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Heterogeneous Hydrogenation of Phenylalkynes with
Parahydrogen: Hyperpolarization, Reaction Selectivity, and
Kinetics

Ekaterina V. Pokochueva®®, Kirill V. Kovtunov®®*, Oleg G. Salnikov®?, Max E. Gemeinhardts, Larisa
M. Kovtunova®®, Valerii |. Bukhtiyarovd, Eduard Y. Chekmenevef, Boyd M. Goodsong* and Igor V.
Koptyug?®

Parahydrogen-induced polarization (PHIP) is a powerful technique for studying hydrogenation reactions in gas and liquid
phases. Pairwise addition of parahydrogen to the hydrogenation substrate imparts nuclear spin order to reaction products,
manifested as enhanced 'H NMR signals from the nascent proton sites. Nanoscale metal catalysts immobilized on supports
comprise a promising class of catalysts for producing PHIP effects; however, on such catalysts the percentage of substrates
undergoing the pairwise addition route—a necessary condition for observing PHIP—is usually low. In this paper, we
present a systematic study of several metal catalysts (Rh, Pt, Pd, and Ir) supported on TiO, in liquid-phase hydrogenation of
different prototypical phenylalkynes (phenylacetylene, 1-phenyl-1-propyne, and 3-phenyl-1-propyne) with parahydrogen.
Catalyst activity and selectivity were found to be affected by both the nature of the active metal and the percentage of
metal loading. It was demonstrated that the optimal catalyst for production of hyperpolarized products is Rh/TiO, with 4
wt% metal loading, whereas Pd/TiO, provided the greatest selectivity for semihydrogenation of phenylalkynes. In a study
of liquid-phase hydrogenation reaction kinetics, it was shown that reaction order with respect to hydrogen is nearly the
same for pairwise and non-pairwise H, addition—consistent with a similar nature of the catalytically active sites for these

reaction

Introduction

Nowadays the development of hydrogenation catalysts that
would combine both high activity and selectivity is highly
desirable. In industrial processes, heterogeneous
hydrogenation catalysts are often subject to high-temperature
and high H, pressure reaction conditions;! thus the catalysts
must be robust and recyclable for both economic efficiency
and reduced environmental impact. Owing to their thermal
stability, synthetic versatility, and desirable interactions with
metal catalysts, the usage of titanium dioxide (TiO,) particles
as immobilizing support has received considerable attention in
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recent years.? The Pd/TiO, catalyst has also demonstrated
selectivity for specific products under different reaction
conditions in a controllable manner.®> Another study
investigated the chemoselectivity of Pt/TiO, and Pt/CeO,
catalysts in crotonaldehyde hydrogenation, both with and
without their respective supports; the results demonstrated
that based on the way the catalyst and support were prepared
together (support layer deposited on catalyst versus catalyst
immobilized on support), the chemoselectivity toward C=C
versus C=0 bonds could be tuned.* In the terms of liquid phase
heterogeneous hydrogenation supported Pd on alumina
catalysts were used for diphenylacetylene
semihydrogenation.> A decrease in the specific surface area
along with increase in the selectivity was observed. The use of
supported to MOF Ru catalysts at the mild conditions can
successfully hydrogenate furfural to furfuryl alcohol.® Liquid
phase hydrogenation of phenylacetylene over Pd/TiO, was
also examined in strong metal-support interaction (SMSI)
regime.” It is well known, that selective hydrogenation of
alkynes is a big issue for industrial and academic points of
view. Therefore, liquid phase hydrogenation of different
alkynes was studied, where Pd catalysts were commonly
used.®11

In view of all the examples provided above, examination of
hydrogenation catalysts—as well as mechanisms of
hydrogenation reactions—remains a highly important task.
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NMR spectroscopy has proven to be one of the most powerful
methods for such efforts; indeed, it is widely used in catalysis
for characterization of homogeneous and heterogeneous
catalysts, reactants and products in different phases, reaction
intermediates, and more (see for example, Refs. 12713),
However, one of the major disadvantages of conventional
NMR is its low detection sensitivity, which results from weak
nuclear spin polarization under typical thermal equilibrium
conditions. In order to overcome this sensitivity problem,
several hyperpolarization techniques have been
developed,*®'7 including parahydrogen-induced polarization
(PHIP).1820 pPH|P effects can be observed via NMR during
hydrogenation of unsaturated molecules with parahydrogen,
provided that the hydrogenation process occurs via pairwise
addition of hydrogen atoms (and the nascent H positions
become magnetically inequivalent). In other words, two
hydrogen atoms from one parahydrogen molecule should be
added to the same reactant molecule; if this condition of
pairwise addition is satisfied, NMR signals of hydrogenation
products and intermediates can be significantly enhanced and
exhibit characteristic antiphase lineshapes.?! This property has
made PHIP a unique tool for mechanistic investigation of
catalytic reactions, due to the possibility of sensitive
intermediates detection and ability to track hydrogen atoms
from the same hydrogen molecule.??-24

Heterogeneous hydrogenation with parahydrogen has mostly
been studied in the gas phase!®2°-28; however, there are
examples of successful use of PHIP effects on heterogeneous
catalysts (HET-PHIP) in liquid-phase hydrogenation as well.2°-35
Initially homogeneous catalysts were utilized in the liquid
phase, since in such catalysts the active site for hydrogen
activation is usually a single metal center; therefore, the
pairwise addition route is usually the main mechanism of
hydrogenation.3®6 On the other hand, homogeneous catalysts
cannot be easily separated from hyperpolarized products, and
this fact has prompted the search for other types of catalysts
that can enable PHIP phenomena. One rational approach has
been to immobilize homogeneous catalysts on solid supports,
because ideally, such assemblies should maintain
homogeneous hydrogenation mechanisms—i.e., those that
favor the pairwise addition route. The first experiments of this
kind were performed using Wilkinson's catalyst (RhCI(PPhs)s),
supported on either modified SiO, or polymer particles.3” Both
of the resulting catalysts were able to produce PHIP signal
enhancements in liquid-phase hydrogenation reactions of
styrene with parahydrogen3’; however, later the catalysts
prepared utilizing this immobilization approach were found to
exhibit poor stability under reaction conditions typically
necessary for hydrogenation reactions. For example, leaching
of metal complexes into solution has been detected following
liquid-phase hydrogenation3®; moreover, if the reaction is
performed at high temperatures, reduction of the catalyst
moieties’ metal ions to form metal nanoparticles is also
possible.3%40 These shortcomings, combined with the high cost
and often tedious synthesis procedure of such catalysts, make
the use of immobilized catalysts for PHIP hyperpolarization
challenging on large scales.

2| J. Name., 2012, 00, 1-3

As a result, recent efforts have been devoted to investigation
of parahydrogen-induced polarization on catalysts based on
metal nanoparticles — and it was previously shown that metal
catalysts supported on titania usually exhibit higher selectivity
to the pairwise hydrogen addition route.'® PHIP during liquid-
phase hydrogenation over supported metal nanoparticles was
first demonstrated in 2009 for a range of different substrates
and catalysts.?® It is worth noting that the work has been
largely motivated by the desire to employ liquid-phase PHIP in
biocompatible systems—including hydrogenation in aqueous
phase.3032-3> However, the main problems—Ilow selectivity for
the pairwise addition route and insufficient activity—still
remain. Moreover, there is still no clear understanding of the
detailed mechanism underlying the pairwise addition of
hydrogen atoms on such heterogeneous (metal nanoparticle-
based) catalysts.’® Therefore, in this work our goal was to
perform a systematic investigation of the influence of the
active metal and hydrogenation substrate on the catalytic
activity and selectivity, in terms of both chemical selectivity
and selectivity to pairwise addition of hydrogen.

Experimental methods
Catalyst preparation and characterization

Seven different catalysts were prepared by wet impregnation
of titanium dioxide with the corresponding metal nitrates or
chlorides (in case of Ir) solution: Rh/TiO, catalysts with 1, 4, 10,
and 23 wt% metal loading, 2 wt% Pd/TiO,, 4 wt% Ir/TiO,, and 2
wt% Pt/TiO,. Details of the preparation procedures can be
found in the Supporting Information (SI). All catalysts were
characterized by transmission electron microscopy (TEM), CO
and H, chemisorption, and the metal loadings were
determined by X-ray fluorescence on an ARL PERFORM'X
analyzer with a Rh anode of an X-ray tube. Details about
chemisorption procedure can be found in SI. Determined
values of metal loading, dispersion, average crystallite size and
mean particle size are presented in Table 1.

NMR experiments and determination of conversion and signal
enhancement

Commercially available phenylacetylene (Acros Organics, 98%),
1-phenyl-1-propyne (Acros Organics, 99%), 3-phenyl-1-
propyne (Acros Organics, 97%), and benzene-dg (Carl Roth,
99.5%) were used as received. For the PHIP experiments,
hydrogen gas was enriched with parahydrogen up to 50% by
passing it through a FeO(OH) powder maintained at liquid N,
temperature. Hydrogenation experiments were performed
inside a 400 MHz Bruker NMR spectrometer (i.e. the so-called
PASADENA procedure?!). Each catalyst sample (10 mg) was
placed at the bottom of a 5 mm medium-walled NMR tube and
0.45 mL of a 0.1 M solution of substrate in benzene-dg was
added. Parahydrogen (pH,) was bubbled through the solution
at 6.1 atm pressure for 15 s (with the following exceptions: 20
s in the case of phenylacetylene hydrogenation over 1 wt%
Rh/TiO, and 3-phenyl-1-propyne hydrogenation over 4 wt%
Pd/TiO,; 25 s in the case of 3-phenyl-1-propyne hydrogenation

over 1 wt% Rh/TiO,). 'H NMR spectra were acquired

This journal is © The Royal Society of Chemistry 20xx
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Table 1Metal loading (determined by XPS), dispersion and average crystallite size (determined by CO or H2 chemisorption), and mean particle size (determined by TEM) for all

catalysts under study.

Catalyst designation Rh; Rh, Rhyg Rh,3 Iry Pd, Pt,
Metal loading, wt% 1.03 3.95 9.79 23.18 4.05 1.98 2.01
Dispersion, % (CO) 84 72 30 20 45 30 46
Dispersion, % (H,) 95 120 49 46 93 34 42

Av. crystallite size, nm (CO) 1.3 1.6 3.7 5.5 2.2 3.7 2.5
Av. crystallite size, nm (H,) 1.2 0.9 2.2 2.4 1.1 3.3 2.7
Mean size (TEM), nm 0.8 1.0 1.3 2.57 0.9 2.2 1.6

immediately after termination of the gas flow using a single
radio frequency (RF) pulse (m/9 tipping angle). Both
conversion values (X) and PHIP signal enhancement (SE) were
determined from the experiments with pH,. Conversion was
=8,/ Spr)» Where Sgz is the signal intensity
(integral) of the 'H NMR signal of a given substrate (from the —
CH group in the case of phenylacetylene and 3-phenyl-1-
propyne, or the —CHs group in the case of 1-phenyl-1-propyne)
after termination of hydrogen bubbling, and S, is the
corresponding signal intensity before bubbling. SE was found

calculated as X =(1

as
SP[IIP - (Sbe/ - X
Sy - X /n

)2

SE =

where Spyp is the intensity of the absorptive component of a
given PASADENA 'H NMR signal of the reaction product in
question (from the —CH group of styrene in case of
phenylacetylene hydrogenation, from the —CH group of cis-1-
phenyl-1-propene in case of 1-phenyl-1-propyne
hydrogenation, from the =CH, group of 3-phenyl-1-propene in
case of 3-phenyl-1-propyne hydrogenation), n is the number of
corresponding protons (i.e. n=1 for the —CH group of styrene
and the —CH group of cis-1-phenyl-1-propene, and n=2 for the
=CH, group of 3-phenyl-1-propene). In this equation Sy X
represents the expected intensity of the NMR signal of a
thermally polarized hydrogenation product (which is
impossible to obtain by any other means in experiments with
pH,), and it should be divided by two in the numerator
assuming that observed absorptive component of a PASADENA
signal is the superposition of the PHIP signal and half of the
thermally polarized signal (the other half of the thermal signal
is superposed over the emissive part of the PASADENA signal).

Kinetics Studies.

Kinetics studies were performed with both pH, and normal
hydrogen nH, (i.e., thermally-equilibrated H, gas with 3:1 ratio
of orthohydrogen, oH,, to parahydrogen, pH,). For kinetics

experiments with pH,, hydrogen gas was enriched with
parahydrogen up to 91% by using a parahydrogen generator
(Bruker BPHG 90). 10 mg of the 10 wt% Rh/TiO, catalyst was
placed in a 5 mm medium-walled NMR tube and 0.5 mL of a
0.2 M solution of substrate (phenylacetylene, 1-phenyl-1-
propyne or 3-phenyl-1-propyne) in benzene-dg was added. For
kinetics experiments with normal hydrogen, nH, gas was
bubbled through the phenylacetylene solution at 5.8 atm
pressure (controlled by safety valve) for 30 seconds, and *H
NMR spectra were acquired immediately afterwards on a 300
MHz Bruker AV 300 NMR spectrometer using a single m/2
radiofrequency pulse in a pseudo-2D mode (giving a time
course comprising 512 spectra with a recording interval of 1.25
seconds). The kinetics analysis was performed using 'H NMR
signals. For kinetics experiments using parahydrogen, pH, gas
was bubbled through the solution at different pressures (4.06,
2.7, or 1 atm, controlled by safety valve) for 30 seconds prior
to acquisition. *H NMR spectra were acquired on a 300 MHz
Bruker AV 300 NMR spectrometer using a single m/4
radiofrequency pulse. As above, the analysis of the kinetics
data was performed using the absorptive component of the
PASADENA H NMR signals of reaction products.

Results and discussion

Several catalysts with different metals and metal loadings (but
the same TiO, support material) were tested in liquid-phase
hydrogenation of phenylacetylene, 1-phenyl-1-propyne, and 3-
phenyl-1-propyne with parahydrogen. The catalysts showed
different catalytic activity hydrogenation of
phenylacetylene, which was affected by both the nature of the
metal and the metal loading (see Figure 1;
corresponding spectra for 1-phenyl-1-propyne and 3-phenyl-1-
propyne hydrogenation can be found in the SI, Figures S5 and
S6, respectively).

For observation of PHIP effects, two hydrogen atoms should
be added to a double or triple bond in a pairwise manner, and
the appearance of the antiphase signals explicitly indicates
atoms originating from the same pH, molecule. As a result, in

in

active
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the case of phenylacetylene hydrogenation it is possible to
compare syn and anti pairwise hydrogen addition, judging by
the relative intensities of hyperpolarized protons signals #3
and #4. Intensity of the signal #3 is much higher than that of
the signal #4, therefore, it can be concluded that the reaction
proceeds mainly via syn addition of parahydrogen atoms to the
triple bond. As for the catalytic performance, generally
rhodium catalysts displayed higher activity as well as higher
selectivity to the pairwise addition, leading to more intense
PHIP signals; however, catalytic behavior was found to be
dependent on hydrogenation substrate as well. Calculated
values of conversion rates and signal enhancements for all

substrates are presented in Figure 2.

(4 wt%) Rh/TiO2

G l:ﬂt
CgDg
JY_I

N *g — ,,)ki,,

(10 wt%) Rh/TIOZ

(23 wi%) Rh/TiO2

PUTIOp

(1 wt%) Rh/TiO2

PdITiOZ
IrTiog

8 7 6 5 4 3 2 1 0
Chemical shift, ppm

Figure 1- (a) Reaction scheme of phenylacetylene hydrogenation. (b) PASADENA 1H
NMR spectra acquired during hydrogenation of phenylacetylene with parahydrogen
over different heterogeneous catalysts. Spectra are arranged (top to bottom) in
descending order of PHIP.

It can be concluded that Ir/TiO, is a poor choice for production
of hyperpolarized products in the liquid phase, because this
catalyst showed low activity in hydrogenation of all substrates
and apparently sustains very little pairwise addition, since the
signal enhancements were the lowest of all catalysts. On the
other hand, in hydrogenation of phenylacetylene, 1-phenyl-1-
propyne, and 3-phenyl-1-propyne, the largest signal
enhancements were obtained with the use of 4 wt% Rh/TiO,, 1
wt% Rh/TiO, and 10 wt% Rh/TiO,, respectively. One possible
explanation of the abnormally high signal enhancement (in
comparison with other catalysts) in hydrogenation of 1-phenyl-
1-propyne over 1 wt% Rh/TiO,, coupled with a low conversion
rate, can be that the reaction is occurring in a high pairwise /
low conversion regime. There are several examples of PHIP
experiments324143  in  which utilized catalysts showed
exceedingly high percentages of the pairwise addition (up to
11% in Ref. 41), but very low conversion (0.5% in the same
work)—suggesting a similar reaction regime was present in our
experiments with 1 wt% Rh/TiO,.

One surprising result in the phenylacetylene reactions is that
the 23 wt.% Rh/TiO, catalyst appears to provide a relatively
large signal enhancement, despite an anomalously low degree
of reaction completion. Such a result was not observed with
our previous studies with this catalyst formulation, nor was it
observed with the other substrates in the present study. One

4| J. Name., 2012, 00, 1-3

possible explanation is that in the case of alkynes (especially
phenylacetylene), the strong adsorption of substrates can
potentially partition the surfaces of the metal nanoparticles
into smaller zones more effectively than alkenes; such smaller
zones may provide more efficient pairwise pH, addition (and
hence PHIP enhancement). On the other hand, we noticed that

gz
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R 30- |
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n Ll
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g .
: 15'
S 10
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Rh Rh Rh Rh Pd Ir Pt
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,CH,
cr CH H \ ~CHs
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Rh Rh Rh Rh Pd Ir Pt
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Figure 2- (a) Substrate conversion (plotted as a percentage of reaction completion over
the fixed reaction time, blue) and signal enhancement (SE, red) for phenylacetylene
hydrogenation over all catalysts under study. Corresponding values of conversion and
signal enhancement for hydrogenation of 1-phenyl-1-propyne and 3-phenyl-1-propyne
are shown in display (b) and (c), respectively.
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the 23 wt% Rh/TiO, particles tended to more rapidly settle and
lay on the bottom of the NMR tube, possibly contributing to
suppressed reactivity.

Choosing between rhodium catalysts with 4 wt% and 10 wt%
metal loading it is reasonable to use 4 wt% one, because it
provides considerably better conversion rates. As for the
rhodium catalyst with 23 wt% metal loading, it was found to
be prone to sedimentation at the bottom of the NMR tube,
which consequently reduces the reaction efficiency and
hampering hydrogenation.

It should be noted that during hydrogenation, the
oligomerization processes can also take place,***> which can
result in slight distortions of phenylalkyne NMR signals and a
yellowing of the initially transparent substrate solution. In our
experiments in the cases of phenylacetylene and 3-phenyl-1-
propyne, catalysts Pd/TiO, and Rh/TiO, were found to favor
oligomerization (see S| for details, Table S1); however in the
case of 1-phenyl-1-propyne, oligomerization was not observed
(most likely due to the steric hindrance).

The tested catalysts also showed different selectivities in terms
of the formation of specific products. It was found that the
most selective catalyst for semihydrogenation of alkynes (to
form olefinic moieties) is Pd/TiO,. Indeed, when this catalyst
was used for hydrogenation of phenylacetylene, in the NMR
spectra of hydrogenation products (Figure 3) signals from
ethylbenzene were practically invisible—an effect that cannot
be explained by a low conversion rate (in fact, phenylacetylene
hydrogenation conversion over Pd/TiO, was higher than that
over Rh/TiO, (23 wt%), Pt/TiO,, and Ir/TiO,, and yet in the
spectrum acquired during hydrogenation over the palladium
catalyst, ethylbenzene signals have much lower intensities).

H2C—CH3
C—

// 1.2 11 1.0

5.7 5.6 5.5
Chemical shift, ppm

Figure 3- Selected regions of 1H NMR spectra acquired during phenylacetylene
hydrogenation with parahydrogen over Rh/TiO2 (23 wt%), Pt/TiO2, Pd/TiO2, and
Ir/TiO2 catalysts. Note that the signal from protons in the —CH3 group of ethylbenzene
(right region of the spectra) has lower intensity in the spectrum acquired during
hydrogenation over palladium catalyst. These spectra are the selected enlarged areas
containing the signals of interest, extracted from the spectra shown in Figure 1.

The found selectivity values in 1-phenyl-1-propyne and 3-
phenyl-1-propyne hydrogenation are presented in Sl (table S2).

This journal is © The Royal Society of Chemistry 20xx
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Furthermore, the Pd/TiO, catalyst demonstrated the highest
selectivity for syn pairwise addition of the hydrogen to the
triple bond. From the same spectrum for this catalyst (Figure
1; a selected enlarged region of the spectra with styrene
signals is presented in Figure S9) it can be seen that signal
intensity for the proton #4 (originated from anti addition of
hydrogen) is significantly lower than the intensity of the
protons #2 and #3; furthermore, there is little polarization
there, indicating that hydrogenation over the palladium
catalyst occurs mainly via the syn parahydrogen addition
route. Nevertheless, relatively low conversion rates and signal
enhancements restrict possible application of Pd/TiO, catalysts
for production of hyperpolarized products in the liquid phase.
The kinetics for both pairwise and nonpairwise hydrogen
addition were measured (see S| for details).

Conclusions

In this paper liquid-phase hydrogenation of different
prototypical phenylalkynes (phenylacetylene, 1-phenyl-1-
propyne, and 3-phenyl-1-propyne) over various nanoscale
metal catalysts supported on TiO, was studied using NMR and
parahydrogen-induced polarization. It was demonstrated that
the most selective catalyst for alkynes semihydrogenation is
Pd/TiO,; however, for production of hyperpolarized products
the most optimal catalyst that provides reasonable values of
both conversion and signal enhancement is 4 wt% Rh/TiO,.
Kinetics experiments indicated a similar nature of catalytically
active sites for both pairwise and non-pairwise addition routes,
given that the experimentally determined reaction orders with
respect to hydrogen were close to unity in all cases. This
finding is important in the context of potential future studies
of these reactions on a larger scale and potentially on
industrial scale, because parahydrogen-induced polarization
can provide a sensitive readout to investigate the kinetics,
selectivity, nature of catalytically active sites, etc.
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