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B. Attempts at Rationalization: Models 

1. Introduction 
Since its discovery by Roelen in 1938,l hydroformy- 

lation has developed into an extremely important 
industrial process, and now several million tons per 
year of oxo products are produced via this method 
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worldwide. Also, hydroformylation is one of the most 
versatile methods for the functionalization of C-C 
bonds and can be seen consequently as a very 
powerful synthetic tool for the preparation of fine 
chemicals. In this area, the demand of pharmaceuti- 
cal and agrochemical industries for enantiomerically 
pure compounds is rapidly increasing.2 Thus, the 
application of many simple optically active aldehydes 
arising from asymmetric hydroformylation as syn- 
thetic intermediates for the production of sophisti- 
cated pharmacologically active molecules is now of 
great interest and was reviewed in 19913 and 1993.4 
In this field, the hydroformylation reaction of vinyl 
aromatics lends itself to  the synthesis of intermedi- 
ates toward optically active nonsteroidal antiinflam- 
matory agents which are functionalized 2-arylpro- 
panoic acids (Scheme 1). As well, several chiral 
aldehydes prepared by hydroformylation of simple 
olefins can be conveniently transformed into optically 
active a-amino acids. The challenge of asymmetric 
hydroformylation concerns not only the enantiose- 
lectivity (maximal asymmetric induction and mini- 
mal racemization of the optically active products) but 
also the chemoselectivity (hydroformylation us hy- 
drogenation) and the regioselectivity (branched us 
linear aldehyde). Scheme 2 illustrates the different 
ways in which enantioselectivity can be achieved in 
hydroformylation  reaction^.^ In the case of mono- 
substituted alkenes, enantioselection can occur only 
through the branched aldehyde formation. For a,a- 
disubstituted alkenes, enantioselection can occur by 
C-H or C-C bond formation, whereas for a,@- 
disubstituted and trisubstituted alkenes, both C-H 
and C-C bond formation can lead to enantioselec- 
tivity, which may or not occur in the same extent. 

The first reports on asymmetric hydroformylation 
appeared in 1972, and concerned the hydroformyla- 
tion of styrene and related olefins in the presence of 
cobalt (the traditional metal for industrial oxo pro- 
cesses) catalysts modified by a chiral Schiff base,6 and 
rhodium complexes bearing chiral monophosphine 
ligands.'g8 For the cobalt catalytic system applied to 
styrene, the main reaction was hydrogenation into 
ethylbenzene (over 52%) and the best branched us 
normal (bin) ratio for the aldehydes was 59/41. 
Moreover, optical yields obtained were in every case 
very low ( '3% ee). Only moderate success has been 
obtained with the rhodium-chiral monophosphine 
~ystems,' ,~ since despite better chemo- and regiose- 
lectivities, the enantioselectivities were still rather 
low. For example, the hydroformylation of styrene 
in the presence of rhodium complexes modified by 
(+)-benzylmethylphenylphosphine gave 88% of the 
mixture of aldehydes ( b  / n = 90/10) with 18% ee.' In 
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view of these poor results obtained with chiral 
monophosphines associated with rhodium, authors 
rapidly directed their efforts toward chiral bisphos- 
phines which are the ligands ofchoice in asymmetric 
hydrogenation? Thus, DIOP, one of the most prom- 
ising chiral diphosphines a t  that time, was first 
associated with rhodium complexes in 19731° and one 
year later with platinum-tin combinations.” 

Other metals have been used in asymmetric hy- 
droformylation like ruthenium, iridium, and pal- 
ladium, but the catalytic properties were rather 
disappointing.12 For these metals as for cobalt-based 
catalytic systems, no substantial progress has been 
reported in the field ofasymmetric hydroformylation 
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Scheme 1 

Ar - a(CHJ&HCH&H, + lbupmfen 
A I  = ac.H,co)c&l, + Kctoprofen 
A< I 2-(6Me02-naphlyl) - Nnpmxcn 
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Scheme 2 

enantiosclective C-C bond fonnaticm 

enantioselenive C-C and C-H bonds formation 

since the last review on this subject.12 Consequently, 
this review deals only with the two metal systems 
that have shown the most promise, platinum- and 
rhodium-based systems, and which have accordingly 
retained almost total attention of researchers over 
the last two decades. 

This review is an attempt to present the state of 
the art in the application of platinum and rhodium 
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systems in asymmetric hydroformylation. The first 
and second parts present the synthetic aspects of 
asymmetric hydroformylation with platinum and 
rhodium catalysts, respectively. Within each part, 
the results are compiled first according to a clas- 
sification of the ligands involved to  give the reader 
an idea of the diversity of both the ligands and the 
substrates. In particular, selected results obtained 
during the asymmetric hydroformylation of styrene, 
a substrate which can be considered as a model 
compound for vinyl aromatic substrates that could 
be used for the synthesis of antiinflammatory drugs, 
are summarized in two tables (Tables 1 and 2, 
respective1y).l3 Then, for both metals, the influence 
of main reaction parameters including temperature, 
pressure, and composition of the catalytic system are 
examined. 

In a third part, similarities and differences between 
platinum and rhodium as well as a comparison 
between the more successful systems is undertaken, 
and important elements that are beneficial for high 
selectivities are presented. From this analysis, an 
attempt at  rationalization is made on the basis of 
models (stereochemical models and molecular model- 
ing) that have been proposed to explain the regio- and 
the enantioselectivities observed. Finally, some spec- 
troscopic properties attributed to participating cata- 
lytic species are presented. 
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d e r i v a t i v e ~ l ~ , ~ ~  or 2-arylpropene compoundsz1 af- 
forded exclusively the "less-branched" isomeric alde- 
hyde (eq 1). In contrast, significant amounts of 
branched aldehydes could be obtained from styrene 
and 2 - b ~ t e n e s . ~ ~ - ~ ~  

PrCl(SnCI,)[(R,R)-DIOP] (1%) 

COIH, = 1/1: 80 bar: 100 "C 

conv = 99% (45h) (1) 

re 
0 UMe + re 

sel = 83% 
ee = 37% (S) 

sei = 17% 

The enantioface discrimination of DIOP is fair and 
traditionally led to  moderate ee's that ranged from 
10 to 50%. Nevertheless, many experiments showed 
that the Pt-DIOP catalytic active species for hydro- 
formylation andor the Lewis acid stannous chloride 
present under the reaction conditions are also effec- 
tive catalysts for in situ racemization of the alde- 
h y d e ~ . ~ ~  Consequently, most of the results reported 
do not exactly reflect the intrinsic enantioselectivity 
of the DIOP systems. Regardless, enantiomeric 
excesses as high as 82% were obtained for the 
hydroformylation of dimethyl itaconate (eq 2),19 but 
did not exceed 26% for vinyl aromatic compounds 
such as styrene (Table 1, entry l).21,z2,z5 In this field, 

11. Platinum-Catalyzed Asymmetric 
Hydro formyla tion 

A. Description of Catalytic Systems 
1. Systems Based on DIOP and Related Ligands 

Historically, because of its large importance and 
easy availability, DIOP was the first chiral ligand 
used in the platinum-tin-catalyzed hydroformylation 
(Chart 1). At the early stage of research, irrepro- 

Chart 1 
A 

(S,S)-DIOP (S,S)-DBP-DIOP 

ducible and sometimes contradictory results were 
reported in the literature on the hydroformylation of 
butenes and vinyl aromatic c o m p o u n d ~ . l ~ - ~ ~  The 
origin of these conflicting results is nowadays quite 
established and is discussed in more details in the 
related section 1I.B. Classically, DIOP-PtC12-SnC12 
systems are characterized by a rather good catalytic 
activity compared to other platinum-based systems. 
Nevertheless, aldehyde formation is usually accom- 
panied by hydrogenation, and sometimes extensive 
isomerization or polymerization of the substrate. The 
regioselectivity of hydroformylation is strictly de- 
pendent on the nature of the substrate. For instance, 

PtCl(SnCI,)[(RR).DIOP] (0.0 

CO/H, = l/l; 80 bar; 100 "C 

(2) conv = 80% (45h) 

0 x 0 2 M e  + X 0 , M e  

sel = 35% 
ee = 82% (R) 

sel = 65% 
ee = 53% (R) 

it was shown that conversion of styrene and related 
arylalkenes into their tricarbonylchromium com- 
plexes increased the rate of platinum-tin-DIOP- 
catalyzed hydroformylation, the regioselectivity for 
branched aldehydes, and the enantioselectivity (eq 
31.26 

PlCl~(R,R).DlOP],SnCl, (0.33%) 

CO/H, = l/l : 60 bar: 50 "C 
conv = 73% ( a h )  

(3) 

A few years later, after the appearance of DIOP- 
PtC12-SnC12 systems, the possibility of using DBP- 
DIOP (Chart l), an analogue of DIOP whose diphe- 
nylphosphino groups are substituted by 5H-benzo- 
[blphosphindole substituents (dibenzophosphole, DBP), 
was investigated. A marked increase in the regio- 
and the enantioselectivity was observed during hy- 
droformylation of butenes17 and ~ t y r e n e ~ ~ , ~ ~  when 
DBP-DIOP was used in dace of DIOP (Table 1, entrv &-methylene compounds such as methacrylic acid 
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Table 1. ksymmetric Hydroformylation of Styrene by PtClz(1igandYSnClz Systems" 

entry ligand a t d a t m  (reacn time, h) aldehydes, % (bnY (config) frequencyd ref 
1 (R,R)-DIOP 45/45 90 (10 90 23/77 26(S)e 81 22 
2 (R,R)-DBP-DIOP 90/90 100 (16) 80 77/23 64 (SI 22 28 
3 (RJ)-DBP-DIOP polymerized 90/90 62 (24) 81 62/38 65 (SI 9 28 
4 (S,S)-DIOP-(pNMe2)4 35/35 35 (46) 100 42/58 8 (R)  7.6 30 
5 (R,R)-BCO-DPP 701140 100 (3) 83 43157 25(S)  277 34 
6 (R,R)-BCO-DBP 701140 95 (2.3) 67 80120 85(S)  277 34 
7f (R,R)-BCO-DBP 701140 20 (180) nr  nr  80 (SI 1.3 34 
8 (S,S)-BDPP 40140 56 (60) 96 40160 72 (SI 18 36 
9 (S,S)-BDPP-(pNMez)d 35/35 18 (48) 100 37/63 7 ( S )  3.7 30 

10 (S,S)-CHIRAPHOS 40140 47 (21) 74 62/38 45 (R)  33 24 
37 (R)  1.3 30 11 (S,S)-CHIRAPHOS-(pNMe2)4 35/35 13 (96) 98 61139 

12 (SI-BINAP 40140 37 (52) 97 33/67 69 (SI 14 40 
13 (S,S)-BPPM 80/80 40 (4) 98 35/65 77 (SI 39 43 
14!' (S,S)-BPPM 80/80 100 (150) nr  33/67 '96 (SI <2.6 43 
15 (S,S)-BPPM polymerized 80/80 9 (50) 100 34/66 55 (SY 0.9 41 
16 (S,S)-DBP-BPPM 80/80 20 (4) nr  76/24 40(S)  ~ 2 0  43 
17f (S,S)-DBP-BPPM 80180 56 (95) nr  77123 '96 ( S )  <2.4 43 
18 (R,S)-EPHOS 651100 54 (36) 92 41/59 36 (SI 1.3 46 

2.7 47,48 
42 (?' 0.4 47 

19 (SI-Ph,Ph-ProNOP 52/78 100 (36) 98 40160 
20 (5')-Cy,Cy-oxoProNOP 52/78 70 (160) 96 35/65 56 (SI 

a Reaction conditions: temperature = 50-60 "C except entry 11 (T = 100 "C); solvent = benzene or toluene except entries 14 
and 17 (1,2-dichlorobenzene); SnCldPt = 1-3; styrenePt = 1000-2000 except entries 2-3 and 13-17 (SIC-400) and entries 
18-20 (SIC-100). Styrene conversion including aldehydes and ethylbenzene. Ratio of branched to linear products. Average 
value calculated over the whole reaction time (mol of aldehydedmol of Pt)/h. e Corrected value according to ref 27. f Reaction 
conducted in the presence of triethyl orthoformate. g See text. 
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CO/Hz, conversn, %b selectivity to  regioselectivity ee, % turnover 

2). This interesting catalytic system was used also 
for the asymmetric hydroformylation of a variety of 
olefins such as vinyl acetate, norbornene, and N-  
vinylphthalimide (eq 4).28 A similar modification of 

P1CI(SnCI,)((R,R)-DBP-DIOP] (0.2%) 

CO/H, = 1/1: 190 bar: 60 "C 
conv = 60% (60h) (4) 

&N- O 

sel = 49% 
ee = 70% (S) 

sel = 43% 

DIOP using binaphthophospholyl (BNP) substituents 
was very recently reported.29 The platinum complex 
of DIOP-BNP in the presence of SnC12 exhibited an 
interesting catalytic activity in the hydroformylation 
of styrene. Under optimum conditions, hydratropal- 
dehyde could be obtained in 50% yield (bin = 68/32, 
26% hydrogenation into ethylbenzene) and enantio- 
meric excesses up to 44%. 

Almost at the same time, chiral ligands closely 
related to DIOP and DBP-DIOP attached t o  linear 
and to cross-linked polymers were synthesized (Chart 
2). Hydroformylations utilizing the corresponding 
platinum-tin catalysts showed comparable rates and 
gave nearly the same optical yields as their homo- 
geneous analogues (Table 1, entry 3).22128 However, 
lower branched t o  normal ratios were obtained, 
especially with the cross-linked polymer. The major 
advantage of these systems is the ability to  recover 
and to reuse the catalyst, almost without loss in rate 
or selectivity. 

Asymmetric hydroformylation catalyzed by PtC1- 
(SnCldL-L)* complexes of other derivatives of the 
DIOP ligand, such as tetra-p-amino-functionalized 

Chart 2 

~ o , l ~ o , Q . x ~ x  

Polymer Bound (S,S)-DBP-DIOP 

Chart 3 
yMe2 

NMe, 
R =Ethyl: (R,R)-Et-DIOP 

Y 
(S,S)-DIOP- (pNMe& R = Cyclohexyl: (R,R)-Cy-DIOP 

DIOP30 or ligands bearing dialkylphosphino residues 
in place of the diphenylphosphino groups31 (Chart 3), 
were also investigated. Unfortunately, only discour- 
aging results were obtained, since these systems, 
especially those based on Et- and Cy-DIOP, brought 
about a loss of catalytic activity and selectivity with 
respect t o  the DIOP system (Table 1, entry 4). An 
interesting feature of the DIOP-(pNMe& system is 
the reversal in the prevailing product configuration 
as a function of temperature during hydroformylation 
of styrene. Similar behaviors are discussed in more 
detail in section II.B.l. 
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Chart 4 
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also exhibited a lower isomerizing activity compared 
to the BCO system. Systematically, BCO-DBP dis- 
played better or at least identical regio- and enanti- 
oselectivities than the DBP-DIOP system, but still 
suffered from competitive hydrogenation. 

2. Systems Based on Other C2 Symmetry Ligands 

Other chiral ligands having C2 symmetry have 
been associated with platinum-tin catalytic systems 
for asymmetric hydroformylation. All are diphos- 
phines which form either five- (CHIRAPHOS and its 
tetra-p-dimethylamino derivative), six- (BDPP and 
its tetra-p-dimethylamino and BNP derivatives) or 
seven-(BINAP) membered metallacycles (Chart 5) .  

(R,R) -B CO-DPP (R,R)-BCO-DBP 

Numerous investigations of different complexes 
containing the DIOP ligand have shown that the 
chelate ring is conformationally labile, both in solu- 
tion and in the solid state.32 Therefore, it appeared 
probable that ligands related to DIOP having CZ 
symmetry and forming a seven-membered coordina- 
tion ring, but with a more rigid skeleton, should 
improve enantioselectivities while maintaining the 
high catalytic activity observed for the DIOP ligand. 
In this way, the use of the platinum(I1) complexes of 
the BCO-DPP and BCO-DBP ligands (Chart 4) in 
combination with SnCl2 resulted in significant im- 
provements of the catalytic proper tie^.^^,^^ 

Both systems showed very high catalytic activities, 
and turnover frequencies up to 280 h-l at  50 "C were 
achieved for the hydroformylation of styrene.35 The 
level of regioselectivity and of asymmetric induction 
of BCO-DPP was similar to  that of analogous DIOP 
systems (Table 1, entry 5) .  Interestingly, according 
to the nature of the olefinic substrates studied, the 
prevailing absolute configuration for the resulting 
aldehyde was either identical or opposite to  that 
found with DIOP. The results obtained from the 
BCO-DBP catalytic system are by far more interest- 
ing, since this ligand displayed a very high capacity 
for enantioface discrimination. Actually, the ee for 
l-butene is the highest so far reported (67% ee, eq 5 )  
in the presence of platinum catalysts, while styrene 
could be hydroformylated in 85% ee (Table 1, entries 
6 and 7).34 Worth noting is the fact that the latter 

P1CI,[(R,R)-ECO.DEP],SnCI, (0.1%) 

CO/H, = 112.6; 220 bar; 80 OC 
* /\// 

conv = 34% (4h) (5)  7 + m H O  + - 
CHO 

sel = 74% sel = 12% sel= 14% 
ee = 67% (s) 

value was not improved by carrying out the reaction 
in the presence of triethyl orthoformate, which 
converts the aldehyde as formed into the correspond- 
ing configurationally stable diethyl acetal. This 
indicated that there was no racemization of the 
optically active aldehyde and that the results re- 
ported are indicative of the intrinsic enantioselectiv- 
ity of the catalyst. 

Another interesting feature of the BCO-DBP sys- 
tem is its high regioselectivity, as indicated by the 
ratio between the linear and the branched product 
resulting from the hydroformylation of styrene (b  l n  
= 80/20) and of (2)- and (E)-2-butenes ( b l n  = 87/13). 
Moreover, for these last substrates, due to the pres- 
ence of the dibenzophosphole substituents, BCO-DBP 

Chart 5 

(S,S)-BDPP 

NMe, 

(S,S)-CHIRAPH0S-(pNMe2), aPh2 Ph2 

(R)-BINAP 

Among these ligands, BDPP is probably the one 
that has received the greatest attention. When 
applied to vinylidene carboxylic esters hydroformy- 
lation, the normal aldehyde was obtained exclusively 
in 7 0 4 0 %  selectivity, but the enantioselectivity was 
still moderate and the best ee's did not exceed 40%.36 
Similarly, deltacyclene could be selectively converted 
into the correspondingexo aldehyde, but only in 16% 
ee.37 In the case of styrene, the regioselectivity into 
hydratropaldehyde always ranged from 25 to  40%. 
Classical PtCl(SnC13)(BDPP) systems, under ap- 
propriate reaction conditions, led to  a relatively high 
enantiomeric excess (Table 1, entry 8),36 but this 
value could be significantly improved by the use of 
mixed-phosphine systems involving the combination 
of BDPP with either triphenylphosphine (89% ee)38 
or 2-(diphenylphosphino)pyridine (87% eel (eq 6).39 
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Unfortunately, in both cases, the yields to the desired 
product were too low t o  be of practical interest. 

Agbossou et al. 

3. Systems Based on Non-CZ Symmetty Ligands 
Among the chiral phosphines used in asymmetric 

hydroformylation, which do not have a CP axis of 
symmetry, BPPM and closely related derivatives 
have received much attention (Chart 6). 

\ RCI,[(S,S)-BDPP],PyPPh,,SnCI, (O.O5%L 

COIH, = 111; 80 bar; 40 "C 
conv = 30% (1 60h) 

0" 
(6) 

sei = 31% sei = 67% sel = 2% 
ee = 87% (S) 

The use of BDPP-BNP, an analogue of BDPP 
whose diphenylphosphino groups are substituted by 
binaphthophospholyl (BNP) moities, was recently 
inve~t iga ted .~~ Despite interesting catalytic activity 
and chemo- and regioselectivity into the desired 
branched aldehyde, the enantioselectivity of the 
reaction was consistently low (up to 24% eel. 

The asymmetric hydroformylation of styrene in the 
presence of PtCl(SnC13)[BDPP-(pNMe2)41 was strongly 
temperature dependent and provided good enanti- 
oselectivities into both enantiomers of hydratropal- 
dehyde, 57% ee in the R product at 100 "C and 61% 
ee in the S product at  30 0C.30 This reversal is 
presented in more details in sections II.B.l. and IV. 
Nevertheless, the behavior of this system was almost 
similar to  that of BDPP and afforded poor reaction 
rates and above all low regioselectivities into the 
branched aldehyde (Table 1, entry 9). 

When CHIRAPHOS was used as the chiral ligand, 
a remarkable decrease in catalytic activity with 
respect to  the DIOP-system was observed for the 
hydroformylation of a variety of olefins, and most of 
the reactions required large induction periods.24 
Although hydrogenation of the olefins accompanied 
hydroformylation, as usually observed with platinum- 
tin catalytic systems, aldehydes could be nevertheless 
generally produced in more than 70% selectivity. The 
regio- and the enantioselectivity of the CHIRAPHOS 
system were always higher than that of the DIOP 
system, but in the case of styrene, the corresponding 
values for hydratropaldehyde did not exceed 62% and 
45%, respectively. These results could not be im- 
proved by the use of the tricarbonylchromium com- 
plex of styrene.26 The enantioselectivity during the 
hydroformylation of styrene in the presence of the 
tetra-p-dimethylamino derivative of CHIRAPHOS 
was also strongly influenced by temperature (but not 
reversed), but the overall behavior of the system is 
similar to  that of its nonsubstituted analogue (Table 
1, entries 10 and ll).30 

Surprisingly, in contrast with the rhodium-cata- 
lyzed asymmetric hydroformylation which is devel- 
oped below, atropoisomeric ligands have been very 
little studied in combination with platinum-tin 
systems. While PtC12[(S)-BINAPl in the presence of 
stannous chloride was found to be totally inefficient 
when tricarbonylchromium complex of styrene was 
used as the substrate,26 quite interesting results were 
obtained from free styrene (Table 1, entry 12).40 Once 
again, the performances of this system are strongly 
temperature dependent. 

Chart 6 

(S,S)-BPPM 

Polymer Bound (S,S)-BPPM 

A variety of prochiral olefins, including potentially 
interesting vinyl aromatic compounds, could be hy- 
droformylated by the PtC12[(S,S)-BPPM]-SnClz sys- 
tem.37,41,42 Although the branched to normal ratios 
were low (b ln  -29/71 to  37/63), the selectivity to  
aldehydes was high, and high enantiomeric excesses 
were achieved ( 6 0 4 0 %  eel (Table 1, entry 13). 
However, the latter values were often lowered as a 
result of product racemization under the reaction 
conditions. This undesirable side reaction could be 
avoided by carrying out the hydroformylation in the 
presence of triethyl orthoformate as the solvent.42 In 
these conditions, aldehydes are converted to acetals 
which are far less susceptible to  racemization (uide 
infra). Although the reaction rates were considerably 
lower than in a classical aromatic solvent, enantio- 
merically pure acetals were obtained in high selec- 
tivities with almost all the olefins tested, including 
styrene (Table 1, entry 14) and 2-vinyl-6-methox- 
ynaphthalene, a key intermediate in the synthesis 
of the antiinflammatory (5')-naproxen (eq 7). The 
branched to normal ratios were not affected by the 
presence of triethyl orthoformate. 

sel = 41 % 
ee = >96% (S) 

sel = 59% 

Similar observations were made during the hydro- 
formylation of styrene from a polymer-supported 
catalytic system where the chiral ligand BPPM has 
been incorporated into a polystyrene resin (Chart 
6).41,42 In benzene, chemo-, regio-, and enantioselec- 
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Chart 7 Chart 8 
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(S,S)-DBP-BPPM (R ,S) - EPHO S 

tivities were almost similar to that obtained with 
homogeneous BPPM-based catalysts, and the per- 
formances, except somewhat lower reaction rates, 
were maintained upon recycling of the catalyst (Table 
1, entry 15).41,42 When the reaction was carried out 
in the presence of triethyl orthoformate, only a poor 
conversion was obtained, but with the product dis- 
tribution and enantiomeric excesses (>98%) the same 
as achieved in the homogeneous case.42 

On the basis of the observations made on DIOP 
related ligands, some derivatives of BPPM bearing 
either diphenylphosphino or dibenzophosphole (DBP) 
substituents were synthesized (Chart 7). It was 
shown that the introduction of two DBP groups 
(DBP-BPPM, Chart 7) resulted in a considerable 
increase of the branched to normal ratio while 
maintaining a quite good enantioface discriminating 
ability.43 Hence, by carrying out the hydroformyla- 
tion of various vinyl aromatic compounds in triethyl 
orthoformate, the DBP-BPPM system gave virtually 
complete enantioselectivity with high b / n ratios 
(Table 1, entries 16 and 17). This catalytic system 
was successfully applied to the synthesis of pharma- 
ceutical precursors. Typical examples carried out 
without and in the presence of triethyl orthoformate 
are illustrated in eqs 8 and 9. It is worth noting that 
there is considerable question, however, whether the 
high enantiomeric excesses reported are reproduc- 
ible,44 and contradictory opinions are still appearing 
in the literature about this point.4!30*34z45 Regardless, 
hydroformylation reactions conducted in triethyl 
orthoformate were extremely low. 

\ PlCI,[(S,S)-DBP-BPPM],SnCI, (0 .3%L phew 
CO/H, = 1/1; 170 bar; 60 "C 

conv = 100% (44h) 

P h C d  P h C w H O  (8) 

sel - 77% 
ee = 27% (Sj 

sel = 23% 

PlCI,[(S.S).DBP.BPPM],SnCI, (0.25%) 

HC(OEI),, CO/H, = 1/1: 170 bar: 60 "C 

sel = 77% 
ee = >96% (S) 

sei = 23% 

Another class of ligands, the aminophosphine- 
phosphinites, derived from natural amino alcohols 
such as EPHOS, Ph,Ph-ProNOP, and Cy,Cy-oxo- 
ProNOP (Chart 81, was simultaneously evaluated by 

(S)-Ph,Ph-ProNOP (S)-Cy ,Cy-oxoProNOP 

two independent groups in the enantioselective hy- 
droformylation of ~ t y r e n e . ~ ~ - ~ ~  The corresponding 
platinum complexes in the presence of stannous 
chloride were often highly selective into aldehyde, but 
they exhibited very low activities and gave quite poor 
branched to normal ratios ( b l n  x 29/71 to 55/45). 
Although some discrepancy exists between the two 
groups concerning the absolute configuration of the 
prevailing enantiomer of hydratropaldehyde, the ee 
values were consistent. Namely, classical enantio- 
meric excesses ranged from 20 to 56%, the best 
results being observed with Cy,Cy-o~o-ProN0P~~ 
(Table 1, entries 18-20). 

8. Influence of Reaction Parameters 
1. Temperature 
As mentioned several times in the previous section, 

the behavior of platinum-based enantioselective hy- 
drofonnylation catalysts could be strongly influenced 
by the reaction temperature. Specific reports on such 
phenomenona are devoted to the study of the plati- 
num-tin systems of BDPP,36,39 BINAP,40 and tetra- 
p-amino substituted derivatives of DBPP, DIOP, and 
CHIRAPHOS.30 As expected, the reaction rates of 
both catalytic pathways, Le. hydroformylation and 
hydrogenation, increased with temperature, but the 
latter was generally favored. Consequently, the 
chemoselectivity into aldehydes was almost always 
optimal at low temperature, although a wide tem- 
perature range (usually up to 80 'C) usually existed 
where chemoselectivity was not affected. A similar 
trend was also observed for the regioselectivity into 
the branched aldehyde. However, the variation trend 
of the branched to normal ratio (bin) was more 
gradual, and temperature effects could be generally 
observed from ambient temperature. An example of 
this typical behavior in the case of the asymmetric 
hydroformylation of styrene in the presence of PtC1- 
(SnC13)[(S,S)-BDPP-(pMMe2)4] is illustrated in Figure 
1 (curve 0). 

The enantioselectivity is also specially temperature 
dependent. The typical behavior is for enantioselec- 
tivities to  improve at low temperature. For example, 
the enantiomeric excess of (S)-hydratropaldehyde 
increased from 68% to 86% upon decreasing the 
reaction temperature from 80 to 40 "C in the hydro- 
formylation of styrene with PtCl(SnC13)[(R,R)-BCO- 
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ticular, the use of in situ PtC12(DIOP)/SnClz systems 
was possibly one important reason for the nonrepro- 
ducibility of the results reported for the hydroformy- 
lation of 1- and 2 - b ~ t e n e s . ~ ~ J ~ J *  From an asymmetric 
point of view, somewhat better results were obtained 
in the presence of an excess of SnC12,36 and most 
studies are because this observation usually carried 
out by using an average S f l t  ratio of 2-3. For the 
catalytic system PtClZ(DI0P) modified by SnC12,16,22 
an increase of the chiral ligand to metal ratio only 
brought about a decrease of the catalytic activity and 
had practically no influence on the enantioselectivity 
of the reaction. 

Various cocatalysts have been used in place of 
stannous chloride. Thus, tin(I1) fluoride in combina- 
tion with PtCldBDPP) offered an efficient catalytic 
system of unusual thermal stability for the enanti- 
oselective hydroformylation of styrene.39 Conversely, 
SnC14, CuC12, or CuCl gave catalytic systems with a 
rather moderate activity and above all poor enanti- 
o~electivity.~~ The behavior of the zerovalent plati- 
num complex Pt(C2H4)(DIOP) in combination with 
either CH3S03H as a promoter51 or PtC12(DIOP) as 
a cocatalyst25 was also investigated, but no significant 
improvement could be achieved. 

rii 

-60 
20 40 60 80 100 120 140 160 

Reaction Temperature ("C) 
Figure 1. Regioselectivity (0) and enantioselectivity (A) 
of hydroformylation products of styrene in the presence of 
PtCl(SnC13)[BDPP-(pNMez)4] as a function of reaction 
temperature. 

DBPl.34 Furthermore, the in situ racemization of the 
optically active aldehyde increased with increasing 
temperature, and so contributed also to  the decrease 
of the optical yields.42 This phenomenon also prob- 
ably accounts for the conflicting results reported for 
the hydroformylation of 2 - b ~ t e n e s . ~ ~  The change in 
absolute configuration of hydratropaldehyde has been 
observed in the 20-125 "C temperature range for the 
hydroformylation of styrene in the presence of vari- 
ous catalytic ~ y ~ t e m ~ . ~ ~ , ~ ~ , ~ ~ , ~ ~  The example of the 
PtCl(SnC13)[(S,S)-BDPP-(pNMe2)41 catalyst is illus- 
trated in Figure 1 (curve A). According to the nature 
of the catalytic system, this uncommon phenomenon 
was suggested to be due either to  the restricted 
rotation of the phenyl rings (BINAP),40 or the exist- 
ence of competing reaction pathways via the diaster- 
eomeric intermediates (p-aryl-substituted ligands),30 
or a change in the conformation of the chelate ring, 
or finally t o  kinetics effects (BDPP).36,39 A similar 
reversal of product configuration as a function of 
reaction temperature was also reported for the hy- 
droformylation of 1-butene with PtC1(SnC13)[DIOPl,23 
but in this particular case, the isomerization of the 
substrate to  2-butene along with the decomposition 
of the catalyst was considered to be responsible for 
the switch in product enantiomer. 

2. Catalytic System- Precursor 

The insertion of tin(I1) chloride into the Pt-C1 bond 
results in the formation of PtCl(SnC13)(P-P) type 
catalyst containing a strongly trans-activating SnC13 
ligand, which plays a key role in the reactivity of the 
catalytic ~ p e c i e s . ~ ~ , ~ ~  Although this insertion is gen- 
erally recognized to be easy and almost quantitative 
when 1 equiv of both reactants were placed under 
the catalytic reaction conditions, the catalytic per- 
formances of preformed PtCl(SnC13)(P-P) complexes 
when compared to  in situ generated RC12(P-P)/ 
SnClz species were sometimes different.28 In par- 

3. CO/H2 Pressure 

The partial and to a lesser extent the absolute 
pressures of CO and HZ can also considerably influ- 
ence the activity, as well as the chemo- and the 
enantioselectivity of the catalysts. Although each 
catalytic systemhubstrate combination should be 
considered as a particular case, general remarks 
emerge from the analysis of the results reported 
during asymmetric hydroformylation of a variety of 
olefins with PtC1(SnC13)(DIOP):14J6Jg,22,23 (i) the hy- 
droformylation rate increases with decreasing p(C0) 
and particularly with increasing p(H2); (ii) the selec- 
tivity to  hydroformylation decreases with increasing 
p(H2) and with decreasing p(C0); (iii) the isomeric 
ratio is almost unchanged; (iv) the enantiomeric 
excess of the aldehyde increases while increasing 
p(H2) and decreasing p(C0). The preformed PtC1- 
(SnC13)(BDPP) system showed a similar behavior 
during the hydroformylation of styrene,36 since for 
instance the enantiomeric excess increased from 63% 
to  73% with increasing p(H2) from 40 to 80 atm. 
Conversely, this effect of the pressure became neg- 
ligible in the presence of an excess of SnC12. 

The negative influence of carbon monoxide partial 
pressure on the reaction rate and on the enantiomeric 
excess has been attributed to the existence of differ- 
ent catalytic species, each one having its own pecu- 
liarity of activity and enantio~electivity.~~ In fact, 
catalytic species bearing carbon monoxide and phos- 
phorus ligands in different relative ratios could be 
present at the same time. 

4. Solvent 

It is generally recognized that the best results in 
asymmetric hydroformylation are achieved in sol- 
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vents of medium polarity, and accordingly most of 
the experiments so far reported have been conducted 
either in benzene or toluene. In spite of these 
statements, a few studies have shown that in some 
cases catalytic activity, selectivity toward aldehyde 
formation, and regio- and enantioselectivity are 
greatly affected by the nature of the 
Even between the above-mentioned solvents, differ- 
ences are expected as for example the ee's for hydra- 
tropaldehyde decreased from 37 to 27% by using 
benzene in place of toluene with PtCl(SnC13)[(S,S)- 
BDPP-(PNM~~)~).~O However, the general trend for 
hydroformylations of styrene conducted in solvents 
other than benzene, toluene, or  chlorobenzene (dichlo- 
romethane, 1,2-dichloroethane, hexane, THF, MEK, 
ethanol, etc.) was to  give comparable b l n  ratios, but 
somewhat lower rates and lower enantiomeric ex- 
cesses. 
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butene, 28%;52,55 for vinyl acetate, 23%;63 and for 
N-vinylsuccinimide, 20%.58 The effect of several 
reaction  parameter^^^,^^,^^,^^ (catalyst precursor, pres- 
sure of CO and H2, temperature, conversion, ligand/ 
rhodium ratio, solvent) on chemo-, regio-, and enan- 
tioselectivities (enantiomeric excesses and prevailing 
configuration) has been investigated and is presented 
in the related section. Nevertheless, in these rhod- 
ium-DIOP catalytic systems, the enantiomeric ex- 
cesses remained rather low. However, theories on 
the mechanism of the asymmetric induction were 
presented very earlY52,54 but were sometimes conflict- 
ing. Some of them are presented be lo^.^^^^^ 

During the period 1973-1982, some improvements 
were obtained with the synthesis of the first analogue 
of DIOP, DBP-DIOP55,57,58,62,65 (Chart 1) which, when 
associated to rhodium, conducted generally to  higher 
selectivities than DIOP (Table 2, entry 3) (eq 

Ill. Rhodium-Catalyzed Asymmetric 
Hydro formyla tion 

A. Description of the Catalytic Systems 

1. Systems Based on DIOP and Related Ligands 

The use of DIOP (Chart 1) with rhodium catalyst 
precursors was first reported in 1973 for the asym- 
metric hydroformylation of aromatic olehs.1° Among 
those substrates, styrene gave branched and linear 
aldehydes in 69/31 ratio and 23% ee in the absence 
of solvent (Table 2, entry 1). Then, up to 1982, the 
original DIOP ligand was investigated in the pres- 
ence of various rhodium precursors (RhH(C0)- 
(PPh3)3,52-58 RhCl(CO)(DIOP),59 [RhC1(CzH4)212,59'60 
[Rh(C0)2C11255,61-63 in the hydroformylation of a 
variety of olefins (aliphatic 01efins,52,55,57,62 aryl olefins 
including styrene (Table 2, entry 2),53-55#57259361262 vinyl 
acetate,63 e n a m i d e ~ , ~ ~  and 1,3-dienes59 The chemose- 
lectivities to  aldehydes were quite good even though 
very dependent on the structure of the substrate. The 
highest ee observed for styrene was 23%;55 for cis- 

RhH(CO)(PPh,), / 
(R,H)-DBP-DIOP(1/4, 1Yo) ~ (10) 

COM, = 1/1; 35 bar; 46 OC 
conv E 32% (168h) 0 

sel - 100% 
ee = 41% (R) 

DIOP and its derivative DBP-DIOP were attached 
to  a 20% cross-linked polymer (Chart 2) leading in 
the presence of rhodium t o  highly selective hydro- 
formylation, with higher b / n ratios than with their 
soluble  counterpart^.^^,^^ However, for styrene, ra- 
cemization of the branched aldehyde was expected 
in the reaction conditions so that a real comparison 
with homogeneous systems was not possible. Nev- 
ertheless, for the hydroformylation of cis-butene, a 
28% ee was obtained, which was equivalent to those 
of their soluble counterparts (27% ee). 

Another way of modifying the DIOP ligand was to 
introduce various substituents at the phenyl ring of 
the PPh2 moiety (1-naphthyl, 2-naphthyl, m-CF3- 
C6H4, Chart 9).@ These new ligands were synthe- 
sized and compared to DIOP and DBP-DIOP in the 
asymmetric hydroformylation of vinyl esters.66 High 
regioselectivities into 2-acetoxypropanal (75-95%) 

Table 2. Asymmetric Hydroformylation of Styrene Catalyzed by Rhodiudigand Systems" 
conversn, 
%' (reacn regioselectivity ee, % turnover 

entry ligandrhodium precursoP P, atm T, "C time, h) (b ln)d  (config) frequency ref 
1 (R,R)-DIOP/RhH(CO)(PPh& 1 40 15 (192) 6913 1 23(R)f 2.3 10 

3 (R,R)-DBP-DIOPI[RhCl(CO)~l~ 100 80 81 (28) 8911 1 30 (S) f  56 65 
4 (R,R)-CBDBP/Rh4(CO)Iz 50 80 nr  86/14 27 (S) f  14 62 
5 (S,S)-CHIRAPHOS/[RhCl(NBD)]z 80 100 80(3)  9416 24 (R)  365 24 

7 UC-Pz*/Rh(acac)(CO)z 45 40 98(5) 9416 67 (SI 82 84 
8 xylofuranosePz/Rh(acac)(CO)z 9 40 51(15) 9218 51 (SI 14 85 
9 (R,S)-EPHOS/RhCl(CO)((R,S)-EPHOS) 1 40 63(111) 90/10 31 (R) 2.3 70 

10 (R)-(SMe-PPhz)naphthyl/[Rh(COD)(OMe)l~ 60 60 lOO(4) 88/12 2.5 (nr) 125 88 
11 (R)-M~ZBINASI[R~(COD)LIX 80 80 lOO(24) 84/16 15 (SI 17 87 

2 ( S , S ) - D I O P / [ R ~ C ~ ( C Z H ~ ) ~ ~ ~  50 70 7(12) 73/27 14 (SY 59 

6 (S)-phosphepine/Rh(acac)(CO)z 50 60 96(3) 9317 12 (R)  16 79 

12 (-)-menthoxyPPy/[Rh(C~H~~)LlClO~ 50 70 lOO(4) 88/12 6 (R)  125 89 
13 (S,R)-BINAPHOS/Rh(acac)(CO)z 100 60 lOO(43) 88/12 94 ( S )  46 93 
14 (S,R)-BIPHEMPHOS/Rh(acac)(CO)z 100 60 lOO(42) 90/10 94 (SI 24 92 

a Reaction conditions: solvent = benzene or toluene; styrenemh = 400-4400. CO/H2 = 111. Ligandhhodium ratio = 1-4, 
except entry 1, L/Rh = 10. Styrene conversion including aldehydes and ethylbenzene. Selectivity to aldehydes was generally 
close to 100% or not reported. Ratio of branched to linear products. e Average value calculated over the whole reaction time (mol 
of aldehvdeslmol of R h ) h  f Corrected value according to  ref 27. 
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Chart 9 

Agbossou et al. 

regioselective (bln = 37/63) but a 1.5% ee could be 
determined for the more substituted aldehyde. Aryl 
olefins, model substrates in many works, were re- 
acted in the presence of various rhodium catalysts 
precursors associated to D10P24,26,69-71 and related 
 ligand^.^^^^^ The DIOP derivatives Et-DIOP and Cy- 
DIOP (Chart 3) gave low activities and low enantio- 
meric excesses (<11%), even in the case of complete 
regioselectivities (styrene, b l n  = 100/0,0.2% ee, Et- 
DIOP).31 Now, for simple terminal olefins, rhodium- 
alkyl-DIOP catalysts allowed mainly the formation 
of linear aldehydes with even lower enantiomeric 
excesses ( ‘5% ee).31 We have described the hydro- 
formylation of styrene (bln = 64/36, 18% ee) with 
electrogenerated rhodium-DIOP active species.70 In 
that case, the effect of the reduction process in 
producing the active species was weak compared to 
a classically formed catalyst (styrene, bln = 65.51 
34.5, 16% ee) (vide infra for AMPP ligands). Further, 
tricarbonyl(@-styrene)chromium and related com- 
pounds using rhodium-DIOP-based catalysts gave 
aryl aldehydes in high regioselectivities (“Rh-DIOP, 
tricarbonyl($%tyrene)chromium, b / n = 90/10, 20% 
ee).26 Lower enantiomeric excesses were achieved 
during the hydroformylation of vinylferrocene (“Rh- 
DIOP”, b/n = 71/29, 12% ee).76 Recently, higher 
enantioselectivities (in the 11-59% ee range) were 
reached with asymmetric hydrogenation type sub- 
strates, the dehydro amino acid derivatives, and 
interesting synthetic intermediates could be ob- 
tained.73374 Under typical oxo conditions (80 “C, 80- 
100 atm, HdCO = 1/11 with [RhL&lIz (L = CO, C,H4 
or LZ = COD, NBD), RhC13, or Rh6(C0)16 as catalyst 
precursors, only hydrogenation and polymerization 
were observed without any formation of aldehydes.74 
Nevertheless, in the presence of HRh(CO)(PPh3)3 and 
1-6 equiv of DIOP, complete regioselectivity afford- 
ing in high yield the more substituted aldehyde was 
obtained for the hydroformylation of methyl N- 
acetamidoacrylate in up to 59% ee (eq 

(R,R)-DIOP- (mCF3)4 

$H (R,R)-DIOCOL 

and moderate enantioselectivities were obtained for 
vinyl acetate (eq 11). 

Rh(COD)(acac) / (0.23%) 
(R,Rj-(mCF,),.DIOP (113) A c O A  

(11) 
CO/H, = 111.3; 10 bar; 50 O C )  HO 

mnv = 100% (time nr) 
set - 100% 
ee = 42% (s) 

The extent of asymmetric induction varied widely 
and depended primarily on the ligand structure and 
on the ligand to rhodium ratio (maximum ee at a 
ratio of 3/1 or 4/11. In this example, the presence of 
the CF3 group allowed a rate increase of 3-8-fold us 
DIOP. The best results were obtained for vinyl 
acetate with DBP-DIOP (51% ee at  80 “C with a 
ligand to rhodium ratio of 6/1). In addition, (R,R)- 
DBP-DIOP gave 2-acetoxypropanal with a configu- 
ration opposite to  that provided by (R,R)-DIOP, 
although they have the same chiral backbone.66 Such 
phenomena are discussed in more details in section 
IV. Compared to  results prior to  1981, the hydro- 
formylation of vinyl esters proceeded with higher 
efficiencies than with aliphatic olefins. An explana- 
tion of that behavior was the greater ability for the 
substrate to  complex with the metal, perhaps func- 
tioning as a bidentate ligand by coordination through 
the carbonyl oxygen as well as through the olefinic 
double bond.66 

From then on, DIOP and several new DIOP- 
type ligands were investigated in the asymmetric 
hydroformylation of many substrates including 
unsaturated nitrogen c ~ m p o u n d s , ~ ~ , ~ ~  aromatic 

1-aminoacrylic acid  derivative^,^^,^^ unsaturated car- 
boxylic acids and and vinyl f e r r ~ c e n e . ~ ~  

The asymmetric hydroformylation of substituted 
N-vinylphthalimides in the presence of DIOP and 
DIOCOL, a steroidal-substituted DIOP analogue 
(Chart 91, occurred with complete chemo- and regi- 
oselectivities toward the more branched aldehydes, 
but the isolated products were racemic.67@ The same 
reaction conducted with N-allylphthalimide was less 

olefins,24,26,31,68-71 aliphatic olefin6,31,37,68,69,72 N-acyl- 

RhH(CO)(PPh,), / 
(R,R)-DIOP (1/4, 1%) OHC 

(12) 
t-lCOMe CO/H, = 1110; 90 bar; 80 set - 100% conv = 100% (70h) 

ee = 59% (R) 

==re 
This study devoted to dehydro amino acid com- 

pounds showed that the extent of aldehyde formation 
increased as the basicity of the ligand decreased and 
as the size of the chelate ring of bidentate ligands 
increased. Selectivities higher or equal to  90% were 
reached only with DIOP and strictly related ligands 
such as DIOCOL.74 The influence of several param- 
eters on the extent of asymmetric induction was 
investigated and is presented below. It was also 
proposed, as previously that the possible 
chelation of the substrate might be responsible for 
the regio- and enantioselectivities observed.74 The 
same authors extended their studies toward the 
hydroformylation of three other dehydro amino acids 
with HRh(CO)(PPh3)3/DIOP or DIOCOL catalysts.73 
Again the reaction was highly chemoselective (90- 
97%) and totally regioselective toward the more 
substituted formyl derivative (isolated yields 80- 
90%). Nevertheless, as for other trisubstituted alk- 
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enes that are traditionally extremely difficult to  
effectively hydroformylate due to steric hindrance, 
the reactions rates were very low (average turnover 
-2 h-l). Under optimal conditions the highest ee 
recorded was 46%, whereas the side hydrogenation 
reaction gave almost racemic products. (R,R)-DIOP 
promoted the preferential formation of the (R) alde- 
hydes, and such mechanistic considerations are 
presented in section IV. At the time of their research, 
the authors presented the highest ee's ever reported 
in asymmetric hydroformylation based on rhodium 
 catalyst^.^^,^^ Other activated olefins, i.e. unsatur- 
ated dicarboxylic esters, were also hydroformylated 
in the presence of rhodium-DIOP catalysts.75 In 
that case, the main reaction under oxo conditions was 
always hydrogenation, except for dimethyl itaconate 
(eq 13). For the phenyl-substituted olefin (a trisub- 
stituted olefin) no reaction took place at all (neither 
hydroformylation nor hydrogenation). 

H,CO,Me RhH(CO)(PPh,), / (i3.R)-DIOP (1/2, 0.05%) 

COM, = 111.3: 80 bar: 100 "C 
conv > 92% (6h) 

C0,Me 

(13) 

4 
O H G ~ H , C o z M e  M e O z ~ ~ ; ~ ~ ~ e  

C0,Me 

sel = 95% 
ee = 9% (S) 

sel = 5% 
ee = nr 

From all the studies conducted on DIOP and 
related ligands, we can conclude that DBP-DIOP was 
generally the best ligand of that family when associ- 
ated to rhodium and that the higher ee's were 
obtained with substrates that were also the best ones 
for asymmetric hydrogenation. 

2, Systems Based on Other C2 Symmetry Ligands 
In this section we successively describe results 

obtained with bisphosphines and bisphosphites. Thus, 
after DIOP, but quite early on, CHDPP, CBDPP, and 
their dibenzophosphole derivatives, CHDBP and CB- 
DBP (Chart lo), were applied to the hydroformyla- 
tion of aryl olefins (styrene and phenyl-2-propene) 
and butenes (1-butene and c i ~ - 2 - b u t e n e ) . ~ ~ , ~ ~  The 
highest ee's reported for these four substrates were 
associated to CBDBP (Table 2, entry 4). Afterward, 
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Chart 10 

6 

(S,S)-CHDPP 

/--7 

w 
(S,S)-CHDBP 

(R,R)-CBDPP 

/--7 

w 
(R,R)-CBDBP 

DIPAMP was investigated in the hydroformylation 
of N-vinyl imide~~~ but no asymmetric induction was 
reported. Then, in 1985, the effect of CHIRAPHOS 
(Chart 4) on the rhodium-based asymmetric hydro- 
formylation of various olefins was evaluated (butenes 
(eq 14), styrene (Table 2, entry 5) ,  phenyl-2-propene, 
and n~rbornene ) .~~  The Rh-CHIRAPHOS system 
was less active than the Rh-DIOP one, but was more 
regio- and enantioselective. For 2-butenes and sty- 
rene the regioselectivities into branched aldehydes 
were very high (up t o  100%) and the ee's were 
moderate (eq 14). 

[Rh(NBD)CI], (0.07%) e0 - (S,Sj-CHIRAPHOS (1/4) 

CO/H, = 1 /I : 80 bar; 100 OC (14) 
conv = 40% (97h) sel = 99% 

ee = 19% (S)  

CHIRAPHOS was also used in the hydroformyla- 
tion of methacrylate derivatives with rhodium cata- 
lysts.20 When methyl methacrylate was hydroformy- 
lated in the presence of [R~(CO>ZC~I~-CHIRAPHOS, 
the more branched aldehyde predominated but the 
enantioselectivity was quite low (3% ee) in contrast 
with platinum-based systems (55% ee).20 For meth- 
acrylonitrile and methacrylamide, regardless of the 
reaction conditions used, only hydrogenation occurred 
with the Rh-CHIRAPHOS catalytic system. Gener- 
ally, hydrogenation was the only side reaction, no 
polymerization being observed with rhodium.20 Re- 
cently, CHIRAPHOS-rhodium catalysts were ap- 
plied in the hydroformylation of del ta~yclene.~~ The 
exo-formyl product was produced (93-98% selectiv- 
ity) with up to 22% ee (eq 15). 

[Rh(NBD)CI],/CHIRAPHOS (113, 1.25%) * 
CO/H, = 1/1: 80 bar; 100 OC 

, conv= 10Oo/.(8h) , 

%HO 

sel = 96% 
ee = 22% (s) 

sel = 4% 

BINAJ? (Chart 4), the outstandingly efficient ligand 
in asymmetric hydr~genation,~ was used for the first 
time in asymmetric hydroformylation with rhodium 
catalysts in 1989 for tricarbonylchromium complexes 
of arylalkenes.26 The yield into aldehydes was high 
(>go%) with a good regioselectivity ( b  l n  = 93/71 but 
a low enantioselectivity (7% ee). Further in 1992, 
BINAP was applied with moderate success in the 
hydroformylation of vinyl acetate (eq 16).77 BINAP 

[Rh(CO)~Cl]2/(R)-BINAP (1/3, 0.1 2%) 
w 

CO/H, = 1/1; 70 bar: 80 OC 
conv = 6% (40h) 

(1 6) 

likc 
JJy + &HO 

sel = 90% sel= 10% 
ee = 47% (S) 

and CHIRAPHOS were used also for the hydro- 
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Chart 11 

Agbossou et al. 

Chart 12 

a,a-TREDIP 

w 
(S)-phosphepine 

formylation of methyl N-a~etamidoacrylate.~~ CHIRA- 
PHOS conducted only to racemic hydrogenation while 
BINAP allowed asymmetric hydroformylation with 
45% selectivity into aldehydes, but only 7% ee was 
reported for the more substituted aldehyde.74 These 
two chiral ligands were also used recently to  hydro- 
formylate a-methylene-y-butyr~lactone.~~ The best 
results were obtained with BINAP but enantiomeric 
excesses did not exceed 36%, and the yields into the 
aldehyde lactone were impractically low. 

Also, new bisphosphines derived from trehalose 
(TREDIP, Chart 11) were evaluated in asymmetric 
hydr~formylation.~~ The TREDIP ligands conducted 
to  high regioselectivities when associated to rhodium 
for the hydroformylation of styrene ( b  / n  = 98.4A.6) 
but with very low enantioselectivities ("vanishingly 
small" as reported in the comm~nication).~~ A new 
atropoisomeric monophosphine ligand with a dinaph- 
thy1 core (phosphepine, Chart 11) was synthesized 
very recently and applied to the rhodium-based 
hydroformylation of styrene (Table 2, entry 6) (eq 
17).79 The branched aldehyde was formed in high 
chemo- and regioselectivity, but the ee was low. 
Decreasing the reaction temperature to 30 "C im- 
proved both regio- and enantioselectivities up to  95% 
and 20%, respectively. 

Rh(acac)(CO)d(S)-phosphepine (1/4, 0.2%) 

CO/H, = 1 /I ; 50 bar; 60 "C 

sel = 93% 
ee = 12% (Rj 

sel = 7% 

Recently, a new class of ligands specially designed 
for asymmetric hydroformylation has appeared, the 
bisphosphinitessO and the b i s p h o ~ p h i t e s ~ ~ ' ~ ~ , ~ ~  (Chart 
12). The first reported were bis(dioxaphospholane1 
ligands which, when applied to the hydroformylation 
of styrene gave hydratropaldehyde with a b l n  ratio 
of 75/25 but as a racemic mixture.82 Then, a patent 
reported on the synthesis of a bisphosphite (named 
UC-P2*) which, in solution with Rh(acac)(CO)2, cata- 
lyzed the hydroformylation of styrene to give after 
oxidation 2-phenylpropionic acid in 60% ee.83 How- 
ever, the latter value could not really account for the 
intrinsic efficiency of this hydroformylation catalytic 
system, since a 90% ee was claimed for the asym- 
metric hydroformylation of styrene into hydratropal- 
dehyde (Table 2, entry 7). Thus, on the strength of 

bis(dioxap hospholane) 

M e d  bMe 

(R,R)-UC-P2* 

Ar = Ph: (Sj-phenyl-triarylphosphite 

the good regio- and enantioselectivities reported, the 
UC-P2* system should be considered as one of the 
best practical asymmetric hydroformylation catalysts 
for vinyl arenes. A series of new chiral diphosphites 
closely related to the UC-P2* ligand was recently 
synthesized and evaluated in the asymmetric hydro- 
formylation of styrene.84 These chiral ligands are 
based on butane-2,3-diol, pentane-2,4-diol, hexane- 
2,5-diol, diphenylpropane-1,3-diol, and N-benzyltar- 
taramide as chiral bridges and phosphorus moieties 
derived from 2,2'-bis(phenols). The catalytic results 
were strictly consistent with those aforementioned 
for the UC-P2* system. Namely, high regioselectivi- 
ties ( b l n  > 95/51 and high conversions (> 99%) to 
2-phenylpropanal were found under mild conditions 
(25-40 "C), with up to 67% ee. 

In 1992, chiral bis(triary1 phosphite) ligands de- 
rived from binaphthol bearing various substituents 
at the phosphorus atom were synthesized (Chart 
12).77 Their use in association with rhodium in the 
hydroformylation of vinyl acetate under various 
conditions led to  the formation of 2-acetoxypropanal 
in high regio- and stereoselectivities (eq 18). To reach 
these high enantioselectivities, an excess of ligand 
was required ( l i g a n n h  = 2.5). The effect of several 
reaction parameters is presented in the related 
section (vide infra). 

Rh(CO),(acac) I (112.5, 3%) 
(9-Phenyl-triarylphosphile 

CO/H, = 1/1: 100 bar; 20 OC 

sel = 94% 
ee=49Y0(R) 

sel = 6% 
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Chart 13 

Chemical Reviews, 1995, Vol. 95, No. 7 2497 

I 

tB%Bu tBu Bu 

Diethyl tamate derived ligand Carboh ydrate-phosphinites 

Other chiral bisphosphites (which do not necessar- 
ily have a CZ axis of symmetry but which are closely 
related to the previous ligands) were synthesized 
starting from 1,2:5,6-diisopropylidene-~-mannitol, 
~-a,a,a,a,-tetramethyl-1,3-dioxolan-4,5-danol and 
L-diethyl tartrate, which are inexpensive optically 
active diols (Chart 13hS1 These ligands were inves- 
tigated in the hydroformylation of styrene. The 
catalytic activity increased with the bulkiness of the 
ligand. Thus, with a tert-butyl-substituted ligand, 
enantiomeric excesses up to 20% were obtained under 
quite mild reaction conditions (eq 191S1 Again, it was 

\ 0" Rh(acac)(CO).JdiEtTartrateP, (1 I1 0, 0.025%) 

HC(OEt),, CO/H, I 111 ; 40 bar; 25 OC 
conv = 14% (23h) 

sel = 97% 
ee = 20% (R) 

sei = 3% 

found that the extent of asymmetric induction was 
closely related to the reaction conditions applied and 
is developed in the corresponding section. These 
results were very recently improved by using new 
chiral diphosphites derived from other sugar back- 
bones (mannopyranoside and glucopyranoside de- 
rivatives) and phosphorus moieties similar to  those 
found in the UC-Pz" and related ligands (vide supra, 
Charts 12 and 13Ls5 Enantioselectivities up to 64% 
were obtained with stable hydridorhodium diphos- 
phite dicarbonyl catalysts (HRhPP(C0)z) in the hy- 
droformylation of styrene. High regioselectivities (up 
to  97%) to the branched aldehyde were found at  
relatively mild reaction conditions (Table 2, entry 8). 

In 1994, phosphinites derived from carbohydrates 
(Chart 13) were synthesized and used for rhodium 
based asymmetric hydroformylation of olefins.80 The 
hydroformylation of 2-vinylnaphthalene using Kdiphos- 
phinite)Rh(COD)]BF4 as the catalyst and EtsSiH as 
the solvent gave the branched aldehyde in 9515 b l n  
ratio and 72% ee with only 5% hydrosylilation as the 
secondary reaction (eq 20). The enantiomeric ex- 
cesses were strikingly dependent on the nature of the 
solvent. Other substrates were investigated (styrene, 
vinyl acetate, and 4-methylstyrene) but the enanti- 
oselectivities were lower (up to 30% ee). 

Rh(COD)z(BF,)/ (l/l, 0.15%) 
3,5 -(CF,),C,H,CarbohydrateP, 

Et,SiH,CO/H,= 111; 110 bar, 25°C 
conv = 20% (1 8h) 

b " \ \  

(20) *+p \ \  \ \  

sel = 95% 
ee = 72% (q 

sel = 5% 

3. Systems Based on Miscellaneous Ligands 
In this category of catalytic systems we will find 

successively bisphosphines of non-Cz symmetry, CZ 
symmetry sulfur ligands, and heterobidentate ligands. 
Among the classical phosphines only BPPM (Chart 
6) received any attention and was used in the 
hydroformylation of N-~inylphthalimide,~~ tricarbo- 
nylchromium complexes of arylalkenes,26 and methyl 
N-acetamidoacrylate (the main reaction in this case 
was hydrogenation, 94%).74 The enantioselectivities 
were rather low (4.2%, 14%, and 10% respectively for 
the three substrates). For tricarbonyl (q6-styrene)- 
chromium, the corresponding aldehydes were ob- 
tained with a b In ratio of 9515. 

The use of a binucleating tetraphosphine, et,ph- 
P4 (Chart 14) was recently reported for the hydro- 

Chart 14 

Et,P/ 

et,ph-P4 

formylation of various vinyl esters.45 Typically, vinyl 
acetate was converted to aldehyde with a branched 
to linear regioselectivity of 4:1, and an enantiomeric 
excess of 85% (eq 21). The catalytic system based 
on cationic rhodium dinuclear species is quite selec- 
tive to  aldehyde and appears very stable, but some- 
what slow. 

Rh,(all~l),(et,~h~P4) 1 HBF, ( I /&  0.05%) 

CO/H, = 111 ; 6 bar; 85 "C 
conv = nd (1 7h) 

* A c d \  

sel = 20% sel =80% 
ee = 85% (nd) 

Several aminophosphine-phosphinite rhodium sys- 
tems were investigated for the hydroformylation of 
styrene.70 Among these ligands, a diphosphine de- 
rived from ephedrine, (S,R)-EPHOS (Chart 8) was 
applied in the hydroformylation of styrene in the 
presence of classical rhodium precursors and elec- 
trogenerated rhodium catalysts.70 The results were 
strinkingly dependent on the nature of the catalyst 
precursor and on the reaction conditions used. 
Namely, replacing classical catalyst precursors by 
electrogenerated rhodium species resulted in a sig- 
nificant increase of the enantioselectivity from ca. 
18% to 31% ee, respectively (Table 2, entry 9) (eq 22). 
Moreover, strong differences in the catalytic behavior 
of the (S,S) and (S,R) diastereomers of the EPHOS 
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ligand were observed. Thus, the (S,S) diastereomer 
gave hydratropaldehyde of opposite configuration in 
lower enantioselectivity (7% ee), with a lower activity. 

Agbossou et al. 

RhCI(CO)(EPHOS)/e/EPHOS (1 12, 0.25%) 

CO/H, = 1H : 12 bar; 40 "C 
conv = 63% (1 11 h) 

(22) 

sel = 90% 
ee = 31% (R )  

sei = 10% 

Dithiolate (DIOSH2s6 and BINAS9 and P-S 
ligands (S-alkyl-(R)-2-( dipheny1phosphino)-1, 1'-bi- 
na~hthyl-2'-thiol)~~ (Chart 15) were used by two 

Chart 15 

WX W S X  

WPh2 
X = Me, CPr, H X = H  @>BINAS 

IR) X = Me (R)  M%BINAS 

( 1 S,2S,SR)-menthoxyPPy 

groups in the hydroformylation of styrene. Unfor- 
tunately, only low enantiomeric excesses were ob- 
tained (max. 17% ee) (Table 2, entries 10 and 11). 
Recently, a chiral bidentate P,N ligand bearing 
pyridine and [(diphenylphosphino)menthylloxy resi- 
dues (Chart 15) was associated to rhodium to  inves- 
tigate the asymmetric hydroformylation of various 
substrates (styrene (Table 2, entry 121, 2-vinylnaph- 
thalene, methyl acrylate, and vinyl acetate).sg An 
important point of this article is that the ee values 
reported for the hydroformylation of methyl acrylate 
(up to 92% ee) are erroneous.g0 Consequently, the 
efficiency of this catalytic system, as revealed by the 
results obtained with other substrates, appear quite 
poor (maximum 12% ee for vinyl acetate). 

4. Sysfems Based on Phosphine Phosphite Ligands 

The major breakthrough in the rhodium asym- 
metric hydroformylation was made very recently by 
the introduction of the binaphthyl core in phosphine- 
phosphite ligands giving the so called BINAPHOS 
asymmetric i n d u c e r ~ . ~ l - ~ ~  The first BINAF'HOS-type 
ligands synthesized (Chart 16) were reported in 1993 
and were investigated in the hydroformylation of a 
variety of olefins (vinyl acetate, N-vinylphthalimide, 
arylalkenes, and simple olefins).93 The enantiose- 
lectivities obtained were in the 73-95% ee range, the 
highest ever reported so far for rhodium-based cata- 
lysts, and the branched to  normal ratios ranged from 

Chart 16 

Ar = Ph, (R,S)-BINAPHOS 

Ar = 3,5- Me,C,H, , (RS)-3,5-Me2 -BI"HoS 

85/15 to 9812 according to the nature of the substrate 
(eq 23). 

Rh(acac)(CO)d(R,S)-BINAPHOS (114, 0.25%) 

CO/H, = 1/1; 100 bar: 60 "C 
Ac-' 

conv = 100% (36h) 

sel = 14% sel = 86% 
ee = 92% (S) 

A marked dependence of the enantioselectivities on 
the structures of the phosphite moieties relative to 
that of the 2-(diphenylphosphino)l,l'-binaphthyl back- 
bone was observed. The highest ee's were always 
obtained with the (R,S) ligand and its enantiomer 
(S,R), while the (R,R) equivalents gave lower values 
(Table 2, entry 13). Then, the same ligands were 
applied to the hydroformylation of internal olefins 
(butenes, phenylpropenes, indene, and 1,2-dihy- 
dr~naphthalene).~~ The lowest asymmetric induction 
(48% ee) was obtained with trans-butene and the 
highest (97% ee) with 1,2-dihydronaphthalene (eq 
24). The bln ratios were very high (9218 to 98/21. 

Rh(acac)(CO)d( R,S).BINAPHOS (1 /4, 1 %) 

COIH, = 111 : 100 bar: 60 "C 
conv = 70% (6h) 

a \ 

sel = 95% sel = 5% 
ee = 97% (-) 

In 1994, the synthesis of new chiral phosphine- 
phosphite ligands was described, BIPHEMPHOS 
(Chart 17).92 Their rhodium(1) complexes were ef- 
ficient catalysts for the asymmetric hydroformylation 
of various olefins (cis-butene, styrene (Table 2, entry 

Chart 17 

'*Ph, 

(S,R)-BIPHEMPHOS 
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141, vinyl acetate (eq 251, l-hexene, indene, and 1,2- 
dihydronaphthalene). The enantioselectivities for 
the (S,R)-BIPHEMPHOS are in the same range as 
for the first reported (R,S)-BINAPHOS ligandsSg3 The 
(R,R) diastereomer gave much lower enantioselec- 
tivities. 
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rather than chlororhodium precursors like RhCl(C0)- 
(EPHOS), the catalytic systems were more enanti- 
oselective and slightly more active.70 In fact, since 
halides are well-known inhibitors for hydroformyla- 
tion, halide-containing rhodium complexes are very 
poor starting materials. 

To prepare the catalyst precursor the major effect 
was always brought by the ligand to rhodium ratio. 
Thus, in the beginning of the research in asymmetric 
hydroformylation, the first effect on using chiral 
bisphosphines associated to rhodium was the parallel 
decrease in the activities with the amount of ligand 
added,5s,59,63 as classically observed with oxo achiral 
catalysts.94 Nevertheless, ratios in the 2-6 range 
were necessary to reach appreciable enantioselec- 
t i v i t i e ~ . ~ ~ @ , ~ ~  But the major effect observed on the 
enantioselectivities was always related to the struc- 
ture and the properties of the chiral ligand (see Table 
2 for examples). For rhodium-based hydroformyla- 
tions, the presence of a phosphine (chiral bisphos- 
phines for asymmetric hydrof~rmylation,~~ or simple 
phosphines for the classical oxo reactiong4) allowed 
the elimination of the secondary hydrogenation reac- 
tion leading thus to highly chemoselective catalytic 
systems. This side reaction remained only for sub- 
strates that are particularly easy to h y d r ~ g e n a t e . ~ ~ ~ ' ~  
For those substrates, the chemoselectivity was very 
dependent on the reaction conditions. 

The catalyst performed better in mediums of low 
and the best solvents are benzene, toluene, 

ethyl benzene, and hexane. The use of coordinating 
solvents such as THF resulted in a decrease of both 
enantioselectivity and rate.77~80 Racemization of the 
aldehyde has also been reported to  be a major 
problem, so that some reactions were performed in 
triethyl orthoformate to trap the aldehyde as the 
corresponding acetal as already mentioned for plati- 
num systems.3g30,34,43 However, in the case of rhod- 
ium catalysts and in contrast with platinum-tin 
systems, quite often no conclusions can be made from 
running such experiments.80181 Also, long reaction 
times conducted sometimes to a decrease of the ee's 
attributed to a racemization of the chiral aldehyde 
produced in the reaction  condition^,^^ or to  an evolu- 
tion of the catalyst with time leading to less or 
nonenantioselective active species.s1 

3. CO/H2 Pressure 
Generally the effect of the hydrogen and carbon 

monoxide partial pressures and total pressure were 
not systematically explored and often several reaction 
parameters were varied at  the same time, so that it 
is rather difficult to  conclude about that effect. 
Nevertheless, the mixture commonly used is HdCO 
1/1 at  a total pressure going from 1 to 100 atm. 
However, in a few cases the effect of the partial and 
total pressure has been carefully r e p ~ r t e d . ~ ~ , ~ ~ @  
Thus, the b ln  ratio for the hydroformylation of 
styrene in the presence of rhodiudREDIP slightly 
decreased when increasing the HdCO mixture from 
1/1 t o  2/1 (98.4l1.6 and 97.7l2.3, re~pectively).~~ The 
stereoselectivity of the reaction was also slightly 
affected by a variation of the partial pressure of 
hydrogen and carbon monoxide for the reaction 
conducted with DIOP and vinyl acetate,63 as well as 

Rh(acac)(CO)J(S,R)-BIPHEMPHOS (1 /4, 0.1 %) 

CO/H, I Ill ; 100 bar; 60 "C 
conv = 65% (40h) 

* A c 6 '  

sei = 05% 
e e = S O % ( R )  

sel = 15% 

This is a promising new class of efficient ligands 
for asymmetric hydroformylation of a variety of 
substrates and we can expect the publication of new 
phosphine-phosphites in the future. 

B. Influence of Reaction Parameters 
1. Temperature 

A systematic study of the effect of the temperature 
is not reported and optimization of the reaction 
conditions corresponded more to a specific tuning 
involving all the reaction parameters, some of them 
being more important in their effect than others. 
Nevertheless, a variation of temperature usually 
affected the enantioselectivities of the reactions, and 
generally a decrease of temperature corresponded t o  
an increase of the ee's even if the reaction rates 
decreased accordingly. For instance, during the 
hydroformylation of vinyl acetate with DIOP-Rh, 
lowering the temperature from 80 to 50 "C increased 
significantly the ee's from 24 to 42% ee.@ Another 
example was the parallel increase of ee and b /n ratio 
(12 to 20% and 93 to  95%, respectively) for reactions 
based on a styrene-Rh-phosphepine association 
when decreasing the temperature from 60 to 30 0C.79 
The same effect was observed for the methyl N-ac- 
etamidoacrylate-Rh-DIOP catalytic system.74 Thus, 
on going down from 60 to 30 "C, the ee increased from 
47 to 59%. That effect of temperature is generally 
less important on the b ln  ratios. Now, when the 
decrease of temperature is associated with an in- 
crease of the ligand to  rhodium ratio (from 1 to 4) 
and with an increase of the hydrogen partial pressure 
(from 1/1 to  4/11, the hydroformylation of benzyl 
N-acetamidoacrylate led to  an increase of 32 to 46% 
ee in the presence of Rh-DIOP catalytic systems.73 

2. Catalytic System- Precursor 
There is a quite long list of rhodium complexes 

used as catalyst precursors (RhdC0)12, [Rh(NB- 
D)C112, [Rh(C0)2Cll2, Rh(CO)z(acac), HRh(CO)(P- 
Ph3)3, [Rh(COD)2]BF4, etc.), and all of them con- 
ducted, when associated to a chiral ligand, t o  
asymmetric induction to  some extent. Nevertheless, 
there can be a difference if two different rhodium 
complexes are used as catalysts precursors, all the 
reaction conditions being the same. As already 
mentioned, we also observed that when starting from 
RhH(CO)(PPh& or electrogenerated species for which 
no HC1 is produced during the catalytic process, 
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h-9 

with styrene.59 Hydrogen-rich mixtures (up to lO/l) 
increased the amount of aldehyde formation for the 
hydroformylation of methyl acetamidoacetate and the 
ee's (from 11% to  59% ee), but lowering the total 
pressure favored the hydrogenation reaction for this 
~ u b s t r a t e . ~ ~ , ~ ~  

- 4 2  2% 
0 0 0 0  0 0  0 0 0  0 0 0  o o m  

'E s,o 
* w w w  WCD w w w  w w z  W C D c u  

IV. Discussion. Mechanistic Considerations 

A. Platinum and Rhodium Systems: Comparison 
1. Catalytic Performances 

According to the observations made from the above 
description of the catalytic systems, it appears clearly 
that the behaviors of platinum- and rhodium-based 
hydroformylation systems are quite different with 
regard to their properties, i .e. chemo-, regio-, and 
enantioselectivities and rates. For comparison pur- 

three families closely related to their properties: 
platinum-tin systems, classical rhodium systems, 
and phosphine-phosphite-rhodium systems. In or- 
der to  illustrate the behavior of these three families, 
the best results obtained during hydroformylation of 
simple and functionalized aliphatic olefins and vinyl 
aromatic substrates have been selected and are 
presented in Tables 3 and 4. 

Generally, hydroformylations conducted in the 
presence of platinum-tin associated to a chiral 
diphosphine are more enantioselective than the cor- 
responding classical rhodium systems, but they have 
the disadvantage of undergoing competitive hydro- 

U 

L 
E 

poses, we propose to divide the reported systems into 
Y 

f 
.- 0 * 

4 
5 
~ 

d 

0 

.- 8 
Y 
(d 

k genation (Tables 1,3,  and 4). Platinum systems also 
led to  lower branched to normal ratios and quite often 
the linear isomer is the major one. Consequently, 
the yields into the desired chiral aldehyde are often 
low, although this important factor has been greatly 

(DBP) substituents (Table 1, compare entries 1 and 
2 ,5  and 6,13 and 16). Another negative point is the 
racemization of the chiral aldehyde produced under 
hydroformylation reaction conditions. To avoid this 

presence of triethyl orthoformate to trap the aldehyde 
produced, but under these conditions the rates were 

8 z 
2 .- 0 
8 
[ 
1 

side reaction, experiments could be performed in the 
f 

despairingly low (Table 3, entries 2, 8, 11, and 14). 
A In contrast, classical rhodium-catalyzed hydro- 

formylations present generally a complete chemose- ' ~ t  
lectivity, except for a few substrates particularly 8 
activated for hydrogenation or polymerization (Table 4 
2; Table 3, entries 3,12, and 15; and Table 4, entries @ 3, 7, 14, and 17). Moreover, the regioselectivity to  g 
the branched aldehyde is in most cases very good. 
Unfortunately, the enantioselectivities are always by 
far lower with classical rhodium systems than with * 

Ei 
platinum-tin combinations. Thus, the highest ee 
reported was 78% for the hydroformylation of 2-vi- 

The major advance was made with the appearance 8 of the third family, a new class of unsymmetrical 
8 

Ep 
bidentate ligands, the phosphine-phosphites with a 
binaphthyl core which is systematically superior to  
any other rhodium system as far as the comparison 
is possible. So, even if in some cases platinum-tin 
systems present a higher enantioselectivity than the 

improved with the introduction of dibenzophosphole 

k 

kl 
Y 
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.3 Y nylnaphthalene (Table 3, entry 12). 
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rhodium phosphine-phosphite catalysts, the gain in 
chemo- and regioselectivity as well as in catalytic 
activity justify the supremacy of these new systems 
(Table 3, entries 4, 6, and 9; and Table 4, entries 4, 
8,10,12, and 15). This is the first time that a system 
is usable for a wide range of different substrates with 
almost equal capabilities for asymmetric hydro- 
formylation. As a consequence of the higher chemo- 
and regioselectivities of rhodium catalysts, the de- 
velopment of new ligands for asymmetric hydro- 
formylation has been quite flourishing over the last 
five years for their application in rhodium-based 
reactions rather than in platinum ones. 

m a  
@ g  

2. Possible Correlations 

Another point of interest that could emerge from 
the whole results described in the previous sections 
is the relations and regularities that might exist 
between the observed asymmetric induction and the 
intrinsic characteristics of the catalytic system, i .e. 
the nature of the substrate, the type of the ligand 
and of the metal center. Accordingly, Table 5 presents 
the results obtained for the rhodium- and platinum- 
catalyzed hydroformylation of various olefins in the 
presence of diphosphines of comparable geometry. 
For this purpose, (R,R)-DIOP and (R,R)-BCO-DPP, 
ligands changing only by their chiral backbone and 
giving both seven-membered metallacycles, as well 
as their dibenzophosphole (DBP) analogues, have 
been retained. As a basis, it is assumed that for the 
large majority of the substrates studied, the absolute 
configuration of the product is connected to the 
prevailing reacting enantioface.12 Thus, several re- 
marks can be made on the influence of the structure 
of the substrate, of the type of the ligand and of the 
metal on asymmetric induction, although the results 
should be compared carefully because of the slightly 
different reaction conditions used. First, comparing 
the direction of enantioselectivity for the six systems, 
it appears that the prevailing chirality of the products 
varies widely on the nature of the substrate. Al- 
though some regularities do exist for specific classes 
of substrates such as mono- or disubstituted aliphatic 
olefins,12 this comparison clearly indicates that the 
chirality of the ligand is not the only factor determin- 
ing the configuration of the prevailing product, as it 
is now well established for asymmetric hydrogena- 
t i ~ n . ~  On the other side, by comparing the results 
obtained on changing the carbon skeleton of the 
ligand, it seems that a correlation might exist be- 
tween the chirality of the phosphine and the prevail- 
ing chirality of the aldehydes, at least for platinum 
systems. Actually, as one goes from (R,R)-BCO-DBP 
to (R,R)-DBP-DIOP in association with platinum 
complexes, the absolute configuration of all the 
products remains the same. A similar trend is 
observed from the diphenylphosphino ligands, except 
for 1-butene. Changing the nature of the substituent 
on the phosphine ligand (diphenylphosphine us diben- 
zophosphole) also considerably affects the results 
since for the three associations studied (Pt-BCO, 
Pt-DIOP, Rh-DIOP), the absolute configuration of 
almost half of the products are opposite. Finally, the 
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change in the metal center induces strong modifica- 
tions to  the catalytic behavior as illustrated in Table 
5 with (R,R)-DIOP and (R,R)-DBP-DIOP systems, 
and as reported for (R,R)-CHIRLWHOS.~~ From this 
analysis, we can conclude that no rationalization is 
possible for these systems, which were nevertheless 
the more promising for such a study because of their 
closely related structures and the large amount of 
data available. However, typical trends were found 
in restricted areas and prompted Consiglio and Pino 
t o  develop the model which is described below. 

B. Attempts at Rationalization: Models 

1, Stereochemical Model 

The model of Pino and Consiglio12 is based on the 
commonly accepted catalytic cycle for the hydro- 
formylation reactiong4 and the following hypotheses: 
(i) asymmetric induction occurs during the insertiqn 
of the n-complexed olefin into the M-H bond leading 
to the intermediate alkyl-metal complexes; (ii) the 
metal approached by the substrate in the transition 
state is a chiral center; and (iii) the double bond of 
the substrate in the transition state and the M-H 
bond are approximately coplanar. Thus, a simple 
planar representation of these transition states can 
be obtained (Scheme 3). The space for accommodat- 
ing the substituent(s) of the olefinic double bond of 
the substrate is divided in four quadrants defined by 
two mutually perpendicular planes containing three 
different sized groups of a particular ligand (L > S, 
Z > H).95 In this model, the different free energies 
for the four possible transition states arising from 
the superposition of the substrate are governed by 
steric interactions. Thus, in the more favored inter- 
mediate, the larger substituent of the olefin would 
occupy preferentially the quadrant in which more 
space is available (Q2). In practice, the relative 
positions of the ligand L (Large) and S (Small) on 
the metal are established from the experimental 
results obtained during the hydroformylation of a 
given simple substrate. 
Thus, this model has been used to predict the regio- 

and the enantioselectivity of particular catalytic 
systems based essentially on DIOP or DBP-DIOP in 
association with rhodium ~ o m p l e x e s , ~ ~ , ~ ~ , ~ ~  and on 
DIOP, DBP-DIOP, BCO-DPP, and BCO-DBP in 
combination with platinum- tin a s s o c i a t i ~ n s . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
The level of predictability is generally high, although 
strictly dependent on the nature of the substrate. In 
the hydroformylation of simple olefins such as butenes, 
2-methyl-l-butene, 2,3-dimethyl-l-butene, and nor- 
bornene in the presence of rhodium and platinum- 
tin catalytic systems modified either by DIOP or by 
CHIFL4PHOS,24 the model gives correct qualitative 
information about both regio- and enantioselectivity. 

Scheme 3 
r r 1 2  

I Q.1 4 Q-2 I 
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The reliability of the predictions is surprisingly good 
in view of the simplicity of the model and of the 
relatively small ( < 10%) regioselectivities and enan- 
tiomeric excesses found in many cases. In particular, 
the latter values were explained on the basis of the 
relatively large space available in quadrants &I and 
Q2 of DIOP-based systems, which results in activated 
intermediate complexes of slightly different free 
energy. For these aliphatic hydrocarbons, the only 
attractive interaction between substrate and catalyst 
is believed to occur at the double bond, and this can 
account for the high reliability of this model based 
on repulsive interactions only. 

Conversely, the model fails in many cases when 
applied to  olefins containing a conjugated aromatic 
ring or functional substituents bearing an heteroatom 
which can coordinate to  the metal. Almost all wrong 
predictions concern such substrates. For instance, 
the application of this model to  the platinum- 
catalyzed hydroformylation of unsaturated esters,lg 
and vinyl aromatic derivatives like styrene and 
2-phenyl~ropene~~ led to laborious discussions that 
could not explain the observed regioselectivity and 
hardly the enantioface discrimination. In other 
cases, like the hydroformylation of dehydro amino 
acid compounds in the presence of a rhodium catalyst 
modified by DIOP,73 the efficiency of the predictions 
was strongly dependent on the one-sided choice of the 
bulkiness of the substituent. In fact, in the presence 
of such substrates, strong attractive interactions 
between substituentb) of the olefin and catalytic 
complex and electronic effects undoubtedly play a 
significant role which limits the application of the 
model. 
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2. Molecular Modeling 

More recently, a molecular modeling approach of 
the asymmetric hydroformylation reaction in the 
presence of platinum complexes modified by BPPM 
and DBP-BPPM ligands (Charts 6 and 7) has been 
used to examine the differential stabilization of the 
initially formed platinum alkyl c o m p l e ~ e s . ~ ~  In the 
case of a simple aliphatic olefin, i.e. 1-pentene, it was 
found, as expected, that the olefin insertion was 
governed by steric interactions which destabilize the 
branched intermediate (+5 kcallmol over the normal 
product), in agreement with both experiments and 
the above model developed by Consiglio and Pino. 
The case of styrene is more complex: for BPPM, it 
was found that the normal, phenethyl product is 
preferred over the branched a-methyl styryl product. 
Conversely, for DBP-BPPM, the reverse preference 
was found. The regioselectivity of the DBP-BPPM 
catalyst could be explained on the basis of a favorable 
n-stacking interaction (7 kcdmol) between the phen- 
yl ring of the a-methyl styryl and a dibenzophosphole 
substituent of the phosphine. Moreover, it was 
suggested that experimental choice of solvent is likely 
to  affect the degree of n-stacking and therefore the 
regioselectivity and probably by extension the enan- 
tioselectivity. Thus, this study points to the fact that 
electronic interactions among substrate, catalyst, and 
their environment must be considered as important 
factors for numerous systems. 

3. Miscellaneous 
The intermediacy of metal-alkyl complexes in the 

classical hydroformylation reaction in the presence 
of platinum60 and rhodiumg7 complexes has been 
established. Nevertheless, in the platinum-catalyzed 
enantioselective hydroformylation, despite several 
attempts to  characterize the intermediates present 
in catalytically active solutions,30 only catalyst pre- 
cursors of the type PtCML-L) were detected. There- 
fore, most of the explanations proposed for the 
observed regio- and enantioselectivity are based on 
analogous hypothetical intermediates, as mentioned 
in the above model studies. Other approaches were 
made to explain the variations in the extent of 
enantioselectivity and the configuration of the pre- 
vailing product with temperature (vide supra sections 
II.B.l and III.B.l). Most of the work devoted to the 
platinum-tin systems presents, on the basis of 
literatureg8 or NMR analysis,40 reactions via different 
conformations of the In this way, it 
was recognized that DIOP can assume different 
 conformation^,^^ However, a reversal of product 
configuration was also observed in spite of a confor- 
mationally stable chelate ring, Le. in the presence of 
p-dimethylamino-substituted DIOP (vide supra sec- 
tion II.B.1).30~99 In that case, it was assumed that 
reaction may proceed via competing paths. It is 
noteworthy that the coexistence of different catalytic 
species, each one having its own peculiarity of regio- 
and enantioselectivity, as well as of activity, has also 
been invoked to explain the observed dependence of 
the optical yield upon the carbon monoxide and 
hydrogen partial pressure (vide supra section II.B.3).23 

Similar assumptions were made to explain the 
inversion of configuration of the rhodium-based hy- 
droformylation product of styrene by using diphe- 
nylphosphino (DPP) and dibenzophosphole (DBP) 
derivatives of the same chiral backbone, DIOP.69 An 
interpretation of the level of asymmetric induction 
along with the inversion of configuration has been 
proposed with the help of an X-ray determination of 
an iridium complex, IrC1(1,5-COD)((-)-DBP-DIOP),69 
compared to an earlier reported structure, IrCl(1,5- 
COD)((+)-DIOP).32a Thus, it was found that although 
the difference in the conformations of the chelate ring 
around the metal is small, upon comparison of the 
two iridium complexes, the steric environment around 
the olefin coordination site is greatly changed leading 
thus to  higher ee’s with DBP-DIOP than with DIOP 
and to the observed inversion of config~rat ion.~~ 

C. Model Complexes-Catalytic Intermediates 

Contrary to  platinum-tin systems, the spectro- 
scopic detection of catalytic intermediates has been 
more successful in the case of rhodium complexes. 
To the best of our knowledge, spectroscopic data were 
reported only twice for rhodium-chiral bisphosphine 
complexes placed under oxo conditions, but in the 
absence of s u b ~ t r a t e . ’ ~ , ~ ~  Two additional examples 
have appeared in the course of the final preparation 
of this m a n u s ~ r i p t . ~ ~ , ~ ~  In each case a monohydrido 
complex could be visualized by NMR. 

For the two older examples described, slightly 
different arrangements of the ligands around the 
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ium complexes, the aminophosphine-phosphinite 
and the phosphine-phosphite adopt equatorial-axial 
coordination to the rhodium center, respectively. 

Conversely, the latest NMR and IR studies recently 
conducted on new hydridorhodium complexes showed 
that bidentate coordination of the chiral diphosphite 
ligand to  the rhodium center may also take place in 
a bis-equatorial way.84,85 Namely, in the first series 
of chiral diphosphites derived from butanediol-, pen- 
tanediol, hexanediol, diphenylpropanediol, and dihy- 
droxy-N-benzyltartaramide (vide supra, section II- 
I.A.2),84 spectroscopic data revealed that diphosphite 
ligands giving rise to  a seven-membered chelating 
ring adopt mainly equatorial-axial coordination to 
the rhodium. In contrast, diphosphites which form 
eight- and nine-membered rings with rhodium lead 
to equatorial-equatorial coordination to the rhodium 
center. However, it is to  be noticed that this series 
of complexes usually reveals a fluxional behavior. 
Diphosphites of the second series, presenting a sugar 
bone and 2,2’-biphenyLl,l’-diyl phosphochloridites 
(vide supra, section III.A.21, also adopt a bis-equato- 
rial coordination to  the rhodium.85 By comparing the 
structure of the complexes present in solution as well 
as the relative stability of the complexes to the results 
of catalysis, a relation between the trigonal-bipyra- 
midal structure and the enantioselectivity of the 
HRhPP(C0)2 complex was found. Thus, the highest 
enantioselectivities are obtained with undistorted, 
trigonal-bipyramidal hydridorhodium (bis-equatorial) 
diphosphite complexes. 

This last trend may appear inconsistent with the 
high enantioselectivities exhibited by the equatori- 
ally-axially coordinated eight-membered hydridor- 
hodium complexes derived from BINAPHOS ligands. 
However, it is noteworthy that all the above chiral 
ligand-Rh(1) systems described in this section, and 
especially the BINAPHOS system which is the best 
catalytic system so far reported for the asymmetric 
hydroformylation of styrene (Table 2, entries 9 and 
13), present highly assymmetric structures around 
rhodium. This factor was pointed out to be the most 
important one to achieve high enantiosele~tivities.~~~~~ 
More, it was also suggested that the formation of a 
single catalytic species may also c o n t r i b ~ t e . ~ ~ ~ ~ ~ , ~ ~  
Therefore, it is probable that future developments 
will focus on the design of ligands having highly 
assymmetric structures. Another point of interest 
concerns the effect of the configuration of the dia- 
stereomers. Actually, we have previously mentioned 
(vide supra sections III.A.3 and 4) that both diaster- 
eomers of EPHOS and phosphine-phosphite ligands 
(BINAPHOS, BIPHEMPHOS), when associated to 
rhodium, contributed to  strongly different results, 
since both the enantiomeric excesses and the prevail- 
ing configuration of the product changed. Thus, it 
would be of great interest to study all the diastere- 
omers for a given non-Cz symmetry ligand, in order 
to  determine the more efficient one. In addition, 
some improvements are expected from the optimiza- 
tion of the electronic properties of the phosphorus 
atom. This last point is accessible through fine 
tuning of the substituents as already reported for 
asymmetric hydroformylati~n~~,~~,~~ and hydrogena- 
tion processes.lo1 

Scheme 5 
Y 

RhH(C0)2[ (S,R)-BINAPHOS] 

Scheme 6 

Y 

R, = Me, Et, OAc, Ph 
R, = H, Me 

rhodium atom were proposed. Thus, in the first 
example reported, when a solution of [Rh@-CO)(CO)- 
((S,R)-EPHOS)12 was treated with a 1:l mixture of 
hydrogen and carbon monoxide (1 atm), the lH and 
31 P NMR data suggested the existence of a major 
hydridorhodium complex in equilibrium with the 
starting dimer.70 A trigonal structure was proposed 
with the geometry shown in Scheme 4. In the second 
example described, when complex Rh(acac)((S,R)- 
BINAPHOS) was treated under the same oxo condi- 
tions, the complex formed was also assigned a 
trigonal-bipyramidal structure, as shown in Scheme 
5.93 The solution containing this hydrido complex 
was placed under a pressure of a mixture of HdCO 
and led to asymmetric hydroformylation of p-meth- 
ylstyrene in the same extent as the in situ prepared 
catalyst (100 atm, substratemh: 300, 60 “C, 20 h, 
82% yield, 94% ee into the branched aldehyde), thus 
suggesting that the hydrido species observed is a 
catalytically active one involved in the catalytic cycle. 
Following these observations, a model was proposed 
€or the coordination of the olefin to  be hydroformy- 
lated to the hydridocarbonyl rhodium complex, order- 
ing the large and small substituents of the olefin 
according to Scheme 6. The configuration of the 
produced chiral aldehydes is in good agreement with 
the model for four substrates (l-butene, cis-2-butene, 
vinyl acetate, and styrene).loO Comparing the two 
hydridorhodium species, it appears that the hydride 
is located trans to  the more basic phosphorus atom 
in one case (Scheme 4),70 and in the second case, trans 
to  the less basic phosphorus moiety (Scheme 5).93 
This suggests that steric factors exert a major influ- 
ence compared to electronic considerations. Regard- 
less, in both EPHOS and BINAPHOS hydridorhod- 
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V. Abbreviations 
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Ph,Ph-ProNOP l-(diphenylphosphino)-2-[[(diphe- 
ny1phosphino)oxy Imethyllpyrroli- 
dine BCO-DPP [bicyclo[2.2.2loctane-3,4-diylbis(methyl- 

ene)lbis[diphenylphosphinel 
BCO-DBP [bicycle[ 2.2.2]octane-3,4-diylbis(meth- 

ylene)lbis[5H-benzo[blphosphin- 
dole1 

BDPP 2,4-bis(diphenylphosphino)pentane 
BDPP-(pNMezh 2,4-bis[bis[p-(dimethylamino)phenyll- 

phosphinolpentane 
BINAF’ 2,2’-bis(diphenylphosphino)-l,l’-binaph- 

thy1 
BINAF’HOS [2-(diphenylphosphino)- 1,l’-binaphtha- 

len-2’-yl] [ l,l’-binaphthalen-2,2’-diyl] 
phosphite 

B I N A S  l,l’-binaphthalene-2,2’-dithiol 
B I P H E M P H O S  [5,5’-dichloro-2-(diphenylphosphino)- 

4,4‘,6,6’-tetramethylbiphenyl-2’-yl] 
[ l,l’-binaphthalen-2,2’-diyl] phosphite 

BPPM N-(tert-butoxycarbonyl)-4(diphenylphos- 
phino)-2-[( dipheny1phosphino)meth- 
yllpyrrolidine 

CBDBP 1,2-bis[( 5H-benzo[b]phosphindolyl)me- 
thyllcyclobutane 

CBDPP 1,2-bis[(diphenylphosphino)methyl]cy- 
clobutane 

CHDBP 1,2-bis[(5H-benzo[b]phosphindolyl)me- 
thyllcyclohexane 

CHDPP 1,2-bis[(diphenylphosphino)methyllcy- 
clohexane 

C H I F W P H O S  2,3-bis(diphenylphosphino)butane 
C H I F W P H O S -  2,3-bis[bis[p-(dimethylamino)phenyll- 

COD 1,5-cyclooctadiene 
Cy-DIOP 2,3-O-isopropylidene-2,3-dihydroxy-l,4- 

bis( dicyclohexy1phosphino)butane 
Cy,Cy-oxoProNOP 1-(dicyclohexylphosphino)-2-[[(dicyclo- 

hexylphosphino)oxy]methyl]pyrrol- 
idinone 

DBP-BPPM N-( tert-butoxycarbonyl)-4-(dibenzophos- 
pholyl)8-[( dibenzophospholy1)meth- 
yllpyrrolidine 

DBP-DIOP 2,3-O-isopropylidene-2,3-dihydroxy- 1,4- 
bis( 5H-benzo[b]phosphindolyl)bu- 
tane 

DIOCOL 2,3-0-(5’a-cholestan-3’,3‘-ylidene)-2,3- 
dihydroxy- 1,4-bis(diphenylphosphino)- 
butane 

D I O P  2,3-O-isopropylidene-2,3-dihydroxy-l,4- 
bis(dipheny1phosphino)butane 

DIOP-(mCF3)4 2,3-O-isopropylidene-2,3-dihydroxy-1,4- 
bis[bis[ m-(trifluoromethy1)phenyll- 
phosphinolbutane 

DIOP4pNMezh 2,3-O-isopropylidene-2,3-dihydroxy-1,4- 
bisbisb-(dimethylamino)phenyl]phos- 
phinolbutane 

DIOSHz 2,3-O-isopropylidene-2,3-dihydroxybu- 
tane- 1,4-dithiol 

D I P A M P  1,2-bis[(o-methoxyphenyl)phenylphos- 
phinolethane 

Et-DIOP 2,3-O-isopropylidene-2,3-dihydrw-l,4- 
bis(diethy1phosphino)butane 

EPHOS l-phenyl-l-[(diphenylphosphino)oxy]-2- 
[N-methyl-N-(dipheny1phosphino)am- 
inolpropane 

Menthoxy- 24 3-[(diphenylphosphino)oxy]menth-3- 
yllpyridine 

nor b o r n a d i e n e NBD 
NMDPP neomenthyldiphenylphosphine 
nr not reported 
Phosphepine 4-phenyl-4,5-dihydro-3H-dinaphtho[2,1- 

(pNMed4 phosphinolbutane 

PPY 

c;l’,2’-e]phosphepine 
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