. Appendix 2.1 details characterisation data for the two speaie$B. A NOESY

interadion between protons at position 3 and 4 was observed and used to assign orientation. It
was found that protons at positions 3 and 7 were coupled through a longkangmupling. No

evidence was found for coordination through sulphur in the hydriderredihe two bound
nitrogen nucl ei ap pA amd 285.52 (abmpeB) Gvith@hir adjacenmp | e x
unbound nitrogen nuA)laedi35987 (compleB)x$ corfitned(bg 2Dmp | e X
NMR methods gee Appendix).
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Figure 2.6: Structures of pre-catalysts [Ir(COD)(IMes)(T[2,3-d]P)]CI A and B indicating the
two bound nitrogen resonances (green)

2.3.2 Formation of [Ir(H) 2(COD)(IMes)(T[2,3-d]P)]CI i Intermediates C and
D

In order to detect [Ir(H{COD)(IMes)(T[2,3d])]Cl, the intermediate formed in the SABRE cycle,

H. addition was carried out at cold temperatures in the presence of 1.2 equivalents of substrate.
Four chemically inequivalent hydride resonances were detectdteitH NMR (243K). As

displayed irFigure2.7, t hese are assigned as two hydride
and U0 1T17.62ndloa ftomphex tCwa hydrides that a
d 117. 70 f dhechamatepsaterxof these intermediates was extremely challenging
due to their complexity. Resonances within the catalyst backbone and the COD ligand became
nonrequivalent but lead to very similar resonances intheand *C NMR. Nevertheless,

diagnostic signals were seen for the two intermediates (App&ndix

83



Synthesis and SABRE Optimisation of Thienopyridazines and Furopyridazines

¢ h c
/:\b q e f g /:\b q e f g
N« N i N.<_ N i
"\
a 73 2 a
3a
4 S 265.7 N5——4
267.3 1] /a 6, 3a 4
YH//, IR AN g 7 yH/,, +‘\\\\\N\7 / \
I n Ir- 2
S\l \mﬂ 247 | ] A
p p
0
C D

Figure 2.7: Structures of intermediates [Ir(COD)(H)2(IMes)(T[2,3-d]P)]CI C and D indicating
the two bound nitrogen resonances

From these results it is hypothesised that the two species interconvert via a hapotroptic shift
189 where the binding to the iridium quickly switches between the two adjacent nitrogen sites.
Only at low temperatures when the kinetics are much slower can these two species be
distinguished. This phenomenon was previously observed for ggnedoiridium pyridazine
complexe$*. However, unlike pyridazine (which is symmetric), TE2]® being asymmetric

addsadditional complexity.

2.3.3 Formation of [Ir(H) 2(IMes)(T[2,3-d]P)3]Cl, SABRE active complex
After activation with H is complete, the solution becomes pale yellow in colour indicating a
change of oxidation state of the iridium centre and the presence of an octahedral SABRE active
product . A complicated signal in tHeNMRydride reg
spectroscopy. This suggests the formation of several SABRE active complexes with overlapping
resonances. The region at transtdo2nitroget iAshydrigepi cal of a
ligand signals are not observed in other regions of the NMR spectrum it can be concluded that
binding occurs only through nitrogen and not through sulfur. When COD is hydrogenated,
thienopyridazine can occupy three sites on the catalyst endehthere is the possibility of
forming eight different speciesFigure 2.8). In complexes EH, four pairs of chemically
equivalent but magnetically igaivalent hydrides would be expected and in complexefour
pairs of both chemically and magnetically inequivalent hydrides should result. All complexes

should be SABRE active as the presence of magnetically inequivalent hydrides is the prerequisite
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for polarisation transfeit” 1% Only through the formation of inequivalent hydrides can the

symmetry ofp-H, be broken and latent polarisation released.
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Figure 2.8: Predicted regioisomeric products E-L for [Ir(H)2(IMes)(T[2,3-d]P)s]ClI

Despite wide ranging efforts to characterise all of the regioisomeric prdehugtat this stage, it
was not possible due to the complexity of the speétoavever, as reported in chapter'®y-

labelling of the two nitrogen nuclei to form thieno[2ipyridazine®N, was carried out and
allowed subsequent characterisation of the 8 complexes thtdidH coupling. Therefore, it is

possible to conclude thall regioisomers are formed during the SABRE activation process.

With the four compounds synthesised to an adequate yield and characterisation complete, the

agents were tested for SABRE hyperpolarisation.

2.4 Hyperpolarisation of Thienopyridazines using SABRE Effect of
Spin Isomers on Hyperpolarisation

[IrCI(COD)(IMes)] has proved to be an efficient SABRE catalyst for many other substfates.
SABRE polarisation othe synthesised thienopyridazines wherefore firstattempted with
[IrCI(COD)(IMes)] at 4.5 mM concentration in methasthlwith a 4:1 substrate to catalyst ratio
and 3 baxKg) p-Ha.
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Catalyst activation was achieved by adding(Bibar (g)). Intermeiate hydride peaks began to

appear in all cases in'el NMR spectrum (400 MHzat i 14.1 andi 17.6 The intermediate

hydride peaks disappeared | elazli.nfgy. ohhi smud ug gpd xtte
presence of chemically different hydridesused by the ligation of a nitrogen ligand. SABRE

measurements were then carried out by replacing tlethip-H.. Figure2.9 showsthe aromatic

regionof a single scatH NMR spectrum at thermal equilibrium, and one under hyperpolarised

conditions of the SABRE complex [Ir(k{)Mes)(T[2,3d]P)z]. The thermal spectrurhas been

vertically magnifieds4 times to be seen alongside the hyperpolarised spectharinsert shows

the hydride region.

Thermal x 64
oA JUL A @M_JUULM\

SABRE
= VWV
) \
H3 =-439
H2 =-882
®H4 =-2053 '
™47 =-2150 \ 214 ppm_/

| T T I T T T | 1
10.5 10.0 9.5 9.0 8.5 8.0 7.5 ppm

Figure 2.9: Comparison of the aromatic region of a 'H spectrum of T[2,3-d]P and
[IrCI(COD)(IMes)] in a4 to 1 ratio at thermal equilibrium (green - with vertical expansion 64
times) and under SABRE conditions at 3 bar(g) of p-Hz (black). Insert shows the hydride
region of the 'H spectra.

Each substrate showed large NMR signal enhancement values over those acquired under thermal
conditions and confirm their suitability as potential SABRE contrast agents. The latgagtal
enhancement of e acth7(H7unbTRBdR),1 & 4 828 (H&H6IINZT[B,8 0

d P) , £t1981BiBT[2,3¢c] P) , +19@48i8 T[3,2c]P). Table2.2 quantifies enhancement

across all relevant resonasc®ata show that T[2;8]P andT[3,4-d]P with theT d configuration

and the highest level of symmethad the highest signal enhancements. The symmetricat T[3,4

d]P is less efficient than T[28]P which may suggest that the electronic effect of the thiophene

ring may be significant or th&, of H3/H6 is much shorter than H4 and H7 in T{2]B.
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Table 2.2: Signal enhancements for shake and drop experiments of the thienopyridazines
using [IrCI(COD)(IMes)] as catalyst in a 1:4 catalyst to substrate ratio in methanol-da.
*Average values across two proton sites.

Substrate Structure Resonance Enhancement
Values (per proton)

T[2,3-d]P H7 (N) 9.79 12150 + 67
H4 (N) 9.63 12053 + 77
H2 (S) 8.25 1882 + 47
H3 (S) 7.75 1439 + 42

T[3,4-d]P H H H3/H6 (N) 9.40 11480 + 21*

2, 3
a
s <y~ SN+ H2/H7 (S) 8.58 711138 + 18*
|
— _— N 5
7 6a
6
H H

T[2,3-c]P H H H5 (N) 9.18 7583+ 19
H4 (N) 8.17 1384 +13
H2 (S) 8.21 11745
H3 (S) 7.54 139+ 3

T[3,2-c]P H 4 H6 (N) 9.14 1822 +19
H7 (N) 8.41 1371+ 14
H2 (S) 8.24 1828 + 20
H3(S) 7.86 1385+18

From these results, it can be concluded that the position of the nitrogen atoms relative te the five
membered sulfur ring plays a rolethre efficiencyof spin polarisation transfem T[2,3-c]P and
T[3,2-c]P one of the two possible nitrogen binding sifgosition 7 in T[2,Z]P and position 4 in
T[3,2-c]P) is adjacent to the carbon of the fused rings and therefore sterically hindered when
approaching the catalyst. From this data it can be hypothesised that this positioning could
negatively affect the wathe substrate can bind to the iridium centre comparddsubstrates
T[2,3-d]P andT[3,4-d]P (where both nitrogenucleiare not directly adjacent to the fused jing

It could also be hypothesised that the close proximity of the electronegative soifutoathe
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two nitrogen atoms in T[2;8]P may contribute a negative effect on binding due to this substrate

being polarised to a lesser degree than in T1¢§2

To date there are no generalised optimum conditions for the SABRE hyperpolarisation for any
given substraté®® The SABRE reaction is substrate dependent and as such, a series of
optimisation steps for thienopyridazines weilvestigated, including substrate loading

comparison, polarisation transfer field, carbene type on the precursor catalgstiapcessure.

2.4.1 Substrate Loading Comparisons
It has been demonstrated that SABRE signal enhancement levels are affected by substrate loading
(i.e. the ratio of the substrate molecules to catalyst in terms of concentt&tibm investigate
the effect of substrate loading, samples were made up using catalyst to substrate ratios 1:4, 1.6,
and 1:8 for the two highest performing suhtgs in terms of signal enhancement, H@B and
T[3,4-d]P. Figure 2.10 demonstratethat signal enhancements were optimised when four molar
equivalens of substrate were present relative to iriditiins would be expected as there three
positions on the catalyst which the substrate canmcdan addition to having@ne substrate in
free solutiorfor NMR detectionAt low catalyst to substratatios the subsateis more likely to
come into contact witlhe catalyst foreversible exchangeBoth experimental dat&d and

theoretical models predict that large signal enhancements result with low sutostratiayst

ratios’®’
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Figure 2.10: Effect on signal enhancement values when changing substrate to catalyst
ratios. The substrate used was T[2,3-d]P and the catalyst [IrCI(COD)(IMes)] forming the
active catalyst [Ir(H)2(IMes)(T[2,3-d]P)s]Cl. The solvent used was methanol-d4s and
measurements were made on a 400 MHz spectrometer at 298K. (a) Signal enhancements
values measured per individual proton with 4, 6 and 8 eq. of T[2,3-d]P to 1 equivalent of
catalyst [IrCI(COD)(IMes)]. (b) Normalised signal enhancement values per proton showing
a linear decrease of enhancement with increased number of substrate equivalents.
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The normalised dataFigure 2.11b) shows an almost linear dependence on the number of
equivalents of substrate. An increase in number of equivalents shows a corresponding decrease
in signal enhancement independent of proton site. All protons show over 50% reduction in signal

enhancemenwhen moving from four to eight equivalents.
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Figure 2.11: Effect on signal enhancement values when changing substrate to catalyst
ratios. The substrate used was T[3,4-d]P and the catalyst [IrCI(COD)(IMes)] forming the
active catalyst [Ir(H)2(IMes)(T[3,4-d]P)s]Cl. The solvent used was methanol-ds and
measurements were made on a 400 MHz spectrometer at 298K. (a) Signal enhancements
values measured per individual proton with 4, 6 and 8 eq. of T[3,4-d]P to 1 equivalent of
catalyst [IrCI(COD)(IMes)]. (b) Normalised signal enhancement values per proton showing
alinear decrease of enhancement with increased number of substrate equivalents.

The linear dependence of equivalence was also obseovel foroton sites within T[34]P
evidenced by the normalised dataHigure 2.11(b). The resonance for the equivalent protons
again shows 50% reduati in signal enhancement when moving from four to eight equivalents

of substrate to catalyst.

2.4.2 Polarisation Transfer Field
A study of the field dependence on the extent of hyperpolarisation on each of the four distinct
protons of each of the four subs&swas carried out. Previous studies on many harematic
substrates have identified that 65 Gauss is the optimum field for successful hyperpolarisation
using the SABRE techniqué? !'° This isdetermined by th dominant hydriddaydride coupling
Obtaining this data was i mportant to ensure
were conducted irgy the optimum Polarisation Transfer Field (PT¥)n order for these results
to be precise, a reversible flow polariser was used as described in éhapamce again, a 1:4
catalyst to substrate ratio was used. For reproducibility, the automated system greatly exceeds the

shake ad drop experiments as experimental errors are reduced. In the shake and drop method,
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shaking within the stray field of the spectrometer can mean that the field differs slightly each
time. An average is taken of the values found in five to seven shakegitisa this human

error. However, this will still be a significant error compared with the flow system.

The hyperpolarisation values recorded using the automated system are, hoovesiderably

lower than those achieved with the shake and drop techijeggei 1300 vsi 2150 signal

enhancemerfor H7 in T[2,3d]P using [IrCI (COD)(IMeg]). This is due to the limitations of the

automated system; including firstly the fact that the sample is not degassed before entering the

flow system. Asampleisprepdre i n a st andard sample vial, rather
before being injected into the flow system. It is likely that paramagneigiftroduced into the

system, which can shortéin lifetimes and consequently redute level of polarisation. fie

second reason is due to the reduced efficienqytdf delivery into solution. In the automated

system, the-H,i s si mply bubbled though the solution. Du
there is vigorous shaking of the sample within th
dissolution of the gas within tleample)eading to higher polarisation level$he third reason is

due to the length of the experiment. In the automated system, ongdithieas been bubbled

through there are several stages, which take approxiniaielp six seconds in total. The stages

include normalising the pressure, transgtion of the hyperpolarised solution and the settling

period before the measurement is taken. Five to six seconds may seem insignificant but when the

lifetime of someT; valuesis of the same ol of magnitude, it can have a dramagftect of

detectablesignal levelsThe flow system cannot compete yet with the human efficiency of simply

6droppingé the Youngbs tube into the spectrometer

The trend of hyperpolarisation achieved with the automated flow system agrees very well with
the results achieved it t he 6éshake and dropd met hod. Wit hin ¢
hyperpolarised to approximately the same ratio and the signal enhancement values are

approximately double for the shake and drop technique when compared to the flow system.

Figure2.12to Figure2.15 portray the resulting PTF data and show thatudlsfrates yield their
largest signal enhancements for all four free ligand spins between 60@ntd @&n be concluded

that similar“Jsy couplings operate in all four substrates. PTF plots for the higher symmetry
substratesT[2,3-d]P and T[3,4d]P, are unimodal with a single maxima at 6G4t 0.6 and
60.9G * 0.5 respectivelgs predicted by the Level Artrossing approach LAC approat?f?®3
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Figure 2.12: Polarisation transfer field plot showing variation of signal enhancement for
T[2,3-d]P at 298 K using the automated polariser. PTF plots for each resonance show a
Gaussian distribution and give a single maximum at 60.4 +/- 0.6 G
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Figure 2.13: Polarisation transfer field plot for T[3,4-d]P at 298 k using the automated
polariser. PTF plots for each resonance show a Gaussian distribution and give a single
maximum at 60.9 +/- 0.5 G

When T[2,3c] and T[3,2c] were examinedKigure2.14 andFigure2.15) multimodal behaviour

across polarisation field was observed. Three Gaussian functions were required to adequately fit
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the resulting PTF profiles. This is inconsistent with ibemal LAC suggestion$® Polarisation
transfer was observed at lower fields; witbspive amplitudefor H7 and H3 and negative
amplitudefor H6 and HAFigure2.16). This trend has been modelled in the LAC theory, however

a phosphorous ligand was present in the SABREIlyst'%
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Figure 2.14: Polarisation transfer field plot for T[2,3-c]P at 298 k using the automated
polariser. PTF plots for each resonance show a Gaussian fit and give three maxima at peak
1=13.30 +/- 4.48 G, peak 2 = 65.37 +/- 0.60 G and peak 3 =109.778+/- 0.13 G
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Figure 2.15: Polarisation transfer field plot for T[3,2-c]P at 298 K using the automated
polariser. PTF plots for each resonance show a Gaussian fit and give three maxima at peak
1=13.64 +/- 1.06, peak 2 = 60.81 +/- 0.62 and peak 3 =109.36 +/- 0.81983
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Figure 2.16: Hyperpolarised spectra for T[3,2-c]P achieved at 0G (blue) and 60 G (black).
Positive magnitudes for H7 and H3 and negative magnitudes for H6 and H2 at 0 G (blue).
Negative magnitudes for all resonances at 60 G (black)

The hydride region of the NMR spectraatifthese samples is complex and consistentsetieral
different SABRE active catalysts. One hypothesis to explain this behaviour is associated with the
change in igin of the propagatingn+ couplings from the hydride to the protons in the ligand
according to which of the two nitrogen binding sites is invoRt&¢f® 193 1% This sign change is
brought about by the resulting variation of coupling border and will in turn, invert the sign

of the population difference, thereby leading to a hyperpolarised signal of opposite phase. It has
been recently confirmed experimentally and theoretically that the changes in coupling constants
resulting from binding to iridium lead toomplex PTF profiles when mixtures of species are
present in solutiof?® Consequently, the resulting PTF profile should exhibit complex behaviour
as contributions fronthe different forms of the catalyst combine togethereto yield the
resulting catalysaveraged signal his behaviour would require furtheery detailed theoretical

and experimentatudy if a rigorous modetereto be proposed. That was beyond the scope of

this project.

2.4.3 Type of Catalyst- Effect of ChangingCarbene Backbone of Catalyst
The catalyst [IrCI(COD)(IMes)] is often used in SABRE studies due to its rapid synthesis from

commercially available starting materials. However, the choice of the carbene within the catalyst
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is vital if strong signal enhancemts are desired. btifying the chemistry of the carbedleanges
steric, electronic and relaxation properties which affect exchange rateslaridation build up

in thefree substraté?®

The four catalysts precursors [IrCI(COD)(IMe%)], the saturated version of IMes,
[IrCI(COD)(1,3bis(2,3,6trimethylphenyl}4,5-dihydroimidazoi2-ylidene)],

([IrCI(COD)](SIMes)?! and the partially deatated version of both, [IrCI(COD-1,3
bis(2,4,6trimethyl}imidazot2-ylideng)] ([IrCI(COD)(dx>-IMes)])**” and [IrCI(COD)¢2-1,3
bis(2,3,6trimethylphenyl)4,5-dihydroimidazoi2-ylidene)] [IrCI(COD)d.-SIMes)] ** were

t herefore screened. The mol ecul ar HKgure2dét ures of
Based on previous datait was expected that the deuterated versigriMes would give the

largest signal enhancement values. Although the rate of ligand exchange should be the same as
IMes, deuterium labelling has been shown to increase the lifetime of the bound substrate
polarisation and hence lead to more efficient SABRE#® 19 197 |t is also known that
polarisation not only reaches those ligands in the equatorial positions but also in the axial position
within the carbene framework. Replacing the protons of the carbene with deuterium prevents spin
dilution and focuses the peoisation into the desired equatorial ligands. A series of samples were

prepared to test the SABRE activity of these catalysts with the four thienopyridazines.

IMes SIMes
/_ \ U \
NigN NN
dyo-IMes d2-SIMes

CDj D;C CD3 D;C
D [\ D D [\ D
D5C " CD; DsC . " c CD;
CD3 D3C D; D
D 3 Y3 D D 3 Y3 D
Figure 2.1771 Structures of the four carbene ligands, IMes, SIMes, d»»>-SIMes and d,»-SIMes
used to study SABRE signal enhancement of a series of thienopyridazines.

When [IrCI(COD)(IMes] was compared to [IrCI(COD)(SIMes)], an increase in signal
enhancement values from250toT 2 6 708 T[2,3-d]P resuled This is a ~25% increase in

signal enhancemenData for all four substrates tested is collate@able2.3. It is hypothesised
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that the increase in polarisation transfer efficiency is due to a more optimal lifetime of the transient
active SABRE catalyst. This lifetime is inversely proportionah®rate of ligand dissociation

and is predicted to be approximately 4.3'¢ Additionally, it has been shown previously that
increasingthe buried volum®® 1°° of the NHC ligand can icrease ligand dissociatioates by

steric effect$?3The buried volume increases from 33.0% to 3464irCI(COD)(IMes)P*°and
[IrCI(COD)(SIMes)F® respectivelytherefore the SIMes land would cause an increased wfte
T[2,3-d]P loss from the catalyst. This could result in more optimal ligand exchange dynamics and

further experiments should be conducted in the future to prove this hypothesis.

Using [IrCI(COD)(.>-IMes)] asthe catalys T[2,3-d]P showed no significant difference in
hyperpolarisation compared with its ndauterated counterpart; all values being within error,

egl 214 1anfl 25135 0 (HR. F& T[3,4d]P, [IrCI(COD)(d.-IMes)] does improve values
compared with its on-deuterated counterpart bringing enhancement values in line with those
achieved with [ITrCl(COD)(SI Mes)] (e.g. 12013
T[2,3-c]P, [IrCI(COD)(d2>IMes)] gi ves sl ightly enhanced value
commred to [lrCl(COD)(IlMes)] ( 1583 N 19 for
hi ghest values (1647 N -JPJIrC(QOD)(dHBes)doedimpreve a g a i
values (11189 N 3 for H6) compared buvgivesh [ | r
similar enhancements to those found with [IrCI(COD)(SIMes) (1271 + 9 for H6).

The next step was to investigate the enhancements using the partiallgteéeutersion of SIMes,
[IrCI(COD)(d2>-SIMeg]. Thegeneraleffect of the deuteration in SIMés an increase in signal
enhancement across afisonancedvlaximal increases in signal enhancements between 10 and
22% were observedAn average enhancementidd142 was recorded during a standard shake

and drop experiment for H7 &f2,3-d]P. In terms of percentage polarisation this equates to 9.8%.

For clarity, the resonances with the largest enhancements per substratel|@ 273 T[3,4d]P
H3, T[2,3c]P H5and T[3,2c]P H6) were plotted against the different catalysts as can be seenin
Figure2.18.
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Table 2.3: Enhancement factors of the thienopyridazines with four different catalysts
[IrCI(COD)(IMes)], [IrCI(COD)(d22-IMes)], [IrCI(COD)(SIMes)] and [IrCI(COD)(d22-SIMes)].

Enhancement FactorsPer Proton
Substrate Resonance IMes SIMes d2>-IMes d2>-SIMes
(ppm)
T[2,3-d]P H7 (N) 9.79 12150 + 67 12673 29 12141 +53 13142 +58
H4 (N) 9.63 12053 + 77 12489 + 31 11984 + 50 13072 + 60
H2 (S) 8.25 1882 +47 11621 +57 1739+78 1885 +33
H3 (S) 7.75 1439 + 42 1640 + 29 1362 + 16 1525 +21
T[3,4-d]P H3/H6 (N) 9.40 | 11480+ 21 12053 + 11 12013 + 42 12271+9
H2/H7 (S) 8.58 11138 + 18 11623 +16 11758 + 47 11787 £ 15
T[2,3-c]P H5 (N) 9.18 1583 +19 1647 +18 1597 £ 29 1727 £17
H4 (N) 8.17 1384 +13 1409 + 21 1391 +31 1422 +7
H2 (S) 8.21 11745 1217 +13 123322 1205+4
H3 (S) 7.54 139+3 163+6 170+8 1106 +2
T[3,2-c]P H6 (N) 9.14 1822 +19 112719 11189+ 3 11557 + 40
H7 (N) 8.41 1371 +14 1502 +12 1540 + 28 1762 =23
H2 (S) 8.24 1828 +£20 1847 +32 71899 +29 11121 +34
H3 (S) 7.86 1385+ 18 1548 15 1477 £ 29 1745 + 22
0
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Figure 2.18: Sighal enhancements of the resonances in each of the four thienopyridazines
with the greatest enhancement and how these levels vary when changing the carbene

backbone.
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T[2,3-d]P wasconsistently the better performing substratgh 30% higher signal enhancement
over T[3,4d]P with all catalysts excephIMes. For this reasoonnly T[2,3-d]P was carried
forward for further experimentation with two new cataly$tsCI(COD)(1,3-bis(4-chloro-2,6-
dimethylphenyl)imidazoeP-ylidine)],**®*  [IrCI(COD)(X)] and [IrCI(COD)(1,3bis(4
(dimethylamino)2,6-dimethylphenyl)imidazeR-ylidine)]** [IrCI(COD)(Y)] shown in Figure

2.19. Using these two catalysts the effect on signal enhancement due to the electroniepropert
of the carbenes were investigated. The presence of the chloro group in' M hrahuative effect

and results in a carbene which is more electron withdrawing then IMes. The presence of the
NMe; group has a +M mesomeric effect and results in a nansbich is more electron donating
compared with IMes. These catalysts resulted in higher signal enhancements (over
[IrCI(COD)(IMes)]) for methyt4,6-dz-nicotinaté? in a study carried out birayneret al(2018)

with 60% increase in the case of [IrCI(COD)(X)] and 40% in the case of [IrCI(CQD)Y¢®

X Y
N/:\N N/:\N
cl Cl \;\1 r\{/

Figure 2.19: Structure of carbene X found in [IrCI(COD)(1,3-bis(4-chloro-2,6-
dimethylphenyl)imidazol-2-ylidine)] and carbene Y found in [IrCI(COD)(1,3-bis(4-
dimethylamino)-2,6-dimethylphenyl)imidazol-2-ylidine)]

Resulting changes in signal enhancement level for IgRusing these catalysts are shown in
Table 24 and are compared with those achieved using the best performing catalyst
[IrCI(COD)(d22-SIMe9)] from the previous study.

Table 2.4: Enhancement factors of T[2,3-d]P with two new catalysts [IrCI(COD)(X)] and
[IrCI(COD)(Y)]

Enhancement FactorsPer Proton

Substrate/Catalyst | Resonance X Y d2>-SIMes
(ppm)

T[2,3-d]P H7 (N) 9.79 T757+38 11670+ 45 13142 + 58
H4 (N) 9.63 1640 + 38 11571 £ 49 13072 £ 60
H2 (S) 8.25 1357 +13 1572 +18 1885+ 33
H3 (S) 7.75 1143 +8 1283+ 14 1525 +21
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T[2,3-d]P has now been tested with six different catalysts in total and the results for each of the

four resonances of T[2@P are shown ifrigure2.20.
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Figure 2.20: Graph showing the effect of a change of catalyst on the signal enhancement
values of the four proton signals in T(2,3-d)P

In contrast to the signal improvements found with meth@ld..nicotinaté?® the signal
enhancementachieved forT[2,3-d]P weregenerallyinferior (65% in the case of [IrCI(COX)]
and 22% in the case of [IrCI(CQ{Y)] to those achieved with the traditional [IrCI(COD)(IMes)].
Due to the poor performance of these catalysts, further testing with the regribneia substrates

was not carried out.

Data illustrates that the choice of catalyst is very substrate specific and that there are still many
factors,thatcontribute to the success in each individual SABRE reaction to be able to predict or
create generaed optimum conditions for a particular type of substrate. However, all catalysts
tested with the IMes backbone have shown inferior results to those achieved with SIMes and
confirms that the sterically bigger [IrCI(COD)(SIMes)] is favourable for thiendayines. A
previous studi?! has shown that there is an increase in the rate of substrate dissociation as a

consequence of the change in percentage buried volumg,J%Yis faster rate of dissociation
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combined with the promotion of Hexchange may allow a faster build of hyperpolarised

molecules in solution within th&, timeframe.

Results show that deuteration of the carbene prevents spin dilution in the active SABRE catalyst
and therefore the substrates in the equatorial plane of the SAB®Re complex demonstrate

higher polarisation.

2.4.4 Magnetic lifetimes (T1) of Thienopyridazines
There are two key parameters to consider when using hyperpolarised moledd|&84RS. The
overall magnitude of the hyperpolarised signal is extremely important, so that a signal may be
observed against the huge background signal from waterefore pptimisation steps are critical
to increasthe signal enhancement and magnitde: second parameter is the magnetic lifetime
or T of this transient hyperpolarised signal. Hitthsignal enhancements combined with |dag
values for the'H resonances would give the optimum scenario to allow a large window of

observable hyperpolarisainal for use in biomedical imaging.

An investigation into the magnetic lifetimes of the four resonances in each of the four substrates
was carried out. The inversion recovery method (see ché@@&) was used to measure the
longitudinal lifetime T1) for each of the resonances belonging to the four substrates, both with
and without the four different catalysts present. Data were fit to an exponential decayamodel
shown in equation 2, Wwhered magnetisation along the z axis at tim@) = magnetisation

along the z axis @t mandT:= decay time constant.

) 0 p Q &)

To measure thd@; values without the catalyst present, methahaddamples were prepared in
5mm Youngds tmiMvbdaf substratetahd ddg8ssed. A suitable delay was applied
between experiments to allow for five times Theralue to ensure full relaxation back to thermal
equilibrium. To measuré&; in the presence dhe catalysts, samples were prepared withr\b

of catalyst in methanal, with four equivalents of substrate in each case. After degassing, 3 bar(g)
ofp-Hrwas i ntroduced into the Youngés tube. |In
MHz spectometer. An example of the collected data is showignre2.21and tabulated results

for of all resonancesf T[2,3-d]P with and without theix different catalysts studied can be found

in Table2.5.
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Figure 2.21: T1 measured for H7 = 38.2 £ 0.2 s of T[2,3-d]P in the absence of a catalyst
using inversion recovery (20 points).

Table 2.5: T1 measurements for all resonances for T[2,3-d]P in the absence of a catalyst

and with [IrCI(COD)(IMes)],

[IrCI(COD)(d22-IMes)],

SIMes)], [IrCI(COD)(X)] and [IrCI(COD)(Y)]

[IrCI(COD)(SIMes)],

[IrCI(COD)(d -

T1(s)
Res (i) Sub. Alone | IMes SIMes dz22-IMes | d2-SIMes | X Y
H79.79 38.21+0.18 | 7.28+0.10 | 7.03+0.10 | 9.22+0.06 | 9.54+0.13 | 9.61+0.05 | 4.91+0.08
H4 9.63 21.42+0.09 | 5.13+0.06 | 4.82+0.06 | 5.77£0.06 | 5.96+0.06 | 6.45+0.05 | 7.18+0.11
H2 8.25 24.29+0.14 | 7.50+£0.11| 7.25+0.11 | 7.26£0.09 | 7.57+0.11 | 9.25£0.12 | 7.56+0.13
H3 7.75 14.89+0.24 | 4.64+0.07 | 4.38£0.03 | 4.68+0.10 | 4.78+0.05 | 5.56£ 0.11 | 4.30+0.03

Table2.6 shows the tabulateti values for 3,4-d]P, T[2,3-c]P, T[3,2-c]P with and without the
four catalysts studied.
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Table 2.6: T: measurements for T[3,4-d]P, T[2,3-c]P, T[3,2-c]P in the absence of a catalyst
and with [IrCI(COD)(IMes)], [IrCI(COD)(d22-IMes)], [IrCI(COD)(SIMes)] and [IrCI(COD)(d22-
SIMes)].

T1(S)
Substrate Res. ()
Sub Alone | IMes SIMes d2>-IMes d22-SIMes
T[3,4-d]P H39.40 25.86+0.17 | 5.44+0.07 | 5.67+£0.04 | 6.98+0.06 6.83+£0.06
H2 8.58 29.10£0.21 | 9.41+£0.10 | 9.69+0.09 | 10.94+0.11 | 11.74+0.10
T[2,3-c]P H59.18 22.00+0.11 | 3.19£0.03 | 3.75+0.06 | 5.35+0.05 4.79+0.70
H48.17 17.67+£0.21 | 5.21+0.07 | 4.76£0.07 | 5.92+0.09 5.23+0.07
H28.21 40.33+0.13 | 7.49+0.16 | 7.82+0.10 | 10.64+0.27 | 8.63+0.07
H3 7.54 28.25+0.13 | 5.61£0.17 | 5.92+0.10 | 7.89+0.29 6.81+0.11
T[3,2-c]P H6 9.14 1791+0.08 | 2.9+ 0.06 2.87+0.04 | 4.19+0.10 3.56+£0.05
H7 8.41 20.58+£0.06 | 4.95+0.07 | 4.33£0.15 | 6.44+£0.0L 5.01 £0.17
H2 8.24 26.72+0.03 | 6.36£0.08 | 6.91+0.07 | 8.02+0.06 730+ 0.06
H3 7.86 25.2+0.06 | 4.32£0.03 | 4.73+0.03 | 6.02+0.08 550+ 0.03

Thevalues show that the addition of the SABRE catalyst causes a vast reduction in the magnetic
lifetime (from those measured with just the substrate alone); e.g. 38 tm H7 of T[2,2d]P

when using [IrCI(COD)(IMes)]. This is in agreement with all SABREd&s to date,
demonstrating that the presence of the catalyst has a detrimental effect on the effective lifetimes
of the proton resonances in the substfté’* In fact, the measure®, of the free substrate is
actually a weighted average of the material in solution and thatliouhe catalyst due to the
exchange proces¥’ If the catalyst could be removed after hyperpolarisation thefiithalues

would return to their original values recorded under thermal condiibiidis is explored in
chapter five. There is a clear tremdrh the datan that the use of the deuterated catalysts extends
the T lifetime of all proton resonances e.g. 7 tg ®n H7 of T[2,2d]P when moving from
[IrCI(COD)(IMes)] to [IrCI(COD)(d2>IMes)] as the catalyst. Relaxation times of the bound
substratencrease$® which can be explained by a reduction in dipdilgole relaxation in the

active catalyst due to the presence of deuterium rather than protons. Due to the weighted
averaging, the observed in the free material is also increaséd/hile direct comparisions to

other substrate systerirtsterms of enhancement addficult the observedchangesn T, values

are in linewith otherstudies reported in the literatur®.

2.4.5 Effect of Para-Hydrogen Pressureon SABRE Signal Enhancements
A study was carried out using2,3-d]P and [IrCI(COD)(d»-SImeg] (which have given the

greatest enhancements to glateconfirm that using great@rH, pressures would improve the
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level of polarisation. Ap-Hzis a component of the catalytic process we can expect that during a
standard SABRE experiment carried ouBaiar(g) of pressure it is the limiting factdt. The
productive catalytic cycle will eventually come to and point when all of thp-H> has been
converted to Kl To test this hypothesis, experiments were carried out changing only the pressure
of the p-Hz introduced into the standard 5mm J. Young tube to 4 bar(g) and 5 bar(g) with a
constant exposure (shakéahe of 10 seconds. The results should therefore reflect the increase in
p-H2 incorporation rate into the SABRE catalyst. The results showigre 2.22 support the

theory that an increaseprH,pressure leads to a corresponding increase in SABRE enhancement.
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Figure 2.22: Effect on signal enhancement values when changing p-Hz pressure. The
substrate used was T[2,3-d]P and the catalyst [IrCI(COD)(IMes)] forming the active catalyst
[Ir(H)2(IMes)(T[2,3-d]P)s]Cl. The solvent used was methanol-d4 and measurements were
made on a 400 MHz spectrometer at 298 K. (a) Signal enhancements values measured per
individual proton with 3, 4 and 5 bar(g) of p-H. pressure. (b) Normalised signal
enhancement values per proton showing a linear increase of enhancement with increased
p-H2 pressure.

Figure2.22 b shows that increase in signal enhancementmiith pressure is independent of the

proton site(with all normalisedvalues within standdrerrorat each pressure valugjith a two

bar decrease in pressure resulting in a 20% loss in signal enhancement across the substrate. It
must be noted that using high pressures is not something that could be done on a routine basis as
it is on the limitof safety standard for the glass 5mm tubes. The results show that there is a clear
trend that with an increase in hydrogen pressure there is an increase in SABRE enhancements.
One can hypothesise that if equipment allowed us to increase the pressureSbagad there

would be a corresponding increase in enhancement before a plateau at a given pressure at which

point relaxation effects would dominate.
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2.4.6 Use of Fully Deuterated Isotopologue of Thienopyridazine as a &mgand
to Reduce SubstrateRelaxation

Within the SABRE process there are three substrate molecules that bind to the iridium centre.
Chapter one detailed that for symmetrical substrates only those in the equatoridiratexte,

the hydrides, receive polarisation through the saaapling network. The substrate in the axial
plane, trans to the carbene, is unable to receive polarisation. In the case of asymmetrical
substrates, the scalar coupling network also includes the carbene and the substrates in the axial
position. In sectin 2.4.3 it was demonstrated that using selected deuteration of the carbene
prevents spin dilution in the active SABRE catalyst and therefore the substrates in the equatorial
plane of the SABRE active complex demonstrate higher polarisation. This phenowofenon
reducing the spin dilution and increasing enhancements could also be applied to the substrates
themselves. This has been demonstrated in previous studies using a fully deuterated isotopologue
of the methyl nicotinateas a cdigand!® It is hypothesised that the figand, which cannot

receive polarisation itself, statistically occupies tfithe three possible binding sites. In this way

the remaining protio substrateansto the hydrides, receivedl the polarisatiorirom the hydride

ligands In addition the presence of the deuterated substrate may increase the relaxation times
experenced by the protons in the active catalyBbth effects would be expected to increase
resultant proton polarisation over that achieved without the deuterat®gcd In the previous

study an extremely high level of 50% polarisation was achievederf site of the selectively
deuterated substrate metlyb-d2- nicotinate using a one to three ratio of substrate tigand

relative to the catalys$g®

It was decided to test this hypothesis here by synthesising a fully deuterated version-dff[2,3
ds-thieno[2,3d]pyridazine.lt is noted thawhile polarisation of a single molecule may increase
dilution with the deuteratecto-ligands may limit te advantages of this approachterms of

absolutesignal gain.

2.4.6.1 Synthesis of a Deuteratedo-ligand, ds-thieno[2,3-d]pyridazine

No known synthtic methodologyfor a fully deuterated T[2;8]P has bee previouslydetailed.
Hydrogeri deuterium exchangean easilyoccur with exchangeable protongith a sutable
deuterium sourcsuch as BO.?°% 203 To facilitate the exchange of n@xchangeable hydrogen
atoms (such as those found in TE2®), the use of acid, base or mefRid) catalysts, coupled
with conditions of increased temperature and prestare been useqwherethe substrate is

robustenoughto the conditions and reagents emplgyédei136 204 205 As 3 first attempt, the
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substrate was dissolved in an excess4) [ the presence of a base and refluxed. As shown in
Figure2.23 reflux in D,O was carried out for a total of one month. The deuteration reaction was
followed by LGMS and additional BD and base were added accordingly. After one month,
deuteration across the four positions had taken place to 95%. Despite this rbadtign
incredibly slow, it yielded the desired product in good yield and therefore no further optimisation

was conducted.

5 D
Vi N D,0/K,CO; A / | N T
| ,!l 100 °C — S N
S ~
4 weeks D

95% deuteration

Figure 2.23: Reaction scheme for the synthesis of ds-thieno[2,3-d]pyridazine (d4-T[2,3-d]P)

2.4.6.2 Effect on Signal Enhancemenitiyperpolarisation Levels using a Deuterated -Co
ligand

SABRE shake and drop experiments were carried out under (i) standard conditions, i.e. 4.5 mM
of [IrCI(COD)(d2>-SIMes)] in methanaet, with four equivalents of T[2;8]P, 3 bar(g) Hz and
shaking in the stray field of the magnéi) Using a celigand, i.e. 4.5mM of [IrCI(CODX--
SIMes)] in methanetl; with one equivalent of T[2;8]P and three equivalents of the deuterated
coligand T[2,3d]P-ds before shaking in the strayagnet field and (iiilusing a o-ligand anda

60 G handheld magnetic shakastead of shaking in the stray fieft}
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Figure 2.24: Bar chart to show increase in signal enhancement for T[2,3-d]P with the use
of a co-ligand and the use of a co-ligand in combination with a 60 G handheld shaker.

The presence of a digand allowed an increase (€.66% on H7) in signal enhanceme+i340

fold for H7, 17% polarisation). As it was recognised that a variance in field occurs when shaking
in the stray field of the magnet, a @ohandheld maget array shaké®was employed resulting

in a further increase (93% on H7) in signal enhancementl6f130fold + 230for H7, 33%
polarisaion). This resulted in a total increase of 223% in the level of signal enhancement seen for
H7 from standard conditions to those using a deuteratdigjarad and 6@ handheld shaker.

These implementations were the most successful in terms of optimistsn

2.5 Effect on SABRE Hyperpolarisation when Sulfur is replaced with
Oxygen

As an extension to this work, it was decided to investigate the replacement of the sulphur atom
with oxygen to form the corresponding furopyridazine to see how this would aftgul
enhancement ant; values. As T[2,3]]P was considered to be the most successful isomer in

terms of both hyperpolarisation enhancement and length of magnetic lifetime it was decided to
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carry out a direct comparison by synthesising the correspomdiygen analogue, Furo[2,3

d]pyridazine, F[2,2d]P, shown inFigure2.25.

Figure 2.25: Chemical Structure of Furo[2,3-d]pyridazine, F[2,3-d]P

The aim was to investigate and compare how this change of atom could affect binding of the
ligand to the catalyst, polarisation levels and magnetic lifetimes. In @ddiiunderstanding

how a chemical change within a molecule can affect the SABRE process, the furopyridazine motif
is also a feature in some antimicrobial dA9§%® and is therefore interesting when considering

it as a possiblen vivoimaging candidate.

2.5.1 Synthesis and Characterisation of Furo[2,&1]pyridazine, F[2,3-d]P
A direct onepot synthesigleveloped by Kesslat al (2012) was followed for the synthesis of
furo[2,3]pyridaziné®® F[2,3-d]P, as shown ifrigure2.26. The main step in their method was the
transformation of an aromatic aldehyde into a directed arte@lation group (DMG). Usually
an aldehyde is not classed as a DMG but when readgtbdithium amides, such as thium
N, N;stNd met hyl et hy!l di ami cminoglkoxidessvhieh @re moderatehtey f or m U
good DMGg%. Lithium N, N striséthylethyldiamide was synthesised under nitrogen by
dropwise addition of#B u L i a n drimathylsthyMiédmine.

(i) Lithium N,N,N'-trimethylethyldiamide
\ hexane, THF, -20 °C, 30 min
N (i) n-BuLi (1.5 eq.), 0°C, 2 h
\ (i) DMF, -78°Ct0 0°C, 1.5 h
o) i
O (iv) NH4CI, H4N5, H,0, 0 °C to room temp., 14 h 38% yield

Furan-3-carbaldehyde Furo[2,3-d]pyridazine

Figure 2.26: One-Pot synthesis of F[2,3-d]P using methodology by S. Kessler et al. (2012)

An additional purification step was required after column chromatography due to remaining

impurities determined by NMR. A 38% yield of F[2J° was achieved after ggystallisation
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using hexaneThe purity was confirmedia!H NMR, MS and IRIHNMRpea ks at U 9. 6
8.25and 7.1 ppm iRigure2.27 arise from the four proton resonances in Fd|RB. The additional
purification step required could explain the lower yield achieved compared with the quoted

literature value of 55%.

10.¢ 9.5 9.0 8.5 8.0 7.5 ppm

Figure 2.27:1H spectrum of Furo[2,3-d]pyridazine in methanol-d4 after recrystallization with
hexane.

Characterisation of furo[2;8]pyridazine was carried out in methasthlusing a combination of
1D and 2D (COSY, NOESY, HMQQYMR experiments. ThéH, 3C and®™N chemical shifts
are detailed imable2.7.
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Table 2.7: Table of NMR *H, 3C and **N resonances for F[2,3-d]P dissolved in methanol-d,4
(500 MHz spectrometer).

Res No. | 'H 1 NMR (ppm) 13C - NMR (ppm) | >N - NMR(ppm)
2 8.25,d Jin=2.14 Hz 150.1

3 7.19, dd Jiy= 2.14 Hz, 0.94Hz 104.7

3a 126.7

4 9.59, pseudo ddl= 0.97, 1.29 Hz 137.7

5 367.3

6 362.7

7 9.62,d }n=1.5Hz 146.7

7a 153.2

2.5.2 Optimisation and a Comparison of Signal Enhancement Levels
A shake and drop experiment carried out in methdnwlith [IrCI(COD)(IMes)] (4.5 mM), four
equivalents of F[2 &P and 3 bar(g) of-H; revealed an increase in signal enhancement
comparedwith T[22 P (e.g. 12609 N 60 and 12150 N 67 respe
the optimum catalyst for T[2;8] P, [IrCI(COD)(d.2-SIMes)], not only gave greater enhancements
forF[2,3d P compared with the [IrCl(COD) (I Mes)] (e.g.
for position H7) but also showed greater signal enhancements thandf2u®der the same
conditons (e.g. 13470 N 59 and 13142 N b5Bgueespecti vel
2.28.
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Figure 2.28: A comparison of the two substrate; T[2,3-d]P and F[2,3-d]P with the
[IrCI(COD(IMes)] catalyst and [IrCI(COD)(d22SIMes)].

In the case of T[2;8]P, the levels of signal enhancement on protons 4 and 7, thoséJwith
coupling to the hydrides, appear to receive similar polarisation, with H7 having a slightly
increased l evel H5v8r f o4 H7e . o 1d@r 1 @42 With 2
[IrCI(COD)(d».SIMeg]. However, in F[2,2]P, the difference in polarisation levels in the
corresponding H4 and H7 positions show a mor
H7 and 12630 N 154 for H4). This phenome
electrongativities of the atoms involvedrigure 2.29). In T[2,3d]P, sulfur has the same
electronegativity value as carban#£ 2.5 on the Pauling scale). Hewer, in the case of F[2,3

d]P, oxygen has a higher electronegativity valoe=(3.5). It is hypothesised that during the
haptotophic shift between the two nitrogens that with the presence of the more electronegative
oxygen there is a preference to spemger on N6 than N5 and this is why H7 receives more
polarisation. It could also be explained in terms of an increase in exchange rate due to the

electronegativity of the oxygen.
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Figure 2.29: Furo[2,3-d]pyridazine and thieno[2,3-d]pyridazine with the respective
electronegativity values of oxygen and sulphur shown in red italics

As in the case of T[2;8]P, shake and drop SABRE experiments were carried out Q& @R

to investigate the effect on signal enhancement levels when increasipgitheressure. The

results show even with an increase in pressure from 3 bar(g) to 4 rag{gee.30 spectraand

Figure231) t here was a considerable increase in the o)
14617 N Iebpectively)r Altholyi F[2;8]P has not been tested with 5 bar(g), it would

be expected that the trend would continue and further increases in enhancement levels should be
achievableF[2,3-d]P shows a better pressure response than-fJR,2&s an increse from 3 to 4

bar results ira 33% increase in signal enhancement compared with 16%.

Thermal x 256

A th W A
ovrh R PN R L Y et ]

H3 =-1256

H2 =-2162

10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 ppm

Figure 2.30: A comparison of a 'H spectrum of F[2,3-d]P and [IrCI(COD)(d22-SIMes)] in a 4
to 1 ratio at thermal equilibrium (vertically magnified 256 times) (in green) and under
SABRE conditions at 4 bar(g) of p-Hz (blue)
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Figure 2.31: Increase in signal enhancement of the four proton resonances of F[2,3-d]P
with [Ir(COD)(d2-SIMes)ClI] in a 4 to 1 ratio in methanol-dswith a change in pressure from
3 bar(g) to 4 bar(g)

2.6 Conclusionsand Discussions

In this chapter, the multistep synthesis of the thienopyridazine agents/substatdiscussed
(section 2.2) and T[2;d]P, T[3,4d]P, T[2,3¢]P, T[3,2c]P were synthesized igoodyields by
adapting two methodologie€haracterisation of the speciesatesl during the SABRE catalytic
cycle with T[2,3d]P were described, both in terms of the inactivated pre catalyst and subsequent
intermediate complexes upon activatiém both cases complex spectra resul@d coolingit

was found that in both the prealyst and the intermedigtevo different forms of the SABRE
complexes wer@resent. This was dependent on which nitrogen was bound to the iridium metal
centre and confirmed that a haptotrophic shift was occurring s 2@alysisof the respective

ped integralsshowed thathe forms were present in equal proportion.

SABRE performancevas evaluated (section 2.4) aradl four thienopyridazines showed high
levels of signal enhancement compared with those found under thermal conditions. The optimum
conformation for the greatest SABRE signal enhancements was found to be thal]P[2,3

arrangement.
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Several optimisation stepwere investigated to increas8ABRE !H signal enhancement.
Substrate loading studies revealed the optimum catalysthstrate ratio was shown to be 1:4
with a linear decrease with increase in concentration. This is in agreement with theoretical

models!®’

When the PTF of each of the thienopyridazines were investigated all four substrates demonstrated
maximum polarisation transfer at ~60 G. In thieconformation the field plot showed a single
Gaussian distribution from 0 to 14®with one maximum peak a®& indicatingone mechanism

of polarisation transfer throud coupling. Thei c conformation exhibited a more complicated
pattern where the data was fitted to three Gaussians and where three maxima were measured at
~13G, 6065 G and ~11G5. It was intepreted that three different polarisation transfer pathways

were at work.

When the identity of the carbene backbone was changed to vary the lifetime of the active complex,
it was the more flexible, sterically bulky SIMes, which consistently gave the higlgsl
enhancements across the substrate range. Although it is unusual for [IrCI(COD)(SIMes)] to be
the better mediator of polarisation transfer compared with [IrCI(COD)(IMes)], there have been

other rare examples where this is the d&se.

Deuteration of the catalyst resulted in both improved signal enhancements andllorejees
consistent with less spin dilution and reduced digli®le relaxation respectively due tceth
presence of deuterium. Observations from NMR spectra revealed that considerable polarisation
is measured in the bound ligands. Optimal conditions would require that the bulk of the
polarisation be transferred to the free ligands. The use of the unsdtBiibtes catalyst has made
significant improvements within all substrates studied in this project to date. From previous
studiest?* SIMes is known to have a faster rate of exchange compared with its unsaturated
analogue. It can be hypothesisthat a catalyst that provides an even greater rate of exchange
could result in more of the polarisation building up in the free substrate in solution and less
polarisation being measured on the bound substrate. Further catalyst design in the figure usin

the SIMes backbone may allow even greater polarisation levels to be achieved.

MaximumH longitudinal {1) lifetimes was found in T[2;8]P to be38s (H7 without catalyst)
and 10 s (H7 with catalyst p-H» pressure proved to be the limiting factor in the catalytic cycle.

Increases in gas pressure results in a limeaease in signal enhanceméne . g. 13142 N
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bar (g), 173599 N 36 at 4 TRA&dP).(Thssupponttieoret@sd 56 N

predictions'®’

A novel, fully deuterated version of T[2dP was synthesised and employed as-gamd in a

1:3:1 catalystd coligand to substrate ratio to afford higher signal enhancen@disincreasg

The coligand does not receive polarisation itself and therefore focusses the polamseiien
H-sites of theone protio substrate in the active SABRE catalikhough signal enhancement
was increase per protio substrat@bsolute signal gaiis not increased due to the reduction in
concentration of NMR visible protons. If it were possible to extitaethighly polarised protio
molecules to form a concentrated sampihen this would béeneficial but as yet this is not
technically feasible The deployment of handheld magnetic shakers tuned to a specific field (~60
G) allowed for greater mixing gf-H: in solution and a much more accurate PTF to facilitate

optimum polarisation transfer and conseque®8yo higher signal enhancements

A final study (section 2.5) showed the successfulmotesynthesisvith the furederivative,
F[2,3-d]P. SABRE enhancemés proved to be even greater than those found in ‘L2 321%

on H7).Increased signal enhancements were also observed with the change of catalyst from
[IrCI(COD)(IMes] to [IrCI(COD)(d22-SIMes] (33% on H7)and with increase ip-H; pressure

from 3 bar@) to 4 bar(g) (33%)-[2,3-d]P shows a better pressure response than-T|R,as an
increase from 3 to 4 bar resultsar33% increase in signal enhancement compared with 16%.
ThermalT; valuesfor F[2,3-d]P werelonger thanl[2,3-d]P (H7 =38+ 1s,H4 =6+ 1s,H3=
39+x1sand R=29+15s)

It has been demonstrated that all of the four synthesised thienopyridazines and furopyridazine are
SABRE active and bind through the nitrogen atoms. Although sulphur and oxygen have been
shown to bind tdridium in other substrates such as methanol and D¥fSthBere is no evidence

of this in the thienopyridazines and furopyridazine. It can be concludexitiftgfen atoms have

a much preferable binding affinity for the iridiutmain sulphur and oxygen in these molecules.

I n each case, hydrides appeared as overlappi
1T21.5 indicative of binding through nitrogert
these molecules exhiltite ability to perform a haptotrophic shift with the iridium metal centre

and consequently provides two possible pathways of polarisation transfer thi@agipling to

the hydrides.
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In conclusion both the thienopyridazines and furopyridazines are gimgmncandidates for
SABRE hyperpolarisation. Combined with their biological activity they present as interesting
SABRE hyperpolarised probes to observe disease state in real time through MRS(I). However, it
is acknowledged that the shdr times, in the pesence of the heavy metal catalyst, present a
limitation for such application. To address the limitation$:pthapter three will investigate the
phenomenon of lonfved singlet states to store hyperpolarisation and extend magnetic lifetimes.

It hasbeen demonstrated that molecules, which exhibit pairs of neighbouring nuclei sharing a
mutuald coupling and a small chemical shift difference, can be manipulated using RF and changes
in field to form pseudo singlet states with an increased lifetime Bvéf24 When examining

the chemical shift difference of proton, carbon and nitrogen pairs within-@[R,and F[2,3d]P

it is clear that T[2,3]]P is the more favourable of the two as can be seen by the values shown in
Table2.8. It is for this reasomand that fact that T[2;8]P is the target molecle of this study
(anti-cancer properti@ghat despite the slightly higher signal enhancemamdslorger T times
achievedwith F[2,3-d]P, T[2,3-d]P was taken forward for singlet state studies in chapter three.

Table 2.8: Chemical Shift difference of neighbouring 'H, 3C and **N nuclei in F[2,3-d]P and
T[2,3-d]P

Substrate Dd*H (ppm) Dd *3C (ppm) Dd N (ppm)
H2-H3 =1.1ppm C3aC7a = 26.5 ppm N5-N6=4.6 ppm
H2-H3=0.50 ppm C3aC7=3.0 ppm N5-N6=0.7ppm

As indicated throughout the chapter, methetholas used as the solvent of choice to facilitate
SABRE, howeverit is a clear that this solvent cannot be usedivo applications. Chapter five
shows the challenges involved in transferring these optimised re&il8,3-d]P into a solvent
system, with is amenable fan vivouse. It is noted that F[28l|P ismuch lessoluble in water

than T[2,3d]P ard is anothereason why this substrate was imuestigatedurther.

114



Investigation of Lond.ived Singlet States

Chapter 3: Investigation of Long-Lived Singlet States

3.1 Introduction

Translation of SABRE hgerpolarisation from benchtop to clinical MRI remains a major research
aim of the Centre for Hyperpolarised Magnetic Resondirt&MR signals of up to 60%° H
magnetic state purity have been recorded using the SABRE technique; but these are transient
signals which decay exponentially with time as the nuclear spins relax back to thermal
equilibrium. This lifetme is characterised by the time consfainknown as the longitudinal, or
spinattice, relaxation time constant. For many molecules amenable to the SABRE technique, the
H Ty is on the order of seconds, although fenixclei it can be longer. The decay of polarisation

is important as it limits t period available for subsequent MR detection and thus needs to be

overcome when considering the creation of sustainable hyperpolarisation fiovivge

Chapter 2 described the optimisation steps needed to increase overall SABRE hyperpolarisation
of the target thienopyridazines. Polarisation levels of up to 30% were described fed[H2,3
However, the shoif:6 s r e p ginthepresefice & the catalyst) limit the window over which
they can be detected. Final signal detection (as a functitisdirhebased decay) in the clinical
domain is reducedlue to the need for quality control processes, and subsequent transport to the
patient forin vivoinjection. Despite these delays, thevalue of the carbonyl carbon in pyruvate

(~60 sin vitro,?** 30-40 s in vivo’> %) is sufficient (with 20% polarisation) for detectionvivo

by 1°C dissolutiorDNP-MRS. Such existing DNP based frameworks give a benchmatkéo

likely requirements for successialvivo SABRE hyperpolarised biomolecule detection.

This chapter concentrates on exploring lingd singlet state (LLS)nethod$!®212 216 217 tg

extend nuclear spin state lifetimes. The theory behind generation of LLS is given in section 3.2.
'H LLS in the pyridazine motifRigure3.1a), are first investigated in the context of a simplified
proof of principle model (section 3.3). Once the formation of a LLS has been established in this
simple model, application to the more complex thienopyridaziRigsiie 3.1b) is investigated
(section 3.4). The pair of quaternary carbons, fusing the two rings and the two adjacent nitrogen
nuclei in the parent pyrakine ring, are identified as potential targetsf@ and'°N LLSs.

Section 3.5 therefore, investigates SABRE polarisation potential of these sites. Imaging of these
nuclei would have the benefit of high contreshoise ratios and no background sighaf*C
hyperpolarised MRS is already used clinichdind imaging of°N has also been proved possible

preclinically.?*® Synthetic strategies are investigated to creat®Na labelled version of
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thienopyridazine with the aim of improvingN LLS signal detection and to aid in the full
characterisation of the complexes formed. A final study involves yhéhesis of a fully
deuterated®N version of thienopyridazine with the aim of limitifig relaxation, thus extending

signal lifetimes.

(a) (b)

Figure 3.1:Pyridazine based molecules used to study long-lived states. (a) *H pairs (blue)
targeted for the LLS in 3,6-disubstituted pyridazines where R= ClI and 2 BGHs;,= NH
CF3(section 3.3) (b) the 'H pairs (blue) (section 3.4), 13C pairs (orange) and '°N pairs (green)

shown are suitable targets in thienopyridazine (section 3.5).

3.2 Theory of Long-Lived Singlet States

The concept of longjved nuclear singlet states was introduced in the contexttbfandp-H-

in chapter one. For two nuclear spins that are coupled, singlet and triplet spin order can occur.

Thetriplet spin isomer (e.go-H>) has total angular momentuins 1 and as such, in the presence

of a magnetic field, the angular momentprojection along the z axis can have three values m

= -1, 0 and +1. These three energy eigenstates are degenerate at zero field. When placed in a

magnetic field the different states separate, with the energy difference increasing with increasing

field (Figure3.2). Foro-H,, transitions between these energy states gives rise to a single NMR

peak at ad 4.5 ppm. Due t o 1y the statadcogplingisons bei ng

unobservable.

In contrast, the singlet state (e.p:H.) is nonmagnetic, meaning its energy is independent of
magnetic field (total angular momentuinz 0). Transitions between the singlet state and the

triplet manifold aresymmetry forbiddenTrue singlets likgg-H.ar e t her ef ore ONMR si |l e

To help understand how singlet states can help prolong hyperpolarisation signals one must first

appreciate the different signal relaxation mechanisms.
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Figure 3.2: Energy levels of the spin states of ortho and para-spin isomers of hydrogen
and their magnetic dependence. The blue arrows indicate the allowed transitions between
the triplet states and the red arrows indicate the forbidden transitions between the singlet
and the triplet energy states.??°

3.2.1 NMR Ti Relaxation

When a norequilibrium state is ceged (by excitation with a radio frequency pulse in an NMR
experiment) the excited spins decay back to thermal equilibrium. This is known as longitudinal
relaxation. The decay is described by a time constatiechanisms of longitudinal relaxation
include i) Dipoledipole; ii) Spin rotation; iii)Chemical Shift Anisotropyand iv)Paramagnetic

interactions.

1 Dipole-Dipole Relaxation

In chapter one a nuclear spin was conceptually described as a tiny magnet with a north and south
pole (a dipole) creatingneelectromagnetic fieldA dipole-dipole interactiorresults when two of

these nuclei are located less than 6 Angstroms dpatte liquid phase, the dominant nuclear
relaxation mechanism is due to intarclear DipoleDipole (DD) couplingghat evolvethrough

random molecular motioff his interaction is inversely proportional to the sixth power of distance
between the dipolesiencejntramolecular DOcoupling ismuchstrongetthanthe corresponding

intermoleculaeffect. This is the main relaxation macism responsible fdr; relaxation.

117



Investigation of Lond.ived Singlet States

9 Spin rotation

Spin rotation relaxation occurs when the nuclear spins within a molecule interact with the local
magnetic fields caused by the rotational angular momentum of the mof&ciéte2 The effect

is therefore highly dependenpan molecular symmetry.

1 Chemical Shift Anisotropy

Relaxation due to chemical shift anisotropy (CSA) occurs due to fluctuations in the anisotropic
chemical shift interaction which each spin experiences thrangbherentmotion CSA
relaxation is proportioal to the square of themagneticfield strength (8% therefore this
mechanism of relaxation is more important at higher figli3A effects also depend upon on

molecular symmetry.

i Paramagnetic Relaxation

Paramagnetic effects conceunpairedelectronswhich have magnetic moments that &&8

times bigger than a proton nucleus. Paramagnetic effects on nuclear spins are dramatic and often
rapid relaxation ensues. In the contexpdi,, paramagnetic effects provide a route to break the
symmetry of H when interacting with a surface. Breaking of symmetry allows interconversion
between otherwise forbidden transitions, and therefore it is easier for the system to lose energy
andT; is reduced. Singlet states have been shown to be between two andrtesdeds sensitive

to paramagnetic relaxation than conventional nuclear magnetig&tion.

Within the triplet manifolddipole-dipole interactions are the dominaalaxation mechanism and

the measurable signal returns to thermal equilibrium quickly 49s for the target
thienopyridazines, in the presence of the catalyst). skglet statethere is no role for intra
nucleardipole-dipole coupling. Direct decay (dependent upon molecular symmetry) primarily
only occurs through spin rotation, chemical shift anisotropy and paramagnetic interactions.
However, singletriplet interconversion (although spin forbidden and hence slostjesges spin
population from the singlet state to the triplet state from where it can rapidly decay (via dipole
dipole interactions). The overall decay of the singlet state is defined by the time cOpstaat

this is much longer thah.

For symmetricmolecules likeHy, spin rotationand CSA do noaffectrelaxation. As suchy-H»

has a lifetime on the order of months compared with a few secoiddzin In molecules with
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less symmetry than f1spin rotation relaxatioand CSAcanshortenTsto the order of 100s of
seconds. However, this will still be longer than TheHence, spin population transition into the

singlet state presents as a promising route to store hyperpolarisation.

There are however two major limitations The number of mlecules with pairs of isolated
chemically equivalent spins likgH: is limited. Secondly, with precisely symmetrical spinthe
lack of interaction with the field means that the signal fromjphetectedsingletstate cannot be
observedwith standard NNR unless the field breaks the symmetry between the spins. There is
now a growing field in NMR accessing psetginglet states. A pseudiinglet state describes
when singlebrderis imposed (via field cycling or spin lockirigsee 3.2.2)pon apair of nudei
which are not isolated bate neachemical equialence. When under singlet order, a population
difference exits between the states of this nuclear pairwiith. higher population enforced in
singlet than triplet state) Akin to any singlet stafeslow singlettriplet conversion means the
systemwill exhibit a longer magnetic statéetime. Thus, magnetisation is stored. Importantly
here, the ordering processr&versibleand the system can retuima normal state (with triplet

population) to be observed when required.

3.2.2 Singlet State as a store of polarisation

In 2004 Levitt et.al?'% 21 pioneered the use of singlet states to store polarisation. It was stated
that to create a lonlived pseudo singlet state a molecule must contain a pair of spin %2 nuclei (of
the same isotopic type), a difference in cheirgbit, 3- yand a mutual scalar couplingy In this

case the pseuekinglet state is not an eigenstate and as such without intervention would evolve
into states prone td; relaxation mechanisms. The decay of such states can be described by the

time congantT,.s.

At high field, a pair of spins that have dif/f
coupl eddé, or ,#chenicAl shiftyifferences ale largeecompared to the coupling
between them)) > J). The two spins are said be far from equivalence. If these spins are then

forced into a pseudeigenstate, for example by moving them to low field (wirés reducedl

they become O0strongly coupledb6. I n this regi
more appropriately a®ingneartoe qui val ence. The spins begin t
the nuclei arechemicallyequivalent butare not magneticajl equivalent) and form a pseudo

singlet state. This state negates digdifgole relaxation preserving the signal frassociatedast

T:1 decay?!! After a period of time the system is returnedigh field for NMR observatiof*

119



Investigation of LongLived Singlet States

26224 This AX to AAOd to AX system behaviour is expl

experiment Figure3.3a).

(a) Field-Cycling Singlet Experiment

High Field High Field
Static field

Low Field

Detect

Rf field
Time
Magnetization d - Magnetization
Singlet
Order
Singlet precursor Singlet postcursor
(b) High-Field (Spin Lock) Singlet Experiment
Static field .

Detect

Rf field
Time
Magnetization Magnetization
Singlet
Order
maintained
by spin lock

Figure 3.3: a) Pulse sequence in the field-cycling singlet experiment. b) Pulse sequence in
the high field (spin lock) singlet experiment.

For &6éweakly coupledd systems a pseudo singlet st at
known as a spirocking techniqu&® 2/(Figure 3.3b). The train of spin echoes effectively
removes the frequency difference between the spins causing them to Aagquiealence. The

system demonstrates AAOG6 b ethipettiarsitions® t her eby preven
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Symmetry switching can be achieved through either a chemical réédttigitised to change the
electronic environment of the nuclei), or by changing the magnetic figdre3.4 b). Symmetry
switching in SABRE uses both a chemical reaction (catalysis) and changes in magnetic field

(polarisation transfer ~T to measuremeiiield 9.4T).

In summary, a typical LLS experiment involves three stages; preparation, storage of the singlet
and observation (as illustratedFigure3.4a21?). In stage one, the symmetry of the pair of nuclei

is broken so that singktiplet transitions are allowed. Through specific RF excitation (coupled

with evolution under abmical shift andJ-coupling) transitions create a population imbalance

bet wéandb Wpinstates (Figure3.5). In stage two, symmetry is imposed teyent singlet

triplet transitions. This can be achieved by lowering the field or through spin locking (see above).
The Aprotectedod singlet o r dhesrThid ib lenger thandhe y s w
longitudinal relaxation time constaifit;??4 226 helping preserve polarisation for longerstage

three, the symmetry is broken again to restore shtigfgét transitions and an NMR signal can

be observed.

1-Preparation | 2-Storage | 3-Observation / Symmetry Switching
1 I
1 I
Symmetry : Symmetry : Symmetry,
broken ; |imposed I broken Through
: : Chemical agnetic
. 1 /
Singlet Singlet ] : Reactions \ ; }:v\~ s 4
Singlet-triplet wey order b order Singlet-triplet _—_—
transitions 1 Singlet I transitions / \
allowed I maintenance 1 allowed
Singlet relaxation !
: (long) Tiis : Observable . . . .
ey - magnetization Field-cycling High-Field
1| Exploit for storing g singlet NMR singlet NMR
-|and transporting
hyperpolarisation
(a) (b)

Figure 3.4: a) Typical stages of an NMR experiment to create singlet order, b) methods to
perform the symmetry switching (i) through chemical reactions (ii) by magnetic fields

Longer lifetime nuclear singlet order has been exploitedairous different fields such as
geometry determination to detect protein folding and unfofdindo observe molecular
diffusior??® but arguably the most promising applicatiof singlet NMR is to extend the lifetime
of nuclear spin hyperpolarisation produced by PHiPthe form of SABRE*" 168 229231 gnd

dissolutionDNP 138

121



Investigation of Lond.ived Singlet States

1 - Preparation 2 - Storage I 3 - Observation
1 2 [ ] 5
OO0 BB I : O pp
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equilibrium - -
3 4
® Excess population
o - ) |4 Jcoupling
O slightly depleted population | — _.,""* —=~ ——— | Eigenstates
Ty, T T, 3 degeneratetriplet states
ees eee Plus 1 singlet state

Figure 3.5: Diagram to show how spin populations are manipulated during the field-cycling
singlet creation experiment

Field cycling between high and low fields can be hard to achieve in practise. THecgpin
method Figure 3.3b), where the sample remains in the detection magmet more practical

solution and wathereforemplemented here.

The following sections investigate whether singlet states can be created in the target pyridazine

based substrates to overcome the linates of short signal lifetimes.

3.3 Extending Signal Lifetimes of 3,6substituted pyridazines
The LLS behaviour of three pyridazitased molecules;&mino6-chloropyridazine (NH»-6-

Cl-py), 3-chloro-6-methoxypyridazine (&I-6-OCHs-py) and 3chloro-6-(trifluoromethyl)
pyridazine (3CI-6-CFs-py) was investigatefFigure3.6).

The pyridazine motif was initially tested because it represents a simple model (parent ring of the
thienopyridazines upon which this thesis is focused) with isolated proton pairs that e@make
to one another (for creating a possible psesidglet state). In addition, they feature nitrogen

heteroatoms and therefore should be amenable to the SABRE hyperpolarisation mechanism.
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S

3-amino-6-chloropyridazine 3-chloro-6-methoxypyridazine 3-chloro-(trifluoromethyl)pyridazine
3-NH»-6-Cl-py 3-CI-6-OCH3-py 3-CI-6-CF3-py

Figure 3.6: Chemical structures of three 3,6-substituted pyridazines studied. The proton

pairs highlighted by the blue area indicate where the creation of a long-lived singlet state
is possible.

3.3.1 Tiand Tus of 3,6-Substituted Pyridazines in the Absence of &Catalyst
18 mM ds-methanolsamplesof the threepyridazines(Figure 3.6) were prepared andegassed
prior to NMR measurementH T; values were measured usiaginversion recovenapproach
at 9.4 T (Chapter 8.4). Representativd; recovery curvesor the H4 andH5 sites in3-Cl-6-
OCH;-pyridazineare shown irFigure3.7. Relaxation data wefféted to equatior8.1whered
is thetransversemagnetisatiofsignal at timet, 0 is the magnetisation gt mand"Y is the

longitudinal relaxatiorime constant

0 0 p cQ— [3.1]

1.0 1 1.04

0.5

Intensity (a.u.)
, o o
o (4,1
1 1

Intensity (a.u.)
. o
o
1

e
3
1
o
o
1

-1.0 1 -1.0 4

T T T T T T T T T T T T T T T

T T T
20 0 20 40 60 80 100 120 140 160 20 0 20 40 60 80 100 120 140 160
Time (s) Time (s)

Figure 3.7: T, graphs obtained using the inversion recovery method for H4 and H5 of 3-
chloro-6-methoxypyridazine. The black squares reflect experimental measurements whilst
the solid line is the line of best fit based on equation 3.1. The blue circles highlight the
proton in the structure, which the T, value reflects.
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Estimated decay time constaitdor all substrates serve as a benchmark to which any observed

LLS extension in lifetime can be compared (see section 3.3.2 below).

The spin locking pulse sequence used for generation of the psiegtiet LLS isdetailed in
section 8.4.1J-couplings ancchemical shifts were measured in hertz from simpleNMR
spectra at 9.4 TT@ble3.1). These parameters were used as priors for setting the apprpplsate
delaysin the spin locking sequencEigure8.2).

Table 3.1: Parameters used in the LLS pulse sequence to measure T. s of 3-NH2-6-Cl-py,
3-Cl-6-OCHs-pyridazine and 3-CI-6-CF3-py.

Substrate/

Parameters

ol 4B (Hz) 161.5 1710 27.7
Jhn H4-H5 (Hz) 9.3 9.3 8.9

In order to encodd, s relaxation, a series of NMR experiments were completed in which the
storage timet, was varied from 0 to 400 s. The presence of the singlet state at the point of read
out was eviderced by the characteristic up, down, down, up pinéise signal seen for the two

doublets Figure3.8) in the associated NMR experiment.
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Figure 3.8: a)'H NMR spectrum of 3-CI-6-OCHs-py in methanol-d4 with the two doublets
arising from mutually coupled H4 and H5 as indicated. b) Characteristic up, down, down,
up antiphase peaks observed in the read-out phase of the LLS experiment which is
indicative of the pseudo-singlet state created.

The summed peak intensity (integrals of antiphase peaks combined in absolute mode) was plotted
against storage timd;, in Figure 3.9. Assuming 100% efficiency, in terms of singlet storage,
magnetisation is expected to decay as a nexponential with time constafiit.s. The resultant

Tus for 3-CI-6-OCHs-py was 82 + 2.1 s {ivalue of 0996). This magnetisation lifetime is 2.7

times longer than the baseling130 £ 1.4 s and therefore presents compelling evidence of the
benefit of creating a pseudo singlet state for potential storage of hyperpolarisation. It was observed
that the firstfew data points show a faster rate of relaxation. In the literature it is common to
neglect the first few points in the associated data in order to remoedféust®® However, his

such non mone@xponential behavioucould be due to imperfections in the sequence or due to
possible contributions from the triplet state manifold. These datativerefore alsditted to a

bi-exponential equation:

t
UQT 0'&

c
c
o]

<l

whered is thedetected magnetisation/signal at tilp@ is the magnetisation associated with
the indicated state dt 711, "Y is thefaster relaxation rate due to residual relaxation within the

triplet manifold or imperfections in the sequence &nd is the longlived singlet relaxation.
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Fitting to the biexponential decay equation extended to 108+ 9.8 s for 3CI-6-OCHs-py and
improved the #fit to 0.999.Tr was found to be 26 + 6.9 s, within error of the averader the
proton sites in &hloro-6-methoxypyridazine. Theelativecontributions of M(Tt) and My(Tw.s)
are 0.82 and 2.95, thus the spin lock experiment was 77% efficient in creating the pseglidb

state.
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Figure 3.9: Exponential decay curve of the singlet state created between H4 and H5 in 3-
chloro-6-methoxypyridazine using the LLS pulse sequence in high field. The black squares

indicated the intensity of the combined anti-phase NMR signal from the pseudo singlet
state in the read-out stage of the LLS experiment.

Similar T: andT..s measurements wereagorded for all three substrat@nce againfor 3-NHz-
6-Cl-py and 3CI-6-CFs-py, a biexponential equation gave the bestHibwever the T+ decay
was much faster than tineeasured; decay of either of thimdividual spinsFor 3-NH,-6-Cl-py
and3-Cl-6-CFs-py the relaxation timdy was7 + 1 sand5 + 1 s respectivelyl, s decay of 43
+ 3 s (F-0.998 bi-exponentigl and 84 + 6 s {r- 0.999, biexponential) wereobtained,
respectively Again, the longevity of this signal (2.5 to 3tbnesT.) is commensurate with the

successful creation of a lotiged-state in both cases.
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T4 values of substrate in secs

T\ s values of substrate in secs

H4-H5=108i10 H4'H5=84i4

Figure 3.10: T, values of H4 and H5 measured by inversion recovery (blue) and T s values
of the pseudo-singlet state created between H4 and H5 using the LLS sequence (green) for
3-NH3-6-Cl-py, 3-Cl-6-OCHs-py and 3-ClI-6-CFs-py

3.3.2 SABRE Hyperpolarisation of 3,6substituted pyridazines - Shake and Drop
Experiments

As shown in section 3.1, the three pyridazine substrates exhibit long pseudo singlet state

lifetimes (TL.s~ 40 to 110s). To test that these agents could also be polarised with SABRE, s

and drop experiments wecarried out wittthe precursor catalyst [IrCI(CODMes)] in a 4:1

ratio at 9.4 T3-NH2-6-Cl-py vieldedhyperpolarisation witlimited signalenhancemens f 1 1 12

fold for the HS5 siFgweBlll).)and 161 fold for H4 (

Thermal x 8

Moo A Ml

Hyperpolarised

\“ H4 =-61 fold

H5=-112fold
| T | T | T | T | T T |

7.5 7.4 7.3 7.2 7.1 7.0 6.9 6.8 6.7 6.6 6.5 ppm

Figure 3.11: Thermal and hyperpolarised *H NMR spectra of 3-NHy-6-Cl-py with
[Ir(COD)CI(IMes)] in a 1:4 ratio of catalyst to substrate in methanol-ds. Hyperpolarised
peaks are shown for the free and bound substrate. In the free substrate, H5 shows a signal
enhancement of -112 fold and H4 shows an enhancement of -61 fold.
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The hydride region of this spectrum is showfigure3.12and cont ains a narrow peal
consistent with the formation of the tdsibstituted complex [Ir(H}3-NH.-6-Cl-py)s(IMes)].

The two broad hgride peaks also present suggest the formation of a further complex. The hydride
yielding tRd.9i gmal hatrsnst®3Nel6iCepsy wwhliill gbt29t. l6bt at U
istransto oxygen. This is evidence that the methahaolvent is actig as a ligand/Vhen amine

binding to iridium has been studied in SABRE the corresponding hydride signals appear at around
d-22.Hyperpolarisation enhancements are an oofleragnitude smaller than those seen for the

thienopyridazines detailed in chapter 2. This is due to weak binding and rapid exchange, effects

consistent with the detection of the methanol adduct.

Hyperpolarised x 8 - Hydride region

*

| L N

T T T T T T T | T T
-21 -22 -23 -24 -25 -26 =27 -28 -29 -30 =31  ppm

Figure 3.12: Hydride region of the 'H NMR spectrum for 3-NH2-6-Cl-py with
[Ir(COD)CI(IMes)] as catalyst in ds-methanol. The blue star shows the hydrides for the tri-
substituted complex [Ir(H)2(3-amino-6-chloropyridazine)s(IMes)] and the red stars indicate
the hydrides when the solvent is occupying one of the equatorial positions.

In contrast, while the corresponditg NMR spectrum of the-81-6-OCHs-py system showed
hydride ligand signals but essentially no substrate signal enhancem@ms,G-py failed to

yield any hydride ligand signals and does not activate the catalyst. Following these observations,
the alternative catalyst [IrCI(CODJ({Meg] was used witthoth substrateto see ifit would

permit SABREhyperpolarisationA very smallsignalenhancement 1 1wmgagainmeasured

for 3-chloro-6-methoxypyridazine. Ndydride ligands were observed foB-Cl-6-CFs-py. A
summary of these SABRE results and the relaxation lifetimes for thesal8tuted pyridazines

is shown inTable3.2.
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Table 3.2; Summary of SABRE activity and comparative thermal lifetimes (T1: and Ti.sin
the absence of the catalyst) of the 3,6-substituted pyridazines

Substrate (o ]] JHH SABRE SABRE T1 TiLis

H4-H5 H4-H5 ¢ ¥ substrate substrate

(Hz) (Hz) IMes SIMes alone (s) alone (s)

161.5 9.3 H5=1117 H5=17+1 H4-H5=43+3
H4 =731 H4=16+1

171 9.3 No H4 =715 H4=31%1 H4-H5 = 108 +
SABRE H5=0 H5=29+1 10

27.74 8.98 No No H4=22+2 H4-H5 =84 + 4

SABRE SABRE H5=27+1

Table 3.2 shows that SABRE activity for th®,6-substituted pyridazineis lower in terms of
signal enhancement when compared to tlemtpyridazines. Polarisation transfer occurs through
a“J coupling from hydride to anrtho proton resonance in the substrate. In the case of the 3,6
disubstituted pyridazines tlogtho postion is occupied and therefore a weakkcoupling from

the hydride to thenetaposition would take place. It has been shown previously that polarisation
efficiency decreases if fdun coupling is present in the active catalyst and a snifller need

to be used instedd® This could account in part for the lower signal enhancement levels observed.
Howewer, even the protons which are distant from the nitrogen binding site in the
thienopyridazines, with & coupling with the hydrides, have higher signal enhancements. It is
hypothesised that the additional steric bulk and the electron withdrawing nathecfofictional
groups next to the binding site for the-3ibstituted pyridazines was detrimental to their SABRE

performance.

Although SABRE hyperpolarisation performance was poor for thesaibstituted pyridazines, it
remains that application of spileck LLS techniques in this motif demonstrated extended
polarisation lifetimes (2.5 times forI8H,-6-Cl-py; 3.5 times for OCEand 3.1 times for -&l-
6-CFs-py). It was important to test whether such singlet states could be generated in the target

thienopyridazine substrates and if this wounltuencepolarisation performance (section 3.4).
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3.4 LLS of Thienopyridazines

Results presented in section 3.3 providelence that for the pyridizine motif, pseudo LLS can

be achieved for polarisation storage. However, the additional steric bulk and electron withdrawing
effects of the functional groups next to the binding site for thes@y8tituted pyridazines was
detrimantal to their SABRE performance. Interestingly additional steric bulk in the form of a
fused thiophene ring is not a significant issue for the thienopyridazines as signal enhancement
| evel s up to 110,000 can be a dived states th.the T h e

synthesised thienopyridazines was therefore tested.

3.4.1 Tiand Tus of Thienopyridazines in the Absence of a Catalyst

T, values were estimated for all proton sites in each of the four thienopyridazine substrates
detailed in chapter 2. Inversiarcovery results for T[2;8]P and subsequeni; estimates
(ranging from 1849s) are exemplified ifrigure 3.13. LLS preparation using the spin locking
approach requés neighbouring weakly coupled protons exhibitinBda> J coupling. It was
recognised that the pairs of protons H2/H3 in H@R, H2/H3 and H4/H5 in T[2;8]P and

H2/H3 and H6/H7 in T[3,Z]P could be potential sites for the creation of LLS. Theioupling

values are given alongside their chemical shift differendabie3.3.

T[3,4-d]P is symmetric ath therefore does not possess neighbouring proton spins with a mutual
J coupling. It was therefore not amenable to generati@mbf.S with spin locking and was not

considered further.
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Figure 3.13: 'H T, decay curves measured by inversion recovery for (a) H2 (b) H3 (c)
H4 (d) H7 of T[2,3-d]P at 9.4T.

Table 3.3: Parameter settings for the LLS pulse sequence used to measure Ty s in
T[2,3-d]P, T[2,3-c]P and T[3,2-c]P.

Substrate/ H

2 3 H 4
1 S XN 4 3 33 H
Parameter Sl N Hm H
;l 6a 7 1S 7 N/,N 6
S H 7
[2,3-d] [3,4-d] [2,3-C] [3,2-C]

J-coupling JHonz= 5.3 - Jh2Hz= 5.94 Ju2Hz= 5.69
constant Jians= 564 Juenr= 573
(Hz)
Chemical Hx-Hs = 202.5 | - Hx-Hs;= 252.25 Hx-Hs = 149.39
shift Hs-Hs = 405.04 He-H;, = 273.97
difference
pu ( Hz

Figure 3.14 a shows a thermaH NMR spectrum of the four protons of T[2(fP with
protons H2 and H3 8 b2 8 7&5%HKgura3s4bdimowstibe eesult
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of a spin locked LLS experiment (storage time of 1 s before the readout). The an

peaks are aharacteristic fingerprint of the singlet state generation.

Figure 3.14: (a) *H NMR spectrum of T[2,3-d]P in methanol-d4 showing the 4 proton
resonances including the two doublets arising from the mutually coupled H2 and H3.
(b) Characteristic antiphase peaks observed in the read-out stage of the LLS
experiment of the pseudo-singlet created between H2 and H3. The highlighted
locations indicate both the NMR peaks and the protons within the molecule where the
pseudo-singlet state has been created

Twenty spin lock experiments were run with increasing storage figeiré 3.15). The
resonances a4, which%re 8d invalved in the shglet state, decay raf
through scalar coupling relaxation. T

lifetime indicative that singlet storage has been achieved.

Figure 3.15: Stacked array of NMR spectraresulting from the LLS experiment showing
the decay of the long-lived singlet in the read-out stage
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Figure3.16 shows the results of fitting these data to determind tkebetween H2 and H:
of T[2,3-d]P. Assuming 100% singlet state generation efficiency a reaponential fit
results in als of 26 s(r?> = 0.988). A biexponential model fit with botfiT and Ti.s

floating, resulted in the first part of the curve yielding an appdreot 7 + 1 s. The secon
part of the curve enabled the lifetime of the pseudo singlet state to be estimated at

(r? value improved to 0.998).
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Figure 3.16: Exponential decay of the singlet state created between H2 and H3in T[2,3-
d]P using the LLS pulse sequence in high field. The black squares indicate the
intensity of the combined NMR signal from the pseudo singlet state in the read-out
stage of the LLS experiment.

The individual protorl; values for H2 and H3 were 28 and 18spectively. Although no
representative of the estimatéd the T, s value is longer at 40 seconds. Hence, we
predict that a shoitved singlet statbadbeencreated, although its lifetime extension is ji
~1.7 times that of the averadg presunably due to small couplings to other proton si

(H4 and H7).

For T[2,3c]P and T [3,2c]P theT..s values did not indicate any increase in the ove
lifetimes. T[2,3c]P with individualT; values of 38 £ 3.8 s (H2) and 28 + 1.0 s (H3) ga
Tusof 32 £ 1.6 s. T[3,Z]P with individual T, values of 26 + 0.8 s (H2) and 25 = 0.
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(H3) gave als of 22 £ 1.5 s. This is evidence that the singlet state createdvasneot

61 dnigeedd.

3.4.2 Hyperpolarised long-lived states in thienopyridazines
Chapter tvo showed that in contrast to the-3)fbstituted pyridazines, the thienopyridazit
demonstrate excellent SABRE activity with over 2,000 fold signal enhancement (con
to 113 for pyridazine) being achieved for an individual proton resonance underrdt
SABRE conditions using [IrCI(COD)(IMes)]. Optimisation steps increased this figu
10,000fold.

Despite the relatively shorfy s values compared witi; for the thienopyridazines
hyperpolarisation experiments combined with ldingd state measurements were attemg

for T[2,3-d]P, T[2,3c]P and T[3,2c]P.

For this study, an automated flow system was used due to the number of expe
involved. Highes enhancements are achieved when using a 1:4 catalyst to substra
(section 2.4.1). As such, this ratio was implemented here forlicen) state exploration
The sample was initially held at & and bubbled witlp-H, for SABRE polarisationThe
sanple was then shuttled intohegh field NMR systemand the spin locking pulse sequen

with variable storage delay, was applied before readout.

Theestimatedr, s values for the different samples ajigenin (Table3.4), alongside theil
Tyvalues as measured by inversi@covery For comparison, th&, s values and; values
arealsoshownfor the substrate without the SABRE catalitstan be noted that the lifetas
are dramatically decreased when the catalyst is present in the ratio of 1:4 (caibbtsate
which is typical for SABRE measuremen@atalyst dilution or sequestration would ena

the value to return to that recorded without the catalyst.
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Table 3.4: Signal enhancement and relaxation data (T: and T..s) associated with
thienopyridazines in the absence and in the presence of [IrCI(COD)(IMes)] in a 1:4 catalyst:
substrate ratio using a high field spin-lock.

Substrate Res. | Sig. Enhan.
HooH H7 | 12150 + 67
S H4 12053 +77

R Ne H2 1882247
. H3  1439+42

y H H3 | 11480 +21
N H2  71138+18
WS |
ALK
7 a s
Ho H
4y H H5 1583 +19
I " H4  1384+13
5

W= |\, | H2 117415
PN H3  139+3
Hoo H6  1822+19

a Nons H7  1371+14
sy H2 1828 +20
. H3  1385+18

TheT..s measurementaerec a r r i

shift difference and impose symmetAithough this is a very effective and simple method, the

Substrate Alone

Ta (S)

49.45+ 8.10
24.88+ 0.94
27.87£1.50
17.53 £0.40

25.86+0.17
29.10+£0.21

21.10+0.49
18.48+0.16
38.08+£3.82
28.24+1.04

18.68+0.18
20.08+0.41
25.80+0.80
2513+0.77

ed out

Tis(S)

40.02+ 2.89

32.21+1.64

21.69+1.51

Hyperpolarised substrate

with catalyst
Ta (S)
7.28+0.10
5.13+ 0.06
7.50£0.11
4.64+0.07

5.44+0.07
9.41+0.10

3.19+0.03
5.21+0.07
7.49 £0.16
5.61+0.17

2.90+0.05
4.96+ 0.07
6.36+0.08
4.32+0.03

Tis(S)

9.00+0.43

2.34+0.4

3.21+0.05

5.20+1.25

in hioghk 6f it ®l d edsiiceg t

field cycling experiment where the sample is physically transportetbintfield has been shown

to bemore effective at reducing the chemical shift differetb&fortunately, it was not possible

to implement on the TPs. When attempts were madenmve the sample adiabatically from

high field to low field thedecay time shorteningffect of the catalyst at the 1:4 loading was too

severe,and no signal could beetected at the reamit stage. This is not surprising given the

extremely shorT; estimates in the presence of the catalyst {sdde 3.4). In the future it might

be sensible to repeat these measurements with a lower loading to increase lifetime but obviously

the hyperpolarisation level will fall. There have been many recent advances in catalys£tesign

and a more comprehensive catalysis study would also be warranted.

3.5 SABRE hyperpolarisation and LLS of 13C and **N nuclei

While SABRE can hyperpolarise-iucleil'?focus to date has concentratedppaton?!!z 123 135

There are clear advantages for hyperpolarising protons notwéasa natural abundance of

99.98% there is no requirement for expensive synthetic labelfirrgidition,high-o

as'H, can be observed moreadily with NMR There are several reasons why this is the.case

nucl
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The first is that the nucl e aAlargegygpomagheticoationo me nt
indicates a large magnetic moment and therefore a strong NMRILs8econdly, at thermal
equilibrium, the Boltzmann polarisation is proportional to the splitting of the Zeeman energy
levels, which isn turnisp r o p o r t .iForragiVven field and polarisation level, the signal
detected by NMRs proportional t@®. Therefore w t 'H fous times that 06**¢ a64-fold gain in

H signal intensityresultsover*C . In addition, he 1.109% natural abundance'# results in

further signal penaltyThe story is similar fot*N. Again,a low 0.37% natural abundance results

in a large sensitivity penalty. This is exacerbated by the low gyromagnetic rattbl f6R.712

10rad st TY). In general terms, this means that the signal to noise ratidfbmeeasurement is

264,000fold greater than that dfN at the same magnetic field.

On amorepractical notall magnetic resonance scanners in hospital settings are always equipped
with RF coils for'H MRI. Although capable of imaging other nuclei, the extra investment in
additionalRF coils tuned to a different frequency is often not made. Therefore, wide scale clinical

application of Xnuclei technology is currently limited.

Despite the advantage$ 'H detection there are challengeghen arriving at the imaging stage
for hyperpolarisationOne of the main problems with using a hyperpolarised proton sigtte is
background signal of water in the bodfich is several orders of magnitude stronger than that of
metabolites. This can lead to a distorted baseline anésfhance signals. Water suppression,
and optimised shimming strategies would be neddeabserve thesignal derived from the
exogenousyperpolarisecagent The presence of multiplesonancefrom the hyperpolarised
substrates would also need to be aated for Non-standard imaging approaches, and specific
pulse sequers (e.g. multi point DIXON imaginf?) are thereforeequired toaid detection
Another important consideration is the effect of paramagnetidi€solved in the blood.
Paramagnetic £has a much larger effeon *H compared witH3C.233 This isdue tothe larger
gyromagnetic ratiof *H. To date, mosh-vivo hyperpolarisation experiments concentrate en X

nuclei imaging to avoid these complications.

The thienopyridizines contain both carbon and nitrogen sites which would be amenable for X
nuclei imaging/polarisation. Following relatively unsuccessful ived state storage in tHel

sites of the thienopyridazine substrates, further experiments exploring LLS innthele{ sites

(XC and®™N) were investigated. Establishing LLS enhanceaiiXlei SABRE hyperpolarisation

would make the technique comparablethe DNP benchmarks. There are several steps to
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consider to achieve this goal. The first step is to establish if SABRE polarisation is possible for
X nuclei and if any signal enhancements are observed at natural abundance. There are two
possible routes tachieve this either directly to the X nuateiindirectly throughtH polarisation

transfer Once established that polarisation is possible, a second step to consider is synthetic
labelling of the X nuclei to increase signal. If synthetic labellingesgras are possible the third

step would be to use loAiyed state techniques to increase magnetic lifetimes.

3.5.1 Polarisation of X nucleii direct/indirect

Polarisation to X nuclei may be carried out in two ways. One involves indirect transfer of the
polarisation via'H. In this case, the PTF would be at 60 G, which was found to be optimal for

H polarisation (chapter 2.4.2). A second method involves direct transfer to the X nuclei at a
specific PTF.When considering the matching conditions $&BRE transker of magnetisation

through the iridium cataly$tom the hydrides t&°C nuclei directly, the) coupling between the

hydrides (8 Hz) and the c¢hemindia between Hfand X cuclénust r e n c ¢
match As such, the PTF must also be changedraiagly.In an 11.7 T magnetH resonates at

500 MHz whereas®C resonates at a lower frequency of 125 Midme to their different
gyromagneticratiog. The exact chemical shittifferenceis not essentialas in the case dH

SABRE because they are neaparated on the orderMHz. The correct field for magnetisation

transfer® , canbe calculated using equation 3.3
y 0 & &
0 > o
y!

whered s theJ coupling in hertz between the pargdrogen derived hydridé8 Hz), Y’  is
the frequencydifference between the hydrides and the polarketiclei (375 MHz for*C at

11.7 T)and6 is the strength of the detectiiald (e.g, 11.7 T)

Using equabn 3.3the polarisation transfer field required for polarisaschanges extrenely
small ~ 2.5mG. Similarly, the PTF for'>N is ~2 mG.
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PTF23C =~ 2.5 mG
Avye=375x 106 Hz

Avyy= 450x 106 Hz
PTF 15N ~ 2 mG

Figure 3.17: Polarisation transfer to X nuclei. Iridium complex formed during SABRE with
T[2,3-d]P. The red dotted line shows the transfer of polarisation directly to the carbon in
the substrate and the blue dotted line shows the transfer of polarisation to the nitrogen in
the substrate. The black arrow indicates the coupling in Hz between the hydrides. (n is
second in plane T[2,3-d]P which is omitted to aid the reader)

Long lived hyperpolarisation of*C hyperpolarised within [2,3-d]P was investigated first
(sectim 3.5.2) followed by°N (section 3.5.3).

3.5.2 Thieno[2,3d]pyridazine: Carbon Singlet State Polarisation

Metabolites used i*C MRS generally contait’C labelled quaternary carbons as they usually

exhibit longefT; lifetimes (91 60 s). This is due to the absence of strong capiboton couplings

to provide a source of relaxatiétf.The most commoglused metabolite used iRRNP MRS,

13C pyruvate is a prime example with the carbonyl carbon(s) being laBell€te

thienopyridazines each contain two quagey carbons at the fusion point of the two rings and it

is hypothesised that these would exhibit lon@efifetimes than the other four carbon atoms

present. In addition to being quaternary carbons, they are also adjacent to one another and

therefore itis expected that they would possess a mutual ldggeoupling, a requirement for

LLS creation. A second requirement for the succ
two carbons in the pair needs to be small. Previbasacterisation in séon 2.3revealed that

T[3,4-d]P is symmetrical so the two central carbons have identical chemical shifts. In this case a

singlet state is created but as the symmetry cannot be broken it will always remain NMR silent.

In the case of T[2;8]P, T[3,2c]P andF[2,3d]P,pli i s | arge between the cen
ol 30.88,001 16.16 andpi 26.5 respectively. Only inthe case of TR3P i s iU small with

value of12.98. It is hypothesised, therefore, that these two central carbons wouldabe ide
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candidates for the creation of LLS. For this reason only IgiR3was investigated for SABRE

hyperpolarised carbon signals.

The thermal based resonances of the six carbon atoms ind[2,8an be seen ifigure3.18.

4 3a

WWWWWWMMMWWM

T T T T T T T T T T T T T T T
148 146 144 142 140 138 136 134 132 130 128 126 124 122 ppm

Figure 3.18: Thermal *3C{*H} spectrum of T[2,3-d]P in methanol-d4 (8192 scans)

The chemical shift difference for sites 3a and 7a (the central quaternary carbbns) is 2.98

ppm which is equivalent to 375 Hz when recorded on a 500 MHz (11.74 T) spectrometer. By
comparison to relatetiC labelled pyridazine molecul¥$ the pedictedJcc of 3a and 7a would

be in the range of 580 Hz. Hence, the lonlived state ofT[2,3-d]P could be created in aTL

field which would be readily accessible using a benchtop spectrometer.

As a proof of concept, th€C SABRE hyperpolarisation of[2,3-d]P was conducted using
molecules at natural abundan&¥ NMR SABRE shake and dragxperimets (section 8.2.1)
werecarried out on the unlabelled23-d]P with [Ir(COD)CI(d2:SIMes)] in an 41 ratio at 3 bar

in methanolds. Polarisation was attempted both indirectly (#8 and directly to'*C nuclei.

With 'H SABRE the thermal signal, although small, can still be observed in a single scan using
the same receiver gains value of the hyperpolarised experiment. A direct comparison of signal
enhancement can therefore be calculated. This is not the ca$€ tomed SABRE therefore

values are now quoted as signal to noise ratitis)(S

Indirect transfer of polarisation (i,e¢hroughH) to *C at the optimised PTF of 60 G (chapter

2.4.2) resulted in a hyperpolarised spectrum (Sgeare 3.19). It can be noted that only the
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carbons, 3a and 7a of the free substrate were observedgrbaeswvith the original hypothesis

that only the quaternary carbons have a lampugh lifetime to be observed during
hyperpolarisation experiments. The remaining hyperpolarised signals arise from the carbon nuclei
in the bound ligands. Although 60 G shows hyperpolarised signals with S/N of 126, they exhibit

antiphase behaviour, ggical observation when the polarisation is relayed through the protons.

% Quaternary C (3a and 7a) — Free
Substrate

13C coupled 60 Gauss
10 second shake
1 scan

S/N =126

e Y *-‘L‘-“‘ v wk- Ww

T T T T T T T T T T T T
160 155 150 145 140 135 180 125 120 115 110 ppm

Figure 3.19: Shake and Drop 1 scan **C experiment of T[2,3-d]P and [IrCI(COD)(d2.-SIMes)]
ina4to 1ratio in methanol-ds. A 60 G shaker was used with a shaking time of 10 s before
transferring to a 500 MHz spectrometer for detection.

In order to prove this anpihase characteristic is associated with a proton coupling and hence
obtain phasedignals (during polarisation transfer from protons at a PTF of 60 G) whilst
simultaneously improving S/N an INERIsensitive nuclei enhanced by polarisation transfer)
experiment was carried out. This pulse sequence was originally created as a sgmnct @it
method® 2%t involves the transfer of polarisation from spins with a large Boltzmann population
difference to spins of interest with a smaller Boltzmann population difference, thereby increasing
the signal intensity of low gammadclei. The disadvantage of this method is that the duration of
the pulse sequence is longer than that of a direct 90° pulse experiment, so relaxation during the
experiment could lead to a lower enhancement in theaatstage. Using an INEPT approach
improvements (~1.2 times) were seen in signal to noise of the quaternary catmss. two
experimentsS/N wasl47 £6 when shaking for 10 seconds. This increas&Dit: 13 when the

sample was shaken for 50 seconBgy(re 3.20). While an interesting general trend wasridu
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(an increase in S/N with increasing shaking Jimbés noted that further experiments would
required to improve accuracy across shake tineésre drawing a definitive conclusion here. It
is difficult to manually shake to a consistent lefegl50 s and an automated approach should be

adopta to explore this.

# Quaternary C (3a and 7a) — Free Substrate
% Quaternary C - Bound substrate

13C Ineptrd 60 Gauss

1 scan

50 s shake S/N = 207 + 13
* (10 s shake S/N = 147 + 6)

MJULNU

T T T T T T T T T T T T T
142 140 138 136 134 132 130 128 126 124 122 120 ppm

Figure 3.20: Shake and Drop 1 scan Ineptrd 3C{*H} experiment on T[2,3-d]P with
[IrCI(COD)(d22-SIMes)] in a 4 to 1 ratio in methanol-ds. The sample was shaken in a 60 G
field (magnetic shaker) for 50 s before measurement in a 500 MHz spectrometer.

Direct polarisation transfer t6C nuclei was also explored (in fields on the order of mG). The
sampls (n = 2wereshaken inside a rametal shield, which reduces tiragnetidield by ~1000
fold, prior to insertion into the 500 MHz spemtmneter. This is predicted to lead to direct transfer
to 3C and result in both free and bound peaks beinzhase In agreement with this prediction

the resulting spectrum showedphase peaks with S/N 61l +3 (Figure3.21).
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% Quaternary C (3a and 7a) - Free Substrate

13C coupled mu metal shield

LJ ‘JLM * 10 second shake
lscan S/N=91%3
\:’17 1:‘!& |:Iis Ip;om

T T T T T
142 141 140 139 138

T T T \ \ T T T T \ \ \ T T T
185 180 175 170 165 160 155 150 145 140 135 130 125 120 ppm

Figure 3.21: Shake and Drop 1 scan **C experiment of T[2,3-d]P and [IrCI(COD)(d2.-SIMes)]
in a 4 to 1 ratio in methanol-ds. The sample was shaken in the mu metal shield for 10
seconds before measurement in a 500 MHz spectrometer.

Whenrepeatedvith proton decoupling an improvement in S/N2R2 + 6 was observedHigure
3.22). Due to the additional weight and cumbersome nature of thmetal shield the effects of
extending shake times were not explor&dain, developing an automated system to complete

this study would be of benefit in the future.

+ QuaternaryC (3a and 7a) — Free
Substrate

% Quaternary C - Bound substrate
13C{1H} Mu metal shield

10 s shake S/N=232+6

*

S

T T T T T T T T T T T
143 142 141 140 139 138 137 136 135 134 ppm

Figure 3.22: Shake and Drop 1 scan *C{*H} experiment of T[2,3-d]P and [IrCI(COD)(dz-
SIMes)] in a4 to 1 ratio in methanol-d4. The sample was shaken in the mu metal shield for
10 seconds before measurement in a 500 MHz spectrometer.
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Optimum conditions to give the best signal to noise vak280)were eithewith astandard3C
decoupled.Osshake and drop experimdnsing the memetal shieldS/N =232+ 6) or an NEPT
experimeniwith refocusing for multiplicity andlecoupling following sampleshaking for 50 s
in a 60 Gausmagnetic array shak€s/N =207 + 13. This confirms that while SABRE transfer
via proton is more efficient than the direct route wrefocussing or INEPT is involved the extra

delays result in the latter being optimal.

If it were possible to introducé®C labelled carbons into these two positiowith 100%
abundance as opposed to the actual 1.109% present, one could estimataehilVahcrease
to 22,000 if we retain the same efficiency. This assumeaturation and- peak broadening are

not considered.

Thus, if the synthesis of tH&C; isotopologue could be achieved a hyperpolarised-limegd state
would be readily accessible. Unfortunatéfgz labelling of sites between two fused rings would
be synthetically very challenging (and warrants a whole separate project). Due to thiflinit

investigations turned to tHéN nuclei within T[2,3d]P.

3.5.3 Thieno[2,3-d]pyridazine: Nitrogen Singlet State Polarisation

High field (500 MHz)®N NMR single scan hyperpolarised spectra of-tadbelled T2,3-d]P

with and without decoupling are shown Kigure 3.23. The precursor catalyst used was
[IrCI(COD)(d22-SIMes)], in amethanold, solvent with substrate to catalyst ratigldf. To obtain
direct polarisation transfer to the nitrogen, the sample was shakep-Mitim a mumetal shield.
The two nitrogen r es 854.98a 0 d354Ygwingeddywo=0Slppnv e d
(corresponding to 2Bz at 11.74T). A thermally polaised NMR spectrum of the same sample
was run, but after 4000 scan®M signal was still not visiblézor the decoupletiN{*H} SABRE

only one scan is required to obtain a signal with S/N ,ofhbs confirming the benefit of

hyperpolarisation.

As expectd, these two nitrogen resonances are wérge to onenother in terms of chemical
shift. Consequentlyif this system could b&N labelled, second order effects would be expected
to produce an AB pattern of doublets due to the presence of strong gdifplin > 13 Hz) At

fields lowerthan 3 T, the corresponding singlet state should therefore be well preserved. As

described in section 3.2.2, the effect of chemical shift can be overcome with the use of a radio

frequency spidock. This involves the gmsition of energy into the sample and is not likely to

be practical for human MRI studies witH nuclei. It may however be possible téX detection

143

a



Investigation of Longd.ived Singlet States

which requires lesRF power. This is referred to normally as ®yeecific Absorption RateSAR)

and there are serious limitations imposed on MRI by this property to prevent local heating.

It is noted that only resonances from the free nitrogen were observ&dl dignals were detected

for the bound ligands.

(a)

T T T T T T
365 360 355 350 345 340 ppm

Figure 3.23: a) Hyperpolarised 1 scan N NMR spectrum (above) b) Analogous
hyperpolarised *N{*H} NMR experiment (1 scan) of non-labelled T[2,3-d]P and
[IrCI(COD)(d22-SIMes)] in a 4 to 1 ratio in ds-methanol. The sample was shaken in a mu
metal shield for 10 seconds before measurement in a 500 MHz spectrometer.

From the calculations of PTF féiN, we would expect tnG to be the optimum field for direct
transfer. Experiments were condtexlto vary the field within the shield, using a DC driven caoil,
but this provided no benefit in terms of S/Nue to this technical difficultyexperiments

continued with the munetal shield alone

It was hypothesised that synthetitl labelling of the T2,3-d]P would result in considerable

signal enhancement benefits (100% abundance compared with 0.37% natural abundance). With

the increased s ensidetectidn bf pourtfN sighdisasshoald be podsible.s a mp | e s
Furthermore, the potential qutuction of al®N-°N singlet state in the free material could be

quantified in terms of signal lifetime.
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3.5.3.1 Synthetic labelling of thieno[2,3]pyridazine N
Synthesis ohortlabelledT[2,3-d]P viahydrazine hydrate waketailed in section 2.2 amdsultel

in a 7®0 yield. Here the process was modified and completed u§iNg-hydrazine sulfatand
in thereaction with 2,2hiophenedicarboxaldehyde. This resulted in a 90% vyield of thienro[2,3
d]pyridazine®™N: (T[2,3-d]P-*N.) . The increased vyield is reflective of the production of water

during imine formation and the fact that dry hydrazine sulfate wadétter reducing agent

(Figure3.24)
Q H,"5N'5NH,.H,S0, (1eq.)/1M NaOH soln.
H EtOH
0°C > rm.temp.,2h / Y
TN\ = A
S AN
S
H 90%
yield
2,3-thiophenedicarboxaldehyde Thieno[2,3-d]pyridazine-'°N,

Figure 3.24: Reaction scheme for the novel synthesis of doubly labelled thieno[2,3-
d]pyridazine-*N; in 90% yield.

Figure3.25(a) shows the resulting thermally polariséeN NMR spectrum of tis product which

was measured with just 5i@petitions.
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(a)

T T | T
356 355 354 353 ppm

Va V3

(b)

vy Vs

2D
2D

NaNb J.NaNb

IR

UNa C v

Figure 3.25: a) 15N Thermal scan (512 transients) of T[2,3-d]P-'*N, in methanol-dsmeasured
on a 9.4 T spectrometer (no catalyst present). b) Model of AB system showing J couplings
and chemical shift frequencies.

As predicted, thé®N NMR spectrum of T[2,2]]P-1*N. exhibited an AB pattern and a signal
6roofingdé eff e dourpeaksofthistigherrordes abupling Speceum represent a
combination of all the spins in the system. Consequently, the four peaks can be analysed to yield

Jnanbaccording to equatioB.4:
SV s 0 0 0 0 [3.4
Whereva.4) represents the frequencies of the four peaks as sholiglire3.25. This results in
D $= 21.43Hz at 11.74T. In the unlabelled sample the chemical shift difference between

the nitrogens was measured@s = 0.51ppm (corresponding to 25.86 Hz at 11.74 T) but

this could also be calculated in the labelled sample using eq@diion

v

YO v 0 b L 0 U od
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The chemical shift difference and tAeouping are almost equal to one another in this system

and therefore would appear to be ideal candidates for the fornodigosinglet state at low field.

Data shows that the optimum substrate to catalyst ratio for signal enhancement is 1:4 (section
2.4.1). However, the presence of the catalyst has a detrimental affectTanifienes (section

3.4.2). To try to reduce ith effect onT: without greatly affecting signal enhancement a sample

was prepared using [Ir(COD)@-SIMes)] as the SABRE precatalyst with a 1:6 catalyst to
substrate ratio is-methanol. Shake and drop experiments were carried out on this sample in
conjunction with the mumetal shield and the variable field solenoid to probe SABRE across an
array of PTF values, includingr@G which was calculated as the optimum field for ps&ion
transfer. The earthodés field (0.5 G) was als
in the collection of a highly complex series’fl NMR spectra suggestive of multiple species

and multiple binding sites.

This result is not surfging, as section 2.3.2 detailed the formation of the T{Rderived adduct
[Ir(COD)(IMes)(T[2,3d]P)]CI which exists as two structural isomers which differ according to

the nitrogen binding site. These two forms can be readily distinguished by thed hitrogen

NMR signals which appear at 0 2 8iound nitlogenh and
partner which yield signals at Figure3Zp)7Pek ( A)
integration revealed that these two forms exist in equal proportions, and as they interconvert, they

must have similar free energies.
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Figure 3.26: Precatalysts A and B showing the two possible modes of binding and the
different nitrogen chemical shifts that arise.

Although the final SABRE active catalyst, [Ir(f)Mes)(sub)], was not characterised chapter

two, a boad multiplet was observed@t 21.5 indicating there is a complex mixture of products.

Due to the asymmetry of T[2@P, eight isomers can form as depictedrigure3.27.
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Figure 3.27: Eight possible regioisomers of [Ir(H)2(d22-SIMes)(thieno[2,3-d]pyridazine-
5N,)s]. The complexes within the rectangles indicate enantiomeric pairs.

Of these eight forms, two are enantiomeric pairs (blue and red boxes). Consequently, just six

distinct forms should be seen by NMR spectroscopy. Collectively these would be predicted to

yield 26 different N resonances. The correspiing SABREN{!H} NMR spectrum after

transfer at 0.5 G PTF and detection at T.@Gonfirmed this complexity. The observation of

signal s i
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5N resonances for ligandisansto NHC (axial) andransto hydride (equatorial) respectively in
accordance with previous studies on pyridifteThe further rationalisation of this result was
achieved by recording a series of 1D and 2D NMR spectra. According to the theory of SABRE,
a singlet state sharedtixen the two nitrogen centres in TR should be created which upon

NMR interrogation should lead to pairs of signals with opposite phase after a 90° excitation pulse.
Analysis of the SABRE result started by recording\N{ *H} NMR spectrum after such pulse.

The expected phase behaviour was observed with the bound ligand signals in accordance with
this hypothesisas showrin Figure 3.28. It contained strong®N signals for the axially bound
T[2,3-d]P ligands @ 280, blue star) alongside weak signals for the corresponding equatorial
ligands (yellow star). The weak signals seen for the equatorially bound ligands were consistent
with decoherence of thEN singlet sate through coupling to the hydride ligands and rapid
exchange with the catalyst. The strong signals derived from the axial ligands reflects their slow
exchange and weak hydride coupling. The sign

nitrogen entres of these axial ligands (purple star).

*

! I 1 I I 1 I !

T T
370 360 350 340 330 320 310 300 290 280 ppm

Figure 3.28: Single scan hyperpolarised >N{*H} NMR spectrum of doubly labelled **N-
thieno[2,3-d]pyridazine achieved by precatalyst [Ir(COD)CI(d2.SIMes)] when present in a

1:6 ratio in da-met hanol solution after PT at Earthdés fie
axial position), Purple stars (uncoordinated nitrogen in axial position) yellow star (bound

nitrogen in equatorial position) and green star (nitrogen in free substrate)
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Figure 3.29 shows an expansion of these spectral regions which demonstrates itiyeofbil

SABRE to unravel a very complex respomsthin a single scan measurement. The two regions

are each made up of three sets of doublets wheyasn varies between 18 and 20 Hz. The

adjacent nitrogen partners to these resonances appear withimiwdsar | 'y compl ex patter
365.5 and U0 363. The splitting pattern profiles di

chemical shifts are different.

Adjacent free nitrogen in the bound substrate Bound nitrogens

e LTUW\MMJL
?Wlﬁq M e

! )

T T T T T T T T T T T T T T T T T
366.0 365.5 365.0 3645 364.0 3635 363.0 362.5 ppm 284.5 284.0 283.5 283.0 282.5 282.0 281.5 281.0 ppm

Jun= * >

Figure 3.29: Expansion of axially bound ligands in (a) *N hyperpolarised spectrum and (b)
BN{*H} hyperpol arised spectrum after PTF at earthos fiel
the six different **N signals as doublets with Jisn-15n

Although these spectra show quite clearly the signals arising from the bound and adjacent
uncoordinated nitrogem the axial positions, the equatorially bound ligamase not easily
distinguished. The equatorially bound nitrogen signals were present but weak. The uncoordinated
nitrogen partners were absent. A much more thorough analysis was required to locardhese

to fully characterise and confirm the existence of the eight regioisomers predicted.

A series of low temperature (263M)-1>N Heteronuclear Single Quantum Correlation (HSQC)
experiments were carried out under thermal equilibrium to characteriseisbesers. These
NMR spectra revealed that tHeN signals from the uncoordinated nitrogen centres of the
equatorial ligands overlapped with the signals arising from those in the axial ligands. By
collecting appropriatelata,it was possible to connect tihgdride ligands of the six isomers to
discrete’N resonances through the associatatis Juw couplings of 1&0 Hz and thereby

identify the equatorial ligand$igure3.30).
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Figure 3.30: 2D >N *H HSQC (263K) of T[2,3-d]-'°N; with [Ir(Cl)(COD(d22-SIMes) in methanol-
ds after activation with H,. Used to identify the eight equatorially bound nitrogen
resonances in complexes E-L. Jw coupl i ng identified by ™he do
resonances identified by the midpoint of the solid line

Connections between the ligands and'H resonances then allowed signals to be attributed to
unique axial ligands. By using a longer polarisation transfer delay it proved possible to identify
connections between the hydride ligands and the refidtzrtresin T[2.3-d]P. Chalctrisation

data for theeightisomers is presented in appeng@jxvhere complete assignments were possible.
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