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Synthesis and Solid-State NMR Characterization of
a Robust, Pyridyl-Based Immobilized Wilkinson's Type
Catalyst with High Catalytic Performance

Mohamad Srour,” Sara Hadijiali,”” Grit Sauer,” Kai Brunnengraber,” Hergen Breitzke,”
Yeping Xu,® Heiko Weidler,” Hans-Heinrich Limbach,®® Torsten Gutmann,*® and

Gerd Buntkowsky*"

A novel strategy for the immobilization of Wilkinson’s catalyst
on silica nanoparticles is presented, employing pyridyl linkers
as anchoring groups. The coordination binding of the catalyst
to the pyridyl linker via ligand exchange of the trans-phos-
phine group is verified by 1D and 2D solid-state NMR spec-
troscopy. Catalytic activities are monitored by GC employing
the hydrogenation of styrene as model reaction, and the

Introduction

Organometallic complexes belong to the most important ho-
mogeneous catalysts. They are employed in a wide range of
organic reactions, ranging from the synthesis of fine chemicals
and natural products to pharmaceuticals. Nevertheless, a long-
standing problem in these syntheses is the reliable separation
of the organometallic catalyst from reaction mixtures and no-
tably from the product. This separation is necessary to mini-
mize the heavy-metal contamination of pharmaceutical prod-
ucts, to protect the environment and to preserve the expen-
sive transition-metal catalysts, in particular, in large-scale indus-
trial processes.”” To circumvent this problem, the immobiliza-
tion of homogeneous catalysts through coordination bonds to
functional groups on the surface of solid supports was sug-
gested, a strategy that combines the advantages of homoge-
neous catalysts, that is, high selectivity and activity with the
easy separability and recyclability of heterogeneous catalysts.”
However, the stability of coordination bonds strongly influen-
ces the efficiency of the immobilization process and the leach-
ing properties of the heterogenized catalysts.” Accordingly,
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leaching properties as well as the robustness of the catalyst
are investigated. The resulting immobilized catalyst shows
high catalytic activity, which is within a factor of three compa-
rable to the homogeneous catalyst, and excellent stability in
leaching tests. Finally, it is efficient to produce hyperpolariza-
tion in solution by employing parahydrogen-enriched hydro-
gen gas for hydrogenation.

many immobilized catalysts suffer from stability problems,
leading to leaching of the catalytically active metals into solu-
tion and deactivation of the catalyst.”’ Thus the quest is out to
develop immobilization schemes with more stable ligand coor-
dination to prevent or at least minimize leaching.

Wilkinson's catalyst [RhCI(PPh;);] is one of the most famous
homogeneous catalysts. It was applied as an efficient catalyst
for hydrogenation of alkenes, hydroformylation, hydrosilyla-
tion, and isomerization reactions.”” Moreover, [RhCI(PPh,);] and
its derivatives were employed recently in hydrogenation reac-
tions utilizing parahydrogen-enriched hydrogen gas for para-
hydrogen induced polarization (PHIP) experiments. Such PHIP
experiments have high application potential in enhancing the
sensitivity of NMR and magnetic resonance imaging (MRI)®
techniques, for example, in biomedicine.”” Furthermore, PHIP
was employed in mechanistic studies to monitor reaction inter-
mediates and even low amounts of product molecules formed
during reactions.”

This wide applicability has driven various attempts to immo-
bilize the homogeneous Wilkinson’s catalyst or analoga on
solid support materials.”) Most of these works are related to
the formation of coordination bonds between the rhodium
metallic center of Wilkinson’s catalyst and suitable functional
groups, which were grafted on the surface of solid supports
such as silica nanoparticles or polystyrene. Mainly linker mole-
cules containing phosphine groups or aliphatic amines were
employed, which form Rh—P®9'%r Rh—N®9 coordination
bonds, respectively.

As typical examples for phosphine-containing linkers, the
Rh—P type immobilized Wilkinson’s catalysts [Rh—P-Wilk] have
shown significant catalytic activity in hydrogenation reactions
and good separability.*>? However, a gradual loss of the
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catalytic activity was observed, mainly caused by the leaching
of catalytic active species from the surface, as shown by (PHIP)
NMR experiments.”? Furthermore, as phosphine linker groups
and ligands are easily oxidized in solution, they become
unable to re-coordinate the rhodium metallic center and the
catalytic activity decreases.® For amine linkers, the Rh—N
type immobilized Wilkinson’s catalyst [Rh-N-Wilk] was em-
ployed in the hydroformylation of cyclohexane by Huang
etal., who obtained efficient catalytic activity, however, with
a relatively high loss of rhodium content® Moreover, Rh-N
type immobilized Wilkinson’s type catalysts were employed in
the hydrogenation of triple bonds at room temperature as effi-
cient catalysts showing nonsignificant leaching."” This led us
assume that the relatively large loss of Rh in the work of
Huang etal. was a consequence of elevated temperature
conditions.

Thus, it is necessary to employ linkers with alternative func-
tional groups that offer both, high stability at elevated temper-
ature and preservation of high catalytic performance of the
Wilkinson’s catalyst. From the work by Heaton etal it is
known that pyridine can replace one or more phosphine
groups of the homogeneous Wilkinson’s catalyst and coordi-
nate to Rh after ligand exchange reaction. Such homogeneous
complexes were found as efficient catalysts for reductive cou-
pling of aldehydes and hydrogenation reactions, despite the
fact that pyridyl groups are usually more labile than phosphine
ligands. However, in contrast to phosphine, pyridine is not
prone to oxidation. Further examples for highly efficient pyri-
dine-based homogeneous catalysts are known for ruthenium
which has been employed for olefin and cross metathesis
reactions.”

Based on these results obtained for homogeneous catalysts,
we decided to study the immobilization of Wilkinson’s catalyst
on a solid support containing linkers with pyridyl functional
groups and synthesized a Rh—[Py] type catalyst. Silica nanopar-
ticles [SiO,] were chosen as carrier material, to prepare pyridyl-
functionalized silica materials [SiO,—Py]. Additionally, we
wanted to investigate whether the pyridyl groups of the linker
can replace one or more of the phosphine groups of the
Wilkinson’s catalyst [RhCI(PPh;);] through a ligand exchange re-
action and coordinate to the rhodium by forming Rh—[Py]
bonds to obtain a novel immobilized catalyst of the type
[SiO,—Py-Wilk].
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Firstly the synthesis and basic characterization of the novel
[SiO,—Py-Wilk] catalyst is described. The synthesis steps are
then investigated by employing a combination of multinuclear
(*Si, BC, and *'P) solid-state NMR spectroscopy and 2D 'H-'P
heteronuclear correlation (HETCOR) NMR experiments.
Then, the catalytic activity of the new immobilized catalyst
[SiO,—Py-Wilk] is studied for the hydrogenation reaction of sty-
rene and compared to the catalytic activity of the homogene-
ous [RhCI(PPh,);] catalyst. Next, the applicability of this new
catalyst for PHIP experiments is investigated and compared to
the [Rh-P-Wilk] catalyst. Finally, the stability and leaching
properties of the [SiO,—Py-Wilk] catalyst are evaluated.

Results and Discussion

Synthesis of the immobilized catalyst [SiO,~Py-Wilk] and its
basic characterization

In the first step of the synthesis (Scheme 1), the silica nanopar-
ticles [SiO,] were dried under vacuum at 423 K to remove ad-
sorbed water molecules, and activate the terminal Si—OH
groups. Then, the pyridyl linker was grafted on the surface ac-
cording to literature procedures®™ ' to form the functionalized
silica support material [SiO,—Py]. By elemental analysis (see the
Supporting Information, Table S1) the grafting density (GD) of
the linker on the silica surface was approximated at approxi-
mately 2x 10~ molm~2, by following the procedure described
in the Supporting Information.

In the next step, the [RhCI(PPh,);] catalyst in toluene was
added to the functionalized silica [SiO,-Py] and stirred under
reflux conditions to produce the immobilized catalyst
[SiO,—Py-Wilk]. The analysis of the rhodium content of the
product was performed by inductively coupled plasma optical
emission spectroscopy (ICP-OES), which yielded a value of ap-
proximately 1 wt% Rh. This clearly indicates the presence of
rhodium catalyst after immobilization.

Characterization by '>C and ?°Si cross-polarization magic-
angle spinning NMR spectroscopy

Elemental analysis cannot confirm whether the linkers are co-
valently bound to the silica surface, and whether the rhodium
is coordinated by pyridyl groups of the linker after a ligand ex-
change of the phosphine with the pyridyl. To answer these
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Scheme 1. Functionalization of [SiO,] and immobilization of [RhCI(PPh;),] to produce the immobilized catalyst [SiO,~Py-Wilk].
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questions, solid-state NMR techniques were employed. In
a first step, the *Si cross-polarization magic-angle spinning
(CP-MAS) NMR spectra of nonfunctionalized silica [SiO,] and
the functionalized silica [SiO,-Py] were recorded (see the Sup-
porting Information, Figure S1). The broad peak visible be-
tween —94 and —115 ppm was found in both °Si spectra. It is
characteristic for silicon atoms of the Q, groups in bulk silica
material. The peaks visible between —48 and —67 ppm, which
appear only in the spectrum of the functionalized silica (Fig-
ure S1b), have the typical chemical shift values of T, groups,
which are characteristic for the binding of an alkoxy- or alkyl
containing linker to the silica surface (see refs. [9a,g, h]). These
results clearly demonstrate that the pyridine linkers are cova-
lently bound to the silica nanoparticles [SiO,] surface and the
successful synthesis of [SiO,—Py].

To corroborate the success of the functionalization step, the
3C CP-MAS NMR spectrum of [SiO,~Py] (Figure 1a) and the
liquid *C NMR spectrum of the pyridine linker [Py] (see Fig-
ure 1b) were compared. The detected signals of the functional-
ized silica are broadened compared to the signals of the free
pyridine linker [Py], which is a clear indication that after func-
tionalization the pyridine linker is present in a disordered
environment.

After reaction of the Wilkinson’s catalyst with the functional-
ized silica material, the *°Si and *C CP-MAS NMR spectra of

-=-[Si0 Pyl :
—[SiO -Py-Wilk]
— 1Py :
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the heterogeneous catalyst [SiO,—Py-Wilk] were acquired.
Whereas the *°Si spectrum (not shown) did not change after
addition of the homogeneous catalyst, a new peak appeared
at approximately 128 ppm as shoulder in the »CNMR spec-
trum (Figure 1a), which is assigned to the aromatic carbon
atoms of the PPh; groups, which are typically found in the aro-
matic region at approximately 128-130 ppm. Nevertheless, as
this region is heavily cluttered by the signal of the pyridyl
groups, the final prove of the coordination binding of the cata-
lyst requires solid-state *'P NMR spectroscopy, which is a more
efficient probe for the characterization of phosphine-contain-
ing catalysts.® 920

Characterization by 1D and 2D *'P solid-state NMR tech-
niques

In Figure 2, the 3'P CP-MAS NMR spectrum of the immobilized
catalyst [SiO,—Py-Wilk] is displayed. Three sets of signals at
55.8, 48.6, and approximately 28.7 ppm are distinguished in
the spectrum. The broad upfield peak at 28.7 ppm is assigned
to physisorbed and chemisorbed triphenylphosphine oxide
(OPPh;) according to the literature®™ which is formed by oxida-
tion of the leaving PPh; group during the immobilization step.

The chemical shifts of the two downfield sets of signals at
55.8 and 48.6 ppm are comparable with the chemical shifts
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Figure 1. (a) *C CP-MAS NMR spectra measured at 10 kHz spinning of the functionalized silica [SiO,~Py] (dashed line) and the immobilized catalyst [SiO,~Py—
Wilk] (solid line). (b) "*C solution NMR spectrum of the pyridine linker [Py]. The schematic structure of the functionalized silica is given on the right.
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Figure 2.°'P CP-MAS spectrum of [SiO,~Py-Wilk] measured at 10 kHz spinning.
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that were observed by Heaton et al. in the *'P NMR spectrum
of cis-[RhCl(py)(PPh,),] (at 54.3 and 49 ppm)."? This indicates
that in our work the pyridyl moiety on the surface of the func-
tionalized silica [SiO,—Py] reacts with Wilkinson’s catalyst simi-
larly to the pyridyl moieties in Heaton’s work. We assume that
the phosphine ligand, located in cis position with respect to
chloride atom in [RhCI(PPh;);] is exchanged by a pyridyl ligand
from the surface of [SiO,-Py], referring to the work of
Goodman et al.,*” who showed that PPh, groups in cis posi-
tion to chloride in Wilkinson’s catalyst are faster released than
PPh; groups in trans position to chloride. The remaining two
phosphine groups are thus attributed to the lines at 48.6 ppm
(P1) and 55.8 ppm (P2) by virtue of the weaker Rh—-P2 it back-
bonding effect of P2.

If the pyridyl linker behaves similar to the pyridine in solu-
tion, one can further expect that the remaining two phosphine
groups (P1 and P2) are still coordinated to the Rh and aligned
in cis configuration with respect to each other. To probe the
latter, it is necessary to look at the *'P homonuclear scalar cou-
plings of the immobilized complex. The signals assigned to P1
and P2 are split into doublets as a consequence of the
'J(Rh-P) coupling, which measures 186 Hz for P1 and 191 Hz
for P2. In the case of a trans configuration a strong
2JG'P1-*'P2) coupling of ca. 400 Hz and in the case of a cis
configuration a very weak *J¢'P1-*'P2) coupling in the range
of 0 and 50 Hz is expected.*!

In principle, there are two different binding scenarios that
can explain the observed spectra and the absence of a strong
2JG'P1-3'P2) coupling. In the first scenario a single pyridyl
linker replaces one of the trans-phosphine ligands, leading to
a bound catalyst with two remaining cis-phosphine ligands. In
the second scenario, two pyridyl linkers replace two phosphine
groups and the two different chemical shifts are the results of
the cis-pyridyl and trans-pyridyl-configuration. Although in
principle a *'P-*'P double quantum NMR experiment® could
decide between these scenarios, the signal losses in the excita-
tion, evolution, and reconversion phases of the DQ experiment
plus the presence of spurious *'P-*'P dipolar interactions to
neighboring free phosphine groups render this approach
futile.

The 2D 'H-*'P HETCOR spectrum (Figure 3) illustrates that
both 3'P peaks at 55.8 and 48.6 ppm in f2 correlate to aliphatic
protons at approximately 3-4 ppm, which belong to the alkyl
chains of the pyridine linkers [Py]. In addition, these *'P peaks
correlate to two sets of aromatic protons, the first aromatic set
of which visible at approximately 7-8 ppm assigns to the pro-
tons of the phenyl ring in the phosphine groups and to the
proton in meta position of the pyridyl moiety in [SiO,—Py], and
the second aromatic set at approximately 9-10 ppm belongs
to the ortho protons in the pyridyl moiety in [SiO,—Py]. Further-
more, in the 2D 'H-*'"P HETCOR spectrum, the broad *'P peak
at 28.7 ppm in f2 shows three correlation peaks to protons in
f1. One correlation peak is observed in the Si—OH proton
region of the f1 scale at approximately 1-2 ppm and another
one reveals in the aliphatic region at approximately 3-4 ppm.
Those peaks reflect magnetization transfer from the protons of
the silica surface and the aliphatic part of the [Py] linker
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Figure 3. 2D 'H-*'P HETCOR spectrum measured at 10 kHz spinning of
[SiO,~Py-Wilk]. The f1 and f2 scales refer to 'H and *'P chemical shifts scales,
respectively.

respectively, to the neighboring adsorbed OPPh; on the sur-
face of silica. Finally, a third correlation peak is found in the ar-
omatic region of the f1 scale at approximately 7-8 ppm and
consequently is assigned to the phenyl group of OPPh;.

The presence of correlation peaks between the 'H of the
pyridyl moiety bound to the silica surface and *'P of the two
phosphine groups clearly evidence the close spatial proximity
between the pyridyl moiety and the two phosphine groups.
Moreover, one can notice that these correlation peaks have
lower intensity than the correlation peak between 'H and *'P
of the two phosphine groups. This shows that these protons
have a larger distance from the phosphine groups than the
protons of the phenyl groups of the PPh;, which clearly evi-
dences the formation of a coordination bond from the pyridyl
to the rhodium center.

Thus, by combining the results from the solid-state NMR ex-
periments, we can conclude that the interaction of the Wilkin-
son’s catalyst with the pyridyl linker is comparable with the in-
teraction of the Wilkinson’s catalyst with neat pyridine, namely
the replacement of the trans-phosphine group and the forma-
tion of a coordination bond to the ring nitrogen.

Catalytic hydrogenation

In Table 1 the results from the catalytic tests of the immobi-
lized Wilkinson’s catalyst [SiO,—Py-Wilk] are collected for equi-
molar concentrations of active rhodium sites. At 5 bar and
75°C the time factor of only three is obtained between the ho-
mogeneous catalyst [RhCI(PPh;);] and the new immobilized
[SiO,—Py-Wilk] for full conversion of styrene into ethylbenzene
(1 and 3 h, respectively). Similar results are obtained at 105°C.

This high efficiency is also represented by the turnover num-
bers (TON) of the catalyst in the reactions (Figure 4), in which
TON is the number of substrate (styrene) molecules converted
to ethylbenzene at defined time per catalyst molecule. The
number of catalyst molecules of [SiO,-Py-Wilk] was calculated
from ICP-OES results under the assumption that all rhodium

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Evolving TON of styrene vs. time at two reaction temperatures at 5 bar hydrogen pressure catalyzed by [SiO,~Py-Wilk] (@) and [RhCI(PPh;);] (A) at

a) 75°C and b) 105°C.

Table 1. Catalytic activity tests of [SiO,—Py-Wilk] and [RhCI(PPh,);] cata-
lysts at different reaction conditions.
X
Hp
Catalyst
Styrene Ethylbenzene

Catalyst Conversion [%] t [min] Reaction conditions
[SiO,—Py-Wilk] 94.3 241 R
[RRCI(PPh,),] 937 62 > bar/75°C
[SiO,—Py-Wilk] 96.9 100 R
[RhCI(PPh,),] 99.9 30 > bar/105°C

sites are accessible by the substrate. The activity tests in
Figure 4 clearly demonstrate that both [RhCI(PPh;);] and
[SiO,—Py-Wilk] catalysts initially obey the characteristic zero-
order rate with the linear relation between reaction time and
TON. Upon the increase in reaction time there is a change to-
wards a higher reaction order of [SiO,-Py-Wilk], visible as the
curvature in the graph. This curvature is most probably the
result of transport processes, in particular, the diffusion of sub-
strate molecules to the surface becomes the rate-limiting
factor for the heterogeneous [SiO,—Py-Wilk].

Leaching study of [SiO,—Py-Wilk]

By performing the hydrogenation reaction of the filtrate solu-
tions after removing the heterogeneous catalyst, no catalytic
activity was detected by GC. Although most other hydrogena-
tions were performed at mild conditions of 1 bar and 75°C,
the leaching test was performed at the more harsh conditions
of 5bar and 105°C to enforce possible leaching effects. This
clearly shows that the heterogeneous [SiO,-Py-Wilk] catalyst is
the catalytic active species, and there are no significant
amounts of leached catalytic centers inside the filtrate. More
importantly, ICP-OES of the filtrates confirms that rhodium
amounts of less than 1 ppm are present in the filtrate. This
result gives strong evidence of the robustness of the Rh—Py
bond within the [SiO,—Py-Wilk] catalyst, which renders the pyr-
idyl group as highly efficient immobilizing group.

ChemCatChem 2016, 8, 3409 -3416 www.chemcatchem.org

3413

Reusability tests of [SiO,~Py-Wilk]

In the next step we studied the reusability of the [SiO,-Py-
Wilk] catalyst. As shown in Figure 5 there is a strong increase
of the catalytic activity in the course of the reaction/recovery
cycles, leading to approximately a doubling of TON after three
cycles compared to one cycle.

1400+
.
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400+ /,// -m 1st Cycle
4 -@-2nd Cycle
2001 % —A-3rd Cycle
0 T T T T T
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Reaction time (min)

Figure 5. TON of styrene vs. time of hydrogenation reaction performed at
1 bar and 75 °C catalyzed by the immobilized catalyst [SiO,—Py-Wilk] for
three successive cycles.

These experiments indicate that the catalytic activity of
[SiO,—Py-Wilk] catalyst requires an activation step. To get in-
sight into this activation step, we measured the *'P CP-MAS
NMR spectra of the dried catalyst after the cycles and the 3'P
solution NMR spectrum of the filtrate after the first cycle of the
reusability test (Figure S3). The solution NMR spectrum re-
vealed the presence of dissolved free phosphine groups and
phosphine oxide at shift of —6 ppm (PPh;) and 23.5 ppm
(OPPh;) respectively, and the CP-MAS spectra showed the dis-
appearance of the resolved *'P signals at 55.8 and 48.6 ppm
and a broadening of the signal of phosphine oxides. These re-
sults indicate that the first step of the activation of the catalyst
is mainly the replacement of PPh; groups from the pristine cat-
alyst. They leave into solution and are later oxidized.

Interestingly, the spectra of the filtrate after two and three
cycles do no longer show any significant signals of phosphine
or phosphine oxide, despite the fact that the catalytic activity
is growing. This finding indicates that a second activation step
is responsible for the final high activity. A possible process
could be the reduction of the rhodium and the formation
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of small catalytically active Rh clusters or nanoparticles on the
silica surface. Such a process was reported recently by Koptyug
and co-workers,®*7 during gas phase hydrogenation
processes.

PHIP experiment

Finally we were interested whether our catalyst is suitable for
PHIP experiments (Figure 6). Before performing PHIP experi-
ments, the spectrum of the reaction mixture was recorded
(Figure 6a) which is employed as a thermal reference spec-
trum. Here only the signals of styrene between 6=5.0 and

o
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r T T T T

10 8 6 4 2 0]
H NMR (ppm)

|
| S—

Figure 6. 'H NMR spectra of the styrene hydrogenation in [Dg]toluene em-
ploying [SiO,—Py-Wilk] as a catalyst: a) reaction mixture before hydrogena-
tion, b, d, f, h) single-scan spectra after hydrogenation with parahydrogen-
enriched hydrogen PHIP1-4, respectively; ¢, e, g, i) four-scan spectra record-
ed after relaxation of the hyperpolarized spin state of PHIP1-4, respectively.
Note: The signals of styrene are located between 5.0 and 7.3 ppm. The
signal at 2.1 ppm belongs to residual hydrogen atoms in the methyl group
of [Dgltoluene. The signal of dissolved orthohydrogen is visible at 4.6 ppm.
The signals of ethylbenzene are located at 1.1 ppm (CH;) and 2.5 ppm (CH,).
Spectra were normalized to the toluene signal at 2.1 ppm.

7.3 ppm and a signal at 2.1 ppm belonging to residual hydro-
gen atoms in the methyl group of [Dgltoluene are visible. For
each experiment, PHIP spectra were measured to detect the
hyperpolarized spin state of the product (ethylbenzene, dis-
played in Figure 6b, d, f, and h), and for comparison the ther-
mal spectra were recorded after relaxation of the hyperpolar-
ized spin state (illustrated in Figure 6¢, e, g, and i). Each spec-
trum recorded after relaxation is employed as thermal refer-
ence spectrum for the following PHIP experiment.

The PHIP experiments corroborate the finding that the cata-
lysts need an initial activation step. Whereas after the first hy-
drogenation (PHIP1) no PHIP activity of [SiO,—Py-Wilk] was
visible, slight activity in the hydrogenation with parahydrogen
was observed after the second hydrogenation step (PHIP2),
and finally a much higher activity was observed in the third
and the fourth step (PHIP 3 and PHIP4).

To calculate the signal enhancement (SE) obtained for each
PHIP experiment, the PHIP signals were integrated and com-
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pared to the thermal signals of the product in the relaxed
spectrum according to Equation (E3) in the Supporting Infor-
mation. For PHIP3 and PHIP4 respectively, signal enhance-
ments of approximately 38 and 57 were obtained for the CH,
group, and of approximately 36 and 51 for the CH, group.

To confirm that the hyperpolarization was produced by the
heterogeneous catalyst [SiO,—Py-Wilk], the solid catalyst was
removed from the reaction mixture and three subsequent PHIP
experiments were performed on the filtrate solution. No in-
crease in the product signals was observed in the relaxed spec-
tra after the filtrate was hydrogenated with parahydrogen (see
Figure S4). Therefore, it is strongly supposed that the hyperpo-
larization is produced by the activated heterogeneous catalyst.

Finally, we note that the observed PHIP enhancements were
only moderate, however, a scale-up of the PHIP activity is feasi-
ble by employing a reaction chamber with higher catalyst
concentrations.

Conclusions

A novel strategy for the immobilization of the well-known Wil-
kinson’s catalyst on silica nanoparticles employing pyridyl link-
ers is presented. The coordination binding of the catalyst to
the pyridyl linker through ligand exchange of the trans-phos-
phine group is proven by solid-state NMR techniques.

The resulting immobilized catalyst [SiO,—Py-Wilk] shows ex-
cellent catalytic activity, which is within a factor of three com-
parable to the homogeneous catalyst, and excellent stability in
leaching tests. Moreover, this catalyst produces acceptable ac-
tivity in the hydrogenation with parahydrogen with significant
signal enhancement for the hydrogenation of styrene. This ob-
servation qualifies this heterogenized catalyst to be developed
as prospective tool for sensitivity enhancement in NMR and
magnetic resonance imaging applications. Thus, in summary
one can conclude that pyridyl linkers can be employed as effi-
cient alternative to phosphine and amine linkers in the immo-
bilization of Wilkinson's and related homogeneous catalysts.

Experimental Section
Materials

Chemicals were purchased and used without further purifications
as follows, [SiO,] from Sigma-Aldrich, the pyridine linker 2-(4-pyri-
dylethyl) triethoxysilane [Py] and [RhCI(PPh;);] from ABCR
GmbH&Co. KG, and styrene from Merck KGaA. Toluene and di-
chloroethane were dried under an argon atmosphere employing
standard procedures. All reactions were performed under argon
using Schlenk technique.

Preparation of the immobilized Wilkinson’s catalysts [SiO,—
Py-Wilk]

In a first step, silica nanoparticles [SiO,] were activated by drying
them for 14 h under vacuum at 423 K. The activated silica was
then functionalized according to the procedure described in
refs. [9h, 14]. Typically, the activated silica (2 g) was heated at reflux
with the linker (2 g) in dry toluene (50 mL) for 3 h. The resulting
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suspension was filtrated and washed with dichloromethane em-
ploying Soxhlet extraction. The final product was dried overnight
under vacuum vyielding the functionalized silica [SiO,-Py] as
a powder. Next, [SiO,-Py] (2 g) and the homogeneous Wilkinson's
catalyst [RhCI(PPh,);] (0.2 g) were placed in a two-necked flask
which was then evacuated for 30 min. The flask was then set
under argon and dry toluene (50 mL) was added. Afterwards, the
mixture was heated at reflux for 3 h to perform the immobilization
reaction. The immobilized catalyst [SiO,—Py-Wilk] was filtrated from
the suspension, washed with dry toluene using Soxhlet extraction,
dried overnight, and kept in a glovebox.

Elemental analysis

The approximate grafting density of the linker [Py] on the surface
of the functionalized silica nanoparticles [SiO,-Py] was determined
according to the procedure described by Pardal et al.™ by elemen-
tal analysis, employing a VarioEL Il elemental analysis system in
CHN mode (for details of the calculation see ESI).

The rhodium content in [SiO,—Py-Wilk] was detected by ICP-OES.
Experiments were performed by the CURRENTA GmbH. Microwave-
assisted digestion the immobilized catalyst (0.6 g) was performed
on a mixture of nitric and hydrofluoric acid prior to the detection
of the rhodium content in the sample by means of ICP-OES.

Solid-state NMR experiments

All solid-state NMR experiments were performed on a Bruker
AVANCE I+ spectrometer at 400 MHz proton resonance frequency,
employing a Bruker 4 mm double resonance probe at room
temperature.

Spectra were recorded utilizing ramped CP-MAS sequences, at
spinning rates of 5 kHz for *Si and 10 kHz for "*C and *'P. Contact
times were set to 6.5 ms for 2Si CP-MAS experiments, 1 ms for *C
CP-MAS experiments and 2ms for 3'P CP experiments. *'P-'H
HETCOR spectra were acquired with 2 ms contact time. FSLG ho-
monuclear decoupling was utilized with a decoupling field of
71 kHz during the evolution of the chemical shift."® Tppm20 de-
coupling"” was applied for all experiments during data acquisition.
#Sj and "3C spectra were referenced with respect to tetramethylsi-
lane, 'H signal was set internally to the aromatic peak at 7 ppm
and *'P spectra were calibrated utilizing H;PO, (0 ppm) as external
standard.

Catalytic hydrogenation

The hydrogenation tests were performed employing a Fisher-
Porter-Bottle (FPB) connected with a hydrogen gas source and
a Schlenk line. The hydrogenation tests were performed at 5 bar
hydrogen gas pressure at either 75°C or 105°C reaction tempera-
ture. A mixture of [SiO,-Py-Wilk] (70 mg, 6.7 x 10~ mmol calculated
from the rhodium content of the sample) and dry toluene (9 mL)
was placed in the FPB, degassed, and heated up to the nominated
temperature (75°C or 105 °C). The hydrogen pressure was adjusted
before the beginning of the hydrogenation reaction and kept
stable during the reaction. In a typical procedure, the reaction was
started by injecting styrene (1 mL) as a model substrate into the
catalyst suspension. The course of the reaction was monitored by
taking samples at defined times (see Table S2), and analyzing them
through GC. The catalytic activity of the new catalyst [SiO,~Py-
Wilk] was compared to the activity of Wilkinson’s catalyst
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[RhCI(PPh;);], by repeating the hydrogenation test under the same
conditions, employing the homogeneous Wilkinson’s catalyst
[RhCI(PPh;);] (7 mg, 7.6x 10> mmol).

Leaching tests of [SiO,~Py-Wilk]

After each catalytic activity test, the solid catalyst [SiO,~Py-Wilk]
was filtrated from the reaction mixture to investigate its leaching
properties. Benzene-ds was added to the filtrate solution to record
its >'P NMR solution NMR spectrum to inspect whether there are
leached phosphine species. To analyze whether catalytic active spe-
cies were present in the filtrate solution, it was transferred into
a FPB together with 0.5 mL of styrene to perform the catalytic test
by heating the mixture up to 105°C and applying a hydrogen
pressure of 5 bar. For each leaching test, two samples were taken
and measured by GC, one immediately after the addition of sty-
rene and the second after 3 h of reaction to monitor the reaction
progress. To quantify and reconfirm the leaching test results, the
filtrates were collected again and digested in nitric and hydrofluor-
ic acid to determine their rhodium content by means of ICP-OES.

PHIP experiments

The sample for PHIP experiments was prepared by transferring
[SiO,-Py-Wilk] (10 mg) styrene (0.1 mL) and [Dgltoluene (0.7 mL) of
into a 5 mm screw-cap NMR sample tube. By cooling H, to 77 K in
the presence of activated charcoal, parahydrogen was enriched
with a laboratory-built apparatus described in the literature."® The
hydrogenation with parahydrogen (PHIP1) was performed in the
Earth magnetic field under ALTADENA"? conditions employing
2 bar of para-enriched H, and heating the reaction mixture at the
boiling point. After ~10-15 s reaction time, the sample was trans-
ferred into the strong magnetic field of a 11.7 Tesla Bruker AVANCE
Il 500 spectrometer. Using 1 scan and a RF-pulse of 14 ps, a series
of '"H NMR spectra with a delay time of 8.5 s between two subse-
quent spectra were recorded until full relaxation of the hyperpolar-
ized spin state. Finally, three subsequent hydrogenation steps with
parahydrogen were performed (PHIP2, PHIP3, and PHIP4) following
the same procedure as for PHIP1. Thermal spectra were recorded
before each PHIP experiment and after full relaxation of the PHIP
signals, respectively, employing 4 scans and a RF-pulse of 14 ps.

To confirm that the heterogeneous catalyst [SiO,-Py-Wilk] pro-
duced the hyperpolarized spin state, the catalyst was removed
from the reaction mixture by filtration using a cellulose membrane
filter with a pore size of 0.2 um. Finally, the filtrate was transferred
into a 5 mm screw-cap NMR sample tube to perform hydrogena-
tion with parahydrogen on the filtrate.

Reusability test of [SiO,-Py-Wilk]

An exemplary reusability test of the [SiO,-Py-Wilk] catalyst was per-
formed at 1 bar hydrogen pressure and at 75 °C. After one cycle of
the styrene hydrogenation, the [SiO,—Py-Wilk] catalyst was filtrated
from the reaction mixture and dried overnight to be used for the
second cycle which was performed under the same conditions as
in the first cycle. This procedure was repeated again to get the re-
sults for the third cycle. The filtrate of each cycle was kept to inves-
tigate the leaching properties according to the above described
procedure.
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