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Asymmetric hydroformylation of conjugated dienes such as 
vinylcyclohexene, (E)-phenyl-buta-1,3-diene and 
4-methyl-penta-1,3-diene using BINAPHOS-Rhl 
complexes as catalysts {(R,S)-BINAPHOS = 
[ (R)-2-diphenylphosphino- l,l’-dinaphthalen-2’-yl] 
[ (3- l,l’-dinaphthalene-2,2’-diyl]-phosphite] gives optically 
active P,y-unsaturated aldehydes in high regio- (81-91%) and 
enantio-selectivities (8497% ee). 

As optically active 0x0-aldehydes are very important interme- 
diates for the synthesis of various biologically active com- 
pounds, asymmetric hydroformy lation has attracted a great deal 
of interest.’ Most attention, however, has so far been focused on 
the hydroformylation of monoolefins such as arylethenes and 
vinyl carboxylates. Asymmetric hydroformylation of conju- 
gated dienes has not been extensively studied, though the 
resulting optically active P,y-unsaturated aldehydes are attrac- 
tive synthetic intermediates. In most cases, hydroformylation of 
1,3-dienes mediated by conventional catalysts have been carried 
out under relatively severe conditions to give complex mixtures 
containing saturated and unsaturated mono- and di-aldehydes.2 
Asymmetric hydroformylation of buta- 1,3-diene and 2-methyl- 
buta- 1,3-diene catalysed by HRh(CO)(PPh3)3-( -)-DIOP af- 
forded 2-methylbutanal and 3-methylpentanal in < 1 and 32% 
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(R, S)-BINAPHOS [(R,S)-l] 

optical yields, respectively, and in less than 25% regioselectiv- 
ities.3 In the latter reaction, it was suggested that the optically 
active aldehyde was formed by the asymmetric hydrogenation 
of the intermediate 3-methyl-pent-3-enal. 

Recently we have reported that the complexes of the chiral 
phosphine-phosphite (R,S)-BINAPHOS [(R,S)-11 or its en- 
antiomer are highly efficient catalysts for enantioselective 
hydroformylation of a variety of and 1,2-disubstituted- 
olefins.5 Here we report a highly regio- and enantio-selective 
monohydroformylation of 1,3-dienes catalysed by BINA- 
PHOS-RhI complexes under mild conditions to give optically 
active P,y-unsaturated aldehydes.§ 

The catalyst species was prepared in situ by mixing Rh- 
(acac)(CO)Z and 4.0 equiv. of (R,S-1 in benzene. Thus, a 
degassed solution of vinylcyclohexene 2a (4.0 mmol), Rh- 
(acac)(C0)2 (0.020 mmol) and (R,S)-l(O.082 mmol) in benzene 
(0.5 ml) prepared in a Schlenk tube was transferred into a 50 ml 
stainless steel autoclave and stirred at 40°C for 96 h under 
hydrogen and carbon monoxide ( 1  : 1, 100 atm). IH NMR 
analysis of the reaction mixture using Ph2CH2 as internal 
standard showed that unsaturated aldehydes 3a and 5a were 

R3 
2a R1 = H, R2R3 = (CH2)4 

c Ri = R2 = Me, R3 = H 
d R1 = R3 = H, R3 = Me 

b R’ = R3 = H, R2 = Ph 

H2 / CO (1 : 1,100 atm) 
Rh(acac)(C0)2 / (R,S)-l (1 : 4) 

benzene 
substrate / catalyst = 200 

CHO + R2 
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Table 1 Asymmetric hydroformylation of conjugated dienes 2 catalysed by (R,S)-BINAPHOS-Rh’ complexa 

Run Substrate 2 T/”C t/h Conv. (%)b 3 :  4 : 5 b  ee of 3 (%) C0nfig.c 

1 a 60 18 85 86: 0 : 14 96d R 
2 a  40 96 78 88: 0 : 12 96d R 
3 a 30 108 60 88: 0 : 12 97d R 
4 b 30 48 62 91: 4 e : 5  8 9  - 
5 b 30 72 90 42:57‘:1 56f  - 

6 c  30 96 67 81: 0 :19 84d R 

a Reactions were carried out in benzene (ca. 8 mol dm-3) in a 50 ml stainless-steel autoclave under an atmosphere of H2 and CO (1 : 1) at 100 atm. initial 
total pressure. Conversions and 3 : 4 : 5 ratios were determined by ’H NMR using Ph2CH2 as internal standard. Determined by the signs of optical rotations 
of the corresponding acids where possible. Determined by HPLC analyses (Daicel Chiralcel OJ for 3a and OD for 3c) of the anilides derived from the 
corresponding acids and aniline in the presence of DCC. e A mixture of E- and Z-isomemf Determined by HPLC analyses (Daicel Chiralcel OD) of the methyl 
esters derived from the corresponding acids. 
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exclusively formed in 97% combined yield based on the 
consumed 2a [eqn. (l)]. Reactions were also carried out at 30 
and 60 "C. Neither products from hydrogenation or double bond 
migration were formed. Regio- (8688%) and enantio-selectiv- 
ities (9697%) observed for 2a were comparable to those of 
styrene4 and were almost independent of reaction temperature 
(Table 1, runs 1-3). Efficient stirring of the reaction mixture 
was indispensable in obtaining high regio- and enantio- 
selectivities. Otherwise, variable amounts of isomerised prod- 
uct 4a were formed in addition to 3a with considerably lower 
ee . 

Hydroformylation of (E)-phenyl-buta- 1,3-diene 2b afforded 
3b in high regioselectivity and in 89% ee at 30 "C (Table 1, run 
4). Introduction of a formyl group at either the C1- and C2- 
positions was not observed. Such a high regioselectivity has 
also been reported for nickel-catalysed hydrocyanation of 2b.6 
However, prolonged reaction time or higher reaction tem- 
peratures resulted in double bond migration of the product 3b to 
give a mixture of (E)- and (Z)-4b. Moreover, considerably 
lower ee was observed for 3b (run 5). Therefore, careful control 
of the reaction conditions are requisite for the best yield of 
3b. 

We also carried out hydroformylation of simple 1,3-dienes. 
When 4-methyl-penta-l,3-diene 2c was subjected to hydro- 
formy lation, unsaturated aldehydes 3c and 5c were obtained 
(run 6). Regio- and enantio-selectivities, however, were some- 
what lower than those of 2b. From trans-piperylene 2d, 3d was 
formed in 84% selectivity at 30 "C, but the enantioselectivity 
was as low as 24%. Hydroformylation of buta-1,3-diene, the 
simplest 1,3-diene, afforded an E/Z mixture of pent-3-enal as 
exclusive products at 3OoC, which were probably formed by 
1,4-addition of the intermediate rhodium hydride species to 
buta-l,3-diene. At 60 "C, pent-3-enal was still the predominant 
product, although a more complex mixture was obtained. This 
result forms a striking contrast to those reported by Botteghi 
et al. in which saturated monoaldehydes, pentanal and 
2-methylbutanal were mainly formed at 95 "C (90 atm, 

In conclusion, we have found that asymmetric hydroformy- 
lation of certain conjugated dienes catalysed by BINAPHOS- 

H*/CO = ~ 1 1 . 3  

RhI complexes gives optically active P,y-unsaturated aldehydes 
in high regio- and enantio-selectivities. The present asymmetric 
catalysis provides a new and direct route to optically active P,y- 
unsaturated aldehydes via asymmetric hydroformylation of 
1,3-dienes. 
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Footnotes 
t E-mail: Nozaki@npc05.kuic.kyoto-u.ac.jp 
$ Deceased, 4th October 1995. 
Q Satisfactory spectral data was obtained for all aldehyde products. 
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