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Abstract

Functionalized Si@tethered rhodium complexes derived fromy0);,, RhCI(PPR); and RhHCI(PPk); have been studied by infrared
spectroscopy (IR) and solid st&i® NMR. Rh(CO),, and phosphinated or aminated $i#de suggested to form RICO),,_. L, (L: supported
PPh or NH;; x = 2 or 3). Rh(CO);, reacts with thiolated Sigto give [Rh(w-L)(CO),], (L: supported SH). The reaction of RhCI(Pfpor
RhH(CO)(PPBh); with functionalized SiQ is assumed to result in RhCI(PP¥L or RhH(CO)(PPh).L (L: supported PPhor NH, or SH).

The catalytic activity and stability of a tethered rhodium complex catalyst in cyclohexene hydroformylation shows the supported donor
ligand and the catalyst precursor dependences. The aminatede®ii®red catalyst derived from CO);» or RhCI(PPh); displays good
catalytic activity and good resistance to rhodium leaching. The thiolateg8iBered catalyst derived from RhH(CO)(RBRrexhibits the
highest catalytic activity and good resistance to rhodium leaching. The effects of supported donor ligands on the activity and stability of
tethered rhodium complex catalysts for hydroformylation are described.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction to the metal complex, to form surface silanol species. It is
documented that various donor ligands have been employed
Over the past few decades, development and applicationto prepare Si@-tethered rhodium compounds or complexes
of immobilized homogeneous hydroformylation catalysts [14-37] Some of these Si©tethered rhodium compounds
have been attracting widespread inteff@st4], since such or complexes have been investigated in the catalysis for
catalysts can combine the high activity and selectivity of olefin hydroformylation14,15,18,19,25,26,31-33,36,37]
homogeneous catalysts and the long lifetime and ease of The typical donor ligands for use in the research of het-
separation of heterogeneous catalysts. Rhodium complexerogeneous hydroformylation are phosphines, amines and
catalysts are the most active for hydroformylation and are thiols. They play some roles in promoting the catalysis of
widely used. Much work has been devoted to studying rhodium compounds or complexes as well as in anchoring
the preparation and performance of immobilized rhodium rhodium compounds or complexes to the supports. Earlier
complex hydroformylation catalysf2—14]. In order to ef- studies made use of simple rhodium complexes such as
ficiently heterogenize homogeneous catalysts and prevenfRh(CO)CI], and Rh(acac)(CQ)to prepare Si@-tethered
metal leaching during reaction, the most common method is rhodium complexes via phosphine, amine and thiol ligands
to tether metal complexes to organic polymers and inorganic[16,18,19] These catalysts were found to possess different
supports with the aid of ligand silane coupling reagents. heterogeneously catalytic properties and different resis-
SiO;, is most widely used as a typical inorganic support, as tance to rhodium leaching in hexene-1 hydroformylation
surface hydroxy groups of SiQeact easily with alkoxy or  at 80-150C and 42 atm depending on the donor ligand
chloro groups of a silane that has a donor ligand coordinated[18,19]. In the 1980s, a rhodium thiolate complex like
Rp(COR(PBU 3)2(-Cl)(1-SR) (R = (CH2)3Si(OEt))
was chemically linked to Si®[27]. The resultant immo-
* Corresponding author. bilized catalyst was used to catalyze cyclohexene hydro-
E-mail address: huanglinl@yahoo.com (L. Huang). formylation at 80 atm and 12@ with fair recycling[38]. In
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recent years, tethered rhodium complex hydroformylation
catalysts were further develop8-37] SiO,-tethered cat-
alysts prepared from Rf-S(CH,)3Si(OMe)]2(CO)4 and
Rhp[1-S(CHy)3Si(OMe)s]2[PheP(CHy)3Si(OEts]2(CO)
displayed high activity and good stability for octene-1 hy-
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(150 ml) solution of organosilane (10 ml) under refluxing un-
der Np for 16 h. The resulting solid was filtered off, washed
with chloroform (200 ml) and dried in vacuum. The chlori-
nated, aminated and thiolated Si®amples thus prepared
contained 1.6% ClI, 1.1% N and 1.3% S, respectively. The

droformylation in the presence of phosphine ligands under chlorinated SiQ was further refluxed with KPRh(1 ml) in

the mild conditions of 60C and 1 atm33]. Also, Rhp[p-
S(CH,)3Si(OMe)]2(CO) was tethered to phosphinated
Pd-SiQ@ and RB[n-S(CH,)3Si(OMe)k]2[PhP(CH,)3Si-
(OEt)]2(CO), to several Si@-supported metal catalysts
M-SiO, [36]. The obtained tethered catalysts were found

to be even more active and well stable for octene-1 hy-

droformylation in the presence of phosphorus-containing
ligands under the mild conditions of 6Q and 1 atn{36].

Although the previous studies illustrated that some spe-

cific tethered rhodium complex catalysts via donor ligands
are effective for heterogeneous olefin hydroformylation
[18,19,33,36,38] little has been revealed about the com-
parative effects of different donor ligands on the catalytic
activity and stability of a rhodium complex and the syner-
gistic promotion of two different ligands on the catalysis of

THF (25 ml) under N for 1 h. After filtration, washing with
100 ml of methanol and drying in vaccum, the resulting
phosphinated Si@contained 0.1% Cl and 0.8% P. Phos-
phinated, aminated and thiolated Si€amples are denoted
as SiQ(PPh), SiOx(NH2) and SiQ(SH), respectively.
Tethered rhodium complexes were prepared as follows.
In the case with RI{CO);2, functionalized Si@ (1.0 g) was
impregnated with a-hexane (50 ml) solution of RECO);2
(37 mg) under M. The system was stirred at room tempera-
ture under N for 5 h. The solid powder colorated and the red
solution became colorless rapidly after stirring. ZiPPh),
SiOx(NH2) and SiQ(SH) turned deep brown, brown and
yellow in color, respectively after reacting with RICO);2.
Afterward, the liquid was drawn off with a syringe undes N
and the resulting solid was washed three times witiexane

a rhodium complex. The relationship between the catalytic under N followed by drying under vacuum (18 Torr).
properties and the nature of a tethered rhodium complexIn the case with RhCI(PR}g, functionalized SiQ (1.09)
has not been established. In the present paper, we reportvas refluxed with a toluene (50 ml) solution of RhCI(BJ3h
systematic studies of the preparation of a variety of rhodium (0.183 g) under Mfor 16 h. All the functionalized Si@sam-

complexes tethered to the surface of Sida phosphine-,

ples turned deep brown in color and the red solution became

amine- and thiol-containing silane coupling reagents and colorless at the end of reaction. Afterward the liquid was
of heterogeneous cyclohexene hydroformylation catalyzed drawn off with a syringe under N and the solid was washed
by these tethered rhodium complex-derived catalysts. Wethree times with toluene underoNollowed by drying in

briefly describe the surface behaviours of the rhodium
complexes on donor ligand-functionalized Si@uring the

vacuum. In the case with RhH(CO)(PP#% functionalized
SiO; (1.09) was stirred with a toluene (50 ml) solution of

preparation processes of tethered rhodium complexes by IRRhH(CO)(PPB)3 (0.180g) at 70C under N for 16 h. All

and solid staté’P NMR studies, in order to gain an insight the functionalized Si@ samples turned green in color and
into the nature of rhodium complexes tethered to . Sie the green solution became almost colorless at the end of re-
wish to demonstrate the effects of different supported donor action. Afterward the liquid was drawn off with a syringe
ligands on the activity and stability of tethered rhodium under N, and the solid was washed three times with toluene
complex catalysts by comparing the activities and resistanceunder N followed by drying in vacuum.
to rhodium leaching of different tethered rhodium complex  Hydroformylation of cyclohexene was conducted under
catalysts in cyclohexene hydroformylation. 28 bar of an equimolar CO andyHmixture at 100C in an
autoclave. Three hundred milligrams of tethered rhodium
complex sample, 12 ml of cyclohexene and 55 ml of THF
were first transferred to the autoclave inside a glove box.
Subsequently the C& Hy mixture was charged after the
SiO; that is a silica “Aerosil” with a surface area of reaction system had been purged with this reaction gas mix-
380 /g, was purchased from Degussa. Cyclohexene (99%)ture. When a reaction cycle of 20 h ceased, the solid catalyst
was purchased from Merck. CI(GhSi(OMe), (97%), was filtered off from the reaction mixture in air for the next
H2N(CH2)3Si(OEtys, (99%), HS(CH)3Si(OMe), (96%) cycle and elemental analysis. Sampling of the reaction mix-
and KPPh (0.5 M solution in tetrahydrofuran (THF)) were ture was done during the course of reaction. The samples
supplied by Aldrich. Rh(CO);2 (98%), RhCI(PPE)3 (99%) were analyzed by gas chromatography.
and RhH(CO)(PPf); (98%) were supplied by Strem. IR experiments were carried out on a Shimadzu 8700
All other reagents were purchased commercially. Organic FTIR spectrometer at a resolution of 4ch The solid sam-
solvents were distilled and dried prior to use. The gases ples studied were pressed into wafers of 15mg each and
CO+ Hz and N had a purity of 99.999%. placed in a single beam IR cell where the wafers could be
SiO, was subjected to dehydration at 2@D prior to subjected to the desired treatments. In situ IR studies of
the following experiments. Donor ligand-functionalized the reactivities between R{CO);2 and unfunctionalized or
SiO, was prepared by reacting Si@2.0 g) with a toluene  functionalized SiQ were performed by dripping RECO);2

2. Experimental
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solution on unfunctionalized or functionalized Si@afers the wafer color turned brown. After removal of the solvent,
under M. IR spectra of supported rhodium complexes were the surface spectrum showed three linear carbonyl bands at
recorded by subtracting the support contribution. 2088m, 2053m(sh) and 2015s thand two broad bridged
31p NMR spectra were recorded on a 300 MHz Bruker carbonyl bands at 1858m(br) and 1802w(br)¢mit may be
ACF 300 FT-NMR spectrophotometer. Chemical shifts were related to a new supported rhodium carbonyl cluster, since
referenced to NeHPO, at 0 ppm. The rhodium contents of bridged carbonyl ligands were still observed.
the samples were determined by atomic absorption spec- Alternatively, an-hexane solution of R{{CO);» was re-
troscopy. The chlorine, sulphur and phosphorus contents ofacted with 4 eq. of BIN(CH»)3Si(OEt)s under stirring and
the samples were analyzed by X-ray fluorescence. Thermo-under N at room temperature. The solution color turned
gravimetric analysis was used to estimate the contents ofdeep red immediately after contact of the two reactants. By
chlorine, nitrogen and sulphur in SiCCl), SiOx(NHy) and nearly 3.5 h, the reaction was stopped. A solution of the re-
SiOy(SH). action mixture was transferred undes Nnto a SiQ wafer
predehydrated at 20@. The wafer color turned brown at
once. After 1 h of treatment under vacuum (2Qorr), the

3. Results and discussion surface spectrum presented carbonyl bands at 2088m(sh),
2059s, 2019m, 1855w(br) and 1805m(br) ©mThis spec-
3.1. Tethering of rhodium complexes to SO, trum resembles that obtained by impregnating J5NM>)
with Rhy(CO);2, which suggests the formation of the iden-
3.1.1. Rhy(CO)12 tical SiOy-tethered rhodium complex.

In Table 1 are presented the IR spectroscopic data after When an-hexane solution of RifCO) 2 was dripped un-
the interactions of RI{CO);2 with the surfaces of unfunc-  der N, onto a wafer of Si@ (SH) predehydrated at 20C,
tionalized and functionalized SpOAfter impregnation ofa  the wafer color turned yellow immediately. The surface spec-
wafer of SiQ predehydrated at 20@€ with a red solution  trum displayed four linear carbonyl bands at 2079m, 2059s,
of Rhy(CO)12 in n-hexane under MNfollowed by evacuation 2013s and 1972(sh) cm. Both position and relative in-
of the solvent, the wafer color turned red and the surface tensity of these three bands are quite similar to those for
spectrum exhibited carbonyl bands at 2080s, 2049m(sh) andRh(u-S(CH,)3Si(Os)3)(CO)]2 on SiG (2081m, 2064s and
1802m(br) cnl. This spectrum is explicitly assigned to 2020s cnmt), which was reported by Gao and Angelici to be

Rhg(CO)6 supported on Si@[41]. formed from [Rh(CO)Cl], and HS(CH)3Si(OMe) [33].
As soon as a wafer of S{pPPh) predehydrated at 2(C Thus, we suggest that an identical rhodium carbonyl dimer
was impregnated witha-hexane solution of Rf{CO);2 un- is formed. In order to conform this hypothesis, we run a ho-

der N, the wafer color turned deep brown. After removal of mogeneous reaction of R{€CO);2 with HS(CH)3Si(OMe)

the solvent, the surface spectrum gave three linear carbonylin n-hexane. Ri(CO);2 and 4 eq. of HS(CK)3Si(OMe)

bands at 2067s(br), 2031m(br) and 2005m(br) éand two produced a deep-red mixture undes Which gave an IR

bridged carbonyl bands at 1871w(br) and 1801m(brytm  spectrum containing four linear carbonyl bands at 2071m,

We attribute it to a new grafted rhodium carbonyl cluster not 2052s, 2003s and 1972vw crh We assign this spectrum to

identified, since bridged carbonyl bands are still retained. [Rh(u-S(CH)3Si(OMe))(CO),]2 as this spectrum matches
Upon addition of an-hexane solution of R{{CO);2 under with that of [Rh{-S(CH;)3Si(OMe))(CO),]2 in toluene

N2 onto a wafer of SIQ(NH2) predehydrated at 20C, (2074m, 2056s and 2004s c#) and the spectral pattern of

Table 1

IR spectroscopic data of rhodium carbonyl complexes

Complex »(CO) (cnTt) Reference
Rhy(CO)2/n-hexane 2069s, 2044m, 1886m This work
Rhe(CO)16/KBr 2073s, 2026m, 1800s [39]
Rhg(CO)6/SiO; 2083s, 2051m(sh), 1804m(br) [40]
Rhe(CO)6/SIO; 2080s, 2049m(sh), 1802m(br) This wdrk
Rhy(CO)2/SiOz(PPh) 2067s(br), 2031m(br), 2005m(br), 1871w(br), 1801m(br) This #ork
Rhy(CO)12/SiOx(NH,) 2088m, 2053m(sh), 2015s, 1858m(br), 1802w(br) This Work
(Rh4(CO)2 + 4H2N(CHy)3Si(OEty) 2088m(sh), 2059s, 2019m, 1855w(br), 1805m(br) This Work
Rhy(CO)12/SiO,(SH) 2079m(sh), 2063s, 2017s, 1978w(sh) This Work
[Rh(.-S(CH)3Si(OMe))(CO)]2/SI0, 2081m, 2064s, 2020s [33]
[Rh(.-S(CH,)3Si(OMe))(CO)]2/n-hexane 2071m, 2052s, 2003s, 1972vw This Work
[Rh(.-S(CH,)3Si(OMe))(CO)]2/toluene 2074m, 2056s, 2004s [42]

a By impregnation of support with RKCO) 2/n-hexane under pfollowed by 1h of treatment under vacuum (£rorr).

b By impregnation of Si@ with a (Rhy(CO)2 + 4H2N(CH,)3Si(OEt)) reaction solution im-hexane under Nfollowed by 1 h of treatment under
vacuum (10° Torr).

¢ By 2h of reaction between R{CO)» and 4 eq. of HS(CH)3Si(OMe) in n-hexane.
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[Rh(u-SR)R(COX]2 (R = Me, CgHs, p-FCsH4) in solvents complex after grafting to Si@ This implies that at least
reported beford33,42] This solution spectrum is entirely  two supported amine ligands are coordinated tq(RD);»
compatible with the surface spectrum. to form a tethered rhodium cluster.

The organometallic chemistry of R{€CO)2 with phos- On the surface of SiQ) our IR results clearly account
phine ligands is well documented3,44] whereas that for that both unsupported and supported thiol react severely
of Rhy(CO)2 with amine and thiol ligands is unavailable. with Rhy(CO);2 to oxidize the rhodium and disintegrate the
Treatment of RW(CO);2 with PPl under mild condi- cluster. The following reaction readily takes place at room
tions yields R(CO)1PPh, Rhy(CO)o(PPhs)2, Rhy(CO) temperature both in solution and on the surface:

(PPhy)3 and Rh(CO)(PPhy)4, in which the basic structure

of the parent rhodium cluster i; retain@®,44] Rhy(CO)2 AHS(CHy)3Si(L)3 + R (CO)12

and 4 eq. of PPhproduce a mixture of RI{CO)10(PPH)2 ,

and Rh(CO)(PPh)s at room temperature under,Nand — 2[Rh(-S(CH2)3Si(L)3)(CO)2]2 +- 4CO+ 2H,

Rhy(CO)(PPR)4 at 70°C under N [43]. Nevertheless, (L = MeO, Og(surface oxygen

the reactivity between RKCO) 2 and supported phosphine

ligands has not yet been reported. It may be expected that3.1.2. RhCl(PPhs)s and RhH(CO)(PPhs)3

similar substitution reactions of R{CO) > with supported The solid statélP NMR spectra were measured before

phosphine ligands occur, despite that the surface mediumand after the reaction of RhCI(PHb with SiO>(NH>). The

inhomogeneity causes the complicated chemistry. Accord- spectrum of solid RhCI(PR)g exhibited a set of signals at

ing to our IR observation during the reaction of JRBO);2 48.7s, 32.2(sh), 29.9s, 23.9s and 21.7(sh) ppm, while the

with SiOx(PPh), the ligand substitution product appears to spectrum of RhCI(PPH3/SiOz(NH2) displayed only one

preserve the rhodium cluster since it shows the two bridged broad signal at 28.9 ppm. The reactivity between rhodium

carbonyl bands at 1871w(br) and 1801m(br)¢mA sim- complexes and nitrogen donor ligands is still poorly docu-

ilar reaction result is suggested betweeny@®w®);2> with mented and nd'P NMR data of amino rhodium-phosphine

SiOx(NH>) based on our IR data. We thus deduce that sup- complexes are available. However, the obser’RdNMR

ported phosphine and amine do not make the Bhster signal position of supported complex significantly differs

break down when coordinated to the rhodium atoms. Thesefrom those of solid RhCI(PRjs. The spectral pattern

two supported donor ligands seem to possess comparablef RhCI(PPR)3/SiOx(NH2) is quite similar to that of a

reactivity toward a rhodium complex, which is embodied MCM-41(PPh)-tethered RhCI(PRf); reported recently

in their reactions with [Rh(CQXI], resulting both in a [45]. The main signal at 28.9 ppm is present in both spec-

splitting of the chloride bridg§l6]. However, it is difficult tra. As is the case with immobilization of RhCI(PPHhon

to determine, on steric grounds, the number of supported MCM-41(PPh), the spectral evolution in our case may be

ligands on the surface accessible to40);2> although closely related to the coordination of a supported amine to

excess ligands are present on the surface in the presenthe rhodium centre of RhCI(PB).

work. Based on the known reactivity betweensRBO);» Therefore, the reaction between RhCI(ERRh and

and PPBh in solution at room temperature undep,Nhe SiOy(NHy) is suggested to follow the same mechanism

substituted CO number is limited to less than four. It is thus with the formation of SiQ(NH,RhCI(PPh);) and the
concomitant dissociation of a PPligand:

)

o]
\ \
O —Si(CH,);NH, + RhCI(PPh;), ——> O —Si(CH,),NH,RhCI(PPh;,), + PPh,
e O/

(0]

Likewise, similar results may be speculated without spec-
assumed that the possible number of supported phosphingroscopic evidence with the formation of SI®PhRhCI-
on SiG(PPh) coordinated to R{{CO)2 should not exceed  (PPh)2) and SiQ(SHRhCI(PPB)2) on SiG(PPh) and
three. The fact that treatment of REO) 2 with 4 eq. of SiOz(SH).
H2N(CHy)3Si(OEty followed by grafting to Si@ leads to The solid statéP NMR spectra were measured before
a surface IR spectrum similar to that obtained by reaction and after the reaction of RhH(CO)(PHf with SiOx(SH).
of SiOx(NH2) with Rha(CO)2, suggests that the possible The spectrum of solid RhH(CO)(PBh exhibited a set of
number of supported amine ligands available ta(®®):» signals at 44.4m, 34.1(sh), 33.6s and 32.8(sh) ppm, while
is not more than four. As the reactivity of RICO);2 with the spectrum of RhH(CO)(PBR/SIOx(SH) presented a
H2N(CH2)3Si(OEt) has not yet been elucidated, the product broad signal at 32.8s and a sharp signal at Om ppm. The
formed in our reaction remains unknown. THEO) spectral organometallic chemistry of phosphine-containing rhodium
difference observed between on the surface and in solutioncomplexes with sulphur donor ligands is poorly established
is explained by the change in the spectral symmetry of this and there are no solid stat® NMP data available of phos-
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phino rhodium thiolate complexes. However, the observed and only 1.0% of which was hydrogenated to cyclohexane.

31p NMR signal positions of supported complex are signif-
icantly different from those of solid RhH(CO)(PBBb. This

In the second cycle, it was noticed that the turnover for
cyclohexene converted went up to 1550 (mol/mol Rh). This

spectral evolution may be attributed to the coordination of a turnover remained almost unchanged in the third cycle. The

supported thiol to the rhodium center of RhH(CO)(B)Rh
Refering to the case with immobilization of Rh(RRCl on
MCM-41(PPh) reported recently45], a similar3P NMR

brown color of the catalyst remained unchanged during the
three cycles. 1.67% of Rh was retained on the support ac-
cording to the results of elemental analydialfle 3 and the

spectral evolution before and after immobilization has been liquid phase color was light brown after the first cycle. The

explained by substitution of a PPkith a supported phos-
phine with the formation of MCM-41(PBRhCI(PPR)>).
Thus, we infer without direct evidence that the reaction
between RhH(CO)(PRks and SiGQ(SH) would follow the
same mechanism and form SSHRhH(CO)(PP¥)2) with

the concomitant dissociation of a PPh

0 0
\—o>8i(oH2)33H + RRH(CO)(PPh), — > N—o0—g;

~

Similar results may be speculated without spectroscopic

evidence with the formation of S|PPhRhH(CO)(PPB)2)
and SiQ(NH2RhH(CO)(PPB)2) on SiQ(PPh) and
SiOz(NHy).

3.2. Catalytic cyclohexene hydroformylation with tethered
rhodium complexes and effects of supported donor ligands

rhodium content of the catalyst almost no longer declined
and the liquid phase was colorless from the second cycle.
This indicates that only a weak leaching of the rhodium
from the support occurs referring to the initial rhodium
loading (1.89%) during reaction over KKO)2/SiOx
(NHy).

(CH,),SHRhH(CO)(PPh,), + PPh,

By contrast, RR(CO);2/SiO,(PPh) only led to a turnover
of 585 (mol/mol Rh) for cyclohexene hydroformylation in
the first reaction cycle. After the first cycle, the solid sample
color turned light yellow and the liquid phase color became
brown. The light yellow solid sample contained only 0.09%
Rh referring to the initial rhodium loading (1.92%). This
shows that a heavy rhodium leaching takes place from the

All the unsupported and supported rhodium complexes support during reaction over R{€O)2/SiOx(PPh). How-
studied were tested in cyclohexene hydroformylation. The ever, RQ(CO)2/SiO;(SH) presented neither catalytic activ-

blank test showed no catalytic activities in the autoclave.
All the catalysts displayed selectivities greater than 94% to

ities nor rhodium leaching.
Fig. 1 shows the variation of turnovers of cyclohexane

cyclohexane carboxaldehyde with formation of no alcohols carboxaldehyde formed on these 4/RBO)2>-derived cat-

under operating reaction conditions.

Table 2 presents the catalytic results at the end of
20 h reaction over the RECO)1o-derived catalysts. When
Rhy(CO)2/SiO(NH2) was tested under catalytic condi-
tions, a turnover of 950 (mol/mol Rh) for cyclohexene

alysts with reaction time. The homogeneous,@®&D);,

system was the most active in the first 9h, after which
it became inactive since its turnover stopped increasing.
At the end of reaction, the liquid phase was noted to be-
come colorless with the concomitant formation of black

converted was obtained in the first reaction cycle, 99.0% of precipitate, which was indicative of the metallic aggre-
which was hydroformylated to cyclohexane carboxaldehyde gation of RR(CO);> under pressurized C@ H;. The

Table 2

Catalytic properties of RffCO)1»>-derived catalysfsin cyclohexene hydroformylatién

Complex Cyclohexene conversion (%) Turndvémol/mol Rh) Product distribution (mol%)
Cyclohexane Cyclohexane carboxaldehyde

Rhy(CO);¢ 86.5 1743 0 100
Rhy(CO)12/SiOz(NH2)

1st cycle 44.1 950 1.0 99.0

2nd cycle 63.6 1550 0.6 99.4

3rd cycle 63.1 1547 0.6 99.4
Rhy(CO)2/SiOx(PPh) 27.6 585 0.8 99.2
Rhy(CO)2/SiOz(SH) 0 - - -

2 0.30g of tethered complex sample with nearly 2.0% Rh loading.

b Reaction conditions: 12 ml of cyclohexene, 28 bar, 10Q, H,/CO = 1, 20h per cycle.

¢ For conversion of cyclohexene.
d0.0119.
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Table 3

Color and rhodium content changes of tethered rhodium complex samples before and after cyclohexene hydroformylation

Tethered complex Before reaction

After reaction

Color Rh (%) Color Rh (%)

Rhy(CO)12/SiOz(NHz)

1st cycle Brown 1.89 Brown 1.67

2nd cycle Brown 1.67 Brown 1.66

3rd cycle Brown 1.66 Brown 1.66
Rhy(CO)2/SIOz(PPh) Deep brown 1.92 Light yellow 0.09
Rhy(CO)12/SIiOx(SH) Yellow Yellow 1.94
RhCI(PPR)3/SiO2(NH>)

1st cycle Deep brown 1.87 Deep brown 1.70

2nd cycle Deep brown 1.70 Deep brown 1.70

3rd cycle Deep brown 1.70 Deep brown 1.70

4th cycle Deep brown 1.70 Deep brown 1.70
RhCI(PPR)3/SiOz(PPh) Deep brown 1.90 Brown 1.12
RhCI(PPh)3/SiOz(SH)

1st cycle Deep brown 1.90 Deep brown 1.66

2nd cycle Deep brown 1.66 Deep brown 1.66

3rd cycle Deep brown 1.66 Deep brown 1.66

4th cycle Deep brown 1.66 Deep brown 1.66
RhH(CO)(PPBb)3/SiOz(NH2) Green 1.75 Brown 0.85
RhH(CO)(PPB)3/SiOx(PPh) Green 1.75 Light yellow 0.12
RhH(CO)(PPB)3/SiOz(SH)

1st cycle Green 1.73 Green 1.65

2nd cycle Green 1.65 Green 1.65

3rd cycle Green 1.65 Green 1.65

turnovers over the tethered catalysts increased continuouslySiOx(NH»)-tethered catalyst is not only highly active
throughout 20 h of reaction. From the second reaction cy- but quite stable for recycling, that the Si(SH)-tethered

cle, the turnovers over RECO)2/SiOx(NH>2) increased
linearly with reaction time after 5 h. This implies that the
Rhy(CO)12/SiOx(NH>)-derived catalyst can maintain its
activity stable in an extended hydroformylation.

From the above catalytic results based ony®RID)2
as a catalyst precursor,

2000 ~

1800 4

catalyst is inactive though very stable, and that the
SiOy(PPh)-tethered catalyst has heavy rhodium leaching.
The Rhy(CO)12/SiOz(NH>)-derived catalyst displays a po-
tential of high activity in a prolonged reaction, although
it is less active than the R{CO)>-derived homoge-

it is demonstrated that the neous catalyst in a 20h reaction. ThesRPO);2-derived

1600 +
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800 4

600 o

Turnover (mol aldehyde/mol Rh)
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0 ¥ T

— Rh,(CO),,
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Fig. 1. Turnovers of cyclohexane carboxaldehyde formed as a function of reaction time oy&CRh-derived catalysts.
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Table 4
Catalytic properties of RhCI(PBR-derived catalysfsin cyclohexene hydroformylatién
Complex Cyclohexene conversion (%) Turnover (mol/mol Rh) Selectivity (mol%)
Cyclohexane Cyclohexane carboxaldehyde
RhCI(PPh)3¢ 89.4 1915 0.8 99.2
RhCI(PPR)3/SiOz(NH2)
1st cycle 80.6 1754 2.3 97.7
2nd cycle 70.3 1683 0.7 99.3
3rd cycle 87.2 2088 0.6 99.4
4th cycle 87.9 2104 0.6 994
RhCI(PPh)3/SiOz(PPh) 30.3 649 0.5 99.5
RhCI(PPh)3/SiO(SH)
1st cycle 2.3 49 6.0 94.0
2nd cycle 0 - - -
3rd cycle 17.5 429 1.2 98.2
4th cycle 18.3 449 1.2 98.2

2 0.30g of catalyst precursor with nearly 2.0% Rh loading.

b Reaction conditions: 12 ml of cyclohexene, HHCO = 1, 28 bar, 100C, 20 h per cycle.
¢ For conversion of cyclohexene.

d0.0519.

homogeneous catalyst deactivatesra@tén of reaction, due  the liquid phase color was light brown after the first cycle.
to the metallic rhodium agglomeration under pressurized The rhodium content of the catalyst no longer diminished
CO + Hy. The SiGQ(NH2)-tethered catalyst is much more and the liquid phase was colorless from the second cycle.
resistant to rhodium leaching than the g{PPh)-tethered This demonstrates that only a week leaching of the rhodium
catalyst. from the support occurs relative to the initial rhodium
Table 4 presents the catalytic results at the end of loading (1.87%) during a longer reaction. By contrast,
20h reaction over the RhCI(PPB-derived catalysts. RhCI(PPR)3/SiOx(SH) and RhCI(PP§)3/SiOx(PPh) led
RhCI(PPh)3/SiO>(NH2) resulted in the highest turnover to rather low turnovers for conversion of cyclohexene. The
for conversion of cyclohexene among three tethered cata-former showed better resistance to rhodium leaching like
lyst systems. Its turnover was noticed to increase after the RhCI(PPh)3/SiOx(NH2). The detected rhodium content on
second reaction cycle and attained to 2088 (mol/mol Rh) the catalyst was 1.66% after the first cycle referring to the
in the third reaction cycle, which surpassed that of the ho- initial rhodium loading (1.90%) and no longer declined from
mogeneous catalyst derived from RhCI(BRBh The deep the second cycle. The latter exhibited enormous rhodium
brown color of the catalyst remained unchanged during the leaching during the first cycle, although this system was
four cycles. 1.70% of Rh was retained on the support and catalytically more active than the RhCI(P$SiOx(SH)

2000 A
RhCI(PPhg)
1800 4
1600 4 RNCI(PPhs)3/SiOx(NH,)
1400 4
1200 4
1000 4

800

600 4 RhCI(PPh;)y/SiO(PPhy)

400

Turnover (mol aldehyde/mol Rh)

200 A
RNCI(PPhg)/SiO5(SH)

I—————
0 * T T T 1
0 5 10 15 20 25
Reaction time (h)

Fig. 2. Turnovers of cyclohexane carboxaldehyde formed as a function of reaction time over RRzH@RR®Ived catalysts.
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Turnover (mol aldehyde/mol Rh)
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Fig. 3. Turnovers of cyclohexane carboxaldehyde formed as a function of reaction time over a RBGIGGHNH,)-derived catalyst.

system. Only 1.12% of Rh remained on the support after
the first cycle, starting from a 1.90% rhodium loading.

Figs. 2 and 3show the variation of turnovers of cy-
clohexane carboxaldehyde formed on the three tetheredcreased turnover for conversion of cyclohexene during three
catalyst systems with reaction time. All the catalyst sys- reaction cycles running. From the second cycle, it was noted
tems maintained hydroformylation activity throughout 20 h that the activity of RhH(CO)(PR/SiO,(SH)-derived cat-
reaction as their turnovers of aldehyde formed increasedalyst was higher than that of the homogeneous catalyst de-
continuously with reaction time. Although the homoge-
neous RhCI(PPJ)3 system was most active within the first

17 h, its activity decreased progressively with reaction time.

The RhCI(PPE)3/SiO2(NH2) system apparently tended to
enhance its activity, having undergone the first two reac- color was light green after the first cycle. The rhodium con-
tion cycles. In the third and fourth cycles, its turnover of tent of the catalyst no longer declined and the liquid phase
aldehyde formed might be considered to increase almostwas colorless from the second cycle. This demonstrates
linearly with reaction time and finally exceeded that of
the homogeneous systerRig. 3). This signifies that The

RhCI(PPh)3/SiOx(NH2)-derived catalyst can maintain its
activity unchanged in a prolonged hydroformylation, pre-

vailing over the homogeneous catalyst.

Table 5 presents the catalytic results at the end of
20 h reaction over the RhH(CO)(PBk-derived catalysts.
RhH(CO)(PPB)3/SiO2(SH) resulted in continuously in-

rived from RhH(CO)(PP4$)3. In the third cycle, the turnover

attained to 2400 (mol cyclohexene/mol Rh). The green color
of the catalyst remained unchanged during the three cycles.
1.65% of Rh was retained on the support and the liquid phase

that only a weak leaching of the rhodium from the support
occurs relative to the initial rhodium loading (1.73%) under
catalytic conditions. Comparatively, a considerable rhodium
leaching was found from RhH(CO)(PB&/SiOx(NH2) dur-

ing the first cycle, although it gave rise to a satisfactory

Table 5
Catalytic properties of RhH(CO)(PBh-derived catalysfsin cyclohexene hydroformylatién
Complex Cyclohexene converison (%) Turndvémol/mol Rh) Production distribution (mol%)
Cyclohexane Cyclohexane carboxaldehyde

RhH(CO)(PPB)3® 44.2 1632 0.5 99.5
RhH(CO)(PPB)3/SiOz(NH2) 68.4 1590 21 97.9
RhH(CO)(PPB)3/SiOx(PPh) 13.6 316 0.7 99.3
RhH(CO)(PPB)3/SiO2(SH)

1st cycle 56.6 1332 0.7 99.3

2nd cycle 81.9 2020 0.4 99.6

3rd cycle 97.3 2400 0.7 99.3

2 0.30g of catalyst precursor with nearly 2.0% Rh loading.

b Reaction conditions: 12 ml of cyclohexene, HCO = 1, 28 bar, 100C, 20 h per cycle.

¢ For conversion of cyclohexene.
4 0.030g¢.
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Fig. 4. Turnovers of cyclohexane carboxaldehyde formed as a function of reaction time over RhH(GR)Rked catalysts.

turnover for conversion of cyclohexene at 1590 (mol cyclo- the first cycle. In both cases, the $Si(®BPh)-tethered cat-
hexene/mol Rh). The liquid phase color became green andalysts are insignificant in heterogeneous catalysis because
the detected rhodium content on the catalyst was 0.85%o0f high rhodium leaching. The RhCI(PBR/SiOx(NH>)-
after the first cycle, referring to the initial rhodium loading and RhH(CO)(PP4)3/SiOx(SH)-derived catalysts present
(1.75%). An even heavier rhodium leaching was observed higher activities than those of the corresponding homoge-
with RhH(CO)(PPB)3/SiOx(PPh). The solid phase be- neous catalysts. Above all, the RhH(CO)(BRISIOx(SH)-
came nearly colorless and the remaining rhodium contentderived catalyst shows the highest activity among all the teth-
on the catalyst was as low as 0.12% after the first cycle, ered catalysts studied in this work. It is believed that so good
starting from 1.75% of rhodium loading. Moreover, this performances of these two catalysts are ascribed to the pro-
catalyst system led to a worse turnover for conversion of motion and stabilization of supported ligands on the cataly-
cyclohexene at 316 (mol cyclohexene/mol Rh). sis of phosphine-containing rhodium complexes, because a
From the variation of turnovers of cyclohexane carbox- SiOy(NH2)-tethered phosphine-free rhodium complex cat-
aldehyde formed on these catalyst systems with reactionalyst is less active than a RhCI(P4SiOx(NH>)-derived
time shown inFig. 4, it is seen that all the catalyst sys- catalyst and a Sig§SH)-tethered phosphine-free rhodium
tems maintained hydroformylation activity throughout 20h complex catalyst is inactive as shownTables 2 and 4
reaction since their turnovers of aldehyde formed increased Virtually, the catalytic properties and the immobility of a
continuously with reaction time. In the first hour, the ho- tethered metal complex are dependent on the nature of com-
mogeneous RhH(CO)(PPl system was the most active plexation of a supported donor ligand with the metal centre.
and all the supported catalyst systems were little active. Phosphine, amine and thiol ligands aresalectron donors.
Then the activity of the former greatly decreased so that Meanwhile (Q)3Si(CHz)3PPh and (Q)3Si(CHp)3SH are
the turnover of aldehyde on it became inferior to those on poor and strongr-electron acceptors, respectively. In the
RhH(CO)(PPBh)3/SiOx(SH) (second and third cycles). Thus, case of RR(CO)2, CO ligands are bonded more strongly
the SiQ(SH)-tethered catalyst is regarded as being stableto the rhodium centre in a (3Si(CH,)3PPh-containing
for recycling and more active after undergoing a reaction rhodium complex since the rhodium tends to transfer the
period. increased negative charge from the phosphorus to CO by
From the above catalytic results based on RhCIgpPh  w-back donation. This leads to increased stability of CO-Rh
and RhH(CO)(PP})3 as catalyst precursors, we remark bond and thus decreased catalytic activity for hydroformy-
that the effects of supported donor ligands on the cat- lation compared to the phosphine-free rhodium complex.
alytic activity and stability are dependent on the complex At the same time, the weaketrdpm bonding between the
used. In the case of RhCI(PHh, the SiQ(NH»)-tethered rhodium centre and the phosphorus results in decreased
catalyst is not only highly active but quite stable for re- strength of P-Rh bond. In a {RSi(CH,)3SH-containing
cycling, and the SiQ(SH)-tethered catalyst is much less rhodium complex, contrarily, coordination of thiol to the
active than the former though fairly stable against rhodium rhodium centre weakens the CO-Rh bond and in some
leaching. In the case of RhH(CO)(Pff however, the  cases causes the oxidation of rhodium centre, in favour of
SiOy(SH)-tethered catalyst is highly active as well as quite the enhancement of S—Rh bond strength because of the
stable for recycling, and the Sy(NH»)-tethered catalyst  stronger d—pm bonding between the rhodium centre and
has high rhodium leaching although it is highly active in the sulphur. The stronger S—Rh bond and the formation of
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Rh*™ centre in [Rh{t-S(CH;)3Si(0s)3)(CO)]2/SiO, with- lyst vary with the catalyst precursor used. With a given
out strong electron-donating ligands like phosphines lead SiO,-supported ligand, different rhodium complexes give
to no catalytic activity for hydroformylation. As for an rise to different changes in catalytic activity with respect to
amine-coordinated rhodium complex,dgBi(CH;)3NH is homogeneous catalysts and different resistance to rhodium
only a strongr-electron donor withoutl obitals. However, leaching, as shown ifiables 2-5The representative com-
the nitrogen is one of the most electronegative elements. Inplex dependences of activity and immobility are observed
the presence of coordinated amine, the rhodium centre mayover the SiQ(SH)-tethered catalysts. The understanding of
transfer only a part of the increased negative charge from promotion and immobilization of a supported ligand on a
the nitrogen to CO byr-back donation. This appropriate tethered complex catalyst essentially may involve the syn-
coordination of amine may not only produce a suitable ergistic electronic effect of supported ligands and complex
strength of CO—Rh bond for hydroformylation but ensure ligands on the metal centre. High activity and good immo-
the stability of N—Rh bond. bility of a tethered complex catalyst can be obtained only
In the cases of RhCI(PR)3 and RhH(CO)(PP4)3, the when both the L—M bond strength and the transfer between
concerted action between a supported ligand and complexthe metal centre and ligands are appropriately adjusted.
ligands on the activity and immobility of a tethered catalyst
should be taken into consideration. Generally, the presence
of phosphine in a complex results in the decreased negative4. Conclusions
charge transfer from a supported ligand to the complex and
hence weakens the L-Rh bond strength=£LP, N, S), as Rhodium complexes derived from RIEO)2, RhCI-
compared with the case of a phosphine-free complex. But (PPhy)s and RhH(CO)(PPf); have been tethered to
relatively, the weak P—Rh bond leads to the heavy rhodium SiOx(PPh), SiO,(NH2) and SiQ(SH). On SiQ(PPh) and
leaching of the Si@(PPh)-tethered complexes, and the SiOx(NH2), Rhu(CO) 2 reacts with supported donor ligands
strong S—Rh bond largely suppresses the rhodium leachingto give presumably SigiL ,Rhi2(CO)2-,) (L PPh,
of the SiQ(SH)-tethered complexes under hydroformy- NHy; x = 2 or 3) by ligand substitution, while on S)5H),
lation conditions. However, why the Si@PPh)-tethered Rhy(CO);2 is dramatically attacked by thiol ligands to
catalyst systems give the catalytic activities greatly lower form SiOy([Rh(u-S)(CO)]2). The same chemistry oc-
than those of the corresponding homogeneous catalyst syseurs between R{fCO)2 and 4 eq. of HS(CH)3Si(OMe)
tems is not understood. Between ${SHRhCI(PPB)2) and in solution, producing [Rh(-S(CH)3Si(OMe))(CO)]a2.

SiOx(SHRhH(CO)(PP¥)2), a contrast in catalytic activity is

observed when both are tested in cyclohexene hydroformy-

lation. In SIG(SHRhCI(PPBh)2), the strong &—pw bonding

The reactions of RhCI(PRJs or RhH(CO)(PPk)3 with
the three functionalized supports are presumed to yield
SiOx(LRhCI(PPR)2) or SiO(LRhH(CO)(PPhR)2) (L

leads to the transfer of the negative charge from the rhodiumPPh, NH», SH).

centre to the sulphur, which probably impedes the formation
of a hydridic complex necessary for hydroformylation by
hydrogenation of the Rh—Cl bond under hydroformylation
conditions. Thus, a very low catalytic activity is produced.
Since SIQ(SHRhH(CO)(PP¥),) itself contains a rhodium
hydridic complex RhH(CO)(PR, which is known to be an
active species for hydroformylatiga6], a high catalytic ac-
tivity is easily achieved. As for the SYOINH>)-tethered com-

These functionalized Sitethered rhodium complexes
result in different catalytic behaviours and different cata-
lyst immobility in cyclohexene hydroformylation at 28 bar
of equimolar CO and bland at 100C. Using Rh(CO)2
as a catalyst precursor, the S$S(@H)-tethered cata-
lyst exhibits potentially higher activity than that of the
Rhy(CO);,-derived homogeneous catalyst and good stability
for recycling; the SiQ(SH)-tethered catalyst shows neither

plexes, the distinct results of rhodium leaching suggest thatactivity nor rhodium leaching; and the Si(PPh)-tethered

a stronger N—Rh bond is formed in SIGIH,RhCI(PPR)2)

catalyst presents low activity as well as serious rhodium

than in SiQ(NH2RhH(CO)(PPB)2). Meanwhile, the leaching. Using RhCI(PRJs as a catalyst precursor, the
complexation of a supported amine may ensure that the SiO(NH2)-tethered catalyst displays higher activity than
rhodium centre gains the sufficient negative charge in that of the RhCI(PP{)s-derived homogeneous catalyst and
SiOx(NH2RhCI(PPh)2) and thus may make the transfor- good stability for recycling; the Sig)SH)-tethered cata-
mation of the Rh—CI bond into the Rh—H bond proceed to lyst shows much lower activity than that of the former as
some extent under hydroformylation conditions. The teth- well as low rhodium leaching; and the SiPPh)-tethered
ered rhodium hydridic complex so formed which is more catalyst gives low activity as well as high rhodium leach-
stable may be SigfNH,RhH(PPh),). It therefore gives ing. Using RhH(CO)(PP})3 as a catalyst precursor, the
rise to a high catalytic activity and a good immobility. SiOx(NH>)-tethered catalyst has high rhodium leaching
Despite that SIQINH2RhH(CO)(PPBh)2) also leads to a  although it exhibits high activity in the first reaction cy-
fairly high catalytic activity, the rhodium hydridic complex cle; the SiQ(SH)-tethered catalyst presents not only the
is readily leached into the liquid phase. highest activity among all the tethered catalysts studied,
Interestingly, the influences of a supported ligand on which greatly exceeds that of the RhH(CO)(BRkderived
the activity and immobility of a tethered complex cata- homogeneous catalyst, but very low rhodium leaching; and
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the SiQ(PPh)-tethered catalyst gives low activity as well
as serious rhodium leaching.

Accordingly, the supported donor ligands do have notable
effects on the activity and immobility of a SyAethered
complex catalyst. Such effects actually consist in the syn-
ergistic electronic action of supported ligands and com-
plex ligands on the rhodium centre. Since the nature of
complexation of a supported ligand with the metal centre
varies with the properties of complex ligands, the activ-
ity and immobility of a SiQ-tethered complex catalyst
closely relate to both the supported ligand and the cat-
alyst precursor. A SigINHy)-tethered catalyst is more
active and immobile than a SyPPh)-tethered catalyst.

A SiO,(SH)-tethered catalyst derived from a rhodium car-
bonyl complex is inactive though most resistant to rhodium
leaching. A SiQ(SH)-tethered catalyst derived from a

phosphine-containing rhodium complex possesses signifi-

cant activity and certain rhodium leaching.
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