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Remarkable advances have been made in the last 
20 years in organic synthesis by using transition- 
metal complexes. Many novel synthetic transforma- 
tions have been discovered which seemed impossible 
by conventional methods. 

Among the several transition metals commonly 
used in organic synthesis, palladium occupies a 
unique position. Palladium compounds are versatile 
reagents or catalysts for organic synthesis, as has 
been made apparent by the many new synthetic 
reactions discovered since the invention of the fa- 
mous Wacker process in the late 1950’s. 

In the last 10 years, extensive synthetic studies 
have been carried out involving palladium com- 
pounds and mainly olefinic and aromatic substrates. 
A particular feature of many of these reactions is ox- 
idation with divalent palladium, and nucleophilic 
substitution and addition reactions of olefins are 
typical examples. A previous Account by the author 
treated mainly this type of reacti0n.l 

On the other hand, recently a different type of 
reaction catalyzed by palladium complexes has been 
discovered which involves oligomerization, mainly 
dimerization, and telomerization of butadiene. Oli- 
gomerization reactions of butadiene catalyzed by 
transition-metal complexes, particularly nickel com- 
plexes, which give various cyclic and linear oligo- 
mers, have been studied extensively and quite thor- 
oughly, especially by Wilke.233 However, studies on 
the oligomerization and telomerization of butadiene 
using palladium catalysts were initiated only recent- 
ly. They show that  palladium-catalyzed reactions of 
butadiene are both unique and useful. 

Palladium complexes catalyze cocyclization of bu- 
tadiene with heteropolar double bonds and telomeri- 
zation with nucleophiles. These reactions, which are 
impossible or difficult to achieve by other transition- 
metal complexes, constitute the principal substance 
of this Account. 
Cocyclization Reactions of Butadiene with 
Heteropolar Double Bonds 

A novel reaction of butadiene catalyzed by palla- 
dium complexes is the cocyclization of 2 mol of buta- 
diene with a heteropolar double bond to form a six- 
membered heterocyclic compound, which is ex- 
pressed by the following general scheme. 
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Cocylizations of butadiene catalyzed by nickel 
complexes are known, but they involve only olefinic 
and acetylenic bonds. 43 The palladium-catalyzed 
reaction is a unique example of metal-catalyzed co- 
cyclization involving unsaturated bonds .to hetero 
atoms. 

The first example of the cocyclization involved 2 
mol of butadiene and 1 mol of aldehyde to give 2- 
substituted 3,6-divinyltetrahydropyrans. In addition 
to the pyrans, 1-substituted 2-vinyl-4,6-heptadien- 
1-01s are also formed. Four research groups indepen- 
dently found this reaction.6-9 

Palladium is an active catalyst for decarbonylation 
of aldehydes.lO I t  is assumed that  the first step in 
decarbonylation is an oxidative addition of the alde- 
hyde to the palladium catalyst to form the acyl-pal- 
ladium complex (eq 1). Generally, acyl-metal com- 

L 0 - 1  

RH + Pd + CO (1) 

plexes undergo olefin insertion.11 In our attempt to 
synthesize ketones by the insertion of olefins into the 
acyl-palladium bonds formed from aldehydes, reac- 
tions of butadiene with aldehydes in the presence of 
the palladium complex of (CsH5)3P were carried out. 
The products isolated were not the expected ketones, 
but rather 2-substituted 3,6-divinyltetrahydropyrans 

CH2=CHCH=CH2 + RCHO - 
+ CH,=CHCHCH,CH=CHCH=CH, 

I 
II 

1 

R ~ H O H  
2 
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(1) and 1-substituted 2-vinyl-4,6-heptadien-l-ols (2), 
in high yields. 

The reaction of benzaldehyde with butadiene a t  
80” for 10 hr in the presence of a catalytic amount of 
palladium acetate (Pd(OCOCH3)2) and (C6H&P 
gave l-phenyl-2-viny1-4,6-heptadien-l-o1 and 2-phe- 
nyl-3,6-divinyltetrahydropyran (ca. 90% yield), 
which were separated by distillation. Gas chromato- 
graphic assay of the pyran showed the presence of 
four stereoisomers, and three of them were isolated 
by column chromatography and characterized by 
nmr spectra.12 They were 2-phenyl- trans-3, cis-6- 
divinyltetrahydropyran (3), 2-phenyl- cis-3, cis-6- 
divinyltetrahydropyran (4), and 2-phenyl- cis-3, trans- 
6-divinyltetrahydropyran ( 5 ) .  The nmr studies re- 
vealed that the large 2-phenyl group takes an equa- 
torial conformation in the preferred structure, and 
the rate of inversion of the pyran ring is very slow. 
For example, in the nmr spectrum of 4, when H5 was 
irradiated, the Hz proton became a quartet. If rapid 
inversion took place, the quartet would collapse to a 
t r i ~ 1 e t . l ~  On the other hand, rapid inversion was ob- 
served with 2-methyl-3,6-divinyltetrahydropyran. 

3 4 5 

Various palladium-phosphine complexes can be 
used as effective catalysts. Most simply, Pd (0 -  
COCH3)2 or palladium acetylacetonate can be used 
with (C6H5)3P. Also r-allylpalladium chloride and 
[( C~H5)3P]2PdC12 are active catalysts in the presence 
of an excess of bases which remove the chloride ions 
from the coordination sphere of palladium. Zero- 
valent complexes such as [(C&j)3P]4Pd and bis(tri- 
phenylphosphine)( maleic anhydride)palladium are 
also active. As the ligand, (C6Hs)aP is most conve- 
niently used. Trialkylphosphines and triarylarsines 
are less active. The reaction can be carried out even 
a t  room temperature in solvents such as tetrahydro- 
furan, benzene, and dimethylformamide. 

It was found that the ratio of the two products 
(1:2) can be controlled by changing the molar ratio 
of triphenylphosphine to palladium in the system. 
The unsaturated alcohol was obtained as a main 
product when the ratio was near unity. By increasing 
the amount of (C6H5)3P, the relative amount of the 
pyran increased and the pyran was formed nearly se- 
lectively when the ratio was above 2. Also it was ob- 
served that triarylarsines tend to increase the rela- 
tive amount of the unsaturated alcohol.14 

Aromatic aldehydes, furfural, and aliphatic al- 
dehydes, including formaldehyde, take part in the 
reaction. On the other hand, attempted reactions 
with common ketones such as acetone were not suc- 
cessful, and only 1,3,7-octatriene was formed. Some 
specific ketones, however, were found to take part in 
the reaction.12 Perfluoroacetone gave 2,2-bis(trifluo- 

(12) K. Ohno, T. Mitsuyasu, and J .  Tsuji, Tetrahedron, 28,3705 (1972). 
(13) J. A. Pople, W. G. Schneider,,, and H. J. Bernstein, “High Resolu- 

tion Nuclear Magnetic Resonance, McGraw-Hill, New York, N. Y., 
1959, p 218. 

(14) K. Ohno and J. Tsuji, unpublished work. 

romethyl)-3,6-divinyltetrahydropyran (6). In addi- 
tion, other products (7, 8,  9) were obtained. 
Dihydropyrans 8 and 9 were formed by a 
Diels-Alder - type reaction. l,l, 1 -Trifluoro-2-trifluoro- 
CF,, 

CF3 
,C=O + CH,=CHCH=CH, - 
‘L OH 

I + CH,=CHCH=CH--C-CF, t 
I 

CFB 
6 

8 

methyl- trans- 3,5-hexadien-2-01 (7) was formed by 
the 1:1, rather than 2:1, addition of butadiene to 
the ketone. A similar 1: 1 product was obtained by the 

CF3\ 
C=O + PdL, - 

CF3/ 

+ 7  
CF3\ C--pd/L CH,=CHCH=CH, 

CF3/ \o/ \L 

10 
reaction of butadiene and acetone in the presence of 
nickel complex, which was consumed stoichiomet- 
r i~a1 ly . l~  Other active ketones like a-diketones, such 
as biacetyl and benzil, gave the corresponding pyrans 
(11). 

R-C-C-R + 2CHz=CHCH=CH2 -+ 

II I1 
0 0 0  

11 

The reactivity of perfluoroacetone and a-diketones 
is attributed to their ability to coordinate with the 
catalyst. For example, complex 10 has been re- 
ported.16 Simple ketones show no such reactivity 
toward palladium, and hence they are inert. 

The mechanism of the reaction of aldehydes with 
butadiene is the following. a,r-Diallylpalladium 
complex (12), coordinated by phosphine, was sug- 
gested as an intermediate in the dimerization of bu- 
tadiene.17 This intermediate seems to play an impor- 
tant role in the reaction of aldehydes. In the pres- 
ence of aldehyde, insertion of the carbonyl group into 
the palladium-a-allyl bond takes place giving an 
alkoxide-type complex (13). This intermediate has 
an equilibrium between r-allyl (13) and a-allylpalla- 
dium (14) structures depending on the concentration 
of the phosphine. The former complex is expected to 
decompose through hydrogen transfer from the 4 po- 

(15) P. Heimbach, P. w. Jolly, and G. Wilke, Aduan. Organometal. 

(16) B. Clark, M. Green, R. B. L. Osborn, and F. G. A. Stone, J. Chem. 

(17) S. Takahashi, H. Yamazaki, and N. Hagihara, Mem. Inst. Sci. Ind. 

Chem., 8,39 (1970). 

SOC. A,  168 (1968). 

Res. Osaka Uniu., 25,125 (1968). 
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Scheme I 

13 2 

sition of the r-allyl moiety to the oxygen to give the 
unsaturated alcohol 2. The pyran 1 is formed from 
the latter complex through ligand coupling (Scheme 
I). Existence of the postulated equilibrium between 6- 
allyl- and r-allylpalladiums is supported by the fact 
that the product distribution varies markedly with 
the molar ratio of (CsH5)3P to Pd. The relative ex- 
tent of reaction by each pathway depends mainly on 
the relative ratio of the two catalytic components. 

Isocyanates also take part in the cocyclization with 
butadiene.18 The isocyanate C=Y bond, rather than 
C=O bond, is involved in the reaction to give 
divinylpiperidones in high yield and selectivity. Use 
of a catalytic amount of the palladium complex suf- 
fices. For example, a benzene solution of phenyl 
isocyanate and isoprene in the presence of bis(tri- 
phenylphosphine)(maleic anhydride)palladium was 
shaken a t  100” for 20 hr, and crystalline trans-3,6- 
diisopropenyl-1-phenyl-2-piperidone (15) as well as 
oily cis-3,6-diisopropenyl-l-phenyl-2-piperidone (16) 
were obtained. In this reaction, tail-to-tail coupling 
of isoprene takes place selectively. 

15 16 

Butadiene and phenyl isocyanate gave equal 
amounts of (2)-3-ethylidene-l-phenyl-6-vinyl-2- 
piperidone (17) and its E isomer 18 in 75% yield. In 
the reaction of butadiene, double-bond migration to 
the conjugated position took place. 

CH2=CHCH=CH2 + C6H,N=C=0 - 

17 18 

For this reaction, Pd( OCOCH3)z and palladium 
acetylacetonate are most conveniently used with 
(C&5)3P as the catalyst. Platinum complexes of 
phosphine have the same activity for the piperidone 
synthesis, although they are less active in the pyran 
formation reaction. 

(18) K. Ohno and J. Tsuji. Chem Commun ,247 (1971). 

” 
14 1 

Dimerization and Telomerization of Butadiene 
Formation of n-dodecatetraene from butadiene in 

30% yield by using bis( r-ally1)palladium is the first 
report of the palladium-catalyzed oligomerization of 
butadiene.3 Later studies revealed that palladium- 
catalyzed reactions of butadiene proceed quite differ- 
ently from reactions catalyzed by other transition- 
metal complexes. Linear dimerization is the mhin 
reaction with palladium catalysts, and no cyclodi- 
merization or cyclotrimerization is possible. 

The most interesting and important feature ob- 
served in the palladium-catalyzed dimerization of 
butadiene is the formation of telomers with various 
nucleophiles. As is well known, simple olefins coordi- 
nated to divalent palladium compounds react with 
nucleophiles to give vinylic compounds.1 These reac- 
tions are oxidations with divalent palladium. The 
nucleophiles so far known to react with olefins are 
water,lg alcohols,lg carboxylic acids,l9 amines,20-23 
ammonia,24 e n a m i n e ~ , ~ 5  active methylene com- 
pounds with two negative groups,26 azides,24 and cy- 
anide.27 Also CO reacts with olefin complexes of pal- 
ladium.28 It has been found that butadiene dimerizes 
with efficient incorporation of the same nucleophiles 
mainly at  a terminal position to give 1-substituted 
2,7-octadienes. 
2CH2=CHCH%H2 + YH - 

CHZ=CHCH~CH~CH~CH=CHCH~Y 

In this sense, the dimerizations catalyzed by palla- 
dium complexes are somewhat different from oligo- 
merization reactions of butadiene catalyzed by other 
transition-metal complexes. With nickel, cobalt, 
iron, and other catalysts, it is generally not possible 
to introduce functional groups efficiently into oli- 
gomers. Recently, it was reported that alcohols,29 
a m i n e ~ , 3 0 , ~ ~  and active methylene compounds32 can 

(19) J .  Tsuji, Aduan. Org. Chem., 6,109 (1969). 
(20) G. Paiaro, A. De Renzi, and R. Palumbo, Chem. Commun., 1150 

(21) R. Palumbo, A. De Renzi, A .  Panunzi, and G. Paoaro, J.  Amer. 

(22) E. Stern and M.  L. Spector, Proc. Chem. Soc. London, 370 (1961). 
(23) H. Hirai, H. Sawai, and S. Makishima, Bull. Chem. Soc. Jap.,  43, 

(24) M. Tada, Y. Kuroda, and T. Sato. Tetrahedron Lett., 2871 (1969). 
(25) J. Tsuji, H. Takahashi, and M. Morikawa, Tetrahedron Lett., 4387 

(26) H. Takahashi and J. Tsuji, J.  Amer. Chem. Soc., 90,2387 (1968). 
(27) Y .  Odaira, T. Oishi, T .  Yukawa, and S. Tsutsumi, J .  Amer. Chem. 

(28) J. Tsuji, M. Morikawa, and J. Kiji, J .  Amer. Chem. Soc., 86, 4851 

(29) T. C. Shields and W. E. Walker, Chem. Commun., 193 (1971). 
(30) P .  Heimbach, Angew. Chem., Int. Ed. Engl., 7,882 (1968). 
(31) R. Baker, D. E. Halliday, and T .  N. Smith, Chem. Commun., 1583 

(32) R. Baker, D. E. Halliday, and T. N. Smith, J.  Organometal. Chem., 

(1967). 

Chem. Soc., 91,3874 (1969). 

1148 (1970). 
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Soc., 88,4105 (1966). 

(1964). 

(1971 j .  

36, C61(1972). 
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be introduced into butadiene and its dimers by using 
some specific nickel complexes to give butenyl and 
octadienyl ethers and corresponding compounds. 
However, the selectivity of the reactions is not high, 
and a mixture of telomers is obtained. 

Furthermore, it should be pointed out that this 
reaction of butadiene is not an oxidation, which con- 
sumes divalent palladium, but catalytic. In contrast 
to the reactions of ethylene and other monoolefins, 
which reduce divalent palladium stoichiometrically 
and are catalytic only when used with a Cu(II)-02 
cooxidation system, this type of reaction of butadi- 
ene represents true catalysis by palladium. Thus no 
metallic palladium is deposited during the reaction 
carried out under appropriate conditions. 

Another noteworthy feature is that PdC12, widely 
used to catalyze reactions of simple olefins, is not an 
effective catalyst of oligomerization; Pd(OCOCH3)2 
and palladium acetylacetonate can be used conve- 
niently. That  is, palladium complexes without coor- 
dinated halogen can be used as satisfactory cata- 
lysts. When PdClz is used, bases must also be added 
in order to eliminate the coordinated chloyide ion 
from the coordination sphere of palladium. Zero- 
valent palladium complexes such as [( CsH&P]4Pd or 
bis(triphedylphosphine)( maleic anhydride)palladium 
are also used. 

Dimerization of butadiene to form 1,3,7-octatriene 
(19) proceeds in aprotic solvents in a high yield 
using, for example, the above zerovalent palladium 
complexes as catalysts.33,34 The reaction is faster in 
isopropyl alcohol. 

2CHz=CHCH=CHz - CHz=CHCHzCHzCH=CHCH=CHz 
19 

Telomerization of butadiene with carboxylic acids 
in the presence of palladium salts and alkali phenox- 
ide was first claimed in patents.35 Also the reaction 
of phenol and butadiene, catalyzed by PdClz under 
basic conditions, gave a small amount of phenoxybu- 
tene. When pyridine was added, 1-phenoxyoctadiene 
was obtained in a low ~ield.3~337 These studies 
showed that  palladium is a catalyst of telomerization 
of butadiene, but it seems likely that the activity of 
the palladium catalyst is low in the absence of prop- 
er ligands. A major breakthrough was the discovery 
that ligands are very important in the palladium- 
catalyzed telomerization. Especially, (C6H5)3P has a 
profound effect on the reaction, increasing selectivity 
and activity of the palladium catalyst. In the fol- 
lowing, telomerizations with various nucleophiles are 
surveyed. 

Reactions of Alcohols, Phenols, and Water. Bu- 
tadiene reacts with alcohols to form l-alkoxy-2,7-oc- 
tadiene (20) as a main product, accompanied by a 
small amount of 3-alkoxy-1,7-octadiene (21).38-40 

(33) S. Takahashi, T. Shibano, and N. Hagihara, Tetrahedron Lett., 

(34) S .  Takahashi, T. Shibano, and N. Hagihara, Bull. Chem. SOC. Jap., 

(35) E. J. Smutny, U. S. Patent, 3,350,451 (1967), 3,407,224 (1968). 
(36) E. J. Smutny, J.  Amer. Chem. Soc., 89,6793 (1967). 
(37) E. J. Smutny, H. Chung, K. C. DeWhirst, W. Keim, T. M. Shryne, 

and H. E. Thyret, Amer. Chem SOC. Diu. Petrol Chem., Prepr., 14, BlOO 
( 1969). 

(38) S. Takahashi, H. Yamazaki, and N. Hagihara, Bull. Chem. SOC. 
Jup , 41,254 (1968). 

(39) Mitsubishi Chemical Industries, Netherlands Patent, 68,16008. 
(40) British Petroleum Co., Netherlands Patent, 69,15738,69,15582. 

2451 (1967). 

41,454 (1968). 

Methanol is the most reactive alcohol. Steric effects 
seem to have a large influence on the reaction, and 
secondary alcohols react to only a small extent. Al- 
most no ether formation was observed with tertiary 
alcohols. Very facile reaction takes place with phe- 
nols to give phenyl octadienyl ether in high 
yield. 37 9 4 1  

CHz=CHCH=CHz + ROH -+ 

CH~=CHCHZCH~CH~CH=CHCH~OR + 
20 

CH2=CHCHzCHzCHz HCH=CHz 
21 L 

From the standpoint of industrial application, the 
most promising process which might be developed by 
the telomerization of butadiene is synthesis of n-oc- 
tanol. For this purpose, telomerization with water is 
most desirable. I t  is well known that  simple olefins 
react with water very easily in the presence of PdClz 
to give carbonyl compounds. Actually the reaction of 
water with olefins is responsible for the rapid emer- 
gence of the modern organic chemistry of palladium. 
The oxidative reaction of butadiene with water using 
PdClz and CuClz gives crotonaldehyde and 3-keto- 
b ~ t y r a l d e h y d e ~ ~  (eq 2).  The telomerization of butadi- 
CHz=CHCH=CHz + HzO - 

CHsCH=CHCHO + CH3C(O)CHzCHO (2) 

ene with water catalyzed by palladium complexes, 
however, is rather tricky, and it was only recently 
that water was shown to be incorporated into the 
dimer. Under the usual conditions, reaction of water 
with butadiene takes place only to a small extent. 
Efficient telomerization with water was found to 
occur in the presence of a considerable amount of 
COP in solvents like butyl alcohol, acetone, and 
acetonitrile, as follows.43 
CH2=CHCH=CH2 + H,O - 

CH2=CHCH2CH&HZCH=CHCHzOH + 19 
22 

CH2=CHCH2CH2CH2CHOHCH=CH2 + octadienyl ethers 

23 24 

{ 
The effect of COS is remarkable. For example, 

reaction o€ butadiene (1 mol), water (2  mol), and 
C02 (0.5 mol) in acetone (1.8 mol) for 2 hr gave the 
following yields of the above compounds: 22 (69%), 
23 (7%),  19 (13%), and 24 (10%). The role of COS in 
facilitating the telomerization with water is not 
clear. Also C02 showed some effect on the simple 
dimerization of butadiene catalyzed by palladium or 
platinum catalysts.44 

In an attempt to synthesize 1-octanol, the reaction 
of trimethylsilanol with butadiene was carried out 
and l-trimethylsiloxy-2,7-ocatdiene was obtained, 
which was hydrolyzed very easily to give 2,7-octadi- 
enol (22). 45 

(41) E. J. Smutny, U. S. Patent, 3,518,318(1970), 3,518,315 (1970). 
(42) J. Smidt, W. Hafner, R. Jira, J .  Sedlmeier, R. Sieber, R. Ruttinger, 

(43) K. E. Atkins, W. E. Walker, and R. M. Manyik, Chem. Commun., 

(44) J. F. Kohle, L. H. Slaugh, and K. L. Nakamaye, J.  Amer. Chem. 

and H. Kojer, Angew. Chem., 71,176 (1959). 

330 (1971). 

Soc.. 91.5905 (1969). 
(45) S. Takahashi, T. Shibano, and N. Hagihara, Kogyo Kagaku Zasshi, 

72,1798 ( 1969). 
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2CHz=CHCH=CHZ + (CH3)sSiOH - 
CH~=CHCH~CHZCH~CH=CHCH~OS~( CH3)3 %% 22 

Reaction of Carboxylic Acids. The reaction of 
acetate anion with simple olefins in the presence of 
PdClz or Pd(OCOCH3)z has been studied extensive- 
ly; vinylic acetates are the main products. On the 
other hand, the reaction of acetate with butadiene 
has received less attention. Butadiene reacts with 
acetate to give butadienyl monoacetate.22 Also, for- 
nation of crotyl acetate and 3-acetoxy-1-butene in 
nearly equal amounts by using PdC12 and CuClz was 
rep0rted.~6 Further studies revealed that octadienyl 
acetate is formed by using PdC12 and a base as cata- 
lyst. 35 

CHz=CHCH=CHz + CH3C02H + 

CH3CH=CHCHzOCOCHs + CH3CH(OCOCHz)CH=CHz 

Later it was found that  addition of acetate to bu- 
tadiene to form l-acetoxy-2,7-octaiene (25) as a main 
product and 3-acetoxy-1,7-octadiene (26) as a minor 
product proceeds more efficiently when a palladium 
catalyst is used combined with (CSH&P as a lig- 
and.33,47 
CHpCHCH=CH2 + CH3COzH- 

CH~=CHCH~CH~CHZCH=CHCHZOCOCH~ + 
25 

CHz=CHCHzCHzCHzCH( OCOCH3)CH=CHz 
26 

The reaction carried out without proper solvents is 
too slow to be satisfactory from a practical stand- 
point, but the reaction is faster under selected condi- 
tions. Selection of solvents and their relative 
amounts seems to be important.48 A more remark- 
able effect was observed by addition of basic com- 
pounds. Sodium or potassium acetate accelerates the 
reaction especially a t  high concentrations. 49 A 
marked effect of addition of a molar quantity of ter- 
tiary amines such as 2-( N, N-diethy1amino)ethanol 
has been reported.50 For example, the reaction of bu- 
tadiene, acetic acid, and 2-(N, N-diethy1amino)etha- 
nol(4.0 mol each) in the presence of palladium 
acetylacetonate and (CsH5)3P (3.0 mmol each) gave 
essentially complete conversion of butadiene after 2 
hr a t  90" to yield 25 (71%), 26 (21%), and 19 (8%). 

(CGH5)SP is a good Jigand for the reaction, and 
sometimes i t  is used in a large excess over palladium 
to secure prolonged life of the catalyst. Some phos- 
phites such as trimethylol propanephosphite (27) 
have favorable effects on the rate and gave the high 
selectivity value of 25.50 Reaction times of 2 hr a t  50" 
with this ligand gave an 81% yield of 25 and 9% of 26 
without forming octatriene. However, this ligand 
seems to be decomposed during the reaction. 

CH20 
/ \  

C2Hs-C-CH20 -P 
\CH,O' 

27 

(46) T. Inagaki, Y.  Takahashi, S. Sakai, and Y. Ishii, Bull. Jap. Petrol. 

(47) D. R. Bryant and J. E. McKeon. U. S. Patent, 3,534,088 (1970). 
(48) T. Arakawa and H. Miyake, Kogyo  Kagaku  Zasshi, 74,1143 (1971). 
(49) T. Mitsuyasu and J. Tsuji, German Offen., 2040,708 (1972). 
(50) W. E. Walker, R. M. Manyik, K. E. Atkins, and M. L.  Farmer, Tet- 

Imt., 13,73 (1971). 

rahedron Lett. 3817 (1970). 

Another possible application of the telomerization 
is synthesis of terpenes. Telomerization of isoprene 
with acetate or water. if carried out stereospecifical- 
ly, would be an attractive synthetic method for ter- 
pene alcohols. However, so far it has not been possi- 
ble to synthesize terpenes such as geranyl acetate 
with high selectivity from isoprene and acetic acid. A 
mixture of products is always obtained and separa- 
tion of useful compounds is not e a ~ y . 5 ~  Moreover, 
the reactivity of isoprene is much lower than that of 
butadiene. 

Carboxylic acids other than acetic acid react simi- 
larly, but with somewhat different reactivity. An ex- 
ception is formic acid, and formate ester is formed in 
only trace amount.52 A reaction of formic acid with 
butadiene in the presence of triethylamine, catalyzed 
by Pd(OCOCH3)2, leads to the formation of 1,6-oc- 
tadiene. When (C6H5)3P was added, a mixture of 
1,7-octadiene and 1,6-octadiene (1 : 2)  was obtained. 
COz is released during the reaction and the stoichi- 
ometry is as in eq 3. 
ZCHz=CHCH=CHz + HCOzH + 

CHz=CHCHzCHzCHzCH=CHCH3 + COz (3) 

Reaction of Ammonia and Amines. Direct addi- 
tion of ammonia to olefinic bonds would be an at-  
tractive method of amine synthesis if it could be car- 
ried out smoothly, but so far the facile addition of 
ammonia to simple olefins had not been reported. 
Like water, ammonia does not react with butadiene 
smoothly under usual conditions, and selection of 
proper conditions is important. A reaction of aque- 
ous ammonia (28470, 5 g) with butadiene (32 g) in 
acetonitrile (60 ml) in the presence of Pd(OCOCH3)2 
(63 mg) and (CsH5)3P (261 mg) at 80" for 10 hr gave 
tri-2,7-octatrienylamine (28) (29 g) as a main prod- 
uct, accompanied by a small amount of di-2,y-octa- 
dienylamine (29) (1.2 g). Also isomeric triamine 36) 
was formed as a by-product.53 

CH1=CHCH=CH2 + NH, --+ 

(CH2=CHCH,CH,CH2CH=CHCH,),N + 
28 

(CH,=CHCH,CH,CH,CH-CHCH1)2NH t 
29 

(CH*=CHCH2CH2CH>CH=CHCH2)>-N 
CH,=CHCH,CH2CH2CHCH=CE12 I 

30 

Selection of proper solvents and their amounts are 
important. Acetonitrile, dimethylformamide and 
tert-butyl alcohol are most suitable. Water seems to 
have a favorable effect on the reaction, and aqueous 
ammonia is superior to pure ammonia. 

Primary and secondary amines react smoothly 
with butadiene. and their hydrogens are replaced by 
2,7-octadienyl groups to give secondary and tertiary 
a m i n e ~ . ~ 3 > 3 ~  

Reaction of Enamines. Enamines have dipolar 
double bonds and their cyclization to give four- and 

(51) K. Suga, S. Watanabe, and K. Hijikata, AuQt. J .  Chem., 24, 197 

(52) S .  Gardner and D. Wright, TetrahedronLett., 163 (1972). 
(53) T. Mitsuyasu, M. Hara, and J. Tsuji, C h e n .  Commun., 345 (1971). 

(1971), 
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six-membered rings is known. Also enamines are re- 
active nucleophiles. In view of these dual reactivities 
of enamines, the reaction of butadiene with enam- 
ines using palladium catalyst was investigated. 

Reactions of the pyrrolidine enamines of cyclohex- 
anone and cyclopentanone with butadiene proceed 
smoothly in acetonitrile in the presence of Pd(0 -  
COCH3)2 and ( C S H ~ ) ~ P . ~ ~  The products isolated 
after hydrolysis were 2-(2,7-octadienyl)cyclohexa- 
none accompanied by 2,6-di(2,7-octadienyl)cyclohex- 
anone and the corresponding cyclopentanone deriva- 
tives. 

n 

c -  2CH*=CHCH=CH, + 

CH,=CHCH,CH,CH,CH=CHCH, 

Reaction of Active Methylene Compounds. 
Compounds with a methylene or methyne group to 
which are attached two electronegative groups, such 
as carbonyl, alkoxycarbonyl, formyl, cyano, nitro, 
and sulfonyl groups, react with butadiene smoothly 
and their acidic hydrogens are replaced with 2,7- 
octadienyl groups to give mono- and disubstituted 
compounds (31 and 32).S9355 Also branched telomers 
(33) are formed as by-products. 

CH2=CHCH=CH2 + CH2Y2 --+ 

CHp=CHCH2CH&HpCH=CHCHpCHY2 + ". 
31 

(CH,=CHCH,CHpCHgCH=CHCHg),CY, + 
32 

CH,=CHCH&HpCH&HCHY p 

I 
CH,=CH 

33 

The reactions with fl-diketones, a-formyl ketones, 
malonates, &-formyl, a-cyano, a-keto, and a-nitro 
esters, and related compounds have been carried out 
using mainly [( C6&,)3P]2PdC12 and sodium phenox- 
ide as catalysts. In these reactions, when a bidentate 
ligand such as ethylenebis(dipheny1phosphine) was 
used, 1 mol of butadiene reacted with 1 mol of active 
methylene compound to give butenyl derivatives.56 
CHz=CHCH%Hz + CHzYz + 

CH3CH=CHCHzCHYz + 
CHz=CHCH(CHs)CHYz 

In general, methylene or methyne groups activated 
by one electronegative group are not active for the 
telomerization; simple ketones and esters, for exam- 
ple, are inert. However, nitroalkanes react with bu- 
tadiene smoothly, and their a hydrogens are replaced 
with 2,7-octadienyl groups.53 For example, a reaction 

(54) J. Tsuji, special lecture presented a t  23rd International Congress of 

(55) G. Hata,  K.  Takahashi, and A. Miyake, Chem. Znd., 1836 (1969); J.  

(56) K. Takahashi, G. Hata,  and A. Miyake, Chem. Ind., 488 (1971); 

Pure and Applied Chemistry, July 1971. 

Org. Chem., 36,2116 (1971). 

Bull. Chem. SOC. Jap., 45,1183 (1972). 

of nitromethane with butadiene in the presence of 
[( C,jH5)3€']2PdC12 and sodium hydroxide in isopropyl 
alcohol at room temperature gave 9-nitro-1,6-nona- 
diene (34), 9-nitro-1,6,11,16-heptadecatetraene (35), 
and 9-nitro-9-(2,7-octadienyl)-1,6,11,16-heptadecatet- 
raene (36), accompanied by a small amount of 
branched products. The relative amounts of these 
CH2%HCH%Hz + CH3N02 -+ 

CH~=CHCHZCH~CHZ=CH~CH~NOZ + 
34 

(CH~=CHCHZCHZCH=CHCH~)~CHNOZ + 
35 

( CH~%HCHZCH~CHZCH=CHCHZ)~CNOZ 
36 

products can be controlled by adjusting the reaction 
time and the ratio of reactants. The reaction is also 
applicable to other nitroalkanes. Hydrogenation of 
these unsaturated nitroalkanes gives corresponding 
long-chain amines, which are novel in that they have 
a primary amino group a t  the middle of the mole- 
cule, rather than a t  the terminal position as in com- 
mon amines. Following is one example. 

(CH~CH~CH~CH~CH~CH~CHZCH~)ZCHNHZ 

Transfer of Allylic Groups 
Exchange of allylic groups was observed in the 

reaction of allyl acetate and sodium propionate in 
the presence of PdCl2 to give allyl propionate.57 Dur- 
ing the course of studies on the telomerization of bu- 
tadiene, it was found that the 2,7-octadienyl group 
can be transferred to other active hydrogen com- 
pounds. For example, l-acetoxy-2,7-octadiene reacts 
with diethylamine under palladium catalysis to yield 
N,N-diethyl-2,7-octac€ienylamine by transfer of the 
allylic g r o ~ p . ~ ~ J j 8  The reaction can be extended to 
allylic functional moieties in general, including alco- 
hols, ethers, esters, and amines. For example, allyl 
alcohol reacts with diethylamine in the presence of 
palladium acetylacetonate and ( c 6 H s ) ~ P  a t  50" for 
30 min to  yield a l l ~ l d i e t h y l a m i n e ~ ~  (eq 4) .  Allylic 

ethers and esters react with acetylacetone to give 
carbon allylated products.60 Allylation of enamines 
with allyl acetate is another example54 (eq 5 ) .  Even 

C H z 4 H C H z O H  + (CzH5)zNH + CHz%HCHzN(CzHs)z (4) 

'N' 

6 - CHp=CHCHp 

( 5 )  
allyldiethylamine reacts with acetylacetone to give 
3-allylacetylacetone and 3,3-diallylacetylacetone by 
C-N bond cleavage.59 

In these allyl transfer reactions, C-0 and C-N 
bonds are cleaved. Thus simple elimination of allylic 

0 CH*=CHCH,OCOCH, + 

(57) A. Sabel, J. Smidt, R. Jira, and H. Prigge, Chem Ber., 102, 2939 

(58) T. S. Shryne, E. J. Smutny, and D. P. Stevenson, U. S. Patent, 

(59) K.  E. Atkins, W. E. Walker, and R. M. Manyik, Tetrahedron Le t t ,  

(60) G. Hata,  K. Takahashi, and A. Miyake, Chem. Commun, 1392 

(1969). 

3,493,617 (1970). 

3821 (1970). 

(1970); Bull Chem. SOC. Jap., 45,230 (1972). 
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groups is also possible in the absence of nucleophiles 
by using palladium catalyst. l-Phenoxy-2,7-octa- 
diene is converted into 1,3,7-octatriene by heating 
with palladium complexes of p h o ~ p h i n e . ~ ~ 9 ~ 7  Simi- 
larly, acetic acid is eliminated from 1-acetoxy-2,7- 
octadiene by the catalysis of palladium. 
CH~=CHCH~CHZCH~CH=CHCH~OX 4 

CHz=CHCHzCHzCH=CHCH=CHz + XOH 

X = CHsCO, CsH5, CH3 
Reaction of Hydrosilanes 

Telomerization with hydrosilanes, namely hydrosi- 
lation of butadiene, proceeds in the presence of pal- 
ladium catalysts. This reaction is somewhat different 
from other palladium-catalyzed telomerizations dis- 
cussed earlier. In the hydrosilation of butadiene, 1 or 
2 mol of butadiene react depending on the kind of 
~ilane.6~-63 Trimethylsilane reacts with 2 mol of bu- 
tadiene, catalyzed by bis( triphenylphosphine) (maleic 
anhydride)palladium, to give 1-trimethylsilyl-2,6- 
octadiene in 98% yield (eq 6). In this reaction, the 2,6- 
2CHz=CHCH=CHz + HSi(CH3)3+ 

CH&H=CHCH2CH2CH=CHCH2Si(CH3)3 (6) 

octadienyl rather than the 2,7-octadienyl derivative 
was formed. On the other hand, 1 mol of butadiene 
reacts with trichlorosilane a t  100" for 6 hr to give 1- 
trichlorosilyl-2-butene in 93.5% yield. 

CHz=CHCH%Hz + HSiC13 - CH3CH=CHCHzSiC13 

Unlike the telomerizations mentioned previously, 
the hydrosilation of butadiene is possible by using 
various palladium compounds including PdC12 with- 
out base, and even metallic palladium when com- 
bined with various aryl- and alkylphosphines. 

Carbonylation of Butadiene 
Palladium is an active catalyst for carbonylation 

of simple o1efins.l In the carbonylation of butadiene, 
1 mol of butadiene reacts with CO by using PdClz as 
the catalyst to give 3-pentenoate.64.65 Further stud- 
ies revealed that the carbonylation of butadiene can 
be made to give 3,8-nonadienoate by using different 
palladium catalysts.54,66,67 
C H ~ C H ~ H C H Z C O ~ R -  CHZ=CHCH=CH2 + CO + ROH + 

CHz=CHCHzCHzCHzCH=CHCHzCOzR 

The essential factor which differentiates the 
monomeric and dimeric carbonylations is the pres- 
ence or absence of a halide ion coordinated to palla- 
dium. With halide-free complexes, such as Pd(0 -  
COCH3)2 and (C6H5)3P, 3,8-nonadienoate is ob- 
tained almost selectively. In a typical run, a reaction 
of butadiene (20 g), isopropyl alcohol (30 ml), and 
CO (50 atm) at  110" for 16 hr gave isopropyl 3,8- 
nonadienoate (32.5 g). The reaction proceeds 

(61) S. Takahashi, T. Shibano, and N. Hagihara, Chem. Commun , 161 

(62) S. Takahashi. T. Shibano. H. Koiima. and N. Haeihara. Oreano- 
( 1969). 

I ;  

metai. Chem. Syn., 1; 193 (1971). ' 
(63) M. Hara, K.  Ohno, and J. Tsuji, Chem. Commun., 247 (1971). 
(64) J. Tsuji, J. Kiji, and S. Hosaka, TetrahedronLett., 605 (1964). 
(65) S. Hosaka and J. Tsuji, Tetrahedron, 27,3821 (1971). 
(66) W. E. Billups, W. E. Walker, and T. C. Shields, Chem. Commun., 

1067 (1971). 
(67) J. Tsuji, M. Hara, and Y. Mori, Tetrahedron, 28, 3721 (1972) 

smoothly even in tert-butyl alcohol to give the tert- 
butyl ester in a high yield. 

In the carbonylation reaction, 2 mol of butadiene 
form the diallylic palladium complex and then CO 
insertion takes place to give 3,8-nonadienoate. 
When chloride ion coordinates with the palladium, 
formation of the diallylic complex is not possible, 
and only monomeric complex is formed, CO inser- 
tion to which gives 3-pentenoate. 

CH,=CHCH=CH, + CO + ROH 

PdC1$ 
I 

Pd 
I' 'co 

CH&H=CHCHzCO,R CHZ=CHCH&H2CHJCH=CHCHJCO?R 

CO insertion into x-allylpalladium chloride is a 
well-established reaction.68 Carbonylation of allyl 
chloride catalyzed by PdClz gives 3-butenoyl chlo- 
ride via the x-allylpalladium complex as an interme- 
diate.69~70 Carbonylation of allyl chloride in the 
presence of an excess of butadiene, catalyzed by T -  

allylpalladium chloride in benzene, produced a mix- 
ture of 3,7-octadienoyl chloride and 3-butenoyl chlo- 
ride.71 The former was formed by insertion of buta- 
diene into x-allylpalladium bond, followed by CO in- 
sertion. 
CHZ=CHCHzCl+ CHz=CHCH=CHz + CO - 

CH2=CHCHzCHZCH=CHCHzCOCl+ CHz=CHCHZCOCl 

Mechanism of the Telomerization Reactions 
Unlike nickel, the size of a palladium atom pre- 

cludes cyclization, and a rapid hydrogen transfer oc- 
curs t o  give linear oligomers and telomers. The a , ~ -  
diallylpalladium complex 12 coordinated by phos- 
phine is postulated as the intermediate in the dimer- 
ization. 1-Substituted 2,7-octadienes are formed 
from this intermediate by 1,6 addition of nucleophiles 
(YH) to the allylic ligand. In other words, this inter- 
mediate is protonated at  C6 via a-allylpalladium 
bond fission by protic medium (YH) and attacked by 
the nucleophiles a t  C-1 of the n-allylpalladium bond 
to yield the corresponding telomers. 3,6 addition 
gives rise to branched telomers. The fact that l-me- 
thoxy-6-deuterio-2,7-octadiene was formed by the 
reaction of butadiene with CH30D can be explained 
by this mechanism.38 

4 

).CHOD CH2=CHCHDCH,CH2CH=CHCH20CH3 

CH,=CHCHDCH,CH=CHCH=CH, 

(68) J. Tsuji, J. Kiji, and M. Morikawa, TetrahedronLett., 1811 (1963) 
(69) J. Tsuji, J. Kiji, S. Imamura, and M. Morikawa. J .  Amer. Chem. 

(70) W. T. Dent, R. Long, and G. H.  Whitefield, J.  Chem. S o c ,  1588 
Soc., 86,4350 (1964). 

119641. 
(71) D. Medema, R. van Helden, and C. F. Kohll, Inorg Chin Acta, 3, 

255 (1969). 
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Formation of 1,3,7-octatriene is possible from the 
same intermediate complex by hydrogen migration 
from C-4 to C-6. When the reaction was carried out 
in (CH3)2CHOD, the octatriene obtained was 
thought to be monodeuterated a t  C-6.34 From this 
result, it is reasonable to assume that  the addition of 
a proton of isopropyl alcohol to the C-6 atom and the 
elimination of the proton from C-4 result in an in- 
creasing rate of hydrogen migration from C-4 to C-6, 
and hence enhancement of the rate of octatriene for- 
mation is p0ssib1e.l~ 

Stoichiometric reactions of n-allylpalladium chlo- 
ride with nucleophiles are known. For example, the 
complex reacts with diethyl malonate to give diethyl 
allylmalonate. Also reactions of the complex with 
enamines of cyclohexanone produced 2-allylcyclohex- 
anone.25 $72 

/;CH2\., ,C' 

kCH/ '\ 

CH2, Pd, + CH2(C02R)2 ---t 

CH2=CHCH2CH(C02R)2 + Pd + C1- 

In the catalytic reactions of butadiene, the original 
x-allylic ligand comes off a t  the end of the, cycle, and 
subsequent cycles involve formally a reversible oxi- 
dation-reduction between the palladium(0) complex 
and the n-allylic palladium(I1) complex derived from 
butadiene. This is possible in the absence of the 
strongly coordinated chloride ion. 

Related Reactions 
Reaction of butadiene in benzene using n-allylpal- 

ladium acetate as the catalyst yielded the trimer, n- 
1,3,6,10-dodecatetraene, with selectivity of 70% and 
conversion of 30% in 22 hr.73 A minor product was 

(72) J. Tsuji, H. Takahashi, and M. Morikawa, Kogyo Kuguku Zasshi, 

(73) D. Medema and R. van Helden, Recl. Truu. Chim. Pays-Bas, 90, 
69,920 (1966). 

324 (1971). 

1,3,7-octatriene. When the reaction was carried out 
in methanol, a mixture of octadienyl, dodecatrienyl, 
hexadecatetraenyl, and higher methyl ethers was ob- 
tained. n-Allylpalladium acetylacetonate is not an 
active catalyst for the trimerization. An acetate- 
bridged palladium complex (37) was isolated, which 
was found to be the active catalyst of the trimeriza- 
tion. Also stable chelate complexes of palladium (38) 
are catalysts for the trimerization of butadiene in di- 
methylformamide or MezSO (60% yield, 30% conver- 
sion) a t  70°.T4 Salts of palladium with noncomplex- 
ing anions such as c104- and BF4- convert butadi- 
ene into a mixture of divinylcyclobutanes. 75 

A 
37 38 

Stereoselective synthesis of 1,4-hexadiene from bu- 
tadiene and ethylene has been reported.76 The cata- 
lyst was prepared by the reaction of [(C6H5)3PI2- 
PdClz with diisobutylaluminum chloride. 

' CH2=CHCH=CH2 + CH2=CH2 -+ CH2=CHCH2CH=CHCH3 
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