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Abstract 

The title compounds 5a and Sb, which contain one bridging phosphido- and one bridging chloro- 

ligand, have been made by reaction of [Rh(CO&-Cl)], (1) with the phosphine ‘BusP (2aJ or 

(+ J-neomenthyldiphenylphosphine (2b) followed by treatment of the resulting complexes 

[(R,R’P)Rh(COXp-Cl& (3) with MesSiP’Bu, (4). Compounds 5a and 5b are highly active catalysts for 

isomerization of allylbenzene, for hydrogenation of styrene and (Z&methyl a-acetamidocinnamate, and 

for hydroformylation of cyclohexene. The chiral complex 5b promotes enantioselective hydrogenation 01 

a prochiral dehydroamino acid derivative. 

Introduction 

Although dinuclear complexes with strong binding ligands should theoretically 
be better catalysts than mononuclearic species [ll, dirhodium compounds with twc 
p-PR, or P-SR groups have only limited catalytic activity (see, e.g., refs. 2-4). The 
catalytic ability of the latter type of compounds was, however, significantly in- 
creased by substitution of one thiolato group by a chloride bridge [5]. It was no1 
known whether the activity of the phosphido-bridged dirhodium complexes could 
likewise be increased by introduction of a ~-cl ligand; a few rhodium complexe> 
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with one PR, and one Cl bridge are known (see, e.g., refs. 6-lo), but their 
catalytic potential has not been investigated. In this paper we present the results of 
a study of the catalytic activity in some hydrogen transfer processes of cis- 
[[(‘Bu,P)Rh(CO)12(~-ClX~-P’Bu,)l (Sal [6,71, and also of that of a chiral analog 
of 5a in which the tri-tert-butylphosphine groups have been replaced by (+ )- 
neomenthyldiphenylphosphine {[l~R-]5~-methyl-2~-(1-methylethyl)cyclohexyl]di- 
phenylphosphine} (2b) ligands. 

Results and discussion 

The title compounds were prepared by the reactions outlined in eqs. 1 and 2. 

[Rh(CO),(p-CI)],+2R,R’P+ [(R,R’P)Rh(CO)(/A)1,+ 2C0 
1 2 3 

3 + Me,SiP’Bu,+cis-[R,R’PRh(CO)],(p-Cl)(p-P’Bu,) + Me,SiCl (2) 
4 5 

a, R = R’ =‘Bu 
b, R = Ph R’ = 5p-methyl-2cw-( lcY-methylethyl)cyclohexyl 

Two syntheses of 5a employing the above reactions were reported previously [6,7]; 
both gave erratic results. We therefore, had to modify the procedures (see 
Experimental section) to ensure high reproducibility. The m.p. of complex 5a so 
formed, was cu. 60°C higher than that previously reported. 

Interaction of 1 and 2b resulted in the formation of 3b as a 1: 4 mixture of cis 
and truns isomers. Treatment of this mixture with Me,SiP’Bu, (4) (prepared by an 
improved version of the reported procedure [14]) yielded the chiral phosphido- 
bridged complex 5b. 

The reaction of 1 with a mixture of one equivalent each of 2a and 2b gave 
mainly a mixture of 5a and 5b, rather than a dirhodium complex with one ‘Bu3P 
and one neomenthyldiphorylphosphino ligand. 

Neither 5a nor 5b gave crystals suitable for an X-ray diffraction ,study. Their 
identities were, however, unequivocally established from their ‘H- and 31P-NMR 
spectra. The ‘H NMR spectrum of 5a in C,D, consisted of two doublets at 1.442 
and 1.946 ppm corresponding to the two hinds of phosphorus-coupled ‘Bu protons. 
The 31P{1H) spectrum showed a triplet of triplets for the bridging phosphorus at 
25.11 ppm (indicating coupling with the two equivalent rhodium atoms and the two 
c&oriented phosphine ligands), and a doublet of doublets of the non-bridging 
phosphines at 78.42 ppm. The ‘H-NMR spectrum of 5b showed, in addition to the 
resonance peaks of the phenyl and neomenthyl protons, a single doublet for the 
bridging P’Bu, group at 1.870 ppm. As for that of 5a the 31P11H) NMR spectrum 
of 5b showed a triplet of triplets centred at 16.17 and a doublet of doublets centred 
at 26.28 ppm. 

The catalytic abilities of complexes 5a and 5b were studied for some model 
isomerization, hydrogenation, and hydroformylation processes. The transformation 
of allylbenzene into cis- and trans-1-propenylbenzene (eq. 3) was chosen as a 
representative isomerization process. Typical reaction profiles for this reaction at 
120°C are shown in Fig. 1. The initial rate 

PhCH,CH=CH, + cis- and truns-PhCH=CHMe (3) 
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Fig. 1. Composition-time profiles for the isomerization of allylbenzene (1 ml, 7.5 mmol) at 120°C in the 
presence of Sa (20 mg, 2.36~ 10e2 mmol). (0) Allylbenzene; (a) cis-1-propenylbenzene; (0) trans-l- 
propenylbenzene. 

was of the same order of magnitude as that observed in cases in which other 
Group VIII-metal-phosphine complexes have been employed [12]. But in contrast 
to some RMI) and Rh(II1) catalysts, which are deactivated before completion of 
the process, the dirhodium catalysts retain their full activity until an equilibrium 
mixture of 8.6% of cis-, 90% of truns-1-propenylbenzene, and 1.4% of the starting 
alkene has been formed. 
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Fig. 2. Hydrogen uptake-time profile during the hydrogenation of styrene (0.2 ml, 1.75 mmol) in 1 ml of 
PhMe in the presence of 5a (10 mg, 118X low2 mmol) under 690 mm Hz at 25°C. 
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The ability of 5a and 5b to serve as hydrogenation catalysts was demonstrated 
by using styrene and (Z)-methyl a-acetamidocinnamate as substrates (eqs. 4, 5). 

PhCH=CH, + H, + PhEt (4) 

PhCH=C(NHAc)COOMe + H, + PhCH,CH( NHAc)COOMe (5) 

Styrene was reduced at 25°C and 690 mm H, at a rate comparable to that 
observed with well known hydrogenation catalysts; e.g. the maximum rate under 
the conditions defined in Fig. 2 was 6.6 mmol 1-l min-‘, while that in the 
RhCl,-Aliquat 336@-promoted reaction was 9.8 mmol 1-l min-’ [13]. The reduc- 
tion of the dehydroamino acid derivative required more severe conditions than 
those used for styrene; a 91% yield of N-acetylphenylalanine methyl ester was 
obtained only when the hydrogenation was carried out for 20 h at 70°C under 35 
atm H,. The chiral complex Sb was found to be able not only to catalyze smooth 
hydrogenation of the double bonds, but also to induce asymmetry during the 
reaction with the prochiral acetamidocinnamic ester. Under the conditions we 
used, however, the optical purity of the product was limited to cu. 20%. We 
attribute this to the ability of the dirhodium complex to promote both asymmetric 
hydrogenation and racemization of the chiral product initially formed (cf. ref. 11). 

Hydroformylation of cyclohexene (eq. 6) was found to proceed smoothly at 
120°C under 40 atm H, and 40 atm CO. After 20 h the mixture consisted of 
cyclohexanecarboxaldehyde (94%) and 6% of cyclohexane. 

C,HIO + CO + H, --$ C,H,,CHO (6) 

Experimental 

All operations were carried out in freshly dried solvents under dry oxygen-free 
argon atmosphere. 

[Bis(l,l-dimethylethyl)](trimethylsilyl)phosphine (4) 
A modification of the method reported previously [14] was used. A mixture of 

13 g (0.12 mol) of Me,SiCl and 0.1 ml of Br, was added dropwise to a stirred 
refluxing suspension of 3.6 g (0.15 mol) of Mg in 140 ml of absolute tetrahydrofu- 
ran (THF). The mixture was refluxed for 1 h and 18 g (0.1 mol) of ‘B+PCI (best 
prepared by the method described by Fild et al. [15]) was added dropwise during 3 
h. After 6 days under reflux the pale yellow THF solution was decanted and the 
residue extracted with three 80 ml portions of pentane. The combined THF-pen- 
tane solution was fractionated at 0.1 Torr and the fraction boiling at 41-53°C was 
collected, (lit. 48-51°C (0.1 Torr) [14]); yield 18 g (80%); ‘H NMR (200 MHz, 
C,D,): S 0.34 (d, 9H, J(H, P) = 3.5 Hz, SiCH,), 1.37 (d, 18H, J(H, P> = 14.3 Hz, 
CC H3). 

cis-[~-[Bis(l,l-dimethylethyl)phosphino]Jdicarbonyl-~-chlorobis[tris(l,l-dimethyl- 
ethyljphosphineldirhodium (Sa) 

To a stirred solution of 370 mg (0.94 mmol) of [Rh(CO,Xp-Cl)], (1) in 30 ml of 
hexane was added dropwise a solution of 380 mg (1.88 mmol) of P’Bu, (2a) in 3 ml 
of the same solvent. The mixture was refluxed for 40 min during which an orange 
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solution was formed. Treatment with 240 mg (1.10 mmol) of Me,SiP’Bu, (4) in 7 
ml of hexane followed by reflwring for 2 h afforded a yellow powder. This was 
washed several times with cold hexane and then dried at 0.05 Torr to give 270 mg 
(32%) of analytically pure 5a. M.p. 192-194°C (dec.); (lit. 135°C [6,7]); IR (KBr) 
~(0) 1938,1925 cm-‘; ‘H NMR (200 MHz, C,D,): 6 1.442 (d, 54H, J(H, P) = 11.3 
Hz, P[C(CH,),],), 1.946 (d, 18H, J(H, P) = 13.2 Hz, P[C(CH,),],); 31P{‘H]-NMR 
(162 MHz, C,D,): S 25.11 (tt, lP, J(P ‘J P3) = 219 Hz, J(P3, Rh’**) = 95 Hz, P3), , 
78.42 (dd 2P, J(P’,*, P3) = 219 Hz, J(P’, Rh’y*) =J(P*Rh’**) = 106 Hz, PI, P2). 
Anal. Found: C, 48.26; H, 8.40; Cl, 4.18. C3,H,,C102P3Rh2 (847.13) calcd.: C, 
48.21; H, 8.57; Cl, 4.19%. 

( +)-cis-[~-[Bis(l,l-dimethylethyl)phosphinol]dicarbonyl-~-chlorobis~~5~-methyl- 
2a-(lcu-methylethyl)cyclohexyl]diphenylphosphineldirhodium (Sb) 

As in the previous procedure, 250 mg (0.64 mmol) of 1 was treated with 415 mg 
(1.28 mmol) of 2b in 30 ml of hexane. After 2 h under reflux the orange solution 
was treated with 160 mg (0.73 mmol) of 4. Further refluxing for 3 h and work-up as 
above afforded 330 mg (47%) of 5b as a yellow powder. M.p. 154-156°C (dec.); 
[a]g = + 111” (c = 1, PhH); IR (KBr): v(C0) 1940, 1935 cm-‘; ‘H-NMR (400 
MHz, C,D,): 6 0.893 (d, 6H, J(CH, CH,) = 6.8 Hz, CH,CHCH,), 0.929 (d, 6H, 
J(CH, CH,) = 6.8 Hz, CH,CHCH,), 1.113 (d, 6H, J(CH, CH,) = 6.6 Hz, 
CH,CHCH,), 1.184-1.850 (m, 8H), 1.869 (d, 18H, J(H, P) = 13.3 Hz, [C(CH3)I,), 
2.008 (m, 6H), 2.135 (m, 2H), 2.967 (m, 2H), 3.220 (m, 2H), 7.055 (m, 12H, At-H), 
7.676 (m, 4H, ArH), 7.917 (m, 4H, ArH); 31P(1H}-NMR (162 MHz, C,D,): 6 16.08 
(tt 1P J(P’,*, P3) = 228 Hz, J(P3, Rh’**) = 95.5 Hz, P3), 26.29 (dd, 2P, J(P’j*, P3) 
=‘zZS’Hz, J(P1, Rh’,*) = J(P*, Rh’**) = 106 Hz, Pl, P2). Anal. Found: C, 58.93; H, 
6.87; Cl, 3.18. C,,H,,C102P3Rh2 (1091.40) calcd.: C, 59.43; H, 7.02; Cl, 3.25%. 

Catalytic isomerization of allylbenzene 
In a typical procedure 20 mg (2.36 x lo-* mmol) of 5s was added to a stirred 

sample of 1 ml (0.89 g, 7.5 mmol) of preheated allylbenzene. The mixture was 
maintained at 120 f 0.5”C and the progress of the reaction monitored by use of a 2 
m GLC column packed with 20% Carbowax 20 M on Chromosorb W. The change 
in extent of formation of the cis- and trans-1-propenylbenzene with reaction time 
is shown in Fig. 1. 

Hydrogenation of styrene 
In a typical experiment, 10 mg (1.18 x lo-* mmol) of 5a was placed under 

argon in a micro-hydrogenation apparatus at 25 + 0.5”C, the argon was replaced by 
H, and a solution of 200 pl(O.182 g, 1.75 mmol) of styrene in 1 ml of toluene was 
injected. The progress of the hydrogenation, during which the temperature and 
hydrogen pressure were 25°C and 690 mm, respectively, was monitored both by the 
uptake of H, and by GLC analysis of the reaction mixture by use of the Carbowax 
20 M column specified above. The formation of the ethylbenzene proved to 
parallel exactly the consumption of H,. A typical hydrogen-uptake curve is shown 
in Fig. 2. 

Hydrogenation of f Z)-methyl cu-acetamidocinnamate 
A mixture of 185 mg (0.84 mmol) of the unsaturated ester, 36 mg (4.2 X lo-* 

mmol) of 5a, 10 ml of PhH, and 5 ml of MeOH was introduced under argon into a 



100 

mini-autoclave. The apparatus was sealed, purged with argon, and charged with 35 
atm H,. The mixture was heated to 70°C and stirred at that temperature for 20 h. 
The vessel was then cooled and opened under argon, and the solvent was 
evaporated. The residue was dissolved in 3 ml of CHCI, and chromatographed on 
silica gel with ethyl acetate as eluent to give 170 mg (91%) of (f)-N-acetylphenyl- 
alanine methyl ester, which was identical with an authentic sample [16]. 

When 5a was replaced by the chiral catalyst 5b, (45 mg, 4.2 x lo-’ mmol) the 
product was optically active. Observed [LY]~ = + 20” (c = 1, CHCl,). 

Hydroformylation of cyclohexene 
A 100 ml autoclave was charged under argon with 4 ml (3.24 g, 39 mmol) of 

cyclohexene, 20 mg (2.36 X 10V2 mmol) of Sa, and 16 ml of toluene. The apparatus 
was sealed, purged with argon (20 atm), evacuated, and filled with 40 atm of CO 
and 40 atm of H,. The mixture was stirred at 120 + 0S”C. After 20 h the autoclave 
was cooled and the mixture found (by GLC on the above Carbowax 20 M column 
at 40°C) to consist of 94% of cyclohexanecarboxaldehyde and 6% of cyclohexane. 
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