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The crystal structures of [Pd(µ-OH)(C∧N)]2 [C∧N = phpy = 2-
(2-pyridyl)phenyl (1), C∧N = bzq = 7,8-benzoquinolin-10-yl
(2)] have been elucidated by ab initio X-ray powder diffrac-
tion methodology with monochromatic Cu-Kα1 radiation. The
crystal structures have been refined by the Rietveld method.
Both complexes exhibit a planar conformation in the solid
state (which is the most frequent for this type of compounds

Introduction

The understanding and utilization of all noncovalent
interactions including π–π stacking is of fundamental im-
portance for the further development of (inorganic) supra-
molecular chemistry and the fine tuning and prediction of
crystal structures.[1–6]

The order of stability in the interaction of two π systems
has been found to be π-deficient–π-deficient � π-deficient–
π-rich � π-rich–π-rich.[7] In the systems under study, a ni-
trogen heteroatom within a six-membered ring introduces
an electron-withdrawing perturbation. Pyridine, bipyr-
idines, and other aromatic nitrogen heterocycles are known
as electron-poor ring systems (relatively inert to electro-
philic attack and with enhanced reactivity towards nucleo-
philes). A metal that is coordinated to a nitrogen hetero-
atom will further increase the electron-withdrawing effect
through its positive charge. Hence, six-membered aromatic
nitrogen heterocycles should, in principle, be well suited for
π–π interactions because of their low π-electron density.
Stacking in complexes containing this type of ligands does
not show a perfect face-to-face alignment of the atoms but
usually exhibits an offset or slipped packing.[6]
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as found in the Cambridge Structural Database). In com-
pound 1, three molecules are stacked in an overlapping
parallel orientation. DFT calculations reveal that hydrogen
bonds and Pd···Pd interactions are the reasons for the sta-
bility of this “trimer”.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

In the structural description of metal complexes with
these ligands, π–π stacking is an increasingly noted feature.
Furthermore, it is not just a structural phenomenon, since
it has also been correlated with the solid-state luminescence
properties of some metal complexes, notably with plati-
num[8,9] but also with gold[10] and other metals.[11]

The synthetic value of palladium(II) and platinum(II) di-
(µ-OH) complexes is a subject of current study.[12] In this
sense, during the last years we have also been studying the
usefulness of dinuclear hydroxido complexes of palladium,
some of them with a cyclometalated backbone, in the prep-
aration of a wide variety of new compounds by means of a
simple acid–base reaction.[13] In this article we focus our
attention on the structural solid state of some of these pre-
cursors (Scheme 1) by a combination of X-ray diffraction,
DFT calculations, and data retrieved from the Cambridge
Structural Database (CSD).

Scheme 1.

Results and Discussion

Structure Determination by Powder X-ray Diffractometry

Data Reduction and Indexing

The peak positions were identified by using a derivative-
based algorithm that is implemented in the peak search util-
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ity of the WINPLOTR software package.[14] The indexing
was carried out with the commonest indexing programs:
ITO, TREOR90, DICVOL, KOHL, TAUP, FJZN, and
LZON. The best solution for 1, obtained with DICVOL06,
was a monoclinic cell with a = 15.983(5) Å, b = 16.184(9) Å,
c = 10.963(3) Å, β = 92.15(3)°, V = 2833.86(3) Å3, and
M(20) = 30.3. For 2, the best solution, obtained with
DICVOL106, was a monoclinic cell with a = 17.712(3) Å,
b = 3.714(1) Å, c = 15.205(3) Å, β = 92.49(2)°, V = 999 Å3,
and M(20) = 33.7. By examining the data with CHECK-
CELL,[15] the space group was unambiguously found to be
P21/n for 1 and P21/c for 2, or the possible subgroups. From
the cell volume, we deduced the presence within the asym-
metric unit of 1.5 molecules in case 1 and a half molecule
in case 2.[16]

To assess the goodness of the space group and the choice
of the cell and to estimate the shape and width of the Bragg
reflections as well as the instrumental shifts, we also per-
formed the Le Bail fit[17] implemented as the profile-match-
ing option in the FULLPROF program.[18] This fitting pro-
cedure, which makes no reference to any structure model,
was conducted by describing the peak shape with a pseudo-
Voigt function, with the Berar–Baldinozzi asymmetry cor-
rection.[19] In complex 1, the background was corrected by
a linear interpolation between 52 points regularly distrib-
uted along the pattern. The final residuals were Rp = 5.83,
Rwp = 8.61, Rexp. = 3.45, and χ2 = 6.22. In complex 2, the
background was corrected by a linear interpolation between
60 points regularly distributed along the pattern. The final
residuals were Rp = 5.20, Rwp = 6.96, Rexp. = 3.26, and χ2

= 4.56. The low values of these residuals confirm the valid-
ity of the space group and cell found.

Structure Solution

In complex 1 a first approximation to the crystal struc-
ture was obtained by Monte Carlo methods, using the par-
allel tempering algorithm implemented in the FOX soft-
ware package.[20] To that end, the metal atoms and aromatic
ligands were treated as independent blocks, and the ligands
were treated as rigid bodies (bond lengths and angles fixed).
It was necessary also to refine the preferred orientation
along the –101 reflection with the March–Dollase func-
tion.[21,22] After 17000000 movements, the weighted residual
was Rwp = 0.24. We observed that the ligands and Pd atoms
converged to nearly coplanar positions, with distances Pd–
C and Pd–N close to the bond length (ca. 2 Å).

In complex 2 the Le Bail fit yielded 1026 reflections that
allowed obtaining by direct methods using the Sir2004 soft-
ware[23] the positions of palladium atoms in the cell and
atoms bonded to palladium. To locate the 7,8-benzoquino-
line-1,10-diyl ligand it was necessary to use the Monte
Carlo method, which, after 2000000 movements, yielded a
weighted residual of Rwp = 0.26.

Rietveld Refinement

The atomic coordinates obtained by Monte Carlo meth-
ods were used to initialize the Rietveld refinements, which
were performed by using the FULLPROF program.[18] In
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a first step we refined the scale factor, the instrumental
shifts (zero-point 2θ shift, and systematic shifts depending
on the transparency and off-centering of the sample), the
background, the Debye–Waller global parameter, and the
cell parameters, as well as the shape, width, and asymmetry
of the Bragg reflections assumed to have pseudo-Voigtian
form, while fixing all atomic coordinates. The hydrogen
atoms were added at the theoretical positions except the
hydroxyl hydrogen atoms that could not be positioned
properly. In a second Rietveld refinement stage, soft con-
strains were imposed on the atom–atom distances for the
palladium and oxygen atoms, whereas the ortho-metalated
ligands were rigidly refined. A global Biso was used, in
complex 2 it was possible to refine an individual Biso for
the Pd atom. The refining of preferred orientation along
the –101 and –102 reflections for 1 and 2, respectively, im-
proved the refinement significantly. The modified March
function implemented in FULLPROF was employed for
this purpose. The plot output from the Rietveld analysis is
shown in Figure 1.

Figure 1. Plot output from the Rietveld analysis of the X-ray dif-
fraction pattern corresponding to the complexes [{Pd(µ-
OH)(phpy)}2] (1) (top) and [{Pd(µ-OH)(bzq)}2] (2) (bottom). The
dots are the experimental X-ray diffraction data, the solid line is
the calculated pattern, and the residuals are plotted as the line at
the bottom.
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The crystal structure of complex 1 has been elucidated
previously by some of us by using Cu-Kα1,2 radiation;[24]

the use of strictly monochromatic radiation improves the
structural elucidation and yields more reliable information
about the relative positions of molecules in the packing.
Molecular structures of complexes 1 and 2 are shown in
Figure 2.

Figure 2. Molecular structure of complex 1 (left) and complex 2
(right). Relevant distances in 1 (mean values in Å): Pd–N 2.067,
Pd–C 2.020, Pd–O 2.032, Pd–Pd� 3.179. Relevant distances in 2 (in
Å): Pd–N 2.066, Pd–C 2.056, Pd–O 2.081, Pd–Pd� 3.142.

The most relevant feature in crystal packing of com-
plexes 1 and 2 is that molecules appear stacked in a parallel
orientation, but there is a significant difference between the
two structures: the parallel stacking in 1 extends over dis-
crete units comprising three molecules, while in 2 it extends
to the complete crystal (Figure 3).

Figure 3. Crystal structures of 1 (left) and 2 (right).

Table 1. Relevant geometrical parameters in complexes containing a {Pd(µ-OH)}2 core.

Reference code Mean Pd–O /Å Mean O–Pd–O /° Mean Pd–O–Pd /° Pd···Pd /Å Pd–O–Pd–O /°

DEGKUW[25a] 2.023(2) 80.38(7) 99.30(5) 3.083 5.92
FACHEX[25b] 2.06(4) 80.39(0) 99.61(0) 3.141 0
IXOMOX[25c] 2.072(1) 80.85(4) 98.77(5) 3.145 –6.60
JIHJIT[25d] 2.08(1) 77.04(8) 96.3(1) 3.095 –27.13
KEFLIQ[25e] 2.09(3) 79.8(2) 99(2) 3.170 –11.90
LANBOR[25f] 2.09(2) 76.8(2) 90.8(6) 2.981 35.75
MALDAE[25g] 2.015(9) 76.58(9) 95.5(6) 2.984 –29.74
MARCUD[25h] 2.005(0) 82.34(0) 97.66(0) 3.018 0
NACVAP[25i] 2.08(2) 78.5(5) 92.9(7) 3.016 31.25
QEJCIS[25j] 2.11(2) 81.5(9) 98.5(9) 3.199 0
QIYWOK[25k] 2.017(2) 81.70(0) 98.30(0) 3.051 0
SOGHOL[25l] 2.073(6) 81.21(0) 98.79(0) 3.147 –0.03
ULINAE[25m] 2.023(1) 81.95(2) 94.45(1) 2.971 20.14
YIBMAY[25n] 2.069(9) 79.73(4) 98.6(6) 3.138 13.92
YUNBOY[25o] 2.079(3) 80.19(0) 99.81(0) 3.179 0.03
XAYGOU[25p] 2.034(6) 80.38(0) 99.62(0) 3.108 0
Complex 1 2.03(3) 77(1) 103(2) 3.179(10) 0.57
Complex 2 2.08(2) 82.0(9) 98.05(6) 3.142 0
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Conformational Preferences and Crystal Packing in Di-(µ-
OH) Complexes

A survey in the CSD revealed the existence of sixteen
dinuclear Pd complexes bridged by two OH groups. Their
reference codes and selected geometrical parameters are
listed in Table 2. The average value of the Pd–O distance
calculated for these complexes is 2.064 Å. The O–Pd–O and
Pd–O–Pd angles vary in narrow ranges and have average
values of 79.55° and 97.82°, respectively. A relevant confor-
mational parameter in these complexes is the Pd···Pd dis-
tance, which is observed to range between 2.97 and 3.20 Å
with a mean value of 3.11 Å. Complexes 1 and 2 show val-
ues within that range.

As can be seen in Table 1, the planar conformation is
the most frequent one in di-(µ-OH) palladium complexes.
Furthermore, it is the most frequent conformation in di-(µ-
OH) square-planar complexes in group 10: the survey in the
CSD yielded 28 platinum complexes (21 of them having a
planar conformation) and 6 nickel complexes (4 of them
having a planar conformation). Structures reported in this
paper also have a planar conformation, in agreement with
the aforementioned general trend in di-(µ-OH) square-
planar complexes.
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In order to compare the crystal packing in the structures
reported herein with those in similar compounds in the
CSD, planar molecules (H atoms were not considered for
planarity) containing the {M(µ-OH)}2 core were analyzed.
In all cases, stacking of parallel molecules was observed in
the crystal structure. With the aim of characterizing the rel-
ative position of the molecules, the following two param-
eters were employed (Figure 4): (i) the distance between pla-
nes, C_P, calculated as the distance from the centroid of the
core {M(µ-OH)}2 to the mean plane defined by the second
molecule; (ii) the deviation angle, φ, calculated as the angle
formed by vector C_P and vector C_C, where vector C_C
is the vector connecting the centroid of the {M(µ-OH)}2

core on one plane to that in the second plane in the stack.
The use of these simple parameters gives an approach to
analyze the distance and the degree of overlap for two mole-
cules in the packing.

Figure 4. Relative positions of stacked molecules, C_P: centroid–
plane distance; C_C: centroid–centroid distance; φ: deviation angle.

The results of the analysis covering only planar mole-
cules and using the above parameters are summarized in
Table 2. Two palladium (MARCUD and DEGKUW), three
platinum (SUQQOK, MARDAK, and NIYHIM), and two
copper complexes (QAFTIB and DPCUCL10) were re-
trieved from the CSD. Distances between planes in stacked
molecules show a narrow range in spite of remarkable dif-
ferences in ligands, counterions, or solvents in the crystal
structure. As can be seen in Table 2, centroid–plane dis-
tances range between 3.17 and 3.48 Å, with a mean value
of 3.33 Å. A certain deviation angle φ results as a conse-
quence of the fact that stacking does not have a perfect
face-to-face alignment of the atoms but an offset or slipped
packing. Some degree of overlap can be expected even in
structures having a centroid–centroid distance around 10 Å
(φ ≈ 70°), as in DPCUL10. It is worth noting that reference
codes MARCUD-MARDAK and DEGKUW-NIYHIM
stand for couples corresponding to analogous complexes of
palladium and platinum, which show similar packing with
close values for C_P distance and φ angle (Table 2). In some
cases a molecule stacks between two other molecules to
which it is related by different distances and degrees of
overlap.
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Table 2. Relative positions of stacked molecules.

Reference code C_P distance /Å φ /°

SUQQOK 3.389 61.6
MARCUD 3.297 62.1
MARDAK 3.291 62.1
DEGKUW01 3.168, 3.451 52.3, 19.6
NIYHIM 3.211, 3.420 51.9, 19.8
QAFTIB 3.446 68.5
DPCUL10 3.297, 3.317 58.0, 71.4
Complex 1 3.174 7.4
Complex 2 3.478 20.7

Another unprecedented feature observed in the parallel
orientation of molecules of complex 1 forming “trimers” is
that it exhibits one of the closest centroid–plane distances
together with, by far, the smallest φ deviation angle within
all examples collected in Table 2. This indicates a very high
degree of overlap, as justified in the theoretical section.
Such an almost eclipsed overlap is neither frequent nor a
favored manner of stacking.[26]

Theoretical Results

Quantum chemical calculations at the DFT level of
theory were performed in order to grasp the unusual pack-
ing features in 1, that is: (i) the preference of 1 for packing
as three stacked parallel molecules, 13, and (ii) the interac-
tion(s) responsible for a nearly eclipsed face-to-face stack-
ing inside those “trimers”.

First of all, we studied the model system 3 (Scheme 2),
featuring the same {Pd(µ-OH)(C∧N)}2 core as 1, but lack-
ing arene and heteroarene – phenyl and pyridyl – rings
fused to the azapalladacycle that could give rise to π–π
stacking interactions. Monomeric species 3 can exist as cis
and trans isomers. Indeed, both types of palladacycles have
been previously reported.[27] For the sake of simplicity, both
types of monomeric structures are presented as simplified
ball-and-stick sketches as shown in Scheme 2.

Scheme 2. Model monomers and their relative energies in
kcalmol–1 (in parentheses).

None of these compounds has a planar structure. We
have found that both of them are folded around the virtual
O···O axis in their most stable conformations. The variation
of the energy with the folding angle, calculated as the sup-
plementary of the dihedral angle Pd–O–O–Pd, is repre-
sented in Figure 5. The most stable monomer 3 has the



Crystal Packing in Di-(µ-OH)-ortho-palladated Complexes – A DFT Study

trans configuration and a folding angle of 25.7°, whereby
the planar conformation is a transition state between two
such minima (ν̃ = –14.1 cm–1) representing an interconver-
sion barrier of only 0.11 kcalmol–1 in the potential energy
hypersurface. The absolute minimum for the cis isomer fea-
tures a structure in which the two hydroxy groups are trans
to each other and which is reached when the molecule is
folded 29.7° as the chelate ring planes approach the hydroxy
H atom which is further away from the nitrogen donor
atoms. This structure is only 0.36 kcalmol–1 higher in en-
ergy than the trans diastereomer. The relative spatial orien-
tation of the hydroxy group closest to the N atoms seems
to be less energy-determining: there is only a small destabili-
zation when it is oriented cis relative to the other one, espe-
cially in the proximity of the absolute minimum.

Figure 5. Influence of folding around the O–O axis (see text) on
the calculated (method A) relative energy of monomeric models 31
and compound 11.

The observed preference for folding around the O–O axis
in 31

trans can be mainly attributed to the stabilization of
HOMO-3 caused by Pd···Pd� bonding interactions through
dz2-type (z stands for the axis perpendicular to the mean
plane) metal-centered atomic orbitals (AO) (Figure 6), as
well as the increase of overlap between dxz- and dx2–y2-type
(x stands for the axis containing the Pd atoms) orbitals at
the Pd atom and p-type AO at the O atoms, causing the
stabilization of HOMO, HOMO-4, HOMO-6, HOMO-7,
and HOMO-9 (see Supporting Information).

Moving one step further, all model monomers 31 have at
their outer (convex) surface two hydroxy groups oriented in
such a way that could act simultaneously as hydrogen donor
and/or acceptor towards a suitable complementary second
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Figure 6. Calculated HOMO-3 (0.030 isovalue) in 31
trans.

monomeric unit 31 giving rise to a dimeric molecule 32. In
the example shown in Figure 7, the recognition process be-
tween two units of self-complementary 31

trans leading to di-
mer 32

t–th is represented in the following way: both precur-
sor molecules are displayed as electrostatic potential (from
–0.1, white, to +0.1 a.u., black) mapped onto their respec-
tive electron density isosurfaces (0.0075 isovalue).

Figure 7. Electrostatic potential mapped onto an electron density
isosurface (see text) for two molecules of 31

trans showing the forma-
tion of two hydrogen bonds.

When two molecules of monomer 3 approach each other
to form a dimer 32, five different diastereomeric topologies
can result, which are sketched in Scheme 3. Two of them
come from two cis monomers being assembled in an erythro
(eclipsed) or threo (alternating) fashion (32

c–er and 32
c–th),

two others from the same types of assemblies between trans
monomers (32

t–er and 32
t–th), and a fifth topology results

from the combination of a cis and a trans monomer (32
c–t).

Scheme 3. Possible topologies for dimer 32 and their relative ener-
gies in kcalmol–1 in parentheses.
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The most stable model dimer 32 is the trans-threo dia-

stereomer, having overall C2 symmetry (Figure 8a), whose
formation from the most stable 31

trans monomer is energeti-
cally favored (Table 3). Every subunit is slightly more folded
(33.2°) than the precursor 31

trans. We have used the Bader’s
AIM (Atoms-In-Molecules) methodology[28] to perform a
topological analysis of the electronic charge density ρ(r).
Besides the obvious ring critical points (3,+1) approxi-
mately at the centers of the four five-membered and two
four-membered rings and one cage critical point (3,+3)
roughly at the molecular center, we have found two pairs of
different significant bond critical points (BCPs), also called
(3,–1) critical points. Two of them are equivalent by sym-
metry and correspond to genuine strong hydrogen bridge
bonds between hydroxy groups of different monomeric

Figure 8. Calculated (method A) structure for model dimer 32
t–th.

(a) Capped-stick representation: N atoms are highlighted in dark
gray, and small spheres represent BCPs (the corresponding bond
paths are sketched as dashed lines). (b) Electrostatic potential
mapped onto an electron density isosurface (see text).

Table 3. Relevant calculated (method A) parameters related to the interaction between monomeric subunits in compounds 1n and model
systems 3n, 4n, 5n, and (H2O)n (n = 2, 3).

12 13 32 33 42 43 52 53 (H2O)2 (H2O)3
[a]

Growth energy[b] –5.90 –0.34 –7.19 –0.58 2.40 3.01 –11.87 –3.60 –5.03 –5.90
Folding angle /° 24.9, 24.8 32.0, 0.0 33.2 33.8, 0.0
Angle Pd–Pd–Pd /° 164.4 173.4 180.0 149.8
dOH···O /Å 1.884, 1.887 1.970, 2.105 1.867 1.973, 2.042 1.902 1.878
WBIOH···O � 10–2 5.2, 5.2 4.3, 2.4 5.6 4.2, 3.0 4.7 6.0
ρ(rc)[c] 4.39, 4.36 3.67, 2.52 4.60 3.67, 2.91 4.27 4.54
�2ρ(rc)[d] 4.07, 4.04 3.37, 2.55 4.20 1.24, 3.37 3.87 4.11
dPd···Pd� /Å 3.548, 3.554 3.432, 3.452 3.643, 3.871 3.383, 3.429 3.430 3.542 3.217 3.305
WBIPd···Pd� � 10–2 1.5, 1.5 1.8, 1.8 1.5, 1.1 2.0, 1.8 1.65 1.4 2.0 2.1
ρ(rc)[c] 1.45, 1.43 1.79, 1.74 1.22, 0.80 1.94, 1.76 1.76 1.47 2.62 2.24
�2ρ(rc)[d] 0.91, 0.91 1.14, 1.11 0.75, 0.49 1.24, 1.14 1.15 0.94 1.72 1.44

[a] Average values;. [b] In kcalmol–1. [c] In eÅ–3 �103. [d] In e Å–5 �103.
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units. The other two BCPs lie halfway the bond path con-
necting every pair of Pd atoms that belong to different mo-
nomeric units and are indicative of stabilizing interactions
between Pd atoms, which are situated at almost contact dis-
tance. Figure 8b displays the electrostatic potential (from
–0.1, in white, to +0.1 au, in black) mapped onto an elec-
tron density isosurface whose isovalue (0.0075) has been
chosen so as to show the higher electron density in the spa-
tial region within the shorter and stronger Pd1–Pd1� bond
path when compared to the Pd2–Pd2� one. Both the higher
electron density at the BCP and the higher bond order, as
measured by Wiberg’s bond index (WBI), point to a greater
relevance of hydrogen bonds in holding together the dimeric
assembly, and consequently, to the only weak supplemen-
tary binding role of the Pd···Pd bonds.

Furthermore, analysis of the MO diagram of 32
t–th re-

veals two prominent features. In addition to those low lying
MOs related with the hydrogen bridge bonding between
monomeric subunits (see the Supporting Information),
HOMO-6 and HOMO-9 (Figure 9, bottom) correspond to
the two bonding Pd···Pd overlapping interactions involving
dz2-type AO, and the two pairs are out-of-phase and in-

Figure 9. Relevant calculated MOs (0.030 isovalue) for model
dimer 32

t–th.
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phase, respectively. On the other hand, it is worth noting
that LUMO+1 and LUMO (Figure 9, top) consist of com-
binations of (C∧N)-ligand-centered AO with bonding char-
acter with respect to the interaction between the almost
eclipsed five-membered palladacycles belonging to different
monomeric subunits. Their very low population (formally
unoccupied orbitals) excludes any favorable π–π stacking
between the unsaturated organic residues, therefore ex-
plaining the divergent arrangement found.[29] Supporting
Information contains details of the evolution of the MO
diagram of 31

trans upon interaction of two molecules to
form 32

t–th.
The next step in increasing the molecular dimensionality

would require the association of one dimer 32 with the con-
vex molecular face of the appropriate monomer 31 having
complementary hydrogen donor and/or acceptor sites at the
hydroxido bridging ligands. As shown below, the subunit
involved in the interacting molecular face of dimer 32 must
experience a planarization. Among all possible resulting
topologies let us consider only those three (Scheme 4) dis-
playing the Ci symmetry found in the crystallographic
analysis of compound 1.

Scheme 4. Possible centrosymmetric topologies for trimer 33 and
their relative energies in kcalmol–1 in parentheses.

Again the trans-threo diastereomer (Figure 10) is the
most stable topology, and its formation from 32

t–th and
31

trans has been found to be scarcely favorable in terms of
energy. Once the cis-trans-cis topology is ruled out because
of its precedence from two chemically different species, the
small difference of 1.69 kcalmol–1 between the trans-threo
and trans-erythro trimers 33 is of great importance, because
there is a crystallographic ambiguity in the crystal structure
of 1, in that it is not possible to directly discriminate be-
tween the threo and erythro diastereomers as a result of the
similar scattering factors of carbon and nitrogen. The pa-
rameters characterizing the interactions that hold together
the trimeric assembly are listed in Table 3. It is worthwhile
to underline that the divergence angle between the central
planar unit and one of the outer ones in 33

t–th is much
smaller (average value: 16.9°) than that observed for the
most stable dimer 32

t–th (average value: 33.2°). This could be
due to the simultaneous effect of weaker –longer– hydrogen
bonds that move further away the central O–O molecular
hinges, and stronger –shorter– Pd···Pd contacts.

A last important conclusion that can be drawn from the
study of model systems 3 is that, at the working level of
theory, we have not been able to find any minimum corre-
sponding to a hypothetical tetrameric derivative 34 upon
interaction of either two units of dimer 32 or one trimer
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Figure 10. Calculated (method A) structure for model trimer 33
t–th

in capped-stick representation. N atoms are highlighted in dark
gray. Small spheres represent BCPs, and the corresponding bond
paths are sketched as dashed lines.

33 with a monomer 31. This would explain the preferential
formation of trimeric units as energetically most favored
species in the solid-state crystalline structure of 1.

When moving to the real systems bis[(µ2-hydroxido)-(2-
phenylpyridyl)palladium(II)] (1), we assumed that the most
stable topologies 11

trans, 12
t–th, and 13

t–th were kept for the
monomeric, dimeric, and trimeric species, respectively, as in
the previously studied model compounds. For the monomer
11

trans we have found, however, a subtle difference: in this
case the absolute minimum (Figure 11) corresponds to a
centrosymmetric planar conformation (see the conforma-
tional analysis in Figure 5). A relatively weak hydrogen
bond between the hydroxy O atom and the ortho H atom
at the pyridine ring, (dH···O = 2.558 Å, WBI 0.008), evi-
denced by the location of the corresponding BCP [ρ(rc) =
1.293�10–3 eÅ–3; �2ρ(rc) = 1.361�10–3 eÅ–5], may help in
fixing this planar structure.[30]

The increase in the molecular dimensionality from
monomer 11

trans to dimer 12
t–th and from the latter to trimer

13
t–th is accomplished with gains in stability that are com-

paratively smaller than those computed for model systems
3 (Table 3). The differences in growth energy could be tenta-
tively ascribed to repulsive interactions between pairs of
aromatic ligands, comprising Pauli repulsion together with
repulsive quadrupole–quadrupole forces, in spite of the fact
that additional stabilizing interactions of the π–π stacking
type could be expected to occur. Thus, in 12

t–th two ad-
ditional BCPs are observed at approximately halfway in be-
tween the C atoms belonging to different phenylpyridyl li-
gands on Pd1 and Pd1� (dC···C = 4.223 and 4.244 Å) and
they have rather low electron density.[31] Analogously, these
interactions are observed in trimer 13

t–th at C···C contact
distances between aromatic rings (dC···C = 3.897 and
4.041 Å) that fall within the upper range for π–π stacking
interactions. The weak bonding character is also underlined
by the rather low electron density found at the correspond-
ing BCPs.[31] The labile character of these π–π interactions
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Figure 11. Calculated structures for monomer 11
trans (top), dimer

12
t–th (middle), and trimer 13

t–th (bottom) in capped-stick represen-
tation. N atoms are highlighted in dark gray. Small spheres repre-
sent BCPs, and the corresponding bond paths are sketched as
dashed lines.

is mainly due to the divergent arrangement of aromatic pla-
nes, which, in turn, is caused, as mentioned before, by a
geometric compromise between the short O···HO central
hydrogen bonds and the comparatively large pivotal Pd···Pd
bonds.

Interactions between aromatic groups continue being
among the most important but least understood of the non-
covalent interactions. The simplest theory of dispersion pre-
dicts that it is proportional to the product of the polariz-
abilities of the two subsystems, and it is therefore particu-
larly strong for groups with high polarizability, like π sys-
tems. It is straightforward to show that Hartree–Fock
theory, and local and semilocal density functional theory
(DFT) cannot describe genuine dispersion;[32] but, on the
other hand, the simplest configuration-based electron-cor-
relation theory, second-order Møller–Plesset theory (MP2),
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which approximately accounts for uncoupled two-body
electron correlations, seriously overestimates the dispersion
force at the basis set limit.[33] One way to improve upon the
MP2 model of electron correlation is to include the coup-
ling between electron pairs by use of the coupled-cluster
theory; good results have been obtained with the Coupled-
Cluster with Single and Double and perturbative Triple ex-
citations [CCSD(T)] method,[34] the so-called “gold stan-
dard” of quantum chemistry, also in conjunction with large
basis sets and extrapolations to the complete basis set
(CBS) limit,[35] but at a prohibitive computational cost for
medium sized systems. Therefore we assume that even if
our DFT-based level of theory reasonably accounts for the
overall structure of 13, it is not appropriate for describing
such subtle stacking interactions.

In summary, all central hydrogen bonds reported herein
compare with that computed for the water dimer (H–O–
H···OH2) and trimer at the same level of theory (Table 3),
not only in length but also in electron density at the BCP,
the relatively large positive �2ρ(rc) value being usually diag-
nostic for the ionic character of the bonds.[36] We have
found that the strength of the aforementioned hydrogen
bonds decreases in the following order: dimers (32 � 12) �
water dimer � trimers (33 � 13). Also there is a remarkable
general agreement between the theoretically calculated
structure for 13 and the experimentally obtained one. At the
working level of theory (method A), chosen as a reasonable
compromise between computational cost and accuracy (see
below), the hydrogen bonds between monomeric units are
slightly overestimated, giving rise to shorter interunit O···O
distances (2.893 and 3.068 Å) than those found in the crys-
tal structure (3.168 and 3.198 Å) reported herein. The same
holds for the interaction between Pd atoms belonging to
the same subunit (calcd. 3.084 and 3.200 Å; experimental
3.149 and 3.208 Å).

In order to allow a more comprehensive analysis of the
Pd···Pd interaction between adjacent monomeric subunits,
additional model systems where no internal hydrogen bonds
can be formed, such as the dimers of compounds 4 and 5
(Scheme 5), were also considered. The Pd···Pd bond
strength increases in roughly the opposite order to the hy-
drogen bond within the calculated structures: dimers (32 �
12) � trimers (13 � 33) � non-hydrogen-bonded dimers
(42 � 52). These calculated Pd···Pd interactions were some-
how underestimated when compared to the experimental
ones (experimental Pd···Pd distances 3.161 and 3.255 Å),
therefore leading to higher folding of the outer subunits (ex-
perimental 1.4°) which, in turn, increases the contact dis-
tances between heavy atoms in the aromatic phenylpyridyl
ligands.

Scheme 5. Model non-hydrogen-bond-forming monomers.
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With the aim of overcoming these subtle structural dis-
crepancies, a more extensive basis set (method B: aug6-
311G**/StRSCecp) was tested for all three model com-
pounds 31

trans, 32, and 33, whereby only small improvements
were achieved[37] for such an increase in computational cost.

Conclusions

Data retrieved from the CSD revealed that the most fre-
quent conformation for the {M(µ-O)}2 core in di-(µ-OH)
square-planar complexes of group 10 metals, is the planar
one, and they usually stack in a parallel mode with dis-
tances between molecular planes in a narrow range of 3.2–
3.4 Å. A DFT study of [Pd(µ-OH)(C∧N)]2 (C∧N = 2-phen-
ylpyridyl) shows that a centrosymmetric planar conforma-
tion is the most stable arrangement partially as a result of
a relatively weak hydrogen bond between the hydroxy O
atom and the ortho H atom at the pyridine ring. This com-
plex stacks in the solid state to form “trimers”. DFT reveals
that threo (alternating) trans orientation is the favorable
one, which helps to unravel a crystallographic ambiguity
due to the similarity between carbon and nitrogen atoms.
Quantum chemical calculations also reveal that the stability
in model “trimers” 33 is due to hydrogen bonds between
OH groups and Pd···Pd interactions, whereas in [Pd(µ-
OH)(C∧N)]2 (C∧N = 2-phenylpyridyl) complexes ad-
ditional π–π stacking-type interactions are observed.

Experimental Section
Crystal Synthesis of [Pd(µ-OH)(C∧N)]2 (1) {C∧N = 2-(2-Pyridyl)-
phenyl}: The complex was obtained by treating a solution of
[{Pd(µ-OOCMe)(phpy)}2] (0.500 mmol) in acetone (10 mL) with
an aqueous solution of NBu4OH (20%, 1.100 mmol). After 1 h of
stirring at ambient temperature, a yellow solid was obtained, and
the resulting suspension was then concentrated to one-fifth of the
initial volume. Addition of water completed the precipitation of the
complex, which was subsequently filtered off, then washed with
water and hexane, and finally air-dried (yield, 90%).

Crystal Synthesis of [Pd(µ-OH)(C∧N)]2 (2) (C∧N = 7,8-Benzoquin-
olin-10-yl): The complex was obtained by treating a solution of
[{Pd(µ-OOCMe)(Bzq)}2] (Bzq = 7,8-benzoquinolyl), (0.500 mmol)
in acetone (10 mL) with an aqueous solution of NBu4OH (20%,
1.100 mmol). After 4 h of stirring at room temperature, a yellow
solid was obtained, and the resulting suspension was then concen-
trated to one-fifth of the initial volume. Addition of water com-
pleted the precipitation of the complex, which was filtered off,
washed with water, and air-dried (yield, 88%).

X-ray Diffraction: The X ray powder diffraction patterns were re-
corded by using a Philips X�PERT θ/2θ diffractometer with strictly
monochromatic Cu-Kα1 radiation, 1.540598 Å, [Ge (111) primary
monochromator] and an X�Celerator detector. Data were recorded
between 5 and 100°, in the continuous scanning mode with a scan
rate of 0.355°min–1. Table 4 gives the most representative crystallo-
graphic parameters. CCDC-684985 (for 1) and -684986 (for 2) con-
tain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Table 4. Experimental crystallographic data.

Crystal data Complex 1 Complex 2

Chemical formula C22H18N2O2Pd2 C26H18N2O2Pd2

Formula mass 555.2 603.2
Cell setting monoclinic monoclinic
Space group P21/n P21/n
Temperature /K 298 298
a /Å 15.9720(6) 15.2268(8)
b /Å 16.1689(7) 3.71841(17)
c /Å 10.9567(4) 17.7256(10)
β /° 92.137(2) 92.497(3)
V /Å3 2827.60(19) 1002.66(9)
Z 6 2
Dx /Mgm–3 1.956 1.998
Radiation type /K Cu-Kα1 Cu-Kα1

Specimen color and form yellow powder yellow powder
Specimen size micrometric micrometric

Data collection

Diffractometer Philips X�PERT Philips X�PERT
Data collection method continuous scan continuous scan
2θ /° 5–100 5–100

Refinement

Refinement on intensity intensity
R factors and goodness of fit Rp = 0.082, Rp = 0.068,

Rwp = 0.112, Rwp = 0.093,
Rexp. = 0.034, Rexp. = 0.033,
RB = 0.066, RB = 0.038,
S = 3.25 S = 2.85

Wavelength of incident radiation /Å 1.54059 1.54059
Excluded region(s) none none
Profile function pseudo-Voigt pseudo-Voigt
No. of parameters 94 85
Hydrogen-atom treatment constrained to constrained to

parent site parent site

Cambridge Structural Database Survey: The Cambridge Structural
Database[38] (CSD) V. 5.29 (November 2007) was searched for: (a)
all the structures containing the {M(µ-OH)}2 core (M = Ni, Pd,
Pt) and (b) dinuclear di-(µ-OH) complexes showing a planar con-
formation. The query was filtered so that structures without errors
and without disorder were retrieved.

Computational Details: Calculated geometries for all studied com-
plexes were fully optimized without symmetry constraints in the
gas phase with tight convergence criteria by using the Gaussian
03[39] package at the DFT level of theory, with the B3LYP func-
tional.[40] Unless otherwise stated, the 6-31G* basis set was em-
ployed for all atoms, but with the addition of diffuse functions for
N and O (denoted as aug6-31G*), except for Pd, for which the
SDD basis set with ECP (effective core potential) was used
(method A). From these gas-phase optimized geometries, all re-
ported data were obtained by means of single-point (SP) calcula-
tions. The reduced 6-31G*/SDDecp basis set (without diffuse func-
tions) was used to perform the Natural Bond Orbital (NBO) pop-
ulation analysis. Bond orders were characterized by Wiberg’s bond
index[41] (WBI) and calculated with the NBO method as the sum of
squares of the off-diagonal density matrix elements between atoms.
Reported total electronic energies are uncorrected for the ZPVE
(zero point vibrational energy). The growth energies are evaluated
by using total (uncorrected) electronic energies for every species
involved in the sequential growing process of an nth order oligomer
(Mn–1 + M � Mn) and correcting the basis set superposition error
(BSSE) by means of the counterpoise approach.[42] The topological
analysis of the electronic charge density was conducted by means
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of Bader’s AIM (Atoms-In-Molecules) methodology with the
AIM2000 software.[43] Also, for comparative purposes and for con-
venience of presentation, the highest aug6-311G** (with diffuse
functions on N and O) basis set was employed, together with the
Stuttgart relativistic small-core basis set (StRSC) with ECP[44] for
Pd (method B). In such cases, the AIM analyses were carried out
at the same level, whereas the reduced 6-311G**/StRSCecp basis
set was employed for the NBO SP calculations.

Molecular graphics images in Figure 7 and Figure 8b were pro-
duced with the UCSF Chimera package[45] from the Resource for
Biocomputing, Visualization, and Informatics at the University of
California, San Francisco (supported by NIH P41 RR-01081).

Supporting Information (see footnote on the first page of this arti-
cle): Full MO diagram evolution upon folding of 31

trans, from the
planar transition state to the folded absolute minimum, and upon
dimerization of the latter to afford 32

t–th. Cartesian coordinates and
energies for all calculated compounds.
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