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Under the Influence of Palladium(ll) Complexes
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The results of studies on the mechanism of liquid-phase reactions involving the oxidative coupling of arenes to biaryls, of
arenesand olefins to arylolefins, and of olefins to 1,3-dienes under the influence of palladium(ll) complexes are surveyed.
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I. INTRODUCTION

The liquid-phase reactions involving the oxidative
coupling of unsaturated hydrocarbon to biaryls, arylolefins,
and 1,3-dienes under the influence of palladium(II) com-
plexes have been discovered and widely investigated in the
course of the last twenty years 1 " 3 . In a general form, they
can be represented by the equation

RH + R'H+Pd" ->• R-R'+ Pd° + 2H+, ( χ

where R, R' = aryl or alkenyl. These reactions involve
the formation of a new C—C bond and as a rule give rise to
products with a conjugated system of π-bonds. The
oxidative coupling of hydrocarbons has come to be widely
used synthetically because of its many advantages over
traditional methods. These include simplicity, universality,
and the possibility of carrying out catalytic reactions by
oxidising zerovalent palladium to palladium(II) in situ.
The importance of these reactions is indicated by the
abundance of publications devoted to them1*"18.

Qualitative hypotheses concerning the mechanism of the
oxidative coupling of hydrocarbons and based on the
fundamental reactions of organometallic chemistry were put
forward a long time ago1*"18. The formation of a new C—C
bond is treated as a result of a sequence of π—σ transforma-
tions of the substrate in the coordination sphere of
palladium(II). Here the key stage is the formation of the
reactive intermediate RPdX with a C—Pd σ-bond. The
hypothesis of the π—σ rearrangements proved useful in metal
complex catalysis1 9. However, it does not provide a
detailed picture of the reaction mechanism. The questions
of the rate-limiting stage, the active form of palladium(II)
compounds, the role of π-complexes of RH with palladium(II),
and others remain obscure. An answer to these questions
has been obtained only recently as a result of detailed
kinetic studies of reaction (1) and also the synthesis of
organopalladium compounds and the study of their reactions.

The aim of the present review is to survey the results of
studies on the mechanism of the oxidative coupling of
unsaturated hydrocarbons under the influence of palladi-
um (II) complexes.

I. THE COUPLING OF ARENES

1. General Considerations

The coupling of arenes takes place under the influence of
palladium(II) salts in organic and more rarely aqueous solu-
tions at a temperature which does not usually exceed
120 OC.1,16,20,21

Pd1

r / \ / ( 2 )

where X = H, alkyl, halogen, aryl, OR, CO2R, OCOR,1

NO 2 , 2 2 OH,23 etc. In the general case a mixture of all the
theoretically possible biaryl isomers is formed (six isomers
for PhX), their proportions being determined by the nature
of the substituents in ArH.1'21-21*

The coupling of organoelemental compounds takes place
much more readily and selectively:

+ Pd° + 2Y+ ( 3 )

These include the aryl derivatives of mercury(II), 2 5 2 7

magnesium(II),28 thallium(III),2 9 '3 0 tin(IV), lead(IV),2 5 and
boric2 1 and sulphinic31 acids. The mercury(II) compounds
are most frequently used.

The coupling of arenes takes place in a large series of
aromatic systems1 6. Derivatives of benzene 2 3 " 3 2 and
napthalene33>31*, heterocyclic compounds11*'35"1*2,
metallocenes1*3'1*1*, etc. undergo this reaction. The aromatic
groups of polymers undergo intermolecular coupling1*2:

^ + Pd(OAc)a " " ' • ^ l l | J| J I + p d o + 2HOAC

—CH-CH2—)„— -(—CH~CH 2 -) n —

In the presence of oxidants capable of oxidising zerovalent
palladium to palladium(II), catalytic coupling takes place1 6.
C o p p e r ( I I ) , 2 5 ' 3 3 ' 3 7 " 3 9 thallium(III),2 9 '3 0 and iron(III) 39>"*5
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salts, V2O5,3 9 vanadium(V)-containing heteropolyacids1*1'1*6»1*7,
nitrogen oxides1*8, and molecular oxygen31*'1*9"51* have been
used as oxidants in homogeneous systems. Heterogeneous
catalysts of the coupling of arenes are also known 1 6 · 5 5. The
yields of biaryls in the catalytic process reach hundreds of
moles per mole of palladium(II).52

The pathway followed in the reactions of arenes depends on
the nature of the ligands in the palladium(II) complexes.
Inorganic acids, for example, HClOi,, catalyse the coupling of
arenes 2 0 ' 2 1 ' 2 6 ' 5 6 . The reaction of benzene and Pd(C10ij2 in
acetic acid takes place with a quantative yield of biphenyl5 6.
In the presence of Pd(OAc)2 in acetic acid, ArH undergoes
acetoxylation in the ring and in the side chain as a side reac-
t i o n 2 0 ' 2 1 ' 5 0 ' 5 7 " 5 9 . In the presence of Pd(CF3COO)"2, the
contribution of these reactions is smaller60. Acetate ions
promote the acetoxylation2 0 '5 7, while inorganic acids and
oxygen suppress i t 2 0 ' 2 1 · 5 0 . The ring acetoxylation of ArH
has been widely investigated as a potential method of
synthesis of phenols 3 6 ' 5 1 ' 6 1" 6 1*. There is reason to believe
that the acetoxylation of methylbenzenes in the side chain
is catalysed by palladium clusters 6 5 ' 6 6 . When Pd(NO3)2 is
used, the coupling is accompanied by the nitration of
arenes1*8'67»68. In acid media the reaction of palladium(II)
with methylbenzenes gives rise to diarylmethanes together
with biaryls 2 1 · 2 2 :

Me^ M e ^ M e ^

2 ^ — \ _ M e Pd(CF.COO),,CF,COOH^ y ~ \ _ C H i _ _ / ~ \ _ M e . ( 4 )

Me^ Me/ Me^

Among promising reactions mention may be made of the
coupling of polymethylbenzenes as a method of synthesis of
biphenylpolycarboxylic acids, which are valuable monomers
for polycondensation18. The coupling of phthalic acid esters
is of interest from this standpoint. The coupling of furan
derivatives can be used to synthesise long-chain
α,ω-bifunctional compounds, for example, dicarboxylic acids.
Thus, in the presence of Pd(OAc)2 and CuCl2, furfural and
pyromucic acid esters are smoothly converted into
2,2'-bifuryl derivatives3 8, from which sebacic acid can be
obtained by the cleavage of the furan ring 5 9 .

2. The Mechanism of the Coupling of Arenes

(a) Palladium(II) acetate complexes. Reaction (1)
proceeds with different palladium(II) compounds, but
preference is usually given to palladium(II) acetate. The

latter is trimeric in the crystalline state' In benzene at
37 °C and in acetic acid at 25 °C it is also trimerised, but
depolymerises on heating 7 0 " 7 3 . At 80 °C in benzene,
palladium(II) acetate is monomeric70.

Palladium(II) salts of strong acids show a smaller tendency
towards association. Thus Pd(CF3COO)2 is monomeric in
benzene at 37° and 80 °C. 7 0

On heating in acetic acid solution, the Pd3(OAc)6 trimer
slowly dissociates to the monomer:

Pd3 (OAc)e ^ 3Pd (OAc)2 .

K3>1 = 2.7 χ 10"10 mol2 litre" 2 at 75 °C. 7 1 In the presence
of sodium or lithium acetate, palladium(II) acetate depoly-
merises even at 25 °C and the following equilibria are
established:

2Pd3 (OAc)e + 6NaOAc ^ 3Na2Pd2 (OAc)e ,

NaaPd2 (OAc)e + 2NaOAc i=t 2Na4Pd (OAc)4 f

(5)

(6)

where K3)2 = 7.77 χ 101* litre5 mol"5 and K2>1 = 7.6 χ
10"1* litre mol"1 at 25 °C in acetic acid. In the presence of
0.2 Μ sodium acetate, the trimer is fully converted into the
dimer Na2Pd2(OAc)6.

 7 2

Palladium (II) acetate polymers readily decompose on
treatment with ligands L such as pyridine, bipyridyl,
Me2SO, PPh3, and AsPh3 with formation of the complexes
trans-Pd(OAc)2L2,

7 0 which undergo the cis-trans isomerisa-
tion in solution71*'75. The slow interaction of Na2Pd2(OAc)6

with olefins takes place similarly76.
Palladium(II) acetate and chloride complexes have similar

stability constants in aqueous solution77 and for this reason
palladium (II) chloride is converted into the acetate in the
presence of an excess of sodium acetate.

The palladium(II) acetate monomer, dimer, trimer can have
different reactivities7 8 '7 9. If reactions (5) and (6) are used
for their synthesis, then account must be taken of the
possibility of base catalysis by the acetate ion in the deter-
mination of the relative reactivities of these species.

(b) Arenes as ligands. There is sufficient reason to
assume that π-arene complexes of palladium(II) are inter-
mediates in the oxidative coupling of arenes. π-Arene
complexes are known for many metals, including palladium80.
The diamagnetic complex [Pd(C5H6)Al2Cl7]2, containing
palladium in the formal +1 oxidation state, has been
obtained by the Friedel-Crafts reduction. The complex
has the structure

Cl Cl
-Cl-Pd- -Pd-O

\ =

Cl

'C1\AI,/C1_

Cl

(I)

The lengths of the Pd-Pd and Pd-Cl bonds are 2.58 and
2.46 A respectively and the Cl-Pd-Pd-Cl atoms are located
virtually on a straight line 8 1.

When benzene was coupled under the influence of palladi-
um(II) acetate in acetic acid in the presence of 0.5 Μ HClOi,
at 50 °C, the palladium(I) complex [Ρά(0 6Η 6)(Η 2Ο)(:ΚΜη

where apparently η = 2 (Rudakov et a l . 8 2 ) , was isolated21,
but its role in the reaction was not established. An
analogous complex has been detected by NMR in the inter-
action of benzene with PdSO,, in 90% sulphuric acid The
complex Pd2SOi(.(quinone).3H2O was isolated83 in the oxida-
tion of olefins to carbonyl compounds in an acid aqueous
solution in the presence of quinone and PdSO^. Virtually
all the known palladium(I) complexes are diamagnetic and
contain an even number of palladium atoms81*.

The less stable arene complexes of palladium(II) have not
been isolated, but their formation in reaction (1) has been
detected by kinetic methods. The coupling of thiophen to
bithienyl under the influence of Pd3(OAc)6 in acetic acid
obeys the Michaelis equation; the stability constant of the
thiophen complex of palladium(II) Κ = 0.2 litre mol"1 at
70 °C.1*0 The arylation of styrene on treatment with
Pd3(OAc)6 in acetic acid at 70 °C was similarly found to have
Κ = 0.11 and 4.6 litre mol"1 for benzene and naphthalene;
in both cases ΔΗ is close to zero 8 5. In the oxidative
coupling of benzene in 90% sulphuric acid under the influence
of PdSCV the π-complex (C6H6)Pd(II) with Κ = 17 litre mol""1

at 23 °C was detected by NMR.82

Both all the π-electrons of ArH and only some of them can
participate in the formation of the bond between the metal
ion and the arene 1 8 . Thus, in the complex (Me6C6)2Ru(0)
one ring is involved in complex formation symmetrically ( η 6 ) ,
while the other is involved with participation of two double
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bond (η1*) and the free C—C bond is located to one side of
Ru(0) and has the usual length of 1.33 X..86 It is assumed
that in solution t h e r e is equilibrium with the π-benzyl
hydrido-complex of r u t h e n i u m ( I I ) : 8 7

It has been s u g g e s t e d 2 2 that the formation of diarylmethanes
in the oxidative coupling of methylbenzenes [reaction (4)]
proceeds via π-benzyl complexes:

(c) Stoichiometric mechanism. It is generally accepted that
the oxidative coupling of arenes proceeds via electrophilic
substitution as the rate-limiting stage 1*' 5 ' 1 0 ' 1 1 ' 1 6 ' 8 8 ' 8 9,

A r H + P d X 2 Ϊ Τ n - A r H · P d X 2 ->• A r P d X + H X , ( 7 )

which constitutes a π—σ reaction of ArH in the coordination
sphere of palladium (II). The coupling of arenes is in fact
accelerated by electron-donating and retarded by electron-
accepting substituents in ArH; the isomeric composition of
the biaryls is characteristic of electrophilic substitution
reactions, at any rate for coupling in acid media1'21'22'21*'1*7.
The reaction proceeds in accordance with the kinetic equa-
tion1 '2 1 '1*0 '5 6

W = £[Pd H ][ArH] > ( 8 )

is catalysed by bases1*0, and exhibits a powerful isotope
effect: k^/k^ = 5.0.21>21* Certain azo-coupling reactions,
which are typical examples of electrophilic aromatic substitu-
tion, possess analogous properties 9 0 :

ArN+4-Ar'H - ArN=NAr '+ H+ .

Reaction (7) is confirmed also by the finding that the
coupling of a renes proceeds much more readily when one
uses aromatic organoelemental compounds in which the element
can be subs t i tu ted by palladium(II), for example ArHgX
( E q n . ( 3 ) ] . 2 6

Several pathways have been sugges ted for subsequent
rapid react ions of A r P d X . 1 ' 1 0 ' 1 1 * ' 1 6 ' 2 1 ' 2 2 ' 8 9 ' 9 1 The mechanism
involving the symmetrisation of ArPdX with formation of
Ar 2 Pd and subsequent reduct ive elimination of biaryl from
Ar 2 Pd is best suppor ted by e v i d e n c e 1 6 :

2ArPdX ->• Ar2Pd + PdX2 , (9)

Ar2Pd -> Ar2-f Pd° . (10)

One cannot rule out the synchronous formation of biaryl
in a dinuclear complex:

Ar ,Ar

2 ArPdX >- Pd Pd *• Ar2 + Pd2X2 *· Ar2 + Pd° + PdX; .
X .-' \

χ χ

The possibility of reactions (9) and (10) has been
demonstrated by the occurrence of similar reactions when
aryl and alkyl derivatives of palladium(II), stabilised by
phosphine ligands, are used 9 2 " 9 5 .

Aryl derivatives of platinum(IV) without phosphine l igands
and functioning as intermediates in the oxidative coupling
of arene u n d e r the influence of platinum(IV) have been
obtained r e c e n t l y 9 6 :

| | + H2PtCle + 3HC1

The s t r u c t u r e of g-naphthylplatinum(IV) has been deter-
mined.

Repeated electrophilic subs t i tut ion, which proceeds via
an ary l-arene complex with palladium(II), has been
considered as another pathway leading to the formation of
biaryls 1 3 ' 1 8 ' 2 6 - 5 1 *:

ArPdX + ArH -> [ArPd · ArH] -» Ar2 + Pd° + H+ . (11)

Stage (11) is possible in individual ins tances , for example,
in the coupling of organoelemental compounds, but it is not
apparent ly a stage in t h e general mechanism of the coupling
of a r e n e 1 6 .

It is bel ieved 2 2 that the coupling of a renes can proceed via
the arylpalladisation of ArH and the β-elimination of
palladium h y d r i d e :

ArPdX + ArH • Ar,'+ HPdX . (12)

The choice between stage (9), on the one hand, and stages
(11) and (12) on the other, can be made on the basis of the
relative rates k/k0 (relative to benzene) and the isotope
effects kjj/kj) in the coupling of arenes21*. It has been
found that the values of k/ka for the coupling of toluene,
measured in separate and competing reactions of benzene
and toluene, agree. The isotope effects in the rates and
products of the coupling of C6H6 and C6D6 have also proved
to be equal. This confirms the mechanism involving
stages (7), (9), and (10) but disagrees with the involvement
of stages (11) and (12), because in the separate reactions
the ratios k/k0 and kjj/fcjj depend on the rate-limiting
stage (7), while in the competing reactions they depend on all
the stages in which ArH participates and the dissociation of a
C—Η bond takes place.

Stage (11) probably occurs in the intramolecular coupling
of arenes1*9'97:

0 η Pd (OAc)2
Pd° + 2HOAc

\/\γ/\/'

Y=O, ΝΗ, CO, NHCO, NCH3 .

The reaction takes place with a high yield of 2,2'-coupling
products (60—90%) and apparently involves the ortho-
palladisation of the arene by a palladium(II) complex with
an n-donor group Υ. The structure of ArPdX is favourable
for the repeated intramolecular electrophilic substitution:

/N
, P d u Pd1

I I + Pd°

The ortho-metallation of aryl derivatives of nitrogen and
phosphorus by Group VIII metal salts and complexes is well
known98.

In the coupling of arenes the formation of free radicals is
ruled out because phenol has not been found in the products
of the coupling of benzene in an atmosphere of O2,1 the
inhibitors of free radicals have no effect1*9, and there is no
H—D exchange between the arene and the solvent21.
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The detection of palladium(I) compounds in the coupling
products 2 1 raises the question of the possible involvement of
the reduced forms of palladium as intermediates in this
react ion 2 1 ' 8 2 ' 9 9 . Many instances of catalysis by palladium(I)
complexes and palladium clusters of liquid-phase oxidation
reactions have been discovered recently 6 5 ' 6 6 ' 1 0 0~ 1 0 1*. In such
reactions the initial compounds may be palladium(II) deriva-
tives . The active reduced forms of palladium are formed in
the course of the reaction, which leads in certain instances to
the appearance of an inductive period 1 0 0 ' 1 0 1 . In contrast to
palladium(II) compounds, palladium clusters do not usually
play the role of stoichiometric oxidants but act as catalysts
in the presence of Ο 2 . 1 0 0 ' 1 0 1 (

The question of the role of palladium(I) in oxidative
coupling reactions has been investigated inadequately.
However, a number of data show that palladium(I) compounds
have only an indirect bearing on such reactions, at least
under the most typical conditions—in aqueous acetic acid
media. Indeed, the coupling of arenes can proceed both
stoichiometrically and catalytically—in the presence of
oxidants capable of oxidising the reduced forms of palladium
[Pd(0), Pd(I), and Pd(II)]. 3 7 ~ 3 9 ' " . The stoichiometric
reaction takes place without an inductive period, obeying the
kinetic equation (8) up to the complete conversion of
palladium(II) ,1'1*0 which shows that palladium(II) is
responsible for the coupling of arenes. Palladium(I) com-
pounds are probably formed in a side reaction of zerovalent
palladium with palladium(II) and are stabilised as a result of
the coordination of the arene. This applies equally to other
oxidative coupling reactions of unsaturated hydrocarbons
considered here.

The mechanism of reactions (7), (9), and (10) is examined
in detail below.

(d) Palladisation of arenes. The rate-limiting stage in the
coupling of arenes, namely the palladisation of ArH, can be
represented in the following form16:

Π-ArH-PdX,; ArPdX + HX , ( 1 3 )

where the cyclohexadienylpalladium(II) derivative is the
usual intermediate in electrophilic aromatic substitution9 0.
The palladisation of ArH is probably a common stage in many
oxidation reactions of arenes catalysed by palladium (II), such
as the arylation of olefins, the acetoxylation and nitration of
ArH, etc. The mechanism of reaction (13) is therefore of
considerable interest.

Direct data on reaction (13) have been obtained for the
ortho-palladisation of azobenzenes, which leads to the forma-
tion of stable cyclic metal-containing compounds. The
following mechanism has been proposed for this reaction9 8:

pacir PhN=NPh — * - Cl2Pd
-2CT '

Ph

•^r

Metallation in the or t ho -position has been confirmed by X-ray
diffraction, the synthesis of deutero-derivatives of arenes in
the reduction of palladisation products by LiAlDi,, and the
analysis of the products of the insertion of CO in the Ar—Pd
bond 9 8. That ortho -palladisation is a kind of electrophilic
substitution is indicated by the influence of the substituents
in the aromatic ring on the rate of reaction9 8.

ortho-Palladisation is catalysed by bases (amines,
carboxylate ions, and OH"), which facilitate the elimination
of a proton 9 8 ' 1 0 5 . The dependence of the rate of this reac-
tion on the concentration of the base Β is of the type
W = a[B]/{[B] + c}, where α and c are constants 1 0 5 .
Certain azo-coupling reactions are characterised by a similar
relation9 0.

The majority of data on the mechanism of the palladisation
of arenes, which are discussed below, have been obtained
indirectly in the study of the oxidative coupling of arenes2"*'88.
In stages (9) and (10) the initial location of palladium(II) in
the aromatic ring is retained, which is confirmed by numerous
data concerning reaction (3). Thus in the coupling of both
4-tolylmercuroacetate and 4,4'-ditolylmercury(II) under
the influence of palladium(II) and under conditions which
rule out the isomerisation of the substrate, only 4,4'-bitolyl
is formed26. Thus the rate of coupling of arenes and the
isomeric composition of the biaryls correspond unambiguously
to the rate and selectivity of reaction (13).21*'88

The palladisation of ArH proceeds in conformity with the
kinetic equation (8) and is catalysed by strong acids
(HC1O,,) 2 1 , 2 6 , 5 6 , 8 8 and bases"0. Eqn.(8) holds for both
monomeric palladium(II) complexes1 '2 1 '5 6 and under the
conditions corresponding to the existence of palladium acetate
dimers and trimers1*0.

Reaction (13) with palladium(II) acetate in acetic acid has a
strong primary isotope effect kft/kj) = 5.0 (at 50 °C), 2 1

which does not change when the concentration of perchloric
acid in the reaction mixture is varied from 0 to 0.86 M.2"*
It has been noted that there is no isotope exchange between
ArH and the solvent 2 1 ' 1 0 6. Hence it follows that the rate
of palladisation of arenes is limited by the irreversible stage
(k2) involving the elimination of a proton from the cyclo-
hexadienyl intermediate; the stage governed by the con-
stants ki and k_! involved rapid equilibration. It is note-
worthy that mercuration of benzene by mercury acetate in
acetic acid is to some extent limited by the stage with k1 and
k_x. This is indicated by the increase of kn/kj^ from 3.2 to
6.0 with increase of perchloric acid concentration from 0 to
0.32 M. 1 0 7

The catalysis by HClOi, can be explained by the increase
of ki as a result of the formation of more reactive palladi-
um(II) perchlorate complexes26 and also by the increase of k2

as a consequence of the increase of the inductive effect of
palladium(II) in the cyclohexadienyl intermediate on substitu-
tion of X = OAc~ by CIO;.

In the reaction of benzene with palladium(II) acetate in 94%
acetic acid at 50 °C, the solvent was found to have the
isotope effect fcDOAc^HOAc = 2.7; in the presence of
0.43 Μ perchloric acid, it is smaller (1.3).21* These data
apparently show that, in aqueous acetic acid in the absence
of perchloric acid, the active form of palladium(II) acetate is
the monomer PdOAc(OH), formed on dissociation of the
trimer: Pd3(OAc)6 + H2O ^ PdOAc(OH) + Pd2(OAc)- + HOAc.
Since the acid DOAc in D2O is weaker than HOAc in H2O
(ΚΗ/ΚΌ = 3.2 at 25 °C 1 0 8 ) , the dissociation equilibrium of
Pd3(OAc)6 in DOAc-D2O is more displaced to the right
compared with the equilibrium in HOAc-H2O. In the
presence of perchloric acid, palladium(II) exists predominant-
ly in the form of monomeric perchlorate complexes and for
this reason a weak isotope effect is observed.

It has been suggested that the palladisation of arenes
proceeds in a single stage via the transition state

Η · · · Ο.
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in which there is simultaneous formation of the C-Pd bond
and proton transfer to the acetate ligand5

However, in
reality there is no grounds for ruling out the generally
accepted two-stage electrophilic substitution mechanism
involving a cyclohexadienyl intermediate90.

The possibility of proton transfer to the ligand in the
cyclohexadienyl intermediate had been suggested previously
in the mercuration of arenes 1 0 7 ' 1 0 9 . This mechanism probably
operates in the palladisation of arenes in weakly basic media,
for example, in the arylation of arenes in benzene. In
aqueous and aqueous organic solutions in the presence of
strong inorganic acids, the solvent is more likely to be the
proton acceptor, because its basicity is higher than that of
the ligand. The linear dependence of the rate of coupling of
benzene under the influence of Pd(C10it)2 in 70% acetic acid
on the perchlorate acid concentration is consistent with this
postulate5 6. When a proton is transferred to the ligand, a
linear dependence of the rate of coupling on the Hammett
function h0 would be expected1 1 0.

Table 1 presents data on the site of substitution, the
relative rates k/ka, and the partial rate factors fo, fm> and
fp for the palladisation of arenes in acetic acid. They were
obtained by analysing the products of the competitive
coupling of arenes21*. In acid media, in the presence of
HClOi, or other strong acids, the site of substitution is
characteristic of electrophilic substitution, although the
positional selectivity (the selectivity of attack on different
positions in the ring) is much lower than for other reactions
of this class21*'88. The Hammett equation lgfp = ρσ+ holds
(Fig.I).2"* The values ρ = -0.7--2.2 21*'88 are significantly
higher than for typical electrophilic aromatic substitution
reactions: ρ = -5 11, 1 X 1 i .e. palladisation has a low
substrate selectivity.

-0Λ 0.8 a+

Figure 1. Dependence of lg/p on σ+ for the palladisation of
arenes by palladium (II) acetate in acetic acid in the presence
of 0.25 Μ HClOi* at 20 °C; ρ = -2.22: 1) PhMe; 2)PhEt;
3) iso-PrPh; 4) PhCl; 5) PhBr; 6) PhNO2.

21*

The selectivity in palladisation decreases with decrease of
perchloric acid concentration, although its mechanism does
not change under these conditions, since k^/kjy is indepen-
dent of the perchloric acid concentration21*. An unexpected
result was obtained for the reaction of toluene with palladium
acetate in the absence of added strong acids: the relative
contents of the o-, m-, and p-isomers are 5.8, 62, and 32%,
i.e. the usual mode of electrophilic substitution is reversed.
The yields of the m- and p-isomers are nearly statistical21*'88.
This anomaly is discussed below (see also Refs.l, 14, and
22).

The palladisation in the ortho-position in a monosubstituted
arene is controlled to a greater extent by the steric influence
of the substituent than by its electronic influence. This can
be seen from the decrease of f0 in the sequence PhMe >
PhEt > iso-PrPh (Table 1). The bulk of the attacking
species is also important in the ortho-attack. Thus in the
palladisation of toluene in acetic acid, the yield of o- and
p-isomers decreases with decrease of the perchloric acid
concentration from 0.86 Μ to zero. However, /"p decreases
only by a factor of 3, while f0 decreases by a factor of 8.
The state of palladium(II) in solution changes under these
conditions: the monomer Pd(ClO4)2 is converted into the
trimer Pd3(OAc)6. The latter is evidently subjected to a
stronger steric hindrance in attack on the ort ho -position
of toluene21*.

Table 1. The mode of substitution and the partial rate
factors f for the palladisation of arenes in acetic acid
{[ArH] = 2.5 M, [Pd(OAc)2] = 0.050 M, [H2O] = 0.95 M,
20 °C}.21*

ArH

PhMe **
PhMe **
PhMe**
PhMe·*
PhMe *·
PhMe
PhEt
iso-PrPh
PhCl
PhBr
PhNO,

IHC1O4]

0.017
0.086
0.43
0.86
0.25
0.25
0.25
0.25
0.25
0.25

Content of isomers. %

ortho

5.8
7.6

15
19
23
23
12
3.8

27
34

0

meta

62
49
39
32
30
29
38
45
29
31
71

para

32
43
46
49
47
48
50
51
44
35
29

ft/ft ό

0.90
1.08
1.44
1.74
1.76
1.93
1.44
1.21
0.18
0.13

0.013

0.16
0.25
0.65
1.0
1.2
1.3
0.52
0.14
0.14
0.13
0

fm

1.7
1.6
1.7
1.7
1.6
1.7
1.6
1.6
0.16
0.16
0.028

h

1.7
2.S
4.0
5.1
5.0
5.5
4.4
3.7
0.46
0.28
0.023

*/c0 corresponds to the reaction of benzene.
**At 50 °C and for [ArH] = 1.5 Μ and [H2O] = 3.4 M.

The increase of fp in the sequence iso-PrPh < EtPh < MePh
is remarkable, illustrating the influence of hyperconjugation
in the palladisation of arenes21*.

The palladisation reaction is compared in Fig. 2 with other
aromatic substitution reactions in relation to the reactions
of toluene in terms of the Brown selectivity ratios

lg/p = α ( f o r toluene, α = 1.31). The
p

selectivity ratio characterises the relation between the
substrate selectivity fp and the positional selectivity fp/fm

of the substitution in the ring of ArH. Evidently,
palladisation is the least selective reaction in the series of
electrophilic aromatic substitution processes, its selectivity
approaching that of radical substitution, which is nearly
statistical with respect to m- and p-isomers.8 8

The low selectivity in the palladisation of arenes indicates
the compensation of the polar (electronic) effects of the
substituents in the ArH ring 8 8 . Such compensation is
possible as a result of the dir—ρ π binding in the π-arene
complex of palladium(II). The TT-ArH.PdX2 linkage is
achieved as a result of the transfer of electron density from
the occupied ρ π orbitals of arene to the unoccupied s, p,
and d orbitals of palladium (II) and in the reverse direction
from the occupied d orbitals of palladium(II) to the vacant
antibonding π orbital of ArH (dative bond). The operation
of two mechanisms of the transfer of electron density creates
conditions for the compensation of the polar influence of the
substituent on the reaction centre 8 8 . With increase of the
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"rigidity" of the ligand environment of palladium(II), for
example, following the introduction of the electron-accepting
ligand ClO^, the efficiency of the compensation diminishes
as a consequence of the weakening of the dative bond.
Both the selectivity of the palladisation and its rate then
increase. These qualitative ideas make it possible to explain
the anomalous mode of substitution in the palladisation of
arenes. However, they require a more rigorous quantum-
chemical justification.

and selectivity of mercuration increase following the addition
of HClOi»»109'115 which indicates the compensation of the polar
influence of the substituents. The effect of compensation is
weaker than in the palladisation of arenes, because it does
not lead to the reversal of the mode of substitution. This
is apparently due to a weaker άπ— ρ π bonding in the
TT-ArH.HgX2 complex as a consequence of the lower energy
of the d electrons of mercury(II) compared with palladium (II).

lg/p

lg Up//«)

Figure 2. The ratio of selectivities for substitution in the
toluene ring 8 8; filled circles—reactions with palladium(II):
1) bromination (Br2 in 85% acetic acid, 25 °C); 1 1 1 2) chlorina-
tion (Cl2 in acetic acid, 25 °C); 1 U 3) benzoylation (PhCOCl
in nitrobenzene, 25 °C); U 1 4) thallation [T1(CF3COO)3 in tri-
fluoroacetic acid, 10 °C]; 1 1 2 5) ditto, 73 °C; 1 1 2 6) nitration
(HNO3 in 90% acetic acid, 45 °C); 1 U 7) thallation [Tl(OAc)3 +
H2SOH in acetic acid, 70 °C];11'* 8) mercuration [Hg(OAc)2 +
HC1O,, in acetic acid, 50 ° C ] ; l n 9) ditto [Hg(OAc)2 in acetic
acid, 50 °C]; 1 1 1 JO) sulphonation (MeSO2Cl + A1C13,
100 ° C ) ; i n 11) iso-propylation (iso-PrBr + Ga2Br6, 25 °C); n i

12) palladisation [Pd(OAc) 2 + H^O,, in acetic acid, 95 ° C ] ; 8 8

13) ditto [Pd(OAc) 2 + HC1O,, in acetic acid, 55 ° C ] ; 8 8

14) ditto, 95 °C;8 8 15) ditto (PdCl2 + NaOAc in acetic acid,
90 °C;8 8 16) ditto [Pd(OAc)2 + CF3COOH in acetic acid,
95 °C]; 8 8 17) ditto [Pd(OAc)2 + NaOAc in acetic acid,
95 °C]; 8 8 18) catalytic coupling [Pd(OAc)2 in ArH, 25 atm O2,
150 °C]; 5 3 19) palladisation [Pd(OAc)2 in acetic acid,
95 °C]; 8 8 20) radical arylation (attacking radical p-NO2C6Hli,
20 °C); 1 1 3 21) ditto (p-MeC6H;);113 22) ditto (Ph*) . 1 1 3

It is of interest to compare the palladisation of arenes with
their mercuration. It is generally accepted that the
mercuration of ArH, at least in polar media, is a type of
electrophilic substitution9 0. The palladisation and
mercuration of arenes are characterised by a profound
similarity of the mechanisms, which is confirmed by the clear-
cut correlation between their rates (Fig.3).21* Both reac-
tions proceed in conformity with the kinetic equation (8) and
have a powerful primary isotope effect 1 0 7 · 1 0 9 ' 1 1 5 . The rate

Figure 3. Relation between the rates of palladisation and
mercuration of arenes in acetic acid in the presence of
HC1CV 1) o-xylene; 2) PhMe; 3) PhEt; 4) iso-PrPh;
5) PhCl; 6) PhBr; 7) PhNO2.

21*

The thallation of arenes probably has a similar mecha-
nism112'111*'116. The ratio kH/kO = 3.7 has been found for
the reaction of T1(CF3COO)3 with C6H6 and C6D6 in CF3.
.COOH.112 The electrophilic character of the metallation of
arenes increases in the sequence Pd(II) < Hg(II) < Tl(III)
(the corresponding values of ρ are -2.2,21* -5 .3 , 1 1 5 and
-7.5 1 1 2 ) .

An anomalous selectivity has also been observed in the
acetoxylation 51'61*>89 and nitration1*8'68 of arenes in the ring
under the influence of palladium(II), but this phenomenon
has not been attributed to electrophilic substitution in ArH.
The reaction of arenes with Pd(NO3)2 in acetic acid at 90 °C
involves simultaneous acetoxylation (p = -1.2) and
nitration (p = -1.4). MeC6H4OAc and MeC6H^NO2 with the
relative proportions of isomers meta > para have been
obtained from toluene. In the presence of a strong acid
(C13CCOOH) the acetoxylation is suppressed and the
normal relative isomeric composition (para > meta) is
restored for nitration, as in the oxidative coupling of
arenes 6 8.

In order to account for the anomalous selectivity in the
acetoxylation reaction, a mechanism involving the acetoxy-
palladisation of ArH has been proposed51'6"*'89:

Me

.PdOAc

Me
I

Pd (OAc)a

\/\ O Ac

Me

Λι J
y\0Ac

PdOAc

Me

+ HPdOAc
(14)
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However, from the above considerations, the mechanism
involving electrophilic substitution and reductive elimination
is more probable for these reactions. For example, we have
for meta-acetoxylation:

Me Me Me

a-diorganopalladium(II) in reactions of dialkyl and diaryl
compounds of palladium (II), stabilised by phosphine

+ Pd(OAc)2

OAc

This mechanism provides a good explanation of the accelera-
tion of the ring acetoxylation of arenes in the presence of
strong oxidants11*, since they facilitate the reductive elimina-
tion from ArPdOAc as a result of the increase of the effective
positive charge on the palladium atom.

It is remarkable that the hypothesis of the influence of
the <2π—ρπ bonding in the arene complexes of palladium (II)
on the selectivity in the coupling of arenes was already put
forward in a pioneer investigation1. Similar ideas have
received wide currency for the reactions of olefins catalysed
by metal complexes1 1 7 '1 1 8. However, the picture for the
reactions of olefins is complicated as a result of the super-
position on the compensation effect of the steric influence of
substituents acting in the same direction. In the palladisa-
tion of arenes, the steric effects play no role for meta- and
para-substitution. The conclusion that the polar influence
is compensated therefore appears more justified. The
unusual nature of this phenomenon from the standpoint of
the general treatment of electrophilic aromatic substitution
must be emphasised90. The use of the compensation effect to
control the selectivity in the palladisation of arenes is of
practical interest.

(e) The symmetrisation of ArPdX. The symmetrisation of
ArPdX [Eqn.(9)] probably proceeds via a mechanism
involving the synchronous dissociation of old bonds and the
formation of new bonds in the transition state 1 6

Ar Ar

\ ,-' X
Pd Pd

X / \
χ χ

(in)

This mechanism has been proposed for the symmetrisation of
stable aryl and alkyl derivatives of metals, for example
ArHgX.1 1 9

Information about reaction (9) has been obtained by
analysing the distribution of aryl groups in the arene
coupling products 1 6 ' 8 8 . By analogy with the symmetrisa-
tion of ArHgX , the preferential formation of the asymmetric
biaryls Ar—Ar' as a result of the synergistic effect of the Ar
groups of different polarity in the transition state (III) is to
be expected in the interaction of ArPdX and Ar'PdX.1 1 9

In reality the distribution of the Ar groups in biaryls is
usually close to the statistical distribution. Only in the case
of very powerful directing groups (ArNO2, the 2- and 3-posi-
tions in thiophen) are asymmetric biaryls formed preferen-
tially1 6 '8 8. This can be explained by the compensation of
the polar influence of the substituents in the transition state
(III) as a result of the du-pu interaction of palladium(II)
with the Ar groups 8 8.

The distribution of the aryl groups in biaryls has been put
forward as a justification of reaction (12). 2 2 However, in
reality the available data2 2 indicate a statistical distribution
of the Ar groups with the exception of the coupling of nitro-
benzene, for which the synergistic effect indicated above
takes place8 8.

(f) Reductive elimination. Considerable advances have
been made recently in the understanding of the mechanism
of the reductive elimination of hydrocarbons from

ligands, taking place at a measureable rate These
compounds are usually obtained by the oxidative addition
of organic halogeno-derivatives to zerovalent palladium or by
an exchange reaction:

ArX + Pd (PPh3)4 -*- ArPdX (PPh3)2 + 2PPh3 ,
PdCl, (PPh s ) a + 2MeLi -» MejPd (PPh 3) 2 + 2LiCl .

It has been established that palladium(II) complexes
containing organic groups in the cis -position undergo reduc-
tive elimination95:

Ph. ,Ph

X
I Pd + Me-Me
\p/

The complexes trans-Me2Pd(PPh3)2 and trans-MeJPd.
.(PPh2Me)2 undergo the reductive elimination of ethane
only after isomerisation to the cis-derivatives, which can
be clearly observed by XH and 3 i P NMR.95 On the other
hand, the complex (IV), which cannot isomerise, is stable as
regards the elimination reaction.

(IV)

Polar solvents [dimethyl sulphoxide (DMSO), dimethyl-
formamide (DMF), and tetrahydrofuran (THF)] promote the
elimination reaction in contrast to non-polar solvents
(benzene and tetrachloroethane). The same may be said
about the oxidative coupling of arenes under the influence
of palladium(II). A polar solvent facilitates both cis~trans
isomerisation of diorganopalladium(II) and the reductive
elimination from cis-complexes [the latter via the substitution
of σ-donor phosphine ligands in the coordination sphere of
palladium(II), which results in an increase of the effective
positive charge on the palladium ion].

The reductive elimination proceeds as an intramolecular
process. This is clearly indicated by the absence of a
redistribution of deuterium in the competing reaction

P P h 3 v /CH 3 PPh 3 . .CD3

>Pd< + >Pd< -> C H 3 - C H 3 + C D 3 - C D 3 + 2Pd (PPh 3) a

P P h / X C H 3 P P h 3

x N C D 3

and by the first order of the elimination reaction with respect
to diorganopalladium(II). The addition of phosphine ligands
inhibits the reaction, which indicates its dissociative
mechanism95:

R3Ps. /Me R 3 P S /Me
' >d/d< + Solv

x M e Solv
>Pd(

•-Me

\ /Me ΓR a P v .Me

Solv

R 3P
R3P
I

Pd + Me—Me ,
I
Solv

R 3P

Pd + R 3P

Solv

>Pd—Solv

where Solv is a solvent molecule.
The reductive elimination is greatly accelerated in the

presence of organic halogeno-derivatives capable of under-
going the oxidative addition reaction (PhCH2Br, Mel, etc.) .
It has been suggested that in this case the elimination
proceeds via palladium(IV) compounds9 3"9 5.
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The absence of free radicals in the reductive elimination
is confirmed by the retention of optical activity in ot-deutero-
ethylbenzene obtained by the reaction of the optically active
ct-deuterobenzyl bromide with cis-Me2Pd(PPh3)2.9 3

I. THE ARYLATION OF OLEFINS

1. General Considerations

The reaction involving the coupling of arenes with olefins,
also referred to as the arylation of olefins, can be repre-
sented by the equations

+ PdU + 2 IT

(15)

(16)

which are analogous to Eqns.(2) and (3). Here X and Υ are
in the main the same substituents as in reactions (2) and

( 3 ) 8,9,25,120 R e a c t i o n (15) is much faster than reaction (2)
and reaction (16) is much faster than reaction (3). In the
presence of olefins, biaryls are apparently hardly formed.
The arylation reaction (15) is usually carried out in the
presence of Pd(OAc)2 in solution in acetic acid or in an arene
at about 100 °C, ArH being introduced in excess relative to
the olefin and palladium(II).9 As in the coupling of arenes,
reaction (16) takes place under milder conditions and more
selectively than reaction (15). 2 5 Very effective methods
have been developed using aryl derivatives of
mercury(II). 2 5 > 1 2 1 ~ 1 2 3 The arylation of olefins by organo-
silicon compounds is promising7.

Soluble copper(II) 2 5 > 1 2 1 - 1 2 " and silver(I) 2 salts,
heteropolyacids,1 2 5 and O2

 1 2 6 are used as oxidants in the
catalytic coupling. Platinum metals on carbon are known as
heterogeneous catalysts of the gas-phase arylation of
ethylene 1 2 7.

The arylation of olefins is characterised by a high yield of
products and a notable universality with respect to arenes
and olefins. The coupling reaction takes place with
aromatic carbocyclic8 '9 '2 5 and heterocyclic9'12"*'128 compounds,
metallocenes1*1*, etc. Coordinated cyclobutadiene reacts 1 2 9 ' 1 3 0 :

+ PhCH—CH 2 + Pd(OAc) 2 —

^e(CO)3 Fe(CO)3

Olefins from C2 upwards9, cyclo-olefins131, butadiene 1 2 3 ' 1 3 2 ,
alkenyl derivatives with the substituents Ar, Cl, Br, OAc,
CN,9 NO 2 , 1 3 3 OR, OCOR,122 and CH2OH,1 2 1 styrene, and
norbornadiene in their complexes with palladium(II) 9> 1 3 1 |

(

and other compounds1 3 5 '1 3 6 undergo the reaction.
Acetylenes enter into an analogous reaction with formation
of arylacetylenes1 3 7.

Substituents at the double bond lower the reactivity of the
olefin. In arylation by arylmercury(II) in the presence of
PdCl2 and CuCl2 at 20 °C, the reactivity of the olefins
decreases in the following sequence: ethylene (14 000) >
methyl acrylate (970) > propene (220) > styrene (42) >
1-methylstyrene ( I ) . 2 5 The reaction is accompanied by the
isomerisation with respect to the position of the double
bond 2 5 ' 1 3 1 . The arylation of methylolefins takes place both
at the double bond of the olefin and in the allyl position1 5 '1 3 6.

In the arylation of olefins containing an electronegative
substituent (for example, a halogen) in the allyl position,
aromatic allyl-substituted compounds are formed and the
reaction proceeds catalytically with respect to palladium(II).121

The arylation of olefins has a high stereoselectivity138.
The phenylation of ethylene by benzene has been investi-

gated as a possible method of synthesis of styrene126»139""11*1.
The reaction takes place catalytically in the presence of
Pd(OAc)2 in benzene at 80 °C and an O2 pressure of 10 atm.126

However, owing to its low selectivity, it has no advantages
over the traditional method of synthesis of styrene.

The selectivity in the coupling of arenes with olefins is
determined by the competition with side reactions involving
the oxidation, acetoxylation, and oxidative dimerisation
(coupling) of olefins1 2 6 '1"1. Reaction (16) of the aryl
derivatives of mercury(II), tin(IV), and lead(IV) in the
presence of CuCb is accompanied by the formation of
organochlorine compounds11*2.

2. The Mechanism of the Coupling of Arenes with Olefins

The coupling of arenes with olefins proceeds via the
π—σ rearrangement of the arene and olefin π-complexes of
palladium (II). Several mechanisms of the arylation of olefins
have been proposed9»1 0·8 5. The mechanism involving the
arylpalladisation of olefins and the subsequent β-elimination
of palladium hydride is most thoroughly justified10'130'131*'

Ar

[ArPdX] - Ar—C—C—PdX -^
I I

/
C=C -f- HPdX

\
(17)

As in the coupling of arenes, the active intermediate ArPdX
is formed via the electrophilic substitution in ArH, which is
the rate-limiting stage of the reaction.

The arylation of olefins is accelerated by electron-donating
and retarded by electron-accepting substituents in ArH.
Like the coupling of arenes, the reaction has a low substrate
and positional selectivity with respect to the arene as a
consequence of the compensation of the electronic influence
of the substituents. Thus lg/"p = 0.48, lg(fp/fm) = 0.33,1 W

and ρ = -1.4 1 3 0 for the reaction of toluene with styrene
under the influence of palladium(II) acetate. This is
consistent with the arylation of olefins via palladised ArH.
At the same time the activation of palladium(II) by the
olefin plays a major role in the arylation of olefins because
the rate of arylation is higher by several orders of
magnitude than the rate of coupling of arenes to give
biaryls8 5.

The involvement of ArPdX as an intermediate has been
confirmed by the arylation of styrene by the palladium(II)
complex of benzyldimethylamine, which has a C—Pd σ-bond:1"*6

CH2—NMe2

/^i-PdCl

CH2—NMe s

+ PhCH=CH2

,/\-CH==CHPh
II + Pd° + HC1

Stereochemical studies have shown that the arylpalladisa-
tion is in fact cis-addition131*'11*7. Thus the phenylation of
dichloro-n'*-norbornadienepalladium(II) by Ph2Hg and
NaBPh4 in solution in CH2C12 or acetone at 20 °C gives rise
to the en do -addition product (VII) in 79% yield:
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(V) (VI) (VII)

The structure of compound (VII) has been established by
1H NMR and X-ray diffraction. It is suggested that the
complex (VI) is an intermediate in the phenylation of com-
pound (V); it has been possible to isolate its stable platinum
analogue13I*.

The cis-addition of ArPdX to the double bond of the olefin
is controlled to a greater extent by steric factors than
electronic factors1"*3. The compensation of the electronic
effects of the substituents in the olefin in its π-complex
with ArPdX prior to the arylpalladisation reaction (17)
probably plays an appreciable role in this process. A large
organic group usually adds contrary to the Markovnikov
rule, to the least substituted carbon atom involved in the
double bond, while palladium(II) adds to the most substituted
carbon atom. Thus the phenylation of propene by PhHgOAc
in the presence of palladium(II) acetate in acetic acid yields
70% of 1-phenylprop-l-ene, 14% of allylbenzene, and 16% of
1-methylstyrene, i.e. the ratio of the yields of the products
of the addition of PhPdOAc to the terminal and inner carbon
atoms of propene is 5.3.11*3 A similar result was obtained in
the phenylation of propene by benzene11*1.

The phenylation of olefins (01) under the influence of the
monomeric Pd(OAc)2 complexes in benzene proceeds in
accordance with the kinetic equation

W = £[Pd(OAc)2][Ol][PhH] .

For the reactions of ethylene and styrene, the values of
Jc[PhH] χ 103 are respectively 2.2 and 0.196 mol"1 s"1 at
95 °C . For the reaction of ethylene, Ε = 68.7 kJ mol"1.11*1'11*5

The phenylation of styrene and ethylene by benzene and
deuterobenzene-d6 is characterised by the kinetic isotope
effect J C H ^ D = 5.0; for the reaction of C^Di, and styrene-
β,β-<32 with benzene, J C H ^ D = 1·2. The isotope effects in
the reaction rates and products are the same1'*1'1'*'*'1'*5.
Taking into account these data, the mechanism of the aryla-
tion of olefins by the monomeric Pd(OAc)2 in benzene has
been represented as follows11*1*'11*5:

MeC

1/ N O /

n-C2H4\

/OAc

N n -PhH

.OAc κ, n-C2H4v ,OAc

Ni-PhH*" π-PhHZ ^-OAc

JI-CJH,4 \

π-PhH'
Pd

n-C2H4
OAc

OAc / MiOAc

4NPd/ - PhCH2CH2Pd0Ae (HOAc) ,

PhCH2CH2Pd0Ac (HOAc) tt PhCH=CH 2+ HPdOAc (HOAc),

HPdOAc (HOAc) -* Pd» + 2HOAc .

(19)

(20)

(21)

(22)

(23)

(24)

(25)

Stages (19)-(21) involve rapid equilibration. The
coordination of the olefin facilitates the partial substitution
of the bidentate acetate ion in the trans-position by an arene
molecule as a consequence of the strong trans-effect of the
olefin. The isomerisation [reaction (21)] to the favourable

cis-configuration can proceed via the five-coordinated
intermediate as a result of the addition of a second phH
molecule71*'75 or with participation of the bidentate acetate
ion. The rate-limiting stage (22), analogous to reaction
(13), involves the π—σ rearrangement of the arene in the
coordination sphere of palladium(II). It is irreversible
because there is no H—D exchange between ArH and the
solvent in the arylation of olefins11*1*. There is a
probability of proton transfer to the ligand in the reaction
in benzene; in more basic media, the solvent may be the
proton acceptor (see above). Since the introduction of
additional π ligands into the coordination sphere of the
metal ion promotes the π—σ rearrangement as a result of the
destabilisation of the existing π ligands1 9, the higher rate
of arylation of olefins compared with the coupling of arenes
to biaryls becomes understandable1"*1. The cis-aryl-
palladisation stage (23) is apparently rapid and irreversible.
In the general case the β-elimination reaction (24) is fast and
reversible131'11*3, as shown by the isomerisation of the
products of the arylation of cyclo-olefins via the repeated
addition-elimination of palladium hydride 1 3 1 :

Ph
Ν Ph

\

J \
«+

However, in the arylation of styrene stage (24) is almost
irreversible, which is confirmed by the absence of a
hydride shift in the reaction of styrene-β, B-d2:

128>11*8

[PhPdOAc] + PhCH=CD2-

D Η
I I

• [Ph—C—C—PdOAc] PhCD=CHPh + DPdOAc

D Η
I I _

[AcOPd-C-C-Ph] > PhCD=CDPh + HPdOAc
I I
I I

PhD

The kinetic equation

[Pd (OAc),] [Ol] [PhH]
W l + /Ci[Ol]{l+/C2[PhH](l·

which is the same as Eqn.(18) for K J O l H l + K2[PhH].
.(1 + K3)} « 1, where k = k'K1K1Kl, follows from reactions
(19)-(25).11*1'11*5 The olefin activity series obtained C2H,, >
PhCH = CH2

 1"tl>1'*5 i s c o n s i s tent with the sequence of the
stabilities of the π-complexes of olefins with palladium(II)
acetate 7 6.

The trimer Pd3(OAc)6 and the dimer Na2Pd2(OAc)6 are
active in the arylation of olefins in acetic acid85. The
kinetics of the arylation of olefins in acetic acid under the
conditions of the association of palladium(II) acetate are more
complex than the kinetics of the reaction with monomeric
Pd(OAc)2 in benzene and depend significantly on the nature
of the arylating agent. The phenylation of styrene by
benzene in acetic acid is of zero order with respect to the
olefin and of first and 0.5 order with respect to the
palladium(II) acetate dimer and trimer respectively. The
dependence of the rate on the concentration of PhH is
consistent with the Michaelis equation, which indicates the
formation of ττ-arene complexes of palladium(II). The
arylation of styrene by naphthalene and PhHgOAc proceeds
via two parallel pathways of zero and first order with respect
to the olefin. In order to account for these data, a
mechanism involving the oxidative addition of ArH to
palladium(II) has been proposed at the rate-limiting
stage 8 5 ' 1 5 0 . However, one cannot rule out the possibility
that the process may be limited by the dissociation of poly-
meric palladium(II) species under the influence of ArH to
give more active monomeric palladium(II) complexes.
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It is of interest that the arylation of olefins can be carried
out with participation of σ-vinyl complexes of palladium(II):9

_+ PhH
AgOAcHOAc Cl.

> > c
CK C1

However, this mechanism has no general importance. This
is demonstrated by data concerning the oxidative dimerisa-
tion of α-olefins to 1,3-dienes which proceeds via σ-vinyl
derivatives of palladium(II) (see below). Since ethylene and
linear olefins do not enter into this reaction, there is no
reason to assume that their arylation proceeds via σ-vinyl-
palladium(II) compounds. Furthermore, the stage involving
the substitution of the vinyl hydrogen atom by palladium(II)
should be partily reversible, since it precedes the rate-
limiting stage in which ArH is palladised. However, this is
inconsistent with the absence of H—D exchange between
olefins and the solvent under the conditions of the arylation
reaction 1 2 8 ' 1" 8 .

IV. THE OXIDATIVE COUPLING OF OLEFINS

1. Conditions and Products of the Reaction

The coupling of olefins ( a n o t h e r commonly used term is

oxidative dimerisation) takes place in solutions of palladi-

um(II) sa l t s , usually P d ( O A c ) 2 , with formation of derivat ives

of 1 , 3 - d i e n e s : 3 ' 1 5 1 ' 1 5 2

2 j>C=CH2 + Pd (OAc)2 -> J>C=CH—CH= C^+ Pd» + 2HOAc .

Olefins s u b s t i t u t e d at the double b o n d , for example,

styrene, 1-methylstyrene, 1,1-diphenylethylene, vinyl
acetate, etc., undergo this reaction 1 5 1 ' 1 5 2 . Ethylene,
the β-unbranched olefins R-CH2-CH = CH2, and g-chloro-
olefins are inactive. The coupling is exclusively of the
"head to head" type, i .e. a C—C bond involving the least
substituted carbon atoms of the double bonds is formed152.

Alkenylmercury(II) derivatives, obtained by the addition
of mercury(II) salts to acetylenes, undergo stereospecific
coupling under the influence of PdCl 2 : 1 5 3

(26)

Ph. .Η
2 )C=C< +PdCl2-

Y/ XHgCl

Ph
• >>C=C< Μ

C<
x P h

+ 2HgC12 . (27)

In the presence of copper(II) and iron(III) salts151* or
oxygen1 2 6, reaction (26) takes place catalytically. Both
homogeneous126 and heterogeneous 1 5 5 ' 1 5 6 catalysts based on
palladium compounds are known.

The oxidation and acetoxylation of olefins3'126'11*1 as well
as their non-oxidative dimerisation5 compete with the
coupling of olefins. In the presence of arenes, olefins are
arylated11*1.

2. The Mechanism of the Coupling of Olefins

The available experimental data can be generalised within
the framework of the hypothesis that the oxidative coupling
of olefins proceeds via a slow π—σ transformation stage with
formation of vinylpalladium(II) derivatives5 '1 0 '1 1*'1 5 7:

RCH=CH2 + PdX2;
RCH=CH2

RCH=CHPdX + HX
PdX2

(28)

N e x t , a s in t h e n o n - o x i d a t i v e d imerisat ion of o l e f i n s 1 1 7 ' 1 5 8 ,

r a p i d i n s e r t i o n of t h e olefin in t h e C—Pd b o n d a n d β-elimina-

tion of palladium h y d r i d e t a k e p l a c e 5 ' 1 0 ' 1 5 7 :

RCH=CH2 + RCH=CHPdX -> RCH^CH—CH2-CHRPdX , ( 29)

RCH=CH-CHa-CHRPdX -* RCH=CH-CH=CHR + HPdX . (30)

The involvement of iT-allylpalladium(II) complexes and free
radicals is ruled out in view of the high selectivity of the
"head to head" coupling and the retention of deuterium in the
products of the coupling of l-methyl-d3-styrene:1 5 2

2Ph
-;CH2

C<' " + Pd (OAc)2 -X C D 3 .
PhG CPh + Pd» + 2HOAc

^CD3. " X C D 3

A disproportionation reaction, analogous to the sum of
reactions (9) and (10) for the coupling of arenes, has been
proposed as a second pathway leading to the formation of the
C-C bond1 0 '1 1*'1 5 7:

2RCH=CHPdX -> RCH=CH—CH=CHR + Pd» + PdX2 (31)

Reaction (27) of vinylmercury(II) derivatives confirms the
possibility of such a pathway. However, stage (29) is more
probable in the coupling of olefins. It should be fairly
rapid, because it is an analogue of the chain propagation

stage in the Ziegler—Natta polymerisation The
occurrence of reaction (29) is promoted by the condition
[RCH = CHPdX] « [RCH = CH2]. An example of the
faster insertion of an olefin in the C—Pd bond compared with
the disproportionation of the o-organopalladium(II) may be
provided by the arylation of olefins, since biaryls are hardly
formed in this reaction. The involvement of stage (29) in
the coupling of olefins is also confirmed by the formation of
non-oxidative dimerisation side products5 '1 1*1.

The high selectivity of the "head to head" coupling cannot
serve as a justification of the involvement of stage (31) in the
process, because, as mentioned above, the insertion of
olefins in the C—Pd bond is subject to rigid steric
control138'1"*3. Furthermore, examples are known of non-
oxidative "head to head" dimerisation of olefins catalysed by
palladium(II) complexes with nearly 100% selectivity1 5 8.

The mechanism (28) —(30) has been confirmed by kinetic
data. Polymeric forms of palladium(II) acetate are active in
the oxidative dimerisation of styrene in acetic acid:
Pd3(OAc)6 > Na2Pd2(OAc)6 » NaaPdiOAc)^. The reaction
is of first order with respect to the palladium(II) acetate
dimer and trimer and in the latter case also of first order with
respect to the olefin157. The formation of fairly stable
ττ-complexes Na2Pd2(OAc)5(Ol) in a system containing
Na2Pd2(OAc)6 has been demonstrated by kinetic and spectro-
scopic methods 7 6 ' 1 5 7 .

The detailed mechanism of the π-σ reaction (28) has not
been elucidated. The reaction is irreversible, because the
products of the oxidative dimerisation of olefins in DOAc do
not contain deuterium1 5 2. It has been suggested that the
vinylpalladium(II) derivative is formed via the acetoxylation
of the olefin and subsequent oxidative addition of alkenyl
acetate to zerovalent palladium5:

RCH=CH2 + Pd (OAc)2 - RCH=CHOAc + Pd° + HOAc ,
RCH=CHOAc + Pd° -, RCH=CHPdOAc .

A scheme has been proposed for the direct electrophilic
substitution of vinyl hydrogen by palladium(II), by analogy
with the palladisation of arenes1 1*'1 5 7:

RCH=CH2 + PdX2 - RtH-CH 2PdX; -* RCH=CHPdX + HX .

However, such a reaction is uncharacteristic of olefins.
The electrophilic substitution of vinyl hydrogen via an

addition—elimination mechanism is more probable11*1:

RCH=CH, + pdX,

RCH=CHPdX + ΗΛ. , (32)

Η P d x ) "* RCX=CH2 + HPdX . ( 3 3 )

(VIII)



148 Russian Chemical Reviews, 52 (2), 1983

This mechanism agrees well both with oxidative dimerisation
data and with the general ideas concerning the reactivity of
olefins. The addition of PdX2 in accordance with the
Markovnikov rule leads to the coupling of olefins; otherwise,
acetoxylation takes place. The probability of the latter is
evidently smaller for β-disubstituted olefins as a consequence
of the concerted steric and electronic influence of substituents
in the olefin. β-Unbranched olefins are inactive in oxidative
dimerisation, probably as a consequence of their acetoxylation
in the allyl position and the formation of inert π-allyl-
palladium(II) complexes. β-Chloro-olefins are apparently
preferentially acetoxylated via the elimination of palladium
chloride.

The addition of palladium(II) to olefins is reversible. This
is indicated by the catalysis by palladium (II) compounds of
reactions such as the transesterification of vinyl esters of
carboxylic acids 1 5 9, the isotope exchange of chloride ions
between Li36Cl and vinyl chloride1 6 0, the isomerisation of
trans-ethylene-1, 2-d2,

1 6 1 etc. The acetoxypalladisation of
olefins in acetic acid solution proceeds via the trans -attack
on the olefin by a solvent molecule11*.

The elimination from the intermediate (VIII) takes place
via the two competing reactions (32) and (33). Reaction
(32), which leads to the formation of vinyl-palladium(II),
belongs to the class of the well known olefin 1, 2-elimination
processes in which the mode of substitution and the effects
of substituents have been investigated in detail9 0. For
X = OAc, the 1,2-elimination of olefins usually proceeds via
a bimolecular Ε2 mechanism involving the synchronous
removal of X" and proton transfer to a base, which may be
a nucleophilic solvent9 0. The influence of the substituent
R on the rate of reaction (32) is determined by its inductive
and mesomeric effects; steric effects do not usually play a
significant role. The introduction of alkyl substituents in
the α-position relative to X accelerates reaction (32). The
effect of α-aryl substituents is much stronger; they
promote reaction (32) as a result of conjugation with the
double bond formed in the transition state 9 0 .

The β-elimination of palladium hydride [reaction (33)]
probably takes place intramolecularly via a cyclic transition
state 1 1 7 :

Χ Η
| |

R — C — C — Η .
I ... ,

H - - - P d X

The activation process apparently involves the transition of
the system from a more stable inhibited conformation, for
example, of type (IX), to the eclipsed conformation (X):

CH a =CH-CH 3 + Pd (OAc)2-

H|

(34)

Η

(IX) (X)

The mode of substitution and the effect of substituents
in the β-elimination of palladium (II) hydride have been
hardly investigated although they are undoubtedly of great
interest. Certain conclusions can be reached from data
concerning the products of the reactions involving the
arylation and acetoxylation of olefins considered below, which
have been studied in detail under conditions which rule out
the migration of the double bond7 8 ' 1 3 8 ' 1 1*3:

—» AcOCH=CH—CH3 (XI)' ,

—» AcOCH-CH=CH2 (XII)',

> CH2=C (AcO)—CH3 (ΧΠΙ)'.

(36)

The ratio of the products (XI) and (XII) [and corresponding-
ly (XI)' and (XII)'] yields information about the influence
of the nature of the substituents in the β-position relative to
palladium(II) on the mode of β-elimination of HPdOAc:

RiCH=CH—CHjR1 <- RaCH2—CH—CH2R' -^R 2 CH 2 —O^CHR 1

I
(XI) PdOAc (XII)

These data are presented in Table 2. In the first place it is
seen that the polar influence of the substituents on the
β-elimination of HPdX agrees with the fact that in this
reaction hydrogen is split off from the carbon atom in the
form of the hydride ion and palladium is split off in the
form of XPd + . Thus electron-accepting substituents hinder
the abstraction of an α-hydrogen atom, while electron-
donating substituents facilitate it [cf. R1 = OAc or CN and
R2 = Ph, R1 = Η and R2 = p-MeOCgH,,, Ph, or p-AcOCgH^,
and R1 = Η or n-Pr and R2 = Ph in reaction (35)]. In
these series the steric effects of the substituents R1 and R2

are either of the same order of magnitude or do not change
when the substituents are varied. The data for reaction (36)
permit the same conclusion, although here the role of the
steric factors may prove to be more significant. This is
indicated by the dependence of the yields of the products
(XI)' and (XII)' on the sodium acetate concentration, which
determines the degree of association of palladium(II) acetate
(see Section II, Subsection 2). The mode of elimination of
palladium hydride is influenced by both the inductive and
mesomeric effects of the substituent. The aryl group
promotes the formation of a double bond which is conjugated
with it. The directing effect of the aryl group is much
stronger than that of the alkyl group (see R1 = n-Pr,
R2 = Ph).

Table 2. The mode of β-elimination of palladium hydride in
olefin arylation and acetoxylation reactions under the
influence of palladium(II) acetate.

Reaction*

(35)
(35)
(35)
(35)
(35)
(35)
(36)
(36) **
(36) · · ·
(36) ****

R'

Η
Η
Η
n-Pr
CN
OAc
Η
Η
Η
Η

p-MeOC6H4

Ph
p-AcOC6H4

Ph
Ph
Ph
OAc
OAc
OAc
OAc

xi, (xi),

53
62
58
47
45
94

2
0.5
3

<0.5

Relative contents

XJI, (XII) ,

4
12
18
7
0
0
2

13
71
94

%

X I I I , ( X I I I ) .

43
26
24
18

0
5

96
86.5
26

2

*Reaction (35)—in acetonitrile at 20-30 °C;]
reaction

(36)—in acetic acid at 25 °C. 7 8 The reactions were carried
out in the absence of chloride ions; there is then no migra-
tion of the double bond.

**[NaOAc] = 0.098 M.
***[NaOAc] = 0.49 Μ .
****[NaOAc] = 0.90 M.

CH2=CH—CHjR1 + ArPdOAc-

» ArCH=CH-CH2R1 (XI) ,

> ArCH2-CH=CH3R' (XII) ,

- ^ CH2=C (Ar)-CH2R
X (XIII) ;

It follows from the foregoing that the electronic effect of
(35) the substituent R acts in the same direction on reactions (32)

and (33) and apparently does not affect their competition.
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However, the steric effect of R differentiates these reactions.
As already mentioned, the steric factor usually does not play
a significant role in reaction (32). On the other hand, in
the β-elimination of HPdX the rate of the activated process
(34) depends greatly on the bulk of the substituent R. For
bulky substituents, for example Ar, the formation of the
eclipsed conformation (X) is difficult and reaction (32),
leading ultimately to the olefin coupling products, therefore
take place preferentially. For 3-disubstituted olefins,
reaction (33) is altogether ruled out. Thus the addition-
elimination mechanism (32) and (33) is fully consistent with
the experimental data on the coupling of olefins.

In conclusion one should note that the oxidative coupling
reactions of unsaturated hydrocarbons under the influence
of palladium (II) compounds have common fundamental elements
in their mechanisms. They all proceed via a sequence of
π—σ reactions in the coordination sphere of palladium(II) and
include the electrophilic substitution of hydrogen by
palladium(II) at a trigonal carbon atom as the rate-limiting
stage. The intermediate <3π—ρ π binding of palladium(II) as
a "soft" acid to "soft" bases (arenes of olefins) plays an
important role in these reactions. As a result of this, the
mode of palladisation of the substrate is inconsistent in
many instances with the traditional ideas concerning the
ratio of the electronic and steric factors in reactions of
unsaturated hydrocarbons with electrophiles. This
phenomenon is of significant interest for metal complex
catalysis as a method of controlling the selectivity of reac-
tions and merits detailed study.
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