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Dinuclear metal complexes possessing bonding interactions
between d!® metal centers are very rare. A series of dinuclear
complexes possessing an unsupported bond between Pt(0) centers
has been reported by Otsuka,! but more common are complexes
inwhich the metal centers are held in close proximity by bridging
ligands.2 Two catalytically active dinuclear palladium(0) com-
plexes, Pd,(dba); and Pd,(dppm)s,® have three ligands bridging
the tricoordinate palladium atoms. The Pd-Pd bond lengths in
these complexes have been found to be in excess of 3 A4 which
suggests a very weak interaction. We now report the synthesis
and first structure of a complex possessing two dicoordinate Pd-
(0) atoms bridged by two diphosphine ligands. The complex,
Pd,(u,-dcpe), (1), despite a very short Pd-Pd distance (2.7611-
(5) A), readily dissociates in solution to give highly reactive
mononuclear palladium fragments.

The 254-nm photolysis of the palladium oxalate (2) in
acetonitrile results in the formation of suspensions which upon
being cooled to 0 °C give high yields of the dinuclear palladium
complex 1 asanair-sensitive red precipitate (eq 1).> The formation
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of 1 likely proceeds through the intermediacy of the photochem-
ically generated intermediate (dcpe)Pd(0).6 A similar trans-
formation has been proposed for the dimerization of (dtbpm)Pt(0)
to give Ptz(ﬂz-dtbpm)2.7

The mass spectrum (EI, 70 ¢V) shows a molecularion at 1056
amu and an abundant fragment (973 amu, 20%) corresponding
to the loss of a cyclohexyl group from the parent ion. Complex
1 is soluble in most hydrocarbon solvents and shows a single
resonance in the 3'P{'H} NMR at 23.4 ppm.! The solid-state
structure of 1 was determined by X-ray crystallography; an
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Figure 1, ORTEPdrawing of 1showing non-hydrogen atoms with thermal
ellipsoids at the 45% probability level except for the cyclohexyl carbons
which are shown as arbitrary spheres for clarity. Selected bond lengths
(A) and angles (deg): Pd(1)-Pd(2), 2.7611(5); Pd(1)-P(1), 2.257(1);
Pd(1)-P(2),2.257(1); Pd(2)-P(3), 2.260(1); Pd(2)-P(4), 2.260(1); P(1)-
Pd(1)-P(2),164.96(4); P(3)-Pd(2)-P(4), 162.74(5); Pd(2)-Pd(1)-P(1),
100.00(3); Pd(2)-Pd(1)-P(2), 94.35(3); Pd(1)-Pd(2)-P(3), 92.89(3);
Pd(1)-Pd(2)-P(4), 100.95(3).

ORTEP drawing of 1 is shown in Figure 1. The complex shows
approximate twofold symmetry as viewed down the Pd-Pd axis
with the cyclohexyl groups forming a lipophilic pocket which
efficiently shields the Pd, core. Each palladium is bent (£P-
Pd-P =~ 164°) toward its partner, and the two P-Pd-P fragments
are twisted approximately 46° in respect to each other.!® The
Pd-Pd distance of 2.7611(5) A suggests a significant bonding
interaction when compared with palladium metal (2.751 A) and
some Pd(0) cluster compounds (2.72-2.92 A)!! but is significantly
longer than in Pd(I)-Pd(I) dimers which have a formal bond
order of 1 (2.53-2.70 A).!2 Theoretical studies of model Pt-
(0)-Pt(0) systems have described the intermetallic bonding as a
weak interaction due to d-p mixing in the o bonding orbital,'? and
consequently the low-energy transition of several of d!0-d!°
platinum and palladium complexes has been interpreted as being
primarily de* — po in character.'* The long-wavelength
absorption (An.x = 456 nm, ¢ = 28 100)'* which is observed for
1 is consistent with this overall bonding model. !¢
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A =94.74(1)°:8=110.78(2)°; v = 90.31(1)°; Z = 2; absorption coefficient
= 7.9 cm™'; Mo Ka radiation with graphite monochromator; 26 range 1.0-
50.0°; 9628 unique reflections with 5943 = 30(I). The structure was solved
by Patterson methods and refined to convergence with R = 0.032 and R, =
0.039.
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Scheme I

Ph-—=-Ph

Some preliminary reaction chemistry of this novel dimer is
summarized in Scheme I. Complex 1 is highly reactive, giving
the observed products quickly at room temperature in toluene,
THEF, or acetonitrile solvents.!” Surprisingly, most products are
mononuclear palladium species possessing the chelating 1,2-bis-
(dicyclohexylphosphino)ethane ligand. These complexes are
formed as if a (dcpe) Pd(0) intermediate were the reacting species.
Thus, reactions of 1 with dcpe, bromine, iodine, phenylsilane,
and PhX (X = Cl, Br, I) give products typical of coordination
to or oxidative addition across a 14-e- (dcpe)Pd(0) fragment.
The reaction of O, or H; with 1 gives dinuclear complexes built
of two (dcpe)Pd(0) fragments which are bridged by two oxygen
(4)'8 or two hydrogen atoms (5), respectively. The reaction with
dihydrogen is reversible, where heating of complex 5 liberates H,
and regenerates 1.!9

Although diphenylacetylene gives simple 1:1 (10) and 2:1 (11)
complexes of the (dcpe)Pd(0) fragment,2® the major product (80%
yield) from the reaction of 1 with dimethylacetylene dicarboxylate
(DMAD) is the bis(acetylene) = complex 12 which retains the
10-membered ring framework of the original dimer 1. Incontrast
to the uncomplexed dimer, the palladium-palladium interaction
in 12 is decidedly nonbonding with an intramolecular contact of
6.7 A.2' A minor product (13), the simple acetylene = complex
of the (dcpe)Pd(0) fragment, is also observed. Complexes 12
and 13 do not interconvert under the conditions for their formation.
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The observed reaction chemistry strongly suggests a monomer—
dimer equilibrium between 1 and the (dcpe)Pd(0) intermediate
3 (eq 2).22 Although the spectroscopic evidence (MS, NMR,
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and UV-vis) indicates that 1 is the major species in solution, it
is clear that 3 is the more reactive species on the basis of the
preponderance of products containing the (dcpe)Pd(0) structural
unit. Indeed, independent generation of 3, via the photolysis of
oxalate (2), in the presence of most substrates gives (dcpe)Pd-
(0)-based products which are identical to those obtained from
solutions of 1.2 The dramatic difference in reactivity between
1 and 3 is attributed to both the exalted reactivity of 3, which
is isolobal with singlet carbene,?* and to the steric protection
afforded to the dimer 1 by the bulky cyclohexyl groups on the
phosphine. Chemical trapping of the dimer 1 occurs only in the
caseof theactivated and relatively unhindered acetylene, DMAD,
and evenin this case a small amount of the monomer is intercepted
to give 13. The formation of 13 from the monomer 3 is
independently confirmed from the photolysis of the oxalate
precursor 2 in the presence of excess DMAD. Complex 13 is
formed quantitatively, and importantly, no evidence for the
formation of the dimeric product 12 is observed.
Inconclusion, the unusual palladium complex 11is an attractive
room temperature source of the reactive intermediate (dcpe)-
Pd(0). The high reactivity of this intermediate, for instance
toward activation of the C~Cl bond of chlorobenzene, suggests
that the 1 = 3 equilibrium may have important catalytic
applications. Efforts in this area are currently underway.
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(22) A referee proposes an alternative mechanism by which 1 reacts with
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ligand redistributions may potentially occur in some cases, we believe that the
observed product distribution is best explained by the mechanistically simpler
monomer—dimer equilibrium.
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product. Thesame productis also obtained by the reaction of 4 with dioxygen.
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