
FULL PAPER

Pyrazolate-Based Dinucleating Ligands in L2M2 Scaffolds: Effects of Bulky
Substituents and Coligands on Structures and M···H�C Interactions
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A series of nickel(II) and palladium(II) complexes [L2M2]2+

have been prepared and structurally characterized, where L
is a pyrazolate ligand with bulky 2,6-dimethyl- or 2,6-di(iso-
propyl)anilinomethyl side arms. Coordinating counter anions
such as chloride can bind to axial sites of the dinickel species
in a solvent-dependent process, giving rise to five-coordinate
high-spin metal ions. In the case of weakly coordinating an-
ions, the metal ions are found in roughly square-planar envir-
onments, and the structures are governed by the tendency of
the bulky aryl groups to avoid each other, which forces the
methyl or isopropyl substituents in the aryl 2- and 6-positions
to approach the metal ions from the axial directions. This
leads to drastic low-field shifts of the respective 1H NMR sig-
nals, e.g. δ = 7.86 ppm for the isopropyl −CH which comes in

Introduction

At present, research on di- and oligonuclear transition
metal complexes is a flourishing field with major interests
focussed on biological mimicry and cooperative phenomena
in catalysis and magnetism.[1–4] Among the diverse ligand
frameworks that have been designed and employed in order
to hold two metal centers in close proximity and to induce
the sought-after cooperativity, pyrazole derived species ap-
pear particularly suited due to their well-known ability to
span adjacent metal ions at a favorable distance of 2.4�4.6
Å.[5,6] Further control of the metal�metal separation, as
well as of the steric and electronic properties of the individ-
ual metal ions, can be achieved by appropriate chelating
side arms attached to the 3- and 5-positions of the heterocy-
cle,[7,8] usually giving rise to either bis(µ-pyrazolato)
bridged species L2M2 (A, Scheme 1)[9–15] or LM2X com-
plexes featuring secondary bridges within the dimetallic
pocket (B).[16–24]
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close proximity to the low-spin nickel(II) center. The relev-
ance of such low-field NMR resonances of protons close to
the axial sites of d8 metal ions for possible three-center four-
electron M···H−C hydrogen bonds involving the filled dz

2 or-
bital of the metal ion is discussed. In the present case, attract-
ive M···H interactions are assumed to be of no major signifi-
cance. This was corroborated by the structure of a further
[L2Ni2]2+ type complex where the anilinomethyl side arms
bear only a single 2-isopropyl group, which was found ro-
tated away from the metal. Additional spectroscopic and
electrochemical properties of the various complexes are re-
ported.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Scheme 1. Different types of dinuclear complexes with multifunc-
tional pyrazolate-based ligands



Pyrazolate-Based Dinucleating Ligands in L2M2 Scaffolds FULL PAPER

Scheme 2. Ligands used in this study[27]

In this contribution we report on the effects that coordin-
ating versus non-coordinating co-ligands as well as bulky
substituents at the chelating side arm donor atoms of L2M2

type compounds have on the solid-state structures, and we
will particularly focus on unusual metal-ligand interactions
that arise from the steric crowding in such systems. Nickel()
and palladium() complexes of ligands [L1]�, [L2]� and
[L3]� (Scheme 2) were initially prepared with the aim of
providing diamine analogues of the bis(α-diimine) type di-
nuclear compounds C.[25,26] However, with [L1]�, [L2]� and
[L3]�, complexes of the type L2M2 (A) were favored in all
cases, irrespective of the M:L ratio employed.

Results and Discussion

Syntheses of all complexes were readily achieved by de-
protonation of the respective ligand precursor (HL1, HL2,
or HL3)27 with one equivalent of KOtBu in THF and sub-
sequent addition of the respective metal salt.

Complexes of [L1]�: Solid-State Structures and Magnetic
Properties

From the reaction between HL1 and NiCl2·6H2O, two
structurally isomeric complexes [L1

2Ni2Cl2] (1) and
[L1

2Ni2]Cl2 (2) were obtained from acetone and CH2Cl2
solutions, respectively. The molecular structures of 1 and 2
are depicted in Figure 1 and 2 together with selected in-
teratomic distances and bond angles.

In the green compound 1, both nickel ions exist in
roughly square-pyramidal coordination environments (τ �

Figure 1. Molecular structure of 1; in the interests of clarity all hydrogen atoms have been omitted; selected interatomic distances (Å)
and bond angles (°): Ni1�N6 1.964(3), Ni1�N1 1.978(3), Ni1�N3 2.183(3), Ni1�N8 2.224(3), Ni1�Cl1 2.339(1), Ni1···Ni2 3.960,
Ni2�N2 1.956(3), Ni2�N5 1.977(3), Ni2�N7 2.158(3), Ni2�N4 2.199(3), Ni2�Cl2 2.331(1); C5�C11�Ni1 82.2, C35�C41�Ni1 85.7,
C14�C20�Ni2 82.3, C26�C32�Ni2 86.9
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0.11 and 0.18 for Ni1 and Ni2, respectively)[28] with the Cl
ligands in axial positions. The metal ions are displaced
slightly out of the planes of the basal N-donor atoms
towards the axial ligands, which are located on opposite
sides of the bimetallic framework defined by the two {N4}
chelate ligands. As expected, the distances between the
nickel and the coordinating amine N atoms are around 10%
longer than the Ni�N(pyrazolate) distances [2.158(3)
�2.224(3)Å versus 1.956(3) �1.978(3) Å]. The ligand side
arm aryl substituents in 1 are oriented almost perpendicular
to the plane of the pyrazolate, and hence perpendicular to
the plane of the coordination framework. Due to the space
required by the axial co-ligand, the adjacent aryl rings are
pushed away from the chloride towards the back side of the
dimetallic array. This situation has to balance two compet-
ing steric interactions: either some ortho methyl groups of
the aryl substituents come quite close to the Cl atom [e.g.
d(C21···Cl2) � 3.718 Å, d(C42···Cl1) � 3.942 Å], or the
other ortho methyl groups are forced to approach the nickel
ion from the reverse [C11, C41, C20, C32; d(Ni···CCH3) �
3.482�3.783 Å]. In order to avoid an energetically unfavor-
able full eclipse of the opposing pairs of aryl rings, the re-
spective five-membered chelate rings adopt different confor-
mations (Scheme 3). For each nickel, one chelate ion is al-
most planar (at N3 and N4), while the second ring adopts
an envelope conformation with the aryl groups in either an
axial (N8) or an equatorial position (N7).

In the red compound 2, the chloride ions are detached
from their metal atoms, but they still remain associated with
the complex via NH···Cl hydrogen bonds [d(N3···Cl5) �
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Figure 2. Molecular structure of 2; in the interests of clarity all but the N-bound hydrogen atoms have been omitted; selected interatomic
distances (Å) and bond angles (°): Ni1�N2 1.839(2), Ni1�N1 1.843(2), Ni1�N3 1.979(2), N1�N4 1.999(2), Ni1···Ni1A 3.830(8),
Ni1···Cl5 3.214(2), N3�Cl5 3.160, N4�Cl5 3.229; N2�Ni1�N3 178.27(8), N1�Ni1�N4 172.48(9)

Scheme 3. Conformations of five-membered chelate rings

3.160 Å, d(N4···Cl5) � 3.229 Å]. The Ni···Cl distance is
3.214 Å [versus 2.339(1)/2.331(1) Å in 1], i.e. clearly out
of the bonding range, which leaves the metal ions in an
approximately square-planar {N4} environment and slightly
decreases the Ni···Ni separation compared with 1 [3.830(1)
Å versus 3.960(1) Å]. Due to the H-bonding pattern of the
chloride ions, which are both located on one side of the
bimetallic array, all aryl rings are directed downwards to
the opposite side. Again, this forces two ortho methyl
groups in close proximity to the metal ions [d(Ni···C12) �
3.417 Å, d(Ni···C20) � 3.284 Å]. Similar to the situation in
1, the five-membered chelate rings feature different confor-
mations in order to avoid a fully eclipsed stacking of the
aryl groups. All Ni�N bond lengths are significantly
shorter than in 1, in accordance with the lower coordi-
nation number and the different spin state, i.e. a high-spin
d8 configuration in 1 compared with a low-spin configura-
tion in 2. It remains unclear, why the Cl� ions in 2 are
located on the same side of the bimetallic platform, while
the Cl ligands in 1 are found on opposite sides.

The aryl rings facing each other in complexes 1 and 2 do
not adopt an exact face-to-face alignment, but something
of a slipped facial arrangement. To characterize the π-π
stacking, one usually considers parameters such as the dis-
tance between, and the relative tilting of the planes of op-
posite aryl rings as well as the centroid�centroid distance
(CC), and the angle between the centroid-centroid vector
and the ring normal to one of the aryl planes.[29] In 1, the
planes are tilted by 4.3/5.1°, the CC distance is 3.81/4.15 Å,
and the offset of the centroids is 1.41�2.13 Å, hence the
distance between the centroid and the plane of the opposite
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aryl ring amounts to 3.49�3.57 Å. These latter values are
in the typical range for interplanar distances of π-π stacked
aromatic groups (3.3�3.8 Å).[29] In 2, tilting of the aryl
planes relative to each other is similar (6.2°), but the CC
distance is somewhat shorter (3.55 Å) and the two rings are
less displaced (offset 1.05/1.17 Å). Again, the interplanar
separation of the aromatic groups (3.35/3.39 Å) is in the
usual range.

The paramagnetic nature of 1 and the diamagnetic nature
of 2 were confirmed by magnetic measurements. Tempera-
ture dependent data for the molar magnetic susceptibility
and the effective magnetic moment of 1 are shown in Fig-
ure 3.

From ca. 4.7 B.M. at 300 K, the magnetic moment gradu-
ally decreases upon lowering the temperature, while the sus-
ceptibility curve exhibits a sharp maximum at around 60 K
which is indicative of significant antiferromagnetic coupling
between the two nickel() centers. Modeling the experimen-
tal data by the standard expression for the isotropic spin-
Hamiltonian H � �2J·S1·S2 (with S1 � S2 � 1) including
a molar fraction p of uncoupled paramagnetic impurity
[Equation (1)][4,30,31] yielded J � �23.2 cm�1, g � 2.39 and
p � 1.9%.

χ � χdim (1 � p) � 2χmonop � 2Nα� (1)

The intra�dimer exchange term J proved to be the domi-
nant contribution because a good quality fit was obtained
despite the neglect of both a zero-field splitting parameter
D as well as an inter�dimer interaction z�J�.[32] Relatively
few bis(µ-pyrazolato)-bridged high-spin dinickel() com-
plexes have been previously structurally charac-
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Figure 3. Temperature dependence of the molar magnetic suscepti-
bility (open circles) and magnetic moment (solid circles) for 1; the
solid line represents the calculated fit (see text)

terized,[22,33,34] and even fewer have been studied with re-
spect to their magnetic properties,[35] which precludes any
definite magneto-structural correlations at the present
stage. However, the rather large magnetic coupling in 1 is
certainly due to the high degree of planarity of the
Ni(NN)2Ni scaffold, in accordance with the magneto-struc-
tural trends observed in bis(µ-pyrazolato) dicopper()
chemistry.[36,13]

The controlled synthesis of a complex with low-spin
square-planar metal ions was achieved by treatment of
[L1]� with [Ni(H2O)6](ClO4)2. The molecular structure of
the resultant compound 3, obtained in crystalline form
from acetonitrile/diethyl ether, is depicted in Figure 4.

The first coordination sphere of the nickel ions in 3 is
quite similar to that in 2, but less distorted with both metal
centers nested within the plane of an overall planar frame-
work. All five-membered chelate rings are roughly planar
in this case. In the absence of any steric requirements of
chloride counter-anions or co-ligands, the two aryl rings on
both ends of 3 do not face each other, but one of them is

Figure 4. Molecular structure of the cation of 3; in the interests of clarity only the hydrogen atoms of the methyl groups are shown in
the right part; selected interatomic distances (Å) and bond angles (°): Ni1�N2A 1.834(2), Ni1�N1 1.843(2), Ni1�N3 1.957(1), Ni1�N4
1.972(2), Ni1···Ni1A 3.841, C11···Ni1 3.033, C32···Ni1 3.110; N2A�Ni1�N3 179.17(7), N1�Ni1�N4 179.08(7)
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pointing above and the other below the coordination plane.
This gives rise to the sterically more favorable isomer E with
approximate (non-crystallographic) C2h symmetry
(Scheme 4), in contrast to the C2v isomer D that is imposed
by the four NH···Cl bonds in 2 and the C2h isomer F found
for 1. Note that the chiral D2 isomer G, which should be
quite similar to the C2h isomer E in terms of steric effects,
was not observed (neither were any isomers of lower
symmetry). The C2h isomer can be described as a meso form
with an (R,S)(S,R) configuration of the four stereogenic N
atoms, while the D2 system represents a pair of enantiomers
with (R,R)(R,R) or (S,S)(S,S) configurations. Interestingly,
the ortho methyl groups in 3 are even closer to the nickel
ions than in 2, approaching from both axial directions
[d(Ni···C11) � 3.033 Å, d(Ni···C32) � 3.110 Å].

Scheme 4. Different stereoisomers of the [L2M2]2� platform (M �
Ni, Pd); the balls represent the bulky aryl substituents

The set of dinickel complexes 1�3 exemplifies the influ-
ence of co-ligands (in this case Cl�) within the first or se-
cond coordination shell on the structural features of the
bimetallic scaffold. The sequence given in Figure 5 may
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Figure 5. Comparative view of the Ni coordination in 1, 2 and 3 with the chloride in the inner coordination sphere (1), outer coordination
sphere (2), and without chloride (3)

then be viewed as a set of snapshots of the chloride dis-
sociation process. The accompanying spectroscopic charac-
teristics and solution properties of 1�3 are discussed below.

For comparison, a dipalladium complex 4 was prepared
from [L1]�and [Pd(NCMe)4](BF4)2 and crystallized (in low
yield) from dichloromethane/light petroleum. The molecu-
lar structure of its cation is basically analogous to that of
3. However, closer inspection reveals subtle differences
which are revealed in Figure 6. In 4, all chelate rings are
more distorted towards an envelope conformation, which
brings the adjacent aryl rings to partly stand opposite to
each other and to move into the coordination plane. We
believe two effects to be responsible for this. Firstly, the
larger ionic radius of palladium() compared with nickel()
(0.86 versus 0.72 Å) induces a larger separation between the
aryl rings, allowing them to relax towards a more eclipsed
stacking. Secondly, the larger palladium ion interferes more
strongly with the ortho methyl groups, thus enforcing some-
what longer Pd···C distances (3.428 and 3.486 Å) in the ax-
ial positions of the metal center and pushing away the sub-
stituents. The parallel-displaced arrangement of the aro-
matic groups in these complexes (as well as in complexes
5�7, see below) means that the interaction is more of the

Figure 6. Comparative view of fragments of the molecular structures of 3 and 4; in the interests of clarity only those hydrogen atoms
bound to the methyl groups are shown; selected interatomic distances (Å) and bond angles for 4 are (°): Pd1�N2 1.969(2), Pd1�N4
1.970(2), Pd1�N1 2.110(2), Pd1�N3 2.123(2), Pd1···Pd1A 3.954, Pd1···C17 3.486, Pd1···C26 3.428; N4�Pd1�N1 173.49(8),
N2�Pd1�N3 173.95(8)
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C�H···π type and driven by the known π-σ attraction,
while π-π stacking is not favored.[29]

Complexes of [L1]� in Solution

A solution of 1 (or, 2) appears green in CH2Cl2 but red
in MeCN, and dilution of a THF solution also causes a
gradual change from green to red. This change in color is
consistent with the crystallographic findings. In non-polar
solvents and in concentrated solutions, the position of the
equilibrium between 1 and 2 is shifted towards the neutral
species [L1

2Ni2Cl2] and the more ionic [L1
2Ni2]Cl2 is the less

soluble compound that crystallizes from the solution. On
the other hand, polar solvents such as MeCN or acetone
favor the ionic form [L1

2Ni2]Cl2, and the neutral 1 now be-
comes less soluble and precipitates first.

In order to obtain some further insight into these equilib-
ria, a solution of the Cl-devoid complex 3 in CH2Cl2/
MeCN (1:1) was titrated with [(n-hex)4N]Cl and the mix-
ture was analyzed by UV/Vis spectroscopy. Even in the
presence of an excess of chloride, 3 was not fully converted
into 1 in that solvent mixture. The absence of clear isosbes-
tic points indicates the presence of more complex equilibria
presumably involving, inter alia, species such as [L1Ni2Cl]�.



Pyrazolate-Based Dinucleating Ligands in L2M2 Scaffolds FULL PAPER
Solid state UV/Vis/NIR spectra of 1�3 were recorded for

Figure 7. Solid state UV/Vis spectra of the dinickel complexes 1, 2
and 3

comparison and are depicted in Figure 7. As expected for
five-coordinate high-spin nickel() ions, 1 shows a series of
absorptions, including the broad band at around 1980 nm,
that should correspond to the 3B1 � 3E transition in ideal-
ized C4v symmetry. The two distinct bands at 328 and
502 nm for 3 can be assigned to the 1Alg � 1Blg and 1Alg

� 1A2g transitions of low-spin nickel() in an idealized D4h

environment, where the latter gives a reasonable value of
the ligand field splitting, ∆ � 20000 cm�1.[37] The similarity
of the band positions for 1 and 3 in the range 300�1000 nm
with those observed in solution confirms that the overall
structures elucidated by X-ray crystallography are essen-
tially retained in solution.

1H NMR spectroscopy of diamagnetic 3 revealed unusual
chemical shifts for the ortho methyl groups of the aryl rings
(Figure 8; all signals have been unambiguously assigned by
a series of 2D NMR experiments). While the CH3 reson-

Figure 8. 1H NMR spectrum of complex 3 in CD3CN at 300 MHz and 293 K; the dashed lines in the graphical representation of 3 are
not meant to indicate bonds
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ance appears at δ � 2.29 ppm in HL1, the spectrum of 3
shows one signal shifted to higher field at δ � 1.08 ppm
and two signals (of different intensities) at very low field,
i.e. at δ � 4.17 and 4.20 ppm. These features can be rationa-
lized by considering the positions of the methyl groups and,
as is clearly seen in Figure 4, the high-field shifts of
H12A�C and H31A�C are due to their location within
the field of the ring current of the opposing aryl rings, while
the deshielding of H11A�C and H32A�C results from
their proximity to the filled dz

2 orbital of the nickel() ion.
The occurrence of two closely spaced resonances for the
latter protons has been tentatively attributed to the presence
of different isomers in solution, such as the C2h and D2

forms sketched in Scheme 4. These effects are even more
pronounced in the case of complexes of [L2]� and are dis-
cussed in more detail below. The diastereotopic nature of
the CH2 protons of the five-membered chelate rings is re-
flected by two well-separated sets of signals centered at δ �
3.43 and 4.15 ppm.

1H NMR spectra of the palladium complex 4 in CD2Cl2
only show very broad resonances over a wide temperature
range, presumably indicating a variety of dynamic and dis-
sociative processes.

Complexes of [L2]�: Solid-State Structures and
Spectroscopy

Similar to the preparation of 3 and 4, the dinickel
and dipalladium complexes [L2

2Ni2](ClO4)2 (5) and
[L2

2Pd2](BF4)2 (6) were obtained by treatment of [L2]� with
[Ni(H2O)6](ClO4)2 or [Pd(NCMe)4](BF4)2, respectively. Sin-
gle crystals were grown from acetone/ethanol/light petro-
leum (4) or dichloromethane/light petroleum (5) and ana-
lyzed by X-ray crystallography. Both 5 and 6 crystallize in
the triclinic space group P1̄, and molecular structures of
their cations are shown in Figure 9.
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Figure 9. Molecular structures of the cations of 5 (top) and 6 (bottom); in the interests of clarity only a few hydrogen atoms are shown;
selected interatomic distances (Å) and bond angles (°) for 5: Ni1�N1 1.835(3), Ni1�N2A 1.848 (3), Ni1�N3 1.967(3), Ni1�N4 1.974(3),
Ni1···Ni1A 3.842, C36···Ni1 3.269 C59···Ni1 3.114; N2A�Ni1�N3 177.25(11), N1�Ni1�N4 178.00(12); selected interatomic distances
(Å) and bond angles (°) for 6: Pd1�N1 1.968(3), Pd1�N2A 1.971(3), Pd1�N3 2.114(3), Pd1�N4A 2.123(3), Pd1···Pd1A 3.997, C15···Pd1
3.454, C27A···Pd1 3.377; N2A�Pd1�N3 176.09(12), N1�Pd1�N4A 176.19(12)

All metal ions are found in roughly SP-4 coordination
environments. Due to the steric pressure exerted by the
bulky 2,6-diisopropylphenyl substituents, however, the co-
ordination planes of the metal ions are tilted by ca. 10°
(5) or 8° (6) with respect to the planes of the pyrazolate
heterocycles. The chelate rings adopt an envelope confor-
mation with one aryl substituent in an axial position and
one in an equatorial position for each half of the molecule
(cf. Scheme 3). These structural features cause the methine
proton of one isopropyl group of every aryl substituent to
approach considerably close to the proximate metal ion
from the axial direction [d(C36···Ni) � 3.269 Å and
d(C59···Ni) � 3.114 Å in 5, d(C15···Pd) � 3.454 Å and
d(C27···Pd ) � 3.377 Å in 6]. The consequences for the 1H
NMR chemical shifts of these particular protons should be
more pronounced than in 3, since rotation is hindered for
the isopropyl groups in 5, while rotation of the methyl
groups causes an averaging of the effect in 3. The expected
four CH3 resonances for the non-equivalent isopropyl
groups in 5 were seen in the low temperature (193 K) 1H
NMR spectrum in CD2Cl2 (Figure 10). Signals have been
assigned based on a series of 2D NMR experiments
({1H13C}HSQC and {1H13C}HMBC), and the methine res-
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onances of the isopropyl groups were found either at ex-
tremely low field (δ � 7.86 ppm; CHB close to the nickel
ion) or at very high field (δ �1.86 ppm; CHA opposing the
proximate aryl ring) compared with the free ligand HL2

(δ � 3.33 ppm at room temp.). At 193 K, the CH2 protons
at δ � 3.40 and 4.13 ppm showed a geminal coupling of
2J � 10 Hz, in accordance with a fixed conformation of
the five-membered chelate rings. At higher temperatures, a
second set of resonances gradually developed, which were
most clearly observed for the isopropyl-CH3 groups and
were also evident from the splitting of the signal at around
5.9 ppm for the pyrazolate H4 proton (CHpz). At 293 K, a
1:1 ratio of the two isomers was obtained. These different
isomers have been tentatively assigned to the C2h and D2

forms of the bimetallic framework, where the two aryl sub-
stituents of each ligand are either on the same (C2h) or on
opposing sides (D2). Interconversion was apparently rapid
and may proceed either via a short-lived dissociation of the
Ni�N bonds and inversion of the intermediate free amine,
or via a sequence of deprotonation and inverse protonation
of the N-bound protons.

In CD3CN at higher temperatures all 1H NMR signals
of 5 became broad, except for the para protons of the aryl
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Figure 10. Temperature dependent 1H NMR spectra of complex 5 in CD3CN (303�343 K) and CD2Cl2 (193�293 K) at 300 MHz; the
dashed lines in the graphical representation of 5 do not indicate bonds

groups. We assume dissociative processes according to
Scheme 5 to be responsible for this phenomenon, which may
also support the former explanation for the stereoisomer in-
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terconversion discussed above. Similar characteristics were
observed for the 1H NMR spectrum of 6, but with a some-
what less pronounced deshielding of its CHB protons.
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Scheme 5. Possible solvent-assisted side arm dissociation

When 5 was treated with two equivalents of HL1, forma-
tion of 3 and the heteroleptic complex [L1L2Ni2] (ClO4)2

(7) was observed within minutes. However, ligand exchange
did not proceed to completeness, and equilibrium was re-
ached at ca. 70% exchange. The mixed-ligand species 7
could be prepared directly by treatment of a 1:1 mixture of
[L1]� and [L2]� with two equivalents of [Ni(H2O)6](ClO4)2.
Single crystals were obtained from a MeCN/diethyl ether
solution and were analyzed by X-ray crystallography. The
molecular structure of the cation of 7 is depicted in Fig-
ure 11 together with selected atom distances and bond
angles.

In 7, the two nickel ions were found in subtly different
environments. While the coordination sphere of Ni2 is al-
most square-planar, Ni1 shows a slight tetrahedral distor-
tion. Five-membered chelate rings of all possible confor-
mations (planar, λ-twist, δ-twist) are present in 7. The two
pyrazolate heterocycles are tilted by 12.1° with respect to
each other.

While the steric strain in 7 is somewhat relieved com-
pared with 5, the distances of the isopropyl CH atoms to
the nickel ions are rather similar [d(Ni2···C48) � 3.230 Å
and d(Ni···C32) � 3.200 Å versus 3.114 and 3.269 Å in 5].
Also, the distances between the nickel atoms and the methyl
groups of [L1]� are similar to those in the homoleptic com-
pound 3 (3.082 and 3.119 Å in 7 versus 3.033 and 3.110 Å
in 3).

The 1H NMR spectrum of 7 is reminiscent of an overlay
of the individual spectra of 3 and 5. Chemical shifts of all
signals assigned to the [L1]� and [L2]� ligand protons are

Figure 11. Molecular structure of the cation of 7; in the interests of clarity only a few hydrogen atoms are shown; selected interatomic
distances (Å) and range of selected bond angles (°): Ni1�N1 1.846(4), Ni1�N5 1.852(4), Ni1�N7 1.973(4), Ni1�N3 1.980(4), Ni2�N6
1.844(4), Ni2�N2 1.849(4), Ni2�N4 1.956(4), Ni2�N8 1.984(4), Ni1···Ni2 3.848, C32···Ni1 3.200, C11···Ni1 3.082, C20···Ni2 3.119;
C48···Ni2 3.230; N1�Ni1�N7 173.5(2), Ni5�Ni1�N3 174.7(2), N6�Ni2�N4 178.6(2), N2�Ni2�N8 178.4(2)
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quite similar to those in the homoleptic analogues. De-
shielding of the isopropyl CH protons is only slightly less
pronounced than in 5 (7.20 and 7.40 ppm versus 7.86 ppm;
again, the two separate resonances are presumably due to
the presence of different isomers in solution).

A 1H NMR spectrum of the bulk crystalline material ob-
tained from acetonitrile/diethyl ether by the synthetic pro-
cedure described above shows a [L1]�:[L2]� ratio of ap-
proximately 2:1. We assume that 3, 5 and 7 are initially
formed in a statistical 1:1:2 mixture. Upon crystallization,
however, both the less soluble 3 and 7 precipitate, while 5
remains in solution. As a consequence, the isolated crystal-
line material represents a 1:2 mixture of 3 and 7, which
gives rise to the observed 2:1 ratio of [L1]�:[L2]� in the
NMR spectroscopic analysis.

Comparative Discussion of Unusual 1H NMR Shifts and
Synthesis of a Complex of [L3]�

Close contacts between d8 metal ions PdII and PtII in
square-planar complexes and N�H or O�H bonds located
above or below the coordination plane have been observed
in several cases and investigated in detail.[38–41] Similar con-
tacts with C�H bonds are less recognized and usually in-
volve sp or sp2 carbon atoms.[38,42–50] For some systems,
these contacts have been interpreted in terms of three-center
four-electron M···H�N and M···H�C hydrogen bonds in-
volving the filled dz2 orbital of the metal ion (Scheme 6), in
contrast to three-center two-electron agostic interactions.

Scheme 6. Three-center four-electron M···H�X hydrogen bonds[50]
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While a significant downfield 1H NMR shift for an H

atom in the vicinity of the metal is characteristic for such
contacts (agostic interactions are typified by a large upfield
shift), it does not provide conclusive evidence for the pres-
ence of an attractive M···H interaction. 195Pt�1H coupling
constants are a much better indicator, and large values for
1JPt,H have been observed, e.g. 1JPt,H � 69 Hz in H.[49] Un-
fortunately no stable, well-defined platinum() complexes
[L2Pt2]2� could be isolated with [L1]� and [L2]�.

Even in the possible presence of weak attractive M···H
components, however, these hydrogen bonds have to be in
balance with significant repulsive forces, and X-ray crystal
structures for many of the systems reported in the literature
reveal strained ligand geometries, often in order to relieve
the interactions. A detailed molecular mechanics study has
supported the view that the axial M···H interactions are
mainly repulsive in nature.[51] While we cannot rule out a
minor attractive contribution to the M···H�C interaction
for the present pyrazolate-based dinuclear nickel() and
palladium() complexes, we believe that the Ni···H and
Pd···H interactions are basically repulsive and that the H
atoms are forced to lie close to the metal ions simply be-
cause of geometric constraints due to the bulky ligand sub-
stituents. This has been further corroborated by the struc-
ture of the dinickel complex of [L3]� described below. It
should also be noted that the M�H�C angles in 1�7
(ca.140°) are more acute by 20°�30° than in those com-
plexes with a confirmed M···H bonding interaction.[42]

Ligand [L3]� which bears only a single ortho isopropyl
substituent on all of its aryl groups was expected to provide
clear evidence for the absence or presence of an attractive
M···H�C interaction, since the isopropyl substituent might
be oriented away from the metal ion or towards the axial
coordination sites. The former proved to be the case, as re-
vealed by the X-ray analysis of single crystals of
[L3

2Ni2](ClO4)2 (8), which could be obtained from propion-
itrile/diethyl ether. In 8, both nickel ions were again found
in square planar {N4} coordination environments with al-
most planar five-membered chelate rings, and all bond
lengths are in the expected regions (Figure 12). For each
ligand [L3]�, the aryl substituents are on the same side of
the coordination framework (isomer E, Scheme 4), and the
isopropyl groups adopt the largest possible distance from

Figure 12. Molecular structure of the cation of 8; in the interests of clarity only a few hydrogen atoms are shown; selected interatomic
distances (Å) and bond angles (°): Ni1�N1 1.8364(12), Ni1�N2A 1.8372(12), Ni1�N3A 1.9697(12), Ni1�N4 1.9719(12), Ni1···Ni1A
3.853(2); N1�Ni1�N3A 178.69(5), N2A�Ni1�N4 176.84(5)
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the nickel ions. Due to the steric bulk of the isopropyl
groups, opposing aryl rings are not fully parallel but are
tilted by ca. 30 °C with respect to each other. Overall, the
structure of 8 confirms that the system tends to relieve
steric strain and to avoid any close M···H�C contacts if
possible.

The 1H NMR spectra of 8 in CD3CN at 293�343 K re-
vealed only very broad signals, indicative of a variety of
dynamic processes in solution. The CH protons of the iso-
propyl groups resonate at ca. 2.3 ppm (at 293 K). Unfortu-
nately, the poor solubility of 8 limits the range of solvents
and temperatures for NMR spectroscopy, and satisfactory
13C NMR spectra could not be obtained for 8.

Electrochemistry

While no anodic processes were observed up to �1.8 V
(all potentials relative to the SCE), the low-spin dinickel()
complexes 3, 5, and 8 as well as the dipalladium complex 6
can be electrochemically reduced in acetonitrile or dichloro-
methane, respectively. Figure 13 depicts their cyclic voltam-
mograms.

The dinickel complex 3 shows a reversible reduction at
E1/2 � �0.94 V, presumably giving the respective mixed-
valent NiINiII compound. Further reduction is quasi-re-
versible with Ep

red � �1.25 V. The rather large separation
of the two processes of around 130 mV (from an estimated
‘‘E1/2’’ � �1.18 V for the second reduction wave) indicates
significant stabilization of the mixed-valent species towards
disproportionation (Kcomp. � 1.2 � 104).

Reduction of complexes 5 and 8 bearing isopropyl sub-
stituents at the aryl groups is quasi-reversible (Ep

red � �0.81
and �0.98 V, respectively), followed by a second irreversible
process. The fully reduced species gives an oxidative wave
at around �0.14 V or �0.30 V in the reverse scan. Appar-
ently, the more sterically demanding isopropyl substituents
lead to enhanced lability of the reduced compounds, and
the methyl-substituted scaffold in 3 is best suited for ac-
cepting an additional electron in the antibonding nickel dxy

orbitals within the coordination plane.
The electrochemistry of the dipalladium complex 6 is qu-

ite similar to that of 5 (except for the lack of the oxidative
wave in the back scan). Unexpectedly, however, the dipal-
ladium complex 4 does not show any cathodic process
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Figure 13. Cyclic voltammograms of 3 (top), 5 (second from top),
8 (second from bottom) and 6 (bottom) recorded on a platinum
electrode in MeCN (3, 5, 8) or CH2Cl2 (6) containing 0.1 
NnBu4

�PF6
�; scan speed 200 mVs�1

down to �2.5 V, but an irreversible oxidation at Ep
ox �

�1.05 V. This corroborates the conclusions drawn from the
NMR spectroscopic findings, i.e. the constitution of 4 in
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solution is most probably not identical to the structure ob-
served in the solid state.

Conclusion

The anilinomethyl-appended pyrazolate ligands [L1]�,
[L2]� and [L3]� yielded dinuclear type A complexes
[L2M2]2� upon treatment with nickel() and palladium().
Coordinating counter-anions such as chloride can bind to
axial sites of the dinickel species in a solvent-dependent
process, giving rise to five-coordinate metal ions. In the case
of weakly coordinating anions, the metal ions were found
in roughly square-planar environments with the structures
being dictated by steric requirements due to the bulky aryl
substituents. It is noteworthy that all complexes with four-
coordinate (square planar) metal ions characterized crystal-
lographically (i.e. complexes 3, 4, 5, 6, 7 and 8) feature a
(non-crystallographic) C2h-type meso arrangement of the
aryl groups, while the chiral D2-type (compare Scheme 4)
was not observed in the solid state. Only in the case of 2
was a less sterically favorable C2v isomer enforced by the
NH···Cl hydrogen bonds.

The tendency of the aryl groups to avoid each other and
not to face each other in close proximity forces the methyl
or isopropyl substituents in the aryl 2- and 6-positions to
approach the metal ions from the axial directions. This
leads to a drastic low-field shift of the respective 1H NMR
signals, e.g. δ � 7.86 ppm for the isopropyl-CH that come
close to the low-spin nickel() ion in [L2

2Ni2]2� (5). In con-
trast, the remaining isopropyl-CH comes to lie within the
field of the ring-current of the opposing aryl groups and
resonates at very high field (δ � 1.86 ppm for 5).

While the low-field NMR signature of protons close to
the axial sites of d8 metal ions has previously been con-
sidered indicative of three-center four-electron M···H�C
hydrogen bonds involving the filled dz

2 orbital of the metal
ion, attractive M···H interactions were assumed not to be
of major relevance in the present case. This was corrobor-
ated by the structure of [L2

3Ni2]2�, where the single 2-iso-
propyl groups at each phenyl ring are rotated away from
the metal. These phenomena and findings related to the
sterically enforced proximity of aliphatic CH bonds to
square-planar d8 metal centers, as reported in the present
work, may also be relevant to the characteristics of recent-
generation late transition metal catalysts incorporating di-
amine and diimine ligands, which in many cases also bear
bulky aryl substituents.

Experimental Section

General Remarks: Most manipulations were carried out under an
dry nitrogen by employing standard Schlenk techniques. Solvents
were dried according to established procedures. The ligands were
synthesized according to the reported methods,[27] and all other
chemicals were used as purchased. Microanalyses: Mikroanalytis-
che Laboratorien des Organisch-Chemischen Instituts der Univer-
sität Heidelberg. IR spectra: Perkin�Elmer 983G; recorded as KBr



Pyrazolate-Based Dinucleating Ligands in L2M2 Scaffolds FULL PAPER
pellets. UV/Vis spectra: Perkin�Elmer Lambda 19. FAB-MS spec-
tra: Finnigan MAT 8230. NMR spectra: Bruker AC 200 at 200.13
(1H) and 50.32 (13C) MHz, or Bruker DRX 300 at 300.13 MHz
(1H) and 75.47 (13C) MHz; solvent signal as chemical shift refer-
ence (CD3CN δH � 1.94, δC � 118.1/1.2 ppm); where necessary,
assignments were based on a series of 2D experiments. Cyclic vol-
tammetry: PAR equipment, (potentiostat/galvanostat 273), in 0.1
 NBu4PF6/CH3CN. Potentials in V on a glassy carbon electrode,
referenced to the SCE at ambient temperature. Magnetic measure-
ments: Bruker magnet B-E 15 C8, field controller B-H 15, variable
temperature unit ER 4111 VT, Sartorius microbalance M 25 D-S.
Experimental susceptibility data were corrected for the underlying
diamagnetism.

Caution! Although no problems were encountered in this work, per-
chlorate salts are potentially explosive and should be handled with
proper precautions.

General Synthesis of Complexes: For the syntheses of the com-
plexes, the respective ligand (HL1, HL2, HL3; approximately
1 mmol) was dissolved in THF (50 mL) and deprotonated with one
equivalent of KOtBu. After the reaction mixture had been stirred
for 30 min, one equivalent of the metal salt {NiCl2·6H2O or
[Ni(H2O)6](ClO4)2 or [Pd(CH3CN)4](BF4)2]} was added and stir-
ring continued for 15 h. The solvent was then removed under re-
duced pressure and the residue washed with light petroleum. Pure
compounds were obtained by crystallization, i.e. by slow diffusion
of light petroleum or diethyl ether into a solution of the complex
as detailed below.

Complex 1: Single crystals were obtained from acetone/light petro-
leum (yield of crystalline material 183 mg; 42%). IR (KBr): ν̃max. �

3242 w, 2955 w, 1590 w, 1512 w, 1464 vs, 1436 s, 1379 m, 1302 s,
1251 w, 1191 s, 1093 s, 1042 w, 974 w, 924 m, 900 m, 761 s, 618 w
cm�1. M.p. � 240 °C. UV/Vis (CH3CN): λ (ε) � 226 (16600), 290
sh (7040), 397 (610), 495 (155), 643 nm (35). MS (FAB): m/z (%) �

819 (30) [L1
2Ni2Cl]�, 782 (100) [L1

2Ni2]�. C42H50Cl2N8Ni2 (855.20):
calcd. C 58.99, H 5.89, N 13.10; found C 58.99, H 6.34, N 12.89.

Complex 2: Single crystals were obtained from dichloromethane/
light petroleum (yield of crystalline material 114 mg; 26%). IR
(KBr): ν̃max. � 2944 w, 1590 w, 1522 w, 1465 vs, 1439 s, 1380 m,
1307 s, 1172 s, 1095 s, 947 m, 902 w, 763 s, 724 w, 571 w cm�1.
M.p. � 240 °C. UV/Vis (CH3CN): identical to the spectrum of 1.

Complex 3: Single crystals were obtained from acetonitrile/diethyl
ether (yield of crystalline material 430 mg; 88%). 1H NMR
(300 MHz, CD3CN): δ � 1.08 (s, 12 H, CH3), 3.37�3.49 (m, 4 H,
CH2), 4.08�4.30 (m, 4 H, CH2), 4.17, 4.20 (s, 12 H, CH3), 4.50 (s,
4 H, NH), 5.80 (s, 1 H, CHpz4), 5.81 (s, 1 H, CHpz4), 6.83 (m, 4 H,
CHPh,m), 7.21 (t, 3J � 7.5 Hz, 4 H, CHPh,p), 7.37 (d, 3J � 7.5 Hz,
4 H, CHPh,m) ppm. 13C NMR (300 MHz, CD3CN): δ � 16.6
(CH3), 21.9 (CH3), 54.5 (CH2), 97.0 (CHpz4), 129.2 (CHPh,p),
130.1(CHPh,m), 132.5 (CHPh,m), 132.9 (CHPh,m), 142.1, 142.4 (Car),
157.5, 157.6 (Cpz3/5) ppm. IR (KBr): ν̃max. � 3349 m, 3226 m, 2951
m, 1622 m, 1463 m, 1443 m, 1382 w, 1366 w, 1308 m, 1259 w, 1214
w, 1137 vs, 1112 vs, 1084 vs, 951 w, 772 m, 624 s, 418 m cm�1. M.p.
� 240 °C. UV/Vis (CH3CN): λ (ε) � 240 (14820), 300 (10560), 454
(185), 500 nm(175). MS (FAB): m/z (%) � 883 (90) [L1

2Ni2ClO4]�,
782 (100) [L1

2Ni2]�. C42H50Cl2N8Ni2O8 (983.13): calcd. C 51.31, H
5.12, N 11.39; found C 50.83, H 5.41, N 11.44.

Complex 4: A few single crystals were obtained from dichlorometh-
ane/light petroleum. MS (FAB): m/z (%) � 877 (100) [L1

2Pd2]�.

Complex 5: Single crystals were obtained from acetone/diethyl ether
(yield of crystalline material 170 mg; 28%). 1H NMR (300 MHz,
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CD3CN, 233 K), only data for the major isomer are given: δ � 0.39
(d, 3J � 6.0 Hz, 12 H, CH3), 0.90 (d, 3J � 6.0 Hz, 12 H, CH3),
1.31 (d, 3J � 6.0 Hz, 12 H, CH3), 1.86 (sept, 3J � 6.0 Hz, 4 H,
CHiPr), 2.05 (d, 3J � 6.0 Hz, 12 H, CH3), 3.45 (dd, 3J � 16.7/
4.5 Hz, 4 H, CH2), 4.31 (dd, 3J � 16.7/7.8 Hz, 4 H, CH2), 4.79 (br.,
s, NH), 5.75 (s, 2 H, CHpz4), 6.98 (d, 3J � 7.6 Hz, 4 H, CHPh,m),
7.35 (t, 3J � 7.6 Hz, 4 H, CHPh,p), 7.55 (d, 3J � 7.6 Hz, 4 H,
CHPh,m), 7.86 (sept, 3J � 6.0 Hz, 4 H, CHiPr) ppm. 13C NMR
(300 MHz, CD3CN, 233 K): δ � 22.7 (CH3), 25.4 (CH3), 25.8
(CH3), 26.0 (CH3), 28.6 (CHiPr), 30.9 (CHiPr), 57.8 (CH2), 99.0
(CHpz,4), 126.0 (CHPh,m), 127.4 (CHPh,m), 130.2 (CHPh,p), 138.5
(CPh,1), 141.8 (CPh,2/6), 155.8 (Cpz3/5) ppm. IR (KBr): ν̃max. � 3255
m, 2957 s, 2920 m, 2860 w, 1698 m, 1622 w, 1459 s, 1439 s, 1382
m, 1361 m, 1304 s, 1093 vs, 944 w, 931 w, 804 s, 760 m, 623 s, 527
w, 457 w, 419 w cm�1. M.p. � 240 °C. UV/Vis (CH3CN): λ (ε) �

235 (16560), 298 (8210), 447 (180), 507 nm (195). MS (FAB): m/z
(%) � 1107 (70) [L2

2Ni2(ClO4)]�, 1006 (100) [L2
2Ni2]�.

C58H82Cl2N8Ni2O8 (1207.62): calcd. C 57.68, H 6.84, N 9.27; found
C 57.76, H 7.63, N 9.59.

Complex 6: Single crystals were obtained from dichloromethane/
light petroleum (yield of crystalline material 178 mg; 76% after
starting from 0.37 mmol HL2). 1H NMR (300 MHz, CD2Cl2): δ �

0.58 (d, 3J � 6.6 Hz, 6 H, CH3), 1.04, 1.05 (d, 3J � 6.6 Hz, 6 H,
CH3), 1.25, 1.30 (d, 3J � 6.6 Hz, 6 H, CH3), 1.82 (d, 3J � 6.6 Hz,
6 H, CH3), 2.04 (sept, 3J � 6.6 Hz, 4 H, CHiPr), 3.84, 3.95 (dd,
3J � 16.6/5.3 Hz, 4 H, CH2), 4.63, 4.71 (dd, 3J � 16.5/7.8 Hz, 4
H, CH2), 4.84, 5.00 (sept, 3J � 6.6 Hz, 4 H, CHiPr), 5.90, 6.05
(br., NH), 6.11, 6.22 (s, 2 H, CHpz,4), 6.93 (m, 4 H, CHPh,m), 7.30
(m, 4 H, CHPh,p), 7.41 (m, 4 H, CHPh,m) ppm. 13C NMR
(300 MHz, CD2Cl2): δ � 23.0, 25.3, 25.5, 25.6, 25.8 (CH3), 28.4
(CHiPr), 28.8 (CHiPr), 59.8 (CH2), 97.9, 98.6 (CHpz,4), 124.9,
125.0 (CHPh,m), 127.5, 127.6 (CHPh,m), 129.8, 130.0 (CHPh,p), 139.9,
140.3, 140.6, 140.8, 142.3 (CPh,1/2/6), 154.1 (Cpz,3/5) ppm. IR (KBr):
ν̃max. � 3421 m, 3291 m, 3249 m, 2954 m, 2918 m, 2863 m, 1730
w, 1625 m, 1456 s, 1382 m, 1361 m, 1304 s, 1272 w, 1250 w, 1089
vs, 963 s, 925 s, 802 s, 759 m, 625 m, 519 m, 465 m cm�1. M.p. �

240 °C. UV/Vis (CH2Cl2): λ (ε) � 353 nm (4387). MS (FAB): m/z
(%) � 1103 (60) [L2

2Pd2]�, 656 (60) [L2Pd2]�. C58H82B2F8N8Pd2

(1277.78): calcd. C 54.54, H 6.42, N 8.77; found C 53.43, H 6.59,
N 9.10.

Complex 7: Single crystals were obtained from acetonitrile/diethyl
ether (yield of crystalline material 204 mg; 37%). The bulk crystal-
line material is a 2:1 mixture of compounds 7 and 3, according to
the ratio of the NMR signals observed for L1 and L2. 1H NMR
(300 MHz, CDCl3): δ � 0.68 (s, 6 H, CH3iPr), 0.87 (s, 6 H,
CH3iPr), 1.09, 1.12 (s, 12 H, CH3 of L1), 1.41, 1.48 (d, 3J � 6 Hz,
6 H, CH3iPr), 1.85 (m, 1 H, CHiPr), 2.18 (m, 6 H, CH3iPr),
3.36�3.49 (m, CH2), 3.95, 4.04 (s, 2 H, NH), 4.17, 4.20 (s, 12 H,
CH3 of L1), 4.09�4.52 (m, CH2), 4.90, 5.01 (s, 2 H, NH), 5.82 (s,
2 H, CHpz of L1), 5.92 (s, 1 H, CHpz of L2), 6.80�6.90 (m, CHAr),
7.10�7.23, 7.36�7.49 (m, CHAr and 1 H, CHiPr), 7.66 (d, 3J �

7.4 Hz, 2 H, CHAr) ppm. 13C NMR (300 MHz, CDCl3): δ � 15.9,
16.6 (CH3 of L1), 22.0, 22.2, 22.7, 22.9, 25.6, 26.8 (CH3 of L1, L2),
28.4 (CHiPr), 30.6 (CHiPr), 54.4, 54.6 (CH2 of L1), 55.3, 57.4 (CH2

of L2), 97.1 (CHpz of L1), 98.1 (CHpz of L2), 125.8, 128.3, 129.2,
129.4, 130.1, 130.3, 130.7, 131.8, 132.5, 132.9 (CHar), 138.5, 138.9,
142.1, 142.4 (Car), 157.5, 157.6 (Cpz,3/5) ppm. IR (KBr): ν̃max. �

3225 m, 2952 m, 2931 m, 2860 w, 1622 w, 1524 w, 1461 s, 1443 s,
1382 s, 1361 m, 1307 s, 1253 w, 1094 vs, 961 w, 805 m, 777 m, 623
s, 570 w, 459 w, 418 w cm�1. M.p.� 240 °C. UV/Vis (CH3CN): λ
(ε) � 218 (30808), 298 (9705), 499 (217). MS (FAB): m/z (%) �

995 (80) [L1L2Ni2ClO4]�, 894 (100) [L1L2Ni2]�.
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Table 1. Crystal data and refinement details for complexes 1, 2, 3, 4

[L1
2Ni2Cl2] (1) [L1

2Ni2]Cl2 (2) [L1
2Ni2](ClO4)2 (3) [L1

2Pd2](BF4)2 (4)

Empirical formula C42H50Cl2N8Ni2·2[OC(CH3)2] C42H50Cl2N8Ni2·4(CH2Cl2) C42H50N8O8Cl2Ni2·4(CH3CN) C42H50B2F8N8Pd2·2(CH2Cl2, H2O)
Mr (g/mol) 971.35 1194.94 1147.39 1259.20
Crystal size (mm) 0.30 � 0.30 � 0.20 0.20 � 0.25 � 0.10 0.10 � 0.30 � 0.20 0.20 � 0.15 � 0.15
Crystal system triclinic monoclinic triclinic monoclinic
Space group P1̄ C2/c P1̄ P21/c
a (Å) 10.507(2) 32.664(7) 8.758(2) 13.909(3)
b (Å) 13.559(3) 13.841(3) 11.006(2) 10.012(2)
c (Å) 17.019(3) 11.991(2) 15.009(3) 19.084(4)
α (deg) 81.55(3) 90 107.32(3) 90
β (deg) 77.14(3) 103.00(3) 98.62(3) 108.71(3)
γ (deg) 88.63(3) 90 103.85(3) 90
Volume (Å3) 2338.0 5282.3 1302.3 2517.2
Z 2 4 1 2
ρcalcd. (g/cm3) 1.363 1.503 1.463 1.661
F(000) 1024 2464 600 1272
hkl range �12�13, �16, �21 �42, �17, �15 �11, �14, �19 �18, �12, �25�27
Temperature (K) 200 200 200 200
2θ range 3.6 � 2θ � 52.4 2.6 � 2θ � 55 4.1 � 2θ � 55.1 3.1 � 2θ � 60.8
Measured reflections 37920 44628 11835 11548
Unique reflections 9226 6057 5991 5793
Obsd. reflections 5172 4382 4617 4900
[I � 2σ(I)]
Refined parameters 592 414 345 407
Residual electron 0.55 0.60 0.67 1.66
density (e·Å�3)
R1 [I � 2σ(I)] 0.042 0.039 0.039 0.036
wR2 (all data) 0.105 0.096 0.099 0.094
Goodness-of-fit 0.966 0.997 1.071 1.080

Table 2. Crystal data and refinement details for complexes 5, 6, 7 and 8

[L2
2 Ni2](ClO4)2 (5) [L2

2Pd2](BF4)2 (6) [L1L2Ni2](ClO4)2 (7) [L3
2Ni2](ClO4)2 (8)

Formula C58H82N8O8Cl2Ni2·1.4 C58H82B2F8N8Pd2·2 C50H66Cl2N8Ni2O8·1.5 C46H58Cl2N8Ni2O8·2
[OC(CH3)2] 0.4 C2H5OH (CH2Cl2) (CH3CN) (C2H5CN)

Mr (g/mol) 1307.35 1447.59 1157.01 1149.48
Crystal size (mm) 0.08 � 0.20 � 0.30 0.06 � 0.23 � 0.38 0.10 � 0.10 � 0.05 0.35 � 0.26 � 0.24
Crystal system triclinic triclinic orthorhombic triclinic
Space group P1̄ P1̄ Pbca P1̄
a (Å) 10.760(2) 11.4267(5) 17.380(4) 9.2380(1)
b (Å) 11.073(2) 12.3828(6) 18.230(4) 9.2919(1)
c (Å) 15.022(3) 13.4776(6) 35.150(7) 16.3793(3)
α (deg) 106.21(3) 80.048(3) 90 99.750(1)
β (deg) 96.44(3) 66.255(3) 90 96.833(1)
γ (deg) 101.36(3) 69.194(3) 90 98.877(1)
Volume (Å3) 1658.2 1630.75 11137.0 1353.78(3)
Z 1 1 8 1
ρcalcd. (g/cm3) 1.309 1.474 1.380 1.410
F(000) 697 744 4872 604
hkl range �42, �17, �15 �13�15, �16, 0�17 �23, �25, �49 �12�11, �12. 0�21
Temperature (K) 200 173 200 173
2θ range 3.9 � 2θ � 52.0 3.3 � 2θ � 56.8 3.4 � 2θ � 60.3 4.52 � 2θ � 56.64
Measured reflections 11777 22195 29886 18243
Unique reflections 6132 8020 15258 6599
Obsd. reflections 4487 6181 6187 5830
[I � 2σ(I)]
Refined parameters 392 541 735 468
Residual electron 0.93 1.95 0.69 0.54
density (e·Å�3)
R1 [I � 2σ(I)] 0.052 0.054 0.079 0.032
wR2 (all data) 0.144 0.156 0.227 0.092
Goodness-of-fit 1.048 1.043 0.966 1.059

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2004, 1646�16601658
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Complex 8: Single crystals were obtained from acetonitrile/diethyl
ether (yield of crystalline material 105 mg; 20%). 1H NMR
(300 MHz, CDCl3, 333 K): δ � 1.03 (br. s, CH3), 2.80 (br. s,
CHiPr), 6.69 (CHpz,4), 7.67, 7.96, 8.50 (br. s, CHPh) ppm, CH2 not
observed. 13C NMR (300 MHz, CDCl3): no signals observed. IR
(KBr): ν̃max. � 3425 w, 3226 s, 2935 s, 2921 m, 2879 w, 1484 s, 1437
m, 1383 m, 1359 w, 1312 s, 1237 w, 1112 vs, 1102 vs, 1088 vs, 1030
vs, 944 w, 929 w, 91 w, 763 s, 622 vs, 526 m, 461 w, 420 w cm�1.
M.p.� 240 °C. UV/Vis (CH3CN): λ (ε) � 216 (28006), 242 (20310),
285 (7708), 477 (361). MS (FD): m/z (%) � 939 (100)
[L3

2Ni2(ClO4)]�, 839 (10) [L3
2Ni2]�. C46H58Cl2N8Ni2O8 (1039.29):

calcd. C 53.16, H 5.63, N 10.78; found C 53.00, H 5.57, N 10.80.

X-ray Crystallographic Studies: The measurements for 1, 2, 3, 4, 5
and 7 were carried out with a Nonius Kappa CCD diffractometer
and for 6 and 8 with a Bruker-AXS-CCD diffractometer, using
graphite-monochromated Mo-Kα radiation. All calculations were
performed using the SHELXT PLUS software package.[52] Struc-
tures were solved by direct methods with SHELXS-97 and refined
with SHELXL-97. Atomic coordinates and thermal parameters of
the non-hydrogen atoms were refined in fully or partially aniso-
tropic models by full-matrix least-squares calculation based on F2.
In general the hydrogen atoms were placed in calculated positions
and allowed to ride on the atoms to which they are attached.
Table 1 and Table 2 shows a compilation of the data for the struc-
ture determinations.

CCDC-222584 (for 1), -222585 (for 2), -222586 (for 3), -222587
(for 4), -222588 (for 5), -222589 (for 6), -222590 (for 7) and
-222591 (for 8) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge at
www.ccdc.cam.ac.uk/conts/retrieving.html [or from the Cambridge
Crystallographic Data Center, 12 Union Road, Cambridge
CB2 1EZ, UK; Fax: (internat.) �44-1223-336-033; E-mail:
deposit@ccdc.cam.ac.uk].
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