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Abstract

This review covers recent achievements in the field of organopalladium chemistry involving Pd—Pd bonds. Several new aspects are
reported with regard to the role of Pd—Pd bonds in catalysis, especially new binding modes and transformations of unsaturated
hydrocarbons on a Pd—Pd bond. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Remarkable catalytic activities of metal surfaces,
metal colloids, or small metal particles have attracted
wide attention from early days (the end of 19th century).
Group-10 metals (Ni, Pd, Pt) have played a central role
in this area owing to their high activity [1]. As
heterogeneous systems involving Group-10 metals have
been making progress, homogeneous catalytic systems
have also developed remarkably in the field of synthetic
organic chemistry [2]. Now, the Group-10 metal cata-
lyses are indispensable for organic synthesis. Among the
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Group-10 metals, palladium frequently shows a unique
and desirable activity. For example, palladium has a
different preferred electron configuration (d'’) than
platinum (s'd”), providing organopalladium(II) com-
plexes with a greater thermodynamic advantage for
reductive elimination than organoplatinum(I) com-
plexes [3,4]. In addition, the greater ligand field splitting
in palladium(Il) complexes than nickel(Il) complexes
causes a higher barrier to five-coordinated intermediate
formation in the reaction of the former relative to the
latter.

It is of utmost importance to understand what occurs
at a palladium site during both heterogencous and
homogeneous catalytic reactions. In the homogeneous
system, examination of some elaborately designed
stoichiometric reactions led to generation or even
isolation of organopalladium intermediates, which can
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be involved in catalytic cycles. Most of these are of the
mononuclear type. On the other hand, relatively less
knowledge has been obtained about the role in catalysis
of organopalladium complexes containing Pd-Pd
bonds, while there are continuing efforts towards
development of new kinds of reactivities at such multiple
palladium sites in an attempt to explore new or more
desirable organic transformations. Furthermore, the
manipulation of Pd—Pd bonds in medium to large size
clusters is also in progress towards creation of promising
materials such as nano-structured palladium particles.
In this review, we summarize the recent work to
elucidate the structures, coordination behavior, reactiv-
ities, and functions of organopalladium complexes
containing Pd—Pd bonds. The field is currently devel-
oping, but most of the previous work dealt with
dinuclear Pd—Pd complexes. In this section, some
historically important works about the earlier prepara-
tions of dinuclear Pd—Pd complexes are surveyed.

The first preparation of dipalladium(I) complexes was
carried out by the reaction of PdCI;~ with CO in
aqueous acid in 1942 [5]. Goggin and Mink assigned the
structure of the dianionic product 1 from the IR spectra
in 1974 [6]. The crystal structure of the dianionic
complex was finally determined in 1981 [7].
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The first example of a structurally defined dipalla-
dium(I) complex having unsaturated hydrocarbon li-
gands, bis-benzene dipalladium(I) complexes 2, was
prepared by Allegra et al. in 1965 [8,9]. These complexes
were obtained simply by the reaction of PdCl, with
AICl; in refluxing benzene. Since then, a number of
hydrocarbon bridged dipalladium complexes have been
prepared. Particularly noticeable are the early prepara-
tions of the p-n>-allyl dipalladium(I) complex 3 (Yama-
zaki et al.,, 1972) [10] and the Cp-allyl sandwich
dipalladium(I) complex 4 (Werner et al., 1975) [11].
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The isocyanide dipalladium(I) complex [Pd,(¢-
BuNC)4(1),] (5) prepared by Otsuka et al. [12] and the
dppm dipalladium(I) complex [Pdy(dppm),(Br),] (6)
prepared by Colton et al. [13] were the first to show
unique reactivities associated with a Pd—Pd single bond.
Particularly noticeable is the discovery of the insertion
reaction into a Pd—Pd bond by Balch and coworkers
[14].
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Interestingly, most of the earlier preparations were
attained by serendipitious, rather than planned reac-
tions. Nevertheless, these early achievements stimulated
subsequent research.

There are several excellent reviews including those by
Werner [15], Maitlis et al. [16], and Moiseev et al. [17—
19]. This review will focus on the recent attainments in
this field, particularly those of interest from the view-
point of organometallic chemistry, while the remarkable
achievements also appeared in inorganic chemistry,
catalysis, or material science, which deal with multiple
palladium atoms. Furthermore, this review does not
attempt to cover comprehensively the title area.

2. Discussion
2.1. Classification of Pd—Pd complexes

2.1.1. Dinuclear Pd—Pd complexes

For dinuclear palladium complexes, various combina-
tions of valences (Pd(0), Pd(I), Pd(II), Pd(IIIl), and
Pd(IV)) are possible. A simple consideration of the
electronic configuration indicates that the Pd(I)-Pd(I)
and Pd(III)-Pd(III) combinations have a Pd-Pd o-
bond. A number of Pd(I)-Pd(I) complexes have been
isolated and characterized, while only one example is
known of a Pd(IIT)-Pd(I1T) complex with a well-defined
structure, as will be described later. Theoretical studies

<~ =

PhsP—Pd—Pd—PPh,
~—
| Y
3 Me
4




T. Murahashi, H. Kurosawa | Coordination Chemistry Reviews 231 (2002) 207-228

L
/
Pd—ClI
T4

CI—I|3d
L

—
’ Ny

’ by
/ by
Ny
’ Ry
\ ’ , ;
. 7
N ’
/7 \
AY

4
L L
| /
Cl—Pd—Pd—CI
I/

Scheme 1.

on a series of dinuclear palladium complexes were
recently reviewed by Dedieu [20].

There are two extreme geometries for dinuclear
Pd(I)-Pd(I) complexes; namely ‘corner-sharing’ and
‘edge-sharing’ geometries. Three homoleptic dipalla-
dium complexes 7 (Pd—Pd 2.5310(9) A), 8 (Pd-Pd
2.598(1) A) and 9 are shown as the typical examples of
‘corner-sharing’ geometry [21-24].
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Extended Hiickel calculations on the corner-sharing
complex [Pd,(CH;NC),4Cl,] showed that this type has a
do—do bonding as depicted in Scheme 1 [25]. This leads
to a low barrier rotation about the Pd—Pd bond when
the complex has neither bridging nor bulky ligands.

The carbonyl-bridged complex 1 (Pd—Pd 2.697(3) A)
[6] and the dimer of [Pd,(n-CO),(OAc),] (10) (Pd—Pd
2.663(1) A) [26] are typical examples of ‘edge-sharing’
geometry. Furthermore, some isocyanide complexes
such as 11 (Pd—Pd 2.757(4) A) are known [27,28].

Me3P—Pd—}°d—PMe3
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The electronic structures of such edge-sharing com-
plexes are quite different from those of the corner-
sharing complexes. Hartree-Fock calculations on
[Pd,(1-CO)>CL,J*~ showed that an MO involving con-
tribution of a Pd-Pd antibonding interaction 12 is
occupied (Scheme 2) [29]. This makes the nature of the
Pd—Pd bond not simple. Indeed, no effective electron
population was found in the region between two Pd
atoms. Thus, a Pd—Pd interaction through the ligands
was proposed instead of a Pd—Pd interaction through
space.

The electronic structure is thus very different between
the corner- and edge-sharing complexes. However, a
thorough structural survey of isocyanide dipalladium
complexes showed that both are possible depending on
subtle changes of the electronic or steric factors of the
other ligands [30]. The geometries not represented by the
above two extremes are also known. One example
includes single atom bridged dipalladium complexes
such as 13 (Pd—Pd 2.628(2) A) [31,32] and 14 (Pd—Pd
2.571(2) A) [33]. In these complexes, the Pd—Pd bond
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MeCN—Pd—}Dd—NCMe

MeCN
NCMe

9

consists of mainly do—do overlap as suggested by an
MO calculation [34]. Some dipalladium complexes
containing semi-bridging CO or isocyanide ligands are
also known such as 15 (Pd—Pd 2.6521(3) A) [35], and 16
(Pd—Pd 2.599(2) A) [30)).

Some dipalladium complexes containing non-bridging
cyclopentadienyl ligands such as 17 (Pd—Pd 2.673(1) A)
[27] or 18 (Pd—Pd 2.639(1) A) [36,37] are known, in
which the total electron counts are 34e, in constrast to
the above-mentioned 30e dipalladium(I) complexes.
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Some d'°—d'® Pd(0), complexes with a short Pd—Pd
separation such as 19 (for n =2, Pd—Pd 2.7611(5) A; for
n=1, Pd-Pd 2.8582(6) A) have been structurally
characterized [38]. A related complex [Pd,(dppm)s]
contains a somewhat longer Pd—Pd separation (Pd—Pd
2.9959(2) A) where two parallel PdPs planes are bridged
by three dppm ligands [39]. A d'°-d'® Pd(0)-Pd(0)
interaction is expected to have no Pd—Pd o-bond.
However, there is still some bonding interaction [40]

which is called a ‘closed-shell interaction’ [41]. Some
examples of d®~d® Pd(IT)-Pd(II) interactions, although
weak due to a pseudo-closed-shell type, are also known
[42].

Finally, the very unstable dipalladium(IIT) complex 20
is known [43]. Interestingly, the Pd—Pd bond (2.391(2)
A) in 20 is the shortest among all of the known dinuclear
palladium complexes.

2.1.2. Trinuclear and higher nuclear complexes
containing Pd—Pd bonds

A number of higher nuclear palladium carbonyl
clusters have been prepared and structurally character-
ized [44]. In particular, the recent preparation of nano-
sized Pd38 [45], Pd59 [46], Pd145 [47], Pd561 [48], and
Pd 415, Pdygs7 clusters [49] is remarkable. Furthermore,
numerous heteronuclear Pd clusters have been prepared.
Although such work is very interesting and important,
particularly in the field of inorganic chemistry, catalysis
and material science, this review does not cover them
since only limited organometallic chemistry is presently
known of these.

Nevertheless, some examples of small Pd clusters are
illustrated here. The triangulo-Pd; complexes were
reviewed by Puddephatt [50] and Mingos and coworker
[51]. Some examples of Pd; and Pd, complexes are
shown (21-25) [35,52-55].

The linear tripalladium cluster 26 was first prepared
in 1978 [56], and the longer clusters such as 27 [57] and
28 [58] were prepared recently.
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2.2. Coordination behavior and reactivity at dinuclear
Pd—Pd sites

2.2.1. Dinuclear Pd—Pd sites with rigid bridging
suppports

Rigid bridging ligands are very useful to stabilize a
dinuclear Pd—Pd bonded framework as well as to bring
two Pd atoms close to each other even when these Pd
atoms interact only weakly. The dppm bridged complex
[Pd>(dppm),Cl»] (29) [13,59,60], one of the most versa-
tile dipalladium(I) complexes, was synthesized from the
reaction of Pd(PhCN),Cl, with 1/2Pd,(dba); in the
presence of dppm [61]. Although a number of dipalla-
dium complexes analogous to 29 have been prepared,
here the reactivity of 29 and its derivatives is addressed

32
~
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to illustrate the reactivity of a dinuclear Pd—Pd site
supported by rigid bridging ligands. Indeed, the complex
29 is particularly useful for investigating the coordina-
tion behavior of various substrates at a Pd—Pd site.

Php~" N Ph
2 dppm | |

PdCI,(PhCN), * 1/2 Pdy(dba)y ———> Cl—Pd——Pd—C]
CH,Cly, reflux | |

7S

29
A typical reaction pattern is the insertion of small
molecules into the Pd—Pd bond as described in Eq. (1).
Such reactions yielded so-called ‘A-frame’ complexes as
the main products, which were first designated by
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Kubiak and Eisenberg [62]. In these A-frflme complexes,
the Pd—Pd distances are longer (ca. 3.5 A) thean those in
the starting dipalladium complexes (ca. 2.7 A).

PN
Ph,P” “PPh
1 = /K\
X—Pd—Pd—x + Z ——> "Pd_"TPd
I I /L0 (1)
thP\/Pth X \X
L =dppm

Several carbenoids such as CO or RNC insert into the
Pd-Pd bond to form p-CO or p-RNC dipalladium
complexes, respectively (30, 31) [14,61]. A diazonium
cation also inserts into the Pd—Pd bond to give the
cationic A-frame complex 32 [63]. In addition, NOBF,
gives the cationic u-NO complex 33 [64].
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The reaction of 29 with azide afforded a mixture of
the p-azide complex 34 and the p-nitrene complex 35
[64—-68].
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Sulfur dioxide also inserts into the Pd—Pd bond of 29
to afford the pu-SO, complex 36 [69,70]. The reaction
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with elemental sulfur (Sg) gives the u-S dipalladium
complex 37, which is also formed by the reaction of 29
with propylene sulfide or H,S with liberation of
propylene or H, [70-72], respectively. Oxidation of the
p-S dipalladium complex with appropriate oxidants
gives p-SO dipalladium complex 38 [73].

With regard to the reactions of 29 with unsaturated
hydrocarbons, only those with alkynes are known. The
presence of electron withdrawing substituents in the
alkyne facilitates the reaction to give the p-n':n'-alkyne
complex 39 [74,75], while phenylacetylene requires the
assistance of catalytic amounts of acid in order for
analogous insertion to take place [76,77]. The reaction
with alkynylsulfide in the presence of Lewis acid gives
the p-vinylidene dipalladium complex 40 [78].
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The reactivity of hydride, alkyl or aryl derivatives of
29 has been investigated in order to understand the
proximity effect of two Pd atoms on C-H and C-C
reductive eliminations. The reaction of 29 with Me;Al
afforded the very unstable monomethyl dipalladium(T)
complex 41 [79,80]. This complex 41 is protonated by

Ty TN TN
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L \L /LU ~ ~
—L / L\
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alcohol to give the hydride-methyl dipalladium complex
42, which can easily release methane by reductive
elimination. The reaction of the monomethyl complex
41 with additional Me;Al generates the dimethyl com-
plex 43, which can also be protonated by alcohol to
produce the dimethyl hydride dipalladium complex 44.
This complex liberates methane and ethane by thermal
degradation. These reductive elimination reactions pro-
ceed intramolecularly. The A-frame complexes contain-
ing alkyl, aryl, or acyl moieties have also been prepared
by other methods [81-84].
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The geometry of p-hydride complexes is variable; the
diethyl-pu-hydride complex 45 exhibits the A-frame
structure (C—Pd-Pd =158.5°, Pd—Pd =2.933(7) A),
while the di-p-tolyl-p-hydride complex 46 shows linear
Tol-Pd—Pd-Tol geometry (C—Pd—Pd = 178.4°) [85,86].
It was proposed only on the basis of the X-ray crystal
structure that the hydride lies on the axis of the two Pd
atoms (Pd—Pd = 3.0758(4) A). Since A-frame complexes
such as p-hydride complexes usually show fluxional
behavior accompanying the A-frame inversion
[81,87,88], it was considered that the p-hydride moves
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more freely than the other ligands such as the p-tolyl
moiety. Thus, the W-shape transient 47 was proposed as
an intermediate of Ar—H reductive elimination from
diaryl-p-hydride complexes.

Reaction of 29 with HCOONa was found to give a
tetranuclear palladium di-p-hydride complex 48 [89-91].
A square Pd, geometry having two p-hydride ligands
was proposed without an X-ray crystal structure deter-
mination.

PhP” PPh,
2 HCOONa
2 Cl—Pd—Pd-C| ———> [Pd4(n-H)2(dppm)4]ICl],
PhoP__PPh; 48
29

The above mentioned examples are concerned with
the Pd(I)-Pd(I) complexes having a Pd—Pd o-bond.
Some interesting studies were also made on d'°-d'
dinuclear palladium complexes. A diphosphine ligand
was devised to stabilize the ‘closed-shell’ d'°—d'" inter-
action effectively to make the complexes isolable. For
example, the complex 19 was prepared by the reduction
of the corresponding Pd(II) dichloride [38,39].
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bridging position of a naked Pd—Pd center in such a way
as to keep the H-H axis perpendicular with the Pd—Pd
axis (50).

The di-p-hydride dipalladium(I) complexes were pre-
pared by the reaction of palladium(I) halide with
KBEt;H [96,97]. The X-ray crystal analysis of the di-
p-hydride complex 51 showed that the hydride ligands
coordinate to the Pd—Pd center (Pd—Pd 2.8245(8) A) in

H H
, 1 - _/
Pd—Pd + Hy 2 [Pd\— —,Pd] ~—— PdT—Pd
H H
50

an unsymmetrical bridging manner (shorter Pd—H
1.67(5) A, longer Pd—H 2.13(4) A) [97]. The reaction
of such a di-p-hydride dipalladium(I) complex with
olefins or alkynes resulted in only reductive elimination
of dihydrogen.

The Pd(0), complex 19 also reacted with O, to afford
the di-p-oxo dipalladium complex 52 [38].
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P NaH, \ Hy P P
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P\/ i Pl }3 Ny R
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51
Dihydrogen reacted with the Pd(0), complex 19 to
afford a di-p-hydride dipalladium(I) complex 49. This c
process is related to dihydrogen activation on metallic cyy\P’ \P//C y Cy, Ly o Cy, cy
palladium. Indeed, some theoretical studies suggested F\>d P{j 0, PO 7\ AP
the importance of the cooperative function of multiple | \ /Pd\ /Pd\P
palladium atoms [92-95]. Dihydrogen was predicted to CCY//P\ Cy Cy/P\C 0 Cy/ \Cy
be more effectively activated by dinuclear Pd(0) rather y Cy y 52
19

than mononuclear Pd(0) [93,94]. A DFT calculation
suggested that dihydrogen favorably approaches the
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The d'°-d'® dipalladium complex ‘[Pd>(dppm),],
which was expected to be generated from the degrada-
tion of [Pd(dppm);] or, more effectively, from the
degradation of [Pd,(dppm),MeCl], was active toward
double oxidative addition [77,80,81]. For example,
CH,Cl, oxidatively added to [Pd,(dppm),] generated
in situ to afford the p-carbene A-frame complex 53. The
reaction with 1,2-diiodobenzene afforded the p-benzyne
A-frame complex 54.

[Pd2(dppm)s] dppm

“[Pda(dppm)y]"

thllv/\Tth
2 CI—Pld—Pld—Me /ﬂ

PhoP__PPhy Me |
41 L~ L~
Pd Pd
| L L
Cl Me

2.2.2. Dinuclear Pd—Pd sites with substitutionally labile
supports

In Section 2.2.1, the reactivity of dinuclear Pd—Pd
sites having rigid bridging supports is reviewed. Such
dipalladium sites are susceptible to approach of a
substrate in an associative manner with the Pd-Pd
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core remaining still rigidly supported by the bridging
ligands. This section reviews somewhat different reac-
tion behavior of dinuclear Pd—Pd sites bearing sub-
stitutionally labile supports.

Phosphide bridged complexes have been found to
exhibit unique coordination properties and reactivities.
The bis-p-phosphide complex 55 (Pd—Pd 2.594(1) A)
can be prepared by the reaction of CpPd(n’-allyl) with
secondary phosphine. Interestingly, protonation of the

L~
P
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C \
L

P

! Cl

53
~pd_ T Pd
/ L
| N
54

bis-phosphide complex 55 afforded the p-sec-phosphine
bridged complex 56 (Pd—Pd 2.611(1) A) [98,99], of
which the p-sec-phoshine ligand can be easily replaced
by other substrates such as CO (57 (Pd—Pd 2.682(1) A)),
1,3-diene (58 (Pd—Pd 2.751(2) A)), triflate (59 (Pd—Pd
2.648(2) A)), or various phosphines [100—102]. Thus,
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one of the bridging coordination sites at a Pd—Pd
bonded center was opened while the other retained the
p-phosphide ligand.

It is notable that the mono-triphenylphosphine com-
plex 60, a coordinatively unsaturated 28e complex, can
be prepared from 56 and excess PPh; [103,104]. This
complex reacted, for example, with CS, to afford the p-
CS, dipalladium complex 61 (Pd—Pd 2.7077(7) A) [103].
The addition of iodide led to the formation of tetra-
nuclear palladium complex 62 having p-CS, ligands
exhibiting a new coordination mode [105].

PhsR Bk
\ CS,
PhsP—Pd—Pd-PPh; ———>  PhgP—P
\/
IR’
t-Bu Bu-t
60

While some organic bridging ligands such as allyl and
cyclopentadienyl groups (3, 4) acted as a good support-
ing ligand for dinuclear Pd—Pd cores, 1,3-dienes can act
as either substitutionally inert or labile ligands, depend-
ing on the reaction types, as illustrated below. Good
starting materials for the examination of such dual
character of p-dienes are a series of p-1,3-diene dipalla-
dium complexes 63 (Pd—Pd 2.5776(2) A), 64, and 65,
which were easily obtained through redox condensation
of Pd(I) and Pd(0) complexes in the presence of 1,3-
diene [106]. Treatment of each Pd(II) complex with

N /N
Pd |
7 e’ el
2 PPhy*

cl, Cl cl 1z
P + Pdy(dba)s
cl

PhgR  CL Cl

Pd Pd  + Pdydba)
c” ¢ “Pph,

2+

PhsP Cl ,PPr;I
Pd Pd + Pdy(dba)s
/ SNo7N

PhsP” CI “PPhj

2 PFg

-S T+

\ /N r F;\ /
d—Pd—PPh; —_— 12 S/ aS

Ve

Pd,(dba); in the absence of the diene was found not to
lead to effective Pd—Pd bond formation.

The p-bromide ligand of the cationic dipalladium
complex analogous to 65 can be replaced by 1,3-
butadiene in the presence of silver salts to give the 1,3-
butadiene sandwich complex 66 [107]. Interestingly, the
Pd-Pd distance in 66 is unusually long (3.1852(6) A).
Theoretical calculations supported the retention of a
Pd-Pd interaction at such long Pd—Pd distances. The
strong donating (67) and back-donating (68) interac-
tions between 1,3-diene ligands and the [Pd—Pd]**

N

AN

/O
o —

: —P
2 — ~PPh
t—Bul Bu-t ! \ / °

moiety lead to elongation of the Pd-Pd bond. In
particular, the back-bonding MO, which is the combi-
nation of diene n* and Pd, do-do (68), does not
undergo appreciable destabilization, even when the Pd-
Pd separation becomes longer up to the experimental
value.

One of the 1,3-butadiene ligands in the bis-1,3-
butadiene dipalladium complex can be readily ex-
changed by various substrates. For example, the reac-
tion of the bis-1,3-butadiene dipalladium complex with
phenylacetylene afforded the p-alkynyl dipalladium

NS NT-

/

12 ¢l—Pd—Pd—¢,

H2Cly

Cl PPh,*
63
F
Y AN

1/2 PhsP— Pd\_}jd\Cl
cl
64
Y M T+

1/2 Ph3P~Pd—/F’d\PPh3

2
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M + N

AgPFe
—Pd—Pd—

PhsP \/ PPhs CH,Cl,

Br PFg

% 13

complex 69 [108]. The fluxional behavior of the p-
alkynyl moiety attached to the Pd-Pd bond was
suggested by the temperature-dependent NMR spectra.
Dissolution of 69 in CH;CN resulted in the elimination
of both 1,3-diene ligands leading to the acetonitrile
dipalladium(I) complex 70.

NS
Ph3P—F’|d----F’|d—PPh3
PN 2pFs

66

In the bis-triphenylphosphine dipalladium complex
70, the PPh; ligands are positioned cis to the Pd—Pd
part. Furthermore, the Pd—Pd distance (2.4878(7) A) in
70 is the shortest known Pd(I)-Pd(I) distance, and
indicates the weak trans-influence of the CH;CN ligand.
Surprisingly, the bis-triphenylphosphine dipalladium

o I~ T T
Ve ——
L—Pd—Pd—L  <«——— Php—Pd----Pd—PPh; == Phsp—Pd—Fd—ppp,
| php? CH3CN . 2Cl -
L 2PFg  -2C4Hg A" 2PFg —CyHg —HPFs SN PR
Ph
70 66 69

The complexes 9 and 70 are among a series of recently
prepared dipalladium complexes [24,107,108] without
rigid bridging ligands, which are still isolable without
special techniques. Thus, the solvated dipalladium
complex [Pd>(CH;CN)¢]* ™ (9) can be easily isolated
by the reaction of [Pd(CH;CN),J> " with 1/2Pd,(dba);
[24]. Acetonitrile is suitable as the non-bridging and
substitutionally labile ligand. Acetonitrile is well-known
in a mononuclear palladium center to be substitutionally
labile enough to be replaced by various olefins [109].

complex 70 released its two acetonitrile ligands rever-
sibly to afford the triphenylphosphine bridged dipalla-
dium complex 71 [108]. The X-ray crystal structure of 71
(Pd—Pd 2.5833(7) A) showed a unique coordination
mode of the p-PPhj ligand, which may involve both
agostic donation of the P—C bond and m'-phenyl
coordination (Pd—-C,,,, 2.336(4) A). Rapid exchange
between the coordinated and uncoordinated phenyl
groups occurred on the NMR time scale, indicating
rather weak interaction between Pd and m'-phenyl

L 2
L, L |2* | /L_| *
P + 1/2 Pdydba)y ——————> |—Pd——Pd—L
YL CH3CN/CH,Cl,
2 BFy L = CHsCN 2BFs
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ligand. Thus, it was proved that triphenylphosphine, one
of the most popularly used ligands in organometallic
chemistry, can act as a labile bridging ligand.

Ph 2
N T

l—Pd——Pd—L ~<~—= CH3CN— Pd F/’d NCCH3
4
Ph3P 2L -
L™ 2PFg \/Ph 2 PFg
6 e

70 7

Bridge or semi-bridge coordination of triarylpho-
sphine or trialkylphosphine over a metal-metal bond
was found only very recently [110]. Other interesting
PR;-bridged dipalladium complexes 72 (Pd—Pd 2.701(3)
A), 73 (Pd—Pd 2.7879(19) A) are also known [111,112].

Ph BES = / \ J
/p/‘@ on \ /P\~th \
N ~ =
\P—Pd—Pd—p=Ph d—Pd
ph P ¢ / R / \
Ph P =N Ph N\
= L \_/ _
72 R R
73

The PPhs-bridged dipalladium complex 71 reacted
with terminal arylalkynes to afford the p-butenediyli-
dene dipalladium complex 74 through head-to-tail
alkyne dimerization (Pd—Pd 2.798(1) A) [108]. The
reaction proceeded too fast for detection of an inter-
mediate such as a mono-alkyne adduct like 39. The
different reactivity of 71 from that of the bis-1,3-
butadiene complex 66 on treatment with PhC=CH
should be noted. Moreover, the formation of 74
demonstrates, for the first time, that an unsaturated
hydrocarbon undergoes a C—C bond forming reaction
on a Pd—Pd bond. Another example using a p-propargyl
system will be shown in Section 2.2.3. The p-butenediy-
lidene moiey bound on the dipalladium core in 74 is
electrophilic, and one of the PPh; ligands reversibly
migrates to the terminal carbon of p-butenediylidene
moiety to give 75 (Pd—Pd 2.811(4) A).

PrAL @ —| 2+

CH3CN— Pd F/‘d NCCHj
>Rph 2PFg
Ph

7

H Tolp |2+ y 2+
- PhsP. Tol-p
L p-Tol—<
pTolI AT - PdZZ Py
- W\ 2 PFg -L L/ H \>L 2PFs
PhsP L eph, L PPhs
74 75

The reaction of the homoleptic acetonitrile dipalla-
dium complex 9 with 1,6-diphenyl-1,3,5-hexatriene af-
forded the unique sandwich dipalladium complex 76
[113]. A Pd—Pd bonding interaction is indicated by the
Pd-Pd distance (2.9156(6) A). The oxidation state of the
palladium atoms is obscure; the palladium atom may
either be in +3 state with the p-n*n3-coordination
mode of the triene, or in the +1 state with the p-
n%n%n?-coordination mode. A very accurate calcula-
tion is needed for a precise estimation of the electronic
structure. Interestingly, one of the triene ligands was
liberated reversibly in acetonitrile with the other triene
ligand remaining coordinated. The half-sandwich com-
plex 77 thus formed no longer has the Pd—Pd bond.

The stercoisomer of 77, namely the antifacial half-
sandwich complex 78, was also converted to the
sandwich complex 76 by treatment with all-trans-1,6-
diphenyl-1,3,5-triene. Interestingly in this case, trans,-
cis,trans-triene was eliminated. This strongly suggests
that during this reaction, a Pd—Pd bond is required for
conversion of the n*:n’- to n*m>triene ligand, the latter
being ready for ligand exchange. After this, the sand-
wich complex is formed. Thus, it was proved that the
Pd-Pd bond formation or breaking is important in
dinuclear sandwich—half sandwich interconversion.

The results described so far in this section suggest that
the coordination system involving a dipalladium core
and an sp*-carbon framework has unique and remark-
able properties. Extension of this system to multi-
palladium—polyene complexes will be discussed later.

2.2.3. Organodipalladium complexes derived from R—
Pd(II) and Pd(0)

One of the most popular methods to prepare orga-
nodipalladium complexes is the reaction between orga-
nopalladium(II) and palladium(0) as discussed in an

H Tolp _| 2+
2 p-TolC=CH T Iﬁ
— » p-To
paZp!

\ CH,Cl,

il \ 2 PFg

L=CHsCN  PhgP L ¥pPh,

74
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excellent review by Werner [15]. Such processes are very
interesting since they are possibly involved in Pd(0)-
catalyzed organic transformation. Thus oxidative addi-
tion of an organic halide to Pd(0) yields an organopal-
ladium(IT) complex which has a chance to react with
another Pd(0) in the system. For example, oxidative
addition of allyl halide to Pd(0) forms a n’-allyl
palladium(II) complex 79, which further reacts with
Pd(PPh;), to yield a p-n*-allyl dipalladium(I) complex
80 (Pd—Pd 2.623(1) A) under very mild conditions [114—
118]. Propargyl halides also give a corresponding
dipalladium complex 82 via the formation of n'-
propargyl palladium(II) complex 81 [119,120]. Interest-
ingly, the propargyl moiety is coordinated over the Pd—
Pd bond (Pd—Pd 2.642(2) A) in a propargyl/allenyl
resonance manner with the linear C—C—C skeleton lying
parallel to the Pd-Pd vector. The ratio of Pd(0)/
phosphine determined the final distribution of the
mono- and dinuclear complexes when propargyl halide

L\ /L 2+
O |
Ph NNA
/|\ Ph (excess)
/Pd\ CH20|2
Lt 2BFy
78

F%( —|2+
th/yl -
F!d F"Q Pd—Pd Bond
/N L Formation
L LL%gr

PhoAANS NN Ph [ 2F

2 PhN\//Ph/T

Ph

l—Pd—Pd—L

i/\/Ph—' g
\

was used in an equimolar amount; [Pd(0)])/[PPh;] = 1/2
yielded a mononuclear complex of type 81, while [Pd(0)]/
[PPh3]=1/1 provided the dinuclear complex 82. If
excess propargyl halide is used with [Pd(0)]/[PPhs] =1/
1, another product, Pd(X)(n>-propargyl)(PPhs), is ob-
tained [121].

Recent attempts to compare systematically the bond-
ing nature of allyl or propargyl moiety between a di- and
a mononuclear palladium framework led to some
important observations on structure and reactivity. In
the initial investigation [122], n’-allyl mono- and di-
nuclear palladium complexes were chosen. An equili-
brium constant K shown in Eq. (2) (see table) obviously
indicated that allyl groups having electron-withdrawing
substituents favor binding to the dinuclear center rather
than the mononuclear center.

This observation is reasonably explained by the
electronic effect; there is a stronger back-bonding
interaction in the dinuclear complexes compared to

Pd—Pd +

/
Phw\\« Ph
76  2BF4

Ph Ph

5

L L 2BF,
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that in the mononuclear complexes. This explanation is
supported by theoretical calculations [122,123]. Thus the
electronic structure of the dinuclear complex (Scheme 3)
is characterized by strong back-bonding interactions
between the occupied do—do orbital of the Pd, frag-
ment and the empty ©* orbital of the allyl fragment. The
occupied dn—dmn orbital of Pd, fragment is also involved
in back-bonding interaction to some extent owing to

+
P /9~pph,

Br
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PhgP— P47 %~pPPh,

Br
Scheme 3.

increase of the dn—dm energy level through an anti-
bonding interaction with the filled p-orbital of the p-Br
ligand.

The strong back-donating interaction in dipalladium
complexes also causes a remarkable change of the allyl
coordination geometry compared to that in mono-
nuclear complexes [122,123]. Thus, the dihedral angles
between the coordination and the allyl planes in the
dinuclear complexes were found to be much smaller
(80—84°) than those in the mononuclear complexes ( >
110°) (Scheme 4). As shown in the MO scheme for the
dinuclear p-allyl system above, the back-bonding inter-
action in the dipalladium complex involving overlap
between the central carbon p-orbital and the do—do and
dn—d=n orbitals of Pd, becomes more favorable as the
dihedral angle becomes smaller. On the other hand, the
mononuclear n*-allyl coordination is dominated by the
donating interaction between the Pd dr and the allyl nw
orbitals lacking a contribution of the central carbon p-
orbital.

o >110°

Scheme 4.
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Strong back-bonding in dipalladium complexes also
causes a dramatic change in the reactivity of the
propargyl moiety. The p-n>-propargyl/allenyl moiety
bound on a Pd—Pd bond of 83 accepts the attack of
electrophiles such as HY, Ac™, etc. at the central carbon
to afford p-vinylcarbene dipalladium complexes such as
84 (Pd—Pd 2.868(1) A) [119,120]. Intramolecular cycli-
zation also proceeds in a same manner to afford 86
[120]. This reactivity in dinuclear complexes is in sharp
contrast to that in mononuclear complexes; i.e. the n*-
propargyl/allenyl moiety bound on a mononuclear
palladium center is known to accept nucleophiles at
the central carbon [124—126]. Theoretical calculations
indicate that the electrophilic addition to the propargyl/
allenyl central carbon is led by the HOMO bearing a
large lobe at the propargyl/allenyl central carbon (87),
which is induced by mixing of the propargyl = and m*
orbitals so as to enhance back-bonding. The p-vinylcar-
bene dipalladium complex 84 and its analogue under-
went C—C bond forming reactions with acetylene and
organotin reagents [127].

Another new role of dinuclear propargyl/allenyl
systems in organic chemistry is emerging. As described
earlier in this section, the reaction of organopalladiu-
m(I]) and palladium(0) that forms organodipalladium(I)
complexes may be involved in catalytic systems employ-
ing organic halide and Pd(0). Interestingly, the forma-
tion of the dinuclear complex was found to lead to the
configurational lability of mononuclear allenylpalladiu-
m(II) complexes [128]. The configurational stability of

—_—

= H

PhaPR “Ph
VAWA
Cl \CI PPh;

84

PhaP
VAWA
cl Cl" PPh;

86

allenylpalladium(II) complex 88 was found quite high in
the absence of Pd(0) species. After Pd(0) is generated or
added, it reacts with the allenylpalladium(II) complex
immediately to give the dinuclear complex 89, which is
supposed to be configurationally labile owing to a
valence isomerization involving an achiral p-vinyl inter-
mediate 90. The p-allenyl/propargyl complex 89 can
become a mediator for the racemization of 88, since
there is a fast allenyl exchange equilibrium between
mono- and dinuclear complexes as observed in the allyl
exchange system (vide supra). Detailed kinetic experi-
ments showed that loss of optical activity of the allenyl
moiety of 88 mediated by 89 takes place at the dinuclear
site.

It should be noted that Pd(0) species also enhance the
configurational lability of the mn’-allylpalladium(II)
system, through the attack of Pd(0) at the allyl carbon,
but not through Pd—Pd bond formation under certain
conditions (Eq. (3)) [129-131]. The latter event was
found to occur with retention of the configuration of the
allyl fragment (Eq. (4)) [122].

The p-cyclopentadienyl dipalladium complex 91 (Pd—
Pd 2.609(1) A) was prepared by the reactions of
CpPd(II) complexes with Pd(0) [132,133]. Interestingly,
the cyclopentadienyl moiety changed its coordination
mode from 1’ for mononuclear Pd center to n* for the
dinuclear Pd—Pd center. Thus, the [Pd,L,(n-X)] frag-
ment strongly favors a 4e-donating bridging ligand. This
was supported by several theoretical calculations
[34,105,122,123,134,135].
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The dipalladium(I) complexes containing two unsa-
turated hydrocarbon ligands (sandwich type) were
prepared from the corresponding dialkylpalladium(II)
complexes. The complex 92 (Pd—Pd 2.679 A) is gener-
ated by the reaction of CpPd(allyl) and phosphine,
which is frequently used to generate the catalytically
active Pd(0) species [11,136—138]. The sandwich dipal-
ladium(I) complexes [(u-Cp),Pd,(PEts),] (93) (Pd—Pd
2.673(1) A) and [(p-allyl),Pd>(PPhs),] (94) (Pd—Pd 2.720
A) can also be prepared in the same fashion [139—146].

A unique reaction occurred when the 2-chloroallyl-
palladium complex was used. The 2-cyclopentadienylal-
lyldipalladium complex 95 was obtained probably via
the allene elimination and migratory insertion steps
[137].

o A

P;d * PA(P(Pr-i)3); ———(i-Pr);P—Pd—Pd—P(Pr-i);

¥ 3

95

The allyl—alkynyl palladium complex also reacts with
Pd(0) to afford the p-allyl—p-alkynyl dipalladium com-
plex 96 (Pd—Pd 2.6597(4) A) [147].
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It is noteworthy that the chloro derivative of pu-Cp
dipalladium complex 91 reacts with several 2e-donor
ligands such as CO to afford the adduct 97 (Pd—Pd
2.675(1) A) in which the Cp ligand is coordinated to a
single Pd metal [148].
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97

P(i-Pr)

Several substitution reactions of the bridging ligands
occur with the Pd—Pd bonded framework remaining
intact [149]. Thus, reaction of the bis-p-Cp dipalladium
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(i-Pr)3P—Pd—Pd—P(i-Pr);
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98 \IihSH

CHs
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complex 98 with CH;COOH afforded the p-acetate
dipalladium complex 99, and the reaction with PhSH
afforded the p-thiolate dipalladium complex 100. Inter-
estingly, the pu-Cp ligand was selectively replaced in the
reaction of p-Cp—p-allyldipalladium complexes. How-
ever, in such monoalkyl or dialkyl dipalladium systems,
Pd—Pd bond cleavage occurred upon thermal decom-
position or treatment with electrophiles such as HCI,
Mel, etc. [138,149].

The cationic methylpalladium(IT) complex 101, which
became a catalyst for olefin—CO alternating polymer-
ization, reacted with CO to afford the methyldipalla-
dium(I) complex 102 (Pd—Pd 2.6886(8) A) containing a
semi-bridging CO ligand [150]. In this case, Pd(0) was
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formed by the reductive elimination of acetone from the
acetyl methyl palladium(IT) complex.

The phenylpalladium(II) complex 104 was reduced by
methanol to afford the p-hydrido dipalladium(I) com-
plex 105 (Pd—Pd 2.767(4) A) [151].

2.3. Tri- and higher nuclear palladium complexes

Research concerning the reactivity of tri- and higher
nuclear palladium complexes with unsaturated hydro-
carbons remains very limited as well as their synthesis
from mononuclear Pd complexes. In this review, only six
unique examples are discussed.

Among the triangulo-Pd; clusters, the reactivity of the
complex 106 has been studied extensively owing to its
coordinative unsaturation (42e¢) [50]. The complex 106
was obtained by the reaction of Pd(OAc), with CO and
dppm in aqueous acid [152]. One reaction involving an
unsaturated hydrocarbon was reported: the cluster 106
was found to react with dimethyl acetylenedicarboxylate
(DMAD) to afford the DMAD adduct 107 with release
of the CO ligand [153].

ladium cluster 108 [154]. It should be mentioned that
zwitterionic forms are also favored in other dipalladium
complexes (n-dienolate complex 109 [155], and m-phe-
nolate complex 110 [156]).

A unique reaction proceeded between a triarylcyclo-
propenium bromide and Pd(0) to give a tripalladium
cluster 111, which contained two p-C3Ar; units derived
by cleavage of one of the C—C bonds of the original
cyclopropenium ion [157].

A unique triple oxidative addition of chloroform to
Pd(0) afforded the p-carbyne tetrapalladium complex
112 [158].

The tetrakis-triphenylphosphine Pd; complex 114 was
obtained by reduction of the hydroxopalladium(II)
complex 113. In the complex 114, two PPh; ligands
bridge the linear Pd—Pd—Pd core in a p-n':n*n’ mode
[159].

Finally, the chemistry of the one-dimensionally ex-
panded organometallic sandwich chains should be
mentioned. These were prepared by assembling palla-
dium atoms between two o,®-diphenylpolyene mole-
cules [58]. The resulting structure is unique: three chains

E
o ES £ Ph .
/— RE P ASEA |
CO, dppm PhaP //\ —P, E—=—E pp,pl_ ’( Pd<<OCOCF3
Pd(OAc), ———— ,Pd\ > ——— e PPh,
in acetone/ Ph,P Pd—p -Co | \Pd\ A
CF3COOH/H,0 ‘—PPhZ Ph, Ph,P PPhZBh
2
2 CF3C00° CF3CO0
106 107

The exchange of the p-1,3-butadiene ligand in the
dipalladium(I) complex 64 with the 3-methyl-1,3-buta-
dienylpalladium complex afforded a zwitterionic tripal-

(two polyene chains and one Pd—Pd chain) are hybri-
dized through sequential m-coordination. The following
scheme shows an example employing 1,8-diphenyl-
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PPhs
ol _c
N PhgP-Pd-PPhg \ Pd
. PhsP< ] | |
Pth’Pd\ /Pd\CI ~
aacd
cl z \® \PPh
64
108
©
o
NG
PhoPpa_ | (PP J N
@ Pd\ \Pd
/ \® ~~p(-P
of / (i-Pr)3
p
109 (i-Pr)z
110
Ar
i) é -
2 Br
Ar Ar
3/2 Pdy(dba)y —————

ii) 2 Tl(acac),

Ar = p-methoxyphenyl

;
\ _P(t-Bu)s
CHCl; PN A3
2 Pd,(dba), (t-Bu)sP= \
4 P(t-Bu)g bs \ 0 P(t-Bu)s
/CI
P(t Bu)s
112
1,3,5,7-tetraecne. Two  coordination modes  (u-

n*n%n%n’-mode in 115 and p-n*n*n*n>-mode in
116) were observed. Each has the one-dimensionally
expandable form with the all-frans polyene framework.
From a viewpoint of the unique physical and chemical
properties of a palladium on carbon-surface such as
graphite, the reactivity of these complexes is very
interesting, and is currently under extensive investiga-
tion in our group.

EtOH in air

o—Pd\\/ égd—i?/

3. Conclusion and perspectives

The study of organopalladium complexes containing
Pd—Pd bonds is now proceeding at an accelerated rate.
In this connection, a number of significant efforts have
been made to date toward understanding stoichiometric
reactions on the Pd—Pd bonds. An important key to
such progress is the preparation of new, versatile, and
highly reactive palladium complexes containing Pd—Pd
bonds suitable for study of their organometallic reac-
tions. However, at this time, few catalytic systems have
been well-characterized which involve organopalladium
complexes containing Pd—Pd bonds, even though some
publications suggest the effectiveness of such complexes
[17,18,160], particularly in the field reviewed by Moiseev
and Vargaftik [17,18]. In the future, closer interplay
between fundamental organometallic and catalytic
chemistry involving multipalladium complexes is antici-

Ph
Ph\’tP@ —I 2+
A

Ph3P—Pd—Pd—|7d—PPh3

(=R \ePn

114
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Ph\N\Nph N \ANA _|2+
PACHSCNIIBFA (5 aquivy S T

+ — > Pd—Pd—Pd—Pd
3/2 Pdy(dba)z CH2Cly, rit overnight J/ /VL\//\\ ]
Cj 2X

115 (X = BF)

115" (X = BAr) <] NaBAr (2 equiv)

l @N (2 equiv)
S~ 2+
T
CN—Pd—PF—Pd—F;d—NQ

pated to lead to the discovery of new reactions in
synthetic organic chemistry. Furthermore, it is expected
that new and useful functional materials can be con-
structed from organometallic structures containing Pd—
Pd bonds [161].
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