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Abstract 

RhH( CO) (C,,) ( PPh,), has been synthesised by reacting the hydroformylation catalyst, 
RhH( CO) ( PPh,) 3r with an equimolar amount of Cm in toluene. This compound is an efficient catalyst 
for the hydroformylation of alkenes to aldehydes at 90°C. The activity and regio-specificity for the 
conversion of propene, CO and H2 to butanal are only slightly lower compared to RhH( CO) ( PPh,) 3r 
however, the temperature-programmed decomposition of the RhH( CO) (&,a) ( PPh,) 2 compound in 
the presence of CO and HZ shows greater thermal stability than the RhH(C0) (PPh,),. 
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1. Introduction 

The hydroformylation of alkenes is an extremely important industrial process for the 
production of aldehydes, which are intermediates in the synthesis of, for example, plasti- 
cizers and detergents. Currently, the industrial catalyst used is hydridocarbonyl- 
tris( triphenylphosphine)rhodium( I), RhH( CO) (PPh,) 3r which allows the reaction to be 
carried out at lower pressures than was previously the case with cobalt-based catalysts [ 1 ] . 
This rhodium catalyst has other advantages, namely a greater selectivity to straight chain 
aldehydes and higher activities under milder reaction conditions. However, one problem 
with the process is the slow but significant loss of catalytic activity due to the degradation 
of the catalyst at elevated temperature. For this reason the industrial hydrofotmylation of 
propene is carried out at about 9O”C, despite the fact higher temperatures would increase 
productivity [ 21. 
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The recent discovery and macrosynthesis of C6,, y b arcing graphite rods has enabled 

chemical studies of this large, highly symmetrical molecule. It has also been clearly dem- 
onstrated that C,, can act as a ligand to transition metals [ 31. The evidence suggests the 
CbO acts as a q2-&, ligand which corresponds to an electron withdrawing alkene. Further, 
C6,, is a very bulky ligand that may give rise to interesting stereochemical effects. For these 
reasons we have prepared the compound RhH( CO) ( CeO) ( PPh3) 2 and studied its catalytic 
properties towards the hydroformylation of ethene and propene. A comparison of the Cbo 
derivative with the standard industrial catalyst has been made to compare their hydrofor- 
mylation activities, regio-selectivities and thermal stability. A preliminary account of the 
preparation and characterisation of the Rl-C6,j complex has been reported [ 41. 

2. Experimental 

2.1. Preparation and characterisation of [RhH(CO)(C,,)(PPh,)J 

The compound RhH( CO) ( PPh,) 3 (32 mg in 15 ml toluene) , prepared as described [ 5 I, 
was added to a solution of C,, (25 mg in 25 ml toluene) via a cannula and gave an emerald 
green solution. The solvent was removed under reduced pressure, and the resulting green 
solid was extracted with THF (30 ml). The concentration of the THF solution followed by 
precipitation with diethylether afforded a green solid in near quantitative yield. The analyt- 
ical and spectroscopic data showed the green solid to be [ RhH( CO) ( CeO) ( PPh3)2] 1 [ 41. 

2.2. Procedure for catalytic reactions 

The ethene hydroformylation experiments were carried out by passing a 1: 1: 1 mixture of 
CO/H2/C2H4, at a flow rate of 30 ml/min, continuously through the catalyst solution which 
was held in a 50 cm high, 8 mm i.d. glass column. The gases were passed through a sintered 
frit at the bottom of the column to disperse the bubbles, and the whole column was kept at 
90°C. The reaction was carried out at ambient pressure. 

The propene hydroformylation experiments were carried out in a 100 ml Parr high 
pressure autoclave, using a batch mixture of CO/H2/C3H6 (in the ratio 1: I: 1) as the 
reactants at a total pressure of 11 bar. The temperature was monitored and controlled (within 
2°C) by an internal thermocouple, and a Druck pressure transducer allowed the pressure of 
the reactor to be monitored continuously. 

The products were analysed using a Pye-Unicam Gas Chromatograph, with 2-pentanol 
as an internal standard, and separation was achieved using a 3 m Chromosorb P packed 
column. All the reactions were carried out using di-n-butylphthalate (Aldrich) as a solvent, 
and the reactant gases (BOC) were all greater than 99% purity. Specific conditions are 
given in Tables 1 and 2. 

2.3. Temperature-programmed study of the catalysts 

The experiments without alkene were carried out by passing CO/H,, in the ratio of 1: 1, 
through a solution of the catalyst in di-n-butylphthalate while ramping the temperature from 



J.B. Claridge et al. /Journal of Molecular Catalysis 89 (1994) 113-120 115 

Table 1 

Hydroformylation of ethene at 9O’C. Conditions: rhodium complex 0.07 mmol, solvent di-n-butylphthalate (20 

ml), ethene/CO/H, ratio l! I/ 1, at flow rate of 30 ml/min and at 1 bar 

Catalyst precursor TN (h-l)” 

fiH(CO)(PPh,), 172.1 

RhH(CO)(C,)(PPh,), 169.8 

“Turnover number to propanal 

Table 2 

Hydroformylation of propene at 90°C. Conditions: rhodium complex 0.07 mmol, solvent di-n-butylphthalate (20 

ml), propene/CO/H, ratio 1 / I/ 1 at initial pressure 11 .O bar and at room temperature, reaction mixture is heated 

at 90°C for 5 h 

Excess ligand/catalyst precursor [Ll/[Rhl” TN (h-‘)b nliso Ratio’ 

-/RhH(CO) (PPh,), 0 68.8 1.63 

-/RhH(CO) (C,,) (PPh,), 0 57.3 1.38 

PPh,/RhH(CO)(PPh,), 13 64.6 2.91 

C,/RhH(CO)(W(PPh,)z 13 44.8 1.19 

PPh,/RhH(CO)(C,)(PPh,), 13 55.3 3.00 
PPh,/RhH(CO)(PPh,), 40 64.8 4.23 
PPh,/RhH(CO)(C,)(PPh,), 40 49.5 4.25 

-AUIH(CO)(PP~,),~ 0 35.3 1.75 

-/RbH(CO)(C,)(PPh,),“ 0 23.0 1.53 

“Molar ratio of excess ligand L to Rh catalyst. 

bTumover number to butanal. 

‘n/Isomer ratio. 

dRhodium complex 0.07 mmol, solvent di-n-butylphthalate (50 ml). 

50°C to 180°C at a rate of lO”C/min. The exit gases were monitored continuously for 
benzene using an on-line quadrupole mass selective detector. The experiment with alkene 
was performed by bubbling a 1: 1: 1 mixture of CO/H2/C2H4 through the catalyst solution 
at a heating rate of 1°C /min over the same temperature range. 

3. Results and discussion 

The addition of an equimolar amount of Cc0 to a yellow toluene solution of the complex 
[ RhH(C0) (PPh3)3] at room temperature gave the emerald green compound 
[ RhH( CO) ( CGO) ( PPh3)2] 1. The 13C NMR spectrum of 1 showed a broad signal at about 
141-145 ppm, which is close to the chemical shift of pure CGO (a sharper signal at 143.5 
ppm). This increase in line-width is consistent with the Cc0 acting as a fluxional ligand. 
The infra-red spectrum of 1 showed V( CO) at 1986 cm- ’ and a band assignable to v( Rh- 
H) at 2056 cm-‘. The corresponding bands for [ RhH(C0) (PPh,),] occur at 1922 and 
2038 cm- ’ respectively. The ‘H NMR spectrum of 1 shows a triplet at - 9.09 ppm (‘J( 31P- 
H) 9 Hz) assignable to the Rh-hydride. The corresponding band for [ RhH( CO) (PPh,),] 
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occurs at - 9.50 ppm. This data is consistent with the proposition that there is a CeO molecule 
bonded to the rhodium which is acting as an electron-deficient alkene, and therefore with- 
drawing electron density from the metal and deshielding the carbonyl and hydride ligands. 

As noted above, the yellow coloured complex [ RhH( CO) (PPh,) 3], when treated with 
an equimolar amount of a pink-violet CGO solution in di-n-butylphthalate, gave a green 
solution at room temperature. However, on heating to ca. 100°C the original yellow colour 
reappeared. This suggests there is an equilibrium between [ RhH( CO) ( PPh3) 3] and 1. The 
C& ligand is thus very labile and can be displaced at slightly elevated temperatures. 

The catalytic ability of [RhH( CO) (Cc,,) (PPh,),] 1 and [ RhH( CO) ( PPh,),] towards 
the hydroformylation of ethene and propene has been studied. The reactions were carried 
out in di-n-butylphthalate at 90°C and the results are reported in Table 1 and 2. The effect 
of adding excess triphenylphosphine, on the activity and regio-selectivity for propene 
hydroformylation over the two catalysts, is shown in Figs. 1 and 2 respectively. 

Table 1 shows that the complex 1 catalysed the reaction of ethene with CO and H, to 
give propanal at 90°C. The turnover number was found to be 169.8 h- ‘, while the industrial 

7, . 
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excess PPh3IRh catalyst ratio 

Fig. 1. The effect of excess triphenylphosphine on the activity of RhH(C0) (C,) (PPh,), (0) and 

RhH( CO) (PPh,), (A) for the hydrofonnylation of propene at 90°C. 

4 
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Fig. 2. The effect of excess of triphenylphosphine on the aldehyde n/i isomer ratio obtained in the hydroformylation 

ofpropeneinthepresenceofRbH(CO)(C,,)(PPh,),(O) andRhH(CO)(PPh,)3 (A) at90”C. 
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catalyst gave a turnover number of 172.1 hh’. Thus, both catalysts gave almost identical 
catalytic ethene hydroformylation results. 

Table 2 shows that complex 1 was also an effective catalyst for the hydroformylation of 
propene. At 90°C the turnover number was found to be 57.3 hh’ and n-to-iso-aldehyde 
ratio was 1.38. However, this is significantly lower than that found for [ RhH( CO) ( PPh,) X] 
(68.8 h- ’ with a n-to-iso-ratio of 1.63). Fig. 1 clearly shows that addition of an excess of 
triphenylphosphine to the reaction mixture in the propene hydroformylation caused a 
decrease in turnover number as expected. Likewise, addition of an excess of CGO to the 
solution containing 1 (see the data in Table 2) decreased the propene hydroformylation 
activity from 57.3 to 44.8 h- ‘. 

Fig. 2 shows that the addition of an excess of triphenylphosphine increased the propene 
hydroformylation regio-selectivity to n-butanal for both catalysts. Thus, the n-to-iso-ratio 
for the reaction catalysed by [ RhH( CO) (PPh,),] increased from 1.63 to 4.23 when the 
free triphenylphosphine to rhodium ratio was increased from 0 to 40: 1. Addition of free 

PPhS to [RhH(CO) (C,,)(PPh,),l caused the n-to-iso-ratio to increase from 1.38 to 4.25. 
We conclude that the CGO complex offers at best only a marginally improved propene 
hydroformylation regio-selectivity to straight chain butanal in the presence of an excess of 
triphenylphosphine relative to [ RhH( CO) ( PPh3)3]. The effect of adding excess CGO (the 
ratio of free C6,, to complex was 13: 1) gives rise to a lower regio-selectivity to the n-isomer 
(n-to-is0 is 1.19) compared the reaction with no excess of Cc,,. 

The thermal stability of the compounds, [RhH(CO) (C,,) (PPh3)2] and 
[ RhH( CO) (PPh,),] , has been studied by temperature-programmed decomposition 
(TPD). Experiments were carried out using solutions of the complexes, 
[ RhH( CO) (PPh,),] and [ RhH( CO) ( C6,,) ( PPh,),] , in di-n-butylphthalate at the same 
concentration as was used in the catalytic experiments. These were heated from 50°C to 
180°C at a rate of lO”C/min in a stream of H, and CO. In particular, the formation of 
benzene [6,7] was continuously monitored by a HP 5971A mass selective detector. The 
data given in Fig. 3 show that [RhH(CO) (C,,) (PPh3)2] is thermally more stable than 
[ RhH( CO) (PPh,) 3]. Thus, the decomposition of [ RhH( CO) (PPh,),] giving benzene 
starts at ca. 90°C and shows two maxima at ca. 125°C and 170°C. However, with 
[ RhH( CO) ( CsO) ( PPh,) 2] benzene evolution is not detected until 140°C and the maximum 
at ca. 175°C is much less intense. The data in Fig. 3 suggests there are two different processes 
for the decomposition of triphenylphosphine giving benzene. Both processes require the 
presence of rhodium since control experiments using only triphenylphosphine gave no 
benzene. We conclude that the presence of the C 60 ligand inhibits the phosphine decom- 

position process at the lower temperatures. 
The stability of [ RhH( CO) (C,) ( PPh3)2] towards benzene evolution was also studied 

in the presence of CO/H,/C,H, at the slower ramping rate of l”C/min at 1 bar. The data 
are shown in Fig. 4. It was found that the lower temperature peak giving benzene at about 
95°C reappeared and substantial benzene evolution occurs above 140°C. 

In conclusion, we have studied the effect of substituting one of triphenylphosphine ligands 
of [RhH(CO) (PPh,),] by C6” on the hydrofotmylation activity, regio-selectivity and 

thermal stability of the compound. The rhodium-&,, compound, 

[ RhH( CO) (C,,) (PPh,),] , gave almost identical activity for the hydroformylation of eth- 
ene to that of the industrial [ RhH( CO) (PPh,),] catalyst. This can be understood if C,, 
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Fig. 3. Benzene formation during the temperature-programmed decomposition of (a) RhH( CO) (C,) ( PPh,)? 

and (b) RhH(C0) (PPh,), in the presence of Hz/CO. 

ligand is labile and is displaced from the rhodium metal centre during the catalytic reaction. 
However, in propene hydroformylation, the rhodium-C,,, compound gave significantly 
lower activity than the rhodium triphenylphosphine compound, as well as lower regio- 
selectivity to n-butanal. Previous studies on the effect of changing the Lewis acidity of the 
phosphine ligands on the rate of hydroformylation showed that the more acidic the ligand, 
the lower the rate of hydroformylation [ 81. This is in accord with the IR and NMR 
spectroscopic data for [ RhH( CO) ( CGO) ( PPh3)J, which suggest that C6,, is a more electron 
withdrawing ligand than triphenylphosphine. Thus, this would explain the lower propene 
hydroformylation activity obtained by using rhodium-C,,, compound. The relatively inac- 
tive RhH( CO) (C,,) (PPh,), removes Rh from the catalytic cycle, which under constant 
CO pressure may displace the equilibrium from RhH( CO) ( PPh3) 2 towards 
RhH( CO),( PPh,), which would reduce the regio-selectivity. However, this cannot explain 
the fact that the regio-selectivity of catalyst was not decreased at greater dilution (see data 
in Table 2). An alternative explaination is that the RhH( CO) (C,,,) (PPh,) 2 gives intrinsi- 
cally lower regio-selectivity in alkene hydroformylation. Since, it has been reported that 
the n-to-iso-aldehyde ratio of the product depends mainly on steric effects with a minor 
contribution from electronic effects [ 91. Thus, bulky donor ligands such as triphenylphos- 
phine favour anti-Markovnikov addition making the catalyst more selective towards the 
formation of the linear aldehyde. The estimated cone angle for the reported crystal structure 
of the C,, ligand in an Ir-C,, complex [ lo] is 70” which is significantly smaller than the 
cone angle of 140” estimated for triphenylphosphine in the same complex. This accounts 
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Fig. 4. Benzene formation during the temperature-programmed decomposition of RhH( CO) (C,) ( PPh,)2 in the 

presence of H,/CO/C,H, 

for the poorer n-to-iso-aldehyde ratio found in the data in Table 2. It is, therefore, suggested 
that C& is retained, at least to a degree, in the catalytic reactions of 
[ RhH( CO) ( C6”) (PPh,) J during propene hydroformylation at 90°C. 

The improvement in the n-to-iso-aldehyde ratio as a consequence of the addition of an 
excess of triphenylphosphine to both catalytic reaction precursors may simply arise from 
the displacement of C6,, by triphenylphosphine. However, it is difficult to understand why 
with RhH( CO) (C,,,) (PPh,), the activities were consistently lower irrespective of the 
triphenylphosphine concentration. 

The catalyst [RhH(CO) (PPh3)3] is known to slowly deactivate during the hydrofor- 
mylation reactions. Side reactions of the triphenylphosphine ligands give products such as 
alkyldiphenylphosphine and benzene which mildly perturb the catalytic activity, and further 
decomposition gives rhodium clusters which severely reduces the catalytic performance 
[ 11,121. These reactions have been postulated to occur either via orthometalation [ 71 or 
by the direct oxidative addition of a P-C bond to rhodium [ 131. Our temperature-pro- 
grammed decomposition results show that replacement of one of the triphenylphosphine 
ligands of the industrial hydroformylation catalyst by C6() in the presence of a CO and H, 
gas mixture can significantly reduce the rate of degradation of the catalyst at ca. 90°C. 
However, in the presence of a CO/H2/C2H, mixture the [ RhH( CO) (C,,,) ( PPh3) 2] catalyst 
starts to evolve benzene at effectively the same temperature as for [ RhH( CO) (PPh,) J] : 
this again suggests that C,” is displaced by ethene during the hydroformylation reaction. 
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