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Abstract: The synthesis of novel robust and stable iridium-based immobilized
catalysts on silica-polymer hybrid materials (Si-PB-Ir) is described. These cata-
lysts are characterized by a combination of 1D P CP-MAS and 2D 3'P‘H HETCOR
and J-resolved multinuclear solid state NMR experiments. Different binding situa-
tions such as singly and multiply coordinated phosphines are identified. Density
functional theory (DFT) calculations are performed to corroborate the interpreta-
tion of the experimental NMR data, in order to propose a structural model of the
heterogenized catalysts. Finally, the catalytic activity of the Si-PB-Ir catalysts is
investigated for the hydrogenation of styrene employing para-enriched hydrogen
gas.

Keywords: DFT; heterogeneous catalysis; hydrogenation; iridium; PHIP;
solid-state-NMR.
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1 Introduction

Heterogeneous catalysis is used in all sectors of the chemical industry. It com-
bines easy separation of products and reactants with efficient recycling and effi-
cient usage of resources, such as solvents or energy. Despite their importance
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conventional heterogeneous catalysts, such as for example supported noble
metals or oxide catalysts have the disadvantage of low selectivity and specificity.
However, these properties are the strength of most homogeneous catalysts. One
of the major goals in current catalytic research is the combination of the favorable
properties of heterogeneous and homogeneous catalysts by immobilization of a
homogeneous catalyst on a solid support material.

Because of this technical importance the development of novel heterogene-
ous catalysts is a very active ongoing field of research, employing for example
functionalized silica hybrid materials [1-11] or polymers as support [12-15]. Fur-
thermore, in the field of metallic nano particles (MNPs) and immobilized MNPs
as heterogeneous catalysts many efforts have been made. (see Refs. [16-20] and
references therein).

The most common strategy for the immobilization of a homogeneous catalyst
is the tethering of the catalyst to the support surface, as for example an oxide, via
suitable linkers [21-24]. They were applied for example as efficient systems for
hydrosilylation of ketones [25], for hydrogenation or hydroformylation of olefins
[26-29], for transfer hydrogenation [30], and for reduction or oxidation of aro-
matics and alcohols [31-34]. An overview of their application in enantioselective
organic synthesis is described in several recent reviews [35-37].

Salient problems of many of these immobilized catalysts are reduced activity
and leaching. Both issues result from the replacement of one or several ligands
of the homogenous catalyst by linker groups, which effectively replace an opti-
mized ligand with a less-favorable ligand. These issues however limit for example
the application of immobilized catalysts in parahydrogen induced polarization
(PHIP) experiments in most cases to solid/gas reactions, and only few examples
for their use in solid/liquid reactions are known [38—-40].

In recent publications we have reported alternative approaches, where immo-
bilized rhodium catalysts were synthesized on support materials, as for example
by ligand exchange on cellulose nanoparticles [41], by binding on pydridyl units
grafted onto silica nanoparticles [42], or by binding on triphenylphosphine units
of [poly (triphenyl phosphine) ethylene (PTPPE)] (4-diphenylphosphine styrene
as a monomer) grafted onto silica nanoparticles [43]. In these studies we found
that such a strategy combines high catalytic efficacy with stability and excellent
leaching properties.

While our previous results focused on rhodium based catalysts, in the present
work we present first results on iridium based catalysts. Many Iridium phosphine
organometallic complexes are known as efficient homogeneous catalysts. The
earliest reports discussing their synthesis, characterization and application in
catalysis was the Wilkinson’s analogue iridium complex [IrCl(PPh3)3] which was
reported as square planar [44]. Iridium enables stronger metal-ligand bonds [45].
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It can react with hydrogen to produce [IrH,CI(PPh,).] but it is not as its analogue
Wilkinson’s catalyst in dissociation behavior with phosphine ligands. Thus, it is
difficult for substrates to have a smooth accessibility [44]. Nevertheless, iridium
complexes were synthesized and successfully applied for hydrogenation and
asymmetric catalytic reactions [46-48]. Recently, it was also found that some
iridium complexes are able to hyperpolarize small molecules via signal amplifi-
cation by reversible exchange (SABRE) [49, 50].

A main point in the characterization of these solid catalysts is the investi-
gation of their structure and also of the structure of the intermediates of their
synthesis. Owing to their highly disordered nature, conventional structure deter-
mining techniques like XRD or neutron diffraction are only ill-suited for this.
Since solid-state NMR spectroscopy does not depend on high structural order of a
system, it has evolved into an indispensable tool for their structural characteriza-
tion in the last decade [51-59]. An overview and detailed literature references con-
cerning the current state of the art is given in a recent review by some of us [60].

In the present manuscript we report the synthesis and solid-state NMR char-
acterization of novel core-shell NP based catalysts, containing iridium as active
metal, and catalytic tests employing para-hydrogen induced polarization (PHIP).

2 Experimental

2.1 Synthesis of the support material

The detailed synthesis of the support material is described in Ref. [43]. Here, only
the salient points are summarized. Silica nanoparticles (SiNPs) were activated by
keeping overnight at 160°C under vacuum. One gram of freshly activated SiNPs
was mixed with 40 mL of THF and 2.41 g of the photoiniferter N,N-(Diethylamino)
dithiocarbamoylbenzyl(trimethoxy)silane (PI) (for synthesis of PI see Refs. [61,
62]). The mixture was stirred overnight at room temperature. The product (Si-PI)
was obtained after washing with THF and drying under vacuum. By surface-
initiated photoiniferter-mediated polymerization (SI-PIMP) the polymer was
grown on the surface [63]. For this, 0.5 g of Si-PI was suspended with 40 mL of
freshly distilled toluene in a two-neck round-bottom flask and 3.8 g (1.315 mmol)
of 4-diphenylphosphine styrene were added. The polymerization was started by
irradiating the mixture with UV-light (366 nm). The reaction mixture was kept
under constant stirring for 24 h at room temperature. The product Si-PB was
washed with toluene in a Soxhlet apparatus. The resulting Si-PB was collected in
a flask, dried under vacuum and kept in a glove box. As the polymer-silica hybrid
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supporting material Si-PB was already characterized previously by solid-state
NMR [43], we reproduce these results in the ESI (Figure S1) to show the quality of
the support material.

2.2 Doping with iridium

Two iridium catalysts were prepared employing different synthesis temperatures.
0.1 g of Si-PB were suspended in 50 mL of a mixture of ethanol and 1-propanol
and stirred for 15 min at 70°C. 7.34 mg (0.01 mmol) of bis(1,5-cyclooctadiene)
diiridium(I) dichloride [Ir,Cl,(COD),] was added to each of the suspensions which
corresponds to an iridium loading of ca 0.2 mmol/g (Ir/Si-PB) assuming a quanti-
tative reaction of the precursor with the supporting material. These suspensions
were stirred at 75°C and 85°C, respectively, to later compare structural changes
effected by temperature, and left under argon atmosphere and reflux for 90 min.
Products were transferred under argon to a Soxhlet apparatus and washed over-
night employing ethanol as solvent. The products named as Si-PB-Ir-75 and Si-
PB-Ir-85, respectively, dependent on the synthesis temperature, were obtained as
light pink powders. They were dried under vacuum and kept in a desiccator.

2.3 Solid-State NMR experiments

All solid state NMR measurements were performed at room temperature under
MAS conditions with a Bruker AVANCE II* spectrometer at 400 MHz proton res-
onance frequency utilizing a Bruker 4 mm double resonance probe. Ramped
CP-MAS sequences were employed to measure P spectra at 10 kHz spinning
rate [64]. Contact times were set to 3 ms and tppm20 decoupling was used with
a 20° phase jump in the course of data acquisition [65]. Spectra were referenced
employing H,PO,. To record the *'P CP-MAS spectrum of the Si-PB-Ir-85 sample,
an additional total suppression of spinning sidebands (TOSS) sequence [66] was
employed.

To record the 3P J-resolved solid-state NMR spectrum P polarization was
produced by means of CP with a contact time of 3 ms followed by a rotor synchro-
nized m-pulse after n rotor periods (n=1, 2, 3 ...) and recording of the spin-echo.
The pulse sequence developed by van Rossum et al. [67] was utilized to measure
2D 3'P- 'H HETCOR spectra. The contact time was set to 2 ms.

1D-refocused inadequate experiments were conducted by applying ramped-
CP-MAS with 2 ms contact time, followed by a rotor synchronized r-t-m/2-1,-7/2-
T-1 sequence at 10 kHz spinning speed. The delay T was set as close as possible to
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the expected J-coupling, and the delay 7, was fixed at 4 us. Tppm20 decoupling
[65] was applied during the n-t-n/2-1,-m/2-1-1 sequence as well as in the course of
data acquisition.

2.4 Computational details

For DFT calculations we made use of the ORCA [68] program system. All geom-
etry optimizations were performed with Becke’s three parameter hybrid func-
tional [69, 70] along with the Lee-Yang-Parr correlation functional (B3LYP), [71]
and Pople’s double-{ basis set 6-31G(d,p) [72, 73] combining d- and p-polarization
functions. In all calculations the core electrons of iridium were replaced by a rela-
tivistic core potential (ECP) developed by the Stuttgart group [74].

Structure models (Figure 3) for three different Ir-complexes (I-III) were
created which are based on the structure of Wilkinson’s catalyst that was used
by Dachs et al. [75] for DFT studies, and on the crystal structure of a related
iridium complex published by Laborde et al. (structure 16 in Ref. [76]). For the
Wilkinson’s type iridium complex I the rhodium was replaced by iridium prior
to the geometry optimization. As starting structure for iridium complex II, the
bis(triazolylphosphine) ligand system of the iridium complex published by
Laborde et al. was replaced by two phosphine ligands. Finally, to imitate the
structural environment of the polymeric matrix, the two phosphines in the start-
ing structure of complex II were linked with a pentyl bridge in para-position of
two neighboring phenyl groups yielding structure III.

2.5 Catalytic activity tests

The catalytic activity was investigated via the hydrogenation reaction of styrene
employing para-enriched hydrogen gas, by measurement of 'H NMR spectra. In
a typical procedure, 20 mg of the catalyst were dispersed in 2 mL acetone-d, in a
5 mL glass vial. The sample was irradiated in an ultrasonic bath for 10 min and
heated at 40°C for 15 min. 0.5 mL of this suspension was transferred into a 5 mm
screw-capped NMR tube and a mixture of 0.2 mL styrene and 0.3 mL of acetone-d,
was added. In the first step, the '"H NMR spectrum of the sample was recorded as
a background spectrum. Then, the hydrogenation was conducted in the Earth’s
magnetic field at room temperature or at elevated temperature near the boiling
point of the solvent employing a hydrogen gas pressure of ca. 2 bar. The sample
was transferred into the strong magnetic field of a seven Tesla superconducting
magnet of a Bruker AVANCE III 300 spectrometer after shaking the NMR tube to
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initiate the reaction. The waiting time was 1 s to let the sample calm down. The
PHIP signal was recorded with a single scan excitation pulse. Finally, several
PHIP spectra were recorded until the PHIP antiphase signal disappeared, and the
thermally relaxed spectra were measured subsequently.

To ensure that the PHIP signal was generated by the heterogeneous catalyst
and not by catalytically active species, which have been leached from the carrier
material, a simple “leaching” experiment was performed for all catalysts. In a
typical procedure, the reaction mixture was filtered off and the hydrogenation
with para-enriched hydrogen was repeated with the filtrate solution.

3 Results and discussion

3.1 Characterization of the support material

In the first step the structures obtained during the synthesis of the silica-polymer
hybrid Si-PB material (Scheme 1) were characterized employing a combination
of SEM and solid-state NMR techniques. The results of these investigations were
already discussed in Ref. [43] and are only briefly summarized here:

The comparison of the SEM pictures (Figure 5a and b in ref. [43]) demon-
strated the morphological change of the particles during the grafting process
of the polymer. The functionalization of the SiNPs with the photoiniferter N,N-
(Diethylamino)dithiocarbamoylbenzyl(trimethoxy)silane (PI) was confirmed
by #Si CP MAS NMR (Figure 1a in Ref. [43]) which showed the appearance of
T, groups in the functionalized Si-PI particles compared to the neat SiNPs. The
success of the polymerization of the diphenylphosphine styrene on the Si-PI par-
ticles was monitored by C CP MAS NMR which showed the disappearance of the
C=S signal in the silica-polymer hybrid Si-PB material compared to the Si-PI par-
ticles (Figure 2 and Figure 1b in Ref. [43]), indicating the reaction of the monomer
with the surface initiator molecules. Furthermore, >'P CP-MAS NMR (ESI Figure
S1a) of Si-PB showed one strong signal around -9 ppm. This signal resulted from
free phosphine groups of the suggested PTPPE polymer [77]. In the corresponding
3PH HETCOR experiment (ESI Figure Sib) it was evident that there is a strong
correlation between the aromatic protons centered at 8 ppm as well as of the ali-
phatic protons at 2 ppm of the polymer backbone and the phosphorous signal at
23 ppm. These observations proved the successful synthesis of the carrier mate-
rial Si-PB.

In the next step, the binding of iridium to the core-shell-nanoparticles Si-PB
was monitored employing different 1D and 2D *'P CP-MAS NMR techniques.
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Scheme 1: Reaction scheme of the desired iridium catalyst. First, the silica nanoparticles
(SiNPs) were activated. In the second step, the photoinferter (PI) was attached onto the surface
of the SiNPs to form Si-Pl. In the third step, the polymerization was initiated by the Si-PI to
produce polymer brushes (Si-PB). Finally, iridium was embedded between the polymer mol-
ecules to obtain the iridium-based catalysts (Si-PB-Ir). Finally, the proposed structure of the
mixed bonding situations on Si-PB-Ir catalysts are displayed: (I) Wilkinson’s like coordination,
(1) singly phosphine coordination, and (1) doubly phosphine coordination.

Note: The reaction scheme and its description was reproduced from Ref. [43].
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Fig. 1: (a) 3'P CP-MAS spectrum of Si-PB-Ir-75, and. (b) 2D *'P-'H HETCOR spectrum with (f1) *H
spectrum and (f2) *'P of Si-PB-Ir-75.

Note: Spectra were recorded at 10 kHz spinning. Spinning side bands are marked with asterisks.

Bereitgestellt von | Freie Universitat Berlin
Angemeldet
Heruntergeladen am | 16.03.17 11:27



660 —— T. Gutmannetal. DE GRUYTER

&0 50 40 30

c)

20 10 0 -10 -20 -30 400 300 200 100 0 =100 =200 =300 =400
31P (ppm) 11 (Hz)

(i) (i)

60 50 40 30 20 10 0 -10 -20 -30
31F (ppm)

Fig. 2: 2D spectra of Si-PB-Ir-75: (a) 3P J-resolved spectrum with (f1) /-coupling in Hz and (f2) 3P
1D spectrum. (b) Vertical slice of the *'P J-resolved spectrum extracted at 23 ppm. (c) Horizon-
tal slice of the *'P J-resolved spectrum extracted at 0 Hz which represents signals showing no
J-couplings (i), overlayed with 1D 3'P inadequate spectrum which represents signals showing
J-couplings (ii).

3.2 3P CP-MAS measurements of the Si-PB-Ir catalysts

Figure 1a displays the 3P CP-MAS spectrum of the Si-PB-Ir-75 sample. This
spectrum exhibits three signals, a small one at 40 ppm and two broad ones at
23 ppm and -4 ppm. Furthermore, the central signal at 23 ppm exhibits strong
CSA, visible in the spinning side-bands centered at 85 ppm and -39 ppm. By
comparison to our previous paper on the rhodium catalyst [43] the central
signal at 23 ppm and the signal at 40 ppm are attributed to bound phosphine
groups and oxidized phosphine groups at the polymer, respectively. The assign-
ment of the signal at 23 ppm to bound phosphine species is in excellent agree-
ment with the 3P CP-MAS spectrum for the Wilkinson’s analog iridium complex
IrCI(PPh,), (ESI Figure S3) which displays a group of resolved signals centered
at ca. 23 ppm with corresponding spinning sidebands centered at 85 ppm and
-39 ppm. This observation is a first indication that the new immobilized Si-PB-
Ir75 catalyst contains binding geometries on Ir which are comparable to the
neat IrCI(PPh,), catalyst.
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The broad asymmetric high-field line with a maximum intensity at -4 ppm
can be deconvoluted into three signals located at -10 ppm, -5 ppm and +4 ppm.
While the latter two signals indicate the presence of other phosphine species
coordinating iridium, the signal at -10 ppm assigns to unbound phosphines
when compared with the neat Si-PB support material (-9 ppm) (ESI Figure Si1a).

Although iridium has two low-gamma spin 3/2 quadrupolar isotopes (*'Ir and
193]r) with natural abundances of 37% and 63%, there are no resolved 3'P- ¥193[r
J-couplings visible in the 3P CP-MAS spectra, in contrast to the rhodium catalysts
studied previously by us [43]. Such observation is not very surprising, since both
of these nuclei possess very large quadrupolar moments, which lead to fast quad-
rupolar relaxation i.e. fast spin flipping. This will lead to “self-decoupling” as
mentioned by Wasylishen and co-workers for square planar iridium phosphine
complexes [78].

For comparison, the spectrum of Si-PB-Ir-85 is shown in ESI Figure S4a. While
the central line is again observed at ca. 23 ppm, the line at 40 ppm is slightly high-
field shifted to 38 ppm. Additionally, signals between -10 and +10 ppm became
clearly visible as shoulders in the line-shape, which indicate some structural dif-
ferences with respect to the Si-PB-Ir-75 sample. Performing a line-shape analysis
of these shoulders reveals two signals at 10 ppm and 3 ppm, which is again a
strong hint for the presence of a second type of phosphine-iridium binding situ-
ation. Finally, a signal at -8 ppm appeared, which most probably assigns non-
coordinating phosphine groups in the polymer chains.

3.3 2D-NMR measurements of the Si-PB-Ir catalysts

To shed more light on the binding situation of the phosphines, and in order to
perform a detailed interpretation of the obtained chemical shifts in the 1D P
CP-MAS spectra, additional 2D spectra were recorded. Figure 1b displays the
results of the 3P-'H heteronuclear correlation measurements and Figure 2a the 2D
J-resolved *'P->'P homonuclear correlation spectra for Si-PB-Ir-75.

From the *'P-H HETCOR experiment (Figure 1b) it is evident that there is
a strong correlation between the aromatic protons centered at 8 ppm and the
phosphorous signal at 23 ppm. A second weaker cross-peak is found between
3P at 23 ppm and the aliphatic backbone protons at 2 ppm. These cross-peaks
clearly validate the assignment that these phosphorous signals are from the
phosphine groups of the polymer. The broad high field signal at -4 ppm dis-
plays a strong interaction with the aromatic 'H and a weak one with the aliphatic
protons. This observation corroborates that the aromatic protons are closer to
the phosphorous than the aliphatic protons. Similar results were obtained in our
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previous study on Si-PB-Rh (see ESI Figure S1a) and for the Si-PB-Ir-85 sample
(see ESI Figure S4b).

While the 2D J-resolved *'P-'P homonuclear correlation spectrum of Si-PB-
Ir-75 (Figure 2a) does not show resolved 'P-'P-couplings for the signal at 23 ppm
there is a substantial broadening in the indirect dimension for this sample
which indicates the presence of homonuclear scalar couplings. The line-shape
analysis of the vertical slice extracted at 23 ppm (Figure 2b) suggests the pres-
ence of two different types of phosphorous. The first type does not exhibit any
resolved *'P-'P J-coupling, which most probably refers to phosphines in a cis-
configuration or to oxidized phosphines on the polymer surface. The second
type of phosphorous exhibits a coupling of ca. 400 Hz, which is characteristic
for phosphines in trans-configuration (comparable with Wilkinson’s type cat-
alyst [79, 80]). This observation is underlined by comparison of the horizon-
tal slice of the 'P J-resolved spectrum extracted at O Hz, showing a maximum
around 23 ppm [Figure 2c (i)], with the 1D *'P inadequate spectrum contain-
ing only a small shoulder around 23 ppm [Figure 2c (ii)]. All these observations
strongly indicate multiple coordination of a substantial number of phosphines
to the iridium.

Finally, the existence of scalar couplings for the signals between O and
10 ppm is indicated by the 3'P INADEQUATE, which shows a signal in this
region. [Figure 2c (ii)]. This corroborates our previous hypothesis, that signal
components in the range of 0-10 ppm assign a second type of phosphine-irid-
ium binding situations and further lead to the assumption of doubly coordinat-
ing phosphine groups.

3.4 DFT calculations

To corroborate the interpretation of the NMR spectra in terms of binding situa-
tions of phosphines in our Si-PB-Ir catalysts, probable iridium model complexes
(Figure 3a) were designed, and their binding geometries were optimized based on
density functional theory (DFT).

As most experimental studies of phosphine coordinated iridium complexes
referred to four-fold coordinated iridium in a square planar binding geometry, as
first example the Wilkinson’s analog complex IrCI(PPh,), (I) was investigated. In
a further step complexes were modeled based on the iridium complex published
by Laborde et al. [76] which contains a cyclooctadiene (COD) ligand. Since the
iridium precursor, employed for our synthesis of the Si-PB-Ir catalysts, also con-
tained such COD ligands, it is assumed that COD is also present in the immobi-
lized catalyst. Thus, two model systems based on the iridium complex by Laborde
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Fig. 3: (a) Optimized geometries of iridium model complexes: Wilkinson’s type Ir-complex (1),
singly phosphine coordinated Ir-complex containing a COD ligand (Il), and doubly phosphine
coordinated Ir-complex containing a COD ligand (Il1). (b) Bond lengths for iridium phosphorous
bonds in complexes I-lll derived after structure optimization at the B3LYP/6-31G(d,p) level of
theory.

were studied. For the first case, where the two phosphine groups were not con-
nected via an alkyl bridge the geometry optimization converged into structure
11, by releasing one phosphine group. For the second case, where the phosphine
groups are bridged, structure III was stabilized.

After geometry optimization of the complexes, the Ir-P bond lengths were
analyzed (Figure 3b) since they indirectly give information on the electron density
at the phosphorous atoms which correlates with the chemical shielding. While
for complexes I and II, bond lengths of ca. 2.38 A were found, for complex III bond
lengths of ca. 2.55 A were obtained.

These values clearly show, that in case of complexes I and II the Ir-P bond
strength is larger than in complex III, which is aligned with the metal to ligand
n-backbond from the Ir to the ©* orbital of the phosphorous. In case of complexes
I and II the n-backbond seems weaker than for complex III which is reflected in
the shorter Ir-P bond length for complex I and II. This however means that for
complex III a higher electron density at the phosphorous is assumed which yield
a higher shielding compared to complex I and II.

With these results a distinct interpretation of the observed chemical shifts
in the NMR spectra of Si-PB-Ir becomes feasible. The main component at 23 ppm
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most probably assigns to coordinated iridium-phosphine species similar to the
binding situation in Wilkinson’s catalyst referring to model I, which is formed
by multiple coordination of phosphines from different polymer brushes. Further-
more, singly coordinated phosphines referring to model II are feasible.

The signal components between 0 and 10 ppm assign to phosphine groups
in a coordination referring to model III, where, most probably, two phosphine
groups in one polymer chain are coordinating the Ir center.

3.5 Binding model

Putting all experimental and theoretical results together we come to the following
picture, which is schematically shown in Scheme 1. In contrast to the rhodium cat-
alyst studied previously by us [43], the situation for the iridium is more complex.
There is a distribution of iridium sites with different phosphorus coordination
of the metal center. The singly phosphine coordination is dominating [Scheme 1
(I1)], however also triple coordination as in Wilkinson’s type catalysts [Scheme 1
(D] is feasible, which most probably occurs when iridium is coordinated by phos-
phines from different polymer brushes.

Finally, the signals between 0 and 10 ppm obtained in the 3'P CP-MAS spec-
trum (Figure 1a) combined with the DFT calculations on model III (Figure 3)
proposed an additional type of doubly coordination of phosphines where two
phosphines are bridged via the polymer chain [Scheme 1 (IT)]. Since calculations
were only performed for a small model system containing a pentyl bridge, the
polymer brush is not fully described. Thus, larger P-Ir-P bond angles compared to
model III are in principle possible which would explain the obtained J-coupling
for the signals between 0 and 10 ppm.

3.6 Evaluation of the catalytic efficacy

The hydrogenation of styrene as a model reaction employing para-H,, which is
a standard reaction for the evaluation of PHIP-catalysts, was employed for the
assessment of the catalytic efficacy of the new catalysts.

Figure 4 displays the results of the two iridium catalysts. The left panel shows
the results obtained with Si-PB-Ir-75. The first three spectra display the back-
ground (a), the hydrogenation at room temperature (b) and the thermally relaxed
spectrum (c). The next two spectra are measured after hydrogenation at elevated
temperature close to the boiling point of the solvent (d), and the resulting ther-
mally relaxed spectrum (e). The hydrogenation product is clearly visible in the
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Fig. 4: 'H spectra of styrene hydrogenation employing para-enriched H, under ALTADENA [81]
conditions. Left panel: Si-PB-Ir-75 (a) background; (b) hydrogenation; (c) thermal relaxed of b
spectrum, (d) hydrogenation at elevated temperature, (e) thermal relaxed spectrum of d. Right
panel: Si-PB-Ir-85 (a) Background spectrum; (b) Hyperpolarized spectrum at elevated tempera-
ture; (c) thermal polarized spectrum (relaxed) of b.

spectra, however, no PHIP pattern was detected. Thus, the hydrogenation reac-
tion indicates that the active sites are able to combine both with hydrogen and
styrene using the catalyst Si-PB-Ir-75 but are not able to maintain the hyperpolar-
ized state during the hyperpolarization.

The situation changes for the sample Si-PB-Ir-85. Here a distinct PHIP pattern
is observable. The calculated enhancement factor is 5 for the methylene group at
2.8 ppm and 3 for the methyl group at 1.3 ppm. The filtrate of the hydrogenation
mixture was tested to discover whether any catalytic activity could be detected for
any leached species but nothing was observed [82]. This is a direct indication that
the iridium example is a robust and stable catalyst and can be used to produce a
hyperpolarized NMR signal as well as in the rhodium example Si-PB-Rh reported
recently [43].

Although it is not finally clear what causes the difference between the
two new iridium catalysts Si-PB-Ir-75, Si-PB-Ir-85 and the previously studied
rhodium sample at least a tentative interpretation will be attempted. Iridium
has a larger coordination sphere than the previously studied rhodium. This may
cause problems in the accessibility of the iridium center, which are more pro-
nounced in the low-temperature sample than in the high-temperature sample,
and the better efficacy results from the differences in the coordination of the
iridium in the two samples. Thus, the reaction rates would be mainly diffusion
controlled.
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4 Summary and conclusions

The successful synthesis of novel immobilized iridium catalysts on silica-poly-
mer hybrid materials (Si-PB-Ir) was described. These catalysts contain different
binding situations of phosphines as evidenced by a combination of 1D *'P CP-MAS,
and 2D *'P‘H HETCOR and J-resolved multinuclear solid state NMR experiments.
In combination with these experimental data, density functional theory (DFT)
calculations on model complexes derived from an iridium analogue Wilkinson’s
catalyst and a COD containing iridium complex were performed, to propose a
structural model of the heterogenized catalysts. This structure contains singly
and multiply coordinated phosphine groups in different binding geometries. Cat-
alytic test experiments of the Si-PB-Ir catalysts revealed significant activity of the
catalysts in the hydrogenation of styrene employing para-enriched hydrogen gas.
No significant leaching of catalytically active species was obtained. This shows
that the novel Si-PB-Ir catalysts may join the rhodium catalyst (Si-PB-Rh) as a
group of heterogeneous, robust and stable catalysts.
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