Examination of hyperpolarization in aqueous media with para-hydrogen
Project closing report — Final report

In the last year of the project, the studies of para-hydrogenation reactions in agueous media
were further studied — in accord with the original research plan. My earlier results proved that
several water soluble Rh- and Ir-NHC-phosphine complexes were active catalysts for para-
hydrogenation.

Propargyl alcohol (this alkyne was used as a water soluble model for biogically relevant
compounds) was para-hydrogenated by Rh-hydroxo-NHC complexes containing bulky N-heterocyclic
carbenes (iMes and iPr) and the polarized signals were detected by different NMR-methods (namely
the ,,Only Parahaydrogen SpectroscopY” and the generally used ,45° flip angle measurement” - 1
scans).

With this substrate, the highest polarization lifetime was 10 minutes, i.e. the polarized signals
were detected even after 10 minutes following the para-hydrogenation — this results was really
promising for the further applications because the ,normal” lifetime of polarization is 60-120
seconds.

Propargyl and allyl alcohols were also tested as model substrates in para-hydrogenation
reactions in aqueous media with different Ir-NHC-sulfonated phosphine complexes (NHC = emim = 1-
ethyl-3-methylimidazol-2-ylidene and the sulfonated phosphines were the mono- and tri-sulfonated
triphenylphosphines). The polarized *H-NMR signals were also detected by the above mentioned
NMR-methods (Figure 1.). Polarization lifetime (approximately 3 minutes) was among the longest
similar lifetimes available in the literature.
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Figure 1.: "H-hyperpolarized NMR-signals in para-hydrogenation reaction of propargyl alcohol with
[IrCl(cod)(emim)] + mtppms catalyst system - OPSY measurement

In accord with the research plan, various water soluble unsaturated substrates (itaconic acid,
maleic acid, crotonic acid, pyruvate, etc.) were applied as model substrates in (para)-hydrogenation
reactions with different Ir-complex catalysts in aqueous media. The reaction kinetics of these
hydrogenation reactions were studied with {[Ir(emim)(cod)(L)] + L} (L = mtppms and/or mtppts). The
effect of substrate/catalyst ratio, temperature, hydrogen pressure, phosphine excess, pH were
measured and it was concluded that these catalytic systems are appropriate for para-hydrogenation
test reactions. For example, the temperature and time dependence of pyruvate hydrogenation are
shown in Figure 2.
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Figure 2.: Turn Over Numbers in pyruvate hydrogenation as functions of reaction time and
temperature

In accord with the main aim of the planned research, para-hydrogenations were studied in
aqueous media, consequently various water-soluble Ir-complexes were applied as catalysts. We
tried to prepare an active Ir-phosphine catalyst without a cod-ligand - this is most important for the
possible further biological applications because during hydrogenation the cyclooctadiene gives rise to
cyclooctane which is toxic to living organisms. The cis,mer-dihydride, [IrH,Cl(mtppms);] (mtppms =
monosulfonated triphenylphosphine) was prepared (and fully characterized by several analytical
methods: IR, ESI-MS, elemental analysis, NMR, etc.) in a simple reaction between hydrated Ir(lll)-
chloride and mtppms.

The new Ir-mtppms-dihydride (cis,mer-[IrH,Cl(mtppms)s]) was studied in para-hydrogenation
reactions, as well. Methyl-propiolate was tested in para-hydrogenation reaction in methanol with
this Ir-complex (it is quite soluble in MeOH) under different circumstances. The polarized *H-NMR
signals appeared in the corresponding spectra (Figure 3. A) and the specific shape of these signals
were observed for more than 5 minutes (meaning that the lifetime of polarization was quite high).
Encouraged by the high activity of Ir-dihydride complex in para-hydrogenation reaction in methanol,
we also studied para hydrogenation reactions in aqueous media.

Methyl propiolate is only fairly soluble in water, so in agueous media we studied para-
hydrogenation of water soluble substrates, such as propargyl and allyl alcohols catalyzed by cis,mer-
[IrH,Cl(mtppms)s] complex (Figure 3. B). However, the observed polarization lifetime (~1 minutes)
was shorter than in MeOH. In summary, the polarized signals were detected in the NMR spectra;
further advantages of this reaction are in that the applied Ir-complex there are no toxic ligands,
furthermore, the measurements were done in plain water.
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Figure 3.: The polarized signals in para-hydrogenation reaction with cis,mer-[IrH,Cl(mtppms);]
catalyst in methyl propiolate (A) (in CD;0D) and propargyl alcohol (B) (in agueous media)

Propargyl and allyl alcohols were also tested as a model substrate molecules in para-
hydrogenation reactions in aqueous media with tha above Ir-complex catalysts and the polarization
transfer was enhanced by field cycling. The special shape 'H-NMR signals were detected by the
"normal" 45°flip angle NMR-method and the OPSY measurements, as well. The intensity of these
signals are 1.5-2 times higher than without field cycling and the polarization lifetime (approximately
2-3 minutes) was quite good but not superior to those observed by normal para-hydrogenation
methods. The hyperpolarized *C-NMR signals did not appear in these spectra (not surprisingly, since
we did not use *C-labelled substrates).

The para-hydrogenation of bicarbonate was studied with [{RuCl,(mtppms),},] and
[Ir(emim)(cod)(mtppts)] complex catalysts under differrent circumstances (excess of different
phosphines, temperature, substrate ratio, para-hydrogen pressure, field cycling, etc.). The
hyperpolarized C-signal of formate wasn't detected but small amounts of formate were determined
in these systems by normal NMR spectroscopy. It means that the mechanism of hydrogen activation
is not suitable for para-hydrogenation. On the other hand the hyperpolarized free bicarbonate signal
was not detected, either, probably because the exchange between the coordinated and free HCO; is
too slow. In addition, the SABRE (Signal Amplification By Reversible Exchange) effect was not
observed in these systems, either, by field cycling techniques.

cis,mer-[IrH,Cl(mtppms)s] was an active catalyst in formic acid decomposition to hydrogen
and carbon dioxide and in the back reaction (CO, to HCOOH), too. Formic acid is one of the most
promising hydrogen storage material. The safe chemical storage of hydrogen in aqueous media is
one of our other main research area.

cis,mer-[IrH,Cl(mtppms);] was tested in homogeneous formic acid decomposition under
different circumstances. The virtual activation energy was determined (79.6 kJ/mol) from the
temperature dependence of reaction rate. Variation of the pH of the reaction mixture in the 2.0-8.5
range led to a sharp maximum of the rate at pH=3.75. Catalysis of formic acid dehydrogenation by
this Ir-dihydride was also studied in a 100 mL Parr-reactor by following the resulting increase in
pressure, the reaction proceeded with a TOF = 298 000 h™ (it is the third most active catalyst known
in this reaction) and the final total pressure was 71 bar. The stability of this catalyst are
demonstrated in five subsequent cycles.

In a parallel research we studied a reversible hydrogen storage reaction system, based on
hydrogenation of aqueous cesium bicarbonate and dehydrogenation of cesium formate
homogeneously catalyzed with the water-soluble [Ir(cod)(emim)(mtppms)] in a flow reactor (H-
Cube™). Fast switches of the reactor temperature between high (e.g. 100 °C) and low (e.g. 25 °C)



values allow precise and dynamic adjustment of the H, generation rate to application demand.
Furthermore, depending on the relative volume of storage solution and the flow reactor, only a
fraction of the reaction mixture has to be heated avoiding undesired H, evolution. This work also
demonstrates the practical feasibility of using homogeneous catalysis for hydrogen generation in
flow systems.

In a parallel project we proved that the bicarbonate acts as promoter in hydrogenation of
cinnamaldehyde in aqueous systems with [{RuCl,(mtppms),}.] + mtppms catalyst. The bicarbonate
assisted catalysis was demonstrated by reaction kinetic measurements and the catalytically active
species were determined by multinuclear NMR methods. We suggested a complete catalytic reaction
mechanism cycle.

We started a collaboration with Andras Guttman's group (Horvath Csaba Laboratory of
Bioseparation Sciences, University of Debrecen, Hungary) and we tested the catalytic activity of the
cis,mer-[IrH,Cl(mtppms)s] and the [{RuCl,(mtppms),},] complexes in a most frequently used high-
resolution glycan analysis method. We described a novel procedure for labeling N-glycans by
fluorogenic primary amines via reductive amination, based on transfer hydrogenation from formic
acid catalyzed by these water-soluble phosphine complexes. Similar labeling efficiencies were
achieved with use of these catalysts to those observed with the traditionally used reducing agent
NaBH;CN. This procedure avoids the release of acutely toxic hydrogen cyanide, therefore, it is more
environmentally friendly and eliminates the associated health risks.

Conclusion

The catalytic activities of several Ir-NHC-phosphine complexes were characterized in
hydrogenation of unsaturated carboxylic acids. It was established that their catalytic properties allow
their use in catalysis of para-hydrogenation reactions, too. A simple and effective methodology was
developed for the application of Rh(l)- and Ir(l)-NHC/phosphine complex catalysts in para-
hydrogenations in aqueous media — propargyl and allyl alcohols were used as model substrates. It
was established that in these system application of decreased magnetic field did not increase
significantly the intensity of the 'H-NMR signals. A new Ir-mtppms-dihydride (mtppms =
monosulfonated triphenylphosphine) was synthesized which was found active in both para-
hydrogenation and in the dehydrogenation of formic acid; the latter reaction plays important role in
chemical hydrogen storage. The Ir(l)-NHC/mtppms catalyst also proved useful for hydrogen
generation from aqueous solution of formate salts in flow reaction systems (in a microfluidic
reactor). It was demonstrated that the volume of generated hydrogen could be regulated simply and
dynamically by regulating the temperature. With the use of water-soluble catalysts we have
developed a new method for glycan analysis based on reductive amination.

A scientific publication (to be submitted shortly to Chemistry — A European Journal) about the para-
hydrogenation reactions in agueous media is attached at the end of this report.
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A simple and efficient procedure for Rh(l)- and Ir(l)-complex
catalyzed para-hydrogenation of unsaturated alcohols with
strong PHIP effects in aqueous media

Gabor Papp,*? Henrietta Horvath™ and Ferenc Jo6

Abstract: Biocompounds obtained in catalytic hydrogenations with
para-H, may show strong para-hydrogen induced polarization
(PHIP). Such hyperpolarized probe molecules are under intense
screening as they may enable the application of the Magnetic
Resonance Imaging (MRI) diagnostic modality for metabolism
imaging. Here we report several water-soluble Rh(l)- and Ir(l)-
complexes with N-heterocyclic carbene (NHC) and/or tertiary
phosphine ligands which efficiently catalyze the synthesis of

hyperpolarized compounds by para-hydrogenation in aqueous media.

Introduction

The use of para-hydrogen induced polarization (PHIP) was
introduced into the field of catalysis by Bowers and Weitekamp
in 1986.% In case the hydrogen gas consists of mostly the
para-H, isomer, the polarization of hydrogen atoms in H, will be
transferred to the corresponding carbon atom in the
hydrogenation reaction by scalar coupling. Furthermore, the
addition of the two spin isomeric H atoms should happen
pairwise, i.e the relative spin directions must be retained.™? In
other words, activation of para-H, must proceed on the
homolytic pathway. PHIP leads to 10*-10° times higher NMR
intensities of the appropriate C-atoms in the *C-spectra and this
sensitization gives a chance to recognize substances, such as
e.g. various intermediates in catalytic reactions even at picomol
concentration level. Furthermore, this sensitivity makes possible
the MRI®! of live targets such as cells, laboratory animals or
even human patients. The PHIP experiment has two different
techniques, one of them is the PASADENA when the reduction
is performed in a strong magnetic field (within the NMR device)
and the other is the ALTADENAF' approach when the
polarization transfer happens at the earth’s magnetic field
(outside the NMR device). An important parameter in such
experiments is the lifetime of the hyperpolarized probe
molecules, which generally spans the 1-5 minutes interval.

The water solubility of spin-labelled probe molecules is a very
important feature for MRI and other medical diagnostic
procedures. Despite this, only a few examples exist when the
target molecules are prepared in aqueous media.

[a] University of Debrecen
Department of Physical Chemistry
Debrecen, P.O.Box 400, H-4002 Hungary
E-mail: papp.gabor@science.unideb.hu
Homepage: https://fizkem.unideb.hu
[b] MTA-DE Redox and Homogeneous Catalytic Reaction Mechanisms
Research Group
Debrecen, P.O.Box 400, H-4002 Hungary

Supporting information for this article is given via a link at the end of
the document.((Please delete this text if not appropriate))

[a,b]

The hyperpolarized 1-'*C-phospholactate-d, was obtained in
aqueous solution from the 1-**C-phosphoenolpyruvate-d, by
PHIP with a Rh()-catalyst,’ namely with the use of
[Rh(l)(norbornadiene)(THP),] [BF4]™ where the THP stands for a
monodentate phosphine ligand tris(hydroxymethyl)phosphine.
Such cationic Rh(l)-complexes with monodentate or bidentate
phosphine ligands were applied as para-hydrogenation
catalysts also in other reactions to induce PHIP in aqueous
media.’”! Magnetically enhanced molecules were prepared in the
gas phase from volatile substrates such as e.g. propyne and
propene by heterogeneous hydrogenation with catalysts such as
Pt/Al,03,°) immobilized Rh- and Ir-complexes®® or silica-
supported  organometallic vanadium oxo complexes.t!
Hyperpolarized succinic-acid®® or pyruvate®® which allow
metabolic imaging were synthetized by a yet another approach.
In these cases, para-hydrogenation of maleic anhydride or 2-
propynyl-2-oxopropanoate were conducted in organic solutions
with  a [Rh(cod)(dppb)][BFs catalyst (dppb = 1,4-
bis(diphenylphosphino)butane, cod = (1,5-cyclooctadiene)], and
the water-soluble hyperpolarized target molecules were obtained
by post-hydrogenation modifications, such as hydrolysis. Very
recently Minnemann and co-workers showed a procedure for
preparation of hyperpolarized fumarate via PHIP by using
[Cp*Ru(CH3sCN)s]PFs-complex as an appropriate catalyst.

As can be seen from this brief overview, the choice of
hydrogenation catalysts suitable for PHIP applications is rather
limited both by mechanistic requirements™? and by solubility
properties. lonic Rh()® and Ru(IN™ complexes may show
sufficient water-solubility to be useful in aqueous hydrogenations.
Conversely, heterogeneous catalysts, and water-insoluble or
heterogenized metal complexes can be used for hydrogenation
of water-soluble substrates only in biphasic (solid/liquid or
liquid/liquid) systems generally characterized by low reaction
rates.

Research into aqueous homogeneous organometallic catalysis
has led to the development of a wide array of water-soluble
hydrogenation catalysts.”® Some of them were successfully
applied for the hydrogenative modification of biological
membranes not only in model systems but also in live cells,
demonstrating also their sufficient biocompatibility.™*"! In  this
work we show that several water-soluble catalysts can be used
advantageously for para-hydrogenation of water-soluble
substrates i.e. for the synthesis of important hyperpolarized
probe molecules for MRI purposes in aqueous media. The use
of PHIP allowed by such catalysts may usefully contribute to
MRI of living systems (from cells to higher organisms).

Results and Discussion
Earlier research in our laboratory and elsewhere on water-

soluble Ru(ll)-, Rh(l)- and Ir(l)-tertiary phosphine complexes
resulted in a large number of active and selective catalysts for



the hydrogenation of unsaturated substrate molecules in water
or in water-organic two-phase solvent systems.'® Here we
report the application of several new water-soluble Rh(l)- and
Ir(l)-catalysts for para-hydrogenation reactions in aqueous
media, successfully applied for the preparation of spin-labelled
products and molecules suitable for metabolic imaging.

The actual catalysts for para-hydrogenation were prepared in
situ, by reactions of mtppms or mtppts with appropriate Rh(l)-
and Ir(l)-precursors, such as [{RhCl(cod)}.], [{IrCl(cod)},],
[RhX(cod)(NHC)], and [IrX(cod)(NHC)], where X= CI~ or OH",
cod=1,5-cyclooctadiene, NHC=1,3-dialkyl- or 1,3-
diarylimidazole-2-ylidene (Table 1). Enhanced aqueous solubility
of these complexes is the result of the coordination of sulfonated
monodentate tertiary phosphine ligands, such as mtppms®®
(monosulfonated triphenylphosphine) or mtppts*” (trisulfonated
triphenylphosphine)  (Figure 1). In addition, cis,mer-
[IrtH.Cl(mtppms)s]' was also used the first time as catalyst in
PHIP studies in water.

%%, P

mtppts

SO3Na

mtppms

Figure 1. Water soluble phosphine ligands.

In this study, we investigated the para-hydrogenation of three
subtrates: methyl propynoate (one of the most widely used
substrates for PHIP studies), propargyl alcohol, and allyl alcohol.
This is the first report on the use of mixed ligand N-heterocyclic
carbeneltertiary phosphine Rh(l)- and Ir(l) complexes for para-
hydrogenation in purely aqueous solutions. In fact, the Iridium N-
heterocyclic carbene and carbene/phosphine complexes
represent the major type of catalysts in studies of SABRE
(Signal Amplification By Reversible Exchange). In that case, the
polarization transfer from para-hydrogen to the substrate
molecule takes place via ligand exchange in the coordination
sphere around the transition metal centre, however, no
hydrogenation is involved in the process.”

In general, complexes with mtppts ligand were not sufficiently
soluble in pure alcohols, so their reactions were studied only in
water and in water:methanol=9:1 mixtures. However, mtppms is
soluble in MeOH and its in situ reaction with [{RhCl(cod)}.] or
[{IrCl(cod)},] afforded an active hydrogenation catalyst
(Schemel-a and Table 1, entries 1-2).

As a result of para-hydrogen addition to methyl propynoate, the
special shape of polarized *H-NMR signals of methyl acrylate
were detected confirming the hyperpolarization. With both
catalysts approximately 3 min lifetime of polarization could be
detected.
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Scheme 1. Catalytic para-hydrogenation of methyl propynoate
(a) in MeOH and propargyl alcohol and allyl alcohol (b,c) in
aqueous media. (For the actual catalysts and solvents see Table
1)

Similarly, most of the catalytic systems listed in Table 1 proved
suitable for para-hydrogenation in aqueous media both with
propargyl alcohol (Schemel-b) and allyl alcohol (Schemel-c) as
substrates.

Table 1. PHIP-activities of in situ formed Rh(l)- and Ir(l)-
complexes in para-hydrogenation reactions of propargyl
alcohol and allyl alcohol in aqueous media (+:polarized signals
detected; -:no polarized signals). The corresponding *H-NMR
spectra are shown in Figure 2 and in the Supporting

Information.
propar%l allyl .
alcohol alcohol

1 [{RhCI(cod)}] + mtppms® + +

2 [{IrCl(cod)};] + mtppms™ + +

3 [{RhCI(cod)}.] + mtppts + +

4 [{IrCl(cod)},] + mtppts + +

5 [IrCl(cod)(bmim)] + mtppms + -

6 [IrCl(cod)(bmim)]+mtppts + -

7 [IrCl(cod)(emim)] + mtppms + -

8 [IrCl(cod)(emim)] + mtppts + -

9 [RhCl(cod)(IMes)] + mtppms + +

10  [RhClI(cod)(IMes)] + mtppts + +

11  [RhOH(cod)(IMes)] + mtppms + -

12  [RhOH(cod)(IMes)] + mtppts + +

13  [RhOH(cod)(iPr)] + mtppms + -

14  [RhOH(cod)(iPr)] + mtppts + +

[a] in D,0:CD40D = 9:1; [b] in CD;0D
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Figure 2. Hyperpolarized and relaxed 'H-NMR spectra of para-hydrogenated
propargyl alcohol. [RhOH(cod)(iPr)] = 25 mM; [mtppms] = 75 mM; [propargyl
alcohol] = 200 mM; Ppaanz = 1.5-1.6 bar (T=77K) (~ 6 bar, T=293K);
V(solvent) = 0.4 mL. (Table 1. entry 13)

The reactions were performed in 5 mm NMR tubes. As detailed
in the Experimental, the reaction protocol consists of a)pre-
hydrogenation of the catalyst solution, b)freezing the sample in
liquid N2, c)addition of the substrate and filling the tube with
para-H,, c)thawing the sample and performing the para-
hydrogenation, d)*H-NMR detection of the products. The
hyperpolarized allyl alcohol (Scheme 1- b) and propanol
(Scheme 1-c) were detected by *H-NMR spectroscopy with 45°
flip angle measurements (Figure 2 and Table 1, entries 1-4).

Most of the water-soluble, catalytically active Rh- and Ir-
complexes used in this study, contain coordinated N-
heterocyclic carbene as well as sulfonated phosphine
ligands.****?  The propargyl alcohol is efficiently para-
hydrogenated with these mixed ligand NHC/sulfonated
triphenylphosphine Rh(l)- and Ir(l)-complexes — as shown by
the polarised signals detected by normal *H-NMR spectroscopy
with 45° flip angle and *H-NMR-OPSY®!! measurements (Table
1, entries 5-14). By performing the experiments in agqueous
media the lifetime of polarized signals was found to be in the
range of 1-3 minutes. In general, the aqueous solvents
contained approximately 10% methanol, although the
hydrogenations could be run with water alone. Nevertheless, in
the presence of methanol, thawing of the reaction mixtures
frozen at 77 K takes place faster and close to perfect shimming
of the NMR equipment also requires less time — both are
important aspects with probe lifetimes of 1-3 minutes.

The Rh(l)- Ir(l)-based catalyst precursors used in this study
contain a coordinated 1,5-cyclooctadiene ligand which is
transformed during prehydrogenation to free cyclooctane, a
known biomembrane fluidizing agent. Recently we have
synthesized a highly water-soluble, cod-free Ir(I)-mtppms
hydrogenation catalyst, cis,mer-[IrH.Cl(mtppms)s], in the
reaction of hydrated IrCls and monosufonated
triphenylphosphine.”? (It is of interest that this complex is
among the three best homogeneous catalysts for the selective
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decomposition of formic acid to hydrogen and carbon dioxide —
a promising approach to H, storage/delivery.®)

cis,mer-[IrH.CI(mtppms)s] is sufficiently = soluble also in
methanol. As demonstrated by the spectra in Figure 3, methyl
propynoate was efficiently para-hydrogenated in CD3OD by this
catalyst which led to the expected high intensity inverse ‘H-
NMR resonances. The polarized signals were detected for
more than five minutes after the polarization occured.

e

polarization lifetime > 5 min

IH-NMR (45° flip angle, 1 scans)
6.145 6. 4’0 63’5 6. 3:0 62’5 6. 2’0 6. 1’5 6. 1’0 60’5 6.60 5. 9’5 5.9’0 58’5 5.8’0 5.7’5
(ppm)

Figure 3. Hyperpolarized "H-NMR signals of para-hydrogenated methyl
propynoate. [cis,mer-[IrH.Cl(mtppms);]] = 25 mM; [methyl propynoate] = 200
mMM; Pparatz = 1.6 bar (T=77K), (~6 bar, T=293K); V(solvent) = 0.4 mL.

The high catalytic activity of cis,mer-[IrH.Cl(mtppms)s] allows
para-hydrogenation reactions not only in alcoholic solutions but
also in plain water. For the hydrogenation of propargyl alcohol,
the polarized signals and the changes in their intensities in time
are shown in Figure 4.

PP A P

g polarizat ion lifetime ~ 1min

1H-NMR (45° flip angle, 1 scans)
6.60 6.50 6.40 6.30 6.20 6.10 6.00 5.90 5.80 5.70 5.60
(ppm)

Figure 4. Para-hydrogenation of propargyl alcohol in aqueous media
(water:methanol = 9:1). [cis,mer-[IrH,CI(mtppms)z]] = 25 mM,; [propargyl
alcohol] = 200 mM; Ppara.z = 1.6 bar (T=77K), (~6 bar, T=293K); V(solvent) =
0.4 mL.

The lifetime of polarisation is about 1 min, shorter than in pure
methanol (5 min), yet it is clearly detectable with 45 degree flip
angle NMR-measurements (Figure 4).



Conclusions

The use of water as solvent for para-hydrogenation reactions is
very challenging due to the fast exchange between the
catalytically active metal hydrides and the water-protons and
also because of the low hydrogen solubility in water. Here we
described examples of catalysts hitherto not used for para-
hydrogenations in aqueous solutions, such as Rh(l)- and Ir(l)-
mixed ligand sulfonated phosphine/N-heterocyclic carbene
complexes and cis,mer-[IrH,Cl(mtppms)s]. With these catalysts,
efficient para-hydrogenation of unsaturated alcohols could be
realized in aqueous media. The hyperpolarized *H-NMR signals
were detected for approximately 1-3 minutes when water used
as a solvent and up to 5 minutes in methanol. These systems
allow preparation of hyperpolarized molecules which in turn can
be applied as contrast enhancement agents for MRI in aqueous
media.

Experimental Section

0.400 mL of the catalyst solution (25 mM) was prepared in the
appropriate solvent in a Schlenk-tube under an argon atmosphere and
the catalytically active species was obtained by bubbling of H, (“normal”
hydrogen) in the pre-activation step. After that the solution containing the
activated catalyst was placed into the 5 mm NMR tube equipped with
Quick-Pressure valve. The substrate (200 mM) was added and the
reaction vessel was pressurized with 1.5-1.6 bar of para-H,, while
keeping it in liquid nitrogen, to achieve a higher para-hydrogen partial
pressure and to freeze the hydrogenation reaction. The NMR tube was
then defrosted at room temperature and vigorously shaken for about 30
seconds. (According to the NMR spectra, this simple procedure resulted
in 40-50% conversion of the starting unsaturated alcohols.) Immediately
after this step, the sample was placed into the NMR spectrometer and
the hyperpolarized *H-NMR signals were recorded by 45° flip angle and
OPSY measurements.®"

Acknowledgments

This research was supported by the National Research,
Development and Innovation Office of Hungary through the
grants NKFI PD115535 and NKFI FK128333. The research was
supported by the EU and co-financed by the European Regional
Development Fund under the projects GINOP-2.3.2-15-2016-
00008 and GINOP-2.3.3-15-2016-00004.

Keywords: para-hydrogen  PHIP « aqueous media ¢ transition
metal complexes ¢ catalysis

[1] C.R. Bowers, D.P. Weitekamp, Phys. Rev. Lett. 1986, 57, 2645-2648.
[2] C.R. Bowers, D.P. Weitekamp, J. Am. Chem. Soc. 1987, 109, 5541-

5542.

[3] E. Terreno, D. Delli Castelli, A. Viale, S. Aime, Chem. Rev. 2010, 110,
3019-3042.

[4] M.G. Pravica, D.P. Weitekamp, Chem. Phys. Lett. 1988, 145 (4), 255-
258.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]

[19]
[20]

[21]

[22]

[23]

WILEY-VCH

G. Buntkowsky, J. Bargon, H.-H. Limbach, J. Am. Chem. Soc. 1996,
118, 8677-8683.

R. V. Shchepin, A. M. Coffey, K. W. Waddell, E. Y. Chekmenev, Anal.
Chem. 2014, 86, 5601-5605.

R. V. Shchepin, A. M. Coffey, K. W. Waddell, E. Y. Chekmenev, J. Am.
Chem. Soc. 2012, 134, 3957-3960.

E. Y. Chekmenev, J. Hovener, V. A. Norton, K. Harris, L. S. Batchelder,
P. Bhattacharya, B. D. Ross, D. P. Weitekamp, J. Am. Chem. Soc.
2008, 130, 4212-4213.

a) K. V. Kovtunov, I. E. Beck, V. |. Bukhtiyarov, I. V. Koptyug, Angew.
Chem., Int. Ed. 2008, 47, 1492-1495. b) K. W. Waddell, A. M. Coffey, E.
Y. Chekmenev, J. Am. Chem. Soc. 2011, 133, 97-101.

a) I. V. Skovpin, V. V. Zhivonitko, I. V. Koptyug, Appl. Magn. Reson.
2011, 41, 393-410. b) I. V. Skovpin, V. V. Zhivonitko, I. P. Prosvirin, D.
F. Khabibulin, I. V. Koptyug, Z., Phys. Chem. 2016, 231, 575-592.

V. V. Zhivonitko, I. V. Skovpin, K. C. Szeto, M. Taoufik, I. V. Koptyug, J.
Phys. Chem. C 2018, 122, 4891-4900.

F. Reineri, A. Viale, S. Ellena, T. Boi, V. Daniele, R. Gobetto, S. Aime,
Angew. Chem., Int. Ed. 2011, 50, 7350-7353.

a) F. Reineri, T. Boi, S. Aime, Nat. Commun., 2015, 6, 5858. b) E.
Cavallari, C. Carrera, M. Sorge, G. Bonne, A. Muchir, S. Aime, F.
Reineri, Sci. Rep., 2018, 8, 8366.

B. Ripka, J. Eills, H. Koufilova, M. Leutzsch, M. H. Levitt, K.
Minnemann, Chem. Commun., 2018, 54, 12246-12249.

a) P.A. Chaloner, M.A. Esteruelas, F. Jo6, L.A. Oro, Homogeneous
Hydrogenation (Catalysis by Metal Complexes series, Vol. 15), Kluwer,
Dordrecht, The Netherlands, 1995. b) F. Jo6, Aqueous Organometallic
Catalysis (Catalysis by Metal Complexes series, Vol. 23), Kluwer,
Dordrecht, The Netherlands, 2001. c) F. Jod, A. Katho, Hydrogenation,
in Aqueous-Phase Organometallic Catalysis (B. Cornils, W.A. Herrman,
eds.), Wiley-VCH, Weinheim, Germany, 2004, pp 424-463. d) F. Joé, A.
Kathé, Two-Phase Aqueous Hydrogenations, in Handbook of
Homogeneous Hydrogenation (J. G. de Vries and C.J. Elsevier, eds.),
Wiley-VCH, Weinheim, Germany, 2007, pp 1327-1359. e) P. Dixneuf, V.
Cadierno, eds., Metal-Catalyzed Reactions in Water, Wiley-VCH,
Weinheim, Germany, 2013. f) F. Jod, J. Kovacs, A. Cs. Bényei, A.
Katho, Angew. Chem. Int. Ed. 1998, 37, 969. g) G. Papp, J. Elek, L.
Nadasdi, G. Laurenczy, F. Joo, Adv. Synth. Catal. 2003, 345, 172. h) H.
Horvath, A. Katho, A. Udvardy, G. Papp, D. Szikszai and F. Joo,
Organometallics, 2014, 33, 6330. i)L. Vigh, F. Jod, A. Csépld, Eur. J.
Biochem. 1985, 146, 241-244. j) |. Horvath, A. Glatz, V. Varvasovszky,
Zs. Torok, T. Pali, G. Balogh, E. Kovécs, L. Nadasdi, S. Benké, F. Joo,
L. Vigh, PNAS 1998, 95, 3513-3518.

F. Joo, J. Kovacs, A. Kathd, A. Cs. Bényei, T. Decuir, D.J. Darensbourg
Inorg. Synth. 1998, 32, 1.

W. A. Herrmann, C. W. Kohlpaintner, Inorg. Synth. 1998, 32, 8.

G. Papp, H. Horvath, G. Laurenczy, |. Szatmari, A. Katho, F. Jod,
Dalton Trans. 2013, 42, 521-529.

a) M. J. Cowley, R. W. Adams, K. D. Atkinson, M. C. R. Cockett, S. B.
Duckett, G. G. R. Green, J. A. B. Lohman, R. Kerssebaum, D. Kilgour,
R. E. Mewis, J. Am. Chem. Soc., 2011, 133, 6134-6137. b) J-B.
Hovener, T. L. Schwaderlapp, S. B. Duckett, R. E. Mewis, L. A. R.
Highton, S. M. Kenny, G. G. R. Green, D. Leibfritz, J. G. Korvink, J.
Hennig, D. Von Elverfeldt, Nat. Commun. 2013, 4, 2946.

a) J. A. Aguilar, P. I. P. Elliott, J. Lopez-Serrano, R. W. Adams, S. B.
Duckett, Chem Commun. 2007, 1183-1185. b) J. A. Aguilar, R. W.
Adams, S. B. Duckett, G. G. R. Green, R. Kandiah, J. Mag. Res. 2011,
208, 49.

G. Papp, G. Olveti, H. Horvath, A. Kathd, F. Jod, Dalton Trans. 2016,
45, 14516.

a) W-H. Wang, Y. Himeda, J. T. Muckerman, G. Manbeck, E. Fujita,
Chem. Rev. 2015, 115, 12936. b) K. Sordakis, C. Tang, L. K. Vogt, H.
Junge, P. J. Dyson, M. Beller, G. Laurenczy, Chem. Rev. 2018, 118,
372.



WILEY-VCH

Entry for the Table of Contents (Please choose one layout)

Layout 1:

COMMUNICATION

Text for Table of Contents (about 350 Key Topic*

characters) Author(s), Corresponding Author(s)*

Page No. — Page No.

Title
((Insert TOC Graphic here: max.
width: 5.5 cm; max. height: 5.0 cm;
NOTE: the final letter height should
not be less than 2 mm.))
*one or two words that highlight the emphasis of the paper or the field of the study
Layout 2:
COMMUNICATION
Key Topic*
((Insert TOC Graphic here; max. width: 11.5 cm; max. height: 2.5 cm; NOTE: the Author(s), Corresponding Author(s)*

final letter height should not be less than 2 mm.))
Page No. — Page No.
Title

Text for Table of Contents (about 350 characters)

*one or two words that highlight the emphasis of the paper or the field of the study



