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Abstract

Abstract

Signal Amplification By Reversible Exchange (SABRiE)a hypepolarisation technique that
usesiridium catalyss totransfermagnetisatiorfrom parahydrogen(p-H.) to target substrase
Relayed polarisatiomia *H exchange involvingjir(H) 2(IMes)(NHs)s]Cl achieve 1400fold 3C
and 706fold *H NMR signal enhancemest 9.4T for nonligating alcoholssuch as dnethyt

1-butanol Thisis extended tmatural productdactate esterand pyruvate

Sodium pyruvaté*C NMR signal enhancemenbof just 65fold are only visible<15 minutes after
pyruvate addition to [Ir(H)2(IMes)(NHzR)3]CI due to formation of [Ir(H)2(e*
OOCC(CH)NR)(IMes)(NH.R)]. Hyperpolaried **C sites of hesebound imine ligandexistas
singlet statesvith NMR signal enhancemenand lifetimes o7 50-fold and 20s respectivelyThe

chemical shift of the hydride ligandary by15.5ppmallowing ligand sensing applications

Thehyperpolarisation oftketo acidsvia [Ir(H)2(IMes)(s>-O-substratisulfoxide)] achieves3C
NMR signal enhancemeswf 2135fold for sodiumpyruvatel,2-[*3C,] and 985fold for sodium
ketoisokaproat¢l-1°C] in methanold; at 9.4 T. EXSY and DFT studies reveal that
[IrCI(H) 2(IMes)(sulfoxide)] plays an important role by refreshipeH..

SABRE hyperpolarise®C NMR was used tononitorthe reaction between pyruvate angDy
Kinetic fitting at 298 Kyieldsa rate constar{0.056+ 0.003 dm mol?! s1) consstent with values
obtained from thermaH NMR and UV spectroscopy. Interestinglystaort lived2-hydroxy-2-
propanoate intermediatan bedetecedin a single sca®*C NMR spectrumat 273 K.

The polarisation transfer catalysts presented expandsdbpe of SABRE andillow MR
applicatims such as chemosensingeaction monitoring and intermediate detection
Hypermlarisation of molecules such as pyruviateaowachieved using readily accessible and

simple approach that does not ilwechemical modification
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additions(5 pL) of dilute ethanol (1uL in dichloromethanal, (1.4 mL)) does not yield a linear
relationship. d) Hyperpolariséth NMR spectra after shaking OmiL Jose Cuervo teqailwith

a solution of preactivate@i(3 mM), 8 (5 eq.) andi-d; (0.5 yL) with 3 barH in dichloromethane
d2(0.6mL) at 6.5mT for10secondgé é € é e é e éeéééeééeééeéeéeé.B2
Figure3.1: SABRE-Relay usep-H> to hyperpolarise carrier molecules like amines whethn b

the carrier angb-H» are in reversible exchange with an iridium catalyst (stefpoiprisation an

then be relayed to nedligating substrates (the potential target shown in this example is pyruvate)

,,,,,,,,,,,,,,,,,,,,

viaprotonexchange (stepéi)é ¢ ¢ 6 6 é 6 6 ééééééecééé. . é&ééé. . 86

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 7

targete é 6 6 €€ ééééééééééeecéeeeeeeeeeeeeeeee . é. 87

Figure3.3: Substrate$9-21 investigated as SABRRelay hyperpolarisation targéts é 9 1
Figure3.4: a) Possible patisation transfer routes from OH to the carbonyl carbon involving i)
indirect transfewia the'H CH ste ii) indirect transfewia the directly bound®C site or iii) direct
transfervia low field mixing. Hyperpolarised single scan-¢)**C and dje) **C INEPTNMR
spectra recorded with delay timd$ ¢f d) 2ms and e) 2Bnswhen solutions of b)9.or c)e)

20 (5eq.) are shaken with I3arp-H> for 10seconds at 6.5T in a solution o2 (5 mM) pre
activated with b (8-9 eq.) or c)e) 4-d- (5 eq.) in dichloromethand, (0.6 mL) Resonances are
labeled accordingto thoseshoinFigure3.3¢ ¢ é ¢ € é é éé e éééééeééé. .94
Figure3.5: a) In agueous media an equilibniexists between pyruvate and its hydrated form b)
A 3C NMR spectrum o22-1,2-[*3C;] (150 mM) dissolved in dichloromethar (0.6 mL) and

H-O (40 pL) showsresonances of pyruvate and its hydrated counté&pgag é é ¢ € é € 9 6

Figure3.6: a)Summarised scheme to show the reaction between pyruvate and amineda form
equilibrium mixture containing pyruvate, pyruvate hydrate, hemiamiaradi imine Note that
proton transfer steps are not shoWwjc) 3C NMR spectrum b) 1Bninutes and c) 6 hours after
the addition of equimola# to 22-1,2-[**C;] (150mM) in dichloromethane, (0.6 mL) and

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure3.7: An exarple series of partial single scan hyperpolariS€&INMR spectra recorded
when22-1-[**C] (5 eq.) in HO (40 L) is shaken with ®arp-H. for 10seconds at 6.5T at the
indicated time intervals after addition to a solution {5mM) and 4(10eq.) in

dichloromethanel, (0.6 mL) preactivated with BarH;overnight é ¢ é é é é é ééé . 97

Figure3.8: 2 (5 mM) reacts with the aminetor 5 (5-20 eq) and H (3 bar) in dichlromethane
d, (0.6 mL) to produce26 or 27 respectively. Upon the addition @2-1-[**C] in H,O (40 uL),
iridium 3-carboxyimine complexe28 and 29 are formed from thén situ condensation of

[0V AY{8 E= Y L= =T Lo =T o 11 = 98
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Figure3.9: Structures a30and31 determined from Xay crystallography. Note that any solvent

of crystallisation and all hydrogen atoms have been omitted for claritgy Xiffraction data

,,,,,,,,,,

Figure 3.10: Time courses the change in hyperpolaris€€ NMR signals that occur following
addition of22-1-[*3C] (5 eq.) in HO (40 L) to preactivated solutions containi@g5 mM) and
a) 4 b) 5 and ¢)32(10eq.) in dichloromethand, (0.6 mL). Eachdata point is a separate
measurement  involving shaking with  freshp-Hz (3bar) for 10seconds at

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

65mTé é éééééééééééeecécééeecéeeecceeeeecéee.ée. . 103

Figdar®: Exampl es of hyperpol arised met al compl e x
resonancesy BRPIRRPClIih)ed (adapted) with permission
D.P. Wei tlekdamp, Cheth®3®3%px84@p¢right (1987) American
Society b) PHI' P hyperpol ar ixsdepdp ehy d rwhdeer er edspopnea nic €
bi s(di phéamyl)peRlaspmment ed (adapted) with permission
R. uU. Kirss, P. PftDeut.s ckhi,sebelr.g, HdmmeBlatra o n , R.
Bal &h, Am. Chedn7, Sb&8®918088pyright (198&t)y Ameri can
c) DNP hy pe®¥polsdrginsadd of 0)[]¥WMhEeDTeA) (BEDTA i s
ethyl enedi ami nf8€%det r SABREIr phoyladNlidRa ke sonances of

[ 1 r2(IHNe sas]{((NtHh er e |-Mes (-2r, dm@h by | ) 2yl d@zomlee wi th
resonances fF and & Nbbeuntdlldh e hydr i@e®mndat 2. 1

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure4.2: Formation of the iridiung-carboxyiminec o mp | 22& ed9 nvestigated in
this chapter -bwihse(rtr, dnNbehsh nd | ) i28il d @dzmlee An asteri sk
denott€s |l abell ed position. The forimat Ch3aptodr t hese
| so@es neodt adkctiné&sbbdaudadéomééeéééeééécé.ééé. . 110

Figure4.3: a) Example yperpolaried*H NMR spectrum oR8recorded using a 45.f. pulse
with the analogous thermal spectrum (expanded vertically by a factor of 8) slhowe. b) This

line shape results from population (denoted by line thickneddy ahd AU nuclear spin energy

levels of28B (right) which are derived from the populdtV%UbhbDIevel inp-Hz (left).20% ¢ 1 1 2

Figure4.4:a) An example yperpolarsed **C NMR spectrum of28 recorded using a 90.f.
pulse with the analogous themimspectrum shown above. b) This line shape results from

population (denoted by line thickness)dnuclear spin energy levels 8, sites within28B

,,,,,,,
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Figure4.5: Depiction of the gperimentalprocedure used fatetermination of a) high field

lifetime (Twe) and b) low field lifetime Twe) of °C, singlet order within28B and

20Bé 6 e e éééééeééééeeéééeeeeceeeeeceeeeee.e114
Figure4.6: a) Example decay of hyperpolad!*C, NMR signal of28B measured at different

p-H pressures. Experimental data points are shown with markers while fitted values according
to a biexponential decay are shown with solid lines. b) Dechypdrpolarisd 3C, NMR signal

of 29B measured aB barp-H, by hyperpolarisingin the stray field otthe 9.4T magnet and
storing in amu-metal shield for differing time periods (blue) and repeated when the samples
stored for 10, 20 and 3econds were shaken in time-metalshield for the last Se@nds of the

,,,,,,,,,,

Figaare: Potential hydr28gatld8&é&ehandg.€ épatliBay s

Figure4.8: a) Depiction of the EXSY measurement process b) A typical EXSY specf20B
at 283K recorded 0.0 after selective excitation of the hydride ligarathsto aming é é .117

Figure4.9: Exchange processes 28B and 29B that can lead to exchge of hydrogen or
interchange of hydride liganflstc ¢ é é 6 é é 66 ééééééééééeééée.é..118
FhjudelO: a) % Abundances calculated from EXS
for a s298&tt iKb3bgf An Elyl+ magaphet! d6 a straigtl

intercepts and gradients wused to calcul ate

,,,,,,,,,

hydrogen2 88239 &crcoomdi ng to &é&gaédddinésé d159and

Figure4.11:DFT enwelgydil @gram showi ng88fhadr é¢hat ener
of speciesamr iaminmge flraoagns H These are inter med:
energies. These DFT calcul aandn@2%héhevéen.t@en p

Figare2: Addition of43,hei mi8dad mgoinadsi npeyrihi yd iecnuel f
soluti2ehecrdgd5and7 n which the amine | igand i
col iégéaén&ddé é e 6 ééééecéeééééceéeééeéeeeeéeéeéeee. .. 123
Figure4.13. a) Exchang model used for kinetic modelling transmission rates for the
interconversion betweeR9 and 44, 45 or 47. b) An example of the kinetic time course for
conversion betweef9 and 45 (data points) with the fit (solid lines) according to the model

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

described é 6 6 6 é e ééééééééééécéeeeéeeeececeee. 124

Figure4.16: Partial thermal (upper) and hyperpolarised (lodrNMR spectra for29B are
shown (left). Shaking equilibrium mixtures @0 and 44 or 29 and 45 yield hyperpolarised
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hydrideresonances fa29B, 44B and45B (right). These spectra are all recorded using the same

parameters and are shown on a comparable vertical scale (note tHz&¢ladf) are scaled
vertically by the indicated factar)é ¢ ¢ é € é é ¢ é e é e éééeéeé.ééeéeéel29
Figure4.17: Partiahyperpolarisd *H NMR spectra for an equilibrium mixture of 29, 44 and

45h) 29, 44-ds and45in dichloromethanal, (0.6 mL) shaken with ®arp-H, for 10seconds at

,,,,,,,,,,,,,,

Figure4.18: a) Partial thermal arfuyperpolarisd 13C NMR spectra for29B are shown. Upon
addition of the coligands pyridine or imidazod&B and45B form which exhibit hyperpolarised

13C NMR resonances in addition to those29B. These spectra are aicorded using the same
parameters and are shown on a comparable vertical scale (note the indicated scalingbfactors).
Different routes to create hyperpolaris€@ magnetisation withir29B c) Field dependence of

13C hyperpolagation when an equilibrium mixture 29 and44 are shaken witp-H; at varying
polarisation transferfieldsé ¢ é 6 é 6 é é 6 é e éééééééeéééeééeéé. . 132
Figure4.19: Isotopologues @BBand29B synthesised inthiswoéké ¢ é e e é e éé . 133

Figure4.20: Partiahyperpolarisd 13C NMR spectra for equilibrium mixtusof a)29B and44B,

b) 29B-d3; and44B-ds3, ¢) 29B and 44B-1°N after shaking for 18econds at 6.,T (left) and

after shaking for 18econds at 6.5 T and then leaving in a mmefl shield for Sseconds (right).

These spectra are all recorded using the same parameters and are shown on a comparable vertical

scale (note the indicated scaling factors). Accompan¥i6gNMR signal enhancements are

,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 5.1: a) Gordination modes of pyruvate to a metal centede 1 involves coordination
through the carboxylate oxygen while mode 2 involves the ketone oxygen. Bidentate coordination
through both motifs (mode 3) ooth oxygen sites of the carboxylate group (moderd)adso
possible. b) Reported examples of pyruvate coordination to a metal centre i) Proposed structure
of a pyruvate carboxylageyruvate complex in solution. Reprinted (adapted) with permission
from A. S. Mildvan and M. C. Scrutton, Biochemistry, 1967,28782994 Copyright 1967
American Chemical Socieff°ii) Comparison of the geometries of the transcarboxylase€o(ll)
pyruvate and carboxylagén(ll)-pyruvate determined from EPR and NMR measurements.
Reprinted (adapted) with permission from-K.. Fung, A. S. Mildvan and J. S. Leigh Jr,
Biochemistry1974,13, 11601169 Copyright (1974) American Chemical Soci&#jii) Electron

density corresponding to pyruvic acid and gin Salmonella typhimurium -2
methylisocitratelyase determined Byray crystallogaphy. Reprinted from D. K. Simanshu, P.

S. Satheshkumar, H. S. Savithri and M. R. N. Murthy, Crystal structure of Salmonella
typhimurium 2methylisocitrate lyase (PrpB) and its complex with pyruvateMgtt, Biochem.
Biophys. Res. Commun2003, 311, 193201. Copyright (2003), with permission from

,,,,,,,,,,,,,,,,,,,,

Elsevier®% é é ¢ ¢ ééééééééééééééeéé. ... ... ... ..142 .
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Figure 5.2:Structure of a) [#(H)4(1-SCHPhCI)(IMes)] (59) and b)fac[Ir(H)s(PPh)s] (60)
determined byX ray diffraction gudies. Note that any solvent of crystallisation and all non
hydride hydrogen atoms have been omitted for clarity. One of the bridg8@HPhCI ligands
in 59was disordered and partially occupied two sites. For refinemenisgets thex@erimental
section 74.1Q X raydiffraction data verecollected and solved by Dr. Adrian C. Whitw@etl46

Figure 5.3 Partial hyperpolarised aH and b)'3C NMR spectra when a mixture @f(5 mM),
22-1,2-[%C;] (6 eq.) and46 (6 eq.) in methanold, (0.6mL) is shalen with 3barp-H, for
10seconds at a) 6T or by 6 uT in amu-metalshield. In a) the thermal spegin is shown
expanded vertically by a factor of I6lative to . Signals marked with a black triangle are
expected tocorrespond to an active magnatien transfer catalyst containing ligated

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

pyruvateé € é € € éééeééééeééeéecééeééeééeéeéeéeéeeé..e147

Figure 5.5 Partial a)'H-'H NOESY 2D spectrum b)}3C-*H HMQC (U=25ms) spectrum at
245K of a mixture o2 (5 mM), 22-1,2-[*3C;] (6 eq.) and46 (5 eg.) in methanetl, (0.6 mL) after
the addition of3 barp-H2. The resonances are ldled according the positions shown in
Figureb6é é e 6 6 ééeécééééeecéééeecceéééeeecéeééee .. 149
Figure 5.6 Structures 061 and62 formed when darp-H; is added to a solution containing
2 (5mM), 22-1,2[*C;] (6eq.) and46(5eq.) in methanetly (0.6mL) as déermined by

,,,,,,,,,,,,,,,,,,,,,,

Figure 5.7:a) The proportion 063 in solution increases as the water content of methdmi
chloroformd is increased. b) 2DIMR charactesation confirm®$3is [Ir(COD)(IMes)(OH)]CI.

The resonance labels correspond to the chemical shift data presented ib.4aldes é .153

Figure 5.8:a) Reaction pathway for the hydrogenatior2ad form 61 (via 68) in the presence
of 46 and B, b) Time couse for hydrogenation of an equilibriumixture of2 (5 mM) and63
with 3 barH, at 245K in the presence @&f6 (5 eq.) in a) methaned, (0.6 mL) or b) chloroform

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 5.9: a) ThermalH NMR spectrum of61 in methanolds (0.6 mL) at 298K b)
HyperpolarisedH NMR spectrum after shakir@fl with 3 barp-H, for 10 seconds at 6.8 T..156

Figure 5.10: a))H NMR spectrum of61 at 298K vyields broad resonances for the rapidly
exchangng hydrides bYH NMR spectrum o61 after exposing to oxygen )l NMR spectrum
of 61 after isolating as a solid and-déssolving in methaned, (0.6 mL) d) Synthesis and
isolationof a larger batch @1 (10 mg) yielded a less pure sample. Vertical expansioncyfig)
notthesameasél)é ¢ 6 é 6 6 éééééééeééécééécéeééeeééeéé. 156
Figure 5.11: a) Reactioof 61 and22-1,2-[*3C;] to form 62 b) Monitoring addition of22-1,2-
[1°C;] (6 eq.) to61 in methanoid, (0.6 ML) using *H NMR spectroscopy22-1,2-[C,] was

21



List of Figures
added at 29& to a solution of preforme@l at 245K before being eplaced into a 9.7

spectrometer at 248. Therefore, there is a rapid temperature change at the beginning of this data
sek eéecéeéeéecééeéeéecéeéeeéeéeceééeéeéeeé . 1q7
Figure 5.12: a) Ker selective excitation of the bourb resonancdrans to hydride in61,
exchange to fred6 is observed after a mixing time of Gl(left). When the mixing time is
increased to 0.4 (right) the freel6 peak increases in intensity. ) NMR spectrunof 61 at

245K allows distinct resonances fé6t and61-dto be discernetl é é é é é é é é é é ..159

Figure 5.13NMR signal enhancemenfor free(blue,lower) and boundorange upper)22-1,2-
[**C;] when a sample containing(5 mM), 46 (4 eq.) and22-1,2-[**C;] (6 eqg.) in methanel
ds (0.6 mL) is shaken with darp-H; for 10 seconds tathe indicated magnetic field. The region
highlighted in green corresponds to magnetic fields achieved ugsingn@etalshielded solenoid.
These are single shot measurements as the sample degraded ouhetiehereerror bars are

calcdated from measements using a more stable sample (see section&€.2)é é é .161
Figure 5.14: Structures of the sulfoxid#s69-77used inthiswork é é e é e éééé . 16 2

Figure 5.15: Thepyruvate'3C NMR signal enhancemeffior the [1:1°C] and [2%3C] sites (lef

axis) and theignal intensity of the hyperpolariséHl hydride signals o62a (right axis) can be
monitored as a function of reaction time when a sample contaiBifgmM), 22-1,2-

[13C;] (6 eg.) and46 (4 eq.) in methanetl (0.6 ML) is reacted anghaken with 3arp-H; for
10seconds in anu-metal shield at 298&. Each data point is a measurement with frpdh,
shaking. Error bars are based on an average of three measurements for a sample c@®taining

where Uhax is constant therefore allowing regt measurements with consist&MR signal

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 5.16: Hyperpolarised pyruvaf€ NMR signal enhancemei{Uhay) (left axis, bars) and
'H hydrideNMR signalintensiy of the62aderivative G234 (right ais, line) as a function of a)

,,,,,,,,,,,,,,,

Figure 5.17: a) The hydrogenation#ifto 78is catalysed b2 b) *H NMR spectrum oR and71
at 245K prior to H, addition (above) and the analogous spectrum after the solution has been left
under 3barH; at 245K for 1 hour before increasing to 298 (below). ¢) This hydrogenation

,,,,,,

reaction can be monitored at 2R&y recording a series &fl NMR spectré é é é é é ...167

Figure 5.18: a) Partial hyperpolaristtd NMR spectra recorded using 4pulses at 26K of a
solution of2 (5 mM) and71 (4 eq.) in methanetl, (0.6 mL) shaken for 1@econds at 6.5T at
the specified time intervals after initiptH, addition. b)A proposed catalytic system for the
hydrogenationofltoform78¢ ¢ é é e é é e éé e éé éé e éééeééééeé..l68
Figure5.19: Structures of &2 b) 83 and ¢)84 determined fronX ray crystallography. Solvents

of crystallisation and selected hydrogen atoms have bedtedfor clarity. See the experimental
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section7.4.12-14 for refinement detailsX ray diffraction data verecollected and solved by Dr.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 5.21: Partial hyperpolarised'&} and b}H NMR spectraafter samples of (5 mM) or
i) 87(5mM) are shaken witl22-1,2-['°C;] (6 eq.), 69 (10eq.) anl 3barp-H, in methanol

ds (0.6mL) for 10seconds in mu-metalshieldt ¢ ¢ é 6 6 6 é éé e éééééé. .172

Figure 5.22: Hyperpolarised free (lower, darker) and bound (upper, lighter) pyté@a&IR
signal enhancemest after shaking a)2 (5 mM), 22-1,2[*3C;] (6 eq.) and the indicated
sulfoxide(4 eq.) or b) the indicated precatalyStmM), 22-1,2-[**C;] (6 eq.) and66 (4 eq.) in

methanold, (0.6 mL) with 3barp-H. in a mu-metal shield for 10seconds at the indicated

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 5.23: Partial hyperpolarisééC NMR spectra recorded after samples 086)(5 mM),
69 (4eq.) and 22-1,2[*°C;] (6eq.) i) 2(5mM), 46(4eq.) and 22-1,2[*C;] (6 eq.) iii)
2 (5 mM), 69 (10 eq.) and22-1,2-[*3C;] (6 eq.) are shaken imethanold, (0.6 mL) with 3 barp-

,,,,,,,,,,,,,,,

Figer®: Exampl es of reactions moni t-Arddr us
cycloaddition of -DNpPhéagpeeriboipag¢iic @d 4W3z4b1 e

di oReprinted (adapted) with permi adsabn, Chem.
201802 88902 Copyright (2010) 27Amhe rMed arb oC-h smi m:
SAH hyperpol arised pyr v artoeuasskeen | A c oatt.’@ajv al t &
Reaction befRwéay 84APREpabailtroixsygdds i | anol and t
taken frem’Ratyemerhat weeacmioontorediMRiggahgp

,,,,,,,,,,,,,,,,,,,

for the si téedsé éséhéoévené éiéné ébéléuéeé é e éeéé. ééé.. 181

Figbr2: Hyperpol ari sed pyruvate can be prc
[ 1 r Cl (COD) (piHMe ss)old i wird A uvaantde di met hy (@5 ul f ox
pyruvate) (Il Mes) (di methyl sel doxp yWYy@NMRt esi s alwn
enhancemdlndéd é&ddé éééééééééééééééééééeéé. . 182
Figure6.3: a) Photograph of the apparatus used to insert flteem NMR tubes into the

imaging coil of the 9.4 magnet. This consists of three NMR tubes insideget®0 mL Falcon

tube filled with water. A 3D printed holder was inserted into the Fatobe to hold the three

NMR tubes in place. Paper tissue was used to adjust the NMR tubes to the appropriate height b)

i) Overlaid*H FLASH (greyscale) an®C CSl image (coloured scale) of SABRE hyperpolarised
22-1,2[*3C,] with regions ii), iii) and iv) corresponding to hyperpolarised pyruvate, thermally
polarised pyruvate and glacial ethanoic acid reference respectivel}#CT8SI image (16 16)

was recorded usin? flip angles and a 2thm slice thicknessTE = 1.2ms,TR = 100ms, 1200

spectral points, 20 kHz sweep width, 17.4 kHz off§be coloured scale denotes the area of the
23
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hyperpolarised [£3C] pyruvate signal in arbitrary units. b) ii) and iii) 8¢€ NMR spectra from

regions containing hyperpolarised pyruvate thermally polarised pyruvate respectigelyl85

Figure6.4: a) Diagram of 1éhm NMR tube inside a larger water filled B Falcon tube
inserted into the bore of the 9T4magnet b}H FLASH, **C CSI, and overlay images of SABRE
hyperpolarised®2-1,2-[*3C;] in 70:30 DO/ethanolds. Note that these are not to the same scale
as those presented in Figir&. The3C CSl image (32 32) was recorded using 8ip angles

and a 20nm slice thicknesS E = 1.2ms, TR = 100ms, 1200 spectral points, 20 kHz sweep width,
17.4 kHz offsetThe coloured scale denotes the area of the hyperpolaridéd][pyruvate signal

in arbitrary units. ¢)’*C NMR spectra from a region of interest containing the tube of

,,,,,,,,,,,,,,,,,,,,,,,,

Figure6.5: FISRbased image of SABRE hyperpolarised pyruvate in methdn@l.5mL) at 7T

injected into the subcutaneous space of a deceased rat. The image has been recordedi@ith 40

voxelsover a 80mn? FOV with a flip angle of 30 andrepetition and echo times of én& and

2 ms respectively and a slice thicknessoh3fé é é ¢ é 6 é 6 é 6 6 6 é é é é é ..187

Figore: Mechanism of t he dS®gairvbod xvyelsa trieovre rosfi b yer uav
pyuvatexO,by orH the peroxi de ani omydr b@2e rfooxrym a t
hydroxypropanoate inter medicaatreb owmh idciho xd elea rabnodx yd tah
acédéeécécéécéecéécéeéécéecéecéecéeceéeeceéee.....188

Figure6.7: a) A partial single scan 98C NMR spectumrecorded &econds after #D, is added

to a solution of SABRE hyperpolarise2l-1,2-[**C;] (final mixture of 150mM HO; in

D.O/ethanolds 70:30(0.6 mL)) b) A plot of the'*C NMR signal intensity of hyperpolarised GO

formed during the reéion. Each data point is a successive single sca*@MNMR spectum.

The lines are for visual aid only. c) A plot of hyperpolarised §ighal intensity in the first single

scan 90 C NMR spectrunfor each HO, concentration. N that in b) and c) WCQ signal

intensity at each ¥D, concentration is normalised to the hyperpolarised sign@Zdr,2-[**C;]

in the first scan. These are single shot measurements with error bars derived from typical values

,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure6.8: A series of partial POsingle scan'®C NMR spectra recorded after the addition
H20; (final concentration of 15hM) and phenanthroline @q. relative ta2) to a solution of
SABRE hyperpolarised2-1,2-[**C;] (15 mM) in methanoids (0.6 mL) at 298Ké é é é ...191

Figer@: Changes in hyperpolarised signal intensit
pointsarepsbttowad .i8) HRinglurfe tted to the kinetic mod
6.-6l. 6 (soTrn and fimgenmaft-i@dhead@] [LXi tes have been fittec

,,,,,,,,,,,,,,,,,,,,,

and are shown heéereéeréctelee éame égpréeaphe . .. 192

Figure6.1Q a) A series of partial 9GH NMR spectra of sodium pyruva(80 mM) in 4%:96%
methanol:methaned, (300 L) at 25second time intervals after the addition of 3001 H,O- in
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D,O (300pL) b) Kinetic fitting of this NMR data to the model described dguations 6.7

Figure6.11: Kinetic modelling showing experimental data (markers) and predicted data (solid
lines) after a solution of 30@M H.O. in D,O (300puL) (9.4 puL of a 30% w/w HO: in HO
solution in 290.41L D,0) is addd to a solution containing2a prepared by preactivating a
solution of2 (5 mM), 46 (8 eq.) and22 (30 mM) in 4%:96% methanol:methaned, (300L)

with 3 barH- for 30 minutes at 29&. Upon mixing the two solutions the NMR tube was shaken

forx 1second int he Earthés field to ai{ldmgnin ¥0ubhg. I n
methanolds) was added t62aand shakenfar2s econds i n t he Bavags hds
added and the shaking step repeatedtoaidnéxéngg ¢ ¢ é é éé . . . . . . . .19 . . . .

Figor#®2: a) Parti al UV absor@imMn isnperl asdC

met haQ¢6LL: BIGB (upper, blue) withsexamplse atlV e
additi 6n . Baf3®B%2 wkhiwnBHsol ut i0monfciemdlr &B\on o
b) Kinetic fitting of thbsddd/édacaéaécdmOdi ng

Figure6.13: a) A single scan 9Chyperpolarised'*C NMR spectrum recorded at 280
immediately after addition of #: (final H.O. concentration of 15M) at ~ 1% K to a solution
containing hyperpolarised sodium pyruvat@-[3C;] b) and c) 12&can thermal3C NMR

spectum recorded at 268 roughly b) 4minutes and c) 1finutes after initial 5O, addition.

,,,,,,,

Figure6.14: a) Summary of chemical changes upon addition of phenethylangGatipChange

in relative hyperpolarised®C NMR signal intensity of pyruvate, bound pyruvate and the
additional species which is likely pyrate hydrate recorded with a series of @ NMR spectra

c) Representative partitH NMR spectra of the hydride region and d) time course determined

from a series of 38an!H NMR spectra when phenethylamitfeeq) is added to62a in

,,,,,,,,,,,,,,,,,,,,,,,,

Figure6.15: a) Overlaid'H FLASH (greyscale) and®C CSI image (coloured scale) of i)
hyperpolarisegyruvatel1-[*3C] (li170), ii) CQ (11122) and iii) ethanoic acidi(l77) **C MR

signals following the addition of #D; (final concentration of 206hM) to SABRE hyperpolarised
22-1,2-[13C,]. The®3C CSlimage (16 16)was recorded using® Hip angles and a 26hm slice
thicknessTE = 1.2ms, TR = 100ms, 12@pectral points, 20Hz sweep width, 17.4 kHz offset

b) 13C NMR spectra from the region containing i) NMR tube of SABRE hyperpolarised pyruvate,
H20,, and the reaction products g@nd ethanoic acid ii) reference sampienethanold, (3 mL)

and iii) refeence sample of glacial ethanoic a3dnL) which contains weak signals from
hyperpolarised pyruvate in the adjacent tube. The apparatus used in this experiment is shown in

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, s

Figure6.3@ é e éeééeéeéecééeéeéeecéceéeéececéeéecé22n

Figure6.16: Structures of the nedules tested inthiswoiké ¢ é é é e é ééé é . . 202 . . .

25



List of Figures
Figure6.17: Partial hyperpolarisetH NMR spectra of the hydride region when samples

containing2 (5 mM) and a)46 (4 eq.) and96 (6 eq.) or b)46 (10eq.) and96-1-[**C] (6 eq.) in
methanolds (0.6 mL) are shaken for 1€econds with ®arp-H.at 6.5mTé é € é é é é ..204
Figure6.18: Dependence 61C NMR signal enhancemenf free (lower) and bound (upp&%-
1-[**C] (6 eq.) on the polarisation transfer field using samplesaining2 (5 mM) and éher46
(blue and orange) &9 (green and red}L0 eq.) in methanetl, shaken withp-H, for 20 seconds.
These magnetic fields were achieved usinguametal shielded solenoid or mu-metal shield

* 1uT) (final data point, far rig). Magnetic fields marked with a negative value dentias
the direction of the field in the solenoid is aligned with that of th&'9mhgnet. These are single
shot measurements with error bars calculated from typicaésahs discussed in Chaphér 205

Figure6.19: Partial hyperpolarised®C NMR spectra when samples containing a) and b)
2(5mM), 69(10eg.) and96-1-[*°C] (6eq.) or c)2(5mM), 46(4eq.) and96(6eq.) in

methanold, (0.6 mL) are shaken fo20seconds with ®arp-H. in a) a mu-meal shielded

Figure7.1: Structure 028A determined from the NMR datagivenin Tagleé. . . é éé é¢é214

,,,,,

Figure7.3: Structure 029A determined from the NMR datagivenin TalBl8. . ¢ é é € €2 1 6
Figure7.4: Structure 029Bdetermined from the NMR datagiveninTalfld. ¢ é éé . . . é2 17
Figure7.5: Structure of5A determined from the NMR data givenTiable7.7. . . é € éé€ é220

,,,,,

,,,,,,,,,,,,

Figure7.12: Kinetic modelling showing experimental data (markers) and predictad stdid

lines) after the addition of an equimolar solution of pyridine and imidazo®9tdrhe rate

,,,,,,,,,,,,,,,

26



List of Tables

L1 st o f Tabl es

Table 2.1: Total hyperpolariséth and*C NMR signal enhancemenfaveraged per site)f
1(5eq.) and the indicated carrier-{®eq.) when they are shakém a sample containing
2 (5mM) and 3barp-H: in anhydros dichloromethanal, (0.6 mL) at 298K and 6.5mT for

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Table3.1:'H and®*C NMR signal enhancemenfor 10-17 when each is shaken withb@rp-H;

for 10seconds at 6.,1T in a solution of2 (5mM) preactivatedwith NHs (5-10eq.) in
dichloromethanal,. Substrates are either used neat, dissolved O (HOUL) or
dimethylformamidg0.1mL) as indicated. Anhydrous solvents are used and the total solvent
volume is 0.6mL. 3C NMR signal gains are measuradinga *H-*C INEPT pulse sequece.

Sites are labelled accordingtoFiglige é é e ééeééeééeééeéeéé.e... 89
Table3.2:'H and *C NMR signal enhancemenfor 19-21 when each (®q.) is shaken with

3 barp-H: for 10seconds at 6.6 T in a solution oR (5 mM) preadivated with3 (8-9 eq.) or4-

dz (5 eq.) in dichloromethand, (0.6 mL). Sites are labelled according to Fig@t8.'H T, were

,,,,,,,,,,,

Table3.3: Values oflhax, and¥%o, when22-1-[3C] (5 eq.) dissolved in the indicated amount of
H-0O is added to preactivated 27 in dichloromethdn@.6 mL) and shaken with Barp-H. for
10seconds at 6..1T. These are one shot experiments with errors taken from typical values using
alcohol substrate€Chapter2) for which repeat measurements with consistkgtvalues could
beachievel é ¢ 6 6 6 6 €6 ééééecééécéécéeééeéeeéeeéeeéeé. 101
Table3.4: Values ofthax and %o when22-1-[13C] (5 eq.) dissolved in kD (40 L) is added to
preactivated solutions & (5 mM) and the indicated amine in dichloromethahé0.6 mL) ard
shaken with darp-H; for 10seconds at 6.,T. These are one shot expeeimts with errors
taken from typical values using alcohol substrates (Chaptir which repeat measurements

,,,,,,,,,,,,,,,,,,

with consistenthaxvalues could be achievedt é é é 6 é 6 é é 6 ééééééé. .. 102

Table3.5: Values oflhax and¥%o when22-1-[13C] (5 eq.) dissolved in HO (40 L) is added to
preactivated solutions of the indicated precatalyshi®) and4-d; (5 eq.) in dichloromethane
dz (0.6 mL) and shaken with Barp-H; for 10seconds at 6.81T. These are one shot experiments
with errors taken from typa values using alcohol substrates (Chapjefor which repeat

measurements with consistdiitk values could be achieved. Values of buried voRime0. 201

,,,,,,,,,,,

Yof 29B

,,,,,,,,,,,,,,

27



List of Tables

Table4.2: Rate constants for Hproduction § ¢ +1L)'and hydride interchan

determined by EXSY at 273 K as a function ofgtiessure when aminewcentration was fixed

,,,,,,,,,,,,,,,,,,,,,,,,,

Table4.3 Relative energies d8 and computedthermodynamic parameters related to ligand

exchange processes at 208All values are in kidnol* and relative t&8B whichis set as a zero

point Note these are product energies and not transition state bafriere.s e DFT <cal cul ati o
have been performetdbygébPeécéeRicélared éOé.Jah

Tabdl.ed: Selected fitted ratebectoneStndlddtsddescri bing
calculated by fitting the EXSIY 1lBadt)a t(oan hex amopd eel

Fi gaare3a described. by. Efqufatli lonst addtled d oncd tuadn tnsg aarl d
gi ven xiprertilmee o/ @B ¢ e éécééeééecééecééeééeé.l125

,,,,,,,,,,,

,,,,,,,,,,,

Table 5.1: A summary of the results of testing a solutio& &fmM), 22-1,2-[*C;] (6 eq.) and
the indicated coligan¢b eq.) in methanets (0.6 mL) with 3 barH.. These samples were left to

react with H for 1 hour at323K before they were shaken withbarp-H; for 10seconds in a

,,,,,,,

Table 5.2'H and**C NMR resonanes of thelominantspecies formed whentgarp-H; is added
to a solution containing@ (5 mM), 22-1,2-[*3C;] (6 eq.) and46 (5 eq.) in methanetl; (0.6 mL)

as determined by 2DMR characterisation at 24%6. The resonance labels and symbols

,,,,,,,,,,,

Table 5.3: Relative enthalpy (H) and Gibbs free energies (G) of the isom@&2sdefermined
from DFT calculationsEnergies are relative to tr@ef62awhich is set as a zero point. These

,,,,,,,,,,

Table 5.4 H and ®™CNMR resonances of [IrCI(COD)(IMesfR) (5mM) and
[Ir(COD)(IMes)(OH)]CI (63) in methanolds (0.6 ML) at 245K where the resonance labels
correspond to thse shown inFigure.76¢ ¢ ¢ ¢ é é é 6 éé e ééééeééééeée. .. 153
Table 5.5: DFT calculated relative enthalpy (H) and Gibbs free energies (Gdoicgs formed
from ligand los§rom 61. These energies ardatve to those 061 which are set as a zero point
and are nbtransition state barrier¥hese DFT calculations have been performed by Dr. Richard

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

O.Johi¥% ¢ ¢ ¢ é¢éééééééééeéééééeéeéééeéééeéeééééé. 159

Table 5.6: Comparison dhay, Wo, Ss2a andReszafor solutions of2 (5 mM), 22-1,2-[13C;] (6 eq.)

and the specifiedutfoxide of Figure5.14(4 eq.) in methanets (0.6 mL) after shaking with

3 barp-H:for 10secondsin emu-metalshieldt ¢ € ¢ ¢ é e e éééécéeéééee.e1l63
28



List of Tables
Table 5.7: Selected ray crystallographydata for82-84. X ray diffraction data vere collected

,,,,,,,,,,,,,,,,,,,,

Table 5.8: Comparison dbhax W@o, and Reza values measured after shaking a solution of the
specified precataly$b mM), 22-1,2-[*3C;] (6 eq.) ands9 (10 eq.) in methanetls (0.6 mL) with
3 barp-H:for 10secondsin mu-metalshieldt é é € é é é e e éééeéeéééeé. . 171
Table6.1: Comparisp of Ghax Ss2a and Rea for solutions of2 (5 mM), 69 (10eq.) and22-1,2-

[13C;] (6 eq.) in the indicated solve(@.6 mL) shaken with arp-H, for 10seconds in anu-

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

metalshiellt é ¢ é ¢ éeééééééécécéecéeéeééeceéeceéeeéeée. 183

,,,,,,,,,,,

,,,,,,

,,,,,,,

,,,,,,
,,,,,,,,

,,,,,,,

Table7.7: NMR data collected in dichloromethagieat 245K used to determine the structure of
45A shown in Figure’.5. Resonances are labelled accordingto Figiske e é € € é .6 22 0

Table7.8: NMR data collected in methandy at 245K used to determine the structure 1A

shown in Figuré&r.6. Resonancese labelled according to Figurecé é é é € é é é é . 221

,,,,,,,,

,,,,,,,

,,,,,,,

Table7.12: NMR data collected in dichloromethasheat 245K used todetermine the structure
of 56 shown in Figure7.10. Resonances are labelled according to Figi@ é é é é é ..225

Table7.13: Selected crystal data and structural refinement detaiSdoé é ¢ ¢ ¢ é é . 226

,,,,,,,

29



List of Tables
Table7.15: Selected crystal data and structural refinement deta@2doé é é é é é é ..228

Table7.16: Selected crystal data and structural refinement deta@8doé é é é é é é . 229
Table7.17: Selected crystal data and structural refinement deta8iddoé ¢ é € é é é . 230

Table 7.18: Transmission rate constants describing interconversion b&9weed4, 45, or47
calculated by fitting the EXSY data (examples shown in Eigut3b and 7.11) to the model
shown in Figuret.13a described by Equationgl-4.12. Nok that the model sets values smaller

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Table7.19: Transmission rates used to fit kinetic data showignre7.12 according to the
model shown in Figur@.11 and Egations7.1-7.9. All errors are lesthanl x 10°s'é é ¢ . 2 3 4

30



Acknowledgements

Acknowl edgement s

This PhD was funded by tHePSRC andaarried out in the group &frof. Simon. B. Duckett

I would like to thank Dr. Aneurin J. Kennerley for his kind help in collecting MR images and
preparation of the MRI Figes presented in Chapter 6.

| am extremely grateful to Dr. Peter J. Rayifor his constructive and helpful advice, especially
whenpreparingthis thesis.

31






Aut horés Decl a

Aut hor 6s Decl arati o

| declare that tis thesis is a presentation of original work and Ithensole authoiThis work has

not previously been presented for an award at this, or any other, University. All sources are
acknowledged as referess.Any DFT calculations were performed by Dr. Richard O. Jotn

ray diffraction data verecollected andsolved by Dr Sam.. Hart, Dr. Rachel R. Parkeur Dr.

Adrian C. Whitwoda. The iridium prectalysts used in this work were synthesised by Dr. Viatori
Annis, Hannah Kettlepor Dr. Peter J. RayneSome of hework detailed in this thesisas been
presented in thpublications listed belogiven in the Appendix).

1 P.J. Rayner. J. Tickner W. lali, M. Fekete, A. D. Robinson and S. B. Duckett, Relayed
Hyperpolarisation fronParahydrogen Imprees the NMR Detectability of Alcohol§hem.
Sci, 2019 10, 77097717.

9 B.J.TicknerW. lali, S. S. Roy, A. C. Whitwood and S. B. Duckett; i d -Carbnxyiﬁhine
Complexes Hyperpolarized witRParahydrogen Exist in Nuclear Singlet Statesfdve
Conversion into Iridium CarbonateShemPhysChen2019 20, 241-245.

1 B.J. TicknerR. O. JohnS. S. Roy, S. J. Hart, A. C. Whitwood and S. B. Duckett, Using
Coligands to gain Mechanistic Insight into Iridium Complexes Hyperpolarized with
Parahydrogen, Chem. Scj.2019,10,52355245

T W. lali, S. S. Roy,B. J. Tickner F. Ahwal, A. J. Kennerley an&. B. Duckett,
Hyperpolarising Pyruvate through Signal Amplification by Reversible Exchange (SABRE),
Angew. Chem2019 131, 1037710381.

1 B.J.TicknerJ S. Lewis, R. O. John, A. C. Whitwood and S. B. Duckett, Mechanistic Insight
into Novel Sulfoxide ©ntaining SABRE Polarisation Transfer Catalysi®alton
Trans, 2019 48, 1519815206.

1 B.J. Tickner R. R. Parker, A. C. Whitwood and S. B. Duckett, Probing the Hydrogenation
of Vinyl Sulfoxide usingParahydrogenOrganomet 2019 38, 43774382

1 B. J.Tickner, O. SemenovaWw. lali, P. J. Rayner, A. C. Whitwood and S. B. Duckett,
Optimising the Hyperpolarisation of Pyruvate using SABRE by Tuning the Active
Magnetisation Transfer Cataly§lat. Sci. Technqgl2020,10, 13431355.

1 B. J. Tickner P. J. Rayer and S. B. DuckettlJsing SABRE hyperpolarizet#C NMR to

interrogate organic transformations of pyruyteal. Chem.In Press.

33






Chapter 1

Chapter 1: |l nt roduc

Magnetic Resonance (MRgchniques use magnetic fields and radiofrequéné€y pulses to
excite nuclear spins within molecules and are sofnine nost versatile tools available for the
structural characterisation of moleculésNuclear Magnetic Resonance (NMR)commonly
used in the routine detection and structural elucidatiom wide range of molecules including
organic compoundsinorganic complegs, proteins and many otherBhe relatedMagnetic
Resonance Imaging (MRcan produceanatomically detailed 3D imagédsr clinical disease
diagnosis. MRI is able tmvestigatesoft tissue structure arid most commonlyused to detect
abnormalities in tisue morphology. The use of nofionising and nofinvasive radiation
(compared to PET, CT ot rays) is an additional advantage and as a reSl, is routinely used

in clinical medicine. The fundamentals of MR aiscussed in section 1.1

Many approaches have beeevelopedto improve disease diagnosis bMRI including
administation of paramagnetic contrast agents which are discusssection 1.2While these
agents cafimprove MR contrastheydo not change intrinsi®IR sensitivity. The cause dfIR
insensitivityon the molecular level, and théferent hyperpolarisation techniguesed to address
this problem arediscussedn sectionl.3. It is anaim of scientists wrking in this area to use
hyperpolarised biomolecules &s vivo reporters to study humanatabolomics angrovide
imaging methodologies that give information abossue function in addition to static tissue
structure> The types of molecules commonly used as hyperpolarised contratt agediscussed

in section 1.5.

1.1 Theory of Magnetic Resonance (MR)

1.11 Fundamentals of Nuclear Magnetic Resonance (NMR)

Spectroscopic techniques generally rely on the exaitatfaa ground state energy levelform

a higher energy excited stafes energy levels are quantised, specific frequencies of radiation are
required to excitdransitions between them. These energies can be calculated according to
Equationl.1, whereYO is the energy difference between two energy levBls, s Pl anc k o

consant, and) is the radiation frequency.

v

YO O PP

Unlike electronic or vibrational spectroscopy which use ultraviolet (UV)n@nared (IR)
frequencies to excite electronic or vibrational transitions respectively, NMR uses radiowaves to
excite transitions between nuclear spirergry levels: As nuclear spin energy levels are very
closely spaced in energy, only low frequency (and low energy) radiation is needed to match the

resonance condition described in Equatich
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The phenomenon of MR is based upon the property ofeaudpin, ) which is a vector

containing contributions from each of the Cartesian directic@iO{i0).2 Nuclear spin is
described usinghe ruclear spin quantum numbé@which takes integer or half integer values.
Those nuclei for whicfiO T, such as?C or'%0, have no nuclear spin and do not exhibit MR
properties. Nuclear spins in whicHO 1 will contain both nuclear spin(®) and magnetic
moment,(‘ Hiwhich is also a vector. The nuclear spip, endmagnetic moment, Hiare related

through a proportionality cotent called e gyromagneticratim , as showh2?i n Equati on
O r'H P&

The magnetic momentlfof a collection of nuclei are eacindomly aligned, or isotropic, in the
absence of a magnetic field’lhey become aligned in the presence of a magnetic fi@ljl @s

depictedn Figurel.1lab. In the simplest casghere nuclecontainG= 1/2, two possible nuclear
spin energy levels arise from aligent of* Rvith the direction othe field to give a lower energy

state] , or against the direction of the field to give a ligknergy staté, (Figurel.1b)3

a) b) c)

Wy g o | 90000 ¢

— == B,E B, E

006600 006660000

Figure 1.1: a) Nuclear spins have magnetic moment) which are randomly aligned (isotropic) in theabsence of a
magnetic field. b) When a magnetic field Bo) is applied these magnetic moments beconadigned either parallel or
antiparallel to the direction of the applied field. The energy difference between the twalignmentsis small, but there
is a slght preference for parallel alignment. c)Hyperpolarised g/stems, which are discussed in section 1.8avea much
greater population difference between nuclear spienergy levels.

1.1.2 Vector model of NMR

MR is able to study the nuclear spin properties of moleauetheir interactions with external
magnetic fields andf. pulses® The alignmeat of magnetic moments in the direction of an applied
magnetic field createnet nuclear magnetisation,. This is a vector thatontairs contributions
from0 , 0 , andD .2 The net magnetisation of nuclei along the direction of the applied
magnetic field is labelled andwill depend on how many nuclei are present ingample and
the energ spacings between nuclear spin stat#sder thermal conditions net magnetisation is
orientated along the direction 6f while contributions fromd and0 are 0 as nuclear spins
are randomly orientated in the transverse (xyh@¥rhis is depicted in Figurg.2a in which the
vectors) and® are parallel. Upon the application of ah pulse,b is rotated away &m the

direction of 6 and the two are no longer parafieThe magnetisation vector experieace
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twisting force resulting in the precessiofry aroundd as shown in Figuré.2b. This precession

will occur at the Larmor Frequengy, described in Equatioh.33
T ro pE

As themagnetisatiorprecesses around the magnetic field it maps out a circle on the transverse
plane which is largest whet is perpendicular ta@d . At this point0 and0 make a
contribution tab while the longitudinal magnetisan, 0 is 0.3 NMR signals are detected in the
transverse plane fromrecessing Xy magnetisation. The resultMB signalsare most intense
when0 is rotated 99from0 to0 . Itis therefore important to choose pulses of appropriate
duration such thab is rotated into the transverse plane. A rotating frame of reference can be
usedto simplfy these descriptionghich rotates irthe transverse plane at the Larmor frequency

such thaD  rotating at this frequencgppears static, as shown in Figirgc? 3

a) z b) z <) z

Figure 1.2 a) At thermal equilibrium the net magnetisation 0 is oriented along the direction of the magnetic field,
6 b) Upon application of a 90 r.f. pulsel is rotated away from the direction of 6 and into the transverse plane
where precesson around ¢ at the Larmor frequency can be detectedc) In a frame rotating at the Larmor

frequency in the opposite sensé, appears stationary.

When a magnetic field is applied to an ensemaflauclear spinsthe magnetisatiordoes not
appear instantaneouslhinstead, oclear spins must come into thermal equilibrium with the
applied magnetic fieldvhich involvesthe exchangef energy between the spin system and the
environment. The time taken for thenagnetisatiorto reach quilibrium is characterised by a
time constant], often called the longitudinal or spin lattice relaxation tfiidis time constant
also describe the relaxation of from the transverse to the longitudinal plaral is given in

Equationl.4 wheredis time.

0 6 0 p Q p8

The decay of magnetisation in the transverse plane is due to random dephasing of magnetic
moments inteacting with other spins and is also characterised by a time corstast described

by Equationl.5. This is termed the transverse or spin spin relaxation time and is typically shorter
thanT..®
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1.1.3 Insensitivity of NMR

The interaction between nuclear spin and magnetic field is very weak and causes only a small
energy difference bewen the two possible alignmenitEhe energies of these nuclear spin levels

can bepredictedby finding the eigenvalues of the Schrddinger equatising a nuclear spin
Hamiltonian? As the energy differences between these states are very lsenallg only alight
preference for nuclei to align ime direction of the applied magnetic field. Thereforepsl
population difference across nuclear spin energy levels results from verngsargly difference
betveen the two (aligned or not alignedituations’” These population differences can be

described by the Boltzmann law, given in Equatiodwherel and( are the populations of

Uandb states,Qis the Boltzmann constant, aids temperature.
6 .
T Q P&

Under thermal conditions there is an excess of only 1 in 32l®@iclear spins ithe Ustate at
9.4T.5 This leads to a molecular insensitivity which is even greater foplouclei such a$’C

for which there is an excess aiily 1 in 800,000 spins in tHeéstate at 1.5 T. The application of
r.f. pulses drive transitions betweéhandb levels; only those excesses of spins are visible to
NMR.3 Therefore, MR is an insensitive technique on the molecular level agritd istensity is
proportional tosmall population differences acse nuclear spin energy levélShis often
necessitates the use of concentrated samplesv(>to generate sufficient signal, which is not
the case for other sposcopic techniques such as mass spectrometpMj< or X ray

diffraction (a single crystal).

Polarisation(P) is a term used to describe the extent to which nuclei align withgainstthe
applied magnetic field and is given in Equatibi’ Polarisation can be increased either by
redudéng the temperature or increasing tegength of the magnetifield, according to
Equationl.4, although in reality there are both low temperature restrictions for living samples

andlimitations on the strengths of magnets that can be made (up to 24 T).
.0 0 BAT )
O = R #?-TQ, P

Hyperpolarisation is a term used to describe any technique that can produce non Boltzmann
population distributions across nuclear spin energy levels (Fig 37idyperpolarisation has
been used to generate MR signals enhanced by many orders of magndutksagone some

way to address thesensitivities of NMR’. These techniques are discusktirther in Sectior.3.
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1.2 MRI contrast agents

For MRI, themolecularinsensitivityof MR usuallynecessitates imaging the large abundance of
water protos in the body tcachievesufficient sighal strength MRI thereforedetectswater
molecules in theddy and can producimages of exquisite contrast thlitinguishtissues based

on the different longitudinal relaxation timé&g) of their water proton$MR sensitivity describes

how many nuclear spins are observable and can be improved using the hyperpolarisation
technigues described latgzection 1.3 MR contrastis related to distinction of nucleapins in

one area of tissues from others and can be important when diagnosing differences in tissue
structuret 8 Improving the contrast or sensitivity of magnetic resonance (fd&)niques is the

focus of much attentioh’

Contrast can be artificially createth tissues by injecting paramagnetic gadoliribasedT:
contrast agents,® or Chemical Exchange Saturation Transfer (CEST) agénf§. contrast
agents artificially reducd: of surrounding water molecules by a dipolar coupling meshnani
between the unpaire@d f” electrons and coordinated water molec@l&&ree key parameters
determine how effective such Gd centrdsxesurrounding water moleculesssummarised in

Figurel.3a

1. The rumber of water molecules in the coordination sphgref(the Gd centre
2. The mate at which the watenolecules exchange at the fi@d coordination siteqy)
3. The rate at which the molecule tumbles throwsgiution &)

For maximum relaxivity the molecule must have a high rate of water exchange and a low rate of
molecular tumbling.Relaxivity is also depelant on magnetic field strength and therefore
contrast agents are likely to work optimally at a selected fielge paramagnetic centres often
tumble too fast in solution to give great increases in relaxivity, and free Gd idridkie body
causing sié effects such as nephrogenic system fibrosis (NSBdher concerns over the long

term health implications of injecting gadolinium complexes, such as metalitit@pasthe brain,

hawe recently emerget: 14 The coordination of Gd by chelating ligands reduceth lopoand
toxicity and tas yielded clinically approved contrast agents, the structures of some of these are

shown in Figurel.3b.

Agents of this type have been used to detect disorders of the blood brain'pamitp image

blood vessel$§ which has improvedhe diagnosis of cardiovascular diseases or angiogenesis by
cancer cells! There have been attempts to direct comtagents to particular tissuedsy
conjugation with antibodié&orincorporation into pH sensitive gels that aleased only at sites

of cancer® Alternatively, Chemical Exchange Saturati®ransfer (CEST) agénare a type of

r.f. selective contrast agethat avoids the health implications of injecting Gd. CEST agents
contain exchangeable protons (usually amide, carboxylic acid, or hydroxyl groups) and generate

contrastvia magnetism trasfer to bulk waterfollowing selective presaturation die agent
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followed byprotonexchangé:'? In CEST,the exchanging pools of spins are digjuished not

because otheir relaxation times, but because soaneselectively excited*

[¢] o
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Figure 1.3: a) Water relaxivity is mediated by the hydration number ), water exchange rate 4,), and molecular
tumbling rate (%) of gadolinium-based MRI contrast agents b) Buctures of some clinically approved Gdbased
contrast agents.

Over the last 30 years, new approaches have been developed tdumettmal MRI (fMRI) in
which MR signalsof buk waterare dependant on biological events or external stimuli. The most
common of these relies on the change in MR signal upon oxygenatideogygenation of
blood?° These Blood Oxygernevel Dependan{BOLD) signals are a consequence of the
different magnetic properties of oxyhemoglobin and deoxyhemogt®@ihese BOLD signals
have been related to neuronal activity and nsogies have linked BOLD signals to changes in
brain function?® Despite this, the link between brain activity and BOLD signals are not yet fully
understood! Other, less developed approaches, M§&d contrast agents responsive to biological
targets such as metabns?? neurotransmittefé and proteing? This provides advantages
compared to the BOLD signal as the release of transition metal ions or neurdtessane
important in neuronal signalling or other biochemical pathwayherefore, the synthesis of
contrast agents whose MR signal can respond to changes initegéchl stimuli has received

significant attentiors®

While contrast enhanced MRI cayive great information on the structure andrptimlogy of

living tissues (allowing diagnosis physical differences in morphologyt)provides littledetail

about thebiological function or disease state aissues.While these approaches have moved
towards functional MR, the molecular insensitiwityMR has not been address@dmore direct

and reliable way to investigate tissue function by magnetic resonance is to image low
concentration biomoleculga vivo.® Imaging individual biomolecules, rather than bulk water
molecules, provides a route to studying the biochemical ifumctf tissues in the body in real

time. In order to image individual biomoleculesthe body subgantial signal gains are needed
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to observe and image low concentration biomolecules, dangaetabolitesHyperpolarisation

isnow therefore bimg used tocreate naturally occurringontoxic agents with greatly enhanced
MR signals withadvantagecompared tanjecting other contrast agents such as those based on

toxic paramagnetic heavy metals

1.3 Hyperpolarisation technigues

Over the last few decades, many hyperpolarisation techniques have been developed to create MR
signals enhanced byp to fve orders of magnitude.This section describes the techniques
commonly used to create hyperpolarised molecules in guédlistate, althouglspin Optical
Exchange Pumping (SOEPanproduce hyperpolarisethe?” and?°Xe?® gases suitablf®r lung

imaging The hyperpolagation approaches focussed on here include dissolution Dynamic
Nuclear Polarisation (@DNP) and ParaHydrogen Induced Polarisation (PHIP). All
hyperpolarisation techniques involve polarisation transfer from an external source which is
usually either an urgred electron in the case of DNP%°(section 1.3.1pr para-hydrogen in

the case oPHIP (section 1.3.2§+34

1.3.1Dynamic Nuclear Polarisation (DNP)

DNP was first theoretically suggested by Albé@werhauser in 1953 and experimentally
observed byCarver and Slichter in the sameay3® 3’ The techniqueexploits the greater
polarisation of an electron by transferring it to nuclei thronghrowaveirradiation at the
reonance frequency of the electron in a magniédld. This commonly occurs when the-be
polarised nuclei and an organic free radical are frozen together in a glass matrix at low
temperature (<10 K3 38 Electrans contain electron spin which can align with, or against, an
applied magnetic field. This creates two non degenerate electron spin energy levels, in an
analogous way to thaf proton nuclear spin shown kigure 1.1b; this principle is the basis of
Electon Paramagnetic Resonance (EPR) spectrosoflye energy difference between these

two states can also be determined using equations 1.1 and 1.3 and agiqgummapto the
gyromagnetic ratio of the electron)( As 2 is 660 times largethan that of the protoroy), the
electron Zeeman levels are further spaced and therefore contain a greater population difference
across them? Overhauser suggested that this greater electron polarisation could be transferred to
a proton togive NMR signals enhanced by a maximum theoretical factor of%&®shown in
Equaion 1.8 in which-ags theNMR signal enhancemerit is the coupling between the electron

and nuclei,Qis a leakage factor between 0 dhthat describes how nuclear spin is relaxed by

electron spin, and is a saturation factor that describes howl &EER transitions are saturatéd.

o
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Polarisation transfer from electrons to iheicis complex andhe DNP effectis commonly

explained using three models:

1. Solid effectwhich consides a single coupled proton and electron

2. Cross effect which considers a single nuclei coupldwioelectrons and is commonly

applied topolarisation using biradicals
3. Thermal mixing which considers the coupling of multiple nuclei to multiple electrons

Thesolid effect most commonly applies to cases in wiiiehhomogenous EPR linewidth of
the electron} , and theinhomogenous EPR spectialeadth,w, are both smaller than the
nuclear Larmor frequendy.Trityl radicds (such agris[8-carboxyt2,2,6,6benzo(1,2d:4,5
d)-bis(1,3)dithiole4-ylimethyl sodium salt, commonly referred to as OXP&& commonly
employed in DNP and have narrow EPR linewidths. Therefore, their use as polagieirtg

is often described usinifpe solid effect’® A coupled protorelectron system idepicted in
Figurel.4a containing four different energy levels. EPR allowed transitions in whéch
pandwd& Tcan be saturated as can NMR allowed transtionwhichw ¢ p and
wa 14 The solid effect relies omaguration of one of the EPR forbidden transitions in
which wa p andwa p to yield enhanced population diflsnces across NMR
allowed transitions, shown in Figute4b. The model relies on saturation of EPR forbidden
transitions as excitation doth EPR allowed transitions would result in no neafsétion
increase across nuclear spin energy levels. A sinuigarcellation effect results from
saturation of both EPR forbidden transitions. It is therefore important to use radicals with
narrow line widths that caefficiently saturate only one forbiddd=PR transition leading to

a high value of (1) and a closer to theoretical maximum enhancement talue.
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Figure 1.4 a) Energy levels for a weakly coupled nuclei (= 1/2) and single unpaired electron with allowed EPR
transitions shown in solid black lines, allowedNMR transition s in dashed blue, and forbidden transitionsin
dotted red. Circles represent the populations of each of the four energy levels under thermal conditiotfen)
Saturation of one of the EPR forbidden transitions (i) lads to a population redistribution that increases
polarisation across NMR allowed transitions (ii)*° Saturation of the second EPR allowed transition is not shown
but would yield equal sgnal enhancementof the opposite sign. Satration of both allowed or forbidden
transitions simultaneously would lead to a cancelling out dfIMR signal enhancement

In those cases where the EPR spectral line width is greater than ther feequencythe cross
effect and thermal mixing modetse more appropriaté’ The cross #ect considers coupling
between one nuclei and two electrons, a condition that is commonly metbivhditals(such
asdinitroxides)are useds polarising agentfn this case, aimilar energ level dagram to those
shown in Figurel.4 can beonstruced between a coupled thrggin systemt(vo electrons and

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

transitions with enhancements of opposigmsiepending on which electron is saturéfed.

In reality, ahyperpolarisedsanple will contain multiple nuclei and electrons all interagtin
together.Thermal mixingthereforeconsiders cases where more than two electrons are coupled
to nuclei and is more commignapplied toconditionsin which theradicalis present in high
concentration4? As spin spin interactions are very strong and interactions with the surrounding
lattice are weak the system can be thought of as isolated from its surroundings and a
thermodynamic model using the concept of spin temperatures is ofteri® idege energy
reservoirs are considered: the electron Zeeman interaction (EZI), thamzetman interaction

(NZI), and the electron spispin coupling interaction (ESSI). Eixation close to the EPR
resonance condition effectively cools the EZI, lasven in Figurel.5, whichin turn heats both

ESSI and NZI giving rise to greater nucleargdations'?
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Figure 1.5: a) EZI (1), ESSI (2), and NZI (3) have the relative energies and population differences ued thermal
conditions shown here, each reservoir has a distinct spin temperature displayed by the solid black lifieb) Upon
irradiation close to the EPR frequency the EZI is heated c) Subsequent dow of the ESSI leads to cooling of the NZI
and consequentlyhyperpolarised NMR signak for nuclei. The three reservoirs attain a common spin temperatur&.

Itis common for multiple polarisation mechanisms to occur, particularly in cases where EPR line
widths contain both homogenous and inhomogeneous line broadening. Thetresdioaent of
DNP polarisation mechanisms, and the relative contributions of eacladdige area of research.
Generally, lgher NMR signal enhancemenare achieved wbn DNP is performed at low {0

5 K) temperatures under which conditions solid samatesused and the electron polarisation is
greater. Thedrmation othyperpolarised sadss is of limited use fan vivoapplications and liquid
state DNPypically suffers fromower NMR signal enhancemesitt* A significant advancement
camein 2003with the development of dissolution DNP-INP). Thisinvolves the polarisation
of solids at 1.2K followed by injection of sugrheated solvent to rapidly melt the hyperpolarised
solidsbefore they are ejected into an NMR or MRI instruntéiihe ability to convert the agent
from the solid state to the liquidase in a matter of seconds without significant loss of
hyperpolarisation has enabled the generation of hyperpola#Séabelledmolecules for use in

in vivometabolic studies which is discussed lé&section 1.5 d-DNP has found the most success
in clinical applications and can produttd and*C NMR signalsin the liquid statehat have
polarisation levels of 92%nd70% in times as low as 15@conds and 2@inutes respectivelsf.

38

1.3.2Para-Hydrogen Induced Polarisation (PHIP)

Para-Hydrogen InducedPolarisation(PHIP) could provide a lower cost and faster route to
hyperpolarigng moleculescompared to @DNP which isusually a more time consuming,
expensive, and technologically demanding technf§&HIP usegpara-hydrogen(p-H,) as the
hyperpolarisation sourcand its magnetisations typically incorporated into moletas by
hydrogenation reactions, such as the hydrogenation of alkenes into atkamadative addition

of hydrogen to a metal centie 46

Molecular hydrogenis formed of two coupled spit/2 'H nuclé and can exist as two spin
isomerspara-hydrogen p-H,) andortho-hydrogen(o-H.).# p-H: is a lower energy singlet state
with nuclear spin of O while-H; is atriplet state consisting of three degenerate energy levels

with a nuclear spin of,1las shown in Figurg.6a. At room temperature and pressure hydrogen
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exists in a 25:7%-H,:0-H; ratio*” but if cooled (to 2&) in the presence of a spin exclgan

catalyst such as E@; or activated charcoal then spin disallowed transitions foe? to p-H-
occur andup to 984 enrichedp-H, can be producet.When thecatalyst is removed and the

temperature increased, enriche#l, survives.

When hydrogen is placed in a magnetic field the energy levels of tiplglose their degenecy

and have the energy ordering shown in Figufb3! 32 In a case where enhied p-H;

F T T | isused,onlythe f andf | levels are populate®d.p-H. is an NMR silensinglet

state and isntisymmetric with respeab tspin exchange. In other words, if the sign of one of the
Uor b states is changed then the sigrgdftis also inverted.Singlet magnetisation deenot
commute with common MR relaxation meaisns such as dipolar coupling whictsysnmetric
with respect to spin exchanéfe® Therefore, the enrichgotH, state can havifetimes as long

as manyhours*®

a) N b) A

o-H, 1
2 —HeH= e 3,3@3.\1
. . 4 o
Mi=1 aa  Mi=0 leB+pa) Mi=-1 Bp _“_ D _”_
E E, By !
> A
pH, T _” B 2N v kg P

Mi=0 %ap-Pa)

1 3 aa

d) ‘

Figure 1.6:a) Diatomic hydrogen exists as two different spin isomers-H; (a triply degenerate state withl =1) and p-
H. (a singlet state with1=0)*" b) The approximate energy levels of diatomic hydrogen in a magnetic field are shown.
In cases wheraoom temperature and pressure eqdibrated hydrogen (25:75p-Hz:0-H>) is used therewill be almost
equal populations in all energy levels. When enrichep-H; is used only the f and! | levelsof the hydrogenation
product are populated, as kown by the filled blue circles,resulting in greater population differences across the NMR
allowed transitions shown with a blue dashed ling: **NMR disallowed transitions are show with a red dotted line.
c) A representative PASADENA spectium resulting from population of both U tand/or b Uevels. d)A representative
ALTADENA spectr um resulting from population of one of theU for b Uevels.

Singlet magnetisation is of interest due to its long lifetimes which can extend b&y®ithe
preservation of hyperpolarised signals for a longer time period can have exciting applications in
allowing chemical processes to be monitored over a longer time péifetectingtrue long

lived singlet states came challenging becausikee symmetry of the two coupled spins must be
broken to allow for their detectidsy NMR.? Despite tlese challenge€arravettatal. were able

to createpseudosinglet eigenstatds molecules with coupled spin pairsvia r.f. excitation in

2004%%:52These states can be created in molecules with not only cotpied spin pairs but
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also 13C-13C53. 54 or 15N-15N5L 55, 56 gpin pairswith examples eported for alkyne®: 54 N,O 5!

diazirines3® and diaznes.>¢ A °C-°C nuclearpseudosinglet state in a naphthalene derivative
with a lifetime greater thad hourhas been reporteéd Interestingly, singlet magnetisation in a

mixed>N-3C spin pair(acetonitrile)strongly coupled at low field has been repoffed.

It hasbeenshown that singlet order can be transferred fpsHy to target substrataga PHIP. In

1986, Bowers and Weitekamp showed thap-ifl, can be incorporated into a molecul&
hydrogenation, the populations of nuclear spin energy levetedfitdrogenatedroduct will be
linked tothoseof the starting dihydrogen molecuie3® As the nuclear spin gf-H- is O it is
ONMR sil ent 6 an disiblie foran NIMRIexperitment ifriisasyremetiy broken.
PHIP provides a route to the pgrpolarisation of unsaturated molecules in the liquid state by
breaking the symmetry op-H, via chemical hydrogenation. PHIP is a gex term that
encompasses techniques such Paga-hydrogen And Synthesis Allow Dynamic Nuclear
Alignment (PASADENA) in vinich hydrogenation occurs in a high magnetic field and results in
population of bothJ band b (states and Adiabatic Longitudinal Transport After Dissociation
Engenders Net Alignment (ALTADENA) which describes hydrogenation at low fields and results
in the selectivepopulation of only one of the or b Uevels5® Since its introductiorin the late
1980s, the enhanced MR signals produced by PidiRebeen used to datklow concentration
analytes and intermediateghich has largely been applied to elucidat@hmechanisms in
catalysist®¢° PHIP has also been used to study hydrogenation reactions catalyseddgehous
catalysts'® 6 metal cluster§? 83frustrated Lewis paifé 5°or solid surface& ¢’ often by making

shot lived or low concentration intermediates in these processes visible to NMR. Nevertheless,
the hydrogenation of some unsaturatéitical agents withp-H, has been used to produce
hyperpolarised agents suitable forvivo detectionf®’° For example, @thyl succinatg1-1C]-

d; has been hyperpolarised using PHIP, injected, and imagedo.”

46



Chapter 1

a) O D O D H tail tumor
138 _ OR p-Ha 13‘ ‘ -
R
D O DH O
R=H, 1-13C fumaric acid-d, R=H, 1-"3C succinic acid-d,

R=CH4CH,, diethyl 1-'3C fumarate-d, R=CH4CH,, diethyl 1-°C succinate-d, -
e

b) 0 0 0 3 a
Para-H, Field cycle .
o 2 FORNOR 0 > O/\/5(:>HO 30" 1
0/\ 5 3 §
OMe

(8) (9) ’ 9)

; 190 180 170 160 150 140
Organic phase p.p.m.

NaOD(1M)
Aqueous phase T
DCI (1 M)
o
O 200 180
%owx -
(10) 200 190 180 170
p.p.m.
0O

c) * ~H, T‘-_i‘\(iNHzR /LHOrOH
Hy & H/I|r\NHzR Cf\
_ o

NHzR NH:R
I i

Figure 1.7: a) Polarisation of succiric acid-[1-*C]-d; and diethyl succinate[1-°C]-d, using PHIP anda false colourin
vivo ®C MRI image of hyperpolarised diethyl succinatg1-*C]-d; injected into a mouse with a RENCA tumour taken
from Zacharias et al.”* b) PHIP-SAH functionalises pyruvate as an ester with munsaturated side arm. Uponp-H,
hydrogenation and field cyclingthe side arm is cleaved in a simultaneous hydrolysis and phase separation step.
Reprinted by permission from Springer [Nature communications, ParaHydrogen Induced Polarization of *C
carboxylate resonance in acetate and pyruvaté,. Reineri, T. Boi and S. Aime, copyright 2015"°

A limitation of PHIP is that target molecules must contain a readily availaldeturated
precursor that can undergo a hydrogenation reactionpatith A variation of PHIP calledPara-
Hydrogen Induced Polarisation by Side Arm HydrogenatiodIPPSAH) has been usetb
address this weakne¥s72’> PHIP-SAH involves functionalisation of a targetas ester with an
unsaturated side arm. Upon side arm hydrogenationpakthin chloroformd and a fieldcycling
step to transfer polarisation from the side arm’f& labelledsite the sidearm is rapidly cleaved
in an aqueous$ydrolysisstep, as summarised in Figur&b.”® A significant advantage of PHIP
SAH is thatrapid (1s) hydrolysis and phase separation osionultaneouslyvhich removes the
toxic Rh hydrogenation catalyst and chlorofedmsolvent and allows production of
hyperpolarised agents in agueous soluti®nd/> PHIP-SAH has been aipd to molecules like
pyruvate and acetate which do not have readily available unsaturated precursors and are not
traditionally amenable toyiperpolarisation using PHIP.7275While pyruvate polarisation levels

of 5%/2 have ben achieved, these are significantly lower than thleaecan be achievassing
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DNP (up to 70%F). Nevertheless, PHIBAH canprovideNMR signal enhancemensufficient

for real time monitoring of pyruvate metabolismvivo.”? 74 75

1.3.3Signal Amplification By Reversible Exchange (SABRE)

A limitation of PHIP is that substrates mie chemically alteredia a hydrogenation reaction

A further restriction is that the technique is one shot in nature as ongditheydrogenation has
been performed the PHIP effect will no longer be obserS&phal Amplification By Reversible
Exchange (SABRE) is an ALTADENHAKe technique first demonstrated in 20@t allows the
hyperpolarisation o$ubstrate without the directhemicalincorporation ofp-H..”®* SABRE is a
technique belonging to the PHIP family trelsousesp-H; to hyperpolarise multiple nuclei in a
fast, cheap, and reproducible fashion without chemically altering the substoéasdion
transfer occurs in a low {00 mT) field when both substrate apeH, are in reversible exchange
with an iridium catalystas shown in Figuré.8. A SABRE active catalyst typically of the form
[Ir(H)2(NHC)(substrate]Cl (where NHC is anN-hetegocyclic carbene) is formed from
hydrogenation of a stable [IrCI(COD)(NHC)] prasor (where COD isciscisl,5
cyclooctadieng’ " p-H; is incorporated intthe active [Ir(H}(NHC)(substrate]Cl catalystvia
oxidative addition and polarisation transfer occurs from tmestal hydrides tdrans-bound
substratesia atemporaryscalarJ-coupled networkAs bothp-H, and substrate are in reversible
exchange with theactive catalyst, magnetisatiosf the ligand free in solution is built up
catalytically.Polarisation transfer fromp-H, derived hydride totransbound substrates occurs
when the chemical shift differenbetween the hydrides and the substfadeiLe) is equal to the
hydridehydride coupling?J41).”® The rate of this magnetisation transfer has been reported to be
proportional to 1/2 whereJis the3J or 4J coupling between hydride and substr@lign)’® At

high magnetic fieldsie. 9.4 T) the chemical shift differences adaoupling constants between
the hydride and substte spins are different. They can be made equal by moving to lower field
regimes (mT)as the chemical shift differences, which are dependent on the magnetic field, will
collapse to equal thé coupling constant. For transfer from hydrides to proton #®mance
condition is usually aroun@.5mT whichi s of ten met whemnperdfrompmi ng
experiment in which the substrate, catalyst, ity are shaken ian NMR tube in the stray field

of a 9.4T magnetand dropped into the spectrometer forlgsia.’”®* Handheld magnetic shakers
have been developéad control the polarisation transfer field (PTF) more preciéeile flow
systems angb-H. bubbling reactors have also been develope@pooduciblycontrolthe PTF,
although thesaisually giveless efficientp-H> mixing in solution than manual shakirand

typically theNMR signal enhancementhat result are lowét. &2
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Figure 1.8: a) SABRE catalytically transfers magnetisation from p-H, derived hydride ligands to a ligated substrate
(in this example it is pridine) when both are in reversible exchange with an iridium catalys{where NHC is an N-
heterocyclic carbene) at low (€10 mT) magnetic field.

Polarisation tranfer from p-H- derived hydrideganalsooccurdirectly to heteronuclgisuch as

15N or 13C sites)in atarget moleculat much lower micotesla fields. These fields can be lower
than the Earthos magnetic fi el dpravidedhe apeafiet a l
fields necessary for sbgpolarisationtransferconditions.This has given rise to a variation of
SABRE which is essentially the sameut has nonetheless been rebranded as an alternative
approach termed SABREHield Enabled Alignment Through Heteronuclei SABRE
SHEATH). This hasbeen demonstrated on a rangédif containing functionalities includiniy-
heterocycle$?® 84 nitriles 8 Schiff base$? and diazirine$® Signal gains foless well studied
nuclei such as'3Cj2" 88 1989, 90 31p9l 11957 gl 31Si®2 have als been reportedSinglet
magnetisation can also be prepared fieid, using SABRE.Theis et al. have created®N.-
diazirine analogues with singlet state lifetimes ofn@Butes® and similar results have been
published for'*C-based molecular tracers, albeit with lower efficiefitWhile thepolarisation
transfer caditions between metal hydrides and Hubstrate arenatchedat low field (uT), r.f.

driven transfer aligh-field (T) is alsopossible®* %5

The most common molecules hyperpolarised using SABRE are those that can coordinate to
iridium. N-heterocycles such as pyridiffe{¢®® nicotinamided?: 8 1%%yrazines: ®pyrazole&’
andnitrilest®* are common with the highesip@ted polarisation levels of 6&for *H of methyt
4,6-d,-nicotinaté®2 which approackstypical levelsthat can be obtained using DNP (91%)\

wide rangeof biomolecules and drugs havedn polarised using SABRE, sorekamplesare
shown in Figurel.9. A comprehensive list of all the different classes of molecules hyperpolarised
using SABRE is given in the recent review by Barsiiyal’® SABRE is heteronuclear in scope
and significant 72,000fold >N NMR signal enhancememif metronidazolé? 3,588fold 3P

NMR signal enhancemenbfa partially deuterated pyridyl phosphonate €$tér300fold °F
signal gains of dluoropyridiné® and 823fold *C NMR signal enhancementfor themeta
resonance of pyridineave allbeen reporteé?® SABRE is ypically limited to substrate that are
able toligate toiridium and there islao asteric limit to coordination, as suggested by NMR

signal enhancemenbdf sterically large pyrazol@2While many different metabolites and drug
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molecules contaiN-heterocyclesSABRE is yet to demonstrate significant signal gains for

biomolecules commonly used in biomolecular imaging studies usiD§fl. Most of these
metabolites (such as carboxylic acids, amino acids, peptides, discussed in section 1.5) do not

contain theN-heteocyclic motifs typically required for SABRE.

8) Pyridine Nicotinamide Methyl Nicotinate Pyrazinamide
Vitamin Rubefacient Anti-tuberculosis drug
D O D O o
~ D N
~ — ~
N D™ °N D~ "N ? N D
"H €4yerage= 8100 "H €aerage= 5900 H, €= 20,000 'H, e= 14,000 He= 1950
b) Benzonitrile Metronidazole Diazarine
15N Antibiotic D
Z%  HO_~_ [ D COOH
N N 15 /\15
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02N N
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Figure 1.9 A summary of some of the highesa) *H%% %682 and b) N8 NMR signal gains achieved using SABRH.hese
NMR signal gains are recorded at 80 T in methanotds and quoted in per fold.

A recent develpment, terme@&ABRE-Relay, has allowed hyperpaiaation to be relayed from

one molecule to another by means of proton exch#i@mallNMR signalenhancemestfor

solvent molecules in cases where both solvent and hyperpolarised substrates contain labile
protons have been reported and it has been suggested that exchange of hyperpolarised protons is
responsible forltese observatiort8® These ideas have been extended and improved to allow the
relay of hyperpolarisation fro functional groups such as aminésarrier molecules}o
functionalities including alcohols, carboxylic acids, and am{dabstrates/targetsja exchange

of a hyperpolarised protdf. 194 19808 The carrier mlecule must bind reversibly to the SABRE
catalyst to receive hyperpolarisation frg@ra-hydrogen and contain an exchangeable proton to
relay thismagnetisation onto a target sulat, as summarised in FigurelQ Molecules can now

be polarised withoutirect interation with the iridium catalyst which rapidly expands the
potential scope of the techniquReported examples inclathyperpolarisation oélcohols?® 108
carboxylic acids® amidesi® sugar$®” and silanol¥° which could not be achieved using
traditional SABRE (eme examples are given in Figuiel(. SABRERelay therefore offers
hugepotential to hyperpolarise a much wider range of biologically relevant substrates that contain

exchangeble protons, rather thax-heterocycles.
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Figure 1.1Q a) In SABRE-Relay a hyperpolarised carrier molecule (typically an amine) is able to ligate the iridium
catalyst and receive polarisation fromp-H,. The carrier is able to relay this polarisation b non-ligated moleculesvia
exchange of hyperpolarised proton. b) Examples of molecules hyperpolarised using SABRElay 1" 1®NMR signall
gains arerecorded at 9.4T and quoted per fold.

The hyperpolarised magnetisation created using SABRE (and other hyperpolarisation techniques)
is short lived and will decay back to its Boltzmann derived state accordinify. tény
hyperpolarised agent must have a suitably [Bngme that the agent caremjected and imaged

before the signal has decayed. A number of methods have been used to extend relaxation times
of SABRE hyperpolarised agents such as deuterium labelling of protoff:sftes0 1llor
magneisation storage in a singlet staté!'®> By deuterium labelling, proton polarisation is
concentrated on fewer sites aldrelaxation ofthe remaining*H sites is usually slower as a
consequence of the lower gymagnetic ratio of deuterium compared to a proton. In the case of

in vivo metabolomic studies using DNP, organic radicals are filtered prior to injection to reduce
relaxation and toxicity. If a hygrpolarised agent fdn vivo detection is to be produceding

SABRE then the iridium catalyst must be removed prior to injectfanous methods have been
reported to remove the SABRE catalyst from solution which usually involves addition of a
chelatingligand attached to a silica support which can then easilfjitered out of solutioA®

Other approaches hawevolved abiphasic system in which the hyperpolarisation occurs in an
organic layer containing the catalyst while the hyperpolarised agent remains in an aqueous layer
that can be extracted andjdated!!’ This approach is only available tolimited range of

molecules withappropriate solubility in both organic anduaqus phases.

SABRE hyperpolarisation using solid supported heterogeneous catghsesally yieldNMR

signal enhancementsmaller byroughly an order of magnitudéhan can be achieved using

homogenous catalis!'*8 11°Poor solubility of he highest performing SABRE catalysts ari.

yield low NMR signal enhancementin pure DO.1?° While water soluble precatalystsrfo

hyperpolarisation in BD have been synthesised they continue to yield MMR signal

enhancemest® 121Despite the lintations in its substrate scope and biocompatability, SABRE
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provides advantages to other hyperpolarisation techniques as it allows for the fast and

comparatively cheap hyperpolarisation of substrates without chemical altevitida.SABRE
has not deliver® the high NMR signal gains in biocompatible solvents necessary for
biomolecular imaging studiesjgh sensitivity analytical apigations have been demonstrated

including reaction monitoring and detemilow concentration analytes in mixturgg124

1.4 Quantifying hyperpolarisation levels

When comparing hyperpolaation levels for different agents, or of similar agents hyperpolarised
using different techniques, it is important that standardised measuremeolgrisation or signal

gains are used to allow for meaningful comparison. One approach is to quotecthrdgue of

nuclei that areobserved in the hyperpolarised measurement. The equation for polarisation
(Equationl.7) is given in Section 1.1.3. FéH at 9.4T and 298K, the polarisation value is
calculated from these equations32 x 10° which can simply be multiplied by 100 give a
polarisation % of 0.0032. In other words, only 1 in 32, 0061 nuclei contribute to the MR
signal at298K and9.4T. If only one nuatar spin state is populated, leaving the other empty,
then a polarisation of 1 results and the polarisation percentage is 100%. Under these conditions
every nuclear spin would contribute to the MR signal. A polarisation of O descsiieat#on in

which nuclear spin energy levels are equally populated and no MR signals are produced. In
reality, thermally polarised samples will contain polarisation levels somewhere between these
two extremes, while hyperpolarised samples will contairatgrepolarisationThese can be
derived by multiplying thermal polarisation by &MR signal enhancemerfactor (§ as

summarised in Equatioh9.

p &

A NMR signal enhancemefuctor (0 is often quoted (usually per fold) and describes the factor
by which the hyperpolarisegsponse is larger than its thermal counterpart. It is most commonly
calcubted by dividing the hyperpolarised signal integ&ld) by its thermal counterparStn)

as shown in Equatioh.10. For this comparison to be meaningful it is essential that
hyperpolarised and thermal spectra have been recorded and processed \aithetspectral and
acquisition parameterst is also important that reference spectra are recorded at the same
magnetic field as polarisation, atMMR signal enhancementdepend onhe magnetic field

strength.

. - .
4|4| In

In many cases there is not sufficient thermal polarisation to obsgma & a single scan MR

spectrumIn these caseft is common thak more concentrated sample of the same agent is used

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

signal enhanceent as given in Equatioh.11whered 1u]slndJJ v4 are the molecular mass
and mass of hyperpolarised substrate MEHLI .|” >-|ndJJ ». . [frethe rerence compound

thermal signal intensity, mass and molecular mass respectively.
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Instead of using a more concentrated thermal sample, an alternative approach is to record a

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

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

sufficient time to fully relax between scans. The increased numtsmaos 4 {} L must then

be considered when determining thMR signal enhancemenas given in Equatioh.12 A

similar approach can be used based on signal to noise &9 father than integral intensities,

as given in Equatiofh.13.

Y O0O°Y
- ~ PP ¢
YOO 6 0°Y
Y00 G PP o

NMR signal enhancemenwill decrease as the time after the initial hyperpolarisation step is
increased. It is thereforehuncommondr predictedmaximumNMR signal enhanceme)t

to be calculated accordirtg Equationl.14 where is the time between hyperpolarisation step
and measuremeft® While £ values are often quoted they are not meaningful as the magnetic
field, and subsequently thR, oftenchanges dramatically duringansfer between the site of
polarisation and the site of measuremdnis also not realiec to achieve delivery tims of

O seconds, therefore while quoting them gives a measure of the performance of a
hyperpolarisation technique, maximudMR signal enhancemenbased on such assumptions

are rarely achieved experimentalfy.

- PP T

In Section 1.3.1 it was discussttat in DNP thegyromagnetic ratio of the electron is 660 times
greater tharthat of the proton resulting in a maximiMR signal enhancemeriigeof 660 as
shown inEquationl.8. TheseNMR signalenhancemestare recorded in the solid state and are
distinguished from thoseMR signal enhancemes)i, recorded at room temperatuiieng) that
account for the temperature difference and greater thewtalgation at elevatettmperatures,

as given in Equatioth.15 whereT; is the irradiation temperatufe.
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1.5 Hyperpolarised agentsfor studying metabolism in vivo

Hyperpolarisatiortechniques (discussed in section 1.3) can prodocetoxic contrastagents

with sufficient MR signal gains to allow their real time imagingvivo.® %> This can involve
imaging the spatial distribution of injected agents which has advantages for angiography and
blood flow, ortracking the metabolism of injected agents to reveal information abodistese
stateof certaintissuesn the body.This section focusses on the use of hyperpolarised agents to
track metabolism, rather than uptake or-@istribution. Both DNP and PHIP have been used to
produce hyperpolarised contrast agents for both purpgsésMetabolomic studies have used
hyperpolarised contrast agents to track the metabolism of biomolecules enabling tlosigliagn
and detection of certain diseases through metabolic differences or irregul&tdfié&3” The

agents used in such studies are typicdiose involved in the major metabolic pathways in the
body.A major pathway in which biomolecules are metabolized by living cells is the Krebs cycle,
(also called the citricad cycle or tricarboxylic acid cyclé¥e This cycle uses an energy source
usually in the form of sugars such as glucose and breaks them down into pyruvate in a process
called glycolysis. Pyruvate is metabolized further into a range of products ddsariihe citric

acid cycle shown in Figure.1113#
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Figure 1.11: Some of the main metabolic pathways of glucose metabolism in living tissues.

While many '3C labelled metabolites hyperpolarised using dissolution Dynamic &tucle
Polarisation (eDNP) have been reported as metabolic tracers (a reviegpofted examples is
given in Kesharet al??), [2*C]-pyruvate is the most widely reged examplg?136. 139141 gndis

the only hyperpolarised contrast agent usedrforivo human studieso date'? ¥’ Thee are
several reasons fohis use. For example ypuvatecan be hyperpolarised with higdMR signal
enhancemestsufficient for biomolecular imagingn vivo. The most common method used to
hyperpolarise pyruvate @-DNP 2136, 139141 55 pyruvic acid exists as a glass forming liquid at
roomtemperature and can thereforeHyperpolarised with*C polarisation leved up to70%38
Pyruvate also sitsat the metabolic junction of many processes: it is synthesised from the
glycolysis of sugars such as glucose and can serve as an energysoaliseeither aerobically,

via the tricarboxylic acid cycleor it can be converted anaerobicatiyo lactate:*® The anaerobic
conversion of pyruvate to lactate can be exploited by measuring the ratios of hyperpolarised

pyruvate to lactate and colang areas with high ratios tegionsof anaerobic respiration and
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therefore likely sites of caec or inflammatior#32136. 139141 This enables information on the

disease states of tissues to be extracted figmarpolarised imaging data in a way tbahnotbe
achievedusing other imaginggentsangiography tracerer traditionalT:-based contrast agents.
In addition, pyruvate isnetabolised on a timescale faster thamy{gerpolarisedignal decay. It
is essentiathat hyperpolarised signdisst long enough that tlagentcan be injected and imaged,
and long enough that the hypelarised label remains when thgentis metabolically converted
into other products. Pyruvate has a repoftgiime of40+ 6 s at 14.1T,”° which can be extended
to 57+ 6 s at 9.4T when a RO buffer is used*These relaxation times are generédlyg enough
to allow chemical transformations to occur and still have enhanced signals for the metabolic
product(s) These factors have resulted in asatile agent that is currentiynder clinical trials
for routine human useThe first sudies have already been performed (2013) usinDNP
hyperpolarised pyruvate to successfully localise areas of prostate cancer in kdiBiace then
furtherstudies have used pyruvate hyperpolarised usiDglB to track metabolism in the human

heart*2and brain'*”a summary of some of these studiessir@wn in kgure1.12.

a ) Before treatment After treatment

one. ajeanuAd/erejoe
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Figure 1.12: a) The hyperpolarisal lactate/pyruvate ratio determined in cancerous tissue can be used as a biomarker
for treatment response. Upon treatment of breast cancer in mice with etoposide, a reduction of the lactate/pyruvate
ratio is observed 20 hours after treatment, whereas it wdd typically take several weeks for the tumour to shrink in
size.Taken from Day etal'® b) High levels of hyperpolarised pyruvate uptake and high lactate/pyruvate ratios have
been correlated to areas of prostate cancer in humans. Reprinted from Nenet al. Sci Transl Med, 20135, 198ra108
198ra108* Reprinted with permission from AAAS.

As hyperpolarisegyruvate has found successa clinical imaging agerdffort has been directed
into optimising its hperpolarisedMR signal enhancemensingd-DNP includirg varying the
identity and concentrations of the radical polarising agent and doysad*4 Approaches have

used thean situ UV generation of radicals from pyruvate as a source of itegp&lectros in
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DNP.25 When the sample is melted the pyruvate radicals annihilate which proves an advantage

compared to otherrganic free radicalwhich must be filtered out before a biocompatible bolu
can be injectedOther Krebs cyclenetabolitesuch agumaratehave been hyperpolarised using

d-DNP'2 and their metabolism into other products folloviedivo 34 146

1.6 Perspectives on hyperpolarised MR

d-DNP has found the most success in producing hyperpalatiaeers suitable for metabolic
imaging Despite, this the technique uses expensive equipment that is not readily accessible to a
wide range of institutions. PHIP and its derivative PFBRH have dso been used for this
purpos€e’® " PHIP-SAH provides many advantages over DNP as ia#,fcheap and does not

need the technologically demanding equipment necessary for DNP experiments. However, the
hypermlarised agent is still produced in a batch synthesigteréarechemical alteration steps

that must occur. Despite these advantagles, maximum reported polarisation levels for
pyruvatel-['3C] achieved using PHHSAH are much lowe(5%)’® than can be achieveditiv

DNP (70%)%® SABRE conains several advances compared to both PHIP and DNP. It is, like
PHIP, also able to hyperpolarise molecules rapidly in a low cost mebtadds simple to
implement. SABRE provides additional advantages as it produces hyperpolarised molecules in a
continwuscatalytic process. Polarisation can be refreshed simply by addition opftdshnd
therdore SABRE can be used for tbentinual polarisation of molecules (unlike PHIP or DI#P).
Currently, SABRE has some major limitationkieh includeits inability to produce significant

NMR signal gains in the aqueous solvents necessari feivo study. To date, @ reports of
imaging SABRE hyperpolarised contrast agents in living animals have been reported.
Nevertheless, exciting applitans ina growing range adreasncluding mixture analysig?124

147149 and reactio monitoring®: **°have been reported.

Advancesin DNP hyperpolarisation argprogressing at an astonishing rate with major
developments in this area occurring in orig last few years. These incluttee use of non
persistent adicals as hyperpolarising agents and the development of cryogen free péfarisers
which are being made to operate at higher temperatures and at reducéitolet SABRE is

a technique in its infancy (it is only 10 years d@nificant breakthroughs are required to realise

in vivo biomolecular imagin@pplications. Tiese feats will require significant developments to
create SABRE polaraion transfer catalysts thaork efficiently in DO. This will be hampered

by the low solubility ofo-H. in such solvent&! Engineering solutions aralso required to design
equipment that can rapidly transfer SABRE hyperpolarised agents into animals in a rapid,

reproducible and safe way.
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1.7 Thesis ams

This work is primarily focused at developingw polarisation transfer catalysts that are able to
catalyse magnetisation trsfer from p-H. derived hydride ligands to substrates of interest.
Current polarisation transfer catalysts of the form [Is(NHC)(substrate]Cl are limited to the
polarisation ofN-donor substrates. This thesis will utilise relayed polarisation trarffiects
involving [Ir(H)2(NHC)(amine}|CI catalysts to polarise non ligating substrates and synthesise
novel polarisation transferatalysts that can result in the ligation and polarisatio®-dbnor
substrates such as pyruvate. The magnetisation trazatdysts investigated in thikesis will
allow polarisationof a much wider range of substrates. Expansion ofsthestrate scap of
SABRE will allow novel applications in the areas of biomolecular imagafgmosensingand

reaction monitoring.

The reent techniqgue SABRERelay utilises [Ir(H:(NHC)(amine)]CI catalysts and relayed
proton exchange between amines and targets viiile larotonds investigated furtherSABRE
Relay is applied to the hyperpolarisation of @idntaining molecules beginningittv simple
alcohols before expansion to more complex-€iftaining structures. This begins by discussing
the development of SABRRday as a novel technique and investigating how it can be used to
relay polarisation from carrier amine molecules to alcolidsexchange otyperpolarised
protons. Thisis investigated and optimised for some simple alcohols includingetyt1-
butanol (smmarised in Figur&.13), a common additive in many foods and drinks. Several
factors are explored to achieve the highesisible alcohoNMR signal enhancemenincluding

the identity of the carrier amine, concentrations, role of contaminant watercdenisation
transfer field. This is then extended to different classes of alcohols such as the secondary and
tertiary alcohts 3-pentanol and 2nethyl2-butanol to investigate the effect of CH branching on
the propagation of polarisation from the exchagdgdH to other sites within the alcohol. Potential
applications of SABRERelay including deteain oflow concentrations ofleohols in mixtures

are presented and discussed before the SARBIRY technique is extended further by
hyperpolarising more comple®H-containing agents including lactate esters and pyruvate in
Chapter3.

NHC ° _ R= &
p-HZD ", \\NHZRC NHZRX HO-R' TR -
H, “NHR N\ NH,R HO-R'
wf e
R"O

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

butanol and more complex molecules including lactate esters.
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The hyperpolarisation of agents such as pyruvatsisinvestigatedusing SABRERelay in

addition to the creation of novel pyruvateontaining polarisation transfer catalysts in which
pyruvate is able to coordinate directly to the SABRE catalyst. This begins by overcoming weak
pyruvate ligation by investigating the potential of several differensetasf coligands to form

SABRE actve polarisation transfer catalysts in Chafteas summarised in Figutel4.

O

wo oo
[IrCI(C%D)(NHC)] p-HZD H,,,.Ilr"\\x o]
" )H(ONa T H H/)|<\X 9
I )S(ONa
+L +H,

o]

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

pyruvate).

The formation of active SABRE catalysts containbaund pyruvate is explored and optimised

by varying factors including the catalyst, coligand, concentrations and temperature. The ligand
exchange processes within these activelysteare also investigated and discussed. Potential
applications of SABREyperpolarisation for biomedical imaging and reaction monitoring are

discussed in Chaptér
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2.1 Introduction

Hyperpolarisation methods usimgH, have been used since the 19985sand since then, the
types of molecules that cabe polarised using this technique has increased rafsidly.
ParaHydrogen Induced Polarisation (PHIP) ypically used to polarise unsaturated molecules,
typically alkenes or alkynes, usingpeH. hydrogenation reactioft: 32 This reaction breaks the
symmetry ofp-H» and creates non Boltzmann population distributions in the nuclear spin energy
levels of tle hydrogenated product. This allows for the detection of hydrogenated products with
NMR dgnal intensities several orders of magnitude higher that those derived from thermal
Boltzmann condition&2:¢% 131PHIP ha been used to polarise many unsaturated precursors, with
some examples shown in Figl#d4. A majorlimitation of hyperpolarisatin using PHIP is that
molecules must be chemically altered (hydrogenated) during the hyperpolarisation process,
which limits he types of amenable substrates to those that contain unsaturated functionality. This
weakness has been addressed by a variafiddHdP called PHIPSAH which involves the
functionalisation of molecules which have no unsaturated precursors with side kichscan

be easily hydrogenatel. Transfer of polaris&n from the side arm to the substrate and
subsequent hydrolysis of the hydrogenated side arm has yielded aqueous solutions of

hyperpolarised biomolecules which are suitablarfarivoimaging**

The types of molecules amenable to PHIP was expanded in 2009 with the development of the
Signal Amplification By Reversible Exchange (SABRE) techniqunéctv allows for substrate
hyperpolarisation without direct incorpti@ of p-H; into the target molecule. Here, the
symmetry ofp-H: is broken by reversible addition to a metal centre. Polarisation can then be
transferred to ligated substrates throughftiimation of a temporary-coupled network within

an organometalligridium SABRE catalyst. This non hydrogenative approach allows for the
hyperpolarisation of molecules without their chemical alteration and has been extended to a much
wider range of funtional groups that typically include iridium ligating-donor motifssuch as
pyridines, ¢ 9 97. %njcotinamideg® 83 19%yrazine8® % and even nitrile$® with some examples

given in Figure2.1.
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Figure 2.1: Some of the molecules hyperpolarised using a) PHfP'*2b) PHIP-SAH™ "*and ¢) SABRE’® 101 19%pH|p
hyperpolarised succinate has been used to image brain cande) while PHIP-SAH hyperpolarised pyruvate has also
been imaged forin vivo cancer detection (b). SABRE has been ed to imageN-heterocyclic substrates like methyl

nicotinate in vitro (c). a)isr epri nted from 6ToWasnds i mapger p onlaagr 8§ d,@50 brain cancer
|102

155, Copyright (2007) with permission from Elsevief b) Taken from Cavallari etal”c) Taken from Raynereta
In 2017, SABRERelay was developed which allovise hyperpolarisation of molelas without

the need for direct interaction with the SABRE catal{/st%In this varidion of SABRE atarget
substrateean become hyperpolarised by proetthange with ayperpolarised carrier molecule,
rather than byraditionalreversible exchange with the SABRatalyst. As arly as 2015, small
NMR signal enhancemen{upto 40-fold) of methanol solvent signals were observed in SABRE
when pyridine was used as a substt&t&his was explained by a relayed proton exchange effect
which is summarised in Figug&2. Similar proton exchange effects have also been used
previously to relayolarisation from HO hyperpolarised using DNiB amino acid$®® %4Since
then, these effects have been exploited to relay polarisation to n&wrastgcules. Significant
improvements in the t@yed NMR signal enhancemegnito signal gains of up to 4 orders of
magnitude) were made when amines were employed as hyperpolarisation arders, he
carrieramine molecule bindreversibly to the SABRE catalyst to receive hyperpolarisation from
p-H2 whilst also contairing exchangeable protarthat can transfeonto a target substrate, such
as an alcohol, as shown Figure2.21%4 By removing the need for direct interaction with the
iridium catalyst, SABRE-Relay offers the potential to hypgolarise a much wider range of

biologically relevant substrates that contain exchangeable protons, rathbkliegerocycles.
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Figure 2.2 a) Proposed proton exchange effects have resulted in the relay of polarisation from SABRE hyperpolarised
pyridine to solvent methanof® Re pr i nt e d cléar spim hygeptalalrisation of the solvent using signal
amplification by r ev 257,d5%28 €opwight(2045)vgtle permSsioB Rl Eldevierb) Proton
exchange effects fromd-DNP polarised HO have resulted in hyperpolarised arginine resonances Reprinted
(adapted) with permission from T. Harris, O. Szekely and L. Frydman, J. Phys. Chem. B2014, 118,3281-3290
copyright (2014) American Chemical Society. c)nl tradition al SABRE, a precatalyst, p-H, and a carrier molecule
(here ammonia) react together to form an active SABRE complexstep i). Subsequent rchangeof hyperpolarised
carrier protons with those of a taget substrate (here an alcohol) allow relayebyperpolarisation effects (step ii).

In traditional SABRENMR signal enhancemenare usually optimised lphanging a variety of

factors that include substrate and catalyst concentrations, identity of the catalyst, solvent,
polarisation transfer fieldPTF), hydrogen pressureand temperatur®> Some of the most
important factors in determining ttdMR signal enhancementthat can be achieved using
SABRE include the efficiency of polarisation transfer frgat, derived hydride ligads to

ligated substrates within the active polarisation transfer catalyst afid thlaxation rate which
describes how quickly this enhancedgnetisation decays. The lifetime of the active SABRE
catalyst is therefore very important: if this is too shiben there is not sufficient time for
magnetisation transfer to occur before the ligand dissocéfates Alternatively, if the ligand
residence time is too long then relaxation induced by the paramagnetimiriéntre can limit

signal gains. The exchange rate of substratepafgon and off the acte catalyst are therefore
important parameters that ultimately determine the catalyst lifetime. It has been suggested that a
substrate exchange rate of 4:5veould give the optimum SABRE performantg.lt has been

shown that variations of the substrate, catalyst, solvent, and temperature all have an effect on the
catalyst lifetime which in turn influences tiéMR signal enhancemesntof a substrate of
interestd’. 91 9698, 110, 121, 158, 15p ey teration of substrate, solvent and catalyst is also often used to

increasdNMR signal enhancementising SABRE. This is due to a combination of reducing the
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number of availabléH sitesthat can receive polarisation and redu@edelaxation within the

active complex??

The efficiency of polarisation transfer will not onlypand on the lifetime of theatalyst, but the
magnetic field at which polarisation transfer occurs. The most efficient polarisation transfer from
p-H. derived hydrides tdH sites withinthe transbound carrier molecule within the active
catalyst occurs at magnetic fields arom8mT.”® Theoretical treatments of this effect have
shown that for polarisation transfer to occur the coupling between the two hydrigem(st be
the same as the difference in chemical shift)(between the hydride and substrate proton within
the active comple® Jun in these types of complexes is typicalp8 Hz and is independent of
the magnetic field strength. At high field.ef 9.4T) ous is typically around 3@pm

¢ 12,000Hz) but at a polarisation transfer field (PTF) of aroh8mT the chemical shift
difference is of the order of a fadz. Descriptions involving Level AnCrossings (LACs) have
also been used to help explain thpstarisation transfer effect4.1°The PTF is often altede

in addition to the factors described previoustyachieve the optimum polarisation transfer and

obtain the highest substratdviR signal enhancemest

It is expected that all of these factors will be important in SABTay as they will determine

the finite amount of polarisation on the carrier molecule availéteaelay to other substrates
(stepi of Figure2.3). Therefore, those carrier molecsi@hich receive the most polarisation from
catalysts of the form [Ir(HINHC)(carrier}]ClI arelikely to yield the highest relayed polarisation
transfer. The efficiency of these catalysts for hyperpolarisation of various different amines has
been previousireported® In SABRERelay, there are two additional processes occurringtvhi

are summarised in FiguBe3 The first is the relay of polarisation from carrieran alcohol
substratevia proton exchangestepii of Figure2.3). Secondly, in order to pass posation into

the aliphatic groups of the alcohttansfer must occur from the exchanging alcohol OH into the
CH framework of thesubstratgstepiii of Figure2.3). This is expected to occur through effects
that include thermal mixing at low field* J coupling, or Nuclear @erhauser Enhancement
(NOE) 53 The rate of proton exchange between carrier and substrate is also expected to depend
on factors such as temperature, solvent, and the identity cdithier and substrate. Additionally,
polarisation transfer within the alcohol CH frameworkalso expected to be magnetic field

dependant.
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Figure 2.3 Polarisation transfer to an alcoholvia SABRE-Relay occursin three steps: i) polarisation transferfrom p-
H, derived hydrides to the bound carrier molecule which is expected to be optimal at arour®l5mT ii) relay of
polarisation from carrier to alcohol via proton exchange which is expected to be field independent ipyopagation of
polarisation from the exchanging OH to other CH sites within the alcohol, which in this example is-Bnethyl-1-butanol,
1.

This chapter focusses on optimising teeently discovered SABRRelayprocessThechosen
substrate is thprimaryalcohol 3methyt1-butanol(1), which is acommonly used food and drink
additivel62164 |t contains four different*C environments and fodH environments in addition

to the alcohol proton which is not usuatliscernedoy NMR due to fast proto exchange. The
structure ofl and its'H and**C NMR spectra recorded under Boltzmann conditions are shown
in Figure2.4. An optimisation approach similar to those used in traditional SABREIs used
here in which factors such as the itignof carrier, amount of carrier and substrate, and
polarisation transfer field are variethese factors are likely to play an important role in each of
the three key steps shown in Figure 2.3. Therefbeeeffect of each of these factors SABRE

Rely efficiency isexamined and discussed in the following sections.

a) d b)
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Figure 2.4 a) 16scanH and b) 128scan*C NMR spectra of1 (0.5mL) in dichloromethane-d, (0.1mL) recorded
under Boltzmann derived conditions at 298& and 9.4T.
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2.2 Effect of carrier molecule on hyperpolarisation of 3methyl-1-

butanol (1)

3-methyt1-butanol () was chosen as a test substrate as it was expected to yieltHEgd*C
NMR signal enhancementThis was tested by recordinggle scantH and**C hyperpolarised
NMR spectra under SABRERelay conditions. A sample was prepared containing the iridium
precatalyst [IrCI(COD)(IMes)] () (5mM) (where IMes = 1,3bis(2,4,6trimethy}
phenyl)imidazol2-ylidene and COD =is,cis-1,5-cyclooctadiene)l (5 eq. relative to iridium)
ard carrier NHs (3) (7 eqg) in dichloromethaneal, (0.6mL). This samplewas shaken for
10seconds at 6.51T with 3 barp-H. before being dropped into the spectrometer for collection
of single scartH or 13C NMR spectraat 9.4 T(p-H. was refreshed and thersple reshaken
between different measurement&xamplespectra are shown in FiguPes andexhibit enhanced

IH and®*C NMR resonances correspondinglioThe'H and**C NMR signalsfor 1 (averageof

all sites)are enhancetly 565-fold and 1275 old compaed to their Boltzmann derived signal
strengths. The fonation of a tris NH; substituted active -catalysbf the form
[Ir(H) 2(IMes)(Nsub)]Clis evident from itharacteristic hydride peakiat 23.81% The structure

of this complex is shown ifrigure2.2c and its chemical shBtmatch with those previously
reportedt® Therefore 1is amenale to hyperpolarisation by SABREelayand is an appropriate
substrate to use faubsequenbptimisation ando gaingreaterunderstandingf the SABRE

Relay process.
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Figure 2.5 Hyperpolarised a) *H and b) 3C NMR spectra ofa solution containing2 (5 mM), 3 (7 eq) and 1 (5 eq.)in
dichloromethane-d, (0.6 mL) shaken with 3 bar p-H, at 298K and 6.5mT for 10seconds Enhancedresonancef 1
are labelled according to the positions denoted in Figur@.4. The thermaly polarised reference NMR spectrum is
shown above All acquisition and processing parameters were the same for thermal and hyperpolarisééMR spectra
(NS=1).

While the most common hyperpolarisation carrier used in initial reports of alcohol
hyperpolarisatiomsingSABRE-Relay wa 3, the usef primary amines such as benzylamahe
(4-d;) or phenethylamine5] have been reported* 1% The identity of the carrieamine is
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expectedo play an important role in determiningerelayedalcohoINMR signal enhancement

The pK, of the carrier amine is likely to play a role in determining the efficiency oPNBH
exchange which is expected to occur through RN#Hd RO intermediated®> 56Therefore, the
hyperpolarisation of. using the carrier aminesd; (pKa = 9.34%") and5 (pKa = 9.83%) was
investigatedand compared tthat achieved using (pKa = 9.2%¢%). When carrierst-d; and5
were usedthe 'H NMR signal enhancemenfor 1 were lower by a factor ot.a. 7 and 60
respectively(as summarised in Tabf1) compared tthose achievedsing carrief3 andnow
noobservablé3C NMR signal enhancementvere obervedAt this stage, only totaIMR signal
enhancemestofl (per proton, averaged across all site®) discussed to compare the efficiency
of SABRERelay with each carrier molecule. A more detailed breakdown of polarisation on each
site within the alcbol framework is discussed in section 2Bhe poor SABRERelay
performance ofl when 4-d; and 5 are ugd is attributed to the much loweeported
hyperpolarisation levels of thesarriers compared t8 when each idyperpolarised using
traditional [Ir(Hx(NHC)(carrier}]Cl catalystst®® Therefore, wher-d; and5 are used there is
much less polarisation available for relajo 1. Despite this4-d; and5 yield comparableNMR
signalenhancemestfor their NH protons, yet the polarisationlofs 7 times lower wheb is
used compared #d;. This suggests that while the initial polarisation of the amine carrier is very
important in determining ultimate SABREelay efficierty, other fators such as the efficiency
of proton exchange will play an important role. This suggestshyyaerpolarisedNH P OH
exchangeappearsnore efficient in thet-d; system and allows more optimal polarisation relay
when compared to NA OH exchage in the5 system.However, the origin of this effect is
challenging to rationalise considering that proton exchange pitgsand relaxation times of the
NH protons are all likely to be differenh this case the higher performancetal; compared to

5 is expected to be most closely related to a longer relaxation time of its NH Htotéfirhe

use of3 as a carrier is @cessary to achieve high alcohol polarisation and future work will
predominantly focus on the use ®fas a carrieto derive alcohol polarisation using SABRE

Relay.

Table 2.1 Total hyperpolarised *H and **C NMR signal enhan@mens (averaged per sitepf 1 (5 eq.) and the
indicated carrier (5-10 eq.) when they are shakeim a sample containing 25 mM) and 3 bar p-H; in anhydrous
dichloromethaned, (0.6 mL) at 298K and 6.5mT for 10 seconds.

Carrier Total 3-methyt1-butanol ) NMR signal enhancement 1H enhancement of
/fold carrier NH /fold
H =S
NHz (3) 565 10 1275 70 295 55
Benzylamined; (4-d;) 75 5 N/A 50 5
Phenethylamines) 10 1 N/A 40 5
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2.3 Effectof alcohol and amine concentration orthe hyperpolarisation

of 3-methyl-1-butanol (1)

A common approach to optimisilgMR signal enhancementusing SABRE is to vary the
concentration of substrate relative to the iridium precat@lySe %5t is expected that varying
the anount of carrie molecule relative to the catalyst will have a large effect onrttimsic
carrier polarisation levels. Optimisation of the carrier polarisation will result in a greater finite
amount of magnetisation available for relay on to the alcainidh is likely to result in higher
alcohol signal gains. Once an optimum catalyst/carrier ratio is identfi@ghieve maximum
carrier polarisationthe carrier/alcohol ratio can be varied in a similar way to find the optimal
conditions for polarisatiorelay. The efect of carrier and alcohol concentration on the resulting
NMR signal enhancemenivasthereforemeasured by using samples containing a fixed amount
of carrier @) andavarableamount ofalcohol () (from 2.520 equivalents relative tmetal @)).

The NMR signal enhancementf 1 were measured as a function it concentrationand
measurementaere repeated ahree differentfixed concentrations 08. The resultanNMR
signal enhancemesof 1, whichare presented in Figui6,appear to be mosiepenant on the
concentratiorof 3 asthis factordetermines the maximufmite amount of polarisation available
for relayed transfer tib. For exampletH and'3C NMR signal enhancemesuf 1 (5 eq.)decrease
from 660 to 66fold and 1260 to 5@old respectivet when the amount & is increased from 7

to 18eq. These large changesNiMR signal gains (up to a factor of 11 and 25 %#drand**C
respectively) upon variation of carrieoncentrationare nuch greater than those caused by
variation of the alcohol ementration. For example, when the amour8 isffixed (7eq.) the'H
and®*C NMR signal enhancemesf 1 only decrease from 660 to 286ld and 1260 to 25€old
respectively when the amountbfs increased from 5 to 28. These changes of just a taabf
three and five fotH and'3C NMR signal gains respectively suggest tthagt carrier polarisation

is the dominant factor in determining substrate pa#os.

The SABRE performance of the carrier is therefore highly impgréenat an optimal amouroff
between 5 and 10 equivalents 8fshould be usedo achieve the highesiMR signal
enhancemestof 1. These amounts of carrier relative to catalyst arenconly reported to give
the highest NMR signal gains for many types of substrates in SABRES 103 155 15gyrther
variation of alcohol concentration could yield increases dfiiMHR signal enhancementWhen
low concentrationsf 1 are usedregardless of the ogentratiorof 3, NMR sighal enhancemén
of 1 reman low. This is related to an deeased likelihooaf NH P OH exchangenvhenl is
present in small amounts. This is supported by high NH polarisation dt éowcentration. As
the amount ofl is increased the NH polarisation decreases, as showfigure2.6, and
polarisationof 1 increases as the likelihood of NH OH exchangéncreases. For example, when
7 equivalents oB relative to the catalyst is used, increasing the concentrati@rfrofn 2.5 to

10 equivalents is accompanied by a deceeasthe NH polarisation from 500 to 26@ld. This
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trendis true regardless of the comteation of 3, although when higher amounts ®fre used

(18 eq.) slightly higher amounts @f(10 eq) are needed to give the optimal alcoNMR signal
enhancemenf his suggests thdtand3 should be in roughly a 1:1 ratio to achieve the optimum
relayed transfer effecOptimum NMR signal enhancements bare derived from using-50
equivalents 0B to maximise the amount of finite carrier polarisation (stepHigfire2.3), and a
1:1 carter to substrate ratio to optimise subsequent polarisation relay (step ii of Eigufenese

same trensl wereobserved when esideringbothH and**C NMR signal enhancemesof 1.
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Figure 2.6. Total 'H NMR signal enhancemats (per proton in fold) of a) 1 and b) 3 and c¢) *C NMR signal
enhancemenbf 1 when the amount ofl or 3 relative to 2 isvaried. All other factors such as the amount o2 (5 mM),

solvent(0.6 mL anhydrous dichloromethane-d,), p-H. pressure @ bar), shaking time (10 second$, and temperature
(298K), were kept constant.

While theNMR signal enhancemeof 1 are much lowewhen4-d; and5 carriersare used
(compared t@®), as discussed earlier, the same trends between alcohol concentration and alcohol
NMR signal enhancementre revealetbr 4-d; and5, as shown in Figurg.7. While only total
NMR signal enhancemesyer protonfor the alcohol have been presented to allomparisons

to be made between different conditions and their effect on relayedspttar efficiency to the
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alcohol, NMR signal enhancemenper protonfor individual *H siteswithin the alcohol also

follow the same trermlwhen the amount of alcohol, carrier, or the carrier identity is changed.
Therefore, these qualitative relationshgye features of the SABREelay mechanism and are
independent of the carriedentity. This is supported by similar results on related sakss
(including alcohols) that report Nks a more efficient carrier compared to aliphatic amines and
similar corcentration effects (see Appendix*)i04 107,108
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Figure 2.7: Total *H (per proton in fold) of a) 1 (5 eq.)and b) the carrier when the amount ofl relative to 2was varied.
All other factors such as the amaunt of 2(5mM), solvent Q.6mL anhydrous dichloromethaned,), p-H:
pressure(3 bar), shaking time (LOsecond$, and temperature 98K) were kept constant. Note that when considering
the carrier polarisation in the case of5, the integrals of the phenyl resonances, which overlap with those of

[Ir(H) 2(IMes)(phenethylamine}]Cl, were excludedfrom NMR signal enhancementalculations.

70



Chapter 2
2.4 Effed of contaminant water on SABRERelay performance of

alcohols

SABRE-Relayrelies on proton exchange and therefone,NMR signal enhancementelayed

to an alcohol substrate could be optimised by improving the efficiehgyoton exchange.
Similarly, they could be hampered by the presence of other molecules that interfere with the NH
P OH exchange pathwayontaminant water molecules contain exchangeable protons which
may facilitate proton exchange between carrier amdhall. Water could therefore act as a
seconary carrier through which polarisation is passasl shown in Figur2.8. Alternatively, the
presence of water may haveetrimentaleffect if proton exchange between water and carrier is
more efficient than beteen water and substraiecarrier and substratBiluting the polarisation

of the carrier to other exchangeablegye may resultn a reduction of polarisation transfer to
the target alcohdby spin dilution effectsTherefore, the effect of adding iresing amounts of
H.O or D;O on the!H NMR signal enhancemenbf 1 was determined. These measurements
presented irFigure2.8, were recorded by normalising the initttd NMR signal enhancement

prior to water addition beforealculatingNMR signalenhancemestafterH,O or DO addition.

1
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0.7
0.6
0.5
0.4
0.3
0.2
0.1 _j

0

0 0.5 1 2

Volume of additive /ul

a) b)

ROH
i OH2/<D
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Normalised total 'H signal enhancement of 1

Figure 2.8: a) Proton exchange can occur directly between carrier and substratstép i) or proton exchange from
carrier to the substrate can occurvia water (step ii). In the presence of mixtures of HO and DO, transfer can occur
viaHOD (stepiii). b) Normalisedtotal *H NMR signal enhancemergof 1 recorded after addition of increasingamounts
of H,O and DO to a sample of 25mM), 1 (5eq.) and 3(4.5eq.) in anhydrous dichloromethane-d, (0.6 mL) and
shaking with 3 bar p-H; for 10 seconds at 6.5nT.

Upon the addition of kD (0.5 L) to a solution containing preactivat2g5 mM), 3 (4.5eq.) and
1 (5eq), in dichloromethanel, (0.6 mL) and shaking witt8 barp-H» for 10seconds at 6.51T
the'H NMR signal enhancemenbf 1 decreased by a factor of fqwhich suggests that proton
exchange between carrier and water is efficamt results in less polarisation relay onto the
target alcoholAs the concentration of water is increasi@d trend continues with a decrease in
NMR signal enhancemenbf 1 asmore hyperpolarisation is diluted into water rather than the
target alcohol The binding of water to polarisation transfer catalysts of the form
[Ir(H) 2(NHC)(substrate]Cl where substrate is aN-heterocycle has been reporf@t!® It is
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therefore possible that reduced SABRE performance could also be related to the increased

formationof water adducts at higher water concentrations which changes the identity of the active
[Ir(H) 2(NHC)(NHs)3]Cl catalyst.

Adding DO similarly decreases tidMR signal enhancemenof 1, but to a lesser extent than

its protio counerpart.It is likely that this difference is due to relaxation effects, rather than
exchange effectst is expected that addition 8,0 isaccompanied by the formation IdOD in
solution from smallamouns of H,O in wet reagents and solvent). HOD will relax matowly

than HO and, subsequently, polarisation rekig HOD is more likely to survig until it is
exchanged ontd resulting in a less significant drop in efficiend@ommercial alcohols and
solvents used, if natgoroudy dried, will contain trace aounts of wéer which may have a large
influence onSABRE-Relay efficiency This may provide a huge challenge for substrates that
require dissolution inwater to overcome solubility issues. These results suggest that drying
solvents and removing all waterillwgive higher NMR sighal enhancemenbf 1. This was
confirmed byperforming these experiments wifh(5 eq.) and 3 (5 eq.) in dichloromethane

dz (0.6 mL) takenfrom a stock bottlevhich yieldedtotal *H NMR signal enhancementsr 1 of

only 95-fold. Whendichloromethaned, was used from a freshly opened ampilleseNMR
signal enhancemenincreased to 25@ld which could be improved further to 276ld when
dichloromethanal, dried using molecular sievesvas used. Therefore, anhydrous
dichloromethaned; dried inthis way is used and care is taken to exclude water from these systems

where possible.

2.5 SABRERelay performanceas a function ofalcohol class

The primary alcohol exists as othegeometric isomersuch as gentanol §) and 2methyl2-
butanol ). These contain secondary and tertiatgohol groups and awl cheap and readily
available materialsBranching in the alcohol substrate is likely to have an effect on both the
efficiency of proton exch&ye and the spread of polarisation from the exchar@iido the CH
framework of the alcohol. Therefor#;l and*3C NMR signal enhancemenbf 6 and 7 were
measured sing the optimal conditions for SABRRelay of1 (5 equivalents alcoha@ndx 7
equivalentsof 3). The structures of these alcohols in additiorthteir'H and'*C NMR signal

enhancemestand'H T, times, including a comparison to thoselare shown irfFigure2.9.

When comparing these alcohol classég primary alcoholl gives the highesNMR signal
enhancemest followed by the secondary alud 6, while the tertiary alcohdl gave the lowest.
Interestingly the OH NMR signal enhancemenft 6 and7 arecomparablé200-300-fold) which
suggests that differencas polarisation levebf the CH frameworks not related to polarisation

of the carrer, or even the efficiency of proton exchange, but rather the propagation of polarisation
within the alcoholThis will depend on the couplindfieiency between spins in the alcohol, and

on relaxation timedl: is the time taken to establish equilibriunagmetisation in the direction of

72



Chapter 2
the magnetic fieldBo). Any hyperpolarised signal will decay in intensity over time and should

last as long apossible. It is therefore important to have both R signal enhancemebut
also a longrl:. SmallNMR sigral enhancemeatmay not correspond to inefficient polarisation

transfer; it mayindicatethat polarisation is lost quickly due to relaxation effects.
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Figure 2.9:*H and **C NMR signal enhancements (petH (red) or 3C (blue)) of different alcohols(5 eq.) when shaken
for 10 seconds with 3Jar p-H; at 6.5mT with 2 (5 mM) and 3 (6-8 eq.) in anhydrous dichloromethaned; (0.6 mL).

Note that no hyperpolarised™*C NMR signals of 7 were discerned. *The total NMR signal enhancemgfor these three
carbon signals, per carbon atom, is 40%old due to overlap of the CH and CH carbon signals.*H T, times were

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

In the case of, polarisation spreads from the Qifotonto the adjacen€H frameworkvia two

3J coupling interactions. I, polarisation is transferred from OH to Gkh one3J coupling
interaction. To transfer polarisation from OH to £H 7 involves a weaket] coupling which
could explain whyNMR signal enhancemestfor 7 are much lower*H and*C sites closest to

the OH group are typically the most enhanced as they are closest to thagirghOH, while
thosesitesremotefrom the exchanging OH group are enked very weaklyGenerally, there is

a correlation betweefH T; values andH NMR signal enhancementFor example, in the
secondary and tertiary alcohbbise sites closest to the OH gringvethelongestT: times(18.2s

and 11.% respectively) and consequently the higihNgR signal enlancemert (235fold and
7-fold respectively)When considering the primary alcohplthe sitewith the highestH NMR
signal enhanceme(f05-fold) is the CH proton (c ofigure2.3), followed by those of the GH
group adjacent to the OH group &55fold) and the Ckigroup (b, 3150ld). The lowesNMR
signal gainis for the methyl groups (d70-fold). In this example the efficiency gdolarisation
propagatiorfrom OH to the CH group must be efficient to yield such a high signal gain for this
site (705fold) which is likely sustained by a lofig (10.4s). As bothtH and*3C polarisation are
achieved by shaking these samples at the same 6.5 mTt fiellso possible that polarisation is
passingoetween proton sitasa the enhancedaturally abundaritC siteshey aredirectly bound

to. This makes rationalising these effects, and determining the dominant coupling responsible for

efficient polarisation propagation, challenging.
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2.6 Effect of polarisation transfer field on SABRERelay performance

of alcohols

In SABRE, polarisation transfer from theH. derived hydrides to thé&ans-bound carrier
moleculewithin the ative catalystoccurs most optimallyat magnetic fields around 60BbT’®
(step i of Figure2.3)asdiscussedn section 2.1. It has already been shown in section 2.3 how the
starting amine polarisation is important in determining the relayed alcdMiR signal
enhancemeniTherefore, tiis important that @olarisation transfer fieldQTF) is used thayields
the highest possible polarisation on the carrier mole¢idevever, in SABRERelaysubsequent
propagation of polarisation from the exchanging iotd the aliphatic®CH groups of the alcohol
will occur most optimally at a particulamagnetic field The currentsuccess in polarising
substratesusing SABRE-Relay'®: 104 10609 may be due to the fact théte fieldsto transfer
polarisation from hydrides to carri¢step i of Figure€.3) and to transfer polarisation from
substrate OHnto the substrate framewolktep iii of Figure2.3) are both optimal at around
6.5mT. Studying the field dependence ¢d@hol polarisation using SABRRelayis therefore
important to achieveptimal substratdNMR signal enhancement Theapproach taken here
firstly optimises theiéld required for transfer from hydrides to carfiep i of Figure2.3) before
examining if alcohoNMR signal enhancemesitan be further increased by shaking\aréable

second field

The highestperformingcarriers3 and 4-d; were shaken (withoutlcohol) with 3 bar p-H; for
10secondsat different fields and the resultinMR signal enhancementare shown in
Figure2.10 These fields are achievexperimentally using a range of handheld shakers which
can zhievefields between 40 and 140 ®Thesamples simply placed inside them and shaken
before being quickly removed and manually transferred to & $gectrometer for recording
hypeprolarisedNMR spectra.in the case o8B, replacement op-H. between dferent shakes
removes small amounts &ffrom solution. This can have a dramatic effectd¥MR signal
enhancemestwhich are very sensitive to the amounts of carrier presgméausly discused.
This effect can béarge when performing a large numhérexperiments. Therefore, wh@ns
used as a carrier the NM&ampleis frozen with liquid nitrogeruring p-H: replacenentand
shaken only once at each field. This results in only a slight [03$28 eq over eightshakes).

Full PTF profiles are ctédcted by shaking a sample once at each dfititet different polarisation
transfer fields. This is repeated tvadlditional times with fresh samples containing slightly
different amounts o8 (differences of 23 equivalents relative to iridiumyVhen thes results are
normalised the same PTF dependency is observed in each case. An average measurement is
shown inFigure2.10. While 4-d; generally yields loweNMR signal enhancementt provides
easier experimental handliag it is a liquid at room tempeuaé and known amounts can easily
be measured into an NMR tubkhis is not the case f@&which is added to the samples as a gas

using a Schlenk line (see section 7.2.1). As a redudt,amount of4-d; remains constant
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throughoutmultiple repeaexperimenwhichallowsp-H- to be refreshed a large number of times

without altering the ratio od-d; in solution.Therefore three repeats for eadi theeight PTF
fields can be collectedsing the same sample. The optimum psédion transfer fields fo3 and
4-d; was found to be 8 and BT respectively which is consistent with thosgportedin the
literature for similar substraté®
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Figure 2.10 Average normalised'H signal enhancementdor the carriers a) 3and b) 4-d; when 5-10 eq. were shaken
for 10secondswith 2 (5mM) and 3 bar p-H; in anhydrous dichloromethane-d, (0.6mL) at varying polarisation
transfer fields.

Now that the optimum PTF f@& and4-d; carriers have beeronfirmedthe next step is to shake
samples o@lcohol and carriewith p-H2 at twodifferentfields. The firstat 8mT, will optimally
transfer polarisation to the carrier and the second, variablevidgl@ptimise transfer within the
alcohol. Therefore, a saple containing2 (5 mM) with 3 (7 eq.) andl (5 eq.) was shaken with
3 barp-H; for 7 seconds at &T before shaking for $econds at a different field. TIMMR
signal enhancemenf the carrief3) and the alcoholl), which are shown in Figura 1lab,
are largest when shaken atnd followed by 710 mT. Similarly, wherthese measurements are
repeated shaking firstly atr6T followed by a second variable field the optimum alcdtiglR
signal enhancementare obtained when the second field imB This isindicative of the fact
that 8mT is the optimum field for polarisatn of 3. These results confirm that thMR signal
enhancemerdnd transfer efficiency from-H- to the carrier is most important as this determines
the finite amount of polarisation alelle for transfer to the alcohol.
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Figure 2.11: Normalised *H and *C NMR signal enhancemers for 1 (5 eq.)with 3 (7 eq.) shakenfor 7 secondswith p-
H. at a)-b) 8 mT or ¢)-d) 6 mT before shaking for 7 secondsat a different field. The total NMR signal enhancemensg
of 1 and 3 are each normalised tdeir maximum value. Each data point represents onp-H, shake. Errors have been

calculated based on three measurements recorded usingldas a carrier (data in Figure2.9).

It is difficult to tease out diérences between the optimal field for transfer between hydrides and
carrier (step i of Figure.3) and the optimum field for transfer within the alcoltstep iii of
Figure2.3) becausehe system will relax and depolariaeany period of the shaking tinthat

the system is not at the-8mT optimum field for transfer to the carriemhis limits the
polarisation available for subsequent transfer to alcohol and consequleatty appears to be
little benefit inshaking at aecond field. Thereforeh¢ mat optimum field for polarisatioof
alcohols using SABRIRelay is the optimum field for carrier polarisation, which is around 6

8 mT depending on the carrier used. There may be other fields at which polarisation transfer
within the alcohol may be more igient, but these will be challenging to implement
experimentally given that alcohol polarisation is derived from carrier polarisation which is
optimum at 68 mT. Creation of handheld shakers that are able to rapidly shétivtheen different
magnetic field on a millisecond timescale may address this challenge.

Hyperpolarised*C NMR signals ofl when shaken at-8 mT are visible and can he tofour
orders of magnitude higher than those recorded under Boltzmann conditimhssuggests that
these 88 mT fields are also appropriate for transfer!$6 from the exchanging OH. This may
not be true for other heteronuclei and transféght be improved using sophisticated pulse

sequences such #4-13C INEPT or high field radifvequency excitation to move Qpblarisation
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to heteronuclear sites in a target substfaté® 1% 179n SABRE-SHEATH, direct transfer from

p-Hz to heteronuclei of bound substrates is achieved by shakin@ felds 8 17t Approaches
such as SABRESHEATH cannot be used in conjunction with SABREelay because
polarisation musbe relayedhrough the protons of a carrier molecule in a first step that will
always be optimal at-8 mT. Direct heteronuclear polarisation using SABR&ay is not
possible as the technique fundamentally relies on relayed proton exchange effectsayl his
prove tobe a limitation of SABRERelay and may become more obvious for hyperpolarising
sites that require vastly different PTF matching conditions than required for'tdrgéts using
SABRE-Relay.

2.7 Using SABRERelay to detect alcohols in mixtues

SABRE cammake low concentration molecules visible to NMR and has found applications in the
detection of analytes in solutidff:124 147. 148, 7|n order to mak&SABRE a quantitative detection
method the irtensity of hyperpolarised responses of an analyte of interest must show a linear
relationship withits concentration in solution. This can be a challenge to achieN&i&ssignal
enhancemesttypically changesthe ratio between substrate and catalysakeeed Eshuis et

al. have developed an elegant solution to this proBfén2*They have shown that for dilute
substrategnalytesin the presence of a smwd substrate, termed a coligafld), a linear
relationship between concentration &fldR signal enhancemenft the analytean be achieved.
Under thesalilute substrate concentration regimbe most abundant metal species formed in
solution is [Ir(Hy(NHC)(L)s]CI, where Lis the coligand me t h,y3d tir,i azol e. As
a very low amount of analyte presentn solution only small amounts of

[Ir(H) 2(NHC)(L)2(analyte)]Clform and the likelihood of formingr(H).(NHC)(L)(analyte}]Cl

or [Ir(H) 2(NHC)(analyte}]Cl complexes is low. Tisi approactcannotonly detect nanomolar
concentrations of analytes but their amount can be quantified using a standard additiortthethod.
This involves making many additions of known concentrations of the analyte and measuring the
linear increase in hyperpolarised analyte signal after each addition. Thelilreeaf best fit
produced can be used talculate the concentration of target analyte that was originally in the
mixture prior to spiking with known additions. Some examples of this approach are shown in

Figurez . 125[22—124, 147, 148172
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Figure 2.12: Eshuis et al.have shown that SABRE can be used to quantitatively determine the concentration of an
analyte (b-c).}??> This can be done when the analyte is dilute in comparison to the metal complex and a coligand ().
Taken from Eshuis et al*?

This low concentration quantificatioapproach could be extended to the detectbulilute
concentrations of alcohols in mixtures usB@BRE-Relay. In fact, the primary alcohd! is an
additive often pesent in a wide range of food and drinks. Its concentration in a range of alcoholic
drinks is often used as an indication of quality confol®3For example, tequila is made from
theagaveplant, which is native to Mexico, and can be cléisd into many different typeswo

of these areagaveand mixed Agavedescribs tequilas made exclusively fromgavejuices
(100%) and watewhile mixeddescribes thoserhich containsagavejuices (as low as 50%6
mixed with other sugar$? 163According to Mexican law all 100%gavetequila must be bottled
in Mexico: distinguishing between authentic 10@avetequila andnixedtequilas is therefore
very impatant. This is commonly done b¢gC-MS analysis of low concentration alcohols
including 1, which is found at higher concerticms in authenti@agavetequilal®? 163 Similar
approaches are taken to digfilish different types of whiské§* SABRE-Relaycould provide a
route to determining the concentratioinl in mixtures and therefore tla@ithenticity of alcoholic

drinks such as tequila

Initially, an equimolar mixture of the primary and secondary alcobh@sad6 (28 mM) were
hyperpolarised usinggABRE-Relay to demonstratehat signals for both alcoholsould be

observedand clearly distinguished, ahown inFigure2.13a. In these experimentsd-13C
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INEPT pulse sequence was used to transfer polarisation from the exchanging OH3® the

resonancesgia ar.f. pulse. This presents much simpler spectrih wnly one peak per carbon
resonance and no overlap of carbuoaltiplet peaks. This is advantageous as it creates carbon
signals that have a larger signal to noise ratio and are easier to int8AB&E-Relaycanalso

be used to detect in a mixture cataining a range of eighdifferent alcoholsof similar
concentrationas shown ifrigure2.13b. Here, responses fb{60 mM) and6 (46 mM) could be
distinguished in just one scan. Detection of these hypeipethrsignals using3C NMR
spectroscopy is noln more advantageous than usthBNMR spectroscopyvhich suffers from
severe peak overlaffhe *C NMR signal enhancemenfor the sites containing directly bound
OH groups are 290 and 34&ld for 1 and6 respectively. When this is extended to a mixtire
eightdifferent alcohol$*C NMR signal enhancemenfor 1 and6 are again observed but these
are now just 85 and 4f@ld due to spin dilution across the multitude of different alcoldidR
signal enharemens of 6 in these mixtures can be higher thitiose ofl despite the data in
Figure2.9 showing that in isolation secondary alcohols do not hyperpolarise as well as primary
alcohols.This suggests that when mixtures of different alcohols are used leabblacan act as

a hyperpolarisation carrier lgxchanging with every other alcohol in addition to the carhier.
these mixtures, the presence of other alcohols alters proton exchange efficiencies such that relay
of polarisation t06 appears more efficie. This could also be the effect of differing HRT
transfer efficiencies for different alcoholherefore, it is clear thanierpreting the magnitude of
NMR signal enhancemenis much more challenging when mixtures of alcohols aredisedo
multiple competing exchange processes. Neverthelesgnesg foll and6 at concentrations of

28 mM are clearly visibleto 3*C NMR spectroscopyn only one scan and can be distinguished

from a wide range of alcohols of similar concentrations.
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Figure 2.13: Hyperpolarised *H-33C INEPT NMR spectra for a mixture of a) equimolar 1 and 6(5 eq. relative to
5mM 2) and b) 50uL of a solution containing 1(4 uL), 7 (5uL), 2-pentanol (3 pL), 1-pentanol(4.5uL), 1-
heptanol (3.5uL), 1-octanol(1.5pL), geraniol (1 pL) and citronellol (2.5uL) hyperpolarised by shaking with
an anhydrous dichloromethaned, (0.6 mL) solution of 2 (5mM), 3 (14-15eq.) and 3bar p-H, for 10 seconds at
6.5mT. Note a) and b) are recorded with a delay time]J pf 2ms ¢)**C NMR spectrum of the same mixture used in b)

after 676 thermal scans.

These results show that hyperpolarisation uSIABRE-Relaycanallow 3C NMR detecion of

1 in mixtures of other similarly concentrated alcoholsy brder to makeSABRE-Relay a
guantitativedetectionmethod its hyperpolarised signal intensity should scale linearly with its
concentrationThis can be achieved under the typically dilute conditions reportdeshyis et

al. and coworkerd?2 124.147In order toapply this to SABRERelaya similarstandard addition
approach discussed previouslyvas investigated.Under such dilute conditions the use of
H NMR spectroscopy, which has a greater NMR receptivity th&€ &MR measurment, is
necessary. Here, a solution2f2 mM) in dichloromethanel, (0.6 mL) and 3barH, was used
with 4-d7 (5 eq). 3was not usedue tothe difficulty in controlling itgprecise amourit solution.
Dilute additions of ethanol (with eachub addition corresponding to an increase in total ethanol
concentration of 5QM) were added and shaken for 4€conds at 6.5T to detect a
hyperpolarsedH ethanol response. Ethanol concentrations as low ads5€ould be detected
with a signal to noise ratio @&3. Upon further addition of ethanol the hyperpolarised signal for
the CH group, which was free from spectral overlap, was found to incieasénear fashion,

as shown in Figurg.14a. While this may suggest that SABREIlay could be used to determine
ethanol concentrations in mixtures, calculation of the initial ethanol concentration using the line
of best fit (as depicted in FiguBl2) yields a value of 103 9 uM which is significantly
different to the known value of 50M. This discrepancy suggssthat while there is a linear
relationship between signal intensity and concentrationcmsiotbe used in the same way to

quantitatively alculate unknown substrate concentrations using SABBRy. This can be
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indicative of much more complex relatidnigs between substrate concentration and proton

exchange efficiencies.

In order to reduce the detection limit of this technique these expatisnvere repeated using the
coligand approach used Iishuis et al?>124 147|n these experiments the coligand imidazole
(8) (5eq.)wasused as it is expected to bind to the catalyst with a simifaritgfto 4-d;. In
contrast to the experiments described abbgee, the alcohol:carrier ratieas kept constant (1:1)
by making additions of a dilute solution of equimoldrd; and 1 to a solution of
[IrCI(COD)(SIMes)](9) (3 mM) and8 (5 eq) in dichloromethanel, (0.6 mL) preactivatedvith

3 barH.. It is expected thas morel-d; is added its NMRsignal gainshould scke linearly with

its concentration in accordance with literatueportst?? 124 147 Similarly, the NMR signal
enhancemesDf 1 shouldalso scale linearly as the proton exchange process should not be altered
by the constant:1 carrieralcohol ratio. When such experiments are performétidMR signal

for hyperpolarised. could be distinguishedt concentrations as low as 108l in a single scan
which indeed increase linearly with subsequent additions, as shoviAigure2.14b. This
appoachinvolving a coliganddid not appear to recte the detection limit with 50M alcohol
nowbeing below the detection limithis increased detection limit is likely related to polarisation
leakage intaB, which could be preventkby further optimisatiorof coligandsto include those
that lack *H sites. The calculated initial concentration df from the line of best fit was
147 8 uM which is, again, inconsistent with the known starting value qiM2Therefore, in
this case, tere appears littl@additional benefit of using a coligand. Therefore, the previous

approach using a significant carrier excess rather than a 1:1 carrier to substrate ratio is continued.
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Figure 2.14: a) Hyperpolarised ethanol"H CH, NMR signal intensity increases lineary when 5uL additions of
ethanol (1 pL in dichloromethane-d, (1.4mL)) are made to preactivated 25 mM) and 4-d; (5 eq.) with 3bar H;
in anhydrous dichloromethaned; (0.6 mL). b) When an alternative approach is used, hyperpolarisedgnals of 1 again
increase linearly when 5HiL additions of an equimolarl:4-d; solution (0.6pL of each in 1mL anhydrous
dichloromethane-d,) are made to preactivated 93 mM) and 8 (5 eq.) with 3bar H, in anhydrous dichloromethane
dz (0.6 mL). c) Repeatng a) using an intial 5 pL addition of diluted 40% ethanol:H,O (0.4 L Ethanol, 0.6uL H,0 in
dichloromethane-d, (1.4mL)) followed by standard additions (5uL) of dilute ethanol (1L in dichloromethane-
d. (1.4mL)) does not yield a linear relationship.d) Hyperpolarised *H NMR spectra after shaking 0.1mL Jose Cuervo
tequila with a solution of preactivated 9(3mM), 8 (5eq.) and 4d; (0.5pL) with 3 bar H; in dichloromethane-
dz (0.6 mL) at 6.5mT for 10 seconds.

Potential applications such as determgniethanol concentration in alcoholic drinks, blood, or
urine will be further complicated by the presence of large quantities@fitdthese mixtures.
This is exemplified when the experiment above was repday using known mixtures of 40%
Ethanol:HO tomimic an alcoholic drink. This mixture was added to a solutich(@fmM) with
4-d; (5 eq) in dichloromethanel, (0.6 mL) and 3barH followed by standard additions of 100%
ethanol. Here, the hyperpolarisedhanol®H NMR signal no longer increases darly with
subsequent ethanol additions, as shown in Figuréc. Thisndicatessignificant changes in the
substrate:RO ratio upon sukequent ethanol additions which appears to have a dramatic effect
on proton exchange efficiency and the subsegN®fR signal enhancementThe presence of
competing exchange processes may hamper quantitative substrate determination using SABRE
Relay. Forexample, when dilute amounts of the alcoholic drinks whiskey (40% ABV) or peach
schnapps (15% ABV) were added to a sioluof2 (2 mM) in dichloromethaned, (0.6 mL) with
4-d; (5 eq) and 3barp-H,, the hyperpolarisetH ethanol signal in whiskey wamgher than that
in the peach schnapps sample, but was not comparable to that in a known 40% etbanol:H
mixture despite @ntaining similar amounts of ethanol. This furtlenfirms that quantitative
analysis is challenging and prevents the use of a atifibr curveto allow determination of
alcohol concentration3 he presence of other G¢bntaining molecules in such alcdieadrinks,
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or small variations in carrier/substrate/catalyst/water ratios between different samples, may be

responsible for such effts in these dilute systems.

While the SABRERelay technique does yield a linear response for hyperpolarised alcotabl sign
as a function of its concentration under dilute conditions, this relatiomsimipotcurrently be

used to give accurate alcohol centrations.Neverthelessalcohol concentrations as low as

28 UM can be detecteth a single scalSABRE-Relay hyperpolased'*C NMR spectum, and
signals can be detected in the presence of a large number arlgirnoncentrated alcohols
However,alcolol hyperpolarisation levels are affected by the presence of other molecules with
exchanging protong&or example, yperpokbrised signals fot are not observed in theslcoholic
drinks despite a 38can thermatH spectrum confirming its presenckhis is likely related to
large excesssof other molecules with labile protossch asthanol and watexrhose exchange
processe dominatelndeed, when alcohol water mixtures are used there is no longer a linear
relationship between alcohdMR signalenhancemestand alcohol concentration. Nevertheless,
these results showhat low (uM) concentration alcohols céedetectedisingSABRE-Relay and
further work will be needed to create an approach in which alcohol concentration can be
determined quantitately by SABRERelay, everin mixturesthat contaimmultiple species with

exchangeable protons.

2.8 Conclusions

In this chapter taSABRE-Relaymechanism has been investigated using the simple altatsol

a test substratdt is clear that each of the rde steps of the SABREelay mechanism i)
polarisation transfer fromp-H; to carrier ii) polarisation relay from carrier to subttnrda proton
exchange and iii) propagation of polarisation within the substrate framework all play an important
role in determining substratdMR signal enhancementUnder particular conditions each of
these steps can become rate limiting and variatiaredain factors can improve the efficiency

of each step. For example, the finite amount of polarisation on the carrier molecule available for
relayed transfer is often important and can be optimised by variation of the carrier identity and
the carrier tacatalst ratio. Garrier 3 relaysthe highestalcohol polarisation compared to use of
4-d; or 5. The alcohoINMR signal enhancemeig most dependant on the efficiency of carrier
polarisation which is optimum when equivalents of carrier are used. Rertrdinement of
alcoholNMR signal enhancemesitan result from variation of the carrier to alcohol ratio. This
effectively tunes OB NH exchange which is most efficient when the alcohol and carrier are in
a 1:1 ratio. Destructive competing proton exchangegsses with contaminant water can reduce
alcohol NMR signal enhancemesnt Therefore, anhydrous conditions should be used where
possible to achieve optimal SABRRelay performance. This may be a serious limitation of the

technique.
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The class of alcoholan influence polarisation propagation from the exchanging OH into the

substrate aliphatic framework. When comparing the prinsegondary and tertiary alcohdls

6 and7, the former polarise more strongly. The reduced performance of secondary and tertiary
alcohols6 and 7, which contain similar levels of OH polarisation, is more likely related to
inefficient transfer through thé-coupling network within the alcohol CHamework. This
highlights the tension between the multiple factors that determine SABREy performance:
initial carrier polarisation, proton exchange efficiency, and transfer within the alcohol framework.
Separabn of the field dependencies of each béde steps is challenging and an optimum
polarisation transfer field of-8 mT, which corresponds to the optimal PTF for polarisation of
the carrier, is required. Polarisation transfer into certain heteronucleibméiynited by this
matching condition with may be a fundamental limitation of the derived polarisation relay.
Despite this, 140@old '3C NMR signal enhancementand 70€fold *H NMR signal
enhancemestfor 1 can be achieved at these PTF fields whgh significant development for
SABRE aspolarisation ofthese types of non hydrogenatable, non ligating subsirdtiesuch

high signal gains can not be achieved using traditional SABRE or PHIP.

SABRE-Relay can be used to detect alcohols likehich ae present in mixtures. Concentrations

as bw as 281M can be detected in a single sé&NMR spectrunand this detection limit could

be reduced through further optimisation of the carrier molecule, catalyst or coligand1\a4rile

be detected in a mixte of several different alcohols of similar concentrations its polarisation
levels are affected by the presence of other alcohols, which all contain exchangeable groups. This
precludes the detection of small quantitiesldh the pesence of much higheobicentrated
alcohols, such as ethanol, whose exchange processes dominate. When these alcohols are used
alone under dilute anhydrous conditions a linear relationship between hyperpolarised signal
intensity and concentration results ialh may allow for quatative comparisons of alcohol
concentrations to be made. This relationship, however, does not allow for the quantitative
determination of substrate concentration and breaks down when extended to alcohol water
mixtures. Despite thedinitations, SABRE-Relay could become a useful tool for the detection

and quantification of substrates in solution.

SABRE-Relay contains many of the features of the traditional SABRE mechanism but additional
proton exchange and polarisation propagatiepshecessitate considgon of additional effects

which make the SABRIRelay approach much more complex to optimise. Despite this, general
features are present and the technique can be used to polarise alcohols with high signal gains
which is a class obubstrate that has pilieusly eluded hyperpolarisation usimgHz-based

methods.
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3.1 Introduction

Traditional MagneticResonancémaging(MRI) can produce anatomidaldetailed 3Dpictures

of living tissues in a neinvasive mannet.These achievements have resulted in its routine use
for the diagnosis of disease. Despite these successes, MRI is insensitive on tdudamlelee!

and must therefore tak&lvantage of the lardgel MR signal from bulkwaterprotonsin different
tissues of the bodyMRI is able to differentiate these water molecules based onTheir T,
relaxation times, which allows image$ high contrast to be producédviRI can therefore
provide useful information otissue structure in a nanvasive wayand iscommonly used to
diagnose structural abnormalities or differences in morpholagy tumours)* Despite
widespread use, MRI typicallyrovides little information as to the function or disease state of

tissuest

The production of hyperpolarised contrast agents has been the focus of much interest as this
allows metabolic pathwaymd biochemical processes of tissues to be interro§&mdexample,
pyruvate is respired aerobically in healthy céllg anaerobic pathways, suchcasversion into
lactate, are upregulated in aseaf cancet®® HP-MRI using pyruvateherefore provides a route
to distinguishing areas of cancer based on enhanced pytaJatgate conversion and was first
applied to mman studies of prostate cana@r2013*% Since then, further in human studiafs
various target organs have been perforitéd’”® While there are several hyperpolarisation
technigues(described in Chaptdr), dDNP is the only onecurrently used to produce
hyperpolarised agents for in humstudieswith *C polarisation levels as high as 70% achieved
in 20 minutes®® However, dDNP uses complexxperimental apparatus to transfer polarisation
from electrons to nuclgisee sction 1.3.1).The high cost and limited availability oflDNP

polarisers mirror the complexity of the experimental setup.

Much attention has been directed gpérpolarisatiorof moleculesuisingp-H»-based methods to
providea faster, chapemndrefreshable alternative to DN 8% ""Many potential agents suitable

for in vivo study have been reporte@ne of these, succinate, has received significanttiatten

for hyperpolarisation using PHIP because it can be made easily from its unsaturated precursor,
fumarate®® %% 'Studies have shown th&€-succiric acid-d; and other derivatives such as diethyl
13C-succinde-d, can be polarised using PHIP with polarisation levels as high as 8% and 2%
respetively.” When injectednto mice these agents accumulate in certain cancer cell lines and

in vivometabolisn can be tracked.
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Signal Amplification By Reversible Exchange (SABRE) is @ternativemethod that transfers

polarisation fromp-H: to a substrate when both are in reversible exchange with an iridium
catalyst’® Catalytic magnetisation transferccursvia the formation of temporary-coupkd
networkswithin an organometallic comple® Therefore, subsites can be polarised without
their chemical modification as direptH- incorporation is no longer necessary. SABRE has
traditionally been used to polarise iridium ligatiagucture which typically containN-donor
sites’® However, SABRERelay has removed this restriction byelaying polarisationfrom
ligandssuch as amings nortligating ligands such asahols!® sugars’ silanols®®and many
others!%via theexchange of hyperpolarised prots, as summarised in Figuel It is expected

that SABRERelay can provide a useful tool for hyperpolarising a much wider range of naturally
occurring biomolecules which do not ¢aim unsaturatedroiridium ligating motifs and are

therefore unsuitable for hyperpolarisation by traditional PHIP or SABRE.

O

NHC )KrOH
7~ H.. |+ NHR S
S
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Figure 3.1: SABRE-Relay useg-H; to hyperpolarise carrier molecules like amines when both the carrier ang-H, are
in reversible exchange with ariridium catalyst (step i). Polarisation carthen be relayed to norligating substrates (the

potential target shown in this example is pyruvateyia proton exchange (step ii).

In Chapter2, the mechanisnof relayedpolarisation transfer in SABRRelaywasinvestigated
using the simple alcohol®ethyl1-butanol as a test substratdwe carrier NH (3) was found to
give higheralcohol polarisation comparedttee use ofbenzylamined; (4-d7) or phenethylamine
(5). Alcohol NMR signal enhancementveredependat on the efficiency of polarisatidransfer

to the carriewhich is optimum when-80 equivalents of carrier are used. Further refinement of
alcoholNMR signal enhancememias possible by variation of the carrier to alcohol ratio. This
effectively tuneOHP NH exchange which is most efficient when the alcohole@arder are in

a 1:1 ratio. AlcohoINMR signal enhancementwere found to be highest when polarisation
transfer fields of @8 mT were used in order to maximise the finite amount of carrier pdiiamisa
available for relayed transfer to a substrate. WE#MBRE-Relaywas extended to include the
secondary and tertiary alcoholsp2ntanol and 2nethyl2-butanol, these are simple alcohols
containing only aliphatic CH frameworks. In this chaptgrtimised SABRERelay conditions
will be extended to more complerolecules that contain OH groupgch asatural products,
neurotransmitterand metabolitesThis may presemreater potential applications for biomedical
imaging than the sinig alcohols explard in Chaptep.
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3.2 Extending SABRERelay to more compl& OH-containing molecules

A range of target substratd€}-17, with OH-containing functionality have been selected and their
structures are shown in Figude2. Choline chloridel0 has been hyperjarised using DNP and

used to monitor the action of choline kinase enzymes, which is often altered in various types of
cancert’* 175 p-hydroxybutyric acid 11, is a ketone body that isquuced from metabolism of
acetoacetate and can be used as a redox state marker of mitocHé8drndarly, glycogenolytic

and gluconeogenic liver tissue can be distinguished by monitoring metabolism of
dihydroxyacetonel2.’” Norepinephrine13, and ascorbic acidl4, are neurotransmitters and
vitamins respectively of biological signifinee which may provide useful information on the
disease state of tissues in the body. The terpene derived productslegaraniol,16, and
linalool, 17, are all biologically occurring molecules present in natural oils and used commonly

in perfumes.

Choline chloride, 10  Hydroxybutyric acid, 11 =~ Dihydroxyacetone, 12

Neurotransmitter Metabolite Metabolite
]
cl |, a OH © 0
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—
;> 0H )b\/U\OH Ho._J_ oH
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Neurotransmitter Vitamin
OH OH
HO HO OH
Nerol, 15 Geraniol, 16 Linalool, 17
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Figure 3.2: Substrates 1617 investigated as more complex Ofdontaining SABRE-Relay targets.

The hyperpolarisation af0-17 using SABRERelay was investigated by shaking eachlLof
17(5eq. relative to iridium) with ®arp-H, for 10seconds at6.5mT in a solution of
[IrCI(COD)(IMes)] (2) (5mM) preactivated with NH(5-10eqg.) in dichloromethane

d2 (0.6 mL). SABRE is most commonly performed in organic solvents (methdspethanolds,
dichloromethanal, and chloroforrad) which is necessary @uto thelimited solubility of both

SABRE precatalysts angtH; in aqueous solvents {D).1°> SABRE hyperpolarisation in fD

has been reported, but this is typically achieved using specialised catalysts in which the carbene

ligand has been funionalised with water solubilising groups and typically yields much lower
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substate polarisationH U< 100fold).100. 120. 121|n the case of SABRIRelay, solvents with

exchamgeable protons (methandi, ethanolds) are not used to prevent competing proton
exchange processd3sonverselydichloromethanal, is a SABRE-Relay compatible solvent and
is used in this work® 104 108 109Degpite this,10-14 are insoluble indichloromethanel, and
therefore, they are solubilised in 1QUL H)O before addition to a solution of
[IrCI(COD)(IMes)](2) (5mM) preactivated with NH(3) (5-10eq.) in dichloromethane

d> (0.6 mL). When hyperpolarising alcohols using SABREIlay, destructive competing proton
exchange processes with contaminant water were found to reduce albti®l signal
enhancemest'®”1%° Therefore, use of the anhydrous conditions necessary for optimal SABRE
Relay performance is difficult to achieve fod-14 which exist as solids at room temperature and
are not soluble in SABRcompatible organic solvents. For example, whei 2 are solbilised

in H20 (10 uL) and shaken with Barp-H> for 10seconds at 6.81T in a solution o (5 mM)
pre-activated with NH (5-10eq.) in dichloromethand, (0.6 mL) only low *H NMR signal

enhancemend ae obtained (<1fold), as summarised in Tabgel.

The use of dimethylformamide asasolventfor hyperpolarisation ofarget molecules such as
glucoseusing SABRERelay has been reportéd’ This can help solukide target agents in a
dichloromethanal,/dimethylformamide mixture without adding solvent (like®l) that contain
exchangeable protons. Much larger volumes of dimethylformamide are required to solibilise
(0.1 mL) compared to kD (10 uL). *H NMR signalenhancemestof 10 were found to double
from 5-fold to 10-fold when10was solubilised in dimethylformamid®8.1 mL) and shaken with
3 barp-H: for 10seconds at 6.B1T in a solution oR (5 mM) pre-activated with NH (5-10eq.)

in dichloromethaneal, (0.5mL). However, overallH NMR signal enhancememn¢maired low
and no *C NMR signals were observed isingle scanNMR spectra Observation and
quantification ofH NMR signal enhancementvas hampered by overlap'ef resonances df0
with dimethylformamide. Substratég-14 showed néH or'*C NMR signal enhacemers when
analogous samples were preparied dimethylformamidg0.1mL) and dichloromethane

d2 (0.5mL) mixtures, as summarised in TaBld.
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Table 3.1: 'H and *C NMR signal enhancemers for 10-17 when each is shaken with Bar p-H, for 10 seconds at

6.5mT in a solution of 2(5 mM) pre-activated with NH3 (5-10 eq.) in dichloromethaned,. Substrates are either used

neat, dissolved in HO (10 pL) or dimethylformamide (0.1 mL) as indicated. Anhydrous solvents are used and the total
solvent volume is 0.6nL. *C NMR signal gains are measured using #-°C INEPT pulse sequence. Sites are lalbed

according to Figure3.2.

Substrate Solubilising agent 1H signal gains /fold 13C signal gains /fold
10 10puL H20 ac:5+1 N/A
10 0.1 mL dimethylformamid a:5+1;b:11 £1;c:N/A N/A
11 10pL H20 a:0;b:8 +1;c:5+1 N/A
12 10pL H20 a:6 +1 N/A
13 0.1 mL dimethylformamide N/A N/A
14 0.1 mL dimethylformamide N/A N/A
15 N/A a:170£15;b: 455 a: 500 * 25; b: 235+ 25
16 N/A a: 270 £ 15; b: 115 £ 5; a: 160+ 10; b: 120 £ 10; c: 30 +
d/e/f: 355 +£20;g: 30+ 5
17 N/A b:60+5¢c:7+1;d:3+1; a:120+1;f:35+5
e:1+1;f/g:60+15h:4+1

*Overlap with dimethylformamide, N/A = no signal gains observed, missing resonancectabetpods to no observed
signal gains.

In contrast,15-17 exist as liquids at room temperature and pressure and do not require
solubilisation in HO or dimethylformamide. When these substratesyp are added to a solution

of 2 (5mM) preactivated wih NHs (5-10 eq.) in anhydrousdichloromehaned; (0.6 mL) and
shaken with ®arp-H. for 10seconds at 6.51T much highefH (up to 355fold for 16) and

13C NMR signal gains 600-fold for 15) are observed. Signal gains ftf are localised to sites
close to the exchanging OH group, while thosé&fwhich contains mE arrangement around

the alkene bond, are spread more evenly withincthgpledCH framework of the substrate.
Tertiary alcoholl7 has loweMNMR signal enhancemés (up to ~6€fold for H sites and ~120

fold for '3C sites) which is related to less efficient coupling within the substrate and supports
previous observations in secti@rb that tertiary alcohols generally display less efficient SABRE

Relay performancthan primary alcohols.

Low SABRERelay performance for ageni$+-14 is attributed to low solubility in SABRE
compatible solvents such as dichloromethdnevhich necessitates solubilisation in eitheCH

or dimethylformamide. In the case ot®| the introduction of a largegol of exchangeable
protons can interfere with the relayed proton exchange from carrier to substrate. While the relayed
polarisation of amino acids from DNP hyperpolarisefHias been used to produce significant
signal gainsdr the amino acid®? 1’8in this work relayed polarisation transfga H>O did not
yield significant substrate signal ge. This is likely related to efficient proton exchange between
the carrier molecule and;B and inefficient proton exchange betweei®tand the substrate of
interest at the concentrations used in these SABRRY studiesCo-solvents were not required
for 15-17 which yieldedappeeciable'H and'3C NMR signal gainausing SABRERelay (up to
355fold and 506fold respectively, as shown in Tal8€l).
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3.3 Hyperpolarising lactate and lactate esterasing SABRE-Relay

To date, sodium pyruvate['3C] is the moscommonly reported agent used for HP imaging
studies’? 75 132137, 139141 The reasons for this are given in more detail in sedtibnTo summarise,
upregulated conversion of pyruvate into products such etsdaby the enzyme lactate
dehydrogenase (LDH) is often used as a hallmark of c&ncér 132135 137, 140, 14lgr
inflammation?3¢: 9 In the first inrhuman study, doses of HP pyruvate were typically
c.a.1.5mM?*32 which is significantly higher than the pyruvate concentration in blood plasma
(c.a.0.06mM).2"° In similar studies with migethe injecteddoses are higher than physiological
concentrationsg(a. 8 mM compared to 0.ehM).17° As the endogenousdgate pool is larger than
the pyruvate poolgia.4 mM lactate compared to Or@M pyruvate in mouse plasmé&)these
large HP pyruvate doses are necessary to observe metaboligra It has been suggested that
metabolic imaging using HPC labelledlactate mg be more beneficial as doses of physiological
concentrations can then be administér@dlhis approach will allow the reverse metabolic
conversion from lactate to pyruvate to be monitored, although the size of hyperpdf@ikdzel

on the pyuvate product Wi be limited by the small size of the pyruvate pool. The
hyperpolarisation of lactate-[**C] and its use fom vivo metabolic studies in mié&: 8and
rat$8! has been reported with polarisation transfer fré@ to 'H'8 and deuterium labelled

lactate1-[*3C]*"°used to aid observation of metabolic conversion to pyruvate and other products.

Lactate, and pyruvate, both contain exchangeable OH groups in the form of an alcohol and
carboxylic acid group respectivelyh&refore, they mabe amenable to hyperpolarisation using
SABRE-Relay which could provide time and cost advantages to hyperpolarisation using DNP.
The hyperpolarisation of lactates using SABRElay is discussed in this section, while its

application to pyuvate is discussl in sectior8.4-3.5.

3.3.1 Hyperpolarisation of sodium lactate using SABRHERelay

The application of SABRIRelay to more complex Oldontaining structures was discussed in
section3.2. A key factor limiting SABRERelay performance is the presence of contant
water%” which in the case of some substratesiecessary to allow solubilisation in SABRE
Relay compatible solvents. Sodium lactat8)(is not soluble in dichloromethamtk or
chloroformd. Therefore18 (5 eq.) in HO (10 uL) was aded to a solution d (5 mM) and3 (5-
10eq.) preactivated with BarH,. Shaking for 1Geconds with ®arp-H. at 6.5mT followed by
insertion into the 9.7 spectrometer yielded no discernibitt or 3C NMR signal enhancement

This is consistent with the results presentedLfbi4 in sedion 3.2.
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3.3.2 Hyperpolarisation of lactate estes using SABRERelay

In recent years, PHIBAH has emerged as a route to hyperpolarise molegsilegp-H, that do

not contain unsaturated functionali§This approach idiscussed in Chapterahd haslsobeen
applied to lactaté Lactate, which does not contain an unsaturated double bond that can be
readily hydrogenatedising p-Hz, can be functionalised as an ester that does contain such
functionality. Upon hydrogenation ohé modified lactate estewith p-H,, lactate can be
regenerated in a rapid hydrolysis stég\n approach of this type could be applied to produce
lactate hyperpolarised using SABRelay. For example, the lactate esters methyl laci&®e (

ethyl lactate Z0) and butyl lactate2(1) all exist as liquidsat room temperature andgssure.
Therefore, they do not require solubilisation isCHand are expected to yield higtMR signal
enhancemestusing SABRERelay. These lactate esters, the structures of which are shown in
Figure3.3, are in fact used in adé range of application$9and20are non toxic biodegradeable
solvents an@0 has uses as a degreaser and as a food ad@iiigalsoused in skin products to

treat acne as hydrolysis into lactic acid and ethanol can altepldKi#? Hydrolysis of SABRE

Relay hyperpolarised9-21 could produce hyperpolarisédB in a process similar in design to
PHIP-SAH . In this <case, a O0side armé is added

solubility, rather than to introducepaH; acceptor.

19 20 21
b ? d b N d b Q d f
a%o/ a%o/\e a\)ck()/\e/\g
OH OH OH

Figure 3.3: Substrates 121 investigated as SABRERelay hyperpolarisation targets.

Samples containing (5 mM) andthe highest performing carrie8(8-9 eq.) or4-d- (5 eq.) in
dichloromethanel, (0.6 mL) were activated with BarH, overnight beforel9, 20 or 21 (5 eq.)
were added under an;Mitmosphere before being shaken withaBp-H. for 10seconds at
6.5mT. These conditions were chosen as they were found tdhighéd MR signal enhancement

for simple alcohols (see Chap®r and similar conditions have been reported for related
substrated?* 10619 The IH and**C NMR signal enhancemenfor 19-21 achieved using these

SABRE-Relay conditions are shown in Tal3e.
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Table 3.2:H and *C NMR signal enhancemens for 1921 when each (®q.) is shaken with dar p-H, for 10 seconds
at 6.5mT in a solution of 2(5 mM) pre-activated with 3(8-9 eq.) or 4d; (5 eq.) in dichloromethaned; (0.6 mL). Sites

are labelled according to Figure3.3.'H T, were measired thermally at 9.4 T using an inversion recovery sequence.

Substrate | Site HTy/s 'H NMR signal enhancement 3C NMR signal enhancementfold
/fold
Carrier 3 Carrier 3 Carrier 4-d; Carrier 3 Carrier 4-d;
19 a 5.9 305 110+ 10 1015+ 30 530 £ 55
b 24.4 55+5 115+ 10 445 £ 20 250 £ 20
c - - - 65+ 10 305
d 114 15+£5 405 0 0
20 a 5.0 15+5 135+5 575+5 240+5
b 13.5* 15+ 5* 90 + 5* 380 + 40 310+ 20
c - - - 75+ 10 45+ 5
d 13.5* 15 £ 5* 90 + 5* 0 0
e 8.1 2+1 20+5 0 0
21 a 4.1% 255 30+ 195+ 40 1505
b 5.6 30+5 355 210 +£50 330+ 25
c - - - 405 505
d 5.6% 0 305 0 0
e 5.8 0 30+ 5 0 0
f 4.1% 0 4+1% 0 0
g 6.4 0 4+ 18 0 0

* £%&%Values are averaged across the two sites due to signal overlap

The*C NMR signal enhancemenfor 19-21, shown in Tablé&.2, are generally higher whén

is used as a carrier comparedid;, however, whertH signal gains are compared, the maximum
values are achieved usingd;. This suggests that polarisation transfer efficiency from the
exchanging OH group t68C sites in the substrate is more efficient wBénused. This could be

a result oimore optimalOH-NH exchange or relaxation effects andassistent withthe results
presentedfor simple alcohols in Chapt@rin which 3 was the highest performing carrier,
althoughfor simple alcoholshoth *H and **C NMR signal gains were highest usiy This
suggests that one set of optimal SABRElay conditionsnay not exist for every substrate

t hat

used as a starting poifttr further optimisation oNMR signal gains. The sites with the highest

nuclei of interesa n d sever al 6goodd6é conditions shoul d
H or *C NMR signal enhancementwere the Cklor CH groups of the lactate and little

polarisation transfer across the ester group into the side arm was observed. Generally, the

efficiency of relayed polarisatiomansfer to'H and**C sites using botl and4-d; as carriers

increases as the length of the side arm is decreaS=a0-21).

For utilisation of these enhanced MR signals it is important that the carbonyl group receives th
largest amount of polarisatiofihis is because it is more isolated from other NMR active spins
within the molecule and therefore it generdélsthe longest; time which is of use in preserving
magnetisation foin vivo injection or chemical transformation. Estimates of hyperpadfiiC
magnetisation lifetimes df9-21 measured at 9.7 by leaving the hyperpolarised sample in the
magnet for a varying time iatval before recording a single s¢d@ NMR spectra are.a.<5s,

x 20s anc 50s for the CH, CH and CO sites respectivelyhese compare well with values
reported in the literaturé. The SABRENMR signal enhancemenpresented in Tab&2 show

that the majority of the attainééC polarisation resides on the more rapidly relaxing &tiCH
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groups and only modest (<1060ld) NMR signal enhancementan be achieved fordtslowly

relaxing CO site.

In PHIP-SAH, field cycling’® or r.f. excitatiort®® 84are typically used to transfer polarisation
from 'H sites on the side arm #'°C labelledcarbonyl resonance. These pulse sequences are
usually based on INEPT (Insensitive Nuclei Enhanced by Polarisation Trarfséeg similar
approaches can be taken here to transfer SABBRy derived'H polarisation to the*C
carbonyl site. When simple alcohols are polarised (Chaptese ¢ a *H decoupledH-13C
INEPT sequence did not yield improved levels'#E polarisation from exchanging OH groups
to directly bound®*C sites. However, in the case %21, the OH groupand target CO site are
now separated by three bonds and therefoee ube of INEPT pulse sequences may be
advantageous. The effect of413C INEPT sequence following hyperpolarisatiorl&21 using
SABRERelay was examined using the samples contaidirty discussed earlier. These
sequences contain a variablelay time(() which is related to th&H-13C J coupling constantU

= 1/4J).2 TheJ couplingvaluebetween OH and CO sites18-21 is unknown ad delay times of
2msand 25ms are used to optimise magnetisation transfer fidno **C through both short
range (1Hz) and long range (129z) scalar couplingsThese sequences were unable to improve
signal gain on the carbonyl site B9, although © polarisation o020 and 21 could be increased
from 45+ 5-fold to 300+ 45-fold and from50 £ 5-fold to 370+ 40-fold when INEPT transfer
using adelay time of 2nswas employed. In contrast, no improvements$3*2 NMR signal
enhancemestwereachieved when INEPT transfer wpsrformed using delay time of 25ns
However, an improvement in relative signal to noise was observed, as shown irBHgUteese
results suggest that polarisation transfer from OH to CO sites can occur through rarsiert
coupling, despite the twsites not being closely located. This indicates that polarisation transfer
between them is likely occurringa the'H CH site (route i of Figur8.4a) or the directly bound
carbon site (route ii of Figurg4a) rather thadirectly between the two (rouiieof Figure 3.4a).
This could be investigated further by using a wider range of delay tiBm®e example
hyperpolarised*C and'H-3C INEPTNMR spectra are shown in Figused.
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20 L
C ' -l o q 13C
20 13C INEPT
d) R . I (r =2 ms)
13,
) 210 l . l | C_ INEPT
X Y (r =25 ms)

150 18 170 180 150 140 130 120 116 100 80 8o 70 & 8 45 0 20 ppm
Figure 3.4: a) Possible polarisation trasfer routes from OH to the carbayl carbon involving i) indirect transfer via
the 'H CH site ii) indirect transfer via the directly bound **C site or iii) direct transfer via low field mixing.
Hyperpolarised single scan bx) **C and d)-e) *C INEPT NMR spectra recorded with delay times(J) of d) 2ms and
e) 5 mswhen solutions of b) 19 or ¢e) 20(5 eq.) are shaken with Jar p-H; for 10 seconds at 6.5nT in a solution of
2 (5 mM) pre-activated with b) 3(8-9 eq.) or c}e) 4d; (5 eq.) in dichloromethaned, (0.6 ML) Resonances are labiked
according to those shown in Figure.3.

The efficiency of INEPT transfer depends on many factors including the rate of proton exchange,
relaxation rates and scalar coupling within the aliphatic framework of the subStaexample,

rapid OH exchangis likely to scramble th&coupling valuebetween OH and other sites within

the substrate which is likely to limit the efficiency of INEPT transferange of different INEPT
sequencewith optimised delay timet transfer polarisation frofH sites b 13C sites (or other

X nuclei) have been deloped® which could be used tachieve more significant levels of
relayed heeronculear polarisation. Further investigation of the mechanism of polarisation
transfer and identification of which coupling values are most important will benefit further

development of this technique.

3.3.3 Feasibility of producing hyperpolarised lactate from hydrolysis of lactate

esters

The production of lactate from lactate esters can be achieved by rapid hydrolysis with NaOH (1

M) followed by HCI (1 M) in DO at 363K.® ® As sodium lactate18, could not be

hyperpolarised using SABREelay, hydrolysis of the lactate esté821 hyperpolarised using

SABRE-Relay could be a route to producing hypeapisked18. Experiments werperformed

that involved the addition of NaOH (1 M) followed by HCI (1 M) inDat 363K to solutions

of 19-21 hyperpolarised using SABREelay. This was achieved by shaking the solutions

described earlier with-H» for 10 secomls at 6.5mT at room temperature before placing the NMR

tube into a thermostatically controlled water bath atk63at Ear t hds f jaad d, removi.l
injecting NaOH followed by HCI in BD (0.6 mL, final concentrations of 1 M). The samplas

then shken forx 2 seconds to ensure mixing before being placed back into the water bath to
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allow phase separation. The aqueous layer was remaagdastic syringe and injected into a

separate NMR tube for interrogation bysingle scan*C NMR sped¢rum. These gperiments
revealed ndwyperpolarised®*C NMR signals for any species. This is attributed to the long times
90 s) required to perform thessanualhydrolysis and separation steps. This is compounded
by the fact that the starting polarisatitavels hereare much lower than those achieved using
techniques such as PHBAH that use a similar procedure 1% initial SABRERelay *C
polarisation compared to 5% PHSAH polarisation after hydrolysis and separatitn).
Additionally, the majority of*C polarisation ifl9-21resides on aliphati€C sites which contain

T, values significantly shorter than the time required for the hydsostep. This suggests that to
produce SABRERelay hyperpolarised lactatéa hydrolysis 0f19-21 will firstly require further
optimisation of thei®C NMR signal gains with emphasis @ptimising polarisationtransfer
from OH to the CO group. This can behieved by modification of théelay timein *H-3C
INEPT sequencewm achieve both optimallIMR signal enhancemenand maximum signal to
noise.Other approaches such as fieltling’® or high fieldr.f. transfet>¢ could also be used.
Once significant plarisation levels for the CO groups &8-21 can be achieved, optimised
hydrolysis conditions with shorter transfer times may yield SABRay hyperpolarised8 in

the future.

3.4 Hyperpolarising pyruvate using SABRERelay

Sodium pyruvated?) contains eghangeable protons and may also become hyperpolasiged
relayed proton exchange effects. Pyruvic acid i$ detoacid that contains both ketone and
carboxylic acid functionalities; its carboxylic acid protorpKa. of 2.5) is readily lost at
physiologicalpH to form the pyruvate anion in which the negative charge is delocalised around
botho x y g efthé sarboylate group'8é: 18 Enol pyruvate can also form as a resultketo-

enol tautomerisatiorand is stabilised by conjugation between adjacenbl andcarboxyl
groups*®’ This tautomerisation is important in biology as the enolisation of glye2fahosphate

to form phosphoenolpyruvate is a key stefhimformation of pyruvate in glycolyst& although

no enol forms of pyruvate have been assigned throughout this thesis, Thie ©f pyruvate is
electron deficient due to bonding of both @artatoms to electronegativex y g and thesefore

these carbons can be the site of nucleophilic attack. The keto carbon, often labelled as position 2,
of pyruvate is the most susceptible teaction with nucleophiles as it is the most electron
deficient!®® 187The carboxylate carbon is less susceptible to reaction with nucleophiles due to the
presence of the delocalised negative charge. Water in soluticactas a nucleophile and can
form pyruvate hydrate following retign at the more electron deficient keto carbon, as shown in
Figure3.5a!8¢ 18"These effects are illustrated whet#@NMR spectrum of a solution @2-1,2-

[*3C;] (150mM) dissolved in dichloromethard (0.6 mL) and 40uL H,O is collected (shown

in Figure3.5b).2*C NMR resonances are observed 469.7 and205.2(}Jcc = 62 Hz) andli 94.1
and178.8(XJcc = 64 Hz) which arise from pyruvate amyruvate hydrate23) respectively.
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Figure 3.5: a) In aqueous media an equilibtim exists between pyruvate and its hydrated form b) A3C NMR spectrum
of 22-1,2[C,] (150mM) dissolved in dichloromethaned, (0.6mL) and H»O (40 uL) shows resonances of pyruvate

and its hydrated counterpart.

3.4.1 Reaction between pyruvate and amines

UKeto acids such as pyruvate exhibit interesting chemical reactivityegscan react with a
range of nucleophiles at the 2 position (in addition to watedfeto acids can also be
functionalised as esters and can become decarboxylated by reactioeagéhtsuch as 0,88
(this is explored in more detail in Chap@r Amines are commonly employed as polarisation
carriers in SABRERelayand they are also known to act as nucleophfe&’s: 197. 10As nitrogen
atoms hold theirlectronlone pairs moralistantly from the nucleyghey are more readily
donated to electrophiles than oxyegeased nucleophiles such as water. Therefore, reaction of
pyruvate with amines ipossible and is well known to occur in biological systéthis®These
effects are confirmed by recording*€ NMR spectrum after the addition of benzylamidgto

an aqueous solution @p-1,2-[*3C;]. 13C NMR resorances fo22 and23 are observed in addition
to signals ati 73.7 andl82.4(*Jcc = 55Hz) andli 169.0 and203.4(1Jcc = 62 Hz) (as shown in
Figure3.6) for the hemiaminal intermediat24) and imine product2b) respectively.

H,0:/ /O
RH,N :

ﬂ 24
RHN OH

L)_%/(onla _ ﬂl\FTONaC) i
4 ) - ° *

0 H,0 :

2‘;0 260 15;0 1£IIO 1';‘0 1é0 1%0 14I|0 1'.;'0 1&0 1‘iD 160 9IO 8|0 p;':rm
Figure 3.6: a) Summarisedscheme to show the reaction betweerypvate and amine to form an equilibrium mixture
containing pyruvate, pyruvate hydrate, hemiaminal and imine. Note that proton transfer steps are not showrb)-c)
13C NMR spectrum b) 15minutes and c) 6 hours after tle addition of equimolar 4to 22-1,2-[**C,] (150mM) in
dichloromethaned, (0.6 mL) and H,O (40 pL).
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3.4.2 Reaction of pyruvate with [Ir(H)(IMes)(amine)s]CI

The activation o2 (5 mM) with the amines benzylamir{d) or phenethylaming5) (5-20eq.)
and H gas (3bar) in dichloromethand, (0.6 mL) overnight yields a single hydride resonance at
0 23.7 or 24.1 respectively for the complexes [IrgdMes)(benzylaming]Cl (26) or
[Ir(H) 2(IMes)(phenethylaming)Cl (27) regectively. These complexes have bgmrviously
reported in the literature and have been used as SABRE polarisation transfer catalysts to produce
strongly enhanced NMR signals #or 5 free in solution®* 1%6At this point,22-1-[**C;] (5eq.)

in H2O (40 uL) is added to these solutions under a flow pflls angh-H. (3 bar)is added. When
shaken with freshp-H, for 10seconds at 6.8T, hyperpolarised**C NMR signals at
1169.5,170.2, and 178.7 are observed which correlatthéoorganic specie24, 22 and 25
respectively, as shown in kige3.7. At this time point thpyruvate*C NMR signalis enhanced
by a factor of <1€old. Upon shaking with fresp-H,, these hyperpolarisédC NMR signals are
still visible, although they decrease in intensityomsuccessivep-H, shaking, as shown in
Figure3.7a. Eventually, these hyperpolarised signals are no longer visible uponpftesh
shaking and are eventually repéd by a new hyperpolariséiC resonancet Ui 174.6 over a

timescale of several minutes.

t= 13 mins
' ) t= 11 mins
1)

t=9 mins

" t=4 mins
t= 3 mins
t= 1 min
@ [ I
I 1 1 1 1 1 I 1 | I
182 180 178 176 174 172 170 168 166 ppm

Figure 3.7: An example series of partial single scan hyperpolarisetiC NMR spectra recorded when 221-[*C] (5 eq.)
in H,0 (40 L) is shaken with 3bar p-H, for 10 seconds at 6.35nT at the indicated time intervals after addition to a
solution of 2(5 mM) and 4 (10 eq.) in dichloromethaned, (0.6 mL) activated with 3bar H, overnight.

When the reaction betwe@® or 27 and 22-1-[**C] is monitored usingH NMR spectroscopy,

the intensity of the hydride signaf 86 or 27 decreases upon the addition2#1-[**C;]. Two

sets of new hydride resonances appeadld®2 1 . 9 a n(*dwy 5195 Hz) &ddT 24 . 0 and
T 2 7(3J+k = 8.0Hz) following addition 0f22-1-[**C] to 26. Similarly, signalsat/i 2 11. 38 . 0

and @123.9,1 27 . 8 f 022-1**C} Is aduded to27. The identity of these species was
confirmed by using2D NMR characterisation at 246 They were found to be of the form

[Ir(H) 2(8?-O0OCC(CH;)NR)(IMes)(NH:R)] where R = CHPh £8) and R = (CH).Ph 9) and are

formed following addition o22 to 26 or 27 respectiely, as summarised in FiguBs8B. Two
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isomers 628 or 29 are formed depending on the geometry of the coordinated imine which can

be in the same plane as the hydride ligands (de2@&adnd29A) or in a plane perpendicular to
the hydride ligands (to give8B and29B). Structural confirmation by 2DNMR was aided by
using 22-1,2-[*3C;] and 4-[**N]. For example, a connection was observed fNa'H HMQC
experiment between thgydride signal o28Aatli1 21.9 and &N signal ati 276.9 due to &ans
1H-N coupling 0f20.7Hz between the hydride and the bound imine. An addititthakignal

for bound amine was recordedtgt2.7 which is locatedransto the carbene ligand from NOE
measurements. Idefitation of the imine ligand in the same plane as the hydrides was confirmed
from NOE interactions between the €lgroups of the carbene ligand and iminéMR
resonancefor 28 and29 are given inthe exgrimentalsection7.4.1-2 (Tables7.1-7.2and 7.3

7.4 respectively.

Complexes28 and 29 are formed from the coordination of teecarboxyimine that forms from

thein situreactionof pyruvate and amindt.is likely that28 and29 are formed from condensation
between pyruvate and the excess of free amine, followed by displacement of amine by the formed
imine resulting irk8and29. This process could also be facilitated by the presence of the transition
metal catalystas it has beenreported to be catalysed by a cobalt (lll) centre containing
coordinated pyruvate and amine ligariét In this reported example, ligation of both pyruvate

and amine to the metal cenpeomotesnucleophilic attack of the amine to ligated pyruvase

the latter is made merelectron deficient by coordination to the metbthe carboxyimine
complexe28 and29 would result froman analogouprocessn this systemWhile it is possible

that 28 and 29 are formed directly from a metal catalysed reaction2®for 27 with 22,
intermediates containing ligated pyruvate are not olexkim thermal or yperpolarised NMR
measurements and the reaction between pyruvate and amine occurs in the absence of metal

catalyst (sectio.4.1).

(22)
(26-27) o © A B
* ONa
[IrCI(COD)(IMes)] (2) IMes e IMes IMes
RNH, (4-5) Hu,, l wNHoR 0 Hi,, , o) O Hu,, WwNHR
— N _ = Ir * ZIr
DCHM'dZ H” | “SNH,R H,0 H | S | o
2 NH,R RNH, 4-5) RH,N R RN <
* * O
4, R=CH,Ph 26, R=CH,Ph 28, R=CH,Ph
5, R=(CH,),Ph 27, R=(CH,),Ph 29, R=(CH,),Ph

Figure 3.8: 2(5 mM) reacts with the amines 4 oi5 (5-20eq.) and H; (3 bar) in dichlromethane-d, (0.6 mL) to produce
26 or 27 respectively. Upon the addition of 22-[**C] in H,O (40 uL), iridium 3-carboxyimine complexes 28 and 29 are
formed from the in situ condensation of pyrvuate and amine.

Complexe8A and28B were found to exist in a 30:1 ratio one hour after additicz2ab 26 at
298K, although after 7 hours at 288an equilibrium ratioof 2:1 confirms thaR8A is the
thermodynamically more stable product. In contra8f and29B form inan11:1 ratio one hour

after addition oR2to 27 at 298K which changes to a 1:2 ratio after the solution is left for 7 hours
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at 298K. This suggestthat29Bis now the thermodynamically favoured product. The formation

of similar ruthenium, cobalhickel, copper and zint-ketoimine complexekas been reportéd

19 and a similar rutheniuma-carboxyiminechelate has also beeeported®! The formation of

28 and29effectively deactivate®6 and27 such that pyruvate polarisaticannotbe observed at
longerreaction times. The hyperpolarisE@ NMR signal atli 174.6 observed at longer reaction
times correlates witB8B and29B and is discussed further in Chaptefein situcondensation
reaction that occurs between pyruvate and the amine carriers used in SXaEo0 form28
and29 may limit theNMR signd enhancemestthat can be attained due to catalyst deactivation.
Nevertheless, the behaviour and hyperpolarisatid?8aind29 is explored further in Chaptdr

3.4.3 Formation of iridium carbonate complexes from 28 and 29.

Further reaction products follving addition of22 to 26 and27 can be observed when the H
atmosphere of solutions containi@g or 27is replaced by bor air. In these cases the slow
precipitation of single crystals occurs which were analysed by Dr. Adrian C. Whitwood using
single eystal X ray diffraction!®® This reveakéd these crystals are [Ir(IMedj( C3§e?
OOCC(CH)NR)(NH:R)] which contain a bound carbonate ligand where R sRBH30) and R

= (CH).Ph B1), the structures of which are shown in Fig8r@. Only one isomer &0 and31is

observed in the crystallingade, despit@8 and29 existing as two regioisometlfk spectroscopy
of3lshows vVvi br at joce) atd384 dncdldRtre ‘whichrare gonsistent with other

iridium and osmiumd®? COc omp | ex es ( wiotvalues a¢ 76580r 14&dd ‘ard

1575, 1496cm’ respectively.t?® 19"When 28 is synthesized fron?2 2 *°C], énd the resulting

crystals of31 analysed using®C NMR spectroscopya signal for the boundCOs? ligand at

0172 was observed. Thisiggests thatthg# bound car bo3fantd3darddergein ds c
from pyruvate. This transformation is perhapsunprising considering that metal pyruvate
complexes have been reported to thermally degrade to give metal carbonates at high
temperature$®® Other iridium complexes containing bound <carbonate 1|i g,
reportedt®® The formation of30 and31 is expected to occur over long timescale (>weeks) as
solutions of28 and29 are stable under fbver this timescale. Therafn 30 and31 are likely to

constitute minor decomposition products that crystalize out of solution.
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Figure 3.9: Structures of 30 and 31 determined from Xay crystallography. Note that any solvent of crystdisation
and all hydrogen atoms have beeamitted for clarity. X ray diffraction data w ere collected and solved by Dr. Adrian
C. Whitwood.!%

3.5 Optimisation of pyruvate hyperpolarisation using SABRERelay

The pyruvate!3C NMR signal enhancemenichieved using SABRRelay (hay) should be as

high as possible. The situ condensation reaction that occurs between pyruvate and the amine
carriers used in SABRRelay may limit theNMR signal enhancementhat can be attained.
Despite this, SABRERelay might be an appropriate method to hyperp@ansuvate ifthaxcan

be inceased and the rate of catalyst deactivation slowed to occur on timescales longer than those
required for hyperpolarisation. The parame¥eris introduced to describe the % drop in
hyperpolarised pyruvatéC NMR signalenhancemerdfter freshp-H, shakirg 80 seconds after
addition of pyruvate¥o will depend on the rate of reaction between pyruvate and amine, and the
rate of formation ofhe iridium carboxyimine product, can therefore be used to compare
different conditions and shoulik as low as possible to allow refreshable hyperpolarisation of
pyruvate using SABRIRelay. Several factors such as the identity and concentration of the carrier
amine, water quantity, andidium precatalyst are changed to optimise bGth and reduce

catalyst deactivation.

3.5.1 Optimisation of pyruvate!3C NMR signal enhancementy variation of water

content

The presence of water is essential to solubilise pyruvate in the SARRE comptible solvent
of dichloromethanal, (0.6 mL). Water quantity isexpected to influence SABREElay
performance, and from previous experiments involving alcohol substrates (sed)iamd more

complex molecules (sectidh2) it might be expected th#te maximum pyruvate'3C NMR
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signal enhancemei(ithay) will decrease at high water concentrations. Water is also expected to

influencethe % drop in hyperpolarised pyruvatéC NMR signal after frestp-H, shaking 80
seconds after addition of pyruvaf#, as the mechanism of imine formation, shown in
Figure3.6a, predicts that high water concentrations favour formation of pyruvate. This was tested
by addition 0f22-1-[**C] (5 eq.) in a variabl@mount of HO to preactivated solutions &% in
dichloromethanel, (0.6 mL) followed byp-H. shaking at 6.3nT for 10 seconds. Values dax

and¥ at different HO concentrations are shown in TaBI8.

Table 3.3: Values of Gha, and %o when 221-[*°C] (5 eq.) dissolved in the indicated amount of kD is added to
preactivated 27 in dichloromethaned; (0.6 mL) and shaken with 3bar p-H, for 10 seconds at 6.5nT. These are one
shot experiments with errors taken from typical values using alcohol substrase (Chapter2) for which repeat
measurements with consistentha values could be achieved.

H0 volume/pL Chax /fold & 1%
5 12+ 2 36
10 9+2 25
20 17+3 30
40 742 16

When pyruvate is solubilised ini H2O, the¥o value is 36% which decreases to 16% as the
volume of water is increased to g0. This change suggests that at higher water concentrations
the equilibrium position bateen pyruvate and imine is pushed towards pyruvate. This leads to
slower rates of cataty deactivation and smaller hyperpolarised signals of the imine product.
Despite these changds.x appears comparable at different water concentrations and therefore,
40puL volumes of HO are used to maximise the time window over which hyperpolarised

pyruvate signals are visible.

3.5.2 Optimisation ofpyruvate 3C NMR signal enhancemenby variation of amine

identity and concentration

The identity of the carrier amirie expected to have a large effectlga. It has been shown in
Chapter2 how the efficiency of polarisation transfer fropH; to the carrier aminevia
polarisation transfer catalysts of the form [Ir{fiyles)(aminej]Cl can be the most important
step in determining the efficiency of relaypdlarisation transfer to alcohols. Additionally, the
identity and concentration of amine is expected to influence the equilibrium position between
pyruvate and imine and the rate atalyst deactivation. Therefore, a range of different amines
were testedby activating them (20eq.) with 2 (5 mM) and 3barH; in dichloromethane

d, (0.6 mL) overnight to form [Ir(H)(IMes)(aminej]Cl.1%% 1% Subsequently22-1-[*C] (5 eq.)

in H20 (40 L) was added and shaken wittb8rp-H, for 10seconds at 6.1 T and valies of

Chax and %o were determined. These values using the carrier amines phenylethylahine (
benzylamine §), phenylproylamine @2), phenoxyethylamine3@) and aniline 84) are shown

in Table3.4.
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Table 3.4: Values ofChax and ¥%o when 221-[*°C] (5 eq.) dissolved in HO (40 L) is added to preactivated solutions of
2 (5mM) and the indicated amine in dichloromethaned; (0.6 mL) and shaken with 3bar p-H, for 10 seconds at
6.5mT. These are one shot experiments with errors takendm typical values using alcohol substrates (Chapte?) for

which repeat measurements with consistenh.x values could be achieved.

Entry Amine Amount (eg. relative to Ir) Chax /fold 4L 1%

1 Benzylamine 4) 5.0 5+1 2

Benzylamine 4) 10.0 51 10
3 Benzylamine 4) 20.0 5+1 25
4 Benzylamined; (4-d7) 5.0 22+5 3
5 Benzylamined; (4-d7) 10.0 48+5 7
6 Benzylamined; (4-d7) 20.0 36+5 43
7 Phenethylamines) 3.5 14+2 3
8 Phenethylamines) 5.0 7+2 4
9 Phenethylaminés) 7.5 13+2 10
10 Phenethylamines) 10.0 7+2 16
11 Phenethylamines) 12.5 112 10
12 Phenethylamines) 20.0 3x1 45
13 Phenylpropylamine3?2) 10.0 9+1 24
14 Phenoxyethylamine3@) 5.0 13+2 2
15 Phenoxyethylamine3@) 10.0 14+2 4
16 Aniline (34) 10.0 4+1 1
17 Aniline-ds (34-ds) 10.0 7+1 3

The data shown in Tab&4 suggests that the decay of hyperpolarised pyruvate signal is generally
slower wherlower concentrations of amine are used. For example, as the concentration of the
carrier aminés is increased from 3-80 equivalents relative tihe iridium catalysto increases

from 3% to 45% (entry 7 compared to entry 12 of T&B. Similar incrases i, are observed

upon increases in the concentrations of cardetsd;, and33which likely indicates that as amine
concentration is icreased deactivation of the system to form products analog@8satal29is

more rapid. Trends ibhaxare nore challenging to rationalise as additional factors such as amine
polarisation, relaxation of the active catalyst, and efficiency of proton egehaill all influence

SABRE-Relay performance.

When comparindthax and %o values for samples containing teeme amounts (1€x.) of the
amines4, 5, and32, an increase o0&, from 10%, to 16% and 24% fdr, 5 and32 respectively
(entries 2, 10 and 13 dable3.4) is observed as the length of the aliphatic chain between the
amine and phenyl groups of the carrare increased. This change is indicative of a faster rate of
condensation reaction as the nucleophilicity of the amine group increases #sotjEnrione

pair become more localised. The faster rate of catalyst deactivation is confirmed from
appearane of hyperpolarised®C NMR signals of the deactivated imine complex at shorter
reaction times when more reactive amines are used, as shown inFifureor example, when
comparing the amines 5, and32, hyperpolarised*C NMR signals of the imine copiex formed
using the moraucleophilics and32 are observed 1Minutes after pyruvate addition compared

to 100minutes usingt.

This is supported by a lowo of just 1% when the less nucleophiBd is used (entry 16 of
Table3.4) in which the nitrogetone pairis delocalised around the aromatic ring. In this case a
reduced donor power of the amine reduces the ability to form magnetisation transfer catalysts of

the form [Ir(Hk(IMes)(Aniline)]Cl.1% Therefore, in cases where aniline is used as a carrier an
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acetonitrile coligand is also added to form stable SABRE active cat&ly3¢&T his is a common

strategy in SABRE® and further work could optimise the identity and amount of coligand used.
The disadvantage of this approach is that the finite amoupiHfderived polarisation can be
wasted byunwanted trasfer into the coligand. This is supported by the slightly Idgrvalue
achieved using34 compared to usingt, 5, and 32 (4-fold compared to 5, ,7and 9fold
respectively.

a) 1p b) 1me C) 1@
_ - = 13
g 09 1 e 22-1-[13C] £ 091, e 22-1-[13C] € 0.9 1 e 22-1-[C]
.o H L 13
3 08 o 25-1-[1C] 3 08 o 25-1-[13C] 3 o0s - o 25-1-[3C]
T 07 le o 24-1-[13C] 5 o7 o 24-1-[13C] S 074 e 24-1-[5C]
2 o] . -« | B
5 o8P » Imine complex & °° s Imine complex 5 °° + Imine complex
g 054 4 g os g 05 -
2 04] * Loade® So4-e
E = =
2 0.3 A . 7 034 g 034 A
2 d 2 2
= 1 5 02 ® = 0.2 A
E i ¥ E 0.1 * A g 0.1 :
s 0.1 1 5 0114 A 5 0. ‘FI
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Figure 3.10: Time courses of the change in hyperpolarisedC NMR signals that occur following addition of 221-
[**C] (5eq.) in H,O (40pL) to preactivated solutions containing 25mM) and a) 4 b) 5 and ¢) 3%210eq.) in
dichloromethane-d, (0.6 mL). Each data point is a separate measurement involving shaking with fet p-H (3 bar) for
10seconds at 6.5nT.

For most efficient SABRERelay transfer to pyruvate, polarisation should be concentrated
exclusively on the NElgroup of the carrier. Any transfer to other sites in the carrier molecule
could be a significant soce of wasted polarisation. This can be prevented by deutetsltisites

of the carrier. Labelling approaches of this type have been used to oftikisignal gains of
target molecules using SABRE as it reduces the numbet fceptor sites that poladtion can

be transferred to and it increases the lifetimig of hyperpolarised signa#$. 102 110. 114t js
expected that deuterati of proton sites or physically separating the amine from the CH carrier
framework via a spacer atom/group could localise polarisation on the exchanging TMid
amines were employed to illuate these effects: phenethyaxyine 83), which is analogous to

5 but contains an oxygen spacer between the phenyl ring and ethylamimpe anod-d-. The
presence of the oxygen spaceBBincreaseshaxby roughly a factor of two (from-fold to 14

fold, entries 10 and 15 of Tab®4 respectively). Deuteration of tlwarrier amine is able to
increasehax by up to a factor of ten (from-®ld to 48fold when 10eq. carrier is used, entries 2
and 5 @ Table 3.4 respectively). Therefore, deuteration of the carrier appears the most appropriate
approach tdocalise polarisation on the carridfH site and optimise pyruvatdiMR signal
enhancemest While 33 prevents polarisation leakage into the phenyg,rimagnetisation can
still spread from the amine into the CH resonances of the ethyl group explainiagatier
increase inthaxwhen33is used compared tbd;. The carried-d; (5 eq.) is used for future studies

as this yielded the highedih.x with the lower amounts giving a slower rate of catalyst
decomposition¥o). Therefore, conditions are selected to balance the foeadhighUhax with a

low %o
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3.5.3 Optimisation of pyruvate 3C NMR signal enhancementby variation of

iridium precatalyst

The identity of the magnetisation transfer catalyst plays a crucial role in facilitating polarisation
transfer fromp-H. derived hylride ligands to the carrier molecdfel94 106. 107, 108yhjch will
determine the finite amount of polarisation available for relayed transfer to pyruvate. The identity
of thecarbene ligand is highly importaand its modification has been used to tune the exchange
rate and consequently ttNMR signal enhancemenf a particular substraté.®”. 2%Alteration

of this ligand can also influence relaxation of the ligateistrate and catalyst solubilff.
Similar effectsmay play a role when optimisj pyruvate>C NMR signal enhancementsing
SABRE-Relay. Therefore, aeries of different iridium precursors synthesised by Dr. Victoria
Annis and Dr. Peter J. Raynéhe structures ofvhich are shown in Figur@ 11, wereused to

hyperpolarise pyruvatey SABRERelay,

o e e
cw@ cv@ mf@
S e e e

%C%;N@% o
S LT

Figure 3.11: Structures of the precatalysts, synthésed by Dr. Victoria Annis and Dr. Peter J. Rayner, used in this

work.

These precatalysts were tested by activatiagh (5 mM) with 4-d; (5eq.) and darH: in
dichloromethanel, (0.6 mL) before addition 022-1-[*C] (5 eq.) in HO (40 uL) and 10second
p-Hz shaking at 6.5nT. Values ofihax and¥%o for these precatalysts are shown in Téke
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Table 3.5: Values ofCha and ¥%o when 221-[*°C] (5 eq.) dissolved in HO (40 L) is added to preactivated solutions of
the indicated precatalyst (5mM) and 4-d; (5 eq.) in dichloromethaned, (0.6mL) and shaken with 3bar p-H, for
10seconds at 6.5nT. These are one shot experiments with errors takefifom typical values using alcohol substrates
(Chapter 2) for which repeat measurements with consistenhax values could be achieved. Values bhiried volume*>®

200. 20191 Tolman electronic parametef® are taken from the literature.

Precatalyst | Uha /fold ¥o0 /% Buried volume /% Tolman electronic parameter /cm'
2 5+1 2 31.6 2049.5
9 33+4 7 32.7 2051.5
35 55+5 9 314 2047.2
36 55+5 9 31.6 2047.6
37 50+ 5 5 32.6 2048.8
38 20+3 8 317 2051.7
39 65+7 5 317 2049.6
40 27+4 10 32.6 2050.1

*Value taken from Kelly et &2 and may not be comparable to those taken from Raynef%t al.

The identityof the carbene ligand has an effectlhs and¥o, as shown in Tabl.5. Differences

in %o as a function of precatalyst may be indicative of a metal catalysed condensation reaction.
Alternatively, these variations could also simply relate to different rates of catalyst deactivation
which isexpected to be a bimolecular process involving metallgst and imine free in solution.

The largestChax is achieved usin@9 (65-fold) which contains sterically bulky tertiary butyl
groups on the carbene ligand. Despite this, other sterically largatglsests with large % buried
volumes (such a37 and40) are not able to achieve such highs. It is therefore expected that

Chax is dependennot only on steric factors but also electronic effects of the carbene ligand
However, no clear trend betweeither Ghax or %o and the steric or electronic properties of the
precatalyst (Table 3.5) adiscernible Additional factors such aselaxation within the active
catalyst, and the rate of catalyst deactivatidlhalso play a roleTherefore, developingrational

to acheve highlhaxthrough synthetic catalyst design is challenging. This is consistent with other
literature reports which show that selection ofaotimal catalyst based only an steric or
electronic parameter extremely challenging®® Nevertheless, it has been shown that variation

of the catalyst can increaksx by more than a factor of ten (fromféld for 2 to 65fold for 39).

3.6 Conclusions

This chapter has extended SABRElay from the hyperpolarisatioof simple alcohols (as
presented in Chapt@) to a wider range of more complex &ldntaining molecules. SABRE

Relay can achievéH and 3C NMR signal enhancementof up to 355old and 506fold
respectively for natural products such as nerol, geranibliaalool.Lactate esters such as methyl
lactate can also be hyperpolarised withand*C NMR signal gains as high as 1i6ld and
1015fold respectively. This shows that SABREelay can be a useful approach in the
hyperpolarisation of small moleculesmotentialbiological relevance. The hyperpolarisation of
these examplesannotbe achieved using alternative techniques such as PHIP or SABRE because
these targets do not have the unsaturated or iridium ligating functionalities essential for these
appro&hes. Instad, polarisation transfer catalysts of the form [If(NHC)(amine}]Cl are able

to hyperpolarise carrier amines with significant signal gains, with subsequent proton exchange
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effects allowing relayed transfer of hyperpolarisation to the targdécules @cussed. This

approach does not involve chemical atemn of the target molecule which presents advantages

compared td’HIP andPHIP-SAH andit uses much simpler technology than DNP.

While SABRERelay is able to enhance NMR signals of sel@axamples, it has not expanded

the substrate scope of SABRE as significantly as might have been expected. Although the
technigue relies on proton exchange, it has not been used to hyperpolarseleaiules
containing exchangeable protons tested here & the reasons for this is due to the physical
properties of the target molecule which must either be a liquid at room temperature or pressure,
or it must be soluble in a SABREelay compatible@vent. These solvents must not contain
exchangeable prots, which could serve as a hyperpolarisation sink, and should be compatible
with solubilisation of both iridium catalyst am@dH,. This usually necessitates using organic
solvents such as dichlorothaned; or chloroformd which are often unable to soluisi target
molecules, particularly those of biological interest. The presence of large amounts of contaminant
water (which in some cases may be necessary to aid substrate solubilisation) limits-RARBR
efficiency by creating unwanted proton exchangeways. These findings are consistent with

previous reports of SABRRelay hyperpolarisatiof?: 104 107

Application of SABRERelay to a larger range of molecules may be possible by solvent
optimisation or by inbduction of solubilising molecular tags. The former approach has already
been used to hyperpolarisagars includingylucoseusing SABRERelay by solubilisation in
mixtures of dimethylformamide and dichloromethd®eThe hydrolysis of lactate esters
hyperpolarised using SABREday could be used as a route to produce hyperpolarised lactate.
Currently, NMR signal gains are too low to observe hyperpe&tilactate although future
improvements in catalyst design, carrier hyperpolarisation levels and utilisation of more efficient
pulse sequences to transtet derived magnetisation to longer livEtC sites may allow such an

application in the future.

SABRE-Relay can yielgpyruvate'*C NMR signal enhancemenof up to 65old, although there
are significant challenges associatedhwiihis approach. The main limitation is tire situ
condensation between pyruvate and amine upon pyruvate addition te([HD)(amine}]Cl
which results in the formation ofidium carboxyimine complexes. At this point the system is
effectively deactiveed to further pyruvate hyperpolarisation. The behaviour and
hyperpolarisation of these complexes is explored in much rdetail in Chapted. This
decomposition process can be reduced by using larger volumes of solubilising water, low amine
concentration, and less nucleophilic amine carriers. The resujpypgivate 13C NMR signal
enhancemertan also be improved by deutévatof the carrier amine or variation thfe carbene
ligand. Under optimisedonditionsa pyruvate!*C NMR signal enhanced by56old can be
observed at 9.7 and this signal is still discernible in a single sEINMR spectrd5 minutes

after pyruvate ddition to 26 or 27. This timescale may be compatible with preparation times
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required for utilisation in applications such as bioroatimaging studies. However, th&C

polarisation level$0.05%) are significantly lower than those that can be achiereglyfuvate

using DNP (70%9® or eventhose of simple alcohols using SABRelay (1%)'8: 104.107. 10§see
Chapter2). These limitations could beldressed by redesigning SABMRelay to include new
classes of carrier molecules that can relay polarisation from the iridium catalyst to pyruvate
without reacting to form decomposition produdternatively, a more fruitful approach may be

to design noviepolarisation transfer catadys in which pyruvate can become hyperpolarigad

direct coordination to the iridium catalyst. This is explored in more detail in CHapter

SABRE-Relay has the potential to hyperpolarise molecules in a fashion tnacwsssible to
alternative techniges such as SABRE or PHIP. However, it is currently only agipliicto niche
molecules and canot deliverNMR signal enhancementomparable to other hyperpolarisation
techniques such asBINP. This may limit the widespreadausf the technique ihyperpolarised

MR, particularly for applications in which hyperpolarisatioreigueous solvents is essential.
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Chapter 4

Chapdt.erHyperpol ari s
carboxyl mine compl e

4.1 Introduction

Transition metal complexes have wide apgiions in catalysis and materials scieffée.
Organometallic complexes were some of thetfispecies to be hyperpolarised using
parahydrogen(p-H.) in the late 1980%: 34 The ParaHydrogen Induced Polarisation (PHIP)
effect was first observed through enhanced metal hydride signals of rhodium and iridium
complexest 3 with some examples given in Figutel. Since thenmany more examples of
PHIP hyperpolarised metal dihydride complexes have eméffjgdither hyperpolarisation
techniques such @&ynamic Nuclear Polarisation (DNP) have hyperpolarf€¥dceteronuclei in

a range ofnorganic complexe®> 2%®Metal complexes are now rarely used as hyperpolarisation
targets and are more commonly exploited to catalytically facilitate the hyperpolarisation of
smaller organic molecules either agting as direct hydrogenation catalysts (in PEHPS 73. 126

or catalytically transferringp-H; spin order to ligated molecules through temporhopupled
networks in an organometallic complex (in SABRE)’® The types ofmaterials typically
hyperpolarised by PHIP and DNP nowadays are usually small organiculeslethese are
typically organic reaction products for low concentration dete&id#t or naturally occurring

biomolecules foin vivoimaging?®70 73 132137, 139141 gnd are discussed section 1.5
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Figure 4.1: Examples of hyperpolarised metal complexes a) PHIP hyperpolarised hydride resonances of
[RhCI(H) 2(PPhs)s]*! Reprinted (adapted) with permission from C. R. Bowers and D. P. Weitekampl. Am. Chem. Soc.
1987, 109, 5545542 Copyright (1987) American Chemical Society b) PHIP hyperdarised hydride resonances of
[IrBr(H) »(dppe)] where dppe is 1,is(diphenylphosphino)ethane® Reprinted (adapted) with permission from T. C.
Eisenschmid, R. U. Kirss, P. P. Deutsch, S. I. Hommeltoft, R. Eisenberg, J. Bargon, R. G. Lawler and A. L. Balgh,
Am. Chem. S0¢.1987, 109, 8088091. Copyright (1987) American Chemical Saety c) DNP hyperpolarised 2% NMR
signal of [Y(EDTA)(H:0)]" where EDTA is ethylenediaminetetraacetic acitf® d) SABRE hyperpolarised *H NMR
resonances of [Ir(Hx(IMes)(NHz)s]® (where IMes = 1,3bis(2,4,6trimethyl -phenyl)imidazole-2-ylidene) with

resonances for free NHand NHs bound transto hydrides atti 0.5 and 2.1 respectively®®
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In SABRE, iridium complexes undergo reversible oxidative additiomp-¢f, to form metal

dihydride specie€ The PHIP enhanced magnetisation of thed#, derived hydrides can be
transferred to nuclei of other ligands within the organometallic complex through a temporary
coupled networK® "8 Polarisation transfer frorp-H. derived hydrides can occur at mT jof

fields for transfer tdH or X nuclei sites in ligated substrates estjvely’® 8 This transfer can

also be radiofrequency driven at high fields.(9.4 T).%5 169 17O/hile SABRE often uses these
effects to achieve the poisation of a target organic ligand in solution, hyperpolarised resonances
for these ligands bound iman iridium SABRE catalyst can also be visiHie. 1% The
hyperpolarisation offwrt lived metal complexes can allow thleiw concentratiordetectionin
solution which is of greatbenefit inelucidating reaction mechanisffisPara-hydrogen based
hyperpolarisation methods can thereforaibed as a unique tool to help detect species that would

otherwise bextremely challenging tobserve byNMR .46

In this chapter the hyperpolarisation of neutreadmplexes of the type[lr(H)2(a%-
OOCC(CH)NR)(IMes)(NH:R)] is investigated where R = GPh 8) and R = (CH).Ph @9).

28 and 29 are synthesizedn situ by reaction of [IrCI(COD)(IMes)] %) (where IMes = 1,3
bis(2,4,6trimethytphenyl)imidazoi2-ylidene and COD =is,cis-1,5-cyclooctadiene) with the
amines benzylame @) or phenethylamine 5§ (5eq) respectively in dichloromethane

d2 (0.6 mL) in anNMR tube under & barH, atmosphere. The reaction was left overnight at room
temperature to allow the formation of [tMes)(NH:R);]CI (26; R = CHPh and27; R =
(CHy).Ph). The formation d26 and27was confirmed by the presence of its characteristic tgdri
resonances ati 24.1 ori 23.7respectivelyin a*H NMR spectrunt® At this point a solution of
sodium pyruvatel,2-[13C;] (22) (5 eq.relative to2) in H,O (40 pL) was added to these solutions
of 26 or 27 under a flow of N gas. The ®darH, atmosphere was replaced and the solution left
overnight to allow for the formation of aquilibrium mixture of28 or 29. The formation and
characteriation of 28 and 29 is described inmore detail in Chapté3 ard is summarisedn

Figure4.2.
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Figure 4.2: Formation of the iridium 3-carboxyimine complexes 28 and 29 investigated this chapter where IMes =
1,3-bis(2,4,6trimethyl -phenyl)imidazole-2-ylidene. An asterisk (*) denotes &°C labelled position. The formationof

these complexes is discussed in Chapt&risomer C is not detected in solution

In solution,28 and 29 existas two isomegthat are ditinguishedoy the coordination geometry

of the imine as shown in Figuré.2 Those isomers containing coordinatedrie in the same
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plane as th hydride ligands ardenotedA while those isomers containing ligated imine in the

plane perpendular to that of the hydrides are labelBdThere is a thirdsomer C, which can
arise frominterchange of the iminkinding sitesalthough this isomer was not observed during
the course of this work. In the case28f isomers28A and28Bwere found @ exist in a 30:1 ratio
one hour after addition &2 to 26 at 298K. After 7 hours at 29& an equilibrium ratio of 2:1
confirms that28A is the thermodynamically more stable product. In contrast, sp2giesind
29Bformed in a 11:1 ratio one hour afemtdition of22to 27 at298K, although this changes to
a 1:2 ratio after the solution is left for 7 hours at K98 his suggests that f@9, isomerB is the

thermodynamically favored product.

In Chapter3, 28B and29B were found to exhibit enhanc®&MR resonances for their hydride
ligands and enhancédC NMR signals for their bound imine when equilibrium mixtures28f

or 29 were shaken withp-H.. These catalysts present an excellent opportunity to study
magnetisation transfer within metal complexesohhs explored further in this chaptefhe

NMR signal gams of these metal complexisgjuantified and optimized anté ligand exchange
processes governing their hyperpolarisation efficiencies are also investigated to produce a rational
for achieving hijh SABRE performate in these metal complexes. Bhestudis can have
applications in a range of areas including intermediate detection and mechanistic elucidation of

catalytic processes.

4.2 Creating heteronuclear3C, singlet order within 28B and 29B

[Ir(H)2(8>-O0CC(CH)NR)(IMes)(NHR)] where R = CHPh £8) and R = (CH).Ph @9) can be
synthesizedrom 2 (5 mM), 22 (5 eq.)and the amine4 or 5 (5-20 eq.)respectivelyin a3 barH;
atmosphere as detailed in section 4.1. Wén solutions of28 and 29 in dichloromethane
d> (0.6 mL) are shaken fot0secong with3barp Hat6.5mT and immediately placed into a
9.4T NMR spectrometer for collection of a single s&MNMR spectrunthe hydride resonances
of 28B and 29B become strongly enhanced while those€8h and 29A appearunaffected, as
shown in Figuretl.3a. The hyperpolarisd hydride signals of28B and 29B both appear as
antiphase peaks due f@H: hydrogenation at both high field and low field producing a
combination of ALTADENA andPASADENA effects®? 34This meangopulations ofUb and 4U
levels within the dihydride products are derived fipd, spin ordey as depicted in Figur 3b.
These hydrideNMR signal enhancemés could not beeasily quantified due to internal

cancellation effects caused by overlap of broadenegtadé peaks.
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a) 28A 28A b)
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Figure 4.3: a) Examplehyperpolarised 'H NMR spectrum of 28 recorded usinga 4% r.f. pulse with the analogous

T
=22

thermal spectrum (expandedvertically by a factor of 8) shown above. b) This line shape results from population

(denoted by linethickness) ofUband bUnuclear spin energy levels of 28B (right) which are derived from the populate
fﬂl}bﬂlevel in p-H, (left).?%”

When samples d¥8 and29 areshakernwith freshp Hat6.5mT NMR signals forboth the'*C,

sitesof the imine ligand withir28B or 29B are stronglyenhanced when observed with & 20
excitation pulseA hyperpolarised®*C NMR signalfor free imineis not observed suggesting that

the imine ligand des not exchange freely in solutioner the timescale of this measurement
Interestingly, the twdyperpolarised*C NMR signalsof the bound imineppear in an unusual
6up up down downdé patt ermagnetisatiagih® &1 as showndni cati ve of
Figure4.4. Thee coupled!*C-13C spin paisin 28B and29B contain chemical shift differences

of 4.8 and 6.pm respectively?Jcc = 66 Hz) at 9.4T. At the mT polarisationtransfer fields

these spis are strongly couple the hydride ligandallowing the initial singlet state q¥-H. to

be transferredo the3C, pair whichresuls in these unusual patterffs2%13C NMR signal
enhancemestcould not be calculated by reference to a single scan thermal measurement as the
13C NMR resonances &8B and29B recordedunder Boltzmann derivkconditions are too weak

to be observed in a single scan. Therefore MBeNMR signal enhancemenbf28B and29B

were calculated ag420-fold and 286fold respectively by reference to a more concentrated
reference signal 022 (as described in sectidi4, equation1.11). As singletmagnetisatioris

shared equally between the coupté@ spin pairtheseNMR signal enhancemengffectively

describe the avege magnetisatioon eachC site.
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Thermal p-H, 28B, 29B
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Figure 4.4: a) An examplehyperpolarised *C NMR spectrum of 28 recorded using a 90r.f. pulse with the analogous

thermal spectrum shown above. b) This line shape results from population (denoted by line thickness)df nuclear

spin energy levels of*C; sites within 28B (right) which is derived from the populatedV?Ub-bUlevel inp-H, (left).

The creation of singlenagnetisatiorusingr.f. pulses was first reported in 2084 52 This type

of magneisationis typically immune to dipolar relaxation and can therefore contain lifetimes
longer thariT; values®! % ®’Singletmagnetisationin *H-1H,209. 21013C_13C 53, 8715 -15|\[55. 56, 86, 208

or event3C-15N°8 spin pairs has also been derived frpiH, using SABRE but these approaches
often involve the usef complex pulse sequences. Such singlet order is typically created in small
organic moleculeg!: 54 57. 58, 112, 208, 211, 2glthgugh singletnagnetisationin H-H spn pairs of
metal dihydride complexes, aimg from oxidative addition gf-H., hasbeen reportedf?. 208 210

In the case 028B and29B, heteronuclear singlet order is transferred spontaneouslypfitdsat

low field (~6 mT) without complex instrumentation of. excitation Interestingly 28B and29B

are an unusual example of a heteronuclear fi)rsinglet state observed within a tsition
metal complex. This is unusual as the iridium cemtight be expected tgpromote sglet
relaxation?'® 214 To investigate further, the lifetime of thiSC, singlet magnetisationwas

measured toletermine if longived magnetiation could be created using SABRE.

The methodeommonly usedo measure the lifetimes of singlgiates in pairs of couplespins
at either high field Txe) or low field (T.r) aresunmarisedn Figure4.555 93 14.210Theseusually
involve shaking te sample with ®arp-H, for 10secondsat 6.5mT. The sample can then be
immediately transferred to a 9M4spectrometer befof8C NMR spectra are recorded with a°90
r.f. pulse. The sample can be left at 9.%or a variablestoragetime, i, before the acquisition
sequence is applied. Attetively, the sample can be stored imametalshield (~ 1uT) for a
variable time intervalJr, before returning the sample to t8e4T NMR spectrometer and
immediately ecording a3C NMR spectrumThese experimental approaches armmarisedn
Figure4.5. As thestorageime (1) isincreased théyperpolarisedignal S, will relax. A decay
curveis producedby plotting this signal decay as a function of storage tirhizh can then be

fittedto an exponential decay to extract a lifetifhig; or Tig. 112114
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a) 9.4T
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Figure 4.5: Depiction of the experimental procedure used for determination of a) high field lifetime Tue) and b) low
field lifetime (T.¢) of :*C; singlet order within 28B and 29B.

When such methods are applied h@reehod a ofFigure4.5), thehigh field (9.4 T) lifetime, Tur,

of the hyperpolarisd *C, magnetic statewithin 28B and 29B are too short to allow for an
appropriate decay profile to be obtained. When these experiments are repeated by storing the
sample at dw magnetic field in amu-metal shield (~1 pT) (method b of Figurd.5)
hyperpolarised®C; signal decay 028B and29B is produced which show dependence qrH;
pressure, an example is giverFigure4.6a This is likely related to replenishment'é€; singlet
order ag-Hz exchange continues during the storage tinteerefore these decay curves contain
contributions from both the lowiield singlet state lifetiméT.r) andthe rate op-H: refreshment
(pH). This was confirmed bsecording a similar ginal decay plot in which the sample was shaken
atlow field¥ 6 uT) for the last 5seconds of the storage time to dissolve fragh for alternating
data points. The hyperpolarise€ NMR signal intensity for these data points were significantly
higher han samples which were not shaken for a portion of the storage tinsbpas in
Figure4.6b. This suggests that continuoupalarisationis occurring during the storage time.
Therefore, e hyperpolarisd 1*C, NMR signal decay profilof 28B and 29B wasfit to a bi-
exponentiafunction thatcontainscontributions from bothhte singlet state lifetim€l.¢) andp-

H. repolarsation(px). This function isdescribed in Equatiod.1lwhereS, is thehyperpolarisd

13C, NMR signal intensity at = 0 andA andB are constants.

'Y 'Y 6Q  6Q £
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The effects of singlet relaxation ang-H, refreshmentcan be deconvoluted bgecording

measurementat differentp-H; pressuress Tir will be independent op-H. pressure whilgy
will vary as a function op-H; pressure. Recording these measuremerngs-atpressures of 1, 2
and 3bar followed by b-exponential fitting of thes€C, NMR signal &cay curves according to
Equation4.1 yieldssingletstate lifetimes (Ts) of 10.9+ 1.1s and 8.8 1.4s for 28B and29B

respectively.

a) b) —-=-3 bar -8-3 bar alternate shaking
o 4.0 EU 12
g 35 [ A 1 bar § % 10
g E 3.0 T 2 bar r_:U E [
° % 3 bar 38 8
o~ 2.5 - T 5o
Za £2
2 ® >a 6
b~ T O
g2 . 8w 4
2 ® 15 « = c
E® €%
£ wn = 2
5 1.0 2
0.5 0
0 10 20 30 0 10 20 30
Low field storage time (t,/) /s Low field storage time (z,5) /s

Figure 4.6: a) Example acay of hyperpolarised *C, NMR signal of 28B measured at different p-H, pressures.
Experimental data points are shown with markers while fitted vdues according to a biexponetial decay are shown
with solid lines. b) Decay ofhyperpolarised NMR 3C, NMR signal of 29B measured at3 bar p-H, by hyperpolarising

in the stray field of the 9.4T magnet and storing in amu-metal shield for differing time periods (blue) and repeated
when the samples stored for 10, 20 and 3@conds were shaken in thewu-metal shield for the last5 second of the

storage time (red).Solid lines in b) are included for visual aid only.

Currently, sorme of the longest reportedngjlet lifetimes are 2éinutes at low field for the
coupled®™N spins in*®N»O?'? and over an hour for*dC; spin pair in a naphthalerderivative’’

In theseexamplessinglet magnetisation is created using complex instrumentationr.&nd
excitationto populate thesinglet SYG state. Here, SABRE can create singlet magnetisation
naturally which provides amny cost and time advantag@seis et alhave exploited SABRE
SHEATH to create singlet®N, magnetisation in**Nj-diazirine which has a lifetime of
23+ 3 minutes®® The singlet lifetimesof 28B and 29B are sigificantly shorter than these
examples suggesting that singlet order within ttamnotb e descr i-bede @& @&¢$ omn
are still significant relaxation pathways. This perhapsunsurprising considering that the
magnetisation exists within a metabraplex which may provide a source of relaxation.
Nevertheless, this work provides a rare example of heteronuclear singlet order surviving within
a metal complex which may be @fture use in the detection of low concentration catalytic
intermediates.

4.3 Investigating hydrogen exchange processes of 28B and 29B

The source of singlet order with2BB and 29B is p-H, which can be refreshed upqaH-
exchange. Therefore, the mechanism of hydrogen exchange 28and29Bwas investigated
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to determine itsale in achieving high*C, NMR signal enhancemenwithin28Band29B. These

are neutral 18 electron complexes that could exchange hydrogaanmber of ways, as depicted

in Figure4.7. Hydrogen could coordinate to these complexes in an associativep(path a of
Figured7) to form 20 electron species of the form  [Is[fH)2(a%
OOCC(CH)NR)(IMes)(NH:R)]. This is an unlikely process as it bks the 18 electron rule and
transition metal complexes with 20 valence electrons arefafélt is much more likely that
hydrogen exchange will proceed through a pathway that involves 16 or 18 electron
intermediates!’” 218This could occur through reductive elimination of (dathb of Figure4.7)

to initially form a 16 electron square planar product which subsequently binds fsedhnisi
cycle of K reductive elimination and oxidative addition will be accompanied bygédmgin metal
oxidation state and geometry. There may theectir a large barrier to these processes if large
orbital reorganization energies are invol#&dOn the basis ofl; exchange processes in similar
Ir(1I1) complexes it is more likelythatH, oxidative addition and subsequenthange is preceded
by dissociative amine &3 (path ¢ of Figurel.7) from 18 electror28 or 29 to form 16 electron
[Ir(H) 2(8>-O0CC(CH)NR)(IMes)].*’

IMes |_I|Mes
H_‘_qu-’::' \‘\\\NHZR HI”';,‘I ‘\‘\\NHzR
Ir H—Ir <o - Hy
o (@)
path a H~H/ | ? H/;[L
+ Hy RN%O Y&O \
Ir(111) 20 e Ir(111) 20 e
IMes IMes IMes

Hu,, | wNHR  path b | H, Huv,, | wNHR

g — ~ RH,N—I—O _ . P ANy
H™ | O _H, | H” | o

) 0 )
Ir(lll) 18 e Ir(1) 16 e Ir(lll) 18 e
IMes IMes

path ck Hu, " Ho,, |~ ety /H‘
) — es rs - H>

NHR A H., | H Nl ] ~o + NH,R

RN . o pe H RN
RN
Ir(ll) 16 &= ~—~ 7/& ~— Ir(lll) 18 e
1 H2
r(ll) 18 e

28B: R=CH,Ph  29B; R=(CH,),Ph

Figure 4.7: Potential hydrogen exchange pathways in 28B and 29B.

116



Chapter 4
A combination ofexchange spectroscopy (EXS¥) and Densig Functional Theory (DFF}:

were used to investigatgydrogen exchange pathwsawithin 28B and29B. EXSY experiments

were performed to measure teechange ratbetweenthe hydride ligandsand free H. In this
experiment, the hydride resonanttans to amine $ selectively excited beforeecording a

H NMR spectrum after #ime delay assummarisedn Figure4.8a Upon the selective excitation

of either hydride signals &f8B or 29B, evolution into free Hand the inequivalent hydride site

is observed, an example is shown in FigliBb.In contrast, excitatin of the hydile ligands of

28A or 29A does not show chemical exchange into other products suggesting that they are inert
on this timescale. These measurements also do not eeweaichange betweeh andB isomers

on this timescalsuggesting that inteonversion between the two forms is slohese results

show there ia reaction pathwain 28B and29B that allows for both Hexchange and interchange

of the hydride ligand sites

a)

v S
s 5
L =
LT}

K S

b)

o —4

10

Figure 4.8: a) Depiction of the EXSY measurement process b) A typical¥SY spectrum of 29B at 28X recorded
0.05s after selective excitation of the hydride ligandrans to amine.

Hydrogen exchange is expected to follow path c of Figufén which the key step is dissociative
amine loss to form an importafite coordinaténtermediatgir(H) 2(8>-OOCC(CH;)NR)(IMes).
This intermediate can then react with té reform the startingomplex in which its excited
hydride ligands have been replaced with unexcited hydride ligendydrogen exchange. In
contrast, the five coordateintermediatglr(H)2(e>-OOCC(CH;)NR)(IMes)] can also be ligated
by an amingrebinding of the aminis able taeform the starting complein this cas¢he excited
label 0f28B or 29Bwill remain unchanged if the amine rebinds in the same orientatmmever,
coordination of the amine on a diféert face of this intermediate will refor@8B or 29B with
interchangedydride ligand. This effectresults from the asymmetry of the imine bound within
the 16electron intermediate [Ir(H)2(>-OOCC(CH)NR)(IMes). These pathways are

summarisedn Figure4.9.
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Figure 4.9: Exchange processes of 28B and 29B that can lead to exchange of hydrogen or interchange of hydride
ligands.

The rate of these two exchange processesﬁdhangeﬁf’)iand interchage of the hydride

ligand sites TG:i)%ican be measured by recording a series of EXSY spectra in which the delay
between selective excitation of hydritansto amine andpectralacquisition is increased. A
series of integral intensities ofetexcited resonance and evolved resoasarare collected and
plotted as a function of the delay time, an example is givelRigare4.10a. These integral
intensities can be interpreted as a percentage abundance and can béhfieeéosite exchange

modeldescribed by equations 4424. Expecedpercentage abundances of thggeciegstarting
28B or 29B, free hydrogen©@ 'O, and the hydride interchanged produ@8Ri or 29Bi)) at

varyingtime delaysvere calculated at timtavherd tis an incremental time difference aT@&'

and’® "8-5@ the reverse observed rates of hydrogen exchange andiehpnterchange.

|| I @ (2 Jao o o w
Al [¢# © ™© 0 7 A Q It ot®
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The observed ate of hydrogen productionﬁl‘:)i and hydride site interchangeﬁ)-%i are
determined fronfitting the lowest sum of the least squaredfgtweenthe EXSY determined
abundances and those predicted bykthetic modeldescribed in equations 4424.An example
is shavn in Figure4.10a. Transition state barriers for these processes can be calculated by
recording measurementsatrange of differentemperature¢see Figurel.10b) The activation
enthalpy ¥'CY) andactivationentropy §¥"Y) of hydrogen exchanger diydride interchangean
be calculated from equation fuBere’Yis temperaturéQ i s Bol t zmaifn® sPlcamsk &
constant, andy is the ideal gas constarthe Gibbs free energy of activatiod'() can be

calculated usingquation4.6.Errors were calculategiccording to established procedut®s.
- d
yo yo wy £

b) (1/T)x10% /K1
35 36 37 38 3.9 4.0
o 28BEXSY

- - 28B model
+ H-H EXSY
——H-H model
m 28Bi EXSY
~~~~~~ 28Bi model

[ y=-12.472x + 41.171
R?=0.9968 ® 288

298

Abundance (%)

y =-9.7394x + 30.172 i,

0 0.2 0.4 0.6 0.8
R?=0.9991

Time delay (s)

Ln(k/T)
(R NI NV I N VI RN

Figure 4.10: a) % Abundances calculated from EXSY dat@marker points) and the model (lines) for a solution of 29B
at 283K. b) An Eyring plot of { T!ji— againstq yields a straight line with intercepts and gradients used to calculate
hl hl

thermodynamic parameters for the observed rate of hytbgen loss from28B and 29B according to equations 4.5 and
4.6.

The EXSY data wreused to estimate thrate offree H, productionas15.5+ 0.6 s'* for 28B at
283K. The transition state barriersYCY and Y'Y for free H production are
103.7+ 1.6kJmol ! and 145+ 6 JK't mol'* respectively The observedrate of H formation
from 29B was slower than that fro28B (4.11+ 0.06s 1) at 283K while transition state barriers
were also lowerY'C'andY"Y for free H production o81.0+ 2.2k dnolftand53+5J 'lnol?
respectively). Bnilar octahedral iridium carbene complexesve been reported to exchange
hydrogen at rates betwe€@n56 and 5.1F! at the higher temperature of 285% Therefore,
hydrogen exchange proaes of 28B and29B arerelatively rapid. It is suggestdthat faster H
exchange withir28B accounts for the highé?C NMR signal enhancemen(420fold for 28B
versus 28€old for 29B) as enhanceg-He x c hange i s abl epH:derivedbnst a
singlet order withirk8B and29B. Rapid hydrogen exchange is therefore very importanbth b

obtaining hight*C; NMR signal enhancemenand refreshingfC; singlet order.
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On the basis ofiydrogen exchange processes reported for similar Ir(lll) systems it is expected

that hydrogen exchandellows a pathway similar to that of pathof Figure4.7 in which
hydrogen exchange is preceded by dissociative amine loss from 18 eR&8ron29B to form

a 16 electron five coordinate intermedi&t@his proposal was investigated by measuring these

observedhydrogen exchangé(ﬁld’)iand hydride interchang&%%iratesfor 29B as a function
of amine concentration and hydrogen pressiinese rates are shown in Tabl&é and Tabld.2

respectively

Table 4.1: Rate constants for H production (& ++)'and hydride interchange ﬁ ijf)'of 29B determined by EXSY at
273K as a function of amine concemration when H; pressure was fixed at dar. Note amine concentration is relative
to 2 (5 mM).

[Amine] L /%1 2 1%
5eq. 1.85+0.05 0.40 +0.02
10eq. 1.47 +£0.03 0.70+0.01
15eq. 1.13+0.01 0.88+0.01

The NQI(‘) fates of Table4.1 decrease as the amine concentration is increased supporting the
hypothesis that hydrogen exchange occurs following dsee amine loss.This change
supportsthe factthat the[lr(H)(e?>-OOCC(CH;)NR)(IMes)] intermediate is more likely to
undergo hydride ligand interchangehigher amine concentratiobyg reforming 29B ratherthan
reacitng with H,. This is indicated by eeduction in?if’éndincrease)f TQy%\i/vhen higher amine

concentrations are useth contrast, when the Jressure is increased the five coordinate
intermediate is more likely to react with Bhan amine which is indicated by anriease inGy. '

and a decreass ~Q3(5'

Table 4.2: Rate constants for H production @1 +Jr)'and hydride interchange g %)'of 29B determined by EXSY at

273K as a function of H, pressure when amine concentration was fixed at5leq. relative to 2 (5 mM).

H2 pressure - 3 - 1z
1 bar 0.60 +0.01 1.05+0.01
2 bar 0.95+0.01 0.92+0.01
3 bar 1.13+0.01 0.88+0.01

Density Functional Theory (DFT) calculations weerformed by B. Richard O. John (details
are given in the experimentakction7.5) to gain further insight on these ligand exchange
processes. These calculations allow the relative enenfittee closely relate@8A-28C to be
determinedand arggivenin Table4.3 Thetheoretical stability ordering &#8A 28B] 28C is
consistent wh 'H NMR observations in solution. The energies of products formed dliceot
H: loss to form dour coordinate Ir(l) 1&lectron product are also shown and depicted graphically
in Figure4.11. As the aH and a&5 changes to fornthese products arboth greater than
100kJmol* at 298K direct H loss is likely to be accompanied by a large transition state
barrier??2 This suggests that hydrogen exchawigepath b of Figurel.7 is unlikdy to occur.In

120



Chapter 4
cortrast,the[lr(H)2(H2)(e?>-OOCC(CH;)NR)(IMes)] intermediatdormedin path cjs morestable

by over 60kJmol* This supports aoute to H exchangein a cycle that involves iridium
complexes witltonstant @idation statesThe energy lsanges for amine losom 28A are larger

than from28B which supports thexperimentally observed reduced reactifityisomers of type
A.

Table 4.3: Relative energies of 2&nd computedthermodynamic parameters related toligand exchange processes at
298K. All values are in kJ mol™ and relative to 28B which is set as a zero pointNote these are product energies and
not transition state barriers. These DFT calculations have been perfored by Dr. Richard O. John?*

Process Energy 28A 28B 28C
Relative energies aH 4.0 0 9.5
&G 0.9 0 20.3

H, loss aH 126.2 136.7 126.2

&G 99.9 104.6 99.9

Amineloss aH 141.4 94.7 141.4

&G 92.7 41.1 92.7

H, addition to 5 aH 53.1 32.8 53.1
coordinatantermediate a6 35.7 11.4 35.7
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Figure 4.11: DFT energy level diagramshowing the relative energies of 284 and the energes of species arising
from H, or amine loss These are intermediate energies and not transition state energidhese DFT calculations
have been performed by Dr. Richard O. Johrf?*

4 4 Formation of novel iridium carboxyimine complexes 44, 45and 47

by variation of coligand

The investigation into the mechanism lgf loss from28B and 29B described in sectioA.3
support a pathway preceded byiae loss Therefore, amine dissociation fra8B and29B may

be akey factor mediating-H, exchange andeterminingheresultanNMR signal enhancement

and singlet statéfétimes Therefore soutions 0f29 were mixedwith various different neutral

two electron nitrogen, oxygen, and sulphur donors to form novel complexes in which the amine
ligand of29is replaced by a coligand, as shown in Figur&2 4nd 4.14When29 is mixed with

the coligams acetonitrileds (41-ds) or thiophend4?2) (5 eq. relative to starting) both the broad
hydride resonances @PBat] 24.03 and 27.80 and the sharp hydride resonance29¢f at

1 21.70 and 27.91 appear unchanged. Therefartd; and42 are unable to compete with
amine for binding t029. However, when pyriding43) is added to solutions 029 in

dichloromethaneal,, new hydride resonanceaamediatelyappear at 23.47 and 27.37 which
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have a mutuatJuy coupling costant {.5Hz). These hydrideesonances result from new

species44B in which pyridine has replaced the amine ligan@@B. When this solution is left
overnight a78K additionalresonances at 20.96 and 26.99 £Jun = 9 Hz) become visible
which belongo 44A in which pyridinehasreplacel the amine ligand a29A. At this time point
all four complexes?29A, 29B, 44A, and44B, are present in solution

29A =29B
N (43) O 4TA 478B
448 44A S \
/ (m IMes IMes
IM‘es @ IM‘es H Ho,, ‘ \\\\\ Ne] o} Hu,,“' ‘ "‘\\\S\\/O
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S -— o N‘/) H ‘ R : | 9
e T e Sy ®) o " 5N
NNo N ‘ 45A 45B
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Figure 4.12: Addition of the coligands pyridine (43), imidazole (8), odimethylsulfoxide (46) to solutions of 29 form
44, 45 and 47 in which the amine ligand is replaced with the added coligand.

Similar dfects areobserved whe9 is mixed with imidazolé€8); new hydride resonances appear
at] 21.96 and 28.14(%Jun = 8 Hz) and correspontb 45B, in which imidazole has replaced
the amine ligand 029B. Similarly to44B, 45B forms rapidly after the addition @bligand (in
this casémidazole to 29 at room temperaturé species analogous4dA, 45A, with resonances
at)] 21.41 and 27.59 8Jun = 9 Hz) formsafter a longer time period@he time course of this
reaction is shown in Figu#e 13.Similarly, thedimethylsulfoxide(46) complexest7A and47B
can be formed with broad hydride resoremat 13.37 and 25.77 andsharp resonances at
1 21.14 and 25.89 fJun = 9 Hz) respectively.

These complexestf, 45, and47) are characterised using a combination of mass spectrometry
and 2DNMR techniques(see sections 7.4.5.4.6) For some equltirium mixtures NMR
characterisation is extremely challenging due to severe peak overlap caused by the presence of
multiple complexes in solutiorn the case o&n equilibrium mixture o29 and45, addition of

x 3mL degassed hexareause the precipitationof 45A as a bright orange solid which was
isolated by filtration and drying under vacuunThis product was redissolved in
dichloromethanal, andthe resultant solutionsed for 2DNMR characterisation at 246 using

a similar approach to those 28 and29 presented in Chapt&r. Full NMR characterisation data

for 45Ais given in the gperimental sectioi@.4.5

The formation of44, 45 or 47 from 29 was monitored by reeding a series ofH NMR spectra
at298K over a 17 hour time period aftitre addition of pyridine,imidazoleor dimethylsulfoxide
respectively.ln the caseof pyriding signals for29B, and then29A, decrease upon pyridine
addition leading first to the detection 44B and therd4A. The proportion of each of these four
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complexes was detmined using the integral intensities of the hydride resontaacsto nitrogen

which appears ina NMR spectral egionfree frompeakoverlap.A kinetic model wasreated
to fit this time course datthat allowed exchange of all four species with the H2er constants
described irFigure4.13 and Equations 4:4.12 where ® and & are the concentration or
proportion of specieX in solutionatty @ndtwherd ds an incremental time difference. (L is
the added coligand pyridine, imidazole or dimethylsulfoxide in the case @#4n45 or 47
respectiely). The model does nottake into accountthe common [Ir(H)2(H2)(e*
OOCC(CH)NR)(IMes)] intermediate thawill form irrespectiveof the identity of the liganthat

is lost.

a) K b) 0.45
29A M d
29A —_— . 29B 0.40 b J . [ ] easure
k4 0.35 . — 294 Fitted
S ® 29B Measured
£ 030
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“ & £ = 45A M d
kG k_5 0.20 easure
] 5 = om "
A ks 5 0.15 gt —n— P 45A Fitted
NA =———— n .
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140 340 540 740 940 —458B Fitted
n =44, 45 47 Time after imidazole addition to 29 /min

Figure 4.13:a) Exchange model used for kinetic modelling transmission rates fdahe interconversion between 2 and
44, 45 or 47b) An example of the kinetic time course for conversion between 29 and 45 (data points) with the fit (solid
lines) according to the model described.
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Pseudo first order @ansmission ates for interconversion between these speciese found by
minimizing the sum of the squared differences between experimentally determined intensities
from the NMR data and valugsedicted by the kinetic model in the same way as the hydrogen
exchange ratesedcribed in Sectiod.3. hitial data at short reaction timesre excludedrom
the fit due to the release of large amounts of free anmnslutionupon its replacement by
pyridine in29B which in turn may influence the equilibrium ptsh betweeramine and imine.
This same process was repeated to determine the transmission rates for amine regla@®ment
with imidazole ordimethylsulfoxide id5 and47 respectively While all the fittedtransmission
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ratesare given insection7.6.2only the rate cortants labelledk: andk, according to Figurd.13

are given in Tabld.4 and discussed further as these describe interconversion rateXofkan

29Bto the coligand replaced products.

Table 4.4: Selected fitted rate constants describinmterconversion between 29 and 44, 4%r 47 calculated by fitting
the EXSY data (an example is shown in Figurd.13b) to the model in Figure4.13a described by Equations 4:4.12. A
full table including all the rate constants are given in sectioi@.6.2

Coligand added to 29 Process Transmission rate /10° s*
Pyridine 29BA 44B 9 2
29A A 44A 7 3
Imidazole 29BA 45B
29A A 45A
Dimethylsulfoxide 29BA 47B 6 1
29A A 47A 0.0
Equimolar pyridine and imidazole 29BA 44B 4.8
29A A 44A 0.6
29BA 45B 7.8
29A A 45A o)

“rate cmstants and errors less than 10° s* were set by this model to 0.

Collectively, these transmission rates are consistent with faster amine log8Bavith a ligher
kof9+2 10%s?! than from29A wherekis7+3 10%s! when pyridine is used as the
coligand. Similarly, vimen imidazole is usealfaster effective rate of amine replacement f298

to form 44B is suggestegk=3 10°s?) when compared t89A (k=2 10°%s?), although
both these changeeccur slower than those in the pyridine systemherefore,the rate of
imidazole binding to [Ir(HYa?>-OOCC(CH;)NR)(IMes)] must be slower thatnat ofpyridine

To further confirm this observation, pyridine and imidazéleq. eachverebothadded to29

to createan equilibrium mixture 0f29, 44 and45. Transmission constantgere calculated in a
similar way using modified rate equations as described in sétoR These transmission
constants are also presented in secli@3and supporfaster amineaplacement ir29B when
compared t@®9A. In fact, the rate of amine régcement with pyridine is higher by a factor of

four compared to replacement with imidazole
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4.5 Formation of novel iridium complexes by loss of imine

The addition of some coligandamotonly replace thamine, but over long time scales they can
replace the imine to fornhe novel iridium complexes shown Iigure4.14 all of which have
been characterised using AMR spectroscopy and Mass Spectrometry (M)l NMR
characgrisationdat is given insection7.4. For examplethe addition obenzyl isocyanidé48)
initially results in the formation of the amine replacement prod@g, with hydride resonances
at] 8.49 and 24.69 fJun = 5.5Hz). This is confirmed by NOE measurements that show the
hydride resonancérans to benzyl isocyanide is close in space to the diastereotopic CH
resonances of the bound imine3.72 and 3.87) and the phenyl protons ofisbeyanide|( 6.96)
while the hydride resonant@nsto the imine is close in space to theLjtbup of the isocyanide

( 2.13) and the diastereotopic ei¢sonances of the bound imihe3.72 and 3.87). @r timeg
productdormed from loss of the imenare detected. Two singlets appeéar atl0.22 and 12.34
which also are present in a 1:12 ratio wikkris addedo a solution o9 (5 mM), 5 (5 eq), and

48 (5 eq). NMR characterisationf this mixtureshowedthe singlet &t 12.34 resonates from
[Ir(H)2(CNCH:Ph)(IMes)]Cl, 50. This is confirmed from NOE measurements between the
hydride and the IMes resonances7(08, 6.982.28 and2.00). The hydride resonance shows
NOE cross peaks to the €groups of botttis andtransisocyanide ligand§ (4.82and4.73)
respectively andd 12Hz couplings to the isocyanide NC and Gtdrbons &t 150.78,113.95
and117.93 for thecis and trans sites respectively. Theis and trans isocyanide ligands are
differentiated based on the liregral intensities for #ir CH, resonances. &bks spectrometry
analysisof this mixture confirms thatris isocyanide andis isocyanide amine complexese
presentWhile theidentity of thecomplex resonating at 10.22 could not be determined from
NMR characterisatiordue to ts low concentrationit is expected to correspond the bis
isocyanide amine compler(H) 2(CNCH.Ph)(IMes)(NHx(CH,).Ph)]CI, 51. The formation of

iridium(lll) isocyanideproductshave beemeported??>: 226
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Figure 4.14: Addition of coligands 48, 52or 55 can form novel iridium complexes with displaced imine ligand
where R= (CHy).Ph.

The addiion of ethyl isothiocyanat€52) (4 eq.) to 29 initially yields resonances fob3B at

1 17.87 and 28.27 {Jun = 9 Hz), beforeproceeihg more rapidly tatheimine losscomplex

[Ir(H) 2(IMes)(SCNEty(NH2(CH,)-Ph) Cl, 54 which yields asingle hydride sigriaat] 16.05.

This is confirmed by NOE cross peaks between the hydride and the IMes jigarié) and the
amine ligand]( 6.96). The ethyl isothiocyanate ligand is located from an NOE cross peak with
the amine ligandThe ratio 0of29A, 29B, 53B and 54 is 0:7:1:3 after 30nins. Therefore,the
binding ofethyl isothiocyanate is strorepough thait candisplace the chelated imine. This is
supported by the wide range m@portedstable isothiocyanate complex@s 22 However,54 is

not formed wher2 (5 mM), 5 (5 eq), andethyl isothiogyanate(5 eq.)react with H.

When 4chlorobenzenemethaneth{®b) (5 eq.) is added t&9, themajor producthat forms 56,
gives rise to a singlbydride signal &t 21.56 due to @omplexwhich is stabl€or several
weeksat 278K. Characterisationsing 2DNMR spectroscopy proved it @ monohydride with
retained amine and carboxyimine ligands10Hz coupling is observed between the hydride
signal and thé3C NMR resonances of the bound iming| afl67.86 and 175.51. The hydride
resonance shows NGfoss peaks with those of the am{nel.88, 2.08, 2.22, 6.86). Therefore,
56 corresponds to thezteplacemenproduct{lr(H)(8>-OOCC(CH)NR)(SCH.PhCI)(IMes)]that

is formed by SH oxidative additiorSimilar reactivity is known for metal surfacd% and
bimetallic complexes3® 21 Related iidium N-heterocyclic carbene complex#éisat contain
bound thiolates have been prepared from the dispiantof Ir-Cl under basic conditiorfs?
Here,SH activation to fornb6is more likelythan a similar thiol deprotonatioRroductsrelated

to 56 are expected to account fBABRE caalyst deactivation usingupported thicl 6
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4.6 Using hydride hyperpolarisation of iridium carboxyimine complexes

for coligand sensing

The hydride ligand chemical shifts of the iridium carboxyimine complexes presented in
sectiond4.4-4.5 28, 29, 44, 45, 47, 49, and53) are highly sensitive to the identity of the coligand.
The largest chemical shift differences, whiglais a window of 15.5ppm, are observed for the
hydride positiontrans to the coligand, L, as summarised in Figdrg5. This sensitivity may
allow for unique sensing applications for complexes of this type, with diagnostic hyhkidRe

chemicalshifts indcative of the presence of a particular coligand in a mixture.

Ab H,=15.5 ppm A6 Hy=3.5 ppm
g [-<]
o ) o & Y
=] ™~ ~ oo e (] ~
Q <t i Q< L o 9
S 2 5 Ny g &5
y = y <
IMes 8 E s a 223 gt
IS <) = 0 W EC £ wo@gwWd
Hp ., wl o) 5 2 S g 835 7 Ia&72
e g 2 g ¥ S22 : uzis
i =
H”" | o 2 < 2 S £8s % 238z
a > 7] = % T C N = cg;
RN« Q £ F= B = adc E coBZ
c = = £ > £ 0 35 >C £5
O g E=] e = a aom g Ao —w
i u n oo S W
~ ~ g Nog R ~Nows
R = (CH,),Ph g ™ o @ SO0 R MmO
2/2 < o ~ o m < N NNodo
i i T §OFRT T AR
| | I I
5] =) «© LS 0 oo w o Lo WO
) 1 T T T T T T T T T T 1
-8 10 12 14 16 18 20 -22 -24 26 28 ppm

Figure 4.15: Hydride NMR chemical shifts of carboxyimine complexes (at 298) are highly sensitive to the identity of
the coligand, L.

Hyperpolarisation of the amine replageroducts44, 45, 47, 49, and53 is now investigated to
test the hypothesis that coligatabs from29B is important in mediatingp-H-> exchange and
determining ovall NMR signal enhancementand singlet state lifetime$Vhen equilibrium
mixtures o0f29 and44 are shaken wh p-H, for 10 secong at6.5mT before beinglaced intoa
9.4T NMR spectrometemyperpolarisd hydride resonancex 29B and44B areobservedas
shown inFigure4.16 Thehyperpolarisd hydride response fa4B is 100 times more intense
than that o29B which isnow oy 2% of its value before pyridine additio8imilar effects can
be observed when equilibrium mixturesa¥and45 arehyperpolarised. Now, signals fd6B
arel6 times more intense than thos@98B, which drops to 20% of its intensiyior to imidazole
addition, ashown inFigure4.16 In contrast, equilibrium mixtures @ and49-51, 53-54 or 56

do not givesignificanthyperpolarisd *H or *3C NMR responses for any species.
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Figure 4.16: Partial thermal (upper) and hyperpolarised (lower) 'H NMR spectra for 29B are showr(left). Shaking
equilibrium mixtures of 29 and 44 or 29 and 45 yield hyperpolarisethydride resonances for 29B, 44B and 458ight) .
These spectra are all recorded using the same parameters and are shown on a complerabrtical scale (note thosef
29 (left) arescaled vertically by the indicated factor).

It might be expected thabé largedifference in hyperpolarisation levéddgetween starting amine
complex29B and the amine replacement produtd8 and45B is due b more rapid hydrogen
exchange in themine replaca products. In factwhen these hydrogen exchange rates were
measured in the same way as those described in Séciaherate of free hydrogen production
from 44B wasslow (0.17+ 0.01st at 273K conpared to 1.14 0.03s?at 273K for 29B). No
exchange of hydride ligand was noted46B. ThereforetheNMR signal gain®f 44B and45B

are not due to direct PHIRnstead, lhese complexes are predominantly hyperpolarised by
coligand addition to théayperpolarisd five coordinate reaction intermediateat forns upon
amine loss fromR9B. Furthermore,T1 measurements of 3§ 7.7s, and 7.& for the hydride
ligands of29B, 44B and45B respectively suggest that the more intense hydride signdkBof
and 45B, uponformation from29B, is aided by slower relaxation rather than direct hydrogen

exchange effects.

TheNMR signal enhancement 45B compared t®9B in the equilibrium mixture 029 and45

is higher compared 4B and29B. This suggests that pgine is more effectivéhan imidazole

at competing with the amine for the free iridium binding site. The overall higher signals of the
equilibrium mixture of29 and 45 is due to higher amounts @BB presentin this equilibrium
mixture (32%) meaning moreof the hyperpolarised five coordinate intermedifltéH) »(e?-
OOCC(CH)NR)(IMes)]is there to be trapped wheompared to th29/44 mixture (12%)

Interestingly, when a sample of both pyridine and imida¢gokx.) are added t29 to form an
equilibrium mixture of29, 44 and45 this sample yielded hyperpolarised resonance298y 44B
and 45B when shakerwith p-H. for 10 second at6.5mT, asshown in Figurel.17a. Hgher
levels of hydridehypeipolarisationin 45B are observed compared4dB (in a ratio ¢ 1:3:5 for

29B, 44B and 45B respectively).The kinetics of these systems, wiiwere investigated in
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section4 4, can be considered to ediab links between hyperpolarised signal intensities and the

rate and strength of coligand binding to the five damate[lr(H)2(?>-OOCC(CH;)NR)(IMes)]
intermediatelt might be expected from kinetic considerations that the hyperpolarised signals for
44B should be four times larger tha#4bB mirroring the four times faster rate of amine
replacement with pyridine. Ehfact that this does not appear to be the case is unlikely related to
different relaxation times of the hydride sites in these complexesathérrdue taifferent
extents ofolarisatiortransfer to other sites in these metal complexes and the possibditgct

PHIP occurring to different extents in each compket.example, polarisation is localisedtbe
hydride ligands o#45B whereasin 44B polarisationspreads into théH sites of the pyridine
coligand This was confirmed tien an addition of eguiolar pyridineds and imidazolevas made

to 29. Now, the hyperpolarised hydride signals ateserved in a 1:6:Hitensityratio for 29B,
44B-ds, and45B respectively. Here}4B-ds now exhibits a hydride signal higher th&bB as the
spread of hyperpolarisan into pyridine has beerduced While these hyperpolarisation levels
are now consistent with a faster rate of pymdininding compared to imidazeleutstanding
differences in HHexchange rates mean they do not comaptanirror the factor of foudifference

in observed interconversion rate constants discussed edtimr.suggests that while these
complexes are formeffom the same common intermediate the rate constant ratio of the
formation of eactcannotbe used as a measure to predict or evaltheie hyperpolarisation

levels, orvice versa
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Figure 4.17: Partial hyperpolarised '"H NMR spectra for an equilibrium mixture of a) 29, 44 and 45 b) 29, 44} and
45 in dichloromethaned; (0.6 mL) shaken with 3bar p-H; for 10 seconds at 6.5nT. Spectraare shown on the same

vertical scale

While the chemical shifts of the iridium carboxyimine complexes presented are sensitive to the
coligand identity their hyperpolarisation levelannotalways be used as an indication of the
coligand binding strength. &3pite this, these complexes h&¥/dR chemical shifts sensitive to

a range of different coligands. It is therefore expected that they could have novel sensing
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applications in the future as their chemical shifts amttancedNMR signak can provide

informaion on the identity of coligands inlsdion. This mayhavefuturebeneficialapplications

in detecting low concentration coligands in solution.

4.7 Effect of coligand, L, on'3C> NMR signal enhancement and singlet

order of iridium carboxyimine complexes

Hydrogen exchange in iridium complexé4, 45, and47 containing pyridine, imidazole and
dimethyl sulfoxide respectively is significantly reducsinpared t@8 and29. The effect of this
on the'3C; singlet order of the bound imine is investigated farthtUpon addition of the coligands
pyridine and imidazole to solutions 29, hyperpolarisd NMR responses fothe *C; labelled
imine coresof 44B and45B at] 174.79 andl67.71 {Jcc =66.5Hz) and 175.63 and.66.76
(Mcc = 66.5H2) respectively ar@bserved. Thé*C, NMR resonancesf 44B and45B partially
overlap with those d?9B suggesting that diagnostic coligand identificattannotoe made based
on 1D *C NMR spectroscopy. The hyperpolarised resonancddBfare of simiar intensity to
29B, while those of45B are 17 times smaller tha9B in the 29/45 mixture as shown in
Figure4.18 Interestingly,the hyperpolarisd *C, NMR resonances of#4B and 45B do not
exhibit theunusual spectradatters typical of the singlet state2¥B. This is cosistent with rapid
decoherace of °C; singlet order leaving a dominant amount of Zeeman magnetisdtian.
importance ofhydrogen exchargyin refreshing'*C; singlet order within28B and 29B was
discussed in section 4 Berefore it is perhaps unsurpngithatany*C; singlet order withimt4B

and45B, which contain slowep-H, exchange, decoherers before it can be observed.
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Figure 4.18: a) Partial thermal and hyperpolarised *C NMR spectra for 29B are shown. Upon addition of the coligands
pyridine or imidazole, 44B and 45B form which exhibit hyperpolarised®*C NMR resonances in addition to those of
29B.These spectra are all recorded using the same parameters and are shown on a comparable vertical scale (note the
indicated scaling factors).b) Different routes to create hyperpolarised®*C magnetisation within 29B c) Field
dependence of*C hyperpolarisation when an equilibrium mixture of 29 and 44 are shaken wittp-H, at varying

polarisation transfer fields.

There arethree mechanismssummarised inFigure4.18b, in which hyperpolarisd °C;
magnetisatioran be createid these complexeR; describesingletmagnetisatiotransfer from
p-Hz2 whichis independent of magnetic fiedd low field*® R, concernglirectpolarisatiortransfer

to create*C, Zeemanmmagnetisatiorat ultralow uT field (SABRE-SHEATH).2 233 Finally, Rs
describesZeemanmagnetisationtransferredfrom the hydrides td*C; sitesvia non-hydride

H siteswhich is likely to be optimal at 6.8T.1%° For mixtures containing soleB8 or 29 shaken
at6.5mT the resonance condition fBf is most optimally met and singletagnetisatiomprofiles
dominate The maintenance of the singlet stat@&B and29B is prolongedue toongoingp-H:
exchangebut it is reducedn 44B and45B due to their much slower€xchangeates Snglet
decoherence during the fortitm of 44B and 45B is efficient and Zeemamagnetisatioris
predominantlyobserved. Whed5B is mixedwith p-H; at differentpolarisationtransfer fieldsa
hyperpolarisd *C, NMR response fo#5Bis observed at all magnetic fields, although maximum
signd intensityis achieved a6.5mT as shown irFigure4.18c. This suggests that some field
independent singlet rgaetisation R;) is created as well as field dependant Zeeman
magnetisationRs) which is optimum at 6.51T. A signal can also bachievedunderSABRE-
SHEATH conditionsvhen shaking in enu-metalshidd (~ 1uT) (Ry).
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4 .8 Isotopic labelling to improveNMR signal enhancemens of28B, 29B

and 44B.

In order to preserve hyperpolaris€€, singlet magnetisation withia8B and29B the coupled
spin pairof the imine core should be isolated from other active spins in the complex which could
act as relaxation sources through dipolar coughtiBeuteriumlabdling hasoftenbeen sed as

a method to increase theeliime ofhyperpolarisd signals by reducing the number of sites to
which polarisation can spread and slowing relaxation path¥feifs'°> 11TTherefore, a series of
isotopicaly labelled analogues &8 were synthesized, the structures of whaskeall shown in
Figure4.19 Theisotopologue®8B-di4 and28B-dss were synthesized using deuterium labelled
amine @-d;) and catalystd-d»4) precursors in the same process showngutei4.2. Wher28B-

di14 and 28B-dss were shaken with Barp-H, for 10seconds at 6.5T their 3C; NMR signal
enhancemestwere higher thamheir protio analogues (up to 56f@ld for 28B-dss compared to
420fold for 28B, as shown inTable45). A similar ncrease in3C NMR signal gain upon
deuterium labelling was observed when the isotapm@9B-ds, was synthesised frods and
2-dz4 (340-fold 3C; NMR signal enhancemenfor 29B-ds;, compared to 28old for 29B).

28B-dq4 28B-d3g 283-15N2-d24 29B-d;,
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Figure 4.19: Isotopologues of 28B ah29B synthesised in this work.

Thelow field singlet state lifetimg (T ¢) of the isotopologuea8B-d14, 28B-dss, and29B-ds, were
measured in the same way as thos28B and29B (described in sectiof.2). Hyperpolarised
13C, singlet magnetisation i88A-di4, which contains oly deuerium labels inits amine and
imine ligand,has alifetime of 7.9 0.9 s which iscomparablgo that of28B (10.9 1.159).
However, wher28B-ds;s was created by deuterating positiarfats carbene aming and imine
ligands aT.r of 19.9 1.0s was observedhich is significantly longer than that 8BB. This
suggests that interactisiwith the carbene ligand are important in mediatimglet*C NMR
relaxationwithin these complexes and subsequently, this relaxationvpgitban be suppressed

when the carbene is deuterated.

It has been reportetthat 1*C hyperpolarisation can be increased by removing quadruifdlar
nuclei in similar system® . Therefore, 28B-°N,-d,4 isotopologuavas synthesizeith which*°N-
labelled4 and2-d;4 were used as precursoise resulting3C, NMR signal enhancemenf 750

fold andlifetime of 17.5 3.9s suggestthat the presence 8N hasnot extenédsinglet lifetime
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in this cae, although a highefC; NMR signal enhancement compared28B-dss (560-fold)

indicatesthat polarisation transfer #8C sites may be enhanced by transfar'®N.

Table 4.5: NMR signal enhancemend and singlet lifetimes for isotopologues of 28B and 29BNMR signal

enhancemens are an average of three measuresnts.

Complex O'H hydride /fold | OC,imine /fold | *3C; singlet lifetime /s
28B N/A* 420 20 109 1.1
28B-d1a 110 10 510 20 79 0.9
28B-dss 300 20 560 30 199 1.0
28B-15N2-024 480 40 750 40 175 3.9
29B N/A* 280 10 88 1.4
29B-ds2 740 40 340 20

*1H hydride signalgannotbeeasilyquantified in thee cases due to their broad linewidths with severe internal cancellation.

As deuterium labellingvas able to enhandhke singlet state lifetime &8B, the effect on44B
was also examinely using5-ds, 2-dz2, and pyridineds to create an equilibrium mixture 80B-
ds2 and44B-dss. The structure of these complexes are shown in Figga@and theiNMR signal
enhancemestare given in Tabld.6. The resulting*C, NMR signds of both29B-ds;; and44B-
ds3 after polarisationtransfer at6.5mT are stronger than theiprotio-analogues, as shown in
Table4.5. Deuterium labelling restricts tRe transfer route, which can now only occur through
the nonlabelled CH group of themine or the NH group of the aminelhis may favouR; and
consequently, the singlet spin order4@B-ds;; does not decohere agrdly in this case. When
repeatedat 6.5mT with a 5 secondstorage period in au-metal shield before detectiorhé
signals br 44B-ds; lose much of theisinglet profile due to decoherence effeds low field

¢ 6 mT) during these SecondsSynthesizingd4B with >N-labeled pyridine to crea#4B-°N
gives rise to &C, NMR signalprofile more typical of theinglet state, ashown inFigure4.20c.
This suggests #t in this case #1°N label enhancesinglet state retention anslipports that

quadrupolat“N plays a role irsingletrelaxationwithin 44B.
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Figure 4.20 Partial hyperpolarised **C NMR spectra for equilibrium mixture sof a) 29B and 44B, b) 29B-ds, and 44B-
da3, ) 29B and 44B-'*N after shaking for 10seconds at 6.5nT (left) and after shaking for 10seconds at 6.5nT and
then leaving in a mumetal shield for 5seconds (right) These spetra are all recorded using the same parameters and

are shown on a comparable vertical scale (note the indicated scaling factoréyccompanying **C NMR signall

enhancements are shown in Table 4.6.

Table 4.6: NMR signal enhancemerg for equilibrium mixtures of isotopologues of 29B ad 44B. NMR signal

enhancemens are an average of three measurements.

Complex U'™H hydride /fold U'C, imine /ffold | U'*C Total pyridine® /fold
29B /44B N/A* 29B:220 25 -
N/A* 44B:190 20 400 20
29B-d32/44B-d33 29B-d3z 720 35 29B-d3z 330 20 0
44B-dsz 380 15 44B-d3z 260 15 -
29B/44B-N 29B:230 15 29B:230 20 190 15
44B-"N:390 20 44BN: 260 15 -

*1H hydride signalgannotbeeasilyquantified in thee cases due to their broad linewidths with severe internal datioel

&Includes hyperpolarisegsonances for pyridine bound4d and free in solution

Hyperpolarisd 3C NMR resonances of bound and free pyridine are also observ4Biin

addition to those of the labellé#C, imine as shown in Figur4.20a No 3C NMR signalsof the

amine or imidazoldigandsof 29B or 44B are visible.This suggests that the exchange rate of
pyridine in44B is suitable to observgolarisationtransfer fromp-H; derived hydrides whereas
in the case oR9B and 45B coligand exchangés too fast or slow respectively wbserve
appreciablepolarisationbuild-up of the coligandHyperpolarisd **C NMR signalsfor pyridine

are not observed iM4B-ds;, as shown in Figuré.20. This suggests that at th&5mT
polarisationtransfer field he main route in whickC sites of bound pyridine arg/perpolarisd

in SABRE complexe®ccurs througltthe pyridne proton sites and direct transfer,nitrogen
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mediatedtransfer is less efficient 44B-1°N yielded hyperpolarisd 3C NMR responsegor

pyridine of lower intensity than iM4B. Therefore at thispolarisationtransfer field there is no
significantpolarisationtransfer pathway between hydride ligands &i@isites of pyridine and

carboxyiminevia *°N.

The presence of coligands solution @uses rapid decoherence'®E, singlet order which is
likely relatedto suppression gf-H. exchange caused by coligand binding to the five coordinate
[Ir(H) 2(e?>-OO0CC(CH:)NR)(IMes)] rather than binding of fregitH,. Despite this}*C,; NMR
signal enhanceant can be increased apdrtial singlet order retained by deuterium labelling.

The use of°N labelling in the coligand is able to retain singlet order within the bound imine core.

4.9 Conclusions

In this chapter the hyperpolarisation of somevel metal complexes using SABRE is
investigated. The formation of [Ir(kH{(p>~-OOCC(CH)NR)(NH:R)(IMes)] (where R = CHPh

(28) and R = (CH).Ph @9)) from thein situ condensation reaction between amine andiyate

has been presented in Chafem solution, these complexes were found to exist as two isomers,
labelledA or B of Figure4.2, that are distinguished depending lo@ toordihation geometry of

the imine. Although a thirdsomer C, is possible, itvas not detected in this work. When solutions
of 28 or 29 are shaken witlp-H,, strongly hyperpolarised hydridél and'C NMR resonances

of the norexchanging coordinated imingeaobserved. These complexes present a unique
opportunity to explore the hwppolarisation of metal complexes furthend develop novel

applications for their use

This chapterhas shown that iridiungarboxyiminecomplexes can exist as naturally occurring
refreshable heteronuclear singlet states. Only those isomers den&ead Bigure4.2 exhibit
rapid hydrogen exchange armbnsequently produchigh levels of hydrideNMR signal
enhancemestthrough SABRE. When the imine is 1;§1°C;] labelled, polarisationtransfers
naturally fromhydride sites tocreate'C; singlet order in the imine at low fielduT). The
lifetimes of the!3C; singlet state was determined as 10.2.1sin28Band 8.8 1.4s for 29B.
When comparing these complexe3B undergoes a faster rate of, tbss (15.5t 0.6s?)
compared t@9B (4.11+ 0.06s?) at283K which is expected to account for the high#& NMR
signal enhancement(4206fold for 28B versus 28dold for 29B). These'*C NMR signal
enhancements and singlet lifetimesn be extended to 786ld and 20s respectively when
isotopic labelling techniques are used to cr@a®-'>N.-d,4. To form such heteronuclear singlet
order within a metal complex is a significantsebvationand further investigation into the
mechanism of hydrogen exchangeswerformed EXSY and DFT studies supporthgdrogen
exchangemechanismpreceded by dissociative amine loss to form ey Kive coordinate
intermediatglr(H) 2(e>-OOCC(CH;)NR)(IMes)L].
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These ideas have beertended further by varying the identity of ttaigand (L of Figuret.2)

in order to create eangeof novel [Ir(H):(a>-OOCC(CH)NR)(IMes)L] complexes in whictthe
coligand Lis amine(44), pyridine (45), dimethylsulfoxide(47), benzyl isothiocyanid¢49) or
ethyl isothiocyanaté53). In the case o9 and53, further reaction occurs to yiefgtoducts that
include [Ir(H) 2(CNCH;Ph)(IMes)]CI (50), [Ir(H)2(CNCH.Ph)(IMes)(NHx(CH>).Ph)]CI (1)

and [Ir(H)2(SCNEty(NH2(CH,).Ph)]CI (54). Upon the addition ofhiol a novel SH activated
[Ir(H) (8>-O0CC(CH;)NR)(SCH.PhCI)(IMes)]product(56) is formed Whenhyperpolariseavith
p-Hz, complexes in which L is amine, pyridirar imidazole show significadt hydride and3C;
imine NMR signal enhancemesntDissociative coligad loss is a key step inpia p-H, exchange
and the presence of coligands can effectively trap such hyperpolarised intermediates. Despite this,
interpretation of hyperpolarised signal intensities is not alwalisativeof the rates of coligand
binding b the same intermediate. \kh coligard addition causes rapid decohsre of 13C,
singlet order this canebpreserved to some extent isptopiclabelling techniquesA route is
developed to produce strodC NMR signal gains in these complexes using isotopic labelling
(up to 756fold) andNMR signal enhancemenfor free coligands including pyridir{@00-fold)

could be used to allow its quantification from a mixture of coligands.

A common strategy employed in ingwing substrattlMR signal enhancemenin SABRE is to

use coligandso block catalyst binding sites such tipaiarisationtransfer is concentrated into
only one bound substrat®: 15° Chelating 1?C-carboxyimines may provide a viable route to
increasing substramlarisationby blocking coordination sites. €se complexes could be used

for exciting sensing applications in the future as their hydride chemical shifts are highly sensitive
to the identy of bound ligands.They could in pinciple be applied to deteainy low
concentration molecule in solution, &g as the molecule is able to coordinate iridium.
Distinguishing mixtures of the coligands tested here based on their aromatic or atiNitidR
chemical shiftcan be challenging to due severe peak overlap in this spectrally crowded region.
The indiret detection of these molecules from the hydride chemical shifts of their carboxyimine
complexes could provide indicative spectral pattermstypically uncrowded region &ff NMR.

Iridium carboxyimine commxes ould therefore act as unique sensors with change$din
hydride NMR chemical shift¢ 15.5ppm) and hydride hyp@olarisationlevels used to give
information about the identity and binding strengths of coligands in solttfeese complexes
provide arareexample of naturally occurring heteronuclear singlet states existing in a transition
metal complex. These complexes abdish a route to create a cantally refreshable
heteronuclear singlet state in a metal complex through a reversible interactiprHyiimd could

be used for novel sensing and hyperpolarisation applications in the future.
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Chaptber Usi ng -baséd
magneti sati onl ytsr &an
hyperpol ari se pyru\

5.1 Introduction

MagneticResonance Imaging (MRI) cammoduceanatomically detailetmages of livingtissues

and is widely usedof the cinical diagnosis of diseasddowever, thdundamental principkeof

MRI rely on those oMagnetic Resonance (MR) whichreinsensitiveon amolecular level This
usually necessitates iaging the large abundance of water pnstin the body to get sufficient
signal* MR images thereforenap out water molecules in the body and can produce images of
exquisite contrast by distinguishing tissues based on the differeggitudimal relaxation times

(T1) of their water proton$While this cangive information on the structure and morphology of
living tissuesjt gives no detail about theeabolicfunction of such tissues. Imaging individual
biomolecules, rather than bulk water molecudgws real time examination of the metabolic
stateof tissues in the bodyTo do this requiresignificantsignal gains to observe and image low

concentration biomolecules, drygs metabolites in the body.

Hyperpolarisatioriechniques caaddress thesgensitivityproblemst*3: 234 220f these, [ynamic
Nuclear Polarisation (DNP) has falithe mossuccess in clinical applications and can produce
IH and *C NMR signalswith polarisation levels of 92% and 70% just 150seconds and
20 minutes respectivel$. DNP has beerapplied to the hyperpolarisation of agents such as
pyruvatel32 133,135, 136, 1341, 146gccinate? fumaraté!® “6andthe enhanced MR signals have
allowed thein vivo detection of hese biomolecules and theetabolic byproducts. Tie most
widely studied of these molecules for use ashgperpolarisedmetabolic traceris [*3C]-
pyruvatel32 133, 135,136, 1341, 146Qnereason for this is that rapahaerobic conversion of pyrueat

to lactatein cancer ells (the Warburg effef!f® can allow differentiation between healthy and
cancerous tissuom differencesin pyruvate to lactateonversion a feat not possible using
traditional HO-based MRIAs a result, fiperpolarised'fC]-pyruvate has been usas ann vivo
contrast agentulminating in human prostate cancer studiés.or these purposes, pyruvate is
typically hyperpolarisedn a batch processsing DNP whichcan ke >20minutes and requires

a specialist DIP polariser which is only available to select institutiéhs.

In contrastPara-Hydrogen Induced Polarisation (PHI®es not require such instrumentatién.
34.45pH|IP usep-H,, an isomer of hydrogen gas that exists as a nusfeasinglet,asits source
of polarisation Since the 1990%-H- has typically been incorporated into a substrata a

hydrogenation reaain which has limited the methag molecules that contain unsaturated
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functionality 31 32 61. 66A variant of PHIP termedPara-Hydrogen Induced Polarisation by Side

Arm Hydrogenation (PHIFSAH) has been usdd dleviate this restrictiori® 73In this approach,
substrates likgoyruvate(and others)are derivatised as an ester with an unsaturated side arm.
Upon hydrogenation of this side arm wifhH, and a field cycling step to transfer polarisation
from the side arm to th€C labelled carboxylate, the side arm is rapidly cleaved in a hydrolysis
step to yield hyperpolariseglyruvate in aqueous solutions. Whilds approach is considered
cheaper anfaster than DNP, it is still a batch process and involves chemical alternation of the
target molecule. ReportédC pyruvate polarisation levels achieved using RBAM are lower

than those produced using DNP (B%ompared to 709%)

Alternatively, Signal Amplification By Reversible Exchang8ABRE) is anonrhydrogenative
p-Hz-based method that transfers polarisation fpshiy to a substrateshen both are in reversible
exchange with an iridium cataly$tCatalytic magnetisation transfer occwia the formationof
temporaryJ-coupkd networkswithin the inorganic comple® SABRE is therefore not a batch
process amh can hyperpolarise moleculesntinualy without their chemical alteratidii. 17°
SABRE hasheenmost succedslly applied to thehypeipolarisation of moleculeswith N-donor
motifs that @ordinate to iridiumN-heterocycles such as [ijine,’® %% nicotinamided?: 83 100
pyrazines/: °® and pyrazol€d provide common examples although othBrfunctionalities
including nitriles, 1t amines® and diazirine®" 8 208havealsobeen used;3-Keto acids such as
pyruvae represenstructurs usually thought of as beirigcompatible with hyperpolarisation

using SABRE ashey contain nd\-donorsites equired for iridium ligation.

Recently, SABRERelay, has allowed the hyperpolarisation of Higating substrates which
receive hyperpolarised protonga exchange from a carrié?® 1% Amines have beereported to

act as suitable hyperpolarisation carriers that both receive polarisation through reversible iridium
ligation and relayttis polarisation to other neligating substrates through proton exchatfje.
SABRE-Relay has expanded the types of molecules that are amenable to hyperpolarisation using
SABRE to molecules such as alcoi®isand sugar$?” The application of SBRE-Relay to
alcohols, natural products, lactates, and pyruveteexplored in Chapters 2 and 3. Pyruvate
contains a labile carboxylic acid proton that might become hyperpolaiiaefiABRE-Relay.
However, when SABRRelay is used to hyperpolarise pyruvatehis way,**C NMR signal
enhancemesbf justc 50-fold were achieved® While this can be increased@é-fold by tuning

the catalysand carrieras discussed in Chapter 3, a more significant problem ishein situ
condensation of the amine carrier with pyruvaléis reactionforms products of the type
[Ir(H) 2(a>-O0CC(CH)NR)(IMes)(NH:R)] which deactivate thecatalyst to polarisation of
pyruvate The formation of these complexedistailed in Chapte8 and their hyperpolarisation
properties are explored further in ChapderThis decomposition provides a sesothallenge
whenhyperpolarigng pyruvate usingABRE-Relayas the hyperpolarised signals are weak and
are rapidly destroyed by chemidahnsformation SABRE-Relay can therefore only become a

viable tool forhyperpolarising pyruvate if it is redesignedrigolve carrier moleculewith labile
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protonsthat hyperpolarise ithout chemically readhg with pyruvate: this presents a huge

challenge. There aresal other limitations of SABRIRelay associated with the presence of water

necessary to dissolve pyrueah SABRERelay compatible@vents!?’

A more fruiful approach may be to create an active magnetisation transfer catalyst that contains
ligated pyruvate, and undergoes both pyruvate @it exchange. If such a catalyst can be
formed there could be potential to hyperpolarigeupate via SABRE with more gbstantial

signal gains as the process would not rely on relayed proton exchange effects. Instead,
polarisation could béransferreddirectly from p-H. derived hydride ligands t&C sites in the
coordinated pyruvate. In fache coordination o§-keto acids to metals has been reported in the
literature andnteractions between pyruvate and the metal active sites of various enzymes has
been studied since the 1968523 Pyruvate and related structures, susHagtate and oxalate,

are typically able to coordinate metals through a variety of different coordination modes which
are summarised in FiguBel23® While pyruvate does not contain the typidsdtdonor
functionality comnon tosubstrates hyperpolarised using SABRE does contain tw&®-donor

sites in the form of its carboxylate (@0 and ketone (O) groups which give rise to two possible
coordination modes (mode 1 and 2 respetyi of Figure5.1). A & bidentate binding mode
involving coordination through both carboxylate and ketone groups (B0tlEigure5.1) is also
possible. Coordination of pyruvate to various different metals through these binding modes has
been reporteéP? 236.237.239. 24 or example, coordination of pyruvate to manganese active sites of

a pyruvate carboxylase enzymwia its ketone group (modeof Figure5.1) has been determined

from relaxation measurements of the adjacent grbiup 2*° Similar binding modes to cobalt and
coppe have been confirmed using relaxation and electron spin resonance (ESR)
measurementS® 237 Alternatively, X ray crystal str@gtures of a magnesiwpyruvate complex

found within bacteria have revealed pyruvate coordination (mod® of Fgure5.1)23° More
recently, a series of metal pyruvate hydrazine complexteeddrm [M(NoH2)n(pyruvate)] were
synthesised where M = Co, Ni, Zn or Cd. These species were characterised using a combination
of IR, powder dfraction, magnetic moment calculations and thermogravimetric analysis and
were found to be octahedral specigsntaining four pyruvate ligands bound through the
carboxylate moiety (mode of Figure5.1)1% Some examples of reportedetal pyruvate
complexes are shown in Figusel. An additionab? mode in which pyruvate binds through both

oxygen atoms of its carboxylateogip (modet of Figure5.1) could be possible.
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Mode 4

Figure 5.1: a) Mordination modes of pyruvate to a metal centre. Mod# involves coordination through the carboxylate
oxygen while mode 2 involves the ketone oxygen. Bidentate coordination through both motifs (mode 3) or both oxygen
sites of the carboxylate group (mode 4) are also possible. b) Reported examples of pyruvaterdination to a metal
centre i) Proposed structire of a pyruvate carboxylasepyruvate complex in solution Reprinted (adapted) with
permission from A. S. Mildvan and M. C. Scrutton, Biochemistry 1967, 6 29782994 Copyright 1967 American
Chemical Sociey®*ii) Comparison of thegeometries of the transcarboxylaseCo(IFpyruvate and carboxylaseMn(ll) -
pyruvate determined from EPR and NMR measurementsReprinted (adapted) with permission fromC.-H. Fung, A.
S. Mildvan and J. S. Leigh Jr,Biochemistry 1974, 1311601169 Copyright (1974) American Chemical Societ§?® iii)
Electron density correspondirg to pyruvic acid and Mg in Salmonella typhimurium 2-methylisocitratelyase
determined by X ray crystallography. Reprinted from D. K. Simanshu, P. S. Satheshkumar, H. S. Savithri and M. R.
N. Murthy, Crystal structure of Salmonella typhimurium 2-methylisocitrate lyase (PrpB) and its complex with

pyruvate and Mg?*, Biochem. Biophys. Res. Commur2003, 311, 19201. Copyright (2003), with permission from

Elsevier 2

While it is clear that pyruvate lig@in to metals is possible from the rangeldferent examples
reported;®: 236. 239, 249 examples of iridium pyruate complexes could be found in the literature.
The ability of ®me different coligands to coordinate to iridium and the hyperpolarisation of the
novel iridium complexes that formed was explored in Chapter 4. The work presented in this
chapter aims to inwtigate the formation of iridium pyruvate complexes by using@piate
coligands to help overcome weak iridium pyruvate ligation. The properties of these complexes
will be investigated to establish whether they can trapskerderived singlet order fra hydride
ligands to ligated pyruvate. It is anticipated thahgssuch species as magnetisation transfer
catalysts could hyperpolarise pyruvate in a cheap and reversible method without relying on
inefficient relayed proton exchange (SABMRElay)!%*multiple chemical alteration steps (PHIP
SAH),”® or technically demanding equipment (DNF9).
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5.2 Overcoming weak pyruvate ligation using appropate coligands

The first step iISABRE typicaly involves the onversion of a [IrCI(COD)(NHY precatalyst
(where COD i<is,cis-1,5-cyclooctadiene and NHC is atheterocyclic carbene) into SABRE
active[lr(H) 2(NHC)(Nsub)]Cl (whereNsub is arN donor sibstrate)which reversiblybindsboth

H, and Nsub.””- 242244 |n order to hyperpolarise pyruvate using SABRE the formation of
complexes of the type [Ir(HNHC)(L)(pyruvate)] that exchamgH, and pyruvate is essential.
The presence of a coligand, L, is necessary in this cgsgagate does not contain thiedonor

sites typically required for iridium ligation in these systéf$>® The much harde©-donor
binding modes of pyruvate (summarised in Figau are not compidle with the formation of
stable iridium pyruvate complexes when [IrCI(COD)(IMe&) (wherelMes = 1,3bis(2,4,6
trimethykphenyl)imidazole2-ylideng (5 mM) ard sodiumpyruvate(22) (6 eg.) in methanel

ds (0.6mL) are mixed together with BarH.. Theefore, arange ofdifferent coligands (&qg.
relative to2) wereaddedo a solution containing (5 mM), 22-1,2-[13C;] (6 eq.),and 3barp-H-

in methanold, (0.6 mL) to identify classes of coligands that could result in the formation of stable
[Ir(H) 2(NHC)(L)(pyruvate)] type species. This was tested by searching for additional $&s of
NMR resonances corresponding to ligated pyruvate, iftiaddo those for the free ligand, and
2-0xy-2-methoxypropanoaterhich exists in an equilibrium with pyruvaie these methanal,
solvents'®s: 187The formation of any hydride containing complexes was examined by recording
IH NMR spectra. These solutions were also shaken wiir -H, for 10 seconds in anu-metal

shield to obsem anyenhancegbyruvate3C NMR signalsin these solutions.

The use of coligands has baeedn SABRE to enhance substrate polarisation either by blocking
coordination site§? 122 124or by reducing steric owding around the iridium centre such that
more sterically demanding substrates can be polat&étf: 24” Common coligands include
molecules withN-donor sites such as acetonitiffe?*®or methyl triazole€?? 12*Here, coligands
were tested that ctained a range o, O, Sand P-donor sites and they are summarised in
Table5.1.
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Table 5.1: A summary of theresults of testing a solution of Z5mM), 22-1,2[*°C,] (6 eq.) and the indicated
coligand (5 eq.) in methanotd, (0.6 mL) with 3 bar H,. These samples were left to react with pHfor 1 hour at 323K
before they were shaken with dar p-H; for 10 secondsm a mu-metal shield for observation ofenhancedpyruvate
13C NMR signals.

Coligand Structure Formation of Additional 3C | *°C Pyruvate
hydride resonances polarisation
containing corresponding tq uponp-H2
complexes? ligated shaking?
pyruvate?
Imidazole
® Ui22.3
Acetonitrile ai15.4
(41)
Thiophene uil7.0
(42 0122.6
ui25.5
Dimethylsulfoxide ar27.1
(46) 0ar129.1
Ethylisothiocyanate 0113.3
(52 ui14.9
0719.8

4-chlorobenzenemethanethig

(59
Benzyhldehyde 0a122.0
(57) ui22.5
Ui26.7
Triphenylphospine
(58)
ui7.8

Coligands such as imidazol®) @nd acetonitrile41) have beehypeipolarised using SABRE, as
previously reported?® 248When8 or 41 (5 eq.) ae added to a solution containigg5 mM) and

22 (6 eq.) with 3barp-H, in methanolds (0.6 mL) the formation of hydride containing
complexes afli22.3 andi 15.4 respectivelywere observed. These hydride resonances were
enhanced when shaken wjikH, at6.5mT but ineach casé’C NMR spectroscopy siwedno

visible 13C NMR signals forpyruvatebound to iridiumwhich suggest that ligation has not
occurredWhen these nitrogebased donors are used it is expected that they outcompete pyruvate

for iridium binding as is typical of SABRE with sud+donorsubstrateg? 15°In these cases,
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