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A ligand (triphenyl phosphine, PPh;)-modified heterogeneous PPh;—Rh(CO)/SBA-15 catalyst and supported
Wilkinson complex HRh(CO)(PPh;);/SBA-15 catalyst were prepared and examined in the hydroformylation
of propene. Heterogeneous PPh;—Rh(CO)/SBA-15 catalyst showed much higher activity and stability in this
reaction. Multinuclear 'H, ?°Si, 3'P, and 7O MAS NMR and two-dimensional ’"O MQ MAS NMR together
with XRD and N, adsorption were employed to study the local structures of these two catalysts. Quantitative
'H and *Si MAS NMR and qualitative one- and two-dimensional O MAS and MQ MAS NMR indicate
that in the presence of CO the silanols on the surface of SBA-15 can react with rhodium carbonyls to form
the Si—O—Rh bonds at the interface between the catalyst and the support. >'P MAS NMR spectra demonstrate
a similar Wilkinson complex structure is produced on the heterogeneous PPh;—Rh(CO)/SBA-15 catalyst.
The formation of Si—O—Rh bonds at the interface may immobilize the Rh complex during the long reaction.
These may be correlated to the higher performances of heterogeneous PPh;—Rh(CO)/SBA-15 catalyst in

propene hydroformylation.

1. Introduction

Hydroformylation involves the reaction of carbon monoxide
and hydrogen with an alkene to produce aldehydes, which is
one of the oldest homogeneous catalytic reactions.!? The
commonly used catalyst for this reaction is based on Rh complex
due to its high activity and selectivity at milder reaction
conditions.> However, the practical applications have been
limited by difficulties in achieving industrially viable catalyst—product
separation.* To solve this problem, many approaches have been
explored, which can broadly be grouped into two types. One is
biphasic system using aqueous biphase, supercritical fluids, ionic
liquids, or supported ionic liquid phase catalyst.>~” The other
is often used to anchor the catalyst on the polymer resin or
silica.}~!! However, low activity, selectivity, and stability of
these catalysts may hamper their actual application in the
chemical industry. Recently, our laboratory reported that
heterogeneous catalyst Rh/SiO, modified by triphenyl phosphine
(PPh3) showed higher selectivity and stability for propylene
hydroformylation than the supported Wilkinson catalyst HRh(CO)(P-
Ph3)/Si0,.!> The heterogeneous catalyst need not be separated
from the product after reaction and has almost no Rh leaching,
yet the catalyst structure and its correlation to performance
remain unclear. Multinuclear solid-state NMR is a powerful tool
in the characterization of the local structures of zeolites and
other solid catalysts.'3'H, ?Si, and >’Al MAS NMR techniques
are routinely carried out on porous materials and have contrib-
uted significantly to the understanding of the structure and
properties of these materials. Oxygen atoms constitute a major
part of the framework and it is via the oxygen atoms that many
adsorbed species and anchored catalysts are bound to the zeolite
framework. However, little work has been performed in 7O
MAS NMR because of both the low natural abundance of the
NMR-activity nucleus (only 0.037%) and the broad 'O
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resonance typically observed for the framework sites caused
largely by the second-order quadrupolar interaction. ’O MAS
NMR should, in principle, provide valuable information on the
local structure because it is a quadrupolar nucleus with I = /5,
which is sensitive to the surrounding electric field gradient.'
Although the nature abundance is low, it is possible to enrich
the sample with either 7O containing gas or water.'*!> The
multiple-quantum magic angle spinning (MQ MAS) NMR can
be used to remove the second-order quadrupolar interaction.
This method produces two-dimensional spectra with an isotropic
dimension, which is free of the second-order quadrupolar
interaction, and an anisotropic dimension which contains the
second-order quadrupolar line shapes.'® In this study, multi-
nuclear MAS NMR has been used to elucidate the local
structures of the heterogeneous PPh;—Rh(CO)/SBA-15 and
supported Wilkinson complex HRh(CO)(PPh;);/SBA-15 cata-
lysts. This includes the less routine one-dimensional 'O MAS
and two-dimensional multiple-quantum (MQ) MAS NMR to
illustrate the variations of the framework structures of the
support. °Si, 'H, and 3'P MAS NMR are carried out to
understand the interaction of different hydroxyls on the support
with the rhodium species and the subsequent coordination of
PPh;. When these are combined with other techniques such as
XRD and N, adsorption, the structure differences of these two
types of catalysts have been revealed, which can be correlated
to the higher activity and stability of heterogeneous PPh;—Rh(CO)/
SBA-15 catalyst in propene hydroformylation.

2. Experimental Section

2.1. Catalyst Preparation. The natural abundance of 7O is
only 0.037%. To carry out the 7O MAS NMR experiments,
the 7O enriched SBA-15 support (pore diameter of ca. 6.0 nm
from Jilin University High Tech. Co. Ltd.) was prepared by
heating the dehydrated sample in 7O, gas (50% enriched 7O,
Isotec Inc.) at atmospheric pressure at 853 K for 12 h.!> Catalysts
PPh;-nRh(CO)/SBA-15 with n denoting 1.0 and 5.0 wt % of
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Rh were prepared according to our previous procedures.!? In
general, the support SBA-15 was impregnated with an aqueous
solution of rhodium chloride (Shanghai July Chemical Co. Ltd.)
using the incipient wetness method. After that, samples were
dried at 373 K first, then calcined at 673 K in a quartz tube,
and finally reduced by H, at 673 K. The obtained precursors
were introduced into the PPhs solution in toluene and stirred
for 0.5 h, then the solvent was removed under vacuum, and the
resultant samples with the molar ratio of P/Rh = 4:1 were stored
in an argon atmosphere. The samples were reduced by H, at
393 K for 1 h and then purged with CO for 1 h to get the
resultant PPh;-nRh(CO)/SBA-15 catalysts. The Wilkinson com-
plex HRh(CO)(PPh;); was synthesized as that reported in the
reference.!” It was then impregnated on SBA-15 using the
incipient wetness method to obtain supported Wilkinson com-
plex HRh(CO)(PPh3);/SBA-15 with ca. 1.0 wt % Rh. All these
experiments were carried out under the protection of argon. The
metal dispersion was determined by hydrogen chemisorption
at 323 K on Shimadzu Instrument. The value for the rhodium
dispersion was calculated to be 0.51 on heterogeneous 1Rh/
SBA-15 catalyst by assuming a stoichiometry (H:Rh) of 1:1.

2.2. Catalytic Evaluation. The propene hydroformylation
was conducted in a continuous flow fixed-bed reactor (i.d. 6.0
mm) at 403 K and 1.0 MPa of 1:1:1 molar ratio of CO/H,/
CH,=CHCHj3;. Before the reaction, the catalysts (~0.2 g) were
purged in N, at 393 K for 2 h and then switched to the reactant
gases. The effluent was passed through a condenser filled with
100 mL of cold deionized water. The butyraldehyde hydro-
formylation products were captured completely by dissolution
into the water in the condenser and analyzed by an HP-7890N
GC with an HP-INNOWAX column, using an FID detector and
ethanol as an internal standard. The tail gas was analyzed by
an online HP-6890N GC with a Porapak-QS column and a TCD
detector. The yield of butyraldehyde was calculated in terms
of the amount of butyraldehyde obtained in 1 h on a mole of
dispersed Rh metal.

2.3. XRD and BET Measurements. Low-angle X-ray
diffraction patterns were obtained at room temperature on a
Rigaku D/Max-RB diffractometer using Cu Ko radiation.
Powder diffractograms of the samples were recorded over a
range of 26 values from 0.5° to 10° under the conditions of 40
kV and 50 mA at a scanning rate of 0.5° per minute. The
nitrogen adsorption experiments were performed at 77 K on an
ASAP 2000 system. The samples were outgassed at 473 K for
10 h before the measurements.

2.4. MAS NMR Measurements. All MAS NMR experi-
ments were carried out on a Varian Infinityplus-400 spectrom-
eter. Si MAS and CP/MAS NMR spectra were recorded at
79.4 MHz with the samples spun at 4 kHz using a 7.5 mm probe
head. ?*Si MAS NMR spectra with high-power proton decou-
pling were acquired with 77/4 pulse width of 1.9 us, 360 s recycle
delay, and 120 scans. 'H—?’Si CP/MAS NMR spectra were
recorded with a 4 s recycle delay, 1024 scans, and contact time
of 1.0 ms. 'H MAS NMR spectra were collected using a 4 mm
probe head. Before the 'H MAS NMR experiments, samples
were dehydrated at 473 K and a pressure below 1072 Pa for
20 h. '"H MAS NMR spectra were collected at 399.9 MHz with
the samples spun at 10 kHz, 7/4 pulse width of 1.3 us, 4.0 s
recycle delay, and 200 scans. To obtain quantitative results, all
samples were weighed and the spectra were calibrated by
measuring a known amount of 1,1,1,3,3,3-hexafluoro-2-propanol
under the same conditions.'® Chemical shifts of the *Si and 'H
MAS NMR spectra were referenced to 4,4-dimethyl-4-silapen-
tane sulfonate sodium (DSS) at 0 ppm. 3'P MAS NMR spectra
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Figure 1. Small-angle XRD patterns of (a) SBA-15, (b) HRh(CO)(P-
Ph;3)3/SBA-15, (c) PPh;—1Rh(CO)/SBA-15, and (d) PPh;—5Rh(CO)/
SBA-15.

were recorded at 161.8 MHz using a 2.5 mm probe head with
the samples spun at 25 kHz, sr/4 pulse width of 0.95 us, 3 s
recycle delay, and 2048 scans. The chemical shifts were
referenced to 85% H;PO,. 'O MAS and MQ MAS NMR
spectra were collected using a 4 mm probe head at 54.2 MHz
with the samples spun at 15 kHz. "O MAS NMR spectra were
collected using a 77/4 pulse width of 0.9 us, 8.0 s recycle delay,
and 30000 scans and the chemical shift was referenced to water.
The deconvolution of the spectra was conducted using dmfit
software.!” The error for the deconvolution could be estimated
at about +2%. Two-dimensional !’O triple quantum (3Q) MAS
NMR spectra were collected with modified fast amplitude
modulation (FAM) shifted echo pulse sequences comprising two
hard pulses of duration 5.1 and 1.8 us and a selective pulse
with duration of 24.0 us.?° The values of the quadrupolar product
(Pg) and the isotropic chemical shift (i) for each oxygen
species may be obtained from the Og; and O, positions (in ppm)
of the center of gravity of each two-dimensional ridge line shape.
For I = %/, nuclei these parameters are given by?!

0io = (1705, + 100:,)/27 (1

B T oA (11 . 2
Py =QCCV1 + 7’3 = (1 00071 O 6F2)) )

where O, and O, are the center of gravity of the resonance in
the isotropic (F;) dimension and in the anisotropic (F,) dimen-
sion, respectively, and y;, QCC, and # are the Larmor frequency,
the quadrupolar coupling constant, and the asymmetry param-
eter, respectively.

3. Results and Discussion

3.1. XRD Patterns and N, Adsorption Data. Figure 1
shows the low-angle XRD patterns of the samples. It can be
seen that all patterns have three reflection peaks that can be
indexed to the (100), (110), and (200) diffraction lines charac-
teristic of the hexagonal structure. The ordered mesostructure
of SBA-15 support is maintained after loading PPh;—Rh(CO)
or Wilkinson complex HRh(CO)(PPhs)s. The intensities of three
reflections gradually decrease with loading of the Rh complexes,
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Figure 2. '"H MAS NMR spectra of (a) SBA-15, (b) HRh(CO)(PPh3)s/
SBA-15, (¢) PPh;—1Rh(CO)/SBA-15, and (d) PPh;—5Rh(CO)/SBA-
15.

which indicate pore filling of the host SBA-15 support because
pore filling can reduce the scattering contrast between the pores
and the walls of the mesoporous material.?>?3

Table 1 lists the BET surface areas of the samples, which
are calculated from the N, physisorption isotherms. The surface
area of SBA-15 decreases obviously after loading the rhodium
complex. For example, loading of 5 wt % Rh species on SBA-
15 support leads to ca. 50% reduction in the BET surface area.
This also indicates the inclusion of Rh complexes into the
channels of SBA-15, and interactions may occur between the
rhodium species and the SBA-15 support.

3.2. 'H MAS NMR. High-resolution '"H MAS NMR is a
useful and direct method for characterizing the hydroxyls in
porous materials. Compared with IR, it can provide quantitative
information on the interaction between the metal ions and the
hydroxyl species on the support without the difficulties of
extinction coefficients.”* The '"H MAS NMR spectra of the
catalysts are shown in Figure 2. 'H MAS NMR spectrum of
SBA-15 exhibits two hydroxyl groupings, i.e., single and
hydrogen-bonded silanols at 1.7 and 2.4 ppm, respectively.?
Two new resonance peaks at about 3.2 and 7.0 ppm can be
seen after loading heterogeneous catalyst PPh;—Rh(CO) or
impregnating Wilkinson catalyst. The newly resonance peak at
7.0 ppm is assigned to PPhs, and the peak at about 3.2 ppm can
be attributed to the physisorbed water or spillover hydrogen.?
The signal of Rh—H species is not observed in the spectrum of
supported Wilkinson complex HRh(CO)(PPh;);/SBA-15 cata-
lyst, which is expected to appear at around —10 ppm.?® This
may be due to the reaction of HRh(CO)(PPhj;); with the silanols
on the support or self-condensation to form dimeric species.?’
After quantification, the total amount of hydroxyls on SBA-15
is about 2.0 mmol g™ ! after calibration by the external standard.
The amount of single silanol at 1.7 ppm decreases more readily
from 1.1 to 0.39 mmol g~! when loading heterogeneous catalyst
PPh;—5Rh(CO), while there is no obvious change after im-
pregnating Wilkinson complex catalyst HRh(CO)(PPh;); (see
Table 1). This indicates that the silanols on SBA-15 may react
with the rhodium species, which may be in favor of the
immobilization of heterogeneous PPh;—Rh(CO) complex on
SBA-15 support.

3.3. ¥Si MAS and 'H—%Si CP/MAS NMR. Figure 3
displays the 22Si MAS NMR spectra of the samples. For support
SBA-15 (Figure 3a), there are three resonance peaks at —93.8,
—102.5, and —111.5 ppm, which can be assigned to Q?
[Si(OSi),(OH),], Q*[Si(OSi);OH], and Q*[Si(OSi),], respectively. >
The corresponding 'H—?°Si CP/MAS NMR spectrum of SBA-
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Figure 3. »’Si MAS NMR spectra of (a) SBA-15, (c) HRh(CO)(PPhs)s/

SBA-15, (d) PPh;—1Rh(CO)/SBA-15, (e) PPh;—5Rh(CO)/SBA-15;

(b)*Si CP/MAS NMR spectra of SBA-15.

15 is shown in Figure 3b. After cross-polarization, the intensity
of the peaks at ca. —102.5 and —93.8 ppm shows a great
increase, which indicates that these signals should be related to
the species coupling strongly with the hydroxyl protons. This
further confirms that the signals at —102.5 and —93.8 ppm in
2Si MAS NMR spectra should be assigned to the Q? and Q?
silanols,  respectively.  After  heterogeneous catalyst
PPh;—Rh(CO) is loaded, a new resonance peak centered at ca.
—105 ppm is observed after deconvolution of the spectra. This
peak may be assigned to the [Si(OSi);ORh] species in terms of
the chemical shift range,”” which may come from the interaction
between the support SBA-15 and the rhodium species as shown
by the above 'H MAS NMR measurements. However, for the
supported Wilkinson complex catalyst HRh(CO)(PPhs)s, this
peak is relatively weak. The concentration of all kinds of Si
species in the samples can be determined from the corresponding
deconvoluted 2Si MAS NMR spectra and the results are listed
in Table 1. It is found that the concentration of [Si(OSi);ORh]
in the samples increases to 3.4% when Rh increases to 5%;
meanwhile, the concentration of silanols, e.g., Q* species,
decreases correspondingly. However, only 0.4% of
[Si(OSi);ORh] species is formed on the supported Wilkinson
complex HRh(CO)(PPh;);/SBA-15 catalyst, which is less than
that on the heterogeneous PPh;—Rh(CO)/SBA-15 catalyst at the
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TABLE 1: BET Surface Areas, Silanol Concentrations, and the Silicon Species Percentage of the Catalysts

HRh(CO)(PPhs)s/ PPh;—1Rh(CO)/ PPh;—5Rh(CO)/
sample SBA-15 SBA-15 SBA-15 SBA-15
BET surface area (m%g of support) 702 503 370 243
single silanol concentration from 'H MAS NMR (mmol/g of 1.1 1.09 0.52 0.39
support)
Q’ species content from >’Si MAS NMR (%) 24.4 22.8 20.0 18.6
[Si—O—Rh] species content from °Si MAS NMR (%) N/A 0.4 1.9 3.4

same Rh loading. From quantitative 2Si MAS NMR measure-
ments, it is also known that Rh species interact with silanols
on the support to form Si—O—Rh species, and such species
can be produced more readily on the heterogeneous PPh; —Rh(CO)/
SBA-15 catalyst.

3.4. One-Dimensional 70 MAS and Two-Dimensional 7O
MQ MAS NMR. In metal silicate gels the formation of
M—0-Si bonds can be clearly detected by 7O NMR and makes
structural modeling much less ambiguous than that based on?’Si
MAS NMR alone.*® The 70O MAS NMR experiments were
conducted to further confirm the existence of Si—O—Rh species.
The one-pulse O MAS NMR spectra of the samples are shown
in the Supporting Information. As demonstrated, each spectrum
has a broad resonance signal centered at around 0 ppm, which
is the characteristic second-order quadrupolar line shape coming
from several overlapped components. After the catalysts are
loaded, the one-dimensional '’0O MAS NMR spectra are similar
with little indication of different distinct oxygens in the samples.
To resolve these overlapped oxygen species, the two-dimen-
sional (2D) MQ MAS technique is used to remove fully the
second-order quadrupolar broadening, but it does reflect distri-
butions in QCC and d;,. In the 2D 3Q MAS NMR spectrum
the projection onto the F, axis yields a conventional MAS
spectrum, still showing the characteristic feature of second-order
quadrupolar broadening but distorted by the three-quantum
excitation. The high-resolution spectrum obtained in the projec-
tion onto the F; axis consists of isotropic peaks free of
anisotropic second-order quadrupolar broadening. The 2D 7O
MQ MAS NMR spectra of "O-enriched SBA-15 and their F,/
F, projections are shown in Figure 4a. Similar to the one-
dimensional "0 MAS NMR spectrum, the anisotropic projection
of 70 MQ MAS NMR spectrum of SBA-15 shows two broad
signals centered at Opy = —5.6 and —33.9 ppm, respectively.
The isotropic projection, however, shows a relatively narrow
resonance with a maximum at o = 77.6 ppm and a shoulder
centered at Og; = 70.3 ppm, which may be assigned to Si—O—Si
and Si—O—H species, respectively. According to eqs 1 and 2,
we can extract the NMR parameters for these two species; e.g.,
the Si—O—Si species have the isotropic chemical shift (d;y,) of
46.8 ppm and large quadrupolar constant (Pg) of 5.0 MHz,
whereas the Si—O—H species have the 0i, of 31.7 ppm and
Pq of 5.7 MHz. This is consistent with the previous results;
i.e., silanol hydroxyls experience larger quadrupolar constant
than Si—O—Si species.?! To obtain a better 'O MQ MAS NMR
spectrum, only the sample without PPh; but with high Rh
loading and reacted with CO was used to compare with the
support. Figure 4b shows the 70O MQ MAS NMR spectrum of
the sample with 5 wt % Rh loading on the '"O-enriched SBA-
15. A new resonance peak at Og, = —23.8 ppm and dg; = 77.0
ppm appears clearly between the Si—O—Si and Si—O—H
species in this sample. This new signal has 0i, of 39.6 ppm
and Pg of 5.6 MHz. Meanwhile, the isotropic chemical shifts
of Si—O—Si and Si—O—H species and their quadrupolar
constants have almost no big variations. This new signal can
be assigned to Si—O—Rh species in terms of the isotropic
chemical shift.’>** Consequently, after the thodium complex is

treated by CO, the 7O MQ MAS NMR spectrum in the isotropic
dimension clearly demonstrates the formation of Si—O—Rh
bonds on the surface of SBA-15 support. This further confirms
the results from ?Si MAS NMR experiments.

3.5. 3'P MAS NMR. Figure 5 shows the *'P MAS NMR
spectra of the samples. There is only a broad line centered at
ca. 35.2 ppm in the spectrum of supported Wilkinson complex
HRh(CO)(PPh3)3/SBA-15 catalyst, which could be attributed to
the PPh; coordinated to the Rh of the Wilkinson complex.>*
There are two signals in the spectra of the heterogeneous
PPh;Rh/SBA-15 catalysts: one narrow peak at —5.5 ppm is
ascribed to the free PPh;y which has no coordination with the
Rh,'? and a broad signal centered at ca. 36.8 ppm could be
assigned to PPh; coordinated to the surface of Rh particles by
comparing the chemical shift of PPh; in the supported Wilkinson
complex HRh(CO)(PPh;);/SBA-15 catalyst. A very small
chemical shift difference may be due to the change of electronic
state of Rh species in these two systems. The amount of free
PPh; in the heterogeneous catalyst with 1 wt % Rh is about
61% as estimated from the *'P MAS NMR spectrum. The P/Rh
molar ratio on the external surface of Rh metal particles could
be ca. 3.0 if the Rh dispersion of 0.51 and starting P/Rh ratio
of 4.0 are considered. Figure 5 indicates that PPh; can be
chemically adsorbed on the surface of heterogeneous Rh/SBA-
15 catalyst, which is similar to the coordination structure of
PPh; in supported Wilkinson complex.

3.6. Catalytic Performance of PPh;-—Rh/SBA-15 and
HRh(CO)(PPh;)3;/SBA-15 for Hydroformylation of Propene.
The catalytic performances of PPh;—Rh(CO)/SBA-15 and
HRh(CO)(PPh;3);/SBA-15 with 1.0 wt % Rh for propene
hydroformylation are shown in Figure 6. It is obvious that
PPh;—Rh/SBA-15 exhibits higher activity and stability than
HRh(CO)(PPh3);/SBA-15 for this reaction during the time on
stream of 50 h. The turnover frequency (TOF) can reach about
175 h™! after the run of 30 h and remain stable up to 50 h on
the heterogeneous PPh;—Rh/SBA-15 catalyst, whereas the
highest TOF is around 60 h™! on the supported Wilkinson
complex HRh(CO)(PPh;);/SBA-15 catalyst, and the activity
decreases obviously after the run of 10 h. The selectivities of
butyraldehyde for both catalysts are ca. 98%. However, the
molar ratio of n-butyraldehyde to iso-butyraldehyde (n/i ratio)
in the product of heterogeneous PPh;—Rh/SBA-15 catalyst can
be up to 7.0, which is higher than that of the supported
Wilkinson complex HRh(CO)(PPh;);/SBA-15 catalyst during
the entire run.

For preparation of heterogeneous PPh;—Rh(CO)/SBA-15
catalyst, RhCl3;/SBA-15 was reduced by H,, and the metallic
Rh was formed on the support as revealed by the XPS
measurements in our previous study.'? After adsorption of PPh;
and further treatment by syngas, the ligands can be chemically
adsorbed on the external surface of rhodium to form the
PPh;—Rh(CO) complex, which is similar to the coordination
structure in the HRh(CO)(PPh;); Wilkinson complex as evi-
denced by 3'P MAS NMR spectra. Our previous results show
that in this case the state of Rh on its external surface is Rh®"
(0 < 6 < 1), whereas in the bulk it is still metallic.'?> As
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Figure 4. Two-dimensional ’"O MQ MAS NMR spectra of (a) SBA-15, (b) SRh(CO)/SBA-15, and their corresponding fitting results of the

isotropic projection (c) and (d).

demonstrated by Prins and co-workers* and Iwasawa and co-
workers* in their study of the Rh/Al,O5 catalyst by EXAFS
and XPS in the presence of syngas, the surface hydroxyl groups
(A1—OH) can react with Rh(CO), to form the AI—O—Rh(CO)
species. This is similar in our case. The silanols on the SBA-
15 support may also react with rhodium carbonyls to obtain
the Si—O—Rh(CO) species at the interface between the catalyst
and the support, which are confirmed by the above 2°Si MAS
NMR as well as one- and two-dimensional '’0O MQ MAS NMR
investigations. So the PPh;—Rh(CO) complex can be tightly
grafted on the support SBA-15 through the Si—O—Rh bonds
at the interface between the catalyst and the support, whereas

for the supported Wilkinson complex HRh(CO)(PPh;);/SBA-
15 catalyst, such species are quite small. Combined with
catalytic performance data, it can be deduced that there are
similar Wilkinson complex structures in the heterogeneous
PPh;—Rh(CO)/SBA-15 catalyst. The formation of Si—O—Rh
bonds at the interface between the catalyst and the support may
immobilize the rhodium complex during the long reaction. These
may account for the higher activity and stability of heteroge-
neous PPh;—Rh(CO)/SBA-15 catalyst in propene hydroformy-
lation. The higher n/i ratio of butyraldehyde on heterogeneous
catalyst may be due to the higher P/Rh molar ratio on the
external surface of Rh metal particles when taking the Rh
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Figure 6. TOFs and n/i ratios of butyraldehyde on PPh;—1Rh(CO)/
SBA-15 (the solid line) and HRh(CO)(PPh;);/SBA-15 (the dotted line)
catalysts (reaction pressure, 1.0 MPa; SV of propene, 500 h™';
temperature, 403 K).

dispersion (~0.51) into account, although the Rh content is
nearly the same as that in the supported Wilkinson complex
HRh(CO)(PPh;);/SBA-15 catalyst.

4. Conclusions

As demonstrated by XRD and N, adsorption, Rh complexes
can be included in the mesochannels of SBA-15. Quantitative
'H and »Si MAS NMR show that the silanol hydroxyls on the
surface of SBA-15 can react with rthodium carbonyls to form
Si—O—Rh species. Such species are further confirmed by the
two-dimensional 7O MQ MAS NMR experiments. Thus, the
PPh;—Rh(CO) complex can be tightly grafted on the SBA-15
support through the Si—O—Rh bonds at the interface between
the catalyst and the support. >'P MAS NMR spectra reveal that
the similar Wilkinson complex structure is formed in the
heterogeneous PPh;—Rh(CO)/SBA-15 catalyst. The formation
of Si—O—Rh bonds at the interface between the catalyst and
the support may immobilize the rhodium complex during the
reaction. These may be correlated to the higher activity and
stability of heterogeneous PPh;—Rh(CO)/SBA-15 catalyst in
propene hydroformylation than those in the supported Wilkinson
complex HRh(CO)(PPh;);/SBA-15 catalyst.
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