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bstract

A biphasic catalytic system with water-soluble rhodium complexes of sulfonated (R)-2,2′-bis(diphenylphosphino)-1,1′-binaphthyl (labeled as
R)-BINAPS) in ionic liquid BMI·BF4 has been developed for the asymmetric hydroformylation of vinyl acetate under mild conditions. The
orresponding ruthenium complexes have been investigated for the biphasic asymmetric hydrogenation of dimethyl itaconate. The biphasic
symmetric hydroformylation of vinyl acetate provided 28.2% conversion and 55.2% enantiomeric excess when BMI·BF4–toluene was used as the
eaction medium at 333 K and 1.0 MPa for 24 h. The biphasic asymmetric hydrogenation of dimethyl itaconate in BMI·BF –iPrOH at 333 K and
4

.0 MPa afforded 65% enantiomeric excess with an activity similar to the homogenous analogs. Both biphasic catalytic systems with (R)-BINAPS
igand could be reused several times without significantly decrease in the activity, enantio- and regio-selectivities. The effects of properties of ionic
iquid, molar ratio of ligand to rhodium, temperature, pressure and reaction time have been discussed.

2007 Published by Elsevier B.V.
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. Introduction

Significant enantio-selectivities in asymmetric hydroformy-
ation were induced by a number of chiral phosphorus groups
1–4]. One of the benchmark ligands in asymmetric hydro-
ormylation was achieved by Takaya and his co-workers with the
2-symmetric phosphine–phosphite ligand BINAPHOS [5,6].
he BINAPHOS–rhodium (Rh) catalysts showed conversions,

egio- and enantio-selectivities up to 98% in a broad range of
ubstrates. Very recently, phospholane–Rh catalysts that for
he first time offer high turnover rates and high regio- and
nantio-selectivities in converting achiral alkenes to chiral alde-

ydes by hydroformylation were discovered by Aboud and his
o-workers [7,8]. The new phospholanes–Rh have shown sig-
ificant progress toward practical catalytic production of chiral

∗ Corresponding author. Tel.: +86 592 2184565; fax: +86 592 2183047.
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aterials in a process that is 100% atom efficient. In 2006, Yan
nd Zhang developed new hybrid phosphine–phosphoramidite
igands for the Rh-catalyzed aymmetric hydroformylations of
tyrene and vinyl acetate, where excellent enantio-selectivity as
igh as 99% has been achieved [9]. Nevertheless, chiral ligands
re usually expensive, mainly due to the tedious synthesis
athways. The investigation of asymmetric catalytic reaction
ssociated with the biphasic system is of significant importance
rom both the fundamental and industrial points of view. In
he past several decades, the catalytic reactions with biphasic
ystems have received considerable attention. However, works
n connection to the asymmetric hydroformylation with bipha-
ic catalysis are relatively rare. The technical and ecological
dvantages of the aqueous biphasic hydroformylation which
re used in industrial processes of hydroformylation for lower

lefins have not been successfully utilized for the asymmetric
ydroformylation. Reports on the asymmetric hydroformy-
ation with biphasic catalytic system are relatively rare
10–14].

mailto:yzyuan@xmu.edu.cn
dx.doi.org/10.1016/j.molcata.2007.01.036
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On the other hand, the organic salts which are liquid at
mbient temperature, i.e., ionic liquids (ILs), have emerged as
lternative solvents because they have essentially no vapor pres-
ure and provide good solubility for a wide range of organic,
nd organometallic compounds. The ILs have recently been
xplored as interesting alternatives to organic solvents as reac-
ion media because they are environmentally benign and easy
o prepare and modify to impart desirable characteristics. A
umber of reactions including hydrogenation, oxidation, and
–C bond-forming reactions have already been conducted in ILs

15–21]. Compared to heterogeneous catalysts widely used for
he production of commodity chemicals, homogeneous asym-

etric catalysts are however often very expensive and difficult to
ecycle and reuse. Immobilization of homogeneous asymmetric
atalysts on solid supports or liquid biphasic systems represents
n interesting approach to recycle and reuse of catalysts. The
eatures of ILs particularly make them ideal solvents for the
ynthesis of high-value chiral organic compounds via catalytic
rocesses. In ideal scenarios, not only high enantio-selectivity
an be obtained but also both ILs and asymmetric catalysts can
e recycled and reused.

Rh complexes formed with sulfonated phosphines showed
xcellent activities and selectivities particularly in the bipha-
ic hydroformylation of olefins composed of carbon chains
ess than six. The excellent water-solubility of the phosphines,
hich is absolutely essential for the aqueous biphasic method,
as achieved by the introduction of sodium sulfonate groups.
avre et al. found that the problem of Rh leaching could be
inimized by the modification of phosphorus ligands with

ationic (guanidinium or pyridinium) or anionic (sulfonate)
roups [22]. An easy phase separation has been reported to
e viable between the reactants-containing organic phase and
he water-soluble phosphine–Rh complexes-containing ionic
iquid phase after the hydroformylation [23–28]. We have
een working for years on the synthesis and catalytic proper-
ies of phosphine ligands for hydroformylation with aqueous
iphasic, ionic liquid biphasic and for supported catalysts
27–35]. Herein the chiral bidentate phosphine ligand (R)-
,2′-bis(diphenylphosphino)-1,1′-binaphthyl (i.e., (R)-BINAP),
hich is conveniently available in the enantio-pure form, was
sed as chiral model ligand since it was already known to induce
nantio-selectivity in several hydroformylation [4,36] and also
he ruthenium (Ru) complexes of (R)-BINAP are excellent cata-
ysts for asymmetric hydrogenation [37]. We report the catalytic
erformance and recycling ability of water-soluble Rh and Ru-
omplexes of sulfonated (R)-BINAP (i.e., (R)-BINAPS) in ILs
or the biphasic asymmetric hydroformylation and hydrogena-
ion of olefins.

. Experimental

.1. Ligands and rhodium complexes
.1.1. General comments
All ligand syntheses were carried out with standard

chlenk techniques under argon atmosphere. Synthesis gas
CO/H2 = 1:1, purity 99.98%), hydrogen (99.99%) and argon

5
e
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99.999%) were purchased from Linde Gas Xiamen Ltd. Vinyl
cetate, styrene, dimethyl itaconate and (R)-BINAP were pur-
hased from Aldrich and used as-received without further
urification.

.1.2. Spectroscopy
IR spectra were measured on a Nicolet 740 FTIR spectrome-

er with a resolution of 4 cm−1. NMR spectroscopy was recorded
n a Varian FT Unity+ 500 spectrometer. 31P(1H) NMR spec-
ra were recorded at 202 MHz at room temperature in CDCl3
or organic-soluble compounds and in D2O for water-soluble
nes. The chemical shift was referenced to 85% H3PO4. 1H
MR spectra were referenced to SiMe4 for organic-soluble

ompounds and DSS for water-soluble ones.

.1.3. Synthesis and characterization
The preparation of the water-soluble chiral ligand (R)-

INAPS has been described elsewhere [38]. The spectra data of
he product are as follows. 31P{1H} NMR (D2O): −13.8 ppm
the 31P{1H} NMR (CDCl3) of (R)-BINAP appeared at
15.5 ppm); 1H NMR (D2O): 6.69–6.85(m, 4H), 6.98–7.25(m,

8H), 7.54–7.61 (d, 2H), 7.83–7.85 (d, 2H), 8.66–8.68 (d, 2H);
lemental analysis: S/P:Na/P:C/Na ≈ 1.8:1.8:12.2.

[Rh(acac)(CO)2] and [Ru(p-cymene)2Cl2] were prepared
ccording to a procedure cited in literature [39,40]. The ILs
BMI·BF4 and BMI·PF6) were synthesized using the procedures
eported in the previous literature [41–46] and were vacuum-
reated before each use.

.2. Hydroformylation and hydrogenation

To exclude air, a 60 mL stainless steel autoclave equipped
ith a magnetic stirrer was filled using Schlenk techniques with

olutions containing the catalyst precursors, ligand, the sub-
trates (for hydroformylations, vinyl acetate and styrene were
sed as substrates; for hydrogenation, dimethyl itaconate was
sed as substrate), ionic liquid and organic solvent (if any).
fter filling in the liquids the autoclave was purged with syn-

hesis gas or with hydrogen three times and heated up to the
esired temperature. Synthesis gas or hydrogen was added to
djust the pressure. After the reaction, the reactor was cooled to
73 K and decompressed. Finally, the liquids and the catalysts
ere separated by decantation. The organic phase, after dry-

ng, was taken for GC analysis (FID, hydrogen as carrier gas). A
0 m × 0.25 mm × 0.25 �m capillary with a Supelco �-Dex-225
as used for the separation and quantitative analysis of the sam-
le components including the chiral products [47]. The products
ere verified using authentic samples. The reaction conversions
ere calculated by the corrected area normalization method.

. Results and discussion

.1. Asymmetric hydroformylation of vinylacetate
We have carried out the sulfonation of (R)-BINAP with
0–53 wt% oleum by adopting the reaction conditions in lit-
rature in order to eliminate the formation of phosphine oxide
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Fig. 1. Synthesis of water-soluble chiral ligand (R)-BINAPS.
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Scheme 1. Asymmetric hydroformylation of vinyl acetate and styrene.

nd to achieve a high yield of a single phosphine species [38].
he water-soluble (R)-BINAPS are generally achieved with the
urities of 90–95% (31P{1H} NMR) containing 5–10% impu-
ity of oxidized phosphorus (V) species. Our studies on NMR
nd elemental analysis (see Section 2), along with the results in
iterature [38], indicated that the formula of (R)-BINAPS would
e (R)-BINAP-nSO3Na (n = 3–4) as illustrated in Fig. 1.

The symmetric hydroformylation of vinyl acetate by using
Rh(acac)CO]2 as Rh precursor and (R)-BINAP or (R)-
INAPS as ligand in ILs yielded 2-acetoxypropanal (1a) and
-acetoxypropanal (1b), in general, with high chemo- and regio-
electivities (Scheme 1). Limited by-products of ethyl acetate
nd acetic acid were also found. The results are summarized in
able 1. In the case of (R)-BINAP–Rh system, the reaction in
MI·BF4 or toluene proceeded homogeneously. Higher conver-

ion but relatively lower enantiomeric excess (ee) were obtained
n BMI·BF4 compared to those in toluene (entries 1 and 2). When

MI·BF4–toluene was used as solvent, a biphasic system con-

isting of lower layer (catalyst layer) of ionic liquid-complexes
nd upper layer of the reactant was obtained after the reaction,
ffording conversion similar to that in BMI·BF4 and ee similar to

a
(
c
(

able 1
he effect of ligand on the asymmetric hydroformylation of vinyl acetatea

ntry Ligand Solvent system

Toluene (mL) BMI·BF4 (mL)

1 BINAP 0 2
2 BINAP 5 0
3 BINAP 2 2
4 BINAP 1 2

5 BINAPS 2 2 mL H2O
6 BINAPS 0 2
7 BINAPS 2 1
8 BINAPS 2 2
9 BINAPS 1 2
0 BINAPSb 1 2
1 BINAPSc 1 2
2 BINAPS 1 2 mL BMI·PF6

a Reaction conditions: Rh(acac)(CO)2 = 0.02 mmol, olefin/Rh = 300 (molar ratio),
erature = 333 K, reaction time = 24 h, agitation speed = 800 rpm.
b Reaction time = 48 h.
c Ligand/Rh = 1.5 (molar ratio), P(CO/H2) = 1.0 MPa.
lysis A: Chemical 270 (2007) 76–82

hat in toluene (entries 3 and 4), respectively. In this case, it was
ossible to separate the catalyst layer by decantation although
he color of the reactant was light yellowish.

The introduction of water-soluble groups of sodium sul-
onates into the phenyl skeletons might disturb slightly the
nantio-selection step during the catalytic cycle. As shown in
able 1, the conventional aqueous biphasic system by using
R)-BINAPS as ligand provided very low conversion of 1.1%
ut acceptable 50.3% ee after reaction for 24 h at 2.0 MPa and
33 K (entry 5). When BMI·BF4 was used as solvent, how-
ver, the moderate conversion of 22.4% and higher ee of 59.8%
ssociated with biphasic catalytic system were obtained under
dentical conditions (entry 6), where the biphasic catalytic sys-
em was consisted of the lower layer of ionic liquid-complexes
nd the upper layer of the reactant. By addition of proper amount
f toluene to the system, the separation of the two phases was
ore clearer and easier, without affecting the conversion and

e (entries 7–11) significantly, which would be in favor of cata-
yst recycling. The conversion increased just by prolonging the
eaction time or using milder syngas pressure (entries 10 and
1). However, the result in Table 1 showed that very low ee
as obtained by using BMI·PF6 instead of BMI·BF4, probably
wing to the hydrophobic property of BMI·PF6 [27,44].

.2. Effects of molar ratio of ligand to rhodium, pressure
nd temperature on the asymmetric hydroformylation of
inylacetate

Fig. 2 shows the conversion and ee value in the hydroformy-
ation of vinyl acetate as a function of molar ratio of ligand
o Rh with (R)-BINAPS–Rh as catalyst and BMI·BF4–toluene
s the reaction medium. The ee less than 20% was obtained
or the molar ratio of ligand to Rh below 1.0. The conversion

nd ee value reached almost saturation when the molar ratio of
R)-BINAPS to Rh was above 1.5. The results suggested the
oordination chemistry and catalytic behavior of water-soluble
R)-BINAPS–Rh complexes in ionic liquid biphasic system was

Conversion (%) ee (%) 1a (%) Phase

41.6 43.3 99.6 One
18.9 55.9 93.0 One
38.3 54.0 97.8 Two
48.2 55.7 99.5 Two

1.1 50.3 98.8 Two
22.4 59.8 99.8 Two

8.2 53.8 99.6 Two
13.6 53.5 99.7 Two
24.5 55.1 99.8 Two
53.2 53.6 99.8 Two
28.2 55.2 99.8 Two
32.7 3.3 99.2 Two

ligand/Rh = 3 (molar ratio), CO/H2 = 1 (molar ratio), pressure = 2.0 MPa, tem-
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Fig. 2. The effect of molar ratio of ligand to rhodium on the asymmetric hydro-
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ormylation of vinyl acetate. Reaction conditions: P(CO/H2) = 1.0 MPa, others
re the same as in Table 1. (�) Enantiomeric excess (ee), (�) selectivity to 1a,
nd (�) conversion.

uite similar to those of Rh complexes ligated with phosphory-
ated BINAP in the organic homogeneous system [11].

With (R)-BINAPS–Rh as catalyst and BMI·BF4–toluene as
he reaction medium, the conversion and ee in the hydroformyla-
ion of vinyl acetate are plotted against syngas pressure in Fig. 3.
he ee value and selectivity to 1a remained almost unchanged
ut the conversion dropped continuously when the syngas pres-
ure was increased from 1.0 to 4.0 MPa. The results obtained
y employing (R)-BINAP–Rh as catalyst for the hydroformyla-
ion of vinyl acetate in THF also showed a similar dependence
n pressure [36]. A plausible explanation for the phenomena is
scribed to the stable coordination between the bidendate phos-
hine and Rh species. In the presence of higher CO pressure,
everal carbonyl species might be formed but without affect-
ng the coordination between the bidendate and Rh species

48,49].

The influence of temperature on conversion and ee by using
R)-BINAPS–Rh as catalyst and BMI·BF4–toluene as reaction
edium is illustrated in Fig. 4. The conversion tended to increase

ig. 3. The effect of pressure on the asymmetric hydroformylation of vinyl
cetate. Reaction conditions are the same as in Table 1. (�) Enantiomeric excess
ee), (�) selectivity to 1a, and (�) conversion.
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ig. 4. The effect of temperature on the asymmetric hydroformylation of vinyl
cetate. Reaction conditions: ligand/Rh = 1.5 (molar ratio), others are the same
s in Table 1. (�) Enantiomeric excess (ee), (�) selectivity to 1a, and (�)
onversion.

onsiderably and the selectivity to 1a kept almost unchanged as
he temperature increased from 313 to 373 K. The ee, however,
ncreased at first and then passed through a maximum value of
5.2% at 333 K. Above 333 K, the ee dropped. Either changes in
he catalyst structure or racemization of the branched aldehydes
ia enolization could explain this effect.

.3. Catalyst recycling ability for the asymmetric
ydroformylation of vinylacetate

The recycling ability of the (R)-BINAPS–Rh complexes in
MI·BF4–toluene has been checked by the consecutive runs
nder the conditions of syngas at 2.0 MPa and temperature
t 333 K. For comparison, the counterpart system of (R)-
INAP–Rh complexes in BMI·BF4–toluene was also used for

he reaction under identical conditions. The results are shown in
ig. 5. The catalyst based on (R)-BINAP lost its original activity
radually from the first to sixth run. The ee and 1a selectivity
howed negligible decreases from the first to fifth runs, but the
e started to decline in the sixth run (Fig. 5a). These results indi-
ated that the organic-soluble (R)-BINAP–Rh complexes would
e continuously extracted from the layer of ionic liquid by the
eactants, but the remaining complexes in the ionic liquid layer
as structurally stable and afforded the innate ee and selectivities

or 1a. Attractively, the catalyst generated from the (R)-BINAPS
ould be recovered at least six times without significant losses
n the catalytic performance (Fig. 5b).

.4. Asymmetric hydroformylation of styrene

The results obtained for the hydroformylation of styrene
re given in Table 2. The complexes (R)-BINAP–Rh in
MI·BF4–toluene induced 21.6% ee and 2-phenyl-1-propanal

2a) selectivity of 96.0%, which were similar to those reported

or (R)-BINAP–Rh in THF by Claver and his co-workers
50]. Compared to the parent Rh complex of (R)-BINAP the
atalyst with the (R)-BINAPS only afforded 8.1% ee and 2a
electivity of 94.2% under identical conditions. In addition,
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Table 2
The results of asymmetric hydroformylation of styrenea

Entry Ligand Solvent system (1/2 mL) Conversion (%) ee (%) 2a (%)

13 (R)-BINAPS Toluene/BMI·PF6 61.6 8.0 89.5
14 (R)-BNIAPS Toluene/BMI·BF4 56.3 8.1 94.2
15 (R)-BINAP Toluene/BMI·PF6 64.1 6.0 94.0
16 (R)-BINAP Toluene/BMI·BF4 79.0 21.6 96.0

a Reaction conditions are the same as in Fig. 4.

Table 3
The effect of iPrOH/BMI·BF4 volume ratio on the asymmetric hydrogenation of dimethyl itaconatea

Entry Solvent system Ligand Time (min) Conversion (%) ee (%)

iPrOH (mL) BMI·BF4 (mL)

17 0 2 BINAP 240 89.8 63.3
18 0 2 mL BMI·PF6 BINAP 850 99.7 56.1
19 2 0 BINAP 120 99.9 80.7
20 2 2 BINAP 120 95.4 70.6
21 3 1 BINAP 240 39.8 58.2
22 1 2 BINAP 300 79.6 56.8

23 0 2 BINAPS 1440 72.2 44.9
24 0 2 mL BMI·PF6 BINAPS 1440 46.6 21.7
25 2 0 BINAPS 1440 99.7 61.6
26 2 2 BINAPS 180 74.7 66.4
27 1 2 BINAPS 360 68.2 50.9
2 NAPS
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and (R)-BINAPS in iPrOH–BMI·BF4 have been checked sep-
arately by the consecutive recycling runs. The results are
illustrated in Fig. 6. The catalyst based on (R)-BINAP lost its
original activity in terms of conversion at the forth run, while

Table 4
The effect of pressure on the asymmetric hydrogenation of dimethyl itaconatea

Entry Pressure (MPa) Conversion (%) ee (%)

29 1.0 73.9 69.8
31 2.0 92.0 65.0
8 3 1 BI

a Reaction conditions: [Ru(p-cymene)2Cl2] = 0.01 mmol, olefin/Ru = 300 (mo
gitation speed = 800 rpm.

hen BMI·PF6–toluene was used as reaction medium, the ee
nd 2a selectivity were not satisfactory for the catalysts with
ither (R)-BINAP or (R)-BINAPS as ligand. Therefore, besides
he ligand structure, the properties of ionic liquid could have
ignificant influences on the asymmetric hydroformylation of
tyrene, but these need further investigations.

.5. Asymmetric hydrogenation of dimethyl itaconate

As observed in several cases for the asymmetric hydrogena-
ions in water, the ee value was slightly diminished with the
queous biphasic system [51,52]. The highest ee value for the
symmetric hydrogenation of dimethyl itaconate in the aqueous
wo-phase system with Ru complexes of phosphorylated BINAP
erivatives was reported by Köckritz and co-workers, where a
axium 79.4% ee was achieved. But no catalyst recycling ability
ere available [11].
We have investigated the potential of the water–soluble lig-

nd (R)-BINAPS in the hydrogenation of dimethyl itaconate in
he medium of iPrOH–BMI·BF4 with biphasic catalysis, where
he Ru catalysts were formed in situ (Scheme 2). Significant
olvent effects on the activity and selectivity were found with
he Ru-complex in ionic liquid biphasic as shown in Table 3. It
an be seen from Table 3 that the use of BMI·BF4 as solvent
aused decreases in conversion and ee irrespective of whether

he catalysts are generated from (R)-BINAP or (R)-BINAPS
entries 17 and 23). The lowest activity and ee were obtained
hen BMI·PF6 was used as solvent. Compared to (R)-BINAP,

he Ru–complexes with (R)-BINAPS showed decreases in the

3
3

t

120 92.0 65.0

tio), ligand/Ru = 1 (molar ratio), pressure (H2) = 2.0 MPa, temperature = 333 K,

e and activity. However, such decreases could be improved by
he addition of iPrOH into the system without destroying the
iphasis catalysis. As shown in Table 3, at a proper volume ratio
f iPrOH to BMI·BF4, the Ru–complexes generated from (R)-
INAPS could afford 65% ee and a conversion similar to that
ith the ones generated from (R)-BINAP (entry 28).
The catalytic performance of the (R)-BINAPS–Ru in the

edium of iPrOH–BMI·BF4 was influenced by the hydrogen
ressure and reaction temperature as shown in Tables 4 and 5.
he higher hydrogenation pressure, the higher conversion, but

he ee slightly decreased. The results also indicated that higher
eaction temperature was beneficial both for the conversion and
e. The 67.6% ee was achieved at 353 K under the reaction
onditions shown in Table 5 (entry 37).

The stabilities of the Ru complexes derived from (R)-BINAP
2 3.0 94.5 66.9
3 4.0 94.0 63.3

a Reaction conditions: solvent = iPrOH (3 mL)/BMI·BF4 (1 mL), reaction
ime = 2 h; others are the same as in Table 3.
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Fig. 5. The recycling of rhodium complexes with (a) (R)-BINAP and (b) (R)-
BINAPS as ligands in BMI·BF4–toluene for the asymmetric hydroformylation
of vinyl acetate. Reaction conditions are the same as in Table 1. (�) Enantiomeric
excess (ee), (�) selectivity to 1a, and (�) conversion.
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Fig. 6. The recycling of ruthenium complexes with (a) (R)-BINAP and (b)
(R)-BINAPS as ligands in BMI·BF4–iPrOH (2 mL/ 2 mL) for the asymmet-
r
(
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(

Scheme 2. Asymmetric hydrogenation of dimethyl itaconate.

he ee showed negligible decrease from the first to third run
ut dropped at the forth run. In contrast, the catalyst generated
rom the (R)-BINAPS showed considerable stability in catalytic
erformance during the recycling runs. The conversion and ee

aried from 80 to 87% and of 66 to 69%, respectively, at 333 K
nd 2.0 MPa from the first to forth run.

able 5
he effect of temperature on the asymmetric hydrogenation of dimethyl

taconatea

ntry Temperaure (K) Time (min) Conversion (%) ee (%)

4 323 180 47.3 50.4
5 333 120 92.0 65.0
6 343 60 79.4 63.9
7 353 30 96.6 67.6

a Reaction conditions: solvent = iPrOH (3 mL)/BMI·BF4 (1 mL); others are
he same as in Table 3.

(

ic hydrogenation of dimethyl itaconate. Reaction conditions: olefin/Ru = 300
molar ratio), ligand/Ru = 1 (molar ratio), T = 333 K, agitation speed = 800 rpm,
ime = 2 h, P(H2) = 2.0 MPa.

. Conclusions

1) In the biphasic asymmetric hydroformylation of vinyl
acetate, a conversion of 28.2% along with 55.2% ee and
1a selectivity as high as 99.8% was obtained with the cat-
alyst system of (R)-BINAPS–Rh in BMI·BF4–toluene after
reaction for 24 h at 333 K and 1.0 MPa. The ee and 1a
selectivity were slightly higher than those obtained by the
homogeneous counterpart of (R)-BINAP–Rh in toluene.
The biphasic catalyst could be reused at least six times
without reducing activity, enantio- and regio-selectivities.
Analogous biphasic catalytic systems might be formed by
using the rhodium complexes of (R)-BINAP in the similar
conditions. But these biphasic systems showed continuous
decreases in activity and enantio-selectivity during the recy-
cling use.

2) Significant solvent effects on the activity and selectivity
were found in the asymmetric hydrogenation of dimethyl

itaconate with Ru–complexes in the ionic liquid bipha-
sic system. The 65% ee with a conversion similar to
the homogeneous counterpart was achieved by using (R)-
BINAPS–Ru complexes in BMI·BF4–iPrOH at 333 K and
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2.0 MPa. The conversion and ee varied from 80 to 87% and
of 66 to 69%, respectively, at 333 K and 2.0 MPa from the
first to forth run, indicating the significant stability during
the catalyst recycling use.

3) The biphasic catalytic systems of (R)-BINAPS–Rh and
(R)-BINAPS–Ru in BMI·BF6 induced lower enantio-
selelctivities and conversions in the hydroformylation of
vinyl acetate and styrene and also the hydrogenation
dimethyl itaconate.
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