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A C2-symmetrical aryl diphosphite derived from chiral binaphthol was prepared and its rhodium complex was 
used as catalysts in the asymmetric hydroformylation of olefins. High catalytic activity and good regioselectivity 
were observed. Up to 31.2% ee and 38.1% ee were achieved for the hydroformylation of 4-fluoro-styrene and vinyl 
acetate respectively. The influences of ligand-to-metal ratio, reaction temperature and the pressure of syn-gas on the 
enantioselectivity and regioselectivity were also studied. 
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Introduction 

The catalytic asymmetric hydroformylation of ole-
fins is a highly attractive reaction for the preparation of 
optically active aldehydes. Rhodium and platinum cata-
lysts with diphosphine, diphosphinite, diphosphite and 
phosphine-phosphite ligands have been used for this 
reaction.1 

Although rhodium complexes with phosphine- 
phosphite ligands have been reported to give good en-
antioselectivities for several kinds of olefins, chiral di-
phosphite ligands are also attractive in rhodium and 
platinum catalyst systems due to their high catalytic 
activity and regioselectivity.2 Continuous efforts have 
been made to develop highly enantioselective di-
phosphite-rhodium catalysts.3 Recently we found that a 
C2-symmetrical aryl diphosphite derived from chiral 
binaphthol was an efficient ligand in copper-catalyzed 
conjugate addition of diethylzinc to cyclic enones.4 Here 
the application of the ligand in rhodium-catalyzed hy-
droformylation of olefins is reported. 

Results and discussion 

Optically pure aryl phosphite L1 was prepared by 
reaction of (S)-chlorophosphite and (S)-binaphthol in 
the presence of triethylamine and was purified by re-
crystallization in CH2Cl2-EtOH (Scheme 1). 

The L1-rhodium complex is formed simply by mix-
ing L1 with Rh(acac)(CO)2 in benzene. The influences 
of the reaction conditions such as ligand-to-rhodium 
ratio, the pressure of syn-gas and the reaction tempera-

ture, on the catalytic activity and enantioselectivity in 
the hydroformylation of styrene were studied and these 
results are summarized in Tables 1 3. 

Scheme 1  Synthesis of chiral diphosphite L1 

 

For the phosphite-rhodium catalyst systems, excess 
ligands are usually used to prevent the formation of the 
achiral Rh(CO)4H species.3c,3d The use of two equiva-
lents of L1 gave better enantioselctivity than the use of 
1.1 equivalents of L1 (Table 1, Entry 2 vs. Entry 1). 
When 4 equivalents of L1 were used, slightly better re-
gioselectivity but lower enantioselectivity were ob-
tained. 
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Table 1  Influence of ligand-to-rhodium ratio on the hydrofor-
mylation of styrene using L1-rhodium catalyst a 

 

Entry L1/Rh (mol/mol) Conv.b/% b/l b ee b,c/% 

1 1.1 100 81/19 17.9 

2 2 100 83/17 25.3 

3 4 100 85/15 15.1 
a The reactions were carried out in benzene with 0.5 mol% 
Rh(acac)(CO)2 (24 h, 60 , 7.0 MPa syn-gas). b The conversions, 
b/l and ee values of products were determined by GC with a 
chiraldex B-TA column (30 m 0.25 mm). Only a small trace of 
ethylbenzene ( 2%) was observed in the crude product. c The 
absolute configuration of the product was assigned as S by com-
parison of the optical rotation with reported value. 

Table 2  Influences of pressure of syn-gas on the hydroformyla-
tion of styrene using L1-rhodium catalyst a 

Entry Pressure/MPa Conv.b/% b/l b ee b,c/% 

1 0.7 100 73/27 15.3 

2 2.1 100 81/19 19.3 

3 4.2 100 82/18 24.2 

4 7.0 100 83/17 25.3 
a The reactions were carried out in benzene with 0.5 mol% 
Rh(acac)(CO)2 and 1 mol% L1 (24 h, 60 ). b The conversions, 
b/l and ee values of products were determined by GC with a 
chiraldex B-TA column (30 m 0.25 mm). c The absolute con-
figuration of the product was assigned as S by comparison of the 
optical rotation with reported value.  

Table 3  Influences of reaction temperature on the hydroformy-
lation of styrene using L1-rhodium catalyst a 

Entry t/  Conv.b/% b/l b ee b,c/% 

1 25 18.4 83/17 21.4 

2 40 64.6 84/16 21.7 

3 60 100 83/17 25.3 

4 80 100 81/19 16.0 
a The reactions were carried out in benzene (24 h, 0.5 mol% 
Rh(acac)(CO)2, 1 mol% L1, 7.0 MPa syn-gas). b The conversions, 
b/l and ee values of products were determined by GC with a 
chiraldex B-TA column (30 m 0.25 mm). c The absolute con-
figuration of the product was assigned as S by comparison of the 
optical rotation with reported value. 

The regioselectivity and the enantioselectivity were 
improved as the pressure increased from 0.7 to 4.2 MPa 
(Table 2, Entries 1, 2, 3). Further increase of pressure 
showed slight effect on the reactions (Table 2, Entry 3 
vs. Entry 4). 

The hydroformylation of styrene proceeded very 
slowly at low temperature. Elevation of reaction tem-

perature increased the conversion efficiently and also 
slightly improved enantioselectivity of the reactions 
(Table 3, Entries 1, 2, 3). The optimal reaction tempera-
ture was found to be about 60  and higher tempera-
ture decreased the enantioselectivity sharply (Table 3, 
Entry 3 vs. Entry 4). 

Diphosphite L1 combined with different rhodium 
and platinum precursors were also examined in the hy-
droformylation of styrene and the results are summa-
rized in Table 4. When a cationic rhodium precursor 
was used, lower enantioselectivity was obtained (Table 
4, Entry 1 vs. Entry 2). Cserepi-Szucs and Bakos5 re-
ported that diphosphite/Pt-SnCl2 catalysts gave much 
better enantioselectivity than the corresponding di-
phosphite/rhodium catalysts in the hydroformylation of 
styrene. In this study we found that the L1- 
Pt(PhCN)2Cl2-SnCl2 catalyst system provided similar 
enantioselectivity and regioselectivity, but lower cata-
lytic activity compared with the L1-rhodium catalyst 
system (Table 4, Entry 1 vs. Entry 3). It is noticeable 
that no ethylbenzene was formed using the L1- 
Pt(PhCN)2Cl2-SnCl2 catalyst, while a large amount  
( 50%) of ethylbenzene was observed with Bakos’ 
diphosphite/Pt-SnCl2 catalyst.5 

Table 4  Hydroformylation of styrene catalyzed by L1 combined 
with different rhodium and platinum precursors 

 

Entry MLn t/  Conv.b/% b/l b ee b,c/% 

1 Rh(acac)(CO)2 60 100 83/17 25.3 

2 Rh(COD)BF4 60 100 82/18 18.4 

3 Pt(PhCN)2Cl2-SnCl2 80 81.0 79/21 22.6 
a The reactions were carried out in benzene with 0.5 mol% rho-
dium or platinum precursor and 1 mol% L1 (24 h, 7 MPa syn-gas). 
b The conversions, b/l and ee values of products were determined 
by GC with a chiraldex B-TA column (30 m 0.25 mm). Only a 
small trace of ethylbenzene ( 2%) was observed in the crude 
product. c The absolute configuration of the product was assigned 
as S by comparison of the optical rotation with reported value.  

To explore the scope of applicable substrates, 
asymmetric hydroformylation of several other olefins 
was also examined and the results are summarized in 
Table 5. 

Electronic property of 4-substitution of styrene dis-
played effects on the enantioselectivity and regioselec-
tivity. Electron-withdrawing group provided beneficial 
influence on enantioselectivity and regioselectivity, in 
contrast electron-donating group gave lower enantiose-
lectivity and regioselectivity (Table 5, Entry 2 vs. Entry 
1). Bulky 2-vinyl naphthalene showed lower reactivity 
and regioselectivity, but the enantioselectivity was 
comparable with that obtained using styrene (Table 5, 
Entry 3). 
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Table 5  Asymmetric hydroformylation of olefins using L1- 
rhodium catalyst a 

 

Entry Olefin Conv.b/% b/l b ee b/% 

1 4-Methyl-styrene 100 85/15 21.1 

2 4-Fluoro-styrene 100 89/11 31.2 

3 2-Vinyl-naphthalene 95 79/21  27.5c 

4 Vinyl acetate 100 92/8  38.1d 
a The reactions were carried out in benzene with 0.5 mol% 
Rh(acac)(CO)2 and 1 mol% L1 (24 h, 60 , 7.0 MPa syn-gas).  
b The conversions, b/l and ee values of products were determined 
by GC with a chiraldex B-TA column (30 m 0.25 mm). c The  
ee value was determined by comparison of the optical rotation 
with reported value. d The absolute configuration of the product 
was assigned as R by comparison of the optical rotation with 
reported value.6 

Asymmetric hydroformylation of functionalized al-
kenes can serve as an useful method for the synthesis of 
valuable intermediates to biologically active compounds 
and materials. Nozaki et al.2 reported that the excellent 
enantioselectivity and regioselectivity had been 
achieved in the hydroformylation of vinyl acetate using 
a chiral phosphine-phosphite/Rh(I) catalyst. A Rh(I) 
complex of bulky chiral diphosphite ligand was exam-
ined in the asymmetric hydroformylation of vinyl ace-
tate by Babin et al.7 and provided exclusively branched 
aldehyde with moderate enantioselectivity (50% ee). 
The rhodium complex of L1 was also tested in the hy-
droformylation of vinyl acetate (Table 5, Entry 4). 
Complete conversion of vinyl acetate and excellent 
yield of aldehyde products were obtained with a good 
regioselectivity (branch/linear 92/8). The enantiose-
lectivity (38.1% ee) was moderate but still promising. 

In previous studies of reaction mechanism, the coor-
dination of olefin with Rh(P-P)(CO)H species and con-
sequent hydride transfer were proposed in P/Rh com-
plex catalyzed hydroformylation of olefins.1b,1c The 
transfer of hydride to olefin can proceed via two path-
ways (Scheme 2, path a and path b). The regioselectiv-
ity of the hydroformylation depends on the relative rate 
of path a and path b. Due to bigger electron withdraw-
ing ability of the acetoxy group in vinyl acetate, the path 
a is more favored in hydroformylation of vinyl acetate 
comparing with in hydroformylation of styrene, so bet-
ter regioselectivity for branched aldehyde was observed 
in the hydroformylation of vinyl acetate. 

In conclusion rhodium complex of chiral aryl di-
phosphite L1 has been found to be active catalysts for 
the hydroformylation of olefins. Excellent chemoselec-
tivity and good regioselectivity for the desired branch 
aldehydes were achieved. The ratio of ligand to rhodium, 
the pressure of syn-gas, the reaction temperature and the 
rhodium precursors showed significant effects on the 

enantioselectivities and regioselectivities of the reaction. 
Introduction of electron-withdrawing group improved 
the enantioselectivity and regioselectivity efficiently in 
the hydroformylation of styrene. A working model was 
proposed to explain the regioselectivity observed in the 
reactions. 

Scheme 2  Proposed working model for regioselectivity 

 

Experimental 

General information 

All reactions were carried out in oven-dried glass-
ware using standard Schlenk technique under nitrogen 
atmosphere. Toluene was distilled from sodium/benzo-
phenone and triethylamine was distilled from CaH2. 
PCl3 was distilled before use. 31P, 1H, and 13C NMR 
spectra were recorded on a Bruker DPX-400 spec-
trometer. Mass analysis was performed on a Finnigan 
Model Mat 95 ST mass spectrometer. Optical rotations 
were measured on a Perkin-Elmer Model 341 polarime-
ter. GC analysis was performed on an HP 4890 appara-
tus equipped with FID. 

Synthesis of diphosphite L1 

 (S)-Binaphthol (1.0 g, 3.4 mmol) was azeotropi-
cally dried with toluene (3 5 mL) and was dissolved in 
toluene (6 mL) and triethylamine (1.7 mL, 12 mmol). 
This solution was added dropwise to a solution of PCl3 
(0.32 mL, 1.8 mmol) and triethylamine (1.7 mL, 12 
mmol) in toluene (6 mL) in an ice bath. The reaction 
mixture was stirred at reflux temperature for 8 h. After 
the Et3N HCl was filtered off, the solvent and excess of 
PCl3 were removed under vacuum to give a colorless oil. 
Toluene (5 mL) was added and evaporated under vac-
uum. This procedure was repeated three times to re-
move any trace of PCl3. The resulting chlorophosphite 
was dissolved in toluene (10 mL). 31P NMR (toluene-d8) 
�: 181. 
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(S)-Binaphthol (0.5 g, 1.7 mmol) was azeotropically 
dried with toluene (3 5 mL) and was dissolved in 
triethylamine (0.5 mL, 2 mmol) and toluene (5 mL). 
The solution was cooled with an ice-bath and the tolu-
ene solution of chlorophosphite prepared above was 
added dropwise in a period of 0.5 h. The mixture was 
stirred for 8 h at 0 . The reaction solution was filtered 
through a layer of alkaline alumina. The filtrate was 
evaporated under vacuum to give a white solid which 
was recrystallized from CH2Cl2-EtOH to give pure L1 
1.0 g, Yield 64.5%. m.p. 196 198  (decomp.), 

20
D[ ]α 346.6 (c 1.085, THF); 31P NMR (CDCl3, 162 

MHz) δ: 145.7; 1H NMR (CDCl3, 400 MHz) δ: 7.97 (d, 
J 8.8 Hz, 2H), 7.90 (d, J 8.0 Hz, 2H), 7.82 (dd, J1

8.0, J2 8.8 Hz, 4H), 7.73 (d, J 8.0 Hz, 2H), 7.52 (d, J
8.8 Hz, 2H), 7.42 7.33 (m, 8H), 7.31 7.16 (m, 

14H), 6.53 (d, J 8.8 Hz, 2H), 3.72 (q, J 6.8 Hz, 1H), 
2.36 (s, 0.5H), 1.24 (t, J 6.8 Hz, 1.5H); 13C NMR 
(CDCl3, 100 MHz) δ: 147.2, 147.0, 146.5, 134.2, 132.7, 
132.2, 131.4, 131.0, 130.8, 130.2, 130.0, 129.5, 128.3, 
128.2, 128.1, 126.9, 126.8, 126.2, 126.0, 125.8, 125.1, 
124.9, 124.6, 124.2, 122.4, 121.8, 121.7, 121.1; MS 
(ESI) m/z (%): 915 (M 1, 100). Anal. calcd for 
C60H36O6P2 0.5C2H6O (crystalline solvent): C 78.12, H 
4.16; found C 78.13, H 4.16. 

General procedure for the asymmetric hydroformy-
lation 

Rh(acac)(CO)2 (2 mg, 7.7 10 3 mmol), diphosphite 
L1 (14 mg, 15.4 10 3 mmol) and benzene (2 mL) were 
added to an autoclave and the mixture was stirred for 5 
min to give a light yellow solution. After olefin (1.54 
mmol) and benzene (2 mL) was added, the reaction 
mixture was heated to the desired temperature and 
pressurized with syn-gas [V(CO) V(H2) 1 1)] to the 

appropriate initial pressure. When the reaction was 
stopped, the mixture was filtered through a thin layer of 
silica gel and the filtrate was analyzed by GC for deter-
mination of the conversion, regioselectivity and enan-
tiomeric excess. 
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