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a  b  s  t  r  a  c  t

A  Rh/SiO2 catalyst  with  excellent  activity  and stability  for  ethylene  hydroformylation  was  developed  by
modifying  with  tethered  diphenylphosphinopropyl  and  doped  with  an Al promoter.  The  catalyst  was
characterized  by  means  of  N2 adsorption/desorption  isotherms,  transmission  electron  microscope,  NH3

temperature  programmed  desorption,  Fourier  transform  infrared  spectroscopy  and  solid-state  nuclear
magnetic  resonance.  Experimental  results  showed  that  the  existence  of  the  Al  promoter  inhibited  the
eywords:
hodium
l
ethered phosphine
thylene

growth  of Rh  particles,  increased  the  number  of exposed  Rh  atoms,  changed  the  acidity  of  the  catalyst  sur-
face,  promoted  in  situ  formation  of  active  species  that  were  similar  to their  corresponding  homogeneous
counterparts,  and  enhanced  electron  density  of  the P  atom  in the  phosphine  ligand.

© 2014  Elsevier  B.V.  All  rights  reserved.
ydrofromylation

. Introduction

Hydroformylation of alkenes to produce aldehydes is a reac-
ion of significant interest for researchers of both academic and
ndustrial sectors [1], and several generations of catalysts have
lready been developed by researchers. Though traditional cata-
ysts are categorized into homogeneous and heterogeneous, till
ow, only homogeneous catalysts are used in most hydroformy-

ation industrial processes due to the advantages of high activity
nd mild reaction conditions. However, heterogeneous catalysts
ave the advantage of easy separation from reactants and products,
hich is the drawback of the homogeneous catalysts. To combine

he advantages of the homogeneous and heterogeneous catalysts,
esearchers have devoted great efforts to develop new catalytic
ystems, especially immobilization or heterogenization of active
ransition-metal complex on solid supports [2,3]. However, these

ystems suffer from low stability because of the leaching of active
pecies [4,5]. We  have reported previously a new tethered ligand-
odified Rh/SiO2 catalyst in which the phosphine ligands as well

∗ Corresponding author at: Dalian National Laboratory for Clean Energy, Dalian
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as the Rh particles were anchored on the surface of the support to
avoid the leaching of the active species [6]. The tethered ligand-
modified Rh/SiO2 catalyst showed an excellent stability, but the
activity needed to be improved.

Since doping with inorganic promoters is a traditional strategy
to modify catalysts in heterogeneous catalysis and the Rh element
is by far the most efficient metal for hydroformylation of olefins,
accordingly, many additives, such as Zn [7], Mo [8,9], Ag [10] and Se
[11], have been investigated to improve the activity of the Rh/SiO2
catalyst, and they have been reported to increase the activity of the
catalyst for the hydroformylation reaction by decreasing the size
of the Rh nano-particles or to modify the electronic properties of
the Rh nano-particles. Al2O3 is one of the most used inorganic oxide
supports, and investigators have reported many modified Rh/Al2O3
catalysts, such as Rh/nano-Al2O3 [12], modified Rh/SiO2·Al2O3 [13]
and Rh complexes/Al2O3-ZrO2 [14], for the hydroformylation of
olefins. Lenarda et al. have reported a Rh/Al on silica system used for
catalyzing propylene hydroformylation [15]. However, these tra-
ditional heterogeneous catalysts still suffered from poor activity
and/or selectivity for the hydroformylation of olefins.

In this work, by taking the advantage of the promoter effect

in heterogeneous catalysis, we introduced Al as an inorganic
promoter to improve the activity of an Rh/SiO2 catalyst modi-
fied with tethered diphenylphosphinopropyl. The objective of this
work is to explore a new approach for improving the activity of

dx.doi.org/10.1016/j.apcata.2014.12.011
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
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the active species, the catalytic activities of all catalysts increased
with a prolonged time during the first 144 h, and then became
steady. Under identical reaction conditions, the DPPPTS-RhAln/SiO2
catalysts showed much higher activities than the DPPPTS-Rh/SiO2
28 J. Liu et al. / Applied Catalys

igand-modified Rh catalysts. To our knowledge, no work has
een done with inorganic promoters on ligand-modified Rh
atalysts until now. The catalysts were tested in the eth-
lene hydroformylation reaction and characterized by means
f N2 adsorption/desorption isotherms, transmission electron
icroscope (TEM), NH3 temperature programmed desorption

NH3-TPD), Fourier transform infrared spectroscopy (FT-IR) and
olid-state nuclear magnetic resonance (solid-state NMR).

. Experimental

.1. Catalyst preparation

RhAln/SiO2 was prepared by co-impregnation of silica gel with
hCl3·xH2O and Al(NO3)3·9H2O in ethanol and dried in air. Subse-
uently, it was calcined at 573 K for 4 h and then reduced in a H2
ow at 573 K for 4 h at atmospheric pressure. After washing off the
l−, it was reduced again at 573 K and restored in an Ar atmosphere.
he metal loading of Rh was 1.2 wt%, and the atom ratio of Al to Rh
as n (n = 0.2, 1, 3). The Rh/SiO2 catalyst was prepared in the same
ay without the addition of the Al(NO3)3·9H2O.

3-Diphenylphosphinopropyltriethoxysilane (DPPPTS) was  pre-
ared according to the literature [16]. 0.9521 g lithium was cut into
ieces and added to a solution of 10.0183 g diphenylchlorophos-
hine in 40 ml  tetrahydrofuran with magnetic stirring. An
xothermic reaction took place instantly, and the color of the
olution turned red-brown with a great deal of precipitation. The
ixture was stirred for 12 h and then filtered. The filtrate was added

ropwise to a solution of 15.3727 g 3-chloropropyltriethoxysilane
n 45 ml  tetrahydrofuran at room temperature. The solution was
tirred for 18 h. Most of the tetrahydrofuran was removed by dis-
illation. The produced precipitate was filtered off and the filtrate
as distilled at reduced pressure. A light yellow liquid was obtained

t 300 Pa, 459–461 K. 31P NMR  (CDCl2): ı −17.2 ppm.
Tethered diphenylphosphinopropyl/modified Rh/SiO2 and

hAln/SiO2 catalysts were prepared as described in literature [6].
n the case of the DPPPTS-RhAln/SiO2, 0.3 g RhAln/SiO2 was added
o a solution of 0.03 g DPPPTS in 3 ml  toluene, the mixture was
tirred for 16 h at room temperature and then for another 6 h
nder reflux. After cooling to room temperature, the toluene was
emoved by vacuum-pumping for 3 h. The DPPPTS-Rh/SiO2 had
he same P/Rh ratio with the DPPPTS-RhAln/SiO2.

All manipulations referring to the use of DPPPTS were carried
ut under an argon atmosphere.

.2. Ethylene hydroformylation

The hydroformylation of ethylene was performed in a con-
inuous flow fixed-bed reactor with inner diameter of 4.6 mm
nder the condition of P(C2H4:CO:H2 = 1:1:1) = 1.0 MPa, T = 393 K,
catalyst = 0.3 g, GHSV = 2000 h−1, and P/Rh = 2.2. The effluent passed

hrough a condenser filled with 70 ml  de-ionized water. The so-
btained aqueous solution was analyzed by a HP-6890N GC with
n FFAP column, using an FID detector and with ethanol as an inter-
al standard. The tail gas was analyzed on-line using the same
P-6890N GC with a Porapak-QS column and a TCD detector. The

urn-over-frequency (TOF) of the catalyst was calculated based on
he Rh content of the catalyst.

.3. Characterization
N2 adsorption–desorption isotherms of the samples were mea-
ured using a Quantachrome Autosorb-1 instrument. Prior to the
easurements, the samples were degassed under vacuum at 573 K

or 3 h.
eneral 492 (2015) 127–132

The morphology of the catalysts was observed using an FEI Tec-
nai G2 F30 S-Twin instrument. The Rh particle size statistics was
completed by using the software (Nano Measurer 1.2).

FT-IR spectra were recorded on a Bruker Tensor 27 instrument.
The liquid samples were deposited onto a KBr window and the
solid samples were pressed into self-supporting discs of the same
amount and placed in an IR cell. The samples prepared for measur-
ing pyridine FT-IR spectra were treated under vacuum at 573 K for
0.5 h. Then, they were exposed to pyridine vapor for 0.5 h at room
temperature, followed by vacuuming. After 30 min, the spectra
were recorded. The vacuuming was  a prerequisite for the subse-
quent operation and would not be mentioned specifically. Then
the temperature was raised to 423 K and held for 0.5 h. After cool-
ing to room temperature, the spectra were collected. The spectra
at 523 K were obtained after a new turn of temperature rise, reten-
tion and descent. The samples prepared for recording in situ FT-IR
spectra were treated as follows: reduction in a H2 flow for 1 h at
393 K, adsorption of a CO:H2 = 1:1 mixture gas for 0.5 h at 323 K,
then purging with N2 for 0.5 h at 323 K.

NH3-TPD was performed using a Micromeritics AutoChem 2910
instrument. After treating at 573 K for 0.5 h, the samples were
cooled to 373 K and adsorbed NH3 to saturation in a He flow. Then
the temperature was  raised to 573 K at a rate of 10 K min−1 along
with the detection of NH3.

Solid state 31P NMR  spectra and 27Al NMR  spectra were acquired
using a VARIAN infinity plus spectrometer. 31P chemical shifts were
referenced to the chemical shift of H3PO4 at 0 ppm, while 27Al
chemical shifts were referenced to the chemical shift of [Al(H2O)6]
at 0 ppm.

3. Results and discussion

3.1. Hydroformylation of ethylene

The catalytic performances of ethylene hydroformylation over
the DPPPTS-RhAln/SiO2 and DPPPTS-Rh/SiO2 catalysts were eval-
uated from the TOF versus time on stream, as shown in Fig. 1.
All catalysts exhibited far higher activities than the conventional
heterogeneous Rh/SiO2 catalyst (TOF = 0.8 h−1). As there was  an
induction period for the ligand-modified Rh catalyst to form in situ
Fig. 1. Catalytic performance of ethylene hydroformylation over DPPPTS-Rh/SiO2

and DPPPTS-RhAln/SiO2.
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Table  1
Texture properties of catalysts.

Sample SBET
a (m2/g) Average Dp

b (nm) Vp
c (cm3/g)

DPPPTS-RhAl1/SiO2 217 13.3 0.72
DPPPTS-Rh/SiO2 205 12.7 0.65
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BET surfaces.
b Average pore diameters.
c Pore volumes of the samples.

atalyst. Furthermore, the amount of Al played an important role
n the activity of the DPPPTS-RhAln/SiO2 catalysts. TOFs increased

hen n increased from 0.2 to 1 and then decreased when n
ncreased up to 3. Thus, it was suggested that appropriate mole ratio
f Al to Rh should be 1. The TOFs at a time-on-stream of 144 h of
he DPPPTS-RhAl1/SiO2 sample (134 h−1) was about 4 times higher
han that of the DPPPTS-Rh/SiO2 (34 h−1) catalyst. It is noticeable
hat the activity of DPPPTS-RhAl1/SiO2 was higher than DPPPTS-
h/SiO2 due to the doping of the Al promoter, therefore, we made

 detailed investigation on the promoting effect of Al between the
PPPTS-RhAl1/SiO2 and DPPPTS-Rh/SiO2 catalysts.

.2. Nitrogen adsorption/desorption isotherms

N2 adsorption/desorption isotherms was used to investigate
he texture properties of the two catalysts (Table 1). The DPPPTS-
hAl1/SiO2 had slightly higher SBET, average Dp and Vp values than
he DPPPTS-Rh/SiO2. Since the two catalysts did not show much
ifference in pore structure and pore diameter distribution, the pro-
oting effect of Al in the texture properties of the catalysts could

e ignored.

.3. TEM

In order to study the promoting effect of Al on the performance
f the DPPPTS-Rh/SiO2 catalyst, the distributions of the Rh nano-
article size in Rh/SiO2 and RhAl1/SiO2 were calculated on the basis
f the TEM images. The TEM micrograph of the two samples in Fig. 2
hows that the Rh nano-particles of RhAl1/SiO2 dispersed more
omogeneously and the Rh particles size was more uniform than
hose of the Rh/SiO2. The vast statistics of Rh particles size based
n about 1000 particles from numbers of images for each sample,
hown as inserts in Fig. 2, corroborated the above observation. The
h particle size of the Rh/SiO2 sample ranged from 0.4 to 6.4 nm,
ith an average particle size of 2.77 nm and a standard deviation

f 0.86. Compared to Rh/SiO2, the average Rh particle size of the
hAl1/SiO2 sample was smaller (2.08 nm)  and the particle size dis-
ribution was narrower (from 0.4 to 4.0 with a standard deviation of
.52). It is obvious that the addition of Al promoted the dispersion
f Rh to form smaller and more uniform Rh particles. What is more
mportant is that the fraction of edged and cornered Rh atoms in
he total Rh surface increased with the decreasing of the Rh particle
ize [17], which means that more Rh atoms could be provided to
orm the active species for ethylene hydroformylation.

.4. Pyridine adsorbed FT-IR

Since Al(NO3)3·9H2O is decompounded into Al2O3 at 408 K [18],
t should be taken into account the difference in acidity between the
hAl1/SiO2 and Rh/SiO2 catalysts. FT-IR spectroscopy of adsorbed
yridine is a useful technique for measuring the acidity of cata-

ysts. Fig. 3 shows the spectra of the two samples after desorption

f pyridine at 423 K. Comparing the spectra between Rh/SiO2 and
hAl1/SiO2, the band at 1446 cm−1 appeared in both spectra, while
ew bands at 1456, 1491 and 1545 cm−1 emerged in the spec-
rum of the RhAl1/SiO2. The band at 1446 cm−1 was  attributed
Fig. 2. TEM images of (a) Rh/SiO2 and (b) RhAl1/SiO2. The inserts show the distri-
bution of Rh particle size.

to pyridine adsorbed via hydrogen bonding (HB). The new bands
for the RhAl1/SiO2 after pyridine desorption implied the emerg-
ing of new acid sites. The band at 1456 cm−1 was characterized
as Lewis acid sites (LAS), the band at 1545 cm−1 indicated the
presence of Brönsted acid sites (BAS), and the band at 1491 cm−1

was from the pyridine adsorbed on LAS and BAS mixtures (LBAS)
[19,20]. Generally speaking, the addition of Al indubitably gave

rise to the appearance of Brönsted acid sites and Lewis acid sites,
which would change greatly the acidity of the catalyst surface. It has
been substantiated that Lewis acid sites could accelerate the rate
of CO insertion when using alkyl (pentacarbonyl) manganese [21].
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Fig. 3. Infrared adsorption spectra of adsorbed pyridine after 30 min desorption at
423 K for (A) Rh/SiO2 and (B) RhAl1/SiO2.
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Fig. 5. NH3-TPD profile of (A) Rh/SiO2 and (B) RhAl1/SiO2.
ig. 4. Infrared adsorption spectra of pyridine adsorbed on RhAl1/SiO2 after 30 min
esorption at (A) room temperature, (B) 423 K, and (C) 523 K.

herefore, the appearance of LAS over RhAl1/SiO2 might be one of
he factors that promoted the activity of the DPPPTS-RhAl1/SiO2
atalyst.

The effect of the acidic strength of HB, LAS, BAS on RhAl1/SiO2
as investigated by the spectra of pyridine desorption at various

emperatures, as shown in Fig. 4. With the increase of the temper-
ture from room temperature to 523 K, the intensity of the bands
ecreased sharply, implying that most of the acid sites were weak
ites.

.5. NH3-TPD

NH3-TPD is another technique suitable for characterizing the
cidity of RhAl1/SiO2 and Rh/SiO2. Fig. 5 demonstrates the spec-
ra of ammonia desorption, which was carried out in the range of
73–573 K, as the maximum treatment temperature for the cat-

lysts was 573 K. The acid sites were found to be weak in this
emperature range. The Rh/SiO2 gave only one peak at 448 K, while
he RhAl1/SiO2 showed two new peaks at 406 and 460 K. Consider-
ng the results in the section of pyridine adsorption FT-IR, the peaks
Fig. 6. FT-IR spectra for (A) DPPPTS-RhAl1/SiO2 and (B) DPPPTS.

at 448, 406 and 460 K were attributed to HB, BAS and LAS, respec-
tively. The peak areas of the RhAl1/SiO2 (2.27) and Rh/SiO2 (1.65)
suggested that RhAl1/SiO2 had a larger amount of weak acid sites
than the Rh/SiO2. The higher number of weak acid sites favored cat-
alytic activity of olefin hydroformylation on the catalysts, according
to the investigation by Kontkanen et al. [22].

3.6. FT-IR

To identify whether the DPPPTS was  tethered to the SiO2 or not,
FT-IR spectroscopy was carried out. Fig. 6 shows the FT-IR spec-
tra of the DPPPTS-RhAl1/SiO2 and DPPPTS. The DPPPTS-RhAl1/SiO2
sample displayed characteristic bands of DPPPTS at 1434 cm−1 (P-
CH2 vibration) [6], 1483 and 1586 cm−1 (C–C stretching peaks in
the phenyl ring) [23], confirming the presence of DPPPTS on the
DPPPTS-RhAl1/SiO2. The DPPPTS tethered on SiO2 was referred to
as DPPPTS-SiO2.
To explain the great difference in activities between the
DPPPTS-RhAl1/SiO2 and DPPPTS-Rh/SiO2, in situ FT-IR spectra have
been recorded to investigate the active species of the two cat-
alysts, as shown in Fig. 7. After treated with a premixed gas
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ig. 7. In situ FT-IR of (A) DPPPTS-Rh/SiO2 and (B) DPPPTS-RhAl1/SiO2 catalysts
reated with CO:H2 = 1:1 at atmospheric pressure and 323 K for 30 min.

CO:H2 = 1:1), four bands at 2071, 2005, 1994 and 1949 cm−1

ppeared in the spectrum of DPPPTS-Rh/SiO2, while there were
ix bands at 2071, 2004, 1990, 1949, 1875 and 1688 cm−1 in
he spectrum of the DPPPTS-RhAl1/SiO2. The bands in the range
f 2071–1949 cm−1 were identical to those observed for soluble
Rh(CO)2(PPh3)2, HRh(CO)2(xantphos), HRh(CO)2(thixantphos)
nd SILP HRh(CO)2(sulfoxantphos)/SiO2. The bands at 2071
nd 1992 ± 2 cm−1 were assigned to ee-HRh(CO)2(DPPPTS-SiO2)2,
hereas the bands at 2004 ± 2 and 1947 ± 2 cm−1 were assigned

o ea-HRh(CO)2(DPPPTS-SiO2)2 [24,25]. It is noteworthy that the
ntensity of the peaks in the spectrum of the DPPPTS-RhAl1/SiO2

as stronger than those in the spectrum of the DPPPTS-Rh/SiO2. As
he intensity of the peaks was proportional to the concentration of
he species, it illustrated that there were more HRh(CO)2(DPPPTS-
iO2)2 species on the DPPPTS-RhAl1/SiO2 catalyst than on the
PPPTS-Rh/SiO2 catalyst. Since HRh(CO)2(DPPPTS-SiO2)2 was  anal-
gous to HRh(CO)2(PPh3)2, which is assumed to be the active
pecies for the Wilkinson-type hydroformylation catalysts in
ydroformylations [26], it was deduced that the in situ formed
Rh(CO)2(DPPPTS-SiO2)2 on the surface of the DPPPTS-RhAl1/SiO2
nd DPPPTS-Rh/SiO2 catalyzed the hydroformylation of ethylene.
ence, as larger amount of HRh(CO)2(DPPPTS-SiO2)2 was formed

n situ due to the promoting effect of Al, the DPPPTS-RhAl1/SiO2
xhibited a far higher activity than the DPPPTS-Rh/SiO2.

Furthermore, in the FT-IR spectrum of the DPPPTS-RhAl1/SiO2,
he band at 1875 cm−1 due to bridged CO on metallic Rh [13,27] and
he small band at 1688 cm−1 due to a tilted CO species bound to Rh,
n which the oxygen atom interacted with the Lewis acid sites [28],
ndicated that, besides the HRh(CO)2(DPPPTS-SiO2)2 species, there
xisted exposed Rh atoms not modified by phosphine ligands on the
PPPTS-RhAl1/SiO2 catalyst. Consequently, Al favored the in situ

ormation of the HRh(CO)2(DPPPTS-SiO2)2 species and prompted
he amount of exposed Rh atoms, both of which could enhance the
ctivity towards hydroformylation.

.7. Solid-state 31P NMR

Further evidence for species formed in situ on the catalysts
as obtained by solid-state 31P NMR  spectroscopy characteri-
ation. Fig. 8 displays the 31P NMR  spectra of fresh and used
PPPTS-Rh/SiO2 and DPPPTS-RhAl1/SiO2. The spectrum of fresh
PPPTS-Rh/SiO2 showed two bands at −13.7 and 38.5 ppm, the

ormer band was ascribed to free DPPPTS-SiO2 and the latter band
Fig. 8. 31P NMR  spectra of (A) fresh DPPPTS-Rh/SiO2, (B) used DPPPTS-Rh/SiO2,  (C)
fresh DPPPTS-RhAl1/SiO2, and (D) used DPPPTS-RhAl1/SiO2.

to DPPPTS-SiO2 coordinated with Rh [6,29,30]. In the used DPPPTS-
Rh/SiO2, the band at −13.7 ppm attenuated, whereas the band
at 38.5 ppm shifted upfield to 36.0 ppm. The band at 36.0 ppm
was assigned to the Wilkinson-type catalyst tethered on silica gel,
which was  caused by interaction between the catalyst and the reac-
tion gas [23]. In contrast, there were three broad bands at −15.7,
24.4 and 37.6 ppm in the spectrum of the fresh DPPPTS-RhAl1/SiO2.
Similar to the bands at −13.7 and 38.5 ppm on DPPPTS-Rh/SiO2, the
bands at −15.7 and 37.6 ppm on DPPPTS-RhAl1/SiO2 were assigned
to free DPPPTS-SiO2 and coordinated DPPPTS-SiO2, respectively,
the small difference in chemical shift was  due to the change in
chemical environment of P. The new band at 24.4 ppm implied a
third kind of DPPPTS species, which was  uncharacterized because
the region of 20–34 ppm was also occupied by other phospho-
rus compounds such as phosphine oxides and phosphonic and
phosphinic acids [31]. As for the used DPPPTS-RhAl1/SiO2, the free
DPPPTS-SiO2 band disappeared and a very broad band at the region
of 7.3–46.7 ppm, which might be due to the overlap of several
active species bands, emerged. The chemical environment of P in
the solid-state 31P NMR  spectra of used DPPPTS-RhAl1/SiO2 was
not the same as that of the used DPPPTS-Rh/SiO2 catalyst. The dis-
appearance of free DPPPTS-SiO2 over the two catalysts and the
growing TOF numbers in Fig. 1 manifested that free DPPPTS-SiO2
was gradually transformed into coordinated DPPPTS-SiO2 with
Rh to the in situ formed HRh(CO)2(DPPPTS-SiO2)2 species during
hydroformylation.

3.8. Solid-state 27Al NMR

The only difference of the two catalysts was  the existence of
Al in DPPPTS-RhAl1/SiO2. Therefore, 27Al NMR  was carried out to
seek assignment for the band at 24.4 ppm in the solid-state 31P
NMR  spectrum of the fresh DPPPTS-RhAl1/SiO2. As shown in Fig. 9,
RhAl1/SiO2 displayed two  bands at 2.7 and 53.3 ppm, attributed
to AlVI and AlIV, respectively [19]. After DPPPTS was tethered to
RhAl1/SiO2, the band at 2.7 ppm shifted upfield to −8.9 ppm, imply-
ing that DPPPTS enhanced electron screening of AlVI.

Combining the results of solid-state 31P NMR  with that of
27Al NMR, it is clear that there were some interactions between
ligand-modified Rh and Al. Given the upfield shift of Al, an electron-

donating group of Al–O−–Al might directly or indirectly act on P in
the phosphine ligand and gave the band at 24.4 ppm in 31P NMR.
There are two  possible modes of interaction: one is that O− gives
electrons to P and conduces higher electron density of P, the other
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Fig. 9. 27Al NMR  spectra of (A) RhAl1/SiO2 and (B) DPPPTS-RhAl1/SiO2.

s that O− coordinates with Rh with electrons transferring to P
hrough the Rh–P bond. In both modes, the phenyl of the phos-
hine could interact with Al due to the short space distance, and
aused the enhancement of AlVI electron screening. Further studies
re in progress in our laboratory.

. Conclusion

The promoting effect of Al on a tethered ligand-modified
h/SiO2 catalyst for hydroformylation is very inspiring. The activ-

ty for ethylene hydroformylation of a tethered ligand-modified
h/SiO2 catalyst with Al doping was 4 times as high as that without
l. The promoting effect of Al can be summarized into three aspects:

1) it increased the number of exposed Rh atoms and inhibited
he growth of the Rh particles; (2) it changed the acidity of the
atalyst surface; and (3) it promoted the in situ formation of the
ctive species of HRh(CO)2(DPPPTS-SiO2)2. Furthermore, the new
eak at 24.4 ppm of the 31P NMR  and the band at 2.7 ppm shifted

pfield to −8.9 ppm in the 27Al NMR  spectra indicated that Al also

nteracted with the tethered DPPPTS. Our results indicate that pro-
oters can open up new ways to improve the activities of tethered

igand-modified Rh catalysts.
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