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A RhHðCOÞðPPh3Þ3-derived SiO2-tethered catalyst via a thiol ligand is not only quite effective and stable for cyclohexene

hydroformylation under the milder conditions of 100 �C and 28 bar of equimolar CO and H2 but also more active than the

corresponding homogeneous catalyst. This catalyst has the advantage in resistance to rhodium leaching over homologous tethered

catalysts via phosphine and amine ligands.
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1. Introduction

The hydridic complex RhHðCOÞðPPh3Þ3 is known as
a most effective catalyst precursor used in hydroformyl-
ation [1,2]. It has never been extensively studied in the
area of homogeneous olefin hydroformylation [1–8]
since the dissociation of a PPh3 ligand gives directly a
catalytic active species RhHðCOÞðPPh3Þ2. Great research
interest has been shown in the use of the title complex in
that not only do the reaction proceeds at ambient
temperature and pressure and from alk-1-enes produce
�95.5% of the straight-chain aldehyde but the complex
is also indefinitely stable in air and is readily prepared
[2]. Also, wide attempts have been made to immobilize
this complex to organic polymers and inorganic
materials for the heterogenization purpose [9–13].
Some satisfactory achievements have been made regard-
ing the recycling of supported catalysts and the
exploitation of fixed-bed catalysts with high activity,
selectivity and n/i-aldehyde ratio in hydroformylation,
which are comparable to those of homogeneous
catalysts. Loss of the rhodium by leaching was claimed
to be dependent on the property of support and the
reaction conditions. Of all the techniques of hetero-
genizing this complex, complexation of donor ligands to
rhodium is the most effective and attractive, which is
referred to as a key factor linking the complex to the
support by chemical bond. This approach may prevent
rhodium leaching efficiently on principle. To date, only
a phosphorus-containing organosilane has been
reported to be used to prepare an SiO2-supported
RhHðCOÞðPh2PðCH2Þ2SiðOsÞ3Þ3 (Os: surface oxygen)
via RhHðCOÞðPh2PðCH2Þ2SiðOEtÞ3Þ3 [14]. The RhH

ðCOÞðPh2PðCH2Þ2SiðOsÞ3Þ3=SiO2-derived catalyst was
shown to not only have high activity and n/i-aldehyde
ratio for hexene-1 hydroformylation but also have good
resistance to rhodium leaching [15,16]. No other donor
ligands have been reported to affect the catalytic
properties and stability of this kind of catalysts. Mean-
while, it is well known that various rhodium thiolate
complexes such as ½Rhð�-SRÞðLÞðL0Þ�2 (L, L ¼ COD or
L ¼ CO, L0 ¼ PR3; COD ¼ cyclooctadiene), Rh2ðCOÞ2
ðPBut3Þ2ð�-ClÞð�-SRÞðR ¼ ðCH2Þ3 SiðOEtÞ3Þ and ½Rhð�-
SðCH2Þ3SiðOMeÞ3Þ2ðCOÞ2�2 are active catalyst precur-
sors for homogeneous and heterogeneous olefin hydro-
formylation [8,17–32].

In this context, we were interested in choosing
phosphorus-, nitrogen- and sulphur-containing organo-
silanes as donor ligands to prepare and study
RhHðCOÞðPPh3Þ3-derived SiO2-tethered catalysts for
hydroformylation. We intended to understand the
effects of different donor ligands on the catalytic
properties and stability of supported phosphine-contain-
ing rhodium complexes by comparison of the results
obtained with phosphine, amine and thiol ligands.

2. Experimental

SiO2, which is a silica ‘‘Aerosil’’ with a surface area of
380m2=g, was purchased from Degussa. Cyclohexene
(99%) was purchased from Merck. ClðCH2Þ3SiðOMeÞ3
(97%), H2NðCH2Þ3SiðOEtÞ3 (99%), HSðCH2Þ3SiðOMeÞ3
(96%) and KPPh2 (0.5M solution in tetrahydrofuran
(THF)) were supplied by Aldrich. RhHðCOÞðPPh3Þ3
(98%) was supplied by Strem. All other reagents were
purchased commercially. Organic solvents were distilled
and dried prior to use. The gases COþH2 and N2 had a
purity of 99.999%.
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SiO2 was subjected to dehydration at 200 �C prior to
the following experiments. Donor ligand-functionalized
SiO2 was prepared by reacting SiO2 (2.0 g) with a
toluene (150mL) solution of organosilane (10mL)
under refluxing under N2 for 16 h. The resulting solid
was filtered off, washed with chloroform (200mL) and
dried in vacuum. The chlorinated, aminated and
thiolated SiO2 samples thus prepared contained 1.6%
Cl, 1.1% N, and 1.3% S, respectively. The chlorinated
SiO2 was further refluxed with KPPh2 (1mL) in THF
(25mL) under N2 for 1 h. After filtration, washing with
100mL of methanol and drying in vacuum, the resulting
phosphinated SiO2 contained 0.1% Cl and 0.8% P.
Phosphinated, aminated and thiolated SiO2 samples are
denoted as SiO2ðPPh2Þ, SiO2ðNH2Þ, and SiO2ðSHÞ,
respectively. Tethered catalyst precursors were prepared
by stirring functionalized SiO2 (1.0 g) with a toluene
(50mL) solution of RhHðCOÞðPPh3Þ3 (0.180 g) at 70 �C
under N2 for 16 h. In all cases, the solid color turned
green and the green solution became almost colorless at
the end of the reaction, indicative of the tethering of
RhHðCOÞðPPh3Þ3 to the support via complexation of
supported thiol. Afterward the liquid was drawn off
with a syringe under N2, and the solid was washed three
times with toluene under N2 followed by drying in
vacuum. The rhodium contents of SiO2ðPPh2Þ-,
SiO2ðNH2Þ-, and SiO2ðSHÞ-tethered catalyst precursors
were 1.75, 1.75, and 1.73%, respectively.

Hydroformylation of cyclohexene was conducted
under 28 bar of an equimolar CO and H2 mixture at
100 �C in an autoclave. 300mg of catalyst precursor,
12mL of cyclohexene and 55mL of THF were first
transferred to the autoclave inside a glove box.
Subsequently, the COþH2 mixture was charged after
the reaction system had been purged with this reaction
gas mixture. Sampling of the reaction mixture was done
during the course of the reaction. The samples were
analyzed by gas chromatography.

31PNMR spectra were recorded on a 300-MHz
Bruker ACF 300 FT-NMR spectrophotometer. Chemi-
cal shifts were referenced to Na2HPO4 at 0 ppm. The
rhodium contents of the samples were determined by
atomic absorption spectroscopy. The chlorine, sulfur
and phosphorus contents of the samples were analyzed
by X-ray fluorescence. Thermogravimetric analysis was
used to estimate the contents of chlorine, nitrogen and
sulfur in SiO2ðClÞ, SiO2ðNH2Þ, and SiO2ðSHÞ.

3. Results and discussion

Figure 1 shows the solid state 31PNMR spectra
before and after the reaction of RhHðCOÞðPPh3Þ3 with
SiO2ðSHÞ. The spectrum of solid RhHðCOÞðPPh3Þ3
exhibited a set of signals at � 44.4, 34.1, 33.6, and
32.8sh, while the spectrum of RhHðCOÞðPPh3Þ3=
SiO2ðSHÞ presented a broad signal at � 32.8 and a

sharp signal at � 0. The organometallic chemistry of
phosphine-containing rhodium complexes with sulfur
donor ligands is poorly established and there are no
solid-state 31PNMP data available of phosphino–
rhodium–thiolate complexes. However, the observed
31PNMR signal positions of supported complex are
significantly different from those of solid
RhHðCOÞðPPh3Þ3. This spectral evolution may be
closely related to the coordination of a supported thiol
to the rhodium center of RhHðCOÞðPPh3Þ3. Referring to
the case with immobilization of RhðPPh3Þ3Cl on
MCM-41ðPPh2Þ reported recently [31], a similar 31P
NMR spectral evolution before and after immobiliza-
tion has been explained by substitution of a PPh3 with a
supported phosphine with the formation of
MCM-41ðPPh2RhClðPPh3Þ2Þ. Earlier studies have also
demonstrated that the reaction of a complex on the
surface is favored with only one supported ligand to
form a simple product [32]. Thus, we infer without direct
evidence that the reaction between RhHðCOÞðPPh3Þ3
and SiO2ðSHÞ would follow the same mechanism and
form SiO2ðSHRhHðCOÞðPPh3Þ2Þ with the concomitant
dissociation of a PPh3:

Similar results may be speculated with the formation
of SiO2ðPPh2RhHðCOÞðPPh3Þ2Þ and SiO2ðNH2RhH
ðCOÞðPPh3Þ2Þ on SiO2ðPPh2Þ; and SiO2ðNH2Þ.

The functionalized SiO2-tethered RhHðCOÞðPPh3Þ3
was tested in cyclohexene hydroformylation. Table 1
lists the comparative catalytic results after 20 h of
reaction over the catalyst systems studied. All the
catalysts displayed selectivity as high as above 98% to
cyclohexane carboxaldehyde with no activity to alco-
hols. RhHðCOÞðPPh3Þ3=SiO2ðSHÞ resulted in continu-
ously increased turnover for conversion of cyclohexene
during three reaction cycles running. From the second
cycle, it was noted that the activity of RhHðCOÞ,
ðPPh3Þ3=SiO2ðSHÞ-derived catalyst was higher than that
of a homogeneous catalyst derived from
RhHðCOÞðPPh3Þ3. In the third cycle, the turnover
attained to 2400 (mol cyclohexene/mol Rh). When a
reaction cycle of 20 h ceased, the solid catalyst was
filtered off from the reaction mixture in air for the next
cycle and elemental analysis. The green color of the
catalyst remained unchanged during the three cycles.
1.65% of Rh was retained on the support and the liquid-
phase color was light green after the first cycle. The
rhodium content of the catalyst no longer declined and
the liquid phase was colorless from the second cycle.
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This demonstrates that only a weak leaching of rhodium
from the support occurs relative to the initial rhodium
loading (1.73%) under catalytic conditions. Compara-
tively, a considerable rhodium leaching was found from
RhHðCOÞðPPh3Þ3=SiO2ðNH2Þ during the first cycle,
although it gave rise to a satisfactory turnover for the
conversion of cyclohexene at 1590 (mol cyclohexene/mol
Rh). The liquid-phase color became green and the
detected rhodium content on the catalyst was 0.85%
after the first cycle, referring to the initial rhodium
loading (1.75%). An even heavier rhodium leaching was
observed with RhHðCOÞðPPh3Þ3=SiO2ðPPh2Þ. The solid
phase became nearly colorless and the remaining
rhodium content on the catalyst was as low as 0.12%
after the first cycle, starting from 1.75% of rhodium
loading. Moreover, this catalyst system led to a worse
turnover for conversion of cyclohexene at 316 (mol
cyclohexene/mol Rh).

From the variation of turnovers of cyclohexane
carboxaldehyde formed on these catalyst systems with

reaction time shown in figure 2, it is seen that all the
catalyst systems maintained hydroformylation activity
throughout the 20-h reaction since their turnovers of
aldehyde formed increased continuously with reaction
time. In the first hour, the homogeneous RhH,
ðCOÞðPPh3Þ3 system was the most active and all the
supported catalyst systems were less active. Then, the
activity of the former greatly decreased so that the
turnover of aldehyde on it became inferior to those on
RhHðCOÞðPPh3Þ3=SiO2ðSHÞ (second and third cycles).
Thus, the SiO2ðSHÞ-tethered catalyst is regarded as
being stable for recycling and more active after under-
going a reaction period.

The results reveal that the SiO2ðSHÞ-tethered catalyst
is not only more active than the homogeneous catalyst
from the second cycle but is also quite stable for
recycling, that the SiO2ðNH2Þ-tethered catalyst is fairly
active in the first cycle but has high rhodium leaching
and that the SiO2ðPPh2Þ-tethered catalyst not only is
much less active than the homogeneous catalyst but also

Figure 1. Solid state 31P NMR spectra of (a) RhHðCOÞðPPh3Þ3 and (b) RhHðCOÞðPPh3Þ3=SiO2ðSHÞ.

Table 1

Catalytic properties of RhH(CO)(PPh3)3-derived catalystsa in cyclohexene hydroformylationb

Catalyst precursor

Cyclohexene conversion

(%)

Turnoverc

(mol/mol Rh)
Product distribution (mol%)

Cyclohexane

Cyclohexane

carboxyaldehyde

RhH(CO(PPh3)3
d 44.2 1632 0.5 99.5

RhH(CO(PPh3)3/SiO2(SH)

1st cycle 56.6 1332 0.7 99.3

2nd cycle 81.9 2020 0.4 99.6

3rd cycle 97.3 2400 0.7 99.3

RhH(CO(PPh3)3/SiO2(NH2) 68.4 1590 2.1 97.9

RhH(CO(PPh3)3/SiO2(PPh2) 13.6 316 0.7 99.3

Rh4(CO)12/SiO2(SH) 0 — — —

a0.30 g of catalyst precursor with nearly 2.0% Rh loading.
bReaction conditions: 12mL of cyclohexene, H2/CO ¼ 1, 28 bar, 100 8C, 20 h/cycle.
cFor conversion of cyclohexene.
d0.030 g.
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has heavy rhodium leaching. Of equal catalytic results
can be RhHðCOÞðPPh3Þ3=SiO2 without tethering and
RhHðCOÞðPPh3Þ3. Without tethering, a silica-supported
rhodium complex can be referred to as a rhodium
complex simply physisorbed on the silica surface. Such a
catalyst system has proven to result in almost complete
rhodium complex leaching during the liquid-phase
cyclohexene hydroformylation and to exhibit catalytic
properties quite similar to those of a corresponding
homogeneous catalyst [33]. Therefore, RhHðCOÞ-
ðPPh3Þ3=SiO2 without tethering is insignificant for use
in heterogeneously catalytic cyclohexene hydroformyla-
tion. The good performances of the SiO2ðSHÞ-tethered
catalyst are suggested to result from the promotion and
stabilization of supported thiol on the catalysis of a
phosphine-containing rhodium complex because a
SiO2ðSHÞ-tethered phosphine-free rhodium complex is
inactive for cyclohexene hydroformylation, as seen in
table 1. The distinct properties of RhHðCOÞðPPh3Þ3-
derived SiO2-tethered catalysts via the three kinds of
donor ligands in hydroformylation may be correlated to
the strength of coordination of the donor ligands to the
rhodium center of RhHðCOÞðPPh3Þ3. As compared to
phosphine and amine, coordination of a thiol produces
a strong S–Rh bond, which is attributed to the strong
d�–p� bonding, and thus may not only improve the
electronic factor of the complex toward catalytic
hydroformylation but also favor the immobilization of
the resulting rhodium complex. Such an electronic effect
of thiol is essentially accompanied by the concerted
action of thiol and phosphine on the catalysis for

hydroformylation that leads to the enhancement of
catalytic activity compared to that of the homogeneous
catalyst derived from RhHðCOÞðPPh3Þ3.

4. Conclusions

RhHðCOÞðPPh3Þ3 is tethered on SiO2ðPPh2Þ,
SiO2ðNH2Þ, and SiO2ðSHÞ possibly in the forms of
SiO2ðPPh2RhHðCOÞðPPh3Þ2Þ, SiO2ðNH2RhHðCOÞ ðPP
h3Þ2Þ and SiO2ðSHRhHðCOÞðPPh3Þ2Þ respectively. The
SiO2ðSHRhHðCOÞðPPh3Þ2Þ-derived catalyst exhibits
high activity for cyclohexene hydroformylation at 28
bar of equimolar CO and H2 and at 100 �C and fair
stability for recycling. Its activity is superior to that of the
RhHðCOÞðPPh3Þ3-derived homogeneous catalyst. The
catalysts derived from SiO2ðPPh2RhHðCOÞðPPh3Þ2Þ and
SiO2ðNH2RhHðCOÞðPPh3Þ2Þ display serious rhodium
leaching during the reaction.
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