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Summary 

The selective syntheses of the Nactone 2-ethylidene-6-hepten-5-olide and of the 
y-lactone 2-ethyl-2,4-heptadien-4-olide by the palladium-catalyzed reaction of carbon 
dioxide and butadiene are described. Mechanistic studies showed that the formation 
of the y-lactone proceeds by a consecutive reaction via the B-lactone. The products 
are accounted for in terms of a reaction path involving an allylic palladium 
carboxylate complex as a key intermediate. 

Introduction 

In recent years transition metal catalyzed reactions of carbon dioxide aimed at 
the utilization of CO, as building block in organic syntheses have attracted consider- 
able attention. For instance, the telomerization of butadiene with carbon dioxide 
yielding lactones, acids and esters has been the subject of several investigations 
[l-5]. Recently we found that CO, and butadiene can be converted selectively into 
the b-lactone 2-ethylidene-6-hepten-5-olide 1 [6], and this enabled us to study the 
mechanism of this synthesis and the succeeding reactions of the S-lactone. 

Results aud discussion 

Synthesis of 2-ethylidene-6-hepten-5-olide (1) 
The palladium-catalyzed reaction of carbon dioxide and butadiene yields, among 

other products, a mixture of the lactones l-3 and the esters of the 2-ethylidene-4,6- 
heptadienoic acid 4 and 5 [l-5]. 
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The S-lactone 1 was obtained very selectively (> 95%) by reacting butadiene and 
carbon dioxide in the presence of a palladium catalyst modified by a phosphine 
ligand of high basicity and with a large cone angle [6]. As palladium catalysts 
palladiumbis(acetylacetonate), palladiumbis(hexafluoroacetylacetonate), palladium- 
bis(dibenzylideneacetone) and the dimeric palladiumallylacetate proved to be active. 
The use of nitriles such as propionitrile, benzonitrile or acetonitrile as solvents 
proved necessary, and acetonitrile was by far the best. Use of other polar and 
unpolar solvents such as acetone, hexamethylphosphoric acid triamide, tetrahydro- 
furane, chloroform, ether or benzene led to drastically decreased activity and 
selectivity. It seems that the CH-acidity of the solvent plays an important role in the 
formation of the catalytically active palladium species. However, it is disadvanta- 
geous to use solvents of too high CH-acidity, such as nitromethane, which reacts 
with butadiene to give telomers containing nitro-groups [7,8]. 

Some typical examples of the reaction of butadiene and carbon dioxide are given 
in Table 1. The results illustrate the controlling effect of the phosphorus ligand: 
Phosphines with linear alkyl substituents such as triethylphosphine gave a mixture 
containing large amounts of the esters 4 and 5, whereas phosphines with alkyl 
groups branched at the a-carbon atom, such as tricyclohexylphosphine or triisopro- 
pylphosphine, yielded selectively the S-lactone 1. Use of comparable chelating 
ligands, such as 1,2-bis(dicyclohexylphosphino)ethane (dcpe), led to decreased selec- 
tivity towards formation 1. 

When a mononuclear palladium species such as Pd(acac), is used as the catalyst 
precursor the optimum ratio of palladium to added phosphine amounts about l/3, 
whereas dinuclear species such as [Pd(C,H,)(OAc)], require a ratio of l/1.5 (Table 

2). 
The isolation of the b-lactone was achieved either by a distillation at 4 pbar or by 

steam distillation at normal pressure. In this way lactone 1 was obtained about 99% 
pure. 

TABLE 1 

VARIATION OF THE PHOSPHORUS LIGAND a 

Ligand Conversion of Yield (Sel.) b 

butadiene (fg) 

(W) 1 2 4 5 

PEt, 31 4 (24.2) 0.3 (1.8) 6.9 (41.8) 5.3 (32.1) 
PBu; 27 3 (16.9) 0.1 (0.6) 8.6 (49.1) 5.9 (33.4) 
PCY3 44 39 (96.2) 0.1 (0.2) 0.9 (2.2) 0.5 (1.2) 
PPri 44 40 (96.2) 0.3 (0.7) 0.8 (1.9) 0.5 (1.2) 
dcpe 19 11 (69.6) 0.1 (0.6) 2.8 (17.7) 1.9 (12.0) 

D 0.16 mm01 Pd(acac),; 0.48 mmol phosphorus ligand; solvent: CH,CN; T90°C, t 15 h. b Sel. = selectivity. 
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TABLE 2 

VARIATION OF THE PALLADIUM/PHOSPHORUS RATIO a 

Pd/P Yield of d-lactone 1 (%) 

Pd(acac), IPdGH,)(OAc)l, 

l/l 10 16 
l/l.5 18 40 
‘/2 36 36 
l/2.5 39 28 
‘/3 40 23 
l/4 39 _ 

l/6 24 

u 0.16 mm01 Pd complex; x mm01 PPri; other conditions as listed in Table 1. 

Syntheses of 2-ethyl-2,4-heptadien-4-olide 3 
The S-lactone 1 can be isomerized selectively to the y-lactone 3 by using the same 

catalysts as for the synthesis of the S-lactone 1. Whereas the synthesis of 1 is 
performed at low palladium concentrations, e.g. at ratios of butadiene to palladium 
as 1000/l until 5000/l, the isomerization of 1 to 3 proceeds very fast at much 
higher catalyst concentrations. The lactone 3 can also directly be synthesized from 
butadiene and CO, using butadiene/palladium ratios of 20/l. A typical example is 
given in Fig. 1: The b-lactone 1 was reacted in the presence of the catalyst system 
Pd(acac),/PPri at a ratio of lactone to palladium of 20/l. After about 2 h the 
S-lactone 1 was isomerized almost quantitatively to the thermodynamically more 
stable y-lactone 2. After a further 8 h the non-conjugated y-lactone 2 had isomerized 
to the most stable conjugated y-lactone 3, which was present in two stereoisomeric 
forms; these could be separated by GLC analysis and proved to have the same mass 
spectra. 

After distillation at about 4 pbar the lactone 3 was obtained 97% pure. Prior to 
the distillation of the pure y-lactone 3 it is advantageous to remove the palladium 

t[hl - 
Fig. 1. Isomerization of the 6-lactone 1. 
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catalyst; this can be done by column chromatography using silicagel and a mixture 
of cyclohexane and ethylacetate. 

Isolation of the intermediate lactone 2 in comparable purities by distillation was 
not possible. A product mixture obtained after a 90 min isomerization of 1 (compare 
Fig. 1) contained both 1 and the conjugated lactone 3. 

Conversions of the lactones with butadiene 

The reaction of the S-lactone 1 in presence of the catalyst system Pd(acac),/PPr; 
and butadiene yielded a mixture of the y-lactone 2 and the esters 4 and 5. A 
quantitative study by a GLC analysis using an internal standard however proved 

that two thirds of the reagent 1 decomposed into acids or octatrienes. The reaction 
of the y-lactone 3 and butadiene yielded only decomposition products and no esters 
were obtained. These findings support the view that the formation of the esters 
proceeds via the intermediate b-lactone 1. 

Reaction mechanism 
To account for the formation of 1, its isomerization to 2 and 3, and its reaction 

with butadiene to give the esters 4 and 5, we propose the following mechanism: 
Phosphine-palladium complexes PdL, react with butadiene to give the bis-n3-ally1 

complex 6, which is in equilibrium with the corresponding $-n3-intermediate 7. In 
this equilibrium basic phosphines favour the formation of 7. Here the influence of 
basic phosphines, shown in Table 1, can be understood. Intermediates similar to 7 
were discussed by Wilke and Jolly in their elegant work on butadiene oligomeriza- 

tion and telomerization by nickel [9] and palladium [lo] complexes. 

SCHEME 1 

After insertion of CO, into the palladium-carbon u-bond of the intermediate 7 
complex 8 is formed (Scheme 1). Complex 8 has several possibilities for further 
reactions: 

(a) Cyclization and hydrogen-transfer, with formation of the ethylidene group, to 
give the b-lactone 1. 

(b) Cyclization to a five-membered ring by attack of the oxygen bonded to the 
palladium on carbon atom number 4 to give lactone 2, which can isomerize by 
palladium-catalyzed hydrogen transfer to give lactone 3. 

(c) Reaction with two further molecules of butadiene to give the octadienyl esters 
4 and 5. 
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It is noteworthy that the b-lactone 1 can also become coordinated to palladium 
through an oxidative addition to form the intermediate 8. Through this ring opening 
the S-lactone gives the same products as are formed from butadiene and carbon 

dioxide. 

Experimental 

The reactions were carried out in 75 ml steel autoclaves or in glass autoclaves 
fitted with a manometer, a valve and a magnetic stirrer. All experiments were 

performed under argon which was dried with a 4 A mol sieve. The solvents were 
dried and distilled under argon. The analysis of the product mixtures was by GLC 
using a 100 m OV 101 glass capillary and a temperature program from 100 to 
230°C. The identification of the products was by IR, ‘H and 13C NMR spectroscopy 
and GLC/MS. 

Synthesis of lactone I 
A mixture of 14 g (0.26 mol) butadiene, 15 g (0.34 mol) carbon dioxide, 0.05 g 

(0.16 mmol) Pd(acac),, 0.08 g (0.48 mmol) PPr; and 30 ml acetonitrile was heated in 
a steel autoclave for 15 h at 90°C. After removal of unreacted CO, and butadiene, 
GLC analysis revealed a 40% yield of lactone 1. Distillation of the crude oil gave 
7.54 g (50 mmol) of lactone 1 of 99% purity. 

Syntheses of lactone 3 
(a) A mixture of 10 g (66 mmol) lactone 1, 1 g (3.2 mmol) Pd(acac),, 1.6 g (9.8 

mmol) PPri and 200 ml acetonitrile was stirred in a glass autoclave for 15 h at 90°C. 

After cooling the solvent was removed in vacua. GLC analysis of the crude oil 
revealed a 90% yield of lactone 3. Distillation gave lactone 3 of 97% purity. 

(b) A mixture of 14.8 g (0.27 mol) butadiene, 13.8 g (0.30 mol) carbon dioxide, 
0.95 g (3.2 mmol) Pd(acac), and 1.5 g (9.4 mmol) PPri and 30 ml acetonitrile was 

heated in a steel autoclave for 15 h at 90°C. After cooling the solution was 
concentrated and analyzed by GLC. Lactone 3 was formed in 17% yield with a 
selectivity of 97%. 

Reaction of lactones with butadiene 
A solution of 1 g (6.6 mmol) lactone (1 or 3), 0.2 g (0.66 mmol) Pd(acac), and 

0.33 g (2.06 mmol) PPrj in 20 ml acetonitrile was treated with 5.4 g (100 mmol) 
butadiene, and the mixture was heated for 15 h at 90°C. Analysis was by GLC. 
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