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ABSTRACT: Parahydrogen can be used in catalytic hydro-
genations to achieve substantial enhancement of NMR signals of
the reaction products and in some cases of the reaction reagents
as well. The corresponding nuclear spin hyperpolarization
technique, known as parahydrogen-induced polarization
(PHIP), has been applied to boost the sensitivity of NMR
spectroscopy and magnetic resonance imaging by several orders
of magnitude. The catalyst properties are of paramount
importance for PHIP because the addition of parahydrogen to
a substrate must be pairwise. This requirement significantly
narrows down the range of the applicable catalysts. Herein, we
study an efficient silica-supported vanadium oxo organometallic
complex (VCAT) in hydrogenation and dehydrogenation
reactions in terms of efficient PHIP production. This is the
first example of group 5 catalyst used to produce PHIP. Hydrogenations of propene and propyne with parahydrogen over VCAT
demonstrated production of hyperpolarized propane and propene, respectively. The achieved NMR signal enhancements were
200−300-fold in the case of propane and 1300-fold in the case of propene. Propane dehydrogenation in the presence of
parahydrogen produced no hyperpolarized propane, but instead the hyperpolarized side-product 1-butene was detected. Test
experiments of other group 5 (Ta) and group 4 (Zr) catalysts showed a much lower efficiency in PHIP as compared to that of
VCAT. The results prove the general conclusion that vanadium-based catalysts and other group 4 and group 5 catalysts can be
used to produce PHIP. The hydrogenation/dehydrogenation processes, however, are accompanied by side reactions leading, for
example, to C4, C2, and C1 side products. Some of the side products like 1-butene and 2-butene were shown to appear
hyperpolarized, demonstrating that the reaction mechanism includes pairwise parahydrogen addition in these cases as well.

■ INTRODUCTION

Parahydrogen-induced polarization (PHIP) is a nuclear spin
hyperpolarization technique based on the use of parahydrogen-
enriched H2 (para-H2) in catalytic reactions.1−3 Upon hydro-
genations with para-H2, strong NMR signals of specific shape
amplified by several orders of magnitude can be observed,
revealing the high nuclear spin hyperpolarization in the reaction
products. The hyperpolarized products obtained this way can
be used for substantial sensitivity boosting in NMR spectros-
copy and magnetic resonance imaging, which often suffer from
an insufficient sensitivity. PHIP does not require remarkably
sophisticated equipment necessary in other spin hyperpolariza-
tion methods like dynamic nuclear polarization (DNP).4 The
efficiency of PHIP, however, crucially depends on the catalyst-
mediated para-H2 interaction with substrates. The para-H2

addition process must be pairwise, meaning that the two
hydrogen atoms must follow each other throughout the
catalytic cycle and end up together in the same product
molecule. The requirement of the pairwise mechanism,
therefore, provides a unique type of labeling, which is sensitive
to pairwise catalytic processes. It also sets, however, some
limitations on the catalytic system if one wishes to get strong
spin hyperpolarization by using PHIP. So far, the most efficient
catalysts providing high contribution of the pairwise mechanism
are dissolved precious metal complexes, which are unfortu-
nately difficult to rapidly separate from the hyperpolarized
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substances. As solid heterogeneous catalysts are easy to separate
from reaction mixtures, heterogeneous hydrogenation using
parahydrogen is considered as an efficient approach for
producing pure hyperpolarized gases and liquids. For the last
decade, many heterogeneous catalytic systems were found to
produce PHIP in hydrogenations with parahydrogen.5−9 In
most cases, the catalysts were based on the group 8 metal
nanoparticles10−12 or complexes supported on oxides.7−9,13

Metal nanoparticle-based catalysts provided high stability but
moderate enhancements, whereas immobilized complexes are
typically unstable under reaction conditions.8,9

Vanadium-based catalysts are used in a number of important
industrial processes.14−17 Recent developments led to a
vanadium oxo organometallic complex supported on silica as
a new efficient catalyst for non-oxidative dehydrogenation of
propane (Scheme 1).18 This catalyst, designated in the text as

VCAT, demonstrates high activity, selectivity, and stability, and
it is well-characterized under propane dehydrogenation reaction
conditions. On the other hand, VCAT can be potentially used
in hydrogenation reactions, because hydrogenation reaction is
the reverse of dehydrogenation, and thus, it can be catalyzed by
the same catalyst. In principle, sequential dehydrogenation−
hydrogenation can also lead to the spin hyperpolarization if
para-H2 addition proceeds in a pairwise manner, as was
reported previously.8,11,19,20 This route of production of
hyperpolarized substances is referred to in the literature as
“pairwise replacement”.19,20 Thus, propane dehydrogenation
over VCAT may produce hyperpolarized propane. Thus, both
hydrogenation and dehydrogenation using VCAT in the
presence of para-H2 are of great interest to explore. At the

same time, observation of hyperpolarization effects can provide
important mechanistic information about these chemical
reactions catalyzed by VCAT.
Herein, we show that surface-grafted vanadium complex

VCAT can provide hyperpolarized compounds in hydro-
genations with parahydrogen. In particular, it is shown that in
spite of a relatively low activity, this catalyst demonstrates high
stability over long reaction runs, providing continuous
production of hyperpolarized propane in propene hydro-
genation with parahydrogen. It is demonstrated that the
production of hyperpolarized propane takes place over a wide
range of temperatures (250−500 °C). On the other hand,
propane dehydrogenation in the presence of para-H2 led to the
observation of hyperpolarization effects for the side-product 1-
butene, whereas propane itself remained not polarized,
implying that the H2 pairwise replacement process is likely
inefficient. It is shown that in comparison to several other
surface-grafted complexes of group 5 and 4 metals (Ta- and Zr-
based complexes), VCAT catalyst demonstrates higher activity
and efficiency in the production of hyperpolarized substances.
It was demonstrated that the catalytic activity of VCAT catalyst
in hydrogenations is the highest among the examined catalysts.
In contrast to group 5 catalysts (VCAT and Ta-based one),
Group 4 catalysts (Zr-based) were more active at low
temperatures (below 0 °C), but their activity was still low.

■ EXPERIMENTAL SECTION

Catalysts. The VCAT catalyst was prepared by the synthetic
procedure described elsewhere.18 Prior to grafting reactions, the
molecular precursor [V(O)(Mes)3] was synthesized in two
steps.21,22 A mixture of the molecular complex (300 mg, 0.70
mmol) and the support SiO2‑(700) (2 g) in pentane (10 mL) was
stirred at 25 °C for 2 h. After filtration, the solid, VCAT, was
washed five times with pentane. The resulting red powder was
dried under vacuum (10−5 Torr). FTIR, UV−vis, and solid
state NMR (1H and 13C) spectra (Figures S6−S8) as well as
the metal loading of 1.4 wt % determined by elemental analysis
were in agreement with literature data.18

In addition, several other group 4 and 5 catalysts presented in
Table 1 were tested. These catalysts were synthesized according
to the methods described in ref 23. All catalyst treatments were
performed under an Ar atmosphere.

PHIP Experiments. The parahydrogen-enriched H2 was
produced using Bruker parahydrogen generator BPHG-90 (the
actual parahydrogen content in H2 was ca. 80−90%). This gas

Scheme 1. VCAT Structure

Table 1. Labels and Structures of Other Studied Group 4 and 5 Complexes
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is referred to as para-H2 in the text. NMR experiments were
performed on a Bruker AV-300 spectrometer operating at 300
MHz 1H resonance frequency.
In most cases, investigated hydrogenation and dehydrogen-

ation reactions in the presence of para-H2 were carried out in a
quartz reactor operating in the temperature range from 25 to
650 °C outside the NMR magnet (Figure 1, right branch). The

gas mixture after the reactor was flowing through a capillary
into a 10 mm NMR tube inside the NMR magnet to acquire 1H
NMR spectra. This experimental procedure involving adiabatic
transfer of the products of reaction with para-H2 from low to
high magnetic fields leads to the so-called ALTADENA24 effect.
In a common run, 3−5 mg of catalyst packed in the reactor
were used. The gas flow rate through the reactor was 2.1 or 4.1
scc/s.
In selected experiments, when heating to high temperatures

was not required, the reactions with para-H2 were performed
inside the NMR magnet in a 10 mm tube containing 3−5 mg of
catalyst (Figure 1, left branch). The NMR spectra were
acquired during the reaction. The gaseous reagents were passed
through the catalyst layer at the bottom of the tube using a 1/
16″ Teflon capillary with the flow rate of 2.1 scc/s in the
temperature range from −20 to +130 °C. As products were
formed in the high magnetic field, the so-called PASADENA1

hyperpolarization effect was observed in this case.
In propene hydrogenation with VCAT, several gas mixtures

of differing propene/para-H2 ratios were used in the experi-
ments: 1/3, 1/4, and 1/6. In the experiments with other
substrates (propane, propyne, 1,3-butadiene, and 1-butyne) and
other catalysts (Table 1), the substrate/para-H2 ratio was 1/4.

■ RESULTS
To the best of our knowledge, neither group 4 nor group 5
heterogeneous catalysts are presented in the literature in the

context of PHIP studies. Herein, main results are obtained for
the vanadium VCAT catalyst (Scheme 1). For comparison,
other group 5 and additionally group 4 catalysts were tested in
hydrogenations with para-H2, see Table 1 and Supporting
Information. Thus, the following discussion of the results is
divided into two parts describing VCAT results first and
comparing it to other catalysts, respectively.

VCAT Catalyst. Propene Hydrogenation. 1H NMR spectra
acquired for propene hydrogenation catalyzed by the VCAT
catalyst at 350 °C are shown in Figure 2. The use of para-H2 as

a reagent led to the enhanced NMR signals of the product
propane molecules when the gas mixture was flowing through
the catalyst at 4.1 scc/s, Figure 2a. The signals appeared in the
form of two multiplets of opposite signs; negative sign
(emission) for methyl group and positive sign (absorption)
for methylene group. For comparison, the spectrum represent-
ing thermally polarized signals acquired after an abrupt
termination of gas flow followed by a 5 s relaxation delay is
shown in Figure 2b. The signal enhancements can be seen
clearly from the comparison to the thermal 1H NMR spectrum.
The observation of the enhanced signals provides an additional
insight into the mechanism of hydrogenation over the VCAT
catalyst because hyperpolarized signals indicate the addition of
para-H2 molecules to propene in a pairwise manner. The
contribution of the pairwise mechanism to the overall propene
hydrogenation process was estimated from the observed
enhancements as 1−2%. We should note, however, that this
estimate constitutes a lower bound because nuclear spin
relaxation processes decreasing originally produced hyper-
polarization were not taken into account.
It should be noted that some less-pronounced PHIP effects

in the NMR spectra were also evident for reagent propene
molecules. Indeed, the ratios of the amplitudes of H1b and H1c

signals to the amplitude of H1a signal in Figure 2a reveal a
significant difference compared to the corresponding ratios in
the spectrum of thermally polarized propene in Figure 2b. H1b

and H1c signals have much lower intensity in comparison to H1a

signal in the former case. This observation indicates that in
addition to propene hydrogenation the replacement of two
vicinal hydrogens in the reagent propene molecules by
hydrogens of a para-H2 molecule takes place. It also gives a
new insight to the mechanism of propene hydrogenation over

Figure 1. Experimental setup and procedure. The reagent gas flow
controlled by a flowmeter was supplied either to the packed bed
reactor outside and then to the empty sample tube inside the NMR
magnet (right branch, ALTADENA experiment), or directly into the
sample tube with the catalyst inside the NMR magnet (left branch,
PASADENA experiment).

Figure 2. 1H NMR spectra of the gaseous reaction mixture from
propene hydrogenation catalyzed by VCAT. Spectrum (a) was
detected while the propane was produced in the reactor at 350 °C
and the reagent gas flow rate of 4.1 scc/s and the mixture was flowing
through the sample tube, whereas spectrum (b) was detected 5 s after
the gas flow was abruptly stopped. The initial propene/para-H2 ratio in
the reagent gas mixture was equal to 1/4.
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VCAT and side processes accompanying it. Such pairwise
replacement in propene molecules was reported earlier with Rh,
Pt, and Ir metal nanoparticles,8,19 and possible mechanisms
leading to this effect are discussed in the literature.19

The hyperpolarization levels were slightly dependent on the
composition of the reagent gas mixture, with higher content of
parahydrogen providing on average slightly higher hyper-
polarization levels, Figure 3. This was likely influenced by the

conversion between para-H2 and ortho-H2 accompanying the
hydrogenation over VCAT. The higher concentration of para-
H2 resulted in higher probability that parahydrogen is added to
propene before it is converted to orthohydrogen. The higher
flow rates on average also resulted in higher detected
hyperpolarization as the influence of the nuclear relaxation
during the gas transport is reduced, Figure 3b,c.
We note that catalytic activity of VCAT in propene

hydrogenation was evident clearly at 250 °C and higher
temperatures. In the activity tests, the temperature was
increased stepwise from 50 to 500 °C under continuous flow
of reagent gas mixtures having propene/para-H2 ratio of 1/4

and 1/6 (Figure 4). Experiments were also done with the
mixture of 1/3 propene/para-H2 ratio, but conversion of

propene was hard to quantify precisely in this case (below 1%).
The initial activity increased slightly in time over the period of
ca. 2 h at the elevated temperature of 500 °C and reached some
constant value, which was in accord with previous observations
in the study of catalytic performance over this catalyst in
propane dehydrogenation.18 For a stability check, the temper-
ature was decreased from 500 to 300 °C and then gradually
increased to 500 °C again. The catalytic activity was preserved
at the same level, which confirmed the thermal stability of the
catalyst after a 2 h activation treatment. In the course of the
activation, the color of the catalyst changed from orange to
black.
Importantly, PHIP signal amplitudes changed accordingly

with the changes of the temperature described above: the
higher the yield, the stronger the signal from the hyperpolarized
propane. This means that the hyperpolarization degree was not
significantly dependent on the temperature, and the signal
intensity was determined majorly by the number of produced
molecules. The observation serves as an extra evidence of the
active center stability under reaction conditions. In the vast
majority of cases, immobilized complexes are unstable at such
high temperatures,8,9 which is clear from irreversible changes of
hyperpolarization degree of the products. Our experience in the
field tells that group 8 metal complexes (Rh, Ir, and Pd) tend to
degrade rapidly under propene hydrogenation conditions above
150 °C with the formation of metal nanoparticles, whereas
VCAT demonstrates high stability even at 500 °C. These
results suggest that vanadium species have been transformed to
tripodal V(III) (Scheme S1 in Supporting Information) upon
the heat treatment, because such isolated species are expected

Figure 3. 1H NMR signal enhancements measured as a function of the
reactor temperature for hyperpolarized propane produced in propene
hydrogenation with para-H2 over VCAT. Average enhancement values
over CH2 and CH3 groups are presented. The bar charts shown in (a−
c) correspond to the reagent mixtures with 1/3, 1/4, and 1/6
propene/para-H2 ratios, respectively. The reagent gas flow rates in the
reactor are indicated in the legends.

Figure 4. Propene conversion as a function of temperature in propene
hydrogenation over VCAT. The results are shown for the reagent gas
mixtures of (a) 1/4 and (b) 1/6 propene/p-H2 ratios and two different
gas flow rates (2.1 and 4.1 scc/s).
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to be stable similarly to unsaturated tripodal tantanlum surface
species.25 Furthermore, they can easily conduct oxidative
addition of H2 molecules (Scheme S2). The catalytic cycle is
completed after an insertion of propene into the resulting H−
V−H center, followed by the reductive elimination of propane.
The propane molecule should be hyperpolarized in this case as
the hydrogenation is pairwise (see Scheme S2 in Supporting
Information). Recently, a similar vanadium complex
(VIII(Mes)3·THF) has been grafted onto silica and investigated
in alkene and alkyne hydrogenations.26 This bipodal vanadium
complex was catalytically active in 1-octene hydrogenation at 70
°C and diphenyl acetylene at 100 °C. The mechanism of these
reactions was proposed to be either oxidative addition/
reductive elimination or heterolytic activation. However, no
direct evidence was given. For VCAT at relatively low
temperatures (<250 °C), no significant hyperpolarization was
observed, while the catalytic activity was low. This result may
indicate that at the low temperatures VCAT can undergo a
transfer of hydride to the support,25 giving a bipodal
vanadium(V) oxo species (Scheme S1) which can complete
the catalytic cycle only by nonpairwise heterolytic activation
(Scheme S3). We note, however, that the formation of the
tripodal V(III) at high temperatures is a tentative conclusion
based on the literature data and our experience with group 5
catalysts. More data about the nature of the active species can
be obtained by using a combination of ex situ, in situ, and
operando characterization methods, which will be addressed in
our future study of VCAT. Such experiments are beyond the
scope of this paper, which describes mostly the observation of
hyperpolarization effects with this catalyst.
Finally, we can conclude that the 1H NMR signal

enhancements observed for propane in the propene hydro-
genation with parahydrogen are on the order of 100−300-fold,
depending on the experimental conditions (Figure 3). These
numbers are lower than the theoretically expected ones (ca.
104-fold at 7 T), but they do demonstrate that orders of
magnitude signal enhancements are possible with VCAT. As
mentioned above, the enhancements can be converted into the
fractions of pairwise addition in the overall hydrogenation
process, which constitute the lowest values possible, providing
the fraction of pairwise addition on the order of 1−2%. The
nuclear relaxation processes in this case may lead to a severe
underestimation of the pairwise addition fractions, especially
considering that the vanadium center is paramagnetic in certain
oxidation states. The paramagnetic relaxation can significantly
accelerate the nuclear spin relaxation, leading to quenching of
hyperpolarization. In the case of VCAT, however, this process
seems to be not extremely fast as to prevent an observation of
substantial nuclear hyperpolarization in propene hydrogena-
tion.
Propane Dehydrogenation. Propane dehydrogenation over

VCAT was carried out using the propane/para-H2 mixture with
the ratio of the reagents equal to 1/4. In principle,
dehydrogenation in the presence of para-H2 molecules may
result in hyperpolarized products if pairwise hydrogen
replacement or dehydrogenation followed by rehydrogenation
take place.11,19,20 Formally, these processes can lead to
hyperpolarized propane or propene as represented in Scheme
2.
In our experiments, signals of hyperpolarized products at 4.7

and 5.7 ppm in 1H NMR spectra were initially detected upon
heating to 400 °C when the reaction mixture was passed
through a VCAT layer at the flow rate of 2.1 scc/s (Figure 5).

These signals were also observed at 450, 500, and 550 °C at the
same flow rate. As it was determined from a thorough analysis
of the NMR spectra, these signals correspond to hyperpolarized
1-butene, namely to the CH (5.7 ppm) and CH2 (4.7 ppm)
groups of its vinyl fragment. This was an interesting and
unexpected result indicating that complex side processes take
place during the interaction of propane molecules with VCAT
in the presence of para-H2. The NMR spectra show also the
presence of ethylene along with 1-butene in the temperature
range 400−550 °C. The formation of the C2 and C4 reaction
products from C3 propane molecules on VCAT under these
conditions implies likely that the reaction mechanism includes a
C−C coupling step resulting in C6 chain which in turn is split
into C2 and C4 parts. Alternatively, the C4 and C2
hydrocarbons could be formed as a result of metathesis of
two propene molecules. At the same time, no signals of 1-
butene were detected in the 1H NMR spectra of reaction
mixture if the reaction was carried out at 600 and 650 °C.
Moreover, at these high temperatures, propene was the main
reaction product, while ethylene and methane were detected as
side products (Figure 5e,f). At these temperatures, the

Scheme 2. Formal Mechanism of Pairwise Replacement
Leading to the Formation of Hyperpolarized Propane

Figure 5. 1H NMR spectra of reaction mixture formed in propane
dehydrogenation on VCAT when the propane/para-H2 (1/4) gas
mixture was passed through the reactor at different rector temper-
atures of (a) 400, (b) 450, (c) 500, (d) 550, (e) 600, and (f) 650 °C.
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thermodynamics is favorable for the formation of propene,
while formation of C1 methane and C2 ethylene is the result of
propane molecule splitting. The change in the catalytic
behavior of VCAT with the temperature was also apparent
from the propane conversion, which for the mixture flowing at
2.1 scc/s increased as follows: 1−2% at 400 °C, 9% at 600 °C,
and 14% at 650 °C. It should be noted that after cooling down
the reactor from 650 to 450 °C the formation of hyperpolarized
1-butene as well as ethylene was again observed, implying that
the catalyst was stable under applied high temperature
conditions.
It should be noted that the observed hyperpolarization of 1-

butene protons at the double carbon−carbon bond, H5a and
H5b, is rather unexpected because we would instead expect to
see hyperpolarization of propane or propene as represented in
Scheme 2. The mechanism of hyperpolarized 1-butene
formation is unclear, but undoubtedly, it includes pairwise
addition of two hydrogen atoms originating from one para-H2,
which is evidenced by the observation of the PHIP effect itself.
It is possible that the dehydrogenation goes deeper, and a triple
carbon−carbon bound is formed, which is then hydrogenated
with para-H2. Indeed, in the tests with 1-butyne hydrogenation
catalyzed by VCAT at 500 °C it was shown that hyperpolarized
1-butene can be formed from 1-butyne and para-H2 (see Figure
S1 in Supporting Information). However, in this case the
enhanced hyperpolarization signals are observed for all
hydrogens at the 1-butene double bond, whereas in propane
dehydrogenation only H5a and H5b hydrogens got hyper-
polarized (Figure 5a). This test indicates that there are likely
some differences in the mechanisms of formation of hyper-
polarized 1-butene in the propene dehydrogenation and in the
1-butyne hydrogenation.
The NMR signal enhancement for H5a hydrogen of 1-butene

was about 25 in the propane dehydrogenation, which was
determined by comparing the amplitudes of the hyperpolarized
and thermal signals (see Figure S2 in Supporting Information).
This value corresponds to less than 1% fraction of the pairwise
addition, meaning that the pairwise replacement of hydrogens
is not very efficient in the complex process of 1-butene
formation from propane, which must also include processes
such as oligomerization or metathesis. In an earlier study, some
of us have demonstrated the possibility to observe PHIP for C4
oligomerization products during acetylene hydrogenation with
para-H2 over palladium nanoparticles,11 wherein the signal
enhancements generated for H2a of 1-butene molecule were an
order of magnitude higher than the value observed for the same
product produced over VCAT in propane dehydrogenation in
this work. Additionally, in the case of VCAT, PHIP was
observed only for hydrogens H5a and H5b but not for H5c (i.e.,
for the pair of protons cis to each other with respect to the
double bond), whereas there was no such selectivity in the case
of Pd nanoparticles. Apparently, the pathways of C4 product
formation and hyperpolarization significantly differ for these
catalytic systems.
In contrast, propane signals did not reveal any noticeable

hyperpolarization under propane dehydrogenation conditions,
implying that the pairwise hydrogen replacement process19

drawn in Scheme 2 for propane is not efficient. However, one
should consider that the polarized signals of propane could be
possibly masked by the strong signals of thermally polarized
propane. The inefficiency of pairwise hydrogen replacement in
propane is in accord with previously reported tests performed
using Pt and Ir nanoparticles as catalysts.19

Propyne Hydrogenation. A significant hyperpolarization of
propene was observed in the hydrogenation of propyne with
para-H2 over VCAT, Figure 6.

The measured NMR signal enhancement for proton H1a of
produced propene is ca. 1300, which is an order of magnitude
higher compared to that observed for methyl and methylene
groups of propane in propene hydrogenation. In contrast to
propene hydrogenation, however, VCAT was much less active
in propyne hydrogenation, providing typical reaction yields of
less than 1% under similar experimental conditions. Moreover,
the higher temperatures around 500 °C were required to
observe detectable signals of the hyperpolarized propene.
In addition to propene, hyperpolarized 2-butene was visible

in the 1H NMR spectra acquired from the reaction mixture in
continuous reaction mode (Figure 6a). Moreover, thermally
polarized ethylene was also detected (Figure 6b). Such
observations imply that like in propane dehydrogenation the
side reactions leading to the C4 and C2 hydrocarbons took
place, meaning that propyne hydrogenation over the VCAT
catalyst is accompanied either by oligomerization and hydro-
genolysis processes or metathesis because the initial feed
contained only the C3 hydrocarbon. Because the high
temperatures were used, to verify that the hyperpolarized
butene and propene were produced over VCAT, but not due to
pyrolysis, we performed test experiments with no catalyst
loaded in the reactor but otherwise under the same reaction
conditions (same temperatures and flow rates). No hyper-
polarized/thermally polarized butene or propene products were
detected at the same level of accuracy, implying that the
catalytic action of VCAT was the source of the hyperpolarized
substances.

Other Group 4 and 5 Catalysts. Some selected catalysts
based on immobilized complexes of other group 4 and group 5
elements were tested in hydrogenation reactions with para-H2.
The structures of the catalysts are shown in Table 1.

Figure 6. 1H NMR spectra of the reaction mixture produced in
propyne hydrogenation with para-H2 over VCAT at 500 °C. Spectrum
(a) was detected in the continuous flow mode using a single scan,
whereas (b) is detected using 256 scan accumulations after the flow
was abruptly stopped. The reagent mixture of 1/4 propyne/para-H2
ratio was used, which was supplied to the reactor at the flow rate of 2.1
scc/s.
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Tantalum belongs to the same group as vanadium.
Immobilized TaCAT complex was studied in the hydro-
genation of propene in the temperature range of 25−400 °C.
The complex was found to become active at 200 °C in propene
hydrogenation with parahydrogen. Moreover, the formation of
hyperpolarized propane was detected at this temperature by
acquiring 1H NMR spectra of the flowing reaction mixture in
the ALTADENA-type experiments (see Figure S3, Supporting
Information). The signals of the hyperpolarized propane were
also detected when the reaction was carried out at 250−400 °C.
The measured signal enhancement factors and propene
conversion data are presented in Figure 7.

It can be seen that the signal enhancement factors varied in
the range of 70−90, which means that the enhancement was
practically constant in the examined temperature range. The
conversion, however, changed significantly with the highest
value at 200−250 °C (4%) and the lowest value at 350−400 °C
(1%). Thus, TaCAT produced lower levels of hyperpolarization
(Scheme S4 in Supporting Information) but comparable
reaction yields as compared to the data for VCAT catalyst
(Figures 3 and 4). The decrease in the activity at the high
temperatures is likely due to partial transformation of bipodal
monohydride Ta−H species to tripodal Ta species,25 which are
inactive in hydrogenations (Scheme S5 in Supporting
Information).
ZrCAT immobilized complex was used as an example of

group 4-based catalyst in propene hydrogenation with para-H2.
This complex became active at 150 °C reaction temperature,
and hyperpolarized propane was detected in 1H NMR spectra
of the reaction mixture under continuous flow conditions
(Figure S4 in Supporting Information). It was found that
temperature increase to 300−500 °C leads to decrease in the
hyperpolarization of propane and deactivation of the catalyst.
The signal enhancement factor measured for the hyper-
polarized propane was 20 at 150 °C and 6 at 300 °C. At the
same time, no propane signals were detected at 400 °C or
higher. This observation likely indicates a restructuring of the
surface species (Scheme S6 in Supporting Information). The
hyperpolarization is likely produced by bipodal zirconium bis-
hydride species (Scheme S7 in Supporting Information). The
number of such species declines with the temperature because
of a gradual transformation to tripodal zirconium monohydride.
The mechanism of the hydrogenation reaction with the latter
species is such that the hydrogen insertion cannot be pairwise,

(Scheme S8 in Supporting Information) and consequently, no
hyperpolarization of propane is expected. At the higher
temperature (400 °C), the zirconium completely transforms
to tetrapodal species without any possibility to insert propene.
It should be noted that in addition to propane, hyper-

polarized 1-butene was formed at 300−350 °C over ZrCAT.
However, the temperature increase led to vanishing of 1-butene
at 400 °C as well from the reaction mixture. The enhancement
factor for 1-butene 1H NMR signal was likely very high,
because corresponding thermal signals were not observed after
128 accumulations when the reaction mixture flow was
stopped. We note also that thermally polarized 1,3-butadiene
was detected in 1H NMR spectrum of the reaction mixture
when the flow was stopped (Figure S4b* in Supporting
Information). The observation of 1,3-butadiene suggests that
the hyperpolarized 1-butene produced in continuous flow
conditions could be formed by hydrogenation of 1,3-butadiene,
which is initially generated by the reaction of propene with
ZrCAT catalyst. This assumption is supported by the
production of hyperpolarized 1-butene with a 1H NMR signal
shape similar to that detected in propene hydrogenation when
1,3-butadiene hydrogenation with para-H2 was tested at 300 °C
with the same catalyst (Figure S5 in Supporting Information).

■ DISCUSSION
The observation of PHIP effects demonstrated in this work for
the hydrogenations of propene, propyne, and 1-butyne with
para-H2 over VCAT constitutes a solid evidence for the
presence of pairwise addition mechanistic pathways in these
reactions. This is an important feature of VCAT, making
vanadium-based catalysts worth considering for an efficient
production of hyperpolarized substances. It is also interesting in
terms of understanding of the mechanistic aspects of
hydrogenation catalyzed by the complex. Basically, two ways
of para-H2 activation can lead to the pairwise addition and
eventually to the formation of the spin hyperpolarization. In the
first case, the hydrogenation proceeds through the oxidative
addition of para-H2.

27 This way is well-exemplified by the
formation of dihydride compounds from transition metal
complexes and para-H2 molecules in homogeneous hydro-
genations. In the second case, the reaction proceeds through a
heterolytic activation of molecular hydrogen, meaning that the
charge separation occurs in para-H2 activation.

6,28 This way is
characteristic, for instance, for oxide-based catalytic systems like
activated ZnO,29 in which one of the hydrogen atoms from the
para-H2 molecule goes to the metal ion whereas another goes
to the oxygen. The presence of PHIP on propane produced
from propene and para-H2 may be the result of any of these
two mechanistic pathways as soon as the vanadium center can
interact to form a dihydride complex, and also, this center
contains oxygen as a ligand which may facilitate the heterolytic
activation.
It is worth to note that to produce hyperpolarized propane

efficiently in propene hydrogenation with para-H2, the time
scale of transfer of the two hydrogens to the substrate should be
relatively fast compared to the lifetime of the hyperpolarization.
In other words, the transfer time should be preferably much
shorter than the time during which the hyperpolarization is
destroyed. Depending on conditions, the NMR signal enhance-
ments observed for CH2 and CH3 groups of propane produced
over VCAT varied in the range of 100−350-fold. The reaction
temperature had only a weak effect on the enhancement factors
(Figure 3). This observation indicates that the reaction step

Figure 7. Enhancement factors and propene conversions obtained in
propene hydrogenation with para-H2 over TaCAT in the temperature
range of 200−400 °C. The gas reagent flow rate was 2.1 scc/s. The
enhancement factors are calculated for protons of CH3 group of
propane.
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responsible for the transfer of para-H2 to the substrate is not
the rate-limiting one or it is rate-limiting but always much faster
than the nuclear spin relaxation. We note also that the
amplitude of ortho-H2 signal visible in the NMR spectra was
relatively low and temperature-independent in the studied
hydrogenations over VCAT, indicating the absence of a fast
ortho−para conversion process in the studied temperature
range and implying that the addition of H2 to VCAT is likely an
irreversible step.
In addition, mechanistic aspects of propene hydrogenation

over VCAT are reflected by the observed weak hyper-
polarization of H1a, H1b, and H1c hydrogens of propene when
it was hydrogenated to propane with para-H2 (Figure 2). This
observation most likely indicates the presence of side reactions
leading to pairwise replacement of pairs of hydrogens at the
double bond in propene with the ones originating from para-
H2. Such processes were observed in several studies with
supported Rh, Pt, and Pd metal catalysts and in situ reduced
immobilized complexes.8,11,19,20 On the other hand, we cannot
entirely exclude the polarization transfer from para-H2 to the
catalyst-bound propene on the catalytic center, which may also
occur as the reaction was performed at the low magnetic field,
that is, under conditions which are known to lead to the signal
amplification by reversible exchange effect (SABRE).30

On the basis of the enhancement factors, the contribution of
pairwise addition of para-H2 to propene in the overall
hydrogenation process catalyzed by VCAT is around 1−2%.
This value is the lower limit estimate of the contribution,
because relaxation of the hyperpolarization is hard to account
for correctly in the evaluation, and the actual value of the
pairwise contribution can be significantly higher. This estimated
value is comparable to those observed in propene hydro-
genation over immobilized Vaska’s complex and the immobi-
lized Wilkinson’s complex reduced in situ.7−9 VCAT, however,
has the highest stability compared to the Rh and Ir immobilized
complexes. Supported Pt and Rh metal catalysts also provide
comparable values of the pairwise addition in propene
hydrogenation with para-H2.

5

As was discussed above, the NMR signal enhancements are
practically unchanged in the temperature range of 250−500 °C,
meaning that the temperature does not significantly influence
the contribution of pairwise addition to the overall propene
hydrogenation over VCAT. On the other hand, the temper-
ature had an effect on the propene conversion. In particular, it
can be seen that largest propene conversions of 7 and 9% at 2.1
scc/s flow rate were observed at 250 °C for 1/4 and 1/6
propene/para-H2 mixtures, respectively. At the same time, the
propene conversion rapidly drops with increasing temperature,
and at 500 °C, the conversion did not exceed 3% for both
mixtures. This observation most likely spotlights the shift of
thermodynamic equilibrium to the formation of propene and
H2 at such a high temperature because of the exothermic nature
of the hydrogenation reaction, when hydrogenation is no
longer favorable.
We should note that other immobilized complexes of group

4 and 5 elements (Ta and Zr) studied in this work have shown
only weak activity in propene hydrogenation. Some promising
conversion of propene to hyperpolarized propane was obtained
with TaCAT, but the NMR signal enhancement of the product
was several times lower as compared to what was observed with
VCAT. The hyperpolarization of propane produced with
ZrCAT was in turn several times lower than for TaCAT.
Therefore, among all studied catalysts VCAT was the best

catalyst to produce hyperpolarized propane, which also
demonstrated a noticeable stability over long reaction runs.
Interestingly, switching the substrate hydrogenated with

para-H2 from propene to propyne had a significant effect on
both the observed NMR signal enhancement of the reaction
product, propene, and the catalytic activity of VCAT. A
dramatically increased signal enhancement observed for the
product molecules of 1300−1500-fold was recorded, which is
almost an order of magnitude larger value as compared to the
signal enhancement for propane in propene hydrogenation with
para-H2. These values correspond to at least 10−12% of
pairwise addition. Thus, the contribution of pairwise addition to
the overall hydrogenation of propyne over VCAT is significant,
especially if we take into account the effects of relaxation
processes leading to underestimation of the fraction of pairwise
addition. The significant difference in the NMR signal
enhancements observed in the hydrogenations of propene
and propyne indicates a significant difference in hydrogenation
mechanisms for these substrates. A detailed elucidation of these
differences is currently not possible as it requires sophisticated
in situ VCAT studies not accessible at the current state-of-the-
art, and this is beyond the scope of this article. We note,
however, that such a significant enhancement considerably
distinguishes this complex from previously studied heteroge-
neous catalysts. Indeed, hydrogenation on supported metal
catalysts or oxides usually provides NMR signal enhancements
between 100−200, while the use of immobilized Ir catalysts
makes it possible to obtain enhancements of about 500−700-
fold under similar experimental conditions.5,6 Catalytic activity
of VCAT in propyne hydrogenation was much lower as
compared to that in propene hydrogenation with the VCAT
catalyst. Propyne conversion was less than 1% in the
temperature range from 250−500 °C. Indeed, in propyne
hydrogenation, reliably detectable NMR signals of thermally
polarized propene after an abrupt stop of the reaction mixture
flow were acquired upon heating up to 500 °C after extensive
scan accumulations, whereas in propene hydrogenation under
the similar reaction conditions propane was easily detected with
a single scan.
The propane dehydrogenation over VCAT in the presence of

para-H2 did not lead to a production of hyperpolarized
propane. This initial expectation was based on the idea that
pairwise replacement may be an efficient process taking place
on the catalyst as shown in Scheme 2. Instead, we detected
hyperpolarized 1-butene produced due to side processes taking
place during the activation of propane molecules in the
presence of para-H2. In addition to 1-butene, ethylene and
methane molecules were detected in the NMR spectra of
reaction mixture as side products (Figure 5). The formation of
the C4 hydrocarbon product indicated the presence of propane
oligomerization or metathesis processes taking place over
VCAT, whereas the presence of C2 and C1 hydrocarbons
indicates that carbon chain scission is also taking place. The
main reaction product at temperatures above 500 °C was
nonpolarized propene.

■ CONCLUSIONS
In conclusion, we have examined a new silica-supported
vanadium oxo organometallic complex VCAT in hydrogenation
and dehydrogenation reactions in the presence of para-H2. It
was found that the catalyst provides the formation of
hyperpolarized propane in propene hydrogenation by means
of PHIP, demonstrating significant NMR signal enhancements
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of more than two orders of magnitude compared to thermal
polarization. This is the first observation of PHIP effects over
vanadium-based catalysts. On the other hand, no hyper-
polarized propane was detected in propane dehydrogenation
in the presence of para-H2, indicating that pairwise replacement
of two hydrogens from propane with the ones originating from
para-H2 is not an efficient process over VCAT. Instead, the
side-product 1-butene was found hyperpolarized in this process,
illuminating complexity of the dehydrogenation process.
Substantial hyperpolarization of more than three orders of

magnitude was produced by VCAT as a catalyst in propyne
hydrogenation with para-H2. Such a high enhancement factor
deserves considering it as a record value observed among
heterogeneous catalysts like immobilized complexes and
supported metal catalysts of various metals known to produce
PHIP. VCAT demonstrates also exceptionally high stability
over long use in reaction conditions. It also has a relatively high
activity in comparison to other group 4 and 5 immobilized
complexes (Ta, Zr), which, however, is not supreme, with the
best result obtained of around 9% conversion in the continuous
flow mode in propene hydrogenation. We believe that further
investigations of vanadium-based immobilized complexes are of
significant importance for new breakthrough developments in
the field of production of hyperpolarized substances in
hydrogenations with para-H2.
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