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Stoichiometric-deficient lithiation of (2,6-diisopropylphenyl)(4-me-
thylpyridin-2-yl)amine and reaction with [(cod)PdCl2] (cod ) 1,5-
cyclooctadiene) yield a dimeric Pd complex. X-ray structural
analysis of this complex reveals a very short Pd−Pd distance (2.429
Å). Topological analysis of the electron density and the electron
localization function from scalar relativistic density functional theory
calculations clearly indicate a Pd(I)−Pd(I) σ-bonding interaction,
for which the corresponding occupied localized orbital can be
identified.

Group 10 metal complexes stabilized by deprotonated
2-aminopyridines have become an intensively investigated
class of compounds since 1998.1 Because of the flexibility
of the binding mode ranging from a strainedη2 coordinations
predominantly observed in early-transition-metal and lan-
thanide complexessto a bridging binding mode common in
late-transition-metal chemistry,2 two general types of com-
pounds are observed. There are limited reports for the two
heavier elements of group 10.1,3 Amidopalladium complexes
are intermediates of the Pd-catalyzed aryl amination4 and
rapidly reductively eliminate amido ligands as deprotonated
2-aminopyridines.5 Recently, we initiated a research program
exploring the reactivity of metal complexes stabilized by

sterically demanding aminopyridinato ligands,6 where we
expected to form Pd-Pd-bonded species via steric frustration
(Chart 1). Because of the steric bulk of the ligand, only two
deprotonated aminopyridines should bind a dinuclear unit
(Chart 1, right) and not four as in the thermodynamically
stable paddlewheel arrangement (Chart 1, left), which could
lead to a Pd-Pd bond. Metal-metal bonding is well
documented for Pd complexes.7 To the best of our knowl-
edge, the shortest ligand-bridged Pd-Pd bond [2.391(2) Å]
was described by Cotton and co-workers8 for a Pd(III)
dimeric unit and the shortest nonsupported one [2.4878(7)
Å] by Kurasuwa et al.9 for a Pd(I) dimeric unit of the corner-
sharing L3-Pd(I)-Pd(I)-L3 type. In this report, we present
an unsymmetrical corner-sharing L2-Pd(I)-Pd(I)-L3 com-
plex in which the metal-metal bond is supported by
deprotonated aminopyridines.

Compound1 [(2,6-diisopropylphenyl)(4-methylpyridin-2-
yl)amine] can be synthesized via Pd-catalyzed aryl amination
as previously reported.6c The reaction of lithiated1 with
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[(cod)PdCl2] (cod ) 1,5-cyclooctadiene) in diethyl ether/
tetrahydrofuran at-30 °C results, after workup in hexane,
in the formation of2, which could be isolated as brown
crystals in low yield. After the composition of2 was
identified, 3 equiv of1 and only 2 equiv of BuLi (Scheme
1), including a long enough reaction time to guarantee
complete deprotonation of1, were used. Compound2 was
characterized by X-ray crystal structural analysis, NMR, and
elemental analysis.

NMR spectroscopy revealed2 to be a diamagnetic
compound in the investigated temperature range. The signal
sets of 1 equiv of protonated1 and 2 equiv of deprotonated
1 were observed. Sharp signals at low temperature indicated
that there is no exchange between any of the chemically
nonequivalent ligands. The proton NMR singlet at 5.93 ppm
results from the N-H function of the aminopyridine ligand.
X-ray crystal structural analysis10 of 2 was performed by
using a STOE-IPDS II equipped with an Oxford Cryostream
low-temperature unit. Structural solution and refinement was
accomplished usingSIR97,11 SHELXL97,12 andWinGX.13 The
molecular structure of2 is shown in Figure 1. Pd1 is linearly
coordinated by two amido N atoms from deprotonated
aminopyridine ligands. It is an example of a low-coordinate
Pd center. Pd2 is coordinated by three pyridine N atoms in
a T-shaped style. This type of coordination is found in
monomeric arylpalladium(II) amido complexes14 and in
dimeric complexes of the corner-sharing L3-Pd(I)-Pd(I)-
L3 type, where the two T-shaped ligand arrangements are

normally found twisted by about 90°.7 This twist angle is
18° for 2. Furthermore, the very short Pd-Pd distance of
2.429 Å should be noted. Because deprotonated aminopy-
ridines are anionic ligands and two of these ligands stabilize
2, the electronic situation could be described either as a
mixed-valence compound, with Pd2 being Pd(0) and Pd1
being Pd(II), or as a metal-metal-bonded dimer with the
oxidation state+1 for both metal atoms. Deprotonated
2-aminopyridines show a delocalized binding mode in which
the anionic charge is distributed between the two N donor
functions.2 Thus, the coordination of the ligands is not
necessarily pointing toward the mixed-valence interpretation.

Electronic structure calculations were performed to get
insight into the bonding situation. The calculation of the
electronic structure of2 was performed at the density
functional theory level using theADF program package.15

The scalar relativistic approachZORA,16 Becke’s gradient-
corrected exchange-energy functional,17 and Lee, Yang, and
Parr’s18 gradient-corrected correlation-energy functional
(BLYP) were employed. High-quality extended basis sets
from the internal library of theADF package were used. The
calculations were performed on the basis of the experimental
crystal structure data. To investigate the charge distribution
and the bonding interaction between the two Pd atoms, the
electron density, electron localization function (ELF),19,20and
localized molecular orbitals on a grid were subsequently
calculated from the self-consistent wave function using the
programDGrid.21 The topological analysis of ELF and of
the electron density according to the Bader’s Atoms in
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Chart 1. Metal-Metal Bond Formation via Steric Frustrationa

a R is a sterically less demanding substituent.

Scheme 1. Synthesis of2

Figure 1. Crystal structure of2. Selected bond lengths [Å] and angles
[deg]: Pd1-Pd2 2.429(4), N2-Pd2 2.176(3), N3-Pd1 2.001(4), N4-Pd2
2.065(4), N5-Pd1 2.015(3), N6-Pd2 2.047(3); N3-Pd1-Pd2 86.82(10),
N5-Pd1-Pd2 88.42(9), N4-Pd2-Pd1 87.56(9), N6-Pd2-Pd1 85.33(8),
N2-Pd2-Pd1 169.93(8), N3-Pd1-N5 175.06(13), N6-Pd2-N4 172.67-
(12), N6-Pd2-N2 93.67(13), N4-Pd2-N2 93.64(13), N5-C13-N6
116.5(4), N3-C28-N4 117.7(4).
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Molecules (AIM) scheme22 was performed using the program
Basin.23 AIM partitioning of space into basins of the electron
density, which are bound by surfaces of zero flux in a density
gradient22 provides a quantum mechanically based scheme
for unique attribution of the electronic charge to atoms in a
molecule. It was therefore used in the present study to decide
on the question of single valency versus mixed valency of
the Pd atoms. The question of chemical bonding was
addressed with the topological analysis of ELF. Recently,
the topologically relevant kernel of ELF has been recovered
from the single-determinant approximation to a general
functional of the electronic pair density named the electron
localizability indicator, which explicitly contains information
about local same-spin electron pairing24 in a unique way.

The essentially equal populations of 45.7 and 45.5
electrons of Bader’s atomic basins for Pd1 and Pd2,
respectively, strongly indicate that the two species have the
same oxidation state,+1, in the present compound. The small
difference in the populations comes from the different ligand
environments of the Pd atoms. Topological analysis of ELF
reveals a local maximum in the valence region between the
two Pd atoms (Figure 2), which is interpreted as a clear sign
for covalent bonding between the two metal atoms. The
corresponding ELF basin has an electronic population of 0.3
electrons, which is roughly one-third of the value expected
for strong σ-bonding transition metal-transition metal
interactions [see, e.g., Re2(CO)10].25 The electronic shell
population of the 4th Pd shell is 17.3 and 17.0 electrons for
Pd1 and Pd2, respectively, such that about 1 electron is
absent with respect to the neutral free atom calculated in an
identical manner. The electronic population of the common

ELF basin in the valence region has to be equally assigned
to both atoms, giving total electron counts of 45.5 and 45.2
electrons, respectively, which corroborates the single-valency
scenario. It is worth noting that the Pd-Pd interaction cannot
be easily detected from the canonical orbitals because as a
result of heavy mixing with ligand p orbitals a unique
σ-bonding orbital does not occur. In contrast, the lowest
unoccupied molecular orbital corresponds to the Pd1-Pd2
σ* dd antibonding orbital. Application of the orbital localiza-
tion procedure according to Foster and Boys26 to the occupied
molecular orbitals provides a localized orbital describing the
Pd1-Pd2σ interaction (Figure 3). From its nodal structure
and orientation with respect to the ligands, it should be
classified as predominantly aσ dx2-y2dx2-y2 bonding orbital.
The dominance of dx2-y2-mediated Pd-Pd interactions over
dz2 ones has been discussed already by Harvey and Murtaza
for Pd-Pd interactions in twisted L3-Pd(I)-Pd(I)-L3 type
complexes.27 For comparison, geometry optimization of a
hypothetical (py)3-Pd-Pd-(NMe2)2 molecule (withinC2V

symmetry, py) pyridine, Me ) methyl) with localized
negative ligand charges has been carried out. It yields a
breaking of the Pd-Pd bond and a dissociation of the
molecule. This is a clear sign that the nature of the ligand is
of primary importance for the Pd-Pd bond formation and
the very short distance observed in2.

All applied methods to analyze the bonding situation
indicate the presence of a covalent bond between two Pd
atoms in the investigated compound, leading to a single-
valency scenario of Pd in the oxidation state+1.

In conclusion, we showed that steric frustration can lead
to metal-metal bonding in the above-mentioned chemistry.
The classic paddlewheel structural motif, which is ac-
complished by deprotonated aminopyridines (and a large
variety of similar anionic ligands28) in combination with M2+

ions, can become metal-metal bonded by restricting the
coordination of only two, instead of four, of these anionic
ligands for steric reasons. Noteworthy for compound2 is
the corner-sharing untwisted L2-Pd(I)-Pd(I)-L3 motif, and
it displays a very short metal-metal bond, the shortest
observed for Pd(I) in a bimetallic molecule.
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Figure 2. Purple ELF isosurface (isovalue) 0.307) enclosing the
maximum between the two Pd atoms. The disk-shaped corresponding ELF
basin is shown semitransparent red.

Figure 3. Localized bonding orbital between two Pd atoms: contour
surface plots for the orbital values of+0.05 (red) and-0.05 (blue).
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