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ABSTRACT: A water-compatible and recyclable catalyst for nuclear magnetic
resonance (NMR) hyperpolarization via signal amplification by reversible exchange
(SABRE) was developed. The [Ir(COD)(IMes)Cl] catalyst was attached to a
polymeric resin of bis(2-pyridyl)amine (heterogeneous SABRE catalyst, HET-
SABRE catalyst), and it amplified the 1H NMR signal of pyridine up to (−) 4455-
fold (43.2%) at 1.4 T in methanol and (−) 50-fold (0.5%) in water. These are the
highest amplification factors ever reported among HET-SABRE catalysts and for the
first time in aqueous media. Moreover, the HET-SABRE catalyst demonstrated
recyclability by retaining its activity in water after more than three uses. This newly
designed polymeric resin-based heterogeneous catalyst shows great promise for
NMR signal amplification for biomedical NMR and MRI applications in the future.
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■ INTRODUCTION
Nuclear magnetic resonance (NMR) and magnetic resonance
imaging (MRI) signals may be significantly amplified by
inducing highly nonequilibrium nuclear spin polarization
(hyperpolarization). Hyperpolarization can overcome the
fundamental sensitivity limits of modern NMR/MRI1−8 and
has been used to enhance medical diagnosis, chemical reaction
monitoring, development of new materials, and synthesis of
pharmaceuticals.9−14 Among the different hyperpolarization
techniques, signal amplification by reversible exchange
(SABRE) has been actively developed due to its economical
and straightforward setup.9,15−20 It is capable of obtaining and
regenerating hyperpolarization on target materials by using
para-state of hydrogen (para-hydrogen) in real time.21 In
SABRE, an organometallic catalyst forms a reversible complex
between para-hydrogen and the target substrate.22−24 Sub-
sequently, the spin order is spontaneously transferred through
the J-coupling network without any changes in the substrate’s
covalent bonds.25,26 Efficient and regenerative SABRE
processes have been mostly carried out using homogeneous
catalysts, which is hard to separate for reuse.9 This is
particularly disadvantageous for MRI due to the presence of
a toxic organometallic catalyst in the solution after substrate
polarization has been achieved.27,28 Even worse, when a
homogeneous SABRE system is activated, prechelated ligands
(e.g., octadiene) may be released into the solution. Therefore,
developing an efficient SABRE catalyst that is separable from
the hyperpolarized product and compatible with aqueous
media is crucial for expanded applications in clinical MRI.

Previous studies have investigated separation techniques for
homogeneous catalysts and heterogeneous catalysts to improve
PHIP used for supported/metal oxide catalysts29−32 and
SABRE’s compatibility with medical applications.33 For
example, a homogeneous catalyst was fixed to a solid support
through an organic linker. This approach generally involves the
linking of the iridium metal to the solid support via weak
coordination with pyridine. Goodson and co-workers con-
ducted heterogeneous-SABRE (HET-SABRE) using polymer-
bound 4-dimethylaminopyridine and 3-aminopropyl-function-
alized silica gel.33−35 Other advances have been made using
similar approaches.36−40 However, no one to date has
demonstrated hyperpolarization efficiency and catalyst reus-
ability generally required for MRI. Most importantly, no solid-
supported catalysts have yet demonstrated SABRE activity in
water. Thus, developing a water-compatible and recyclable
heterogeneous SABRE catalyst with high amplification
capability is an important technical challenge.41,42

Here, we report a new HET-SABRE catalyst with
unprecedented efficiency and regenerative hyperpolarization
on pyridine and nicotinamide in methanol and water. The Ir(I)
SABRE catalyst was attached to a polymeric resin (TentaGel
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S), which absorbs both methanol and water. This newly
synthesized HET-SABRE catalyst, unlike previous examples,
displays an amplification factor similar to that of the
homogeneous SABRE catalyst in methanol. In addition,
hyperpolarization activity by HET-SABRE catalyst was
confirmed in water (D2O) for the first time. Although
amplification in water is comparatively low, the catalyst
shows a regenerative property and opens new possible
biological applications.
The HET-SABRE catalyst was synthesized as shown in

Scheme 1 (see the figure in Supporting Information for
detailed information). First, the homogeneous SABRE catalyst,
[Ir(COD)(IMes)Cl] (1), was prepared according to the
method reported previously.41 Then, bis(2-pyridyl)amine
(BPA) was functionalized with carboxylic acid via an SN2
reaction (2).43 Then, BPA carboxylic acid (3) and O-(1H-6-
chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate (HCTU) were dissolved in N,N-dimethylfor-
mamide (DMF). The solution was treated with N,N-
diisopropylethylamine (DIEA) for activation. TentaGel S-
NH2 resin (Sigma-Aldrich) was mixed with the activated
solution for amide coupling for 2 h (d). The resulting resin (4)
was monitored with the Kaiser test to confirm the amide
coupling, whereby its color turns from purple−blue to bright
yellow upon functionalization44,45 The solution was filtrated in
a plastic column and washed with methanol three times. Then,
(1) was dissolved in methanol, and the functionalized resin (4)
was combined and shaken for 24 h. It was then filtered and
washed again with methanol three times until the supernatant
solution was colorless (e). Its color change indicates the
successful synthesis of the heterogeneous catalysts (Table S1).
The functionalized resin was dried under vacuum to give the
HET-SABRE precatalyst, which is dark yellow (Table S1, 5).
In our previous SABRE study,46 it was difficult to observe

strong signal amplification on BPA substrates itself because of
their strong binding affinity to the catalyst. Also, we conducted
a theoretical study to estimate the plausible structure of the

polarization transfer mechanism. Building upon previous
studies that utilized DFT (density functional theory)
calculations,47,48 we investigated the theoretical aspects further.
Specifically, we examined two different cases involving the
stabilization of the structures of BPA and pyridine with the Ir-
catalyst and pyridine with an equatorial structure and found
that the pyridine was slightly more stable when it was in the
equatorial position (Figure S8). Therefore, we developed a
new catalyst with a strong coordinated iridium catalyst, and the
spectrum obtained with the resin is shown in Figure 1.
Importantly, the Ir(I) catalyst is strongly bound to the

functionalized resin, indicated by the dark yellow color of the
resin. In contrast, the solution of methanol and pyridine stays
colorless and transparent during SABRE. From the hyper-
polarized spectrum, no hydride peaks [around (−) 12 to (−)
30 ppm] were seen, which indicates that SABRE is only done
by the solid supported catalyst (Figure S7a,c). Remarkably, the
amplification factors were similar to those obtained by
homogeneous catalysts, indicating high efficiency. In addition,
the catalyst activation time is also similar, at about 300 s
(Figure 1c). The external magnetic field greatly affected the
efficiency of SABRE (see the figures in the Supporting
Information for detailed information, Figures S4 and S5).
The HET-SABRE spectrum clearly appeared as the highly
intensified signal on the pyridine substrate, and ortho, para,
and meta 1H positions around the pyridine ring were ∼(−)
27.9, (−) 21.2, and (−) 43.2%, respectively. Indeed,
optimization at various concentrations and magnetic fields
established the greatest polarization (%) at 1.4 mM in 70 G,
confirming the possibility of HET-SABRE in methanol.
In addition, inductively coupled plasma mass spectrometry

(ICP/MS) analysis was performed to check the recyclability of
the HET-SABRE catalyst by measuring the iridium content on
the supernatant of the solution for each SABRE (Table S2).
For three recycling procedures, the iridium levels were very
low compared to the reference solution of the SABRE catalyst
in methanol, which indicates that the iridium catalyst is

Scheme 1. Synthesis of SABRE (1), HET-SABRE Pre-catalyst (5). (a) 1,3-Bis(2,4,6-trimethylphenyl)imidazole-2-ylidene,
THF. (b) t-Butyl-4-bromobutyrate, KI, KOH, DMF. (c) Trifluoroacetic Acid, DCM. (d) TentaGel S-NH2, HCTU, DIEA,
DMF. (e) [Ir(COD)(IMes)Cl] (1), MeOH, 24 h

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.3c00487
JACS Au 2023, 3, 2912−2917

2913

https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00487/suppl_file/au3c00487_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00487/suppl_file/au3c00487_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00487/suppl_file/au3c00487_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00487/suppl_file/au3c00487_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00487/suppl_file/au3c00487_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00487/suppl_file/au3c00487_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00487/suppl_file/au3c00487_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00487/suppl_file/au3c00487_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00487?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00487?fig=sch1&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00487?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


strongly coordinated to the resin during recycling and supports
the development of the sustainable HET-SABRE.
Motivated by the biological application of SABRE hyper-

polarization techniques, we performed HET-SABRE hyper-
polarization in water (D2O). It was confirmed that the 1H
NMR signal of pyridine in D2O was amplified up to (−) 53-
fold at 70 G (Figure 2b and S5). We also note that this is the
highest amplification number from the results achieved using
even the water-soluble catalyst (homogeneous catalyst)
following dissolution and activation.38−40,42 These results
indicate the successful demonstration of a catalyst capable of
performing HET-SABRE in aqueous media in one step.
It is noteworthy that SABRE-based hyperpolarization on

pyridine in water is possible despite the low solubility of
hydrogen gas in water.40,42 Further, since the Ir(I)-catalyst is
insoluble and inactive in water, the hyperpolarization by the

HET-SABRE catalyst demonstrates its high efficiency and
strong binding to the resin.
In addition to high hyperpolarization efficiency and

compatibility with water, the new catalyst design demonstrates
successful separation and recyclability of heterogeneous
catalysts (Figure 3). During the recycling procedure, the
reused HET-SABRE catalysts showed similar efficiencies in
each measurement, demonstrating that continuous hyper-
polarization in water is possible.
Nicotinamide (vitamin B3 amide), which has low in vivo

toxicity, is potentially an attractive molecular imaging
target.49,50 It significantly can be utilized to improve the
resolution of future studies with hyperpolarized nicotinamide.
It was confirmed that the 1H NMR signal of nicotinamide in
D2O was amplified up to (−) 0.44% at 70 G (Figures 4b and
S6). These data suggest that various compounds can be
hyperpolarized in water through the HET-SABRE precatalyst.
A unique solid-supported organometallic iridium catalyst for

SABRE was successfully developed and demonstrated enhance-
ment of the 1H NMR signal of pyridine in both methanol and
water for the first time, which can be used continuously in a
flowing system. 1H signal amplification between (−) 2000 and
(−) 4000-fold (more than 40%) was obtained from newly
synthesized HET-SABRE catalysts in methanol, which

Figure 1. (a) Schematic of HET-SABRE showing 1H pyridine and
para-hydrogen exchange on the activated HET-SABRE precatalyst
(5) producing efficient 1H hyperpolarization. (b) 1.4 mM pyridine
was hyperpolarized with 8 mg of catalyst via HET-SABRE in
methanol-d4 using 1 atm of para-hydrogen. 1H NMR spectrum
without hyperpolarization (black, 1024 scans and plotted 1000×) and
with HET-SABRE (blue) is shown in Figure 1. Amplification factors ε
were (−) 2881, (−) 2189, and (−) 4455-fold, corresponding to (−)
27.9, (−) 21.2, and (−) 43.2%, for Ho, Hp, and Hm, respectively. (c)
Optimized hyperpolarized activation time.

Figure 2. (a) 1H NMR spectrum of HET-SABRE in water.
Hyperpolarized 1.4 mM pyridine (8 mg catalyst) via HET-SABRE
in D2O (with 10 μL of DMSO-d6 as the reference) using 1 atm of
para-hydrogen. [Amplification factor ε = (−) 53, (−) 45, and (−)
9.5-fold, corresponding to polarization = (−) 0.51, (−) 0.44, and (−)
0.09%, for Ho, Hp, and Hm, respectively.] The black line is a thermal
NMR signal averaged over 16,384 scans, and the blue line is a
hyperpolarized NMR signal in 1 scan. (b) 1H hyperpolarized 1.4 mM
pyridine polarization in various magnetic fields.
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dramatically advanced the current HET-SABRE approach. In
fact, by optimizing the para-hydrogen gas pressure and various
experimental conditions (e.g., polymer support particle size,
total catalyst concentration on solid-support, etc.), larger NMR
signal enhancement may be expected in the future. Unlike
conventional catalysts, they enable easy separation and
recycling of the SABRE catalyst in solution, and the removal
of unwanted chelating ligands has already been addressed in
advance.
The newly developed HET-SABRE catalyst here was also

used to induce the real-time hyperpolarization of pyridine and
nicotinamide in aqueous media. This will ultimately enable
hyperpolarized biomolecules in biomedical water.51,52 Indeed,
our efforts not only improve signal enhancement through these
experimental optimizations but also identify SABRE-based
real-time hyperpolarization of biological/biomedical materials
in a heterogeneous system.

■ METHODS

Sample Preparation
Most of the reagents used in this work were purchased from Sigma-
Aldrich, Alfa Aesar, Tokyo Chemical Industry, and other companies.
The samples used for the SABRE experiments contained 8 mg of the
HET-SABRE precatalyst (5) and the selected substrate, either
pyridine or nicotinamide (Sigma-Aldrich). The catalysts were chosen
following optimization. The solvents were methanol-d4 (Eurisotop)
and water-d2 (Eurisotop). The total sample volume was 0.9 mL.
HET-SABRE Experiments
All the experiments presented in this article were carried out using a
Nanalysis 60 MHz spectrometer or a Bruker 300 MHz spectrometer
and referenced to the residual solvent peak of methanol-d4 (δ = 3.31
ppm) and water-d2 (δ = 4.79 ppm) with a permanent magnet at room
temperature. The mostly used para-hydrogen generator was enriched
to ∼50% similarly as described previously and stored in Dewar
containers to be used on demand (∼100% para-hydrogen was used
for nicotinic amide).

8 mg of the HET-SABRE precatalyst (5) was placed in a 5 mm
NMR tube fitted with a J. Young’s cap along with various pyridine
concentrations dissolved in 900 μL of thw NMR solvent. After para-
hydrogen bubbling within the various magnetic fields, the sample was
quickly transferred to the NMR spectrometer, and an enhanced signal
was detected. Results were obtained by a 90-degree proton pulse
using “zg 90” using one scan. The NMR data were analyzed by Mnova
Software (Mestrelab Research, S.L.).
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