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Abstract: Nuclear magnetic resonance is often the technique of
choice in chemical analysis because of its sensitivity to
molecular structure, quantitative character, and straightfor-
ward sample preparation. However, determination of trace
analytes in complex mixtures is generally limited by low
sensitivity and extensive signal overlap. Here, we present an
approach for continuous hyperpolarization at high magnetic
field that is based on signal amplification by reversible
exchange (SABRE) and can be straightforwardly incorporated
in multidimensional NMR experiments. This method was
implemented in a 2D correlation experiment that allows
detection and quantification of analytes at nanomolar concen-
tration in complex solutions.

Although NMR has gained a prominent role in chemical
analysis over the last decades, investigation of dilute compo-
nents still suffers from the relatively poor sensitivity of the
technique. This limitation is further aggravated by the low
dispersion of proton NMR resonances, which, in the case of
complex mixtures, results in extensive signal overlap. As of
today, NMR investigation and quantification of analytes
below 20 mm remains a difficult task for challenging systems
such as biofluids and natural extracts. Nuclear spin hyper-
polarization methods in solution, such as dissolution dynamic
nuclear polarization (dissolution DNP),[1] and signal amplifi-
cation by reversible exchange (SABRE)[2] have been pre-
viously exploited in the context of mixture analysis to boost
NMR sensitivity.[3] However, fast 1H relaxation has so far
limited the application of dissolution-DNP to heteronuclear
NMR (mainly 13C), which, for natural systems, requires
relatively high analyte concentrations (typically millimolar).
In contrast, SABRE allows NMR detection at sub-micro-
molar concentration,[4] albeit limited to species that can
reversibly bind to an iridium-based metal complex in solution,
as already shown for nucleobases,[5] amino acids,[6] drugs,[7]

and tagged oligopeptides.[8] Furthermore, as SABRE relies on
the reversible interactions of para-hydrogen (p-H2) and
substrate molecules at the metal complex, fast sample re-
polarization is possible by bubbling p-H2 through solution.[5,9]

Here, we employ continuous hyperpolarization at high
magnetic field for acquisition of 2D NMR spectra of complex
mixtures in the nanomolar concentration regime. This experi-
ment is fundamentally different from recently proposed high-
field SABRE methods,[10] as it targets exclusively bound
substrate molecules, and it does not require the matching of
stringent conditions by selective radiofrequency irradiatio-
n.[10a–c] Therefore, it can provide the correlations of all
SABRE complexes in solution at once, in a single spectrum.
The combination of enhanced sensitivity from p-H2-derived
hyperpolarization and increased signal dispersion from multi-
dimensional NMR spectroscopy, allows investigation of
complex solutions far below conventional 2D NMR detection
limits.

We have previously demonstrated that a large excess of
metal ligand (referred to as “co-substrate”) is necessary to
preserve the efficiency of SABRE when the substrate under
investigation is highly dilute.[4] The approach we here present
depends on the structural asymmetry of co-substrate com-
plexes (Figure 1).

For such asymmetric complexes, the two hydride ligands
resulting from p-H2 binding (HA and HX in Figure 1) are not
chemically equivalent, which determines fast singlet–triplet
mixing at high magnetic field. Since p-H2 binding and
dissociation occur asynchronously for the metal complexes
in the sample, oscillating components of the hydridesÏ singlets
(i.e. zero-quantum coherence) are rapidly dephased.[11] The
surviving singlet term, longitudinal spin order, can be
converted to enhanced hydride NMR signals, as previously
proposed by Woods et al.[12] Alternatively, enhanced hydride

Figure 1. Schematic representation of the asymmetric [Ir(IMes)(H)2-
(mtz)2(sub)]Cl complex for a pyridine-like substrate (sub) in the
presence of a large excess of 1-methyl-1,2,3-triazole (mtz) as co-
substrate. Only hydride HA, trans with respect to the substrate,
displays an appreciable scalar coupling interaction with substrate
protons HM, indicated by the arrows.

[*] N. Eshuis, Ing. R. L. E. G. Aspers, B. J. A. van Weerdenburg,
Dr. M. C. Feiters, Prof. Dr. F. P. J. T. Rutjes, Prof. Dr. S. S. Wijmenga,
Dr. M. Tessari
Radboud University, Institute for Molecules and Materials
Heyendaalseweg 135, Nijmegen, 6525 AJ (Netherlands)
E-mail: m.tessari@science.ru.nl

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201507831.

Angewandte
Chemie

14527Angew. Chem. Int. Ed. 2015, 54, 14527 –14530 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://dx.doi.org/10.1002/ange.201507831
http://dx.doi.org/10.1002/anie.201507831
http://dx.doi.org/10.1002/anie.201507831


magnetization has been exploited to characterize metal
dihydride complexes by 2D heteronuclear NMR spectrosco-
py.[13] Here, the spin-order of the hydrides is used to enhance
the NMR signals of substrate protons in the metal complex by
long-range scalar couplings. Being performed at high field, no
sample transfer is required, which allows for rapid acquisition
of multiple scans of continuously hyperpolarized spectra.

This is illustrated by the 2D NMR spectrum in Figure 2A
recorded in 23 minutes for a mixture of thirteen SABRE

substrates at concentrations between 250 nm and 2 mm. All
overlapping substrate resonances are nicely resolved in the
2D correlation spectrum thanks to the high dispersion of the
hydride signals. Note that 2D SABRE experiments reported
so far operate at concentrations that are approximately two
orders of magnitude higher than in the present case.[2e, 14]

The conventional 1H spectrum in Figure 2 B illustrates the
sensitivity gain offered by our high field hyperpolarization
approach. This spectrum was acquired on the same substrate
mixture employed for the 2D experiment. However, for the
fairness of the comparison, it was recorded in the absence of
catalyst and without de-oxygenating the sample to shorten
longitudinal relaxation times. Nevertheless, it took 9.5 h to
achieve a signal-to-noise ratio sufficient for spectral analysis.
Still, extensive signal crowding prevents a reliable identifica-
tion and quantification for most resonances. All signals
observed in this 1D reference spectrum derive from protons

of the substrates free in solution. Therefore, their resonance
frequencies differ from those observed in the 2D correlation
spectrum.

The pulse scheme sketched in Figure 3 was used to acquire
the 2D NMR correlation spectrum between hydrides and
substrate protons. Bubbling p-H2 at high field results in
hydride longitudinal spin order (time point “a” in Figure 3)
that is converted into antiphase coherence by the first
selective 90-degree pulse (point “b”). Offset and bandwidth
of this pulse are optimized to selectively excite only hydride
HA that is trans with respect to the substrate (Figure 1).[15]

During the Constant-Time evolution period tIS this antiphase
term is refocused, while antiphase with respect to the
substrate protons HMi

is created by long-range couplings
(point “c”). A pair of 90-degree selective pulses transfers the
coherence to the substrate protons for detection (point “d”).
Because of the sine-modulation of the acquired signal, these
correlation spectra should be processed in magnitude-mode
for a quantitative analysis. In summary, the coherence flow
from hydride HA (IA) to substrate proton HMi

(SMi) can be
described by means of product operator formalism as
Equation (1),
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where JAX is the hydride–hydride coupling, while JAMi
and JAMj

indicate the long-range active and passive couplings between

Figure 2. A) 2D 1H-1H correlation spectrum between enhanced
hydrides and aromatic protons of a mixture of thirteen SABRE
substrates with concentrations between 250 nm and 2 mm (see the
Supporting Information). The spectrum was recorded in 23 minutes at
25 88C in the presence of 2 mm metal complex, 30 mm mtz, 5 bar 51%
enriched p-H2. B) 1D spectrum of the same substrates mixture, in the
absence of metal complex, mtz, and p-H2. This spectrum was acquired
with 32768 scans in 9.5 h using a 30-degree pulse and a recovery
delay of 1 s. Both spectra were acquired at 500 MHz, 1H resonance
frequency.

Figure 3. Pulse scheme used for the hyperpolarization transfer from
the hydrides (I) to the protons of the substrate (S). Shaped pulses are
eburp-1 for excitation and reburp for refocusing/inversion (see the
Supporting Information for pulse parameters). The delay tIS is taken as
an odd multiple of 1/(2*JAX), where JAX (�8 Hz) is the (average)
hydride–hydride coupling constant. The duration here employed
(185 ms) allows for an efficient coherence transfer to the substrate
protons in ortho. Relevant terms of the density operator at time points
“a”, “b”, “c”, and “d” are indicated. Bubbling p-H2 through the sample
(typically 1 s) occurs under spectrometer control, at the beginning of
each transient. Phase cycling is implemented as follows: f1 = x,¢x ;
f2 = x,x,¢x,¢x ; f3 = x,x,x,x,¢x,¢x,¢x,¢x ; freceiver = x,¢x,¢x,x,¢x,x,x,¢x.
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hydride HA and substrate proton spins HMi
and HMj

, respec-
tively. The symbols T2

hydr and tcomplex refer to hydride trans-
verse relaxation time and complex lifetime, respectively.

We have previously shown that calibration techniques can
be used in combination with SABRE hyperpolarization for
a quantitative determination of dilute analytes in solution by
1D NMR spectroscopy.[3c] Also for the proposed high-field
approach, the 2D signals are linearly dependent on substrate
concentration, provided a large excess of co-substrate is
present. However, the antiphase character of the acquired
signals requires particular consideration, since variations in
peak linewidths because of instrumental instabilities might
affect resonances integrals thus potentially compromising
a quantitative NMR analysis.[16] Nevertheless, from the
comparison of a series of repeated measurements we found
that the variations in signals integrals are consistent with the
root-mean-square-deviation (RMSD) noise of the spectra,
suggesting negligible effects of magnetic field inhomogeneity
(see the Supporting Information).

The robustness of our approach is likewise reflected in the
accuracy of the concentrations obtained by standard addition
method for four substrates in the dilute mixture previously
employed. The linear plots of the 2D signal integrals versus
added substrate concentration are shown in Figure 4. Sub-

strate concentrations, estimated from the average value of the
abscissa intercepts, are in good agreement with the nominal
values. As shown in Equation (1), the coherence transfer
efficiency is determined by the interplay of scalar couplings,
relaxation and dissociation rates. In addition, the signal
integral is influenced by the substrate binding affinity: for the
mixture under investigation, the molar fraction of bound
substrates varied between 0.25 and 0.65. The combined effect
of these variables is reflected in the different slopes observed
in the standard addition experiments.

In conclusion, we have presented a method to detect and
quantitate SABRE substrates at sub-micromolar concentra-
tions in solution, by 2D NMR correlations with hydride
ligands. Because of their superior dispersion, hydrides allow
to efficiently spread overlapping substrate resonances in two
dimensions, which is of crucial importance for quantitative
analysis in complex mixtures. The continuous signal enhance-
ment provided by p-H2 at high magnetic field depends on the
asymmetric structure of the SABRE hyperpolarization trans-
fer complex, and allows rapid, in situ acquisition of 2D spectra
at nanomolar concentrations. Note that an additional three-
fold sensitivity increase could be achieved by using fully
enriched p-H2, which should further reduce the experimental
time.[17] However, single-scan 2D acquisition will be limited to
samples at higher concentrations, because of the high
sensitivity requirements of the ultrafast method.[2e, 3a,14, 16]

The previously demonstrated linearity of SABRE signals
with concentration[3c] applies also to the present 2D approach,
and provides an accurate concentration determination in the
nanomolar regime.

We believe that this combination of p-H2-based signal
enhancement and 2D NMR resonance dispersion offers
a powerful tool for trace analysis of complex mixtures.

Experimental Section
Asymmetric metal complexes [Ir(IMes)(H)2(mtz)2(sub)]Cl (IMes =

1,3-bis(2,4,6-trimethylphenyl)imidazole-2-ylidene, mtz = 1-methyl-
1,2,3-triazole, sub = substrate) were formed by dissolving molecular
hydrogen in a [D4]MeOH solution containing 1.3 mgmL¢1 complex
precursor Ir(COD)(IMes)Cl (COD = cyclooctadiene), in the pres-
ence of a 15-fold excess of co-substrate mtz, and thirteen substrates at
low- to submicromolar concentrations. p-H2 was bubbled through the
solution in situ using an in-house designed sample cell. More details
on chemicals, sample preparation, bubbling setup, and NMR experi-
ments can be found in the Supporting Information.
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