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1. Introduction

In the last years polymer—supported catalysts have evolved into an area of intensive research
with the goal to combine the advantages of homogeneous and heterogeneous tat&ysis
the anchoring of reactive centers to inorganic or organic polymers entails several momentous
disadvantages such as high metal loss (‘leaching’) or inhomogeneity of the reactive‘centers
As an efficient alternative for the reduction or even elimination of these handicaps ‘Chemistry
in Interphases’ was recently introducednterphases are systems in which a stationary phase
and a mobile component penetrate each other on a molecular scale. An ideal interphase,
which is provided with a swellable polymer, affords a solution—like state. Therefore
interphases are able to imitate homogeneous conditions, because the active centers
become highly mobile simulating the properties of a solution and hence accessible for
substrates ™.

For the generation of stationary phases several T—functionalized silanes of the type Fn—
Si(OR); were sol-gel processed with or without co—condensation agéhtShe functional
group Fn generally represents either a ligand or a metal complex. These reactive centers are
distributed across the entire carrier matrix. The co—condensing agents play an important role
in controlling the density and the distance of the reactive ceht&t3'® Frequently applied
co—condensing agents are alkoxysilanes such as Si(@@%), MeSi(OMe} (T°, and
Me;Si(OMe), (D° **'"*' D—groups show high mobility in interphases but they have the
disadvantage to be washed out during the sol-gel process. By way of contrast Q—groups
cannot be washed out but they lack of the necessary mobility. By the development of D—
bifunctionalized organosilanes MeSi(OMEH,),(MeO),SiMe (D°~C~D°, z = 6, 8, 14F*

and MeSi(OMe)CH),(CsHa)(CH,)(MeO),SiMe (Ph(1,4-GD°),,
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z = 3, 4)*® the advantages of Q— and D—groups have been successfully combined. They are
not washed out during the sol-gel process and the reactive centers show a high mobility.

The objective of this study is the accessibility and catalytic application of reactive
centers anchored to different D—bifunctionalized polysiloxane based inorganic—organic hybrid
materials. The synthesis and characterization of sol-gel processed diphosphines and their
accessibility by small and bulky reactants is reported in the first part of this thesis. The
preparation, sol-gel processing, characterization, and catalytic application in hydrogenation of
cationic rhodium(l) complexes is in the focus of the second chapter of this work. In the third
part it is the objective to investigate the synthesis and sol-gel processing of novel D— and T—
bifunctionalized co—condensing agents and the dynamic properties of the corresponding novel
inorganic—organic hybrid materials. The most detailed information about the structure and the
dynamic properties of these materials is obtained by multinuclear solid state NMR
spectroscopy* 2. #°Si NMR spectroscopy enables the characterization of the carrier matrix,
the degree of condensation, and the stoichiometric composition of the hybrid matégials.
and*'P NMR spectroscopy allow an insight into the hydrocarbon regions of the backbone and
the reactive centers, respectively. To get structural information of the atomic distances in the
coordination sphere of the active metal center EXAFS spectroscopical measurements are
undertaken and in order to have an insight into the morphology and elemental composition of

the materials SEM imaging and EDX measurements are performed.
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2. General Section

2.1 General Remarks

2.1.1 Concept of the Interphase

The inorganic—organic hybrid materials are considered to build highly swellable stationary
phases consisting of a chemically and thermally inert carrier matrix (e.g. go@ysiloxane,

organic polymer), spacer units (PEG, alkyl chains, combined alkyl phenyl systems) and the
reactive centers (ligand or transition metal complex). These materials have the advantages of
nearly unlimited modifiability, reduced leaching of functional groups and controlling the

density of the reaction centéts

4 o~ v )

M  reactive center - carrier matrix

\ / spacer O mobile phase /

Figure 1 Schematic description of an interphase.
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The formation of such an interphase takes place, if a mobile component (e.g. a solvent
or a reactant) is added. Then the stationary phase and the mobile phase are able to penetrate
each other on a molecular scale without forming a homogenous phase (Figure 1). Therefore
interphases are able to imitate homogenous conditions, because the active centers become
highly mobile simulating the properties of a solution and hence they are accessible for

substrates.

2.1.2 Sol-Gel Process

The sol-gel process is a method to generate the carrier matrix of such interphases by
controlled hydrolysis and condensation of suitable precursor molecules (e.g. functionalized

alkoxysilanes or metal alkoxides) at mild conditioh&

o Hydrolysis _ Polycondensation )
Monomeric Silanes » Silanoles » Polysiloxanes

(Sol) (Gelation)

By varying the monomeric sol-gel precursors, the kind of sol-gel catalyst and the
solvent, the obtained two— or three—dimensional polysiloxane networks are stationary phases,
in which the polarity and swelling capability of the matrix and the density and mobility of the

reactive centers can be tuned in a wide range.
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2.1.3 Solid State NMR Spectroscopy

Due to the amorphous nature of these inorganic—organic hybrid materials, solid state NMR
spectroscopy is the most important method to investigate the structure and dynamic behavior
of such copolymers. In rather short times spectra of different NMR active nd€lgi’Si and

3Py incorporated into several sites of the matrix can be recorded routinely by the combination
of cross polarization (CP) and magic angle spinning (MASY. The comparison of the
chemical shifts in the CP/MAS spectra with those obtained from corresponding homogeneous
monomers in high resolution spectra establishes the integrity of the polysiloxane—bound
species. By modification of the basic cross polarization experiment an access to several
dynamic parameterd{x, Tion, andTxy), which are very sensitive to motion in different time

scales, is guarantied>?

2.1.3.1 Relaxation Times, Cross Polarization Constants and Line Widths

By measuring the spin—lattice relaxation time of the protons in the rotating fiapag the
mobility of the materials in the kHz region is revealed. An enhanced mobility in this region
influences the dipolar coupling among the protons. This reduced dipolar coupling results in
different Ty, values for various sites in the mateffalHowever, the relaxation constahby

is an averaged quantity for all protons within domains of 1 — 2 nm in diameter, whenever an
efficient spin diffusion process is present. An unambiguous discussion of the dynamic
properties of materials based on relaxation parametBgg) (is only possible, if the

corresponding correlation tintg is known.
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In Ty

slow motion
regime

fast motion
regime

. ‘ /

Figure 2 Correlation—time curve.

The correlation—time curve (Figure 2) exhibits two branches, the so called slow (right),
and fast motion regime (left). The discrimination between the two cases is possible by
temperature dependent measurements. In the slow motion regime an increasing temperature
correlates with decreasing relaxation times whereas in the fast—motion regime the values of
the relaxation rates increase with increasing temperature (shgiér

The cross polarization constahty is influenced by the number of protons and their
distance from the observable hetero nuclei and the rigidity of the heteronuclear coupled spin
systems (e. g. silicon and protons). If the number and distances of protons surrounding the
hetero nucleus in different materials is equal or similar the cross polarization cAngtast
only governed by the mobility. HigheFxy values indicate a more inefficient transfer of

magnetization of the protons to the hetero atoms and thus a faster motion.
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The line widths of resonances (e3§?) in the solid state are induced by a variety of
different interactions, such as heteronuclear dipolar coupling, chemical shift dispersion, and
chemical shift anisotropy (CSA). If the local environments of certain nuclei under
consideration are identical or at least very similar, the changes of the line widths of signals in

the CP/MAS NMR spectra are caused exclusively by the variable flexibilities of the materials.
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2.2 Synthesis, Characterization and Accessibility Studies on Sol-Gel

Processed Diphosphine Ligands

2.2.1 Introduction

In this part of the thesis the T—functionalized 1,3—bis(diphenylphosphinyl)propane (dppp)
[1(T°)] with a spacer unit of six methylene groups was sol-gel processed with the D—
bifunctionalized co—condensation ager®$-Cs-D° and Ph(1,4-GD°, in two different

ratios. The mobility of the dppp ligandl(T®) in these novel inorganic—organic hybrid
polymers and the accessibility of the phosphorus centers were investigated by heteronuclear
cross—polarization magic—angle spinning (CP/MAS) solid state NMR spectroscopy and

typical phosphine reactions, respectively.

2.2.2 Sol-Gel Processing of 1¢ywith Different Amounts of the Co—condensing Agents
D°-Cs—D° and Ph(1,4-GD°),

The diphosphine—containing xerogkds— d (Table 1) were prepared by sol-gel processing of
the monomeric T—functionalized diphosphif€T® with variable amounts of the co-

condensation agenB—Cs—D° andPh(1,4-GD°), (Scheme 1).

Table 1 Sol-gel processing and labeling of the xerogels |

Diphosphine Co-condesnsatioideal T/D Compound Xerogel
agent ratio

1(T9) D%-Cs—D° 5 1a(T")(D'-Cs-D')25 la

1(T9 D°-Ce-D° 10 1b(T")(D'-Ce-D")s Ib

1(T9) Ph(1,4-GD%, 5 1¢(T)[Ph(1,4-GD")]25 lc

1(T°) Ph(1,4-GD°, 10 1d(T")[Ph(1,4-GD",]s Id
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The properties of these materials strongly depend on the reaction conditions during the
sol-gel process such as concentration of the monomers, type of solvent and kind of catalyst.
All sol-gel processes were carried out in a mixture of THF/MeOH with an excess of water
and (Bu)Sn(OAc) as catalyst. To guarantee reproducible materials uniform reaction

conditions were maintained.

1(TY) D%-Cy-D°

PhP o— o)
HZO - :>\/\/v\ / __O\I\I/I.e/\/\/\/ Si
- MeOH beP SI—Or _Si | e}

-0 Me

/

L 4 L Jy
Idealized polycondensatioma,b(TS)(DZ-C6-D2)y; y=256),50)

Realistic compositionla,b(T”)(Di-Cﬁ-Di)y (la, b)

PPh
(MeobSiW\/CPth +Yy (MeO)zMeSi/_\—©—\_/SiMe(OMe)Z
1(T) Ph(1,4-G;D%),

|

PhP 1
s = k M /O —1 0O, IYle O
- MeOH Ph,P Si—Ot+ Sl/_\—©—\_/8| o

\ T OWe

L 4L Jdy
dealized polycondensatiofic,d(T*)[Ph(1,4-C;D?),l,; y = 2.5 €), 5 ()
Realistic compositionlc,d(T”)[Ph(l,4-QDi)2]y (Ic, d)

T =T type of silicon atom (three oxygen neighbours)

D = D type of silicon atom (two oxygen neighbours)
i, n = numbers of Si-O-Si bonds (i = 0-2; n = 0-3)

Scheme 1Structure, idealized and realistic compositions of the sol-gel materiald.
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2.2.3 Solid State NMR Spectroscopic Investigations

2.2.3.1%°Si CP/MAS NMR Spectroscopy

As a result of an incomplete condensation & CP/MAS NMR spectra of the above—
mentioned xerogels reveal signals of various substructures with correspondiagdDT—
functions. Average chemical shifts abe= —2.2 (D)), -13.6 (B), —22.4 (B), —60.3 (),

and —68.3 (). They remain unchanged with respect to the stoichiometric ratio between the
co—condensation agent and the functionalized diphosphine. All silicon atoms in the
polysiloxane matrix are in direct proximity of protons, thus silyl species are detectable via
cross polarizatioA”*>* The signals in th&’Si CP/MAS spectra of the copolymdes—d are
located in the typical range for D— and T—silyl functions and their substructfre®bHand

T?— T (Figure 3).

For la — d realistic D/T—ratios and high degrees of condensation were determined by
generally known method&2***%ranging from 81 to 94 % for D— and T—species with
exception ofic. In this case the D—functions show a rather low degree of condensation (72
%), which correlates with a high amount of-Dspecies (Table 2). However, thes&-D
groups, that are attached to the polymer network via the second silyl function of the

monomeric co—condensation agent, cannot be washed out during solvent processing.
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T3
T? la
Ib
Ic
Id
30 ' ~10 50 —90 130
[ppm]

Figure 32°Si CP/MAS spectra of the xerogéds— d.



Table 2 Relative b, Tsiv, and T1p4 data of the silyl species in the xerogels la — d

relativelo data of D and T specfes degree of real T/D TsiH[ms] TipH
condensation [%]
Xerogel ] D* D? T? T D T moiety D° D' D T° T° [ms[
la 7.9 7.9 100 6.0 18.7 85 88 1:45 171 069 121 0.70 103 3.22
Ib 8.5 11.6 100 2.1 9.4 88 94 1:10.5 186 1.04 1.13 094 0.82 227
Ic 29.4 31.7 100 11.3 26.9 72 90 1:38 083 080 1.00 0.97 056 1.38

Id d 47.7 100 13.4 14.2 84 81 1:10.7 e 083 1.32 0.79 052 261
2 Determined via deconvolution 615i CP/MAS NMR spectral = 5 ms).” Determined by contact time variatidrDetermined vig"Si
with the experiment according to f8f. ¢ Species not detectabfentensity to low for a precise determinatiorTeg.
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2.2.3.28'P and**C CP/MAS NMR Spectroscopy

In the 3P CP/MAS NMR spectra of the polysiloxane—bound diphospHmesd only one

signal is observed with chemical shifts between —22.1 and —22.6 ppm. This result reminds of
the monomeric ligand measured in soluttriNo other phosphine species is detectable in the
freshly synthesized polymers, but exposure to air leads to the formation of phosphine oxides.
The half linewidths of the®P signals decrease dramatically with rising temperature,

indicating that the materials are mobile on the NMR time scale (Figure 4).

295 K ), = 277 Hz)

305 K W1 = 179 Hz)

315 K (1 = 109 Hz)

325 K (W12 = 79 Hz)

I
-20 -30
[ppm]

T
-10

Figure 43P CP/MAS spectra dt at various temperatures.
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Whereas thé*C CP/MAS NMR spectra of the hybrid polymels, b display three
broad signals in the aromatic region (140 — 120 ppm) originating from the phenyl carbon
atoms of the ligand, the resonances of the different methylene units can not unequivocally be
assigned. Four major signals (33.3, 23.2, 17.8, and —0.2 ppm) dominate this region, which are
attributed to the co—condensation ag@RCsD'. In the case of the hybrid polymédrs d all
main signals (139.4, 128.9, 39.1, 25.1, 16.8, and —0.3 ppm) stem from the co—condensation
agentPh(1,4-GD'),. A weak signal at around 50 ppm is characteristic for Si—-OMe functions,

indicating a high degree of hydrolysis.

2.2.4 Studies on the Dynamic Behavior of the Xerogels BY8i and*'P Solid State NMR
Spectroscopy

To optimize the stationary component for the employment in interphases, it is necessary to get
detailed informations on the dynamic properties of the materials and reactive centers.

The spin—lattice relaxation times of the protons in the rotating framg)(which are
characteristic for motions in the kHz region, were determined®8isand>'P “°. In all cases
the observed decays of the magnetization were monoexponential. Thus the relaxation
mechanism is spin—diffusion controlled and the materials are considered as homogenous. The
formation of domains larger than 1 — 2 nm in diameter is excluded. In the solid state the
xerogelsla — d do not differ significantly in the relaxation tinig,y and cross polarization

parameter3py andTsiy (Tables 2 and 3).
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Table 3T ( via*'P) and Tpy parameters of la — d

Xerogel Taon [Ms]? Tpn [ps]
la 1.73 498
Ib 1.67 552
Ic 1.17 534
Id 2.44 477

2 Determined via'P according with the experiment according
to ref.*’.  Determined via contact time variation.

Temperature dependent studies demonstrate thaligherelaxation times ofa — d
show a different behavior with increasing temperature (Table 4). Due to the deciasing
values in the applied temperature rangge,resides on the slow motion regime of the
correlation time curve and it is therefore the material with the lowest mobility. The trend of
the T1pn Values of compound$® andld point to a similar behavior. First they decrease with
increasing temperature, then they pass through a minimum to increase again with raising
temperature. Therefore these two materials are located in the medium motion regime of the
correlation time curve and their mobilities are comparable. Tihevalues ofic increase in
the applied temperature range, which means that this material is located on the fast motion
regime of the correlation time curve and shows the highest mobility, which can be correlated

with the lowest degree of condensation.

Table 4 Temperature dependence of th€,p4 values

Tip [msf
Xerogel 295K 305 K 315 K 325 K 335 K
la 0.54 0.42 0.28 0.09 0.06
Ib 0.46 0.28 0.61 0.90 b
Ic 0.63 0.84 1.23 1.67 b
Id 1.73 0.99 0.73 0.86 1.68

2 Determination vig'P with the experiment according to rét.° Not
determined.
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2.2.5 Accessibility Studies on the P—Centers in the Polysiloxane—Bound Diphosphines
Ib and Id

To investigate the accessibility of phosphorus centers in interphases the polymer—bound

diphosphinesgb andid were subjected to various classical phosphine reactions (Scheme 2).

2.2.5.1 Behavior toward HO,

As an initial probe the polymer—supported diphosphlbeandid were oxidized with BO,.

For this reaction both materials were swollen-ipropanol and treated with an excess of an
agueous solution of 4#,. After stirring overnight at room temperature the corresponding
polysiloxane—bound phosphine oxides andl.d were obtained. In th&P CP/MAS spectra

of 1ab, d one isotropic signal is observed at 30.5 ppm and 31.5 ppm, respectively. These
chemical shifts are comparable to that of the oxide of 1,3—bis(diphenylphosphinyl)propane in

solution and confirms a quantitative reaction in both c&¥ses

2.2.5.2 Behavior toward &

Polymerslgb, 1gd with thiophosphoryl centers were obtained wiierandld were heated
with a suspension of gSin toluene at 80 °C. In both cases the reactions proceeded
quantitatively. Thé'P CP/MAS spectra disb andlgd display one signal each at 38.5 ppm,

which is similar to the chemical shift of related diphosphine sulpHides
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Scheme 2Model reactions in the interphase.
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2.2.5.3 Behavior toward CHI

Upon treatment of a suspensionliefandid in CH,CI, with methyl iodide both phosphorus
atoms were quaternized with the formation of the xerolgélsand|cd. Their 3P CP/MAS
spectra show one peak at about 22 ppm. As a special featured€ tB#®/MAS spectra of

|cb andlcd theipso-C atom are shifted to 122.5 and 121.9, respectfiely

2.2.5.4 Behavior toward (NBD)Mo(CQO)

The accessibility of diphosphines in interphases by rather bulky molecules was examined with
the example of (NBD)Mo(CQ) If Ib and Id are swollen in CKCl, and reacted with
stoichiometric amounts of (NBD)Mo(C@at ambient temperatutgb andlpd were obtained

as light yellow solids. The IR spectra (in KBr) Igh andlpd display only three of the four
expected CO absorptions for local, @ymmetry, which is agreement with réf. In the3'p
CP/MAS spectra ofpb andlpd one isotropic peak is observed at approximately 25 ppm,
which is in the range of thé'P chemical shift of the corresponding (dppp)Mo(£0)
complex*®. Two small signals at 215 and 211 ppm in ff@ CP/MAS NMR spectra dfsb

andlpd are assigned to the carbonyl C atoms (Figure 5). No signals originating from NBD are

detectable.

2.2.5.5 Behavior toward (COD)PdC{

At ambient temperature the reaction of the gHisand Id swollen in CHCI, with
(COD)PdC} afforded the yellow polymersb andled. Both complexes may be regarded as
precursors for the generation of the corresponding polysiloxane—supported
bis(acetonitrile)(dppp)Pd complex, which was applied in the co—polymerization of ethene and

CO 8. A quantitative reaction is confirmed by tf# CP/MAS spectra of both materials,
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which show only one peak at approximately 17 ppm. In é46hCP/MAS spectra no

resonances of COD are found.

CH, backbone

P@ SiCHs
OCHs
400
200 150 100 50 0
[ppm]
80 40 0 _40 —80

[pPpm]

Figure 53C CP/MAS spectrum (top) arid® CP/MAS spectrum (bottom) tib.



20 General Section

2.2.6 SEM Images and EDX Measurements

SEM images oflb and Ic are depicted in Figure 6. Their morphologies do not differ
significantly. The topology seems to be terraced and due to the brittleness both materials are

crumbly with sharp fractured edges.

AccY  SpotMagn Det WD Exp b s0um V SpotMagn Det WD Exp 1 s0um

200kY 30 676x SE 108 0 W200kY 30 38lx SE 1100

Figure 6 SEM images olb (left) andlic (right).

Figure 7 reveals typical EDX spectra laf and Id including peak assignment. A
gualitative analysis confirms the presence of carbon, oxygen, silicon, and phosphorus. For
purposes of quantification, however, the measured composition has to be compared to
theoretical values calculated excluding hydrogen, since hydrogen is a single electron atom and
thus does not emit characteristic X—rays. Due to uncertainties in fundamental parameters at
low X—ray energies and spectrometer calibration correct quantification of light elements is a
principal problem in EDX. Although errors of up to 5 % have to be taken into account,
oxygen, silicon, and phosphorus can be detected and quantified directly, which is not possible
with chemical elemental analysis. In Table 5 the results of quantification of the EDX

measurements are summarized and compared to reference data from NMR measurements.
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Figure 7 EDX spectra ofa (top) andid (bottom). The spectrum ¢d is offset by a factor of
10 for clarity. Assignment of the characteristic X—ray peaks is indicated. Due to the necessity
of a conducting coating the Au M—line is also observed. Partial overlap of the P K-line and

Au M-line introduces uncertainties to quantification.

Table 5 EDX data of la—d

Reference dafa EDX [ZAF correctionf EDX [¢(pz)—correction]

Composition [%] Composition [%] Composition [%]
Xerogel C @) Si P C O Si P C @) Si P
la 66.4 10.3 16.6 6.8 67.8 10.1 157 6.4 68.0 10.0 158 6.2
Ib 61.0 13.0 21.8 4.2 o64.7 13.8 17.8 3.7 64.7 149 169 35
Ic 73.0 81 129 6.0 722 88 133 57 721 98 127 54
Id 68.9 103 175 33 693 86 171 50 695 95 16.3 4.7

2 Derived from NMR data according to réf.. ° Calculated according to ref. . © Calculated
excluding hydrogen.

2.2.7 Conclusion

Four different xerogelda — d were synthesized, in which the T—functionalized 1,3—

bis(diphenylphosphinyl)propane1(T°)] with a spacer of six methylene units was
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incorporated into a polysiloxane matrix. The backbone of the matrices was modified by
employment of the different co—condensing MeSi(ON@H,)s(OMe),SiMe (D°-~Cs-D°) and
MeSi(OMe}(CH,)s(CsHa)(CH2)3(OMe),SiMe  [Ph(1,4-GD%;] in two different ratios.
According to solid state NMR experiments, the realistic stoichiometries do not differ
significantly from the applied T/D-ratios and the materials are found to be homogeneous. The
formation of domains larger than 1 — 2 nm in diameter can be excluded. Studies on the
mobility of the matrix and the reactive centers reveal, that the materials with the phenyl ring
in the backbone are slightly more mobile due to the lower degree of condensation. The
examination of the accessibility of the incorporated phosphorus centers within these two
different types of carrier matrices was carried out by classical phosphine reactions. It was
possible to demonstrate that all P—centers were readily accessible by smali@g)@rdven
bulkier molecules (e.g. (NBD)Mo(C@)which is an important precondition for a successful

employment of this ligand in catalytic processes.
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2.3 Novel Sol-Gel Processed Rhodium(l) Complexes: Synthesis,

Characterization and Catalytic Reactions in Interphases

2.3.1 Introduction

In this part of the thesis the synthesis and characterization of novel cationic rhodium(l)
complexes anchored to polysiloxane—based inorganic—organic hybrid materials is reported.
The rhodium centers in these complexes are coordinated to the modified 1,3-
bis(diphenylphosphinylpropane) ligand (dppa)XT")]. The monomeric T—silyl substituted
complex 2(T°) was sol-gel processed with different ratios of the D-bifunctionalized co—
condensation agen®’-Cs—D° and Ph(1,4—GD°),. Structural and dynamic investigations of
these novel stationary phases were carried out by multinuclear solid state NMR spectroscopy.
An exemplary examination of the coordination sphere of the rhodium(l) center was performed
by means of EXAFS—spectroscopy, since this method operates in the case of amorphous
materials like interphasé$® The morphology of the materials was investigated by scanning
electron microscopy (SEM) and the elemental distribution is revealed by EDX—spectroscopy.
Finally the accessibility of this polysiloxane—bound complexes was investigated by catalyzed

hydrogenation of 1-hexene.

2.3.2 Synthesis of the Monomeric Rhodium(l) Complex 2y

The cationic rhodium(l) comple2(T°) was obtained in good vyields as a orange—yellow
microcristalline powder by reaction of the diphos ligak@®) with a half equivalent of
[UL—CIRh(COD)} and one equivalent of AgSbF(Scheme 3). Complex2(T% was

characterized b¥H, **C{*H}, 3*P{*H}, and *>*Rh NMR spectroscopy and mass spectrometry.
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1. AgSbR/THF PPh, |
" 2.1(TY _ M Rh .
[u-CIRh(COD)}, ~ (MeO)Si P/th\/
2(T9 (SbR)~

Scheme 3Synthesis 02(TO).

2.3.3 Sol-Gel Processing &(T°)

The xerogellla was prepared by sol-gel processing of the monomeric T—functionalized
rhodium(l) complex2(T°) without any co—condensing agent, whereas in the calb ofi
2(T% was condensed into a matrix with variable amount®%{Cs—D° or Ph(1,4-GD°),

(Table 6, Scheme 4).

Table 6 Labeling of the xerogels Il

Complex Co—condesnsationdeal T/D Compound Xerogel
agent ratio
2(T9 2a(T") _ lla
2(T9 D°—Ce—D° 5 2b(T")(D'-Cs-D)25 b
2(T9 D°—Ce—D° 10 2¢(T")(D'-Cs-D')s lic
2(T9 D°—Ce—D° 20 2d(T")(D'-Cs-D)10 Id
2(T9 D°—Ce—D° 40 2e(T")(D'-Cs-D)20 lle
2(T9 Ph(1,4-GD°%, 5 2f(T")[Ph(1,4-GD")2]25 IIf
2(T%) Ph(1,4-GD%, 10 29(TH[Ph(1,4-GD");]s g
2(T% Ph(1,4-GD%, 20 2h(T"[Ph(1,4-GD")3]10 Ilh
2(T° Ph(1,4-GD%, 40 2i(TM[Ph(1,4-GD")2l20 i

To guarantee reproducible materials uniform reaction conditions were maintained.
Therefore all sol-gel processes were carried out in THF with an excess of water and

(n—Bu)Sn(OAc) as catalyst.
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Idealized polycondensatioﬂb—e(‘l3)(D2-C6-D2)y; y=250),5(@©), 10 d), 20 ¢
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PP +
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PPh
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“MeoH - 7O p’mﬁ/ Ore O 0

dealized polycondensatiof-i(T*)[Ph(1,4-GD?)ly; y = 2.5 ), 5 @), 10 (), 20 ()
Realistic compositior2f~i(T")[Ph(1,4-GD'),], (Il-i )

T =T type of silicon atom (three oxygen neighbours)
D =D type of silicon atom (two oxygen neighbours)
i, n = numbers of Si-O-Si bonds (i = 0-2; n = 0-3)

Scheme 4Structure, idealized and realistic compositions of the sol-gel matiiiats .
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2.3.4 Solid State NMR Spectroscopy

2.3.4.1%°Si CP/MAS NMR Spectroscopy

As a result of an incomplete condensation 8 CP/MAS NMR spectra of the xerogels
Ilb —i reveal signals of various substructures with correspondirgabd T— functions
(Figure 8). Typical chemical shifts abe= —12.5 (B), —-21.7 (D), -57.1 (F), and —67.0 (%).
They remain unchanged with respect to the stoichiometric ratio between the co—condensation
agent and the functionalized rhodium(l) complex. All silicon atoms in the polysiloxane matrix
are in direct proximity of protons, thus silyl species are detectable via cross polarization
273536 The degree of condensation of D— and T—groups and the real T/D-ratios were
determined by contact time variation experiments (Tabté??y"—°

However, due to the low concentration of T—functions in the xerdigel®, h, i the T—
groups can hardly be detected. Therefore contact time variation experiments to determine the
realistic composition of these xerogels are not feasible within a reasonable time.

With exception oflg andllh, in the xerogels of typB the degrees of condensation for
the D— and T—functions range between 79 % and 95 %, which is in agreement with former

investigations %248

In the case ofllg the T—functions show a very low degree of
condensation, whereas in the casellbf T- and D-groups are highly condensed. The
experimentally determined compositions do not differ significantly from the applied

stoichiometries, but it seems that in each sol-gel process a small amount of the D— or T—

groups were washed out during the solvent processing.



Table 7 Relative b, Tsin, and Typn data of the silyl species in the xerogel lla — i

relativelo data of D and T specfes degree of real T/D Tsin[ms]° TipH
condensation [%]

Xerogel D D? T? T D T moiety D' D° T? T  [ms]
lla 24.0 100 94 0.81 1.34 1531
llb 41.1 100 9.8 12.5 85 81 1:6.3 1.44 142 149 160 12.65
lic 36.3 100 7.3 8.0 87 84 1:89 134 142 111 125 811
Ild 72.4 100° 2.9 7.7 79 91 1:16.4 166 197 f f 8.02
lle 31.2 100° 1.4 2.8 88 88 1:338 1.61 198 f f 2.74
IIf 26.9 100 17.7 19.7 89 82 1:3.4 0.83 098 1.04 1.19 11.84
lig 80.1 100 13.5 8.0 77 73 1:7.9 124 141 092 055 576
llh 4.9 100° e 6.0° 98 100 1:17.24 f 1.00 e 132 331
i 10.%° 100° 0.6° 1.5 95 90 1528 0.64 089 f f 1.79

2] values calculated according to literature methB@etermined via deconvolution 61Si CP/MAS NMR spectralf, =
5 ms).¢ Determined by contact time variatidrDetermined vi&°Si with the experiment according to réf.® Species not
detectable’ Intensity to low for a precise determinationTe.



28 General Section

0 .20 -40 .60 .80 _100[PPM]

CH,—backbone

Colef—COD

160 140 120 100 80 60 40 20  Ofppm]

60 40 20 0 20 “adppm]

Figure 8 Solid state NMR spectra dlb : 2°Si CP/MAS (top),"*C CP/MAS (middle),**P
CP/MAS (bottom).
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2.3.4.28'P and°*C CP/MAS NMR Spectroscopy

In the 3P CP/MAS NMR spectra of the polysiloxane—bound rhodium(l) complexes

lla —i only one broad signal is observed with chemical shifts between 10.9 and 15.3 ppm.
This result reminds of the monomeric complex measured in solution. No other phosphine
species is detectable in the freshly synthesized polymer, but exposure to air for some hours
leads to the formation of phosphine oxide resonating at 32 ppm.

The*C CP/MAS NMR spectra dfa — e reveal a broad signal in the aromatic region,
which stems from the phenyl carbon atoms of the functionalized dppp ligand. At
approximately 100 ppm two broad signals occur originating from the olefinic C—atoms of the
COD ligand. The resonances of the different methylene carbon atoms between 40 and 10 ppm
of lla cannot be resolved. In the casellbf — e the aliphatic region is dominated by four
major signals resonating at about 33, 23, 18, and 0 ppm, which are assigneB'+Cth&'
portion. In the case of the hybrid polyméts — i all main signals (average shifts: 139.4,
128.9, 39.1, 25.1, 16.8, and —0.3 ppm) with exception of the peaks originating from the COD
ligand at approximately 100 ppm stem from Pie(1,4—GD'), component. The weak or

missing signal for the Si-OMe function indicates a very high degree of hydrolysis.

2.3.5 EXAFS Structure Determination of the Rhodium(l) Complexes lla, lIb, and IIf

The amorphous character of the xerogels makes it impossible to get structural data with
conventional X-ray diffraction. However, the properties of EXAFS (Extended X-ray
Absorption Fine Structujespectroscopy allows the determination of the local structure
around the excited rhodium atoms, independent on the samples’ physical state. An analysis of
the EXAFSprovides information on the bond distance, the coordination number, the ,Debye—

Waller* factor, and the nature of the scattering atoms surrounding an excited®atofrhe



30 General Section

k® weighted EXAFS functions (Figure 9) b, IIb , andllf can be described by two different

atom shells.

0.8
: s
A Al <06
/ ' (@]
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K/ AL k/ AL

Figure 9 Calculated (solid line) and experimental (dotted liki(k) function oflla (left)
and their Fourier transforms (right) (Rh—-K—edge) inkheinge 3.85 — 13.00A

For the above—mentioned complexes the first intensive peak in the corresponding
Fourier transforms is mainly due to carbon and phosphorus atoms. In the désetlaf
assumption of four equivalent carbon atoms with a Rh — C bond length of 2.14 A leads to a
good agreement between the experimental and the calculated functions. Additionally two
equivalent phosphorus atoms were established with an average Rh — P distance of 2.28 A
leading to a significant improvement in the fit (Table 8). In the cask ahe assumption of
four equivalent carbon atoms with a Rh — C distance of 2.21 A and two equivalent
phosphorus atoms with a Rh — P bond length of 2.29 A leads to a good agreement between the
experimental and the calculated functions. In the xeridgeghe found Rh — C and Rh — P

bond lengths are 2.23 and 2.31 A, respectively.
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Table 8 EXAFS—determined structural data of the lla, llb, and IIf

lla b If

NP|  r[A]C o[A] r[A] ¢ o[A]® r{A]° oAl “

Rh-C*| 4 |2.14+0.02 0.08% 0.01| 2.21+ 0.02 0.05% 0.02| 2.23+ 0.02 0.067 0.02
Rh-P* | 2 |2.28+0.02 0.109 0.03| 2.29+ 0.02 0.081% 0.01| 2.31+ 0.02 0.063 0.01

2 Absorber—backscatteréiCoordination numbe. ¢ Interatomic distance “Debye—
Waller factoro.
The structural data are in a good agreement with the proposed structuredaof libe
andlIf . Furthermore, in comparison with the structural datdaofthe Rh — C distances of
llb and IIf are slightly enlarged but still in agreement with determined bond lengths of

similar (COD)diphosphinerhodium(l) complex&s?

2.3.6 Studies on the Dynamic Behavior of the Xerogels Ila — i by Solid State NMR

Spectroscopy

2.3.6.1 Mobility of the Matrix

In the solid state the xerogels do not differ significantly in the cross polarization congiant

The relaxation time parametefTyf) data extracted from thé°Si CP/MAS NMR
measurements of the xerogels depend on the amount of bheCe—D
andPh(1,4-GD'), components, respectively (Table 7). Shottgy values were recorded for

a higher amount of the co—condensing agents, thus indicating an increase of the mobility of
the matrix, because, according to recent studieS#fevalues oflla —i are considered to
reside on the slow motion regime of the correlation time ctfr@omparing the mobilities of

the two different co—condensates in these materials, it seems that there is no essential
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difference between the materials with the phenyl ring in the backbone and their counterparts

with the alkyl chain as main building block.

2.3.6.2 Mobility of the Reactive Center

Temperature dependent measurements of fhevalues (via®'P) are summarized in Table 9.

Due to the decreasintipn values in the applied temperature range all rhodium containing
xerogels with exception dfe andlli reside on the slow motion regime of the correlation
time curve®. The trend of thd@,, values of compoundse andlli show a similar behavior.

First they decrease, then they pass through a minimum to increase again with raising
temperature. Therefore these two materials are located in the medium motion regime of the
correlation time curve and show the highest mobility of all mentioned xerogels ofl type
These results indicate that the mobility of the reactive centers as well as the mobility of the
matrix (vide suprd increase with a higher amount of the co—condensing component. Due to
the electrostatic repulsion of the cationic rhodium(l) centers theespf motion is reduced. If
these positively charged complexes are diluted across the carrier matrix their mobility is

enhanced, because of the enlargement of the motion radius.

Table 9 Temperature dependence of th&,p4 values

Tipn [Ms] ®
Xerogel 295K 305 K 315 K 325 K 335 K
lla 9.01 b b b b
lIb 11.98 10.68 9.94 9.96 b
lic 5.09 7.15 3.81 2.75 b
lid 10.20 11.30 9.36 10.46 8.85
lle 4.15 1.25 0.91 3.08 3.13
If 13.81 13.17 9.22 9.79 8.06
llg 7.55 10.14 6.21 2.87 b
llh 6.82 5.88 5.30 3.29 2.49

i 6.80 0.89 2.62 2.92 b
2 Determination vig'P according to ref’. ® Not determined.
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2.3.7 Accessibility Studies of the Anchored Rhodium(l) Complexes by Catalytic

Hydrogenation of 1-Hexene

Diphosphinerhodium(l) complexes are applied as catalysts for the hydrogenation of various
olefins ®°3=>" Therefore the accessibility of the polysiloxane—bound rhodjucomplexes

lla —c, lle —g, lli was investigated by hydrogenation of 1-hexene (Table 10).

Table 10 Hydrogenation of 1-hexene in toluerfe

Xerogel Conversion [%] hexane [%)] cis, trans TON® TOF
2—hexene [%]

lla 80.8 61.4 38.6 2811 703
l1b 40.9 86.1 13.9 2136 534
llc ; 71.6 77.1 22.9 3326 832
lid

lle 45.7 91.0 9.0 2480 620
If 100 84.7 13.3 5035 1259
llg ; 40.4 73.3 26.7 1828 457
lth

i 100 91.9 8.1 5575 1394

4 Reaction conditions: Horessure 10 bar, Rh : 1-hexene = 1 : 6000, temperature 313 K,
reaction time 4h® Turnover number (mak moLat‘l). ¢ Turnover frequency (mqb
Mol + hY). ¢ Not determined.

All applied complexes exhibit rather good turnover frequencies in toluene and therefore
the metal centers are readily accessible for hydrogen and 1-hexene. However, due to
solvation and swelling effects of the anchored rhodium(l) centers and of the matrix,
respectively, it seems that there is no predictable correlation between catalytic activity,
selectivity, and the type of the co—condensate. But SEM images give some evidences, that the
activity depends on the particle size of the materials. Smaller particles induce a higher

catalytic activity than larger particles (Figure 10).
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Figure 10 left: SEM image ollb (large particles, lower activity); right: SEM image Itf

(small particles, higher activity).

An enhancement of the conversion rate was achieved with an increase of the solvent
polarity (Table 11, Figure 11). In the casellaf only a slight increase of the activity is
observable if dioxane or methanol are used as solvent. The selectivities are comparable in
each solvent. In the case bf§ the conversion rates and selectivities are comparable in
toluene and dioxane, respectively. However, if methanol is used the selectivity is scarcely
influenced by the solvent but the conversion rate is twice as high compared to the activities in
toluene or dioxane. This is another example that metal catalyzed hydrogenation is favored in
polar solvents, especially in alcohols, although these applied inorganic—organic hybrid

materials do not exhibit good swelling abilities in polar solvents like metRanol
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Figure 11 Dependence of activity and selectivity on the polarity of solvent at the

hydrogenation of 1-hexene witle andllg .

Table 11 Influence of the solvent on conversion and selectivity

catalyst  solvent conversion hexane cis,trans  TON"  TOF
[%] [%0] 2—hexene [%]
llc toluene 71.6 77.1 22.9 3326 832
1,4- 75.5 75.5 24.5 3368 842
dioxane
methanol 85.5 78.7 21.3 4072 1018
llg toluene 40.4 72.3 26.7 1826 457
1,4- 36.7 71.1 28.9 1571 393
dioxane
methanol 86.6 76.0 24.0 3968 992

4 Reaction conditions: Horessure 10 bar, Rh : 1-hexene = 1 : 6000, temperature 313 K,
reaction time 4h® Turnover number (mak moLat‘l). ¢ Turnover frequency (mqb
mMoleat * h7).

To investigate the stability of the catalysts, the xerolgelsndllg were separated from
the reaction mixture and then used again in a catalytic reaction with new solvent and 1-
hexene (Table 12, Figure 12). In each case an enhancement of the conversion from run 1 to

run 3 was observed, which indicates that the formation of the catalytic active species takes

place after a relative long period or that the particles of materials become smaller after several
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runs and therefore the activity is enhancedld suprd. In the case oflc the selectivity
decreases from run 1 to run 2 to increase again in run 3, whereas in theltlgpagbeohighest
selectivity was achieved in run 2. Leaching investigations point out, that no rhodium was

found to be detached from the polysiloxane support.
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Figure 12 Activity and selectivity of three consecutive runs with a recycling of the catalyst at

the hydrogenation of 1-hexene with andllg .

Table 12 Conversions and selectivities of consecutive runs with a recycling

of the catalyst®

catalyst run No. conversion hexane cis, trans TON®  TOF
[%0] [%0] 2—hexene [%]
llc 1 14.2 77.5 22.5 664 332
2 18.5 65.4 34.6 730 365
3 31.1 83.0 17.0 1557 778
llg 1 10.5 67.6 32.4 427 213
2 27.4 85.4 14.6 1407 703
3 34.8 67.8 32.2 1419 709

? Reaction conditions: toluene as solvent,pressure 10 bar, Rh : 1-hexene = 1 : 6000,
temperature 313 K, reaction time ZhTurnover number (meak molcat‘l). ¢ Turnover
frequency (mal, moka* h).
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2.3.8 Surface Area and EDX Measurements

Due to the high organic portions in these stationary phases surface area measurements
according to the BET method reveal very low values (</§)mwhich is in agreement with
former resultg*#*°8

Because of difficulties in classical elemental analysis of Si—containing materials (see
Experimental Section) EDX—measurements were undertaken. Figure 13 displays typical EDX
spectra ofla andlli including peak assignment. Qualitative analysis confirms the presence
of carbon, oxygen, silicon, fluorine, phosphorus, antimony, and rhodium. For quantification
purposes, however, the measured composition has to be compared to theoretical values
calculated excluding hydrogen, since it is a single electron atom and thus does not emit

characteristic X-rays.

SiKow/KB

14000
12000 —
10000 —

8000 —

6000

Intensity [counts]

4000

Energy [keV]

Figure 13 Typical EDX spectra ofia (bottom) andli (top). The spectrum dfi is omitted
for clarity. Assignment of the characteristic X—ray peaks is indicated. Due to the necessity of
a conductive coating, the Au M—line is also observed. Partial line overlap of the P—K line with

the Au—M line introduces uncertainties to quantification.
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Due to uncertainties in fundamental parameters at low X-ray energies, spectrometer
calibration and the limited detector efficiency in the low energy region, correct quantification
of light elements is a principal problem in EDX. Partial line overlap between the P-K and the
Au—-M line introduces further uncertainties to quantification. Errors are significant for the
guantification of minor constituents as the bremsstrahlung background causes signal-to—
background-ratios below 3 in some cases. However, all elements except for hydrogen can be
detected and quantified directly, which is not possible with chemical elemental analysis. In
Table 13 the quantification results of the EDX measurements are summarized and compared

to reference data from NMR measurements.



Table 13 EDX data oflla —i

reference datéd

EDX (ZAF correction}

composition [%f

composition [%Ff

Xerogel C O Si P F Sb Rh C O Si P F Sb Rh

lla 52.1 2.5 3.0 6.6 12.1 128 109 55.0 5.7 4.0 6.0 4.6 13.4 113
llb 51.3 9.7 13.2 4.0 7.4 7.8 6.6 55.8 11.5 8.2 4.7 6.4 7.8 5.6
lic 52.2 9.5 15.8 3.5 6.4 6.8 5.8 51.2 11.1 18.8 3.9 4.7 5.9 4.4
lid 50.8 14.0 193 2.5 4.5 4.8 4.1 49.0 116 285 2.9 1.8 4.3 1.9
lle 50.3 17.7 245 1.2 2.1 2.3 1.9 525 145 243 1.8 2.3 3.0 1.6
I 56.5 6.5 9.5 4.3 7.9 8.3 7.0 55.3 126 10.0 3.9 6.0 7.1 5.1
llg 58.4 9.6 11.8 3.1 5.8 6.1 5.2 61.5 9.5 135 3.2 4.2 4.7 3.4
llh 61.7 9.1 15.5 2.1 3.9 4.2 3.5 61.6 11.3 175 1.7 2.9 3.5 15
[li 64.0 11.3 195 0.8 1.5 1.6 1.3 62.6 94 175 1.8 2.7 3.8 2.2

2 Derived from NMR data according to réf.” Calculated according to réf. ¢ Calculated excluding hydrogen.
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2.3.9 Conclusion

Different xerogels lla - i were synthesized, in which the T-functionalized
(COD)(dppp)rhodium(l) complex 2(T® was incorporated into a polysiloxane
matrix. The backbone of the matrices was modified by employment of
the different co—condensing agents MeSi(O}@H,)s(OMe),SiMe [D°-Ce-D° and
MeSi(OMe}(CH,)s(CsHa)(CH2)3(OMe),SiMe  [Ph(1,4-GD%,] in  various ratios.
Multinuclear CP/MAS NMR spectroscopy and EXAFS studies proved the integrity of the
complexes. According to further solid state NMR experiments, the realistic compositions do
not differ significantly from the applied T/D-ratios. Studies on the mobility of the matrix and
the reactive centers revealed, that an enhancement of the mobility is achieved with a larger
amount of the co—condensing components and that both kinds of materials show a similar
mobility. The examination of the accessibility of the incorporated rhadliusenters within

these different types of polysiloxane matrices was carried out by hydrogenation of 1-hexene.
All applied materials showed rather good turnover frequencies indicating a good accessibility
of the anchored transition metal complexes. Their activity can be increased by using polar

solvents. After three runs no reduction of the activity and no metal leaching were observed.
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2.4 Synthesis, Sol-Gel Processing, and Investigations on the Mobility of

Novel D— and T—-bifunctionalized Co—condensing Agents

2.4.1 Introduction

If D°—~C,~D° materials are used as co—condensing agents the mobility of the carrier matrix and
the reactive centers is induced by the high flexibility of the alkyl chain. Due to the steric
demand of the phenyl ring the degree of condensation in the caBb(b#-GD%, is
somewhat lower (~80 %), which means a higher mobility of the matétiate suprd. In

this part it was the objective to investigate novel D— and T—functionalized co—condensing
agents. After the sol-gel process they combine a highly mobile alkyl chain with a low degree

of condensation induced by the steric demand of the silicon attached substituents.

2.4.2 Preparation of the Monomeric Precursors 3(B), 4(T%), 5(D°%, and 6(T°)

The precursors for the sol-gel process, the bis(dimethoxymethylsilylpropyl)dialkylsilanes
3(D%, 5(D°) and the bis(trimethoxysilylpropyl)dialkylsiland$T®), 6(T° were prepared by
hydrosilylation of the corresponding diallyldialkylsilanes with dichloromethylsilane and
trichlorosilane respectively, followed by the replacement of the chlorine atoms for methoxy
groups with trimethyl orthoformate® (Scheme 5). After distillation under vacuudtD),

4(T9, 5(D%, and6(T°) were obtained as colorless, analytical pure liquids, which are sensitive
to moisture and soluble in common organic solvents. All monomers were characteriged by

13¢{*H}, and ?°Si{*H} NMR spectroscopy as well as mass spectrometry.
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1.) HSIXCl,
R\S/R 2.) HC(OMe) R_ R
VAN PICY = (MeO)R'Sk_~_S\_~__SIR(OMe)
(R = Me, Et) 3[Me,Si(CsDY%,] (R = Me, R' = Me)3(D%
4[Me,Si(C5T,] (R = Me, R' = OMe)4(T%)
5[Et,Si(C3DY),] (R = Et, R' = Me)5(D%
X = Cl, Me 6[Et,Si(C5TY),] (R = Et, R' = OMe)s(T%)

Scheme 5Synthesis of the monomeric precursa(B®), 4(T°), 5(0°), and6(T°).

2.4.3 Sol-gel Processing of 3 4(T°%), 5(D°), and 6(T°)

2223 and a

To be able to compare the results with previous investigatisfBu,L,Sn(OAC)
mixture of THF and methanol was employed as catalyst and solvent, respectively. According

to these boundary conditions, two types of polysiloxanes were obtained (Scheme 6).

3[Me,Si(CsD')5] (R = Me, R' = Me)|lla

R R R
O s 0 4MesSICTY (R =Me, R =0-Si)iva
v .
O F‘Q-W o 5[Et,Si(C3D'),] (R = Et, R' = Me)Va

B[EL,SiI(CsT"),] (R = Et, R' = O-Si)Vla

Scheme 6Structural backbone of the xerogels.

The xerogeldlla , b, IVa, b, andVa, b, Vla, b were prepared without and with the co—
condensation agent phenyltrimethoxysilafé(®)], which was condensed into the matrix
(Table 14). In this way it can be investigated whether domains are formed during the sol-gel
process or if one component of the copolycondensates is washed out in the solvent

processing.
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Table 14 Sol-gel processes and labeling of the xerogels Ill, IV, V, and VI

Monomeric silanes Co—condensation agent  Polysiloxanes Xerogels
3[Me,Si(CsD%,], 3(D") 3[Me,Si(CsD"),] llla
4[Me,Si(CsTY)], 4(T9) 4[Me,Si(CsT"),] IVa
5[Et,Si(CsD°),], 5(D°% 5[Et,Si(C3D")) Va
B6[Et,Si(CsTO),], 6(T°) B[Et,Si(CsT")2] Via
3[Me;Si(CsD%-], 3(D%)  Ph(T%)? 3[Me;Si(CsD)2lx[Ph(TN], b
4[Me;Si(CsT9], 4T Ph(T°) 4[Me;Si(CsT™2L[Ph(T™]y Vb
5[Et,Si(CsD%,], 5(D%)  Ph(T%) 5[Et,Si(CsD')2][Ph(T")]y Vb
B6[Et.Si(CsT%)], 6(T%)  Ph(T%) B[Et.Si(CaT")2[Ph(T™)]y Vib

aTY = Si(OMe)

2.4.4 Solid State NMR Spectroscopic Investigations

2.4.4.1%°Si CP/MAS NMR Spectroscopy

All silicon atoms in the polysiloxane matrix are in direct proximity of protons, thus all silyl
species are detectable via cross polarisation techAiqig® The *°Si CP/MAS spectra of
selected polymers are depicted in Figure 14. *8esignals of these copolymers are in the
typical range for Si (R = Me, Et), D—, T—, andpf-silyl functions and their substructures
D°-D? T°-T°, and BpiT3pn Which indicates an incomplete condensation. Average chemical
shifts are BEiSi, 4.8; MeSi, 1.4; D, -2.4; D, -12.4; B, -22.2; T, -42.4; T, -50.6; T, —
59.3; T, =68.3; B, —62.8; Ten, —71.4; Ton, —79.8. D, and P- species, which are attached
to the polymeric matrix via the second silyl function, cannot be removed during solvent
processing.

The degree of condensation of the D—, T—, apgsSpecies and the real ratios gi/D
and To/T (Table 15) were determined by generally known metfotfs*”* The degrees of
condensation range between 70 and 96 % for the D—functions and 52 and 70 % for the T—

groups. The #—species show a degree of condensation between 68 and 93 %. These values
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are lower than the degrees of condensation which were determined in the case of the
bifunctionalized silanes (Me@)eSi(CH,),SiMe(OMe) (D°~C~D°, z = 6, 8, 14; > 92 %Y,
(MeO)MeSi(CH,)(CsH4)(CH,),SiMe(OMe) (Ph(1,4-GD%,, z = 3, 4; > 77 %), and
(MeO):;Si(CHy)3(CsHa) (CH2)sSi(OMe) (Ph(1,4—-GTP),, > 67 %)%, The steric demand of the
internal organosilicon function influences the kinetics and seems to be responsible for the
rather low degree of condensation. The experimentally determined stoichiometries of the
Te/D— and Ty T—polymers do not differ significantly from the applied stoichiometries.
Neither D—, T—, nor d—functions were washed out during the solvent processing. Thus the
monomeric co—condensing age®D°), 4(T°), 5(D°), and 6(T°) are useful precursors to

generate carrier matrices for ‘Chemistry in Interphases’.
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Figure 14%°Si CP/MAS NMR spectra of selected xerogels.



Table 15 Relative § data, degree of condensation, degree of hydrolysis of the silyl species in the copolymers

relatively data of D—, T— and@f-specie? degree of real T.yD—  degree of
condensation [%] and TeyT—  hydrolysis
Xerogel P D' D> T° T8 T2 T T T T D T Ton moiety (o7
lla c 7.7 100 96 97
IVa 134 100 959 245 52 80
Va 22,5 18.2 100 78 89
Via 13.9 90.3 100 43.8 57 70
b 9.6 100 88.2 3.5 40.7 43.6 70 82 1:2.2 92
IVb 7.0 77.2 100 51.3 245 46.4 28.6 61 68 1:24 72
Vb 14.6 26.6 100 c 143 56.3 80 93 1:20 92
Vib 2.8 485 100 81.1 23.7 40.0 61.9 70 77 1:19 83

aDetermination vig Si SPE/MAS experiment.For the determination of the degree of hydrolysis se®.réGpecies not detectable.
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2.4.4.2"°C CP/MAS NMR Spectroscopy

The ®*C CP/MAS NMR spectra of the pure D—polymers show a small peak at 49.6 ppm for
the non—hydrolyzed Si—-OMe functions. In the aliphatic region a broad peak occurs between
20 and 14 ppm, which originates from the three methylene units connecting the internal
silicon atom and the D—group. In th%&¢ CP/MAS NMR spectrum dila two sharp signals

at 0.1 and —2.8 ppm are ascribed to the methyl groups adjacent to the silicon atoms. In the
case ofVa the ethyl groups attached to the internal silicon atom give rise to two signals at 7.6
and 4.0 ppm. The methyl group of the D—fragment resonates at —0.1 ppm.

A relative high intense peak of the non-hydrolyzed Si-OMe functions in the spectra of
the pure T—polymers indicates a rather low degree of hydrolysis. An unresolved signal group
between 21 and 14 ppm originates from the three methylene units connecting the internal
silicon atom and the T—group. In the casd\& the methyl groups attached to the internal
silicon atom resonate at —3.3 ppm and in the spectrumMafthe two peaks of the ethyl
groups are located at 7.5 and 4.0 ppm.

In the aliphatic region theglfD— and &/ T—polymers reveal the same patterns as the
above—mentioned materials, but two broad signals at 134 and 127 ppm are observed caused

by the phenyl ring of theh(T") moiety.

2.4.5 Studies on the Dynamic Behavior of the Polysiloxanes by Solid State and
Suspension State NMR Spectroscopy

The values of the spin—lattice relaxation time of the protons in the rotating ffagnewere
determined via &°Si direct spin locke—=CP experimenf®. The observed decays of the

magnetization were monoexponential in each of the samples. Thus the relaxation mechanism
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is spin—diffusion controlled and the occurrence of domains within 1 — 2 nm is excluded.
Therefore the materials are considered as homogenous. In the solid state all polymers do not

differ significantly in the relaxation parametdrgy andTs;y (Table 16).

Table 16Tsiy and T1pn data of the silyl species in the xerogels

Tsin [ms] T1pH
[ms]’
Xerogel RS D° D' D> T TF T T Th, T%n T
Nla 092 d e 196 2.54
IVa  0.92 e 1.96 095 0.95 2.36
Va 076 1.99 112 0.65 2.08
Vla 1.42 e 207 184 1.46 1.57
Mb 137 d 1.89 0.75 e 076 1.04 194
Vb 0.90 e 1.29 097 0.95 060 0.90 e 2.12
Vb 120 1.78 0.95 1.08 d 232 173 245
Vib 0.88 1.02 1.37 1.17 127 112 147 250 231

2 Determination via contact time variatioh Determination vig°Si according to ref®. °R =
Me, Et.9 Species not detectabfentensity too low for precise determination.

With rising temperature for all samples, exceptifiar, Va, andVb, the increasing o4
values indicate that they are in the fast—-motion regime of the correlation time curve. This high
mobility is due to the rather low degree of condensation (Table 15). The poliltaer¥a,
andVb do not show a constant trend of thgy values with an increase of the temperature.
This fact indicates that these materials are in a broad minimum of the correlation time curve,

and therefore no precise prediction on the mobility can be made (Table 17).
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Table 17 Temperature dependence of th€p

TlpH [ms]a

Xerogel 300 K 310 K 320 K 330 K
lla 2.54 2.04 2.52 1.01
IVa 2.36 3.33 6.19 6.78
Va 2.08 1.21 2.63 0.98
Via 1.57 3.51 6.38 b
b 1.94 4.40 5.56 b
IVb 2.12 1.21 4.10 4.28
Vb 2.45 3.33 1.47 2.72
Vib 2.31 4,12 6.00 6.70

2 Determination vid“Si according to ref®. ® Not determined.

For ‘Chemistry in Interphases’ it is necessary to study the mobility and dynamics of the
materials in the suspension state. ThereféteHigh Resolution Magic Angle Spinning
(HR/MAS) experiments andly; measurements of suspensiéhsf all polymers in different
solvents (methanol, tetrahydrofuran, and chloroform) were carried out (Tables 18 and 19).
RepresentativéH HR/MAS NMR spectra ofllb are depicted in Figure 15. If solvents of a
medium polarity (CDGland THF—¢) are used nearly all signals of the aliphatic and aromatic

protons are resolved in contrast to spectra obtained in methanol.
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Figure 15*H HR/MAS NMR spectra ofilb in CDCk (a), THF—g (b), MeOH—d (c).
Peak assignmend:. 7.4 — 7.1 (aromatic protons)3.5 (MeO),d 1.5 — 0.0 (aliphatic protons);

peaks originating from the solvent are denoted with *.



Table 18T,p4 data in suspension of the polymers llla, b and IVa, b

Ia IVa b IVb
5 (*H) Tion [MS] Tion [MS] Tion [MS] Tion [MS]
[ppm] CDCk  THF  MeOH CDC} THF MeOH CDCy THF MeOH CDC} THF  MeOH
0.0 38.2 23.6 2.7 55.9 48.4 7.8 68.9 62.4 9.2 55.0 46.3 12.1
0.6 28.7 21.2 28.7 47.1 6.6 58.7 56.0 5.6 46.2 38.0
1.5 31.9 29.2 54.0 55.7 6.2 63.3 63.4 55 52.6 38.0
3.5 38.1 36.6 4.3 71.8 70.3 14.3 86.8 84.8 16.2 66.9 49.6 9.0
7.1 66.2 60.5 7.8 64.4 50.6 7.2
7.4 67.4 57.1 7.7 58.1 46.1 7.2

Table 19T,p4 data in suspension of the polymers Va, b and Via, b

Va Via Vb Vib
5 (*H) Tion [MS] Tion [MS] Tion [MS] Tion [MS]
[ppm] CDCk  THF  MeOH CDC} THF MeOH CDCy THF  MeOH CDC} THF  MeOH
0.0 28.6 22.8 7.6 37.1 33.7
0.4 36.4 22.8 41.0 18.4
0.7 26.1 19.6 36.4 22.9 6.0 23.6 5.5 26.0 18.4 7.1
0.9 26.1 19.7 57 36.4 22.8 25.5
15 22.6 23.8 36.4 22.3 18.9 19.7 7.1
3.5 42.4 31.1 12.3 45.9 29.3 13.3 37.7 40.0 19.7 35.0 22.8 6.6
7.1 24.1 29.7 20.8 7.5

7.4 26.9 24.1 5.4 29.7 20.8
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Tipn values determined in suspension increase by an order of magnitude except if
MeOH is used as a solvent. In solvents of medium polarity all investigated xerogels form
highly mobile interphases and the relaxation tifigg are located on the fast motion regime
of the correlation time curvé®. In suspension spin diffusion does not longer play the
dominating role of the relaxation processes. The different proton sites relax in varying rates.
By these measurements it is corroborated, that the non-hydrolyzed methoxy protons (3.5
ppm) are most mobile followed by the protons of the methyl (0.0 ppm) or ethyl groups (0.9
and 0.4 ppm) adjacent to the internal silicon atom. Due to the low swelling capability, the
determination of thel;y values of the mentioned polymers swollen in MeOH is rather
difficult.

With the exception oWIb, the pure D—polymers show the loweS$iy, values and
therefore the lowest mobility in suspension, which can be explained by the rather high degree

of condensation.

2.4.6 Surface Area Measurements, SEM Images, and EDX Measurements

Due to the high organic portions in these inorganic—organic hybrid materials the surface area
measurements according to the BET method reveal very low values (&d)0 which is in
agreement with former resufts®?

SEM images of the polymelda andlVa are depicted in Figure 16. In contrast\a,
which consist®f smaller particles due to the higher brittleness of T—polyniéas.as a pure

D—polymer is rubber—like with mainly large particles.
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Figure 16 SEM images ofila (left) andlVa (right).

Figure 17 illustrates typical EDX spectraldd andVla including peak assignment. A
gualitative analysis confirms the presence of carbon, oxygen and silicon. For purposes of
guantification, however, the measured composition has to be compared with theoretical values
calculated excluding hydrogen, since hydrogen is a single electron atom and thus does not
emit characteristic X—rays. In Table 20 the quantification results of the EDX measurements

are summarized and compared to reference data from NMR measurements.

. SiK,

Intensity [counts]
=
1

1 2 3
Energy [keV]
Figure 17 EDX spectra oVla (top) andllla (bottom). The spectrum &fla is offset by a

factor of 10 for clarity. It can be seen that the oxygen conteXiafis significantly higher
than inllla .
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Table 20 EDX data of llla, b, IVa, b, Va, b, and Vla, b

Reference dafa EDX [ZAF correctionf EDX [¢(pz)—correction]

Composition [%] Composition [%] Composition [%]
Xerogel C O Si C O Si C O Si
lla 49.2 16.4 34.4 50.0 14.9 35.1 51.1 15.9 33.0
IVa“ 409 272 319 - - — —~ - -
b 51.9 17.3 30.8 54.6 194 26.0 54.7 20.7 24.6
IVb ¢ 451 262 287 - - — —~ - -
Va 53.7 14.9 31.4 53.2 12.9 33.9 54.2 13.9 31.9
Via 45.8 25.0 29.2 47.2 20.9 31.9 48.0 22.0 30.0
Vb 55.1 16.3 28.6 56.6 17.2 26.2 56.7 18.5 24.8
Vib 49.6 23.3 27.1 50.6 21.4 28.0 51.0 22.6 26.4

2 Derived from NMR data according to réf. ® Calculated according to réf. ¢ Calculated
excluding hydrogerf Sample topography does not allow quantification.

2.4.7 Conclusion

A new type of polysiloxanes with tunable T/T— and T/D-ratios was synthesized by sol-gel
processing of the novel monomeric precursors R’'Si(Q\@#),):R.Si(CH:Si(OMelR’ (R =

Me, Et; R’ = Me, OMe) (D), 4(T°), 5(D°), 6(T%]. Since they combine the advantages of a
mobile alkyl chain with a lower degree of condensation, which is induced by the steric
demand of the internal organosilicon function, the mentioned precursors are suitable to form
highly mobile carrier matrices for ‘Chemistry in Interphases’. As a result ofTthe
measurements in the solid state the formation of domains is excluded, which means that the
materials are homogenou¥d HR/MAS NMR spectroscopy andliq measurements in
suspension furnish evidence that the xerogels form highly mobile interphases if solvents of a
medium polarity like chloroform or tetrahydrofuran are used. Due to the lower degree of
condensation the polymers with T—silyl functions seem to be more mobile in the solid and in
the suspension state than the pure D—polymers. Despite low degrees of condensation the

cross—linking in these novel inorganic—organic hybrid materials is sufficient to resist even a
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partial decomposition during sol—-gel processing. These properties afford the precondition that
leaching of catalytically active transition metal complexes is reduced in ‘Chemistry in

Interphases’.
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3. Experimental Section

3.1 General Remarks

All reactions and manipulations were carried out under argon with the usual Schlenck
techniques. Methanol was dried with magnesium and distilled. All other solvents were
distilled from sodium benzophenone or calcium hydridgO kind (—Bu)Sn(OAc) were

distilled under inert gas prior to use. All solvents and reagents were stored under argon.

3.1.1 Reagents

RhCk and PdCl were a gift from Degussa AG. Dichloromethylsilane and trichlororsilane
were purchased from Aldrich. Trimethyl orthoformate, phenyltrimethoxysilane and 1-hexene
were purchased from Fluka. (COD)Pgfél (NBD)Mo(CO)®, [u—CIRh(COD)}?? the T—
functionalized diphosphine1(T%*, the co—condensation agent®’-Cs-D° * and
Ph(1,4-GD°%, > as well as diallyldimethylsilafi¢and diallyldiethylsilan® were synthesized

as previously described.

3.1.2 Elemental Analyses, IR, and Mass Investigations

Elemental analyses were carried out on a Vario EL (Elementar Analytische Systeme Hanau).
IR data were obtained on a Bruker IFS 48 FT—IR spectrometer. Mass spectra (FD) were
acquired on a Finnigan MAT 711A instrument (8 kV, 333 K), El-spectra were recorded on a

TSQ Finnigan (70 eV, 473 K) and reported as mass/char@e (
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3.1.3 NMR Spectroscopy in Solution

Solution nuclear magnetic resonance spectra were recorded on a Bruker DRX 250
spectrometer (field strength 5.87 T) at 296 K. Frequencies are as folldwéMR: 250.13

MHz, 3P{*H} NMR: 101.25 MHz (referenced to 85 %3Pl0s), *C{*H} NMR: 62.90 MHz,

29Si{'H} NMR: 49.69 MHz (referenced to TMS}**Rh NMR resonances were measured
using a 2D TP, ®Rh){*H} experiment®. Chemical shifts in théH and **C{*H} NMR

spectra were measured relative to partially deuterated solvent peaks which are reported

relative to TMS. Thé®Rh chemical shift values are referre(Rh) = 3.16 MhZ°.

3.1.4 Solid State NMR Measurements

CP/MAS solid state NMR spectra were recorded on Bruker DSX 200 and Bruker ASX 300
(temperature dependent measurements) multinuclear spectrometers equipped with wide bore
magnets (field strength 4.7 T and 7.05 T). Magic angle spinning was applied up to 10 kHz (4
mm ZrQ, rotors) and 3 — 4 kHz (7 mm Zg@otors), respectively. Frequencies and standards:
31p 81.961 MHz (4.7 T), 121.442 MHz (7.05 T) [85%P®,, NH,H,PO, (5= 0.8) as second
standard];**C, 50.228 MHz (4.7 T), 75.432 MHz (7.05 T), [TMS, carbonyl resonance of
glycine @ = 176.05) as second standartfsi, 39.73 MHz (4.7 T), 59.595 MHz (7.05 T),
(QsMg as second standard). All samples were packed under exclusion of molecular oxygen.
The cross polarization constafiig; were determined by variation of the contact tifp€l4 —

16 experiments). The proton relaxation times in the rotating fregewere measured by
direct proton spin lock—CP experiment®’. The relaxation parameters were obtained using
Bruker software SIMFIT. Peak deconvolution of the spectra were performed with the Bruker

softwear WINFIT using Voigtian line shapes. For the quantification of the silyl species in the
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polysiloxanes?°Si CP/MAS NMR contact time variations experiments were carried out and
the obtained quasi 2D—data set was analyzed with XWINNMR. The relative ameuofts
each of the band T' species in one sample were calculated by inserting their peak areas of
the deconvoluted spectltér,), the individualTsy data, and the commoRngy value into the

following equitatior®’.

:|—0 Te/TioH _ T TsiH (1)
(T (1 - Tsin/T1pn) (e © )

If the boundary conditiosiy << T >° could not be considered, the quantification of
the silyl species was performed by deconvolution of’t8& CP/MAS spectraT; = 5 ms)*®
or by a?°Si HPDEC/MAS NMR experiment [recycle delay 20 s, pulse lengthu8.6- 45°)]

followed by peak deconvolution.

3.1.5 Suspension NMR Measurements

The 'H HR/MAS suspension state NMR spectra were recorded on a Bruker ASX 300
spectrometer equipped with a wide bore magnet (field strength 7.05 T, proton resonance
frequency 300.13 MHz). Acquisition parameters: 90° proton pulse length 3.5 ps, recycle
delay 3 s, sweep width 50 kHz, 16 K data points in the time domain. The chemical shifts were
referenced with respect to TMS. Thgy values in suspension were determined by a spin
lock—SPE—experiment vidd (90° proton pulse length 3.5 us, recycle delay 3 s, spectral width
50 kHz, 16 K data points in the time domaih) The polysiloxanes were allowed to swell in
solvents at least for one hour in 4 mm rotors with inserts. In all cases the rotation frequency

was 4 kHz. Samples were employed in amounts of 20 mg.
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3.1.6 EXAFS Measurements

EXAFS measurements were performed at the Rh—K—edge (23220 eV) at the beamline X1.1 of
the Hamburger Synchrotron—Strahlungslabor (HASYLAB) at DESY, Hamburg with a Si(311)
double crystal monochromator under ambient conditions (5.46 GeV, beam current 93 mA).
Data were collected in transmission mode with ion chambers. Energy calibration was
monitored with a 20um thick rhodium metal foil at the K-edge (23220 eV). All
measurements were performed under an inert gas atmosphere. The samples were prepared of
a mixture of the xerogels and polyethylene. Data were analyzed with a program package
specially developed for the requirements of amorphous saffiplEse program AUTOBK of

the University of Washingtofi® was used for background removal, and the program
EXCURV92°° was used for evaluation of the XAFS function. The resulting EXAFS function
was weighted with ¥ Data analysis in k space was performed according to the curved—wave
multiple—scattering formalism of the program EXCURV92. The mean free path of the
scattered electrons was calculated from the imaginary part of the potential (VPI was set to —
4.00), the amplitude reduction factor AFAC was fixed at 0.8, and an overall energyABhift

was introduced to fit the data. In the fitting procedure the intermolecular coordination
numbers were varied and the intramolecular coordination numbers were fixed according to

the known values of the ligands around the rhodium atom.

3.1.7 SEM and EDX Investigations

Scanning electron micrographs and energy dispersive X—ray analysis (EDX) were performed
on a Philips XL 30 scanning electron microscope (SEM) equipped with a DX-4 X-ray

detection system by EDAX. This consists of an energy dispersive Si(Li)—detector with an
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active area of 10 mfrand the eDX software package. The primary beam energy was set to 20
keV for all measurements. Micrographs were recorded detecting secondary electrons
generated by a probe current of approximately 50 or 168 pA, whereas a probe current of 575
or 623 pA was applied for carrying out elemental analysis by EDX. Quantification of X-ray
emission spectra was achieved employing the ZAF as well agphg correction procedure

to convert X—ray intensities to elemental amouhtsThe sample powder was placed on a
specimen stub covered with a conductive adhesive tab and subsequently provided with a
sputtered 20 nm gold layer to avoid specimen charging. Spectra were recorded with spot
illumination of the sample for 240 or 300 seconds, yielding count rates of about 2000 s
Spectra were acquired several times at different sample positions to ensure reproducibility.
The various measurements were found to differ to about 3 % which is within the limits of
error, especially for light element samples with pronounced topography. For this reason,
special care was taken to find specimen areas exhibiting flat surfaces to ensure the validity of

the correction models. All measurements were performed at ambient temperature.

3.1.8 Catalysis

Hydrogenation experiments were carried out in a 100 ml stainless steel autoclave equipped
with a mechanical stirring bar. The autoclave was flushed with argon prior to the introduction

of the reaction mixture (1 — 10 umol catalyst with respect to rhodium, 6 — 60 mmol of 1-
hexene and 25 ml of the solvent). The suspension was set under hydrogen pressure and stirred
prior to heating to the desired temperature. The quantitative analyses were performed on a GC
6000 Vega Series 2 (Carlo Erba Instruments) with an FID and a capillary column CP Sil 88

[17 m, carrier gas helium (50 kPa); integrator Hewlett Packard 3390 A].
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Leaching investigations were carried out with a Varian Spectr AA 20 Plus atomic

absorption spectrometer.

3.2 Preparation of the Compounds

3.2.1 Synthesis of the Monomers

3.2.1.1 Preparation of the Rhodium(l) Complex 2(%)

n*~1,5-Cyclooctadiene[2—diphenylphosphinylmethyl-1—-diphenylphosphinyl-8—trimethoxy—
silyloctanerhodium(l)]hexafluoroantimonate(V) [2(9)]: To a solution of AgShf(164 mg,

0.48 mmol) in 3 ml of THF a solution ofif CIRh(COD)} (118 mg, 0.24 mmol) in 3 ml of
THF was added under exclusion of light. After stirring for 1 h a solutiob(B% (295 mg,

0.48 mmol) in 3 ml of THF was added. The reaction mixture was stirred for 2 h and the
precipitated AgCIl was removed by centrifugation. Then the solvent was removed under
reduced pressure. The residue was dissolved in 3 ml of THF and 10rwpaitane was
added to this solution. After stirring for 10 min, filtration (P3) and drying for 1 h 452 mg
(88 %) of2(T% was obtained as a microcristalline, orange—yellow solid.

'H NMR (CDCE): & = 7.56 — 7.19 (m, 20H, H—phenyl), 4.86, 4.24 [br, 4H, H—olefin (COD)],
3.47 (s, 9H, OCH), 2.60 — 1.05 (m, 23H, GHCH), 0.53 — 0.47 (m. 2H, GHCH-Si).
13C{*H} NMR (CDCls): 5 = 134.6 — 126.3 (m, C—phenyl), 102.2, 95.6 [br, C—olefin (COD)],
48.7 (OCH), 38.4 (m, CHP), 31.0 — 20.7 (CH CH), 7.2 (CH-CH»-Si). *P{*H} NMR
(CDCk): & = 15.5 (d,%J(RhP) = 141.4 Hz)*Rh{*H} NMR (CDCls): & = —-350. IR (KB,
cm’): 1096 s y(S-OMe)], 669 m ¥(SbR)]. MS (FD): m/z 827.1 [M — SbFj].

Ca4HsgFsOsP,RNhSbSi: calcd C 49.69, H 5.50 %; found C 49.32, H 4.87 %.
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3.2.1.2 Synthesis of the Co—condensing Agents 8(B4(T°), 5(D°), and 6(T°)

Bis[3—(dimethoxymethylsilyl)propyl]dimethylsilane [3tm: A mixture of
diallyldimethylsilane (6.27 g, 44.7 mmol), dichloromethylsilane (17.25 g, 150 mmol) and
hexachloroplatinic acid (15.0 mg, 0.029 mmol) in 75 ml of THF was stirred for 2 d at room
temperature. Then the solvent was removed under reduced pressure. To the remaining viscous
oil trimethyl orthoformate (100 ml, 960 mmol) was added. After stirring for 4 d all volatile
components were removed under reduced pressure and distillation under vacuum afforded
11.68 g (75 %) of3(D°), which was obtained as a colorless, airstable liquid sensitive to
moisture, b.p. 110 °C (4 mbar).

'H NMR (CgDg): & = 3.43 (s, 12H, Si-OCH), 1.49 (m, 4H, Si-CHCH,—CH,-Si), 0.73 (t,

3J(HH) = 7.69 Hz, 4H, (KC),Si-CH,—CH), 0.63 (M, 4H, HC(HsCO)Si-CH,—CH,-), 0.11

(s, 6H, Si(OCH),CHs), 0.00 (s, 6H, Si(CH),). *C{*H} NMR (C¢D¢): & = 49.7 (Si-OCH),

19.8 ((HC)Si-CH,-), 18.1 (Si-CH-CH—CH,-Si), 17.8 (HC(HsCO)Si-CH), —3.3
(Si(CHs),), —5.5 (Si(OCH),CH3). 2°Si{*H} NMR (CeDe): & = 1.1 (Si(CH),), —2.8
(Si(OCHp).CHa). IR (KBr, cm™): 1258 s §(Si-CHy)], 1190 s P(Si-CH-)], 1087 vs Y(Si-

OCHy)]. MS (EI): m/z = 337 [M" — CHj, 291 [M" — 2CH — OCH], 205
[H3C(HsCOLSi(CHy)sSi(CHs),']. CiaH3604Sks: caled C 47.68, H 10.29 %; found C 46.98, H

10.25 %.

Bis[3—(trimethoxysilyl)propyl]dimethylsilane [4(})]: A mixture of diallyldimethylsilane

(13.62 g, 97.0 mmol), trichlorosilane (39.5 g, 300 mmol) and hexachloroplatinic acid (15.0
mg, 0.029 mmol) in 150 ml of THF was stirred for 2 d at room temperature. Then the solvent
was removed under reduced pressure. To the remaining viscous oil trimethyl orthoformate

(200 ml, 1.92 mol) was added. After stirring for 4 d all volatile components were removed
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under reduced pressure and distillation under vacuum afforded 9.98 g (22@)ofvhich
was obtained as a colorless, airstable liquid sensitive to moisture, b.p. 110 °C (3 mbar).
'H NMR (CgDg): & = 3.53 (s, 18H, Si-OCH), 1.54 (m, 4H, Si-CHCH,—CH,-Si), 0.74 (t,
3J(HH) = 7.85 Hz, 4H, (C),Si-CH,—CH,—), 0.64 (m, 4H, (WCO)%Si-CH,~CH,—), 0.00 (s,
6H, Si(CH),). B*C{*H} NMR (CgDg): & = 50.5 (Si—-OCH), 20.0 ((HC),Si-CH-), 18.2 (Si—
CHx-CHx-CH,-Si), 14.6 ((HCO)%:Si-CH»-), —3.0 (Si(CH),). °S{*H} NMR (C¢Dg): 8 = 1.2
(Si(CHs),), —42.4 (Si(OCH)s). IR (KBr, cn?): 1248 s y(Si-CHy)], 1192 s Y(Si-CH-)],
1077 vs P(Si-OCH)]. MS (El): m/z= 369 [M" — CHy], 307 [M" — CH; — 20CH], 221
[(H3CO%Si(CH,)3Si(CHs)2']. CiaH3¢06Sk: calcd C 43.71, H 9.43 %; found C 43.63, H

9.39 %.

Bis[3—(dimethoxymethylsilyl)propyl]diethylsilane [5{)J: A mixture of diallyldiethylsilane

(7.69 g, 45.7 mmol), dichloromethylsilane (17.25 g, 150 mmol) and hexachloroplatinic acid
(15.0 mg, 0.029 mmol) in 75 ml of THF was stirred for 2 d at room temperature. Then the
solvent was removed under reduced pressure. To the remaining viscous oil trimethyl
orthoformate (100 ml, 960 mmol) was added. After stirring for 4 d all volatile components
were removed under reduced pressure and distillation under vacuum afforded 5.26 g (54 %)
of 5(D°%), which was obtained as a colorless, airstable liquid sensitive to moisture, b.p. 135 °C
(4 mbar).

'H NMR (CgDg): & = 3.30 (s, 12H, Si-OCH), 1.49 (m, 4H, Si-CHCH,—CH,-Si), 0.93 (t,
3J(HH) = 7.85 Hz, 6H, Si-CH-CHs ), 0.70 (t2J(HH) = 8.01 Hz, 4H, (IC5),Si-CH—CHy—),

0.61 (M, 4H, HC(HsCO),Si-CH,—CH,-), 0.48 (q2J(HH) = 7.85 Hz, 4H, Si-8,-CHs), 0.07

(s, 6H, Si(OCH),CHa). **C{*H} NMR (CgDs): & = 49.9 (Si-OCH), 18.5 ((HC,),Si-CH--),

18.0 (Si-CH-CH,—CH,-Si), 16.5 (HC(HsCO®LSi-CHy-), 7.8 (Si-CH-CH3), 4.2 (SHCH—

CHs), —5.3 (Si(OCH),CHs). #Si{*H} NMR (C¢De): & = 4.5 (Si(CH-CHs),), —2.6
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(Si(OCHp),CHa). IR (KBr, cm™): 1258 s §(Si-CHy)], 1190 s P(Si-CH-)], 1089 vs y(Si-
OCH)]. MS (El): m/z = 351 [M" — GHg], 305 [M" — GHs — CH; — OCHj], 233
[H3C(HsCOYSi(CH,)sSi(CHs)2]. CieHaoOsSis: C 50.47, H 10.59 %; found C 50.40, H

10.50 %.

Bis[3—(trimethoxysilyl)propyl]diethylsilane [6(%]: A mixture of diallyldiethylsilane (9.68 g,

57.5 mmol), trichlorosilane (24.5 g, 190 mmol) and hexachloroplatinic acid (15.0 mg, 0.029
mmol) in 75 ml of THF was stirred for 2 d at room temperature. Then the solvent was
removed under reduced pressure. To the remaining viscous oil trimethyl orthoformate (100
ml, 960 mmol) was added. After stirring for 4 d all volatile components were removed under
reduced pressure and distillation under vacuum afforded 14.57 g (626¢@ pfwhich was
obtained as a colorless, airstable liquid sensitive to moisture, b.p. 120 °C (3 mbar).

'H NMR (CgDg): & = 3.53 (s, 18H, Si-OCH), 1.49 (m, 4H, Si-CH-CH,—CH,-Si), 0.89 (t,
3J(HH) = 8.06 Hz, 6H, Si-Ch-CHs), 0.68 (t,°J(HH) = 7.85 Hz, 4H, (I5C,),Si-CH,—CH,-),

0.57 (m, 4H, (HCO)%Si-CH—CH,-), 0.43 (g,%J(HH) = 8.06 Hz, 4H, Si(E,~CH),).
3C{*H} NMR (C¢Dg): & = 50.2 (Si-OCH), 17.9 ((HC,),Si-CHx-), 16.2 (Si-CH-CH—
CHx-Si), 14.5 ((HCO)Si-CH>-), 7.6 (Si-CH-CH3), 4.0 (SIFCH,-CHs). #°Si{*H} NMR
(CéDg): & = 4.7 Si(CH-CHy),), —42.3 (Si(OCH)s). IR (KBr, cnt): 1192 s y(Si-CH-)],

1092 vs J(Si-OCHy)]. MS (El): m/z= 383 [M" — GHs), 337 [M" — GHs — CH; — OCH],

249 [(HeCOX%SI(CH,)3Si(CHs),']. CieHa006Sk: calcd C 46.56, H 9.77 %; found C 46.39, H

9.78 %.
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3.2.2 Synthesis of the Xerogels la — d

General Procedure for Sol-Gel Processing

To a solution of 2—diphenylphosphinylmethyl-1-diphenylphosphinyl-8—trimethoxysilyloctan
1(T°% in 7 ml of THF/MeOH (6:1) the corresponding amount of the co—condensation agent
D°—CsD° or Ph(1,4-GD°),, H,O, and 30 mg of the catalysi-Bu),Sn(OAc) were added.

This mixture was stirred for 48 h at room temperature until a gel was formed. Then the
solvent was removed under reduced pressure and the obtained gels were dried for 1 h. The
crude gels were washed three times with toluene (5 mfp &t ml), andn—pentane (10 ml).

After aging was performed by drying for 8h in vacuo the xeroigels d were obtained as

colorless solids.

(2-Diphenylphosphinylmethyl-1—diphenylphosphinyl-8—polysiloxanyloctan&)@-D'). 5

(la): 1(T% (0.97 g, 1.57 mmol) anB°-Cs—D° (1.16 g, 3.93 mmol) were sol-gel processed
with water (0.2 g, 11.1 mmol). After purification and aging a colorless gel was obtained.
Yield: 1.48 g (88 %).

3P CP/MAS NMR:d = —22.1.1°C CP/MAS NMR:3 = 139.0, 133.0, 129.6 (br, C—phenyl),
49.9 (SIOCH), 44.1 — 7.6 (ChH of matrix and spacer), —0.1 £&5iCH;), —-5.4
((HsCO),SiCHs). 2°Si CP/MAS NMR:6 = -1.7 (D), —14.0 (B), —22.5 (D), -58.8 (), -67.0

(T3). CiogH164P4Sh:013 (idealized stoichiometry): caled C 59.91, H 7.73 %; corrected

stoichiometry?* C 61.21, H 7.77 %; found C 59.33, H 6.95%

(2-Diphenylphosphinylmethyl-1—diphenylphosphinyl-8—polysiloxanyloctan&)(@-D')s
(Ib): 1(T% (0.83 g, 1.35 mmol) anB°-Cs—D° (1.98 g, 6.75 mmol) were sol-gel processed
with water (0.4 g, 22.2 mmol). After purification and aging a colorless gel was obtained.

Yield: 1.75 g (83 %).
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3p CP/MAS NMR:d = —22.5.13C CP/MAS NMR:3 = 139.5, 133.0, 128.3 (br, C—phenyl),
49.6 (SIOCH), 41.7 — 8.6 (ChH of matrix and spacer), —0.2 {&5iCH;), —5.6
((HsCO),SiCHs). 2°Si CP/MAS NMR:8 = —2.0 (D), —12.2 (B), —22.5 (B), -58.9 (T), -67.6
(T3). CragH2sP4Sh:0,3 (idealized stoichiometry): calcd C 56.23, H 8.21 %; corrected

stoichiometry?* C 55.94, H 8.23 %; found C 51.95, H 7.67%

(2—Diphenylphosphinylmethyl-1-diphenylphosphinyl-8—polysiloxanyloctane)[Ph(1,4—
CsD')2]25 (Ic): 1(T°) (0.83 g, 1.35 mmol) anBh(1,4-GD°), (1.25 g, 3.38 mmol) were sol-

gel processed with water (0.2 g, 11.1 mmol). After purification and aging a colorless gel was
obtained. Yield: 1.43 g (85 %).

31p CP/MAS NMR:3 = —22.6.2°C CP/MAS NMR: 3 = 139.4, 128.6 (br, C—phenyl), 49.8
(SIOCHs), 44.4 — 8.2 (CH of matrix and spacer), —0.1 {65iCHs), —5.2 ((HCO),SiCHs).

29Si CP/IMAS NMR: 8 = -2.2 (), -11.8 (B), —22.2 (B), -58.1 (F), -67.7 (P).
Ci136H184P4Sh2013 (idealized stoichiometry): calcd C 65.66, H 7.45 %; corrected stoichiometry

22 C 67.84, H, 7.08 %: found C 65.20, H 6.89%

(2-Diphenylphosphinylmethyl-1—-diphenylphosphinyl-8—polysiloxanyloctane)[Ph(1,4—
CsD')2]s (Id): 1(T°) (0.83 g, 1.35 mmol) anBh(1,4-GD", (2.5 g, 6.75 mmol) were sol gel
processed with water (0.4 g, 22.2 mmol). After purification and aging a colorless gel was
obtained. Yield: 1.69 g (87 %).

3p CP/MAS NMR:3 = —22.5.°C CP/MAS NMR:d = 139.2, 128.8 (br, C—phenyl), 49.7
(SIOCHg), 45.1 — 6.2 (Chlof matrix and spacer), —0.5 (SigH?°Si CP/MAS NMR:§ =

-12.1 (B), —21.8 (B), -58.0 (F), —67.1 (P). CooeH204P4Si-O23 (idealized stoichiometry):
calcd C 63.76, H 7.64 %:; corrected stoichiométryC 63.60, H 7.65 %; found C 63.35, H

7.35% .
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3.2.3 Synthesis of the Xerogelsl and Id

{[1,3-Bis(diphenylphosphinyl)—2—(8—polysiloxanyloctyl)propane)]dioxide][¥O—D')s

(Iab): To a suspension &b (192 mg, 0.24 mmol) in 5 ml efpropanol 0.5 ml (6.0 mmol) of

an aqueous solution of,B, (35 %) was added. After stirring over night, the suspension was
filtered (P3), washed with ethanol (5 ml), acetone (5 ml), ethyl acetate (5 ml), and petrolium
ether (10 ml). After drying in vacuo for 6 h a colorless powder was obtained. Yield: 177 mg
(~ 100 %).

31p CP/MAS NMR:35= 30.5.°C CP/MAS NMR:3 = 137.8, 123.4 (br, C—phenyl), 49.6
(SIOCHs), 42.6 — 9.4 (CH of matrix and spacer), —0.2 {65iCHs), —5.4 ((HCO),SiCH5).

29Si CP/MAS NMR:8 = —2.4 (D), —-12.4 (B), —22.6 (D), —-58.7 (F), —66.8 (F). IR (KBr,

cm‘l): 1197 m (P=0). &H1319»0Si150140 calcd C 54.85, H 8.07 %; found C 50.33, H

8.33 %'°.

{[1,3-Bis(diphenylphosphinyl)—2—(8—polysiloxanyloctyl)propane)]dioxide]}[Ph(1,4BL:] s

(Iad): To a suspension d&d (181 mg, 0.18 mmol) in 5 ml efpropanol 0.5 ml (6.0 mmol) of

an aqueous solution of,B, (35 %) was added. After stirring over night, the suspension was
filtered (P3), washed with ethanol (5 ml), acetone (5 ml), ethyl acetate (5 ml), and petrolium
ether (10 ml). After drying in vacuo for 6 h a colorless powder was obtained. Yield: 179 mg
(~ 100 %).

3Ip CP/MAS NMR:5= 31.5.1°C CP/MAS NMR:3 = 139.4, 128.4 (br, C—phenyl), 49.9
(SIOCHg), 46.2 — 11.4 (CHof matrix and spacer), —0.1 (SigH*Si CP/MAS NMR:3 =

-12.7 (D), -22.3 (B), -58.4 (F), -68.1 (P). IR (KBr, cm?®): 1185 m (P=0).

Cro7H154P20Si170142: calcd C 62.62, H 7.53 %; found C 61.18, H 7.54°%
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3.2.4 Synthesis of the Xerogelslh and Igd

{[1,3-Bis(diphenylphosphinyl)—2—(8—polysiloxanyloctyl)propane)]disulphide[HOs—D')s

(Isb): A suspension ofb (280 mg, 0.35 mmol) and 0f$%26 mg, 0.81 mmol) in 10 ml of
toluene was stirred at 80°C for 8 h. After removing toluene in vacuo the crude product was
washed three times with %5 ml), ethyl acetate (5 ml), finallg—pentane (10 ml). After
drying in vacuo for 3 h a colorless powder was obtained. Yield: 260 mg (~ 100 %).

3Ip CP/MAS NMR: 5= 38.5.°C CP/MAS NMR: 3 = 142.0 — 120.6 (C—phenyl), 49.8
(SIOCHs), 44.5 — 8.9 (CH of matrix and spacer), —0.1 {65iCHs), —5.4 ((HCO),SiCH5).

29Si CP/MAS NMR:8 = -2.1 (D), —-12.3 (B), —22.5 (B), -57.7 (F), -67.6 (F). IR (KBr,

cm‘l): 626 w (P=S). &H131920520Sh150120: calcd C 53.80, H 7.92, S 3.83 %, found C

50.37, H 8.15, S 3.81 9.

{[1,3-Bis(diphenylphosphinyl)-2—(8—polysiloxanyloctyl)propane)]disulphide]}[Ph(1,4—
CsD')2]s (Ied): A suspension ofd (210 mg, 0.21 mmol) and 0§ $18 mg, 0.56 mmol) in 10

ml of toluene was stirred at 80°C for 8 h. After removing toluene in vacuo the crude product
was washed three times with £S ml), ethyl acetate (5 ml), finally-pentane (10 ml). After
drying in vacuo for 3 h a colorless powder was obtained. Yield: 212 mg (~ 100 %).

31p CP/MAS NMR:3= 38.5.1°C CP/MAS NMR:3 = 139.4, 128.5 (br, C—phenyl), 49.7
(SIOCHg), 46.4 — 7.6 (Chlof matrix and spacer), —0.2 (SigH?°Si CP/MAS NMR:§ =

-12.3 (D), —22.0 (B), -57.7 (), -67.6 (P). IR (KBr, cm?): 624 w (P=S).
Cro7dH154P20S50Sh17/01220 calcd C 61.66, H 7.42, S 3.05 %; found C 59.88, H 7.34,

S 4.50 %°
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3.2.5 Synthesis of the Xerogelglh and Icd

{[1,3-Bis(diphenylmethylphosphonium)—2—(8—polysiloxanyloctyl)propane)]diiodide}(D
Cs—D")s (Icb): To a suspension db (190 mg, 0.24 mmol) in 5 ml of G&l, 0.05 ml (0.80
mmol) of methyl iodide was added. After stirring at room temperature for 8 h the solvent was
removed in vacuo and the crude product was washed three times—p@htane (10 ml).

After drying in vacuo for 3 h a colorless powder was obtained. Yield: 226 mg (~ 100 %).

31p CP/MAS NMR:3d= 22.4.1°C CP/MAS NMR:&= 133.3, 130.6 (br, C—phenyl), 122.5
(ipso-C), 49.8 (SIOCH), 46.1 — 7.6 (CH of matrix and spacer, PG} -0.1 (Q,:SiCHg), —

5.5 ((HCO)LSICHa3). 2°Si CP/MAS NMR:d = -2.3 (D), —-12.5 (D), —22.6 (B), -58.8 (), —

67.0 (7). Cr7H137d 20P20Si1150126: caled C 48.83, H 7.32, |1 13.40 %; found C 45.91, H 7.84, |

9.05 %'°.

{[1,3-Bis(diphenylmethylphosphonium)—-2—(8—polysiloxanyloctyl)propane)]diiodide]}
[Ph(1,4-GD")]s (Icd): To a suspension dfl (220 mg, 0.22 mmol) in 5 ml of GBI, 0.05

ml (0.80 mmol) of methyl iodide was added. After stirring at room temperature for 8 h the
solvent was removed in vacuo and the crude product was washed three timesperitane

(10 ml). After drying in vacuo for 3 h a colorless powder was obtained. Yield: 244 mg (~ 100
%).

31p CP/MAS NMR:3d= 21.9.1°C CP/MAS NMR:&= 139.4, 128.4 (br, C—phenyl), 121.9
(ipso-C), 49.7 (SiOCH), 45.1 — 6.2 (Chlof matrix and spacer, PGH —0.3 (SiCH). ?°Si
CP/MAS NMR: 3 = -12.5 (D), —22.4 (B), -59.1 (F), =68.0 (F). CroodH 1604 20P20Si170125:

calcd C 56.86, H 6.98, 1 10.93 %; found C 53.57, H 6.27, 1 9.0% %
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3.2.6 Synthesis of the Xerogelslb and Ipd

[(2-Diphenylphosphinylmethyl-1-diphenylphosphinyl-8—polysiloxanyloctane)molybden—
umtetracarbonyl](D-Cs—D')s (Iob): To a suspension db (172 mg, 0.21 mmol) in 5 ml of
CH.Cl, a solution of (NBD)Mo(CQ) (60 mg, 0.20 mmol) in 5 ml of Gi€l, was added.

After stirring at room temperature for 8 h the solvent was removed in vacuo and the crude
product was washed three times with toluene (5 ml)resméntane (10 ml). After drying in
vacuo for 3 h a slight yellow powder was obtained. Yield: 190 mg (~ 100 %).

31p CP/MAS NMR:3 = 24.6.°C CP/MAS NMR:3 = 215.4,212.7 (CO), 144.7 — 122.9 (C—
phenyl), 49.7 (SiIOCk), 45.4 — 7.9 (CH of matrix and spacer), —0.1 {&5iCHs), —5.5
((HsCO),SiCHs). 2°Si CP/MAS NMR:6 = —2.3 (D), —12.2 (B), —22.5 (B), -58.8 (T), —66.7

(T3). IR (KBr, cn®) 2018 s, 1927 s, 1897 Vs (CO)ol1319M010P20Sk150160 calcd C 52.19,

H 7.29 %; found C 46.41, H 7.38 %

[(2-Diphenylphosphinylmethyl-1-diphenylphosphinyl-8—polysiloxanyloctane)molybden—
umtetracarbonyl][Ph(1,4—-@D")]s (Iod): To a suspension ¢d (184 mg, 0.18 mmol) in 5 ml

of CH,Cl, a solution of (NBD)Mo(CQ) (60 mg, 0.20 mmol) in 5 ml of Gi&€l, was added.

After stirring at room temperature for 8 h the solvent was removed in vacuo and the crude
product was washed three times with toluene (5 ml)resméntane (10 ml). After drying in
vacuo for 3 h a slight yellow powder was obtained. Yield: 191 mg (~ 100 %).

31p CP/MAS NMR:d = 24.6.2*C CP/MAS NMR:d = 215.2, 211.7(CO), 139.6, 128.5 (br,
C—phenyl), 49.7 (SiOC}), 45.8 — 8.2 (CH of matrix and spacer), —0.4 (SiQH *°Si
CP/MAS NMR: 8 = -12.5 (D), —21.7 (D), -58.2 (F), —66.6 (P). IR (KBr, cm®) 2017 s,

1925 s, 1893 vs (CO).1GH154M010P20Sh170162 calcd C 59.85, H 6.94 %; found C 59.04,

H 6.03 %'°.
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3.2.7 Synthesis of the Xerogelslh and Ied

[Dichloro(2—diphenylphosphinylmethyl-1—diphenylphosphinyl-8—polysiloxanyloctane)—
palladium(I1)](D'=Cs—D)s (Ieb): To a suspension db (172 mg, 0.21 mmol) in 5 ml of
CH.Cl, a solution of (COD)Pd&I(58 mg, 0.20 mmol) in 5 ml of Gi€l, was added. After
stirring at room temperature for 8 h the solvent was removed in vacuo and the crude product
was washed three times with acetone (5 ml), toluene (5ml)napentane (10 ml). After
drying in vacuo for 3 h a yellow powder was obtained. Yield: 178 mg (~ 100 %).

3Ip CP/MAS NMR: &= 16.6.°C CP/MAS NMR: 8= 142.7 — 122.5 (C—phenyl), 49.8
(SIOCHs), 42.1 — 8.6 (CH of matrix and spacer), —0.1 {65iCHs), —5.5 ((HCO),SiCH5).

29Sji CP/IMAS NMR: 8 = -2.4 (), -12.3 (B), —22.6 (B), -58.4 (F), -67.4 ().
Crs50H1315C0P20P thoSh 150120 calcd C 50.93, H 7.41, Cl 3.97 %; found C 49.35, H 8.04, Cl

3.35 %°.

[Dichloro(2—diphenylphosphinylmethyl-1-diphenylphosphinyl-8—polysiloxanyloctane)—
palladium(I1)][Ph(1,4—CsD")]s (Ied): To a suspension ¢d (179 mg, 0.17 mmol) in 5 ml of
CH.Cl, a solution of (COD)Pd&I(50 mg, 0.18 mmol) in 5 ml of Gi€l, was added. After
stirring at room temperature for 8 h the solvent was removed in vacuo and the crude product
was washed three times with acetone (5 ml), toluene (5ml)napentane (10 ml). After
drying in vacuo for 3 h a yellow powder was obtained. Yield: 166 mg (~ 100 %).

31p CP/MAS NMR:d= 17.4.°*C CP/MAS NMR: &= 139.6, 128.5 (br, C—phenyl), 49.6
(SIOCHg), 45.1 — 9.9 (Chlof matrix and spacer), —0.3 (SiQH*Si CP/MAS NMR:3 = -9.5

(DY), —21.9 (D), -58.7 (F), —66.4 (F). CrordH1547ClooP2oPthoSi170125 calcd C 58.51, H

7.04, Cl 3.20 %: found C 57.32, H 7.98, Cl 3.31%
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3.2.8 Synthesis of the Xerogels lla — i

General Procedure for Sol-Gel Processing

To a solution o2(T° in 10 ml of THF the corresponding amount of the co—condensing agent
D°-CeD° or Ph(1,4-GD%, 500 mg (28 mmol) of D and the catalyst
(n—Bu)Sn(OAc) (30 mg, 0.087 mmol) was added. The reaction mixture was stirred at room
temperature for 24 h until a gel was formed. Then the solvent was removed under reduced
pressure and the crude product was dried for 2 h. After washing three times with toluene (5
ml), diethyl ether (5 ml), and—-pentane (10 ml) and drying in vacuum overnight the xerogels

lla —i were obtained as yellow powders.

n“-1,5-Cyclooctadiene[2—diphenylphosphinylmethyl-1—-diphenylphosphinyl-8—polysilox—
anyloctanerhodium(l)]hexafluoroantimonate(V) (l1a) Initial weight of2(T°) 513 mg (0.48
mmol). Yield: 467 mg (97.8 %).

31p CP/MAS NMR:d = 15.3.13C CP/MAS NMR:& = 144.4 — 121.1 (br, C—phenyl), 103.8,
98.0 [br, C-olefin (COD)], 40.2, 31.1, 28.8, 23.7, 12.0 (brp,GEH). °Si CP/MAS NMR:

5 =-57.7 (F), —64.8 (P). Cs:HegF1,0:PsRNSSi, (idealized stoichiometry): caled C 49.52,

H 4.97 %; corrected stoichiometty C 49.47, H 5.06 %; found C 42.87, H 3.07%

{ n—1,5—Cyclooctadiene[2—diphenylphosphinylmethyl-1—diphenylphosphinyl-8—polysilox—
anyloctanerhodium(l)]hexafluoroantimonate(V)}(-Cs—D")2 5 (I1b) : Initial weight of 2(T°)
500 mg (0.47 mmol) and &°—Cs—D° 345 mg (1.18 mmol). Yield: 730 mg (93.5 %).

3p CP/MAS NMR:d = 13.9.13C CP/MAS NMR:& = 145.4 — 120.1 (br, C—phenyl), 103.7,
97.9 [br, C—olefin (COD)], 42.7 — 10.5 (br, gHCH of backbone and spacer), —0.2 (SisICH

Si CP/IMAS NMR: 8 = -9.8 (D), -208 (D), -57.1 (T), -65.4 (P).
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Ci22H188F12013Ps RS, Sk, (idealized stoichiometry): caled C 48.83, H 6.31 %, corrected

stoichiometry?% C 47.87, H 6.61 %; found C 42.21, H 5.13%

{ n—1,5—Cyclooctadiene[2—diphenylphosphinylmethyl-1—diphenylphosphinyl-8—polysilox—
anyloctanerhodium(l)]hexafluoroantimonate(V)}(-Cs—D")s (lic): Initial weight of 2(T°)

315 mg (0.38 mmol) and &°—Cs—D° 559 mg (1.90 mmol). Yield: 705 mg (97.4 %).

31p CP/MAS NMR:d = 14.1.13C CP/MAS NMR:& = 145.0 — 120.3 (br, C—phenyl), 104.2,
98.1 [br, C—olefin (COD)], 49.5 (OG} 44.1 — 7.3 (br, Ck CH of backbone and spacer), —
0.4 (Si-CH). °Si CP/MAS NMR: & = —11.5 (B), -22.2 (D), -59.0 (F), -67.9 (F).
Cie2H27gF12023Ps RS, Sk, (idealized stoichiometry): caled C 48.49, H 6.98 %, corrected

stoichiometry?> C 48.54, H 6.88 %; found C 45.44, H 6.70%

{ n—1,5—Cyclooctadiene[2—diphenylphosphinylmethyl-1—diphenylphosphinyl-8—polysilox—
anyloctanerhodium(l)]hexafluoroantimonate(V)}(-Cs—D")10 (I1d) : Initial weight of 2(T°)

185 mg (0.17 mmol) and &@°-CsD° 510 mg (1.74 mmol). Yield: 466 mg (98.8 %).

31p CP/MAS NMR:3 = 14.1.1°C CP/MAS NMR:3 = 140.2 — 116.1 (br, C—phenyl), 106.8 —
90.7 [br, C—olefin (COD)], 49.8 (OCGJ§{ 44.7 — 7.9 (br, CH CH of backbone and spacer),
-0.2 (Si-CH). #Si CP/MAS NMR: 3 = -12.4 (D), —22.2 (B), -59.0 (F), —68.0 (T).
CosH4s8F12043Ps RS, Sky, (idealized stoichiometry): caled C 48.15, H 7.65 %, corrected

stoichiometry?% C 46.93, H 7.57 %; found C 46.04, H 7.38%

{ n"—1,5—Cyclooctadiene[2—diphenylphosphinylmethyl-1—diphenylphosphinyl-8—polysilox—
anyloctanerhodium(l)]hexafluoroantimonate(V)}(-Cs—D')2o (lle): Initial weight of 2(T°)

205 mg (0.19 mmol) and &°—CeD° 1130 mg (3.86 mmol). Yield: 1080 mg (97.8 %).
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31p CP/MAS NMR:3 = 14.2.13C CP/MAS NMR:3 = 145.3 — 120.8 (br, C—phenyl), 110.5 —
91.4 [br, C—olefin (COD)], 49.8 (OCGJ}{ 44.4 — 8.2 (br, CH CH of backbone and spacer),
-0.2 (Si-CH). *Si CP/MAS NMR: 3 = -11.5 (B), —20.6 (B), -56.6 (F), —64.2 (T).
Cao2Hg18F12083Ps RS Sig, (idealized stoichiometry): caled C 47.88, H 8.18 %, corrected

stoichiometry’> C 46.08, H 8.36 %; found C 46.63, H 7.56 %.

{ n"—1,5—Cyclooctadiene[2—diphenylphosphinylmethyl-1—diphenylphosphinyl-8—polysilox—
anyloctanerhodium(l)]hexafluoroantimonate(V)}[Ph(1,4~4D")-]25 (IIf) : Initial weight of
2(T% 500 mg (0.47 mmol) and d?h(1,4-GD°, 437 mg (1.18 mmol). Yield: 665 mg
(91.5 %).

31p CP/MAS NMR:3 = 14.3.1°C CP/MAS NMR:3 = 148.6 — 115.1 (br, C—phenyl), 103.4 —
98.5 [br, C—olefin (COD)], 47.1 — 9.5 (br, GHCH of backbone and spacer), —0.2 (SisICH
Si CP/IMAS NMR: 8 = -9.6 (0), -205 (D), -555 (T), -65.5 (F).
Ci152H206F12013Ps RS, Sk, (idealized stoichiometry): caled C 53.99, H 6.20 %; corrected

stoichiometry’> C 53.04, H 6.05 %; found C 53.35, H 9.23 %.

{ n—1,5—Cyclooctadiene[2—diphenylphosphinylmethyl-1—diphenylphosphinyl-8—polysilox—
anyloctanerhodium(l)]hexafluoroantimonate(V)}[Ph(1,4+4D").]s (llg): Initial weight of
2(T% 315 mg (0.38 mmol) and d?h(1,4-GD%, 704 mg (1.9 mmol). Yield: 764 mg
(94.7 %).

31p CP/MAS NMR:3 = 14.0.1°C CP/MAS NMR:3 = 144.4 — 122.6 (br, C—phenyl), 102.5 —
95.4 [br, C—olefin (COD)], 49.8 (OCGJ}{ 44.1 — 7.3 (br, CH CH of backbone and spacer),
-0.1 (Si-CH). #Si CP/MAS NMR: 3 = -12.5 (B), -21.7 (B), -54.7 (F), —67.0 (T).
CooH318F12023Ps RS, Sk, (idealized stoichiometry): caled C 55.85, H 6.71 %, corrected

stoichiometry?% C 54.49, H 6.69 %; found C 52.40, H 6.08%
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{ n"—1,5—Cyclooctadiene[2—diphenylphosphinylmethyl-1—diphenylphosphinyl-8—polysilox—
anyloctanerhodium(l)Jhexafluoroantimonate(V)}[Ph(1,4~4D")-]10 (Ilh): Initial weight of
2(T% 185 mg (0.17 mmol) and d?h(1,4-GD°%, 644 mg (1.7 mmol). Yield: 496 mg
(94.2 %).

31p CP/MAS NMR:3 = 10.9.2°C CP/MAS NMR:38 = 149.3 — 115.8 (br, C—phenyl), 108.4 —
97.3 [br, C—olefin (COD)], 48.4 — 8.2 (br, GHCH of backbone and spacer), —0.1 (SisICH
29Si CP/MAS NMR: 8 = -12.8 (B), —22.5 (B), —67.7 (F). CssHs3gF12045PsRSHSiss
(idealized stoichiometry): calcd C 57.52, H 7.17 %; corrected stoichiorfet@ 56.89,

H 7.00 %; found C 57.90, H 7.02 %.

{ n"~1,5—Cyclooctadiene[2—diphenylphosphinylmethyl-1—diphenylphosphinyl-8—polysilox—
anyloctanerhodium(l)Jhexafluoroantimonate(V)}[Ph(1,4+4D")2]20 (Ili) : Initial weight of
2(T% 205 mg (0.19 mmol) and d?h(1,4-GD%, 1430 mg (3.86 mmol). Yield: 1420 mg
(89.2 %).

31p CP/MAS NMR:3 = 14.3.1°C CP/MAS NMR:38 = 148.3 — 117.9 (br, C—phenyl), 108.3 —
92.4 [br, C—olefin (COD)], 46.5 — 8.9 (br, GHCH of backbone and spacer), —0.1 (SisICH
Si CP/IMAS NMR: & = -11.8 (D), -21.1 (B), -54.7 (F), -65.8 (P).
Coa2Hg7F12083Ps RS, Sig, (idealized stoichiometry): caled C 58.73, H 7.51 %, corrected

stoichiometry’* C 59.09, H 7.61 %; found C 58.74, H 6.07 %.
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3.2.9 Synthesis of the Xerogels llla, b, IVa, b, Va, b, and Vla, b

General Procedure for Sol-Gel Processing

To a solution of the monomeric precursors in 4 ml of THF/MeOH (3:1) water and the catalyst
(n—Bu)Sn(OAc) was added. This mixture was stirred for 12 h at room temperature until a
gel was formed. Then the solvent was removed under reduced pressure and the obtained gels
were dried for 1h. The crude gels were washed three times with toluene (5.Ql)5EnI)

and n—pentane (10 ml). After aging by drying for 8h in a vacuum the gels were obtained as

rubber—like colorless solids.

Bis[3—(polymethylsiloxanyl)propyl]dimethylsilane (Illa) A mixture of 3(D°) (1.51 g, 4.3
mmol), water (440 mg, 24.6 mmol) and-Bu)Sn(OAc) (30 mg, 0.087 mmol) in 4 ml of
THF/MeOH (3:1) was sol-gel processed to give a colorless swollen gel. After purification
and aging 1.11 g (95.4 %) of a colorless powder were formed.

13C CP/IMAS NMR:8 = 49.7 (Si-OCH), 26.1 — 14.3 (SieH,~CH—CH»-Si), 0.1 (Q;Si-

CHs), —2.8 (Si(CH),). 2°Si CP/MAS NMR: & = 1.5 (Si(CH),), —-11.6 (B), —22.0 (D).
C10H240,Sk; (idealized stoichiometry): calcd C 46.10, H 9.28 %; corrected stoichiomiety

44.39, H 9.69 %; found C 44.46, H 9.54 %.

Bis[3—(polysiloxanyl)propyl]dimethylsilane (IVa)A mixture of 4(T° (1.38 g, 3.6 mmol),
water (440 mg, 24.6 mmol) and+Bu)Sn(OAc) (30 mg, 0.087 mmol) in 4 ml of
THF/MeOH (3:1) was sol-gel processed to give a colorless swollen gel. After purification
and aging 0.95 g (91.8 %) of a colorless powder were formed.

%C CP/MAS NMR: 3 = 49.8 (Si-OCH), 19.4 — 15.5 (SiEH,CH,CH»-Si), -3.3

(Si(CHs)2). 2°Si CP/IMAS NMR: 3 = 1.6 (Si(CH),), —42.3 (F), -50.5 (%), -59.4 (F),
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-68.8 (T) . GH1g0sSk; (idealized stoichiometry): caled C 38.98, H 7.36 %, corrected

stoichiometry?% C 37.60, H 8.06 %; found C 37.55, H 8.35 %.

Bis[3—(polymethylsiloxanyl)propyl]diethylsilane (Va)A mixture of 5(D% (1.35 g, 3.6
mmol), water (440 mg, 24.6 mmol) and-Bu)Sn(OAc) (30 mg, 0.087 mmol) in 4 ml of
THF/MeOH (3:1) was sol-gel processed to give a colorless swollen gel. After purification
and aging 1.01 g (94.3 %) of a colorless powder were formed.

3C CP/MAS NMR:3 = 49.6 (Si-OCH), 20.2 — 14.3 (SiEH,~CH,~CH»-Si), 7.6 (Si-Ch-

CHg3), 4.0 (SFCH,—CH;s), —0.1 (Q;Si-CH). #°Si CP/MAS NMR:& = 4.8 (Si(GHs),), —2.5

(D%, —12.6 (D), —23.1 (B). C1oH»50,Si; (idealized stoichiometry): calcd C 49.94, H 9.78 %;

corrected stoichiometr3?: C 48.43, H 9.82 %; found C 48.63, H 9.48 %.

Bis[3—(polysiloxanyl)propyl]diethylsilane (Vla) A mixture of 6(T% (1.42 g, 3.5 mmol),
water (440 mg, 24.6 mmol) and—Bu)Sn(OAc) (30 mg, 0.087 mmol) in 4 ml of
THF/MeOH (3:1) was sol-gel processed to give a colorless swollen gel. After purification
and aging 1.07 g (96.9 %) of a colorless powder were formed.

13C CP/MAS NMR:3 = 49.7 (Si-OCH), 21.3 — 14.0 (SiEH,~CH,~CH>-Si), 7.4 (Si-Ch-

CHs), 4.0 (Si<CH—CHs). 2°Si CP/MAS NMR:3 = 4.9 (Si(GHs),), —42.4 (f), -50.7 (P),
-59.6 (T), —68.8 (T). CigH»0sSk (idealized stoichiometry): calcd C 43.75, H 8.08 %;

corrected stoichiometri%: C 41.87, H 8.62 %; found C 43.48, H 8.67 %.

Bis[3—(polymethylsiloxanyl)propyl]dimethylsilane[Ph{J] (llIb) : A mixture of 3(D°) (0.87

g, 2.5 mmol), phenyltrimethoxysilane (0.49 g, 2.5 mmol), water (440 mg, 24.6 mmoh-and (
Bu),Sn(OAc) (30 mg, 0.087 mmol) in 4 ml of THF/MeOH (3:1) was sol-gel processed to
give a colorless swollen gel. After purification and aging 0.96 g (96.9 %) of a colorless

powder were formed.
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13C CP/MAS NMR:3 = 134.3 — 127.7 (&1s), 49.6 (Si-OCH), 26.1 — 14.3 (SiBH,-CH—
CH>-Si), —0.3 (Q5Si-CH), —3.1 (Si(CH)). ?°Si CP/MAS NMR:d = 1.3 (Si(CH),), —2.0
(D%, —12.5 (B), —21.6 (B), —-62.8 (tp), —71.4 (Fpr), =80.3 (Per). CsoHss0:Sk (idealized
stoichiometry): calcd C 49.31, H 7.50 %; corrected stoichionfétrf 47.81, H 7.93 %;

found C 48.18, H 7.97 %.

Bis[3—(polysiloxanyl)propyl]dimethylsilane[Ph{}] (IVb): A mixture of4(T°) (0.92 g, 2.4
mmol), phenyltrimethoxysilane (0.47 g, 2.4 mmol), water (440 mg, 24.6 mmol) rend (
Bu),Sn(OAc) (30 mg, 0.087 mmol) in 4 ml of THF/MeOH (3:1) was sol-gel processed to
give a colorless swollen gel. After purification and aging 0.91 g (90.3 %) of a colorless
powder were formed.

13C CP/MAS NMR:d = 134.4 — 127.8 (s), 49.8 (Si-OCH), 26.0 — 14.0 (SiEH~CH—
CH»-Si), —3.4 (Si(CH),). ?°Si CP/MAS NMR: 3 = 1.3 (Si(CH),), —42.3 (P), -50.6 (P),

-59.2 (F), —62.9 (Fpp), —68.1 (F), —=71.6 (Fpp), —79.8 (Fp). CsHss0:/Sks (idealized
stoichiometry): calcd C 44.76, H 6.17 %; corrected stoichionfétrf 42.14, H 6.75 %;

found C 43.09, H 7.04 %.

Bis[3—(polymethylsiloxanyl)propyl]diethylsilane[Ph(})] (Vb): A mixture of5(D° (0.85 g,

2.2 mmol), phenyltrimethoxysilane (0.44 g, 2.2 mmol), water (440 mg, 24.6 mmolyand (
Bu),Sn(OAc) (30 mg, 0.087 mmol) in 4 ml of THF/MeOH (3:1) was sol-gel processed to
give a colorless swollen gel. After purification and aging 0.94 g (99.3 %) of a colorless
powder were formed.

13C CP/MAS NMR:d = 134.2 — 127.8 (fs), 49.7 (Si-OCH), 26.0 — 14.3 (SiEH~CH—
CH>-Si), 7.6 (Si-CH-CHj3), 4.0 (SHCH,—CHs), —0.3 (QSi—-CHb),. °Si CP/MAS NMR:3 =

4.7 (Si(GHs),), —2.1 (0), —-12.6 (B), —22.1 (B), —71.1 (Fep), —79.6 (Per). CaeHecO:Sis
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(idealized stoichiometry): calcd C 51.75, H 7.96 %; corrected stoichiorffet€y 50.42, H

8.46 %; found C 50.35, H 8.04 %.

Bis[3—(polysiloxanyl)propyl]diethylsilane[Ph(1)] (VIb): A mixture of 6(T% (0.93 g, 2.2
mmol), phenyltrimethoxysilane (0.47 g, 2.2 mmol), water (440 mg, 24.6 mmol) rend (
Bu),Sn(OAc) (30 mg, 0.087 mmol) in 4 ml of THF/MeOH (3:1) was sol-gel processed to
give a colorless swollen gel. After purification and aging 0.98 g (99.8 %) of a colorless
powder were formed.

13C CP/MAS NMR:d = 134.3 — 127.7 (s), 49.8 (Si-OCH), 26.2 — 13.3 (SiEH-CH—
CHx-Si), 7.4 (Si-CH-CH3), 3.9 (SFCH,—CHs). 2°Si CP/MAS NMR: 3 = 4.8 (Si(GHs),),
-42.4 (P), -50.5 (%), -59.0 (F), —62.8 (T, —67.9 (P), —71.4 (Fep), —79.5 (Tpp).
Cs32H5404Sks (idealized stoichiometry): calcd C 47.60, H 6.74 %; corrected stoichioﬁ?etry

C 46.01, H 7.21 %; found C 46.55, H 7.47 %.
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5. Summary

The anchoring of reactive centers, especially catalytically active transition metal complexes,
to an inert support matrix is a field of increasing interest in terms of academic as well as
commercial research. Such materials are able to combine the advantages of homogenous and
heterogeneous catalysis: the catalyst becomes easily separable from the reaction products and
it can be reused in several runs without an essential lost of activity. On the other hand, the
reactive centers are well defined and the improvement of their properties is not only
empirical. Due to the homogenous character of the catalytic reaction the activities and
selectivities are high.

However, there are still specific problems with such systems which inhibited the
commercial breakthrough of these types of catalysts. They can leach from the support during
the catalytic reaction. Furthermore the heterogenization of complexes leads to reduced
mobility of the reactive centers causing lower activities and selectivities of the anchored
catalysts compared to their homogenous counterparts.

A versatile approach to reduce or even eliminate these problems is the introduction of
the concept of interphase. In the presence of a stationary phase (e. g. an anchored metal
complex) and a mobile phase (solvent, gaseous or liquid reactant) a penetration of both phases
on a molecular level takes place. This state is designated as ‘interphase’ since no homogenous
phase is formed. However, interphases are able to imitate homogenous conditions providing
favorable activities in different types of catalytic reactions without any essential metal
leaching. A typical approach for the generation of stationary phases in interphase chemistry is
the sol-gel process, which offers a convenient route for the preparation of suitable
polysiloxane networks under smooth and low temperature conditions. Simultaneous co—

condensation of T—functionalized metal complexes or ligands with various alkoxysilanes or
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organosilanes provides materials, in which the reactive centers are nearly homogeneously
distributed across a chemical and thermal inert carrier matrix.

The objective of the present work is the synthesis and systematic investigation of novel
stationary phases for ‘Chemistry in Interphases’. Thereby structural and dynamic parameters
were discussed and the accessibility of the reactive centers was probed by model as well as

catalytic reactions.

In the first chapter of this thesis the T—functionalized 1,3-bis(diphenylphosphinyl)—
propane [(MeQ)Si(CH,)sCH(CH.PPh),; PP(T%] was sol-gel processed with the
D-bifunctionalized co—condensing agents MeSi(OX&H.,)s(MeO),SiMe (D°-Cs—D° and
MeSi(OMe)(CH)s(CsHa4)(CH,)s(MeO)SiMe [Ph(1,4-GD?,] in two different ratios to yield

the polysiloxane—bound diphos ligandsPP{T")](D'-Ce-D'), (y = 2.5, 5) and
[PP(T”)][Ph(l,4—C3Di)2]y (y = 2.5, 5). By means dfSi solid state NMR spectroscopy the

real T/D-ratios of all copolymers were determined. No significant washing out of the
monomers after the sol-gel process was detectable. It was found, that the materials with the
phenyl ring in the backbone show lower degrees of condensation than their counterparts with
alkyl chains as main building block8P and™C CP/MAS NMR measurements give evidence
that the ligands and the matrices are preserved during the entire sol-gel process.

For the investigation of the dynamic properties of the polysiloxane—bound ligands
detailed®®Si and>*'P CP/MAS NMR relaxation time studies were carried out. The diphos
ligands with the phenyl ring containing co—condensation agents are found to be more mobile
than those with alkyl chains. This fact can be explained by the lower degree of condensation,
which is induced by the sterical demand of the phenyl ring.

To scrutinize the accessibility of the phosphorus centers in these different
kinds of stationary phases both polysiloxane—bound diphos lig&@R{3")](D'-Cs—D')s and

[PP(T")][Ph(1,4—-C;D'),]s were subjected to various classical phosphine reactions. The
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oxidation of these diphosphines swollen-+propanol with HO, resulted quantitatively in the
formation of the corresponding phosphine oxides. Polymers with thiophosphoryl centers were
obtained when the mentioned diphosphines were reacted yvah & °C in toluene. Upon
treatment of a suspension of the diphosphif3(T")](D'-Cs~D')s and PP(T")][Ph(1,4—
C3D"),]s in dichlormethane with methyl iodide both phosphorus atoms were quantitatively
guaternized. With the quantitative reaction of the diphosphine ligands with (NBD)Mp(CO)
and (COD)PdG| respectively, it could be demonstrated, that the phosphorus centers

incorporated into both kind of materials are even accessible by rather bulky substrates.

Cationic diphosphinerhodium(l) complexes proved to be highly active in hydrogenation
reactions of various olefins. Thus, the second part of the work features the synthesis and
characterization of a (COD)diphosphinerhodium(l) complex bound to a polysiloxane network
and accessibility studies by the catalytic hydrogenation of 1-hexene. The monomeric
precursor complex {(§H1,)Rh[(PRPCH,).CH(CH,)sSi(OMeX]}[SbFg] { (COD)Rh[PP(T)]}

was synthesized in a one—pot reaction starting from [u—CIRh(G®R)onsecutive chloride
abstraction with AgShf and addition of the T—functionalized diphos ligand
(MeO)Si(CH,)sCH(CH.PPh), [PP(T%)]. This complex was sol-gel processed with various
amounts of the co—condensing ageB$-CeD° and Ph(1,4-GD°), to give the novel
stationary phases{(COD)Rh[PP(T"]}D'-Cs-D)y (y = 0, 2.5, 5, 10, 20) and
{(COD)Rh[PP(T")}[Ph(1,4—-C3D')J], (y = 0, 2.5, 5, 10, 20).

Multinuclear solid state NMR experimentSq, 2°Si, *'P) reveal the integrity of the
rhodium centers and of the polysiloxane matrices. The found T/D-ratios do not differ
significantly from the applied stoichiometric compositions and the degrees of condensation
range between 77 and 98 % and 73 and 100 % for the D-functions and T-groups,

respectively.
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The distances in the next coordination sphere of the rhodium atom in the polysiloxane—bound
complexes were determined by EXAFS spectroscopy.

Dynamic NMR investigations on the matrix and the reactive centers point out that the
mobility increases with higher amounts of the co—condensing components, which can be
explained with the electrostatic repulsion of the cationic rhodium centers. If the positively
charged metal complexes are diluted across the support matrix, the radius of motion is
enhanced and therefore the mobility increases.

The accessibility of the polysiloxane—bound diphosphinerhodjucomplexes was
investigated by the catalytic hydrogenation of 1-hexene. All applied complexes show rather
good turnover frequencies and are therefore readily accessible for substrates. But due to
solvation and swelling effects there is no predictable correlation between the catalytic activity
and the type of the co—condensing component. However, SEM images give some evidence,
that the activity depends on the size of the particles of the materials: smaller particles induce a
higher catalytic activity than larger particles. An enhancement of the conversion rate was
achieved by the use of polar solvents (1,4—dioxane, methanol). If the catalysts were reused in

three consecutive runs, no loss of activity and metal leaching was found.

The focus of the last section is the synthesis of novel co—condensing agents, which combine —
after the sol-gel process— a highly mobile alkyl chain with a low degree of condensation to
achieve an increase of mobility. The monomeric D— and T—functionalized co—condensates
R,Si(C3DY), [MeSi(OMe)(CH,)sSiR,(CH,)3(OMe)SiMe; R = Me, Et] andR,Si(CsT°),
[(MeO)sSi(CH,)3sSIiR:(CH,)3Si(OMe); R = Me, Et] were prepared by hydrosilylation of the
corresponding diallyldialkylsilanes with dichloromethylsilane and trichlorosilane respectively,
followed by the replacement of the chlorine atoms for methoxy groups with trimethyl

orthoformate.
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These precursors were sol-gel processed without and with phenyltrimethoxysilane as
the co—condensing agent. The obtained xerogels were investigated by means of solid state
NMR experiments *C, 2°Si). According to**C CP/MAS NMR data the pure D—polymers
show a higher degree of hydrolysis than the pure F#P¥, and F/T—copolymers.2°Si
SPE/MAS measurements and dynamic NMR studies®i@8 corroborate that the pure T—
xerogels as well as thesdD— and F/T—materials are lower condensed and exhibit a higher
mobility than the pure D—polymers. However, the observed mobilities of these new materials
are higher compared with those@#Ce—D', Ph(1,4-GD"),, andPh(1,4-GT")..

In order to examine the mobilities and dynamics of these new materials in interphases
'H HR/MAS experiments andly,; measurements of suspensions of all polymers in different
solvents were carried out. In solvents of medium polarity (gDOHF) all xerogels form
highly mobile interphases in contrast to polar solvents (MeOH). The pure D—polymers are
found to exhibit the lowest mobilities of all applied xerogels, which can be explained by the

high degree of condensation.
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