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Compounds with metal-metal bonds have grown in number and
importance since the discovery of Re2Cl82- ion nearly 40 years
ago.1 There are now thousands of derivatives,2 with the most
prominent structural motif being that of the paddlewheel in which
a metal-metal bonded unit, M2n+, is surrounded by eight equato-
rially bonded atoms and sometimes two axial groups. In many of
these molecules the symmetry is roughlyD4h or a variation thereof.
Some of these compounds have useful applications, for example,
those having singly bonded Rh2

4+ and Pt26+ units which have been
extensively used in catalysis3 and medicine.4 Mixed valence species,
such as those in the platinum blues, have also been widely studied.5

Even though there are known paddlewheel compounds for most of
the transition elements, very little is known about analogues of Pt2

6+

in group 10. Indeed, there is only one compound spectroscopically
characterized with a proposed Ni2

6+ core6 and only one structurally
characterized compound containing a Pd2

6+ core, namely Pd2(hpp)4-
Cl2 (hpp ) the anion of 1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-
a]pyrimidine).7 The Pd24+ precursor contains no metal-metal bond
because of the d8 configuration of the Pd(II) atoms, which in a
paddlewheel compound will give rise to aσ2π4δ2σ*2π*4δ*2

configuration with a bond order of zero. The compound Pd2(hpp)4-
Cl2 was prepared in low yield and mixed with other compounds.
Because the crystals had to be manually separated from other solids,
progress in development of the Pd2

6+ chemistry using this com-
pound has been hampered.

Here we report high yield syntheses of very pure paddlewheel
compounds having Pd-Pd single bonds and the general formula
cis-Pd2(C6H4PPh2)2(O2CR)2Cl2 with R ) CH3 (1), CF3 (2), and
CMe3 (3),8 obtained by oxidation of the correspondingcis-Pd2(C6H4-
PPh2)2(O2CR)2 compounds9 with PhI‚Cl2.10 Compounds1 and 3
are stable in solutions of chlorinated solvents for over 48 h, and
crystals may be stored for weeks at ambient temperature and in air
without apparent decomposition. However,2 slowly decomposes
in solution and as a solid at ambient temperature. It appears that
the electron donating ability by the carboxylate substituents has an
important impact in stabilizing the products, and it should be noted
that it was not possible to oxidizecis-Pd2(C6F4PPh2)2(O2CMe)2.
All compounds are diamagnetic as shown by sharp singlets at
-13.8,-8.8, and-14.0 ppm in the31P NMR spectra for1, 2, and
3, respectively, and by the position of the signals in the1H NMR
spectra which are in the expected region for orthometalated
phosphines bridging a dinuclear unit.11

The structures of2 and 3 show a Pd26+ unit bridged by two
carboxylate groups and cisoid orthometalated phosphine ligands
in a head-to-tail arrangement. There are also two chloride groups
in axial positions, as shown in Figure 1 for3. There is a twist in
the orthometalated ligands; the molecules are chiral but crystals

are racemic. For both2 and3 the Pd-Pd distances (2.5434(4) and
2.5241(9) Å, respectively) are much shorter than those in the
precursors9 (2.7229(8) and 2.6778(15) Å, respectively) but longer
than that in the only known compound with a Pd2

6+ unit, Pd2(hpp)4-
Cl2 (2.391(2) Å). The latter has guanidinate ligands which are
known for the high electron donating ability.

Because the shortened Pd-Pd distances and the diamagnetism
of 1-3 suggest the presence of a Pd-Pd single bond, the electronic
properties and the nature of the Pd-Pd interaction were probed
with hybrid HF/DFT calculations on the simplified modelcis-
Pd2(C6H4PMe2)2(O2CH)2Cl2 havingC2 symmetry. The calculations
favored the singlet state by 19.1 kcal‚mol-1.

As shown in Tables 1 and S2, the optimized geometry of the
singlet state resulted in good agreement with the experimental
values. The calculated Pd-Pd distance (2.611 Å) is overestimated
but by only 0.068 Å relative to that in2. The very large HOMO/
LUMO gap of 2.54 eV (58.6 kcal‚mol-1) accounts for the observed
diamagnetism. As shown in Figure 2, the HOMO originates from
the direct overlap of two lobes of the dz

2 orbitals that provides a
significant accumulation of electron density along the metal-metal
bond, whereas the LUMO is the antibonding interaction of these
two dz

2 orbitals. Accordingly, there is a single bond between these
two palladium atoms, and the electronic configuration of
σ2π4δ2δ*2π*4 may be assigned to the Pd2

6+ unit. This is similar to
what was calculated using a Hartree-Fock self-consistent field
method for Pd2(hpp)4Cl2.7

Since the interaction between the dz
2 orbitals of the palladium

atoms and thepz orbitals from the axial chloride atoms is
antibonding in character, the effect of the axial Cl- ions on the
Pd2 unit was explored by DFT calculations, and a fragment analysis
were performed on bothcis-Pd2(C6H4PMe2)2(O2CH)2Cl2 and [cis-
Pd2(C6H4PMe2)2(O2CH)2]2+ models. The results (Tables 1 and S2)
show that the axial Cl atoms do influence other bonding distances,
but their effect on the Pd-Pd bond appears to be most significant
when compared to the model devoid of axial interactions. The
calculations for this model show very short Pd-Pd bond distances.
These are shorter by ca. 0.1 Å than those in the model with axial
chloride ligands. The reason for the elongation of the Pd-Pd bond
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Figure 1. The structure of3 with displacement ellipsoids drawn at the
40% probability level. Hydrogen atoms are not shown.
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by axial Cl interactions is similar to that in W2(hpp)4Cl2 compounds
described recently,12 and is due to metal-basedσ interactions that
are perturbed by the pσ orbitals of the Cl- ions. This is shown in
more detail elsewhere because of space limitations in a communica-
tion (see Supporting Information).

A time-dependent DFT calculation on the optimized geometry
of the dicationcis-Pd2(C6H4PMe2)2(O2CH)2Cl2 allowed the assign-
ment of the low-energy transitions in1 and3. The absorptions at
ca. 500 nm correspond to the HOMO-LUMO transition (calcd at
488 nm,f ) 0.0657) and the relatively strong absorption at about
381 nm (ε ) 2.0 × 104 M-1 cm-1 for 3) to a LMCT transition
(calcd at 431 nm,f ) 0.2458).

In conclusion, a general method has been found for the syntheses
of singly bonded Pd26+ compounds having the formulaR,S-cis-
Pd2(C6H4PPh2)2(O2CR)2Cl2. When the alkyl group in the carboxy-
late ligands is an electron donor, the compounds are stable. Such
stability opens the way for exploration of the chemistry of these
rare Pd3+ compounds.13 Of special interest will be the resolution
of the optical isomers and production of supramolecular entities
by replacement of the labile carboxylate ligands in a similar way
as the Rh analogues11 and exploration of possible catalytic potential,
such as that in Pt2

6+ compounds.3b
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Table 1. Experimental and Calculated Bond Parameters (Å and deg)

2‚2CH2Cl2 3 cis-Pd2(C6H4PMe2)2(O2CH)2Cl2 [cis-Pd2(C6H4PMe2)2(O2CH)2]2+

spin 0 1 0
energy (au) -2856.762 -2856.732 -1935.682
Pd-Pd 2.5434(4) 2.5241(9) 2.611 2.816 2.493
Pd-P(1) 2.2511(11) 2.2621(19) 2.293 2.330 2.356
Pd-O(1) 2.140(3) 2.103(4) 2.130 2.134 2.108
Pd-C(1) 2.021(4) 2.028(7) 2.063 2.041 2.029
Pd-Cl 2.4144(11) 2.4262(18) 2.510 2.569

Figure 2. Frontier orbital plot of the HOMO (left) and the LUMO (right)
for the modelcis-Pd2(C6H4PMe2)2(O2CH)2Cl2 showing the Pd-Pd single
bond along the Cl-Pd-Pd-Cl unit. Both are antibonding with respect to
the Pd-Cl interaction. Positive and negative contours are in yellow and
blue, respectively. Orbitals are drawn using an isosurface value of 0.04.
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