Applied Magnetic Resonance (2022) 53:615-634 Applied
https://doi.org/10.1007/s00723-021-01371-w Magnetic Resonance

®

Check for
updates

ORIGINAL PAPER

Optimizing the Reaction Conditions for the Formation
of Fumarate via Trans-Hydrogenation

Laura Wienands’ - Franziska TheiB’ - James Eills?3 - Lorenz Résler’ -
Stephan Knecht'* . Gerd Buntkowsky'

Received: 23 April 2021/ Revised: 9 June 2021 / Accepted: 12 June 2021/
Published online: 25 June 2021
© The Author(s) 2021

Abstract

Parahydrogen-induced polarization is a hyperpolarization method for enhancing
nuclear magnetic resonance signals by chemical reactions/interactions involving the
para spin isomer of hydrogen gas. This method has allowed for biomolecules to be
hyperpolarized to such a level that they can be used for real time in vivo metabolic
imaging. One particularly promising example is fumarate, which can be rapidly and
efficiently hyperpolarized at low cost by hydrogenating an acetylene dicarboxylate
precursor molecule using parahydrogen. The reaction is relatively slow compared to
the timescale on which the hyperpolarization relaxes back to thermal equilibrium,
and an undesirable 2nd hydrogenation step can convert the fumarate into succinate.
To date, the hydrogenation chemistry has not been thoroughly investigated, so previ-
ous work has been inconsistent in the chosen reaction conditions in the search for
ever-higher reaction rate and yield. In this work we investigate the solution prepara-
tion protocols and the reaction conditions on the rate and yield of fumarate forma-
tion. We report conditions to reproducibly yield over 100 mM fumarate on a short
timescale, and discuss aspects of the protocol that hinder the formation of fumarate
or lead to irreproducible results. We also provide experimental procedures and rec-
ommendations for performing reproducible kinetics experiments in which hydrogen
gas is repeatedly bubbled into an aqueous solution, overcoming challenges related to
the viscosity and surface tension of the water.
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1 Introduction

Nuclear magnetic resonance (NMR) and magnetic resonance imaging (MRI) are
among the most widely applied and versatile analytical and diagnostic techniques
in chemistry, biophysics, medicine and pharmacology. The major challenge for
NMR or MRI is their low sensitivity, caused by the tiny interaction between
nuclear spins and magnetic fields and the resulting small polarization of spin
states in thermal equilibrium, which is typically on the order of 10> and below.
To solve this sensitivity problem, hyperpolarization techniques, which transfer
spin-polarization from a highly polarized spin-reservoir to the nuclear spins, were
developed. Dynamic nuclear polarization [1-3] (DNP) employs for example sta-
ble radicals. Chemically induced dynamic nuclear polarization (CIDNP) [4, 5],
optical nuclear polarization (ONP) [6, 7] and its time resolved variants, stimulated
nuclear polarization (SNP) [8—10] or spin exchange by optical pumping (SEOP)
[11, 12] use optically created transient triplet states of noble-gasses. Despite the
high signal enhancements obtainable by these techniques, they generally require
sophisticated and expensive apparatus to achieve the hyperpolarization.

An alternative, less expensive hyperpolarization technique known as parahy-
drogen-induced polarization (PHIP) [13—15] employs hydrogenation reactions of
an unsaturated precursor molecule with parahydrogen (p-H,) gas as the source of
the hyperpolarization. A more recent variation of this technique, signal amplifica-
tion by reversible exchange (SABRE) [16] employs a reversible coordination of
p-H, and a target molecule to an organometallic complex. Para-enriched hydro-
gen gas can be easily produced by cooling hydrogen gas to cryogenic tempera-
tures (liquid nitrogen or below) in the presence of a catalyst (typically charcoal or
iron oxide), which accelerates the spin-conversion process by which an H, mole-
cule can transition from an ortho to a para state. Without those catalysts the back-
reaction to orthohydrogen (o-H,) is slow and p-H, can be easily stored for several
days at ambient temperature [17]. PHIP can lead to NMR signals enhanced by
factors of 10,000 and more, compared to the thermal polarization at high field.
The resulting NMR signal pattern of PHIP depends strongly on the experimen-
tal protocol. In PASADENA [15], the hydrogenation is performed inside—and
in ALTADENA [18] experiments, outside—the NMR magnet. PHIP experiments
were successfully employed for the detailed investigation of mechanistic prob-
lems in organic and inorganic synthesis [19-21], for monitoring chemical pro-
cesses in microreactors, [22-24] in time-domain detected experiments [25, 26],
or in field-cycling [27, 28] and ultra-low-field NMR experiments [29-31]. They
were employed for hyperpolarization of amino acids and peptides [32-38] and
in MRI [39-47]. To prolong the application window of PHIP, which is limited
by the lifetime of the hyperpolarization, it is advantageous to transfer the hyper-
polarization from the hyperpolarized protons to spin-1/2 X-nuclei such as '3C.
Gloggler et al. [48, 49] reported a pulsed experiment, which can nearly com-
pletely transfer the hyperpolarization from the protons to the '*C. The Side Arm
Hydrogenation (PHIP-SAH)’*3! protocol greatly expanded the range of PHIP-
polarizable molecules, which allowed for the hyperpolarization and subsequent
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in vivo detection of '3C-labeled pyruvate and its metabolic product lactate in a 1T
MRI scanner [52].

Fumaric acid is an organic compound present in all aerobic organisms, and the
analysis of its behavior and interactions in the body are of great scientific interest
[53]. It can be found in beverages and food products [54], in animal feed, in the
cosmetic industry, and in medicines [55]. In the latter case it is used for the clinical
treatment of psoriasis and its methyl ester (dimethyl fumarate) is used in multiple
sclerosis therapy since it was approved in 2013. Its salts, the fumarates, are a side
product of the urea cycle in which ammonia is converted into urea via fumarate [56].
Fumarate is also a key component of the citric acid cycle, through which all aerobic
organisms produce energy and biologically important intermediates by the oxidation
of organic substances in a series of chemical reaction steps. One step in this cycle
is the dehydrogenation of succinate to fumarate by the enzyme succinate dehydro-
genase, which in turn is converted to malate by the enzyme fumarase [57]. This last
step is of particular interest for hyperpolarized in vivo imaging, and has been used to
probe the efficacy of cancer therapies [58, 59]. Employing '*C-DNP hyperpolariza-
tion, Gallagher et al. [60] showed that malate production from fumarate is increased
in treated lymphoma cells and tumors by tumor cell necrosis. This seminal discov-
ery initiated intense research into the applications of hyperpolarized fumarate as a
real-time metabolic contrast agent for MRI [59, 61-66]. Eills and coworkers [67-71]
realized that PHIP is a convenient method to efficiently hyperpolarize fumarate and
that it can be employed for MRI, which has since been demonstrated by Stewart
et al. [72] Some advantages of the PHIP-based approach are that the production of
the hyperpolarized substrates is faster, at least an order of magnitude less expensive
than the DNP approach, scalable with respect to the amounts of hyperpolarized mol-
ecules that can be produced, and that DNP apparatus is not required.

Until now papers in which PHIP-polarized fumarate is developed as an MRI con-
trast agent report different reaction conditions for the hydrogenation step. To further
develop this technique into a clinically applicable one it is important to gain fur-
ther understanding in and optimize the interplay of chemical kinetics, spin-dynam-
ics and relaxation in this system. In the present study the formation of fumarate by
hydrogenation and the subsequent reaction to succinate are investigated by means
of nuclear magnetic resonance (NMR), and in particular we investigate the reaction
dependence on conditions and the sample preparation protocol. By working with
normal H, gas (i.e. not para-enriched), or by observing hyperpolarized of molecules
containing a symmetry carbon-13 nucleus to generate observable signals.

2 Materials and Methods
2.1 Sample Preparation
As the final perspective of these studies are biophysical or medical applications, all

reactions were performed in aqueous solution. The monopotassium salt of acetylene
dicarboxylic acid (K-ADC) was used as a water-soluble precursor.
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Fig. 1 Reaction scheme of the two-step hydrogenation of ADC (M=Na, K or H) via fumarate (a) to suc-
cinate (b)

Table 1 Reagent and catalyst

. X Substance Concentration
concentrations used in each
sample, unless otherwise stated K-ADC 250 mM
Na,SO, 250 mM
Ru-Cat 7 mM

The production and detection of the hydrogenation is done in two steps (Fig. 1).
The first step (Fig. 1a) involves the reduction of a carbon—carbon triple bond (C=C)
in ADC to a double bond (C=C) to form fumarate, and the second step is the reduc-
tion of the double bond to a carbon—carbon single bond (C-C), succinate (Fig. 1b).
The hydrogenations are performed in a deuterated water solvent, with a ruthenium
catalyst (Pentamethylcyclopentadienyltris (acetonitrile)ruthenium(II) hexafluo-
rophosphate (Ru-Cat)) and sodium sulphite (Na,SO;). K-ADC was purchased from
TCI with a purification of >95%. All other chemicals were obtained from Sigma-
Aldrich (Darmstadt, Germany) and employed without further purification.

2.2 NMR and Hydrogenation Protocol

NMR experiments were performed in 5 mm O.D. 528-TR-7 NMR tubes from Roto-
tec Spintec on a Bruker Avance III HD NMR spectrometer at 11.7 T (proton fre-
quency 500 MHz). For hydrogenation reactions, hydrogen gas was bubbled through
a glass capillary into the samples at a pressure of 7 bar. To generate para-enriched
hydrogen gas for PHIP experiments, we employed a home-built PHIP setup,
described in detail in Ref. [73].

For all NMR experiments a 600 pL. sample was used. To quantify the concen-
trations of species from the NMR signals, an external DSS (sodium trimethylsilyl
propanesulfonate) standard was used. The standard sample concentrations are given
in Table 1, and the standard sample pH was 7.8 and temperature was 88 °C. These
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values were used for each sample, unless otherwise stated. The temperature was cal-
ibrated via the procedure described in Sect. 2.8.

In the kinetics plots, each data point represents concentration of the species
(fumarate or succinate) as determined from the peak integrals from the 'H NMR
spectra. The peak integral, which indicates the proton concentration, was divided
by a factor of 2 to give the fumarate concentration, and 4 to give the succinate con-
centration, and these are the values that are plotted. For succinate this is inaccurate
since a large proportion of the succinate is partially deuterated (i.e. most succinate
molecules do not have 4 protons, see Supporting Information), and we discuss this
more in the Discussion.

2.3 Experiments to Determine the Reaction Temperature Dependence

All substances were weighed together and 3 mL D,0O was added. To dissolve the
sample at a neutral pH, NaOH dissolved in D,O (2 M) was added to a concentration
of 250 mM to compensate for the acidic starting material. The sample was sonicated
at 60 °C until it had completely dissolved. The concentrations of each substance are
listed in Table 1. For the evaluation of the correct calculation of the concentrations
the total volume (Vipo+ Vyaon) Was taken into account. After dissolving, the pH
value was measured using a digital glass-electrode pH meter HI 221 from Hanna
Instruments, and adjusted to pH 7.8 with aqueous deuterium chloride and sodium
deuteroxide solution. Afterwards, the sample was filtered twice through a 0.22 pm,
13 mm syringe filter from Carl Roth to remove possible sediments inside the sample
and to reduce the foaming during the bubbling.

2.4 Experiments to Determine the Optimal Sodium Sulphite Concentration

In these experiments the sample preparation was performed as described in
Sect. 2.3, but here the concentration of sodium sulphite was varied. The concentra-
tions used were: 0, 50, 150, 250 and 350 mM, while the concentrations of K-ADC
and Ru-Cat were fixed at 250 and 7 mM, respectively. The pH was adjusted to 7.8
and the sample temperature was 88 °C.

2.5 Determination of the pH Influence on the Reaction Behavior

For these experiments, the sample preparation was slightly modified to ensure the
pH at which the catalyst was dissolved, which helped to improve experimental
reproducibility (see Discussion for further details). The K-ADC and Na,SO; were
dissolved in D,0, the pH was adjusted to a given value, and the catalyst was added
only after the other substances had completely dissolved. In some experiments,
where stated, the pH was then readjusted to the desired value after the catalyst had
dissolved.
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2.6 Investigation of the Sample Stability

For the analysis of the sample stability, the sample was prepared as described in
Sect. 2.5.

2.7 PHIP Experiment

For the PHIP experiment a sample was prepared as described in Sect. 2.5. As
opposed to the kinetics experiments, the PHIP experiment only used a single hydro-
gen bubbling interval, followed by a helium bubbling interval to stop the ongoing
reaction. After a delay of 20 s, a Singlet-to-Magnetization (S2M) pulse sequence
was used to generate proton magnetization from singlet order, and the signal was
acquired. After a 30 min delay for relaxation, a thermal equilibrium spectrum was
acquired following a 90° excitation pulse.

2.8 Temperature Calibration of the NMR Probe

The sample temperature inside the probe differs from the nominal temperature, set
at the spectrometer. To determine the real temperature the chemical shift difference
between DSS and water was employed as a temperature standard. The instrument
was set to temperatures from 25 to 90 °C and the chemical shift difference between
the DSS and the water signal was measured. Figure 2 shows the calibration curve.
There is a direct linear correlation between the nominal and the real temperature. All
temperatures stated henceforth refer to the sample temperature.

120 . . .
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Fig.2 Temperature calibration curve showing the instrument temperature read by a sensor directly below
the sample tube plotted against the temperature of the sample which was determined by the chemical
shift difference of the DSS and water
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3 Results and Discussion

The aim of this work was to optimize the production of fumarate by hydrogenation
of ADC salts, which includes suppressing the subsequent over-reduction to succi-
nate. To achieve the highest possible concentration of fumarate the kinetics of this
reaction are investigated and optimized. Parameters that influence the reaction are
the sample preparation, sample pH, the reaction temperature, the concentration of
the reactants, the gas stream of hydrogen (i.e. the shape, size and speed of the bub-
bles passing through the solution), and the pressure of hydrogen. While investigat-
ing one reaction parameter, it was important to implement experimental controls to
keep the other parameters constant. In the first part of the results Sect. (3.1-3.4), we
describe the methods developed to give reproducibility in the experiments and in the
second part (3.5-3.10) we describe the experimental results and discuss them.

3.1 Setup Optimization for Kinetic Measurements in Aqueous Solution

Bubbling hydrogen into aqueous solutions is far more challenging than experiments
in typical organic solvents like methanol, owing to the higher viscosity and sur-
face tension of water leading to a tendency to form foams and persistent bubbles,
as well as for the solution to stick to the sides of the NMR tube. These challenges
cause problems both in the field-homogeneity and in the measured signal intensities
because the amount of solution inside the RF-coil varies. While the foaming prob-
lem has been solved previously using a defoamer [74], which suppresses or at least
reduces the foaming, the other problems needed more attention. In the following,
we describe the setup optimizations that made measurements in aqueous solutions
easier and more reproducible.

3.2 Cleaning of the NMR Tubes

The cleaning of the tubes is an important step preceding the sample preparation
since the smallest amounts of impurities results in water drops as well as gas bubbles
sticking to the wall of the NMR tubes and preventing reaction solution from flowing
down the tube properly. To avoid this problem, we adopted the following cleaning
practice: The used tubes were rinsed with deionized water twice and then filled with
aqua regia. The tubes were then heated in a heating block at 60 °C for a minimum
of 1 h. We note that it is important not to overfill the tubes, because the impurities
can cause the formation of gases and the aqua regia might spill over. Afterwards, the
tubes were rinsed again with deionized water and with acetone twice to make sure
that all the aqua regia was removed. Finally, the tubes were dried in air.

3.3 Insertion of Centering Guides
In our initial setup we employed a PTFE capillary for hydrogen gas bubbling. How-

ever, due to its flexibility, it was not possible to keep it straight in the NMR tube.
Moreover, the capillary moved inside the tube while bubbling, so that centering of
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the PTFE capillary could not be guaranteed. The PTFE capillary was replaced by a
sintered glass capillary, and while this solved the deformation problem, a new prob-
lem arose: the capillary stuck to the wall of the NMR tube due to adhesion, leading
to small and irreproducible bubbles in the water, independent of the gas type. Addi-
tionally, some of these small bubbles stuck to the capillary or between the capillary
and the wall of the tube and influenced the shim of the instrument and hence the
spectral resolution. To solve this new problem, we fixed the capillary in the center
of the NMR tube by means of centering guides. Those guides have to be chemically
stable and should interfere as little as possible with the sample, the gas flow, and the
shim of the instrument. Silicon inserts fulfill those requirements and we tried vari-
ous spacer geometries (Fig. 3a). In a first attempt, 4 mm diameter silicon discs were
punched out of a silicon mat with a thickness of 2 mm. A small hole was made in
the discs for the capillary. In our test experiments we found that these simple discs
interfered too much with the gas flow and caused a pressure rise in the lower part
of the tube. For this reason, we removed parts of the discs and created the three-
fold shape, to make sure that the gas could leave the NMR tube and to let rising
water flow back down again. Two of these shaped discs were threaded onto the top
of the capillary above the solvent level. This optimization improved the bubbling
behavior, the reproducibility, and the shim of the instrument. After several kinetic
measurements it turned out that water may be stuck above these centering guides
due to some gas bubbles under the guides, leading to a loss of sample after some
time. In a third design, silicon strips of 2 mm X2 mm X4 mm (HxWxL) were used

(a) (b) (c)

Fig.3 Centering of the capillary in the NMR tube: a Different spacer designs for centering the capillary;
b Illustration of the sample tube with a centered capillary; ¢ Photo of the tube with spacers and capillary
inside
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instead of discs with cut-outs. Three of these strips were arranged in a star-like pat-
tern when looked at from above. A schematic illustration of the arrangement of the
strips threaded onto the capillary and the resulting bubbling is depicted in Fig. 3a, b
photo is shown in Fig. 3c. After this modification, the problems emerging from the
bubbling in water were solved and the setup was ready for the optimization of the
pulse program used for the kinetic studies in water.

3.4 Optimization of the Pulse Program

For the measurements, a pseudo 2D experiment was designed with a pulse program
containing seven building blocks (see Fig. 4). These building blocks can be arranged
individually for each experiment. This leads to a high flexibility of these experi-
ments and a wide range of application possibilities. The building blocks have differ-
ent functions. The whole timing of the program is controlled by the spectrometer,
employing our previously described automized setup [73].

The red block is used as a vacuum step to remove residual gases before gas bub-
bling, which guarantees fast and pure bubbling of the desired gas. A similar step
is placed before the H, / p-H, bubbling block shown in purple which is the main
part of the experiment. Here the possible repetition of the measurement needed for
kinetic studies can be performed. To make sure that no other gases in the sample
interfere with the hydrogen, a He bubble block (green) is applied after the initial
vacuum period to degas the sample. The He bubble block is repeated at the end of
the experiment to get rid of the remaining hydrogen in the sample to stop possible
ongoing reactions.

The first purple block is the Dummy Scan block and is used to bubble helium
through the sample to avoid changes in the temperature due to non-tempered gas and
to lead to a stable temperature during the bubbling and the actual measurement.

Owing to its modular design, the constructed pulse program is versatile and can
be used for a single '"H measurement, or for kinetic studies. In this work to col-
lect the kinetics data for each sample the entire sequence was run once, but the 2"
purple block was repeated many times. The bubbling time was 5 s and the acquisi-
tion time was 6.5 s. The time shown in the kinetics plots in the following sections
represents just the H, bubbling time; the acquisition time of 6.5 s is not taken into
account.

He bubble" / Dummy Scans H, / p-H, bubble He bubble

'S ™ pulse B pulse I

] LM |
T4 bubble Ty bubbre ’ m I
Vacuum ——xc—1/ |Vacuum
\ J DS > J

T3 pubbre

Fig.4 Schematic illustration of the building blocks used in the pulse program. For kinetics experiments,
the whole sequence was run once, with the hydrogen bubbling and signal acquisition block repeated
many times
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3.5 Influence of the Temperature on the Reaction

Samples were prepared (see Materials and Methods) with a pH value of 7.8, and
hydrogenation reactions were carried out at different temperatures: 60, 70, 80, 88
and 95 °C. The resulting concentration courses are depicted in Fig. 5.

It is clear that the reaction rate depends strongly on temperature. The maxima
were reached after 150 s (95 °C), 165 s (88 °C), 380 s (80 °C), 890 s (70 °C) and
2090s (60 °C). The optimum temperature was found to be 88 °C, for which 123 mM
fumarate was reached, which corresponds to 53.4% yield. Above 88 °C the catalyst
starts to degrade and only a maximum of 90 mM of fumarate was achieved. A sug-
gested reaction mechanism modified from [67] can be found in the Supporting Infor-
mation (Fig. S1).

3.6 Influence of the Sodium Sulphite Concentration on the Reaction

A sample at pH 7.8 was prepared as described in the Materials and Methods, and
experiments were run at 88 °C. The resulting kinetic curves are depicted in Fig. 6
and show clearly the influence of the sodium sulphite on the reaction rate. The reac-
tion without any Na,SOj; is very slow and doesn’t reach a maximum in the measured
time frame. Also, many side products like the cis-configuration (maleate) can be
detected when Na,SOj; is not included. A spectrum is given in the Supporting Infor-
mation (Fig. S2). An interesting side product from this reaction is one in which the
protons end up in geminal positions, which can lead to geminal-PHIP, and this is
discussed in a paper by L. Dagys et al. [75]. The other curves show less significant
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= ————
o 80 & rEfperatite s °c*
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Fig.5 Temperature dependence of the formation of fumarate (upper) and succinate (lower); the inset plot
shows the maximal concentration reached and the time it took against the temperature. The NMR spectra
were acquired with an excitation pulse of 9° after 5 s bubbling with H,
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(lower); the inset plot shows the maximal concentration reached and the time it took against the sodium
sulphite concentration. The NMR spectra were acquired with an excitation pulse of 9° after 5 s bubbling
with H,

differences. Using 50 mM of Na,SO; leads to a concentration of 123 mM fuma-
rate which correspond to a yield of 54.4%. A slightly higher turnover of 55.4% and
faster reaction kinetics 205 s vs. 345 s to maximum concentrations could be reached
with 150 mM Na,SO;. These results indicate that both the reaction rate and yield
depend on Na,SO; concentration. The reaction with 350 mM reaches its maxi-
mum already after 145 s but shows a lower turnover to fumarate with just 114 mM
(49.2%) formed. The reaction with 250 mM Na,SOj; is only 20 s slower compared
to 350 mM Na,SO; but achieves a turnover of 123 mM (53.4%). The reaction with
150 mM showed the best yield. A compromise must be found between the yield
and the reaction time, since in experiments involving para-enriched hydrogen the
hyperpolarized signals would be relaxing during the hydrogenation. As a compro-
mise between reaction speed and yield 250 mM of Na,SO; was used in subsequent
experiments.

3.7 Analysis of the Optimal pH Value

Samples of differing pH were prepared as described in the Materials and Methods,
and experiments were carried out at 88 °C. The pH values before and after dissolv-
ing the catalyst in the solution are shown in Fig. 7 in the legend, along with the
kinetics results. The kinetic curve for pH 5 shows just a small formation of fumarate
and no formation of succinate (see Fig. 7). When the pH is close to neutral, the reac-
tion speeds up which is visible in the kinetics measurement of a reaction solution
at pH 7. Here, a maximum is reached after 1075 s with a yield of already 91 mM
fumarate (39.8%). After adjusting the pH to 7.2 the reaction speeds up even more
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Fig. 7 Influence of the pH on the formation of fumarate (left) and succinate (right); the inset plot shows
the maximal concentration reached and the time it took against the pH. The NMR spectra were acquired
with an excitation pulse of 9° after 5 s bubbling with H,

and a maximum of 108 mM fumarate (47.6%) was reached after only 155 s. By
increasing the pH even further to 7.7 again a change can be observed. Here, the con-
version leads to a concentration of 125 mM fumarate which correspond to a turno-
ver of 54.3%. Looking at the succinate formation it is interesting that despite the
difference in the fumarate reaction, the formation of succinate is similar for both a
pH of 7.2 and 7.7. Increasing the pH further to pH 8 and 10 led to similar fumarate
and succinate reaction kinetics between the two. Concentrations of 96 mM (41.6%)
and 91 mM (39.5%) fumarate were achieved in nearly the same times (180/175 s).
Additionally, the formation of succinate is also nearly equal and reaches a maximum
concentration of 70 mM.

It is evident that the pH of the sample is of fundamental importance for fumarate
formation. It is also important is to consider the pH change of the sample by adding
the catalyst which also has a significant impact on the final pH value. Here, it was
observed that under basic conditions the pH change can be drastic when dissolving
the catalyst. For example, when the prepared pH of the K-ADC/ Na,SO; solution
was 8.1, after dissolving the catalyst the pH was 11.4.

Seeing that small changes in the pH have a large effect on the reaction, and not-
ing that the pH changes while all of the chemicals are dissolving, we modified the
sample preparation for all subsequent experiments to be more robust. We dissolved
the K-ADC and Na,SO;, adjusted the pH, and then added the catalyst as a final step,
since we suspect it is only the catalyst that is sensitive to pH.

To understand how pH changes during sample preparation affect the results, we
prepared samples, including catalyst, at a certain pH and then adjusted the pH to 7.8
since this value showed the best results. The kinetics results are shown in Fig. 8. It is
visible that dissolving the sample at a lower pH and adjusting it upwards after disso-
lution produces good results, while dissolving the sample at a high pH and adjusting
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solved. Formation of fumarate (upper) and succinate (lower). The NMR spectra were acquired with an
excitation pulse of 9° after 5 s bubbling with H,

it downwards leads to poor reaction rate and yield. This leads to the conclusion that
the catalyst degrades at high pH which is not reversible, while dissolving the sample
at reduced pH does not significantly change the catalyst.

We also performed a kinetics experiment using the optimal solution parameters
but including 500 mM phosphate buffer in the reaction solution to maintain pH 7.8
during the reaction. This reduced the rate of fumarate formation by a factor of about
2, and the yield was just 106 mM.

3.8 Stability Experiments

To determine how stable the precursor solutions are, a stock sample solution was
prepared at pH 7.8. The first sample was measured directly after preparation, another
one was left at room temperature for 1.5 h before measuring, and the last one was
stored for 1 h in the magnet at a temperature of 88 °C before starting the meas-
urement. Figure 9 shows the results of the stability tests. At room temperature, the
sample is stable after 1.5 h as can be deduced from the unchanged reaction kinet-
ics in Fig. 9. Storage at 88 °C for 1 h lead to a turnover of just 73 mM fumarate
(29.1%) compared to the original sample with 125 mM fumarate (49.8%) turnover
and the sample stored 1.5 h at room temperature which resulted in 126 mM fumarate
(50.3%). It seems that storage at elevated temperature affects the formation of fuma-
rate but not succinate.

Finally we observed (not shown) that freezing the precursor solutions for several
days and then thawing for use also has no measurable effect on reaction kinetics.

The NMR spectra were acquired with an excitation pulse of 9° after 5 s bubbling
with H,.
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Fig.9 Kinetic curves acquired on a sample at pH 7.8 and 88 °C under different storage conditions prior
starting the experiment. Formation of fumarate (upper) and succinate (lower);

3.9 PHIP Experiment

Having optimized reaction conditions using n-H, gas, we demonstrated the results
in an experiment using p-H, to generate hyperpolarized signals. It is challenging
to observe hyperpolarized signals of fumarate since the protons remain chemically
equivalent, and so the spin order remains mostly locked in the nonmagnetic singlet
state. To liberate the singlet order as hyperpolarized magnetic signals, a Singlet-to-
Magnetization (S2M) pulse sequence was used. The sequence takes advantage of
the weak magnetic inequivalence between the two protons due to their asymmetric
J-couplings to a *C nucleus to yield inphase magnetization for the 2.2% of mol-
ecules containing a 13C isotope at one of the carboxylic groups. In Fig. 10 the hyper-
polarized and the thermal equilibrium spectra of three separate measurements are
depicted. We measured enhancement factors of 3511, 3538 and 3487 for the 2.2%
of molecules contributing to the signal. With these results, we can show the good
reproducibility of the investigated setup and sample preparation. The reduced hyper-
polarization efficacy at high field, compared to previous results at low-field is mainly
attributed to a loss of singlet order, as discussed in ref. [76].

4 Further Discussion

A closer look at the succinate resonance in the 'H spectra of a hydrogenated sam-
ple reveals a three-peak structure that indicates partially deuterated succinate is
present in higher concentration than fully protonated succinate. Figure S3 in the
Supporting Information shows the three peaks from a reaction sample, and two
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Fig. 10 Reaction scheme of the hydrogenation of ADC to fumarate with para-enriched hydrogen. An
S2M pulse sequence is applied to the protons to excite a hyperpolarized NMR signal. The red, yellow
and green spectrum are the hyperpolarized spectrum after 90 s bubbling with p-H,., and the turquoise,
pink and blue spectra are the thermal equilibrium spectra acquired after the hyperpolarized signals had
fully relaxed

more spectra of the same sample after pure succinic acid was added. Only one
peak increased after adding succinic acid, which suggests that the two other peaks
are from partially deuterated succinate molecules and the protons are exhibiting
an isotope shift. This was confirmed by deuterium spectra which show a multiplet
peak corresponding to partially deuterated succinate. The deuterium must come
from molecules of D,0, although the mechanism is not known. This however has
an important implication: the concentrations of succinate reported in the Results
come from taking integral of all three succinate peaks and assuming only fully
protonated succinate is present. Since much of the succinate contains less than
4 protons, the true succinate concentrations are higher than reported. We have
not investigated this further to provide more quantitative results because the suc-
cinate is an undesirable side product of the reaction, although we note that this
catalytic route would likely not be suitable for generating PHIP-polarized succi-
nate due to the degree of deuteration.
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In many of the results the overall concentration of reaction products (fuma-
rate + succinate) appears to decrease after a time. This is partially because the true
succinate concentration is being underestimated. However, we do observe that dur-
ing the reaction a polymerization takes place and after some time a solid black pre-
cipitate can be seen in the solutions (see figure S4). We do not know the origin of
this solid material, but it is possible it comes from further reaction of the fumarate
and/or succinate.

Our results show that the catalyst degrades at high pH, and we do not have data
below pH 4.8, but it is likely the catalyst would also degrade if subjected to very low
pH. By dissolving all chemicals except the catalyst, balancing the pH of the solu-
tion, and adding the catalyst as a final step, the results were more reproducible, since
the catalyst was not subjected to significant pH changes as the powders dissolved.

We performed reactions using the disodium salt of ADC as opposed to the mono-
potassium salt, and saw no difference in the reaction kinetics as long as the pH was
adjusted to be the same. However, we note an important and surprising discovery:
when experiments were repeated using sodium sulphite obtained from a different
supplier, the reaction kinetics were dramatically altered, giving less than 4% fuma-
rate yield. The reason for this is not currently understood, but is not a pH effect since
the solution pH was set using the described procedure. We postulate that the seem-
ingly low level of impurities in the sodium sulphite is an important consideration,
since the sodium sulphite is at such high concentration (35 times higher concentra-
tion than the catalyst).

In some of the experiments the reaction rate was limited by the rate at which
hydrogen dissolved into solution. This was unavoidable in our experiments without
going to significantly higher hydrogen gas pressures or changing the reaction ves-
sel. The rate of hydrogen dissolution into solution strongly depends on the precise
details of the experimental setup, and so the time required to reach maximum fuma-
rate yield is a parameter that must be optimized for a given experimental setup.

The 2nd reaction step in which fumarate is hydrogenated to succinate limits the
fumarate yield, and if this step could be suppressed this should further improve the
reaction. This offers scope for future investigations into this important chemical
process.

5 Conclusion

In conclusion, we have investigated the formation of fumarate via trans-hydro-
genation, an important route to produce fumarate for applications in hyperpo-
larized metabolic MRI. We have optimized the reaction conditions to yield high
(> 100 mM) fumarate concentration on a short timescale, which is important
given the transient nature of the hyperpolarization. We also investigated a num-
ber of important questions surrounding this reaction such as how to reliably pre-
pare the solutions, and how stable the solutions are before the reaction. This work
required bubbling gases into aqueous solutions, which is notoriously difficult in
small inner-diameter tubes because the high viscosity and surface tension of the
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water lead to adhesion to the walls and bubbles forming. We discuss experimental
considerations such as effective tube cleaning, and made use of an anti-foaming
agent to negate these effects.

We determined that for precursor solutions of 7 mM ruthenium catalyst and
250 mM acetylene dicarboxylate in D,0, the best results were obtained when
250 mM sodium sulphite was included and the reaction was carried out at 88 °C
and pH 7.8. Using a phosphate buffer to stabilize the pH at 7.8 was detrimen-
tal. The results were identical for the disodium and monopotassium forms of the
ADC precursor as long as the pH was adjusted to be the same, but the reaction
was dramatically worse when sodium sulphite from a different supplier was used.
For more reproducible results, all chemicals except the catalyst should be dis-
solved, the pH adjusted, and finally the catalyst dissolved, so that the catalyst is
not subjected to significant pH changes during sample preparation. The precursor
solution can be frozen for days, or stored at room temperature for hours, without
jeopardizing the reaction. The optimal reactions shown here are limited in reac-
tion rate by the rate at which hydrogen dissolves into solution. This should not be
a limiting factor if the reaction vessel is carefully designed and higher hydrogen
pressure is used. The rate of reaction might be further increased by increasing the
catalyst concentration, something that was not investigated in this work. In this
work we used 250 mM starting material and the optimal fumarate yields were just
over 50%—there is certainly scope to increase the concentration of fumarate by
further reaction optimization, or by increasing the starting material concentration.

The results of this work are particularly pertinent as they follow a demonstra-
tion that hyperpolarized fumarate can be formed via trans-hydrogenative PHIP
with 13C polarization of > 30%, and then purified of contaminants by precipitation
as a pure solid, and redissolved in a biocompatible solution for biological applica-
tions. [71] We hope that the findings presented here allow others to more easily
perform the reactions to generate PHIP-polarized fumarate.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s00723-021-01371-w.
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