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963. The Hydroformylation of Propene. 
By S. BREWIS. 

In the hydroformylation of propene from 100 to 260" and from 250 to 
2500 atm. the isomer distribution of the butyraldehyde products changes with 
temperature and pressure. Formation of 11-butyraldehyde was favoured by 
low temperatures and high pressures. One explanation could be that the 
reaction proceeds through propylcobalt tetracarbonyl and propylcobalt 
tricarbonyl intermediates which are in equilibrium : 

PrCo(CO), .+* PrCo(CO), + CO 

PROPENE reacts with hydrogen and carbon monoxide under pressure and in the p-resence 
of dicobalt octacarbonyl to give n-butyraldehyde and isobutyraldehyde as products. This 
reaction is known as the 0x0-synthesis or hydroformylation reaction. It is well estab- 
lished that at low temperatures n-butyraldehyde is formed in preference to isobutyr- 
aldehyde,l92 but the effect of the total pressure on the isomer distribution is not well under- 
stood. IVith very low partial pressures of carbon monoxide at  low temperatures (90- 

1 Hughes and I<irshenbaum, Iwd. Eng. Circiit., 19di ,  49, 1999 
Nacho, Chc~12.  fwztna?~sl, 1963, 12, 240. 
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110') the proportion of n-butyraldehyde is markedly decrea~ed.~ We have studied the 
hydroformylation of propene from 100 to 250" and from 250 to 2500 atm. to obtain inform- 
ation on the influence and interaction of temperature and pressure on the butyraldehyde 
isomer distribution. 

REsuLrs 
Hydroformylations were carried out in silver-lined equipment capable of withstanding 330" 

and 3000 atm. Equimolar quantities of hydrogen and carbon monoxide were used and measure- 
ments were made a t  temperatures from 100 to 250' and pressures from 250 to 2500 atm. The 
product was analysed quantitatively for n-butyraldehyde and isobutyraldehyde by gas chroma- 
tography after 65-75?; coiiversion of propene. If the reaction was allowed to proceed to 
complete propene conversioii the analysis was complicated by compounds formed by reactions 
of the products.4 The yields of butyraldehydes from propene consumed were 94-980,: for 
typical experiments. The product distribution was recorded as the percentage of n-butyr- 
aldehyde in the total butyraldehydes. The esperiments were reproducible, and the product 
distribution was independent of catalyst concentration over the range of concentrations which 
could be experimentally explored. For example, in ten experiments a t  160" and 1000 atm., 
using concentrations between 0.03 and 0.15 w/w % cobalt in heptane, the n-butyraldehyde (yo) 
had an arithmetic mean of 76.7 with a standard deviation of 1.3. Below- the given concentration 
range the reaction was very slow, and at  concentrations above this the exothermic reaction 
proceeded so rapidly that the temperature increased uncontrollably. Thus, the study of 
catalyst concentration effects is limited by this experimental difficulty. When investigating the 
effect of prcssure on the product distribution the temperature and catalyst concentration were 
held constant. The results are given in Tables 1 and 2, and Figs. 1 and 2. 

I)IscussroN 
BzttyraLdehyde Isomer Distribution.-At temperatures below 130" (Figs. 1 and 2) total 

pressure has little effect on the product distribution. However, a t  temperatures more 
usually associated with the hydroformylation process (130-200") the total pressure has a 
marked influence, and this is most pronounced a t  160" where the n-butyraldehyde increases 
from 56.5% a t  250 atm. to 76.0% at  750 atm. It reaches a maximum at  about 1000 atm. 
and then decreases slightly to 67-700/, at  2500 atm. At 250" the proportion of n-butyr- 
aldehyde increases steadily with pressure up to 67-70% a t  2500 atm. Thus, a t  low 
temperatures pressure is not very significant , whereas a t  high temperatures the formation 
of n-butyraldehyde is favoured by high pressures. 

Mechanism-It is suggested that hydroformylation of propene proceeds through two 
types of catalytic intermediate, one stable a t  low temperatures and high pressures, giving 
preferentially n-butyraldehyde, and another which exists in greater concentration at  high 
temperatures and low pressures and gives a higher proportion of isobutyraldehyde. 

TABLE 1. 
Effect of temperature and pressure on product distribution. 

n-Butyraldehyde (%) a t  pressures (atm.) 
in r 7 

co (w/w) 
h 

Temp. hcptane 260 600 750 1000 1250 1500 2000 2500 
looo 5.00 81.4 83.1 --- S4.0 - 80.7 79-6 79.0 
130 1.00 74.0 * 80-1 82.1 80.9* 79.9 - 71.3 70.1 
160 0.10 56.5 * 66.1 * 76.0 76.7 * 76.7 73.0 69.7 67.2 
200 0.01 55.2 * 57.1 61.4 70.5 * 72.4 70.9 69.9 67.5 
250 0.001 No reaction t 55.5' - 61.9 * - 64-9 67.5 68.1 

* Average of repeat experiments; see text concerning reproducibility. t Above 210' a t  250 atm. 
no reaction occurs because of catalyst decomposition. 

Pino, Piacenti, and Xeggiani, Chem. mad Iud. ,  1961, 1400. 
JIatsuda llkio and Uchida Hiroshi, 'I'okio Kogvo Sltikeiisho Mnkokzr, 1962, 57, 50. 
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alkyl-tetracarbonyl species, (1) -+ (3), or an alkyl-tricaibonyl species, RCo(CO),. 
Recently, Breslow and Heck suggested that hydroformylation proceeds through an 

Pino 

( 1 )  
(RCHZ*CH,)Co(C0)4 + CO (RCHz*CH,CO)Co(CO)4 (2) 

(RCH~CH,CO)CO(CO)~ + H, RCH,*CH,CHO +- HCo(CO), (3) 
(MeCH2*CH,)Co(CO), (MeCH,*CH,)Co(CO), + CO (4) 

RCH:CH, + HCo(CO), (RCH~*CH,)CO(CO)~ 

et aZ.3 postulated that both species were involved in the hydroformylation of propene, that 
they were in equilibrium (4), and that each species forms n-propyl- and isopropyl-cobalt 
carbonyls. They proposed that for steric and electronic reasons the propyl-tetracarbonyl 

TABLE 2. 
Comparison of effect of temperature on product distribution at  250 and 1000 atm. 

co (ylw) 
% 

'Temp. heptane 
100" 5.00 
110 2.00 
120 1.50 
130 1.00 
140 0.50 
150 0.30 

n-C4H80 (%) 
250 1000 
atm. atm. Temp. 
81.4 84-0 160" 

170 78.3 * - 
180 74.5 * - 

74-0 * 80.9 190 
200 66.5 * - 

61.7 * 78.0 260 
Refs. as in Table 1. 

2 - 8 0  
V x 
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aldehyde produced with pressure at  : 

x ,  250". 

FIG. 1. Variation of the proportion of n-butyr- 
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co (wlw) 
% 1I-l 

heptane 
0.10 
0.05 
0-03 
0.02 
0.0 1 
0.001 

n-C4H80 (%) 
250 1000 

atm. atm. 
56.5 * 76-7 * 
55.8 * 77.3 
54.1 * 73.6 
55-1 * 73.9 
55.2 * 70.5 * 

No reaction t 61.9 * 

'"r 

50, 
120 I60 200 

Temp. ("c) 

FIG. 2. Variation of the proportion of n-butyr- 
aldehyde produced with temperature, a t  250 
and 1000 atm. 

species a t  equilibrium would be expected to contain more n-propyl isomer than the tIi- 
carbonyl, and thus the tetracarbonyl gives the higher proportion of n-butyraldehyde. 
This hypothesis is consistent with the present results between 250 and 1000 atm. High 
total pressure and low temperature would favour the tetracarbonyl species whereas low 
pressure and high temperature would favour the tricarbonyl species. 

The step which determines the isomer distribution could occur at one or a combination 
of the following three stages of the reaction: direction of addition of the hydrocarbonyl 
[as (l)], isomerisation of the alkylcobalt carbonyls when formed, or isomerisation of the 
acylcobalt carbonyls. The butyraldehydes do not isomerise under hydroformylation 
conditions. Thus, before the hypothesis of Breslow and Heck and Pino et al. can be 

Breslow and Heck, C h e m  and Ind., 1960, 467; Heck and Breslow, J .  Anter. Chew. SOC., 1961, 83, 
4023. 
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accepted or developed the contribution of each stage of the reaction towards isomerisation 
must be determined. 

The slight decrease in the percentage of n-butyraldehyde above 1000 atm. may involve a 
compressibility factor, forcing the propylcobalt tetracarbonyl equilibrium towards the 
isopropylcobalt tetracarbonyl. This follows if it is assumed that the molar volume of the 
isopropyl- is less than that of the n-propyl-tetracarbonyl, as an increase in pressure would 
drive the isomerisation equilibrium towards the isopropyl species,6 thus giving more iso- 
butyraldehyde. 

EXPERIMENTAL 
The propene used contained 99,776 of propene and 0.3% of propane. Equimolar mixtures 

of carbon monoxide and hydrogen were employed throughout. Dicobalt octacarbonyl was 
used as catalyst a t  temperatures below 140' but a t  higher temperatures the cobalt carbonyl was 
formed conveniently in situ from cobalt nonanoate. 

Typical Hydroformylation Expe&m?zt.-Cobalt nonanoate (0.1 g . )  in heptane (13.5 g.) was 
placed in a silver-lined autoclave (100 ml.), fitted with a stirrer, which was connected to a 
compressor containing an equimolar mixture of carbon monoxide and hydrogen. The autoclave 
was cooled in ice, and evacuated, propene (23 g.) admitted, the system sealed, and the total 
pressure increased to 750 atm. The autoclave was heated by an electric induction heater to 
160 & 2" in 8 min. ; the pressure was adjusted to 1000 & 50 atm. and maintained there through- 
out the reaction, and the reaction followed by measuring the uptake of gas. After 45 min., 
corresponding to 68% propene conversion, the vessel was cooled to room temperature with 
compressed air (10 min.). The product contained n-butyraldehyde (20.4 g.) and isobutyralde- 
hyde (6.4 g.). 

The aldehydes were identified by infrared spectroscopy after separation by gas chromato- 
graphy on a column packed partly with squalane on Celite and partly with 2,4-dinitrophenyl- 
hydrazine on Celite. 

RESEARCH DEPARTMENT, IMPERIAL CHEMICAL INDUSTRIES LIMITED, 

Thus, 76.1% of the total butyraldehydes was the n-isomer. 

HEAVY ORGANIC CHEMICALS DIVISION, 
BILLINGHAM, Co. DURHAM. [Received, Mavck 161h, 1964.1 

Hamann, I' High Pressure Physics and Chemistry, Part 2," ed. Bradley, Academic Press, Lon- 
don and New York, 1963, ch. 7. 
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