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Abstract

The TPPTS-Rh complex [TPPTS trisodium salt of tri-g:-sulfophenyl)-phosphine, R(CgH4SO3Na)3], which was dissolved in the
ionic liquids 1-butyl-3-methyl-imidazolium tetrafluoroborate (BHF), 1-butyl-3-methyl-imidazolium hexafluorophosphate (BRHg),
and 1,1,3,3-tetramethylguanidinium lactate (TMGL), was immobilized on MCM-41. The resulting supported ionic liquid-phase catalysts
(SILPCs) were very active for the hydroformylation of higher olefins. The SILPCs with the regular hexagonal array of MCM-41 were struc-
turally stable before and after the catalytic reaction, as characterized by XR&jsdrption/desorption, FTIIQ,lP-NMR, SEM, HRTEM,
and TGA-DSC. The obtained SILPCs showed higher catalytic activity, independent of IL type, as compared with their ionic liquid—organic
biphasic counterparts and the one with $i& carrier. Such SILPCs could be reused several times without significant loss of activity or
selectivity.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction the rhodium-catalyzed hydroformylation of olefins, Chau-
vin et al. have pointed out that the Rh(GQcac)/PPh

lonic liquids (ILs) exhibit many favorable features com- System in ILs such as BMPFs and BMIBF,; showed
pared with conventional molecular solvents, such as low 900d catalytic performance in the hydroformylation of
vapor pressure and wide liquid temperature range, which, l—pentenez although part_of the active rhodlL_lm catalyst was
in combination with their ability to dissolve a wide range of €xtracted into the organic pha¢22]. Polar ligands such
organics and organometallics and even some inorganic com-S trisodium salt of triz¢-sulfophenyl)-phosphine [TPPTS,
pounds, makes them versatile engineering solvghtd]. P(n-CsHaSOsNa)s] and monosulfonated  triphenylphos-
Much attention has been focused in recent years on the ILsPNin€ [TPPMS, P(gHs)z(m-CeHaSOsN@)] were used to
as alternative reaction media. In particular, based on their M0dify the uncharged Rh(Cé&lpcac) in the ILs for olefin
highly charged nature, the IL phases are ideal for biphasic NYdroformylation. Favre etal. found that the problem of Rh
reactions in organic synthesis and catalysis16]. A num- leaching could be minimized by the modification of phos-

ber of works have described the improvements obtained phpru.sligands with cationic (guanidinium or pyridinium or
through the substitution of water or organic solvent, with anlgmc (sulfonated) grtc')quflih of IL in th
the ILs as solvent, for immobilization of organometallic OWEVET, a requction of the amount o in the reac-

catalysts, resulting in improved catalytic performance and tion processes and the introduction of cheap, halogen-free,

: , . and easily prepared ILs as new, greener solvents are desir-
easy catalyst—product separatifdiy—21] For instance, in ; » ) ) .
y yst=p P } able from the economic and toxicological points of view.

The concept of supported IL-phase catalysts (SILPCSs) is
* Corresponding author. Fax: +86-592-2183047. one of the smart techniques for IL chemistry. Such SILPCs
E-mail address: yzyuan@xmu.edu.cfY. Yuan). have been applied in alkylation, olefin hydroformylation,
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hydrogenation, the Heck reaction, and hydroaminaitir- to procedures described in the literat{#&—43]and dried in
35]. Mehnert et al. have reported the creation of a SILPC vacuum before use. The MCM-41 and SiQ00 mesh) were
through the immobilization of homogeneous Rh complexes dehydrated under vacuum at 523 K for 3 h in a Schlenk tube.
in ILs on SiQ [25,26,32] They found that such a SILPC  Methanol was dried over 3-A molecular sieves and distilled
system showed rather good performance in hydrogenationbefore use. Toluene was dried with Ca@nd Na pieces.
and hydroformylation with respect to IL-organic biphasic 1-Hexene was purchased from Aldrich and used without fur-
catalysis. Riisager et al. found that it is possible to useSiO ther purification.
supported IL-phase Rh-phosphine catalysts for hydroformy-
lation of propene and 1-octene in a fixed-bed reactor and that2.2. Catalyst preparation
a specially designed water-soluble bidentate phosphine lig-
and was required to obtain a better aldehyde ratio and Mesoporous MCM-41 was synthesized by procedures de-
higher catalytic stability27,28,34] scribed elsewhergl4—46] In a typical synthesis of SILPC,
Mesoporous molecular sieves synthesized with the aid 10 mg of Rh(COj(acac) (0.038 mmol) and 110 mg of
of micelle templates have shown huge surface areas, well-TPPTS (0.19 mmol) were dissolved in 10 ml of degassed
ordered periodic structures, and controllable pore size whendry methanol. After the desired amount of IL was added,
the template molecule has been varied and/or additives suclthe solution was stirred at room temperature under argon for
as trimethylbenzene have been ug&s]. These characteris- 2 h. The carrier (0.5 g), which was pretreated under vacuum
tics of mesoporous molecular sieves are potential attractiveat 523 K for 3 h, was added to the above solution. The mix-
features of novel catalysts for chemical reactions. Nanoporesture was stirred under argon for 2 h. A light yellow SILPC
in particular have been explored as a site for the confine- was obtained by removal of solvent under vacuum, followed
ment of various materials and their reactions, which could by drying in vacuum at 353 K for 24 h. The catalyst was
lead to many practical applications, ranging from cataly- stored in argon before use and was designated as IL-TPPTS-
sis to conducting material86]. The ability to control the Rh/MCM-41. For example, the sample of 15 wt% TMGL-
pore size, channel connectivity, and morphology opens up TPPTS-Rh/MCM-41 had a TMGL loading of 15 wt% based
the possibility of using these materials as nanoreactors inon the pure MCM-41 silicate.
which chemical processes can be tailor-designed for detailed
studies. However, the range of application has been limited 2.3. Characterization
by the instability of the structure of mesoporous molecular
sieves like MCM-41. MCM-41 has been reported to have  The SILPCs were characterized by FT-IR, liquid-state
high thermal stability and hydrothermal stability in air and 3P NMR, XRD, N, adsorption/desorption, SEM, HRTEM,
oxygen-containing water vapor, but it has low hydrothermal and TGA-DSC. The FT-IR spectra were measured on a
stability in water and aqueous solutions. It has been observedNicolet 740 spectrometer in KBr pellets at a resolution of
to lose its original structure during heating in boiling water 4 cm 1. The powder XRD patterns were recorded at room
and aqueous solutiorj87—39] To date, information on the  temperature on an X'Pert PRO X-ray diffractometer with
structure and catalysis of SILPCs based on ordered meso-Cu-K, radiation at 40 kV and 30 mA. ThedZangles were
porous silicas like MCM-41 has been scarce in the literature. scanned from 15to 1 at a rate of /min. The properties
Recently we reported that a higher performance of of the porous structures were determined fromadsorp-
1-hexene hydroformylation could be achieved with the tion/desorption measurements at 77 K with a Micromeritics
mesoporous MCM-41 supported water-soluble TPPTS-Rh ASAP 2010M+ C system. The sample was outgassed under
complex dissolved in the IL TMGL as a novel and robust vacuum at 403 K for 3 h before the adsorption of nitro-
heterogeneous catalygtO]. The present study reports the gen. The BJH method, based on the Kelvin equation, was
structural features of the water-soluble Rh-TPPTS complex applied to evaluate the mesopore size distribution from the
in the ILs TMGL, BMI-BF,4, and BMI-PFs at the surface of ~ adsorption branch. We standardized the total pore volume for
MCM-41 and its catalytic performance in the hydroformy- all samples against the weight of pure mesoporous silicas
lation of higher olefins, as observed by means of XRR, N by subtracting the weight of the ionic liquid and TPPTS-
adsorption/desorption, TGA-DSC, FTIRIP-NMR, SEM, Rh complex. The microporous volume was evaluated by the
and HRTEM. t-plot method. SEM images were taken with a LEO 1530
electron probe X-ray microanalyzer. For the SEM observa-
tions, the samples were deposited on a sample holder and

2. Experimental coated with Au. High-resolution TEM (HRTEM) images
were obtained on a Philips TECNAI F-30 FEG instrument at
2.1. General comments an accelerating voltage of 300 kV. The sample was dispersed

with dry ethanol. The TGA-DSC profiles were recorded on a
All experiments were performed under an atmosphere of NETZSCH STA 449 C analyzer with ADs as a reference.
dry argon with standard Schlenk techniques. TPPTS and ILs The measurements were carried out with a dynamic temper-
TMGL, BMI-PFs, and BMIBF4 were prepared according ature program of 298-1073 K at a heating rate 1@nff in
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air. The rhodium leaching content was detected by atomic
adsorption spectroscopy (AAS) on a WFX-1E2 instrument.
The reaction products were condensed and dissolved with
HNOs. 3IP-NMR spectroscopy was recorded on a Varian
FT Unity™ 500 spectrometer at 202 MHz at room tempera-

ture in DMSO-@. The chemical shift was referenced to 85% e
H3POy. =
z b
2.4. Hydroformylation § c
Typical olefin hydroformylation was carried out in a 100- d

ml stainless-steel autoclave with a mechanical stirrer. After
the introduction of the required amount of catalyst, olefin
and toluene were placed in the autoclave. The reactor was Jl f
|
2

then pressurized three times with 1.0 MPa of Co(#:1
volume ratio). Then the autoclave was pressurized with the
same gas mixture at the desired pressure and heated to the 20/°
reaction temperature. After reaction, the reactor was cooled _

! . . Fig. 1. The XRD patterns for the TMGL-TPPTS-Rh/MCM-41 SILPCs. The
with an ice bath and decompressed. The oils and the catalysts, ;| loadings are (Wt%): (a) 0: (b) 5: (¢) 10; (d) 15: (€) 25: () 50.
were separated by centrifugation. The organic phase was an-
alyzed with a gas chromatograph equipped with FID and a
capillary column (SE-30, 30 m 0.32 mmx 0.25 pm).

800
3. Resultsand discussion
3.1. Characterization by XRD and N adsor ption/ 600 - R
desorption T;o 2 4 6 8
g Pore diameter / nm gﬁi
The Rh precursor Rh(C@(acac) was readily dissolved = @j@E’ fBEH
in the ILs TMGL, BMI-BF4, and BMI-PFs. The TPPTS lig- = 40r pe

and, however, showed very low solubility in those ILs. Thus I fﬁ 00000 @@Wj
the small amount of TPPTS was dissolved in methanol with o o™ éﬁp@ » m
stirring. A pale yellow homogeneous solution containing the 200k e ‘;V‘XQ g g 5 v

methanol, IL, TPPTS, and Rh precursor could be obtained. g GQOOCQ g! 0660000 OW
The MCM-41-SILPC was then prepared after the conven- R ﬂ%g nn B 5D AD A Mméﬁ
tional impregnation and vacuum removal of methafRd. 1 m%& 00 © 0 %0 0 0 ¢ o Man
shows the XRD patterns of the as-synthesized MCM-41 and 0 00 02 0'4 O'() 018 110

the MCM-41-SILPCs with different TMGL loadings. All
samples exhibited the typical low-angdig! reflections char-
acteristic of the 2D hexagon&6mm structure. The overall  Fig. 2. The Ny adsorption isotherms and the pore size distributions for
mesoporous hexagonal structure in the SILPCs was main-MCM-41 and the TMGL-TPPTS-Rh/MCM-41 SILPCSJ{ MCM-41; the
tained, although loss of the peak intensities in the XRD SILPC with TMGL loadings at (wt%): @) 0; (W) 5; (V) 10; (©) 15;
pattern was observed as the TMGL loading was increased.(*) 25 (®) 50
The peaks at higher degra& (o) almost disappeared for the
samples after immobilization of the TMGL-TPPTS-Rh com- however, became less sharp and shifted to lower relative
plex, especially for TMGL loadings higher than 25 wt%. pressures. The pore size distribution based on the Kelvin
Evidence that there were no significant differences in the relation is also shown ifrig. 2 (inset). The results show
XRD patterns and W adsorption/desorption isotherms for that the amount of physisorbed nitrogen decreased with an
the SILPC before and after heat treatment in toluene at 373 Kincrease in the TMGL loading, causing a reduction in the
for 100 h indicated that the SILPC derived from the ordered surface area, total pore volume, and mean pore size, as listed
mesoporous MCM-41 was structurally stable; adsorp- in Table 1 For comparison, theigp values, the hexagonal
tion/desorption isotherms for the as-prepared SILPCs with unit cell parameterdp), and the size of the silicate wall
different TMGL loadings are shown iRig. 2 The shape (s) are incorporated int@able 1 The digo reflection peak
of the isotherm remained unchanged compared with that of for the SILPC samples shifted slightly to higher @legree)
MCM-41. The inflection point of the capillary condensation, values compared with that of MCM-41. Thespacing of
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Table 1
The textural property and pore structure of the MCM-41-SILPC and relevant samples
Catalyst ILs loading SpeT? Vptot® v, 8 d100® ag' djr® sh
W%  o@ (m2g™1 (ecmigl)y  (emdg~l) (hm) (nm) (nm) (nm)
MCM-41 0 - 1041 0789 0 406 468 30 168
TPPTS-Rh/MCM-41 0 0 990 886 0 409 472 28 192
TMGL-TPPTS-Rh/MCM-41 5 ®38 574 0493 0 415 479 27 209
10 0079 469 0385 0 413 477 25 227
15 0126 402 0344 0 412 476 26 216
25 0237 250 0233 0 411 475 23 245
50 0711 153 0173 0 411 475 21 265
BMI.PRs-TPPTS-Rh/MCM-41 5 ®29 623 073 0 408 471 28 191
10 0062 571 0389 0 414 478 28 197
15 0098 493 0224 0 417 477 26 217
25 0185 257 0161 0 410 474 26 208
50 0555 243 0103 0 417 482 22 262
BMI.BF4-TPPTS-Rh/MCM-41 10 072 316 0338 0 409 473 29 183
@ Ppore filling degrees of ionic liquids in the MCM-41 support as volume IL/pore volume support.
b BET specific surface area.
¢ Total pore volume.
d Micropore volume.
€ XRD (100) interplaner spacing.
f Hexagonal unit cell parameterg = 2d10g/~/3.
9 Mean pore diameter determined by BJH method.
h Size of silicate wall.
the samples increased with the increasing IL loading. With
the unit cell parameter) and mean pore sizelgn) re- e Sog--5- 8
ported inTable 1taken into consideration, itwas possibleto | T g
calculate the size of the silica walls)(around the hexag- B
onal arrangement of the cylindrical pores with the equation 4007
ag = dpjH + s. The increasing size of the silica walls might o o
be correlated with the decrease in the order, as observed in & _ | - b
the XRD patterns. The decreases in peak intensities and the .2 Do 0O
increase in the size of the silica walls are possibly related §> -------------------- ﬁ
to the amount of IL-TPPTS-Rh complex located in the inner 2, o ° ke X KK Z
channels of MCM-41. As more IL-TPPTS-Rh complex was - mmeem--emosTIIIIEIIIIIENIN 5@2‘“’
immobilized, the Bragg reflections became less intense. (&@ -
A carefult-analysis, with a nonporous silica isotherm re- wod s ﬁfi"“i’zt}zjz o
ported in the literature as a referenéd,48], is shown in Wz ©
Fig. 3 For MCM-41 and the SILPCs, upward deviations
were observed for pore sizes larger than 2.3 nm. The upward 0 : . .
deviations indicate the presence of capillary condensation in 0 4 6 8
mesopores and exclude the presence of micropores in any of t/nm(10")

the samples. Therefore, the reduction in surface area, pore_. _

lume, and pore size could be attributed to the fact that the —'%; 3 The nitrogeni-plot curves for MCM41 and the TMGL-
vo ’ P g ) ) X TPPTS-Rh/MCM-41 SILPCs. (a) MCM-41; the SILPC with TMGL load-
IL-TPPTS-Rh complex is essentially dispersed at the inner jhgs at wios): (b) 0; (c) 5; (d) 10; (e) 15; () 25.

walls of the mesopores.

3.2. SEM and HRTEM characterization No dramatic differences could be observed among the im-
ages of the as-prepared MCM-41 (not shown), the one after

The SEM images for MCM-41 and the SILPC with a 100 h of heat treatment in the TMGL and the SILPC. The
TMGL loading of 15 wt% are shown ifigs. 4A and 4B results revealed that the regular hexagonal arrays of MCM-
The morphology of the SILPC was similar to, but smoother 41 remained unchanged with the treatment under different
than, that of MCM-41. A thin film-like material appeared at conditions. We have checked the HRTEM images of MCM-
the surface of SILPCFigs. 4C and 43shows HRTEM im- 41-SILPC derived from BMBF4 and found that this sample
ages for MCM-41 after heating in TMGL at 373 K for 100 h  also showed typical regular hexagonal arrays for the ordered
and for the as-prepared SILPC with 15 wt% TMGL loading. mesoporous MCM-41.
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Fig. 4. The SEM and HRTEM images for MCM-41 and the TMGL-TPPTS-Rh/MCM-41 SILPC with 15 wt% of TMGL. (A) The SEM image with magnifica-
tion of 2000 for MCM-41; (B) The SEM image with magnification of 2000 for the SILPC with 15 wt% of TMGL; (C) The HRTEM image for MCM-41 after
heating in the TMGL at 373 K for 100 h; (D) The HRTEM image for the SILPC with 15 wt% of TMGL.

3.3. TGA characterization Rh(CO)CI(TPPTS) and HRh(CO)(TPPTS)(curves f and
0, Fig. 5. Fig. 5a also shows that the complexation between

Fig. 5 depicts TGA-DSC profiles for TMGL and the ~TPPTS and Rh(CQJacac) was not complete in the absence
SILPCs with TMGL loadings of 5, 10, and 25 wt%. The ©f TMGL. In other words, the presence of TMGL might
TGA graph for TMGL showed a continuous weight loss be necessary for the complexat?on between TPPTS and Rh
from about 350 K. There was a very small DSC peak at SPecies during catalyst preparation.
about 373-393 K, corresponding to~a4% weight loss.
The weight loss might be attributed to the vaporization of 3.4. Characterization by FT-IR and 3!P-NMR
adsorbed water. A large endothermic peak at 500 K appar-
ently corresponded to the major decomposition of TMGL. Fig. 6 shows FT-IR spectra for the various SILPCs and
The SILPC samples before and after the catalytic run (curvesrelevant samples. The MCM-41-supported Rh(&&jac)
Fig. 5h—c) also showed TGA-DSC responses at 373-393 K in TMGL gave two carbonyl stretching frequencies at 2080
and 500 K similar to that of TMGL. The weight losses at and 2010 cm? (curve c), which were due to the contribution
500 K were in good agreement with the loadings of TMGL. of the precursor Rh(CQjacac). The as-prepared SILPC
However, a sharp endothermic peak at 690 K, which might with TMGL and TPPTS/RE= 5 (curve d), however, showed
be ascribed to the structural decomposition of TPPTS-Rh one peak in the CO stretching region at 1984 érbut no
complexes, was observed for the SILPC samples, as indi-peaks at 1560 and 1520 chfor coordinatedacac. After
cated by the TGA-DSC profiles for the pure complexes of the catalytic reaction and when ILs BNBIF; and BMI-PFg
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Fig. 5. The TGA-DSC profiles for the TMGL-TPPTS-Rh/MCM-41
SILPCs, TPPTS-Rh complexes and TMGL under air. The SILPC with
TMGL loadings at (wt%): (a) O; (b) 5; (c) sample (b) after the 1-hex-
ene hydroformylation at 373 K; (d) 10; (e) 25; (f) RhCI(CO)(TPPZ;S)
(9) HRh(CO)(TPPTS); (h) TMGL.
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Fig. 6. The FT-IR spectra for MCM-41, Rh(Cé&fpcac) and the MCM-41
-SILPCs. (a) MCM-41; (b) Rh(CQJ)acac); (c) Rh(CO)(acac)/MCM-41
with 15 wt% of TMGL; (d) the SILPC with 15 wt% of TMGL and
TPPTS/Rh= 5 (molar ratio); (e) the SILPC with 15 wt% of BMBF4
and TPPTS/RB= 5 (molar ratio); (f) the SILPC with 15 wt% of BMPFg
and TPPTS/RE= 5 (molar ratio); (g) the SILPC with 15 wt% of TMGL and
TPPTS/Rh= 5 (molar ratio) after the sixth recycling; (h) the SILPC with
15 wt% of TMGL and TPPTS/RE: 20 (molar ratio).

were used or the TPPTS/Rh molar ratio was increased, the
IR spectra for these SILPCs were identical to those men-
tioned above, confirming that the same product was formed
at the surfaces of MCM-41 and that it was robust.

Fig. 7 shows31P-NMR spectra for TPPTS-Rh/MCM-41
and several SILPCs. Th&'P-NMR spectrum of TPPTS-
Rh/MCM-41 in the absence of IL showed three resonance
peaks at—4.2, 26.9, and 46.8 ppm (dJrnp = 175 Hz),

-4.2
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Fig. 7. The31P-NMR spectra for the MCM-41-SILPCs with TPPTS/RIB (molar ratio). The TMGL loadings at (wt%): (a) 0; (b) 5; (c) 10; (d) 25; (e) the

BMI-BF4 loading at 10 wt%; (f) the BMPFg loading at 10 wt%.
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due to TPPTS, OTPPTS, and Rh(CO)(TPP&&)(), re-  Table2
spectively. As for the SILPC with TMGL, BMBF4, or The olefin hydroformylation catalyzed by IL-organic biphasic system and
BMI-PFs, the 3P-NMR spectra showed a doublet at 31.5— the MCM-41-SILPC with 5 wt% of TMGE

33.6 ppm (d!Jrn—p = 125-133 Hz) for the rhodium-bound ~ Catalyst Substrate n/i  Conversion T(z';
TPPTS ligand and a resonance at 26.1 ppm for the unco- (%) (™)
ordinated phosphine oxide speciesriri§ulfonyl)triphenyl- TMGL-Rh® l-hexene 2 50 32
phosphine oxide trisodium (TPPTS-oxiddp]. The inten-  BMI-PR-RH l-hexene 20 37 23
- tBMI-BF4-th l-hexene 2 34 22
sity of the peak at 46.8 ppm decreased when the peak a b
33.6 ppm appeared and with increasing TMGL loadings TMGL-TPPTS-R Lhexene 3 130 82
0 pp : L BMI.PFs-TPPTS-RR lhexene 5 80 50
(curves b, ¢, and drig. 7) Under the same conditions, the  gy.gF,-TPPTS-RA l-hexene B 434 271
as-prepared SILPCs with BMBF, and BMI-PF gave a TMGL-TPPTS-Rh/MCM-41  1-hexene .2 556 348
much weaker resonance at 33.6 ppm, implying that the re- 1-octene B 391 195
action of Rh(CO)(acac) and TPPTS was not accomplished, l-decene B 180 “
- . 1-dodecene 5 152 55
because of the lower solubility of TPPTS in the [[28,49]

The complexation of TPPTS and rhodium species, however, * Reaction CoonditiO”Si TMGL-TPPTS-Rh/MCM-4% 0.1 g, TMGL
conceivably proceeded under the reaction conditions, as in-'024ing= 5 W%, TPPTS/Rh=5 (molar ratio), substrate- 2 ml, tolu-

. 1 . . ene=5 ml, T = 373 K, syngas (C@H, = 1, volume ratio)= 2 MPa,
dicated by théP-NMR observation that, after the reaction, reaction time= 4 h, agitation spee 800 rpm.
the SILPCs with BMIBF4 or BMI-PFs afforded an inten- b Reaction conditions: Rh(C@facac) = 0.0064 mmol, IL amount&
sive doublet around 31.5-33.6 (H/rn—p = 125-133 Hz) 4.0 ml, others are the same as above.
and 26.9 ppm (not shown).

It is known that Rh(CQO)acac) and phosphines (L) re- e 3

actinal:l r_atio and give th_e (_:omplex Rh(CQyt4c). For The hydroformylation of 1-hexene over several kinds of SILPCs
L_: PPk this comp_lex exhibited a doublet at 48_.7 PPM  oralyst IL loading Conver- n/i TOF TOF pernd
with a Rh—P coupling constant of 175 Hz in it8P- (Wt%) sion (%) (1) (im2)
NMR spectrum[50]. trans-Rh(CO)(PPB)2X complexes

i ) > TPPTS-RW/MCM-41 0 59 07 322 0325
(where X is an anion or a solvate molecule) exhibit a dou-
blet in their 3}P-NMR spectra around 30 ppm and CO I/I'\éfﬂ';TlPPTS'Rh’ 5 5% 27 348 0606
stretching f_requenC|es around 1_980 ©m[51]. Further- 10 532 26 330 0704
more, reaction of Rh(CQjacac) with excess TPPTS gave 15 565 30 389 0968
trans-Rh(CO)(OH)(TPPTS), which exhibited a doublet at 25 360 35 270 1080
31.8 ppm tJrn—p = 129 Hz)[52]. Hence, we deduce that 50 279 25 197 1288
the reaction between Rh(C@alcac) and TPPTS in the ILs TMGL-TPPTS-Rh/ 5 12 26 74 Q376
was similar to that in aqueous system. During the prepa- Sio,
ration of the SILPCtrans-Rh(CO)(O-S&)(TPPTS) was 10 161 26 106 0914
likely formed in the thin IL layer at the MCM-41 surface 15 126 21 87 Q806
25 91 20 68 0829

[53]. Such a species would be active and structurally stable

i e dLHVE 50 71 25 50 Q714

for the olefin hydroformylation in liquid phase.
BMI.PRs-TPPTS-Rh/ 5 5 18 298 0478

. MCM-41

3.5. Hydroformylation 10 551 17 362 0634
15 485 17 334 0677
Table 2compares the performances in the hydroformyla- 25 435 21 326 1268
tion of higher olefins for the IL-organic biphasic system with 50 352 18 249 1025
and without ligand TPPTS and the SILPC with TMGL. The gwmi.BF,-TPPTS-Rh/ 10 78 16 500 1582

catalytic activity was not satisfactory and depended on the MCM-41

type of IL in the biphasic catalysts composed of the IL phase  a reaction conditions: Rh loading 0.8 wi% (based on silicas) with the

and the organic phase. Next, the pale yellow homogeneousprecursor Rh(COYacac), catalyst= 0.1 g, 1-hexene= 2 ml, toluene=

solution containing methanol, IL, TPPTS, and the Rh pre- 5 ml, syngas (C@H; = 1, volume ratio)= 2 MPa, TPPT$Rh=5 (mo-

cursor was charged to prepare the MCM-41-SILPC. A much lar ratio), T = 373 K, reaction time= 4 h, agitation speeg 800 rpm.

higher catalytic activity was achieved with this catalyst than

with the IL-organic biphasic system. The hydroformylation 41 and SiQ as carriers. The TPPTS/Rh molar ratio was kept

of higher olefins such as 1-octene, 1-decene, and 1-dodecenat 5. The SILPC using Sifas a carrier afforded a reasonable

proceeded under mild conditions. n/i aldehyde ratio, but gave a lower 1-hexene conversion as
The catalytic performance over the SILPCs was affected compared with the MCM-41-SILPC under identical condi-

significantly by the IL loading and by the type of carrier. tions. The:/i aldehyde ratio increased from 0.7 to 3.5 as the

Table 3shows the 1-hexene conversions anyd aldehyde TMGL loading increased from 0 to 25 wt% for the MCM-

ratios versus the TMGL loadings for the SILPCs with MCM-  41-SILPC. A further increase in the TMGL loading caused
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Fig. 8. The effect of TPPTS/Rh ratio on 1-hexene hydroformylation 200 - : ¢
over the TMGL-TPPTS-Rh/MCM-41 SILPCs. Reaction conditions: TMGL 1!
loading= 10 wt%, others are the same adTable 3 0 1 ! 1 ! 1 1 0
1 2 3 4 5 6

. . . Recycling number
decreases in the reaction rate anditpealdehyde ratio. The yele

highest catalytic activity was obtained at a TMGL loading of Fig. 9. The recycling results in 1-hexene hydroformylation over the MCM-
15 wt%, and the catalytic activity was almost independent of 41-SILPC. (a) TMGL-PP&Rh/MCM-41; (b) TMGL-TPPTS-Rh/
the type of IL. The results suggest that most of the catalyt- MCM-41;_ (c_) BMI-PRs-TPPTS-Rh/MCM-41. Reaction conditions are the
. . . . same as ifrig. 8.

ically active Rh complexes were dispersed in the ILs layers

at the surface of MCM-41 in the case of proper IL loading,
whereas a higher IL loading induced mass-transfer limita-
tions.

Fig. 8 presents the 1-hexene conversion and hep-
tanal ratio as a function of the TPPTS/Rh molar ratio over
the MCM-41-SILPC with 15 wt% TMGL. The:/i alde-
hyde ratio increased from 2.7 to 3.9, and the 1-hexene con-
version decreased from 55.6 to 29%, when the molar ratio
of TPPTS/Rh increased from 5 to 20. In the case of the yhe yne of IL. The combination of large surface area and
monodentate TPPTS ligand system, rather low alde- nitorm mesopore structure of MCM-41 was essential for
hytje selectivities were ob.talned, as s.hown above. A higherine enhancement. Most probably, the active spetiEs-

n/i aldghyd_e sele_ctlwty might be obtained when a bidentate Rh(CO)(O-Sk)(TPPTS) was formed in the thin IL layer at
phosphine ligand is us¢d6]. _ the MCM-41 surface. The MCM-41-SILPC was stable and

Fig. 9 shows the results of the hydroformylation of eysaple for the olefin hydroformylation in the liquid phase.
1-hexene over the various MCM-41-SILPCs as a function gecause TMGL is halogen-free and is easily available, the
of the.number of recycling runs. After the first reaction, thg MCM-41-SILPC derived is promising for the production of
organic phase and the catalyst were separated by centrifupjgh-value fine chemicals.
gation, followed by decantation. The catalyst powder was
directly reused for the next hydroformylation run. When
TPPTS was used as a ligand, the SILPC with TMGL or Acknowledgments
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