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Abstract

A novel variant of an iridium-based organometallic catalyst was synthesized and used to enhance
the NMR signals of pyridine in a heterogeneous phase by immobilization on polymer microbead
solid supports. Upon administration of parahydrogen (pHy) gas to a methanol mixture containing
the HET-SABRE catalyst particles and the pyridine, up to fivefold enhancements were observed in
the IH NMR spectra after sample transfer to high field (9.4 T). Importantly, enhancements were
not due to any residual catalyst molecules in solution, thus supporting the true heterogeneity of the
SABRE process. Further significant improvements may be expected by systematic optimization of
experimental parameters. Moreover, the heterogeneous catalyst is easy to separate and recycle,
thus opening a door to future potential applications varying from spectroscopic studies of
catalysis, to imaging metabolites in the body without concern of contamination from expensive
and potentially toxic metal catalysts or accompanying organic molecules.
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Magnetic resonance imaging (MRI) of metabolic markers offers a powerful method for
screening and diagnosing diseases, as well as gauging response to treatment. Yet at
Boltzmann equilibrium, spin polarizations of conventional MR (on the order of ca. 10—
107) are too low--and the metabolites are often too dilute--to detect, quantify, or image such
substances in vivo on a reasonable time scale.[*] However, spin-order attained by
hyperpolarizing substances beyond Boltzmann levels can be high enough to overcome the
otherwise-poor detection sensitivity, thus enabling a wide range of novel approaches.
Furthermore, because the high nuclearspin polarization is independent of the magnetic field,
strong magnetic fields are unnecessary for some applications, thus permitting low/zero-field
MRS/MRI,[2] and even remotely detected MRS/MRI.[31 Well-known hyperpolarization
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approaches include dynamic nuclear polarization (DNP)[4! and optical pumping.[®! However,
another route to address the NMR/MRI sensitivity problem is to use parahydrogen (pHy) as
the hyperpolarization source, as is done in a family of techniques referred to collectively as
PHIP (parahydrogen-induced polarization).[] There are two varieties of PHIP: In traditional
PHIP, molecular precursors with unsaturated chemical bonds are hydrogenated by molecular
addition of pH,, thereby transferring the nuclear spin-order to the molecular products. In a
more recent variant, dubbed SABRE (signal amplification by reversible exchange),[30:7]
spin-order may be transferred from pH, to target molecules during the lifetime of transient
molecular complexes (ostensibly[79]) without permanent chemical change. Importantly,
catalysis plays a critical role in both PHIP approaches, as they each generally require an
organometallic catalyst to facilitate the underlying chemical reactions. These reactions
typically take place under conditions of homogeneous catalysis, a process wherein the
catalyst molecules are dissolved within the same phase as the reagents. Thus, the wider
biological application of PHIP for production of highly polarized liquids is constrained by
the difficulty of separating the potentially toxic and expensive catalyst substances from the
created hyperpolarized (HP) agents. Furthermore, the chemistry of both liquid-phase
SABRE and aqueous PHIP first requires catalyst activation, thus often resulting in the
release of chelating substances (e.g. octadiene, norbornadiene, or derivatives) into the liquid
phase.

Following the progress with conventional PHIP8l and Overhauser DNP,[®] we report herein
the first observation of SABRE enhancement of NMR signals in solution using a
heterogeneous catalyst. The novel HET-SABRE catalyst is prepared by immobilizing an
iridium-based organometallic catalyst onto micropolymer beads. Upon administration of
pH, gas and sample transfer to high field (9.4 T), up to about fivefold enhancements were
observed in the 1H NMR spectra of the substrate (pyridine). The emissive peak
enhancements were qualitatively similar to those observed with the corresponding
homogeneous SABRE catalyst. It is also shown by NMR spectroscopy, AAS, and MS that
such enhancements were not due to any residual catalyst molecules in solution, thus
supporting the true heterogeneity of the SABRE process.

Relevant chemical structures are shown in Scheme 1, and the syntheses and
characterizations are summarized with details provided in the Supporting Information.
Briefly, the first steps provide synthesis of an N-heterocyclic carbene (NHC)/iridium
catalyst[19] (itself used in various previous homogenous SABRE experimentsl’¢.d.9l): The
iridium dimer 1 was reacted with the NHC derivative 2 in benzene and an inert atmosphere.
After vacuum-drying and recrystallization in pentane, [IrCl(cod)(IMes)] (3) was obtained
[IMes=1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene; cod=cyclooctadiene]. In
subsequent steps, inspired by an approach in reference 11, 3 is first reacted with AgPFg in
THF and an inert atmosphere, wherein precipitation of AgCl drives the removal of the ClI
moiety from 3 and the weak association of the PFg~ ion. Filtration of the solution and
addition of commercial polymer microbeads functionalized with 4-dimethylaminopyridine
resulted in the creation of the final HET-SABRE catalyst 4. This approach was designed to
exploit the fact that one of the pyridine-accepting positions on the catalyst’s iridium center is
not labile.[72.0.1]
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Successful immobilization of the iridium complex onto the polymer microbeads was
supported by AAS, IR, and MS experiments. According to AAS, the iridium complex
comprises about 4% of the total HET-SABRE catalyst particles by weight (see the S
upporting Information).

Results from SABRE demonstration experiments are provided in Figure 1. About 14 mg of
4 (corresponding to about 0.0015 mmol of the iridium complex) were added to a custom
stopcock-sealed 5 mm Pyrex NMR tube with 200 uL [D4]MeOH and 0.03 mmol
[Hs]pyridine ([Hs]Py). A typical thermally polarized 1H NMR signal, obtained after
degassing the sample, is shown in Figure 1a. After addition of about 2400 Torr (ca. 320 kPa)
of pH, gas (pH, fraction: ca. 64%) to the sample and a brief period of vigorous shaking in
the fringe field of a wide-bore 9.4 T magnet (local field: ca. 100G), the NMR tube was
immediately inserted into the magnet and a corresponding HET-SABRE-enhanced 1H NMR
spectrum was obtained (Figure 1b). Clear and unambiguous HET-SABRE enhancement was
observed, as manifested by: 1)the larger signal, and 2)the emissive peaks for the substrate
pyridine resonances in a pattern qualitatively similar to that typically achieved with the
homogeneous version of the catalyst 3 (see the Supporting Information). Note that during
the shaking, the particles are distributed throughout the sample liquid, however, as soon as
the shaking is finished, the particles quickly settle out onto the bottom of the NMR tube,
thus effectively separating themselves from the liquid in the coil region. Indeed, the
chemical shifts of the THNMR resonances for the substrate pyridine, in Figures 1a,b, are all
for free (unbound) pyridine. Resonances for bound pyridine are also typically observed in
the case of homogeneous SABRE. Quantification of enhancements (&) is impeded by the
reduced shim quality (from the sample shaking, heterogeneous sample contents, and reduced
liquid level to facilitate mixing), which gives rise to imperfect spectral line shapes.
Nevertheless, testing different integration limits allows estimated values of e=(-)5.2+0.3,
(-)4.1%0.3, and (-)2.7%0.2 respectively for ortho, para, and meta positions around the
pyridine ring to be obtained using: e=(Senhanced- Sthermal)! Sthermal,» Where S'is a given
integrated spectral intensity from Figures 1a,b (in good quantitative agreement with simple
peak-height measurements). These results may be compared with corresponding SABRE
enhancements obtained with the homogeneous SABRE catalyst 3, with e values of up to
about (=)70-fold being achieved under otherwise comparable conditions, but with a similar
pattern of relative enhancements (see the Supporting Information).

Particularly given the larger enhancements observed under homogeneously catalytic
conditions, it is important to confirm that the results in Figure 1b are not simply a result of
conventional (i.e. homogeneous) SABRE, involving catalyst molecules which have leached
from the solid supports and become dissolved in solution. Following the experiment in
Figure 1b, the supernatant liquid was separated from 4, and a similar SABRE experiment
was performed on that liquid in the absence of 4. Figure 1c shows a thermally polarized
IHNMR spectrum from the supernatant solution, and can be compared to that obtained after
the administration of 2400 Torr (ca. 320 kPa) of pH> (ca. 59% pH, enrichment), agitation at
about 100 G, and insertion into the 9.4 T magnet (Figure 1d). No SABRE enhancement is
observed in Figure 1d. Moreover, AAS, MS, and long-time IH NMR acquisition did not
indicate the presence of leached catalyst in the supernatant solution (within detection limits).
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Furthermore, signatures of substrate [Hs]Py, solvent ([D4]MeOH), and cyclooctane were
present in all four spectra (Figure 1; Hy(g) is also observed in the SABRE experiments
Figure 1b,d). Cyclooctadiene is hydrogenated as a byproduct and removed from the iridium
center[79] as part of catalyst activation.

Taken together, these results strongly support the conclusion that the enhancements in Figure
1b were not due to residual homogeneous catalyst floating freely in solution, but instead are
the result of a true heterogeneous SABRE process. Finally, the HET-SABRE experiment in
Figure 1b was repeated using [Ds]pyridine as the substrate. No discernable SABRE
enhancement of the substrate resonances could be detected and no evidence of H/D isotopic
exchange was observed under the present conditions, results that are consistent with the
traditional (nonhydrogen exchange) explanation of SABRE(@ for the HET-SABRE results
in Figure 1b (the recent observation of D/H exchange between substrate and pH, during
high-field studies of homogeneous SABRE with 3 occurred over longer experimental
durations and under conditions of stopped-flow pH, gas deliveryld]).

In summary, we have reported a novel polymer-supported organometallic iridium catalyst
and used it to demonstrate the feasibility of HET-SABRE by achieving enhancement of the
1H NMR signals of the substrate pyridine--the first such results of which we are aware.
While the fivefold enhancements in the NMR signals of the substrate are modest compared
to previous results obtained with homogeneous SABRE, it should be pointed out that these
pilot experiments were performed under unfavorable conditions compared to those of
homogeneous SABRE:[72] 1) significantly higher substrate-to-catalyst ratio, 2) about 64%
pH. used, and 3) localized nature of active iridium centers on the surface of the solid
support. Thus, given that other groups have achieved much larger enhancements than the
corresponding homogeneous SABRE enhancements reported above, the present HET-
SABRE enhancements should not represent a fundamental limit of the HET-SABRE
approach. Indeed, it should be possible to achieve much larger HET-SABRE enhancements
in the future by improving the delivery of both pH, gas and the substrate to the catalyst
materials (e.g. under much higher pH, pressure and continuous flow), as well as by
optimizing catalyst material design (e.g. to improve the solvent accessibility and surface
density of activated catalyst sites) and other experimental conditions (including temperature,
concentrations, and magnetic field). Furthermore, the substrate-to-catalyst ratio can be
decreased by orders of magnitude, because the catalyst can be recycled and used for
polarization of multiple batches of substrate. Finally, we note that the HET-SABRE catalyst
should be easy to separate from the solution and recycle, and it should also now be possible
to solve the issue of unwanted release of chelates into solution by preactivating the catalyst
particles before use. Thus these results, combined with the ready potential of SABRE to
achieve relatively low-cost, rapid, and high-throughput production of hyperpolarized
substances, open a door to the straightforward preparation of chemically pure HP agents.
Future efforts will investigate the potential translation of this approach to a range of
biological, in vivo, and ultimately clinical spectroscopic and imaging studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Sending a signal:

A novel variant of an iridium-based organometallic catalyst was synthesized and
immobilized on polymer microbeads. Upon administration of parahydrogen (pH>) gas to
a solution containing the catalyst and pyridine, up to a fivefold enhancement is observed
in the THNMR spectra owing to the title process (HET-SABRE). The catalyst is easy to
recycle and holds potential for applications varying from spectroscopic studies of
catalysis to imaging metabolites.
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Scheme 1.

Relevant structures and a synthetic summary for preparation of the HET-SABRE catalyst
studied herein. a)Preparation of the [IrCl(cod)(IMes)] SABRE catalyst (3), which is a
precursor for the preparation of the covalently linked SABRE catalyst 4.
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Figurel.
a) Proton NMR spectrum from a degassed mixture containing [D4]MeOH, the HET-SABRE

catalyst particles, and the [Hs]Py substrate thermally polarized at 9.4T. b) Corresponding
HET-SABRE spectrum obtained from the sample immediately after administration of pH,
gas, agitation at about 100G, and rapid transfer to the 9.4T NMR magnet. c) Thermally
polarized proton NMR spectrum from a supernatant solution. The corresponding control
experiment using the supernatant solution is shown in (d) and no SABRE enhancement is
observed. All spectra shown were acquired with a single scan (90° pulse). Peaks at about
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6=3.3 and 4.9ppm are from residual protons from the deuterated solvent. The peak at
&=4.5ppm in (b) and (d) is from H gas. The peak at 6=1.3 is assigned to cyclooctane
(CgH16).[79] Spectra from an additional supernatant control experiment, as well as additional
experimental details, are provided in the Supporting Information.
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