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mpibpc.mpg.de; Tel: +49 551 3961 108
bCenter for Biostructural Imaging of Neurod

075 Göttingen, Germany

† Electronic supplementary informa
10.1039/d1ra08808d

Cite this: RSC Adv., 2022, 12, 2282

Received 3rd December 2021
Accepted 9th January 2022

DOI: 10.1039/d1ra08808d

rsc.li/rsc-advances

2282 | RSC Adv., 2022, 12, 2282–228
n of 15N in an amino acid
derivative†
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Hyperpolarization is a nuclear magnetic resonance (NMR) technique which can be used to significantly

enhance the signal in NMR experiments. In recent years, the possibility to enhance the NMR signal of

heteronuclei by the use of para-hydrogen induced polarization (PHIP) has gained attention, especially in

the area of possible applications in magnetic resonance imaging (MRI). Herein we introduce a way to

synthesize a fully deuterated, 15N labelled amino acid derivative and the possibility to polarize the 15N by

means of hydrogenation with para-hydrogen to a polarization level of 0.18%. The longevity of the

polarization with a longitudinal relaxation time of more than a minute can allow for the observation of

dynamic processes and metabolic imaging in vivo. In addition, we observe the phenomenon of proton–

deuterium exchange with a homogeneous catalyst leading to signal enhanced allyl moeities in the

precursor.
Introduction

Nuclear magnetic resonance (NMR) is a versatile tool with
possible applications ranging from chemical analysis over the
observation of dynamic processes in e.g. biochemical research
to medical diagnostics as magnetic resonance imaging (MRI).
However, a major drawback, the inherently low sensitivity, still
hampers the full potential of NMR. This is especially apparent
in MRI, where mostly water is detected and the direct observa-
tion of other molecules is more difficult. A way to tackle this
problem is hyperpolarization, which can increase the signal to
noise by several orders of magnitude.1–9 Several techniques have
been explored to generate hyperpolarization of which some
have already been shown to be a useful tool in the aforemen-
tioned elds of research. One technique, dissolution dynamic
nuclear polarization (d-DNP) can be used to generate hyper-
polarized contrast agents for MRI.7–12 Another hyperpolarization
technique with biomedical applications is spin-exchange
optical pumping (SEOP), which can be used to polarize noble
gases.13–16 Another possibility to generate hyperpolarization,
that has been gaining a lot of attention in recent years, is para-
hydrogen induced polarization (PHIP), a technique which
allows for the transfer of nuclear spin order from para-hydrogen
to other nuclei and thus generates a signal enhancement by
several orders of magnitude.17–28 There are two different ways to
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utilize para-hydrogen in PHIP. One of the possibilities is the
signal amplication by reversible exchange (SABRE) which uses
dissolved para-hydrogen and allows for magnetization transfer
via an intermediate transition metal complex to a substrate.28–33

Another way to make use of para-hydrogen is to hydrogenate an
unsaturated bond in a substrate and subsequently transfer the
magnetization to a heteronucleus in the same molecule.34–37

Especially in the case of small molecules, attaching an unsat-
urated sidearm to the compound one desires to polarize can be
a facile way to access polarized compounds. Aer reacting the
modied compound with para-hydrogen, the magnetization is
transferred to a heteronucleus in the compound and the
sidearm can be cleaved off by, e.g. a change in pH to obtain the
hyperpolarized compound. For this technique it is essential,
that the longitudinal relaxation time (T1) of the precursor and
the compound alike, is signicantly longer than the time it
takes to cleave the sidearm. This method is referred to as para-
hydrogen induced polarization by sidearm hydrogenation
(PHIP-SAH).38–40 PHIP and PHIP-SAH can polarize metabolites
in order to detect metabolic anomalies in medical diagnos-
tics.25,27,41–46 In all cases it is desired to store the magnetization
over long periods of time in order to be able to monitor the
compounds for a long time. To achieve this, the magnetization
is usually transferred to heteronuclei such as 13C or 15N since
they usually display long T1. The use of 15N has been shown to
be a promising approach, especially in quaternary ammonium
compounds, which display long T1.26,47 One class of nitrogen-
containing compounds which play a signicant role in organ-
isms are amino acids. Not only are they the building blocks of
proteins but they also play a role in different metabolic cycles
and therefor are an interesting target for hyperpolarization.48,49

To that extend, several techniques have been applied.37,50
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Despite having hyperpolarized amino acids or their derivatives
with PHIP by SABRE,51,52 PHIP53–55 and PHIP-SAH,50,56 so far no
attempts have been conducted to hyperpolarize the 15N of the
amino function of perdeuterated, 15N-labelled amino acid
derivatives with long T1.
Fig. 2 Synthesis of (1) in a 5-step approach. Starting from glycine-15N
a multistep synthesis to generate (1) has been developed. The steps
include: (a) deuteration of glycine, (b) N-methylation, (c) esterification,
(d) basic work up and (e) obtaining the quaternized amino acid
derivative.
Results and discussion

Herein we introduce an approach to obtain a perdeuterated
amino acid derivative with residue attached to the amino
function which allows for hydrogenation in order to hyperpo-
larize the 15N. We chose a perdeuterated allyl residue for that
matter, which has been shown to be well suited for hydroge-
nation and consecutive magnetization transfer.47 Furthermore
we modied the amino acid in a way to generate a quaternary
ammonium function to obtain long T1 for long timemonitoring
in a potential setting for metabolic studies. This was achieved
by adding two deuterated methyl residues to the amine func-
tion, which hinders possible relaxation through proton
exchange with the solvent and heightens the symmetry around
the 15N. We could show that the attached perdeuterated allyl
sidearm can be hydrogenated with para-hydrogen and the thus
obtained magnetization transferred to the 15N using the ESO-
THERIC pulse sequence (Fig. 1).44,45

At rst we devised a synthetic approach to obtain the
precursor molecule N-(2-(methoxy-d3)-2-oxoethyl-1.1-d2)-N,N-
bis(methyl-d3)prop-2-ene-1-aminium-d5-N-

15N bromide (1) in
a multistep synthesis starting from glycine-15N. In a rst reac-
tion step we were able to exchange the glycine protons in a base
catalyzed reaction over ruthenium on activated charcoal
(Fig. 2a), which was reacted with formaldehyde-d2 in an
Eschweiler–Clarke analogueous reaction to form N,N-dime-
thylglycine-15N-d9 (Fig. 2b). In the next steps, N,N-dimethylgly-
cine-15N-d9 was reacted with methanol-d4 and thionyl chloride
followed by transformation of the thus obtained chloride in
basic conditions in D2O to form the perdeuterated methyl ester
(Fig. 2d). In a nal step, the N,N-dimethylglycine methyl
ester-15N-d11 was reacted with allyl bromide-d5 to form (1).

Polarization experiments of (1) have been conducted in
methanol-d4 with a homogeneous rhodium catalyst
[Rh(dppb)(COD)][BF4] (dppb: diphenylphosphino butane, COD:
cyclooctadiene) at 320 K and a 7 T magnetic eld. At rst,
proton-NMR-experiments were run in order to estimate the
coupling constants needed for efficient polarization transfer.
Hydrogen gas was enriched in the para spin isomer at 99% by
Fig. 1 The amino acid derivative N-(2-(methoxy-d3)-2-oxoethyl-1.1-
d2)-N,N-bis(methyl-d3)prop-2-ene-1-aminium-d5-N-

15N bromide (1)
can be hydrogenated with para-hydrogen to form N-(2-(methoxy-
d3)-2-oxoethyl-1.1-d2)-N,N-bis(methyl-d3)propane-1-aminium-
1,1,2,3,3-d5-N-

15N bromide (2). The thus obtained proton spin order is
consecutively transferred to the 15N to generate 15N hyperpolarization.

© 2022 The Author(s). Published by the Royal Society of Chemistry
using a custom ordered Sumitomo generator operating at 20 K.
Para-hydrogen was bubbled for 10 s at 7 bar directly into the
NMR tube containing 2 mM of the catalyst and 1 mM of
substrate via an automated console controlled delivery system.44

It was apparent, that several different hyperpolarized species
were present in the sample aer polarization (see Fig. 3). The
observation that hyperpolarized anti-phase signal can be
observed for the allyl protons, leads us to attribute this to
a previously described hydrogenation–dehydrogenation mech-
anism.57 It should be noted that the mechanism described was
observed on surfaces whereby here, a homogeneous catalyst is
used. In this proposed model, the unsaturated bond can be
hydrogenated and thus hyperpolarized. In another step, the
hydrogenated compound can interact with the used catalyst
again and be dehydrogenated. The then again unsaturated
compound can be hydrogenated again, and so forth. By this
mechanism, a proton–deuterium exchange can take place at the
allyl function and species with different deuteration degrees can
be present in the sample.

Mass spectrometry measurements have been performed on
the sample solution before and aer hydrogenation gain addi-
tional information on the nature of the observed species.
Althoughmasses could be detected for (2) as well as the labelled
N,N-dimethyl glycine methyl ester for the sample aer hydro-
genation, the same was true for the sample before hydrogena-
tion, making it rather difficult to denitely tell whether parts of
the sample already degrade during the hydrogenation or this
effect is solely attributals to the ionization process during the
mass spectroscopy measurements. What was apparent though,
was that the mass detected for the quaternary ammonium
compound were the same before and aer hydrogenation,
which gives a further indication that the previously discussed
hydrogenation–dehydrogenation mechanism takes place, since
the molecular mass of (1) is the same than the molecular mass
of (2) in which two additional deuterons have been exchanged
for protons. The respective mass spectra are shown in the ESI.†

Despite the manifold of signals, we were able to identify the
signals of hydrogenated (1) and determine the coupling
constants for efficient magnetization transfer from the deute-
rium decoupled hyperpolarized proton spectrum. The coupling
constants have been determined to be 3JH,H ¼ 7.4 Hz with
RSC Adv., 2022, 12, 2282–2286 | 2283
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Fig. 3 Left: hyperpolarized 1H-NMR-spectrum of (2). Several peaks can be observed, including a hyperpolarized peak for the unsaturated allyl
function. This indicates a hydrogenation–dehydrogenation cascade leading to various hyperpolarized species. The polarization P has been
determined for the proton pair a and b in the hydrogenated substrate (2). Right: hyperpolarized 15N-NMR-spectrum of (2). Coupling constants
used for the magnetization transfer are indicated in the insert and have been determined from the hyperpolarized proton spectrum.

Table 1 Summary of the obtained polarization values as well as the T1
of 15N in (2) at 320 K and a 7 T magnetic field

31H P1H [%] 315N P15N [%] T1(15N) [s]

140 0.28 770 0.18 77 � 30
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a chemical shi difference of 239 Hz (0.8 ppm) and 3JH,N ¼
0.84 Hz. Hydrogenation with para-hydrogen then yielded
a proton polarization of 0.28%, a signal enhancement of 140-
fold at 7 T. Transfer of the magnetization to the 15N was
successful with an efficiency of 72%, generating a polarization
of 0.18%, corresponding to a signal enhancement of 770-fold at
a 7 T eld. The relatively low polarization can be attributed to
a constant change in the hyperpolarized compounds, leading to
a distribution of the polarization. To the same extent the
polarization available for transfer to 15N is limited by the same
effect. From hyperpolarized (2), the T1 of 15N has been deter-
mined by running several scans at low ip angles and was
shown to be T1 ¼ 77 � 30 s. An overview over the obtained data
is shown in Table 1.

Conclusion

In conclusion we were able to demonstrate the synthesis of
a perdeuterated glycine derivative with a quaternary amino
function by starting from glycine-15N. We could show that
hydrogenation with para-hydrogen of the glycine derivative
leads to hyperpolarized proton signals with a proton polariza-
tion of the hydrogenated compound of 0.28%. Interestingly, we
also observed a proton–deuterium exchange with the homoge-
neous catalyst leading to enhanced allyl signals. The hyper-
polarized protons on the alkyl moiety could be transferred
efficiently to the 15N by using the ESOTHERIC pulse sequence.
The relatively long T1 of the hydrogenated compound of T1 ¼
77 s gives rise to the possibility of using this and other
2284 | RSC Adv., 2022, 12, 2282–2286
analogues of amino acids as potential signal enhanced contrast
agents. With this publication, we are able to dene a starting
point for further investigation of the hyperpolarization of 15N in
amino acids for the aforementioned application and even their
use in a possible MRI setup.
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S. Glöggler, J. Hennig, D. von Elverfeldt and J.-B. Hövener,
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