


state NMR of quadrupolar nuclei is challenging due to rapid

quadrupolar relaxation resulting in a significant broadening

of the NMR lines. To the best of our knowledge, there are

only a few examples of quadrupolar nuclei hyperpolarization

by PHIP so far, limited only to 2H and 11B. Aime et al.

demonstrated spontaneous hyperpolarization of deuterium

in ethylene-d2 and ethane-d4 produced via pairwise addition

of p-H2 to the corresponding unsaturated precursors at a

low magnetic field (i.e., under ALTADENA[22] (adiabatic

longitudinal transport after dissociation engenders net align-

ment) conditions) with polarization transfer mediated by 13C

nuclei present at natural abundance.[23] Additionally, 2H

nuclei can be polarized directly in the orthodeuterium-

induced polarization (ODIP) experiments[24,25] which are

conceptually similar to PHIP but use orthodeuterium as a

source of spin order instead of p-H2. Next, hyperpolarization

of 11B nuclei in aminoborane frustrated Lewis pairs was

observed as a result of activation of p-H2 and the application

of PH-INEPT (parahydrogen–insensitive nuclei enhanced

by polarization transfer) RF pulse sequence[26] or produced

spontaneously for the reaction intermediates in alkyne

hydrogenations catalyzed by these compounds.[27]

Nitrogen-14 is one of the most widespread quadrupolar

nuclei (natural abundance of 14N isotope is >99%). There-

fore, hyperpolarization of 14N nuclei could potentially open

the prospects for various applications in addition to

fundamental interest. Herein, we explored the feasibility of

hyperpolarization of 14N nuclei using PHIP technique. As

the symmetry of environment has a dramatic effect on the

transverse relaxation time (T2) of quadrupolar nuclei (and,

hence, on the corresponding NMR linewidth), tetraalkylam-

monium salts with vinyl or allyl moieties were chosen as

precursors for pairwise p-H2 addition at high field

(PASADENA[4] (parahydrogen and synthesis allow dramat-

ically enhanced nuclear alignment) experiment), producing

hyperpolarized (HP) saturated tetraalkylammonium salts

(Figure 1a). Pairwise addition of p-H2 was followed by

polarization transfer to 14N nuclei at 7.05 T using PH-INEPT

(Figure 1b) or PH-INEPT+ (Figure 1c) RF pulse sequence.

To the best of our knowledge, there are four publications

on PHIP of tetraalkylammonium salts, which mostly em-

ployed 15N-labeled compounds with the aim to transfer

polarization to 15N nuclei which possess exceptionally long
15N longitudinal relaxation times (15N T1) of several minutes

at high magnetic fields.[28–31] As most of these previous

studies employed heterogeneous Rh metal nanoparticle

catalysts, for the present study we chose heterogeneous Rh/

TiO2 catalyst as a starting point. This system catalyzed the

formation of HP ethyltrimethylammonium bromide

(ETMA) when corresponding trimethylvinylammonium

(TMVA) precursor (80 mM) was employed. However, the

product yield and polarization levels were not high enough

for polarization transfer to 14N (see Supporting Information

for details, Figure S2). When the same catalyst was used for

hydrogenation of allyltripropylammonium bromide (ATPA)

with p-H2, decomposition of the reactant to propylene and

tripropylamine was observed while tetrapropylammonium

was not formed at all (Figure S3). Therefore, we moved on

to homogeneous catalysts with the goal to find the most

efficient catalytic system for polarization transfer to 14N

nuclei in these compounds.

First, cationic [Rh(NBD)(dppb)]BF4 complex (NBD=

norbornadiene, dppb=1,4-bis(diphenylphosphino)butane)

showed no hydrogenation activity as it is likely deactivated

by halide counterions of the tetraalkylammonium salts (see

Figure S4 showing inhibition of propargyl alcohol hydro-

genation upon addition of the halide). Next, the perform-

ance of Wilkinson’s catalyst [Rh(PPh3)3Cl] was investigated.

When TMVA was used as a substrate, PASADENA effects

were observed for the formed ETMA, however, the

corresponding 1H NMR signals quickly disappeared (Fig-

ure S5). Instead, other PASADENA signals emerged which

likely correspond to some saturated hydrocarbon. Moreover,

the substrate solubility in organic solvent required to

dissolve Wilkinson’s catalyst was low. Hydrogenation of

ATPA using Wilkinson’s catalyst resulted in the reactant

decomposition to tripropylamine and HP propylene similar

to the case of Rh/TiO2 (Figure S6). Next, we moved on to

water-soluble analog of Wilkinson’s catalyst [Rh(P(m-

C6H4SO3Na)3)3Cl] ([Rh]aq). This catalyst allowed us to

obtain ETMA with 0.57% 1H polarization and 23%

conversion of TMVA precursor under PASADENA con-

ditions (Figure S8). Thus, [Rh]aq catalyst was demonstrated

to be the most efficient catalyst for polarization of ETMA

among those tested in this study, and therefore, it was used

in further experiments on polarization transfer to 14N nuclei.

The preliminary trials of polarization transfer to 14N

using magnetic field cycling[15] approach were unsuccessful.

Likely this is a result of rapid T1 relaxation of
14N nuclei at

ultralow magnetic field inside the magnetic shield and at

Earth’s field (it is expected to be faster than relaxation at

high field of 7.05 T reported below). Therefore, we next

implemented high-field polarization transfer schemes based

on the PH-INEPT RF pulse sequence. The choice of PH-

INEPT was motivated by the fact that this sequence is

relatively simple and it is easily adaptable to various spin

systems.[32] The efficiency of polarization transfer using this

approach strongly depends on the choice of interpulse

delays.[33,34] The simulated dependence of PH-INEPT 14N

NMR signal of ETMA on the 1 delay is presented in
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Figure 2c. According to simulations, the maximum 14N

polarization (in absolute values) is obtained at 1=50–53 ms.

For the experimental measurement of this dependence, the

TMVA precursor concentration was increased from 80 mM

to 400 mM and p-H2 bubbling duration was decreased from

15 s to 7 s in order to perform multiple experiments on the

same sample. Under these conditions, PASADENA 1H

polarizations reached ca. 1.1–1.3% because of the reduced

polarization losses due to relaxation effects (Figure 2a). The

experimental PH-INEPT 1 sweep measurements were in

overall good agreement with simulations—the positions and

the signs of the maxima were well reproduced (Figure 2c).

Here the sign of the 14N signal signifies the appearance of its

antiphase pattern—the absorption/emission patterns are

taken to be positive while the emission/absorption patterns

negative (see Figure S9 for the evolution of PH-INEPT 14N

NMR spectra of ETMA with 1 variation). There was a

discrepancy in the relative intensities of the first two

maxima, as the simulations predicted that the first maximum

at 1=20–23 ms should be ~2 times less intense than the

second maximum at 1=50–53 ms, while in the experimental

measurements these maxima had similar absolute intensities.

Because the relaxation effects were not considered in the

simulations, this discrepancy can be attributed to the more

pronounced relaxation losses at longer 1 delays. The highest

experimentally obtained PH-INEPT 14N signal enhancement

factor for ETMA was 760, corresponding to 0.15% 14N

polarization (Figure 2b).

PH-INEPT pulse sequence results in an antiphase

heteronuclear NMR signal which would be disadvantageous

for MRI applications.[35] The required in-phase signal can be

obtained by modification of PH-INEPT sequence by adding

a refocusing block in the end (the resultant sequence is

called PH-INEPT+ [18]). Here, the optimization of PH-

INEPT+ performance for ETMA was carried out in the

same way as described previously for PH-INEPT. As the

polarization transfer blocks in PH-INEPT and PH-INEPT+

pulse sequences are the same, the 1 value previously

optimized for PH-INEPT can be safely used in PH-INEPT+

,[33,34] leaving for optimization the value of 2 only. The

performed simulations of 2 dependence of
1H-decoupled

PH-INEPT+ sequence predicted the broad maximum at

2=46 ms (Figure 2d). This maximum was reproduced

experimentally (Figure 2d). Minor horizontal shift of the

simulated dependence by ca. 5–10 ms can be attributed to

relaxation effects. The highest experimentally obtained PH-

INEPT+ 14N signal enhancement factor for ETMA was 590,

corresponding to 0.12% 14N polarization (Figure 2b). The

somewhat lower efficiency of PH-INEPT+ pulse sequence

compared to PH-INEPT likely originates from the more

pronounced relaxation effects in the case of the longer PH-

INEPT+ sequence.

Next, the [Rh]aq catalyst was examined in pairwise

parahydrogen addition to allyltrimethylammonium bromide

(ATMA) to form HP trimethylpropylammonium bromide

(TMPA). In PASADENA experiment, 1H polarizations of

4.4% and 6.6% were observed for methylene and methyl

protons of TMPA, respectively (Figure 3a). The strong

difference in polarization levels between these two groups of

protons is mainly due to a higher multiplicity of the signal of

the CH2 group. As a result, hyperpolarization losses due to

partial overlap of absorptive and emissive components of an

antiphase PASADENA signal[34] (which were not taken into

account) are more pronounced compared to the case of CH3

protons. The obtained 1H polarization levels are ca. 4–

5 times higher than in the case of ETMA hyperpolarization

under the same conditions. The simulated dependence of

PH-INEPT 14N NMR signal of TMPA on the 1 delay was in

good agreement with experimental results (Figure 3c). The

highest experimentally obtained PH-INEPT 14N signal

enhancement factor for TMPA was 240, corresponding to

0.05% 14N polarization (Figure 3b). The lower 14N polar-

izations of TMPA compared to ETMA (despite the higher
1H polarizations) can be attributed to less efficient PH-

INEPT polarization transfer in TMPA. Indeed, while in

ETMA both p-H2-derived protons are J-coupled to 14N

nucleus, in TMPA 4JNH between the HB proton (in the

methyl group) and 14N should be close to zero. More

advanced polarization transfer schemes exploiting the tran-

sient polarization of -CH2 protons in TMPA as an

intermediate site (similar to the proton-relayed approach
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recently reported for allyl esters[36]) are expected to provide

a significant increase in 14N polarization of this molecule.

14N longitudinal relaxation times (T1) were measured for the

produced compounds in the reaction mixtures under H2

pressure at 7.05 T field using inversion-recovery pulse

sequence. The corresponding values were 3.0�0.3 s for

ETMA and 1.8�0.2 s for TMPA, respectively (Figure S13).

At the same time, 14N T1 of symmetric tetraethylammonium

(TEA) bromide was 11�1 s. Encouraged by this significant

difference, we attempted to produce HP TEA by hydro-

genation of the corresponding triethylvinylammonium

bromide (TEVA) precursor with p-H2 over [Rh]aq. How-

ever, no formation of TEA was observed in this case (some

unidentified species were observed instead, Figure S14).

Hydrogenation of ATPA over [Rh]aq did not yield the

desired tetrapropylammonium (TPA) as well (Figure S15).

Likely, the increased steric hindrances impede hydrogena-

tion of C=C bonds in TEVA and ATPA precursors over

[Rh]aq, making other chemical processes more favorable.

Therefore, while symmetric TEA and (likely) TPA possess

longer 14N longitudinal relaxation times, their hyperpolariza-

tion is challenging and requires further investigation of

related chemistry.

To conclude, hyperpolarization of 14N nuclei—the iso-

tope of nitrogen with natural abundance of >99%—was

demonstrated. This was achieved via pairwise addition of

parahydrogen to tetraalkylammonium salts with unsaturated

vinyl or allyl moieties followed by subsequent polarization

transfer to 14N nuclei at a high magnetic field using PH-

INEPT or PH-INEPT+ pulse sequence. Up to 760-fold 14N

NMR signal enhancement was achieved at 7.05 T, corre-

sponding to 0.15% 14N polarization. The efficiency of this

approach can be further increased by careful optimization of

chemistry and physics of the process. In particular, one can

identify more efficient hydrogenation catalysts providing

higher polarization levels and greater selectivity toward the

desired reaction products. Alternatively, deuteration of the

substrate is expected to prolong 14N hyperpolarization

lifetime[28] while the use of other polarization transfer

schemes (e.g., ESOTHERIC[19] RF pulse sequence or PH-

INEPT modified with frequency-selective pulses[32,33]) may

boost the efficiency of polarization transfer to 14N. More-

over, other hyperpolarization techniques besides PHIP (in

particular, dDNP and SABRE) can be potentially employed

for hyperpolarization of 14N nuclei.
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