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ARTICLE INFO ABSTRACT

The new tridentate phosphine ligands EtOSi((CH,),PPh,); and O[Si((CH,),PPh5)3]> (n = 4, 7, 11), as well as
their precursor ethoxysilanes EtOSi((CH,),,CH = CH,)3 and disiloxanes O[Si((CH,),,CH = CH,)3], (m = 2, 5, 9)
and EtOSi((CH,);;PPh,RhCICOD); (COD = cyclooctadiene) have been synthesized and fully characterized. The
ethoxysilane- and disiloxane-containing phosphine ligands have been immobilized on silica via covalent siloxane
bonds. The immobilized linkers have been characterized by *'P and 2°Si CP/MAS and HRMAS NMR spectro-
scopy. The covalent siloxane bonds between the linkers and the silica surface prevent translational mobility of
the phosphines. Immobilized Wilkinson-type Rh hydrogenation catalysts have been obtained by ligand exchange
of CIRh(PPh3); and CIRhpyCOD (py = pyridine) with the surface-bound ligands. The single crystal X-ray
structure of CIRhpyCOD has been reported. The activities and lifetimes have been studied for the hydrogenation
of 1-dodecene. The new catalysts are highly active and they can be recycled up to 15 times without major loss of
activity. Within the first hours of the catalytic reaction the initially molecular complexes form Rh nanoparticles
with a narrow size distribution on the surface. The nanoparticles do not leach into the supernatant solution and
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are not air-sensitive.

Introduction

Catalysis represents one of the most central aspects of synthetic
chemistry in academia and industry. However, the "ideal catalyst" [1]
featuring superior activity, total selectivity and eternal lifetime, has not
yet been discovered. On the way there, diverse approaches have been
studied to facilitate the removal and recyclability of highly active,
originally homogeneous catalysts. One successful approach makes use
of a biphasic liquid system, with one fluorous and one conventional
organic phase, by controlling their miscibility via temperature [2]. In
another approach a Rh catalyst was adsorbed on a teflon tape and re-
versibly released into solution as a homogeneous catalyst [3].

Catalysts immobilized on oxide supports, in particular, are of en-
ormous interest because they can be recovered and reused, while re-
maining as active and reactive as their homogeneous analogs. In con-
trast to common belief, immobilized catalysts already play a major role
in fine chemicals production [4]. Optimally, an immobilized catalyst
retains all the superior qualities of the homogeneous analog, while it
allows for easy catalyst separation from the reaction mixture, batchwise
recycling, or application in a continuous flow setting [4].
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Our group has successfully pursued the immobilization of catalysts
on solid supports via diverse monophosphine [5-8] and chelating di-
phosphine linkers [5,9-11]. The most conventional way to achieve the
covalent tethering of linkers to oxide support surfaces is via in-
tramolecular ethoxysilane groups. In order to exclude any leaching of
the linker and therewith detachment of the whole catalyst from the
support surface, the reactions of mono- and triethoxysilanes with oxide
surfaces have been studied in detail [6,12,13].

While more exotic solid supports like zirconium phosphate nano-
platelets [14] and various other oxides have been employed as support
[6], silica [15,16] remains the most favorable support for immobilized
catalysts. Silica is inexpensive and available from suppliers in a large
variety of particle and pore sizes. Most importantly, it is mechanically
robust, stable at higher temperatures, and settles within minutes after
the reaction. The supernatant containing the products can simply be
decanted, and there is no need for filtration or centrifugation. After
washing the silica, the covalently bound immobilized catalyst can be
used for the next catalytic run.

Bifunctional phosphine linkers incorporating ethoxysilane groups
have been applied to immobilize Ni catalysts for the cyclotrimerization
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of acetylenes [17-19], Pd/Cu catalyst systems for Sonogashira reactions
[20-22], and Rh catalysts for olefin hydrogenation [23-25]. All cata-
lysts displayed unprecedented activities and could be recycled many
times.

Nevertheless, some problems remain. For example, neighboring
catalyst molecules on the surface can dimerize or agglomerate.
Wilkinson’s catalyst has a tendency to dimerize already at room tem-
perature, and the dimer is no longer catalytically active [26]. Accord-
ingly, it has been determined that diluting immobilized Wilkinson-type
catalysts on the surface improves their performance substantially [24].
However, this approach increases the bulk of the support, a scenario
which is very unpopular in industrial settings.

Another problem arises when linkers decompose due to reactions
with the silica surface [27]. Additionally, phosphine linkers in-
coporating ethoxysilane groups can be transformed into the corre-
sponding ethylphosphonium salts by reacting with the silica surface at
high temperatures [28]. These P(V) species can no longer coordinate
metal complexes. To avoid any reactions of the phosphines and metal
centers with the reactive silica surface, we have explored rigid tetra-
phosphine linker systems with tetraphenyl- and tetrabiphenyl element
cores [29-31]. These rigid linkers prevented Rh catalysts from dimer-
izing and kept the metal centers from interacting with the surface [31].
However, the monodentate phosphines did not entirely prevent the
metal centers from eventually getting detached and forming nano-
particles in the case of Wilkinson-type Rh catalysts [31].

The detachment of a metal complex from monodentate linkers
("leaching") leads to the gradual loss of metal complexes upon recycling
of the catalyst and potentially nanoparticle formation. Over the years
we have investigated this important issue using diverse immobilized
catalysts. For example, it has been demonstrated with classical *'P CP/
MAS (cross-polarization with Magic Angle Spinning) solid-state NMR
[32,33] that the gradual oxidation of the phosphine linkers leads to the
loss of the metal centers because phosphine oxides cannot coordinate
them any longer [28]. Unfortunately, CP/MAS of dry materials only
allows the measurements before and after catalysis. The HRMAS (high-
resolution MAS) method [20-23,27,34], however, gives real time in-
sight of the processes taking place in the presence of a solvent [20-22].
This straightforward technique has been used recently to monitor the in
situ migration of PdCl, fragments over the "lawn of linkers" on silica
surfaces [20-22]. Furthermore, it allowed the ranking of phosphine
linkers with respect to their abilities to retain the Pd centers [20]. These
studies confirmed that chelating phosphine linkers are best suited to
firmly coordinate to metal centers [20]. Catalysis results with different
Ni complexes coordinated by chelating tripodal phosphine ligands
corroborated this conclusion [19].

Olefin hydrogenation is one of the most studied catalytic reactions
[35]. Selected immobilized monodentate and chelating phosphine lin-
kers and Wilkinson-type Rh complexes thereof have already been tested
for their activity and recyclability with respect to the important cata-
lytic olefin hydrogenation [14,23-25,30,31]. Therefore, there is already
a substantial body of data on Rh-catalyzed hydrogenation under stan-
dardized conditions from our group [14,23-25,30,31]. A comparison
with the hydrogenation results of other groups, obtained with different
biphasic catalytic systems, should be interesting as well [36].

In particular, we described the immobilization of tridentate phos-
phine linkers incorporating long methylene chains using electrostatic
interactions of the surface with an intramolecular phosphonium group
(Fig. 1, right) [23]. The long tethers have the advantage of providing
maximal mobility to the metal complexes in the presence of a solvent,
in this way mimicking a homogeneous catalyst. This mobility is also
advantageous for 3'P HRMAS NMR analysis because it leads to minimal
signal halfwidths [20-23,27,34]. No ligand leaching was observed in
non-polar solvents, such as toluene, and highly active hydrogenation
catalysts were obtained after coordination of Rh to the immobilized
phosphine ligands [23]. However, it turned out that the molecular
mononuclear species decomposed rather quickly to form Rh
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Fig. 1. Tridentate phosphine linkers incorporating ethoxysilane and phospho-
nium groups [23] for immobilizing Rh catalysts on silica via covalent bonds and
electrostatic interactions.

nanoparticles with a narrow size distribution on the surface [23]. The
nanoparticles themselves constituted an active hydrogenation catalyst,
but the controlled ligand environment of a molecular species was lost.
NMR experiments suggest that, although the phosphonium linkers do
not leach off the surface, they are translationally mobile on the surface,
which is suspected to facilitate the formation of Rh nanoparticles [37].
The metal centers could, for example, be delivered directly and de-
posited on nanoparticles on the surface by the mobile linkers. Fur-
thermore, the influence of the phosphonium group itself on the for-
mation of the nanoparticles and the timeline of the nanoparticle
formation are still unknown.

The main goal of the present work is to test whether the linker
mobility on the surface and the phosphonium group of the previously
described system (Fig. 1, right) have an influence on the Rh nano-
particle formation of immobilized Wilkinson-type catalysts. Specifi-
cally, we sought to improve the catalyst performance by immobilizing
similar tridentate phosphine linkers on silica in a covalent manner via
ethoxysilanes (Fig. 1, left). The covalent attachment renders transla-
tional mobility impossible. For this purpose, the ligands 4, 5, and 6
were synthesized and immobilized on silica (Scheme 1). The im-
mobilized ligands and the respective Rh complexes were characterized
by solid-state NMR. The catalysts' activities for the hydrogenation of 1-
dodecene and their lifetimes were studied. Furthermore, the nature of
the active species, especially with respect to nanoparticle formation,
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Scheme 1. Synthesis of the phosphine ligands 4, 5, and 6, their immobilization
on SiO,, and formation of the immobilized Rh complexes 71, 8i, and 9i.
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was investigated. In the following we present key results in our ongoing
systematic study of immobilized Rh catalysts.

Results and discussion
Synthesis of the phosphine linkers

The phosphine ligands 4-6 were synthesized in good yields in two
steps from the respective bromoalkenes Br(CH,),CH = CH, (n = 2, 5,
9) [8]. The bromoalkenes were subsequently treated with Mg to form
the Grignard reagents and coupled in situ with EtOSiCl; to give 1-3 as
clean, colorless liquids. Condensation of the ethoxysilane moieties led
to the partial formation of the disiloxanes O[Si((CH,),CH = CH,)3]>
(n = 2,5,9) (1d-3d). The latter could be separated from 1-3 by column
chromatography, isolated, and characterized. The ethoxysilane linkers
4-6 were obtained by hydrophosphination of 1-3 with a slight excess of
Ph,PH in the presence of AIBN as a radical starter as described by
Stelzer [38]. The hexaphosphines incorporating a disiloxane group O[Si
((CH2),PPhy)3], (n = 4, 7, 11) (4d-6d) were synthesized in the same
way by hydrophosphination of 1d-3d.

After the sraightforward synthesis, all molecular ethoxysilanes were
obtained with sufficient purity (< 1% trace impurities, see
Supplementary Material) to proceed to the immobilization on silica.

Immobilization of the phosphine linkers

The most conventional way to immobilize phosphine linkers on
oxide supports is by using intramolecular ethoxysilane groups. The
reactions of ethoxysilanes with silica have been studied earlier. The
mechanism can consist of an addition of the ethoxysilane function to
surface siloxane groups. This is the preferred pathway when using dried
silica [12a]. In this way, most of the ethoxy groups remain bound to the
surface at the neighboring sites [12a]. Alternatively, the ethoxysilane
group is first hydrolyzed and subsequently a condensation reaction with
surface silanol groups to form the covalent Si—O—Si bond takes place
[12a]. Most importantly, during the immobilization step non polar and
non protic solvents such as hexanes, or toluene should be applied. Polar
solvents are strongly adsorbed on the surface and prevent the ethox-
ysilane from contact. For example, it has been found that in case di-
glyme was used as the solvent, even at very high temperatures no
ethoxysilane was found covalently bound on the surface after prolonged
reaction times [12b].

Typically, phosphine linkers for immobilizations incorporate Si
(OEt)3 groups [5], which can be anchored to oxide surfaces at low
temperatures. However, due to their tripodal nature, linkers 4-6
(Scheme 1) only contain one OEt group. Therefore, higher temperatures
of 60-70 °C were required to achieve appreciable surface loadings and
create covalent Si—O—Si bonds [Table 1]. Earlier work has revealed
that the temperature should not be too high, though, because the

Table 1

Surface coverages of the modified silica 4i-6i and 4di-6di with the corre-
sponding molecular ethoxysilanes 4-6 and disiloxanes 4d-6d. The ligands were
protected prior to immobilization at the indicated temperature in toluene.

Material T [°C] Molecules per mmol of linker
100 nm? Si0, per g of SiO,

4i'" 70 11.5' 0.143"

4i 70 8.2 0.110

4i 60 3.2 0.040

4di 90 14.6 0.183

5i 70 3.0 0.037

5di 70 5.4 0.068

6i 80 2.7 0.034

6di 90 10.2 0.127

lal $i0, and unprotected ligand 4 were stirred in toluene overnight at 70 °C,
and traces of oxides and phosphonium salt were found in 4i.
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amount of quaternized phosphonium salts increases with temperature
[28]. Another issue arises from the easy oxidation of the alkylpho-
sphines to the phosphine oxides. The sample in the first entry in
Table 1, for example, showed traces of phosphine oxides [39,40] and
phosphonium salts [28] after direct immobilization of 4. Both, phos-
phonium salts and phosphine oxides are no longer able to coordinate to
metal centers and just block surface sites. Fortunately, both can be
prevented by protecting the linkers by in situ reaction of 4-6 with
THF-BHj3 prior to the immobilization step (Scheme 1). The obtained
protected linkers could then be immobilized at elevated temperatures
on silica as 4i‘BH3-6i'‘BH3. After the immobilization step the phosphines
were deprotected with DABCO (1,4-diazabicyclo[2.2.2]octane) at am-
bient temperature to yield 4i-6i.

As an alternative to the ethoxysilanes 4-6 the immobilization could
also be carried out with the corresponding disiloxanes OI[Si
((CH3)4,7,11PPhy)3]5 (4d-6d). Higher temperatures were applied to
make sure that chemical reactions with the silica surface and covalent
bonding occurred. Consequently, the loadings of 4di-6di were slightly
higher than those obtained with the ethoxysilanes 4i-6i. Interestingly,
comparing 5i with 5di, obtained at the same reaction temperature, the
loading with the disiloxane 5d was higher. This might indicate that the
molecular preorganization of two linkers in close proximity allows for a
more dense surface coverage. For all linker immobilizations, the reac-
tion temperatures and the corresponding surface coverages are sum-
marized in Table 1.

Importantly, apart from the "pairing" of the linkers for 4di-6di, the
applied immobilization methodology leads to highly dispersed linkers
4i-6i on the silica surface when using the comparatively low loadings
(Table 1) [24b]. Using triethoxysilanes it was observed that the reaction
conditions influenced the distribution on the surface. Condensation of
the precursors in solution prevents highly dispersed ligand sites on the
support. Monoethoxysilanes like 4-6 prevent any further condensation
and clustering of the linkers on the surface.

Solid-state NMR of immobilized phosphines

The silica materials functionalized with phosphine ligands 4i-6i and
4di-6di were characterized by multinuclear solid-state NMR spectro-
scopy. State-of-the-art 2°Si CP/MAS, 3'P CP/MAS [32,33], and 3'P
HRMAS NMR techniques were applied [20-23,27,34]. The 29 cp/
MAS spectra are valuable tools to prove the covalent bonding of the
linkers to the silica surface [12]. Covalently bound silanes exhibit a
broad resonance of low intensity, while mobile, merely adsorbed silanes
would emerge as a narrow line [8]. The signals of covalently bound
triethoxysilanes and ethoxysilanes have already been described pre-
viously [12b,13]. With the present set of linkers it was especially im-
portant to prove the covalent bonding of the disiloxanes 4di-6di on the
surface. For example, the >°Si CP/MAS spectrum of immobilized 4di
shows a broad signal with low intensity at 4.5 ppm (Fig. 2). This che-
mical shift is characteristic for ethoxysilanes covalently bound to a si-
lica surface [13]. The resonance at -104 corresponds to the 29Gi nuclei
at the binding site on the surface, overlapping with the signal of surface
silanol groups. The 2°Si signal at about -110 stems from the bulk Si
nuclei [12b,13,32b].

In the 3P CP/MAS NMR spectra, the immobilized borane-protected
phosphines 4i‘BH3-6i'BH3 lead to resonances at about 20 ppm, which
lies within the chemical shift range that is characteristic for borane
adducts of phosphines [21]. One example, the 3'P CP/MAS spectrum of
6i-BH; is displayed in Fig. 3 (top). The deprotection of the surface-
bound 6i'-BHj3 by adding an excess of DABCO to a slurry of the silica in a
solvent is quantitative. The peak at 20 ppm disappears and a new
signal, shifted upfield to around -16 ppm, appears, corresponding to the
deprotected immobilized phosphine 6i (Fig. 3, middle). This result is
important with respect to the catalytic reactions performed with a Rh
complex bound to the linker, as described below. It shows that sub-
strates can easily diffuse into the pores of the support material and
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Fig. 2. 2°Si CP/MAS NMR of 4di recorded with a spinning frequency of vy

=4kHz. Asterisks denote rotational sidebands of the signal at —104 ppm.
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Fig. 3. °'P CP/MAS NMR of 6iBHj; (top), 6i (middle) and 9i (bottom) with vyo

=10kHz. Asterisks denote spinning sidebands.

reach all catalytically active sites.

When a Wilkinson-type Rh complex is coordinated by the surface-
tethered linker 6i, new 3'P CP/MAS signals for the catalyst 9i emerge at
23 and 40 ppm (Fig. 3, bottom) [24,25]. Only a trace of uncoordinated
phosphine remains.

The long alkyl chains of the tethered linkers lead to increased mo-
bilities of the phosphine moieties in the presence of an organic solvent.
As described earlier for linkers incorporating long methylene chains
[23], this mobility, in combination with magic angle spinning (MAS)
makes the functionalized silica materials 4i-6i amenable to character-
ization by 31p HRMAS NMR [20-23,27,34]. The linewidth in HRMAS
NMR qualitatively reflects the mobility of immobilized species because
the motion leads to partial averaging of the main anisotropic interac-
tions in the solid state, the chemical shift anisotropy (CSA) and dipolar
interactions [32,33]. Initial HRMAS measurements were carried out in
toluene. Following expectations, the halfwidths of the signals drasti-
cally decrease, compared to the linewidth of the resonances obtained by
31p CPMAS of the dry materials (Fig. 4). This is advantageous because
the measurement times are much shorter, minutes with HRMAS versus
hours for the dry modified silica. More importantly, the spectral re-
solution is improved substantially due to the diminished signal half-
widths. For example, for 6i the signal halfwidth decreases from 559 Hz
to 93 Hz when a small amount of toluene is added to the dry sample to
increase the mobility of the linker (Fig. 4). Importantly, during HRMAS
the phosphine linker is not detached from its binding site and transla-
tionally mobile on the surface, as it is the case for merely surface-ad-
sorbed species [39f,39g,41]. Furthermore, the linker is not leached into
solution as the much larger linewidth of 93 Hz for 6i as compared with
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Fig. 4. 31p NMR spectrum of 6 (CDCls, bottom), 31p HRMAS of a slurry of 6i in
toluene (middle, vy, =2kHz), and 3'P CP/MAS spectrum of dry 6i (top, vy
=10kHz).

Table 2

5C3'P) from MAS and HRMAS spectra and signal halfwidths Av, 5 of the im-
mobilized phosphines 4i-6i. Spinning speeds: 10 kHz for MAS and 2kHz for
HRMAS (toluene).

Immobilized Phosphine 8C3'P) [ppm] Avy 5 [Hz]
MAS HRMAS MAS HRMAS
4i —-16.78 —16.84 1351 480
5i -17.16 -17.50 900 130
6i —-16.87 —17.53 559 93

the halfwidth of the resonance of 6 in chloroform solution (1.7 Hz)
proves (Fig. 4).

Table 2 summarizes the chemical shifts and signal halfwidths of 4i-
6i for MAS of the dry materials and HRMAS measurements in the
presence of toluene. According to intuition, the linewidth decreases
with increasing mobility and with the alkyl chain length, from 480 Hz
for 4i, over 130 Hz for 5i, to 93 Hz for 6i. The >'P chemical shifts ob-
tained by MAS of the dry materials versus HRMAS of 4i-6i in toluene do
not undergo changes larger than about 0.6 ppm upfield (Table 2). These
chemical shift changes do not exceed the typical variations of §(*'P)
when different solvents, or none at all, are used for NMR measurements.

31p HRMAS spectra for 6i were recorded in various common organic
solvents relevant for synthesis and catalysis (Table 3). Since the solu-
bility of 6 with the long methylene chain is equally high in protic and
non protic solvents, and the polarity does not play a big role, the
halfwidths of the HRMAS signals of 6i is for many solvents within the
narrow range of 83-93 Hz. Only the least polar solvent hexane and
acetone lead to somewhat broader lines of up to 205 Hz.

One of the main goals of this study was to compare the mobilities
and catalytic activities of Rh complexes immobilized by electrostatic
interactions of phosphonium salt functions in the linkers with those
complexes tethered via covalently bound ethoxysilane linkers.

Table 3

31p HRMAS signal halfwidths A vy, of 6i and 10i in the indicated solvents.
Solvent 6i 10i

Avy /5 [Hz] Avy /5 [Hz]

MeOH 83 24
MeCN 83 22
THF 920 34
Acetone 142 34
CH,Cl, 90 20
Toluene 93 26
Hexane 205 134
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Therefore, we sought to compare the mobilities of 6i with those of a
linker with the same number of methylene groups, (CH,);;, but being
bound to the surface by a phosphonium iodide group, with HRMAS. The
linker 10i, derived from immobilization of the phosphonium salt [CH3P
((CH2)1:PPhy)s]* 17 (10) [23] on silica, was chosen for the compar-
ison. The halfwidths of the 3'P HRMAS signals of 6i and 10i in various
solvents are summarized in Table 3. In the presence of all solvents the
lines are substantially broader in the case of the covalently bound
phosphine 6i. Since the alkyl chain length is the same in both linkers,
the mobilities of the phosphine-carrying "arms" should be comparable.
This means that for 10i an additional mode of mobility must be present.
Since 10i is not detached from the surface by the solvents [23], the
mobility can only consist of translational motion of 10i across the
surface within the pores. For catalysts immobilized via linkers such as
10i, nanoparticle formation occurred during hydrogenation, potentially
aided by the translational mobility of the linkers [23]. The HRMAS
measurements of both linker types show that the ligands 4i-6i still re-
tain a high degree of mobility, but they are fixed at one specific surface
site. Therefore, the coordinated metal complexes should mimic homo-
geneous catalysts, while their covalent attachment to the surface should
prevent clustering and nanoparticle formation as a potential pathway of
catalyst decomposition.

Immobilization of the rhodium catalysts

The immobilized Rh complexes 7i-9i have been obtained from 4i-6i
by ligand exchange with Wilkinson's catalyst RhCl(PPh3); at room
temperature (Scheme 1) [24,25]. *'P CP/MAS NMR shows that none of
the liberated PPh; remains adsorbed on the surface after washing the
material with toluene (Fig. 3, bottom). The phosphine coordinated trans
to the Cl ligand leads to a peak at 40.29 ppm and the two phosphines in
cis position are found at 24.04 ppm [24,25].

Additionally, soluble Rh precursors for the immobilization that lack
PPh; ligands are of interest because the immobilization of Wilkinson's
catalyst can lead to the formation of the dimeric complex
[(PPh3),RhCl], at elevated temperatures, which is strongly adsorbed on
the silica surface [26]. It is also not catalytically active for olefin hy-
drogenation [26a]. Therefore, CIRhpyCOD (py = pyridine, COD = cy-
clooctadiene) (11) has been investigated as an alternative metal com-
plex precursor for the immobilization via ligand exchange.

Although the complex was published as early as 1973 [42], its
crystal structure has not yet been reported. Crystals suitable for single
crystal X-ray diffraction were obtained by slow evaporation of the
solvent from a solution of 11 in MeCN [43]. The structure shows a
square planar geometry with respect to the coordinating atoms N and Cl
and the centers of the C=C bonds (Fig. 5) [43]. All bond lengths and

Cl

Rh C1

Cc2

C5
Cé6

Fig. 5. Single crystal X-ray structure of CIRhpyCOD (11) showing 50% thermal
ellipsoid probability of one of the two independent molecules. H atoms are
omitted for clarity [43].
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Fig. 6. >'P CP/MAS NMR spectra after the reaction of 6i with one equivalent

(top) and three equivalents (middle) of RhClpyCOD (11). Bottom: >'P HRMAS

spectrum (slurry in acetone) of 6i after reaction with three equivalents of 11.

Table 4
Selected bond lengths (A) and angles () of CIRhpyCOD (11) [43].

Bond lengths [A] Bond angles [°]

Rh-N 2.118(3) / N-Rh-Cl 87.85(9) /
2.105(3) 89.38(9)
Rh-Cl 2.3755(11) / N -Rh - C2 158.30(14) /
2.3914(10) 160.42(14)
Rh - C1 2.158(4) / N -Rh-C1 163.66(13) /
2.127(4) 161.52(14)
Rh - C2 2.134(4) / C6-Rh-N 91.75(13) /
2.130(4) 90.72(14)
Rh - C5 2.112(4) / C5-Rh-N 93.83(13) /
2.111(4) 91.96(14)
Rh - C6 2.113(4) / Cl-Rh-C5 157.76(10) /
2.111(4) 158.85(13)
Cl-C2 1.399(5) / Cl-Rh-C6 163.36(11) /
1.388(6) 162.63(13)
C5-C6 1.406(5) /
1.391(7)

angles are in the expected range. Selected data are summarized in
Table 4. Rajput et al. reported the X-ray structure of a related square
planar complex incorporating a ferrocenyl-substituented pyridine li-
gand [44]. In this compound, for example, the Rh—Cl distance amounts
to 2.358 A, a value close to the 2.3755(11)/2.3914(10) A found in 11.
The bonds to the C atoms trans to pyridine are lengthened as compared
to the Rh—C bonds trans to Cl [44]. For 11, the distances Rh—C1 and
Rh—C2 are also longer (2.158(4)/2.127(4) A and 2.134(4)/2.130(4) A)
than those for Rh—C5 and Rh—C6 (2.112(4)/2.111(4) A and 2.113(4)/
2.111(4) A). The complex reported by Rajput et al. also displays a
N—Rh—Cl bond angle of 88.26° [44], which is comparable to the value
in 11 (87.85(9)°/89.38(9)°) (Table 4).

The ligand exchange reactions were carried out using 4i-6i and 11
to yield 12i-14i in analogy to the procedure described for Wilkinson's
catalyst (Scheme 2). It is noteworthy that the materials obtained after
thorough washing were yellow or slightly orange as compared to the
bright orange silica obtained when using CIRh(PPh3); for the ligand
exchange. This is a first indication that 12i-14i are not identical to 7i-
9i.

The functionalized materials 12i-14i were also analyzed by P CP/
MAS and 3!'P HRMAS NMR (Figs. 6 and 7). When reacting 6i with one
equivalent of RhClpyCOD (11) per tripodal linker, a spectrum similar to
that of 9i is observed (Fig. 6, top). However, it shows a large signal
corresponding to uncoordinated, albeit surface-bound phosphine. When
using three equivalents of 11 no uncoordinated phosphine remains and
the intensity of the peak at 25 ppm, which corresponds to a phosphine
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Scheme 2. Synthesis of the immobilized Rh complexess 12i, 13i, and 14i.
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Fig. 7. 3'P HRMAS NMR spectrum of 14i (slurry in acetone, top), and >'P NMR
of 15 (solution in CDCls;, bottom).

cis to Cl increases (Fig. 6, middle). Most likely, in the latter case each
PPh, group is coordinated to a separate Rh center leading pre-
dominantly to the complex (—PPh,RhCICOD). In this case, there are
three Rh centers per tripodal linker. When using only one equivalent of
RhClpyCOD the majority of the surface species assume a Wilkinson-type
coordination of one Rh center, (—PPh,)3RhCl, resulting in a 1:2 ratio of
the resonances at 40 ppm and 24 ppm (Fig. 6, top). It can be assumed
that the coordination takes place randomly, and therefore, besides these
clear-cut scenarios, a minor species with two coordinated PPh, groups,
and coordination of phosphine groups from different, neighboring lin-
kers to one Rh center cannot be ruled out.

To confirm the assumption that the pyridine ligand is most easily
exchanged by a PPh, group, while the removal of COD is the second
step, the coordination chemistry of 11 in solution was studied. Linker 6
reacts with one equivalent of RhClpyCOD in CH,Cl, under dilute con-
ditions (1 mM) to form a Wilkinson-type complex with 3!P resonances
at 25.34 ppm (dd, 'J(*°*Rh-3'P) =138.7 Hz, 2J(3'P-3!P) =39.8 Hz) and
37.54 ppm (dt, 'J(*°*Rh-3'P) =193.6 Hz, 2J(*'P-*'P) =39.8 Hz). Upon
concentration of the solution, an orange precipitate forms, which is
insoluble in organic solvents. This can be explained by the formation of
a coordination polymer with the Rh center featuring a node. Potential
condensation of the siloxane groups [45], as observed during the pur-
ification of the linkers 4-6, may contribute to the poor solubility. Em-
ploying three equivalents of RhClpyCOD with respect to 6 in CH,Cl,
yields complex 15 cleanly. 15 displays only a single *'P NMR resonance
at 26.14 ppm with a large "J(*°*Rh-3'P) coupling of 147.9 Hz (Fig. 7,
bottom). The preference to substitute the ligand cis to Cl prior to COD
has been observed previously for the similar ligand [CH3P
((CH,),PPhy);]1* I~ [23], and this assumption is also in accord with a
report by Gray et al. [46] In support of this interpretation, the 3'P
HRMAS NMR spectrum of 14i shows a clearly resolved doublet at
25.7 ppm with a 'J(*°*Rh-3'P) coupling constant of 148.7 Hz (Fig. 7,
top).

Catalytic olefin hydrogenation

Few reactions in transition-metal catalysis have enjoyed a more
detailed investigation than hydrogenation both in solution and on
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Scheme 3. Catalytic hydrogenation of 1-dodecene; pressure 1.1 atm, substrate :
catalyst ratio 100 : 1, reaction temperature 60 °C.
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Fig. 8. Hydrogenation of 1-dodecene with the immobilized catalysts 71, 8i, and
9i in the first run.

surfaces [35]. The hydrogenation of olefins in particular is of great
importance for industrial applications and fundamental research.
Therefore, the hydrogenation of 1-dodecene was chosen as a model
system to investigate the catalytic activity of the functionalized silica
7i-9i and 12i-14i (Scheme 3). Another reason for this choice is that
there is ample data obtained from the same experimental setting for this
reaction, performed with different catalysts, that the new results can be
compared with [23-26,35,36].

Figs. 8 and 9 show the hydrogen uptake of 7i-9i and 12i-14i, re-
spectively. The materials 7i-9i, obtained by using Wilkinson's catalyst
as precursor, show no induction period and lead to fast initial hydrogen
uptake before slowing down after about three hours. The Rh complex 9i
with the longest methylene chain is the most active catalyst, confirming
the assumption that the higher degree of mobility of the catalyst is the
dominating factor that leads to the higher activity. Although one might
speculate that the long linker chains can get entangled with each other
or curl up and in this way increase the bulk of the linker, earlier results
indicate that this is not the case [8,39g]. Long methylene chains (up to
Cyg), for example those incorporated in phosphine oxides are rather
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Fig. 9. Hydrogenation of 1-dodecene with the immobilized catalysts 12i, 13i,
and 14i in the first run.
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rigid and extended linearly in one direction in single crystals [39g]. The
phosphine oxides can be adsorbed on silica and solid-state NMR ana-
lysis shows that their methylene chains are spread out on the surface
and do not get entangled [39g]. Therefore, even when bound covalently
to a surface, and in the presence of a solvent, long methylene chains
most probably do not curl up and become bulky, but extend linearly
from the tetrahedral Si center. The surface coverages with the in-
dividual linker molecules were chosen low enough to prevent interac-
tions with neighboring linker chains (Table 1). Furthermore, the small
linewidths in the HRMAS spectra of the covalently bound linkers
(Table 2) corroborate the assumption that the longest linker displays
the highest mobility, speaking against getting entangled and bulky.

It is noteworthy to mention that all materials darken gradually and
turn brown overnight. The complexes immobilized by linkers with
chain lengths of four and seven methylene units, 7i and 8i, show
comparable catalytic activities. Although they are less active than 9i
within the overall time frame, they reach 100% conversion of 1-dode-
cene to dodecane at about the same time, 27 h, versus 25 h for 9i.

The activities of 12i-14i in the first run are depicted in Fig. 9. Al-
though their initial activities differ, all catalysts reach 100% substrate
conversion at about 25 h reaction time. There is a significant difference
as compared to the results of 7i-9i, as all three materials show an in-
duction period with no initial hydrogen uptake (Fig. 10). An induction
period is characteristic for systems in which the employed metal com-
plex is not an active catalyst itself and first needs to be transformed into
another, active species. The new species can be a molecular complex, an
aggregate, or a nanoparticle. Especially 13i shows a sigmoidal hy-
drogen uptake curve, which has been described by Finke et al. as an
indicator of nanoparticle formation [47]. Similar to the catalysts 7i-9i,
12i-14i also change color from yellow or slightly orange to black within
the first run.

Two scenarios can explain these observations: (a) The induction
period is due to the transformation of the molecular species into metal
nanoparticles, which constitute the catalytically active species. (b)
Alternatively, the immobilized Rh complexes still bearing COD as a li-
gand are not catalytically active and first have to undergo ligand dis-
sociation to turn into active species. It is also possible that both sce-
narios (a) and (b) occur simultaneously.

Scenario (b) is supported by the observation that the length of the
induction period is in the order of minutes and does not correlate with
the color change of the materials that takes place within hours and is
most evident after full conversion of the substrate. To investigate the
role of the COD ligand, the hydrogen uptake of 1-dodecene with CIRh
(PPh3); as the catalyst in the presence of two equivalents of COD was
monitored. The solution was yellow, in contrast to the orange solution
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Fig. 10. Induction periods of the immobilized catalysts 12i, 13i, and 14i during
the initial three hours of the hydrogenation of 1-dodecene in the first run.
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Fig. 11. Three-phase test using a batch of silica-immobilized allyltriethox-
ysilane in combination with 9i and dissolved Wilkinson's catalyst.

in the absence of COD, and no hydrogen uptake was observed within
the first ten hours. This might be due to reluctant dissociation of the
COD ligand or due to the slow hydrogenation of the internal double
bonds of COD [48]. These observations render scenario (b) highly likely
as the reason for the induction period.

Next, the nature of the active species in the case of 7i-9i was further
investigated. A three-phase test similar to the one reported by Collman
[49] and adapted to tethered catalyst systems by us previously [23] was
carried out. Hereby, the olefinic substrate is not added to the reaction
mixture but immobilized on a different batch of silica. Allyltriethox-
ysilane as the substrate is tethered to silica, and mixed with a different
batch of silica, containing immobilized catalyst 9i. Then, the solvent is
added and hydrogen is offered. In case any Rh catalyst can leach into
solution, it reaches the substrate, performs the catalysis and consumes
hydrogen in the process. No hydrogen uptake is detected using 9i as
catalyst, proving that the catalytic activity is associated with the solid
support and no active species leach into the solution (Fig. 11). When
added to a slurry of the immobilized allyltriethoxysilane in a control
experiment, Wilkinson's catalyst leads to 100% hydrogen consumption
within 28 h (Fig. 11).

Next, we sought to better define the nature of the catalyst 9i on the
silica surface and determine whether it remains a homogeneous im-
mobilized catalyst, or is tranformed into metal clusters or nanoparticles
during catalysis. The formation of metal aggregates or nanoparticles is a
common complicating factor in the area of immobilized molecular
transition metal catalysts. This topic has been reviewed in detail by
Finke et al. [47] and has also been observed in our group recently
[19,23]. The Crabtree group has developed an elegant test to distin-
guish molecular hydrogenation catalysts from colloidal metal particles
[50]. Carrying out hydrogenation reactions in the presence of DBCOT
(dibenzo[a,e]cyclooctatetraene) efficiently poisons homogeneous metal
catalysts. The chelating ligand DBCOT coordinates firmly to the metal
center, and in this way it blocks open coordination sites for incoming
substrate molecules. Therefore, homogeneous metal complexes, either
in solution, or tethered to a support, will be poisoned, while the ex-
tended surfaces of metals or nanoparticles are not influenced by
DBCOT. We successfully adapted this test earlier to distinguish between
immobilized single site catalysts of a molecular nature and metal na-
noparticles on a silica surface [23]. Analogously, we tested the hydro-
genation of 1-dodecene using 9i in the presence of two equivalents of
DBCOT (Fig. 12). It is confirmed unequivocally that in the first run the
immobilized catalyst 9i is still of a homogeneous nature because it is
poisoned by DBCOT and no longer catalytically active (Fig. 12). No
hydrogen uptake or color change is observed over the course of ten
hours. This result is important because it strengthens the assumption
that initially the material consists of a molecular single site catalyst



J. Guenther, et al.

100 1 mus]
X 80 DDDDDD
~ ] o
c
S e &
= &
g— g o o
S 404 . e 9+ DBCOT
g ]
[m]
8 201
N [u]
I 04 po o ©

0 5 10 15 20 25
reaction time / h

Fig. 12. Hydrogen consumption during the hydrogenation of 1-dodecene with
9i in the presence of the poisoning agent DBCOT (dibenzo[a,e]cyclooctate-
traene) and without it.

with three phosphine groups coordinating to the Rh center in a che-
lating manner.

Recycling of the catalysts

One of our main goals was to investigate whether the choice of
precatalyst influences the recycling characteristic of the immobilized
Rh catalysts. Therefore, 8i and 13i were targeted for the next series of
experiments. For 8i the ligand exchange was performed with
Wilkinson's catalyst (Scheme 1), 13i was derived from CIRhpyCOD
(Scheme 2). Indeed, 8i and 13i showed distinctly different recycling
characteristics that were studied by carrying out the hydrogenation of
1-dodecene in a batchwise manner. After complete conversion in each
run, which typically took about 24 h, the functionalized material was
allowed to settle and the supernatant was removed with a pipette. The
supernatant was analyzed by GC and 'H NMR to confirm full conver-
sion. The functionalized silica was washed with toluene and employed
for the subsequent catalytic run. In the case of 8i the catalytic activity is
high throughout the first 4 h, compared to Wilkinson's catalyst under
the same conditions, before a distinct drop in the activity takes place
(Fig. 13). In the subsequent runs the activity increases and reaches a
maximum in the 5th run, after which the activity begins to decrease
slightly with each catalytic run. In cycle 5 the rates are most probably
higher because the homogeneous catalyst still persists and is per-
forming the catalytic reaction, together with the added activity of the
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Fig. 13. Hydrogen consumption during 12 batchwise catalytic runs with 8i.
Only selected runs are shown for clarity.
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Fig. 14. Hydrogen consumption during 15 batchwise catalytic runs using 13i.
Only selected runs are shown for clarity.

most active, small Rh nanoparticles. In the following runs, the activity
decreases again because the homogeneous form of the immobilized
catalyst does no longer exist and only the larger, catalytically less active
nanoparticles perform the catalytic reaction. A similar outcome has
been observed earlier with other linker systems [23,24,31].

For 13i the difference between the first and the following runs is
even more drastic (Fig. 14). The hydrogen uptake in the first run is
sigmoidal and shows a distinct induction period which is not observed
in the second and the following runs. In analogy to 8i, the activity in-
creases in the first catalytic cycles, reaching its maximum around the
8th run and then decreases to reach a plateau after the 11th run.

In order to check an earlier observation made when studying an
immobilized Rh catalyst with 10i as the linker [23], we exposed cata-
lyst 71 to air while stirring the slurry in toluene for 24 h between the 6th
and 7th catalytic run. No decrease of the catalytic activity was found, in
analogy to the previously reported case [23]. This is favorable with
respect to catalyst handling and a potential industrial application. It
also suggests, however, that the active species at that stage is not a
molecular single site catalyst anymore, since phosphine complexes of
Rh are highly air-sensitive in solution and prone to ligand oxidation.

Il RhClpyCOD in toluene
I si

10 15 20 25 30 35
diameter / nm

Fig. 15. TEM images of the Rh nanoparticles formed during catalysis with 7i
(bottom left, after exposure to air), 8i (top left), and CIRhpyCOD (top right) in
toluene and their corresponding size distributions (bottom right).
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The catalysts 7i and 8i were therefore subjected to TEM analyses
(Fig. 15). 7i was analyzed after 7 catalytic runs, being exposed to air
after the sixth run, and 8i after 12 runs. In both cases Rh nanoparticles
were detected on the outside surface of the particles, or within the pores
of the silica support [14,23,51]. The average size of the nanoparticles is
about 2.5 nm in the case of 8i, with a broad size distribution from 1.5 to
3.5nm. For 7i nanoparticles are observed as well, but not enough na-
noparticles could be identified to estimate an average size or size dis-
tribution. The reaction mixture using CIRhpyCOD (11) as a homo-
geneous metal precatalyst for comparison was also analyzed.
Interestingly, using CIRhpyCOD for catalytic hydrogenation led to the
formation of highly dispersed Rh nanoparticles with a narrow size
distribution centered at 1.7 nm. The nanoparticles stay suspended in
toluene for at least two weeks without noticeable aggregation. A similar
observation has recently been made with a homogeneous Ni catalyst
coordinated by a tripodal triphosphine ligand that had been used for
the cyclotrimerization of phenylacetylene [19].

For all immobilized catalysts, the results of the TEM analyses in
combination with the spectroscopic data and poisoning experiments
suggest that the initial catalytically active species is a well-defined
molecular single site metal complex that is highly active for the hy-
drogenation of 1-dodecene. In the course of several hours these species
gradually decompose to form surface-supported Rh nanoparticles which
also constitute active hydrogenation catalysts [14,23]. In contrast to
electrostatically bound linkers, the phosphines incorporating ethox-
ysilane groups are covalently bound to their specific surface site.
Therefore, the results show that the metal atoms do not have to be
delivered to the nanoparticles directly by the phosphine linkers. After
being detached from the linkers, the metal atoms can be stabilized by
the solvent and migrate through the solution, or along the solution/
surface interface to finally assemble as nanoparticles on the surface.
This process would explain the absence of nanoparticles in solution,
when immobilized catalysts are studied. A substantial amount of metal
has never been detected in the supernatant of immobilized catalysts by
AAS. Additionally, the recent 3'P HRMAS NMR studies of a PdCl,
fragment migrating over the lawn of immobilized chelating phosphines
on silica that was only wetted with a solvent in the course of several
hours corroborates this assumption [20-22].

Conclusion

Six new tripodal phosphine linkers incorporating long methylene
chains (CHy)4.1; and their precursor ethoxysilanes have been synthe-
sized and fully characterized. The linkers have been successfully im-
mobilized on silica and characterized by *'P and ?°Si CP/MAS NMR. 3'P
HRMAS measurements in the presence of solvents revealed that the
mobilities of the linker chains increase with their lengths. However, a
comparison with an analogous linker bound to silica by electrostatic
interactions indicates that the ethoxysilane-containing linkers do not
have translational mobility, but remain firmly rooted at their specific
surface sites. Surface-bound Wilkinson-type Rh complexes have been
obtained with the immobilized linkers by ligand exchange with CIRh
(PPh3)3 and CIRhpyCOD. In the latter case the pyridine ligand is ex-
changed more easily than COD, as proven by investigating the mole-
cular coordination chemistry in solution. Further proof of the co-
ordination comes from the well-resolved 3'P HRMAS spectrum of an
immobilized Rh complex which shows a clearly resolved LJ(1%3Rh-31p)
coupling. The single crystal X-ray structure of CIRhpyCOD has been
described. The olefin hydrogenation catalysis results demonstrate that
the initial catalytically active species is molecular in nature, with a
well-defined coordination environment. Under hydrogenation condi-
tions these single site species are transformed into nanoparticles on the
time scale of several hours. Since the phosphine linkers that are cova-
lently bound to the support by ethoxysilane groups do not move from
their specific surface sites, it is suggested that translational mobility of
the entire linker/metal complex assembly is not a prerequisite for metal
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aggregation or nanoparticle formation. Most likely, also in the context
of earlier results on the time frame of metal complex migration
[20-22], the metal centers are stabilized by the solvent after leaving the
linkers and migrate in the solvent/support interface to an aggregate or
nanoparticle, where they finally deposit. The time frame and outcome
of the migration depends on the specific coordination of the Rh centers.
The timeline of nanoparticle formation has been defined by three-phase
and catalyst poisoning tests. The size distributions of the nanoparticles
has been obtained by TEM images. Importantly, all immobilized Rh
catalysts can be recycled at least 15 times in a batchwise manner while
remaining active, even in air.

In summary, immobilized catalysts still represent a young, but
growing field. Its importance can hardly be overestimated and many
immobilized catalyst systems have already been proven successful, in
our group and others. The presented new linker system adds key out-
comes to earlier studies. Although the ideal catalyst [1] might not yet
have been found, just comparing, for example, any of the immobilized
catalysts in this work with homogeneous Wilkinson's catalyst shows the
advantage. Wilkinson's catalyst cannot be removed from the reaction
mixture without tedious purification procedures and corresponding loss
of product. It also cannot be recycled, and it is air sensitive. The im-
mobilized catalysts 7i-9i and 12i-14i, on the other hand, can be re-
cycled at least 15 times, they are not air sensitive once they are com-
pletely transformed into nanoparticles, and they can be removed from
the reaction mixture at any stage without product loss by simple de-
canting of the solvent and product after the catalyst has settled within
5 min. Immobilized catalysts also have the potential to be applied in
continuous settings, which is impossible with homogeneous catalysts.

A more systematic study of the nanoparticle growth and size dis-
tribution, using tripodal phosphine linkers with shorter methylene
chains [19], will shed light on the correlation with the changes in
catalytic activity in future studies.

Experimental section
General remarks

The 'H, '3C, and 3'P NMR spectra of liquids were recorded at 499.7,
125.7, and 202.3 MHz on a 500 MHz Varian spectrometer and refer-
enced as follows: 'H: residual internal CHCl; (8, 7.26 ppm), CDHCI, (8,
5.32 ppm), or C¢DsH (8, 7.16 ppm); *3C: internal CDCl; (8, 77.23 ppm)
or CgDg (8, 128.06 ppm). >'P NMR spectra were referenced with respect
to neat Ph,PCl (8, 81.92 ppm) in a capillary, which was centered in the
NMR sample tube. The 1C and *'P NMR spectra were recorded with 'H
decoupling. 2°Si NMR spectra of liquids were measured at 79.37 MHz
on a 400 MHz Varian spectrometer and referenced with respect to ex-
ternal hexamethyldisiloxane (Me3SiOSiMe3) in CDCl; (8, 6.53 ppm).
The solid-state NMR spectra were measured with a Bruker Avance 400
widebore NMR spectrometer equipped with 4 and 7 mm MAS probe-
heads. The dry samples were filled loosely into the ZrO, rotors as
powders. The HRMAS samples were prepared by filling the dry samples
into commercially available Bruker HRMAS rotors featuring spacers at
the top and bottom, and a slight excess of solvent was added. After the
silica settled, the excess supernatant was removed, leaving enough
solvent to cover the solid. During the 3'P HRMAS, CP/MAS, and MAS
data acquisition 'H high-power decoupling was applied. The recycle
delays were 5 s for HRMAS and CP/MAS, and 10 s for MAS spectra. The
13¢C and 2°Si solid-state NMR spectra were referenced with respect to
external adamantane and (Me3Si)4Si, respectively, which were also
used for optimizing the Hartmann-Hahn matching conditions. 3'P solid-
state NMR spectra were referenced with respect to external NH4H,PO,
(8, +0.81 ppm). GC analyses were carried out on a Shimadzu GC 2010
gas chromatograph equipped with a SHRXI-5MS column (15m
X 0.25mm X 0.25um) and a flame ionization detector (GC-FID). TEM
images were obtained on an FEI Tecnai G2 F20 microscope and ImageJ
software was used to determine the particle size distribution. Melting
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points were recorded with a Stanford Research Systems (SRS) MPA100
(Opti-Melt) automated melting point system.

Single crystals of CIRhpyCOD (11) were grown from MeCN. A sui-
table crystal was selected and measured on a Bruker APEX-II CCD dif-
fractometer. The crystal was kept at 150 K during data collection. Using
Olex2 [52], the structure was solved with the ShelXT [53] structure
solution program using Intrinsic Phasing and refined with the ShelXL
[54] refinement package using Least Squares minimization.

All reactions were carried out using standard Schlenk techniques
and a purified N, atmosphere, if not stated otherwise. Reagents pur-
chased from Sigma Aldrich or VWR were used without further pur-
ification. Solvents were dried by boiling them over Na, distilled, and
stored under N,. CH,Cl, was obtained from a solvent purification
system. The silica used for immobilizations (Merck, 40 A average pore
diameter, particle size 0.063 to 0.2 mm, specific surface area 750 m?/g)
was rigorously dried in vacuo at 300 °C for 4 days to remove adsorbed
water and condense surface silanol groups. For chromatographic pur-
ification of compounds the silica was used as received. The purity of the
molecular ethoxysilanes was confirmed by their 'H, *3C, 2°Si, and 3'P
NMR spectra (see Supplementary Material), since they possess no
characteristic IR bands and are viscous oils that do not crystallize.

General procedure A — immobilization

Method A

Phosphine 4 (294 mg, 0.368 mmol) is dissolved in toluene (10 ml)
and added to a slurry of SiO, (1.169g) with toluene (40ml). The
mixture is stirred overnight at 70 °C before the silica is allowed to settle
and the supernatant is decanted. The functionalized silica is washed
twice with toluene (20 ml) and twice with CH5Cl, (20 ml). Then the
silica is dried in vacuo at RT for 3 h. The supernatant and the washing
phases are combined and the solvent is removed in vacuo. The residue is
weighed and analyzed by 'P and 'H NMR. The surface coverage is
determined gravimetrically by measuring the weight increase of the
silica and the weight of the excess ligand in the supernatant and
washing phases.

Method B

Phosphine 4 (436 mg, 0.547 mmol) is dissolved in toluene (15 ml).
Then 3 ml of a 1 M solution of H3B-THF in THF is added and the solution
is stirred for 30 min. The solvent is removed in vacuo, the residue re-
dissolved in toluene (10 ml), and added to a slurry of SiO (3.449 g)
with toluene (40 ml). The mixture is stirred for 48 h at 60 °C, before the
silica is allowed to settle and the supernatant is decanted. Subsequently,
the functionalized silica is washed twice each with toluene (20 ml) and
CH,Cl, (20ml), and dried in vacuo for 3h. The supernatant and the
washing phases are combined and the solvent is removed in vacuo. The
residue is checked by 'P and 'H NMR. The surface coverage is de-
termined gravimetrically by measuring the weight increase of the silica
and the excess ligand in the combined liquid phases. Then, a solution of
DABCO (187 mg, 1.667 mmol) in toluene (10 ml) is added to the slurry
of the functionalized silica and the mixture is stirred at RT for 24 h.
Finally, the supernatant is decanted and the silica is washed twice with
CH,Cl, (20 ml), before being dried in vacuo at room temperature for 3 h.

General procedure B — hydrogenation

Immobilized catalyst 9i (347 mg, 0.010 mmol Rh) is mixed with
4 ml of toluene in a Schlenk flask, which is then attached to the hy-
drogenation apparatus [25] and heated to 60 °C. To start the catalytic
reaction 1-dodecene (168.3 mg, 1 mmol), dissolved in toluene (1 ml), is
added to the slurry with a syringe through the stopcock. Then the
mixture is stirred at 750 rpm and the hydrogen uptake is monitored.
After complete substrate conversion the silica is allowed to settle. The
supernatant is removed via syringe and the silica is washed twice with
4ml of toluene. The supernatant is analyzed by GC and *H NMR to
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confirm 100% substrate conversion.

Synthesis and characterization

Tris(but-3-enylethoxysilane 1

Nout

4’3

Mg shavings (670 mg, 26.56 mmol) are suspended in Et,O (20 ml)
and bromobut-3-ene (2.622 g, 19.4 mmol) is added dropwise. The re-
action mixture is stirred at RT for 3h. Then the Grignard reagent is
added to EtOSiCl; (861 mg, 4.692 mmol), dissolved in Et;O (20 ml), at
0 °C via a cannula. The reaction mixture is allowed to warm to RT and
then stirred for 2 h. Subsequently, 20 ml of the solvent are removed in
vacuo and 20 ml of hexanes are added to precipitate the salts formed
during the Grignard reaction. The reaction mixture is filtered through
celite and the solvent is removed in vacuo. The crude product is purified
by column chromatography (SiO,, hexanes : ethylacetate = 8 : 1) and 1
(514 mg, 2.158 mmol) is obtained from the first fraction as a colorless
liquid in 46% yield. The colorless liquid hexa(but-3-enyl)disiloxane 1b
(94 mg, 0.233 mmol) is isolated as a minor product from the second
fraction in 10% yield.

Tris(but-3-enyDethoxysilane 1

H NMR (CDCls, 499.7 MHz): & (ppm) = 5.88 (ddt, 3Jians("H-"H)
=16.4Hz, 3J,(*H-'H) =10.1Hz, %J('H-'H) =6.3Hz, 3H, H3), 4.99
(ddt, 3Jyans(*H-'H) =17.0 Hz, 2J(*H-'H) =3.5Hz, “J(*H-'H) =1.7 Hz,
3H, H4,), 4.87 (tdd, 3J;(*H-'H) =10.1Hz, 2J('H-'H) =3.2Hz, *J
(*H-'H) =1.4Hz, 3H, H4p), 3.68 (q, >J('H-'H) =6.9Hz, 2H, H5),
2.07-2.13 (m, 6H, H2), 1.18 (t, 3J(*H-'H) =6.9 Hz, 3H, H6), 0.71-0.76
(m, 6H, H1); *3C{'H} NMR (CDCls, 125.7 MHz): § (ppm) = 141.50
(C3), 111.10 (C4), 58.53 (C5), 27.64 (C2), 18.08 (C6), 13.18 (C1); 2°Si
{*H} NMR (CDCl3, 79.4 MHz): § (ppm) = 14.70 (s).

Hexakis(but-3-enyl)disiloxane 1d
1
Ol..
X
{‘Sl(/\z/\4 )3]
2

'H NMR (CDCls, 499.7 MHz): & (ppm) = 5.89 (ddt, 3Jn("H-'H)
=16.5Hz, %J(*H-'H) =10.1Hz, 3J(*H-'H) =6.3Hz, 6H, H3), 5.01
(ddt, 3Jyans(*H-'H) =17.1Hz, 2J(*H-'H) =3.5Hz, “J(*H-'H) =1.7 Hz,
6H, H4,), 4.91 (ddt, %J.(*H-'H) =10.1Hz, 2J('H-'H) =3.2Hz, YJ
(*H-'H) =1.3Hz, 6H, H4y), 2.10-2.16 (m, 12H, H2), 0.70-0.76 (m,
12H, H1); »*C{*H} NMR (CDCl3, 125.7 MHz): § (ppm) = 141.13 (C3),
113.08 (C4), 27.01 (C2), 14.01 (C1).

Tris(hept-6-enyl)ethoxysilane 2

9 1 3 5 7

~0- ('\/\/\/
8 Si 2 4 6 )“

Mg shavings (939 mg, 38.6 mmol) are suspended in Et,O (20 ml)
and 1-bromohept-6-ene (3.385 g, 19.115 mmol) is added dropwise. The
reaction mixture is stirred at RT for 3 h. Then the Grignard reagent is
added to EtOSiCl; (945 mg, 5.150 mmol), dissolved in Et,O (20 ml), at
0°C via cannula. The reaction mixture is allowed to warm to RT and
then stirred for 2 h. Subsequently, 20 ml of the solvent are removed in
vacuo and 20 ml of hexanes are added to precipitate the salts formed
during the Grignard reaction. The reaction mixture is filtered through
celite and the solvent removed in vacuo. The crude product is purified
by column chromatography (SiO,, hexanes : ethylacetate = 8 : 1) and 2
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(523 mg, 1.434 mmol) is obtained as a colorless liquid in 28% yield
from the first fraction. The colorless liquid 2d (510 mg, 0.778 mmol) is
isolated from the second fraction as the major product in 30% yield.

Tris(hept-6-enyl)ethoxysilane 2

'H NMR (CDCl;, 499.7MHz): & (ppm)=5.81 (ddt,
3 Jirans"H-"H) = 16.9, 3 Hz, J.,(*H-'H) =10.2Hz, 3J(*H-'H) =6.7 Hz,
3H, H6), 4.99 (ddt, 3Jyans(*H-'H) =17.1Hz, 2J(*H-'H) =2.1Hz, “J
(*H-'H) =1.5Hz, 3H, H7;), 4.93 (ddt, %J,(*H-'H) =10.2Hz, %J
(*H-'H) =2.3Hz, “J(*H-'H) =1.1Hz, 3H, H7g), 3.65 (q, >J(*H-'H)
=6.9 Hz, 2H, H8), 2.00-2.07 (m, 6H, H5), 1.30-1.41 (m, 18H, over-
lapping H2, H3, H4), 1.17 (t, 3J(*H-'H) =6.9 Hz, 2H, H9), 0.56-0.61
(m, 6H, H1); 3C{"H} NMR (CDCl,, 125.7 MHz): § (ppm) = 139.21
(C6), 114.11 (C7), 58.37 (C8), 33.73 (C5%), 33.11 (C3*), 28.57 (C4),
23.02 (C2), 18.65 (C9), 13.59 (C1), *assignments interchangeable; 2°Si
{*H} NMR (CDCl3, 79.4 MHz): § (ppm) = 15.36 (s).

Hexakis(hept-6-enyl)disiloxane 2d
3 5 17
i
2 4 6 '3 2

'H NMR (CDCls, 499.7 MHz): & (ppm) = 5.81 (ddt, *Jians("H-"H)
=16.9Hz, 3J.(*H-'H) =10.2Hz, 3J*H-'H) =6.7 Hz, 6H, H6), 4.99
(ddt, *Jyans(*"H-'"H) =17.1 Hz, 2J(*H-'H) =2.1Hz, “J('"H-'H) =1.5Hz,
6H, H77), 4.93 (ddt, 3J.(*H-'H) =10.2Hz, 2J(*H-'H) =2.2Hz, *J
(*H-'H) =1.2Hz, 6H, H7y), 2.04 (dt, 3J(*H-'H) =6.7 Hz, 3J('H-'H)
=6.6 Hz, 12H, H5), 1.30-1.43 (m, 36H, overlapping H2, H3, H4), 0.56-
0.61 (m, 12H, H1); 3c{H} NMR (CDCl;, 125.7MHz): 8§
(ppm) = 139.16 (C6), 114.15 (C7), 33.69 (C5%), 33.01 (C3*), 28.57
(C4), 22.91 (C2), 14.99 (C1), *assignments interchangeable.

Tris(undec-10-enyl)ethoxysilane 3

130 13579/11
V\SiW)

12 2 4 6 8 0 3

Mg shavings (980 mg, 40.31 mmol) are suspended in THF (20 ml)
and bromoundec-10-ene (3.757 g, 16.11 mmol) is added dropwise. The
reaction mixture is stirred at RT for 3 h. Then the Grignard reagent is
added to EtOSiCl; (738 mg, 4.022mmol) in THF (20ml) at 0°C via
cannula. The reaction mixture is allowed to warm to RT and stirred for
2 more h. Then 20 ml of the solvent is removed in vacuo and 20 ml of
hexanes are added to precipitate the salts formed during the Grignard
reaction. The reaction mixture is filtered through celite and the solvent
is removed in vacuo. The crude product is purified by column chro-
matography (SiO,, hexanes : ethylacetate = 19 : 1) to give 3 (1.163 g,
2.181 mmol) as a colorless liquid in 54% yield. The minor product
hexakis(undec-10-enyl)disiloxane 3b (43 mg, 0.043 mmol) is isolated as
a colorless liquid in 2% yield.

Tris(undec-10-enyl)ethoxysilane 3

'H NMR (CDCls, 499.7 MHz): § (ppm) = 5.81 (ddt, *Jians("H-"H)
=16.9 Hz, 3J,(*H-'H) =10.2 Hz, 3J(*H-'H) =6.7 Hz, 3H, H10), 4.99
(ddt, 3Jyans(*"H-'H) =17.1 Hz, 2J(*H-'H) =3.7 Hz, “*J('"H-'H) =1.6 Hz,
3H, H11y), 4.92 (ddt, 3J(*H-'H) =10.2Hz, 2J('H-'H) =2.3Hz, 4J
(*H-'H) =1.2Hz, 3H, H11), 3.66 (q, 3J('H-'H) =6.9 Hz, 2H, H12),
2.04 (dtt, 3J(*H-'H) =7.7 Hz, 3J(*H-'H) =6.8Hz, “J(*H-'H) =1.3Hz,
6H, H9), 1.37 (m, 6H, H8), 1.24-1.32 (m, 36H, H2-H7), 1.17 (t, 3J
(*H-'H) =6.9Hz, 3H, H13), 0.58-0.61 (m, 6H, H1); *C{'H} NMR
(CDCls, 125.7 MHz): § (ppm) = 139.18 (C10), 114.06 (C11), 58.33
(C12), 33.82 (C8*), 33.66 (C9*), 29.54 (two overlapping signals, C3°,
C5°), 29.29 (C4°), 29.16 (C6°), 28.96 (C7°), 23.17 (C2), 18.65 (C13),
13.64 (C1), *’interchangeable assignments; 2°Si{'H} NMR (CDCls,
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79.4 MHz): 8 (ppm) = 15.47 (s).

Hexakis(undec-10-enyDdisiloxane 3d

1 3 5 7 9 11
0 SiW)
2 4 6 8 10

3
2

"H NMR (CDCl3, 499.7 MHz): § (ppm) = 5.81 (ddt, 3Jyans("H-"H)
=16.9Hz, 3J,(*H-"H) =10.2Hz, 3J(*H-'H) =6.7 Hz, 6H, H10), 4.99
(ddt, 3Jyans(*H-'H) =17.1 Hz, 2J(*H-'H) =3.6 Hz, “J(*H-'H) =1.6 Hz,
6H, H11y), 4.91-4.95 (m, 6H, H11g), 2.04 (dtt, °J (*H-'H) =7.7 Hz, °J
(*H-'H) =6.9Hz, “J(*H-'H) =1.2Hz, 12H, H9), 1.23-1.41 (m, 84H,
H2-H8), 0.55-0.60 (m, 12H, H1).

Tris(4-diphenylphosphinobutyl)ethoxysilane 4

6 1

3

The ethoxysilane 1 (239mg, 1.002mmol), AIBN (44 mg,
0.267 mmol) and Ph,PH (748 mg, 4.211 mmol) are combined in a
Schlenk flask, heated to 70 °C and stirred for 4 d. The conversion is
monitored by >'P NMR of the reaction mixture. After completion of the
reaction all volatile components are removed in vacuo and the crude
product is purified by column chromatography (SiO, toluene) to give 4
(588 mg, 0.737 mmol) as a colorless viscous oil in 74% yield.

'H NMR (CgDg, 499.7 MHz): § (ppm) = 7.44-7.49 (m, 12H, H,),
7.02-7.12 (m, 18H, H,, H,), 3.49 (q, *J('H-'H) =6.9Hz, 2H, H5),
2.00-2.05 (m, 6H, H4), 1.51-1.60 (m, 6H, H3), 1.42-1.51 (m, 6H, H2),
1.11 (t, *J(*H-'H) =6.9 Hz, 2H, H6), 0.49-0.54 (m, 6H, H1); *3C{*H}
NMR (CgDe, 125.7 MHz): § (ppm) = 139.99 (d, "J(3'P-'3C) =14.7 Hz,
C), 133.15 (d, 2JC'P-13C) =18.5Hz, C,), 128.68 (d, *J('P-'3C)
=6.4 Hz, C,), 128.61 (C,), 58.49 (C5), 30.33 (d, 2J(*'P-'3C) =15.9 Hz,
C3), 28.33 (d, JC'P-'3C) =12.7Hz, C4), 25.29 (d, JC'P-3C)
=13.1Hz, C2), 18.97 (C6), 13.87 (Cl); 3'P{*H} NMR (C¢Ds,
202.3 MHz): § (ppm) = -16.39 (s); >°Si{"H} NMR (CDCls, 79.4 MHz): §
(ppm) = 12.21 (s).

Hexakis(4-diphenylphosphinobutyldisiloxane 4d
24
O‘{ Ty PPhy 3}
2

The disiloxane 1b (389mg, 0.965mmol), AIBN (104 mg,
0.633mmol) and Ph,PH (1.157 g, 6.215mmol) are combined in a
Schlenk flask, heated to 70 °C and stirred for 5 d. After complete con-
version, as monitored by 31p NMR of the reaction mixture, the volatile
components are removed in vacuo and the crude product is purified by
column chromatography (SiO,, pentane : ethylacetate = 4 : 1) to give
4d (1.095 g, 0.720 mmol) as a colorless viscous oil in 75% yield.

'H NMR (CeD¢, 499.7 MHz): § (ppm) = 7.45-7.49 (m, 24H, H,),
7.03-7.12 (m, 36H, H,, H,), 1.99-2.04 (m, 12H, H4), 1.48-1.58 (m,
12H, H3), 1.37-1.45 (m, 12H, H2), 0.40-0.45 (m, 12H, H1); *c{'H}
NMR (C¢De, 125.7 MHz): § (ppm) = 139.98 (d, 'J('P-'3C) =14.6 Hz,
C), 133.16 (d, 2JCP'P-13C) = 18. 6Hz, C,), 128.69 (d, 3J(3'P-13C)
=6.4Hz, C,), 128.63 (C,), 30.23 (d, 2J(*'P-'°C) =15.8 Hz, C3), 28.32
d, JC'P-13C) =12.8Hz, C4), 25.09 (d, *JC*'P-'3C) =13.0Hz, C2),
15.16 (C1); *'P{*H} NMR (C¢Ds, 202.3 MHz): § (ppm) = —16.43 (s);
296i{*H} NMR (CDCls, 79.4 MHz): 8 (ppm) = 15.73 (s).
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Tris(7-diphenylphosphinoheptyl)ethoxysilane 5
8 2 6
AO,SiW\A/PPh2>
9 | 3 5 7 3

The ethoxysilane 2 (480mg, 1.316 mmol), AIBN (94 mg,
0.572mmol) and Ph,PH (942mg, 5.060 mmol) are combined in a
Schlenk flask, heated to 70 °C and stirred for 5 d. The conversion is
monitored by *'P NMR of the reaction mixture. After completion of the
reaction the crude product is purified by column chromatography
(SiO,, toluene) and 5 (538 mg, 0.582 mmol) is obtained as a colorless
viscous oil in 44% yield.

'H NMR (CgDs, 499.7MHz): & (ppm) = 7.45 (dd, 3J(3'P-'H)
=6.9 Hz, 3J('"H-'"H) =6.9Hz, 12H, H,), 7.03-7.12 (m, 18H, H,,, H,),
3.64 (q, >J(*H-'"H) =6.9 Hz, 2H, H8), 1.95-2.00 (m, 6H, H7), 1.42-1.51
(m, 12H, H6*, H5*), 1.31-1.39 (m, 12H, H4*, H3*), 1.24-1.31 (m, 6H,
H2), 1.18 (t, 3J('H-'H) =6.9Hz, 3H, H9), 0.66-0.71 (m, 6H, H1),
*assignments interchangeable; *C{'H} NMR (C¢Ds, 125.7 MHz): &
(ppm) = 140.02 (d, WU'P-13C) =14.7Hz, Gy, 133.14 (d, 2J(3'P-13C)
=18.5Hz, C,), 128.67 (d, 3J('P-'*C) =6.4 Hz, C,,), 128.59 (C,), 58.52
(C8), 34.06 (C3), 31.59 (d, 2J(P'P-13C) =12.6Hz, C5), 29.42 (C4),
28.63 (d, 'J'P-13C) =12.4Hz, C7), 25.51 (d, 2J(*'P-'3C) =16.3Hz,
C6), 23.76 (C2), 18.67 (C9), 14.26 (Cl1); 3'P{'H} NMR (CcDs,
202.3 MHz): § (ppm) = -16.38 (s); 2°Si{"H} NMR (C¢Ds, 79.4 MHz): §
(ppm) = 13.93 (s).

Hexakis(7-diphenylphosphinoheptyl)disiloxane 5d
2 46
Si *é/\/\/\/ PP hz)
OA{ ! 3 5 ! 3]
2

The disiloxane 2b (465mg, 0.709mmol), AIBN (88mg,
0.535mmol) and Ph,PH (1.187 g, 6.376 mmol) are combined in a
Schlenk flask, heated to 70 °C and stirred for 5 d. The conversion is
monitored by >'P NMR of the reaction mixture. Upon completion of the
reaction the crude product is purified by column chromatography
(SiO., toluene : ethylacetate = 9 : 1) to give 5d (855 mg, 0.502 mmol)
as a colorless viscous oil in 70% yield.

'H NMR (CgDg, 499.7 MHz): § (ppm) = 7.44-7.49 (m, 24H, H,),
7.03-7.14 (m, 36H, H,,, H,), 1.96-2.01 (m, 12H, H7), 1.43-1.53 (m,
12H, H6%), 1.34-1.42 (m, 24H, H5*, H4*), 1.27-1.34 (m, 12H, H3%),
1.20-1.27 (m, 12H, H2), 0.56-0.61 (m, 12H, H1), *assignments inter-
changeable; "*C{*H} NMR (C¢D, 125.7 MHz): § (ppm) = 140.01 (d, 'J
('P-'3C) =14.6 Hz, C), 133.14 (d, 2J'P-'°C) =18.5Hz, C,), 128.68
(d, 3JC'P-'3C) =6.4Hz, C,), 128.60 (Cp,), 33.95 (C3), 31.55 (d, %J
('P-13C) =12.5Hz, C5), 29.42 (C4), 28.63 (d, 'J(*'P-'3C) =12.3Hz,
C7), 25.51 (d, 2J'P-'3C) =16.2Hz, C6), 23.58 (C2), 15.62 (C1); 3'P
{'H} NMR (C¢D, 202.3 MHz): 8 (ppm) = —16.38 (s).

Tris(11-diphenylphosphinoundecyl)ethoxysilane 6

12 a2 J g 3
/\O/Shé/.\/!\/o\/&\/ln\/pPhZ)~

13 1 3 3 7 9 11

The ethoxysilane 3 (375mg, 0.703mmol), AIBN (104 mg,
0.634 mmol) and Ph,PH (575mg, 3.040 mmol) are combined in a
Schlenk flask, heated to 70 °C and stirred for 4 d. The conversion is
monitored by 3'P NMR of the reaction mixture. After the reaction is
complete, the crude product is purified by column chromatography
(SiO,, toluene) to give 6 (350 mg, 0.320 mmol) as a colorless viscous oil
in 45% yield.

'H NMR (CDCl;, 499.7 MHz): & (ppm) = 7.39-7.44 (m, 12H, H,),
7.30-7.35 (m, 18H, H,, Hp), 3.65 (q, *J(H-'H) =6.9Hz, 2H, H12),
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2.01-2.06 (m, 6H, H11), 1.37-1.48 (m, 12H, overlapping H2, H10),
1.20-1.35 (m, 42H, overlapping H3-H9), 1.17 (t, >J(*H-'H) =6.9 Hz,
3H, H13), 0.55-0.61 (m, 6H, H1); *C{'H} NMR (CDCls, 125.7 MHz): 8
(ppm) = 139.05 (d, YJ(P'P-13C) =13.0Hz, Cy), 132.67 (d, 2J('P-13C)
=18.3Hz, C,), 128.38 (C,), 128.32 (d, *J(*'P-'°C) =6.5Hz, C,,), 58.35
(C12), 33.70 (C3), 31.23 (d, WU(C'P-13C) =12.9 Hz, C11), 29.66 (C4*),
29.59 (C5%), 29.52 (C6%), 29.31 (C7*), 29.28 (C8*), 28.04 (d, 3J
(®'P-13C) =11.0Hz, C9), 25.96 (d, 2J(*'P-13C) =15.9 Hz, C10), 23.19
(C2), 18.67 (C13), 13.66 (C1), *assignments interchangeable; S1piyy
NMR (CDCls, 202.3MHz): § (ppm) = —16.33 (s); 2°Si{’'H} NMR
(CDCls, 79.4 MHz): § (ppm) = 15.53 (s).

Hexakis(11-diphenylphosphinoundecyl)disiloxane 6d

O{Siwppm)]
13 5 7 9 1 3

2

The disiloxane 3b (628 mg, 0.633mmol), AIBN (140 mg,
0.853 mmol) and Ph,PH (1.151g, 6.086 mmol) are combined in a
Schlenk flask, heated to 70°C and stirred for 4 d. When complete
conversion is reached, as monitored by *'P NMR of the reaction mix-
ture, the crude product is purified by column chromatography (SiO,,
toluene) to give 6 (950 mg, 0.450 mmol) as a colorless viscous oil in
71% yield.

TH NMR (CDCl;, 499.7 MHz): § (ppm) = 7.44-7.52 (m, 24H, H,),
7.28-7.41 (m, 36H, H,, H,), 2.06-2.14 (m, 12H, H11), 1.26-1.58 (m,
108H, overlapping H2-H10), 0.61-0.69 (m, 12H, H1); *3C{'H} NMR
(CDCls, 125.7 MHz): § (ppm) = 139.03 (d, 'J(3'P-3C) =13.3Hz, C),
132.65 (d, 2J'P-'3C) =17.9Hz, C,), 128.29 (d, *J(*'P-'3C) =7.9Hz,
Cn), 128.17 (Cp), 33.59 (C3), 31.19 (d, 'J'P-'3C) =12.2Hz, C11),
29.61 (C4%), 29.53 (C5%*), 29.48 (C6™), 29.31 (C7*), 29.25 (C8*), 28.02
@, 3JC'P-13C) =11.6Hz, C9), 25.94 (d, 2J®'P-'3C) =14.8Hz, C10),
23.07 (C2), 15.06 (C1), *assignments interchangeable; 31plH} NMR
(CDCl3, 202.3 MHz): 8 (ppm) = —16.34 (s).

Rhodium complex 15

EtOSiW\/(’\/S\/“’\/PPhZRhcmoo)
1

3 5 7 9 11 3

RhClpyCOD (35mg, 0.107 mmol) is dissolved in 10 ml of CH,Cl,.
Ligand 6 (39 mg, 0.036 mmol), dissolved in CH,Cl, (15ml), is added
dropwise and the reaction mixture is stirred at RT for 4 h. Then the
solvent is removed in vacuo and the residue washed with copious
amounts of pentane. After drying the residue in vacuo 11 (50 mg,
0.021 mmol) is obtained as an orange powder in 60% yield.

TH NMR (CDCl;, 499.7 MHz): § (ppm) = 7.59-7.65 (m, 12H, H,),
7.34-7.41 (m, 18H, H,,, H,), 5.46 (s, 6H, COD-Hojefin), 3.65 (q, 37
("H-"H) =6.9 Hz, 2H, CH,0), 2.99 (s, 6H, COD-Hojcfin), 2.43-2.50 (m,
6H, H11), 2.23-2.41 (m, 12H, COD-H,jx,1), 1.96-2.05 (m, 6H, H11),
1.76-1.89 (m, 12H, COD-Hgyy1), 1.37-1.45 (m, 6H, H10), 1.19-1.33
(m, 48H, H2-H9), 1.15 (t, 3J(*H-'H) =6.9 Hz, 3H, CHs), 0.52-0.59 (m,
6H, H1); *C{'H} NMR (CDCl;, 125.7 MHz): § (ppm) = 133.51 (d, 2J
(®'p-13C) =12.2Hz, C,), 132.35 (d, WJ('P-13C) =39.5Hz, C;), 129.88
(d, YJC'P-13C) =2.1Hz, C,), 128.08 (d, J(*'P-'°C) =9.4Hz, C,),
104.35 (dd, 'J(***Rh-'3C) =12.6 Hz, 2J*'P-'3C) =6.4 Hz, COD-Copein)s
70.10 (d, J(*°*Rh-13C) =6.8Hz, COD-Cyjefin), 58.29 (CH,0), 33.68
(€C3), 32.91 (d, 3JC'P-'*C) =2.3Hz, C9), 31.44 (d, 2JC'P-'3C)
=13.5Hz, C10), 29.58 (C4*, overlapping with COD-Caiy1), 29.56 (d, Ly
(®'P-'3C) =8.0Hz, C11), 29.29 (C5*), 29.14 (C6*), 28.68 (COD-Cyiiy1),
27.96 (C7%), 25.98 (C8*), 23.16 (C2), 18.63 (CH3), 13.63 (C1), *in-
terchangeable assignments; 3'P{'H} NMR (CDCl;, 202.3MHz): &
(ppm) = 26.14 (d, JJ(*°°Rh-3'P) =147.9 Hz).
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