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Abstract

A novel family of hybrid catalyst with high turnover frequency (TOF) and high selectivity towards aldehydes for hydroformylation of olefins
could be successfully approached through direct coordination with thgligBhd to the highly dispersed Rh metal particle precursors. A
further advantage is that the catalyst is easily prepared and recyclable. The results revealed that hydroformylation of olefins to aldehydes
dominantly took place on the surface of BRilgand modified Rh metal particles of the hybrid catalyst. It was found that the formation of
chemical coordination bond between the Rh metal particles and the lone-pair electron; afd@®Pévident through the TG aftP NMR
measurement. Moreover, the addition of PBhto the Rh/Si@ exert a significant influence on the adsorption state of reactant g@nét
C,H, on the PPE-RN/SIGQ sample, which probably lead to good catalytic performances for hydroformylation of olefins.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction carrier”, under some conditions, is immiscible with the
reaction product§9-13]. Another strategy has long been
The heterogeneous Rh/SiCcatalyst for hydroformy- attachment of the catalyst to polymers resin or silica and
lation of olefins has the advantage of easy separation ofthe separation are recyclable by a simple filtrafibf—17]
catalysts from the products but has the disadvantages ofAlthough these heterogenized homogeneous catalysts have
low activity and selectivity. The catalytic performances in been well developed, until now, only water—oil biphasic
heterogeneous catalysis are generally improved by addi-catalysis system has been successfully employed in the
tion of various promoters, such as, Zn, Se, Na, Ee5]. hydroformylation of propylene.
However, the activities and selectivity of the heterogeneous In this paper, a new type of hybrid PPmodified Rh/SiQ
Rh—Zn/SiQ, Rh—Ag/SiQ catalyst are still much lower. (PPR—Rh/SiIQ) catalyst for hydroformylation of olefins
The homogeneous rhodium phosphine complexes, suchwith high activity and high selectivity towards aldehydes
as conventional HRh(CO)(PBRl (where PPh is triph- were developed. Our support of catalyst and the methods
enylphosphine) complex, are good hydroformylation cat- for preparation of PP#ARh/SIQ catalyst differed from
alysts with high activity and high selectivity under mild those of all previously reported in literature. Moreover, we
conditions [6]. However, homogeneous catalysts are dif- make an attempt to clarify the catalytic active sites of the
ficult to be recovered from product¥,8]. Approaches hybrid phosphine-modified Rh/SgZatalyst in our work.
for immobilization of homogeneous complex to solve this
problem have been explored, which can broadly be grouped
into two types. Firstly, biphasic systems involve in design- 2. Experimental
ing the catalyst so that it is soluble in a solvent as a “liquid
2.1. Catalyst preparation
* Corresponding author. Tel+86 411 84379143; . L
fax: +-86 411 84379143, Heterogeneous Rh/SjiCratalyst was prepared by incip-
E-mail address: dyj@dicp.ac.cn (Y.J. Ding). ient wetness impregnation of silica (ca. 100 mesh) with a
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solution of RhC4. The Rh loading of Rh/Si@was 1 wt.%. Table 1
The impregnated sample was dried first at room tempera- Results of hydroformylation of 1-hexene over different catalysts in
ture, then at 393K, and subsequently calcined at 573K for SU™y-bed reactor

3h, and finally reduced in a flow of Hat 573K for 3 h. Catalysts Selectivity (wt.%) ni T?!f

The reduced black sample was further washed with boiling Aldehydes  Hexane  Hexane-2 ()

deionized water to deionize the Clion on the Rh/SiG. and -3

Then the obtained sample was reduced again to remove 0Xy-Rh/siQ, 69 0 93.1 1.10 21

gen and water. PPh-Rh/SIQ 835 0 16.5 313 1011
All preparations of hybrid PPARh/SIQ catalyst was  HRhCO(PPB)3 87.1 0 12.9 3.24 1658

performed using standard Schlenk techniques under an arReaction conditions? = 373K; P = 1.0MPa;¢ = 0.5 h; R = 900 r/min;
gon atmosphere, and all reagents were dehydrated by CaH the amount of used PRRRN/SIQ catalyst= 0.5g; the TOF of aldehydes
and degassed with argon. Phosphine was firstly added toof the Rh/SIQ anq PPB-Rh/SIQ catalyst was calculated on the total
cyclohexane solvent (the volume of cyclohexane was 1.5 R &om on the Sigsupport

times of that of Rh/Si@ catalyst) and stirred until it dis-

solved completely. Rh/SigXthe molar ratio of P:Rk= 15:1, ) ]

unless specified) precursor was introduced to this solution, 3 Results and discussion

then the obtained slurry was stirred for 1 h. and lastly the ) _

solvent was evacuated under vacuum at room temperature3-1. Catalytic performance of PPhs-RVS O, catalyst for

for 1h. The final product was stored under argon at room hydroformylation of 1-hexene

temperature. )
Table 1shows the results of hydroformylation of 1-hexene

_ over Rh/SiQ, homogeneous HRh(CO)(PHh and our
2.2. Catalyst evaluation PPh—Rh/SiQ catalysts in the slurry-bed reactor. The
) ) o isomerization of &C bonds was dominant over the het-
When conducting the hydroformylation reaction in & erpgeneous Rh/SiOcatalyst and the selectivity toward
slurry-bed reactor, 60 ml cyclohexane and 15 ml olefins were aldehyde is very low. On the contrary, the homogeneous
added to a 300ml stainless-steel stirred vessel, and therHRh(CO)(ppb)3 complex shows very high activity and se-
the hybrid PPE-Rh/SIG catalyst was carefully introduced  |ectivity towards aldehydes. The TOF of the homogeneous
into the reactor under Ar atmosphere. Then the reactor WaScatalyst was detected as 1658h which is comparable
purged three times with a mixture of CO/kH2/CO= 11, jth the literature value (1652#) [8]. It is worth to
1.0 MPa), adjusted the reaction pressure to 1.0MPa, andngte that the PPRRN/SIQ catalyst exhibits the TOF of
heated to the reaction temperature of 373K. The products1g11 p?, selectivity towards aldehyde of 84% ani ratio
of hydroformylation were analyzed by a Varian 3800 gas of aldehyde of 3.1, respectively, which were almost close to

chromatograph with a SE-30 capillary column. those of the homogeneous HRhCO(BRIcounterpart and
by far higher than those of the Rh/Si@atalyst. This re-
2.3. Catalyst characterization sult implies that the addition of PRlo Rh/SiG precursor

exerts a significant role on the Rh/Si@nd thus enhanced

Thermogravimetric analysis (TG) of the hybrid catalyst the catalytic performance of PRHRh/SICG catalyst.
was carried out under argon atmosphere on a PerkinElmer 3ip CP-MAS NMR measurements of the products after
Pyris 1 TGA thermogravimetric analyzer. CP-MAXP hydroformylation over PP{+Rh/SiQ catfalyst showed that
NMR measurements were recorded on a Bruker DRX-400 there was only one peak ai6.0 ppm assigned to free PRh
spectrometer at 60.7MHz at the State MMR Center. Which implied some excess PPlon the PPB-Rh/SIQ
Phosphorus-31 NMR chemical shifts were reported rela- cata_llyst leached to the solutl_ons. The hot filtrates was also
tive to 85% HPQOy. The heptanes had been soaked onto Subjected to atomic absorption spectroscopy (AAS) mea-
the sample as protectant to avoid the air oxidation in the Surements of Rh content, which exhibited very little leach-
course of sample transfer from the Shelenk bottle to the iNg of Rh metals from the PBRRN/SIG; during reactions.
characterization equipment in the above all characterization Thus hydroformylation of olefins mainly took place on the
of catalysts. The uptake data of Hpulse adsorption was Surface of the heterogeneous BFRh/SIQ; catalyst.
obtained from a Micromeritics ASAP 2010 apparatus. The
temperature-programmed desorption (TPD) of G(H, 3.2. TPR, XPS and H; pulse adsorption study of the
+ CoH4 (molar ratio of CO+ Ha + CoHa = 1 1 1 1), Rh/S O, precursor and PPh3—Rh/S O, catalyst
temperature-programmed reduction (TPR) ang piilse
adsorption were also operated on the Micromeritics ASAP  The TPR profile of the Rh/Si©precursor shows there is
2010 apparatus. The Balzers Instruments Omri¥tanass only one K consumption peak in the range of 322-422 K
spectroscopy was used as detector for desorption species itfFig. 1). Our catalyst was reduced in the flow of the bt
the TPD of CO+ Ha + CoHa. high temperature of 573 K, which was much higher than that
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Fig. 1. TPR profile of Rh/Si@ catalyst.

of the TPR temperature of 422 K. Thus the chemical state
of the Rh on the surface of the Rh/Si@nd PPB-Rh/SiG

catalyst exists as zero valent Rh metal particles. In addition,

the XPS results show that the Rmetal particles with a
binding energy of 307.2eV appear on the RHRh/SIQ
and Rh/SiQ sample. The uptake data ofldulse adsorption
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Fig. 3. 3P NMR spectra of samples containing phosphines (A:3PPh
SiOp; B: PPR—Rh/SIQ; C: PPR-Rh/SIQ treated by CO+ Hy; D:
HRhCO(PPB)3/SiOy).

sample. TG differential profile of the sample B showed
that two signals appeared in the course of removal ofsPPh

has shown the dispersion of metal particles on the surfacewith the increase of temperature. The big one was in the

of SiO is up to 67%, implying that two-third of the metals
is exposed and Rh metal exists as nanoparticles.

3.3. TG and 3P MAS NMR study of the PPhs-Rh/S O,
catalyst

The interaction between phosphine and Rh/Sias
investigated by means of TG ardP MAS NMR tech-
niques.Fig. 2 shows the TG and its differential profiles
of PPR—Rh/SIQ catalyst. On the Si®@sample, profile A
displayed that there was a large weight loss with the tem-
perature increased from 5C to ca. 100C due to the quick
weight loss of heptanes, while there was a little weight loss
due to the dehydration and dehydroxylation of Si@ the
range of 100-700C. In comparison to sample A, profile
B clearly exhibited that there was weight loss from 110
to 700°C due to the removal of PBRHrom the PPH/SIO»
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Fig. 2. Thermogravimetric analysis and TG derivative profiles of the SiO
PPh/SiO, and PPB-Rh/SIQ samples.

range of 110-290C, probably attributed to the removal
of physically adsorbed PRHigands, and the small one
is from 290 to 390C, probably attributed to the removal
of PPhy ligands chemically adsorbed on the Si€upport.
Two signals of the PPA-Rh/SIQ sample were also visible
in the range of 110-29CC and from 290 to 410C, respec-
tively (Fig. 2C)). However, it is worthy of note that the
former one becomes small, but the latter one becomes big
by comparison with corresponding signals in ffig. 2(B).
It implied that a certain amount of PRPhgands chemically
adsorbed on Rh metal particles in the BFRh/SIQ cata-
lyst, that is, chemical bond between the RRtpands and Rh
particles on the Rh/Si©was probably formed. From those
observations, we could believe that this chemical interaction
between Rh/Si@ and ligand is very different from those
reported in the homogeneous catalyst but is similar to those
reported in the heterogeneous asymmetric catglyajt

The formation of chemical bond was further proven by
31p MAS NMR spectra, as shown iRig. 3. In the spec-
trum A, there was a sharp signal a6.2 ppm assigned to
free PPh on the PPK/SIO,. While in the spectrum B, a
broad peak at cat-34.1 ppm appeared and the signal at ca.
—6.2ppm became very weak when the RHbands were
added onto Rh/Si© There was a broad signal at 37.2 ppm
in the 3P MAS NMR spectrum of HRhCO(PRJ/SiO>
sample Fig. 3(D)), which could be attributed to the arose
coordination bond between Rhon and PPk of rhodium
complex[19]. By comparison, the chemical shift as well as
the appearance of the broad peak at 37.2 ppm in the spectrum
D was close to both of that at c&34.1 ppm in the spectrum
B. This result suggested that chemical coordination bond
was formed between PRPhnd surfacial Rh metal particle on
the PPR—Rh/SIQ sample. It was the first time to confirm
the coordination bond between PRind Rh metal particles.
When the PPH-Rh/SIQ catalyst was further treated with



392 H.J. Zhu et al./ Catalysis Today 93-95 (2004) 389-393

QMS (Arbitrary Units)

B) S e

300 350 400 450 500 550 600 650 700 750
Teperature (K)
A: Rh/SiO, B : PPh,-Rh/SiO,

Fig. 4. CO-TPD, H-TPD and GH4-TPD profiles of the Rh/Si® and
PPR—Rh/SIQ samples using C@ Hy + CHa as adsorbent.

a mixture of CO+ H (denoted as PRRRh/SiG-syngas
sample), the sharp absorption peak-28.2 ppm became
stronger and the broad peak at ca34.1ppm slightly
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Fig. 5. GHeO-TPD profiles of the Rh/Si9and PPB-Rh/SiG samples
using CO+ Hy + CyH4 as adsorbent (A: Rh/SiQ B: PPR—Rh/SIQ).

Table 2
Prospective applications of PRHRh/SIQ catalyst for hydroformylation
of olefins

Olefin

Conversion Selectivity (%) nfi

shifted to a broad signal at36.3 ppm Fig. 3(C)). This re- (%) Aldehyde  Paraffin Iso-olefin

sult |mpllgs that some of the adsorbed RBh Rh S|tes'we.re Ethylene 9 997 03 - ~

released in the form of free PPhs a result of substitution | .. o 995 95.5 15 206 331

of CO for the adsorbed PRIon the surface of Rh/SiD 1-Octene 99.5 088 0 1.2 3.17
1-Dodecylene  98.2 94.9 0 5.10 3.33

3.4. TPD study of the PPh3—-Rh/S O, catalyst Reaction conditionsT = 373K; P = 1.0MPa; ¢ = 4h; R = 900 r/min;

the amount of used PRRRNh/SIQ catalyst= 0.5g. A mixture of H,

In order to investigate the effect of addition of RRinto CO and GH4 was fed into the slurry reactor at 120 ml/min for ethylene.
the Rh/SiQ on the adsorption state of reactant CQ, &hd
CyHg4, the CO+ Hy + CyH4-TPD experiment was carried  olefin, such as 1-dodecylene. The conversion of olefin was
out. It was obvious that there were at least two desorption up to 98%, while 95% of the selectivity toward aldehy-
peaks of CO, H and GH4 on the Rh/SiQ sample at the des withn/i higher than 3.3 is acquired. Comparing to the
low temperature areas (s€&. 4). However, only one des-  previous invention of the hydroformylation using biphasic
orption peak at about 380 K of CO gtdnd GH4 was visible catalysis, the TOF for aldehyde of the phosphine-modified
on the PPE-Rh/SIGQ sample at the low temperature zone. Rh/SiG catalyst was one or two orders of magnitude higher
This result implied that there was only each one species ofthan that of the conventional biphasic catalysts even un-
CO, H and GHj4 adsorbed on the PRRRN/SIG. There der lower pressure of 1 MH&]. Moreover, no decrease of
were a large quantity of fHdesorption at the high temper- the conversion and selectivity towards aldehydes with the
ature zone on the both of theoHlesorption profiles of the  increase of carbon number of olefins was observed in our
Rh/SiG, and PPB-Rh/SiG samples, which were probably  experiments.
ascribed to H spillover on the Si@ supports of the two sam-
ples. It was interesting to find that signal at 383 K gHgO
was also detected in the course of @Bl + CoH4-TPD of
PPh—Rh/SIQ catalyst, whereas nothing was found in those
of Rh/SiG; catalyst Fig. 5. The results suggested that the  In conclusion, the hybrid PBRRN/SiG catalyst for hy-
PPR-Rh/SiQ catalyzed hydroformylation of olefins with  droformylation of olefins was prepared by doping BBhto
high catalytic performances on the surface of the heteroge-the Rh/SiQ. To our knowledge, it is the first successful
neous catalyst. example of PPiimodified rhodium heterogeneous catalyst
that exhibits high activity, selectivity and easy separation
for the hydroformylation of olefins. The chemical bond of
the hybrid catalyst was formed between the £Rjand and

A series of olefins with different carbon number were hy- Rh metal particles on the surface of Si®upport. All the
droformylated over PRRRh/SIQ catalyst, the results are  results reveal that hydroformylation of olefins to aldehydes
shown inTable 2 It could be seen that the PPmodified dominantly takes place on the surface of the hybrid catalyst.
catalyst exhibit high conversion, selectivity for hydroformy- Our technique could provide a new approach to tackle the
lation of olefins. This is especially important for the higher difficulty encountered with the heterogeneous catalyst with

4. Conclusions

3.5. Perspective for possible applications
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low activity and selectivity and problem associated with

separation in the homogeneous catalyst from the products

in the hydroformylation of olefins reaction.
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