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Abstract

We report on a simple approach for efficient NMR proton hyperpolarization of propane using 

parahydrogen-induced polarization (PHIP) technique, which yielded ~6.2% proton polarization 

using ~80% parahydrogen, a record level achieved with any hyperpolarization technique for 

propane. Unlike in previously developed approaches designed for continuous flow operation, 

where reactants (propene and parahydrogen) are simultaneously loaded for homogeneous or 

heterogeneous pairwise addition of parahydrogen, here a batch-mode method was applied: 

propene was first loaded into the catalyst-containing solution, which was followed by 

homogeneous hydrogenation via parahydrogen bubbling delivered at ~7.1 atm. The achieved 

nuclear spin polarization of this contrast agent potentially useful for pulmonary imaging was 

approximately 2 orders of magnitude greater than that achieved in the continuous-flow 

homogeneous catalytic hydrogenation, and a factor of 3–10 more efficient compared to the typical 

results of heterogeneous continuous-flow hydrogenations.
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Hyperpolarization of nuclear spins enables enhancement of nuclear magnetic resonance 

(NMR) signal by several orders of magnitude.[1] Therefore, NMR hyperpolarization is an 

efficient approach for overcoming the sensitivity challenges of NMR spectroscopy and 

magnetic resonance imaging (MRI). Production of hyperpolarized (HP) contrast agents for 

clinical and industrial applications is a rapidly developing field. The most widespread 

hyperpolarization techniques in the context of biomedical applications are dissolution 

dynamic nuclear polarization (d-DNP),[1b, 2] spin-exchange optical pumping (SEOP)[3] and 

parahydrogen-induced polarization (PHIP).[4] D-DNP is well established for production of 

HP solutions of metabolites (e.g. pyruvate), which can be used as contrast agents for 

molecular imaging of cancer[5] and other pathologies.[6] HP noble gases (e.g. 129Xe or 3He) 

obtained by SEOP can be employed for functional MRI of lungs[7] and other applications.[8] 

However, both DNP and SEOP techniques have significant drawbacks: ~ 1 h long 

polarization cycles, expensive and sophisticated hardware. Moreover, MRI detection of 

heteronuclei (i.e., other than proton) is not common for standard clinical MRI facilities. On 

the other hand, PHIP technique for production of proton-hyperpolarized gases obviates all of 

the above shortcomings, because it is very simple and instrumentationally non-demanding. 

In PHIP, singlet spin order of parahydrogen (p-H2) is used to create non-equilibrium spin 

states[4a] via pairwise addition of two atoms from the same p-H2 molecule to some 

asymmetric unsaturated substrate (Figure 1a). Once the symmetry of p-H2 molecule is 

broken as the nascent parahydrogen protons become magnetically non-equivalent in the 

reaction product, a non-equilibrium nuclear spin polarization is produced, which can be 

conveniently detected using conventional proton detection universally available on nearly all 

NMR spectrometers and MRI scanners.

Despite the initial PHIP phenomenon discovery in the 1980s,[4a] it was deemed to be 

relatively impractical to design molecular contrast agents with hyperpolarization pool stored 

on protons, because of their relatively short T1 resulting in rapid (few seconds or less) 

depolarization. Indeed, much of the later biomedical efforts were focused on polarization 

transfer from nascent parahydrogen protons to significantly slower relaxing (a minute or 

more) 13C sites for in vivo angiography[9] and molecular imaging[10] applications. However, 

the discovery of the long-lived spin states[11] (LLSS) provided a glimpse of hope that the 
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lifetime of proton HP for contrast agents produced by PHIP could be extended. Indeed, 

LLSS of HP protons in gaseous propane were recently demonstrated with TLLSS reaching 5–

6 s,[12] which is sufficiently long for potential biomedical use as inhalable contrast agents for 

functional pulmonary imaging.

HP propane is a non-toxic gas[13] and is a promising alternative to HP 129Xe, because its 

PHIP production is relatively inexpensive, its NMR/MRI detection does not require 

specialized 129Xe radiofrequency hardware and software, and it can enable 3D MRI with 

superb spatial (~0.5×0.5×0.5 mm3 voxel size) resolution even at nuclear spin polarization 

(%PH) of ~1%.[12] Increasing the %PH of propane and other HP gases is certainly required, 

and it is an area of extensive experimental efforts.[14]

Pairwise p-H2 addition can be achieved by either homogeneous[9] or heterogeneous 

(HET)[15] catalysis. The important advantage of HET-PHIP is the ability to produce pure HP 

gases, e.g. propane.[12a, 14a, 14c] However, the level of proton polarization of HP propane 

produced by HET-PHIP is relatively low at %PH~1%.[14a] An alternative approach is the 

biphasic gas-liquid hydrogenation of propene by bubbling its mixture with p-H2 through a 

catalyst solution.[16] This approach also allows producing HP propane in the gas phase in a 

continuous flow regime, however %PH achieved to date were relatively low, i.e. < 1%. In 

principle, near 100% pairwise addition of p-H2 is theoretically possible,[4a, 4b] and because 

of our long-term goal of using HP propane as HP inhalable contrast agent, the motivation for 

this work is to improve %PH of HP propane via PHIP. Herein, we explore PHIP of propane 

using a previously established batch-mode approach for production of injectable contrast 

agents,[9, 17] where catalyst and to-be-hyperpolarized substrate are loaded in the liquid phase 

first, which is followed by pairwise addition of p-H2 gas and produces a batch of HP 

contrast agent.

In this study, we utilized the [Rh(L)(dppb)]BF4 complex most widely used in PHIP 

experiments as a catalyst for p-H2 pairwise addition (L = NBD (norbornadiene) or = COD 

(cyclooctadiene), dppb = 1,4-bis(diphenylphosphino)butane). First, the simultaneous loading 

of propene and p-H2 into the catalyst solution in a continuous flow regime was tested, 

similarly to the experimental protocol used previously.[16] However, here an elevated p-H2 

pressure (~7 atm vs. 1 atm) was employed (Figure 2), because it increases p-H2 

concentration in the liquid phase[18] and consequently increases the rate of 

hydrogenation.[17b] NMR detection of HP propane was performed in the liquid phase of 

methanol-d4. HP NMR resonances of propane were observed under both ALTADENA[19] 

and PASADENA[4b] conditions with good reproducibility (> 10 experiments were repeated 

on the same catalyst solution portion, Figures S2 and S3). However, the NMR signal 

enhancements (SE) of HP propane’s methyl and methylene resonances were low (only ca. 

3–10 fold, corresponding to %PH of 0.01–0.03% using ~50% p-H2).

In the batch-mode approach, propene is loaded first (by saturating the catalyst solution by 

propene bubbling at 1 atm pressure) followed by pressurizing the sample and bubbling with 

p-H2 through the solution at ~7.1 atm. This experimental protocol is ~100 times more 

efficient than the continuous-flow method described above, and yielded signal enhancements 

and polarizations as high as SE ~ 1910 and %PH ~ 6.2% under ALTADENA conditions 
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(Figure 2) using ~80% p-H2 without taking into account possible polarization losses due to 

relaxation processes. Correspondingly, when ~50% p-H2 was used (Figure S8), SE and %PH 

were decreased to 840 and 2.7% respectively.

The comparison of two catalysts at several concentrations shown in Figure 3a clearly 

indicates that the catalyst performance with NBD ligand is significantly better than that with 

COD ligand. Additionally, in both cases, catalyst concentration also impacts the apparent 

%PH. Moreover, Figure 3b shows a definite advantage of using high p-H2 pressure for 

improving apparent %PH for HP propane in liquid phase hydrogenation. Furthermore, 

additional experiments performed at various hydrogenation temperatures exhibit a 

temperature dependence of %PH as well (Figure 3c).

The potential possible explanation of such a dramatic difference in catalyst’s performance 

between continuous-flow and batch mode hyperpolarization procedures is partially based on 

the differences in concentrations of reactants in the solution, which is in line with previously 

published studies. These studies reported high level of hyperpolarization achieved via batch-

mode loading of substrate following by reaction with p-H2: i.e. utilizing 2-hydroxyethyl 

acrylate,[9] fumarate,[21] phosphoenolpyruvate,[22] and more recently vinyl acetate[17b, 23] 

with similar or identical catalyst, where high levels of hyperpolarization were detected 

for 1H[17b] or 13C[23b] nuclei (the latter is an indirect confirmation that proton polarization 

was high prior to polarization transfer from nascent parahydrogen protons[17b] 

to 13C[17b, 23b]) In case of separate loading of reactants using batch-mode production, the 

initial concentration of loaded propene is 330 ± 45 mM (according to reference signals of 

catalyst’s thermally polarized protons). On the other hand, H2 solubility in methanol is only 

~28 mM at 7.1 atm.[24] Moreover, simultaneous loading of propene and excess p-H2 in the 

continuous flow mode also likely results in the irreversible catalyst degradation of some 

fraction of Rh catalyst. This is indirectly confirmed by the fact that once the propene 

substrate is depleted in the batch-mode procedure, and the catalyst solution is further 

bubbled with p-H2, the subsequent attempts to re-load the propene substrate to repeat the 

hyperpolarization cycle were unsuccessful (i.e. > 1 order of magnitude lower polarization 

signals). Furthermore, continuous-flow mode experiments utilized somewhat lower p-H2 

partial pressure likely resulting in a slower production of hyperpolarized product.

The reported here %PH value of ~6.2% was obtained with ~80 % p-H2, so that utilization of 

100% p-H2 would increase proton polarization to ~9% for hyperpolarized propane.[25] This 

value is substantially higher than typical values reported for propane or any other 

hydrocarbon gas hyperpolarized by PHIP so far. For PHIP, the highest reported %PH value 

was ~1% for HP propane.[14a, 15b] To date, no other HP techniques have reported 

hyperpolarization on hydrocarbon gases. We note that although the nascent proton 

polarization in PHIP can exceed 50% for some injectable contrast agents,[17a, 26] (i) the 

direct proton detection is usually not performed in situ of production inside a hyperpolarizer, 

and (ii) proton polarization is too short-lived to be useful for injectable contrast agents. 

While d-DNP can hyperpolarize proton sites in principle,[27] no reports have been shown 

that d-DNP can efficiently hyperpolarize any gas besides 129Xe[28] and 15N2O.[29]

Salnikov et al. Page 4

Chemphyschem. Author manuscript; available in PMC 2017 November 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The presented polarization values are likely somewhat underestimated due to residual 

hydrogenation of substrate during the delay between the acquisitions of the ALTADENA 

spectrum and the spectrum of fully relaxed solution. This delay (of >2 min) is mandatory, 

because HP must return back to the equilibrium state for probing propane concentration in 

the solution; also note that the alternative efforts of using normal H2 at room temperature 

yielded small (yet detectable) HP signatures of propane, and therefore are unsuitable for 

quantification. The T1 relaxation time constants of propane HP states induced via 

ALTADENA condition in solution are 22.4±0.5 s for CH2 group and 16.1±0.3 s for CH3 

group respectively, which is in qualitative agreement with T1 measurements of dissolved 

thermally-polarized propane using inversion recovery technique (23.3±0.3 s and 19.6±0.3 s 

respectively). These values are significantly greater than the corresponding relaxation decay 

constants of HP propane in the gas phase.[12a, 30] Moreover, the decay constants could be 

even greater at low magnetic fields due to LLSS presence.[12a] Therefore, the production of 

HP propane in the liquid (vs. gas) phase using the presented batch-mode approach may be 

advantageous, because the decay of the HP state can potentially minimize polarization 

losses, and hydrogenation process can continue significantly longer without significant 

polarization decay losses.

Future studies are certainly warranted to optimize the HP propane production by the batch-

mode approach, including catalyst improvement to yield greater degree of the pairwise 

addition of p-H2 and greater % conversion (up to ~100% from the 40–80% conversion levels 

achieved here, Figure S6), further optimization of p-H2 pressure and reaction temperature, 

and others. Moreover, HP propane separation from the liquid phase and filtration from 

residual propene, H2 and norbornene/norbornane certainly have to be addressed in the 

context of potential biomedical use of HP propane gas, which was not pursued in the 

feasibility study described here.

Experimental Section

All experimental procedures, additional NMR spectra are provided in Supporting 

Information (SI) for this communication.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Scheme of p-H2 pairwise addition to propene. (b) ALTADENA[19] 1H NMR spectrum 

acquired after PHIP of propene with p-H2 with separate loading of reactants into the catalyst 

solution in CD3OD (duration of p-H2 bubbling is 8 s) corresponding to the batch-mode 

condition (corresponding PASADENA spectrum obtained using 50% p-H2 is provided in 

Figure S4). (c) 1H NMR spectrum of thermally-polarized solution with loaded propene 

before p-H2 bubbling. (d) 1H NMR spectrum of fully relaxed (i.e. thermally-polarized 

condition) reaction mixture obtained after the experiment (b). Note that spectra (c) and (d) 

are scaled by a factor of 64. SE = 1910 for CH2 group of propane, corresponding to %PH = 

6.2 % (80% p-H2). Resonances labeled * correspond to the initial [Rh(NBD)(dppb)]BF4 

complex and its reduced form. Note the additional HP resonances labeled with ° correspond 

to HP norbornene and norbornane due to PHIP process of these catalyst-derived 

compounds.[20]
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Figure 2. 
The diagram of the experimental setup. In continuous-flow experiment, both gas flows are 

operating and enable continuous simultaneous loading of propene and p-H2 through the 

catalyst solution placed in the NMR tube. Normal ultra-high purity (>99.999%) hydrogen 

gas passes through Fe(OOH) catalyst at liquid N2 temperature (~77K) or utilizes a p-H2 

generator using cryo-cooling (and producing ~80% p-H2). Both gas flows are controlled by 

the mass flow controllers (MFC), and the system pressure is regulated by the safety valve 

(labeled as ø set to ~7.1 atm) immediately before the vent. Manual valve (⊗) enables fast (in 

less than 1 s) cessation of gas flow through solution placed in the NMR tube. In batch-mode 

production method, propene gas is loaded in the solution first, and it is followed by 

hydrogen gas flow only. Hydrogenation is performed inside 9.4 T spectrometer under 

PASADENA condition[19] and in the Earth’s magnetic field under ALTADENA[4b] 

condition respectively.
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Figure 3. 
(a) Proton polarization of HP propane as a function of catalyst concentration for two 

representative Rh-based catalysts; duration of p-H2 bubbling is 10 s. (b) Proton polarization 

of HP propane as a function of p-H2 bubbling time in three different pressure regimes. (c) 

Optimization of propane hyperpolarization by monitoring hyperpolarized 1H signal (of -

CH2- group) by varying the temperature (estimated values) of the sample (p-H2 bubbling 

duration is 8 s). Experimental data shown in (b) and (c) is collected for [Rh(NBD)dppb]BF4 

catalyst.
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