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Abstract

Enhancing magnetic resonance signal via hyperpolarization techniques
enables the real-time detection of metabolic transformations even in vivo. The
use of para-hydrogen to enhance "*C-enriched metabolites has opened a rapid
pathway for the production of hyperpolarized metabolites, which usually
requires specialized equipment. Metabolite precursors that can be hyperpolar-
ized and converted into metabolites at any given field would open up opportu-
nities for many labs to make use of this technology because already existing
hardware could be used. We report here on the complete synthesis and hyper-
polarization of suitable precursor molecules of the side-arm hydrogenation
approach. The better accessibility to such side-arms promises that the para-
hydrogen approach can be implemented in every lab with existing two channel
NMR spectrometers for "H and '*C independent of the magnetic field.
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1 | INTRODUCTION

Nuclear magnetic resonance (NMR) is an insensitive phe-
nomenon due to the small energy difference between
nuclear spins that align parallel and antiparallel when
brought into a magnetic field. The Boltzmann distribution
of the nuclear spins leads to a population difference in
which the lowest energy level is populated only by a few
more parts per million than the other level. Despite this,
NMR has become a valuable tool in analytical chemistry,
metabolomics, structural biology, and in magnetic
resonance imaging. The latter is being used daily in many
clinics around the world." To overcome sensitivity
challenges, signal-enhancement or hyperpolarization
approaches have been devised.>>' One important applica-
tion of hyperpolarization is the real-time monitoring of
metabolites that can be converted in vitro and in vivo.>”’

hyperpolarization, metabolites, NMR, para-hydrogen, pyruvate

It has been demonstrated in animals and patients that, for
example, tumors are detectable by the conversion of
hyperpolarized '*C-pyruvate into lactate.>”>* Until
recently, this detection was only possible via a method
named dissolution dynamic nuclear polarization for
which a molecule of interest is cooled at cryogenic helium
temperature and irradiated in the presence of radicals
with microwaves for tens of minutes up to an hour.” After
the polarization has built up in the solid, the sample is
rapidly dissolved and brought to room temperature. The
yielded polarized pyruvate in solution is afterwards
injected for imaging. Para-hydrogen-based methods
are other approaches to enhance the signals of
metabolites.” > Foremost, the para-hydrogen-induced
polarization approach by means of sidearm hydrogena-
tion (PHIP-SAH) was the first to demonstrate signal-
enhanced metabolites.’? For PHIP-SAH, an unsaturated
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bond is attached to a '*C-enriched metabolite of interest.
This sidearm is then hydrogenated with para-hydrogen,
and the obtained spin order is transferred to the '>C spin
to obtain enhanced signals. Cleavage of the side chain
and work-up yields the hyperpolarized metabolite.
Another para-hydrogen enhancement approach is based
on Signal Amplification by Reversible Exchange whereby
para-hydrogen is reacted with a metal complex and
metabolite of interest yielding enhanced signals without
the necessity of chemically altering the structure of the
target compound.®*° Until recently, most studies have
exclusively been performed in organic solvents, which
made biological studies not feasible. However, one exam-
ple has now been reported that pyruvate can be brought
into an aqueous phase giving hope that future biological
studies can follow.”® PHIP-SAH to enhance pyruvate has
so far been used for imaging and metabolic assessment of
the heart and as recently shown by us to even provide suf-
ficient signal for tumor imaging.**** Since hyperpolarized
metabolites are prepared in less than 1 min, para-hydrogen
provides a scalable solution for future patient studies. We
have furthermore shown that optimized strategies of

(a) (b)

PHIP-SAH precursors can lead to large degrees of pyruvate
polarization at high concentrations. Depending on the
molecular precursor design, hyperpolarized metabolites
can be obtained with any pulsed NMR system and inde-
pendent of the magnetic field.***** In this article, we
have investigated approaches for the synthesis of an isoto-
pically labeled sidearm adapted for field-independent
PHIP-SAH methodologies and report on its attachment to
pyruvate and acetate as well as their polarization. Provid-
ing this sidearm starting from readily available compounds
aims at providing further access to other labs of the PHIP-
SAH technology and to implement it into existing hard-
ware. Here, we demonstrate the PHIP-SAH method by
polarizing pyruvate and acetate precursors at 21.5 mT.

2 | RESULTS AND DISCUSSION

Our field-independent approach for hyperpolarizing
metabolites is shown in Figure 1a. The precursor includes
two >C species, one located in an acetylene moiety and
one in the metabolite of interest. After the addition of
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FIGURE 1

(a) Sidearm precursor and its hyperpolarization. Blue indicates the metabolite of interest and red para-hydrogen (p-H,) and

the hyperpolarized nuclear sites. (b) Polarization (P with enhancement factors €) of the pyruvate and acetate precursors at ~21.5 mT. After
hydrogenation and application of the pulse transfer sequence at ~21.5 mT, a large signal is observed on the "*C channel frequency

v~ 230kHz, corresponding to the "*C label on the carbonyl site of the pyruvate (top) and acetate (bottom) moieties, respectively. The
enhancement and polarization levels are calculated as discussed in the main text; see also Mamone et al.,*® by reference to the 'H signal of
water recorded on the same coil at the same frequency (at a field of ~5.6 mT). The small signals on both sides of the main peak originate
from a tiny residual magnetization left on the **C label on the sidearm, split into a doublet by the large one-bond Jcy-coupling ~160 Hz.

A ‘2T ‘€202 "eX8SyL60T

Jeuey/sdny wouy

feur

85US0| 7 SUOWILLOD 3AREa1D) 3ol [dde au Aq peuseAob 812 SapIle YO 88N J0 S9|NJ 0} A2iq1T 3UIIUO 8|1 UO (SUORIPUOD-PUR-SLLLBIALIOD" AB| 1M AReq]1[eu1|UO//SANY) SUORIPUOD PUe SWLB | 83 88S *[7202/T0/TT] uo Areiqi 8uljuo A8|IM ‘UsieyosusssInngeN a2eutd IS IpRiniAlIng Inisul-Youeld-Xe N Aq Z0vS 21W/Z00T OT/I0pALI0D" A3 |1m Areig 1pul



% | WILEY

JAGTAP ET AL.

para-hydrogen, the Jcy-coupling of the proton directly
bonded to the 'C label in the sidearm is ~160 Hz, while
the other (two-bond) Jcgy-coupling is negligible. Such
arrangement quenches the evolution under the flip-flop
terms of the proton-proton scalar interaction, allowing
for the application of field-independent polarization
transfer methodologies. Moreover, the 13C label on the
sidearm allows relaying the magnetization to a target
nucleus in species of interest further away from the
hydrogenation site. Here, we applied the MINERVA
protocol (Maximizing Insensitive Nuclei Enhancement
Relayed Via para-hydrogen Amplification) to transfer the
nascent spin order from para-hydrogen into heteronuc-
lear magnetization.’>** In this study, we have coupled
the sidearm to pyruvate and acetate and demonstrate that
the °C label at the carbonyl position in the metabolite
precursors can be polarized in high concentrations at
21.5 mT. The results of these experiments are depicted in
Figure 1b. Previously, we have established that the
cleavage of the labile ester bond between the cinnamyl
sidearm and the molecule of interest followed by a fast
purification method (developed in our group) releases
the hyperpolarized metabolite in neat water solutions
at physiological conditions.****>! These steps for full
biocompatibility have been demonstrated for pyruvate
recently.?>3*>!

To synthesize the sidearm, readily available benzalde-
hyde 1 (CAS 100-52-7, Scheme 1) was reacted with a
Grignard reagent, which was obtained by the reaction of
13C-methyl iodide (CAS 207507-22-0) and magnesium
(CAS 7439-95-4), to obtain the secondary phenetylalcohol
2. Because of availability, we used deuterated **C-labeled
methyl iodide although that is not a requirement since
all the protons or deuterons are going to be removed

OH
cosl, _cosl. Mg X B,JK
Pcp; ———=

Dmthflolhor 4%

CD0

during the subsequent steps. The next target step was the
synthesis of phenylacetylene, which will provide the
triple bond to which para-hydrogen can be added at a
later stage. Starting from the secondary alcohol 2, the
exchange of the alcohol group for a bromo group
was conducted via reaction with acetyl bromide (CAS
506-96-7). Subsequently, HBr was eliminated using
potassium tert-butoxide (CAS 865-47-4) as a base to obtain
a labeled styrene derivative 4. Further addition of bromine
to the double bond of the styrene unit resulted in its
dibromo derivative (CAS 7726-95-6) 5, which on double
elimination of HBr in presence of sodium hydroxide (CAS
1310-73-2) gave “C-enriched phenylacetylene 6 as the
desired intermediate. In the next step, phenylacetylene
6 was coupled with formaldehyde-d, (CAS 1664-98-8) to
obtain the desired alcohol 7, so completing the sidearm
synthesis. We then further coupled '*C-labeled alcohol
7 (Scheme 2) either with *C,?H-labeled acetic acid (CAS
102212-93-1) or *C-labeled pyruvic (CAS 99124-30-8) acid
to give the corresponding acetate 9a or pyruvate ester 9b
in quantitative yields by using conventional DCC/DMAP
peptide coupling agent.

3 | CONCLUSION

We have developed a synthetic route starting from
benzaldehyde and '*C-methyl iodide to produce phenyla-
cetylene specifically '*C-labeled in Position 2. This
phenylacetylene is then further derivatized into an
alcohol that is attachable to different metabolites such as
acetate and pyruvate. The advantage of the presented
sidearm is that it can be used in pulsed experiments
independently of the magnetic field to enhance the signal
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SCHEME 1 Synthesis of the sidearm.
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SCHEME 2 Synthesis of acetate

and pyruvate derivatives for PHIP-SAH.
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of 3C-enriched metabolites, and we demonstrated it here
at 21.5 mT fields. This can make the hyperpolarization
procedure via PHIP-SAH more widely available since for
most labs, no new NMR equipment needs to be available
for the implementation of this approach. Therefore, we
believe that the presented strategy provides easy access to
real-time metabolic NMR.

4 | EXPERIMENTAL

41 | NMR studies at 21.5 mT

The field strength was chosen since it is close to the
upmost limit of our available low field console (1 MHz,
Kea2 from Magritek). This enabled us to obtain nutation
curves for the pulse calibration in the shortest possible
time. The samples for the PHIP experiments were
prepared in the following way. By dissolving 9.41 mg of
catalyst per 1 ml of acetone-ds, 13 mM stock solutions of a
Rhodium-based catalyst (rhodium[I] tetrafluoroborate,
MW = 724.36, Sigma Aldrich 341134) were obtained. To
obtain an acetone-d6 solution at 90 mM pyruvate precursor
and 13 mM catalyst concentrations, 16.1 pl of pyruvate
precursor (9b) (MW = 206.2, p ~ 1.15 mg/pl) were then
dissolved per 1 ml of catalyst stock solution. Similarly,
4.7 pl of acetate precursor (9a) (MW = 181.2, p ~ 1.15 mg/
pl) were dissolved per 1 ml of catalyst stock solution to
obtain an acetone-d6 solution at 30 mM acetate precursor
and 13 mM catalyst concentrations. Successively, 160 pl of
precursor/catalyst/acetone-ds solutions was filled into
5 mm NMR tubes.

For the hyperpolarization experiments, the NMR tube
was connected to a custom-built gas delivery system pre-
viously discussed®® and preheated at 65°C for 2 min
under 3 bar of nitrogen gas pressure. The NMR tube was
then moved into the NMR magnet (21.5 mT), and the
PHIP experiment was initiated. First, para-hydrogen
enriched gas at 7 bar was bubbled via a capillary through
the solution for 15 s, and then, the MINERVA sequence
was applied for spin order transfer. Interestingly, the tim-
ings of the sequence are determined only by the
J-couplings. Following the homology of the molecular
structures, the J-couplings are similar for the pyruvate
Jua ~ 11.5 Hz, Jomn < 0.5 Hz, Jop ~ 160Hz, Joc ~
2.3 Hz) and acetate (Jy ~ 11.8 Hz, Jop ~< 1 Hz, Joms
~ 160 Hz, Joc ~ 2.1 Hz) substrates. The timings adopted
for the MINERVA sequence were set according to
1 =73=1/(Qcn2), T2=1/(2QJun) 1s=1/(2Jcc), T4 =151
Explicitly, we used t;=13=3.1 ms, 1,=43.5 ms,
75 =220.1 ms, and 74, =217 ms for the pyruvate and ace-
tate substrates.

WILEY_L_

The polarization levels were estimated following
Mamone et al.,>> by comparing the hyperpolarized
signals to that of an equal volume of water recorded
on the C coil at a field scaled by the quotient of the
proton-to-carbon gyromagnetic ratios y;y/y13c~4. Briefly,
the enhancement is calculated by considering the gamma
ratio, the water-to-substrate concentration ratio, and the
substrate-to-water integrated signal. The NMR signals are
enhanced by about 10 million folds with respect to the
corresponding thermal signals.

4.2 | Chemical synthesis

42.1 | Synthesis of 2
To a stirred suspension of magnesium turnings (0.58 g,
24.5 mmol) in anhydrous diethyl ether (12 ml), dropwise
iodomethane-'*C (1.41 ml, 22.6 mmol) in anhydrous
ether (5 ml) was added. The resulting mixture was stirred
at 25°C for 2 h. and a solution of 1 (1.91 ml, 18.8 mmol)
in anhydrous diethyl ether (5 ml) was added dropwise at
—5°C. The reaction mixture was gradually warmed to
25°C and stirred for 12h. The reaction mixture
was quenched with aq. NH,Cl and extracted with ethyl
acetate (3 x 15ml). The combined organic layer was
dried over Na,SO, and was concentrated under reduced
pressure to give 2 (2.1 g, 90% yield) as a colorless liquid.

TLC (Silica gel, 15% EtOAc in pet. ether), R (1) = 0.5,
R;(2) = 0.4, UV active.

'H NMR (CDCls, 298 K, 300.13 MHz) & = 7.22-7.36
(m, 5x 'H), 4.85 (d, 1x 'H, *J111.13¢: 1.75 Hz) ppm.

H NMR (CDCls, 298 K, 46.1 MHz) = 1.23 (dd, 3x *H,
ot1sc: 19.36 and 2Jo.q3c: 0.81 Hz) ppm.

4.2.2 | Synthesis of 3
Under N,, atmosphere 2 (2.33 g, 18.5 mmol) was cooled
to 0°C, and acetyl bromide (2.73 ml, 36.9 mmol) was
added dropwise over 15 min. The reaction mixture
was stirred at 27°C for 12 h. The excess of acetyl bromide
was quenched by adding H,O (15 ml) and extracted with
diethyl ether (3 x 15 ml). The combined organic layer
was dried over Na,SO, and was concentrated under the
reduced pressure to give 3 (3.29 g, 94% yield) as a yellow-
ish liquid, which was used in the next step without
further purification.

TLC (Silica gel, 10% EtOAc in Pet ether), Ry (2) = 0.3,
Rf(3) = 0.7, UV active.

'H NMR (CDCl;, 298 K, 300.13 MHz) & = 7.22-7.43
(m, 5x 'H), 5.17 (d, 1x "H, *J;11.13c: 2.49 Hz) ppm.
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H NMR (CDCls, 298 K, 46.1 MHz) = 1.43 (dd, 3x °H,
at1sc: 19.70 and 2Top.15c: 0.93 Hz) ppm.

4.2.3 | Synthesis of 4
To a suspension of -BuOK (4.88 g, 43.5 mmol) in anhy-
drous THF (12 ml), 3 (3.29 g, 17.4 mmol) was added
dropwise in THF (3 ml). The resulting reaction mixture
was stirred at 27°C for 12 h. The reaction mixture
was then diluted with diethyl ether (20 ml), and the pre-
cipitate was removed by filtration. The filtrate obtained
was carefully concentrated under the reduced pressure to
give crude material, which was purified by flash column
chromatography (silica) using gradient elution (100% pet
ether) to give 4 (1.54 g, 85% yield) as a colorless liquid.

TLC (Silica gel, 100% Pet ether), R (3) = 0.4, Ry (4)
= 0.6, UV active.

'H NMR (CDCl,, 298 K, 300.13 MHz) & = 7.22-7.40
(m, 5x 'H), 6.69 (s, 1x "H) ppm.

’H NMR (CDCl;, 298 K, 46.1 MHz, {'"H and '*C-
decoupling}) = 5.26 (s, 1x *H), 5.76 (s, 1x *H) ppm.

424 | Synthesis of 5
Under a nitrogen atmosphere, bromine (2.64 ml, 16.6 mmol)
was added dropwise to a cooled solution of 4 (1.54 g,
14.6 mmol) in CHCl; (15 ml). The resulting solution was
stirred at 27°C for 30 min and was diluted with CH,Cl,
(10 ml). The organic layer was washed consecutively with
a saturated solution of NaHSO;, water, and brine. The
combined organic layer was dried over Na,SO, and was
concentrated under the reduced pressure to give 5 (2.92 g,
76% yield) as a colorless liquid, which crystallizes upon
cooling in the refrigerator.

TLC (Silica gel, 100% Pet ether), Ry (4) = 0.6, Rf (5)
= 0.5, UV active.

'H NMR (CDCls, 298 K, 300.13 MHz) & = 7.29-7.37
(m, 5x 'H), 5.10 (d, 1x 'H, *J;11.15¢: 4.71 Hz) ppm.

2H NMR (CDCls, 298 K, 46.1 MHz) = 3.76 (d, 2x 'H,
iH13c: 24.60 Hz) ppm.

4.2.5 | Synthesis of 6

An aqueous solution of NaOH (1.82g, 45.6 mmol,
2.64 ml of H,0) was added to 5 (1 g, 3.80 mmol) in
DMSO (4 ml). The resulting solution was heated at 50°C
for 5 h. The reaction mixture was cooled to 27°C and
diluted with water (15 ml). The aqueous solution was
extracted with diethyl ether (3 x 15 ml). The combined
organic layer was dried over Na,SO, and was

concentrated under the reduced pressure to give 6 as a
colorless liquid, which was used in the next step without
further purification.

TLC (Silica gel, 100% Pet ether), Ry (5) = 0.5, Ry (6)
= 0.7, KMnO4 and UV active.

'H NMR (CDCl,, 298 K, 300.13 MHz) & = 7.28-7.47
(m, 5x 'H), 2.61 (d, 1x 'H, "Jyp.13c: 251.47 Hz) ppm.

4.2.6 | Synthesis of 7
To a stirred solution of 6 (0.4 g, 3.88 mmol) in DMSO
(8 ml) labeled formaldehyde-CD,O (1 ml g, 6.20 mmol,
20% solution in D,0), Et;N (0.18 ml, 1.28 mmol), and
Cs,CO3 (2.02 g, 6.21 mmol) were added. The resulting
solution was heated to 60°C for 1 h. The reaction mixture
was cooled to room temperature and quenched with
water (20 ml). The aqueous layer was extracted
with EtOAc (3 x 15 ml). The combined organic layer was
washed with brine, dried over Na,SO,, and concentrated
under reduced pressure. The crude product was purified
by flash column chromatography (silica) using gradient
elution (EtOAc: pet ether; 0:100 to 10:90) to give
7 (0.480 g, 94% yield over two steps) as a colorless liquid.

TLC (Silica gel, 10% EtOAc in pet. ether), Ry (6) = 0.8,
R¢(7) = 0.3, KMnO, and UV active.

'H NMR (CDCl;, 298 K, 300.13 MHz) § = 7.27-7.42
(m, 5x 'H) ppm.

H NMR (CDCl;, 298K, 46.1 MHz, {'H, 'C-
decoupling}) = 4.44 (s, 2x °H) ppm.

4.2.7 | Synthesis of 9a
To a cold solution of 7 (0.25 g, 1.85 mmol), 8 (0.105 ml,
1.85 mmol), and DMAP (0.033 g, 0.278 mmol) in CH,Cl,
(10 ml) at 0°C, dropwise DCC (0.457 g, 2.22 mmol, dis-
solved in 5 ml of CH,Cl,) was added. The resulting solu-
tion was stirred to 27°C for 30 min and quenched by
adding sat. solution of KHSO,. The organic layer was sep-
arated, and the aqueous layer was extracted with CH,Cl,
(2 x 15 ml). The combined organic layers were dried
over Na,SO, and were concentrated under reduced pres-
sure. The crude product was purified by flash column
chromatography (silica) using gradient elution (CH,CL,:
pet ether; 0:100 to 70:30) to give 9 (0.23 g, 68% yield) as a
colorless liquid.

TLC (Silica gel, 10% EtOAc in Pet. ether), Ry (7) = 0.3,
R;(9) = 0.6, UV active.

'H NMR (600 MHz, CDCls) §: 7.50-7.46 (m, 2x 'H),
7.36-7.33 (m, 3x 'H).

H NMR (92 MHz, CDCl;) &: 4.87 (s, 2x *H), 2.10
(s, 3x *H).
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Bc{'H,°’H} NMR (151 MHz, CDCL;) &: 170.36 (d,
J =28 Hz), 131.91 (d, J = 2.5 Hz), 128.77 (d, ] = 1.0 Hz),
128.30, 122.13 (d, J = 13.0 Hz), 86.50 (d, J = 183.1 Hz),
82.85 (d, J = 2.8 Hz), 52.33 (dd, J = 80.2, 2.3 Hz), 20.13
(d, J = 58.8 Hz).

LCMS: calculated for Co'*C,HsDsO,: 181.1062, found
204.0988 (M + Na).

Synthesis of 9b: as previously described in Mamone
et al.>?
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