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Sulfonation of chiral phosphines (S,S)-cyclobutanediop (11, (S,S)-BDPP (3), (S,S)-Chiraphos (5), and 
(R)-Prophos (7) results in water-soluble ligands. The course of the reaction has been studied by using 
31P(1H] NMR. While the proper choice of the conditions permits the synthesis of tetrasulfonated cyclo- 
butanediop 2d, BDPP 4d, and Chiraphos 6d, Prophos 7 gives a mixture of tetrasulfonated 8d and tri- 
sulfonated phosphine 8c. Treatment of [Rh(diene)ClI2 with these novel ligands (L) results in chloride 
bridge splitting to give [Rh(diene)L]+ (S), which in turn reacts with hydrogen or water to give [Rh(L)(HZO),]+ 
(10). Addition of (2)-enamide, PhCH=CH(NHCOCH&OOH (13a), to the aqua complex in water produces 
a substrate chelate complex 12. Rhodium(1) catalysts formed with sulfonated diphosphines are efficient 
catalysts for the asymmetric hydrogenation of carbon-carbon (88% ee), carbon-oxygen (28 % ee), and 
carbon-nitrogen double bonds (58% ee) in aqueous-organic two-phase solvent systems. Sulfonated ligands 
afford a catalyst system, which can be reused without loss of enantioselectivity. 

Introduction 
One of the most recent and important advances in 

asymmetric synthesis is the use of a soluble chiral cata- 
lyst.lV2 However, in the use of a soluble catalyst, one of 
the central problems is the separation of the catalyst from 
the reaction products. One way to solve this problem 
involves the attachment of the catalyst onto an insoluble 
polymeric support in a way that the advantages observed 
in solution are retaineda3 Such chiral systems have been 
used most not only in enantioselective hydrogenat i~n~-~l  
but also in hydrosilylation,22 h y d r o f o r m y l a t i ~ n , ~ ~ - ~ ~  and 
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Scheme I. Sulfonation of the Chiral Diphosphines 
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formation of carbon-carbon bonds using Grignard reag- 
e n t ~ ; ~ '  reuse of the catalyst was possible and showed no 
loss in enantioselectivity. 

A quite different approach has involved the use of metal 
complexes of water-soluble ligands. The water solubili- 
zation of phosphines is usually achieved via introduction 
of a highly polar functional group such as an amino, car- 
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Results and Discussion 
Sulfonation of Ligands. The sulfonation of the chiral 

phosphines (S,S)-cyclobutanediop (l), (S,S)-BDPP (3), 
(S,S)-Chiraphos (5 ) ,  and (R)-Prophos (7)49 (Scheme I) was 
carried out in concentrated sulfuric acid containing 20% 
SO3 in the manner described for triphenylphosphine.% To 
know the time and the conditions necessary for tetra- 
sulfonation of the diphosphines, we followed the reaction 
by 31P(1H] NMR by using various concentrations of the 
phosphine in oleum. The sequence of sulfonation of a 
diphosphine is quite complex (Scheme 11). Protonation 
of the phosphorus is followed by the successive sulfonation 
of the phenyl ring giving rise to the formation of mono- 
sulfonated, disulfonated, trisulfonated, and tetrasulfonated 
diphosphines. To  avoid the formation of diastereomers 
with different configuration a t  the phosphorus in the case 
of chiral phosphines (compounds B, C, and D), it  is de- 
sirable to prepare tetrasulfonated diphosphines (compound 
F) . 

The 31P(1H] NMR spectrum with the time of an oleum 
solution containing 0.147 M or 0.22 M of (S,S)-cyclo- 
butanediop (l), a 1,4-diphosphine, showed only two signals 
a t  6.4 and 5.5 ppm which could be assigned to the pro- 
tonated PPh2, PPhAr and to the protonated PAr, groups, 
resectively. However, oxidation of the phosphines gives 
new five signals (in D20) corresponding to the five pos- 
sibilities: a monosulfonated PPhz facing a nonsulfonated 
group, a monosulfonated group facing a disulfonated one, 
a monosulfonated group facing a monosulfonated one, a 
disulfonated group facing a disulfonated one, and a di- 
sulfonated group facing a monosulfonated one at 38.8,38.5, 
38.2, 37.5, and 37.3 ppm, respectively. Tetrasulfonated 
diphosphine 2d could be obtained after only 24 h. Carrying 
out the reaction a t  50 OC slightly increased the rate, but 
mainly oxides were obtained; the use of sulfuric acid 
containing 60% SO3 afforded only the oxide of tetra- 
sulfonated phosphine 2d. 

In the case of (S,S)-BDPP (3), a chiral 1,3-diphosphine, 
tetrasulfonation is slower. Three signals a t  20.2, 19.6, and 
19.0 ppm arising from protonated PPh,, PAr,, and PPhAr 
were observed. Tetrasulfonation required 50 h in a 0.5 M 
solution. On the other hand, increasing the amount of 
oleum decreases the time necessary for tetrasulfonation 
(30 h for a 0.25 M solution). 

Sulfonation of (S,S)-Chiraphos ( 5 )  (0.25 M or 0.125 M 
in sulfuric acid containing 20% SO3) is much slower than 
for (S,S)-BDPP. We observed three signals a t  16.8, 16.4, 
and 15.6 ppm which could be attributed again to proton- 
ated PPh2, PPhAr, and PArP Monosulfonation is quite 
slow compared to (S,S)-cyclobutanediop (1) and (S,S)- 
BDPP (3); with use of a 0.125 M solution, tetrasulfonation 
is complete in 4 days. Increasing the amount of oleum 
(0.064 M in 5 )  allowed us to perform the tetrasulfonation 
in 2 days. The same features have been found for the 
(R)-Prophos (7), although the spectrum is more complex 
with signals a t  approximately 20 and 5 ppm. 

In conclusion, we observe that the reactivity order of 
tetrasulfonation of the diphosphines is 1,4 > 1,3 > 1,2. 

When the chiral diphosphines were treated with 20% 
SO, in H2S04 during 1 week and eventually some more 
oleum was added, we obtained tetrasulfonated di- 
phosphines 2d and 4d (6(P) -20.2 and 0.7, respectively) 
without traces of oxides. When the reaction time was 

E E 

boxylic acid, hydroxide, or s u l f ~ n a t e . ~ ~ ~ ~ ~  The catalytic 
properties of complexes with sulfonated triphenyl- 
 phosphine^,^^-^^ derivatives of bis(2-(diphenyl- 
pho~phino)e thyl )amine ,~~-~~ or a m p h o ~ ~ l - ~ ~  have been 
studied and compared with the more typical nonfunc- 
tionalized phosphines. We and others reported the syn- 
thesis of asymmetric water-soluble disphosphines and their 
use in enantioselective hydrogenation using water as a 
solvent.4H7 We have earlier described some preliminary 
results concerning the use of sulfonated chiral phosphines 
as ligands in enantioselective hydrogenation in an aque- 
ous-organic two-phase solvent system.@ We now describe 
in detail the synthesis of the chiral sulfonated phosphines 
and their use in asymmetric hydrogenation. 
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(32) Joo, F.; Toth, Z.; Beck, M. T. Inorg. Chim. Acta 1977, 25, L61. 
(33) Toth, Z.; Joo, F.; Beck, M. T. Inorg. Chim. Acta 1980, 42, 153. 
(34) Joo, F.; Somsak, L.; Beck, M. T. J.  Mol. Catal. 1984, 24, 71. 

Chim. 1978, 2, 137. 

(35) Vigh, L.; Joo, F.; Van Hasselt, P. R.; Kuiper, P. J. C. J.  Mol. 
Catal. 1983,22, 15. 

(36) Kuntz, E. Br. Pat. 1540242 (RhBne-Poulenc Industries). 
(37) Mignani, G.; Morel, D.; Colleuille, Y. Tetrahedron Let t .  1985,26, 

(38) Wilson, M. E.; Nuzzo, R. G.; Whitesides, G. M. J.  Am. Chem. SOC. 

(39) Nuzzo, R. G.; Feitler, D.; Whitesides, G. M. J.  Am. Chem. SOC. 

(40) Nuzzo, R. G.; Haynie, S. L.; Wilson, M. E.; Whitesides, G. M. J.  

6337. 

1978, 100, 2269. 

1979, 101, 3685. 

Org. Chem. 1981,46, 2861. 
(41) Smith, R. T.; Bqird, M. C. Transition Met .  Chem. (Weinheim,  

Ger.) 1981, 6, 197. 
(42) Smith, R. T.; Baird, M. C. Inorg. Chim. Acta 1982, 62, 135. 
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(47) Nagel, U.; Kingel, E. Chem. Ber. 1986,119, 1731. 
(48) Alario, F.; Amrani, Y.; Colleuille, Y.; Dang, T. P.; Jenck, J.; Morel, 

D.; Sinou, D. J .  Chem. Soc., Chem. Commun. 1986, 202. 

288, c37. (49) Abbreviations: (S,S)-cyclobutanediop = (S,S)-1,2-bis((di- 
pheny1phosphino)methyl)cyclobutane; (S,S)-BDPP = (S,S)-2,4-bis(di- 
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propane. 
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Table I. 31P('HJ NMR Data 
compound W') (DzO)' JRh-P W') (Dz0 + HzOz)' Ab 

2d -20.2 38.0 
[Rh(CzH,)zC112 + 2d (9) 14.0 (d) 143 34.2 
[Rh(COD)Cl]Z + 2d (9) 20.2 (d) 144 40.4 
[Rh(COD)Cl], + 2d + KPF6 (9) 20.2 (d) 144 40.4 
[Rh(COD)z]PF,j + 2d (9) 20.2 (d) 144 40.4 
[Rh(2d)(HzO)zI+ (10) 43.5 (d) 182 63.7 
4d 0.7 45.0 

[Rh(NBD)z]BF, + 4d (9) 28.5 (d) 149 27.8 
[Rh(4d)(HzO)zl' (10) 53.2 (d) 185 52.5 
[Rh(NBD)(4d)]BF, + 4d (11) 24.9 (d) 131 24.2 

43.6 (dd) 157 (43)' 42.9 

[Rh(COD)Cl]Z + 4d (9) 29.3 (d) 144 28.6 

[Rh(4d)(H2O),]+ + 13a (12) 56.2 (dd) 169 (43)' 55.5 

6d -9.6 43.2 
6c -9.6 and -8.3 43.2 and 43.5 
[Rh(COD)C1]2 + 6d (9) 57.4 (d) 148 67.0 
8c -0.6 (d) and -19.9 (d) 

(32)' (50)' 
0.4 (d) and -21.1 (d) 

(31)' (50)' 
-0.5 (d) and -20.7 (d) 
(36)' (50)' 

38.7 (d) and 43.1 (d) 

37.8 (d) and 43.8 (d) 

37.7 (d) and 43.0 (d) 8d 

a In ppm relative to external H,PO,; downfield shifts positive; coupling constant in hertz. bCoordination shift = b(Pcamplex) - G(Piigand). 
Jp-p. 

decreased, sulfonation of (S,S)-BDPP (3) gave a mixture 
containing 23% mono- (4a), 68% di- (4b), and 9% tri- 
sulfonated phosphine (4c) as determined by 31P{1H} NMR. 
Sulfonation of (S,S)-Chiraphos (5) gave the tetrasulfonated 
diphosphine 6d (6(P) - 9.6) and another sample consisting 
of 40% tri- (6c) and 60% tetrasulfonated phosphine (6d) 
[6(P) -9.6 (80%) and -8.3 (20%) as determined by 31P(1H} 
NMR]. Attempts to obtain pure tetrasulfonated (R)-  
Prophos 8d were unsuccessful owing to the formation of 
phosphine oxide. However, a mixture of tetrasulfonated 
8d (55%) and trisulfonated 8c (35%) phosphines contam- 
inated with 10% of oxides could be prepared. The 31P(1H} 
NMR spectra of this sample exhibit two doublet reso- 
nances a t  -20.7 and -0.5 ppm ( J  = 36 Hz) for the tetra- 
sulfonated species 8d, four doublets resonances a t  -19.9, 
-0.6 ppm ( J  = 32 Hz) and -21.1, +0.4 ppm ( J  = 31 Hz) 
for the two trisulfonated species and also four doublet 
resonances a t  43.1, 38.7 ppm ( J  = 50 Hz) and 43.8, 37.8 
ppm ( J  = 50 Hz) for the oxidized trisulfonated species. 
The 31P(1H) NMR data of all these phosphines are com- 
piled in Table I. In all cases, residual amounts of sodium 
sulfate (5-10%) remained with the phosphines, but with- 
out damage to the catalytic activity of the ligands. 

Catalytic Studies. These ligands were used in asym- 
metric hydrogenation of prochiral substrates like amino 
acids precursors in a two-phase system. The catalysts were 
prepared by reacting the sulfonated phosphine with [Rh- 
(COD)Cl], or [Rh(NBD),]BF,, respectively, in the ap- 
propriate ratio in water, the reaction occurred slowly be- 
cause of the insolubility of the diene precursor in water. 
The 31P(1H) NMR parameters obtained using [Rh(COD)- 
Cl12 (Table I), and particularly J R h - p  = 143-148 Hz, are 
characteristic of the cationic species 9.50 Reaction of 
[Rh(COD),]PF, or [Rh(NBD),]BF, with 2d and 4d gave 
identical spectra, and the same pattern was observed by 
using [Rh(COD)Cl], + 2d in the presence of KPF,. 

In the case of [Rh(COD)Cl], + 2d, a new species ap- 
peared after 12 h and a t  a concentration of 40% after 60 
days. Since the chemical shift at the lower field (43.5 Hz), 
the coordination shift A (63.7 Hz), and the coupling con- 
stant J R h - p  (182 Hz) are very similar to those of [Rh- 

(50) Slack, D. A.; Greveling, I.; Baird, M. C. Inorg. Chern. 1979, 18, 
3125 and references therein. 

Scheme 111 
IRh(dienelCI1, o r  !Rh(dienell!'\ 

e 

u 
J.l / L& 

IHOOC 

L! 

(L)(MeOH)2]+ (L = nonsulfonated diphosphine),M struc- 
ture 10 (Scheme 111) was therefore attributed to this 
species. Bubbling hydrogen through these solutions also 
gave very easily complex 10. These phosphino complexes 
in water are quite stable under argon for months, with no 
appearance of phosphine oxide. Addition of 1 equiv of 4d 
to the complex [Rh(NBD)(4d)]BF4 gave, as expected, the 
bis(diphosphine) complex [Rh(4d),]BF4 showing charac- 
teristic 31P NMR  parameter^.^^ 

Addition of an excess of the (2)-enamide PhCH=C- 
(NHCOCH3)COOH (13a) to the aqua complex [Rh- 
(4d)(H20),]+ in water produced a significant change in the 
31P(1H} NMR spectrum: the doublet signal of the aqua 
complex (6 56.2 (JWp = 185 Hz)) disappeared and two sets 
of double doublets signals appeared a t  6 56.2 (JRh-p = 169 

Hz)) (at +36 "C) indicating for the first time the formation 
of a substrate chelate complex in aqueous solution. We 

Hz, Jp-p = 43 Hz)) and 43.6 (JRh-p  = 157 HZ (Jp-p = 43 
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Table 11. Reduction of a-Acetamidocinnamic Acid Methyl 
Ester 13b Using TRh(COD)Cll, + Ligand" 

ligand P H ~ ,  atm 
2d 1 
2d 1 
2d 1 
2d 1 
6d 10 
6d 10 
6c (40%) + 6d (60%) 10 
6c (40%) + 6d (6070) 10 
6d 10 

" Conditions: 25 "C; [substrate] = 1 M; [substrate]:[ligand]:[Rh] 
= lOO:l.l:l;lO mL of H,O; 10 mL of organic solvent; chemical yield 
quantitative. Catalyst reused. 

assume a square-planar structure 12, as a similar coordi- 
nation of an enamide in methanol to Rh(1) is ~ e l l - k n o w n . ~ ~  
Although we have not determined the formation constant, 
it must be fairly large, as the 31P NMR spectrum indicated 
the absence of the doublet signal a t  6 53.2. 

Asymmetric reduction of some prochiral precursors was 
studied in a two-phase system with the catalyst derived 
from [Rh(COD)Cl], and the sulfonated chiral di- 
phosphines. The phosphine 2d based catalyst works 
generally under 1 atm of hydrogen, but the other phos- 
phine-based catalysts give a less active system and higher 
pressure is needed. 

Reduction of the methyl ester of a-acetamidocinnamic 
acid 13b in various two-phase systems using tetra- 
sulfonated (S,S)-cyclobutanediop 2d, tetrasulfonated 
(S,S)-Chiraphos 6d, or a mixture of tri- and tetrasulfonated 
(S,S)-Chiraphos 6c + 6d based catalyst produced inter- 
esting results (Table 11). The hydrogenation was carried 
out under mild conditions, with the greatest enantiose- 
lectivity being observed by using the ligand 6d in ethyl 
acetate (ee = 81%) or dichloromethane (ee = 89%) and 
the lowest in benzene cosolvent (ee = 70%). It was found 
that the aqueous catalyst system could be reused without 
loss of enantioselectivity (ee = 86% versus 82% on reusing 
the catalyst in the system dichloromethane-water). Ligand 
2d based catalyst, which had the highest activity, gave 
disappointingly very low enantioselectivity (only 12-20% 
ee). For the following experiments, we choose ethyl acetate 
as the cosolvent, since the esters of the amino acid pre- 
cursors are soluble in dichloromethane, but not the amino 
acid precursors. 

The results obtained in the reduction of various amino 
acid precursors are summarized in Table 111. It  appears 
clearly that tetrasulfonated (S,S)-Chiraphos 6d or the 
mixture of tri- and tetrasulfonated (S,S)-Chiraphos 6c + 
tid leads to a very efficient catalyst, giving enantioselec- 
tivity up to 88% in the reduction of the acid 13a, 82% for 
the methyl ester 13b, 86% for the acid 13c, and 88% for 
the precursor of Dopa 13d. Reuse of the catalyst solution 
is possible with no loss of enantioselectivity: the catalyst 
obtained from the ligand 6c + 6d gave ee of 88% and 87%, 
respectively, in the reduction of the methyl ester 13b, being 
reused once and twice. I t  was then advisable to use the 
tetrasulfonated derivative as the different configurations 
of the phosphorus atom in the diastereomers of mono-, di-, 
and trisulfonated phosphines could decrease the enan- 
tioselectivity. Surprisingly, using a mixture of tri- and 
tetrasulfonated (S,S)-Chiraphos 6c + 6d (40% and 60%, 
respectively) instead of the tetrasulfonated has no influ- 
ence on the enantioselectivity: 87% versus 88% in the 

(51) Brown, J. M.; Chaloner, P. A. J.  Chem. Soc., Perkin Trans 2 1982, 
71. 

Table 111. Reduction of Various Enamides Using 
[Rh(COD)C1I2 + Ligand" 

AcOEt/ ee, % 
substrate ligand PH,, atm. H 2 0  (config) 

13a 

13b 

13c 

13d 

15 

16 

17 
18 

2d 

4d 
4a + 4b + 4cc 
6d 
6c + 6dd 
8c + 8de 
2d 

4d 
4a + 4b + 4cc 
6d 
6c + 6dd 

8c + 8de 
2d 
4d 
4a + 4b + 4cc 
6c + 6dd 
8c + 8de 
2d 
4c 
4a + 4b + 4cc 
6c + 6dd 
8c + 8de 
2d 
4d 
6c + 6dd 
8c + 8de 
2d 
4d 
6c + 6dd 
8c + 8d' 
4a + 4b + 4cc 
4d 
4a + 4b + 4cc 

1 
1 

15 
15 
10 
10 
10 
1 
1 

15 
15 
10 
10 
10 
10 
10 
1 

15 
15 
10 
10 
1 

10 
10 
10 
10 
1 
1 
1 
1 

10 
5 

10 
10 
70 
70 
70 

"Conditions: 25 "C; [substrate] = 1 M; [substrate]:[ligand]:[Rh] 
= 1OO:l.l:l; 10 mL of HzO; quantitative chemical yield unless oth- 
erwise indicated in brackets. bCatalyst reused. Mixture of 23% 
4a + 68% 4b + 9% 4c. dMixture of 40% 6c and 60% 6d. 
'Mixture of 35% 8c + 55% 8d. fCatalyst twice reused. 

Scheme IV. Structure of the Unsaturated Substrates 

dcooR' [Rhl'L*M: 

phdac 
R' "COR! 

L3 u 
a R'=Ph R ~ = H  R]=CH, 
h R'=Ph R2= CH, R'= CH, 

R ' = P h  R'= H R3=ph 

L7 LIL 

reduction of the acid 13a and 81% versus 82% for the 
methyl ester 13b. 

Tetrasulfonated (S,S)-BDPP 4d based catalyst gave 
lower enantioselectivity (ee = 44-65 %) than the catalyst 
modified by the analogous ligand tetrasulfonated (S,S)- 
Chiraphos 6d. A surprising consequence of our experi- 
ments is the increase of the optical yield in going from the 
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tetrasulfonated (S,S)-BDPP 4d to a mixture of mono- (4a), 
di- (4b), and trisulfonated phosphine (412) (respectively 
23% 4a, 68% 4b, and 9% 412); we obtained an enantiose- 
lectivity of 65% versus 80% in the reduction of the acid 
13a, 45% versus 67% for the methyl ester 13b, 44% versus 
76% for the acid 13c, and 58% versus 71% for the pre- 
cursor of Dopa 13d. 

Sulfonated (R)-Prophos based catalyst, although the 
ligand is a mixture of tri- and tetrasulfonated phosphine 
8c + 8d and phosphine oxides, gave ee up to 70%,68%, 
and BO%, respectively, in the reduction of the acid 13a, 
the methyl ester 13b, and the precursor of Dopa 13d. 

The catalyst obtained from tetrasulfonated (S ,S) -  
cyclobutanediop 2d, although the most active, gave lower 
enantioselectivity than the others; all the values are in the 
range of 20-35%; here again, reuse of the catalyst gave the 
same ee. 

Other substrates were reduced in presence of these 
catalytic system. As shown in Table 111, the dimethyl ester 
of itaconic acid 15 undergoes a facile reduction with all 
ligands, giving 2-methylsuccinic acid dimethyl ester with 
ee up to 43% in the case of tetrasulfonated (S,S)-cyclo- 
butanediop 2d. The simple enamide 16 is reduced only 
under pressure and generally with poor selectivity (ee up 
to 39% with ligand 6d). 

Preliminary experiments were also carried out with the 
sulfonated (S,S)-BDPP 4a + 4b + 4c based catalyst for 
the hydrogenation of carbon-oxygen and carbon-nitrogen 
double bonds. Thus, the asymmetric hydrogenation of the 
carbon-oxygen double bond in acetophenone 17 a t  30 "C 
(70 bar) gave the 2-phenylethanol in a chemical yield of 
22% and a optical yield of up to 22%. The hydrogenation 
of the carbon-nitrogen double bond in Schiff base 18 gave 
optical yields in the range of 34-5870 under the same 
conditions. Although the optical yields are rather modest, 
this is the first time that such a water-soluble ligand has 
been successfully used in a two-phase system for the 
asymmetric hydrogenation of carbon-oxygen and carbon- 
nitrogen double bonds. 

Organometallics, Vol. 8, No. 2, 1989 

Conclus ion 
In conclusion, sulfonation of chiral 1,2-, 1,3-, and 1,4- 

diphosphines afforded water-soluble ligands. The re- 
activity order of tetrasulfonation was found to increase by 
increasing the chain length between the two phosphorus 
atoms. Asymmetric hydrogenation occurred in an aque- 
ous-organic two-phase solvent system using rhodium 
complexes of these sulfonated phosphines: eels up to 88% 
are obtained. The primary advantages of this catalytic 
system are the ease of the workup and the ability to recover 
and reuse both the rhodium and the optically active ligand. 
Since the different configurations of the phosphorus atom 
in the diastereomers of mono-, di-, and trisulfonated 
phosphines could decrease the enantioselectivity, therefore, 
the tetrasulfonated diphosphines were expected to give the 
m o s t  effect ive catalysts .  However ,  a m i x t u r e  of t r i -  and 
tetrasulfonated (S,S)-Chiraphos gave same optical yields, 
as the tetrasulfonated one; furthermore, the tetra- 
sulfonated (S,S)-BDPP-based catalyst gave lower enan- 
tioselectivity than a mixture of mono-, di-, and tri- 
sulfonated phosphines. The work is actually in progress 
to obtain pure mono-, di-, and trisulfonated diphosphines 
and to evaluate the effectiveness of their catalytic activity. 

Experimental  Sec t ion  
Operations were normally carried out under nitrogen unless 

otherwise described. Solvents were distilled from appropriate 
drying agents and stored under nitrogen. The 80-MHz 'H NMR 
spectra and the 31P spectra (all 'H decoupled) were run on a 

Amran i  e t  al. 

Brucker W.P.80 CW or a Varian XL 100 spectrometer. Optical 
rotation were recorded on a Perkin-Elmer 241 polarimeter. 
High-performance liquid chromatography (HPLC) was performed 
on a Chromatem 380 high-performance liquid chromatograph 
(Touzard Matignon). The detector used was an SP 8200 detector 
optical unit with a single wavelength (254 nm). 

(S,S)-Cyclobutanediop (1) was a gift from RhBne-Poulenc 
Recherches. (S,S)-BDPP (3),52 (S,S)-Chiraphos (5),53 and (R)- 
Prophos (7)54 were prepared as previously described. 

Preparation of Sulfonated Phosphines. To 2 X Mol 
of diphosphine dissolved in 1 mL of sulfuric acid in a Schlenk 
tube under argon was added slowly 10 mL of sulfuric acid con- 
taining 20% SO3 a t  0 "C. After 2-5 days, the mixture was poured 
very slowly onto 100 g of ice and neutralized with 50% sodium 
hydroxide at  0 "C. After decantation, the liquid phase was poured 
into 100 mL of methanol and the solid washed again with 100 
mL of methanol. After evaporation, the residue was dissolved 
in the minimum amount of water and poured into methanol. 
Filtration of the solid and evaporation of the liquid gave the crude 
diphosphine. Yields are generally quantitative. The extent of 
sulfonation was determined by 31P(1HJ NMR and by HPLC using 
the technique called "soap ~ h r o m a t o g r a p h y " . ~ ~  Analytical sep- 
aration was carried out  on a 250 X 4.6 mm i.d. stainless-steel 
column packed with 5 pm Hypersil SAS (C,) silica or with 10 pm 
Hypersil SAS (C,) silica and water-propanol (52 )  containing 
various amounts of cetrimide or water-acetonitrile containing 
0.5% of (NH4),C03, respectively. In the latter case an eluent 
program was used: the starting eluent contained 5% CH3CN and 
95% water and the amount of CH3CN was increased to 100% 
for 8 min. The percentage of phosphorus in the sample deter- 
mined by microanalysis gave the content of the sulfonated 
phosphine in the crude mixture. To  obtain authentic samples 
of the tetrasulfonated phosphines, the crude product was re- 
peatedly recrystallized from aqueous methanol. 

Tetrasulfonated (S,S )-cyclobutanediop 2d: 31P NMR 

(d, CH,-P, lJPc = 15 Hz), 41.4 and 41.6 (2 X d, CH, ,JPc = 12.5 
Hz), 132 (d, C-4 ar, 4Jpc = 2 Hz), 132.7 (d, C-5 ar, 3Jp~ = 7.5 Hz), 
138.5 (d, C-6 ar, VPc = 15 Hz), 138.3 and 138.5 (2 X d ,  C-1 ar,  
lJPc = 11 Hz), 146.7 and 146.8 (2 X d, 3Jpc = 6 Hz). Anal. Calcd 
for C30H42020P2S,Na4-8Hz0: C, 35.9; H, 4.2; P,  6.2. Found: C, 
36.2; H, 4.2; P, 6.4. 

Tetrasulfonated (S,S)-BDPP 4d: 31P NMR (DzO) 6 0.7; 13C 

+ 3Jpc = 19.2 Hz), 38.3 (br s, CH,), 128.8 (d, C-4 ar, 4Jpc = 2.6 
Hz), 131.7 (d, C-5 ar, 3Jpc = 6.8 Hz), 132.4 (d, C-2 ar, ,JPc = 21.7 

Hz), 139.1 (d, C-1 ar, 'JPc = 13.8 Hz), 145.4 (d, C-3 ar, 3Jp~ = 7.1 
Hz). Anal. Calcd for C29H2s012P,S4Na,~8H,0: C, 35.1; H ,  4.2; 
P,  6.2; S, 12.9. Found: C, 35.1; H,  4.1; P,  6.1; S, 13.0. 

Tetrasulfonated (S,S)-Chiraphos 6d: 31P NMR (DzO) 6 

(d, CH, lJPc = 71 Hz), 130.6 (d, C-2 ar, 'JPc = 9.1 Hz), 132.9 (s, 
C-4 ar),  132.9 (d,  C-1, 'JPc = 97.6 Hz), 133.2 (d, C-5 ar, 3Jpc = 
12 Hz), 135.9 (d, '2-6, ,JPc = 9.9 Hz), 146.0 (d, C-3 ar, 3Jpc = 10.3 
Hz). Anal. (as the oxide). Calcd for Cz8H24014PzS4Na4-8Hz0: C, 
33.2; H,  4.0; P, 6.1; S, 12.7. Found: C, 33.0; H, 3.7; P,  5.9; S, 12.6. 

Tetrasulfonated (R)-Prophos 8d (as the oxide): 31P NMR 
(D,O) 6 37.7 and 43.0 (Jpp = 50 Hz); 13C NMR (DzO) 6 16.2 (d, 

'JPc = 69.4 Hz), 130.6 (d, C-2 ar, ,JPc = 8.5 Hz), 132.8 (s, C-4 ar), 

(DzO) 6 -20.2; 13C NMR (DzO) 6 28.1 (d, CHZ, 3Jpc = 12 Hz), 31.5 

NMR (DzO) b 17.4 (d, CH3, 'Jpc = 16.7 Hz), 27.4 (PS t ,  CH, 'Jpc 

Hz), 138.6 (d, C-6 ar, 'Jpc = 21.3 Hz), 138.7 (d, C-1 a, 'Jpc = 14.2 

-9.6; 13C NMR (DZO + H202) 6 14.5 (d, CH3, 'Jpc = 16.6 Hz), 33.5 

CH3, *Jpc = 15 Hz) ,  28.9 (d, CH, 'Jpc = 69.6 Hz) ,  30.2 (d, CH2, 

132.8 (d, C-1, 'Jpc = 93.2 Hz), 133.1 (d, C-5, 3Jpc = 11 Hz), 136.0 
(d, C-6, 'Jpc = 8.7 Hz), 146.3 (d, C-3, 3Jpc = 10.2 Hz). Anal. Calcd 
for C27H22014PzS4Na4.8Hz0: C, 32.5; H ,  3.8; P, 6.2. Found: C, 
32.2; H, 3.8; P, 6.1. 

Aqua Complex 10. A suspension of chloro(cyc1ooctadiene)- 
rhodium(1) dimer (7.8 mg, 20 pmol) and tetrasulfonated di- 

(52) McNeil, P. A,; Roberts, N. K.; Bosnich, B. J.  Am. Chem. SOC. 
1981, 103, 2273. 

(53) (a) Fryzuk, M. D.; Bosnich, B. J.  Am. Chem. SOC. 1977,99,6262. 
(b) Bakos, J.; Toth, I.; Heil, B.; Marko, L. J.  Organomet. Chem. 1985,279, 
23 .  

(54) Wilde, S. B.; Roberts, N. K. J .  Am. Chem. SOC. 1979, 101, 5254. 
(55) Lecomte, L.; Triolet, J.; Sinou, D.; Bakos, J.; Heil, B. J .  Chro- 

rnatogr. 1987, 308. 416. 
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phosphine (22 pmol) in HzO (3 mL) in a Schlenk tube was stirred 
under argon for 1 h. The tube was attached to the vacuum line, 
and hydrogen was admitted. The tube was then agitated at room 
temperature under a positive pressure of hydrogen for 2 h. The 
hydrogen was then removed, the tube sealed under argon, and 
the 31P NMR spectrum recorded. 

Tetrasulfonated BDPP Rhodium(1) Adduct of (Z)-a- 
Acetamidocinnamic Acid, 12. The aqua complex 10 was pre- 
pared as above from 4d (78 mg, 20 pmol) in HzO (3 mL). This 
solution was carefully transferred under argon into an NMR tube 
containing (2)-a-acetamidocinnamic acid (30 mg, 30 pmol) in water 
(0.5 mL). The tube was sealed under argon and the 31P NMR 
spectrum recorded. 

Hydrogenation. [Rh(COD)Cl], and an appropriate amount 
of the sulfonated phosphine were mixed together in water (5 or 
10 mL) for 2 h. This solution was added to the unsaturated 
substrate dissolved in the organic solvent (ethyl acetate, methylene 
chloride, or benzene). The two-phase liquid mixtures were 
transferred to hydrogenation apparatus and shaken until ab- 
sorption of the theoretical amount of hydrogen when working 
under atmospheric pressure or for 12 h when working under 
hydrogen pressure. The organic phase was separated, and in the 
case of recycling, a solution of the unsaturated substrate was again 
injected into the apparatus. After reaction, the organic solvent 
was evaporated, the reaction products were analyzed by 'H NMR, 
and the ee was determined by polarimetry using the following 
rotations for the optically pure compounds: N-acetyl-@)- 
phenylalanine, [ct]20D = +46.0" (c = 1, EtOH);= N-acetyl-(S)- 
phenylalanine methyl ester, [a Iz0D = 101.3' (c = 1, CHC13);57 
N-benzoyl-@)-phenylalanine, [(ulZoD = -40.3" (c = 1, MeOH);53 
N-acetyl-3-(4-acetoxy-3-methoxyhenyl)-(S)-alanine, [a]"OD = 40.7' 

(56) Dang, T. P.; Poulin, J. C.; Kagan, H. B. J. Organomet. Chem. 
1975, 91, 105. 

(57) Glaser, R.; Geresh, S. Tetrahedron 1979, 35, 2381. 

(c = 1, MeOH);58 (S)-methylsuccinic acid dimethyl ester, [(YlZoD 
= 6.75" (c = 6, EtOH);% N-acetyl-(S)-phenyl-1-propylamine, [a]"OD 
= -137.8' (c = 2.4, MeOH);GO (R)-1-phenylethyl-N-benzylamine, 
[.]'OD = +56.2" (c = 1.07, EtOH);,l (S)-1-phenylethanol, [aImD 

Registry No. 1,72689-88-4; 2a, 117897-88-8; 2b, 117957-31-0; 
2c, 117957-32-1; 2d, 102806-81-5; 3, 77876-39-2; 4a, 117897-89-9; 

6a, 117897-92-4; 6b, 117897-93-5; 6c, 117897-94-6; bd, 102806-82-6; 
6d(oxide), 118013-34-6; 7, 67884-32-6; 8a, 117897-95-7; 8b, 
117897-96-8; 812, 117897-97-9; 8d, 117897-87-7; 8d(oxide), 

= -52.5" ( C  = 2.27, CH2C1z).62 

4b, 117897-90-2; 4c, 117897-91-3; 4d, 117957-30-9; 5,64896-28-2; 

117897-98-0; [lO(P-P = 2d)]+, 117939-75-0; [lO(P-P = 4d)]+, 
117939-79-4; [11(P-P = 4d)]BF4,117939-81-8; [12(P-P = 4d)]+, 
117939-82-9; 13a, 55065-02-6; 13b, 60676-51-9; 13c, 26348-47-0; 
13d, 55739-56-5; (R)-14a, 10172-89-1; (S)-14a, 2018-61-3; (R)-14b, 
21156-62-7; (S)-14b, 3618-96-0; ( R ) - 1 4 ~ ,  37002-52-1; (S)-14~, 
2566-22-5; (R)-14d, 33043-31-1; (S)-14d, 31269-52-0; 15,617-52-7; 
16, 97305-96-9; 17, 98-86-2; 18, 14428-98-9; [Rh(CzH4)zCl]z, 
12122-73-5; [Rh(COD)Cl]z, 12092-47-6; [Rh(COD)z]PF,, 62793- 
31-1; [Rh(NBD),]BF,, 36620-11-8; [Rh(CZH4)2(2d)]+, 117939-73-8; 
[Rh(COD)(2d)]+, 117939-74-9; [Rh(COD) (2d)l (PF,), 118015-57-9; 
[Rh(COD)(4d)]+, 117939-76-1; [Rh(NBD)(4d)]BF,, 117939-78-3; 
[Rh(COD)(3d)]+, 117939-83-0; (R)-CH3CH(CO2Me)CHZCOzCH3, 
22644-27-5; (S)-CH3CH(CO2Me)CH2COzMe, 63163-08-6; (R)- 
PhCH(NHCCO)CH3)CHzCH3, 57680-92-9; (S)-PhCH- 
(NHCOCH,)CH2CH3, 20306-86-9; (S)-PhCH(OH)CH,, 1445-91-6; 
(R)-PhCH(CH,)NHCH,Ph, 38235-77-7. 

(58) Knowles, W. S.; Sabacky, M. J.; Vineyard, B. D.; Weinkauff, D. 

(59) Kevnion. J.: PhilliDs. H.: Pittman. V. P. J. Chem. SOC. 1935.1072. 
J .  J. Am. Chem. SOC. 1973, 95, 5739. 

(60) LaManna,'A.; Ggislandi, V.; Hulbert, 0. B.; Scope, 0. hi. Far- 

(61) Parck, K. J. Prakt. Chem. 1912,86, 287. 
(62) Nagai, U.; Shishido, T.; Chiba, R.; Mitsuhashi, H. Tetrahedron 

maco Ed.  Sci. 1967, 22, 1037. 

1965,21, 1701. 
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Synthesis and Characterization of Binuclear 
Zirconocenophane Hydrides. The Molecular 
Structure of [SiMe2(C,H,),][(q5-C5H5)ZrCi(p-H)], 
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Summary: The reactions of [SiMe,(C,H,),] [(C,H,)ZrCI,] 
and [ SiMe,(C,H4),] [(C,H5)ZrCI],(p-O) with stoichiometric 
amounts of LiAl(0-t-Bu),H and LiAIH,, respectively, in THF 
afford convenient routes for the preparation of the cor- 
responding binuclear zirconocenophane hydrides 
[SiMe,(C,H,),] [(C,H,)ZrCI(p-H)], (1) and [SiMe2- 
(C5H4),] [(C,H,)ZrH(p-H)] , (2). The molecular structure of 
2 has been established by X-ray diffraction. Preliminary 
results obtained from reactivity studies of 1 with C2H4 and 
13C0 are described. 

The bridged bis(cyclopentadieny1) ligand [X(C6R4),I2- 
[X = (CH,), (n  = 1-3), SiMe,; R = H, Me] has been em- 
ployed as both a chelating' and a bridging2 ligand in or- 

ganometallic chemistry. An effort has been undertaken 
in our laboratories to prepare binuclear zirconocenophane 

(1) (a) Hillman, M.; Weiss, A. J. J. Organomet. Chem. 1972, 42, 123. 
(b) Katz, T. J.; Acton, N.; Martin, G. J. Am. Chem. SOC. 1973, 95, 2934. 
(c) Kopf, H.; Kahl, W. J. Organomet. Chem. 1974,64, C37. (d) Secaur, 
C. A.; Day, V. W.; Ernst, R. D.; Kennelly, W. J.; Marks, T. J. J. Am.  
Chem. SOC. 1976,98,3713. (e )  Smith, J. A.; von Seyerl, J.; Huttner, G.; 
Brintzinger, H. H. J. Organomet. Chem. 1979,173,175. (f) Fendrick, C. 
M.; Mintz, E. A.; Schertz, L. D.; Marks, T. J. Organometallics 1984, 3, 
819. (9) Wochner, F.; Zsolnai, L.; Huttner, G.; Brintzinger, H. H. J. 
Organomet. Chem. 1985,288,69. (h) Jeske, G.; Schock, L. E.; Swepston, 
P. N.; Schumann, H.; Marks, T. J. J. Am. Chem. SOC. 1985, 107, 8103. 
(i) Bajgur, C. S.; Jones, S. B.; Petersen, J. L. Organometallics 1985, 4, 
1929. 6) Bunel, E.; Burger, B. J.; Bercaw, J. E. J. Am. Chem. SOC. 1988, 
110, 976. 

(2) (a) Katz, T. J.; Acton, N.; Martin, G. J. Am. Chem. SOC. 1988,110, 
976. (b) Weaver, J.; Woodward, P. J. Chem. SOC., Dalton Trans. 1973, 
1439. ( c )  Wegner, P. A.; Uski, V. A.; Kiester, R. P.; Dabestani, S.; Day, 
V. W. J. Am. Chem. SOC. 1977,99,4846. (d) Bergman, R. G. Acc. Chem. 
Res. 1980,13, 113 and references cited therein. (e) Nelson, G. 0.; Wright, 
M. E. J. Organomet. Chem. 1981, 206, C21. (f) Cassens, A.; Eilbracht, 
P.; Nazzal, A.; Prossdorf, W.; Muller-Westerhoff, U. T. J. Am. Chem. SOC. 
1981, 103, 6367. (g) Wright, M. E.; Mezza, T. M.; Nelson, G. 0.; Arm- 
strong, N. R.; Day, V. W.; Thompson, M. R. Organometallics 1983, 2, 
1711. (h) MacLaughlin, S. A.; Murray, R. C.; Dewan, J. C.; Schrock, R. 
R. Organometallics 1985,4, 796. (i) Werner, H.; Scholz, H. J.; Zolk, R. 
Chem. Ber. 1985,118,4531. 0') Walter, A.; Heck, J. J. Organomet. Chem. 
1986,302,363. (k) Scholz, H. J.; Werner, H. J. Organomet. Chem. 1986, 
303, C8. (1) Bitterwolf, T. E. J. Organomet. Chem. 1986, 312, 197. (m) 
Hock, N.; Oroschin, W.; Paolucci, G.; Fischer, R. D. Angew. Chem., Int. 
Ed. Engl. 1986, 25, 738. (n) Bitterwolf, T. E.; Rheingold, A. L. Organo- 
metallics 1987, 6, 2138. 
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