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Abstract:

The aim of this thesis was to explore the optimisation of PHIP (parahydrogen (p-H,) Induced
Polarisation) for detection in the zero-to-ultra-low-field (ZULF) regime, specifically the Earth’s
magnetic field (EF). First, | optimised the SABRE (Signal Amplification by Reversible Exchange)
hyperpolarisation of three amines at 500 MHz using the pre-catalyst IrCl(IMes)(COD) (I) and a co-
ligand, DMSO. This increased the 500 MHz polarisation level to 252-fold, which proved sufficient to
enable EF detection. This was the first achievement of amines detection in the ZULF regime. In the
case of 2,4,6-trifluoroamine, the heteronuclear *H-F coupling of ~5 Hz allowed differentiation
between the hyperpolarised target and enhanced H,O signals, highlighting the benefits of
heteronuclear couplings in the ZULF regime for chemical differentiation.

Building on this, the potential for p-H, hyperpolarisation of a series of 3!P containing molecules with
'H-31p couplings ranging from ~15 — 600 Hz was investigated at high-field on reaction with I. Whilst
several proved PHIP active, none were suitable for EF detection because of their slow p-H, exchange.
In order to overcome this, the phosphorus compounds were changed to a series of phosphines with
aromatic (PRs) and cyclohexyl substituents. In view of earlier studies, the starting complex was
changed to IrCI(DMSO)s. This complex proved to react with the aromatic phosphines to form an array
of orthometallation products alongside some simple substitution products, IrCI(DMSO)y(PRs)x [where
y=0,1and2;x =3, 2, 1]. Under hydrogen, these complexes react to form [Ir(H),(DMSO)(PRs),Cl] and
[Ir(H)2(DMSO0),(PRs)CI] according to the phosphine. In the case of PPhs, the bis-phosphine product
dominates and a PHIP (1 scan) in comparison to the thermal spectrum (32 scans) have signal-to-noise
ratios of 5775 and 320, respectively. In contrast, when PCy; was examined, the mono-phosphine
product dominates, with an estimated polarisation level enhancement of 2000-fold at 11.7 T.
Significant polarisation enhancements were also observed from the mono-phosphine product with
PPh2PCy.

The high levels of renewable *H and 3'P polarisation of these three phosphine adducts, combined with
their large cis 3'P — H couplings (~20 Hz), proved to make them ideal for detection using EF NMR. This
is the firstly reported direct observation of hydride hyperpolarisation in the ZULF regime and was
confirmed by comparison with density matrix simulations.
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:20: 20. % Abundance calculated from EXSY data (marker points) and the model (lines) for a solution

ko . . . . .
of 4 at 298 K. b) An Eyring plot of In (2 Tff) against i yields a straight line where the intercept (-

9996.7x) and gradient (29.457) can be used to calculate the activation parameters for the ligand loss
in 4 according to equations 3.3 and 3.4. y = -9996.7x + 29.457; R?= 0.9986.

Figure 3.8: a) A typical EXSY spectrum of 4 at 298 K recorded 0.05 s after selective excitation of the
hydride ligand trans to 1. b) Schematic representation of the exchange processes taking place in an Ir-
based SABRE system in the case where 1, CI, DMSO and hydrides are ligated. In addition to the
H, exchange in complex with k4, constant association and k., constant dissociation, there is an
interchange of a ligand L, between the 4 form (k.) when L binds from the bottom and the 4" form (ki)
occurs when ligand L binds from the top.

Figure 3.9: a) catalytic cycle of activation of SABRE catalyst | in presence of the amine ligand, the co-
ligand DMSO and p-H,. b) Comparison of the activation curves, detected in the Earth’s magnetic field,
of two SABRE solutions. Blue dots correspond to a solution of 5 mM of the catalyst I, 25 equivalents
of the substrate; pink dot: 5 mM of the catalyst I, 25 equivalents of benzylamine and 25 equivalents
of the co-ligand DMSO.

Figure 3.10: Increase in polarisation during activation as function of p-H, bubbling time same
equivalence compared to 5.1 mM of I, 1 (4, green) and 2 (7, blue) at EF NMR (25/25 equivalents 127.5
mM of 1/DMSO and 25/25 equivalents 127.5 mM of 2/DMSO in 4 mL chloroform).
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Figure 3.11: a) The average percent polarisation after activation as a function of concentration of
1/DMSO measured at the Earth’s magnetic field (Terranova instrument). Black dots 5/5, 10/10, 15/15,
20/20 and 25/25 benzylamine/DMSO ratio respectively. b) Average of percentage polarisation after
activation as function of 1/ DMSO ratio at 1 T (SpinSolve instrument) of the same samples.

Figure 3.12: a) The relaxation time T; as function of ligands excess measured at the local Earth’s
magnetic field. b) The relaxation time T; as function of ligands excess measured at the 43 MHz (1 T).
c) Pulse sequence of the standard hyperpolarised T; at the Earth’s magnetic field. VD stands for the
variable delay and d) Pulse sequence for variable flip angle T: measurement with the (1 T) Spinsolve
spectrometer.

Figure 3.13: Build-up of *H SABRE polarisation as a function of the duration of the polarisation transfer
field (PTF) of the 5 samples where the field 6.5 mT has been produced by a current of 2.05 A. The
samples are 5/5 purple, 10/10 green, 15/15 blue, 20/20 red and 25/25 black, 1/DMSO ratio
respectively.

Figure 3.14: a) EF NMR detection of 3. 1D NMR spectrum centred at 2032.5 Hz which is the Larmor
frequency of 'H at this field, showing a splitting pattern generated by the presence of the heteroatom
1F. The peak presents a positive and negative component. The sample is composed of 25 equivalence
(127.5 mM) of 3 and 25 equivalence of DMSO in 4 mL chloroform. b) Increase in polarisation during
activation as function of p-H, bubbling time of the same sample.

Figure 3.15: a) hyperpolarisation relaxation decay curves for solution of 127.5 mM of 3 and 127.5 mM
of DMSO with 5.1 mM of the SABRE catalyst | in 4 mL of chloroform. a) Relaxation time T; as function
of the variable delay 7. b) Build-up of *H SABRE polarisation as a function of the duration of the
polarisation transfer field (PTF).

Figure 4.1: Chemical structure of 10 diphenyl phosphine, 11 diphenyl phosphine oxide, 12 diterbutyl
phosphine oxide, 13 diterbutyl phosphite, 14 diphenyl methyl phosphine, 15 dimethyl phenyl
phosphine, 16 diphenyl vinyl phosphine oxide, 17 Triphenylphosphine sulphide, 18
Trimethylphosphine sulphide. The chemical structure of the pre-catalyst IrCl(IMes)(COD) (where
IMes = 1,3-bis (2,4,6-trimethylphenyl) imidazol-2-ylidene, COD = cyclooctadiene) is also added and
called later 1.

Figure 4.2: a) Reaction of 5 mM of | pre-catalyst, 25 mM (5 eq.) of 10 in 0.6 mL of dichloromethade-
d, and 3 bar of p-H; leading to the formation of complexes 19, 20, 21, 22 and 23. c¢) First hyperpolarised
spectrum recorded showing enhanced hydrides for complex 19, 22 and 20. b) shows still polarisation
of complex 20. a) 24hrs later, the thermal spectrum recorded show the thermodynamic products 21
and 23.

Figure 4.3: a) 5 mM of | with 1.1 uL 2 eq. of 10 is mixed in dichlorometane-d,. The rate of conversion
of the complexes 20, 21 and 23 is followed by NMR at 298K for 22hrs. b) 5 mM of | with 5 eq. of 10 is
mixed in dichlorometane-d,. The rate of conversion of the complexes 20, 21 and 23 is followed by
NMR at 298 K for 2hrs.

Figure 4.4: Reaction of 5 mM of | pre-catalyst, 1.1 uL (2 eq.) of 10 in 0.6 mL of dichloromethane-d,
and 3 bar of p-H; observed at 500 MHz. a) 1scan PHIP NMR spectrum showing the hyperpolarised
hydride signals of complexes 19 and 20. b) The subsequent PHIP experiment now shows strong
hyperpolarised hydride signal for 20 only. c) Thermally polarised spectrum recorded 20 min later with
64 scans shows 20 and 21. Zoomed regions show the coupling patterns for 20, where trans J(*H-31P) =
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151 Hz, cis J(*H-3'P) = 18 Hz, J(*H-'H) = 5.5 Hz. Two 18 Hz and 5.5 Hz couplings are also measured in
the second pair of hydride at 23.03 ppm.

Figure 4.5: 3'P NMR spectra of a sample of 1 mg of 11 (a) and 0.8 uL of CH3OH in dichloromethane-d,
and a sample of only 11 in dichloromethane-d- (b).

Figure 4.6: 'H NMR spectra recorded for a sample consisting of 5 mM of | pre-catalyst, 20 mM (4 eq.)
benzylamine in 0.6 mL of dichloromethane-d,, 5 mM (1 eq.) of 11 and 3 bar of p-H.. a) The PHIP NMR
experiment shows a strong hydride signal enhancement for 29, which is barely visible in the thermally
polarised NMR spectrum after 64 scans (b) where 27 and 28 are clearly visible.

Figure 4.7: *H-3'P HMQC-PHIP spectrum of a sample containing 5 mM of | pre-catalyst, 20 mM (4 eq.)
Benzylamine in 0.6 mL of dichloromethane-d, was first activated with 3 bar of p-H,. After complete
hydrogenation of COD and total formation of IrCI(BnNH2)s(H)2(IMes), 5 mM (1 eq.) of 11 was added to
the sample. The 3'P resonance of the three complexes 27, 28 and 29 is secured by a *H->'P HMQC-PHIP

Figure 4.8: 3'P! NMR spectra of a sample of 5 mM of | pre-catalyst, 1.0 pL (3 eq.) of benzylamine and
2.8 mg (4 eq.) of 11 in 0.6 mL methanol-d,. a) Before activation with H,. b) 12 min after H, addition
and 2hrs30min after H, addition.

Figure 4.9: Sample of 2 mg of 11 and 2 L of benzylamine was mixed in 0.6 mL of dichloromethane-d..
3P NMR spectra (a, non-decoupled *H) and (b, decoupled to 'H) recorded a week after show free b
and an additional signal at 19.26 ppm.

Figure 4.10: Sample of 5 mM of | and 10 mM (2 eq.) of 13 in 0.6 mL of dichloromethane-d, used to
record a) 'H NMR yielded a 17 dihydride containing species in the hydride region and b) *H NMR PHIP
experiment that yielded a weak enhanced antiphase hydride signal for 1D.

Figure 4.11: A sample of 5mM of | and 1.0 pL (3 eq.) of benzylamine was mixed in dichloromethane-
d> under H,. After formation of Ir(IMes)(H)2(BnNH,)sCl 0.70 mg (1 eq.) of 14 was added. a) *H NMR
spectrum just 5min after 14 addition showing the presence of 5 species 32, 33, 34, 35 and 36. b) 24hrs
after 14 addition showing evolution of the equilibrium.

Figure 4.12: 5 mM of | and 1.0 uL (3 eq.) of benzylamine in dichloromethane-d, in presence of H..
After activation, 0.70 mg (1 eq.) of 14 was added and *H NMR PHIP (1 scan) showing signal
enhancement for free benzylamine and antiphase enhanced signal for hydrides of various complexes.

Figure 4.13: a) 3'P{*H} NMR spectrum of a sample containing 14 dissolved in dichloromethane-d,
acquired with 64 scans. b) 5 mM of | and 1.0 pL (3 eq.) of benzylamine in dichloromethane-d; in
presence of H,. After activation, 0.70 mg (1 eq.) of 14 was added and a one scan *'P{*H} SABRE NMR
spectrum recorded 24hrs later c) 3'P{*H} NMR spectrum of the same sample as b) averaged 4k time.

Figure 4.14: 5 mM of | and 15 mM (3 eq.) of benzylamine in dichloromethane-d, were mixed under
H,. After complete conversion to Ir(IMes)(H)2(BnNH3)sCl, 0.89 uL (2 eq.) 15 was added. *H NMR shows
three signals in the hydride region for 37, 38 and 39. PHIP experiment at 273 K exhibits weak antiphase
signal enhancement for 37.

Figure 4.15: a) 1 mg of (I1), 0.32 uL (2 eq.) of acetonitrile and 7.14 mg (10 eq.) of 16 was mixed then
p-H, added. Hydride region of *H NMR (top spectrum) at 298 K showing two complexes 40 and 41.
(bottom spectrum) After 24hrs at 298 K, 40 completely converts to 41.

b) organic region of 1 scan PHIP *H NMR (top spectrum) experiment recorded in day 1, shows weakly
antiphase signals of the hydrogenation product, CH, and CH; of 16’. The strong enhanced signal at
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1.52 ppm is the COA. 64 scans *H NMR (bottom spectrum) highlights the vinyl resonances of 16 at 6.73
and 6.31 ppm for CH and CH,.

Figure 4.16: Hydrides region of NMR spectra recorded at 256 K from a sample of 5 mM solution of |
with 4 eq. of 18 under H, showing signals of 42 at -21.58 and -26.46 ppm, and 43 at -23.84 and -27.14
ppm. a) 1 scan thermally polarised spectrum and b) 1 scan PHIP hyperpolarised spectrum.

Figure 5.1: Phosphines reacted with Ill. 44 tricyclohexylphosphine; 45 triphenylphosphine; 46
dicyclohexyl phenyl prosphine; 47 Tri(p-tolyl)phosphine; 48 Tris(4-methoxyphenyl) phosphine; 49
Tribenzylphosphine; 50 Triphenyl phosphite and; 51 methyl diphenyl phosphine

Figure 5.2: 'H NMR spectrum at 298 K of a solution of IrCI(DMSO)s (I11) (4 mg) in dichloromethane
forming a bis-Ir dimer with two chlorides bridge. This data is in agreement with Milstein et al.

Figure 5.3: 'H NMR spectrum at 298 K of a solution of IrCI(DMSO)s (I11) (4 mg) in dichloromethane-d,
in presence of p-H, where the two isomers IrCI(H),(DMSO); are identified. The cis dihydride isomer,
namely fac-IrCI(H),(DMSO); at -16.01 ppm and two doublet peaks for the trans hydrides of mer-
IrCI(H)2(DMSO)s. The spectrum recorded without p-H, also shows only the presence of these two
species (not shown here).

Figure 5.4: Schematic showing products formed when 10.4 mM IrCI(DMSO); (111) and 74 mM PPhs (45)
equilibrate at 298 K in toluene (upper). a) *H NMR spectrum recorded 3.5 hrs after the start of reaction
(298 K), revealing hydride ligand signals for 53, 54, 55 and 56. b) Corresponding spectrum recorded
124 hrs later; the slow formation of 57 is indicated.

Figure 5.5: Proposed structures of the 16 electrons Ir(l) complexes formed after substitution of DMSO
by PPh; and their respective 3!P{*H} resonances. They reversibly undergo to the 18 electron Ir(l11) C-H
bond activation complexes.

Figure 5.6: 2D *H-'P{*H} NMR correlation spectra recorded on a solution of IrCI(DMSO); (111) 10.4 mM
(3 mg) and 0.15 mL of a 74 mM solution of PPhs (45) in toluene. a) at 273 K after 24 hrs of reaction
with a focus on the ligand not involved in C-H activation. b) At 273K six days later, showing the peaks
for the phosphines involved in the C-H activation.

Figure 5.7: Solution of IrCI(DMSO); (111) 10.4 mM (3 mg) and 0.15 mL of a 74 mM solution of PPh3 (45)
at 298 K in toluene. Three successive additions of 0.05 mL of a 74 mM solution of 45 where each time
a 'H NMR spectrum is immediately recorded corresponding to a, b and c. The singlet at -18.65 ppm is
tentatively assigned as a C-H bond activation from (111), which very unstable and disappear as shown
here.

Figure 5.8: Solution of IrCI(DMSO); (111) 10.4 mM (3 mg) and 0.15 mL of a 74 mM solution of PPh3 (45)
at 298 K in toluene. Three successive additions of 0.05 mL of a 74 mM solution of 45 where each time
a 3'P{*H} NMR spectrum is immediately recorded corresponding to a, b and c. These spectra are
zoomed on the positive region to highlight the 16 electron species.

Figure 5.9: a) reproduced from the literature figure from depicting the cleavage of sp® bond in
methane facilitated by a transition metal. b) Depiction of a sp? bond activation in a phenyl facilitated
by a m-back-bonding from the metal to the o* orbital of the C-H bond and a o-donation to the metal.

Figure 5.10: Reaction of IrCI(DMSO)s (I11), 45 and H, leads to a large number of hydride ligand
containing products (Ir(H)>CI(DMSQ); not shown). The Ir(lll) products are in equilibrium with their Ir(l)
precursors. The region chemistry of these reactions leans to a number of possible product isomers.
Those detected by NMR are shown.
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Figure 5.11: Sample of 8.6 mM of IrCI(DMSO)s (I11) and 1 eq. of 45 in 0.6 mL of toluene-ds was used
to record four 'H NMR spectra at 298 K with 32 scans. a) before H, addition, b) 30 min after H, addition,
c) 2 hrs after H, addition and d ) 24 hrs after H, addition. These four spectra demonstrate the presence
of the multiple identified species at these different stages.

Figure 5.12: Zoom on the hydride signal of 66 in the 'H NMR spectrum at 298 K of a solution of
IrCI(DMSO)s (I11) and (3 eq.) of 45 in 0.6 mL of toluene-ds. The coupling pattern demonstrate a tris-
phosphine substitution

Figure 5.13: Reaction of Ir'CI(DMSO)s (111) with each of these phosphines in toluene trigger a C-H bond
activation that give the hydride signals in the 'H NMR spectra. In spectra a, b, ¢, and d the phosphines
47, 49, 50 and 48 was used respectively.

Figure 5.14: Reaction of Ir'CI(DMSO)s (I11) with each of these phosphines in toluene trigger C-H bond
activation and 16 electron complexes that give the numerous 3'P signals in the 3'P{*H} NMR spectra.
Ina, b, ¢, and d the phosphines 47, 49, 50 and 48 was used respectively.

Figure 5.15: Sample of 17.2 mM of IrCI(DMSO)s (I11) and 1 eq. of 48 in 0.6 mL of toluene-ds was used
to record four 'H NMR spectra at 298 K with 32 scans. a) before H, addition at 298 K, b) 5min after H,
addition at 298 K, c) after putting the sample in a hot water bath for 10 min allows the total conversion
of the C-H bond activation products and d) 24hrs after H, addition at 273 K. These four spectra testifies
the presence of many identified species at these different stages.

Figure 5.17: Sample of 17.2 mM of IrCI(DMSO)s (I11) and (1 eq.) of 46 in 0.6 mL of toluene-ds was used
to record five 'H NMR spectra at 298K with 32 scans. a) before H;, addition at 298 K, c) 5min after H,
addition at 298 K, c) 1hr after H, addition at 298 K d ) 1.5hrs after H, addition at 273 K and e) 48hrs
after H, addition. These five spectra testifies the presence of many identified species at these different
stages.

Figure 5.18: Sample of 2 mg of IrCI(DMSO)s (I11) with 0.60 mg (1 eq.) of Tris-benzyl phosphine (49)
used to record three *'P{*H} NMR spectra and the speciation of different product at different stage of
the reaction. a) Before H;, addition at 298 K. b) 15 min after H, addition at 298 K and c) After 14hrs
after H, addition at 313 K

Figure 5.19: Sample of 17.2 mM of IrCI(DMSO); (I11) and ( 1 eq.) of 47 in 0.6 mL of toluene-ds was
used to record four *H NMR spectra with 32 scans. a) before H, addition at 298 K, b) 30mins after H,
addition at 263 K, c) 24hrs after H, addition at 263 K d ) 120hrs after H, addition at 253 K. These four
spectra testifies the degradation of 88 over time.

Figure 5.20: Sample of (2.5 mg) 8.6 mM of IrCI(DMSO)s (I11) and ( 3 eq.) 2.9 mg of 50 in 0.6 mL of
toluene-dswas used to record three *H NMR spectra with 32 scans. a) before H, addition at 298 K, b)
after putting the sample in a hot water bath for 10min and warming the probe to 333 K does not
convert the C-H activation product c) 5hrs after H, addition at 298. These three spectra testifies the
presence of many identified species at these different stages.

Figure 5.21: Sample of 2.5 mg (8.6 mM) of IrCI(DMSO); (I11) is reacted with 1.4 uL ( 2 eq.) of 51 in
toluene-ds. a) chemical structure of complex 91. b) 'H NMR spectrum shows in the hydride region
single product 91

Figure 5.22: Series of 3!P{*H} NMR spectra showing the hydride region of a sample containing 3 mg
(11.9 mM) of IrCI(DMSO);5 (I11) and 2 eq. (2.5 mg) of 44 in 0.6 mL of toluene-ds under H,. a) Thermal
31p{*'H} NMR spectrum recorded at 298 K before H, addition, showing the phosphine oxide, free 44
and the 16 electron complexes IrClI(DMSQ)(P44) and IrCI(DMSQ)(P44)2. b) Analogous NMR spectrum to
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(a) just 10 min after H, addition. c) Analogous NMR spectrum, 1hr after hydrogenation at 263 K
showing 92, 93 and the presence of the starting material. d) Analogous NMR spectrum at 253 K after
three days at 298 K all three 3P signals of 92, 93 and 94.

Figure 5.23: Series of *H NMR spectra showing the hydride region of a sample containing 3 mg (11.9
mM) of IrCI(DMSO)s (111) and 2 eq. (2.5 mg) of 44 in 0.6 mL of toluene-dsunder H,. a) Thermal *H NMR
spectrum recorded at 298 K showing only 92 and broad features for 93. b) Analogous NMR spectrum
to (a) but at 273 K. c) Analogous NMR spectrum at 253 K. d) Analogous 253 K NMR spectrum after two
days at 298 K before cooling reveals the consumption of 92 and formation of 94 alongside 93.

Figure 5.24: NMR spectra confirming DSMO is a requirement for the detection of 94. 2.5mg of
IrCI(COD)PCys (1V) and 1.5 eq. of PCys (44) were combined in toluene-ds presence of H,. a) The H
NMR at 253 K prior to DSMO addition confirms many hydride complexes form. b) Addition of 1 pL of
DMSO leads to their conversion to an equilibrium mixture 92, 93 and 94.

Figure 6.1: Sample of 8.6 mM of IrCI(DMSO)s (I11) and (1 eq.) of 45 in 0.6 mL of toluene-ds was used
to record two *H PHIP NMR spectra at 298 K with 1 scan. a) First PHIP reaction with 3 bar of p-H,
showing hyperpolarised antiphase signal for 59, 58 and 62. b) 2" PHIP reaction after the sample was
refilled with fresh p-H, that show now hyperpolarised signals for only 58 and 62, and free and bound
DMSO. A zoom of the hydride region highlights the *H-'H and *H-3'P coupling for 58 and 62.

Figure 6.2: 3'P{*"H} SABRE NMR experiments on a sample of 8.6 mM of IrCI(DMSO); (I11) and 1 eq. of
45 in 0.6 mL of toluene-ds at 298 K. a) After shaking in a mu-shield for 5 s and b) at shaking in the
Earth’s field for 5 s.

Figure 6.3: The dihydride dissociation mechanism in IrCI(H),(PPhs),(DMSO) complex is sketched where
the DMSO dissociation leading the intermediary | with a vacant site allows subsequent H; association.

Figure 6.4: Single scan *H NMR spectrum of a sample of IrCI(DMSO)s (I11) with 3 eq. of 45 in toluene-
ds under p-H; showing hyperpolarised hydride ligand signals for 62 and 66.

Figure 6.5: HMQC-PHIP 3!P{*H} — 'H NMR correlation spectrum recorded at 298 K with two scans for a
sample of IrCI(DMSO)s (111) and (3 eq.) of 45 in 0.6 mL of toluene-ds showing 66 with the two axial 3'P
resonance is located at -3.00 whereas the equatorial 3'P is at 15.93 ppm. The presence of the 3!P
resonance of 62 is also observed.

Figure 6.6: The hydride region of several PHIP enhanced single scan NMR spectra at different
temperatures resulting from the reaction of 8.6 mM of IrCI(DMSO)s (I11) and 1 eq. of 49 in 0.6 mL of
toluene-dg with 3 bar of p-H,. a) 298 K; signal for 80 only. b) 308 K; signals for 79 and 80 seen. c) 313
K; signals for 79 and 80 appear with reduced intensity relative to (b).

Figure 6.7: Enhanced PHIP *H NMR spectra from a sample of 8.6 mM of IrCI(DMSO)s (I11) and 1 eq. 50
toluene-dgunder p-H,. a) Hydride region of a spectrum at 298 K showing weak enhancement of mer-
IrCI(H)2(DMSO); and 95 hydrides. b) Hydride region of a spectrum at 333 K showing strong
enhancement of mer-IrCl(H),(DMSO0)s, 95 and 96 hydrides. Additional weak signal enhancement of 89
is also observed in this spectrum.

Figure 6.8: Enhanced PHIP *H NMR spectrum of a sample of 6.94 mM of IrCI(DMSO)s (111) and 1 eq. of
N in toluene-dsreacted with p-H; for a *H PHIP experiment. High antiphase hydride enhancement is
observed for both 75 and 76.
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Figure 6.9: Enhanced PHIP 'H NMR spectrum from a sample of 8.7 mM of IrCI(DMSO)s (111) and 1 eq.
1.1 mg of 47 in toluene-ds with 3 bar of p-H,. A zoom on the hydride region shows a weak hydride
signal enhancement of 88 at both 298 K and 273 K.

Figure 6.10: PHIP enhanced *H NMR spectrum obtained during the reaction of 8.6 mM of IrCI(DMSO);
(1) with 0.5 eq. of 44 in toluene-dsunder 3 bar of p-H,. Strong hydride ligand signals enhancements
result for 92 at 298 K. The expanded regions highlight the clearly visible heteronuclear *H-3!P and the
homonuclear *H-H couplings.

Figure 6.11: First PHIP enhanced hydride signals spectra of a series of sequential experiments recorded
from a sample of a) 0.54 mM of IrCI(COD)(PCys) (V) with 5 eq. of DMSO in 0.6 mL of toluene-ds and
b) Similar sample was made in dichloromethane-d> showing both first spectrum have comparable
signal intensity.

Figure 6.12: a) Normalised integrals of three sequential PHIP hydride signals recorded from a sample
of 0.54 mM of IrCI(COD)(PCys) (IV) with 5 eq. of DMSO in 0.6 mL of dichloromethane showing the
hyperpolarised hydride signals decaying to zero after the second scan. b) Similar sample was now
made in toluene where the corresponding sequential enhanced hydride signal integrals result to
hydride signals persisting after the twelves scan.

Figure 6.13: Proposed mechanism of H, dissociation in 92 IrCI(H)>(DMS0O),(44). The H, addition is
preceded by dissociative loss of DMSO a vacant site on the intermediate I. In the intermediate, there
is an interconversion between the chloride and the vacant site.

Figure 6.14: a) Hyperpolarised *H NMR spectrum recorded from a sample of 17.2 mM of IrCI(DMSO);
(1) and 1 eq. of 46 in 0.6 mL of toluene-ds under 3 bar of p-H, showing strong hydride signals
enhancement for 75, 76 and 77. b) The second resulting PHIP *H NMR spectrum shows strong hydride
sighals enhancement of only 75, 76.

Figure 6.15: Zoom of the hydride region for a hyperpolarised 'H NMR spectrum recorded from a
sample of 17.2 mM of IrCI(DMSO)s (111) and 1 eq. of 46 in 0.6 mL of toluene-ds under 3 bar of p-H, . It
highlights the stronger hydrides signal enhancement for 75 compared 76. The opposite behaviour was
observed the phosphine 45 is employed.

Figure 6.16: Schematic description of the stable complexes that provides enhanced antiphase hydride
signals after PHIP experiments

Figure 7.1: Chemical structures of the phosphines 10, 44, 45 and 46 used in the Earth’s magnetic
field studies and metal catalyst IrCI(COD)(IMes) (1), IrCI(DMSO); (I11) and IrCI(COD)(PCys) (1V)

Figure 7.2: In black, *H NMR spectrum of 200 mL of phosphine 10 acquired in the Earth’s magnetic
field after pre-polarisation for 4 s at 18.8 mT. The signal averaging was 256 scans. In blue, density
matrix simulation obtained using Spinach in Matlab.

Figure 7.3: Enhanced PHIP *H NMR spectrum recorded from a sample of 8 mM of Il with 1 eq. of 45
in toluene-ds under 3 bar of p-H, showing the hydride signals for 62 and 58 as well as free and bound
DMSO.

Figure 7.4: a: Earth’s field NMR spectrum from a sample of 10 mM of 111 was reacted with 18 mM (1.8
eq.) of 45 in 4 mL of toluene-ds showing two antiphase peak separated by 35 Hz. The inner separation
of the antiphase peak of each peak is 6 Hz. b) Simulated spectrum using a Matlab program showing
perfect match with the experimental spectrum.
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Figure 7.5: Matlab simulations of the 58 spin system (*H, *H and 3!P) where the dihydrides starting
state is (a) (I;; — I,) and (b) 2(I;,15,). Matlab simulations of the 62 spin system (*H, *H, *'P and *'P)
where the dihydrides starting state is (a) (11, — I;) and (b) 2(I;,15;).

Figure 7.6: EF NMR spectrum obtained from a sample of 9.26 mM of 111 with 1.8 eq. of 45 in 4 mL of
proto-toluene. Higher signal intensity of the spectrum was obtained with deuterated phosphine with
less signal averaging (128 scans)

Figure 7.7: *H EF NMR spectra recorded on a sample of 9.26 mM of 111 with 1.8 eq. of deuterated 45
in 4 mL of toluene under p-H,. a) 8 scans with a PTF of 51.7 uT for 2 s before a /4 pulse. b) 4 scans
with a PTF of 6.5 mT for 10 s before a 1t/2 pulse. c) 8 scans with a PTF of 6.5 mT applied for 1.5 s before
a /4 pulse. d) 16 scans with a PTF of 51.7 uT applied for 2 s before a /4 pulse.

Figure 7.8: Hydride region of a PHIP enhanced *H NMR spectrum recorded from a sample 2 mg of
IrCI(COD)PCys (1V) with 5 eq. of DMSO in dichloromethane-d, under 3 bar of p-H,. The key J couplings
involved in the 92 spin system are highlighted.

Figure 7.9: 'H EF NMR spectra recorded from a sample of sample of 5.27 mM (13 mg) of IV with 5 eq.
DMSO in 4 mL dichloromethane-d,. a) 128 signal averaging where a PTF of 64.4 uT switched on for 3
sec before a /4 pulse. b) 32 signal averaging where a PTF of 6.5 mT was turned on for 10 sec before
an/2 pulse applied.

Figure 7.10: a: Experimental hyperpolarised in-situ EF NMR spectrum from a sample of 10.5 mM (26
mg) of IV with 5 eq. DMSO-ds in 4 mL dichloromethane-d,. The spectrum acquired with 128 scans
where a PTF of 64.4 uT was applied for 3 s before a m/4 pulse, showing signal of 92 in the Earth’s
magnetic field. b: Simulated spectrum involving 3 spins *H, 'H, *'P where the starting state is (I;, —

I2).

Figure 7.11: Simulation of 92 spin systems involving 3 spins *H, 'H, 3!P where the starting state is
2(112122).

Figure 7.12: Earths field NMR spectra recorded on a sample of 13.5 mM (26 mg) of 111 with 0.7 eq. of
PCys-Ds3in 4 mL toluene. a) 128 scans, with a PTF of 51.7 uT for 3 sec before a /4 pulse. c) 128 scans
with a PTF of 51.7 uT applied for 3 s before a /4 pulse. b) 32 scans with a PTF of 6.5 mT for 10 s before
am/4 pulse. d) 32 scans with a PTF of 6.5 mT applied for 10 sec before a /4 pulse.

Figure 7.13: 'H NMR FID (a) and spectrum (b) recorded with a 1t/2 pulse and 512 signal averaging
from a sample of 10.4 mM (20 mg) of 111 mixed with 10.28 mg (0.9 eq.) of 46 in 0.4 mL of toluene in
presence of p-H..

Figure 7.14: SABRE 'H EF NMR spectrum of free DMSO recorded by applying a PTF of 6.5 mT for 10
sec before a /2 pulse

Figure 7.15: Simulated *H NMR spectra of 75 spins systems (*H, 'H and 3'P). a and b, the dihydrides
starting state is the 21;,1,, term and the transverse relaxation time T, was respectively set to 50 and
500 ms. c and d, the dihydrides starting state is the (I;, — I,,) term and the transverse relaxation time
T, was respectively set to 50 and 500 ms.

Figure 9.1: a) Nutation curve recorded with a 500 mL bottle of water at the Earth’s magnetic field. b)
One scan 'H EF NMR spectrum of a sample of 500 mL of water sample acquired with a 90° pulse. A
pre-polarising field of 18.8 mG was used for a duration of 4 s.

Figure 9.2: a) Reproduced from the literature. Schema of the in situ SABRE hyperpolarisation set-up.
The reaction chamber containing the SABRE solution sits inside the EF NMR probe. p-H, from the

19



generator is bubbled through the solution by passing through the frit within the chamber. The
pressure difference across the p-H, inlet and the exhaust is set by the user and controlled by the

polariser unit. b) Pulse sequence for in situ SABRE hyperpolarisation with EF NMR detection which is
described in detail above.

Figure 9.3: Pulse sequence used for p-H; EXSY.

Figure 9.4: Pulse sequence loop for phosphine complexes
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Chapter 1 : Introduction

1.1 Introduction

Standard nuclear magnetic resonance (NMR), using magnetic fields of 4.7 Tesla or above, is commonly
utilised for a range of applications such as determining the structure of organic molecules in solution
and exploring the chemo-physical properties of solids and crystalline materials. NMR also has a well-
recognised application in medicine as an imaging tool known as magnetic resonance imaging (MRI). In
solution state NMR, the key information that can be obtained includes chemical shift, which provide
information on the chemical environment of the nucleus and are field dependant, and J-couplings,
which are field independent and provide information on chemical bonding. Standard NMR
spectrometers that use superconducting magnets are very expensive (often costing hundreds of
thousands of pounds) and require expert maintenance and cryogens.

The more recent development of benchtop NMR spectrometers (between 1-2 Tesla) has seen a global
effort in reducing the cost, the size and the complexity of these instruments® 3. In this regime, both
J-coupling and chemical shift information are present but this latter has a smaller dispersion. These
new machines have found now broader applications in both academic and industry because they can
be used on the workbench inside the chemistry laboratory. For example, benchtop NMR has been
shown applicable to real-time monitoring of various chemical processes*®.

The emerging field of ZULF (Zero and Ultra Low Field) NMR also offers an alternative to standard high-
field NMR. ZULF is defined as the regime in which the detection magnetic field is equal to the Earth’s
magnetic field or below: from tens of micro-Tesla to the nano-Tesla regime. This PhD project is part
of the European training network, zero and ultra-low field nuclear magnetic resonance (ZULF NMR),
funded by the European Commission under the Marie-Curie action that aims to develop and
implement ZULF NMR techniques that offer some potential advantages over standard high field NMR
spectrometers’. The potential benefits of ZULF NMR include low cost (just few thousands of pounds),
and portability. At high field, the chemical shift is quoted in part per million (ppm), whereas in the
Earth’s field (where 1 ppm ~ 2 mHz) chemical shift differences are not observed and vanishes.
Therefore, resolution relative to the magnitude of the couplings is needed, which instead is used to
give information. ZULF NMR has been shown to provide a route to chemical analysis, with the potential
for industrial and medical applications, including imaging, by the observation of only hetero-nuclear
J-coupling interactions®°, Unlike chemical shift, scalar J-couplings are field independent, allowing for
their observation in the ZULF regime and direct comparison to those measured at high field. ZULF
NMR therefore might offer an alternative for developing countries that cannot afford the high cost
and expert maintenance required for high field NMR.

Despite being widely used, the sensitivity of NMR is often limited due to the low energy difference
between nuclear spin states at ambient temperature, even in the highest available magnetic fields.
The population differences across nuclear spin states are governed by Boltzmann statistics, which can
be used to calculate the polarisation, P, for a sample. Polarisation is defined as the normalized
population difference between the nuclear spin states'!. The NMR signal intensity is proportional to
the concentration of the target nuclei in the sample, C, and the polarisation, P that is the normalised
population difference between the Zeeman energy levels. The polarisation, P, which can be calculated
for a given nucleus at temperature, T, and field strength, B, using Boltzmann statistics. The intrinsic
property of each nucleus is the constant gyromagnetic ratio y.
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The equation of polarisation is given in section 2.1. In some cases the polarisation, and hence the NMR
sensitivity, can be artificially, albeit transiently, increased well above its low thermal equilibrium level.
This possibility was demonstrated at the dawn of NMR by Carver and Slichter in 1953'?, when they
increased P of “Li nuclei through polarisation transfer from free electrons. A method that consisted of
applying a stronger magnetic field that increases P before detection at much weaker field was also
used to tackle this sensitivity issue®>.

1.1.2 Hyperpolarisation methods

In modern NMR, hyperpolarisation is the term given to all methods that boost the sensitivity of
magnetic resonance by increasing the population imbalance between nuclear energy levels.
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**, Large numbers of hyperpolarisation
schemes have been proposed since the experiments of Carver and Slichter. The most widely used
hyperpolarisation methods include: brute force (BF)*, dynamic nuclear polarisation (DNP)!® 17 8 gpin-
exchange optical pumping (SEOP)'°, and Parahydrogen induced polarisation (PHIP)* 2. These
hyperpolarisation techniques differ in both the source of their polarisation and the method of transfer
to the target nuclei. In this section, are briefly described the common hyperpolarisation methods that
exist. More details on PHIP are given in section 2.4, which is the hyperpolarisation method used in this
thesis.

1.1.2.1 Brute Force (BF)

BF consists of generating thermal polarisation using higher fields and/or very low temperatures to
generate polarisation, followed by NMR signal detection at lower fields at room temperature. The
most common implementation of BF consists of integrating a Halbach permanent magnet (~2 T) to a
lower magnetic field NMR instrument. Key advantages of this approach are that it does not require
the Halbach magnet to have high levels of field homogeneity and which does not need
superconducting magnet. Another approach is to pass a fixed amount of current to a coil to produce
the necessary magnetic field to pre-polarise the magnetic moments of a sample. This is a relatively
easy and cheap method; however using an electromagnet does not yield as high a level of polarisation
as using a Halbach array. The main advantage of an electromagnet over a Halbach array is that the
magnetic field can be changed by controlling the amount of electric current applied. However, unlike
a Helbach magnet that needs no power, an electromagnet requires a continuous supply of current to
maintain the magnetic field, which is limited by resistive heating of the wire. Higher polarisation levels
can be reached with stronger magnetic fields and cryogenic temperatures?* 23, At a temperature of 15
mK the polarisation of carbon reaches 23% at 14 T?%. In practice, this is limited by the difficulty of
reaching such low temperatures. Alternatively, samples may be warmed to room temperatures after
polarisation to acquire a high-resolution spectrum in the liquid state. There are, however,
considerable disadvantages to low temperature Boltzmann polarisation, as the processes driving the
polarisation build-up is very slow so the waiting times to build-up polarisation, which often exceed
~100 hrs, prohibit production of large hyperpolarised samples. However, long T; values are a
consequence of this method and can be beneficial for transport. For example, frozen *C-pyruvate at
50 K and 2 T has a longitudinal relaxation time T1(*3C) of ~1 h, and ~24 hrs of waiting time if dropping
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to 10 K*®. Therefore, it could be delivered to imaging in hospitals, as the hyperpolarised state is ‘stored’
for an hour.

1.1.2.2 Dynamic Nuclear Polarisation (DNP)

The DNP technique was built upon the theoretical work of Overhauser®® in 1953 who predicted what
is known before as Overhauser effect. Overhauser-DNP (O-DNP), is most commonly performed in the
liquid state, although it has been observed in the solid state as pioneered back by Pound and
Abragam?® 2%, DNP, relies on unpaired electrons as the source of the large spin polarisation, because
Yelec IS 660 times larger than ywot. Polarisation transfer is triggered by saturation of the electron
paramagnetic resonance (EPR) transition and occurs due to cross relaxation between the hyperfine-
coupled electron and adjacent nuclear spins. When the magnetic field is increased, O-DNP efficiency
is expected to decrease due to the electrons Larmor frequency being larger than the frequency of
modulation of the electron-nucleus hyperfine interaction, hence making magnetisation transfer much
less efficient. The magnetisation transfer is expected to be smaller for magnetic fields larger than 2 T
(50 GHz electron Larmor frequency, 80 MHz proton Larmor frequency)?” 2. However, the last 20
years have seen by Rob Griffin develop the technique such that there are now many applications of
DNP in solid state MAS NMR?. The new experiments are typically performed at cryogenic
temperatures, and commercial equipment is now readily available. Jan Henrik Ardenkjaer-Larsen
introduced a new method where DNP is used to sensitize liquids known as dissolution-DNP (d-DNP)3°.
d-DNP takes advantage of the very large polarisation arising from the electron, which can be close to
100% at liquid helium temperatures, by transferring polarisation in the solid state to adjacent nuclei
whilst in a field of for example, 7 T. The polarised sample is rapidly dissolved in a hot solvent and
transferred to the NMR spectrometer for detection. In practice, there is a difficulty in reaching 1.5 K,
and polarisation build-up often takes hours. Furthermore, thawing of a hyperpolarised sample must
take place on a much faster timescale than relaxation. The fact that once relaxed the sample needs to
be repolarised means it reflects a very challenging technique to optimise. Additionally, the method is
expensive (approx. £1 million) is a consequence of the complexity of this cryogenic instrumentation.
Despite these challenges, many *C and **N enriched biomolecules have been hyperpolarised with d-
DNP, including 2C-pyruvic acid?!, 1*C-bicarbonate?!, 3 C-fumarate?®?, 1*C-glutamine®?, **N-choline3* and
some of these, have found applications in medicine. These examples show that the major application
of d-DNP lies currently in MRI rather than in NMR research. An alternatively, route to polarised
electrons, optical DNP, involving photogenerated triplet states, which result in chemically-induced
dynamic electron polarisation (CIDEP) via a radical-triplet pair mechanism (RTPM)®* is providing
excitement. Here, cross-relaxation between proton and electron generates nuclear polarisation by the
Overhauser mechanism without the need of microwave irradiation.

1.1.2.3 Spin-Exchange Optical Pumping (SEOP)

SEOP of the alkali metal atoms began with Zeeman’s studies of sodium vapour?®, then Kastler who
established the technique as it is known today?®’. In SEOP, the vapour of an alkali metal, like rubidium,
is electronically spin-polarised when placed in a magnetic field and illuminated with resonant
circularly polarised light. Then, the electronic spin polarisation of the alkali metal vapour is transferred
to nuclear spins of noble gas atoms like *He and ?°Xe during gas-phase collisions. *He has the greatest
y value of 45.42 MHz/T (and hence highest per-atom detection sensitivity), and until recently it was
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the easiest to achieve the highest levels of polarisation. However, major drawbacks of 3He are
reflected in its low natural abundance and the fact it is not a renewable resource. In contrast, relatively
inexpensive *°Xe is spin-1/2 and has a y of -11.7 MHz/T, whilst also being naturally abundant and
amenable to near-unity hyperpolarisation. 1*Xe is almost chemically inert, has a large chemical shift
range, exhibits a reasonable solubility in blood and other living tissues and is used as an anaesthetic®®.
All these properties promoted '?°Xe to be the most widely used gas in SEOP. SEOP is a relatively cheap
and easy method that yield to high level of polarisation but is limited to **Xe nuclei and some other
noble gases; however, quadrupolar isotopes such as (?!Ne, #Kr, and *1Xe) have also been successfully
hyperpolarised®® %%42, However, SEOP is limited to the hyperpolarisation of noble gases, thus limiting
its applications. The major application of SEOP is in vivo-MRI, especially for imaging airspaces such as
lungs*®. Xenon in MRI can be paired with a targeting approach by reversibly trapping xenon atoms in
hydrophobic molecular cages such as cryptophanes to form so-called biosensors that include a
targeting moiety for a particular analyte** **. These reversible host—guest complexes also allow for
indirect detection through saturation transfer techniques without significantly impairing the
relaxation behaviour of hyperpolarized xenon. In addition, xenon exhibits a large chemical shift range
in various cryptophanes. This enables the simultaneous use of different cages to probe different target
molecules, thereby providing a different sensors**. Comprehensive studies of correlated biological
events can therefore be achieved.

1.1.2.4 Para-Hydrogen Induced Polarisation (PHIP)

Of particular interest in this thesis are PHIP and its non-hydrogenative version Signal Amplification by
Reversible Exchange (SABRE). They both use parahydrogen (p-H;) gas as the hyperpolarisation
source’®. The use of p-H,as a route of hyperpolarisation was first predicted by Bowers and
Weitekamp?! in 1986 and exemplified shortly after?’. In 1997, Bargon and Nattanaer®®, then in 2007
Bowers, described the spin-physics underlying hyperpolarisation with p-H; and its production route.
p-H2 molecules are bound (reversibly in SABRE, or irreversibly in hydrogenative PHIP experiments) to
a substrate molecule, to produce a 'H-polarised product. This typically requires the use of a metal
catalyst; however, examples of molecular tweezers that can perform PHIP without a metal catalyst
have been shown*>!, PHIP is traditionally performed with transition metal rhodium based phosphine
complexes. In contrast, the iridium-phosphine complexes, which are now replaced by the iridium-
carbene complexes, catalysed SABRE. Building on the early PHIP work, Golman®* > and Bargon®* >°
demonstrated that the proton hyperpolarisation can be transferred to carboxyl **C nuclei to yield
hyperpolarised 3C contrast agents in seconds using either RF-based or field-cycling hyperpolarisation
transfer approaches, respectively. Initial PHIP studies used a rhodium-based phosphine complex but
developments since then have focused on iridium-based phosphine and subsequently iridium-based
carbene complexes, due to their greater activity®®. p-H, can be readily produced and then stored and
used for several weeks afterwards. Furthermore p-H, can deliver highly hyperpolarised molecules®” as
hydrogenation products or without altering them, in a period of seconds. In its simplest form, it is
therefore relatively cheap (<£1,000) and simple, excluding the spectrometer cost. It does however
require an understanding of metal-catalysis. A more detailed review of PHIP method is provided in
section 2.5
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1.2 History of Ultra-low field NMR

Due to the very low thermal polarisation in the ZULF regime, ZULF NMR requires hyperpolarisation
methods to boost its sensitivity. Therefore, hyperpolarisation is always used prior to ZULF NMR
detection. The most common method used in ZULF NMR is BF as this only requires a pre-polarising
magnetic field. Because p-H, methods are relatively cheap, efficient, and can be scaled to produce
large quantities of highly hyperpolarised substrate in seconds, it is proposed in this thesis that they
are well suited to being used in conjunction with ZULF NMR. Furthermore, as the hyperpolarised
nuclear states it creates do not originate from the very small detecting magnetic field, new portable,
low-cost, less confined NMR instruments can be used for detection instead of the large
superconducting magnets of standard NMR.

Packard and Varian first demonstrated ZULF NMR using detection in the Earth’s field (EF), in 1954 by
observing the precession of proton spins in a sample of water and hydrofluoric acid®®. Since all EF NMR
experiments require a pre-polarising field that increases the polarisation beyond the Boltzmann
distribution across the nuclear spin states, this pioneering experiment is in fact an early example of a
hyperpolarisation experiment. A pre-polarising field of 100 G perpendicular to the Earth’s magnetic
field was turned-on for a sufficiently long time (seconds) for the polarisation to build-up before it was
turned-off non-adiabatically and the NMR signal was detected without an excitation pulse. It
corresponds to a precession frequency for H of 2185 Hz with '°F being 120 Hz less. Just two years
after this, Elliott and Schumacher®® measured the J-coupling between 'H and *°F from a sample of
fluorobenzene in the Earth’s magneticfield, verifying the field independence of the spin-spin coupling.
In 1982, Callagan and LeGros®" ¢! presented the first EF NMR apparatus that measured the nuclear
dipole moment and relaxation times of both 'H and F from 200 mL samples of water and
perfluorodelcalin. This equipment was presented as a possible teaching tool for a laboratory
environment. In 1990, J. Stepisnik and co-workers®* ®3 used the Earth's magnetic field to show the first
example of EF NMR imaging. In 1994, Planinstic and co-workers® published their works on longitudinal
relaxation time measurements T; and imaging of plants in an outdoor setting, avoiding any disturbance
of the highly homogenous Earth’s magnetic field. From 1994 to 2009, Callaghan and co-workers
utilized an EF NMR apparatus in Antarctica to investigate the structure of sea ice via the *H NMR signal
of liquid brine as well as diffusion measurements using pulsed gradient spin echo (PGSE) NMR®* ¢,
More recently, Fukushima and co-workers have worked on detection in Antarctica of oil spills that
were trapped in the ice with an EF NMR apparatus. They have also designed and optimised strong pre-
polarising coil, which needed to be significantly larger than the ice thickness of 1 to 2 m in order for
the field to penetrate the ice®”®°. Remarkably, the same team reported the first remote detection of
a thin layer of oil floating on water under an 81 cm thick surrogate ice block in the Earth's magnetic
field with a helicopter-borne prototype NMR instrument on the ice’.

As these examples show, the main application of the EF NMR has been in outdoor settings rather than
in a standard laboratory environment. The Callaghan group worked on the development of an
apparatus to allow its indoor use, in a conventional laboratory setting. The main challenge for indoors
use is the disturbance of the highly homogenous, but weak, Earth’s magnetic field by the proximity
with any ferrous objects. Therefore, a major improvement was the integration of a shimming coil. In
2004, Magitrek Ltd developed the commercial Terranova-MRI, a 3D MRI-capable teaching system for
students and teachers in a normal laboratory environment. Since then, more recent focus has been in
the domain of NMR spectroscopy’” 72. In these last decades, many research groups have
demonstrated the usefulness of EF NMR, judged by the increasing amount of published work across
the NMR community. For example, Los Alamos National Laboratory has been also developing
affordable Earth’s magnetic apparatus combined with sensitive detectors called Superconducting
Quantum Interference Devices, (SQUIDs)Y >7>. This detector is able to measure extremely small

33



disturbances in a magnetic field produced by structural differences located at the surface or inside a
material, even in the presence of large background magnetic noise. One drawback is that SQUIDs must
operate at cryogenic temperatures. They also demonstrated an affordable MRI scanner operating with
the Earth’s magnetic field’®. These MRI instruments combined with magnetoencephalography (MEG)
were designed for the purpose of imaging both brain structure and function with the help of the direct
observation of the interaction of neural currents with the spin population and ULF relaxometry. Later
on, they used the MRI instrument, which is suitable for use in a public setting, to image through non-
ferrous foils and cans, for a non-invasive inspection of liquids in airports by using relaxometry to
identify materials. Appelt et al.””” 7® have demonstrated high-resolution heteronuclear J-coupling
spectra for a number of organic molecules and successfully detected H, ’Li and *°F nuclei in the Earth’s
magnetic field. They have also shown for the first time high resolution *?°Xe hyperpolarisation in the
Earth’s magnetic field that allowed a direct observation of the large chemical shift differences of ***Xe
gas that was dissolved in various organic liquids. In a more recent paper, they have explained the
interpretation of strongly coupled spectra allowing chemical analysis in low magnetic field”. Halse et
al.®% have successfully recorded a 2D *H-'°F COSY spectrum acquired in the Earth's magnetic field with
DNP hyperpolarisation. Later on, Hamans et al.® pioneered a method to achieve NMR using the
Earth’s magnetic field on a dilute sample by applying p-H, induced polarisation. Simultaneous *°F and
'H detection of a sub-millimolar sample was realized with just one scan during the hydrogenation of
trifluoro-but-2-ynoate.

By the time of writing this thesis, most available EF NMR instruments are equipped with an inductive
detection coil, like the instrument used in this thesis. This is less sensitive for lower detection
frequencies and can pick-up both external and internal noises. The advantages of EF NMR
spectrometers come therefore at the expense of the signal-to-noise ratio (SNR) due to the inefficiency
of inductive detection at lower frequencies. In addition, the low magnetic field strength (~50 uT for
Earth’s field) results in a lack of chemical shift dispersion and a very small population difference
between the nuclear spin states and hence very low sensitivity. That is why hyperpolarisation
techniques are always used in conjunction with EF NMR in order to transiently increase the sensitivity.
These developments have harnessed NMR using natural Earth’s magnetic field and have set up the
way toward the progression to this thesis. Let us now focus on NMR using a magnetic field smaller
than the Earth’s magnetic field.

When the static magnetic field is below the Earth’s magnetic field in the nanoTesla regime, alternative
types of detection provide improved sensitivity. To achieve nanoTesla fields, the Earth’s magnetic field
is passively cancelled using a p-metal shield, which can reduce the ambient Earth’s field by factor of
thousands. Two common methods are SQUIDs®? or optical detection using atomic magnetometers®3,
Before the advent of Spin exchange relaxation-free, (SERF) magnetometers, SQUIDs were the
predominant tool for detection of ZULF NMR signals®. For now, let’s focus on the atomic
magnetometer. In this method, the sample is firstly pre-polarised (by one of the hyperpolarisation
techniques listed above), then shuttled to the detection region close to the alkali vapour cell. The
detection is based on the measurement of the magnitude of the magnetic field emanating from the
NMR sample via the ground-state precession of angular momenta in vaporized alkali metal atoms like
K, Rb, or Cs. The sensitivity of an atomic magnetometer is limited by relaxation due to spin exchange
collisions. In this zero-field regime, the relaxation is completely prohibited and the alkali vapour
become Spin-Exchange Relaxation Free (SERF)®® and is then more sensitive. Currently, SERF
magnetometers have surpassed SQUIDs and are the most sensitive sensors, achieving an ultrahigh
sensitivity of 0.16 fT/Hz*?8. Wietekamp and Pine pioneered the zero field NMR in 1983%°. First, they
observed that in solid-state NMR and in the absence of an external magnetic field (zero field), all spins
experience only their mutual local field (from the surrounding electrons). This yields a finite number
of allowed transitions thus increasing the resolution of the spectrum in a powder sample. In their
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pioneering experiment, powdered barium chlorate hydrate [Ba(ClOs),.H,0] was observed in zero field
with a resolution better than the single crystal of the same molecule observed at high field. A year
after, they published similar evidence in their letter, where heteronuclear spin pairs were analysed in
the absence of an external magnetic field*°. Budker and co-workers have also contributed extensively
in this field®> %2, In 1986 and 1987, Pine and co-workers developed the theory of pulses in the zero
field regime® %4, Since the 2000’s a large number of works have been published harnessing the zero
field NMR area® %, Theis et al.” 1% and all Appelt’”® and others® have analysed the J-coupling
multiplets derived from zero field spectra, thus providing a general analysis tool. Blanchard et al have
contributed toward the understanding of J-spectroscopy emanating from zero field NMR spectra®??.
Ledbetter et al.12, Theis et al.1%® 1% have pioneered PHIP hyperpolarisation in conjunction with zero
field NMR. More recently, Barsky et al. have analysed in 2019 for the first time chemical exchange
with zero field NMR spectroscopy?.

Using a pre-polarising field B), of 18.8 mT will enhance the NMR signals using the BF method such that
they are observable in the EF. It has to be noted that this field is limited by the resistive heating of the
EF NMR coil. However, this often require large volumes (>200 mL) of neat sample in order to increase
the number of spins contributing to the signal and signal averaging. When combined with
hyperpolarisation techniques such as PHIP, EF NMR can be performed with sub-millimolar
concentrations and minimal sample volumes (< 5 mL) whilst achieving greater SNR. In this work,
optimisation of the hyperpolarisation conditions using high field NMR (9.4 T and 11.7 T) was needed
prior to the EF NMR studies. In fact, the high magnetic field provides both the high resolution and
chemical dispersion required to characterize the organometallic complexes investigated. Kinetics and
thermodynamics studies have allowed identification of the hyperpolarisation conditions of complexes
that undergo PHIP i.e., what ligand excess and temperature are optimum for a minimum consumption
of material.

1.3 Aims of this work

The motivation for this PhD thesis is the identification of systems (compounds and complexes) that
can react with p-H; and provide strong hyperpolarised signals. The ultimate goal is then to detect these
systems in ZULF NMR regime, particularly the Earth’s magnetic field. Due to travel restriction of
COVID-19 pandemic from March 2020 until early 2022, this thesis does not contain any ultra-low field
NMR (below Earth’s magnetic field) works. Instead, EF NMR detection is the focus in this work as a
test bed, which tackled many of the same challenges and gives comparable information as in the nano-
Tesla regime. As a complementary analysis tool to the ultra-low field NMR, standard high-field NMR
is used to characterize and determine molecular structure of these systems. The research presented
within this thesis can be considered as being split into two major themes. Firstly, the characterisation
of complexes formed in solution and the optimisation of their hyperpolarisation level and conditions
using standard high field NMR. Secondly, the Earth’s field NMR detection of the optimised systems.

This thesis starts in Chapter 2 by describing the appropriate theoretical background of NMR and p-H,
hyperpolarisation. Attention is placed upon specific aspects of relevance to experiments at both High
field and the Earth’s magnetic field. Key properties of the metal - carbene and metal — phosphine
complexes are also explained.
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Chapter 3 describes the in situ EF NMR hyperpolarisation and detection of three amines: benzylamine,
phenoxyethylamine and 2,4,6-trifluorobenzylamine, using an EF NMR instrument. The aim was
therefore to increase the substrates amenable to SABRE in the Earth’s magnetic field. The catalytic
activation processes of SABRE are followed in-situ and hyperpolarised longitudinal relaxation times,
T1, are measured in the low field regime. The hyperpolarisation level of these amines are measured in
the presence of the co-ligand, dimethyl sulfoxide (DMSO). The effect of the co-ligand on the
polarisation level is studied using in situ EF NMR and directly compared to the SABRE polarisation
detected using a 43 MHz benchtop NMR spectrometer. In parallel, the chemical exchange rate of the
ligands (both amines and hydrides) and the corresponding thermodynamic parameters for these
complexes are explored at 11.7 T (500 MHz) to develop an understanding of the role of the co-ligand
in the SABRE hyperpolarisation of amines.

Chapter 4 aims to identify p-H,-based methods for the hyperpolarisation of a range of phosphorus
compounds (i.e. phosphines, phosphates, phosphites and phosphine-sulfides) with a view to using
ZULF NMR spectrometers (Earth’s field NMR and an atomic magnetometer) for detection. 3'P
containing molecules are interesting for ZULF NMR because they can provide the J-coupling detectable
in that regime. In order to achieve this task, optimisation of p-H, hyperpolarisation conditions using
high field NMR (500 MHz) is necessary in order to characterize all complexes formed in solution and
to investigate their reactivity with p-H,. Using this approach allows for optimisation of the
hyperpolarisation conditions of complexes to achieve high PHIP or SABRE activity, e.g. what ligands
excess and temperature are optimum, to be carried out with a minimum consumption of materials.
The aim of this chapter was to establish routes to hyperpolarisation at high field and then to determine
if any of these reactions could then be scaled up for detection with the Earth’s field spectrometer.

Chapter 5 explores the reactivity of IrCI(DMSO),(P)x (where Py are a list of phosphine ligands that differ
in their electronic and steric properties) [y =2, 1,0 when x=0, 1, 2] towards H, addition. The goal was
then to understand the reactivity of these formed complexes before tackling their hyperpolarisation
studies. Prior to hydrogenation, reaction of IrCI(DMSO); (I11) with eight different phosphines is
monitored. This complex undergoes mono, bis and tris substitution of DMSO by phosphine to form
the corresponding 16 electron complexes IrCI(DMSO),(Py), IrCI(DMSO)1(Px)2 and IrCl(Py)s according to
the excess of phosphine added. Some of these complexes have the ability to undergo C-H bond
activation of the phosphine ligand and subsequently orthometallation reactions take place. This yields
18 electron complexes, which are in equilibrium with the 16 electron precursors. The comparable
reactivity of these complexes is then monitored towards H,, where they form various 18 electron
dihydride species. The similarities and differences in behaviour are highlighted. Indeed, the selected
phosphines ligand are different in size and electron donation ability, which is expected to change their
behaviour. The formation of a series of thermodynamic and kinetic products is indicated according to
NMR measurements.

Chapter 6 investigates the reaction with p-H; of the previously formed complexes (chapter 5) from
the reaction of eight phosphines with IrCI(DMSO)s (111). This sixth chapter is therefore a continuation
of the fifth chapter where these reactions were already monitored with normal H; gas to determine
reactivity alongside thermodynamic and kinetic products. The aim was therefore to select the
complexes that provided largest hyperpolarisation level detectable in the ultra low field regime. The
products that are able to hyperpolarise are then optimised with respect to parameters such as
reaction temperature, solvent and ligand excess. Furthermore, the mechanism of dihydrogen
dissociation is also determined because it directly correlates with the gained signal enhancement. The
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hyperpolarisation level and lifetime of these products are important factors that are rationalised and
used to calibrate the experiments that will subsequently be carried out at Earth’s magnetic field. This
optimisation of the hyperpolarisation conditions at high field is used to select the best conditions for
Earth’s magnetic field detection.

Chapter 7 selects the phosphine complexes from Chapter 6 that provide large hydride
hyperpolarisation at room temperature at high magneticfield and then detects them using the Earth’s
field NMR device. Here, the aim was to demonstrate the feasibility of metal complexes detection in
the Earth’s magnetic field through their hydride ligands. The 3!P ligands break the symmetry of the di-
hydride ligands in the complexes such that they become magnetically inequivalent. This process
enables the detection of the hyperpolarised hydride signals in the strong coupling regime where there
is no chemical shift information but where the J-couplings information between hydrides and 3!P
ligands can be measured. This section is therefore a continuation of the two preceding chapters,
where many studies were done to understand the reactivity of 111 with a number of phosphine ligands.
Mono-phosphine or bis-phosphine substitution were obtained in some cases with efficient p-H,
activity. In addition, the position of the phosphine ligands trans or cis to the hydride ligands yielding
coupling for the former (~150 Hz) and the later (~20 Hz) provided a unique signature in the EF NMR
spectra. The interpretation of the EF NMR spectra is aided by density matrix simulations.

Chapter 8 provides a general conclusion for the PhD project and discusses some ideas for future
work and potential improvements to the methods developed in the thesis.

Finally, Chapter 9 presents the experimental details and methods used throughout the thesis and the
Matlab code for the density matrix simulation used in Chapter 7 is provided in the Appendix.
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Chapter 2 : Theory

2.1 Theory of Nuclear magnetic resonance

In this section, the theory that supports the experimental chapters is described.

Note that in this thesis, the “hat” symbol will be used for operators and vectors will be in boldface
whereas scalar variables will be in italic.

Matter is composed of atoms. Each atoms possesses a nucleus. When the nucleus contains an odd
number of protons or an odd number of neutrons (or both), it possesses an extra property, in addition
to their charge. This extra property is a magnetic moment (i) and can be described by the nuclear spin
quantum number (I). The angular momentum vector (I) and the magnetic moment are both vectors
and are related through a proportionality constant called the gyromagnetic ratio, y, as shown in
Equation 2.1.

p=ylL (2.1)

The angular momentum operator I has three scalar Cartesian components; I, ,fy and I,.

Nuclear spin (I) is an intrinsic property of each atomic nucleus, and can take half integer or whole-
integer values. Those nuclei for which I = 0, such as *2C or 0, have no nuclear spin and do not exhibit
magnetic resonance (MR) properties. For the purpose of this thesis only in spin-1/2 nuclei are of
interest; specifically the proton 'H, fluorine **F and phosphorus 3!P, which have a natural abundance
of 99.99%, 100% and 100% respectively and a relatively high gyromagnetic ratios of 42.57 MHz/T,
40.08 MHz/T and 17.23 MHz/T. Quadrupolar NMR that utilises nuclei that have spin >1/2 is also
possible, although this is not discussed here'®.

In the absence of an external magnetic field, the magnetic moments of an ensemble of free spins are
randomly oriented. However, when they are placed in a uniform magnetic field, Bo, an interaction
occurs which result in quantised energy levels as depicted in Figure 2.1 for a spin-1/2 nucleus.

The resulting two energy levels are separated by the Zeeman splitting, which depends linearly on
magnetic field. These two levels are labelled a and B. The Hamiltonian, which describe the energy of
this system is given in Equation 2.2, where the spin Hamiltonian is assumed to be proportional to I,
because the magnetic field By is along the z-axis

ﬁo = woiz (22)
wq is the Larmor frequency and defined as:

As energy levels are quantised, specific frequencies of radiation are required to excite transitions
between them. These energies can be calculated according to Equation (2.4) and (2.5), where AE is
the energy difference between these two energy levels, # is the reduced Planck’s constant, and v is
the radiation frequency’®®. v is the Larmor frequency in frequency units (Hz) whilst w is the Larmor
frequency in angular units (rad s?) in which the factor 1/2mis not added. m is the spin quantum
number that represents a projection of the angular momentum I along the longitudinal (z) direction
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of the system. Here, the direction is defined by the external field, By. m can take any of 21 + 1 values
ranging from - I to I. Each different projection, or orientation, of the spin is associated with a magnetic
energy, E,,,. Equation (2.4) defines these magnetic energies.

E,, = —mhyB, (2.4)

AE = hv = hyB, (2.5)

For a spin I = 1/2 particle such as the H nucleus, there are two possible eigenstate orientations: spin-
up, a = (%) and spin-down, B = (—%), with corresponding energies given by E_;,, = %hyBO

1
E1/2 = —Eh)/BO.

1 1
)',ﬁ m=-3 E= +§hyBo
1 1
a— M =3 E=—Eh]’30

>
B,

Figure 2.1: The energy levels of a spin-1/2 particle in a magnetic field.

BO=0 Bg¢0

As nuclear spin energy levels are very closely spaced in energy, only relatively low frequency (radio-
frequency r.f., in the MHz range) or low energy radiation is needed to match the resonance condition
described in Equation (2.5).

When measuring an ensemble of spins, the nuclei have a preference to exist in the lower energy state,
a. There is a difference in population for these two energy levels, N, — Ny according the Boltzmann

distribution of Equation 2.6'%, where k is the Boltzmann constant, and T is the temperature:

e gTAE/KT  (2.)
Ne

As it will be seen in section 2.4, this population difference controls NMR sensitivity. This is often
defined as the polarisation level of Equation 2.7. The equation for polarisation is simplified for any
temperature above few K, according to the so-called “high temperature approximation” as the energy
gap is small compared with kT

Neg— N hB hB
=—2_F — tanh (y 0 ) ~ 220 (2.7)
No+ Npg 2KT 2KT
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At a field strength of 9.4 T and temperature of 298 K, only ~33 *H spins in a million contribute to the
macroscopic NMR signal. For example, the polarisation level for *H and 3!P are 3.5 X 10° and 1.42 X
10°® respectively. . Polarisation can be increased either by reducing the temperature or increasing the
strength of the magnetic field, according to Equation (2.7).

2.2 The vector model

The detected response of an NMR experiment can be modelled as a vector that rotates that angular
momentum operator in real 3D space’®. This leads to the ‘vector model’ of NMR as illustrated in
Figure 2.2 for an arbitrary sequence of events. At equilibrium, the magnetic moments are not aligned
randomly but have a preference to align with the field in such a way that the sum of their contributions
gives a net magnetic field along the direction of the applied field (By). This is called the bulk
magnetisation of the sample and is represented by the magnetisation vector (M in blue). This is initially
oriented along the z-axis, which corresponds to longitudinal magnetisation. It is then rotated into the
xy-plane, which corresponds to transverse magnetisation, and then freely precesses around the
magnetic field axis. In NMR, two concepts of “rotating frame” and “lab frame” are often used to
describe the spin Hamiltonian, defined above. The spin Hamiltonian, in the presence of radio-
frequency (r.f.) field, is time dependant. In order to make the spin Hamiltonian appears as time
independent, the rotating frame is introduced. This represents a simplification that views the nuclear
spins from a frame that rotates “with the (r.f.) field”, hence avoiding rather complicated mathematics.
The rotating frame spin Hamiltonian then becomes Equation 2.8:

H=0Q,, (2.8)

Where the frequency Qg = (wg — wrer) is the difference between the Larmor frequency and that of
the frame. It is called the offset frequency or resonant offset and is denoted (.

Byz
g pulse along Free precession y
y-axis about z-axis
Ty E—

Figure 2.2: The vector model. The net magnetisation vector is shown in blue. The sequence shown is
a 1/2 pulse rotating the magnetisation vector around the y-axis, followed by free precession of the
spins around the z-axis.

The vector can be defined by three components: M,, M,, and 1\713,.106 As the net magnetisation is an
average over the ensemble of spins, it points along the direction of the applied magnetic field is
labelled M,. therefore, depends on the number of spins and the polarisation. Under thermal
conditions net magnetisation is orientated along the direction of B, while contributions from M,, and
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1\773, are 0 as nuclear spins lose their phase coherence due to random precession in the transverse (xy)
plane. This is depicted in Figure 2.2 in which the vectors M and B, are parallel. Upon the application
of an (r.f.) pulse B; which is termed here as nutation frequency w,,:, M is rotated away from the
direction of B, and the two are no longer parallel.’® The magnetisation vector will now experience a
twisting force resulting in the precession of M around B, as shown in Figure 2.2. This precession will
occur at the Larmor Frequency, wy = —y By.'%®

In term of energy, the spin Hamiltonian in the presence of a pulse of frequency w;,;,; and an angle 6,
has now an x and y component!®®. Equation 2.9 describes it.

H = Qol, + wpye(Iycos0 + Isinf)  (2.9)

The flip angle is defined as 6 = wyy: T, = ¥B1Tp, Where By is the strength of the (r.f.) field, wyy; is
the nutation frequency and T, is the pulse duration. Hence, by varying the time for which the pulse is
applied, the angle through which the magnetisation is rotated can be varied. As the magnetisation
precesses around the magnetic field B, it maps out a circle on the transverse plane which is largest
when M is perpendicular to B,. At this point M, and 1\7Iy make a contribution to M while the

longitudinal magnetisation, M, is 0'°. NMR signals are detected in the transverse plane from
precessing xy magnetisation. This will be most intense when M is rotated 90° from M, to Mxy and is
the reason why /2 pulses are used in NMR to excite the nuclear spins. It is therefore important to
choose (r.f.) pulses of appropriate duration and amplitude such that M is rotated into the transverse
plane.

Here, the concepts of populations and coherence are briefly introduced by avoiding rather
complicated equations. As described above using the vector picture the /2 pulse has two effects.
Firstly, the pulse equalizes the populations of the two states and hence the longitudinal magnetisation,
M, is reduced to 0. Simultaneously, it converts the population differences into coherences.
Coherences arise from spins in states that are a superposition a and B and that have transverse
polarisation vectors. Immediately following the pulse, these transverse spin polarisation vectors
precess in the xy plane with the same frequency and phase, giving rise to a net magnetization in the
xy plane, 1\7Ixy. The coherence can have orders, which are the difference in z-angular momentum of
the connected states. For an ensemble of non-interacting spins % at equilibrium, there are only two
states, with z-angular momentum quantum numbers £1/2 and a coherence order 0. Once the pulse is
applied, two coherence orders, (+1)-quantum and (-1)-quantum are created. Only the (-1)-quantum
coherence is detected and gives rise to the NMR signal.

2.2.2 Relaxation

The initial net magnetisation is a result of thermal equilibration in the presence of the static field
By and governed by the Boltzmann equation as defined above (Equations 2.6 and 2.7). The /2 pulse
B; equalises the population difference created by the static field B, and generate coherences.
Relaxation naturally occurs when the system is out of equilibrium. Relaxation in NMR is the process
by which a nuclear spin system returns to its thermal equilibrium state. It is assumed that at the end
of the pulse, the (r.f.) field is turned off and an interval t is allowed. Two major changes are observed
experimentally:
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Firstly, thermal equilibrium values are gradually reached by the spin state populations and hence are
time dependant. The (r.f.) pulse causes the state of the spin system to depart from thermal
equilibrium. Over a sufficiently long time, the fluctuating molecular surroundings cause the thermal
equilibrium state to be gradually re-established. Secondly, the coherence gradually decays to zero and
thus has a lifetime. Hence, the spins lose their synchronisation. These deviations are a consequence
of relaxation.

Bloch®® has introduced two relaxation time constants. The time constant T; (longitudinal relaxation
time or spin-lattice relaxation time constant) and the time constant T, (transverse relaxation time or
spin-spin relaxation time constant).

The time taken for the longitudinal magnetisation to reach equilibrium is characterised by the time
constant, T1.1% This time constant describes the relaxation of M from M, toward M, and is given in
Equation (2.10). The (r.f.) pulse equalizes the populations and then they relax back to their different
equilibrium values. Longitudinal relaxation involves an exchange of energy between the spin system
and the molecular surroundings. Note that M, is the magnetisation vector at equilibrium.

M,(t) = M, (1—3?_:) (2.10)

The decay of magnetisation in the transverse plane is characterised by a time constant, T,, as described
by Equation (2.11). This behaviour is due to random dephasing of magnetic moments whilst
interacting with other spins. T, is typically shorter than T;.1% In many case the spins execute hundreds
of millions of precession circuits before losing synchronisation. The decay of coherence does not
necessarily involve any exchange of energy with surroundings. However, coherence decay does
increase the entropy of the spin ensemble. The decay of coherence is therefore anirreversible process.

My, () = M, (e;_zt) (2.11)

An additional relaxation rate constant T>* can also be introduced. T,* describes the rate at which
precessing nuclear spins dephase in the xy-plane. If a spin system is subject to a magnetic field
gradient, the spins in different regions of the sample will see different B,_fields and precess at
different frequencies. This can lead to rapid dephasing of transverse magnetisation due to magnetic
field inhomogeneity. Dephasing due to field inhomogeneity is different to T, because it is a coherent
dephasing of spins, and a spin echo! can be used to rephase the spins to recover the transverse
magnetisation, but T, relaxation is an incoherent process and cannot be reversed. T,* includes both
effects and therefore is always less than or equal to Ts.

The spin echo sequence consists of a 1t pulse, which is sandwiched by the equivalent time t before the
signal is recorded. By the end of the second T any dephasing due to inhomogeneity is refocused,
meaning that at the end of the second delay T, the magnetisation is along the same axis of origin,
regardless of the value of T and the offset (.

2.2.3 NMR spectrum: chemical shift and J-coupling

2.2.3.1 Chemical shift

The precessing transverse nuclear magnetisation induces a signal (an electric current) in the coil
surrounding the sample. The resulting signal is referred to as a free induction decay (FID) and is
typically an exponentially decaying sinusoidal function. The current is amplified and subjected to
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quadrature detection. The two outputs of the quadrature detector are digitized and stored in the
computer as a set of complex numbers. The NMR signal is then Fourier transformed to obtain the
NMR spectrum.

Two pieces of chemical information are obtained in a standard NMR spectrum: chemical shift and
indirect dipole-dipole couplings, which comprise heteronuclear and homonuclear couplings. In order
to introduce the concept of chemical shift, the atomic level of a sample need to be considered. Now
suppose that the magnetic field is highly homogenous across the sample, then all spins in a molecule
experience the same magnetic field and have the same Larmor frequency. On the microscopic scale,
this is not true. The precise Larmor frequency of a given nucleus depends on the atomic environment.
In fact, the cloud of electrons surrounding the nuclear spins are magnetic and act on those spins. These
electronic effects can “shield” or “de-shield” the effect of external field By on the nuclear spins thus
changing slightly the Larmor frequency of each nucleus according their local environment. A chemical
shielding factor ¢ can then be defined, which shifts the resonance frequency of a nuclear spin. This
factor is included in Equation 2.12.
w; = —YjBo(1 —0) (2.12)

Where w; and y; define the Larmor frequency and the gyromagnetic ratio for a given nucleus j.

It is however possible those two nuclei have the same shielding factor, which make them chemically
equivalent. The shielding factor is in the order of 10°® for 'H and 10 for 3'P %7, In NMR, the equation
of the chemical shift, §, is then introduced as relative frequency scale that does not depend on the
magnetic field and the instrument. It is a ratio that removes the dependence of the magnetic field
used on the chemical shift, which now depends only on the sample. Equation 2.13 therefore gives the
magnetic field independence of the chemical shift.

ref
Wi—w;
§=—5—x%x10°  (2.13)
w -
J

Where wjref is the frequency of the reference compound, which is typically tetramethyl silane (TMS)

for H, 3C and %°Si.

While the value of chemical shiftin ppm is designed to be field independent, the observed separation
between peaks in Hz and hence the chemical shift dispersion, in Hz, is field dependent. In the Earth’s
field (where 1 ppm ~ 2 mHz) chemical shift differences are not observed.

It is possible that two nuclei in in the same chemical environment have the chemical shift. They are
then called chemically equivalent.

2.2.3.2 Spin-spin coupling

Spin-spin couplings are among the most informative of nuclear spin interactions as they lead to visible
splitting of the detected NMR signals. These interactions are not magnetic field dependant, and
therefore active in ZULF NMR spectroscopy when the chemical shift term is negated. The nuclear spins
feel the magnetic field emanating from their neighbours through the electrons located in chemical
bonds that connect them. This type of interaction is called “indirect” and therefore differs from
“direct” dipole-dipole couplings which, are not considered in this thesis.
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The homonuclear J-coupling are on the order of 1-100 Hz whereas heteronuclear J-couplings are on
the order of 1-1000 Hz. At high magnetic field, where first order coupling governs the splitting, it is
possible to observe both homonuclear and heteronuclear J-couplings. However, only the
heteronuclear J-couplings are commonly observed in the low field that are classified as second order
couplings. In some case, when the symmetry is broken with heteronuclear couplings then
homonuclear couplings are also revealed at low field.

Two nuclei are called magnetically equivalent if they are chemically equivalent in addition of having
the same J-coupling to all other nuclei in the molecule.

e  First order J-coupling

The NMR signal for a nucleus having n equivalent spin 1/2 neighbours is split into n + 1 line. This is
called the n 4+ 1 rule and is common at high magnetic field or in the weak coupling regime that will be
described in Equation 2.16.

As B, increases, the difference in Larmor frequency between two coupled spins increase and the
spectra becomes first order. According to Pople notation®, Spin systems for first order spectra will
use letters far in the alphabet (AM, AX), to indicate difference in frequencies.

e Second order J-coupling

Complex splitting patterns are observed as the n + 1 rule is not obeyed at weaker magnetic fields or
in the strong coupling regime that will be also described in Equation 2.18. As B, decreases, the
deference in Larmor frequency between two coupled spin decrease and the spectra become second
order. Spin systems for second order spectra will use letters close in the alphabet (AB, ABC), to indicate
similarity in frequencies. The eigenstates of the system are now a mix of Zeeman and singlet-triplet
states. Predicting and analysing the NMR spectra is therefore much more difficult and the only
practical approach of understanding these strongly-coupled spectra is by computer simulation.

2.2.4 Theory for EF NMR simulation

As already stated, the interpretation of EF NMR spectra are not straightforward due to the lack of
chemical shift. However, the presence of heteronuclear spin-spin coupling allows the identification of
chemical identities. The EF NMR spectra exhibit second order couplings, therefore a computer
simulation allows for their interpretation. This section is the theoretical description needed for EF
NMR and builds from the spin Hamiltonian, its density operator evolution and observation operators.
The tasks are listed as follow. Firstly, spin systems are constructed and required operators are detailed.
Secondly, required evolution and rotation operators are generated alongside with the density matrix
at equilibrium. Relaxation might be accounted in the system with another type of operator. Then, the
density matrix is manipulated by the required evolution/rotation operators. Finally, the observation
operator is applied and a spectrum is generated.

As a tool of comparison and interpretation, the Spinach simulation package!® run in the Matlab
software package and a Matlab script (Written by Dr M. Halse) were used here to simulate Earth’s
field NMR (EF NMR) spectra. For the most part, Spinach simulates the NMR spectrum automatically
and requires little coding experience of the user. As a user, just a few inputs must be edited according
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to the simulation need. Firstly, the molecule is constructed with the number and type of nuclei
involved along with the detection magnetic field. Followed by the matrix construction that defines the
basis set in which all couplings involved in the molecule are defined. Then, the processing parameters
that include where the magnetisation start and how it will be observed, the number of points, the
centre frequency spectrum, the nuclei being decoupled, the spectral width as well as zero-filling factor
are all set. Finally, the section of the evolution and observation of the system of the simulation as well
as the Fourier transformation and the plotting are also edited by the user.

In order to understand how the simulation works, the quantum description of NMR must be taken in
account. Let us first introduce the matrix representation of the three angular momentum operators
in the Zeeman eigenbasis {|a), | 8)} given in equation 2.14:

L=3(l o) b=l o E=3 5) ew
2.2.4.1 Spin Hamiltonian

The system is described by the spin Hamiltonian operator H, which provides information about the
energies of states in a spin system. The spin Hamiltonian of a system in the presence of a strong
magnetic field is given in Equation (2.15) which contains the Zeeman and scalar coupling interactions,
where w; and wg are the Larmor frequencies for the two heteronuclear spins operators T and S, and
Jis is the scalar coupling between them.

H=wl, + wsS, +2nJ(1-8) (2.15)

—~ A A A

whereT-S =[5, + ySy + LS,

High field NMR satisfies the weak coupling regime, where the frequency separation of the two
heteronuclear coupled spins is much larger in magnitude than the magnitude of the scalar coupling
between the two spins. This is the case when T and S precess at different Larmor frequencies, which
are in the order of 10® Hz, compared to J;5, which typically has a magnitude on the order of 1-1000Hz.
The magnetic field is therefore approaching infinity and satisfies Equation (2.16).

&= @ > 10 (2.16)
IS

Under these weak coupling conditions, it is permissible to apply what is known as the secular
approximation to the Hamiltonian!®, which states that the indirect spin-spin coupling terms are small
compared to the Zeeman terms and so only, the I,,$, components of the indirect spin-spin coupling
interaction need to be considered. However, in the low field regime, the secular approximation cannot
be used anymore, as the weak coupling regime is no longer satisfied. The full Hamiltonian must be
used that has a consequence of increasing the numerical simulation.

In an ultra-low magnetic field, such as the Earth’s magnetic field, the Hamiltonian that describes a
system of n + m = N interacting spins, including both heteronuclear and homonuclear indirect
spin-spin coupling but neglecting the small effects of chemical shift that vanishes is described in
Equation (2.17).

H= Y1 Xkt 2"](7j 'S (2.17)
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EF NMR is in the strong coupling regime where the frequency separation of the resonance from two
heteronuclear coupled spins operators [ and S, is comparable with the coupling constant between
them. At hypothetical low field, the condition in Equation (2.18) is therefore satisfied.

&=

LTS — 0 (2.18)

Jis

2.2.4.2 Density Operator

The density operator p provides information regarding the state of an ensemble of spins in a system
and is therefore a simplification of the spin ensemble!®. Any macroscopic observation may be
deduced from two spin operators, with one representing the observable that is being measured and
the other representing the state of the entire spin ensemble, independent of the number of spins it
contains. Instead of specifying the individual microscopic states of ~10%2 spins, the value of a single
operator, i.e. the spin density operator p can be specified.

The matrix representation of the density operator, for an ensemble of non-interacting spin % is given
in Equation (2.19).

~ _ (Paa  Pap\ _ CaCa CaCE
p_(pﬁa pﬁﬁ)_<_* (2.19)

CpCa  CpCp
The overbar indicate an average over the ensemble. The right-hand-side of this equation is called the
density matrix. Where ¢, and cg are complex numbers called superposition coefficients.

The diagonal elements of the spin density operator p,, and pgg are called populations of the states
la) and |B), respectively. The off-diagonal elements p,z and pg, are called coherences between
states |a) and |B). Numerical simulations of EF NMR spectra typically start with an initial density
matrix, p¢4, which corresponds to the statistical state of the spin ensemble at thermal equilibrium.
The ensemble average of a group of spins at thermal equilibrium at a given magnetic field is given by
Equation (2.20)

pei=-1+-Bl,  (220)
Where 1 is the unity operator that corresponds to an equal number of spins in the |a) and |B) state,
and iz corresponds to a population difference between the |a) and |B) state. The Boltzmann factor
B is given by Equation (2.21):

B =25 (221
KkpT

In a sample containing H spins in a magnetic field of 50 uT at room temperature, B is therefore

A~

B = 1.66 X 10719, 5¢9 can therefore be rewritten as in Equation (2.22):
ped = %i +1.66 x 107197 (2.22)

This equation therefore testify the very weak polarisation at Earth’s magnetic field.
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2.2.4.3 Rotating-Frame or Lab-Frame Density Operator

Then, the perturbation of the spin ensemble from equilibrium, the evolution of the system and
determination of the observable magnetisation at various points of the experiment need to be
included. The excitation phase of a basic NMR experiment is equivalent to a rotation. Therefore, the
action of (r.f.) pulses (ULF pulses in the case of EF NMR) can be included in a density matrix calculation
with rotation operators. The spin % representation of the rotation operators of an angle 8 are listed
in Equation (2.23):

cosle —isinle cosle —isinle
R =| 2 2 Ry@) = 2 2
—isinze cosEB isinze cosze
. exp{—i-6} 0
R,(6) = 2 (2.23)
0 exp{+i-6}

2.2.4.4 Evolution operators

Now, the system must evolve with time under the influence of the time-independent spin
Hamiltonian. These evolutions are included in the density matrix calculation through the use of the
evolution operator U(t), defined in Equation (2.24). If the secular approximation is used, the
Hamiltonian is diagonal in this representation and so the evaluation of Equation (2.24) is relatively
straightforward. However, it was already noted that the secular approximation cannot be used in the
context of ultra-low field NMR. The Spinach software is aware of it and therefore in the EF NMR
simulation, the option ‘lab-frame’ instead of ‘rotating frame’ was chosen.

U(t) = exp(—iHt) (2.24)

To evolve a density matrix, it must be sandwiched between rotation operators as below. Commutation
between the operator and density matrix will result in no change to the system. The influence of the
application of the rotation operator on the density matrix at a given time t are listed in Equation (2.25).
This means that a pulse 8 = /2 is applied in the y direction which rotate the I, operator towards I,.

e _afs(G) snG) o oq(es(G) —sin)
S A W E ) | T P
N 1 1
pe=RyLRy =7 _21 12 (1) —01] iz iﬁ
2 V2 )
ﬁtzR\;iZﬁy=%:(1) (1)]=ix Since, sin(%)=71§ and cos (%)=\/% (2.25)

The solution is therefore .. Note that ﬁ; is the conjugate transpose rotation operator.
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2.2.4.5 Observation operators

Finally, the NMR signal (Equation 2.27), is generated through the observation operators given in
Equation (2.26), which can measure at any point of the time the density matrix by taking the trace of
the result.

iobs = Zyl:l(inx + iiny) (2.26)

Where fnx and fny are respectively the real and imaginary part of the spectrum and N is the number
of observed spin groups.

The signal at time t (Equation 2.27) is given by the trace of the observation operator timed by the
density matrix. The sum of the diagonal matrix elements is called the trace of an operator.

S@®) = tr(lops * p())  (2.27)

The signal is recorded as free induction decay (FID) which is typically an exponential decay of a
sinusoidal function. It is then Fourier transformed, which converts the NMR signal from time domain
to frequency domain.

2.3 Practical Aspects of Earth’s field NMR detection
2.3.1 Methodology of EF NMR

Standard EF NMR measurements are performed on the Terranova Earth’s field NMR system (Magitrek,
Germany) using the core apparatus, a 500 ml sample, and a PC running the Prospa and Terranova
software package. The system is quite similar to the NMR description in section 2.2. In conventional
NMR applications, where the static field By is large, the Larmor frequency is in the radio-frequency
range (according to w = yB, in rad/sec) and it is therefore referred to as an (r.f.) pulse. In the Earth’s
magnetic field applications, this pulse is in the ultra-low frequency (ULF) (300 — 30 kHz) and so is
properly called a ULF pulse.

In the common picture of NMR as described in section 2.1, the magnetisation at equilibrium of a
sample placed in an external static magnetic field lies along the longitudinal or z-axis of the rotating
frame shown in Figure 2.2. In the case of EF NMR, this external magnetic field is Bg, the Earth’s
magnetic field. The direction of Bg defines the direction of z. The flip angle 8 is created by the ULF
pulse or excitation pulse that disturbs the bulk magnetisation vector M, from equilibrium and rotates
it into the transverse plane M,,,. This excited magnetisation vector M, precesses about the Earth’s
magnetic field vector which is in the z direction, at the ULF frequency. The B; coil detects this
precessing magnetisation. The precessing bulk magnetisation vector induces an electro motive force
(emf) or a current in the detection coil according to Faraday’s law given in Equation (2.28), which states
that the induced emf is equal to the time rate of change of the magnetic flux.

- N2
emf =N o (2.28)

When connected to the spectrometer the B; coil forms a parallel LCR circuit. It is connected in parallel
to a fixed capacitance C within the spectrometer and is an inductor with an inductance L, and an
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internal resistance R. Equation (2.29) describes this resonant circuit, which is used to detect the EF
NMR signal that resonates at a frequency wy.

1

wWo = m (2.29)

As it is already know, the NMR signal arises from the phase coherence of an ensemble of precessing
nuclear spins. It has been also seen that the exponential decay of the signal is a consequence of the
loss of phase coherence between spin. In practice, the magnetic field is not entirely homogenous and
therefore, the loss of phase coherence is not entirely due to T, but is rather combined effect T,
relaxation and magnetic field inhomogeneity. In order to ensure a high degree of field homogeneity,
it is important to place the apparatus on a timber table where it is free of ferrous materials and to
remove to a distance of 1 — 2 m any objects likely to disturb the Earth’s field homogeneity.

Three main coils constitute the apparatus, which is shown in Figure 2.4.

The inner component coil also called B; (transmit and receive) coil is used to excite and detect the
precessing magnetisation. By changing the capacitance, the B, coil is tuned to the Larmor frequency
of the sample. This coil has a tuning capacitance in the range of nano-Farads (nF) to tune the Larmor
frequency of 'H and *'P frequency of about 2200 Hz and 1200 Hz respectively.

In a later improvement to the system, the Terranova spectrometer has been fitted with a set of
Helmholtz coils in the three Cartesian directions x, y and z. These coils produce magnetic fields when
a current is applied, which correct the direction of the Earth’s natural magnetic field (Bg) in (Figure
2.3). Acurrent of 70 mA in the y-axis allows pushes the By vector from xy-plane toward the z-direction.
By is then the effective magnetic field summing Br and the additional field correction. The B, vector
is then adjusted according to the experimental needs. For example, a current of 90 mA generated by
the z-coil increase the Larmor frequency up to 2700 Hz. The B, correction to align in the z-direction,
produces an accurate nutation curve, which allows an accurate pulse length calibration. It therefore
yields a better signal to noise ratio (SNR) spectrum.

B,
Z B,

Figure 2.3: Correction of the direction of the natural Earth’s field using a set of Helmotz coil where the
Bg vector is aligned to z-axis.

The middle or gradient coil can provide linear magnetic field gradients across the sample. The gradient
coil produces the current necessary for shimming in the three Cartesian directions, multidimensional
MRI encoding and pulse and gradient spin echo (PGSE) experiments.

The outer, or polarising coil, provides an initial polarising field B, through application of a large
current, generating a nuclear magnetisation in a sample placed inside the apparatus. This method is
similar to brute-force. It enables the enhancement of the sensitivity of Earth’s field NMR via pre-
polarising the sample with a maximum field of 18.8 mT provided by the pre-polarisation coil before
excitation and detection in the very weak Earth’s magnetic field. In order to obtain a good SNR of the
NMR signal, the polarising coil should be placed in a good orientation because it acts as a shield to the
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external ULF noise sources. The stronger the polarising magnetic field, the stronger the brute force EF
NMR signals and the better the SNR. In the SABRE experiment, which will be described later, this coil
is also used to generate the necessary magnetic field that triggers the polarisation transfer from p-H,
to the substrates.

AR

Figure 2.4: A picture of the three coils of the Earth’s Field NMR probe. From left to right: the B; coil,
the gradient coil and the polarisation coil.

One challenge of Earth’s field NMR is to achieve a good quality of signal. In fact, the Earth’s magnetic
field is naturally highly homogenous but the field is so weak (~ 50 uT) that its homogeneity is easily
disrupted by the proximity of ferrous objects or any other sources of small magnetic and electric fields.
The shimming and the relative orientation of the apparatus to the Earth’s magnetic field are
important. Shimming is the process of iteratively applying weak magnetic fields dependent on the
position across the sample until the applied fields cancel the underlying inhomogeneity of the static
field. This is achieved by passing small currents through a collection of coils, in this case the gradient
coils designated to generate magnetic field of specific geometries such as a magnetic field that
changes linearly along one axis. It is possible to automate the process of shimming with the Terranova
apparatus with the input ‘autoshim’.

2.4 Hyperpolarisation

Over the last decades, many hyperpolarisation techniques have been developed to create NMR signals
enhanced by many orders of magnitude®’. Those methods were already discussed in chapter 1.
However, this section describes only the hyperpolarisation method used in this thesis, which use para-
hydrogen.
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2.4.1 Spin isomers of Dihydrogen

Dihydrogen exists as two spin isomeric forms, o-H; and p-H,, with the differences in the two forms
being identified through the analysis of the diatomic wave-function components. This is a
consequence of the antisymmetric nature of fermionic wavefunctions; hydrogen is a fermionic
particle. The total wavefunction (@tot) can be separated into independent contributions according to
the Born-Oppenheimer equation shown in Equation (2.30),%® where @, ©vib, Prot, Pers) Pns are the
electronic, vibrational, rotational, translational, and nuclear spin contributions, respectively.

Ptot = Pet X Pyip X Prot X Pers X Pns (2.30)

The diatomic wave-function @;,, all combine, for H,, to give a wave-function that is anti-symmetric
with respect to exchange of the two nuclei. Since @5, Qip and @,; are all symmetric the combination
of @,or and @, spin wave-functions must be anti-symmetric. There are two combinations where this
is true, when the symmetric rotational states are combined with the anti-symmetric nuclear spin state
and when the anti-symmetric ¢,.,; are combined with the symmetric @,s. The terms ortho and para
are associated with the symmetric and anti-symmetric nuclear spin states respectively*®.

There are four allowed spin configurations of H,, the three which are symmetric with respect to the
particle interchange are aa, 715 (af + Ba), BB and one which is anti-symmetric, \/% (af — fa).The
rotational quantum number is J, when the value of J is even the rotational state is symmetric whereas
when J has an odd value it is anti-symmetric. This means that o-H; has odd values of J, whereas p-H,
has even values of J and as such occupies the lowest energy rotational states and is more stable of the
two isomers. The two isomers have different spin symmetries. This means that the interconversion
between the isomers is symmetry forbidden and therefore slow. This offers the opportunity to enrich
and store hydrogen gas in the para isomer.

There is a temperature dependence associated with the relative proportions of the two isomers. At
room temperature the ratio of o-H, : p-H; is 3 : 1 at thermal equilibrium; however at cryogenic
temperatures in the presence of suitable paramagnetic catalyst the ratio switches in favour of the
para isomer. Flowing H; gas over a silica/FeCls catalyst at 28 K gives hydrogen gas that is 99 % p-H.. As
a consequence of the interconversion between the two isomers being slow, this enriched gas can be
stored and used at room temperature provided there is no paramagnetic material also present?.

The energy diagram of the two isomers of the dihydrogen molecule in the presence of a magneticfield
By are illustrated in Figure 2.5. Note that, in the absence of an external magnetic field, the ortho-
states are degenerate.
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Figure 2.5: Energy level diagram of the dihydrogen molecule under the influence of a magnetic field.
Upper or triplet state is 0-H, and the lower or singlet state is p-H,. Transitions between the ortho and
para states are symmetry forbidden.

It has to be noted that in free p-H,, there is magnetic equivalence between the two protons and
coherent spin mixing between the singlet state and triplet states is symmetry forbidden. However,
when p-H; is bound to a metal catalyst magnetic equivalence is broken. Specifically, when the two
protons originating from p-H, occupy a chemically and/or magnetically inequivalent position in the
complex. Consequently, the difference in their Zeeman interactions with the external field triggers the
singlet-triplet spin mixing which is the ortho-para conversion. Figure 2.6 depicts the nuclear spin state
diagram of p-H, molecule in an equivalent and inequivalent environment.

a) b)
0 I |T+1>

|
laB)
|
|aa)
magnetically equivalent, free p-H, inequivalent and weakly coupledbound p-H,

Figure 2.6: Energy level diagram for the nuclear spin states of p-H, a) before and b) after undergoing
a pairwise hydrogenation reaction, which leads to a chemical or magnetic inequivalence between the
two nuclei.
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2.4.2 Polarisation transfer mechanism

Since p-H; itself is in the singlet state, it is NMR silent. Therefore, it needs to chemically react to be
observed. Experiments with p-H, are generally performed to take advantage of either or both of the
Adiabatic Longitudinal Transport After Dissociation Engender Nuclear Alignment (ALTADENA) or
Parahydrogen and Synthesis Allow Dramatically Enhanced Nuclear Alignment (PASADENA) effects*®

110

Let us consider the case where p-H, binds to a metal catalyst to become two chemically (6w > 21/ )
and magnetically ( J4x # 0) inequivalent hydride ligands as in Figure 2.7. Then the density matrix of
p-H: is defined as in Equation 2.31:

~ 1007 7 5 a A,
Pon, =5 (L1, + 2L, 1, + 2[. 1) (231)
Where the longitudinal term is % (2I,1,) and ZQ, is the zero-quantum-x term defined as

70, = %(nyfy + 21,I,.) also called the transverse term.
B,A 21515,
Ha

\ 2lylay
P [IrL,]
HX 211x[2x

Figure 2.7: Inequivalent hydride ligands in an iridium metal catalyst

The internal Hamiltonian of the two hydrides are then given in Equation 2.32:

H = _wlilz - a)ziZZ + ﬂ]AX(ZilziZZ + Zilxin + Zilyizy) (232)

The Hamiltonian can be split in two terms, the commuting part (Hy) and the non-commuting parts
(H,) that are both given in Equation 2.33 and 2.34:

Hy = —X(w; + w,) (I, + Ip) + mlax 20,0, (2.33)

H = —X(w;, - w) (I, = I;) + ax (2L hox + 20y 1) (2.34)

To produce the PASADENA enhancement effect, the sample containing the metal catalyst and the
substrate that is hyperpolarised, is first pressurised with p-H,, then shaken in the Earth’s magnetic
field for p-H, dissolution. The reaction is then performed inside the magnet in the weak coupling
regime as defined in Equation (2.16).

When the limit of the magnetic field approaching infinity, where £ >> 1, as explained by Natterer and
Bargon (in 1997)* and Bowers (in 2007)*°, the term responsible for the actual dynamics of the spin
system is the scalar term 21 ,1,,. The operators [;, and I,, represent the z-components of the spin
angular momentum operators (with associated Cartesian components x, y and z) for spins 1 and 2,
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respectively of the two *H nuclei in p-H,. In this case, the initial state approached by the density
operator, Ppas, can be approximated in Equation (2.35):

. 1,0 =
Ppas =3 (211,135) (2.35)

For the case where the two 'H atoms resulting from addition of a molecule of p-H, form an AX spin
system in the product, the density matrix will evolve according to Equation (2.36), following a single
(r.f.) pulse with a rotation angle 8. Upon rotations of the spins, the operators of interest are
transformed as follows:

a A 00 o o o o
2h,0,, > (Ii,c0s(8) + I1,sin(8)) (f2,c0s(8) + I, sin(®)) (2.36)

cos? (G)flzfzz + cos(0)sin(6) (lefo + flezz) + sin? (G)fleZx (2.37)

The flip angle is defined as 6 = w,7, = yB;1T,, Where By is the strength of the (r.f.) field, y is the
gyromagnetic ratio, w1 is the nutation frequency and 7, is the pulse duration. When considering this
evolution during the FID, it is sufficient to consider only the part, which gives rise to observable
magnetisation given by I, = I}, + I,y andfy = fly + fzy. The only terms that thus become important
are (2[,,1,, + 211, I,,) presented in Equation (2.36) and highlighted in red, since the identities
cos?(@) + sin?(0) = 1. Hence, the signal intensity is directly proportional to sin(26) which, is
optimalatd = m/4 andiszeroat® = m/2 due to 2sin(f) cos(8) = 2sin(26). Consequently, two
antiphase doublets, centred at the resonance frequencies of the two nuclei are obtained (Figure
2.8)“1’ 112

(Vg Wy

N

[pm

% (af — po) MR-

Figure 2.8: The transitions shown in blue give rise to the Anti-phase doublet characteristic of a

PASSADENA experiment encoded by a & = m/4 and originated from the singlet state, \/% (aB — Ba)
of p-H, which populate the af and fa states of the substrate.

In order to conduct an ALTADENA-type experiment, the sample that contains the metal catalyst and
the substrate that is hyperpolarised, is first pressurised with p-H,, then, shaken in a weak magnetic
field. The reaction occurs in the strong coupling regime of Equation (2.18) which allows the
polarisation transfer. Subsequently, it is introduced into the detection magnet. However, as the
reaction still proceeds inside the magnet, the hyperpolarisation route changes from ALTADENA to
PASADENA for any species formed at high field. The ALTADENA signals will remain detectable until
depleted by longitudinal relaxation or observation!% 112,

The p-H, derived state that results under ALTADENA conditions does not fall out of the expression
quite so easily. Natterer and Bargon’s explanation is presented in terms of an adapted population
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model*®. At zero field, ¢ = 0 and the density operator produces the singlet state. Note the Earth’s field
and other local fields are neglected in ALTADENA experiments. At small fields, the p-H; nuclei exist in
states which are mixtures of 1/2(21,,15,), ZQ, and 1/2(l;, — I,,) states.

At higher mixing fields, the zero quantum term begins to die out leaving the 1/2(2[;,I,,) and 1/
Z(ilz - fzz) states, the latter of which persists asymptotically, even when placed for measurement
into the high field of the spectrometer magnet. Given that & may be either positive or negative, the
density operator p 4, may be rewritten as in Equation (2.38)*:

~ 1 & 1 - R
Part = 5(211z12z) i’;(hz —1,) (2.38)

Signals in ALTADENA-type experiments can be viewed after a 11/2 pulse since it is the effect on both
the 21,15, * (I,, — I, ) terms with the single spin terms contributing to the observed spectrum. For
a flip angle of /2, the antiphase originating from the terms (21,15, + 211, 1,,) disappears, and only
the inphase doublets stemming from (I;,, — I,,) with opposite signs for each spin survive (Figure 2.9).
Consequently, the appearance of the resultant NMR spectra depends strongly on the nutation angle
used.

E p_ H2
B,
5 (@B + Bo)
aax
& W
\wl ppr
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Figure 2.9: The transitions shown in blue give rise to the in phase doublet characteristic of an
ALTADENA experiment encoded by a 8 = /2 originated from the singlet state, % (af — Ba) of p-

H2 which populate the af state of the substrate

In this thesis, the data presented use both the ALTADENA condition generated by a /2 pulse and the
PASADENA condition generated by a 11/4 pulse to detect enhanced NMR signal of target substrates
and dihydrides complexes resulting from p-H, addition.

2.4.3 Signal Amplification by Reversible Exchange (SABRE)

SABRE, which takes advantage of the ALTADENA route described above, is a non-hydrogenative
technique, used to transfer polarisation from p-H, to a molecule of interest without chemically altering
the molecule. This requires a magnetisation transfer catalyst, which is typically an octahedral iridium
complex, to which both the molecule of interest and p-H, are able to reversibly bind. Once bound, the
symmetry of the p-H, derived hydrides is broken by chemical and/or magnetic inequivalence and
polarisation transfers from the p-H,to the substrate at low magnetic fields via long-range J-coupling.
A simplified overview of this is shown in Figure 2.10.
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Figure 2.10 Schematic showing polarisation (red) transfer from p-H, to a substrate of interest because
of the SABRE process. (Above) polarisation transfer across a metal exchange catalyst as a result of
magnetic or chemical inequivalence in SABRE.

The SABRE process is a catalytic process described as follow (Figure 2.11). Prior to a SABRE experiment,
a 16 electron pre-catalyst Ir(l) [IrCI(COD)(NHC)] where COD = cis,cis-1,5-cyclooctadiene and NHC is
N-heterocyclic carbene is reacted with the target substrate (sub) where sub is an appropriate ligand
for example pyridine, to form the complex [Ir(COD)(NHC)(Sub)]Cl. This complex undergoes an
oxidative addition reaction with hydrogen to form an 18 electrons Ir(lll) complex of the type
[Ir(H)2(COD)(NHC)(Sub)ICI. At this stage, the COD ligand is hydrogenated to form successively
cyclooctene (COE) then cyclooctane (COA) which can no longer ligate to the iridium and lead to the
active SABRE catalyst [Ir(H)2(NHC)(Sub);]Cl formation. This active SABRE complex reversibly binds both
p-H; and the substrate.

NHC ]+
4, NHC Sub H
\////,,,, = +Sub N\,  WNHC 4 pH, uby,, ,| Lo + Sub
/Ir\ —_— ":Ir|\‘\ 3 /Ir\
\ cl -Cl ¢ Nwg,  OxAdd \ ‘ H cop > COE
\ N
16 e- 18 e-
NHC ]+ NHC [T
Sub/,// | \\\\H + Sub SUb///,/I | |||“\\\H
"'|r|||“\ E— Zlr
Sub/ H COE/\COA Sub/| \H
Sub
18 e-

18 e-

Figure 2.11: Catalytic cycle of activation of SABRE catalyst | in presence of an excess of substrate (Sub),
for example pyridine and p-H,.
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In this section, coherent polarisation transfer among “strongly coupled” spins is discussed. This feature
is essential in SABRE as it explains the polarisation transfer field (PTF). Recall that a two-spin system is
defined as strongly coupled when the difference in their chemical shift is much smaller than their J-
coupling |[v4 — vg| < J4B, such a mechanism is efficient at low and ultralow magnetic fields, leading
to “spontaneous” polarisation transfer, which does not require application of any (r.f.) fields''®. This
can be understood using the concept of Level of Anti Crossings (LACs)'** 11>, Consider the quantum
states |Sa) and | T ), in which S and T stand for the singlet S and triplet (T.1, To or T.1) states of the
hydrides H, and Hy,, whereas |a) and |8) denote the state of other nuclei in the complex, including the
ligand. A LAC arises at a magnetic field where two energy levels, corresponding to quantum states
|Sa) and |TyB) tend to cross, but due to spin-spin coupling the degeneracy is lifted and the crossing
is avoided. In the SABRE case, the nuclear spin LACs in the complex will enable efficient mixing
between spin states |Sa) and |T, ). At the LAC field, the eigenstates of the system are combinations
of |Sa) and [T} B8), and consequently an efficient exchange of populations of the |Sa) and [T} ) states
can occur. LAC points provide distinct field positions, at which the ligand’s protons are efficiently
polarised. Initially, H, and Hy are in the singlet state; therefore, this mixing will result in transitions
between [Sa)and |T;f), depleting the |Sa) (due to the fact p-H, is used) state and enriching
the | T ) state (initially depleted in SABRE experiment). This will lead to spin polarisation of the ligand
protons which is predominantly in the spin-down state, i.e., it becomes negatively polarised!® 7,

In the absence of the non-secular part of the scalar spin-spin interaction, a two-spin system contains
a crossing of the Zero Quantum (ZQ) |aB) and |Ba) levels at By = 0, which is turned into an LAC by the
non-secular terms. At the LAC the Zeeman states are mixed, forming the eigenstates |S) and |T;).

The case of AA’B or AA’BB’ system are used in most of my experiments, like in SABRE hyperpolarisation
of amines (chapter 3), as shown below in Figure 2.12. In the interest of brevity, this is highly simplified.
More complicated coupling patterns are often encountered in SABRE as was previously discussed by
R. W. Adams et al. in 2009'*3,

H NH
A\ Ir/ B 2

HA‘/ \BNHZ

Figure 2.12: Coupling pattern in SABRE active complex where in equatorial position, amine B and B’

and hydride A and A’

In this situation, there are three or four nuclei in the spin system grouped in two pairs of chemically
equivalent but magnetically non-equivalent nucleii Two pairs of spins have NMR
frequencies v4 and vy, and the J-couplings are assumed to be pairwise equal, Jag = Jas, Jas = Jas. When
there is a hierarchy of spin—spin interactions, i.e., Jaa, Jess' > Jas, Jas, Jas, Jaw, perturbation theory can
be applied. In this situation, it yields two sets of matching conditions:

+v4 — Vg = Jaar — Jpps crossing of |STi) and |Ti5),
1 .
+Va + Vg = Jaar = Jspr =5 Uap + Jap:), crossing of |SS) and [T, Tx).

The small couplings between AA' and BB' become active at the level of crossing resulting from these
matching conditions. Hence, they transform the level crossings into LACs when a difference in
couplings Jas#las exists. This condition is equivalent to that of magnetic non-equivalence of the
AA' and BB' spins, which is necessary to drive singlet-triplet transitions for each pair of spins. Figure
2.12 shows that the LAC region occurs at 6 mT, ~60 G, which is the polarisation transfer field (PTF) that
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| have used in most of my *H SABRE experiments** 1%, For brevity, the states |T}.S), |STy), ISS) and
|TJ_rT¢) are omitted in Figure 2.13 because they remain unaffected.
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Figure 2.13: Energies level diagram in a AA’B spin system and its assignment of LACs in SABRE features
dependences. The mixing states between |Sa) and |T,8), states occurs at a magnetic field equal to
6 mT. When all spins are assumed to be protons, two spins A and A' (hydrides) have the same chemical

shift of -23 ppm) and the interaction between them is J** = 7 Hz, and spin B has a chemical shift of
7~8 ppm. The difference correspond to the magnetic field of the mixing states at the LAC position*>.

2.5 Metal phosphines and metal carbenes in PHIP and SABRE reactions

In this section, the chemistry of metal-carbene and metal-phosphine that catalyse PHIP and SABRE
hyperpolarisation reactions are emphasised. A brief literature review on the evolution and the various
discoveries in PHIP that leaded to its modern applications are also discussed.

Hydrogenation reactions by Wilkinson's catalyst, RhCI(PPhs)s;, have been examined many times. In
addition to facilitating efficient hydrogenation under ambient conditions, RhCI(PPhs)s is capable of
promoting selective hydrogenation of alkene or alkyne groups in the presence of other easily reducible
functionalities such NO, or CHO®. Hydrogenation with p-H, was used either for the direct detection
of metal based intermediates, or to probe the hydrogenation products. In addition, the interest in
RhCI(PPhs)s is not solely limited to hydrogenation since hydrosilation, decarboxylation, and transfer
dehydrogenation reactions can also be initiated?.

In 1986, Bowers and Wietekamp predicted that the use of p-H, would result in spin-hyperpolarisation
during hydrogenation reactions?’. Nine months later they presented proof of their prediction by the
addition of p-H; to form a metal di-hydride with RhCI(PPhs); during the hydrogenation of acrylonitrile
to propionitrile?l. At the same time, Eisenberg!?! wrongly attributed polarisation seen during the
hydrogenation of phenylacetylene by the binuclear Rh,H,(CO),(dppm)2 to chemically induced dynamic
nuclear polarization (CINDP)'?* which was in fact the p-H, hyperpolarisation effect. The spectrum
obtained when the complex Rh(H)2(Cl)(PMes)s is formed via the reaction of p-H, with Rh(Cl)(PMes)s,
was found to contain substantially enhanced hydride signals. This observation was taken further by
Duckett and co-workers in 1993 when Ir(Br)(CO)(dppe) was reacted with p-H, at 342 K23, The hydride
resonances due to Ir(H)2(Br)(CO)(dppe) were shown to be 95 times more intense than those normally
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obtained. Significantly, the naturally abundant *3C signal for the carbonyl ligand of Ir(H),(Br)(CO)(dppe)
was detected using an insensitive nuclei enhanced by polarisation transfer (INEPT) based sequence
after only 32 scans. With normal thermal conditions, this measurement would have taken weeks. In
1997, Natterer and Bargon*® provided to the NMR community a complete description of p-H; inducing
hyperpolarisation effect in their review, alongside the first description of the ALTADENA and
PASSADENA routes. In 2004, the Levitt group?* 1% took further the p-H, development and created
long-lived singlet states more generally, that leads to the storage of nuclear spin order in a liquid for
a time much longer than T; defined as Ts. This later development has brought increasing attention to
this field since it promises in-vivo application by ‘storing’ and ‘releasing’ hyperpolarisation on
demand'?. At the same time, PHIP has found successful application in heterogeneous catalysis in
addition to well-developed homogenous catalysis'?®. In 2007, Koptyug and co-workers reported the
first heterogeneous PHIP catalyst, which consisted of Wilkinson’s catalyst immobilised on modified
silica gel or polymer beads'?’. These initials pioneering studies stimulated the interest of several
groups and led to the establishment of a rapidly expanding field within NMR spectroscopy where p-
H, is applied to the study of dihydrides transition metal complexes, the detection of previously unseen
intermediates, and the probing of dihydrogen addition to unsaturated organic functionalities?® 2°,
Since its invention in 2009, SABRE method has allowed the observation of low concentration of
analytes where p-H, transfers its nuclear spin polarisation without altering the chemical structure.

2.5.1 Choice of phosphine

In this thesis, the interest in using phosphorus-containing molecules is driven by the fact that they
possess strong one bond *H-3!P couplings of hundreds of Hz, which can be harnessed for ZULF NMR
detection®. Furthermore, transition metal phosphine complexes exhibit large trans hydride-
phosphorus couplings of 150 Hz and cis hydride-phosphorus couplings of ~20 Hz*3% 13!, hence making
them suitable for ZULF NMR studies. The chemistry of metal-phosphine is described briefly here.

The chemistry of phosphine ligands have been widely studied since they are able to stabilise a broad
range of oxidation states. Consequently, they are also able to promote many catalytic reactions where
redox cycling occurs during the reaction®2. Phosphines often donate their P lone pair to the metal
centre M to give mono-dentate terminal M-PR3 group. As an analogy, in M-CO, CO rt* orbitals accept
back bonding from M, but while PR3 lacks the necessary t* levels, it possesses P-R ¢* orbitals of the
right symmetry to play this role. This is important especially for the more electronegative R groups
where overlap between metal and P-R o* orbitals increases due to the bigger size of the o* lobe that
points toward the metal. Back donation from the metal is therefore favoured by the improved
accessibility of the empty o* orbital. These orbital interactions are illustrated Figure2.14%2,

1 back bonding

P
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Figure 2.14: Depiction of metal (Mdmn) and phosphine (PRso) bond with orbitals overlapping

Many hydrogenations catalysts that contain a phosphine ligand have been designed and used for PHIP
and SABRE hyperpolarisation. In 1989 Eisenberg and co-workers!33 demonstrated polarisation transfer
from p-H, to 3'P using the chelating Ir(Br)(CO)(dppe) catalyst with an INEPT pulse sequence®*. The
Duckett group then discovered the SABRE method in 2009 and demonstrated that PHIP could happen
without incorporation p-H, into the substrate molecule®>. This was first achieved with the cationic
Crabtree catalyst [Ir(COD)(PCys)(pyr)]BF4*3¢ which, reacted with p-H, in presence of pyridine to yield
signal enhancement of the free pyridine NMR response. They also demonstrated that the presence of
electronically rich and sterically encumbered phosphine ligands such as PCys, PCy,Ph, or P'Prs
increased the signal gain seen for the signals of free pyridine. The initial development of SABRE
showed that the signal enhancement was linked to the electron richness of the phosphine, but the
most popular SABRE catalysts currently in use no longer contain phosphine ligands. In the case of this
thesis though, transition metal complexes containing phosphine ligands that exchange p-H, are useful
because they introduce a heteronuclear spin-spin coupling from the 3!P nucleus of the ligand to the
hydride ligands, which breaks the spin systems symmetry such that measurements are possible in the
ultra-low field regime where chemical shift differences are quenched. Consequently, a prediction was
made that it would be possible to directly monitor these metal complexes at ultra-low field. This is a
key aim of this thesis. Here, a brief description and early literature review of C-H bond activation and
orthometallation that often arises with phosphine ligands is given. Phosphine complexes, assisted by
transition metals, often undergo C-H activation and subsequently orthometallation. The observation
of C-H bond activation assisted by a transition metal complex is well established in the literature3”
138 It was first observed in 1965, when Chatt reported the example of arene C-H bond activation
assisted by a transition metal complex of Ru(0) to functionalize naphthalene®®. During such C-H bond
activations, the metal complex undergoes an oxidative addition (Figure 2.15) where its oxidation state
goes from n to n + 2. Since then, many such C-H bond activation products have been seen'*° so such
outcome is not unexpected for the complexes described in chapter 5, section 5.2.1. The process by
which the C-H bond of methane sp? is cleaved is illustrated in Figure 2.15.a. A similar process is
depicted for an sp? carbon of an arene in Figure 2.15.b. Back donation in the antibonding orbital of
the interacting C-H bond is critical for bond breakage and favoured when the metal is electron rich.
Replacement of DMSO by phosphine in the complexes presented in section 5.2.1 achieves this
outcome. Crabtree has used such a process in these types of complexes to facilitate the hydrogen
isotope exchange reaction'*!. Such types of outcome are also observed in complexes containing
unsymmetrically substituted carbenes4*144
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Figure 2.15: a) Reproduced from figure from reference!3® depicting the cleavage of the sp* C-H bond
in methane by a transition metal. b) Depiction of the sp? C-H bond activation of a phenyl group,
facilitated by a m-back-bonding from the metal into the o* orbital of the C-H bond alongside c-bond
donation into a vacant metal orbital.

Bergman and co-workers demonstrated in 1981'% the intramolecular C-H bond activation of a
saturated hydrocarbon by an iridium complex at room temperature with a good yield. Then in 1982,
Graham!®® reported an example of an iridium(l) complex that undergoes the photochemically driven
oxidative addition of an sp® hybridised C-H bond. A year later, Feher'®® published a report on the
activation of an alkane C-H bond by a rhodium complex. These pioneering results presented the first
reports of C-H bond activation through oxidative addition, which proved to be thermodynamically
favoured®™” >1, However, the selective functionalisation of a non-biased sp® or sp* C—H bond is
inherently difficult and thus uncontrolled and random attack can take place. However, the reactivity
of C-H bonds can be increased by introducing heteroatoms into heterocyclic compounds such as furan,
indoles, and pyridines where the heteroatom introduces regioselectivity to the C-H bond
functionalisation step. The best and most reliable procedures utilising C-H bond activation therefore
involve the use of directing groups, which allow the catalyst to select certain C—H bonds whilst leaving
the others alone®” *°, Such processes are now ubiquitous to inorganic chemistry and find use in
organic synthesis!40 143 152156

C-H bond activation therefore reflects a route to produce higher value products through cross-
coupling reactions without the need for prefunctionalisation of the associated synthons.
Consequently, opportunities exist to simplify reaction pathways and thereby increase atom efficiency.
However, the use of high precious metal loadings in achieving this is inherently undesirable.
Consequently, there is substantial current research into producing low cost, highly active catalysts that
operate under mild conditions. Manganese, iron and cobalt derived complexes feature heavily in this
research®8,

In 1969, A. Bennett and D. L. Milner reported the first orthometallation reaction by a transition metal
complex *°, In the original paper, they described the formation of a metal-carbon o bond at the ortho
position of a phenyl that arises by transfer of one hydrogen atom from the ortho position of the
aromatic ring of the coordinated ligand to the metal. This process leads to a four membered ring. By
using a series of PPhs; ligands with various substituents, they established that the rate of
orthometallation depends on the substituent para to phosphine, in the order F < < OCH3 < CHs. In
1963, similar observations were made on the reaction of aromatic azo compounds with Ni(CsHs),°.
In 1965, the formation of covalent bonds between platinum and palladium and the ortho carbon atom
of a azo-benzene was reported by Cope and Siekman?®, Just three years later P. L. Pauson et al.!®?
published on the analogous reaction of azo-benzene with carbonyls of iron to give mono-, di-, and tris-
iron carbonyl derivatives containing aryl o-bonds. Since then, such types of reaction were extensively
studied and their mechanisms are now well understood.®% 164,

Similar reaction outcomes are observed with many of the phosphines studied in Chapter 5 section
5.2.1.

2.5.2 Choice of carbene
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Carbenes bind to metals via a double bond as in M=CR;. In an N-Heterocycle carbene (NHC), the
corresponding R groups strongly stabilizes the carbene. When compared with phosphines, most NHCs
seem to be much stronger donors but modest 1t acceptors. P. Sutra and A. Igau compared the Tolman
Electronic Parameter (TEP) of phosphines to those of carbenes!®®. The former led to a range of nickel
complexes where the CO stretch lies in the region 2060 - 2100 cm™, while the latter more electron
rich donors resulted in a further reduction to bring them into the range 2040 - 2050 cm™. There are
two main types of carbene named after their discoverers: Fisher and Schrock®® %7, Work on Schrock
carbenes led to the award of the Nobel Prize in 2005, Fisher carbenes are electron deficient and
receive 1t donation from the lone pair of a stabilising m-donor substituent. Consequently, carbenes of
the type L.M=CR; that have Fisher character favour low oxidation states, late transition metals, -
acceptor ligands on the metal, and m-donors substituents R such as -OMe or —NMe; on the carbene
carbon. They receive limited back donation from the metal and are therefore electrophilic. As an L-
type ligand, they counted as a 2e donor with electrons coming from the filled lone pair of the singlet
carbene. In contrast, Schrock carbenes L.M=CR; are associated with higher oxidation states, early
transition metals, and lack both strong-m-acceptor ligands on the metal and strong-m-donor on the
substituents on the carbon. Schrock carbene complexes have a nucleophilic carbon centre and are
often counted as anionic four electron donors with triplet character. These differences are illustrated
in Figure 2.16.
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Figure 2.16: Depiction of Fisher or singlet carbene and Schrock or triplet carbene interacting with a
metal centre.

The first application of a carbene as ligand for a metal complex was reported in 1968 by Wanslick®.

The same author had investigated and synthetized themselves carbenes in the early 60’s'®. Later
studies by Huang and co-workers'’® showed that NHCs often have stronger M-C bonds than
comparable M-P bonds and therefore form more stable metal complexes. In addition, earlier
experimental studies demonstrated that sterically bulky electron-donating phosphines, such as PCys,
deliver the highest levels of transferred electron density. Even greater efficiencies might therefore be

d*!, which are

expected with a strongly electron-donating N-heterocyclic carbene (NHC) ligan
classified as Fisher carbenes. Thus, the utilisation of the carbene was a logical progression. A. J.
Arduengo first produced one of the highly stable NHCs in 1991, hence these are sometimes referred
to as Arduengo carbenes’?. The first carbene complex to be used in conjunction with SABRE was
published in 2011%¢. This work showed that IrCI(COD)(IMes), is a much better SABRE catalyst than any
of the phosphine complexes reported previously. In 2013, N-Heterocycle carbene (NHC) and
phosphine mixed ligand complexes were shown to be useful as catalysts for hydrogenation and

magnetisation transfer reaction!’® where the required symmetry breaking that underpins SABRE is
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provided for by the use of chemical inequivalence rather than the previously reported magnetic
inequivalence. Rayner and co-workers!’® have synthesised over 30 NHC containing complexes, where
their steric and electronic properties were varied to obtain efficient SABRE catalysts. These were then
used with appropriate catalyst-substrate combinations to quantify the substrate’s NMR detectability.
Many other types of water-soluble catalyst have also been reported during the last decade where the
choice was driven by biocompatible applications'’>. In these studies, the NHCs have been attached to
hydrophilic groups, which allows the catalyst to become soluble. Immobilized catalysts have also been
reported where the hydrogenation of propylene and propyne was monitored by PHIPY’®, The effect of
nanoparticle size on the intensity of the PHIP signals generated on p-H, of methyl propiolate to methyl
acrylate have been investigated Duckett and co-worker'’”’. Zhou and co-workers have also shown
supported platinum and iridium nanoparticles to catalyse pairwise replacement producing intense
PHIP NMR signals on the alkene'’®, In this thesis, iridium complexes containing carbenes are used in
Chapter 3 to optimise the hyperpolarisation of amines for detection in the Earth's magnetic field.
However, as discussed above, for direct detection of the hydrides of the metal complex itself in the
ultra-low-field regime, heteronuclear couplings are required. Therefore, in the bulk of the thesis
phosphine containing complexes, where the associated *H-3!P couplings break the symmetry of the
hydride spins, are used so they can be observed directly in the Earth's field.

Chapter 3: In-situ EF NMR hyperpolarisation and detection of Amines

3.1 Introduction

As shown in chapter 1 and 2, para-hydrogen (p-Hz) has been successfully used to hyperpolarise
molecules through Para-Hydrogen Induced Polarisation (PHIP), a hydrogenative approach. More
recently, Signal Amplification by Reversible Exchange (SABRE) has been introduced to overcome some
of the limitations associated with the need for hydrogen acceptors.
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SABRE, pioneered in 2009 by Duckett and co-workers!*> 7%, is able to enhance the NMR signal of
various nuclei such as *H, 3P, °N, 13C, 1F, 2°Sj, 11°Sn without altering the chemical identity of the target
molecule®™® |n SABRE, p-H, and the target molecule reversibly binds to an iridium metal complex
and p-H; then transfers its spin order to the target molecule through the J-coupling network. A weak
magnetic field of around 6.5 mT for H enables this transfer to become spontaneous. It is through this
process that SABRE harnesses p-H; to produce continuously a non-Boltzmann nuclear spin distribution
in the target nucleus. One great advantage of the SABRE method, when compared to other
hyperpolarisation techniques,* '* 19 js that there are no underlying chemical changes and the process
is reversible. Hence, the polarisation process can be repeated multiple times by flushing fresh p-H,
into the solution. The first paper targeting SABRE hyperpolarisation focussed on targeting protons
directly, although *°F and N results were illustrated. In this case, the magnetisation from those 'H
nuclei was transferred to the heteronuclei present in the same molecule.

The original SABRE experiment targeted 'H nuclei in pyridine, which were directly hyperpolarised
when SABRE operated at 6 mT. Hyperpolarised hydride protons can relay their hyperpolarisation
directly to other nuclei in the same molecule in a smaller magnetic field (uT). This was exemplified in
2014 by Theis and co-workers'® 187 who demonstrated the feasibility of direct SABRE polarisation
transfer from p-H, to **N or other heteronuclei, using a method they call SABRE-SHEATH (SABRE in
shield enables alignment transfer to heteronuclei). In contrast to the original SABRE therefore, SABRE-
SHEATH requires a smaller polarisation transfer field of 0.2—0.4 uT.

In the same year, Warren et al. achieved successfully Low-Irradiation Generation of High Tesla SABRE
(LIGHT-SABRE)®, In this approach, low power pulses are used to transfer high order coherent
polarisation from p-H, to bound substrate at any polarisation transfer field with the only requirement
of chemical equivalence and magnetic inequivalence of the hydride ligands. For example, for a
pyridine molecule as the substrate, the directly bound **N nuclei and the ortho-protons can be
hyperpolarised using this low power method.

The first SABRE experiments used the cationic pre-catalyst [Ir(COD)(PR3):]BFs and pyridine as the
substrate, although the substrate range was rapidly expanded to derivatives of pyridine, purine,
diazirines, nicotinamide, and pyrazine’* 8919 The common feature of these chemical groups is they
are all heterocycles that contain an electron-donating nitrogen centre. In terms of the catalyst, its
optimisation led to carbene-type pre-catalysts, IrCI(COD)(NHC), achieving higher polarisation levels
than the phosphine-type catalysts. To widen the SABRE substrates to encompass more chemical
groups that no longer need to bear a nitrogen donor atom, new methods such as SABRE-Relay were
introduced.

SABRE-Relay®*%, demonstrated in 2017 by the group of Professor Duckett, significantly extended
the classes of molecule amenable to p-H; hyperpolarisation via SABRE. This method utilizes chemical
exchange of hyperpolarised protons from the main SABRE-active substrate, which is then called the
carrier. The carrier protons then exchange in solution with those of a second substrate, called the
target, which allows hyperpolarisation transfer to take place within the target. Another way to relay
polarisation involves a second adduct. It binds an already polarised carrier, and intramolecular spin-
spin couplings (J-couplings) within it lead to its hyperpolarisation. These SABRE-Relay approaches can
thus polarise substrates that are not able to bind to the more usual Ir-based complexes associated
with SABRE. The result is that a wider range of molecules, that now include alcohols, carboxylic acids,
esters, and phosphates, can be polarised. Amines are the most common SABRE-Relay
hyperpolarisation carrier. For example, 1-propanol has been hyperpolarised by exchange of a hydroxy!
proton HOCH,CH,CHs with protons of either d7-BnNH, or NH3, which was polarised by SABRE. At 70 G,
the hyperpolarised hydroxy! proton relays the polarisation to protons and *3C in the alkyl chain. 2168
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and 751 folds enhancement was achieved with this method for 'H and 3C sites respectively’®*.

Although many classes of amines have been tested for SABRE-Relay performance, ammonia (NHs)
proved to yield the best signal enhancements and hence provides the highest level of polarisation
relayed to the nuclei of the target'*™.

Amines contain a basic nitrogen with a lone pair. The lone pair can be involved in hydrogen bonding
or can act as a nucleophile in organic reactions. They are also an important class of organic molecule
that are involved in alkylations®> 1%, acylations'®” or sulfonations®. In addition, most primary amines
are good ligands for organometallic complexes'®. Consequently, amines react with IrCI(COD)(IMes)
(where IMes stands for 1,3-bis(2,4,6-trimethylphenyl)-imidazol-2-ylidine and COD cyclooctadiene) and
H, to form stable, but labile complexes, of the type [Ir(H)2(IMes)(amine)s]CI*9% 1%, |tis these complexes
that allow p-H, to relay its polarisation into the free amine as shown in Figure 3.1.

200

Besides amines, others N-functionalities such as those of nitriles*™® are amenable to hyperpolarisation

via SABRE.
NHC
I(COD)(NHC)CI p-H, Hi,, | NHR NH2R
+ Irs
H,N—R 0-H, H/ |\NH2R NH.R
NH,R 2

Figure 3.1: Example of a primary amine involved in SABRE hyperpolarisation

Given the complexities of ligand binding, co-ligands have proven necessary to maximise SABRE signal
enhancements. The first examples of SABRE co-ligands include acetonitrile or methyl triazol*”* 2%, The
co-ligand achieves a beneficial effect by either blocking coordination sites, or by reducing steric
crowding around the iridium centre such that more sterically demanding substrates can be polarised
202,203,204 '£or example a 50% polarisation level was achieved on the H-2 site of 4,6-d>-nicotinate when
the co-ligand methyl-2,4,5,6-ds-nicotinate was employed. More recently, employment of a co-ligand
in SABRE has been shown to increase the target substrate affinity to the metal and therefore the
hyperpolarisation gained on the substrate?®> 2%, In this pioneering work, a sulfoxide co-ligand was
used to overcome the poor ligation of pyruvate that previously prevented a-keto acids from benefiting
from SABRE.

As stated in chapter 1, the low strength of the Earth’s magnetic field (typically around 50 uT) means
that chemical shift differences, which are a key component of structural elucidation by NMR
spectroscopy, are not observed. In addition, the low field strength results in a very small population
difference between the nuclear spin states and hence very low sensitivity. Unlike chemical shift, scalar
couplings are field independent, allowing for their observation in the Earth’s magnetic field and direct
comparison to those measured at high-field””-78. EF NMR spectroscopy experiments are made possible

d®> 61 which means large sample volumes, can be used to

by the high homogeneity of the Earth’s fiel
overcome the sensitivity issue (e.g. 500 mL). Brute force hyperpolarisation can be achieved with a pre-
polarisation field of 18.8 mT, by applying it for several seconds to increase net magnetisation prior to
detection in the Earth’s magnetic field. As seen in chapter 1, this method is relatively simple and is
often used to teach NMR principles in undergraduate labs. Much higher polarisation levels can be
achieved with p-H, methods using PHIP and SABRE for detection with the EF NMR system!?® as outlined
inthe chapter 1. In this case, more sophisticated implementations are needed such as p-H; production

and storage in a paramagnetic free environment to avoid its interconversion. This approach is well
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developed and now used in some research laboratories such as the Levitt group in Southampton, the
Warren Group in California and the Duckett group here in York.

When studying the SABRE process and exploring the hyperpolarisation of new classes of molecule, HF
detection provides both advantages and challenges. High-field (HF) instruments are excellent for the
chemical structure characterisation of complexes and ligand kinetic studies. However, a drawback of
HF-detected SABRE is that the polarisation transfer process occurs outside of the spectrometer and
the sample must be transferred into the detector for signal acquisition. By contrast, ultra-low-field
detection using an EF NMR spectrometer uses in situ detection, thereby allowing for the direct

observation of processes such as the formation of the active SABRE catalyst?®’.

The aim of this chapter is to expand the range of substrates amenable to EF NMR detection with SABRE
hyperpolarisation, with a particular focus on amines. Heterocycles containing nitrogen such as
pyridine, pyrazine and nicotinamide were already hyperpolarised and detected at EF NMR using
methanol as the solvent?”’. The challenge here is to optimise the amine hyperpolarisation so that it
can be detected in the Earth’s magnetic field in a suitable solvent system. To achieve this, DMSO will
be used as a co-substrate. HF NMR will be used as a complementary tool to characterise and study the
kinetic and thermodynamic properties of the formed complexes in the presence of the co-substrate
in the chosen solvents in order to understand their role in the hyperpolarisation process.

Here the study of the hyperpolarisation of three amines is considered: benzylamine (1),
phenoxyethylamine (2) and 2,4,6-trifluorobenzylamine (3) (Figure 3.2) using an EF NMR instrument,
where the catalytic activation processes of SABRE can be followed in situ and hyperpolarised
longitudinal relaxation times, Ti;, can be measured directly in the low field regime. The
hyperpolarisation level of these amines are measured in the presence of the co-ligand, dimethyl
sulfoxide (DMSO). The effect of the co-ligand on the polarisation level is studied using in situ EF NMR
and directly compared to the SABRE polarisation detected using a 43 MHz benchtop NMR
spectrometer. In parallel, the chemical exchange rate of the ligands (both amines and hydrides) and
the corresponding thermodynamic parameters for these complexes are explored at 11.7 T (500 MHz)
to develop an understanding of the role of the co-ligand in the SABRE hyperpolarisation of amines.
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Figure 3.2: Chemical structure of 1 benzylamine; 2 phenoxyethylamine, 3 2,4,6-triflurobenzylamine

and | IrCI(COD)(IMes) (where IMes stands for 1,3-bis(2,4,6-trimethylphenyl)-imidazol-2-ylidine and
COD cyclooctadiene)
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3.2 High field studies

The role that the co-ligand DMSO plays on the hyperpolarisation of amines 1, 2 and 3 was examined
by reference to the pre-catalyst IrCI(COD)(IMes) (l). Because the aims is to complete EF NMR studies,
the solvent should have a relatively high boiling point. This is a necessary precaution to avoid solvent
evaporation when p-H; is bubbled repeatedly through the solution. It has previously been reported
that methanol can be successfully used as a solvent in in-situ EF NMR studies, which has a boiling point
of 62° C?Y7, The reason why methanol cannot be used in these experiments is that it does not favour
the formation of the neutral complexes of interest and rather favours the charged complex. The
experiments reported here used chloroform as the solvent, where the substrate (1, 2 and 3) and DMSO
were present in equimolar concentrations (25 mM) such that each was in a 5-fold excess relative to |
(5 mM). Chloroform was chosen because it has a boiling point of 62° C and favours the formation of
charged species. For context, it has been reported that amines yield higher SABRE responses in lower
boiling-point dichloromethane-d, (42° C) when compared to chlroform-ds; (62°C)?%. For example, d-
BnNH, exhibits a signal enhancement of 916-fold in dichlromethane-d,** and 412-fold in chlroform-
ds. The change in solvent therefore reduces the SABRE hyperpolarisation efficiency in a single
experiment but allows for a larger number of experiment repetitions on a single same sample.

Three individual samples composed of 5 mM of | and the substrates 1,2 and 3, in the ratio 1: 20, were
examined for SABRE in conjunction with 3 bar of p-H.. It was observed that the SABRE response of
substrate 1 was almost twice as large as that for substrate 2. In addition, the signal enhancements for
1in presence of DMSO was 5.7 time bigger than without the co-ligand, as shown in Figure 3.3. This
first result is consistent with the hypothesized benefits of the co-ligand DMSO. For 2, the specific signal
enhancement were 31-(NH,), 41-(CH,), 56-(CHz), and as expected just 3-fold per proton for the -OPh
group due to these protons’ spin isolation created by the ether linkage. When 3 was tested, the
enhancement improved by a factor of 2.9 in the presence of DMSO when compared to the results in
the absence of the co-ligand. Therefore, the presence of DMSO improves the SABRE effect for these
amines considerably in all cases.
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Figure 3.3: SABRE hyperpolarisation levels observed at 500 MHz for substrates 1, 2 and 3 in the

CHy 8242
10842 “NH,

*m

presence and absence of the co-ligand DMSO in chloroform-ds. Clearly, the presence of DMSO leads
to a increase amine NMR signals per proton when compared to when there is no DMSO. The lifetime
of these hyperpolarised signals are similar (few seconds) and driven by relaxation. The errors are
calculated with five repeats.



3.2.1 Complexes formed with or without co-ligands DMSO

A typical SABRE reaction in methanol-d, starts with a suitable pre-catalyst such as IrCI(COD)(IMes) |,
and after reaction with a substrate (sub) and H, forms [Ir(H)2(IMes)(sub)s]Cl. In contrast, in other
solvents, including dichloromethane-d, or chiroform-ds, the neutral complex IrCI(H),(IMes)(sub), is
often favoured. Both types of complex undergo both H; and substrate exchange when p-H, is used, so
SABRE hyperpolarisation of the free substrate is achieved in both cases.

First, without hyperpolarisation, NMR studies are used to determine the role of the co-ligand in the
formation of the active SABRE catalyst. These studies took place at high field (11.7 T, 500 MHz) where
the resolution and the sensitivity gain allows precise monitoring unlike in EF NMR. In order to
complete these evaluations, a series of samples were prepared in chlroform-ds.

As a control, a sample composed of 5 mM of | and 1 in the ratio 1 : 20 was interrogated and the
formation of [Ir(H)2(IMes)(1):]Cl (5), which is known in the literature'®?, was confirmed (Figure 3.4.a).
This complex yields a single resonance in the hydride region at -23.96 ppm due to the two ligands 1
being trans to the hydrides. Next, a sample containing 5 mM of I, 1 and DMSO in an initial ratio of 1 :
20 : 20 was prepared. High field monitoring now showed the formation of three complexes, 4, 5 and
6 in proportions of 94%, 6% and <0.1 % respectively (Figure 3.4.b). The neutral complex 4,
IrCI(H),(1)(DMSO)(IMes),and defined by two inequivalent hydride resonances at -23.25 trans to 1 and
-23.78 ppm trans to CI" with a mutual J(*H-'H) of 6 Hz, in the *H NMR spectrum (Figure 3.4.b) and this
dominates in solution. The third complex 6, is the least prevalent of the products and is defined by a
single hydride ligand signal at -22.17 ppm that is also indicative of it being trans to 1.
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Figure 3.4: a) 'H 32 scans NMR spectrum of a sample of 5 mM | and 100 mM benzylamine in
chloroform-ds under H,. The hydride region indicates the formation of complex 5. b) *H 1D NMR
spectrum of 8 scans of a sample of 5 mM of I, 100 mM benzylamine and 100 mM DMSO-ds in
chloroform-ds; with H,. The hydride region now shows evidence for three complexes: 4 (green stars),
5 (yellow circle) and 6 (red square).

Next, a sample composed of 5 mM of | and 2 in a ratio of 1 : 20 (100 mM) under H, was interrogated
and the formation of [Ir(H).(IMes)(2)s]Cl (8) confirmed (Figure 3.5.a). This complex yields a single
hydride ligand resonance at -24.3 ppm. A second sample containing 5 mM of |, alongside 2 and DMSO
in the initial ratio 1 : 20 : 20 with an excess of H; was found to form the three complexes 7, 8 and 9 in
the ratio 92 %, 6 %, and 3 % respectively (Figure 3.5.b).
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Figure 3.5: a) 'H 1D NMR spectrum of a sample of 5mM | and 100 mM of benzylamine in chloroform-
ds under H,. The hydride region shows a signal indicative of the formation of complex 8. b) *H 1D NMR
spectrum of a sample of 5 mM | and 100 mM of benzylamine and 100 mM of DMSO-dg in chloroform-
ds under H,. The hydride region shows signals indicative of three complexes: 7 (green stars), 8 (yellow
circle) and 9 (red square).

3.2.2 Thermodynamic and kinetic studies

In the previous section, it was shown that addition of the co-ligand DMSO during the hyperpolarisation
of an amine with | leads to two analogous species as the dominant product, neutral
IrCl(H)2(x)(DMSO)(IMes) (where x = 1 or 2). In contrast, when an amine reacts with | and H; alone, the
complex [Ir(H)2(IMes)(x)3]Cl forms. In order for these complexes to exhibit SABRE, they must undergo
ligand exchange on a suitable timescale. Mechanistic insights into the ligand exchange processes and
the thermodynamic stability of these complexes can be obtained by analysis of EXSY data.

To develop this understanding, the substrates and H, exchange processes were explored using HF
NMR. Selective excitation of the resonance of a bound ligand and the subsequent acquisition of a *H
NMR spectrum following a reaction time, t, is performed. Ligand exchange is observed via the creation
of a signal at the corresponding resonance of the free form. The resulting measurements consist
therefore of a series of data arrays, such that tis increased over 12 values. The precise values are
varied with temperature to suit the speed of the exchange processes. Integrals of the interchanging
peaks in the associated 'H EXSY spectra were obtained and converted to a percentage of the total
detected signal. These data were then analysed as a function of the mixing time according to the
relevant kinetic model for each reaction.

3.2.2.1 Benzylamine ligand exchange assessment in complex 4

Starting with the sample containing 5 mM of I, 1 and DMSQO in the initial ratio of 1: 20 : 20, the bound
CH; of benzylamine yielding a signal at 3.33 ppm in complex 4 (Figure 3.6.b) was found to exchange
with that of the free material which yields a CH; resonance at 3.9 ppm. This EXSY procedure was used
to determine the rates of benzylamine exchange, k., and k¢, in 4. A differential kinetic model was
used based on Equations 3.1 and 3.2. A fit is achieved by minimising the root-mean-square deviation
(RMSD) difference between simulated and experimental data.
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Figure 3.6: a) Depiction of the EXSY measurement process and the dissociation of ligand L from 4 to
formintermediate 4’. b) Typical EXSY spectra of 4 at 298 K recorded successively 0.01,0.025and 0.05 s
after selective excitation of the bound CH; resonance for bound 1 trans to the hydride.

B = ko [4] + kon[41L (3.0)
D = keopr[4] = kon[41L (32)

Time delays were calculated at time t where dt is an incremental time difference, koff the rate of
dissociation and k,,, is the rate of ligand binding.

The observed rates of benzylamine exchange, k, ¢ and k,,, were determined by achieving the lowest
sum of the least squares fit between the EXSY determined abundance and those predicted by the
kinetic model described in Equations 3.1 and 3.2. A series of such data are shown in Figure 3.7.a.
Transition state barriers for these processes can be calculated by recording measurements at a range
of different temperatures. This can be achieved by using Equation 3.3 to determine the activation
enthalpy (AH¥) and activation entropy (AS¥) of benzylamine exchange where T is temperature, kg is
Boltzmann’s constant, h is Planck’s constant, and R is the ideal gas constant. The value of k is
multiplied by two as the measured rate corresponds to the crossing of the barrier, which, if
symmetrical, means there is an equally probability of falling back. An example is presented in
Figure 3.7.b. Errors were calculated according to established procedures using the student’s t value.
The Gibbs free energy of activation (AG*) can be calculated using Equation 3.4.
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Figure 3.7: a) EXSY 'H signal interconversion for the bound 3.33 ppm in 4 and the 3.9 ppm free
benzylamine signal expressed as % abundance for a solution of 5 mM of I, 1 and DMSO in the ratio 1
: 20 : 20. % Abundance calculated from EXSY data (marker points) and the model (lines) for a solution

2k
of 4 at 298 K. b) An Eyring plot of In (%ff) against % yields a straight line where the intercept

(-9996.7x) and gradient (29.457) can be used to calculate the activation parameters for the ligand loss
in 4 according to equations 3.3 and 3.4. y = -9996.7x + 29.457; R? = 0.9986.

() =0 (2) 5.8 s

AG* = AH* — TAS* (3.4)

Using the EXSY data, the rate of dissociation of benzylamine at 298 K was estimated to be
korr = 491 £ 0.11 s*and rate of the reverse reaction to be k,, = 0.56 + 0.11s™. The formeris
a precise first order rate constant while the latter reflects kobs as the process is second order and the
concentration of 4’ not known. The transition state barriers AH* and AS* for the forward reaction
were estimated to be 83.1 + 2.0 ki moltand 53.1 + 7.0J K™ mol™, respectively. The resulting free
Gibbs energy AG* at 298 K was calculated to be 67.3 + 0.5 kJ mol™. A confidence interval of 95% was
used to calculate the errors. AG¥ refers to the difference in energy between the reactants and the
transition state whereas AH¥ informs of the stability of product formed and is the energy difference
between reactant and product. AS* measures the disorders created by the reaction. The error in AG#
is notably lower than might first be expected. This is reflective of the fact that there is real data in the
region around 298 K. Consequently, two lines are drawn to describe the lower and upper confidence
limits of the Erying plot. These two lines intersect with 298 K, and the corresponding difference in their
y values reflects the error in AG*.

3.2.2.2 H; loss rate for complex 4

A similar analysis was carried out for the hydride ligands in the same complex 4 of the sample
containing 5 mM of I, 1 and DMSO in the initial ratio 1 : 20 : 20. In this complex, the hydride ligands
are chemically inequivalent. In addition to simple exchange with free H,, there is evidence for
interconversion of the inequivalent hydride ligands, due to the process illustrated in Figure 3.8.b.
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Integrals of the excited peak 4, the interchanging peak defined as 4”” and the exchanging peak to free
H, were measured as shown in (Figure 3.8.a) in the associated 'H EXSY spectra as a function of t and
converted to a percentage of the total detected signal. These data were then analysed as a function
of the t according to the differential kinetic model given in Equations 3.5, 3.6 and 3.7. It is expected
that hydrogen exchange follows a pathway similar to that of Figure 3.7.b, in which hydrogen exchange
is preceded by dissociation of the amine from the 18 electron 4 or 4’ to form a 16 electron five
coordinate intermediate. This assumption is on the basis of hydrogen exchange processes reported
for similar Ir(lll) systems®®. The obtained rate constant of reductive elimination of H, and the rate
constant of the interchange of hydride sites at 298 K are ky, = 2.66 + 0.61s* ky; = 1.22 +
0.60 s respectively. The transition state barriers AH¥ and AS* were then calculated to be
91.0 + 2.2 k) mol™ and 74.7 + 7.8 J K mol™ respectively for the H; loss process. The resulting
Gibbs free energy change AG¥ at 298 K was calculated to be AG* =68.8 + 0.3 kJ mol™.
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Figure 3.8: a) A typical EXSY spectrum of 4 at 298 K recorded 0.05 s after selective excitation of the
hydride ligand trans to 1. b) Schematic representation of the exchange processes taking place in an Ir-
based SABRE system in the case where 1, CI, DMSO and hydrides are ligated. In addition to the
H, exchange in complex with k4, constant association and k., constant dissociation, there is an
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interchange of a ligand L, between the 4 form (ki) when L binds from the bottom and the 4 form (ki)
occurs when ligand L binds from the top.

% = (—kp,[4] + k_p, [H,][InterM]) (3.5)
) — 4 (e [InterM] — k_[4"]) (3.6)
] = iy [4] ~ e [H]) 37)

3.2.2.3 Comparative description of all fours complexes

In this section, a comparative description of all four complexes 4, 5, 7 and 8 is given where in presence
of DMSO, 4 and 7 dominate whilst in absence of DMSO, 5 and 8 are the major products (x=1or 2). In
order to rationalize the differences in behaviour raw ligand loss rates, the activation enthalpy AH* and
activation entropy AS* and the Gibbs free energy of activation AG¥ values at 298 K have been
calculated. The results are presented in Tables 3.1 and 3.2.

Table 3.1: Dissociation constant kg for 1 and the corresponding H. loss rate (H) in complexes 4 and 5.
Activation enthalpy (AH¥), activation entropy (AS¥) and Gibbs free energy of activation(4G¥) at 298
K.

4 ’ 298K k (5-1) kH interchange AG* AH * AS *
(s) kJ mol™ kJ mol? JK! mol™
Loss of 1 491+0.10 NA 67.3+0.5 83.1+2.0 53.1+7.0
Formation of 2.66 +0.60 1.22 £0.60 68.8+0.3 91.0+£2.0 74.7 £ 8.0
H>
5, 298 K k(s?) Kint (s%) AG# AH* AS*
(k) mol™) kJ mol? JK* mol™
Loss of 1 2.66+0.20 NA 69.1+0.4 77.7+4.0 29.1+13.0
Formation of 2.09+0.10 NA 69.3+0.2 97.2+2.0 93.9+8.0
H>

Table 3.2: Dissociation constant kogof 2 and the corresponding H; loss rate (H) in complexes 7 and 8,
with and without DMSO respectively. Activation enthalpy (AH¥), activation entropy (AS¥) and Gibbs
free energy of activation (4G¥) for substrate 2.

AH* AS#
kH interchange AG* — —
-1 g -1 1 1
7, 298 K k(s™) (s) k) mol-! kJ mol J K™ mol
+
Loss of 2 7.85£0.10 NA 66.3+1.6 77.7 £3.6 38.3+13.0
Formation of H, 1.54+£0.20 2.71+0.2 70.3+0.2 84.6+3.2 48.1+11.5
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AGH AH* AS¥
-1 5 -1 -1 -1 -1
8, 298 K k(s™) Kint (s™) k) mol-: kJ mol JK™* mol
Loss of 2 4.25+0.10 NA 68.1+0.4 74.6 +3 21.6+ 10.0
Formation of H; 2.33+0.30 NA 69.3+0.3 82.7+t4 448 £14.0

In order to assess which complexes are responsible for SABRE activity and to probe the differences in
SABRE efficiency for 1 and 2, the ligand dissociation rates, the activation enthalpy AH#, the activation
entropy AS* and the Gibbs free energy of activation AG*were measured and compared. In the case of
1 (Table 3.1), DMSO substituted 4 exhibits a higher ligand loss rate for 1 of 4.91 s* when compared to
that of unsubstituted 5 whose value is 2.66 s™*. The optimum ligand exchange rate has been suggested
by Bartsky to be ~4.5 s for pyridyl type species!®, where the transfer coupling between the hydride
ligand and the substrate is around 1.2 Hz?!. A dissociation rate of 4.91 s is therefore predicted to be
close to optimal for polarisation transfer provided the transfer coupling is similar'?®. This rate is
consistent with the SABRE signal enhancement calculated (in Figure 3.3) for DMSO substituted 4,
which is higher than for 5.

At 298 K (Table 3.2), DMSO substituted 7 exhibits a higher rate of loss of 2 (7.85 s) when compared
to unsubstituted 8 (4.25 s). Excessively short lifetimes (fast exchange rates) will only provide enough
time for significant polarisation transfer to take place if the transfer coupling is higher than 1.2 Hz*3,
The fact that the dissociation rate of 7.85 s gives higher polarisation levels suggests the transfer
coupling is higher than of pyridine. In fact, Barstky prediction was on a 5 bonds coupling of ~1.2 Hz
whereas here, the hydride and amine protons are separated by 4 bonds. A bigger coupling is therefore
expected and consistent with more efficient SABRE at the faster exchange rate. Other factors such as

relaxation rates (which were not measured in these samples) may also impact on this deduction.

The barriers to ligand loss in these neutral DMSO substituted complexes, [Ir(H)2(IMes)(DMSO)(x)Cl],
provides important information. The ligand loss rate for 4 is 4.91 + 0.10 s while in 7 it is 7.85 + 0.09
s\ This is reflected in AH* falling from 83.1 + 2.0 (4) to 77.7 + 4.0 k) mol™ (7) whilst AS* decreases
from 53.1+ 7.0 to 38.3 + 13.0 J K* mol™™. Both, these terms combine at 298 K to make, AG* for ligand
loss, 67.3 + 0.5 versus 66.3 + 2.0 kJ mol™ respectively. Due to the errors, these AG* values are
indistinguishable. However, as the pk, of the two ligands are predicted to be 9.33 and 4.70
respectively, there should be an impact on the iridium-ligand bond energy which will be reflected in
AH#*, which is higher for the better donor 1. The larger bond energy might be expected to be
associated with a shorter bond and consequently a greater release in entropy on reaching the
transition state. This hypothesis is consistent with these data.

The H; loss rates in these two complexes have also been measured (Table 3.1 and 3.2), and decrease
from 2.66stin 4 to 1.54 st in 7. This is surprising as H, exchange takes place after dissociative loss of
L. The measured barrier for H; loss therefore includes the impact of loss of amine and any associated
solvation changes prior to the slow step, which is H, loss. Consequently, it is clear that reducing the
electron density on the metal makes the process of H, exchange slower even though the barrier AH*
falls from 91.0+ 2.0 kI mol™ in 4 to 84.6 + 3.0 k) mol™ in 7. This change in rate is a consequence of the
entropy term, which goes from, 74.7 + 8.0 J K mol™ t0 48.1 + 12.0 J K mol™.
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Data for the corresponding [Ir(H)(IMes)(x)s]Cl species, 5 and 8, are also presented. The rate of loss of
1in 5is 2.66 + 0.20 s* while in 8 loss of 2 proceeds with a rate of 4.25 + 0.10 s™*. Both bond strengths
now appear to be similar as AH* are 77.7 + 3.8 and 74.6 + 2.9 whilst AS* again are almost identical at
29.1 + 13.0 and 21.6 + 10.1 J K* mol™ on going from 5 to 8. However the H, loss is again
indistinguishable for 8 compared to 5 (2.33 + 0.20 s'vs 2.09 + 0.30 s%). Similar trends are again seen
for the entropy and enthalpy changes to those for 4 and 7. Hence, it appears that both 5 and 8 undergo
relatively similar kinetic behaviour.

In conclusion, the co-ligand DMSO in [Ir(H)2(IMes)(DMSO)(x)CI] acts to lower the barrier for amine
ligand loss when compared to that of the parent complex [Ir(H)2(IMes)(x)s]Cl. This proved to be
beneficial for SABRE. Examination of the enthalpy and entropy revealed that the better donor 1 has
stronger bonds to iridium but these are offset by the release in entropy associated with the
dissociative nature of ligand exchange. For H, exchange, more complex behaviour is indicated which
results in broadly similar rates for all species.

3.3 In-situ Earth’s field NMR studies

According to the high field data presented above, the presence of DMSO favours better polarisation
transfer for 4 rather than 5. This is now verified experimentally using in situ SABRE hyperpolarisation
with Earth’s field NMR detection.

3.3.1 Earth’s field NMR of amine 1

3.3.1.1 Comparative polarisation level of 1 in 4 and 5 complexes

The conversion of I into [Ir(H)2(IMes)(1)s]CI 5 (Figure 3.9.b blue) and I into [Ir(H)2(IMes)(DMSO)(1)(Cl)]
4 (Figure 3.9.b pink) was tracked by following the growth in SABRE response as a function of p-H,
bubbling time using the in-situ EF NMR probe. Continuous SABRE polarisation can be recorded using
this approach without the need to manually transfer the sample.

Two samples were used to monitor this conversion, one containing 204 mM (40 equivalents) of 1 and
the second 127.5 mM (25 equivalents) of 1 and 51.2 mM (25 equivalents) of DMSO in 4 mL of
chloroform. No NMR signal is observed from the protons in the solvent chloroform due to the
extremely low sensitivity of EF NMR detection. Therefore, unlike for high-field NMR, there is no need
to use deuterated solvents. Figure 3.9.b presents the growth in SABRE signal (percentage polarisation)
as a function of reaction time for the two samples. The percentage polarisation values were obtained
by comparison to a calibration plot derived for water. This reference plot demonstrated that the signal
increases linearly with increase in volume of H,0 and hence number of *H nuclei. The result, Ps pgrg is
given by equations 3.9 and 3.10 where Cger derives from the water calibration reference?®.

PsABRE _ SSABRE (3.9)
PREF SREF
_ SSABRE _
Psapre = SrER X Prgr = Crer X SsaBre (3.10)
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Ssagrr is the signal per mol of *H for the SABRE spectrum, Sgpr is the signal per mol of H for a
reference, Pgrgr is the polarisation level of the reference, and Cge is the calibration constant that
relates the SABRE signal to the polarisation level. Further information relating to this calibration
methodology is found in this paper?®.

The benefit of the in-situ Earth’s field NMR setup is that the activation cycle of the SABRE catalyst |
can be followed over a timescale of seconds to minutes. If a standard high field NMR was used, refilling
and outgassing manually between each shake and drop would lead to fewer data points during the
activation cycle. The catalytic cycle of the activation reaction is shown in Figure 3.9.a. Prior to the in
situ SABRE reaction, a 16 electron pre-catalyst | = Ir(l) [IrCI(COD)(IMes)]was reacted with the target
ligand (L) and the co-ligand (co-L) to form the complex [Ir(COD)(IMes)(Sub)]Cl. This complex undergoes
an oxidative addition reaction with hydrogen to form an 18 electron Ir(lll) complex of the type
[Ir(H)2(COD)(IMes)(L)]CI. At this stage, the cyclooctadiene (COD) ligand is hydrogenated to form
cyclooctene (COE) and subsequently cyclooctane (COA), which cannot ligate anymore. This last step
lead to the active SABRE catalyst IrCI(H)2(IMes)(L)(co-L) formation. Upon completion of this cycle, the
active SABRE complex reversibly binds both H: and the ligands that reach the maximum
hyperpolarisation.

For the sample containing just 1 (5), the intensity of the detected signal increased up to the twentieth
experiment, which corresponded to the point where 500 s of bubbling of p-H, had taken place. After
this point, the signal reached a steady state, meaning the sample was fully activated (Figure 3.9.b, blue
points). The maximum polarisation level obtained at this point was 0.005%. In contrast, the sighal seen
for the 25/25 1/DMSO sample the major isomer (4) (pink dots, in Figure 3.9.b) continued to increase
up to 2000 s of continuous bubbling. An estimated polarisation level of 0.014% was achieved, which
is approximately three times higher than that seen for the sample containing 40 equivalents of 1.
These data confirm there is improved SABRE efficiency of 1 resulting from the added sulfoxide co-
ligand.
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Figure 3.9: a) catalytic cycle of activation of SABRE catalyst | in presence of the amine ligand, the co-
ligand DMSO and p-H,. b) Comparison of the activation curves, detected in the Earth’s magnetic field,
of two SABRE solutions. Blue dots correspond to a solution of 5 mM of the catalyst I, 25 equivalents
of the substrate; pink dot: 5 mM of the catalyst I, 25 equivalents of benzylamine and 25 equivalents
of the co-ligand DMSO.

3.3.2 Comparative polarisation level of 1 and 2 in 4 and 7 complexes

In this section, hyperpolarisation of 2 is studied and compared to 1. 2 was chosen because there is an
oxygen atom between the phenyl ring and the rest of the molecule. By introducing an ether linkage,
the result is expected to be the isolation of the phenyl group. As reported in section 3.2, Figure 3.3,
high-field NMR showed that the polarisation transfer across the oxygen linker is inefficient at the usual
Polarisation Transfer Field (PTF) and so the hyperpolarisation is concentrated on the aliphatic
protons®®? (see Figure 3.2). This would mean that in the Earth’s field case, only the aliphatic protons
will contribute to the signal and the contribution of the phenyl protons could be neglected.

Figure 3.10 presents the polarisation levels achieved for similar samples of the two amines 1 and 2
and DMSO with pre-catalyst | (5.1 mM) (25/25 equivalents 127.5 mM of 1/DMSO and 25/25
equivalents (127.5 mM) of 2/DMSOQ). It can be seen that the presence of DMSO favours the detection
of a hyperpolarised signal for both 1 and 2 in the Earth’s magnetic field, with the level of signal
enhancement seen to be far higher for 1. At 298 K, complex 7 exhibits a dissociation rate of 7.85 s
compared to 4 whose value is 4.91 s, which is predicted being optimal for a 5-bonds coupling transfer
of 1.2 Hz in pyridine!™>. However, a faster dissociation rate as seen for 2 is also consistent with a larger
4-bonds coupling transfer between the hydrides and amines. Although these kinetic values seem good
for the detection of 1 and 2 in the EF NMR, they might not be optimal. Variable temperature studies
might give a more accurate ligand dissociation rate that provides the best signal enhancement.
Unfortunately, this is not possible with the current EFNMR setup where no temperature control exist.
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Figure 3.10: Increase in polarisation during activation as function of p-H, bubbling time same
equivalence compared to 5.1 mM of 1,1 (4, green) and 2 (7, blue) at EF NMR (25/25 equivalents 127.5
mM of 1/DMSO and 25/25 equivalents 127.5 mM of 2/DMSO in 4 mL chloroform).

3.3.2.1 Effect of ligands concentration on polarisation level of 1

In this section, a 1 T (43 MHz) detection field was used in addition to the Earth’s NMR detection to
provide parallel confirmation of the observed polarisation level trends. At this higher magnetic field,
the chemical shift differences allow for separation of resonances and an independent control
measurement for the EF NMR sample. A 1 T instrument was used instead of a standard high-field
NMR spectrometer because it is able to lock and measure samples in protonated solvents. In order
to carry out equivalent measurements at 1 T and EF, a 4.6 mL volume of 5.1 mM of | and the target
concentration of 1/DMSO was prepared in chloroform and shared between EFNMR (4 mL) and 1 T
(0.6 mL) samples. This dual-spectrometer approach allows for the direct comparison between these
two detection fields and route to validate the EF NMR results.

A series of samples of 1 were prepared and analysed where the ratio of benzylamine to DMSO was
kept constant at 1 : 1 while the concentration of the amine was decreased relative to a fixed initial
concentration of | of 5.1 mM. The relative loading of 1/1 for the ligand and co-substrate is maintained
in all samples in order to maintain the three formed complexes in the same proportion as
characterised in section 3.2.1. The samples contained 20/20, 15/15, 10/10 and 5/5 equivalents of
1/sulfoxide relative to iridium. The resulting average hyperpolarised signal data is plotted in Figure
3.11.a, where polarisation level is plotted as function of sample concentration. Analysis of these data
reveals that the 5 : 5 loading yields the highest polarisation level of 0.032 % despite having the lowest
concentration. The polarisation level decreases with increase in concentration to 0.0035% for 25/25
of 1/DMSO. Such behaviour has been seen at high field!®> 219212 Thijs is mainly explained by the fact
that only a limited amount of substrate is hyperpolarised by the SABRE complex per unit time.
Consequently, as the concentration of free substrate increases, large numbers of substrate molecules
do not interact with the catalyst and therefore do not contribute to the hyperpolarised signal. Hence
the net signal enhancement falls.
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The method to collect data on the 1 T benchtop NMR spectrometer consisted of fillinga 5 mm Young’s
tap NMR tube with 0.6 mL of the sample mixture. 3 bar of p-H, was added into the head-space of the
tube before it was shaken vigorously in a PTF of 6.2 mT, supplied by a handheld permanent magnet
array?®3. This was followed by the introduction of the tube into the NMR spectrometer and the
acquisition that yielded an enhanced NMR spectrum. Figure 3.11.b presents the resulting average
polarisation levels obtained after activation as a function of 1/DMSO ratio relative to I. In the
measurements at 1 T, the SABRE polarisation level, Psagre, is determined from the enhancement
factor, €, which is equal to the integral of the hyperpolarised SABRE signal relative to that of the
thermally polarised control spectrum. As in the case of EF NMR, there is a strong inverse correlation
between the substrate excess and hence concentration of the ligand and the SABRE polarisation level.
In fact, the overall intensity trend matches closely with that of the EF measurements. However, the
sample with a 5/5 ratio yields a polarisation level of 0.014% is significantly lower than the level
detected in the EFs study. Furthermore, it decreases essentially linearly with increase in concentration
to 0.008 for 25/25 1/DMSO ratio.

In principle, the polarisation level resulting from SABRE is not dependent on the magnetic field used
for detection®?'!. However, the NMR tubes used for the 1 T measurements are filled with 3-bar p-H,
of 99% purity (from a home-build system) while that used in the EF NMR study is 90% pure (from a
commercial Bruker p-H, generator) which, to a first approximation would lead a 13% reduction in
efficiency which is opposite to the effect seen. In addition, the calibration of the polarisation in EF
NMR has the cumulative error of 12.2% calculated from the propagation of the uncertainties
associated with the measurements of Sygr, Tl,Bp' and Ty g, as calculated in the paper’®. The build-up
of the polarisation in the pre-polarisation field, B,, is driven by longitudinal (T:) relaxation which is
given by T1,Bp- The decay of the polarisation during the delay, d,, between the switching of the pre-
polarisation field and the application of the r.f. pulse stand for T} p,. These two relaxation times Ty .
and T1,Bp are taken in account in Pggr calculation given in Equation 3.10. In fact, these two relaxation
time parameters contribute to lower the polarisation measured in the reference Pggr. Furthermore,
several factors are causing daily variations in the response of the Earth’s field NMR spectrometer.
Earth’s magnetic field fluctuations, the variation of noise levels and the differences in field
homogeneity are potential sources of signal disruption that might affect the polarisation obtained
with EF NMR, contributing to the cumulative error.
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Figure 3.11: a) The average percent polarisation after activation as a function of concentration of
1/DMSO measured at the Earth’s magnetic field (Terranova instrument). Black dots 5/5, 10/10, 15/15,
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20/20 and 25/25 benzylamine/DMSO ratio respectively. b) Average of percentage polarisation after
activation as function of 1/ DMSO ratio at 1 T (SpinSolve instrument) of the same samples.

3.3.2.2 Effect of ligands concentration on Relaxation time T level of 1

Relaxation is the process by which nuclear spins return to equilibrium after excitation. It is caused by
random transverse fields that are generated within the sample, often due to interactions of spins with
one another or with their environment. A method for measuring the hyperpolarised signals
longitudinal relaxation time T; within the Earth’s magnetic field is presented in Figure 3.12.c. It is
designed as follows: Firstly, the bubbling of the p-H; is switched on during the whole experiment. Then
the PTF current, which creates a 6.5 mT magnetic field to transfer polarisation from p-H, to the
substrate through the J-coupling network of the catalyst is then turned on for a limited duration to
enable polarisation build-up. This field is then turned off adiabatically to allow the created
magnetisation to reorient with Earth’s magnetic field. Subsequently, a variable delay 7 is sampled,
followed by a 90° pulse. This sequence is repeated several times whilst incrementing the delay t.
Consequently, relaxation of the NMR signal is encoded as an exponential decay, which can be
modelled as detailed in Equation 3.11, where lpand / are the relative intensities of the signals seen in
the first and subsequent data-points respectively. The duration of the hyperpolarised signal in the low
field regime was measured.

-7
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The method used to measure T;, with the (1 T) Spinsolve spectrometer involved a variable flip angle
sequence (Figure 3.12.d). In this method, a number n of FID separated by a time Jt,, are recorded
sequentially where each FID is associated with a unique pulse angle 8,. In this way, the first FID
recorded has an amplitude proportional to the initial hyperpolarised magnetisation and will decay
again to encode the hyperpolarisation lifetime. A more detailed explanation for this process can be
found in the literature®.

The hyperpolarised relaxation times, T3, in the Earth’s field and at 1 T are plotted in Figure 3.12.a and
b respectively. An increase in EF T; value, starting from 4.5 to 9.5 s is observed with increase in ligand
loading in Figure 3.12.a. In this case, the errors bar, calculated from the fitting, are very big due to the
noisy EF NMR spectra. A similar trend is observed in the corresponding 1 T data in Figure 3.12.b but
the relaxation time is much shorter in this field. It has to be noted that in this plot, the errors bar,
calculated from the fitting errors are too small to be visible. The observed relaxation time is a weighted
average of the relaxation times of the bound and free ligand. The metal complex reduces the
relaxation time of the bound ligand. Therefore, as ligand concentration is increased, the free pool
dominates and the average T; that is measured increases. This agrees with other studies®% 214 215,

Experimental conditions such as temperature and magnetic field affect also the relaxation time. Ti is
temperature dependent because of random field fluctuations that originate in the molecular
environment and the correlation time, which is also temperature dependant. The temperature of the
(1 T) Spinsolve probe is 28 °C whereas the (50 uT) Terranova spectrometer operates at lower
temperature ~ 20 °C (ambient temperature in the laboratory). Hence, the effects of ligand exchange
will differ. The relaxation time is also magnetic field dependent so the relaxation time measured on
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the 1 T NMR instrument is again different from that measured on the 50 uT instrument. As field
strength is increased, the resonant frequency of the measured protons also increases and becomes
less matched to the molecular motion frequencies.
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Figure 3.12: a) The relaxation time T; as function of ligands excess measured at the local Earth’s
magnetic field. b) The relaxation time T; as function of ligands excess measured at the 43 MHz (1 T).
c) Pulse sequence of the standard hyperpolarised T; at the Earth’s magnetic field. VD stands for the
variable delay and d) Pulse sequence for variable flip angle T: measurement with the (1 T) Spinsolve
spectrometer.

3.3.2.3 Polarisation transfer field (PTF) duration at EF NMR

The in situ SABRE approach also allows for the observation of the build-up of the hyperpolarisation in
the PTF. As stated in chapter 2 section 2.4.3, the optimal PTF is a direct consequence of the Level Anti-
Crossing (LACs) and is usually ~6.5 mT for protons. However, the duration for which this field is applied
also has an importance and varies according to the sample and its exchange rate. Figure 3.13 presents
the build-up of *H SABRE hyperpolarisation for samples where a 5/5, 10/10, 15/15, 20/20 and 25/25
1/DMSO ratio respectively (with 5.1 mM catalyst) is used in PTF of 6.5 mT as a function of the PTF
duration. This required field is produced by a current of 2.05 A in the outer coil. Due to the extremely
low sensitivity of EF NMR detection, these build-up curves are noisy but clearly show that a plateau is
reached in all samples about 10 sec after the current is turned on. Slower build-up curves are obtained
at higher concentration of ligands (20/20 and 25/25) where the plateau seems to be reached at 15 sec
of bubbling. Similar effects have been previously seen at high field during the optimum SABRE
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polarisation build-up of protons>®. Furthermore, they confirm that higher polarisation is achieved in
lower concentration samples. These results of PTF duration can also be correlated to T; values where
samples with longer hyperpolarised signal lifetime have build-up a slower PTF duration maximum and
inversely.
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Figure 3.13: Build-up of 'H SABRE polarisation as a function of the duration of the polarisation transfer
field (PTF) of the 5 samples where the field 6.5 mT has been produced by a current of 2.05 A. The
samples are 5/5 purple, 10/10 green, 15/15 blue, 20/20 red and 25/25 black, 1/DMSO ratio
respectively.

3.3.3 Earth’s field NMR detection of 3

The final compound that was explored using the in situ SABRE approach is 2,4,6-triflurobenzylamine.
The sample used to record the EF NMR data in Figure 3.14 contained 5.1 mM of I, 25 equivalents
(127.5 mM ) of 3 and 25 equivalents of DMSO in 4 mL chloroform. Figure 3.14.a presents the spectrum
of the *H 1D NMR acquired with a single scan. In contrast to 1 and 2, the EF NMR spectrum of 3 is not
a singlet. Instead, a signal of approximately 5 Hz width is observed with a broad positive component
split by a sharp negative component. The broad positive component with a width of ~5 Hz originates
from 3 hyperpolarisation, can be attributed to 3J (*H-'°F) coupling between two adjacent fluorine and
proton in the ring. Then, the sharp opposite signal can be attributed to water polarisation. In the
absence of heteronuclear couplings, all the proton resonances will collapse into a singlet. This is mainly
due to the weak magnetic field, which means that the differences in Larmor frequency between
protons due to chemical shift are so small that their signals all appear at the same frequency and no
homonuclear coupling is observed. In 3 the amine contains three fluorine atoms on the benzene ring
at the ortho and para positions. The *°F heteroatom is spin % and 100% abundant and couples to the
aromatic and aliphatic protons of the amine. As described earlier, this coupling introduces the
inequivalence in the spin system needed to see an enhanced signal in the Earth’s field NMR spectrum.

The presence of the heteronuclei therefore offers a route to signal differentiation at low magnetic
field. It was assumed that the samples were not anhydrous and the small fraction of H,O present is
polarised by protons exchanging with the amine. The amine and H,0 polarisation are known from HF
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experiments to have opposite polarisation signs'®* 21®. Due to the lack of chemical shift in the Earth’s
field regime, these two peaks overlap and the bigger component cancels the smaller one. It is
therefore assumed that this H,O contamination is reducing the total polarisation observed in this
experiment.

The activation of the complex in the Earth’s magnetic field was also monitored. In these data (Figure
3.14.b), the integral over a 30 Hz region was used. No phase correction was applied, these result
therefore includes some cancellation due to the water signal. The plateau, which reflects the point
where full activation of the complex is reached occurs at around 1000 sec of bubbling where the
maximum polarisation level of 0.03% is reached. When the positive and negative components of the
signal were integrated separately, no significant difference was observed in the associated data when
compared to that obtained from the first method. The polarisation level measured for 3 is almost
double the maximum value measured for substrate 1; however the EF NMR spectra of 3 have much
lower SNR because of the broad peak.
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Figure 3.14: a) EF NMR detection of 3. 1D NMR spectrum centred at 2028 Hz which is the Larmor
frequency of 'H at this field, showing a splitting pattern generated by the presence of the heteroatom
1F. The peak presents a positive and negative component. The sample is composed of 25 equivalence
(127.5 mM) of 3 and 25 equivalence of DMSO in 4 mL chloroform. b) Increase in polarisation during
activation as function of p-H; bubbling time of the same sample.

3.3.3.1. SABRE Polarisation build-up and decay of 3 in the Earth’s magnetic field

The build-up of the hyperpolarisation in the PTF and the subsequent relaxation decay in the ultra-low-
field regime for 3 was also measured. Figure 3.15.a shows the decay of the hyperpolarisation as a
function of the variable delay T (VD in Figure 3.12.c) between the PTF pulse and NMR detection for a
sample of 127.5 mM of 3 and 127.5 mM of DMSO with 5.1 mM of | in 4 mL of chloroform. The
relaxation time for 3 is T; = 2.05 * 0.20 s, while the relaxation time of 1 at the same concentration of
ligands was 8.75 + 1.51 s. The presence of heteronuclei °F reduces the T; and confirms the sensitivity
of relaxation to chemical environment®327_ For spin % nuclei many factors that include dipole-dipole
relaxation, chemical shift anisotropy (CSA) and spin-rotation can influence the relaxation in the Earth’s
field regime. A similar observation was made at low field where the relaxation process is dominated
by CSA rather than dipolar relaxation and can, therefore, be expected to scale with By'®3. The small T;
value measured might also be attributed to interactions with N (i.e. within the NH;), acting as an
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efficient quadrupolar relaxation centre in the micro-Tesla regime, probably via scalar relaxation.
Figure 3.15.b presents the build-up of *H SABRE hyperpolarisation in PTF = 6.5 mT (2.05 A) as a function
of the PTF duration. The same difference is observed for the build-up of polarisation. 3 reaches the
plateau at 6 s of bubbling time while 1 was at 17 s of bubbling time. This effect also might be attributed
to the presence of the heteronuclei in the molecule, which trigger relaxation of the hyperpolarised
states. The fast build-up polarisation is also in agreement with the rapid decay of the hyperpolarised
signal. In addition, this figure is a single exponential but due to the evaporation of the solvent with
more experiment repetition, the sample get more concentrated and the SABRE response is different.
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Figure 3.15: a) hyperpolarisation relaxation decay curves for solution of 127.5 mM of 3 and 127.5 mM
of DMSO with 5.1 mM of the SABRE catalyst | in 4 mL of chloroform. a) Relaxation time T as function
of the variable delay 7. b) Build-up of *H SABRE polarisation as a function of the duration of the
polarisation transfer field (PTF).

3.4 Conclusions

This chapter describes the hyperpolarisation of three amines in the Earth’s magnetic field. This work
was possible due to optimisation of the hyperpolarisation conditions of these molecules through the
employment of a suitable co-ligand, dimethyl sulfoxide. The co-ligand was shown to favour faster
exchange rate of ligands and therefore shorter complex lifetimes involved in the hyperpolarisation
transfer for substrates 1 and 2. These parameters were not measured for 3 but same outcomes are
expected. In addition, the co-ligand seems to lower the Gibbs activation energy barrier of these
complexes thus allowing efficient polarisation transfer. In all complexes probed, the entropy AS* is
positive in agreement with the dissociation mechanism. In the presence of the DMSO, the enthalpy
AH¥ increases slightly leading to a tighter Ir-L bond, which is directly related to the lifetime of the
complex for efficient polarisation transfer.

Substrate 2 however presents similar reactivity in presence of the co-ligand. When measuring the
hyperpolarisation level in the ultra-low field regime, less efficiency was observed compared to
substrate 1. DMSO addition increases the exchange rate in a way that polarisation transfer is no longer
optimal for Barstky predicted model, in which the 5-bonds coupling between the hydrides and the
ortho-protons of pyridine is ~1.2 Hz. The fast dissociation rate of 7.85 s is therefore consistent with
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a bigger 4-bonds coupling (~7 Hz) between the hydrides and the amine protons. The activation
enthalpy AH¥ and activation entropy AS* are higher for both Ir-1 and Ir-H bonds when 1 is employed
than in 2. This is in agreement with a more stable Ir-ligand bond when 1 is employed whereas 2
promote less stable complex. It was shown that the co-ligand clearly increases the signal
enhancement of 2 at high field and allows 2 to be detected in the week Earth’s magnetic field. In fact,
in the absence of DMSO, no signal could not be detected for 2 at the Earth’s magnetic field. Although
the presence of DMSO in hyperpolarisation of 2 is not as optimum as for 1, it therefore helps to
increase the signal enhancement of 2 to a detectable level in the Earth’s magnetic field.

In contrast to 1 and 2, substrate 3 exhibits a EF NMR spectrum with a multiplet structure, a
consequence of H coupled to the *°F nuclei. The maximum percentage polarisation of 0.03% achieved
with this molecule is far higher than in all amines tested in the EF NMR. Contrary to the results
obtained at high field similar signal enhancement level were obtained for both 1 and 3 (section 3.2).
Two approaches was used to calculate the polarisation level of 3 in the EF NMR. Firstly, in these
presented data (Figure 3.14.a.b), the integral was measured from a 30 Hz width, hence the total signal
was used. No phase correction was applied, thus, a cancellation in some part of the total signal
occurred. In the second approach, integration of the negative component (water signal) and the total
signal were undertaken. Subsequently, a subtraction of the opposite sign signals was undertaken and
yielded the real contribution of the amine 3 signal. There was no significant difference in the results
between these two approaches and the maximum polarisation measured was 0.03%; hence, the first
data was kept. Even the hyperpolarised signal has a shorter build-up and relaxation time, the in-situ
EF NMR setup allowed their direct measurement avoiding hyperpolarisation loss during manual
transfer (high field case). Indeed, relaxation of the hyperpolarised signal occurs during this manual
transfer leading to signal loss. These measurements would have been more challenging at high field
where significant signal loss occurs also due to the similarity between T; and the transfer time.

The potential water contamination highlighted in section 3.3.3 may reduce the overall signal for 1 and
2. In fact, water polarisation has an opposite sign compared to amines polarisation. In the absence of
heteronuclear couplings, a unique signal is recorded for all protons, which is the Larmor Frequency.
When these two signals are summed up, a cancellation of the opposite component occurs, hence a
decrease of the total signal.

The optimisation of the solvent used was also key to the in-situ detection of SABRE-enhanced amines
in the Earth’s field regime. The bubbling of the p-H, through the sample solution evaporates the
solvent, thus making the solution more concentrated and less favourable for SABRE reaction as the
number of repeat experiments increases. Therefore, choosing a high boiling point solvent that allows
more experiment repetitions is essential. Previous amine hyperpolarisation was demonstrated in
dichloromethane-d, solvent, which has low boiling point of 42°C. To adapt to EF NMR detection, here
the reactions were performed in chloroform, which has higher boiling point of 6262°C. Although the
hyperpolarisation level achieved with this solvent is less than in dichloromethane, more NMR
experiment repetitions are possible with the same sample. In addition, the use of DMSO as a co-
substrate increased the polarisation efficiency in chloroform such that detection in the Earth’s
magnetic field was possible. The goal of this chapter, which was to expand the range of substrates
amenable to EF NMR detection with SABRE hyperpolarisation, with focusing on amines is fulfil. The
three chosen amines 1, 2 and 3 were successfully detected at the Earth’s magnetic field with the help
of the co-ligand DMSO. In terms of future experiments, although amines were successfully detected
in the Earth’s field regime, the sensitivity of these recorded spectra is still very low. The amine
polarisation is almost at the limit of detection of the Earth’s field spectrometer. To further improve
the polarisation levels, catalyst optimisation would be possible. It has been shown that using
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deuterated catalyst dramatically increased the hyperpolarisation level?'>. Tweaking the electronic and
steric effects on the catalyst might also favour a more stable amine complex and thus efficient
polarisation transfer'’*. The size of the DMSO co-ligand could be increased by using diethyl sulfoxide,
diphenyl sulfoxide and/or other type of sulfoxide and the performance efficiency as a function of
sulfoxide identity be compared?*®. A variable temperature SABRE and exchange measurements could
provide a more accurate ligand exchange rate that leads to an optimum SABRE efficiency for each
substrate.

The works presented in this chapter shows in the absence of a heteroatom, all protons have the same
resonance frequency which is the Larmor frequency. In fact, at such low magnetic field, the difference
in resonance frequency between protons is vanishingly small, leading to all protons contributing to
the same peak. In the last example, the '°F nuclei present in the molecule offers the observation of J-
coupled spectra in the strong coupling regime. A diagnostic response is obtained due to the
heteronuclear coupling that breaks the equivalence between proton nuclei. This allowed for
differentiation between the amine hyperpolarisation and the water signal. It is also a validation that
the observed signal is due to the hyperpolarised amine.

In the next chapter, the hyperpolarisation conditions of a range of compounds that possess a 3!P
heteroatom are screened. This later is chosen because like '°F, it is a spin % nucleus that is 100 %
abundant. The 3!P gyromagnetic ratio (17.23 MHz.T) is smaller than *°F (40.078 MHz.T), leading to
a less sensitive response. Besides that, 3P NMR provides a sensitive detection at high field NMR. In
addition, phosphorus-containing molecule are also good ligand for transition metal complexes,
allowing their coupling to be observed in *H NMR spectra. Therefore, these classes of compound are
good alternative to fluorinated molecule for low magnetic field studies. In the Earth’s field regime
where chemical shift information are inexistent, the presence of a heteroatom is essential for a
heteronuclear coupling and ultimately offer a diagnostic tools between different molecules or
complexes. This effect will be studied in the next chapters. Beforehand the hyperpolarisation
condition of these molecules will be tested at high magnetic field prior to the Earth’s field detection.
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Chapter 4: Optimization of hyperpolarisation conditions of phosphines,
phosphites and phosphates for identifying suitable systems for low field
detection

4.1 Aims: heteronuclear coupling for ZULF detection

In standard high field NMR, the detection of 3!P nuclei is now very common?®. This interest is driven
in part by its numerous physical advantages, when compared to other heteronuclei, but also its central
role in many important materials in biology and chemistry??® 22!, Its physical advantages stem from
the fact that it is a spin % nucleus with a T relaxation value in the range of several seconds and its
100% natural abundance. In addition, 3'P has a relatively high gyromagnetic ratio of 17.23 MHz.T?,
which means it can be observed using high-field NMR and ultimately on the low field regime even at
relatively low concentrations. The relative receptivity, which is the combination of the sensitivity and
the isotopic natural abundance of a given nucleus compared to the proton is used to assess a nuclear
response. For example, the relative receptivity of 'H relative to that of 3!P is 6.6 X 10 is much greater
than that of 'H relative to 3C or >N, which are 1.8 x 10*and 3.9 X 10° respectively.

The goal of this chapter is to improve the detection of the phosphorus compounds (10 — 18) (Figure
4.1) using ZULF NMR spectrometers (Earth’s field NMR and atomic magnetometer). However, with
ZULF NMR detection, strong heteronuclear coupling is a requirement due to the vanishingly small
chemical shift differences that operate in the ZULF regime. In fact, it is only the heteronuclear coupling
that allows an NMR signal to be detected in operational regime of standard atomic magnetometers,
where the frequency range is 50 - 200 Hz'%%. In contrast, EF NMR has a broader spectral width where
the difference between 'H and 3'P detection is just ~1100 Hz. In EF NMR, the heteronuclear coupling
is not required to observe 'H signals but they are needed to provide a chemical signature in the
absence of chemical shift resolution.

In general, molecules bearing a P-H bond exhibit strong one bond *H-3!P couplings of hundreds of Hz,
making them suitable for ZULF NMR detection®. In addition, transition metal complexes with
phosphine ligands often present characteristic phosphorus hydride coupling constants. For example,
trans *H-3'P couplings are often around 150 Hz whereas cis *H-3!P couplings are usually approach 20
Hz139 131,222 The goal is to use these 'H-3'P couplings to break the magnetic equivalence of *H nuclei
in the very low field regime in order to allow observation of p-H, hyperpolarisation. The first step to
realising this goal is to develop suitable hyperpolarisation conditions for the target molecules.

As indicated, 3'P NMR spectroscopy is a key tool to investigate the structures of metal complexes
where it provides easily observable and sharp signals at high magnetic field for their phosphorus
ligands in addition to structurally defining *H-3!P couplings. In fact, this spectroscopic tool is routinely
used to provide evidence for reaction intermediates that exist for a short as several tens of seconds
as well as for those that reflect stable products??. Phosphine ligands are soft and often strong sigma
donors. In inorganic chemistry, phosphorus compounds are used as both spectator and function
controlling ligands, where they stabilise both transitions states and product geometries. This broad
versatility is reflected in homogenous catalysis where alkyl and aryl substituent phosphines are widely
explored as their electronic, steric, and stereochemical properties vary according to their substituents.

88



A ssimple literature search finds examples in hydrogenation, hydroformylation, hydrolysis, hydratation,
cross-coupling and carbon-heteroatom bonds formation??* 2%, These examples build from the
activation of small molecules such as Hs, N,, H,0, O, and C0O,?%% 2%,

The first PHIP reaction was performed using the phosphine-containing RhCI(PPhs); for the conversion
of acrylonitrile to propionitrile?l. Furthermore, the first SABRE catalyst contained phosphine®,
although carbene ultimately proved far superior®® 1, Subsequently, many catalysts of this type have
been synthesised and their activity towards PHIP and SABRE studied by changing the steric and/or
electronic properties of the phosphine spectator ligands.

Although phosphorus compounds usually act as spectator ligands, they can also receive
hyperpolarisation within the metal coordination sphere. Several early works on PHIP demonstrated
the transfer of magnetisation from p-H, to heteronuclei like 3P using INEPT protocols®?” 228, In
addition, in 2009, slow-exchanging iridium complexes used for SABRE were shown by M. Fekete et
al.!” to transfer hyperpolarisation to their carbene and phosphine ligands.

Building on this, Koptyug et al.?*® demonstrated *'P enhancement of the free phosphine for the more
rapidly exchanging IrCI(H),(PPhs); complex at high temperature (60 — 80 °C). This SABRE process
utilises the strong 'H-3'P %) coupling between the p-H, derived hydride ligands and PPhs where high
temperature was requirement to trigger ligand exchange. More recently, substantial
hyperpolarisation of 3!P nuclei was shown through SABRE in a range of regioisomeric phosphonate
esters containing a hetero-aromatic motif'®.. In this study, the heteroaromatic group was used for
binding and polarisation was transferred to remote 3'P nuclei through the scalar coupling network.

In this chapter, the research will focus on hyperpolarisation and detection of molecules that possess
strong heteronuclear 3'P-'H couplings. For this purpose, it is first necessary to select suitable
compounds. Nine readily available phosphorus containing molecules were chosen for this study
(Figure 4.1). The first row of Figure 4.1 presents phosphorus compound with one-bond 3!P-!H
couplings in the range of 200 to 600 Hz. In this first row, moving from phosphine 10 to the phosphine
11, P=0 bonds are introduced which is expected to change their reactivity. In addition, the steric bulk
is increased in the order 11, 12 and 13, thereby changing the ligand affinity. The second row of
molecules do not possess one-bond couplings; however, they could provide the necessary hydride-
phosphine couplings when they ligate to the metal catalyst. It is the case of phosphines 14 and 14 that
possess different steric bulk. Hydrogenative PHIP is attempted with 16, which possesses an alkene
bond. Finally, the phosphine sulfide 17 and 18 are also tested to link with the co-ligand dimethyl
sulfoxide DMSO used in chapter 3.
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Figure 4.1: Chemical structure of 10 diphenyl phosphine, 11 diphenyl phosphine oxide, 12 diterbutyl
phosphine oxide, 13 diterbutyl phosphite, 14 diphenyl methyl phosphine, 15 dimethyl phenyl
phosphine, 16 diphenyl vinyl phosphine oxide, 17 Triphenylphosphine sulphide, 18
Trimethylphosphine sulphide. The chemical structure of the pre-catalyst IrCl(IMes)(COD) (where
IMes = 1,3-bis (2,4,6-trimethylphenyl) imidazol-2-ylidene, COD = cyclooctadiene) is also added and
called later 1.

4.1.1 NMR detection methods

In order to achieve ZULF NMR detection of these compounds (10 — 18) (Figure 4.1), optimisation of
hyperpolarisation conditions using high field NMR (500 MHz) is necessary. Indeed, high magnetic field
provides the spectral resolution and chemical dispersion required to characterize all complexes
formed in solution. Subsequently, optimisation of the hyperpolarisation conditions of complexes that
provides high PHIP or SABRE activity (e.g, what ligands excess and temperature are optimum), is
carried out with a minimum consumption of materials. Then, the reactions could be scaled up for
detection with the Earth’s field spectrometer. IrCl(IMes)(COD) I (Figure 4.1) will be used to catalyse
the hyperpolarisation reaction of the phosphine ligands because previous studies have shown that |
yields better hyperpolarisation response compared to other metal catalysts}’®. In the experiments
described in this chapter, hyperpolarisation reactions are carried out by SABRE and/or PHIP
techniques and rapid 2D NMR characterisation using p-H; are also performed.

In the forthcoming sections and chapters, the shorthand SABRE, PHIP and thermal experiments are
used to denote the following protocols.

A standard SABRE experiment is carried out by pressurising the sample with 3 bar of p-H,, then shaken
for 10 s in a 60 G hand-held magnet array. The sample is then quickly manually transferred into the
magnet for detection with a /2 pulse. The sample is refilled with fresh p-H, for every SABRE
experiment due to quick relaxation of and consumption of p-H..

A PHIP experiment is carried out by pressurising the sample with 3 bar of p-H,, then it is shaken for 3
sin the Earth’s magnetic field. The sample is then quickly (~2-5 s) manually transferred into the magnet
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for detection with a /4 pulse. This is in agreement with the origin a PHIP hyperpolarised signal is a
two-spin longitudinal spin order term, 2(l;,I,;), which produces maximum observable signal
following a /4 pulse and no signal following a 1/2 pulse. Because the consumption of p-H; is very
slow, multiple sequential PHIP experiments can be performed for one p-H; fill and sample shake.

A thermal experiment is performed without any fresh p-H, added in the sample. The acquisition is
usually done with multiple scans and using standard 1D *H NMR parameters with appropriate recovery
delays.

Optimization of the hyperpolarisation level of the complexes is explored by tuning many parameters,
such as temperature, solvent, concentration, and addition of co-ligands. This procedure allowed us to
develop an understanding of the chemistry involved in these reactions and has revealed some
unexpected reactivity. For the purpose of efficiency, detailed spectroscopic results are presented only
for compounds that have shown PHIP hyperpolarisation. Compounds that did not show any PHIP or
SABRE features are just briefly described.

4.2 Hyperpolarisation of diphenyl phosphine 10

The motivation for studying phosphine 10 is it possesses a large P-H coupling that can be possibly
detected in the ultra-low magnetic field regime. | beforehand needed to test its reactivity in presence
of dihydrogen then hyperpolarisation conditions at high magnetic field. Furthermore, it is the only
compound in the liquid state at room temperature, which could be detected thermally with the EF
NMR device (see chapter 7, section 7.2).

4.2.1 Reaction of 5 eq. of 10 with IrCl(IMes)(COD), | and H;

The reaction of 5 mM of | with H; and 2.72 pL 10 (5 eq.) in dichloromethane-d, at 295 K yielded the
dihydride complex 19 Ir(H),CI(COE)(IMes)(PPh;H), alongside three isomers of Ir(H),CI(IMes)(PPh,H),,
20, 21 and 22 according to Scheme 4.1.

In 20, the hydride ligands provide signals in the 'H NMR spectrum at -9.31 and -23.03 ppm, and are
trans to 10 and Cl respectively as the corresponding J(*H-3'P) couplings are 151 Hz and 23 Hz. In
contrast, the hydride ligands in 21 are chemically equivalent as both lie trans to 10. The result of this
is a second order located at -10.23 ppm where |J(*H-3!P)trans + J(*H-3'P)cis| is 128.1 Hz. The hydride
ligand signals of 22 are observed at -11.16 and -11.76 ppm, and are due to ligands trans to IMes and
10 respectively. 19 proved to have a short lifetime and was not characterised, although related
literature supports its formation?3. The characterisation of 20 was achieved by 2D NMR spectroscopy
and the resulting data are detailed in section 9.7.1. Over time all four of these complexes convertinto
the tris-phosphine cation cis-cis [Ir(H)(2(IMes)(PPh;H);]Cl 23 whose NMR data are listed in section
9.7.2. These changes are portrayed in Figure 4.2.

Further evidence for these assighments is provided by the corresponding 3!P NMR data, which before
H, addition, shows signals for free 10 at -40.2 ppm, with a 2J(*Hortno->1P) of 6 Hz, and a 1J(*H-3!P) of 219
Hz along with a weak signal at -14.5 ppm for bound 10 with a much larger 1J(*H-3!P) of 360 Hz for 16-
electron Ir(COD)(IMes)(PHPh,). After hydrogenation, this situation changes and two doublets at -36.46
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and -38.20 ppm, both split by a J(*H-3'P) coupling of 127 Hz, are seen for 23. Resonances for 20 are
identified at 29.2 and 5.33 ppm for groups trans and cis to the hydrides alongside those of 21 and 23
at-28.35 and -37.33 ppm, respectively; these deductions were determined using HMQC experiments.

The analogous reaction was then studied with p-H, for a sample containing an initial 5-fold excess of
10 relative to iridium. The resulting NMR spectrum (Figure 4.2.a), recorded immediately after sample
preparation and adding fresh p-H,, yields strongly polarised hydride resonances at -9.18 and -14.12
ppm for 19. Additional, but weaker PHIP enhanced signals are visible for 20 and 22. Over time,
unpolarised signals for 23 and 21 increase, while PHIP enhanced hydride resonances for 19 and 22
disappear. Hyperpolarised hydride resonances for 20 persist over a period of approximately 1.5 hrs.
After 24 hours, 20 is no longer observed and 23 reflects 98% of the observed hydride species. Complex
21 makes up the remainder at ~2%. 23 must therefore reflect the thermodynamic product.

When a 1D EXSY experiment is performed to examine the hydride signal of 23, no exchange with
dihydrogen is observed. This is consistent with the lack observable hyperpolarisation for this complex
and indicates that the phosphine ligands in this complex are not labile. While no exchange is observed,
an NOE interaction with CHs (2.2 ppm) and phenyl (6.26 ppm) resonances of ligand | and a phenyl
(7.29 ppm) of ligand 10 are seen confirming their spatial proximity. Similarly, the hydride signals for
21 do not show exchange with dihydrogen but do connect via NOE with a 2.2 ppm methyl resonance
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Scheme 4.1: Reaction of | with 5 eq. of 10 in dichloromethane-d, shows the formation of five
dihydrides species 19, 20, 21, 22 and 23 over time. The thermodynamically stable product 23 is
favoured by an excess of 10.
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Figure 4.2: a) Reaction of 5 mM of | pre-catalyst, 25 mM (5 eq.) of 10 in 0.6 mL of dichloromethade-
d, and 3 bar of p-H; leading to the formation of complexes 19, 20, 21, 22 and 23. c¢) The first
hyperpolarised spectrum recorded shows enhanced hydrides for complex 19, 22 and 20. b)
Subsequent (~3 min since p-H; addition) PHIP scan continue to show polarisation of complex 20. a)
24hrs later, the thermal spectrum recorded show the thermodynamic products 21 and 23.

The aim was to exclusively favour the formation of 20, which is the only hyperpolarisable complex
among the array of products that is stable to be observed after each p-H; addition and the reaction
could be repeated for days. It contains only two ligands of 10 The kinetic formation of these species
in function of the concentration of 10 was then explored in order to develop a better control of the
product formation.

4.2.2 Kinetics formation and consumption of 20 21 and 23 as a function of
concentration of 10

The rate of consumption and formation of complexes 20, 21 and 23 (Figure 4.3.a and b) can be
followed and shown to be dependent on the ligand concentration. The reaction of IrCI(COD)(IMes)
proceeds with PHPh; to form Ir(COD)(IMes)(PHPh,) as the sole product prior to H, addition. Rapid H;
addition then leads to 19 Ir(H),CI(COE)(IMes)(PPh2H) which is only detectible through PHIP enhanced
hydride ligand signals. At this point, the subsequent NMR spectra show signals for 20, 21 and 23.

When 2 eq. of 10 was used the initial spectrum showed ~88% of 20 and 8% of 21 and 23 are present
alongside ~4% of an unidentified species. After 22 hrs, almost 100% of 21 is converted into 20 whilst
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23 is steady at 8%; the unidentified species now make up ~2%. The time constants respectively for the
equilibration between 20 and 21 with 2-equivalents of 10 relative to iridium are 57369 £ 60 s, 47849
1 60 s. 23 was then very minor.

In contrast, 5 eq. of 10 allows for the faster and clean conversion of 20 to 23 with 21 again remaining
inert. Thus, Figure 4.3.b, starts with 65% of 20, 20% of 23 and 8% of 21. The time constants for 20
convertingto 23 is 1056.6 + 5sand 1114.3+4s.

For conclusion, these data confirm the necessity of controlling the amount of PPh,H used if
hyperpolarisable 20 is to be the major product. It was found that ~1.8 equivalents of 10 relative to
iridium optimised 20 formation and its the PHIP signals.
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Figure 4.3: a) 5 mM of | with 1.1 uL 2 eq. of 10 is mixed in dichlorometane-d,. The time constant of

conversion of the complexes 20, 21 and 23 is followed by NMR at 298 K for 22hrs. b) 5 mM of | with
5 eq. of 10 is mixed in dichlorometane-d,. The rate of conversion of the complexes 20, 21 and 23 is

followed by NMR at 298 K for 2hrs.

4.2.3 Reaction of 2 eq. of 10 with IrCl(IMes)(COD), | and H;

It have been identified that 20 yields PHIP signals with larger enhancement measurable for each p-H;
that last for days. The aim is now to control the reaction and promote its formation by reducing the
concentration of 10 in order to limit the formation of 23, which requires coordination of three
molecules of 10. As stated above, when two equivalents (1.1 pL) of 10 are added, the results change.
The enhanced PHIP signals for 19 at -9.18 and -14.12 ppm dominate in the first scan. However, an
immediate change was observed in the initially weak signals for 20, which become the only PHIP
enhanced signals that remain visible (Figure 4.4.b). Over time, the PHIP enhanced signals for 20 remain
dominant although a number of very minor PHIP enhanced dihydrides can be seen. These do not
appear in a thermally polarised NMR spectrum recorded just 20 min after H, addition, which shows
signals for 20 and 21 alone with relative intensities of 1: 0.05 respectively (Figure 4.4.c). For a longer
reaction time, slow formation of 23 is observed (not shown here). Now, the signals for 20 dominate,
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and NMR integration reveals it reflects 80% of the hydride species after 48 hrs. 21 and 23 represents
the remaining 20%.
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Scheme 4.2: Reaction of | with (2 eq.) of 10 in dichloromethane-d, shows the formation of three
dihydride species 21, 23 and 20, over time with now 20 dominating.
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Figure 4.4: Reaction of 5 mM of | pre-catalyst, 1.1 uL (2 eq.) of 10 in 0.6 mL of dichloromethane-d,
and 3 bar of p-H; observed at 500 MHz. a) 1scan PHIP NMR spectrum showing the hyperpolarised
hydride signals of complexes 19 and 20. b) The subsequent PHIP experiment now shows strong

hyperpolarised hydride signal for 20 only. c) Thermally polarised spectrum recorded 20 min later with
64 scans shows 20 and 21. Zoomed regions show the coupling patterns for 20, where trans J(*H-31P) =
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151 Hz, cis J(*H-3'P) = 18 Hz, J(*H-'H) = 5.5 Hz. Two 18 Hz and 5.5 Hz couplings are also measured in
the second pair of hydride at 23.03 ppm.

The persistence of 20 in this experiment allowed for 1D EXSY experiments to be performed, which
confirmed hydride exchange for complex 20 with dihydrogen at 4.6 ppm as expected based on the
observation of PHIP signals for this complex. Comparing to 23, where no exchange and no PHIP were
observed, it can be concluded that the hydride exchange in 20 must be allowed through chloride
dissociation.

A SABRE experiment, with PTF of 6.5 mT before detection at higher magnetic field with a /2 pulse,
does not give any visible polarisation for the phosphine 10. In order for SABRE to be observed, 10 must
reversibly bind to the complex. The absence of SABRE hyperpolarisation indicates that 10 does not
dissociate from the complex 20 on a suitable timescale at room temperature.

In order to promote dissociation of 10 from 20, the probe temperature was increased to 313 K, which
is the boiling point of the solvent, dichloromethane-d,. No exchange of ligand 10 was observed. This
further supports the hypothesis that the dissociation of the chloride anion binding trans to hydrides
is essential for dihydrides loss allowing PHIP enhanced hydride signals to be observed.

4.2.4 Promoting 10 exchange by warming the sample

In this section, the reaction of 10 and | is performed in a higher boiling point solvent, toluene-ds, in
order to use higher temperatures to promote the exchange of 10. 5 mM of | was mixed with 1.1 uL
mM (2 eq.) of 10 in 0.6 mL of toluene-ds. H, addition and subsequent NMR interrogation reveals the
formation of same products as described in section 4.2.1. After 1 hr 15 min, a *H NMR experiment
showed signals for 20 and 21.

Upon p-H, PHIP interrogation of this sample, strong antiphase hydride signals were seen at-12.93 and
-17.06 ppm in the first NMR spectrum. These are due to neutral Ir(H)2(IMes)(COD)CI. Hence, the
replacement of ClI" by PPh;H is suppressed in this non-polar solvent. The observation of this hydride
species persists for over 24 hrs as Ir(IMes)(COD)Cl reacts very slowly. Whilst 20 and 21 form, in these
experiments no polarisation of their hydrides signals is evident. This is consistent with the
hypothesised need for CI" loss in Ir(H);(IMes)(PPh;H).Cl to create the necessary 16 electron
intermediate.

We can conclude that the use of dichloromethane is necessary for H, exchange in 20 due to increased
polarity when compared to toluene-ds.
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4.2.5 Improving hyperpolarisation of complex 20 by using co-ligands

4.2.5.1 DMSO co-ligand:

We speculated that replacing one of the PPhyH ligands in 20 by another 2-electron donor might
facilitate both PHIP and exchange of 10. The soft 2-electron donor DMSO was used first to test this
hypothesis. This involved taking a sample containing 5 mM of | catalystand 5 mM (1 eq.) of DMSO in
presence of Hy. 1hrs 30min after addition, *H NMR interrogation reveals the partial conversion of |
(~30%) into IrCl(IMes)(H)2(DMSO),; a pair of hydride resonances are seen at -15.85 and -21.22 ppm.
20 min after 5 mM (1 eq.) of 10 was added to this solution many hydride containing species were
formed according to *H NMR spectroscopy. These include 20, 21, IrCl(IMes)(H),(DMSO), and two
isomers of IrCl(10)(IMes)(H),(DMSO) that differ according to whether 10 is trans or cis to the hydride
(hydride signals at -10.63 and -21.64 ppm and -14.90 and -22.08 ppm respectively). The latter pair of
hydride ligands couple to a 3!P centre that resonates at -28.98 ppm, whilst the former couple to a
signal at -14.90 ppm. 2 hrs 45 min later, the ratio of 20 : 21 : IrCI(IMes)(H)2(DMSO), : trans-
IrCl(10)(IMes)(H)2(DMSO) : cis-IrCI(10)(IMes)(H).(DMSO) proved to be 1.78 : 0.54 : 0.42 : 0.58 : 0.84
respectively.

Unfortunately, p-H; interrogation under both PHIP and SABRE type experiments resulted in no
polarisation being observed. Given the large number of complexes formed, these DMSO studies were
not taken further.

4.2.5.2 Pyridine co-ligand:

Pyridine is then more basic than DMSO and it was tested as a co-ligand in the reaction. A different
approach was used with pyridine. This process started by first mixing 5 mM of | and 10 mM (2 eq.) of
10 with H; in 0.6 mL of dichloromethane-d,. 1hr 20min after H, addition, 20 and 21 were present in
the ratio 2 : 0.11. Subsequently, 0.25 pL (1 eq.) of pyridine was then added to this sample and a H
NMR spectrum recorded. Whilst signals for 20 and 21 still dominate, new complexes were observed
including 25, as a weak triplet of doublets at -22.40 ppm where cis-J(*H-3'P) is 15 Hz, and a weak
doublet of doublets at -8.95 ppm with a trans-J(*H-3!P) of 140 Hz and 26 with hydride signal at -10.25
ppm. A 'H-31P HMQC NMR spectrum located two 3P signals for 25 at -7.64 ppm and 22.66 ppm and
one for 26 at -28.54 ppm.

p-Hz was then used to monitor this reaction. Now strong hyperpolarised signals are seen for 20 and
the new species 24 as a doublet of doublets at -23.47 ppm with cis-J(*H-3'P) of 18.5 Hz and -24.16 ppm
with cis-J(*H-31P) of 17.6 Hz. These signals are not visible in the thermally polarised NMR spectrum. A
31p signal for 24 was located at 3.87 ppm with the corresponding PHIP-HMQC.

It was already stated that 20 undergoes H, loss after the loss of chloride. This would create
[Ir(H)2(IMes)(PPh;H)2]* which can add pyridine to form 25 rather than 24. However, the signals for 25
are not polarised. The formation of 24 would be consistent with PPh,H loss from 20 and trapping by
pyridine as the free phosphine is not polarised and there is no exchange in the selective NOE spectrum
between these two species. Therefore, another effect must account for the ready detection of 24.
Examination of an NOE spectrum reveals that 24 itself undergoes very rapid H; loss, in fact this process
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is much faster than that for 20. Thus, it would appear that the small amount of 24 present initially is
sufficient to allow its detection.
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Scheme 4.3: Chemical structure of complexes 24, 25 and 26.

In conclusion, phosphine 10 itself could be not be hyperpolarised but its adducts, specially 20 provide
strong hydride signal enhancements. In this complex, the hydrides symmetry is broken by large trans
31p coupling. This observation is a premise for EF NMR detection of the hyperpolarised hydrides.
Unfortunately when this reaction was tested using the EF NMR device, the hydride signal
enhancement were not sufficient to be detected. However, 24 and 20 provided similar degree of
hyperpolarisation, it was assumed that neither 24 would provide large enough signal to be detected
at the EF NMR, so was not attempted. In the next sections, phosphine 11, 12 and 13 with a P=0
differing in their steric bulk are considered.

4.3 Reactivity of phosphorus containing P=0 bond in phosphine 11, 12
and 13

In this section, three different sized phosphorus containing molecules 11 diphenyl phosphine oxide,
12 diterbutyl phosphine oxide, 13 diterbutyl phosphite are screened. In addition to the large P-H
couplings, these molecule possesses polar P=0 bonds that is expected to change their reactivity
toward the metal catalyst.

4.3.1 Reactivity of diphenyl phosphine oxide 11

4.3.1.1 Testing o-methylation reaction between B and methanol using *'P NMR spectroscopy

Phosphine 11, in the form OPPh;H could interact with a metal centre via an oxygen lone pair or via
oxidative addition of the P-H bond?*'. However its tautomer, P(OH)(Ph), possess a phosphorus lone
pair that could interact with the metal centre in the same way as 10. Furthermore, as the P-OH proton
is acidic the anion POPh; is also available?3!, this ligand, could even replace chloride.

Prior to exploring the reactivity of 11 with the iridium catalyst, a sample of it was dissolved into

methanol-d, to measure its P-H J-coupling. It was observed that 11 exchanges its P-H proton with
deuterium and consequently the 3'P{*H} NMR spectrum appears as a triplet at 20.60 ppm with
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J(®*D-3'P) 76.1 Hz. In contrast, in the non-protic solvent dichloromethane-d,, the 3P{H} NMR
spectrum of 11 shows doublet where J(*H-3'P) is 482.5 Hz at 20.09 ppm. This first observation led us
hypothesise that SABRE-Relay?'® 232 could be used to polarise the 3P signal in 11. As already stated,
SABRE-Relay requires protons exchange between a polarisation carrier binding to the metal, an amine
and a polarisation target that is here 11. This is explored in section 4.3.1.2.
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Scheme 4.4: Chemical structure of the two tautomeric form of 11 and the O-methylation product.

In the effort of increasing a wider solvent range that could be used for the hyperpolarisation reaction
of 11, understanding the possible side-reactions of 11 was important.

In order to explore further possible reactions between 11 and methanol, a control reaction was
therefore undertaken where 11 (1 mg) was exposed to methanol (0.8 pL) in dichlromethane-d,. The
resulting *H and 3P NMR spectra immediately after the addition showed no evidence for a reaction
between 11 and methanol. However, a second hypothesized signal at 30.98 ppm appears after 2 hrs,
which is due to the methylation product 11-OMe of Scheme 4.4. This was confirmed by the detection
of a peak with m/z 219 in the corresponding mass spectrum of the volatiles when the reaction was
completed with methanol-hs. The corresponding 3'P NMR data are illustrated in Figure 4.5. Methanol
is therefore not a suitable solvent for the hyperpolarisation reaction of 11.

Thermal 128 scans, B+ MeOH

a Thermal 128 scans, B M )‘ﬂ'\‘ o

30 25 20 [ppm]

Figure 4.5: 3'P NMR spectra of a sample of 1 mg of 11 (a) and 0.8 pL of CHsOH in dichloromethane-d,
and a sample of only 11 in dichloromethane-d, (b). The slight shift of the offset between a and b is
probably due to the presence of methanol.

4.3.1.2 Testing SABRE-Relay sensitisation of diphenyl phosphine oxide 11
In order to probe whether SABRE-Relay®® 12 could hyperpolarise 11 via proton exchange with
benzylamine a suitable sample was prepared. This involved first dissolving 5 mM of | pre-catalyst, and

20 mM (1.36 pL) (4 eq.) of benzylamine in dichloromethane-d,, and then adding 3 bar of H;, to form
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IrCI(BnNH:)s(H)2(IMes). Then, 0.70 mg (1 eq.) of 11 was added to this solution under a nitrogen
atmosphere. A 'H NMR was recorded immediately after this. It revealed two doublets in the hydride
region at -21.56 ppm with cis-J(*H-3!P) of 18.11 Hz and at -22.62 ppm with cis J(*H-3'P) of 19.5 Hz for
the new complexes Ir(H)2(IMes)(NH2Bn)>(P(Ph),0OH) 27 and Ir*(H)2(IMes)(NH2Bn)(P(Ph),O") 28
respectively which are present in similar amounts. (In Zwitterion 28, the overall charge is zero)

Upon interrogation with p-H,, strong enhanced antiphase signals appear at -23.24 and -24.96 ppm for
a third complex with cis-J(*H-3'P) couplings of 20.54 Hz and 18.65 Hz respectively. This complex is
assigned as 29 [IrCl(H)2(IMes)(NH2Bn)(P(Ph),0’)] and not visible in the thermally polarised NMR
spectrum (Figure 4.6). A COSY-PHIP experiment shows a correlation between these two signals,
confirming that they belong to the same complex. However, no correlation was observed between
the resonances assigned to 27 and 28, suggesting they belong to different complexes. Furthermore,
no hydride ligand hyperpolarisation was seen for these two species. The hyperpolarised hydride ligand
signals of 29 are also broad, suggesting fast ligand exchange at 298 K. The structures for 27, 28 and 29
are shown in Scheme 4.5.

IMes |®
2mg of I precatalyst H, H”/z,,l ‘\\\\\NHan +1eq. of 11
+ 4 eq. Benzylamine ~ A tivation Ird >
ctivation
H/l \NHan
NH,Bn
IMes l® IMes IMes
H//” \\\\\N Han H///I, =+ \\\\\NHan H////,, \\\\\CI
'Ir“ llr“ Ir.
H/| \NHZBn H/| \NHan H/| \NHan
PPh,OH PPh,O" PPh,O"
27 28 29

Scheme 4.5: The chemical structures of 27, 28 (Zwitterion) and 29.
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Figure 4.6: *H NMR spectra recorded for a sample consisting of 5 mM of | pre-catalyst, 20 mM (4 eq.)
benzylamine in 0.6 mL of dichloromethane-d,, 5 mM (1 eq.) of 11 and 3 bar of p-H,. a) The PHIP NMR
experiment show a strong hydride signal enhancement for 29, which is barely visible in the thermally
polarised NMR spectrum after 64 scans (b) where 27 and 28 are clearly visible.

'H-31p HMQC measurements (Figure 4.7) were used to locate 3'P signals at 26.75 ppm and 75.9 ppm
for 27 and 28 respectively. In addition, for complex 29 a 3!P signal is located at 83.1 ppm. The large
difference between these 3!P resonances suggests a different type of phosphorus environment but
both couple similarly to the hydrides implying a direct Ir-P interaction. No P-H coupling is evident in
the corresponding fully coupled spectra. It is therefore likely that 11 is binding as Ir-P(OH)(Ph); or
Ir-P(O")(Ph),. This view is consistent with the descriptions provided in the review published in 2016 by
P. Sutra and A. Igau’®. They described how the tautomerization of such a phosphine oxide to trivalent
phosphinous acids in the presence of a metal catalyst and a base, is leading possibly to both
Ir-P(OH)(Ph), and Ir-P(O)(Ph), forms existing (Scheme 4.6). They also reported the 3!P NMR signal
position for a Ph,P(O’) bound Ru(lll) complex at 67 ppm downfield from that of Ph,POH signal. These
results are therefore in agreement with the data presented in this section.

9 H—0O, OH 0®
|| ~ \ L,M / base /
Peosn, PG| LM=—F | =
/ H \\\\‘ \\\\ \\\\‘
R RS RY RY
Ro Ro Ry Ry

Scheme 4.6: depiction of tautomerization of secondary phosphine to phosphinous acid. This later
coordinates to a transition metal catalyst M and can be deprotonated by a base to yield an anionic
phosphine complex.
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Figure 4.7: *H-3'P HMQC-PHIP spectrum of a sample containing 5 mM of | pre-catalyst, 20 mM (4 eq.)
Benzylamine in 0.6 mL of dichloromethane-d, was first activated with 3 bar of p-H,. After complete
hydrogenation of COD and total formation of IrCI(BnNH2)s(H)2(IMes), 5 mM (1 eq.) of 11 was added to
the sample. The 3!P resonance of the three complexes 27, 28 and 29 is observed using a *H-3'P HMQC-
PHIP experiment.

No SABRE-Relay, hyperpolarisation of the free phosphine was observed in these experiments and
hence the premise that OPPh;H can be hyperpolarised remains unproven. It is speculated that this
molecule does not exchange its labile proton with benzylamine’s labile proton in the timescale of the
NMR experiment that would allow to observe SABRE-Relay.

The ratio of products 27 to 28 proved to be dependent on the solvent. When THF was used they
formed in a similar initial ratio. However, adding H,O which is soluble in THF changed the ratio to
1:6.7 and hence favours the solvated anionic form 28. The Ir-P(OH)(Ph); and Ir-P(O)(Ph),forms in the
bound phosphine are therefore in equilibrium in 27 and 28.

4.3.1.3 Reaction of |, B and benzylamine in methanol

It was already shown that a methylation reaction occurs when 11 is in presence of methanol, in
addition to the proton exchange between their labile protons. In dichloromethane, the premise of a
SABRE-Relay reaction remained unproven and the complexes 27, 28 and 29 were identified. In this
section, the aims were to test if these three species form in methanol and to investigate the role of
the metal catalyst in the reaction between 11 and benzylamine. It is speculated that a possible
nucleophilic reaction between 11 and benzylamine catalysed by the iridium. If this is true, it might
prevent the hyperpolarisation of 11.
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5 mM of pre-catalyst I, 1.0 uL (3 eq.) of benzylamine and 2.8 mg (4 eq.) of 11 were all mixed at the
same time in 0.6 mL of methanol-ds and H, added. 'H NMR analysis, recorded just 5 min after H,
addition, yields a spectrum exhibiting a hydride signal at -9.76 ppm with trans-J(*H-3!P) and cis-J(*H-
31P) couplings of 133 and 19 Hz respectively. A second hydride signal is seen at -21.76 ppm with triplet
cis-J(*H-3'P) values of 16 Hz that share common cis-J(*H-'H) couplings of 5 Hz due to Ir(IMes)(PO"(Ph,))s
30. After 2hrs 30min, a white precipitate was seen at the bottom of the NMR tube and product signals
for 30 could be discerned.

In the 3'P{*H} NMR spectrum before H, addition (Figure 4.8), a signal is seen at 71.64 ppm for
Ir(COD)(IMes)(P(O)(Ph,)) alongside signals for free 11 (O=PH(Ph;) at 21.6 ppm (J(*H-3!P) = 482 Hz) and
0=PD(Ph;) at 23.62 ppm (J(*D-3'P) = 76 Hz). After hydrogenation, signals for 30 become visible at 84.4
ppm as a triplet that exhibit a cis J(3'P-3!P) coupling of 25.4 Hz, and at 67.7 ppm as a doublet that
exhibit with a reciprocal cis J(**P-3'P) of 25.4 Hz. These chemical shifts suggest 11 binds as P(O)(Ph),
in 30. When this reaction is performed with p-H,, no hyperpolarised hydride signals for 30 neither
hyperpolarisation of free 11 were observed. As seen with phosphine 10, the phosphine ligands 11 in
this complex are not labile. The speculation that the iridium could catalyse a nucleophilic reaction
between 11 and benzylamine remained also unproven.

IMes ]®
H////, | \\\\\PO‘(Ph)Z

Irs
H/| \PO'(Ph)Z
PO"(Ph),
30

Scheme 4.7: Chemical structure for 30

c) 2hrs30min after H, addition

482 Hz
free 11
b) 12min after H, addition

76 Hz

Ir(COD)(IMes)(POH(Ph),) free 11, exchange H D

before H, addition

L L T T L L L N A A R
80 70 60 50 40 30 20 [ppm]
Figure 4.8: 3'P{*H} NMR spectra of a sample of 5 mM of | pre-catalyst, 1.0 pL (3 eq.) of benzylamine

and 2.8 mg (4 eq.) of 11 in 0.6 mL methanol-d,. a) Before activation with H,. b) 12 min after H, addition
and 2hrs 30min after H, addition.
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4.3.1.4 Testing the reaction between 11 and benzylamine without metal catalyst

As the hyperpolarisation reaction of 11 failed, considering all possibilities of reactions that might
happen in solution was necessary. It was shown that in presence of the metal catalyst, no reaction
occurred between 11 and benzylamine for a short time period. | now aimed to test the reaction
between benzylamine and 11 in absence of the metal catalyst for a longer time period.

A sample of 16.5 mM (2 mg) of 11 and (2 eq.) 2 pL of benzylamine was mixed in 0.6 mL of
dichloromethane-d,. Immediately after this, a series of 3P NMR spectra were recorded. They all
revealed a signal for 11 at 20.5 ppm. This sample was then left at 298 K for a week. A 3P NMR spectrum
recorded at this point showed an additional signal at 19.26 ppm (Figure 4.9.a and b) due to the
reaction product formed between 11 and benzylamine as depicted in Scheme 4.8. The product to
starting material ratio proved to be 1: 0.38 and did not change further with increase in reaction time.
The formation of this reaction product is consistent with the work of Qian Chen et al. but is too slow
to reflect a problem in the earlier studies?®3,

0 0
Ph——P——Ph NH—Bn _ ph—P——rpn
CD,Cl,
1M H 11-Bn  NH—Bn

Scheme 4.8: Depiction of the formation of the phosphine acid in presence of water?3,

11

\ 11-Bn *P{"H} NMR of 11+ BnNH,
WWWW

482Hz ;

ﬂ
13.5 Hz 1 Bn
a

22 21 20 19 18 [pPpm]

P NMR of 11+ BnNH,

Figure 4.9: Sample of 2 mg of 11 and 2 L of benzylamine was mixed in 0.6 mL of dichloromethane-d..
31p NMR spectra (a, non-decoupled 'H) and (b, decoupled to H) recorded a week after show free b
and an additional signal at 19.26 ppm.

For a general conclusion, 11 is very reactive. It was proven to react spontaneously with methanol and
benzylamine. It may also react with any nucleophile present in solution in presence of a base. In
presence of a deuterium donor, here methanol-ds, an isotope exchange in the P-H bond occurs. The
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attempt of SABRE-Relay reaction with 11 and benzylamine also failed. Instead, the two products 27
and 28 formed and were in equilibrium in solution due to Ir-P(OH)(Ph). and Ir-P(O")(Ph), forms of 11
being present. However, 29 is only observed in the hyperpolarised *H NMR spectrum due its small
formation. Its detection with the Earth’s field NMR instrument where no temperature control exist is
therefore not possible.

4.3.2 Hyperpolarisation of diterbutyl phosphine 12

Compound 12 is analogous to 11 and possesses two t-Bu substituents instead of the two phenyl
groups. The t-Bu are bulkier than the phenyl substituents and might offer a different coordination
affinity to the metal. Indeed, the steric effect of the t-Bu groups are also used in organic chemistry to
tailor reactions®**. For example, in organic Diels-Alder reaction, the t-Bu groups are known for kinetic
stabilisation and accelerating the rate of the reaction by a factor of 200%°. In this section, the steric
effect of the t-Bu groups is tested in the hyperpolarisation reaction of 12.

In the case of 12, an equilibrium between the PH(O)R, and P(OH)(R,) is established directly in
solution?3!. The former yields a 3!P signal at 65 ppm with a P-H splitting for 425 Hz. The latter appears
at 66.6 ppm and exhibits no P-H splitting. Their ratio at equilibrium proved to be 0.87 : 1 in favour of
the PH form. Hence, it is believed 12 should readily bind to iridium. Unfortunately, when such a
reaction with | was attempted, no stable phosphine complexes resulted. It is concluded that the
reactivity of the phosphine oxide of this ligand prevents its coordination and other factors such as
steric bulk.

4.3.3 Reaction of diterbutyl phosphite 13 with IrCl(IMes)(COD), (1) and H,

Compound 13 is a phosphine oxide with two OtBu ether substituents that provide greater steric bulk
than phenyl. A series of 'H NMR spectra were recorded on two 5 mM samples of | containing 1.25 pL
(2 eq.) and 3.16 uL (5 eq.) of 13 respectively in dichloromethane-d,. After H, addition 17 dihydride
containing species were detected with similar ratios (Figure 4.12.a) in both samples. In their 3P NMR
spectra, no evidence for the bound ligand 13 was seen. However, a strong signal at -3.75 ppm with a
1J(3*P-1H) coupling of 678 Hz for free 13 was evident.

PHIP experiments were performed on these samples, which lead to two hydride ligand signals showing
enhancement being seen at -23.67 ppm, that exhibit a cis-J(*'P-'H) splitting of 22.1 Hz, and at -25.44
ppm that exhibit a cis-J(3'P-'H) splitting of 18.3 Hz. These were attributed to
IrCl(H)2(IMes)(POH(OtBu),)(O=PH(tBu),) 31(Figure 4.12.b). Unfortunately, no 3P signals could be
located for this product. As these hydride signals were weak they would not be sufficient to be
observed in the Earth’s field NMR spectrometer. Nonetheless these data are included as they suggest
this phosphine can stabilise the iridium centre through at Ir-OP interaction.
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Figure 4.12: Sample of 5 mM of | and 10 mM (2 eq.) of 13 in 0.6 mL of dichloromethane-d, used to
record a) 'H NMR yielded a 17 dihydride containing species in the hydride region and b) *H NMR PHIP
experiment that yielded a weak enhanced antiphase hydride signal for 31 which is quantified with the
apparent poor SNR.

The oxygen atom present in the phosphine oxides 11, 12 and 13 led to the observation of an
unexpected reaction when their hyperpolarisation by the iridium catalyst | was studied. In all case,
this resulted in the failure of either the ligands or their adducts to hyperpolarise. The following
sections describe the results of studies on the simpler phosphines 14 and 15 that no longer contain
oxygen.

4.4 Hyperpolarisation of 14 and 15 with benzylamine as co-ligand

4.4.1 diphenyl methyl phosphine 14

We have seen that the phosphine ligands bind too tightly to the metal catalyst to be hyperpolarised
by SABRE. However, their adducts provided sometimes hyperpolarised hydride signals with symmetry
broken. In the aim to find stable complexes with a large trans or cis hydride - phosphorus coupling
that could provide high levels of hyperpolarisation with p-H,, it was necessary to screen alarge number
of phosphorus compounds. 14 has been extensively used as ligand for metal complexes over the past
decades®®. Although 14 does not have a one-bond 3'P-H coupling, it can provide for chemical or
magnetic differences and thereby phosphorus may hyperpolarise.

5mMof | and 1.0 L (3 eq.) of benzylamine were first mixed in dichloromethane-d, and activated with
H,. The formation of Ir(IMes)(H)2(BnNH,)sCl, is indicated with a single hydride resonance at -23.96
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ppm. 5 mM (1 eq.) of 14 was then added and a *H NMR spectrum immediately recorded (Figure
4.13.a). Five products 32, 33, 34, 35 and 36, in the initial ratio 0.15:0.64 : 1.22 : 1 : 2.68 were identified.

These correspond to two isomers of Ir(H)2(BnNH;)(IMes)(PMePh),, 34 and 35. In the former, there are
two inequivalent hydride resonances. One appears at -10.12 ppm which lies trans to 15 and thereby
exhibits a large %J(*H-*'P) coupling of 136.5 Hz and the other at -23.29 ppm which is cis to two
phosphines and trans to BnNH; (the cis 2J(*H-3!P) coupling is 16.5 Hz). The corresponding resonance in
35 appears at -11.30 ppm and is second order due to fact that the two hydride ligands are equivalent
and trans to 14; this can be readily understood by the appearance of the corresponding resonance,
see Figure 4.13. In addition to these products, signals for Ir(H)2(BnNHz)(IMes)(PMePh,) 33 and
IrCI(H)2(IMes)(PMePh,), 36 are also present in these NMR spectra. The structure of 33 contains two
equivalent hydride ligands, both trans to BnNH,, while that of 36 exhibits one trans to chloride and
one trans the PMePh,. Consequently, they yield hydride ligand signals at -23.06 ppm, -8.93 ppm and -
24.51 ppm respectively with appropriate J(*H-3!P) splittings. The remaining product, 32, is
IrCI(H)2(BnNH,)(IMes)(PMePh,). Its hydride ligand signals appear at -23.15 and -25.68 ppm due to their
position trans to the hard donors BnNH; and CI respectively.

After 24hrs at 273 K, *H NMR analysis shows evolution of the equilibrium between these species as
the ratio became 3.18: 1.94 : 4 : 0: 2.1. Therefore, 32, 33 and 34 are thermodynamically more stable,
while 35 and 36 are kinetic products.

IMes IMes ]® IMes ]® IMes ]® IMes
H////, | \\\\\CI H////, | \\\\\NHan H////, | \\\\NHan H/’//, ‘\\\\F’Meth H///,,, \\\\\\CI
,Ir.\ l,lr. /,lr.\ "|r‘ Ir.
"4 |\NHan H/I .8 H/| “Noueph, H/| “eueph, N4 | ¥bMePh,
PMePh, PMePh, PMePh, NH,Bn PMePh,
32 33 34 35 36

Scheme 4.9: Chemical structure of the five dihydride containing species 32, 33, 34, 35 and 36.
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Figure 4.13: A sample of 5 mM of | and 1.0 pL (3 eq.) of benzylamine was mixed in dichloromethane-
d, under H,. After formation of Ir(IMes)(H)2(BnNH,)sCl, 0.70 mg (1 eq.) of 14 was added. a) 1H NMR
spectrum just 5min after 14 addition showing the presence of 5 species 32, 33, 34, 35 and 36. b) 24hrs
after 14 addition showing evolution of the equilibrium.

p-H, was then used to investigate these species. NMR Spectra connecting H and 3'P at 298 K were
recorded to locate the phosphorus resonances for the five dihydrides containing products. These show
that 32 yields 3!P{*"H} NMR signals at -5.44 ppm, 33 at -6.96 ppm, 34 at -26.38 and -16.26 ppm, 35 at -
22.48 ppm and finally 36 at -12.91 and -12.32 ppm

Prior to PHIP experiments, the probe temperature was cooled to 273 Kin order to sharpen the hydride
signals of 36, which were rather broad in appearance at 298 K. This tris-phosphine complex is actually
highly electron rich, and therefore it is not surprising it undergoes rapid H; loss, which accounts for
the broadening. The first PHIP reactions performed showed a signal enhancement of 1.5-fold for free
benzylamine at 1.57 ppm (NH.), 3.82 ppm (CH;) and 7.30 ppm (Ph), in addition to a strong antiphase
hydride signal for 32 (Figure 4.14). The signal enhancement of benzylamine is low comparable to the
signal enhancement previously obtained for benzylamine alone in chapter 3. Weaker, hydride ligand
signal enhancements are seen in this NMR spectrum for 34 and 36. When the experiment was
repeated at 298 K, the hydride signals enhancement proved even weaker, thus suggesting optimal
ligand exchange at 273 K.

108



1scan PHIP 1

Ph  |CH, |NH, 36 32

r—r+ . T T~ 1 T+ T~ T T [ T T T T [ T T T T [ T T T T [ T T T T [ T T

5 0 -5 -10 -15 -20 - 25[ppm]
Figure 4.14: 5 mM of | and 1.0 uL (3 eq.) of benzylamine in dichloromethane-d, in presence of H..
After activation, 0.70 mg (1 eq.) of 14 was added and *H NMR PHIP (1 scan) showing signal
enhancement for free benzylamine and antiphase enhanced signal for hydrides of various complexes.

31p{'H} SABRE was also carried out with this sample, which was unexpectedly successful. Figure 4.15.b
shows an enhanced 3P signal for 32 at -5.44 ppm. Surprisingly, the hydride ligand symmetry in 32 is
broken by the trans CI" and NH2Bn ligands, which leads to a flow of polarisation into the axial ligand
via differential hydride couplings in PHIP effect. Weaker signals are also observed at -6.86, -12.87 and
-23.0 ppm corresponding respectively to the 3P resonances of 33, 34 and 35.

In conclusion, hyperpolarisation transfer to 3P in 32, 33, 34 and 35 was an unexpected result. Although
the ligand 14 is not involved in the exchange process on the NMR timescale, the axial flow of the
magnetisation allows 3!P hyperpolarisation on the complex. Furthermore, all the phenyl resonances
overlapped.

Due to the large number of complexes formed, their complete characterisation was challenging.
Consequently, the related ligand 15 was used to inform on these assignments.
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Figure 4.15: a) *'P{*H} NMR spectrum of a sample containing 14 dissolved in dichloromethane-d>
acquired with 64 scans. b) 5 mM of | and 1.0 pL (3 eq.) of benzylamine in dichloromethane-d, in
presence of H,. After activation, 0.70 mg (1 eq.) of 14 was added and a one scan *'P{*H} SABRE NMR
spectrum recorded 24hrs later c) 3'P{*H} NMR spectrum of the same sample as b) averaged 4k time.

4.4.2 Dimethyl phenyl phosphine 15

Ir(IMes)(H)2(BnNH,):Cl was again obtained in dichloromethane-d, before 2 eq. of 15 was added. A *H
NMR spectrum recorded immediately after this showed a complex signal at -11.73 ppm somewhat

characteristic of an [AxX2] spin system!%. Subsequently these were attributed to signals for

Ir(H)2(IMes)(NH2Bn)(P(Me)2Ph), 38 and Ir(H)2(IMes)(P(Me),Ph)s 39 (Figure 4.16). The former has two
phosphine ligands trans to hydride and a benzylamine ligand cis to them whilst the later has three
phosphine ligands coordinated to the metal. A third species, IrCI(H)2(IMes)(P(Me).Ph). 37, which yields
hydrides signals at -10.31 and -23.45 ppm, with the former exhibiting a diagnostically large trans J(*H-
31P) of 140 Hz alongside a cis J(*H-3'P) of 22.7 Hz and the J(*H-'H) of 6.5 Hz due to the interaction with
the cis hydride. This forms as a very minor product.

48 hrs later, only the signals for 38 and 39 remain in the hydride region of the 'H NMR spectrum, hence
they are thermodynamically stable. Complete characterisation data of these two complexes are given
in chapter 9, section 9.7.3. 3'P{*H} HMQC NMR spectroscopy located a resonance in 38 at 37.66 ppm
whereas for 39 signals were located -44.85 and -47.7 ppm. Short PHIP-HMQC experiments with p-H,
were used to assign the 3!P signals which, yielded broad peaks where no coupling could be measured.

This sample was then examined with p-H,, at 273 K. A weakly enhanced hydride resonance was
observed for 37 despite its very low concentration but no 3!P signal gains were seen.

In conclusion, 15 reacts with | to form different products to those seen with 14. This difference may
be assigned to the size of 15 with a cone angle of © = 122°, much smaller than 14 with a cone angle of
© = 136°. The cone angle © is a Tolman parameter, which measures the bulkiness of the phosphine
ligand and defines its ability to compete for coordination to a metal centre. The products derived from
14 and 15 show much reduced PHIP activity and were not examined further.
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Scheme 4.10: chemical structure of complexes 37, 38 and 39
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Figure 4.16: 5 mM of | and 15 mM (3 eq.) of benzylamine in dichloromethane-d, were mixed under
H,. After complete conversion to Ir(IMes)(H)2(BnNH3)sCl, 0.89 pL (2 eq.) 15 was added. *H NMR shows
three signals in the hydride region for 37, 38 and 39. PHIP experiment at 273 K exhibits weak antiphase
signal enhancement for 37.

4.5 Hyperpolarisation of diphenyl vinyl phosphine oxide using various
Rh catalysts

We have seen how the phosphine oxide failed to lead to any stable complexes. This is a consequence
of its poor ligation properties. In order to enhance 3'P and see results at low field, p-H, must add to
form a product with two inequivalent protons. This can be achieved through an organic reaction with
phosphine 16 that contains vinyl and phosphine oxide functionalities.
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The purpose was then to hydrogenate the alkene with p-H, and then to observe the PHIP enhanced
signal of hydrogenated CH,-CHs bond.

We first used | as the metal hydrogenation catalyst. No hydrogen product was observed when 5 mM
(2 mg) of | was mixed with 3.6 mg 3 eq. of 16. | then decided to test the hydrogenation reaction in
presence of the three co-ligands benzylamine, pyridine and DMSO separately. The procedure was to
create the 18-electron Ir(H),(IMes)(L)s (where L is benzylamine, pyridine and DMSO) with each co-
ligand by mixing 5 mM of | and (3 eq.) of the co-ligand. Then after activation, 2.8 mg (3 eq.) of 16 was
added and subsequently the mixture was reacted with p-H,. The general observation was that the
alkene slowly converted to alkane. However, this conversion is too slow that no PHIP enhanced signals
for the CH, and CHs groups were observed. | is not suitable therefore for the PHIP reaction of 16.

Next, the rhodium complex [Rh(COD)(PPhs),]BF4 (I1) was used but it again proved unsuccessful in
dichloromethane. This reaction was then repeated with the co-ligand acetonitrile. For this work, 1 mg
of (I1), 0.32 uL (2 eq.) of acetonitrile and 7.14 mg (10 eq.) of 16 were mixed together in
dichloromethane and H, added. The two known complexes®®’, 40 [Rh(H)2(CHsCN)(PPhs)s]* and 41
[Rh(H)2(CH3CN)2(PPhs),]* form in an initial 2 : 1 ratio (Figure 4.17.a). 40 yields a hydride ligand that
resonates at -10.06 ppm and is split by a trans 2J(3'P-H) coupling of 147.5 Hz, a cis %) (3'P-'H) coupling
of 23 Hz and a cis ) (*H-'H) coupling of 9 Hz. The second hydride signal at -16.69 ppm is cis coupled to
31p through 2J (3'P-'H) splitting of 26 Hz and 13.9 Hz. 41 hydride’s is a doublet of triplet located at -
16.99 ppm and split by a cis % (3'P-'H) coupling of 16.8 Hz and a cis 2J (*'P-'H) coupling of 13.04 Hz.
These species equilibrate over time, such that after 24hrs 40 is completely converted to 41. The former
is therefore a kinetic product whilst the latter is thermodynamically stable (Figure 4.17.a).

In the 3'P NMR spectra before H; addition, free 16 is located at 22.6 ppm alongside with signal for Il
at 26.45 with a J(3*P-3!P) of 145.6 Hz. After hydrogenation, signals for 40 are seen at 25.68 and 39.69
ppm whereas 41 signal is at 45.15 ppm secured by a HMQC-PHIP.

The corresponding PHIP experiments showed weakly enhanced hydrides signal for 40 and weak signals
of the hydrogenation product 16’, at 1.26 and 2.67 ppm (Figure 4.17.b, left top spectrum). The strongly
enhanced signal at 1.52 ppm is due to COA. Signals for the vinyl resonances of 16 at 6.73 and 6.31 ppm
remain and so the hydrogenation process is slow (Figure 4.17.b, right bottom spectrum).

Although, antiphase PHIP signals for the new CH; and CHs groups are observed, they remain very weak

compared to their thermal signals. No further investigations were carried out with 16. For future
improvement, the use of a different Rh catalyst might improve this situation.
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Scheme 4.11: a) 1 mg of (1) and 7.14 mg (10 eq.) of 16 0.6 mL of in dichloromethane-d.. The starting
complex is 16 electrons, after hydrogenation of the COD and ligation of the hydride, the complex is
still 16 electrons, which is unstable. b) 1 mg of (1), 0.32 uL (2 eq.) of acetonitrile and 7.14 mg (10 eq.)
of 16 0.6 mL of in dichloromethane-d; yield two species 40 and 41.
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Figure 4.17: a) 1mg of (I1), 0.32 uL (2 eq.) of acetonitrile and 7.14 mg (10 eq.) of G was mixed then p-
H, added. Hydride region of 'H NMR (top spectrum) at 298 K showing two complexes 40 and 41.
(bottom spectrum) After 24hrs at 298 K, 40 completely converts to 41. b) organic region of 1 scan PHIP
'H NMR (top spectrum) experiment recorded in day 1, shows weakly antiphase signals of the
hydrogenation product, CH, and CHs; of 16’. The strong enhanced signal at 1.52 ppm is the COA. 64
scans *H NMR (bottom spectrum) highlights the vinyl resonances of 16 at 6.73 and 6.31 ppm for CH
and CH,.

4.6 Hyperpolarisation of triphenylphosphine sulfide (17) and
trimethylphosphine sulfide (18) through SABRE

In this section, two different sized phosphines sulfide 17 and 182% are tested for hyperpolarisation.
These molecules are expected to interact with the iridium centre through the sulfur atom, which is a
weak nucleophile.

4.6.1 Triphenylphosphine sulfide (17)

When 5 mM (2 mg) of | was reacted with 2.76 mg (3 eq.) of 17 under H;, no hydride signal was
observed in the 'H NMR spectrum. Furthermore, the 3!P{*H} NMR spectrum before and after hydrogen
addition shows just a free signal for 17 at 43.08 ppm, suggesting no ligation occurs.
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The co-ligands pyridine and DMSO were therefore tested. A 5 mM sample of | was prepared
containing 3 eq. of pyridine and 2 eq. of 17 in dichloromethane-d,. A further 5 mM sample of | with 2
eq. of DMSO and 3 eq. of 17 was prepared. H, was added to both these solutions which proved to
form IrCI(H)2(IMes)(co-L); where the co-ligand is pyridine or DMSO. No ligation of 17 occurred in either
case. Therefore, 17 has a very low affinity for the metal suggesting its steric bulk prevents
coordination.

4.6.2 Trimethylphosphine sulfide (18)

The smaller phosphine sulfide 18 was also examined. This time, a 5 mM solution of | was reacted with
4 eq. of 18 under H,. Now the hydride region of the resulting *H NMR spectrum indicated the
formation of numerous hydrides containing species. However, the 3'P NMR spectrum showed just one
signal, at 38.03 for iridium bound 18 alongside the free material in a ratio 0.19 : 1. A broad H; signal
at 4.6 ppm was also seen so the sample was examined by NMR 256 K. The hydride region of this *H
NMR spectrum (Figure 4.18.a) showed signals for two main products, 42 at -21.58 and -26.46 ppm,
and 43 at -23.84 and -27.14 ppm, neither of which showed evidence of H-P coupling.

The correspond HMQC-PHIP measurements, however, did identify 3!P resonances for 42 at 40.03 and
41.20 ppm, suggesting it corresponds to IrCl(H),(IMes)(18), with trans and cis arrangement of 18 which
must bind through sulfur. No 3'P signal was located for 43 in this measurement, thus making it difficult
to identify its chemical structure. 43 may be a water complex due to the far negative location of the
hydrides on the ppm scale.

42
1scan thermal 298 K
A
43
b) $ L 1scan PHIP 256 K
-22 -24 - 26 - 28 -30 [ppm]

Figure 4.18: Hydrides region of NMR spectra recorded at 256 K from a sample of 5 mM solution of |
with 4 eq. of I under H; showing signals of 42 at -21.58 and -26.46 ppm, and 43 at -23.84 and -27.14
ppm. a) 1 scan thermally polarised spectrum and b) 1 scan PHIP hyperpolarised spectrum.

When PHIP is performed, no hyperpolarised signals are observed at 298 K. At 256 K PHIP signal
enhancement is seen for both of the hydride resonances in 42 and 43. 43 proving to be more reactive
to H; exchange than 42. When the DMSO co-ligand was introduced no new species were detected.

115



Whilst these results are interesting, 18 is not suitable for use in my low field analysis due to the lack
of signal at room temperature.

Studies with the phosphine sulphides revealed very weak binding making them unsuited to this work.

4.7 Conclusions

It was already seen that in order for SABRE to work, both substrate and hydride ligands must undergo
exchange on a suitable time scale for polarisation transfer to take place. This time frame is 0.6 sec (1/2
Jux) if @ coupling of 1.2 Hz is involved. It is known that phosphines like PPhs bind too efficiently, in
other words, irreversibly in the NMR time scale at 298 K ?*°. Hence, the phosphorus containing ligands
(10 — 18) in Figure 4.1 were explored. Several of these molecules exhibit strong one bond *H-3!P
couplings of hundreds of Hz, which places them in the range that is useful for detection with an atomic
magnetometer (50 ~ 300 Hz). Furthermore, after being reacted with | in presence of H,, the species
formed display large trans hydride-3'P couplings of ~150 Hz and cis hydride -*'P coupling of ~20 Hz
which lie in the range detectable in the ultra-low field. | have examined these systems, changing many
parameters, such as temperature, solvent, concentration, and co-ligand to achieve maximum hydride
signal intensity. Unfortunately, these systems fail to form suitable SABRE complexes that
hyperpolarise the phosphine ligands.

One feature observed with these compounds is that the phosphine ligands do not reversibly bind to
the metal centre in the NMR timescale at 298 K. The non-reversibility of the phosphine binding means
SABRE cannot hyperpolarise the free ligand. However, in some of them exchange of the hydrides is
observed through the prior dissociation of a chloride Cl- atom or a co-ligand. These hyperpolarised
hydride signals have the symmetry broken due to the 3!P couplings.

Of all the compounds tested, only phosphine 10 displayed strongly enhanced PHIP hydride ligand
signals at room temperature in complex 20. Unfortunately, its EF NMR detection was unsuccessful.
Neat 10 was also the only compound in the liquid state, for which thermal Earth’s field NMR spectra
were recorded (see chapter 7, section 7.2). All the other materials were solids.

Phosphine 11 was tested with benzylamine as co-ligand in the aim of testing SABRE-Relay with the P-
H bond. It yielded three complexes Ir(H)2(IMes)(NH2Bn),(P(Ph).OH) 27, Ir(H).(IMes)(NH2Bn),(P(Ph),O
) 28 and IrCl(H),(IMes)(NH2:Bn)(P(Ph),0") 29 where the latter was most interesting in terms of
hyperpolarisation. It provided a strong enhanced hydride signals at 273 K. However, this reaction
cannot be reproduced using the Earth’s field NMR spectrometer due to the lack of temperature
control. Interestingly, in the three species 27, 28 and 29, large differences in chemical shift resulting
from the different 3’P environment P(Ph),0  and P(Ph),0H is seen. In addition, the phosphine oxide 11
react spontaneously with methanol and benzylamine. It might also be reactive toward any nucleophile
present in solution.

Phosphine oxides 12 and 13 have a P=0 and 0-P=0 functionalities respectively, which makes them
react with the Ir-complex in a way that was not suitable for hyperpolarisation. For 12, the equilibrium
between the PH(O)R; and P(OH)(R,) form identified by 3P NMR occurs naturally. Evidence of a very
weak interaction with the metal centre was seen when reacted with I, hence 12 is too bulky. In the
case of 13 many species are formed with the only identified species being
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IrCI(H),(IMes)(POH(OtBu),)(O=PH(tBu);) 31 for which weakly enhanced hydride signals were seen.
This result also illustrates the stabilisation of the iridium centre through an Ir-OP interaction.

For phosphine 14, five distinct species 32, 33, 34, 35 and 36 were obtained upon reaction with | and
benzylamine. Hyperpolarisation on both hydride and benzylamine ligands was successfully achieved
for 32 and 36 hydride signals only at 273 K, hence making their detection at the low field impossible
with the current instrumentation. A strong 3P SABRE response was also achieved at room
temperature for 32. Phosphine 15 was chosen for characterisation purposes, assuming it will have the
same reactivity as phosphine 14, which turned out to be not true. Indeed three complexes 37, 38 and
39 different from the one seen with 14 are formed. The two latter did not show any PHIP activity while
the former 37 which displays a large trans *'P-'H coupling of 140 Hz does polarise weakly at 273 K.

For 16, although weak antiphase PHIP signals for the CH, and CHs in the hydrogenation product 16’
are observed, they remain very weak compared to their thermal signals. Screening other Rh complexes
as catalysts for the hydrogenation reaction might yield better PHIP activity. At the same time, two
products 40 [Rh(H)2(CHsCN)(PPhs)s]* and 41 [Rh(H),(CHsCN),(PPhs),]* are seen with the former being
the kinetic product whilst the latter is the thermodynamic product.

With the two last sulfide phosphines, 17 and 18, evidence of a very weak binding interaction with the
metal catalyst is observed, independent of the bulkiness of the phosphine sulfide. They are therefore
not suited for hyperpolarisation.

As a result of these experiments, it has been learned that it is possible to use the hydride-phosphorus
couplings under SABRE to sensitize a bound phosphine. For this effect to be useful for ZULF detection,
very substantial PHIP hydride signal gains are needed at 298 K. In the next chapter, a further series of
complexes formed with DSMO and traditional trialkyl and aryl phosphines are explored. The goal is to
create magnetically and chemically inequivalent hydride and phosphorus environments that are
amenable to hyperpolarisation via PHIP. An understanding of the thermal reactions that take place
between the metal precursor complexes and the chosen phosphine ligands and dihydrogen is needed
prior to optimising the PHIP data. The next chapter will focus on those thermal reactions.
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Chapter 5: Thermal reactivity of Iridium phosphine complexes

5.1 Introduction

One of the aims of this research is to create a compound that gives rise to inequivalent hydride signals
in its *H NMR spectrum that are split by a 3!P coupling and can be hyperpolarised using p-H,. It was
hypothesised that this will make it possible to detect a hydride signal at low field in the absence of
chemical shift resolution. In the previous chapter, the hyperpolarisation of a range of phosphine
ligands (10-18, see chapter 4, section 4.1.3) bearing a large *H-3!P coupling was attempted using
IrCl(IMes)(COD) (1) and Rh(COD)(PPhs),]BF4 (11). Unfortunately, none of these provided a large enough
signal gain to be detected in the Earth’s magnetic field. In this current chapter, another approach is
tested whereby 18 electron Ir(lll) dihydride complexes that have magnetically inequivalent hydrides
due to *'P couplings are hyperpolarised.

To explore this concept particular focus on the starting complex IrCI(DMSO)s (111) was paid. The
synthetic procedure for 11 and an analogous rhodium complex was first published in 2003 by Milstein
et al.?*, in a study aiming to develop cheaper transition metal catalysts that are less toxic and have
reduced air sensitivity than many analogous phosphine systems. Indeed, sulfoxides have similar
electron donating properties to phosphines. In 2013, Dr Sajid Khan presented in his PhD thesis?*°, the
reaction of IrCI(DMSO)s (111) with excess triphenyl phosphine (45) and H, and described how both bis
and tris-substitution occurs to form IrCI(H),(PPhs)2(DMSO) and IrCI(H)2(PPhs)s. Importantly, when p-H,
is added, both of these complexes exhibit PHIP enhanced hydride signals. He showed that the bis-
phosphine complex was more reactive to p-H; addition than the tris-phosphine complex due to a
stabilisation of the Ir(lll) by the three donors ligands. In addition to the enhanced hydride ligands, the
methyl protons of the free DMSO were also enhanced, indicating that the free DMSO exchanges with
the bound DMSO in a SABRE type experiment.

The reactivity of IrCI(DMSO)y(P)x (where Pxare shown in Figure 5.1) [y=2,1,0whenx =0, 1, 2] towards
H, addition was therefore explored prior to tackling the hyperpolarised reactions. Prior to
hydrogenation, reaction of IrCI(DMSO)s (I11) with eight different phosphines was monitored. This
complex undergoes mono, bis and tris substitution of DMSO by phosphine to form the corresponding
16 electron complexes IrCI(DMSO),(Px), IrCI(DMSO):(Px); and IrCI(Px)s according to the excess of
phosphine added. Some of these complexes have the ability to undergo C-H bond activation of the
phosphine ligand and subsequently orthometallation reactions take place. This yields 18 electron
complexes, which are in equilibrium with the 16 electron precursors. The comparable reactivity of
these complexes was then monitored towards H,, where they form various 18-electron dihydride
species. The similarities and differences in behaviour are highlighted in the following sections. The
selected phosphine ligands (Figure 5.1) are all different in size and electron donation ability, which is
expected to change their reactivity upon reaction with Ill and H,. The formation of a series of
thermodynamic and kinetic products is explored using NMR measurements. The results are detailed
below.
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Figure 5.1: Phosphines reacted with Ill. 44 etricyclohexylphosphine; 45 triphenylphosphine; 46
dicyclohexyl phenyl prosphine; 47 Tri(p-tolyl)phosphine; 48 Tris(4-methoxyphenyl) phosphine; 49
Trisbenzyl phosphine; 50 Trisphenyl phosphite and; 51 methyl diphenyl phosphine?*! 242,

5.2 Reactions of IrCl(DMSO); with H; in dichloromethane and
methanol

A control reaction was undertaken where a sample of IrCI(DMSO)s (I11) (4 mg) was dissolved in
dichloromethane. The resulting NMR spectrum is shown in Figure 5.2.b, and instead of the three
DMSO ligand signals anticipated, a signal for free DMSO was visible at 2.59 ppm in addition to a
number of bound DMSO resonances visible between 3.3 and 3.9 ppm. The corresponding 3C'H 2D
NMR spectrum was also complicated, containing several DMSO-methyl signals. Milstein et al.
discusses this phenomena in their published synthesis of 111%3°, where they stated that this complex
equilibrates with a bis-iridium dimer and free DMSO as shown in Figure 5.2.a. In methanol, they

described how the chloride bridges can be replaced by hydroxide or methoxide. Hence, the reactions
of this system to H; are likely to be complex.
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Figure 5.2: b) *H NMR spectrum at 298 K of a solution of IrCI{(DMSO)s (111) (4 mg) in dichloromethane
forming a bis-Ir dimer with two chloride bridges. This data are in agreement with Milstein et al**°,

3 bar of p-H, was then added to this mixture, the *"H NMR spectrum in Figure 5.3 is recorded. This *H
NMR spectrum shows signals in the hydride region for just two complexes: a peak at -16.01 ppm for
fac-IrCI(H)(DMSO)s, and peaks at -16.27 and -19.51 ppm for mer-IrCI(H),(DMSO)s (with a *H-'H
coupling of 5.8 Hz). The thermal spectrum also shows only the presence of these two species (not
shown here). Immediately after H, addition, the apparent ratio of these fac-52 and mer-52’ isomers
was 75 : 25 but after 24 hrs it inverts to become 30 : 80 showing the impact of kinetic selectivity and
thermodynamic stability. The fac-52 isomer is the kinetic product, while the mer-52’ isomer is the
thermodynamic product. If these species form via H, addition to Ill, hydrogen clearly must add
preferentially over the DMSO-Ir-DMSO axis in a process with lower activation energy than addition
over the DMSO-Ir-Cl axis, leading to the mer-52’ isomer. Hence, the examination of the NMR data
collected under the phosphine 45 and hydrogen are needed to test if these products impact on the
reaction outcome. The reactivity of l11 is then tested in other organic solvents, such as methanol and
toluene, in order to avoid creating bridged compounds upon dissolution.

DMSO DMSO
", | \DMSO W, | O
:Ir_\ /,Ir‘\\
nd | ouso R | Wouso
Cl DMSO
fac-52 mer-52'

fac-52

]

15 -16 -17 -18 -19  -20 [ppm]

mer-52'

Figure 5.3: 'H NMR spectrum at 298 K of a solution of IrCI(DMSO)s (I11) (4 mg) in dichloromethane-d,
in presence of p-H, where the two isomers IrCl(H),(DMSO); are identified. The cis dihydride isomer,
namely fac-IrCl(H),(DMSO); at -16.01 ppm and two doublet peaks for the trans hydrides of mer-
IrCI(H)2(DMSO)s. The spectrum recorded without p-H, also shows only the presence of these two
species (not shown here).
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5.2.1 Reaction of IrCl(DMSO)s with PPh; (45) in toluene

A 10.4 mM solution of of IrCI(DMSO)s (I11) (3 mg) in toluene, synthetized using the procedure
described in the literature?®, was mixed with 0.15 mL of a 74 mM solution of PPh; (45) at 298 K, also
in toluene. The final solution contains 8.32 mM of IrCI(DMSO)s (I11) and with 19.5 mM (1.78 eq.) of
45. A 'H NMR spectrum was recorded immediately at 298 K and the signals for 111 had effectively
vanished. To be noted that for characterisation purpose, higher concentration of (I11) and phosphine
45 were used.

It was expected to see signals for the phosphine containing 16 electron Ir(l) complexes:
IrCI(DMS0),(Pss) (two isomers, cis (3'P singlet) and trans (*'P singlet)); IrCI(DMSO)(Pas), (two isomers,
cis (two 3'P doublets) and trans (3'P singlet)) and IrCl(Pss)s (*'P doublet and triplet). However, this NMR
spectrum (Figure 5.4.a) proved to contain four hydride resonances that indicated aromatic C-H bond
activation has taken place; these arise from two mono- and two bis-phosphine complexes, labelled 53,
54, 55 and 56. Using standard 2D NMR characterisation methods, these 18 electron Ir(lll) complexes
were characterised. No signals for fac-IrCl(H),(DMSO) or mer-IrCl(H)2(DMSO); were seen in these NMR
spectra in accordance with the hydride group coming from the aryl ring of the phosphine.

Since no H, was added to this sample when the proton NMR spectra recorded, the presence of hydride
ligand signals suggest the formation of several orthometallation products where the hydride ligand
signal results from the C-H bond activation step. 54 and 55 are mono-phosphine containing isomers
of the orthometallation product [IrCI(H)[(CsHPPh,)](DMSO),]. They differ according to whether their
hydride ligand is trans to DMSO or chloride. As each hydride couples to a single 3'P centre, their
hydride resonances appear as doublets at -13.80 ppm and -17.08 ppm, respectively. The second two
products, 53 and 56 are bis-phosphine containing isomers of [IrCI(H)[(CsHPPh2)](DMSO)(PPhs)], where
the hydride ligand signals now appear at -13.26 ppm and -18.02 ppm, respectively, due to their
location trans to DMSO and chloride. The hydride resonances of 53 and 56 appear as doublets of
doublets.

Initially, the ratio of 53 : 54 : 55 : 56 in solution was 1 : 0.22 : 0.17 : 0.63, suggesting that the bis
phosphine products are the kinetic products (reaction time ca. 10 minutes). Over longer time periods,
this ratio changes as these species equilibrate and a fifth product appears through the detection of a
doublet of doublet resonance in the hydride region at -17.57 ppm (57). The ratio of these five species
is 1:0.35:0.33:0.55:0.24 respectively after 120 hrs. 57 is also a bis-phosphine, like 53 and 56, but
now the two 3!P nuclei are trans to one another. Complete NMR data for these four products is given
in chapter 9, section 9.6.10. Only partial data for product 57 is given due to resonances overlaps.
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H | Veph, R | Wovso  H® | Vomso H/|\Pph3 H/| VDOMsO
Cl Cl DMSO DMSO PPhj
53 54 55 56 57

Scheme 5.1: Chemical structure of C-H bond activation products 53, 54, 55, 56 and 57 formed from
reaction of I11 with the phosphines 45 in toluene.
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Figure 5.4: Schematic showing products formed when 10.4 mM IrCI(DMSO); (111) and 74 mM PPhs (45)
equilibrate at 298 K in toluene (upper). a) *H NMR spectrum recorded 3.5 hrs after the start of reaction
(298 K), revealing hydride ligand signals for 53, 54, 55 and 56. b) Corresponding spectrum recorded
124 hrs later; the slow formation of 57 is indicated.

In the 3'P{*H} NMR, there are also signals for 16 electron Ir(l) complexes IrCI(DMSO),(P4s) at 23.16 and
20.15 ppm, which form on phosphine addition. These signals grow in intensity whist retaining identical
relative ratios as the amount of added phosphine increases until eventually they reduce as bis
substitution is favoured. At this point, coupled signals at 18.42 (doublet, J = 23.7 Hz) and 17.01 ppm
(doublet, J = 23.7 Hz), and at 23.53 (doublet, J = 22.6 Hz) and 16.34 ppm (triplet, J = 23.1 Hz) appear
due to IrCI(DMSO)(P4s); and IrCl(Pss)s (Figure 5.5). The 3'P{*H} NMR spectra of Figure 5.7 are
representative of those collected during this reaction and illustrate this point.

These four complexes reflect 16 electron precursors to the C-H bond activation products that have
been discussed. Consequently, they disappear slowly as the corresponding C-H bond activation
products form; after 6 days of reaction at 298 K their signals have essentially vanished from the
associated NMR spectra, with those for their Ir(lll) orthometallation products now dominating.
However, the degree of formation of these 16 electron species is comparable to those of the C-H bond
activation products, hence suggesting equilibrium between them.

Pasy,, — \Pas Passy, ~ DMSO  Pusy, — WDMSO  Pusyy, — WPMSO p ) WCl
SIr, Ir Ir r e
% 4 N, P N o \P45 omso? N ouso” Nouso
d, 23.53 ppm d, 18.42 ppm
t, 16.34 ppm d, 17.01 ppm S, 24.2 ppm s, 20.15 ppm s, 23.16 ppm

Figure 5.5: Proposed structures of the 16 electrons Ir(l) complexes formed after substitution of DMSO
by PPh; and their respective 3'P{*H} resonances. These species are in equilibrium with the 18 electron
Ir(11) C-H bond activation complexes.

HSQC 2D correlation spectra connecting 'H and 3P{*H} at 273 K were recorded to locate the
phosphorus resonances for the hydride containing products (Figure 5.6.a and b). These show that 53
yields 3P{*H} NMR signals at -3.18 and -77.95 ppm with J = 88.6 Hz, 54 at -70.79 ppm, 55 at -73.58
ppm, 57 at 2.22 ppm and -65.60 ppm and finally 56 at -2.75 and -92.37 ppm. A common feature of
these products is the observation of phosphorus resonances far into the negative ppm range, in
agreement with the formation of a strained four membered ring by orthometallation?*3.
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Figure 5.6: 2D *H-'P{*H} NMR correlation spectra recorded on a solution of IrCI(DMSO); (111) 10.4 mM
(3 mg) and 0.15 mL of a 74 mM solution of PPh; (45) in toluene. a) At 273 K after 24 hrs of reaction
with a focus on the ligand not involved in C-H activation. b) At 273 K six days later, showing the peaks
for the phosphines involved in the C-H activation.

It is interesting to note the different signal intensities for the hydride ligands in the *H NMR and the
phosphine ligand in the 3P NMR signal intensities. The former only indicates the corresponding C-H
activation products, whilst the latter allows us to see the whole speciation. When, a dilute solution
(10.4 mM) of 11l and 1.78 equivalents (0.15 mL) of 45 was mixed together, signals in the *H NMR
spectrum (Figure 5.7) are strong for 53 and 56 but the 3'P{*H} NMR spectra (Figure 5.8) suggest instead
that the two isomers of IrCI(DMSO),(Pss) dominate. As the amount of 45 is slowly increased, the
intensity of the hydride signals for 53 and 56 grows along with those of IrCI(DMSO),(P4s). However,
hydride signals for 54 and 55 also become evident (Figure 5.7). The ratio of 53 : 56 as evident through
the hydride ligand signals remains constant at 1 : 0.6 throughout these measurements. The ratio of
54 :55is 1:0.95 and also constant, as is the ratio of the two isomers of IrCI(DMSOQ)(P4s) where two
DMSO ligands cis : trans (1 : 0.6). These ratios are constant in the three stage of 45 addition where the
NMR temperature was at 298 K and the reaction time 3 hrs 30 min. From the second aliquot addition,
signals for two IrCI(DMSO)(P4s), can also be seen (Figure 5.8.c). Eventually, the formation of IrCl(Pss);
is indicated but its C-H activation product is not evident. These data confirm that 53 and 56 form more
readily than 54 and 55.

After 6 days, the Ir(l) species have effectively been consumed. Furthermore, 57, a further hydride
containing product is produced. This is a third isomer of 53/56 and its hydride ligand signal, at -17.57
ppm, is a doublet of doublets where J(3'P-H) = 12 and 18 Hz, correlates to 3!P{*H} signals at 2.22 ppm
and -65.60 ppm that both exhibit large 3!P-3P trans couplings of 365 Hz. 57 forms slowly compared to
the other species. Hence, there is a larger activation barrier to its formation when compared to 53/56.
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Figure 5.7: Solution of IrCI(DMSO); (I111) 10.4 mM (3 mg) and 0.15 mL of a 74 mM solution of PPh; (45)
at 298 K in toluene. Three successive additions of 0.05 mL of a 74 mM solution of 45 where each time
a 'H NMR spectrum is immediately recorded corresponding to a, b and c. The singlet at -18.65 ppm is

tentatively assigned as a C-H bond activation from (l11), which very unstable and disappears as shown
here.
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iy “
c) 10.4 mM of (111), 0.15 mL of 45, 298K

Al

cis-IrCI(DMSO),(P,;)
/

rans-rCIOMSO)Pes) 16 4 mm of (1), 0.1mL of 45, 298K

0,
a) 10.4 mM of (111), 0.05mL of 45, 298K
P A

25 20 15 10 5 0 [ppm]

Figure 5.8: Solution of IrCI(DMSO); (111) 10.4 mM (3 mg) and 0.15 mL of a 74 mM solution of PPh3 (45)
at 298 K in toluene. Three successive additions of 0.05 mL of a 74 mM solution of 45 where each time
a 3P{*H} NMR spectrum is immediately recorded corresponding to a, b and c. These spectra are
zoomed on the positive region to highlight the 16 electron species.

The aim was now to test the effect of H, addition with these 16 electron and 18 electron products
formed after reaction between 1l with 45. The ultimate goal of these experiments was to study
hyperpolarisation reactions of the iridium phosphine complexes with p-H,. These NMR results have
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shown that reaction of 11l with 45 yields a series of C-H bond activation products that will act as
starting materials for these reactions. The reaction of these starting materials with H, and their p-H,
activity will be explored in the forthcoming sections.

5.2.2 Reaction of IrCI(DMSO)s, PPhs (45) and H; in toluene

As described earlier, the addition of 1.78 eq. 45 to IrCI(DMSO); (l11) proceeds to form a series of 16
electron complexes alongside 53, 56, 54 and 55. Inner and outer sphere hydrogenation mechanisms
are extensively described in the literature 2**2*’. H, was added to a series of such solutions and a
number of dihydride products were formed. The structure of these products and routes to their
formation are shown in Figure 5.10. They can be readily differentiated according to the chemical shift
and couplings of their hydride ligands. The ratio of these products proved to depend on the reaction
time and temperature.

The reaction of 11 with 45 and H, in methanol-ds was followed and found to proceed cleanly to a
mixture of two 18 electrons phosphine complexes (58 and 62 whose formation are shown in Figure
5.10) without any other visible products. However, the degree of reaction is less than in toluene, and
consequently the hydride signals exhibit low SNR. When the analogous reaction was examined in
toluene, good PHIP (higher SNR) was observed (see Chapter 7) and this solvent was selected for
subsequent study. Therefore any experiments in methanol are not pursued.

Tolman parameters®*® are important indicators of phosphine reactivity. The cone angle © measures
the bulkiness of the phosphine ligand and defines its ability to compete for coordination to a metal
centre. In contrast, v¢, provides an indication of the phosphines ability to donate electron density to
the metal centre. The cone angle of 45 is 145° and v, is 2069 cm™ 2%8, These two parameters influence
the reactivity of 45 toward the metal sterically and electronically.
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Figure 5.10: Reaction of IrCI(DMSO)s (I11), 45 and H, leads to a large number of hydride ligand
containing products (Ir(H)2CI(DMSQ); not shown). The Ir(lll) products are in equilibrium with their Ir(l)
precursors. The region-chemistry of these reactions leads to a number of possible product isomers.
Only those detected by NMR are shown.

It was hypothesised that the ratio and nature of products formed are closely dependent to the relative
amount of 45. It is important to selectively favour the formation of the bis-phosphine 62 as it is shown
that it is more reactive to p-H, in hyperpolarisation reactions and therefore may result in higher signal
gains (see chapter 6, section 6.2). To investigate this effect, a sample containing (2.5 mg) 8.6 mM of
IrCI(DMSO);5 (I11) and (0.59 eq.) of 45 in 0.6 mL of toluene-ds was prepared. H; (3 bar) was added to
the sample and after 30 min, hydride ligand signals for Ir(H),CI(DMSO)s, 53, 54, 55 and 56 are readily
observed in the corresponding *H NMR spectrum, in addition to those for the new dihydride products
58, 59 and 62 of Figure 5.10. These changes are portrayed in Figure 5.10. The dihydride products
appear in the ratio 1 : 1.85 : 0.62 at this stage. A further isomer of the mono phosphine substituted
dihydride, 60, also appeared at longer reaction times. When a further (0.59 eq.) of 45 is added, and 2
hrs 35 min of reaction takes place, the ratio of 59 : 58 : 60 : 62 in solution proved to be 0.28 : 0.36 :
0.48 : 1. 30 min later, the ratios were measured as 0.22 : 0.38 : 0.53 : 1, implying that these products
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slowly equilibrate in solution. As expected, the formation of the bis-phosphine containing dihydride
62 was found to be more prevalent as the amount of phosphine increased. A corresponding reduction
in the amount of Ir(H),CI(DMSO); was also observed. The C-H activation products slowly convert to
the corresponding dihydrides during these reactions.

In order to observe the effect of the relative amount of 45 on the products equilibria, the ratio was
further increased. Figure 5.11 portrays the evolution of these hydride ligand signals as a function of
reaction time, for a sample containing Il and 1 eq. of 45. After one hour the ratio of 59 : 58 : 60 : 62
was 1:0.79:0.17 : 0.92 and all the initial C-H bond activation product has been consumed. After one
day the dihydride product ratios reach 0: 0.68 : 0.59 : 1 (59 : 58 : 60 : 62) after which they become
constant. For conclusion, the rate of appearance of 59 > 62 > 58 > 60. However, thermodynamically,
there order of stability is 62 > 58 > 60 > 59. At low temperature, where the ligand exchange pathways
are inhibited 58, 62 and 60 were fully characterised. (see chapter 9, section 9.6.11)

Table 5.1: Selected 'H and 3!P NMR data for 58, 59, 62 and 60.

58 59 60 62

'H (1) (ppm) -15.50 -10.94 -11.59 -14.30
'H (2) (ppm) -19.64 -15.25 -19.36 -20.12

31p (ppm) 4.96 -1.30 9.20

2) (31p-1) cis (Hz) 19.2 14.2 10.4 19.5

2) (31p-2) cis (Hz 17.8 14.7

2) (31p-2) trans (Hz) 165.8 148.0
’)(1-2) 5.9 5.3 4.7 5.8
It was shown that the reaction of Il with 0.69 eq. of 45 and the reaction of an equimolar

concentration of 111 and 45 provides the same products with a similar ratio and order of stability. In
both cases, 62, which was of interest, is prevalent. Next, the effect of the addition of an excess of 45
on the product distribution is tested.
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Figure 5.11: Sample of 8.6 mM of IrCI(DMSO)s (I11) and 1 eq. of 45 in 0.6 mL of toluene-ds was used
to record four *H NMR spectra at 298 K with 32 scans. a) before H, addition, b) 30 min after H, addition,
c) 2 hrs after H, addition and d ) 24 hrs after H; addition. These four spectra demonstrate the presence
of the multiple identified species at these different stages.

5.2.3 Reaction of IrCI(DMSO); with an excess of 45 and H; in toluene

When the same reaction as in 5.2.2 was performed with an excess of 45, a single product appears to
form rapidly. This process involved mixing IrCI(DMSO); (I11) and 3 eq. of 45 in toluene-ds. After
addition of H,, the 'H NMR spectrum showed two sets of hydride resonances at -10.65 and -20.47 ppm
due to 66. The hydride ligand resonances appearance demonstrates the coordination of three
phosphine ligands (Figure 5.12) in this product. The hydride resonating at -10.65 ppm is split by a trans
2) (**P-H) coupling of 131.1 Hz, a cis 2J (3'P-'H) coupling of 20.6 Hz and a cis 2J (*H-'H) coupling of 5.1
Hz. The second hydride signal at -20.47 ppm is cis coupled to 3'P through 2 (3'P-1H) splitting of 14.7 Hz
and 28.0 Hz. This product is known and proved to be stable, hence does not degrade??® 249249 Key
NMR data for 66 that agrees with that in the literature??®. The reaction of this sample with p-H; is
described in Chapter 6, section 6.2.3.

In conclusion, by using an excess of 45, the unwanted phosphine tris-substitution occurs. The goal was
to limit the reaction to the bis-phosphine substitution. Therefore, the equimolar concentration
between |11 and 45 was maintained. The same ratio between the metal catalyst the other phosphines
will also be used.
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Figure 5.12: Zoom on the hydride signal of 66 in the 'H NMR spectrum at 298 K of a solution of

IrCI(DMSO)s (I11) and (3 eq.) of 45 in 0.6 mL of toluene-ds. The coupling pattern demonstrate a tris-
phosphine substitution.

5.3 Reactivity of 111 with a range of phosphines yielding C-H bond
activation

Reaction of Ir'CI(DMSO)s (I11) in the absence of H, with the aromatic phosphines that contain ortho
protons, P47-Psq, of Scheme 5.2 yields NMR spectra (Figure 5.13) with multiple hydride resonances in
accordance with the formation of several C-H bond activation products, as described for 45. However,
the exact product(s) formed depend on the phosphine. Figure 5.13 presents the corresponding
hydride regions of four *H NMR spectra associated with phosphines 47, 48, 49 and 50 in toluene. Figure
5.14 shows the corresponding 3!P{*H} NMR spectra, which highlight the full speciation of the C-H bond
activation products and 16 electron precursors when (l11) is reacted with 47, 48, 49 and 50 in toluene.

Only one example stands out. When 50 is utilized, a single product forms with a hydride ligand trans
to phosphine; the hydride signal at -9.25 ppm shows a coupling of 276.4 Hz to 3'P. The majority of
these hydride signals are split by 14-20 Hz 3'P couplings, suggesting the products exhibit similar
hydride-cis phosphine ligand arrangements to those found with 45.
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Figure 5.13: Reaction of Ir'CI(DMSO)s (111) with each of these phosphines in toluene trigger a C-H bond

activation that give the hydride signals in the 'H NMR spectra. In spectra a, b, ¢, and d the phosphines
47, 49, 50 and 48 was used respectively.
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Scheme 5.2: C-H bond activation product(s) formed from reaction of 111 with the phosphines 47, 48,
49, and 50 in toluene.

Sterically bulky phosphines 49 and 47 appear to exhibit more selective reactivity. Each yields a single
C-H bond activation product 68 and 67, identified through a hydride resonances at -19.43 ppm and -
15.93 ppm respectively. These correspond to mono-substituted species where the hydride ligand is
trans to chloride and the signals are both split into doublets through a 20 Hz cis coupling to 3!P.
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In the 3P{*H} NMR spectra (Figure 5.14) associated with 47 specifically, a signal at -29.8 ppm also
appears due to the free phosphine, alongside peaks at -7.7 ppm for the hydrogenation product, at
11.9 ppm for 16 electron IrCI(DMSO),(P47). Hence the C-H bond activation product 67 located 22.8
ppm is in equilibrium with IrCI(DMSO),(P47). The same situation holds true for 49, where now the free
phosphine 3!P NMR signal appears at -15.02 ppm, at 1.17 and 8.63 ppm for the isomers of
IrCI(DMSO)(P4s)2 and IrCI{DMSO),(P4s) and at 30.49 ppm for the C-H bond activation product 68. The
prevalence of the C-H activation product is higher with 49 when compared to 47.

z = cis-IrCI(DMSO),(P,)
Z' = trans-IrCI(DMSO),(P )

40 35 30 25 [ppm]
Figure 5.14: Reaction of Ir'CI(DMSO)s (I11) with each of these phosphines in toluene trigger C-H bond
activation and 16 electron complexes that give the numerous 3P signals in the 3!P{*H} NMR spectra.
Ina, b, c, and d the phosphines 47, 49, 50 and 48 was used respectively.

Under the same conditions, electron poor, but less sterically bulky 50, yields 70% of the corresponding
tris substituted C-H bond activation product alongside several minor species. Using a larger excess of
50 increased the prevalence of the tris substituted C-H bond activation product 69 to 91 %. It yields a
hydride resonance at -9.25 ppm that couples to a trans phosphine ligand via a Jup splitting of 275 Hz.
The remaining 9% of the second sample was the cis bis-phosphine C-H bond activation product, which
yields a hydride signal at-15.10 ppm. In the corresponding 3'P{*H} NMR spectrum (Figure 5.14.c), three
31p signals are observed for the major product at 96.74, 87.44 and 72.65 ppm. In addition, a signal at
127.47 ppm and -17.4 ppm are seen for the free 50 ligand and IrCI(DMSO)(Pso)2. No mono substitution
products are seen.

When 48 is used, high complexity returns, and four C-H bond activation products form, that parallel
those seen with 45. The ratio of these products, identified as 70: 71:72 :73,is1:0.15: 0.5 : 0.54.
The hydride signals at -13.27 and -18.09 ppm for 70 and 72 appear as doublets of doublets,
characteristic of hydride ligands cis-cis to two inequivalent phosphines. The additional hydride
resonances at -19.20 and -19.25 ppm are due to mono-phosphine isomers 71 and 73. 3'P{*H} NMR
spectroscopy at 298 K (Figure 5.14.d), reveals two dominant singlets at 18.90 and 14.93 ppm
associated with 16 electron complexes of the form IrCI(DMSO)2(Pss) and IrCI(DMSO)(P4s).. Hence
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whilst the H NMR spectra enable the ready detection of four C-H bond activation products they are
really quite minor species.

With phosphine PCys (44), no hydride-containing product is formed when two equivalents of 44 are
added. Hence no orthometallation of the cyclohexyl ring occurs. This suggests that the stability of any
such orthometallation products is low. However, additional *'P NMR signals provide evidence for the
formation 16 electron IrCI(DMSO)2(P44) and IrCI(DMSO)(Pas)2at 21.27 and 17.49 ppm respectively, with
additional signals at 45.02 and 9.78 ppm for the phosphine oxide and free phosphine 44.

Finally, when PPhCy; (46) is examined, evidence for a mono substituted C-H bond activation product
74 is found in the 'H NMR spectrum when one ligand equivalence is added. The corresponding 3'P{*H}
NMR spectrum (Figure 5.14.e) shows two strong signals at 24.19 and 27.40 ppm for two isomers of 16
electron IrClI(DMSO),(P4g), in addition to a weak signal for the C-H bond activation product at 40.72
ppm. In this case no signals for the free phosphine remain.

In conclusion, the aromatic ring containing phosphines are likely to undergo C-H bond activation. No
further characterization of these C-H activation products was undertaken. The aim was simply to study
the reactions of these in-situ prepared complexes with H,. The results of these studies are described
in the forthcoming sections and require access to 16-electron precursors.

Table 5.2: Selected 'H and 3'P resonances of the C-H activation products of phosphines 67, 68, 69 and
70-73

67 68 69 70-73
'H1 (ppm) -19.48 -15.96 -9.25 -13.27
'H; (ppm) NA NA NA -18.09
'Hs (ppm) NA NA NA -19.20
'Ha (ppm) NA NA NA -19.25
3Py (ppm) 11.78 29.88 72.70 20.52
3P, (ppm) NA NA 87.44 -7.37
*P3 (ppm) NA NA 96.75 12.96
3P4 (ppm) NA NA NA -9.86
J(*H1-3'P) (Hz) 18.1 17.2 275.2 14.4
J(*H2-3'P) (Hz) NA NA 19.1 11.1
J(*Hs-3'P) (Hz) NA NA 15.4
J(*Hs-3'P) (Hz) NA NA 15.2

J(3'P-3'P) (Hz) NA NA J(P1-P3)=17.1 | J52=23.7
J(P1-Pz) = 28.0 J7o = 24.2

J(P>-P3) = 21.0

5.4. Phosphines with similarities of reactivity with 45 in presence of H;

The analogous reactions of 48, 46 and 49 with IrCI(DMSO)s (I11) and H; are now considered. The
reaction products formed in these reactions were found to be similar to those formed from 5. Scheme

5.3 and Table 5.3, summarise these findings.
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Scheme 5.3: Dihydrides products formed when Il reacts with H, and a phosphine ligand Px where X
=48, 46 or 49

Table 5.3: Ratio of the various dihydride products seen 5 minutes after the start of the reaction of 111
with H; and a phosphine ligand 48, 46 or 49, and at the end of the study.

Phosphines Ratio of Products
71,75,79 72,76, 80 77, 81, 74,78, 82 83
48 start 0.37 0.07 0.54 0.02 NA
48 end 0.46 0.17 0.05 0.32 NA
46 start 0.69 0 0.23 0.08 NA
46 end 0.65 0.27 0 0.08 NA
49 start 0.05 0.29 0 NA 0.66
49 end 0.77 0.12 0.03 NA 0.08

Discussions and comments on these data are given in the forthcoming sections.

5.4.1 Reactions with (4-methoxyphenyl) phosphine 48

Figure 5.15 shows the time course of the reaction of IrCI(DMSO);s (l11) with 1 eq. of 48 tris(4-
methoxyphenyl) and then 20 minutes later 3 bar of H; in toluene-ds. It leads to the formation of 75,
76, 77 and 78, which are analogous to the products already described for 45. Based on the earlier
observations, the addition of H, can take place to 1l or the 16 electron phosphine substitution
products which are in equilibrium with the C-H bond activation products. Immediately after the
addition of 48, small hydride signals are evident for the four C-H activation products 70-73 discussed
earlier. This sample was removed from the spectrometer and H, added. It was shaken and immediately
interrogated by NMR. Significant reactivity was evident in this NMR spectrum despite the fact the
hydride ligand signals for the four C-H bond activation products appeared with similar intensity to
those detected without H,. The hydride region became very complex and integration suggests that a
series of new hydride products form to be 8 times higher than the sum of 70-73. Hence, it can be
deduced that at least 88 % of this sample was made up of 16-electron species capable of adding H,.
As none of these signals are due to Ir(H)2(DMSO)sCl, it can be concluded that the displacement of
DMSO by phosphine is very rapid. It is possible, therefore, that H, can add to Ir(DMSQ)sP, Ir(DMSQ)P;,
IrPs species depending on the speed of phosphine substitution. At the 5 minute stage, the ratio of
Ir(DMSQ),P1-H; : Ir(DMSO)P3-H; : IrPs-H,is 2.43 : 0.21 : 0. Hence, it is shown that the mono phosphine
substitution products dominate, presumably due to the prevalence of IrCI(DMSO),(P4s). Table 5.3
details the ratio of the structural isomers of these products.
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Figure 5.15: Sample of 17.2 mM of IrCI(DMSO)s (I11) and 1 eq. of 48 in 0.6 mL of toluene-ds was used
to record four 'H NMR spectra at 298 K with 32 scans. a) before H, addition at 298 K, b) 5min after H,
addition at 298 K, c) after putting the sample in a hot water bath for 10 min allows the total conversion
of the C-H bond activation products and d) 24hrs after H, addition at 273 K. These four spectra testifies
the presence of many identified species at these different stages.

The sample was warmed to 50 °C and left for 10 minutes and a second *H NMR spectrum recorded.
This showed that the total hydride signal intensity remained roughly the same as in the spectrum at 5
minutes after allowing for the fact that the C-H bond activation products have been consumed.
Hence, for conclusion all of the 16 electron complexes were consumed in 5 minutes. However, the
hydride signal intensities for the dihydride products changed during this period. It was notable first
that 77 converted into 75 and 78, which were present in the ratio 1 : 0.70 and that more 76 formed.
Hence, some free phosphine remained at the 5 minute stage and consequently it can be concluded
that under these conditions H; addition is faster to IrCI(DMSQ),(P4s) than phosphine substitution. After
24hrs, no further evolution of these species was evident as they were still present in the same ratio.
It would seem likely therefore that 77 forms as a kinetic product of H, addition, whilst 75 and 78 are
thermodynamically more stable.

In support of these deductions, a series of 3*P{*H} NMR spectra (Figure 5.16) were also recorded at
298 K. These initially showed signals for free 48 at -6.39 ppm, C-H bond activation products at 20.53
ppm, -7.36 ppm, -9.86 ppm and 12.96 ppm, and singlets at 18.90 and 14.93 ppm due to the 16
electrons complexes IrCI(DMSO0),(Pa4s) and IrCI(DMSO)(Pas).. The 3P NMR signal in 75 appears at 0.46
ppm, in 76 at 3.86 ppm, in 77 at -1.59 ppm and in 78 at -5.02 ppm.
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Figure 5.16: Sample of 5 mg of IrCI(DMSO)s (I11) with 3.60 mg 1 eq. of 48 Tris(4-methoxyphenyl) used
to record three 3'P{*H} NMR spectra and the speciation of different product at different stage of the
reaction. a) Before H, addition at 298 K. b) 15 min after H, addition and c) After 30 min after H, addition
and the sample warmed in a hot water bath (~50 °C).

5.4.2 Reactions with di-cyclohexyl phenyl phosphine 46:

Mixing 17.2 mM of IrCI(DMSO)s (I11) (5 mg) and 1 eq. of 46 (2.8 mg) in toluene-ds led after H,
activation to the same four isomers observed with 45 and 48.

When di-cyclohexyl phenyl phosphine (46) was examined, very limited C-H bond activation took place
and the control NMR spectrum revealed very limited reaction prior to the addition of H,. The
corresponding *H NMR spectrum (Figure 5.17) after H, addition contained a number of hydride ligand
signals. These are attributed to Ir(DMSO),P1-H, products as no signals were seen at 298 K for
Ir(DMSO)P,-H; or IrP3-H; products. Three isomers of Ir(DMSO),P;1-H, were evident in the ratio 1: 0.34
:0.11 (79 : 81: 82). One hour later, in the NMR spectrum of Figure 5.17.b, 81 had disappeared, whilst
80 (Ir(DMSO)P,-H;) was detected alongside 79 and 82. The ratio of these three products was now 0.41
:1:0.12 (80 : 79 : 82) respectively. As with 48, the substitution of DMSO by phosphine in
IrCI(DMSQ),(Pa4s) is slow. 82 is also a kinetic product and 80 and 82 are thermodynamically more stable.
As the hydride resonance of 80 is only visible when the NMR probe is cooled to 273 K, rapid ligand
dissociation is suggested at 298 K.
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Figure 5.17: Sample of 17.2 mM of IrCI(DMSO)s (111) and (1 eq.) of 46 in 0.6 mL of toluene-ds was used
to record five 'H NMR spectra at 298K with 32 scans. a) before H;, addition at 298 K, c) 5min after H,
addition at 298 K, c) 1hr after H, addition at 298 K d ) 1.5hrs after H, addition at 273 K and e) 48hrs
after H, addition. These five spectra testifies the presence of many identified species at these different
stages.

After hydrogenation at 298 K, the two signals in the 3'P{*H} NMR spectra at 24.19 and 27.40 ppm for
the two isomers of 16 electron IrCI(DMSO),(P.) were rapidly consumed. These were replaced with
those for IrCl(H)2(DMSO),(P4s), 79 and 81 at 9.95 and 3.49 ppm respectively alongside those for 80
(IrCI(H)2(DMSO)(P46)2) at 10.73 ppm. The C-H bond activation product, yielding a signal at 40.72 ppm,
disappeared very slowly over 48 hrs.

5.4.3 Reactions with Tris-benzyl phosphine 49:

In the case of Tris-benzyl phosphine (49), the products formed are similar to those seen with 45,
although an additional isomer of Ir(H),CI(DMSO)(P4s),, also forms and Ir(H),(DMSOQ)sCl is detected. This
tells us that 49 is less reactive than the other phosphines as substitution at Ir(DMSO)sCI by 49 is slow
and incomplete in the timescale of the measurements.

The 3'P{*H} NMR spectra in Figure 5.18 recorded during this investigation provided evidence to
support these deductions. Signals could be seen at 1.17 and 8.63 ppm for IrCI(DMSQO)(P4s), and
IrCI(DMS0),(P49) Which react rapidly with H, to give 84 with a 3!P signal at 7.92 ppm, and 83 with a
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signal at 3.81 ppm. The signals of the C-H bond activation product 68 at 30.49 ppm and the free 49 at
-15.66 ppm remained.
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Figure 5.18: Sample of 2 mg of IrCI(DMSO)s (I11) with 0.60 mg (1 eq.) of Tris-benzyl phosphine (49)
used to record three *'P{*H} NMR spectra and the speciation of different product at different stage of
the reaction. a) Before H; addition at 298 K. b) 15 min after H, addition at 298 K and c) After 14hrs

after H, addition at 313 K

In the initial NMR spectrum before H; addition, one C-H bond activation product 68 is readily visible
(Figure 5.18.a). This time, the first NMR spectra were recoded 18 minutes after H, addition. The
resulting 'H NMR spectrum (not shown here) contained several hydride ligand signals for
Ir(H)2(DMSO)sCl : C-H bond activation products 68 : Ir(DMSQO),P1-H; : Ir(DMSQO)P,-H; in the ratio 0.76
:2.40:0.30:1.31. The Ir(DMS0),P;-H; complex is evident as two isomers 83 and 85, where the former
dominates with hydride ligand signals at 16.08 and 20.49 ppm; and 11.62 and 19.82 ppm. There are
also two isomers of Ir(DMSQO)P,-H,, 84 and 87 which yield hydride ligand signals respectively at -15.40
and -21.54 ppm; and 10.68 ppm.

Hydride ligand signal for the C-H bond activation product was of the same intensity at that of the sum
of the other products and had not changed from the starting spectrum before H, addition.
Additionally a signal for free phosphine was still visible.

In view of this apparent slow reactivity, the sample was warmed first to 308 K for 30 minutes and then
to 313 K for 2.5 hrs. At this point, all of the C-H bond activation product signals vanished and 83
dominates the iridium products. There are several signals for Ir(H)2(DMSO)sCl type species, alongside
with 85, 83, 87 and 84; the latter minor product proving to be highly PHIP active (see section 6). The
ratio of these species was 0.22 : 1 : 0.1 : 0.1 respectively.

In conclusion, it was shown that the phosphines 45 - 49 present similar reactivity and the identical
four products are formed when reacted with 111 in toluene. However, the phosphine 49 yielded a fifth
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product, namely 87, which is not observed with the other phosphine ligands. The next section
describes the reactions of Ir(DMSO)sCl with the phosphines 47, 50 and 51 which were found to exhibit
different reactivity to those of 45 — 49.

5.5 Reactivity of tri(o-tolyl)phosphine 47 with IrCI(DMSO)3 and H; in
toluene

In the case of the reaction of ortho-tolyl phosphine 47 with 11l and then H,, the mono-phosphine
complex 88 is formed in addition to the single mono substituted C-H bond activation product 67 that
yields a hydride signal at -19.49 ppm. The two hydride ligands of the new species IrCl(H)(DMSO)z(P47)
88 resonate at -16.24 and -20.59 ppm. Interestingly, after 30 min of reaction, the C-H bond activation
product 67, 88, and IrCI(H),(DMSOQ); are present in the ratio 2.1 : 1 : 1.1. As these spectra contain
signals for the dihydride addition product of 111, it can be concluded that 47 fails to rapidly substitute
DMSO in I11; a 3P signal for free 47 is still visible.

This sample was then cooled to 263 K for the purpose of 88 characterisation over the next 24 hrs.
Figure 5.19.c was recorded at the end of this period. It shows that signals for C-H bond activation
product 67 are still present, alongside those for 88 and IrCI(H),(DMSO)s, in the ratio 0.49 : 0.9 : 1.1.
However, the overall amount of the dihydride products was decreasing. The sample was then warmed
in a 50 °C water bath for 10 min before being held at 313 K in the NMR probe for 12 min. The hydride
signal in the *H NMR spectrum for the C-H bond activation product 67 has essentially vanished, with
the ratio of 88 : IrCI(H)2(DMSO); becoming 0.37 : 1. Furthermore, slow decomposition of this sample
continues to occur over time. The result of this is that 88 could not be characterised from these data.

In order to characterise 88, the excess of DMSO needed to be removed. A toluene solution of 30 mg
of 111 was reacted in-situ with 1 eq. of 47 for two hours allowing the formation of phosphine mono-
substitution. Then the solution was dried under vacuum and the excess of DMSO washed off with
hexane. The resulting crude IrCI(DMSOQ),(P47) was exposed to H, and 88 cleanly forms. Now, after two
days at 263 K, no degradation of 88 was observed.

According to Tolman steric and electronic parameters2*, 47 is the bulkiest (6 = 194°) of the phosphine
series, hence it is not surprising that it undergoes only mono-substitution. 47 has three methyl
electron donating groups yielding a slight electronegativity with respect to the other phosphines
(Voo = 2066 cm™). It has been observed that the phosphines that have similar reactivity with 45
(Veo = 2068.9 cm'?) are the electron withdrawing phosphines 48 (v, = 2068 cm™).
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Figure 5.19: Sample of 17.2 mM of IrCI(DMSO);s (I11) and (1 eq.) of 47 in 0.6 mL of toluene-ds was used
to record four *H NMR spectra with 32 scans. a) before H, addition at 298 K, b) 30mins after H, addition

at 263 K, c) 24hrs after H, addition at 263 K d ) 120hrs after H, addition at 253 K. These four spectra
testifies the degradation of 88 over time.

5.6 Reactivity of Triphenyl phosphite 50 with IrCI(DMSO)s and H; in
toluene

When equimolar amounts of Il and triphenyl phosphite 50 react under H;, unwanted isomers of
IrClI(H)2(DMSO); dominate. It was therefore, chosen to study this reaction with an excess of 50.

First, the reaction of (2.5 mg) 8.6 mM of IrCI(DMSO)s (I11) and (3 eq.) 2.9 mg of Triphenyl phosphite
(50) in 0.6 mL of toluene-dsalone was followed at 298 K. This led to the formation of the tris-phosphine
substituted C-H bond activation product 69 with hydride resonance at -9.31 ppm; Figure 5.20.a. 5 min
after H, addition to this sample, the *H NMR spectrum showed no significant changes, suggesting low
reactivity. The NMR probe was then warmed to 333 K and the sample left inside for 3 hrs. The
formation of 89 and 90 in addition to 69 was now observed in the ratio 3.4 : 2 : 4.4. The two new
products are the Ir(DMSO)P,-H; and IrP3-H; products in Figure 5.20. Selected resonance for these three
products are given in Table 5.4. 24 hrs later, the evolution of the equilibriumis 2.5:3.1: 3, showing a
decrease of the C-H activation product and more formation of Ir(DMSO),P1-H; : Ir(DMSO)P2-H, :
IrP3-H; species.

A different reactivity is observed when there is an excess of phosphine 50. Warming the NMR probe
up to 333 K did not accelerate 69 conversion, which was present throughout the measurements.

In the 3'P{*H}.0 NMR, after H, addition, new resonances in addition to the three previously assigned
31p resonances of the tris-phosphine C-H activation product, are observed at 84.12 and 87.24 ppm for
89 and 90 respectively that are secured by the HSQC experiment. The J-couplings for these two
products data are given in Table 5.4.
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Table 5.4: Selected *H and 3P NMR resonances for 69, 89 and 90.

69 89 90
'H (1) (ppm) 9.31 -10.55 -9.25
'H (2) (ppm) -9.31 -19.67 -9.25
31p (1) (ppm) 96.74 98.4 87.24
31p (2) (ppm) 84.48 84.12
31p (3) (ppm) 72.25
2)(31p-1) (Hz) 275.7 224.5
261.1
2) (3'P-2) (Hz2) 19.1 15.9 21.5
2) (1-2) 4.8
J (3*P-3'P) (Hz) J(P1-P;) = 21.0 J(P1-P2) =19.5 | J(P1-P;) =22.0
J(P1-P3) =31.0 J(P1-P3) =29.0
J(P3-P,) = 18.0 J(P3-P2) =27.0
Pso DMSO DMSO
osMmD, | W\Pso Hy, | WG Hy | WPeo
. . I.Ir.\ ’, W
/|\P H/|\P5 H/ Pso
——C H 50 Pso Pso
\  — O 89 90
69

-90 -92  -94  -96 [ppm]
before H, addition thermal 32scans 298K

89

thermal 32scans after warming at 333K

J Jk A thermal 32scans 298K |

-10 -12 -14 -16 -18 [ppm]

Figure 5.20: Sample of (2.5 mg) 8.6 mM of IrCI(DMSO); (I11) and (3 eq.) 2.9 mg of 50 in 0.6 mL of
toluene-dswas used to record three *H NMR spectra with 32 scans. a) before H, addition at 298 K, b)
after putting the sample in a hot water bath for 10min and warming the probe to 333 K does not
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convert the C-H activation product c) 5hrs after H, addition at 298K. These three spectra testifies the
presence of many identified species at these different stages.

5.7 Reactivity of methyl diphenyl phosphine 51 with IrCI(DMSO); and
Hz in toluene

When 2.5 mg (8.6 mM) of IrCI(DMSO)s (I11) is mixed with 1.4 uL (2 eq.) of methyl diphenyl phosphine
(51) in toluene, a reaction takes place. The 3'P{*H} NMR spectrum initially contains a singlet at -27.2
ppm for the free phosphine. However, a doublet at 9.8 ppm with 23.9 Hz separation and triplet at -
1.36 ppm with 23.8 Hz separation then appear for 16 electron IrCl(Ps1)s. Surprisingly, no C-H bond
activation products form. Under H,, further 'H NMR interrogation reveals a single hydride resonance
at -10.33 ppm (Figure 5.21). This signal exhibits a second order appearance indicative of a tris-
phosphine complex. Ir(H)2CI(Ps1); 91 has two equatorial phosphines yielding a resonance at -10.65
ppm (a doublet of 14.8 Hz) and a single axial phosphine signal at -18.9 ppm (a triplet of5.1 Hz). The
ready formation of this product with 51, is consistent with the small cone angle (136) of the phosphine.

Table 5.5: Selected *H and 3!P NMR resonances for 91.

91
H (1) =(2) (ppm) -10.33
Second order multiplet
31p (1) = (2) (ppm) -10.65
31p (3) (ppm) -18.9
2)(31p_31p) (Hz) 5.1
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Figure 5.21: Sample of 2.5 mg (8.6 mM) of IrCI(DMSO)s (l11) is reacted with 1.4 pL (2 eq.) of 51 in
toluene-ds. a) chemical structure of complex 91. b) 'H NMR spectrum shows in the hydride region
single product 91

Now, the next step is to study the reactivity of the non-aromatic tris-cyclohexyl phosphine with I11.

5.8 Reaction of IrCI(DMSO);3, tris-cyclohexyl phosphine 44 and H; in
toluene

3 mg (11.9 mM) of IrCI(DMSO)s (I11) and (2 eq.) 2.5 mg of tris-cyclohexyl phosphine 44 were dissolved
in 0.6 mL of toluene-dsand a series of NMR spectra recorded. The corresponding 3!P{*H} NMR signals
provided evidence for the formation of 16 electron IrCI(DMSO)(P44) and IrCI(DMSO)(P44)2 through the
detection of signals at 21.27 and 17.49 ppm respectively (Figure 5.22.a). Additional signals were seen
at 45.02 and 9.78 ppm for the phosphine oxide and free phosphine 44. After activation with
dihydrogen (H;) the 'H NMR spectrum proved to exhibit two hydride ligand resonances at -16.90 and
-21.06 ppm for the complex subsequently identified as 92 (Figure 5.23.a). This forms by the addition
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of H; to IrCI(DMSO0),(Pas). These two hydride ligands couple to a 3!P resonance that was located at
21.72 ppm (Figure 5.22) through cis-cis 2J(3*P-'H) couplings of 19.74 Hz and 17.56 Hz respectively.

94
) R N 3days after 298 K
2 /g
9 | natterdadd 263K [/ e

) P 10min after B add, 298 K\ @ e s
x = IrCI(DMSO),(P..)
Z y =IrCI(DMSO)(P.), y free 44
a) Z= pho§ph|ne oxide | tore H, addition 298 K ) l/ A/m
40 30 20 10[ppm]

Figure 5.22: Series of 3'P{*H} NMR spectra showing the hydride region of a sample containing 3 mg
(11.9 mM) of IrCI(DMSO)s (I11) and 2 eq. (2.5 mg) of 44 in 0.6 mL of toluene-dsunder H,. a) Thermal
31p{'H} NMR spectrum recorded at 298 K before H, addition, showing the phosphine oxide, free 44
and the 16 electron complexes IrClI(DMS0)z(P44) and IrCI(DMSQ)(Pa4),. b) Analogous NMR spectrum to
(a) just 10 min after H;, addition. c) Analogous NMR spectrum, 1lhr after hydrogenation at 263 K
showing 92, 93 and the presence of the starting material. d) Analogous NMR spectrum at 253 K after
three days at 298 K all three 3'P signals of 92, 93 and 94.

In addition, two very broad *H NMR signals are also observed at around -16.09 and -22.66 ppm for a
second complex, 93. Surprisingly, the free H; signal at 4.55 ppm is now very broad, suggesting very
rapid exchange between these species. In order to sharpen these peaks, the NMR probe was cooled
first to 273 K and then 253 K (Figure 5.23. b and c). At 253 K the hydride ligands now appear as triplets
of doublets with cis 2J(3'P-H) couplings of 20.6 Hz and 14.1 Hz respectively, and a mutual cis ~ 2J(*H-
'H) coupling of 6.1 Hz. 93 is therefore the H, addition product of 16 electron IrCI(DMSO)(P1a),; its 3!P
resonance appears at 16.73 ppm.

After 3 hrs at 253 K, the ratio of 92 : 93 was 0.087 : 1. The sample was then warmed to 298 K for 28
hrs prior to cooling to 253 K (Figure 5.23.d) and recording a new NMR spectrum. 92 had vanished from
the NMR spectrum and a third species 94 was evident with 93 in the ratio 1 : 6. The new species 94 is
tentatively assigned to the mutually trans-dihydride product Ir(H),ClI(DMSQ)(Paa)2. It yields a hydride
resonance at -10.52 ppm with a 3!P coupling of 12.0 Hz. Related trihydride complexes with a
meridional ligand arrangement yield analogous hydride ligand signals in this region?>°.

An EXSY experiment was recorded by exciting the hydride signal for 94. Spatial proximity to four
proton resonances of the cyclohexyl ring at 2.19, 1.82, 1.70 and 1.58 ppm was observed. HMQC NMR
located the 3P signal for this complex at 31.5 ppm. It is therefore notable that this complex only forms
in the presence of DMSO.
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In order to only favour the formation of 92, 2.5 mg of (l11) was mixed with 0.8 eq. of 44 in 0.6 mL
toluene solution. The reaction proved after H; addition to yield selectively 92. It is very important for
hyperpolarisation reaction to prevent formation even a small fraction of 94 due to the very rapid p-H,
consumption by this complex. (see chapter 6, section 6.5)

In agreement with the large cone angle of 44 (170°) no tris-phosphine complexes were detected.

Pa4 Pa4 Pa4
H////// | \\\\\\DMSO H/////, | \\\\\\CI Cl//////, | \\\\\\H
‘I ‘Ire ‘s
R | v w7 | Nouso H? | Nouso
DMSO P44 I:)44
92 93 94

Scheme 5.5: chemical structure of 92, 93 and 94

Table 5.6: Selected *H and 3'P NMR resonances for 92, 93 and 94 complexes

92 93 94

H (1) (ppm) -16.90 -16.09 -10.52
H (2) (ppm) -21.01 -22.66 NA

31p (ppm) 21.70 16.72 31.53
2) (31p-1) (Hz2) 19.6 20.6 24.1
2) (31p-2) (Hz2) 17.6 14.1 NA
2)(1-2) 5.9 6.1 NA

a) thermal 64scans 298K

b) thermal 64scans 273K Jb;/gzn\nl J\

©) thermal 64scans 253K H
: 24Hz
94
d) -1048 -10.52 -10.56 2days after thermal 64scans 253K g
-10 212 -14 - 16 -18 - 20 .22 [ppm]

Figure 5.23: Series of 'H NMR spectra showing the hydride region of a sample containing 3 mg (11.9
mM) of IrCI(DMSO)s (111) and 2 eq. (2.5 mg) of 44 in 0.6 mL of toluene-dsunder H,. a) Thermal *H NMR
spectrum recorded at 298 K showing only 92 and broad features for 93. b) Analogous NMR spectrum

144



to (a) but at 273 K. c) Analogous NMR spectrum at 253 K. d) Analogous 253 K NMR spectrum after two
days at 298 K before cooling reveals the consumption of 92 and formation of 94 alongside 93.

5.8.1 Securing the identity of 94

In an effort to improve the characterisation of 94 a sample of IrCI(COD)PCys (IV) was prepared. 2.5mg
of IV was then exposed to 1.5 eq. of 44 in toluene-ds. The result 3!P{*H} NMR spectrum yielded a
strong signal for 1V at 14.75 ppm alongside a signal for free 44 at 9.8 ppm. No reaction products were
evident. The addition of H; to this solution at 298 K caused an immediate reaction, which was viewed
at 253 K by NMR spectroscopy (Figure 5.24.a). The hydride region shows the presence of many species
that contain both H; and phosphine. No signals for 94 were detected. This complex reactivity is not
unexpected and this reaction has been examined previously by Vrieze et al.*% 22, They reported the
partial dehydrogenation of PCys to create the PCy,(n2-CeHo) ligand.

1 pL of DMSO was then added to this sample and an NMR spectrum was recorded immediately at
253K (Figure 4.24.b). Signals indicative of the formation of 92, 93 and 94 were immediately evident.
These species were present in the ratio 0.07 : 1: 0.35 respectively. It is therefore notable that all these
three complexes contain DMSO.

When this reaction was examined in dichloromethane similar behaviour was found.

thermal 32scans 253K after DMSO addition
decreased 0.074 time

93
94 e
92

—

thermal 32scans 253K before DMSO addition

T T T T T T T T T T T T T T T T T T T T T T T T T
-10 -15 -20 -25 -30 [pPpm]
Figure 5.24: NMR spectra confirming DMSO is a requirement for the detection of 94. 2.5mg of
IrCI(COD)PCys (1V) and 1.5 eq. of PCys (44) were combined in toluene-ds presence of H,. a) The H

NMR at 253 K prior to DMSO addition confirms many hydride complexes form. b) Addition of 1 pL of
DMSO leads to their conversion to an equilibrium mixture 92, 93 and 94.

145



5.9 Conclusions

The reaction of eight aromatic and non-aromatic phosphines with IrCI(DMSQ)s (I11) and H; has been
studied in this chapter. The selected phosphines differ in size and electronegativity. Two major
observations were made. Firstly, these ligands have the ability to displace DMSO from Il and that
leads to an array of 16 electron mono and bis phosphine substitution products. Secondly, C-H bond
activation of the bound phosphine is common, which means these 16-electron complexes are in
equilibrium with their orthometallation products. The reversibility of the C-H bond activation step was
demonstrated through the reaction of these species with H,, which proceeds in all cases. It was found
that warming the sample accelerated this process.

Reaction of the equilibrium concentrations of the 16 electron phosphine-containing complexes led
rapidly to the formation of these dihydride products. Depending on the phosphine employed,
substitution of DMSO by the phosphine could be slow or fast. When slow, H, proved to add to Il and
form two isomers of IrCI(H),(DMSO)s. These later products are also seen when there is a large excess
of 11l compared to phosphine.

Phosphines 45, 46, 48 and 49 exhibit similar reactivity to H,. Their Tolman parameters suggest they all
have similar electron donating character (ve, = 2068 cm™) and slight different cone angles.

58, 62, 59 and 60 are analogues of 79, 80, 81 and 82, analogues to 83, 84, 85 and 86 and analogues to
75, 76, 77 and 78. Just after H, addition, all first three listed complexes are present alongside with
C-H activations products in the hydride region of the 'H NMR spectrum. The second spectrum
recorded in the following minutes reveals slow conversion of complex 81 to the isomer 82, 85 to the
isomer 86, 77 to the isomer 78 and 59 to the isomer 60, which are the most stable. 79, 80 and 82; 83,
84 and 86; 75, 77 and 78 and finally 58, 62 and 60 are the thermodynamics product that are stable for
days.

Px Px DMSO DMSO
: //// /s \\\\\\ DMSO H /// /1, \\\\\C ! H // /1, | \\\\\ PX H //// ‘1, \\\\\\\ P X

'Ir‘ ,lr\ z,Ir\\ r
H/| Ve H/|\DMSO H/|\DMSO H/|\C|

DMSO Py Cl DMSO

X =46, 48 and 49

Scheme 5.3: Dihydrides products formed when 111 reacts with H, and a phosphine ligand Px where X
=48, 46 or 49

The non-aromatic phosphine 44 does not form a C-H bond activation product following reaction with
I11. Upon reaction with H; though the outcome depends on the excess of 44. If the reaction between
44 and Il is equimolar, mono-phosphine 92 dominates whereas with an excess of 44 the formation
of highly reactive 93 occurs. This species undergoes very rapid H; loss, which is slowed at low
temperature. Slow equilibration to form the trans-hydride product 94 is suggested at longer reaction
times.
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47 is the bulkiest (6 = 194°) phosphine of the series. It is therefore expected that due to steric
constraints 47 undergoes mono-substitution of DMSQO, yielding 88. 47 has three methyl electron
donating groups yielding a slightly different electronegativity with others phosphine (veo = 2066 cm™).

In contrast, 51 displaces all three DMSO yielding the single product 87, due to its small size. In the
series of phosphines presented, 51 has one of the smallest cone angle (136°). It is therefore expected
to bind more ligands on the metal. In term of electron donating properties (veo = 2067.0 cm™) it is very
similar to phosphine 47.

50 shows an unusual behaviour. Its reaction with 111 is very slow when equimolar of the two reactants
are used. However, when an excess of 50 is used, the tris-phosphine C-H bond activation product 69
alongside with the bis-phosphine 89 and 90 are formed. 50 has the smallest cone angle (130°) and the
largest electronegativity (veo is 2085.3 cm™) in range of phosphine studied so far. According to the
cone angle it is expected to trigger more DMSO substitution and the large electronegativity more
charge transfer to the metal, thus stabilising the Ir(lll) in the high oxidation state.

Clearly, therefore, these eight phosphines react differently with 111 and H.. These differences and
similarities are linked to the electronic properties of the phosphine. Now that the products presentin
these systems have been identified, their reactivity towards p-H; can be authoritatively explored,
which will be the focus of the next chapter.
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Chapter 6: Hyperpolarised reactions of Iridium phosphine complexes

6.1 Introduction

In this chapter, p-H, enhanced NMR is used to monitor the complexes formed during the reactions of
the eight phosphines (P4) in chapter 5, Figure 5.1 with IrCI(DMSO)s (111). This sixth chapter is therefore
a continuation of the fifth chapter where these reactions were described through studies with normal
H, gas and the corresponding thermodynamic and kinetic products identified. The motivation of
studying these hyperpolarisation reactions at high field was driven by the possibility of subsequently
detecting these hyperpolarised species using ultra low field NMR devices. Consequently, the product
signals are optimised for reaction temperature, solvent and ligand excess. Furthermore, the
mechanism of dihydrogen dissociation is determined as it should correlate with signal enhancement.
The hyperpolarisation level and lifetime of these products are important factors that are rationalised
and used to define the experiments that will subsequently be carried out in the Earth’s magnetic field.

For low field 'H study there is a need for a large heteronuclear coupling to break the magnetic
equivalence of the hydrides. The nature of the hydride-phosphorus couplings are therefore important.
For example, a cis hydride-phosphorus coupling is around 20 Hz, whilst a trans hydride-phosphorus
coupling is approximately 150 Hz, both of which could provide access to PHIP enhanced Earth’s field
NMR spectra. Combining high hyperpolarisation levels with large heteronuclear couplings will
therefore allow ultra-low field NMR detection. Indeed, in the low field regime, where strong coupling
prevails the heteronuclei couplings are the only available information due to the vanishingly small
chemical shifts differences. It is therefore necessary to study and optimise the hyperpolarisation
conditions at high field before attempting observation in the Earth’s field.

In addition, the aim is to reveal with p-H, any additional species that were invisible thermally due to
their low concentration. This is well illustrated in the literature where similar techniques have been
used to detect reaction intermediate. For example, in 1999 by Joost Lohman et al.?*3 showed that a
series of complexes of the form RhX(CO)(PRs)2 [X = Cl, Br or |; R = Me or Ph] react with H, to form a
series of binuclear complexes of the type (PRs);H;Rh(u-X)2Rh(CO)(PRs). They described how PHIP
allows the mapping of this previously unseen reaction and therefore enables the complexity of a
hydrogen reaction system to be fully appreciated. Similarly, Richard Eisenberg and co-workers?** have
used p-H, to detect low concentration products of reaction of [RhCI(PPhs),]; with p-H,, which showed
that the binuclear di-hydride [Rh(H)2(PPhs)2(u-Cl).Rh(PPhs);] and the tetrahydride complex
[Rh(H)2(PPhs)2(u-Cl)]2 are readily formed. Magnetisation transfer methods were used to demonstrate
the importance of these complexes during alkene hydrogenation. Martin Partridge et al.?>> have also
used p-H, hyperpolarisation to detect a minor cis-cis-cis isomer of Ru(CO),(H),Lz (L = PMes, PMe3Ph,
and AsMe;Ph). Such methods offer therefore an exciting opportunity for low-field NMR to see
normally invisible species.
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6.2. Hyperpolarisation of tris-phenyl phosphine 45 using IrCl(DMSO)3
in toluene

In this first examination with 45 a single equivalent of phosphine is used relative to iridium. This
involved the study of the reaction of (2.5 mg) 8.6 mM of IrCI(DMSO)s (I11) and (1 eq.) 1 mg of tris-
phenyl phosphine (45) in 0.6 mL of toluene-ds, which was monitored following addition of 3 bar of
p-Ha. Recalling chapter 4, section 4.1, a PHIP (PASADENA) type experiment is recorded by shaking the
NMR tube at the Earth’s magnetic field for 3 sec and subsequently transferring it in the magnet where
a /4 pulse is applied. Five sequential PHIP 'H NMR experiment were pre-set on the spectrometer.
The sample was shaken, then introduced into the spectrometer and measurement commenced. The
resulting, first, hyperpolarised 'H NMR spectrum revealed huge hyperpolarised responses (SNR =
5775) for the mono-phosphine 59 and the bis-phosphine 62 at -10.94 and -20.25 ppm and -14.30 and
-20.12 ppm. A weaker response for the hydride ligands of the mono-phosphine 58 was seen at -15.50
and -19.64 ppm (Figure 6.1.a). These three species therefore form on a suitable time scale that allows
for observable polarisation but the p-H, is destroyed quickly and the signal gain remains visible for just
10 sec. In Chapter 5, 59 and 58 were proposed to form from 55, whilst 53, 56 and 57 were in
equilibrium and proposed to form 62.

Upon refilling the sample with fresh p-H, and repeating the experiment, only signals for 58 and 62
were detected through their hyperpolarised response (Figure 6.1.b). The signals for 62 are slightly
larger in signal intensity in this measurement when compared to those of 58. However, upon repeating
this process they repolarised with the same relative intensity. This suggests that 59 rearranges to 58
thermally, and that both 58 and 62 add H; reversibly. Therefore, it will not be possible to observe the
short lifetime product 59 at the Earth’s magnetic field where many signals averaging are needed.

In the organic region of these "H NMR spectra, negative hyperpolarised signals are seen for free DMSO
at 1.74 ppm and the bound DMSO at 2.37, 2.95 and 2.98 ppm. The polarisation transfer to DMSO is
explained by the SABRE mechanism. Therefore, this free DMSO signal would be maximal if i/2 pulse
was used.

In conclusion, the reaction of 111 and 45 leads to the formation of the mono-phosphine 58 and the bis-
phosphine 62. They are both detectable through strongly polarised hydride ligand signals that can be
observed by flushing fresh p-H; into the sample and recording its PHIP NMR signal. This process can
be repeated multiple times over a period of days. It is interesting to note that 59 is only observed in
the first of these PHIP measurements due to its rapid conversion into the other materials. In addition,
though to the polarised hydride ligand signals, a number of resonances in the organic reaction of these
NMR spectra exhibit SABRE. These are due to the polarisation transfer from the hydride ligands to the
DMSO ligand and indicate a continuous exchange of ligands.
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Figure 6.1: Sample of 8.6 mM of IrCI(DMSO); (111) and (1 eq.) of 45 in 0.6 mL of toluene-ds was used
to record two *H PHIP NMR spectra at 298 K with 1 scan. a) First PHIP reaction with 3 bar of p-H,
showing hyperpolarised antiphase signal for 59, 58 and 62. b) 2" PHIP reaction after the sample was

refilled with fresh p-H, that show now hyperpolarised signals for only 58 and 62, and free and bound
DMSO. A zoom of the hydride region highlights the *H-'H and *H-3'P coupling for 58 and 62.

6.2.1 Magnetisation transfer from hydrides to 3P

A test to look for SABRE hyperpolarisation transfer to 3P was also performed. The NMR tube was filled
with 3 bar of p-H,, and shaken for 5 s in the Earth’s magnetic field (~50 uT). A 3'P{*H} NMR SABRE
acquisition was then completed and 3'P signals for both 58 and 62 were seen at 5.01 ppm and
9.18 ppm, respectively (Figure 6.2.a). The 3'P{*H} sighal enhancement for the resonance in 58 is weaker
than that for 62, which is in agreement with the level of *H hyperpolarisation.

Two types of data set were collected with *H-decoupled measurements to probe this behaviour. The
decoupler centre was first located at the middle of the hydride resonances ~ -15 ppm and then -4
ppm, which places it midway between the hydride and aryl phosphine signals. These two experiments
resulted in similar type of spectra and the first method in Figure 6.3 was arbitrary chosen to be
presented.

It is notable that when the sample is shaken in the p-metal shield a stronger SABRE enhancement is
observed for both 3!P signals (Figure 6.2.b). This suggests that direct rather than relayed transfer of
polarisation from the hydride ligands to 3!P is optimal'!®. The antiphase shape of the hyperpolarised
31p signal suggests that heteronuclear 2I,S, type magnetisation is created in the experiments carried
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out at the Earth’s magnetic field'°. However, the in-phase shape of the 62 signal recorded with the
mu-shield is consistent with an in-phase type magnetisation term, e.g. I,,'%.

It is worth noting however that in 2015, Igor V. Koptyug et al.??° demonstrated that magnetisation can
also be transferred to the phosphine ligand. In this study, it was shown in similar complex
IrCI(H).(PPhs); that efficient hyperpolarisation transfer occurs from p-H; to both 3'P and 'H nuclei at
60°C and 80°C at a micro-Tesla field of 1 uT and 0.1 uT. They also showed that a hydride dissociation
rate between 3.5 and 5.3 s provided best polarisation transfer to 3!P nuclei. They showed that the
lifetime of both H, and PPhs in the bound state is on the order of hundreds of millisecond. In the next
sections, the hydride dissociation rate will be measured and H; addition mechanism investigated in
order to establish a better understanding of these complexes.

35Hz
a)
*P{*H} SABRE with mu-shield
b) 62 58
“P{'H} SABRE at Earth’s field
2 10 8 6 4 2 [ppm]

Figure 6.2: 3'P{*"H} SABRE NMR experiments on a sample of 8.6 mM of IrCI(DMSO)s (I11) and 1 eq. of
45 in 0.6 mL of toluene-ds at 298 K. a) After shaking in a mu-shield for 5 s and b) at shaking in the
Earth’s field for 5 s.

6.2.2 Kinetics and p-H, addition mechanism

The rate of H; loss was assessed for the two complexes 62 and 58 by EXSY?*¢ 257: 258 The hydride
dissociation rates for 62 and 58 proved to be 3.72 + 0.01 s*and 0.10 + 0.01 s respectively. In the
corresponding thermal NMR spectrum, the ratio of 62 to 58 proved to be 1 : 0.75. The relative rates
of H, loss therefore link to the flux of H, through the system and potential signal gain according to the
product of their concentrations and exchange rate. In this case, this suggests that the hydride ligand
signals should appear in the hyperpolarised spectrum in an 1 : 0.16 ratio neglecting relaxation, which
is consistent to the ratio measured.

The level of 3'P polarisation should be linked to the hydride polarisation level, the H-H coupling and
the reciprocal of the propagating coupling. A dissociation rate of between 3.5 and 5 s has been
suggested by Igor V. Koptyug et al. to be optimal?*> %7, Thus, a dissociation rate of 0.10 + 0.01 s is
likely to be too slow for optimal transfer. Based on these results, the prediction that 62 can likely be
detected using the EF NMR device can be made whereas 58 is unlikely to be observed.

The procedure for unveiling the mechanism of H, exchange in such complexes is to sequentially
increase the concentration of one of the ligands (ClI;, DMSO or H;) and then measure the rate of H,
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loss. If the rate decreases with the increase of the varied ligand concentration, then H, exchange is
preceded by dissociation of this ligand. This method was tested for DMSO. Four dissociation rates
were measured where 5, 10, 15 and 50 equivalents of DMSO were present. The corresponding H,
dissociation rates were 1.06 + 0.06 s, 0.710 + 0.002 s}, 0.570 + 0.004 st and 0.25 + 0.16 s* for each
of these additions, which clearly show a decrease in kaiss(H2) across the series (Table 6.1). Hence, the
mechanism for H, loss is dissociative and preceded by DMSO dissociation. Figure 6.3 shows the
proposed mechanism. All of the species formed in this mechanism are neutral, which is consistent

with the use of toluene as solvent.

Table 6.1: sample of (2.5 mg) 8.6 mM of IrCI(DMSO)s (111) and (1 eq.) 1 mg of 45 in 0.6 mL of toluene-
dg dissociation rate of H, in function of the amount of DMSO added to the sample. The EXSY

measurements were performed on complex 62.

DMSO concentration 0 5 10 15 50
Added equivalence

68 (Hz) (s™) (at 298 K) 3.72+0.01 | 1.06 £0.06 | 0.710+0.002 | 0.570 £0.004 | 0.25+0.16

Pas Pys P4s
H///, \\\\C| Rate = k; [62] Ha W, \\\\\\Cl H////, \\\\\\CI
AN K e 2
AN e [ —= Y
Pas -1 Pys Pss 1
l62] Rate= k- | | ] [DMsO] (1] Rate =K | |[H|
Pys P4s
Ha /////,, “\\\\\CI - Ha ////,,'| O

Ir Ir
nd | ) nd | S
Pas Pas

|(inter>>> k'1[ I ] [DMSO]

H

Figure 6.3: The dihydride dissociation mechanism in IrCl(H),(PPhs),(DMSO) complex is sketched where
the DMSO dissociation leading the intermediary | with a vacant site allows subsequent H; association.

In conclusion, the three complexes 59, 58, and 62 provide high hyperpolarised hydride signals that
may be visible at low field. As already stated, 58 and 62 are thermodynamic products whereas 59 is

kinetic product that disappears very rapidly. It is therefore expected to detect with the Earth’s NM

devices the only stable products with optimal hydride dissociation rate. The main characteristic of

these three complexes is they all have a DMSO ligand trans to hydride.

6.2.3 Hyperpolarisation with an excess of 45

R

In this second experiment, 3 equivalents of 45 were used relative to iridium. This is due to the fact

that in chapter 5, section 5.3.3, when IrCI(DMSO)s (111) and (3 eq.) of 45 was dissolved in 0.6 mL of
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toluene-ds and reacted with H,, the thermal *H NMR spectrum showed two set of hydride resonances
at -10.65 and -20.47 ppm for IrCI(H)2(P4s); 66. When such a reaction is now performed with p-H,, the
'H NMR PHIP spectrum shows additional weak antiphase hydride signals for 62 (Figure 6.4). This
species was not detected under these conditions in the absence of hyperpolarisation (section 5.3.3)
due to its very low concentration. p-H, has therefore allowed the detection of a low concentration
species. 66 has previously been proven to react with p-H, and magnetisation was transferred to 3P
nuclei®?,

66
— i
5 0o -5  -10  -15  -20 [ppm]

Figure 6.4: Single scan *H NMR spectrum of a sample of IrCI(DMSO)s (I11) with 3 eq. of 45 in toluene-
ds under p-H, showing hyperpolarised hydride ligand signals for 62 and 66.

A hyperpolarised 3'P{*H} - *H{3!P} HMQC experiment was used to confirm this assignment (Figure 6.5).
31p signals for 66 are seen at -3.00 and 15.93 ppm along with a signal for 62 at 9.18 ppm.

To conclude, employing an excess of 45 yields the formation of a new tris-substituted phosphine
complex 66 in addition to 62, that both weakly hyperpolarise with p-H,. However, the hydride signal
enhancements are now too weak with the apparent poor SNR of the hyperpolarised spectrum, to be
detected at the Earth’s magnetic field at 298 K.
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Figure 6.5: HMQC-PHIP 3!P{*H} — 'H NMR correlation spectrum recorded at 298 K with two scans for a
sample of IrCI(DMSO)s (111) and (3 eq.) of 45 in 0.6 mL of toluene-ds showing 66 with the two axial 3'P
resonance is located at -3.00 ppm whereas the equatorial 3P is at 15.93 ppm. The presence of the 3!P
resonance of 62 is also observed.

6.3 Modification of 45: introducing a linker between phosphorus and
the aromatics

The phosphines 49 and 50 were also examined. Phosphine 49, (P(CH.Ph)s) has an CH; spacer between
the Ph group and phosphorus centre, while phosphine 50 (P(OCH,Ph)s) has an oxygen spacer.
Consequently, these differences should influence the dynamics of ligand exchange in any metal
complexes they form. As ligand exchange rates control the size of the PHIP response a different
behaviour is expected. A system with optimal exchange at ambient temperatures as the experiment
cell EF NMR has a limited temperature window is needed.

6.3.1 Tris-benzyl Phosphine 49: methyl linker

For 49, an 8.6 mM (2.5 mg) sample of IrCI(DMSO); (I11) containing 1 eq. of phosphine was dissolved
in toluene-dsand 3 bar of p-H, added. Ten single scan *H-PHIP NMR measurements were then made,
one after the other, at 298 K. These revealed enhanced antiphase hydride signals for 84
Ir(H),CI(DMSO)(P4s), (Figure 6.6.a). Interestingly, the level of signal enhancement proved to increase
with reaction time instead of decrease. This would suggest 84 forms slowly, and then undergoes H,
exchange.
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Upon warming, to 308 K (Figure 6.6.b and c respectively) a significant increase in the hydride signal
intensity levels for 84 was observed, but these were now augmented by those of a second species, 83
Ir(H)>CI(DMS0),(P4s) (section 5.5.3). Upon warming further to 313 K, whilst both of these species
remained visible, the level of hydride signal enhancement did not increase further. Hence, no further
experiments beyond 313 K were undertaken. Furthermore, the resulting PHIP polarisation proved
observable for ~20 minutes. This indicates slow p-H, consumption and confirms the reversibility of H,
addition.

EXSY experiments were then recorded to assess this exchange from 84 which, proved to have a rate
of 5.8+ 1sat313 K, which lies in the optimal regime. Spatial proximity between the aromatic protons
of the phosphine and the CHs protons of the DMSO to the hydride was also observed. Phosphine 83 is
therefore not ideal for Earth’s field NMR detection due to the higher than ambient temperature
needed for optimal ligand exchange. However, atomic magnetometer detection (nano-Tesla regime)
might be possible because the sample chamber is warm.

c) . 1scan PHIP 313K X
— —t

83
83
b) L \MA 1scan PHIP 308K A M
i
84 84
a) Nv 1scan PHIP 298K W
-16 -18 -20 [ppm]

Figure 6.6: The hydride region of several PHIP enhanced single scan NMR spectra at different
temperatures resulting from the reaction of 8.6 mM of IrCI(DMSO)s (I11) and 1 eq. of 49 in 0.6 mL of
toluene-dg with 3 bar of p-H,. a) 298 K; signal for 84 only. b) 308 K; signals for 83 and 84 seen. c) 313
K; signals for 83 and 84 appear with reduced intensity relative to (b).

6.3.2 Triphenyl phosphite 50: oxygen linker

Triphenyl phosphite (50) was tested in a similar way as phosphine 49. At 298 K, the resulting PHIP data
revealed dominant hydride ligand signal gains for mer-IrCI(H)2(DMSO); at -16.33 and -19.31 ppm
(Figure 6.7.a). However, when the PHIP reaction was performed at 333 K, huge hydride ligand signal
enhancements were seen for two new complexes that were not visible thermally (chapter 5 section
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5.7). These are identified as 95, IrCI(H)2(DMSO)(Pso)2, which yields a doublet of triplets located at -
16.60 ppm with two cis-J(HP) splitting of 21.95 Hz and a signal at -20.10 ppm where cis-J(HP) is 21.12
Hz. In contrast, 96 IrCI(H),(DMSO)»(Pso), yields a doublet of doublets at -16.60 ppm which overlaps
with the 95 triplet, and a further signal at -19.64 ppm with a cis-J(HP) splitting of 22.84 Hz. These
species are direct analogues to 62 and 58. Weaker hydride signals are evident for 89, identified in
section 5.7. These PHIP enhanced magnetisations are observable for several hours, even at 333 K, so
the H, exchange rates must be slow otherwise the p-H, effect would vanish quickly.

Hence while 50 is not suited for Earth’s field NMR detection at room temperature, 95 and 96 could
possibly be detected in the nano Tesla regime using an atomic magnetometer at elevated
temperatures.

1scan PHIP, 333K 96
b) 89 89

_
—
2

95 95

Mer-52'
a) 1scan PHIP, 298K n . —
V i 4

- 10 -12 -14 - 16 -18 - 20 [ppm]

Figure 6.7: Enhanced PHIP 'H NMR spectra from a sample of 8.6 mM of IrCI(DMSO)s (111) and 1 eq. 50
toluene-dgunder p-H,. a) Hydride region of a spectrum at 298 K showing weak enhancement of mer-
IrCI(H)2(DMSO); and 95 hydrides. b) Hydride region of a spectrum at 333 K showing strong
enhancement of mer-IrCl(H),(DMSO)s, 95 and 96 hydrides. Additional weak signal enhancement of 89
is also observed in this spectrum.

These measurements with 49 and 50 have demonstrated that variations in the phosphine impact on
the PHIP enhancement levels, the temperature of the optimal response and speciation. In the next
section, several additional phosphines are considered.

156



6.4 Modification of 45: effect of substituents on the aromatic groups

6.4.1 Tris(4-methoxyphenyl) phosphine 48

Tris(4-methoxyphenyl) phosphine (48) was examined in a similar way using a sample consisting of ~7
mM IrCI(DMSO)s (I11) and 1 eq. of 48 in toluene-ds. A PHIP measurement was first made at 298 K
(Figure 6.8). The resulting *H NMR spectrum proved to exhibit strong antiphase hydride resonances
for 75 and 76 that are analogues of 58 and 62. In addition, their hydride dissociation rates proved to
be measurable as 0.120 + 0.002 s™* and 4.27 + 0.03 s™ respectively at 298 K.

In the thermally polarised NMR spectrum the ratio of 75 to 76 proved to be 1 : 0.38 whereas the
corresponding PHIP enhanced signal ratio was 0.09 : 1. 76 therefore leads to a proportionally greater
signal gain in agreement with the more rapid ligand exchange rate. The precise SNR of the hydride
signals in the hyperpolarised spectrum (1 scan, rg = 1) is estimated in comparison to the thermal
spectrum (128 scans, rg = 71.8). This later shows a SNR of 23 while the former have a SNR of 518,
hence confirming massive hydride PHIP response.

These levels of hydride signals gain allowed the detection of 3!P transfer under SABRE (see section
6.6).

T 5

-14.0 -14.4 -14.8 -15.2 [ppm]§

2

5 0 -5 -10 -15 - 20 [ppm]

Figure 6.8: Enhanced PHIP *H NMR spectrum of a sample of 6.94 mM of IrCI(DMSO)s (111) and 1 eq. of
N in toluene-dsreacted with p-H; for a *H PHIP experiment. High antiphase hydride enhancement is
observed for both 75 and 76.

157



6.4.2 Tris (p-tolyl) phosphine 47: effect of electron donating groups

The corresponding data for tris (p-tolyl) phosphine (47) at 298 K showed weakly polarised but
exchange broadened hydride ligand signals for 88 (Figure 6.9). Consequently, the NMR probe was
cooled to 273 K and the PHIP reaction re-examined. Similar levels of hydride ligand signal
enhancement resulted to those seen at 298 K. The resonances themselves though appeared with
different line widths and relative intensities. This is consistent with the EXSY data, which revealed the
hydride ligand sites interchange positions at a rate of 23.6 + 0.9 s despite the fact H, loss has a rate
of just 1.9 + 0.3 s*. This electron rich phosphine is therefore not suitable for hyperpolarisation.

No magnetisation transfer to 3!P was observed, in accordance with the weak hydride signal
enhancement.

47 is also the bulkiest phosphine on series, consequently the aryl groups are expected to clash with
the equatorial hydride ligands, hence increasing their loss rate. However, a decrease to the hydride
kinetics is observed, that might be influenced here by other parameters. It is also speculated that it
surely sterically hinders hydride exchange as per the reduced kinetics noted. In conclusion, 88 is the
complex that yields the weakest hydride signal enhancement and it provides the slowest dissociation
rate of hydrides. These two factors are closely related for hyperpolarisation.

273K 1scan PHIP
L/8\ -------------------- .
- s
W 298K 1scan PHIP :
| ] 217 -18  -19  -20  [ppm] : 5
A | \f\
5 0 -5 -10 -15 -20 [ppm]

Figure 6.9: Enhanced PHIP *H NMR spectrum from a sample of 8.7 mM of IrCI(DMSO)s (I11) and 1 eq.
1.1 mg of 47 in toluene-ds with 3 bar of p-H,. A zoom on the hydride region shows a weak hydride
signal enhancement of 88 at both 298 K and 273 K.
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6.5 Hyperpolarisation of tris-cyclohexyl phosphine 44 using
IrCI(DMSO)s (111) in toluene

In order to examine tris-cyclohexyl phosphine (44), a sample containing 0.5 eq. for an 8.6 mM loading
of IrCI(DMSO)s (I11) was prepared in toluene-ds. The low phosphine excess was expected to result in
the formation of IrCI(H)2(DMSO0),(PCys), 92, upon reaction with H,. The resulting PHIP enhanced 'H
NMR spectrum at 298 K confirmed this as strong antiphase hydride ligand signals are seen for 92
(Figure 6.10). It should be noted that signals for the fac and mer isomers of IrCl(H),(DMSO); were also
seen. Comparison with a 1 scan thermally polarised spectrum allowed a PHIP enhancement value of
880 fold to be determined for 92. 44 is therefore a good candidate for Earth’s field NMR detection due
to his high hydride signals enhancement, which is achieved at ambient temperature. Upon repeating
this process with 2 eq. of 44 relative to 11 though no PHIP signal enhancements result despite the fact
that signals for 92 remain visible in the thermally polarised *H NMR spectrum alongside those for 93
IrCI(H)2(DMSO)(PCys).. For conclusion, 93 drives very rapid p-H, consumption preventing observable
hyperpolarisation of 92. Hence, a more selective route to 92 is desired.

........................................................................
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5 0 -5 -10 -15 -20 [ppm]
Figure 6.10: PHIP enhanced *H NMR spectrum obtained during the reaction of 8.6 mM of IrCI(DMSO);
(1) with 0.5 eq. of J in toluene-ds under 3 bar of p-H,. Strong hydride ligand signals enhancements
result for 92 at 298 K. The expanded regions highlight the clearly visible heteronuclear *H-3'P and the
homonuclear *H-'H couplings.

159



6.5.2 Using another precursor IrCI(COD)(PCys) (IV) in toluene and dichloromethane

A different way to create 92 proved to be to start with an iridium precursor that contained one PCy;
(44) ligand. The necessary IrCI(COD)(PCys) (V) was prepared according to the procedure described in
(chapter 9, section 9.4.4). 0.54 mM (2 mg) of IV was then mixed with 5 eq. of DMSO in 0.6 mL of
dichloromethane. The resulting PHIP study yielded a very large hydride signal enhancement of 2000
fold (~8 % polarisation) for 92. However, the subsequent measurements revealed that the level of
hyperpolarisation decayed to zero very rapidly in just 2 s. Each PHIP NMR scan last 2 s (Figure 6.12.a).
The solvent was therefore changed to toluene, and twelve sequential PHIP experiments recorded.
Similarly strongly hyperpolarised hydride signals were now visible in all of the 12 NMR measurements
(Figure 6.12.b). Toluene therefore reflects a much better solvent for PHIP study with this ligand and
for use in EF NMR detection. In addition, the first hyperpolarised PHIP spectra recorded with these
two samples shows similar level of signal intensity (Figure 6.11 a and b). The initial rise observed in
the first scan (Figure 6.11.b) is explained by the difference in temperature in the lab and inside the
NMR probe, where the measurement take place. In fact, the lab has a temperature of 291-293 K
whereas the spectrometer was set to 298 K. The sample therefore settles in this probe temperature
which is optimal for hyperpolarisation.

1st PHIP in DCM

|
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Figure 6.11: First PHIP enhanced hydride signals spectra of a series of sequential experiments recorded
from a sample of a) 0.54 mM of IrCI(COD)(PCys) (V) with 5 eq. of DMSO in 0.6 mL of toluene-ds and
b) Similar sample was made in dichloromethane-d, showing both first spectrum have comparable
signal intensity.
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Figure 6.12: a) Normalised integrals of three sequential PHIP hydride signals recorded from a sample
of 0.54 mM of IrCI(COD)(PCys) (IV) with 5 eq. of DMSO in 0.6 mL of dichloromethane showing the
hyperpolarised hydride signals decaying to zero after the second scan. b) An equivalent sample in
toluene produced enhanced hydride signal integrals that persisted after the twelves scan.
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6.5.3 Kinetics and p-H; addition mechanism using the precursor IrCI(COD)(PCys) (1V)

Understanding the mechanism of H, addition is essential for improving the hyperpolarisation reaction.
The same approach described previously for 45 with Il in section 6.2.3 was therefore applied. This
involved taking a dichloromethane solution of 0.54 mM IV and successively adding 5 eq., 10 eq. and
finally 15 eq. of DMSO. At each stage, EXSY was used to probe the rate of dihydrogen loss at 298 K.
The results are reported in table 6.2. A decrease in H; loss rate is observed as the concentration of
DMSO increases. This suggests that the mechanism of H, loss is dissociative and happens after the
dissociation of DMSO. Figure 6.13 shows the proposed mechanism for this. DMSO loss is slow
compared to trapping of the resulting intermediate with H,. The rate determining step is therefore
independent of the concentration H,. It should be noted that all of the species formed in this
mechanism are neutral and this is favoured in low polarity dichloromethane. It has also to be noted
that this mechanistic measurement carried in dichloromethane was at the beginning of the
phosphines studies; before it was determined that toluene was better for PHIP.

Table 6.2: H, dissociation rate at 298 K as function of DMSO concentration

DMSO concentration 5 10 15
Added equivalence
k(H2) (s) (298 K) 3.23+0.01 | 1.033+0.002 0.662 + 0.002
Pas Rate = k,[92] Flas Py
Hy, «C ) Ha /////,, ‘\\\\\\Cl H, u, \\\\Cl
‘1, S 1 - r /,llr_\\
| - ~~
nd r\DMSO D K.1 Hb/ | 9 H/| /
DMSO DMSO DMSO "
(92 Rate= 4| 1 ][Dmsdl g Rate =k [ 1 ][H]
Pas Pas
Ha Y, \\\\\CI - Ha “, 0
' Ir‘\ —~—— " Ir
Hb/ | W Hb/| N,
DMSO DMSO

kinter>>> k'1[ I HDMSO]

Figure 6.13: Proposed mechanism of H, dissociation in 92 IrCl(H)2(DMSOQ)2(P4s). The H; addition is
preceded by dissociative loss of DMSO a vacant site on the intermediate I. In the intermediate, there
is an interconversion between the chloride and the vacant site.
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6.6 Hyperpolarisation of 46 using IrCI(DMSO)s (111)

In this final study, 1 eq. of di-cyclohexyl phenyl phosphine (46) was examined with 17.2 mM of
IrCI(DMSO); (I11) in toluene-ds. 3 bar of p-H, was added and a PHIP enhanced *H NMR spectrum was
recorded immediately at 298 K (Figure 6.14). This yielded strong antiphase hydride ligand signals for
79 cis-IrCI(H)2(DMSO),(PPhCy»), 80 cis,cis-IrCI(H)2(DMSO)(PPhCy>),  and 81 trans-
IrCI(H)>(DMSO)(PPhCy,) that are analogous to 58, 62 and 59 respectively. As stated in chapter 5, 46
presents the same reactivity as 45 upon reaction with 11 and H,. In the second PHIP experiment, only
hydride ligand enhancements for 79 and 80 are observed. In the thermally polarised spectrum,the
signals for 81 are replaced by those for 82 over time. Neither of these signals appear polarised at this
point.

Hydride dissociation rates for 79 and 80 are 0.400 + 0.001 s and 5.22 + 0.04 s, respectively. Due to
the very high thermal ratio of formation of 79 over 80 (1 : 0.02), it is therefore expected that 79 yields
higher PHIP signal, even if its hydrides dissociation rate is not optimal. Only a small fraction of 80 is
present solution, which gives the observed PHIP signal at an optimal hydride dissociation rate.

Interestingly, when the results of reacting 111 with 1 eq. of 45 and 46 are compared, the relative size
of the PHIP enhanced hydride ligand signals for the mono and bis phosphine substituted products
inverts. For PCy,Ph the mono-phosphine complex is favoured while for PPhs is it is the bis-phosphine.
This fits with the steric bulk of 46 favouring mono substitution.

79—
A J LJ\A 298K 1scan later PHIP | 1

A { ‘ 298K 1scan 2nd PHIP | 1\] 1

[ 1
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5 0 -5 -10 -15 -20 [ppm]
Figure 6.14: a) Hyperpolarised *H NMR spectrum recorded from a sample of 17.2 mM of IrCI(DMSO);
(1) and 1 eq. of 46 in 0.6 mL of toluene-ds under 3 bar of p-H, showing strong hydride signals
enhancement for 79, 80 and 81 in the first PHIP *H NMR spectrum. b) The later resulting PHIP 'H NMR
spectrum shows strong hydride signals enhancement of only for 79, 80.
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Figure 6.15: Zoom of the hydride region for a hyperpolarised 'H NMR spectrum recorded from a
sample of 17.2 mM of IrCI(DMSO)s (111) and 1 eq. of 46 in 0.6 mL of toluene-ds under 3 bar of p-H,. It

highlights the stronger hydride signal enhancement for 79 compared to 80. The opposite behaviour
was observed when the phosphine 45 is employed.
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6.7 Rational analysis of all hyperpolarisation reactions

Table 6.3: Summary of some properties of the stable complexes that provides enhanced antiphase
hydride signals after PHIP experiments

3.2 0.1 3.7 19 | 012 | 43 |040| 5.2 NA | 58 | NA NA

>>1 4367
2475 5775 5775 | 530 | 5518 | 8 4367 | 1608 |1608| 4134 | 4134

298 298 298 298 | 298 | 298 | 298 | 298 313 | 313 | 333 | 333

170 145 145 194 | 145 | 145 | 161 | 161 165 | 165 | 130 130

2056.4 | 2068.9 | 2068.9 | 2066 | 2068 2(8)6 NA | NA |2066.4 2026' 2085.3(2085.3
Y Y Y N Y Y Y Y Y Y N N
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Figure 6.16: Schematic description of the stable complexes that provides enhanced antiphase hydride
signals after PHIP experiments

A comparative analysis of the complexes (Figure 6.16) physical and chemical properties is given in this
section in order to rationalise their hyperpolarisation behaviour.

Seven of these phosphines ligands proved to undergo mono, bis and in some cases tris-phosphine
substitution upon reaction with (I11) with similar amounts of phosphine. Consequently, they reacted
with H; to form many dihydrides species according to their thermally polarised NMR spectra (see
chapter 5). These products undergo H; loss on different timescales and therefore continuously react
with p-H, to produce hyperpolarised hydrides signal for a number of species of the form
IrCI(H)2(DMSO)(Px)2 and IrCI(H2)(DMSO),(Px) (where x = 45-50) as presented in Figure 6.16.

The aromatic phosphines yield highly enhanced hyperpolarised signal for their bis-phosphine
complexes, whereas non-aromatic (44) and partially aromatic (46) phosphines provide maximum
hydride signal enhancement for their mono-phosphine complexes. The complexes that proved to yield
the most enhanced hydride ligand signals have the same order of rate of dihydrogen loss (between
3 ~ 5 sY). Furthermore, successful polarisation transfer to 3'P is observed for all of the phosphine
ligands except 47 and 50. The SNR of the hyperpolarised spectra of these phosphine complexes are all
very high (couple of thousands) in agreement with their signal intensities except for phosphine 47,
which yielded the poorest enhancement.

The eighth phosphine 51 proved to form trans-trans IrCl(H)2(DMSO)(Ps:1); 91, and was unpolarised.
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The Tolman parameters are rationalised in these studies for the understanding the hyperpolarisation
reactions.

For 45, the cone angle 8 is 145° and v, is 2069 cm™. The ratio between the thermally polarised hydride
signals for the bis-phosphine products 62 and mono-phosphine products 58 is 0.68 : 1 while this ratio
becomes 7.7 : 1 in the hyperpolarised spectrum. Thus, 62, which is less favoured thermally, provides
the best hydride signals enhancement. H, dissociation rate measured for 62 and 58 are respectively
3.72 £0.01 s and 0.10 + 0.01 s%, which is in agreement with their PHIP response. 62 provided much
better hydride signal enhancement and suggests that 62 has the most optimal dihydrogen loss rate.
In addition, more electron density is given to the metal with the bis-phosphine, hence suggesting the
more the metal is electron rich, the better the hyperpolarisation response is.

According to Tolman electronic and steric parameters, 48 has the same cone angle as 45, and a smaller
Voo 0f 2066 cm™ than 45 28, Hence, the less electronegative 48 ligand gives less electron density to the
Ir(Il). Nonetheless, good hydride signal enhancement was achieved with the bis-phosphine 76. The
ratio of hyperpolarised hydride signals between bis-phosphine 76 and mono-phosphine 75 was 1: 0.1
whereas this ratio fall to 1 : 2.63 in the thermally polarised spectrum. Therefore, the less thermally
favoured formed 76 prove to be more PHIP efficient. In addition, similar dihydrides exchange rate to
those of 62 and 58 was measured for 76 and 75, which are now respectively 4.27 + 0.03 s and 0.120
+0.002 s. These value prove again that the optimal dihydrides loss rate for PHIP being between 3 ~
5 S—l 229.

47 is the bulkiest (6 = 194°) phosphine of the series. This is supported by the exclusive formation of
the dihydride product mono-phosphine 88 and the mono-phosphine C-H bond activation product 67.
The poor PHIP efficiency is a consequence of the slow hydrides dissociation rate for 88 (1.9 + 0.3 s)
and the rapid hydride site interchange (23.6 + 0.9 s). Furthermore, the PHIP spectrum has the poorest
SNR in the series. 47 and 49 have the same electronic parameter value (ve, = 2066 cm™), hence it can
be thought that only the steric parameter is influencing here its observed reactivity. It is also not
surprising that no polarisation transfer to 3'P atom is observed with 88.

The cone angle B of 46 is 161° while no data could be found for its electronic parameter. The ratio of
formation in the thermally polarised spectrum of the mono-phosphine 79 and the bis-phosphine 80 is
1:0.02 whilst in the hyperpolarised spectrumitis 1: 0.15. The big cone angle therefore favour mono-
substituted phosphine complex, which provides larger signal enhancement. In term of the kinetics of
the hydrides, 80 and 79 exhibit a dissociation rate of respectively 5.22 + 0.04 s and 0.400 + 0.001 s™.
It is therefore not surprising that 79 yields larger hyperpolarised hydride signals in agreement with its
high thermodynamic stability. Even though less hyperpolarised signal is observed for 80 relative to 79,
it is still the case that the efficiency is better for 80 than 79, which is consistent with the exchange
rates.

The cone angle © of 49 is 165° and the electronic parameter v, is 2066.6 cm™. The ratio of formation
in the thermally polarised spectrum for the mono-phosphine 83 and the bis-phosphine 84 is 1 : 0.21
whilst in the hyperpolarised spectrum at 308 K, it is 1 : 30.3. Therefore, the thermodynamically
favoured mono-phosphine 83 proves to be less PHIP efficient. 84 yields massive hydride signals
enhancement at 308 K, suggesting optimal ligand exchange rate at this temperature. This later was
assessed at 313 K to be 5.8 + 1 s where the error of the measurement is much bigger in this case.

50 has a smallest cone angle © (130°) and has the highest electronic parameter (ve = 2085.3 cm™) in
the series of phosphines described so far. It is thus the most electron rich and hence activating. In the
thermally polarised spectrum, the bis-phosphine 95 and mono-phosphine 96 hydride resonances were
not observed whilst in the hyperpolarised spectrum they became dominant products at 333 K and are

166



in the ratio of 1 : 0.28. The small cone angle favours bis — tris phosphine substitution, which is in
agreement with the thermodynamically stable products 69, 89 and 90 (see chapter 5, section 5.7). The
high electronic parameter and the increase of phosphine coordination trigger more charge transfer to
the metal. Unfortunately, no kinetic data was recorded. Similar behaviour was observed with 49,
which also gave best hydrides signals enhancement at high temperature. Surprisingly, despite the
massive hydride enhancement of the hydride, no polarisation transfer to 3!P atom occurred.

Of the list of phosphines used, 44 has one of the biggest cone angle (170°) and the smallest electronic
parameter (v = 2056.4 cm™). Due to its big size, it is not surprising that 44 only mono and bis
substitute DMSO in Il and does not react further to form a tris-phosphine, even in a large excess. The
kinetics data measured with 88 (3.23 + 0.01 s) shows similar rate range when phosphine 45, 48 and
46 are used as ligands, confirming the hydride dissociation rate being optimal for 3~ 5 s for PHIP.

6.8 Conclusions

In this sixth chapter, the hyperpolarisation reactions of a series of iridium — phosphines complexes
were studied at high field to select the optimum conditions that would be needed for their detection
at the Earth’s magnetic field. In total, three out of 12 complexes, namely 92, 62 and 75 are potential
Earth’s field NMR candidates for detection. Complexes such as 83 and 95 also provided huge
hyperpolarised hydride signals. However, this was observed at 313 K and 333 K, respectively rather
than 298 K. They can therefore both be potentially detected with an atomic magnetometer in the
nano-Tesla field regime where the sample is close the hot Rb vapour cell. In the next chapter, the
detection of species with 44, 45 and 46 will be carried out in the Earth’s magnetic field. Phosphine 48
could be also detected in the Earth’s magnetic field but its adducts 75 and 76 has the same spins
topology as K adducts 58 and 62. They would give similar EF NMR spectra.
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Chapter 7: Earth's field NMR detection of iridium phosphine
complexes

7.1 Introduction

In this chapter, the aim is to use the phosphine complexes that provided large hydride
hyperpolarisations at room temperature at high magnetic field and detect them using the Earth’s field
NMR device. This will involve using complexes of the type IrCI(DMSO)«(H)2(P)y [x =2, 1, 0 wheny =0,
1, 2] which proved to yield continually refreshed hydride signal enhancements on the order of 1000-
fold at high field as detailed in Chapter 6. While the very small absolute chemical shift differences
between the hydride signals is vanishingly small in the Earth’s magnetic field (on the order of a few
mHz), rendering the hydrides essentially chemically equivalent, their difference in J coupling to 3!P
breaks their symmetry such that they maintain magnet inequivalence. For example, trans or cis
hydride ligands provide coupling constants to 3!P on the order of 150 Hz and 20 Hz, respectively. This
should enable their detection as hyperpolarised hydride signals in this strong coupling regime. Chapter
6 contained examples of both mono-phosphine and bis-phosphine complexes that meet these criteria
and so there are a number of possible complexes with different spin topographies that can be
examined.

In parallel, thermal detection of phosphine 20 is also provided. As described in Chapter 4, it was found
that some of the phosphines (20-18) react with IrCI(COD)(IMes) (I) under H; to form several dihydride
species for which both the hydride and 3!P nuclei exhibit PHIP enhancements. Unfortunately, when
these systems were examined in the Earth’s magnetic field, no signal was detected. Chapter 5 and 6
detailed a further series of complexes formed by reacting IrCI(DMSO); (111) and IrCI(COD)(PCys) (1V)
with the phosphine ligands (44-51) and H,. The magnetically inequivalent hydride ligands in these
products also showed strong PHIP. The following sections present in-situ Earth’s field detection data
for the systems that gave the highest level of hydride ligand hyperpolarisation at high field and were
therefore suitable for detection in the Earth’s field. These studies involve the reaction of 111 with the
phosphines PPhs; (45), PCys (44) and PCy,Ph (46) and p-H: in toluene. The formation of cis-cis
IrCI(H)2(DMSO)(Px), and cis IrCI(H)2(DMSO)2(Px) (where x = 45, 44 and 46) is probed. cis
IrCI(H)2(DMSO)2(P44) can also be obtained from reaction of 1V with excess of DMSO in either toluene
or dichloromethane. The impact of the two different routes to forming this complex on the level of
hyperpolarisation observed using in situ EFNMR detection is also explored.

168



0,00, 00 00 C
0 0 g

10

ﬁ iy, a\Mes OSMD/////, \\\\\DMSO ﬁ ", WPCys
I SN AR
\/ \CI o ouso N,

I 11X v

Figure 7.1: Chemical structures of the phosphines 10, 44, 45 and 46 used in the Earth’s magnetic
field studies and metal catalyst IrCI(COD)(IMes) (1), IrCI(DMSO)s (I111) and IrCI{(COD)(PCys) (1V)

7.2 Detection of diphenyl phosphine 10 using EF NMR

As described in Chapter 4, prior to the investigation of the iridium-phosphine complexes, the
hyperpolarisation of a range of phosphine was explored, phosphite and phosphate compounds with a
view of detection in the ultra-low-field regime. Of particular interest, were compounds such as
diphenyl phosphine (10), which features a large “J(*H, 3'P) coupling of 220 Hz. Phosphine 10 was
suitable for detection in the Earth’s magnetic field without p-H; hyperpolarisation because it is a liquid
at room temperature and a large volume was available.

A bottle of 200 mL of neat phosphine 10 was placed in Earth’s field NMR probe and a *H 1D spectrum
was acquired using pre-polarisation for 4 s in a field of 18.8 mT and signal averaging of 256 scans. The
resultant spectrum is shown in Figure 7.2. A dominant doublet with a splitting of 6 Hz centred at 2708
Hz was identifiable after only two scans. These central peaks are due to the aromatic protons and the
observed 6 Hz coupling matches that for the aromatic *H-ortho protons to 3P at high field. The two
flanking peaks at 2606 Hz and 2823 Hz appear more like satellites of the main peak but in fact are due
to the single P-H proton that experiences a 1-bond coupling to the 3'P of 220 Hz.

In order to confirm this interpretation a density matrix simulation using the Spinach library in
Matlab!® was performed. The real system has twelve spins (*H and 3!P) which is above the number
that can be simulated in a reasonable period of time using a standard density matrix approach. The
spin system was therefore simplified to neglect one phenyl ring and use just seven spins (six *H and
one 3!P). The J-couplings between the *H-ortho and 3!P nuclei were set to 6 Hz and the single bond *H
and 3!P coupling was set to 220 Hz. All other couplings were set to zero. Despite these significant
simplifications, there is excellent agreement between the experimental spectrum (black) and
simulation (blue) as shown in Figure 7.2. This includes the asymmetric position of the central doublet
relative to the flanking peaks that is due to the strong coupling regime.

169



6Hz H H

———

Experimental 220 Hz

6,scan } \ n{
Simulation J\‘}k JJ L M\

I I I I I I I
2550 2600 2650 2700 2750 2800 2850
Frequency/ Hz

Figure 7.2: In black, *H NMR spectrum of 200 mL of phosphine 10 acquired in the Earth’s magnetic
field after pre-polarisation for 4 s at 18.8 mT. The signal averaging was 256 scans. In blue, density
matrix simulation obtained using Spinach!® in Matlab.

As described in Chapter 4, when phosphine 10 was mixed with complex | and H; in solution, the bis-
phosphine cis-trans IrCl(H)2(IMes)(10), 20 complex was observed, alongside with other species. While
PHIP hyperpolarisation of the hydrides of 20 was observed at high field, no SABRE transfer to the free
phosphine in solution occurred. The level of polarisation of the hydrides was insufficient to be
observed in the Earth’s magnetic field. Therefore, no further EF NMR investigations were carried out
on this phosphine.

7.3 Detecting hyperpolarised hydrides using EF NMR
7.3.1 EF NMR detection of hydride complexes containing PPh;

As shown in Figure 7.3, the reaction of IrCI(DMSO)s (111) with 45 (PPhs) and H; in toluene results in
two interesting products, 62 and 58 (Scheme 7.2) along with other products (detailed in Chapter 5,
section 5.3.2). These two species provide a high level of renewable hydride signal hyperpolarisation
at 298 K. Their structures confirm that the hydride ligands are both chemically and magnetically
inequivalent. It should be noted that at high field the hydride signal intensity levels of 62 are almost 4
times bigger than that of 58. In addition, the organic region of these *H NMR spectra also show a signal
enhancement for free DMSO that was evaluated as 19-fold. Small enhancement of the two bound CH3
of DMSO were also visible.
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Scheme 7.2: Spin systems and associated J coupling values for 62 and 58 as measured at high field
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Figure 7.3: Enhanced PHIP *H NMR spectrum recorded from a sample of 8 mM of Il with 1 eq. of 45
in toluene-ds under 3 bar of p-H, showing the hydride signals for 62 and 58 as well as free and bound
DMSO.

7.3.1.1 In-situ Earth’s field NMR detection of the reaction of IrCI(DMSO)s (I11), with 45 and H>
in toluene

An in situ hyperpolarisation measurement with Earth’s field NMR detection was performed for a
sample of 10 mM of 111 and 1.8 eq. of 45 in 4 mL of toluene. The hyperpolarised EF NMR spectra were
acquired using the 45° r.f pulse sequence of Figure 9.5 section 9.5.4 and 256 scans, with p-H; bubbling
throughout each scan. Following the initiation of p-H, bubbling, a delay of 2 s was added to allow
hyperpolarisation build-up in the Earth’s magnetic field and the signal was detected following the
application of a /4 r.f pulse and a 20 ms acquisition delay. The resultant spectrum (Figure 7.4.a)
contained two antiphase peaks, separated by 35 Hz, which is the sum of the two *H-3'P couplings (19.2
and 14.8 Hz) in complex 62. The smaller antiphase separation is 6 Hz, which matches with the known
'H-1H coupling. The assighment of these peaks to 62 is consistent with the high-field NMR results
(Figure 7.3), which showed much higher levels of PHIP hyperpolarisation for 62 compared to the 58.
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These data therefore demonstrate the ability to record an Earth’s field NMR spectrum with a sub10
mM concentration of 62 under p-H, and signal averaging. This is in contrast to all previous
parahydrogen-enhanced EF NMR results, where only free ligand hyperpolarisation was observed.

In order to support the assignment of the experimental spectrum, a simple density matrix simulation
was performed (Figure 7.4, b) for 62. This simulation used just four spins: the two hydrides and two
31p nuclei. All others spins, including the protons on the phosphine and DMSO ligands, are neglected
to simplify the calculation. The values for the two cis *H-3!P couplings were set to 14.8 Hz and 19.6 Hz
and the hydride *H-'H coupling was 5.8 Hz. The best fit to the experimental spectrum was observed
for a starting state of 2(I;,1,,), where I;, and I,, represent the z-components of the spin angular
momentum operators for spins 1 and 2 (the hydrides). The simulation included the application of an
ideal /4 pulse followed by signal acquisition in the Earth’s magneticfield (65.8 uT) under the influence
of the full heteronuclear and homonuclear J coupling interactions. When the 3!P-3!P (36 Hz) was set to
zero in the simulation, there was no visible effect on the predicted *H NMR signal. Hence this was
subsequently set to 0. As can be observed, the main feature of the simulated spectrum is an anti-
phase doublet separated by the sum of the two 3!P-'H couplings, in agreement with the experimental
spectrum. The additional smaller features in the simulation are not observed experimentally, although
if present these would likely be below the level of the noise. The agreement between the experiment
and simulation further supports the assignment of the peaks to the bis-phosphine complex 62.
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Figure 7.4: a: Earth’s field NMR spectrum from a sample of 10 mM of 111 was reacted with 18 mM (1.8
eq.) of 45 in 4 mL of toluene-ds showing two antiphase peak separated by 35 Hz. The inner separation
of the antiphase peak of each peak is 6 Hz. b) Simulated spectrum using a Matlab program showing
perfect match with the experimental spectrum.

In order to confirm that only signal originating from 62 was being observed in the EF NMR spectrum,
simulations of 58 was also run in Matlab. The two complexes were simulated using the same
experimental procedures as described in Figure 7.4.b. Both hydrides starting states 2(I;,1,,) and
(I; — I,) were tested for the two complexes 58 and 62. It should to noted that in both complexes,
the intensity of the signal is much higher for 2(I;,1,,) than (I;, — I;;) states according to the
simulations (Figure 7.5).
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In the case of 58 three spins, two hydrides and one phosphorus, were used, neglecting the other
proton spins present in the molecule. The coupling values were set to 19.3 Hz and 17.8 Hz,
respectively, for the two cis 'H-3'P couplings and the *H-!H coupling was set to 6 Hz. The spectrum was
obtained using the hydride starting state 2(I;,1,,) and an ideal /4 pulse. It shows two antiphase
peaks with a separation of 18.6 Hz (Figure 7.5.b), which is the average of the two *H-3!P couplings. The
inner separation of each peak is 6 Hz, the same measured for the *H-'H coupling. A noticeable feature
is that the antiphase peaks are now ‘down-up’ and ‘up-down’ instead of ‘down-up’ and down-up’. This
feature is observed in the simulation when the difference between the two hydrides-phosphorus
couplings become small (19.3 and 17.8 Hz) so the relative phase of the two peaks change to become
opposite. This simulated spectrum of 58 is a poor match to the experimental spectrum and so further
supports the assignment of the experimental peaks to 62.

When the 58 spin systems was simulated using the dihydrides starting state (I;, — I,) and an ideal
1/2 pulse was applied, the spectrum in Figure 7.5.a was observed, which contains four more peaks.
Similar to the spectrum of Figure 7.5.b, the two small antiphase peaks are separated by 18.6 Hz, in
addition to the inner and outer hydride-hydride coupling of 6 Hz.

A simulation of the 62 spin system using the dihydrides starting state (I;, — I5,) and an ideal /2 pulse
was also carried out and the spectrum in Figure 7.5.c obtained. The two antiphase peak have a
separation equal to the sum of the hydride-phosphorus coupling (19.2 and 14.8 Hz). Similar to the
spectrum in Figure 7.5.a, they are split on either side by a 6 Hz coupling, which is the value of the
hydride-hydride coupling.

For completeness, the simulation of the 62 spin system with the dihydrides starting state 2(I;,1,,)
and an ideal /4 pulse is included in Figure 7.5.d, and shows good agreement with the experimental
spectrum in Figure 7.4.a.
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Figure 7.5: Matlab simulations of the 58 spin system (*H, *H and 3'P) where the dihydrides starting
state is (a) (I, — I,,) and (b) 2(I;,1,,). Matlab simulations of the 62 spin system (*H, *H, *'P and *'P)
where the dihydrides starting state is (c) (I;, — I,;) and (d) 2(I;,13;)-

7.3.1.2 Deuterated phosphine ligands increase the hyperpolarisation level

When deuterated PPhs-dis (45) is used, a higher polarisation level is achieved (due to higher apparent
SNR of Figure 7.6.b) meaning just 128 scans are now needed to see a more well resolved Earth’s field
spectrum of 62 with better SNR that with protio-PPhs. The increase in SNR is potentially due to less
polarisation transfer to the phosphine protons and/or an increase in hyperpolarisation lifetimes.
Figure 7.6 shows a spectrum (b) recorded from a solution of 9.26 mM of 111 with 1.8 eq. of deuterated
45 and protio-45 (a) in 4 mL of proto-toluene. It should be noted that the use of a protio-solvent is
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possible because the low sensitivity of EF NMR means that only signals hyperpolarised via PHIP are
observable.
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Figure 7.6: EF NMR spectrum obtained from a sample of 9.26 mM of 111 with 1.8 eq. of deuterated 45
in 4 mL of proto-toluene. b) Higher signal intensity of the spectrum was obtained with deuterated
phosphine with less signal averaging (128 scans) compared to spectrum (a) recorded with protio-PPhs,

7.3.1.3 Probing the effect of the PTF and pulse angle in 62 hyperpolarisation

The presence of labile dimethyl sulfoxide in 62 allows both hyperpolarised hydrides and sulfoxide to
be detected simultaneously in the Earth’s magnetic field. These two ligands are hyperpolarised in two
different ways. For the hydrides, hyperpolarisation results directly from the breaking of the symmetry
of the p-H,-derived protons upon binding to the complex, which leads to evolution of the initial p-H,
singlet state into observable magnetization during the 2 s period of p-H, bubbling in the Earth’s
magnetic field. The subsequent application of a /4 pulse yields the *H EFNMR spectrum in Figure
7.7.a, where hydride hyperpolarisation is observable after only 8 signals averages. As it is the coupling
to the 3'P that breaks the symmetry of the hydrides, a specific polarisation transfer field (PTF) is not
required to observe this PHIP response.

By contrast, DMSO is hyperpolarised via SABRE (see section 2.3.3) and therefore a PFT of 6.5 mT is
necessary to create the matching condition in the J-coupling system that allows for efficient
polarisation transfer from the hydrides to the DMSO ligand. In order for significant polarisation build-
up on DMSO in free solution to occur, this field is turned on for 10 s and is followed by a 1/2 pulse in
the Earth’s field for detection. The hyperpolarised signal for DMSO appears as a single peak (Figure
7.7.b) after only 4 scans. The hydride signal is not observed in this case. This supports the proposal
that the origin of the hydride hyperpolarisation for 62 is a two-spin longitudinal spin order term,
2(11;1,5), which produces maximum observable signal following a /4 pulse and no signal following a
/2 pulse.
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Both hydride and DMSO responses can, however, be detected simultaneously in the Earth’s field
following transfer in a PTF of 6.5 mT if a /4 is applied because this pulse leads to observable signals
for both the hydride spin state 2(I;,1,,) and the longitudinal magnetisation of the DMSO (1,). This is
illustrated in Figure 7.6.c, where a polarisation transfer time of 1.5 s was used. Repeating this
experiment with a longer PTF duration (10 s) leads to an increase in the intensity of the DMSO signal
relative to the hydrides, as it allows for more SABRE transfer into the DMSO (Figure 7.7.d).
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Figure 7.7: *H EF NMR spectra recorded on a sample of 9.26 mM of 111 with 1.8 eq. of deuterated 45
in 4 mL of toluene under p-H,. a) 8 scans with a PTF of 51.7 uT for 2 s before a /4 pulse. b) 4 scans
with a PTF of 6.5 mT for 10 s before a /2 pulse. c) 8 scans with a PTF of 6.5 mT applied for 1.5 s before
a1/4 pulse. d) 16 scans with a PTF of 51.7 uT applied for 2 s before a /4 pulse.

7.3.2 EF NMR detection of hydride complexes containing PCy; (44)

7.3.2.1 In-situ detection of IrClI(COD)(PCys) (1V) with excess of DMSO in
dichloromethane

In the previous section, only the bis phosphine complex 62 was observed. A suitable mono-phosphine
complex showing 2000-fold hydride ligand signal enhancements (8% polarisation at 11.7 T) was
obtained at high field by mixing IrCI(COD)(PCys) (IV) with an excess of DMSO in dichloromethane-d,
(Figure 7.8). The organic region of the spectrum displayed an enhancement of free DMSO signal
estimated to be 34-fold (not shown here). The key complex that showed strong PHIP was
IrCI(H)2(DMSO)(PCys) 92, (Scheme 7.3).
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Scheme 7.2: Complex 92 undergoes both DMSO and hydride ligand exchange.

17.9 Hz 19.7 Hz
«—> 4
6.5Hz l \ ’ \ 6.5HZ! \ , \

-16.75 -16.85 -16.95 [ppm] -21.65  -21.75 [ppm]

L_ 1 scan PHIP

1 scan thermal

-17 -18 -19 -20 -21 =22 [ppm]

Figure 7.8: Hydride region of a PHIP enhanced *H NMR spectrum recorded from a sample 2 mg of
IrCI(COD)PCys (V) with 5 eq. of DMSO in dichloromethane-d, under 3 bar of p-H,. The key J couplings
involved in the 92 spin system are highlighted.

The first sample tested for EF NMR detection contained 5.27 mM (13 mg) of IV with 5 eq. DMSO in 4
mL dichloromethane-d,. Figure 7.9.a shows the spectrum recorded after p-H, was bubbled for 3 s
where no PTF current was applied and so only the Earth’s magnetic field (64.4 uT) was experienced by
the sample’s spins. Subsequently, a /4 pulse was applied and the EF NMR spectrum was recorded.
The resultant spectrum (Figure 7.9.a, 128 scans) exhibits a central component and broader
components with and ~20 Hz separation. A second spectrum (Figure 7.9.b), where a PTF of 6.5 mT was
applied for 10 s followed by a /2 pulse, shows a more intense and narrowed central component,
consistent with DMSO hyperpolarisation, along with a broader signal feature that could correspond
to the hydrides. However, unambiguous assignment was challenging due to the broad peaks and poor
SNR.
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Figure 7.9: 'H EF NMR spectra recorded from a sample of sample of 5.27 mM (13 mg) of IV with 5 eq.
DMSO in 4 mL dichloromethane-d,. a) 128 signal averaging where a PTF of 64.4 uT switched on for 3
sec before a /4 pulse. b) 32 signal averaging where a PTF of 6.5 mT was turned on for 10 sec before
an/2 pulse applied.

To simplify the spectrum and help understand the observed features, a new sample was made with
DMSO-ds. The aim was to observe only hydride hyperpolarisation in the EF NMR spectrum. A sample
of 10.5 mM (26 mg) IV with 5 eq. DMSO-dsin 4 mL dichloromethane-d, was made. No additional field
was applied during the 3 sec p-H, bubbling, hence the spins experienced only the 64.4 uT Earth’s
magnetic field. Subsequently, a /4 pulse was applied. After 128 scans and reprocessing with more
data-points and zero-filling, Figure 7.10.a was obtained. This spectrum presents a significantly
different anti-phase peak pattern compared to that observed for 62 in Figure 7.3. The separation
between adjacent peaks is 6 Hz, which is assumed to be the hydride - hydride coupling, whereas the
separation between the two external peaks is 38 Hz, which is the sum of the two hydride - phosphorus
couplings (19.7 + 17.9 Hz).

To explore the features of the experimental spectrum, a density matrix simulation was performed
(Figure 7.10.b) for 92. This simulation involved three spins: the two hydride *H and one 3!P that are
assumed to be directly involved in the evolution of the hyperpolarisation of the hydride spin order in
92. All others spins, including the protons on the phosphine, were neglected. The values for the two
cis 'H-3!P couplings were set to 17.9 Hz and 19.7 Hz and the hydride *H-'H coupling was 6 Hz. Unlike in
the case of 62, the best fit to the experiment was observed for the starting state (I;, — I,;), which
provides optimal signal following a 1/2 pulse. However, given the very low SNR of the experimental
spectrum, questions remain about assignment of this spectrum in addition to the discrepancy in peak
shapes, large absorptive (experimental) vs small dispersive (simulation).

These initial experiments were carried out in dicloromethane-d,, which is not ideal for EF NMR
experiments due to it low boiling point. Furthermore, it was found at high field that toluene produced
a longer lasting PHIP response. Therefore, in an effort to increase SNR through longer experiments
with more signal averages, the solvent to toluene was instead used, which has a much higher boiling
point and so suffers less from solvent loss during repeated periods of p-H, bubbling. Similar results
were obtained in terms of the form of the EF NMR spectrum but there was not significant
improvement in SNR despite the increase in signal averaging.
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Figure 7.10: a: Experimental hyperpolarised in-situ EF NMR spectrum from a sample of 10.5 mM (26
mg) of IV with 5 eq. DMSO-ds in 4 mL dichloromethane-d,. The spectrum acquired with 128 scans
where a PTF of 64.4 uT was applied for 3 s before a m/4 pulse, showing signal of 92 in the Earth’s
magnetic field. b: Simulated spectrum involving 3 spins 'H, 'H, 3P where the starting state is

(Ilz - IZZ)'

In order to confirm that only the hydride starting state (I;, — I,,) is contributing to the EF NMR
spectrum, the state 2(1;,1,,) was also simulated for the 92 spin system using a /4 pulse. It yielded
Figure 7.11, which is very different to the experimental spectrum obtained in Figure 7.10.a. It has to
be noted that this spectrum is of the same form observed as the spectrum obtained for 58 in Figure
7.5.b. In fact, 92 and 58 have similar spins configurations with very small differences in J-couplings

values and therefore this is to be expected.
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Figure 7.11: Simulation of 92 spin systems involving 3 spins H, 'H, 3'P where the starting state is
2(Ii2122).

7.3.2.2 Using the precursor (111) with PCys-ds3 (44) in toluene to
hyperpolarise 92

It is also possible to form hyperpolarised 92 by changing the precursor to Il and mixing with J and
DMSO. To maximise polarisation, it is important in this reaction to limit the phosphine to the mono-
substitution due to rapid destruction of p-H; by the undesired bis-phosphine product 93 (see chapter
6, section 6.5). Therefore, for the EFNMR experiments the sample contained 13.5 mM (26 mg) of 111
with 0.7 eq. of PCys-dsz in 4 mL toluene. The deuterated J phosphine was used to maximise the
hyperpolarisation level.

For the spectrum in Figure 7.12.a, p-H, was bubbled in a PTF of 51.7 uT for a duration of 3 s before a
n/4 pulse was applied. While the lines are not as well resolved and SNR is reduced, the *H EF NMR
spectrum is in agreement with the result in Figure 7.10.a, where 92 was formed from complex IV.
Figure 7.12.a shows a spectrum on 92 that is consistent with that observed using the other precursor
and hence the density matrix simulation. However, broader lines are observed, giving lower SNR and
poorer quality spectrum.

The spectrum in Figure 7.12.c was recorded by changing the pulse angle to /2, which yielded a similar
spectrum as in Figure 7.9.a. The simulation of 92 suggested that the hyperpolarised state is (I, —
I,;), which provides optimal signal with a /2 pulse. Therefore, the same spectrum as Figure 7.12.a
with an increase in SNR would be expected to be observed. However, a narrow peak appears in the
centre of the spectrum. | would not expect to see a signal from DMSO under these conditions
(polarisation transfer field) and so it is not clear what the origin of this signal is.

However, if a SABRE experiment with PTF = 6.5 mT (Figure 7.12.b) is performed, a change in the form
of the spectrum with a dominant central peak is seen, which would expected to be the DMSO under
these conditions. An additional antiphase feature of 10 Hz apart from the central peak, is also
observed which is likely to originate from the hydrides. However, the form of these peaks is quite
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different to Fig 7.12.a. As expected, repeating the experiment with a 1/2 pulse (Figure 7.12.d) does
not change the form of the spectrum but only leads to a modest increase in SNR.

Further investigation is required to fully understand these spectra. However, this system proved to be
very difficult to reproduce. When the amount of phosphine 44 is slightly increased (due to
experimental imperfection), the formation of the very reactive cis-cis IrCI(H)2(DMSO)(P44), 93 occurs
and no signal is observed. This confirms that hyperpolarisation of 92 is possible with these two
different precursors. However, due to the need to avoid the formation of the bis-phosphine 93 by
using less than one equivalent of phosphine when 92 is formed from |11, formation with IV is the
preferred route.

a) PTF =517 uT b) PTF=6.5mT
256 scans 32 scans
45° pulse 183 Hz 45° pulse

I I I I
2160 2200 2240 2160 2200 2240
c) d)

PTF =51.7 uT PTF=6.5mT
128 scans 32 scans
90° pulse 90° pulse

I I I f f f
2160 2200 2240 2160 2200 2240
Frequency / Hz Frequency / Hz

Figure 7.12: Earths field NMR spectra recorded on a sample of 13.5 mM (26 mg) of 111 with 0.7 eq. of
PCys-Ds3in 4 mL toluene. a) 128 scans, with a PTF of 51.7 uT for 3 sec before a /4 pulse. c) 128 scans
with a PTF of 51.7 uT applied for 3 s before a /4 pulse. b) 32 scans with a PTF of 6.5 mT for 10 s before
am/4 pulse. d) 32 scans with a PTF of 6.5 mT applied for 10 sec before a /4 pulse.

7.3.3 EFNMR detection of hydride complexes containing PPCy,Ph (46)

The final phosphine to be studied using EF NMR was PPCy,Ph (46). 10.4 mM (20 mg) of 111 was mixed
with 10.28 mg (0.9 eq.) of 46 in 0.4 mL of toluene. When p-H, was bubbled through the cell in the
Earth’s magnetic field for 2 sec and NMR experiments were recorded using a 1/4 pulse no signal was
detected after 512 scans. However, when the same experiment was repeated with a 1i/2 pulse, a signal
was recorded, which after reprocessing yielded the spectrum Figure 7.13.b. A pattern dominated by
two broad peaks with a 34 Hz separation was obtained. The broad feature of the peak is explained
consistent with the very short FID signal that decays in only 50 ms (Figure 7.13.a).
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We have seen in chapter 6 section 6.7 that the complexes responsible for the hydride
hyperpolarisation signals were the mono-phosphine IrCI(H)2(DMSO),(P¢) 79 and the bis-phosphine
IrCI(H)2(DMSO)(P4c), 80. However, the strongest signal was originated from 80. With such low
sensitivity detection as Earth’s field NMR, it is likely that the signal recorded only originates from 80.

PCy,Ph

19.5H
O'H2 Hj S< H3C\ /CH3
6.1HZ<21'1H Ir/ \\ — S
p-HZ H Cl

Scheme 7.3: Complex 79 continuously exchanges DMSO and hydride ligands, which are coupled with
a phosphine ligand 46 to provide the hyperpolarised J-spectra in the Earth’s magnetic field.
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Figure 7.13: 'H NMR FID (a) and spectrum (b) recorded with a 1/2 pulse and 512 signal averaging from

asample of 10.4 mM (20 mg) of 111 mixed with 10.28 mg (0.9 eq.) of 46 in 0.4 mL of toluene in presence
of p-H,.

The observation of DMSO hyperpolarisation proved to be possible with this system. By applying a 6.5
mT PTF for a duration of 10 sec, then followed by a /2 pulse a peak centred at 2216 Hz was obtained
after 32 scans (Figure 7.14). In this case, a simultaneous detection of both hydride and DMSO signals
was not possible due to the very weak hydride signal in the Earth’s field.
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Figure 7.14: SABRE *H EF NMR spectrum of free DMSO recorded by applying a PTF of 6.5 mT for 10
sec before a /2 pulse.

7.3.3.1 Simulations of *H EFNMR spectra for IrCI(H)2(PPCy2Ph)(DMSO)2 (79)

In order to understand the EF NMR results, a density matrix simulation of the spinsinvolved in complex
79 was carried out in Matlab. This simulation involved three spins, the two hydrides and one 3!P
centre. As | did for the previous simulations, | simplified the systems by neglecting all others spins,
including the protons on the phosphine and DMSO ligands. The values for the two cis *H-3!P couplings
were set to 21.1 Hz and 19.5 Hz and the hydride H-'H coupling was 6.1 Hz. Two possibilities were
considered where the density matrix of the hydrides are approximated by the starting states (I;, —
L) or 211,15,

In the first case, the dihydrides starting state is the term (I;, — I;,). A /2 pulse was then applied
with the transverse relaxation time T; set to 500 ms and 50 ms, respectively, yielding the two spectra
in Figure 7.15 c and d. The spectrum in Figure 7.15d is similar to the 92 experimental spectrum, which
would be expected in this case due to their similar parameters (number of spins and similar couplings).
By mimicking the experimental conditions that shows a rapid decay of the FID in 50 ms, a spectrum
with much broader peaks and lower signal intensity was obtained (Figure 7.15c). This spectrum shows
some similarity with the experimental spectrum in Figure 7.13.b, with the two broad features and a
separation of 33 Hz.

The second possibility is that the dihydrides starting state is the term 21, ,1,,. A /4 pulse was applied
and the transverse relaxation time T, was set to 500 ms and 50 ms, respectively, which yielded the
spectra in Figure 7.15 a and b. The spectrum in Figure 7.15b is in agreement with all other simulated
spectra of 3 spin systems (92 and 58) where the starting state was 21,,1,,. When the FID decay is fast,
the signal become broad and its intensity decreases. In this case, two broad features are obtained but
with a separation of 20 Hz, which does not match with the experimental spectrum. It can therefore
be concluded that this simulated state is not observed experimentally.

In this last experiment, the quality of the recorded data is limited by the very fast relaxation and hence
broad peaks. However, a tentative assignment can be made to 79 with the starting state (I, — I,,)
as observed for complex 92.
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Figure 7.15: Simulated H NMR spectra of 79 spins systems (*H, 'H and 3'P). a and b, the dihydrides
starting state is the 21;,1,, term and the transverse relaxation time T, was respectively set to 50 and
500 ms. c and d, the dihydrides starting state is the (I;, — I,,) term and the transverse relaxation time
T, was respectively set to 50 and 500 ms.

7.4 Conclusion

This chapter demonstrates EF NMR detection of a new class of iridium-dihydride-phosphine
complexes with parahydrogen hyperpolarisation. Previously, only free substrate hyperpolarised
through SABRE or hyperpolarised product using hydrogenative PHIP has been reported using EF NMR
detection?”’. Tessari et al.®! have also reported a simultaneous *°F and *H NMR detection on a sample
of a fluorinated alkyne using hydrogenative PHIP. Therefore, the results presented in this Chapter
show the detection of hyperpolarised hydride signals in the ultra-low field regime for the first time.
The continuous exchange of the hydride ligands on a suitable timescale allows hyperpolarisation to be
observed through signal averaging under conditions of continuous bubbling of p-H,. The optimisation
of the hyperpolarisation conditions of phosphine ligands at high field has led to the identification of
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three suitable systems for which p-H, hyperpolarisation was sufficiently efficient to be observed
directly in the ultra-low-field regime. The key to observing these sensitized hydride ligands is that they
experience phosphorus coupling, which breaks their symmetry, and that the timescale of the hydride
exchange is suitable for a build-up of hyperpolarised hydride via signal averaging with the in situ
EFNMR detection system. In these experiments, 20 mM of starting material was used, which therefore
led to sub-millimolar of metal complex being detected, since the high-field studies show that several
other species are also present in solution.

This novel result was demonstrated for a range of phosphines reacting with Ill and p-H; to form
several mono and bis substituted dihydrides phosphine complexes. The three systems tested provide
aunique EF NMR signature based on the coupling network and the spin-states that are hyperpolarised
in the Earth’s field. The phosphines PPhs (45), PCys (44) and PCy,Ph (46) all provided sufficient
hyperpolarised hydride signals at 298 K to be detectable with the Earth’s field NMR spectrometer. It
is found that both PHIP and SABRE of the hydride and DMSO ligands can be selectively or
simultaneously detected and optimised using a PTF of 6.5 mT or 50 uT. However, the hydrides
hyperpolarisation is not field dependent and can therefore be viewed at any magnetic field.

Density matrix simulations of the hydride spin systems were also carried out. This tool provided insight
into the hyperpolarised states that are observed in the strong coupling regime. The results show good
agreement between experimental and simulated spectra for 62 and 92, while the very broad signals
for the 79 made a comparison with simulation difficult. Interestingly, the best-fit simulations suggest
a different starting state for the bis-phosphine complex, 62, compared to the mono-phosphine
complex, 92. These experiments, therefore, provide a good starting point and model for future studies
on the evolution of hydride ligand hyperpolarisation. This has significant implications for the
understanding of polarisation transfer in PHIP and SABRE in the ZULF regime.

In terms of future work, variable temperature control could be integrated with the EF NMR apparatus
in order to explore the effect of the hydride exchange rate on observed hyperpolarisation for a
broader range of complexes. Many of the experimental spectra suffer from low SNR and required
many signal averaging. Hence, designing a larger reaction cell would allow the use of larger volume
and so would provide a better EF NMR signal. As mentioned in chapter 6, section 6.8, 111 reacts with
PBns (49) and POPh; (50) to form the mono-phosphine 83 and bis-phosphine 95 that also provided
very large hyperpolarised hydride signals at 313 K and 333 K, respectively. These systems would be
interesting to explore with the goal of direct observation in the nT regime with an atomic
magnetometer, which operates most efficiently at these temperatures.
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Chapter 8: Conclusion and future works

8.1 General conclusion

The primary aim for this PhD thesis was to identify and optimise chemical systems (compounds and
complexes) that react with p-H, to provide strong and renewable hyperpolarised NMR signals at 298K
suitable for detection in the ZULF regime. Particular emphasis was placed on finding systems that
possess a large 'H-X coupling (X = °F, 3'P) to unlock signal differentiation in the Earth’s magnetic field.
Standard high-field NMR was used to characterize and determine the molecular structure of the target
species and to test, quantify and optimise their hyperpolarisation levels on reaction with p-H,. The
most promising systems in terms of hyperpolarisation efficiency were subsequently explored using
Earth’s field NMR detection.

8.1.1 Summary of the experimental work

In the first experimental chapter, the SABRE hyperpolarisation of the amines 1, 2 and 3 at high field
was described. These reactions were tested alongside with the co-ligand, dimethyl sulfoxide which
allowed the access of complexes IrCl(IMes)(DMSO)(H)2(x) where x = 1 or 2. This co-ligand increased
the signal enhancement seen for the free amines. This increase is due to the formation of these
complexes whose ligand exchange (amines and hydrides) rates better match those needed for
hyperpolarisation transfer which is too slow in the classical tris-substituted Ir(IMes)(H)2(x)s***. The
DMSO co-ligand present in IrCl(IMes)(DMSO)(H)2(x) lowers the Gibbs free energy of activation barrier
to amine loss thereby achieving this effect. The enthalpy AH*, which is a measure of bond breaking
and formation in the rate controlling the transition state, is higher for amine 1 than amine 2 in these
species, which is expected for the better donor 1 and confirmed in the pKa for 1 (9.33) being higher
than for 2 (4.70). In all of these complexes, the positive entropy AS¥ for amine loss is in agreement
with a dissociative mechanism. These values are typical of those seen for related pyridine derived
systems?!2, For conclusion, a co-ligand strategy is beneficial to the SABRE hyperpolarisation of amines
via readily available IrCI(COD)(IMes) (I).

The in-situ detection of these amines in the Earth’s field in chloroform, which has a boiling point of
61°C proved suitable. Previously, only SABRE hyperpolarisation and detection at EF NMR of pyridine
and derivatives in methanol, which has a similar boiling point, were reported. Thereby it is firstly
report the amines hyperpolarisation and detection at the EF NMR with the help of DMSO. In the
absence of a heteroatom coupling, the *H EF NMR signal of these amines is a single peak as expected
that is centered at the proton’s Larmor frequency. However, with the third amine 3, which possess *°F
atoms, heteronuclear coupling breaks symmetry and a complex pattern is observed. This allows us to
confirm that polarisation of water as a contaminant leads to a signal with an opposite sign.
Subsequently, pursuing studies with systems that bear heteronuclear couplings like 3!P-'H are
predicted to give the desired diagnostic tools for ZULF NMR.

In the second results chapter, the aim were to hyperpolarise a series of novel ligands (10-18)
containing phosphorus proton couplings as a signal differentiation tool for ultra-low field. Preliminary
studies at high magnetic field were carried out to optimise the hyperpolarisation conditions for each
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ligand. For this purpose, these molecules were reacted with the metal catalysts | and
[Rh(COD)(PPhs)2]BF4 (I1) in the presence of p-H, at 298 K. Unfortunately, whilst reacting to form a
series of novel complexes, these products proved unsuitable for SABRE. However, in some cases,
strong hyperpolarisation of phosphorus coupled hydride ligand signals were observed. This feature
was explored as a route for EF NMR detection. Unfortunately, the signal gains were not sufficient to
allow these species to be detected. In addition, it was observed with the phosphine oxides that the
two forms O=PH and PO'H are readily available for triggering nucleophilic reactions in solutions. For
example, OPPh,H react slowly with benzylamine to form O=PPh,-NH-Bn. This molecule is also O-
methylated in presence of methanol. These reactions have been previously reported in the
literature?*3, The phosphine sulfide have poor affinity to metal centre, independent to the size has
also been demonstrated.

Based on these observations, the hypothesis was that the EF NMR detection of PHIP polarised hydride
resonances with different 3!P couplings would be possible with better signal gains. Moving forward in
the next results chapter, this was tested whilst retaining a link to the DSMO co-ligand effect whilst
using in-situ synthesis. These complexes contained traditional trialkyl and aryl phosphines and link to
those found in the first series of SABRE active catalysts'’®. The goal was to clearly detect magnetically
and chemically inequivalent hydride and phosphorus environments.

Firstly the focus was on understanding the thermal reactions that took place between the metal
precursor IrCI(DMSO)s (111) and the phosphine ligands (44-51) and dihydrogen prior to exploring their
PHIP activities. The phosphine ligands 44-51 include aromatic and non-aromatic systems which differ
in size and electronegativity to ensure a wide reaction landscape was explored. The phosphines
proved able to displace DMSO from Ill. The aromatic phosphine tri(o-tolyl)phosphine 47, tris-benzyl
phosphine 49 and triphenyl phosphite 50 proved slow substitution and the unwanted two isomers of
IrCI(H)2(DMSO)s were prevalent whilst the others phosphines showed a fast DMSO substitution.

As expected, an array of 16 electron mono and bis phosphine substitution products were identified by
NMR. In addition, many C-H bond activation (orthometallation) products were observed that proved
to be in equilibrium with these 16-electron complexes. This was most prevalent with the aromatic
phosphines. This diversion of product identity proved beneficial, as when H; was added, the slow
formation of an array of dihydrides species was achieved. The conclusion from these results is that the
eight phosphines react differently with 111 and H,. These differences and similarities are linked to the
electronic and steric properties of the phosphines. For example, the bulky phosphines tend to favour
mono-substitution whereas the smaller phosphines tris-substitute DMSO. The more electron rich
complexes are also favoured. After successfully identifying the thermal reactivity of these species,
then moving forward on to exploring their hyperpolarisation reaction with p-H; in the next chapter.

In the fourth results chapter the hyperpolarisation reactions of the previous iridium — phosphine
complexes were studied at high field to select the optimum conditions for hyperpolarisation. These
products proved to react with p-H, to produce hyperpolarised hydride ligand signals for many minutes.
Specifically, a number of species of the form IrCI(H)2(DMSO)(Px). and IrCl(H2)(DMSO),(Px) (where x =
45-50) were produced with PHIP enhanced hydride ligand signals.

The mono-phosphine complexes IrCl(H;)(DMSO),(Px) routinely yielded lower PHIP hydride ligand
signal gains than their bis-phosphine IrCI(H)2(DMSO)(Px), counterparts. However, the opposite
behaviour was observed for partially aromatic phosphine 46 and the non-aromatic phosphine 44
where the mono-phosphine IrCI(H;)(DMSO):(Px) lead to a stronger PHIP response. In fact, hydride
hyperpolarisation efficiency and the hydride dissociation rate proved to be correlated, with a
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dissociation rate in the range 3 — 5 s providing the best hydride signal enhancement. In addition, the
mechanism of H, loss was shown to be preceded by dissociative loss of DMSO. In total, due to the
degree of PHIP signal gains, 3 out of 12 complexes, namely the mono-phosphine 92, the bis-phosphine
62 and the mono-phosphine 79 were seen as potential Earth’s field NMR candidates for detection at
298 K. The complexes formed with phosphines PBns (49) and POPhs; (50) also provided huge
hyperpolarised hydride signals at 313 K and 333 K respectively rather than 298 K. They both therefore
offer promise for being detected using an atomic magnetometer that typically operates above room
temperature.

Finally, the last results chapter demonstrated the Earth’s field NMR detection of these three
phosphine complexes through their hydride ligand PHIP enhancements. The optimisation of the
hyperpolarisation conditions with the phosphine ligands therefore led to the identification of three
suitable systems. In these reactions of 111, with the phosphines PCys (44), PPhs (45) and PCy,Ph (46)
dihydride mono-phosphine 92, bis-phosphine 62 and bis-phosphine 80 form which provided large
hyperpolarised hydride signals that are detectable in the Earth’s field NMR spectrometer. These
species have hydride ligands that experience asymmetric phosphorus couplings and undergo
continuous repolarisation with fresh p-H, under exchange. | therefore demonstrate and report for the
first time, that signals emanating from metal complexes themselves can be seen in the ultra-low field
regime. Furthermore, with the phosphine 45, the simultaneous detection of both PHIP and SABRE in
the hydride and DMSO ligands was achieved. Density matrix simulations of the hydrides spin systems
were used to validate the EF NMR results. This provided an insight on the hyperpolarised spin states
created in the ultra-low field regime and good agreement between experimental and simulated data
was observed for all three species.

8.1.2 How this work fit in the broad picture

The overall aims of this PhD project was to use p-H, hyperpolarisation methods to harness the zero
and ultra-low field (ZULF) NMR detection. It has to be noted that this thesis only contains EF NMR
(micro-Tesla) results because it is the spectrometer available here in York. A placement in Krakow,
Poland was planned in order to carry out studies on an atomic magnetometer in truly zero field (nano-
Tesla) but was not possible due to COVID-19 travel restrictions.

The results discussed in this thesis shows some advancements in the field of EF NMR. Previously,
SABRE at EF NMR was reported where the reversible exchange of the substrates accumulate
hyperpolarisation in the free pool of ligands and allow detection of hyperpolarised free substrates.
One of the significant outcomes of this thesis was the hyperpolarisation and detection of metal
complexes through the hydrides in the Earth’s field NMR. Indeed, it is here demonstrated and
reported for the first time the hyperpolarisation and detection of metal complexes in the Earth’s field
regime. In addition, simultaneous detection of the hydrides and the free ligand DMSO in the
IrCI(H)2(DMSO)(PPhs), was also achieved. This is a remarkable improvement since it allows signal
differentiation at EF NMR where the chemical shift information is non-existent. Other phosphine
ligands such PCys and PCy,Ph prove to react with the iridium catalyst to form dihydride species that
provide a unique fingerprint in the Earth’s magnetic field. Because the hydride ligands can be
hyperpolarised at any PTF and do not need a polarisation build-up time, the *H NMR acquisition was
shorter and signal averaging was possible. These outstanding results open-up new possibilities and
further investigations of dihydrides metal complexes. Indeed, further studies on the evolution of the
hydrides hyperpolarised states in the ultra-low field will be now possible using the starting model
presented in this thesis.
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8.2 Future work

The results in this thesis reveal a number of opportunities and limitations for the detection of p-H-
enhanced species in the Earth’s magnetic field.

The co-ligand approach with in situ detection is demonstrated as a versatile tool to screen reactivity.
This could be expanded to further improve the hyperpolarisation of a range of substrates and observe
them in the ultra-low field regime. It was seen at high field that pyruvate hyperpolarisation using
SABRE was demonstrated with the employment of a co-ligand dimethyl sulfoxide?°® 28, Several other
examples were shown where the co-ligand strategy was beneficial for SABRE improvement. This
includes the case of a range of weakly binding and sterically encumbered N-heterocycles®®. Other
molecules employed as co-ligands including acetonitrile®®®, 1-methyl-1,2,3-triazole*®* and methyl-
nicotinate?®?. This approach therefore has the potential to open up a wider range of substrates that
can be analysed in the ZULF regime.

Isotope enriched nuclei like *C and **N in conjunction with the co-ligand strategy might enable the
detection of heteronuclear couplings emanating from *H-3C and *H-*N of some compounds. In fact,
examples of labelled compounds such as *C**N-urea yielded reliable thermally polarised J-coupling
spectra detected with an atomic magnetometer in the ultra-low field regime®. pH dependant
chemical exchange rates of 'H nuclei by varying the composition of the D,0/H,0 was also
demonstrated in this study. This type of experiment can be further optimised using p-H;
hyperpolarisation techniques where only the hyperpolarised state would be observed.

Furthermore, | was able to detect a range of systems using EF NMR but the SNR remained a challenge.
Using a bigger glass cell, that allows larger sample volumes, will maximise the filling factor and hence
increase signal intensity thereby enabling some of the poorer polarisation systems to be studied.
However, using a bigger sample volume is not compatible with the use of expensive labelled
compounds. It is also important to remember that deuterated solvents are not needed.

Implementation of temperature control within the EF NMR system is desirable if studies are to extend
to chemical species with differing reactivity. Consequently, the phosphines PBns (49) and POPh; (50)
could be studied as used in this work. Monitoring chemical exchange at the Earth’s magnetic field
where variable temperature control exists will therefore be possible. In addition, the SABRE
hyperpolarisation of some ligands that have optimal ligands exchange at different temperatures will
then become feasible.

There are many classes of two electron donor ligands besides phosphines and hence a much wider
range of complexes could be targeted. A review by Duckett details some of this diversity??. Ligands
such as IMes that harness the two electron donor, carbene, could be 3C labelled thus providing access
to two-bonds *H-13C couplings that might be studied in the ultra-low field regime. Besides these two
examples of phosphine and carbene ligands, other nitrogen donor ligands such as N(CHs)s, oxazoline
and pyridine also proved their stability and application in inorganic chemistry?®3,

Another high abundance nucleus that is spin % is fluorine (*°F). Utilisation of fluorinated ligands to
break the hydride symmetry may reflect another alterative. However, these types of substrate are
much harder to work with that 3!P. Materials like PF3 may be an option where the 3!P-1°F coupling
could be harnessed and no isotope enrichment would be needed. Another widely encountered
molecule in inorganic chemistry is the anion hexafluoro-phosphate PFs” and its utilisation through an
ion-pair interaction might be possible. A review of the 1970s details the NMR data of compounds such
materials possessing both 3P and '°F nuclei?®* which might be adapted for this work.
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In chapter 6, it was seen that hyperpolarisation was transferred to the 3P atom in PPhs ligand at a PTF
of near 0 Tesla. The detection of a hyperpolarisation of 3P signal in the EF NMR by adding an extra-
capacitance that allows to tune to the phosphorus resonance frequency in the Earth’s magnetic field
which is ~ 900 Hz was attempted. Unfortunately, these experiments were unsuccessful due to high
noise levels at these frequencies. This may require more formal studies on the effect of 3P
enhancement on complex lifetime.

Finally, Tessari?® have shown chemical quantification at high magnetic field using SABRE. In that study,
linear dependence of the SABRE signal integrals on the concentration was obtained for dilute
substrates (referred to as analytes) in the presence of a large excess of a second ligand. They show
that such conditions can also be realized in far more complex mixtures, provided that the total
substrate concentration largely exceeds the concentration of the analytes and of the metal complex.
The same approach of quantification might be possible at ultra-low field where have already been
shown that the co-ligands strategy is beneficial.
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Chapter 9: Experimental

9.1 General Earth’s field NMR procedure

Earth’s field NMR experiments were carried out using a Terranova MRI Earth’s field (EF) spectrometer
(Magritek, Aachen, Germany). The EF NMR spectrometer and associated NMR experiments were
controlled via a PC running the Terranova-Expert software package within Prospa (Magritek,
Germany). The local Earth’s magnetic field for these experiments was approximately Be = 47.7 uT, with
a corresponding *H Larmor frequency of 2030 Hz. An offset coil using a small current was added to
shift the peak frequency into a less noisy region. The weak Earth’s magnetic field often slightly shift
due to environmental perturbation, which is the reason why the value of the offset current used was
not constant throughout experiments.

9.1.1 Water reference calibration

Prior to any Earth’s field NMR experiment, a 500 mL bottle of water was used to calibrate the NMR
signal. The shimming and the relative orientation of the apparatus with respect to the Earth’s magnetic
field are important. Shimming, to improve the inhomogeneity of the static field B is done with a 500
mL water bottle in conjunction with the ‘autoshim’ routine. At the end, an improvement of the water
peak linewidth of 0.6 Hz was achieved.

9.1.2 Pulse calibration

Thermally polarised 'H NMR spectra on a 500 mL water sample are recorded to calibrate the pulse
power over a full rotation cycle. For example, the first 360° rotation is examined in 22 steps starting
with a voltage of 0.1 V and increasing it to 5.1 V. These data were then exported from Prospa for
analysis in Matlab using the curve fitting tool to obtain the curve as plotted in Figure 9.1.a. The
experimental points were fit to Equation 9.1. A typical goodness of the fit is given by R-squared, which
in this case was 0.9952. A 90° pulse of 1.40 V was indicated for a duration of 3.68 ms. The pulse length
was set to the period, which is one over the Larmor frequency; 1/2720 Hz = 3.68 ms™.

Figure 9.1.b shows an example of a 1 scan *H EF NMR spectrum of 500 mL of water centred at the
protons Larmor frequency at 2720 Hz. The NMR spectrum has a linewidth of 0.6 Hz at half and an
amplitude of 40 mV/Hz.

a=-1.13+0.08, b=76.66+2.18,c=-2.52 £ 0.05 and d = -0.08 + 0.07

axsind(b* (x +c))*e¥?® (9.1)
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Figure 9.1: a) Nutation curve recorded with a 500 mL bottle of water at the Earth’s magnetic field. b)
One scan 'H EF NMR spectrum of a sample of 500 mL of water sample acquired with a 90° pulse. A
pre-polarising field of 18.8 mG was used for a duration of 4 s. The red x in (a) indicates a point that
was excluded from the fit.

9.1.3 In-situ Earth’s field NMR set-up

The EF NMR system?®” was integrated with a commercial Bruker p-H, generator for these studies, see
Figure 9.2.a. The experiments took place inside a glass reaction chamber located in the middle of the
NMR probe. The chamber consists of inlet and outlet ports, and a frit for bubbling p-H; into a SABRE
solution. The outlet acts as a vent to allow p-H; gas to flow through the apparatus as a rate controlled
by a back pressure regulator. By fixing the pressure difference the pressure in maintained under a
slowly exchanging 3 bar p-H, gas purge.

The pulse sequence for a standard in-situ SABRE-PHIP hyperpolarisation experiment using EF NMR
detection is presented in Figure 9.2.b. During the whole experiment, p-H; is bubbled through the
sample. In the first additional step, the polarisation transfer field (PTF) is turned on by passing a fixed
current through the polarising coil B,,. The duration, Tprp, and the amplitude of the PTF, is varied
according to the experimental need and limited by resistive heating of the coil to a maximum duration
of 5 s for the maximum current of 6 A. In the presence of the PTF, polarisation builds up on the
substrate in solution according to SABRE, which results in a net magnetisation along x, the same
direction as the PTF field. After build-up, the PTF current is turned off adiabatically over ~150 ms (d>).
This allows the hyperpolarised magnetisation to re-orientate to the Earth’s magnetic field direction,
the z-axis. In order to detect the hyperpolarised magnetisation within the Earth’s field, an r.f pulse,
angle 6, is applied with the B; coil, which tilts the magnetisation vector towards x-y. The resulting
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vector precession induces a current in a coil to create the signal. An acquisition delay of 25 ms (ds) is
needed for coil ring-down. An optional delay (di) can be set after the release of the p-H, pressure. This
is usually followed by another delay of 3 s (ds) which allows time for the switching-off of the p-H,
bubbling and subsequent out-gassing of H, from the solution.

This is essentially the same pulse sequence used to perform non-SABRE-PHIP EF NMR experiments
except that in a standard thermally polarised experiment there is no bubbling of p-H; and the
polarisation transfer field is used to pre-polarise the sample and is typically a field of 18.8 mT (6 A) and
that is applied for 4 s.

a) b)
Terranova Earth’s Polarising Coil p- H 5 I I
Field Probe \ : : : :
side-view :
y ’ i ) il Exhaust
A 'ty p-H,
o p-Hyin Generator PT F
Frit ke
Flow Cell v &
NUH i a }2.8 cm
Zacm R F

Figure 9.2: a) Reproduced from 2%7, Schema of the in situ SABRE hyperpolarisation set-up. The reaction
chamber containing the SABRE solution sits inside the EF NMR probe. p-H, from the generator is
bubbled through the solution by passing through the frit within the chamber. The pressure difference
across the p-H; inlet and the exhaust is set by the user and controlled by the polariser unit. b) Pulse
sequence for in situ SABRE hyperpolarisation with EF NMR detection which is described in detail
above.

9.2 General methods using the Spinsolve instrument (1 T)

The 1 T experiments were carried out at 28 °C, in the 43 MHz Spinsolve-Carbon by running the Prospa
V3.40 software package (Magritek, Germany). The sample for SABRE hyperpolarisation were prepared
as follows. In a typical experiment I, was mixed with an excess of the selected substrate and dissolved
in a specified solvent. The resulting mixture was transferred to a NMR tube fitted with a Young’s Tap
and degassed by 3 freeze-thaw-pump cycles. The shake & drop method was employed to
hyperpolarise the sample prior to the recoding of SABRE NMR spectra.

9.2.1 Shake and Drop

First, the SABRE catalyst was activated by adding 3 bar of p-H, into the headspace of the NMR tube
which was then shaken vigorously for ten seconds before quickly transferring it into the probe for
NMR signal acquisition. This procedure was repeated several times (typically 5 repeats) until hydride
signals in the region -13 and -18 ppm disappeared, which indicated full sample activation.

Once activated, single-scan thermal *H NMR spectra were acquired to provide the reference needed
for SABRE enhancement factor quantification and percentage polarisation calculations. For each
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subsequent SABRE experiment, the head-space of the NMR tube was evacuated and charged with 3
bar of fresh p-H, and shaken vigorously again for 10 seconds, unless specified otherwise.

A 6.5 mT home-made hand-held magnet “shaker” was often used to set the PTF accurately. The
sample was placed inside the shaker that produce the required magneticfield for polarisation transfer
before being transferred into the NMR for detection. Devices were available for fields between 3.0
mT and 13.0 mT in steps if 10 mT?%3,

9.2.2 Quantifications

For the 1T, 9.4 T and 11.7 T measurements, *H NMR signal enhancements were calculated by dividing
the hyperpolarised integral intensity by the corresponding intensity from a 1 scan thermal spectrum
recorded and processed under the same conditions.

The percentage polarisation values in the Earth magnetic field were obtained by comparison to a
calibration plot derived for water. This reference plot demonstrated that the signal increases linearly
with increase in volume of H,0 and hence number of *H nuclei. This is true for a volume of H,0 up to
250 mL approximately. Above that volume the linearity does not hold anymore. The resulting Ps4grE
is given by Equation 9.2 and 9.3 where Cgrer comes from the water calibration.

PsABRE _ SSABRE (9.2)
PREF SREF )
__ SSABRE _
Psapre = SiF X Prgr = Crer X SsaBRE (9.3)

Ssapre is the signal per mol of *H for the SABRE spectrum, Sggr is the signal per mol of H for a
reference, Pgrgr is the polarisation level of the reference, and Cge is the calibration constant that
relates the SABRE signal to the polarisation level. Further information relating to this calibration
methodology is found in Hill-Casey et al.?%” .

9.2.2.1 Relaxation quantification

Hyperpolarised T; relaxation times were measured at 1 Tesla using a single shot approach. A series of
15 'H NMR acquisitions were carried out with the increasing pulse angle 6,, (see section 3.3.2.2 Figure
3.12.d) set to use an equal fraction of the available magnetisation each time. A variable delay §t,, was
allowed between each acquisition to sample a full T; decay curve?”’.

Hyperpolarised longitudinal relaxation times T; in the Earth’s magnetic field were measured as follows
(see section 3.3.2.2 Figure 3.12.c). During the whole experiment, p-H, was bubbled. Then a PTF of 6.5
mT was then turned on for ~10 s to enable polarisation build-up. This field is then turned off
adiabatically to allow the created magnetisation to reorient with Earth’s magnetic field. Subsequently,
a variable delay 7 is sampled, followed by a 90° pulse. This sequence is repeated several times whilst
incrementing the delay t.
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9.3 General High field NMR methods

High-field NMR experiments were conducted on Bruker Advance Ill 400 and 500 MHz spectrometers.
The 'H NMR frequencies were 400.1 and 500.1 MHz, respectively. The *C NMR frequencies were
100.6 and 125.8 MHz; *°N data was recorded at 50.7 MHz, 3'P data was recorded at 162.0 and 200.5
MHz. Bruker Topspin software, version 3.6.2, was used for data acquisition and processing. Chemical
shifts are quoted as parts per million (ppm) and referenced to tetra-methyl silane (TMS).

The phosphine ligands A-Q, dimethyl-sulfoxide, the amines 1, 2 and 3, DMSO, acetonitrile, pyridine
and the solvents were all purchased from Sigma Aldrich, Fluorochem or Alfa-Aesar and used as
supplied without further purification.

IrCI(COD)(IMes) (1) (where IMes = 1,3-bis(2,4,6-trimethyl-phenyl)imidazole-2-ylidene and COD =
cis,cis-1,5-cyclooctadiene) and [Rh(COD)(PPhs),] (1) (where PPhs = triphenyl phosphine) were
synthesized in our laboratory according to literature procedures?®>.

9.3.1 para-Hydrogen generation

p-Ha is prepared by flowing H, gas over a silica/FeCls catalyst at 28 K which is 99 % pure. This was used
for hyperpolarisation for the 1 T, 9.4 T and 11.7 T measurements. The EF data used a Bruker
parahydrogen generator, which operates at 38 K, and delivers 89 % p-H.

9.4 Samples preparation procedures

9.4.1 Amine samples preparation For EF NMR study

The samples used in the amine studies were prepared by dissolving 5.1 mM (15 mg) of | in 4.6 mL of
solvent (chloroform or chlroform-ds). The specified amines was added as indicated in the text, and the
co-ligand DMSO-ds as needed (see Tables 9.1 and 9.2). In the case of substrate 3, the DMSO-dg mixture
involved a 127.5 mM solution (25 eq.) of 3 and a similar 125.5 mM of DMSO-ds relative to I. 4 mL of
each solution was utilised in the EF NMR analysis and the remainder placed in an NMR tube for 1T
studies. At the start of each experimental session, the solution of EF work was injected into the
reaction chamber through the p-H; inlet using a syringe.
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Table 9.1: Sample compositions for amines 1 hyperpolarisation in the Earth’s magnetic field

251/25DMSO | 201/ 20DMSO | 151/15DMSO | 101/ 10DMSO | 51/ 5DMSO
I (mM) 15mg, 5.1 mM 15mg, 5.1 15mg, 5.1 15mg, 5.1 15mg, 5.1
mM mM mM mM
1 63.9 uL 51.2 uL 38.4 uL 25.6 uL 12.8 uL
volume
1 127.5 mM 102 mM 76.5 mM 51 mM 25.5mM
Concentration
DMSO-ds 41.4 pL 33.16 uL 24.9 uL 16.6 pL 8.3 uL
volume
DMSO-ds 127.5 mM 102 mM 76.5 mM 51 mM 25.5mM
concentration
CDCls 4.6 mL 4.6 mL 4.6 mL 4.6 mL 4.6 mL

Table 9.2: Sample compositions for amines 2 hyperpolarisation in the Earth’s magnetic field

502/50DMSO | 502/40DMSO | 502/30DMSO | 502/20DMSO |50 2 / 10

DMSO

I (mM) 15mg,5.1mM | 15mg,5.1mM | 15mg,5.1 mM | 15mg,5.1mM | 15 mg, 5.1
mM

2 Volume, 153.4 pL, 255 | 153.4 plL, 255 | 153.4 pl, 255 | 153.4 ulL, 255 | 153.4 L,

Concentration | mM mM mM mM 255 mM

DMSO-ds 71.8 pulL, 255 |66.3 uL, 204 | 49.7 pul, 153 | 33,15 plL, 102 | 16.57 uL,

volume, conc. | mM mM mM mM 51 mM

CDCl5 4.6 mL 4.6 mL 4.6 mL 4.6 mL 4.6 mL

9.4.2 Preparation of [IrCI(COE)],

11mL isopropanol O C ©
IrCl;.3H,0 © 5mL water o >Ir< I>|r<
. Cl
1.0 eq 5.4 eq Reflux 2h in N, @ @

IrCl3.3H,0 (1.0 g 2.83 mmol 1.0 eq.) and cis-cyclooctene (2.0 mL 15.35 mmol 5.4 eq) were refluxed in
a mixture of isopropanol (11 mL) and water (5 mL) under a steady stream of nitrogen. After 2 hours,
the dark red coloured solution changes to orange yellow and [IrCI(COE)]. precipitates out from the
solution. The precipitate was collected by filtration under nitrogen and washed with ice-cold methanol
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to remove the traces of unreacted cyclooctene. Finally, the orange yellow powder was dried under
vacuum and stored in nitrogen atmosphere in the freezer. (Yield 89%)

9.4.3 Preparation of [IrCI(DMSO)s] (111)

Toluene 6 mL
[IrCI(COE)]l, + DMSO : [IrCI(DMSO)3]

1.0 eq. 4.0 eq. 2h at RT under N,

Drop wise addition of DMSO (0.9 mL 1.26.10° mol) to a bright suspension of [IrCI(COE)],(0.265 g, 0.39
mmol) in toluene (6 mL) produced a limpid yellow solution. Stirring at room temperature for ca. 3
hours resulted in a formation of yellow lemon precipitates, which were filtered off, washed with
diethyl ether and dried under vacuum. The same procedure was used to synthesise deuterated I11-
d1s. 1H NMR in toluene at 3.15, 3.91 ppm confirm (Yield 81%)

9.4.4 Preparation of IrCI(COD)(PCys) (1V)

[I(COD)CIl, + 2PCys Toluene » 2 IrCI(COD)(PCys)

2 hrs at RT, under N,

1eq. 1.8 eq.

In a ampoule, 500 mg of [Ir(COD)Cl]; was dissolved in 12 mL of toluene which was degassed
beforehand. The reaction is carried out in a Glovebox under nitrogen atmosphere. A solution of 371.6
mg (1.8 equivalence) of PCys; was separately dissolved in 7 mL toluene. Then, the PCys toluene solution
was added dropwise into the solution of [Ir(COD)Cl].. The final mixture was stirred for 2 hrs at room
temperature, which yielded a yellow precipitate. This latter was collected and dried under vacuum.
The 3P NMR spectrum yielded a single resonance at 14.78 ppm for the pure product.

9.5 Hyperpolarisation reaction of phosphine 10-18 and 44-51

For phosphorus containing 10-18 hyperpolarisation reactions, 5 mM of | was reacted with (1, 2 or 5
equivalences) of phosphine in dichloromethane or methanol with the specified co-ligand as stated in
Table 9.3. For the samples of 1l and phosphines 44-51 were used in toluene-ds as stated in table 9.4.
The corresponding sample composition data for the samples used with EF NMR detection are given in
Table 9.5. The phosphines were treated as air sensitive.
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Table 9.3: Sample composition of for the hyperpolarisation reaction of phosphine 10-18. In some case,

a co-ligand was used.

10 11 12 13 14 15 16 17 18
| 5mM 2 5mM2 | 5mM2 | 5mM2 | 5mM2 | 5mM2 5mM 5mM
mg mg mg mg mg mg 2mg 2mg
I (mM) 1mg
Phosphine 2eq. 5eq. 2eq. 2eq. 1eq. 2 eq. 10 eq. 2 eq. 4 eq.
=1.09 pL; =3.16 =1.01 =1.26 =0.58 uL | =0.89 pL | =7.13 pL =1.84 =1.35
5eq.= mg; leq. mg pL; 5 eq. mg; 3e mg
2.72uL | =0.70mg =3.16 uL q.=2.76
mg
DMSO leqg.= leq. 2eq. leq.=0.
0.22pL | LipL =0.5uL | 2pL
Pyridine leg.= 3eq.
0.25uL =0.75 pL
Acetonitrile 2
eq.=0.3
2 uL
Benzylamin 5eq. 3eq. 3eq.
e =1.7 pL; =1.02 pL | =1.02 uL
4
eq.=1.36
pL
Solvent 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
(mL)
Table 9.4: samples composition for hyperpolarisation reaction of phosphine 44-51.
44 45 46 47 48 49 50 51
I (mM) 3mg 2.5mg 5 2.6 mg 5mg 5mg 25mg | 2.5mg
12.mM | 9.0 mM | mgl8.0mM | 8.8 mM 18.0 18.0mM | 9.0mM | 9.0 mM
mM
Phosphine 2 eq. 1eq. leq.2.8 1eq. 1eq. leq.3.0| 3eq. 2 eq.
(mM) 25mg | 1.1mg mg 1.1mg | 3.60 mg mg 29mg | 1.4uL
Toluene-ds 0.6 0.6 0.6 0.6 0.6 0.6 0.6
mL
1V (mM) 6.76 MM 2.5 mg
DMSO 1.4 uL(5eq.)
Toluene-ds or 0.6
dichloromethane- d, (mL)
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9.5.1 EXSY measurements using p-H»

Due to the weak thermally polarised hydride signals for the bis-phosphine 62, recording normal EXSY
measurements was impractical. The pulse sequence of Figure 9.3 described in 19952 was therefore
used in conjunction with p-H,*®’. It refocuses the antiphase magnetisation created by the initial /4
pulse a with a T-it-t sandwich where tis set to 1/4Juu. X refers to 3!P. However, as the sample is filled
with fresh p-H, and shaken each time, a temperature fluctuation results which increases the error in
the rate data.

(rt/4)x (m)x (m/2)x  (m/2)x

i —ld2 Md2 t1

(rm)x

 _ I ? garp

Figure 9.3: Pulse sequence used with p-H; EXSY.

9.5.2 2D correlation NMR using p-H;

The 2D correlation NMR using p-H, was also used extensively in this thesis. Compared to a traditional
COSY experiment?®8, COSY-PHIP experiment includes p-H; starting magnetisation in the product
operators. As explained by Dr Chris Sleigh?®, the initial (1t/2), pulse is then replaced by a (/4),
pulse. Therefore, the cross-peaks and diagonals arise from the hyperpolarised singlet state
magnetisation, leading to large increases of the signal recorded. The resonances that are coupled are
identified by a significant gain of NMR time whilst keeping the same information as the traditional
COSY. COSY-PHIP was developed in 1995%¢ along with other two-dimensional NMR pulse sequences
such as HMQC-PHIP, HSQC-PHIP and EXSY/NOESY-PHIP?%¢ 267. 270 | addition, a *H-X HMQC-PHIP
experiment, 'H coupling to the heteronuclei X, for example 3P must be first evaluated in order to
optimise the delay for magnetisation transfer. The standard experimental method for these types of
experiment is to pressurise the sample with p-H, before a rapid transfer in the NMR probe for an
acquisition of usually 2~3 minutes, depending of number of data point (TD) and number of scan (NS)
selected.
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9.5.3 Detection of hyperpolarised phosphine complexes at EF NMR

Table 9.5: samples composition for hyperpolarisation reaction at the EF NMR of phosphine 44, 45 and
46.

Phosphine 44 45 46

T (mM) (26mg) | (26mg) | (26mg)
13.5mM | 13.5mM | 13.5mM

Phosphine | (0.7eq.) | (1.8 eq.) | (1eq.)
(mM) mg 1.1mg | 2.8mg

Toluene mL 4 4 4

Signal detected in the EF NMR system.

The Loop pulse sequence (Figure 9.5) was designed for the detection of the hyperpolarised hydride
signals at the EF NMR. Instead of the pulse sequence of Figure 9.4, there is no need for a PTF and a
time for build-up because the hyperpolarised complexes itself is being observed. p-H, is bubbled
continuously during the whole NMR experiment at the Earth’s magnetic field, which is the field
experienced by the spins. Firstly, an internal loop, consisting of the pulse 6, the delay for coil ring
down and the NMR acquisition is repeated n time. The repetition time has to be lower than the
maximum bubbling time. Then, an external loop, which consist of repeating the whole experiment m
time with the additional 60 s delay (ds) for the p-H, generator pressure recovery. Hence, EF NMR signal
is an accumulation of n*m experiments. This pulse sequence is therefore suitable for hyperpolarised
hydride signals detection at the Earth’s field due to its very weak signal.

d, d,
p-H, | : : |

‘-
RF I WWMWWMM

d,= bubbling time EWW

d,= acquisition delay

d,= loop delay T TR n

TR = repetition time

total scan = n*m NTR < oy pusbing m

Figure 9.4: Pulse sequence loop for phosphine complexes
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9.6 Chapter 5: NMR Characterisation data for phosphine complexes

9.6.1 Characterisation of 13.5 mM Ir(COD)(PCys)Cl with 5 eq. DMSQ in 0.6 mL of
dichloromethane-d; at 253 K: 92

Ir/ -
/ \S/CH3 15 H3C/ \CH3

n—12~=0

11H |\o 16
He” ﬁ\CHa s
2 o 13
Resonance number H (ppm) 13C (ppm) 31p{1H} (ppm)
1 21.6,s
2 2.30, q,J(HH) =10.7 60.17,d, J(CP) =33 Hz
Hz, J(PH) = 10.7

3 1.96,t,)=10.7 Hz 55.84, J(CP) =95 Hz
4 1.79, m 53.45, J(CP) =33 Hz
5 1.40, m 56.14
6 1.26,dd, J(HH) =5.6 53.58

Hz, J(PH) =19.2 Hz
7 2.13, m 51.44
8 1.48, m 52.16
9 1.67, m 52.60
10 -16.89, dd, J(HP) =

19.8 Hz, J(HH) = 5.9 Hz
11 -21.69, dd, J(PH) =
17.8 Hz, J(HH) = 5.9 Hz

12 3.47,s 58.07
13 3.45,s 46.94
14 3.35,s 50.96
15 3.25,s 42.15
16 2.59,s 41.11
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9.6.2 Characterisation of 18.0 mM Ir(DMS0)sCl 5mg with 1 eq. (3.1mg) P(Ph-CHs); (M)
in 0.6 mL of toluene-ds at 263 K: 88and 47

A toluene solution of 30 mg of Ill was reacted in-situ with 1 eq. of 47 for two hrs allowing the
formation of phosphine mono-substitution. Then the solution was dried under vacuum and the excess
of DMSO washed off with hexane. The resulting yellow crude obtained is the 16 electron complex
IrClI(DMSO),(P47) which after reaction with H; yields a total conversion of 88 complex. Then 88 was
characterised at 263 K.

>
ety
H S
2 T
TG,
11CH;
Resonance number H (ppm) 13C (ppm) 31p (ppm)
1 -16.23, dd,
J(HH) =5.8 Hz
J(HP) =22 Hz
2 -20.60, dd,
J(HH) =5.8 Hz
J(HP) =22 Hz
3 -7.9
4 137.17
5 7.00 133.04
6 6.90, m, J(HH) = 8.0 Hz 126.34
7 7.09, m, J(HH) =7.8 Hz 128.82
8 7.03, m,J(HH) =7.1Hz 130.25
9 124.89
10 2.45,s 57.46
11 2.97,s 44.42
12 3.28,s 41.46
13 2.19,s 48.95
14 1.61,s 40.62
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6 7
5 > T
4 3
Resonance number H (ppm) 13C (ppm) 31p (ppm)

1 -29.8
2 134.14
3 7.02 128.86
4 7.15 128.02
5 7.08 125.15
6
7
8 2.44 21.05

9.6.3 Characterisation of 18.0 mM Ir(DMSO);Cl with 2 eq. P(Ph-O-CHs)3 (47) in 0.6ml of
toluene-dgat 253 K: 75 and 76

ch/
14

OCH,

OCHj
/CI
"

\S/O
\\CH312

CH
i

N

CHs
13

®
~ OCH;
24
22
18
21 19 17
OCH,4 H3CO
20
16H cl
\|r< CH325
15H/ S\_CH326
o}
OCHj HsCO
P
OCH3
= |
AN
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Resonance number H (ppm) 13¢C (ppm) 31p (ppm)
1 -15.42, dd, J(HH) = 6
Hz
J(HP) = 19.42 Hz
2 -19.4, dd,
J(HH) = 6 Hz
J(HP) =18 Hz
3 0.46
4 126.47
J(CP) =63 Hz
5 162.0
J(HC) = 14.5 Hz
6 3.25 54.21
7 6.76 113.12
J(HC) =13 Hz
8 6.69
9 6.75 113.20
J(HC) =12 Hz
10 7.97 136.15
J(HC) =13 Hz
11 3.18 46.25
12 2.80 56.88
13 3.07 41.67
14 3.03 49.18
15 -13.87, dt,
J(HH) =6.3 Hz
J(HP) =19.9 Hz
16 -20.28, dt,
J(HH) =6.3 Hz
J(HP) =15.4 Hz
17 3.85
18 127.96
J(CP) =29.0Hz
19 160.90
J(CH) = 14 Hz
20 3.27 54.23
21 8.06 136.30
22 6.76 113.12
J(CH) = 13 Hz
23 6.69
24 6.79 113.20
J(CH) = 12 Hz
25 3.22 42.24
26 3.48 47.58
27 -11.35, dd,
J(HH) = 4.7 Hz

J(HP) = 148.6 Hz
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28 -19.47, dd
J(HH)=4.7 Hz
J(HP) =10.4 Hz
29 2.89 54.25
30 3.11 44.89
31 2.65 43.52
32 3.08 59.22
33 -5.05
34 126.25
J(CP) =49 Hz
35 3.28 54.19
36 160.85
J(CH)=13.5Hz
37 8.17 136.45
J(CH)=13.3Hz
38 6.80 113.18
J(CP)=12.2 Hz
6.74
7.74

9.6.4 Characterisation of 18.0 mM Ir(DMSO);Cl with 1 eq. of PPh(Cy); (46) in 0.6 mL of

toluene-dg at 263 K: 75

o]

9
=

|\O ‘——‘
3 CH
H C/”\CH 0123 3
3 3
2 9 13
Resonance number H (ppm) 13¢C (ppm) 31p (ppm)
1 1.08
2 2.48 33.62
3 1.80 26.86
4 1.72 28.28
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5 1.57 26.29
6 131.88, J(PC) =52 Hz
7 8.31 135.07
8 7.29 127.36
9 7.15 129.64
10 -16.71, dd, J(HP) = 21
Hz

J(HH) =6.1Hz

11 -20.90, dd, J(HP) =
19.3 Hz

J(HH) =6.1Hz
12 3.26,s 41.77
13 3.12,s 50.09
14 2.71,s 57.24
15 3.04,s 45.23
16 1.72,s 40.28

9.6.5 Characterisation of 18.0 mM Ir(DMSO);Cl with 2 eq. of P(Ph),Me (50) in 0.6 mL of
toluene-dgat 273 K: 91 and 50

7
6 4
5 3
1H\
2H/

r

1
g 10 12 1
15
p9
18
19
| 21
\ )
\ < >
CH
Cl

14

13 p—CHs ,

3

Resonance number H (ppm) 13¢C (ppm) 31p (ppm)
1 -10.33, second order
multiplet*®
2=1
3 -10.65, t, J(PP) = 5 Hz
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4 139.69 J(PC) = 60 Hz

5 7.33, m, J(PH) =11 Hz 132.32

6 6.84 127.67

7 6.89 132.35

8 1.55,d, J(PH) =10 Hz D,22.1)(8-3)=45.7
Hz

9 137.60 J(PC) =36 Hz

10 7.90 134.5

11 7.05 128.8

12 6.99 127.81

13 -18.9,d, J(PP) =5 Hz

14 138.90 J(PC) =46.7 Hz

15 7.67, m, J(PH) = 8 Hz 133.22

16 6.96 127.25

17 7.13 128.78

18 137.59 J(PC) =37 Hz

19 7.14, m, J(PH) = 8.3 Hz 133.04

20 7.09 127.25

21 7.00 127.82

22 1.78,d,J(PH) =7.5Hz 15.1

*The hydride trans 3'P arrangement is reflective of a second order spin system and whilst

appearing with the features expected for an [AM],X arrangement, there was insufficient

information to identify specific couplings.

9.6.7 Characterisation of 18.0 mM Ir(DMSO);Cl with 1 eq. of P(Bn)z (49) in 0.6 mL of

toluene-dg at 273 K: 63, 79 and 80
Q 1O
C

6 23 ! /39\P/ Sy
4H/4\P 2a 22b 39a
a 3 20aH \ e |27b . __CHy44
2H cl 18 \ 30 \Ir/ \\\CH345
N 17 \p/27\ 36h” | e ©
i | Ns=0 21 27a
N
\CH CHs9 16 o
3
O/T . 10 15 H/I\S¢0 H\C/P\C/H
13
CHy 11 \ CHs32 | \
12 Oty H H/"\H H
o/| CHs @
CH; 34
35
Resonance number H (ppm) 13¢C (ppm) 31p (ppm)
1 -20.52, dd,
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J(PH) = 15.6 Hz

J(HH) = 6.1 Hz
2 -15.96, dd,
J(PH) = 19.6 Hz
J(HH) = 6.1 Hz
3 8.42
4 32.81
4a 3.72
4ab 3.60
5 152.76
6 7.24 130.96
7 7.14 128.08
8 7.09 126.29
9 3.04 46.15
10 2.49 56.92
11 3.22 41.52
12 2.87 49.94
13 -15.93,d,
J(PH)=17.2 Hz
14 144.47
15 8.66 138.20
16 7.02 124.25
17 7.10 128.15
18 7.40 130.23
19 180.81
20 30.85
20a 3.71
20b 4.50
21 30.45
22 38.61
22a 3.84
22b 2.64
23
24 7.39
25 6.96
26 6.84
27 34.94
27a 2.62
27b 3.24
28 154.87
29 6.97 124.32
30 7.100verlap
31 7.02overlap
32 2.90 44.31
33 2.29 51.47
34 2.03 39.8
35 2.79 40.42
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36 -21.54, dt,

J(PH) =13.5Hz

J(HH) =6.7 Hz
37 -15.31, df,

J(PH) =20.4 Hz

J(HH) =6.7 Hz
38 4.15
39 33.54
39a 3.39
39b 3.53
40 134.66
41 7.16 128.69
42 7.13 128 overlap
43 7.11 126.72
44 2.67 35.11
45 2.66 35.6

9.6.8 Characterisation of 9.0 mM Ir(DMSO)sCl (2.5 mg) with 3 eq. of P(OPhs) (50) in 0.6
mL of toluene-dg before H;, addition at 273 K: 69

17

16 OPh
14>0 | 24
15 \P/OPh 24 2
13 .
o
\32 %32/ free
NP
o \ OPh PhO OPh
N
r 27%
E 0 |
E\ 1 A} 5
E 2 e} L
E R @ 28
7 \ 29
2 (0]
Z o
E 18 30
5 E 31
H1 19 )1
20
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Characterisation data of Ir(DMSO)sCl 2.5 mg 3 eq. P(OPh)5 (2.90 uL) in toluene-ds before p-H, 298 K

Resonance number H (ppm) 13¢C (ppm) 31p (ppm)
1 -9.31, td,
cis J(HP) = 19.1 Hz
trans J(HP) = 276.3 Hz
2 96.74, q,
J(PP) = 19.4 Hz
3 151.9
4 7.50 121.77
J(HH) = 7.8 Hz
5 6.90 129.13
6 6.97
7 8.77, 1, 137.21
J(HH) = 7.8 Hz
8 125.09
9 6.97 129.08
10 6.88 129.17
11 7.03 129.55
12 110.04
13 87.48, m,
J(PP) =19.4 Hz
14 152.06
15 7.36 121.99
16 6.94 129.29
17 6.84 124.55
18 overlap
19 6.88 125.23
20 7.15 120.79
21 7.02 122.90
22 72.25, q,
J(PP)=31Hz
J(PP) =18 Hz
23 151.31
24 6.99 121.33
25 6.87 124.05
26 6.78 124.19
27 127.5,s
28 137.19
29 7.14 127.95
30 7.17 128.87
31 7.06 128.09
32 2.14 46.39
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9.6.9 Characterisation data of 9.0 mM Ir(DMSO)3Cl with 1 eq. P(OPh)s (50) in toluene-dg
after H, addition and the sample warmed in hot water 298 K: 85 and 86

3 0 4
H3C\g _CHs
(l)Ph
OPh
2H\ /5P<
Ir O
/ \ 6
H Cl 7 9
8
10
13 U O/F|>\OPh
OPh
14
Resonance number H (ppm) 13C (ppm) 31p (ppm)
1 -10.15, dd,
trans J(HP) = 237.3 Hz
cis J(HP) = 20.0 Hz

J(HH) =6 Hz

2 -19.06, dd,
cis J(HP) =13.6 Hz,

J(HH) =6 Hz
3 2.64
4 3.11
5 Broad 98.4
6 overlap
7 overlap
8 overlap
9 overlap
10 80.12

J(PP) =32 Hz

11 overlap
12 overlap
13 overlap
14 overlap
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cl . P//OPh
1H\| 7 o 13
r 9
217 | g —CHs a
\ > CH, 15
O 10
3P
Ny o \OPh
OPh
Resonance number H (ppm) 13C (ppm) 131p (ppm)
1 -15.22, dd,
cis J(HP) = 17.8 Hz
J(HH)=3.5Hz
2 -8.8, dd,
trans J(HP) = 276 Hz
cis J(HP) = 20.8 Hz
J(HH) =3.5 Hz
3 94.03
J(PP) =26 Hz
4 overlap
5 overlap
6 overlap
7 overlap
8 overlap
9 overlap
10 overlap
11 Broad 72.40
12 overlap
13 overlap
14 overlap
15 overlap
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9.6.10 Characterisation of 14.4 mM Ir(DMSO)sCl with 1.78 eq. of PPh3 (45) in 0.6 mL
toluene-dg at 273 K: 53, 54, 55 and 56

6 15
7 14
5
cl -
4 2 / 19
3
H
1

0=
e
CHs
22
Resonance number H (ppm) 13C (ppm) 131p (ppm)
1 -18.02, dd,
J(HP) =18.2 Hz
J(HP)=11.0Hz
2 129.28
3 7.90 134.89
4 7.06 125.12
5 7.02 128.89
6 8.02
7 129.28
8 -92.96, d,
J(PP) =14 Hz
9 129.36
10 7.07
11 7.96 134.96
12 6.98
13 148.89
14 6.89
15 7.21 124.81
16 ~6.98
17 -3.18, d,
J(PP) = 14 Hz
18 137.2
19 7.16 127.95
20 7.01 127.79
21
22 2.78 39.34
23 3.20 43.86
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23

Cl
Resonance number H (ppm) 13C (ppm) 31p (ppm)
1 -13.28, dd,
J(HP)=21.7 Hz
J(HP)=14.3 Hz

2

3 7.89 134.86

4 6.91

5 7.03

6 7.80 134.36

7

8 -78.02
J(PP)=5Hz

9

10 8.09 135.53

11 6.72

12 6.92

13

14 7.80 134.94

15 7.78

16 ~6.92

17 3.45 39.06

18 2.13 43.52

19 -2.75
J(PP) = 5 Hz

20
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21 7.91
22 6.99
23 6.72

13

S
| ||\CH3
Cl o 18
Resonance number H (ppm) 13C (ppm) 131p (ppm)
1 -13.6,d
J(HP) = 21.1 Hz

2 overlap

3 7.75

4 6.98

5 overlap

6 7.66

7 overlap

8 -70.88
9 overlap

10 6.89

11 overlap

12 overlap

13 overlap

14 8.41

15 overlap

16 overlap

17 overlap

18 overlap
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] 8
::7i
5
4 2
3
H/
1
=

9 /@lé
P 13 15
14

CH317

S/
L o
\Co

S

o) \CH3
CHy,
20
Resonance number H (ppm) 13C (ppm) 31p (ppm)
1 -17.08,d
J(HP) =16.6 Hz
2 overlap
3 overlap
4 7.00
5 7.22
6 6.89
7 overlap
8 overlap -73.36
9 overlap
10 8.10
11 overlap
12 overlap
13 overlap
14 6.81
15 overlap
16 overlap
17 2.81,s 39.35
18 3.15,s 49.56
19 3.16,s 43.11
20 2.83,s ~55
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5

4

6 8
©7<
2

3
H/
1

ST—CHas17

Y

Ir\ 21 22
19
/S Ph \Ph
O/ \CH3
CH, 24
25
Resonance number H (ppm) 13C (ppm) 131p (ppm)
1 -17.57, dd,
J(HP)=17.7 Hz
J(HP)=12.1Hz
2 overlap
3 6.86 131.78
4 6.77 127.71
5 7.04 132.69
6 6.95
7 overlap
8 broad, -92.37
9 overlap
10 8.41 133.68
11 overlap
12 overlap
13 overlap
14 7.70 132.69
15 overlap
16 overlap
17 overlap
18 overlap
19 broad, 2.75
20 overlap
21 overlap
22 overlap
23 overlap
24 2.78 39.35
25
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9.6.11 Characterisation of 18.0 mM Ir(DMSO)sCl with 1 eq. of P(Ph); (45) in H, and 0.6
mL of toluene-dgat 263 K: 62, 58 and 60

OO

6
> 0
2H Cl ”
N R S
1H/|r\ A° e \CH3
S~ 10
\ CH38
b CH,
Ph/ \Ph ?
Ph
Resonance number H (ppm) 13C (ppm) 31p (ppm)
1 -14.04, dt, cis J(PH) =
14.7 Hz
J(HH) =6.4 Hz
2 -20.28, dt, cisJ (PH) =
19.5Hz
J(HH) =6.4 Hz
3 9.20
4 129.83
5 8.02 134.83
6 7.09 127.77
7 7.73 132.4
8 2.35 45.13, J(CH) =66 Hz
9 2.13 20.49
10 1.70 40.23, J(CH) =70.0 Hz
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6~ 45
CH,8 ﬁ
2H\Ir/S\OCH3 9 - . /S\
T > g Hoe” et
S
o/ \CH3
CHy 10
11
Resonance number H (ppm) 13C (ppm) 31p (ppm)
1 -15.30, dd, cis J(PH) =
19.2 Hz
J(HH)=5.9Hz
2 -19.62, dd cis J(PH) =
17.77 Hz
J(HH)=5.9Hz

3 4.96
4 129.72
5 8.4 134.74
6 7.04 129.76
7 7.72 132.08
8 3.10 46.05, J(CH) =69.5 Hz
9 2.66 56.60, J(CH)=70.1 Hz
10 3.02 41.03, J(CH) =68.7 Hz
11 2.94 49.12, J(CH) =68.1 Hz
12 1.70 40.23
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CHy 4
(6] CH
\S/ 3
S P—< >
2H\| /6
"
Tl
8
S 9
=
o= \CH3
CHj3
Resonance number H (ppm) 13C (ppm) 31p (ppm)
1 -11.44, dd, trans J(PH)
=147.9 Hz
J(HH)=3.4 Hz
2 -19.25,dd, cis J(PH) =
19.5Hz
J(HH)=3.4 Hz
3 2.97 59.18, J(CH) = 70.3 Hz
4 2.60 43.38, J(CH) =66 Hz
5 -1.30
6 129.50
7 8.23 134.88
8 7.14 128.1
9 7.06 129.7
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9.7 Chapter 4: NMR characterisation data for phosphine phosphate
and phosphonate complexes

9.7.1 Characterisation of 10.4 mM IrCI(COD)(IMes) with 2 eq. of diphenylphosphine (20)
in 0.6mL of dichloromethane-d, at 250 K: 20

/N

|
H16
15 18
9
{H ) 22 20
23
24

34@31/N 7
32

26
33 7 | 28
29
30
Resonance number H (ppm) 13C (ppm) 31p (ppm)
1 133.55
2
3 7.00 122.44
4 136.54
5 139.06
6 2.30 18.81
7 7.08 128.62
8 128.59
9 2.35 21.18
10 6.71,d, J(HH) = 4.1 Hz 129.28
11 139.06
12 1.92 18.26
13 -9.16, ddd, J(HP) = 152
Hz,
J(HH) = 6.2 Hz, J(HP) =
18.2 Hz
14 -23.14, dtt, J(HP) = 9.5
Hz, J(HP) = 15.6 Hz
J(HH) = 6.2 Hz
15 Broad, -29.2
16 4.67,dd,
J(HP) = 351 Hz
J(HH) = 8.4 Hz




17 137.607?
18 6.96 132.58
19 7.18 128.14
20 7.19 132.99
21 overlap
22 7.13 135.75
23 7.29 127.21
24 overlap
25 Broad, 5.33
26 4.94, dd,

J(HP) =342 Hz

J(HH)=9.1 Hz
27 overlap
28 7.12 139.26
29 7.18 overlap
30 overlap overlap
31 overlap
32 7.16 133.0
33 7.07 127.55
34 7.24 129.19

9.7.2 Characterisation data of complex 23 at 250 K:
The sample used for the characterisation of complex 20 in section 9.7.1 was added in 3 eq. of diphenyl

phosphine 10. This yielded to the formation of the unique complex 23, which characterisation data is

presented here in this section.
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Q
D
H
13H 1613
2
P
14H y (Ph”’h N
R25
34 - 7 26
3 32 | 28
N 29
30
Resonance H (ppm) 13C (ppm) 5N (ppm) 31p (ppm)
number
1 Not resolved
2 Not resolved
3 7.13 129.70
q
5 136.80
6 2.22 19.14
7 6.80 129.33
8 121.36
9 2.18 21.15
10
11
12
13=14 -11.03, dd, |trans
J(HP) + cis J(HP)| =
128 Hz
15 -37.3
16 5.60-6.32, dt,
J(PH) = 360 Hz
J(HH) = 5 Hz
17 Not resolved
18 6.68, m,J(HP) = 17.3 132.56
Hz
19 7.26 128.52
20 7.41 130.29
21 Not resolved
22 6.03, m, J(HP) = 16.2 133.44

Hz
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23 7.04 129.79
24 6.70 127.68
25 1.95
26 4.82, dt,

J(PH) =365 Hz,

J(HH) = 4.7 Hz
27 Not resolved
28 7.50 133.86
29 7.35 128.58
30 7.18 128.66
31 Not resolved
32 Not resolved
33 Not resolved
34 Not resolved

9.7.3 Characterisation of 5 mM IrCI(COD)(IMes) with 2 eq. of di-methyl phenyl
phosphine 15 and 3 eq. of benzylamine in 0.6 mL of dichloromethane-d; at 263 K

H H
\q >5 <©/ +
10 4/
9 N N
8 (6 N
7 3
1y DMPP
~ rd o2
r
11 3
2H/ \P/ CH313
HsC——=P17 Ho
1878~ 017
14
H,;C Hm HP6
19Ho—~ | 15
20HmM N
21HP
Resonance H (ppm) 31p (ppm) 13¢C (ppm) 15N (ppm)
number
1=2 “11.79, |cis J(HP)
+trans J(PH)| =
160 Hz
3 153.8
4 201.08
5 6.88 124.5
6 135.25
7 1.93 19.38
8 6.58 129.71
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9 138.64
10 2.26 20.86
11 -37.8
12 1.53 J(HP) = 7 Hz, 21.1
J(HC) = 28 Hz
13 1.48, J(HP) =6.5 23.37
Hz, J(HC) = 32 Hz
14 7.37 131.2
15 7.35
16 7.3
17 -37.2
18 1.63,J(HP)=8.4 22.64
Hz, J(HC) =36.5
Hz
19 7.42 129.7
20
21
H H +
10 >5:<
9 4N N
8 6 }/
7
1 H\ /DMPP
Ir 13
e
H3C
17NH Ho Hp16
| \A Hm
18CH, \5
19Ho
20HmM
21HP
Resonance H (ppm) 31p (ppm) 13¢C (ppm) 15N (ppm)
number
1=2 -11.73, | trans
J(HP) + cis J(HP)|
=140 Hz
3 153.8
4 201.08
5 6.88 124.5
6 135.25
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7 2.15 19.70
8 6.90 129.29
9 138.64
10 2.21 20.78
11 -37.66, t, J(PC) =
11 Hz
12 1.8, J(HP) =6.4 Hz 19.43
13 1.4, J(HP)=6.7 Hz 17.77 J(PC) = 28
Hz
14 7.30 129.29
15
16
17 1.27 -20.17, J(HN) =
30 Hz
18 3.03 21.58,) =22Hz
19 6.26 126.9,)=9Hz
20 7.10 overlap 128.4
21 7.28 overlap

9.7.4 Characterisation of 26 mM IrCI(COD)(IMes), with 1 eq. of diphenyl phosphine
oxide 11 and 3 eq. of benzylamine in 0.6 mL dichloromethane-d; at 273 K: 27 and 28

_|_
CH,
15"
H H
/ 25NH,
H,C 26
NH\ 27
CH, 8
2
23
29
24 30

Free
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Resonance H (ppm) 31p (ppm) 13¢C (ppm) 15N (ppm)
number
1 169.59
2 197.27
3 6.91 123.33
4 136.02
5 138.46
6 1.78 18.62
7 6.25 129.66
8 137.60
9 2.33 21.05
10 7.05 128.36
11 138.99
12 2.46 19.6
13 -21.47,d, J(HN) =
18.2 Hz
14 15.13
14’ 3.26
14” 2.18
15 55.5
15’ 4.08
15” 3.76
16
17 7.09 127.6
18
19
20 27.8
21 143.0,d, J(PC) =
67 Hz
22 7.43,J(HP) =12.5 131.79
Hz
23 7.15 126.94
24 7.29 128.96
25 2.62
1.45
26 3.82 46.07
27
28 7.31 127.20
29 7.10 143.06
30 ~7
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CHj
19
18
22
20 23
)
24
=
X
Resonance H (ppm) 31p (ppm) 13C (ppm) 5N (ppm)
number
1
2 195.4 dd,
J(NC) =93 Hz,
J(NP) =389 Hz
3 7.09 122.85
4 135.07
5 137.53
6 2.15 18.19
7 7.05 129.36
8 139.31
9 2.18 20.87
10 7.05 129.36
11 137.53
12 2.15 18.19
13 -22.63,d, J(HN) =
19.65 Hz
14 14.97
14 2.09
14” 4.99
15 55.74
15’ 3.43
15” 2.94
16 overlap
17 overlap
18 overlap
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19 overlap
20 76.01
21
22 7.59,d, J(HP) = 130.04
6.65 Hz
23 7.20 128.67
7.24 126.84
CH,
18
16 17
Resonance H (ppm) 31p (ppm) 13¢C (ppm) 5N (ppm)
number
12 -9.89, dd, J(HP) =
130 Hz, J(HP) = 19
Hz
13 -21.96, t, J(HP) =
16 Hz
19 81.2
24 63.4
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CHj

18

>

Resonance H (ppm) 31p (ppm) 13C (ppm) 5N (ppm)
number
12 -23.2,dd, J(HP) =
10.0 Hz, J(HN)=
22.9Hz
13 -24.96,d, J(HP) =
10.6 Hz, J(HN) =
29.4 Hz
19 83.3
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9.8 Chapter 3: NMR Characterisation data for amine complexes

9.8.1 Characterisation of 10.4 mM IrCI(COD)(IMes) with 5 eq. benzylamine 1 in 0.6 mL
chlroform-ds at 263 K

11H NH,Bn
>“’</Ha 25, K
10H lzT L P— szzl 28
18 NH, Hb 4 16 29
| Hd
19¢ch, 17
20
217"
22 |
23
Resonance number H (ppm) 13C (ppm) 5N (ppm)
1 154.74
2 193.08
3 6.76 121.71
4 138.39
5 137.97
6 2.12 18.54
7 6.85 129.53
8 140.92
9 2.16 21.03
10 -23.85, s
11 -23.85, s
12 -5.94
J(NN) =72.2 Hz
J(NH) = 41.2 Hz
12a 2.20
12b 4.94
13 53.50
13c 3.63
13d 3.23
14 141.51
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15 7.29 127.30

16 7.23 overlap

17 7.19 overlap

18 4.29 Broad, -13.78
19 3.85 57.39

20 140.48

21 7.30 128.35

22 7.22 128.53

23 7.17 127.33

24 1.46 overlap
25 3.90 46.55

26 143.33

27 7.35 127.05

28 7.29 128.45

29 7.38 overlap

9.8.2 Characterisation of 5 mM IrCI(COD)(IMes) with 20 eq. DMSO and 20 eq. of
phenoxyethylamine 2 in 0.6 mL of chloroform-d; at 263 K

/s 22 24
o” | H 23

30

Resonance number H (ppm) 13¢C (ppm) 5N (ppm)

1 - 120.8

- - 194.9

6.82 114.0

6.82

nunHIWIN

- 137.63
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6 - 136.27

7 2.25 129.21

8 6.97 128.91

9 - 138.96

10 2.20 129

11 7.01 129.18

12 - 136.01

13 2.26

14 -23.99, d, J(HH) = 7.6 Hz

15 -22.99, d, J(HH) = 7.6 Hz

16 3.18 58.66

17 3.15 44.67

18 Ha = 2.33, J(HN) = 20 Hz | - -13.13
Hb = 1.95, J(HN) =70 Hz

19 3.03,2.57 46.8

20 3.45 67.8

21

22

23

24

25 1.34 -

26 3.12,t,J=5.1Hz 41.55

27 4.00,t,) = 5.2 Hz 69.77

28 -

29 7.3 124.51

30 6.96 120.77

31 6.93 122.22
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9.8.3 Characterisation of 5 mM IrCI(COD)(IMes) with 20 eq. DMSO and 20 eq. of
benzylamine 1 in 0.6 mL of chloroform-ds at 263 K

21 23
16 _ _  HN S 24
== 20

17 25
Resonance number H (ppm) 13C (ppm) 5N (ppm)
1
2 194.95
3 6.90 122.12
4 136.43
5 137.43
6 1.51 26.7
7 6.93 129.16
8 137.
9 2.20 18.32
10 -23.88, d, J(HH) =7.6 Hz
11 -23.12,d, J(HH) =7.6 Hz
12 -2.52
12a 2.34
12b 2.03
13 51.7
13c 3.74
13d 3.34
14 142.14
15 7.25 128.33
16 7.03 127.17
17 6.98 128.17
18 3.19 58.92
19 3.16 45.68
20 1.42 26.52
21 3.88 46.69
22 143.49
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23 7.35 128.63
24 7.33 127.15
25 7.26 126.86
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Appendix: Matlab simulation

function

Q

°

Q

°

[ou

Define

Number
N = 3;
dim =

J coup
JH1X =
JH2X =
JH1Y =
JH2Y =
JHH =
JPP =
J = ze
J(1,2)

tI,t2,spec, fAxis] =
spins system

of spins
2°N;

ling network
19.53;
14.7;
19.53;
14.7;
5.8;
0;
ros (N) ;
= JHH;
= JH1X;
JH2X;
JH1Y;
JH2Y;
= JPP;

fullSim ABXY Hz PHIP AS()

o

Chemical shift / Larmor frequencies

BO = 51.95;

gammalH = 42.577;

gamma3lP = 17.235;

fregs = [gammalH,gammalH,gamma31lP,gamma3lP] *B0; % Chemical shift

values / ppm

o)

% Define experimental parameters

expType = 1; % 0 - thermal; 1 - pH2; 2 - PASADENA; 3 -
ALTADENA
fo = 0; % centre frequency / Hz

swh = 1/100e-6; % spectral width / Hz
tacq = 1.6384*2; % acquisition time / s
nZF = 16384*2; % number pints in t2 (zero-filled)
T2 = 0.5; % T2 relaxation time in s
flipAngle = 45; % excitation pulse angle
deadTime = 20e-3; % deadtime between excitation and detection / s
evolTime = 80e-3; % Polarisation build-up time / s
% Calculate Acquisition parameters
frel = fregs-£0; % Offset relative to centre of spectrum (Hz)
delt2 = 1/swh; % dwell time
nt2 = tacqg/delt2+1; % number of simulation points
% Ensure nZF is a power of 2
test = log2 (nzF);
if abs(test-floor (test))>0
nZzF = 2~ (round (test)); % Set to nearest power of 2
end

o\

Check that nZF > nt2
2)
while

(increase if not, maintaining it as a power of

o\

(nZF < nt2) % make sure nzZbE>nt2
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nZzfF = nzF*2;

end
fAxis = linspace (f0-swh/2, f0+swh/2,nzZF) ;
t2 = (0:nt2-1)*delt2; % time axis for simulated points

o

Rotation pulse properties

spins = [1,1,0,0];
theta = flipAngle*pi/180; % rad
phase = 90*pi/180; % rad

o

Output matrix
outl = zeros (nZF,1);

©
©
©
©
©
©
©
©
©
©
©
©
©
©
©
©
©
©
©
©
©
©

3%%5%%%5%3%5%3%5%%%%%%%%%% Set up product operators

o\

o°

Set-up product operators
Iz = 0.5*[1 0;0 -11];

Ix 0.5*[0 1;1 01,

Iy = 0.5%1i*[0 -1;1 O];
E = eye(2);

o\

Intermediate operators

Iza = kron(Iz,E);
Izb = kron(E,Iz);
Ixa = kron(Ix,E);
Ixb =

Iyva = kron(ly,E);

(
(
kron (E, Ix);
(
Ivb = kron(E,Iy);

o\°

Hydrides
dimP31 = 2" (N-2);
Ilz = kron(Iza,eye (dimP31
Ilx = kron(Ixa,eye (dimP31
Ily = kron(Iya,eye (dimP31
(
(

( ))

( ))

( ))

I2z = kron(Izb,eye (dimP31));

I2x = kron(Ixb,eye(dimP31));

I2y = kron(Iyb,eye (dimP31))
(Iz,Iz),eye(dimP31));

kron (kron(Iy,1ly),eye (dimP31));
(

I1zI2z = kron(kron
IlyI2y

I1xI2x = kron(kron(Ix,Ix),eye(dimP31));
$31P

Slz = kron (kron(eye(4),Iz),eye(2”(N=-3)));
Slx = kron (kron(eye(4),Ix),eye (27 (N=-3)));
Sly = kron (kron(eye(4),Iy),eye (2" (N=-3)));
S2z = kron(eye(8),Iz);

S2x = kron(eye(8),1Ix);

( ) ;

S2y = kron(eye(8),1y);

% Cross term (PH)
I1zS1lz = kron(kron
I2zS1lz = kron (kron
I1zS2z = kron(kron(Iza,eye(2)),

Iza,Ilz),eye(2
Izb,Iz),eye(2

’

’

’

I12zS2z = kron(kron(Izb,eye(2)), ;
I1xS1lx = kron(kron(Ixa,Ix),eye(2));
I2xS1x =

I1xS2x = kron(kron(Ixa,eye(2)),I
I2xXS2x kron (kron (Ixb,eye(2)),
IlySly kron (kron(Iya,Ily),eye(2
I2ySly = kron(kron(Iyb,Iy),eye(2

’

’

’

( ))
( ( ));
( ( Iz);
( ( Iz);
( ( ))

kron (kron (Ixb, Ix),eye(2));

( ( X) ;
( ( Ix);
( ( ))
( ( ))

’
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2*pi

IlyS2y kron (kron(Iya,eye(2)),1y);
I2yS2y = kron (kron(Iyb,eye(2)),1Iy);

% PP terms
S1zS2z = kron(eye(4),kron(Iz,Iz));
S1xS2x = kron(eye(4),kron (Ix,Ix));
SlyS2y = kron(eye(4),kron(Iy,1y));

3%%%%%% Define system operators $%%%%%5%%5%%%%%%5%5%5%%%%%5%5%5%%%%

% Initial density matrix

if expType == % Thermal
rho0 = Ilz+I2z;
elseif expType == % pH2

rho0 = I1zI2z+I1lyI2y+I1xI2x;

elseif expType == % PASADENA
rho0 = I1zI2z;

elseif expType == % ALTADENA
rho0 = Il1lz-I2z;

end

normO0 = norm(rho0) ;

o)

% Observation operator (hydrides only

)
Iobs = ((Ilx+I2x)+1i*(Ily+I2y))"'; % Observe 1H

o)

$ Evolution Hamiltonian

% 1H chemical shift
Hl = -2*pi*frel (1) *Ilz-2*pi*frel (2)*I12z-2*pi*frel (3)*Slz-

*frel (4)*S2z;
% J coupling (HH) - full coupling (strong or weak)
Hl = H1+2*pi*J(1,2)*(I1zI2z+I1xI2x+I1lyI2y);
Hl = H1+2*pi*J(1,3)*(I1zS1z+I1xS1x+IlySly);
H1 = H1+2*pi*J(1,4)*(I1zS2z+I1xS2x+IlyS2y);
H1 = H1+2*pi*J(2,3) *(I2zS1z+I2xS1x+I2ySly);
H1 = H1+2*pi*J(2,4) * (12zS52z+12xS2x+I12yS2y) ;
H1 = H1+2*pi*J(3,4) *(S1zS52z+S1xS2x+S1lyS2y) ;

o\

Rotation operator (for hydrides)
Rop = eye(dim);

o\°

Spin 1
if spins(l) == 1

Rop = Rop + Ilx*cos (phase)+Ily*sin (phase);
end
Spin 2
if spins(2) == 1

Rop = Rop + I2x*cos (phase)+I2y*sin (phase);
end
Spin 3
if spins(3) == 1

Rop = Rop + Slx*cos (phase)+Sly*sin (phase);
end
Spin 4
if spins(4) == 1

Rop = Rop + S2x*cos (phase)+S2y*sin (phase);
end

o\°

o

o
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end

o

o

o

o

o

Urot = expm(-li*theta*Rop);
UrotT =expm(+li*theta*Rop) ;

Pre-pulse evolution (evolTime)
Ul = expm(-1i*Hl*evolTime) ;
Ult= expm(+1i*Hl*evolTime) ;

Evolution operators for t2 (detection)
U2 = expm(-1i*H1*delt?2);
U2t= expm(+1i*H1*delt?2);

Evolution operators for the dead time
Udt = expm(-1i*Hl*deadTime) ;
Udtt= expm(+1i*H1*deadTime) ;

Simulation pulse sequence

[

Step
rhol

- evolution before pulse
Ul*rho0*Ult;

N

Step
rho2

- RF pulse
Urot*rhol*UrotT;

w

Step - Evolve during deadTime
rho2 = Udt*rho2*Udtt;

Step 4 - Acuire signal as a function of t2
for mm = 1:nt2

outI (mm) = real (trace(Iobs*rho2)/norm0*exp (-delt2* (mm-1)/T2));

rho2 = U2*rho2*U2t;
end

Fourier transform in t2
spec = fftshift (fft (outl));
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