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Abstract 

Signal Amplification By Reversible Exchange (SABRE) is a hyperpolarisation technique that 

uses iridium catalysts to transfer magnetisation from parahydrogen (p-H2) to target substrates. 

Relayed polarisation via 1H exchange involving [Ir(H) 2(IMes)(NH3)3]Cl achieves 1400-fold 13C 

and 700-fold 1H NMR signal enhancements at 9.4 T for non-ligating alcohols such as 3-methyl-

1-butanol. This is extended to natural products, lactate esters and pyruvate. 

Sodium pyruvate 13C NMR signal enhancements of just 65-fold are only visible <15 minutes after 

pyruvate addition to [Ir(H)2(IMes)(NH2R)3]Cl due to formation of [Ir(H) 2(ə2-

OOCC(CH3)NR)(IMes)(NH2R)]. Hyperpolarised 13C sites of these bound imine ligands exist as 

singlet states with NMR signal enhancements and lifetimes of 750-fold and 20 s respectively. The 

chemical shift of the hydride ligands vary by 15.5 ppm allowing ligand sensing applications.  

The hyperpolarisation of Ŭ-keto acids via [Ir(H) 2(IMes)(ə2-O-substrate)(sulfoxide)] achieves 13C 

NMR signal enhancements of 2135-fold for sodium pyruvate-1,2-[13C2] and 985-fold for sodium 

ketoisokaproate-[1-13C] in methanol-d4 at 9.4 T. EXSY and DFT studies reveal that 

[IrCl(H) 2(IMes)(sulfoxide)2] plays an important role by refreshing p-H2. 

SABRE hyperpolarised 13C NMR was used to monitor the reaction between pyruvate and H2O2. 

Kinetic fitting at 298 K yields a rate constant (0.056 ± 0.003 dm3 mol-1 s-1) consistent with values 

obtained from thermal 1H NMR and UV spectroscopy. Interestingly, a short lived 2-hydroxy-2-

propanoate intermediate can be detected in a single scan 13C NMR spectrum at 273 K.  

The polarisation transfer catalysts presented expand the scope of SABRE and allow MR 

applications such as chemosensing, reaction monitoring, and intermediate detection. 

Hyperpolarisation of molecules such as pyruvate is now achieved using a readily accessible and 

simple approach that does not involve chemical modification. 
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polarisation transfer from pH2 derived hydrides to the bound carrier molecule which is expected 

to be optimal at around 6.5 mT ii) relay of polarisation from carrier to alcohol via proton exchange 

which is expected to be field independent iii) spread of polarisation from the exchanging OH to 
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Figure 2.4: a) 16 scan 1H and b) 128 scan 13C NMR spectra of 1 (0.5 mL) in dichloromethane-

d2 (0.1 mL) recorded under Boltzmann derived conditions at 298 K and 9.4 Tééééééé65 

Figure 2.5: Hyperpolarised a) 1H and b) 13C NMR spectra of a solution containing 2 (5 mM), 

3 (7 eq.) and 1 (5 eq.) in dichloromethane-d2 (0.6 mL) shaken with 3 bar p-H2 at 298 K and 
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and processing parameters were the same for thermal and hyperpolarised NMR spectra 

(NS=1)éééééééééééééééééééééééééééééééééé..66  

Figure 2.6: Total 1H NMR signal enhancements (per proton in fold) of a) 1 and b) 3 and c) 13C 

NMR signal enhancement of 1 when the amount of 1 or 3 relative to 2 is varied. All other factors 
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pressure (3 bar), shaking time (10 seconds), and temperature (298 K), were kept 

constantéééééééééééééééééééééééééééééééééé69 

Figure 2.7: Total 1H NMR signal enhancement (per proton in fold) of a) 1 (5 eq.) and b) the carrier 

when the amount of 1 relative to 2 was varied. All other factors such as the amount of 2 (5 mM), 

solvent (0.6 mL  anhydrous dichloromethane-d2), p-H2 pressure (3 bar), shaking 

time (10 seconds), and temperature (298 K) were kept constant. Note that when considering the 

carrier polarisation in the case of 5 the integrals of the phenyl resonances, which overlap with 
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those of [Ir(H)2(IMes)(phenethylamine)3]Cl, were excluded from NMR signal enhancement 

calculationsééééééééééééééééééééééééééééééé.é..70 
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enhancements of 1 recorded after addition of increasing amounts of H2O and D2O to a sample of 

2 (5 mM), 1 (5 eq.) and 3 (4.5 eq.) in  anhydrous dichloromethane-d2 (0.6 mL) and shaking with 

3 bar p-H2 for 10 seconds at 6.5 mTééééééééééééééééééé.éééé71 
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carbon atom, is 405-fold due to overlap of the CH and CH3 carbon signals. 1H T1 times were 

measured using an inversion recovery pulse sequence and are shown in greenééééééé.73 

Figure 2.10: Average normalised 1H NMR signal enhancements for the carriers a) 3 and b) 4-d7 

when 5-10 eq. were shaken for 10 seconds with 2 (5 mM) and 3 bar p-H2 in  anhydrous 

dichloromethane-d2 (0.6 mL) at varying polarisation transfer fieldsééééééééé..é..75 

Figure 2.11: Normalised 1H and 13C NMR signal enhancements for 1 (5 eq.) with 3 (7 eq.) shaken 

for 7 seconds with p-H2 at a)-b) 8 mT or c)-d) 6 mT before shaking for 7 seconds at a different 
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H2O (40 µL)éééééééééééééééééééééééééééééé.éé96 

Figure 3.7: An example series of partial single scan hyperpolarised 13C NMR spectra recorded 

when 22-1-[13C] (5 eq.) in H2O (40 µL) is shaken with 3 bar p-H2 for 10 seconds at 6.5 mT at the 

indicated time intervals after addition to a solution of 2 (5 mM) and 4 (10 eq.) in 

dichloromethane-d2 (0.6 mL) preactivated with 3 bar H2 overnightééééééééééé.97 
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Figure 3.9: Structures of 30 and 31 determined from X ray crystallography. Note that any solvent 

of crystallisation and all hydrogen atoms have been omitted for clarity. X ray diffraction data 

were collected and solved by Dr. Adrian C. Whitwood.195ééééééééééé..ééé100 
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hydride resonances for 29B, 44B and 45B (right). These spectra are all recorded using the same 
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Figure 5.2: Structure of a) [Ir2(H)4(µ-SCH2PhCl)2(IMes)2] (59) and b) fac-[Ir(H) 3(PPh3)3] (60) 

determined by X ray diffraction studies. Note that any solvent of crystallisation and all non 
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chloroform-d is increased. b) 2D NMR characterisation confirms 63 is [Ir(COD)(IMes)(OH2)]Cl. 
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of 46 and H2, b) Time course for hydrogenation of an equilibrium mixture of 2 (5 mM) and 63 
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d (0.6 mL)éééééééééééééééééééééééééééééééé..155 
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not the same as d)ééééééééééééééééééééééééééééé....156  

Figure 5.11: a) Reaction of 61 and 22-1,2-[13C2] to form 62 b) Monitoring addition of 22-1,2-
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added at 298 K to a solution of preformed 61 at 245 K before being replaced into a 9.4 T 

spectrometer at 245 K. Therefore, there is a rapid temperature change at the beginning of this data 

setééééééééééééééééééééééééééééééééééé...157 

Figure 5.12: a) After selective excitation of the bound 46 resonance trans to hydride in 61, 
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Chapter 1: Introduction 

Magnetic Resonance (MR) techniques use magnetic fields and radiofrequency (r.f.) pulses to 

excite nuclear spins within molecules and are some of the most versatile tools available for the 

structural characterisation of molecules.1-3 Nuclear Magnetic Resonance (NMR) is commonly 

used in the routine detection and structural elucidation of a wide range of molecules including 

organic compounds, inorganic complexes, proteins and many others. The related Magnetic 

Resonance Imaging (MRI) can produce anatomically detailed 3D images for clinical disease 

diagnosis. MRI is able to investigate soft tissue structure and is most commonly used to detect 

abnormalities in tissue morphology.4 The use of non-ionising and non-invasive radiation 

(compared to PET, CT or X rays) is an additional advantage and as a result, MRI is routinely used 

in clinical medicine. The fundamentals of MR are discussed in section 1.1.  

Many approaches have been developed to improve disease diagnosis by MRI including 

administration of paramagnetic contrast agents which are discussed in section 1.2. While these 

agents can improve MR contrast, they do not change intrinsic MR sensitivity. The cause of MR 

insensitivity on the molecular level, and the different hyperpolarisation techniques used to address 

this problem, are discussed in section 1.3. It is an aim of scientists working in this area to use 

hyperpolarised biomolecules as in vivo reporters to study human metabolomics and provide 

imaging methodologies that give information about tissue function in addition to static tissue 

structure.5 The types of molecules commonly used as hyperpolarised contrast agents are discussed 

in section 1.5.  

1.1 Theory of Magnetic Resonance (MR) 

1.1.1 Fundamentals of Nuclear Magnetic Resonance (NMR) 

Spectroscopic techniques generally rely on the excitation of a ground state energy level to form 

a higher energy excited state. As energy levels are quantised, specific frequencies of radiation are 

required to excite transitions between them. These energies can be calculated according to 

Equation 1.1, where ЎὉ is the energy difference between two energy levels, Ὤ is Planckôs 

constant, and ὺ is the radiation frequency.1 

ЎὉ Ὤὺ              ρȢρ 

Unlike electronic or vibrational spectroscopy which use ultraviolet (UV) or infrared (IR) 

frequencies to excite electronic or vibrational transitions respectively, NMR uses radiowaves to 

excite transitions between nuclear spin energy levels.1 As nuclear spin energy levels are very 

closely spaced in energy, only low frequency (and low energy) radiation is needed to match the 

resonance condition described in Equation 1.1.  
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The phenomenon of MR is based upon the property of nuclear spin, (Ὅ), which is a vector 

containing contributions from each of the Cartesian directions, (ὍȟὍȟὍ).2 Nuclear spin is 

described using the nuclear spin quantum number, Ὅ, which takes integer or half integer values. 

Those nuclei for which Ὅ π, such as 12C or 16O, have no nuclear spin and do not exhibit MR 

properties.1 Nuclear spins in which Ὅ π will contain both nuclear spin, (Ὅ), and magnetic 

moment, (‘Ƕ), which is also a vector. The nuclear spin, (Ὅ), and magnetic moment, (‘Ƕ), are related 

through a proportionality constant called the gyromagnetic ratio, ɔ, as shown in Equation 1.2.2  

Ὅ  ɾ‘Ƕ             ρȢς 

The magnetic moment (‘Ƕ) of a collection of nuclei are each randomly aligned, or isotropic, in the 

absence of a magnetic field.3 They become aligned in the presence of a magnetic field (ὄ), as 

depicted in Figure 1.1a-b. In the simplest case where nuclei contain Ὅ = 1/2, two possible nuclear 

spin energy levels arise from alignment of ‘Ƕ with the direction of the field to give a lower energy 

state, ‌, or against the direction of the field to give a higher energy state, ‍ (Figure 1.1b).3  

 

Figure 1.1: a) Nuclear spins have magnetic moment (ɛ) which are randomly aligned (isotropic) in the absence of a 

magnetic field. b) When a magnetic field (B0) is applied these magnetic moments become aligned either parallel or 

antiparallel to the direction of the applied field. The energy difference between the two alignments is small, but there 

is a slight preference for parallel alignment. c) Hyperpolarised systems, which are discussed in section 1.3, have a much 

greater population difference between nuclear spin energy levels.  

1.1.2 Vector model of NMR 

MR is able to study the nuclear spin properties of molecules via their interactions with external 

magnetic fields and r.f. pulses.3 The alignment of magnetic moments in the direction of an applied 

magnetic field creates net nuclear magnetisation, ὓ. This is a vector that contains contributions 

from ὓ , ὓ , and ὓ .2 The net magnetisation of nuclei along the direction of the applied 

magnetic field is labelled ὓ  and will depend on how many nuclei are present in the sample and 

the energy spacings between nuclear spin states. Under thermal conditions net magnetisation is 

orientated along the direction of ὄ while contributions from ὓ  and ὓ  are 0 as nuclear spins 

are randomly orientated in the transverse (xy) plane.3 This is depicted in Figure 1.2a in which the 

vectors ὓ and ὄ are parallel. Upon the application of an r.f. pulse, ὓ is rotated away from the 

direction of ὄ and the two are no longer parallel.3 The magnetisation vector experiences a 
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twisting force resulting in the precession of ὓ around ὄ as shown in Figure 1.2b. This precession 

will occur at the Larmor Frequency, described in Equation 1.3.3 ,‫   

‫  ‎ ὄ           ρȢσ 

As the magnetisation precesses around the magnetic field it maps out a circle on the transverse 

plane which is largest when ὓ is perpendicular to ὄ. At this point ὓ  and ὓ  make a 

contribution to ὓ while the longitudinal magnetisation, ὓ  is 0.3 NMR signals are detected in the 

transverse plane from precessing xy magnetisation. The resulting MR signals are most intense 

when ὓ is rotated 90o from ὓ  to ὓ . It is therefore important to choose r.f. pulses of appropriate 

duration such that ὓ is rotated into the transverse plane. A rotating frame of reference can be 

used to simplify these descriptions which rotates in the transverse plane at the Larmor frequency 

such that ὓ  rotating at this frequency appears static, as shown in Figure 1.2c.1, 3 

Figure 1.2: a) At thermal equilibrium the net magnetisation, ὓ  is oriented along the direction of the magnetic field, 

ὄ b) Upon application of a 90o r.f. pulse ὓ is rotated away from the direction of ὄ and into the transverse plane 

where precession around ὄ at the Larmor frequency can be detected. c) In a frame rotating at the Larmor 

frequency in the opposite sense, ὓ appears stationary. 

When a magnetic field is applied to an ensemble of nuclear spins, the magnetisation does not 

appear instantaneously. Instead, nuclear spins must come into thermal equilibrium with the 

applied magnetic field which involves the exchange of energy between the spin system and the 

environment.6 The time taken for the magnetisation to reach equilibrium is characterised by a 

time constant, T1, often called the longitudinal or spin lattice relaxation time.6 This time constant 

also describe the relaxation of ὓ from the transverse to the longitudinal plane and is given in 

Equation 1.4 where ὸ is time.  

ὓ ὸ  ὓ ρ Ὡ           ρȢτ 

The decay of magnetisation in the transverse plane is due to random dephasing of magnetic 

moments interacting with other spins and is also characterised by a time constant, T2, as described 

by Equation 1.5. This is termed the transverse or spin spin relaxation time and is typically shorter 

than T1.6  
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ὓ ὸ  ὓ Ὡ           ρȢυ 

1.1.3 Insensitivity of NMR 

The interaction between nuclear spin and magnetic field is very weak and causes only a small 

energy difference between the two possible alignments.1 The energies of these nuclear spin levels 

can be predicted by finding the eigenvalues of the Schrödinger equation using a nuclear spin 

Hamiltonian.2 As the energy differences between these states are very small there is only a slight 

preference for nuclei to align in the direction of the applied magnetic field. Therefore, a small 

population difference across nuclear spin energy levels results from very small energy differences 

between the two (aligned or not aligned) situations.7 These population differences can be 

described by the Boltzmann law, given in Equation 1.6 where ὔ  and ὔ  are the populations of 

Ŭ and ɓ states, Ὧ is the Boltzmann constant, and Ὕ is temperature.  

ὔ

ὔ
 Ὡ             ρȢφ 

Under thermal conditions there is an excess of only 1 in 32,000 1H nuclear spins in the Ŭ state at 

9.4 T.5 This leads to a molecular insensitivity which is even greater for low ɔ nuclei such as 13C 

for which there is an excess of only 1 in 800,000 spins in the Ŭ state at 1.5 T. The application of 

r.f. pulses drive transitions between Ŭ and ɓ levels; only those excesses of spins are visible to 

NMR.3 Therefore, MR is an insensitive technique on the molecular level as its signal intensity is 

proportional to small population differences across nuclear spin energy levels.7 This often 

necessitates the use of concentrated samples (> mM) to generate sufficient signal, which is not 

the case for other spectroscopic techniques such as mass spectrometry (< pM), or X ray 

diffraction (a single crystal). 

Polarisation (P) is a term used to describe the extent to which nuclei align with, or against, the 

applied magnetic field and is given in Equation 1.7.7 Polarisation can be increased either by 

reducing the temperature or increasing the strength of the magnetic field, according to 

Equation 1.4, although in reality there are both low temperature restrictions for living samples 

and limitations on the strengths of magnets that can be made (up to 24 T).  

ὖ
ὔ  ὔ

ὔ  ὔ
 ÔÁÎÈ

‎Ὤὄ

τ“ὯὝ
            ρȢχ 

Hyperpolarisation is a term used to describe any technique that can produce non Boltzmann 

population distributions across nuclear spin energy levels (Fig 1.1c).5, 7 Hyperpolarisation has 

been used to generate MR signals enhanced by many orders of magnitude and has gone some 

way to address the insensitivities of NMR.7 These techniques are discussed further in Section 1.3. 
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1.2 MRI contrast agents 

For MRI, the molecular insensitivity of MR usually necessitates imaging the large abundance of 

water protons in the body to achieve sufficient signal strength. MRI therefore detects water 

molecules in the body and can produce images of exquisite contrast that distinguish tissues based 

on the different longitudinal relaxation times (T1) of their water protons.4 MR sensitivity describes 

how many nuclear spins are observable and can be improved using the hyperpolarisation 

techniques described later (section 1.3). MR contrast is related to distinction of nuclear spins in 

one area of tissues from others and can be important when diagnosing differences in tissue 

structure.4, 6 Improving the contrast or sensitivity of magnetic resonance (MR) techniques is the 

focus of much attention.6, 7 

Contrast can be artificially created in tissues by injecting paramagnetic gadolinium-based T1 

contrast agents,6, 8 or Chemical Exchange Saturation Transfer (CEST) agents.9-12 T1 contrast 

agents artificially reduce T1 of surrounding water molecules by a dipolar coupling mechanism 

between the unpaired Gd f7 electrons and coordinated water molecules.6 Three key parameters 

determine how effective such Gd centres relax surrounding water molecules, as summarised in 

Figure 1.3a. 

1. The number of water molecules in the coordination sphere (q) of the Gd centre 

2. The rate at which the water molecules exchange at the free Gd coordination site (ɘM) 

3. The rate at which the molecule tumbles through solution (ɘR) 

For maximum relaxivity the molecule must have a high rate of water exchange and a low rate of 

molecular tumbling. Relaxivity is also dependant on magnetic field strength and therefore 

contrast agents are likely to work optimally at a selected field. Free paramagnetic centres often 

tumble too fast in solution to give great increases in relaxivity, and free Gd is toxic in the body 

causing side effects such as nephrogenic system fibrosis (NSF).13 Other concerns over the long 

term health implications of injecting gadolinium complexes, such as metal deposition in the brain, 

have recently emerged.13, 14 The coordination of Gd by chelating ligands reduces both q and 

toxicity and has yielded clinically approved contrast agents, the structures of some of these are 

shown in Figure 1.3b.  

Agents of this type have been used to detect disorders of the blood brain barrier,15 and to image 

blood vessels16 which has improved the diagnosis of cardiovascular diseases or angiogenesis by 

cancer cells.17 There have been attempts to direct contrast agents to particular tissues by 

conjugation with antibodies18 or incorporation into pH sensitive gels that are released only at sites 

of cancer.19 Alternatively, Chemical Exchange Saturation Transfer (CEST) agents are a type of 

r.f. selective contrast agent that avoids the health implications of injecting Gd. CEST agents 

contain exchangeable protons (usually amide, carboxylic acid, or hydroxyl groups) and generate 

contrast via magnetism transfer to bulk water following selective presaturation of the agent 



  Chapter 1 

40 

 

followed by proton exchange.9-12 In CEST, the exchanging pools of spins are distinguished not 

because of their relaxation times, but because some are selectively excited.11  

Figure 1.3: a) Water relaxivity is mediated by the hydration number (q), water exchange rate (ɘM), and molecular 

tumbling rate (ɘR) of gadolinium-based MRI contrast agents b) Structures of some clinically approved Gd-based 

contrast agents.   

Over the last 30 years, new approaches have been developed to create functional MRI (fMRI) in 

which MR signals of bulk water are dependant on biological events or external stimuli. The most 

common of these relies on the change in MR signal upon oxygenation or deoxygenation of 

blood.20 These Blood Oxygen Level Dependant (BOLD) signals are a consequence of the 

different magnetic properties of oxyhemoglobin and deoxyhemoglobin.20 These BOLD signals 

have been related to neuronal activity and many studies have linked BOLD signals to changes in 

brain function.20 Despite this, the link between brain activity and BOLD signals are not yet fully 

understood.21 Other, less developed approaches, use MRI contrast agents responsive to biological 

targets such as metal ions,22 neurotransmitters23 and proteins.24 This provides advantages 

compared to the BOLD signal as the release of transition metal ions or neurotransmitters are 

important in neuronal signalling or other biochemical pathways.25 Therefore, the synthesis of 

contrast agents whose MR signal can respond to changes in these biological stimuli has received 

significant attention.26  

While contrast enhanced MRI can give great information on the structure and morphology of 

living tissues (allowing diagnosis of physical differences in morphology) it provides little detail 

about the biological function or disease state of tissues. While these approaches have moved 

towards functional MR, the molecular insensitivity of MR has not been addressed. A more direct 

and reliable way to investigate tissue function by magnetic resonance is to image low 

concentration biomolecules in vivo.5 Imaging individual biomolecules, rather than bulk water 

molecules, provides a route to studying the biochemical function of tissues in the body in real 

time. In order to image individual biomolecules in the body, substantial signal gains are needed 
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to observe and image low concentration biomolecules, drugs, or metabolites. Hyperpolarisation 

is now therefore being used to create naturally occurring non-toxic agents with greatly enhanced 

MR signals with advantages compared to injecting other contrast agents such as those based on 

toxic paramagnetic heavy metals.  

1.3 Hyperpolarisation techniques  

Over the last few decades, many hyperpolarisation techniques have been developed to create MR 

signals enhanced by up to five orders of magnitude.5 This section describes the techniques 

commonly used to create hyperpolarised molecules in the liquid state, although Spin Optical 

Exchange Pumping (SOEP) can produce hyperpolarised 3He27 and 129Xe28 gases suitable for lung 

imaging. The hyperpolarisation approaches focussed on here include dissolution Dynamic 

Nuclear Polarisation (d-DNP) and Para-Hydrogen Induced Polarisation (PHIP). All 

hyperpolarisation techniques involve polarisation transfer from an external source which is 

usually either an unpaired electron in the case of DNP 29, 30 (section 1.3.1) or para-hydrogen in 

the case of PHIP (section 1.3.2).31-34  

1.3.1 Dynamic Nuclear Polarisation (DNP) 

DNP was first theoretically suggested by Albert Overhauser in 195335 and experimentally 

observed by Carver and Slichter in the same year.36, 37 The technique exploits the greater 

polarisation of an electron by transferring it to nuclei through microwave irradiation at the 

resonance frequency of the electron in a magnetic field. This commonly occurs when the to-be-

polarised nuclei and an organic free radical are frozen together in a glass matrix at low 

temperature (<10 K).29, 38 Electrons contain electron spin which can align with, or against, an 

applied magnetic field. This creates two non degenerate electron spin energy levels, in an 

analogous way to that of proton nuclear spin shown in Figure 1.1b; this principle is the basis of 

Electron Paramagnetic Resonance (EPR) spectroscopy.39 The energy difference between these 

two states can also be determined using equations 1.1 and 1.3 and is proportional to the 

gyromagnetic ratio of the electron (ɔe). As ɔe is 660 times larger than that of the proton (ɔH), the 

electron Zeeman levels are further spaced and therefore contain a greater population difference 

across them.39 Overhauser suggested that this greater electron polarisation could be transferred to 

a proton to give NMR signals enhanced by a maximum theoretical factor of 660,35 as shown in 

Equation 1.8 in which ‐ᴂ is the NMR signal enhancement, ” is the coupling between the electron 

and nuclei, Ὢ is a leakage factor between 0 and 1 that describes how nuclear spin is relaxed by 

electron spin, and ί is a saturation factor that describes how well EPR transitions are saturated.40   

‐ ”Ὢί
‎

‎
         ρȢψ  
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Polarisation transfer from electrons to nuclei is complex and the DNP effect is commonly 

explained using three models: 

1. Solid effect which considers a single coupled proton and electron  

2. Cross effect which considers a single nuclei coupled to two electrons and is commonly 

applied to polarisation using biradicals 

3. Thermal mixing which considers the coupling of multiple nuclei to multiple electrons 

The solid effect most commonly applies to cases in which the homogenous EPR linewidth of 

the electron, ‏, and the inhomogenous EPR spectral breadth, ῳ, are both smaller than the 

nuclear Larmor frequency.41 Trityl radicals (such as tris[8-carboxyl-2,2,6,6-benzo(1,2-d:4,5-

d)-bis(1,3)dithiole-4-yl]methyl sodium salt, commonly referred to as OX063) are commonly 

employed in DNP and have narrow EPR linewidths. Therefore, their use as polarising agents 

is often described using the solid effect.40 A coupled proton-electron system is depicted in 

Figure 1.4a containing four different energy levels. EPR allowed transitions in which ῳά

 ρ and ῳά π can be saturated as can NMR allowed transitions in which ῳά  ρ and 

ῳά π.40 The solid effect relies on saturation of one of the EPR forbidden transitions in 

which ῳά  ρ and ῳά  ρ to yield enhanced population differences across NMR 

allowed transitions, shown in Figure 1.4b. The model relies on saturation of EPR forbidden 

transitions as excitation of both EPR allowed transitions would result in no net polarisation 

increase across nuclear spin energy levels. A similar cancellation effect results from 

saturation of both EPR forbidden transitions. It is therefore important to use radicals with 

narrow line widths that can efficiently saturate only one forbidden EPR transition leading to 

a high value of ί (1) and a closer to theoretical maximum enhancement value.40  
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Figure 1.4: a) Energy levels for a weakly coupled nuclei (I  = 1/2) and single unpaired electron with allowed EPR 

transitions shown in solid black lines, allowed NMR transition s in dashed blue, and forbidden transitions in 

dotted red. Circles represent the populations of each of the four energy levels under thermal conditions.40 b) 

Saturation of one of the EPR forbidden transitions (i) leads to a population redistribution that increases 

polarisation across NMR allowed transitions (ii).40 Saturation of the second EPR allowed transition is not shown 

but would yield equal signal enhancement of the opposite sign. Saturation of both allowed or forbidden 

transitions simultaneously would lead to a cancelling out of NMR signal enhancement.  

In those cases where the EPR spectral line width is greater than the Larmor frequency, the cross 

effect and thermal mixing models are more appropriate.42 The cross effect considers coupling 

between one nuclei and two electrons, a condition that is commonly met when biradicals (such 

as dinitroxides) are used as polarising agents. In this case, a similar energy level diagram to those 

shown in Figure 1.4 can be constructed between a coupled three spin system (two electrons and 

a nuclei). Now, saturation of allowed EPR resonances of either electron yields polarised NMR 

transitions with enhancements of opposite sign depending on which electron is saturated.43 

In reality, a hyperpolarised sample will contain multiple nuclei and electrons all interacting 

together. Thermal mixing therefore considers cases where more than two electrons are coupled 

to nuclei and is more commonly applied to conditions in which the radical is present in high 

concentrations.42 As spin spin interactions are very strong and interactions with the surrounding 

lattice are weak the system can be thought of as isolated from its surroundings and a 

thermodynamic model using the concept of spin temperatures is often used.43 Three energy 

reservoirs are considered: the electron Zeeman interaction (EZI), the nuclear Zeeman interaction 

(NZI), and the electron spin spin coupling interaction (ESSI). Excitation close to the EPR 

resonance condition effectively cools the EZI, as shown in Figure 1.5, which in turn heats both 

ESSI and NZI giving rise to greater nuclear polarisations.42  
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Figure 1.5: a) EZI (1), ESSI (2), and NZI (3) have the relative energies and population differences under thermal 

conditions shown here, each reservoir has a distinct spin temperature displayed by the solid black lines.42 b) Upon 

irradiation close to the EPR frequency the EZI is heated c) Subsequent cooling of the ESSI leads to cooling of the NZI 

and consequently hyperpolarised NMR signals for nuclei. The three reservoirs attain a common spin temperature.43     

It is common for multiple polarisation mechanisms to occur, particularly in cases where EPR line 

widths contain both homogenous and inhomogeneous line broadening. Theoretical treatment of 

DNP polarisation mechanisms, and the relative contributions of each is an active area of research. 

Generally, higher NMR signal enhancements are achieved when DNP is performed at low (0-

5 K) temperatures under which conditions solid samples are used and the electron polarisation is 

greater. The formation of hyperpolarised solids is of limited use for in vivo applications and liquid 

state DNP typically suffers from lower NMR signal enhancements.44 A significant advancement 

came in 2003 with the development of dissolution DNP (d-DNP). This involves the polarisation 

of solids at ͯ 1.2 K followed by injection of superheated solvent to rapidly melt the hyperpolarised 

solids before they are ejected into an NMR or MRI instrument.29 The ability to convert the agent 

from the solid state to the liquid state in a matter of seconds without significant loss of 

hyperpolarisation has enabled the generation of hyperpolarised 13C labelled molecules for use in 

in vivo metabolic studies which is discussed later (section 1.5). d-DNP has found the most success 

in clinical applications and can produce 1H and 13C NMR signals in the liquid state that have 

polarisation levels of 92% and 70% in times as low as 150 seconds and 20 minutes respectively.30 

38 

1.3.2 Para-Hydrogen Induced Polarisation (PHIP)  

Para-Hydrogen Induced Polarisation (PHIP) could provide a lower cost and faster route to 

hyperpolarising molecules compared to d-DNP which is usually a more time consuming, 

expensive, and technologically demanding technique.45 PHIP uses para-hydrogen (p-H2) as the 

hyperpolarisation source and its magnetisation is typically incorporated into molecules by 

hydrogenation reactions, such as the hydrogenation of alkenes into alkanes, or oxidative addition 

of hydrogen to a metal centre.34, 46  

Molecular hydrogen is formed of two coupled spin-1/2 1H nuclei and can exist as two spin 

isomers: para-hydrogen (p-H2) and ortho-hydrogen (o-H2).47 p-H2 is a lower energy singlet state 

with nuclear spin of 0 while o-H2 is a triplet state consisting of three degenerate energy levels 

with a nuclear spin of 1, as shown in Figure 1.6a. At room temperature and pressure hydrogen 
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exists in a 25:75 p-H2:o-H2 ratio,47 but if cooled (to 28 K) in the presence of a spin exchange 

catalyst such as Fe2O3 or activated charcoal then spin disallowed transitions from o-H2 to p-H2 

occur and up to 98% enriched p-H2 can be produced.48 When the catalyst is removed and the 

temperature increased, enriched p-H2 survives.  

When hydrogen is placed in a magnetic field the energy levels of triplet o-H2 lose their degeneracy 

and have the energy ordering shown in Figure 1.6b.31, 32 In a case where enriched p-H2 

Ѝ
‌‍ ‍‌ is used, only the ‌‍ and ‍‌ levels are populated.32 p-H2 is an NMR silent singlet 

state and is antisymmetric with respect to spin exchange. In other words, if the sign of one of the 

Ŭ or b states is changed then the sign of ȿὛἃ is also inverted.2 Singlet magnetisation does not 

commute with common MR relaxation mechanisms such as dipolar coupling which is symmetric 

with respect to spin exchange.49, 50 Therefore, the enriched p-H2 state can have lifetimes as long 

as many hours.48 

 

Figure 1.6: a) Diatomic hydrogen exists as two different spin isomers: o-H2 (a triply degenerate state with I=1) and p-

H2 (a singlet state with I=0).47 b) The approximate energy levels of diatomic hydrogen in a magnetic field are shown. 

In cases where room temperature and pressure equilibrated hydrogen (25:75 p-H2:o-H2) is used there will be almost 

equal populations in all energy levels. When enriched p-H2 is used only the ‌‍ and ‍‌ levels of the hydrogenation 

product are populated, as shown by the filled blue circles, resulting in greater population differences across the NMR 

allowed transitions shown with a blue dashed line.31, 32 NMR disallowed transitions are shown with a red dotted line. 

c) A representative PASADENA spectrum resulting from population of both Ŭɓ and/or ɓŬ levels. d) A representative 

ALTADENA spectr um resulting from population of one of the Ŭɓ or ɓŬ levels. 

Singlet magnetisation is of interest due to its long lifetimes which can extend beyond T1.50
 The 

preservation of hyperpolarised signals for a longer time period can have exciting applications in 

allowing chemical processes to be monitored over a longer time period.51 Detecting true long 

lived singlet states can be challenging because the symmetry of the two coupled spins must be 

broken to allow for their detection by NMR.2 Despite these challenges, Carravetta et al. were able 

to create pseudo singlet eigenstates in molecules with coupled spin ½ pairs via r.f. excitation in 

2004.50, 52 These states can be created in molecules with not only coupled 1H-1H spin pairs but 
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also 13C-13C53, 54 or 15N-15N51, 55, 56  spin pairs with examples reported for alkynes,53, 54 N2O,51 

diazirines,55 and diazines.56 A 13C-13C nuclear pseudo singlet state in a naphthalene derivative 

with a lifetime greater than 1 hour has been reported.57 Interestingly, singlet magnetisation in a 

mixed 15N-13C spin pair (acetonitrile) strongly coupled at low field has been reported.58  

It has been shown that singlet order can be transferred from p-H2 to target substrates via PHIP. In 

1986, Bowers and Weitekamp showed that if p-H2 can be incorporated into a molecule via 

hydrogenation, the populations of nuclear spin energy levels of the hydrogenated product will be 

linked to those of the starting dihydrogen molecule.31, 33 As the nuclear spin of p-H2 is 0 it is 

óNMR silentô and can only be made visible to an NMR experiment if its symmetry is broken. 

PHIP provides a route to the hyperpolarisation of unsaturated molecules in the liquid state by 

breaking the symmetry of p-H2 via chemical hydrogenation. PHIP is a general term that 

encompasses techniques such as Para-hydrogen And Synthesis Allow Dynamic Nuclear 

Alignment (PASADENA) in which hydrogenation occurs in a high magnetic field and results in 

population of both Ŭɓ and ɓŬ states and Adiabatic Longitudinal Transport After Dissociation 

Engenders Net Alignment (ALTADENA) which describes hydrogenation at low fields and results 

in the selective population of only one of the Ŭɓ or ɓŬ levels.59 Since its introduction in the late 

1980s, the enhanced MR signals produced by PHIP have been used to detect low concentration 

analytes and intermediates which has largely been applied to elucidation of mechanisms in 

catalysis.46 60 PHIP has also been used to study hydrogenation reactions catalysed by homogenous 

catalysts,46, 61 metal clusters,62, 63 frustrated Lewis pairs64, 65 or solid surfaces,66, 67 often by making 

shot lived or low concentration intermediates in these processes visible to NMR. Nevertheless, 

the hydrogenation of some unsaturated clinical agents with p-H2 has been used to produce 

hyperpolarised agents suitable for in vivo detection.68-70 For example, diethyl succinate-[1-13C]-

d2 has been hyperpolarised using PHIP, injected, and imaged in vivo.71  
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Figure 1.7: a) Polarisation of succinic acid-[1-13C]-d2 and diethyl succinate-[1-13C]-d2 using PHIP and a false colour in 

vivo 13C MRI image of hyperpolarised diethyl succinate-[1-13C]-d2 injected into a mouse with a RENCA tumour taken 

from Zacharias et al.71 b) PHIP-SAH functionalises pyruvate as an ester with an unsaturated side arm. Upon p-H2 

hydrogenation and field cycling the side arm is cleaved in a simultaneous hydrolysis and phase separation step. 

Reprinted by permission from Springer [Nature communications, ParaHydrogen Induced Polarization of 13C 

carboxylate resonance in acetate and pyruvate, F. Reineri, T. Boi and S. Aime, copyright 2015].70  

A limitation of PHIP is that target molecules must contain a readily available unsaturated 

precursor that can undergo a hydrogenation reaction with p-H2. A variation of PHIP called Para-

Hydrogen Induced Polarisation by Side Arm Hydrogenation (PHIP-SAH) has been used to 

address this weakness.70, 72-75 PHIP-SAH involves functionalisation of a target as an ester with an 

unsaturated side arm. Upon side arm hydrogenation with p-H2 in chloroform-d and a field cycling 

step to transfer polarisation from the side arm to a 13C labelled site, the side arm is rapidly cleaved 

in an aqueous hydrolysis step, as summarised in Figure 1.7b.73 A significant advantage of PHIP-

SAH is that rapid (1 s) hydrolysis and phase separation occur simultaneously which removes the 

toxic Rh hydrogenation catalyst and chloroform-d solvent and allows production of 

hyperpolarised agents in aqueous solutions.70, 72-75 PHIP-SAH has been applied to molecules like 

pyruvate and acetate which do not have readily available unsaturated precursors and are not 

traditionally amenable to hyperpolarisation using PHIP.70, 72-75 While pyruvate polarisation levels 

of 5%73 have been achieved, these are significantly lower than those that can be achieved using 
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DNP (up to 70%38). Nevertheless, PHIP-SAH can provide NMR signal enhancements sufficient 

for real time monitoring of pyruvate metabolism in vivo.72, 74, 75  

1.3.3 Signal Amplification By Reversible Exchange (SABRE) 

A limitation of PHIP is that substrates must be chemically altered via a hydrogenation reaction. 

A further restriction is that the technique is one shot in nature as once the p-H2 hydrogenation has 

been performed the PHIP effect will no longer be observed. Signal Amplification By Reversible 

Exchange (SABRE) is an ALTADENA-like technique first demonstrated in 2009 that allows the 

hyperpolarisation of substrates without the direct chemical incorporation of p-H2.76 SABRE is a 

technique belonging to the PHIP family that also uses p-H2 to hyperpolarise multiple nuclei in a 

fast, cheap, and reproducible fashion without chemically altering the substrate. Polarisation 

transfer occurs in a low (0-10 mT) field when both substrate and p-H2 are in reversible exchange 

with an iridium catalyst, as shown in Figure 1.8. A SABRE active catalyst typically of the form 

[Ir(H) 2(NHC)(substrate)3]Cl (where NHC is an N-heterocyclic carbene) is formed from 

hydrogenation of a stable [IrCl(COD)(NHC)] precursor (where COD is cis,cis-1,5-

cyclooctadiene).76, 77 p-H2 is incorporated into the active [Ir(H)2(NHC)(substrate)3]Cl catalyst via 

oxidative addition and polarisation transfer occurs from these metal hydrides to trans-bound 

substrates via a temporary scalar J-coupled network. As both p-H2 and substrate are in reversible 

exchange with the active catalyst, magnetisation of the ligand free in solution is built up 

catalytically. Polarisation transfer from p-H2 derived hydrides to trans-bound substrates occurs 

when the chemical shift difference between the hydrides and the substrate (æŭHHô) is equal to the 

hydride-hydride coupling (2JHH).78 The rate of this magnetisation transfer has been reported to be 

proportional to 1/2J where J is the 3J or 4J coupling between hydride and substrate (JHHô).79 At 

high magnetic fields (i.e. 9.4 T) the chemical shift differences and J coupling constants between 

the hydride and substrate spins are different. They can be made equal by moving to lower field 

regimes (mT) as the chemical shift differences, which are dependent on the magnetic field, will 

collapse to equal the J coupling constant. For transfer from hydrides to proton this resonance 

condition is usually around 6.5 mT which is often met when performing a óshake and dropô 

experiment in which the substrate, catalyst, and p-H2 are shaken in an NMR tube in the stray field 

of a 9.4 T magnet and dropped into the spectrometer for analysis.76 Handheld magnetic shakers 

have been developed to control the polarisation transfer field (PTF) more precisely80 while flow 

systems and p-H2 bubbling reactors have also been developed to reproducibly control the PTF, 

although these usually give less efficient p-H2 mixing in solution than manual shaking and 

typically the NMR signal enhancements that result are lower.81, 82
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Figure 1.8: a) SABRE catalytically transfers magnetisation from p-H2 derived hydride ligands to a ligated substrate 

(in this example it is pyridine) when both are in reversible exchange with an iridium catalyst (where NHC is an N-

heterocyclic carbene) at low (0-10 mT) magnetic field. 

Polarisation transfer from p-H2 derived hydrides can also occur directly to heteronuclei (such as 

15N or 13C sites) in a target molecule at much lower microtesla fields. These fields can be lower 

than the Earthôs magnetic field and a metal shielded solenoid is often used to provide the specific 

fields necessary for such polarisation transfer conditions. This has given rise to a variation of 

SABRE which is essentially the same, but has nonetheless been rebranded as an alternative 

approach termed SABRE-SHield Enabled Alignment Through Heteronuclei (SABRE-

SHEATH). This has been demonstrated on a range of 15N containing functionalities including N-

heterocycles,83, 84 nitriles,84 Schiff bases,85 and diazirines.86  Signal gains for less well studied 

nuclei such as 13C,87, 88 19F,89, 90 31P,91 119Sn and 31Si92 have also been reported. Singlet 

magnetisation can also be prepared from p-H2 using SABRE. Theis et al. have created 15N2-

diazirine analogues with singlet state lifetimes of 23 minutes55 and similar results have been 

published for 13C-based molecular tracers, albeit with lower efficiency.93 While the polarisation 

transfer conditions between metal hydrides and the substrate are matched at low field (µT), r.f. 

driven transfer at high-field (T) is also possible.94, 95  

The most common molecules hyperpolarised using SABRE are those that can coordinate to 

iridium. N-heterocycles such as pyridine,76, 96-99 nicotinamides,76, 83, 100 pyrazines,97, 98 pyrazoles99 

and nitriles101 are common with the highest reported polarisation levels of 65% for 1H of methyl-

4,6-d2-nicotinate102 which approaches typical levels that can be obtained using DNP (91%).30 A 

wide range of biomolecules and drugs have been polarised using SABRE, some examples are 

shown in Figure 1.9. A comprehensive list of all the different classes of molecules hyperpolarised 

using SABRE is given in the recent review by Barskiy et al.79 SABRE is heteronuclear in scope 

and significant 72,000-fold 15N NMR signal enhancement of metronidazole,84 3,588-fold 31P 

NMR signal enhancements of a partially deuterated pyridyl phosphonate ester,91 1,300-fold 19F 

signal gains of 3-fluoropyridine89 and 823-fold 13C NMR signal enhancements for the meta 

resonance of pyridine have all been reported.103 SABRE is typically limited to substrate that are 

able to ligate to iridium and there is also a steric limit to coordination, as suggested by low NMR 

signal enhancements of sterically large pyrazoles.99 While many different metabolites and drug 
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molecules contain N-heterocycles, SABRE is yet to demonstrate significant signal gains for 

biomolecules commonly used in biomolecular imaging studies using d-DNP. Most of these 

metabolites (such as carboxylic acids, amino acids, peptides, discussed in section 1.5) do not 

contain the N-heterocyclic motifs typically required for SABRE. 

 

Figure 1.9: A summary of some of the highest a) 1H60, 66, 82, and b) 15N86 NMR signal gains achieved using SABRE. These 

NMR signal gains are recorded at 8-10 T in methanol-d4 and quoted in per fold.  

A recent development, termed SABRE-Relay, has allowed hyperpolarisation to be relayed from 

one molecule to another by means of proton exchange.104 Small NMR signal enhancements for 

solvent molecules in cases where both solvent and hyperpolarised substrates contain labile 

protons have been reported and it has been suggested that exchange of hyperpolarised protons is 

responsible for these observations.105 These ideas have been extended and improved to allow the 

relay of hyperpolarisation from functional groups such as amines (carrier molecules) to 

functionalities including alcohols, carboxylic acids, and amides (substrates/targets) via exchange 

of a hyperpolarised proton.48, 104, 106-108 The carrier molecule must bind reversibly to the SABRE 

catalyst to receive hyperpolarisation from para-hydrogen and contain an exchangeable proton to 

relay this magnetisation onto a target substrate, as summarised in Figure 1.10. Molecules can now 

be polarised without direct interaction with the iridium catalyst which rapidly expands the 

potential scope of the technique. Reported examples include hyperpolarisation of alcohols,48, 108 

carboxylic acids,104 amides,104 sugars107 and silanols109 which could not be achieved using 

traditional SABRE (some examples are given in Figure 1.10). SABRE-Relay therefore offers 

huge potential to hyperpolarise a much wider range of biologically relevant substrates that contain 

exchangeable protons, rather than N-heterocycles.  
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Figure 1.10: a) In SABRE-Relay a hyperpolarised carrier molecule (typically an amine) is able to ligate to the iridium 

catalyst and receive polarisation from p-H2. The carrier is able to relay this polarisation to non-ligated molecules via 

exchange of hyperpolarised proton. b) Examples of molecules hyperpolarised using SABRE-Relay.107, 108 NMR signal 

gains are recorded at 9.4 T and quoted per fold.  

The hyperpolarised magnetisation created using SABRE (and other hyperpolarisation techniques) 

is short lived and will decay back to its Boltzmann derived state according to T1. Any 

hyperpolarised agent must have a suitably long T1 time that the agent can be injected and imaged 

before the signal has decayed. A number of methods have been used to extend relaxation times 

of SABRE hyperpolarised agents such as deuterium labelling of proton sites97, 102, 110, 111 or 

magnetisation storage in a singlet state.112-115 By deuterium labelling, proton polarisation is 

concentrated on fewer sites and T1 relaxation of the remaining 1H sites is usually slower as a 

consequence of the lower gyromagnetic ratio of deuterium compared to a proton. In the case of 

in vivo metabolomic studies using DNP, organic radicals are filtered prior to injection to reduce 

relaxation and toxicity. If a hyperpolarised agent for in vivo detection is to be produced using 

SABRE then the iridium catalyst must be removed prior to injection. Various methods have been 

reported to remove the SABRE catalyst from solution which usually involves addition of a 

chelating ligand attached to a silica support which can then easily be filtered out of solution.116 

Other approaches have involved a biphasic system in which the hyperpolarisation occurs in an 

organic layer containing the catalyst while the hyperpolarised agent remains in an aqueous layer 

that can be extracted and injected.117 This approach is only available to a limited range of 

molecules with appropriate solubility in both organic and aqueous phases. 

SABRE hyperpolarisation using solid supported heterogeneous catalysts generally yields NMR 

signal enhancements smaller by roughly an order of magnitude than can be achieved using 

homogenous catalysts.118, 119 Poor solubility of the highest performing SABRE catalysts and p-H2 

yield low NMR signal enhancements in pure D2O.120 While water soluble precatalysts for 

hyperpolarisation in D2O have been synthesised they continue to yield low NMR signal 

enhancements.100, 121 Despite the limitations in its substrate scope and biocompatability, SABRE 
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provides advantages to other hyperpolarisation techniques as it allows for the fast and 

comparatively cheap hyperpolarisation of substrates without chemical alteration. While SABRE 

has not delivered the high NMR signal gains in biocompatible solvents necessary for 

biomolecular imaging studies, high sensitivity analytical applications have been demonstrated 

including reaction monitoring and detecting low concentration analytes in mixtures.122-124  

1.4 Quantifying hyperpolarisation levels 

When comparing hyperpolarisation levels for different agents, or of similar agents hyperpolarised 

using different techniques, it is important that standardised measurements of polarisation or signal 

gains are used to allow for meaningful comparison. One approach is to quote the percentage of 

nuclei that are observed in the hyperpolarised measurement. The equation for polarisation 

(Equation 1.7) is given in Section 1.1.3. For 1H at 9.4 T and 298 K, the polarisation value is 

calculated from these equations as 3.2 × 10-5 which can simply be multiplied by 100 to give a 

polarisation % of 0.0032%. In other words, only 1 in 32, 000 1H nuclei contribute to the MR 

signal at 298 K and 9.4 T. If only one nuclear spin state is populated, leaving the other empty, 

then a polarisation of 1 results and the polarisation percentage is 100%. Under these conditions 

every nuclear spin would contribute to the MR signal. A polarisation of 0 describes a situation in 

which nuclear spin energy levels are equally populated and no MR signals are produced. In 

reality, thermally polarised samples will contain polarisation levels somewhere between these 

two extremes, while hyperpolarised samples will contain greater polarisation. These can be 

derived by multiplying thermal polarisation by a NMR signal enhancement factor (Ů) as 

summarised in Equation 1.9. 

╟ Ϸ  Ⱡ   
♬▐║

Ⱬ▓╣
                                                 Ȣ  

A NMR signal enhancement factor (Ů) is often quoted (usually per fold) and describes the factor 

by which the hyperpolarised response is larger than its thermal counterpart. It is most commonly 

calculated by dividing the hyperpolarised signal integral (SHyp) by its thermal counterpart (SThe) 

as shown in Equation 1.10. For this comparison to be meaningful it is essential that 

hyperpolarised and thermal spectra have been recorded and processed with the same spectral and 

acquisition parameters. It is also important that reference spectra are recorded at the same 

magnetic field as polarisation, and NMR signal enhancements depend on the magnetic field 

strength. 

Ⱡ  
╢╗◐▬

╢╣▐▄
                                                 Ȣ  

In many cases there is not sufficient thermal polarisation to observe signal in a single scan MR 

spectrum. In these cases, it is common that a more concentrated sample of the same agent is used 

to provide sufficient signal. The ratio between hyperpolarised signal per atom and the thermal 
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signal per atom is used to account for these concentration differences and to provide a NMR 

signal enhancement, as given in Equation 1.11 where ╜►▼◊╫ and ╜▼◊╫ are the molecular mass 

and mass of hyperpolarised substrate used and╢╡▄█, ╜►▄█ and ╜►►▄█  are the reference compound 

thermal signal intensity, mass and molecular mass respectively.125  

‐  
Ὓ ὓὶ ὓ

Ὓ ὓὶ  ὓ
                                 ρȢρρ 

Instead of using a more concentrated thermal sample, an alternative approach is to record a 

thermal spectrum with a higher number of scans such that a reference signal can be discerned. It 

is important that all other spectral and processing parameters are constant and that the sample has 

sufficient time to fully relax between scans. The increased number of scans (╝╢╣▐▄) must then 

be considered when determining the NMR signal enhancement, as given in Equation 1.12. A 

similar approach can be used based on signal to noise ratios (SINO) rather than integral intensities, 

as given in Equation 1.13.  

‐  
Ὓ ὔὛ

Ὓ
                                 ρȢρς 

‐  
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                                 ρȢρσ 

NMR signal enhancements will decrease as the time after the initial hyperpolarisation step is 

increased. It is therefore not uncommon for predicted maximum NMR signal enhancements, Ⱡ, 

to be calculated according to Equation 1.14 where t is the time between hyperpolarisation step 

and measurement.126 While Ⱡ values are often quoted they are not meaningful as the magnetic 

field, and subsequently the T1, often changes dramatically during transfer between the site of 

polarisation and the site of measurement. It is also not realistic to achieve delivery times of 

0 seconds, therefore while quoting them gives a measure of the performance of a 

hyperpolarisation technique, maximum NMR signal enhancements based on such assumptions 

are rarely achieved experimentally.127  

‐  
‐

Ὡ

                                 ρȢρτ 

In Section 1.3.1 it was discussed that in DNP the gyromagnetic ratio of the electron is 660 times 

greater than that of the proton resulting in a maximum NMR signal enhancement, Ⱡᴂ, of 660 as 

shown in Equation 1.8. These NMR signal enhancements are recorded in the solid state and are 

distinguished from those NMR signal enhancements, Ⱡ, recorded at room temperature (Tobs) that 

account for the temperature difference and greater thermal polarisation at elevated temperatures, 

as given in Equation 1.15 where Tirr  is the irradiation temperature.40  
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1.5 Hyperpolarised agents for studying metabolism in vivo  

Hyperpolarisation techniques (discussed in section 1.3) can produce non toxic contrast agents 

with sufficient MR signal gains to allow their real time imaging in vivo.5, 45 This can involve 

imaging the spatial distribution of injected agents which has advantages for angiography and 

blood flow, or tracking the metabolism of injected agents to reveal information about the disease 

state of certain tissues in the body. This section focusses on the use of hyperpolarised agents to 

track metabolism, rather than uptake or bio-distribution. Both DNP and PHIP have been used to 

produce hyperpolarised contrast agents for both purposes.128-131 Metabolomic studies have used 

hyperpolarised contrast agents to track the metabolism of biomolecules enabling the diagnosis 

and detection of certain diseases through metabolic differences or irregulatories.72, 75, 132-137 The 

agents used in such studies are typically those involved in the major metabolic pathways in the 

body. A major pathway in which biomolecules are metabolized by living cells is the Krebs cycle, 

(also called the citric acid cycle or tricarboxylic acid cycle).138 This cycle uses an energy source 

usually in the form of sugars such as glucose and breaks them down into pyruvate in a process 

called glycolysis. Pyruvate is metabolized further into a range of products described in the citric 

acid cycle shown in Figure 1.11.138
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Figure 1.11: Some of the main metabolic pathways of glucose metabolism in living tissues. 

While many 13C labelled metabolites hyperpolarised using dissolution Dynamic Nuclear 

Polarisation (d-DNP) have been reported as metabolic tracers (a review of reported examples is 

given in Keshari et al.41), [13C]-pyruvate is the most widely reported example132-136, 139-141 and is 

the only hyperpolarised contrast agent used for in vivo human studies to date.132, 137 There are 

several reasons for this use. For example, pyruvate can be hyperpolarised with high NMR signal 

enhancements sufficient for biomolecular imaging in vivo. The most common method used to 

hyperpolarise pyruvate is d-DNP132-136, 139-141 as pyruvic acid exists as a glass forming liquid at 

room temperature and can therefore be hyperpolarised with 13C polarisation levels up to 70%.38 

Pyruvate also sits at the metabolic junction of many processes: it is synthesised from the 

glycolysis of sugars such as glucose and can serve as an energy source to cells either aerobically, 

via the tricarboxylic acid cycle, or it can be converted anaerobically into lactate.138 The anaerobic 

conversion of pyruvate to lactate can be exploited by measuring the ratios of hyperpolarised 

pyruvate to lactate and correlating areas with high ratios to regions of anaerobic respiration and 
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therefore likely sites of cancer or inflammation.132-136, 139-141 This enables information on the 

disease states of tissues to be extracted from hyperpolarised imaging data in a way that cannot be 

achieved using other imaging agents, angiography tracers, or traditional T1-based contrast agents. 

In addition, pyruvate is metabolised on a timescale faster than its hyperpolarised signal decay. It 

is essential that hyperpolarised signals last long enough that the agent can be injected and imaged, 

and long enough that the hyperpolarised label remains when the agent is metabolically converted 

into other products. Pyruvate has a reported T1 time of 40 ± 6 s at 14.1 T,70 which can be extended 

to 57 ± 6 s at 9.4 T when a D2O buffer is used.133 These relaxation times are generally long enough 

to allow chemical transformations to occur and still have enhanced signals for the metabolic 

product(s). These factors have resulted in a versatile agent that is currently under clinical trials 

for routine human use. The first studies have already been performed (2013) using d-DNP 

hyperpolarised pyruvate to successfully localise areas of prostate cancer in humans.132 Since then 

further studies have used pyruvate hyperpolarised using d-DNP to track metabolism in the human 

heart142 and brain,137 a summary of some of these studies are shown in Figure 1.12.  

Figure 1.12: a) The hyperpolarised lactate/pyruvate ratio determined in cancerous tissue can be used as a biomarker 

for treatment response. Upon treatment of breast cancer in mice with etoposide, a reduction of the lactate/pyruvate 

ratio is observed 20 hours after treatment, whereas it would typically take several weeks for the tumour to shrink in 

size. Taken from Day et al143 b) High levels of hyperpolarised pyruvate uptake and high lactate/pyruvate ratios have 

been correlated to areas of prostate cancer in humans. Reprinted from Nelson et al. Sci Transl Med., 2013, 5, 198ra108-

198ra108.132 Reprinted with permission from AAAS. 

As hyperpolarised pyruvate has found success as a clinical imaging agent, effort has been directed 

into optimising its hyperpolarised NMR signal enhancement using d-DNP including varying the 

identity and concentrations of the radical polarising agent and dopants used.144 Approaches have 

used the in situ UV generation of radicals from pyruvate as a source of unpaired electrons in 
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DNP.145 When the sample is melted the pyruvate radicals annihilate which proves an advantage 

compared to other organic free radicals which must be filtered out before a biocompatible bolus 

can be injected. Other Krebs cycle metabolites such as fumarate have been hyperpolarised using 

d-DNP113 and their metabolism into other products followed in vivo.134, 146  

1.6 Perspectives on hyperpolarised MR 

d-DNP has found the most success in producing hyperpolarised tracers suitable for metabolic 

imaging. Despite, this the technique uses expensive equipment that is not readily accessible to a 

wide range of institutions. PHIP and its derivative PHIP-SAH have also been used for this 

purpose.70, 73 PHIP-SAH provides many advantages over DNP as it is fast, cheap and does not 

need the technologically demanding equipment necessary for DNP experiments. However, the 

hyperpolarised agent is still produced in a batch synthesis and there are chemical alteration steps 

that must occur. Despite these advantages, the maximum reported polarisation levels for 

pyruvate-1-[13C] achieved using PHIP-SAH are much lower (5%)73 than can be achieved with 

DNP (70%).38 SABRE contains several advances compared to both PHIP and DNP. It is, like 

PHIP, also able to hyperpolarise molecules rapidly in a low cost method that is simple to 

implement. SABRE provides additional advantages as it produces hyperpolarised molecules in a 

continuous catalytic process. Polarisation can be refreshed simply by addition of fresh p-H2 and 

therefore SABRE can be used for the continual polarisation of molecules (unlike PHIP or DNP).82 

Currently, SABRE has some major limitations which include its inability to produce significant 

NMR signal gains in the aqueous solvents necessary for in vivo study. To date, no reports of 

imaging SABRE hyperpolarised contrast agents in living animals have been reported. 

Nevertheless, exciting applications in a growing range of areas including mixture analysis122-124, 

147-149 and reaction monitoring109, 150 have been reported. 

Advances in DNP hyperpolarisation are progressing at an astonishing rate with major 

developments in this area occurring in only the last few years. These include the use of non-

persistent radicals as hyperpolarising agents and the development of cryogen free polarisers145 

which are being made to operate at higher temperatures and at reduced cost.38 While SABRE is 

a technique in its infancy (it is only 10 years old) significant breakthroughs are required to realise 

in vivo biomolecular imaging applications. These feats will require significant developments to 

create SABRE polarisation transfer catalysts that work efficiently in D2O. This will be hampered 

by the low solubility of p-H2 in such solvents.151 Engineering solutions are also required to design 

equipment that can rapidly transfer SABRE hyperpolarised agents into animals in a rapid, 

reproducible and safe way.  
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1.7 Thesis aims 

This work is primarily focused at developing new polarisation transfer catalysts that are able to 

catalyse magnetisation transfer from p-H2 derived hydride ligands to substrates of interest. 

Current polarisation transfer catalysts of the form [Ir(H)2(NHC)(substrate)3]Cl are limited to the 

polarisation of N-donor substrates. This thesis will utilise relayed polarisation transfer effects 

involving [Ir(H)2(NHC)(amine)3]Cl catalysts to polarise non ligating substrates and synthesise 

novel polarisation transfer catalysts that can result in the ligation and polarisation of O-donor 

substrates such as pyruvate. The magnetisation transfer catalysts investigated in this thesis will 

allow polarisation of a much wider range of substrates. Expansion of the substrate scope of 

SABRE will allow novel applications in the areas of biomolecular imaging, chemosensing, and 

reaction monitoring. 

The recent technique SABRE-Relay utilises [Ir(H)2(NHC)(amine)3]Cl catalysts and relayed 

proton exchange between amines and targets with labile protons is investigated further. SABRE-

Relay is applied to the hyperpolarisation of OH-containing molecules beginning with simple 

alcohols before expansion to more complex OH-containing structures. This begins by discussing 

the development of SABRE-Relay as a novel technique and investigating how it can be used to 

relay polarisation from carrier amine molecules to alcohols via exchange of hyperpolarised 

protons. This is investigated and optimised for some simple alcohols including 3-methyl-1-

butanol (summarised in Figure 1.13), a common additive in many foods and drinks. Several 

factors are explored to achieve the highest possible alcohol NMR signal enhancements including 

the identity of the carrier amine, concentrations, role of contaminant water and polarisation 

transfer field. This is then extended to different classes of alcohols such as the secondary and 

tertiary alcohols 3-pentanol and 2-methyl-2-butanol to investigate the effect of CH branching on 

the propagation of polarisation from the exchanging OH to other sites within the alcohol. Potential 

applications of SABRE-Relay including detection of low concentrations of alcohols in mixtures 

are presented and discussed before the SABRE-Relay technique is extended further by 

hyperpolarising more complex OH-containing agents including lactate esters and pyruvate in 

Chapter 3. 

 

Figure 1.13: Application of SABRE-Relay to the simple alcohols 3-methyl-1-butanol, 3-pentanol and 2-methyl-2-

butanol and more complex molecules including lactate esters.  
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The hyperpolarisation of agents such as pyruvate is also investigated using SABRE-Relay in 

addition to the creation of novel pyruvate containing polarisation transfer catalysts in which 

pyruvate is able to coordinate directly to the SABRE catalyst. This begins by overcoming weak 

pyruvate ligation by investigating the potential of several different classes of coligands to form 

SABRE active polarisation transfer catalysts in Chapter 5, as summarised in Figure 1.14.  

 

Figure 1.14: Formation of SABRE active magnetisation transfer catalysts that contain ligated pyruvate (X is L or 

pyruvate). 

The formation of active SABRE catalysts containing bound pyruvate is explored and optimised 

by varying factors including the catalyst, coligand, concentrations and temperature. The ligand 

exchange processes within these active catalysts are also investigated and discussed. Potential 

applications of SABRE hyperpolarisation for biomedical imaging and reaction monitoring are 

discussed in Chapter 6.





  Chapter 2 

61 

 

Chapter 2: Investigation and 

optimisation of SABRE-Relay using 

alcohols 

2.1 Introduction  

Hyperpolarisation methods using p-H2 have been used since the 1990s31-34 and since then, the 

types of molecules that can be polarised using this technique has increased rapidly.45 

ParaHydrogen Induced Polarisation (PHIP) is typically used to polarise unsaturated molecules, 

typically alkenes or alkynes, using a p-H2 hydrogenation reaction.31, 32 This reaction breaks the 

symmetry of p-H2 and creates non Boltzmann population distributions in the nuclear spin energy 

levels of the hydrogenated product. This allows for the detection of hydrogenated products with 

NMR signal intensities several orders of magnitude higher that those derived from thermal 

Boltzmann conditions.68, 69, 131 PHIP has been used to polarise many unsaturated precursors, with 

some examples shown in Figure 2.1. A major limitation of hyperpolarisation using PHIP is that 

molecules must be chemically altered (hydrogenated) during the hyperpolarisation process, 

which limits the types of amenable substrates to those that contain unsaturated functionality. This 

weakness has been addressed by a variation of PHIP called PHIP-SAH which involves the 

functionalisation of molecules which have no unsaturated precursors with side arms which can 

be easily hydrogenated.70 Transfer of polarisation from the side arm to the substrate and 

subsequent hydrolysis of the hydrogenated side arm has yielded aqueous solutions of 

hyperpolarised biomolecules which are suitable for in vivo imaging.135  

The types of molecules amenable to PHIP was expanded in 2009 with the development of the 

Signal Amplification By Reversible Exchange (SABRE) technique which allows for substrate 

hyperpolarisation without direct incorporation of p-H2 into the target molecule. Here, the 

symmetry of p-H2 is broken by reversible addition to a metal centre. Polarisation can then be 

transferred to ligated substrates through the formation of a temporary J-coupled network within 

an organometallic iridium SABRE catalyst. This non hydrogenative approach allows for the 

hyperpolarisation of molecules without their chemical alteration and has been extended to a much 

wider range of functional groups that typically include iridium ligating N-donor motifs such as 

pyridines,76, 96, 97, 99 nicotinamides,76, 83, 100 pyrazines96, 97 and even nitriles103 with some examples 

given in Figure 2.1. 
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Figure 2.1: Some of the molecules hyperpolarised using a) PHIP68, 152 b) PHIP-SAH72, 73 and c) SABRE.76, 101, 102 PHIP 

hyperpolarised succinate has been used to image brain cancer (a) while PHIP-SAH hyperpolarised pyruvate has also 

been imaged for in vivo cancer detection (b). SABRE has been used to image N-heterocyclic substrates like methyl 

nicotinate in vitro (c). a) is reprinted from óTowards hyperpolarised 13C-succinate imaging of brain cancerô 186, 1, 150-

155, Copyright (2007) with permission from Elsevier.8 b) Taken from Cavallari et al72 c) Taken from Rayner et al102  

In 2017, SABRE-Relay was developed which allows the hyperpolarisation of molecules without 

the need for direct interaction with the SABRE catalyst.104, 106 In this variation of SABRE, a target 

substrate can become hyperpolarised by proton exchange with a hyperpolarised carrier molecule, 

rather than by traditional reversible exchange with the SABRE catalyst. As early as 2015, small 

NMR signal enhancements (up to 40-fold) of methanol solvent signals were observed in SABRE 

when pyridine was used as a substrate.105 This was explained by a relayed proton exchange effect 

which is summarised in Figure 2.2. Similar proton exchange effects have also been used 

previously to relay polarisation from H2O hyperpolarised using DNP to amino acids.153, 154 Since 

then, these effects have been exploited to relay polarisation to new target molecules. Significant 

improvements in the relayed NMR signal enhancements (to signal gains of up to 4 orders of 

magnitude) were made when amines were employed as hyperpolarisation carriers.106 Here, the 

carrier amine molecule binds reversibly to the SABRE catalyst to receive hyperpolarisation from 

p-H2 whilst also containing exchangeable protons that can transfer onto a target substrate, such 

as an alcohol, as shown in Figure 2.2.104 By removing the need for direct interaction with the 

iridium catalyst, SABRE-Relay offers the potential to hyperpolarise a much wider range of 

biologically relevant substrates that contain exchangeable protons, rather than N-heterocycles. 
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Figure 2.2: a) Proposed proton exchange effects have resulted in the relay of polarisation from SABRE hyperpolarised 

pyridine to solvent methanol.105 Reprinted from óNuclear spin hypeprolalrisation of the solvent using signal 

amplification by reversibe exchange (SABRE)ô 257, 15-23, Copyright (2015) with permission from Elsevier. b) Proton 

exchange effects from d-DNP polarised H2O have resulted in hyperpolarised arginine resonances.153 Reprinted 

(adapted) with permission from T. Harris, O. Szekely and L. Frydman, J. Phys. Chem. B, 2014, 118, 3281-3290 

copyright (2014) American Chemical Society. c) In tradition al SABRE, a precatalyst, p-H2, and a carrier molecule 

(here ammonia), react together to form an active SABRE complex (step i). Subsequent exchange of hyperpolarised 

carrier protons with those of a target substrate (here an alcohol) allow relayed hyperpolarisation effects (step ii). 

In traditional SABRE, NMR signal enhancements are usually optimised by changing a variety of 

factors that include substrate and catalyst concentrations, identity of the catalyst, solvent, 

polarisation transfer field (PTF), hydrogen pressure, and temperature.155 Some of the most 

important factors in determining the NMR signal enhancements that can be achieved using 

SABRE include the efficiency of polarisation transfer from p-H2 derived hydride ligands to 

ligated substrates within the active polarisation transfer catalyst and the T1 relaxation rate which 

describes how quickly this enhanced magnetisation decays. The lifetime of the active SABRE 

catalyst is therefore very important: if this is too short then there is not sufficient time for 

magnetisation transfer to occur before the ligand dissociates.155-157 Alternatively, if the ligand 

residence time is too long then relaxation induced by the paramagnetic iridium centre can limit 

signal gains. The exchange rate of substrate and p-H2 on and off the active catalyst are therefore 

important parameters that ultimately determine the catalyst lifetime. It has been suggested that a 

substrate exchange rate of 4.5 s-1 would give the optimum SABRE performance.157 It has been 

shown that variations of the substrate, catalyst, solvent, and temperature all have an effect on the 

catalyst lifetime which in turn influences the NMR signal enhancements of a substrate of 

interest.87, 91, 96-98, 110, 121, 158, 159 Deuteration of substrate, solvent and catalyst is also often used to 

increase NMR signal enhancements using SABRE. This is due to a combination of reducing the 
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number of available 1H sites that can receive polarisation and reduced T1 relaxation within the 

active complex.102  

The efficiency of polarisation transfer will not only depend on the lifetime of the catalyst, but the 

magnetic field at which polarisation transfer occurs. The most efficient polarisation transfer from 

p-H2 derived hydrides to 1H sites within the trans-bound carrier molecule within the active 

catalyst occurs at magnetic fields around 6.5 mT.76 Theoretical treatments of this effect have 

shown that for polarisation transfer to occur the coupling between the two hydrides (JHH) must be 

the same as the difference in chemical shift (ŭHS) between the hydride and substrate proton within 

the active complex.78 JHH in these types of complexes is typically 7-8 Hz and is independent of 

the magnetic field strength. At high field (i.e. 9.4 T) ȹŭHS is typically around 30 ppm 

( 1ͯ2,000 Hz) but at a polarisation transfer field (PTF) of around 6.5 mT the chemical shift 

difference is of the order of a few Hz. Descriptions involving Level Anti-Crossings (LACs) have 

also been used to help explain these polarisation transfer effects.94, 160 The PTF is often altered, 

in addition to the factors described previously, to achieve the optimum polarisation transfer and 

obtain the highest substrate NMR signal enhancements.  

It is expected that all of these factors will be important in SABRE-Relay as they will determine 

the finite amount of polarisation on the carrier molecule available for relay to other substrates 

(step i of Figure 2.3). Therefore, those carrier molecules which receive the most polarisation from 

catalysts of the form [Ir(H)2(NHC)(carrier)3]Cl are likely to yield the highest relayed polarisation 

transfer. The efficiency of these catalysts for hyperpolarisation of various different amines has 

been previously reported.106 In SABRE-Relay, there are two additional processes occurring which 

are summarised in Figure 2.3. The first is the relay of polarisation from carrier to an alcohol 

substrate via proton exchange (step ii  of Figure 2.3). Secondly, in order to pass polarisation into 

the aliphatic groups of the alcohol, transfer must occur from the exchanging alcohol OH into the 

CH framework of the substrate (step iii  of Figure 2.3). This is expected to occur through effects 

that include thermal mixing at low field,161 J coupling, or Nuclear Overhauser Enhancement 

(NOE).153 The rate of proton exchange between carrier and substrate is also expected to depend 

on factors such as temperature, solvent, and the identity of the carrier and substrate. Additionally, 

polarisation transfer within the alcohol CH framework is also expected to be magnetic field 

dependant.  
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Figure 2.3: Polarisation transfer to an alcohol via SABRE-Relay occurs in three steps: i) polarisation transfer from p-

H2 derived hydrides to the bound carrier molecule which is expected to be optimal at around 6.5 mT ii) relay of 

polarisation from carrier to alcohol via proton exchange which is expected to be field independent iii) propagation of 

polarisation from the exchanging OH to other CH sites within the alcohol, which in this example is 3-methyl-1-butanol, 

1.  

This chapter focusses on optimising the recently discovered SABRE-Relay process. The chosen 

substrate is the primary alcohol 3-methyl-1-butanol (1), which is a commonly used food and drink 

additive.162-164 It contains four different 13C environments and four 1H environments in addition 

to the alcohol proton which is not usually discerned by NMR due to fast proton exchange. The 

structure of 1 and its 1H and 13C NMR spectra recorded under Boltzmann conditions are shown 

in Figure 2.4. An optimisation approach similar to those used in traditional SABRE102, 155 is used 

here in which factors such as the identity of carrier, amount of carrier and substrate, and 

polarisation transfer field are varied. These factors are likely to play an important role in each of 

the three key steps shown in Figure 2.3. Therefore, the effect of each of these factors on SABRE-

Relay efficiency is examined and discussed in the following sections. 

Figure 2.4: a) 16 scan 1H and b) 128 scan 13C NMR spectra of 1 (0.5 mL) in dichloromethane-d2 (0.1 mL) recorded 

under Boltzmann derived conditions at 298 K and 9.4 T.  
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2.2 Effect of carri er molecule on hyperpolarisation of 3-methyl-1-

butanol (1) 

3-methyl-1-butanol (1) was chosen as a test substrate as it was expected to yield high 1H and 13C 

NMR signal enhancements. This was tested by recording single scan 1H and 13C hyperpolarised 

NMR spectra under SABRE-Relay conditions. A sample was prepared containing the iridium 

precatalyst [IrCl(COD)(IMes)] (2) (5 mM) (where IMes = 1,3-bis(2,4,6-trimethyl-

phenyl)imidazol-2-ylidene and COD = cis,cis-1,5-cyclooctadiene), 1 (5 eq. relative to iridium) 

and carrier NH3 (3) (7 eq.) in dichloromethane-d2 (0.6 mL). This sample was shaken for 

10 seconds at 6.5 mT with 3 bar p-H2 before being dropped into the spectrometer for collection 

of single scan 1H or 13C NMR spectra at 9.4 T (p-H2 was refreshed and the sample re-shaken 

between different measurements). Example spectra are shown in Figure 2.5 and exhibit enhanced 

1H and 13C NMR resonances corresponding to 1. The 1H and 13C NMR signals for 1 (average of 

all sites) are enhanced by 565-fold and 1275-fold compared to their Boltzmann derived signal 

strengths. The formation of a tris NH3 substituted active catalyst of the form 

[Ir(H) 2(IMes)(Nsub)]Cl is evident from its characteristic hydride peak at ŭ 23.8.106 The structure 

of this complex is shown in Figure 2.2c and its chemical shifts match with those previously 

reported.106 Therefore, 1 is amenable to hyperpolarisation by SABRE-Relay and is an appropriate 

substrate to use for subsequent optimisation and to gain greater understanding of the SABRE-

Relay process. 

 

Figure 2.5: Hyperpolarised a) 1H and b) 13C NMR spectra of a solution containing 2 (5 mM), 3 (7 eq.) and 1 (5 eq.) in 

dichloromethane-d2 (0.6 mL) shaken with 3 bar p-H2 at 298 K  and 6.5 mT for 10 seconds. Enhanced resonances of 1 

are labelled according to the positions denoted in Figure 2.4. The thermally polarised reference NMR spectrum is 

shown above. All acquisition and processing parameters were the same for thermal and hyperpolarised NMR spectra 

(NS=1).  

While the most common hyperpolarisation carrier used in initial reports of alcohol 

hyperpolarisation using SABRE-Relay was 3, the use of primary amines such as benzylamine-d7 

(4-d7) or phenethylamine (5) have been reported.104, 106 The identity of the carrier amine is 
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expected to play an important role in determining the relayed alcohol NMR signal enhancements. 

The pKa of the carrier amine is likely to play a role in determining the efficiency of NH  POH 

exchange which is expected to occur through RNH3
+ and RO- intermediates.165, 166 Therefore, the 

hyperpolarisation of 1 using the carrier amines 4-d7 (pKa = 9.34167) and 5 (pKa = 9.83167) was 

investigated and compared to that achieved using 3 (pKa = 9.21167). When carriers 4-d7 and 5 

were used, the 1H NMR signal enhancements for 1 were lower by a factor of c.a. 7 and 60 

respectively (as summarised in Table 2.1) compared to those achieved using carrier 3 and now 

no observable 13C NMR signal enhancements were observed. At this stage, only total NMR signal 

enhancements of 1 (per proton, averaged across all sites) are discussed to compare the efficiency 

of SABRE-Relay with each carrier molecule. A more detailed breakdown of polarisation on each 

site within the alcohol framework is discussed in section 2.5. The poor SABRE-Relay 

performance of 1 when 4-d7 and 5 are used is attributed to the much lower reported 

hyperpolarisation levels of these carriers compared to 3 when each is hyperpolarised using 

traditional [Ir(H)2(NHC)(carrier)3]Cl catalysts.106 Therefore, when 4-d7 and 5 are used there is 

much less polarisation available for relay into 1. Despite this, 4-d7 and 5 yield comparable NMR 

signal enhancements for their NH protons, yet the polarisation of 1 is 7 times lower when 5 is 

used compared to 4-d7. This suggests that while the initial polarisation of the amine carrier is very 

important in determining ultimate SABRE-Relay efficiency, other factors such as the efficiency 

of proton exchange will play an important role. This suggests that hyperpolarised NH  POH 

exchange appears more efficient in the 4-d7 system and allows more optimal polarisation relay 

when compared to NH  POH exchange in the 5 system. However, the origin of this effect is 

challenging to rationalise considering that proton exchange rates, pKa, and relaxation times of the 

NH protons are all likely to be different. In this case the higher performance of 4-d7 compared to 

5 is expected to be most closely related to a longer relaxation time of its NH proton.104, 106 The 

use of 3 as a carrier is necessary to achieve high alcohol polarisation and future work will 

predominantly focus on the use of 3 as a carrier to derive alcohol polarisation using SABRE-

Relay. 

Table 2.1: Total hyperpolarised 1H and 13C NMR signal enhancements (averaged per site) of 1 (5 eq.) and the 

indicated carrier (5-10 eq.) when they are shaken in a sample containing 2 (5 mM) and 3 bar p-H2 in anhydrous 

dichloromethane-d2 (0.6 mL) at 298 K and 6.5 mT for 10 seconds. 

 

Carrier Total 3-methyl-1-butanol (1) NMR signal enhancements 

/fold 

1H enhancement of  

carrier NH /fold 

1H 13C 

NH3 (3) 

Benzylamine-d7 (4-d7) 

Phenethylamine (5) 

565  10 

75  5 

10  1 

1275  70 

N/A 

N/A 

295  55 

50  5 

40  5 
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2.3 Effect of alcohol and amine concentration on the hyperpolarisation 

of 3-methyl-1-butanol (1) 

A common approach to optimising NMR signal enhancements using SABRE is to vary the 

concentration of substrate relative to the iridium precatalyst.92, 102, 155 It is expected that varying 

the amount of carrier molecule relative to the catalyst will have a large effect on the intrinsic 

carrier polarisation levels. Optimisation of the carrier polarisation will result in a greater finite 

amount of magnetisation available for relay on to the alcohol which is likely to result in higher 

alcohol signal gains. Once an optimum catalyst/carrier ratio is identified to achieve maximum 

carrier polarisation, the carrier/alcohol ratio can be varied in a similar way to find the optimal 

conditions for polarisation relay. The effect of carrier and alcohol concentration on the resulting 

NMR signal enhancements was therefore measured by using samples containing a fixed amount 

of carrier (3) and a variable amount of alcohol (1) (from 2.5-20 equivalents relative to metal (2)). 

The NMR signal enhancements of 1 were measured as a function of its concentration and 

measurements were repeated at three different fixed concentrations of 3. The resultant NMR 

signal enhancements of 1, which are presented in Figure 2.6, appear to be most dependent on the 

concentration of 3 as this factor determines the maximum finite amount of polarisation available 

for relayed transfer to 1. For example, 1H and 13C NMR signal enhancements of 1 (5 eq.) decrease 

from 660 to 60-fold and 1260 to 50-fold respectively when the amount of 3 is increased from 7 

to 18 eq. These large changes in NMR signal gains (up to a factor of 11 and 25 for 1H and 13C 

respectively) upon variation of carrier concentration are much greater than those caused by 

variation of the alcohol concentration. For example, when the amount of 3 is fixed (7 eq.) the 1H 

and 13C NMR signal enhancements of 1 only decrease from 660 to 200-fold and 1260 to 250-fold 

respectively when the amount of 1 is increased from 5 to 20 eq. These changes of just a factor of 

three and five for 1H and 13C NMR signal gains respectively suggest that the carrier polarisation 

is the dominant factor in determining substrate polarisation.  

The SABRE performance of the carrier is therefore highly important, and an optimal amount of 

between 5 and 10 equivalents of 3 should be used to achieve the highest NMR signal 

enhancements of 1. These amounts of carrier relative to catalyst are commonly reported to give 

the highest NMR signal gains for many types of substrates in SABRE.48, 92, 98, 103, 155, 158 Further 

variation of alcohol concentration could yield increases of its NMR signal enhancements. When 

low concentrations of 1 are used, regardless of the concentration of 3, NMR signal enhancements 

of 1 remain low. This is related to an decreased likelihood of NH  POH exchange when 1 is 

present in small amounts. This is supported by high NH polarisation at low 1 concentration. As 

the amount of 1 is increased the NH polarisation decreases, as shown in Figure 2.6, and 

polarisation of 1 increases as the likelihood of NH ᴾ OH exchange increases. For example, when 

7 equivalents of 3 relative to the catalyst is used, increasing the concentration of 1 from 2.5 to 

10 equivalents is accompanied by a decrease in the NH polarisation from 500 to 200-fold. This 



  Chapter 2 

69 

 

trend is true regardless of the concentration of 3, although when higher amounts of 3 are used 

(18 eq.) slightly higher amounts of 1 (10 eq.) are needed to give the optimal alcohol NMR signal 

enhancement. This suggests that 1 and 3 should be in roughly a 1:1 ratio to achieve the optimum 

relayed transfer effect. Optimum NMR signal enhancements of 1 are derived from using 5-10 

equivalents of 3 to maximise the amount of finite carrier polarisation (step i of Figure 2.3), and a 

1:1 carrier to substrate ratio to optimise subsequent polarisation relay (step ii of Figure 2.3). These 

same trends were observed when considering both 1H and 13C NMR signal enhancements of 1.  

 

Figure 2.6: Total 1H NMR signal enhancements (per proton in fold) of a) 1 and b) 3 and c) 13C NMR signal 

enhancement of 1 when the amount of 1 or 3 relative to 2 is varied. All other factors such as the amount of 2 (5 mM), 

solvent (0.6 mL anhydrous dichloromethane-d2), p-H2 pressure (3 bar), shaking time (10 seconds), and temperature 

(298 K), were kept constant. 

While the NMR signal enhancements of 1 are much lower when 4-d7 and 5 carriers are used 

(compared to 3), as discussed earlier, the same trends between alcohol concentration and alcohol 

NMR signal enhancements are revealed for 4-d7 and 5, as shown in Figure 2.7. While only total 

NMR signal enhancements per proton for the alcohol have been presented to allow comparisons 

to be made between different conditions and their effect on relayed polarisation efficiency to the 
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alcohol, NMR signal enhancements per proton for individual 1H sites within the alcohol also 

follow the same trends when the amount of alcohol, carrier, or the carrier identity is changed. 

Therefore, these qualitative relationships are features of the SABRE-Relay mechanism and are 

independent of the carrier identity. This is supported by similar results on related substrates 

(including alcohols) that report NH3 as a more efficient carrier compared to aliphatic amines and 

similar concentration effects (see Appendix 1).48, 104, 107, 108 

 

Figure 2.7: Total 1H  (per proton in fold) of a) 1 (5 eq.) and b) the carrier when the amount of 1 relative to 2 was varied. 

All other factors such as the amount of 2 (5 mM), solvent (0.6 mL anhydrous dichloromethane-d2), p-H2 

pressure (3 bar), shaking time (10 seconds), and temperature (298 K) were kept constant. Note that when considering 

the carrier polarisation in the case of 5, the integrals of the phenyl resonances, which overlap with those of 

[Ir(H) 2(IMes)(phenethylamine)3]Cl , were excluded from NMR signal enhancement calculations.  
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2.4 Effect of contaminant water on SABRE-Relay performance of 

alcohols 

SABRE-Relay relies on proton exchange and therefore, the NMR signal enhancements relayed 

to an alcohol substrate could be optimised by improving the efficiency of proton exchange. 

Similarly, they could be hampered by the presence of other molecules that interfere with the NH 

 POH exchange pathway. Contaminant water molecules contain exchangeable protons which 

may facilitate proton exchange between carrier and alcohol. Water could therefore act as a 

secondary carrier through which polarisation is passed, as shown in Figure 2.8. Alternatively, the 

presence of water may have a detrimental effect if proton exchange between water and carrier is 

more efficient than between water and substrate or carrier and substrate. Diluting the polarisation 

of the carrier to other exchangeable groups may result in a reduction of polarisation transfer to 

the target alcohol by spin dilution effects. Therefore, the effect of adding increasing amounts of 

H2O or D2O on the 1H NMR signal enhancements of 1 was determined. These measurements, 

presented in Figure 2.8, were recorded by normalising the initial 1H NMR signal enhancement 

prior to water addition before calculating NMR signal enhancements after H2O or D2O addition. 

 

Figure 2.8: a) Proton exchange can occur directly between carrier and substrate (step i) or proton exchange from 

carrier to the substrate can occur via water (step ii). In the presence of mixtures of H2O and D2O, transfer can occur 

via HOD (step iii). b) Normalised total 1H NMR signal enhancements of 1 recorded after addition of increasing amounts 

of H2O and D2O to a sample of 2 (5 mM), 1 (5 eq.) and 3 (4.5 eq.) in anhydrous dichloromethane-d2 (0.6 mL) and 

shaking with 3 bar p-H2 for 10 seconds at 6.5 mT.  

Upon the addition of H2O (0.5 µL) to a solution containing preactivated 2 (5 mM), 3 (4.5 eq.) and 

1 (5 eq.), in dichloromethane-d2 (0.6 mL) and shaking with 3 bar p-H2 for 10 seconds at 6.5 mT 

the 1H NMR signal enhancements of 1 decreased by a factor of four, which suggests that proton 

exchange between carrier and water is efficient and results in less polarisation relay onto the 

target  alcohol. As the concentration of water is increased this trend continues with a decrease in 

NMR signal enhancements of 1 as more hyperpolarisation is diluted into water rather than the 

target alcohol. The binding of water to polarisation transfer catalysts of the form 

[Ir(H) 2(NHC)(substrate)3]Cl where substrate is an N-heterocycle has been reported.121, 168 It is 
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therefore possible that reduced SABRE performance could also be related to the increased 

formation of water adducts at higher water concentrations which changes the identity of the active 

[Ir(H) 2(NHC)(NH3)3]Cl catalyst. 

Adding D2O similarly decreases the NMR signal enhancements of 1, but to a lesser extent than 

its protio counterpart. It is likely that this difference is due to relaxation effects, rather than 

exchange effects. It is expected that addition of D2O is accompanied by the formation of HOD in 

solution (from small amounts of H2O in wet reagents and solvent). HOD will relax more slowly 

than H2O and, subsequently, polarisation relay via HOD is more likely to survive until it is 

exchanged onto 1 resulting in a less significant drop in efficiency. Commercial alcohols and 

solvents used, if not rigorously dried, will contain trace amounts of water which may have a large 

influence on SABRE-Relay efficiency. This may provide a huge challenge for substrates that 

require dissolution in water to overcome solubility issues. These results suggest that drying 

solvents and removing all water will give higher NMR signal enhancements of 1. This was 

confirmed by performing these experiments with 1 (5 eq.) and 3 (5 eq.) in dichloromethane-

d2 (0.6 mL) taken from a stock bottle which yielded total 1H NMR signal enhancements for 1 of 

only 95-fold. When dichloromethane-d2 was used from a freshly opened ampule these NMR 

signal enhancements increased to 250-fold which could be improved further to 275-fold when 

dichloromethane-d2 dried using molecular sieves was used. Therefore, anhydrous 

dichloromethane-d2 dried in this way is used and care is taken to exclude water from these systems 

where possible.  

2.5 SABRE-Relay performance as a function of alcohol class 

The primary alcohol 1 exists as other geometric isomers such as 3-pentanol (6) and 2-methyl-2-

butanol (7). These contain secondary and tertiary alcohol groups and are all cheap and readily 

available materials. Branching in the alcohol substrate is likely to have an effect on both the 

efficiency of proton exchange and the spread of polarisation from the exchanging OH to the CH 

framework of the alcohol. Therefore, 1H and 13C NMR signal enhancements of 6 and 7 were 

measured using the optimal conditions for SABRE-Relay of 1 (5 equivalents alcohol and ͯ 7 

equivalents of 3). The structures of these alcohols in addition to their 1H and 13C NMR signal 

enhancements and 1H T1 times, including a comparison to those of 1 are shown in Figure 2.9.  

When comparing these alcohol classes, the primary alcohol 1 gives the highest NMR signal 

enhancements, followed by the secondary alcohol 6, while the tertiary alcohol 7 gave the lowest. 

Interestingly, the OH NMR signal enhancement of 6 and 7 are comparable (200-300-fold) which 

suggests that differences in polarisation level of the CH framework is not related to polarisation 

of the carrier, or even the efficiency of proton exchange, but rather the propagation of polarisation 

within the alcohol. This will depend on the coupling efficiency between spins in the alcohol, and 

on relaxation times. T1 is the time taken to establish equilibrium magnetisation in the direction of 
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the magnetic field (Bo). Any hyperpolarised signal will decay in intensity over time and should 

last as long as possible. It is therefore important to have both high NMR signal enhancement but 

also a long T1. Small NMR signal enhancements may not correspond to inefficient polarisation 

transfer; it may indicate that polarisation is lost quickly due to relaxation effects. 

 

Figure 2.9: 1H and 13C NMR signal enhancements (per 1H (red) or 13C (blue)) of different alcohols (5 eq.) when shaken 

for 10 seconds with 3 bar p-H2 at 6.5 mT with 2 (5 mM) and 3 (6-8 eq.) in  anhydrous dichloromethane-d2 (0.6 mL). 

Note that no hyperpolarised 13C NMR signals of 7 were discerned. *The total NMR signal enhancement for these three 

carbon signals, per carbon atom, is 405-fold due to overlap of the CH and CH3 carbon signals. 1H T1 times were 

measured using an inversion recovery pulse sequence and are shown in green. 

In the case of 1, polarisation spreads from the OH proton to the adjacent CH framework via two 

3J coupling interactions. In 6, polarisation is transferred from OH to CH via one 3J coupling 

interaction. To transfer polarisation from OH to CH2 in 7 involves a weaker 4J coupling which 

could explain why NMR signal enhancements for 7 are much lower. 1H and 13C sites closest to 

the OH group are typically the most enhanced as they are closest to the exchanging OH, while 

those sites remote from the exchanging OH group are enhanced very weakly. Generally, there is 

a correlation between 1H T1 values and 1H NMR signal enhancements. For example, in the 

secondary and tertiary alcohol those sites closest to the OH group have the longest T1 times (18.2 s 

and 11.9 s respectively) and consequently the highest NMR signal enhancements (235-fold and 

7-fold respectively). When considering the primary alcohol 1, the site with the highest 1H NMR 

signal enhancement (705-fold) is the CH proton (c of Figure 2.3), followed by those of the CH2 

group adjacent to the OH group (a, 455-fold) and the CH2 group (b, 315-fold). The lowest NMR 

signal gain is for the methyl groups (d, 70-fold). In this example the efficiency of polarisation 

propagation from OH to the CH group must be efficient to yield such a high signal gain for this 

site (705-fold) which is likely sustained by a long T1 (10.4 s). As both 1H and 13C polarisation are 

achieved by shaking these samples at the same 6.5 mT field it is also possible that polarisation is 

passing between proton sites via the enhanced naturally abundant 13C sites they are directly bound 

to. This makes rationalising these effects, and determining the dominant coupling responsible for 

efficient polarisation propagation, challenging. 
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2.6 Effect of polarisation transfer field on SABRE-Relay performance 

of alcohols 

In SABRE, polarisation transfer from the p-H2 derived hydrides to the trans-bound carrier 

molecule within the active catalyst occurs most optimally at magnetic fields around 6.5 mT76 

(step i of Figure 2.3) as discussed in section 2.1. It has already been shown in section 2.3 how the 

starting amine polarisation is important in determining the relayed alcohol NMR signal 

enhancement. Therefore, it is important that a polarisation transfer field (PTF) is used that yields 

the highest possible polarisation on the carrier molecule. However, in SABRE-Relay subsequent 

propagation of polarisation from the exchanging OH into the aliphatic CH groups of the alcohol 

will occur most optimally at a particular magnetic field. The current success in polarising 

substrates using SABRE-Relay48, 104, 106-109 may be due to the fact that the fields to transfer 

polarisation from hydrides to carrier (step i of Figure 2.3) and to transfer polarisation from 

substrate OH into the substrate framework (step iii of Figure 2.3) are both optimal at around 

6.5 mT. Studying the field dependence of alcohol polarisation using SABRE-Relay is therefore 

important to achieve optimal substrate NMR signal enhancements. The approach taken here 

firstly optimises the field required for transfer from hydrides to carrier (step i of Figure 2.3) before 

examining if alcohol NMR signal enhancements can be further increased by shaking at a variable 

second field.  

The highest performing carriers 3 and 4-d7 were shaken (without alcohol) with 3 bar p-H2 for 

10 seconds at different fields and the resulting NMR signal enhancements are shown in 

Figure 2.10. These fields are achieved experimentally using a range of handheld shakers which 

can achieve fields between 40 and 140 G.80 The sample is simply placed inside them and shaken 

before being quickly removed and manually transferred to a 9.4 T spectrometer for recording 

hypeprolarised NMR spectra. In the case of 3, replacement of p-H2 between different shakes 

removes small amounts of 3 from solution. This can have a dramatic effect on NMR signal 

enhancements which are very sensitive to the amounts of carrier present as previously discussed. 

This effect can be large when performing a large number of experiments. Therefore, when 3 is 

used as a carrier the NMR sample is frozen with liquid nitrogen during p-H2 replacement and 

shaken only once at each field. This results in only a slight loss of 3 (2-3 eq. over eight shakes). 

Full PTF profiles are collected by shaking a sample once at each of the eight different polarisation 

transfer fields. This is repeated two additional times with fresh samples containing slightly 

different amounts of 3 (differences of 2-3 equivalents relative to iridium). When these results are 

normalised the same PTF dependency is observed in each case. An average measurement is 

shown in Figure 2.10. While 4-d7 generally yields lower NMR signal enhancements it provides 

easier experimental handling as it is a liquid at room temperature and known amounts can easily 

be measured into an NMR tube. This is not the case for 3 which is added to the samples as a gas 

using a Schlenk line (see section 7.2.1). As a result, the amount of 4-d7 remains constant 
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throughout multiple repeat experiment which allows p-H2 to be refreshed a large number of times 

without altering the ratio of 4-d7 in solution. Therefore, three repeats for each of the eight PTF 

fields can be collected using the same sample. The optimum polarisation transfer fields for 3 and 

4-d7 was found to be 8 and 6 mT respectively which is consistent with those reported in the 

literature for similar substrates.106 

 

Figure 2.10: Average normalised 1H signal enhancements for the carriers a) 3 and b) 4-d7 when 5-10 eq. were shaken 

for 10 seconds with 2 (5 mM) and 3 bar p-H2 in anhydrous dichloromethane-d2 (0.6 mL) at varying polarisation 

transfer fields.  

Now that the optimum PTF for 3 and 4-d7 carriers have been confirmed the next step is to shake 

samples of alcohol and carrier with p-H2 at two different fields. The first, at 8 mT, will optimally 

transfer polarisation to the carrier and the second, variable field, will optimise transfer within the 

alcohol. Therefore, a sample containing 2 (5 mM) with 3 (7 eq.) and 1 (5 eq.) was shaken with 

3 bar p-H2 for 7 seconds at 8 mT before shaking for 7 seconds at a different field. The NMR 

signal enhancements of the carrier (3) and the alcohol (1), which are shown in Figure 2.11a-b, 

are largest when shaken at 8 mT followed by 7-10 mT. Similarly, when these measurements are 

repeated shaking firstly at 6 mT followed by a second variable field the optimum alcohol NMR 

signal enhancements are obtained when the second field is 8 mT. This is indicative of the fact 

that 8 mT is the optimum field for polarisation of 3. These results confirm that the NMR signal 

enhancement and transfer efficiency from p-H2 to the carrier is most important as this determines 

the finite amount of polarisation available for transfer to the alcohol. 
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Figure 2.11: Normalised 1H and 13C NMR signal enhancements for 1 (5 eq.) with  3 (7 eq.) shaken for 7 seconds with p-

H2 at a)-b) 8 mT or c)-d) 6 mT before shaking for 7 seconds at a different field. The total NMR signal enhancements 

of 1 and 3 are each normalised to their maximum value. Each data point represents one p-H2 shake. Errors have been 

calculated based on three measurements recorded using 4-d7 as a carrier (data in Figure 2.9). 

It is difficult to tease out differences between the optimal field for transfer between hydrides and 

carrier (step i of Figure 2.3) and the optimum field for transfer within the alcohol (step iii of 

Figure 2.3) because the system will relax and depolarise at any period of the shaking time that 

the system is not at the 6-8 mT optimum field for transfer to the carrier. This limits the 

polarisation available for subsequent transfer to alcohol and consequently, there appears to be 

little benefit in shaking at a second field. Therefore, the most optimum field for polarisation of 

alcohols using SABRE-Relay is the optimum field for carrier polarisation, which is around 6-

8 mT depending on the carrier used. There may be other fields at which polarisation transfer 

within the alcohol may be more efficient, but these will be challenging to implement 

experimentally given that alcohol polarisation is derived from carrier polarisation which is 

optimum at 6-8 mT. Creation of handheld shakers that are able to rapidly switch between different 

magnetic fields on a millisecond timescale may address this challenge.  

Hyperpolarised 13C NMR signals of 1 when shaken at 6-8 mT are visible and can be up to four 

orders of magnitude higher than those recorded under Boltzmann conditions which suggests that 

these 6-8 mT fields are also appropriate for transfer to 13C from the exchanging OH. This may 

not be true for other heteronuclei and transfer might be improved using sophisticated pulse 

sequences such as 1H-13C INEPT or high field radiofrequency excitation to move OH polarisation 
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to heteronuclear sites in a target substrate.95, 156, 169, 170 In SABRE-SHEATH, direct transfer from 

p-H2 to heteronuclei of bound substrates is achieved by shaking at µT fields.83, 171 Approaches 

such as SABRE-SHEATH cannot be used in conjunction with SABRE-Relay because 

polarisation must be relayed through the protons of a carrier molecule in a first step that will 

always be optimal at 6-8 mT. Direct heteronuclear polarisation using SABRE-Relay is not 

possible as the technique fundamentally relies on relayed proton exchange effects. This may 

prove to be a limitation of SABRE-Relay and may become more obvious for hyperpolarising 

sites that require vastly different PTF matching conditions than required for target 1H sites using 

SABRE-Relay. 

2.7 Using SABRE-Relay to detect alcohols in mixtures 

SABRE can make low concentration molecules visible to NMR and has found applications in the 

detection of analytes in solution.122-124, 147, 148, 172 In order to make SABRE a quantitative detection 

method, the intensity of hyperpolarised responses of an analyte of interest must show a linear 

relationship with its concentration in solution. This can be a challenge to achieve as NMR signal 

enhancements typically change as the ratio between substrate and catalyst are altered. Eshuis et 

al. have developed an elegant solution to this problem.122, 124 They have shown that for dilute 

substrates/analytes in the presence of a second substrate, termed a coligand (L), a linear 

relationship between concentration and NMR signal enhancement of the analyte can be achieved. 

Under these dilute substrate concentration regimes the most abundant metal species formed in 

solution is [Ir(H)2(NHC)(L)3]Cl, where L is the coligand 1 methyl 1,2,3 triazole. As there is only 

a very low amount of analyte present in solution only small amounts of 

[Ir(H) 2(NHC)(L)2(analyte)]Cl form and the likelihood of forming [Ir(H) 2(NHC)(L)(analyte)2]Cl 

or [Ir(H) 2(NHC)(analyte)3]Cl complexes is low. This approach cannot only detect nanomolar 

concentrations of analytes but their amount can be quantified using a standard addition method.122 

This involves making many additions of known concentrations of the analyte and measuring the 

linear increase in hyperpolarised analyte signal after each addition. The linear line of best fit 

produced can be used to calculate the concentration of target analyte that was originally in the 

mixture prior to spiking with known additions. Some examples of this approach are shown in 

Figure 2.12.122-124, 147, 148, 172 
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Figure 2.12: Eshuis et al. have shown that SABRE can be used to quantitatively determine the concentration of an 

analyte (b-c).122 This can be done when the analyte is dilute in comparison to the metal complex and a coligand (a). 

Taken from Eshuis et al.122  

This low concentration quantification approach could be extended to the detection of dilute 

concentrations of alcohols in mixtures using SABRE-Relay. In fact, the primary alcohol 1 is an 

additive often present in a wide range of food and drinks. Its concentration in a range of alcoholic 

drinks is often used as an indication of quality control.162, 163 For example, tequila is made from 

the agave plant, which is native to Mexico, and can be classified into many different types: two 

of these are agave and mixed. Agave describes tequilas made exclusively from agave juices 

(100%) and water while mixed describes those which contains agave juices (as low as 50%) 

mixed with other sugars.162, 163 According to Mexican law all 100% agave tequila must be bottled 

in Mexico: distinguishing between authentic 100% agave tequila and mixed tequilas is therefore 

very important. This is commonly done by GC-MS analysis of low concentration alcohols 

including 1, which is found at higher concentrations in authentic agave tequila.162, 163 Similar 

approaches are taken to distinguish different types of whiskey.164 SABRE-Relay could provide a 

route to determining the concentration of 1 in mixtures and therefore the authenticity of alcoholic 

drinks such as tequila.  

Initially, an equimolar mixture of the primary and secondary alcohols 1 and 6 (28 mM) were 

hyperpolarised using SABRE-Relay to demonstrate that signals for both alcohols could be 

observed and clearly distinguished, as shown in Figure 2.13a. In these experiments a 1H-13C 
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INEPT pulse sequence was used to transfer polarisation from the exchanging OH to the 13C 

resonances via a r.f. pulse. This presents much simpler spectra with only one peak per carbon 

resonance and no overlap of carbon multiplet peaks. This is advantageous as it creates carbon 

signals that have a larger signal to noise ratio and are easier to interpret. SABRE-Relay can also 

be used to detect 1 in a mixture containing a range of eight different alcohols of similar 

concentration, as shown in Figure 2.13b. Here, responses for 1 (60 mM) and 6 (46 mM) could be 

distinguished in just one scan. Detection of these hyperpolarised signals using 13C NMR 

spectroscopy is much more advantageous than using 1H NMR spectroscopy which suffers from 

severe peak overlap. The 13C NMR signal enhancements for the sites containing directly bound 

OH groups are 290 and 345-fold for 1 and 6 respectively. When this is extended to a mixture of 

eight different alcohols 13C NMR signal enhancements for 1 and 6 are again observed but these 

are now just 85 and 40-fold due to spin dilution across the multitude of different alcohols. NMR 

signal enhancements of 6 in these mixtures can be higher than those of 1 despite the data in 

Figure 2.9 showing that in isolation secondary alcohols do not hyperpolarise as well as primary 

alcohols. This suggests that when mixtures of different alcohols are used each alcohol can act as 

a hyperpolarisation carrier by exchanging with every other alcohol in addition to the carrier. In 

these mixtures, the presence of other alcohols alters proton exchange efficiencies such that relay 

of polarisation to 6 appears more efficient. This could also be the effect of differing INEPT 

transfer efficiencies for different alcohols. Therefore, it is clear that interpreting the magnitude of 

NMR signal enhancements is much more challenging when mixtures of alcohols are used due to 

multiple competing exchange processes. Nevertheless, responses for 1 and 6 at concentrations of 

28 mM are clearly visible to 13C NMR spectroscopy in only one scan and can be distinguished 

from a wide range of alcohols of similar concentrations.  
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Figure 2.13: Hyperpolarised 1H-13C INEPT NMR spectra for a mixture of a) equimolar 1 and 6 (5 eq. relative to 

5 mM 2) and b) 50 µL of a solution containing 1 (4 µL), 7 (5 µL), 2-pentanol (3 µL), 1-pentanol (4.5 µL), 1-

heptanol (3.5 µL), 1-octanol (1.5 µL), geraniol (1 µL) and citronellol  (2.5 µL) hyperpolarised by shaking with 

an  anhydrous dichloromethane-d2 (0.6 mL) solution of 2 (5 mM), 3 (14-15 eq.) and 3 bar p-H2 for 10 seconds at 

6.5 mT. Note a) and b) are recorded with a delay time, Ű, of 2 ms c) 13C NMR spectrum of the same mixture used in b) 

after 676 thermal scans.  

These results show that hyperpolarisation using SABRE-Relay can allow 13C NMR detection of 

1 in mixtures of other similarly concentrated alcohols. In order to make SABRE-Relay a 

quantitative detection method its hyperpolarised signal intensity should scale linearly with its 

concentration. This can be achieved under the typically dilute conditions reported by Eshuis et 

al. and coworkers.122, 124, 147 In order to apply this to SABRE-Relay a similar standard addition 

approach, discussed previously, was investigated. Under such dilute conditions the use of 

1H NMR spectroscopy, which has a greater NMR receptivity than a 13C NMR measurement, is 

necessary. Here, a solution of 2 (2 mM) in dichloromethane-d2 (0.6 mL) and 3 bar H2 was used 

with 4-d7 (5 eq.). 3 was not used due to the difficulty in controlling its precise amount in solution. 

Dilute additions of ethanol (with each 5 µL addition corresponding to an increase in total ethanol 

concentration of 50 µM) were added and shaken for 10 seconds at 6.5 mT to detect a 

hyperpolarised 1H ethanol response. Ethanol concentrations as low as 50 µM could be detected 

with a signal to noise ratio of 33. Upon further addition of ethanol the hyperpolarised signal for 

the CH2 group, which was free from spectral overlap, was found to increase in a linear fashion, 

as shown in Figure 2.14a. While this may suggest that SABRE-Relay could be used to determine 

ethanol concentrations in mixtures, calculation of the initial ethanol concentration using the line 

of best fit (as depicted in Figure 2.12) yields a value of 103  9 µM which is significantly 

different to the known value of 50 µM. This discrepancy suggests that while there is a linear 

relationship between signal intensity and concentration this cannot be used in the same way to 

quantitatively calculate unknown substrate concentrations using SABRE-Relay. This can be 
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indicative of much more complex relationships between substrate concentration and proton 

exchange efficiencies.  

In order to reduce the detection limit of this technique these experiments were repeated using the 

coligand approach used by Eshuis et al.122, 124, 147 In these experiments the coligand imidazole 

(8) (5 eq.) was used as it is expected to bind to the catalyst with a similar affinity to 4-d7. In 

contrast to the experiments described above, here, the alcohol:carrier ratio was kept constant (1:1) 

by making additions of a dilute solution of equimolar 4-d7 and 1 to a solution of 

[IrCl(COD)(SIMes)] (9) (3 mM) and 8 (5 eq.) in dichloromethane-d2 (0.6 mL) preactivated with 

3 bar H2. It is expected that as more 4-d7 is added its NMR signal gains should scale linearly with 

its concentration in accordance with literature reports.122, 124, 147 Similarly, the NMR signal 

enhancements of 1 should also scale linearly as the proton exchange process should not be altered 

by the constant 1:1 carrier:alcohol ratio. When such experiments are performed a 1H NMR signal 

for hyperpolarised 1 could be distinguished at concentrations as low as 100 µM in a single scan 

which indeed increase linearly with subsequent additions, as shown in Figure 2.14b. This 

approach involving a coligand did not appear to reduce the detection limit with 50 µM alcohol 

now being below the detection limit. This increased detection limit is likely related to polarisation 

leakage into 8, which could be prevented by further optimisation of coligands to include those 

that lack 1H sites. The calculated initial concentration of 1 from the line of best fit was 

147  8 µM which is, again, inconsistent with the known starting value of 92 µM. Therefore, in 

this case, there appears little additional benefit of using a coligand. Therefore, the previous 

approach using a significant carrier excess rather than a 1:1 carrier to substrate ratio is continued. 
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Figure 2.14: a) Hyperpolarised ethanol 1H CH2 NMR signal intensity increases linearly when 5 µL additions of 

ethanol (1 µL in dichloromethane-d2 (1.4 mL)) are made to preactivated 2 (5 mM) and 4-d7 (5 eq.) with 3 bar H2 

in  anhydrous dichloromethane-d2 (0.6 mL). b) When an alternative approach is used, hyperpolarised signals of 1 again 

increase linearly when 5 µL additions of an equimolar 1:4-d7 solution (0.6 µL of each in 1 mL  anhydrous 

dichloromethane-d2) are made to preactivated 9 (3 mM) and 8 (5 eq.) with 3 bar H2 in  anhydrous dichloromethane-

d2 (0.6 mL). c) Repeating a) using an initial 5 µL addition of diluted 40% ethanol:H2O (0.4 µL Ethanol, 0.6 µL H2O in 

dichloromethane-d2 (1.4 mL)) followed by standard additions (5 µL) of dilute ethanol (1 µL in dichloromethane-

d2 (1.4 mL)) does not yield a linear relationship. d) Hyperpolarised 1H NMR spectra after shaking 0.1 mL Jose Cuervo 

tequila with a solution of preactivated 9 (3 mM), 8 (5 eq.) and 4-d7 (0.5 µL) with 3  bar H2 in dichloromethane-

d2 (0.6 mL) at 6.5 mT for 10 seconds. 

Potential applications such as determining ethanol concentration in alcoholic drinks, blood, or 

urine will be further complicated by the presence of large quantities of H2O in these mixtures. 

This is exemplified when the experiment above was repeated by using known mixtures of 40% 

Ethanol:H2O to mimic an alcoholic drink. This mixture was added to a solution of 2 (2 mM) with 

4-d7 (5 eq.) in dichloromethane-d2 (0.6 mL) and 3 bar H2 followed by standard additions of 100% 

ethanol. Here, the hyperpolarised ethanol 1H NMR signal no longer increases linearly with 

subsequent ethanol additions, as shown in Figure 2.14c. This indicates significant changes in the 

substrate:H2O ratio upon subsequent ethanol additions which appears to have a dramatic effect 

on proton exchange efficiency and the subsequent NMR signal enhancements. The presence of 

competing exchange processes may hamper quantitative substrate determination using SABRE-

Relay. For example, when dilute amounts of the alcoholic drinks whiskey (40% ABV) or peach 

schnapps (15% ABV) were added to a solution of 2 (2 mM) in dichloromethane-d2 (0.6 mL) with 

4-d7 (5 eq.) and 3 bar p-H2, the hyperpolarised 1H ethanol signal in whiskey was higher than that 

in the peach schnapps sample, but was not comparable to that in a known 40% ethanol:H2O 

mixture despite containing similar amounts of ethanol. This further confirms that quantitative 

analysis is challenging and prevents the use of a calibration curve to allow determination of 

alcohol concentrations. The presence of other OH-containing molecules in such alcoholic drinks, 
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or small variations in carrier/substrate/catalyst/water ratios between different samples, may be 

responsible for such effects in these dilute systems.  

While the SABRE-Relay technique does yield a linear response for hyperpolarised alcohol signal 

as a function of its concentration under dilute conditions, this relationship cannot currently be 

used to give accurate alcohol concentrations. Nevertheless, alcohol concentrations as low as 

28 µM can be detected in a single scan SABRE-Relay hyperpolarised 13C NMR spectrum, and 

signals can be detected in the presence of a large number of similarly concentrated alcohols. 

However, alcohol hyperpolarisation levels are affected by the presence of other molecules with 

exchanging protons. For example, hyperpolarised signals for 1 are not observed in these alcoholic 

drinks despite a 32 scan thermal 1H spectrum confirming its presence. This is likely related to 

large excesses of other molecules with labile protons such as ethanol and water whose exchange 

processes dominate. Indeed, when alcohol water mixtures are used there is no longer a linear 

relationship between alcohol NMR signal enhancements and alcohol concentration. Nevertheless, 

these results show that low (µM) concentration alcohols can be detected using SABRE-Relay and 

further work will be needed to create an approach in which alcohol concentration can be 

determined quantitatively by SABRE-Relay, even in mixtures that contain multiple species with 

exchangeable protons.  

2.8 Conclusions 

In this chapter the SABRE-Relay mechanism has been investigated using the simple alcohol 1 as 

a test substrate. It is clear that each of the three steps of the SABRE-Relay mechanism i) 

polarisation transfer from p-H2 to carrier ii) polarisation relay from carrier to substrate via proton 

exchange and iii) propagation of polarisation within the substrate framework all play an important 

role in determining substrate NMR signal enhancements. Under particular conditions each of 

these steps can become rate limiting and variation of certain factors can improve the efficiency 

of each step. For example, the finite amount of polarisation on the carrier molecule available for 

relayed transfer is often important and can be optimised by variation of the carrier identity and 

the carrier to catalyst ratio. Carrier 3 relays the highest alcohol polarisation compared to use of 

4-d7 or 5. The alcohol NMR signal enhancement is most dependant on the efficiency of carrier 

polarisation which is optimum when 5-10 equivalents of carrier are used. Further refinement of 

alcohol NMR signal enhancements can result from variation of the carrier to alcohol ratio. This 

effectively tunes OH P  NH exchange which is most efficient when the alcohol and carrier are in 

a 1:1 ratio. Destructive competing proton exchange processes with contaminant water can reduce 

alcohol NMR signal enhancements. Therefore, anhydrous conditions should be used where 

possible to achieve optimal SABRE-Relay performance. This may be a serious limitation of the 

technique.   
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The class of alcohol can influence polarisation propagation from the exchanging OH into the 

substrate aliphatic framework. When comparing the primary, secondary and tertiary alcohols 1, 

6 and 7, the former polarise more strongly. The reduced performance of secondary and tertiary 

alcohols 6 and 7, which contain similar levels of OH polarisation, is more likely related to 

inefficient transfer through the J-coupling network within the alcohol CH framework. This 

highlights the tension between the multiple factors that determine SABRE-Relay performance: 

initial carrier polarisation, proton exchange efficiency, and transfer within the alcohol framework. 

Separation of the field dependencies of each of these steps is challenging and an optimum 

polarisation transfer field of 6-8 mT, which corresponds to the optimal PTF for polarisation of 

the carrier, is required. Polarisation transfer into certain heteronuclei may be limited by this 

matching condition which may be a fundamental limitation of the 1H derived polarisation relay. 

Despite this, 1400-fold 13C NMR signal enhancements and 700-fold 1H NMR signal 

enhancements for 1 can be achieved at these PTF fields which is a significant development for 

SABRE as polarisation of these types of non hydrogenatable, non ligating substrates with such 

high signal gains can not be achieved using traditional SABRE or PHIP.  

SABRE-Relay can be used to detect alcohols like 1 which are present in mixtures. Concentrations 

as low as 28 µM can be detected in a single scan 13C NMR spectrum and this detection limit could 

be reduced through further optimisation of the carrier molecule, catalyst or coligand. While 1 can 

be detected in a mixture of several different alcohols of similar concentrations its polarisation 

levels are affected by the presence of other alcohols, which all contain exchangeable groups. This 

precludes the detection of small quantities of 1 in the presence of much higher concentrated 

alcohols, such as ethanol, whose exchange processes dominate. When these alcohols are used 

alone under dilute anhydrous conditions a linear relationship between hyperpolarised signal 

intensity and concentration results which may allow for qualitative comparisons of alcohol 

concentrations to be made. This relationship, however, does not allow for the quantitative 

determination of substrate concentration and breaks down when extended to alcohol water 

mixtures. Despite these limitations, SABRE-Relay could become a useful tool for the detection 

and quantification of substrates in solution.  

SABRE-Relay contains many of the features of the traditional SABRE mechanism but additional 

proton exchange and polarisation propagation steps necessitate consideration of additional effects 

which make the SABRE-Relay approach much more complex to optimise. Despite this, general 

features are present and the technique can be used to polarise alcohols with high signal gains 

which is a class of substrate that has previously eluded hyperpolarisation using p-H2-based 

methods. 
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Chapter 3. SABRE-Relay of more 

complex OH-containing molecules 

3.1 Introduction 

Traditional Magnetic Resonance Imaging (MRI) can produce anatomically detailed 3D pictures 

of living tissues in a non-invasive manner.4 These achievements have resulted in its routine use 

for the diagnosis of disease. Despite these successes, MRI is insensitive on the molecular level 

and must therefore take advantage of the large 1H MR signal from bulk water protons in different 

tissues of the body.4 MRI is able to differentiate these water molecules based on their T1 or T2 

relaxation times, which allows images of high contrast to be produced.6 MRI can therefore 

provide useful information on tissue structure in a non-invasive way and is commonly used to 

diagnose structural abnormalities or differences in morphology (i.e. tumours).4 Despite 

widespread use, MRI typically provides little information as to the function or disease state of 

tissues.4  

The production of hyperpolarised contrast agents has been the focus of much interest as this 

allows metabolic pathways and biochemical processes of tissues to be interrogated.5 For example, 

pyruvate is respired aerobically in healthy cells but anaerobic pathways, such as conversion into 

lactate, are upregulated in areas of cancer.138 HP-MRI using pyruvate therefore provides a route 

to distinguishing areas of cancer based on enhanced pyruvate to lactate conversion and was first 

applied to human studies of prostate cancer in 2013.132 Since then, further in human studies of 

various target organs have been performed.142, 173 While there are several hyperpolarisation 

techniques (described in Chapter 1), d-DNP is the only one currently used to produce 

hyperpolarised agents for in human studies with 13C polarisation levels as high as 70% achieved 

in 20 minutes.38 However, d-DNP uses complex experimental apparatus to transfer polarisation 

from electrons to nuclei (see section 1.3.1). The high cost and limited availability of d-DNP 

polarisers mirror the complexity of the experimental setup.   

Much attention has been directed at hyperpolarisation of molecules using p-H2-based methods to 

provide a faster, cheaper and refreshable alternative to DNP.68, 69, 71 Many potential agents suitable 

for in vivo study have been reported. One of these, succinate, has received significant attention 

for hyperpolarisation using PHIP because it can be made easily from its unsaturated precursor, 

fumarate.68, 69, 71 Studies have shown that 13C-succinic acid-d2 and other derivatives such as diethyl 

13C-succinate-d2 can be polarised using PHIP with polarisation levels as high as 8% and 2% 

respectively.71 When injected into mice these agents accumulate in certain cancer cell lines and 

in vivo metabolism can be tracked.71  



  Chapter 3 

86 

 

Signal Amplification By Reversible Exchange (SABRE) is an alternative method that transfers 

polarisation from p-H2 to a substrate when both are in reversible exchange with an iridium 

catalyst.76 Catalytic magnetisation transfer occurs via the formation of temporary J-coupled 

networks within an organometallic complex.78 Therefore, substrates can be polarised without 

their chemical modification as direct p-H2 incorporation is no longer necessary. SABRE has 

traditionally been used to polarise iridium ligating structures which typically contain N-donor 

sites.79 However, SABRE-Relay has removed this restriction by relaying polarisation from 

ligands such as amines to non-ligating ligands such as alcohols,108 sugars,107 silanols109 and many 

others,104 via the exchange of hyperpolarised protons, as summarised in Figure 3.1. It is expected 

that SABRE-Relay can provide a useful tool for hyperpolarising a much wider range of naturally 

occurring biomolecules which do not contain unsaturated or iridium ligating motifs and are 

therefore unsuitable for hyperpolarisation by traditional PHIP or SABRE.  

 

Figure 3.1: SABRE-Relay uses p-H2 to hyperpolarise carrier molecules like amines when both the carrier and p-H2 are 

in reversible exchange with an iridium ca talyst (step i). Polarisation can then be relayed to non-ligating substrates (the 

potential target shown in this example is pyruvate) via proton exchange (step ii). 

In Chapter 2, the mechanism of relayed polarisation transfer in SABRE-Relay was investigated 

using the simple alcohol 3-methyl-1-butanol as a test substrate. The carrier NH3 (3) was found to 

give higher alcohol polarisation compared to the use of benzylamine-d7 (4-d7) or phenethylamine 

(5). Alcohol NMR signal enhancements were dependant on the efficiency of polarisation transfer 

to the carrier which is optimum when 5-10 equivalents of carrier are used. Further refinement of 

alcohol NMR signal enhancement was possible by variation of the carrier to alcohol ratio. This 

effectively tunes OH P  NH exchange which is most efficient when the alcohol and carrier are in 

a 1:1 ratio. Alcohol NMR signal enhancements were found to be highest when polarisation 

transfer fields of 6-8 mT were used in order to maximise the finite amount of carrier polarisation 

available for relayed transfer to a substrate. While SABRE-Relay was extended to include the 

secondary and tertiary alcohols 2-pentanol and 2-methyl-2-butanol, these are simple alcohols 

containing only aliphatic CH frameworks. In this chapter, optimised SABRE-Relay conditions 

will be extended to more complex molecules that contain OH groups such as natural products, 

neurotransmitters, and metabolites. This may present greater potential applications for biomedical 

imaging than the simple alcohols explored in Chapter 2. 
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3.2 Extending SABRE-Relay to more complex OH-containing molecules 

A range of target substrates, 10-17, with OH-containing functionality have been selected and their 

structures are shown in Figure 3.2. Choline chloride, 10 has been hyperpolarised using DNP and 

used to monitor the action of choline kinase enzymes, which is often altered in various types of 

cancer.174, 175 b-hydroxybutyric acid, 11, is a ketone body that is produced from metabolism of 

acetoacetate and can be used as a redox state marker of mitochondria.176 Similarly, glycogenolytic 

and gluconeogenic liver tissue can be distinguished by monitoring metabolism of 

dihydroxyacetone, 12.177 Norepinephrine, 13, and ascorbic acid, 14, are neurotransmitters and 

vitamins respectively of biological significance which may provide useful information on the 

disease state of tissues in the body. The terpene derived products nerol, 15, geraniol, 16, and 

linalool, 17, are all biologically occurring molecules present in natural oils and used commonly 

in perfumes.  

 

Figure 3.2: Substrates 10-17 investigated as more complex OH-containing SABRE-Relay targets.  

The hyperpolarisation of 10-17 using SABRE-Relay was investigated by shaking each of 10-

17 (5 eq. relative to iridium) with 3 bar p-H2 for 10 seconds at 6.5 mT in a solution of 

[IrCl(COD)(IMes)] (2) (5 mM) pre-activated with NH3 (5-10 eq.) in dichloromethane-

d2 (0.6 mL). SABRE is most commonly performed in organic solvents (methanol-d4, ethanol-d6, 

dichloromethane-d2 and chloroform-d) which is necessary due to the limited solubility of both 

SABRE precatalysts and p-H2 in aqueous solvents (D2O).155 SABRE hyperpolarisation in D2O 

has been reported, but this is typically achieved using specialised catalysts in which the carbene 

ligand has been functionalised with water solubilising groups and typically yields much lower 
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substrate polarisation (1H Ů < 100-fold).100, 120, 121 In the case of SABRE-Relay, solvents with 

exchangeable protons (methanol-d4, ethanol-d6) are not used to prevent competing proton 

exchange processes. Conversely, dichloromethane-d2 is a SABRE-Relay compatible solvent and 

is used in this work.48, 104, 108, 109 Despite this, 10-14 are insoluble in dichloromethane-d2 and 

therefore, they are solubilised in 10 µL H2O before addition to a solution of 

[I rCl(COD)(IMes)] (2) (5 mM) pre-activated with NH3 (3) (5-10 eq.) in dichloromethane-

d2 (0.6 mL). When hyperpolarising alcohols using SABRE-Relay, destructive competing proton 

exchange processes with contaminant water were found to reduce alcohol NMR signal 

enhancements.107-109 Therefore, use of the anhydrous conditions necessary for optimal SABRE-

Relay performance is difficult to achieve for 10-14 which exist as solids at room temperature and 

are not soluble in SABRE-compatible organic solvents. For example, when 10-12 are solubilised 

in H2O (10 µL) and shaken with 3 bar p-H2 for 10 seconds at 6.5 mT in a solution of 2 (5 mM) 

pre-activated with NH3 (5-10 eq.) in dichloromethane-d2 (0.6 mL) only low 1H NMR signal 

enhancements are obtained (<11-fold), as summarised in Table 3.1.  

The use of dimethylformamide as a co-solvent for hyperpolarisation of target molecules such as 

glucose using SABRE-Relay has been reported.107 This can help solubilise target agents in a 

dichloromethane-d2/dimethylformamide mixture without adding solvent (like H2O) that contain 

exchangeable protons. Much larger volumes of dimethylformamide are required to solubilise 10 

(0.1 mL) compared to H2O (10 µL). 1H NMR signal enhancements of 10 were found to double 

from 5-fold to 10-fold when 10 was solubilised in dimethylformamide (0.1 mL) and shaken with 

3 bar p-H2 for 10 seconds at 6.5 mT in a solution of 2 (5 mM) pre-activated with NH3 (5-10 eq.) 

in dichloromethane-d2 (0.5 mL). However, overall 1H NMR signal enhancement remained low 

and no 13C NMR signals were observed in single scan NMR spectra. Observation and 

quantification of 1H NMR signal enhancements was hampered by overlap of 1H resonances of 10 

with dimethylformamide. Substrates 12-14 showed no 1H or 13C NMR signal enhancements when 

analogous samples were prepared in dimethylformamide (0.1 mL) and dichloromethane-

d2 (0.5 mL) mixtures, as summarised in Table 3.1.
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Table 3.1: 1H and 13C NMR signal enhancements for 10-17 when each is shaken with 3 bar p-H2 for 10 seconds at 

6.5 mT in a solution of 2 (5 mM) pre-activated with NH3 (5-10 eq.) in dichloromethane-d2. Substrates are either used 

neat, dissolved in H2O (10 µL) or dimethylformamide  (0.1 mL) as indicated. Anhydrous solvents are used and the total 

solvent volume is 0.6 mL. 13C NMR signal gains are measured using a 1H-13C INEPT pulse sequence. Sites are labelled 

according to Figure 3.2. 

 +Overlap with dimethylformamide, N/A = no signal gains observed, missing resonance labels corresponds to no observed 

signal gains. 

In contrast, 15-17 exist as liquids at room temperature and pressure and do not require 

solubilisation in H2O or dimethylformamide. When these substrates (5 eq.) are added to a solution 

of 2 (5 mM) pre-activated with NH3 (5-10 eq.) in anhydrous dichloromethane-d2 (0.6 mL) and 

shaken with 3 bar p-H2 for 10 seconds at 6.5 mT much higher 1H (up to 355-fold for 16) and 

13C NMR signal gains ( 500-fold for 15) are observed. Signal gains for 15 are localised to sites 

close to the exchanging OH group, while those of 16, which contains an E arrangement around 

the alkene bond, are spread more evenly within the coupled CH framework of the substrate. 

Tertiary alcohol 17 has lower NMR signal enhancements (up to ~60-fold for 1H sites and ~120-

fold for 13C sites) which is related to less efficient coupling within the substrate and supports 

previous observations in section 2.5 that tertiary alcohols generally display less efficient SABRE-

Relay performance than primary alcohols.    

Low SABRE-Relay performance for agents 10-14 is attributed to low solubility in SABRE 

compatible solvents such as dichloromethane-d2, which necessitates solubilisation in either H2O 

or dimethylformamide. In the case of H2O, the introduction of a large pool of exchangeable 

protons can interfere with the relayed proton exchange from carrier to substrate. While the relayed 

polarisation of amino acids from DNP hyperpolarised H2O has been used to produce significant 

signal gains for the amino acids,153, 178 in this work relayed polarisation transfer via H2O did not 

yield significant substrate signal gains. This is likely related to efficient proton exchange between 

the carrier molecule and H2O and inefficient proton exchange between H2O and the substrate of 

interest at the concentrations used in these SABRE-Relay studies. Co-solvents were not required 

for 15-17 which yielded appreciable 1H and 13C NMR signal gains using SABRE-Relay (up to 

355-fold and 500-fold respectively, as shown in Table 3.1). 

Substrate Solubilising agent 1H signal gains /fold 13C signal gains /fold 

10 

10 

11 
12 

13 

14 

15 

16 

 

17 

10 µL H2O 

0.1 mL dimethylformamide 

10 µL H2O 
10 µL H2O 

0.1 mL dimethylformamide 

0.1 mL dimethylformamide  

N/A 

N/A 

 

N/A 

a-c: 5 ± 1 

a: 5 ± 1; b: 11  ± 1; c: N/A+ 

a: 0; b: 8  ± 1; c: 5 ± 1 
a: 6  ± 1 

N/A 

N/A 

a: 170 ± 15; b: 45 ± 5 

a: 270 ± 15; b: 115 ± 5;  

d/e/f: 355 ± 20; g: 30 ± 5 

b: 60 ± 5; c: 7 ± 1; d: 3 ± 1;  

e: 1 ± 1; f/g: 60 ± 15; h: 4 ± 1 

N/A 

N/A 

N/A 
N/A 

N/A 

N/A 

a: 500 ± 25; b: 235 ± 25  

a: 160 ± 10; b: 120 ± 10; c: 30 ± 5 

 

a: 120 ± 1; f: 35 ± 5 
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3.3 Hyperpolarising lactate and lactate esters using SABRE-Relay 

To date, sodium pyruvate-1-[13C] is the most commonly reported agent used for HP imaging 

studies.72, 75, 132-137, 139-141 The reasons for this are given in more detail in section 1.5. To summarise, 

upregulated conversion of pyruvate into products such as lactate by the enzyme lactate 

dehydrogenase (LDH) is often used as a hallmark of cancer72, 75, 132-135, 137, 140, 141 or 

inflammation.136, 139 In the first in-human study, doses of HP pyruvate were typically 

c.a. 1.5 mM132 which is significantly higher than the pyruvate concentration in blood plasma 

(c.a. 0.06 mM).179 In similar studies with mice, the injected doses are higher than physiological 

concentrations (c.a. 8 mM compared to 0.2 mM).179 As the endogenous lactate pool is larger than 

the pyruvate pool (c.a. 4 mM lactate compared to 0.2 mM pyruvate in mouse plasma)179 these 

large HP pyruvate doses are necessary to observe metabolism in vivo. It has been suggested that 

metabolic imaging using HP 13C labelled lactate may be more beneficial as doses of physiological 

concentrations can then be administered.179 This approach will allow the reverse metabolic 

conversion from lactate to pyruvate to be monitored, although the size of hyperpolarised 13C label 

on the pyruvate product will be limited by the small size of the pyruvate pool. The 

hyperpolarisation of lactate-1-[13C] and its use for in vivo metabolic studies in mice179, 180 and 

rats181 has been reported with polarisation transfer from 13C to 1H180 and deuterium labelled 

lactate-1-[13C]179 used to aid observation of metabolic conversion to pyruvate and other products. 

Lactate, and pyruvate, both contain exchangeable OH groups in the form of an alcohol and 

carboxylic acid group respectively. Therefore, they may be amenable to hyperpolarisation using 

SABRE-Relay which could provide time and cost advantages to hyperpolarisation using DNP. 

The hyperpolarisation of lactates using SABRE-Relay is discussed in this section, while its 

application to pyruvate is discussed in section 3.4-3.5. 

3.3.1 Hyperpolarisation of sodium lactate using SABRE-Relay 

The application of SABRE-Relay to more complex OH-containing structures was discussed in 

section 3.2. A key factor limiting SABRE-Relay performance is the presence of contaminant 

water,107 which in the case of some substrates is necessary to allow solubilisation in SABRE-

Relay compatible solvents. Sodium lactate (18) is not soluble in dichloromethane-d2 or 

chloroform-d. Therefore, 18 (5 eq.) in H2O (10 µL) was added to a solution of 2 (5 mM) and 3 (5-

10 eq.) preactivated with 3 bar H2. Shaking for 10 seconds with 3 bar p-H2 at 6.5 mT followed by 

insertion into the 9.4 T spectrometer yielded no discernible 1H or 13C NMR signal enhancements. 

This is consistent with the results presented for 10-14 in section 3.2.  
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3.3.2 Hyperpolarisation of lactate esters using SABRE-Relay 

In recent years, PHIP-SAH has emerged as a route to hyperpolarise molecules using p-H2 that do 

not contain unsaturated functionality.70 This approach is discussed in Chapter 1 and has also been 

applied to lactate.74 Lactate, which does not contain an unsaturated double bond that can be 

readily hydrogenated using p-H2, can be functionalised as an ester that does contain such 

functionality. Upon hydrogenation of the modified lactate ester with p-H2, lactate can be 

regenerated in a rapid hydrolysis step.74 An approach of this type could be applied to produce 

lactate hyperpolarised using SABRE-Relay. For example, the lactate esters methyl lactate (19), 

ethyl lactate (20) and butyl lactate (21) all exist as liquids at room temperature and pressure. 

Therefore, they do not require solubilisation in H2O and are expected to yield high NMR signal 

enhancements using SABRE-Relay. These lactate esters, the structures of which are shown in 

Figure 3.3, are in fact used in a wide range of applications. 19 and 20 are non toxic biodegradeable 

solvents and 20 has uses as a degreaser and as a food additive. 20 is also used in skin products to 

treat acne as hydrolysis into lactic acid and ethanol can alter skin pH.182 Hydrolysis of SABRE-

Relay hyperpolarised 19-21 could produce hyperpolarised 18 in a process similar in design to 

PHIP-SAH. In this case, a óside armô is added to change physical properties and enhance 

solubility, rather than to introduce a p-H2 acceptor.   

 

Figure 3.3: Substrates 19-21 investigated as SABRE-Relay hyperpolarisation targets.  

Samples containing 2 (5 mM) and the highest performing carriers 3 (8-9 eq.) or 4-d7 (5 eq.) in 

dichloromethane-d2 (0.6 mL) were activated with 3 bar H2 overnight before 19, 20 or 21 (5 eq.) 

were added under an N2 atmosphere before being shaken with 3 bar p-H2 for 10 seconds at 

6.5 mT. These conditions were chosen as they were found to give high NMR signal enhancements 

for simple alcohols (see Chapter 2) and similar conditions have been reported for related 

substrates.104, 106-109 The 1H and 13C NMR signal enhancements for 19-21 achieved using these 

SABRE-Relay conditions are shown in Table 3.2. 
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Table 3.2: 1H and 13C NMR signal enhancements for 19-21 when each (5 eq.) is shaken with 3 bar p-H2 for 10 seconds 

at 6.5 mT in a solution of 2 (5 mM) pre-activated with 3 (8-9 eq.) or 4-d7 (5 eq.) in dichloromethane-d2 (0.6 mL). Sites 

are labelled according to Figure 3.3. 1H T1 were measured thermally at 9.4 T using an inversion recovery sequence. 

Substrate Site 1H T1 /s
 1H NMR signal enhancement 

/fold 

13C NMR signal enhancement /fold 

Carrier 3  Carrier 3  Carrier 4 -d7
 Carrier 3  Carrier 4 -d7

 

19 a 

b 

c 

d 

5.9 

24.4 

- 

11.4 

30 ± 5 

55 ± 5 

- 

15 ± 5 

110 ± 10 

115 ± 10 

- 

40 ± 5 

1015 ± 30 

445 ± 20 

65 ± 10 

0 

530 ± 55 

250 ± 20 

30 ± 5 

0 

20 a 

b 

c 

d 

e 

5.0 

13.5* 

- 

13.5* 

8.1 

15 ± 5 

15 ± 5* 

- 

15 ± 5* 

2 ± 1 

135 ± 5 

90 ± 5* 

- 

90 ± 5* 

20 ± 5 

575 ± 5 

380 ± 40 

75 ± 10 

0 

0 

240 ± 5 

310 ± 20 

45 ± 5 

0 

0 

21 a 

b 

c 

d 

e 
f 

g 

4.1£ 

5.6% 

- 

5.6% 

5.8 
4.1£ 

6.4 

25 ± 5 

30 ± 5 

- 

0 

0 
0 

0 

30 ± 5& 

35 ± 5 

- 

30 ± 5 

30 ± 5& 

4 ± 1$ 

4 ± 1$ 

195 ± 40 

210 ± 50 

40 ± 5 

0 

0 
0 

0 

150 ± 5 

330 ± 25 

50 ± 5 

0 

0 
0 

0 

* £ % & $ Values are averaged across the two sites due to signal overlap 

The 13C NMR signal enhancements for 19-21, shown in Table 3.2, are generally higher when 3 

is used as a carrier compared to 4-d7, however, when 1H signal gains are compared, the maximum 

values are achieved using 4-d7. This suggests that polarisation transfer efficiency from the 

exchanging OH group to 13C sites in the substrate is more efficient when 3 is used. This could be 

a result of more optimal OH-NH exchange or relaxation effects and is consistent with the results 

presented for simple alcohols in Chapter 2 in which 3 was the highest performing carrier, 

although for simple alcohols both 1H and 13C NMR signal gains were highest using 3. This 

suggests that one set of optimal SABRE-Relay conditions may not exist for every substrate or 

nuclei of interest and that several ógoodô conditions should be tested for each new substrate and 

used as a starting point for further optimisation of NMR signal gains. The sites with the highest 

1H or 13C NMR signal enhancements were the CH3 or CH groups of the lactate and little 

polarisation transfer across the ester group into the side arm was observed. Generally, the 

efficiency of relayed polarisation transfer to 1H and 13C sites using both 3 and 4-d7 as carriers 

increases as the length of the side arm is decreased (19>20>21).  

For utilisation of these enhanced MR signals it is important that the carbonyl group receives the 

largest amount of polarisation. This is because it is more isolated from other NMR active spins 

within the molecule and therefore it generally has the longest T1 time which is of use in preserving 

magnetisation for in vivo injection or chemical transformation. Estimates of hyperpolarised 13C 

magnetisation lifetimes of 19-21 measured at 9.4 T by leaving the hyperpolarised sample in the 

magnet for a varying time interval before recording a single scan 13C NMR spectra are c.a. <5 s, 

2ͯ0 s and ͯ 50 s for the CH3, CH and CO sites respectively. These compare well with values 

reported in the literature.74 The SABRE NMR signal enhancements presented in Table 3.2 show 

that the majority of the attained 13C polarisation resides on the more rapidly relaxing CH3 and CH 
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groups and only modest (<100-fold) NMR signal enhancements can be achieved for the slowly 

relaxing CO site.  

In PHIP-SAH, field cycling70 or r.f. excitation183, 184 are typically used to transfer polarisation 

from 1H sites on the side arm to a 13C labelled carbonyl resonance. These pulse sequences are 

usually based on INEPT (Insensitive Nuclei Enhanced by Polarisation Transfer)1, 2 and similar 

approaches can be taken here to transfer SABRE-Relay derived 1H polarisation to the 13C 

carbonyl site. When simple alcohols are polarised (Chapter 2) use of a 1H decoupled 1H-13C 

INEPT sequence did not yield improved levels of 13C polarisation from exchanging OH groups 

to directly bound 13C sites. However, in the case of 19-21, the OH group and target CO site are 

now separated by three bonds and therefore the use of INEPT pulse sequences may be 

advantageous. The effect of a 1H-13C INEPT sequence following hyperpolarisation of 19-21 using 

SABRE-Relay was examined using the samples containing 4-d7 discussed earlier. These 

sequences contain a variable delay time (Ű) which is related to the 1H-13C J coupling constant (Ű 

= 1/4J).2 The J coupling value between OH and CO sites in 19-21 is unknown and delay times of 

2 ms and 25 ms are used to optimise magnetisation transfer from 1H to 13C through both short 

range (10 Hz) and long range (125 Hz) scalar couplings. These sequences were unable to improve 

signal gain on the carbonyl site of 19, although CO polarisation of 20 and 21 could be increased 

from 45 ± 5-fold to 300 ± 45-fold and from 50 ± 5-fold to 370 ± 40-fold when INEPT transfer 

using a delay time of 2 ms was employed. In contrast, no improvements in 13C NMR signal 

enhancements were achieved when INEPT transfer was performed using a delay time of 25 ms. 

However, an improvement in relative signal to noise was observed, as shown in Figure 3.4. These 

results suggest that polarisation transfer from OH to CO sites can occur through a short range 

coupling, despite the two sites not being closely located. This indicates that polarisation transfer 

between them is likely occurring via the 1H CH site (route i of Figure 3.4a) or the directly bound 

carbon site (route ii of Figure 3.4a) rather than directly between the two (route iii of Figure 3.4a). 

This could be investigated further by using a wider range of delay times. Some example 

hyperpolarised 13C and 1H-13C INEPT NMR spectra are shown in Figure 3.4. 
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Figure 3.4: a) Possible polarisation transfer routes from OH to the carbonyl carbon involving i) indirect transfer via 

the 1H CH site ii) indirect transfer via the directly bound 13C site or iii) direct transfer via low field mixing. 

Hyperpolarised single scan b)-c) 13C and d)-e) 13C INEPT NMR spectra recorded with delay times (Ű) of d) 2 ms and 

e) 25 ms when solutions of b) 19 or c)-e) 20 (5 eq.) are shaken with 3 bar p-H2 for 10 seconds at 6.5 mT in a solution of 

2 (5 mM) pre-activated with b) 3 (8-9 eq.) or c)-e) 4-d7 (5 eq.) in dichloromethane-d2 (0.6 mL)  Resonances are labelled 

according to those shown in Figure 3.3. 

The efficiency of INEPT transfer depends on many factors including the rate of proton exchange, 

relaxation rates and scalar coupling within the aliphatic framework of the substrate. For example, 

rapid OH exchange is likely to scramble the J coupling value between OH and other sites within 

the substrate which is likely to limit the efficiency of INEPT transfer. A range of different INEPT 

sequences with optimised delay times to transfer polarisation from 1H sites to 13C sites (or other 

X nuclei) have been developed185 which could be used to achieve more significant levels of 

relayed heteronculear polarisation. Further investigation of the mechanism of polarisation 

transfer and identification of which J coupling values are most important will benefit further 

development of this technique.  

3.3.3 Feasibility of producing hyperpolarised lactate from hydrolysis of lactate 

esters 

The production of lactate from lactate esters can be achieved by rapid hydrolysis with NaOH (1 

M) followed by HCl (1 M) in D2O at 363 K.70, 73 As sodium lactate, 18, could not be 

hyperpolarised using SABRE-Relay, hydrolysis of the lactate esters 19-21 hyperpolarised using 

SABRE-Relay could be a route to producing hyperpolarised 18. Experiments were performed 

that involved the addition of NaOH (1 M) followed by HCl (1 M) in D2O at 363 K to solutions 

of 19-21 hyperpolarised using SABRE-Relay. This was achieved by shaking the solutions 

described earlier with p-H2 for 10 seconds at 6.5 mT at room temperature before placing the NMR 

tube into a thermostatically controlled water bath at 363 K at Earthôs field, removing the lid, and 

injecting NaOH followed by HCl in D2O (0.6 mL, final concentrations of 1 M). The sample was 

then shaken for ͯ 2 seconds to ensure mixing before being placed back into the water bath to 
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allow phase separation. The aqueous layer was removed via plastic syringe and injected into a 

separate NMR tube for interrogation by a single scan 13C NMR spectrum. These experiments 

revealed no hyperpolarised 13C NMR signals for any species. This is attributed to the long times 

( 9ͯ0 s) required to perform these manual hydrolysis and separation steps. This is compounded 

by the fact that the starting polarisation levels here are much lower than those achieved using 

techniques such as PHIP-SAH that use a similar procedure (1ͯ% initial SABRE-Relay 13C 

polarisation compared to 5% PHIP-SAH polarisation after hydrolysis and separation).73 

Additionally, the majority of 13C polarisation in 19-21 resides on aliphatic 13C sites which contain 

T1 values significantly shorter than the time required for the hydrolysis step. This suggests that to 

produce SABRE-Relay hyperpolarised lactate via hydrolysis of 19-21 will firstly require further 

optimisation of their 13C NMR signal gains with emphasis on optimising polarisation transfer 

from OH to the CO group. This can be achieved by modification of the delay time in 1H-13C 

INEPT sequences to achieve both optimal NMR signal enhancement, and maximum signal to 

noise. Other approaches such as field cycling70 or high field r.f. transfer156 could also be used. 

Once significant polarisation levels for the CO groups of 19-21 can be achieved, optimised 

hydrolysis conditions with shorter transfer times may yield SABRE-Relay hyperpolarised 18 in 

the future. 

3.4 Hyperpolarising pyruvate using SABRE-Relay 

Sodium pyruvate (22) contains exchangeable protons and may also become hyperpolarised via 

relayed proton exchange effects. Pyruvic acid is an ‌-ketoacid that contains both ketone and 

carboxylic acid functionalities; its carboxylic acid proton (pKa of 2.5) is readily lost at 

physiological pH to form the pyruvate anion in which the negative charge is delocalised around 

both oxygenôs of the carboxylate group.186, 187 Enol pyruvate can also form as a result of keto-

enol tautomerisation and is stabilised by conjugation between adjacent enol and carboxyl 

groups.187 This tautomerisation is important in biology as the enolisation of glycerate-2-phosphate 

to form phosphoenolpyruvate is a key step in the formation of pyruvate in glycolysis,138 although 

no enol forms of pyruvate have been assigned throughout this thesis. The C2 core of pyruvate is 

electron deficient due to bonding of both carbon atoms to electronegative oxygenôs and therefore 

these carbons can be the site of nucleophilic attack. The keto carbon, often labelled as position 2, 

of pyruvate is the most susceptible to reaction with nucleophiles as it is the most electron 

deficient.186, 187 The carboxylate carbon is less susceptible to reaction with nucleophiles due to the 

presence of the delocalised negative charge. Water in solution can act as a nucleophile and can 

form pyruvate hydrate following reaction at the more electron deficient keto carbon, as shown in 

Figure 3.5a.186, 187 These effects are illustrated when a 13C NMR spectrum of a solution of 22-1,2-

[13C2] (150 mM) dissolved in dichloromethane-d2 (0.6 mL) and 40 µL H2O is collected (shown 

in Figure 3.5b). 13C NMR resonances are observed at ŭ 169.7 and 205.2 (1JCC = 62 Hz) and ŭ 94.1 

and 178.8 (1JCC = 64 Hz) which arise from pyruvate and pyruvate hydrate (23) respectively.  
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Figure 3.5: a) In aqueous media an equilibrium exists between pyruvate and its hydrated form b) A 13C NMR spectrum 

of 22-1,2-[13C2] (150 mM) dissolved in dichloromethane-d2 (0.6 mL) and H2O (40 µL) shows resonances of pyruvate 

and its hydrated counterpart.  

3.4.1 Reaction between pyruvate and amines 

Ŭ-Keto acids such as pyruvate exhibit interesting chemical reactivity as they can react with a 

range of nucleophiles at the 2 position (in addition to water). Ŭ-Keto acids can also be 

functionalised as esters and can become decarboxylated by reaction with reagents such as H2O2
188 

(this is explored in more detail in Chapter 6). Amines are commonly employed as polarisation 

carriers in SABRE-Relay and they are also known to act as nucleophiles.104, 106, 107, 109 As nitrogen 

atoms hold their electron lone pairs more distantly from the nucleus, they are more readily 

donated to electrophiles than oxygen-based nucleophiles such as water. Therefore, reaction of 

pyruvate with amines is possible and is well known to occur in biological systems.189, 190 These 

effects are confirmed by recording a 13C NMR spectrum after the addition of benzylamine (4) to 

an aqueous solution of 22-1,2-[13C2]. 13C NMR resonances for 22 and 23 are observed in addition 

to signals at ŭ 73.7 and 182.4 (1JCC = 55 Hz) and ŭ 169.0 and 203.4 (1JCC = 62 Hz) (as shown in 

Figure 3.6) for the hemiaminal intermediate (24) and imine product (25) respectively.   

 

Figure 3.6: a) Summarised scheme to show the reaction between pyruvate and amine to form an equilibrium mixture 

containing pyruvate, pyruvate hydrate, hemiaminal, and imine. Note that proton transfer steps are not shown. b)-c) 

13C NMR spectrum b) 15 minutes and c) 6 hours after the addition of equimolar 4 to 22-1,2-[13C2] (150 mM) in 

dichloromethane-d2 (0.6 mL) and H2O (40 µL). 
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3.4.2 Reaction of pyruvate with [Ir(H)2(IMes)(amine)3]Cl  

The activation of 2 (5 mM) with the amines benzylamine (4) or phenethylamine (5) (5-20 eq.) 

and H2 gas (3 bar) in dichloromethane-d2 (0.6 mL) overnight yields a single hydride resonance at 

ŭ 23.7 or 24.1 respectively for the complexes [Ir(H)2(IMes)(benzylamine)3]Cl (26) or 

[Ir(H) 2(IMes)(phenethylamine)3]Cl (27) respectively. These complexes have been previously 

reported in the literature and have been used as SABRE polarisation transfer catalysts to produce 

strongly enhanced NMR signals for 4 or 5 free in solution.104, 106 At this point, 22-1-[13C2] (5 eq.) 

in H2O (40 µL) is added to these solutions under a flow of N2 gas and p-H2 (3 bar) is added. When 

shaken with fresh p-H2 for 10 seconds at 6.5 mT, hyperpolarised 13C NMR signals at 

ŭ 169.5, 170.2, and 178.7 are observed which correlate to the organic species 24, 22 and 25 

respectively, as shown in Figure 3.7. At this time point the pyruvate 13C NMR signal is enhanced 

by a factor of <10-fold. Upon shaking with fresh p-H2, these hyperpolarised 13C NMR signals are 

still visible, although they decrease in intensity upon successive p-H2 shaking, as shown in 

Figure 3.7a. Eventually, these hyperpolarised signals are no longer visible upon fresh p-H2 

shaking and are eventually replaced by a new hyperpolarised 13C resonance at ŭ 174.6 over a 

timescale of several minutes.  

 

Figure 3.7: An example series of partial single scan hyperpolarised 13C NMR spectra recorded when 22-1-[13C] (5 eq.) 

in H2O (40 µL) is shaken with 3 bar p-H2 for 10 seconds at 6.5 mT at the indicated time intervals after addition to a 

solution of 2 (5 mM) and 4 (10 eq.) in dichloromethane-d2 (0.6 mL) activated with 3 bar H2 overnight. 

When the reaction between 26 or 27 and 22-1-[13C] is monitored using 1H NMR spectroscopy, 

the intensity of the hydride signal of 26 or 27 decreases upon the addition of 22-1-[13C2]. Two 

sets of new hydride resonances appear at d ī21.9 and ī27.6 (2JHH = 9.5 Hz) and d ī24.0 and 

ī27.4 (2JHH = 8.0 Hz) following addition of 22-1-[13C] to 26. Similarly, signals at d ī21.6, ī28.0 

and d ī23.9, ī27.8 form when 22-1-[13C] is added to 27. The identity of these species was 

confirmed by using 2D NMR characterisation at 245 K. They were found to be of the form 

[Ir(H) 2(ə2-OOCC(CH3)NR)(IMes)(NH2R)] where R = CH2Ph (28) and R = (CH2)2Ph (29) and are 

formed following addition of 22 to 26 or 27 respectively, as summarised in Figure 3.8. Two 
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isomers of 28 or 29 are formed depending on the geometry of the coordinated imine which can 

be in the same plane as the hydride ligands (denoted 28A and 29A) or in a plane perpendicular to 

the hydride ligands (to give 28B and 29B). Structural confirmation by 2D NMR was aided by 

using 22-1,2-[13C2] and 4-[15N]. For example, a connection was observed in a 15N-1H HMQC 

experiment between the hydride signal of 28A at ŭ ī21.9 and a 15N signal at ŭ 276.9 due to a trans 

1H-15N coupling of 20.7 Hz between the hydride and the bound imine. An additional 15N signal 

for bound amine was recorded at ŭ ī2.7 which is located trans to the carbene ligand from NOE 

measurements. Identification of the imine ligand in the same plane as the hydrides was confirmed 

from NOE interactions between the CH3 groups of the carbene ligand and imine. NMR 

resonances for 28 and 29 are given in the experimental section 7.4.1-2 (Tables 7.1-7.2 and 7.3-

7.4 respectively).  

Complexes 28 and 29 are formed from the coordination of the ҙ-carboxyimine that forms from 

the in situ reaction of pyruvate and amine. It is likely that 28 and 29 are formed from condensation 

between pyruvate and the excess of free amine, followed by displacement of amine by the formed 

imine resulting in 28 and 29. This process could also be facilitated by the presence of the transition 

metal catalyst as it has been reported to be catalysed by a cobalt (III) centre containing 

coordinated pyruvate and amine ligand.v191 In this reported example, ligation of both pyruvate 

and amine to the metal centre promotes nucleophilic attack of the amine to ligated pyruvate as 

the latter is made more electron deficient by coordination to the metal. The carboxyimine 

complexes 28 and 29 would result from an analogous process in this system. While it is possible 

that 28 and 29 are formed directly from a metal catalysed reaction of 26 or 27 with 22, 

intermediates containing ligated pyruvate are not observed in thermal or hyperpolarised NMR 

measurements and the reaction between pyruvate and amine occurs in the absence of metal 

catalyst (section 3.4.1). 

Figure 3.8: 2 (5 mM) reacts with the amines 4 or 5 (5-20 eq.) and H2 (3 bar) in dichlromethane-d2 (0.6 mL) to produce 

26 or 27 respectively. Upon the addition of 22-1-[13C] in H2O (40 µL), iridium ҙ-carboxyimine complexes 28 and 29 are 

formed from the in situ condensation of pyrvuate and amine.  

Complexes 28A and 28B were found to exist in a 30:1 ratio one hour after addition of 22 to 26 at 

298 K, although after 7 hours at 298 K an equilibrium ratio of 2:1 confirms that 28A is the 

thermodynamically more stable product. In contrast, 29A and 29B form in an 11:1 ratio one hour 

after addition of 22 to 27 at 298 K which changes to a 1:2 ratio after the solution is left for 7 hours 
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at 298 K. This suggests that 29B is now the thermodynamically favoured product. The formation 

of similar ruthenium, cobalt, nickel, copper and zinc b-ketoimine complexes has been reported192-

194 and a similar ruthenium a-carboxyimine chelate has also been reported.191 The formation of 

28 and 29 effectively deactivates 26 and 27 such that pyruvate polarisation cannot be observed at 

longer reaction times. The hyperpolarised 13C NMR signal at ŭ 174.6 observed at longer reaction 

times correlates with 28B and 29B and is discussed further in Chapter 4. The in situ condensation 

reaction that occurs between pyruvate and the amine carriers used in SABRE-Relay to form 28 

and 29 may limit the NMR signal enhancements that can be attained due to catalyst deactivation. 

Nevertheless, the behaviour and hyperpolarisation of 28 and 29 is explored further in Chapter 4. 

3.4.3 Formation of iridium carbonate complexes from 28 and 29. 

Further reaction products following addition of 22 to 26 and 27 can be observed when the H2 

atmosphere of solutions containing 26 or 27 is replaced by N2 or air. In these cases the slow 

precipitation of single crystals occurs which were analysed by Dr. Adrian C. Whitwood using 

single crystal X ray diffraction.195 This revealed these crystals are [Ir(IMes)(ɖ2 CO3)(ə2

OOCC(CH3)NR)(NH2R)] which contain a bound carbonate ligand where R = CH2Ph (30) and R 

= (CH2)2Ph (31), the structures of which are shown in Figure 3.9. Only one isomer of 30 and 31 is 

observed in the crystalline state, despite 28 and 29 existing as two regioisomers. IR spectroscopy 

of 31 shows vibrational bands for ɜ(OCO) at 1584 and 1486 cmī1 which are consistent with other 

iridium and osmium ɖ2 CO32  complexes (with reported ɜ(OCO) values at 1580, 1482 cmī1 and 

1575, 1496 cmī1 respectively).196, 197 When 28 is synthesized from 22 1 [13C], and the resulting 

crystals of 31 analysed using 13C NMR spectroscopy, a signal for the bound 13CO3
2 ligand at 

ŭ 172 was observed. This suggests that the ɖ2 bound carbonate ligands of 30 and 31 are derived 

from pyruvate. This transformation is perhaps unsurprising considering that metal pyruvate 

complexes have been reported to thermally degrade to give metal carbonates at high 

temperatures.198 Other iridium complexes containing ɖ2 bound carbonate ligands have been 

reported.199 The formation of 30 and 31 is expected to occur over long timescale (>weeks) as 

solutions of 28 and 29 are stable under H2 over this timescale. Therefore, 30 and 31 are likely to 

constitute minor decomposition products that crystalize out of solution.  
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Figure 3.9: Structures of 30 and 31 determined from X ray crystallography. Note that any solvent of crystallisation 

and all hydrogen atoms have been omitted for clarity. X  ray diffraction data w ere collected and solved by Dr. Adrian 

C. Whitwood.195 

3.5 Optimisation of pyruvate hyperpolarisation using SABRE-Relay 

The pyruvate 13C NMR signal enhancements achieved using SABRE-Relay (Ůmax) should be as 

high as possible. The in situ condensation reaction that occurs between pyruvate and the amine 

carriers used in SABRE-Relay may limit the NMR signal enhancements that can be attained. 

Despite this, SABRE-Relay might be an appropriate method to hyperpolarise pyruvate if Ůmax can 

be increased and the rate of catalyst deactivation slowed to occur on timescales longer than those 

required for hyperpolarisation. The parameter Ұ80 is introduced to describe the % drop in 

hyperpolarised pyruvate 13C NMR signal enhancement after fresh p-H2 shaking 80 seconds after 

addition of pyruvate. Ұ80 will depend on the rate of reaction between pyruvate and amine, and the 

rate of formation of the iridium carboxyimine product. Ұ80 can therefore be used to compare 

different conditions and should be as low as possible to allow refreshable hyperpolarisation of 

pyruvate using SABRE-Relay. Several factors such as the identity and concentration of the carrier 

amine, water quantity, and iridium precatalyst are changed to optimise both Ůmax and reduce 

catalyst deactivation.  

3.5.1 Optimisation of pyruvate 13C NMR signal enhancement by variation of water 

content 

The presence of water is essential to solubilise pyruvate in the SABRE-Relay compatible solvent 

of dichloromethane-d2 (0.6 mL). Water quantity is expected to influence SABRE-relay 

performance, and from previous experiments involving alcohol substrates (section 2.4) and more 

complex molecules (section 3.2) it might be expected that the maximum pyruvate 13C NMR 
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signal enhancement (Ůmax) will decrease at high water concentrations. Water is also expected to 

influence the % drop in hyperpolarised pyruvate 13C NMR signal after fresh p-H2 shaking 80 

seconds after addition of pyruvate (Ұ80) as the mechanism of imine formation, shown in 

Figure 3.6a, predicts that high water concentrations favour formation of pyruvate. This was tested 

by addition of 22-1-[13C] (5 eq.) in a variable amount of H2O to preactivated solutions of 27 in 

dichloromethane-d2 (0.6 mL) followed by p-H2 shaking at 6.5 mT for 10 seconds. Values of Ůmax 

and Ұ80 at different H2O concentrations are shown in Table 3.3. 

Table 3.3: Values of Ůmax, and Ұ80 when 22-1-[13C] (5 eq.) dissolved in the indicated amount of H2O is added to 

preactivated 27 in dichloromethane-d2 (0.6 mL) and shaken with 3 bar p-H2 for 10 seconds at 6.5 mT. These are one 

shot experiments with errors taken from typical values using alcohol substrates (Chapter 2) for which repeat 

measurements with consistent Ůmax values could be achieved. 

 

 

 

When pyruvate is solubilised in 5 µL H2O, the Ұ80 value is 36% which decreases to 16% as the 

volume of water is increased to 40 µL. This change suggests that at higher water concentrations 

the equilibrium position between pyruvate and imine is pushed towards pyruvate. This leads to 

slower rates of catalyst deactivation and smaller hyperpolarised signals of the imine product. 

Despite these changes, Ůmax appears comparable at different water concentrations and therefore, 

40 µL volumes of H2O are used to maximise the time window over which hyperpolarised 

pyruvate signals are visible.  

3.5.2 Optimisation of pyruvate 13C NMR signal enhancement by variation of amine 

identity and concentration 

The identity of the carrier amine is expected to have a large effect on Ůmax. It has been shown in 

Chapter 2 how the efficiency of polarisation transfer from p-H2 to the carrier amine via 

polarisation transfer catalysts of the form [Ir(H)2(IMes)(amine)3]Cl can be the most important 

step in determining the efficiency of relayed polarisation transfer to alcohols. Additionally, the 

identity and concentration of amine is expected to influence the equilibrium position between 

pyruvate and imine and the rate of catalyst deactivation. Therefore, a range of different amines 

were tested by activating them (5-20 eq.) with 2 (5 mM) and 3 bar H2 in dichloromethane-

d2 (0.6 mL) overnight to form [Ir(H)2(IMes)(amine)3]Cl.104, 106 Subsequently, 22-1-[13C] (5 eq.) 

in H2O (40 µL) was added and shaken with 3 bar p-H2 for 10 seconds at 6.5 mT and values of 

Ůmax and Ұ80 were determined. These values using the carrier amines phenylethylamine (4), 

benzylamine (5), phenylpropylamine (32), phenoxyethylamine (33) and aniline (34) are shown 

in Table 3.4.  

H2O volume/ µL Ůmax /fold ╩80 /% 

5 
10 

20 

40 

12 ± 2 
9 ± 2 

17 ± 3 

7 ± 2 

36 
25 

30 

16 
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Table 3.4: Values of Ůmax and Ұ80 when 22-1-[13C] (5 eq.) dissolved in H2O (40 µL) is added to preactivated solutions of 

2 (5 mM) and the indicated amine in dichloromethane-d2 (0.6 mL) and shaken with 3 bar p-H2 for 10 seconds at 

6.5 mT. These are one shot experiments with errors taken from typical values using alcohol substrates (Chapter 2) for 

which repeat measurements with consistent Ůmax values could be achieved. 

 

 

 

 

 

 

 

The data shown in Table 3.4 suggests that the decay of hyperpolarised pyruvate signal is generally 

slower when lower concentrations of amine are used. For example, as the concentration of the 

carrier amine 5 is increased from 3.5-20 equivalents relative to the iridium catalyst, Ұ80 increases 

from 3% to 45% (entry 7 compared to entry 12 of Table 3.4). Similar increases in Ұ80 are observed 

upon increases in the concentrations of carriers 4, 4-d7, and 33 which likely indicates that as amine 

concentration is increased deactivation of the system to form products analogous to 28 and 29 is 

more rapid. Trends in Ůmax are more challenging to rationalise as additional factors such as amine 

polarisation, relaxation of the active catalyst, and efficiency of proton exchange will all influence 

SABRE-Relay performance. 

When comparing Ůmax and Ұ80 values for samples containing the same amounts (10 eq.) of the 

amines 4, 5, and 32, an increase of Ұ80 from 10%, to 16% and 24% for 4, 5 and 32 respectively 

(entries 2, 10 and 13 of Table 3.4) is observed as the length of the aliphatic chain between the 

amine and phenyl groups of the carrier are increased. This change is indicative of a faster rate of 

condensation reaction as the nucleophilicity of the amine group increases as the nitrogen lone 

pair becomes more localised. The faster rate of catalyst deactivation is confirmed from 

appearance of hyperpolarised 13C NMR signals of the deactivated imine complex at shorter 

reaction times when more reactive amines are used, as shown in Figure 3.10. For example, when 

comparing the amines 4, 5, and 32, hyperpolarised 13C NMR signals of the imine complex formed 

using the more nucleophilic 5 and 32 are observed 10 minutes after pyruvate addition compared 

to 100 minutes using 4.  

This is supported by a low Ұ80 of just 1% when the less nucleophilic 34 is used (entry 16 of 

Table 3.4) in which the nitrogen lone pair is delocalised around the aromatic ring. In this case a 

reduced donor power of the amine reduces the ability to form magnetisation transfer catalysts of 

the form [Ir(H)2(IMes)(Aniline)3]Cl.106 Therefore, in cases where aniline is used as a carrier an 

Entry  Amine Amount (eq. relative to Ir) Ůmax /fold ╩80 /% 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 
17 

Benzylamine (4) 

Benzylamine (4) 

Benzylamine (4) 

Benzylamine-d7 (4-d7) 

Benzylamine-d7 (4-d7) 

Benzylamine-d7 (4-d7) 

Phenethylamine (5) 

Phenethylamine (5) 
Phenethylamine (5) 

Phenethylamine (5) 

Phenethylamine (5) 

Phenethylamine (5) 

Phenylpropylamine (32) 

Phenoxyethylamine (33) 

Phenoxyethylamine (33) 

Aniline (34) 
Aniline-d5 (34-d5) 

5.0 

10.0 

20.0 

5.0 

10.0 

20.0 

3.5 

5.0 
7.5 

10.0 

12.5 

20.0 

10.0 

5.0 

10.0 

10.0 
10.0 

5 ± 1 

5 ± 1 

5 ± 1 

22 ± 5 

48 ± 5 

36 ± 5 

14 ± 2 

7 ± 2 
13 ± 2 

7 ± 2 

11 ± 2 

3 ± 1 

9 ± 1 

13 ± 2  

14 ± 2 

4 ± 1 
7 ± 1 

2 

10 

25 

3 

7 

43 

3 

4 
10 

16 

10 

45 

24 

2 

4 

1 
3 
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acetonitrile coligand is also added to form stable SABRE active catalysts.101, 106 This is a common 

strategy in SABRE155 and further work could optimise the identity and amount of coligand used. 

The disadvantage of this approach is that the finite amount of p-H2 derived polarisation can be 

wasted by unwanted transfer into the coligand. This is supported by the slightly lower Ůmax value 

achieved using 34 compared to using 4, 5, and 32 (4-fold compared to 5, 7, and 9-fold 

respectively).  

Figure 3.10: Time courses of the change in hyperpolarised 13C NMR signals that occur following addition of 22-1-

[13C] (5 eq.) in H2O (40 µL) to preactivated solutions containing 2 (5 mM) and a) 4 b) 5 and c) 32 (10 eq.) in 

dichloromethane-d2 (0.6 mL). Each data point is a separate measurement involving shaking with fresh p-H2 (3 bar) for 

10 seconds at 6.5 mT.  

For most efficient SABRE-Relay transfer to pyruvate, polarisation should be concentrated 

exclusively on the NH2 group of the carrier. Any transfer to other sites in the carrier molecule 

could be a significant source of wasted polarisation. This can be prevented by deuterating 1H sites 

of the carrier. Labelling approaches of this type have been used to optimise NMR signal gains of 

target molecules using SABRE as it reduces the number of 1H receptor sites that polarisation can 

be transferred to and it increases the lifetime (T1) of hyperpolarised signals.97, 102, 110, 111 It is 

expected that deuteration of proton sites or physically separating the amine from the CH carrier 

framework via a spacer atom/group could localise polarisation on the exchanging NH2. Two 

amines were employed to illustrate these effects: phenethyoxyamine (33), which is analogous to 

5 but contains an oxygen spacer between the phenyl ring and ethylamine group, and 4-d7. The 

presence of the oxygen spacer in 33 increases Ůmax by roughly a factor of two (from 7-fold to 14-

fold, entries 10 and 15 of Table 3.4 respectively). Deuteration of the carrier amine is able to 

increase Ůmax by up to a factor of ten (from 5-fold to 48-fold when 10 eq. carrier is used, entries 2 

and 5 of Table 3.4 respectively). Therefore, deuteration of the carrier appears the most appropriate 

approach to localise polarisation on the carrier NH site and optimise pyruvate NMR signal 

enhancements. While 33 prevents polarisation leakage into the phenyl ring, magnetisation can 

still spread from the amine into the CH resonances of the ethyl group explaining the smaller 

increase in Ůmax when 33 is used compared to 4-d7. The carrier 4-d7 (5 eq.) is used for future studies 

as this yielded the highest Ůmax with the lower amounts giving a slower rate of catalyst 

decomposition (Ұ80). Therefore, conditions are selected to balance the need for a high Ůmax with a 

low Ұ80 



  Chapter 3 

104 

 

3.5.3 Optimisation of pyruvate 13C NMR signal enhancement by variation of 

iridium precatalyst  

The identity of the magnetisation transfer catalyst plays a crucial role in facilitating polarisation 

transfer from p-H2 derived hydride ligands to the carrier molecule,48, 104, 106, 107, 109 which will 

determine the finite amount of polarisation available for relayed transfer to pyruvate. The identity 

of the carbene ligand is highly important and its modification has been used to tune the exchange 

rate and consequently the NMR signal enhancement of a particular substrate.96, 97, 200 Alteration 

of this ligand can also influence relaxation of the ligated substrate and catalyst solubility.100 

Similar effects may play a role when optimising pyruvate 13C NMR signal enhancements using 

SABRE-Relay. Therefore, a series of different iridium precursors synthesised by Dr. Victoria 

Annis and Dr. Peter J. Rayner, the structures of which are shown in Figure 3.11, were used to 

hyperpolarise pyruvate by SABRE-Relay,  

 

Figure 3.11: Structures of the precatalysts, synthesised by Dr. Victoria Annis and Dr. Peter J. Rayner, used in this 

work. 

These precatalysts were tested by activating each (5 mM) with 4-d7 (5 eq.) and 3 bar H2 in 

dichloromethane-d2 (0.6 mL) before addition of 22-1-[13C] (5 eq.) in H2O (40 µL) and 10 second 

p-H2 shaking at 6.5 mT. Values of Ůmax and Ұ80 for these precatalysts are shown in Table 3.5. 
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Table 3.5: Values of Ůmax and Ұ80 when 22-1-[13C] (5 eq.) dissolved in H2O (40 µL) is added to preactivated solutions of 

the indicated precatalyst (5 mM) and 4-d7 (5 eq.) in dichloromethane-d2 (0.6 mL) and shaken with 3 bar p-H2 for 

10 seconds at 6.5 mT. These are one shot experiments with errors taken from typical values using alcohol substrates 

(Chapter 2) for which repeat measurements with consistent Ůmax values could be achieved. Values of buried volume159, 

200, 201 and Tolman electronic parameter200 are taken from the literature.  

 

 

 

 

*Value taken from Kelly et al.202 and may not be comparable to those taken from Rayner et al.200 

The identity of the carbene ligand has an effect on Ůmax and Ұ80, as shown in Table 3.5. Differences 

in Ұ80 as a function of precatalyst may be indicative of a metal catalysed condensation reaction. 

Alternatively, these variations could also simply relate to different rates of catalyst deactivation 

which is expected to be a bimolecular process involving metal catalyst and imine free in solution. 

The largest Ůmax is achieved using 39 (65-fold) which contains sterically bulky tertiary butyl 

groups on the carbene ligand. Despite this, other sterically large precatalysts with large % buried 

volumes (such as 37 and 40) are not able to achieve such high Ůmax. It is therefore expected that 

Ůmax is dependent not only on steric factors but also electronic effects of the carbene ligand. 

However, no clear trend between either Ůmax or Ұ80 and the steric or electronic properties of the 

precatalyst (Table 3.5) are discernible. Additional factors such as relaxation within the active 

catalyst, and the rate of catalyst deactivation will also play a role. Therefore, developing a rational 

to achieve high Ůmax through synthetic catalyst design is challenging. This is consistent with other 

literature reports which show that selection of an optimal catalyst based only on a steric or 

electronic parameter is extremely challenging.200 Nevertheless, it has been shown that variation 

of the catalyst can increase Ůmax by more than a factor of ten (from 5-fold for 2 to 65-fold for 39). 

3.6 Conclusions  

This chapter has extended SABRE-Relay from the hyperpolarisation of simple alcohols (as 

presented in Chapter 2) to a wider range of more complex OH-containing molecules. SABRE-

Relay can achieve 1H and 13C NMR signal enhancements of up to 355-fold and 500-fold 

respectively for natural products such as nerol, geraniol and linalool. Lactate esters such as methyl 

lactate can also be hyperpolarised with 1H and 13C NMR signal gains as high as 110-fold and 

1015-fold respectively. This shows that SABRE-Relay can be a useful approach in the 

hyperpolarisation of small molecules of potential biological relevance. The hyperpolarisation of 

these examples cannot be achieved using alternative techniques such as PHIP or SABRE because 

these targets do not have the unsaturated or iridium ligating functionalities essential for these 

approaches. Instead, polarisation transfer catalysts of the form [Ir(H)2(NHC)(amine)3]Cl are able 

to hyperpolarise carrier amines with significant signal gains, with subsequent proton exchange 

Precatalyst Ůmax /fold Ұ80 /% Buried volume /% Tolman electronic parameter /cm-1 

2 

9 

35 

36 

37 

38 

39 

40 

5 ± 1 
33 ± 4 

55 ± 5 

55 ± 5 

50 ± 5 

20 ± 3 

65 ± 7 

27 ± 4 

2 
7 

9 

9 

5 

8 

5 

10 

31.6 
32.7  

31.4 

31.6 

32.6 

31.7 

31.7 

32.6 

2049.5 
2051.5* 

2047.2 

2047.6 

2048.8 

2051.7 

2049.6 

2050.1 
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effects allowing relayed transfer of hyperpolarisation to the target molecules discussed. This 

approach does not involve chemical alteration of the target molecule which presents advantages 

compared to PHIP and PHIP-SAH and it uses much simpler technology than DNP.  

While SABRE-Relay is able to enhance NMR signals of selected examples, it has not expanded 

the substrate scope of SABRE as significantly as might have been expected. Although the 

technique relies on proton exchange, it has not been used to hyperpolarise all molecules 

containing exchangeable protons tested here. One of the reasons for this is due to the physical 

properties of the target molecule which must either be a liquid at room temperature or pressure, 

or it must be soluble in a SABRE-Relay compatible solvent. These solvents must not contain 

exchangeable protons, which could serve as a hyperpolarisation sink, and should be compatible 

with solubilisation of both iridium catalyst and p-H2. This usually necessitates using organic 

solvents such as dichloromethane-d2 or chloroform-d which are often unable to solubilise target 

molecules, particularly those of biological interest. The presence of large amounts of contaminant 

water (which in some cases may be necessary to aid substrate solubilisation) limits SABRE-Relay 

efficiency by creating unwanted proton exchange pathways. These findings are consistent with 

previous reports of SABRE-Relay hyperpolarisation.48, 104, 107  

Application of SABRE-Relay to a larger range of molecules may be possible by solvent 

optimisation or by introduction of solubilising molecular tags. The former approach has already 

been used to hyperpolarise sugars including glucose using SABRE-Relay by solubilisation in 

mixtures of dimethylformamide and dichloromethane.107 The hydrolysis of lactate esters 

hyperpolarised using SABRE-Relay could be used as a route to produce hyperpolarised lactate. 

Currently, NMR signal gains are too low to observe hyperpolarised lactate although future 

improvements in catalyst design, carrier hyperpolarisation levels and utilisation of more efficient 

pulse sequences to transfer 1H derived magnetisation to longer lived 13C sites may allow such an 

application in the future.  

SABRE-Relay can yield pyruvate 13C NMR signal enhancements of up to 65-fold, although there 

are significant challenges associated with this approach. The main limitation is the in situ 

condensation between pyruvate and amine upon pyruvate addition to [Ir(H)2(NHC)(amine)3]Cl 

which results in the formation of iridium carboxyimine complexes. At this point the system is 

effectively deactivated to further pyruvate hyperpolarisation. The behaviour and 

hyperpolarisation of these complexes is explored in much more detail in Chapter 4. This 

decomposition process can be reduced by using larger volumes of solubilising water, low amine 

concentrations, and less nucleophilic amine carriers. The resulting pyruvate 13C NMR signal 

enhancement can also be improved by deuteration of the carrier amine or variation of the carbene 

ligand. Under optimised conditions a pyruvate 13C NMR signal enhanced by 65-fold can be 

observed at 9.4 T and this signal is still discernible in a single scan 13C NMR spectra 15 minutes 

after pyruvate addition to 26 or 27. This timescale may be compatible with preparation times 
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required for utilisation in applications such as biomedical imaging studies. However, the 13C 

polarisation levels (0.05%) are significantly lower than those that can be achieved for pyruvate 

using DNP (70%),38 or even those of simple alcohols using SABRE-Relay (1%) 48, 104, 107, 108 (see 

Chapter 2). These limitations could be addressed by redesigning SABRE-Relay to include new 

classes of carrier molecules that can relay polarisation from the iridium catalyst to pyruvate 

without reacting to form decomposition products. Alternatively, a more fruitful approach may be 

to design novel polarisation transfer catalysts in which pyruvate can become hyperpolarised via 

direct coordination to the iridium catalyst. This is explored in more detail in Chapter 5. 

SABRE-Relay has the potential to hyperpolarise molecules in a fashion that is inaccessible to 

alternative techniques such as SABRE or PHIP. However, it is currently only applicable to niche 

molecules and cannot deliver NMR signal enhancements comparable to other hyperpolarisation 

techniques such as d-DNP. This may limit the widespread use of the technique in hyperpolarised 

MR, particularly for applications in which hyperpolarisation in aqueous solvents is essential. 
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Chapter 4. Hyperpolarisation of iridium 

carboxyimine complexes 

4.1 Introduction  

Transition metal complexes have wide applications in catalysis and materials science.203 

Organometallic complexes were some of the first species to be hyperpolarised using 

parahydrogen (p-H2) in the late 1980s.32, 34 The ParaHydrogen Induced Polarisation (PHIP) 

effect was first observed through enhanced metal hydride signals of rhodium and iridium 

complexes,31, 32 with some examples given in Figure 4.1. Since then, many more examples of 

PHIP hyperpolarised metal dihydride complexes have emerged.204 Other hyperpolarisation 

techniques such as Dynamic Nuclear Polarisation (DNP) have hyperpolarised 89Y heteronuclei in 

a range of inorganic complexes.205, 206 Metal complexes are now rarely used as hyperpolarisation 

targets and are more commonly exploited to catalytically facilitate the hyperpolarisation of 

smaller organic molecules either by acting as direct hydrogenation catalysts (in PHIP)45, 68, 73, 126 

or catalytically transferring p-H2 spin order to ligated molecules through temporary J-coupled 

networks in an organometallic complex (in SABRE).76, 78 The types of materials typically 

hyperpolarised by PHIP and DNP nowadays are usually small organic molecules. These are 

typically organic reaction products for low concentration detection122-124 or naturally occurring 

biomolecules for in vivo imaging68-70, 73, 132-137, 139-141 and are discussed in section 1.5.  

 

 

Figure 4.1: Examples of hyperpolarised metal complexes a) PHIP hyperpolarised hydride resonances of 

[RhCl(H) 2(PPh3)3]
31 Reprinted (adapted) with permission from C. R. Bowers and D. P. Weitekamp, J. Am. Chem. Soc., 

1987, 109, 5541-5542 Copyright (1987) American Chemical Society b) PHIP hyperpolarised hydride resonances of 

[IrBr(H) 2(dppe)] where dppe is 1,2-bis(diphenylphosphino)ethane.32 Reprinted (adapted) with permission from T. C. 

Eisenschmid, R. U. Kirss, P. P. Deutsch, S. I. Hommeltoft, R. Eisenberg, J. Bargon, R. G. Lawler and A. L. Balch, J. 

Am. Chem. Soc., 1987, 109, 8089-8091. Copyright (1987) American Chemical Society c) DNP hyperpolarised 89Y NMR 

signal of [Y(EDTA)(H2O)]- where EDTA is ethylenediaminetetraacetic acid206 d) SABRE hyperpolarised 1H NMR 

resonances of [Ir(H)2(IMes)(NH3)3]
+ (where IMes = 1,3-bis(2,4,6-trimethyl -phenyl)imidazole-2-ylidene) with 

resonances for free NH3 and NH3 bound trans to hydrides at ŭ 0.5 and 2.1 respectively.106  
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In SABRE, iridium complexes undergo reversible oxidative addition of p-H2 to form metal 

dihydride species.76 The PHIP enhanced magnetisation of these p-H2 derived hydrides can be 

transferred to nuclei of other ligands within the organometallic complex through a temporary J-

coupled network.76, 78 Polarisation transfer from p-H2 derived hydrides can occur at mT or µT 

fields for transfer to 1H or X nuclei sites in ligated substrates respectively.78, 83 This transfer can 

also be radiofrequency driven at high fields (i.e. 9.4 T).95, 169, 170 While SABRE often uses these 

effects to achieve the polarisation of a target organic ligand in solution, hyperpolarised resonances 

for these ligands bound in an iridium SABRE catalyst can also be visible.102, 106 The 

hyperpolarisation of short lived metal complexes can allow their low concentration detection in 

solution which is of great benefit in elucidating reaction mechanisms.61 Para-hydrogen based 

hyperpolarisation methods can therefore be used as a unique tool to help detect species that would 

otherwise be extremely challenging to observe by NMR.46 

In this chapter the hyperpolarisation of neutral complexes of the type [Ir(H) 2(ə2-

OOCC(CH3)NR)(IMes)(NH2R)] is investigated where R = CH2Ph (28) and R = (CH2)2Ph (29). 

28 and 29 are synthesized in situ by reaction of [IrCl(COD)(IMes)] (2) (where IMes = 1,3-

bis(2,4,6-trimethyl-phenyl)imidazol-2-ylidene and COD = cis,cis-1,5-cyclooctadiene) with the 

amines benzylamine (4) or phenethylamine (5) (5 eq.) respectively in dichloromethane-

d2 (0.6 mL) in an NMR tube under a 3 bar H2 atmosphere. The reaction was left overnight at room 

temperature to allow the formation of [IrH2(IMes)(NH2R)3]Cl (26; R = CH2Ph and 27; R = 

(CH2)2Ph). The formation of 26 and 27 was confirmed by the presence of its characteristic hydride 

resonances at ŭ ï24.1 or ï23.7 respectively in a 1H NMR spectrum.106 At this point a solution of 

sodium pyruvate-1,2-[13C2] (22) (5 eq. relative to 2) in H2O (40 µL) was added to these solutions 

of 26 or 27 under a flow of N2 gas. The 3 bar H2 atmosphere was replaced and the solution left 

overnight to allow for the formation of an equilibrium mixture of 28 or 29. The formation and 

characterisation of 28 and 29 is described in more detail in Chapter 3 and is summarised in 

Figure 4.2. 

Figure 4.2: Formation of the iridium ҙ-carboxyimine complexes 28 and 29 investigated in this chapter where IMes = 

1,3-bis(2,4,6-trimethyl -phenyl)imidazole-2-ylidene. An asterisk (*) denotes a 13C labelled position. The formation of 

these complexes is discussed in Chapter 3. Isomer C is not detected in solution. 

In solution, 28 and 29 exist as two isomers that are distinguished by the coordination geometry 

of the imine, as shown in Figure 4.2. Those isomers containing coordinated imine in the same 
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plane as the hydride ligands are denoted A while those isomers containing ligated imine in the 

plane perpendicular to that of the hydrides are labelled B. There is a third isomer, C, which can 

arise from interchange of the imine binding sites, although this isomer was not observed during 

the course of this work. In the case of 28, isomers 28A and 28B were found to exist in a 30:1 ratio 

one hour after addition of 22 to 26 at 298 K. After 7 hours at 298 K an equilibrium ratio of 2:1 

confirms that 28A is the thermodynamically more stable product. In contrast, species 29A and 

29B formed in a 11:1 ratio one hour after addition of 22 to 27 at 298 K, although this changes to 

a 1:2 ratio after the solution is left for 7 hours at 298 K. This suggests that for 29, isomer B is the 

thermodynamically favored product.  

In Chapter 3, 28B and 29B were found to exhibit enhanced NMR resonances for their hydride 

ligands and enhanced 13C NMR signals for their bound imine when equilibrium mixtures of 28 

or 29 were shaken with p-H2. These catalysts present an excellent opportunity to study 

magnetisation transfer within metal complexes which is explored further in this chapter. The 

NMR signal gains of these metal complexes is quantified and optimized and the ligand exchange 

processes governing their hyperpolarisation efficiencies are also investigated to produce a rational 

for achieving high SABRE performance in these metal complexes. These studies can have 

applications in a range of areas including intermediate detection and mechanistic elucidation of 

catalytic processes.  

4.2 Creating heteronuclear 13C2 singlet order within 28B and 29B 

[I r(H)2(ə2-OOCC(CH3)NR)(IMes)(NH2R)] where R = CH2Ph (28) and R = (CH2)2Ph (29) can be 

synthesized from 2 (5 mM), 22 (5 eq.) and the amines 4 or 5 (5-20 eq.) respectively in a 3 bar H2 

atmosphere, as detailed in section 4.1. When solutions of 28 and 29 in dichloromethane-

d2 (0.6 mL) are shaken for 10 seconds with 3 bar p H2 at 6.5 mT and immediately placed into a 

9.4 T NMR spectrometer for collection of a single scan 1H NMR spectrum the hydride resonances 

of 28B and 29B become strongly enhanced while those of 28A and 29A appear unaffected, as 

shown in Figure 4.3a. The hyperpolarised hydride signals of 28B and 29B both appear as 

antiphase peaks due to p-H2 hydrogenation at both high field and low field producing a 

combination of ALTADENA and PASADENA effects.32, 34 This means populations of Ŭb and bŬ 

levels within the dihydride products are derived from p-H2 spin order, as depicted in Figure 4.3b. 

These hydride NMR signal enhancements could not be easily quantified due to internal 

cancellation effects caused by overlap of broadened antiphase peaks.  
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Figure 4.3: a) Example hyperpolarised 1H NMR spectrum of 28 recorded using a 45o r.f. pulse with the analogous 

thermal spectrum (expanded vertically by a factor of 8) shown above. b) This line shape results from population 

(denoted by line thickness) of Ŭb and bŬ nuclear spin energy levels of 28B (right) which are derived from the populated 

Ѝ
Ŭb-bŬ level in p-H2 (left).207  

When samples of 28 and 29 are shaken with fresh p H2 at 6.5 mT NMR signals for both the 13C2 

sites of the imine ligand within 28B or 29B are strongly enhanced when observed with a 90o r.f. 

excitation pulse. A hyperpolarised 13C NMR signal for free imine is not observed suggesting that 

the imine ligand does not exchange freely in solution over the timescale of this measurement. 

Interestingly, the two hyperpolarised 13C NMR signals of the bound imine appear in an unusual 

óup up down downô pattern which are indicative of singlet magnetisation,57, 86, 112-114 as shown in 

Figure 4.4. These coupled 13C-13C spin pairs in 28B and 29B contain chemical shift differences 

of 4.8 and 6.1 ppm respectively (2JCC = 66 Hz) at 9.4 T. At the mT polarisation transfer fields 

these spins are strongly coupled to the hydride ligands allowing the initial singlet state of p-H2 to 

be transferred to the 13C2 pair which results in these unusual patterns.55, 208 13C NMR signal 

enhancements could not be calculated by reference to a single scan thermal measurement as the 

13C NMR resonances of 28B and 29B recorded under Boltzmann derived conditions are too weak 

to be observed in a single scan. Therefore, the 13C NMR signal enhancements of 28B and 29B 

were calculated as 420-fold and 280-fold respectively by reference to a more concentrated 

reference signal of 22 (as described in section 1.4, equation 1.11). As singlet magnetisation is 

shared equally between the coupled 13C spin pair, these NMR signal enhancements effectively 

describe the average magnetisation on each 13C site.  
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Figure 4.4: a) An example hyperpolarised 13C NMR spectrum of 28 recorded using a 90o r.f. pulse with the analogous 

thermal spectrum shown above. b) This line shape results from population (denoted by line thickness) of b Ŭ nuclear 

spin energy levels of 13C2 sites within 28B (right) which is derived from the populated 
Ѝ
Ŭb-bŬ level in p-H2 (left).  

The creation of singlet magnetisation using r.f. pulses was first reported in 2004.50, 52 This type 

of magnetisation is typically immune to dipolar relaxation and can therefore contain lifetimes 

longer than T1 values.51, 54, 57 Singlet magnetisation in 1H-1H,209, 210 13C-13C,53, 87 15N-15N55, 56, 86, 208 

or even 13C-15N58 spin pairs has also been derived from p-H2 using SABRE but these approaches 

often involve the use of complex pulse sequences. Such singlet order is typically created in small 

organic molecules,51, 54, 57, 58, 112, 208, 211, 212 although singlet magnetisation in 1H-1H spin pairs of 

metal dihydride complexes, arising from oxidative addition of p-H2, has been reported.168, 208, 210 

In the case of 28B and 29B, heteronuclear singlet order is transferred spontaneously from p-H2 at 

low field (~6 mT) without complex instrumentation or r.f. excitation. Interestingly, 28B and 29B 

are an unusual example of a heteronuclear (non 1H) singlet state observed within a transition 

metal complex. This is unusual as the iridium centre might be expected to promote singlet 

relaxation.213, 214 To investigate further, the lifetime of this 13C2 singlet magnetisation was 

measured to determine if long-lived magnetisation could be created using SABRE.  

The methods commonly used to measure the lifetimes of singlet states in pairs of coupled spins 

at either high field (THF) or low field (TLF) are summarised in Figure 4.5.56, 93, 114, 210 These usually 

involve shaking the sample with 3 bar p-H2 for 10 seconds at 6.5 mT. The sample can then be 

immediately transferred to a 9.4 T spectrometer before 13C NMR spectra are recorded with a 90o 

r.f. pulse. The sample can be left at 9.4 T for a variable storage time, ŰHF, before the acquisition 

sequence is applied. Alternatively, the sample can be stored in a mu-metal shield (~ 1 µT) for a 

variable time interval, ŰLF, before returning the sample to the 9.4 T NMR spectrometer and 

immediately recording a 13C NMR spectrum. These experimental approaches are summarised in 

Figure 4.5. As the storage time (†) is increased the hyperpolarised signal, St, will relax. A decay 

curve is produced by plotting this signal decay as a function of storage time which can then be 

fit ted to an exponential decay to extract a lifetime, THF or TLF. 112, 114   
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Figure 4.5: Depiction of the experimental procedure used for determination of a) high field lifetime (THF) and b) low 

field lifetime (TLF) of 13C2 singlet order within 28B and 29B.  

When such methods are applied here (method a of Figure 4.5), the high field (9.4 T) lifetime, THF, 

of the hyperpolarised 13C2 magnetic states within 28B and 29B are too short to allow for an 

appropriate decay profile to be obtained. When these experiments are repeated by storing the 

sample at low magnetic field in a mu-metal shield (~1 µT) (method b of Figure 4.5) 

hyperpolarised 13C2 signal decay of 28B and 29B is produced which show a dependence on p-H2 

pressure, an example is given in Figure 4.6a. This is likely related to replenishment of 13C2 singlet 

order as p-H2 exchange continues during the storage time. Therefore, these decay curves contain 

contributions from both the low-field singlet state lifetime (TLF) and the rate of p-H2 refreshment 

(pH). This was confirmed by recording a similar signal decay plot in which the sample was shaken 

at low field (ͯ 6 µT) for the last 5 seconds of the storage time to dissolve fresh p-H2 for alternating 

data points. The hyperpolarised 13C NMR signal intensity for these data points were significantly 

higher than samples which were not shaken for a portion of the storage time, as shown in 

Figure 4.6b. This suggests that continuous repolarisation is occurring during the storage time. 

Therefore, the hyperpolarised 13C2 NMR signal decay profile of 28B and 29B was fit to a bi-

exponential function that contains contributions from both the singlet state lifetime (TLF) and p-

H2 repolarisation (pH). This function is described in Equation 4.1where S0 is the hyperpolarised 

13C2 NMR signal intensity at t = 0 and A and B are constants.  

Ὓ Ὓ ὃὩ  ὄὩ                 τȢρ 
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The effects of singlet relaxation and p-H2 refreshment can be deconvoluted by recording 

measurements at different p-H2 pressures as TLF will be independent of p-H2 pressure while pH 

will vary as a function of p-H2 pressure. Recording these measurements at p-H2 pressures of 1, 2 

and 3 bar followed by bi-exponential fitting of these 13C2 NMR signal decay curves according to 

Equation 4.1 yields singlet state lifetimes (Ts) of 10.9 ± 1.1 s and 8.8 ± 1.4 s for 28B and 29B 

respectively. 

 

Figure 4.6: a) Example decay of hyperpolarised 13C2 NMR signal of 28B measured at different p-H2 pressures. 

Experimental data points are shown with markers while fitted values according to a biexponential decay are shown 

with solid lines. b) Decay of hyperpolarised NMR 13C2 NMR signal of 29B measured at 3 bar p-H2 by hyperpolarising 

in the stray field of the 9.4 T magnet and storing in a mu-metal shield for differing time periods (blue) and repeated 

when the samples stored for 10, 20 and 30 seconds were shaken in the mu-metal shield for the last 5 seconds of the 

storage time (red). Solid lines in b) are included for visual aid only. 

Currently, some of the longest reported singlet lifetimes are 26 minutes at low field for the 

coupled 15N2 spins in 15N2O212 and over an hour for a 13C2 spin pair in a naphthalene derivative.57 

In these examples singlet magnetisation is created using complex instrumentation and r.f. 

excitation to populate the singlet ȿὛἃ state. Here, SABRE can create singlet magnetisation 

naturally which provides many cost and time advantages. Theis et al. have exploited SABRE-

SHEATH to create singlet 15N2 magnetisation in 15N2-diazirine which has a lifetime of 

23 ± 3 minutes.55 The singlet lifetimes of 28B and 29B are significantly shorter than these 

examples suggesting that singlet order within them cannot be described as ólong-livedô as there 

are still significant relaxation pathways. This is perhaps unsurprising considering that the 

magnetisation exists within a metal complex which may provide a source of relaxation. 

Nevertheless, this work provides a rare example of heteronuclear singlet order surviving within 

a metal complex which may be of future use in the detection of low concentration catalytic 

intermediates.  

4.3 Investigating hydrogen exchange processes of 28B and 29B 

The source of singlet order within 28B and 29B is p-H2, which can be refreshed upon p-H2 

exchange. Therefore, the mechanism of hydrogen exchange within 28B and 29B was investigated 
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to determine its role in achieving high 13C2 NMR signal enhancements within 28B and 29B. These 

are neutral 18 electron complexes that could exchange hydrogen in a number of ways, as depicted 

in Figure 4.7. Hydrogen could coordinate to these complexes in an associative process (path a of 

Figure 4.7) to form 20 electron species of the form [Ir(H2)(H)2(ə2-

OOCC(CH3)NR)(IMes)(NH2R)]. This is an unlikely process as it breaks the 18 electron rule and 

transition metal complexes with 20 valence electrons are rare.215, 216 It is much more likely that 

hydrogen exchange will proceed through a pathway that involves 16 or 18 electron 

intermediates.217, 218 This could occur through reductive elimination of H2 (path b of Figure 4.7) 

to initially form a 16 electron square planar product which subsequently binds fresh H2. This 

cycle of H2 reductive elimination and oxidative addition will be accompanied by changes in metal 

oxidation state and geometry. There may therefore be a large barrier to these processes if large 

orbital reorganization energies are involved.219 On the basis of H2 exchange processes in similar 

Ir(III) complexes, it is more likely that H2 oxidative addition and subsequent exchange is preceded 

by dissociative amine loss (path c of Figure 4.7) from 18 electron 28 or 29 to form 16 electron 

[Ir(H) 2(ə2-OOCC(CH3)NR)(IMes)].97  

 

Figure 4.7: Potential hydrogen exchange pathways in 28B and 29B.   
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A combination of exchange spectroscopy (EXSY)220 and Density Functional Theory (DFT)221 

were used to investigate hydrogen exchange pathways within 28B and 29B. EXSY experiments 

were performed to measure the exchange rate between the hydride ligands and free H2. In this 

experiment, the hydride resonance trans to amine is selectively excited before recording a 

1H NMR spectrum after a time delay, as summarised in Figure 4.8a. Upon the selective excitation 

of either hydride signals of 28B or 29B, evolution into free H2 and the inequivalent hydride site 

is observed, an example is shown in Figure 4.8b. In contrast, excitation of the hydride ligands of 

28A or 29A does not show chemical exchange into other products suggesting that they are inert 

on this timescale. These measurements also do not reveal any exchange between A and B isomers 

on this timescale suggesting that interconversion between the two forms is slow. These results 

show there is a reaction pathway in 28B and 29B that allows for both H2 exchange and interchange 

of the hydride ligand sites.  

 

Figure 4.8: a) Depiction of the EXSY measurement process b) A typical EXSY spectrum of 29B at 283 K recorded 

0.05 s after selective excitation of the hydride ligand trans to amine. 

Hydrogen exchange is expected to follow path c of Figure 4.7 in which the key step is dissociative 

amine loss to form an important five coordinate intermediate [Ir(H) 2(ə2-OOCC(CH3)NR)(IMes)]. 

This intermediate can then react with H2 to reform the starting complex in which its excited 

hydride ligands have been replaced with unexcited hydride ligand via hydrogen exchange. In 

contrast, the five coordinate intermediate [Ir(H) 2(ə2-OOCC(CH3)NR)(IMes)] can also be ligated 

by an amine; rebinding of the amine is able to reform the starting complex. In this case the excited 

label of 28B or 29B will remain unchanged if the amine rebinds in the same orientation. However, 

coordination of the amine on a different face of this intermediate will reform 28B or 29B with 

interchanged hydride ligands. This effect results from the asymmetry of the imine bound within 

the 16-electron intermediate [Ir(H) 2(ə2-OOCC(CH3)NR)(IMes)]. These pathways are 

summarised in Figure 4.9.  
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Figure 4.9: Exchange processes of 28B and 29B that can lead to exchange of hydrogen or interchange of hydride 

ligands. 

The rate of these two exchange processes: H2 exchange (ὯὌς
έὦί

) and interchange of the hydride 

ligand sites (ὯὌὭ
έὦί

) can be measured by recording a series of EXSY spectra in which the delay 

between selective excitation of hydride trans to amine and spectral acquisition is increased. A 

series of integral intensities of the excited resonance and evolved resonances are collected and 

plotted as a function of the delay time, an example is given in Figure 4.10a. These integral 

intensities can be interpreted as a percentage abundance and can be fit to a three site exchange 

model described by equations 4.2-4.4. Expected percentage abundances of these species (starting 

28B or 29B, free hydrogen (Ὄ Ὄ), and the hydride interchanged products (28Bi or 29Bi)) at 

varying time delays were calculated at time t where ‬t is an incremental time difference and ὯὌς
έὦί

 

and ὯὌὭ
έὦί

 are the reverse observed rates of hydrogen exchange and hydride interchange.  

║ ║  Ὧ ( ( Ὧ ║ Ὧ ║ Ὧ ║░‬ὸ      τȢς 
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The observed rate of hydrogen production (ὯὌς
έὦί

) and hydride site interchange (ὯὌὭ
έὦί

) are 

determined from fitting the lowest sum of the least squared fit between the EXSY determined 

abundances and those predicted by the kinetic model described in equations 4.2-4.4. An example 

is shown in Figure 4.10a. Transition state barriers for these processes can be calculated by 

recording measurements at a range of different temperatures (see Figure 4.10b). The activation 

enthalpy (ЎὌɗ) and activation entropy (ЎὛɗ) of hydrogen exchange or hydride interchange can 

be calculated from equation 4.5where Ὕ is temperature, Ὧ  is Boltzmannôs constant, Ὤ is Planckôs 

constant, and Ὑ is the ideal gas constant. The Gibbs free energy of activation (ЎὋɗ) can be 

calculated using Equation 4.6. Errors were calculated according to established procedures.222  

ÌÎ
Ὧ

Ὕ
 ÌÎ
Ὧ

Ὤ
 
ЎὛɗ

Ὑ

ЎὌɗ

ὙὝ
                                                τȢυ 

 

ЎὋɗ  ЎὌɗ ὝЎὛɗ                                                 τȢφ 

 

 

Figure 4.10: a) % Abundances calculated from EXSY data (marker points) and the model (lines) for a solution of 29B 

at 283 K. b) An Eyring plot of ἴἶ
▓╗

╣
 against 

╣
 yields a straight line with intercepts and gradients used to calculate 

thermodynamic parameters for the observed rate of hydrogen loss from 28B and 29B according to equations 4.5 and 

4.6. 

The EXSY data were used to estimate the rate of free H2 production as 15.5 ± 0.6 sī1 for 28B at 

283 K. The transition state barriers ЎὌɗ and ЎὛɗ for free H2 production are 

103.7 ± 1.6 kJ molī1 and 145 ± 6 J Kī1 molī1 respectively. The observed rate of H2 formation 

from 29B was slower than that from 28B (4.11 ± 0.06 sī1) at 283 K while transition state barriers 

were also lower (ЎὌɗ and ЎὛɗ for free H2 production of 81.0 ± 2.2 kJmolī1 and 53 ± 5 J Kī1 molī1 

respectively). Similar octahedral iridium carbene complexes have been reported to exchange 

hydrogen at rates between 0.56 and 5.11 sī1 at the higher temperature of 295 K.92 Therefore, 

hydrogen exchange processes of 28B and 29B are relatively rapid. It is suggested that faster H2 

exchange within 28B accounts for the higher 13C NMR signal enhancements (420-fold for 28B 

versus 280-fold for 29B) as enhanced p-H2 exchange is able to constantly ótop upô p-H2 derived 

singlet order within 28B and 29B. Rapid hydrogen exchange is therefore very important in both 

obtaining high 13C2 NMR signal enhancements and refreshing 13C2 singlet order. 
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On the basis of hydrogen exchange processes reported for similar Ir(III) systems it is expected 

that hydrogen exchange follows a pathway similar to that of path c of Figure 4.7 in which 

hydrogen exchange is preceded by dissociative amine loss from 18 electron 28B or 29B to form 

a 16 electron five coordinate intermediate.97 This proposal was investigated by measuring these 

observed hydrogen exchange (ὯὌς
έὦί

) and hydride interchange (ὯὌὭ
έὦί

) rates for 29B as a function 

of amine concentration and hydrogen pressure. These rates are shown in Table 4.1 and Table 4.2 

respectively.  

Table 4.1: Rate constants for H2 production (▓╗
▫╫▼) and hydride interchange (▓╗░

▫╫▼) of 29B determined by EXSY at 

273 K as a function of amine concentration when H2 pressure was fixed at 3 bar. Note amine concentration is relative 

to 2 (5 mM). 

 

 

The ὯὌς
έὦί

 rates of Table 4.1 decrease as the amine concentration is increased supporting the 

hypothesis that hydrogen exchange occurs following dissociative amine loss. This change 

supports the fact that the [Ir(H) 2(ə2-OOCC(CH3)NR)(IMes)] intermediate is more likely to 

undergo hydride ligand interchange at higher amine concentrations by reforming 29B rather than 

reacting with H2. This is indicated by a reduction in ὯὌς
έὦί

 and increase of ὯὌὭ
έὦί

 when higher amine 

concentrations are used. In contrast, when the H2 pressure is increased the five coordinate 

intermediate is more likely to react with H2 than amine which is indicated by an increase in ὯὌς
έὦί

 

and a decrease of ὯὌὭ
έὦί

.  

Table 4.2: Rate constants for H2 production (▓╗
▫╫▼

) and hydride interchange (▓╗░
▫╫▼

) of 29B determined by EXSY at 

273 K as a function of H2 pressure when amine concentration was fixed at 15 eq. relative to 2 (5 mM). 

 

 

 

Density Functional Theory (DFT) calculations were performed by Dr. Richard O. John (details 

are given in the experimental section 7.5) to gain further insight on these ligand exchange 

processes. These calculations allow the relative energies of the closely related 28A-28C to be 

determined and are given in Table 4.3. The theoretical stability ordering of 28A  28B ḻ 28C is 

consistent with 1H NMR observations in solution. The energies of products formed from direct 

H2 loss to form a four coordinate Ir(I) 16-electron product are also shown and depicted graphically 

in Figure 4.11. As the æH and æG changes to form these products are both greater than 

100 kJ mol-1 at 298 K direct H2 loss is likely to be accompanied by a large transition state 

barrier.223 This suggests that hydrogen exchange via path b of Figure 4.7 is unlikely to occur. In 

[Amine] ▓╗
▫╫▼

/s-1 ▓╗░
▫╫▼

/s-1 

5 eq. 

10 eq. 

15 eq. 

1.85 ± 0.05 

1.47 ± 0.03 

1.13 ± 0.01 

0.40 ± 0.02 

0.70 ± 0.01 

0.88 ± 0.01 

H2 pressure ▓╗
▫╫▼

/s-1 ▓╗░
▫╫▼

/s-1 

1 bar 

2 bar 

3 bar 

0.60 ± 0.01 

0.95 ± 0.01 

1.13 ± 0.01 

1.05 ± 0.01 

0.92 ± 0.01 

0.88 ± 0.01 
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contrast, the [Ir(H)2(H2)(ə2-OOCC(CH3)NR)(IMes)] intermediate formed in path c, is more stable 

by over 60 kJ mol-1. This supports a route to H2 exchange in a cycle that involves iridium 

complexes with constant oxidation states. The energy changes for amine loss from 28A are larger 

than from 28B which supports the experimentally observed reduced reactivity for isomers of type 

A.  

Table 4.3: Relative energies of 28 and computed thermodynamic parameters related to ligand exchange processes at 

298 K. All values are in kJ mol-1 and relative to 28B which is set as a zero point. Note these are product energies and 

not transition state barriers. These DFT calculations have been performed by Dr. Richard O. John.224   
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Figure 4.11: DFT energy level diagram showing the relative energies of 28A-C and the energies of species arising 

from H 2 or amine loss. These are intermediate energies and not transition state energies. These DFT calculations 

have been performed by Dr. Richard O. John.224   

4.4 Formation of novel iridium carboxyimine complexes 44, 45, and 47 

by variation of coligand 

The investigation into the mechanism of H2 loss from 28B and 29B described in section 4.3 

support a pathway preceded by amine loss. Therefore, amine dissociation from 28B and 29B may 

be a key factor mediating p-H2 exchange and determining the resultant NMR signal enhancements 

and singlet state lifetimes. Therefore, solutions of 29 were mixed with various different neutral 

two electron nitrogen, oxygen, and sulphur donors to form novel complexes in which the amine 

ligand of 29 is replaced by a coligand, as shown in Figures 4.12 and 4.14. When 29 is mixed with 

the coligands acetonitrile-d3 (41-d3) or thiophene (42) (5 eq. relative to starting 2) both the broad 

hydride resonances of 29B at ‏ 24.03 and 27.80 and the sharp hydride resonances of 29A at 

‏ 21.70 and 27.91 appear unchanged. Therefore, 41-d3 and 42 are unable to compete with 

amine for binding to 29. However, when pyridine (43) is added to solutions of 29 in 

dichloromethane-d2, new hydride resonances immediately appear at ‏ 23.47 and 27.37 which 
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have a mutual 2JHH coupling constant (7.5 Hz). These hydride resonances result from a new 

species, 44B in which pyridine has replaced the amine ligand of 29B. When this solution is left 

overnight at 278 K additional resonances at ‏ 20.96 and 26.99 (2JHH = 9 Hz) become visible 

which belong to 44A in which pyridine has replaced the amine ligand of 29A. At this time point 

all four complexes, 29A, 29B, 44A, and 44B, are present in solution.  

 

Figure 4.12: Addition of the coligands pyridine (43), imidazole (8), or dimethylsulfoxide (46) to solutions of 29 form 

44, 45, and 47 in which the amine ligand is replaced with the added coligand.  

Similar effects are observed when 29 is mixed with imidazole (8); new hydride resonances appear 

at ‏ 21.96 and 28.14 (2JHH = 8 Hz) and correspond to 45B, in which imidazole has replaced 

the amine ligand of 29B. Similarly to 44B, 45B forms rapidly after the addition of coligand (in 

this case imidazole) to 29 at room temperature. A species analogous to 44A, 45A, with resonances 

at ‏ 21.41 and 27.59 (2JHH = 9 Hz) forms after a longer time period. The time course of this 

reaction is shown in Figure 4.13. Similarly, the dimethylsulfoxide (46) complexes 47A and 47B 

can be formed with broad hydride resonances at ‏ 13.37 and 25.77 and sharp resonances at 

‏ 21.14 and 25.89 (2JHH = 9 Hz) respectively.  

These complexes (44, 45, and 47) are characterised using a combination of mass spectrometry 

and 2D NMR techniques (see sections 7.4.5-7.4.6). For some equilibrium mixtures NMR 

characterisation is extremely challenging due to severe peak overlap caused by the presence of 

multiple complexes in solution. In the case of an equilibrium mixture of 29 and 45, addition of 

3ͯ mL degassed hexane caused the precipitation of 45A as a bright orange solid which was 

isolated by filtration and drying under vacuum. This product was re-dissolved in 

dichloromethane-d2 and the resultant solution used for 2D NMR characterisation at 245 K using 

a similar approach to those of 28 and 29 presented in Chapter 3. Full NMR characterisation data 

for 45A is given in the experimental section 7.4.5.  

The formation of 44, 45 or 47 from 29 was monitored by recording a series of 1H NMR spectra 

at 298 K over a 17 hour time period after the addition of pyridine, imidazole or dimethylsulfoxide 

respectively. In the case of pyridine, signals for 29B, and then 29A, decrease upon pyridine 

addition leading first to the detection of 44B and then 44A. The proportion of each of these four 
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complexes was determined using the integral intensities of the hydride resonance trans to nitrogen 

which appears in an NMR spectral region free from peak overlap. A kinetic model was created 

to fit this time course data that allowed exchange of all four species with the 12 rate constants 

described in Figure 4.13 and Equations 4.7-4.12 where ὢ  and ὢ  are the concentration or 

proportion of species X in solution at t-‏ὸ and t where ‬ὸ is an incremental time difference. (L is 

the added coligand pyridine, imidazole or dimethylsulfoxide in the case of n= 44, 45 or 47 

respectively). The model does not take into account the common [Ir(H)2(H2)(ə2-

OOCC(CH3)NR)(IMes)] intermediate that will form irrespective of the identity of the ligand that 

is lost. 

 

Figure 4.13: a) Exchange model used for kinetic modelling transmission rates for the interconversion between 29 and 

44, 45 or 47. b) An example of the kinetic time course for conversion between 29 and 45 (data points) with the fit (solid 

lines) according to the model described.  

Ἄ◄ ἌἼ Ἴ ▓ Ἄ ▓ Ἃ ▓ ╛ Ἄ ▓ ▪═ ▓ Ἄ╛ ▓ ▪║ ⸗◄         Ȣ  

Ἃ◄ ἋἼ Ἴ ▓ Ἄ ▓ Ἃ ▓ ╛ Ἃ ▓ ▪═ ▓ Ἃ╛ ▓ ▪║ ⸗◄         Ȣ  

▪║◄ ▪║Ἴ Ἴ ▓ ▪║ ▓ Ἄ╛ ▓ ▪║ ▓ ▪═ ▓ ▪║ ▓ Ἃ╛ ⸗◄               Ȣ  

▪═◄ ▪═Ἴ Ἴ ▓ Ἃ╛ ▓ ▪═ ▓ ▪═ ▓ Ἄ╛ ▓ ▪═ ▓ ▪║⸗◄                   Ȣ  

╛◄ ╛Ἴ Ἴ ▓ Ἄ╛ ▓ ▪║ ▓ Ἃ╛ ▓ ▪═ ▓ ▪║ ▓ Ἃ╛  ▓ ▪═

▓ Ἄ╛ ⸗◄                                                                                                                                            Ȣ  

◄ Ἴ Ἴ ▓ Ἃ╛ ▓ ▪═ ▓ ▪║ ▓ Ἃ╛ ▓ Ἄ╛  ▓ Ἄ╛

▓ ▪║  ▓ ▪═ ⸗◄                                                                                                                 Ȣ   

Pseudo first order transmission rates for interconversion between these species were found by 

minimizing the sum of the squared differences between experimentally determined intensities 

from the NMR data and values predicted by the kinetic model in the same way as the hydrogen 

exchange rates described in Section 4.3. Initial data at short reaction times were excluded from 

the fit due to the release of large amounts of free amine in solution upon its replacement by 

pyridine in 29B which in turn may influence the equilibrium position between amine and imine. 

This same process was repeated to determine the transmission rates for amine replacement in 29 

with imidazole or dimethylsulfoxide in 45 and 47 respectively. While all the fitted transmission 
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rates are given in section 7.6.2 only the rate constants labelled k2 and k4 according to Figure 4.13 

are given in Table 4.4 and discussed further as these describe interconversion rates from 29A or 

29B to the coligand replaced products.  

Table 4.4: Selected fitted rate constants describing interconversion between 29 and 44, 45, or 47 calculated by fitting 

the EXSY data (an example is shown in Figure 4.13b) to the model in Figure 4.13a described by Equations 4.7-4.12. A 

full table including all the rate constants are given in section 7.6.2.  

*rate constants and errors less than 1  10-6 s-1 were set by this model to 0. 

Collectively, these transmission rates are consistent with faster amine loss from 29B with a higher 

k of 9 ± 2  10-6 s-1 than from 29A where k is 7 ± 3  10-6 s-1 when pyridine is used as the 

coligand. Similarly, when imidazole is used a faster effective rate of amine replacement from 29B 

to form 44B is suggested (k = 3  10-6 s-1) when compared to 29A (k = 2  10-6 s-1), although 

both these changes occur slower than those in the pyridine system. Therefore, the rate of 

imidazole binding to [Ir(H)2(ə2-OOCC(CH3)NR)(IMes)] must be slower than that of pyridine.   

To further confirm this observation, pyridine and imidazole (5 eq. each) were both added to 29 

to create an equilibrium mixture of 29, 44 and 45. Transmission constants were calculated in a 

similar way using modified rate equations as described in section 7.6.3. These transmission 

constants are also presented in section 7.6.3 and support faster amine replacement in 29B when 

compared to 29A. In fact, the rate of amine replacement with pyridine is higher by a factor of 

four compared to replacement with imidazole. 

Coligand added to 29 Process Transmission rate /10-6 s-1 

Pyridine 

 

Imidazole 

 

Dimethylsulfoxide 

 

Equimolar pyridine and imidazole 

29B Ą 44B 

29A Ą 44A 

29B Ą 45B 

29A Ą 45A 

29B Ą 47B 

29A Ą 47A 

29B Ą 44B 

29A Ą 44A 

29B Ą 45B 

29A Ą 45A 

9  2 

7  3 

3*  

2*  

6  1 

0.0*  

4.8* 

0.6* 

7.8* 

0*  
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4.5 Formation of novel iridium complexes by loss of imine 

The addition of some coligands cannot only replace the amine, but over long time scales they can 

replace the imine to form the novel iridium complexes shown in Figure 4.14, all of which have 

been characterised using 2D NMR spectroscopy and Mass Spectrometry (MS). Full NMR 

characterisation data is given in section 7.4. For example, the addition of benzyl isocyanide (48) 

initially results in the formation of the amine replacement product, 49B, with hydride resonances 

at ‏ 8.49 and 24.69 (2JHH = 5.5 Hz). This is confirmed by NOE measurements that show the 

hydride resonance trans to benzyl isocyanide is close in space to the diastereotopic CH2 

resonances of the bound imine (3.72 ‏ and 3.87) and the phenyl protons of the isocyanide (6.96 ‏) 

while the hydride resonance trans to the imine is close in space to the CH2 group of the isocyanide 

 ,Over time .(and 3.87 3.72 ‏) and the diastereotopic CH2 resonances of the bound imine (2.13 ‏)

products formed from loss of the imine are detected. Two singlets appear at ‏ 10.22 and 12.34 

which also are present in a 1:12 ratio when H2 is added to a solution of 29 (5 mM), 5 (5 eq.), and 

48 (5 eq.). NMR characterisation of this mixture showed the singlet at ‏ 12.34 resonates from 

[Ir (H)2(CNCH2Ph)3(IMes)]Cl, 50. This is confirmed from NOE measurements between the 

hydride and the IMes resonances (2.28 ,6.98 ,7.08 ‏ and 2.00). The hydride resonance shows 

NOE cross peaks to the CH2 groups of both cis and trans isocyanide ligands (4.82 ‏ and 4.73) 

respectively and ͯ12 Hz couplings to the isocyanide NC and CH2 carbons at 113.95 ,150.78 ‏ 

and 117.93 for the cis and trans sites respectively. The cis and trans isocyanide ligands are 

differentiated based on the 1:2 integral intensities for their CH2 resonances. Mass spectrometry 

analysis of this mixture confirms that tris isocyanide and bis isocyanide amine complexes are 

present. While the identity of the complex resonating at ‏ 10.22 could not be determined from 

NMR characterisation due to its low concentration, it is expected to correspond to the bis 

isocyanide amine complex [Ir(H) 2(CNCH2Ph)2(IMes)(NH2(CH2)2Ph)]Cl, 51. The formation of 

iridium(III) isocyanide products have been reported.225, 226  
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Figure 4.14: Addition of coligands 48, 52, or 55 can form novel iridium complexes with displaced imine ligand 

where R= (CH2)2Ph.  

The addition of ethyl isothiocyanate (52) (4 eq.) to 29 initially yields resonances for 53B at 

‏ 17.87 and 28.27 (2JHH = 9 Hz), before proceeding more rapidly to the imine loss complex 

[Ir(H) 2(IMes)(SCNEt)2(NH2(CH2)2Ph)]Cl, 54 which yields a single hydride signal at ‏ 16.05. 

This is confirmed by NOE cross peaks between the hydride and the IMes ligand (2.16 ‏) and the 

amine ligand (6.96 ‏). The ethyl isothiocyanate ligand is located from an NOE cross peak with 

the amine ligand. The ratio of 29A, 29B, 53B and 54 is 0:7:1:3 after 30 mins. Therefore, the 

binding of ethyl isothiocyanate is strong enough that it can displace the chelated imine. This is 

supported by the wide range of reported stable isothiocyanate complexes.227, 228 However, 54 is 

not formed when 2 (5 mM), 5 (5 eq.), and ethyl isothiocyanate (5 eq.) react with H2.  

When 4-chlorobenzenemethanethiol (55) (5 eq.) is added to 29, the major product that forms, 56, 

gives rise to a single hydride signal at ‏ 21.56 due to a complex which is stable for several 

weeks at 278 K. Characterisation using 2D NMR spectroscopy proved it is a monohydride with 

retained amine and carboxyimine ligands. A 10 Hz coupling is observed between the hydride 

signal and the 13C NMR resonances of the bound imine at 167.86 ‏ and 175.51. The hydride 

resonance shows NOE cross peaks with those of the amine (6.86 ,2.22 ,2.08 ,1.88 ‏). Therefore, 

56 corresponds to the H2 replacement product [Ir(H)(ə2-OOCC(CH3)NR)(SCH2PhCl)(IMes)] that 

is formed by SH oxidative addition. Similar reactivity is known for metal surfaces229 and 

bimetallic complexes.230, 231 Related iridium N-heterocyclic carbene complexes that contain 

bound thiolates have been prepared from the displacement of Ir-Cl under basic conditions.232 

Here, SH activation to form 56 is more likely than a similar thiol deprotonation. Products related 

to 56 are expected to account for SABRE catalyst deactivation using supported thiols.116 



  Chapter 4 

128 

 

4.6 Using hydride hyperpolarisation of iridium carboxyimine complexes 

for coligand sensing 

The hydride ligand chemical shifts of the iridium carboxyimine complexes presented in 

section 4.4-4.5 (28, 29, 44, 45, 47, 49, and 53) are highly sensitive to the identity of the coligand. 

The largest chemical shift differences, which span a window of ͯ 15.5 ppm, are observed for the 

hydride position trans to the coligand, L, as summarised in Figure 4.15. This sensitivity may 

allow for unique sensing applications for complexes of this type, with diagnostic hydride NMR 

chemical shifts indicative of the presence of a particular coligand in a mixture.  

 

Figure 4.15: Hydride NMR chemical shifts of carboxyimine complexes (at 298 K) are highly sensitive to the identity of 

the coligand, L. 

Hyperpolarisation of the amine replaced products 44, 45, 47, 49, and 53 is now investigated to 

test the hypothesis that coligand loss from 29B is important in mediating p-H2 exchange and 

determining overall NMR signal enhancements and singlet state lifetimes. When equilibrium 

mixtures of 29 and 44 are shaken with p-H2 for 10 seconds at 6.5 mT before being placed into a 

9.4 T NMR spectrometer, hyperpolarised hydride resonances of 29B and 44B are observed, as 

shown in Figure 4.16. The hyperpolarised hydride response for 44B is 100 times more intense 

than that of 29B which is now only 2% of its value before pyridine addition. Similar effects can 

be observed when equilibrium mixtures of 29 and 45 are hyperpolarised. Now, signals for 45B 

are 16 times more intense than those of 29B, which drops to 20% of its intensity prior to imidazole 

addition, as shown in Figure 4.16. In contrast, equilibrium mixtures of 29 and 49-51, 53-54 or 56 

do not give significant hyperpolarised 1H or 13C NMR responses for any species. 
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Figure 4.16: Partial thermal (upper) and hyperpolarised (lower) 1H NMR spectra for 29B are shown (left). Shaking 

equilibrium mixtures of 29 and 44 or 29 and 45 yield hyperpolarised hydride resonances for 29B, 44B and 45B (right) . 

These spectra are all recorded using the same parameters and are shown on a comparable vertical scale (note those of 

29 (left) are scaled vertically by the indicated factor). 

It might be expected that the large difference in hyperpolarisation levels between starting amine 

complex 29B and the amine replacement products 44B and 45B is due to more rapid hydrogen 

exchange in the amine replaced products. In fact, when these hydrogen exchange rates were 

measured in the same way as those described in Section 4.3, the rate of free hydrogen production 

from 44B was slow (0.17 ± 0.01 s-1 at 273 K compared to 1.14 ± 0.03 s-1
 at 273 K for 29B). No 

exchange of hydride ligand was noted for 45B. Therefore, the NMR signal gains of 44B and 45B 

are not due to direct PHIP. Instead, these complexes are predominantly hyperpolarised by 

coligand addition to the hyperpolarised five coordinate reaction intermediate that forms upon 

amine loss from 29B. Furthermore, T1 measurements of 3.5 s, 7.7 s, and 7.0 s for the hydride 

ligands of 29B, 44B and 45B respectively suggest that the more intense hydride signals of 44B 

and 45B, upon formation from 29B, is aided by slower relaxation rather than direct hydrogen 

exchange effects. 

The NMR signal enhancement of 45B compared to 29B in the equilibrium mixture of 29 and 45 

is higher compared to 44B and 29B. This suggests that pyridine is more effective than imidazole 

at competing with the amine for the free iridium binding site. The overall higher signals of the 

equilibrium mixture of 29 and 45 is due to higher amounts of 29B present in this equilibrium 

mixture (32%) meaning more of the hyperpolarised five coordinate intermediate [Ir(H) 2(ə2-

OOCC(CH3)NR)(IMes)] is there to be trapped when compared to the 29/44 mixture (12%).  

Interestingly, when a sample of both pyridine and imidazole (5 eq.) are added to 29 to form an 

equilibrium mixture of 29, 44 and 45 this sample yielded hyperpolarised resonances for 29B, 44B 

and 45B when shaken with p-H2 for 10 seconds at 6.5 mT, as shown in Figure 4.17a. Higher 

levels of hydride hyperpolarisation in 45B are observed compared to 44B (in a ratio of 1:3:5 for 

29B, 44B and 45B respectively). The kinetics of these systems, which were investigated in 
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section 4.4, can be considered to establish links between hyperpolarised signal intensities and the 

rate and strength of coligand binding to the five coordinate [Ir(H) 2(ə2-OOCC(CH3)NR)(IMes)] 

intermediate. It might be expected from kinetic considerations that the hyperpolarised signals for 

44B should be four times larger than 45B mirroring the four times faster rate of amine 

replacement with pyridine. The fact that this does not appear to be the case is unlikely related to 

different relaxation times of the hydride sites in these complexes, but rather due to different 

extents of polarisation transfer to other sites in these metal complexes and the possibility of direct 

PHIP occurring to different extents in each complex. For example, polarisation is localised on the 

hydride ligands of 45B whereas in 44B polarisation spreads into the 1H sites of the pyridine 

coligand. This was confirmed when an addition of equimolar pyridine-d5 and imidazole was made 

to 29. Now, the hyperpolarised hydride signals are observed in a 1:6:5 intensity ratio for 29B, 

44B-d5, and 45B respectively. Here, 44B-d5 now exhibits a hydride signal higher than 45B as the 

spread of hyperpolarisation into pyridine has been reduced. While these hyperpolarisation levels 

are now consistent with a faster rate of pyridine binding compared to imidazole, outstanding 

differences in H2 exchange rates mean they do not completely mirror the factor of four difference 

in observed interconversion rate constants discussed earlier. This suggests that while these 

complexes are formed from the same common intermediate the rate constant ratio of the 

formation of each cannot be used as a measure to predict or evaluate their hyperpolarisation 

levels, or vice versa. 

 

Figure 4.17: Partial hyperpolarised 1H NMR spectra for an equilibrium mixture of a)  29, 44 and 45 b) 29, 44-d5 and 

45 in dichloromethane-d2 (0.6 mL) shaken with 3 bar p-H2 for 10 seconds at 6.5 mT. Spectra are shown on the same 

vertical scale. 

While the chemical shifts of the iridium carboxyimine complexes presented are sensitive to the 

coligand identity their hyperpolarisation levels cannot always be used as an indication of the 

coligand binding strength. Despite this, these complexes have NMR chemical shifts sensitive to 

a range of different coligands. It is therefore expected that they could have novel sensing 
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applications in the future as their chemical shifts and enhanced NMR signals can provide 

information on the identity of coligands in solution. This may have future beneficial applications 

in detecting low concentration coligands in solution.  

4.7 Effect of coligand, L, on 13C2 NMR signal enhancements and singlet 

order of iridium carboxyimine complexes  

Hydrogen exchange in iridium complexes 44, 45, and 47 containing pyridine, imidazole and 

dimethyl sulfoxide respectively is significantly reduced compared to 28 and 29. The effect of this 

on the 13C2 singlet order of the bound imine is investigated further. Upon addition of the coligands 

pyridine and imidazole to solutions of 29, hyperpolarised NMR responses for the 13C2 labelled 

imine cores of 44B and 45B at 174.79 ‏ and 167.71 (1JCC = 66.5 Hz) and 175.63 ‏ and 166.76 

(1JCC = 66.5 Hz) respectively are observed. The 13C2 NMR resonances of 44B and 45B partially 

overlap with those of 29B suggesting that diagnostic coligand identification cannot be made based 

on 1D 13C NMR spectroscopy. The hyperpolarised resonances of 44B are of similar intensity to 

29B, while those of 45B are 17 times smaller than 29B in the 29/45 mixture, as shown in 

Figure 4.18. Interestingly, the hyperpolarised 13C2 NMR resonances of 44B and 45B do not 

exhibit the unusual spectral patters typical of the singlet state of 29B. This is consistent with rapid 

decoherence of 13C2 singlet order leaving a dominant amount of Zeeman magnetisation. The 

importance of hydrogen exchange in refreshing 13C2 singlet order within 28B and 29B was 

discussed in section 4.3, therefore it is perhaps unsurprising that any 13C2 singlet order within 44B 

and 45B, which contain slower p-H2 exchange, decoherers before it can be observed.  
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Figure 4.18: a) Partial thermal and hyperpolarised 13C NMR spectra for 29B are shown. Upon addition of the coligands 

pyridine or imidazole, 44B and 45B form which exhibit hyperpolarised 13C NMR resonances in addition to those of 

29B. These spectra are all recorded using the same parameters and are shown on a comparable vertical scale (note the 

indicated scaling factors). b) Different routes to create hyperpolarised 13C magnetisation within 29B c) Field 

dependence of 13C hyperpolarisation when an equilibrium mixture of 29 and 44 are shaken with p-H2 at varying 

polarisation transfer fields.   

There are three mechanisms, summarised in Figure 4.18b, in which hyperpolarised 13C2 

magnetisation can be created in these complexes. R1 describes singlet magnetisation transfer from 

p-H2 which is independent of magnetic field at low field.49 R2 concerns direct polarisation transfer 

to create 13C2 Zeeman magnetisation at ultra-low µT field (SABRE-SHEATH).88, 233 Finally, R3 

describes Zeeman magnetisation transferred from the hydrides to 13C2 sites via non-hydride 

1H sites which is likely to be optimal at 6.5 mT.125 For mixtures containing solely 28 or 29 shaken 

at 6.5 mT the resonance condition for R1 is most optimally met and singlet magnetisation profiles 

dominate. The maintenance of the singlet state in 28B and 29B is prolonged due to ongoing p-H2 

exchange but it is reduced in 44B and 45B due to their much slower H2 exchange rates. Singlet 

decoherence during the formation of 44B and 45B is efficient and Zeeman magnetisation is 

predominantly observed. When 45B is mixed with p-H2 at different polarisation transfer fields a 

hyperpolarised 13C2 NMR response for 45B is observed at all magnetic fields, although maximum 

signal intensity is achieved at 6.5 mT as shown in Figure 4.18c. This suggests that some field 

independent singlet magnetisation (R1) is created as well as field dependant Zeeman 

magnetisation (R3) which is optimum at 6.5 mT. A signal can also be achieved under SABRE-

SHEATH conditions when shaking in a mu-metal shield (~ 1 µT) (R2). 
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4.8 Isotopic labelling to improve NMR signal enhancements of 28B, 29B 

and 44B. 

In order to preserve hyperpolarised 13C2 singlet magnetisation within 28B and 29B the coupled 

spin pair of the imine core should be isolated from other active spins in the complex which could 

act as relaxation sources through dipolar coupling.214 Deuterium labelling has often been used as 

a method to increase the lifetime of hyperpolarised signals by reducing the number of sites to 

which polarisation can spread and slowing relaxation pathways.76, 98, 102, 111 Therefore, a series of 

isotopically labelled analogues of 28 were synthesized, the structures of which are all shown in 

Figure 4.19. The isotopologues 28B-d14 and 28B-d38 were synthesized using deuterium labelled 

amine (4-d7) and catalyst (2-d24) precursors in the same process shown in Figure 4.2. When 28B-

d14 and 28B-d38 were shaken with 3 bar p-H2 for 10 seconds at 6.5 mT their 13C2 NMR signal 

enhancements were higher than their protio analogues (up to 560-fold for 28B-d38 compared to 

420-fold for 28B, as shown in Table 4.5). A similar increase in 13C NMR signal gain upon 

deuterium labelling was observed when the isotopologue 29B-d32 was synthesised from 5-d4 and 

2-d24 (340-fold 13C2 NMR signal enhancements for 29B-d32 compared to 280-fold for 29B).  

 

Figure 4.19: Isotopologues of 28B and 29B synthesised in this work.  

The low field singlet state lifetimes (TLF) of the isotopologues 28B-d14, 28B-d38, and 29B-d32 were 

measured in the same way as those of 28B and 29B (described in section 4.2). Hyperpolarised 

13C2 singlet magnetisation in 28A-d14, which contains only deuterium labels in its amine and 

imine ligand, has a lifetime of 7.9  0.9 s which is comparable to that of 28B (10.9  1.1 s). 

However, when 28B-d38 was created by deuterating positions of its carbene, amine, and imine 

ligands, a TLF of 19.9  1.0 s was observed which is significantly longer than that of 28B. This 

suggests that interactions with the carbene ligand are important in mediating singlet 13C NMR 

relaxation within these complexes and subsequently, this relaxation pathway can be suppressed 

when the carbene is deuterated. 

It has been reported that 13C hyperpolarisation can be increased by removing quadrupolar 14N 

nuclei in similar systems.88 Therefore, a 28B-15N2-d24 isotopologue was synthesized in which 15N-

labelled 4 and 2-d24 were used as precursors. The resulting 13C2 NMR signal enhancement of 750-

fold and lifetime of 17.5  3.9 s suggests that the presence of 15N has not extended singlet lifetime 
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in this case, although a higher 13C2 NMR signal enhancement compared to 28B-d38 (560-fold) 

indicates that polarisation transfer to 13C sites may be enhanced by transfer via 15N. 

Table 4.5: NMR signal enhancements and singlet lifetimes for isotopologues of 28B and 29B. NMR signal 

enhancements are an average of three measurements.  

 

 

 

 

*1H hydride signals cannot be easily quantified in these cases due to their broad linewidths with severe internal cancellation.  

As deuterium labelling was able to enhance the singlet state lifetime of 28B, the effect on 44B 

was also examined by using 5-d4, 2-d22, and pyridine-d5 to create an equilibrium mixture of 29B-

d32 and 44B-d33. The structure of these complexes are shown in Figure 4.20 and their NMR signal 

enhancements are given in Table 4.6. The resulting 13C2 NMR signals of both 29B-d32 and 44B-

d33 after polarisation transfer at 6.5 mT are stronger than their protio-analogues, as shown in 

Table 4.5.  Deuterium labelling restricts the R3 transfer route, which can now only occur through 

the non-labelled CH3 group of the imine or the NH2 group of the amine. This may favour R1 and 

consequently, the singlet spin order of 44B-d33 does not decohere as rapidly in this case. When 

repeated at 6.5 mT with a 5 second storage period in a mu-metal shield before detection the 

signals for 44B-d33 lose much of their singlet profile due to decoherence effects at low field 

( 6ͯ mT) during these 5 seconds. Synthesizing 44B with 15N-labeled pyridine to create 44B-15N 

gives rise to a 13C2 NMR signal profile more typical of the singlet state, as shown in Figure 4.20c. 

This suggests that in this case the 15N label enhances singlet state retention and supports that 

quadrupolar 14N plays a role in singlet relaxation within 44B. 

Complex Ů 1H hydride /fold Ů 13C2 imine /fold 13C2 singlet lifetime /s 

28B 

28B-d14 

28B-d38 

28B-15N2-d24 

N/A*  

110  10 

300  20 

480  40 

420  20 

510  20 

560  30 

750  40 

10.9  1.1 

7.9  0.9 

19.9  1.0 

17.5  3.9 

29B 

29B-d32 

N/A*  

740  40 

280  10 

340  20 

8.8  1.4 

- 
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Figure 4.20: Partial hyperpolarised 13C NMR spectra for equilibrium mixtures of a) 29B and 44B, b) 29B-d32 and 44B-

d33, c) 29B and 44B-15N after shaking for 10 seconds at 6.5 mT (left) and after shaking for 10 seconds at 6.5 mT and 

then leaving in a mu-metal shield for 5 seconds (right). These spectra are all recorded using the same parameters and 

are shown on a comparable vertical scale (note the indicated scaling factors). Accompanying 13C NMR signal 

enhancements are shown in Table 4.6. 

Table 4.6: NMR signal enhancements for equilibrium mixtures of isotopologues of 29B and 44B. NMR signal 

enhancements are an average of three measurements.  

 

 

 

 

*1H hydride signals cannot be easily quantified in these cases due to their broad linewidths with severe internal cancellation. 

&Includes hyperpolarised resonances for pyridine bound in 44 and free in solution. 

Hyperpolarised 13C NMR resonances of bound and free pyridine are also observed in 44B in 

addition to those of the labelled 13C2 imine as shown in Figure 4.20a. No 13C NMR signals of the 

amine or imidazole ligands of 29B or 44B are visible. This suggests that the exchange rate of 

pyridine in 44B is suitable to observe polarisation transfer from p-H2 derived hydrides whereas 

in the case of 29B and 45B coligand exchange is too fast or slow respectively to observe 

appreciable polarisation build-up of the coligand. Hyperpolarised 13C NMR signals for pyridine 

are not observed in 44B-d33, as shown in Figure 4.20. This suggests that at this 6.5 mT 

polarisation transfer field the main route in which 13C sites of bound pyridine are hyperpolarised 

in SABRE complexes occurs through the pyridine proton sites and direct transfer, or nitrogen 

Complex Ů 1H hydride /fold Ů 13C2 imine /fold Ů 13C Total pyridine &  /fold 

29B /44B 

 

29B-d32 /44B-d33 

 

29B /44B-15N 

 

N/A*  

N/A*  

29B-d32: 720  35 

44B-d33: 380  15 

29B: 230  15 

44B-15N: 390  20 

29B: 220  25 

44B: 190  20 

29B-d32: 330  20 

44B-d33: 260  15 

29B: 230  20 

44B-15N: 260  15 

- 

400  20 

0 

- 

190  15 

- 
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mediated transfer, is less efficient. 44B-15N yielded hyperpolarised 13C NMR responses for 

pyridine of lower intensity than in 44B. Therefore, at this polarisation transfer field there is no 

significant polarisation transfer pathway between hydride ligands and 13C sites of pyridine and 

carboxyimine via 15N.  

The presence of coligands in solution causes rapid decoherence of 13C2 singlet order which is 

likely related to suppression of p-H2 exchange caused by coligand binding to the five coordinate 

[Ir(H) 2(ə2-OOCC(CH3)NR)(IMes)] rather than binding of fresh p-H2. Despite this, 13C2 NMR 

signal enhancements can be increased and partial singlet order retained by deuterium labelling. 

The use of 15N labelling in the coligand is able to retain singlet order within the bound imine core.  

4.9 Conclusions  

In this chapter the hyperpolarisation of some novel metal complexes using SABRE is 

investigated. The formation of [Ir(H)2(ə2-OOCC(CH3)NR)(NH2R)(IMes)] (where R = CH2Ph 

(28) and R = (CH2)2Ph (29)) from the in situ condensation reaction between amine and pyruvate 

has been presented in Chapter 3. In solution, these complexes were found to exist as two isomers, 

labelled A or B of Figure 4.2, that are distinguished depending on the coordination geometry of 

the imine. Although a third isomer, C, is possible, it was not detected in this work. When solutions 

of 28 or 29 are shaken with p-H2, strongly hyperpolarised hydride 1H and 13C NMR resonances 

of the non-exchanging coordinated imine are observed. These complexes present a unique 

opportunity to explore the hyperpolarisation of metal complexes further and develop novel 

applications for their use.  

This chapter has shown that iridium carboxyimine complexes can exist as naturally occurring 

refreshable heteronuclear singlet states. Only those isomers denoted as B of Figure 4.2 exhibit 

rapid hydrogen exchange and consequently produce high levels of hydride NMR signal 

enhancements through SABRE. When the imine is 1,2-[13C2] labelled, polarisation transfers 

naturally from hydride sites to create 13C2 singlet order in the imine at low field (µT). The 

lifetimes of  the 13C2 singlet state was determined as 10.9  1.1 s in 28B and 8.8  1.4 s for 29B. 

When comparing these complexes, 28B undergoes a faster rate of H2 loss (15.5 ± 0.6 s-1) 

compared to 29B (4.11 ± 0.06 s-1) at 283 K which is expected to account for the higher 13C NMR 

signal enhancements (420-fold for 28B versus 280-fold for 29B). These 13C NMR signal 

enhancements and singlet lifetimes can be extended to 750-fold and 20 s respectively when 

isotopic labelling techniques are used to create 28B-15N2-d24. To form such heteronuclear singlet 

order within a metal complex is a significant observation and further investigation into the 

mechanism of hydrogen exchange was performed. EXSY and DFT studies support a hydrogen 

exchange mechanism preceded by dissociative amine loss to form a key five coordinate 

intermediate [Ir(H) 2(ə2-OOCC(CH3)NR)(IMes)L] . 



  Chapter 4 

137 

 

These ideas have been extended further by varying the identity of the coligand (L of Figure 4.2) 

in order to create a range of novel [Ir(H)2(ə2-OOCC(CH3)NR)(IMes)L] complexes in which the 

coligand L is amine (44), pyridine (45), dimethylsulfoxide (47), benzyl isothiocyanide (49) or 

ethyl isothiocyanate (53). In the case of 49 and 53, further reaction occurs to yield products that 

include [Ir(H) 2(CNCH2Ph)3(IMes)]Cl (50), [Ir(H)2(CNCH2Ph)2(IMes)(NH2(CH2)2Ph)]Cl (51) 

and  [Ir(H) 2(SCNEt)2(NH2(CH2)2Ph)]Cl (54). Upon the addition of thiol a novel SH activated 

[Ir(H) (ə2-OOCC(CH3)NR)(SCH2PhCl)(IMes)] product (56) is formed. When hyperpolarised with 

p-H2, complexes in which L is amine, pyridine, or imidazole show significant 1H hydride and 13C2 

imine NMR signal enhancements. Dissociative coligand loss is a key step in rapid p-H2 exchange 

and the presence of coligands can effectively trap such hyperpolarised intermediates. Despite this, 

interpretation of hyperpolarised signal intensities is not always indicative of the rates of coligand 

binding to the same intermediate. While coligand addition causes rapid decoherence of 13C2 

singlet order this can be preserved to some extent by isotopic labelling techniques. A route is 

developed to produce strong 13C NMR signal gains in these complexes using isotopic labelling 

(up to 750-fold) and NMR signal enhancements for free coligands including pyridine (400-fold) 

could be used to allow its quantification from a mixture of coligands. 

A common strategy employed in improving substrate NMR signal enhancements in SABRE is to 

use coligands to block catalyst binding sites such that polarisation transfer is concentrated into 

only one bound substrate.102, 155 Chelating 12C-carboxyimines may provide a viable route to 

increasing substrate polarisation by blocking coordination sites. These complexes could be used 

for exciting sensing applications in the future as their hydride chemical shifts are highly sensitive 

to the identity of bound ligands. They could in principle be applied to detect any low 

concentration molecule in solution, as long as the molecule is able to coordinate iridium. 

Distinguishing mixtures of the coligands tested here based on their aromatic or aliphatic 1H NMR 

chemical shifts can be challenging to due severe peak overlap in this spectrally crowded region. 

The indirect detection of these molecules from the hydride chemical shifts of their carboxyimine 

complexes could provide indicative spectral patterns in a typically uncrowded region of 1H NMR. 

Iridium carboxyimine complexes could therefore act as unique sensors with changes in 1H 

hydride NMR chemical shift ( 1ͯ5.5 ppm) and hydride hyperpolarisation levels used to give 

information about the identity and binding strengths of coligands in solution. These complexes 

provide a rare example of naturally occurring heteronuclear singlet states existing in a transition 

metal complex. These complexes establish a route to create a continually refreshable 

heteronuclear singlet state in a metal complex through a reversible interaction with p-H2 and could 

be used for novel sensing and hyperpolarisation applications in the future. 
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Chapter 5. Using sulfoxide-based 

magnetisation transfer catalysts to 

hyperpolarise pyruvate 

5.1 Introduction  

Magnetic Resonance Imaging (MRI) can produce anatomically detailed images of living tissues 

and is widely used for the clinical diagnosis of disease.4 However, the fundamental principles of 

MRI rely on those of Magnetic Resonance (MR) which are insensitive on a molecular level. This 

usually necessitates imaging the large abundance of water protons in the body to get sufficient 

signal.4 MR images therefore map out water molecules in the body and can produce images of 

exquisite contrast by distinguishing tissues based on the different longitudinal relaxation times 

(T1) of their water protons.6 While this can give information on the structure and morphology of 

living tissues, it gives no detail about the metabolic function of such tissues. Imaging individual 

biomolecules, rather than bulk water molecules, allows real time examination of the metabolic 

state of tissues in the body.5 To do this requires significant signal gains to observe and image low 

concentration biomolecules, drugs, or metabolites in the body.5 

Hyperpolarisation techniques can address these sensitivity problems.143, 234, 235 Of these, Dynamic 

Nuclear Polarisation (DNP) has found the most success in clinical applications and can produce 

1H and 13C NMR signals with polarisation levels of 92% and 70% in just 150 seconds and 

20 minutes respectively.30 DNP has been applied to the hyperpolarisation of agents such as 

pyruvate,132, 133, 135, 136, 139-141, 146 succinate,68, 69 fumarate113, 146 and the enhanced MR signals have 

allowed the in vivo detection of these biomolecules and their metabolic by-products. The most 

widely studied of these molecules for use as a hyperpolarised metabolic tracer is [13C]-

pyruvate.132, 133, 135, 136, 139-141, 146 One reason for this is that rapid anaerobic conversion of pyruvate 

to lactate in cancer cells (the Warburg effect)138 can allow differentiation between healthy and 

cancerous tissue from differences in pyruvate to lactate conversion, a feat not possible using 

traditional H2O-based MRI. As a result, hyperpolarised [13C]-pyruvate has been used as an in vivo 

contrast agent culminating in human prostate cancer studies.132 For these purposes, pyruvate is 

typically hyperpolarised in a batch process using DNP which can take >20 minutes and requires 

a specialist DNP polariser which is only available to select institutions.38  

In contrast, Para-Hydrogen Induced Polarisation (PHIP) does not require such instrumentation.32, 

34, 45 PHIP uses p-H2, an isomer of hydrogen gas that exists as a nuclear spin singlet, as its source 

of polarisation. Since the 1990s, p-H2 has typically been incorporated into a substrate via a 

hydrogenation reaction which has limited the method to molecules that contain unsaturated 
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functionality.31, 32, 61, 66 A variant of PHIP termed Para-Hydrogen Induced Polarisation by Side 

Arm Hydrogenation (PHIP-SAH) has been used to alleviate this restriction.70, 73 In this approach, 

substrates like pyruvate (and others) are derivatised as an ester with an unsaturated side arm. 

Upon hydrogenation of this side arm with p-H2 and a field cycling step to transfer polarisation 

from the side arm to the 13C labelled carboxylate, the side arm is rapidly cleaved in a hydrolysis 

step to yield hyperpolarised pyruvate in aqueous solutions. While this approach is considered 

cheaper and faster than DNP, it is still a batch process and involves chemical alternation of the 

target molecule. Reported 13C pyruvate polarisation levels achieved using PHIP-SAH are lower 

than those produced using DNP (5%73 compared to 70%38) 

Alternatively, Signal Amplification By Reversible Exchange (SABRE) is a non-hydrogenative 

p-H2-based method that transfers polarisation from p-H2 to a substrate when both are in reversible 

exchange with an iridium catalyst.76 Catalytic magnetisation transfer occurs via the formation of 

temporary J-coupled networks within the inorganic complex.78 SABRE is therefore not a batch 

process and can hyperpolarise molecules continually without their chemical alteration.82, 170 

SABRE has been most successfully applied to the hyperpolarisation of molecules with N-donor 

motifs that coordinate to iridium. N-heterocycles such as pyridine,76, 96-99 nicotinamides,76, 83, 100 

pyrazines,97, 98 and pyrazoles99 provide common examples although other N-functionalities 

including nitriles,101 amines106 and diazirines55, 86, 208 have also been used. ҙ-Keto acids such as 

pyruvate represent structures usually thought of as being incompatible with hyperpolarisation 

using SABRE as they contain no N-donor sites required for iridium ligation.  

Recently, SABRE-Relay, has allowed the hyperpolarisation of non-ligating substrates which 

receive hyperpolarised protons via exchange from a carrier.106, 108 Amines have been reported to 

act as suitable hyperpolarisation carriers that both receive polarisation through reversible iridium 

ligation and relay this polarisation to other non-ligating substrates through proton exchange.106 

SABRE-Relay has expanded the types of molecules that are amenable to hyperpolarisation using 

SABRE to molecules such as alcohols108 and sugars.107 The application of SABRE-Relay to 

alcohols, natural products, lactates, and pyruvate is explored in Chapters 2 and 3. Pyruvate 

contains a labile carboxylic acid proton that might become hyperpolarised via SABRE-Relay. 

However, when SABRE-Relay is used to hyperpolarise pyruvate in this way, 13C NMR signal 

enhancements of just ͯ 50-fold were achieved.104 While this can be increased to 65-fold by tuning 

the catalyst and carrier, as discussed in Chapter 3, a more significant problem is the rapid in situ 

condensation of the amine carrier with pyruvate. This reaction forms products of the type 

[Ir(H) 2(ə2-OOCC(CH3)NR)(IMes)(NH2R)] which deactivate the catalyst to polarisation of 

pyruvate. The formation of these complexes is detailed in Chapter 3 and their hyperpolarisation 

properties are explored further in Chapter 4. This decomposition provides a serious challenge 

when hyperpolarising pyruvate using SABRE-Relay as the hyperpolarised signals are weak and 

are rapidly destroyed by chemical transformation. SABRE-Relay can therefore only become a 

viable tool for hyperpolarising pyruvate if it is redesigned to involve carrier molecules with labile 
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protons that hyperpolarise without chemically reacting with pyruvate: this presents a huge 

challenge. There are also other limitations of SABRE-Relay associated with the presence of water 

necessary to dissolve pyruvate in SABRE-Relay compatible solvents.107  

A more fruitful approach may be to create an active magnetisation transfer catalyst that contains 

ligated pyruvate, and undergoes both pyruvate and p-H2 exchange. If such a catalyst can be 

formed there could be potential to hyperpolarise pyruvate via SABRE with more substantial 

signal gains as the process would not rely on relayed proton exchange effects. Instead, 

polarisation could be transferred directly from p-H2 derived hydride ligands to 13C sites in the 

coordinated pyruvate. In fact, the coordination of ҙ-keto acids to metals has been reported in the 

literature and interactions between pyruvate and the metal active sites of various enzymes has 

been studied since the 1960s.236, 237 Pyruvate and related structures, such as lactate and oxalate, 

are typically able to coordinate metals through a variety of different coordination modes which 

are summarised in Figure 5.1.238 While pyruvate does not contain the typical N-donor 

functionality common to substrates hyperpolarised using SABRE,79 it does contain two O-donor 

sites in the form of its carboxylate (COO-) and ketone (CO) groups which give rise to two possible 

coordination modes (mode 1 and 2 respectively of Figure 5.1). A ə2 bidentate binding mode 

involving coordination through both carboxylate and ketone groups (mode 3 of Figure 5.1) is also 

possible. Coordination of pyruvate to various different metals through these binding modes has 

been reported.198, 236, 237, 239, 240 For example, coordination of pyruvate to manganese active sites of 

a pyruvate carboxylase enzyme via its ketone group (mode 2 of Figure 5.1) has been determined 

from relaxation measurements of the adjacent CH3 group.240 Similar binding modes to cobalt and 

copper have been confirmed using relaxation and electron spin resonance (ESR) 

measurements.236, 237 Alternatively, X ray crystal structures of a magnesium-pyruvate complex 

found within bacteria have revealed ə2 pyruvate coordination (mode 3 of Figure 5.1).239 More 

recently, a series of metal pyruvate hydrazine complexes of the form [M(N2H2)n(pyruvate)m] were 

synthesised where M = Co, Ni, Zn or Cd. These species were characterised using a combination 

of IR, powder diffraction, magnetic moment calculations and thermogravimetric analysis and 

were found to be octahedral species containing four pyruvate ligands bound through the 

carboxylate moiety (mode 1 of Figure 5.1).198 Some examples of reported metal pyruvate 

complexes are shown in Figure 5.1. An additional ə2 mode in which pyruvate binds through both 

oxygen atoms of its carboxylate group (mode 4 of Figure 5.1) could be possible.            
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Figure 5.1: a) Coordination modes of pyruvate to a metal centre. Mode 1 involves coordination through the carboxylate 

oxygen while mode 2 involves the ketone oxygen. Bidentate coordination through both motifs (mode 3) or both oxygen 

sites of the carboxylate group (mode 4) are also possible. b) Reported examples of pyruvate coordination to a metal 

centre i) Proposed structure of a pyruvate carboxylase-pyruvate complex in solution. Reprinted (adapted) with 

permission from A. S. Mildvan and M. C. Scrutton, Biochemistry, 1967, 6, 2978-2994 Copyright 1967 American 

Chemical Society240 ii) Comparison of the geometries of the transcarboxylaseCo(II)-pyruvate and carboxylase-Mn(II) -

pyruvate determined from EPR and NMR measurements. Reprinted (adapted) with permission from C.-H. Fung, A. 

S. Mildvan and J. S. Leigh Jr, Biochemistry, 1974, 13, 1160-1169 Copyright (1974) American Chemical Society236 iii) 

Electron density corresponding to pyruvic acid and Mg2+ in Salmonella typhimurium 2-methylisocitratelyase 

determined by X ray crystallography. Reprinted from D. K. Simanshu, P. S. Satheshkumar, H. S. Savithri and M. R. 

N. Murthy, Crystal structure of Salmonella typhimurium 2-methylisocitrate lyase (PrpB) and its complex with 

pyruvate and Mg2+, Biochem. Biophys. Res. Commun., 2003, 311, 193-201. Copyright (2003), with permission from 

Elsevier.239 

While it is clear that pyruvate ligation to metals is possible from the range of different examples 

reported,198, 236, 239, 240 no examples of iridium pyruvate complexes could be found in the literature. 

The ability of some different coligands to coordinate to iridium and the hyperpolarisation of the 

novel iridium complexes that formed was explored in Chapter 4. The work presented in this 

chapter aims to investigate the formation of iridium pyruvate complexes by using appropriate 

coligands to help overcome weak iridium pyruvate ligation. The properties of these complexes 

will be investigated to establish whether they can transfer p-H2 derived singlet order from hydride 

ligands to ligated pyruvate. It is anticipated that using such species as magnetisation transfer 

catalysts could hyperpolarise pyruvate in a cheap and reversible method without relying on 

inefficient relayed proton exchange (SABRE-Relay),104 multiple chemical alteration steps (PHIP-

SAH),70 or technically demanding equipment (DNP).241
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5.2 Overcoming weak pyruvate ligation using appropriate coligands 

The first step in SABRE typically involves the conversion of a [IrCl(COD)(NHC)] precatalyst 

(where COD is cis,cis-1,5-cyclooctadiene and NHC is an N-heterocyclic carbene) into SABRE 

active [Ir(H) 2(NHC)(Nsub)3]Cl (where Nsub is an N donor substrate) which reversibly binds both 

H2 and Nsub.77, 242-244 In order to hyperpolarise pyruvate using SABRE the formation of 

complexes of the type [Ir(H)2(NHC)(L)(pyruvate)] that exchange H2 and pyruvate is essential. 

The presence of a coligand, L, is necessary in this case as pyruvate does not contain the N-donor 

sites typically required for iridium ligation in these systems.79, 155 The much harder O-donor 

binding modes of pyruvate (summarised in Figure 5.1) are not compatible with the formation of 

stable iridium pyruvate complexes when [IrCl(COD)(IMes)] (2) (where IMes = 1,3-bis(2,4,6-

trimethyl-phenyl)imidazole-2-ylidene) (5 mM) and sodium pyruvate (22) (6 eq.) in methanol-

d4 (0.6 mL) are mixed together with 3 bar H2. Therefore, a range of different coligands (5 eq. 

relative to 2) were added to a solution containing 2 (5 mM), 22-1,2-[13C2] (6 eq.), and 3 bar p-H2 

in methanol-d4 (0.6 mL) to identify classes of coligands that could result in the formation of stable 

[Ir(H) 2(NHC)(L)(pyruvate)] type species. This was tested by searching for additional sets of 13C 

NMR resonances corresponding to ligated pyruvate, in addition to those for the free ligand, and 

2-oxy-2-methoxypropanoate which exists in an equilibrium with pyruvate in these methanol-d4 

solvents.186, 187 The formation of any hydride containing complexes was examined by recording 

1H NMR spectra. These solutions were also shaken with 3 bar p-H2 for 10 seconds in a mu-metal 

shield to observe any enhanced pyruvate 13C NMR signals in these solutions.  

The use of coligands has been used in SABRE to enhance substrate polarisation either by blocking 

coordination sites102, 122, 124 or by reducing steric crowding around the iridium centre such that 

more sterically demanding substrates can be polarised.245 246, 247 Common coligands include 

molecules with N-donor sites such as acetonitrile101, 246 or methyl triazole.122, 124 Here, coligands 

were tested that contained a range of N, O, S and P-donor sites and they are summarised in 

Table 5.1.
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Table 5.1: A summary of the results of testing a solution of 2 (5 mM), 22-1,2-[13C2] (6 eq.) and the indicated 

coligand (5 eq.) in methanol-d4 (0.6 mL) with 3 bar H2. These samples were left to react with H2 for 1 hour at 323 K 

before they were shaken with 3 bar p-H2 for 10 seconds in a mu-metal shield for observation of enhanced pyruvate 

13C NMR signals.  

 

Coligands such as imidazole (8) and acetonitrile (41) have been hyperpolarised using SABRE, as 

previously reported.101, 248 When 8 or 41 (5 eq.) are added to a solution containing 2 (5 mM) and 

22 (6 eq.) with 3 bar p-H2 in methanol-d4 (0.6 mL) the formation of hydride containing 

complexes at ŭ ï22.3 and ï15.4 respectively were observed. These hydride resonances were 

enhanced when shaken with p-H2 at 6.5 mT but in each case 13C NMR spectroscopy showed no 

visible 13C NMR signals for pyruvate bound to iridium which suggests that ligation has not 

occurred. When these nitrogen-based donors are used it is expected that they outcompete pyruvate 

for iridium binding as is typical of SABRE with such N-donor substrates.79, 155 In these cases, 

Coligand Structure Formation of 

hydride 

containing 

complexes? 

Additional 13C 

resonances 

corresponding to 

ligated 

pyruvate? 

13C Pyruvate 

polarisation 

upon p-H2 

shaking? 

Imidazole 

(8) 

  

ŭ ï22.3 

  

Acetonitrile 

(41) 

 

ŭ ï15.4 

  

Thiophene 

(42) 

 ŭ ï17.0 

ŭ ï22.6 

 ŭ ï25.5   

Dimethylsulfoxide 

(46) 

 

 

ŭ ï27.1 

ŭ ï29.1 

  

Ethylisothiocyanate 

(52) 

 

 

 

ŭ ï13.3 

ŭ ï14.9 

ŭ ï19.8 
 

 

4-chlorobenzenemethanethiol 

(55) 
 

   

Benzylaldehyde 

(57) 

 

 

 

ŭ ï22.0 

ŭ ï22.5 

ŭ ï26.7 

  

Triphenylphosphine 

(58) 

 

 

 

 

 

ŭ ï7.8 

 

  


