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Formation of Ketones in the Oxo Synthesis 
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Ketones have been prepared by the reaction of hydrogen tetracarbonylcobaltate( -I) with monoolefins, con- 
jugated and unconjugated diolefins. A mechanism is proposed for ketone formation in which only the last step 
of the hydroformylation mechanism for aldehyde formation has been changed from the decomposition involving 
hydrogen tetracarbonylcobaltate( -I) to one involving alkyl tetracarbonylcobaltate( -I). 

Although the preparation of aldehydes from olefins 
and hydrogen tetracarbonylcobaltate( - I) in a stoichio- 
metric reaction or a catalytic process is well-known, the 
preparation of ketones by such reactions is rare. 
Ketones have been observed as a major product when 
ethylene is subjected to oxo conditions and as a minor 
product when other olefins have been used.2 In a reac- 
tion which would seem related, although it does not in- 
volve an olefin, Hieber? observed acetone in the de- 
composition of methyl tetracarbonylcobaltate( - I) .  
While studying the coordination compounds formed by 
diolefins and hydrogen tetracarbonylcobaltate( - I) ,  
considerable amounts of oxygenated organic compounds 
were observed in several cases. Since identification of 
these compounds indicated that some were ketones, it 
was decided to investigate further the possibility of 
preparing ketones by such reactions. 

Results and Discussion 

Reactions were carried out by adding the olefin to an 
aqueous solution of potassium tetracarbonylcobaltate- 
(-1) in an autoclave and then acidifying to produce 
hydrogen tetracarbonylcobaltate( - 1). With conju- 
gated diolefins, temperatures above 120" were neces- 
sary to decompose the somewhat stable complexes, 
substituted a-allyl tricarbonylcobaltates. Wit,h un- 
conjugated diolefins, room temperature was sufficient; 
monoolefins a t  room temperature gave only aldehydes. 
At lower temperatures in pentane solvent, 1-butene 
gave predominantly ketones as oxygenated product. 

The mechanism of aldehyde formation recently has 
been discussed by various workers.*-' Although 
there are several points of disagreement, the following 
sequence of reactions is compatible with available 
data. 

RCH=CH? + HCo(C0)r = RCHzCHzCo(CO)4 

RCHZCHzCo(C0)d = RCHzCHzCOCo( COh 
RCHzCHzCOCo(C0)3 + CO RCH?CHzCOCo(CO)a 

RCH2CH?COCo(C0)3 + HCo(CO4 = 
RCHgCHzCHC, + Cog( GO), 

The sequence is written for only one of the isomeric 
aldehyde products. 

( I ) (&)  Esso Research Laboratories, Baton Rouge, La. ;  (b) University of 
Bergen. Norway. 

(2) I. Wender, H .  W .  Sternberg, and M .  Orchin, "Catalysis," Vol. 5 ,  
P.  H. Emmet t ,  Ed . ,  Reinhold Publishing Corp.. K e n  York, N. Y., 1957, 
p. 85. 

( 3 )  W .  Hieber. 0. Vohler, and G. Braun, Z.  Nalurforsch., lSb, 192 (1958); 
u'. Hieber. \V. Beck, and E .  Lindner, ibid.. 16b, 229 (1901). 

(4) F. A.  Cotton and G. Wilkinson, "Advanced Inorganic Chemistry." 
Interscience Publishers. Inc., New York, N. Y., 1902, p. 058. 

(5) C .  W.  Bird, Chem. Rei'.,  283 (1962). 
(0) M .  A. Bennett, ibid., 011 (1902). 
(7)  R .  F. Heck and D. 8.  Breslow. J. Am. Chem. Soc., 88, 4023 (1961). 

Acyl compounds, such as the one above, have been 
prepared by Heck and B r e s l o ~ . ~ ~ ~  

The second and third steps may proceed by a con- 
certed carbonyl insertion mechanism involving tjhe 
following transition state. *, lo, l1 

oc 
[\ 
I Co(C0)s 1 ,/' I 

R b0 

The entering carbon monoxide molecule attaches it- 
self to cobalt while one of the original carbon monoxide 
ligands forms the acyl group.12 Such a mechanism 
would eliminate the coordinately unsaturated acyl 
tricarbonylcobaltate( - I), and the last step would 
become the following.1b.2 

RCHzCHzCOCo(C0)r + HCo(C0)r = 
RCHzCHzCHO + C02(C0)8 

The mechanism proposed by Heck and Breslow4 
would involve HCO(CO)~ and appears less likely in view 
of a mass spectrometric analysis of hydrogen tetra- 
carbonylcobaltate( - I) which showed no hydrogen- 
containing fragments. l 3  

The formation of ketones can be explained by a mech- 
anism similar to the one above by assuming that the 
alkyl tetracarbonylcobaltate( - I) of step 1 can func- 
tion in the same way as hydrogen tetracarbonyl- 
cobahate( - I) in the decomposition that follows 

RCHzCH&OCo( CO), + R'Co( CO), + 
RCH~CHICR'O + CO~(CO)~+ '  

where x is 3 or 4, depending on which mechanism is pre- 
ferred, and R'  is RCH2CH2- or H. Since the decom- 
position would proceed through an intermediate or 
activated complex, steric factors would strongly favor 
R' = H. However, the alternate reaction should be- 
come important when (1) R is small (R = H for 
ethylene), (2) the concentration of HCO(CO)~ is low, or 
(3) the two reactants are held together (that is, 
an intramolecular decomposition). 

Furthermore, the same decomposition can account 
for the formation of acetone from methyl tetracarbonyl- 
cobaltate( - I). la 

(8 )  R. F. Heck and D. S. Breslow, Chem. Ind. (London), 467 (1960). 
(9) R. F. Heck and D. S. Breslow. J .  Am. Chem. Soc.,  88,  1097 (1961). 
(IO) F. Calderazzo and F. A. Cot ton,  Inow. Chem., 1, 30 (1962). 
(11) K.  A. Keblys and A. H. Filbey, J. A m .  Chem. Soc. .  82,4234 (1900). 
(12) T. H. CoKield, R. D. Closson. and J. Koaikoaski. Abstracts of Con- 

ference Papers, Intern. Conf. on Coordination Chemistry, London, April 0-1 I ,  
1959, Paper No. 20, p. 120.  

(13) H .  W .  Sternberg, I .  Wender, R .  A.  Friedel, and M.  Orchin. J .  Am. 
Chem. Soc., 71,2717 (1953). 
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CHaCo(C0)a + CH3COCo(CO)a 

CHaCo(C0)r + CHaCOCo(C0)a CHaCOCH3 + C0z(C0)7 

As no HCO(CO)~ is present, the above is the only de- 
composition. 

As mentioned previously, use of ethylene in an oxo 
reaction leads to considerable yield of ketone ; with 
longer-chain olefins, ketone becomes only a minor by- 
product. 

In  the present study, when a large excess of butene-1 
reacted with hydrogen tetracarbonylcobaltate( - I) a t  
room temperature, only aldehyde product was isolated; 
when the reactants were mixed at -8" and then 
heated, about 90% of the oxygenated product was 
ketone. The low temperature mixing would favor 
formation of intermediates, both alkyl and acyl, and 
would use up the hydrogen tetracarbonylcobaltate( - I) 
before the decomposition reaction. The decomposi- 
tion reaction would then involve the alkyl and acyl 
intermediates and result in ketone formation. 

The reaction of 1,4-pentadiene at  room temperature 
yielded a mixture of 5-hexenal (8% yield), 2-methylcy- 
clopentanone (22% yield) , and coordination compounds 
(3% yield). A small amount of cyclohexanone also 
was noted. The coordination compounds have been 
identified as isomers (syn- and anti-) of r-(1-ethylally1)- 
tricarbonylcobaltate( - I) .I4 

The formation of 5-hexenal would follow the usual 
aldehyde mechanism, with only one double bond being 
used. Under conditions which regenerate the hydro- 
gen tetracarbonylcobaltate( - I), the other double bond 
would be expected to react as well; these reactions 
were carried out with a 1 :1 mole ratio of hydrogen tetra- 
carbonylcobaltate( - I) and diolefin. By the mech- 
anism proposed, the cyclic ketone would result from 
formation of the alkyl and acyl intermediates within 
the same molecule. 

CHaCHCHzCHzCHz 

Ao(co)4  A=o 
A o m  

Owing to proximity of reactants, the ketone reac- 
tion would compete favorably with the aldehyde reac- 
tion. 

An alternate scheme can explain the formation of 
ketone from diolefins. Starting with the intermediate 
CH2=CHCH2CH2CH2Co(CO)4, the next step would 
be a cyclic transition state. 

HBC 7 CH-CHz 

This transition state would yield the following 
complex. 

H*C=CH--CHz 
I 

CHZ 
1 

( CO)JCO-C-CHZ 
I1 
0 

(14) H. B. Jonassen, D. W .  Moore, and J .  A. Bertrand, Inorg.  Chem., 3, 
601 (1963). 

Existence of such r-complexes at lower temperature 
has indeed been demonstrated by Heck. l6 

This intermediate presumably would be sufficiently 
stable to exist long enough for a hydrogen tetracar- 
bonylcobaltate(-I) to interact with it, thus giving a 
cyclic ketone. 

HzC=CH-CH2 
I 

J. 7H2 + HCo(C0)r -+ O=C, , CHa + 
(CO) ~CO-C - CH2 

I1 
0 

\ /  
HzC-CHa 

The predominance of the 2-methylcyclopentanone 
can be explained on the basis of the cyclic intermediate, 
which favors a closer approach of the carbonyl group 
to C-5 rather than to C-6 of the ring. 

The reaction of l13-butadiene yielded, on decomposi- 
tion of the complex at  120°, both saturated and un- 
saturated Cg ketones. Only straight-chain ketones 
were observed ; furthermore, when a similar reaction 
was carried out under a pressure of carbon monoxide 
only, the saturated 5-nonanone was obtained. For- 
mation of ketone could proceed again through alkyl 
and acyl intermediates, formed from the *-complex 
under the reaction conditions. The alternate scheme 
is unlikely, since hydrogen tetracarbonylcobaltate( - I) 
probably is used up in forming the stable complex. 

Experimental 
1,4-Pentadiene Reaction.-A solution of 0.2 mole of potassium 

tetracarbonylcobaltate(-I) in 300 Inl. of water waa placed in a 
1-1. steel autoclave, 120 ml. of concentrated phosphoric acid and 
0.2 mole of 1,4-pentadiene were added without mixing, and the 
autoclave was closed, inverted to mix the reactants, and rocked 
for 24 hr. The vessel was opened under a stream of nitrogen 
and 100 ml. of hexane was added to extract the products. The 
hexane layer waa separated, washed with distilled water, dried 
over sodium sulfate, and transferred to a distillation apparatus. 
The hexane was removed by aspirator vacuum; the product was 
distilled under high vacuum. The material distilling below 45" 
(1 mm.) was collected as one fraction; the material distilling a t  
45' was predominantly r-(l-ethylallyl) tricarbonylcobaltate( -I). 

The first fraction was further separated into two pure com- 
pounds in a Beckman Megchrom gas chromatograph equipped 
with a silicone rubber column. The first component (894 yield) 
was identified as 5-hexenal. The infrared spectrum showed ab- 
sorptions indicative of aldehyde and terminal unsaturation, 
and absorptions indicative of branrhing (methyl) were absent. 
The molecular weight of 98 (mass spectrum) checked for 5- 
hexenal. The 2-4 dinitrophenylhydrazone isolated arcording to  
the procedure of Kharasch, et al.,'" had m.p. 103O, lit.'& m.p. 
103'; a mixture melting point with an authentic sample showed 
no depreseion. 

The second component (22y0 yield) was identified as 2- 
methylcyclopentanone. The infrared spectrum was identical 
with that of an authentic sample and the phenylhydrazone 
melted a t  60" dec., lit.'" m.p. 60" dec. A mixture melting point 
with the authentic phenylhydrazone showed no depression. 

1,3-Butadiene Reaction.-A solution of 0.2 mole of potassium 
tetracarbonylcobaltate( - I) in 300 mil. of water was placed in the 
autoclave, and 120 ml. of concentrated phosphoric acid and 0.2 

(15) R.  F. Heck, J .  A m .  Chem. Soc., 86, 3116 (1963). 
(16) (a) M. S. Kharasch. J. Kuderna, and W .  Kudenberg, J .  Org. Chem., 

18, 1275 (1953). (b) "Dictionary of Organic Compounds," Vol. 111, Heil- 
bron Oxford Press, New York, N .  Y. ,  1953; (c) p. 357. 
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mole of 1,3-butadiene were added without mixing. The auto- 
clave was closed, inverted to mix the reactants, rocked a t  room 
temperature for 24 hr., and then heated to 120' for 2 hr. 
After cooling, the vessel was opened, the product was extracted 
with hexane, and the hexane layer was washed with distilled 
water and dried over sodium sulfate. After removing the hexane, 
the product was separated on the preparative scale gas chroma- 
tograph. 

The first component (18% yield) was identified as 5-nonanone. 
The ga,s chromatographic retention time and infrared spectrum 
were identical with an authentic sample prepared by the method 
of Briese and M c E l ~ a i n , ~ ~  and the molecular weight (mass spec- 
trum) was correct for 5-nonanone. The semicarbazonp melted 
a t  90°, lit.'Gb m.p. 90", and showed no depression when mixed 
with the authentic derivative. 

The second compound (9% yield) was identified as 3-nonen-5- 
one. The infrared spectrum contained adsorptions characteris- 
tic of ketone carbonyl and conjugated unsaturation, and the 
molecular weight (mass spectrum) was 110. Satisfactory ele- 
mental analysis was not obtained because of sensitivity to air as 
reported by Powell and Nielsen.l* However, hydrogenation of 
the carbon-carbon unsaturation as described by Powell and 
Xielsen'* yielded 5-nonanone. The infrared spectrum was iden- 
tical with the authentic sample prepared above, the molecular 
weight (mass spectrum) was 142 (calcd. for 5-nonanone, 142), 
seniicarbazone hadm.p. 90" (lit.*Gb m.p. go") ,  and mixture melt- 
ing point of semicarbazone with authentic derivative was 90". 

The above experiment was repeated, and carbon monoxide 
gas was added to a pressure of 1200 p.s.i. before heating. The 
product, treated as before, yielded only one major component, 
5-nonanone (257, yield), in the gas chromatograph. 

In  both of the above experiments, minor peaks were observed 
by gas chromatography but were not separated. These cor- 
responded in retention time to n-valeraldehyde, 2-methyl-l- 
butanal, and vinylcyclohexene. 

1-Butene Reaction.-Gaseous hydrogen tetracarbonylcobal- 
tate( -I) was prepared by slowly dropping an aqueous solution of 
potassium tetracarbonylcobaltate( -I) into concentrated phos- 

(17) R. R. Briese and S. hI. McElvain,  J .  A m .  Chem. Soc., 66, 1697 
(1933). 

(18) S. G .  Powell and A.  T. Nielsen. zbid., 70, 3627 (1948). 

phoric acid under nitrogen. The acid solution was constantly' 
stirred while nitrogen was bubbled slowly through the mixture. 

The hydrogen tetracarbonylcobaltate( - I )  formed was passed 
through a drying tube filled with calcium chloride, then precooled 
in a U-tube immersed in an ice bath. The gas mixture then was 
bubbled slowly through a mixture of 60 ml. of 1-butene (ca. 0.7 
mole) and 10 ml. of pentane kept a t  -13 to -8'. The trap was 
fitted with a condenser kept a t  -30" to minimize loss of olefin. 
A 250-ml. solution of potassium tetracarbonylcobaltate( - I) 
containing approximately 0.12 mole of cobalt was used; thus, a 
large excess of olefin was present. This favors the formation of 
alkyl and acyl cobaltates( -1) and prevents the interaction of ex- 
cess hydrogen tetracarbonylcobaltate( -I) with the above com- 
plexes to yield aldehydes. 

After the gas had been bubbled through for 2-3 hr., the reddish 
solution was transferred rapidly to the autoclave under nitrogen, 
and the autoclave then waa closed and heated between 120 and 
130" for 3 hr. in order to decompose the carbonylcobaltates 
present . 

The solution then was distilled, and the solvent and excess ole- 
fin were removed by aspirator vacuum. The high boiling 
product, 0.50 g., distilled below 40" (1 mm.).  

The distillate was analyzed on a Perkin-Elmer 154-L gas chro- 
matograph with a polyethyleneglycol distearate column. Peaks 
corresponding to n-valeraldehyde, 2-methylbutanal, 3,5-di- 
methyl-4-heptahone, 3-methyl-4-octanone, and 5-nonanone were 
observed. 

An infrared spectrum of the distillate showed strong carbonyl 
absorptions around 5.8 k .  

Based on semiquantitative gas chromatographic estimates, the 
above compounds contribute roughly 80% of the product, the 
ketone to aldehyde ratio being about 9: 1. 

In  another experiment, when no excess of olefin was present, 
this ratio was considerably smaller. 
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sym-Tetramethyldisiloxane adds to either hexene-2 or hexene-3 in the presence of chloroplatinic acid to estab- 
lish Si-C bonds with the silicon attached chiefly to the 1-position but also to the 2- and 3-positions of the hexyl 
group in the products. Hexene-1 formed the 1-hexyl derivative almost exclusively. During the reaction a 
hexene becomes a mixture of hexene isomers. 

In the presence of platinum catalysts, chlorosilicon 
hydrides seem to add to acyclic olefins so as to form only 
primary alkylsilanes, even from olefins such as pentene- 
2, heptene-3, or 2-methylbutene-2.3 

sym-Tetramethyldisiloxane behaves somewhat dif- 
ferently from the chlorosilanes in being able to form 
secondary alkylsilicon derivatives from an internal ole- 
fin. Heptene-3 apparently formed 1-, 3-, and 4-heptyl- 
silicon compounds2 by addition of sym-tetramethyl- 
disiloxane. 

During all such addition reactions isomerization of 
olefins may be o b ~ e r v e d . ~  Recent experiments with 

(1) d .  L. Rpeier. .I. 4 .  Webster, a n d  G.  H. Barnes, J .  A m .  Chem. Soc., 

(2)  J.  C. Saam and J. L. Speier. ib id . ,  80, 4104 (1958). 
( 3 )  J .  C. Saani and  J. L. Speier. ib id . .  83, 1351 (1961). 

79,974 (19.57). 

trichlorosilane-d ( ClsSiD) show that extensive exchange 
between Si-D and the C-H of the olefins accompany 
the isomerization. A plausible mechanism has been 
postulated4 to rationalize these data. This mechanism 
seemed to indicate that a reaction that produced a 1-, a 
3-, and a 4-heptylsilicon derivative from heptene-3 and 
tetramethyldisiloxane2 must have produced also the 2- 
heptyl isomer. Heptene-3 also should have formed a 
mixture of the isomeric heptenes during the reaction. 
It was not observed to do  SO.^ 

To reconcile the earlier data2 with more recent re- 
sults, essentially the same experiments were repeated 
using hexene-3, which was assumed to be chemically 

(4) J. W. Ryan and J. L. Speier, ibid.. 86, 895 (1964) 


