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The hydroformylation of olefins to aldehydes is an impor-
tant example of an efficient and clean process, because of its
potentially 100 % atom economy.[1] In the industrial produc-
tion of C4 and C5 aldehydes, where regioselectivity towards
the more valuable linear aldehyde product is critical, rho-
dium ± triphenylphosphane complexes are used as catalysts.
The products are separated from the catalyst by distillation,
which results in catalyst decomposition as an undesirable side
reaction. Furthermore, distillation techniques are not suitable
for the production of heavier products or fine chemicals
because of the high boiling points.

The use of an aqueous biphasic system, in which the water
phase contains the dissolved catalyst, affords a straightfor-
ward separation of the organic products. To this end, a process
using the water-soluble catalyst [HRhCO(TPPTS)3]
(TPPTS� triphenylphosphanyl trisulfonate) has been devel-
oped by Ruhrchemie/-RhoÃ ne-Poulenc for the hydroformyla-
tion of propene.[2] This process meets all the requirements for
an environmentally benign process. The applicability of the
aqueous biphasic system is, however, strictly limited to
substrates that are slightly soluble in water, such as propene
and but-1-ene.

A widely investigated approach to facilitate catalyst ±
product separation is the attachment of the catalyst to a
polymeric resin.[3] To date, immobilized catalysts of industrial
importance are still unknown: Metal leaching[4] and low
catalyst selectivity are the insurmountable problems.

The hydroformylation catalyst that we present here is
covalently anchored to a silicate matrix by the sol ± gel
technique.[5] This material can be prepared by a simultaneous
cocondensation of tetraalkoxysilanes and functionalized tri-
alkoxysilanes [Eq. (1)].[6] The sol ± gel technique is an ideal
method to immobilize catalysts because of its diversity[7] and
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its mildness (recently lipases were successfully immobilized
using the sol ± gel technique).[8] The few examples, however, of
sol ± gel-immobilized hydroformylation catalysts reported so
far show considerable amounts of metal leaching[9] and low
selectivity of the catalyst.[10]

Diphosphanes with a large natural P-M-P bite angle have a
beneficial influence on the regioselectivity of homogeneous
hydroformylation catalysts.[11] In our group xanthene-based
ligands (P-M-P� 1108) were especially designed for this
purpose.[12] Overall selectivities of 93 % for the linear
aldehyde were obtained.[13] A novel xanthene-based ligand,
N-(3-trimethoxysilane-n-propyl)-4,5-bis(diphenylphosphanyl)-
phenoxazine (siloxantphos, A), was synthesized and immobi-
lized as a rhodium ± diphosphane complex in a sol ± gel.[14]

On stirring a solution of siloxantphos, [Rh(acac)(CO)2]
(acac� acetylacetonate), and tetramethylorthosilicate
(TMOS) in THF/H2O, the cationic complex [Rh(siloxant-
phos)CO]� (1, Scheme 1) was formed, which was immobilized
in the silica (Figure 1). Interestingly the gelation of these

Scheme 1. Schematic illustration of the preparation of sol ± gel-immobi-
lized [HRh(siloxantphos)(CO)2].

Figure 1. A schematic representation of the sol ± gel-immobilized catalyst
[HRh(siloxantphos)(CO)2].

mixtures takes place within one hour without the use of an
additive to catalyze the polycondensation of the silica
monomers. This suggests that the rhodium ± xanthenediphos-
phane complex acts as a catalyst in this process (the same
mixture without A has a gelation time of about seven days,
even with a large excess of acetylacetone). We observed the
formation of the cationic complex by monitoring the sol ± gel
process of a mixture of 9,9-dimethyl-4,5-bis(diphenylphos-
phanyl)xanthene (xantphos, B) and [Rh(acac)(CO)2] by

liquid-state 31P NMR spectroscopy. (Nonimmobilized com-
plexes can easily be studied during the sol ± gel process by
means of liquid-state NMR spectroscopy. This is not possible
for the immobilized rhodium ± siloxantphos complex.[15])
After [Rh(xantphos)(acac)CO] is formed, this complex
quantitatively turns into [Rh(xantphos)CO]� (2) during the
gelation process. Probably, acidic silanols, formed during the
hydrolysis of TMOS, protonate the acetylacetonate to acetyl-
acetone. As a consequence 2 is formed having a silicate
counterion (it cannot be excluded that acacÿ is the counterion
of these cationic rhodium ± diphosphane ± carbonyl com-
plexes).

On exposing the gel containing 2 to one atmosphere of CO/
H2 (1/1), the color of the gel changes from orange to yellow.
NMR studies showed the transformation from 2 to [HRh-
(xantphos)(CO)2] (2''), which is the key intermediate for a
selective hydroformylation catalyst in a homogeneous phase.[12]

System 1 was characterized by means of solid-state 31P
MAS NMR and FT-IR spectroscopy, and both the phosphorus
chemical shift and the carbonyl vibration were in good
agreement with the fully characterized (homogeneous) com-
plexes 2(OTf) (Tf�F3CSO2) and 2(BF4) (Table 1).[16] Using

Table 1. Spectroscopic data for immobilized [Rh(siloxantphos)CO]� (1)
and homogenous analogues.[a]

1 2(OTf) 2(BF4)

31P-NMR:
d (JP-Rh [Hz]) 38 (br)[b] 36 (br),[b] 37.2 (d, 122)[c]

37.4 (d, 122)[c]

FT-IR:
nÄ(CO) [cmÿ1] 2011 2003 1998

[a] For more details see the Experimental Section. [b] Obtained by means
of MAS solid-state NMR spectroscopy; JP±Rh is too small for detection in
the solid state. [c] Obtained by means of liquid-state NMR spectroscopy.
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X-ray photoelectron spectroscopy (XPS) we evidenced that
rhodium is present purely in the oxidation state i. The binding
energies of the rhodium 3d electrons in 1 were found to be 312
and 317 eV with a relative intensity of 3.3 and 2. For 2(BF4)
similar binding energies of 311 and 316 eV were determined
with a relative intensity of 3.2 and 2 (Figure 2). This is in good
agreement with the twofold degenerated energy levels of the
rhodium 3d electrons known for rhodium(i) compounds.[17] No
traces of metallic rhodium(00) were found in the samples.

Figure 2. Binding energy of rhodium 3d electrons determined by means of
XPS.

The porous nanostructure of the functionalized silica 1 was
visualized by means of transmission electron microscopy
(TEM) (Figure 3). From the TEM experiments, which were
performed without using staining techniques, it was concluded
that no clustered rhodium particles were present in the
material.[18] This substantiates the results obtained from the
XPS experiments.

The crystal structure of 2(BF4) shows that in the cationic
complex the xanthene ligand coordinates in a tridentate

Figure 3. Electron micrograph of an aqueous suspension of sol ± gel-
immobilized [Rh(siloxantphos)CO]� . The bar represents 100 nm.

fashion, with the phosphane groups in a trans coordination
and the ether oxygen atom as a hemilabile donor atom (RhÿO
2.126(3) �; Figure 4).[19] This POP chelate coordination on
rhodium, earlier found for 1,5-bis(diphenylphosphanyl)-3-
oxapentane,[20] is likely an important stabilizing factor for the
complex during the sol ± gel process.[6]

Figure 4. The X-ray structure of [Rh(xantphos)CO](BF4) (2(BF4)) (hydro-
gen atoms and the BF4

ÿ counterion are omitted for clarity). Selected bond
distances [�] and angles [8]: RhÿP1 2.266(11), RhÿP2 2.282(11), RhÿO1
2.126(3), RhÿC(O) 1.798(5); P1-Rh-P2 164.42(4), O1-Rh-C(O) 175.33(19),
O1-Rh-P1 83.41(8), O1-Rh-P2 83.68(8).

The catalytic performance of 1 in the hydroformylation of
1-octene was studied in a batch process using 1 g of silica
containing 1� 10ÿ5 mol of rhodium. The selectivity of 1 was as
high as 93 % towards the linear aldehyde, which is similar to
the value for the homogeneous catalyzed reaction (Table 2,
entries 1 and 9). In the absence of the xanthene ligand the
selectivity is lowered dramatically (Table 2, entry 8; 26 % n-
nonanal).

The high selectivity of 1 is induced by the large natural
P-Rh-P bite angle. This was proven on comparing A (bite
angle 1088 in 1'') with a ligand having a much smaller bite angle
(938): N-(3-triethoxysilane-n-propyl)-N',N'-bis[2-(diphenyl-
phosphanyl)ethyl]urea (siloxPNP, C).[14, 21] This ligand was
sol ± gel processed in the same way as A (Scheme 1), and
immobilized [Rh(siloxPNP)CO]� (3) obtained was subse-
quently tested in the hydroformylation of 1-octene. The
linear-to-branched product ratio using 3 is 15 times lower than
for 1 (Table 2, entry 10). This proves that indeed the large
P-Rh-P bite angle, as we already reported for the homoge-
neous systems, plays a key role in the regioselectivity of
immobilized systems.

The recyclability of catalyst 1 was studied by performing a
series of consecutive runs (Table 2, entries 1 ± 5). We observed
no deterioration of the catalytic performance in at least eight
cycles. The linear-to-branched ratio remained very high
during all experiments and only 2 % of isomers of 1-alkene
was formed. The decrease in rate in successive catalytic cycles
is very small, indicating that ligand A retains the rhodium
quantitatively in the solid state. This is confirmed by rhodium
analysis on the product by means of atomic emission
spectroscopy. No rhodium traces were detected in any of the
experiments using 1 and 3.
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Compound 1 is remarkably stable under catalytic condi-
tions. We were able to use the catalyst for more than two
weeks without loss of activity and selectivity. Even a three-day
run, leaving only a few percent of the substrate unconverted,
does not affect the performance of 1 (Table 2, entry 6). This
long-term stability indicates that very high turnover numbers
can be achieved with this system.

The rate of hydroformylation of 1-octene using 1 has a first-
order dependency in substrate concentration, and the exact
rate under these specific conditions was determined to be
0.038 [octene].[22] As a consequence we found a high rate of
hydroformylation when the reaction was performed in pure
octene (initial turnover rate of 287 molhÿ1 per mol of catalyst;
Table 2, entry 7). This rate is about the same as that of the
homogeneous catalyzed reaction (283 molhÿ1 per mol of
catalyst) which was performed in toluene (Table 2, entry 9).

Complex 1 is the most selective immobilized hydroformyl-
ation catalyst to date. With 1, the almost ideal situation is
reached in that a product, which may have any boiling point or
polarity, is isolated in 95 % purity after only one simple
filtration. Moreover, this system is one of the first examples of
a heterogenized catalyst that is free of metal leaching. These
features make this novel catalyst perfectly suitable for
application in the production of fine chemicals. Furthermore,
waste streams are expected to be relatively small because:
1) we find only small amounts of side products, 2) there is no
solvent needed, and 3) the catalyst is stable for a long time and
shows no metal leaching. It can be concluded that 1 is an
interesting environmentally benign catalyst for the selective
hydroformylation towards linear aldehydes.

Experimental Section

Synthesis of polysiloxane-bound [Rh(siloxantphos)CO]�: A mixture of
[Rh(acac)(CO)2] (5 mg, 0.01946 mmol) and siloxantphos (138.7 mg,
0.1946 mmol) was dissolved in THF (6 mL). H2O (2 mL) and TMOS
(2 mL) were subsequently added, and a red-brown two-phase system
formed. MeOH was added until a clear red-brown solution was formed.
Gelation took place within 1 h. After 36 h the gel was carefully dried under
reduced pressure. The dried gel was powdered and thoroughly washed with
MeOH, THF, and Et2O. The resulting pink-red silicas were stored at

ÿ20 8C. FT-IR (KBr): nÄ(CO) 2011 cmÿ1; 31P MAS NMR (121.4 MHz,
NH4H2PO4 (d� 0.8)): d� 38 (br, phosphane), 26 (br, some phosphane
oxide), 51 (protonated phosphane).

The recycling experiments were performed as follows. A stainless steel
50-mL autoclaveÐequipped with a mechanical stirrer, a substrate vessel, a
cooling spiral, and a sample outletÐwas charged with 1 g of silica,
containing 1� 10ÿ5 mol of rhodium catalyst, in toluene (10 mL) and n-
propanol (1 mL). The suspension was incubated for 1 h at 80 8C under
20 bar CO/H2 (1/1). A mixture of 1-octene (1 mL) and decane (1 mL) in
toluene (3 mL) was added, and the CO/H2 pressure was brought to 50 bar.
The mixture was stirred for 24 h. The autoclave was cooled down to 10 8C,
and the pressure was reduced to 1.8 bar. With the small overpressure the
liquid was slowly removed from the catalyst with a 1.2-mm syringe. After
the catalyst was washed with toluene (5 mL), toluene (10 mL) was added,
and the pressure was brought to 20 bar. Finally the mixture was heated to
80 8C and the second cycle was performed.
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Table 2. Results from the hydroformylation of 1-octene at 80 8C and 50 bar CO/H2.

Entry Catalyst (cycle)[a] Con-
version [%]

TOF[b] Linear
aldehyde[c]

[%]

Branched
aldehyde[c]

[%]

Alkene
isomerization[c]

[%]

n-Aldehyde
hydrogenation[c]

[%]

Linear:
branched[c]

Rh leach-
ing[d] [%]

1 1 (1) 69 35 92.8 3.0 1.7 2.5 32:1 < 1
2 1 (2) 69 36 94.1 2.7 2.0 1.2 36:1 < 1
3 1 (3) 69 36 94.0 2.7 2.3 1.0 35:1 < 1
4 1 (4) 67 35 94.5 2.7 2.2 1.3 35:1 < 1
5 1 (8) 63 33 95.0 2.6 2.0 0.5 37:1 < 1
6 1[e] 92 32[f] 95.5 2.3 1.6 0.6 43:1 < 1
7 1[g] 63 287 95.5 2.4 1.9 0.3 40:1 < 1
8 [Rh(acac)(CO)2] 64 175 26.3 16.3 57.4 0.0 1.6:1 > 50

in sol-gel[h]

9 A/[Rh(acac)(CO)2] 19 283 93.3 2.9 3.7 0.0 32:1 ±
(homogeneous)

10 3 72 119 70.0 28.9 1.0 0.1 2.4:1 < 1

[a] The ligand-to-rhodium ratio is 10:1; the catalysis was performed in toluene/n-propanol (13/1) using 1 mL of 1-octene. [b] Initial turnover frequencies
(TOF) were calculated as the amount of aldehyde formed [mol hÿ1] per mole of catalyst at 10 ± 20 % conversion. [c] Determined by means of GC analysis
using decane as an internal standard. [d] Determined by means of atomic emission spectroscopy. [e] 3 mL of 1-octene were used. [f] Average turnover
frequency. [g] In 14 mL of 1-octene and 1 mL of n-propanol. [h] No ligand was used.
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Visualization of Surface Gelation Processes
in a Doped Sol ± Gel Glass
Germain Puccetti* and Roger M. Leblanc

Sol ± gel materials present an alternative to organic poly-
mers and have the advantage of operating at room temper-
ature. This makes them particularly interesting for doping
with biological materials.[1, 2] Much work on the chemistry of
sol ± gel materials aims at adjusting the initial sol composition
to control the hydrolysis and condensation reactions accord-
ing to the desired application of the end material. In situ
studies of the evolution of a sol ± gel in thin films are based on
the optical (for example, fluorescence, interferometry) or
mechanical properties (for example, stress) and yield macro-
scopic information from which the material evolution is
inferred.[3±5] Thin-film fabrication is particularly sensitive to
the initial chemistry because of the strong influence of
environmental constrains over the large exposed surface (air
humidity, solvent evaporation).[6±8]

The present work reports the first depth-resolved, in situ
measurements of the near-surface regions of a material during
its evolution from the sol to the gel states. The organic dye
molecule b-carotene serves as a probe for the chemical
changes that occur during the sol ± gel evolution. Depth
analysis evidences a clearly distinct chemical evolution at the
surface of the material relative to the bulk. This is attributed
to the exposition of the surface to air.

Photoacoustic spectroscopy (PAS) relies on optical excita-
tion of a material and measurement of the induced heat
release. Despite its simple basic principles, PAS covers a
broad range of phenomena that occur during the process of
converting absorbed light into the release of heat. Several
information factors can be identified that influence, directly
or indirectly, the energy conversion process: a) the light
absorption coefficient; b) the molecular-level de-excitation
process; c) the excitation/heat transfer to the molecular
environment; d) heat propagation; and e) the spatial distri-
bution of microscopic heat sources inside the sample. The
characterization of any material by PAS is governed by three
main material properties: 1) the light absorption distribution
(Beer�s law); 2) the thermal diffusion; and 3) the thickness of
the material being investigated.[9, 10]

The relative importance of the aforementioned information
factors can be modified by choosing sample conditions so as to
eliminate some of them.[11] In the present study, thin samples
and a low dopant concentration allow us to neglect three out
of the five factors. Two dominant information factors influ-
ence the response signal: energy transfer from b-carotene to
its microscopic environment (c) and variable thermal proper-
ties of the sample (d). However, a previous study has shown
that the changes in the thermal property of the sample (during
the sol to gel evolution) are small with respect to the energy
transfer factor.[11] The measured signal is therefore dominated
by changes in the efficiency of heat transfer from b-carotene
molecules to their immediate molecular environment. This
dopant molecule was chosen because of its very good stability
in sol ± gel materials and its near unit thermal de-excitation
conversion yield.[12±14]

A thicker sample (about 1 mm) was used initially to
simulate bulk sol ± gel material during its chemical aging.
The depth-dependent heat emission that was extracted from
the time response signal, obtained from pulsed photoacoustic
spectroscopy (PPAS), versus time of aging is given in Fig-
ure 1 b. The classical PPAS signal (Dpmax, tmax) is added for
comparison (Figure 1 a). Studies of the dopant dynamics of a
tetramethoxysilane (TMOS)/dimethylaminopyridine (DMAP)
sol ± gel have shown that the sol phase is characterized by an
increase in length of polymers with time which results in an
increasing viscosity of the medium.[15] Macroscopic gelation
occurs when the longer polymer species are consumed to form
the long-distance network. This process results in a temporary
decrease in hindrance (local viscosity) around dopant mole-
cules and b-carotene experiences a sudden return to a
solventlike environment.

The depth-resolved signal (Figure 1 b) reveals two distinct
time evolutions: near the sample surface (less than 11 mm) and
in its bulk (greater than 11 mm). These were not apparent on
the global response signal (Figure 1 a) as obtained by classical
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elsewhere.
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