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Abstract

Continuous flow gas-phase hydroformylation of propene was performed using novel supported ionic liquid-phase (SILP) catalyst
ing immobilized Rh complexes of the biphosphine ligand sulfoxantphos in the ionic liquids 1-n-butyl-3-methylimidazolium hexafluoropho
phate and halogen-free 1-n-butyl-3-methylimidazoliumn-octylsulfate on silica support. The Rh–sulfoxantphos SILP catalysts proved
more regioselective than catalysts without ligand and the analogous ionic liquid-free catalysts, giving up to 96% linear product. Fur
the performance of the catalysts was generally strongly influenced by the catalyst composition. This is the first report on the us
catalysts for fixed-bed gas-phase hydroformylation.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

In recent years, room-temperature ionic liquids (ILs) h
received significant interest due to their potential appl
tions for catalytic processes [1]. So far, work has ma
involved improvement of current two-phase liquid aqueo
organic catalytic systems by substituting water with IL as
solvent for immobilization of organometallic catalysts. T
approach has been particularly successful for Rh-cataly
biphasic hydroformylation where several research gro
have reported good to excellent results for conversio
pent-1-ene [2], hex-1-ene [3], oct-1-ene, and longer-cha
olefins [4–9] to the corresponding aldehydes.

In essentially all of the present hydroformylation app
cations halogen-containing ionic liquids (usually hexafl
rophosphate salts, e.g., [BMIM][PF6]) were used genera
ing an effective medium for catalyst separation and re
cling, provided the Rh catalysts were modified with ph
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phine ligands containing ionic groups. However, gen
concern about environmental impact, toxicology, and o
undesired reactions potentially associated with ILs involv
halogen-containing anions, e.g., formation of highly re
tive and corrosive HF gas by hydrolysis, has recently l
to introduction of the halogen-free low-melting IL [BMIM
[n-C8H17OSO3] as a new “greener” solvent for hydroform
lation [4]. During reaction the use of charged ligands ensu
good catalyst immobilization in the IL phase due to a h
relative affinity for the ionic phase compared to the orga
product phase, but only in few cases high selectivities
the preferred linear products were obtained (usuallyn/iso
ratios � 3). Hence, only in systems using xantphos-ty
biphosphines as the sulfonated ligand1 [5] (sulfoxantphos
Fig. 1) or as cationic guanidinium [6] or phenoxaphosphi
modified ligands [7], sulfonated arylphosphites [3], o
specially designed cobaltocenium [8] ligand system h

Fig. 1. Sulfonated xantphos ligand, sulfoxantphos.

http://www.elsevier.com/locate/jcat
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n/iso ratios of 10 or higher currently been achieved. T
high n/iso ratios observed with the derived xantphos l
ands in ILs are consistent with prior results obtained
homogeneous as well as immobilized systems [10]. H
analogous ligands with the xanthene backbone structur
sulted in highly selective catalysts due to their natural la
P–metal–P bite angles.

The concept of “heterogenization” of aqueous Rh–ph
phine complexes on solid supports generating suppo
aqueous-phase (SAP) [11] catalysts, is well known for b
gas- and liquid-phase hydroformylation reactions [12]
is unclear, though, whether the supported catalyst rem
liquid under reaction conditions [13,14], which seems
be important for achieving good hydroformylation ca
lyst selectivity. In contrast, only minor attention has be
given to analogous catalysts made by immobilization
ionic liquids on solids, despite their obvious potential
fixed-bed reactions leading to advantageous process
sign; e.g., the IL-phase remains liquid during reaction
is easy to maintain on the support due to the neg
ble volatility of ILs. Only very recently reports have a
peared on liquid–liquid biphasic hex-1-ene hydroformy
tion [15] and C6-olefin hydrogenations [16] using support
ionic liquid Rh-catalyst systems containing monoarylph
phines and ionic liquids [BMIM][PF6] and [BMIM][BF4].
In the hydroformylation reactions the ionic liquid w
confined on a premodified silica support having a mo
layer of covalent anchored fragments from 1-n-butyl-3-[3-
(triethoxysilanyl)propyl]-imidazolium. Noteworthy, in a
cases the processes were carried out as batch reaction
not as the technically more attractive continuous flow fix
bed processes.

In this paper we report for the first time supported io
liquid-phase (SILP) catalyst systems comprising a disso
Rh–biphosphine catalyst in both halogen-containing
halogen-free ionic liquids immobilized on a silica supp
and their use for fixed-bed gas-phase hydroformylatio
a continuous process design. In detail, we describe our
liminary kinetic results and examinations obtained from c
tinuous gas-phase hydroformylation of propene using n
[BMIM][PF 6]/silica and [BMIM][n-C8H17OSO3]/silica
supported ionic liquid phase catalysts containing Rh c
plexes of the xanthene-based biphosphine ligand sulfox
phos1.

2. Experimental

The supported ionic liquid phase catalyst systems w
prepared by impregnation of silica gel by Rh(acac)(CO)2
and ligand1 [17] in a methanol/ionic liquid mixture under
argon atmosphere according to the procedure below. The
crocatalytic plug-flow system used for continuous gas-ph
propene hydroformylation has previously been descri
in detail [14,18]. Methanol was dried with 3 Å molecul
sieves and distilled prior to use. Ionic liquids [BMIM][PF6]
-

-

d

and [BMIM][n-C8H17OSO3] (> 98%, Solvent Innovation
GmbH, Cologne, Germany) and silica gel 100 (Merck; B
surface area, 297.5 m2/g; pore volume, 1.015 cm3/g; mean
pore diameter, 137 Å) were dried in vacuum before u
(0.1 mbar, 24 h, ILs, 60◦C, and silica, 110◦C).

Rh(acac)(CO)2 (5.0 mg, 0.0194 mmol) and1 were
dissolved in 10 mL degassed dry methanol with ac
rate amounts of ionic liquid [BMIM][PF6] or [BMIM][ n-
C8H17OSO3], thus generating catalysts with varying L/Rh
ratios and ionic liquid loading. After stirring for 2 h, 1.0
of silica gel (resulting in 0.2 wt% Rh metal loading) w
added to the solution followed by an additional 2 h of s
ring. Finally, the light-red dry catalysts were obtained
initial removal of the volatile solvent (10 mbar, 35◦C) fol-
lowed by drying (0.1 mbar, 80◦C, 24 h). Catalysts wer
stored in vacuo over P4O10 prior to use.

3. Results and discussion

In continuous, gas-phase hydroformylation of prop
the new Rh-1/silica supported ionic liquid-phase catalys
were found to be active, exhibiting TOFs of up to 37 m
propene converted per mole Rh per hour and with sele
ity for the linear product up to 96% during typically 3–4
(Table 1). It should be noted that both the L/Rh ratios and
the pore filling degree of the ionic liquid,α, had a strong
influence on the performance of the catalysts.

For the catalysts with low L/Rh ratios of 2.4–2.5 con
taining IL (entries 2–4) only low activities and—unusual f
Rh-1 catalysts [10]—lown/iso ratios of 1.7–2 (63–66% lin
earity) were obtained. Contrary, much higher activity w
measured for the IL-free catalyst (entry 1). This sugge
that most parts of the catalytically active complexes
der these circumstances are surface-immobilized ligand
complexes, where the presence of the IL solvent induce
vere mass-transfer limitations due to poor gas solubilitie
the ILs [19]. The presence of ligand-free complexes is
ther strongly supported by the low selectivity obtained us
the ligand-free SILP catalyst system (entry 11). Additio
ally, formation of inactive dimers in the IL could also lea
to the observed decrease in activity as found previously
sulfoxantphos in other solvents [20].

In contrast to the catalysts with low L/Rh ratios, the cata
lysts with L/Rh ratios of 10 and 20 (entries 5–10) were
highly selective giving an/iso ratio of 16.9 for the solvent
free catalyst (entry 5) and in presence of IL up to 2
(96% linearity, entry 10). This strongly indicates that a
tive ligand containing Rh complexes are formed under th
circumstances. However, as for the reactions with the c
lysts having a low L/Rh ratio, increased liquid loading (α)

also here leads to decreasing activity though much m
moderate. This supports the conclusion that the cata
are operating as mass-transfer limited. The intermediate
lectivity obtained from the catalysts with no ionic liqu
present could here be attributed to an increased amou
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Table 1
Propene hydroformylationa with SILP Rh-1/silica catalysts

Entry L/Rh ratiob Ionic liquid Ionic liquid loading TOFd n/iso ratioe Linear prod.

[BMIM]X wt% αc (1/h) (%)

1 2.5 – – 0.00 37.4 1.7 63.0
2 2.4 [PF6] 23.6 0.17 1.5 1.8 64.0
3 2.5 [PF6] 68.1 0.49 5.1 2.0 66.4
4 2.5 [n-C8H17OSO3] 56.0 0.52 6.4 1.9 65.4
5 10.2 – – 0.00 40.8 16.9 94.4
6 10.0 [PF6] 11.1 0.08 37.0 23.3 95.9
7 10.0 [PF6] 25.0 0.18 34.9 22.6 95.8
8 10.0 [PF6] 72.2 0.52 25.4 22.0 95.6
9 10.0 [n-C8H17OSO3] 53.8 0.50 17.9 18.6 94.9

10 20.0 [PF6] 27.8 0.20 16.7 23.7 96.0
11f – [n-C8H17OSO3] 54.9 0.51 0.2 1.0 50.0
12g – [PF6] 105.6 0.76 0.0 – –

a General conditions: C3H6:CO:H2 = 1:1:1; p(C3H6/CO/H2) = 10 bar;T = 100◦C; conversion≈ 1%; GHSV= 7000 h−1; 0.2 wt% Rh metal loading
Rh-precursor, Rh(acac)(CO)2; support, silica gel 100.

b Molar ligand-to-Rh ratio.
c Pore filling degree of support as the ratio IL volume/support pore volume.
d Turnover frequency at steady state (4 h) in moles aldehyde per mole of Rh per hour. Selectivity toward aldehydes was 100%.
e Linear to branched aldehyde ratio.
f Ligand-free catalyst.
g Support with [BMIM][PF6] only.
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ligand being coordinated. Based on these observations
on prior results [10,17] the active components in the c
lysts with high L/Rh ratios are therefore most likely di
solved [HRh(1)(CO)2] complexes, possibly immobilized v
ionic ligand–surface interactions.

The effect on the catalytic performance of the cataly
by varying the [BMIM] ionic liquid anions from [PF6] to
[n-C8H17OSO3] is not significant, and exhibits same effec
of both L/Rh ratios andα. It is also evident from the pur
supported [BMIM][PF6]/silica catalyst (entry 12), that th
IL functions as solvent only.

As expected from the applied experimental conditions
initial rate increase during the reactions (see example
Fig. 2) indicated an in situ formation of the catalytically a
tive complex. This was supported by the fact that the s
catalysts changed color from light red to yellow during
action in accordance with [HRh(1)(CO)2] complex forma-
tion [10], and from FT-IR spectra of the catalyst after 4–
on stream. Here the appearance of CO stretching ban
ν(CO) = 1998 and 1940 cm−1 could be observed, whic
was not the case for the catalysts prior to reaction or a
storage of the catalysts for 48 h in air after reaction.
additional bands in the 1700–2100 cm−1 region were ob-
served in either of the catalysts excluding, e.g., comple
with bridging CO. It can be noted that a similar catal
complex preformation was also reported for liquid bip
sic oct-1-ene/[BMIM][PF6] hydroformylation using in situ
formed Rh–guanidinium–xantphos catalysts [6], thus s
gesting that neither the ionic liquid nor the heterogeniza
itself affected the prereaction.

Finally, it should be noted that despite the fact that stea
state performance of the catalysts was obtained within
reported 4- to 5-h reaction period, prolonged use resulte
d

t

Fig. 2. Hydroformylation of propene using Rh-1/[BMIM][PF 6]/silica cata-
lysts (C3H6:CO:H2 = 1:1:1; p(C3H6/CO/H2) = 10 bar; T = 100◦C.
Filled symbols: TOFs; open symbols:n/iso ratios. Catalytic data from Ta
ble 1 as (L/Rh ratio,α): triangles (2.5, 0.00) (entry 1); circles (2.5, 0.4
(entry 3); squares (10.2, 0.00) (entry 5); diamonds (10.0, 0.52) (entry 8

a decrease in catalytic activity and selectivity independ
of the type of ionic liquid,α, and the L/Rh ratio. However
ongoing attempts to stabilize the catalysts by pretreatm
of the support indicate no long time deactivation. Theref
examination of supported ionic liquid-phase Rh-1 catalysts
with respect to support effects and catalyst stability is
progress and will be the subject of a subsequent paper.

In perspective, we believe that other applications
ing ILs as solvents for organometallic catalysts could
considered in the form of supported ionic liquid-pha
catalysts well-suited for continuous fixed-bed process
In this context, ILs composed of halogen-free ions, e
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[BMIM][ n-C8H17OSO3], could serve as attractive altern
tives to halogen-containing ILs.
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