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The bond order, bond strength, and bond distance of metal-
metal interactions, which are key factors in designing multi-
metallic catalyses or polymetallic functional materials,1 depend
on not only the d-electron configuration of each metal but also
the electronic and steric properties of the auxiliary ligands.2 With
regard to d9-d9 M2L6 complexes,3 the M-M length is expected
to be especially variable with even a small change in ligand steric
and/or electronic requirements, because of its single bond-order
nature,2c but there have been no precedents to demonstrate this
expectation. We report here that, when sandwiched between two
s-trans-1,3-diene ligands, the Pd(I)-Pd(I) bond can be elongated
to an unprecedented length (3.19 Å) for an open bi-square planar
L3-Pd-Pd-L3 complex.
A diamagnetic, sandwich-type bis-1,3-butadiene dipalladium

complex2 (a mixture of two isomers in solution, possiblymeso
and racemic arising from chiral mode of Pd2-(s-trans-diene)
association; major/minor) 75/25 in CDCl3 at 25 °C)4 was
prepared from the cationic complex15 as yellow crystals in 50%
yield (eq 1).

The X-ray analysis6 (Figure 1) of2 showed themesoarrange-
ment of twos-trans-dienes with C-C distances (1.37(1) Å{1.33-
(1) Å} and 1.41(1) Å) being within the range of those forµ-η2:
η2-1,3-diene ligands of dinuclear complexes of late transition

metals,7 and these were bound to Pd-Pd throughπ-bonding
distances (2.15(1) Å{2.17(1) Å} and 2.26(1) Å{2.30(1) Å}).
The P1-Pd1-Pd1*-P1* skeleton forms a zigzag structure on
the pseudo mirror plane of the molecule (P1-Pd1-Pd1* angle
is 163.5(1)°) so as to reduce the steric repulsion between PPh3

and the-CHdCH2 part of a diene oriented nearly in a square
coordination plane.8 However, the most striking feature is the
Pd-Pd distance (3.1852(6) Å) which is by far longer9 than those
in the previously reported Pd(I)-Pd(I) single bond, 2.500(1)10a-
2.834(4) Å,10b and is near the sum of van der Waals radii,
3.26 Å.
The steric congestion about the olefin ligand mentioned above

would be relieved considerably not only by the zigzag P-Pd-
Pd-P skeleton but also by the Pd-Pd bond elongation observed.
However, such elongation would be apparently disfavored in terms
of Pd-Pdσ-bond energy.11 To obtain a further insight, prelimi-
nary theoretical calculations at Hartree-Fock (HF) and MP2
levels were undertaken12 on a model compound [Pd2(µ-C4H6)2-
(PH3)2]2+ (2′) mimicing the crystallographically determined
geometries of2 except that the Pd-Pd distance was changed from
2.8 to 3.7 Å. The total energy minimum was observed at 3.44 Å
in HF and 3.19 Å in MP2 calculations. Although the former is
somewhat longer than the experimental value, a Walsh diagram
seems useful for qualitative understanding of the long Pd-Pd
distance of2′. As the Pd-Pd distance lengthens up to 3.5 Å,
the energy levels of the occupied orbitals remain almost un-
changed except that the orbital mainly involving the donation from
diene HOMO to (dσ-dσ)a (Chart 1) slightly lowers in energy.13
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Figure 1. ORTEP drawing of2. Selected bond distances (Å) and angles
(deg): Pd1-Pd1*, 3.1852(6); Pd1-P1, 2.3060(9); Pd1-C1, 2.154(4);
Pd1-C2, 2.264(4); Pd1-C3, 2.305(4); Pd1-C4, 2.170(4); C1-C2, 1.368-
(7); C2-C3*, 1.410(6); C3-C4, 1.331(7); Pd1*-Pd1-P1, 163.46(3);
C1-C2-C3*, 125.4(5); C2-C3*-C4*, 126.9(5).
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This is probably because the overlap between diene HOMO and
(dσ-dσ)a slightly increases14 and (dσ-dσ)a of [Pd2(PH3)2]2+

lowers in energy upon the Pd-Pd elongation. Particularly notable
is the near constancy of the orbital involving the back-donation
from (dσ-dσ)b to diene LUMO (Chart 1).13 This is in a clear
contrast to the considerable destabilization in energy of (dσ-
dσ)b of [Pd2(PH3)2]2+ upon the Pd-Pd elongation.15 This contrast
suggests an important role of the back-donation in effectively
preventing (dσ-dσ)b from rising in energy with the Pd-Pd
elongation. Thus, a coherent picture of the long Pd-Pd distance
is obtained as follows: the Pd-Pd lengthening decreases the steric
congestion, where the concomitant Pd-Pd bond weakening is
compensated by both back-donation and donation interactions
between diene and the Pd dinuclear unit.
An extreme formalism involving the Pd(II) state with one of

butadienes having the enediyl structure (Chart 2) may not
contribute to a large extent, if any, since the structural parameters
and13C NMR shifts for the 1,3-butadiene ligand in2 do not show
so significant differences from those of the free diene as observed
in the typical enediyl complexes.7 Neither do the Pd-C distances
discussed above appear consistent with the enediyl representa-
tion.16 It is notable that the above-mentioned steric and electronic
origins of the unusual Pd-Pd elongation are at work particularly
whentwo s-trans-dienes having the extended geometry coordinate
parallel to the Pd-Pd axis.17,18

Dissolution of2 in acetonitrile resulted in removal of both 1,3-
diene ligands to give the reddish-orange unbridged complex3 in
91% yield (eq 2). Interestingly, the X-ray crystal structure19 of

3 (Figure 2) showed the shortest Pd-Pd bond distance (2.4878-
(7) Å) in the previously reported L3-Pd-Pd-L3 dipalladium(I)
complexes,10 which possibly reflects a very weak trans influence
of CH3CN. When3was treated with 1,3-butadiene in CH2Cl2, 2
was regenerated almost quantitatively. It should be also men-
tioned that the reactivity of2with CH3CN is in sharp contrast to
the inertness of1 to CH3CN.
When2was treated with 5 equiv of 1,3-cyclohexadiene (CHD),

an “s-cis” diene, in CH2Cl2, facile diene ligand exchange occurred

to yield yellow microcrystals of4 (90%) (one isomer) (eq 3).

Again,1was inert to even a large excess of 1,3-cyclohexadiene.5

In view of the fact that the related bis-benzene complex [Pd2(µ-
η2:η2-C6H6)2(ClAlCl 3)2] shows the Pd-Pd bond distance of 2.57
Å,20 determination of the Pd-Pd distance in4 is awaited.
In conclusion, thesandwichligation of two “s-trans” 1,3-dienes

to a Pd-Pd bond has been experimentally and theoretically proven
effective in stabilizing the unprecedentedly elongated geometry
of Pd-Pd.21 Further studies of the unique bonding and structural
nature arising fromπ-complexation between the conjugated
π-system and the metal-metal bond are under investigation.
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(21) To our knowledge,2 is the first example in which the metal-metal
bond is sandwiched between twos-trans-1,3-diene ligands.
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Chart 2

Figure 2. ORTEP drawing of3.
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