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Understanding substrate substituent effects to
improve catalytic efficiency in the SABRE
hyperpolarisation processy

Emma V. Stanbury,@ Peter M. Richardson @ and Simon B. Duckett @®*

The use of parahydrogen based hyperpolarisation in NMR is becoming more widespread due to the rapidly
expanding range of suitable target molecules and low-cost of parahydrogen production. Hyperpolarisation
via SABRE catalysis employs a metal complex to transfer polarisation from parahydrogen into a substrate
whilst they are bound. In this paper we present a quantitative study of substrate-iridium ligation effects by
reference to the substrates 4-chloropyridine (A), 4-pyridinecarboxaldehyde methyl hemiacetal (B),
4-methylpyridine (C) and 4-methoxypyridine (D), and evaluate the role they play in the SABRE catalysis.
Substrates whose substituents enable stronger associations yield slower substrate dissociation rates (kg). A
series of variable temperature studies link these exchange rates to optimal SABRE performance and reveal
the critical impact of NMR relaxation times (7). Longer catalyst residence times are shown to result in
shorter substrate T; values in solution as binding to iridium promotes relaxation thereby not only reducing
SABRE efficiency but decreasing the overall level of achieved hyperpolarisation. Based on these data, a

rsc.li/catalysis

Introduction

Nuclear magnetic resonance (NMR) is a powerful spectro-
scopic technique that provides detailed molecular and dy-
namic information. It has classically been used for the struc-
tural elucidation of complex natural products, proteins and
macromolecules.”” However, NMR is inherently insensitive as
the detected signal arises from the Boltzmann population dif-
ference across the nuclear spin states it probes.” Practically,
this means that only 1 in every 31000 protons in a molecule
contribute positively to the detected response in a 400 MHz
spectrometer at 298 K.* Although this population difference
can be exacerbated by lowering the temperature,” or using a
larger magnetic field,® such changes only induce relatively
limited increases in the observed signal.

NMR sensitivity can be greatly increased via
hyperpolarisation, which manipulates the spin state
populations of molecules prior to detection such that they
deviate from the Boltzmann distribution associated with the
measurement field.” There are a number of different
methods which fall under this umbrella, but the three most
common examples are; spin exchange optical pumping
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route to achieve more optimal SABRE performance is defined.

(SEOP),* ™ dynamic nuclear polarisation (DNP),"*"* and
parahydrogen induced polarisation (PHIP)."*® SEOP of no-
ble gases has given the required signal strength to diagnose
lung pathologies,"”” whilst DNP of biomolecules has led to
the observation of metabolism in tumours.'*° In fact, DNP
is capable of providing polarisation levels of up to 91% for
'H nuclei in 150 seconds and 70% '*C in 20 minutes.”
PHIP techniques originally involved the catalytic addition of
parahydrogen (p-H,) into an unsaturated centre, typically an
alkene or alkyne.>* > A limitation of this approach is there-
fore reflected in the requirement for the dehydro-variant of
the biomolecule of interest, although polarisation transfer
into cleavable molecular tags is now being employed to cir-
cumvent this problem.>*® Alternatively, signal amplifica-
tion by reversible exchange (SABRE),”>*° is a PHIP*' tech-
nique that does not induce chemical change into the target
molecule. SABRE is observed when a target molecule (ana-
lyte/substrate) and p-H, are brought together by the tempo-
rary formation of a scalar coupled spin network,*>>* facili-
tated via an inorganic, iridium catalyst. If the p-H, and the
substrate molecule are held within the same plane, the non-
equilibrium spin order of p-H, can be readily transferred
into the NMR-active nuclei of the substrate®® via the
maximised trans couplings at low magnetic field (Fig. 1)
due to magnetic inequivalence.’” In fact, it can achieve sig-
nal enhancements of up to 63% 'H polarisation in just a
few seconds.>*® It is comparatively simple and inexpensive

This journal is © The Royal Society of Chemistry 2019
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(a) Schematic of the SABRE process which brings protons that were previously located in p-H; into spin-spin contact with the substrate

(sub). Upon dissociation the NMR signals for the substrate become catalytically enhanced beyond their normal Boltzmann determined intensity
levels. The SABRE-active species is [Ir(H),(1)(L)3]Cl where substrates L, A-D, are differentiated according to R which is Cl, Me, OMe and CH(OH)
(OCDs) respectively. (b) Typical *H NMR spectrum resulting from hyperpolarisation (bottom) with thermal reference spectrum (top), recorded at
9.4 T for a 50 mM loading of 4-methylpyridine (C) with 5 mM of the [IrCl{(COD)(1)] pre-catalyst in methanol-d,.

to produce p-H, and thus to achieve significant enhance-
ments, making SABRE an attractive candidate for use in in-
dustrial and clinical settings.

In SABRE, hyperpolarisation is transferred from the p-H,
to the bound substrate at low magnetic field when the correct
resonance condition is satisfied. These conditions are well
understood and nuclei dependent, for instance, transfer into
'H typically proceeds at around 65 G,***>*° whereas much
lower mG fields are required for transfer into '>C (ref. 41)
and "°N.*? After this point, the now hyperpolarised substrate
dissociates from the iridium centre into solution. As p-H, ad-
dition is reversible, the source of polarisation in the metal
complex can be refreshed via an iridium dihydrogen
dihydride species®***** before a new substrate molecule
from solution can associate to the metal centre for subse-
quent polarisation transfer (Fig. 1). This spontaneous
polarisation process continues in the presence of p-H, in a
catalytic manner until the sample has been transferred to
high field (i.e. into the spectrometer) for detection. Hence
substrates are required to weakly coordinate to the metal cen-
tre as it is their reversible binding which allows for
polarisation build-up in solution. The extent of polarised sub-
strate created in solution is therefore in part controlled by
the strength of the ligation between iridium and the sub-
strate. For this reason, the most commonly exploited SABRE
substrates are N-heterocycles, although nitriles,** phos-
phines®® and diazirines*® have also been hyperpolarised. For-
tunately, heterocyclic rings play a vital role in drug
motifs*’*° and are heavily prevalent in biological sys-
tems.”®”" The hope is that the hyperpolarisation of these
compounds could pave the way for their use as magnetic res-
onance imaging (MRI) contrast agents for the early diagnosis
and treatment of disease in an analogous way to DNP
polarised pyruvate.'®° Recent SABRE developments have ex-
tended the substrate range to include amines, carboxylic

This journal is © The Royal Society of Chemistry 2019

acids and alcohols through the SABRE-RELAY variation which
relies on a second proton exchange step.>>*’

It has proven to be a common feature of SABRE catalysts
that they contain an N-heterocyclic carbene (NHC). Conse-
quently, the influence the NHC identity plays on iridium-
substrate binding for the substrate pyridine has been studied
extensively.*>**>> In the associated investigations of
Weerdenburg et al.”® and Lloyd et al.,?* the effect of changing
the functional group attached to the central imidazole ring
was explored. Both reported that the larger these groups are,
the faster the rate of pyridine dissociation. Optimum rates of
dissociation and polarisation levels were found when mesityl
rings were attached to the imidazole group type NHCs (IMes
and SIMes). Recently, Rayner et al.*® expanded this study by
systematically modifying the functionality at the ortho, meta
and para-positions of the mesityl ring in conjunction with al-
tering the substituents on the NHCs imidazolium backbone.
It was established that modifying the ortho and para posi-
tions significantly affects the rate of dissociation and hence
the iridium-substrate binding. Furthermore, modifying the
functional group on the imidazole ring dramatically changes
SABRE performance, for example substituting hydrogen for
chlorine proved to considerably slow down the rate of disso-
ciation and improve the level of SABRE enhancement.

In this paper, we explore the effect of iridium-substrate li-
gation on SABRE efficiency as a function of substrate substi-
tution. In order to achieve this, a range of para-substituted
pyridines are utilised which have conjugate acid pK, values
of between 2.00 and 4.89 (Fig. 1) as determined in methanol-
d; using a literature method (see ESIt).>® Para-substituted
pyridines were chosen in this study to minimise the steric
impact of the functional group changes as ortho-substituted
pyridines have previously been shown to exhibit dramatic ste-
ric effects,”” although in methanol solution 4-pyridinecarbox-
aldehyde exists as the corresponding methyl hemiacetal (B).

Catal. Sci. Technol., 2019, 9, 3914-3922 | 3915
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The influence of the substituent on iridium-substrate bind-
ing was probed via exchange spectroscopy (EXSY)*® and spin-
lattice relaxation (7;) measurements. It was anticipated that
substrates with substituents that add electron density un-
dergo less proton dissociation leading to high conjugate acid
pK, values and therefore form stronger iridium-substrate li-
gations, resulting in slow substrate dissociation rates
(kq).*>>*%° Binding to iridium has also been found to pro-
mote relaxation (7), and therefore we expected to find
shorter T, values in the case of strong binding.°"*> Con-
versely, substrates with low pK, values are predicted to form
weaker iridium-substrate bonds, leading to high k4 values
and longer T, values. We therefore use pK, to order the li-
gands for comparison in this study.

Experimental
Sample preparation

The SABRE method of transferring latent polarisation from
p-H, into a molecule of interest requires an intermediary
binding of the two entities which is achieved by a catalyst.
The SABRE pre-catalysts used here have the general form
[IrCl(COD)(NHC)] where the N-heterocyclic carbene (NHC) is
employed primarily to control the stability of the SABRE com-
plex, as the binding needs to occur on a timescale which al-
lows sufficient polarisation transfer, without being bound so
long as to allow subsequent depolarisation through relaxa-
tion. In this work three different NHCs are used, which
are 1,3-bis(2,4,6-trimethyl-phenyl)imidazole-2-ylidene (1), 1,3-
bis(4-tert-butyl-2,6-dimethylphenyl)imidazole-2-ylidine (2) and
1,3-bis(2,4,6-trimethylphenyl)-4,5-dichloroimidazol-2-ylidine
(3). The structures of which can be found in Fig. 1 (for 1) and
3 (for 2 and 3). On addition of an appropriate substrate, one
which will weakly bind to the catalyst to allow the reversible
nature of SABRE to be exploited, the substrate will displace
the chlorine to leave the catalyst in the general form
[Ir(COD)(NHC)Sub]Cl. The solvent used here was methanol-d,
unless stated otherwise. Prior to the addition of H, the sam-
ple was degassed using a three step freeze-pump-thaw
method using a bath of dry ice and acetone in order to re-
move any oxygen from the solution. Upon addition of H, to
the sample the COD hydrogenates to form cyclooctane
allowing two more substrate ligands to bind to the iridium
centre which now has the general form [Ir(NHC)(Sub);(H),]CI.
This is the fully active SABRE catalyst where the H, and sub-
strate molecules are in reversible exchange, allowing fresh
p-H, to be added and the polarisation to be built-up in solu-
tion with time. Another crucial element to SABRE
hyperpolarisation is the use of a polarisation transfer field
(PTF). The PTF is a magnetic field which is required to satisfy
the resonance condition which allows the latent polarisation
of the p-H, to be efficiently transferred to the molecule of
interest, which for transfer to 'H is a field of around 60 G (6
mT). The PTF used here was either produced from a hand-
held magnetic array based on a Halbach design using perma-
nent magnets to give a magnetic field of 61 G for the manual
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shaking method or via the use of a solenoid for the auto-
mated flow approach. The magnetic field is chosen such that
the NMR J-coupling between the hydrides is equal to the
chemical shift difference between the p-H, derived hydrides
to the bound substrate resonance of interest. In each case
the sample activation was monitored by hyperpolarising the
sample with 4 bar (absolute) p-H, in a field of 61 G and ob-
serving the hydride resonances. This step was repeated until
there was only a single hydride which corresponds to
[Ir(NHC)(Sub);(H),]Cl as the hydrides are magnetically equiva-
lent and thus produce a singlet in the resulting NMR spectra.

The pK, values for the four substrates used in this study
were determined by NMR titration according to a literature
method (see ESI}).>®

Manual shaking method

In the manual shaking method NMR tubes fitted with
Young's valves (GPE Scientific) were employed, such that the
gas could be replaced between hyperpolarisation steps. Each
time the sample was hyperpolarised the headspace of the
NMR tube would be evacuated using a residual vacuum and
subsequently refilled with fresh p-H,. In all cases the samples
were shaken for 10 seconds using a 61 G magnetic field pro-
vided by a hand-held shaker,*® or the stray field of the NMR
spectrometer, determined using a gauss meter. The
hyperpolarisation spectra were acquired with a simple 90 de-
gree pulse and acquire sequence with the addition of a sus-
pend function at the beginning allowing the user to start the
experiment the moment the sample is in the magnet. The
speed of transfer here is on the order of 3 seconds between
the end of sample shaking and the start of the sequence. The
transfer time is important here as once the hyperpolarised
signal has been established it will start to relax, therefore
faster transfer times will yield larger signal enhancements.
The source of p-H, used in these experiments is a bespoke
generator which is comprised of a cold head which uses a
closed-circuit helium compression unit to reach temperatures
as low as 7 K, however, at this temperature H, is no longer a
gas and therefore there is a feedback loop connected to a
heater to maintain the temperature at 28 K. The H, gas is
then passed over a para-magnetic catalyst to allow conversion
between the para and ortho hydrogen states. The purity of
p-H, is dependent on the interconversion temperature, at 28
K the purity of the resulting p-H, is around 99%, which has
been experimentally shown using this generator elsewhere.®*

Automated flow system

The drawback to using the aforementioned manual shaking
method is that it is typically user dependent due to factors
such as the vigour of the shaking and speed of the subse-
quent transfer into the spectrometer for detection. With this
in mind, an automated flow system was designed which al-
lows the control of all essential parameters, including the
bubbling time, transfer time and magnetic field. This system
allows for more reproducible data, especially when

This journal is © The Royal Society of Chemistry 2019
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considering different users. However, typically this method
provides much lower enhancements than the corresponding
shaking method, this is attributed to the less vigorous mixing
and the slower transfer time (on the order of 5 seconds). The
flow system is comprised of a p-H, generator (same generator
used for the shaking method described above) set to 7 bar
(absolute) pressure, an automated polarisation unit (Bruker)
and a specially designed probe which will allow transfer of
the solution into a high-field Bruker 400 MHz spectrometer
after polarisation. The sample is housed inside a multi-
layered glass cell which has been designed and built in-
house, in between the layers there is a water/antifreeze mix-
ture flowing around the chamber via a temperature controller
(Huber Minichiller 300). The flow rate of this temperature
controller is sufficiently fast, allowing accurate control of the
temperature of the sample when it is outside the magnet in
the range of 258-353 K. The flow samples contain the same
proportions of materials as the corresponding manual shak-
ing approach, however, they are scaled up from 0.6 mL to 3
mL as the volume of the chamber is larger than the NMR
tube. Inside the mixing chamber is a porous frit connected to
a glass tube which is supplied with p-H, from the generator.
The glass mixing chamber is positioned inside a solenoid,
the magnetic field of which is controlled from the Bruker
NMR software. To reduce the effect of solenoid heating, the
field is only switched on for the duration of the bubbling of
p-H,. All parameters are set within the NMR software giving
the user complete control. This flow system has been previ-
ously described in detail for its use at both high-field and the
adaptation to work with benchtop NMR spectrometers.*”®
More detail on the setup used here can be found in the ESLf

EXSY and T; measurements

Ligation to the SABRE catalyst can be examined through the
measurement of the dissociation rate of substrate binding to
the catalyst. The method employed here to determine these
so called kq values is NMR exchange spectroscopy. This can
be achieved by using selective shaped pulses applied to one
of the bound resonances of the substrate and monitoring the
evolution of the resulting signals over time. A set of 1D exper-
iments were acquired, each with different delays to encode
this behaviour. The integrals of the bound and corresponding
free substrate peaks were recorded for these various delays.
The chemical exchange model (presented in the ESIf) was
used in conjunction with a least squares regression analysis
to determine kq.

The longitudinal relaxation times (T;) of the substrate res-
onances have also been determined for these systems. This
was carried out using a standard inversion recovery sequence
or with the use of a hyperpolarised single-shot method. The
rapid hyperpolarised single-shot method uses a train of vari-
able flip angle pulses,®® that are separated by a delay to en-
code relaxation in a single hyperpolarisation step. By varying
the flip angle in this way the same proportion of
magnetisation is sampled each time and hence the resulting

This journal is © The Royal Society of Chemistry 2019
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decay over time is caused by relaxation. Consequently, there
is a trade-off between the amount of magnetisation that can
be sampled per point and the number of points, in this case
15 points were acquired each with ~25% signal when com-
pared to a standard hyperpolarisation experiment (see ESI}
for more detail).

Results
Enhancements

The four substrates 4-chloropyridine (A), 4-pyridinecarbox-
aldehyde methyl hemiacetal (B), 4-methylpyridine (C) and
4-methoxypyridine (D) shown in Fig. 1 were found to react
with the precursor catalyst, [IrCl(COD)(1)] to form analogous
SABRE active species. These were characterised by NMR
spectroscopy (‘H, >C and "N-NMR, see ESIf). Each yield a
single hydride peak at =23 ppm which confirms the forma-
tion of octahedral products of the form [Ir(H),(1)(sub)s]Cl,
which contain chemically equivalent hydride ligands, that lie
trans to two substrate ligands located in the equatorial plane.
A third substrate ligand lies in the axial position, ¢rans to the
NHC (1 in this case).

In a typical SABRE experiment, a 5 mm NMR tube
containing 5 mM of [IrC](COD)(1)] and an excess of the target
substrate (50 mM) is exposed to an atmosphere of p-H, and
shaken within a low magnetic field (=65 G). This facilitates
dissolution of p-H, gas and the formation of the SABRE-
species; [Ir(H),(1)(sub);]Cl. Catalytic transfer of
magnetisation then ensues from the p-H, derived hydride li-
gands to the substrate which is then subsequently transferred
into solution. All polarisation values were measured on a 400
MHz high field NMR spectrometer (Bruker Avance III). The
four substrates A-D were examined in this way and exhibited
"H SABRE signal enhancements for all their proton reso-
nances. Substrate C yielded the largest ortho 'H NMR signal
enhancement of -767-fold, compared to -340-fold (A), -680-
fold (D) and -571-fold (B) (Fig. 2a).

active

Rate of dissociation

If pK, links to ligand binding, then there might be an opti-
mum value. This is a reasonable hypothesis as in SABRE, the
rate at which the substrate dissociates from the iridium cen-
tre contributes to the amount of polarised substrate in solu-
tion, and consequently the size of the signal enhancement.
NMR exchange spectroscopy (EXSY) can be employed to
probe this process.*®>° This involves a selective NOESY exper-
iment in which the ortho protons on the substrate bound
trans to the hydrides are selectively excited. This signal is
monitored for a series of set mixing times to probe the
amount of substrate that dissociates from the iridium centre.
Dissociation rate constants (k) were been determined for
each of the four complexes over the temperature range 245-
300 K (Fig. 2b, see ESIf for details) in this way. These rate
data show that as the pK, of the agent increases, the values
of k4 vary inconsistently across the series which means this
parameter is not a good indicator of binding potential.

Catal Sci. Technol, 2019, 9, 3914-3922 | 3917
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aid the reader.

In 2016, Barskiy et al.** suggested that the optimum disso-
ciation rate for SABRE would be around 4.5 s. According to
the Arrhenius equation, the rate of dissociation is tempera-
ture dependent and therefore the SABRE efficiency of these
agents should also vary with temperature as their respective
ligand dissociation rates approach this value. Using these var-
iable temperature rate data allows the Gibbs free energy bar-
rier to ligand dissociation (AG(eg) to be determined.®” The
corresponding values of AG(yg are plotted in Fig. 2c as a
function of the substrate conjugate base pK, determined here
in methanol. These data allow precise rates of ligand loss to
be determined for a given temperature. The effect of temper-
ature on the level of SABRE enhancement was explicitly
probed using a variable temperature flow system (see ESI})
which though yielding poorer raw signal gains than the shake
and drop method, is far more reproducible.®® These results
were measured in 5 K increments between 280 K and 300 K
(Fig. 3a). These discrete data points were then empirically
modelled using a Gauss curve to estimate the temperature
where optimum SABRE catalysis is achieved. These tempera-
tures were subsequently used to estimate the rate of ligand
loss at this point.

For A, an enhancement maximum was predicted for 282 K
where the rate is 4.86 + 0.79 s™'. The corresponding maxima
were seen at 286 K for C, 285 K for D and 287 K for B where
the analogous ligand exchange rates are 6.23 = 1.01 s™* (C),
5.15 + 0.25 s ' (D) and 3.96 + 0.25 s (B). These data confirm

3918 | Catal. Sci. Technol., 2019, 9, 3914-3922

that stronger iridium-substrate associations generally suggest
higher temperatures are required for optimum SABRE cataly-
sis. However, whilst the associated optimal ligand loss rates
are all comparable to the predicted 4.5 s~ value of Barskiy,
they are statistically different from one another.

T, relaxation

It is now understood that binding to the iridium centre pro-
motes relaxation of the substrate protons and this additional
effect might contribute to these small rate differences.®>®
This is reflected in the fact that the bound substrate exhibits
shorter T; values than the free material. The T, values of the
substrate protons in free A-D in solution were measured at
298 K for a 7-fold excess of free substrate, alongside the T,
values of the bound substrate; the corresponding values for
these substrates were also measured without catalyst. These
data are collected together in Fig. 2d.®*°%®

The protons that are located in the substrate ¢rans to the
NHC of the catalyst exhibit shorter T, values than those of
the related equatorial ligand. This is due to the strong irid-
ium-nitrogen bond of the axial ligand, which consequently
does not exchange on the timescale of these NMR. The T,
values for the equatorial substrate are clearly raised relative
to their axial counterparts due to the contribution of the
larger free material T;.”>*>®" These data also show that as
the k4 increases, the T, values decrease due to longer

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) Variation of *H NMR signal enhancement for the ortho
protons of the substrate as a function of temperature. (b) T; values
and corresponding magnitude of the enhancement factor at the
optimum SABRE temperature for each substrate. The points have
been fitted with a single exponential function, represented by the
dotted line. The structures of the four substrates have been included
as an inset of (b).
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residence times on the catalyst. This reduction in T; will con-
tribute to the lower measured "H NMR signal enhancement
seen for B when compared to C and D.

The exchange weighted T, values for each of the free sub-
strates have also been measured in solution at the predicted
optimum SABRE temperatures (Fig. 3b). For substrates A-D,
these values are 5.63 + 0.07 s, 2.6 + 0.2 s, 4.07 + 0.07 s and
3.3 + 0.3 s respectively. These results confirm that once the
rate of substrate dissociation is removed from consideration,
T; becomes the dominant factor controlling the level of SA-
BRE enhancement observed. Fig. 3b shows explicitly that for
longer T; values larger enhancements can be achieved, and
remarkably, these data points fit to a single exponential
growth curve. This behaviour also highlights the benefit of
longer T; values on the resulting signal gain. The observed
limit could be linked to variables such as the rate of hydro-
gen exchange/amount of p-H, available.*>

Influence of the NHC

To compliment previous literature studies, measurements
were expanded to include two additional NHCs to probe how
the SABRE catalyst itself influences these data. The additional
NHCs were 1,3-bis(4-tert-butyl-2,6-dimethylphenyl)imidazole-2-
ylidine (2) and 1,3-bis(2,4,6-trimethylphenyl)-4,5-
dichloroimidazol-2-ylidine (3) of Fig. 4a. Based on related lit-
erature,”® it was thought that NHC 2 would promote faster
rates of substrate dissociation when compared to NHC 1 as it
contains tert-butyl groups in the para position which were
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Fig. 4 a) Structures of the carbene ligands 1,3-bis(4-tert-butyl-2,6-dimethylphenyl)imidazole-2-ylidine (2) and 1,3-bis(2,4,6-trimethylphenyl)-4,5-
dichloroimidazol-2-ylidine (3), b) *H NMR ortho proton SABRE enhancements using a substrate concentration of 50 mM [A-D], c) Gibbs free
energy of activation values for ligand loss in the active SABRE catalyst at 298 K and d) corresponding longitudinal *H NMR ortho proton relaxation
times (T;) for the free substrate in the indicated substrate/catalyst combination. The chemical structures of each of the four substrates have been
added for ease of understanding and in the cases of (b), (c) and (d) for each of the NHCs the corresponding values for each substrate are from

right-left (A-D).
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expected to add electron density to the iridium centre,
thereby weakening the iridium-substrate associations. Con-
versely, NHC 3 should strengthen the iridium-substrate inter-
action as the chloride substituents produce a more electron-
poor donor (supported by reported TEP values).*® In Fig. 4,
the corresponding signal enhancements (a), AG(9g) (b) and
T, values (c) are presented for each of the A-D substrates and
catalysts containing NHC's 1-3.

The largest overall signal enhancement was observed for
the substrates A and C with NHC 2 (-981-fold and -640-fold
respectively).”* However, substrate B worked best with NHC 1
(-401-fold signal enhancement) whilst D worked best with 3
(=756-fold) (Fig. 4a). Thus the NHC critically influences the
iridium-substrate associations and subsequently, the associ-
ated enhancements. Enhancement values have been shown
to increase if a deuterated form of the NHC is used.®>®® As
substrate C achieved the largest enhancements with NHC 2,
its deuterated dz, analogue was assessed and found to result
in a 30% increase in the enhancement factor (to -1411-fold,
see ESIT).**

Fig. 4c demonstrates again that a substrate conjugate acids
pK. does not link to AG(*ZQS) as NHC 2 was predicted to encour-
age weaker iridium-substrate associations but these data ac-
tually confirm stronger associations exist. A similar trend is
seen for NHC 3 which exhibits the highest AG(*Z%) values of
the series. Hence, steric contributions from the NHC to the
substrate-iridium ligation must be considered when compar-
ing these para substituted substrates and the different cata-
lysts. The buried NHC ligand volumes of 1 (36.9%),** 2
(31.7%) and 3 (31.7%) quantify this difference and show that
the catalyst form with NHC 1 is more sterically encumbered,
meaning it promotes the formation of weaker iridium-sub-
strate associations than those formed with 2 and 3.

The T, values for the free substrate were measured under
these conditions (Fig. 4d). Their values followed the same
trend seen previously for NHC 1. For example, for NHC 1 the
T, values range from 8.49 s (A) to 3.54 s (B), for 2 they range
from 5.46 s (A) to 4.31 s (B) and for 3 they range from 9.45 s
(A) to 5.25 s (B). Despite the catalyst based on NHC 3 encour-
aging the formation of strong iridium-substrate ligations as
demonstrated by the higher values of AGégs), the T, values in
this instance were higher than those with 1 and 2. This could
be a result of the change in complex rotational correlation
time as a consequence of the heavier Cl atoms.

Conclusions

SABRE catalysis is an important hyperpolarisation technique
as it can produce significant signal enhancements cheaply
and efficiently, without chemically changing the identity of
the target molecule. In this paper we have explored the ef-
fects of substrate conjugate acid pK, on SABRE to probe if
this parameter can be simply linked to the efficiency of the
SABRE process and find that even with these para-substituted
materials no simple trend is followed. This prediction was
based on the fact that one key parameter controlling SABRE
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is thought to be the residence time on the catalyst. If the sub-
strate is bound on a short timescale then insufficient
polarisation is built up, however for excessive ligation periods
the polarisation will likely relax through normal NMR relaxa-
tion methods.

This study therefore involved using a range of structurally
similar substrates to exemplify the effect on ligation to the
catalyst. For example, substrate B (pK, = 3.12) proved to bind
stronger to the iridium centre in [Ir(H),(1)(sub);]Cl, as it ex-
hibits slow dissociation (2.66 s™') and a high AG(g) (64.44 kJ
mol ™). Binding to iridium in this way promotes relaxation,
therefore stronger associations result in shorter T; values
(3.54 s), since relaxation destroys hyperpolarisation, smaller
signal enhancements were observed (=571 + 41 fold). Con-
trastingly, substrate A (pK, = 2.00) forms a weaker association
(AG(*ZQS) = 62.08 kJ mol™), and therefore dissociates on a
faster timescale (8.88 s™'). This means that insufficient
polarisation can be transferred prior to dissociation, resulting
in smaller signal enhancements (-340 + 2 fold). Large signal
enhancements are observed where substrate-iridium ligation
allows for sufficient polarisation to be transferred before re-
laxation effects are induced or substrate dissociation occurs,
as in the case of substrate C (-767 + 8 fold). In previous stud-
ies carried out elsewhere it has been suggested that an opti-
mum rate of dissociation of around 4.5 s exists.** From the
dissociation rates measured here via NMR as a function of
temperature, it was observed that all substrates exhibited kq
values of around 4.5 s™" at temperatures in the range 285-287
K. Subsequent measurements were taken using an automated
flow system with temperature control to measure the SABRE
enhancements as a function of temperature. It was observed
that for each substrate the highest enhancement was
achieved at temperatures coinciding with a kg comparable to
4.5 s, thus agreeing with the previous works. The NMR re-
laxation time was measured at the optimal temperature for
each substrate and compared to the respective enhancements
at those temperatures. The result of this showed that increas-
ing T, yielded larger SABRE enhancement which suggests
that once the ligation effects are optimised for any particular
substrate, the T, value becomes the dominant limiting factor.
Interestingly, these data fit to a single exponential decay
function, implying that the SABRE enhancement will not in-
crease indefinitely with increasing T;. Beyond this point,
other factors will limit the SABRE effect which we suggest
may be linked to p-H, concentration. The NHC ligand on the
catalyst can also be used to control the dissociation rate.
Here a further two catalysts (using NHC's 2 and 3) were
employed to highlight this effect. The largest signal enhance-
ments are observed when AG(og) lies between 64.44 kJ mol ™
(sub B, NHC 1) and 65.56 k] mol™ (sub D, NHC 2 - this
range also includes A + 2 and C + 2). However, for substrates
B (NHC 1) and D (NHC 2) this binding results in short relaxa-
tion times (=4 s). Contrastingly, substrates A and C exhibit
longer relaxation times of 9.31 s and 8.76 s respectively. How-
ever, these values could be extended by deuteration of the
NHC. This modification has also been seen to result in larger

This journal is © The Royal Society of Chemistry 2019
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enhancements.®>*® For example, the deuterated analogue of
NHC 2 induced a 30% increase in the enhancements for sub-
strate A compared to the non-deuterated (see ESIT).*

This research confirms that by varying the SABRE catalyst
in order to achieve the optimal dissociation rate of ~4.5 s™*,
it is possible to facilitate efficient hyperpolarisation transfer.
Under these conditions however, relaxation acts to tension
the final hyperpolarisation level thereby influencing the opti-
mum rate. Furthermore, we find that k4 does not simply cor-
relate with a substrates conjugate acids pK, value and that
steric effects must certainly be considered, even with these
para-substituted agents, otherwise over interpretation is pos-
sible as it is the rate of ligand loss that is critical.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We would like to thank Richard John, Victoria Annis and Pe-
ter Rayner for helpful discussions and the synthesis of the
iridium catalysts containing NHC's 1, 2 and 3. We acknowl-
edge funding by the Wellcome Trust (092506 and 098335).

References

Ju—y

K. Wuthrich, Angew. Chem., Int. Ed., 2003, 42, 3340-3363.

R. R. Ernst, Biosci. Rep., 1992, 12, 143-187.

P. J. Hore, Nuclear Magnetic Resonance (Oxford Chemistry
Primers), Oxford University Press, USA, 1995.

4 A. Abragam and W. G. Proctor, Phys. Rev., 1958, 109, 1441-1458.

5 M. L. Hirsch, N. Kalechofsky, A. Belzer, M. Rosay and ]J. G.
Kempf, J. Am. Chem. Soc., 2015, 137, 8428-8434.

6 K. Hashi, S. Ohki, S. Matsumoto, G. Nishijima, A. Goto, K.
Deguchi, K. Yamada, T. Noguchi, S. Sakai, M. Takahashi, Y.
Yanagisawa, S. Iguchi, T. Yamazaki, H. Maeda, R. Tanaka, T.
Nemoto, H. Suematsu, T. Miki, K. Saito and T. Shimizu,
J. Magn. Reson., 2015, 256, 30-33.

7 L. Frydman, Nat. Chem., 2009, 1, 176-178.

8 T. Pietrass, Colloids Surf., A, 1999, 158, 51-57.

9 R. Tycko and J. A. Reimer, J. Phys. Chem., 1996, 100,
13240-13250.

10 T. G. Walker and W. Happer, Rev. Mod. Phys., 1997, 69, 629-642.

11 J. H. Ardenkjaer-Larsen, B. Fridlund, A. Gram, G. Hansson,
L. Hansson, M. H. Lerche, R. Servin, M. Thaning and K.
Golman, Proc. Natl Acad. Sci. U S. A., 2003, 100,
10158-10163.

12 A. Abragam and M. Goldman, Rep. Prog. Phys., 1978, 41,
395-467.

13 C. T. Farrar, D. A. Hall, G. J. Gerfen, S. J. Inati and R. G.
Griffin, J. Chem. Phys., 2001, 114, 4922-4933.

14 C. R. Bowers and D. P. Weitekamp, J. Am. Chem. Soc.,
1987, 109, 5541-5542.

15 T. C. Eisenschmid, R. U. Kirss, P. P. Deutsch, S. L

Hommeltoft, R. Eisenberg, J. Bargon, R. G. Lawler and A. L.

Balch, J. Am. Chem. Soc., 1987, 109, 8089-8091.

w N

This journal is © The Royal Society of Chemistry 2019

View Article Online

Paper

16 M. G. Pravica and D. P. Weitekamp, Chem. Phys. Lett.,
1988, 145, 255-258.

17 N. J. Stewart, G. Norquay, P. D. Griffiths and J. M. Wild,
Magn. Reson. Med., 2015, 74, 346-352.

18 H. Gutte, A. E. Hansen, H. H. Johannesen, A. E.
Clemmensen, J. H. Ardenkjar-Larsen, C. H. Nielsen and A.
Kjeer, Am. J. Nucl. Med. Mol. Imaging, 2015, 5, 548-560.

19 S. E. Day, M. L. Kettunen, F. A. Gallagher, D. E. Hu, M.
Lerche, J. Wolber, K. Golman, J. H. Ardenkjaer-Larsen and
K. M. Brindle, Nat. Med., 2007, 13, 1382-1387.

20 K. Golman, R. I. Zandt, M. Lerche, R. Pehrson and J. H.
Ardenkjaer-Larsen, Cancer Res., 2006, 66, 10855-10860.

21 S. Jannin, A. Bornet, R. Melzi and G. Bodenhausen, Chem.
Phys. Lett., 2012, 549, 99-102.

22 J. B. Hovener, A. N. Pravdivtsev, B. Kidd, C. R. Bowers, S.
Gloggler, K. V. Kovtunov, M. Plaumann, R. Katz-Brull, K.
Buckenmaier, A. Jerschow, F. Reineri, T. Theis, R. V.
Shchepin, S. Wagner, P. Bhattacharya, N. M. Zacharias and
E. Y. Chekmenev, Angew. Chem., Int. Ed., 2018, 57,
11140-11162.

23 R. A. Green, R. W. Adams, S. B. Duckett, R. E. Mewis, D. C.
Williamson and G. G. Green, Prog. Nucl. Magn. Reson.
Spectrosc., 2012, 67, 1-48.

24 S. B. Duckett and R. E. Mewis, in Hyperpolarization Methods
in NMR Spectroscopy, ed. L. T. Kuhn, 2013, vol. 338, pp. 75-
103.

25 K. V. Kovtunov, E. V. Pokochueva, O. G. Salnikov, S. F.
Cousin, D. Kurzbach, B. Vuichoud, S. Jannin, E. Y.
Chekmenev, B. M. Goodson, D. A. Barskiy and I. V. Koptyug,
Chem. - Asian J., 2018, 13, 1857-1871.

26 E. Cavallari, C. Carrera, S. Aime and F. Reineri, Chemistry,
2017, 23, 1200-1204.

27 F. Reineri, T. Boi and S. Aime, Nat. Commun., 2015, 6, 5858.

28 E. Cavallari, C. Carrera, S. Aime and F. Reineri, J. Magn.
Reson., 2018, 289, 12-17.

29 P. J. Rayner and S. B. Duckett, Angew. Chem., Int. Ed.,
2018, 57, 6742-6753.

30 R. E. Mewis, Magn. Reson. Chem., 2015, 53, 789-800.

31 R. W. Adams, S. B. Duckett, R. A. Green, D. C. Williamson
and G. G. Green, J. Chem. Phys., 2009, 131, 194505.

32 L. S. Lloyd, A. Asghar, M. J. Burns, A. Charlton, S. Coombes,
M. J. Cowley, G. ]. Dear, S. B. Duckett, G. R. Genov, G. G. R.
Green, L. A. R. Highton, A. J. J. Hooper, M. Khan, I. G.
Khazal, R. J. Lewis, R. E. Mewis, A. D. Roberts and A. ]J.
Ruddlesden, Catal. Sci. Technol., 2014, 4, 3544-3554.

33 K. D. Atkinson, M. J. Cowley, P. I. P. Elliott, S. B. Duckett,
G. G. R. Green, ]J. Lopez-Serrano and A. C. Whitwood, J. Am.
Chem. Soc., 2009, 131, 13362-13368.

34 M. Fekete, O. W. Bayfield, S. B. Duckett, S. Hart, R. E.
Mewis, N. Pridmore, P. ]J. Rayner and A. Whitwood, Inorg.
Chem., 2013, 52, 13453-13461.

35 N. Eshuis, N. Hermkens, B. J. van Weerdenburg, M. C.
Feiters, F. P. Rutjes, S. S. Wijmenga and M. Tessari, J. Am.
Chem. Soc., 2014, 136, 2695-2698.

36 E. B. Ducker, L. T. Kuhn, K. Munnemann and C. Griesinger,
J. Magn. Reson., 2012, 214, 159-165.

Catal. Sci. Technol., 2019, 9, 3914-3922 | 3921


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9cy00396g

Open Access Article. Published on 10 July 2019. Downloaded on 7/24/2019 4:54:09 PM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

37

38

39

40

41

42

43

44

45

46

47

48

49
50

51

52

53

A. S. Kiryutin, A. V. Yurkovskaya, H. Zimmermann, H. M. Vieth
and K. L. Ivanov, Magn. Reson. Chem., 2018, 56, 651-662.

P. J. Rayner, P. Norcott, K. M. Appleby, W. Iali, R. O. John,
S. J. Hart, A. C. Whitwood and S. B. Duckett, Nat. Commun.,
2018, 9, 4251.

R. W. Adams, J. A. Aguilar, K. D. Atkinson, M. J. Cowley, P. L.
Elliott, S. B. Duckett, G. G. Green, I. G. Khazal, J. Lopez-
Serrano and D. C. Williamson, Science, 2009, 323, 1708-1711.
M. J. Cowley, R. W. Adams, K. D. Atkinson, M. C. Cockett,
S. B. Duckett, G. G. Green, J. A. Lohman, R. Kerssebaum, D.
Kilgour and R. E. Mewis, J. Am. Chem. Soc., 2011, 133,
6134-6137.

D. A. Barskiy, R. V. Shchepin, C. P. N. Tanner, J. F. P. Colell,
B. M. Goodson, T. Theis, W. S. Warren and E. Y.
Chekmenev, ChemPhysChem, 2017, 18, 1493-1498.

T. Theis, M. L. Truong, A. M. Coffey, R. V. Shchepin, K. W.
Waddell, F. Shi, B. M. Goodson, W. S. Warren and E. Y.
Chekmenev, J. Am. Chem. Soc., 2015, 137, 1404-1407.

D. A. Barskiy, A. N. Pravdivtsev, K. L. Ivanov, K. V. Kovtunov
and I. V. Koptyug, Phys. Chem. Chem. Phys., 2016, 18, 89-93.
R. E. Mewis, R. A. Green, M. C. Cockett, M. J. Cowley, S. B.
Duckett, G. G. Green, R. O. John, P. J. Rayner and D. C.
Williamson, J. Phys. Chem. B, 2015, 119, 1416-1424.

S. S. Roy, K. M. Appleby, E. J. Fear and S. B. Duckett, J. Phys.
Chem. Lett., 2018, 9, 1112-1117.

T. Theis, G. X. Ortiz, Jr., A. W. Logan, K. E. Claytor, Y. Feng,
W. P. Huhn, V. Blum, S. J. Malcolmson, E. Y. Chekmenev, Q.
Wang and W. S. Warren, Sci. Adv., 2016, 2, €1501438.

A. A. Altaf, A. Shahzad, Z. Gul, N. Rasool, A. Badshah, B. Lal
and E. Khan, Journal of Drug Design and Medicinal
Chemistry, 2015, 1, 1-11.

M. Baumann and I. R. Baxendale, Beilstein J. Org. Chem.,
2013, 9, 2265-2319.

E. Lukevits, Chem. Heterocycl. Compd., 1995, 31, 639-650.

M. J. Schneider, in Alkaloids: Chemical and Biological Perspectives,
ed. S. W. Pelletier, Pergamon, 1996, vol. 10, pp. 155-299.

C. H. McAteer, M. Balasubramanian and R. Murugan, in
Comprehensive Heterocyclic Chemistry III, ed. A. R. Katritzky,
C. A. Ramsden, E. F. V. Scriven and R. ]J. K. Taylor, Elsevier,
Oxford, 2008, pp. 309-336, DOI: 10.1016/b978-008044992-
0.00606-4.

W. Iali, P. J. Rayner and S. B. Duckett, Sci. Adv., 2018, 4,
€aa06250.

W. Iali, P. J. Rayner, A. Alshehri, A. J. Holmes, A. J. Ruddlesden
and S. B. Duckett, Chem. Sci., 2018, 9, 3677-3684.

3922 | Catal Sci. Technol., 2019, 9, 3914-3922

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

View Article Online

Catalysis Science & Technology

B. J. van Weerdenburg, N. Eshuis, M. Tessari, F. P.
Rutjes and M. C. Feiters, Dalton Trans., 2015, 44,
15387-15390.

B. J. van Weerdenburg, S. Gloggler, N. Eshuis, A. H.
Engwerda, J. M. Smits, R. de Gelder, S. Appelt, S. S.
Wymenga, M. Tessari, M. C. Feiters, B. Blumich and F. P.
Rutjes, Chem. Commun., 2013, 49, 7388-7390.

C. S. Handloser, M. R. Chakrabarty and M. W. Mosher,
J. Chem. Educ., 1973, 50, 510-511.

R. V. Shchepin, M. L. Truong, T. Theis, A. M. Coffey, F. Shi,
K. W. Waddell, W. S. Warren, B. M. Goodson and E. Y.
Chekmenev, J. Phys. Chem. Lett., 2015, 6, 1961-1967.

K. M. Appleby, R. E. Mewis, A. M. Olaru, G. G. R. Green,
I. J. S. Fairlamb and S. B. Duckett, Chem. Sci., 2015, 6,
3981-3993.

S. Knecht, A. N. Pravdivtsev, J. B. Hovener, A. V. Yurkovskaya
and K. L. Ivanov, RSC Adv., 2016, 6, 24470-24477.

D. A. Barskiy, K. V. Kovtunov, I. V. Koptyug, P. He, K. A.
Groome, Q. A. Best, F. Shi, B. M. Goodson, R. V. Shchepin,
A. M. Coffey, K. W. Waddell and E. Y. Chekmenev, J. Am.
Chem. Soc., 2014, 136, 3322-3325.

R. E. Mewis, M. Fekete, G. G. Green, A. C. Whitwood and
S. B. Duckett, Chem. Commun., 2015, 51, 9857-9859.

P. J. Rayner, M. J. Burns, A. M. Olaru, P. Norcott, M. Fekete,
G. G. R. Green, L. A. R. Highton, R. E. Mewis and S. B.
Duckett, Proc. Natl. Acad. Sci. U. S. A., 2017, 114,
E3188-E3194.

P. M. Richardson, S. Jackson, A. J. Parrott, A. Nordon, S. B.
Duckett and M. E. Halse, Magn. Reson. Chem., 2018, 56,
641-650.

P. M. Richardson, R. O. John, A. ]J. Parrott, P. ]J. Rayner, W.
Iali, A. Nordon, M. E. Halse and S. B. Duckett, Phys. Chem.
Chem. Phys., 2018, 20, 26362-26371.

P. M. Richardson, A. J. Parrott, O. Semenova, A. Nordon,
S. B. Duckett and M. E. Halse, Analyst, 2018, 143, 3442-3450.
0. Semenova, P. M. Richardson, A. J. Parrott, A. Nordon,
M. E. Halse and S. B. Duckett, Anal. Chem., 2019, 91(10),
6695-6701.

K. ]J. Laidler and M. C. King, J. Phys. Chem., 1983, 87,
2657-2664.

P. Norcott, P. J. Rayner, G. G. R. Green and S. B. Duckett,
Chem. - Eur. J., 2017, 23, 16990-16997.

L. S. Lloyd, R. W. Adams, M. Bernstein, S. Coombes, S. B.
Duckett, G. G. Green, R. J. Lewis, R. E. Mewis and C. ].
Sleigh, J. Am. Chem. Soc., 2012, 134, 12904-12907.

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9cy00396g

