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Abstract

Benchtop NMR spectrometers offer an accessible analytical platform due to their low ac-
quisition and operation costs, as well as their portability. However, their lower magnetic
field strength (1 - 3 T) results in reduced sensitivity and chemical shift dispersion com-
pared to high-field systems (> 7 T), limiting their widespread use in routine analysis. This
thesis explores the potential of benchtop NMR in combination with the hyperpolarisation
technique signal amplification by reversible exchange (SABRE), as an accessible and sensi-
tive analytical technique. A special focus is placed on **F NMR measurements to mitigate
spectral congestion.

Integrating SABRE with the multiplet-refocusing pulse sequence SHARPER led to
significant signal-to-noise ratio (SNR) enhancements, as demonstrated in F NMR mea-
surements on a set of fluoropyridines exhibiting diverse scalar coupling patterns. By the
combined effects of SABRE and SHARPER, SNR enhancements of up to 5700-fold were
achieved. A novel variation of the selective SHARPER pulse sequence enabled simultane-
ous signal isolation and enhancement for each component of a binary mixture, minimising
signal loss compared to previous versions. The boost in signal enhancement afforded by
SABRE-SHARPER was harnessed to decrease detection limits for this technique, aided by
the use of co-substrates to form a stable polarisation transfer catalyst, resulting in a sub-
micromolar limit of detection for a model fluoropyridine target. The use of co-substrates
also facilitated the micromolar quantification of this target with an excellent degree of
accuracy and precision.

The scope for this technique was further explored by probing a fluoroamine target, which
contains exchangeable protons and is susceptible to polarisation deviation via SABRE-
Relay. Although this unwanted process leads to a sensitivity penalty, which can be min-
imised by deuteration of the exchangeable protons, low micromolar limits of detection and
accurate quantification is shown for this analyte. In contrast, fluorocarboxylic acids posed
greater challenges. SABRE enhancements were observed exclusively for their carboxylate

forms and remained modest, with operational detection limits in the low millimolar range.
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defined as 7 = NJt, where N is the number of points per chunk and dt is
the dwell time. The total acquisition time is t4eq = (n + 1/2)7, where n is

the total number of loops. . . . . . . . .. ... ..

SABRE-selSHARPER experiments on a mixture of DFMP (A) and DFP
(B) (50 mM of each) with 5 mM of [IrCl(COD)(IMes)| in methanol. The
selSHARPER experiments were performed using selective pulses inside the
loop. SABRE spectra were acquired with (A) PTF = 6.2 mT and (B) PTF
~ 50 pT. Full width at half maximum values for the SHARPER spectra
include the effects of the matched filter. (Section 3.4.1, Chapter 3) . . . . .
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4.17 Comparison between SABRE-enhanced F benchtop NMR spectra with

5.1

5.2

5.3

5.4

5.5

(A,C) standard and (B,D) selSHARPER HPT acquisition for a mixture con-
taining DFP and DFMP. SABRE spectra were acquired with (A,B) PTF =
6.2 mT and (C,D) PTF ~ 50 uT. SABRE-selSHARPER HPT spectra were
acquired with selection of DFMP in B and selection of DFP in D. All spectra
were acquired in a single scan and were apodised by a matched exponential
filter (Section 3.4.1, Chapter 3). The SNR values represent averages over
three repeat experiments. Full width at half maximum values are shown for
the SABRE-selSHARPER HPT spectra. Vertical scales were increased as

required to aid visualisation. . . . . . . . ... ...

Schematic representation of the SABRE polarisation transfer catalysts pro-
ducing signals enhancements for the target substrate (Sub’) in standard
conditions (A) and with addition of co-substrates (B). The binding sites of
the iridium complex are filled with three units of the target substrate under
standard SABRE conditions, and a mixture of the target substrate and the

co-substrate (’Co-S’) when this is added to the sample. . . . . . .. ... ..

Chemical structures of the substrate 3,5-difluoropyridine (1) and the co-
substrate dimethylsulfoxide (4). . . . . . . ... ... oo 0oL

SABRE-hyperpolarised 'H (A) and F (B) NMR spectra of DFP with
DMSO as a co-substrate. The sample was prepared with 100 mM of DFP, 100
mM of DMSO, and 5 mM of [IrCl(COD)(IMes)] in methanol. The spectra
shown here were acquired with the PTF that yielded the largest enhance-

ments at this concentration: 6.2 mT for 'H and ~ 50 uT for YF. . . . ..

Main SABRE-active species (5 and 6) in SABRE samples containing DFP

and DMSO with 5 mM [IrCl(COD)(IMes)| in protio and deuterated methanol.133

Proposed structure for the active SABRE complex containing DFP and DMSO.134
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5.6

0.7

5.8

5.9

"H NMR spectra zoomed in to the hydride region (J - 8 to - 27 ) for SABRE
samples containing sub-stoichiometric concentrations of DFP (9 mM to 80
pM), 100 mM of DMSO, and 5 mM of [IrCl(COD)(IMes)| at 9.4 T (A,
non-hyperpolarised, 253 K) and at 1 T (B, hyperpolarised, 301 K). Signals
indicated by the orange stars correspond to the hydride ligands of the same
SABRE-active species (5, I) that produces the hyperpolarised signals ob-
served in 'F NMR spectra, those shown by the green triangles correspond
to complex 6 (II), which at 301 K (B) appear as broad signals due to fast
exchange. Signals shown by purple circles in B correspond to a tris-hydride

species (III) previously described in the literature.2* . . . . . .. . ... ..

Non-hyperpolarised H (A) and °F (B) NMR spectra acquired at 1.4 T for
a sample in sub-stoichiometric conditions containing 20 mM of DFP, 50 mM
of DMSO and 10 mM of [IrC1(COD)(IMes)|. The difference in chemical shift
between pre-activation (top trace) and post-activation (bottom trace) spec-
tra suggested that DFP was present in its bound form (5) post activation.

'H spectra was referenced to the solvent signal and 'F to the probe signal

Variation of the SABRE-hyperpolarised 'H (A) and '°F (B) signals for 5
when the co-substrate concentration was varied from 5 to 50 equivalents (25
to 250 mM of DMSO. All samples contained a fixed concentration of DFP

= 684 uM , with a 3% relative variation between samples. . . . . . . . . ..

A) Variation of 9F hyperpolarised signal for species A and B when the co-
substrate concentration is varied from 5 to 50 equivalents (25 to 250 mM of
DMSO). All samples contained a fixed concentration of DFP = 684 M, with
a 3% relative variation between samples. B) Hyperpolarised 9F spectrum at
1 T for a sample containing 695 uM of DFP, 256 mM of DMSO, and 5.5 mM
of [IrCl(COD)(IMes)|. Extra species A and B, and the signal corresponding
to DFP bound in 5 are marked. . . . . . .. .. ... . 0oL
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5.10

5.11

5.12

5.13

Comparison of SABRE-enhanced and non-hyperpolarised H (A) and F
(B) benchtop NMR spectra of 550 uM of DFP, 25 mM of DMSO, and 5 mM
[IrC1(COD)(IMes)| in methanol. All SABRE spectra were acquired with a
single scan. The reported values are the mean and standard deviation of

three repeat measurements. . . . . . . . . . . . ...

SABRE-hyperpolarised proton-decoupled *C NMR spectra acquired at a 1
T field of a sample containing 100 mM of DFP, 100 mM of DMSO, and 5 mM
of [IrCl(COD)(IMes)| in methanol. Experiments were conducted using PTF
values of ~ 0 T (a), ~ 50 pT (b), and 6.2 mT (c). The signals corresponding
to 13C nuclei in ortho and meta positions are shown with blue squares and
green circles, respectively. The inset on the right shows an amplified view of

all spectra in the region where ortho 3C can be observed. . . . ... ...

SABRE-hyperpolarised F spectra of samples containing 250 uM of DFP, 5
mM of [IrC1(COD)(IMes)]|, and either 100 mM DMSO (a) or no co-substrate
(b) in methanol-ds. SABRE experiments were conducted using a PTF = 6.2
mT. .

Comparison of F spectra for DFP at different concentrations. A) Non-
hyperpolarised spectrum for a sample containing 8.1 mM DFP exhibiting
a SNR = 3.9 after accumulation of 64 scans. B) SABRE-hyperpolarised
spectrum for a sample containing 14 pM of DFP, 25 mM of DMSO, and 5
mM of [IrCl(COD)(IMes)]. B) SABRE-SHARPER spectrum on the same
sample as B. D) SABRE-SHARPER spectrum for a sample containing 800
nM of DFP, 25 mM of DMSO, and 5 mM of [IrCl(COD)(IMes)|. SHARPER
spectra were acquired with background correction and the imaginary part of
the spectrum was removed. All samples were prepared in methanol, except

for A which was prepared in methanol-dy. . . . . . . . . .. ... ... ...
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5.14

5.16

5.17

6.1

Comparison of SABRE-SHARPER '9F NMR spectra with (A) and without

(B) background correction (Section 4.4) in the sub-stoichiometric regime.

Artefact signals arising from the probe dominated the spectrum when analysing

a low concentration sample containing DFP (5 uM of DFP, 25 mM of DMSO,
and 5 mM [IrCl(COD)(IMes)| in methanol). By using background correction

these non-targeted signals were eliminated. . . . . . . . . .. ... ... ...

Calibration curves for 'H (A) and F hyperpolarised (C) NMR measure-
ments of DFP in the 15 pM to 1000 M range. Residual errors of the linear
model are plotted against analyte concentration for 'H (B) and F (D)

hyperpolarised calibration curves. . . . . . . .. ... ... ... ... ...

Comparison of 'H (A) and F (B) NMR SABRE-hyperpolarised calibra-
tion curves using fresh (blue diamonds) and aged (orange circles) calibration

samples. . ... L e

Calibration curves for 'H SABRE (A), F SABRE (B) and '°F SABRE-
SHARPER (C) experiments and accuracy test. Black markers correspond
to the signal arising from calibration solutions and the white squares, those
from the test samples. Each sample, either calibration or test, was analysed
in triplicate and standard deviation of the mean values were used as error
bars. Coefficients of determination, R?, are shown for each curve. Insets
show the spectra obtained for the test sample in each case, along with its
nominal concentration, the signal-to-noise ratio of the measurement and the

number of scans. . . . . ...

Schematic representation of SABRE-Relay hyperpolarisation. Direct hyper-
polarisation of a substrate with exchangeable protons, here exemplified by
R1NHjy, results in a hyperpolarised transfer agent once released into solu-
tion. A second molecule (RgOH) then becomes indirectly hyperpolarised

after proton exchange with the polarisation transfer agent. . . . . . . . . ..

160

6.2 Chemical structure of the substrate 2,4,6-trifluorobenzylamine (TFBA, 7). . 169
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6.3

6.4

6.5

6.6

6.7

Comparison between non-hyperpolarised (top trace) and SABRE- hyperpo-
larised (bottom trace) 'H NMR spectra for samples containing 100 mM of
TFBA, 5 mM of [IrCl(COD)(IMes)|, and either no co-substrate (A) or 100
mM of DMSO (B) in methanol-ds. Spectra are zoomed in to show the organic
(0 8.5 to 6 0) and hydride (6 -21 to 0 -27) regions. Hyperpolarised experi-
ments were conducted using a polarisation transfer field of 6.2 mT. Signals
corresponding to the exchangeable protons (‘~OH’) and DMSO (‘DMSO’)
are indicated with labels. Inset C shows the hyperpolarised hydride ligand
signal detected for this sample, which is thought to correspond to the tris-
substituted species [IrC1(H)2(IMes)(7)3]. Inset D shows a comparison of the
hyperpolarised hydride signals detected for the sample with co-substrate (II)
and the those detected on a non-hyperpolarised experiment of this sample

at 1.4 T by signal averaging for 4096 scans (I). . . . . ... ... ... ...

Main SABRE-active species (8) in samples containing TFBA, DMSO, and
5 mM of [IrCI(COD)(IMes)|.. . . . . . .. .. o o

Proposed structure for the active SABRE complex containing TFBA and
DMSO. . . e

Typical 1 T 'F hyperpolarised spectra for samples with 100 mM TFBA,
either 100 mM (a and ¢) or no (b and d) DMSO and 5 mM [IrCl(COD) (IMes)|
in methanol-ds. SABRE experiments were conducted using a polarisation

transfer field of 6.2 mT (a and b) or ~ 50 uT (candd). . .. ... ... ..

SABRE-hyperpolarised 'H NMR spectra acquired at 1 T of samples con-
taining 250 uM to 1000 uM of TFBA, 100 mM of DMSO, and 5 mM of
[IrC1(COD)(IMes)| in methanol-ds (A) or methanol (B), using a PTF = 6.2
mT. Spectra are zoomed in to show the hydride ligand signal region (6 -7
to -27). Orange squares show the main active species containing TFBA (8),
green triangles show 6, and purple circles a trihydride species containing

DMSO. . . .



6.8

6.9

6.10

6.11

Comparison of F spectra of TFBA samples at 1 T. The samples contained
700 mM of TFBA (top), 100 mM of TFBA, 100 mM of DMSO and 5 mM
of [IrCl(COD)(IMes)| (middle) or 870 uM of TFBA, 100 mM of DMSO
and 5 mM of [IrCl(COD)(IMes)| (bottom). All samples were prepared in

methanol-dsand all spectra acquired with a single scan. . . . . . ... ...

SABRE-hyperpolarised 'H spectra acquired at 1 T using PTF = 6.2 mT of
samples containing 10 mM of TFBA, either 25 mM (black) or 100 mM (red)
of DMSO, and 5 mM of [IrC1(COD)(IMes)| in methanol-d;. Insets show spec-
tra zoomed in to the aromatic (A, yellow square) and methylene (B, purple
circle) signals of TFBA, and the hydride ligand region of the spectra (C).
Hydride ligand signals shown in inset C correspond to [IrCl(H)a(IMes)(4)2]
(green triangles) and [IrCl(H)2(IMes)(7)(4)] (orange squares). . . . . . . . .

SABRE-hyperpolarised °F spectra at 1 T of samples containing 10 mM
TFBA, either 25 mM (black) or 100 mM (red) DMSO, and 5 mM [IrCl-
(COD)(IMes)] in methanol-dy. . . . . . .. ... ... ... ... ...

Comparison between non-hyperpolarised (black trace) and hyperpolarised
(blue) 'H (A) and F (B) NMR spectra of TFBA at 1 T. The sample
contained 870 pM TFBA, 100 mM DMSO and 5 mM [IrCl(COD)(IMes)|
in methanol-ds. Insets show regions of the spectra zoomed in the aro-
matic proton region (left), and the hydride ligand region corresponding to
[Ir(H)3(IMes)(4)2| (middle) and the main active species [IrCl(H)z(IMes)(7)-
(4)](right). It was not possible to determine an enhancement factor for the
aromatic protons of TFBA due to peak overlap with hyperpolarised signals
from IMes, shown with an asterisk, or for the methylene signals due to poor

baseline separation. . . . . . . . . ...
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6.12

6.13

6.14

6.15

6.16

Variation of SABRE-hyperpolarised solvent signals in “H NMR. (1 T) during
sample activation for samples containing either 10 mM of TFBA, 100 mM
of DMSO, and 5 mM of [IrCl(COD)(IMes)| in methanol-ds (green marker)
or 1.3 mM of TFBA, 100 mM of DMSO, and 5 mM of [IrCl(COD)(IMes)| in
methanol (orange markers). The first activation step was set as time = 0 s.

Hyperpolarised signals are phased negatively. . . . . .. .. ... ... ...

Schematic representation of SABRE-Relay hyperpolarisation with TFBA as
a polarisation transfer carrier and either methanol (A) or methanol-dy (B) as
recipients of this polarisation. The amine protons in TFBA exchange with
the labile protons of methanol, transferring hyperpolarisation to the solvent
in a continuous way. In methanol-ds, TFBA becomes rapidly deuterated and

polarisation loss to the solvent is minimised. . . . . . . . ... ... ... ..

A) Variation in the hyperpolarised signal of exchangeable protons (-OH from
methanol) as a response to [TFBA] for protio (orange circles) and deuterated
methanol (green squares). B) Comparison of 'F SABRE SHARPER signals
for TFBA using protio methanol (orange circles) and deuterated methanol
(green squares). Error bars for protio methanol measurements are present

but smaller than markers (square), therefore not visible. . . . . . . ... ..

SABRE (A) and SABRE-SHARPER (B) F NMR spectra acquired at 1 T
for a sample containing 254 yM of TFBA, 100 mM of DMSO, and 5 mM of
[IrC1(COD)(IMes)| in methanol-dy. . . . . . . .. .. ... ... ... ....

Calibration curves for F SABRE (A) and F SABRE SHARPER (C)
measurements of TFBA in the 250 pM to 900 uM range in SABRE-Relay
inactive conditions (methanol-ds). Residual errors of the linear model are
plotted against analyte concentration for 'F SABRE (B) and 'F SABRE
SHARPER (D) hyperpolarised calibration curves. . . . . ... ... .. ..
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6.17

6.18

6.19

6.20

7.1

Calibration curves for 'F SABRE (A) and F SABRE SHARPER (B) ex-
periments and accuracy test. Black markers correspond to the signal arising
from calibration solutions and the white squares, those from the test samples.
Each sample, either calibration or test, was analysed in triplicate and the
standard deviation of the mean values were used as error bars. Coefficients
of determination, R?, are shown for each curve. Insets show the spectra ob-
tained for the test sample in each case, along with its nominal concentration,

the signal-to-noise ratio of the measurement and the number of scans.

SABRE (A) and SABRE-SHARPER (B) F NMR spectra acquired at 1 T
for a sample containing 267 yM of TFBA, 100 mM of DMSO, and 5 mM of
[[rC1(COD)(IMes)| in methanol. . . . . . . .. ... ... ... ... .....

Calibration curves for F SABRE (A) and F SABRE SHARPER (C)
measurements of TFBA in the 270 uM to 990 uM range in SABRE-Relay
active conditions (protio methanol). Residual errors of the linear model are
plotted against analyte concentration for 'F SABRE (B) and F SABRE
SHARPER (D) hyperpolarised calibration curves. . . . . . . . ... ... ..

Calibration curves for '“F SABRE SHARPER experiments and accuracy
test in SABRE-Relay active conditions. Black markers correspond to the
signal arising from calibration solutions and the white squares, those from
the test samples. Each sample, either calibration or test, was analysed in
triplicate and the standard deviation of the mean values were used as error
bars. Coefficients of determination, R?, are shown for each curve. The inset
shows the spectrum corresponding to the test sample, along with its nominal
concentration, the signal-to-noise ratio of the measurement and the number

of SCanS. . . . . .

Chemical structures of perfluorooctanesulfonic acid and perfluorooctanoic

acid, two commonly encountered perfluoroalkyl substances. . . . .. .. ..
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7.2

7.3

7.4

7.5

7.6

Chemical structures of fluorinated carboxylic acids under investigation in

Chapter 7: difluoroacetic acid (DFA, 9) and trifluoroacetic acid (TFA, 10).

Chemical structure of the co-substrates dimethylsulfoxide (DMSO, 4), here
shown again for convenience, pyridine (PYR, 11), 4-methylpyridine (4AMPYR,
12), and 1-methyl-1,2,3-triazole (MTZ, 13). . . . . . . . . . . .. ... ...

Chemical structures of fluorinated carboxylates under investigation in Chap-

ter 7: difluoroacetate ([DFA-H|™, 14) and trifluoroacetate (|[TFA-H| ™, 15). .

Comparison of SABRE-enhanced 'H spectra for samples containing 100 mM
of pyridine and either 100 mM of difluoroacetic acid (a) or no additional
substrate (b), and 5 mM of [IrCl(COD)(IMes)|. Spectra is zoomed in to
show the organic (0 1 to 10) and the hydride ligand (6 -19 to -27) regions
of the spectra. Hyperpolarised signals corresponding to pyridine and pyri-
dinium are highlighted in the dashed box, other signals correspond to the
hydroxyl and methyl signals of methanol (§ 3 to 5) and the hydride ligands
of a symmetric iridium complex containing pyridine (0 - 22.8). Spectra was

amplified as specified to aid visualisation. . . . . . ... .. ... ... ...

Comparison of SABRE-enhanced F spectra for difluoroacetate at polari-
sation transfer fields of 6.2 mT (a), ~ 50 uT (b) and ~ 0 T (c) with non-
hyperpolarised spectra (d). The sample contained 100 mM of [DFA-H|~
(as a lithium salt), 100 mM of PYR, and 5 mM of [IrCl(COD)(IMes)| in
methanol-dy. The doublet at § -125.8 corresponds to the fluorine resonance

in the difluoromethyl group. . . . . . . . . . ... oL

210

211

211



7.7

7.8

7.9

7.10

Comparison of SABRE-enhanced (black trace) and non-hyperpolarised (red
trace) 'H NMR spectra for difluoroacetate at 1 T using dimethylsulfoxide
(‘DMSO?’) as a co-substrate. The sample contained 100 mM of lithium di-
fluoroacetate, 100 mM of dimethylsulfoxide, and 5 mM [IrCl(COD)(IMes)]
in methanol-ds. Insets show an expanded view within the organic region of
the spectra (§ 4 to 8, A) showing the signal for the proton resonance in the
difluoromethyl group of [DFA-H|™ at § 5.71, and the hydride region of the
spectra (0 -12t0-28, B). . . . . . ..o

Comparison of *°F NMR non-hyperpolarised (a) and hyperpolarised spectra
acquired at 6.2 mT (b,e), ~ 50 T (c¢) or ~ 0 T (d) using pulse-and-collect (a-
d) or SHARPER (e) acquisition of a sample containing 100 mM of difluoroac-
etate (as a lithium salt), 100 mM of DMSO, and 5 mM of [IrCI(COD)(IMes)|
in methanol-ds. All spectra were acquired with a single scan. Main doublet
signal (orange square) corresponds to the difluoromethyl group (6 -125.8),

signals shown with asterisks in ¢) correspond to carbon satellites. . . . . . .

Comparison of *C{'H} NMR SABRE-hyperpolarised spectra acquired using
a polarisation transfer field of ~ 0 T (a), 6.2 mT (b), or ~ 50 uT (c). The
sample contained 100 mM [DFA-H|~, 100 mM of DMSO, and 5 mM of
[IrC1(COD)(IMes)| in methanol-ds. The highlighted signal at ¢ -108.7 (t,
J=249 Hz) corresponds to the carbon in the difluoromethyl group (-CF2H)

of difluoroacetate. . . . . . . . . .

Comparison of fluorine enhancement factors (e19p) for SABRE experiments
on samples containing 50 mM of [DFA-H|~ (14), either 25 mM or 100 mM of
DMSO (4), and 5 mM of [IrCl(COD)(IMes)| at PTF values of 6.2 mT, ~ 50
puT, and ~ 0 T. e19p were estimated as the average of triplicate measurements,

with the standard deviation shown as error bars. . . . . . . . . . .. .. ..
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7.11

7.12

7.13

7.14

7.15

Comparison of F NMR hyperpolarised spectra acquired at 6.2 mT using
pulse-and-collect (a) or SHARPER (b) acquisition of a sample containing 50
mM of difluoroacetate (as a lithium salt), 25 mM of DMSO, and 5 mM of
[IrC1(COD)(IMes)| in methanol-ds. All spectra were acquired with a single
scan. Main doublet signal (orange square) corresponds to the difluoromethyl

group (0 -125.8). . . . L.

Comparison of post activation non-hyperpolarised "H NMR spectra at 1.4 T
of samples containing 50 mM of [DFA-H|~, either 25 mM (red trace) or 100
mM (black trace) of DMSO, and 5 mM of [IrCl(COD)(IMes)| in methanol-
dy. Spectra are zoomed in to show the hydride region of the spectra (§ - 10
to § -31). Chemical shift values for detected hydride signals are shown above

each peak. . . . . . . ..

Comparison of SABRE-hyperpolarised 'H spectra for samples containing 50
mM (black), 10 mM (green), or 1 mM (orange) of [DFA-H|~, 25 mM of
DMSO, and 5 mM of [IrCl(COD)(IMes)| in methanol-ds. Inset shows a

zoom in portion of the spectra in the § -12 to § -27 region. . . . . . . . . ..

Comparison of SABRE-hyperpolarised spectra corresponding to samples con-
taining either 10 mM of [DFA-H|~, 25 mM of DMSO (black trace) or 100
mM of TFA, 100 mM of DMSO (red trace), and 5 mM of [IrCl(COD)(IMes)|
in methanol-dy. The left side of the figure shows the organic region of the
spectra (§ 9 to 0) whilst the right side is zoomed in to show the hydride
region (0 - 8 to - 30) and is amplified by a factor of 200 to aid visualisation.
Chemical shift values for the main hyperpolarised hydride signals are shown

above the spectra. . . . . . . . . ...

Comparison of SABRE-enhanced 'H spectra for samples containing 100 mM
of either sodium trifluoroacetate (a) or trifluoroacetic acid (b), 100 mM of
dimethylsulfoxide, and 5 mM of [[rC1(COD)(IMes)| in methanol-ds. Spectra

are zoomed in to display the relevant hydride region (6 -6 to 6 - 34).

30

. 233



7.16 Comparison of fluorine enhancement factors (¢19p) for SABRE experiments
on samples containing 100 mM of either difluoroacetate (|[DFA-H|™, 14,
stripes) or trifluoroacetate (|[TFA-H|™, 15, filled), 100 mM of DMSO, and 5
mM of [IrCl(COD)(IMes)| in methanol-dy. Enhancement factors were com-
pared at three polarisation transfer fields: 6.2 mT, ~ 50 uT, and ~ 0 T, and
were estimated as the average of triplicate measurements, with the standard

deviation shown as error bars. . . . . . . . . ...
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Abbreviations

O-H2
p-Ho
selSHARPER

selSHARPER HPT

ALTADENA

COSY

CPMG

dDNP

DMSO

DPSO

EPR
EXSY

FID

ortho-hydrogen.

para-hydrogen.

Selective Sensitive, Homogeneous, And Resolved PEaks in
Real time.

Selective Sensitive, Homogeneous, And Resolved PEaks in

Real time with Hard Pulse Train.

Adiabatic Longitudinal Transport After Dissociation Engen-

ders Nuclear Alignment.

Correlation Spectroscopy.

Carr-Purcell-Meiboom-Gill.
Dissolution Dynamic Nuclear Polarisation.
Dimethylsulfoxide.

Diphenylsulfoxide.

Electron Paramagnetic Resonance.

Exchange Spectroscopy.

Free Induction Decay.
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HMQC
HSQC
Hz

IMes

LAC
LC/MS/MS
LOD

MeOD
MeOH

mtz

NMR
NOESY

ODNP

PASADENA

PFAS
PFG
PFOA
PFOS
PHIP

Heteronuclear Multiple Quantum Coherence.
Heteronuclear Single Quantum Coherence.

Hertz.

1,3-bis(2,4,6-trimethylphenyl)imidazole-2-ylidene.

Kelvin.

Level Anti-Crossing.
Liquid Chromatography with tandem Mass Spectrometry.

Limit of Detection.

Methanol-dy.
Methanol.
1-methyl-1,2,3-triazole.

Nuclear Magnetic Resonance.

Nuclear Overhauser Effect Spectroscopy.

Overhauser Dynamic Nuclear Polarisation.

Parahydrogen And Synthesis Allows Dramatically Enhanced
Nuclear Alignment.

Per- and polyfluoroalkyl substances.

Pulsed Field Gradient.

Perfluorooctanoic acid.

Perfluorooctane sulfonic acid.

ParaHydrogen Induced Polarisation.
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PHIP-SAH

PTF

r.f.

SABRE
SAM
SHARPER
SIMes

SNR
SPE

TOCSY
TOF
TOP

Para-hydrogen Induced Polarisation with Side-Arm Hydro-
genation.
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Chapter 1

Introduction

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful analytical technique ca-
pable of providing high-quality information about chemical and biological systems. Its
strength lies not only in facilitating qualitative structural analysis, but also in enabling
accurate quantitative measurements in a non-destructive manner. In fact, quantification
using NMR has been proposed as a potential primary measurement method by the BIPM
(International Bureau of Weights and Measures) given the direct relationship between the
detected signal and the number of nuclei contributing to it.1»? Despite its potential, the
widespread adoption of high-field (> 7 T) NMR spectroscopy remains constrained by the
significant costs associated with instrument acquisition and operation, as well as the sub-
stantial requirements in terms of infrastructure and expertise.?

Benchtop NMR spectrometers operating at a lower magnetic field (1 - 3 T) represent a
more economic alternative to their high-field analogues, as they employ permanent magnets
or resistive electromagnets instead of cryogen-cooled superconducting magnets.>® These in-
struments are also portable, making them well-suited for use beyond traditional laboratory
settings, including on workbenches, in clinical environments, or within industrial applica-

7-12

tions. Examples of such applications include reaction monitoring, automated synthesis

13,14 15,16

optimisation, point-of-care diagnosis, and industrial process monitoring.!”1? The
lower operational costs of benchtop NMR spectrometers are primarily due to their minimal

maintenance requirements, particularly the absence of periodic cryogenic liquid refills. This
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makes them a more sustainable alternative to high-field NMR spectrometers, as helium,
which is commonly used in cryogenic cooling, is in limited global supply, which has led to
a substantial increase in price.?? Consequently, benchtop NMR spectrometers offer a more
accessible analytical solution, both in terms of affordability and flexibility in measurement

location.

However, the lower magnetic field of benchtop NMR spectrometers negatively affects
both sensitivity and chemical shift dispersion. The latter is particularly problematic for
'H measurements, as protons have a narrower chemical shift range than other NMR-active
nuclei, often leading to signal overlap. As a result, the applicability of this technique is
limited to a reduced scope of applications that rely on samples with higher concentrations
and relatively simple spectra. To address these limitations, efforts have been made to
enhance sensitivity and mitigate the reduced chemical shift dispersion associated with low-

field NMR measurements

One of the most successful approaches to overcome sensitivity limitations is the use of
hyperpolarisation. This term is used to refer to a group of techniques which aim to increase
the population difference between Zeeman energy levels, i.e. the polarisation level, beyond
what is dictated by Boltzmann statistics (polarisation levels in parts per million). Several
hyperpolarisation techniques have been developed, including: spin-exchange optical pump-

ing (SEOP),2! dynamic nuclear polarisation (DNP),22:23

chemically induced dynamic nu-
clear polarisation (CIDNP),?* and para-hydrogen induced polarisation (PHIP).2%26 These
techniques differ in terms of enhancement factors, applicability scope, and instrumenta-
tions requirements. It is these differences that inform the selection of a hyperpolarisation

technique for a specific analytical application.

In spin-exchange optical pumping, the angular momentum of laser photons is transferred
to the electrons of an alkali metal vapour, e.g. Rb, to increase its electronic polarisation.
This polarisation is then transferred to the nuclei of noble gases, such as *He and ?*Xe, via
spin exchange collisions mediated by Fermi contact hyperfine interactions.?! Polarisation
levels close to unity may be obtained wia this approach.?’2” Several interesting applica-

tions using this hyperpolarisation technique have been developed, including in vivo lung
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29,30 27,31

imaging,?® targeted biosensors, and material science and engineering studies.

The high polarisation levels achieved by SEOP, as well as the possibility to store and

transport polarised gases to be used off-site 21,27

make this hyperpolarisation technique
a good complement to benchtop NMR measurements as its portability is not sacrificed.
This has motivated the combination of SEOP with benchtop NMR,??33 demonstrating
ca. 50 % polarisation for ??Xe, as recently reported.?® Nevertheless, the applicability of

this hyperpolarisation technique is restricted to noble gases, so it is of little use in routine

liquid-state analytical applications.

Dynamic nuclear polarisation exploits the high gyromagnetic ratio of electrons (e /~n ~
658), which leads to significantly larger thermal equilibrium population differences that can
be used as a source of nuclear polarisation. The electronic population difference of species
with unpaired electrons, typically stable radical species, is equalised by applying microwave
irradiation at the electron paramagnetic resonance (EPR) frequency.?? The electronic po-
larisation is then transferred to nuclei, either in the liquid state via the Overhauser effect
(ODNP),343% or in the solid state by additional mechanisms including the solid effect,36:37

38742 in magic-angle spinning (MAS) DNP*3 and dissolu-

cross effect, and thermal mixing
tion DNP?3 (dDNP). The diversity of polarisation transfer mechanisms thus broadens the

applicability scope of DNP in comparison to SEOP.

ODNP applications include the study of hydration dynamics in biomolecules,** as well
as, polymers, ionic liquids and viscous liquids, in combination with field-cycling NMR.%5 In
dissolution DNP, solid-state transfer at low temperatures (1.2 < T' < 4.2 K) in a strong mag-
netic field (3.35 < By < 10 T) is followed by rapid dissolution and liquid-state detection.?3
Hyperpolarisation by dDNP has been widely explored for in vivo applications, particularly

in real-time MRI studies of cancerous tumours,*6-49

as well as reaction monitoring and
metabolomics using NMR.%% 52 As for MAS-DNP experiments, these involve solid-state de-

tection and require low temperatures, and reported applications include solid-state protein

53,54 55,56

analysis, and material science studies.

These approaches show vast differences in terms of the enhancement levels that can be

achieved in liquid-state applications: whilst dDNP can reach polarisation levels on the order
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of tens of percent,?”*758 those for ODNP are below 1 %.57:60 Nevertheless, ODNP presents
an advantage in that instrumentation requirements are less stringent, and integration with
benchtop NMR has shown to be possible at relative low costs.%" Whilst dDNP experiments
are compatible with low-field NMR detection, they require the use of complex and costly
instrumentation to create the polarisation conditions, i.e. cryogenic temperatures and
moderate magnetic fields (a few Tesla), compromising the accessibility and portability of
benchtop NMR spectrometers. Despite recent efforts to improve on these limitations,%? the

development of portable and accessible ADNP still remains in its infancy.

Perhaps a better compromise between achievable enhancements and accessibility may
be provided by CIDNP. Chemically induced dynamic nuclear polarisation involves an ex-
cited initiating molecule, e.g. a photosensitiser excited by light irradiation in photo-CIDNP,
which accepts an electron from the target molecule to form a radical pair. Following spin
sorting processes and recombination of this radical pair, a non-Boltzmann population is ob-
tained for the molecule under investigation.?* This cyclical process regenerates the starting
material, enabling repeated measurements to be obtained for the same sample, though it
is ultimately limited by dye bleaching. This facilitates scan averaging to further enhance
measurement sensitivity beyond the polarisation levels delivered by this technique, typi-
cally below 1 %.2" The simplicity of this technique and low instrumentation requirements,
i.e. the addition of a photosensitiser to the sample followed by light irradiation, has made
it particularly attractive for integration with portable low-field NMR spectrometers.53 65
For example, this approach has been recently exploited for drug fragment screening using
photo-CIDNP benchtop NMR.% A limitation presented by this approach is the scope of
molecules that can be hyperpolarised. Unlike DNP, which can be considered almost uni-
versal in its application, photo-CIDNP is mostly applicable to a subset of heteroaromatic

24,66-68

molecules currently covering a chemical space of a few thousand analytes.5

Para-hydrogen-based hyperpolarisation techniques exploit the high spin order of para-
hydrogen (p-Hz) as a source of nuclear polarisation. Through a chemical reaction, the high
symmetry of p-Hs is broken and polarisation is transferred onto a target molecule. Hyperpo-

larisation techniques using p-Hs are collectively known as para-hydrogen induced polarisa-
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tion (PHIP). Para-hydrogen may be incorporated into an unsaturated molecule via hydro-
genation, resulting in an irreversible chemical transformation (hydrogenative PHIP).257°
Alternatively, the symmetry of p-Hs may be broken by transiently binding to a metal centre
to which the target molecule is also bound. In this variation, termed signal amplification
by reversible exchange (SABRE), hyperpolarisation is continuously produced through the

reversible exchange of both p-Hs and target molecule with an iridium-based complex which

facilitates polarisation transfer.?6

PHIP, in particular the SABRE variant, shows the most promise as it provides a compro-

mise between low instrumentation requirements, with its easiest implementation requiring

71-74 t,75

a simple liquid-nitrogen-cooled hydrogen supply system and a hand-held magne
and large signal enhancement levels, reaching values above 50 %.7% In terms of the scope of
applicability, whilst still restricted, it shows more versatility than photo-CIDNP, provided

the target molecules exhibit a lone pair of electrons to act as ligands,?67"

or exchangeable
protons for the SABRE-Relay variation.”®" Besides extending the scope of possible ana-
lytes, SABRE offers higher enhancement factors than traditional PHIP experiments and the
ability to continuously produce hyperpolarised signals as a result of the reversible nature

of this process.?%

Nevertheless, the development of real-life applications using SABRE-hyperpolarised
benchtop NMR is still in its early stages and several challenges remain.®® One challenge
is the loss of the inherent quantitative nature of NMR, as signal enhancement occurs in a
non-homogeneous way across the nuclei in a molecule. Although this issue could be ad-
dressed through the use of external calibration, a common procedure in most analytical
methods, the complex interplay of exchange processes involved in SABRE renders this so-
lution non-trivial. The use of co-substrates has been shown to alleviate this issue, whilst
also expanding the range of molecules that can be probed and enabling low-concentration

analysis, as demonstrated for high-field 'H NMR measurements.81:82

Another significant obstacle in SABRE-hyperpolarised benchtop NMR spectroscopy is
signal overlap. One simple way to overcome this limitation is to probe alternative NMR-

active nuclei possessing wider chemical shift ranges, hence being less likely to suffer from
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peak overlap. This solution is evidently limited by the presence of alternative nuclei in
the sample. For instance, '3C, and to a lesser extent °N, may be found in many an-
alytical targets in organic and biochemical analysis. SABRE-hyperpolarisation of these
heteronuclei has been reported before in 1D,333 as well as in 2D NMR studies,® further
mitigating spectral congestion. However, this approach comes with a further reduction in
sensitivity compared to 'H measurements due to their lower gyromagnetic ratio and natural
abundance. In contrast, heteronuclei such as 'F and *'P are more sensitive and 100 %
naturally abundant,8”3® and, while not ubiquitous, these nuclei are present in a wide range

of molecules of interest. Furthermore, chemical labelling with these nuclei, particularly

19F 89 90-92
)

is a well developed strategy, with many known applications in protein studies,

offering a sensitive, well-resolved analysis without background signals.

Amongst other strategies commonly employed to overcome spectral overlap and simplify
spectra is the use of pure shift and selective excitation methods to remove splitting due to
homonuclear couplings and/or isolate a target signal in a mixture.?>?” Some of these ap-
proaches have been successfully implemented in benchtop NMR spectrometers.?®% While
useful for analysing complex spectra, these techniques are linked to a further loss in sen-
sitivity, which has motivated their combination with hyperpolarisation techniques.!90-192
An alternative approach to spectral simplification is the use of the Sensitive, Homogeneous,
And Resolved PEaks in Real time (SHARPER) pulse sequence, initially developed for high-
field NMR spectroscopy,'%? but recently implemented on a benchtop NMR spectrometer.'04

By removing peak splitting and reducing field inhomogeneity effects, this pulse sequence is

able to create simpler spectra, most importantly, whilst increasing signal-to-noise ratios.

This thesis aims to explore the potential of SABRE-hyperpolarised °F benchtop NMR
for the development of analytical applications. The collective effect of strategies such as
the use of SHARPER and co-substrates is investigated to aid low-concentration detection
and quantification of a set of molecules presenting increasing amounts of challenge. The
background theory covering fundamental concepts of NMR and para-hydrogen-based hyper-
polarisation techniques is presented in Chapter 2. Chapter 3 covers relevant experimental

details for the measurements presented in Chapters 4 to 7.

42



In Chapter 4, the combination of the multiplet-refocusing pulse sequence SHARPER
with SABRE experiments is explored for **F NMR experiments. Studies on a set of fluo-
ropyridines with diverse scalar coupling configurations, including *F homonuclear and 'H
-19F heteronuclear couplings, are presented, aiming to explore the applicability scope for
SHARPER. Key factors having an impact on sensitivity and spectral quality are covered,
including the optimisation of both SABRE experimental parameters and SHARPER acqui-
sition and post-processing tools. Gains in signal-to-noise ratio introduced by SHARPER
are explored for each sample and compared to proton-decoupling experiments, a common
approach to remove 'H-'"F scalar couplings. Finally, a selective version of SHARPER
is applied to SABRE-hyperpolarised spectra to investigate its performance in a mixture

sample.

Chapter 5 explores the use of co-substrates to facilitate the sensitive analysis of one of
the fluoropyridines explored in Chapter 4: 3,5-difluoropyridine. The efficiency of hyperpo-
larisation for this target is compared with and without the use of a co-substrate, as well
as at low concentrations of target molecule, where the co-substrate plays a crucial role in
creating a stable SABRE system. Signal-to-noise ratios are used to establish the limit of
detection for this approach, focusing on the impact on detectability introduced by the use
of SHARPER. In addition, the potential for quantification is tested for SABRE-enhanced
F NMR measurements, and their comparability to analogous ‘H NMR measurements
assessed, followed by a study on the impact of SHARPER acquisition on analytical perfor-
mance.

In Chapter 6, the strategy presented in Chapter 5 is expanded to a more challenging flu-
oroamine substrate, 2,4,6-trifluorobenzylamine, which participates in a SABRE-Relay’®7
polarisation transfer process with the solvent. The impact of this loss of hyperpolarisation
to the solvent on the sensitivity gains for this test molecule are evaluated, and an approach
to minimise the sensitivity penalty is presented. The effects of SABRE-Relay on the overall
analytical performance of SABRE-enhanced benchtop NMR is assessed by comparing limits
of detection and quantification accuracy in experimental conditions were the SABRE-Relay

process is either favoured or minimised.
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Chapter 7 investigates the limitations of SABRE-hyperpolarised benchtop NMR. spec-
troscopy for analysing fluorinated analytes, focusing on fluorinated carboxylic acids due
to their environmental significance. This chapter covers the hyperpolarisation feasibility of
two simple fluorocarboxylic acids with the aim to find optimal hyperpolarisation conditions.

The main conclusions of this thesis are presented in Chapter 8 along with potential

areas for future research.
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Chapter 2

Background Theory

2.1 Fundamentals of Nuclear Magnetic Resonance

2.1.1 Zeeman Interaction

Nuclear Magnetic Resonance (NMR) spectroscopy relies on the interaction between nuclear
spins and a magnetic field. Many atomic nuclei possess spin, an intrinsic form of angular
momentum, I , characterised by the nuclear spin quantum number, I, which can take half-
integer values from zero. Nuclear isotopes containing an even number of protons and an
even number of neutrons, e.g. 2C and °0, have no intrinsic angular momentum (I = 0)
and are therefore are NMR inactive.!0%

Non-zero spin nuclei (I > 0) exhibit an associated magnetic moment /i, as described in
Equation 2.1. Magnetic moment and spin are related by the gyromagnetic ratio, , which
may take positive or negative values. For most atomic nuclei, the gyromagnetic ratio is

positive, and as a result the magnetic moment and the spin angular momentum are parallel,

whilst in some cases v < 0 and they are antiparallel.!%?

A nucleus with spin I possesses (2] + 1) degenerate energy levels, each described by

the azimuthal quantum number m, with values spanning from —I to +I in integer steps.
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For example, spin-3 nuclei, such as 'H and '3C , have two energy states described by
m = —i—% and m = —%. Upon application of an external magnetic field Bg, the degeneracy
of these states is broken in a phenomenon known as Zeeman splitting (Figure 2.1). The
magnetic moment of a nucleus may become aligned to the external magnetic field, in a state
commonly known as |a) (m = +3), or oppose the magnetic field in a [8) (m = —1) state.
The energy of each level depends on the quantum number m as well as the gyromagnetic
ratio, v, and the magnitude of the applied magnetic field, By (Equation 2.2).19

NMR selection rules dictate that signal is only observed for transitions between states
with Am = +1, which is the case for transitions between |«o) and |3) states. The energy
associated with the transition from |a) to |3), AE, is proportion to the Larmor frequency,
wp, as shown in Equations 2.3 and 2.4. The Larmor frequency represents the precession
rate of the magnetic moment around the external magnetic field. This value is proportional
to the gyromagnetic ratio and the external magnetic field, and may be expressed in angular
frequency (w) in radians s~! as shown in Equation 2.4 or in frequency in Hertz (v), using
the conversion w = 27v. By applying electromagnetic radiation at the Larmor frequency
(radio-frequency region of the electromagnetic spectrum), the resonance condition which
promotes transitions between |a) and |3) states is met.!%® This is the underlying mechanism

of NMR spectroscopy.

E,, = —mhvyBy
E, = _%mBO (2.2)
By = %fwBo
AEo s = Es — Eo = hyBy (2.3)
wo = —vBo (24)

The Larmor frequency is specific for each type of nucleus. For example, at 9.4 T 'H
nuclear spins precess at a frequency close to 400 MHz. The specific resonating frequency
for a nucleus is determined by the electronic environment surrounding it. The external

magnetic field induces an electric current resulting in an opposing magnetic field which
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Figure 2.1: Energy diagram depicting Zeeman splitting for a nucleus with spin I = 1/2 and
~ > 0. In the absence of a magnetic field (By = 0), the 27 + 1 nuclear states are degenerate.
Upon application of a magnetic field (By # 0), the nuclear states become non-degenerate
as the magnetic moment may align in a parallel (|a)) or anti-parallel (|3)) direction relative

to the external magnetic field.

shields the nucleus from the external magnetic field. As a result, the resonating frequency
for this nucleus is shifted from the expected value for a bare nucleus without surrounding
electrons, as described in Equation 2.5, where o is the shielding constant.'® In this way,
NMR spectroscopy is able to probe the chemical environment surrounding each nucleus.
Since the variation in Larmor frequency for two nuclei with different chemical surroundings
is significantly smaller than their resonating frequency, it is customary to describe these
signals in terms of frequency differences rather than absolute frequencies. These differences,
expressed relative to a set reference in parts per million, are commonly referred to as
chemical shift values () and are calculated as defined in Equation 2.6.1%5 By using chemical
shift values, it is possible to describe resonances in a spectrum in a field-independent way,

thus facilitating spectra comparison irrespective of the magnetic field.

wo = —yBo(1 — o) (2.5)
5= L0 Woref 46 (2.6)
Wo,ref

Another important source of information about the chemical environment of each nuclear

spin is scalar spin-spin couplings, or J couplings. This indirect interaction occurs between
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bonded nuclei and it is mediated by the electrons participating in this bond. As a re-
sult, J coupling provides insights into the connectivity of NMR-active nuclei within the
same molecule, with larger J coupling values typically observed for nuclei that are closer
together.'% Notably, this coupling is independent of the applied magnetic field.!0%

The concepts of chemical shift and J coupling may be better understood by considering a
pair of 'H spins, A and X, with different chemical environments. Such spins possess different
deviations from the Larmor frequency for this nucleus type. Thus, a spectrum containing
a pair of peaks with different chemical shift values, §5 and dx, would be observed in the
absence of scalar coupling. In the scenario where these spins are coupled, then each peak
is split by the Jax coupling constant. This may be explained as follows: the magnetic
moment of A will affect that of X, and vice versa. For instance, if A is in the |a) state,
X may either be in the |a) state, reinforcing By, or the |3) state, partially cancelling this
field. As a result, A spins will precess at either a lower or higher frequency than that
observed in the absence of coupling. As the reciprocal situation holds true, this will result
in a spectrum in which both signals for A and X are split in two (doublets) (Figure 2.2).17
In a more general case, the multiplicity of the splitting of A will be given by 2nl + 1, with
n being the number of chemically equivalent nuclei (i.e. possessing the same 0) coupled to
A, and [ being the spin quantum number of the X spins. For example, in an AX, system,
where X has [ = %, the signal corresponding to A will be three equally spaced peaks with
an intensity ratio of 1:2:1 (triplet).!97

The situation described so far applies to weak coupling conditions, i.e. when the dif-
ference in frequencies for A and X is much larger than the scalar coupling between these
nuclei (|[Avax| >> |Jax]|). In contrast, strong coupling, i.e. when both magnitudes are
comparable (|JAvax| ~ |Jax]), produces complex second-order splitting, a situation more

often encountered at lower By.106

2.1.2 The Vector Model

The description presented so far has focused on a single spin or spin pair and its interaction

with Bg. However, NMR samples contain a large ensemble of spins that collectively con-
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Figure 2.2: Energy levels and spectra for an AX-type system consisting of a pair of non-
equivalent weakly coupled spin-4 nuclei with d4 > dx. Spectra shows a pair of doublets,
each split by a Jax (Jax > 0) scalar coupling. Letters a - d show the possible transitions

for this system.'%7

tribute to a detectable signal. In the absence of an external magnetic field, this collection
of spins exhibits an isotropic distribution of spin angular momentum, i.e. these vectors
point in every direction (Figure 2.3a). However, when a magnetic field is applied, the spin
magnetic moment of each nucleus starts precessing around Bg with varying cone angles
(Figure 2.3 b and c¢). The spin angular momentum vector can be represented using a set
of z, y, z Cartesian coordinates, where the z-axis is parallel to Bg by convention. The
z-component or longitudinal component of the spin angular momentum of each nucleus
will then be parallel (Ja)) or anti-parallel (|3)) to the magnetic field. As the parallel align-
ment is more energetically favourable, there will be a larger number of nuclei presenting
this configuration. This results in a net nuclear magnetic moment or magnetization along
the z-axis, termed M,, which increases over time after Bg is switched on. This value will
stabilise over time to reach a net magnetisation value at thermal equilibrium, Mg. The
magnitude of Mg is proportional to the difference in population between the lower-energy
|a) state and the higher-energy |3) state. In contrast, the z and y (transverse) components
of the individual magnetic moments rotate in the z-y plane due to the precession motion.
At thermal equilibrium, the spins precess with a random distribution of phases and as a
result, the z and y components cancel out and there is no net transverse magnetisation

(M, = 0). Following this treatment, it is possible to describe the behaviour of an entire
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Figure 2.3: Cartoon representations of an ensemble of nuclei with spin-3 in the absence (a,
By = 0) and presence (b, By # 0) of a magnetic field, with the formation of a net nuclear
magnetisation (My). The precession of the spin magnetic moment (p) around the direction

of the magnetic field is depicted in c).

collection of nuclei in terms of a bulk magnetisation vector M and its components along
x, Yy, z-axes, in a model known as the Bloch vector model. Although overly simplistic,
this model is sufficient to understand the behaviour of non-interacting spin-% nuclei during
NMR experiments. 105108

A typical NMR experiment involves the manipulation of the initial bulk magnetisation
(Mp) through the application of a radio-frequency (r.f.) pulse, followed by the detection
of the signal produced by the evolving system. At the start of the experiment, the initial
magnetisation vector corresponds to the net magnetisation along the z axis, M, arising
from the difference in population between |a) and |3) states (Figure 2.4a). This magneti-
sation is then subjected to a magnetic field oscillating at the Larmor frequency, B, which
is applied on the transverse plane. To aid understanding of the effect of this pulse on the
initial magnetisation, it is convenient to use the rotating frame of reference.'%

The rotating frame of reference relies on the decomposition of Bj into two magnetic
vectors rotating in the x-y plane in opposite directions at the same frequency. One of these
components is then considered to be aligned and fixed to either the z or y axis which
rotates at the same frequency of By, whilst the other component is ignored. By using this

approach, By appears to be static if observed from a set of z’, y’, 2’ axes rotating at the

same frequency as By, i.e. the rotating frame of reference (Figure 2.4a). As this precessional

50



motion arises from the effect of the external magnetic field, By, it is not represented in this
frame of reference. By using the rotating frame of reference, the interaction between B4
and Mg can then be simplified as the former imposing a torque on the latter, resulting in
a rotation of the bulk magnetisation vector towards the x’-y’ plane. The nutation angle in

degrees generated by a r.f. pulse is proportional to the amplitude of B and its duration ¢,

as described in Equation 2.7.108
Y
0 = 360— Bt 2.7
5 D1 (2.7)
a) b) c)
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Figure 2.4: Schematic representation of an NMR experiment. a) The thermal equilibrium
longitudinal magnetisation is rotated 90° onto the transverse plane by applying a B; field
on the -y direction, which appears static in the rotating frame of reference (b), but rotates
at the Larmor frequency (wp) in the laboratory frame (c). This creates an oscillating signal
(in Volts, V) with decays following the time constant 7%, known as free induction decay
(FID). Fourier transformation of the FID produces a spectrum with a signal at the Larmor

frequency (e).
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As the nutation angle increases, so does the transverse component of the bulk mag-
netisation (M, ,), whilst the longitudinal component (M) decreases following Equation
2.8. At 90°, the transverse magnetisation reaches its largest value (M., = My), whilst the
longitudinal magnetisation is null (Figure 2.4b), representing a situation in which |a) and
|3) states are equally populated. The evolution of the created transverse magnetisation can
be understood differently depending on the frame of reference. In the laboratory frame of
reference, this transverse magnetisation will be subjected to a torque by Bg, causing it to
precess at the Larmor frequency as described in Equations 2.9 (Figure 2.4c), whilst in the
rotating frame of reference, this transverse magnetisation will appear static (Figure 2.4b).
The rotating magnetisation observed in the laboratory frame will produce an oscillating
electric current that can be detected by a nearby coil, such as the one producing the r.f.

pulse (Figure 2.4d).108

My, = Mysin (6) (2.8)

M, (t) = My, cos (wot)
(2.9)
M, (t) = — My, sin (wot)

The magnitude of the longitudinal and transverse magnetisation vectors will vary dur-
ing the evolution of the spin system due to two distinct phenomena. Firstly, the population
difference between |«) and |3) states, which was modified via r.f. pulsing, must return to its
initial equilibrium value thus restoring the original longitudinal magnetisation. This phe-
nomenon is known as longitudinal or spin-lattice relaxation, which describes the variation
in M, as a function of a time constant 7} (Equation 2.10).1% Secondly, the magnitude of the
net transverse magnetisation vector will decrease over time due to a loss in phase coherence
in a process known as transverse or spin-spin relaxation. Phase decoherence may be un-
derstood as a gradual desynchronisation of the individual magnetic moments of each spin
on the transverse plane. The dephasing process arises from two primary causes. Firstly,
phase coherence may be lost due to random interactions between individual spins resulting
in energy exchange. Transverse relaxation due to this process follows a time constant 75.

Another source of dephasing is field inhomogeneity due to variations in By or different mag-
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netic susceptibility within the sample region, introducing variations in Larmor frequency
for individual spins. The combined effect of T5 and By inhomogeneity is described by the
effective transverse relaxation time constant 73 (Equation 2.11),1%:109 which describes the
decay of transverse magnetisation (Equation 2.12) and detected signal (Figure 2.4d) over

time.

M.(t) = Mo [1 —exp (;)] (2.10)

1

1 ’yABU 1
= — 2.11
Ty > T (2.11)

My (t) = Myy cos (wot)exp <T2> (2.12)

M, (t) = —Myy sin (wot)exp (;;)

This relaxation mechanism contributes to the decay of transverse magnetisation (Equa-
tions 2.12), and as a consequence, of the induced electrical current. As a result, the signal
obtained from an NMR experiment is an electrical signal oscillating at the Larmor frequency
of the nuclear spin in the sample that decays over time, referred to as a free induction decay

(FID). By applying a Fourier transformation to the FID, a spectrum containing peaks at

these frequencies is obtained (Figure 2.4e).

2.1.3 Polarisation

As discussed in the previous section, the bulk longitudinal magnetisation vector M, is deter-
mined by the difference in population of |) and |5) energy states, (n, and ng, respectively)

given by Equation 2.13. This results in a polarisation of the spins along the z direction.'®”

1
M, = ih’y(na —ng) (2.13)

At thermal equilibrium and in a sample containing N spins, the population of each energy
state may be predicted by the Boltzmann distribution using the Boltzmann constant (kpg)
at a given temperature, 7' (Equation 2.14). Applying the high-temperature approximation,

it follows that the longitudinal magnetisation at thermal equilibrium (M?) depends on the
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energy gap between |a) and |3) (Equation 2.15).197 This difference in population between
|a) and |5) states is commonly known as a polarisation value, P, calculated according to

Equation 2.16.
1
Mo = 5Neap(—Ea/kpT)

1 (2.14)
ng = QNexp(—Eﬂ/k‘BT)
1 V22N By

M%~ ~hy(Eg — E,) = -——"= 2.1

=~y (Ep T (2.15)
YhBy

P~ 2.1

2kgT (2.16)

As the energy gap is four orders of magnitude smaller than the available thermal energy,'%?
the energetic benefit for spins to align to the external magnetic field is negligible. This
results in very small polarisation values, typically in tens of parts per million, in NMR
experiments performed under standard conditions. As the intensity of the detected signal
is directly proportional to the magnitude of M?, NMR is highly insensitive relative to
other analytical techniques. The correlation between MY and the applied magnetic field
(Equation 2.15) has driven the development of NMR spectrometers with increasingly higher
operating magnetic fields. However, this progress is accompanied by larger instrument
sizes and higher acquisition and operational costs.!?? In contrast, some manufacturers have
produced smaller, more affordable instruments that operate at lower magnetic fields, aiming

to enhance the accessibility of NMR technology.0-112

2.1.4 Low-field NMR Spectroscopy

Benchtop NMR spectrometers employ permanent magnets to generate low magnetic fields
ranging from By = 1 to 3 T, in contrast to the cryogen-cooled superconducting magnets used
in conventional NMR systems, which typically operate at By > 7 T.1'! Consequently, bench-
top instruments are more compact and affordable, making them accessible as laboratory
tools and suitable for benchtop or field applications.''® However, the lower field strength
of commercially available benchtop NMR spectrometers generally results in a significant
reduction in sensitivity compared to high-field spectrometers as nuclear spin polarisation is

directly proportional to By (Equation 2.16).11!
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Early prototypes of low-field NMR spectrometers lacked sufficient field homogeneity to
enable chemical-shift-resolved NMR analysis and were primarily limited to relaxation and
diffusion experiments in the time domain. ' Advances in Halbach permanent magnet design
have since improved field homogeneity, allowing for the development of NMR spectrometers

with chemical-shift resolution, available since 2010.10

This new generation of benchtop NMR spectrometers offers several advantages, includ-
ing a reduced dependence on deuterated solvents, maintenance-free operation, portability,
and, in high-end models, linewidths comparable to those of high-field systems.!'® These
benefits, combined with their lower cost and improved accessibility, have made benchtop
NMR spectroscopy an attractive option for industrial applications such as process con-

trol and reaction monitoring, as well as for chemical analysis in workbenches or fume

hoods, 110,112,113

2.2 Hyperpolarisation

2.2.1 Principles of Hyperpolarisation

The inherently low sensitivity of NMR, spectroscopy can be addressed through hyperpo-
larisation techniques. Hyperpolarisation refers to methods that enhance the population
difference between energy levels beyond what is achieved under equilibrium conditions
dictated by Boltzmann statistics (Figure 2.5). By increasing polarisation values from the
typical parts per million to percentages, hyperpolarisation can boost the sensitivity of NMR,
spectroscopy by orders of magnitude, offering a more efficient solution than increasing the

applied magnetic field strength.

Several hyperpolarisation techniques are currently in advanced stages of development
and show promising applications.®? These methods, which vary in their polarisation sources

and transfer mechanisms, include spin-exchange optical pumping (SEOP),?! dynamic nu-

22,23

clear polarisation (DNP), chemically induced dynamic nuclear polarisation,?* and para-

hydrogen induced polarisation (PHIP).25:26

55



Non-hyperpolarised Hyperpolarised
P~10° P~1
Figure 2.5: Schematic representation of the hyperpolarisation process. a) Under non-
hyperpolarised conditions, nuclear spins are distributed between |a) and |3) states following
Boltzmann statistics, with a net polarisation on the order of tens of parts per million. b)
Hyperpolarisation increases the population difference between |a) and |3) states, reaching

polarisation levels up to unity.

2.2.2 Para-hydrogen Based Hyperpolarisation
2.2.2.1 Para-hydrogen

Para-hydrogen and ortho-hydrogen (o0-Hg) are nuclear spin isomers of dihydrogen. The
existence of these two isomers is a consequence of the anti-symmetry requirements for the
total wavefunction of fermion particles, such as electrons and protons, according to Pauli’s
exclusion principle.'* For this requirement to be fulfilled, the wavefunction of two particles
must change signs upon exchange. The total wavefunction of the hydrogen molecule Ho
can be represented as the dot product of the wavefunctions for translational (¢7), rota-

tional (¢ r), vibrational (¢y ), electronic (¢)g) and nuclear spin (1), ) components (Equation

2.17).115,116

U =97 -Yr-Yv Y- YN (2.17)

As the translational, vibrational, and electronic wavefunctions are symmetrical upon

exchange, the anti-symmetry of the total wavefunction must stem from the product of ro-
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tational and nuclear wavefunctions (g - ¥n). In other words, symmetric rotational states
may only exist when coupled to anti-symmetric nuclear states and vice versa. The wave-
function for rotational motion of the nuclei will be symmetric for even rotational states (J=
0, 2, 4, etc.) and anti-symmetric for odd rotational states (J = 1, 3, 5, etc.).!'® As for the
nuclear spin wavefunctions, the combination of two nuclear spin states produces four possi-
ble states via linear combinations of the direct product of the two possible spin orientations
for each single spin.!'® These nuclear states, described in Equation 2.18, correspond to the
symmetric triplet state of o-Ha(|T41), |To) and |T-1)), and the singlet anti-symmetric state
(|S0)) of p-Ha.

’T+1> = \0404>
1
To) = - (laB) +|Bo))
T (2.18)
T_1) = |8B)
150) = = (jap) — o)

V2

To meet anti-symmetry requirements, the singlet nuclear state must combine with even
rotational states, whilst the triplet nuclear state combines with odd rotational states, giving
rise to para-hydrogen and ortho-hydrogen, respectively. As the singlet state combines with
the lowest energy rotational state (J=0), para-hydrogen corresponds to the lowest energy

nuclear spin isomer (Figure 2.6).

E N |T1>
T ortho-hydrogen
|_|_° y triplet state
+1
S.) para-hydrogen
0

singlet state

Figure 2.6: Diagram depicting the energy level for the singlet (|Sp)) and triplet (|7%1), |To)
and |T_1)) nuclear spin states of dihydrogen under a magnetic field. Note: the energy gaps

are not drawn to scale.
The absolute populations of o-Hs (N,) and p-Ha (N,) in a sample of Hy will depend on
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Figure 2.7: Para-hydrogen enrichment in a Hy sample expressed as a percentage as a
function of temperature with p = 87.8 K. Reproduced under a CC-BY license from Ref.
[80].

its temperature (T), as stipulated by Boltzmann statistics (Equation 2.19, g: rotational
constant of the molecule), from which 0-Hy and p-Hg fractions may be derived (Figure 2.7).
At room temperature in thermal equilibrium conditions, the p-Hs population is ~ 25 %.

As the temperature of the sample decreases, the fraction of p-Hs increases, reaching ~ 98

% at 28 K.

—J(J+1)6
Ny= > (@J+le T
J=even
s (2.19)
No=3 > (2J+1)e 7
J=odd

Whilst simply cooling a sample of He would appear to suffice to create large p-Hs
enrichments, this is in practice inefficient as 0-Hs /p-Hs interconversion is symmetry forbid-
den. This process can be accelerated by introducing a spin isomer interconversion catalyst
to facilitate nuclear spin reorientation.”™ 6117 Suitable catalyst typically fall within two
classes: paramagnetic species creating local field inhomogeneities to break the symmetry
of Hy (e.g. iron (III) oxide) and adsorption/desorption surfaces enabling Hs dissociation
and recombination (e.g. activated charcoal).!'® Para-hydrogen-enriched samples generated

using low temperatures and interconversion catalysts may then be stored at room tempera-
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119,120

ture for periods up to months, provided the sample is isolated from any material that

may induce conversion back to ortho-hydrogen. Various p-Hy generation methods exist,

71-74

including systems cooled by liquid nitrogen (p-Hs enrichment =~ 52%), or the more

costly closed-cycle helium (p-Hs enrichment > 98%).1217123

The null nuclear spin of para-hydrogen results in a lack of Zeeman splitting under a
magnetic field, and as a result it is NMR invisible. Nevertheless, the high spin order
of p-Hs can be harnessed as a source of polarisation provided its symmetry is broken.
This is typically achieved when p-Hs is involved in a chemical reaction, resulting in large
enhancements of NMR signals. Differing in the nature of this chemical reaction, there exists
two primary p-Hg-based techniques: hydrogenative (Section 2.2.2.2) and non-hydrogenative
(Section 2.2.2.3) para-hydrogen induced polarisation. These techniques, referred to as PHIP

and SABRE from this point onwards, will be described in the following sections.

2.2.2.2 Para-hydrogen Induced Polarisation (PHIP)

The hydrogenative variation of para-hydrogen induced polarisation involves the incorpora-
tion of p-Hs into an unsaturated molecule, upon which its symmetry is broken. This was
first predicted by Bowers and Weitekamp in 1986,2° who proposed that if hydrogenation
reactions were performed using p-Ho-enriched hydrogen gas, NMR signal enhancements
would be observed. Such a hypothesis was confirmed experimentally by two independent
groups in 1987,7%124 by simply storing the hydrogenation samples at low temperatures,
thus increasing p-Hy enrichment, before conducting NMR experiments. This experiment
was named by Bowers and Weitekamp using the acronym PASADENA (para-hydrogen and
synthesis allows dramatically enhanced nuclear alignment).”® A variation of this experi-
ment was subsequently proposed by Pravica and Weitekamp termed adiabatic longitudinal
transport after dissociation engenders nuclear alignment (ALTADENA).125 In this exper-
iment, the hydrogenation reaction was performed outside the NMR, spectrometer, which
they found to produce differences in the form of the enhanced NMR signals.

In PASADENA experiments, the hydrogenation reaction occurs at the high magnetic

field inside the spectrometer (Figure 2.8, top). Upon incorporation of p-Hg into the un-
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saturated molecule, the hydrogen pair transitions from a magnetically equivalent Ay spin

126) to a magnetically inequivalent weakly coupling AX system

system (Pople’s notation
(|Avax| >> |Jax]). In this process, the initial population of the |Sp) state is distributed
almost equally amongst the near-degenerate |a/5) and |Sa) states of the AX system (Sec-
tion 2.1.1). The allowed transitions from these overpopulated states to the |a«) and |35)

states results in a characteristic pair of anti-phase doublets with greatly enhanced signals.

In contrast, hydrogenation reactions in ALTADENA conditions are performed outside
the bore of the NMR instrument at low magnetic fields, followed by adiabatic transfer of the
sample into the spectrometer. At this low magnetic field, the frequency difference between
both hydrogen nuclei is comparable to their scalar coupling, thus creating a strongly-coupled
AB spin system (|Avax| =~ |Jax|). In this scenario, the initial population of the singlet
state overpopulates a superposition of the |a3) and |Sa) states. As the sample is adiabat-
ically introduced into the spectrometer, weakly coupling conditions are created (AX) with
either the |af) or |Ba) state becoming overpopulated. The transitions from the overpopu-
lated state to |aa) and |38) produce a spectrum containing a pair of singlets of opposite

phase (Figure 2.8, bottom).

PHIP as a signal enhancement technique is limited to unsaturated molecules which can
undergo hydrogenation. Variations on this approach have been developed to alleviate this
restriction on the chemical space of molecules that are suitable to PHIP hyperpolarisation.
For instance, Reineri et al. developed the para-hydrogen induced polarisation with side-
arm hydrogenation technique (PHIP-SAH) in which a saturated target molecule may be
hyperpolarised through an unsaturated side arm, which is cleaved post polarisation.'?”
Other alternatives include PHIP-X,!2® or PHIP-Relay,'? in which an unsaturated molecule
containing exchangeable protons facilitates the hyperpolarisation of a secondary saturated

target molecule. Once the first molecule is hydrogenated and hyperpolarised, it acts as a

polarisation transfer agent by hyperpolarising the target molecule via proton exchange.

Another limitation of hydrogenative PHIP is that attainable signal enhancements are
limited by the irreversible chemical transformation occurring in the experiment. In other

words, signal enhancements will only be seen provided there remains unsaturated target
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Figure 2.8: Schematic representation of the PASADENA (top) and ALTADENA (bottom)
experiments. In PASADENA experiments, the initial singlet population from p-Hs is dis-
tributed between the |a3) and |Ba) of the weakly coupling AX spin system created at the
high magnetic field inside the NMR spectrometer. A characteristic spectrum containing a
pair of enhanced anti-phase doublets is obtained. In ALTADENA conditions, the singlet
population is transferred onto a superposition of |a) and |5« states of the strongly coupled
AB system created at low magnetic fields. Upon adiabatic transfer into the spectrometer,
either the |af3) or |Sa) state becomes overpopulated, resulting in an NMR spectrum con-

taining a pair of enhanced singlets of opposite phase.

in solution. As this transformation is irreversible, the sample can only be probed a finite
number of times. The non-hydrogenative PHIP variation, SABRE, lifts those limitations

and, as a result, is more attractive for analytical applications.

2.2.2.3 Signal Amplification by Reversible Exchange (SABRE)

The hyperpolarisation technique SABRE was introduced in 2009 as an alternative to hydro-

genative PHIP.?6 In SABRE, p-H, and the target molecule to hyperpolarise, also referred to

61



as the substrate, reversibly bind to a transient polarisation transfer catalyst. This is typi-
cally an iridium octahedral complex with the general structure [Ir(H)s(NHC)(substrate)s] ",
where NHC is a N-heterocyclic carbene such as 1,3-bis(2,4,6-trimethylphenyl)-imidazol-2-
ylidene (IMes). Although SABRE hyperpolarisation using alternative complexes has been

explored, 30131

iridium-based catalyst remain the most widely used. The binding of p-
Hs to this polarisation transfer catalyst breaks its symmetry by creating chemical and/or
magnetic non-equivalence. The network of scalar couplings connecting the p-Ho-derived
hydrides and the substrate in the iridium complex acts as a conduit for polarisation to be
transferred. As both p-Hs and the substrate exchange with the available pool in solution,
the polarisation cycle is continuously repeated to create a build-up of hyperpolarised ana-
lyte in solution. Large signal enhancements are consequently achieved for the target (Piy

of up to 63%,7%) without resulting in its chemical modification, thus enabling repeated

experiments on the same sample. This process is shown schematically in Figure 2.9.

Signal enhancement has been successfully achieved in substrates using a wide range of
binding groups, provided they can act as ligands. For example, SABRE has been success-
fully applied to N-heterocycles,?6:1327140 pitriles, 1417143 Schiff bases,'#* nitrites,'® amino
acids and oligopeptides,!46-14® thiophenes,'® and phosphines.!?° It is also possible to hy-
perpolarise heteronuclei within the target molecule: signal enhancements of 3C, N, 19F
and 3'P have been reported.83:132:138,150-153 Ay interesting variation of SABRE that allows
for a more diverse array of hyperpolarised target molecules is SABRE-Relay. In this tech-
nique, hyperpolarisation is transferred from para-hydrogen to a polarisation transfer agent
that binds to the iridium centre, commonly amines, and then to another substrate through
exchange of labile hydrogens.”™ This new strategy has extended the range of substrates
and has been successfully applied to amines (primary and secondary), carboxylic acids and

alcohols (primary, secondary and tertiary).”®7%154

Experimentally, SABRE studies start by the activation of the polarisation transfer cat-
alyst precursor |Ir(IMes)(COD)CI| (where COD: 1,5-cyclooctadiene) by adding substrate
and p-Ho. This process involves the oxidative addition of p-Ho to the iridium centre and

the full hydrogenation of COD resulting in its dissociation and substitution by substrate
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units.26’135’155

Once the pre-catalyst is activated, SABRE experiments can be conducted by
adding p-Hs to the headspace of the sample and shaking said sample under a weak magnetic
field (nT to mT). Sample shaking facilitates the dissolution of p-Hs into the solution, whilst

applying a weak magnetic field, known as polarisation transfer field, creates the conditions

26

for polarisation transfer to occur.

Figure 2.9: Schematic representation of the SABRE hyperpolarisation process. Para-
hydrogen and the substrate, here 3,5-difluoropyridine, reversibly bind to the iridium centre
of the polarisation transfer catalyst, enabling polarisation transfer to the substrate. The
hyperpolarised substrate (in red) then dissociates from the complex and is replaced by non-

hyperpolarised substrate from the available pool in the solvent.

Spontaneous polarisation transfer from hydrides to nuclei in the target substrate is
mediated by the strong coupling conditions created upon application of a weak magnetic
field. This is most easily understood by following the level anti-crossing (LAC) model
proposed by Ivanov and co-workers.!%6 According to this model, in a level anti-crossing the
intersection of the energy levels of two spin states is avoided due to their strong coupling,
which results in the mixing of such states.

To illustrate this theory, the simplest SABRE three-spin system AA’B will be consid-
ered, where AA’ correspond to the magnetically inequivalent hydrides, and B a nucleus
in the target molecule (Figure 2.10). The hydrides in this system are chemically equiva-

lent (v4 = va/) but magnetically inequivalent as they exhibit scalar couplings of different
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Figure 2.10: Schematic representation of a SABRE three-spin AA’B system. A and A’ in
green, represent a pair of chemically equivalent (rp = v4’) and magnetically inequivalent
hydrides, with different scalar couplings to B (Jap # Ja’'B), a nucleus in the target molecule

with Larmor frequency, vp.

magnitudes to B (Jap # Jap). The energy states of this system may be described as
a combination of the singlet-triplet basis used to describe p-Ha (|So),|T41) . |T0),|T-1))
and |a) and |B) for spin B. For hyperpolarisation to take place, one of the mixing states
must include the singlet state of p-Ha, for example, when |Spa) and |T15) are mixed. As
proposed in the LAC theory and illustrated in Figure 2.11a, the energy levels for |Spa)
and |T410) intersect in the absence of a strong coupling between hydrides and target B
(Jap = Jap = 0). In contrast, when there is a strong coupling between hydrides and B,
the crossing is avoided and |Spa) and |7%16) mix (Figure 2.11b). As a result, the |3) state

of the target nuclei B is overpopulated, leading to hyperpolarised signals.

The mixing of these states occurs at a specific magnetic field, the polarisation transfer
field, at which the LAC conditions are met. A LAC takes place when strong coupling
conditions are created by matching the difference in resonating frequency between hydrides
and B (Avap) with the effective scalar coupling of the system (Jerr).!" The effective
scalar coupling is a combination of the J couplings of the system and may be estimated as
the largest scalar coupling,”” which is typically the scalar coupling between hydrides, J4 4/

(Equation 2.20). Whilst resonating frequencies vary with the applied magnetic field, scalar
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Figure 2.11: Energy levels for three possible states in an AA’B spin system as a function of
magnetic field with representing level crossing (a, Jap = Ja'p = 0) and level anti-crossing
conditions (b, Jop = 1 Hz , Jag = 0). The subset of states depicted here can undergo
mixing at their corresponding LAC conditions, an example of which is shown as a circle in

b. Reproduced under a CC-BY license from Ref. [80].

couplings remain unchanged. This makes it possible to match the frequency difference
between hydrides and target nuclei with the effective scalar coupling by applying a selected

magnetic field, Bprp.

Avap = Jeg = Jan (2.20)

For 'H experiments, Bprp may be calculated by converting the frequency difference
into a chemical shift difference, Ad, as shown in Equation 2.21. In a typical SABRE
system using the pre-catalyst [IrC1(COD)(IMes)| and pyridine as a substrate, the optimum
polarisation transfer field according to Equation 2.21 is ~ 6.5 mT. In contrast, polarisation
transfer to heteronuclei (Equation 2.22) typically requires lower magnetic fields (nT to uT)
as the difference in resonating frequencies between hydrides and the target heteronuclei is

considerably larger, stemming from the difference in gyromagnetic ratios between 'H (1)
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and the heteronucleus, X (vx).

JAA’
Bpry = 2 2.21
PTE = 2 i Ae (221)
Janr
Bprp =27 AA (2.22)

Yig(l —d1y) —yx (1 —d0x)
One of the key factors controlling SABRE efficiency is thought to be the residence time

of the target molecule on the iridium complex.!®® It is desirable to strike a balance be-
tween sufficient residence time for polarisation build-up and minimising relaxation while
the molecule remains bound.'®%160 This is directly influenced by both p-Hy and substrates

exchange rates.”1%% In fact, an optimal substrate dissociation rate of ~ 4.5 s~ has been

d7159

theoretically propose and experimentally verified, '8 for efficient 'H hyperpolarisation.

The dissociation rate of substrates may be modified by changing the NHC and/or the tem-

perature of the experiment,”6:158:159,161,162 55 wel] as by using an auxiliary co-substrate.

Steric hinderance has also been shown to have an impact on substrate dissociation rates,¢3

which in extreme cases might hinder hyperpolarisation altogether as stable complexes may
not form.'3 Some strategies reported to achieve hyperpolarisation in sterically demand-
ing substrates include the use of bidentate ligands such as [Ir(COD)(Phox)|PFg (where

Phox: 2-(2-(diphenylphosphanyl)phenyl)-4,5- dihydrooxazole),'%* using asymmetric NHC

165 142,163,166

ligands, ®° and co-substrates

The higher sensitivity afforded by SABRE has been exploited in biomedical applications,

167-169

such as biochemical analysis in biological fluids, protein-ligand binding studies,' " and

171,172 145,173

preclinical metabolic imaging, as well as in reaction monitoring and low concen-
tration analysis of complex mixtures. 317 The signal enhancement capabilities of SABRE
have also been exploited in benchtop NMR, analysis to overcome the reduced sensitivity
produced by lower-field spectrometers. SABRE-hyperpolarised 'H, 3C, ¥3C{'H}, and F
spectra have been acquired in a single-shot in benchtop NMR spectrometers.83:86:175-178
For example, Richardson et al. reported 17000-fold 'H signal enhancements in a single-
shot experiment at 1 T, resulting in signal-to-noise ratio (SNR) values that would otherwise

require acquisition times of several hours, higher concentrations or isotopically labelling
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Figure 2.12: Comparison of non-hyperpolarised (top) and SABRE-hyperpolarised (bottom)
'H NMR spectra of pyridine at (a) 9.4 T and (b) 1 T, with unlabelled signals corresponding
to the solvent and the iridium complex. Enhancement factors (c¢) and polarisation levels
(d) for experiments at both magnetic fields are plotted against substrate concentration.

Samples were prepared in methanol-ds using 5 mM of [IrCl(COD)(IMes)]. Reproduced
under a CC-BY licence from Ref. [83].

in thermally polarised samples.®3 This study also revealed that the efficacy of SABRE

hyperpolarisation is field independent, yielding comparable polarisation values at 1 T and

9.4 T (Figure 2.12).

Added to the previously mentioned benefits of benchtop NMR, spectrometers, SABRE
measurements in low-field NMR often show longer hyperpolarised lifetimes.'”® Moreover,
they allow for the use of protonated solvents as these usually exhibit low signals, thus
rendering the use of costly deuterated solvents and time consuming sample preparation

steps unnecessary.®3 Automated flow systems that regenerate hyperpolarisation and ultra-
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fast single-shot experiments have also enabled the acquisition of 2D NMR spectra.83.86,133

The combination of SABRE hyperpolarisation and benchtop NMR, and in particular its

potential for analytical applications, will be the focus of this thesis.
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Chapter 3

Experimental

3.1 Sample Preparation

3.1.1 Preparation of Standard SABRE Samples

Standard SABRE samples were prepared by adding the substrate to make up the de-
sired concentration and 2.24 mg of pre-catalyst [IrCl(COD)(IMes)| (where COD: cis,cis-
1,5-cyclooctadiene and IMes: 1,3-bis(2,4,6-trimethyl-phenyl)imidazole-2-ylidene in 0.7 mL
of either HPLC-grade methanol (Fisher Scientific) or methanol-dy (> 99.8 % D, Merck).
The pre-catalyst (|[IrCl(COD)(IMes)|) was synthesised by Dr Victoria Annis following pub-
lished procedures.”®!™ The substrates were sourced from Fluorochem (3,5-difluoropyridine,
3-(difluoromethyl)pyridine, 3,4,5-trifluoropyridine, difluoroacetic acid, lithium difluoroac-
etate, and 1-methyl-1,2,3-triazole), Fisher Scientific (trifluoroacetic acid, 4-methylpyridine,
and dimethylsulfoxide AR), Aldrich (pyridine), or Avantor (sodium trifluoroacetate) and
used without further modification. The samples thus prepared were then sonicated to aid
dissolution of the pre-catalyst and solid substrates, if any, and then introduced into a 5
mm NMR tube with a J-Young valve using a syringe. Following this, the samples were de-
gassed using a three-stage freeze/pump/thaw method using a Schlenk line and an acetone
and dry-ice bath. The de-gassing step was included to improve the dissolution of p-Hs and

to remove dissolved oxygen.
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3.1.2 Preparation of SABRE Samples Using Air-Sensitive Substrates

Samples containing air-sensitive substrates such as 2,4,6-trifluorobenzylamine were pre-
pared and transferred into a 5 mm NMR tube fitted with a J-Young valve inside a glovebox.
To do so, the pre-catalyst was weighed (2.24 mg) into a glass vial and introduced into the
glovebox after three cycles of vacuum/Ny. The substrates were sourced from Fluorochem
(2,4,6-trifluorobenzylamine) and Merck (anhydrous dimethylsulfoxide, > 99.9 %). The sol-
vents and substrates were introduced into the glovebox following the same procedure either
sealed (methanol-dy > 99.8 % D, Merck, substrate and co-substrate) or after de-gassing
and drying (methanol and methanol-d;) using a Schlenk line and a 3 A molecular sieve
(Merck). As these samples were prepared inside the glovebox, the de-gassing step was not

required.

3.2 Shake-and-Drop Hyperpolarisation Experiments

In shake-and-drop experiments, the headspace of the NMR tube containing the SABRE
sample was filled with 4 bar of p-Ho, which was generated with a helium-cooled system
operating at 28 K to produce ca. 98 % p-Hy enrichment, as described previously.'® The
tube was then shaken for 10 s at the desired polarisation transfer field (PTF), and then in-
troduced into the spectrometer for FID acquisition. Typical sample transfer times were ca.
2 s. The target PTF was achieved either by shaking the sample inside a hand-held magnetic
array with an average field of 6.2 mT,”™ in the ambient Earth’s magnetic field adjacent to
the spectrometer (PTF ~ 50 uT), or inside a p-metal shield that reduces the ambient field
by a factor of ~300-fold to achieve a PTF ~ 0.2 uT. Between shake-and-drop repetitions,
the p-Hs in the sample was refreshed by evacuating the headspace of the NMR tube and
re-filling with fresh p-Ho. Samples were analysed in triplicate, from which corresponding
mean and standard deviation values were calculated according to Section 3.7.3. The man-
ual nature of shake-and-drop experiments results in typical variations of 5% when using
a hand-held magnet, or 10% when using the ambient magnetic field.” As this step is be-

lieved to be the largest source of measurement variability, the standard deviation obtained
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from replicate measurements is considered to be a good estimator of standard measure-
ment uncertainty. Once hyperpolarised experiments were concluded, a non-hyperpolarised
spectrum was collected as a reference for enhancement factor calculations (Section 3.7.2)
using the same spectrometer parameters but averaging enough scans to detect the target
signal. When low sensitivity precluded the acquisition of non-hyperpolarised spectra with
detectable signals in a reasonable amount of time, these reference values were estimated via
extrapolation from a calibration curve, as described in Section 3.7.2.

In order to obtain SABRE hyperpolarised spectra, the pre-catalyst was activated by
performing a set of preliminary shake-and-drop experiments. The activation of the pre-
catalyst consists of the oxidative addition of p-Hs to the iridium centre and the full hydro-
genation of cyclooctadiene (COD) resulting in its dissociation and substitution by substrate
units. The activation of the SABRE pre-catalyst was conducted and monitored by repeat-
ing shake-and-drop experiments until the intermediate products were no longer detected
and the intensity of hyperpolarised signals was consistent, which typically required 4 to 6

repetitions.

3.3 NMR Data Acquisition in Benchtop NMR

3.3.1 Instrumental Setup

Low-field NMR spectra were acquired using a Spinsolve 43 Carbon spectrometer (Magritek)
operating at 1 T or a Spinsolve 60 Multi-X Ultra spectrometer (Magritek) operating at 1.4
T, both equipped with *H/!F and !3C channels. Locking, shimming and frequency cali-
brations were performed on a reference sample containing a HoO:DoO mixture (10%:90%)
before data was collected. All experiments were conducted at 301.5 K. Data was acquired
using the Spinsolve Expert software (V 1.41) and processed either by Prospa (V 3.63),
MestReNova (V 14.1.2.25024), or Matlab (V R2020a).
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3.3.2 Pulse-and-Collect Acquisition

'H, F, and YF{'H} experiments utilised full power 90° and 180° pulses of 9.35 us and
24.2 pus respectively for 'H measurements and 100 us and 225 ps for F measurements
in the Spinsolve 43 Carbon spectrometer. For 'H and F experiments at a 1.4 T field,
full power 90° pulses of 13.9 us and 119 us were used, respectively. 3C{*H} experiments
were preceded by a WALTZ-16'%" NOE enhancement step, followed by a 45° 13C pulse and
WALTZ-16'8! proton-decoupled acquisition, using a -5.4 dB power level for 30 us for the
45° 13C pulse and -16.4 dB for 120 us, or multiples of that length, for the 90°, 180°, 270°,

and 360° 'H pulses for the NOE enhancing and decoupling steps.

3.3.3 SHARPER and selSHARPER Acquisition

Unless otherwise stated in the text, SHARPER (Section 4.9, Chapter 4) and sel/SHARPER
(either fully selective or the hard-pulse train (HPT) version, Section 4.15, Chapter 4) were
acquired in two scans for background correction using a chunk time of 7 = 3.2 ms within
each echo loop and a 180° pulse duration of 225 us. In selSHARPER experiments, a 5 ms
180° Gaussian pulse generated with 1000 steps and 1 % truncation was used as the selective
pulse. This Gaussian pulse required the implementation of a correction for non-linearity
issues in the r.f. amplitude, which was developed by Dr Matheus Rossetto and described
in the literature.!”® Rectangular pulsed field gradients were generated by shifting the shim
values along x, y, and z to their maximum value for 250 us, and then reverting them to the

original values.

3.4 NMR Data Post-acquisition Processing

FID data acquired for pulse-and-collect experiments were apodised using an exponential de-
cay filter, zero-filled, and Fourier transformed to produce the spectrum, which was manually
phased and baseline corrected as needed. For non-SHARPER experiments, the apodisation
filter was chosen so as to optimise SNR without compromising spectral resolution. Apodisa-

tion filters for SHARPER experiments were chosen to match the effective relaxation during
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the experiment, estimated as described in Section 3.4.1. 'H spectra were referenced to the

solvent signals (methanol or methanol-dy).

3.4.1 Matched Filters

The time decay constant (T') used in matched exponential filters exp(-Tif) was determined
from the effective relaxation times during SHARPER experiments, estimated using the

‘t2fit” function in Prospa (V 3.63).

3.5 Analysis of Reference Methanol Samples for SABRE-Relay
Studies

In order to gauge hyperpolarisation levels for the hydroxyl group in methanol-d; through
SABRE-Relay effects, it was necessary to establish a baseline of what the typical signal
would be in the absence of hyperpolarisation. The shake-and-drop procedure was thought
to have an impact on this signal, particularly as a consequence of degassing and the limited
time the sample is allowed to build-up magnetisation inside the probe. Therefore, a sample
containing only methanol-ds was analysed following the standard shake-and-drop procedure
(i.e. degassing, p-Hy addition, shaking and dropping into the spectrometer), and the typical

area for the -OH signal was estimated by averaging triplicate measurements.

3.6 Hyperpolarised 77 Experiments

T7 values for hyperpolarised signals were acquired in triplicate following shake-and-drop

182 During each exper-

experiments using a variable flip angle approach, as reported before.
iment, 15 FID spectra were acquired, using repetition time values ranging from 1.5 s to 5 s
according to the lifetime of the signal under investigation. Each FID was zero-filled to 256 k
points and exponentially apodised with a 1000 ms time filter prior Fourier transformation.

Spectra were then manually phased and integrated to produce a signal decay plot versus

time. Parameters corresponding to the exponential decay rate were obtained using the
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‘expfit’ macro in Prospa (V 3.63). Anti-phase signals were processed according to Section
3.7.4. T1 mean values and their combined uncertainty were calculated according to Section

3.7.3.

3.7 Data Analysis and Calculations

3.7.1 Signal-to-Noise Ratio and Noise Standard Deviation Calculations

Signal-to-noise ratio (SNR) values were calculated as the ratio of the signal height of the
tallest peak (H) and twice the standard deviation of the noise (Spoise ), as shown in Equation
3.1. The standard deviation of the noise was calculated on a spectral region without signals
according to Equation 3.2 where «; is the height of each of the N points in this region and

Z, their average.

H
NR= ——— 1
SNR 2 X Spoise (3 )
. 32
Snoise = Z(x;v x) (32)

When reference spectra were obtained by averaging more than one scan, the inverse of the
square root of the number of scans was used as the correction factor to obtain a signal-to-

noise ratio per one scan (Equation 3.3).

SNR
VNS

3.7.2 SABRE (e, cwp) and SNR (esyr) Enhancement Factor Calcula-

SNR,, = (3.3)

tions

Enhancement factors for SABRE hyperpolarised experiments were calculated as the ratio
of the area of the hyperpolarised signal and the area of the thermal signal at the same

concentration, acquired under the same conditions.

AT@ahyn lH/ 19F

51H/19F =
Areathermal,lH/ 19p
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For SABRE samples with substrate concentrations below the non-hyperpolarised detec-
tion limit (ca. 10 mM), non-hyperpolarised signal areas were estimated extrapolating from
a 3,5-difluoropyridine non-hyperpolarised calibration curve covering a 10 to 100 mM range,
which was acquired with the same receiver gain value as hyperpolarised experiments. €1y
and €19y calculations were done by adding the area values for all the signals in the sub-
strate molecule, e.g. ortho and para 'H NMR signals in 3,5-difluoropyridine. This was done
for the sake of consistency, as it reflects the effect of SHARPER, and the same approach
was taken in limit of detection and quantification studies. When hyperpolarised signals
exhibited an anti-phase profile, the overall peak integral was calculated as a the sum of the
absolute values of the positive and negative portions of the peak.

Similarly, SNR enhancement factors egygr were calculated according to Equation 3.5,
using the SNR value of non-hyperpolarised (thermal) spectra as reference.

SN Ry

SNRthermal (35)

ESNR =

3.7.3 Mean, Standard Deviation of the Mean, and Uncertainty of the

Mean Calculations

When n replicates of a measurement were made, the mean (Z) of these results (x;, with

i = 1,2,...,n) was determined according to Equation 3.6. The standard deviation of the

mean (Syeqn) is calculated according to Equation 3.7.183

7= 1+ X2+ ... + Ty (3.6)
n
1 S
Smean = \/ﬁ (TL — 1)

The combined standard uncertainty of a measurement (u.(y)) is typically calculated as

(3.7)

as the square root of the sum of the squares of the sensitivity coefficient (¢;) and the
standard uncertainties (u;), according to Equation 3.8.1% For a value estimated through
a mean value, the combined standard uncertainty (uz) was calculated as Equation 3.9.
When the largest contribution to uncertainty of the individual measurements (z;) was their

repeatability, the standard uncertainty for each u,, was estimated as Syeqn-
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ue(y) = | c?ui? (3.8)
i=1n

12 12 12 range
Uz = \/ ux12+f U,x22+...+* an2+ J (39>
n n n

26

range = max(z;) — min(x;) (3.10)

The expanded uncertainty (U) was determined by multiplying the combined uncertainty
by a coverage factor k=2, which gives a level of confidence of approximately 95%, according

to Equation 3.11.184

U=k xuc(y) (3.11)

3.7.4 Analysis of Anti-phase Signals in Hyperpolarised 7} Experiments

Hyperpolarised T} experiments for 3,5-difluoropyridine samples resulted in a combination
of anti-phase and in-phase doublet signals (Figure 3.1 I and II, respectively) exhibiting
different relaxation constants. To isolate the in-phase and anti-phase contributions to the
detected signal, represented by Figure 3.11I1, and obtain 77 values for each one, Equations
3.12 and 3.13, where A and B correspond to each half of the doublet and are assumed to

have area values which are equal in II, but opposite in sign in I.

A — B
A = — By = 21— B

12

5 (3.12)
Arrr+ B

App = By = 2720 5 1 (3.13)

The resulting area values were plotted against time, where time values were given by the
repetition time between scans, and an exponential fit obtained for the anti-phase (I) and

in-phase (II) components of the signal.

76



Figure 3.1: Schematic representation of NMR spectra exhibiting and anti-phase doublet
(I), an in-phase doublet (II), and their sum (III). Each half of the doublet has been marked

as A or B to facilitate analysis.

3.7.5 Limit of Detection and Quantification Estimation using a Single

Sample

Limit of detection and quantification values were determined according to Equations 3.14

185-187

and 3.15, respectively using a sample whose concentration (C) exhibits a signal-to-

noise ratio (SINR) that closely matches that of the expected LOD concentration.!83

C

LOD =3 x ¢rm (3.14)
C

LOQ =10 X g (3.15)

When the LOD value of a non-hyperpolarised sample was obtained through signal av-

eraging of several scans (N.S), the LOD on a single-scan basis (LODs,) was calculated
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using a scan-corrected SNR (SN Rss) according to Equations 3.16 and 3.3 (Section 3.7.1)

to facilitate the direct comparison with hyperpolarised single-scan experiments.

C

LODss =
O 3 x SN

(3.16)

3.7.6 Limit of Detection and Quantification Calculation using a Set of

Samples

When large variability in SNR values led to unreliable estimations of LOD and LOQ values,
as was the case for 2,4,6-trifluorobenzylamine samples (Chapter 6), a set of samples with
concentration values within the sub-stoichiometric regime were tested and LOD/LOQ esti-
mations were performed on each of them, as described in Section 3.7.5. The overall LOD/

LOQ values were estimated as the mean value of these results, following Section 3.7.3.

3.7.7 Regression Analysis

Regression statistics (OLS) for calibration curves, including regression coefficients and their
standard error were calculated using the Data Analysis package in Microsoft Excel 2019.
Residual plots showing the difference between experimental signal areas and signal areas

predicted by the linear model were also obtained using this package.

3.7.8 Accuracy Assessment

To assess the quantification accuracy, recovery factors (R) and relative standard deviations

188 To estimate the measurement bias, a

(RSD) expressed as percentages were calculated.
test sample whose reference concentration was established through gravimetric preparation
(Cyrav) was quantified through external calibration (calibration curve, C'). The recovery
value was then calculated according to Equation 3.17 for each result and an average and
standard deviation of the recovery were estimated according to Section 3.7.3. To assess the

precision under repeatability conditions for said quantification, the RSD was calculated

according to Equation 3.18 using the standard deviation of the mean value of the triplicate
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measurements (Smean,c, Equation 3.7) and the mean value of the predicted concentrations

(C, Equation 3.6).

R = = %100 (3.17)
Cgrav
Smean,C

3.8 Characterisation of SABRE Active Complexes using High-
field NMR Spectroscopy

3.8.1 Characterisation of the Main SABRE Active Species in Samples
with 3,5-Difluoropyridine and Dimethylsulfoxide

The characterisation of the main SABRE active species in the sub-stoichiometric regime for
samples containing 3,5-difluoropyridine and dimethylsulfoxide was carried out at 263 K in
a 7 T NMR spectrometer (300 MHz Fourier Bruker Avance III console, BBO probe). The
sample used for characterisation studies contained 20 mM of 3,5-difluoropyridine, 50 mM
of dimethylsulfoxide, and 10 mM of [IrCl(COD)(IMes)] in methanol-ds. This concentration
was chosen as it is close to the upper boundary of the sub-stoichiometric regime. All
concentrations were doubled relative to typical concentrations to increase the SNR of the
measurements. The characterisation experiments comprised ‘H and 'F pre- and post-
activation pulse-and-collect experiments, as well as, 'H-'H COSY, 'H-'H NOESY, 'H-'H
TOCSY and 'H-'3C HSQC experiments. Experiments were generally conducted using

standard acquisition parameters from Bruker, with specific parameters shown in Table 3.1.

The characterisation of the principal active species containing 3,5-difluoropyridine and
dimethylsulfoxide was achieved through a series of low-temperature multinuclear NMR
experiments. As an initial step, the hydride ligand region of the 1D 'H NMR spectrum was
examined to assess the diversity and relative abundance of hydride-containing complexes

present in the sample. Figure 3.3 displays two prominent pairs of hydride ligand signals:
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Table 3.1: Experimental parameters for NMR, experiments used in the characterisation of

the sample containing 3,5-difluoropyridine and dimethylsulfoxide.

Experiment Parameters

F1

F2

'H pulse programme:

pulse-and-collect  zg

'H-1H 2D COSY

cosygpppqf

'H-13C 2D HSQC

aliphatic/aromatic hsqcetgpsi2,
region coupling: 145 Hz
'H-H 2D pulse programme:
TOCSY mlevphpp
'H-'H 2D pulse programme:
NOESY noesygpphpp,

mixing time: 0.3

S

pulse programme:

pulse programme:

Nuclei: 'H, spectral
width: 50 ppm,
transmitter freq. offset:
-10 ppm, acq. time: 8.7 s
Nuclei: 'H, spectral
width: 10 ppm,
transmitter- freq. offset:
5 ppm, acq. time: 0.34 s
Nuclei: 'H, spectral
width: 4/4 ppm,
transmitter freq. offset:
2/8 ppm, acq. time:
0.25 s

Nuclei: 'H, spectral
width: 50 ppm,
transmitter freq. offset:
-10 ppm, acq. time: 0.55
s

Nuclei: 'H, spectral
width: 10 ppm,
transmitter freq. offset:

5 ppm, acq. time: 0.34 s

Nuclei: 'H, spectral
width: 10 ppm,
transmitter freq. offset:
5 ppm, acq. time: 0.17 s
Nuclei: '3C, spectral
width: 100/100 ppm,
transmitter freq. offset:
50/150 ppm, acq. time:
0.034 s

Nuclei: 'H, spectral
width: 50 ppm,
transmitter freq. offset:
-10 ppm, acq. time: 0.55
s

Nuclei: 'H, spectral
width: 10 ppm,
transmitter freq. offset:

5 ppm, acq. time: 0.17 s
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Table 3.2: High-field NMR characterisation of the SABRE active complex containing 3,5-
difluoropyridine and dimethylsulfoxide. Repeated from Chapter 5 Section 5.3.1 for conve-

nience.

Resonance number 6 H s 1BC 5 ¥F
1 - 159.64 -
2 _ - _
3 7.16 122.83 -
4 - 138.40 -
5 - 136.20 -
6 a6.84/b6.77 al128.25/ Db 128.30 -
7 - 139.25 -
8 a 214 /b 213 a 18.51/b 19.00 -
9 2.26 20.85 -
10 -23.3 (d, 7.9 Hz) - -
11 -23.7 (d, 7.9 Hz) - -
12 - - -
13 8.55 139.34 -
14 - 159.52 -
15 7.63 111.10 -
16, 17 2.72 / 3.10 43.14 / 55.84 -
18, 19 - - -124.96
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15 / 16

Figure 3.2: Proposed structure for the active SABRE complex containing 3,5-difluoro-

pyridine and dimethylsulfoxide. Repeated from Chapter 5 Section 5.3.1 for convenience.

one set at § -15.5 and -21.5, previously assigned to [IrC1(H)2(IMes)(DMSO);| (where DMSO
= dimethylsulfoxide), and another set at § —23.3 and —23.7.

The latter pair exhibited hyperpolarisation activity in shake-and-drop experiments con-
ducted at both 1 T and 7 T. A mutual coupling between these hydride resonances was
confirmed via 'H-'H 2D TOCSY experiments (Figures 3.5 and 3.4). This observation, to-
gether with the agreement of chemical shift values with those reported for analogous species

formed with 3,5-dihalogenopyridine ligands,8?

strongly supports the assignment of these
hydride signals to the species of interest. In each case, a singlet appearing at a higher
chemical shift relative to the corresponding hydride signals was attributed to the HD iso-
topologue, as discussed in Chapter 4, Section 4.3. This assignment is further corroborated
by the presence of a triplet at § 4.6 with J = 43 Hz.

A 2D 'H-'H NOESY experiment was employed to investigate through-space interac-
tions between ligands, with key correlations illustrated in Figure 3.4. This experiment
revealed nuclear Overhauser effect (NOE) correlations between the aromatic proton signals
of 3,5-difluoropyridine at ¢ 8.55 and resonances corresponding to the ortho methyl group of

the IMes ligand (0 2.14), as well as a methyl group of dimethylsulfoxide (6 2.72), as shown

in Figure3.6. The structure of these ligands was confirmed by comparison with previously
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Figure 3.3: '"H NMR spectra of the characterisation sample acquired at 7 T (263 K), zoomed

in the hydride ligand signal region (9§ -9 to -26). Signals corresponding to the main active

species (Figure 3.2) are highlighted and amplified in the dashed box.

reported chemical shift values,'® and were further corroborated by 'H-'H 2D COSY and
'H-13C 2D HSQC experiments. Taken together, these data support the presence of IMes,
3,5-difluoropyridine, and dimethylsulfoxide as ligands within the species under investiga-
tion, in addition to the hydride ligands previously identified and proposed to be responsible
for the observed hyperpolarisation of 3,5-difluoropyridine.

No cross-peaks were observed between the signals corresponding to IMes and the methyl
groups of dimethylsulfoxide, suggesting that these ligands are positioned trans to one an-
other. Furthermore, the absence of any additional NOE correlations involving the hydride
ligands, 3,5-difluoropyridine, or dimethylsulfoxide with a fourth, unidentified ligand implies
that the ligand cis to 3,5-difluoropyridine is chloride. This assignment is further supported
by the close similarity between the chemical shift values of the hydride ligand cis to 3,5-
difluoropyridine and those reported by Tickner et al. for analogous complexes.'® 1F NMR
signals were assigned by comparison with a reference sample of 3,5-difluoropyridine (70 mM

in methanol-dy).
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Figure 3.4: Key couplings observed via 'H-'H 2D NOESY and 'H-'H 2D TOCSY experi-

ments, revealing the connectivity of the ligands in the main active complex.
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Figure 3.5: 'H-'H 2D NMR TOCSY data collected at 263 K and at a field of 7 T. Data
shows scalar couplings between the hydride ligand signals at ¢ - 23.3 and -23.7, confirming

they belong to the same complex.

3.8.2 Characterisation of the Main SABRE Active Species in Samples
with 2,4,6-Trifluorobenzylamine and Dimethylsulfoxide

The characterisation of the main SABRE active species in the sub-stoichiometric regime
for samples containing 2,4,6-trifluorobenzylamine and dimethylsulfoxide was carried out at
263 K in a 11.7 T NMR spectrometer (500 MHz Ascend Bruker Avance III HD console,
BBI probe) and a 7 T NMR spectrometer (300 MHz Fourier Bruker Avance III console,
BBO probe). The sample used for characterisation studies contained 20 mM of 2.4,6-
trifluorobenzylamine, 200 mM of dimethylsulfoxide, and 10 mM of [[rC1(COD)(IMes)| in
methanol-dy. This concentration was chosen as it is close to the upper boundary of the sub-
stoichiometric regime. All concentrations were doubled relative to typical concentrations
to increase the SNR of the measurements. The characterisation experiments comprised
'H pre- and post-activation pulse-and-collect experiments, 'H-'H COSY, 'H-'H NOESY
and 'H-13C HMQC experiments conducted at 11.7 T and F pre- and post-activation

pulse-and-collect experiments conducted at 7 T to assign fluorine resonances. Experiments
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Figure 3.6: 'H-'H 2D NMR NOESY data collected at 263 K and at a field of 7 T. Data
reveals through-space connections between the aromatic protons in 3,5-difluoropyridine at
0 8.55 with signals corresponding to the ortho methyl group in IMes (¢ 2.14) and a methyl
group in dimethylsulfoxide (§ 2.72).
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were generally conducted using standard acquisition parameters from Bruker, and specific

parameters shown in Table 3.3.

20

o—s 16

Figure 3.7: Proposed structure for the active SABRE complex containing 2,4,6-trifluoro-

benzylamine and dimethylsulfoxide. Repeated from Chapter 6 Section 6.3 for convenience.

To characterise the SABRE-active catalyst responsible for the **F NMR hyperpolarised
signals of 2,4,6-trifluorobenzylamine, a series of low-temperature multinuclear NMR, ex-
periments was undertaken. The investigation began by examining the connectivity of the
hydride ligand signals corresponding to the active species, observed at § —23.2 and —24.3
ppm (Figure 3.8). These signals had been previously identified in hyperpolarised experi-
ments conducted at both 1 T and 11.4 T. As noted earlier (Chapter 4, Section 4.3), the
singlet at a higher chemical shift relative to the hydride resonances was attributed to the
HD isotopologue for this complex, further supported by the observation of a triplet at § 4.6
ppm with J = 43 Hz (Figure 3.9).

To explore through-space interactions involving these hydride ligands, a 2D ‘H-'H
NOESY experiment was conducted. It revealed NOE correlations with the ortho methyl
protons of the mesityl group in IMes and the methyl groups of dimethylsulfoxide. The
identity of these ligands was assigned based on their chemical shift values and supported
by 'H-'H 2D COSY experiments, along with both short-range and long-range (J = 145 Hz
and 12 Hz, respectively) 'H-13C 2D HMQC experiments. Key NOE correlations between

these ligands are illustrated in Figure 3.11.
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Table 3.3: Experimental parameters for NMR experiments used in the characterisation of

the sample containing 2,4,6-trifluorobenzylamine and dimethylsulfoxide.

Experiment

Parameters

F1

F2

g

pulse-and-collect

IH.'H 2D COSY

H-13C 2D
HMQC (long

range)

'H-13C 2D
HMQC (short

range)

aliphatic/aromatic

regions
'H-'H 2D
NOESY

pulse programme:

zg30

pulse programme:

cosygpppqf

pulse programme:

hmqcgpq,
coupling: 12 Hz

pulse programme:

hmqegpaq,
coupling: 145 Hz

pulse programme:

noesygpphpp,
mixing time: 0.4

S

Nuclei: 'H, spectral
width: 50 ppm,
transmitter freq. offset:
-10 ppm, acq. time: 2 s
Nuclei: 'H, spectral
width: 10 ppm,
transmitter freq. offset:
4.5 ppm, acq. time: 0.25
s

Nuclei: 'H, spectral
width: 10 ppm,
transmitter freq. offset:

5 ppm, acq. time: 0.25 s

Nuclei: 'H, spectral
width: 10/10 ppm,
transmitter freq. offset:
5/5 ppm, acq. time:
0.25/0.25 s

Nuclei: 'H, spectral
width: 34 ppm,
transmitter freq. offset:

-8 ppm, acq. time: 0.40 s

Nuclei: 'H, spectral
width: 10 ppm,
transmitter freq. offset:
4.5 ppm, acq. time:
0.057 s

Nuclei: '3C, spectral
width: 200 ppm,
transmitter freq. offset:
100 ppm, acq. time:
0.014 s

Nuclei: 13C, spectral
width: 70/50 ppm,
transmitter freq. offset:
35/115 ppm, acq. time:
0.029/0.041 s

Nuclei: 'H, spectral
width: 34 ppm,
transmitter freq. offset:
-8 ppm, acq. time:
0.0.30 s
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Table 3.4: High-field NMR characterisation results for the SABRE active complex contain-
ing 2,4,6-trifluorobenzylamine and dimethylsulfoxide. Repeated from Chapter 6 Section 6.3

for convenience.

Resonance number 5 H 5 13C 5 YF

1 - 160.29 -
2 - - -
3 7.21 122.69 -
4 - 139.90 -
) - 136.49/138.44 -
6 6.94/6.96 128.58/128.72 -
7 - 140.59 -
8 2.13/2.22 18.94/17.95 -
9 2.20 20.45 -
10 -23.2 (d, J = 7.6 Hz) - -
11 -24.3 (d, J = 7.6 Hz) - .

16, 17 3.19/3.21 58.15/46.73 -
18 5.15 -
19 3.90 32.34 -
20 - 112.98 -
21 - 161.26 -
22 6.97 100.03 -
23 - 163.22 -
24 - - -112.45
25 - - -106.45/ -110.77
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Figure 3.8: 'H NMR spectra of the characterisation sample acquired at 11.4 T (263 K),
zoomed in the hydride ligand signal region (4 -9 to -26). Signals corresponding to the main

active species (Figure 3.7) are highlighted and amplified in the dashed box.
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Figure 3.9: 'H NMR spectra of the characterisation sample acquired at 11.4 T (263 K),

zoomed in the ¢ 4.3 to 4.8 region, showing the signal corresponding to HD gas.
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Figure 3.10: 'H-'H 2D NMR NOESY data collected at 263 K and at a field of 11.4 T. Data
reveals through-space connections between the hydride ligand signals at § - 23.2 and - 24.3
with a signal corresponding to the ortho methyl group in IMes (6 2.22) and the methyl
signals in dimethylsulfoxide (4 3.19 and 3.22).
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Additionally, the NOESY spectrum revealed through-space connectivity between the
ortho methyl groups in IMes and a resonance at ¢ 3.90. This signal was assigned to
the methylene group of 2,4,6-trifluorobenzylamine based on hyperpolarised experiments,
further corroborated by both 'H-'H 2D COSY and 'H-'3C 2D HMQC experiments (short-

and long-range, J = 145 Hz and 12 Hz, respectively).

23

25 22

<> 'H-'H 2D NOESY

Figure 3.11: Key through-space couplings observed wvia 'H-'H 2D NOESY experiment,

revealing the connectivity of the ligands in the main active complex.

As with the system containing 3,5-difluoropyridine (Section 3.8.1), no NOE correla-
tions were observed between the IMes and dimethylsulfoxide ligands, suggesting these oc-
cupy trans positions. Furthermore, the absence of NOE couplings between the hydride
ligands, 2,4,6-trifluorobenzylamine, or dimethylsulfoxide with any additional ligands im-
plies that the ligand cis to 2,4,6-trifluorobenzylamine is chloride. This assignment is sup-
ported by the similarity of the hydride ligand chemical shift values to those observed in
the 3,5-difluoropyridine system and those reported by Tickner et al. for analogous com-
plexes. '8 19F NMR signals were assigned by comparison with a reference sample of 2,4,6-

trifluorobenzylamine (60 mM in methanol-dy).
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Chapter 4

Enhancing Low-Field 19F NMR
Sensitivity with SABRE-SHARPER

In this chapter, the combination of SABRE with the multiplet refocusing pulse sequence
SHARPER (Sensitive, Homogeneous, And Resolved PEaks in Real time)'?3 will be explored
as a strategy to further improve the sensitivity of benchtop NMR. This study was done on
a set of test molecules presenting homonuclear and /or heteronuclear J couplings of small to
large magnitudes. 'H and 'F SABRE hyperpolarisation of the test molecules is explored
prior to the combination of 'F SABRE SHARPER. The gains in signal-to-noise ratio
and reduction of peak linewidth will be covered, along with a discussion of the use of
matched filters and background correction tools. The performance of this pulse sequence is
compared to that of proton-decoupled fluorine experiments (19F{ 1H}), a common approach
to eliminate peak splitting produced by heteronuclear J coupling. In the last section of this
chapter, the application of a selective variation of SHARPER, selSHARPER, to a mixture
of analytes will be discussed. The results presented in this chapter have been published

and can be found in reference.!?®
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4.1 Background Theory

4.1.1 SHARPER Pulse Sequence

The SHARPER pulse sequence developed by Jones et al.'% improves the sensitivity of NMR
measurements by eliminating peak splitting due to heteronuclear couplings and producing
narrower linewidths. SHARPER was originally postulated as a tool to improve the efficiency
of reaction monitoring, allowing for smaller sample sizes and more frequent sampling.'%3 In
this pulse sequence, a radio frequency pulse is applied at the chemical shift of the target
signal, after which a short portion of the FID (referred to as an ‘FID chunk’) is acquired.
This is followed by a train of 180° refocusing pulses which are interleaved with half-chunk
acquisition steps. In this way, heteronuclear scalar coupling evolution, and the resulting
peak splitting, are prevented.!%

One of the advantages of this pulse sequence is that it is able to compensate for pulse
imperfections and magnetic field inhomogeneity (ABjy), thus reducing peak linewidths. This
is achieved by acquiring the FID chunks through a Carr-Purcell-Meiboom-Gill (CPMG)
pulse train.!?%191 Ag the contribution of ABj to the effective transverse relaxation time
constant (7% ) is reduced, SHARPER peaks approach their natural linewidths in the absence
of chemical exchange. By removing peak splitting and improving linewidths, SHARPER
significantly increases the signal-to-noise ratio of target peaks.

Another advantage of this pulse sequence is that it eliminates the need for an X-channel
to pulse on the non-active nucleus, making it less hardware demanding. This is particularly
useful for F NMR, as independent 'H and '°F channels or probes that can pulse at both
frequencies simultaneously are seldom seen on benchtop NMR spectrometers. Additionally,
as SHARPER only involves pulsing on the active nucleus, scalar couplings arising from any
other heteronuclei affecting the detected nucleus can be simultaneously eliminated.!%

In its original version designed for high-field implementation (Figure 4.1), shaped pulsed
field gradients (PFG) were applied surrounding the non-selective 180° pulse inside each spin
echo. In some cases, this posed a limitation as not all benchtop NMR spectrometers have

the capacity to perform PFGs.3 Dickson et al. proposed an adaptation of this pulse sequence
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for benchtop NMR spectrometers that renders the use of PFGs unnecessary by adjusting
the phase cycle of the train of 180° pulses.!®* This not only facilitated the application
of SHARPER on benchtop NMR spectrometers, it also reduced the duration of the spin

echoes, and as a consequence, signal loss due to relaxation.

Pracan P AQ/2n % AQ/2n

top . W v W

Gy G -
Gz /\0 AO Go GO
[ VARY In

Figure 4.1: Original SHARPER pulse sequence proposed by Jones et al.'% 90° and 180°
pulses are represented by narrow and wide filled rectangles, respectively. Sine-shaped
pulsed-field gradients (Gg) are applied for 300 us with a truncation of 1%. The phase
cycle is detailed in the original reference.!® Reproduced under a CC-BY licence from Ref.

[103].

4.1.2 Selective SHARPER Pulse Sequence

The application of the previously described SHARPER pulse sequence to a mixture of
components results in the collapse of all resonances into a single peak. In other words,
chemical shift information of each compound is lost. While this approach may be useful in
certain applications, such as determining the total content of a specific group of chemicals,
it is often necessary to differentiate between species in a sample, making it an undesirable
outcome. To avoid this, selective 180° pulses surrounded by PFGs may be applied prior
to chunk acquisition in the initial step and throughout the pulse train (Figure 4.2).1%3 In
this approach termed selSHARPER, the target signal is selected at the initial step and

refocused throughout the pulse train, whilst off-resonance signals are de-phased by the

pulsed field gradients. As a result, only the targeted signal remains after the application of
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selSHARPER.
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Figure 4.2: Original selSHARPER pulse sequence proposed by Jones et al.
selective pulses are represented by narrow filled rectangles, and 180° Gaussian-shaped se-
lective pulses by smoothed empty shapes. The phase cycle and other experimental details
are described in the original reference.!'%® Reproduced under a CC-BY licence from Ref.

[103)].

In the adaptation of selSHARPER to benchtop NMR spectrometers, Dickson et al.
removed the need for PFGs by either using two scans to remove artefacts arising from off-
resonance signals, or by using a more selective 270° Gaussian pulse.'®* Although both of
these approaches proved to be effective in artefact removal, the achieved SNR levels were
ca. 50% of those obtained for the non-selective version. This signal loss can be attributed to
103,104

relaxation, and affects both low- and high-field NMR versions of this pulse sequence,

demonstrating that chemical-shift differentiation comes with a sensitivity penalty.

4.1.3 Optimisation of Data Acquisition and Processing
4.1.3.1 Optimisation of FID Chunk Acquisition Time

A consequence of the piece-like collection of FID chunks is the formation of spectral arte-
facts, which are observed at +n/7 (Hz) intervals from the target frequency, with 7 being
the chunk acquisition time and n an integer number (n = 1, 2, 3, etc.). These arise from
the periodic drop in amplitude of the FID signal in between acquisition steps due to 15

relaxation, as well as the evolution of scalar couplings during acquisition.
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The drop of FID signal is exacerbated by longer pulses within the spin-echo train, as well
as by longer acquisition chunks. For example, Jones et al. compared the relative intensity
of the sidebands (main artefacts on either side of the target signal) and the target signal
when increasing the chunk length in selSHARPER experiments.'®® This study showed that
sidebands can account for 37% of the combined artefact/target signal area for 7 = 40 ms
versus 2% for 7 = 5 ms. Interestingly, although the SNR decreased with longer 7 values,
the sum of the integrals of the sidebands and the target signal remained largely unchanged
when chunk length varied; it was the proportion of signal leached to the sidebands that
increased with chunk length. It is therefore recommended that the sidebands are included
in the integration step for quantitative applications.'%

Careful chunk length optimisation is crucial for molecules containing large J couplings,
as magnetisation evolution due to J coupling happens quickly during acquisition steps.
If this evolution time is restricted by reducing 7, J coupling splitting can be efficiently
removed. In order to achieve this, chunk lengths should comply with Eq. 4.1. When
molecules exhibit large J couplings, this may involve very short chunk lengths resulting in
an increase in pulsing frequency. This is more straightforward to achieve at lower magnetic
fields, as duty cycle requirements are less stringent due to a decrease in power deposition.
Another advantage of shorter chunk lengths is that it can better compensate for magnetic
103

field inhomogeneity effects.
T<1/(4J) (4.1)

The arguments presented in the previous paragraphs suggest that shorter chunk lengths
are beneficial and should be opted for, provided duty cycle requirements are met. There is
however a disadvantage of using short 7 values: it can lead to increased line broadening.!%4
This is a consequence of using a greater amount of spin-echos to acquire the same amount
of points, during which relaxation takes place. This partially counteracts the linewidth-
narrowing quality of SHARPER by adding a contribution to 75, resulting in a SHARPER-
specific effective transverse relaxation time constant Ty (T > Tb). The use of longer
selective pulses during the spin-echo pulse train exacerbates this problem. It becomes

evident that a balance must be struck between SNR gains and line broadening.
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4.1.3.2 Improving Signal-to-Noise Ratios with Post-acquisition Processing

Another strategy used to increase the SNR of SHARPER signals is the use of matched
filters. This post-processing tool involves multiplying the obtained FID by an exponential
function with a time decay matching that of the FID envelope.!?? In this way, the FID is
weighted in a way that minimises the noise contribution towards the end of the acquisition

window, thus producing an increase in SNR. For SHARPER experiments, Dickson et al.

S

1/2), where

proposed the use of a matched filter following T as a time decay (exp(—mt A

Ay = 1/nTy) to maximise SNR (Figure 4.3).!

Figure 4.3: Schematic representation of the use of matched filters during post-acquisition
processing. Multiplication of the original FID signal (in Volts, V) by an exponential function
with a time decay following T5 (A o =1 /7Ty, red) (a) produces a new FID with reduced

noise as the signal decays (b).

A further v/2-fold SNR improvement can be achieved by removing the imaginary part
of the spectrum. This approach requires adjusting the receiver phase of the spectrometer
to acquire the real part of the spectrum. By doing so, only noise is collected through the
imaginary channel which can be discarded post acquisition. Not only does this increase

SNR, but it also reduces the intensity of SHARPER artefacts.!0

4.2 Choice of Test System

The compounds used to test the efficacy of SABRE-SHARPER, shown in Figure 4.4, were

chosen as they represent diverse scalar coupling scenarios. For example, fluorine spectra for
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3,5-difluoropyridine (DFP, 1) revealed a medium strength heteronuclear coupling constant
of 3Jgr = 9 Hz (meta-F and para-'H), whereas 3-(difluoromethyl)pyridine (DFMP, 2)
exhibited a larger heteronuclear coupling constant of 2Jgr = 55 Hz (1F and 'H in — CFoH
group), as determined by pulse-and-collect *H and '°F NMR experiments at 1 T (Chapter
3, Section 3.3). The more complex system 3,4,5-trifluoropyridine (TFP, 3) revealed two
distinct 9F resonances with both homonuclear and heteronuclear J couplings: 3Jpp = 8
Hz (ortho-'H and meta-'"F ) and 3Jpp — 18 Hz (YF nuclei in meta and para positions).
The diversity of J coupling regimes in this set of test molecules was ideal to assess the

robustness of SHARPER.

H H F F
H
F | F H | X . F | F
= — =
H™ °N” TH H™ N7 TH H™ "N” "H
3,5-difluoropyridine  3-(difluoromethyl)pyridine  3,4,5-trifluoropyridine
1 2 3

Figure 4.4: Test molecules used for SABRE-SHARPER experiments: 3,5-difluoropyridine
(DFP, 1), 3-(difluoromethyl)pyridine (DFMP, 2), and 3,4,5-trifluoropyridine (TFP, 3).

A second factor that led to this choice of test molecules was that they were expected to
hyperpolarise through SABRE in an efficient way. Efficient 'H and 'F SABRE hyperpo-
larisation of a range of fluoropyridines has been demonstrated before.'34152:193 The position
of the fluoro substituents has been shown to be a determinant factor on hyperpolarisation
efficiency, as substituents in the ortho position can prevent binding to the catalyst due
to steric hinderance.'% Therefore only meta and para substituted pyridines were chosen.
Additionally, as these molecules exhibit vastly different scalar couplings, the effective J
coupling of the active SABRE complex was expected to vary, leading to different optimal

hyperpolarisation conditions.
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4.3 SABRE Hyperpolarisation of Test Molecules

4.3.1 'H SABRE Hyperpolarisation

Prior to the application of SHARPER, the SABRE activity of DFP, DFMP and TFP was
tested. Samples containing 100 mM of substrate (either DFP, DEFMP or TFP) and 5 mM of
the standard SABRE pre-catalyst [IrC1(COD)(IMes)| in methanol were prepared according
to the procedure described in Section 3.1.1 (Chapter 3). SABRE-hyperpolarised spectra
of these samples were obtained through standard shake-and-drop experiments followed by
benchtop NMR acquisition at 1T, as described in Sections 3.2 and 3.3 (Chapter 3). Ex-
perimental parameters such as substrate and pre-catalyst concentrations or sample shaking
time were chosen based on what is common practice and known to be suitable for efficient
polarisation.®3135 A polarisation transfer field of 6.2 mT was chosen for '"H SABRE exper-
iments as this is within the field region shown to be effective for this nucleus, as discussed
in Section 2.2.2.3. Under these conditions, all three molecules exhibited good 'H SABRE
hyperpolarisation levels as evidenced by their area enhancement factors, e1yy (Section 3.7.2,
Chapter 3). These values were (3000+300), (17404+60) and (720£60) for DFP, DFMP, and
TFP, respectively as shown in Figure 4.5. Although it was deemed unnecessary based on
these results, optimisation of experimental parameters such as substrate and pre-catalyst
concentration has been shown to improve enhancement levels,3%151,158,194

Although the efficiency of SABRE, and other hyperpolarisation methods, is typically
measured in terms of an area enhancement factor (¢), this metric would not demonstrate the
benefit of using SHARPER accurately as SHARPER improves signal height but preserves
signal area. In order to describe the sensitivity-enhancing properties of both SABRE and
SHARPER in similar terms, signal-to-noise ratio enhancement factors (egyg, Sections 3.7.1
and 3.7.2, Chapter 3) were used. This translates to egy g values of 1200, 600, and 1400 for
DFP, DFMP, and TFP respectively, relative to non-hyperpolarised spectra.

Inspection of the hydride section of the 'H NMR spectrum in SABRE experiments
acquired at 1 T (Figure 4.6) revealed a single hyperpolarised species appearing in each

case. For DFMP and TFP, these species appeared as broad singlets at § -22.9 and § -24.6,
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Figure 4.5: Comparison of reference non-hyperpolarised (top) and SABRE-enhanced (bot-
tom) 'H benchtop (1 T) NMR spectra (§ 9 to 6.5) of 100 mM of (A) DFP, (B) DEMP, and
(C) TFP with 5 mM SABRE pre-catalyst in methanol. Baseline distortion observed at ca.

4 6 in non-hyperpolarised spectra arises from the intense hydroxyl signal from the solvent.

respectively. These correspond to an equatorially symmetric complex, such as the tris-
substituted species of general formula [Ir(H)a(IMes)(L)3] ™ (L: DEMP or TFP). In contrast,
the active SABRE species corresponding to DFP appeared to be a partially overlapped pair
of anti-phase doublets, for which chemical shift values of § -24.2 and -24.8 were estimated.
The presence of a pair of doublets is indicative of chemically non-equivalent hydride ligands,
suggesting that an equatorially asymmetric complex, i.e. one containing two different
ligands in the equatorial plane, was present.

Non-hyperpolarised high-field NMR experiments at lower temperatures (11.7 T, 263 K,
Figure 4.7) were conducted on analogous samples prepared in methanol-dy and activated as
described in Section 3.2 (Chapter 3). These experiments revealed the presence of additional
hydride signals, which were likely not observed at 1 T due to their reduced SABRE activity.
Furthermore, these experiments provided information on the relative amount of each species
in solution. For example, a symmetric species was the main product only when DFMP was
used as a substrate (HH-I, Figure 4.7B). Conversely, in samples containing DFP and TFP

there was a relatively even distribution of the symmetric complex (HH-I) and additional
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Figure 4.6: SABRE hyperpolarised 'H NMR spectra acquired at 1 T of samples containing
100 mM of either DFP (a), DFMP (b), and TFP, and 5 mM of [IrCl(COD)(IMes)| in
methanol. Highlighted signals correspond to the hydride ligands of the main SABRE active

species in each sample.

equatorially asymmetric species (HH-II, Figure 4.7A and C).

The formation of asymmetric species was reported by Olaru and co-workers when using
DFP and other fluoropyridines as substrates, who proposed [Ir(H)a(IMes)(L)o(MeOH)| "
(L: DFP, 3-fluoropyridine or 5-fluoropyridine-3-carboxylic acid, MeOH: methanol) as its
formula.'®® SABRE species containing methanol as a ligand have been reported before
when pyridine was used as a substrate.8%161:19519 Gimjlar hydride signals were observed
in a SABRE study carried out by Tickner et al. which explored 3,5-dichloro- and 3,5-
dibromopyridine as substrates.!®® However, the signals reported in this work were at-
tributed to the formation of the neutral complex [IrCl(H)2(IMes)(L)2] (L: 3,5-dichloro-

or 3,5-dibromopyridine).
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The presence of a singlet at higher chemical shift values relative to each hydride sig-
nal is indicative of the formation of a [Ir(H)(D)(IMes)(L)3]" species, further supported by
the formation of HD gas (triplet at § 4.6 with J = 43 Hz).'46:157:197 Ag the only source
of deuterium in solution is methanol-dy, this suggests that a species with the formula
[Ir(H)2(IMes) (L)2(MeOD)] " (where MeOD is methanol-dy) was indeed formed, driving the
hydrogen isotope exchange process. Such behaviour has been previously reported and has
been linked to deuteration of pyridine based substrates.'®2198 The relative proportion of HD
to HH in samples containing DFP and TFP versus that containing DFMP is consistent with
this analysis: more H/D exchange is expected when the methanol-ds-containing species is
prevalent. The formation of methanol containing complexes has been linked to a decrease in
SABRE activity. Eshuis et al. observed that pyridine hyperpolarisation was reduced when
the formation of the methanol containing species was favoured at lower pyridine to cata-
lyst ratios in high-field NMR spectroscopy.®! Interestingly, 'H NMR SABRE experiments
with DFP at 1 T using protio methanol showed hyperpolarisation only for the equatorially
asymmetric species containing methanol, demonstrating this species is SABRE active. In
fact, DFP showed the highest e1}; out of the tested fluoropyridines, suggesting that hyper-
polarisation was not hindered by the presence of methanol. One potential explanation for
this discrepancy is that while methanol-dy, commonly used as a solvent in high-field NMR,
experiments, would induce deuteration of the substrates resulting in a decrease in SABRE
activity, protio methanol would not.

The preferential formation of the methanol-containing species for samples containing
DFP and TFP is presumably a result of the lower stability of the tris-substitutes species.
One factor that may lead to instability in the tris-substituted species is weaker iridium-
substrate binding due to a lower electron density on the binding atom. The electron density
of aromatic rings with halogen substituents directly attached to them is influenced by two
opposing effects. On one hand, the high electronegativity of halogen atoms results in an
electron-withdrawing inductive effect, which is exacerbated as the number of substituents
increase.'¥ On the other hand, the presence of substituents with a lone pair of electrons

(e.g. fluorine) directly attached to the ring can increase the electronic density through
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Figure 4.7: Comparison of "H NMR spectra acquired 11.7 T (263K) of samples containing
100 mM of DFP (A), DEFMP (B), or TFP (C) and 5 mM of [IrC1(COD)(IMes)] in methanol-
dy. Signals corresponding to non-deuterated (HH) and partially deuterated (HD) SABRE
complexes with equatorially symmetric (I, here represented as a tris-substituted complex)
or asymmetric (II) configurations are indicated with arrows. L represents a fluoropyridine

ligand (DFP, DFMP, or TFP) and X an alternative ligand such as methanol-dj.
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conjugation.’® This favours a higher electronic density in the para position relative to
the substituent, which would increase the electron density on the binding nitrogen in TFP.
Given the high electronegativity of fluorine, the inductive effect outbalances the conjugating
effect, ' making DFP and TFP electron-poor ligands. In the case of DFMP, as the fluorine
substituents are further removed from the ring, their effect is less significant. The lack of a
conjugated system connecting the lone pair of electrons in fluorine and the aromatic ring
hinders electron donation, and inductive effects are weaker as bond distances increase. This
may explain why the formation of the tris-substituted species is not favoured for DFP and
TFP, as opposed to DEMP (HH-I, Figure 4.7).

Despite the structural similarities of the tested substrates, €1y values for DFP, DEFMP
and TFP were vastly different. A key factor in terms of SABRE efficiency, as described in
Section 2.2.2.3 (Chapter 2), is the substrate dissociation rate constant, kp, which should
be close to 4.5 s~ ! for optimal 'H enhancements.!®®1%° This dissociation rate constant
can be greatly affected by electronic and steric effects in the SABRE complex, such as
the ones described above.”6198:194 Tn order to better understand the compounded impact
of electronic and steric effects on 'H hyperpolarisation efficiency for all three substrates,
determining dissociation rates via exchange spectroscopy (EXSY) experiments would be

necessary. However, this was considered beyond the scope of the current study.

4.3.2 'F SABRE Hyperpolarisation

In order to optimise '°F hyperpolarisation conditions for these substrates, fluorine-detected
SABRE experiments following the previously outlined procedure (Sections 3.1.1 and 3.2,
Chapter 3) were carried out using three different polarisation transfer fields: 6.2 mT, the
Earth’s magnetic field outside the spectrometer (~ 50 uT), and the field inside a p-metal
shield. Figure 4.8 presents SABRE-enhanced '°F benchtop NMR spectra for DFP, DEMP,
and TFP using the optimal polarisation transfer field for each substrate. Fluorine enhance-
ment factors (e19p, Section 3.7.2, Chapter 3) at these PTFs were as follows: (270 + 20)
for DFP, (200 + 10) for DFMP, and (1080 4 30) for TFP. Expressed as SNR gains, °F
esnR values of 210 + 10, 240 4+ 20, and 360 + 40 were observed for DFP, DFMP, and TFP,
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respectively. While the presented proton and fluorine enhancement factors did not follow
the same trend relative to the chemical structure of the substrates, it is noted that as the
optimised conditions under which these were obtained varied in each case, a direct com-
parison is not possible. Nevertheless, a comparison between fluorine enhancement factors

is presented in the next paragraph.
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Figure 4.8: Comparison of SABRE-enhanced and thermally-polarised 'F benchtop NMR
spectra of samples containing 100 mM of DFP (A), DFMP (B), and TFP (C) and 5 mM
of [IrCI(COD)(IMes)| in methanol. All SABRE spectra were acquired with a single scan.

The vertical scale of the thermal spectra was increased to aid visualisation.

For DFP and TFP, optimal polarisation transfer took place at the Earth’s magnetic
field. These findings are in agreement with reports by Chukanov et al. who studied SABRE
polarisation transfer mechanisms for 3-fluoropyridine and proposed that at milli-tesla fields
(e.g. 6.2 mT), the polarisation is transferred from the hydrides to the protons of the
substrate and then relayed to the fluorine nuclei, which is highly inefficient. When using
micro-tesla fields, such as 50 pT, polarisation transfers from the hydrides to °F nuclei
directly, yielding higher signal enhancements.!3*

Interestingly, results for DFMP did not follow this trend, which showed an optimal PTF
of 6.2 mT. At the Earth’s magnetic field, enhancements for DFMP were lower and presented
an anti-phase profile (Figure 4.17). This discrepancy may be explained by the presence of

a large 2.J m,r coupling (55 Hz) found in the difluoromethyl group in DEMP, which results
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in a larger effective J coupling (Jesy) for this system. As discussed in Section 2.2.2.3
(Chapter 2), polarisation transfer occurs most efficiently at a PTF for which the difference
in frequency between hydrides and the target nuclei is matched to J.yy. Therefore, larger
signal enhancements may be expected for DEFMP at higher PTFs.

Generally speaking, 'H enhancement factors were significantly larger than those ob-
served for 19F. Similar results were obtained in high-field °F SABRE hyperpolarisation
experiments. 34152193 For example, Shchepin et al. reported proton enhancement factors
for 3-fluoropyridine at 9.4 T that were more than twice as high as those observed for
fluorine: e1; = 215 vs. c19p — 93.192 This is likely a reflection of a less efficient polarisa-
tion transfer pathway from the hydrides ligands to the fluorine nuclei, versus the proton
ones. Direct polarisation transfer from hydrides ligands to fluorine is mediated through a
5 (or 6 for DFMP) bond J coupling, which is expected to be small (°Jyr ~ 0.34 Hz in

134) "making polarisation transfer inefficient.

3-fluoropyridine

Remarkably, TFP exhibited a !°F enhancement factor surpassing not only its proton
equivalent, 1j7, but also €19y values for DFP and DFMP. One simple explanation for this
could be that TFP has the lowest ratio of 'H /!F nuclei, which would minimise spin
dilution and 'F to 'H cross polarisation for this substrate. It is also possible that the
larger enhancement factor observed for TFP is a result of the additional fluorine atom in
this substrate, creating electronic effects that improve SABRE efficiency for this system, as
discussed in Section 4.3.1.

Further signal-to-noise ratio improvements could be achieved for these test molecules
if peak splitting due to scalar coupling and field inhomogeneity effects were removed by

SHARPER. In the next section, SABRE-SHARPER is investigated as a route to achieve
further SNR gains in 'F NMR measurements.

4.4 YF SABRE-SHARPER on Test Molecules

The combined signal-enhancing effects of SABRE and SHARPER were evaluated by replac-

ing the pulse-and-collect acquisition scheme used in the SABRE shake-and-drop protocol
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(described in the previous section) with a SHARPER acquisition scheme. The SHARPER
pulse sequence was based on the benchtop NMR version published by Dickson et al.'%* and
is shown in Figure 4.9. Experimental parameters for this pulse sequence can be found in
Section 3.3.3 (Chapter 3). Importantly, it was only possible to implement SHARPER for
9F measurements. This is due to the fact that "H NMR spectra of SABRE samples contain
signals from sources other than the target molecule, e.g. catalyst and solvent signals. As
SHARPER is non-selective, its application to 'H would result in the collapse of all signals,
irrespective of their origin, into a single peak. In contrast, 'YF NMR spectra for SABRE
samples containing DFP, DFMP, or TFP only exhibit signals from the test molecule, mak-
ing it ideal to evaluate the performance of SABRE-SHARPER. In Section 4.5, a strategy

to differentiate signals from different molecules is presented.
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Figure 4.9: Pulse sequence diagram for SHARPER. The filled and empty rectangles repre-

sent 90° and 180° non-selective pulses, respectively. The chunk time is defined as 7 = Ndt,
where N is the number of points per chunk and 6t is the dwell time. The total acquisition

time is tqeq = (n + 1/2)7, where n is the total number of loops. ¢1= x; Y2 = y; ¢ = x.

The performance of SHARPER was initially tested on non-hyperpolarised samples of
DFP, DFMP, and TFP using 7 = 3.2 ms. As shown in Figure 4.10, peak splitting was
removed to yield a single peak for all three test molecules. As a result, SHARPER resulted
in signal-to-noise enhancement factors of 11, 17 and 4.3 for DFP, DFMP, and TFP , re-
spectively. It is worth noting that for TFP, not only were heteronuclear couplings (Jgr)
removed, but also peak splitting due to homonuclear scalar coupling (Jrr) and chemical
shift differentiation of the meta and para fluorine atoms.

A matched filter corresponding to T was applied to the SHARPER spectra to maximise
SNR gains. TZS and linewidth values (Af /2) obtained prior to the application of the matched
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filter are shown in Table 4.1 (Section 3.4.1, Chapter 3). In most cases (DFP and DFMP),
linewidths were extremely low, suggesting a value close to their natural linewidths was

achieved. Although application of the matched filters doubles the linewidth (A?

T/2); s

shown in Figure 4.10, these values were still very low compared to typical optimal linewidths
achieved for the benchtop NMR spectrometer (~ 0.5 Hz). The comparatively larger AY 1o
observed for TFP was thought to be a consequence of the complex combination of effects

producing the peak splitting (Jgr, Jrr, and chemical shift differences).
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Figure 4.10: Non-hyperpolarised SHARPER 'F benchtop (1 T) NMR spectra of samples
containing 100 mM of DFP (A), DFMP (B), and TFP (C) with 5 mM of [IrC1(COD)(IMes)]
in methanol. Full width at half maximum values for the SHARPER spectra include the
effects of the matched filter. egypr values for DFP, DFMP, and TFP are 11, 17 and 4.3,
respectively. SHARPER spectra were acquired using the pulse sequence in Figure 4.9 with

a chunk time of 7 = 3.2 ms and ¢1= 2x, 2(-x), 2y, 2(-y); w2 = 2(y,-y), 2(x,-X); ¥ = 1.

The combination of SABRE and SHARPER on samples containing DFP, DFMP, and
TFP is shown in Figure 4.11. Similarly to what was observed in non-hyperpolarised experi-
ments, all splitting was removed from the SABRE-hyperpolarised signals to produce a single
resonance. A comparison of the SNR with SABRE (Figure 4.11 A-C) and with SABRE-
SHARPER (Figure 4.11 D-F) shows that SHARPER provides SNR enhancement factors in

SABRE experiments that are on the same order as those observed for non-hyperpolarised
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Table 4.1: TQS and Af /2 values for single-component samples

1 2 3*
Experiment
P T5 AT, Ty AY, Ty AY, Ty Af,
/ms /Hz /ms /Hz /ms /Hz /ms /Hz
SHARPER 1860 &30 0.17 3330 &40 0.10 146 £ 7 2.18 470 &£ 10 0.68
SABRE-
328 + 2 0.97 1694 £+ 2 0.19 153 £+ 2 2.07 545 + 2 0.58
SHARPER
*17 = 0.8 ms
experiments: 8.9 for DFP, 17 for DFMP, and 7.2 for TFP.
A PTF ~ 50 uT B PTF=6.2mT c PTF ~ 50 uT
H H F F
H
FAF H | N <E F ‘ N
|
H” N7 H H”ONT H H™ONT H
1 2 3
SNR = 900 + 20 SNR = 1370 + 80 SNR = 960 £ 100
D E F
A= 1.93 Hz A,,=0.38 Hz A= 4.16 Hz
SNR = 8000 + 200 SNR = 23400 + 600 SNR = 6900 + 500
A21 424 27 30 At 14 -7 420 148 451 154 157
5("F)/ppm 3("“F)/ppm 5("F)/ppm

Figure 4.11: Comparison of SABRE (A-C) and SABRE-SHARPER (D-F) F benchtop (1
T) NMR spectra of samples containing 100 mM of DFP (A, D), DEMP (B, E), or TFP (C,

F) and 5 mM of [IrCI(COD)(IMes)| in methanol. All spectra were acquired in a single scan

and were apodised by a matched exponential filter (Section 3.4.1, Chapter 3). The SNR

values represent averages over three repeat experiments. Full width at half maximum values

are shown for the SABRE SHARPER spectra. The linewidths are effectively double the

fundamental SHARPER linewidth due to the application of the matched filter. Individual

traces were magnified as required to aid visualisation.
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Generally speaking, the linewidths obtained for SABRE-SHARPER experiments were
larger than those observed for non-hyperpolarised SHARPER experiments. For example,
when performing SABRE-SHARPER on samples containing DFP, a linewidth of 0.97 Hz
is obtained prior to applying a matched filter. This is roughly 5 times larger than the
linewidth obtained for non-hyperpolarised experiments on DFP (0.17 Hz, Table 4.1). This
line broadening effect could be explained by the chemical exchange of the substrates between
their catalyst-bound and free states. Additionally, line broadening could potentially be due
to the presence of hyperpolarised higher-order spin states (e.g. two-spin order PRy
states) arising from the p-Hs singlet state. Such spin states behave differently under the
train of pulses, meaning their refocusing may be less effective, therefore contributing to a
broader signal. Despite this, an impressive 1900-fold increase in SNR was achieved by the
combined effects of SABRE and SHARPER.

As for DFMP, the application of SABRE-SHARPER produces an extremely narrow
linewidth of 0.19 Hz. This value is only marginally greater than the one obtained for
non-hyperpolarised experiments (0.10 Hz, Table 4.1), implying that the hyperpolarisation
process has a minimal line-broadening effect. Remarkably, a small linewidth was obtained
even when a large 55 Hz heteronuclear scalar coupling was present, highlighting the ro-
bustness of SHARPER. Overall, an SNR enhancement by a factor of 4100 was obtained by
SABRE-SHARPER relative to thermally-polarised spectra.

In the case of TFP, SHARPER removed the chemical shift difference (1.9 ppm, 75 Hz)
between meta and para fluorine resonances, as well as the splitting due to heteronuclear
(Jur) and homonuclear (Jpp) scalar couplings. The removal of the homonuclear scalar
coupling was unexpected for the non-selective version of SHARPER, as these are not refo-
cused by spin-echo structures, unlike heteronuclear couplings.'%® However, if the period of
time during which evolution under Jpp (i.e. chunk length) is minimised, splitting would be
reduced. The broad linewidths observed for TFP in hyperpolarised and non-hyperpolarised
SHARPER experiments (2.18 Hz and 2.08 Hz respectively), were thus attributed to the in-
complete refocusing of the large homonuclear J coupling (}Jpp = 18 Hz), in addition to

chemical shift evolution.
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To test the validity of this, a SABRE-SHARPER spectrum for TFP was acquired using
a much shorter chunk time of 7 = 0.8 ms. It is worth noting that by reducing chunk
length, the time between r.f. pulses is also reduced, making energy dissipation during the
pulse train less efficient. However, as r.f. pulses require less power in low-field NMR,
less stringent duty cycle requirements are needed compared to high-field NMR. SABRE-
SHARPER FIDs and spectra for TFP using chunk lengths of 7 = 3.2 ms and 7 = 0.8 ms
are shown in Figure 4.12. An increase in the effective relaxation time 7% from 154 ms
to 547 ms was observed when decreasing chunk lengths. This translates to a reduction of

linewidth from A%, = 2.10 Hz to AS

1/2 12 = 0.58 Hz, prior to the application of matched

filters. Interestingly, Peat et al. conducted a comparable study examining the relationship
between chunk length in SHARPER and effective relaxation, concluding that longer chunk
durations result in larger T values.?? As the chunk times employed in their work (7 = 0.1
to 0.4 ms) were significantly shorter than those used in the present work, the discrepancy
in findings is proposed to stem from differing sources of line broadening. While Peat et al.
suggested that extended chunk times enhance T: QS by reducing relaxation losses associated
with more frequent pulsing,?’? the broader linewidths observed in Figure 4.12 are thought
to reflect incomplete refocusing of the strong homonuclear J coupling in this system when
using comparatively longer chunk times (7 = 3.2 ms). Notably, reducing the chunk duration
more than doubled the SNR of SABRE-SHARPER for TFP, increasing from (6900 £ 500) to
(15000 % 1000), and yielding an overall 5700-fold SNR enhancement relative to a standard
9F pulse-and-collect experiment. This is the largest observed SNR gain out of the set of
test molecules, which is unsurprising given that this molecule exhibits a complex splitting
pattern which greatly diminishes the SNR in a ?F NMR experiment. It is worth noting,
that no additional SNR gains were observed for DFP or DFMP when chunk length was
decreased below 3.2 ms.

Generally speaking, the use of short chunk lengths for samples containing DFP, DFMP,
and TFP contributed to the appearance of fewer chunking artefacts. Such a strategy
was however not effective against off-resonance artefacts arising from a '°F background

signal at § -72 introduced by the probe of the spectrometer employed in these experiments.
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Figure 4.12: Comparison of YF SABRE-SHARPER FIDs (A, C) and F NMR spectra at
1 T (B, D) of a sample containing 100 mM of TFP with 5 mM OF [IrCl(COD)(IMes)] in
methanol, acquired with chunk lengths of 7 = 3.2 ms (A, B) and 7 = 0.8 ms (C, D). Spectra
were acquired in a single scan and were apodised by matched exponential filters (Section
3.4.1, Chapter 3). The SNR values represent averages over three repeat experiments. Full
width at half maximum values are shown for the SABRE-SHARPER spectra and include

the effects of apodisation.

As stated in Section 4.1, scan averaging with adequate phase cycling can help reduce

the appearance of such artefacts,!0

but this approach is incompatible with shake-and-
drop experiments. Nevertheless, the transient nature of SABRE-hyperpolarised signals
can be exploited to remove off-resonance artefacts from non-hyperpolarised signals. By
acquiring a non-hyperpolarised reference scan with opposite phase and averaging with the
hyperpolarised spectrum in post-processing, such artefacts are effectively removed as seen
in Figure 4.13. For this strategy to be successful, the SNR of the non-hyperpolarised
SHARPER signal must be much smaller than the hyperpolarised one, otherwise partial

cancellation of this signal can be expected. Additionally, as the reference scan contributes

in noise but not in hyperpolarised signal, the overall SNR, after background correction will
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necessarily be lower. Therefore, this strategy should only be applied when background
signals produce a significant interference in the SABRE-SHARPER spectrum.

A
With reference scan correction

B
Without reference scan correction

-6|0 -8|0 -160 -1|20 -"40
5("“F)/ppm

Figure 4.13: Comparison of F NMR SABRE-SHARPER spectra acquired with (top) and

without (bottom) a second reference scan to remove the effect of off-resonance artefacts that

originate from background 'F signals from the probe at ¢ -72 (shown with an asterisk).

The reference scan is acquired with a change in phase of the refocusing pulses in the loop

by 180°.

It is common practice to simplify spectra by removing heteronuclear scalar coupling
through decoupling of the nucleus responsible for the splitting. In this case, that would in-
volve doing proton decoupling to '*F measurements, which is not straightforward to achieve
in benchtop NMR as it requires simultaneous pulsing at proton and fluorine frequencies us-
ing the same coil. Nevertheless, 19F~{1H} can be achieved by interleaving proton decoupling

using an MLEV sequence?

Ol and fluorine detection. In order to compare this approach with
SHARPER, SABRE-enhanced F{'H} spectra were acquired for DFP, DFMP, and TFP,
as shown in Figure 4.14. Although these results show that spectra are indeed simplified
by proton decoupling, it did not result in SNR gains. It is also worth noting that, unlike
SHARPER, this approach to spectral simplification is only effective when heteronuclear J

couplings are the only source of peak splitting. In addition to that, this implementation of
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YE{IH} was found to be lacking as spectra showed significant peak and baseline distortions

for DFP and DFMP, which could not be minimised by parameter optimisation.
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Figure 4.14: Comparison of SABRE-enhanced '°F benchtop (1 T) NMR spectra of samples
containing 100 mM of DFP (A), DFMP (B), and TFP (C) with 5 mM [IrCl(COD)(IMes)]
in protio methanol. (top) Standard F SABRE acquisition; (bottom) "F{'H} SABRE

acquisition.

4.5 19F SABRE-selSHARPER for Mixture Analysis

The usefulness of the non-selective SHARPER. version discussed so far is applicable to a
limited set of analytical problems. The collapse of peak splitting in resonances from a
single compound to increase SNR is an example of such, as shown in the previous section.
This approach could also be highly advantageous when all resonances in the spectra belong
to a class of chemically related compounds and a determination of the total content of
such a class is sought. In most other cases, the spectra show an assortment of resonances
arising from different compounds in the sample and differentiation of these is crucial. This
can be accomplished by using the selective variation of SHARPER, termed selSHARPER,
which can selectively excite the target resonance before SHARPER is applied.'%%1%4 In this

section, the results of the combination of selSHARPER and SABRE hyperpolarisation on
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a mixture of DFP and DFMP is presented.

As discussed in Section 4.1, the original selSHARPER pulse sequence (Figure 4.2)
introduces two modifications to the non-selective variation. First, it utilises a PFG spin
echo structure with a selective 180° instead of the initial 90° pulse. Secondly, it utilises a
train of selective inversion pulses surrounded by PFGs which is interleaved with FID chunk
acquisition.!9® The first modification selects the target signal to refocus, whilst the train
of selective pulses preserves this resonance, de-phasing off-resonance signals, and refocuses
homonuclear couplings.

Dickson et al. proposed adaptations of this pulse sequence, which either restricted
the use of PFGs to just the initial selection step, or removed them altogether. The latter
variation makes selSHARPER better suited to benchtop NMR spectrometers without PFG
capabilities.'% By removing PFGs within the train of inversion pulses (Figure 4.15A), a
shorter delay can be used between chunk acquisition steps, minimising relaxation effects
leading to improved line narrowing and minimising signal loss. Although the sensitivity of
these variations was better than the original version with PFGs inside the acquisition loop,
a ca. 50% loss of SNR relative to the non-selective version was observed in all cases.!%

The selSHARPER variation without PFGs inside the pulse train (Figure 4.15A) and
a 5 ms Gaussian pulse was tested on a SABRE sample containing 50 mM each of DFP
and DFMP and 5 mM of [IrCl(COD)(IMes)| in methanol. The sample was prepared and
hyperpolarised using the shake-and-drop technique following the procedure detailed in the
previous section. Signal-to-noise enhancements for DFP and DFMP were less than half of
the values observed for non-selective SHARPER: 2.7-fold for DFP and 7.3-fold for DFMP
(Figure 4.16). Added to this, linewidth values increased from 0.97 Hz to 3.24 Hz for DFP
and from 0.19 Hz to 1.11 Hz for DFMP when compared to non-selective SHARPER (Tables
4.1 and 4.2). This is a clear reflection of an increased effective relaxation (lower Ty, Table
4.2) resulting from the long selective pulses inside the acquisition loops, which also cause
signal loss.

Signal loss and line broadening could then be reduced if non-selective inversion

pulses were used in the refocusing pulse train (Figure 4.15B). As this variation, termed
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Figure 4.15: Pulse sequence diagrams for A) sel]SHARPER and B) selSHARPER HPT.
The filled rectangles represent 90° non-selective pulses, while the smoothed empty shape
depicts a selective Gaussian 180° pulse. The chunk time is defined as 7 = NJt, where N
is the number of points per chunk and ¢t is the dwell time. The total acquisition time is

tacq = (n+1/2)7, where n is the total number of loops.

sel]SHARPER HPT for clarity (HPT: hard-pulse train), retains the inversion Gaussian
pulse in the first step, the selective properties for this pulse sequence are preserved, mak-
ing it suitable for mixture analysis. A fully non-selective variation of SHARPER using
a similar hard-pulse train for diffusion-ordered NMR spectroscopy experiments has been
published.?%° Additionally, the selectivity of selSHARPER HPT can be adapted to more
challenging mixtures, i.e. signals in close proximity, by increasing the duration of the ini-
tial selective pulse. As this only increases the duration of the first inversion pulse, the
sensitivity penalty would be far less to that observed for the fully selective SHARPER ver-
sion. The selective pulses inside the pulse train serve the additional purpose of removing
homonuclear J couplings. However, as seen for the case of TFP in the previous section,
by keeping chunk length sufficiently small the same refocusing effect can be achieved using

selSHARPER HPT without the sensitivity penalty.
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Figure 4.16: SABRE-selSHARPER experiments on a mixture of DFMP (A) and DFP
(B) (50 mM of each) with 5 mM of [IrCl(COD)(IMes)| in methanol. The sel]SHARPER
experiments were performed using selective pulses inside the loop. SABRE spectra were
acquired with (A) PTF = 6.2 mT and (B) PTF ~ 50 uT. Full width at half maximum
values for the SHARPER spectra include the effects of the matched filter. (Section 3.4.1,
Chapter 3)

The results showing the performance of selSHARPER HPT with the SABRE-enhanced
mixture of DFP and DFMP described previously are shown in Figure 4.17. The signals
arising from these molecules are separated by 11.1 ppm (~ 450 Hz at 1 T), providing a
good selectivity test. As only one signal can be targeted in each scan, the shake-and-drop
experiment was repeated twice to collect spectra for both DFP and DFMP. This could be
simplified by using automated bubbling setups to perform multiple scans.”#3:86 This would
be straightforward to implement as SHARPER was previously shown to minimise signal
distortion due to bubbling.1%

Given that these molecules hyperpolarised most efficiently at different polarisation
transfer fields (6.2 mT for DFMP and ~ 50 pT for DFP), the choice of magnetic field
during shake-and-drop experiments provided an additional layer of selectivity. For exam-
ple, when using PTF = 6.2 mT signals from DFMP are greatly enhanced, whilst minimal

enhancement is seen for DFP (Figure 4.17 A), facilitating the removal of off-resonance
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Table 4.2: Ty and AY /o Values for the mixture sample

1 2
Experiment
Ty \ms Af/Q \Hz T3 \ms Af/Q \Hz
SABRE-selSHARPER 98 +1 3.24 287 + 1 1.11

SABRE-selSHARPER HPT 277.5 + 0.4 1.15 1170 £ 20 0.27

() A Cc
F

H H  PTF=62mT PTF ~50 uT T X
H AN F . ) ¢ . ) ¢ jf%:
| ® P
H N H H N H
) 1
SNR = (730 £ 30) ¥ l SNR = (400 + 30)

B D ‘
A,,=0.53 Hz
A,,=2.29 Hz
SNR = (10860 + 60) SNR = (1430 + 50)
110 115 -120 125 -130 110 115 -120  -125  -130
3("“F)/ppm 3("F)/ppm

Figure 4.17: Comparison between SABRE-enhanced 'F benchtop NMR spectra with (A,C)
standard and (B,D) selSHARPER HPT acquisition for a mixture containing DFP and
DFMP. SABRE spectra were acquired with (A,B) PTF = 6.2 mT and (C,D) PTF ~
50 uT. SABRE-selSHARPER HPT spectra were acquired with selection of DFMP in B
and selection of DFP in D. All spectra were acquired in a single scan and were apodised
by a matched exponential filter (Section 3.4.1, Chapter 3). The SNR values represent
averages over three repeat experiments. Full width at half maximum values are shown for
the SABRE-selSHARPER HPT spectra. Vertical scales were increased as required to aid

visualisation.

signals introduced by DFP. In contrast, when the sample was shaken under the Earth’s

magnetic field (~ 50 uT), a significant signal contribution from DFMP remained. As this
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signal presented a strong anti-phase component, it was anticipated that the application of
SHARPER would result in the partial cancellation of this signal, thus assisting in the se-
lection process. Upon the application of selSHARPER, the signal from DFP was preserved
and collapsed with minimal presence of off-resonance artefacts.

The incomplete removal of artifacts achieved with selSHARPER HPT may be a rea-
sonable compromise to achieve improved sensitivity. Signal-to-noise enhancement factors
for DFP and DFMP were 3.6-fold and 15-fold respectively, a significant improvement com-
pared to those obtained for the fully selective version, in particular for DFMP. This is a
reflection of the reduced effective relaxation seen when using a hard pulse train. Indeed,
Ty values obtained with selSHARPER HPT for the mixture of DFP and DFMP were only
marginally larger than those obtained with the non-selective SHARPER pulse sequence
(Tables 4.1 and 4.2).

4.6 Conclusion

In this chapter, the signal enhancing properties obtained by combining SABRE and the
multiplet-refocusing pulse sequence SHARPER were explored on a benchtop NMR (1 T)
spectrometer. The technique was tested on a set of fluorinated pyridines possessing a range
of homo- and heteronuclear J couplings: 3,5-difluoropyridine, 3-(difluoromethyl)pyridine,
and 3,4,5-trifluoropyridine. Signal-to-noise ratio enhancements of up to 360 were obtained
for YF NMR measurements by applying SABRE under optimised polarisation transfer field
conditions. By applying SHARPER, a further SNR improvement of up to 17 times was
achieved by removing peak splitting due to heteronuclear J couplings and broadening due
to field inhomogeneity. Through the use of shorter chunk lengths, SHARPER was also able
to remove homonuclear J couplings and chemical shift differences in 3,4,5-trifluoropyridine,
producing a SNR gain by a factor of 5700 compared to a standard pulse-and-collect exper-
iment.

A sensitivity optimised selective variation of SHARPER, selSHARPER HPT, was tested

on a mixture of 3,5-difluoropyridine and 3-(difluoromethyl)pyridine. This variation min-
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imised the use of pulsed field gradients and selective refocusing pulses compared to other
selective SHARPER pulse sequences.!03104 Ag a result, signal loss due to relaxation be-
tween acquisition steps was minimised and narrower linewidths were obtained. The use
of SABRE-selSHARPER HPT enabled the isolation of each of the target signals and
resulted in SNR enhancements of 630-fold and 4300-fold for 3,5-difluoropyridine and 3-
difluoromethylpyridine, respectively.

In the next chapter, the sensitivity enhancing properties of SABRE-SHARPER will be
applied to reduce detection limits in the quantitative analysis of low concentration samples

of 3,5-difluoropyridine.

121



Chapter 5

Low Micromolar Detection and

Quantification of Fluoropyridines

In the previous chapter, the combination of SABRE and the multiplet refocusing pulse
sequence SHARPER was explored as a strategy to enhance the sensitivity of F bench-
top NMR measurements. This approach produced up to 5700-fold SNR enhancements
for molecules exhibiting peak splitting due to heteronuclear and/or homonuclear J cou-
plings and chemical shift differentiation. By drastically improving its sensitivity, SABRE-
SHARPER makes '°F benchtop NMR measurements better suited to the analysis of low-
concentration samples. The sensitivity required for these low-concentration measurements
often demands the use of high-cost and high-maintenance instrumentation. By breaking
the link between instrumentation cost and sensitivity, SABRE-SHARPER makes such mea-
surements more accessible.

In practice, there are a few obstacles that need to be addressed for SABRE-enhanced
benchtop NMR spectroscopy to gain widespread use in analytical applications. For example,
the minimum concentration of a target molecule that can be probed under standard SABRE
conditions is set not by the sensitivity of the measurement system, but by the concentration
of pre-catalyst used in the sample preparation. Such a restriction arises from the activation

requirements of the SABRE complex: at least three units of target molecule need to be
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81,155 Thig constraint makes the

present per unit of pre-catalyst to form a stable complex.
exploration of limits of detection more challenging.®!

The restricted scope of SABRE-compatible molecules presents another impediment for
the broad adoption of this approach in analytical applications. In its standard form,
SABRE-hyperpolarisation has been shown to be effective for ‘well-behaved’ ligating molecules,
most commonly nitrogen-based heterocyclic molecules.?6:1327140 This represents a small
proportion of the total chemical space of molecules of analytical interest, restricting the
potential use of SABRE-enhanced benchtop NMR to a few localised analytical problems.

A third obstacle limiting the use of SABRE-hyperpolarised NMR in analytical chemistry
is that quantification is challenging.®!82 The intrinsic quantitative nature of NMR is lost
in hyperpolarised experiments as the proportionality factor relating signal and number of
nuclei is no longer constant. Furthermore, the complex interplay of exchange processes
that take place during SABRE mean that the dependence of hyperpolarised signals on
analyte concentration cannot be easily modelled in most cases,®? which is the underlying
requirement of quantitative analysis. This restricts the usefulness of SABRE-enhanced
benchtop NMR to analytical problems requiring qualitative results, e.g. screening methods
aiming to detect the presence of an analyte or group of analytes.'”” However, in many
cases, it is imperative that measurements produce numerical results as an estimation of
how much of an analyte is present to trigger decision making. Such situations cannot be
reliably addressed via SABRE-enhanced measurements.

Conveniently, the use of an auxiliary substrate, or co-substrate, has been shown to
address all three of these limitations. By using a co-substrate, the link between the con-
centrations of target analyte and pre-catalyst is broken, as the presence of one or more
co-substrates facilitates SABRE complex activation.®! This enables low-concentration de-
tection of target molecules. Additionally, co-substrates have been shown to enable SABRE-
hyperpolarisation of weakly-binding, sterically-hindered'®® or bidentate ligands?0?293 that
do not form stable SABRE complexes. This greatly extends the scope of analytes that
can be probed using SABRE hyperpolarisation. Lastly, the use of co-substrates and sub-

stoichiometric amounts of a target analyte, i.e. less than three times the concentration of
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iridium catalyst, has been previously shown to lead to linear relationships between hyper-
polarised signal and the amount of target analyte, making quantification possible.®!:82

In this chapter, the use of a co-substrate, in particular dimethylsulfoxide, will be inves-
tigated in conjunction with the previously studied SABRE substrate DFP to explore the
analytical potential of the SABRE-hyperpolarised benchtop NMR, technique, particularly

in terms of limits of detection and quantification.

5.1 Background Theory

5.1.1 SABRE Hyperpolarisation Using Co-substrates
5.1.1.1 Reducing Limits of Detection

Eshuis et al. proposed the use of co-substrates as a strategy to explore lower limits of detec-
tion for hyperpolarised pyridine measurements.®! The authors found that as the concentra-
tion of substrate relative to pre-catalyst is decreased to approach stoichiometric conditions
(i.e. 3 units of substrate per unit of pre-catalyst), the SABRE-active tris-substituted species
decreased in concentration. Instead, the formation of a SABRE-inactive species, which they
proposed contained solvent (methanol) as a ligand, was favoured. The formation of such a
species was not deemed a consequence of the stronger binding affinity of the solvent to the
iridium centre, but a result of the sheer excess of solvent molecules in the sample.??* Based
on these findings they concluded that in order to achieve hyperpolarisation of the substrate
at lower (sub-stoichiometric) concentrations, the formation of this SABRE-inactive species
ought to be inhibited.

To this end, they proposed the addition of a secondary substrate, or co-substrate, with
a stronger binding affinity to the metal centre to out-compete the solvent.®! As a further
requirement, this co-substrate ought to exhibit a binding affinity that is lower or comparable
to that of the target molecule, to prevent its complete displacement. Additionally, the ideal
co-substrate would form a species containing both the co-substrate and the substrate, as
shown in Figure 5.1, with a suitable lifetime for efficient SABRE-hyperpolarisation, and its

'H signals would not overlap with those of the molecule of interest.
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Figure 5.1: Schematic representation of the SABRE polarisation transfer catalysts produc-
ing signals enhancements for the target substrate ("Sub’) in standard conditions (A) and
with addition of co-substrates (B). The binding sites of the iridium complex are filled with
three units of the target substrate under standard SABRE conditions, and a mixture of the

target substrate and the co-substrate ('Co-S’) when this is added to the sample.

The requirements presented in the previous paragraph inform the co-substrate selection
process in terms of its chemistry, but other practical aspects should be taken into account
for low-concentration detection to be possible. One such aspect is the concentration of
co-substrate to be used, as this needs to be present in an excess relative to the amount of
pre-catalyst.®! Presumably, this requirement stems from the need to fill the binding sites
of the active hexacoordinated iridium complex with the co-substrate. This role cannot
be fulfilled by the target molecule as it is present in sub-stoichiometric amounts. When
samples are prepared in methanol, the solvent provides an alternative ligand to complete
the coordination sphere, but as previously mentioned, its binding should be inhibited to
avoid deactivation of the SABRE complex.

Eshuis et al. proposed 1-methyl-1,2,3-triazole (mtz) as a suitable co-substrate that
fulfilled the previously mentioned requirements.®! Using mtz in SABRE experiments at
14.1 T, they were able to detect as low as 2 uM of pyridine with a single scan. The
hyperpolarised signal detected in this case was produced by an active catalyst species
containing two units of mtz and one of pyridine, which took an equatorial position. By
switching the NHC in these experiments from IMes to 1,3-bis(2,4,6-trimethylphenyl)-4,5-

dihydroimidazole-2-ylidene (SIMes), ligand dissociation rates were optimised and a lower
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limit of detection of 0.5 uM was achieved for pyridine. In a real-life application of this
approach, Tickner et al. reported the analysis of extracted nicotine in electronic cigarettes,

detecting 74 uM of nicotine at 9.4 T via SABRE.?%

5.1.1.2 Quantification

A further extension of the use of co-substrates when the target analyte is present in sub-
stoichiometric concentrations is that a linear relationship between the hyperpolarised signal
integral and the analyte concentration can be achieved, as discovered by Eshuis’ work using
mtz.8! To rationalise these findings, the authors proposed a model (Eq. 5.1) linking the ratio
of free ([S]free) to bound ([S]pouna) analyte concentration in sub-stoichiometric conditions,
to the added concentrations of co-substrate (C.g) and pre-catalyst (Cys), and the relative

affinity of substrate and co-substrate to the metal centre (Kq).

[5] free
[S] bound

[CS] free
[CS] bound

Ccs—3><CM

= K
3 X c 3><CM

~ 3 x Keq (5.1)

According to this model, the ratio of free-to-bound analyte is fixed and determined
by the concentration of co-substrate in the sample. From this, it follows that when the
concentration of free analyte in solution increases, so would the concentration of bound
analyte in a linear way, which is expected to be directly proportional to the detected
hyperpolarised signal. In this way, a linear relationship between substrate concentration
and hyperpolarised signal could be attained at a fixed co-substrate concentration.

Indeed, through this strategy Eshuis et al. reported the low-micromolar quantification
of aromatic N-heterocycles using SABRE-hyperpolarised 'H measurements at 14 T via the
standard addition method (SAM).%2 In this extension of the original work, the combination
of 15 components in low individual concentrations, but which collectively amount to supra-
stoichiometric conditions, were used in lieu of a single co-substrate. This allowed them to
perform the quantification of four of these components (nicotinamide, pyrazine, isoxazole,
and quinazoline) at low micromolar concentrations (~10 pM) with a 5 to 20% relative
uncertainty in a complex matrix. Remarkably, hyperpolarisation allowed for this quantifi-

cation process to take place with a series of single-scan experiments to collect the 7 steps of
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the standard addition process. This represents a drastic improvement in analytical through-
put considering 11 hours of signal-averaging were necessary to acquire a non-hyperpolarised

spectrum with adequate signal-to-noise ratio at low micromolar concentrations.

5.1.1.3 Extending the Scope of Analytes

An additional benefit of using co-substrates is that they can lead to larger enhancement fac-
tors through optimisation of the SABRE process, even when present in supra-stoichiometric
concentrations. For example, acetonitrile has been used as a co-substrate during the hy-
perpolarisation of imidazole, resulting in a 1.6-fold improvement in its 'H enhancement
factor.140 The authors attributed this improvement of signal enhancement to an increase
in ligand and hydrogen exchange rates, which they linked to an increase in SABRE effi-
ciency. This was further explored by Rayner et al. using dimethylsulfoxide (DMSO) and
diphenylsulfoxide (DPSO) during 2,5-lutidine hyperpolarisation studies.'®3 Although both
sulfoxide co-substrates led to SABRE-hyperpolarised signals, enhancement factors were 3
times larger for DPSO (e1; = 215 for DMSO wvs. €1y = 723 for DPSO in dichloromethane-
dz). This difference in performance was attributed to a larger substrate exchange rate in
the complex formed when using DPSO. As this sulfoxide exhibits a larger cone angle than
DMSO, the steric congestion introduced by the co-substrate reduced its binding affinity
for the metal centre, which likely contributed to this increased exchange rate. This ex-

-1 76,158,159)
)

change rate was brought closer to the optimal value (kp = 4.5 s by reducing

the temperature of the experiment, thus increasing signal enhancement factors.!%3
Notably, hyperpolarisation of 2,5-lutidine was not seen under standard SABRE con-
ditions without a co-substrate.'3296 This is commonly the case for ortho-substituted
pyridines, as the steric constraint around the binding position prevents the formation of
stable tris-substituted species. The use of DPSO to overcome this limitation for a set of
12 sterically-hindered substrates by Rayner et al.'5% highlights the additional benefit of
using co-substrates: providing a route to form less sterically demanding polarisation trans-

fer complexes. Similar work conducted by Mandal and co-workers using either acetonitrile

or allylamine as co-substrates demonstrated the SABRE hyperpolarisation of a series of
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ortho-substituted N-heterocyclic compounds, which would otherwise hyperpolarise ineffi-
ciently or not at all.'®® These relatively small and linear co-substrates were expected to
effectively relieve the steric congestion introduced by substitutions adjacent to the binding
site or generally bulky ligands.

Co-substrates have further contributed to extending the scope of hyperpolarisable ana-

lytes by including multidentate ligands. For example, sulfoxide co-substrates were employed

173,207,208 209

to hyperpolarise bidentate ligands such as pyruvate and ketoisocaproate“”® . In
these cases, the co-substrate stabilises the polarisation transfer complex by completing the
coordination sphere. Studies on sulfoxides have shown that these are beneficial co-substrates

2

as they are linked to rapid hydrogen exchange rates,?°? a necessary step to refresh polar-

isation on the transfer catalyst. Moreover, the sulfoxide moiety is of a moderate to low
binding affinity, meaning weakly binding targets such as pyruvate are not out-competed.?%8

Amongst other examples of bidentate ligands whose hyperpolarisation was enabled by
co-substrates, it is relevant to mention the case of large sized EGTA-based (EGTA: ethy-
lene glycol-bis(S-aminoethyl ether)-N,N,N’, N’-tetraacetic acid) substrates.?’® Acetonitrile
was used to aid the hyperpolarisation of such molecules, which are amongst the largest
substrates (~ 500 Da) to be hyperpolarised by SABRE at the time of writing, showing
the true potential of co-substrates to aid with bulky substrates. Another notable example
is the hyperpolarisation of amino acids using pyridine as a co-substrate.!8” In this case,
co-substrates seem to play a crucial role in continuous p-Hs refreshment, which is key to
achieve a build-up of hyperpolarised analyte in free solution. As amino acids bind strongly
to the iridium centre through the amino- and carboxyl groups, their dissociation is inhib-
ited, and so is the association of fresh p-Hs.2'0 However, the p-Hy refreshment cycle can be
activated by the dissociation of the co-substrate, in this case pyridine, when present in an
equatorial position.67

In light of the several benefits of using co-substrates presented so far, its combination
with SABRE-hyperpolarised benchtop NMR spectroscopy can be thought of as advanta-

geous. This line of research, unexplored previously in the literature, will be the focus of

the next section.
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5.2 Choice of Test System

As a model system, 3,5-difluoropyridine (DFP, 1, Figure 5.2) was investigated as the target
analyte. This substrate was chosen as its SABRE hyperpolarisation was studied in the
previous chapter (Chapter 4), as well as by others.!% In Chapter 4, the formation of multiple
polarisation transfer catalysts containing DFP was discussed, namely tris-substituted and
solvent-containing species. The fact that only one of these species led to hyperpolarisation
suggested that the efficiency of this process could be potentially improved by forming a
more stable polarisation transfer catalyst using co-substrates. Additionally, as this target
molecule exhibits both 'H and '°F hyperpolarised signals, it enables the comparison of
analytical performance parameters such as limit of detection and quantification accuracy
for both nuclei.

As discussed above, dimethylsulfoxide (DMSO, 4, Figure 5.2) has been extensively
studied for use as a SABRE co-substrate in the literature.202:207:208 Furthermore, it aligns

with the requirements previously stipulated by Eshuis and co-authors,8!

as it is expected
to have a stronger binding affinity to the iridium centre than the solvent, but comparable
or lower to that of the substrate.163:208.211 Additionally, the fast ligand dissociation rate of
mixed complexes containing DMSO?%2 is considered advantageous as it would increase the
throughput of the polarisation transfer catalyst. In terms of interference, DMSO would not
pose a problem in either F or 'H measurements as it is fluorine-free and only produces
a singlet signal in '"H NMR spectra at ca. § 2.65 in methanol at room temperature, well
removed from the typical aromatic proton region of § 7 to 9 where the substrate peaks are
expected to appear.

Diphenylsulfoxide was also considered as an alternative co-substrate, as previous reports
comparing DMSO and DPSO showed larger enhancement factors were achievable with the
latter.1%% However, DPSO was deemed unsuitable for applications in the sub-stoichiometric
regime as its larger cone angle (by 10% vs. DMSO?!2) deters the formation of bis- or

tris-substituted DPSO species.'®3 As a consequence, and keeping in mind that the analyte

is present in sub-stoichiometric concentrations, pre-catalyst activation would likely be in-
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Figure 5.2: Chemical structures of the substrate 3,5-difluoropyridine (1) and the co-
substrate dimethylsulfoxide (4).

complete or favour the formation of SABRE-inactive complexes containing ligated solvent.

Therefore, DPSO was not tested as a potential co-substrate.

5.3 SABRE Hyperpolarisation of the Test Molecule

5.3.1 'H and '°F Hyperpolarisation

In order to test the adequacy of the model presented in the previous section, it was nec-
essary to investigate if a SABRE-active species was formed when both DFP and DMSO
are combined with the pre-catalyst, as well as, the structure of the species involved in
said hyperpolarisation process. Following that, the SABRE activity of this species was
studied at progressively decreasing substrate concentrations to understand the behaviour
of the hyperpolarised signal in the sub-stoichiometric regime, focusing on *H,'F, and '3C
measurements and the optimal polarisation transfer field for each nucleus.

A sample containing 100 mM (each) of substrate DFP and co-substrate DMSO, and
5 mM of the standard SABRE pre-catalyst [IrCl(COD)(IMes)| in methanol was prepared
according to the procedure described in Section 3.1.1 (Chapter 3), hyperpolarised using the
shake-and-drop technique (Section 3.2, Chapter 3), and probed using pulse-and-collect 'H
and F NMR experiments at 1 T (Section 3.3, Chapter 3). Enhancement factors for 'H
and '°F measurements were calculated as previously described (Section 3.7.2, Chapter 3).

A standard polarisation transfer field of 6.2 mT was used to probe SABRE-

hyperpolarised 'H signals, allowing for a direct comparison with results from Chapter 4.
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Under these conditions, '"H SABRE hyperpolarisation yielded an enhancement factor of
(5840 4+ 60), which represented a ca. 2-fold improvement over the results obtained without
co-substrates (e1; = (3000 & 300), Chapter 4). Such a difference in enhancement factor
values suggested that a new species was formed that contains both DFP and DMSO, and
that this species was more efficient at polarisation transfer to 'H nuclei in the substrate.
The change in hyperpolarised signal profile (Figure 5.3A) was additional evidence of the

formation of a new polarisation transfer catalyst, which led to the hyperpolarisation of new

spin terms.
A 'HNMR1T B “FNMR1T
100 mM 1 100 mM 1
100 mM 4 100 mM 4
5 mM [IrCI(COD)(IMes)] 5 mM [IrCI(COD)(IMes)]
PTF=6.2mT PTF ~50 uT
€'H= (5840 * 60) £"°F= (2480 + 250)
SNR = (18600 * 100) SNR = (7200 + 600)
10.0 9.0 80 7.0 6.0 -119 -122 -125 -128 -131
3('H)/ppm 5(°F)/ppm

Figure 5.3: SABRE-hyperpolarised H (A) and F (B) NMR spectra of DFP with DMSO
as a co-substrate. The sample was prepared with 100 mM of DFP, 100 mM of DMSO, and
5 mM of [IrCl(COD)(IMes)| in methanol. The spectra shown here were acquired with the
PTF that yielded the largest enhancements at this concentration: 6.2 mT for 'H and ~ 50
uT for F.

Fluorine-detected SABRE experiments on the same sample using a PTF ~ 50 puT
showed that the system under investigation also exhibited fluorine hyperpolarisation (Figure

5.3B). In a similar way to 'H measurements, the addition of DMSO improved SABRE
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enhancement factors for 19F, but in this case the improvement was tenfold (g1op — (2480 +
250) with co-substrates versus eiop = (270 £ 20) without, Chapter 4). SABRE-enhanced
F NMR experiments using DMSO in supra-stoichiometric conditions also exhibited an
anti-phase profile as the main detected signal, once again suggesting that the active species
producing this hyperpolarised signal is different from the one seen in the absence of a
co-substrate.

The increase in both 'H and '°F enhancement factors when using co-substrates suggests
that this new species is more effective as a polarisation transfer catalyst than the active
methanol-containing species without co-substrates described in Chapter 4 (Section 4.3).
As previously discussed, the improvement of SABRE efficiency through the use of co-

substrates has been reported before.140:163:189 Recently, Tickner et al.'®”

investigated the
hyperpolarisation of dichloro- and dibromopyridine at high magnetic fields when using
sulfoxide co-substrates. In this work, the authors observed a significant improvement in
e1; when adding DMSO as a co-substrate. By doing exchange spectroscopy studies (EXSY)
they discovered that without co-substrates, the active species (which they proposed followed
a |IrCl(H)2(IMes)(L)2| form) exchanges its ligand at a faster rate than when DMSO is used
as a co-substrate. Moreover, they observed that the exchange rate constant with DMSO is
much closer to the optimal value of 4.5 s~1, which was expected to yield better 'H signal
enhancements (Section 2.2.2.3, Chapter 2). Although these results were not obtained for
fluorinated pyridines, the substrates under investigation are expected to behave similarly as
ligands, therefore extrapolation of these results to DFP is a reasonable starting hypothesis.

To confirm that the active species indeed contained both DFP and DMSO, characterisa-
tion studies using high-field (7 T) multi-nuclear NMR experiments were conducted, which
revealed that the structure of the main active species containing DFP was [IrCl(H)2(IMes)-
(1)(4)] (Figure 5.4, 5). Characterisation results are presented in Figure 5.5 and Table
5.1 and described in detail in Section 3.8.1 (Chapter 3). Analogous structures were re-

9 and

ported when using DMSO as a co-substrates with dibromo- and dichloropyridine!®
2,5-lutidine.'%3 This structure confirms that the selected test system is suitable for this

investigation as it contains both DFP and DMSO, with DFP in an equatorial position,
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which is vital for efficient hyperpolarisation to take place.!3%142

Closer inspection of the active species reveals additional attributes that make this system
ideal. For example, the absence of DFP trans to IMes means that the entire pool of
the target molecule can participate in the hyperpolarisation process. This point is better
illustrated if the opposite is considered: units of DFP in the axial position would be locked
in place (i.e. exchanging slowly) and not subject to polarisation transfer. Thus, the pool of
molecules that can be probed is reduced and as a result, so is the effective sensitivity of the
measurement. Another relevant attribute of this system is that a chloride ligand occupies
the other equatorial position of this species. The absence of complex species without this
ligand in equatorial position (Figure 5.6) suggests this ligand exchanges slowly, if at all,
possibly as the electrostatic interaction between the positive charge of the iridium centre
and the negative charge of the ligand would have to be overcome for dissociation to take
place. This is thought to be beneficial as chloride is not expected to hyperpolarise efficiently
as 2°Cl and ®"Cl are spin-3 /2 nuclei with low gyromagnetic ratio. The use of co-substrates
without SABRE-active spins (e.g. fully deuterated species) has been reported before and

shown to increase enhancement factors for the substrate, as the polarisation is channeled

¢ 142,151,213,214

solely to the target.
/Ir\ /S\\/Ir\
N ' O
\s¢ >Ss

0
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Figure 5.4: Main SABRE-active species (5 and 6) in SABRE samples containing DFP and
DMSO with 5 mM [IrCl(COD)(IMes)| in protio and deuterated methanol.
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Figure 5.5: Proposed structure for the active SABRE complex containing DFP and DMSO.

In order to explore low limits of detection with this system, it was necessary to estab-
lish whether the formation of a suitable species could be observed at sub-stoichiometric
concentrations relative to the pre-catalyst. To gain that information, samples with de-
creasing concentrations of DFP were analysed through high-field (9.4 T) 'H NMR and
SABRE-enhanced 'H benchtop (1 T) NMR measurements. By comparing these two mea-
surements, it was possible to learn which species form and their relative amounts (from
non-hyperpolarised high-field NMR measurements), as well as, which species are SABRE
active under normal operational conditions (hyperpolarised 1 T measurements).

Inspection of the hydride signal region of the spectra revealed that the main
SABRE-active species seen in supra-stoichiometric conditions, 5, is preserved in the sub-
stoichiometric regime (Figure 5.6 A and B, star, § -23.3 and § -23.7). Notably, the signal
intensity of the non-hyperpolarised hydride peaks decreases with substrate concentration
(Figure 5.6A, star). This is important as it shows that the formation of this active species
is sensitive to the amount of substrate present in solution. Furthermore, hyperpolarised
signals for 5 follow a similar trend when the concentration of DFP decreases, a behaviour

that is crucial for quantitative measurements.
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Table 5.1: High-field NMR characterisation of the SABRE active complex containing DFP
and DMSQO.

Resonance number 5 H 5 13C 5 R
1 - 159.64 -
2 - - -
3 7.16 122.83 -
4 - 138.40 -
5 - 136.20 -
6 a6.84/b6.77 al128.25/ b 128.30 -
7 - 139.25 -
8 a2.14 /b 213 a 18.51/b 19.00 -
9 2.26 20.85 -
10 -23.3 (d, 7.9 Hz) - -
11 -23.7 (d, 7.9 Hz) - -
12 - - -
13 8.55 139.34 -
14 - 159.52 -
15 7.63 111.10 -
16, 17 2.72 / 3.10 43.14 / 55.84 -
18, 19 - - -124.96

In addition to the signals for 5, the hydride signal region of the spectrum reveals the pres-
ence of a second major species at § -15.5 and ¢ -21.5, corresponding to [IrC1(H)z(IMes)(4)2]
(6, green triangles in Figure 5.6), as previously reported.?’? This species decreased in rela-
tive intensity when DFP was present in higher concentrations (Figure 5.6A). Such a finding
suggests that the formation of 5 is favoured over that of 6, even when there is an excess of
DMSO relative to DFP of up to 1250:1, supporting the assumption that DFP has a higher
binding affinity to the metal centre than DMSO.

This secondary species containing DMSO plays an important role when low concen-
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Figure 5.6: 'H NMR spectra zoomed in to the hydride region (§ - 8 to - 27 ) for SABRE
samples containing sub-stoichiometric concentrations of DFP (9 mM to 80 pM), 100 mM
of DMSO, and 5 mM of [IrCl(COD)(IMes)| at 9.4 T (A, non-hyperpolarised, 253 K) and
at 1 T (B, hyperpolarised, 301 K). Signals indicated by the orange stars correspond to the
hydride ligands of the same SABRE-active species (5, I) that produces the hyperpolarised
signals observed in '"F NMR spectra, those shown by the green triangles correspond to
complex 6 (II), which at 301 K (B) appear as broad signals due to fast exchange. Signals
shown by purple circles in B correspond to a tris-hydride species (III) previously described

in the literature.?!!
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trations of substrate are probed, as it stabilises the transfer catalyst that composes the
‘hyperpolarisation machinery’ of the system. The rapid ligand exchange rate for 6, ev-
idenced by the broad hydride signals (Figure 5.6B, triangle) and supported by previous

163,202 js key to this. A faster ligand dissociation rate increases the processing rate

reports,
of the complex, thus probing more molecules per unit of time. The increased throughput
of the hyperpolarisation machinery is likely to be beneficial when lower concentrations of
the target analyte are used, as it would increase the probability of interaction between the
target substrate and the complex.

A third asymmetric species was observed with hydride signals at ¢ -9.5 and -15.3 (pur-
ple circles in Figure 5.6B). This species is thought to correspond to a trihydride species
of formula [Ir(H)3(4)2(IMes)], based on recent studies by Tickner and co-workers.?!! As
this species does not contain the target analyte and it is formed in small amounts (not
detected in non-hyperpolarised experiments), the formation of this species was not thought
to have a significant impact on the performance of SABRE-enhanced benchtop NMR mea-
surements. Nevertheless, as this species was also observed for other target analytes, it is
further discussed in Chapter 6.

In the sub-stoichiometric regime, the observed hyperpolarised signal corresponded to
that of the bound substrate in 5 and not the free substrate, DFP, as observed in supra-
stoichiometric conditions. This was evidenced by the difference in chemical shift seen in
samples pre- and post-activation in non-hyperpolarised pulse-and-collect experiments at 1.4
T, a magnetic field chosen as it afforded better sensitivity than 1 T (Figure 5.7). The signals
in the sample before activation were largely due to the free substrate, which was in equi-
librium with a relatively small amount of the pre-activation complex [Ir(COD)(DFP)IMes|
according to high-field NMR characterisation studies. Once the sample is activated, the
proton and fluorine chemical shifts change (Ad = 0.34 ppm for 19F, A§ = 0.15 and 0.08 ppm
for o-/p-'H, respectively) and match those of the bound substrate in 5, as seen in Figure
5.7 (bottom trace). This observation is aligned with results seen for a sub-stoichiometric
pyridine system employing 1-methyl-1,2 3-triazole as a co-substrate, for which the authors

estimated 80% of the available pyridine was in its bound state.®!
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Figure 5.7: Non-hyperpolarised 'H (A) and '°F (B) NMR spectra acquired at 1.4 T for a
sample in sub-stoichiometric conditions containing 20 mM of DFP, 50 mM of DMSO and
10 mM of [IrCl(COD)(IMes)|. The difference in chemical shift between pre-activation (top
trace) and post-activation (bottom trace) spectra suggested that DFP was present in its
bound form (5) post activation. 'H spectra was referenced to the solvent signal and F to

the probe signal at § -72.

Interestingly, F enhancement factors for DFP in the sub-stoichiometric regime were
optimised when SABRE experiments were conducted using a PTF = 6.2 mT. This differed
from supra-stoichiometric results, irrespective of the use of co-substrates, which showed
larger enhancements when using PTF ~ 50 uT, a PTF that favours direct polarisation
of 19F nuclei.’®* As the active catalyst, and hence the spin system, remained unchanged
when moving to the sub-stoichiometric regime, a change in the efficiency of the polarisation
transfer mechanism was deemed an unlikely explanation.

A possible explanation for this phenomenon stems from the difference in 77 relaxation
rate for the different hyperpolarised spin terms preferentially formed at each PTF. Ta-
ble 5.2 summarises T values for the detected hyperpolarised °F signal corresponding to
DFP, either in free solution in the supra-stoichiometric regime, or bound to the catalyst

in the sub-stoichiometric regime, at PTF values of 6.2 mT and ~ 50 uT. Hyperpolarised
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variable flip angle 77 experiments were carried out following the procedure described in
Chapter 3, Section 3.6. 717 experiments conducted in the supra-stoichiometric regime at
6.2 mT revealed the presence of a fast-relaxing anti-phase term, and a slightly larger slow-
relaxing in-phase term. Anti-phase signals arise from multi-spin terms which show faster
relaxation rates as the number of possible relaxation pathways increases with the number
of spins.21 217 T experiments using PTF ~ 50 pT also exhibited the presence of both
in-phase and anti-phase signals, but at this field the latter was approximately 10 times

larger.

Table 5.2: T} values in seconds for F hyperpolarised signals detected in SABRE experi-
ments (Section 3.6, Chapter 3). T} values are a mean of triplicate measurements and their
standard uncertainties (k=1) were calculated according to Section 3.7.3 (Chapter 3). The

relative proportion of each signal profile (anti-phase or in-phase) is shown as an area per-

centage.
PTF = 6.2 mT PTF ~ 50 uT
Signal
1] profile Area s Area s
percentage percentage

100 mM  Anti-phase 42 % (5.34 £ 0.12) 91 % (6.423 £+ 0.037)
(20€q) [y phase 58 % (31.33 + 0.44) 9 % (8.03 % 0.35)
0.9 mM  Anti-phase - - 100 % (1.810 % 0.027)
(02eq) 1 phase 100%  (5.863 + 0.050) ; ;

When repeating these experiments in the sub-stoichiometric regime (0.79 mM of DFP)
at 6.2 mT, the in-phase signal exhibited a 5-fold decrease in hyperpolarised T values
(T1 sub = (5.863 £ 0.050) s vs T supra = (31.33 £ 0.44) s). This behaviour has been

5 and is consistent with longer residence times of the substrate in the

reported before,!
active complex, as the scalar coupling network in the bound species favours longitudinal

relaxation. A decrease in T values for signals corresponding to the bound substrate would
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explain why °F enhancement factors decrease at a PTF ~ 50 pT. In this case, the relaxation
of these already short-lived terms is enhanced (T3 gy = (1.810 & 0.027) s), thus capping
the build up of polarisation that can be detected in solution. As a result, the longer-living
in-phase signal detected at 6.2 mT would result in higher €19y, even if this proton-relayed
polarisation transfer mechanism is less efficient than the direct transfer mechanism observed
at ~ 50 pT.134

In the seminal work on sub-stoichiometric analysis of substrates using co-substrates,
Eshuis and co-workers proposed that the concentration of the co-substrate affects the pro-
portion of target substrate bound to the active catalyst (Eq. 5.1).8' As the bound propor-
tion of the target substrate in solution is expected to be correlated to the SABRE activity,
experiments were conducted to gauge how the concentration of co-substrate may affect hy-
perpolarisation efficiency of the target molecule. To this end, SABRE samples containing
fixed amounts of DFP, (684+20) uM, and varying amounts of DMSO (5 to 50 equivalents
relative to the pre-catalyst concentration) were prepared, and SABRE-hyperpolarised 'H
and 'F spectra recorded.

When the resulting 'H and F SABRE-enhanced signals were plotted against the con-
centration of DMSO, a downward trend was observed at higher co-substrate concentrations
(Figure 5.8 A and B). Although the intensity of the 'H signal only drops by 2% when the
concentration of DMSO increases by 50 mM, the decrease in '%F hyperpolarised signal is
more significant (9%) under equal conditions. Following Eshuis’ model (Eq. 5.1), lower
concentrations of co-substrate are to expected lead to a smaller free-to-bound substrate ra-
tio. In other words, there are more units of bound substrate as the concentration of DMSO
decreases. Given that substrate binding to the catalyst is a necessary step for hyperpolari-
sation to take place, it is a reasonable hypothesis that the more units of substrate that are
bound at any given time, the more hyperpolarisation is expected to be observed.

Smaller equivalents of co-substrate also reduced the appearance of extra species con-
taining DFP. These species, shown in Figure 5.9B as A and B, were thought to contain
extra units of DMSO, thus explaining their formation at higher DMSO equivalents (Figure

5.9A). The formation of extra species was undesired as it meant that the amount of available
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Figure 5.8: Variation of the SABRE-hyperpolarised *H (A) and '°F (B) signals for 5 when
the co-substrate concentration was varied from 5 to 50 equivalents (25 to 250 mM of DMSO.
All samples contained a fixed concentration of DFP = 684 uM , with a 3% relative variation

between samples.

substrate was distributed amongst several species. This is expected to negatively impact
measurements in two ways; in terms of sensitivity, as a smaller fraction of DFP contributes
to the target signal, and linearity, due to the presence of several competing exchange pro-
cesses taking place. As signals from the different species were resolved in F but not in
'H NMR spectra, this could explain how the increase of co-substrate concentration led to
a more pronounced drop in 'YF enhancements versus those for '"H. As SABRE-enhanced
9F signals for the undesired species, A and B, were essentially undetectable when using
25 mM of co-substrate (5 equivalents relative to the pre-catalyst), this was chosen as the
optimal concentration for limit of detection and quantification studies.

SABRE experiments performed in the sub-stoichiometric regime after optimisation of
the co-substrate concentration produced the results shown in Figure 5.10. As previously
stated, in the sub-stoichiometric regime the largest enhancements are observed using a
PTF = 6.2 mT, both for 'H and '°F measurements. At this polarisation transfer field,
hyperpolarised signals are in-phase, which facilitated processing and, in the case of °F,
the application of SHARPER. for further SNR enhancement, which is discussed in the next

section. At the tested concentration ([DFP] = 550 uM), a proton enhancement factor of
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Figure 5.9: A) Variation of F hyperpolarised signal for species A and B when the co-
substrate concentration is varied from 5 to 50 equivalents (25 to 250 mM of DMSO). All
samples contained a fixed concentration of DFP = 684 uM, with a 3% relative variation
between samples. B) Hyperpolarised F spectrum at 1 T for a sample containing 695 pM
of DFP, 256 mM of DMSO, and 5.5 mM of [IrCl(COD)(IMes)]. Extra species A and B,

and the signal corresponding to DFP bound in 5 are marked.

ey = (12500 £ 800) was obtained. This value was roughly double of that seen in the
supra-stoichiometric regime. In contrast, fluorine enhancement factors decreased from €19y
= (2480 £ 250) to c19p = (940 £ 40) in the sub-stoichiometric regime. This is likely the
result of the faster relaxation of hyperpolarised signals in the sub-stoichiometric regime, as

previously discussed.

5.3.2 '3C Hyperpolarisation

In addition to the signal enhancements observed for 'H and 'F nuclei, hyperpolarised
13C NMR signals were also observed for this system. Shake-and-drop experiments were
performed as described previously but with 3C {'H } pulse-and-collect detection (Section
3.3, Chapter 3) on a sample containing 100 mM of DFP, 100 mM of DMSO and 5 mM of
[IrC1(COD)(IMes)| in methanol at three PTF values: ~ 0 T, ~ 50 T , and 6.2 mT. Figure

5.11 shows the results for these experiments, revealing hyperpolarised '2C signals were
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Figure 5.10: Comparison of SABRE-enhanced and non-hyperpolarised 'H (A) and *F (B)
benchtop NMR spectra of 550 uM of DFP, 25 mM of DMSO, and 5 mM [IrCl(COD)(IMes)]
in methanol. All SABRE spectra were acquired with a single scan. The reported values

are the mean and standard deviation of three repeat measurements.

obtained for all tested PTFs. It is worth noting that *C NMR signal enhancements for the
system using co-substrates were superior to those for the traditional SABRE system. The
increase in SABRE performance with co-substrates can be rationalised as a consequence of
an optimised substrate dissociation rate and a decrease in spin dilution.

Interestingly, the *C NMR signals showing the largest signal enhancement were those
directly bound to the fluorine atoms in the meta positions, whilst hyperpolarisation of sig-
nals in ortho positions were significantly lower and those in para position did not exhibit
hyperpolarisation. This suggests that the fluorine nuclei are key participants in the polari-
sation transfer mechanism. At a PTF ~ 50 uT, which favours direct polarisation of fluorine
atoms and produced the largest '°F enhancements in supra-stoichiometric conditions, '3C
enhancements were the lowest (Figure 5.11, middle trace). When using a polarisation
transfer field in the low micro tesla range, enhancements for meta '3C improved and hy-
perpolarisation of the ortho positions was observed (Figure 5.11, top trace). Interestingly,

the largest overall enhancement was obtained at a PTF = 6.2 mT, and only meta carbons
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Figure 5.11: SABRE-hyperpolarised proton-decoupled 3C NMR spectra acquired at a
1 T field of a sample containing 100 mM of DFP, 100 mM of DMSO, and 5 mM of
[IrC1(COD)(IMes)| in methanol. Experiments were conducted using PTF values of ~ 0
T (a), ~ 50 uT (b), and 6.2 mT (c). The signals corresponding to 3C nuclei in ortho and
meta positions are shown with blue squares and green circles, respectively. The inset on the

right shows an amplified view of all spectra in the region where ortho 3C can be observed.
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were hyperpolarised. This polarisation transfer field favours direct polarisation of 'H nu-
clei, 139156218 byt as no 'H atoms are directly attached to the meta carbons, ‘H-relayed
polarisation of 13C nuclei in this position would not be expected.

The signal profiles observed for each polarisation transfer field suggest that different
polarisation transfer pathways are at play.®3 For example, at a polarisation transfer field
of 6.2 mT the signal arising from the 3C in meta position is anti-phase relative to a 260
Hz coupling which corresponds to a one bond 3C-'F coupling. In contrast, at ~ 0 T
this signal is anti-phase to a three bond *C-'"F coupling (6 Hz). This suggests that at
these polarisation transfer field values, the '3C signal arises from the hyperpolarisation of
different coupled ¥C-1F two-spin order terms.

These promising results in terms of '*C signal enhancement for fluorinated molecules
could be exploited, particularly in characterisation strategies probing long range *C-19F
couplings.?19220 However, this was not further explored as it was outside the scope of this

thesis.

5.4 Limits of Detection with SABRE Hyperpolarisation

The previous section examined the advantages of using co-substrates to enhance SABRE ef-
ficiency and their role in forming a stable polarisation transfer catalyst under sub-stoichiometric
conditions. This section focuses on the application of co-substrates for probing low concen-
trations of target analytes and determining the minimum concentration that can be reliably
detected. This performance parameter is crucial when selecting an appropriate measure-
ment technique for a specific analytical problem. For instance, major component analysis
often requires the determination of an analytical target which is present in percentages.
In contrast, the analysis of trace or ultra trace components, often crucial in contamina-
tion analysis in environmental or food samples, requires measurement systems capable of
detecting analytes at concentrations below 100 ug/g.2?!222

To assess the suitability of a measurement system for a specified concentration range,

it is customary to determine its limit of detection (LOD). The International Vocabulary
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of Metrology defines limit of detection as a‘measured quantity value, obtained by a given
measurement procedure, for which the probability of falsely claiming the absence of a
component in a material is 3, given a probability « of falsely claiming its presence’;, with
recommended a and S values of 5%.223 In simpler terms, the LOD represents the lowest
concentration at which the user can reliably establish the presence of a target analyte.
From a practical point of view, a limit of detection can be assessed in several discipline-
specific ways.'8® In the field of NMR, the limit of detection is most commonly estimated as

3,4185-187.224 which is the criteria

the concentration at which the signal-to-noise ratio equals
adopted in this work. Alternative methods using measurement precision as an estimate, a
common approach in analytical chemistry, can also be used, but these have been found to
overestimate limits of detection.?2?

Limit of detection values for high-field NMR, can extend to the low micromolar con-
centration range, in particular when aided by a cryoprobe.'12:225:226 These values compare
rather negatively to those commonly obtained in high-sensitivity analytical techniques. For
example, LOD values in high-field NMR were estimated to be 10 orders of magnitude larger
than those obtainable by mass spectrometry.!®6 Detection limits for benchtop NMR spec-
troscopy measurements are even higher, with typical LOD values in the low millimolar
regime.!'? This is not only a consequence of the lower sensitivity of benchtop NMR in-
struments, but also the reduction in spectral resolution and the broader peaks commonly
observed at lower field. Better resolved and narrower peaks, harder to achieve in low-field
NMR, facilitate signal processing®?” which indirectly reduces detection limits.

This was illustrated by the limit of detection for non-hyperpolarised 'H and '"F mea-
surements of DFP at 1 T. 'H and 'F LOD values were estimated by analysing a reference
sample containing 8.1 mM of DFP with the same NMR, acquisition parameters as hyper-
polarised experiments, but substituting single-scan acquisition by signal averaging for 64
scans (ca. 10 minutes). LOD values, estimated according to Equation 3.14 (Section 3.7.5,
Chapter 3), were 3 mM for 'H, and 6 mM for **F NMR measurements.

It is well known that signal averaging and receiver gain values have an impact on

the obtained signal-to-noise ratio for a measurement.'818 In order to allow for a direct
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comparison between non-hyperpolarised multiple scan experiments and hyperpolarised ex-
periments, the receiver gain was set to the same value (RG = 1) and single-scan SNR
(SNRss) and LOD (LODs;) values were calculated for thermal experiments, according to
Equations 3.16 and 3.3. LODg values for non-hyperpolarised experiments were 23 mM for
'H, and 50 mM for "F NMR measurements. As expected, LOD values for 'H were lower
than for 1F NMR measurements. This is a reflection of the number of nuclei per molecule
producing the signal (3 nuclei in 'H and 2 nuclei in '°F measurements) as well as the higher
gyromagnetic ratio for 'H.

To showcase the improvement in terms of detection limits introduced by SABRE hy-
perpolarisation with co-substrates, the LOD was estimated using a sample containing 14
uM of DFP, 25 mM of DMSO, and 5 mM of [I[rCI(COD)(IMes)]. SABRE experiments
conducted as described in the previous section (PTF = 6.2 mT) on this sample produced
signal-to-noise ratio values of 47 and 6, for 'H and '°F, respectively. From these results,
LOD values of (890 + 20) nM for 'H, and (6.84 4+ 0.45) uM for 'F NMR measurements
were estimated. These results therefore represent an improvement over non-hyperpolarised
experiments by 5 orders of magnitude for 'H, and 4 orders of magnitude for F NMR
measurements.

It is relevant to highlight that these LOD levels would not be attainable for SABRE
experiments without the use of co-substrates, as concentrations in the sub-stoichiometric
regime could not be probed. This is clearly illustrated in Figure 5.12, which shows the
SABRE activity on samples containing 250 uM of DFP, 5 mM of [IrCl(COD)(IMes)|, and
either 100 mM of DMSO(a) or no co-substrate at all (b). By comparing these spectra,
it is evident that no hyperpolarisation can be seen in the absence of co-substrates. As
discussed before, the presence of a co-substrate is crucial to the activation of a stable
SABRE complex, without which SABRE hyperpolarisation cannot take place. This finding
highlights the fact that SABRE hyperpolarisation in a standard approach may increase the
sensitivity of measurements, i.e. larger signal gradients can be obtained when concentration
is incremented,??® but, in and of itself, cannot typically improve detection limits without

co-substrates.
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Figure 5.12: SABRE-hyperpolarised °F spectra of samples containing 250 uM of DFP,
5 mM of [IrCI(COD)(IMes)|, and either 100 mM DMSO (a) or no co-substrate (b) in
methanol-dy. SABRE experiments were conducted using a PTF = 6.2 mT.

Given the link between LOD and SNR values, it follows that by optimising SNR. values,
lower limits of detection could be achieved. As explored in Chapter 4, 9-fold SNR en-
hancements can be achieved in SABRE-hyperpolarised measurements for DFP when using
SHARPER. This was pursued as a way to lower the limits of detection for this measurement
system. Indeed, by applying SHARPER (Section 3.3, Chapter 3) to SABRE-hyperpolarised
experiments on the sample containing 14 uM of DFP and 25 mM of DMSO, SNR, values
improved from 6.1 to 70 (Figure 5.13B and C). This translates to an estimated LOD value
of (600 + 20) nM, a 11-fold reduction versus normal pulse-and-collect experiments. An
example spectrum at sub-micromolar concentrations (800 nM) is shown in Figure 5.13D.

Such limits of detection were facilitated by the use of SHARPER processing strategies,
in particular background correction and removal of the imaginary part of the spectrum as
discussed in Chapter 4, Section 4.4. To understand the impact of these strategies, a sample
containing 221 M of DFP, 25 mM of DMSO, and 5 mM of [IrCl(COD)(IMes)| was prepared

and SABRE-SHARPER experiments were conducted as previously discussed. The same
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Figure 5.13: Comparison of F spectra for DFP at different concentrations. A) Non-
hyperpolarised spectrum for a sample containing 8.1 mM DFP exhibiting a SNR = 3.9 after
accumulation of 64 scans. B) SABRE-hyperpolarised spectrum for a sample containing 14
pM of DFP, 25 mM of DMSO, and 5 mM of [IrCl(COD)(IMes)|. B) SABRE-SHARPER
spectrum on the same sample as B. D) SABRE-SHARPER spectrum for a sample con-
taining 800 nM of DFP, 25 mM of DMSO, and 5 mM of [[rCl1(COD)(IMes)|. SHARPER
spectra were acquired with background correction and the imaginary part of the spectrum
was removed. All samples were prepared in methanol, except for A which was prepared in

methanol-dy.
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spectrum was then processed with and without the previously mentioned processing steps
for comparison.

Table 5.3 shows SNR, standard deviation of the noise (Speise), and the height values
obtained in each case. When comparing results for spectra with and without the imaginary
parts, a drop by a factor of ca. V2 in Speise Was seen in the former case, which resulted
in an increase of SNR by the same factor. A similar effect was observed when comparing
background correction results: a v/2-fold improvement in SNR was observed when no back-
ground correction was applied. Interestingly, background correcting the spectrum resulted
in a decrease in peak height. This is likely due to the small non-hyperpolarised signal
contribution in the reference spectrum which is subtracted during the correction process,
therefore decreasing signal intensity. Nevertheless, this contribution was expected to be
minimised in the sub-stoichiometric regime as even SHARPER-enhanced signals were very
low. In fact, at 221 puM, the drop in height was less than 1%, which was considered an
acceptable sacrifice in signal. From these results, it became clear that a potential 2-fold
SNR gain could be achieved when the imaginary part of the spectrum was removed but no
background correction applied. However, at LOD levels, background correction was deemed
necessary as the artefacts arising from the probe signal were considerably larger than the
target signal (Figure 5.14).

Limit of detection values could also be potentially lowered by increasing the amount
of dissolved p-Hs in solution. Larger concentrations of dissolved p-Hy favour the exchange
pathway that leads to the hyperpolarisation of a new substrate unit, contributing to the
build-up of hyperpolarised substrate in solution. One way to do this is to introduce a larger
p-Hy pressure into the NMR tube.??? However, modifying the pressure of p-Hy to which the
sample is subjected to is not trivial in shake-and-drop experiments. The pressure of p-Hs
is typically set by the p-Hs-generating rig and safety concerns may arise when operating
at higher pressures. Alternatively, higher p-Ho concentrations can be achieved indirectly
by decreasing the amount of pre-catalyst in solution to increase the relative amount of
dissolved p-Hy.151

This approach to improve LOD values was investigated with a sample containing 800 M
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Table 5.3: Comparison of signal-to-noise (SNR) ratio, standard deviation of the noise
(8noise) and height values for SABRE-hyperpolarised F NMR signal corresponding to
DFP after background correction and/or removing the imaginary part as post-acquisition
processing. Experiments were performed on a sample containing 221 yM of DFP, 25 mM of
DMSO, and 5 mM of [IrC1(COD)(IMes)|. SNR and syeise values were calculated according
to Section 3.7.1 in Chapter 3.

Imaginary part removed  Imaginary part not removed

SNR Snoise ~ Height SNR Snoise ~ Height

Not background corrected 3354 4.32 14489 2360 6.14 14489
Background corrected 2500 5.83 14581 1750 8.33 14581

of DFP, half the concentration of [IrCl(COD)(IMes)| (2.5 mM) and 5 equivalents of DMSO
(12.5 mM). The concentration of DMSO was proportionally reduced with the concentration
of pre-catalyst to enable a direct comparison with previous results. Additionally, it was
hypothesised that reducing the concentration of DMSO would be beneficial in terms of
signal enhancement for the substrate. As previously discussed, SABRE complexes with
dimethylsulfoxide as a ligand exhibit rapid exchange rates for hydrogen,?"? which would
deplete the available pool of dissolved p-Hs quickly, thereby reducing its availability for
hyperpolarisation of the target substrate.

As seen in Table 5.4 (A vs. B), halving the concentration of pre-catalyst and co-substrate
introduced significant improvements in SNR and reduced LOD values by a third. This
suggests that SABRE efficiency was indeed improved by increasing the concentration of p-
Hy relative to the catalyst. However, a further reduction of the pre-catalyst concentration
to a third of the original value did not yield any improvements (Table 5.4 B vs. D). A
possible explanation for this is that there is a p-Hs pressure above which no improvements
in signal enhancement can be detected, i.e. a plateau is reached.??® This saturation is
more readily reached at lower p-Hy pressures when the concentration of [IrCl(COD)(IMes)|

is reduced. It may therefore be reasonable to propose that such plateau was reached at
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Figure 5.14: Comparison of SABRE-SHARPER 9F NMR spectra with (A) and without
(B) background correction (Section 4.4) in the sub-stoichiometric regime. Artefact signals
arising from the probe dominated the spectrum when analysing a low concentration sam-
ple containing DFP (5 uM of DFP, 25 mM of DMSO, and 5 mM [IrCI(COD)(IMes)]| in

methanol). By using background correction these non-targeted signals were eliminated.

the stated concentration, meaning no improvement of the signal enhancement could be
achieved.

Reducing chunk lengths in SHARPER experiments may result in SNR improvements by
reducing the effective transverse relaxation time, T: 25 , as discussed in Chapter 4. To test this
strategy, the same sample was tested using a chunk length of 7 = 0.4 ms, 4 times shorter
than in the original experiment. As can be observed in Table 5.4 (B vs. C), no significant
improvement was obtained by decreasing chunk length. It is possible that using longer
00

chunk times would instead be beneficial to SNR, as proposed by Peat and co-workers.?

Although halving the concentration of pre-catalyst introduced a marginal improvement
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Table 5.4: Variation of limit of detection (LOD) values for F NMR measurements at 1
T with [IrC1(COD)(IMes)| concentration and FID chunk length (7, in ms) in SHARPER
experiments. Samples were prepared in methanol and contained 25 mM of DMSO and
either 14 uM (A) or 800 nM (B-D) of DFP and [IrCl(COD)(IMes)| concentrations as listed
on the Table.

[Pre-catalyst| T /ms LOD /nM
/mM

A 5.01 1.6 (600 + 20)

B 2.86 1.6 (410 + 80)

C 2.86 0.4 (430 =+ 30)

D 1.87 1.6 (440 + 60)

in terms of LOD values (Table 5.4), this strategy was not implemented for quantification
studies. By reducing the concentration of pre-catalyst, the stoichiometric upper limit would
be reduced. This means that the analytical range, to be explored in the next section, would
be reduced.

In this section, limit of detection values in the nanomolar range were demonstrated using
YF benchtop NMR measurements at a 1 T field conducted using SABRE hyperpolarisation
and SHARPER experiments. Similar limit of detection values were reported for a thiazole
derivative using photo-CIDNP-hyperpolarised 'H NMR experiments at a 1.88 T field.6®
However, it should be noted that signal averaging for 3 minutes was required to reach this

value,% in contrast to the single-scan approach presented in this work.

5.5 Quantification with SABRE Hyperpolarisation

Results from the previous sections highlight how sensitivity gains and low-concentration de-
tection of a target molecule can be achieved by using co-substrates and SABRE-enhanced
benchtop NMR spectroscopy. From an analytical perspective, this demonstrates the suit-

ability of this measurement procedure to detect an analyte at low concentrations using a
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low-cost platform. Although applications where this kind of qualitative analysis is used
are plentiful, there are many more relying on a numerical result. Quantitative analysis can
experimentally attribute a numeric value to a quantity, e.g. a concentration, through a
measurement procedure via a suitable calibration system.??® This quantity value needs to
be a good estimate of its true value, a crucial requirement for reliable decisions to be made
based on that result.

NMR spectroscopy is intrinsically quantitative in nature, as the integrated signal area is
directly proportional to the number of nuclei producing said signal.? In fact, NMR has been

d,2:230,231

proposed as primary measurement metho and as such is considered unbiased and of

the highest metrological quality.?32233 This has been exploited in the last 50 years,?3* 237 in
simple 1D 'H or heteronuclear NMR experiments or in 2D and pure shift NMR experiments
to improve spectral resolution.?3! Such strategies are particularly useful for benchtop NMR
measurements in which spectral crowding is a challenge.

However, the quantitative nature of NMR is lost when using SABRE hyperpolarisation.
In conventional NMR, experiments, the proportionality constant relating the number of
nuclei and the detected integral is fairly constant for each type of nuclei (e.g. 'H or
g ) provided the experiment is conducted in quantitative conditions.??3%237 However, in
SABRE experiments, this relationship changes for each specific hyperpolarised resonance,
as signal enhancements can vary for each nucleus in the molecule. This obstacle, although
inconvenient, is not insurmountable. Calibration techniques can be used to establish the
proportionality constant between the recorded signal and the amount of a specific nucleus.
Implementing these calibration techniques requires building a model linking the detected
signal, conventionally the peak integral, with the concentration of the target analyte, which
can later be used to predict the concentration of an test sample.?3® To produce reliable
predictions in a practical way, it is often desirable for this model to be linear, which is not
guaranteed when it involves standard SABRE-hyperpolarised measurements.®?

The lack of linearity of the SABRE-enhanced response under standard conditions can
be attributed to several reasons. For instance, the complex interplay of exchange processes

during the SABRE polarisation transfer step, particularly when the SABRE-active species
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contains units of the target molecule in more than one binding site subject to hyperpolari-
sation. This situation is further complicated by the presence of several catalyst species. As
illustrated in Chapter 4.3, secondary solvent-containing species may form in the absence
of a co-substrate. This array of species may contribute to SABRE-enhanced signals with
varying efficiencies or exhibiting different peak profiles. Added to the fact that increasing
the substrate concentration may lead to the preferential formation of one species over the
other, non-proportional signal gains can be expected.

A clever solution to the non-linearity problem was proposed by Tessari and co-workers.!
In this approach, a co-substrate was used in conjunction with sub-stoichiometric amounts
of the target analyte to show a linear dependence between the hyperpolarised 'H signal
and the analyte concentration in the micromolar regime at 14.1 T.

The use of co-substrates can induce linear responses even in the supra-stoichiometric
regime. This was demonstrated by Fekete and co-workers,'®! who reported linear responses
for SABRE-hyperpolarised '°N signals for pyridine, pyrazine, and metronidazole for concen-
trations ranging from 2.2 mM to 70 mM, using deuterated benzylamine as a co-substrate.
This was achieved by dilution of a stock solution containing the co-substrate and pre-
catalyst, which would not lead to the construction of a viable calibration curve with pre-
diction capabilities. However, they did demonstrate that a linear signal response could
be obtained when co-substrate and pre-catalyst concentration were fixed for pyrazine. In-
terestingly, they report the formation of two potential polarisation transfer species, either
containing a 2:1 or 1:2 co-substrate to substrate ratio. Conveniently, only one of these were
found to contribute to the SABRE-enhanced °N signal, whilst also being responsive to the
amount of substrate present. The authors speculated that if that had not been the case,
in other words, if both species contributed to the hyperpolarised signal, a linear response
may not have been obtained.

In a later publication, Eshuis et al. extended their work to the quantification of several
substrates in a multi-component sample. Instead of using a single co-substrate, the authors
added low concentrations of 15 substrates with a cumulative supra-stoichiometric concen-

tration.®? As a consequence of the diversity of substrates in the sample, a large variation of
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polarisation transfer catalyst were expected to form for each target analyte. To better ad-
dress the complexity of this sample, these analytes were quantified via the standard addition
method. In the standard addition method, aliquots of a standard solution containing the
target analyte are added to the unknown sample in progressively increasing amounts.?38241
Following this, a linear regression model is built to predict the concentration of the sample
prior to the additions through extrapolation. This method was proposed to compensate for
measurement interference effects, in particular those of a rotational nature,'®® which affect
the sensitivity of the measurement most commonly due to analyte-matrix interactions.?*!
It seems reasonable to think that this motivated the choice of calibration method in Eshuis’
work,%? as the presence of several competing substrates, which can be thought of as the
matrix, would likely reduce the sensitivity of the target analyte.

Although this calibration method is deemed to be effective when strong interference
effects are suspected, it can lead to systematic error if adequate tests and corrections are
not carried out.?38241 For instance, the absence of translational interference effects needs
to be verified or corrected for through the analysis of blank samples. Additionally, as
this method involves model extrapolation, associated uncertainties can be large,?*! and
measurement bias may be introduced when the model strays from linearity in that region,
or corrections for consecutive dilution steps are not implemented.?3824! This is illustrated
by the relative error values of up to 18% and relative deviations from the reference of up
to 12% reported by Eshuis and coworkers in the low micromolar range.5?

In order to investigate the best achievable analytical performance of SABRE-
hyperpolarised quantification using co-substrates at a 1 T field, a simpler test sample,
1.e. one analyte in the presence of a single co-substrate, was deemed adequate. This less
complex sample, in which interference effect are not expected, allowed for the use of a
simpler calibration method: external calibration. This method involves the preparation of
a series of samples with a known amount of analyte covering a concentration range that
includes the test sample. This set of calibration samples is analysed in the same conditions

as the test sample to build a model, or calibration curve, relating the concentration of tar-

get analyte to the signal response. This model, usually linear, can then be used to predict
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the concentration of an unknown sample. Given that no extrapolation takes place, and no
assumptions are made in terms of linearity or interference effects, this method can achieve
higher levels of accuracy than the standard addition method.?38

As a first step, the linearity of the calibration method was assessed. To this end, a series
of 7 samples containing known amounts of the target analyte, DFP, were gravimetrically
prepared. These samples contained DFP in a concentration range covering 15 pM to 1000
M, 25 mM of DMSO, and 5 mM of [IrCl(COD)(IMes)| in methanol. The samples were
analysed in triplicate via shake-and-drop experiments following the previously described
procedure. The signal integrals obtained in this way were plotted against the reference
concentration for each sample, determined by gravimetric preparation. To assess the lin-
earity of the calibration curve, and therefore its suitability to quantification, a linear model
was determined by ordinary least squares regression and a coefficient of determination was
calculated according to Section 3.7.7 in Chapter 3.23%242 Additionally, the residual error
values of the calibration model were plotted against the reference concentration for each
calibration sample to visually assess deviations from linearity.?3® Regression analysis and
statistics were obtained as described in Section 3.7.7 (Chapter 3).

Figure 5.15 shows the results for the linearity studies for both *H and '°F hyperpolarised
NMR experiments. The coefficient of determination R? was used to establish the ‘goodness
of fit” of the proposed linear model to the experimental data.?4? Visual inspection of the
data in conjunction with an R2-value can be then used to assess the adequacy of the
proposed linear model. As shown in Figure 5.15A and C, both nuclei showed R? values
close to 1, suggesting that the variation in signal relative the concentration of analyte can
be mostly explained by the linear regression model. Typically, R? values above 0.99 are
considered fit for purpose in analytical chemistry although acceptance criteria are field-
specific. The residual error plots for 'H and 'F NMR measurements (Figure 5.15 B and
D, respectively) were used to further investigate the adequacy of a linear model for these
data sets. When the variation of experimental results is insufficiently explained by a linear
188,238

model, the distribution of residual errors around zero follows a systematic tren

This suggests a non-linear model, e.g. a polynomial equation, would be better suited as a
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calibration curve. In this case, the residual error plots for 'H and F show a randomised

distribution relative to zero, providing further evidence that a linear model is adequate.
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Figure 5.15: Calibration curves for 'H (A) and °F hyperpolarised (C) NMR measurements

of DFP in the 15 uM to 1000 uM range. Residual errors of the linear model are plotted

against analyte concentration for 'H (B) and '°F (D) hyperpolarised calibration curves.

SABRE-enhanced samples, such as the ones used for calibration, were activated after

preparation in order to produce a hyperpolarised NMR signal. During this process, the

hyperpolarised signal increases following the formation of the active catalyst species to

eventually reach a plateau. It is then pertinent to investigate if the signal remains stable
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in time or if variations in signal, for example due to sample degradation or the formation
of competing thermodynamic products, result in a limited ‘shelf life’ for these solutions,
thus forcing their analysis to be carried out within a restricted time frame. To investigate
this, the analysis of the calibration solutions was repeated one week after activation. The
samples were aged by keeping them in air-tight conditions at room temperature and in the
dark, inside their NMR, tubes fitted with J Young’s taps. Re-analysis of all samples was
carried out except for the highest concentration (1000 mM) due to a faulty tap, which led
to degradation of the sample. As seen in Figure 5.16, the calibration curves obtained for
'H SABRE hyperpolarised experiments show no significant variation in slope or coefficient
of determination: slope = (40.2 £ 1.3) fresh vs. (39.5 £ 1.3) aged and intercept = (0.26 +
0.63) fresh vs. (1.02 + 0.45) aged. However, a slight increase in slope was seen for the g
NMR calibration curve: slope = (149.4 + 3.6) fresh vs. (163.2 4+ 3.6) aged and intercept
= (-1.1 £ 1.7) fresh vs. (-0.5 £+ 1.3) aged. This represented a 9 % increase in sensitivity
for '9F SABRE measurements after ageing the samples for a week. The stability of the
R?-value for the fresh and aged curves (R%2=0.9957 and 0.9955, respectively) suggests this
ageing process took place consistently for all concentrations. From this it is possible to
infer that both calibration curves would produce equivalent quantification results, albeit
with increased sensitivity after ageing, should the sample be subjected to the same ageing
process.

From this linearity study it is possible to establish the working range for this measure-
ment procedure. The working range is defined as the concentration range over which the
method can be reliably applied and analytical sensitivity (i.e. the slope of the calibra-

188 This range is often determined from linearity

tion curve) remains largely unchanged.
studies, estimating the working range from the linear range. Based on this approxima-
tion, the working range for the quantification of DFP using either SABRE-enhanced 'H or
9F NMR signals at a 1 T field could be established to be 13.8 uM to 935 uM. It is also
possible to define the working range as the range bounded by the limit of quantification

(LOQ) at the lower end and by the highest concentration contained in the linear range.

LOQ can be defined in an analogous way to LOD as the lower concentration that can be
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Figure 5.16: Comparison of 'H (A) and F (B) NMR SABRE-hyperpolarised calibration

curves using fresh (blue diamonds) and aged (orange circles) calibration samples.

reliably quantified by a measurement procedure, and it can be estimated as the concen-
tration at which a signal-to-noise ratio of 10 can be achieved. Following Equation 3.15
(Section 3.7.5, Chapter 3), LOQ values of (2.970 + 0.060) uM for 'H NMR measurements
and (22.8 + 1.5) uM for 9F NMR measurements were estimated, and hence represent the
lowest limit of the working range. The working range was extended by applying SHARPER
to SABRE-hyperpolarised °F NMR measurements, resulting in a 10-fold reduction of the
LOQ concentration to (2.000 £ 0.080) pM. Interestingly, SHARPER also improved the
linearity and precision of the calibration curve. This will be discussed further below.
Having demonstrated a good level of linearity for the calibration curves obtained for
SABRE-hyperpolarised 'H and '"F NMR measurements, the accuracy of quantification
using said calibration curves was investigated. To assess the method’s accuracy, or closeness
of agreement between the measured and true concentrations,??® the bias and precision of
the quantification results were estimated. The measurement bias was estimated through
recovery experiments. In this approach, a test sample of known concentration —221 uM or
32 mg/kg of DFP according to gravimetric preparation results —was quantified in triplicate

using calibration curves (4 to 5 levels) covering the concentration range from 50 pM to 500
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uM. The experimental concentration result was compared to the true value of the test
sample (gravimetric value) and the degree of bias was estimated by a recovery value. In
order to assess the precision of the method, a relative standard deviation under repeatability
conditions was determined. Both parameters were calculated as described in Section 3.7.8
(Chapter 3).

The results of the accuracy assessment are summarised in Table 5.5 and Figure 5.17.
All three quantification techniques (*H SABRE, F SABRE and F SABRE-SHARPER)
produced results in close agreement with the reference value of 220.6 uM. This is evidenced
by the recovery values being close to 100%, which corresponds to a perfectly accurate result.
In order to decide whether these recovery results were adequate, it would be necessary to
know the analytical performance required to answer a specific analytical problem. Never-
theless, general guidelines for acceptable recovery percentages have been proposed based
on analyte concentration.?*3?44 According to these guidelines, recovery values should not
exceed 107% when the concentration of the target analyte is close to 10 mg/kg. As shown in
Table 5.5, all three methods exhibited acceptable recoveries based on these criteria. As for
the method’s performance in terms of repeatability, RSD values were under the acceptable

tolerance of 7.3 % proposed in the literature for values close to 10 mg/kg.243:244

Table 5.5: Predicted concentrations, recovery values and relative standard deviation of the
samples using '"H SABRE, F SABRE and F SABRE-SHARPER measurements using a
PTF of 6 mT. Parameters were calculated as described in Sections 3.7.3 and 3.7.8. Recovery

values were calculated against the gravimetric reference value 220.6 uM

Concentration Recovery RSD
Analysis
/M /7 /%
'H SABRE (235 £ 16) (107 £ 7) 7
9F SABRE (227.3 + 5.4) (103 + 2) 2
YF SABRE-SHARPER  (226.0 + 3.0) (102 £ 1) 1

Interestingly, 'H SABRE results showed the largest deviation from the reference value
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Figure 5.17: Calibration curves for 'H SABRE (A), F SABRE (B) and 'F SABRE-
SHARPER (C) experiments and accuracy test. Black markers correspond to the signal
arising from calibration solutions and the white squares, those from the test samples. Each
sample, either calibration or test, was analysed in triplicate and standard deviation of the
mean values were used as error bars. Coefficients of determination, R?, are shown for each
curve. Insets show the spectra obtained for the test sample in each case, along with its
nominal concentration, the signal-to-noise ratio of the measurement and the number of

Scans.

and the lowest precision. One possible explanation for this is that the 'H signals for DFP ex-
hibit complex peak splitting, which, in combination with the apparent peak broadness due
to chemical exchange, could make peak integration more challenging and less precise. Con-
versely, marginally better accuracy and linearity were obtained for '“F SABRE-SHARPER
experiments. Using a similar argument, as the SHARPER experiments yielded a single
resonance peak a large signal-to-noise ratio (e.g. SNR = 1240 for the test sample, Figure
5.17C), signal processing would likely lead to more accurate results.

The results presented in this section highlight the quantification potential of SABRE-
hyperpolarised and co-substrate assisted 'H and F benchtop NMR for DFP. The compa-
rable, or arguably better, performance of 9F versus '"H NMR measurements suggests that
these nuclei could be used in a complementary fashion as quality assurance. This compar-
ison between results arising from 'H and %F measurements could be useful to investigate

potential 'H NMR signal overlap issues. When signal crowding does preclude 'H NMR
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analysis, a common occurrence at a 1 T field, 'F NMR would be a viable alternative for

a molecule such as DFP.

5.6 Conclusion

In this chapter, the application of SABRE-hyperpolarised 'H and '*F NMR in conjunction
with co-substrates for the low-concentration detection and quantification of 3,5-difluoropyridine
were explored at a 1 T field. When preparing a SABRE sample combining the target
substrate and dimethylsulfoxide as a co-substrate, the formation of a mixed species with
improved enhancement efficiency was readily observed. This species was shown to be sta-
ble even in sub-stoichiometric conditions, allowing for the sub-micromolar probing of 3,5-
difluoropyridine when the SNR-enhancing SHARPER pulse sequence was applied. The
accurate quantification of this substrate was also demonstrated, through external calibra-
tion using linear calibration curves for 'H SABRE, 'F SABRE and 'F SABRE SHARPER
NMR measurements. The greater performance of F over 'H NMR measurements, espe-
cially when SHARPER was employed, highlights the benefits of analysing samples through
this heteronucleus.

The superior analytical performance of SABRE-enhanced benchtop NMR, spectroscopy
when using co-substrates was here demonstrated on a well-studied and accessible SABRE
substrate. However, for this technique to reach its full potential it needs to be applicable
to a more extensive and challenging scope of compounds. This will be explored in the next
chapter where 2.4,6-trifluorobenzylamine will be the analytical target. This substrate adds
complexity as it contains exchangeable protons that may participate in a SABRE-Relay

process, which could impact both quantification and limits of detection.
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Chapter 6

Low Micromolar Detection and

Quantification of Fluoroamines

This chapter will expand on the promising results presented in Chapter 5, in which the
low-concentration detection and accurate quantification potential of YF SABRE-enhanced
benchtop NMR was demonstrated. The remarkable analytical performance of this approach
was showcased using the SABRE-amenable substrate 3,5-difluoropyridine and dimethylsul-
foxide as a co-substrate. This fluoropyridine represented an accessible test subject as it
exhibits simple proton and fluorine spectra, and its SABRE performance had been pre-
viously demonstrated.!”® Whilst investigating this well-performing system was useful to
demonstrate the best analytical performance of the method in a proof-of-concept study, it
fails to reflect the complexities of potential real-life analytes.

In this chapter, the robustness of this SABRE-enhanced benchtop NMR technique will
be tested using a more challenging: 2,4,6-trifluorobenzylamine. This test subject is repre-
sentative of the amine chemical group, an ubiquitous moiety in chemistry.?4>-248 In addition,
this molecule has exchangeable protons, and as such, can participate in SABRE-Relay pro-
cesses which enables polarisation transfer from an iridium-binding substrate to a second
molecule through proton exchange.”

Firstly, the 'H and F SABRE activity of samples containing 2,4,6-trifluorobenzylamine
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as the substrate and dimethylsulfoxide as the co-substrate will be presented. Secondly, the
SABRE-Relay activity of this substrate and its impact on enhancement factors, as well
as a remediation strategy, will be discussed. This will be followed by a comparison of
analytical performance parameters, in particular, limits of detection and quantification

accuracy, under both SABRE-Relay active and inactive conditions.

6.1 Background Theory

6.1.1 SABRE Hyperpolarisation of Amines

Amines are commonly found in industrial pharmaceutical settings, as well as being present

245-248 yaking them interesting analytical objec-

in several biologically relevant molecules,
tives. The hyperpolarisation of substrates through an amine moiety was first reported by
Gloggler et al. using Crabtree’s catalyst.¥® More recently, Iali et al. investigated the
hyperpolarisation of amines such as ammonia and benzylamine using [IrC1(COD)(IMes)]
as a pre-catalyst, reaching 'H signal enhancement levels of up to 154-fold and 194-fold
per proton, respectively.”®™ An aprotic solvent (dichloromethane-ds) was used in these
SABRE experiments in order to prevent the deuteration of the amine group through rapid
?H exchange in deuterated solvents.

Although direct polarisation of amines, i.e. through the formation of a tris-substituted
amine complex of structure [Ir(H)z(IMes)(amine)s]|Cl, was shown to be suitable for the
hyperpolarisation of some primary amines, it was found to be ineffective for bulkier or
electronically-poor primary amines, as well as, secondary amines.”® For example, when
testing the electron-deficient aniline as a substrate using SABRE, no SABRE-active species
were observed. As previously discussed, this could be overcome by applying the well-
established strategy of using co-substrates to form stable SABRE-active catalyst species.
For instance, using acetonitrile as a co-substrate led to signal enhancement levels by a
factor of 306 for the amino protons in aniline. However, the same approach proved to be

unsuccessful for bulky secondary amines such as dibenzylamine.®
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Figure 6.1: Schematic representation of SABRE-Relay hyperpolarisation. Direct hyperpo-
larisation of a substrate with exchangeable protons, here exemplified by RiNHs, results
in a hyperpolarised transfer agent once released into solution. A second molecule (RoOH)
then becomes indirectly hyperpolarised after proton exchange with the polarisation transfer

agent.

6.1.2 SABRE-Relay

SABRE-Relay offers a different approach to the hyperpolarisation of sterically hindered
or electron-poor amines by exploiting proton exchange mechanisms as a polarisation re-
distribution strategy.”®" This approach, which is represented schematically in Figure 6.1,
involves the relay of polarisation from a SABRE-active molecule with exchangeable protons
(‘hyperpolarised transfer agent’ in Figure 6.1) to a non-SABRE-active molecule via pro-
ton exchange. This approach proved to be an effective route to hyperpolarise challenging

secondary amines,

as well as other target molecules with exchangeable protons including
alcohols, amides, carboxylic acids, and carbonates.” 1% SABRE-Relay was also success-
fully used to hyperpolarise heteronuclei such as 3C, 19F, 3P and 29Si.154180 I this way,
SABRE-Relay can greatly extend the scope of molecules that can be hyperpolarised via
SABRE.

Work carried out by Rayner et al. revealed that a key factor in SABRE-Relay hy-
perpolarisation efficiency is the chosen polarisation transfer agent.!®® For this molecule to

successfully participate in a SABRE-Relay process, it must form an active SABRE com-

plex, and exchange into solution at a suitable rate to yield large signal enhancements. In a
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study of several amines, the authors observed that the best performing polarisation carrier
was ammonia, followed by benzylamine and ethylamine. These organic amines performed
even better when their carbon backbone was deuterated, as spin dilution is minimised.
Equally relevant to an optimum SABRE-Relay process, is the efficiency of proton ex-
change between the polarisation carrier and the target molecule to be hyperpolarised.'®*
The authors proposed that the proton exchange process, which is thought to happen in a
bimolecular fashion with [R1—NH3 ][ O—Rg] as an intermediate, 24?259 needs to happen
at a suitable rate that favours efficient polarisation transfer. The relative concentration
between polarisation carrier and target molecule should also be considered. They observed
that for best results, these concentrations should be similar, as an excess of one over the
other would favour proton exchange either amongst carrier molecules or target molecules.
The presence of a competing exchange process, for example, one involving water, may
have a negative impact on the signal enhancement of the target molecule. Rayner et al.
illustrated this by adding 1 pL of water to a SABRE-Relay sample, which led to a re-
duction in the signal enhancement level of the target molecule by a factor of 10, and the

154 This was proposed to be a consequence of

observation of hyperpolarised water signals.
increased spin dilution and a less efficient proton exchange process between the polari-
sation carrier and the target molecule. Such an effect could be minimised by performing
SABRE-Relay experiments under anhydrous conditions to eliminate this alternative proton
exchange pathway.

As illustrated above, successful SABRE-Relay experiments may require more optimisa-
tion steps than the direct SABRE hyperpolarisation approach. Nevertheless, this approach
greatly extends the scope of molecules that can be probed and, as such, is analytically
promising. For example, Alsheri et al. employed SABRE-Relay to hyperpolarise complex
plant-based oils containing hydroxyl groups (—OH) to obtain both 'H and 3C NMR di-

251 This approach enabled the low-concentration detection (ca. 30

agnostic information.
uM) of these compounds in a commercially-sourced essential oil. Further illustrating the
analytical usefulness of this technique, Richardson et al. demonstrated that quantification

using SABRE-Relay is possible.®* This was shown for the analysis of monosaccharides us-
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ing hyperpolarised *C NMR, for which a linear relationship between the concentration of

analyte and the hyperpolarised signals was obtained.

6.2 Choice of Test System

In order to test the robustness and versatility of SABRE-hyperpolarised quantification
using benchtop NMR, a more challenging substrate, 2,4,6-trifluorobenzylamine (TFBA, 7,
Figure 6.2), was chosen as a test subject. SABRE-hyperpolarisation of its non-fluorinated

78,719,154 getting a favourable precedent for

analogue, benzylamine, has been reported before,
TFBA. The added difficulties introduced by this substrate include a more complex F
NMR spectrum, as it presents two distinct F resonances with complex splitting patterns.
Additionally, SABRE-hyperpolarisation of amines is expected to be less efficient (g1 <
10007®) than for pyridine-based substrates (1 of tens of thousands™). An additional
complication of this substrate is that it contains exchangeable protons, and has been shown
to act as a polarisation transfer carrier in SABRE-Relay process.”®1%4 This has the potential
to negatively impact enhancement levels as polarisation may be diverted from TFBA to
other molecules with exchangeable protons in solution. Each of these challenges is expected
to have a detrimental impact on the resulting SNR for this molecule, and, as a consequence,
result in a higher limit of detection. Nevertheless, amines are common moieties in molecules

245-248 making TFBA a relevant and interesting

such as pharmaceuticals and metabolites,
substrate.

SABRE-hyperpolarisation of amines is commonly done in aprotic solvents, e.g.
dichloromethane or chloroform, in order to prevent proton exchange with the solvent.”®79:154
However, methanol was chosen as the solvent in this study to avoid using chlorinated sol-
vents with increasing concerns in terms of toxicity and environmental impact, concerns
which have now led to a ban on the use of dichloromethane in some countries.?°>253 Using
methanol also provided a route to understanding how unwanted SABRE-Relay processes

may affect the analysis of proton exchanging molecules, as well as to investigate possible

remediation strategies.
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As for the choice of co-substrate, the use of dimethyl sulfoxide (DMSO) was maintained
due to the advantages discussed in Chapter 5, whilst also allowing for a direct comparison
with the fluoropyridine system. Additionally, the lack of exchangeable protons and low
reactivity of DMSO was deemed advantageous.

F
NH

F F

2,4,6-trifluorobenzylamine
7

Figure 6.2: Chemical structure of the substrate 2,4,6-trifluorobenzylamine (TFBA, 7).

6.3 SABRE Hyperpolarisation of the Test Molecule

For the proposed system to be suitable for this study, it was necessary to investigate whether
a SABRE-active species containing both TFBA and DMSO forms upon mixing. In the first
instance, this was tested by comparing the SABRE activity of samples containing TFBA
with and without the addition of DMSO, as changes in hyperpolarisation behaviour would
be indicative of different species being at play. To test this, a set of samples containing
100 mM of TFBA, 5 mM of [IrCl(COD)(IMes)|, and either 100 mM of DMSO, or no
co-substrate in methanol-dy; were prepared. Given the air-sensitive nature of TFBA, the
samples were prepared inside a glovebox, as described in Section 3.1.2 (Chapter 3). Shake-
and-drop experiments followed by 'H and F pulse-and-collect NMR. acquisition (1 T)
were conducted and processed as previously described (Sections 3.2 to 3.4, Chapter 3).
Polarisation transfer fields of 6.2 mT for 'H measurements and both 6.2 mT and ~ 50 T
for 1%F measurements were used. Whilst the PTF values of 6.2 mT (for 'H nuclei) and ~ 50
wT (for g nuclei) were chosen as they are expected to yield good results for direct transfer
to those nuclei, 6.2 mT was also used for '9F measurements to investigate the efficiency of
proton-relayed polarisation transfer mechanisms. Non-hyperpolarised "H NMR spectra at

1.4 T were acquired according to Section 3.3 (Chapter 3). Enhancement factors and SNR
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calculations were done according to Sections 3.7.1 and 3.7.2 (Chapter 3).

Inspection of hyperpolarised and non-hyperpolarised "H NMR spectra (1'T) for samples
with and without co-substrate (Figure 6.3) revealed SABRE-active systems in both cases:
hyperpolarisation of the methylene (6 3.83, purple circles) and aromatic (§ 6.85, yellow
squares) signals in TFBA were observed. When DMSO was used as a co-substrate, its
corresponding hyperpolarised signal was also observed (§ 2.65). As for °F signals, hyper-
polarisation was observed for ortho (6 - 116.1) and para (5 -111.9) °F NMR signals for
samples with and without co-substrate (Figure 6.6).

Although hyperpolarisation of the target substrate was achieved in both scenarios, it
appears to be produced by different polarisation transfer catalyst species, as shown by the
hydride ligand signals in the insets of Figure 6.3 (C and D). When no co-substrate was used,
a singlet at § -24.5 was observed. The singlet nature of this peak, as well as the lack of
a corresponding partner, suggested this was an equatorially symmetric species, likely that
corresponding to the tris-substituted species containing TFBA, [IrCl(H)2(IMes)(7)3]. The
chemical shift value for this signal was comparable to that reported for a tris-benzylamine
SABRE complex (4 -23.957®), increasing confidence in the assignment.

In contrast, when DMSO was added as a co-substrate, new hyperpolarised hydride
ligand signals were observed, and later on confirmed by non-hyperpolarised experiments
at 1.4 T (Figure 6.3, inset D), a field chosen due to the increased sensitivity it affords.
These signals included a singlet at ¢ - 22.8 and a pair of signals at § -23.2 and § -24.3.
As this pair of signals exhibited a similar intensity, they were thought to correspond to
an asymmetric complex, which could correspond to the desired mixed species containing
TFBA and DMSO.

In order to confirm that an active species containing both TFBA and DMSO was formed
when adding a co-substrate, a high-field NMR characterisation study was carried out as
presented in Figure 6.5 and Table 6.1, and described in detail in Chapter 3, Section 3.8.2.
Based on this study, the structure shown in Figure 6.4, 8, is proposed as the species ex-
hibiting hydride ligand signals at § -23.2 and § -24.3. This species is analogous to that

observed with the same co-substrate and either 3,5-difluoropyridine (Chapter 5), dichloro-
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Figure 6.3: Comparison between non-hyperpolarised (top trace) and SABRE- hyperpo-
larised (bottom trace) 'H NMR spectra for samples containing 100 mM of TFBA, 5 mM of
[IrC1(COD)(IMes)|, and either no co-substrate (A) or 100 mM of DMSO (B) in methanol-dy.
Spectra are zoomed in to show the organic (§ 8.5 to ¢ 0) and hydride (6 -21 to ¢ -27) regions.
Hyperpolarised experiments were conducted using a polarisation transfer field of 6.2 mT.
Signals corresponding to the exchangeable protons (‘—OH’) and DMSO (‘DMSQ’) are indi-
cated with labels. Inset C shows the hyperpolarised hydride ligand signal detected for this
sample, which is thought to correspond to the tris-substituted species [IrCl1(H)2(IMes)(7)s].
Inset D shows a comparison of the hyperpolarised hydride signals detected for the sample
with co-substrate (II) and the those detected on a non-hyperpolarised experiment of this

sample at 1.4 T by signal averaging for 4096 scans (I).

/dibromopyridine,'®? or 2,5-lutidine!%® as substrates. As discussed in Chapter 5, this struc-
ture is advantageous for analytical applications as it contains the target molecule on the
equatorial plane, a position which favours signal enhancement. Additionally, the other
equatorial position is filled by a chloride ion, which minimises spin dilution as %°Cl and

37C1 are spin-3/2 nuclei with low gyromagnetic ratio and therefore are not expected to
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participate significantly in the polarisation transfer process.

Figure 6.4: Main SABRE-active species (8) in samples containing TFBA, DMSO, and 5
mM of [IrCl(COD)(IMes)|.

20

o=—s 16

Figure 6.5: Proposed structure for the active SABRE complex containing TFBA and
DMSO.
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Table 6.1: High-field NMR characterisation results for the SABRE active complex contain-
ing TFBA and DMSO.

Resonance number 5 H 5 13C 5 ¥F

1 - 160.29 -
2 - - -
3 7.21 122.69 -
4 - 139.90 -
) - 136.49/138.44 -
6 6.94/6.96 128.58/128.72 -
7 - 140.59 -
8 2.13/2.22 18.94/17.95 -
9 2.20 20.45 -
10 -23.2 (d, J = 7.6 Hz) - -
11 24.3 (d, J = 7.6 Hz) - .

16, 17 3.19/3.21 58.15/46.73 -
18 5.15 -
19 3.90 32.34 -
20 - 112.98 -
21 - 161.26 -
22 6.97 100.03 -
23 - 163.22 -
24 - - -112.45
25 - - -106.45/ -110.77

In order to assess whether the introduction of a co-substrate improved SABRE effi-
ciency, €1y and e values for samples with and without DMSO were compared (Table
6.2). Enhancement factors for 'H signals in TFBA were modest for samples without a

co-substrate. For instance, €1y for signals corresponding to the methylene (~CHgz) and
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aromatic ring (m-1H) resonances were e1;; = (26.4 4 2.6) and 1y — (28.9 + 2.2). It was
not possible to establish from these results whether the addition of co-substrates was ben-
eficial, as 'H enhancement factors varied in opposite ways: g1y for the methylene signal
doubled (e1y; = (55.6 £ 7.7)), whilst that of the aromatic signal decreased by ca. 20 %
(e1g = (23.8 £ 3.2)).

One notable difference introduced by the use of co-substrates was in the enhancement
for the signal corresponding to exchangeable protons (¢ 4.8, ‘—OH’ in Figure 6.3), as hy-
perpolarisation of this signal was only observed in the absence of DMSO. It is unlikely
this signal had a significant contribution of exchangeable protons from the amine group in
TFBA, as the preparation of these sample in a solvent with exchangeable deuterium would
result in their rapid deuteration. Similar results were reported before by Fekete et al.,
who observed fast deuteration of the exchangeable protons in benzylamine in deuterated
solvent.'®! Therefore, it is reasonable to propose that the hyperpolarised signal observed
at 0 4.8 must have a predominant contribution from protonated methanol-dy (CD3OH).
As methanol-containing SABRE species are not expected to lead to hyperpolarisation in
methanol-dy (Chapter 4), this enhanced signal must be the consequence of SABRE-Relay
activity, with TFBA acting as a polarisation transfer agent.

The SABRE-Relay activity of samples containing TFBA in methanol-ds was not ex-
pected to be efficient, as the exchangeable protons of the polarisation transfer agent would
predominantly be deuterated. However, this behaviour could be explained if the amine was
re-protonated whilst bound to the iridium catalyst by H-D exchange with hydrides cis to
TFBA. This behaviour was observed for species containing fluoropyridines and methanol-dy
(Section 4.3, Chapter 4), as evidenced by the formation of characteristic downfield hydride
singlet signals and a triplet at § 4.55 corresponding to HD gas (Section 3.8.2, Chapter 3).
High-field NMR characterisation studies of samples containing TFBA and DMSO (Section
3.8.2, Chapter 3) revealed similar observations, further supporting the idea that TFBA
participates in H-D exchange with neighbouring hydride ligands.

The H-D exchange process between hydrides and TFBA may also account for the differ-

ence in SABRE-Relay activity in samples with and without co-substrate. In the absence of

174



Table 6.2: Proton (¢141) and fluorine (£19p) enhancement factors for hyperpolarised samples
containing 100 mM of TFBA, either no co-substrate or 100 mM of DMSO as a co-substrate,
and 5 mM of [IrCl(COD)(IMes)| in methanol-ds. Fluorine enhancement factors were esti-

mated using PTF values of 6.2 mT and ~ 50 uT. *ND: signal not detectable.

No co-substrate With co-substrate
€ig E19p (><101) €ig €19p (><101)
PTF ~CHy; m-H o-YF p-%F -CH, m-'H o¥F p-F
264+ 289+ 140 £ 130 &£ 55.6 £ 23.8+ 258 £ 295 +
6.2 mT
2.6 2.2 22 24 7.7 3.2 13 9
16.0 &+ 39.85 -63.47
~ 50 uT - - ND* - -
1.5 + 0.64 £ 0.57

DMSO, SABRE activity is enabled by a tris-substituted species containing TFBA, which
means two units of TFBA are on the equatorial plane and may be subject to H-D exchange.
In contrast, samples containing DMSO favour the formation of [IrCl(H)a(IMes)(7)(4)],
which means only one unit of TFBA in the complex may undergo H-D exchange. Con-
sequently, re-protonation of deuterated TFBA is expected to be more efficient in samples
without DMSO, thus facilitating SABRE-Relay polarisation of the solvent. Furthermore,
every substrate dissociation event for the tris-TFBA species releases one unit of polarisation
transfer carrier into solution. Conversely, for [IrCl(H)2(IMes)(7)(4)], substrate dissociation
may release either TFBA or chloride. As a result, the concentration of hyperpolarised po-
larisation carrier at any given time is expected to be lower for samples with DMSO, thus
reducing the effectiveness of SABRE-Relay. %

Contrary to what was observed in 'H experiments, the use of co-substrates led to a clear
improvement in '°F enhancement factors, as seen in Table 6.2. Indeed, the introduction
of DMSO has roughly doubled €19, at both of the tested polarisation transfer fields. The
improvement of SABRE performance for TFBA when adding co-substrates is consistent

with observations for 3,5-difluoropyridine (Chapter 5), as well as previous reports of sim-
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140,163,189 which attributed this improvement to a more efficient substrate

ilar behaviour,
dissociation rate. Iali et al. argued that polarisation levels achieved for benzylamine were
limited by its slow exchange rate, which induces faster relaxation as the residence time of
the substrate increases.”® Therefore, it is possible that the active species containing chloride
and DMSO resulted in a faster exchange rate which optimised hyperpolarisation efficiency
for TFBA. Since an improvement in hyperpolarisation efficiency was observed for TFBA
when using DMSO, a detailed study of the exchange rates was not deemed necessary.

Closer inspection of fluorine enhancement factors for SABRE experiments on TFBA
(Table 6.2) revealed that 19 using a polarisation transfer field of 6.2 mT were larger than
those obtained at ~ 50 pT. This suggests that the proton-relayed polarisation transfer
mechanism favoured at this PTF is more efficient than direct polarisation to °F nuclei.
Such a finding is reasonable as °F hyperpolarisation at ~ 50 uT involves polarisation
transfer from the hydrides to the fluorine atoms through a long-range scalar coupling:
either a 6-bond coupling (ortho-1°F) or a 8-bond coupling (para-'°F). Polarisation transfer
through so many bonds, although enabled by long distance °F scalar couplings, would
likely be less effective. Notably, at PTF values of ~ 50 uT, ortho and para 'F signals
showed opposite phase, suggesting an inter-fluorine polarisation transfer pathway (Figure
6.6). Although this difference in phasing was only evident for samples with co-substrates, it
is hypothesised that this would also be present in samples without a co-substrate, with low
enhancements precluding its observation in these experiments. Samples with co-substrates
tested at ~ 50 uT also exhibited an anti-phase character relative to a J coupling of ca. 9
Hz (Figure 6.6¢). This coupling, which was identified as 3Jyp, indicates that polarisation
transfer also occurs between fluorine nuclei in the ortho position and the protons in the
aromatic ring.

Given the long bond distance between the hydride ligands and the fluorine nuclei, direct
polarisation transfer was likely to be most efficient for the closest °F nuclei, i.e. o-'F,
which would be then relayed to p-'°F. Although this explains the larger e1op seen for the
ortho position in samples without a co-substrate, it fails to account for the ca. 50% larger

g19p values for p-'9F relative to o-'°F, in samples with DMSO. One possible explanation
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for this may be based on differences in relaxation times for these nuclei in the systems with
and without co-substrate. As previously discussed, changes in the coordination sphere
of these catalyst species, particularly in terms of electronic density, are expected to have
an impact on ligand exchange rates and substrate residence times. As hyperpolarisation
lifetime values are heavily influenced by substrate residence times, 77 values would likely
differ in species with and without co-substrates. In addition, ortho °F nuclei are expected
to have a more complex scalar coupling network which extends to the nuclei in the catalyst,
whereas the coupling network for para fluorine would involve less nuclei, placing it in relative
isolation. As a result, when the substrate is bound to the catalyst, relaxation would be
preferentially induced for ortho fluorine nuclei, leading to a smaller e19. It is possible that
the combination of these two factors accounts for the difference in relative 1oy for ortho
and para signals in samples with and without co-substrates. Another explanation would be
that as some of the polarisation of the ortho fluorine nuclei appeared to be relayed towards
the aromatic 'H nuclei, the overall enhancement seen for this resonance would be lower.

The results presented so far illustrate the lower SABRE efficiency of fluoroamines when
compared to fluoropyridines. For instance, enhancement factors observed for 'H nuclei
in fluoroamines (g1 < 100) were considerably lower than those for the fluoropyridines
discussed in Chapters 4 and 5 (g1 = 700 - 3000). The slow exchange rate reported for
benzylamine by Iali et al. may provide an explanation for this. Whilst amines have a
lone pair of electrons that can readily form a dative bond to act as a ligand, the lone
pair of electrons on the nitrogen in pyridine-based molecules is de-localised in the aromatic
ring, making it less electron rich. As a result, amine ligands would form a more stable tris-
complex,” as evidenced by the slower exchange rate constant for ammonia and benzylamine
(kp = 1.64 s ! and kp = 3.33 s~ 1, respectively) wversus pyridine (kp = 13.2 s~ 1) at 298
K.78

Another factor leading to the lower SABRE activity of amines wversus pyridine-based
molecules is their higher basicity.'%? The substrate TFBA is expected to be present in
solution as a mixture of the amine and its conjugate acid (R—NHs™"), provided there is a

source of H™ in solution. The presence of such species was corroborated experimentally
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Figure 6.6: Typical 1 T °F hyperpolarised spectra for samples with 100 mM TFBA, either
100 mM (a and c) or no (b and d) DMSO and 5 mM [IrCl(COD)(IMes)| in methanol-dy.
SABRE experiments were conducted using a polarisation transfer field of 6.2 mT (a and b)

or ~ 50 uT (c and d).

through high-field NMR experiments (Chapter 3, Section 3.8.2) by the presence of signals
in the 6 8.7 to & 7.5 range,?®* which were attributed to protonated amines with different
degrees of deuteration (e.g. R—NH3", R-NDHy", etc.). When the substrate is in the
conjugate acid form, it cannot act as a ligand in the SABRE complex, as the lone pair of
electrons that typically participates in this dative bond would be used in forming a bond
with the extra proton. This is believed to have a negative impact on SABRE activity, as
a portion of the total amount of TFBA in the sample cannot participate in the SABRE
exchange process, thus reducing the effective concentration of substrate in solution. As
the largest source of H' in these samples was likely to arise from the residual amounts of

H>O in reagents, particularly through the hygroscopic dimethylsulfoxide, it is expected that
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drying the reagents prior to sample preparation would mitigate this problem. Alternatively,
pH-controlling measures could be implemented.!?6

The active species [IrCl1(H)2(IMes)(7)(4)| was observed even in sub-stoichiometric con-
ditions. This is evidenced by the presence of the characteristic hydride ligand signals
corresponding to the active species at ¢ -23.2 and ¢ -24.3 in samples containing TFBA in
concentrations below stoichiometric conditions (< 5 mM, Figure 6.7, orange squares). In
a similar fashion to that already observed for samples containing 3,5-difluoropyridine and
DMSO, the hydride ligand signals decreased in intensity with the concentration of sub-
strate. This observation implies that the formation of this active species is sensitive to the
concentration of substrate, which is a key requirement for quantitative applications. These
spectra also revealed the presence of [IrCl(H)2(IMes)(4)s2], evidenced by two broad peaks
at ¢ 15.5 and ¢ 21.5 (Figure 6.7, green triangles).

The hyperpolarised hydride ligand signals for the active species of interest (8) occasion-
ally exhibited a further splitting, as shown in Figure 6.7A. As this splitting was not observed
when protio methanol was used (Figure 6.7B), this behaviour is linked to the presence of
deuterium. It is hypothesised that what appears to be splitting of signals is in fact two
different hydride ligand species trans to units of TFBA with different degrees of deutera-
tion. Similar results were observed for SABRE samples using ammonia as a substrate in
methanol-dy, in which several hydride ligand signals were detected and attributed to ammo-
nia isotopologues formed through H-D exchange.”™ The use of either protio or deuterated
solvent introduced further differences in the performance of the SABRE process, a topic
that will be addressed in the next section.

A third SABRE active species was detected in the sub-stoichiometric regime when us-
ing DMSO as a co-substrate. This species was observed both in methanol and methanol-dy
samples and exhibited hydride signals at ¢ - 9.5 and ¢ -15.3, as shown in Figure 6.7 (purple
circles). The same hydride ligand signals were detected in sub-stoichiometric samples con-
taining 3,5-difluoropyridine and DMSO (Section 5.3.1, Chapter 5). The presence of such
hydride ligand signals has been linked to the formation of a trihydride species in samples

containing DMSO in basic conditions, for which the formula [Ir(H)3(IMes)(4)2] was pro-
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Figure 6.7: SABRE-hyperpolarised 'H NMR spectra acquired at 1 T of samples containing
250 uM to 1000 uM of TFBA, 100 mM of DMSO, and 5 mM of [IrCl(COD)(IMes)| in
methanol-ds (A) or methanol (B), using a PTF = 6.2 mT. Spectra are zoomed in to
show the hydride ligand signal region (§ -7 to -27). Orange squares show the main active
species containing TFBA (8), green triangles show 6, and purple circles a trihydride species

containing DMSO.

posed.?!! As this species does not contain the target analyte, its formation is not expected
to affect the accuracy of quantification. However, as this species is SABRE-active, it con-
tributes to the consumption of p-Hy from the solution which may reduce the efficiency of
hyperpolarisation for TFBA, and a result, measurement sensitivity.

The hyperpolarised signals observed for TFBA in the sub-stoichiometric regime corre-
spond to those of the bound substrate. This is illustrated in Figure 6.8, in which SABRE
samples containing TFBA in the supra-stoichiometric (100 mM) and sub-stoichiometric
(0.87 mM) regimes are compared to a concentrated reference sample. Whilst the chemical
shifts corresponding to the ortho and para 'F nuclei in the supra-stoichiometric regime
(0 -116.1 and ¢ -111.9, respectively) matched those of the reference sample, these exhib-

ited a shift upon binding. Bound hyperpolarised signals were also observed for the 3,5-
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difluoropyridine system with co-substrates in the sub-stoichiometric regime. In both in-
stances, this observation can be attributed to a higher binding affinity to the iridium centre
of the substrates versus dimethylsulfoxide, which leads to a higher bound-to-free substrate
ratio in the sub-stoichiometric regime, according to Eshuis’ model (Chapter 5, Equation
5.1).81

Another consequence of TFBA being predominantly in its bound form in the sample
is that its ortho-'°F signals become chemically non-equivalent and differentiate to give
two distinct signals of equal amplitude at ¢ -107 and § -111 (Figure 6.8), which were also
observed in high-field NMR characterisation studies at 7 T. These signals were considerably
less intense than the signal for the para fluorine nuclei, even though these were expected
to be in equimolar amounts. This was attributed to the differences in 77 relaxation for
ortho and para '°F signal previously discussed, which would be exacerbated in the sub-
stoichiometric regime as the substrate is predominantly in its bound form.

Probing this system in the sub-stoichiometric regime using polarisation transfer fields of
6.2 mT and ~ 50 pT revealed a similar trend to that seen in supra-stoichiometric conditions:
experiments at 6.2 mT resulted in equally-phased F signals with larger enhancements.
Based on these findings, studies in the sub-stoichiometric regime were conducted at 6.2
mT due to the higher sensitivity it afforded. In addition, results at this PTF were more
compatible with SHARPER acquisition, as experiments at ~ 50 uT resulted in signals
with different phases, which would lead to partial or complete signal cancellation upon
application of SHARPER.

In the previous chapter, the optimisation of the concentration of DMSO led to higher
enhancement factors. Therefore, a similar study was performed for the fluoroamine test
system in sub-stoichiometric conditions by comparing samples containing 10 mM of TFBA,
either 25 mM or 100 mM of DMSO, and 5 mM of [IrCl(COD)(IMes)| in methanol-d;. The
comparison of 'H signal enhancement for samples with 25 mM and 100 mM of co-substrate
is shown in Figure 6.9 and Table 6.3. Proton signal enhancements were approximately 4 and
6 times larger for the methylene and aromatic resonances, respectively, when higher con-

centrations of DMSO were used. A similar observation can be made for 'F enhancements,
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Figure 6.8: Comparison of F spectra of TFBA samples at 1 T. The samples contained 700
mM of TFBA (top), 100 mM of TFBA, 100 mM of DMSO and 5 mM of [IrCl1(COD)(IMes)]
(middle) or 870 uM of TFBA, 100 mM of DMSO and 5 mM of [IrCl(COD)(IMes)| (bottom).

All samples were prepared in methanol-dsand all spectra acquired with a single scan.

as shown in Figure 6.10. The low sensitivity of non-hyperpolarised F measurements
precluded the determination of €19, for each sample, even at a near-stoichiometric concen-
tration resulting in a mixture of bound and free signals. Nevertheless, a direct comparison
of areas showed that the use of a higher concentration of DMSO increased hyperpolarised
signal intensity by roughly 50%.

This increase in 'H and 'F enhancement factors at higher co-substrate concentrations
may be attributed to an increase in the formation of the active species 8, as evidenced
by its hydride ligand signals in Figure 6.9C. This figure also shows larger signals for the
SABRE-active species [IrCl(H)2(IMes)(4)2| (6), which by undergoing fast substrate dis-

163,202

sociation, may increase the rate of substrate sampling and consequently, hyperpo-

larisation efficiency. This improvement in performance observed at higher co-substrate
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concentration may also be explained by an increase in free-to-bound substrate ratio, as
predicted by Equation 5.1. By increasing this ratio, the overall detected hyperpolarisation
lifetime would also increase, thus helping overcome one of the signal enhancement limita-
tions of benzylamines.™ Interestingly, even though samples with higher concentrations of
DMSO favoured the formation of [Ir(H)s(IMes)(4)2], this did not negatively impact signal

enhancements for TFBA, as anticipated.

Table 6.3: Proton (e141) enhancement factors for SABRE-hyperpolarised samples containing
10 mM of TFBA, either 25 mM or 100 mM of DMSO as a co-substrate, and 5 mM of
[IrC1(COD)(IMes)] in methanol-d;. Experiments were conducted using a PTF of 6.2 mT.

25 mM co-substrate 100 mM co-substrate

Signal —~CH, m-'H ~CH, m-H

€1 29+£16 795 +32 1121 +£77 4972+ 9.6

Under optimised condition, typical ‘H and F SABRE spectra in the sub-stoichiometric
regime are shown in Figure 6.11. Proton enhancement factors could not be reliably deter-
mined at this concentration due to peak overlap, for the aromatic signals, or poor baseline
separation for the methylene group. In contrast, 'F NMR signals were isolated enough to
estimate an enhancement factor of 170 + 20 (Figure 6.11B). This highlights the benefits of
probing 1°F signals as an alternative to ‘H. A significant decrease in €1op Was seen in the
sub-stoichiometric regime when compared to the supra-stoichiometric regime (Table 6.2).
This is likely a consequence of TFBA being mainly in its bound form, leading to increase

relaxation and lower signal intensities.

6.4 SABRE-Relay Activity of the Test Molecule

As introduced in the previous section (Section 6.3), the test molecule under investigation
displayed SABRE-Relay activity, as evidenced by the hyperpolarisation of the exchange-

able proton in the solvent (§ 4.8). It was also observed that using co-substrates led to
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Figure 6.9: SABRE-hyperpolarised 'H spectra acquired at 1 T using PTF = 6.2 mT of
samples containing 10 mM of TFBA, either 25 mM (black) or 100 mM (red) of DMSO,
and 5 mM of [IrCl(COD)(IMes)| in methanol-d;. Insets show spectra zoomed in to the
aromatic (A, yellow square) and methylene (B, purple circle) signals of TFBA, and the
hydride ligand region of the spectra (C). Hydride ligand signals shown in inset C correspond
to [IrCl(H)2(IMes)(4)2] (green triangles) and [IrCl(H)2(IMes)(7)(4)] (orange squares).

a decrease in this activity. As an explanation for this, it was proposed that by halving
the number of polarisation transfer carrier molecules (TFBA) in equatorial position, both
the occurrence of the H-D exchange process that re-protonated the amine group and the
amount of hyperpolarised carrier were reduced.

Upon closer inspection of the activation process for a SABRE sample containing TFBA
and DMSO, it is evident that the SABRE-Relay activity did increase with time yielding
hyperpolarised solvent molecules, even in deuterated solvent (Figure 6.12, green squares).
When comparing the same activation process on a sample prepared in protio methanol, the

build up rate of hyperpolarised -OH appeared to be much faster and hyperpolarisation of
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Figure 6.10: SABRE-hyperpolarised '"F spectra at 1 T of samples containing 10 mM
TFBA, either 25 mM (black) or 100 mM (red) DMSO, and 5 mM [IrCl(COD)(IMes)]| in

methanol-d; .

the methyl resonance for the solvent was observed (Figure 6.12, orange markers).

As shown in Figure 6.12, deuteration of the exchangeable protons in the amine group
of TFBA was effective in reducing the efficiency of SABRE-Relay for this system. This
deuteration, achieved by fast H-D exchange with methanol-dy, drastically reduced the con-
centration of active polarisation transfer agent, i.e. those units that possess at least one
proton per amino group to participate in proton exchange with the solvent and result in
hyperpolarised -OH signals. This is shown schematically in Figure 6.13. However, the
counteracting re-protonation process that takes place when hydrides and deuterium atoms
from the amino group in TFBA exchange, limits the effectiveness of this strategy. Further-
more, every repetition of the shake-and-drop experiment eliminates some of the deuterium
from solution, as HD or Dy gas, and adds new hydrogen in the form of p-Hs into solu-
tion. That leads to a gradual and steady increase of SABRE-Relay activity and solvent
hyperpolarisation.

The correlation between concentration of TFBA and SABRE-Relay activity was inves-
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Figure 6.11: Comparison between non-hyperpolarised (black trace) and hyperpolarised
(blue) *H (A) and F (B) NMR spectra of TFBA at 1 T. The sample contained 870 uM
TFBA, 100 mM DMSO and 5 mM [IrCl(COD)(IMes)| in methanol-dy. Insets show regions
of the spectra zoomed in the aromatic proton region (left), and the hydride ligand region
corresponding to [Ir(H)3(IMes)(4)2] (middle) and the main active species [IrCl(H)2(IMes)-
(7)(4)](right). It was not possible to determine an enhancement factor for the aromatic
protons of TFBA due to peak overlap with hyperpolarised signals from [Mes, shown with

an asterisk, or for the methylene signals due to poor baseline separation.

tigated by measuring the signal intensity for the hydroxyl signal of methanol in SABRE
experiments as a function of the concentration of the polarisation transfer agent, TFBA,
using both methanol-dy and methanol (Figure 6.14). This hydroxyl signal was monitored
as an indicator of the level of polarisation that was diverted from the target substrate,
TFBA, via unwanted SABRE-Relay effects. Sub-stoichiometric concentration levels for
TFBA were chosen for this experiment as this would be the range used during quantifi-
cation studies. SABRE samples with decreasing amounts of TFBA, either in methanol-dy
or methanol, were analysed via shake-and-drop experiments performing six replicates to
ensure full activation and the production of a stable hydroxyl signal. The last three repeats

were averaged and plotted, after visual inspection to confirm that this signal was stable.
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Variation of the hyperpolarised signals for the solvent
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Figure 6.12: Variation of SABRE-hyperpolarised solvent signals in 'H NMR (1 T) during
sample activation for samples containing either 10 mM of TFBA, 100 mM of DMSO, and 5
mM of [IrCl(COD)(IMes)| in methanol-dy (green marker) or 1.3 mM of TFBA, 100 mM of
DMSO, and 5 mM of [IrCl(COD)(IMes)| in methanol (orange markers). The first activation

step was set as time = 0 s. Hyperpolarised signals are phased negatively.

Spectra were phased so that hyperpolarised signals appeared negative, using the methyl
signal from DMSO as a reference. A methanol-ds sample serving as a negative control was
probed following the same shake-and-drop technique, as described in Section 3.5 (Chapter
3). In this way, a typical non-hyperpolarised signal intensity value for the hydroxyl group
in methanol-dy was estimated and is indicated in Figure 6.14A by a triangle.

The resulting plots showed that much larger hyperpolarisation levels were obtained for
hydroxyl signals in methanol versus methanol-dy. In fact, this signal remained positive for
methanol-dy samples in the tested range of TFBA concentrations, showing that the non-
hyperpolarised signal was only partially cancelled by the negatively-phased hyperpolarised
signal. As previously discussed, this residual SABRE-Relay activity is thought to stem
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Figure 6.13: Schematic representation of SABRE-Relay hyperpolarisation with TFBA as a
polarisation transfer carrier and either methanol (A) or methanol-dy (B) as recipients of this
polarisation. The amine protons in TFBA exchange with the labile protons of methanol,
transferring hyperpolarisation to the solvent in a continuous way. In methanol-ds, TFBA

becomes rapidly deuterated and polarisation loss to the solvent is minimised.

from re-protonation of TFBA wia H-D exchange with the hydrides whilst bound to the
active species. These results support the idea that deuteration of the exchangeable protons
in the target molecule, TFBA, may be an effective, albeit non-comprehensive, way to
prevent polarisation loss to the solvent. Also illustrated by Figure 6.14 is the correlation
between the concentration of TFBA and the degree of solvent hyperpolarisation. At lower
concentrations of TFBA, hyperpolarisation of the hydroxyl signal was reduced for both
methanol-dy; and methanol. Such an observation was in agreement with previous results
showing that low concentrations of the polarisation transfer agent limit the efficiency of
SABRE-Relay.'>* This was thought to have positive implications for quantification studies
as these must necessarily be done in the low concentration levels of the sub-stoichiometric
regime, thus reducing polarisation loss to the solvent even in methanol.

To better understand the impact of polarisation loss to the solvent on the sensitivity
of fluorine measurements, the same samples were tested using shake-and-drop experiments
with fluorine detection. SHARPER acquisition (Sections 3.3.3 and 3.4.1, Chapter 3) was

used for these experiments to improve the sensitivity of fluorine detection and allow for
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Figure 6.14: A) Variation in the hyperpolarised signal of exchangeable protons (-OH from
methanol) as a response to |[TFBA] for protio (orange circles) and deuterated methanol
(green squares). B) Comparison of 'F SABRE SHARPER signals for TFBA using protio
methanol (orange circles) and deuterated methanol (green squares). Error bars for protio

methanol measurements are present but smaller than markers (square), therefore not visible.

the comparison of samples in methanol-d; and methanol even when the low concentration
of TFBA prevented direct SABRE detection in methanol. This experiment facilitated the
discovery of a correlation between the level of diversion of polarisation to the solvent and
fluorine enhancement levels. The results of this experiment are shown in Figure 6.14B.
Hyperpolarisation of fluorine signals in TFBA was observed both for methanol-d; and
methanol samples, implying that although significant polarisation loss to the solvent could
be observed for in methanol, this did not preclude fluorine hyperpolarisation. Nevertheless,
the sensitivity of fluorine measurements, i.e. the slope of the curve, was approximately ten
times larger for samples in methanol-ds. This behaviour can be rationalised in the following
way. The amount of dissolved p-Hs in solution sets a finite amount of potential polarisation
that can be transferred to the analyte. If some polarisation is diverted to the solvent by
proton exchange, a smaller amount would be remain in the target analyte, TFBA, and
redistributed to °F nuclei. By reducing the loss of polarisation to the solvent, e.g. by

deuteration of exchangeable protons in TFBA, higher fluorine polarisation levels would be
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expected, and were in fact observed.

The results presented so far illustrate that although SABRE-hyperpolarised °F mea-
surements of TFBA using protio methanol are possible, there is an associated sensitivity
penalty which is expected to be detrimental to the analytical performance of the technique.
Nevertheless, such a concession might be deemed reasonable when the use of deuterated sol-
vents is to be avoided, due to economical or practical reasons. In light of this, the analytical
performance of SABRE-hyperpolarised measurements of TFBA in the sub-stoichiometric
regime, particularly in terms of detection limits and quantification, were evaluated in both

methanol-dy and methanol. These results will be presented in the following sections.

6.5 Analytical Performance in Inactive SABRE-Relay Condi-

tions

Following the same analysis performed on SABRE samples with 3,5-difluoropyridine and
dimethylsulfoxide, the analytical performance of SABRE-enhanced F benchtop NMR
determinations were evaluated in terms of its limits of detection and quantification, and
quantification accuracy. The results of these assessments are presented below for samples
prepared in methanol-dy, in which SABRE-Relay activity was minimised, here termed

‘inactive SABRE-Relay conditions’.

6.5.1 Limits of Detection and Quantification

As discussed in Chapter 5, the limits of detection and quantification are fundamental perfor-
mance parameters when considering the suitability of a measurement technique to a specific
analytical problem. These parameters are often assessed by analysing low-concentration
samples, and estimated as the concentration at which SNR values are 3 (LOD) and 10
(LOQ). However, the large variability in SNR values for hyperpolarised signals in samples
containing TFBA made this single-sample approach (Section 3.7.5, Chapter 3) unreliable.
Instead, LOD and LOQ values were estimated using a set of six samples containing be-

tween 250 and 870 uM of TFBA (sub-stoichiometric regime) and an average value and
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standard deviation were calculated from these, as detailed in Section 3.7.6 (Chapter 3).
Each SABRE sample contained 100 mM of DMSO and 5 mM of [IrCl(COD)(IMes)| and
was prepared according to the described procedure (Chapter 3, Section 3.1.2), followed by
shake-and-drop experiments (Chapter 3, Section 3.2) with fluorine detection using both
pulse-and-collect and SHARPER acquisition, as previously described. Although more than
one distinct fluorine resonance could be integrated for this analysis, these were collectively
integrated as one in order to increase the sensitivity of the measurement. Similarly, the
non-selective version of SHARPER was used to collapse all resonances into a single peak
to the same effect. Whilst selSHARPER, acquisition would be necessary in the presence
of more than one analyte, it is noted that this approach would not be suitable in the
case of overlapping resonances. To minimise the appearance of artefacts arising from the
probe signal, SHARPER spectra were acquired using the background correction strategy
described in Chapter 5, Section 5.4. The imaginary part of the spectrum was removed in
SHARPER spectra to improve SNR values and obtain the lowest possible LOD and LOQ
values (Chapter 5, Section 5.4).

Typical F NMR SABRE and SABRE SHARPER spectra at 254 uM of TFBA are
shown in Figure 6.15. Through the analysis of these samples, a limit of detection of (162 £
28) M and a limit of quantification of (540 + 92) uM were estimated for F NMR SABRE
measurements. The large dispersion associated with these values (17% relative standard
deviation) was a result of inter-sample variation. When comparing to the single-scan LOD
value of 194 mM for non-hyperpolarised spectra (Chapter 3, Section 3.7.5, 25 mM of TFBA,
2048 scans), this represented an improvement in LODgs by 4 orders of magnitude. It is
relevant to mention that 'H signals could not be reliably processed due to peak overlap
(Figure 6.11), highlighting the benefits of probing this molecule through %F NMR measure-
ments. By combining SABRE with SHARPER, a further improvement of SNR by a factor
of 9 resulted in lower limits of detection, (17.5 &+ 2.0) pM, and quantification, (58.2 + 6.8)
uM, thus extending the working range of this technique to low micromolar concentrations.
In this case, the dispersion of LOD and LOQ results decreased to 12%, which was likely

due to the increased repeatability afforded by SHARPER measurements.
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Figure 6.15: SABRE (A) and SABRE-SHARPER (B) '%F NMR spectra acquired at 1 T for
a sample containing 254 uM of TFBA, 100 mM of DMSO, and 5 mM of [IrC1(COD)(IMes)]

in methanol-dy.

The limits of detection presented for this system in SABRE-Relay inactive conditions
were higher than those obtained for the simpler case of 3,5-difluoropyridine, for which a
limit of detection in the nanomolar range was obtained used SABRE-SHARPER. As the
loss of polarisation via SABRE-Relay was minimised through deuteration of the amino
group in TFBA, the best explanation for the higher LOD of this system is a less efficient
SABRE process. This idea is supported by the ca. 5 times lower €19 value for TFBA
in the sub-stoichiometric regime: 19y = (940 £ 40) for 3,5-difluoropyridine (Figure 5.10,
Chapter 5) vs. e19p = (170 & 20) for TFBA (Figure 6.11).

6.5.2 Quantification

As a first step to assess the quantification capabilities of the technique on the fluoroamine
system, a six-level calibration curve (250 uM to 870 uM of TFBA) was prepared gravimet-

rically and SABRE experiments were conducted as described in the previous section. The
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NMR signal areas obtained from these experiments were plotted against the concentration
of TFBA and then fitted to a straight line through ordinary least squares regression (Chap-
ter 3, Section 3.7.7). The residual fitting error for each measurement was plotted against
the concentration of TFBA (Chapter 3, Section 3.7.7).

Results for 'F SABRE and 'F SABRE SHARPER measurements are presented in
Figure 6.16. In contrast to 3,5-difluoropyridine, 'H results were not obtained as peak over-
lap prevented this analysis. Coefficient of determination values (R?) were used to assess
the degree to which the experimental data fits the proposed linear model. R? values for
both SABRE and SABRE SHARPER calibration curves were similar (R? — 0.95 and 0.96,
respectively), but lower than those obtained for measurements of 3,5-difluoropyridine (R?
= 0.993 and 0.998, Section 5.5, Chapter 5). A low coefficient of determination sometimes
suggests an alternative model may better describe the behaviour of the experimental data.
However, as the residual errors of the calibration curves appeared to be randomly dis-
tributed around zero (Figure 6.16B and D), an alternative model (e.g. a higher-degree
polynomial) was therefore not proposed. This behaviour could also be explained by a lower
repeatability of results, which for 1F SABRE measurements reached a relative standard
deviation of 11%. However, a similar deviation from linearity was seen for SHARPER
results, despite the fact that these showed a lower intra-level dispersion of results when
compared to SABRE-enhanced pulse-and-collect experiments (Figure 6.16B and D). Hav-
ing ruled out those common explanations, and after observing larger R? values in previous
experiments (Figure 6.14), it was hypothesised that this mild deviation from linearity was a
consequence of operator variability during sample preparation. In particular, the gravimet-
ric preparation of samples inside a glovebox was found to be non-trivial. By improving the
sample preparation conditions, for example by improving the precision of the balance inside
the glovebox or weighing outside the glovebox altogether, the linearity of these calibration
curves could be improved.

Having established a linear calibration curve for both F SABRE and !°F SABRE
SHARPER measurements, the quantification accuracy of those models was investigated. A

test sample containing 443 uM of TFBA (80 mg/kg) was prepared and its reference value
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Figure 6.16: Calibration curves for **F SABRE (A) and '°F SABRE SHARPER (C) mea-
surements of TFBA in the 250 uM to 900 uM range in SABRE-Relay inactive conditions
(methanol-dy). Residual errors of the linear model are plotted against analyte concentration

for F SABRE (B) and F SABRE SHARPER (D) hyperpolarised calibration curves.

assigned gravimetrically. This sample was analysed with the calibration curve, and the lin-
ear models were used to predict a concentration. It should be noted that the concentration
of reference sample was at the lower end of the LOQ range for F SABRE measurements
estimated in the previous section, but as its SNR was close to 10, quantification accuracy

was evaluated at this level nonetheless. F SABRE and '"F SABRE SHARPER cali-

bration curves and test samples are shown in Figure 6.17. The values predicted by the
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linear models were averaged and compared to the reference value to estimate a recovery
percentage value (R) and its associated relative standard deviation (RSD), as described in
Chapter 3, Sections 3.7.3 and3.7.8. Mean, recovery, and relative standard deviation results
for '°F SABRE and '°F SABRE SHARPER measurements are presented in Table 6.4.

As discussed in Chapter 5, recovery values close to 100% show a good level of agreement
between the concentration predicted by the model and the reference value. Results in
Table 6.4 show that this is the case for both F SABRE and '"F SABRE SHARPER
measurements. Taking as reference the acceptance criteria proposed in the literature at
a concentration of analyte close to 100 mg/kg (90 to 107%,243244) the recovery values
obtained in this accuracy study can be considered to be fit for purpose. However, it must
be noted that this test sample represented the best possible performance out of the set of
samples in the calibration curve. In other words, if the sample containing 517 uM of TFBA
was used as a test sample to assess the accuracy of this linear model instead, recovery
values would fall outside the proposed acceptable range: (86 + 4)% and (83 = 1)% for F
SABRE and SABRE SHARPER measurements, respectively. This variability in recovery
values can be explained by the deviation from linearity of the calibration curve, which as
previously discussed, is likely a consequence of the complexity of the sample preparation

procedure.

Table 6.4: Predicted concentrations, recovery values and relative standard deviation of the
samples analysed via F SABRE and '°F SABRE-SHARPER measurements using a PTF
of 6.2 mT. Parameters were calculated as described in Sections 3.7.3 and 3.7.8. Recovery

values were calculated against the gravimetric reference value 443 M.

Concentration Recovery RSD
Analysis
/M /% /%
YF SABRE (453 £ 55) (102 £ 13) 12
9F SABRE-SHARPER (429 + 12) (97 + 3) 3

In terms of method repeatability, only "F SABRE SHARPER results were under the
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Figure 6.17: Calibration curves for °F SABRE (A) and 'F SABRE SHARPER (B) exper-
iments and accuracy test. Black markers correspond to the signal arising from calibration
solutions and the white squares, those from the test samples. Each sample, either calibra-
tion or test, was analysed in triplicate and the standard deviation of the mean values were
used as error bars. Coefficients of determination, R?, are shown for each curve. Insets show
the spectra obtained for the test sample in each case, along with its nominal concentration,

the signal-to-noise ratio of the measurement and the number of scans.

acceptable tolerance of 5.3% proposed in the literature for values close to 100 mg/kg.243:244

In general, the repeatability of measurements for TFBA were larger than those for 3,5-
difluoropyridine at similar concentrations. This decline in repeatability was particularly
severe for 1%F SABRE measurements (12% vs. 3%), whilst only moderate for 'F SABRE
SHARPER measurements (3% wvs. 1%). It is hypothesised that a key contributor to sig-
nal variability was additional competing chemical exchange processes in samples containing
TFBA and DMSO, namely proton/deuterium exchange with the solvent and re-protonation
of the amine group by the hydrides. Such processes would likely produce broader signals,
which at the low SNR values observed for this system, were expected to complicate sig-
nal integration and thus introduce variability. This argument is further supported by the
improvement in repeatability observed for SHARPER results, as this pulse sequence sig-

nificantly reduces peak broadness, thus making integration more precise. It is possible
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that increasing the repeatability of shake-and-drop experiments would also result in better
precision of non-SHARPER results, for example, through an automated SABRE approach

such as the ones reported previously.??®

6.6 Analytical Performance in Active SABRE-Relay Condi-

tions

For applications in which the benefits of using non-deuterated solvents prevail over sensi-
tivity requirements, and chlorinated alternatives are to be avoided for health and safety
concerns,?”? experiments in SABRE-Relay active conditions might be preferred. In this
last section, the analytical performance parameters associated with detection and quantifi-

cation limits, and quantification accuracy will be explored for the test system using protio

methanol.

6.6.1 Limits of Detection and Quantification

Following the same strategy to that presented for SABRE-Relay inactive conditions, a set
of samples containing TFBA in sub-stoichiometric concentrations (270 to 990 pM), 100
mM of DMSO, and 5 mM of [IrCl(COD)(IMes)| were prepared in protio methanol and
analysed using shake-and-drop experiments using fluorine detection with pulse-and-collect
and SHARPER acquisition. Experimental conditions used in the SABRE-Relay inactive
case were replicated for this system (Section 6.5.1).

Typical 'F SABRE and SABRE-SHARPER spectra at the lowest tested concentration
is shown in Figure 6.18. From the SNR values obtained for these samples, a limit of
detection of (368 + 63) uM was estimated for ?F SABRE measurements, as well as an
associated limit of quantification of (1.23 £ 0.21) mM. Although SABRE hyperpolarisation
has yet again improved the limit of detection by 3 orders of magnitude (versus LODgs —
194 mM, non-hyperpolarised), the use of SABRE-Relay active conditions has resulted in an
increase of the limits of detection and quantification by over a factor of 2 when compared

to SABRE-Relay inactive conditions (LOD =(162 + 28) uM and LOQ = (540 £ 92) uM
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Figure 6.18: SABRE (A) and SABRE-SHARPER (B) '°F NMR spectra acquired at 1 T for
a sample containing 267 uM of TFBA, 100 mM of DMSO, and 5 mM of [IrC1(COD)(IMes)]

in methanol.

in methanol-dy, Section 6.5.1). Estimation of a limit of detection for 'H measurements was
once again not possible due to peak overlap. A similar penalty in sensitivity was observed
when SABRE-SHARPER experiments were carried out in methanol, resulting in a limit of
detection of (42.6 £+ 3.6) uM and a limit of quantification of (142 £+ 12) uM. Nevertheless,
the use of SHARPER enables the analysis of this system at low micromolar concentrations

even in the non-optimal sensitivity conditions introduced by the use of protio methanol.

6.6.2 Quantification

Prior to assessing the quantification potential of SABRE-hyperpolarised benchtop *F NMR
for the system containing TFBA and DMSO in SABRE-Relay active conditions, the lin-
earity of the signal response relative to the concentration of analyte was tested. The same
steps described for methanol-d; samples (Section 6.5.2) were followed for a set of samples
containing 270 to 990 uM of TFBA in protio methanol. The results of the linearity study

are presented in Figure 6.19. Visual inspection of the calibration curve constructed with °F

198



SABRE signals (Figure 6.19A) reveals a certain degree of deviation from linearity, further
supported by a R? value of 0.93, which is the lowest value seen out of the calibration curves
presented in Chapter 5 and 6. The hypothesis of an alternative model better describing the
data was discarded based on the random distribution of residuals around zero, as displayed
in Figure 6.19B. This residual error plot also reveals a large dispersion of results at each
concentration level, with relative standard deviation values reaching up to 20 % for this
measurement approach.

In contrast, ’F SABRE-SHARPER measurements exhibited a better repeatability, as
evidenced by the error bars of the corresponding calibration curve and the dispersion of
intra-level residual errors (Figure 6.19C and D). The SABRE-SHARPER measurement ap-
proach also displayed a better adherence to a linear model, with a R? value of 0.98 and a
roughly three-fold reduction in the magnitude of residual errors. Based on this, it is pro-
posed that the observed deviation from linearity for *F SABRE measurements could be
explained by poor repeatability of results. This was likely further exacerbated by the low
signal-to-noise ratio of 1F SABRE-enhanced measurements for this system in methanol, a
consequence of the reduced sensitivity observed due to polarisation loss to the solvent. In
fact, all the processed signals used to construct the *F SABRE curve presented in Figure
6.19A had SNR values less than 10, and as such were below the limit of quantification for
this system. This comparison of linearity between 'F SABRE and F SABRE SHARPER
systems highlights the impact of repeatability in linearity, and more broadly, in the accu-
racy of results. Although repeatability could be improved using SHARPER, exploring the
use of internal standards or implementing an automated SABRE setup rendering manual
operation unnecessary and enabling signal averaging, higher SNR values are thought to be
necessary to ensure reliable measurements. In light of this, quantification accuracy studies
using 'F SABRE non-SHARPER measurements were not pursued in SABRE-Relay active
conditions.

A sample containing 420 uM of TFBA, 100 mM of DMSO, and 5 mM of
[IrC1(COD)(IMes)] was used to test the accuracy of quantification using a F SABRE
SHARPER calibration curve, following the same procedure described for SABRE-Relay

199



A F SABRE signal (6.2 mT) for 8 vs. [7] B Residual error plot for °F SABRE
linear model vs. [7]

1.2 - 04 1
y = 0.9992x + 0.0353 ; 03 | °
1.0 R2=0.932 5
. K ]
® 5 011 © . .
$ 06 - ‘% S0l o o o o
= £ ©035 055 079 095 115
5 04 1 o -0.1 1 °
5o + % 2 * o
- : T -0.2
02 1 3 ¢
é 0.3
0.0 ; . . . . .
0.00 020 040 060 080 100 1.20 0.4
[7] /mM [7] /mM
C ™F SABRE SHARPER signal (6.2 mT) for 8 vs. [7]D Residual error plot for °F SABRE
SHARPER linear model vs. [7]
10 - 04 1
0.9 { y=0.8337x+0.0097 3 03 |
08 1 R2 = 0.982 K 2
. 0. [9)
=] o kel 02 1
8 0.7 A g
® 06 ) 5 0.1 °
© g o oo
2 0.5 %* = 00 A o * i ,i i
= 04 | 5 Fo3s0 058 o8 095 115
g ¢ 5 -01 1 ¢
D = .
» 0.3 A 5
& 02 | é T 02 1
o
011 2 03
0.0 . : ; . . , &
000 020 040 060 080 1.00 1.20 -0.4 -
[7] /mM [7] /mM

Figure 6.19: Calibration curves for 1F SABRE (A) and F SABRE SHARPER (C) mea-
surements of TFBA in the 270 uM to 990 uM range in SABRE-Relay active conditions
(protio methanol). Residual errors of the linear model are plotted against analyte concen-
tration for 1F SABRE (B) and F SABRE SHARPER. (D) hyperpolarised calibration

curves.

inactive conditions (Section 6.5.2). This concentration was chosen to be similar to the sam-
ple used during accuracy studies for SABRE-Relay inactive conditions, thus allowing for a
direct comparison. The predicted concentration, as well as the recovery percentage and its
associated relative standard deviation are presented in Table 6.5.

As shown in Figure 6.20, the test sample presented a SNR suitable for quantification

(i.e. above the LOQ), but it was still approximately 2.5 times lower than what was observed
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in SABRE-Relay inactive conditions. The recovery value, (96 + 14) %, was comparable
in magnitude to samples in methanol-dy ((97 + 3)%, Section 6.5.2) and well within the
acceptable range for a concentration close to 100 mg/kg (90 to 107%,243244). However,
the relative standard deviation exceeded the maximum acceptable value proposed in the
literature of 5.3%,24%244 as it was more than double the RSD observed in SABRE-Relay
inactive conditions (8% ws. 3%). This greater variation in signal areas was once again

linked to the low sensitivity of measurements in methanol.
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Figure 6.20: Calibration curves for ?’F SABRE SHARPER experiments and accuracy test
in SABRE-Relay active conditions. Black markers correspond to the signal arising from
calibration solutions and the white squares, those from the test samples. Each sample,
either calibration or test, was analysed in triplicate and the standard deviation of the mean
values were used as error bars. Coefficients of determination, R?, are shown for each curve.
The inset shows the spectrum corresponding to the test sample, along with its nominal

concentration, the signal-to-noise ratio of the measurement and the number of scans.

In summary, although the use of protio methanol and SABRE-Relay active conditions
did not, in and of itself, preclude the detection and accurate quantification of samples at a
low micromolar level, the reduction in sensitivity has a significant impact on the working
range and precision of these measurements. Furthermore, it was found that for this analysis

to be possible, the use of the pulse sequence SHARPER was crucial as it greatly improved
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Table 6.5: Predicted concentration, recovery value and relative standard deviation of the
sample analysed via *F SABRE-SHARPER measurements using a PTF of 6.2 mT. Pa-
rameters were calculated as described in Sections 3.7.3 and 3.7.8. The recovery value was

calculated against the gravimetric reference value 424 M .

Concentration Recovery RSD
Analysis
/M /% /%
9F SABRE-SHARPER (405 + 33) (96 + 14) 8

SNR values, and as a result, decreased limits of detection and quantification. In addition,
the use of SHARPER improved measurement repeatability, likely by facilitating more robust
processing of signals broadened by chemical exchange, which indirectly improved linearity

results.

6.7 Conclusions

This chapter explored the analytical performance of SABRE-hyperpolarised °F bench-
top NMR measurements on a substrate presenting significant challenges: 2,4,6-
trifluorobenzylamine. This test subject is representative of a group of molecules for which
SABRE activity is facilitated by an amine ligand, which are reported to hyperpolarise less
efficiently than the pyridine-based test molecules explored in Chapters 4 and 5. Once again,
the use of co-substrates improved enhancement factors of the molecule under consideration.
In addition, 2,4,6-trifluorobenzylamine is a prime example of substrates which can partic-
ipate in proton exchange processes with the solvent, as well as undergo deuteration of the
amine group. Both processes were expected to impact SABRE efficiency, and in the for-
mer case this was confirmed experimentally by comparing the signal enhancements when
polarisation loss was inhibited through deuteration. This process, rationalised as an un-
wanted SABRE-Relay pathway, was found to be responsible for polarisation loss from the
substrate to the solvent, thus decreasing the efficiency of SABRE on the target molecule

and measurement sensitivity.
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It was shown that this polarisation loss process could be largely inactivated by deuter-
ation of the exchangeable proton sites in the amine group of 2,4,6-trifluorobenzylamine,
which is rapidly achieved by using a deuterated solvent capable of proton exchange, such
as methanol-ds. To understand the full impact of this polarisation loss pathway on the
analytical performance demonstrated for 3,5-difluoropyridine in Chapter 5, the limit of de-
tection and quantification accuracy of SABRE-enhanced °F benchtop NMR measurements
using co-substrates were investigated when this process was either active, in methanol, or
inactive, in methanol-dy.

Results showed that the use of methanol can be associated with a sensitivity penalty,
which results in higher limits of detection and quantification (mid-gM and low mM, respec-
tively), as well as a decrease in repeatability (RSD of up to 20 %). It was observed that
using the pulse sequence SHARPER led to improved limits of detection and quantification
in the low micromolar range, even when polarisation loss effects were present. This pulse se-
quence also improves measurement repeatability, which is attributed to a reduction of peak
broadening effects induced by chemical exchange, and enabled the accurate quantification
of micromolar test samples irrespective of the solvent.

In the next chapter, the applicability of this methodology will be further challenged by
exploring carboxylic acids as substrates. In particular, this chapter will explore strategies to
analyse difluoro- and trifluoroacetic acid, to pave the way to the analysis of environmentally

concerning perfluorocarboxylic acids.
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Chapter 7

Analysis of Fluorocarboxylic Acids

with SABRE Hyperpolarisation

In this final experimental chapter, the SABRE-hyperpolarised benchtop NMR technique
is applied to a novel class of fluorinated substrates: carboxylic acids. The focus on these
molecules stems from the analytical importance of perfluoroalkyl carboxylic acids, which
hold significant environmental relevance.??6:2%7 To evaluate the feasibility of studying these
environmental targets using SABRE-hyperpolarised benchtop NMR, the simplest represen-
tatives of this group, di- and trifluoroacetic acid, were selected as test subjects.

First, a range of ultimately unsuccessful attempts to directly hyperpolarise difluoroacetic
acid, both on its own and with co-substrates, are presented. This is followed by a discussion
covering potential explanations for the negative outcome, including chemical interactions
between substrate and co-substrate. Secondly, the hyperpolarisation of difluoroacetate, the
conjugate base, is examined, focusing on co-substrate optimisation and transitioning into
the sub-stoichiometric regime to determine the limits of detection.

Finally, trifluoroacetic acid and trifluoroacetate hyperpolarisation studies are presented
and similarities with the difluoroacetate systems are discussed, including the formation of
active SABRE species, as well as the observed differences. In particular, a comparison

of hyperpolarisation efficiency for difluoroacetate and trifluoroacetate is presented to gain
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insights into the role of hydrogen atoms as a pathway for hyperpolarising fluorine nuclei.

7.1 Background Theory

7.1.1 Environmental Relevance of Fluorinated Carboxylic Acids

Carboxylic acids are naturally occurring compounds that play essential roles in biologi-
cal processes, including carbon metabolic pathways and fermentation.??® 260 Additionally,
anthropogenic activities contribute significantly to the presence of carboxylic acids in the
environment, as seen in their use in herbicides,?%! their formation as atmospheric pollutants

262,263

from combustion and motor exhaust emissions, and their occurrence as perfluorocar-

boxylic acids.?64

Carboxylic acids are also integral to various industrial processes, including
the production of polymers, pharmaceuticals, cosmetics, and as additives in the food indus-
try.260,265-267 Consequently, the analysis of carboxylic acids holds substantial importance
across industrial, environmental, and clinical applications.

Within the field of environmental analysis, perfluorocarboxylic acids (PFCAs) have
drawn a lot of attention after their introduction in the 1940s.256:257 PFCAs have the gen-
eral formula C,Fs,1COOH and they are a subset of a class of compounds known as per-
and polyfluoroalkyl substances (PFAS). The common motif in these molecules is the pres-
ence fully fluorinated carbon backbones, with the strength of C-F bonds conferring stability
and chemical inertness on these molecules.?°6:257 This property has led to the use of PFAS
for applications in which thermal resistance and low reactivity is needed. For example,

coated cookware, fire-fighting foams, flame retardants, and waterproof textiles are amongst

the 200 reported applications.?5” In particular, PFCAs have been found in personal care

268 269-271

products,”®® and are widely used as in the textile industry as water and oil repellents.

The widespread use of these chemicals in everyday consumer goods has led to their occur-

t ’2727274

rence and hence their detection in the environmen as well as in food and water

samples.275’278

The remarkable chemical resistance of PFAS contributes to their environmental persis-

tence, with an estimated half-life of approximately 100 years in aqueous environments.?"”
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Figure 7.1: Chemical structures of perfluorooctanesulfonic acid and perfluorooctanoic acid,

two commonly encountered perfluoroalkyl substances.

This persistence facilitates bioaccumulation within the food chain. In fact, studies report
the presence of PFAS in human samples from environmental and food sources, with perfluo-
rooctanesulfonic acid (PFOS) and perfluorooctanoic acid (PFOA) being the most commonly

280-282 Growing concerns have emerged regarding the toxicity of

encountered (Figure 7.1).
these chemicals, as they have been linked to liver toxicity, prenatal and neonatal toxicity,
immunotoxicity, and adverse effects on fertility and pregnancy outcomes.?1:283 In partic-
ular, PFOA has recently been classified as carcinogenic to humans by the International
Agency for Research on Cancer.?84

Daily intake of PFAS from contaminated drinking water is considered to be one of the

283,285 This has promoted author-

largest sources of exposure in non-occupational settings.
ities to establish increasingly conservative regulations on PFAS.?8! For instance, the UK’s
Drinking Water Inspectorate recently issued guidelines for water supply companies, setting
an actionable maximum concentration for 47 PFAS in drinking water at 100 ng/L, appli-

cable to both individual and combined measurements of PFAS compounds.?®6 Whilst the
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European Union has established similar limits, setting a maximum of 100 ng/L for the sum
of concentrations of a set of 20 critical PFAS,?®" the US has recently set more stringent
regulations: a 4 ng/L limit for six PFAS, including PFOS and PFOA 288

In order to assess conformity with these guidelines, PFAS monitoring schemes must use
analytical techniques which are able to detect, identify and quantify these target molecules
at concentrations of ng/L or parts per trillion (ppt).28%2%9 This targeted analysis is com-
monly done using solid-phase extraction (SPE) as a sample cleaning and concentration
strategy, followed by liquid chromatography with tandem mass spectrometry (LC/MS/MS),
as stipulated by standardised methodologies such as US EPA 537.1, US EPA 533, and ISO
21675:2019.290-292 While this approach enables accurate and sensitive quantification at
the required low concentration, it often fails to encompass the extensive array of newly
emerging PFAS compounds. In contrast, suspect and non-targeted analyses facilitate the
identification and characterization of unknown PFAS, generally employing high-resolution
mass spectrometers, such as high-resolution time-of-flight, orbitrap, and Fourier transform
ion cyclotron resonance instruments.?®® However, this approach can be time-intensive and
requires costly instrumentation, rendering it less suitable for monitoring laboratories.?35:289
A third analytical approach, known as surrogate indicators, estimates the overall PFAS bur-
den by measuring general fluorine content, using techniques such as total organic fluorine
(TOF) and total oxidisable precursor (TOP). This serves as an indicator of anthropogenic
activity given the rarity of organofluorines in nature.?®? Although it cannot identify or
quantify specific PFAS compounds, this approach facilitates the rapid detection of contam-
ination events, making it a highly valuable tool for initiating early-response remediation
campaigns.?®?

Amongst other surrogate indicator techniques, 'F NMR presents an attractive option
due to its non-discriminating quantitative nature for assessing total PFAS concentrations,

203,294

while also allowing the characterization of unknown PFAS compounds. This capa-

bility was first demonstrated by Moody et al.,??>

and since expanded by several research
groups.296-29 I a recent study, Camdzic et al. compared **F NMR results with those ob-

tained from widely used techniques, such as LC-MS/MS and TOP, finding that total PFAS
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concentrations measured by "F NMR were approximately 65% higher. This increase was
attributed to a better performance of 'F NMR in detecting short-chain PFAS, like trifluo-

d 298

roacetic aci Despite its comprehensive analytical power, F NMR faces limitations in

295,298 and accessibility due to the high

sensitivity, with detection limits in the ug/L range,
cost of instrumentation.?®® Heerah et al. explored the use of lower-cost benchtop NMR
spectrometers for PFOA analysis, particularly in the context of investigating remediation
strategies. Although benchtop NMR was highlighted as a ‘quick and reliable tool’ for such
studies, its lower sensitivity limits the application potential to the analysis of samples with
low PFAS concentrations.??? Similarly, Chen et al. employed a 1.4 T benchtop instrument

to analyse PFAS in wastewater samples, albeit at concentrations approaching 1%.2%

7.1.2 SABRE Hyperpolarisation of Carboxylic Acids

The use of benchtop NMR spectroscopy and hyperpolarisation could provide an accessi-
ble and sensitive platform for the analysis of PFAS. The hyperpolarisation of unsaturated
perfluoroalkyl compounds has been attempted in the past by Plaumann et al. using hy-
drogenative PHIP.3°! Although this resulted in SNR enhancement factors of up 26-fold for
F NMR measurements, this solution is only applicable to a very small subset of PFAS
containing double or triple bonds. Moreover, sensitivity improvement may be limited by
the non-reversible nature of the hyperpolarisation step.

Hyperpolarisation of PFAS via SABRE would remove such limitations. Although this
has not been attempted to date, SABRE hyperpolarisation of molecules containing car-
boxylic acid motifs has been reported before, setting a favourable precedent for PFCA
compounds. For instance, Gemeinhardt et al. investigated the hyperpolarisation of 1-!3C-
acetic acid and 1-'*C-acetate as potential MRI contrast agents. In this study, pyridine was
used as a co-substrate to facilitate the formation of a stable SABRE complex, which yielded
13C enhancement factors up to 108-fold for 1-'3C-acetate.?9? Indirect hyperpolarisation of
acetate has also been demonstrated using SABRE-Relay, a technique presented in the pre-
vious chapter. Following this approach, a *C enhancement factor of 48 per unit of carbon

was obtained for 1-13C-acetate.™
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Carboxylate binding was also observed in hyperpolarisation studies concerning amino
acids, which revealed that these molecules bind in a bidentate fashion, with the oxygen
donor from the carboxylate group binding equatorially, and the nitrogen donor from the

167 The formation of this active species was also facilitated by the

amine binding axially.
use of pyridine as a co-substrate. Given the strength of the oxygen bond to the catalyst,
exchange into free solution was proposed to be slow, leading to inefficient hyperpolarisation.
However, hyperpolarisation was enabled by the exchange of a suitable co-substrate, which
facilitated p-Hs replenishing. Such a strategy allowed the detection of sub-micromolar con-
centrations through the hyperpolarised hydride ligand signals.'®” Alternative co-substrates

have also successfully led to the hyperpolarisation of molecules containing carboxylate mo-

tifs. In particular, dimethylsulfoxide has been used to hyperpolarise bidentate ligands such

207,208 173

as pyruvate and carboxyimines.

Successful direct SABRE-hyperpolarisation of molecules containing carboxylic acids ap-
pears to rely on deprotonation of this group, to form the corresponding carboxylate species.
Gemeinhardt et al.392 reported that when acetic acid was probed by SABRE and using
pyridine as a co-substrate, signal enhancements were not observed for either acetic acid or
pyridine, which they attributed to catalyst deactivation. In contrast, the analysis of an
acetate salt under similar conditions resulted in 3C hyperpolarisation of acetate and 'H
hyperpolarisation of pyridine. Sellies and co-workers observed a similar phenomenon during
the analysing of amino acids. When probing alanine under basic conditions (pH = 11.1),
the authors detected a 6-fold increase in the hydride ligand signals corresponding to the ac-
tive catalyst species versus non pH-corrected conditions.'®” Having observed the sensitivity
of their system to pH variations, the authors opted for deprotonating the amino acids un-
der investigation at a constant pH by using either KOH/HCI or a piperidine/piperidinium

buffer.167
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7.2 Choice of Test Systems

Difluoroacetic acid (DFA, 9, Figure 7.2) was chosen as the simplest example of a fluorinated
carboxylic acid that contains both proton and fluorine resonances. The mono fluorinated
analogue, although equally suitable for this test, was not selected due to its higher toxi-
city.3%3 Trifluoroacetic acid (TFA, 10, Figure 7.2) was also tested as it better represents
perfluoroalkyl compounds lacking hydrogen substituents on the carbon chain. The F
NMR spectra for DFA and TFA reveals a doublet (2Jyr = 53 Hz between F and 'H in
—CF2H group) and a singlet, respectively, as determined by pulse-and-collect 'H and F
NMR experiments at 1.4 T (Chapter 3, Section 3.3). The deprotonated analogues of these
carboxylic acids, di- and trifluoroacetate (|[DFA-H|~, 14 and [TFA-H|~, 15, Figure 7.4)
were also investigated, their *?F NMR spectra revealing a doublet (2Jur = 56 Hz between
YF and 'H in — CF,H group) and a singlet, respectively. Comparing the results for both of
these molecules provides insight into the role of proton-relayed mechanisms in fluorine hy-
perpolarised experiments. In addition to providing a simple yet representative test system,
difluoroacetic and trifluoroacetic acids are themselves an analytical target as ultra-short
PFAs, which have come into use as an alternative to their longer chain analogues due to

304

new regulations.””* Trifluoroacetic acid has also been reported as a degradation product

of fluoroorganics, including hydrofluorocarbon and hydrochlorofluorocarbon refrigerants,3%?

making it an attractive pollution marker in environmental monitoring.3%6
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Figure 7.2: Chemical structures of fluorinated carboxylic acids under investigation in Chap-

ter 7: difluoroacetic acid (DFA, 9) and trifluoroacetic acid (TFA, 10).

In terms of the co-substrate, both dimethylsulfoxide and selected N-heterocycles were
tested. The former (DMSO, 4, Figure 7.3) was selected as its low binding affinity and

chemical reactivity proved to be effective for fluoropyridines and fluoroamines, as shown in
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Chapters 5 and 6. Additionally, this enables the exploration of a potential single, all-purpose
co-substrate, an attractive idea in analytical chemistry as it would eliminate the need to use
analyte-specific co-substrates. Pyridine-based molecules were also studied following reports

167,302 gyggesting this was likely

of hyperpolarisation of carboxylic acids employing pyridine,
to be a successful class of co-substrates. As a result, pyridine and 4-methylpyridine were
proposed as co-substrates (PYR , 11 and 4MPYR, 12, Figure 7.3), as well as the versatile

I-methyl-1,2,3-triazole (MTZ, 13, Figure 7.3).81,168,307,308

I ~ P /
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PN N N N—N
dimethyl sulfoxide  pyridine  4-methylpyridine  1-methyl-1,2,3-triazole
4 11 12 13

Figure 7.3: Chemical structure of the co-substrates dimethylsulfoxide (DMSO, 4), here
shown again for convenience, pyridine (PYR, 11), 4-methylpyridine (4MPYR, 12), and
1-methyl-1,2,3-triazole (MTZ, 13).
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Figure 7.4: Chemical structures of fluorinated carboxylates under investigation in Chapter

7: difluoroacetate ([DFA-H|~, 14) and trifluoroacetate (|[TFA-H|~, 15).

As for the choice of solvent, both methanol and methanol-d; were tested as these sub-
strates have exchangeable protons. As shown in Chapter 6, the use of methanol-d;, may
be an effective way to minimise SABRE-Relay driven polarisation loss mechanisms. Per-
forming experiments in both solvents enables a comparison of both active and inactive

SABRE-Relay conditions.
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7.3 SABRE Hyperpolarisation of Difluoroacetic Acid and Di-

fluoroacetate

7.3.1 Hyperpolarisation of Difluoroacetic Acid

Although the literature suggests that efficient SABRE hyperpolarisation of carboxylic acids
167,302

can only be achieved through the formation of conjugated carboxylate species, initial
studies focused on the protonated forms. These studies aimed to uncover the reasons
behind this lack of SABRE activity, as this may lead to the proposal of solutions. Studies
pertaining to the hyperpolarisation of difluoroacetic acid under different co-substrate and
solvent conditions are presented in this section.

As a starting point, the hyperpolarisation of difluoroacetic acid was attempted on its
own. To achieve this, a sample containing 100 mM of difluoroacetic acid and 5 mM of
[IrC1(COD)(IMes)| was prepared and shake-and-drop experiments performed as described
in Chapter 3, Sections 3.1.1 and 3.2. SABRE experiments were conducted at polarisation
transfer fields of 6.2 mT (*H and °F), ~ 50 uT, and ~ 0 T (*F) to explore different
polarisation transfer pathways as described in Chapters 4 to 6. The sample was prepared
in methanol-dy in order to deuterate the exchangeable proton on the carboxylic group, so
as to reduce the occurrence of SABRE-Relay processes. In this way, signal enhancements
for DFA, if observed, would be evidence of direct hyperpolarisation mechanisms.

These experiments revealed no hyperpolarised signals for difluoroacetic acid, either in
'H or F NMR measurements. This outcome was unsurprising as the bulky nature of this
substrate was unlikely to lead to a stable tris-substituted species without the aid of a co-
substrate. This rationale is likely to have motivated Gemeinhardt et al. to use pyridine as a
co-substrate in order to hyperpolarise acetic acid.?%? This study did not lead to favourable
results, which the authors attributed to catalyst deactivation in the presence of the acid. For
completeness, the hyperpolarisation of difluoroacetic acid using pyridine as a co-substrate
was tested.

SABRE experiments performed on a sample containing 100 mM of difluoroacetic acid,

100 mM of pyridine, and 5 mM of [IrCl(COD)(IMes)| in methanol-dy were conducted as
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previously described. These experiments revealed neither 'H nor F NMR signals for
DFA displayed observable hyperpolarisation, in agreement with Gemeinhardt’s results.3"?
The only hyperpolarised signal observed in these experiments was that corresponding to
PYR, which was thought to arise from the tris-pyridine active species as evidenced by its
characteristic singlet hydride ligand signal at § -22.8.155:157

Comparing hyperpolarised 'H NMR spectra for samples containing pyridine with and
without difluoroacetic acid, revealed differences in SABRE efficiency and chemical shift
values for the resonances corresponding to pyridine (Figure 7.5, dashed rectangle). The
lack of hyperpolarisation for DFA, as well as the absence of new hydride ligand 'H NMR
signals, implies that the decrease in signal enhancement for PYR is not a consequence of
catalyst competition. Instead, direct interaction between pyridine and difluoroacetic acid,
probably of acid-base nature, is the most likely explanation. Such a reaction between pyri-
dine and carboxylic acids has been reported to produce pyridinium cations and carboxylate
anions, the former presenting chemical shifts in "H NMR similar to those observed in these
experiments (Figure 7.5a).3%2 As the pyridinium ions would not be expected to act as a
ligand, this would inhibit its hyperpolarisation, and the indirect hyperpolarisation of diflu-
oroacetic acid aided by pyridine as a co-substrate. These findings propose an alternative
explanation to that presented by Gemeinhardt et al. for the lack of hyperpolarisation in
SABRE samples containing carboxylic acids and pyridine.3?

This theory is further supported by results from SABRE experiments on difluoroacetic
acid using dimethylsulfoxide as a co-substrate. Dimethylsulfoxide was proposed as an alter-
native as it is not expected to participate in acid/base interactions with difluoroacetic acid.
In addition, sulfoxide co-substrates have been employed to hyperpolarise compounds with
carboxylic moieties.27208 A SABRE sample was prepared following the same procedure as
described previously but using 100 mM of DMSO instead of PYR. These experiments re-
vealed 'H NMR hyperpolarised signals for dimethylsulfoxide, thus providing evidence that
catalyst deactivation does not take place when adding difluoroacetic acid. Nevertheless, the

use of dimethylsulfoxide proved to be ineffective: hyperpolarisation of "H NMR resonances

in DFA was not observed and only modest signal enhancements (e19p < 2) were detected

213



'HNMR1T

100 mM pyridine

100 mM substrate

5 mM [IrCI(COD)(IMes)]
Methanol-d,or methanol

a) Substrate: diflluoroacetic acid

A x 1000

b) Substrate: none

k X 100

VY3
7A

5("H) /ppm

Figure 7.5: Comparison of SABRE-enhanced 'H spectra for samples containing 100 mM of
pyridine and either 100 mM of difluoroacetic acid (a) or no additional substrate (b), and 5
mM of [IrCI(COD)(IMes)|. Spectra is zoomed in to show the organic (6 1 to 10) and the
hydride ligand (8 -19 to -27) regions of the spectra. Hyperpolarised signals corresponding to
pyridine and pyridinium are highlighted in the dashed box, other signals correspond to the
hydroxyl and methyl signals of methanol (§ 3 to 5) and the hydride ligands of a symmetric
iridium complex containing pyridine (6 - 22.8). Spectra was amplified as specified to aid

visualisation.

in F NMR experiments.

Lastly, SABRE hyperpolarisation of DFA using dimethylsulfoxide as a co-substrate was
tested in protio methanol. This experiment was designed to test whether the deuteration of
difluoroacetic acid when samples were prepared in methanol-ds hinders hyperpolarisation
due to isotopic effects. It would also reveal any SABRE-Relay processes that could take
place, for example involving methanol. Results revealed no significant difference when
using protio solvent instead of methanol-dy either in enhancement factors (ewp < 2) or
peak profile.

These results demonstrate that the lack of direct hyperpolarisation for DFA was not a
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consequence of catalyst inactivation, as previously proposed.??? However, additional tests
conducted with alternative co-substrates or solvents did not yield efficient hyperpolarisation
for this target. This suggests that SABRE hyperpolarisation is inhibited either by its
inability to form a stable SABRE complex or, if such a complex is indeed formed, by
rates of exchange of dihydrogen or substrate(s) that do not promote hyperpolarisation. As
the hyperpolarisation of carboxylate groups has been reported to lead to more successful

167,207,208,302

outcomes, difluoroacetate hyperpolarisation was then pursued, as discussed in

the next section.

7.3.2 Hyperpolarisation of Difluoroacetate

Having established that the hyperpolarisation of difluoroacetic acid was unsuccessful un-
der the tested conditions, the hyperpolarisation of the associated carboxylate species was
pursued. Based on successful reports of the hyperpolarisation of acetate with pyridine,3"?
this molecule was tested as a co-substrate. A sample containing 100 mM of difluoroacetate
([DFA-H| ™, lithium salt), 100 mM of PYR, and 5 mM of [IrC1(COD)(IMes)| in methanol-dy
was analysed by shake-and-drop experiments, as described in the previous sections. Whilst
studies of the carboxylate form of this target were conducted by acquiring a difluoroacetate
salt for convenience, it is noted that the use of buffers could also have been used to achieve
the same goal, as previously reported.67

Although hyperpolarisation of the proton resonance corresponding to the difluoromethyl
group (CFoH-) was not clearly identified due to peak overlap, hyperpolarised F signals (&
-125.8) were observed at 6.2 mT (Figure 7.6a), with a moderate €19 of (7.05 £ 0.38). In
contrast, experiments conducted at ~ 50 T and ~ 0 T did not result in significant signal
enhancements relative to non-hyperpolarised spectra, as illustrated by Figure 7.6b to d.
Closer inspection of the F spectrum at ~ 50 uT reveals that only one of the signals from
the doublet was present. This suggests that an anti-phase doublet was produced at this
PTF which resulted in the cancellation of one side of the non-hyperpolarised doublet. The

comparatively better 1°F signal enhancements observed at 6.2 mT are indicative of a proton-

relayed polarisation transfer mechanism, as suggested by Chukanov et al.,'3* highlighting
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the role of the hydrogen atom in facilitating '°F hyperpolarisation for this substrate.

“FNMR1T
100 mM 14 0]
100 mM 11 F%
5 mM [IrCI(COD)(IMes)] o
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F
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Figure 7.6: Comparison of SABRE-enhanced '°F spectra for difluoroacetate at polarisation
transfer fields of 6.2 mT (a), ~ 50 uT (b) and ~ 0 T (c¢) with non-hyperpolarised spectra
(d). The sample contained 100 mM of [DFA-H|~ (as a lithium salt), 100 mM of PYR, and
5 mM of [[rCI(COD)(IMes)| in methanol-ds. The doublet at § -125.8 corresponds to the

fluorine resonance in the difluoromethyl group.

Inspection of the hydride ligand region of the 'H NMR spectra for these experiments
revealed a single hyperpolarised signal corresponding to the tris-pyridine species observed
in Figure 7.5, which was thought to be responsible for the observed enhancement of pyridine
signals. In contrast, no hyperpolarised hydride ligand signals were observed to which the
modest F signals enhancements for [DFA-H]~ could be attributed, suggesting the SABRE-
active species that drives this hyperpolarisation forms in small amounts. Taken together,
these results suggest that pyridine may have a stronger binding affinity to the iridium

centre versus [DFA-H| ™, hence limiting the formation of the mixed SABRE active species
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containing both ligands, or that if this species does form in large quantities, it leads to
inefficient hyperpolarisation.

This theory motivated the investigation of dimethylsulfoxide as a co-substrate based on
its lower binding affinity to the iridium centre and the performance of dimethylsulfoxide-
containing SABRE complexes demonstrated in Chapters 5 and 6. To test this, a
SABRE sample containing 100 mM of [DFA-H|~, 100 mM of DMSO, and 5 mM of
[IrC1(COD)(IMes)| in methanol-ds was studied. Figure 7.7 shows a comparison of SABRE-
hyperpolarised and non-hyperpolarised 'H NMR spectra obtained for this sample at 1 T.
On first inspection, a hyperpolarised signal corresponding to the exchangeable proton of
methanol (§ 4.8), and a partially anti-phase hyperpolarised signal for DMSO (§ 2.65) were
observed. As methanol-ds was used in this experiment, and [DFA-H|~ did not present
exchangeable hydrogens, the hyperpolarisation of the hydroxyl signal (‘-~OH’) was unex-
pected.

Protonation of methanol-d4 could be attributed to proton exchange with residual water
in the sample, likely stemming from the hygroscopic lithium difluoroacetate salt. How-
ever, this explanation was refuted by comparing non-hyperpolarised spectra pre- and post-
activation, which revealed a significant increase in intensity for the exchangeable proton of
methanol-dy after activation. In light of this, protonation of methanol-dy was attributed to
hydrogen /deuterium exchange mechanisms for methanol-containing SABRE complexes, as
explored in Chapter 4. Further evidence for this hypothesis was provided by the chemical
shift of the main active species’ hydride ligand signals: a doublet pair at ¢ -15.3 and §
-24.5. These shifts are consistent with a species containing hydride ligands trans to DMSO
(6 -15.3) and methanol-ds/methanol (§ -24.5) in the equatorial positions, as observed in the
SABRE complexes explored in Chapters 4 to 6. Not only would this species facilitate H/D
exchange between adjacent hydrides and methanol-dy ligands, but it would also explain the
hyperpolarisation of the —OH signals.

It has been found in the literature that hydrides trans to negatively charged oxygen
atoms in carboxyimines and amino acids when pyridine is used as a co-substrate appear at

ca. ¢ -28,167310 whilst hydrides trans to pyruvate with dimethylsulfoxide in the equatorial
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Figure 7.7: Comparison of SABRE-enhanced (black trace) and non-hyperpolarised (red
trace) 'H NMR spectra for difluoroacetate at 1 T using dimethylsulfoxide (‘DMSO’) as
a co-substrate. The sample contained 100 mM of lithium difluoroacetate, 100 mM of
dimethylsulfoxide, and 5 mM [IrCl(COD)(IMes)| in methanol-dy. Insets show an expanded
view within the organic region of the spectra (§ 4 to 8, A) showing the signal for the proton
resonance in the difluoromethyl group of [DFA-H|™ at § 5.71, and the hydride region of the
spectra (d -12 to -28, B).

position appear at § -24.297 Although, the formation of a species containing DMSO and
methanol-dy in an equatorial position appears to be more reasonable, as it explains the hy-

perpolarisation of the hydroxyl signal, the formation of an equatorially asymmetric species
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containing DMSO and [DFA-H|~ cannot be discarded without full characterisation studies.

The signal corresponding to the difluoromethyl group in [DFA-H|~™ (§ 5.71) did not
exhibit clear signs of hyperpolarisation (Figure 7.7, inset A). The lower signal intensity
detected in SABRE experiments could be due to an overlap of signals of opposite phase (i.e
hyperpolarised and non-hyperpolarised) which could partially cancel. However, this could
also be explained by a shorter residence time of the sample inside the spectrometer before
FID acquisition, meaning polarisation build-up at the detection field would be incomplete,
hence producing a smaller signal. Gemeinhardt et al. reported that no 'H hyperpolarisation
was observed for acetate even if hyperpolarised '3C signals were detected.?02 A similar ob-
servation was made in this case: '°F signal enhancements were detected for difluoroacetate
when using dimethylsulfoxide as a co-substrate even when no enhancement was observed
for 'H signals in [DFA-H]|~.

SABRE experiments using '°F detection revealed signal enhancements at all tested po-
larisation transfer fields of 6.2 mT, ~ 50 uT, and ~ 0 T, as shown in Figure 7.8. Similarly
to samples using pyridine as a co-substrate, the largest enhancements were observed at
6.2 mT, e1op = (49.54 £ 0.82) which after application of SHARPER (Section 3.3.3, Chap-
ter 3) resulted in a SNR enhancement factor of (62.0 & 4.8). Observing the largest °F
signal enhancement at 6.2 mT was not anticipated, as this usually signals a polarisation
transfer mechanism from proton to fluorine nuclei, and as discussed before, 'H hyperpo-
larisation was not evident at this PTF. However, a similar behaviour was observed for
3-(difluoromethyl)pyridine, which exhibited the largest enhancement levels at this PTF
(Chapter 4, Section 4.3). As the strong 2Jy  coupling (~ 55 Hz) in the difluoromethyl
group is the commonality in both cases, it likely that this acts as the effective coupling
of the system, to which the difference in frequencies in the hydride/substrate spin sys-
tem needs to be matched.” 157218 As a consequence, a larger magnetic field such as 6.2
mT may facilitate a more efficient polarisation transfer to the substrate, leading to higher
enhancement factors.

9F enhancements at ~ 50 T and ~ 0 T were 60% lower than at 6.2 mT, indicating less

efficient polarisation transfer mechanisms at those fields (Figure 7.8b and c¢). Experiments
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Figure 7.8: Comparison of 1F NMR non-hyperpolarised (a) and hyperpolarised spectra
acquired at 6.2 mT (b,e), ~ 50 uT (c) or ~ 0 T (d) using pulse-and-collect (a-d) or
SHARPER (e) acquisition of a sample containing 100 mM of difluoroacetate (as a lithium
salt), 100 mM of DMSO, and 5 mM of [IrCI(COD)(IMes)| in methanol-ds. All spectra
were acquired with a single scan. Main doublet signal (orange square) corresponds to the
difluoromethyl group (§ -125.8), signals shown with asterisks in c) correspond to carbon

satellites.

conducted at ~ 50 pT also exhibited some minor signals which were interpreted to be
carbon satellites, appearing as a doublet of doublets with scalar couplings of 249 Hz and 55
Hz, corresponding to 1JC,F and 2JH’F, respectively. The observation of carbon satellites,
corresponding to ~ 1% of the substrate concentration yet showing a signal roughly ten
times larger, suggests that some '°F -13C polarisation transfer mechanism could be at play.

The potential presence of '3C -19F polarisation transfer mechanisms was deemed in-
teresting, as this could be an exploitable route for indirect hyperpolarisation of °F nuclei
by harnessing the typically long T} values for *C resulting in longer-lived observable po-

larisation. To further investigate this '3C -°F polarisation transfer mechanism, SABRE
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experiments were conducted with proton-decoupled '3C detection and results are shown
in Figure 7.9. From this figure it is evident that only a ~ 0 T field produced detectable
13C hyperpolarisation in a single-scan acquisition. The hyperpolarised signal in this case
corresponds to a triplet at § 108.7 with a J coupling of 249 Hz, corresponding to the car-
bon in the difluoromethyl group. This suggests that *C polarisation was facilitated by
the strong J coupling with the fluorine atoms. The remarkable '*C signal enhancement
achieved in a single scan at 1 T for samples in natural abundance presents a promising
avenue for investigating fluorinated carboxylic acids, or their carboxylate analogues, due
to its specificity to this *C -!9F coupling. This enhancement could potentially be further
amplified by removing the peak splitting due to said heteronuclear scalar coupling through
the application of SHARPER. However, while intriguing, this approach was not explored
further as it fell outside the scope of this thesis.

Interestingly, fluorine enhancement values when using DMSO were ca. 7 times larger
than when using PYR (g19p = 7.05 £ 0.38) at the best performing PTF, demonstrating
that dimethylsulfoxide exhibits a better performance as a co-substrate when compared to
pyridine. This is hypothesised to be a result of dimethylsulfoxide binding more weakly to
the iridium centre, thus not outcompeting the substrate. Although the enhancements seen
when using DMSO were larger than with pyridine, they are still considerably lower than
those observed for previously studied substrates using this co-substrate (e19p ~ 2400 - 3000,
Chapter 5 and 6). As explored in previous chapters, the concentration of co-substrates may
affect signal enhancements for the target substrate, so optimisation studies were carried out
for the difluoroacetate and dimethylsulfoxide system.

Samples were prepared containing 50 mM of [DFA-H| ™, either 100 mM or 25 mM of
DMSO, and 5 mM of [IrCl(COD)(IMes)| in methanol-ds. The concentration of [DFA-H|~
was chosen as a compromise between testing at a level closer to the sub-stoichiometric
regime and being able to obtain enough signal intensity to compare results. SABRE-
enhanced fluorine experiments revealed that higher €10, values are obtained when decreasing
the concentration of co-substrate, as shown in Figure 7.10. This observation applied to all of

the tested polarisation transfer fields, with fluorine enhancement factors between 2.5 to 4.3
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Figure 7.9: Comparison of 13C{IH} NMR SABRE-hyperpolarised spectra acquired using a

polarisation transfer field of ~ 0 T (a), 6.2 mT (b), or ~ 50 uT (c). The sample contained

100 mM [DFA-H|~, 100 mM of DMSO, and 5 mM of [IrCl(COD)(IMes)| in methanol-

dy. The highlighted signal at ¢ -108.7 (t, J=249 Hz) corresponds to the carbon in the

difluoromethyl group (—CFoH) of difluoroacetate.

times larger when using lower concentrations of DMSO (Table 7.1). Based on these results,
SABRE experiments on the difluoroacetate and dimethylsulfoxide system were conducted
using 25 mM of co-substrate and a PTF of 6.2 mT. By performing SABRE experiments
under these optimised conditions in combination with SHARPER (Figure 7.11), SNR values

were boosted by a factor of ca. 63 versus non-hyperpolarised pulse-and-collect experiments.
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Figure 7.10: Comparison of fluorine enhancement factors (e19p) for SABRE experiments
on samples containing 50 mM of [DFA-H|~ (14), either 25 mM or 100 mM of DMSO (4),
and 5 mM of [IrC1(COD)(IMes)| at PTF values of 6.2 mT, ~ 50 uT, and ~ 0 T. e19p were
estimated as the average of triplicate measurements, with the standard deviation shown as

error bars.

Proton experiments for both co-substrate levels showed no significant change in terms
of difluoroacetate enhancement. However, it was observed that when lower concentrations
of DMSO were added to the sample, the hydride pair described previously (doublet pair at
0 -15.3 and § -24.5) decreased in intensity, both in hyperpolarised and non-hyperpolarised
spectra (Figure 7.12). This provides further validation of the proposed structure for this
species, i.e. containing DMSO and methanol-ds/methanol equatorially, as a decrease in

overall dimethylsulfoxide concentration would likely limit its formation. Likewise, if this
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Table 7.1: Fluorine enhancement factors (e19p) for SABRE-hyperpolarised samples con-
taining 50 mM of [DFA-H|~, either 25 mM or 100 mM of DMSO, and 5 mM of
[IrC1(COD)(IMes)]|, at three polarisation transfer fields: 6.2 mT, ~ 50 pT, and ~ 0 T.

519F

|Co-substrate|
PTF =62 mT PTF ~50puT PTF~0T

25 mM 45.7 + 1.0 16.42 £ 0.75 22.5 £ 2.8
100 mM 10.59 £ 0.30 5.15 + 0.39 9.11 £ 0.47
“FNMR1T o
50 mM 14 : E
25mM 4 o
5 mM [IrCI(COD)(IMes)] H
Methanol-d, F
a) SABRE (6.2 mT) b) SABRE-SHARPER (6.2 mT)
£“F=457+1.0 Eqw= 063415

)
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Figure 7.11: Comparison of YF NMR hyperpolarised spectra acquired at 6.2 mT using
pulse-and-collect (a) or SHARPER (b) acquisition of a sample containing 50 mM of di-
fluoroacetate (as a lithium salt), 25 mM of DMSO, and 5 mM of [IrCl(COD)(IMes)| in
methanol-dy. All spectra were acquired with a single scan. Main doublet signal (orange

square) corresponds to the difluoromethyl group (§ -125.8).
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active species did have difluoroacetate in its structure, signal enhancements would decrease
at lower concentrations of DMSO, and its associated complex, which is contrary to what was
observed. It is therefore proposed that the main hyperpolarised hydride signals observed
at 0 -15.3 and ¢ -24.5 are not the main active species containing [DFA-H| ™, with its likely
structure being [Ir(H)a(IMes)(L)(MeOD/H)(4)|*, with MeOD and MeOH being methanol-

dy and methanol, respectively and L being an unknown ligand in axial position, such as

DMSO.

Non-hyperpolarised
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€ IS IS 1S IS IS IS
Q. Q. Q. Q. Q. Q. Q.
[o% o Q. Q. Q Q. Q.
0 ™ ™ 0 © 0 o~
— ) [t} o N < o
3 - A1 a i Q& ?

-1 412 113 -14 -15 -16 -17 -18 -19 -20 -21 -22 -23 -24 25 -26 -27 -28 -29 -30
5('H) /ppm
Figure 7.12: Comparison of post activation non-hyperpolarised 'H NMR spectra at 1.4 T
of samples containing 50 mM of [DFA-H|~, either 25 mM (red trace) or 100 mM (black
trace) of DMSO, and 5 mM of [[rCl(COD)(IMes)| in methanol-ds. Spectra are zoomed
in to show the hydride region of the spectra (6 - 10 to § -31). Chemical shift values for

detected hydride signals are shown above each peak.

It is likely the case that the main active species containing [DFA-H|~ and leading to its
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hyperpolarisation was present in very small amounts or in fast exchange leading to broad
peaks, precluding the observation of its hydrides when hyperpolarised. As shown in Figure
7.12, several additional hydride signals were observed in non-hyperpolarised experiments
conducted at 1.4 T, which were undetected in hyperpolarised spectra. Given that these
hydride signals intensified upon the reduction of [DMSO]| in a manner consistent with the
SABRE-hyperpolarised °F signals for [DFA-H|~, they are strong candidates for the active
species containing this substrate.

Having obtained a promising test system and optimised conditions, experiments decreas-
ing the concentration of [DFA-H|~™ were conducted in order to approach the analytically-
relevant sub-stoichiometric regime. Samples containing 50 mM, 10 mM, and 1 mM of [DFA-
H|~, 25 mM of DMSO, and 5 mM of [IrCl(COD)(IMes)| were analysed. Upon inspection of
the resulting SABRE-hyperpolarised '"H NMR spectra (Figure 7.13), it was observed that
lower concentrations of [DFA-H|™ resulted in a decrease in intensity of the hyperpolarised
hydride ligand signals previously attributed to [Ir(H)2(IMes)(L)(MeOD/H)(4)|". Seem-
ingly linked to this, it was also observed that hyperpolarised signals for DMSO and the
exchangeable proton in methanol (§ 2.65 and 6 4.8, respectively) also decreased in intensity
with [[DFA-H|~].

Based on this correlation between the concentrations of [DFA-H|™ and the main active
hydrides (0 -15.3 and § -24.5), one could reasonably argue that [DFA-H]| ™~ is either part of its
structure or that it indirectly facilitates its formation. Building on the hypothesis that this
species contains DMSO and methanol-dy/methanol in equatorial positions, a hypothesis
further substantiated by the correlation between their hyperpolarised signals and those
of the aforementioned hydride ligands, it follows that [DFA-H|~ could occupy the axial
position. However, this would not be consistent with the observation of hyperpolarised
signals for [DFA-H|~, a position to which hyperpolarisation is not favoured.””»155:159

Alternatively, difluoroacetate may be linked to the formation of the main active species
by acting as a counter ion to the positively charged [Ir(H)s(IMes)(L)(MeOD/H)(4)|* com-
plex. The close proximity of [DFA-H|~ to the iridium centre in the active species would

place it in an advantageous position for substrate exchange, indirectly facilitating [DFA-H|~
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hyperpolarisation. This hypothesis would also explain why this species was not observed for
other samples containing DMSO, such as the ones investigated in Chapters 5 and 6. It was
additionally observed that at the lowest tested concentration of [DFA-H|~ (1 mM), two new
sets of hydride ligand signals became visible: an anti-phase doublet at § -18.9 and § -25.0
(J = 8 Hz) and a very broad anti-phase doublet at § -15.5 and § - 21.5, the latter of which
corresponds to the previously reported [IrCl(H)q(IMes)(4)s] (6, Chapter 5).202 This species
containing dimethylsulfoxide and chloride was not observed at higher concentrations of
[DFA-H|~, lending additional support to the idea that for [Ir(H)2(IMes)(L)(MeOD/H)(4)|"

to form, it relies on the presence of [DFA-H|™ as a counter ion.
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50/ 10/ 1 mM 14 § § O% E § ;&
25 mM 4 ) > )
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Figure 7.13: Comparison of SABRE-hyperpolarised 'H spectra for samples containing 50
mM (black), 10 mM (green), or 1 mM (orange) of [DFA-H|~, 25 mM of DMSO, and 5 mM
of [IrCl(COD)(IMes)| in methanol-dy. Inset shows a zoom in portion of the spectra in the

0 -12 to § -27 region.

Fluorine enhancements at low concentrations were tested using a polarisation transfer

field of 6.2 mT, as it proved to yield the largest signal amplification. At this polarisation
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transfer field, enhancement factors were estimated to be c19p = (45.7 £ 1.0) at 50 mM
and gi9p = (68.0 £ 1.9) at 10 mM. Taking into consideration the SNR values obtained
for SABRE-hyperpolarised °F spectra at 50 mM of [DFA-H|~ under optimised conditions,
limit of detection values for SABRE and SABRE SHARPER measurements were estimated
to be (1007 £ 12) uM and (263.8 + 6.2) uM, respectively. SABRE experiments performed
on the sample containing 1 mM of [DFA-H|~ did not produce a detectable F NMR signal,
which was consistent with the estimated LOD value for this approach. SABRE-SHARPER
experiments at the same concentration, however, did not yield detectable signals, despite
the tested concentration being significantly above the estimated LOD of 264 pM.

Linking this result to the hydride ligand signal analysis previously discussed, it would
be reasonable to propose that the reduced amount of [Ir(H)2(IMes)(L)(MeOD/H)(4)]"
observed at 1 mM may explain the lack of SABRE activity at this level. At such low
concentrations of difluoroacetate, the formation of the neutral dimethylsulfoxide complex
(6) is favoured over that of the positively charged |Ir(H)(IMes)(L)(MeOD/H)(4)|" species.
Under the assumption that [DFA-H|~ does indeed act as a counterion of the latter case,
the preferential formation of the neutral species would likely be detrimental for SABRE
activity at lower concentrations, precluding sub-stoichiometric measurements. Based on this
hypothesis, a set of alternative co-substrates were tested: 4-methylpyridine, pyridine and
1-methyl-1,2,3-triazole. These were chosen as they were expected to form positively charged
tris-substituted species, which may act as the hyperpolarisation machinery, regardless of
the concentration of [[DFA-H| ™.

To test the previously stated theory, samples containing [DFA-H| ™ at 10 mM were tested
using 25 mM of co-substrate and 5 mM of [IrCl(COD)(IMes)| in methanol-dy following the
same described procedure. This concentration of [DFA-H|~ was chosen as it was the low-
est concentration that could be detected via SABRE experiments, whilst the co-substrate
concentration was maintained from experiments with DMSO to minimise displacement of
difluoroacetate by these more strongly binding co-substrates. Fluorine enhancement factors
obtained in these experiments are detailed in Table 7.2. When using 4-methylpyridine, °F

hyperpolarised signals were observed with an estimated 19y at 6.2 mT of (29.0 £ 3.2).
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Table 7.2: Fluorine enhancement factors (ei9p) for SABRE experiments on samples con-
taining 10 mM of [DFA-H|~, 25 mM of co-substrate, and 5 mM of [IrCl(COD)(IMes)]| using
a PTF of 6.2 mT.

Co-substrate E19p

dimethylsulfoxide 68.0 £ 1.9

4-methylpyridine 29.0 £ 3.2

pyridine 27.6 £ 2.8
1-methyl-1,2,3-triazole ND

This result was under half of what was reported at the same concentration of [DFA-H|~
when using DMSO as a co-substrate (¢19p =(68.0 = 1.9)). Once again, hyperpolarised
hydride ligand signals for the species responsible for the signal enhancement of [DFA-H|~
were not observed. Instead, the only hyperpolarised hydride ligand signals observed in
these experiments corresponded to the tris-4-methylpyridine species at § - 22.83. Similar
results were obtained for pyridine as a co-substrate, yielding e19p = (27.6 £ 2.8) at 10 mM
of [DFA-H|~ with the only visible hyperpolarised hydride species corresponding to that of
the tris-pyridine species (§ - 22.8). The lower enhancement factors observed when using
pyridine and 4-methylpyridine as co-substrates were attributed to their stronger binding
affinity versus dimethylsulfoxide, thus outcompeting the target molecule. The co-substrate
1-methyl-1,2 3-triazole, which was expected to show weaker binding than pyridine due to
the steric hinderance introduced by the methyl substituent, did not result in any detectable
hyperpolarisation. Based on these results, it can be concluded that even if these alterna-
tive co-substrate would facilitate probing [DFA-H|~ at lower concentrations, the reduced
SABRE efficiency observed for these systems may result in high limits of detection.

The results presented in this section demonstrate that although the hyperpolarisation
of difluoroacetate was more successful than for difluoroacetic acid, it is not without its
challenges. It was found that the best co-substrate for this system was dimethylsulfoxide,

which allowed F NMR detection of [DFA-H|~ at as low as 10 mM using a single scan at
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1 T. When this approach was combined with SHARPER detection, an SNR enhancement
factor of egyr = (53.5 £ 1.9) was obtained. In practical terms, an estimated 4 hours of
signal averaging would be needed to achieve similar SNR values as those obtained with a
single-scan SABRE-SHARPER experiment, a high time commitment for routine analysis.
Nevertheless, the challenges in forming a stable SABRE species acting as the hyperpolari-
sation machinery for this system result in high operational limits of detection, restricting its

use to high-concentration analysis, and therefore, its potential for analytical applications.

7.4 SABRE Hyperpolarisation of Trifluoroacetic Acid and Tri-

fluoroacetate

In the previous section, the hyperpolarisation of difluoroacetic acid and difluoroacetate was
explored under various co-substrate and PTF conditions. These results showed that whilst
hyperpolarisation of difluoroacetic acid was unsuccessful, that of difluoroacetate yielded
9F signal enhancements that were optimised when using 25 mM of dimethylsulfoxide as a
co-substrate and a polarisation transfer field of 6.2 mT. This PTF is believed to facilitate
proton-relayed polarisation transfer mechanisms, which in this case was enabled by the
hydrogen atom in the difluoromethyl group in [DFA-H|~. However, this proton-facilitated
polarisation transfer mechanism would not be possible in many perfluorocarboxylic acids,
most notably perfluorooctanoic acid, one of the most targeted compounds within the PFAS
group. To evaluate the performance of SABRE hyperpolarisation for perfluorocarboxylic
acids lacking hydrogen atoms, trifluoroacetic acid and its conjugate base, trifluoroacetate,

were examined.

7.4.1 Hyperpolarisation of Trifluoroacetic Acid

The hyperpolarisation of carboxylic acids in their protonated form has proved to be un-
successful, as demonstrated by attempts made for difluoroacetic acid (Section 7.3) and

d 302

acetic aci However, as trifluoroacetic acid samples would naturally present a larger

amount of trifluoroacetate in solution due to its lower pKa (0.23 for TFA vs. 1.24 for DFA,
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311) "it was speculated that SABRE experiments may indeed exhibit hyperpo-

respectively
larisation.

The hyperpolarisation of trifluoroacetic acid was tested using dimethylsulfoxide as a co-
substrate, which proved to be the best for difluoroacetate. To this end, SABRE experiments
were conducted on a sample containing 100 mM of TFA, 100 mM of DMSO, and 5 mM
of [IrC1(COD)(IMes)] in methanol-ds. 'H NMR spectra exhibited several similarities to
those obtained for low concentration difluoroacetate samples with the same co-substrate.
For instance, hyperpolarised signals corresponding to DMSO and the exchangeable proton
in methanol-d; were observed, as well as a very similar pattern in hydride ligand ‘H NMR
signals, as seen in Figure 7.14. The main species in samples containing TFA exhibited
hydride ligand 'H NMR signals at ¢ -15.3 and 6 -25.1, chemical shift values which were
in close proximity to those of the main active species when [DFA-H|~™ was probed. This
suggests that these species are indeed similar and based on the discussion presented in the
previous section, it is proposed to be the same [Ir(H)s(IMes)(L)(MeOD/H)(4)|* species
with trifluoroacetate as a counter ion. The small amount of this species in solution, as
hinted by the intensity of its hyperpolarised signal, is likely a consequence of the small
amount of trifluoroacetate in a sample prepared with trifluoroacetic acid.

Such a small amount of the active SABRE species was not expected to yield large °F
NMR signal enhancements. Indeed, no evidence of 'F hyperpolarisation was observed for
the tested polarisation transfer fields (6.2 mT, ~ 50 uT and ~ 0 T) with the exception of
experiments conducted at ~ 50 p'T. Under those conditions, the singlet signal corresponding
to deuterated trifluoroacetic acid (§ -78.5) exhibited a 35 % decrease in area, which was
attributed to partial cancellation of the thermally-polarised signal with a hyperpolarised
signal of opposite phase. Although this result shows promise for the hyperpolarisation of
fluorinated carboxylic acid without a proton in their alkyl chain to relay polarisation, the

low abundance of the carboxylate species in solution renders this process inefficient.
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Figure 7.14: Comparison of SABRE-hyperpolarised spectra corresponding to samples con-
taining either 10 mM of [DFA-H|~, 25 mM of DMSO (black trace) or 100 mM of TFA,
100 mM of DMSO (red trace), and 5 mM of [IrCl(COD)(IMes)| in methanol-dy. The left
side of the figure shows the organic region of the spectra (§ 9 to 0) whilst the right side
is zoomed in to show the hydride region (J - 8 to - 30) and is amplified by a factor of 200
to aid visualisation. Chemical shift values for the main hyperpolarised hydride signals are

shown above the spectra.

7.4.2 Hyperpolarisation of Trifluoroacetate

As demonstrated in the previous section, the hyperpolarisation of trifluoroacetic acid in
samples containing dimethylsulfoxide as a co-substrate was unsuccessful, despite it being a
stronger acid compared to difluoroacetic acid. Consequently, the direct hyperpolarisation
of trifluoroacetate samples was explored, as tests with difluoroacetate indicated that this
approach was more likely to succeed. This investigation also enabled a comparison of

SABRE performance between difluoroacetate and trifluoroacetate, providing insights into
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how the chemical structure of fluorocarboxylic targets influences signal enhancement.
Following the successful results obtained for difluoroacetate and dimethylsulfoxide sys-
tems, a sample containing 100 mM of trifluoroacetate (|TFA-H|~, as a sodium salt), 100 mM
of DMSO, and 5 mM of [IrCl(COD)(IMes)| in methanol-ds was analysed. SABRE-enhanced
'H NMR spectra resembled those detected for trifluoroacetic acid samples. Hyperpolarised
'H NMR signals from both the solvent and dimethylsulfoxide were observed, as well as
two pairs of hyperpolarised hydride ligand signals: one at ¢ -15.3 and § -25.1, present in
the trifluoroacetic acid/dimethylsulfoxide samples (Figure 7.14), and one at § -15.5 and 0 -
21.5, corresponding to [IrCl(H)z(IMes)(4)2].2°? The main active signal (§ -15.3 and § -25.1),
previously proposed to be [Ir(H)2(IMes)(L)(MeOD/H)(4)]", exhibited a much larger inten-
sity in samples containing trifluoroacetate than in those containing trifluoroacetic acid, as

shown in Figure 7.15.

'HNMR1T S 1S
100 mM substrate & g
100 mM 4 ‘u?) ;
5 mM [IrCI(COD)(IMes)] - N
Methanol-d,

a) Sodium trifluoroacetate

b) Trifluoroacetic acid

7 -8 -9 -10 -11-12-13 -14 -15-16 -17 -18 -19 -20 -21 -22 -23 -24 -25 -26 -27 -28 -29 -30 -31-32 -33
3('H)/ppm

Figure 7.15: Comparison of SABRE-enhanced 'H spectra for samples containing 100 mM of
either sodium trifluoroacetate (a) or trifluoroacetic acid (b), 100 mM of dimethylsulfoxide,
and 5 mM of [IrCl(COD)(IMes)| in methanol-dy. Spectra are zoomed in to display the
relevant hydride region (0 -6 to ¢ - 34).
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Linked to the increase in the amount of the active species is an improvement in SABRE
efficiency for 1F NMR measurements on the singlet signal for [TFA-H|~. Notably, whilst
experiments conducted at 6.2 mT and ~ 0 T yielded clear F NMR signal enhancements
(e19p = (2.908 £ 0.056) and 19y =(2.78 £ 0.36), respectively), those performed using the
Earth’s magnetic field (~ 50 uT) as a PTF did not result in hyperpolarisation. This was
contrary to expectation as it was believed that this magnetic field would be efficient for
direct polarisation transfer to the fluorine atoms, a pathway which was anticipated to be
the most effective in the absence of hydrogen atoms in the alkyl chain. This observation
is promising for future applications using SABRE hyperpolarisation to probe perfluorocar-
boxylic acids, as it suggests that the commonly-occurring fully perfluorinated alkyl chains
can be enhanced by this approach.

When SABRE experiments conducted at the best performing PTF (6.2 mT) were com-
bined with SHARPER detection, an SNR enhancement factor of egyr = (7.40 £+ 0.23)
was obtained. This improvement in SNR would enable a theoretical limit of detection of
(992 + 30) puM, which whilst lower than the estimated LOD for non-SHARPER SABRE
experiments (LOD = (3.160 = 0.098) mM)), it is still the highest LOD value amongst the
investigated substrates in this thesis. It is however understood that in practice the limit
of detection for this system would be determined by the ability to form the active species
facilitating SABRE hyperpolarisation (|Ir(H)z(IMes)(L)(MeOD/H)(4)]*), as demonstrated
by low-concentration difluoroacetate experiments.

The enhancement factors observed for fluorine measurements on trifluoroacetate were
lower than those for difluoroacetate in equal conditions (100 mM substrate and co-substrate,
each), as illustrated in Figure 7.16. This 7- to 19-fold reduction in €19 highlights a less effi-
cient SABRE process for trifluoroacetate. Two potential explanations are proposed for this
behaviour. Firstly, it is possible that the hydrogen atom in the alkyl chain in difluoroac-
etate may provide a more efficient polarisation transfer pathway, especially as the largest
enhancements for [DFA-H|~ were detected at 6.2 mT. Secondly, the additional fluorine
atom in the methyl group of trifluoroacetate is expected to have an electron-withdrawing

inductive effect on the carboxylate group which decreases the electron density of this moi-
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ety. This would presumably affect the efficiency of SABRE as it might have a detrimental
effect on the exchange process or the stability of the active SABRE complex. The re-
duced performance of SABRE for [TFA-H]|~ is likely to hinder its suitability for analytical
applications, given that PFCAs typically lack hydrogen atoms in their carbon backbones.

Comparison of SABRE fluorine enhancement factors (€:s¢)
60 - for 14 and 15 at different polarisation transfer fields.

50 - T
40 -
L
2 30 -

20 - —=— *%

10 A

6.2mT ~50 uT ~0T
Polarisation transfer field

Figure 7.16: Comparison of fluorine enhancement factors (e19p) for SABRE experiments

on samples containing 100 mM of either difluoroacetate (|[DFA-H|~, 14, stripes) or triflu-
oroacetate (|[TFA-H|™, 15, filled), 100 mM of DMSO, and 5 mM of [IrCl(COD)(IMes)| in
methanol-dy. Enhancement factors were compared at three polarisation transfer fields: 6.2
mT, ~ 50 T, and ~ 0 T, and were estimated as the average of triplicate measurements,

with the standard deviation shown as error bars.

7.5 Conclusions

This chapter presents results from direct hyperpolarisation attempts for fluorocarboxylic

acids via SABRE. This investigation was conducted on difluoroacetic and trifluoroacetic
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acids as the simplest models that could be investigated. These test molecules also enabled
the comparison of SABRE efficiency for systems with and without hydrogen atoms in the
alkyl chain.

Results showed that SABRE experiments of the carboxylic acids did not lead to hy-
perpolarisation of fluorine signals, in agreement with what was reported in similar stud-
ies covering acetic acid.39? Instead, the conjugated carboxylates, i.e. difluoroacetate and
trifluoroacetate, did show signal enhancement via SABRE. Whilst hyperpolarisation of non-
fluorinated carboxylate species was previously reported using pyridine as a co-substrate, 67:302
here it is demonstrated that dimethylsulfoxide can outperform pyridine and pyridine-related
co-substrates. This improved performance was attributed to the lower binding affinity of
dimethylsulfoxide, which reduces binding competition.

It was observed that for both di- and trifluoroacetate, the highest enhancements were
obtained at 6.2 mT, a polarisation transfer field often associated with proton- relayed trans-
fer, even in the absence of a proton in the alkyl chain for trifluoroacetate. When comparing
these fluorinated carboxylates under identical conditions, difluoroacetate exhibited greater
signal enhancements than trifluoroacetate across all tested polarisation transfer fields, with
differences reaching a factor of up to 19. Notably, no signal enhancements were observed for
trifluoroacetate when a polarisation transfer field favouring direct fluorine hyperpolarisation
was used.

The hyperpolarisation of difluoroacetate and trifluoroacetate is believed to be facilitated
by a SABRE complex containing dimethylsulfoxide and methanol or methanol-dy in equa-
torial positions, with the fluorinated acetates potentially acting as a counter ion for the
positively charged complex. As the formation of this species exhibited a dependency with
the amount of carboxylate present in solution, low-concentration detection of this substrate
was hindered, as well as its quantification. As a result, the lowest concentration of difluo-
roacetate that could be detected was 10 mM, a concentration on the upper threshold of the
sub-stoichiometric regime. This concentration was above the estimated limit of detection of
1 mM for SABRE experiments or 300 M when in combination with SHARPER detection.

It is anticipated that the addition of auxiliary carboxylates such as acetate may stabilise the
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formation of the auxiliary species containing dimethylsulfoxide and methanol /methanol-dy,

thus enabling lower detection limits.
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Chapter 8

Conclusions and Future Work

This thesis investigated the potential of SABRE-enhanced '°F benchtop NMR measure-
ment systems for analytical applications. By combining SABRE hyperpolarisation with
the multiplet-refocusing pulse sequence SHARPER, the limits of detection of benchtop
NMR measurements were significantly improved, with the use of a co-substrate enabling
the analysis of samples with a concentration as low as 400 nM. This work explores the opti-
mal analytical performance of this technique across a range of test molecules with increasing
complexity, providing insight into its scope of application.

The application of the SHARPER pulse sequence played a key role in the success
of SABRE-enhanced F benchtop NMR analysis. The combined power of SABRE and
SHARPER was demonstrated on three fluoropyridines exhibiting homonuclear and het-
eronuclear scalar couplings of up to 55 Hz, thus highlighting its robustness. This pulse
sequence minimised the effects of field inhomogeneity, as evidenced by the exceptionally
narrow linewidths of hyperpolarised signals, reaching values below 0.2 Hz. The application
of SHARPER also resulted in the refocusing of chemical shift for substrates with multiple
19F resonances. In this case, the use of short FID chunk times proved to be crucial to achieve
optimal SNR gains. Additional sensitivity enhancement and spectral quality improvements
were shown to be possible by the use of matched filters and post-acquisition processing
tools. These included the removal of the imaginary component of the FID signal, as pro-

posed by Dickson et al. for non-hyperpolarised samples,'®* and background correction to
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suppress artefacts. By suppressing peak splitting and sharpening signals under optimised
conditions, the use of SHARPER resulted in signal-to-noise ratio enhancements of up to a
factor of 17. Interestingly, the highest enhancement achieved with SABRE-SHARPER, a
5700-fold increase, was observed for the most complex test molecule, where a combination
of homo- and heteronuclear scalar couplings and chemical shift differences would otherwise
hinder sensitive detection.

A comparison of SABRE-SHARPER results with those obtained by SABRE-enhanced
'H-decoupled F NMR experiments, a strategy commonly employed to remove peak split-
ting due to heteronuclear coupling, highlighted the benefits of the former approach. While
SABRE-SHARPER delivered significant signal-to-noise ratio enhancements and completely
eliminated peak splitting, 1QF{IH} NMR spectra showed no improvement in SNR and only
partial peak splitting removal, alongside baseline and peak signal distortion. This com-
parison emphasised one of the key benefits of SHARPER: it only requires pulses on the
active spin channel, and so can refocus all heteronuclear couplings as well as line broadening
due to field inhomogeneity. In addition, it simplifies spectra without sacrificing sensitivity,

unlike other techniques such as pure-shift and selective detection methods, which incur a

98,99 100-102

sensitivity penalty, even when combined with hyperpolarisation.

An adaptation of the existing selective variation of SHARPER,'0310% termed
selSHARPER HPT, was developed. The variation proposed in this thesis offered a more
sensitive approach to the previously reported selSHARPER pulse sequence by minimising
the use of long selective pulses inside the loop, which induce signal loss due to relaxation.
The effectiveness of this pulse sequence was demonstrated through the analysis of a binary
sample, achieving simultaneous isolation and up to 4300-fold signal enhancements for each
target signal. As only one signal could be isolated per experiment, this approach may
prove to be time-consuming when several signals need to be isolated. It is envisaged that
combining this approach with automated SABRE hyperpolarisation systems?®® may facili-
tate such analyses. Alternatively, the selective variation of the multi-resonance SHARPER

312

pulse sequence®*“ could be employed to isolate multiple signals simultaneously, improving

the efficiency of this analysis. It should be noted that selSHARPER variations fail to
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isolate overlapped signals, compromising its suitability for complex samples. Whilst the
occurrence of such issues is minimised by probing °F nuclei, as opposed to 'H, the anal-
ysis of samples exhibiting severe spectral congestion may require the use of pure-shift and
selective excitation techniques such as GEMSTONE, %99 even at the cost of sensitivity.
The analysis of low-concentration samples, aided by the significant improvement in
signal-to-noise ratio introduced by SABRE-SHARPER, was explored in Chapter 5. Cen-
tral to probing analytes at sub-stoichiometric concentrations relative to the catalyst (typ-
ically below 1 mM), was the use of a co-substrate to facilitate the formation of a stable
hexacoordinated SABRE complex, acting as the ‘hyperpolarisation machinery’ for the sys-
tem. This was exemplified by probing 3,5-difluoropyridine, a well-studied SABRE-amenable

193 using dimethylsulfoxide as a co-substrate. The introduction of this co-substrate

molecule,
led to substantial improvements in SABRE efficiency for 3,5-difluoropyridine, as the signal
enhancement factors resulting from the formation of this mixed complex were approximately
10-fold greater compared to samples without a co-substrate. Remarkably, this improved
performance also enabled the observation of hyperpolarised *C NMR signals in a single
scan for a 100 mM sample at natural abundance.

The formation of a mixed species, containing 3,5-difluoropyridine and dimethylsulfox-
ide, was demonstrated at sub-stoichiometric concentrations, a critical requirement for low-
concentration analysis. Indeed, samples containing as low as 14 uM of 3,5-difluoropyridine
were detected via a single scan on a 1 T benchtop NMR, with an associated limit of detec-
tion of ca. 7 uM. This represented an improvement of the limit of detection by 4 orders of
magnitude versus non-hyperpolarised experiments. Importantly, this limit of detection was
comparable to the those typically obtained in high-field NMR measurements,2:225:226 i 4
single scan and using low-cost, portable instrumentation, thus demonstrating the potential
of this approach. By applying SHARPER acquisition, a limit of detection of ca. 400 nM was
demonstrated, thus surpassing the performance of standard high-field NMR experiments.
Although a similar limit of detection was demonstrated on 2-(2-aminothiazol-4-yl)propan-

2-ol using photo-CIDNP hyperpolarisation on a NMR spectrometer operating at a 1.88 T

field,% this required signal averaging for several minutes, in contrast to the single scan
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approach investigated in this thesis. It is anticipated that incorporating automated setups

83,86,129,255 would further improve the detecting capabilities of this

enabling scan averaging
SABRE-enhanced benchtop NMR approach.
A linear relationship (R2=0.993) between hyperpolarised signal area and analyte con-

81,82 was demon-

centration in the micromolar range, facilitated by the use of co-substrates,
strated for low-field F NMR measurements for the first time. This was applied in the
quantification of 3,5-difluoropyridine wvia external calibration, offering a potentially more
reliable alternative to the standard addition method applied in a previous publication.®?
This approach enabled the accurate quantification of 3,5-difluoropyridine at low micromo-
lar concentrations using SABRE-enhanced °F NMR measurements at 1 T, exhibiting low
bias (R = 103 %) and result dispersion (RSD = 2 %), outperforming the 5 to 20 % rel-
ative error reported with the standard addition method.®? A high level of comparability
was observed between F and 'H NMR results under identical conditions, highlighting
the potential for cross-validation of results as a quality control tool. The application of
SHARPER further improved the performance of quantitative measurements, both in terms
of linearity (R?=0.998) and accuracy (R = (102 £ 1) %).

A natural progression for this line of research would be to investigate the analytical
performance of SABRE-enhanced F benchtop NMR in the presence of either more than
one hyperpolarisable analyte, or non-targeted sample components which may interfere with

the measurement process. In such situations, the use of the standard addition method,?*!

13 or an internal standard may prove advantageous. Given the

matrix-matched calibration,?
remarkable hyperpolarisation efficiency demonstrated for *C NMR measurements in this
system, the investigation of this heteronucleus as either an alternative or complementary
route to analytical determinations would be a worthwhile pursuit. Further signal enhance-
ment, as provided by *C SHARPER or radiofrequency-driven polarisation transfer from
9F nuclei, is expected to facilitate this study.

To determine the applicability scope for SABRE-hyperpolarised F benchtop NMR

analysis, the same process was repeated on the more challenging substrate 2,4,6-trifluoro-

benzylamine. This analyte represents a class of molecules which binds via an amino moi-
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ety, which is known to hyperpolarise less efficiently than pyridine-based molecules.”®"® By
using dimethylsulfoxide as a co-substrate,!?F signal enhancements again showed improve-
ment, albeit more modest than for 3,5-difluoropyridine, with an increase by a factor of 2.
Another characteristic of this analyte is its exchangeable protons, making it susceptible to
SABRE-Relay™™ interactions with the solvent, methanol. Indeed, SABRE experiments
probing 2.4,6-trifluorobenzylamine demonstrated SABRE-Relay activity, as evidenced by
the hyperpolarisation of signals corresponding to the solvent. This led to a reduction of
YF signal enhancements for this system, which resulted in a limit of detection of 370 uM,
or 43 uM upon application of SHARPER acquisition.

This unwanted polarisation redistribution process was found to significantly reduce
when deuterated methanol was used as a solvent, due to the fast deuteration of the ex-
changeable protons in the amino group.!® This resulted in substantial improvements in
sensitivity, translating to a ca. 50 % reduction of the associated limit of detection, both for
SHARPER and non-SHARPER acquisition modes. The inhibition of this SABRE-Relay
process in methanol-dy also proved beneficial during the quantification of low-micromolar
samples, reducing bias (R = (97 = 3) % vs. R = (96 & 14) % in methanol) and measurement
variability (RSD = 3 % vs. RSD = 8 % in methanol). In light of these findings, the use of
deuterated methanol for the analysis of molecules with exchangeable hydrogens is generally
recommended, except where financial or practical constraints necessitate an alternative.
The application of SHARPER during quantification studies had a similar effect in samples
prepared in methanol-dy, reducing RSD values from 12 % to 3 %. Moreover, SHARPER
proved to be essential for methanol samples, as non-SHARPER experiments resulted in
SNR values too low to enable reliable processing. Although the analytical performance
demonstrated for this substrate was not as good as that observed for 3,5-difluoropyridine,
the results were within the acceptable range for samples at this concentration level,243:244
demonstrating the robustness of this technique even in protonated solvents. Nevertheless,
it is anticipated that the analytical performance for 2 4,6-trifluorobenzylamine could be
improved by introducing pH-correcting measures or by removing residual water in samples,

to prevent amine protonation and minimise the occurrence of SABRE-Relay activity. In
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addition, automated sample preparation and hyperpolarisation steps may further reduce
result variability and, in the latter case, enable further signal enhancements through signal
averaging.

Finally, the analysis of a third class of molecules was explored via SABRE-hyperpolarised
benchtop NMR: fluorinated carboxylic acids. In particular, di- and trifluoroacetic acid were
tested as they are the simplest representatives of the perfluorocarboxylic acids group, which
are analytically significant due to their associated environmental concerns. Experiments
revealed no hyperpolarisation for these analytes, even when co-substrates were employed,
in line with previous reports.'67392 A new explanation is offered for this lack of SABRE
activity, which was previously attributed to catalyst deactivation. Instead, this was found
to be a problem specific to the use of pyridine as a co-substrate, due to the formation of
pyridinium ions under acidic conditions, which cannot bind to the iridium centre. Nev-
ertheless, hyperpolarisation attempts using alternative co-substrates did not yield positive
results, as previously stated, suggesting that carboxylic acids cannot form stable iridium
complexes, or if they do form, these complexes do not lead to efficient SABRE hyperpolar-
isation processes.

Hyperpolarisation studies proved to be fruitful when the carboxylate species were tested
instead. Experiments conducted on difluoroacetate using dimethylsulfoxide and pyridine-
based co-substrates revealed better results for the former option, with a 2-fold improvement
in fluorine enhancement factors. Despite the increase in SABRE performance introduced
by dimethylsulfoxide, enhancement factors for this system were still lower than those ob-
served for the fluoropyridine and fluoroamine systems. Similar to previous observations
for 3,5-difluoropyridine, hyperpolarised *C NMR signals were also detected for this sys-
tem. Interestingly, the enhancement factors observed for trifluoroacetate were 10 to 20
times lower than those observed for difluoroacetate. This difference in performance was
attributed to the lack of hydrogen atoms in the carbon backbone, which are thought to
facilitate more efficient "H-relayed polarisation transfer mechanisms.

The iridium complex species linked to the observed SABRE activity was found to

be different to that involved in the hyperpolarisation of 3,5-difluoropyridine and 2,4,6-
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trifluorobenzylamine, even when the same co-substrate was used in all three cases. It is
believed that the presence of a charged analyte, a first in this thesis, favoured the formation
of a different species acting as the hyperpolarisation machinery. Unlike 3,5-difluoropyridine
and 2,4,6-trifluorobenzylamine systems, the formation of this hyperpolarisation machinery
was not observed at concentrations of difluoroacetate below 10 mM, suggesting that high
concentrations of the acetate species are needed for its formation. This prevented the de-
tection of hyperpolarised ®F NMR signals below that concentration, and as a results, their
quantification.

These results demonstrate that although SABRE hyperpolarisation of fluorinated car-
boxylic acids can be achieved, as first demonstrated in this thesis, its applicability in ana-
lytical applications is limited. This limitation may be overcome by using a different system
to facilitate sub-stoichiometric analysis, for example, by adding acetate to the sample to
stabilise the species acting as the hyperpolarisation machinery, or by exploring alternative
co-substrates. Alternatively, the analysis of fluorinated carboxylic acids could be attempted
via SABRE-Relay, whose quantification potential has been demonstrated before.®* In this
approach, the polarisation transfer agent would stabilise the active complex in order to
probe sub-stoichiometric concentrations. For this to be successful, the polarisation transfer
agent, typically ammonia or an amine, would need to be carefully selected as to avoid un-
wanted reactions with the carboxylic moiety, such as amidation reactions. This test system
would be particularly well suited for SABRE-Relay investigations, as direct hyperpolari-
sation of the carboxylic acid species under investigation proved unsuccessful. Therefore,
any hyperpolarisation observed for this system when adding a suitable polarisation transfer
agent, e.g. benzylamine,'>* would be solely attributed to SABRE-Relay effects.

The presented results have illustrated the analytical performance of SABRE-
hyperpolarised °F benchtop NMR measurements, highlighting both the challenges intro-
duced by different analyte classes as well as strategies to mitigate them. It is expected
that the new knowledge presented in this thesis would be a useful reference for analysts,

informing the development of real-life applications using SABRE-enhanced benchtop NMR.
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Appendix A

List of Compounds

Compound number Name

1, DFP 3,5-difluoropyridine

2, DFMP 3-(difluoromethyl)pyridine
3, TFP 3,4,5-trifluoropyridine
4, DMSO dimethylsulfoxide

5 [IrC1(H)2(IMes)(1)(4)]
6 [IrCl(H)2(IMes)(4)]

7, TFBA 2,4,6-trifluorobenzylamine
8 [IrCl(H)2(IMes)(7)(4)]
9, DFA difluoroacetic acid

10, TFA trifluoroacetic acid

11, PYR pyridine

12, AMPYR 4-methylpyridine

13, MT7Z 1-methyl-1,2,3-triazole
14, [DFA-H|~ difluoroacetate

15, [TFA-H|~ trifluoroacetate

Table A.1: Number and name of the compounds mentioned throughout this thesis.
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