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Abstract:

The aim of this thesis was to explore the optimisation of Phrallydrogen p-H,) Induced

Polarisation) for detection in the zeto-ultra-low-¥F A St R 0%! [ CO NBIAYSIT &LISC
magnetic field (EF). First, | optimised the SABRE (Signal Amplification by Reversible Exchange)
hyperpolarisation of three amines at 500 MHz using the-gatalyst IrCI(IMes)(COD) @nd a ce

ligand, DMSO. This increased the 500 MHz polarisation level téoR§2vhich proved sufficient to

enable EF detection. This was the first achievement of amines detection in the ZULF regime. In the

case of 2,4 @rifluoroamine, the heteronucleatH-*°F coupling of ~5 Hz allowed differentiation

between the hyperpolarised target and enhancedOHsignals, highlighting the benefits of
heteronuclear couplings in the ZULF regime for chemical differentiation.

Building onthis, the potential forp-H, hyperpolarisation of a series & containing molecules with
H-31P couplings ranging from ~%5600 Hz was investigated at hidield on reaction withl. Whilst
several proved PHIP active, none were suitable for EF detdmticause of their sloyw-H, exchange.

In order to overcome this, the phosphorus compounds were changed to a series of phosphines with
aromatic (PB and cyclohexyl substituents. In view of earlier studies, the starting complex was
changed to IrCI(DMS®©Yhis complex proved to react with the aromatic phosphines to form an array
of orthometallation products alongside some simple substitution products, IrCI(DMSE)}/[wkere
y=0,1and 2; x =3, 2, 1]. Under hydrogen, these complexes react to for([DMISO)(P#.Cl] and
[Ir(HR(DMSOXPR)CI] according to the phosphine. In the case of #Bte bisphosphine product
dominates and a PHIR scan) in comparison to the thermal spectrum (32 scans) have $ignalse
ratios of 5775 and 320, respectively contrast, when PGywas examined, thanono-phosphine
product dominates, with an estimated polarisation level enhancement of Z6@Dat 11.7 T.
Significant polarisation enhancements were also observed frommbeo-phosphine product with
PPRPCy.

Thehigh levels of renewablH and®'P polarisation of these three phosphine adducts, combined with
their largecis®!P¢ 'H couplings (~20 Hz), proved to make them ideal for detection using EF NMR. This
is the firstly reported direct observation of hydride/derpolarisation in the ZULF regime and was
confirmed by comparison witllensity matrix simulations.
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Figure 3.8:a) A typical EXSY spectrumdadt 298K recorded 0.05 after selective excitation of the
hydride ligandransto 1. b) Schematic representation of the exchange processes taking placein an Ir
based SABRE system in the case wHer€l, DMSQGand hydrides are ligated. In addition to the

H, exchange in complex witky, constant association an#ly, constant dissociation, there is an
interchange of a ligand L, between thdéorm (k) when L binds from the bottom and time @o€in (k)
occurs wha ligand L binds from the top.

Figure 3.9a) catalytic cycle of activation of SABRE catéliyspresence of the amine ligand, the-co

ligand DMSO angkHz. b)/ 2 YLIF NA a2y 2F (GKS FOGAQGlI GA2y OdzZNBSas
of two SABRE solons. Blue dots correspond to a solution of 5 mM of the catdly6 equivalents

of the substrate; pink dot: 5 mM of the catalyst25 equivalents of benzylamine and 25 equivalents

of the coligand DMSO.

Figure 3.10 Increase in polarisation during a@tion as function ofp-H; bubbling time same
equivalence compared to 5.1 mM kfl (4, green)and2 (7, blue) at EF NMR5/25 equivalentd.27.5
mM of /DMSO and 25/25 equivalents 1278 of 2/DMSO in 4 mL chloroform).
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Figure 3.11 a) The average percepolarisation after activation as a function of concentration of
k5a{h YSIadaNBR 4G4 (KS 9INIKQa YI3aySGiAO FTAStR 06¢:
20/20 and 25/25 benzylamine/DMSO ratio respectively. b) Average of percentage polarefédion

activation as function ot/ DMSO ratio at 1 T (SpinSolve instrument) of the same samples.

Figure 3.12 a) The relaxation tim@. | & ¥Fdzy Ol A2y 2F fA3dlyRa SEOSaa v
magnetic field. b) The relaxation tinTe as function ofipands excess measured at the 43 MHz (1 T).

c) Pulse sequence of the standard hyperpolaridgd i G KS 9F NI KQa YI3IySGiAO FA
variable delay and d) Pulse sequence for variable flip ahgieasurement with the (1 T) Spinsolve
spectromeer.

Figure 3.13Build-up of'H SABRE polarisation as a function of the duration of the polarisation transfer
field (PTFpf the 5 samples where the field 6.5 mT has been produced by a current of 2.05 A. The
samples are & purple, 10/10 green, 15/15 blue20/20 red and 25/25 blackl/DMSO ratio
respectively.

Figure 3.14a) EF NMR detection & 1D NMR spectrum centred at 2032.5 Hz which is the Larmor
frequency ofH at this field, showing a splitting pattern generated by the presence of the heteroatom
F. The peak presents a positive and negative component. The sample is composed of 25 equivalence
(127.5 mM) of3 and 25 equivalence of DMS@4 mL chloroformb) Increase in polarisation during
activation as function gb-H, bubbling time of the same sgpte.

Figure 3.15a) hyperpolarisation relaxation decay curves for solution of 127.5 mBlawid 127.5 mM

of DMSO with 5.1 mM of the SABRE catdlys®4 mL of chloroform. a) Relaxation tirfigas function

of the variable delayt. b) Buildup of 'H SABRE polarisation as a function of the duration of the
polarisation transfer field (PTF).

Figure 4.1:Chemical structure of0 diphenyl phosphinell diphenyl phosphine oxidd,2 diterbutyl

phosphine oxide,13 diterbutyl phosphite, 14 diphenyl methyl phosphinel5 dimethyl phenyl

phosphine, 16 diphenyl vinyl phosphine oxide,17 Triphenylphosphine sulphide,18
Trimethylphosphine sulphide. The chemical structure of the-gaglyst IrCI(IMes)(COD) (where

L a Sa -bls (2yBomethylphenyl) imidazek-¢ f A RSy S> / h5 i6 also&ad@edzadd il RA S
called laten.

Figure 4.2a) Reaction of 5 mM dfpre-catalyst, 25 mM (5 eq.) dfoin 0.6 mL of dichloromethade
d>and 3 bar op-Hzleading to the formation of complexds, 20, 21, 22and23. ¢) First hyperpolarised
spectrum recorded showing enhanced hydrides for compax22 and 20. b) shows still polarisation
of complex20. a) 24hrs later, the thermal spectrum recorded show the thermodynamic prodicts
and23.

Figure 4.3a) 5 nM of | with 1.1 pL 2 eq. af0is mixed in dichlorometand.. The rate of conversion
of the complexe®0, 21 and23is followed by NMR at 298K for 22hrs. b) 5 mM with 5 eq. ofl0is
mixed in dichlorometanal,. The rate of conversion of the complex&® 21 and 23 is followed by
NMR at 298 K for 2hrs.

Figure 4.4Reaction of 5 mM of pre-catalyst, 1.1 uL (2 eq.) @D in 0.6 mL of dichloromethand,

and 3 bar ofp-H; observed at 500 MHz. a) 1scan PHIP NMR spectrum showing the hyperpolarised
hydride sgnals of complexe49 and 20. b) The subsequent PHIP experiment now shows strong
hyperpolarised hydride signal fad only. c) Thermally polarised spectrum recorded 20 min later with
64 scans show20 and21. Zoomed regions show the coupling patternsZ0y wheretrans J¢H-3'P) =
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151 Hz,cisJ{H-3'P) = 18 Hz,*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 4.53'P NMR spectra of a sample of 1 mddfa) and 0.8iL of CHOH in dibloromethaned.
anda sample of onlyt1in dichloromethaned: (b).

Figure 4.6IHNMR spectra recorded for a sample consisting ofM ofl pre-catalyst, 20 mM (4 eq.)
benzylamine in 0.6 mL of dichloromethadg 5 mM (1 eq.) o1 and 3 bar op-H.. a) he PHIP NMR
experiment shows a strong hydride signal enhancemen2®mvhich is barely visible in the thermally
polarised NMR spectrum after 64 scans (b) wHgfand28 are clearly visible.

Figure 4.7:'H-3P HMQ@PHIP spectrum of a sample containinm® of | pre-catalyst, 20 mM (4 eq.)
Benzylamine in 0.6 mL of dichloromethadewas first activated with 3 bar qi-H,. After complete
hydrogenation of COD and total formation of IrCI(BapH}(IMes), 5 mM (1 eq.) dflwas added to
the sample. Thé'Presonance of the three complex@g, 28and29is secured by &H-3'P HMQEPHIP

Figure 4.83'P' NMR spectra of a sample of 5 mMIgfre-catalyst, 1.QuL (3 eq.) of benzylamine and
2.8 mg (4 eq.) o11in 0.6 mL methanetls. a) Before activation with 4b) 12 min after Haddition
and 2hrs30min after FHaddition.

Figure 4.9 Sanple of 2 mg ofilland 2uL of benzylamine was mixed in 0.6 mL of dichloromethdwne
3P NMR spectra (a, nastecoupled'H) and (b, decoupled ttH) recorded a week after show free b
and an additional signal at 19.26 ppm.

Figure 4.10Sample of 5 mM of and 10 mM (2 eq.) af3in 0.6 mL of dichloromethand, used to
record a)*H NMR vyielded a 17 dihydride containing species in the hydride region aHINMR PHIP
experiment that yielded a weak enhanced antiphase hydride signaldor

Figure 4.11A sampe of 5 mM ofl and 1.0uL (3 eq.) of benzylamine was mixed in dichloromethane
dz under H. After formation of Ir(IMes)(HIBnNNH)sCl 0.70 mg (1 eq.) df4 was added. a}H NMR
spectrum just 5min aftet4 addition showing the presence of 5 spec#s33, 34, 35and36. b) 24hrs
after 14 addition showing evolution of the equilibrium.

Figure 4.125 mM of| and 1.0uL (3 eg.) of benzylamine in dichloromethathein presence of k
After activation, 0.70 mg (1 eq.) df4 was added andH NMR PHIP (1 scanosving 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 containibg dissolved in dichloromethanrd,
acquired with64 scans. b) 5 mM dfand 1.0 uL3 eq.) of benzylamine in dichloromethaxe in
presence of bl After activation, 0.70 mg (1 eq.) b was added and a one sc&{H} SABRE NMR
spectrum recorded 24hrs later EP{H} NMR spectrum of the same sample as b) averaged 4k time.

Figure 4.145 mM ofl and 15 mM (3 eq.) of benzylamine in dichloromethahavere mixed under
H,. After complete conversion to Ir(IMes)&BnNH)sCl, 0.89QiL (2 eq.15was added*H NMR shows
three signals in the hydride region 187, 38and39. PHIP experiment &73 K exhibits weak antiphase
signal enhancement f@7.

Figure 4.15a)1 mg of(ll ), 0.32 pL (2 eq.) of acetonitrile and 7.14 mg (10 eglpafias mixed then
p-H: added.Hydride region ofH NMR (top spectrum) at 298s9kowing two complexed40 and 41.
(bottom spectrum)After 24hrs at 298 K40 completely converts td 1.

b) organic region ofl. scan PHIBH NMR(top spectrum) experiment recorded in day 1, shows weakly
antiphase signals of the hydrogenation product,@hd CH of m ¢ The strong enhancedgnal at
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1.52 ppm is the COA. 64 scaHsNMR(bottom spectrum) highlights the vinyl resonanced 64t 6.73
and 6.31 ppm for CH and €H

Figure 4.16Hydrides region of NMR spectra recorded at 256 K from a sample of 5 mM solution of
with 4 eq. ofl8under Hshowing signals ef2at-21.58 and26.46 ppm, and3at -23.84 and-27.14
ppm. a) 1 scan thermally polarised spectrum and b) 1 scan PHIP hyperpolarised spectrum.

Figure 5.1:Phosphines reacted withll . 44 tricyclohexylphosphing45 triphenylphosgine; 46
dicyclohexyl phenyl prosphinet7 Tri(p-tolyl)phosphine;48 Tris(4methoxyphenyl) phosphine49
Tribenzylphosphing€s0 Triphenyl phosphite andl methyl diphenyl phosphine

Figure 5.2H NMR spectrum at 298 K of a solutionir@(DMSQ)(lll ) (4 mg) in dichloromethane
forming a bislr dimer with two chlorides bridge. This data is in agreement Wiilstein et al.

Figure 5.3'H NMR spectrum at 298 K of a solutiorr@fl(DMSQX(11I ) (4 mg) in dichloromethane,

in presence op-H, where the two isomers IrCI(HDMSQO; are identified. Thecisdihydride isomer,
namely fac-IrCI(H}(DMSQOj) at -16.01 ppm and two doublet peaks for thieans hydrides ofmer-
IrCI(H}(DMSQO,). The spectrum recorded withoyi-H, also shows only the presence of these two
species (not shown here).

Figure 5.4Schematic showingroducts formed wheri0.4 mM IrCI(DMS@(Il ) and 74 mM PPH(45)
equilibrate at 298 K in toluene (upper).’&) NMR spectrum recorded 3.5 hrs after the start of reaction
(298 K), revealing hydridegind signals fo53, 54, 55 and 56. b) Corresponding spectrum recorded
124 hrs later; the slow formation &7 is indicated.

Figure 5.5Proposed structures of the6 electrons Ir(I) complexes formed after substitution of DMSO
by PPband their respectivé'P{H} resonances. They reversibly undergo to the 18 electron Ir{HI) C
bond activation complexes.

Figure 5.62D*H-*'P{H} NMR correlation spectra recorded on a solutioir6f(DMSQ)Il ) 10.4 mM

(3 mg) and 0.15 mL of a 74 mM solution of £@B) in toluene. a) at 273 K after 24 hrs of reaction
with a focus on the ligand not involved ifHCactivation. b) At 273K six days later, showing the peaks
for the phosphines involved in thelE activation.

Figure 5.7Solution ofirCI(DMSQY(I1I ) 10.4 mM (3mg) and 0.15 mL of a 74 mM solution of P@ER)

at 298 K in toluene. Three successive additions of 0.05 mL of a 74 mM solutbwloére each time
aH NMR spectrum is immediately recorded corresponding to a, b and c. The sindi&6&t ppm is
tentatively assigned as albond activation fronflll ), which very unstable and disappear as shown
here.

Figure 5.8Solution ofirCI(DMSQYIIIl ) 10.4 mM (3 mg) and 0.15 mL of a 74 mM solution of;P4%5)

at 298 K in toluene. Three successive additior&@5 mL of a 74 mM solution 46 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.

Figure 5.9 a) reproduced from the literatue figure fromdepicting the cleavage of $pond in
methane facilitated by a transition metal. b) Depiction of &lspnd activation in a phenyl facilitated
08 Packd 2y RAY 3 FNBY (KS YSi4t o2z RGdorgition tp theemedmlA ( | €

Figure 5.10:Reaction of IrCI(DMS&(II ), 45 and H leads to a large number of hydride ligand
containing productglr(HXCI(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 5.11Sample of 8.6 mM of IIOMSO) (Il ) and 1 eq. o#5in 0.6 mL of toluen&ls was used
to record fourtH NMR spectra at 298 K with 32 scans. a) befeealtition, b) 30 min after Faddition,
C) 2 hrs after BHaddition and d ) 24 hrs afterldddition. These four spectra demsinate the presence
of the multiple identified species at these different stages.

Figure 5.12Zoom on the hydride signal &6 in the '"H NMR spectrum at 298 K of a solution of
IrCI(DMSQ)(Ill ) and (3 eq.) o#5in 0.6 mL of toluenals. The coupling p&rn demonstrate &ris-
phosphine substitution

Figure 5.13Reaction ofr'CI(DMSQYIII ) with each of these phosphines in toluene triggerld Bond
activation that give the hydride signals in thé NMR spectra. In spectra a, b, ¢, and d the phosphines
47,49, 50and48was used respectively.

Figure 5.14Reaction ofr'CI(DMSQY(II ) with each of these phosphines in toluene triggeid ®ond
activation and 16 electron complexes that give the numerBBssignals in thé'P{H} NMR spectra.
In a, b, cand d the phosphine47, 49, 50 and48was used respectively.

Figure 5.15Sample of 17.2 mM of IrCI(DMS3Q)I ) and 1 eq. o#8in 0.6 mL of toluenals was used

to record four'H NMR spectra at 298 K with 32 scans. a) beferdHition at 298 K, Bmin 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 GH bond activation products and d) 24hrs afteraddition at 273 K. These four spectra testifies
the presence of many identifiespecies at these different stages.

Figure 5.17Sample of 17.2 mM of IrCI(DMSQ ) and (1 eq.) o#6in 0.6 mL of toluenels was used

to record five'H NMR spectra at 298K with 32 scans. a) beferaddition at 298 K, ¢) 5min afterH
addition at298 K, c) 1hr after +hddition at 298 K d ) 1.5hrs aftep Biddition at 273 K and e) 48hrs
after Hp addition. These five spectra testifies the presence of many identified species at these different
stages.

Figure 5.18Sampleof 2 mg of IrCI(DMS®JlII ) with 0.60 mg { eq) of Trisbenzyl phosphing49)
used to record threé'P{H} NMR spectra and the speciation of different product at different stage of
the reaction. a) Before +hddition at 298 K. b) 15 min after Fddition at 298 K and c) Aftédhrs
after B addition at 313 K

Figure 5.19Sample of 17.2 mM of IrCI(DMS@)I ) and ( 1 eq.) ofi7 in 0.6 mL of toluenals was
used to record foutH NMR spectra with 32 scans. a) befoseatdition at 298 K, b) 30mins afteg H
addition at 263 K, Q4hrs after Haddition at 263 K d ) 120hrs afteg &dddition at 253 K. These four
spectra testifies the degradation 8B over time.

Figure 5.20Sample of (2.5 mg) 8.6 mM of IrCI(DM$@) ) and ( 3 eq.) 2.9 mg &0 in 0.6 mL of
toluene-dswas useda record three'H NMR spectra with 32 scans. a) befoseatidition 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 GH activation product c) 5hrs after;ldddition at 298. These threspectra testifies the
presence of many identified species at these different stages.

Figure 5.21 Sample oR.5 mg (8.6 mM) of IrCI(DMSQIII ) is reacted with 1.4iL ( 2 eq.) oblin
toluene-ds. @) chemical structure of compl@d. b) *H NMR spectrunshows in the hydride region
single produc®1

Figure 5.22Series of'P{H} NMR spectra showing the hydride region of a sample contathimg
(12.9 mM) of IrCI(DMS@(II ) and 2 eq. (2.5 mg) &f4in 0.6 mL of toluen&lsunder H. a) Thermal
31pEH} NMRspectrum recorded at 298 K before addition, showing the phosphine oxide, frdd
and the 16 electron complexes IrCI(DM&R)) and I[rCI(DMSO}H.. b) Analogous NMR spectrum to
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(@) just 10 min after fHaddition. c) Analogous NMR spectrum, 1lhr aftgdiogenation at 263 K
showing92, 93 and the presence of the starting material. d) Analogous NMR spectrum at 253 K after
three days at 298 K all thré&P signals 92, 93 and 94.

Figure 5.23Series ofH NMR spectra showing the hydride region of a sangphtaining3 mg (11.9
mM) of IrCI(DMSGQGJlII )and 2 eq. (2.5 mg) é#in 0.6 mL of toluen@sunder H. a) ThermalH NMR
spectrum recorded at 298 K showing oBRand broad features fo83. b) Analogous NMR spectrum

to (a) but at 273 K. ¢) AnalogoN$IR spectrum at 253 K. d) Analogous 253 K NMR spectrum after two
days at 298 K before cooling reveals the consumptidd2aind formation 0f94 alongside93.

Figure 5.24 NMR spectra confirming DSMO is a requirement for the detectiof40f2.5mg of
IrCICOD)PGY(IV) and 1.5 eq. of PGy44) were combined in toluenés presence of K a) The'H
NMR at 253 K prior to DSMO addition confirms many hydride complexes form. b) Additipih of 1
DMSO leads to their conversion to an equilibrium mix@2e93 and 94.

Figure 6.1.Sample of 8.6 mM of IrCI(DMS@])I ) and (1 eq.) o#5in 0.6 mL of toluen&ls was used
to record two'H PHIP NMR spectra at 298 K with 1 scan. a) First PHIP reaction with 3ol of
showing hyperpolarised antiphase signal 56 58 and 62. b) 2 PHIP reaction after the sample was
refilled with freshp-H. that show now hyperpolarised signals for obfyand 62, and free and bound
DMSO. A zoom of the hydride region highlights’tiéH andH-3P coupling fo68and62.

Figure 6.23'P{H} SABRE NMR experiments on a sample of 8.6 mM of IrCI(BMB)nd 1 eq. of
45in 0.6 mL of toluenals at 298 K. a) After shaking in a relield for 5 s and b) at shaking in the
9F NI KQa FASER FT2NJp ao

Figure 6.3The dihydride dissociation mechiam in IrCI(HYPPh),(DMSO) complex is sketched where
the DMSO dissociation leading the intermedibwjith a vacant site allows subsequentassociation.

Figure 6.4 Single scafH NMR spectrum of a samplelo€lI(DMSQ)(11I ) with 3 eq. of45in toluere-
ds under p-H, showing hyperpolarised hydride ligand signals8®and 66.

Figure 6.5HMQGPHIPP{H}¢ *H NMR correlation spectrum recorded at 298 K with two scans for a
sample of IrCI(DMS&(Il ) and (3 eq.) o#t5in 0.6 mL of toluenals showing66with the two axiaP'P
resonance is located aB.00 whereas the equatoridtP is at 15.93 ppm. The presence of e
resonance 062is also observed.

Figure 6.6 The hydride region of several PHIP enhanced single scan NMR spectra at different
temperatures resulting from the reaction 08.6 mM of IrCI(DMS®JlIl ) and 1 eq. o#9in 0.6 mL of
toluene-dgwith 3 bar ofp-H,. a) 298 K; signal f&0 only. b)308 K; signals fof9 and 80 seen. c¢) 313

K; signals for9and80 appear with reduced intengjtrelative to (b).

Figure 6.7Enhanced PHF NMR spectra from a sample&6 mM of IrCI(DMS@{lll ) and 1 eq50
toluene-dgsunderp-H.. a) Hydride region of a spectrum at 298 K showing weak enhancemerdrof
IrCI(HYDMSQO) and 95 hydrides. b) Hydrid region of a spectrumat 333 K showing strong
enhancement ofner-IrCI(H)}(DMSO), 95and96 hydrides. Additional weak signal enhancemen8ef
is also observed in this spectrum.

Figure 6.8Enhanced PHAM NMR spectrum of a sample@®@B4 mM of IrCI(DMSeXIIl ) and 1 eq. of
N in toluenedsreacted withp-H; for aH PHIP experiment. High antiphase hydride enhancement is
observed for bott¥y5and76.
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Figure 6.9EnhancedHIPH NMR spectrum from a sample of 8.7 mM of IrCI(DM8ID) and 1 eq.
1.1 mgof 47 in toluene-ds with 3 bar ofp-H.. A zoom on the hydride region shows a weak hydride
signal enhancement @8 at both 298 K and 273 K.

Figure 6.10PHIRenhancedH NMR spectrum obtained during the reaction of 8.6 mM of IrCI(DMSO)
(11 ) with 0.5 eq. of44in toluenedsunder 3 bar op-H.. Strong hydride ligand signals enhancements
result for92at 298 K. The expanded regions highlight the clearly visible heterondeléd#? and the
homonuclearH-*H couplings.

Figure 6.11First PHIP enhanced hydrisignals spectra of a series of sequential experiments recorded
from a sample of a) 0.54 mM of IrCI(COD)gPQy) with 5 eq. of DMSO in 0.6 mL of toluedgand

b) Similar samplevas made in dichloromethang, showing both first spectrum have comparable
signal intensity.

Figure 6.12a) Normalised integrals of three sequentRHIFhydride signals recorded from a sample
of 0.54 mM of IrCI(COD)(PL¢V) with 5 eq. of DMSO in 0.6 mL of dichloromethane showing the
hyperpolarised hydride signals decayingzero after the second scan. Bjmilar sample was now
made intoluene where the corresponding sequential enhandediride signal integrals result to
hydride signalpersisting after the twelves scan.

Figure 6.13:Proposed mechanism of;Hlissociation in92 IrCI(H}(DMSOX44). The kladdition is
preceded by dissociative loss of DMSO a vacant site on the intermédiatthe intermediate, there
is an interconversion between the chloride and the vacant site.

Figure 6.14a) HyperpolarisedH NMR spectrumecorded from a sample of 17.2 mM of IrCI(DMsSO)
(1) and 1 eq. of46 in 0.6 mL of toluenas under 3 bar ofp-H, showing strong hydride signals
enhancement foi75, 76 and 77. b) The second resulting PHHPNMR spectrum shows strong hydride
signals enharament of only75, 76.

Figure 6.15:Zoom of the hydride region for a hyperpolarisé#d NMR spectrum recorded from a
sample of 17.2 mM of IrCI(DMS@)I ) and 1 eq. o#46in 0.6 mL of toluenals under 3 bar op-H; . It
highlights the stronger hydrides sigirenhancement for5compared76. The opposite behaviour was
observed the phosphiné5is employed.

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

Figure 7.1 Chemical stictures of the phosphine®0, 44,45and46dza SR Ay (KS 91 NI KQ4&
field studies and metal catalyBCI(COD)(IMes))( IrCI(DMSQ)(1I ) and IrCI(COD)(PSYV)

Figure 7.2:n black,'H NMR spectrum of 200 mL of phosphit@acquired in the Eart?d Y I Iy SGA O
field after prepolarisation for 4 s at 18.8 mT. The signal averaging was 256 scans. In blue, density
matrix simulation obtained using Spinach in Matlab.

Figure 7.3Enhanced PHI NMR spectrum recorded from a sample of 8 mMIofvith 1 eq of 45
in tolueneds under 3 bar op-H, showing the hydride signals f62 and58as well as free and bound
DMSO.

Figure 7.4a:9 NI KQ&d FASE R baw &0ISMOAiINNZY redctdPwith I8 mM (1.8 LI S 2 °
eg.) of45in 4 mL of tolueneals showingtwo 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 thé8 spin systen(*H, *H and*!P) where the dihydrides starting
stateis (@)'O O and (b)g 'O"O . Matlab simulations of thé&2 spin systen(*H,*H,3P anc'P)
where the dihydrides starting state is (&0 O and (b)g¢ OO .

Figure 7.6EF NMR spectrum obtained froamsample 08.26 mM oflll with 1.8 eq. o45in 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.28 mM oflll with 1.8eq. of deuterated45
in 4 mL of toluene undep-H.. a) 8 scans with a PTF of 517 for 2 s before a/4 pulse. b) 4 scans
with a PTF of 6.BT for 10 s before @/2 pulse. ¢) 8 scans with a PTF off@-bapplied for 1.5 s before
a” /4 pulse. d) 16 scans with a PTF of il 7applied for 2 s before d4 pulse.

Figure 7.8 Hydride region of a PHIP enhadcél NMR spectrum recorded from a sample 2 mg of
IrCI(COD)PEV ) with 5 eq. of DMSO in dichloromethadeunder 3 bar op-H.. The keylcouplings
involved in thed2 spin system are highlighted.

Figure 7.9'H EF NMR spectra recorded from a sample wiga of 5.27 mM (13 mg) ¢¥ with 5 eq.
DMSO in 4 mL dichloromethak. a) 128 signal averaging where a PTF of g&.d4witched on for 3
sec before 4 /4 pulse. b) 32 signal averaging where a PTF afnd.%vas turned on for 10 sec before
a~ /2 pulse applied.

Figure 7.10a: Experimental hyperpolariséa-situ EF NMR spectrum from a sample of 10.5 mM (26

mg) of IV with 5 eq. DMS@Is in 4 mL dichloromethae-d,. The spectrum acquired with 128 scans

where a PTF of 644T was applied for 3 s before @4 pulse, showing signal Ay (G KS 91 NI K
magnetic field. b: Simulated spectrum involving 3 spihsH, 3P where the starting state iSO

O .

Figure 7.11:Simulation of92 spin systems involving 3 spifid, H, 3P where the starting state is
00 .

Figure 7.12Earths field NMR spectra recorded on a sampl&e3eh mM (26 mg) dil with 0.7 eq. of
PCy-Ds3in 4 mL toluene. a)28 scans, with a PTF of 5T/ for 3 sec before @4 pulse. ¢) 128 scans

with a PTF of 51T applied for 3 s before™d4 pulse. b) 32 scans with a PTF of@bfor 10 s before
a” /4 pulse. d) 32 scans with a PTF of®-bapplied for 10 sec before # pulse.

Figure 7.13'H NMR FID (a) and spectrum (b) recorded witt2apulse and 512 signal averaging
from a sample 010.4 mM (20 mg) ail mixed with 10.28 mg (0.9 eq.) 46in 0.4 mL of toluene in
presence op-H..

Figure 7.14SABREH EF NMRpectrum of free DMSO recorded by applying a PTF of 6.5 mT for 10
sec before a/2 pulse

Figure 7.15 SimulatedtH NMR spectra of5 spins systems'd, 'H and®'P). a and b, the dihydrides
starting state is the;"O 'O term and the transverse retation timeT, was respectively set to 50 and
500 ms. ¢ and d, the dihydrides starting state is fl@  “O term and the transverse relaxation time
T, was respectively set to 50 and 500 ms.

Figure 9.1a) Nutation curve recorded witha500 mRi Gt S 2F g GSNI 4 GKS 91 NJ
One scartH EF NMR spectrum of a sample of 500 mL of water sample acquired witlpa<g0 A
pre-polarising field of 18.8 mG was used for a duration of 4 s.

Figure 9.2:a) Reproduced fronthe literature. Shema of thein situ SABRE hyperpolarisation s.
The reaction chamber containing the SABRE solution sits inside the EF NMRpgtblieam the
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generator is bubbled through the solution by passing through the frit within the chamber. The
pressure diffeence across th@-H: inlet and the exhaust is set by the user and controlled by the
polariser unit. b) Pulse sequence forsitu SABRE hyperpolarisation with EF NMR detection which is
described in detail above.

Figure 9.3Pulse sequence used fpiH, EXSY.

Figure 9.4Pulse 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 chemyphysical propeiies 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, whicid@ro
information on the chemical environment of the nucleus and are field dependant, -andplings,

which are field independent and provide information on chemical bonding. Standard NMR
spectrometers that use superconducting greets are very expensive fien costing hundreds of
thousands of pounds) and require expert maintenance and cryogens.

The more recent development of benchtop NMR spectrometers (betwe2itdsla) has seen a global
effort in reducing the cost, the size and the complexity of thes&runsents> 2. In this regime, both
Jcoupling and chemical shift information are present but this latter has a smaller dispersion. These
new machines have found now broader applications in both academic andtigdwecause they can

be used on the workbench inside the chemistry laboratory. For example, benchtop NMR has been
shown applicable to reglme monitoring of various chemical proces$és

The emerging field oftZLLF (Zero and Ultra Low Field) NMR also offers an alternative to standard high
FASER bawd %' [C A& RSFAYSR Fa GKS NBIAYS AYy GHKAC(
magnetic field or below: from tens of miciesla to the nandesla regimeThis PhD project is part

of the European training network, zero and ulmav field nuclear magnetic resonance (ZULF NMR),
funded by the European Commission under the Mdigie action that aims to develop and
implement ZULF NMR techniques that offem&opotential 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), whenedke

9 I NJi K Qwherefr A gpin R 2 éHz) chemical shift differences are not obseavet vanishes.
Therefore resolution relative to the magnitude of the couplingsneededwhich insteadis used to

give informationZULF NMR has been shown to provide a route to chemichlsagavith the potential

for industrial and medical applications, including imaging, by the observation of only hatetear
Jcoupling interaction%*. Unlike chemical shift, scalacduplings are field indegndent, 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 tidield 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 nuclepinsstates are governed by Boltzmann statistics, which can
be used to calculate the polarisatioR, for a sample. Polarisation is defined as the normalized
population difference between the nuclear spin stdfedhe NMR signal intensity is proportional to
the concentration of the target nuclei in the samplg,and the polarisatiorRthat is the normalised
population difference betwen the Zeeman energy levels. The polarisatinyhich can be calculated

for a given nucleus at temperaturé, and field strength{ , using Boltzmann statisticEhe intrinsic
property of each nucleus is the constant gyromagnetic fatio
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The equéion 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 &fiRl by Carver and Slichter in 1953vhen they
increasedP of “Li nuclei through polarisatiamansfer from free electronsA method that consisted of
applying a stronger magnetic field that increastefore detection at much weaker field wasso

used to tackle this sensitivity issde

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 betweetear energy levels.
Hyperpolarisatio has been used to generate MR signals enhanced by many orders of magnitude and
has gone some way to address the insensitivities of NMRarge numbers of yiperpolarisation
schemes have been proposed since the experiments of Carver and Slichter. The most widely used
hyperpolarisation methods include: brute force (BFRJlynamic nuclear polarisatigqibNP3® 1718 spin-
exchangeoptical pumpingSEOPY, andParéhydrogen induced polarisation (PH®)*L These
hyperpolarisation techniques differ in both the source of their polarisation and the method of transfer
to the target nucleiln 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 thermallarisation 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 amountm@ntuo a coil to produce

the necessary magnetic field to ppmlarise 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. Timain advantage of an electromagnet over a Halbach dsrdlyat 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 suppityeit 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 temper&tufe#t a temperaturef 15

mK the polarisation of carbon reaches 23% at 34 [ 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 higtesolution spectrum in the liquid state. @&te are, however,
considerable disadvantages to low temperature Boltzmann polarisation, as the processes driving the
polarisation buildup is very slow so the waiting times to builg polarisation, which often exceed
~100 hrs, prohibit production of largbyperpolarised samples. However, Iohgralues are a
conseguence of this method and can be beneficial for transport. For example, fii@zpyruvate at

50 K and 2 T has a longitudinal relaxation tif@’C) ofD1 h, andD24 hrs of waiting time if drogpg
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to 10 KS. Therefore, it could be delivered to imaging in hospitalg, (G KS K& LISN1J2f | NA a4 SR
for an hour.

1.1.2.2 Dynamic Nuclear Polarisation (DNP)

The DNP technique was built upon the theoretical work of Overhatiset 953 who predicted what

is knownbeforeas Overhauser effect. OverhaudeNP (GDNP)js most commonlhperformedin the
liquid state although it has been observed in the solid state as pioneered back by Pound and
Abragam® % DNP, relies on unpaired electrons as the sourcth@farge spin polarisation, because

[ elec IS 660 times larger thahpot. Polarisation transfer is triggered by saturation of the electron
paramagnetic resonance (EPR) transition and occurs due to cross relaxation between the hyperfine
coupled electron anédjacentnuclear spinsWhen themagnetic field is increase@DNPefficiency

is expected to decrease due to the electsdrarmor frequency being larger than the frequency of
modulation of the electromucleus hyperfine interactigrhnence making magnetisation transfer much
less efficientThe magnetiation transfer is expected tbe smaller formagneticfields larger than I
(50GHz electron Larmor frequency, BHz proton Larmor frequency) 2 However, the last 20
years have seeby Rob Grifn develop the techniquesuch that there are now mangpplications of
DNP in solid stateMAS NMR®. The new experiments are typically performed at cryogenic
temperatures, and commercial equipment ®w readily availableJan Herik ArdenkjeefLarsen
introduced a new methoavhere DNPis used to sensitizéquids known as dissolutieBNP ¢-DNPJ°.
d-DNP takes advantage of the very largéapisation arising from the electrarwhich can be close to
100% atiquid heliumtemperatures, by transferring polarisation in the solid stateadjacent nuclei
whilst in a field offor example, 7 TThepolarisedsample is rapidly dissolved &hot solvent and
transferredto the NMR spectrometer for detectionn practice, there is a difficulty in reaching 1.5 K,
and polarisation builelp often takes hours. Furthermore, thawing of a hyperpolarised sample must
take place on a much feeg timescale thanelaxation.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 instrtiomenta
Despite these challengesmiany**C and'>N enriched biomolecules have been hyperpolarised with
DNP, includingGpyruvic acid*, 13Gbicarbonaté?, *Gfumarate®?, 3C-glutamine®®, 1*N-choline** and
some of thesehave fownd applications in medicine. These examples show that the major application
of d-DNPlies currentlyin MRI rather than in NMR researcAn alternatively, route to polarised
electrons, optical DNP, involvinghotogenerated triplet states, which result in efmicallyinduced
dynamic electron polarisation (CIDEP) via a radig@kt pair mechanism(RTPMY is providing
excitement. Here, croselaxation between proton and electron generates nuclear polarisation by the
Ovehauser mechanism without the need of microwave irradiation.

1.1.2.3 SpiExchang®ptical PumpingSEOP)

{9ht 2F GKS FE{1FEtA YSart | 02 Yavapoud ey Kastlarivko %S SY'I
established the technige as itis knowntoday?’. In SEOP, the vapour of an alkali metal, like rubidium,
iselectronicallyspinpolarised when placed in a magnetic field and illuminated with resonant
circularly polarised light. Then, the electronic spifgpisation of the alkali metal vapour is transferred

to nuclearspins of noble gas atoms likde and'?*Xe during gaphase collisionsHe has the greatest

1 @l tdzS 2F npodnuH al laio detettighRenditiSity) ad uitikrecéndysas LIS NJ
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the easiest to achieve the highest levels of polarisation. However, major drawbackée adre
reflected in its low natural abundance and the fact it is not a renewable resource. In corgtasvely
inexpensivet??Xe is spirl/2 and has d 2 T bMHa/®whilst also being naturally abundant and
amenable to neaunity hyperpolarisation!?®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 an&esthetic
All these properties promotetf®Xe to be the most widely used gas in SESHOP is a relatively cheap
and easy method that yield to high level of polarisation but is limitetF%e nuclei and@me other
noble gases; howeveruadrupolar isotopes such adNe,&Kr, and'**XXe)have also been successfully
hyperpolarised “>*2, However SEOP is limited to the hyperpgisation of noble gases, thus limiting

its applications. The major application of SEOPv&/mMRI, especially for imaging airspaces such as
lungs® Xenon in MRI can be paired with a targeting approach by reversibly trapping xemos iato
hydrophobic molecular cages such as cryptophanes to formaBled biosensors that include a
targeting moiety for a particular analyte > These reversible hagjuest complexes also allow for
indirect detection through saturation transfer techniques without significantly impairing the
relaxationbehaviourof hyperpolarized xenon. In addition, xenon exhibits a large chemical shift range
in various cryptophanes. This enables the simultaneous use of diffeages to probe different target
molecules, thereby providing a different sensérsComprehensive studies of correlated biological
events can therefore be achieved.

1.1.2.4ParaHydrogen Induced Polarisation (PHIP)

Of particular interest in this thesis are PHIP and its-hgairogenative version Signal Amplification by
Reversible Exchange (SABRE). They bothpashydrogen p-H) gas as the hyperpolarisation
source®. The use op-H;as a route of hyperpolarisation was first predicted by Bowers and
Weitekamptin 1986 and exemplified shortly aftér In 1997, Bargon and Nattan&&rthen in 2007
Bowers, described the spiphysics underlying hyperpolarisation withH, and its production route.
p-H. molecules & bound (reversibly in SABRE, or irreversibly in hydrogenative PHIP experiments) to
a substrate molecule, to producebl-polarised product. This typically requires the use of a metal
catalyst; howeverexamples of molecular tweezers that can perform PwittRout a metal catalyst
have been showit°L. PHIP is traditionally performed with transition metal rhodium based phosphine
complexes. In contrast, the iridithosphine complexes, which are now replaced by tigium-
carbene complexes, catalysed SABRE. Building on the early PHIP work,>&eiareh Bargopf 5
demonstrated that the proton hyperpolarisation can be transfertedcarboxyfC nuclei to yield
hyperpolarised*C contrast agents in seconds using eithebR$ed or fielecycling hyperpolarisation
transfer approaches, respectively. Initial PHIP studies used a rhdutised phosphine complex but
developments since threhave focused on iridiurhased phosphine and subsequently iridirased
carbene complexes, due to their greater acti¥ityp-H, can be readily produced and then stored and
used for several weeks afterwards. Furthermprib can deliver highly hyperpolarisedolecules’ 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,leding the spectrometer costt does however
require an understading of metalcatalysis. A more detailed review of PHIP method is provided in
section 2.5
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1.2 History of Ultrdow field NMR

Due to the very low thermal polarisation in the ZULF regime, ZULF NMR requires hyperpolarisation
methods to boost its sensitiwit Therefore, hyperpolarisation is always used prior to ZULF NMR
detection. The most common method used in ZULF NMR is BF as this only requirgsoknising
magnetic field. BecaugeH, methods arerelatively cheap, efficient, and can be scaled toduce

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 NMRthermore, as the hyperpolarised
nuclear states it creates do not originate from thery 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.

tF OTFNR YR #FNAFY FANRG RSY2yaiasfeld &R, in4A99yC baw ¢
observing the precession of proton spins in a sample of water and hydrofluorté &iitte all EF NMR
experiments require a prpolarising 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. ApdeJ2 f  NAaAy3 FASER 2F mnn D LISNLISYyY
field was turnedon for a sufficiently long time (seconds) for the polarisation to bupdefore it was

turned-off non-adiabatically and the NMR signal svaletected without an excitation pulse. It
corresponds to a precession frequency ¥or of 2185 Hz witA°F being 120 Hz less. Just two years

after this, Elliottand Schumachéf measured the -toupling between'H and*°F from a sample of
FEtd2NRO6SYT SyS Ay (KS 9FNIKQa YI 3ySiispnchbuplhg. R SN
In 1982, Callagan and LeGfo%' presented the first EF NMR apparatus that measured the nuclear

dipole moment and relaxation times of bottH and'°F from 200 mL samples of water and
perfluorodelcalin. This equipment was presented as a possible teachidgfdoca laboratory
environment. In 1990, J. Stepisnik anévearkers? %3used the Earth's magnetic field to show the first

example of EF NMR imaging. In 1994, Planinstic amebdoers published their works on longitudinal

relaxation time measuremenig and imaging of plants in an outdoor setting, avoiding any disturbance

ofthe highy B Y23Sy2dza 9F NIKQa YIIySGAO FASt-woakersCNRY M
utilized an EF NMR apparatus in Antarctica to investigate the structure of sea ice \HaNIMR signal

of liquid brine as well as diffusion measurements using pulsed gradumtesho (PGSE) NFARS

More recently, Fukushima and -weorkers 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 optimigedrs

polarising coil, whicheeded to be significantly larger than the ice thickness of 1roif order for

the field to penetrate the ic&*®°. Remarkably, the same team reported the first remote detectbn

' GKAY 1 @8@SN)2F 2Af Ft2FGAy3a 2y 6F GSN) dzyRSNI |y
field with a helicopteiborne prototype NMR instrument on the ie

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 groupked on the development of an
apparatus to allow its indoor use, in a conventional laboratory setting. The main challenge for indoors
dzaS A& GKS RAAGAINDIFIYyOS 2F GKS KAIKE@ K2Y23Sy2dz
with any ferrous objed. Therefore, a major improvement was the integration of a shimming coil. In

2004, Magitrek Ltd developed the commercial TerrantMRl, a 3D MRtapable teaching system for

students and teachers in a normal laboratory environment. Since then, more remarg fias been in

the domain of NMR spectroscofly 2 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 commuity. For example, Los Alamos National Laboratory has been also developing
FFF2NRFOES 9FNIKQa YIFIySGAO | LIJI N¥ Gdza O2Yo0oAYSR
Quantum Interference Devices, (SQUIDS)®. This detector is able to measure extremely small
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disturbancesn 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

0KS 91 NI KQ&° Thes@MWRSidsirumeris kdinbired with magnetoencephalography (MEG)

were designed for the purpose of imaging both brain structure andtionevith 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 ans, for a norinvasive inspection of liquids in airports by using relaxometry to

identify materials. Appelt et df "® have demonstrated highesolution heteronuclear-doupling

spectra for a number of organicatecules and successfully detectéti’Li andFy dzOf SA Ay (G KS 9
magnetic field. They have also shown for the first time high resoldfidte hyperpolarisation in the

9F NI KQa YI3IySGAO FASER GKIFG |t 2hitSiRerenceof®NS Ol 20 a
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.fletdse et

al®have successfully recorded a #Hp°F COS3pectrum acquired in the Earth's magnetic field with

DNP hyperpolarisation. Later on, Hamans €t glioneered a method to achieve NMR using the

9 I NIn&gfedic field on a dilute sample by applymét induced polarisation. Simultaneo&¥ and

'H detection of a sumillimolar sample was realized with just one scan during the hydrogenation of
trifluoro-but-2-ynoate.

By the time of writing this thesisnpost 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 piakp both external and internal noises. The advantages of EF NMR
spectrometers come therefore at the expense of thignatto-noise ratio(SNR) due to the inefficiency

of inductive detection at lower frequencies. In addition, the low magnetic field strength (~50 uT for

9 NIIKQa FASEt RO NIBa&dz G persianyandla véryl s®all pébdatiod Hiffeldc®O | £ & |
between the nuclear spin states and hence very low sensitivity. That is why hyperpolarisation
technigues are always used in conjunction with EF NMR in order to transiently increase the sensitivity.
Thesedevd LIYSy (la KI @S KIFINYyS&daSR baw dzzaAy3d yI GdzNIf 91
way toward he progression to this thesiket us now focus oNNMR usinga magnetic field smaller

thani K S  9rhatydétikfield

Whenthe static magnetic field iselowthe 9 I NJi K Q& Y In fhe/h8ndTesix regies dltétnative

types of detection provide improved sensitivifyo achieve nanoTeslafieldfsK S 9 NI KQa YI 3y S
is passivelycancelledusinga p-metal shieldwhich canrNB RdzOS G KS | afdby facgbiiof 9 | NI K Q
thousands Two common methods are SQUBmr optical detection using atomic magnetometgis

Before the advent of Spin exchange relaxatime, (SERF) magnetometers, SQUIDs wihee
predominant tool for detection of ZULF NMR sigffaldor now,f S do@& on the atomic
magnetometer. In this method, the sample is firstly qypaarised (by one of the hyperpolarisation
technigues listed above), then shuttled to thetdetion 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 grourstate precession of angular momenta in vaporized alkali metal atoms like

K, Rb, oCs. The sensitivity of an atomic magnetometer is limited by relaxation due to spin exchange
collisions. In this zerfield regime, the relaxation is completely prohibited and the alkali vapour

become SpifExchange Relaxation Free (SERFpnd 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 $&3rst, they

observed that in soligtate 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 transitionghus increasing the resolution of the spectrum in a powder sample. In their
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pioneering experiment, powdered barium chlorate hydrate [BalzkDO] was observed in zero field

with a resolution better than the single crystal of the same molecule observédyh field. A year

after, they published similar evidence in their letter, where heteronuclear spin pairs were analysed in
the absence of an external magnetic fiféldBudker and cavorkers have also contributed extensively

in this field* 2 In 1986 and 1987, Pine and-workers developed the theory of pulses iretzero

field regimé€®%® { Ay OS GKS HnnnQa | €1 NBS ydzYoSNI 2F 62N]J
field NMR ared °>%, Theis et af? ®and all Appel® and others have analysed the-cbupling
multiplets derived from zero field spectra, thus providing a general analysis tool. Blanchard et al have
contributed toward the understanding ofspectroscopy emanating from zero field NMR spéétra
Ledbetter et al%, Theis et at’® ®*have pioneered RIP 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 spectroscoby

Using a prepolarising fieldd of 18.8 mT will enhance tigMRsignals 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 mLato$ar@ple 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 withillsublar
concentrations and minimal sample volumes (< 5 mhijst achieving greater SNRn 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 dspersion 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 di@am 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 withp-Hz and provide strong hyperpolarised signals. The ultimate goal istthéetect these
aeaisSvya Ay %' [ C baw NBIAYSIT LI NILGAOdZ I NI & GKS 9l
COVIEL9 pandemic from March 2020 until early 2022, this thesis does not contain anyavitiféeld

baw 606Sf2¢ 9 NI KQa InsehddBF NVR detectidn SfthR focussi? thid 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 theddtrafield NMR, standard higtield 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 optimigatiof their hyperpolarisation level and conditions

dzaAy3 adlyRINR KAIK FASER bawd {SO2yRfte&x (GKS 91l N

This thesis starts i@hapter 2by describing the appropriate theoretical background of NMR puht}
hypempolarisation. Attention is placed upon specific aspects of relevance to experiments at both High
FASER FYyR (KS 9 NIKQ& YI 3y S-lcarb@ne Brid $netat phospléne LINE LIS
complexes are also explained.
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Chapter Jescribes thén situEF NMR hyperpolarisation and detection of three amibesazylamine,
phenoxyethylamineand 2,4,6trifluorobenzylamine, using an EF NMR instrument. The aim was
GKSNBET2NBE (2 AYyONBFraS (GKS adzomadNridiSa | YStgloft$S
activation processes of SABRE are followesitu and hyperpolarised longitudinal relaxation times,

Ta, are measured in the low field regime. The hyperpolarisation level of these amines are measured in
the presence of the ctigand, dimethyl sulfoxiddDMSO). The effect of the digand on the
polarisation level is studied using 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 mines and hydrides) and the corresponding thermodynamic parameters for these
complexes are explored at 11.7 T (500 MHZz) to develop an understanding of the role oflitpench

in the SABRE hyperpolarisation of amines.

Chapter 4aims to identifyp-H,-based methods for the hyperpolarisation of a range of phosphorus
compounds (i.e. phosphines, phosphates, phosphites and phosghifides) with a view to using

%' [ C baw aLSOGNRYSGSNA 09FNIKQa FAStR b®w | YyR

containingmolecules are interesting for ZULF NMR because they can providethpling detectable

in that regime. In order to achieve this task, optimisatiorpéf, hyperpolarisation conditions using

high field NMR (500 MHz) is necessary in order to charactallizemplexes formed in solution and

to investigate their reactivity withp-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 temperaturer@ 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

AT Lyed 2F GKS&S NBIOGA2YE O2dA R fiekl Spgcramdters OF f SR

Chapter Sexplores the reactivity drClI(DMSQJP) (where Rare a list of phosphine ligands that differ

in their electronic and steric propertieg) = 2, 1, 0 when x = 0, 1,t@jvards H addition. The goal was

then to understand lie reactivity of these formed complexes before tackling their hyperpolarisation
studies. Prior to hydrogenation, reaction of IrCI(DMS@)) with eight different phosphines is
monitored. This complex undergoaaong, bis and tris substitution of DMSO byhwmsphine to form

the corresponding 16 electron complexe€l(DMSQJR), IrCI(DMSQ{R,). and IrCI(Rs according to

the excess of phosphine adde8ome of these complexes have the ability to undergd Kkond
activation of the phosphine ligand and subseqtly 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 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 thermodynanmid &inetic products is indicated according to
NMR measurements.

Chapter 6investigates thaeaction withp-H, of the previously formed complexes (chapter 5) from
the reaction ofeight phosphinesvith IrCI(DMSQJ)(III ). This sixth chapter is therefore a dimuation

of the fifth chapter where these reactions were already monitored with normajdd to determine
reactivity alongside thermodynamic and kinetic producthe aim was therefore to select the
complexes that provided largest hyperpolarisation ledetectable in the ultra low field regimé&he
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 detmined 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 o8tltNJi KQ& YI Iy SGA O 7
optimisation of the hyperpolarisation conditions at high field is used to select the best conditions for
9FNIKQa YHIySGia0 FASIR RSGSOGAZ2Y®

Chapter 7 selects the phosphine complexes from Chapter 6 that provide large hydride
hypeN1J2 €  NR &l GA2y G NRB2Y GSYLISNI G§dzZNB & KAIK YI 3y
field NMR device. Here, the aim was to demonstrate the feasibility of metal complexes detection in

GKS 9FNIKQa YIF3AySiAaO TASéR ligarfdNedkini syiniieiyioltheidieé R NA R S
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 lft information but where the touplings information between hydrides artP

ligands can be measured. This section is therefore a continuation of the two preceding chapters,

where many studies were done to understand the reactivitiflofvith a numberof phosphine ligands.
Mono-phosphine orbisphosphine substitution were obtained in some cases with efficieb

activity. In addition, the position of the phosphine ligaridmsor cisto the hydride ligands yielding

coupling for the former (~150 Hzhd 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 8provides 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 9resents the experimental details and methods used throughout the thesis and the
Matlab code for the density matrix simulation useddhapter 7is provided in theAppendix.
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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.

b2diS GKIG Ay GKAA (KSaixaxr GKS aKIFGé aevozf ogAff
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 momé@utand can be described by the nuclear spin

quantum number "O. The angular momentum vectog) and the magnetic moment are both vectors

and are related through a proportionality constant called the gyromagnetic rati@s shown in
Equation 2.1.

rE(2.1)

The angular momentum operatdras thee scalar Cartesian component®fioand O

Nuclear spin"®is an intrinsic property of each atomic nucleus, and can take half integer or-whole
integer values. Those nuclei for whi@ 11, such asC or*®O, have no nuclear spand do not exhibit
magnetic resonance (MR) properties. For the purpose of this thesis only il/@pitucleiare of
interest; specifically the protorH, fluorine'®F and phosphoru&P, which have a natural abundance

of 99.99%, 100% and 100% respedtivaend 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 H&te

In the absence of an external magnetic field, the magnetic moments of an ensemble of free spins are
randomly oriented. However, when they are pladeda uniform magnetic fieldB, an interaction
occurs which result in quantised energy levels as depicted in Figure 2.1 forHZpincleus.

The resulting two energy levels are separated by the Zeeman splittinigh depends linearly on
magnetic fiéd. These two levelare labelled andi . The Hamiltonian, which describe the energy of
this system is given in Equation 2.2, where the spin Hamiltonian is assumed to be proporti@al to
because the magnetic fie is along the &axis

O 1 0 (2.2
1 isthe Larmor frequency and defined as:
1 e (2.3).

As energy levels are quantised, specific frequencies of radiation are required to excite transitions
between them. These energies can be calmdaaccording to Equation (2.4) and (2.5), wh¥@is

the energy difference between these two energy leveld, & G KS NI RdzOSR tofsk y Ol Q&
the radiation frequenc¥f®. 0 isthe Larmor frequency in frequency units (Hz) whilstis the Larmor

frequency in angular units (rad‘sin which the factop¥¢“ is notadded & is the spin quantum

number that represents a projection of the angular momentéiaiong the longitudinalz) direction
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of the system. Here, the direction is defined by the external figld@g can take any of'O p values
ranging frong “@o "OEach different projection, or orientation, of the spin is associated with a magnetic
energy,O . Equation (2.4) defines these magnetic energies.

(0] aoro c8
YO & o6 ®
For a spirl = 1/2 paticle such as théH nucleus, there are two possible eigenstate orientations:-spin

dzLJS b) and spiiR2 6y I ), with corresponding energies given Iy ; -9 6

'07 —Oré .

1 1
1 1
o m =5 E=—-hyB
BO=0 Bg¢0 ’

B,

Figure 2.1The energy levels @f spinl/2 particle in a magnetic field.

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

When measuring an ensemble of spins, the nuclei have a preference to exist in the lower energy state,
h. There is a difference in population for these two energy levels, 0 according the Boltzmann

distribution of Equation 268 whereQis the Boltzmann constant, aritis the temperature:

QY7 (2.6)

Asit will be see in section 2.4, this population difference controls NMR sitvity. This is often

defined as the polarisation level of Equation 2The equation for polarisation is simplified for any
temperature above few K, accordingtothe®d f f SR a KA IK G SYLISNI G dzNBE | LILIN
gap is small compared wifY

0 —— OATE 2 (2.7)
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At a field strength of 9.4 T and temperature of 298 K, only*B8pinsn a million contribute to the
macroscopic NMR signal. For example, the psddidn level forH and®'P are 3.5 10°and 1.42

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 esponse of an NMR experiment can be modelled as a vector that rotates that angular
momentum operator in real 3D spa®&» ¢ KA & f SIRa G2 GKS W@SO(2N) Y2
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 thedié@t such a way that the sum of their contributions

gives a net magnetic field along the direction of the applied fiéld).(This is called the bulk
magnetisation of the sample and is represented by the magnetisation véetor§lue). This is initially

oriented along the -&axis, which corresponds to longitudinal magnetisation. It is then rotated into the

xy-plane, whch corresponds to transverse magnetisation, and then freely precesses around the
magnetic fieldaxis.Ly bawX (g2 O2yO0OSLIJia 2F aNRBOGlIGAYy3I FNI Y
describe the spin Hamiltonian, defined above. The spin Hamiltonian, in thermesof 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 wimasuclear

ALAYEA FTNRBY | FNIYED)TUKSHGRNE (& SIVB5AS alg@ FiwdanEnfiRs NI (0 K S N.
The rotating frame spin Hamiltonian then becomes Equation 2.8:

0 MmO (2.8)

Where the frequencyn ] 1 is the difference between the Larmor frequency andttbf
the frame. It is called the offset frequency or resonant offset and is denaoted

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

X

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

The vector can be defined by three componetrits; 0 , andd .1° As the net magnetisation is an

aveaage over the ensemble of spini points along the direction of the applied magnetic field is
labelled ! ,. therefore, depends on the numbeof spins and the polarisation. Under thermal
conditions net magnetisation is orientated along the directio ofvhile contributions fromb and
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0 are 0 as nuclear spins lose their phase coherence due to random precession in thersar(gy)
plane. This is depicted in Figure 2.2 in which the vedoendd are parallel. Upon the application
of an ¢.f.) pulsed which is termed here as nutation frequency , E is rotated away from the
direction of& and the two are no longer paralléP® The magnetisation vector will now experierece
twisting force resulting in the precession’gf aroundd as shown in Figure 2.2. This precession will
occur at the Larmor Frequengy, r 6 .10

In term of energy, the spin Hamiltonian in the presence of a pulse of frequencyand an angle+
has now an x and y componéfft Equation 2.9 describes it.

0 mO 7 ‘OAT-© OOE+ (2.9)

The flip angle is defined as 1 t 16 T, whered is the strength of ther(f.) field] is

the nutation frequency and is the pulse durationHence, by varying the time for which the pulse is
applied, the angle through which the magnetisation is rotated can be vafisdhemagnetisation
precesses around the magnetic figld it maps out a circle on the transverse plane which is largest
when 'E is perpendicular tod . At this point0 and 0 make a contribution t¢cE while the
longitudinal magnetisationp is ¢ NMR signals are detected in the transverse plane from
precessing xy magnetisation. This will be most intense whea rotated 90 from0 to 0 andis

the reason why 7¢ pulses are used in NMR to excite the nuclear spins.therefore important to
choose (.f.) pulses of appropriate duratioand amplitude such thaE 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 picturé Fqepulse has two effects.
Firstly, the pulse equalizes the populations of the two states and hence the longitudinal magnetisation,
0 is reduced to 0. Simultaneously, it converts the population differences into coherences.
Coherences arise from spins in states that are aegugsitionh | yaRd that have transverse
polarisation vectors. Immediately following the pulse, these transverse spin polarisation vectors
precess in they plane with the same frequency and phase, giving rise to a het magnetization in the
xyplane,0 . The coherence can have orders, which are the differenceaimgmlar momentum of

the connected statesi-or an ensemble of neimteracting spins %2 at equilibrium, there are only two
states, with zangular momentum quantum numbers +1/2 and a cohere order 0. Once the pulse is
applied, two coherence orders, (+@dantum and {1)-quantum are created. Only thel)-quantum
coherence is detected and gives rise to the NMR signal.

2.2.2 Relaxation

The initial net magnetisation is a result of thermajudibration in the presence of the static field

0 and governed by the Boltzmann equation as defined above (Equations 2.6 and 2.7fThédse

0 equalises the population difference created by the static fiéldand generate coherences.
Relaxation naturally occurs when the system is @u¢quilibrium. 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, therfd 0 FASEt R A& GdzZNYySR 2FF FyR |y AydSNDI €
experimentally:
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Firstly, thermal equilibrium values are gradually reached by the spin state populations and hence are
time dependant. Ther(f.) pulse causes the state of the spin system to depart from thermal
equilibrium. Over a sufficiently long tim#&he fluctuating molecular surroundings cause the thermal
equilibrium state to be gradually restablished. Secondly, the coherence gradually decays to zero and
thus has a lifetime. Hence, the spins lose their synchronisation. These deviations are a eonsequ

of relaxation.

BlochH® has introduced two relaxation time constants.€eTtime constantT; (longitudinal relaxation
time or spinlattice relaxation time constant) and the time constdat(transverse relaxation time or
spinspin relaxation time constant).

The time taken for the longitudinal magnetisation to reach equilibrisrcharacterised by the time
constant,T,.2%® This time constant describes thelaxation ofE from0 toward0 and is given in
Equation (2.10). Thé.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 surroundingblote that 4 is the magnetisation vector at equilibrium.

b o 0 p Q CPp T

The decay of magnetisation in the transverse plane is characterised by a time constantgescribe

by Equation (2.11). This behaviour is due to random dephasing of magnetic moments whilst
interacting with other spinsly is typically shorter thai1.1°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 eyewith surroundings. However, coherence decay does
increase the entropy of the spin ensemble. The decay of coherence is therefore an irreversible process.

0O o 0 Q P p

An additional relaxation rate constafit* can also be introducedl,* describes the rate at which
precessing nuclear spins dephase in thepbane. If a spin system is subject to a magnetic field
gradient, the spins in different regions of the sample will see diffefentfields and precesat
different frequencies. This can lead to rapid dephasing of transverse magnetisation due to magnetic
field inhomogeneity. Dephasing due to field inhomogeneity is differefktoecause iis a coherent
dephasing of spins, and a spin etfi@an be used to rephase the spins to recover the transverse
magnetisation, bufl; relaxatian is an incoherent process and cannot be reverdgtincludes both
effects and therefore is always less than or equal:to

¢tKS aLIAyYy SOK2 &aSljdzSy0S O2yarada 2F | -~ Lz 4SSz

signal isrecorded. By theSsy R 2F (KS aSO2yR _ lyé RSLKIFaiAy3
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2.2.3 NMR spectrum: chemical shift akdoupling

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 exponentigf decaying sinusoidal function. The current is amplified and subjected to
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gquadrature 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 transforrabthito the
NMR spectrum.

Two pieces of chemical information are obtained in a standard NMR spectrum: chemical shift and
indirect dipoledipole couplings, which comprise heteronuclear and homonuclear couplings. In order
to introduce the concept of chemicahift, the atomic level of a sampteed to be consideredNow
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 microsaleic s
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
St SOGNRYAO STTSAlieRé OliR Sa SRF SOM¢oa teNdSadetr Sphng/thus T A St
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 ifequation 2.12.

T re p (2.12)

Where] andf define the Larmor frequency and the gyromagnetic ratio for a given nugleus

It is however possible those two nuclei have the same shielding factor, which make therncalem
equivalent. The shielding factor is in the order of for 'H and 16 for %P7, In NMR, the equation

of the chemicakhift,] , 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. Equati®th2rkefore gives the
magnetic field independence of the chemical shift.

1

p Tt (2.13)

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

for H,3C and°Si

While the value of chemical shift in ppm is designed to be field independent, the observed separation
0SG6SSy LISI14a Ay 1T FTYR KSyO0S GKS OKSYAOLFt &KATI
field (where 1 ppm ~ 2 mHz) chemighift 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 Spirspin coupling

Spinspin couplings are among timeost informative ofuclear spirinteractiors as theyead tovisible
splitting of the detected NMR signal These inteactions are not magnetic field gendant and
therefore active iz ULF NMR spectroscoghen the chemical shift term is negatethe nuclear spins
feel the magnetic field emanating frortheir neighbous through the electrons located irchemical
bonds that connect them This type of interaction is called A Y R JamziRHenéfére differs from
d RA NB O iipole RdupligsivtBch, are not considered in thisesis.

43



The homonuclead-coupling are on the order of-100 Hz whereas heteronucleacduplings are on

the order of 21000 Hz. At high magnetic field, where first order coupling governs the splitting, it is
possible to observe both homonuclear and hetewclear Jcouplings. However, only the
heteronuclearJcouplings 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 alsevealed at low field.

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

9 First orderJcoupling

The NMR signal for a nucleus havingquivalent spin 1/2 neighbours is split into  p line. This is
called the¢  prule and is common at high magnetic field or in the weak coupling regime that will be
described in Equation 2.16.

AsO increases, the difference in Larmor frequency between twapted spins increase and the
spectra becomes first order. According to Pople notafispin syems for first order spectra will

use letters far in the alphabet (AM, AX), to indicate difference in frequencies.

1 Second ordetd-coupling

Complex splitting patterns are observed as ¢he p rule is not obeyed at weaker magnetic fields or

in the strong coupling regime that will be also described in Equation 2.1%. Alecreases, the
deference in Larmor frequency between two coupled spin decrease and the spectra become second
order. in systems for second order spectra will use letters close in the alphabet (AB, ABC), to indicate
similarity in frequenciesThe eigenstates of the system are now a mix of Zeeman and siriglet

states. Predicting and analysing the NMR spectra isetbez much more difficult and the only
practical approach of understanding these strongbypled spectra is by computer simulation.

2.2.4 Theory for EF NMR simulation

As already stated, the interpretation of EF NMR spectra are not straightforwardadtiee tlack of
chemical shift. However, the presence of heteronuclear-spim coupling allows the identification of
chemical identities. The EF NMR spectra exhibit second order couplings, therefore a computer
simulation allows for their interpretation. T& 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 operatoraied.det
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 requiredodwtion/rotation operators. Finally, the observation
operator is applied and a spectrum is generated.

As a tool of comparison and interpretation, the Spinach simulation paéagm in the Malab
a2F06IFNB LI O1+F3IS FYR | aldflro &aONRLII o02NROGSY o
field NMR (EF NMR) spectra. For the most part, Spinach simulates the NMR spectrum automatically

and requires little coding experience of the user. Asex ysst a few inputs must be edited according

44



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 setn 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 spbatidth as well as zefilling 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 themiulation works, the quantum description of NMRust be taken in
account Let us first introduce the matrix representation of the three angular momentum operators
in the Zeeman eigenbasis ff§ & given in equation 2.14:

9 TP _

0 m (2.14)
p P

P o _P T
Tt T p

2.2.4.1 Spin Hamiltonian

The system is described by the spin Hamiltonian oper@owhich provides irdrmation 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] and] are the Lamor frequencies for the two heteronuclear spins operatémdﬂ, and

0 is the scalar coupling between them.

'O 1 01 Y ¢ ok (2.15)
where EJ| 'OY OY ‘OY

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 spinsThis is the case Whehand-” precess at different Larmor frequencies, which

are in the order of 1®Hz, compared t® , which typically has a magnitude on the order €fG00Hz.

The magnetic field is therefore approaching infinity and satisfies Equation (2.16).

, —1 pm(2.16)

Under these weak coupling conditions, it is permissible to apply what is known as the secular
approximation to the Hamiltonia®®, which states that the indirect spipin coupling terms are small
compared to the Zeeman terms and so only, 188’ components of the indirect spispin coupling
interactionneed 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.

Inanultrat 2 ¢ YIF 3ySGAO FTASEtRYX &dzOK Fa (GKS 9 NIKQa YI :
system of¢ & 0 interacting spins, including both heteronuclear and homonuclear indirect
spinspin coupling but neglecting the small effects of chemical shift that vanishes is described in
Equation (2.17).

'O B B ¢ ok (217)
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EF NMR is in the strong coupling regime where the frequency separation of the resonance from two
heteronuclear coupledpins operators@nd “Yis comparable with the coupling constant between
them. Athypothetical low field, the conditiom Equation (2.18) is therefore satisfied.

, —— m (2.18)

2.2.4.2 Density Operator

The density operatot provides information regarding the state of an ensemble of spins in a system
and is therefore a simplification ohé spin ensembf&. Any macroscopic observation may be
deduced from two spin operators, with omepresenting 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 sphs, the value of a gife
operator, i.e. the spin density operatdrcan be specified.

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

P

I Y IRAY 2.19)
OB 06 '

The overbar indicate an average over the ensemble. The-higidiside of this equation is called the
density matrix Where® and are complex numbers called superpésit coefficients.

The diagonal elements of the spin density operdtor and” are called populations of the states
g 0and $ § respectively The offdiagonal element§ and” are called coherences between
states$ Gand $ & Numerical simulations of EF NMR spectra typically start with an initial density
matrix,” , which corresponds to the statistical state of the spin ensemble at thermal equilibrium.
The ensemble average of a group of spins at thermallibgium at a given magnetic field is given by
Equation (2.20)

” -p -\O (2.20)
Wherep is the unity operator that corresponds to an equal number of spiritkaérg Gand$ Gstate,
and"Ocorresponds to gopulation difference between thg Gand$ Gstate. The Boltzmann factor
\ is given by Equation (2.21):

o]

\

(2.21)

In asample containingH spins in a magnetic field of 0 at room temperaturey is therefore
V' p® @ pTm ." cantherefore be rewritten as in Equation (2.22):

" -p P®O pmm O (222

¢KA& SldzZl GA2Yy GKSNBFT2NB (GSadAfe GKS OSNE

™
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—
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2.2.4.3 Rotatingrrame or LalrrameDensity 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 experimeed to be
included The excitation phase of a basic NMR eipent is equivalent to a rotation. Therefore, the

action of ¢.f.) pulses (ULF pulses in the case of EF NMR) can be included in a density matrix calculation
with rotation operators. The spin %2 representation of the rotation operators of an angte listed

in Equation (2.23):

Ai%e- o | A% o

2.2.4.4 Evolution operators

Now, the system must evolve with time under the influence of the timdependent spin
Hamiltonian. These evolutions are included in the density matrix calculation through the use of the
evolution operator Y 0, 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. Howevelif wasalready noted that the seculaparoximation cannot be used in the
context of ultralow field NMR. The Spinach software is aware of it and therefore in the EF NMR
AAYdZE | GA2YZFHNKESQLUM BT SWRWVaBAoSENR G GAYy 3T FNIF YSQ

Yo Agpm (2.24)

To evolve a desity 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 gitieme t are listed in Equation (2.25).
This means that a pulse=" ¥¢ is appliedn the y direction which rotate th&operator towardsO.

Al 6 OE} 0w Al 6 OE+F
" Yoy - S
OE+ AT 6 ™ P O+ Al O
” Y/["OY _ f T p T[ |/|_ f
— — T[ p - -
n n N N
»oyoy -T P 0 Since, OEFT —andAi 6 — (2.25)
p T n n

The solution is therefor&. Note that'Y is the @njugate transpose rotation operator.
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2.2.4.5 Observation operators

Finally, the NMR signal (Equation 2.27), is generated through thenadisn 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.

O B O W (2.26)

Where'O and"O are respectivelyhe real and imaginary part of the spectrum aNds the number
of observed spin groups.

The signal at timé (Equation 2.27) is given by theace of the observation operator timed by the
density matrix. The sum of the diagonal matrix elements is c#tietrace of an operator.

YO 010 276 (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 frequencydomain.

23t N> OGAOKE ' 3LSO0Ga 2F 9FNIKQa TFA!
2.3.1 Methodology of EF NMR

{GFYRINR 9C baw YSI&dz2NBYSyGa I NB LISNF2NN¥SR 2y (K
Germany) using the core apparatus, a 500 ml sample, and a PC runeiRga$pa and Terranova

software package. The system is quite similar to the NMR description in section 2.2. In conventional

NMR applications, where the static fieldiB large, the Larmor frequency is in the rafliequency

range (accordingto [ 6 inrad/sec) and it is therefore referredtoasarf.0 LJdzf aS® Ly GKS
magnetic field applications, this pulse is in the ulbav frequency (ULF) (309 30 kHz) and so is

properly called a ULF pulse.

In the common picture of NMR as deibed in section 2.1, the magnetisation at equilibrium of a

sample placed in an external static magnetic field lies along the longitudinadxis of the rotating

frame shown in Figure 2.2. In the case of EF NMR, this external magnetic fieldisk S 9 NIi K Qa
magnetic field. The direction @& defines the direction of z. The fipandle A& ONXBI GSR o6&
pulse or excitation pulse that disturbs the bulk magnetisation vegtqrfrom equilibrium and rotates

it into the transverse plam0 . This excited magnetisation vector LINS OS&aasSa | 62dzi (K
magnetic field vector which is in the z direction, at the ULF frequency.6Thmil detects this

precessing magnetisation. The precessing bulk magnetisation vediorés an electro motive force

emidb 2NJ I OdzZNNByld Ay GKS RSGSOdGA2Yy O2Af | OO2NRAY3
that the inducedemfis equal to the time rate of change of the magnetic flux.

Q4a QL — (2.28)

When connected to the spectrometer tiie 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)debes this resonant circuit, which is used to detect the EF
NMR signal that resonates at a frequency.

1 = (2.29)

Asit isalready know, the NMR signal arises from the phase coherence of an ensemble of precessing
nuclear spinslt has beeralso 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 entirélye to "Y but is rather combined effectY

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 adistanceof kv Y |ye& 2062S8S00a tA1Ste (2 RA&Gd2ND K¢

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

The inner component coil also calléd (transmit and receive) coil is used to excite and dethet
precessing magnetisation. By changing the capacitance) thwil is tuned to the Larmor frequency
of the sample. This coil has a tuning capacitance in the range offaraals (nF) to tune the Larmor
frequency oftH and®'P frequency of about Z® 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, WK O2 NNBOG (GKS RANBOGAZ2Y BHPHinlFigB8e 9 NI K
2.3). A current of 70 mA in theaxis allows pushes thte vector from xyplane toward the @irection.

0 is then the effective magnetic field summitg and the additional field correction. Thie vector

is then adjsted according to the experimental needs. For example, a current of 90 mA generated by

the zcoil increase the Larmor frequency up to 2700 Hz. d heorrection to align in the-direction,

produces an accurate nutation curve, which allows an accyrakee length calibration. It therefore

yields a better signal to noise ratio (SNR) spectrum.

B,
Z B,

z A

Figure2.¥ [/ 2 NNBOGA2y 27F (K RANBOGUAZY 27F G KSthey I (i dzNJ ¢
0 vector is aligned to-axis.

The middle or grdient 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 fi@ldthrough application of a large

current, generating a nuclear magnetisation in a sample placed inside the apparatus. This method is
similar to brutef 2 NOS® LG Syl ofSa GKS SyKIFIyOSYSyd -2F GKS
polarising the samp with a maximum field of 18.8 mT provided by the parisation coil before
SEOAGIGAZ2Y FYR RSGSOGA2Yy Ay GKS @GSNEB 6SIH1 9F NIKC
NMR signal, the polarising coil should be placed in a good orientaticauke 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 tIi®N\R. In the SABRE experiment, which will be described later, this coll
is also used to@nerate the necessary magnetic field that triggers the polarisation transfer frbin

to the substrates.

T A L RS

Figure 2.41 LA Ol dzNB 2F (KS G(KNBS O02Aafa 2F G(GKXol9l NIKQa
the gradient coil and the polarisation toi

hyS OKIftSyasS 2F 9 NIKQa FASER baw Ad (G2 | OKASGE
field is naturally highly homogenous but the field is so weak (gT§Qhat its homogeneity is easily

disrupted by the proximity of ferrous objeats any other sources of small magnetic and electric fields.

¢tKS aAKAYYAYy3 YR GKS NBtIFIGAGBS 2NARASyiGlrGAz2y 2F
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 sfiegjeometries such as a magnetic field that

changes linearly along one axis. It is possible to automate the process of shimming with the Terranova
appardi dza A GK (GKS AyLlzi WFdzizaKAYQo

2.4 Hyperpolarisation

Over the last decades, many hyperpolarisation téghes have been developed to create NMR signals
enhanced by many orders of magnitddeThose methods were already discussed in chapter 1.
However, this section describes only the hyperpolarisation method used in this thesis, whidrase
hydrogen
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2.4.1 Spin isomers of Dihydrogen

Dihydrogen exists as twspin isomeric formsy-H, and p-H,, with the differences in the two forms
being identified through the analysis of the diatomic wdumaction components.This is a
consequence of the antisymmetric nature of fermionic wavefunctions; hydrogen is a feamioni
particle. The total wavefunctior ¢ ¢ €an be separated into independent contributions according to
the BornOppenheimer equation shown in Equation (2.30xheres ,» ,¢ e ,+ arethe
electronic, vibrational, rotational, translational, and nuclear spin contributions, respectively.

. . . . . . (2.30)

The diatanic wavefunctione , all combine, for K to give a wavdunction that is antisymmetric
with respect to exchange of the two nuclei. Simce ,»  ande are all symmetric the combination
of « ande spinwavefunctions must be antfymmetric. There are two combinations where this
is true, when the symmetric rotational states are combined with the-apthmetric nuclear spin state
and when the antsymmetrice ~ are combined with the symmetric . The termsrtho and para
are associated with the symmetric and asyimmetric nuclear spin states respectivély

There are four allowed spin configurations of Hhe three which are symmetric with respect to the
particle interchange arg |, = | ¥ T 1,1 Tandonewhichis ant'symmetric,f | T T | .The

rotational quantum number i§ when the value odis even the rotational state is symmetric whereas
whenJhas an odd value it is artymmetric. This meanéat o-H; has odd values af whereasp-H.

has even values dfand 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 theisomers is symmetry forbidden and therefore slow. This offers the opportunity to enrich
and store hydrogen gas in thg@araisomer.

There is a temperature dependence associated with the relative proportions of the two isomers. At
room temperature the ratioof o-H, : p-Hz is 3 : 1 at thermal equilibrium; however at cryogenic
temperatures in the presence of suitable paramagnetic catalyst the ratio switches in favour of the
paraisomer. Flowing Fgas over a silica/Fefthtalyst at 28 K gives hydrogen gastik®9 %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 pfesent

The energy diagram of the two isomers of the dihydrogen molecule in the preseacaagnetic field
0 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 2.5Energy level diagram of the dihydrogen molecule under the influence of a magnetic field.
Upper ortriplet state iso-H, and the lower or singlet state jsH.. Transitions between the ortho and
para states are symmetry forbidden.

It has to be noted that in fre@-H,, there is magnetic equivalence between the two protons and
coherent spin mixing betweethe singlet state anttiplet statesis symmetry forbidden. However,
when p-H; is bound to a metal catalyshagnetic equivalence is broken. Specifically, when the two
protons originating fronp-H, occupy a chemically and/or magnetically inequivalent position in the
complex. Consequently, the difference in their Zeeman interactionstivtlexternal field triggers the
singlettriplet spin mixing which is thertho-paraconversion. Figure 2.6 depicts the nuclear spin state
diagram ofp-H, molecule in an equivalent and inequivalent environment.

a) b)

— |TO> ——

A

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

Figure 2.6 Energy level diagram for the nuclear spin statep-bk a) before and b) after undergoing
a pairwise hydrogenation reactipwhich leads to a chemical or magnetic inequivalence between the
two nuclei
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2.4.2 Polarisation transfer mechanism

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

110

Let us consider the case whgrd, binds to a metal catalyst to become two chenligg 11 ¢“0 )
and magnetically ¢ Tt inequivalent hydride ligands as in Figure 2.7. Then the density matrix of
p-H: is defined as in Equation 2.31:

” - (00 (00 (OO0 (2.31)
Where the longitudinal term is ¢'OO and @ 0 is the zerequantumx term defined as

OO0 - 00 ¢OO0 also called the transverse term.

B,A 21515,

Ha

N 211 Iy,
[IrL,]
Hx/ ' / 211x[2x

Figure 2.71inequivalent hydride lignds in an iridium metal catalyst

The internal Hamiltonian of the two hydrides are then given in Equation 2.32:
© 1 0 1 O “v ¢OO OO OO (2.32)

The Hamitonian can be split in two terms, the commuting paf® | and the noacommuting parts
('O) that are both given in Equation 2.33 and 2.34:

0 -1 1 O 'O “0 00 (2.33)

O -1 1 O 0O ‘0 00 OO0 (234

To produce the PASADENA enhancement effect, the sample containing the metal catalyst and the
substrate that is hyperpolarised, is firstggsurised wittp-H.> G KSy akKF 1Sy Ay GKS
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,evh, | p, as explained by Natterer and
Bargon (in 19979 and Bowers (in 200%f, the term responsible for the actual dynamics of the spin
system is the scalar teriO 'O . The operatorsO and“O represent the zZzZomponents 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 twdH nuclei inp-H.. In this case, thenitial state approached by the density
operator,” , can be approximated in Equation (2.35):

” - ¢00  (2.35)

For the case where the twibl atoms resulting from addition of a moleculepsH, form an AX gin
system in the product, the density matrix will evolve according to Equation (2.36), following a single
(r.f.) pulse with a rotation angle— Upon rotations of the spins, the operators of interest are
transformed as follows:

o0 © 'OATJO "'OOEl OAIO OOEfl (2.36)
AT ¢ o0 AlOOEl 00 ™00 OE[ 00 (2.37)

The flip angle is definedas 1 T [0 T, whered is the strength of ther(f.) field,/ is the
gyromagnetic ratig, is the nutation frequency antl is the pulse durationWhen considering this
evolution during the FID, it is sufficient to considanyothe part, which gives rise to observable
magnetisation givenb¥ O ‘O andO 'O "O. The only terms that thus become important
are ¢O'0 OO presented in Equation (2.36)nd highlighted in red, since the identities

AT &~ OET— p. Hence, the signal intensity is directly proportional ®EJ— which, is
optimal at— “ 7t andiszero at— “7TcduetocOE-FAT & ¢ O EJ—. Consequently, two
antiphase doublets, centred at the resonance frequencies of the two nuclei are obtained (Figure
2.8)111' 112

(Vg Wy

N

[pm

% (af — Ba) _:-,::f'f»-"*

Figure 2.8:The transitions shown in blue give rise to the Astiase doublet characterist of a
PASSADENA experiment encoded by a “ 1 and originated from the singlet statﬁ; | T 1|

of p-H; which populate the T andf | states of the substrate

In order to conduct an ALTADENAe experiment, the sample that contains the metal catalyst and

the substrate that idwyperpolarised, is first pressurised witkH,, then, shaken in a weak magnetic

field. The reaction occurs in the strong coupling regimeEqgfiation (2.18which allows the
polarisation transfer. Subsequently, it is introduced into the detection magnetveder, 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 obsenaii!! 112

Thep-H; derived state that results under ALTADENA conditions does not fall out of the expression
jdzAGS a2 Shaateod blFiIGSNBNI I YR . FNH2yQa SELX Lyl
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model*. At zero field, mand the density peratorLINR RdzOSa GKS aAy3at Sa adat

and other local fields are neglected in ALTADENA experiments. At small fielpidtheclei exist in
states which are mixtures @if¢ ¢'O0 ,®0 andpfc 'O 'O states.

At higher mixing fields, the zero quantum term begins to die out leavingpZhe¢’O O andpf

¢ 'O 'O states, the latter of which persists asymptotically, even when placed for measurement
into the high fieldof the spectrometer magnet. Given thatmay be either positive or negative, the
density operator”’ may be rewrittenas in Equation (2.38)

” - 00 +-(0 'O) (2.38)

Signals in ALTADEMN#e experiments can be viewed after £ pulse since it is the effect on both

the 200 £ (0O O ) terms with the singlegn terms contributing to the observed spectrum. For

a flip angle of ¢, the antiphaseoriginating from the terms¢’'O'0O  ¢'O"O disappears, and only

the inphase doubletstemming from(O  “O ) with oppositesigns 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[I
1 7 B
7 @B + pa)
aa
& w, )
‘h(,.'_}l pRm /‘

7 (@B — fo) -

Figure 2.9 The transitions shown in blue give rise to the in phase doublet characteristic of an
ALTADENA prriment encoded by &~ “ 7¢ originated from the singlet stat% | T 1 | ofp-
H. which populate the | state of the substrate

In this thesis, the data presented use both the ALTADENA condition generatédZoyudse and the
PASADENA condition generated by/4 pulse to detect enhanced NMR signal of target substrates
and dihydrides complexes resulting frgosH, addition.

2.4.3 Signal Amplification by Reversible Exchange (SABRE)

SABRE, which takes advantage of the ALTADENA route described above, dsydragenative
technigue, used to transfer polarisation frqoaH, to a molecule of interest without chemically altering
the moleculeThis requires a magnetisation transfer catalyst, which is typically an octahedral iridium
complex, to which both the molecuts interest andp-H; are able to reversibly bind. Once bound, the
symmetry of thep-H, derived hydrides is broken by chemical and/or magnetic inequivalence and
polarisation transfers from the-H.to the substrate at low magnetic fieldsalong-rangeJcoupling.

A simplified overview of this is shown in Fig@r&0.
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Magnetic inequivalence ~ Chemical inequivalence

R, Ry
H\ | /L1 H\ | /L1
\\\\. Ir,,,/,/ \\\\\‘ lr"//////
N\ an H L,
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by
h"‘ "‘ﬁ Q““ ) ."O
- _H - ~ .
= P-HFo = CLLLIN = -
-'o o :‘ “ =substra tg
TN X - ,O-Hz = substrate "o R
s 5 MITI
”'l l“"
Magnetisation Magnetisation Magnetisation
—_— —_—
transfer catalyst transfer catalyst transfer catalyst

Figure2.10Schematic showing polarisation (red) transfer frphl to a substrate of interest because
of the SABRE process. (Abope)arisation transfer aass 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 precatalyst Ir(l) [IrCI(COD)(NHC)] where GQiscis1,5-cyclooctadiene and NHC is
N-heterocyclic carbene is reacted with the target substrate (sub) where sub is an apprdgaated

for example pyridine, to form the complex [Ir(COD)(NHC)(Sub)]Cl. This complex undergoes an
oxidative additionreaction with hydrogen to form an 18 electrons Ir(lll) complex of the type
[Ir(HR(COD)(NHC)(Sub)]CI. At this stage, the COD ligand is hydrogenated to form successively
cyclooctene (COE) then cyclooctane (COA) which can no longer ligate to the iridileadhtaithe

active SABRE catalyst [I{NHC)(Sub)Cl formation. This active SABRE complex reversibly binds both

p-H: and the substrate.

NHC ]+
0, NHC Sub H
\////""lr"“\\\\ +Sub N\, WNHC 4 pH, uby,, /"'!r”"‘\\\ + Sub
/ N N N
\ c -Cl @ s OxAdd \/‘ " cop > COE
\ N
16 e- 18 e-
NHC ]+ NHC [T
Sub/,// | \\\\H + Sub SUb///,/I | |||“\\\H
"'|r|||“\ —_— Zlr ~
s? | H  cop” XCOA Sub/| H
Sub
18 e-
18 e-

Figure 2.11Catalytic cycle of activation of SABRE cathliygpresence of aexcess of substrate (Sub),
for example pyridine ang-H..
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is essential in SABRE as it explains the polarisation transfer field (PTF). Recaldksiia system is

defined as strongly coupled when the difference in their chemical shift is much smaller thantheir J
couplings ' sL 0 ,such a mechanism is efficient at low and ultralow magnetic fields, leading

02 qalLRydlyS2dzaé LIRtFNRAFIGAZ2Y NI yaEFiSIoE Thisk A OK R
can be understod using the concept of Level of Anti Crossings (E&CS) Consider the quantum

statesSY dands'Yf & in which S andcBtand for the singlet S and triplet.{T To or T1) states of the

hydrides Hand H, whereass dand$ Gdenote the state of other nuclei in the complex, including the

ligand. A LAC arises at a magnéitd where two energy levels, corresponding to quantum states

SY Gands'Y Gtend to cross, but due to spispin coupling the degeneracy is lifted and the crossing

is avoided. In the SABRE case, the nuclear spin LACs in the complex willeficabig mixing

between spin state§'Y dands'Yf & At the LAC field, the eigenstates of the system are combinations

of SY tiands'Yf G and consequently an efficient exchange of populations oftri@andsYf Ostates

Oy 200dzNX®» [!/ LRAyida LINPOARS RAAGAYOH FASER LR
polarised. Initially, HHand H, are in the singlet state; therefore, this mixing will result in transitions

between SY GandsY ¢ depletingthe SY G(due to the factp-H; is used state and enriching

the SY Gstate (initially depleted in SABRE experiment). This will lead to spin polarisation of the ligand
protons which is predominantly in the spifown state,.e., it becomes neatively polariseds 11/

In the absence of the nesecular part of the scalar spépin interaction, a twespin system contains
a crossing of the Zero Quantum (ZQ)tand$ |Glevels at® = 0, whichs turned into an LAC by the
non-secular terms. At the LAC the Zeeman states are mixed, forming the eigergtes S YO

¢KS OF&asS 2F 11 Q. 2NJ!!1 Q.. Q aeaitSY IINB dz&aSR Ay Y2
of amines (chapteB), 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 predieasgsed by

R. W. Adams et ah 2009*3,

HA\\\”///BNHZ
NN

Figure 2.127 2 dzLX Ay3 LI GGSNYy Ay {!.w9 IO0GAGBS O2YLX SE &
YR KE@RNARS ! yR ! Q

sNH>

In this situation, there are three or four nuclei in the spin system grouped in two pairs of chemically
equivalent but magnetically neequivalent nuclei. Two pairs of spins have NMR
frequencies and’ , and theJcouplings are assumed to be pairwise equak As, he= ds. When

there is a hierarchy of spigpin interactions, i.ea, ksl s ks ks, ks, perturbation theory can

be applied. In this situation, itglidstwo sets of matching conditions:

’ ’ 0 0 crossing of"'YY and "Y"Y,

0 0 -0 0 ,crossing ofYtand Y'Y .

The small couplings betwa AA'and BBbecome active at the level of crossing resultingri these
matching conditionsHence,they transform the level crossings into LACs when a difference in
couplingshg'Jvg exists. This condition is equivalent to that of magnetic saegunivaknce of the

AA'and BB5pins, which is necessary to drive singtgilet 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 Mid SARE experiments$> 118 For brevity, the statesY"Y, "YY , sY8and
“YY are omitted in Figure 2.13 because they remain unaffected.
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dependences. The mixing states weensY 6andSY] ¢ states occurs at a magnetic field equal to

6 mT. When all spins are assumed to be protons, two spins A ghgdiides) have the same chemical
shiffof-ho LILIYO FYyR (GKS AyGa®NI GG AAdys baSah&sedhsfiftoflSY A a
TAdy LIV P ¢KS RAFFSNBYOS O2NNBalLRyR (G2 GKS8 YI 3ySi

2.5 Metal phosphines and metal carbenes in PHIP and SABRE reactions

In this section, the chemistry of metahrbene and metaphosphine that catalyse PHIP and SABRE
hyperpdarisation reactions are emphasisebrief literature reviewon the evolution and the various
discoveiesin PHIRthat leaded to its modern applicatiorsse also discussed.

Hydrogenation reactions by Wilkinson's catalyst, RhCHRRfave been examinethany times. In
addition to facilitating efficient hydrogenation under ambient conditions, RhCkPRhcapable of
promoting selective hydrogenation of alkene or alkyne groups in the presence of other easily reducible
functionalities such N£or CH®', Hydrogenation withp-Hz was used either for the direct detection

of metal based intermediates, or to probe the hydrogenation prad. In addition, the interest in
RhCI(PPJ is not solely limited to hydrogenation since hydrosilation, decarboxylation, and transfer
dehydrogenation reactions can also be initiat€d

In 1986, Bowers and Wietekamp predicted that the usp-bf would result in spirhyperpolarisation
during hydrogenation reactiod% Nine months later they presented proof of their prediction by the
addition ofp-H; to form a metal dihydride with RhCI(PRBaduringthe hydrogenation of acrylonitrile

to propiontrile?!. At the same time, Eisenbéfgwrongly attributed polarisation seen during the
hydrogenation of phenylacetylene by the binucleasR{CO)(dppm) to chemically induced dymaic
nuclear polarization(CINDP¥? which was in fact thep-H, hyperpolarisation effect. The spectrum
obtained when the compleRh(H)(CI)(PMe): is formed viathe reaction ofp-H, with Rh(CI)(PM#s,

was found to contain substantially enhanced hydride signals. This observation was taken further by
Duckett and ceworkers in 1993 when Ir(Br)(CO)(dppe) was reacted pth at 342 K23, The hydride
resonances deito Ir(H(Br)(CO)(dppelere shown to be 95 times more intense than those normally
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obtained. Significantly, the naturally abunda?€ signal for the carbonyl ligandigiH)y(Br)(CO)(dppe)

was detected using an insensitive nuclei enhanced by polans#&t@msfer (INEPT) based sequence

after only 32 scans. With normal thermal conditions, this measurement would have taken weeks. In

1997, Natterer and Bargdtprovided to the NMR community a complete descriptiopat, inducing
hyperpolarisation effect in their review, alongside the first dgsgsn of the ALTADENA and
PASSADENA routes. In 2004, the Levitt gféuptook further the p-H, development and created

long-lived singlet states more generally, that leads to the storage of nuclear spiniorddiquid for

a time much longer thaii; defined asls. This later development has brought increasing attention to

this field since it promisesnvivo I LILX A OF GA2Yy o0& Wald2NAYy3IQ |yR WNJ
demand?®. At the same time, PHIP has found succesgiplieation in heterogeneous catalysis in

addition to weltdeveloped homogenous cataly®is In 2007, Koptyug and aworkers reported the

FANRG KSGSNR3ISYyS2dza tl Lt OFdlrfeaidx gKAOK O2yaia
silica gel or polymer beatfs. These initials pioneering studies stimulated the interest of several

groups and led to the establishment of a rapidly expanding field within NMR spectroscopy pvhere

H.is applied to the study of dihydrides transition metahgaexes, the detection of previously unseen
intermediates, and the probing of dihydrogen addition to unsaturated organic functionafftié¥

Since its inventionn 2009, SABRE method has allowed the obsematiblow concentration of

analytes wherg-H; transfers its nuclear spin polarisation without altering the chemical structure.

2.5.1 Choice of phosphine

In this thesis, the interesh usingphosphoruscontainingmolecules is driven by the fact that the
possess strongne bond'H-3'P couplings of hundreds of Hz, which can be harnessed for ZULF NMR
detectior®. Furthermore, transition metal phosphine complexes exhibit largens hydride-
phosphorus couplings of 150 Hz aridhydride-phosphorus couplings of ~20¥z**1 hence making

them suitable for ZULF NMR studi€rhechemistryof metalphosphine is describedkiefly here.

The chemistry of phosphine ligands have been widely studied since they are able to stabilise a broad
range of oxidation state€€onsequently ey are also able to promote many catalytic réans where

redox cycling occurs during the reacttéh Phosphines often donate their P lone pair to the metal

centre M to gie mono-dentate terminal MPR group. As an analogy, in-RIO, CO* orbitals accept

back bonding from M, but while RRicks the necessary* levels, it possesses® * orbitals of the

right symmetry to play this rolelhis is important especially for the more electronegative R groups

where overlap between metaland® ~F 2NDA Gl fa AYyONBIFasSa RdzS G2 GF
points toward the metal. Back donation from the metal is therefore favoured by the improved

F O0SaaAroAtAle 2F (GKS SyLiie " 2Npwdldf2d ¢KSaS 2ND

1 back bonding
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Figure 2.14Depiction of metal (Md and phosphine (PR bond with orbitals overlapping

Manyhydrogenationgatalysts that contain a phosphine ligand have been designddised for PHIP

and SABRE hyperpolarisatitn 1989 Eisenberg and-asmrkers>3demonstrated polarisation transfer

from p-H, to 3P using the chelating Ir(Br)(CO)(dppe) catalyst with an INEPT pulse séedtiéftue
Duckett group therliscovered the SABRE method in 2009 and demonstrated that PHIP could happen
without incorporationp-H; into the substrate molecul€® This was first achieved witthe cationic
Crabtree catalyst [IEOD)(PGYpyr)]BE**® which, reacted withp-H; in presence bpyridine 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 PCyPh, or FPr
increased the signal gain seen for the signof 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 excpa#hgee useful
because they introduce a heteronuclear sgin coupling from thé'P nucleus of thdigand to the
hydride ligandswhich breaks the spin systems symmetuch 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 comesat ultra-low field. This is a

key aim @ this thesisHere, a brief description and early literature reviei\GH bond activation and
orthometallation that often arisewith phosphine ligands is given. Phosphine complexes, assisted by
transition metals, often undergo-8 activation and subsegutly orthometallation. The observation

of GH bond activation assisted by a transition metal complex is well established in the litéfature

138 It was first observed in 1965, when Chatt reported the examplarefie GH bond activation
assisted by a transition metal complex of Ru(0) to functionalize naphth&feBeiring such €l bond
activations, the metal complex undergoes an oxidative addition (Figure 2.15) where its oxidation state
goes fromg to £ ¢. Since then, many suchHCbond activation products have been s&@iso such
outcome is not unexpected for the complexessdebedin chapter 5,section 5.2.1 The process by
which the GH bond of methane spis cleaved is illustrated in Figure 2.15.a. A similar process is
depictedfor an sp? carbonof an arene in Figure 2.15.b. Back donation in the antibonding orbital of
the interacting GH bond is criticalor bond breakageind 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 congptex@acilitate the hydrogen
isotope exchange reactiéff. Such types of outcome are also observeccamplexes cotaining
unsymmetrically substituted carbeng§!4

a) sp®
+ C
CHs ye ,,,C\\
/+ M= —>| H-__\ —>»  H—[M]"*?
H H \[M]” [
b) sp?
| > | > 3 S
z ~ C H C—
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Figure 2.15a)Reproduced from figure fro referencé®® depicting the cleavage of the $@-H bond

in methane by a transition metal. b) Depiction of the? €pH bond activation of a phenyl group,

FILOAf AlbdcdR yRA YA FTNRY (GKS YSiGrd4 »©2yR i oy I@ A RSD
donation into a vacant metal orbital.

Bergmanand coeworkers demonstrated in 198%’ the intramolecular €4 bond activation of a
saturated hydrocarboiby aniridium complexat room temperature with a good yield. Tinen 1982,
Graham*®reported an example of an iridium(l) complex that undergoes ghotochemically driven
oxidative addition of an Sthybridised @H bond. A year laterFehet*° publisheda report onthe
activation of an alkane-8 bond by a rhodium complex. These pioneeresults presented the first
reports of GH bond activation through oxidative addition, which proved to be thermodynamically
favoured®® *However, the selective functionadiSon of a norbiased sp or sp® C¢cH bond is
inherently difficult and thusincontrolled and random attackan take placetHHowever, the reactivity

of GH bonds can be increased by introdudmgderoatomsinto heterocyclic compounds such as furan,
indoles, and pyridineswhere the heteroatom introduces regioselectivityp the GH bond
functionalisation step. The best andmostreliable proceduresitilising GH bond activation therefore
involve the use of directing grospwhich allow the catalyst teelectcertain GH bondwhilstleaving

the othersalone®’ 4%, Such processes are now ubiquitous to inorganic chemistry and find use in
organic synthesi§® 145 15256

GH bond activation therefore reflects a route to produce higher value products thraugés
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 adhigthis 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®®,

In 1969, A. Bennett and D. L. Milner reported the first orthometallation reaction by a transition metal
complext®, In the original paper, they described the formation of a metbon’ bond at theortho
position of a phenyl that @ses by transfer of one hydrogen atom from tbeho position of the
aromatic ring of the coordinated ligand to the meta@his process leads to a four membered ring. By
using a series of PPHigands with various substituents, they established that thaer of
orthometallation dependson the substituentparato phosphine, in the order F < < OGHCH. In
1963, similar observations were made on the reaction of aromatic azo compounds withidsi€

In 1965, theformation of covalent bonds between platinum and palladium andditeo carbon atom

of a azobenzene was reportetly Cope and Siekm&A. Just three yearkater P. L. Pauson et &
publishedon the analogous reaction of ab@nzene with carbonyls of iron to gimeono-, di-, andtris-
ANRBY OF Nb2yef RS NIatsiSingeShen, hehyyjes &f yedciod wereNRiensively
studied and their mechanisms are novell understood5® 164

Similar reaction outcomes are observed with many of the phosphines studied in Chagéetion
521

2.5.2 Choice of carbene
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Carbenes bind to metals via a double bond as in M=@Rwn NHeterocycle carbene (NHC), the
corresponding R groups strongly stabilizes the carbene. When compared with phosphines, most NHCs
aSSY (2 0S YdzOK adNERy3SN Réryaddigaucazipared h&knan -~ | OC
Electronic Parameter (TE®)phosphines to those afarbenes®. The former led to a range of nickel
complexes where the CO stretch lies in the region 208000 cm', while the latter more electron

rich donors resulted in a further reduction to bring them into the range 202060 cm'. There are

two main types of carbene named after their discoverers: Fisher and SéffrétkWork on Schrock
carbeneded to the award of the Nobel Prize in 206%°. Fisher carbenes are electron deficient and
NBOSAGS -~ R2yl (A 2 stablidid Yonor Kubstitie. ¢ hsetidierkly\drbanesof |

the type L.M=CR that have Fisher character favour low oxidation sgtte f I 6§ S G NI yaAGA 2y
F OOSLIi 2NJ £ A3 y R &on@ry/subistkusnts R Sucth ¢©®e or )R, on the carbene

carbon. They receive limitedabk donation from the metal and atberefore electrophilic. As an-L

type ligand, they counted as a 2e domith electrons comindrom the filled lone pair of the singlet

carbene.In contrast,Schrock carbenes;\M1=CR are associated with higher oxidaticstates, early

transition metals,andlack both strong -acceptor ligands on the metal and strehgdonor on the

substituents on the carbon. Schrock carbene complexes have a nucleophilic cartomand are

often counted as anionic four electron donors with triplet character. Thii§erencesare illustrated

in Figure 2.16.

Singlet Carbene Triplet Carbene
sz O \ sz O W
@ C“‘\\\\ @ C“‘\\

0 0
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bdo O b O

Fisher Carbene Schrock Carbene

Figure 2.16Depiction of Fisher or singlet carbene and Schrock or triplet carbene interacting with a
metal centre.

The first application of carbene as liganfbr ametal complex wasaported in 1968 by Wanslitk.

The same authohad investigated and synthetizethemselvesOl Nb Sy Sa A y'®. ddaed SI NI &
studies by Huang and awmorkers’® showed that NHCs often have stronger -8 bonds than
comparable MP bonds and therefore form more stable metdmplexes. In addition, earlier
experimental studies demonstrated that sterically bulky electdmmating phosphines, such as RCy
deliver the highest levels of transferretectron density Even greater efficiencies might therefore be
expected with a stingly electrondonating Nheterocyclic carbene (NHC) ligafigd which are
classified as Fisher carbenes. Thus, the utilisation of the carbene was a logical progression. A. J.
Arduengo first producedme of the highly stable NHCs in 1991, hence these are sometimes referred

to as Arduengo carben&s. The first carbene complex to be used in conjunctiith SABRE was
published in 201%. This work showed thatCl(COD)(IMes), is a much bett&BRE catalyst than any

of the phosphine complexes reported previously. In 2013HeXerocycle carbene (NHC) and
phosphine mixed ligand complexes were shown to be useful as catalysts for hydrogenation and
magnetisation transfer reactid® 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-emrkers ' havesynthesisedver 30NHC containing complexes, where
their steric and electronic properties were varied to obtain efficient SABRE catalysts. These were then
used with appropriate catalyst dzo A G N} S O2YoAylF GdA2ya (2 ljdad ydAaTe
Many other types oWater-soluble catalyst have also been reported during the last decade where the
choice was driven by biocompatible applicatibfisin these studies, the NHCs have been attached to
hydrophilic groups, which allows the catalyst to become soluble. Immobilized cataystslso been
reported where the hydrogenation of propylene and propyne was monitored byPHTRe effect of
nanoparticle size on the intensity of the PHIP signals generatpet-biof methyl propiolate to methyl
acrylate have been investigated Duckett andvoarker'’”. Zhou and cavorkershave also shown
supported plathum and iridium nanoparticles to catalyse pairwise replacement producing intense
PHIP NMR signals on the alk&fidn this thesis, iridium complexes containing carbenes are used in
Chapter 3to 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 requiréichaefore, in the bulk of the thesis
phosphine containing complexes, where the associateédP couplings break the symmetry of the
hydride spins, are used so they can be observed directly in the Earth's field

Chapter 3in-situEF NMR hygypolarisation and detection of Amines

3.1 Introduction

As shownin chapter 1 and 2para-hydrogen p-H;) has been successfully used to hyperpolarise
molecules through ParBlydrogen Induced Polarisation (PHIP), a hydrogenative approach. More
recently, Sigal 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 anavakers® 179 is able to enhance the NMR signal of
various nuclei such asl,3'P, N, *C '°F,2°Sj 1°Sn without altering the chemical identity of the target
moleculé®%, In SABREp-H. and the target molecule reversibhinds to an iridium metal complex
andp-H: then transfers its spin order to the target molecule through feupling network. A weak
magnetic field of around 6.5 mT f&d enables this transfer to become spontaneous. It is through this
process thaSABRE harnesses-H, to produce continuously a neBoltzmann nuclear spin distribution

in the target nucleusOne great advantage of the SABRE method, when compared to other
hyperpolarisation technique¥; !¢ s that there are no underlying chemical changes and the process
is reversible. Hence, the polarisation process can be repeated multiple times by flushing-fiesh
into the solution.The first paper targeting SABRE hyperpolarisation focussed on targetittm$ro
directly, although'®F and®N results were illustrated. In this case, the magnetisation from thidse
nuclei was transferred to the heteronuclei present in the same molecule.

The original SABRE experiment targeteldnuclei in pyridine, which wereréictly 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 eworkers®® 87who demonstrated the feasibility of direct SABRE polarisation
transfer fromp-H; to >N or other heteronuclei, using a method they call SABREATH (SABRE in
shield enables alignment transfer to heteronuclei)cdmtrast to the original SABRE therefore, SABRE
SHEATH requires a smaller polarisation transfer field gfio®n > ¢ @

In the same year, Warren et al. achieved successfullyltradiation Generation of High Tesla SABRE
(LIGHTSABRES. In this approach, low power pulses are used to transfer high order coherent
polarisation fromp-H. to bound substrate at any polarisation transfer field with the only liegment

of chemical equivalence and magnetic inequivalence of the hydride ligands. For example, for a
pyridine molecule as the substrate, the directly boulttl nuclei and theortho-protons can be
hyperpolarised using this low power method.

The first SABRE&xperiments used the cationic patalystlr(COD)(P#]BFR and pyridine as the
substrate, although the substrate range was rapidly expanded to derivatives of pyridine, purine,
diazirines, nicotinamide, and pyrazie1# 1% The common feature of these chemical groups is they
are all heterocycles that contain an electrdonating nitrogen centre. In terms of the catalyst, its
optimisation led to carbengype precatalysts,IrCI(COD)(NHC), achieving highelapsation levels

than the phosphindype 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 -ReBiyEvere
introduced.

SABRRelay®*1% demonstrated in 2017 by the group of Professor Duckett, significantly extended
the classes of molecule amenablegd, hyperpolarisation via SABRE. This method utilizes chemical
exchange of hyperpolarised protons from the main S&&&ive 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 targatther way to relay
polarisaton involves a second adduct. It binds an already polarised carrier, and intramolecular spin
spin couplings {douplings) within it lead to its hyperpolarisation. These SAB&E&y approaches can
thus polarise substrates that are not able to bind to thermasual ltbased complexes associated
with SABRE. The result is that a wider range of molecules, that now include alcohols, carboxylic acids,
esters, ad phosphates, can be polariseddmines are the most common SABR&ay
hyperpolarisation carrier. Foxample, ¥propanol has been hyperpolarised by exchange of a hydroxyl
proton HOCHCHCHwith protons of either ¢-BnN-;or NHs, which was polarised by SABRE. At 70 G,
the hyperpolarised hydroxyl proton relays the polarisation to protons ‘6dn the alklychain. 2168
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and 751 folds enhancement was achieved with this methodfbrand °C sites respectivelf.
Although many classes of amines have been tested for SRBRE performance, ammonia (}H
proved to yield the best signal enhancements and hence provides the highest level of polarisation
relayed to the nuclei of the targét.

Amines contain a basic nitrogeritiva 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 alkylation®" 1°¢ ag/lations®’ or sulfonations$®, In addition, most primary amines

are good ligands for organometallic compleX&sConsequently, amines react with IrCI(COD)(IMes)
(where IMes stands for 1,8is(2,4,6trimethylphenyl}imidazot2-ylidine and COD cyclooctadiene) and

H, to form stable, lnit labile complexes, of the type [Ir@iMes)(amingy CF- 1% |tis these complexes

that allowp-H; to relay its polarisation into the free amine as shown in Figure 3.1.

Besides amines, otheMsfunctionalities such as those of nitril®% are amenable to hyperpolarisation
via SABRE.

NHC NH.R
2
Ir(COD)(NHC)CI p-H, H/”/,, \\\\\\NHZR C
+ |I’;
H2N—R O-H2 Hll NH2R NH R
NH,R 2

Figure 3.1Example of a primary amine involved inBRE hyperpolarisation

Given the complexities of ligand binding;lagands have proven necessary to maximise SABRE signal
enhancements. The first examples of SABRI§aads include acetonitrile or methyl triaz612°1 The
coligand 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
202203, 204 For example &0% polarisation level was achieved on th& Bite of 4,6dx-nicotinate when

the coligand methyl2,4,5,6ds-nicotinate was employed. More recently, employment of aligand

in SABRE has been shown to increase the target substrate affinity to the mdtaherefore the
hyperpolarisation gained on the substrate 2% In this pioneering work, a sulfoxide-tigand was

used to overcome the poor ligation of pyruvate that pgevdza f @  LINGt@asigsir@riRbertefiting

from SABRE.

'a adlidSR Ay OKFLIWSNI mZ (GKS t2¢ adNBy3aIGK 2F (KS
that chemical shift differences, which are a key component of structural elucidation by NMR
spedroscopy, 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 th2io a SN G A2y Ay GKS 9F NIKQa °
comparison to those measured at hifjeld’” 8 EF NMR spectroscopy experiments are made possible

08 G(KS KAIK K2Y23SY9E which meas laig&sampte lviliinés (ran ba us&iftoR
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 secondsctease net magnetisation prior to
RSGSOGAZ2Y AYy GKS 9FNIKQ& YI3IySGAO FTAStRd® ''a asSs
often used to teach NMR principles in undergraduate labs. Much higher polarisation levels can be
achieved witlp-H,methods using PHIP and SABRE for detection with the EF NMR$yateoutlined

in the chapter 1. In this case, more sophisticated implementations are needed spdth psoduction

and stora@ 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.

Whenstudying the SABRE process and exploring the hyperpolarisation of new classes of molecule, HF
detection provides both advantages and challendgdighfield (HF) instruments are excellent for the
chemical structure characterisation of complexes and ligandtic studies. However, a drawback of
HFdetected 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;loitréield
detection usingan EF NMR spectrometer usks situ detection, thereby allowing for the direct
observation of processes such as the formation of the active SABRE é3talyst

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 werereddy hyperpolarised and detected at EF NMR using
methanol as the solvedt’. The challenge here is to optimise the amine hyperpolarisation soitthat

Oy 6S RSGSOGSR Ay GKS 9INIKQa YI3aySGiAaAO FASER Ay
be used as a esubstrate. HF NMR will be used as a complementary tool to characterise and study the

kinetic and thermodynamic properties of the foet complexes in the presence of the-sabstrate

in the chosen solvents in order to understand their role in the hyperpolarisation process.

Here the study of the hyperpolarisation of three aminess considered benzylamine X),
phenoxyethylaming2) and2,4,6trifluorobenzylamine 8) (Figure 3.2) using an EF NMR instrument,
where the catalytic activation processes of SABRE can be followeitu and hyperpolarised
longitudinal relaxation times,T;, can be measured directly in the low field regime. The
hyperpolarisation level of these amines are measured in the presence of tiigatal, dimethyl
sulfoxide (DMSO). The effect of thel@and on the polarisation level is studied usingituEF NMR

and directly compared to the SABRE polarisation detectethgua 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 ¢trole of the cdigand in the SABRE hyperpolarisation of amines.

F
o] NH,

NH, ~" NH, / ~_ _Ves

Ir

\/ \CI
F F

1 2 3 I

Figure 3.2:Chemical structure of benzylamine2 phenoxyethylamine3 2,4,6triflurobenzylamine

and | IrCI(COD)(IMeqwhere IMes stands for 1:8is(2,46-trimethylphenyl}imidazot2-ylidine and
COD cyclooctadiene)
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3.2 High field studies

The role that the cdigand DMSO plays on the hyperpolarisation of amihe&sand 3 was examined

by reference to the preatalystirCI(COD)(IMes))( Becausé¢he aims id0 complete EF NMR studies,
the solvent should have a relatively high boiling point. This is a necessary precaution to avoid solvent
evaporation wherp-H; is bubbled repeatedly through the solutioti.haspreviouslybeenreported

that methanolcan be sucessfully use@sasolvent inin-situ EF NMRtudies which has a boiling point

of 622 C%. The reason why methanol cannot be used in these erpnts is that it does not favour

the formation of the neutral complexes of interest and rather favours the charged comphex.
experiments reported here usaghloroformas the solvent, where the substrate, @ and3) and DMSO
were present in equimolar exentrations (25 mM) such that each was in-Blsl excess relative tb

(5 mM). Chloroform was chosen because it has a boiling point ©€62nd favours the formation of
charged species. For contextthas been reported that amines yield higher SABRarses in lower
boiling-point dichloromethaned, (42 C) when compared to chlrofors (62°C¥°. For examplegl;-
BnNH exhibits a signal enhancement of 9fdd in dichlromethaned,**and 412-fold in chiroform-

ds. The change in solveritherefore reduces the SABRE hyperpolarisation efficiency in a single
experiment but allows for a larger number of experiment repetis@mn a single same sample.

Three individual samples composed of 5 mNl and the substrateg, 2and3, in the ratio 1 : 20, were

examined for SABRE in conjunction with 3 bap-6k. It was observed that the SABRE response of
substratel was almost twée as large as that for substra2eln addition, the signal enhancements for

1in presence of DMSO was 5.7 time bigger than without théigand, as shown in Figure 3.3. This

first result is consistent with the hypothesized benefits of thdigand DMSOFor2, the specific signal
enhancement were 3{NH), 41-(CH), 56(CH), and as expected justfdld per proton for the-OPh

INRdzL) RdzS G2 (GKS&aS LINRGI2yaQ alLAy 3JIwatested ixhey ONSBI
enhancement improved by a factof 2.9 in the presence of DMSO when compared to the results in

the absence of the cbgand. Therefore, the presence of DMSO improves the SABRE effect for these
amines considerably in all cases.

without DMSO
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CH, O 41 _cH, CH,_ 16£2
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Figure 3.3 SABRE hypermoisation levels observed at 500 MHz for substrate® and 3 in the
presence and absence of the-tigand DMSO in chlorofortk. Clearly, the presence of DMSO leads
to a increase amine NMR signals per proton when compared to when there is no DMS&tifitne li
of these hypepolarised signals are similaie(v seconds) and driven by relaxatiofhe errors are
calculated with five repeats.
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3.2.1 Complexes formed with or withoutiigands DMSO

A typical SABRE reaction in methadgpbtarts with a suitablgre-catalyst such as IrCI(COD)(IMes)
and after reaction with a substrate (sub) and fdrms [Ir(H}(IMes)(subg]Cl. In contrast, in other
solvents, including dichloromethar# or chlroformds, the neutral complex IrCI(k{)Mes)(suby is
often favoured Both types of complex undergo both &hd substrate exchange wheAaH; 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 thgaod inthe
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 NM&tder to
complete these evaluations, a series of samples weepared in chirofornds.

As a control, a sample composed of 5 mM @nd 1 in the ratio 1 : 20 was interrogated and the
formation of [Ir(H)(IMes)(L)s]CI €), which is known in the literaturé’, was confirmed (Figure 3.4.a)
This complex yields a single resonance in the hydride regie28886 ppmdue to the two ligads1
beingtransto the hydrides Next, a sample containing 5 mMIgfL and DMSO in an initial ratio of 1 :
20 : 20 was prepared. High field monitoring now showed the formation of three compkXeand

6 in proportions of 94%, 6% and <0.1 % respetyiv(Figure 3.4.b). The neutral compldx
IrCI(H)(1)(DMSO)(IMesanddefined by two inequivalent hydride resonances28.25transto 1 and
-23.78 ppmtransto Ctwith a mutual JH-'H) of 6 Hzin the *H NMR spectrum (Figure 3.4.b) ahis
dominatesin solution. The third comple, is the least prevalertf the productsand is defined by a
singlehydrideligandsignalat -22.17ppmthat is also indicative of it beingansto 1.

4 5 6
IMes Mes | * Mes |t
H ///,, \\\\\Cl H //’// | \\\\N Han H ///,’ | \\\\\N Han
/,Ir‘\\ Illl""\ /,lr,\
N4 | “NH,Bn N4 |\NHan H/| \NHan
DMSO NH,Bn DMSO
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Figure 3.4:a) 'H 32 scans NMRpsctrum of a sample of 5 mM and 100 mM benzylamine in
chloroformds under H. The hydride region indicates the formation of comptexb) *H 1D NMR
spectrum of 8 scans of a sample of 5 mMIpfLO0 MM benzylamine and 100 mM DM8E£in

chloroformds with H.. The hydride region now shows evidence for three complekégreen stars),
5 (yellow circle) and (red square).

Next, a sample composed of 5 mMIand2in a ratio of 1: 20 (100 mM) under FHwvas interrogated
and the formation of [Ir(H)IMes)@)s]Cl 8) confirmed (Figure 3.5.a). This complex yields a single
hydride ligand resonance &4.3 ppm. A second sample containing 5 mMW, @longside and DMSO

in the initial ratio 1 : 20 : 20 with an excess afs found to fornthe three complexeg, 8and9in

the ratio 92 %, 6 %, and 3 % respectively (Figure 3.5.b).
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Figure 3.5a)*H 1D NMR spectrum of a sample of 5 mahd 100 mM of benzylamine in chloroform
ds under H. The hydride region shows a sagjimdicative of the formation of compleéx b)*H 1D NMR
spectrum of a sample of 5 mMand 100 mM of benzylamine and 100 mM of DM&@ chloroform
dsunder H. The hydride region shows signals indicative of three compl&xgseen stars)3 (yellow
circle) and9 (red square).

3.2.2 Thermodynamic and kinetic studies

In the previous section, it was shown that addition of thdigand DMSO during the hyperpolarisation

of an amine with| leads to two analogous species as the dominant product, neutral
IrCI(HY(X)(DMSO)(IMes) (whepe=1 or 2). In contrast, when an amine reacts withnd H alone, the
complex [Ir(HXIMes)k)s]Cl forms.In order for these complexes to exhibit SABRE, they must undergo
ligand exchange on a suitable timescale. Mechanissights 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 andekthange processes were explored using HF
NMR. Selective exctian of the resonance of a bound ligand and the subsequent acquisitioftdf a
NMR spectrum following a reaction timejs performed. Ligand exchange is observed via the creation
of a signal at the corresponding resonance of the free form. The resutigasurements consist
therefore of a series of data arrays, such tha 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 associatéti EXSYpsctra 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 assessmenmplex 4

Starting with the sample containing 5 mMIofL and DMSO in the initial ratio of 1 : 20 : 20, the bound
CH of benzylamine yielding a signal at 3.33 ppm in comgl@igure 3.6.b) was found to exchange
with that of the free material which yids a ChHresonance at 3.9 ppm. This EXSY procedaeused

to determine the rates of benzylamine exchan§®, and'Q , in4. Adifferential kinetic model was
used based olquations 3.1 and 3.2. A fit is achieved by minimisingdb&meansquare deviation
(RMSDylifference between simulated and experimental data

70



Bound CH,

Y

d8=0.05s

4 4
IMes IMes d8=0.025s
H/ff,"' ! l“\\\\\Cl ket . H, . I‘r“'\“\\CI | .
R | D R | 9 d8=0.01s
co-L co-L

39 3.8 37 36 35 3.4 33 32 3.1 Pppm

Figure 3.6: apepiction of the EXSY measurement process and the dissociation of ligand4.terom
form intermediaten .®) Typical EXSY spectrd af 298K recorded succes®ly 0.01, 0.025 and 0.G5
after selective excitation of the bound etd¢sonance for bound transto the hydride.

— Q 1 Q ta (3.1)

— Q 1 Q 1 a& 3.2

Time delays were calculated at tiniavhere! t is an incremental time differencéQ the rate of
dissociation and? is the rate of ligand binding

The observed rates of benzylamine exchar@e, andQ , were determined by achieving the lowest

sum of the least squares fit between the EXSY determined abundance and those predicted by the
kinetic model destibed in Equations 3.1 and 3.2. A series of such data are shown in Biguxe
Transition state barriers for these processes can be calculated by recording measurements at a range
of different temperatures. This can be achieved by using Equati®to determine the activation
enthalpy 0" and activation entropyX¥) of benzylamine exchange whetds temperature.Q is

. 2f 07 Y yy gaa a0 2tytakiy Qlaca’y iOthe/idedl lgas (cahstantyTRe value of K is
multiplied by two as the measured rate corresponds to ttrssing of the barrier, which, if
symmetrical, means there is an equally probability of falling back. An example is presented in
Figureo @17 ®0® 9NNBNBE 6SNB OF f OdzZA F ISR | O02NRAyYy 3 (2
The Gibbs free energy activation §'C) can be calculated using Equati®#.
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Figure 3.7:a) EXSYH signal interconversion for the bouri33 ppm in4 and the 3.9 ppm free
benzylamine signal expressed as % abundance for a solut®mdf ofl, 1 and DMSO in the ratio 1

: 20 : 20%Abundance calculated from EXSY data (marker points) and the model (lines) for a solution
of 4 at 298K. b)An Eyring plot of T—— against- yields a straight line where the intercept

(-9996.7x) and gradient (2867) can be used to calculate the activation parameters for the ligand loss
in 4 according to equations 3.3 and 3.4. ¥9996.7x + 29.457;?R 0.9986.

<
<

(3.3)

yo Yo vy (3.4)

Using the EXSY data, the rate of dissociation of benzylamine at 298 K was estimated to be
o) 18 p T s'and rate of the reverse reaction to b@ ™ ¢ T L The formeris

a precie first order rate constant while the latter reflects,kas the process is second order and the
concentration ofn fot known The transition state barrier$’"0f and Y'Y for the forward reaction

were estimated to bep @  ¢8tkJ mofanduv @  x8tJK! molP!, respectively. The resulting free
Gibbs energy ¢ at 298 K was calculated to lgey 1@ kJ mof. A confidence interval of 95% was
used to calculate the error&'d refers to the difference in energy between the reactants ahd t
transition state wherea® 0" informs of the stability of product formed and is the energy difference
between reactant and producY Y measures the disorders created by the reaction. The errdf@h

is notably lower than might first be exped. 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 correspondiergdde in their

y values reflects the error M.

3.2.2.2 Hloss rate for complex 4

A similar analysis was carried out for the hydride ligands in the same comiméxhe sample
containing 5 mM of, 1 and DMSO in the initial ratio 1 : 20 : 20. In this complex, the hydride ligands
are chemicHy inequivalent. In addition to simple exchange with freg there is evidence for
interconversion of the inequivalent hydride ligands, due to the procksstrated in Figure 3.8.b.
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Integrals of the excited peak the interchanging peak defined as@ridl the exchanging peak to free

H, were measured as shown in (Figure 3.8.a) in the assocteté&tXSY spectra as a function ahd
converted to a percentage of the total detected signal. These data were then analysed as a function
of the t according tathe differential kinetic modegiven in Equations 3.5, 3.6 and 3lf7is expected

that hydrogen exchange follows a pathway similar to thdtiglure3.7.b, in whicthydrogen exchange

is preceded by dissociation of the amine from the 18 electtoor n @ form a 16 electron five
coordinate intermediate. This assumption is on the basis of hydrogen exchange processes reported
for similar Ir(lll) systeni& The obtained rate constant of reductive elimination ofdtd the rate
constant of the interchange of hydride sitest 298 K areQ e MME'Q  pg ¢

T 751 respectively. The transition state barriedé0' and Y'Y were then calculated to be

w@ ¢ kImoftandx &  x& JK! molP! respectively for the Hloss proces. The resulting
Gibbs free energy chang&C at 298 K was calculated to 6 = @ & kJ mot.

H,

/
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Figure 3.8:a) A typical EXSY spectrumdadt 298K recorded 0.05 after selective excitation of the
hydride ligandransto 1. b) Schemati representation of the exchange processes taking place in an Ir
based SABRE system in the case wher€l, DMSO and hydrides are ligated. In addition to the
H. exchange in complex witky, constant association an#ly, constant dissociation, there is an
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interchange of a ligand L, between thdorm (ki) when L binds from the bottom and tReform (k)
occurs when ligand L binds from the top.

— ot 0 'O '0to60Qi @5
— M0t 0QI 0 1xe (3.6

—_ M txexQ O (3.7

3.2.2.3 Comparative desdiign of all fours complexes

In this section, a comparative description of all four complek&s 7and8is given where in presence
of DMSO4 and7 dominate whilst in absence of DMS&and8 are the major productsx(=1or 2). In
order to rationalizehe differences in behaviour raw ligand loss ratas, activation enthalpy 0" and
activation entropyY"¥ and the Gibbs free energy of activatiof¥ values at 298 khave been
calculated The results are presented in Tables 3.1 and 3.2.

Table 3.1Dissociation constarkes for 1 and the corresponding Hoss rate K) in complexegt and5.
Activation enthalpy Y'0), activation entropy ¥"¥) andGibbsfree energy of activationy "€) at 298
K.

4 y 298K k (Sl) kH interchange S’/'n @ S’/ﬂ g S’/-"d
(sY) 1W 2 kJmot JK* mol*t
Loss of 1 4.91+0.10 NA 67.320.5 83.1+20 53.1+7.0
Formation of | 2.66+0.80 | 1.22+0.60 68.8+ 0.3 91.0+ 20 74.7+ 80
Hz
5, 298 K k(s?) Kint (%) Y9 Va9 ¢
Qw2 kJmot JKE moltt
Loss of 1 2.66+ 0.0 NA 69.1+0.4 77.7+4.0 29.1+ 130
Formation of | 2.09+ 0.10 NA 69.3+0.2 97.2+2.0 93.9+ 80
Hz

Table 3.2:Dissociation constariy of 2 and the corresponding Hoss rate(H)in complexes and 8,
with and without DMSO respectivelyctivation enthalpy Y'O"), activation entropy ¥"¥) andGibbs
free energy of activationw "€) for substrate2.

A ¥ d ¥q @ A
7, 298 K k(sh) "E;rf) ange ) V-\I} g kI mot JK moltt
Loss of 2 7.85£ 0.1 NA 66.3+ 1.6 77.7+ 3.6 38.3+ 10

Formation of H, | 1.54+ 0.2 271+0.2 70.3+0.2 846+3.2 | 48.1+115
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1 1 S‘/_|'|d S’/ﬂ : fil I(I}lil-"d b1

8,298 K k(s?) Kint (S%) LW Mg { kimol JKL mol
Loss of 2 4.25+0.10 NA 68.1+ 0.4 746+3 | 21.6% 100
Formation of H | 2.33+ 0.3 NA 69.3+0.3 82.7+4 | 44.8+140

In order to assess which complexes are responsible for SABRE activity and to probe the differences in
SABRE efficiency fiand2, the ligand dissociation rateghe activation enthalpy 0, the activation

entropy Y"¥ andthe Gibbs free energy of activatiofiwere measured and compared. In the case of

1 (Table 3.1), DMSO substitutdaxhibits a higher ligand loss rate fbof 4.91 s'when compared to

that of unsubstituteds whose value is 2.66'sThe optimumitand exchange rate has been suggested

by Bartsky to be ~4.5'dor pyridyl type speci€s®, where the transfer coupling between the hydride
ligand and the substrate is around 1.2#zA dissociation ratef 4.91 ' is therefore predicted to be

close to optimal for polarisation transfer provided the transfer coupling is sittilarhis rate is
consistent with the SABRE signal enhancement calculated (in Figure 3.3) for DMSO subgktituted
which is higher tha for 5.

At 298 K (Table 3.2), DMSO substitufegkhibits a higher rate of loss &f(7.85 s') when compared

to unsubstituteds (4.25 s'). Excessively short lifetimes (fast exchange rates) will only provide enough
time for significant polarisation trafer to take place if the transfer coupling is higher than 1.2z

The fact that the dissociation rate of 7.853 gives higher polarisation levels suggests the transfer
coupling is higher than of pyridine. In fact, Baysgiediction 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 complgx(eBz(IMes)(DMSO)(x)CI],
provides important information. The ligand loss rate 4d64.91 + 0.10 8 while in7 it is7.85+ 0.09

sL. This is reflected i’ falling from83.1+ 2.0 (4) to 77.7+ 40kJ mat! (7) whilst Y'Y decreases

from 53.1+ 7.0to 38.3+ 130J K molL. Both, these terms combine at 298 K to ma}"(ﬁdfor ligand
loss,67.3 + 0.5 versus$6.3 = 20 kJ mot* respectively. Due to the errors, the§énd values are
indistinguishable.However, & the pk, of the two ligands are predicted to be 9.33 and 4.70
respectively, there should be an impact on the iriddigand bond energy which will be reflectad

YO, which is higher for the better donat. 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. Thi 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 2.66 gin4to 1.54 stin 7. This is surprising as exchange takes place after dissociative loss of

L The measured barrier fortbss therefore includes the impact of loss of amine and any associated
solvation changes prior to the slow stephich is Hloss. Consequently, it is clear that reducing the
electron density on the metal makes the processipéxchange slower even though the barrdée

falls from91.0+ 20kJ mottin 4 to 84.6+ 30kJ mottin 7. This change in rate is a consequence of the
entropy term, which goes from, 74.7 108 K mol* to 48.1 + 120 J K mol®.
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Data for thecorrespondindIr(Hy(IMes)(x3]Cl speciesh and8, are also presented. The rate of loss of
1in5is 2.66+ 0.2 s*while in8loss of2 proceeds with a rate of.25+ 0.10s. Both bond strengths
now appear to be similar 80" are 77.7 + 3.8and 74.6+ 2.9whilst Y"¥ again are almost identical at
29.1 + 130 and 21.6+ 10.1J K mol! on going from5 to 8. However the Kl loss is again
indistinguishable fo8 compared to5 (2.33 + 0.2 s'vs2.09 + 0.8 s?). Similar trends are again seen
for the entropy and enthalpy changes to those 4@nd7. Henceit appears that bottb and8 undergo
relatively similar kinetic behaviour.

In conclusion, the ctigand DMSO in [Ir(b{}Mes)(DMSO)(x)CI] acts to lower the barrier for amine
ligand loss whercompared to that of the parent complex [Ir@dMes)(x3]ClL This proved to be
beneficial for SABRE. Examination of the enthalpy and entropy revealed that the better dioasr
stronger bonds to iridium but these are offset by the release in entropy &ssadc with the
dissociative nature of ligand exchange. Feekthange, more complex behaviour is indicated which
results in broadly similar rates for all species.

33 Insitu9 F NIKQa FASER baw atGdz2RASaA

According to the high field data presented above, thegence of DMSO favours better polarisation
transfer for4 rather than5. This is now verified experimentally usingsituSABRE hyperpolarisation

~ A s oA = s

GAGK 9FNIKQa FASER baw RS(ISOlAzy®

ododm 9FNIKQa FTASER baw 2F FYAYS ™
3.3.1.1 Comparative polarisationééwef 1 in 4 and 5 complexes

The conversion dfinto [Ir(Hk(IMes)@)s]CI5 (Figure 3.9.b blue) aridnto [Ir(H:(IMes)(DMSO)(1)(CI)]

4 (Figure 3.9.b pink) was tracked by following the growth in SABRE response as a funptidn of
bubbling time usinghe 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 equivaleh&s)bf

the second 12 mM (25 equivalents) of 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 forfiegdhNMR, thee is no need

to use deuterated solvent&igure 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 deed for water. This reference plot demonstrated that the signal
increases linearly with increase in volume e®brand hence number éH nuclei. The resulf is

given by equations 3.9 and 3.10 whekerderives from the water calibratioreferenceé®.

— —— 39

0 — 0 8 % (3.10)
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Y is the signal per mol ofH for the SABRE spectruil, is the signal per mol oH for a
reference,0  is the polarisation level of the reference, afris the calibration constant that
relates the SABRE signal to the polarisation level. Further information relating to this calibration
methodology is found in this papé®.

The benefit of then-situ9 NI KQa FASt R baw aSiédzd Aada GKFIG GKS
can be followeaver 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 sliowigure 3.9.a. Prior to ttia

situ SABRE reaction, a 16 electronpegalystl = Ir(l) [IrCI(COD)(IMes)]was reacted with the target
ligand (L) and the eligand (ceL) to form the complex [Ir(COD)(IMes)(Sub)]CI. This complex undergoes
an oxidative adition reaction with hydrogen to form an 18 electron Ir(lll) complex of the type
[Ir(He(COD)(IMes)(L)]CI. At this stage, the cyclooctadiene (COD) ligand is hydrogenated to form
cyclooctene (COE) and subsequently cyclooctane (COA), which cannot ligateenyinis last step

lead to the active SABRE catalyst IrG({Mes)(L)(cd.) formation. Upon completion of this cycle, the
active SABRE complex reversibly binds both aHd the ligands that reach the maximum
hyperpolarisation.

For the sample containing$t 1 (5), the intensity of the detected signal increased up to the twentieth
experiment, which corresponded to the point where 500 s of bubblingtigf had taken place. After

this point, the signal reached a steady state, meaning the sample was fiMgtadt(Figure 3.9.b, blue
points). The maximum polarisation level obtained at this point was 0.005%. In contrast, the signal seen
for the 25/251/DMSO sample the major isomet)((pink dots, in Figure 3.9.b) continued to increase

up to 2000 s of continuaibubbling. An estimated polarisation level of 0.014% was achieved, which
is approximately three times higher than that seen for the sample containing 40 equivalehts of
These data confirm there is improved SABRE efficiendéyrefulting from the addedulfoxide ce

ligand.
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Figure 3.9a) catalytic cycle of activation of SABRE catélyspresence of the amine ligand, the-co

ligand DMSO anpkH,. b)Comparison of the activationcurvé8, S 1 SOG SR Ay (KS 91 NI KQ
of two SABRE solutions. Blue dots correspond to a solution of 5 mM of the catd@$stquivalents

of the substrate; pink dot: 5 mM of the catalyst25 equivalents of benzylamine and 25 equivalents

of the celigand DMSO.

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

In this section, hyperpolarisation @fis studied and compared th 2 was chosen because there is an

oxygen atom between the phenyl ring and the rest of the moledBieintoducing 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 Trarfer Field (PTF) and so the hyperpolarisation is concentrated on the aliphatic
protons’®*6 4SS CAIdzNB o0PHOP ¢KAA ¢2dAZ R YSIYy GKIFIG Ay 0
will contribute to the signal and the contribution of the phenyl protons could be neglected.

Figure 3.10 presents the polarisation levels achiefor similar samples of the two aminésand 2

and DMSO with preatalystl (5.1 mM) (25/25 equivalentd27.5 mM of 1/DMSO and 25/25
equivalents (127.5nM) of 2/DMSO). It can be seen that the presence of DMSO favours the detection
of a hyperpolarised sigl for bothland2Ay GKS 9F NIKQa YI3IySGiAO FASE]
enhancement seen to be far higher fbr At 298 K, compleX exhibits a dissociation rate of 7.88 s
compared tod whose value is 4.91'swhich is predicted being optimal fobabonds coupling transfer

of 1.2 Hz in pyridin€®. However, a faster dissociation rate as seerfisralso consistent with a larger
4-bonds coupling transfer between the hydrides and amines. Although these kinetic values seem good
for the detection ofl and2in the EF NMR, they might not be aptl. 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 functionpdfl, bubbling time same

equivalence compared to 5.1 mM kfl (4, green)and2 (7, blue) at EF NMR5/25 equivalent4.27.5
mM of /DMSO and 25/25 equivalents 1278V of 2ZDMSO in 4 mL chloroform).

3.3.2.1 Effect of ligands concentration on polarisation level of 1

~ A s oA = s

Ly (KA&a aSOdiAaz2yx I m ¢ o6no allo RSGSOGA2Yy FTASER

provide parallel confirmation of the observed polarisationdetrends. 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 instrumeastused instead of a standard higield

NMR spectrometer becaustis 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 havicbthe target
concentration ofL/DMSO was prepared in chloroform and shared between EF NMR (4 ahll) Bn
(0.6 mL) samples. This disgdectrometer approach allows for the direct comparison between these
two detection fields and route to validate the EF NMR results.

A series of samples dfwere prepared and analysed where the ratio of benzylamine to OM&s

kept constant at 1 : 1 while the concentration of the amine was decreased relative to a fixed initial
concentration ofl of 5.1 mM. The relative loading of 1/1 for the ligand anesabstrate is maintained

in all samples in order to maintain the tleeformed 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, whee 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 withéase in concentration to 0.0035% for 25/25

of 1/DMSO. Such behaviour has been seen at high'ffefd®!2. This is mainly explained by the fact

that only a limited amount of substrate is hyperpolarised by thé8BE 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 enhancemenlls.
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tap NMR tube with 0.6 mL of the sample mixture. 3 bgo-bk was added into the headpace of the

tube before it was shaken vigorously in a PTBE.BfmT, supplied by a handheld permanent magnet
array’*®. This was followed by thatroduction 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 functionl@MSO ratio relative td. In the
measurements at 1 T, the SABRE polarisation |1&gireis 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 ofigfat 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 theEFs study. Furthermore, it decreases essentially linearly with increase in concentration
to 0.008 for 25/251/DMSO ratio.

In principle, the polarisation level resulting from SABRE is not dependent on the magnetic field used
for detectior? 2'1 However, the NMR tubes used for the 1 T measurements are filled viign 3-Hy

of 99% purity (from a hombuild system) while that used in the EF NMR study is 90% pure (from a
commercial Brukep-H, generator) which, to a fst 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 wih the measurements ofY ,“Y; ,and"Y; as calculated in the pap&f. The buildup

of the polarisation in the prgolarisation field,B,, is driven by longitudinalT{) relaxation which is
given byY;;, . The decay of the polarisation during the deldy,between the switching of the pre
polarisation field and the application of thid. pulse stand fof'Y; . These two relaxation time¥y

and”Y; are taken imccountind  calculation given in Equation 3.10. In fact, these two relaxation

time parameters contribute to lower the polarisation measured in the referance . Furthermore,

several factors are causing daily variations in the respégnd (G KS 91 NI KQ&d FASE R be
9F NI KQa YIFI3aySGiAO FASER FfdzOldzr iAz2yas GKS @ NRI
homogeneity are potential sources of signal disruption that might affect the polarisation obtained

with EF NMR, contribirtg to the cumulative error.

0oss| ° ~48 uT 0.016 43 MHz (1 T)
§ 0o0s0| S a4
E 0.025- E o *
c:cs . c:cs 0.010
S 0.020| ’ S 0.008
X 0.0151 . X 0.006 . .
0.010' ) 0.004 .
0.005 0.002
5/5  10/10 15/15 20/20 25/25 5/5 1010 15/15 20/20 25/25
1/DMSO ratio 1/DMSO ratio

Figure 3.11a) The average percent polarisation after activation as a function of concentration of
lk5a{h YSIFIadaNBR 4 (GKS 9INIKQa YI3IySiiaoOisfa St R 0 ¢!
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20/20 and 25/25 benzylamine/DMSO ratio respectively. b) Average of percentage polarisation after
activation as function o/ DMSO ratio at 1 T (SpinSolve instrument) of the same samples.

3.3.2.2 Effect of ligands concentration on Relaxation Tintevel 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 enviroment. A method for measuring the hyperpolarised signals
longitudinal relaxation timeéh 6 A G KAy (GKS 9F NIKQa YIFI3IySiaO FASER
designed as follows: Firstly, the bubbling of fhkk is switched on during the whole experimeithen

the PTF current, which creates a 6.5 mT magnetic field to transfer polarisationpfitdnio the

substrate through the-goupling network of the catalyst is then turned on for a limited duration to

enable polarisation buildip. This field is then tmed off adiabatically to allow the created
YIF3ySGAralraAazy G2 NB2NASYyG 6AGK 91 NI KQaampddIy SiA o
followed by a 90 pulse. This sequence is repeated several times whilst incrementing the tlelay
Consequently relaxation of the NMR signal is encoded as an exponential decay, which can be
modelled as detailed in Equation 3.11, whé&yand| are the relative intensities of the signals seen in

the first and subsequent dafpoints respectivelyThe duration of thehyperpolarised signal in the low

field regimewas measured

- Q (3.11)

The method used to measufi, with the (1 T) Spinsolve spectrometer involved a variable flip angle
sequence (Figure 3.12.dh this method, a numbeg of FID separated by a tirle 0 are recaded
sequentially where each FID is associated with a unique pulse angle this way, the first FID
recorded has an amplitude proportional to the initial hyperpolarised magnetisation and will decay
again to encode the hyperpolarisation lifetimen#ore detailed explanation for this process can be
found in the literaturé.

The hyperpolarised relaxationtimegx Ay GKS 9F NI KQa FASEtR FyR [0 ™
b respectively. An increase in Evalue, starting from 4.5 to 9.5 s is observed with increadigand

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 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 complexcagdhe

relaxation time of the bound ligand. Therefore, as ligand concentration is increased, the free pool
dominates and the averagk that ismeasurel increases. This agrees with other studfég+ 21°

Experimental conditions such as temperature and magnetic field affect also the relaxationTirise.
temperature dependent because of random field fluctuations that originate in the molecular
environment and the correlation time, which is also temperatuependant. The temperature of the

(1 T) Spinsolve probe is 28 whereas the (5QT) Terranova spectrometer operates at lower
temperature ~ 20°C (ambient temperature in the laboratory). Hence, the effects of ligand exchange
will differ. The relaxation timés also magnetic field dependent so the relaxation time measured on

81



the 1 T NMR instrument is again different from that measured on the/bOnstrument. As field
strength is increased, the resonant frequency of the measured protons also increases antebec
less matched to the molecular motion frequencies.

) a) ~48 uT 35, b) 43MHz(1T)
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. .
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Figure 3.12a) The relaxation tim&@ & Fdzy OGAz2zy 2F f A3l yRa SEOS&aa v
magnetic field. b) The relaxation tinTe as function of ligands excess measured at the 43 MH2.(1

c) Pulse sequence of the standard hyperpolariZgdd i G KS 9F NI KQ&a YI3IySiAd FaA
variable delay and d) Pulse sequence for variable flip ahgieasurement with the (1 T) Spinsolve
spectrometer.

3.3.2.3Polarisatiortransfer field PTF) duration at EF NMR

Thein situSABRE approach also allows for the observation of the-bpilaf 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) amdisually ~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 buildup oftH SABRE hyperpolarisation for samples where a 88,01 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 EFMR detection, these buildp curves are noisy but clearly show that a plateau is
reached in all samples about 10 sec after the current is turned on. Sloweiupuiigrves are obtained

at higher concentration of ligands (20/20 and 25/25) where the platzams 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 buildup of protons®. Furthermore, they confirm that higher polarisation is achieved in
lower concentration samples. These results of PTF duration can also be correl@tedhoes where
samples with longer hygrpolarised signal lifetime have builgp a slower PTF duration maximum and
inversely.
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Figure 3.13Build-up of'H SABRE polarisation as a function of the duration of the polarisation transfer
field (PTFpf the 5 samplesvhere the field 6.5 mT has been produced by a current of 2.05 A. The
samples are /& purple, 10/10 green, 15/15 blue, 20/20 red and 25/25 blatkDMSO ratio
respectively.

odPo®o 9FNIKQa FTASER baw RSGSOGA2Y 2F o

The final compound that was explored mgithein situSABRE approachagt,6triflurobenzylamine

The sample used to record the EF NMR data in Figure 3.14 contained 5.1 mRbaéquivalents
(127.5 mM) o3 and 25 equivalents of DMS®4 mL chloroformFigure 3.14.a presents the spectrum

of the *H 1D NMR acquired with a single sdancontrast tol and2, the EF NMR spectrum 8fs not

a singlet. Insteada signalof approximately 5 Hz width is observedith a broad positive component

split by a sharp negative componeiite broad positiveomponent with a width of ~5 Hz originates
from 3 hyperpolarisation, can be attributed f3 ¢H-1°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 oheteronuclear 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 signalaggear at the same frequency and no
homonuclear coupling is observed.3the amine contains three fluorine atoms on the benzene ring

at the ortho andpara positions.The!°F heteroatom is spin % and 100% abundant and couples to the
aromatic and aliphatigrotons of the amine. As described earlier, this coupling introduces the
AYySlidaa gt SyO0S Ay (KS &aLIAy aeadaSy ySSRSR G2 ass |
The presence of the heteronuclei therefore offers a route to signal differeatiait low magnetic

field. It was assumed that theampleswere not anhydrous and the small fraction of® present is
polarised by protons exchanging with the amine. The amine afdddlarisation are known from HF
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experiments to have opposite polarisatisignd® 2% 5dzS (2 GKS f 1 01 2F OKSYA
field regime, these two peaks overlap and the bigger component cancels the smaller one. It is
therefore assumed that this 2 contamination is redueg the total polarisation observed ihis

experiment.

¢KS OGAGIGAZ2Y 2F GKS O02YLX SE Ay GKS 9FNIKQ& YI 3
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 thetigesaind 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 measure@® feralmost

double the maximum Jae measured for substraté; however the EF NMR spectradfiave much

lower SNR because of the broad peak.
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Figure 3.14: aEF NMR detection &. 1D NMR spectrum centred at 2028 Hz which is the Larmor
frequency ofH at this field, showing a splittinmattern generated by the presence of the heteroatom

19F, The peak presents a positive and negative component. The sample is composed of 25 equivalence
(127.5 mM) of3 and 25 equivalence of DMS@4 mL chloroformb)Increase in polarisation during
activaion as function op-H, bubbling time of the same sample.

3.3.3.1. SABR®larisation buildizL] I YR RSOF & 2F o Ay GKS 9F NIKQ

The buildup of the hyperpolarisation in the PTF and the subsequent relaxation decay in théoutra

field regimefor 3 was also measuredrigure 3.15.a shows the decay of the hyperpolarisation as a
function of the variable delay (VD in Figure 3.12.c) between the PTF pulse and NMR detection for a
sample of 27.5 mM of3 and 127.5 mM of DMSO with 5.1 mM lofn 4 mL of chloroformThe
relaxation time for3is T, = 2.05 + 0.20 s, while the relaxation timelodt the same concendtion of
ligands was 8.75 * 1.51 s. The presence of heterontiElegéduces thd; and confirms the sensitivity

of relaxation to chemical environmetit 27 For spin ¥ nuclei many factors that include diptifmle
relaxation, chemical shift anisotropy (CSA)and-dah i G A2y OFy Ay Tt dzSyOS (KS
field regime. A similar observation was made at low field where the relaxation process is dominated
by CSA rather than dipolar relaxation and dheyrefore, be expected to scale wi'®. The smalll;

value measured might alscebattributed to interactions with*N (i.e. within the Nb), acting as an
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efficient quadrupolar relaxation centre in the mief@sla regime, probably via scalar relaxation.
Figure 3.15.b presents the builgh of'H SABRE hyperpolarisation in PTF = 6.2r@% A) as a function

of the PTF duration. The same difference is observed for the-bpilof polarisation3 reaches the
plateau at 6 s of bubbling time whilevas at 17 s of bubbling time. This effect also might be attributed
to the presence of the heronuclei in the molecule, which trigger relaxation of the hyperpolarised
states. The fast buitdp polarisation is also in agreement with the rapid decay of the hyperpolarised
signal. In additionthis figure is a single exponential but due to the evapioraof the solvent with
more experiment repetition, the sample get more concentrated amel SABRE response is different.
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Figure 3.15a) hyperpolarisation relaxation decay curves for solution of 127.5 mBasfd 127.5 mM

of DMSO with 5.1 mM of the SRE catalystin 4 mL of chloroform. a) Relaxation tifficas function

of the variable delayt. b) Buildup of 'H SABRE polarisation as a function of the duration of the
polarisation transfer field (PTF).

3.4 Conclusions

¢KAA&d OKIFLIISNI RSaONARoSa GKS KeLISNLRfFNRalFIGAZ2Y 27
was possible due to dimisation of the hyperpolarisation conditions of these molecules through the
employment of a suitable eligand, dimethyl sulfoxide. The digand was shown to favour faster
exchange rate of ligands and therefore shorter complex lifetimes involved ihytherpolarisation

transfer for substrated and 2. These parameters were not measured Edout same outcomes are

expected. In addition, the eligand seems to lower the Gibbs activation energy barrier of these

complexes thus allowing efficient polarisatitransfer. In all complexes probed, the entrogyf is
positive in agreement with the dissociation mechanism. In the presence of the DMSO, the enthalpy

Y@ increases slightly leading to a tightierL bond, which is directly related to the lifetienof the
complex for efficient polarisation transfer.

Substrate2 however presents similar reactivity in presence of theligand. When measuring the
hyperpolarisation level in the ultrbow field regime, less efficiency was observed compared to
substrak 1. DMSO addition increases the exchange rate in a way that polarisation transfer is no longer
optimal for Barstky predicted model, in which thebbnds coupling between the hydrides and the
ortho-protons of pyridine is ~1.2 Hz. Tfast dissociation ratef 7.85 s is therefore consistent with
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a bigger 4bonds coupling (~7 Hz) between the hydrides and the amine protdms.a€tivation

enthalpyY'd and activation entropy ¥ are higher for botHr-1 andIr-H bonds when is employed

than in 2. Thi is in agreement with a more stablelizand bond wheril is employed whereag

promote less stable complex. It was shown that theligand clearly increases the signal
enhancement oR at high fieldand allowgi2 6S RSGSOGSR A yticlihdSInfacE S1 9 N
in the absence of DMSO, no signal could not be detecte@lfofi G KS 91 NI KQ& YI Iy SaA
the presence of DMSO in hyperpolarisation206 not as optimum as fot, it therefore helps to

~ A L ooA =

increase the signal enhancementdfi 2 + RSGSOGFof S t S@St Ay GKS 91 N

In contrast tol and 2, substrate3 exhibits a EF NMR spectrum with a multiplet structure, a
consequence ofH coupled to thé®F nuclei. The maximum percentage polarisation of 0.03% achieved
with this nolecule 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 baiid 3 (section 3.2).

Two approaches was used to calculate the polarisation lev8linfthe 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 secondoproach, 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 amin&signal. There was no significantfdience 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-bpilthd relaxation time, thn-situ

EF NMR setup allowed their directeasurement 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 atdigh fiel
where significant signal loss occurs also due to the similarity betWeand the transfer time.

The potential water contamination highlighted in section 3.3.3 may reduce the overall sigthalrfar

2. In fact, water polarisation has an opposite sigmpared 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 bthe total signal.

The optimisation of the solvent used was also key toithsitu detection of SABR&hanced amines

Ay GKS 9FNIKQa 7TASt RpHBrAwtBedsamplk Solutbrdavapordteg the 2 (0 F
solvent, thus making the solution moo®ncentrated 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
dichloromethaned. solvent, which has low boiling point of ¥2 To adapt to EF NMR detection, here

the reactions were performed in chloroform, which has higher boiling point of €26&Ithough the
hyperpolarisation level achieved with this solvent is |&san in dichloromethane, more NMR

experiment repetitions are possible with the same sample. In addition, the use of DMSO as a co
ddz0aGNF 0SS AyONBlI &SR (GKS LRtFINRalIGA2Y STFAOASyOe
magnetic field was possibl@he goabf 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 amine$, 2and3g SNBE a4 dz00SaafdzZ t @ RSGSOWitBReheli GKS 9
of the coligand DMSO. In terms of future experiments, although amimee successfully detected

Ay (GKS 9FNIKQa FASTtR NBIAYSE GKS aSyarioarogaide 2-
polarisation is almost at the limit of detécA 2y 2 F (G KS 9F NI KQad FASEtR aLlSo
the polarisation levels, catalyst optimisation would be possiltiehas been showrthat using
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deuterated catalyst dramatically increased the hyperpolarisation #&vdlweaking the electronic and

steric effects on the catalyst might also favour a more stable antiomplex and thus efficient
polarisation transfef’®. The size of the DMSO-tigand could be increased by using diethyl sulfoxide,
diphenyl sulfoxide and/or other type of sulfoxide and the performance efficiency as a function of
sulfoxide identitype 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 efeadatom, 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 peaknlthe last example, th€F nuclei present in the molecule offers the observatiod of
coupled spectra in the strong coupling regime. A diagnostic response is obtained due to the
heteronuclear coupling that breaks the equivalence between proton nucles @howed 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 compoundspibsgess &'P

heteroatom are screened. This later is chosen becausé¥ket is a spin ¥ nucleus that is 100 %
abundant. Thé'P gyromagnetic ratiol7.23 MHz.¥) is smaller thad®F @0.078 MHz.¥), leading to

a less sensitive response. Besides @& NMR provides a sensitive detection at high field NMR. In
addition, phosphorusontaining molecule are also good ligand for transition metal complexes,
allowing their coupling to be observed’id NMR spectra. Therefore, these classes of compound are
322R FEOUSNYIFIGAGS (2 FEd2NAYlFGSR Y2tSO0dzZ S F2NJ f 2
where chemical shift information are inexistent, the presence of a heteroatom is essential for a
heteronuclear coupling and ultimately offer a diagnostimls between different molecules or
complexes. This effect will be studied in the next chapters. Beforehand the hyperpolarisation
O2yRAGAZ2Y 2F (KS&AS Y2fSO0dzZ Sa gAtft 0SS GSAaGSR i K
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Chapter 4Optimization 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®#® nuclei isiow very commoft®. 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 chemi&tty??! Its physical advantages stem from

the fact that it is a spin % nucleus withlarelaxation value in the range of several seconds and its
100% natural abundance. In additiohP has a relatively high gyromagneticioadf 17.23 MHz.¥,

which means it can be observed using higihd NMR and ultimately on the low field regime even at
relativelylow concentrations The relative receptivitywhich is the combination dhe sensitivity and

the isotopic natural abundanasf a given nucleus compared to the proton is used to assess a nuclear
responseFor example, the relative receptivity B relative to that of'P is 6.6 102is much greater

than that of'H relative to**C or’®N, which are 1.8 10*and 3.9 10°®respectively.

The goal of this chapter is to improve the detection of the phosphorus compod®dsi8) (Figure

nodémo dzaAy3a %! [ C baw aLISOGNRYSGSNAR 09 NIKQa TFASE
ZULF NMR detection, strong heteronuclear coupling iequirement 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 5®00 H2°% In contrast, EF NMR has a broader spectral width where

the difference betweertH and®!P detection is just ~1100 Hz. In EF NMR, the heteronuclear coupling

is not required to observéH signals but they are needed to provide a chemical sigean the

absence of chemical shift resolution.

In general, molecules bearing eéHbond exhibit strong one borith->P couplings of hundreds of Hz,
making them suitable for ZULF NMR detectiom addition, transition metal complexes with
phosphine ligands often present characteristic phosphorus hydride coupling constants. For example,
trans *H-3P couplings & often around 150 Hz whereassH-3P couplings are usually approach 20
HZ30. 131222 The goal is to use these-*'P couplings to break the magnetic equivalencérbhuclei

in the very low field regime inrder to allow observation ob-H. hyperpolarisation. The first step to
realising this goal is to develop suitable hyperpolarisation conditions for the target molecules.

As indicated?P NMR spectroscopy is a key tool to investigate the structures oélnsemplexes
where it provides easily observable and sharp signals at high magnetic field for their phosphorus
ligands in addition to structurally definidgl->'P couplings. In fact, this spectroscopic tool is routinely
used to provide evidence for reactiantermediates that exist for a short as several tens of seconds
as well as for those that reflect stable prodiétsPhosphine ligands are soft and often strong sigma
donors. In inorganic chemistry, phosplisrcompounds 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 aye widel
explored as their electronic, steric, and stereochemical properties vary according to their substituents.
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A simple literature search finds examples in hydrogenation, hydroformylation, hydrolysis, hydratation,
crosscoupling and carboieteroatom bonds fomation??* 225 These examples build from the
activation of small molecules such ag N, O, Q and CG*% 2%

The first PHIP reaction was performed using the phospbargainingRhCI(PP#) for the conversion

of acrylonitrile to propionitrilé®. Furthermore, the first SABRE catalyst contained phosptiine
although carbene ultimately proved far supefidt’ Subsequently, many catalysts of thiseypave

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
hyperpdarisation within the metal coordination sphere. Several early works on PHIP demonstrated
the transfer of magnetisation fronp-H, to heteronuclei like'P using INEPT protoct#is 2% In
addition, in 2009, slovexchangingridium complexes used for SABRE were shown by M. Fekete et
al1”3to transfer hyperpolarisation to their carbene and phosphine ligands.

Building on this Koptyuget al > demonstrated®'P enhancement of the free phadsime for the more
rapidly exchanging IrCI(#PPR)s complex at high temperature (6@ 80 °C). This SABRE process
utilises the strongH-'P 2] coupling between thp-H, derived hydride ligands and PRlhere high
temperature was requirement to trigger Bgd exchange. More recently, substantial
hyperpolarisation of'Pnuclei was shown through SABRE in a range of regioisomeric phosphonate
esters containing a heteraromatic motit®. In this study, the heteroaromatic group was used for
binding and polarisation was transfed to remote3'P nuclei through the scalar coupling network.

In this chapterthe research wilfocus on hyperpolarisation and detection of molecules that possess
strong heteronuclear’’P-'H couplings For this purposeijt is first necessaryto select sitable
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 witiomae3'P-tH
couplings in the range of 200 to 600 Hz. In this first row,impfrom phosphind.0to the phosphine

11, P=0 bonds are introduced which is expected to change their reactivity. In addition, the steric bulk
is increased in the ordetl, 12 and 13, thereby changing the ligand affinity. The second row of
molecules do nopossess ondond couplings; however, they could provide the necessary hydride
phosphine couplings when they ligate to the metal catalyst. It is the case of phosfidiard 14that
possess different steric bulk. Hydrogenative PHIP is attempted Miitlwhich possesses an alkene
bond. Finally, the phosphine sulfid& and 18 are also tested to link with the eligand dimethyl
sulfoxide DMSO used in chapter
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Figure 4.1:Chemical structure of0 diphenyl phosphinell diphenyl phosphine oxide,2 diterbutyl

phosphine oxide,13 diterbutyl phosphite, 14 diphenyl methyl phosphinel5 dimethyl phenyl

phosphine, 16 diphenyl vinyl phosphine oxide,17 Triphenylphosphine sulphide,18
Trimethylphosphine sulphide. The chemical stawe of the precatalyst IrCI(IMes)(COD) (where

L a S& -bis (2w Btomethylphenyl) imidazeR-2 f ARSY S5 / h5 i aldadiedaddd i RA S
called laten.

4.1.1 NMR detection methods

In order to achieve ZULF NMR detection of these compoutfils {8) (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. Sasequently, 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 coulschled up for
RSGSOGAZ2Y 6AGK (KS BC(INESKCDD)(Figirés4 1IRwillzbe 1SE tosBtafySeli S NJp
the hyperpolarisation reactioof the phosphine ligands because previous studies have shown that

yields better hyperpolarisation respomsompared to other metal catalystd In the experiments
described in this chapter, hyperpolarisation reactions are carried out by SABRE and/or PHIP

technigues and rapid 2D NMR characterisation ughi are also performed.

In the forthcoming sdons 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 B-bhy thien shaken
for 10 s in a 60 G harukld magnet arrg. The sample is then quickly manually transferred into the
magnet for detection with & 7¢ pulse. The sample is refilled with freghH, for every SABRE
experiment due to quick relaxation of and consumptiompd..

A PHIP experiment is carried out bygsurising the sample with 3 barH;, then it is shaken for 3
& AYy (KS 9FNIKQa YI 3y SiAacesmfatiblRidansterdiedintdtheynagneg A a
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for detection with a“ ¥t pulse. This is in agreement with the origin a PHIP hyparised signal is a

two-spin longitudinal spin order term¢ OO , which produces maximum observable signal
F2tft2¢6Ay3 | ~kn LddzZ aS yR y2 aixaylft piRisve®doAy3 |
slow, multiple sequential PHIP expaents can be performed for ongH:fill and sample shake.

A thermal experiment is performed without any frepkH, added in the sample. The acquisition is
usually done with multiple scans and using standardLBIMR 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 digands. This procedure allowed us to
develop an understanding of the chemistrywwaived 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 feates are just briefly described.

4.2 Hyperpolarisation of diphenyl phosphine 10

The motivation for studying phosphir is it possesses a largeHPcoupling that can be possibly
detected in the ultrow magnetic field regime. | beforehand needed tsttés 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 devie (see chapter 7, séon 7.2).

4.2.1 Reaction of 5 eq. of 10 with IrCl(IMes)(CCind H

The reaction of 5 mM df with H; and 2.72uL 10 (5 eq.) in dichloromethane, at 295 K yielded the
dihydride complexL9 Ir(HxCI(COE)(IMes)(P#), alongside three isomers of Ir¢B)IMes)(PPi),,
20,21 and22according toScheme 4.1.

In 20, the hydride ligands provide signals in & NMR spectrum aB.31 and-23.03 ppm, and are
transto 10 and Clrespectively as the correspondingH€*P) couplings are 151 Hz and 23 Hz. In
contrast, the hydride ligands @i are chemically equivalent dmth lietransto 10. The result of this

is a second order located &t0.23 ppm where |3d-2P)trans + JH-!P)cis| is 128.1 HZ he hydride
ligand signals a22 are observed at11.16 and-11.76 ppm, and are due to liganttansto IMes and

10 respectively.19 proved to have a short lifetime and was not characterised, although related
literature supports its formatiofi®. The characterisation @ was achieved by 2D NMR spectroscopy
and the resulting data are detailed in section 9.7.1. Over time all four of these complexes convert into
the tris-phosphine catiorctiscis [Ir(H)(IMes)(PPiH)]CI 23 whose NMR data are listed in section
9.7.2. These changes are portrayed in Figure 4.2.

Further evidence for these assignments is provided by the correspofi#ingMR data, which before
H, addition, shows signals for fred® at -40.2 ppm, with &J¢Horno->'P) of 6 Hz, and ‘d{H-31P) of 219
Hz along with a weak signal-4#4.5 ppm for lound 10 with a much largetJ¢H->'P) of 360 Hz for 16
electronlr(COD)(IMes)(PHRDAfter hydrogenation, this situation changes and two doublet361t46
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and-38.20 ppm, both split by a'8{-*!P) coupling of 127 Hz, are seen && Resonances fd0 are
identified at 29.2 and 5.33 ppm for groupansandcisto the hydrides alongside those 21 and23
at-28.35 and-37.33 ppm, respectively; these deductions were determined using HMQC experiments.

The analogous reaction was then studied wthk, for a sample containing an initialbld excess of
10relative to iridium. The resulting NMR spectrum (Figureaj,2ecorded immediately after sample
preparation and adding fresprH,, yields strongly polarised hydride resonances9ai8 and-14.12
ppm for 19. Additional, but weaker PHIP enhanced signals are visible0@and 22. Over time,
unpolarised signals fd23 and 21 increase, while PHIP enhanced hydride resonance$%and 22
disappear. Hyperpolarised hydride resonances2@persist over a pedd of approximately 1.5 hrs.
After 24 hours20is no longer observed ar&Breflects 98% of the observed hydride species. Complex
21 makes up the remainder at ~2%3 must therefore reflect the thermodynamic product.

When a 1D EXSY experiment is perfainme examine the hydride signal 88, 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 exchangeriedbs

an NOE interaction with GH2.2 ppm) and phenyl (6.26 ppm) resonances of ligaadd a phenyl

(7.29 ppm) of ligand0 are seen confirming their spatial proximity. Similarly, the hydride signals for
21do not show exchange with dihydrogen but dancect via NOE with a 2.2 ppm methyl resonance
inl.

IrCI(COD)(IMes)

H /// \||\/|es l® IMes HH
+5eq. I Y, N +H H | |
P I 2 /, \
—> —_— 1, ) W H
@ @ \/ eren,

. H/ if\PHPh "
n CD2C|2 10 cl 2
Interm 19
Cl +
IMes IMes IMes
H////I,, ! ‘\\\\\\PHPhQ H////, | \\\\\PHPhZ N H////,I | ‘\\\\\PHPhZ gvﬁ; H//// \\\\PH th
r + :,Ir_\ ,Ir\ g! Il'lr"\
HY | “inses H/| N, H/| “erien, H/| h
PHPh; PHPh, o] PHPh,
22 20 21 23

Scheme 4.1Reaction ofl with 5 eq. of10 in dichloromethaned, shows the formation of five
dihydrides specied9, 20, 21, 22 and 23 over time. The thermodynamicallytable product23 is
favoured by an excess 6.

92



N\
21
N\
C) | 24hrs after thermal 32scans
20\
b) # MJ[/ 1scan PHIP IaterH
19
<~/ \
“ 22
a) ” ! ,41{/ \‘M‘ first 1scan PHIP‘}“
L s B s s s B T
-10 -12 -14 -16 -18 - 20 .22 [ppm]

Figure 4.2a) Reaction of 5 mM dfpre-catalyst, 25 mM (5 eq.) dfoin 0.6 mL of dichloromethade
d> and 3 bar ofp-H; leading to the formation of complexek9, 20, 21, 22 and 23. c¢) The first
hyperpolarised spectrum recorded shows enhanced hydrides for comp®ex22 and 20. b)
Subsequent (~3 min singeH, addition) PHIP scan continue to show polarisation of compixa)
24hrs later, the thermal spectrum recorded shove tthermodynamic product@1 and23.

The aim was to exclusively favour the formation26f which is the only hyperpolarisable complex
among the array of products that is stable to be observed after gddhaddition and the reaction
could be repeated fodays. It contains only two ligands 1 The kinetic formation of these species
in function of the concentration of0 was then exploredn order to develop a better control of the
product formation.

4.2.2 Kinetics formation and consumption of2Dand23 as a function of
concentration of 10

The rate of consumption and formation of complex&® 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 PHRHo form Ir(COD)(IMes)(PHBtas the sole product prior toztddition. Rapid K
addition then leads td.9 Ir(HCI(COE)(IMes)(P# which is only detectible through PHIP enhanced
hydride ligand signals. At this point, the subsequent NMR spectra show sign20sZ1and 23.

When 2 eg. oflOwas used the initial spectrum showed ~88%0&and 8% oR1and 23 are present
alongside ~4% of an unidentified species. After 22 hrs, almost 10@%itonverted intd20 whilst
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23is steady at 8%; the unidentifiegpacies now make up ~2%. The time constants respectively for the
equilibration betweer20 and 21 with 2-equivalents ofLlOrelative to iridium are 57362 60 s,47849
+ 60s.23was then very minor.

In contrast, 5 eq. ofOallows for the faster and cleamversion o20to 23 with 21 again remaining
inert. Thus, Figure 4.3.b, starts with 65%26f 20% of23 and 8% of1. The time constants faz0

converting t023is1056.6 + 5and1114.3 £ 4.

For conclusion, these data confirm the necessity of cdlimigp the amount of PRPHR used if
hyperpolarisabl€0is to be the major product. It was found that ~1.8 equivalentd @felative to
iridium optimised20formation and its the PHIP signals.
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Figure 4.3a) 5 mM ofl with 1.1 uL 2 eq. afOis mixedin dichlorometaned.. The time constant of
conversion of the complexe&X), 21 and23is followed by NMR at 298 K for 22hrs. b) 5 mN wfth
5 eq. ofl0is mixed in dichlorometane,. The rate of conversion of the complex23; 21 and23is
followed by NMR at 298 K for 2hrs.

4.2.3 Reaction of 2 eq. of 10 with IrCl(IMes)(CQind H

It have been identified tha20yields PHIP signals with larger enhancement measurable foreBgh
that last for days. The aim is now to control the reaction and pronitstéormation by reducing the
concentration of10 in order to limit the formation of23, which requires coordination of three
molecules ofl0. As stated above, when two equivalents ({iL) ofl0are added, the results change.
The enhanced PHIP signads 19 at -9.18 and-14.12 ppm dominate in the first scan. However, an
immediate changavas observed irnhe initially weak signals fd20, which become the only PHIP
enhanced signals that remain visible (Figure 4.4.b). Over time, the PHIP enhanced®igfatnfain
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 aftadéition, which shows
signals foR0and 21 alone with relative intensitiesf 1: 0.05 respectively (Figure 4.4.c). For a longer
reaction time, slow formation c23is observed (not shown here). Now, the signals2@dominate,
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and NMR integration reveals it reflects 80% of the hydride species after 43lhand 23 represents
the remaining 20%.

Hh
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Scheme 4.2Reaction ofl with (2 eq.) of10 in dichloromethaned, shows the formation of three
dihydride speciel, 23and 20, over time with now20 dominating.
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Figure 4.4:Reaction of 5 mM of pre-catalyst, 1.1 uL (2 eq.) @D in 0.6 mL of dichloromethand,

and 3 bar ofp-H; observed at 500 MHz. a) 1scan PHIP NMR spectrum showing the hyperpolarised
hydride signals of complexek® and 20. b) The subsequent PHIPpeximent now shows strong
hyperpolarised hydride signal fad only. c) Thermally polarised spectrum recorded 20 min later with
64 scans show20 and21. Zoomed regions show the coupling patterns26y wheretrans J¢H-3'P) =
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151 Hz,cisJ¢{H-3'P) = 18Hz, JH-'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 a0 in this experiment allowed for 1D EXSY experiments to be performed, which
confirmed hydride exchange for compl2f with dihydrogen at 4.6 ppm as expected based on the
observation of PHIP signals for this complex. Compari@gd,tawvhere no exchange and no PHIP were
observed,it can beconcludel that the hydride exchange iB0 must be allowed through chloride
dissociatio.

A SABRE experiment, with PTF of 6.5 mT before detection at higher magnetic field ithudse,
does not give any visible polarisation for the phospHifieln order for SABRE to be observe@imust
reversibly bind to the complex. The absence ABRE hyperpolarisation indicates tH#t does not
dissociate from the comple20on a suitable timescale at room temperature.

In order to promote dissociation df0from 20, the probe temperature was increased to 313 K, which
is the boiling point of theavent, dichloromethanel,. No exchange of ligarth was observed. This
further supports the hypothesis that the dissociation of the chloride anion binglargs to hydrides

is essential for dihydrides loss allowing PHIP enhanced hydride signals to beedbse

4.2.4 Promoting 10 exchange by warming the sample

In this section, the reaction df0 and| is performed in a higher boiling point solvent, toluethg in
order to use higher temperatures to promote the exchangd@f5 mM ofl was mixed with 1.JuL
mM (2 eq.) ofl0in 0.6 mL of toluendals. H addition and subsequent NMR interrogation reveals the
formation of same products as described in section 4.2.1. After 1 hr 15 niish N\MR experiment
showed signals f20and21.

Uponp-H: PHIP interrogtion of this sample, strong antiphase hydride signals were seef?833 and
-17.06 ppm in the first NMR spectrum. These are due to neutral(t{#9s)(COD)CI. Hence, the
replacement of Cby PPBH is suppressed in this ngrolar solvent. The observatioof this hydride
species persists for over 24 hrs as Ir(IMes)(COD)CI reacts very slowly 204niid@1 form, in these
experiments no polarisation of their hydrides signals is evident. This is consistent with the
hypothesised need for Closs in Ir(HY{IMes)(PPfHXCI to create the necessary 16 electron
intermediate.

We can conclude that the use of dichloromethane is necessary:fxdthiange irR0due to increased
polarity when compared to toluends.
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4.2.5 Improving hyperpolarisation of compiéxby using cdigands

4.2.5.1 DMSO eligand:

We speculated that replacing one of the RRHigands in20 by another 2electron donor might
facilitate both PHIP and exchangeldf The soft 2lectron donor DMSO was used first to test this
hypothesisThis involved taking a sample containing 5 mM cditalyst and 5 mM (1 eq.) of DMSO in
presence of k1 1hrs 30min after additiortH NMR interrogation reveals the partial conversior of
(~30%)into IrCI(IMes)(H(DMSOy; a pair of hydride resonances aseen at-15.85 and-21.22 ppm.

20 min after 5 mM (1 eq.) df0 was added to this solution many hydride containing species were
formed according to'H NMR spectroscopy. These inclualg 21, IrCl(IMes)(H{DMSO) and two
isomers of IrC10)(IMes)(H)}(DMSO}hat differ according to whethetOistransor cisto the hydride
(hydride signals at10.63 and-21.64 ppm and14.90 and22.08 ppm respectively). The latter pair of
hydride ligands couple to #P centre that resonates a28.98 ppm, whilst the formecouple to a
signal at-14.90 ppm. 2 hrs 45 min later, the ratio 8D : 21 : IrCl(IMes)(HJDMSQO) : trans
IrCIQ0)(IMes)(HYDMSO) :is-IrCIQLO0)(IMes)(HYDMSO) 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 cligand:

Pyridine is then more basic than DMSO d@ndastested as a cdigand in the reaction. A different
approach was used with pyridin€his processtarted byfirst mixing 5 mM of and 10 mM (2 eq.) of
10with Hy in 0.6 mL of dichloromethand,. 1hr 20min after Baddition, 20 and 21 were present in
the ratio 2 : 0.11. Subsequently, 0.p& (1 eq.) of pyridine was then added to this sample afid a
NMR spectrum recorded. Whilst signals #rand 21 still dominate, new complexes were observed
including 25, as a weak triplet of doublets a2.40 ppm wherecisJ¢H-1P) is 15 Hz, and a weak
doublet of doublets at8.95 ppm with arans-J¢H-3P) of 140 Hz an@6 with hydride signal at10.25
ppm. A *H-3P HMQC NMR spectrum located tW® signals foR5 at -7.64 ppm and 22.66 ppm and
one for26 at-28.54 ppn.

p-H: was then used to monitor this reaction. Now strong hyperpolarised signals are se2d dod
the new specieg4as a doublet of doublets a23.47 ppm withcisJ¢H-3!P) of 18.5 Hz an@4.16 ppm
with cisJtH-31P) of 17.6 Hz. These signals apé visible in the thermally polarised NMR spectrum. A
31p signal foP4 was located at 3.87 ppm with the corresponding RHNQC.

It was already stated thaR0 undergoes Hl loss after the loss of chloride. This would create
[Ir(Hx(IMes)(PP¥H).]* whichcan add pyridine to forn25 rather than24. However, the signals f@5
are not polarised. The formation @4 would be consistent with PBH loss fron0 and trapping by
pyridineas thefree phosphine is not polarised and there is no exchange in thets&l&d¢OE spectrum
between these two species. Therefore, another effect must account for the ready detecti@h of
Examination of an NOE spectrum reveals f¥itself undergoes very rapidtbss, in fact this process
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is much faster than that fa20. Thus, it would appear that the small amount 24 present initially is
sufficient to allow its detection.

IMes IMes ©) IMes ©)
H////I, ‘\\\\\Cl H//,,’I ‘\\\\Pyr H//,,/ \\\PH Ph2
s Jlr “1rs,
H/| D N ¢ I\PHth H/| o,
PHPh, PHPh, Pyr
24 25 26

Scheme 4.3Chemicabtructure of complexeg4, 25and 26.

In conclusion, phosphintQitself could be not be hyperpatised but its adducts, special@ provide

strong hydride signal enhancements. In this complex, the hydrides symmetry is broken hydasge

3P 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 signaldetéected

at the EF NMR, so was not attempted. In the next sections, phosgling2 and 13 with a P=0
differing in their steric bulk are considered.

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

In this section, three ffierent sized phosphorus containing moleculglsdiphenyl phosphine oxide,
12 diterbutyl phosphine oxidel3 diterbutyl phosphite are screened. In addition to the largél P
couplings, these molecule possesses polar P=0 bonds that is expected to changeattaiity
toward the metal catalyst.

4.3.1 Reactivity of diphenyl phosphine oxide 11

4.3.1.1 Testing-methylation reaction between B and methanol usfiRyNMR spectroscopy

Phosphinell, in the form OPPH# could interact with a metal centre via axygen lone pair or via
oxidative addition of the 4 bond®.. However its tautomer, P(OH)(RIpossess a phosphorus lone
pair that could inteact with the metal centre in the same wayH¥ Furthermore, as the-PH proton

is acidic the anion POPIs also availabfé!, this ligand, cowd even replace chloride.

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

methanotd, to measure its P Jcoupling.It wasobserved thatll exchanges its Pl proton with
deuterium and consequently theP{H} NMR spectrum appears as a triplet at 20.60 ppm with
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JED-3'P) 761 Hz. In contrast, in the neprotic solvent dichloromethane., the 3'P{H} NMR
spectrum ofl1 shows doublet where I6-3'P) is 4825 Hz at 20.09 ppm. This first observation lexl u
hypothesise that SABREelay'® *2could be used to polarise theP signal irl1. As already stated,
SABRIRelay requires protons exchange between a polarisation carrier binding to the metal, an amine
and a pdarisation target that is her&l. This is explored in section 4.3.1.2.

H

i o Ph
Ph
| D ~
- - O—CH
—~— P. 3
H Ph Ph 0
\CH3
11 11-OMe
MW=202 g/mol MW=218 g/mol

Scheme 4.4Chemical structure of the two tautomeric form bt and the Gmethylation product.

In the effort of increasing a wider solvent rangatlcould be used for the hyperpolarisation reaction
of 11, understanding the possible sideactions ofl1 was important.

In order to explore further possible reactions betwegfh and methanol, a control reaction was
therefore undertaken wherd 1 (1 mg) wa exposed to methanol (0j8.) in dichlromethandal,. The
resulting®H and®'P NMR spectra immediately after the addition showed no evidence for a reaction
betweenlland methanolHowever, a second hypothesized signal at 30.98 ppm appears aftey 2 hrs
which is due to the methylation produdtl-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 methanchs. The corresponding{P NMR data arelilstrated in Figure 4.5Viethanol

is therefore not a suitable solvent for the hyperpolarisation reactiofilof

Thermal 128 scans, B+ MeOH

a Thermal 128 scans, B JA{ )‘ﬂl\‘ o
20

30 25 [ppm]

Figure 4.53'P NMR spectra of a sample of 1 mddfa) and 0.8iL of CHOH in dichloromethanel,
anda sampé of onlyl1in dichloromethaned; (b). The slight shift of the offset between a and b is
probably die to the presence of methanol.

4.3.1.2 Testing SABREIlay sensitisation of diphenyl phosphine oxide 11
In order to probe whether SABRRelay®® °2could hyperpolarisell via proton exchange with
benzylamine a suitable sample was prepared. This involved first dissolving 5 Inpké-afatalyst, and

20 mM (1.36uL) (4 eq.) of benzylamine in dichloromethame andthen adding 3 bar of Ho form
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IrClI(BNNE)3(H:(IMes). Then, 0.70 mg (1 eq.) bt was added to this solution under a nitrogen
atmosphere. AH NMR was recorded immediately after this. It revealed two doublets in the hydride
region at-21.56 ppm withcisJ¢H-*P) of 18.11 Hz and &22.62 ppm withcisJ¢H-31P) of 19.5 Hz for

the new complexes Ir(k]Mes)(NHBny(P(PhOH) 27 and If(H:(IMes)(NHBny(P(PhyO) 28
respectively which are present in similar amourgta. Zwitterion28, the overall chargesizero)

Upon interrogation wittp-H,, strong enhanced antiphase signals appeaai24 and24.96 ppm for

a third complex withcis:J¢H->'P) couplings of 20.54 Hz and 18.65 Hz respectively. This complex is
assigned a9 [IrCl(H)(IMes)(NHBn)(P(PRJO)] and not visible in the thermally polarised NMR
spectrum (Figure 4.6). A COBMIP experiment shows a correlation between these two signals,
confirming that they belong to the same complex. However, no correlation was observed between
the resonances assigd 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 oR9are also broad, suggesting fast ligand exchange at 298 Istrlicaures for27, 28and29

are shown in Scheme 4.5.

IMes ]®
2mg of I precatalyst H, _ H/,,,I’ ‘\\\\\NHan +1eq. of 11
+ 4 eq. Benzylamine ~ A tivation Ird >
ctivation
H/l \NHan
NH,Bn
IMes l® IMes IMes
H/”/ \\\\\NHZBn H/’/I, +\\\\\NHan H/’/z,, \\\\\\\Cl
S IS Irs
H/| \NHZBn H/| \NHan H/| \NHan
PPh,OH PPh,O" PPh,O"
27 28 29

Scheme 4.5The chemical structures @f7, 28 (Zwitterion)and 29.

100



29

a) PHIP 1 scan

b) J L‘ Thermal 64 scans

21 22 -23 24 -25 -26 [ppm]
Figure 4.6IHNMR spectra recorded for a sample consisting ofM of| pre-catalyst, 20 mM (4 eq.)
benzylamine in 0.6 mL of dichloromethadg 5 mM (1 eq.) o11and 3 bar op-H.. a) The PHIP NMR
experiment show a strong hydride signal enhancemenfmwhich is barely visible in the thermally
polarised NMR spé&mim after 64 scans (b) whe@7 and28 are clearly visible.

H-31P HMQC measurements (Figure 4.7) were used to Idéatsignals at 26.75 ppm and 75.9 ppm
for 27 and 28 respectively. In addition, for comple?@ a *'P signal is located at 83.1 ppm. Thege
difference between thesé'P resonances suggests a different type of phosphorus environment but
both couple similarly to the hydrides implying a direePlinteraction. No 4 coupling is evident in

the corresponding fully coupled spectra. It is tefare likely thatll is binding as 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. Ig¥d Theydescribed how the tautomerizatioof 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 IrP(O)(Ph) forms existing (S@me 4.6). They also reported tHéP NMR signal
position for a PkP(0O) bound Ru(lll) complex at 67 ppm downfield from that ofF®PH signal. These
results are therefore in agreement with the data presented in this section.

9 H—0O, OH 0®
|| ~ \ L,M / base /
R ~P© — > L M=~ — > L M=<ZF
- "y & & n &
Ri \ RY RY RY
R, R, R R,

Scheme 4.6depiction 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-3P HMQG@PHIP spectrum of a sample containing 5 mMurfe-catalyst, 20 mM (4 eq.)
Benzylamine in 0.6 mL of dichloromethadkewas first activated with 3 bar qf-H,. After complete
hydrogenation of COD and total formation of IrCI(BapH}(IMes), 5 mM (1 eq.) dflwas added to
the sample. Thé'P resonance of the three complex&g 28and29is observed using4-3'P HMQE
PHIP experiment.

No SABRRelay, hyperpolarisation of the free phosphine was observed in these experiments and
hencethe premisethat OPPBH canbe hyperpolarisél remains unproven. It is speculated that this
Y2f SOdzZ S R2S8Sa y20G SEOKIy3aS AdGa tFHoAtS LINRG2Y
NMR experiment that would allow to observe SABREY.

The atio of products27 to 28 proved to be dependent on the solvent. When THF was used they
formed in a similar initial ratio. However, addingQHwhich is soluble in THF changed the ratio to
1: 6.7 and hence favours the solvated anionic f@8nThe I-P(OH)(Ph)and IFP(O)(Ph}forms in the
bound phosphine are therefore in equilibrium2i and 28.

4.3.1.3 Reaction of B and benzylamine in methanol

It was already shown that a methylation reaction occurs whéns in presence of methanolni
addition to the proton exchange between their labile protons. In dichloromethane, the premise of a
SABRRelay reaction remained unproven and the compleX@é28 and 29 were identified. In this
section, the aims were to test if these three species fimmmethanol and to investigate the role of
the metal catalyst in the reaction betweehl and benzylamine. It is speculated that a possible
nucleophilic reaction betweel and benzylamine catalysed by the iridium. If this is true, it might
prevent the hypepolarisation ofl1.
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5 mM of precatalystl, 1.0uL (3 eq.) of benzylamine and 2.8 mg (4 eq)bivere all mixed at the
same time in 0.6 mL of methand} and H added.'H NMR analysis, recorded just 5 min after H
addition, yields a spectrum exhibitirrghydride signal a9.76 ppm withtrans-J¢H-*'P) andcis-J¢H-

31p) couplings of 133 and 19 Hz respectively. A second hydride signal is stded@ppm with triplet
cisJ¢H-'P) values of 16 Hz that share comnuigJ{H-*H) couplings of 5 Hz due tgIMes)(PQPh))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 3P{H} NMR spectrum before oHaddition (Figure 4.8), a signal is seen at 71.64 ppm for
Ir(COD)(IMesR(O)(Ph)) alongside signals for frde (O=PH(P}) at 21.6 ppm (JE-3'P) = 482 Hz) and
O=PD(PJ) at 23.62 ppm (ID->'P) = 76 Hz). After hydrogenation, signals3@become visible at 84.4

ppm as a triplet that exhibit ais JE'P->'P) coupling of 28 Hz, and at 67.7 ppm as a doublet that
exhibit with a reciprocatisJE'P-3'P) of 25.4 Hz. These chemical shifts sughgsinds as P(Q(Ph)

in 30. When this reaction is performed wit-H,, no hyperpolarised hydride signals 80 neither
hyperpolarisation of freellwere observed. As seen with phosphit@ the phosphine ligandslin

this complex are not labile. The speculation that the iridium could catalyse a nucleophilic reaction
betweenlland benzylamine remained also unproven.

IMes ]®
Hy,, | WPO(Ph),
S
H/| \PO'(Ph)Z
PO (Ph),
30
Scheme 4.7Chemical structure fa30
c) 2hrs30min after H, addition
482 Hz
free 11
b) 12min after H, addition
T 76 Hz

Ir(COD)(IMes)(POH(Ph),)

free 11, exchange H D
before H, addition

80 70 60 50 40 30 20 [ppm]
Figure 4.8%'P{H} NMR spectra of a sample of 5 mMI gfre-catalyst, 1.QuL (3 eq.) of benzylamine

and 2.8 mg (4 eq.) dfLin 0.6 mL methanetls. a) Before actiation with H. b) 12 min after BHaddition
and 2hrs 30min after +addition.
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4.3.1.4 Testing the reaction between 11 and benzylamine without metal catalyst

As the hyperpolarisation reaction dfl failed, considering all possibilities of reactions tmaight
happen in solution was necessatywas shownthat in presence of the metal catalyst, no reaction
occurred betweenll and benzylamine for a short time period. | now aimed to test the reaction
betweenbenzylamineand11in absence of the metal catadt for a longer time period.

A sample of 16.5 mM (2 mg) dfl and (2 eq.) 2uL of benzylamine was mixed in 0.6 mL of
dichloromethaned,. Immediately after this, a series 6" NMR spectra were recorded. They all
revealed a signal fdrl at 20.5 ppm. Thisample was then left at 298 K for a weeRANMR 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 betweerd 1 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 studi€$

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

Scheme 4.8Depiction of the formation of the phosphine acid in presence of vidter

11

\ 11-Bn *P{"H} NMR of 11+ BnNH,
WWWW
482Hz |

P NMR of 11+ BnNH,

ﬂ
13.5 Hz 11-Bn
a
22 21 20 19 18 [ppm]
Figure 4.9 Sample of 2 mg dfl and 2uL of benzylamine was mixed in 0.6 mL of dichloromethdne
3P NMR spectra (a, nasecoupledH) and (b, deaapled to'H) recorded a week after show free b
and an additional signal at 19.26 ppm.

For a general conclusiohl is very reactive. It was proven to react spontaneously with methanol and
benzylamine. It may also react with any nucleophile present intisol in presence of a base. In
presence of a deuterium donor, here methastal an isotope exchange in theHPbond occurs. The
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attempt of SABRRelay reaction wittii1 and benzylamine also failed. Instead, the two produits
and 28 formed and were in eqlibrium in solution due to HP(OH)(Ph)and IFP(O)(Ph}forms of11
being present. Howevef9 is only observed in the hyperpolariséd NMR spectrum due its small

F2NXIGA2y®d Lia RSGSOGA2Yy 6AGK (GKS 9 Niblexséis TASE R
therefore not possible.

4.3.2 Hyperpolarisation of diterbutyl phosphine 12

Compoundl2 is analogous tdl1 and possesses twbBu substituents instead of the two phenyl
groups. Tha-Bu are bulkier than the phenyl substituents and might p#edifferent coordination
affinity to the metal. Indeed, the steric effect of thidBu groups are also used in organic chemistry to
tailor reactiong®%. For example, in organic Dieddder reaction, the-Bu groups are known for kinetic
stabilisation and accelerating the rate of the reaction by a factor of%20l this section, the steric
effect of thet-Bu groups is tested in the hyperpolarisation reactiod 2f

In the case ofl2, an equilibrium between the PH(Q)Bnd P(OH)® is established directly in
solutior?®L, The former yields #P signal at 65 ppm with atP splitting for 425 Hz. The latter appears
at 66.6 ppm and exhibits no® splitting. Their ratio at equilibrium proved to be 0.87 : 1 in favour of
the PH form. Hencei 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 oxidef this ligand prevents its coordination and other factors sash
steric bulk.

4.3.3 Reaction of diterbutyl phosphiie3 with IrCl(IMes)(COD)) and H

Compoundl3is a phosphine oxide with twotBu ether substituents that provide greater steric bulk
than phenyl. A series 8H NMR spectra were recorded on twarB/ samples of containing 1.25.L

(2 eq.) and 3.161L (5 eq.) ofL3 respectively in dichloromethand,. After H addition 17 dihydride
containing species were detected with similar ratios (Figure 4.12.a) in both samples. fRHeMR
spectra, no evidnce for the bound liganti3was seen. However, a strong signata?s ppm with a
13€*P-1H) coupling of 678 Hz for fred& was evident.

PHIP experiments were performed on these samples, which lead to two hydride ligand signals showing
enhancement beingeen at-23.67 ppm, that exhibit aisJE'P-'H) splitting of 22.1 Hz, and &15.44

ppm that exhibit a cisJEP-'H) spliting of 18.3 Hz.These were attributed to
IrCI(H)(IMes)(POH(Bu))(O=PHBu}) 31(Figure 4.12.b). Unfortunately, n&P signals cdd be

located for this product. As these hydride signals were weak they would not be sufficient to be
20aSNWSR Ay (GKS 9INIKQad FTAStR baw aLISOGNBYS{GSN®
this phosphine can stabilise the iridium centre thrbuat IFOP interaction.
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Figure 4.12Sample of 5 mM of and 10 mM (2 eq.) af3in 0.6 mL of dichloromethand, used to
record a)*H NMR yielded a 17 dihydride containing species irhtftride region and byH NMR PHIP
experiment that yielded a weak enhanced antiphase hydride signadllfahich is quantified with the
apparent poor SNR.

The oxygen atom present in the phosphine oxidds 12 and 13 led to the observation of an
unexpectedreaction when their hyperpolarisation by the iridium catalystas 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 phostideind 15 that no longer contain
oxygen.

4.4 Hyperpolarisation of 14 and 15 with benzylamine digjand

4.4.1 diphenyl methyl phosphirtst

We have seen that the phosphine ligands bind too tightly to the metal catalyst to be hyperpolarised
by SABREowever, their adducts provided sometimes hyperpolarised hydride signals with symmetry
broken. In the aim to find stable complexes with a langes or cishydride - phosphorus coupling

that could provide high levels of hyperpolarisation withi,, it was necessary to screen a large number

of phosphorus compound44 has been extensively used as ligand for metal complexes over the past
decade$®. Although14 does not have a onbond 3'P-'H coupling, it can provide for chemical or
magnetic differences and thereby phosphorus may hyperpolarise.

5 mM ofl and 1.0uL (3 eq.) of benzylamine were first mixedliohloromethaned, and activated with
H.. The formation of Ir(IMes)(H{BNNH)sCl, is indicated with a single hydride resonance28t96
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ppm. 5 mM (1 eq.) o4 was then added and & NMR spectrum immediately recorded (Figure
4.13.a). Five produc®?, 33, 34, 35and36, inthe initial ratio 0.15: 0.64 : 1.22 : 1 : 2.68 were identified.

These correspond to two isomers of I{fBNNH)(IMes)(PMeP¥);,34and35. In the former, there are
two inequivalent hydride resonances. One appearslatl2 ppm whih liestransto 15and thereby
exhibits a largeJ*H-*'P) coupling ofl36.5Hz and the other at23.29 ppm which igisto two
phosphines antransto BnNH (the cis2)*H-3!P) coupling i46.5Hz). The corresponding resonance in
35appears at11.30 ppmand is second order due to fact that the two hydride ligands are equivalent
andtransto 14; this can be readily understood by the appearance of the corresponding resonance,
see Figure 4.13. In addition to these products, signals for(BH\H).(IMes)PMePh) 33 and
IrClI(H)(IMes)(PMeP¥). 36 are also present in these NMR spectra. The structurg3afontains two
equivalent hydride ligands, botihansto BnNH, while that of 36 exhibits onetransto chloride and
onetransthe PMePh. Consequently, theyield hydride ligand signals €3.06 ppm;8.93 ppm and
24.51 ppm respectively with appropriat§*H-3'P) splittings. The remaining product32, is
IrCI(H)}(BnNH)(IMes)(PMeP4). Its hydride ligand signals appear28.15 and25.68 ppm due to their
positiontransto the hard donors BnN+and Clrespectively.

After 24hrs at 273 KH NMR analysis shows evolution of the equilibrium between these species as
the ratio became 3.18:1.94:4:0: 2.1. Theref8233and34 are thermodynamically morgable,
while 35and36 are kinetic products.

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

Scheme 4.9Chemical structure of the fivdihydride containing specied2, 33, 34, 35and 36.
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Figure 4.13A sample of 5 mM dfand 1.0pL (3 eq.) of benzylamine was mixed in dichloromethane
d> under H. After formation of Ir(IMes)(H(BnNH)sCl, 0.70 mg (1 eq.) 44 was added. a) 1H NMR
spectrum just 5min aftet4 addition showing the presence of 5 specds33, 34, 35and36. b) 24hrs
after 14 addition showing evolution of the equilibrium.

p-Hz was then used to investigate these species. NMR Spectra connéettiagd'P at 298 K were
recorded to locate the phosphorus resonances for the five dihydrides containing products. These show
that 32 yields®'P{H} NMR signals ab.44 ppm,33at-6.96 ppm,34at -26.38 and-16.26 ppm35at -

22.48 ppm and finallg6at-12.91 and12.32 ppm

Prior to PHIP experiments, the probe temperature was cooled to 273 K in order to sharpen the hydride
signals 0f36, which were rathetbroad in appearance at 298 K. Ttiis-phosphine complex is actually
highly electron rich, and therefore it is not surprising it undergoes rapikb$$, which accounts for

the broadeningThe first PHIP reactions performetosved a signal enhancement of ifd&d for free
benzylamine at 1.57 ppm (NJ13.82 ppm (ChHland 7.30 ppm (Ph), in addition to a strong antiphase
hydride signal foB2 (Figure 4.14). The signal enhancement of benzylamine is low comparable to the
signal etmancement previously obtained for benzylamine alone in chapter 3. Weaker, hydride ligand
signal enhancements are seen in this NMR spectrum3fpand 36. When the experiment was
repeated at 298 K, the hydride signals enhancement proved even weaker, thgessimg optimal
ligand exchange at 273 K.
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1scan PHIP 1

Ph  |CH, |NH, 36 32

5 0 -5 -10 -15 -20 - 25[ppm]
Figure 4.145 mM of | and 1.0uL (3 eg.) of benzylamine in dichloromethathein presence of K
After activation, 0.70 mg (1 eq.) df4 was added andH NMR PHIP (1 scan) showisignal
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 enhancettP signal foB2 at -5.44ppm. Surprisingly, the hydride ligand symmetngihis

broken by thetrans Ct and NHBn ligands, which leads to a flow of polarisation into the axial ligand

via differential hydride couplings in PHIP effect. Weaker signals are also obserGe86a1.2.87 and

-23.0 ppm corresponding respectivatythe 3P resonances &3, 34 and 35.

In conclusion, hyperpolarisation transfer¥® in32, 33, 34and35was an unexpected result. Although
the ligand14 is not involved in the exchange process on the Niviiescale, the axial flow of the
magnetisation allows!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, theelated ligandl5was used to inform on these assignments.
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free 14

a) 64 scans, 14 dissolved in CD,CI, J\

32 34
33 35

b) k / \ 1 scan SABRE
C) VLS 0 L W ST A W, W e 2K SCaNS thermal

-5 -10 -15 -20 -25 [Ppm]
Figure 4.15:a) 3'P{H} NMR spectrum of a sample containiby dissolved in dichloromethanrd,
acquired with64 scans. b) 5 mM dfand 1.0 pL (3 eq.) of benzylara in dichloromethanel; in
presence of bl After activation, 0.70 mg (1 eq.) b was added and a one scé&P{H} SABRE NMR
spectrum recorded 24hrs later &P{H} NMR spectrum of the same sample as b) averaged 4k time.

4.4.2 Dimethyl phenyl phospleii5

Ir(IMes)(H)(BnNH)sCl was again obtained in dichloromethadebefore 2 eq. ofl5was added. AH
NMR spectrum recorded immediately after this showed a complex signrallat3 ppm somewhat
characteristic of an[A2%] spin systert®. Subsequently these were attributed to signals for
Ir(He(IMes)(NHBn)(P(MepPh) 38 and Ir(H)(IMes)(P(Me)Ph) 39 (Figure 4.16). The former has two
phosphine ligand$érans to hydride and a benzylamine ligawikto them whilst the later has three
phosphine ligands coordinated to the metAlthird species, IrCI(H{)Mes)(P(MePh)} 37, which yields
hydrides signals afl0.31 and-23.45 ppm, with the former exhibiting a diagnostically |airges J¢H-
31P) of 140 Hz alongsidecsJ{H-31P) of 22.7 Hz and the'Bk*H) of 6.5 Hz due to the interaction with
the cishydride. This forms as a very minaoguct.

48 hrs later, only the signals f88and39remain in the hydride region of thiél NMR spectrum, hence

they are thermodynamically stable. Complete characterisation data of these two complexes are given
in chapter 9, section 9.7.8!P{H} HMQC NN spectroscopy located a resonanc&@at 37.66 ppm
whereas for39 signals were locatee4.85 and-47.7 ppm. Short PHIRMQC experiments witph-H,

were used to assign th&P signals which, yielded broad peaks where no coupling could be measured.

Thissample was then examined witlrH,, at 273 K. A weakly enhanced hydride resonance was
observed foi37 despite its very low concentration but riéP signal gains were seen.

In conclusion15 reacts withl to form different products to those seen withd. This difference may
be assigned to the size d5with a cone angle of = 122, much smaller thad4 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 corage for coordination to a metal centr&he products derived from
14and 15show much reduced PHIP activity and were not examined further.
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Scheme 4.10chemical structure of complex&3, 38 and 39
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Figure 4.165 mM ofl and 15 mM (3 eq.) of benzylamine in dichloromethahavere mixed under

H,. After complete conversion to Ir(IMes)&BnNH)sCl, 0.8QuL (2 eq.15was added*H NMR shows
three signals in the hydride region 87, 38and 39. PHIP experiment at 273 K exhibits weak antiphase
signal enhancement f@7.

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. Tloassguence

of its poor ligation properties. In order to enhant® and see results at low fielp-H: must add to

form a product with two inequivalent protons. This can be achieved through an organic reaction with
phosphinel6that contains vinyl and praphine oxide functionalities.
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The purpose was then to hydrogenate the alkene vpiH, and then to observe the PHIP enhanced
signal of hydrogenated GH bond.

We first used as the metal hydrogenation catalyst. No hydrogen product was observed wineM

(2 mg) ofl was mixed with 3.6 mg 3 eq. @&6. | then decided to test the hydrogenation reaction in
presence of the three ebigands benzylamine, pyridine and DMSO separately. The procedure was to
create the 18electron Ir(H)(IMes)(Ly (where L isoenzylamine, pyridine and DMSO) with each co
ligand by mixing 5 mM dfand (3 eq.) of the ctigand. Then after activation, 2.8 mg (3 eq.16fwvas

added and subsequently the mixture was reacted withb. The general observation was that the
alkene slowy converted to alkane. However, this conversion is too slow that no PHIP enhanced signals
for the CHand CHgroups were observed.is not suitable therefore for the PHIP reactionl6f

Next, the rhodium complefRh(COD)(PRh]BR (Il ) was used buttiagain proved unsuccessful in
dichloromethane. This reaction was then repeated with thdigand acetonitrile. For this work, 1 mg
of (1), 0.32 uL (2 eq.) of acetonitrile and 7.14 mg (10 eq.)l®fwere mixed together in
dichloromethane and Hadded. Tle two known complexé&d’, 40 [Rh(H)}CHCN)(PP)s]" and 41
[Rh(HYCHCNX}PPR),]* form in an iniial 2 : 1 ratio (Figure 4.17.840yields a hydride ligand that
resonates at10.06 ppm and is split byteans2J'P-'H) coupling of 147.5 Hz cis?J(3*P-tH) coupling
of 23 Hz and ais2J(*H-*H) coupling of 9 Hz. The second hydride signdl& ppm isciscoupled to
3P through?J('P-*H) splitting of 26 Hz and 13.9 HAK & RNA RS Qa4 A& | R2dzf Si
16.99 ppm and split bg cis2J(3'P-*H) coupling of 16.8 Hz andces2J(3'P-*H) coupling of 13.04 Hz
These species equililie over time, such that after 24h#®is completely converted td1. The former
is therefore a kinetic product whilst the latter is thermodynamically stable (Figure 4.17.a).

In the 3P NMR spectra beforeldddition, freel6is located at 22.6 ppm alosgle with signal fotl
at 26.45 with a 3tP-3'P) of 145.6 Hz. After hydrogenation, signals4@are seen at 25.68 and 39.69
ppm whereagtlsignal is at 45.15 ppm secured by a HMEMIP.

The corresponding PHIP experiments showed weakly enhanced hyditgiel fod0and weak signals

of the hydrogenation produat ¢ & 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 resonab8as®f73 and 6.31 ppm
remain and so tb hydrogenation process is slow (Figure 4.17.b, right bottom spectrum).

Although, antiphase PHIP signals for the newdaid CHgroups are observed, they remain very weak

compared to their thermal signals. No further investigations were carried out #6thFor future
improvement, the use of a different Rh catalyst might improve this situation.
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Scheme 4.11a) 1 mg ofll) and 7.14 mg (10 eq.) 46 0.6 mL oin dichloromethaned,. The starting
complex is 16 electronsifter hydrogenation of the COD and ligation of the hydride, the complex is
still 16 electrons, which is unstable.bjng of(ll ), 0.32 pL (2 eq.) of acetonitrile and 7.14 mg (10 eq.)
of 16 0.6 mL ofn dichloromethaned. yield two specieg0and41.
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Figure 4.17a)1mg of(ll) , 0.32 pL (2 eq.) of acetonitrile and 7.14 mg (10 eq.) of G was mixeg-then
H, added.Hydride region ofH NMR (top spectrum) at 298 ¢howing two complexed0 and 41.
(bottom spectrumAfter 24hrsat 298 K40 completely converts td1. b)organic region ot scan PHIP

'H NMR(top spectrum) experiment recorded in day 1, shows weakly antiphase signals of the
hydrogenation product, GHand CH of m ¢ The strong enhanced signal at 1.52 ppm is the . B3A
scanstH NMR(bottom spectrum) highlights the vinyl resonancesléfat 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 sizeghosphines sulfidd7 and 18°% 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.) b7 under H, no hydride signal was
observed in théH NMR spectrum. Furthermore, th#P{H} NMR spectrum before and after hydrogen
addition shows just a free signal fbr at 43.08 ppm, suggesting no ligation occurs.
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The celigands pyridine and DMSO wereetiefore tested. A 5 mM sample dof was prepared
containing3 eq. of pyridine and 2 eq. @f in dichloromethaned,. A further 5 mM sample dfwith 2

eg. of DMSO and 3 eq. &% was prepared. kHwas added to both these solutions which proved to
form IrCl(Hz(IMes)(ceL)y where the celigand is pyridine or DMSO. No ligatiori@ccurred in either
case. Thereforel7 has a very low affinity for the metal suggesting its steric bulk prevents
coordination.

4.6.2 Trimethylphosphine sulfide (18)

The smaller pbsphine sulfidel8 was also examined. This time, a 5 mM solutiohwés reacted with

4 eq. of 18 under H. Now the hydride region of the resultingd NMR spectrum indicated the
formation of numerous hydrides containing species. HoweverrfaélMR spectim showed just one
signal, at 38.03 for iridium bountB alongside the free material in a ratio 0.19 : 1. A broadiginal

at 4.6 ppm was also seen so the sample was examined by NMR 256 K. The hydride regidH of this
NMR spectrum (Figure 4.18.a) shawsignals for two main productd? at -21.58 and-26.46 ppm,
and43at-23.84 and-27.14 ppm, neither of which showed evidence aPtoupling.

The correspond HMQEHIP measurements, however, did identiy resonances fat2 at 40.03 and
41.20 ppm, sggesting it corresponds to IrClgHMes)(L8), with transandcisarrangement ofl8 which
must bind through sulfur. N&P signal was located fdBin this measurement, thus making it difficult
to identify its chemical structured3 may be a water compledue to the far negative location of the
hydrides on the ppm scale.

42
1scan thermal 298 K
“..9') " VT lh.. L il
43
b) %\ L 1scan PHIP 256 K
-22 -24 - 26 -28 -30 [ppm]

Figure 4.18Hydrides region of NMR spectra recorded at 256 K from a sample of 5 mM solution of
with 4 eq. ofl under H showing signals of2 at -21.58and-26.46 ppm, andi3 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 botf the hydride resonances #2 and43. 43 proving to be more reactive
to H: exchange tham2. When the DMSO eligand was introduced no new species were detected.
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Whilst these results are interestin@8 is not suitable for use in my low field analysisda 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 ligandsdergb
exchange on a suitable time scale for polarisation transfer to take place. This time frame is 0.6 sec (1/2
Jix) if a coupling of 1.2 Hz is involvddis known that phosphines like PRIbind too efficiently, in

other words, irreversibly in the NRitime scale at 2982, Hence, thgphosphorus containing ligands

(10 ¢ 18) in Figure 4..were explored Several ofltese molecules exhibit strong one botd-3P
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 Mitthpresence of b the pecies
formed display largérans hydride-*P couplings of ~150 Hz aoihydride -*'P coupling of ~20 Hz
which lie in the range detectable in the ultlaw field. | have examined these systems, changing many
parameters, such as temperature, solvent, aemication, and ceigand 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 ligandstdeversibly bind to

the metal centre in the NMR timescale at 298 K. The-mwersibility 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 dissociah of a chloride Chtom or a cdigand. These hyperpolarised
hydride signals have the symmetry broken due to ¥ couplings.

Of all the compounds tested, only phosphih@ displayed strongly enhanced PHIP hydride ligand

signals at room temperaturenicomplex20. Unfortunately, its EF NMR detection was unsuccessful.
Neatl0sl & Ff a2 GKS 2yfeée O0O2YLRdzyR Ay (KS fAljdzAR adl
were recorded (see chapter 7, section 7.2). All the other materials were solids.

Phospline 11 was tested with benzylamine as-tigand in the aim of testing SABRElay with the P

H bond. It yielded three complexégH)Y(IMes)(NHBnk(P(Ph)OH)27, Ir(Hp(IMes)(NHBNnY(P (PO

) 28 and IrCI(H)}(IMes)(NHBn)(P(PhYD) 29 where the latter wasmost interesting in terms of
hyperpolarisation. It provided a strong enhanced hydride signals at 273 K. However, this reaction
OFryy2i 0SS NBLINRBRdAzZOSR dzaAy3d (KS 9FNIKQa TFASEtR be
control. Interestingly, in the thre specie7, 28 and 29, large differences in chemical shift resulting

from the different®!P environmen®P(Ph)O and P(PhOH is seen. In addition, the phosphine oxide

react spontaneously with methanol and benzylamine. It might also be reactive t@mgnducleophile

present in solution.

Phosphine oxide%2 and 13 have a P=0 and-B=0 functionalities respectively, which makes them
react with the Ircomplex in a way that was not suitable for hyperpolarisation.12othe equilibrium
between thePH(O)Rand P(OH)#form identified by*P NMR occurs naturally. Evidence of a very
weak interaction with the metal centre was seen when reacted Wwjthencel2is too bulky. In the
case of 13 many species are formed with the only identified species being
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IrC(H)(IMes)(POH(Bu))(O=PHBu}) 31 for whichweakly enhanced hydride signals were seen.
This result also illustrates the stabilisation of the iridium centre through-@Plinteraction.

For phosphinel4, five distinct specie82, 33, 34, 35 and 36 were obtained upon reaction withand
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 irstrumentation. A strong®P SABRE response was also achieved at room
temperature for32. Phosphind5was chosen for characterisation purposes, assuming it will have the
same reactivity as phosphirigl, which turned out to be not trudndeed three complexs37, 38 and
39different from the one seen with4are formed. The two latter did not show any PHIP activity while

the former37 which displays a largeans3'P-'H coupling of 140 Hz does polarise weakly at 273 K.

For 16, although weak antiphase PHIRsals for the CHand CHin the hydrogenation produat ¢ Q

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 sameuime,
products40 [Rh(H}(CHCN)(PP#)s]* and 41 [Rh(HYCHCN(PPHh),]* are seen with the former being

the kinetic product whilst the latter is the thermodynamic product.

With the two last sulfide phosphine$7 and 18, evidence of a very weak bindingenaction 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 experimenishas beerearned that it is possible to use the hydrighosphous
couplings under SABRE to sensitize a bound phosphine. For this effect to be useful for ZULF detection,
very substantial PHIP hydride signal gairessneedecat 298K In the next chapter, a further series of
complexes formed with DSMO and traditionaatkyl and aryl phosphinese 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 he 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 Irtroduction

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>#® coupling and can be hyperpolarised ugirg,. It was

hypothesised that this will make it peible 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 laitgé'P coupling was attemptedsing
IrCl(IMes)(COD))(and Rh(COD)(PH#BF (Il ). Unfortunately, none of these provided a large enough
aA3dylrt 3IrAy G2 0S RSGSOGSR Ay (KS 9INIKQa YI3yS
tested whereby 18 electron Ir(lll) dihydridernplexes that have magnetically inequivalent hydrides

due to®'P couplings are hyperpolarised.

To explore this concept particular focus on the starting comp€(DMSQ)(Ill ) was paid. The
synthetic procedure folll and an analogous rhodium complex wiast 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 phosphinds 203, Dr Sajid Khan presented in his PhD tR&kithe
reaction oflrCI(DMSQJII ) with excess triphenyl phosphind%) and H and described how bothis
andtris-substitutionoccursto form IrCI(H}(PPh)2(DMSO) and IrCI(HPPR)s. Importantly, wherp-H.

is added, both of these complexes exhibit PHIP enhanced hydride signals. He shatvée bis-
phosphine complex was more reactive feH, addition than thetris-phosphine complex due to a
stabilisation of the Ir(lll) by the three donors ligands. In additiothe enhanced hydride ligangdhe
methyl protons of the free DMSO were alsthanced, indicating that the free DMSO exchanges with
the bound DMSO in a SABRE type experiment.

The reactivity ofrCI(DMSQJP) (where Rare shown in Figure 5.}y = 2, 1, 0 when x = 0, 1,t@jvards

H, addition was therefore exploredprior to tacklhg the hyperpolarised reactions. Prior to
hydrogenation, reaction of IrCI(DMSQ@)I ) with eight different phosphines was monitored@his
complex undergoemono, bisandtris substitution of DMSO by phosphine to form the corresponding

16 electron complexe IrCI(DMSQJR), IrCI(DMSQ@R). and IrCl(R); according to the excess of
phosphine addedSome of these complexes have the ability to undergt Ibnd activation of the
phosphine ligand and subsequently orthometallation reactions take place. This yi8l@lectron
complexes, which are in equilibrium with the 16 electron precursors. The comparable reactivity of
these complexes was then monitored towards, Mhere they form various 18lectron dihydride
species. The similarities and differences in betsaviare 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 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 withil . 44 etricyclohexylphosphing45 triphenylphosphine 46
dicyclohexyl phenyl prospne; 47 Tri(p-tolyl)phosphine;48 Tris(4methoxyphenyl) phosphine49
Trisbenzyl phosphiné&0 Trisphenyl phosphite an&;1 methyl diphenyl phosphirfé®: 242

5.2 Reactions of IrCI(DMS@jth H in dichloromethae and
methanol

A control reaction was undertaken where a sample of IrCI(DMBID) (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 idd4SO was visible at 2.59 ppm in addition to a
number of bound DMSO resonances visible between 3.3 and 3.9 ppm. The correspd@dingD

NMR spectrum was also complicated, containing several DM&®By| signals. Milstein etl.
discusses this phenomena their published synthesis off 2*°, where they stated that this complex
equilibrates with abisiridium 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 sysem to H are likely to be complex.
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Figure 5.2b) *H NMR spectrum at 298 K of a solutiorr@l(DMSQXIII ) (4 mg) in dichloromethane
forming a bislr dimer with two chloride bridgesThis datarein agreement withMilstein et at®.

3 bar ofp-H, was then added to this mixture, thié1 NMR spectrum in Figure 5.3 is recorded. THis
NMR spectrum shows signals in the hydride region for just two complexes: a pd#kQit ppm for
fac-IrCI(H)(DMSQ), and pe&s at-16.27 and-19.51 ppm former-IrCI(H)(DMSO) (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.tddition, the apparent ratio of thesic-52 and mer-p HiAmers

was 75 : 25 but after 24 hrs it inverts to become 30 : 80 showing the impact of kinetic selectivity and
thermodynamic stability. Théac-52 isomer is the kinetic product, while theer-p Higdmer is the
thermodynamic productlf these species form aihb addition to Il , hydrogen clearly must add
preferentially over the DMS@-DMSO axis in a process with lower activation energy than addition
over the DMS@r-Cl axis, leading to thmer-p Higdmer. Hence, the examination of the NMR data
collected unde the phosphine45 and hydrogen are needed to test if these products impact on the
reaction outcomeThe reactivity ofll is then testedn other organic solvents, such as methanol and
toluene, in order to avoid creating bridged compounds upon dissolution

DMSO DMSO
H //////,, \\\\\\\D M S O H//////, \\\\\\CI
Ir Ird
H” | Nouso R | Nouso
Cl DMSO
fac-52 mer-52'
fac-52 :
mer-52 1
N

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

Figure 5.3'H NMR spectrum at 298 K of a solutiorr@l(DMSQXIII ) (4 mg) in dichloromethand,

in presence op-H. where the two isomers IrCI(H{PMSO) are identified. Thecisdihydride isomer,
namely fac-IrCI(H)(DMSQO) at -16.01 ppm and two doublet peaks for thens hydrides ofmer-
IrCI(HYDMSQ). The spectrum recorded withoyt-H, also shows only the presence of these two
species (not shown here).
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5.2.1 Reaction of IrCIf@5O)with PPh (45) in toluene

A 10.4 mM solution of of IrCI(DMS@NI ) (3 mg) in toluene synthetized using the procedure
described in the literatur&®, was mixed with 0.15 mL of a 74 mM solution of P@EB) at 298 K, also
in toluene. The final solution contains 8.32 mMIEI(DMSQ)1l ) andwith 19.5 mM(1.78 eq.)of
45. A'H NMR spectrum was recorded immediately at 298 K and the signdls foad effectively
vanished.To be noted that for characterisation purpose, higher concentratiofhlioj and phosphine
45were usd.

It was expected to see signals for the phosphine containing 16 electron Ir(l) complexes:
IrCI(DMSQJPss) (two isomersgis(®'P singlet) andrans (*P singlet)); IrCI(DMSO)R (two isomers,
cis(two 3P doublets) antrans (**P singlet)) and Ir(Fs)s G*P doublet and triplet). However, this NMR
spectrum (Figure 5.4.a) proved to contain four hydride resonances that indicated arométimad
activation has taken place; these arise from tmwono- and twobis-phosphine complexes, labell&3,

54, 55 and56. Using standard 2D NMR characterisation methods, these 18 electron Ir(lll) complexes
were characterised. No signals fac-IrCI(H)(DMSO) omer-IrCI(H}(DMSQOjwere seen in these NMR
spectra in accordance with the hydride group coming fromahg ring of the phosphine.

Since no kwasaddedto thissamplewhen the proton NMR spectra recordgithe presence of hydride
ligandsignas suggest the formatioof severalorthometallation productswhere the hydride ligand
signal results from the -8 band activation step54 and 55 are mono-phosphine containing isomers
of the orthometallation product [IrCI(H)[§BPPR)](DMSQOj]. They differ according to whether their
hydride ligand igrans to DMSO or chloride. As each hydride couples to a sitiBleerre, their
hydride resonances appear as doublets18.80 ppm and17.08 ppm, respectively. The second two
products,53and56 are bisphosphine containing isomers of [IrCI(H}H€Ph)]|(DMSO)(PRM), where
the hydride ligand signals now appear-48.26 ppm and-18.02 ppm, respectively, due to their
locationtrans to DMSO and chloride. The hydride resonance$3and 56 appear as doublets of
doublets.

Initially, the ratio of53: 54 : 55: 56 in solution was 1 : 0.22 : 0.17 : 0.63, suggesting thathike
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 regiat-17.57 ppm 7). The ratio of these five species
is1:0.35:0.33: 0.5%:24respectively after 120 hr&7is also éisphosphine, likes3 and56, but

now the two3!P nuclei aréransto one another Complete NMR data for these four productgiigen

in chapter 9, section 9.6.1@nly partial data for produci7is givendueto resonances overlaps

©/ - 1 - | — P - P
DMSO
Z/ o
//I:, r-\ \ '////,, '///l: “\\\\\CI '////,, .\\\\\\CI
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|
\ Ir Ir Ir Ir
| PPhs, nd |\DMSO nd |\DMSO R |\Pph3 nd | Nouso

Cl
Cl DMSO DMSO PPh,
53 54 55 56 57

\DMSO

W
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Scheme 5.1Chemical structure d&-H bond activation product83, 54, 55, 56 and 57 formed from
reaction oflll with the phosphineg5in toluene.
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Figure 5.4Schematic showingroducts formed wheri0.4 mM IrCI(DMS@(Il ) and 74 mM PPH(45)
equilibrate at 298 K in toluene (upper).’a) NMR spectrum recorded 3.5 hrs after the stdnteaction
(298 K), revealing hydride ligand signals58r54, 55 and 56. b) Corresponding spectrum recorded
124 hrs later; the slow formation &7 is indicated.

In the3'P{H} NMR, there are also signals for 16 electron Ir(l) complexes IrCI(E[R§Q@} 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 redubis as
substitution is favoured. At this pointpupled 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)¢B. and IrCI(R)s (Figure 5.5). Thé'P{H} NMR spectra of Figure 5ate
representative of those collected during this reaction and illustrate this point.

These four complexes reflect 16 electron precursors to the I@bnd activation products that have
been discussedConsequently they disappear slowly as the correspamgliCH 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 thed.6 electron species is comparable to those of thé labnd
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 5.5Proposed structures of thib electrons Ir(l) complexes formed after substitutiorDéiSO
by PPband their respectivé'P{H} resonances. These species are in equilibrium with the 18 electron
Ir(11I) GH bond activation complexes.

HSQC 2D correlation spectra connectiihty and 3'P{H} at 273 K were recorded to locate the
phosphorus resonaces for the hydride containing products (Figure 5.6.a and b). These sho®Bthat
yields3!P{H} NMR signals aB.18 and-77.95 ppmwith J = 88.6 H54 at -70.79 ppm 55 at -73.58

ppm, 57 at 2.22 ppm and65.60 ppm and finall$6 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 orthometall&fion
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Figure 5.62D*H-*'P{H} NMR correlation spectracorded on a solution dfCI(DMSQ)II ) 10.4 mM

(3 mg) and 0.15 mL of a 74 mM solution of P£@b) in toluene. aAt 273 K after 24 hrs of reaction
with a focus on the ligand not involved iAHCactivation. b) At 273 K six days later, showing the peaks
for the phosphines involved in thek activation.

It is interesting to note the different signal intensities for the hydride ligands itkthBIMR and the
phosphine ligand in thé'P NMR signal intensities. The former only indicates the corresponeihg C
activation products, whilst the latter allows us to see the whole speciation. When, a dilute solution
(10.4 mM) oflll and 1.78 equivalents (0.15 mL) af5 was mixed together, signals in thel NMR
spectrum(Figure 5.Yare strong fol53and56 but the *!P{H} NMR spectrajgure 5.8suggest instead

that the two isomers ofrCI(DMSQJP:s) dominate As the amount ofi5 is slowly increased, the
intensity of the hydride signals f&3 and 56 growsalong with those ofrCI(DMSQJPss). However,
hydride sigals for54 and55also becomevident(Figure 5.7. The ratio 053 : 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 isomersof IrCI(DMSQ}Pss) where two
DMSO ligandsis: trans(1 : 0.6). These ratios are constant in the three stagtsafddition where the

NMR temperature was at 298 K and the reaction time 3 hrs 30 min. From the second aliquot addition,
signals fo two IrCI(DMSO)@- can also be seen (Figure 5.8.c). Eventually, the formation of B¢I(P

is indicated but its € activation product is not evidenthese data confirm thd&3and56 form more

readilythan 54 and55.

After 6 days, the Ir(l) specidmve effectively been consumed. Furthermo®&, a further hydride
containing product is produced. This is a third isomes366 and its hydride ligand signal, t7.57
ppm, is a doublet of doublets wher@WP-*H) = 12 and 18 Hz, correlates¥®{H}signals at 2.22 ppm
and-65.60 ppm that both exhibit larg&P-*Ptranscouplings of 365 H5.7 forms slowly compared to
the other species. Hence, there is a larger activation barrier to its formation when compasabi
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Figure 5.7Solution ofirCI(DMSQYIIl ) 10.4 mM (3 mg) and 0.15 mL of a 74 mM solution of:R435)
at 298 K in toluene. Three successive additions of 0.05 mL of a 74 mM solutwloére each time
a'H NMR spectrum is immediately recorded copasding to a, b and c. The singlet48.65 ppm is
tentatively assigned as akCbond activation fronflll ), which very unstabland disappears as shown
here.

Ir(P45)3
x = cis-IrCI(DMSO)(P,;),
y = trans-IrCI(DMSO)(P,;), 5
iy “
c) 10.4 mM of (Il ), 0.15 mL of 45, 298K

Ao

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

4
M . rans-IrCIDMSO)(Pus) 16 4 mm of (i ), 0.1mL of 45, 298K

a) 10.4 mM of (lll'), 0.05mL of 45, 298K
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Figure 5.8Solution ofirCI(DMSQY(III ) 10.4 mM (3 mg) and.05 mL of a 74 mM solution of PRA5)

at 298 K in toluene. Three successive additions of 0.05 mL of a 74 mM solutbwloére each time

a 3P{H} NMR spectrum is immediately recorded corresponding to a, b and c. These spectra are
zoomed on the positie region to highlight the 16 electron species.

The aim was now to test the effect ob Hddition with these 16 electron and 18 electron products
formed after reaction betweedll with 45. The ultimate goal of these experiments was to study
hyperpolarisatn reactions of the iridium phosphine complexes withh. These NMR results have
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shown that reaction ofll with 45 yields a series of-8 bond activation products that will act as
starting materials for these reactions. The reaction of these startingenas with H and theirp-H,
activity will be explored in the forthcoming sections.

5.2.2 Reaction of IrCI(DMSOPPB (45) and Hlin toluene

As described earlier, the addition of 1.78 d&.to IrCI(DMSQ)(I1l ) proceeds to form a series of 16
electron complexes alongsidg3, 56, 54and55. Inner and outer sphere hydrogenation mechanisms
are extensively described in the literatuf&?4’. H, was added to a series of such solutions and a
number of dihydride pducts 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 provedpendon the reaction

time and temperature.

The reaction ofll with 45and H in methanotds was followed and found to proceed cleanly to a
mixture of two 18 electrons phosphine complex&8 énd 62 whose formation are showin Figure

5.10) without any otter 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 solvesaiagted for
subsequent studyTherefore any experiments in methanate notpursued

Tolman parameterd® are important indicators of phosphine reactivity. The cone angtaeasures
the bulkiness of the lposphine ligand and defines its ability to compete for coordination to a metal
centre. In contrasti, provides an indication of the phosphines ability to donate electron density to
the metal centre. The cone angle48is 145 and A, is 2069 crit #8. These two parameters influence
the reactivity of45toward the metal sterically and electronically.
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Figure 5.10:Reaction of IrCI(DMS&II ), 45 and H leads to a large numdr of hydride ligand
containing products (Ir(HEI(DMSQ)not shown). The Ir(lll) products are in equilibrium with their Ir(l)
precursors. The regiechemistry of these reactions leads to a number of possible product isomers.
Only those detected by NMR ashown.

It was hypothesised that the ratio and nature of products formed are closely dependent to the relative
amount of45. It is important to selectively favour the formation of thisphosphine62as it is shown

that it is more reactive t@-H; in hyperpolarisation reactions and therefore may result in higher signal
gains (see chapter 6, section 6.2). To investigate this effesgmaple containing (2.5 mg) 8.6 mM of
IrCI(DMSQ)(Ill ) and (0.59 eq.) of5in 0.6 mL of toluenals was preparedt: (3 ba) was added to

the sample and after 30 min, hydride ligand signals for IGKIDMSQ) 53, 54, 55 and 56 are readily
observed in the correspondirttt NMR spectrum, in addition to those for the new dihydride products
58, 59 and 62 of Figure 5.10. Theséhanges are portrayed in Figure 5.10. The dihydride products
appear in the ratio 1 : 1.85 : 0.62 at this stage. A further isomer ofrtbeo phosphine substituted
dihydride,60, also appeared at longer reaction times. When a furf®eb9 eq.) o#l5is addeal, and 2

hrs 35 min of reaction takes place, the ratio58f: 58: 60: 62in solution proved to be0.28 : 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. Asxpected, the formation of théis-phosphine containing dihydride
62was found to be more prevalent as the amount of phosphine increased. A corresponding reduction
in the amount oflr(HRCI(DMSQ)was also observed’he GH activation products slowly consteto

the corresponding dihydrides during these reactions.

In order to observe the effect of the relative amount4% on the products equilibria, the ratio was
further increased. Figure 5.11 portrays the evolution of these hydride ligand signals rdtiarfuof
reaction time, for a sample containinly and 1 eq. o#5. After one hour the ratio 069: 58: 60: 62
was 1:0.79:0.17 : 0.92 and all the ini@dfl bond activation product has been consumetieAone
day the dihydride product ratios rea 0 : 0.68 : 0.59 : (69: 58: 60 : 62) after which they become
constant For conclusionthe rate of appearance &9 >62 > 58> 60. However, thermodynamically,
there order of stability i$2>58>60>59. At low temperature, where the ligand exclgmpathways
are inhibited58, 62 and60 were fully characterised. (see chapter 9, section 9.6.11)

Table 5.1SelectedH and®*'P NMR data fo58, 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
3P (ppm) 4.96 -1.30 9.20
2)(P-1) cis (Hz) 19.2 14.2 104 19.5
2J(3*P-2) cis (Hz 178 14.7
2J(3*P-2) trans (Hz) 165.8 1480
2)(1- 2) 5.9 5.3 4.7 5.8

It was shownthat the reaction oflll with 0.69 eq. of45 and the reaction of an egmolar
concentration ofill and45 provides the same products with a similar ratio and order of stability. In
both cases62, whichwas ofintered, is prevalent. Next, the effect of the addition of an excesécof
on the product distributioris tested
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Figure 5.11Sample of 8.6 mM of IrCI(DMS@)I ) and 1 eq. o#5in 0.6 mL of toluenals was used

to record fourtH NMR spectra at 298 K with 32 scans. a) befeealtition, b) 30 min after Faddition,

¢) 2 hrs after baddition and d ) 24 hrs afterdddition. These four spectra demonstrate the presence
of the multiple identified species at these different stages.

5.2.3 Reaction of IrCI(DMS®@)ith an excess of 45 and id toluene

When the same reaction as in222 was performed with an excess4®, a single product appears to
form rapidly. This process involved mixing IrCI(DM$D)) and 3 eq. of45 in tolueneds. After
addition of H, the'H NMR spectrum showed two sets of hydride resonanceklab5 and2047 ppm

due to 66. The hydride ligand resonances appearance demonstrates the coordination of three
phosphine ligands (Figure 5.12) in this product. The hydride resonatihg.66 ppm is split bytaans
2J(3*P-*H) coupling of 131.1 Hz,cés2J €*P-*H) coupling of 20.6 Hz andas?J ¢H-'H) coupling of 5.1

Hz. The second hydride signat20.47 ppm igiscoupled to®'P through?J(*P-H) splitting of 14.7 Hz

and 28.0 Hz. This product is known and proved to be stable, hence does not détyFatié*® Key
NMR data for66 that agrees with that in the literatur@®. The reaction of this sample wiphH; is
described in Chapter 6, section 6.2.3.

In conclusion, by using an excesg®fthe unwanted phosphintis-substitution occurs. The goal was

to limit the reaction to thebisphosphine substitution. Thereforethe equimolar concentration
betweenlll and45was maintained. The same ratio between the metal catalyst the other phosphines
will also be used.
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Figure 5.12Zoom on the hydride signal &6 in the '"H NMR spectrum at 298 K of a solution of

IrCI(DMSQ)(Ill ) and (3 eq.) o#5in 0.6 mL of toluenals. The coupling pattern demonstratetas-
phosphine substitution.

5.3 Reactivity ofll with a range of phosphines yieldingdi®ond
activation

Reaction of ICI(DMSQYIII ) in the absence of Hwith the aromatic phosphines that contaortho
protons, R7-Pso, of Scheme 5.2 yields NMR spectra (Figure 5.13) with multiple hydride resonances in
accordance with the formation of severaHbond ativation products, as described fdb. However,

the exact product(s) formed depend on the phosphine. Figude presents the corresponding
hydride regions of foutH NMR spectra associated with phosphiagst8, 49and50in toluene. Figure

5.14 showshe corresponding*P{£H} NMR spectra, which highlight the full speciation of thé bnd
activation products and 16 electron precursors with) is reacted with7, 48, 49and50in toluene.

Only one example stands out. WhB@is utilized, a single pouct forms with a hydride ligandans

to phosphine; the hydride signak -9.25 ppm shows a coupling of 276.4 HZ"®. The majority of
these hydride signals are split by-28 Hz3P couplings, suggesting the products exhibit similar
hydride-cisphosphie ligand arrangements to those found witb.
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Figure 5.13Reaction ofr'CI(DMSQY(II ) with each of these phosphines in toluene triggerld Bond
activation that give the hydride signals in thé NMR spectra. In spea a, b, ¢, and d the phosphines
47,49, 50and 48 was used respectively.
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Scheme 5.2GH bond activation product(s) formed from reactionltf with the phosphinegl7, 48,
49, and50in toluene.

Sterically bulky phodpnes49 and47 appear to exhibitnore selective reactivity. Each yields a single
GH bond activation produdi8 and 67, identified through a hydride resonances-49.43 ppm and
15.93 ppm respectively. These correspondhtono-substituted species wheréneé hydride ligand is
transto chloride and the signals are both split into doublets through a 26istoupling to®'P.
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In the 3'P{H} NMR spectra (Figure 5.14) associated wittspecifically, a signal a9.8 ppm also
appears due to the free phosphinalongside peaks af7.7 ppm for the hydrogenation product, at
11.9 ppm for 16 electron IrCI(DMS®)7). Hence the @& bond activation producé7 located 22.8
ppm is in equilibrium with IrCI(DMS{Ps7). The same situation holds true 48, where now thefree
phosphine*'P NMR signal appears at5.02 ppm, at 1.17 and 8.63 ppm for the isomers of
IrCI(DMSO)(@9). and IrCI(DMSQ(Ps9) and at 30.49 ppm for the-B bond activation produdd8. The
prevalence of the € activation product is higher wi# whencompared to47.

= ICIOMSOLP.) | 57 P froe 47
X = cis-IrCI(DMSO)(P.,),
X = trans-IrCI(DMSO)(P.y) | o 20 10 0 x-lo -20 -30 [ppm
X’
) /. . J/ v
free 50 g\ 30 20 10 /a 0 [ppm]
—" N woesws 2 = [FCI(DMSO)(P.,),
120 100 80 60 40 20 0  -20 [ppm]
70 /’ y 72 freed8 71 73
Mol y = IrCI(DMSO),(P,,)
.5 -10[pPm] y = IrCI(DMSO)(P.,),

z = cis-IrCI(DMSO),(P,,)

-——— Z' = trans-IrCI(DMSO),(P,,)
40 35 30 25 [Ppm]

Figure 5.14Reaction ofr'CI(DMSQ)III ) with each of these phosphines in toluene trigge ®ond
activation and 16 electron complexes that give the numerdBssignals in thé'P{H} NMR spectra.
Ina, b, ¢, and d the phosphindg, 49, 50 and48was used respectively.

Under the same conditions, electron poor, but less sterically thlkyields 70% of the corresponding
tris substituted GH bond activation product alongside several minor spetikstng a larger excess of
50increased the prevalence of thias substituted GH bond activation produd9 to 91 %. It yields a
hydride resonance aB.25 ppm that couples to tians phosphine ligand via arkplitting of 275 Hz.
The remaining 9% of theecond sample was thashisphosphine €H bond activation product, which
yields a hydride signal &t5.10 ppm. In the correspondifP{H} NMR spectrum (Figure 5.14.c), three
31p signals are observed for the major product at 96.74, 87.44 and 72.65Ip@ddition, a signal at
127.47 ppm andl7.4 ppm are seen for the frégligand and IrCI(DMSO}@R. Nomonosubstitution
products are seen.

When48is used, high complexity returns, and fouH®ond activation products form, that parallel
those se@ with 45. The ratio of these products, identified @8: 71: 72:73,is 1 : 0.15: 0.5 : 0.54.

The hydride signals at13.27 and-18.09 ppm for70 and 72 appear as doublets of doublets,
characteristic of hydride ligandsiscis to two inequivalent phoghines. The additional hydride
resonances at19.20 and-19.25 ppm are due tonono-phosphine isomer§1 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 the form IrCI(DMSQ)P:s) and IrCI(DMSO)Mg.. Hence
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whilst the'H NMR spectra enable the ready detection of fotid Gond activation products they are
really quite minor species.

With phosphine PGY44), no hydridecontaining product is formed when twequivalents o#4 are

added. Hence no orthometallation of the cyclohexyl ring occurs. This suggests that the stability of any
such orthometallation products is low. However, additio&® NMR signals provide evidence for the
formation 16 electron IrCI[SO)(Ps) and IrCI(DMSO}8.at 21.27 and 17.49 ppm respectively, with
additional signals at 45.02 and 9.78 ppm for the phosphine oxide and free phogihine

Finally, when PPhg{46) is examined, evidence for a mono substituteti ®ond activation pyduct

74is found in the!H NMR spectrum when one ligand equivalence is added. The correspdtiifht}

NMR spectrum (Figure 5.14.e) shows two strong signals at 24.19 and 27.40 ppm for two isomers of 16
electron IrCI(DMS@Pss), in addition to a weak sl for the GH 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 undekgd@hd activation. No
further characterization of these-B activaton products was undertakeifhe aim wasimply to study
the reactions of thesén-situ prepared complexes with4The results of these studies are described
in the forthcoming sections and require access teeléctron precursors.

Table 5.2SelectedH and?!P resonances of the-& activation products of phosphinég, 68, 69 and
70-73

67 68 69 70-73
H; (ppm) -19.48 -15.96 -9.25 -13.27
H, (ppm) NA NA NA -18.09
H; (ppm) NA NA NA -19.20
H, (ppm) NA NA NA -19.25
31p; (ppm) 11.78 29.88 72.70 20.52
31p, (ppm) NA NA 87.44 -7.37
31p, (ppm) NA NA 96.75 12.96
31p, (ppm) NA NA NA -9.86
JtH-P) (H2) 18.1 172 275.2 144
JEH-3P) (Hz) NA NA 19.1 11.1
JtHs-3P) (Hz) NA NA 15.4
JtH-3'P) (Hz) NA NA 152
JEP-P) (Hz) NA NA JR-P) =171 | J.=23.7
J(R-P) =28.0 | Jo=24.2
J(R-P;) = 210

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

The analogous reactions of8, 46 and 49 with IrCI(DMSQ)(lll ) and H are now consideredThe
reaction products formeéh these reactions were found to be similar to those formed ffar8cheme
5.3 and Table 5.3, summarise these findings.
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Table 5.3Ratio of the various dihydride products seen 5 minutes after the start of the reactidin of
with H, and a phosphine ligand8, 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 giveéne forthcoming sections.

5.4.1 Reactions with {rhethoxyphenyl) phosphine 48

Figure 5.15 shows the time course of the reaction of IrCI(DMED) with 1 eq. of48 tris(4-
methoxyphenyland then 20 minutes lateB bar of Hin tolueneds. It leads to the formation of75,

76, 77 and 78, which are analogous to the products already descrifmd45. Based on the earlier
observations, the addition of Atan take place tdll or the 16 electron phosphine substitution
products which are in equilibrium ithh the CH bond activation products. Immediately after the
addition of48, small hydride signals are evident for the fouH@ctivation product§0-73 discussed
earlier. This sample was removed from the spectrometer aratided. It was shaken and immatkly
interrogated by NMR. Significant reactivity was evident in this NMR spectrum despite the fact the
hydride ligand signals for the fourkCbond activation products appeared with similar intensity to
those detected without B The hydride region becanwery complex and integration suggests that a
series of new hydride products form to be 8 times higher than the su0ef3. Hence,it can be
deducd that at least 88 % of this sample was made up célEgtron species capable of adding H
As none of thee signals are due to Ir@dPMSOXC] it can beconcludel that the displacement of
DMSO by phosphine is very rapid. It is possible, therefore, thedidadd to Ir(DMSER,, Ir(DMSO)R
IrP; species depending on the speed of phosphine substitution. Atsthminute stage, the ratio of
Ir(DMSOP1-H: : Ir(DMSO)RH, : IrR-H,is 2.43 : 0.21 : 0. Hengéis shownthat the monophosphine
substitution products dominate, presumably due to the prevalence of IrCI(DNR4D) Table 5.3
details the ratio ofhe structural isomers of these products.
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Figure 5.15Sample of 17.2 mM of IrCI(DMSQ)I ) and 1 eq. o#8in 0.6 mL of toluenals was used

to record four'H NMR spectra at 298 K with 32 scans. a) befemHitionat 298 K, b) 5min afterH
addition at 298 K, c) after putting the sample in a hot water bath for 10 min allows the total conversion
of the GH bond activation products and d) 24hrs afteraddition at 273 K. These four spectra testifies
the presence of mny identified species at these different stages.

The sample was warmed to 3G and left for 10 minutes and a secotttl 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 <€l bond activation products have been consumed.
Hence for conclusionall of the 16 electron complexes were consumed in 5 minutes. However, the
hydride signal intensities for the dihydride products changed duriig gibriod. It was notable first

that 77 converted into75 and 78, which were present in the ratio 1 : 0.&hd that more76 formed.

Hence some free phosphine remained at the 5 minute stage and consequigrtiéyn beconcluded

that under these conditions4hddition is faster tarClI(DMSQ}Pss) than phosphine substitutiomfter

24hrs, no further evolution of these species was evident as they were still present in the same ratio.
It would seem likely therefore that7 forms as a kinetic product of;taddition, whilst75and 78 are
thermodynamically more stable.

In support of these deductions, a series*##{H} NMR spectra (Figure 5.16) were also recorded at
298 K. These initially showed signals for #&at -6.39 ppm, €H bond activation products at 268

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(DMS®)s) and IrCI(DMSOM#.. The*'P NMR signal iii5 appears at 0.46
ppm, in76at 3.86 ppm, irv7at-1.59 ppm and iiv8at-5.02ppm.
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Figure 5.16Sampleof 5 mg of IrCI(DMS@(I1 ) with 3.60 mgl eq.of 48 Tris(4methoxyphenyl) used

to record three®'P{H} NMR spectra and the speciation of different product at different stage of the
reaction. aBefore Haddition at 298 K. b) 15 min aftep Biddition and c) After 30 min afterldddition

and the sample warmed in a hot water bath (*&).

5.4.2 Reactions with diyclohexyl phenyl phosphine 46:

Mixing 17.2 mM of IrCI(DMSQ(Il ) (5 mg) and leq. of 46 (2.8 mg) in toluendals led after H
activation to the same four isomers observed withand48.

Whendi-cyclohexyl phenyl phosphiné6) was examined, very limitedkCbond activation took place
and the control NMR spectrum revealed very lirditeeaction prior to the addition of H The
correspondingH NMR spectrum (Figure 5.17) afteraddition contained a number of hydride ligand
signals. These are attributed to Ir(DMZ®H, products as no signals were seen at 298 K for
Ir(DMSO)RH; or IrPs-H; products. Three isomers of Ir(DMSP)H, were evident in the ratio 1 : 0.34
:0.11 79: 81: 82). One hour later, in the NMR spectrum of Figure 5.1F1had disappeared, whilst
80(Ir(DMSO)RH.) was detected alongsid®©and82. The ratio 6these three products was now.41

1 :0.12 80 : 79 : 82) respectively. As with8, the substitution of DMSO by phosphine in
IrCI(DMSQJ}Ps6)is slow.82is also a kinetic product ar@Dand82are thermodynamically more stable.
As the hydride resomae 0f80is only visible when the NMR probe is cooled to 273 K, rapid ligand
dissociation is suggested at 298 K.
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Figure 5.17Sample of 17.2 mM of IrCI(DMSQN ) and (1 eq.) ofi6in 0.6 mL of toluenals was used

to record five'H NMR spectra at 298K with 32 scans. a) beferaddition at 298 K, ¢) 5min afterH
addition at 298 K, c) 1hr afterldddition at 298 K d ) 1.5hrs aftep Biddition at 273 K and e) 48hrs
after Hp addition. These five spectra testifies theepence of many identified species at these different
stages.

After hydrogenation at 298 K, the two signals in #{H} NMR spectra at 24.19 and 27.40 ppm for
the two isomers of 16 electron IrCI(DMSB) were rapidly consumed. These were replaedth
those for IrCI(HYDMSOYPse), 79 and 81 at 9.95 and 3.49 ppm respectively alongside thoseBfor
(IrCI(H)(DMSO)(R)2) at 10.73 ppm. The-B bond activation product, yielding a signal at 40.72 ppm,
disappeared very slowly over 48 hrs.

5.4.3 Reactins with Trisoenzyl phosphine 49:

In the case offrisbenzyl phosphing49), the products formed are similar to those seen with
although an additional isomer of Ir(#@I(DMSO) )., also forms and Ir(kl{DMSOJCl is detected. This
tells us that49is less reactive than the other phosphines as substitution at I[r(DM36Y49is slow
and incomplete in the timescale of the measurements.

The 3P{H} NMR spectra in Figure 5.18 recorded during this investigation provided evidence to
support these dedudbns. Signals could be seen at 1.17 and 8.63 ppm for IrCI(DMS£)(@
IrCI(DMSQJPs9) which react rapidly with o give84 with a3!P signal at 7.92 ppm, ar&8 with a
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signal at 3.81 ppm. The signals of theél®ond activation produdd8 at 30.49 ppn and the freed9 at
-15.66 ppm remained.

thermal 4hrs after H, addition 313K
free 49

NN v

thermal, 45 min after H, addition 298K

thermal, before H, addition, 298K
68 IrCI(DMSO),(P,,) IrCI(DMSO)(P,,),

A T T e

30 20 10 0 - 10 [ppm]

Figure 5.18Sampleof 2 mg of IrCI(DMS®JlII ) with 0.60 mg { eq) of Trisbenzyl phosphing49)
used to record threé'P{H} NMR spectra and the speciation of different prodatodifferent stage of
the reaction. a) Before +hddition at 298 K. b) 15 min after Hddition at 298 K and c) After 14hrs
after B addition at 313 K

In the initial NMR spectrum before;ldddition, one €H bond activation produd8is readily visible
(Figure 5.18.a). This time, the first NMR spectra were recoded 18 minutes aftatdifion. The
resulting *H NMR spectrum (not shown here) contained several hydride ligand signals for
Ir(H(DMSQO)CI : €H bond activation producté8: Ir(DMSQPi-H; : IF(DMSO)RH; in the ratio 0.76
:2.40:0.30:1.31. The Ir(DMZPYH, complex is evident as two isome38and85, 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 (DMSO)RH,, 84and87 which yield hydride ligand signals respectivelyl&t 40
and-21.54 ppm; and 10.68 ppm.

Hydride ligand signal for thel@ bond activation product was of the same intensity at that of the sum
of the other products and had not changiefrom the starting spectrum before ;Haddition.
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, alf the GH bond activation product signals vanished &8l
dominates the iridium products. There are several signals for,((fMSO)CI type species, alongside
with 85, 83, 87 and 84; the latter minor product proving to be highly PHIP active (see se6)iofihe

ratio of these species was 0.22 : 1: 0.1: 0.1 respectively.

In conclusionjt was shownthat the phosphinedl5 - 49 present similar reactivity and the identical
four products are formed when reacted with in toluene. However, the phosphir® yielded a fifth
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product, namely87, which is not observed with the other phosphine ligands. The next section
describes the reactions of Ir(DMSO) with the phosphine47, 50and51which were found to exhibit
different reactivity to those ofi5 ¢ 49.

5.5 Reactivity of tri(d@olyl)phosphine 47 with IrCI(DMS@pd H in
toluene

In the case of the reaction of orthimlyl phosphine47 with 1l and thenH,, the mono-phosphine
complex88is formed in addition to the single mono substitutedH®ond activatin product67 that
yields a hydride signal a9.49 ppm. The two hydride ligands of the new species IrTEMBOY)Ps7)
88resonate at16.24 and20.59 ppm. Interestingly, after 30 min of reaction, thél®ond activation
product 67, 88, and IrCI(H{DMSQO} are present in the ratio 2.1 : 1 : 1.1. As these spectra contain
signals for the dihydride addition product bf , it can beconcludel that 47 fails to rapidly substitute
DMSO idll ; a%'P signal for fred7is still visible.

This sample was therooled to 263 K for the purpose 88 characterisation over the next 24 hrs.
Figure 5.19.c was recorded at the end of this period. It shows that signalsHdodbd activation
product 67 are still present, alongside those 88 and IrCI(H(DMSO3,, 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 fothe GH bond activation produds7 has essentially vanished, with

the ratio of88: IrCI(H)Y(DMSOybecoming 0.37 : 1. Furthermore, slow decomposition of this sample
continues to occur over time. The result of this is tB&tould not be characteriseddm these data.

In order to characteris@8, the excess of DMSO needed to be removed. A toluene solution of 30 mg
of lll was reactedn-situ with 1 eq. of47 for two hours allowing the formation of phosphimaono-
substitution. Then the solution was driethder vacuum and the excess of DMSO washed off with
hexane. The resulting crudeCl(DMSQJP:7) was exposed to Hand88 cleanly forms. Now, after two
days at 263 K, no degradation@8was observed.

According to Tolman steric and electronic paramettrg47is the bulkiest ( = 194) of the phosphine
series, hence it is not surprising that it undergoes amigno-substitution. 47 has three methyl
electron donating groups Yyielding a slight electronegativity with respect to the other phosphines
(no = 26 cm?). It has beenobserved that the phosphines that have similar reactivity vwith
(Ao=2068.9 cm) are the electron withdrawing phosphinds (A, = 2068 cr).
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a) 298K thermal before H, addition

/8
b) ! I~ 263K tﬂermal 1hr after H, anition i

o) / k w 263K thermal 5hrs after H, addition M
Fac /Mer\
d) J( 253K thermal 5days after H, addition J(i

- 14 - 16 - 18 - 20 [ppm]
Figure 5.19Sample of 17.2 mM of ITIMSO) (Il )and (1 eq.) o#7in 0.6 mL of toluenels was used
to record fourtH NMR spectra with 32 scans. a) befos@étlition at 298 K, b) 30mins aftes atldition

at 263 K, c) 24hrs after.ldddition at 263 K d ) 120hrs aftep Biddition at 253 KThese four spectra
testifies the degradation @8 over time.

5.6 Reactivity of Triphenyl phosphite 50 with IrCI(DM&@j) H in
toluene

When equimolar amounts dil and triphenyl phosphité0 react under H, unwanted isomers of
IrCI(HYDMSQOydominate. It was therefore, chosen to study this reaction with an exce&§.of

First, the reaction of (2.5 mg) 8.6 mM of IrCI(DMS)) and (3 eq.) 2.9 mg dfriphenyl phosphite

(50) in 0.6 mL of toluenglsalone was followed at 298 K. This led to the fotioaof thetris-phosphine
substituted GH bond activation produd9with hydride resonance ab.31 ppm; Figure 5.20.a. 5 min

after H addition to this sample, théH NMR spectrum showed no significant changes, suggesting low
reactivity. The NMR probe wathen warmed to 333 K and the sample left inside for 3 hrs. The
formation of 89 and 90 in addition to69 was now observedh the ratio 3.4 : 2 : 4.4The two new
products are the Ir(DMSO}PL and IrRB-H; products irFigure 5.20. Selected resonancetfase three
products are given in Table 5.4. 24 hrs later, the evolution of the equilibrium is 2.5: 3.1 : 3, showing a
decrease of the €l activation product and more formation of Ir(DMZ@HH; : Irf(DMSO)RH; :

IrPs-H; species.

A different reativity is observed when there is an excess of phospBhéVarming the NMR probe
up to 333 K did not accelera@® conversion, which was present throughout the measurements.

In the3'P{H}Y.0 NMR, after Haddition, new resonances in addition to the tler@reviously assigned
3P resonances of thieis-phosphine @ activation product, are observed at 84.12 and 87.24 ppm for
89 and 90 respectively that are secured by the HSQC experim&me Jcouplings for these two
products data are given in Table 5.4.
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Table 5.4SelectedH and®'P NMR resonancder 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
3P (1) (ppm) 96.74 98.4 87.24
3P (2) (ppm) 84.48 84.12
3P (3) (ppm) 72.25
2Jf1p-1) (Hz) 275.7 224.5
261.1
23 p1p-2) (Hz) 19.1 15.9 215
2] (12) 4.8
J E1P31P) (Hz) JR-P) =210 | JR-P)=19.5| J(R-P,) =220
J(R-P3) = 310 J(R-P5) = 290
J(R-P) = 180 J(B-R,) = 270
Pso DMSO DMSO
osMmD, | W\Pso Hy, | WG Hy | WPeo
I N “1re,
/l\ Hll\Pso H/ \Pso
— H Pso

Pso Pso
\ 2 O 89 90
69

Scheme 5.4chemical structuref 69, 89and 90

69

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

89

thermal 32scans after warming at 333K

c)k NJJ JL e thermal 32scans 298K )

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

I
[—

Figure 5.20:Sample of (2.5 mg) 8.6 mM of IrCI(DM$S@) ) and (3 eq.) 2.9 mg &0in 0.6 mL of
toluene-dswas used to record threeH NMR spectra with 32 scans. a) befoseatidition 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 GH activation product c) 5hrs afterldddition at 29& These three spectra testifies the
presence of many identified species at these different stages

5.7 Reactivity of methyl diphenyl phosphine 51 with IrCI(Di8@)
H in toluene

When 2.5 mg (8.6 mM) of IrCI(DMSQN ) is mixed with 1.4uL (2 eq.) omethyl diphenyl phosphine
(51) in toluene, a reaction takes place. THe{H} NMR spectrum itially contains a singlet aR7.2
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 electr@(B:)s. Surprisingly, no-& bond
activation products fam. 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 indicativasof a
phosphine complexir(H»CI(R1)3 91 has two equatorial phosphines yielding a reaace at-10.65
ppm (a doublet of 14.8 Hz) and a single axial phosphine sigrb8&ppm (@ triplet of5.1 Hz).The
ready formation of this product with1, is consistent with the small cone angle (136) of the phosphine.

Table 5.5SelectedH and®'PNMR resonancef®r 91.

91
H (1)= (2) (ppm) -10.33
Second order multiplet
3P (1)= (2)(ppm) -10.65
3P (3) (ppm) -18.9
2)B1p-31p) (Hz) 5.1
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Figure 5.21 Sampleof 2.5 mg (8.6 mM) of IrCI(DMS@NI ) is reacted with 1.41L (2 eq.) oblin
toluene-ds. @) chemical structure of compléd. b) *H NMR spectrum shows in the hydride region
single produc®l

Now, the next step igo study the reactivity of the nomaromatic tris-cyclohexyl phosphine withl .

5.8 Reaction of IrCI(DMS{Xris-cyclohexyl phosphine 44 andiHl
toluene

3 mg (11.9 mM) of IrC(DMS@NI ) and (2 eq.) 2.5 mg afis-cyclohexyl phosphiné4were dissolved
in 0.6 mL of toluen@s and a seriesf NMR spectra recorded. The corresponditRfH} NMR signals
provided evidence for the formation of 16 electron IrCI(DME&Y) and IrCI(DMSO)M.through the
detection of signals at 21.27 and 17.49 ppm respectively (Figure 5.22.a). Additiond sigreakeen
at 45.02 and 9.78 ppm for the phosphine oxide and free phospHiheAfter activation with
dihydrogen (k) the'H NMR spectrum proved to exhibit two hydride ligand resonances6a®0 and
-21.06 ppm for the complex subsequently identifiedd@qFigure 5.23.a). This forms by the addition
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of H to IrCI(DMSQ}Ps4). These two hydride ligands couple t3'® resonance that was located at
21.72 ppm (Figure 5.22) througiscis2J¢*P-H) couplings of 19.74 Hz and 17.56 Hz respectively.

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

) P 10min after B add, 298 K\ @ e s
x = IrCI(DMSO),(P..)
Zz y =IrCI(DMSO)(P.), y free 44
a) Z= pho§9h|ne oxide | tore H, addition 298 K l/ A/m
40 30 20 10[ppm]

Figure 5.22Series of'P{H} NMR spectra showing the hydride region of a sample contathimg

(11.9 mM) of IrCI(DMS&(Il ) and 2 eq. (2.5 mg) ef4in 0.6 mL of toluenasunder H. a) Thermal
31pEH} NMR spectrum recorded 08 K before Haddition, showing the phosphine oxide, frdd

and the 16 electron complexes IrCI(DM&R)) and IrCI(DMSO}H.. b) Analogous NMR spectrum to

(a) just 10 min after Haddition. ¢) Analogous NMR spectrum, 1lhr after hydrogenation at 263 K
showing92, 93 and the presence of the starting material. d) Analogous NMR spectrum at 253 K after
three days at 298 K all thrééP signals d®2, 93 and 94.

In addition, two very broadH NMR signals are also observed at arotk&l09 and-22.66 ppm fora

second complex93. Surprisingly, the free #$ignal 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
firstto 273 K and then 253 K (Figure 5.23. b and @53K the hydride ligands now appear as triplets

of doublets withcis2JE'P-*H) couplings of 26.Hz and 14.1 Hz respectively, and a mutigl  2J¢H-

'H) coupling of 6.1 H83is therefore the Haddition product of 16 electron IrCI(DMSQMR its 3P
resonance appears at 16.73 ppm.

After 3 hrs at 253 K, the ratio 82: 93was 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 spe@fthad vanished from

the NMR spectum and a third specie®4 was evident witt93in the ratio 1 : 6. The new speci@4is
tentatively assigned to the mutualtyans-dihydride product Ir(HCI(DMSO)(R).. It yields a hydride
resonanceat -10.52 ppm with a3!P coupling of 1® Hz. Relatedrihydride complexes with a
meridional ligand arrangement yield analogous hydride ligand signals in this #&gion

An EXSY experiment was recorded by exciting the hydride signed.f@patial proximity to four
proton resonances of the cyclohexyl ring at 2.19, 1.82) aAnd 1.58 ppm was observed. HMQC NMR
located the®'P 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 @2, 2.5 mg of(lll ) was mixed with 0.8 eq.f@4in 0.6 mL
toluene solution. The reaction proved afteg &tidition to yield selectivel92. It is very important for
hyperpolarisation reaction to prevent formation even a small fractio@4due to the very rapigh-H.
consumption by this complex. (s&hapter 6, section 6.5)

In agreement with the large cone angle4#f(17() notris-phosphine complexes were detected.

Pa4 Pa4 Pa4
: ////’ ’ \\\\\\ DMSO H /// 1, | \\\\\\CI Cl ///// ’ \\\\\\H
N Ir. Ire
R | D S 4 | Nouso R | Nouso
DMSO P44 I:)44
92 93 94

Scheme 5.5chemical structure 2, 93and 94

Table 5.6SelectedH and®'P NMR resonances R, 93 and 94 complexes

92 93 94
H (1) (ppm) -16.90 -16.09 -10.52
H (2) (ppm) -21.01 -22.66 NA
3P (ppm) 21.70 16.72 31.53
2)CP-1) (Hz) 19.6 20.6 24.1
2JCP-2) (Hz) 17.6 14.1 NA
2)(1-2) 5.9 6.1 NA
a) thermal 64scans 298K i i 1
b) thermal 64scans 273K L,/QZM\H j\
©) thermal 64scans 253K }n’u |
' 24Hz
94
d) :-10.48 -10.52 -10.56 2days after thermal 64scans 253K g
-10 -12 -14 -16 -18 - 20 -22 [ppm]

Figure 523: Series ofH NMR spectra showing the hydride region of a sample contating (11.9
mM) of IrCI(DMSQJlIl )and 2 eq. (2.5 mg) d@#in 0.6 mL of toluena@lsunder H. a) ThermalH NMR
spectrum recorded at 298 K showing o8Band broad featuresdr 93. b) Analogous NMR spectrum
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to (a) but at 273 K. ¢) Analogous NMR spectrum at 253 K. d) Analogous 253 K NMR spectrum after two
days at 298 K before cooling reveals the consumptidd2@ind formation 0f94 alongside93.

5.8.1 Securing the identity 8

In an effort to improve the characterisation @ a sample of IrCI(COD)R@Y ) was prepared. 2.5mg

of IV was then exposed to 1.5 eq. d#tin tolueneds. The resulf!P{H} NMR spectrum yielded a
strong signal folV at 14.75 ppm alongside a sigriat free 44 at 9.8 ppm. No reaction products were
evident. The addition of Ho this solution at 298 K caused an immediate reaction, which was viewed
at 253 K by NMR spectroscopy (Fighieat.a). The hydride region shows the presence of many species
that contain both H and phosphine. No signhals 84 were detected. This complex reactivity is not
unexpected and this reaction has been examined previously by \&tedé>! 22 They reported the
partial dehydrogenation of PCyto create the PGy 2-GsHo) ligand.

1 yL of DMSO was then added to this sample and an NMR spegtasmecorded immediately at
253K (Figure 4.24.b). Signals indicative of the formatio82p®3 and 94 were immediately evident.
These species were present in the ratio 0.Q7 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

-10 -15 -20 -25 -30 [ppm]
Figure 5.24:NMR spectra confirming DMSO isrequirement for the detection oB4. 2.5mg of
IrCI(COD)PGYIV) and 1.5 eq. of PGy44) were combined in toluenés presence of K a) The'H

NMR at 253 K prior to DMSO addition confirms many hydride complexes form. b) Additipih of 1
DMSO leads taheir conversion to an equilibrium mixtug2, 93 and 94.
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5.9 Conclusions

The reaction of eight aromatic and n@momatic phosphines with IrCI(DMS@]! ) and H has been
studied in this chapter. The selected phosphines differ in size and electraviggaTwo major
observations were made. Firstly, these ligands have the ability to displace DMSQIfrand that
leads to an array of 16 electranono and bis phosphine substitution products. SecondlyH@ond
activation of the bound phosphine is commowhich means these i€lectron complexes are in
equilibrium with their orthometallation products. The reversibility of théi®ond activation step was
demonstrated through the reaction of these species withwhich proceeds in all cases. It was found
that warming the sample accelerated this process.

Reaction of the equilibrium concentrations of the 16 electron phosplim@aining complexes led
rapidly to the formation of these dihydride products. Depending on the phosphine employed,
substitution of MSO by the phosphine could be slow or fast. When slewyéVved to add tdll and

form two isomers ofrCI(H}(DMSO). These later products are also seen wlieere is a large excess

of Ill compared to phosphine.

Phosphineg5, 46, 48 and 49 exhibit simiér reactivity to H. Their Tolman parameters suggest they all
have similar electron donating characteg(= 2068 crit) and slight different cone angles.

58, 62, 59and60are analogues of9, 80, 81and82, analogues t&3, 84, 85and86 and analogues to
75, 76, 77 and 78. Just after Haddition, all first three listed complexes are present alongsidehwit
GH activations products in the hydride region of thd NMR spectrum. The second spectrum
recorded in the following minutes reveals slow conversion of com@ldr the isomer82, 85to the
isomer86, 77to the isomer78and59to the isomer60, which are the most stable&’9, 80 and82; 83,
84and86; 75, 77and 78and finally58, 62 and60are the thermodynamics product that are stable for
days.

Px Py DMSO DMSO
H//// /s \\\\\\D MSO H/// /1, \\\\\CI H// /1, | \\\\\PX H//// ‘1, \\\\\\\PX
‘Ir. e TN r
nd | Yo nd | ouso 1?” | ouso HT | ¥
DMSO Py Cl DMSO

X =46, 48 and 49

Scheme 5.3Dihydrides products formed wheh reacts with Handa phosphine ligand®vhere X
=48, 460r 49

The noraromatic phosphiné4 does not form a €4 bond activation product following reaction with
Il . Upon reaction with Fthough the outcome depends on the excesgldfIf the reaction between
44 andlll isequimolar,mono-phosphined2 dominates whereas with an excess4#fthe formation
of highly reactive93 occurs. This species undergoes very rapiddds, which is slowed at low
temperature. Slow equilibration to form thieans-hydride product94is suggseted at longer reaction
times.
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47 is the bulkiest( = 194) phosphine of the series. It is therefore expected that due to steric
constraints47 undergoesmono-substitution of DMSO, yielding8. 47 has three methyl electron
donating groups yielding a ditly different electronegativity with others phosphina.{= 2066 cr).

In contrast,51 displaces all three DMSO vyielding the single pro@ictdue to its small size. In the
series of phosphines presentesl] has one of the smallest cone angle (938 is therefore expected
to bind more ligands on the metal. In term of electron donating propef#es= 2067.0 cm) it is very
similar to phosphind?7.

50shows an unusual behaviour. Its reaction withis very slow when equimolar of the two reactant

are used. However, when an exces$0fs used, theris-phosphine €H bond activation produd9
alongside with théis-phosphine89and90are formed.50has the smallest cone angle (2and the
largest electronegativity/,, is 2085.3 cm) in rang 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, thee eight phosphines react differently with and H. These differences and
similarities are linked to the electronic properties of the phosphine. Now that the products present in
these systems have been identified, their reactivity towapdd, can beauthoritatively 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 chapterp-H, enhanced NMR is used to monitor the complexes formed during the reesctib

the eight phosphines (Pin chapter 5,Figure 5.with IrCI(DMSQYIII ). 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 thermodynarmand 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 amedrtant factors that are rationalised

lyR dzaSR (2 RSTAYS (KS SELISNAYSyGa (GKIG éAff &dzo
For low field'H study there is a need for a large heteronuclear coupling to break the magnetic
equivalence oftie hydrides. The nature of the hydrigdnosphorus couplings are therefore important.

For example, &ishydridephosphorus coupling is around 20 Hz, whil$taans hydridephosphorus

coupling is approximately 150 Hz, both of which could provide acceds toP Sy Kl Yy OSR 9 NJIi |
NMR spectra. Combining high hyperpolarisation levels with large heteronuclear couplings will
therefore allow ultralow field NMR detection. Indeed, in the low field regime, where strong coupling

prevails the heteronuclei couplisgare the only available information due to the vanishingly small

chemical shifts differences. It is therefore necessary to study and optimise the hyperpolarisation
O2yRAGA2ya G KATIK FASER 0STF2NB FGGSYLIWGAYy3I 2064SN

In addition,the aimisto reveal withp-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 1999yst Lohman et &P showedthat a
series of complexes of the form RhX(CO)HR = ClI, Br o, R = Me or Ph] react with.ltb form a
series of binuclear complexes of the type {RRRh(uXpRh(CO)(PIR They described how PHIP
allows the mapping of this previously unseen reaction and therefore enables the complexity of a
hydrogen reaction systeno be fully appreciatedSimilarly, Richard Eisenberg andaarkerg> have
usedp-H; to detect low concentration products of reaction of [RhCI@#Prwith p-H,, which showed

that the binuclear dhydride [Rh(HXPPh).0 «€I}Rh(PP¥),] and the tetrahydride complex
[Rh(H}(PPh).0 €I} are readily formed. Mgnetisation transfer methods were used to demonstrate
the importance of these complexes during alkdnarogenation. Martin Partridget al?°® have also
usedp-H. hyperpolarisation to detect a minarisciscisisomer of Ru(C@HxL (L = PMg PMePh,

and AsMePh). Such methods offer therefore an exciting opportunity for-fmdd NMR tosee
normally invisible species.
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6.2. Hyperpolarisation of trighenyl phosphine 45 using IrCI(DMSO)
in toluene

In this first examination with5 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(DM8ID) and (1 eq.) 1 mg dfis-

phenyl phosphing45) in 0.6 mL of toluen&s, which was monitored following addition of 3 bar of
p-H.. Recalling chapter 4, section 4.1, a PHIP (PASADENA) type experiment is recorded by shaking the
baw (dz S | magiefic3ieldXdr Nsedamizsubsequently transferring it in the magnet where
a“ ¥t pulse is applied. Five sequential PH#PNMR experiment were piget on the spectrometer.

The sample was shaken, then introduced into the spectrometer and measurement commenced. The
resulting, first, hyperpolarisedH NMR spectrum revealed huge hypelarised response¢SNR =
5775)for the mono-phosphines9 and thebis-phosphine62 at -10.94 and20.25 ppm and14.30 and

-20.12 ppm. A weaker response for the hydride ligands ohtbao-phosphines8was seen at15.50
and-19.64 ppm (Figure 6.1.a). T8eethree species therefore form on a suitable time scale that allows
for observable polarisation but the-H, is destroyed quickly and the signal gain remains visible for just
10 sec. In Chapter %9 and 58 were proposed to form fronb5, whilst 53, 56 and 57 were in
equilibrium and proposed to forré2.

Upon refilling the sample with fresirH; and repeating the experiment, only signals &8 and 62

were detected through their hyperpolarised response (Figure 6.1.b). The sign&2 d&oe slightly

larger i signal intensity in this measurement when compared to thog8oHowever, upon repeating

this process they repolarised with the same relative intensity. This suggestshaarranges tb8
thermally, and that botl58 and62 add H reversibly. Therefre, it will not be possible to observe the

short lifetime product9l & G KS 9F NI KQa YIF3IySGiAO FASER 6KSNB

In the organic region of thesél NMR spectra, negative hyperpolarised signals are seen for free DMSO
at 1.74 ppm ad 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 mai2npal sk

was used.

In conclusion, the reaction ¢fi and45leads to the formation of thenono-phosphines8and thebis
phosphine62. They are both detectable through stronglglarised hydride ligand signals that can be
observed by flushing freghtH. 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 note38as$ only observed in

the first of these PHIP measurements due to its rapid conversion into the otheriadatar addition,
though to the polarisethydride ligand signals, a number of resonances in the organic reaction of these
NMR spectra exhibit SABRE. These are dtheetpolarisation transfer from the hydride ligands to the
DMSO ligandnd indicatea coninuous exchange of ligands.
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Figure 6.1:Sample of 8.6 mM of IrCI(DMS@])I ) and (1 eq.) o#5in 0.6 mL of toluena&ls was used
to record two'H PHIP NMR spectra at 298 K with 1 scan. a) First PHIP reaction with Job4r of
showing hyperpolarised antiphase signal 5 58 and62. b) 2 PHIP reaction after the sample was
refilled with freshp-H; that show now hyperpolarised signals for oBand 62, and free and bound
DMSO. A zoom of the hydride region highlighes4-*H and'H-3'P coupling fo68 and 62.

6.2.1 Magnetisation transfer from hydrides’td

A test to look for SABRE hyperpolarisation transfétovas also performed. The NMR tube was filled
with 3barofp-H:= | YR aKI 1Sy ¥ 2 Nhefic figld (+6§iT). AKPFH} SIMRNSARREA
acquisition was then completed andP signals for botb8 and 62 were seen at 5.01 ppm and
9.18 ppm, respectively (Figure 6.2.a). T#{H} signal enhancement for the resonancé&is weaker
than that for 62, which is in agreement with the level ‘i hyperpolarisation.

Two types of data set were collected witH-decoupled measurements to probe this behaviour. The
decoupler centre was first located at the middle of the hydride resonancd$ ppmand then-4

ppm,whichplaces 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 shaken in thei-metal shield a stronger SABRE enhancement is

observed for both*!P signals (Figure 6.2.b). This suggests that direct rather than relayed transfer of

polarisation from the hydride ligands &P is optimaf®. The antiphase shape of the hyperpolarised
31p signal suggests that heteronucled@'Y type magnetisation is created in the experiments carried

150

Y|



2dzi G GKS 9 KiHomever, Yhe iFpifaSaishape ofthé3digRal recorded with the
mu-shield is consistent with an-phase type magnetisation term, e @"°®.

It is worth noting however that in 2015, Igor V. Koptyug étademonstrated that magnetisation can
also be transferred to the phosphine ligand. In this study, it was shown in similar complex
IrCI(H)(PPh); that efficient hyperpolarisation transfer occurs fraoaH; to both 3P and'H nuclei at

60°C and 86C at a micreTesla field of UT and 0.JuT. They also showed that a hydride dissociation
rate between 3.5 and 5.3grovided best polarisation transfer t8P nuclei. They showed that the
lifetime of both H and PPhin the bound state is on the order of hundreds of millisecond. In the next
sections, the hydride dissociation rate will be measured apdddition 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 rthés field
12 10 8 6 4 2 [ppm]

Figure 6.23P{H} SABRE NMR experiments on a sample of 8.6 mM of IrCI(BPMBnd 1 eq. of
45in 0.6 mL of toluenalg at 298 K. a) After shaking in a fehield for 5 s and b) at shaking in the
9IFNIKQa FTASER FT2NJp ao

6.2.2 Knetics ancp-H; addition mechanism

The rate of Kiloss was assessed for the two comple@sand 58 by EXSN6 27 258 The hydride
dissociation rates fo62 and 58 proved to be 3.72 + 0.0I'sind 0.10 + 0.01%respectively. In the
corresponding thermal NMR spectrum, the ratio6&to 58 proved to be 1 : 0.75. The relative rates

of H: loss theefore link to the flux of kithrough 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 ah16: ratio neglecting relaxation, which

is consistent to the ratio measured.

The level of'P polarisation should be linked to the hydride polarisation level, tié ¢bupling and
the reciprocal of the propagating coupling. A dissociation rate of betw&6nand 5 3 has been
suggested by Igor V. Koptyug et al. to be optfiiad®’ Thus, a dissociation rate of 0.10 * 0.6liss
likely to be too slow for optimal transfer. Based on these results, the predidiane? can likely be
detected using the EF NMR device can be made whé&&ssunlikely to be observed.

The procedure for unveiling the mechanism of ékchange in such complexes is to sequentially
increase the concentration of one of the ligands,(BMSO or k) and then measure the rate of:H
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loss. If the rate decreases with the increase of the varied ligand concentration, thexchinge is
preceded by dissociation of this ligand. This method was tested for DMSO. Four dissociation rates
were measuredvhere 5, 10, 15 and 50 equivalents of DMSO were present. The corresponding H
dissociation rates were 1.060.06 s', 0.710+ 0.002 &', 0.570+ 0.004s*and 0.25+ 0.16 s'for each

of these additions, which clearly show a decrease;ii{tk) acrosstie series (Table 6.1). Hence, the
mechanism for klloss 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 sant.

Table 6.1sample of(2.5 mg) 8.6 mM of IrCI(DMSQ)I ) and (1 eqg.) 1 mg a&f5in 0.6 mL of toluene
ds dissociation rate of Hin function of the amount of DMSO added to the sample. The EXSY
measurements were performed on complék

DMSO concenttion 0 5 10 15 50
Added equivalence
68 (H) (s?) (at298 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///, \\\\Cl Rate = k1 [62] Ha ////,, \\\\\\CI H////, \\\\\\CI
AN K rt . H
AN e [ —= Y
Pas -1 Pys Pss 1
l62] Rate= k- | | ] [DMsO] (1] Rate =K | |[H|
Pys P4s
Ha /////:, I|r“\\\\\CI Ha //////, ; O
nd | 9 Hb/| S
Pas Pas

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

Figure 6.3The dihydride dissociation mechanism in IrC{PFh),(DMSO) complex is skdted where
the DMSO dissociation leading the intermedibwjith a vacant site allows subsequentas$sociation.

In conclusion, the three complex&®, 58, and62 provide high hyperpolarised hydride signals that

may be visible at low field. As alreadytsth 58 and 62 are thermodynamic products where&® is
1AYSGAO LINPRAzZOG GKIFG RAAFLILISEFNBE SSNE NI LARfe&E&O®
devices the only stable products with optimal hydride dissociation rate. The main charactefristic o
these three complexes is they all have a DMSO ligams to hydride.

6.2.3 Hyperpolarisation with an excess of 45

In this second experiment, 3 equivalentsd&were used relative to iridium. This is due to the fact
that in chapter 5, section 5.3.8hen IrCI(DMS@JIIl ) and (3 eq.) o#5 was dissolved in 0.6 mL of
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toluene-ds and reacted with K the thermaltH NMR spectrum showed two set of hydride resonances
at-10.65 and-20.47 ppm for IrCI(HPss); 66. When such a reaction is now performed wtt,, the

'H NMR PHIP spectrum shows additional weak antiphase hydride sign&2 (®igure 6.4). This
species was not detected under these conditions in the absence of hyperpolarisation (section 5.3.3)
due to its very low concentratiomp-H; has therebre allowed the detection of a low concentration
species66 has previously been proven to react wiphH, and magnetisation was transferred #P
nucle??®.,

66
— +——
5 o -5 -0 -15  -20 [ppm|

Figure 6.4 Single scafH NMR spectrum of a samplelo€l(DMSQ)(11l ) with 3 eq. of45in toluene
ds under p-H, showing hyperpolarised hydride ligand signals8®and 66.

A hyperpolarised'P{H}¢ *HEP} HMQC experiment was used to confirm this assignment (Figure 6.5).
31p signals foé6 are seen at3.00 and 15.93 ppm along with a signal 6@rat 9.18 ppm.

To conclude, employing an excess4éfyields the formationof a newtris-substituted phosphine
complex66in addition to62, that both weakly hyperpolarise witrH.. However, the hydride signal
enhancements are now too weak with the apparent poor SNR of the hyperpolarised spectrum, to be
detected at the E NJinfagnatic field at 298 K.
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Figure 6.5HMQGPHIP'P{H}¢ *H NMR correlation spectrum recorded at 298 K with two scans for a
sample of IrCI(DMS&(Il ) and (3 eq.) o#t5in 0.6 mL of toluenals showing66with the two axal *'P
resonance is located aB.00ppmwhereas the equatorial'P is at 15.93 ppm. The presence of tHe
resonance 062is also observed.

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

The phosphined9and50were also examined. Phosphina8, (P(CkPh}) has an Ckspacer between

the Ph group and phosphorus centre, while phosphte(P(OCEPh)) 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 respdiffarent
behaviouris expectedA system with optimal exchange at ambient temperatures as the experiment
cell EF NMR has a limited temperature window is needed.

6.3.1 Trisbenzyl Phosphine 49: methyl linker

For49, an 8.6 mM (2.5 mg) sample of IrCI(DMS@I)) containing 1 eq. ophosphinewas dissolved

in toluene-dsand 3 bar ofp-H; added. Ten single scaH-PHIP NMR measurements were then made,
one after the other, & 298 K. These revealed enhanced antiphase hydride signals34for
Ir(HxCI(DMSO)(®). (Figure 6.6.a). Interestingly, the level of signal enhancement proved to increase
with reaction time instead of decrease. This would suggdgbrms slowly, and then wergoes 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 foB4was observed, but these were now augmented by those of a second s&Ries,
Ir(HxCI(DMSQJPsg) (section 5.83). 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 polarisadied pr
observable for ~20 minutes. This indicates sppi# consumption and confirms the reversibility of H
addition.

EXSY experiments were then recorded to assess this exchang84nehich, proved to have a rate

of 5.8+ 1 stat 313 K, which lies ilé optimal regime. Spatial proximity between the aromatic protons

of the phosphine and the Gldrotons of the DMSO to the hydride was also observed. Phosi83iise
GKSNBF2NE y20 ARSFf F2NJ 9FNIKQa FASEtR bumew RSGSC
needed for optimal ligand exchange. However, atomic magnetometer detection {fiesla regime)

might be possible becese the sample chamber is warm.

c) . 1scan PHIP 313K X \W
‘\ v Al
83 83
b) L \M" 1scan PHIP 308K A M
l
84 84
a) W 1scan PHIP 298K
-16 -18 -20 [ppm]

Figure 6.6 The hydride region of several PHIP enhanced single scaR Biddctra at different
temperatures resulting from the reaction &&.6 mM of IrCI(DMS®]lll ) and 1 eq. o#9in 0.6 mL of
toluene-dgwith 3 bar ofp-H,. a) 298 K; signal f&4 only. b)308 K; signals f@3 and 84 seen. c¢) 313
K; signals foB3and84 appear with reduced intensity relative to (b).

6.3.2 Triphenyl phosphite 50: oxygen linker

Triphenyl phosphite§0) was tested in a similar way as phosphi®eAt 298 K, the resulting PHIP data
revealed dominant hydride ligand signal gains fieer-IrC{Hx(DMSQO) 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

155



5.7). These are identdd as95, IrCI(H}DMSO)(R)., which yields a doublet of triplets located at
16.60 ppm with twacisJ(HP) splitting of 21.95 Hz and a signa2@t10 ppm whereisJ(HP) is 21.12

Hz. In contrast96 IrCI(H)(DMSOYPs0), yields a doublet of doublets at6.60 ppm which overlaps
with the 95 triplet, and a further signal at19.64 ppm with acisJ(HP) splitting of 22.84 Hz. These
species are direct analogues 6@ and 58. Weaker hydride signals are evident &8, identified in
section 5.7. These PHIP enbad magnetisations are observable for several hours, even at 333 K, so
the H exchange rates must be slow otherwise el effect would vanish quickly.

~ A 4 oA >

Hence while5S0A & y 20 &adzA GSR F2NJ 9 NI KQa T A5d4nd06doadv RS G SC
possibly be detected in thenano Tesla regime using an atomic magneeter at elevated
temperatures.

1scan PHIP, 333K 96
b) 89 89

_
—
S

95 95

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

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

Figure 6.7Enhanced PHI NMR spectra from a sample&6 mM of IrCI(DMS@{lll ) and 1 eq50
toluene-dsunderp-H.. a)Hydride region of a spectrum at 298 K showing weak enhancemengpf
IrCI(HYDMSQO) and 95 hydrides. b) Hydride region of a spectrumt 333 K showing strong
enhancement ofner-IrCI(H)}(DMSO), 95and96 hydrides. Additional weak signal enhancemen8ef
is also observed in this spectrum.

These measurements wi# 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 addition@hosphines are considered.
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6.4 Modification of 45: effect of substituents on the aromatic groups

6.4.1 Tris(4nethoxyphenyl) phosphine 48

Tris(4methoxyphenyl) phosphingt8) was examined in a similar way using a sample consisting of ~7
mM IrCI(DM®X (Il ) and 1 eq. o#8in tolueneds. A PHIP measurement was first made at 298 K
(Figure 6.8). The resultirigd NMR spectrum proved to exhibit strong antiphase hydride resonances
for 75and 76 that are analogues d8 and 62. In addition, their hydridelissociation rates proved to

be measurable a8.120 + 0.0025and4.27+ 0.03 g respectively at 298 K.

In the thermally polarised NMR spectrum the ratio7& to 76 proved to be 1 : 0.38 whereas the
corresponding PHIP enhanced signal ratio was 01096 therefore leads to a proportionally greater

signal gain in agreement with the more rapid ligand exchange T precise SNR of the hydride
signals in the hyperpolarised spectrum (1 scan, rg is Estimatedin 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 detectiohPofransfer under SABRE (see section
6.6).

T 5

-14.0 -14.4 -14.8 -15.2 [ppm]§

C

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

Figure 6.8Enhanced PHAM NMR spectrum of a sample@®@B4 mM of IrCI(DMS@)iII ) and 1 eq. of
N in toluenedsreacted withp-H; for aH PHIP experiment. High antiphase hydride enhancement is
observed for bothv5and 76.
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6.4.2 Tis (ptolyl) phosphine 47: effect of electron donating groups

The corresponding data for trigo€olyl) phosphine(47) at 298 K showed weakly polarised but
exchange broadened hydride ligand signals&81(Figure 6.9). Consequentlthe NMR probe was
coded to 273K and the PHIP reaction -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 withBX&Y data, which revealed the
hydride ligand sites interchange positions at a rate of 230® s' despite the fact kloss has a rate

of just 1.9+ 0.3 s*. This electron rich phosphine is therefore not suitable for hyperpolarisation.

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

47is also the bulkiest phosphine on series, consequently the aryl groups are expected to clash with
the equatorial hydride ligands, hence increasing their loss rate.eidewy a decrease to the hydride
kinetics is observed, that might be influenced here by other parameters. It is also speculatéd that
surely sterically hinders hydride exchange as per the reduced kinetics noted In conclusion88is the
complex that yield the weakest hydride signal enhancement and it provides the slowest dissociation
rate of hydrides. These two factors are closely related for hyperpolarisation.

Figure 6.9EnhancedPHIPH NMR spectrum from a sample o78nM of IrCI(DMS®JlIl ) and 1 eq.
1.1 mgof 47 in toluene-ds with 3 bar ofp-H.. A zoom on the hydride region shows a weak hydride
signal enhancement &8 at both 298 K and 273 K.
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