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Abstract: The scope of non-hydrogenative parahydrogen
hyperpolarization (nhPHIP) techniques has been expanding
over the last years, with the continuous addition of important
classes of substrates. For example, pyruvate can now be
hyperpolarized using the Signal Amplification By Reversible
Exchange (SABRE) technique, offering a fast, efficient and
low-cost PHIP alternative to Dynamic Nuclear Polarization
for metabolic imaging studies. Still, important biomolecules
such as amino acids have so far resisted PHIP, unless properly
functionalized. Here, we report on an approach to nhPHIP for
unmodified a-amino acids that allows their detection and
quantification in complex mixtures at sub-micromolar con-
centrations. This method was tested on human urine, in which
natural a-amino acids could be measured after dilution with
methanol without any additional sample treatment.

Introduction

Nuclear Magnetic Resonance (NMR) and Magnetic
Resonance Imaging (MRI) are indispensable tools in chem-
ical analysis and medical research. Magnetic resonance
techniques suffer, however, from a low sensitivity, limiting
their applications to relatively concentrated solutions (e.g. at
least micromolar for NMR). Nuclear spin hyperpolarization
techniques such as dynamic nuclear polarization (DNP)[1,2]

and parahydrogen-induced hyperpolarization (PHIP)[3–5] al-
low to overcome this sensitivity limit. They open, thereby,
doors to biomedical applications such as real-time metabolic
imaging and biomarkers discovery.[6–9]

In this respect amino acids have attracted special attention
due to their crucial roles in metabolism.[10] For instance, high
concentrations of hyperpolarized alanine have been gener-
ated with DNP and utilized for in vivo study of enzyme

activity.[11] Similarly, DNP has allowed a sensitive detection of
amino acids present in complex (bio)mixtures.[12,13] Despite
these achievements with DNP, cheaper and instrumentally
less demanding hyperpolarization techniques would be of
great interest to transform such proof of principles into real-
case implementations. This has motivated a large number of
recent studies utilizing PHIP to hyperpolarize amino acids.[14]

Amino acids have mainly been hyperpolarized with
hydrogenative PHIP.[3, 4] Since this technique relies on the
hydrogenation of a substrate with parahydrogen (p-H2), only
unsaturated molecules can be hyperpolarized. Two different
routes were, therefore, followed for amino acids: either
unsaturated amino acid precursors were used,[15–18] or an
unsaturated side-arm was attached to the amino acid.[19, 20]

Alternatively, the non-hydrogenative Signal Amplifica-
tion By Reversible Exchange (SABRE) technique can be
employed.[5,21–23] SABRE relies on the reversible association
of substrates and p-H2 to a catalyst, which mediates the
transfer of hyperpolarization from p-H2 to the substrate
nuclei. Due to the high levels of enhancements reached for
pyridine derivatives, such molecules were chemically attached
to amino acids and oligopeptides, allowing the enhancement
of the resulting constructs via SABRE.[24–26]

Non-hydrogenative PHIP (nhPHIP) of unmodified amino
acids for analytical applications is, on the other hand, largely
unexplored. This may be due to the fact that SABRE/nhPHIP
on amino acids was only reported at very low magnetic fields
(3.9 mT),[27] lacking the spectral resolution to discriminate the
hyperpolarized signals of different amino acids, orthohydro-
gen and hydrides, therefore hampering chemical analysis. A
direct PHIP analysis of amino acids would, however, be highly
desirable over the above mentioned derivatization tech-
niques, not only in terms of costs and time, but also to prevent
a potential bias for quantification.

Here, we demonstrate that a-amino acids can be detected
with a nhPHIP-NMR chemosensing method. By shedding
light onto their interaction with the nhPHIP catalyst, we
provide an approach to detect, resolve and quantify (dilute)
a-amino acids in complex mixtures. Moreover, we show that
a-amino acids can be detected from aqueous samples
containing high concentrations of competing ligands, with
practically no sample pre-treatment.

NhPHIP-NMR chemosensing is based on the reversible
binding of substrates to a complex of iridium with an N-
heterocyclic carbene ligand, such as the Ir-IMes catalyst,
together with p-H2 and a suitable co-substrate, as illustrated in
Figure 1.[28–30] Formation of these transient asymmetric com-
plexes at high magnetic field allows the conversion of the
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singlet state originating from p-H2 to hydrides magnetization
that can be detected via NMR with enhanced sensitivity. We
have previously shown that the hydrides chemical shifts are
highly sensitive to the structure of the analyte associating to
the iridium complex and, therefore, can act as hyperpolarized
probes to reveal the presence of specific substrates in the
sample.[29]

The same approach can be applied to detect most a-amino
acids with enhanced NMR sensitivity. It was previously
demonstrated that these compounds can bind to iridium
catalysts as bidentate ligands, via their amino- and carboxy
groups.[31] Similarly, we will show that they can associate to the
Ir-IMes catalyst in the presence of the co-substrate pyridine.

Results and Discussion

Upon activation of the catalyst precursor in the presence
of glycine, an excess of pyridine as co-substrate[32–34] and H2,
a pair of hydrides signals at @22.5 ppm and @28.2 ppm
appears in the thermal NMR spectrum, indicative of the
formation of an asymmetric complex. However, in the
presence of p-H2, these signals are not enhanced by nhPHIP,
similar as for other chelating ligands, previously reported in
the literature.[35,36] This loss of nhPHIP performance can
result from the tight binding of a bidentate ligand in the
equatorial plane of the iridium complex. Consequently, p-H2

refreshment, which is an associative process that requires (co-
)substrate dissociation,[37] cannot take place, thereby inacti-
vating nhPHIP. Also glycine can act as a chelating ligand,
binding via the amino- and carboxy group in the equatorial
plane, as sketched in Figure 2A. Note that the tight bidentate
binding of the amino acids in these Ir-IMes-pyridine com-
plexes also prevents their NMR signal enhancement via
SABRE.

A small fraction of the amino acid is, however, bound to
the Ir-IMes complex via the equatorial and axial binding sites
(see Figure 2B), giving rise to a pair of hydride signals at
@23.6 and @28.6 ppm. Fast pyridine dissociation in the
equatorial plane of this “axial/equatorial” complex allows
quick exchange of the hydrides with p-H2 and, thereby, their
hyperpolarization via nhPHIP. Although the “equatorial”

conformation (Figure 2A) is kinetically favored, the “axial/
equatorial” mode of binding (Figure 2B) is energetically
preferred. Reaching thermodynamic equilibrium is a slow
process that takes several hours at room temperature but it
can be significantly accelerated by warming up the sample.
After 7–8 minutes at 50 88C, most of the amino acid complexes

Figure 1. Schematic representation of the nhPHIP-NMR method: sub-
strates (sub) and p-H2 bind reversibly to an organometallic catalyst,
allowing the signalling of the substrates by a pair of hydrides that can
be detected in an NMR spectrum with enhanced sensitivity. The Ir-
IMes complex is formed after hydrogenation of the [Ir(IMes)(COD)Cl]
pre-catalyst in the presence of an excess of a co-substrate (co-sub),
where IMes stands for 1,3-bis(2,4,6-trimethylphenyl)imidazole-2-ylidene
and COD for cyclooctadiene.

Figure 2. A–C) Schematic representation of the main conformation
geometries of glycine upon binding the Ir-IMes complex in the
presence of an excess of the co-substrate pyridine. A) “Equatorial”
binding. No ligand dissociation occurs on the NMR time scale, and
accordingly p-H2 refreshment cannot take place, abolishing nhPHIP for
this complex. B) “Axial/equatorial” binding. Fast pyridine exchange is
allowed and, consequently, reversible binding of p-H2 and nhPHIP on
the hydrides. C) “Amino” binding. Fast ligands exchange and, conse-
quently, reversible binding of p-H2 allows nhPHIP on the hydrides.
Please note that a bidentate binding of the amino acid involving also
the carboxy group in the axial position is not excluded (see Supporting
Information). D) 1D NMR thermal spectra of the hydrides acquired in
a 95 vol% [D4]MeOH, 5 vol% H2O solution of 0.66 mM glycine in the
presence of 0.82 mM Ir-IMes catalyst, 15.2 mM pyridine and 5 bar H2

at 278 K. The spectra were recorded at 500 MHz 1H resonance
frequency, before and after sample heating, as described in the main
text. A tentative assignment of the hydrides signals corresponding to
the complexes in solution is indicated (see Supporting Information).
Note that the structure observed for the signals at @22.15 and @22.5
results from the H/D isotope effect due to the amino group in the
equatorial plane of the “amino” and “equatorial” complexes assigned
to these signals, respectively. The signals marked with an asterisk
originate from deuteration of one of the two hydrides in the complex.
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have adopted an “axial/equatorial” conformation. Note that
this situation is exactly opposite to what was previously
reported for the carboxyimine complexes with primary
amines as co-substrate, in which the equatorial binding mode
appears to be both kinetically and thermodynamically
favored.[35] In addition, at equilibrium a third complex
conformation is present (revealed by a pair of hydride signals
at @22.15 and @22.8 ppm), resulting from the association of
the amino group in the equatorial plane, as displayed in
Figure 2C.

Figure 2D displays the thermal NMR hydrides spectra
acquired for a solution of glycine in the presence of the
iridium catalyst, pyridine and H2, before and after heating the
solution to 50 88C. The changes of the hydrides integrals clearly
reflect the population redistribution of the amino acid
complexes upon sample heating.

Not surprisingly, the interaction of amino acids with the
iridium catalyst is strongly influenced by the pH of the
solution. In Figure 3 (left) the binding of alanine to the
complex at thermodynamic equilibrium is compared for two
solutions, with and without pH correction. Depending on the
pH, the thermal 1H spectra display a large difference in the
concentration of amino acid complexes. Accordingly, a 6-fold
increase of the nhPHIP hydrides signals of the “axial/
equatorial” complexes is observed for the solution at
pH 11.1 (Figure 3, right). In order to afford a reproducible
and almost complete binding of amino acids to the Ir-IMes
catalyst, the nhPHIP experiments presented in this work were
acquired on samples in which the pH was set to & 11, by
adding either KOH/HCl or a piperidine/piperidinium buffer
to the solution. Under these conditions, a 300-fold enhance-

ment of the hydrides signals with respect to thermal
equilibrium was typically found using 51 %-enriched p-H2.

The “axial/equatorial” complexes can be employed as
sensitive nhPHIP-NMR chemosensing probes for amino acids
detection in solution. We tested this approach on a mixture of
the twenty natural a-amino acids and sarcosine (N-methyl
glycine), each at 1 mM concentration, using the recently
proposed 2D nhPHIP-Zero-Quantum (ZQ) experiment.[29]

The hydrides resonances prove highly sensitive to the
structure of the amino acids side chains, providing sufficient
dispersion to resolve the nhPHIP-NMR signals of all com-
plexes, as illustrated in Figure 4. Note that, due to the chirality

at the Ca, two diastereomeric nhPHIP-active “axial/equato-
rial” complexes are formed for most a-amino acids, as
revealed by the doubling of the number of hydrides signals
in the NMR spectrum (see inset Figure 4).

Dissociation/association of pyridine causes an intercon-
version between these two diastereoisomers that can be
probed by inserting an exchange delay in the pulse scheme of
the 2D nhPHIP-ZQ experiment (see Supporting Informa-
tion). The dissociation rate of pyridine determines also the
lifetime of the amino acids complexes and, consequently, the
nhPHIP enhancement as well as the hydrides signals line
widths. Optimal spectral resolution and nhPHIP enhance-
ment were obtained by reducing the measurement temper-
ature to 5 88C (see Supporting Information), despite a lower
refreshment rate of p-H2. As indicated in Figure 4, nhPHIP-
NMR acquisition at this temperature affords a signal-to-noise
ratio of & 50:1 at an amino acid concentration of 1 mM,
indicating a sub-micromolar detection limit.

Figure 3. Effect of pH on the association of alanine to the iridium
complex (left) and on the nhPHIP-NMR signals of the corresponding
hydrides (right). The spectra at the top were acquired without pH
correction, while the spectra at the bottom were measured in the
presence of a 20 mM buffer of piperidine/piperidinium at pH 11.1.
Left: NMR signals of the methyl protons of alanine after catalyst
activation at 50 88C for 7.5 minutes. The signal assignment for the
amino acid complexes is indicated as “a/e” (axial/equatorial), “am”
(amino) and “e” (equatorial). Right: nhPHIP-NMR signals of the high-
field hydrides for the diastereomeric “axial/equatorial” complexes
formed by alanine. The signals marked with asterisks originate from
impurities. The spectra were acquired under identical conditions
(100 mM 13C Ala, 0.83 mM Ir-IMes catalyst, 15 mM pyridine, 5 bar
51%-enriched p-H2 and 0.5 vol-% water) at 278 K.

Figure 4. 2D nhPHIP-ZQ hydrides’ spectrum of a mixture of 21 a-
amino acids at 1 mM concentration in [D4]MeOH, acquired at
500 MHz 1H resonance frequency, in the presence of 0.88 mM Ir-IMes
catalyst, 15.7 mM pyridine as co-substrate and 5 bar 51%-enriched p-
H2. The experiment was acquired at 278 K in ca. 40 minutes. The low-
field and high-field hydrides are indicated by gray and black circles,
respectively. The inset displays the doubling of the hydrides signals for
isoleucine and valine, due to the formation of diastereomeric com-
plexes.
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Despite the well-known loss of PHIP/SABRE perfor-
mance of the Ir-IMes catalyst in an aqueous environment,[38,39]

we demonstrate that a-amino acid detection in water–
methanol mixtures is possible, which avoids the previously
reported Solid Phase Extraction pre-treatment of the sam-
ple.[40] The nhPHIP response to a progressive increase of
water content is shown in Figure 5 A for a solution of alanine
at fixed concentration, taken as model system.

These data allow estimating the dependence of nhPHIP
upon diluting an aqueous a-amino acid sample in methanol,
as displayed in Figure 5B, by dividing each (normalized)
signal integral by the corresponding dilution factor. It appears
that nhPHIP of a-amino acids can tolerate water, with an
optimal performance found for 80 vol %/20 vol % methanol/
water mixture. This observation suggests that nhPHIP
measurements of amino acids in natural extracts/biofluids
should be feasible by simply diluting the aqueous sample with
a solution of the Ir-IMes catalyst and pyridine in methanol.

Human urine represents a challenging aqueous mixture
for this direct nhPHIP approach, due to the large number of
potential Ir-IMes catalyst ligands, their concentration range
(at least 5 orders of magnitude), and the high salt content.
Particularly, the presence of concentrated ligands (e.g. urea
(ca. 250 mM), ammonia (ca. 20–30 mM) and creatinine (ca.
15 mM)[41]) should be carefully considered, as these species
might compete with the pyridine co-substrate. This would
result in scrambling of each amino acid among different
complexes, further increasing the spectral crowding, and
attenuating the nhPHIP-NMR signals. In order to minimize
the chances of such interference, it was decided to perform
a 20-fold rather than a 5-fold dilution of urine. Indeed, when
recording nhPHIP spectra in the presence of urea, ammonia
and creatinine (at concentrations corresponding to 20-fold

diluted urine), no additional signals were detected that could
be assigned to amino acid complexes. Because of the
relatively high levels of natural a-amino acids in urine
(between 20 mM for isoleucine and 2 mM for glycine[41]), the
concentrations attained after a 20-fold dilution with methanol
are well within the detection limits of nhPHIP-NMR.

It should be noted that, when following this direct
approach, urine and, in general, aqueous samples should be
diluted in protonated rather than deuterated methanol to
prevent isotope effects. In fact, when working with a mixed
H2O/[D4]MeOH solvent, partial deuteration quickly occurs at
the ortho positions of pyridine[42] and at the amino group of
the amino acids, which results in the scrambling of the
hydrides signals for the amino acid complexes, with the
consequent degradation of both spectral resolution and
sensitivity (see Supporting Information).

A region of the 2D nhPHIP-ZQ NMR spectrum of human
urine diluted in methanol is shown in Figure 6, demonstrating

the high quality of the measurement. The hydride assignment
for some natural a-amino acids is indicated. Note the
presence of several unassigned signals, possibly correspond-
ing to urinary metabolites containing a-amino acid motifs.

AnalytesQ quantification from nhPHIP-NMR spectra is in
general not straightforward due to nhPHIPQs reliance on
a multitude of competing binding equilibria.[43] As previously
demonstrated, however, a linear relation between substrate
concentration and nhPHIP signal integral is obtained when an
excess of catalyst and of a suitable co-substrate are pres-
ent.[44, 45] As shown in Figure 7A, this linear concentration
dependence holds also for nhPHIP of amino acids, which
allows their quantification via calibration techniques such as
standard addition.[43] Note that a clear deviation from the
linear trend is observed at high amino acids concentration due
to the saturation of the Ir-IMes catalyst (c = 0.43 mM).

In Figure 7 A, two sets of signal integrals are displayed for
each amino acid, corresponding to the two diastereomeric
“axial/equatorial” complexes formed in solution. Note that
the signal integrals for the two complexes are generally

Figure 5. A) Dependence of the nhPHIP hydrides signal integrals on
the water content for a 200 mM solution of alanine in H2O/CH3OH, in
the presence of Ir-IMes catalyst (0.84 mM), pyridine (15.1 mM), 5 bar
51%-enriched p-H2 and piperidine/piperidinium (20 mM). The inte-
grals are normalized with respect to the value measured for the lowest
water content (1%). The data were acquired at 278 K at 500 MHz
1H resonance frequency. B) Dependence of nhPHIP on the dilution
factor derived from the plot in (A). Identical symbols are used to
indicate solutions with the same solvent composition.

Figure 6. Regions of the 2D nhPHIP-ZQ NMR spectrum of a sample
of human urine diluted 20 times in methanol. The spectrum was
acquired at 500 MHz 1H resonance frequency, in the presence of
0.88 mM Ir-IMes catalyst, 15.8 mM pyridine as co-substrate and 5 bar
of 51%-enriched p-H2. The experiment was recorded at 278 K in ca.
40 minutes. The assignment of the hydride resonances of sarcosine
(Sar) and some natural a-amino acids (using the one-letter code) is
indicated. The complete amino acid regions of this spectrum are
presented in the Supporting Information.

Angewandte
ChemieResearch Articles

26957Angew. Chem. Int. Ed. 2021, 60, 26954 – 26959 T 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org

http://www.angewandte.org


different. This reflects the concentration ratio of the two
diastereomers, as their nhPHIP enhancement is expected to
be identical. Notably, the two diastereomeric complexes
formed by proline display a different behavior, as they show
nhPHIP enhancements that differ by almost an order of
magnitude while their relative populations in solution are
comparable. Interestingly, no interconversion between these
two diastereomeric complexes by pyridine dissociation/asso-
ciation was observed (see Supporting Information).

The sum of the contributions of the two diastereomers,
displayed in Figure 7B as a function of concentration, is
a measure of the efficiency of nhPHIP for each amino acid.
The different linear dependencies indicate that nhPHIP
enhancement can vary among amino acids. However, it
appears that similar enhancements are observed for homol-
ogous side chains (see Supporting Information). This offers
the possibility to obtain an estimate of amino acids concen-
trations from nhPHIP spectra, based on integrals comparison
with an internal homologous standard. However, for a more
accurate quantification, standard addition should be used, as
previously demonstrated.[29, 45]

Conclusion

We have shown that a-amino acids can interact with the
Ir-IMes catalyst in a fashion that is compatible with nhPHIP.
p-H2 reversible association to the catalyst can provide
continuous hydrides hyperpolarization for a-amino acids
complexes, which allows their detection in complex mixtures
at sub-micromolar concentrations. This nhPHIP-NMR che-
mosensing method can be directly applied to biofluids or

aqueous extracts with no sample manipulation, provided the
water content is reduced to ca. 20%. This can be achieved
simply by diluting the aqueous sample with a solution of the
Ir-IMes catalyst and pyridine in methanol. This direct nhPHIP
approach sets obviously higher concentration requirements
and is, therefore, not universally applicable. However, when
these requirements are met, as for urine, this approach offers
a fast route to a-amino acids detection and quantification,
minimizing the potential bias deriving from sample treatment.

Our results expand in the direction of nhPHIP-chemo-
sensing for NMR detection of a-amino acids in complex
(bio)mixtures. However, the issue of p-H2 hyperpolarization
of free amino acids in solution (e.g. via SABRE), crucial for in
vivo studies of metabolic processes, remains to be addressed.
Still, our work clearly identifies the tight binding with the Ir-
IMes catalyst as the bottleneck in the attainment of free a-
amino acids hyperpolarization. Possible routes to enhance
amino acids dissociation rate, involving a modification of the
experimental parameters (co-substrate, solvent or pH) and of
the N-heterocyclic carbene ligand of the iridium catalyst, are
currently being explored in our lab.
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