
Oxygenation of Butadiene J .  Org. Chem., Vol. 43, No. 24, 1978 4631 

Oxygenation of Butadiene Catalyzed by Low-Valent Group 8 Metal 
Complexes 

Frank Mares* and Reginald Tang* 

Allipd Chemical Corporation, Corporate Research Center ,  Morristown, N e w  Jersey 07960 

Received J a n u a r y  9, 1978 

Butadiene complexes of Ir(1) and Rh(1) induce efficient oxygenation of butadiene a t  55 “C and a pressure of 1-15 
atm. The products are oligomeric peroxides resulting from free radical chain addition of oxygen in the 1,2 and 1,4 
positions. It is postulated that molecular oxygen reacts with diene bonded to the low valent group 8 metal, forming 
a metal-bonded alkylperoxy radical which initiates the radical chain. Coordinated oxygen species are not in- 
volved. 

Low-valent transition-metal complexes are known to 
form peroxo complexes when exposed to oxygen. At  present, 
only one such complex is known which contains both dioxygen 
and ethylene in the coordination sphere of the metals1 Re- 
cently, the oxygenation of coordinated long-chain olefins was 
postulated2 in the oxidation of terminal olefins to 2-alkanones 
promoted by RhC1(PPh3)3. Surprisingly, no effort has been 
made to study oxygenation of conjugated dienes in the pres- 
ence of low-valent metal complexes. The complexes containing 
only dienes in the coordination sphere would be of special 
interest since cooxidation’ of other ligands could be avoided. 
If a diene and dioxygen could be assembled in the coordination 
sphere, 1,4 addition of oxygen to the diene might be accom- 
plished. For these reasons our effort has been devoted to a 
study of oxygenation of butadiene in the presence of iridi- 
um(& and rhodium(1)-butadiene complexes. 

Results 
The oxygenation of butadiene promoted by butadiene 

complexes of low-valent metals such as IrCl(butadiene)2 and 
RhCl(butadiene)L, where L = PPhB and AsPh3, leads to oli- 
gomeric peroxides. The structure of the peroxides corresponds 
to 1,4- and 1,2-dioxygen adducts of butadiene. Molecular 
weight measurements indicate an average value of 723. Ti- 
tration of active oxygen gives a peroxidic oxygen value of 
1.17/mol of oligomer suggesting some chains are terminated 
by hydroperoxy functions. The products obtained via Ir(1) or 
Rh(1) catalysis exhibit the same characteristics as those ob- 
tained by AIBN initiation and match those described by Mayo 
et al:’ for the 1,2- and 1,4-mixed oxygenation product con- 
taining some butadiene oligomeric units. A small amount of 
aldehyde is present as evidenced by 1H-NMR and IR analysis. 
The structure of the product is further confirmed by lithium 
aluminum hydride reduction; subsequent acetylation of the 
crude product yields diacetates of the two isomeric butene- 
diols. 

In our studies, summarized in Table I, we have found that 
the most effective catalyst for the oxygenation is Ir(buta- 
diene)&l. Although it has been claimed that initiators are not 
necessary4 for oxygenation of butadiene, we have found that 
under the mild reaction conditions used, oxygenation of bu- 
tadiene is extremely slow, giving only a trace of the product. 
Temperatures in excess of 80 “C are necessary for appreciable 
oxidation in the absence of catalyst. Even using AIBN as 
initiator, we find that the reaction is slower by a factor of 100 
than the Ir complex catalyzed reaction. At the higher tem- 
peratures necessary for AIBN initiated oxygenation, unde- 
sirable and extensive decomposition of peroxidic units results. 
Using known free-radical inhibitors such as 2,g-di-tert- 
butyl-p-cresol the oxidation reaction catalyzed by Wbuta- 
diene)&l is quenched. 

There are subtle ligand effects in the oxygenation reaction 
as evidenced by the difference in the reactivity of 
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RhC1(C4H6)PPh3 and RhC1(C4H6)AsPh3. The phosphine 
complex is slower than Ir(butadiene)&l in catalyzing the re- 
action, but it is about five times faster than the arsine complex. 
These two complexes can be readily generated from butadiene 
and RhClL3 which, therefore, should be effective catalysts as 
well. The corresponding cobalt complex, CoCl(PPh&, is in- 
effective. Rapid oxidation of Co(1) to Co(I1) was observed. 

Most solvents do not seem to influence the character of 
butadiene oxygenation. Thus, in acetic acid, acetonitrile, and 
benzene, the same ratio of the oligomeric peroxide isomers is 
obtained. However, the reaction is very slow in methanol. 

Discussion 
Oxygenation of olefins promoted by transition metal 

complexes follows two pathways. Olefins which readily form 
hydroperoxides usually undergo autocatalytic oxidation 
characterized by the Haber-Weiss mechanism.5 Allylic oxi- 
dation is usually the end result. Another type of olefin oxy- 
genation promoted by metal complexes is exemplified by the 
oxidation of terminal olefins to the corresponding methyl 
ketones2 The complex is postulated to serve as a center for 
the coordination of both reacting species allowing an orderly 
transfer of “activated oxygen” to the ligated 
substrate6 without intervention of free radicals in the process. 
However, the initiation step of the observed butadiene oxy- 
genation cannot be adequately described by either mecha- 
nism. Control experiments revealed that oligomerization of 
butadiene in the presence of the Rh and Ir complexes is much 
slower than the corresponding oxygenation. It is, therefore, 
reasonable to assume that the oxygenation is initiated by the 
interaction of molecular oxygen with either the metal of the 
complex forming superoxo radical I or the complexed buta- 
diene forming a metal-bonded alkylperoxy radical 11. 

Reaction of butadiene with either I or I1 would then start the 
radical chaine8 Rh(1) and Ir(1) complexes, which are the most 
active catalysts, are known to form peroxo species7 by a for- 
mally two-electron transfer rather than superoxo species by 
a one-electron transfer. In addition, Co(I1) complexes, which 
are known to form superoxo complexes7 on contact with mo- 
lecular oxygen, are inactive as catalysts for oxygenation of 
butadiene. We, therefore, favor chain initiation by species 
11. 

With high butadiene concentration, such as the conditions 
used, the formation of the oligomeric butadiene units reflects 
a competition between butadiene and oxygen for the radical 
center. One can also appreciate the formation of small 
amounts of C4H602, CaH1202, and C8H1204, products from 
short chain terminations. The small amount of terminating 
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Table I. Butadiene Oxygenat ion  t o  Ol igomer ic  Pe rox ides  - 
conver- 

catalyst@ registry reaction sion, 
(mmol) no. time, h % solvent - 

Ir(C.&)&l 39732-20-2 6 66 C6H6 

Ir (C&)ZC~ 18 50 CH30H 

4 60 CHzCN 

(0.30) 

(0.3 0) 

4 63 CH3C02H 

Ir(C4H6)zCl 48 38' CsH6 

none 45 4 C6H6 
AIBN (3.3) 63 66 CfiHs 
Ir(C&)zC1 30 O d  C6H6 

(0.39) 

(1 5) and 
di-tert-  butyl- 
p-cresol (0.5) 

(0.1.3) 
Rh(C4H6)CIPPh:j 33568-90-0 24 71 c1jH6 

Rh(C4Hs)CIAs- 67761-62-0 60 47 C6H6 

CoCI(PPh:3)3 16 0 CH:jCN 
Ph:] (0.12) 

(0.20) 

0 Standard conditions are: 3 g of C4H6,4 mL of solvent, 200 psi 
of initial 02 pressure, and 55 "C. T h e  yields of the  peroxides 
based on the  consumed butadiene are 290%. Large-scale reac- 
tion carried out a t  60 "C using 20 g of butadiene in 50 mL of C6Hs. 

Reaction carried out a t  60 "C. 

a ldehyde  a n d  hydroxy groups  results f rom decomposition of 
the peroxy radicals5 (eq 1 and 2) or f rom decomposition of t h e  
d imer  of the peroxy radical via the Russell mechanism.9 

Hydrogen  abs t rac t ion  b y  the peroxy radical gives the termi- 
na t ing  hydroperoxy groups.  Hydroxy groups  were observed 
in the IR spec t ra .  The presence of t h e  hydroperoxy group is 
reflected also in the number of peroxidic oxygens per  oli- 
gomeric unit. 

Experimental Section 
General. The synthesis and isolation of the metal complexes were 

performed under vacuum or in an Ar atmosphere with degassed or 
Ar-saturated solvents. Magnetic resonance spectra (reported in 6, 
relative to Me4Si in CDC1,3) were recorded on a Varian T-60 spec- 
trometer. Infrared spectra (reported in microns) were obtained on 
a Model 283 Perkin-Elmer spectrometer. GC-MS results were ob- 
tained with a Finnigan Model 3200 GC-MS instrument. 

Ir(butadiene)&l.  This complex was prepared according to the 
method of Onderdeliriden and Van der Entlo starting from 
Ir(C8H14)2Cl dimer. The butadiene complex can also be prepared 
directly from the corresponding ethylene complex. 

Rh(butadiene)ClL. The complexes where L = triphenylphosphine 
and arsinewere prepared according to the method of Roundhill et al." 
An alternative method starting with the olefin chloride dimer of Rh(I), 
excess butadiene, and an equivalent of the ligand gave a quantitative 
yield of the product. 

Butadiene Oxygenation. In a typical procedure for the oxygen- 
ation of 1,3-butadiene, i,he catalyst, Ir(C4H&C1 (ca. 0.1 g), solvent 

(ea. 4 mL, usually benzene), and a magnetic stir bar were introduced 
into a glass insert and the insert placed inside a stainless steel reactor 
with ca. 250 mL of total capacity. The portion of the reactor containing 
the solvent was chilled to -179 "C and then evacuated. A volume of 
butadiene, usually 3 g, was condensed into the reactor. The reactor 
was then connected to a source of oxygen. While the bomb was still 
cold, ca. -78 "C, 0 2  was added to the desired pressure (up to 200 
psi).I2 

The reactor was then placed in a thermostatted bath and stirred. 
The reaction could be terminated at  any time by lowering the tem- 
perature. The workup consisted of releasing the pressure, filtering 
precipitated catalyst, and vacuum transfer of the solvent and small 
amounts of low-boiling materials. The residue was composed of ca. 
equal molar amounts of the oligomers of 1,2- and 1,4-peroxides of 
butadiene to the extent of about 90%, the rest being oligomerized 
butadiene; H-NMR spectra corresponded to those reported? 1,4 
isomer, 4.3-4.6 (m, 4 H), 5.8-6.1 (m, 2 H); 1,2 isomer 3.8-4.1 (m, 2 H), 
4.6-4.9 (m, 1 H), 5.0-5.8 (m, 3 H); IR 2.8 (s), 3.4 (s), 5.8 (s), 7.0 (s), 7.4 
(s), 10.0 (broad); average mol wt 723. Active oxygen analysis showed 
2.67 equiv per 100 g of oligomeric material. The aldehyde impurity 
exhibited H-NMR 9.64 (doublet, 8 Hz) and IR 5.8 (s); the hydroxy 
group had IR 2.8 (s). 

The results obtained with different catalysts and solvents are 
summarized in Table I. 

Lithium Aluminum Hydride Reduction. Preformed butadiene 
peroxide oligomer (2.5 g, 29.0 mmol) dissolved in 20 mL of ether was 
added dropwise to an ice-cooled suspension of LiAIH4 (5.0 g, 130 
mmol) in 100 mL of ether. The resulting mixture was refluxed for 3 
h. Acetic anhydride (20 mL) in ether was then slowly added to the 
mixture. After an aqueous workup and neutralization, the solution 
was continuously extracted with ether to obtain the crude product 
in 45% yield. By comparison with authentic samples, GC-MS analysis 
indicated it to be a mixture of the diacetates of isomeric butene- 
diol. 
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