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Abstract

The rhodium(l) complexes HR(CO)[Ph,P(CH,), Si(OMe),]; [1ab(T%)3; a: x=3, b: x=6; T: T-type silicon atom,
three oxygen neighbors] were sol—gel processed with the bifunctional cocondensation agent (MeO);Si(CH,)¢Si(OMe),
(T—C4—T) and in a separate reaction also with three additional equivalents of the phosphine ligand Ph,P(CH,), Si(OMe),
[2a,b(T°)]. The resulting stationary phases 1a(T")y(T"-C4-T ")y 1a(T ")s2a(T "], (T"-C-T"),, and
1b(T M3[2b(T M],(T"-C¢-T"), (n=0-3, number of Si-O-Si bonds; y: content of cocondensation agent) show a
relatively narrow particle size distribution. The structural integrity of the rhodium complex 1 after the polycondensation was
established by an EXAFS structure elucidation of the polysiloxane 1a(T "),. The obtained stationary phases proved to be
efficient catalysts for the hydroformylation of 1-hexene in the presence of a wide variety of solvents in the interphase.
Application of the materials containing non-coordinated ligands raised the selectivity toward hydroformylation up to 92%
and the n/iso ratio to 14:1 with an average turnover number of 164 moly,, mol ! h™1. Higher ol€fins than 1-hexene were
also hydroformylated with catalyst D and similar turnover frequencies and selectivities were obtained. %p CP/MAS NMR
relaxation time studies (Tpy, Ty,,4) Were carried out in the presence (interphase) or absence (stationary phase) of a swelling
solvent to investigate the dynamic behavior of the catalytically active polymer 1a(T ") [2a(T ")],(T "~C4—T"),. The highest
mobility of the nonpolar reactive centers was achieved in nonpolar solvents like toluene, while more polar solvents like
ethanol afforded the highest mobility of the overall polymer. (*H,3'P) 2D WISE NMR experiments performed on the same
material revealed a substantial decrease of the line width for the swollen polymer. Xy CP/MAS NMR experiments
revealed a high degree of cross-linking and a larger content of cocondensation agent than introduced before condensation.
© 2000 Elsevier Science B.V. All rights reserved.
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the most significant and the largest in scale
[2,3], as it is used for the generation of more
than 6 million tons of aldehydes per year [4].
Since Wilkinson's discovery of the catalytic
activity and selectivity of the complex HRh-
(PPh;),(CO) in 1968 [5], rhodium-based sys-
tems have taken over a predominant position in
hydroformylation. The application of such com-
plexes in the presence of excess phosphine leads
to selectivities for aldehyde formation of up to
99% and to n-aldehyde portions in the range of
95%. The only remaining problem of technical
OXO processes is the separation of the precious
catalyst from the reaction mixture. For the hy-
droformylation of propene, this task has been
satisfactorily solved in the Ruhrchemie/
Rhone-Poulenc process by application of a wa-
ter-soluble catalyst acting in a two-phase reac-
tion [6]. For long-chain olefins however, this
method is not applicable due to the insolubility
of such substrates in water. Thus, the synthesis
of an easily separable catalyst for the hydro-
formylation of higher alkenes remains a chal-
lenge.

To achieve separability of homogeneous cata
lysts, many efforts have been made to anchor
transition metal complexes to organic polymers
[7-13] like cross-linked polystyrene or to the
surface of inorganic supports like silica [14].
The magjor drawbacks of these concepts proved
to be the limited thermodynamic stability of the
organic matrices and the high degree of leach-
ing of the silica-based systems [15a,15b].

A relatively new approach to the anchoring
of catalyst complexes is their incorporation into
a so-called interphase, in which a three-dimen-
siona polymer framework (stationary phase) is
permeated by aliquid or gaseous (mobile) phase.
Herewith both phases are in contact on a molec-
ular level, athough no homogeneous mixture is
formed. Thus, the state of the reactive centersin
an idealized interphase is similar to that in
solution.

Sol—gel condensed polysiloxanes [16—19a,
19b] have turned out to be useful as stationary
phases, as they feature chemical and thermody-

namic stability as well as a wide variability in
mobility and polarity. Stationary phases consist
of the matrix (polysiloxane), spacer groups (hy-
drocarbon chains) and the reactive center. Com-
pared to functionalized silica, these systems of -
fer the advantages of higher maximum metal
complex loading and of lower leaching suscepti-
bility [15a,15b]. In a recent study [20], we em-
ployed for the first time bifunctional alkoxydisi-
lanes of the type Me(MeO),Si—(CH,),-Si-
(OMe),Me (D°-C,-D° z=6, 8, 14) in the
sol—gel condensation of a transition metal com-
plex. Such polysiloxane building-blocks are ex-
pected to combine efficient cross-linking and
high flexibility of the matrix. A high flexibility
of the polymer framework is necessary to
achieve maximum mobility and consequently
selectivity of the active centers [1].

In this work, the bifunctional cocondensation
agent (Me0),Si—(CH,)s—Si(OMe), (T°-C,—
T?) was utilized because it provides a high
degree of cross-linking together with a suffi-
cient flexibility of the resulting polymer. Hav-
ing demonstrated that the selective hydrogena
tion of a molecule as bulky as diphenyl ethyne
is feasible in the interphase [21], we intented to
transfer this concept to hydroformylation. The
catalytically active center polycondensed for this
purpose was a carbonylhydrido(trisphos-
phine)rhodium(l) complex with T-functional-
ized (T-type: silicon atom with three oxygen
neighbors) diphenylphosphine ligands contain-
ing a three- or six-membered hydrocarbon
spacer. Wieland and Panster [22] reported on
the hydroformylation of 1-octene using asimilar
polysiloxane-bound rhodium complex with dou-
ble spacer ligands and a monofunctional Q-type
(silicon atom with four oxygen neighbors) co-
condensation agent. Working in a continuous
flow reactor with good turnover frequencies and
long catalyst lifetime, this system suffered from
an unsatisfactory n/iso ratio. Earlier attempts
employing such an oxo catalyst complex grafted
to functionalized organic polymers or to the
surface of silica [23] resulted in similar n/iso
ratios around 2:1.
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The inorganic—organic hybrid materials de-
scribed in this study were obtained by sol—gel
condensation of the above mentioned complex
with and without excess phosphine. Prior to the
application in the hydroformylation, the new
materials were characterized by IR and
CP/MAS NMR spectroscopy and by an EX-
AFS structure determination.

2. Experimental

2.1. Reagents and physical measurements

RhCl ;- 3H,0 was a gift from Degussa. Si-
(OEt), was obtained from Aldrich; cis-cyclooc-
tene, 1-hexene, 1-decene, and 1-tetradecene
were received from Merck and CI(CH,),Si-
(OMe); from ABCR. The T-functionalized
phosphine ligands Ph,P(CH,),—Si(OMe),
[2a,b(T )] [24a,24b] were synthesized as des-
cribed. 1,6-Bis(trimethoxysilyl)hexane (T °-
C4—T9) was synthesized in analogy to the D°—
C,D° cocondensation agents reported recently
[21].

Elemental analyses were carried out on a
Carlo Erba Analyzer, Model 1106. IR data were
obtained on a Bruker IFS 48 FT-IR spectrome-
ter. Scanning electron micrographs were
recorded on a Zeiss DSM 962 with a tungsten
cathode (4.5 nm diameter). The samples were
sputtered with platinum to form layers of 10-nm
thickness and measured at a beam voltage of 30
kV. The surface areas were determined by nitro-
gen sorption and calculated with the BET equa-
tion on a Micrometrics Gemini 2375. The
rhodium content was measured by atomic ab-
sorption spectrometry on a Varian SpectrAA 20
Plus spectrometer. The polymer samples were
dissolved by stirring in 5 ml of a concentrated
NaOH solution and subsequently diluted to 100
ml.

Solution NMR spectra were recorded on a
Bruker DRX 250 and Bruker AC 80 spectrome-

ter at 298 and 306 K, respectively. Frequencies
and standards were as follows: *'P{*H} NMR:
101.25 and 32.44 MHz, external standard 85%
H,PO,/D,0; “C{*H} NMR: 62.90 MHz; ‘H
NMR: 250.13 MHz. All *H and *C{*"H} NMR
spectra were calibrated relative to partialy
deuterated solvent peaks which are reported rel-
ative to tetramethylsilane (TMS).

The CP/MAS solid state NMR spectra were
recorded on a Bruker MSL 200 (*°S) and a
Bruker ASX 300 (**C and *'P) multinuclear
spectrometer equipped with wide bore magnets
(field strengths: 4.7 and 7.05 T, respectively).
Magic angle spinning was applied at 3 kHz
(**Si) and 10 kHz **P, *C). All measurements
were carried out under exclusion of molecular
oxygen. Frequencies and standards: *°Si, 39.75
MHz [TMS, the trimethylester of double four-
ring octameric silicate QgMg(8(*Si) of the M
group was set to 12.3 ppm) as secondary stan-
dard [25a,25b]; *°C, 75.47 MHz [TMS, carbony!
resonance of glycine (8 176.03) as the second
standard]; *'P, 121.49 MHz [85% H,PO,,
NH,H,PO, (8 0.8) as the second standard].
The cross polarization constants Tp, and Tg
were determined by variations of the contact
time (20-25 experiments). The proton relax-
ation time in the rotating frame T, ,, was mea-
sured by direct proton spin lock-7-CP experi-
ments as described by Schaefer et a. [26]. T,
values were received using the method devel-
oped by Torchia [27]. The relaxation time data
were abtained by using the Bruker software
SIMAT or Jandel software PEAKFIT. Peak
deconvolution of the spectra was performed with
the Bruker-Spectrospin software SNMR using
Voigtian line shapes. The Tg,, values of 0.92,
0.91 and 1.15 msfor the T*, T2, and T3 groups,
respectively and T,,,, of 3.69 ms were used to
caculate the redlistic intensities of the T"
species. The WISE NMR spectra were recorded
under MAS conditions (3 kHz). Sixty-four t;
increments with a dwelling time of 3—-10 s
were used for each spectrum. Cross polarization
was applied with contact times of 200 s for
WISE experiments to eliminate spin-diffusion
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effects and of 2-5 ms for CP/MAS experi-
ments, respectively.

The EXAFS measurements of 1a(T°), were
performed at the beamline A1 of the Hamburger
Synchrotronstrahlungslabor (HASYLAB) at
DESY, Hamburg, at the rhodium K-edge (23
224.0 eV) under ambient conditions (5.6 GeV,
beam current 100 mA). Data were collected in
transmission mode with ion chambers flushed
with argon. The second crystal of the Si{311)
double crystal monochromator was set as to
obtain 30% harmonic rejection. For data acqui-
sition the energy was scanned over a range of
23000—-24400 eV. Energy calibration was mon-
itored by a rhodium foil of 20 wm thickness.
The sample itself was prepared by pressing a
mixture of 1a(T°), and polyethylene in a mass
ratio of 4:1 to a tablet of 13 mm diameter and
3.0 mm thickness, stored under an inert gas
atmosphere and measured on air exposure at
room temperature. Data reduction was per-
formed with a program package especialy de-
veloped for the requirements of amorphous
samples [28]. Background subtraction was per-
formed with AUTOBK (University of Washing-
ton) [29], and data were analyzed with the EX-
CURV92-module [30] of ‘‘CERIUS2’. The
amplitude reduction factor AFAC was fixed at
0.8, and an overal energy shift E; was intro-
duced to obtain the best fit to the data.

The hydroformylation experiments were car-
ried out in a 100-ml autoclave under exclusion
of oxygen. The analyses were performed on a
GC 6000 Vega Series 2 (Carlo Erba Instru-

ments) with a FID and a capillary column PS
255 [13.5 m; carrier gas, He (40 kPa); integrator
3390 A (Hewlett Packard)].

All manipulations were performed under ar-
gon by employing the usual Schlenk techniques.
Methanol was dried with magnesium and dis-
tilled, ethanol was distilled from NaOEt. n-
Hexane and toluene were distilled from sodium
benzophenone ketyl, acetone was distilled from
P,0,,, water was distilled under argon prior to
use.

2.2. Preparation of the momomeric and poly-
condensed rhodium(l) complexes

The monomeric rhodium complexes H(CO)-
Rh[Ph,P(CH,),Si(OMe),],(x = 3, 6) [lab-
(T°),] were prepared according to known syn-
thetic procedures [31] from [w-CIRh(COE),],
(COE = cyclooctene) and the ligands Ph,-
P(CH,),Si(OMe), (x=3, 6) [2a,b(T°)] [24a,
24b] with subsequent carbonylation and reduc-
tion of the carbonylchlororhodium intermediate
with NaBH , in ethanol at ambient temperature.

Carbonyltrig diphenyl(trimethoxysilylpropyl)-
phosphinelhydridorhodium(l) [1a(T ©),].**P{*H}
NMR (32.391 MHz, EtOH, —30°C): 6 28.2 (d,
YJ(RhP) = 150.9 H2). IR (KBr, cm~1%): 1967 [»
(CO)l.

Carbonyltrid diphenyl(trimethoxysilylhexyl)-
phosphinelhydridorhodium(l) [1b(T °).[.**P{*H}
NMR (101.259 MHz, EtOH, 20°C): & 30.0(d,
'J(RhP) = 1515 H2). IR (KBr, cm™1): 1967
[»(CO)].

Table 1

Labeling of the polycondensation products

Educt Excess ligand/ Cocondensation agent / Product labeling Material
amount amount

HRh(COXP-C,-T%), [1a(T %),] 1a(T"), A

HRh(CO)(P-C3-T%); [1a(T %);] (Me0);Si(CH,)Si(OMe);  1a(T ") (T"-Co-T"), B

[TO-Ce-TOl/4

HRh(CO)(P-C5—T%), [1a(T°).]

P-Co-T°[2a(T%)]/3 (Me0);Si(CH,)sSi(OMe);  1a(T ") [2a(T"M],(T"-C(-T"), C

[TO-Ce-TOl/4

HRh(CO)(P-C¢—T°); [1b(T °),]

P-Cs—TO[2b(T%)]/3 (Me0),Si(CH,)Si(OMe),

O

10(T )4 2b(T M)]4(T"-Ce-T"),

[TO-Ce-TOl/4
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Carbonyltris| diphenyl( polysiloxanylpropyl )-
phosphinelhydridorhodium(l) [1a(T"),, A, see
also Table 1]. To a solution of 983 mg (0.836
mmol) of 1a(T°), in ethanol (35 ml) 2 ml of
degassed water was added. The mixture was
heated to 50°C and stirred over 3 h, then it was
evaporated to drynessto yield a pale yellow gel.
As the product is partialy soluble in acetone
and Et,O0 and readily soluble in toluene, the
washing procedure was renounced. Yield: 687
mg (84.2%). Anal. Calcd for C,H..-
0,sP;RhSi;:t C, 57.55; H, 5.77; Rh, 10.72.
Found: C, 56.86; H, 5.64; Rh, 10.38. IR (KBr,
cm™1): 1967 [v (CO)].

Carbonyltris|[ diphenyl( polysiloxanylpropyl )-
phosphinelhydridorhodium(l) (T "-C,-T"),
[1a(T")4(T"-C¢-T"),, Bl. To a solution of
983 mg (0.836 mmol) of 1a(T %), in ethanol (35
ml) 1.09 g (3.34 mmol) of 1,6-bis(trimetho-
xysilyDhexane (T°-C4T°) and 2 ml of de-
gassed water were added. The mixture was
stirred and heated to 50°C. After 3 h a yellow
precipitate was formed. The suspension was
evaporated to dryness and washed with 10 ml
each of n-hexane, Et,O, THF, acetone, ethanol,
methanol, water, methanol, ethanol, acetone,
THF, Et,0, and toluene to remove any soluble
products. Finally, the polycondensate was dried
at room temperature in vacuo for 3 h to yield a
pale yellow powder. Yield: 1.286 g (88.9%).
Ana. Cacd for C,yH;030,,5P;RNSi;; (idea-
ized stoichiometry):! C, 48.62; H, 6.00; Rh,
5.95; for CggH 3,0,5P;RhSI ¢ (corrected stoi-
chiometry):2 C, 45.23; H, 5.98; Rh, 4.56. Found:
C, 4455, H, 597, Rh, 4.02. *P CP/MAS
NMR: & 29. *C CP/MAS NMR: & 138-119
(Ph), 313 (SICH,CH,CH,), 229 (SICH,-
CH,), 13.2. (SICH,). ®Si CP/MAS NMR:

' The given formula is the repeating unit of a polymer.

2 The corrected stoichiometries were obtained by considering
the cocondensation agent content as derived from the Bc
CP/MAS NMR measurements. The incomplete condensation was
also taken into account by adding the additional number OH
groups to the formula.

(—59.7 (T?), —66.9 (T®. IR (KBr, cm™1):
1964 [»(CO)]. N, surface area: 0.60 m? g~ 1.

Preparation of the carbonylhydrido(tri-
sphosphine)rhodium(l) complexes C and D
polycondensed with additional phosphine. To a
solution of 983 mg (0.836 mmol) of 1a(T °), [or
1.094 g (0.84 mmol) of 1b(T °),] in ethanol (35
ml) 875 mg (2.51 mmol) of 2a(T°) [or 984 mg
(2.52 mmol) of 2b(T°)], 1.09 g (3.34 mmol) of
1,6-bis(trimethoxysilyl)hexane (T °-C,~T9),
and 2 ml of degassed water were added. The
mixture was stirred and heated to 50°C. After 3
h, a yellow precipitate was formed. Working up
in anaogy to B (vide supra) afforded C and D
as pale yellow and pale orange powders, respec-
tively.

Blend of carbonyltrigdiphenyl(polysilox-
anylpropyl)phosphine]hydridorhodium(l) (T "—
Ce—T"), and diphenyl(polysiloxanylpropyl)-
phosphine(T "-C-T"), {1a(T ") [2a(T ")],-
(T"—C-T ”)y, C}. Yield: 1.92 g (89.2%). Anal.
Calcd for Cy;cH,,0,, PRSI, (idealized stoi-
chiometry):* C, 53.67; H, 6.15; Rh, 4.00; for
Cia18H18360320PRNSi 56  (corrected  stoi-
chiometry):? C, 50.52; H, 5.90; Rh, 3.28. Found:
C, 50.61; H, 596; Rh, 2.82. *P CP/MAS
NMR: & 29 (Rh—PPh,), —18 (PPh,). °C
CP/MAS NMR: § 138-119 (Ph), 317
(SICH,CH,CH,), 23.7 (SICH,CH,), 14.9
(SICH,). *Si CP/MAS NMR: 6 —58.8 (T?),
—66.0 (T3). IR (KBr, cm™1): 1968 [¢»(CO)]. N,
surface area: 2.06 m? g~ =

Blend of carbonyltrigdiphenyl(polysilox-
anylhexyl)phosphine]hydridorhodium(l) (T "—
Ce—T"), and diphenyl(polysiloxanylhexyl)-
phosphine(T "=C T "), {1b(T ");[2b(T ")]
fT"-C-T"),, D}. Yield: 2122 g (89.4%).
Anal. Calcd for C,5H 9,0, PRSI, (idealized
stoichiometry):* C, 56.53; H, 6.88; Rh, 3.64; for
C1a02H 21850328 RNSi g, (corrected stoi-
chiometry):* C, 53.16; H, 6.54; Rh, 3.05. Found:
C, 5369; H, 6.50; Rh, 2.69. *P CP/MAS
NMR: & 29 (Rh-PPh,), —18 (PPh,). “°C
CP/MAS NMR: § 138-— 119 (Ph), 321
(SiCH,CH,CH,CH,CH,CH,—PPh,), 233
(SICH,CH,), 137 (SICH,). *°Si CP/MAS
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NMR: 6§ —58.7 (T?), —66.4 (T3). IR (KBr,
cm™1): 1967 [v(CO)]l. N, surface area 1.05
ngil

3. Results and discussion

3.1. Preparation of the polycondensed car-
bonylhydridorhodium(l) complexes 1

Addition of water and the cocondensation
agent T°—C,—T° to a solution of 1a(T°), in
ethanol and heating the mixture to 323 K re-
sulted in the precipitation of the yellow poly-
condensate B (Scheme 1, Table 1). In alter-
native experiments, excess ligand 2a,b(T°)
was added immediately after the generation

of the carbonylhydridorhodium(l) complexes
1a,b(T°),, with formation of the polymeric
complexes C and D as stationary phases
(Scheme 1, Table 1). The sol—gel process was
sufficiently catalyzed by NaBH,, therefore no
additional condensation catalyst, such as HCI,
NaOH or (nBu),Sn(OAc),, had to be em-
ployed. The idealized and realistic composition
of the polycondensates are summarized in
Scheme 2.

Several characterization methods verify the
structural integrity of the rhodium complex cen-
tersin B, C, and D after the polycondensation:
the CO absorptions in the FT-IR spectra of the
monomeric precursors 1a,b(T °), and the poly-
meric complexes are identical (see Section 2).

H(OC)Rh[Ph,P(CH,),Si(OMe)s 3

la’b(TD)3

y (Me0)3Si(CH,)Si(OMe);

+H,0
- MeOH
\
Phy g
\\\Si"w (CHZ)X; N | Ph
ii(CH - Rh— P— (CHj), — Si
§ 2/x ' Cco
1a(T"); (A)

1a(T")3(T"-Co-T")y (y = 4) (B)

T°-Ce-T°

l PhoP(CH,)Si(OMe);

2a,b(T°)

Si— (CH,),— PP (é

\Ql (C 2)x h2 PhZP—(CHz)X7451

Ph
L __ »Z2H

Si—CH),—P H o 4
Rh— P— (CH,), — Si
Si— (CH,),—P %
2 Ph, CO ?

Ph,P— (CH,),—

U)
=

~X

1a(T")3 [2a(T")s](T"-Co-T")y (y = 4) (C)
1b(T")3 [2b(T")](T"-Cs-T")y (v = 4) (D)

T" : T type silicon atom (three oxygen neighbors)

n =0 -3 (number of Si-O-Si bonds)

Scheme 1.
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Idealized polycondensation

3 Fn-Si(OMe)s + Y (MeO)3Si(CH,)6Si(OMe);

+(92+3y) H,0

1a(T%; T°-Ce-T°

Realistic composition of the polycondensate

[Fn-SiOn/2(0X)3.n]3[On2(X0)3.081(CH;2)6Si(0X)3.00n12]y

1a(T")s(T"-Ce-T")
Fn = (HRhCO)1/3Ph2P(CH2)6-

T" : T type silicon atom (three oxygen neighbors)

n = 0-3 (number of Si-O-Si bonds)
X = H,Me

-(9+6y) MeOH

P [Fn-Si03,]3[03251(CH,)6S10312]y
1a(T3)3(T3-C-T°)

y = amount of the incorporated co-condensation agent

Scheme 2.

The *P CP/MAS NMR spectrum of the poly-
condensed complex B features only one signal
in the chemical shift region of its monomeric
congener. For the materials containing addi-
tional phosphine ligands of the type 2a,b(T?), a
further *'P resonance is observed at a chemical
shift which is typical for this type of ligand in
solution (see Fig. 1).

P-noncoord
P-coord

120 -80

40 0
(ppm)

Fig. 1. p CP/MAS NMR spectra of the copolymerized rhodium
complexes 1. Spinning side bands are denoted as asterisks. P-co-
ord and P-noncoord refer to the coordinated and non-coordinated
phosphine ligands, respectively.

3.2. EXAFS structure determination of the poly-
condensed rhodium(l) complex A

Since the polycondensates 1 are amorphous,
their structure cannot be determined by X-ray
diffraction methods. However, EXAFS spec-
troscopy represents a convenient method to ob-
tain information on the atomic environment of a
given absorber atom, independent of the sam-
ple' s physical state. The polymer investigated in
this experiment was synthesized in the absence
of any cocondensation agent to provide the
highest possible rhodium loading. Data evalua-
tion revealed the coordination of one carbonyl
molecule and of three equivaent phosphine lig-
ands to the metal center, thus confirming the
preservation of the molecular geometry around
the metal center in A after polycondensation. To
optimize the fitting to the experimental EXAFS
spectrum it is necessary to take multiple scatter-
ing effects into account. Therefore the carbonyl
ligand was defined as one backscattering unit.
The analysis led to the structural parameters
given in Table 2. The experimental and the
calculated k3(k) function as well as their
Fourier transforms are shown in Fig. 2. The
rhodium phosphorus bond distance (232 pm)
was found to be in the same range as for the
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Table 2

Spectroscopically determined structural data absorber—back-
scatterer distance [A], coordination number, and Debye-Waller
factor o [A] of material A (errors of r and N given in parenthe-
ses), energy shift E; = 0.7+0.3

r [A] N o [A]

Rh-C 177(£002)  1(£02  0050(+0.01)
Rh-P 232(+002)  3(£06)  0.077(+0.03)
Rh-0*  295(+£002)  1(+£02  0059(+0.02)

#Distance of the Rh—C—O bond.

analogous Wilkinson complex HRh(PPh),(CO)
[32]. The metal carbon bond, however, is short-
ened to 177 pm (compared to 181 pm) owing to
a stronger bonding of the carbonyl to the
rhodium atom attached to the more basic
alkyldiphenylphosphine ligands 2a(T °).

N

ke(k) [A9]

1
-

-3

Mod(r) [A4]

riA]

Fig. 2. Calculated (solid line) and experimental (dotted line)
k3 (k) function (a) and their Fourier transforms (b) (Rh—-K —edge)
in the k-range of 3-14.6 A1,

3.3. SEM investigations of the polycondensed
carbonyl hydridorhodium(l) complexes B, C, and
D

The scanning electron micrographs, in partic-
ular of the polycondensates B, C, and D (Fig.
3a,b) reveded a relatively narrow particle size
distribution. Most particles are in the range
between 10 and 20 wm. The SEM micrographs
of al T-C4—T copolymers featured an even
surface structure without any porosity, which is
in good agreement with the low specific sur-
faces of these materials obtained by BET mea-
surements. Small deposits on their surfaces are

10kV Tmm
Phys Chem Tub

x10000
“o

10kY Tmm
Phys Chem Tub

Fig. 3. Scanning electron micrographs of the polysiloxanes after
hydroformylation (a), and backscattering electron micrograph of
the polysiloxane B after hydroformylation (b).
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attributed to the polycondensation of yet uncon-
densed siloxanes during the evaporation of the
solvent. Slight differences in the surface curva
ture of the polycondensates B, C, and D are
explained by differences in the polarity of these
materials leading to different surface energies of
the polysiloxane particles during the sol—gel
transition. A sample of the complex B which
was investigated after hydroformylation did not
show any significant change of the particle
shape, size, and surface structure (Fig. 3a). No
indication for the generation of metal particles
on the polymer surface [19a,19b] was found, as
a backscattering experiment did not reveal spots
of higher electric conductivity (Fig. 3b).

3.4. 9, ¥Pp, and *C CP /MAS NMR charac-
terization of the polymers B, C, and D

The *Si CP/MAS NMR spectra of the above
mentioned copolymers revealed two broad sig-
nals. They are typical for T2 and T2 silicon
atoms, corroborating an efficient condensation
of the silanol groups. Absorptions attributable to
T?! species were very weak, while T° moieties
did not occur in an appreciable extent. It is
noteworthy that the *°Si NMR signal patterns of
these copolymers resemble the one obtained by
Oviatt et al. [33] from a material synthesized by
polycondensation of pure 1,6-bid(trimethoxysi-
lyl)hexane.

In order to obtain redlistic intensities of the
T" species (Table 3) the ®Si CP/MAS NMR
spectra were quantified as described earlier [34].
A high degree of condensation was observed.

Table 3
Relative intensities of the silyl species in the copolymers

Matrices

Relative intensities
of the Si groups (%)

Degree of
condensation (%)

T 1 T 2 T 3
B 2.0 60.4 375 78.4
C 2.6 332 64.2 87.2
D - 422 57.8 85.9

Table 4
Ty and Tpyy values of the material C with and without a solvent

TipH Tpy (ligand)

Tpy (complex)

[ms] [ms] [ms]
Dry 7.1 0.37 0.27
Toluene 6.71 1.0 0.54
Ethanol 4.62 0.54 0.4

As the Si NMR chemical shifts of the silyl
functionalities in the ligand and in the cocon-
densation agent (T-groups) are identical, the
metal /cocondensation agent ratio within the
polymer cannot be determined by means of *Si
CP/MAS NMR spectroscopy. The only way to
estimate the content of T"-C,—T " in the poly-
condensate is to compare the corrected integrals
of the phenyl signals with those of the aliphatic
signas in the >°C CP /MAS NMR spectra of
the cocondensates. Such evaluation of the mea-
sured data resulted in y values of 6.5, 6.8 and
6.7 for the cocondensates B, C, and D, respec-
tively. As this method does not allow but a
coarse estimation of the polymer composition,
these materials are hereafter denoted as B, C,
and D. The corrected y values are taken into
account in the elemental analyses of these poly-
mers (see Experimental Section).

In the P CP/MAS NMR spectra of the
above mentioned materials (Fig. 1) only the
expected signas characteristic for the HRh-
(CO)P, complex and — in the cases of C and D
— also for the non-coordinated phosphines are
observed. The *'P resonances of the non-coordi-
nated P ligands (6 — 18) feature a perceivably
smaller line width than the *'P complex signals
(8 + 29) owing to the higher mobility and to the
smaller chemical shift dispersion of the ligands.
%P CP/MAS NMR spectra of C measured in
suspension using ethanol or toluene as solvent
(as a mobile phase) show a significant decrease
of the line width of the non-coordinated phos-
phine signals, which is a consegquence of the
increased mobility of these groups within the
swollen polymer. Elucidation of the relaxation
times by a contact time variation resulted in the
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Fig. 4. (*H,**P) 2D WISE NMR spectra of the dry polymer C (a),
and of the polymer C swollen in ethanol (b).

Ty, and Tpy, (see Section 2.1) values shown in
Table 4. The observed decrease of the T, ,
values and the increase of the T, values for
the swollen polymer is a further confirmation
that the mobility in an interphase is higher than
in a neat stationary phase. The lowest T,

Table 5

value, a magnitude characteristic for the mobil-
ity of the overall polymer, is obtained for EtOH,
because polysiloxanes swell best in solvents of
medium polarity. High Ty, values, however,
are characteristic for a high mobility of the
respective phosphorus containing functional
groups. Since both the non-coordinated
diphenylphosphine groups and the carbonylhy-
drido(trisphosphine)rhodium(l) complex consti-
tute nonpolar groups, their state is most solu-
tion-like in nonpolar solvents.

A further valuable method to demonstrate
differences in the mobility of the functional
groups grafted to a polymer is the two-dimen-
siona ‘‘ wideline-separation’’ (2D WISE) NMR
spectroscopy [35]. The broad lines of "H NMR
spectroscopy would usually lead to superim-
posed lines in solid state NMR spectra. In the
2D WISE NMR spectroscopy this problem is
solved by introducing a second dimension (*'P,
Fig. 4). Comparison of the (*H,*'P) 2D WISE
NMR spectrum of the dry polymer C with the
one measured in the presence of ethanol (Fig.
4a and b, respectively) reveals a substantial
decrease of the line width in the *H dimension
for the swollen gel, which, again, is more pro-
nounced for the non-coordinated ligand than for
the complex.

3.5. Catalytic hydroformylation of 1-hexene in
the interphase

The polysiloxane-bound rhodium(l) complex
B which is denoted as a stationary phase was

Influence of the solvent on conversion and selectivity of 1-hexene hydroformylation with catalyst B
Reaction conditions: 373 K, 10 bar H,, 10 bar CO, 150 min, 20 ml solvent, 20 mmol hexene (= 2.5 ml), 20 wmol catalyst B.

Solvent Conversion |somerization Hydrogenation Hydroformylation n/n+iso TON?
(%) (%) (%) (%) (%)
Toluene 52.15 31.8 12 67.0 73.0 521
THF 52.54 19.3 1.0 79.7 75.0 525
Acetone 38.93 10.2 17 88.1 775 389
Ethanol 58.64 12.7 23 85.0 84.7 586
Methanol 85.46 19.5 - 80.5 76.7 854
Water 50.24 20.6 23 77.1 69.7 502

#Turnover number (mol g, mol _;1).
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Table 6

Influence of temperature and H,/CO partial pressures on conversion and selectivity of 1-hexene hydroformylation with catalyst B
Reaction conditions: 150 min, 20 ml ethanol, 20 mmol hexene (= 2.5 ml), 20 wmol catalyst B.

Temperature p(H,)/p(CO) Conversion | somerization Hydrogenation Hydroformylation n/n+iso TON?
(K) (bar) (%) (%) (%) (%) (%)

353 10/10 49.21 194 1.0 79.6 714 492
373 10/10 58.64 12.7 2.3 85.0 84.7 586
393 10/10 77.22 67.3 20.6 12.1 96.9 772
373 15/5 87.7 259 42.1 32.0 94.3 877

Turnover number (molg,, mol ;).

able to catalyze the hydroformylation of 1-
hexene with good turnover frequencies and fair
selectivities in solvents (as a mobile phase) of
different polarity from toluene to water (Table
5). Applying commonly used oxo reaction con-
ditions (373 K, 10 bar H,, 10 bar CO), polar
solvents like MeOH afforded the highest activi-
ties, whereas the selectivity toward the forma
tion of 1-heptana was optimal in solvents of
medium polarity like EtOH or acetone. Varia-
tion of the temperature and partial pressures
(vide supra and Table 6) did not lead to an
increase of selectivity, because lower tempera-
tures caused a decrease of the n/iso ratio of the
resulting aldehydes, whereas both higher tem-
peratures and hydrogen partia pressures re-
sulted in a dramatic increase of olefin isomer-
ization and hydrogenation.

3.6. Application of catalyst with excess phos-
phine

In order to obtain a catalytically active mate-

rial with a higher selectivity toward the genera-
tion of the desired linear aldehyde, an excess of

Table 7

three equivalents of the phosphine ligand 2a(T °©)
was added to the complex 1a(T°), prior to
polycondensation. Indeed, the resulting com-
pound C (Scheme 1) afforded a substantial im-
provement of the selectivity (Table 7). Under
identical reaction conditions both the aldehyde
portion and the n/n + iso ratio increased from
about 85% to 93%, accompanied by a dlight
drop of the activity. This effect of selectivity
enhancement by addition of excess phosphine
ligand has been observed many times for ligand
modified oxo catalysts and can be explained by
an equilibrium shift of the catalyticaly active
species in favor of the highly selective diphos-
phine(carbonyl)hydridorhodium(l) species
(R;P),Rh(CO)H over the less selective phos-
phinedicarbonyl complex (R;P)Rh(CO),H [36].
Since the initial step of the hydroformylation
process is a phosphine ligand dissociation from
the trisphosphine complex, the presence of ex-
cess ligand at the same time gives rise to a
dlightly reduced reaction rate.

Application of a phosphine with six instead
of three spacer carbon atoms was expected to
afford a higher mobility and thus an improved

Influence of the catalyst on conversion and selectivity of 1-hexene hydroformylation
Reaction conditions: 373 K, 10 bar H,, 10 bar CO, 150 min, 20 ml ethanol, 20 mmol hexene (= 2.5 ml), 20 wmol catalyst.

Catalyst Conversion | somerization Hydrogenation Hydroformylation n/n+iso TON?
(%) (%) (%) (%) (%)

B 58.64 12.7 2.3 85.0 84.7 586

C 40.99 5.0 2.6 92.4 93.4 410

D 29.61 6.2 29 90.9 86.4 296

#Turnover frequency (molg,, mol g h™1).
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Table 8
Hydroformylation of long-chain olefins with complex D

Reaction conditions: 373 K, 10 bar H,, 10 bar CO, 150 min, 20 ml ethanol, 20 mmol akene, 20 wmol catalyst D.

1-Alkene Conversion |somerization Hydrogenation Hydroformylation n/n+iso TON?
(%) (%) (%) (%) (%)

1-hexene 29.61 6.2 29 90.9 86.4 296

1-decene 29.0 34 3.7 92.0 84 290

1-tetradecene 20.55 2.7 12 96.1 84.9 206

&Turnover number (mol g, mol ;).

selectivity. In agreement with earlier investiga
tions by Pittman [11] the n/n+ iso ratio and
the turnover frequencies obtained in the 1-
hexene hydroformylation with complex D were
inferior to those observed with the analogous
material C which contains the short-chain lig-
and 2a(T?) (Table 7). In solvent swollen C the
actual concentration (mmol of P per volume
unit of swollen catalyst bead) of phosphine
functions is higher than in D (constant P/Rh
ratio). Like in Pittman’s work the n/n+iso
ratio is increased at a constant P/Rh ratio as the
overal density (concentration) of the P func-
tions within the swollen polymer is increased.

In the presence of ethanol, complex D proved
to be applicable aso in the hydroformylation of
1-decene and 1-tetradecene with excellent selec-
tivities (Table 8).

4. Conclusion

In this study we have demonstrated that
rhodium(l) complexes acting as hydroformyla-
tion catalysts can be incorporated into a
polysiloxane matrix by the sol—gel method. The
polycondensation of monomeric species with
the bifunctional cocondensation agent T°-C—
TO resulted in flexible, but highly cross-linked
inorganic—organic hybrid polymers as stationary
phases with a relatively narrow particle size
distribution. An EXAFS study proved the struc-
tural integrity of the complex centers within the
polymer. In the hydroformylation of 1-hexene
in the interphase, the cocondensates are active
in a wide variety of solvents. The highest

turnover numbers are obtained in polar solvents,
while selectivities are best in solvents of medium
polarity. This observation is rationalized by the
fact that the swelling of the hybrid polymers —
and therefore the mobility of the reactive cen-
ters — is best in medium polar solvents like
ethanol, which was demonstrated by NMR stud-
ies of swollen polysiloxanes. Cocondensation of
excess non-coordinated phosphine with the
monomeric catalyst precursor and the coconden-
sation agent yielded stationary phases which
afforded a substantial increase of selectivity to-
ward the generation of n-aldehydes, aresult that
is explained by an equilibrium shift of the cata-
Iytically active species under the increased
phosphine ligand concentration. The hydro-
formylation of the higher olefins 1-decene and
1-tetradecene was most efficiently catalyzed
when a polymer containing phosphine ligand
with hexyl instead of propyl spacers was em-
ployed. The smaller polarity and the larger mesh
width of this material alows a better penetration
by the big, lipophilic olefin molecules.
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