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Summary 

Phosphorus-carbon bonds of p-substituted triphenylphosphines were found to be 
cleaved under hydroformylation conditions in the presence of a rhodium, ruthenium, 
or cobalt carbonyl. Only p-isomers of the decomposition products (substituted 
benzaldehyde, benzyl alcohol, and/or biphenyl) were formed. The ability of metal 
carbonyls to cleave the P-C bonds was Rh > Co > Ru. Tributylphosphine was 
stable under the conditions. The stability of metal carbonyl-phosphine catalyst 
systems was also examined and compared with the extent of P-C bond cleavage. 

Introduction 

Tertiary phosphines have been used in many transition metal complex-catalyzed 
reactions as efficient ligands, and their effects on catalysis have been extensively 
reviewed [1,2]. In these catalytic reactions, the stability of P-C bonds seems to have 
been overlooked. As a matter of fact, an increasing number of papers have reported 
P-C bond cleavage promoted by transition metal complexes [3-121, and in some 
cases, triarylphosphines are used even as sources for aryl groups in synthetic 
applications [13-201. In hydroformylation reactions of olefins, an important class of 
industrially-applied reactions, phosphines are often used as additional ligands in 
order to raise the selectivity for n-aldehydes (vs. iso-aldehydes) [21]. However, the 
stability of phosphines under hydroformylation and other related reactions has not 
been studied systematically, and only some isolated results of P-C bond cleavage 
have been reported [22-281. The study of this phenomenon is undoubtedly im- 
portant in relation to the poisoning and the decay of catalysis. In this paper, we will 
report the results of decomposition of phosphines under hydroformylation condi- 
tions using cobalt, rhodium, and ruthenium as the catalyst. 
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Results and discussion 

Tertiary phosphines gave various decomposition products when treated with 
metal carbonyls under synthesis gas (eq. 1). 

Y,,(Co), 
Ar,P - ArH + ArCHO + ArCH,OH + Ar-Ar + Ar-CO-Ar + 

CO/H, 

Ar, P=O + Ar, HP 

(M = Co, Rh, Ru) 

The results are summarized in Table 1. Runs l-9 are the results of control 
experiments (GLC analyses of mixtures of a metal carbonyl and a phosphine before 
treatment with synthesis gas: injection temperature was 260°C), while runs lo-18 
are those obtained for the reaction mixtures (200°C. CO/H2 = l/l. 300 atm at the 
reaction temperature, 6 h). 

Effects of metals and p-substituents on the P-Ar bond cleavage 
The amount of phosphines recovered after the reaction decreased in the order 

Rh > Ru > Co. On the other hand, the decreasing order Rh > Co > Ru was ob- 

TABLE 1 

P-C BOND CLEAVAGE OF TRIARYLPHOSPHINE, (p-XC,H,),P. UNDER SYNTHESIS GAS IN 

THE PRESENCE OF METAL CARBONYLS, M,(CO), ’ 

Run X M Yteld (mmol) 

PAr, ArH ArCHO ArCH,OH Ar-Ar ArCOAr Ar, P-0 

1 H Rh 0.51 0 0 

2 H Ru 0.89 0 0 

3 H co 0.86 0 0 

4 CH, Rh 0.38 0 0 

5 CH, Ru 0.94 0 0 

6 CH, Co 0.86 0 0 

7 h Cl Rh 0.43 tr 

0.95 0 tr 

0.84 0 tr 

10 c H 

11 H 

12d H 

13 CH, 
14 CH, 
1.5 CH, 
16’ Cl 

17b Cl 

18’ Cl 

Rh 0.76 0.16 0.21 

Ru 0.64 0 0 

co 0.65 0.06 0.04 

Rh 0.79 0.07 0.23 

Ru 0.62 0 0 

co 0.45 0 0.01 

Rh 0.80 0.12 0.14 
Ru 0.60 0 tr 

co 0.47 0.03 tr 

0.04 0.01 0.04 

tr tr 0 

tr 0 0.04 

0.05 tr 0.36 

tr 0 0.01 

0 0 0.04 

0.01 0 0.22 

0 0 0 
tr 0 0.01 

0 

0 

0.11 

0.01 
0 

0.02 

0.05 
0 

0.05 

tr tr 

0.01 0.01 

0.01 tr 

tr tr 
tr 0 

0 0 
tr 0 

tr 0 

tr tr 

0 

0.01 
0.02 

0.02 
0.01 

0.04 

0 01 
0.01 

0 

O Runs l-9 are control experiments (see the text). Runs lo-18 are synthesis gas reactions whtch were 

effected under the following conditions: catalyst [Rh,(CO),,, Ru,(CO),~, or Co,(CO),] 0.2 mg-atom, 

PAr, 1.0 mmol, cumene 10 ml, 2OO”C, synthesis gas (l/l) 300 atm (at 200°C). 6 h. * Phenylbis( p-chloro- 

phenyl)phosphine was also formed (0.005-0.008 mmol in the control experiments and 0.018-0.029 mmol 

after the synthesis gas reactions). ’ Diphenylphosphine (0.0012 mmol) was also formed. ’ Diphenylphos- 

phine (0.0027 mmol) was also formed. 
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served for the total amount of the products derived from P-Ar bond cleavage. 
Although these two orders seem to be incompatible with each other, the apparent 
incompatibility may be understood if we consider that only those phosphines that 
are free from metals in the mixture or can become free upon being injected into a 
gas chromatograph are analyzed, and that phosphines which are strongly coordi- 
nated even after injection are not. The use of rhodium resulted in the lowest 
phosphine recovery in the control experiments, which was even lower than that 
observed after the reactions. In addition, after the synthesis gas reactions, there was 
the highest phosphine recovery in the case of the rhodium catalyst. These results 
seem to indicate that rhodium forms phosphine complexes very easily, and that these 
phosphinerhodium complexes, albeit rather thermally-stable at the temperature of 
GLC analysis, readily decomposes under the conditions of the synthesis gas reaction. 
On the contrary, ruthenium and cobalt require more severe conditions to promote 
formation of phosphine complexes and the metal to phosphorus bonds may be more 
stable under the reaction conditions than those in the rhodium complexes. These 
may be the factors from which the incompatibility arose. We conclude that the 
ability of metals to cleave the aryl-P bonds of the phosphines during the reaction 
decreases in the order Rh > Co > Ru. 

In the thermal decomposition of triarylphosphinenickel complexes, an electron- 
donating group at the paru position facilitated ary-P bond cleavage [7], while an 
opposite trend was reported for the Pd” catalyzed arylation of olefins by 
arylphosphines [14]. From both reactions, arylated products which exclusively had 
p-substituted aryl groups were formed. Also in our experiments, substituted 

benzaldehydes, benzyl alcohols, and biaryls were only p-isomers *. However, the 
nature of the substituents showed little influence on the reactivity for ary-P bond 
cleavage * * . 

Mechanism of P-C bond cleavage 

In hydrocarboxylation of 1-octene by use of the PdCl,/PPh,/LiOAc catalyst 
system, Fenton recovered palladium complexes among which the ortho-metallated 
compound I was found [23]. Gregorio et al. [27] have reported benzaldehyde and 

Ph,i’ 

(1) (II) 

n-propyldiphenylphosphine formation from HRh(CO)(PPh,), when used as the 
catalyst for hydroformylation of propene. Benzaldehyde was also obtained when 

* Recently, Garrou et al. also observed p-methylbenzyl alcohol formation in hydroformylation reaction 

mixtures by use of the Co,(CO),/(p-CH,C,H,),P catalyst system [29]. 

** Although oxidative addition of the aryl-Cl bond in (p-CIC,H,),P would have been likely under the 

conditions of the synthesis gas reaction, we could not detect any products other than phenylbis(p- 

chlorophenyl)phosphine derivable from this oxidative addition process. Note that the amount of 

recovered (p-CIC,H,),P was similar to those of the other phosphines. 



either HRh(CO)(PPh,), or Keim’s complex (II) was heated under carbon monoxide. 
From these results, they speculated participation of o&o-metallated species respon- 
sible for aryl-P bond cleavage. On the other hand, Kaneda et al. reported that only 
the p-isomer of tolualdehyde was formed from catalytic carbonylation of tri-p- 
tolylphosphine by Rh,(CO),, [24]. This result is not consistent with the ortho-metal- 
lation mechanism. In addition to this, apart from carbonylation conditions, all 
papers, to our knowledge, which dealt with the decomposition of p-substituted 
triarylphosphines, reported only p-isomer formation [7,9,13,14,20]. These earlier 
papers combined with our results may serve to rule out the o&o-metallation 
mechanism. We prefer the aryl-P bond cleavage being initiated through oxidative 
addition process of the bond also under hydroformylation conditions, though the 
more precise nature of the process is not clear yet. In our view, it is quite possible 
that o&o-metallation occurs under hydroformylation conditions as was observed in 
hydrocarboxylation [23]. However, it may not be responsible for the aryl-P bond 
scission. 

Effect of reaction conditions 
As is well known, the selectivity (n/iso) of hydroformylation is very much 

affected by the reaction conditions. In this connection, we briefly studied the effect 
of conditions on the aryl-P bond cleavage in rhodium- and cobalt-catalyzed 
reactions. 

Figure 1 shows that, at higher pressures of synthesis gas, benzaldehyde formation 
in rhodium-catalyzed reactions was promoted, while benzene formation by cobalt 
catalysts was suppressed. The amount of benzene formed in rhodium-catalyzed 
reactions and that of benzaldehyde (including benzyl alcohol) by cobalt catalysts 
remained nearly constant. 

Regarding the effect of temperature, as Fig. 2 shows, rhodium- and cobalt-cata- 
lyzed cleavage was promoted by raising the temperature. 

PhCHO + 

Press (atm) 
Fig. 1. Effect of synthesis gas pressure on the decomposition of trlphenylphosphine (Rh. 0.1 mg-atom; 
PPh,, 1.0 mmol: toluene, 10 ml; 200”. 4 h; Co, 0.2 mg-atom: PPh,. 1.0 mmol; toluene, 5 ml: 200’. 6 h). 
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Fig. 2. Effect of the reaction temperature on the decomposition of triphenylphosphine (Rh, 0.1 mg-atom; 
PPh,, 1.0 mmol; toluene, 10 ml; 250 atm, 4 h; Co, 0.2 mg-atom; PPh,, 1.0 mmol; toluene, 5 ml; 300 atm, 
6 h). 

Stability of the P-C bond of tributylphosphine 
For comparison with triphenylphosphine, the P-C bond cleavage of tri- 

butylphosphine was also briefly examined under similar conditions. No products, 
which should have been formed from P-butyl bond cleavage, such as C, hydro- 
carbons, C, aldehydes, or alcohols were detected in the reaction mixture. Thus the 
P-C bond in trialkylphosphines is much more stable than that in triarylphosphines 
under hydroformylation conditions. Similar results have been described by Kikukawa 
et al. for palladium(II)-catalyzed reactions (171. 

Stability of the catalyst systems 
As has been described, the phosphines are degraded under hydroformylation 

conditions. Jamerson et al. described the formation of the phosphide complex 
Rh,(p-PPhz),(CO),(PPh,) from HRh(CO)(PPh,), under hydroformylation condi- 
tions, though no product derivable from the phenyl group originally bound to 
phosphorus was identified [26]. In order to check the relevance of the P-C bond 
cleavage to the decay of catalysis, the catalytic activity of metal carbonyl phosphine 
systems for hydroformylation of l-pentene was examined before and after treatment 
with synthesis gas in the absence of olefin. The relative rates (by monitoring gas 
absorption) obtained for the metal/ligand combinations are listed in Table 2, where 
the rate before the synthesis gas treatment is set at 1 for each combination. From 
Table 2, the stability of the catalyst systems is as follows: Co-PBu, > Ru-PBu, > 
Rl-PBu, > Co-PPh, > Ru-PPh, > Rh-PPh,. This trend is compatible with the 
stability of ligand, PBu, > PPh,. However, it is not consistent with the ability of 

metal carbonyls to promote P-C bond scission, Rh > Co > Ru, indicating that other 
processes may also take part in the decay of catalysis. 

This study shows the long-known cobalt/trialkylphosphine catalyst systems in 



176 

TABLE 2 

COMPARISON OF HYDROFORMYLATION ACTIVITY FOR I-PENTENE BEFORE AND AFTER 

THE HIGH TEMPERATURE SYNTHESIS GAS TREATMENT OF THE CATALYST SYSTEMS’ 

Llgand Metal carbonyls 

PPh, 0 0.17 0.33 

PBu, 0.35 0.56 1.00 

” Synthesis gas treatment was effected under 150 atm (at room temperature) of l/l synthesis gas at 200°C 

for 4 h without the olefin. Hydroformylation was run under 100 atm of l/l synthesis gas at 70. 145. 

195’C for rhodmm. ruthemum. cobalt, respectively. Two ml of I-pentene. 1 mmol of phosphine. and 10 

ml of toluene were used for each run. The amount of metal carbonyl catalysts was 0.1, 0.3. or 0.2 mg-atom 

Rh, Ru, or Co, respectwely. 

the Shell 0x0 process are not only selective for straight-chained products, but very 
stable under the operating conditions. 

Experimental 

Materials 
Solvents were dried and purified by standard techniques. Triruthenium dodeca- 

carbonyl was purchased from Strem Chemicals and used as received. Dicobalt 
octacarbonyl. triphenylphosphine, and tributylphosphine were also commercial 

products and were purified by recrystallization or distillation. Tetrarhodium 
dodecacarbonyl was prepared by the method of Martinengo et al. [30]. 

Reaction ofphosphrnes under synthesis gas 

In a typical experiment, a phosphine (1 mmol), a catalyst (0.2 mg-atom), and 10 
ml of cumene were charged into a 40-ml stainless steel autoclave. Synthesis gas (l/l) 

of 220 atm at room temperature was introduced. and the autoclave was heated at 
200°C for 6 h. 

Analysis 
All products were identified by comparing the retention times on gas chromato- 

grams with authentic samples purchased or prepared by different routes. Octadecane 
was used as an internal standard. The column packings employed were as follows. 
Silicone OV-17 on Uniport HP (4 m) for benzene derivatives. Diethylene glycol 
succinate on Neopak AS (3 m) for benzaldehyde and benzyl alcohol derivatives. 
Apiezon grease L on Chromosorb WAW-DMCS (2 m) for biphenyl, benzophenone, 
and triphenylphosphine derivatives. Silicone OV-101 on Chromosorb W HP (1 m) 
for triphenylphosphine oxide derivatives. 
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